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CHAPTER
ONE

ABOUT THE NEXTNANO SOFTWARE

The nextnano software allows modelling electronic and optoelectronic semiconductor nanodevices. It is charac-
terized by:

* High performance * 1D, 2D & 3D simulations * Material database included
* Short runtimes * Seamless workflow
* Python API integration
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Figure 1.1: Applications of the nextnano software

The nextnano software typically is used for research purposes, in the most cases for structures containing quantum
wells. However, it can be also successfully used for other type of structures, such as quantum wires, quantum dots,
more complicated quantum structures, structures based on p-n junction, 2-dimensional gases, and much more.

Software license includes free access to hundreds of maintained example files and tutorials featuring state-of-the-
art physics and publications in semiconductor and quantum science. Easily adapt example files to your device
geometry to get started without high initial training effort.

The nextnano software consist of multiple tools aiming at providing you with the best experience while modeling
your structures or devices. The tools nextnano++, nextnano’, nextnano.MSB, and nextnano.NEGF are our engines
of the nextnano software solving sets of specified equations and computing desired results. These tools require input
files specifying the structures, models and outputs of interest. The graphical user interface nextnanomat is your
workflow manager whose purpose is to let you go through the entire process of modeling seamlessly. For those
who are looking for automated simulation processes, we provide and maintain an open source nextnanopy Python

package.
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nextnanomat
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nextnano.MSB
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Multi-Scattering Bittiker probe model
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Tool for accurate simulations of
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nextnanopy

Python package
Your Automated Workflows

Figure 1.2: Structure and typical workflows of the nextnano software

Chapter 1. About the nextnano Software
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CHAPTER
TWO

INSTALLATION

2.1 First Steps

Note: We are currently rewriting our documentation. Please note that this documentation is not complete yet but
will be improved step by step.

nextnano GmbH - Software for next generation of nano devices
1. Register
First, your have to register here.

You will then receive an email with a link for the following password protected downloads, and instructions
on how to activate your free 1-month evaluation license.

2. Download
You can download the latest version of nextnano GmbH from our Downloads website.

Our most recent zip files contain executables for Windows, Linux and macOS. Experienced users can use
Wine to run nextnanomat on Linux. However, it does not work smoothly on Linux. Therefore, we strongly
recommend Windows.

Older versions are also listed on our Downloads website.
a) We recommend downloading the zip file with the Installer.

b) If you do not have Administrator rights on your computer, you can download and unzip the file with-
out the installer. No installation is required. Just unzip the file and start nextnanomat.exe. The
nextnanomat GUI is the graphical user interface while nextnano++ and nextnano’® are the actual sci-
entific software doing the calculations.

You can typically install several versions of the nextnano software on the same computer. There is no need
to uninstall previous versions if you want to keep them.

3. Start nextnanomat

The nextnanomat (nextnanomat.exe) is the Front End & Workflow Manager that runs the nextnano++
and nextnano’ tools.

4. License Activation
The license activation procedure is documented here: License Activation
5. Number of licenses

For university and government institutions, the license fee covers all group members of the re-
search group purchasing the software.

6. Example input files (Tutorials)
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7.

10.

11.

The zip file contains many example input files.

We are happy to provide any further tutorial input files that you need. Input files for all tutorials
are contained in the installation folder.

The complete lists of tutorials for each tool:
* nextnano++,
* nextnano3,
e nextnano.NEGF,
* nextnano.MSB.
If you can tell us what you want to simulate, we can point you to the most relevant examples.
Gnuplot

We also recommend installing the free gnuplot software:

N
MY X
/ Y N \

Download Gnuplot

Then you can generate plots from within our GUI nextnanomat conveniently.

First steps

Start e.g. with this Laser Diode example. This input file solves the Schrodinger, Poisson and drift-diffusion
current equation for a multi-quantum well laser diode.

Detailed documentation: InGaAs Multi-quantum well laser diode
The number of quantum wells can be adjusted in the input file using the variable NUMBER_OF _WELLS.

This laser diode input file is included in the zip file of the latest update.

. Facebook

Follow us on Facebook to stay informed about the latest news of the nextnano software:

facebook.com/nextnano
YouTube Videos
We also have a YouTube Channel:

There are two short videos that give you a first impression. If you are unsure whether to install the nextnano
software, this video might be of help:

3 YouTube

¢ Tutorial - How to install the software
¢ Tutorial - How to start a simulation
Python package

We offer a Python package for post-processing the results. However, nextnanopy is currently suited for
experienced Python and experienced nextnano GmbH users only.

Chapter 2. Installation
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Figure 2.1.1: Conduction band edge, valence band edge, and quasi-Fermi levels for electrons and holes of a Laser

Diode
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nextnanomat - O x
File Edit FRun View Tools Help
Input Template  Template (Beta)  Simulation  Output
B3
Template file: |C:'-.Program Files\nextnanot2020_12_0%\Sample fles'nextnano++ sample files\LaserDiode_InGaAs_10_cl_nnp.in | C‘,
Variables:
Variable Value Unit Description ~
BIAS_STEPS 10 number of bias steps
WELL_WIDTH 70 nm Width of the quartum wel
BARRIER_WIDTH 5.0 nm Width of the barmier
» NUMBER_OF_WELLS 5 number of guantum wells
W
Sweep
() Single simulation filename suffix: |_modified
(C) Range of values variable: from: to: step:
® List of values variable: |NUMBER_OF_WELLS | values: [4,5.6.7.8 |
{delmited Dy cCommas
Output
() Savetofolder: E |C:'-.Program Files\nextnana*2020_12_09"Sample files‘\nextnano++ sample files |
(® Save to temporary folder and add to batch list
[ Include all modified variables in filename
Create input files
Postprocessing
E. Number of relevant column: |:| Maximum number of value lines: I:l |_, Create file with combined data

Figure 2.1.2: Template tab to define parameter sweeps. Here, the variable NUMBER_OF_WELLS is varied using the
List of values 4, 5, 6, 7, 8. By clicking on Create input files, 5 input files are generated, each having a different
number of quantum wells.
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Figure 2.1.3: Energy and position resolved electron density n(z, E') of the Laser Diode.
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@ python’

pip install nextnanopy

12. Feedback and Support

Just let us know if you have any further questions, or if you have any feedback on our software. Please send
support questions to nextnano Help Center or use our nextnano support Help Center. You will then receive
a support ticket.

4

The nextnano GmbH team

2.2 Operating system

2.2.1 Windows

The nextnano software has been developed for Windows.

2.2.2 Linux

There are three options:
A: Run simulations from Terminal (Linux native executable).
B: Run simulations with nextnanopy (Linux native executable).
C: Run simulations with nextnanomat using Wine or Mono (Windows executable).

We strongly recommend the option B.

Running nextnano++ & nextnano® on Linux from Terminal
The nextnano++ and nextnano® simulations can be executed from the Linux terminal by directly using the Linux
executables. In order to make the programs executable, one needs to run the command chmod a+x *.exe, where
(*) is replaced by the corresponding nextnano++ or nextnano’® Linux executable.

For nextnano’® simulations, you need to set the environment variable nextnano GmbH by executing $ export
NEXTNANO="/<directory_name>/nextnano/<date>".

For nextnano++ simulations using the ‘Intel_Ubuntu’ executable, the path to the OpenMP library has to be speci-
fied. We ship a . so file together with the executable. Go to the folder containing the executable and run:

currentFolder=$ (pwd)
export LD_LIBRARY_PATH=$currentFolder

The terminal commands for two nextnano++ and nextnano’® sample input files can then be given as follows, to be
executed from the nextnano GmbH folder directory:

8 Chapter 2. Installation
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"nextnano3/Linux gcc 64bit/nextnano3_Linux_gcc_64bit.exe" -log -license "License/
—License_nnp.lic" -outputdirectory "Output/<name_of_input_file>" -inputfile "Sample.
—.files/nextnano3 sample files/<name_of_input_file>"

"nextnano++/bin 64bit/nextnano++_Linux_gcc_64bit.exe" --license "License/License_nnp.
—1lic" --outputdirectory "Output" -log "Sample files/nextnano++ sample files/Quantum.
—Mechanics examples/<name_of_input_file>"

Detail documentation on command line features can be found on the pages Command Line and Command Line.
Further information and more examples can be found in the README_Linux file and the shell scripts included in
the nextnano GmbH folder.

Running nextnano++ & nextnano® on Linux using nextnanopy

nextnanopy is our open-source Python package for running simulations, sweeping variables and post-processing
results. Please follow the instructions from the link.

License activation

To run a Linux-native executable, two types of licenses are available:
1. license.txt (old licensing system, will be deprecated in the future)
2. License_nnp.lic (new licensing system, same as Windows executable)
Which license to use depends on the Linux executable you want to run.
To obtain 1, please contact us at nextnano Help Center to request issuing the license.

To obtain 2, see License activation via command line.

The nextnanomat GUI on Linux

We strongly recommend using |[nextnanopy| on Linux since it runs Linux-native executables and provides
methods to modify input files and interact with simulation output.

The nextnanomat GUI is programmed in C#, and can thus be executed on any operating system. It is, however,
developed on and optimized for Windows. On Linux, you have to either install Wine or Mono and then execute
nextnanomat.

Please note that we developed nextnanomat for Windows and not for Linux, therefore many things might not work
as expected.

Status 2020-04-07: Recommended to use Wine as described below.

Status 2018-05-03: Recommended to use Wine as described below.

2.2. Operating system 9
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Option 1: Wine

The following instructions are for Ubuntu version 20.10 (Groovy Gorilla). Commands for the Wine installation
on various distributions are given in Wine Installation. A detailed description on how to install WineHQ on Ubuntu
can be found here: Install WineHQ package on Ubuntu

The following commands are needed to install WineHQ on Ubuntu 20.10 (Groovy Gorilla). For older versions of
Ubuntu, please see here: Wine Installation.

sudo dpkg --add-architecture i386

wget -nc https://dl.winehq.org/wine-builds/winehq.key

sudo apt-key add winehq.key

sudo apt-add-repository 'deb https://dl.winehq.org/wine-builds/ubuntu/ groovy main'
sudo apt update

sudo apt install --install-recommends winehq-stable

Download the zip file of nextnano GmbH, i.e. the portable version from the download site.
* Unzip this file.
* Open a Terminal window and change to the directory where the nextnanomat . exe is located.
* Type: wine nextnanomat.exe

* There will be a pop-up message that a Mono package is missing which can be installed automatically. Click
“’Install”.

* There will be a pop-up message that a Gecko package is missing which can be installed automatically. Click
“Install”.

e If nextnanomat does not work, close the terminal and open a new terminal and then try again.

The first thing you have to do when nextnanomat opens is to activate your license. Normally this operation fails
when performed under Wine or Mono. Instead you should activate your licenses via command line License acti-
vation via command line. Afterwards, you need to update the paths within Tools ==> Options ==> Licenses. (You
can cancel the activation dialog of nextnanomat)

Please note that we developed nextnanomat for Windows and not for Linux, therefore some things might not work
as expected. Optionally, one can execute the nextnano-++ and nextnano’® executables on Linux using Wine without
nextnano GmbH. You have to type in: ... (Add an example here...)

Known problems are:

* On very old CPUs, the 64-bit version of nextnano++ does not work. In this case, please select the 32-
bit version of nextnano++. Tools => Options => Simulation => nextnano++ executable => <path>\
nextnano++\bin 32bit\nextnano++_Microsoft_32bit_serial.exe

* Somehow the settings are not saved, i.e. you need to re-enter custom paths or settings at each program start.
* The program crashes.
Things that have to be fixed for future updates are:

* Use a monospaced font for the Input tab. (It seems that the default font for Windows is not found and then
another default font (Tahoma) which is not monospaced is chosen.) One can choose a different font for the
editor. Tools => Options => Editor => Editor font

The following instructions are for Ubuntu version 18.04 LTS.

Run commands in a terminal:

sudo apt update # Update system

sudo apt install wine-stable winetricks # Install required packages (without "-stable

n

<" in versions bevore Ubuntu 16.10)

10 Chapter 2. Installation
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winetricks dotnet45 # Install .net support, follow along on-screen instructions,.
—ignore warnings

winetricks corefonts # Install basic fonts of Windows

Finally run winecfg -> Select “Windows 8” in Applications -> Windows Version and reboot afterwards.
To start the application, use wine /<your_directory_name>/nextnanomat.exe

3

Example: “wine ‘/home/ubuntu/nextnanclestversion/nextnanomat.exe’

Option 2: Mono

(This documentation should be updated for the latest Ubuntu and Mono versions.) It is not clear if it still works!

mono nextnanomat.exe &

On some Linux distributions (e.g. Ubuntu), Mono is already preinstalled.

The current Mono version uses .NET Framework version 4.0 by default. The nextnanomat GUI, however, still
requires the installation of the NET Framework version 2.0. Therefore the following error occurs:

The assembly mscorlib.dll was not found or could not be loaded.
It should have been installed in the " /usr/lib/mono/2.0/mscorlib.dll’' directory.

The following solution works:

sudo apt-get install libmono-corlib2.0-cil
sudo apt-get install libmono-winforms2.0-cil
sudo apt-get install mono-complete

All nextnanomat features seem to work on Linux Ubuntu. However, what does not work satisfactorily is the
coloring of the 2D plots. They look too bright, so one can hardly recognize the results. A quick fix is to activate
“Show grid”. Then the figure looks better.

If you have any feedback on these instructions, please let us know, then we can keep our documentation up to date.
We can also provide a command line version of nextnano GmbH for the various Linux distributions on request.

You can contact us at nextnano Help Center.

Wine Installation

Below are the commands for installing Wine on various Ubuntu distributions.

2.2. Operating system 11
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Ubuntu 20.10 (Groovy Gorilla)

On Ubuntu 20.10, the following commands will install the stable branch of Wine:

sudo dpkg --add-architecture i386

wget -nc https://dl.winehq.org/wine-builds/winehq.key

sudo apt-key add winehq.key

sudo add-apt-repository 'deb https://dl.winehq.org/wine-builds/ubuntu/ groovy main'
sudo apt update

sudo apt install --install-recommends winehg-stable

Ubuntu 20.04 (Focal Fossa)

On Ubuntu 20.04, the following commands will install the stable branch of Wine:

sudo dpkg --add-architecture i386

wget -nc https://dl.winehq.org/wine-builds/winehq.key

sudo apt-key add winehq.key

sudo add-apt-repository 'deb https://dl.winehq.org/wine-builds/ubuntu/ focal main'
sudo apt update

sudo apt install --install-recommends winehq-stable

Ubuntu 18.04 (Bionic Beaver)

On Ubuntu 18.04, the following commands are instead used:

sudo dpkg --add-architecture i386

wget -nc https://dl.winehq.org/wine-builds/winehq.key

sudo apt-key add winehq.key

sudo apt-add-repository 'deb https://download.opensuse.org/repositories/Emulators:/
—Wine:/Debian/xUbuntu_18.04/ ./'

sudo apt-key adv --keyserver keyserver.ubuntu.com --recv-keys DFA175A75104960E

sudo apt update

sudo apt install --install-recommends winehq-stable

Debian 10

On Debian 10, the following commands will install Wine:

sudo dpkg --add-architecture i386

sudo apt update

sudo apt -y install gnupg2 software-properties-common

wget -g0 - https://dl.winehq.org/wine-builds/winehg.key | sudo apt-key add -

sudo apt-add-repository https://dl.winehq.org/wine-builds/debian/

wget -0- -q https://download.opensuse.org/repositories/Emulators:/Wine:/Debian/Debian_
—10/Release.key | sudo apt-key add -

echo "deb http://download.opensuse.org/repositories/Emulators:/Wine:/Debian/Debian_10.
—./" | sudo tee /etc/apt/sources.list.d/wine-obs.list

sudo apt update

sudo apt install --install-recommends winehg-stable
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RHEL/CentOS 8

We have successfully installed Wine 5 on RHEL 8§ using the following commands:

(These build Wine from source, hence the installation takes considerably longer.)

sudo -i

dnf clean all

dnf update

dnf groupinstall 'Development Tools'

dnf install 1ibX11l-devel freetype-devel zlib-devel libxcb-devel libxslt-devel..
—libgcrypt-devel libxml2-devel gnutls-devel libpng-devel libjpeg-turbo-devel libtiff-
—.devel gstreamerl-devel dbus-devel fontconfig-devel

cd /opt

wget https://dl.winehq.org/wine/source/5.0/wine-5.0.tar.xz

tar -Jxf wine-5.0.tar.xz

cd wine-5.0

##For 32-Bit Systems:

./configure

##For 64-Bit Systems:
./configure --enable-win64
make

make install

Configuring Wine

After installing Wine, if you encounter errors about Mono, a useful trick is to delete the folder .Wine and force
Wine to download and install Gecko and Mono automatically. Normally, Wine will suggest installing these the
first time it is used. Furthermore, opening the wine uninstaller and removing interfering applications might
solve some problems. In the end, we are able to use Wine without installing Winetricks or dotnet manually. If you
are working on a remote machine, you might need to enable X11 forwarding to see the windows created during
the Wine configuration. This is done by connecting via ssh -X and modifying the ssh.config file under etc/ssh
accordingly.

2.2.3 macOS

* License activation

* Permission denied

* Option A: Run simulations from Terminal
— Install Homebrew, gcc
— Run simulation

* Option B: Run simulations with nextnanopy
— Install Python
— Install nextnanopy
— Configure nextnanopy
— Running nextnanopy

* Option C: Run simulations with nextnanomat using Wine or Mono

— Installation procedure
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- Running nextnanomart I

There are three options:

A: Run simulations from Terminal (Mac native executable).

B: Run simulations with nextnanopy (Mac native executable).

C: Run simulations with nextnanomat using Wine or Mono (Windows executable).
We strongly recommend the option B.

Basic simulation is possible from (A) Terminal. (B) The nextnanopy Python package can not only run the simu-
lations but also sweep variables and postprocess the results. For the options A and B, you need nextnano GmbH
executables compiled for Mac, which we can provide you on request. Please feel free to contact us at nextnano
Help Center. For the option C, Mono requires the Mac executables but Wine uses the ones compiled for Windows.

License activation

Attention: If you use ARM Mac for simulation, you have to “emulate Intel processor” before initiating the
license activation. Use this code to switch:

$env/usr/bin/arch -x86_64 /bin/zsh ---login

When you enter arch, and the output shows 1386, the computer is Intel.

To run a Mac-native executable, two types of licenses are available:
1. license.txt (old licensing system, will be deprecated in the future)
2. License_nnp.lic (new licensing system, same as Windows executable)
Which license to use depends on the Mac executable you want to run.
To obtain 1, please contact us via nextnano Help Center to request issuing the license.

To obtain 2, see License activation via command line.

Attention: If you use ARM Mac for simulation, as of 5th March 2024, you can run simulation with only
license.txt. We are working on this issue.

Permission denied

You might be asked to allow your computer to execute some commands. To add execute permission to the exe-
cutable, run:

chmod 744 nextnanolLicenseActivator_macOS
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Option A: Run simulations from Terminal

Install Homebrew, gcc

You have to install Homebrew to install gcc. Go to \nextnano++\bin and run the command below:

/bin/bash -c "$(curl -fsSL https://raw.githubusercontent.com/Homebrew/install/HEAD/
—install.sh)"

Furthermore, run the following two codes as Homebrew requires:

(echo; echo 'eval "$(/usr/local/bin/brew shellenv)"') >> /Users/yuta/.zprofile

eval "$(/usr/local/bin/brew shellenv)"

Then finally, you can install gcc.

brew install gcc

Run simulation

The terminal commands for two nextnano++ and nextnano® sample input files can then be given as follows, to be
executed from the nextnano GmbH folder:

./nextnano3_gcc_macOS -1 "License/License_nnp.lic" "Sample files/nextnano3/examples/

<»1D_simple_GaAs_QW.in"

./nextnano++_gcc_macOS -1 "License/License_nnp.lic Sample files/nextnano++/examples/

—Quantum Mechanics examples/QW_finite_1D_nnp.in"

Attention: If you use ARM Mac for simulation, you have to use 1icense. txt rather than License_nnp.lic
as of 5th March 2024. The command line in this case will be:

./nextnano++_gcc_macOS --old -1 "License/license.txt" "Sample files/nextnano++/
—.examples/Quantum Mechanics examples/QW_finite_1D_nnp.in"

Detailed documentation on command line features can be found in Command Line (nextnano++) and Command
Line (nextnano?).

Option B: Run simulations with nextnanopy

nextnanopy is our open-source Python package for running simulations, sweeping variables and post-processing
results.

2.2. Operating system 15
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Install Python

You can install Python package Anaconda to establish a Python environment including NumPy, Matplotlib and an
IDE called “Spyder”. With this, you can use nextnanopy from a graphical user interface.

Here, we explain an alternative way to install a Python package from Terminal via Homebrew. We have tested this
with ARM64 Mac with macOS 11.4 (Big Sur).

1. In a macOS Terminal, type in:

# install Command Line Tools, if not installed on your machine
xcode-select --install

# install Homebrew, if not installed (cf. Homebrew website)
/bin/bash -c "$(curl -fsSL https://raw.githubusercontent.com/Homebrew/install/
—HEAD/install.sh)"

# update Homebrew
brew update

# search for available Python packages
brew search python

# install Python3
brew install python3

2. Unversioned commands ‘python’, ‘pip’ etc. pointing to ‘python3’, ‘pip3’ etc., respectively, are installed into,
e.g., /opt/homebrew/opt/python @3.9/libexec/bin. It is useful to set this path to ~./zprofile.

# open ~/.zprofile with a text editor and write

““eval "$(/opt/homebrew/bin/brew shellenv)" "

" “export PATH=/opt/homebrew/opt/python@3.9/libexec/bin:$PATH °
# apply the changes

source ~/.zprofile

# make sure that the version 3.9 or later has been installed
python --version

# upgrade pip (NOT update)
pip install --upgrade pip

3. Using pip, please install NumPy and Matplotlib which are required for nextnanopy.

pip install numpy
pip install matplotlib

Install nextnanopy

You can either manually or automatically install nextnanopy. For more details, please refer to: How do [ install it?

## manual installation
# go to a folder where you want to store local repository of |nextnanopy| project
cd <folder name>

# clone source code from Github
git clone https://github.com/nextnanopy/nextnanopy.git

(continues on next page)
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(continued from previous page)

# build nextnanopy
cd nextnanopy/
python setup.py install

For the automatic installation, you can use pip:

pip install nextnanopy

Configure nexthanopy

Open the file config_nextnano.py with an text editor to adjust the paths to your license, output and executable
installation folders:

open config_nextnano.py

# (adjust the paths)

# (save the file)

# run the config file to apply changes
python config_nextnano.py

Running nextnanopy

Please see Basic Tutorials and sample Python scripts to learn how to run a simulation with nextnanopy. The
repository of nextnanopy includes sample Python scripts under /nextnanopy/templates.

Option C: Run simulations with nexthanomat using Wine or Mono

This option is for those who wish to use GUI nextnanomat to run simulations.

The nextnanomat GUI is programmed in C#, and can thus be executed on any operating system. It is, however,
developed on and optimized for Windows. On macOS, you have to install either Wine or Mono to run nextnanomat.

Wine was available from Mountain Lion 10.8 until Mojave 10.14. We confirmed that using Wine one could run
nextnanomat.exe on Mojave 10.14.

Wine did not work on Catalina 10.15 or later. However, Wine version 6.0.1 released on 7 Jun. 2021 is said
to support wine64 on Apple M1. We will test once the built package becomes available.

The following is for macOS 10.14 Mojave.

Installation procedure

1. Install XQuartz (version 2.7.7 or later).
* Please open Xquartz and check if it starts without errors.
2. Install Wine Stable for macOS.

* On the website, both .pkg files and .tar.gz files are provided. Installation from .pkg files is handy. In
this case, however, only the 32-bit version of the nextnano software can be used, and currently one has
to make sure that appropriate libiomp5.dll files are located in the same directory as “nextnano3.exe”
and “nextnano++.exe” (even for the serial version of nextnano GmbH). If you need libiomp5.dll files,
please contact us.

* If you install Tarball for “Wine Stable” (32 + 64-bit), the 64-bit version is also available.
3. Install winetricks.

¢ Launch Wine stable from Applications or Launchpad.
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» Terminal window shows up with a short introduction of important commands.

HUHHHA BB HHHAR R BB HH AR HHH AR BB HH R BB GHH R H AR HH AR BB SR AR B R HH AR BB SRR HH
# Wine Is Not an Emulator #
HUHHHABBHHH AR R BB H G R R R HHH AR B R R R BB HHH AR HH AR BB HHH BB HHH AR BB HHH R BB HE

Welcome to wine-4.0.2.
In order to start a program:
.exe: wine program.exe

.msi: wine msiexec /i program.msi

If you want to configure wine:
winecfg

To get information about app compatibility:
appdb Program Name

¢ Run

ruby -e "$(curl -fsSL https://raw.githubusercontent.com/Homebrew/install/
—master/install)"

brew install winetricks

4. Install .NET Framework using winetricks. .NET Framework of version 4.5.2 or later is needed.

winetricks dotnet452

- Follow the instructions and ignore Warnings.
- Restart the computer.

1. Fonts and configuration
¢ Launch Wine stable again.

¢ Run:

winetricks corefonts # install basic fonts of Windows
winecfg # Configure Wine

* Setting window shows up. Select “Windows 10” for Windows version in the “Application” tab.
* Press “OK” button.

Running nextnanomat

1. Launch Wine Stable from Application or Launchpad.
2. Run:

wine /<your directory>/nextnanomat.exe

3. Activate the license with your email address (only once) and have fun!

If you have any feedback on these instructions, please let us know by sending an email to nextnano Help Center.
It helps us keeping our documentation up to date.
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2.3 Downloads

2.3.1 Free nextnano tools

We offer a number of our tools which can be run without registering and without license.

* The nextnano++ package — free edition
— Windows
% beta (2024-08-26)
* The nextnanomat GUI
— Windows

* beta (2024-03-28)

* The nextnanopy package

The nextnano++ package — free edition

Windows
beta (2024-08-26)

The Free nextnano++ package is a limited version of the standard product (see the table in the product overview ).

Included Tools Version
nextnanomat GUI 4.3.2.15
nextnano++ (free edition) | 7.20.8
nextnano’ (free edition) 2.6.4

DOWNLOAD

nextnano++
Free psckage o ¥,
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The nextnanomat GUI

See the table in the product overview for description of the tool.

Windows

beta (2024-03-28)

Included Tools | Version
nextnanomat 4.3.2.15

¢ Download: nextnanomat_beta_installer — recommended

¢ Download: nextnanomat_beta_portable

The nextnanopy package

The nextnanopy Python package is developed for nextnano++, nextnano®, and nextnano.NEGF tools to automate
simulations and analysis of the results.

More details about the package and instruction of installation can be found /ere.

2.3.2 Standard & Evaluation

This page lists links to the standard and evaluation packages of the nextnano software. To run them you need to
have an active license, which can be obtained through our registration page.

* The nextnano++ package
— Windows
% stable (2023-08-07)
* beta (2024-08-23)
* alpha (2024-07-01)
Ubuntu
% beta (2024-08-23)
% alpha (2024-07-01)

Linux Red Hat Enterprise Linux 8.1
% beta (2024-08-23)

Linux Red Hat Enterprise Linux 7.6
% beta (2024-08-23)

macOS
% beta (2024-08-23)
* alpha (2024-05-03)

* The nextnano.NEGF package

— Windows
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% beta (2024-08-23)
* The nextnano++ & nextnano.NEGF bundle
— Windows
* beta (2024-08-23)
¥ alpha (2024-06-19)

— Ubuntu
% beta (2024-08-23)
% alpha (2024-05-24)

The nextnano++ package

See the table in the product overview for description of the tools.

Windows

stable (2023-08-07)

Included Tools | Version
nextnanomat 4.3.2.8
nextnano++ 1.17.20
nextnano’ 2.54

e Download: nextnano_standard_stable_installer

¢ Download: nextnano_standard_stable_portable (includes executables for Linux and macOS)

Note: The file permissions have to be manually added to the scripts and executable files for Linux and macOS
executables in the portable package.

beta (2024-08-23)

Included Tools | Version
nextnanomat 4.3.2.15
nextnano++ 1.20.8
nextnano’ 2.6.4

¢ Download: nextnano_standard_beta_installer — recommended

¢ Download: nextnano_standard_beta_portable
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alpha (2024-07-01)

Included Tools | Version
nextnanomat 4.3.2.15
nextnano++ 1.19.61
nextnano’ 2.6.2
* Download: nextnano_standard_alpha_installer
* Download: nextnano_standard_alpha_portable
Ubuntu
beta (2024-08-23)
Included Tools | Version
nextnano++ 1.20.8
nextnano’ 2.6.4

* Download: nextnano_standard_beta_portable_Ubuntu

alpha (2024-07-01)

Included Tools | Version
nextnano++ 1.19.61
nextnano’ 2.6.2

* Download: nextnano_standard_alpha_portable_Ubuntu

Linux Red Hat Enterprise Linux 8.1

beta (2024-08-23)

Included Tools | Version
nextnano++ 1.20.8
nextnano’ 2.6.4

* Download: nextnano_standard_beta_portable_ RHELS81
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Linux Red Hat Enterprise Linux 7.6

Note: It is likely to work on CentOS, SUSE, and AlmaLinux

beta (2024-08-23)

Included Tools | Version

nextnano++

1.20.8

nextnan03

2.6.4

e Download: nextnano_standard_beta_portable_RHEL76

macOS

beta (2024-08-23)

Included Tools | Version

nextnano++

1.20.8

nextnana",

2.6.4

e Download: nextnano_standard_beta_portable_macOS

alpha (2024-05-03)

Included Tools | Version

nextnano++

1.19.17

nextnanoj

2.6.2

¢ Download: nextnano_standard_alpha_portable_macOS

The nexthano.NEGF package

See the table in the product overview for description of the tools.

Windows

beta (2024-08-23)

Included Tools Version
nextnanomat 4.3.2.15
nextnano.NEGF 2024-07-25
nextnano.NEGF _classic | 2022-06-13

¢ Download: nextnano NEGF beta_installer — recommended
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e Download: nextnano_NEGF_beta_portable

The nextnano++ & nextnano.NEGF bundle

See the table in the product overview for description of the tools.

Windows

beta (2024-08-23)

Included Tools Version
nextnanomat 4.3.2.15
nextnano++ 1.20.8
nextnano® 2.6.4
nextnano.NEGF 2024-07-25
nextnano.NEGF _classic | 2022-06-13

¢ Download: nextnano_bundle_beta_installer — recommended

* Download: nextnano_bundle_beta_portable

alpha (2024-06-19)

Included Tools Version
nextnanomat 4.3.2.15
nextnano++ 1.19.49
nextnano’ 2.6.2
nextnano.NEGF 2024-06-21
nextnano.NEGF _classic | 2022-06-13
e Download: nextnano_bundle_alpha_installer
* Download: nextnano_bundle_alpha_portable
Ubuntu
beta (2024-08-23)
Included Tools | Version
nextnanomat 4.3.2.15
nextnano++ 1.20.8
nextnano’ 2.6.4
nextnano.NEGF | 2024-07-25

* Download: nextnano_bundle_beta_portable_Ubuntu
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alpha (2024-05-24)

Included Tools | Version
nextnanomat 4.3.2.15
nextnano++ 1.19.49
nextnano’ 2.6.2
nextnano.NEGF | 2024-06-21

* Download: nextnano_bundle_alpha_portable_Ubuntu

2.3.3 Advanced downloads

Special versions of some of our tools can be found here. The simulation tools can be run only with an active license,
which can be obtained through our registration page.

* nextnanomat
— Windows (32-bit)
* stable (2023-08-01)
* The nextnano License Activators
— Windows

— Ubuntu

- macOS

nexthnanomat

Windows (32-bit)

stable (2023-08-01)

* Download: nextnanomat_stable_portable_32bit

Included Tools

Version

nextnanomat

4.3.2.6

The nextnano License Activators

A stand-alone package for license activator executables (2023-12-20) for Windows, Linux and macOS.
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Windows

¢ Download: nextnanoLicenseActivator

Ubuntu

¢ Download: nextnanoLicenseActivator Ubuntu

macOS

¢ Download: nextnanolLicenseActivator_macOS

2.3.4 Types of Packages and Versioning

Installer vs Portable
On this page one can find download links to multiple versions of our tools. Currently, we are providing packages
marked as installer or portable.

installer - These packages contain an installation file that manages generation of a folder structure, generating short-
cuts, etc., and connecting all tools that we are providing within the packages. New installations are independent
of the previous ones, which means that one does not lose the previous versions of the tool during the installation
process.

portable - These packages are zip files containing folder structure with all the tools. One does not need to install
this package; It is ready to use directly as downloaded and unpacked. However, no shortcuts, system variables, or
paths for license files are set up in these packages. These require manual setup. It may be a good choice for those
who do not have administrator rights on the computer.

Versions

We are currently providing three versions of our tools: , beta, and stable.

- It is a version of the tool that has been developed most recently, often containing new minor features
requested by our customers. We are publishing these versions, so you can have your new features as soon as
possible.

* Some major features are quantitatively tested.

* Some features may be unstable.

* Not all provided input files may be updated to the new syntax.

* Some of provided input may not run until finished.

* Included documentation (pdf) may not be fully consistent with the provided package.

beta - It is a version of the tool which typically is internally consistent, and contains major changes introduced in
some tools.

* Some major features are quantitatively tested.
» All provided input files are updated to the new syntax and run until finished.
¢ Included documentation (pdf) is updated and consistent with the provided package.

stable - It is a version of the tool which fulfills all requirements for being called beta, and for which we have
carefully tested values outputted from simulations to make sure that all the models are running as they should.
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* All major features are quantitatively tested.

* No known bugs are present at the date of the release.
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CHAPTER
THREE

LICENSE ACTIVATION

3.1 License activation via command line

3.1.1 Available license file on different operating systems

operating system | nextnano++ nextnano® | nextnano.NEGF
Ubuntu (Linux) .lic file .txt file .licfile

Intel Mac .txt file .txt file unavailable

Arm Mac . txt file (as of 5Sth March 2024) | .txt file On request

To obtain . txt license file, please contact us via nextnano Help Center to request issuing the license.

3.1.2 Online and offline activation

Important: nextnano GmbH licenses are hardware specific. You have to perform the license activation on the
same computer where you want to run the software.

The executable necessary for license activation is called:

e deprecated Windows native: ClientSideServerActivation and ClientSideActivator (before May
2023)

e deprecated Linux and Mac native: ClientSideActivator (between May and October 2023)

¢ Windows, Linux, and Mac native: nextnanoLicenseActivator.exe for Windows or nextnanoLi-
censeActivator_<OS NAME> for other operating systems (since October 2023)

On Linux and Mac, you might have to add the execute permission to the executable by

chmod 744 nextnanoLicenseActivator_<OS NAME>

For each activator version, the necessary and optional parameters will be displayed if you run the executable without
giving any parameters.

Note: In the previously distributed and deprecated license-activation executables the argument “email” refers to
the License-Key.

Note: When you activate the license, please enter exactly your License Key for the licensekey parameter. You
will receive the key via email after purchasing a license, it has the format:

<email of license owner>-<end of validity>-<5-15 digits hash>
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Attention: If you use ARM Mac for simulation, you have to “emulate Intel processor” before initiating the
license activation. See macOS for details.

Command line syntax:

./nextnanolLicenseActivator --firstname <person first name> --lastname <person last.
—.name> --email <person email>

--institution <institution> --licensekey <license key> --outpath <output folder path>
[--fingerprint <path to fingerprint file> in case of Fingerprint activation]
[--address <server IP address> in case default one shall be overwritten]

[--offline <> in case of offline activation]

Note that nextnanoLicenseActivator changes, depending on your computer. e.g. if you use macOS, it becomes
nextnanolicenseActivator_macOS.

If everything works, you will find the license file(s) License_<nextnano tool>.lic in your specified output
directory. The number of the received files depends on your contract. Each of our products has its own distinctive
license file, however License_nnp.1lic can be used for both the nextnano++ and nextnano’® tools.

If the communication with the licensing server is not successful, please specify the --offline parameter to obtain
a fingerprint file. After we receive your fingerprint file, we will activate and send you your license(s).

Please contact us via nextnano Help Center if you encounter any issues.

Attention: If you use ARM Mac for simulation, as of Sth March 2024, you can run simulation with only
license.txt. We are working on this issue. See also macOS.

3.1.3 Fingerprint activation

Fingerprint activation is a special form of online activation. Instead of sending the hardware fingerprint of the
current computer, the selected hardware fingerprint file will be sent to the nextnano GmbH license server. As a
result, the received license files will only work on the computer on which the fingerprint file was generated and not
on the computer used for license activation.

3.2 License activation via nextnanomat

After purchasing a software license or starting a trial period, you will receive a license key per email. This license
key is used to generate a license for your computer by activating your license.

Note: Activation won’t influence the validity period of your license. The validity/trial interval starts according to
your purchase process. Activation will activate the license on your computer.

Important: nextnano GmbH licenses are hardware specific. You have to perform the license activation on the
same computer where you want to run the software.

If no licenses are found at program start of nextnanomat, the license activation dialog will prompt automatically.
Else you can start the license activation dialog by clicking the main menu function Tools ==> Activate License.

When you activate the license, please enter exactly your License Key into the field License key. You will receive
the key via email after purchasing a license, it has the format:

<email of license owner>-<end of validity>-<5-15 digits hash>

1. Online activation

30 Chapter 3. License Activation



https://nextnano.atlassian.net/servicedesk/
https://www.nextnano.com/
https://www.nextnano.com/

nextnano Documentation, Release August 2024

Activate License — O >
Your Mame: |H|:umer | |Simpsnn| |
Your Email: |hnmer.simpsnn @nextnano.com |

Lse your individual institutional email address.

License Key: hnmer.simpsnn@ne:tnann.cnm-2D21-12-31-u|
This license key is sent per mail after purchasing.

Institute or Company: |S|:uringfielu:| Muclear Power Plant |

[] Custom License Destination {Output)

] Load Fingerprint File from Local Disk

Online Activation (recommended)

Server: license nextnanao.cloud

Generate and activate license key

[] Cffline Activation

Figure 3.2.1: License activation dialog with example License Key.

By clicking Generate and activate license key your hardware fingerprint will be sent to our license
server and you will instantly receive all license files associated with your license key.

2. Offline activation

If your institution does not allow Online Activation or the connection fails, you can can use Offline
activation. Check this option in the activation dialog, then the hardware fingerprint will be written

to a text file. After saving the file on your computer you have two options to receive your license
file(s):

1. Fingerprint activation from another device (by your colleague or yourself)
2. Fingerprint activation via nextnano GmbH support (can take up to two weekdays)
3. Fingerprint activation

Fingerprint activation is a special form of online activation. Instead of sending the hardware fin-
gerprint of the current computer, the selected hardware fingerprint file will be sent to the nextnano
GmbH license server. As a result, the received license files will only work on the computer on
which the fingerprint file was generated and not on the computer used for license activation. To
use this option check Load Fingerprint File from Local Disk.

Hint: If you haven’t done so already, you first have to allow expert features in nextnanomat ==>
Tools ==> Options ==> Expert settings.

The number of the received files depends on your contract. Each of our products has its own distinctive license file,
however License_nnp.1lic can be used for both the nextnano++ and nextnano® tools. After a successful online
activation you can choose to automatically update the paths to your license file(s). If you want to update or check
the location of the license file(s) manually, go to:

nextnanomat ==> Tools ==> Options ==> Licenses.

If you encounter any issues regarding license activation or validity, please check our FAQ section: FAQ - Licensing

3.2. License activation via nextnanomat 31


https://www.nextnano.com/
https://www.nextnano.com/
https://www.nextnano.com/

nextnano Documentation, Release August 2024

" Options X
Editor View/Output Data export Gnuplot settings Expert settings
Simulation Executable Material database Licenses Custom executable

nextnano++ license file
license file: vaiid
ss\carola burkl NEXTNANO\Documents \nextnano\License\License_nnp lic .
nextnano’ license file
license file: valid
ws\carola burkl NEXTNANO\Documents'\nextnano\License'\License_nn3 lic o
nextnano NEGF license file
license file: valid
arola burkl NEXTNANO"\Documents‘nextnano'\License\License_nnNEGFlic| | ...
C:\Users\carola burkl NEXTNANO\Documents \nextnano'License'\License _
OK  Cancel

Figure 3.2.2: Path settings for the nextnano GmbH license files.
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CHAPTER
FOUR

DIGITAL ACCESSIBILITY

The digital accessibility statement and the detailed report for the nextnano software can be found here.

4.1 Accessibility Statement for nextnano Software

* Conformance status
» Feedback
* Compatibility with assistive technology

e Limitations and alternatives

* Assessment approach

The company nextnano GmbH is producing scientific software for a very specific audience. Due to its small
company size, targeting a full accessibility especially retroactively is impossible. However, we aim to consider
accessibility in any new software developments.

4.1.1 Conformance status

The Web Content Accessibility Guidelines (WCAG) define requirements for designers and developers to improve
accessibility for people with disabilities. It defines three levels of conformance: Level A, Level AA, and Level
AAA. The nextnano software is partially conformant with WCAG 2.1 Level A. Partially conformant means that
some parts of the content do not fully conform to the accessibility standard. On some functionality conformance
up to Level AA is achieved.

4.1.2 Feedback

We welcome your feedback on the accessibility of the nextnano software. Please let us know if you encounter
accessibility barriers:

* Phone: +49-8121-7603205
* Support widget on this website

* support(at)nextnano.com
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4.1.3 Compatibility with assistive technology

Tested and recommended on Windows 10. Partially compatible with screen reader software NVDA. Fully com-
patible with Windows built-in Screen Magnifier up to 400%, App Zoom up to 175% and color inversion. Not
compatible with dark high contrast themes.

4.1.4 Limitations and alternatives

Cognitive and Learning Disabilities

Not suited due to scientific purpose of software and challenging cognitive performance for meaningful
usage.

Hearing impairment
No limitations. Software does not include sound or audio.
Low vision
Graphical user interface (GUI) nextnanomat
* Font style and size of Editor tab adjustable.
* GUI compatible with screen magnifier at least up to 400%.

¢ Colormap choices for most common types of color blindness - Protanopia, Deuteranopia
and Tritanopia.

* Screen reader compatibility, only partially given.
Alternative 1: Without using GUI

* Possibility to execute the scientific program by command line only (screen reader compati-
bility)

* Common output format — Visualization by any preferred visualization software possible.

Alternative 2:
nextnano GmbH also accepts simulation requests (charged) — Employees can simulate requested
structures for you.

4.1.5 Assessment approach

The company nextnano GmbH assessed the accessibility of the nextnano software by self-evaluation.

4.2 Accessibility Evaluation Report for nextnano Software

* Executive Summary
* Scope of Review
* Reviewers
* Review Process
* Results
— Interpretative summary of review results

— Detailed results

* Audio
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* Video

* Content

% Navigation & Architecture
* Interface Elements

% Interactions

+ Visibility

* Code

% Testing

* References

4.2.1 Executive Summary

This report describes the conformance of the nextnano software with W3C’s Web Content Accessibility Guidelines
(WCAGQG). Based on this evaluation, the nextnano software is close to meeting WCAG 2.1, Conformance Level A.
Partially conforming to Level AA as well. Detailed review results are available below.

4.2.2 Scope of Review

Full software: nextnano GmbH Graphical User Interface (GUI) nextnanomat Version 4.3.1.0, date 2021-Dec-14.

4.2.3 Reviewers

Carola Burkl, Developer of nextnanomat (GUI)

4.2.4 Review Process

Conformance was tested for WCAG 2.1 Level A and AA. Manual review based on Praxent Accessibility Guidelines
adapted for software. Compatibility with Windows built-in accessibility tools tested. Compatibility with screen
reader NVDA tested.

4.2.5 Results

Interpretative summary of review results

Mostly conformant on WCAG 2.1 Level A. On some functionality conformance up to Level AA is achieved.

Detailed results

Audio

No audio
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Video

No video

Content

¢ Meaningful Order (1.3.2) [A] — yes
 Sensory Capabilities (1.3.3) [A] — yes
e Under three flashes (2.3.1 & 2.2.2) [A] — yes
* Images of text (1.4.5) [AA] — yes
* Text Size & Spacing (1.4.12 & 1.4.4) [AA] — partially
Compatible with screen magnifier at least up to 300% without loss of functionality or content.

¢ Content on Hover & Focus (1.4.13) [AA] — no

— Content present on hover cannot be dismissed.

— Hover content does not block region of mouse pointer.
 Alternative Text (1.1.1) [A] — partially

— All images and non-text content of software have alternative text. — yes

— Visual output of simulation results is not text interpreted. But result data can be viewed as text file as
well.

* Page titles (2.4.2) [A] — yes

* Descriptive headings & labels (2.4.6) [AA] — partially
— Buttons of main menu — yes (same functionality as buttons of tab pages)
— Buttons of tab pages — no

* Language Changes (3.1.2) [AA] — no

Navigation & Architecture

* Clear text links (2.4.4) [A] — yes
* Multiple Paths (2.4.5) [AA] — yes

Functionality of buttons can be accessed via buttons or navigation menu

Interface Elements

* Form Labels & Instructions (3.3.2) [A] — yes
All forms and input fields are labeled
* Label in name (2.5.3) [A] — partially
¢ Consistent Identification (3.2.4) [AA] — no
* Name, Role, Value (4.1.2) [A] — yes, although name is not always descriptive

* Consistent Identification (3.2.4) [AA] — not relevant: no corresponding representation in non-html software
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Interactions

Visib

Code

Focus order (2.4.3) [A] — no
No focus change (3.2.1) [A] — yes
No input change (3.2.2) [A] — yes
Error identification (3.3.1) [A] — yes
Keyboard focus visible (2.4.7) [AA] — yes
Error suggestions (3.3.3) [AA] — yes
Error preventions (3.3.4) [AA] — not relevant: no corresponding representation in software
Pointer gestures (2.5.1) [A] — not relevant: no high precise pointer movements necessary
Pointer Cancellations (2.5.2) [A] — no
Motion actuation (2.5.4) [A] — not relevant: no motion functionality is used
Keyboard only (2.1.1) [A] — no
— Inside a tab — yes.
— But to change tabs — no.
— Logical tab order — partially
No keyboard traps (2.1.2) [A] — no
Character Key Shortcuts (2.1.4) [A] — yes (only active at focus)

Adjustable Time (2.2.1) [A] — not relevant: no existing time limits

ility

Use of color (1.4.1) [A] — no

— Visualization of 2D or 3D data in the output tab uses heat maps to represent data values.

— However, the color maps include choices for different types of color blindness as well as monochromous

options.
Orientation (1.3.4) [AA] — yes (GUI can be resized to custom preference)
Text & Image contrast (1.4.3) [AA] — yes

Additional element contrast (1.4.11) [AA] — no

Clean code (4.1.1) [A] — not relevant: no html in software

Reflow (1.4.10) — yes

4.2. Accessibility Evaluation Report for nextnano Software
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Testing

* Assistive technologies

Screen reader NVDA tested

Screen magnifier (Windows) tested, up to 400%

Color Inversion (Windows) tested

Display increased App size (Windows) tested, up to 175%

Make text bigger (Windows) - does not work well

High contrast (Windows)
# Black background does not work
% Other background works but is not recommended

¢ Tested and recommended on Windows 10

4.2.6 References

1. Web Content Accessibility Guidelines (WCAG) Overview
https://www.w3.org/ WAI/intro/wcag

2. Web Content Accessibility Guidelines 2.1
https://www.w3.org/TR/WCAG21/

3. Techniques for WCAG 2.1
https://www.w3.org/ WAI/WCAG21/Techniques/

4. Accessibility Evaluation Resources
http://www.w3.org/WAl/eval/

5. Praxent Accessibility Guidelines Checklist

https://praxent.com/wp-content/uploads/2020/01/Accessibility_Guidelines_Linked.pdf
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CHAPTER
FIVE

NEXTNANOMAT

The nextnanomat GUI is a convenient graphical user interface for nextnano++, nextnano’®, and nextnano.NEGF.
It allows for 1D, 2D and 3D visualizations of computed results. This workflow manager is designed in a general
way allowing to run any executables and overview generated output files.

5.1 GUI tabs

5.1.1 Input

The input file tab supports both ASCII and XML format.
General features:

* Syntax highlighting

* Autocomplete

» Context-sensitive online help

* Use of variables

The syntax and the supported features depend on the tool used for calculations. For detailed information see related
documentation:

* nextnano++
o nextnano’

¢ nextnano.MSB

¢ nextnano.NEGF

Autocomplete feature

By using the key combination ‘ctrl’ plus ‘space’ the autocomplete menu will pop up. It will show available key-
words for the current section as well as the names of defined variables.

5.1.2 Template

This web page describes the template feature of nextnanomat.

In the Template tab you can overview all variables which are defined in the input file. You can sweep a chosen
variable by a list of values or a range of values. Additionally, there is the option to compare the sweep results by
the post-processing feature: It collects specified data from sweep files and stores them in a separate file, so that
e.g. interband transition energy can be visualized as a function of well width.

An example how the template can be used to sweep over a variable, e.g. the quantum well width, is shown in this
Exciton Binding Energy in an Infinite Quantum Well.
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lobal{

r
Al
0

2 simulatelD{}
29 temperature = 300.0

31 substrate{ name = "GaAs" }

3 crystal_zb |
34 % _hkl = x hkl =
3 y_hkl = y_hkl =
s6 | ) 2_hki -

Figure 5.1.1.1: The nextnanomat autocomplete menu.

Variable definition in input file (required)

<Variable> = <Value> <Comment>

with the following syntax definition:

Variable (required)
A <Variable> starts with a $ or % sign (% should be preferred), can contain the characters A-Z,
a-z, 0-9 and the underscore (_). It is case-sensitive.

* For nextnano++, the definition of variables and examples can be found in /nput Syntax.
* For nextnano’, the definition of variables and examples can be found in Macro features.

Value (required)
Any string after the = sign without # and ! characters is considered as <Value>. It is used as
default value for the Template and 7emplate (Beta) user interface.

Comment (optional)
Starts with a # or ! sign and is used as a description of the variable in the Template user interface.
The comment may also include the following keywords (including brackets):

e # (DoNotShowInUserInterface)
This variable is not shown to the user in the Template user interface.

# (DisplayUnit:<Unit>)
A string to show the unit for the variable (optional)

# (ListOfValues:<default>)
Default values for List of values input control

# (RangeOfValues:From=1,To=10,Step=1)
Default values for Range of values input control

e # (HighlightInUserInterface)
Highlights variable in Template user interface in yellow

Note: Every line that starts with a $ (not nn3) or % (after stripping leading spaces) and includes a = is considered
a variable definition.

Example

$well_width = 6 # Variable for quantum well width. (DisplayUnit:<nm>).
- (RangeOfValues:From=6,To=18,Step=2) (HighlightInUserInterface)
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Sweep over a variable + optional post-processing

If an input file includes at least one variable definition, it is possible to automatically sweep over it. The Template
Tab of nextnanomat can be seen in Figure 5.1.2.1, already pre-filled for a variable sweep. To reproduce, please
follow these steps:

1. The input file has to be chosen as the template file. Thus all correct variable definitions are loaded into the
list.

2. Choose a sweeping variable and complete the required fields, e.g. List of values for QW_Separation.
3. The input files can be created by clicking the Create input files button.

4. They will be added to the batch list. To start the simulations you have to switch to the Simulation-tab, see
Figure 5.1.2.2.

" nextnanomat - a X
File Edit Run View Tools Help

Inpat | Template | Template (Beta)  Smulation  Output

Ed
Template fie: |:arola burkl. NEXTNANO" Dacuments'nextianc My input fles  Sample fles\nexi ple fles DoubleQ _6om_nnp.n| ('
Variables
Varizble Value Uit Description
[ v _winTH 60 m wickh of both quantum wells
QW_SEPARATION 40 nm separation of the QWs
Sweep

() Single simulation  filename suffix: | _modified

(O Range of values  variable: QW_WIDTH from: 6.0 to: (6.0 step
@ List of values vanable: |QW_SEPARATION | values: [10203040506070.805010.1520.30 |
deimiied by commas
Output

O Savetofolder: |7 [ |

(@) Save to temporary folder and add to batch list

[1 Include all modified variables in filename

Create input fies
Postprocessing

7 Numberofrelevantcolumn: [ |  Maximum numberof valuelines: | | (& Create file with combined data

Figure 5.1.2.1: Template tab of nextnanomat with double quantum well input file loaded.

1) nextnanomat - [m) x
File Edit Run View Tools Help
Input Templatz ~ Template (Beta)  Simulation  Output

@ B |06 @

Job number  Input file Start time Duration Status Host ~

6 DoubleGQuantumWell_6nm_nnp_QW_SEPARATION_6.0in | 11:56:11 am 00:00:01 done Local

7 DoubleQuantumWell_&nm_nnp_QW_SEPARATION_7.0in | 11:56:13am 00:00:01 done Local

8 DoubleGQuantumWell_6nm_nnp_QW_SEPARATION_8.0in | 11:56:13am 00:00:01 done Local

9 DoubleGuantumWell_6nm_nnp_QW_SEPARATION_3.0in | 11:56:15am 00:00:01 done Local

10 DoubleQuantumWell_&nm_nnp_QW_SEPARATION_10in | 11:56:15am 00:00:01 done Local

n DoubleGQuantumWell_6nm_nnp_QW_SEPARATION_15in | 11:56:17 am 00:00:01 done Local
DoubleGQuantumWell_6nm_nnp_QW_SEPARATION_20in | 11:56:17 am 00:00:01 done Local

-m-

00:00:01 Writing results from guantum calculations... ~
00:00:01

00:00:01

00:00:01 **xrxxsesx FINISHED CALCULATION #Aataaaasa st ada A d A d A aa A a AR AR R AR AR RN RRRRARARAR
00:00:01

00:00:01 End time: Thu 2021-12-30, 11:56:21 (+0100)
00:00:01 Total Quantum Solver Time: 0.001[s]
00:00:01 Simulator Run Time: 0.689[s]

00:00:01
00:00:01
00:00:01 DONE.
00:00:01

idle (all 13 simulations finished successfully in 00:00:13)

Figure 5.1.2.2: Batchlist of successfully simulated template sweep.

The sweep of a variable is now completed.

When the simulations are done, you have the possibility to use the post-processing feature. Its input fields are also
located in the Template tab and can be seen in Figure 5.1.2.3. To use post-processing,

5.1. GUI tabs 4
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5. Choose the output file (*.dat) and the column number of the variable you want to compare, e.g. the file
energy_spectrum_quantum_region_Gamma.dat displayed in Figure 5.1.2.4 and Figure 5.1.2.5

6. Additionally, state the maximum number of values (rows) which will be compared. (It is not allowed to
exceed the existing number of rows.)

7. Now push the button Create file with combined data and

8. Visualize your results in the Output-tab, see Figure 5.1.2.6.

Create inpu files

Postprocessing

[ umberof relevant column Maximum number of valus lines: (] Create file with combined data
Select file Select column Select number of rows Click
Figure 5.1.2.3: Steps to post-process a variable sweep.

For the steps 5 and 6 it is necessary to check the data structure of the simulation result you are interested in. Go to
Output tab, select the data file and toggle Text view.

V) nextnanamat - [m] x
File Edit Run View Tocls Help

Input Template  Template (Beta) ~ Simulation ~ Output

energy_spectrum_quantum_region_Gamma_00000.dat
EHE ¢l«—B-

C:\Usershcarola burkl NEXTNANO'D \Output\DoubleQ |_6am_nnp_QW_SEPARATION_1 O'bias_0 fwriten today at 11:56 am)

=] 0.18 F T —
Min Max 017 | - ]
= e 016 [ A ]
x| 0se |[ a0 g8 L ]
— = 012 F 7 d
Filsze [llogx = 0110 - ]
[ snowgid [ legy o /,/ ]
[ Hide constant values = 0.08 |- ]
[ Show Overlay br " ]
Graph style P ]
@ Auto O Points oo3 L + - -
O Line O Line + Points o)
Simulations in [ {4} Outputfies of simulation (4 minutes ago) 41 Tree view | Selectall || None
Order folders by date DoubleGuantumi¥ell fnm nnp QW SEPAR(®) List view Cheek/Uncheck ll
{{#) DoubleQuantumWel_6om_nnp_QW_SEFARATION_5.0 w || =) bias_00000 ~ EnerayleV]
() DoubleQuantumWel_Bom_nnp_QW_SEFARATION_8.0 -2 Quantum

() DoubleGuantumWel_Bnm_nnp_QW_SEFARATION_7.0
(i) DoubleQuantumWell_Enm_nnp_GW_SEPARATION_5.0

B ampltudes_guantum_region_Gamma_00
{{#) DoubleQuantumWell_Bom_nnp_QW_SEPARATION_6.0

amplitudes_shift_quantum_region_Gamm
) DoubleGuantumWel_am_nnp_QW_SEPARATION_3.0 oGoupation_quantum_region_Gamma dat
() DoubleGuantumWel_6am_nnp_QW_SEPARATION_4.0 probabilties_quartum_region_Gamma_0(
(4@ DoubleGuantumWell_6nm_nnp_GW_SEPARATION_1.0 -] probabilties_shit_quartum_region_Garn

7 Mo hleCuanhmWall fam nen QW GFPARATIAN 20 1 handarns Gamma dst
< 3 < >

Figure 5.1.2.4: Energy eigenvalues of the first four electron states. Visualized as curves.

Input  Template  Template (Beta)  Simulation ~ Output
energy_spectrum_quantum_region_Gamma_00000 dat

[ « =

C:\Users'carola burkl NEXTNANODocuments' \nextnana’\Output'\Dot
no. Energy[eV]

1 0.034757968330

0.072977170368

0.165746432575

0.176101845194

o

Figure 5.1.2.5: Text view of same output file.

The result plots the chosen data in relation of the sweeping variable, see Figure 5.1.2.6.
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1’ nextnanomat
File Edit Run View Tools Help
Input  Template  Template (Beta) ~ Simuistion ~ Output

A& )

« =B 35-

QW_SEPARATION_energy_spectrum_guantum_region_Gamma_00000_Column? dat

C

Orderfolders by date
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Figure 5.1.2.6: Result of post-processing. Electron energy eigenvalue in relation of quantum well separation.

Post-processing of existing sweep

If you have already done some sweeps in the past, you can also use the post-processing feature of nextnanomat
retroactively. Note, additional to the post-processing steps described above, you need to load the template file and
select and fill in the variable values which have been used for the sweep.

5.1.3 Template (Beta)
Introduction

The Template (Beta) tab has a similar functionality

to the Template tab. It allows convenient sweeps of an input

file through the use of variables. In comparison to the standard Template feature, the Beta version allows nested
sweeps of multiple variables. Its use is intended for experienced users who need to investigate their structure in

complex dependency of more than one variable.

nextnanomat
Fle Edit Run View Tools Help
It Template = Template (Bata) | Simuation  Output

Template input file: [C\Users\carola burkl NEXTNANO\Downloads'01| ('
x

>

= TempSweep
BiasSweep

Addnode | | Delete

Propertics

Variable: |BIAS ~

® List of values
O Range of values

Values 09121520

@ Structuredfolders [ Include global index
O Single folders
Output
@ Save to temporary folder and add to batch list
O Save fles o

[ Newfolderfor sweeps

E
Create input fles

Variable Value Unit Description

BIAS 05 v last value of applied bias
WELL_WIDTH 70 nm Width of the quantum well
BARRIER_WIDTH 90 nm Width of the bamier
NUMBER_OF_WELLS 5 number of quantum wells
LEFT_SCH_WIDTH 50 nm Width of the Separate Confinement H.
RIGHT_SCH_WIDTH 50 nm Width of the Separate Confinement H.
N_SIDE_CLADDING_WIDTH 100 m Width of ndype cladding layer fon the:
P_SIDE_CLADDING_WIDTH 100 nm Width of n4ype cladding layer {on the
BARRIER_INDIUM_ALLOY_CONTENT | 053 nm Indium content of the bamier region
'WELL_INDIUM_ALLOY_CONTENT 0.80 nm Indium content of the quantum well
DONOR_CONC 30e18 cm™3 Donor concentration
ACCEPTOR_CONC 50e18 em™3 Acceptor concentration

Figure 5.1.3.1: Full view of the Template (Beta) tab.
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The input file

Any input file, which contains variables, can be used. At least two variables should be defined to use the full
functionality of Template beta. Different options are provided to load an input file. It can be imported from the
currently active input tab, searched within the file explorer or by inserting the path. Once opened, the defined
variables should be shown on the right hand side. If changes to the file have been made by/with an external
application, it can easily be updated through the reload button.

Input Template  Template (Beta)  Simulation  Output

Template input file:  1eDrive_1_02-07-2021\LsserDiode_inGass_10in| (C

Figure 5.1.3.2: Menu to load and update the template file.

How to create a sweep

Follow the next steps:
1. (If the white panel is empty, click on the Add node button.)
2. Select the node New Sweep.
3. In the property panel you can define the parameters for this sweep:
1. Choose a variable (e.g. $TEMPERATURE).
2. Set a correlating name for the sweep (e.g. “TempSweep”, Figure 5.1.3.3).
3. Select List of values or Range of values and define the values for the sweep.
4. To add a second, third etc. sweep, repeat the steps above.

1. To create a nested sweep, select a parent node before clicking on the Add node button. The new node
will be nested below the selected one. (e.g. “BiasSweep”, Figure 5.1.3.4)

1. If no node is selected, the new sweep will be on the same level and they will not be correlated to each
other.

= T_emp Sweep Add node Delete >(

- BiasSweep Properties

Variable: | TEMPERATU -~

(O List of values
(®) Range of values

To:

en | [ | [
S| |:| |2
=

Step

Figure 5.1.3.3: Parent sweep
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Values (0.5.1.2,1.5.2.0
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Figure 5.1.3.4: Nested sweep

Save input files and run a sweep

In this example we use three different temperature values and a nested bias sweep with four different bias values
for each temperature (see Figure 5.1.3.3 and Figure 5.1.3.4). Thus 3x4 = 12 different input files are to be created.
Each input file receives the name and the values of both sweep parameters for identification.

Before running the simulation, there are different options for the simulation output:

® Structured folders [ Include dlobal index [ New folder for sweeps
O Single folders
Output
(@) Save to temporary folder and add to batch list
O Savefilesto:

Create input files

Figure 5.1.3.5: Output options

Either the option Single folders or Structured folders can be selected. The first option generates one unique
simulation output folder for each input file (ergo, for this example separate 12 folders, see Figure 5.1.3.6), whereas
the structured option generates nested output folders matching the sweep structure. For the structured option a
global index can be included which enumerates each sweep (Figure 5.1.3.7). And/Or a parent folder - for each
sweep - can be added (Figure 5.1.3.8).

Smulationsin [D-\nextnana output «| P {i} Ouputfies of smulation LaserDiode InGads 1D TEMPERATURE 4
) TempSweep ~ |[ &3 bies_00000
7] LoserDiode_inGaAs_1D_TEMPERATURE._400_BIAS_20 ) Strain

) LaserDiode_InGaAs_1D_TEMPERATURE_400_BIAS_15 ] Structure

) LaserDiode_InGaAs_1D_TEMPERATURE_400_BIAS_1.2 - E gnd_edat

i) LaserDiode_InGaAs_1D_TEMPERATURE_400_BIAS_0.8 L7 LaserDiode_InGafs_1D_TEMPERATURE_400_BIAS_20in
i) LaserDiode_InGaAs_1D_TEMPERATURE_350_BIAS_20 - -[E] LaserDiode_InGaAs_1D_TEMPERATURE_400_BIAS_20log
i) LaserDiode_InGaAs_1D_TEMPERATURE_350_BIAS_1.5 . % memory log dat

() LaserDiode_InGaAs_1D_TEMPERATURE_350_BIAS_1.2 &[] simulation_database txt

) LaserDiode_InGaAs_1D_TEMPERATURE_350_BIAS_0.8 +--[] simulation_info.b

) LaserDiode_InGaAs_1D_TEMPERATURE_300_BIAS_2.0 &[] simulation_input bt

() LaserDiode_InGaAs_1D_TEMPERATURE_300_BIAS_1.5 i.-[] vanables_database b

(i) LaserDiods_InGas_1D_TEMPERATURE_300_BIAS_12 8 variables_input txt
) LaserDiode_InGaAs_1D_TEMPERATURE_300_BIAS_ 0.9
\ TemnCuinan 7 TEWDESATIDE 0

< >

Figure 5.1.3.6: Output option a - Single folders.
Lastly you can choose whether you want to create the input files only temporary to directly execute them or if you
want to store them on the disk for later use.
After setting all your output preferences, click on the Create Input files button. You should see a confirmation
12 input files created. Create input files

after your input files are created successfully:

Next, go to the Simulation tab to find the created input files and execute them.
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Simulationsin [C\D\nextnano output

LaserDiode_InGaAs_1D_TEMPERATURE_300_BIAS_0.9
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=

Morm, Cutires Dmice 0400

<

&

+-7) BiasSweep_1_BIAS_1.2
1) BiasSweep_2_BIAS_1 5
1) BiasSweep_3_BIAS_2.0

~] [ fa} Ovteu fles of smualion. TempSweep 2 TEMPERATURE 400 (2hou

B ]
{2 LaserDiode_hGaks_1D_TEMPERATURE_400_BIAS_0.9

Figure 5.1.3.7: Output option b - Structured folders plus global index.
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Figure 5.1.3.8: Output option c - Structured folders plus parent folder.

) nextnanomat
Fie Edit Run View Tools Help
It Template  Template (Beta) ~ Simulaton  Output

BRBRIVHEIOE \

Jobrumber  Inputfile Stat time. Duration Status Host
7
2 LaserDiode_InGaAs_1D_TEMPERATURE_300_BIAS 1 2in fiemporary) ide Local
3 LaserDiode_inGaAs_1D_TEMPERATURE_300_BIAS_1 5in fiemporary) ide Local
4 LaserDiode_inGaAs_1D_TEMPERATURE_300_BIAS_2 Oin fiemporary) ide Local
5 LaserDiode_inGaAs_1D_TEMPERATURE_350_BIAS_0.8in femporary) ide Local
6 LaserDiode_inGaAs_1D_TEMPERATURE_350_BIAS_I 2in femporary) ide Local
7 LaserDiode_InGaAs_1D_TEMPERATURE_350_BIAS_1 5in fiemporary) ide Local
B LaserDiode_inGaAs_1D_TEMPERATURE_350_BIAS_2 0in fiemporary) ide Local
9 LaserDiode_InGaAs_1D_TEMPERATURE_400_BIAS_0.9in fiemporary) ide Local
0 LaserDiode_inGaAs_1D_TEMPERATURE_400_BIAS_1 2in femporary) ide Local
n LaserDiode_inGas_1D_TEMPERATURE_400_BIAS_I 5in fiemporary) ide Local
12 LaserDiode_inGaAs_1D_TEMPERATURE_400_BIAS_2 0in femporary) ide Local
idle

Figure 5.1.3.9: Created input files in simulation tab.
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5.1.4 Simulation

The processing of simulations is done here:
* The simulations can be started, paused and stopped.

* There is a batch list, where input files can be added or removed. It is also possible to add complete directories
plus sub-directories by the option Add Directory Tree to Batch List of the Simulation- menu tab.

* Information of the processed simulation is provided. Such as Start time, Duration and Status.

* The .log-file of the currently running simulation is written below. This file, with information on the calcula-
tion, is also stored in the output folder.

5.1.5 Output

* Navigation
— Menu
— Panels for 1D, 2D and 3D

e Visualization

Supported Output Formats
— Text view
— ID View
2D View

— 3D View

e Features

Overlay

— Hide constant values

Show differences

Snap to gridpoints

Special fullsize

Auto select color map

Fix middle color to specific value
* Export functionality
* Further information

— Output settings

— Clean up output folder

— Color maps
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Navigation

Menu

nextnanomat

File Edit Run  View Tools Help

Input  Template  Template (Beta)  Simulation  Output
bandedges dat

EEI© eI S|

Snap cursor to grid points

Fullsize of whole data sheet or selected data column
Expart functions show list of overlays

Navigation in plot history (file, not zoom setting) Add, remove, clear overlays

Show slices (for 2D and 30)
Shouw output file as text

Show output file as graph

Figure 5.1.5.1: Menu, containing the most important functions to visualize the output data.

By right-clicking on the active output tab - which shows the output path or filename - you can create additional
output tabs, for example to visualize different output directories. However these tasks are quite memory intensive,
so use this feature with caution. We recommend to use a single output tab.

Panels for 1D, 2D and 3D

More specific visualization functions have their own panel. (For convenience some of them can be hidden.) De-
pending on the dimension of a data file, different functionality is available. For example, whether the graph should
be represented by a dots or a line is only relevant for 1D data. Color maps and slices are only available for 2D and
3D data. The position and function of the different panels is shown in the following pictures.

Active output tab

ger_kp bl \bulk_5xkp_dpersion_comer_-111 st (ASCI dtafle weh 201 ponts) (writen on 17/08/2020)

DY

Ouetay
[ H3leV]-C\Dinetnano o] °

K )

ot s o st iriehed on 17/08/2020) SEMB. O Trovew  Seectal | Nore
© Latview

Simulation folder view
(content of selected output folds

Colur
(data of selected/displa

Figure 5.1.5.2: Panels for a 1D data file

Visualization

Supported Output Formats

The workflow manager nextnanomat can display the following output formats:

Jtxt
The file is displayed as a text.

.dat
The file is displayed as a graph, e.g. scalar field f{x) or vector field F(x)
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nextnanomat - o x
File Edt Run View Tooks Help ‘;"[‘:;;’:ﬁii"‘i"’:":ﬂ“:l:“
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[ Hide constant vakues. 0

Show Oveday
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colors
Viids natpiotib)

H-‘ a

] Ao scale.

Color mapping functionality

Al
o A

g 2 0 1
O Fcmiddecaorto 0| m

2
o
O Tree view None

@ Ustview [ Check/Uncheck al

[ ps_squared

Z]
-ev0208d
puETH v

r1 | f(21)
Ty | f(x2)

or

1 | filzy) | folze) | oo | fm(z1)
r2 | fi(w2) | fo(w2) | .- | fm(%2)

tn [ FiCon) | Fal@n) [ oo | Fmln)

.mtx or .mat
Matrix format for e.g. a matrix, a table, a f{x,y) graph. The x and y axes are labeled with integer

numbers.
A1n A Az .. A,
A1 Az Az ... Ay
Aml Am2 AmS Amn
.vtr - 2D/3D

VTK format for rectilinear grid - scalar field f{x,y,z) or vector field F(x,y,z). They can be viewed
using the ParaView software which is a full 3D visualization software while nextnanomat only
displays 2D slices of 3D data files.

Aid - 1D/2D/3D
AVS format for rectilinear grid - scalar field f{(x,y,z) or vector field F(x,y,z)

If a file extension is unknown it is treated as if it were a .txt file.
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Text view

If text view is toggled, the content of the selected file is displayed. This view is read-only. For editing, the file
can be exported to a custom texteditor. (We do not recommend to edit data files!)

1D View

Within graph view, one-dimensional data is displayed as curves. Whether data values are represented as points or
lines is up to the user. Antialiasing can be switched on or off via Ouzput settings. Additionally, the line thickness,
background color or the usage of a grid can be customized.

If a data file contains multiple columns, each column is represented by its own curve. The list of available columns
is shown within the column view panel. Only checked curves will be displayed. Selected curves are highlighted
to allow fast recognition of related data.

Helpful features for one-dimensional data visualization are:
e Qverlay
* Hide constant values
* Show differences
* Snap to gridpoints
* Special fullsize

* Gnuplot export

2D View

Two-dimensional data is displayed as a heat map, also known as pseudo-coloring. Each value of the two-
dimensional grid is mapped to a distinct color. The color difference perceived allows the visual interpretation
of value differences. Therefore the change of the color gradient needs to be perceived linearly by the human eye.
Some color maps, like the rainbow map, introduce artefacts and have misleading visual perception, which increases
the risk for misinterpretaion of scientific data. Find more information about Color maps.

Helpful features for two-dimensional data visualization are:
* Auto select color map
e Fix middle color to specific value

* Gnuplot export of surface plots

3D View

Real three-dimensional plots are not supported by nextnanomat. Instead 2D planes of the 3D data are visualized
through heat maps, same as for 2D data. An additional panel allows the selection of the displayed plane (xy, xz or
yz) and the position of the slice. This panel can be seen in Figure 5.1.5.13. If three-dimensional visualization is
aimed for, we recommend exporting data to ParaView.

Helpful features for three-dimensional data visualization are:
* All of the 2D features

* Exporting to ParaView
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Features

Overlay

For the best experience when visually analyzing the results of the simulation, it is sometimes necessary to look at
different files at the same time. We call this the Overlay feature.

1. Select the plots you want to memorize in the column view panel.

2. Click the Add to Overlay button, see Figure 5.1.5.4. Alternatively, use the keys a (add) or + (Numpad
only).

3. Select another output file.
4. (optional) add plots of multiple files to the overlay list.
= Your memorized plots will be displayed in gray on top of the currently selected file.

You can check and edit the content of your overlay in the overlay list panel, this panel can be shown or hidden by
clicking the Show list of overlays button. Remove selected curves with the Remove from Overlay button,
shown in Figure 5.1.5.4, or use the Del/Entf or d (delete) key on your keyboard.

You can also export the overlay graphs to one combined image file, for further information refer to Gnuplot export.

[_[ ﬁ Add Remove [I_— [_E E

{written today at 11:23 am) {written today at 11:23 am)
Overlay Overlay
L_1[eV] - D:\nextnano ou

%_1[eV] - D-\nextnano ov

Select

€ > £ >
[ Select al Select al

Select al None Select all MNaone
Check/Uncheck all Check/Uncheck all
Gammale\v] - Gammalel] -
L_1[eV] L_1EV]

Select i

L 2[eV] L 2[eV]

L_3V] L_3[eV]
X_1leV] _1leV]
2eV] 2e
B # 23w v ] % 3= v
< > < >

Figure 5.1.5.4: Workflow to add or remove files from Overlay.

Hide constant values

Note: Be careful when using this feature. We recommend to always disable it after usage.

This feature hides any parts of the curves where the value does not change within 5 grid points (two to the left and
right). Its purpose is for visualizing wave functions and probability densities on top of band edges. The constant
part which represents the energy level will be hidden. This allows to focus on the changing parts as well as for the
underlying band edge to be seen. The influence of this feature can be seen in Figure 5.1.5.5 and Figure 5.1.5.6.
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Figure 5.1.5.5: Hide constant values on.
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Figure 5.1.5.6: Hide constant values off.
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Show differences

Whenever exactly two columns are selected in the column view panel, the value difference between these two
curves is shown while the mouse is hovered over the data , see Figure 5.1.5.7.

10 20
position[nm] (x)
Output files of simulation  finished on 11/06/2019) 368 MB O Tree view Select all None
IDInAsGaAsQDPyramid PrvorPRB1958 10nm nn3 (@ List view Check/Uncheck all

=-{7) band_structure " Gamma_bandedgeleV]

- |l BandEdgesfld hh_bandedge[=V]

BandEdges_slice_middle_along_x .dat Ih_bandedge[eV]

BandEdges_slice_middle_along_z dat so_bandedgefeV]

& cb_Gammafid
By cb_Gamma_slice_middle_along_x dat
R rh_(Gamma_dlire_middle_alana_ 7 dat

Figure 5.1.5.7: Arrow showing value difference of two data curves.

Snap to gridpoints

If snap to grid points button is toggled (default: on) a small cursor cross follows the nearest data curve
while the mouse cursor is hovered over the data. The coordinates and value displayed in the upper right corner of
nextnanomat match the data values of the curve, see Figure 5.1.5.8.

>C - [RY)| w1255 v: 0958933
. (ASCH data file with 869 points)

L T R R O N R

Figure 5.1.5.8: Snap to grid points feature enabled.

Special fullsize

By using this feature, the view of the output diagram will be matched perfectly to a single graph. Either the selected
graph of the column view, or it is iterating through all available columns of the currently displayed file. This feature
is useful for example if a file contains multiple columns with a highly different range of values. Displaying all graphs
at the same time (normal fullsize mode) can lead to certain curves appearing to be zero. By selecting such curve
and clicking the special fullsize button, the y-axis limits are set to its respective minimum and maximum and
the curve is displayed correctly. An example for this use-case can be seen in Figure 5.1.5.9.

Furthermore this feature is also useful for any other file containing more than one column. Iterating through the
columns and displaying each curve in its optimal frame, allows for fast and convenient data evaluation, see Figure
5.1.5.10. .. example one high number of curves
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EEG

_group 2 -bias 004 - current total (writen on 18/10/2019)

1) nextnanomat
File Edit Run View Tools Help
Input Templste  Template (Beta) ~ Simulation  Output
curent_total.dat
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S1E+12
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Show Overlay
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Figure 5.1.5.9: Special fullsize for a diverging range of values.
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Figure 5.1.5.10: Special fullsize for a high number of curves.
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Auto select color map

If auto selection of a color map is active, a diverging color map is selected for data files spanning from negative to
positive values. Else a linear color map is chosen.

Fix middle color to specific value

This feature is aimed for the visualization of diverging data in combination with a diverging color map. It fixes
the mapping of the neutral middle color to a specific value and thus ensures a symmetric color representation of
diverging data.

Note: To be able to support custom color maps, this feature is not limited to predefined diverging color maps. To
avoid unintentional usage we recommend to enable this feature on demand only.

The feature is enabled by checking the corresponding check box. If enabled, it is active whenever a diverging color
map is assumed (error prone to enable flexibility) and the data file contains the specified value. Else it is inactive
and grayed out. The visual feedback on the activity of the feature can be seen in Figure 5.1.5.11 and Figure 5.1.5.12

Example usage of the feature can be seen in Figure 5.1.5.13.

Blue white red v

Auto scale
[[] Auto select color map
Fix middle colorto| 0

Figure 5.1.5.11: Enabled and active

Export functionality

Most of the export options are available from the context menu (right-click on the visualization). Some specific
options can be accessed from the output menu button Export and Open in specific Format. For the latter
option the custom defined paths to installed applications are used (with exception of the Gnuplot application).
These paths need to be defined in the Output settings.

You can find a detailed description of the various export mechanism in the section Export Functionalities
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P
[

Auto scale
[] Auto select color map
-1

Figure 5.1.5.12: Enabled but inactive

C\D'nextnane output'3DInAsGaAsQDPyramid_PryorPRE1588_10nm_nn3\sirain‘eps_sim_eefid (3D AVS file) fwitten on 29/06/2017)
Area Sice . . . .
eps_sim o _
Min Max O xyplane T T T T T gu gg ] horizontl slice r
x| -12905 || 1183 | @ xzplane 0 ? D:{)b 1 r
= [0 O rzplme & 01 i
O Fullsize ¥ 1] [
[ Show ard 281 [
[ Hide constant values 51 1 0074 ; _r
Show Overiay -10 0 10
colors - &
Blue white red v = 3 004 ! —
O 0a3e3 or 1 | 002 { vertical slice [
0.043639 E
£ 002 t
[ | » \ D.{)B i r
L -0.01
sl ] 002 -
002
004
0077787 005 1
Auto scale :3:33 i
Auto select color map -1'0 '5 5 é 1'0 s a0
Fux middle calorta| 0 | 0 =

Figure 5.1.5.13: Visualization of diverging data with fix middle color feature enabled and active.
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Further information

References, you might find helpful...

Output settings

Options: View/Output

Clean up output folder

Clean Up Simulation Output Folder

Color maps

Color maps

5.2 Settings

referred to and found in menu under Tools -> Options

5.2.1 Options:
5.2.2 Options:
5.2.3 Options:
5.2.4 Options:
5.2.5 Options:

5.2.6 Options:

Simulation
Material database
Licenses

Editor
View/Output

Expert settings

Warning: Including memory usage in the log file notably extends time of simulation. Therefore,
this option should be used only when necessary.

5.2.7 Options:

Gnuplot settings

Gnuplot can be used to export and save nextnano GmbH simulation results, see documentation: Gnuplot export.

The default settings for the Gnuplot export can be adjusted in this options tab. For example, you can specify the
line thickness, position of the legend (called key in Gnuplot) and many more.

If you want to use a stylesheet to incorporate advanced settings - like the specification of color sequence or line
styles, you can either link an existing one or create one from the default nextnano GmbH Gnuplot settings. If you
create a new one from the nextnano GmbH settings, the path to the stylesheet will be automatically updated. It is
recommended to open that file with a texteditor to get familiar with the syntax. You can then easily adapt it to your

needs.

5.2. Settings
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Output folder
Simulation output folder (Be careful because simulation output can exceed 1 GB!):
d |C:\D‘n&xh1m0 output ‘

nextnano++
nextnano++ executable file:

DATFS_CB'\nextnano‘nextnanomat \nextnanomat Testing . ExecutablesForTi

nextnano?
nextnano® executable file:
DATFS_CB\nextnano‘nextnanomat \nextnanomat '\ Testing \ExecutablesForTi

nextnano. NEGF
nextnano NEGF executable file:
I D:ATFS_CB\nextnano‘\nextnanomat \nextnanomat \ Testing\ExecutablesFor T

Simulation properties - Parallel execution

= Maximum number of simultaneous simulations
ol
Locked |
i Locked jy
_% 1 Maximum number of threads per simulation (0 for automatic decision)

oK

1 Options X I
Expert settings Gnuplot settings Custom executable Data export
Simuilation Material database Licenses Editor View/Output

Figure 5.2.1.1: Settings for simulation and threading.
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7 Options >

Expert settings Gnuplot settings Custom executable Data export

Simulation Matenal database Licenses Editor View/Output
nextnano++
nextnano++ database file:

D:ATFS_CB\nextnano‘\nextnanomat \nextnanomat '\ Testing '\ ExecutablesForT -

nextnano?
nextnano’ database file:
D:ATFS_CB\nextnano‘\nextnanomat \nextnanomat\ Testing\ExecutablesFor T

nextnano NEGF
nextnano. NEGF database file:

D:ATFS_CB\nextnano‘\nextnanomat \nextnanomat '\ Testing\ExecutablesFor T

nextnano MSB
nextnano.MSB database file:
CADANTFS_CB\nextnano‘\nextnanomat \nextnanomat \nextnanomat ‘\bin‘\Debu —

OK | Cancel

Figure 5.2.2.1: Settings for material databases.
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Options >
Expert settings Gnuplot settings Custom executable Data export
Simulation Material database Licenses Editor View/Output
nextnano++ license file
license file: valid
CADATFS _CB\nextnano‘nextnanomat \nextnanomat \nesdnanomat \bin‘\Debt
nextnano? license file
license file: valid
CAD\TFS_CB'\nextnano\nextnanomat \nextnanomat \nextnanomat \bin\Debt| | ...
nextnano. NEGF license file
license file: valid
CADNTRS _CB'nextnano nextnanomat \nextnanomat \nextnanomat \bin\Deb | | ...
CADAVTES CB\nextnano‘\nextnanomat \nextnanomat ‘\nextnanomat \bin\Debt
oK Cancel

Figure 5.2.3.1: Settings for nextnano GmbH Licenses.
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Options >

Expert settings Gnuplot settings Custom executable Data export
Simulation Material database Licenses Editor View/Output

Edtorfont: Courier New 10 pt
[ ] Replace Tab with spaces
513 tab stop distance

] Enable the auto complete feature (CTRL+Space)

Figure 5.2.4.1: Settings for input tab.

Advantages of using a stylesheet

* Central, single file with your settings for plotting Gnuplot plots

 Use of links and variables (linking to the stylesheet) within the plot files

» Adjust settings at one place and automatically get the changes for all your plots

* Great for publications to achieve uniform style with possibility for last minute changes

To use a central stylesheet, select the checkbox Insert link only.

Note: You can create multiple stylesheets for different purposes. Set the path within Gnuplot settings to the one
you want to use for new plots generated by nextnanomat.

5.2.8 Options: Custom executable

In the settigs shown in Figure 5.2.8.1 a custom executable can be defined, to be executed by the workflow manager
nextnanomat.

Note: This is no default use-case for nextnanomat and should only be used by advanced users. Additionally, as it
is a nice-to-have feature only, support regarding this feature is limited.

Most executables which can be started by command line, can be started by nextnanomat. This allows the usage of
the batch list for polling and job execution control, as well as the visualization of output results (if the format is
supported) or comfortable editing of input files. In many cases a combination with our cluster computing feature
HTCondor is possible.

After defining the path to the executable as well as the working directory, a keyword identifier is necessary.

In case your executable needs input files:
You need to find a common string within these files, thus nextnanomat can choose the correct executable for
each job execution.
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Options X

Expert settings Gnuplot settings Custom executable Data export
Simulation Material database Licenses Editor View/Output

Output folder browser
(@ List view frecommended i you run your simulations with nextnanomat)
(O Tree view {if your output files are distibuted across different locations)

[[] Sort by date

Simulation output
[] Include date in simulation output folder name

] Overwrite existing simulation output folder
Clean content of folder at simulation start

Display options
210 | Line thickness for plotting (px)  [v] Antialiasing (smoothing of stepdike lines)
Altemative diagram styles for Ouput tab
i Canvas style background || Grid lines |3 Bold axes

] Increase zooming ability
Note, grid points directly at diagram borders and their connection lines are not valid!

[~ Consider i« files as ASCI| data

Refresh plot
] Update cumently viewed output file in fixed period of |-240.01 seconds (f modified)

Custom color maps

211 | Number of dferent colors | custom manano | Name for color map 1
L] 1 | E [ | —
2110 | Number of diferent colors custompsy | Name for color map 2
[ /OO T
0K Cancel

Figure 5.2.5.1: Settings for output tab and graph style.
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I Options X

Simulation Matenial database Licenses Editor View/Output
Expert settings  Gnuplot settings Custom executable  Data export

These settings are primarily intended for nextnano software developers.
] Include simulation time in log file

[] Include memory usage in log file (units: MB)
include additional debug information in log file
[] Automatically save log files after 10 seconds
[] Replace simulation output files by their checksum
[] Automatically cancel simulations after 10 minutes
kill softkill (supported by nextnano++ and nextnano?
] Automatically start simulations, f batch list is not empty (executed locally)
[] Use a copy of the nextnano executable for the simulation (nn3 and nn.MSB)

Do not delete copy of executable after simulation
] Use the nextnano++ executable to run nextnano MSB input files

[~] Show nonworking and experimental features

Decimal symbol
@ Always use point "' as separator (nextnano standard)
(O As specffied in cumrent region settings

Local user AppData path:
C:\Users\carola burkl NEXTNANO \AppData\Local\nextnano GmbH'\nextnanomat’4.3.0.1
Simulation process priority: | Below Nomal

Addttional arguments passed to the executable

Command line

oK Cancel

Figure 5.2.6.1: Settings for advanced user experience.
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Options X

Simulation Material database Licenses Editor View/Output
Expert settings ~ Gnuplot seftings  Custom executable  Data export

Gnuplot is a free graphing wtility, which allows scientists to visualize data interactively.
It supports many output formats and can be used to export nextnano results

Gnuplot
Stylesheet
A stylesheet contains the general settings for the Gnuplot file,

Path to styleshest
“extnanomat \nextnanomat \bin\Debug'style_sheet_nextnano .ph]

@ Write style settings to each gnuplot file O Insert link only

Settings
=2 Line thickness (px)
1 Border thickness (px)
Diagram font, 12 pt
(O Subscript ("enhanced") @) Superscript ("noenhanced")

Set legend ("key")
Boxed
%120 Font size

Position: [Right | «| [Outside  ~

Create new stylesheet

] Show dialog to set custom title and axis labels when exporting 1D files

oK Cancel

Figure 5.2.7.1: Settings for Gnuplot export and graph style.

64 Chapter 5. nexthanomat



nextnano Documentation, Release August 2024

Options

Simulation Material database Licenses Editor View/Output
Expert settings ~ Gnuplot settings  Custom executable  Data export

Files and folders needed for execution
Path to executable file:
[lanomat ‘\nextnanomat '\ Testing \Executables ForTesting\cn.lstm\HelIoWodd‘ele|

Path to database file: (optional)

Path to folder with additional files: (optional)

| |

In case of cluster computing, this folder and all subfolders will be copied next to executable.
Make sure all relative paths match your required folder structure.

Input file identifier
Keyword to identify input file for custom executable:
[Hellowortd

Working directory
(O Simulation output folder (recommended for local and HTCondor)

(® Directory of executable (only local)

HTCondor: Output folder and files transfer_output_files = ..)
String of output to be transfered: (use default: *", or multiple entries separated by comma)

Additional arguments passed to the executable

Command line:

(Use SINPUTFILE to automatically add name of input file at a certain position.)

0K Cancel

Figure 5.2.8.1: Settings for custom executable.
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In case your executable does not need input files:
You still need to create some dummy files as placeholder or job submission files. The keyword can be
arbitrary.

For example the HelloWorld executable (see Figure 5.2.8.1), which is executing a fixed script independent of input
variables, can be started by submission of a text file containing HelloWorld. This enables the workflow manager
nextnanomat to start and monitor the execution and to collect the results.

Optionally a path to a folder structure or the database can be defined, if the executable needs additional files dur-
ing execution. Specific command line arguments can be added at the bottom of this settings tab. The variable
$INPUTFILE will insert the filename of the actual input file at the specified position of the command line argu-
ments.

If it does not work as wished for, we recommend to switch the flag output additional debug info on (Expert
Seetings). The log then contains the command line arguments nextnanomat uses to start the application. Thus
allows you to debug easily.

Example: How to run TiberCAD from nextnanomat

To run TiberCAD you need to finish its installation and put your TiberCAD license file into the respective folder.
Move the example or your personal input files to a folder with write permission. Choose the following settings in
the custom executable tab, Figure 5.2.8.2:

Note: A special folder has to be created, which contains all input .#ib, geometry .geo and mesh .msh files on the
same hierarchy level. The path to that folder needs to specified in the settings for the custom executable.

This enables the editing - including syntax highlighting - of the input files within nextnanomat. And furthermore
the parallel execution of input files (see Figure 5.2.8.3) and visualization of the output.

5.2.9 Options: Data export

write the path to the ParaView executable in your computer,
e.g. C:\Program Files\ParaView 5.6.0-Windows-msvc2015-64bif\bin\paraview.exe

5.3 Main menu functions

Drop down functions of main menu, which do not clone a button functionality of any tab page.

5.3.1 Activate license

By clicking Activate License in the Tools menu, a license activation dialog will appear. If you have troubles finding
your previously downloaded license files on your PC, you can just re-activate them. No additional licenses will be
generated, you will just receive another copy of your previously generated files. The license activation procedure
is documented here: License activation via nextnanomat
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n

File Edit Run View Tools Help

Figure 5.2.8.2: Settings to run TiberCAD as a custom executable.

n)

N} Options

Simulation Material database Licenses Editor View,Output

Expert settings ~ Gnuplot settings  Custom executable  Data export

Files and folders needed for execution
Path to executable file: )
|C:\F‘rcgram Files (x86)\TiberLAB tiberCAD tibercad exe | s

Path to database file: {optional)

Path to folder with additional files: {optional)
|C:\Users\stefan bimer NEXTNANO \Documents\TiberCAD All Examples | | .

In case of cluster computing, this folder and all subfolders will be copied next to executable.

Make sure all relative paths match your required folder structurs .

Inpit file identifier
Keyword to identify input file for custom executable:

|meshﬁ|e

Working directory
(@ Simulation output folder (recommended for local and HTCondor)
() Directory of executable jonly local) LR

HTCondor; Output folder and files {ransfer_output_files = ..}
String of output to be transfered: {use default: °', or multiple entries separated by comma)

Additional arguments passed to the executable

Command line:

[ SINPUTFILE

{Use SINPUTFILE to automatically add name of input file at a cetain postion.)

ne: at
File [Edit | Run  View Tools Help

Input  Template  Template (Beta) ~ Simulation  Output

BREIVEOOO

oK " Cancel

Job number  Input fie Start time Duration Status Host
1 quantum_paisson tib 19:20:17 00:00:05 done Local
2 bit tib 19:36:46 00:00:06 running (1) Local
3 bulk tib 19:36:47 00:00:01 done Local
4 bulk_aNPD tib 19:36:47 00:00:01 ERROR Local
-] diode_"D tib 19:36:47 00:00:05 running {4) Local
[ DSC tibs 19:36:48 00:00:04 running (3) Local
7 InAs_qw tib 19:36:49 00:00:02 ERROR Local

InGaAs_1D1ib 19:36:51 00:00:01

ITO_PZHT tib in queue
\ \ | |

Local

| Local
[EE

Figure 5.2.8.3: Parallel execution of TiberCAD files by the nextnanomat Job Manager.
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Options >

Simulation Material database Licenses Editor View/Output
Expert settings  Gruplot settings Custom executable  Data export

Export options
To export and open files directly from output tab, you can specify software here.
Paraview
Result files of 2D and 3D simulations can be exported to Paraview.
{Only * vir format)
Paraview installation path:
| -am Files\ParaView 5.6.0-Windows-msvec2015-64bit\bin\paraview exe

Text Editor - custom
Specify your favorite Text Editor.  (All formats)
Installation path:
|C:\Program Files (x86)\Notepad++\notepad++exe

Visualization Tool - custom

Specify your favorite Visualization Tool.  (All formats)
Installation path:

C:\Program Files (x86)\Microsoft Office \root\Office 16'\excel exe

Postprocessing via Python scripts
Python executable file:
|C:\Windowsl§yﬂem32\m1d_ene o

oK Cancel

Figure 5.2.9.1: Settings for data export.
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nextnanomat - D:\Documents\nextnano\My input files\nextnano++ sample files\1DAIGaAs_GaAs.in

File Edit Run View | Tools | Help

Input Template  Template Activate License
1DAIGaAs_GaAs.in Convert nextnano® Input File to nextnano++ (beta)
L # = Clean Up Simulation Output Folder L,

L |¥ 1D sample foz Generate nextnanopy Config File

fBegin Nextnand Generate System Snapshot for Troubleshooting
4 SBIAS = 0.0
5 |SALLOY = 0.3 Options... Ctrl+T es:
6 |SSIZE = 80 |
- SDOPECONC = 3. Options for Cloud Computing... er
3 |SDOPEPOS = 65 # distance between AlGahs-GaAs interface amn

Figure 5.3.1: Tools functions

5.3.2 Convert nextnano?® input file to nextnano++

How to use this automatic conversion:
In the menu select Tools ==> Convert nextnano® input file to nextnano++

When you use the automatic conversion of nextnano® input file into nextnano+-+, you will find that it probably
does not work completely.

If you save and run the nextnano++ input file that has been converted and that has the suffix _nnp.in, very likely
some errors appear indicating which line(s) to change. Then some manual adjustments are needed, but the rough
structure should help a lot for the conversion.

5.3.3 Clean Up Simulation Output Folder

After some months of simulating, the output folder can get quite huge. There is a feature to conveniently clean
up the output folder with additional options, e.g. creating a backup of the input files. In the main menu, click on
Tools and select Clean Up Simulation Output Folder. The dialog can be seen in Figure 5.3.3.1. To check
multiple files at the same time, you need to select multiple files first and click on one checkbox afterwards.

5.3.4 Generate nextnanopy config file

If you want to execute a nextnano GmbH product using nextnanopy, a config file is needed. This file contains all
relevant information and paths to the licenses, nextnano GmbH executables and material database.

To make it more comfortable for you to use both nextnanomat and nextnanopy or switch to nextnanopy, you can
export the settings already stored within nextnanomat into the format needed by nextnanopy.

Taken from the nextnanopy documentation on https://github.com/nextnanopy/nextnanopy/blob/master/docs/
examples/Example0_Set_up_the_configuration.rst:

Per default the config file needs to be located at your home directory (usually C: \Users\Your_User\
.nextnanopy-config). When you import nextnanopy for the first time, it will automatically generate
the configuration file with few default parameters. If this file already exists, it will not modify it. You
can set up this configuration file only once and you do not need to worry about it anymore, except
when you renew your license or update the nextnano GmbH version.

Thus, if you want to have your custom paths as specified in nextnanomat, just export a config file using this function
and save it into your home directory. Then nextnanopy will not overwrite that file. After a new installation of a
nextnano GmbH update, you can easily update the paths for nexmanopy as well, by using this function again.

Example config file:
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1 Clean up simulation output folder - O x
Simulations in
C:A\D\nextnano output
Check the simulations you want to delete:
Simulation Size Date Duration
[] 1DInGaAs_NEGF_QW_ballistic_nn3 3536 MB  22/08/2017 5:22:09 ... 310:19:55
[] Test_g872 2528 MB  27/11/2020 6:56:00 ... 00:00:27
%] 20QD_molecule_nnp 2204 MB

HMu 2160 MB
M AL utput'\3DQD_molecule_nnp (Y MB
¥ 10WannierStarkLadder_InGaAs_AlinA.. 2035 MB
¥%| THz_QCL_GaAs_AlGaAs_Fathololoumi... 2008 MB
1 e 1357 MB
%] 2DQD_molecule_cuboid_asymmetric_n... 1142 MB
™l Test nnQCL_VoltageSteps 879 MB
- i _ gealep
¥%] THz_QCL_GaAs_AlGaAs_Fathololoumi... 701 MB
¥4| SLLED_cSL_75p_GaN_QM_full _SLs_.. 613 MB
%] THz_QCL_GaAs_AlGaAs_Fathololoumi 5995 MB

26/ 21 6:45:06 ... 00:00:26

10/02/2017 6:16:37 ...

/2017 1:51:08 ... 05:52:47

/2019 4:05:31 ...

'06/2019 2:13:.08 .. 00:00:00

21:56:26
00:00:07
00:36:29

01:39:27

e
7

7

¥} 20QD_molecule_cuboid_asymmetric_2... 543 MB ?
[[] 1DGaAs_transmission_CBR_double_ba... 459 MB  09/11/2017 11:39:40... ?
(] _FLASH_Workshop 413MB  20/05/2020 8:18:14 .. ?
[ results desionPG 408 MB__ 22/09/2017 5:34:02 ... 7 v
Note: Date and duration are based on file system data (and might not be comect).
[“] Keep input files by moving them to simulation output folder
Delete | Cancel
Figure 5.3.3.1: Dialog to help clean up the simulation output folder.
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[nextnano++]

exe = C:\Program Files\nextnano\2021_12_24\nextnano++\bin 64bit\nextnano++_Intel_
—64bit.exe

license = C:\Users\homer.simpson\Documents\nextnano\License\License_nnp.lic
database = C:\Program Files\nextnano\2021_12_24\nextnano++\Syntax\database_nnp.in
outputdirectory = D:\nextnano output

threads = 3

[nextnano3]

exe = C:\Program Files\nextnano\2021_12_24\nextnano3\Intel 64bit\nextnano3_Intel_
. 64bit.exe

license = C:\Users\homer.simpson\Documents\nextnano\License\License_nnp.lic
database = C:\Program Files\nextnano\2021_12_24\nextnano3\Syntax\database_nn3.in
outputdirectory = D:\nextnano output

threads = 0
debuglevel = -1
cancel = -1
softkill = -1

[nextnano.NEGF]

exe = C:\Program Files\nextnano\2021_12_24\nextnanoNEGF_2020_06_22\nextnano.NEGF\
—nextnano.NEGF.exe

license = C:\Users\homer.simpson\Documents\nextnano\License\License_nnQCL.lic

database = C:\Program Files\nextnano\2021_12_24\nextnanoNEGF_2020_06_22\nextnano.NEGF\
—Material_Database.xml

outputdirectory = D:\nextnano output

threads = 3

[nextnano.MSB]

exe = C:\Program Files\nextnano\2021_12_24\nextnano.MSB\nextnano.MSB\x64\nextnano.MSB.
—.exe

license = C:\Users\homer.simpson\Documents\nextnano\License\License_nnMSB.lic
database = C:\Program Files\nextnano\2021_12_24\nextnano.MSB\nextnano.MSB\Materials.
—xml

outputdirectory = D:\nextnano output

debug = 0

5.3.5 Generate System Snapshot for Troubleshooting
In the menu, you can either find it under “Tools’ -> ‘Generate System Snapshot for Troubleshooting’ or under
‘Help’ -> ‘Generate Troubleshooting Snapshot’.

By clicking this function, a text file - containing most relevant information for debugging - will be created. Save
this file and send it to the nextnano GmbH Support Team to assist you

5.4 Color maps

On this page you will find some background information about scientific visualization of data. Additionally, the
color map choices and customization options of the nextnano software are explained. The references and sources
used to generate these maps can be found in the last section.
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5.4.1 Introduction

Color maps for scientific software need to intuitively represent data without visual distortion.

5.4.2 Implementation

5.4.3 References

5.5 Export Functionalities

5.5.1 Exporting to ParaView

ParaView is a free graphing utility specialized for 2D and 3D visualization. It can be downloaded from here:
ParaView To be able to export results in nextnanomat directly to ParaView specify the Executable file in Tools -
Options:

Setting Up nextnanomat

For the exercises we will require two different settings in nextnanomat (our user interface).

Direct Exporting

The first setting is the simplest one and it is used to open the selected .vtr file in nextnanomat into ParaView. It
will require to follow the next steps:

1. In the menu bar of nextnanomat, click on Tools :math: \Rightarrow™ Options :math:\
Rightarrow™ Data Export

2. Provide the path of the executable of ParaView in your computer in the field ParaView installation
path (e.g. C:Program FilesParaView 5.11.1binparaview.exe ).

3. Click OK

* In Options: Data export, write the path to the ParaView executable in your computer, e.g. C:\\Program
Files\\ParaView 5.6.0-Windows-msvc2015-64bit\\bin\\paraview.exe

Exporting with Python Scripts

The second setting is used for launching ParaView through Python scripts. As we will see in the next examples,
this is very useful for post-processing several input files, including setting up overlayed plots. For this setting it
will be require to follow the same steps as before, but not including the path of the executable of a terminal window
(cmd.exe for Windows, as example) in the field Python executable file.

Figure 5.5.1.1 presents the final result provided the required information.
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N Options >
Simulation Executable Material database Licenses Custom executable
Editor View/Output Data export Gnuplot settings Expert settings
Export options

To export and open files directhy from output tab, you can specify software here.
Paraview
Result files of 20 and 30 simulations can be exported to Paraview.
{Only * wtrformat)
Paraview installation path:
|C:'-.F'n:ugram Files"ParaVfiew 5.7.0-Windows-Python2. 7-msvc 201 5-64bi -

Text Editor - custom
Specify your favorte Text Editor. (Al formats)
Installation path:

Visualization Toal - custom

Specify your favonte Visualization Tool. (Al formats)
Installation path:

Postprocessing via Python scripts
Python executable file:
|C:'-.‘.".n'inu:lu:uws'-.S'_.'stemEE'-;:md.e:-:e -

oK Cancel

Figure 5.5.1.1: Required settings for exporting .vtr files from nextnanomat to ParaView in this tutorial. This menu is
accessed clicking in Tools :math: \Rightarrow™ Options :math: \Rightarrow™ Data Export, within
nextnanomart.
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Installing the Python scripts in your Computer

Copy the three python scripts shown above in a folder and create an empty file called __iniz__.py. This last file is
required in order GuiS.py be identified as a package by Python.

A more powerful resource in the integration of nextnano GmbH and ParaView is the possibility to incorporate
Python scripts in the post-processing of the simulation data. For performing the next exercises, we will use the
second setting described above, where ParaView will be called from a command line in a terminal application (for
example, C:Program Filescmd.exe in Windows).

Actually, we will make use of three scripts:
* Paraview_postprocessing.py, that contains all post-processing tasks to be performed on each file exported

* dialog_window.py, that will capture information of nextnanomat and to launch a new window for selecting
files to be exported, and predefine some global properties of the plots. It is the actually the one that will
launch ParaView and the post-processing script.

* Gui_5.py, is a simple script for generating the window for selecting files, described before. In order to be
recognized as a package to be imported by the previous script, it is required to create an empty file called
__init__.py in the same folder where this script will be stored.

Copy them in on your computer. All scripts shall be stored in the same directory.

Direct Export

1. Specify path to ParaView in Tools - Options if you have not done so before

2. Select a 3D .vtr file of the simulation output folder and click on the Export and open in specific

format button. i i i
Choose Open File with ParaView ( ParaView will open automatically.)

3. Within ParaView:
a. (The selected file should be highlighted automatically.) Click on Apply.
b. Other settings:
I. Representation: Surface

II. Cell/Point Array Status: Choose the array to be displayed. For example, one can display the file
bandedges.vtr and choose the array Gamma that corresponds to the Gamma conduction band.
Click on Apply.

II. Coloring: Choose the array to be displayed. (Gamma, for example)

Now you can play with the tool. Rotating, changing opacity and adding filters. ParaView is a very rich tool, hence
it requires some time to explore all its capabilities. We recommend investing some time to learn about its filters:

* First, the file should be highlighted and then click on Filter = Alphabetical.
Some interesting ones are:
— Edit cells by region
— Calculator
— Contour

Using File = Save State, the values of all variables can be stored on your PC. These states can be reloaded,
which is useful for the generation of scripts.

For further information, we recommend a good tutorial from TACC.

When to use: This single-click-procedure is very convenient when we want to load a single file in the Pipeline
Browser of ParaView. Having already experience with this tool it will require some basic steps to display the data
on the screen of this platform.
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Exporting 2D Outputs with Python Scripts

Input Files:

* 2DQuantumCorral_nnp.in from the tutorial Electron wave functions in a cylindrical well
(2D Quantum Corral)

Scope of the tutorial:
* Export 2D vtr files from nextnanomat to ParaView
¢ Choosing predefined filters in ParaView
* Preset of some parameters for the plots
* Defining overlay files
* Dealing with files with mixed units
Introduced Keywords:
e output{ format2D }
e output{ format3D }
Relevant output Files:
* \bias_00000\bandedges.vtr
* \bias_00000\Quantum\probabilities_quantum_region_Gamma_.vtr
* \bias_00000\Quantum\probabilities_shift _quantum_region_Gamma.vtr
Scripts:
* nn_ParaView_Integration.py
* nn_ParaView_GULpy
* nn_ParaView_Plotter.py

ParaView supports the use of Python scripts for loading and displaying objects in its Pipeline Browser. In the
next tutorials we will present how to perform this integration using nextnano GmbH.

Our scripts come to assist not only to load the results of the simulations in this platform, but also allow to preset
the application of some filters and some global settings even before launching the program.

* Setting up nextnanomat for exporting .vtr files using Python scripts
* Scripts and files of this tutorial
* Single plot
— In nextnanomat
— In the Integration GUI
— In ParaView
* Plot with overlay

In nextnanomat

In Integration GUI

In ParaView

Changing Scale Factor of warped files of shifted probability density

Changing Scale Factor of warped files of the band edges overlayed with shifted probability density
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Setting up nextnanomat for exporting .vtr files using Python scripts

In order to load files in ParaView through Python scripts from nextnanomat it will require the following settings:
1. In the menu bar of nextnanomat, click on Tools >> Options >> Data Export

2. Provide the path of the executable of ParaView in your computer in the field Paraview
installation path (e.g. C:\Program Files\ParaView 5.11.1\bin\paraview.exe ).

3. Provide the path of the executable of a terminal window in the field Python executable file
(e.g. C:Windows\System32\cmd.exe ).

4. Click on OK
Figure 5.5.1.2 presents the final result provided the required information.

These scripts are very useful for post-processing several data files, specially for setting up overlayed plots as we
will see below.

Scripts and files of this tutorial

In the nextnano GmbH package you will find all necessary files we will use in this tutorial. The scripts for the
integration are in the folder Scripts\ParaView.

The first ( nn_ParaView_Integration.py ) captures information of nextnanomat and launches the graphical user
interface shown in Figure 5.5.1.3 using the script nn_ParaView_GUILpy. After pressing the Launch ParaView
button, the script nn_ParaView_Plotter is copied to the simulation folder and modified with all information cap-
tured in the user interface. Automatically nextnanomat will launch ParaView.

ParaView supports the use of Python scripts for loading and displaying objects in its Pipeline Browser. In the
next topics, we will illustrate some examples how this can be done.

The input file 2DQuantumCorral_nnp.in used in this tutorial can be found in the folder \Sample files\nextnano++
sample Files within the nextnano GmbH package. This corresponds to a two-dimensional simulation and, for now,
we are interested in the results of the quantum computations.

In the section output{ } of the input file we can specify the format of these files whose default is
AvsBinary_one_file, for the case of the 2D and 3D plots, because being less memory demanding that the
other available options. Nevertheless, ParaView does not support this format. In this way, for exporting files from
nextnano GmbH into ParaView it is required that the results be coded as VTK file. For this reason it is important
to specify in the input file

*“format2D = VTKAscii (for 2D plots)

or

*“format3D = VTKAscii (for 3D plots) ™

as we can observe in the example.

For making our discussion more interesting we will modify the input file 2DQuantumCorral_nnp.in reducing some
dimensions, and adding more information about the band edges, as illustrated below.

$RADIUS_CORE = 4.0 # Core.
—radius
$RADIUS_SHELL = 6.0 #.

—Shell radius

$GRID_SPACING1 = 0.5 #.
— (DoNotShowInUserInterface)
$GRID_SPACING2 = 0.5 #.

< (DoNotShowInUserInterface)

(continues on next page)
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Ny Options x
Simulation Executable Material database Licenses Custom executable
Editar View /Output Data export Gnuplot settings Expert settings
Export options

To export and open files directhy from output tab, you can specify software here.
Paraview
Result files of 2D and 30 simulations can be exported to Paraview.
{Onby = wir format)
Paraview installation path:
|C:\F‘mgram Files"ParaView 5.7.0-Windows-Python2. V-msvc 201 5-64bi -

Text Editor - custom
Specify your favaorte Test Editor. (Al formats)
Installation path:

Visualization Tool - custom

Specify your favorte Visualization Tool. (Al formats)
Installation path:

Postprocessing via Python scripts
Pythaon executable file:
|C:KWindows‘~S}'stem32\x:md.axe -

QK Cancel

Figure 5.5.1.2: Settings in nextnanomat for launching ParaView using Python scripts
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nextnano A Name
20230512
Digital-Accessibility

KeywordFiles

nextnano.MSB

nn_ParaView_Plotter

nn_ParaView_GUI

§ nextnano - Paraview ntegration
‘ n) nextnano Paraview integration
Plot settings Choose all files to be plotted
C/TESTCASE/2DQuant 1 nnp/bias
- . ¥ WARP
nn_ParaView_Integration
- - I OVERLAY
C/TESTCASE/2D . shift_quantum region_Gammatr
v oPacITY
o2 C:/TESTCASE/2DQuantumCy st_material region.vtr
[ CAMERAVIEW UPY C/TESTCASE/2DQua
™ MAXIMUM NUMBER DATASETS C/TESTCASE/2DQuant
Color Scheme
@ Single color (green) L. -
7 aunch Paraview'
ParaView  Palete Rsinbow Uniform)

Figure 5.5.1.3: Scripts for integration of nextnanomat and ParaView and the interations between the components.

(continued from previous page)

$GRID_SPACING3 = 0.5 / 3 #.
— (DoNotShowInUserInterface)

o #

- #

# derived parameters #

Hm #

$START_x = $CENTER_x - $RADIUS_SHELL - 1.0 #.
— (DoNotShowInUserInterface)

$START_y = $CENTER_y - $RADIUS_SHELL - 1.0 #.
— (DoNotShowInUserInterface)

$END_x = $CENTER_x + $RADIUS_SHELL + 1.0 #.
— (DoNotShowInUserInterface)

$END_y = $CENTER_y + $RADIUS_SHELL + 1.0 #.

— (DoNotShowInUserInterface)

classical{
Gamma{}
HH{}
LH{}
SO{}
output_bandedges{}

Let us simulate the modified input file using nextnanomat and observe the results in the output folder. Suppose
that we are interested to plot the file probabilities_quantum_region_Gamma_.vtr " present in the Quantum folder.
It represents the probability density of several states of our device. Selecting the plots in the menu at the bottom
right corner of nextnanomat we can display the beautiful set of patterns for this geometry. Let us choose one of
them — the plot Psir2_14, as example.

After that, the whole file (not only the selected plot) will be loaded in the Pipeline Browser of ParaView, but no
other task will be performed. This is what we called before as the direct method. Let us see how we can improve
this integration.

Now select the file to be exported (a .vtr file), click in the icon Export and Open in specific Format and
select Open File with Paraview, as shown in Figure 5.5.1.4.

After that the whole file (not only the selected plot) will be loaded in the Pipeline Browser of Paraview, but no
other task will be performed. This is what we called before as the direct method. Let us see how we can improve
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this integration.

nextnancmat

File Edit PRun View Tools  Help

Input Template  Template (Beta)  Simulation = Cutput

probabilties_quantum_region_Gamma_. vir

| & 1 | € = B2 -

C:\Users\maria figueira® Deskt Create and Open Gnuplot File (*.plt) from Items of Overlay —
Area
Min Max Create and Open Gnuplot File (*.plt) of Visible Graphs
X 7 7
- = - % Export visible graphs via Gnuplot and save as SVG file
Full size HI  Open File with Paraview
[] Show grid
[] Hide constant values Open File with custom Text Editor
Bt Open file with custom Visualization Tool
colors
All colors w Call Python Postprocessing Scripts

1NAG3

.--I r
UL U

Figure 5.5.1.4: Button for exporting datafiles to ParaView using the direct method.

Single plot

Now let us check how the integration is performed using these scripts.

In nextnanomat

Let us return to nextnanomat and select some .vtr file as we did it before (\Quan-
tum\probabilities_quantum_region_Gamma.vtr). Click on the icon Export and Open in specific Format
and select Call Python Postprocessing scripts, as shown in Figure 5.5.1.5. Within the \Scripts\ParaView
folder in the nextnano GmbH package select the script nn_ParaView_Integration.py.

In the Integration GUI

A new panel will be opened with a list of all .vtr files of the simulation folder. By default, the selected item in
the list of files to be plotted corresponds to the file that was initially selected in nextnanomat when launching the
Python script. For deselecting it, click once on its file name. At least one file must be chosen in order to open
ParaView. For selecting more than one file, just click on it ( not need to press the CTRL key).

At the left of this window you can find some plot settings that can be chosen, and they correspond to general
settings. In another words: all selected files to be plotted will be affected by these general settings.

Instead of describing all these settings one by one in this section of the tutorial, it is more convenient to introduce
them with practical examples. Let us start with a simple transformation ( in ParaView usually called Filter) on
the original 2D plots. We will select WARP in the menu for creating a 3D plot, where the third axis corresponds to
probability density at each (x,y) position of the plane. Additionally, we will select OPACITY and Single color
as color scheme. Click on the button Launch ParaView. The final result of applying these settings is shown in
Figure 5.5.1.6.
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Ny nextnanomat

File Edit FRun View Tocls Help

Input Template  Template (Beta)  Simulation  Output

probabilties_quantum_region_Gamma_ wir

R E Q<= B2 -

?eUsers‘maﬁa.ﬁgueira\Deslﬂ Create and Open Gnuplot File (*.plt) from [tems of Overlay =
a
Min Max Q Create and Open Gnuplot File (*.plt) of Visible Graphs

X -7 7

. - - @ Export visible graphs via Gnuplot and save as SVG file
¥ iy _ L] P grap P
Full size M  Open File with Paraview
[] Show grid
[] Hide constart values O pen File with customn Text Editor
L Open file with custom Yisualization Tool

colors

Al colors - Call Python Postprocessing Scripts

0.130433

Figure 5.5.1.5: Button in nextnanomat for exporting datafiles to ParaView using Python Scripts.

# nextnano - Paraview Integration

[ n) nextnano Paraview integration

Plot settings Choose all files to be plotted

C/TESTCASE/2DQuantumCorral_nnp/bias_00000/bandedges.vtr

W WARP
C:/TESTCASE/2DQuantumCorral_nnp/bias_00000/Quanturn/probabilities_quantum_region_Gamma_vtr
I~ OVERLAY
C/TESTCASE/2DQuantumCorral_nnp/bias_00000/Quantum/probabilities_shift_quantum_region_Gamma.vtr
¥ OPACITY
oz C/TESTCASE/2DQuantumCorral_nnp/Structure/last_material_region.vr
[¥ CAMERAVIEW UP Y C:/TESTCASE/2DQuantumCorral_nnp/Structure/last_region.vtr

I MAXIMUM NUMBER DATASETs | C/TESTCASE/2DQuantumCorral_nnp/Structure/material.vtr
8

Color Scheme

@ Single color (green)

Launch Paraview
" Palette (Rainbow Uniform)

Figure 5.5.1.6: Settings in Graphical user interface for integration of nextnanomat and ParaView for the case of
single plot.
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In ParaView

Now we can observe a larger number of plots is presented in the Pipeline Browser. The first object has the
same name of the absolute path of the file plotted. Below it, each column (dataset) of the file is plotted with
corresponding sequence of post-processing tasks and settings defined previously in the interface.

As we can see in the next images, they were plotted in a single color and semi-transparent.

The Figure 5.5.1.7 we can observe that for this example, where the option WARP was selected, the original 2D repre-
sentation for this probability density function (PsiA2_1(nm*-2),Psi*2_2(nmA-2),...) will be presented in col-
ors, while its “warped” version ( PsiA2_1_warped, PsiA2_2_warped,...) will be displayed as semi-transparent
surfaces.

The warped objects are the result of applying the WarpByScalar filter of ParaView to each component, that con-
verts 2D functions in a 3D representation, where the third axis, in this case, corresponds to the value of probability
density at each (x,y) in the plane.

B ParaView 5111

File Edit Miew Sources Filters Estractors Tools Catalyst Macos Help

BRIy BHD » FREF A4 PPBPHME mb : o O O o,
BB 2o 22 @ somcor - « | | surface RO A AC
: % $" f: Eﬂ G"IH dg_;:’if; e |_F_ - Ld_ :..2 :&" on B {E {‘/‘?
Pielne Bravser 2® Bt 213 | 4+
B bt B @ o @& e =R A VU @ ED G R S @ wrendervienn |[0 O =

0 C\zersmaria. fqueira Desk top Par aView 9 \TESTCASE|20QuantumCorral
& -'--ﬁ Pei®2_ 1 (rm*-2)
* m x
=il Psi~2_2 (rm-2)
Brsir2_2_warped
= Brsic2_3 (mrD)
W rsio2_3_werped
=-Psi~2_4 w2
Brsin2_4_warped
=@rsicL_S (w2
B Fsin2_5_warped
= rsi~2_6 w2 s | 0 @ e = 2 A Ly @ gl B 3¢ ]l wrenderview2 ([ Bl=
i rain2_6_warped
=W Psi2_7 (w2
I B Fsiv2_7_warped
=rsi~28 e
Birsinz_8_warped

Ay @ rexat W Delate

= Propertics (Psi~2_1_warped) | Wi~

Scalars * Pa~2_tfmn-2] - Gl %

Seale Factor e | (172,399 ® || b
mﬂ| |

o u 12 Procsssing curve Psi®2_8[nm~-2]
Lise Normal
XY Plane

END OF THE POST-FROCESSING SCRI

=
.
-

Q

== Display (StructuredGridRepresentatio
— | Show fll messages [V Abways open far new messages

Figure 5.5.1.7: Organization of the files in the Pipeline Browser of ParaView. The imported datafile is registered
with the absolute path of the file. For each component of the datafile, the 2D map and the warped version are
presented. Highlighted in orange is the value estimated for the Scale Factor for the WarpByScalar filter.

The Scale Factor used for the warped plot is estimated by the script, and it can be dynamically changed within
ParaView, moving the corresponding slider in the Properties tab or filling a numeric value in front of it. Let
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us try Choosing in ParaView some of the warped files, write the number 300 after the slider, and press the button
Apply. Looking at the other warped plots of this file, you will observe that this change was applied also to them.
This is an important feature implemented by our script and only applies to the Scale Factor. Figure 5.5.1.8
shows one example how the interconnection of the components react when the Scale Factor of any component
is changed.

Scale Factor 122.399 Scale Factor 300

s

Figure 5.5.1.8: The first three lower probability density functions of electrons in the Gamma band using two
different scale factors in the WapByScalar filter in ParaView. The scale factors of the objects of the same datafile
are connected: changing the value in one component will automatically update the Scale Factor of the other
warped plots.

Looking at the Information tab under the Pipeline Browser of ParaView ( Figure 5.5.1.9 ) see a larger number
of datasets was actually exported, but only 8 are displayed. This is because we limited to a maximum of datasets to
be displayed through the variable MAXIMUM_NUMBER_DATASETS as default in the nn_ParaView_Plotter script. This
limitation is used to avoid data explosion in ParaView. Nevertheless, this number can be changed by modifying
the value of MAXIMUM_NUMBER_DATASETS in the user interface for nextnano GmbH-ParaView integration, as we
will do in the next section.

Hint: The presets captured in the user interface for integration ( Figure 5.5.1.6 ) aims to automate the configuration
of each object to be displayed in the Pipeline Browser. Nevertheless they can be dynamically changed in this
platform. Figure 5.5.1.9 shows two examples of plot controls that can be used to active and desactivate plots ( the
eyeball ) and to adjust the camera for a plot with perfect alignment of the plot to the z-axis.

Clicking on the eyeballs in ParaView, each component can be activated or hidden individually. In Figure 5.5.1.11
the eight lowest probability functions for the electrons in the Gamma band are displayed.

Hint: Use semi-transparent surfaces for displaying superposition of two or more states, as presented in Figure
55.1.12

When to use the single plot method: This method is ideal for the case you want to export a single plot, using
the standard parameters and/or simple filters of the script. In this example we need only one click for requesting
the WarpByScalar filter and another to launch the tool. When not changing any plot setting, no other clicks are
necessary.
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=

Properties

ﬁ C:\Usersmaria. figueira\Desktop\ParaViewd \TESTCASE\2DQuantumCorral_nnp_2023
Brsin2_1 (rm~-2)
ﬁ Psi~2_1 warped
Brsin2_2 (im~-2)

1

B ocian 7 warnad

Information

File Properties

Information

) ]

/=)
WEN

Data Grouping

(nfa)

Data Statistics

Type Structured (Curvilinear) Grid
#ofCells 4,09

# of Points 4,225 (float)

Memory:  1.410156 MB

Bounds -7 to 7 (delta: 14)

Extents

-7 to 7 (delta: 14)
0 to 5.58729 (delta: 5.55729)

1 to 65 (dimension: 65)

1 to 65 (dimension: 65)

1 to 1 (dimension: 1)

Data Arrays

Mame
Psi*2_21[nm*-2]
Psi*2_22[nm*-2]
Psi*2_23[nm*-2]
Psi*2_24[nm*-2]
Psi*2_25[nm*-2]
Psi*2_26[nm*-2]
Psi*2_27[nm*-2]
Psi*2_28[nm*-2]
Psi*2_29[nm*-2]
Psi*2_2[nm*-2]
Psi*2_30[nm*-2]
Psi*2_31[nm*-2]
Psi*2_32[nm*-2]
Psi*2_33[nm*-2]
Psi*2_34[nm*-2]
Psi*2_35[nm*-2]
Psi*2_36[nm*-2]
Psi*2_37[nm*-2]
Psi*2_38[nm*-2]
Psi*2_39[nm*-2]
Psi*2_3[nm*-2]
Psi*2_40[nm*-2]

Type
double
double
double
double
double
double
double
double
double
double
double
double
double
double
double
double
double
double
double
double
double
double

Ranges

[1.125944928593e-45, 0.0521971753169]
[1.64910405871e-45, 0.0376535496281]
[2.7218851091e-45, 0,0421839532836]
[1.36451244305e-47, 0.0368382552848]
[4.5625458886e-46, 0.040738938819]
[1.497482473e-46, 0.0517243264462]
[1.613464459023e-46, 0.0540365791696]
[1.98379490941e-44, 0.0507330500907]
[1.02642990793e-46, 0.0507330500907]
[3.77956349504-50, 0.0529308593144]
[1.53311814083e-44, 0.130492747691]
[3.67834581776e-45, 0.0458583233099]
[7.05003589978e-46, 0.0458583233099]
[4.5726581301e-46, 0.04378316828608]
[4.37868627337e-46, 0.0447216136196]
[9.29391263812e-44, 0.047762228644]
[9.38205498898e-48, 0.047762228644]
[2.27584640834e-44, 0.0411673095391]
[2.95581423059e-44, 0.040565201563]
[2.32642143109e-38, 0.0518373102741]
[2.13752507036e-46, 0.0529308593144]
[2.38744627005e-46, 0.051837810274]

Figure 5.5.1.9: Information tab in ParaView showing the all sets within the datafile. For avoiding data explosion,
only a reduced number were actually processed setting the variable MAXIMUM_NUMBER_DATASETS to 8 in the Python

scripts.
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Adjust Camera
(elevation)

eyeball

Adjust
Camera =~

Scale Factor | . Pl
forwarped oo —— mm
plots B

Figure 5.5.1.10: Plot controls in ParaView for selection of the component to be displayed (eyeball) and adjust of
the camera. Moving the slider of Scale Factor the height of the peaks can be modified.

Plot with overlay

Displaying overlayed images represents a powerful feature in nextnanomat. Our script for integration is capable to
setup all ressources to reproduce overlay of warped-3D plots also in ParaView. We will demonstrate how to do it
plotting the file \Quantum\probabilities_shift_quantum_region_Gamma.vtr overlayed with the bandedges.vtr.

In nextnanomat

We will repeat the same procedure as before following the next steps:
* select a .vtr file of the simulation within nextnanomat

e click on the icon Export and Open in specific Format and select Call Python Postprocessing
scripts

* select the script nn_ParaView_integration.py

* select the file: \Quantum\probabilities_shift_quantum_region_Gamma.vtr

In Integration GUI

This time we will make the following selections:
e MAXIMUM_NUMBER_DATASETS and the number 5 (The box shall be checked in order to capture this number)
* WARP
e OVERLAY
* Color scheme: Palette

Once the option OVERLAY is checked, a list of .vtr files is displayed. Choose, for this example, the file
\bias_00000\bandedges.vtr. In this current implementation only one file shall be selected as overlay. Press the
button Launch ParaView. Figure 5.5.1.13 shows the final configuration.
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Psin2_1 Psin2_2
PsiA2_3 Psin2_4
Psin2_5 Psi*2_6

Psin2_7 Psin2 8

Figure 5.5.1.11: Probability density function of the first lower states of the electrons in the Gamma band.
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Figure 5.5.1.12: Use of semi-transparent surfaces is advantageous for comparing two functions, as in this example.

§ nextnano - Paraview Integration - O X

| n) nextnano Paraview integration

Choose all files to be plotted

Plot settings
C/TESTCASE/2DQuantumCorral_nnp/bias_00000/bandedges.vir
¥ waRP i . .
C/TESTCASE/2DQuantumCorral_nnp/bias_00000/Quantum/probabilities_quantum_region_Gamma_vir
¥ OVERLAY - .
DQuantumCorral_nnp/bias / m/probabilities_shift_quantum_region_Gamma.vtr
™ opaCITY
S C/TESTCASE/2DQuantumCorral_nnp/Structure/last_material_region.vir
™ CAMERA VIEW UP Y C/TESTCASE/2DQuantumCorral_nnp/Structure/last_region.vir

¥ MAXIMUM NUMBER DATASETS | C:/ TESTCASE/2DQuantum(Corral_nnp/Structure/ material.vir

B

Color Scheme

1 Single color (green) Choose file for overlay

* Palette (Rainbow Uniform)

C:/TESTCASE/2DQuantumCorral_nnp/bias_00000/Quantum/prebabilities_quantum_region_Gamma_xvir

C/TESTCASE/2DQuantumConal_nnp/hbias_00000/Quantum/probabilities_shift_quantum_region_Gamma.vr
C/TESTCASE/2DQuantumCorral_nnp/Structure/last_material_region.vir
C/TESTCASE/2DQuantumCorral_nnp/Structure/last_region.vtr
C/TESTCASE/2DQuantumConral_nnp/Structure/material.vir

Figure 5.5.1.13: Settings in Graphical user interface for integration of nextnanomat and ParaView for the case of
overlayed plots.
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In ParaView

After the message END OF THE POST-PROCESSING SCRIPT is displayed in ParaView, we will observe that two
group of files are presented: the one corresponding to the overlay ( the band edges ) and the other the main plot
(shifted probabilities). Now only 5 components are shown for each file.

Once again the 2D plots were warped ( option WARP ). Now they are presented using the Rainbow Uniform palette
and they are not longer with the Z-axis aligned vertically. With a simple click in ParaView, they can be realigned
vertically as we can see in Figure 5.5.1.14.

Set view direction to +Y

Apfldae A

Figure 5.5.1.14: Plot of the first five lowest probability density functions. Clicking on the +Y button in ParaView
they can be realigned vertically

The warped plots of the overlay files are always shown at the top of the pipeline as a semi-transparent surface using

a different palette. The only exception opaque surface for the overlay corresponds to the electron and hole Fermi
levels ( see Figure 5.5.1.15).

All band edges Conduction band
(Gamma band)

electron
Fermi level

Figure 5.5.1.15: Overlay files are always plotted using a different palette and using semi-transparent surfaces. The
Fermi levels are plotted as opaque surface.

Now let us discuss in more detail the second group of plots concerning the “shifted” wave functions ( actually
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probability densities ). Looking at the tab Information under the Pipeline Browser we will observe that
actually we have in total 40 columns about the eigenvalues and 40 columns about the shifted wave functions.
Nevertheless, in the pipeline we observe that only the 5 shifted wave functions are plotted. In another words, the
eigenvalues are not considered as dataset for this specific kind of file.

Changing Scale Factor of warped files of shifted probability density

The file related with the shifted probability densities requires an special care, because each component correspond
to the combination of two different informations: the probability density ( in unit of nm”-2 in the case of 2D
simulations) and the shift of this function by the corresponding eigenvalue (in unit of eV), as shown in Figure
5.5.1.16. When overlayed with any file whose unit is energy, these components shall be plotted in the same scale as
the overlay plot, independent of the scalar factor in the warp transformation of part corresponding to the probability
density.

e e :"f‘ uuml:_JK +
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Figure 5.5.1.16: Probability density functions shifted corresponds to the sum of the probability function and its
corresponding eigenvalue. For representing correctly when overlayed with the band edges, the warped version shall
translate the basis of this plot by the corresponding eigenvalue.

Similar to the case of a single plot, all components of this datafile present the Scale Factor for the warped
file interconnected. Then, changing the Scale Factor of one component of the datafile ( probabilities_shift ), will
change the height of each function, but will not shift the eigenvalue energy ( the base of the plot ), as shown in the
Figure 5.5.1.17

As demonstration, click on the component PsiA2_1_warped, and change the Scale Factor. As we mentioned,
you will observe that the bases does not change.

Changing Scale Factor of warped files of the band edges overlayed with shifted probability den-
sity

Neverthless, changing the Scale Factor of the overlay file ( the band edges in this case ), whose by default is
1.0, does not affect the plot of the shifted probability densities. This is expected because components of different
datafiles are not interconnected. In this case, it is necessary to change the energy scale used in the plot of the shifted
probabilities. This is done multiplying all the values of translation in the warped file of the shifted probabilites
by the new factor of the overlay Scale Factor.

As example, let us change the Scale Factor of the overlay_bandedge_gamma_warped by 0.1. Then for
the correct overlay with the shifted probabilities we will require to multiply the translation value by 0.1, for
Psi®2_1_warped, Psi*2_2_warped, and so on. This is illustrated in Figure 5.5.1.18.
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Scale Factor 122.399

Scale Factor 50

T s

Figure 5.5.1.17: Probability density functions shifted by their corresponding eigenvalues. Changing the Scale
Function of the warped plots of one component will shift the height of the plots, but not the base of them.
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Figure 5.5.1.18: Probability density functions shifted by their corresponding eigenvalues. Changing the Scale
Function of the warped plots of one component will shift the height of the plots of the other components of the
same datafile, but not the base of them.
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There are a couple of another situations where a similar procedure is necessary and not all of the possible com-
binations are implemented in our script. ParaView provide several other ressources to make the interconnection
among the objects of the Pipeline Browser. Use the current script as an example how to implement this kind
of associations, and feel free to explore another possibilities when creating your own script.

Hint: The warped plots uses a general setting of the camera that it is not universal, and may not be ideal for all
plots. This can be easily fixed clicking on the Reset Camera button within ParaView or interacting with the plot
in this platform.

Warning: As discussed above, files with mixed units will require special attention when overlayed with another
files. Be aware to adjust the components properly.

When to use the overlayed plot method: This method is ideal for the case you want to superpose information of
two files with different information. In the case of plotting probabilities_shift files overlayed with bandedges the
script align the two set of data in the same reference frame.

5.5.2 Gnuplot export

Gnuplot is a free graphing utility, which allows scientists to visualize data interactively. If installed it can be used
to export 1D, 2D & 3D nextnano GmbH results.

How to export 1D plot files with Gnuplot

* Moving plot-files to another device I

Either the currently selected file can be exported (by usage of the context menu) or the contents of the overlay
list can be combined (1D) and exported (by usage of the output menu button). An example of such a combined
file can be seen in Figure 5.5.2.1.

Moving plot-files to another device

1D-plots are linked to the original .dat file(s). So if you want to move your plot to another device, you can either
save your plot as .pdf/.svg/.png file directly in gnuplot (recommended), or if you want to move the original .plt-file
you also have to move all necessary .dat files (the paths can be adjusted when opening the .plt file with a text editor).

Warning: If you move the 1D plot file without data files or without adjusting the paths, it will be broken.
(Won’t open when file is double-clicked.)

How to export 2D or 3D plot files with Gnuplot

In 2D you have some additional options for your gnuplot file compared to the 1D export, displayed in Figure 5.5.2.2.
The plot can be displayed as a color map, analog to the implementation of nextnano GmbH, or as a surface plot,
which is a pseudo three-dimensional plot (Figure 5.5.2.3). Title and labels are optional and if they aren’t specified
they will be taken directly from the file (if provided). If remember settings is checked, the next time the panel
will be pre-filled with these settings. If you always use the same settings and don’t want this dialog to be displayed
each time, you can chose the Create Gnuplot file - last used (*.plt) option in the context menu.

Gnuplots are interactive, see Figure 5.5.2.4, which makes them suitable to create animations e.g. for presentations.
Furthermore they can be saved as vector graphics. To understand the dependency between plot files and their raw
data files, please refer to the next section.
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Figure 5.5.2.1: One-dimensional Gnuplot export of band edge plus probability densities.

How to optimze the looks of a Gnuplot graph

* Optimize your Gnuplot Graph manually

* Generate high quality graphs

The plot style for all Gnuplot exports can be customized in Options: Gnuplot settings. This is convenient to achieve
uniformous style of the exported graphs e.g. for a presentation. A style-sheet can be used which can be shared

within the whole work-group.

Optimize your Gnuplot Graph manually

Alternatively or additionally to the style-sheet you can customize each Gnuplot file on its own. Just open the file

with a text editor of your choice and change, add or remove commands.

Collection of some useful gnuplot commands.

Semi-log plot

set logscale x
set logscale y

Change the line thickness (1w 4)

plot 'D:\bandedges.dat' linetype rgb "#FFQ000" pt 5
plot 'D:\bandedges.dat' linetype rgb "#FF0000" pt 5 lw 4 ...

Change font size of the x axis (20)

set xlabel "position (nm)" font "sans - serif"
set xlabel "position (nm)" font "sans - serif,20"
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Gnuplot Export Opticns

20 graph style
Surface plat:
{®) colored mesh

i) colar
i) mesh
i) coler map (20)

Optional
title

x axis label

y axis label

[] remember settings

psi_squarednm™2]

Figure 5.5.2.2: Additional options for more-dimensional Gnuplot export.
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Figure 5.5.2.3: Gnuplot surface representation of Figure 5.5.2.2. (Probability density of the 10th wave function in

a hexagonal structure.)
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[E] Gnuplot (window id : 0) = ] x
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Figure 5.5.2.4: Interactive surface plot.

Use subscript and superscript (enhanced vs. noenhanced)

plot 'D:\density_hole.dat' using 1:2 title "p (104{18} cm*{-3})
—"enhanced
plot 'D:\density_hole.dat' using 1:2 title "p (10418 cm*-3)" noenhanced.

e e

Change range [xmin s Tmazx ] and [ymzn s Ymax ] of the graph

set xrange [-0.3:100.3]
set xrange [0:100]

set yrange [-1.5:2.5]
set yrange [-1.0:0.5]

Set/Remove grid

set grid
unset grid

Change thickness of the border (1w)

set border lw 2
set border lw 3

Set/Remove legend

set key on
set key off

Set/Remove box around legend (box)

set key on ... box
set key on ... nobox

Increase font size in legend
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set key on ... font "sans - serif,14
set key on ... font "sans - serif,18

Specify the location of legend

set key left top inside ...
set key right bottom outside ...

Remove line from legend (notitle)

plot 'D:\bandedges.dat' using 1:2 title "E_c .
plot 'D:\bandedges.dat' using 1:2 notitle "E_c " ...

Add Greek letter to line in legend ("{/Symbol G}" enhanced)

using 1:2 title "{/Symbol G} [eV]" enhanced

produces I'.
e, I, m, q produce €, A, i, and 6, respectively.

Add a label to the point (z, y) in the plot

set label "label" at 0.5,1.5

Add an arrow

set arrow from 1.5,0.3 to 4,2

Graph Title

set title "title" font "sans - serif,18"

Generate high quality graphs

1. In gnuplot window: Click on Export plot to file

2. Save as SVG files (.svg)

3. Open the saved .svg file with Inkscape

4. File = Export .PNG Image... = Select Drawing = Export

5.5.3 Export via python scripts
How to call custom python scripts directly from nextnanomat

Custom written python scripts can be called directly from the Output tab. The parent folder of the python script,
Path to the currently displayed output file as well as the path to the simulation folder are transferred as system
arguments, see Figure 5.5.3.1. (If you need other specific information to be exported, just mail your request to the
nextnano GmbH support team or use the widget on this website.) By using those system arguments in your python
script, individual post-processing of specific output files is reduced to a one-click effort.

Related: Exporting 2D Outputs with Python Scripts
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f Calling Python script s

Function call finished,
Selected simulation file: C:\D\nextnano
output\2DGaAs_AlGaAs_hexagon_nn3\alloy_profile.fid

Selected Python script:
DATFS_CBunextnano\nextnanomat\nextnanomat\nextnanomat\Resource
s\PythonScriptsitest.py

QOutput:
Microsoft Windows [Version 10.0.19042,1348]
(¢) Microsoft Corporation. All rights reserved.

CA\D\TFS_CB\nextnano\nextnanomat\nextnanomat\nextnanomat\bin\De
bugs> "DATFS_CB\nextnano‘\nextnanomat\nextnanomat\nextnanomat'Re
sources\PythonScripts\test.py” "Argument 2, path to Python folder:”
‘DATFS_CBinextnano‘\nextnanomat\nextnanomat\nextnanomat\Resourc
es\PythonScripts\, * “Argument 4, path to selected simulation file:" L
‘C\Dyvnextnano output\2DGaAs_AlGaAs_hexagon_nn3\alloy_profile.fld”
"Argument 6, path to simulation folder.” "C:\D\nextnano
output\2DGaAs_AlGaAs_hexagon_nn3\ "

Python C# Test
receiving arguments i
C\D\nextnano output\2DGaAs_AlGaAs_hexagon_nn3), ]
SUCCESS

TR ST .

Figure 5.5.3.1: Example of transferred system arguments when calling a python script.

5.5.4 Other

In Options: Data export custom paths to installed applications (e.g. ParaView, notepad++) can be set, to allow
convenient export of output files for the purpose of visualization or post-processing.

5.6 Release Notes

5.6.1 4.3.2.15 (2024-03-28)

New features
* Added option to kill whole process tree instead of process when stopping a simulation

* Added support of new nextnanoLicenseActivator executable (former ClientSideActivtor and Client-
SideServerActivation are no longer needed)

 Editor tab: support of “!Data” syntax for nextnano++
« Editor tab: Feature ‘Create new input file by template’ is implemented for nextnano++ input files
e Qutput tab: option to display Log(abs(y))
Updates & Improvements
» Improved layout for license activation message feed

* Input file conversion for nextnano® -> nextnano++ is now a standalone executable, can be called by
command line

e Output tab: small viusalization changes, e.g. fonts
* Change of default performance settings

* Input tab, more accurate naming for context menu functions
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Bugfixes

L]

Improved folder structure for installation and portable packages

Improve selection of matching database for different nextnano packages

Compatibility fix for new license check
Cluster computing feature for nexmano.NEGF simulations
HTCondor, change default OS target for cluster computing

Update existing jobs in Batch List after license changes

Remaining known Bugs

In installed versions running a simulation reverts Windows App Scaling back to 100%

5.6.2 4.3.2.8 (2023-08-07)

New features

L]

Added specific licenses for nextnano® and evaluation

Added support for free licenses

Distinguish license types, display type during simulations and in settings

Added nextnano documentation (pdf) to installed package

Editor tab: added html keywordtree for nextnano++ to help with input file syntax

Editor tab: convert xml input files to negf input files (for nextnano.MSB and nextnano.NEGF)
Editor tab: added html keyword trees for all products to help with input file syntax

Settings: verify licenses directly within settings

Settings: added preview possibility for Editor and Output settings

Settings: added support for two nextnano.NEGF tool versions (C# & C++)

Output tab: added “local” and “global” full-size differentiation

Updates & Improvements

L]

Editor tab: updating links to online documentation for context help menu

Editor tab: converted input file (nextnano® to nextnano++) is opened in new tab
Simulation tab: update queued simulations after change in settings

Settings: functionality to disable syntax highlighting

Settings: restructured Options Form

Settings: added customizable tolerance for comparison of constant values (expert features)
Output tab: autosize for pointer labels

Output tab: changed numeric format for pointer labels

Output tab: button position of full-size button

Output tab: performance improvement in 1D output visualization during curve(s) selection
Output tab: separate, re-order and re-name check/select buttons

Output tab: improved spacing between data visualization and diagram axis

Output tab: advanced python and ParaView export routines
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Bugfixes

Event handling, custom export function
License activation prompt, appearing at every program start

Editor tab: syntax highlighting for conditional statements

Editor tab: input file conversion: added error handling for files located in program files

Editor tab: Warning message for deprecated syntax “#IF to |WHEN”

Simulation tab: running a cloud nextnano.NEGF simulation does no longer change the input file ex-

tension

Simulation tab: command line arguments for starting nextnano.NEGF simulations

Simulation tab: fix performance issues for simulating a batch of jobs
Settings: display of Pool names for HTCondor
Settings: opening cloud options form

Output tab: color scale initialization

Output tab: adjust reference of message box to new menu location of export feature

Output tab: visualization of txt licenses

Support free licenses to be located in program files

Remaining known Bugs

¢ In installed versions running a simulation reverts Windows App Scaling back to 100%

5.6.3 4.3.1.8 (2022-08-05)

New features

L]

standard selection of color maps for 2D and 3D

feature to customize color maps

couple of features related to color maps (e.g. invert scale, fix middle color etc. -> refer to online

documentation)

syntax support for new input file format *.negf

customizable syntax highlighting

support for new NEGEF licenses

feature to run batch list automatically when new files are added

added accessibility evaluation and statement for the nextnano software
allow integration for tiberCAD input files and output

output, show value difference for two selected curves

Updates & Improvements

1D Export to Gnuplot of overlay items includes currently displayed file
add or remove items to overlay list by keyboard only

improved syntax highlighting

options to specify whether and how output should be overwritten

set online help references to the new nextnano GmbH documentation
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Bugfixes

* prevent crash at application start due to color-map initialization

« prevent application crash due to IPv6 IP addresses

* modified file star

 prevent duplicate opening of the same input file

* increase functionality and stability of Template(Beta) tab
Remaining known Bugs

* input file shows in simulation tab during CPU heavy simulations
Input files

* quite a few new ones (check them out in the sample files folder)

5.6.4 EARLIER

* New colormaps
* Arrow showing difference value between two selected graphs

* HTCondor support for mixed Linux/Windows pool

5.6. Release Notes
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CHAPTER
SIX

NEXTNANO++

The nextnano++ tool is a Schrodinger-Poisson-current solver and simulates quantum wells, quantum wires, quan-
tum dots, ... The nextnano++ tool (written in C++) is the successor of the nextnano® code (written in Fortran).

Features of nextnano++ include:

includes group IV materials (Si, Ge, SiGe) and all ITI-V materials, its ternaries and quaternaries;
the nitrides are available in the zinc blende and wurtzite crystal structure

flexible structures and geometries (1D, 2D and 3D)

fully quantum mechanical electronic structure, based on the 8-band k - p model

strain, piezo- and pyroelectric charges

growth directions along [001], [011], [111], [211], ... in short along any crystallographic direction
equilibrium and non-equilibrium, calculation of current close to equilibrium (semi-classical)

magnetic fields

This tool is documented in following sections:

6.1

Overview

6.1.1 Running

The nextnano++ tool is a console application that is run from within nextnanomat (nextnanomat). Alternatively, it
can be executed from the command line (Command Line). The input file specifies the device that shall be simulated.

6.1.2 Input file

The input file specifies all properties of the device, such as geometry, material composition, grid, contacts,...
Furthermore, it sets all parameters that are needed to define the program flow of nextnano++. The keywords that
can be used for this purpose are defined in the syntax (Input Syntax) of the input file.
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6.1.3 Output

The nextnano++ tool exports its results to a directory and in a certain format that have to be specified in the section
(Simulation Output) of the input file.

6.1.4 Examples

The nextnano++ installation provides some example input files (7Tutorials) (C:\Program Files\nextnano\
2020_12_09\Sample files\nextnano++ sample files) that can be run with nextnanomat, to get familiar
with the program.

6.1.5 Material database

All material properties that are needed for simulation are specified as material parameters in database files
(database{ }), which are provided with the nextnano++ installation. The database covers a large amount of
Zincblende-related ...zb{} groups in database{ } (all IlI-V and diamond-type like Si, Ge, ...), Wurtzite-related
...wz{} groups in database{ } (GaN, AIN, InN, ...) materials, and their alloys.

If you have further questions, see the Frequently Asked Questions (FAQ) or contact nextnano Help Center.

6.2 Models

This set of tutorials focus on introducing models implemented in nextnano++ tool.

6.2.1 Crystal Coordinate Systems

For zinc-blende materials there are three-digit Miller indices. The Miller indices define a plane. There exists a
vector that is perpendicular to this plane, e.g. in zinc blende blende materials, the [hkl] vector is always perpen-
dicular to the (hkl) plane. However, for wurtzite, this is not necessarily true. For instance, although the [0001]
vector is perpendicular to the (0001) plane, in general is does not hold that the vector that is perpendicular to the
(hkil) plane is defined by [hkil]. Note: For a 1D simulation, the heterostructure is always grown along the x axis.
For a 2D simulation, always the (x,y) plane is used.

Zinc blende

crystal_zb{
x_hkl = [1, 0, 0] # Specify (hkl) plane perpendicular to x axis
y_hkl = [0, 1, 0] # Specify (hkl) plane perpendicular to y axis

The x axis of the simulation coordinate system is perpendicular to this (hkl) plane of the crystal, here: (1 0 0). The
y axis of the simulation coordinate system is perpendicular to this (hkl) plane of the crystal, here: (0 1 0). The
Miller indices (here: (0 O 1)) for the z axis are determined automatically. For zinc blende it holds: The vector [hkl]
is perpendicular to the (hkl) plane.

Another example:

crystal_zb{
x_hkl = [3, 1, 1] #
Y—hkl = [0 y T 1 ’ 1] #

x axis of simulation coordinate system is perpendicular to (3 1 1) plane of crystal coordinate system, i.e. the x
axis is along [311] direction. y axis of simulation coordinate system is perpendicular to (0 -1 1) plane of crystal
coordinate system, i.e. the y axis is along [0-11] direction. The Miller indices (here: [2, -3, -3]) for the z axis are
determined automatically, i.e. (2 -3 -3) plane, i.e. the z axis is along [311] direction.

Wurtzite
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Usually for wurtzite, the four-digit Miller-Bravais indices (h k i 1) are used. We also use this notation but omit the
‘i’ because i = - h - k. The three integer values (Miller indices) that are given for x_hk1 refer to a plane and not to
a direction. The x direction is then the one that is perpendicular to this plane.

This vector along the x axis has indices that are in general not identical to the Miller indices in wurtzite.

crystal_wz{

# e.g. hexagonal [0001] axis along x axis

x_hkl = [ 0, 0, 1] # Specify (hkil) plane perpendicular to x axis: (.
-0, 0, 0, 1)
y_hkl = [ 1, 0, 0] # Specify (hkil) plane perpendicular to y axis: (.

-1, 0, -1, ®

This corresponds to the four-digit Miller-Bravais indices hkil = ( 0, 0, 0, 1) that define the (hkil)=(0001) plane.
Coincidently, the vector [0001] is pependicular to it. This corresponds to the four-digit Miller-Bravais indices hkil
= (1,0, -1, 0) that define the (hkil)=(10-10) plane. The Miller-Bravais indices for the (hkil) plane perpendicular
to the z axis are determined automatically inside the code (here: (-1 2 -1 0)).

Another example:

# e.g. (10-10) plane is perpendicular to x axis
# hkil = (1, 0, -1, ®)
# hkil = (-1, 2, -1, )

crystal_wz{
x_hkl = [ 1, 0, 0]
Y—hkl = [_11 27 ®]

This corresponds to the four-digit Miller-Bravais indices hkil = ( 1, 0, -1, 0) that define the (hkil)=(10-10) plane. The
x axis of the simulation coordinate system is perpendicular to this plane. This corresponds to the four-digit Miller-
Bravais indices hkil = (-1, 2, -1, 0) that define the (hkil)=(-12-10) plane. The y axis of the simulation coordinate
system is perpendicular to this plane. The Miller-Bravais indices of the (hkil) plane perpendicular to the z axis are
determined automatically inside the code (here: (0001)). Coincidently, the vector [0001] is pependicular to it. In
this particular case, no rotation has to be applied to the crystal (rotation matrix = identity matrix).

crystal_wz{

rotation_c_a_ratio_use_substrate = yes # (default: yes)
rotation_c_a_ratio = 1.63299 # c/a ratio

In wurtzite, the c/a ratio of the two lattice constants ‘c’ and ‘a’ is important. The ideal one, ¢/a = \/ﬁ =
1.63299..., is not the one present in GaN, AIN or InN, i.e. in real materials. For the rotation of the crys-
tal coordinate system to the simulation coordinate system, a specific c/a ratio has to be assumed. By de-
fault, we use the one of the substrate material. If you want to use the ideal c/a ratio, you have to specify
rotation_c_a_ratio_use_substrate = no.

Additionally, one can specify a custom value for the c/a ratio. If no customized value is specified,
rotation_c_a_ratio = sqrt(8/3) (default). The actually used rotation matrix is written to the log file.

xhkl =1 ., ., .]
y_hkl = [ ., ., .]
zhkl = [ ., ., .]

Exactly two of these three axes have to be specified, the third one is calculated internally.
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6.2.2 Hamiltonian: 8-band model for zincblende

* The Model
* Offsets
* Deformation potentials
* k.p parameters
— Default settings

— Luttinger parameters and electron effective mass

— Rescaling S

The Model

Hint: This model can be triggered for any point of the simulation using classical{
bulk_dispersion{KP8{}}}. See the bulk_dispersion{ } section for reference on syntax.

Our implementation of the 8-band k - p model for bulk crystals is a simplified version of the matrix Hamiltonian
described in a PhD thesis [AndlauerPhD2009] obtained from the one-particle Hamiltonian
H= P + Vo (r) + _h [6x VV(r)]op (6.2.2.1)
2m 4m?2c?
The description below contains also definitions and relations that can be found in [BirnerPhD2011] and [Bahder-
PRB1990].

Warning: The Hamiltonian below does not contain terms related to the presence of the magnetic field. There-
fore, proper operator ordering is neglected to keep formulas as simple as possible. Also, parameters N,
N, K, and g are not included here. Comprehensive documentation will be published elsewhere.

Our model is expressed in a basis of class 4 functions:

{ls ) lsd)s e 1) Jwa 1) lzs 1) Jza b)s f22 ) l2s ) }

The Hamiltonian can be concisely written in a block form as follows.

Hee (K, €) 0 Hey (K) 0
Ao —| 0 Hee (k, 6) K ) Hey (k)
P Heye (k) 0 Hyv (k) + Hyv (‘%) + HSOTT HSON
0 ﬁvc (k) ﬁsoiT 7:lvv (k) + 7:va (é) + 7:[so¢¢

where k is a wave vector and € is a strain tensor.
Diagonal elements for the conduction band are defined as
Hee (K, €) = B + Ack? + aTr{é},
where k is length of the wave vector, E, is conduction-band edge, a.. is absolute hydrostatic deformation potential
for the conduction band, Tr{¢} is trace of the strain tensor, A, is defined as
2

I
Ac=A + —.
2m0
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A’ is one of Kane parameters. It contains interactions between the conduction band and the remote bands B with
I's symmetry

_ Z |(s] p1 [nT's5) |
mg g E Enp

Blocks introducing interaction between conduction and valence bands are given by

Hev (k) = [Zpokl + Bkoks 1Pyks + Bkiks 1Pyks + Bklk‘g]

and

. —1Pyk1 + Bkoks
Hye (k) = | —1Poks + Bkiks |,
—Zpokg + Bklkg

where k1, ko, k3 are three components of the wave vector of interest, P is a Kane parameter describing interactions
between conduction band and valence bands within the A basis

h
P = —7— D
0 Zmo <5|p1 |$1>7

and B is a Kane parameter including interaction between the all the bands in class A and remote bands B of T';
symmetry

B ~ . oA
B o N (8191 [nTsj) (nTsj| P |2s)
mg 2= [Bet BuJ /2~ Bur

s 5

with top valence band energy E., = Ey o, + Ag.

Blocks for the valence bands without the strain included are defined as

EV av + 2mo ° k2 0 0
Hov (k) = 0 By oy + ok 0
I 0 0 By + 2o k?
_L/k‘% —I—Mk‘% —I—Mk‘% N'kiko N'kiks
+ N'kiko ME? + L'k3 + Mk3 N'koks ,
Nk ks N'koks ME? + Mk2 + L'k2

where E, ,, is average energy of valence bands at I' point, M, N’, and L’ are Kane parameters introducing
interactions between the valence bands in A and remote bands B of 'y, I's, 'y, I's symmetries

M = H, + Hy
N =F —G+H, — Hy
L'=F +2G
where
B . .
g 3 (1] p1 InT's5)|*
ng nj Ev — l?n’]_"3
2 B ~ N2
o 3 [(z1] Py [nT'15)|
ng g EV — En,Fl
2 B ~ o2
gD 3 (1] P1 [nL's5)]
V7 om2 E, — For.
0 s
h? (1] p1 |nTag) |
Hy = 5 — Z

2m0 - Ev - En,l—‘4
nj
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Spin-orbit interaction within the valence bands is introduced by

/HsoTﬁzf (Z) 0 0 Z[Hsoii}T and ,?:tsoT,in 0 0 — =|:7:lso¢'r}T,

where spin-orbit interaction energy A is defined by

Ao h

7 = —ZW (z1|[VVo (r) x f’]z |z3) -

The strain is introduced to the valence bands by

lery + mega + mess €zl nesl
Hov (€) = neay mer1 + leas + mes3 nes
nesy Nneso me11 -+ meas + less

where €;; are elements of the strain tensor € and m, n, [ are matrix elements of a strain-dependent interaction
operator, further defining deformation potentails for the valence bands.

Note: All sections below may be moved elswhere in near future

Offsets

1
E. = E{® 1 E() 4 gAf)db) , Buaw=E®) . Ag=AFY

v,av v,av

Where the following mapping to our database is applied.

Table 6.2.2.1: Mapping of offsets to the database

parameter | value in the database

Eg(;db) database{ ..._zb{ conduction_bands{ Gamma{ bandgap } } } }
E\(,dabg database{ ..._zb{ valence_bands{ bandoffset } } }

A(gdb) database{ ..._zb{ valence_bands{ delta_SO } } }

Attention: If temperature dependence is triggered then the Varshni formula is applied to the energy gap such
that E; — E.(T) and E, oy — Ey o (T).

Deformation potentials

ae =l
m = a(db) _ p(ab)
n = V3d®),

1 = ald®) 4 2p(db),

Where the following mapping to our database is applied.

Table 6.2.2.2: Mapping of deformation potentials to the database

parameter | value in the database

af;db) database{ ..._zb{ Gamma{ defpot_absolute } } }

a‘(,db) database{ ..._zb{ valence_bands{ defpot_absolute } }
p(db) database{ ..._zb{ valence_bands{ defpot_uniaxial_b } }
d(db) database{ ..._zb{ valence_bands{ defpot_uniaxial_d } }
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k.p parameters

Attention: In this section we assume that rescale_S_to is not defined in the input file at all, like in the
examples below. The topic of rescaling S parameter and it’s influence on the Hamiltonian will be discussed
elsewhere.

As the k - p models have been derived in the literature on numerous ways, there are couple of parameterisation
standards available of which preference is not clear. Also, depending on the method applied to obtaining param-
eters some of them are easier accessible that the others. Therefore, depending on the source and the material of
interest different schemes of parametrisation may be preffered by the user. For this purpose multiple possibilities
of connecting our database to this model are available.

Default settings

The default settings are equivalent to setting all the attrubutes use_Luttinger_parameters,
from_6band_parameters, approximate_kappa, evaluate_S to no.

Examples

1. Controlling parameters of the Hamiltonian for computation of electronic energy dispersion
for a bulk crystal

classical{
bulk_dispersion{
KP8{
from_6band_parameters = no
use_Luttinger_parameters = no
approximate_kappa = no
evaluate_S = no

}
}
3
2. Controlling parameters of the Hamiltonian for which h Schrodinger equation is solved
quantum {
region{
kp_8band{
kp_parameters{
from_6band_parameters = no
use_Luttinger_parameters = no
approximate_kappa = no
evaluate_S = no
}
}
}
}

Then the Kane parameters are defined by

h? h? h?
M = 7M(db) N/ _ 7N/(db) L/ _ 7L/(db)
2m0 ’ 2m0 ’ 2m0
2 2
A, = 7 gan) g— T pav po | P pav
2m0 ’ 2m0 ’ 2m0 P

where the following mapping to our database is applied.
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Table 6.2.2.3: Mapping of Kane parameters to the database

parameter | value in the database

M (dP) database{ ..._zb{ kp_8_bands{ M } } }
L/(db) database{ ..._zb{ kp_8_bands{ L } } }
N'(db) database{ ..._zb{ kp_8_bands{ N } } }
S(db) database{ ..._zb{ kp_8_bands{ S } } }
B(dP) database{ ..._zb{ kp_8_bands{ B } } }
Eédb) database{ ..._zb{ kp_8_bands{ E_P } } }

Luttinger parameters and electron effective mass

One needs to set all three parameters from_6band_parameters, use_Luttinger_parameters, evaluate_S
to yes to use the Luttinger parameters (as defined for 6-band k - p model) and the effective mass of electrons.

Examples

1. Controlling parameters of the Hamiltonian for computation of electronic energy dispersion
for a bulk crystal

classical{
bulk_dispersion{
KP8{
from_6band_parameters = yes
use_Luttinger_parameters = yes
approximate_kappa = no
evaluate_S = yes

2. Controlling parameters of the Hamiltonian for which h Schrodinger equation is solved

quantum {
region{
kp_8band{
kp_parameters{
from_6band_parameters = yes
use_Luttinger_parameters = yes
approximate_kappa = no
evaluate_S = yes
}
}
}
}
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Then the Kane parameters are defined by

B (a) (db)
M= 271P) _ 1}
9mg | Mo T2
h2 - db E(db)
N = _6 ( )} i
2m0 L 3 Eg
B r o ab db By
I = _ (db) —4 (db) _ 1j| P
277L0 i 71 72 + Eg
P 1 2p\™ B\
T omg | 3B, 4 [Eg i+ A((Jdb)}
2
B = LB(db)
2m0
h? _(ab
P=yl5— By,
mo

where the following mapping to our database is applied.

Table 6.2.2.4: Mapping to the database

parameter | value in the database
'y§db) database{ ..._zb{ kp_6_bands{ gamma_1 } } }
védb) database{ ..._zb{ kp_6_bands{ gamma_2 } } }
fyédb) database{ ..._zb{ kp_6_bands{ gamma_3 } } }
mgdb) database{ ..._zb{ conduction_bands{ Gamma{ mass } } } }
A(()db) database{ ..._zb{ valence_bands{ delta_SO } } }
El(jdb) database{ ..._zb{ kp_8_bands{ E_P } } }
B(dP) database{ ..._zb{ kp_8_bands{ B } } }
Rescaling S

One of ways to get rid of spurious solutions in quantum structures is to rescale S parameter to O or 1. The .S defines
A, as

hQ
A= ——
¢ 2mOS

Examples

1. Rescaling S in the Hamiltonian for computation of electronic energy dispersion for a bulk

crystal
classical{
bulk_dispersion{
KP8{
rescale_S_to = 1
}
}
}

2. Rescaling S in the Hamiltonian for which the Schrodinger equation is solved
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quantum {
region{
kp_8band{
kp_parameters{
rescale_S_to =1
}
}
}
}

The initial value of S is determined according to choices described before. If one chose evaluate_S = no then

S = st

otherwise, if one chose evaluate_S = yes then

1 2 () B

S = — — .
mgdb) 3E, 3 [Eg _"_A(()db)}

In the input file, one can request consistent rescaling the model such that S — S™°%) resulting in

2
A, = 17 gew),
Qmo

A rescaled Kane energy EI(,new) is evaluated to ensure that the model gives the same electronic band structure

(ideally) as before the rescaling, but without spurious solutions. It is done directly from the assumption the S =
S(new) .

B [£+ &)
E}()new) — Ep(>db) + |:S _ S(new)} — @
Eg + %AO

After the rescaled Kane energy is evaluated, it is used to update or redefine other relevant Kane parameters entering
the model.

(new) _ E]()db)

L/ L/ p
— L+ — 5
new db
Ny B Y
E, ’

h? (new)
P=|—F .
2m0 P

Where L' and N’ are initially evaluated according to the choices in the kp_parameters{} group as described in
previous sections.

Last update: nn/nn/nnnn
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6.2.3 Introduction to strain calculation

Here we introduce the theoretical background of the strain and stress calculation in nextmano++. At first we will
describe the definition of a strain tensor € and stress tensor ¢ and then describe the basis of strain tensor calculation
in nextnano++. A strain tensor is used to calculate the shifts and splittings of band-edge energies and piezoelectric
charges.

The detailed explanation for the syntax in strain{ } is here: strain{ /.

Table of contents

e Strain tensor
o Stress tensor o
e Strain and stress calculation

— In general

— In nextnano++

Strain tensor ¢

The calculation of strain effects in nextnano++ is based on linear continuum elasticity theory, in which a crystal
can be described by a field of material points with coordinates x. A distortion of the crystal shifts any point to a
new position x’ = x’(x). A field of displacement vectors u is defined as the devision between the new position
and the original position:

the field of displacement vector
uy ()
= | w(=)

u ()

Figure 6.2.3.1: The field of displacement vector u at x. This is the vector along which the point that was at the
position x moved through the displacement.

A strain tensor ¢ is defined using this displacement vector:

o 1 [(’)uz 8’U,j

ij ‘&5 ) 'a.:1a273
%079 | Oa, 8:1:1} (i )

Strain is dimensionless. The diagonal elements of this strain tensor €;; represents the length changes per unit length
in x;-direction as described in Figure 6.2.3.2.

The off-diagonal elements €;;(;«;) arise due to shear deformations of the crystal. Figure 6.2.3.3 shows the defor-
Quo uz(z14+Azy,w2)—us(r1,T2)

mation of an infinitesimal rectangle in xx2 plane. We can see 72 = A =sina ~ «
Auy _ uwi(zr,xp+Axo)—uy(z1,@2) _ - ~ a—f ;

and it = Aoy = sin 3 ~ $. In these angle changes, =5~ corresponds to a pure solid-body
. at+B 1 | dus Ouy | __ .

rotation and =5= = 3 [ o T —am] = €15 measures the shear strain.
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Figure 6.2.3.2: Deformation of a dilatable string in an unstrained (top) and strained state (bottom). We can see the

diagonal element ¢;; = gZ’f represents the length changes per unit length in x;-direction.

uy(xy, xa + Aws) — uy(xy, x2)

u(rlsﬂy
Ty + Azo— B
7 ug (g + Axy,wa) — ua(wy, 22)
u(z,z7) /(ﬁ“"l + Az, 72)
T3

\
xr + AIEl

I

Figure 6.2.3.3: Deformation of an infinitesimal rectangle in a strained state.
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By definition strain tensor ¢ is symmetric (i.e. £;; = £;;) so the number of components that must be specified is
actually 6. Voigt notation is the useful convention in which these 6 independent components are written in form
of a 6x 1 matrix for short. This notation reads:

11 51,22-+2,33 53,23 54,31 5,126

and
€1 €11
€2 €22
€3 _ | €33
€4 - 2823
€5 2613
&g 2612

Stress tensor o

A stress tensor component ¢;; represents the force towards x ;-direction acting on infinitsimal area that is perpen-
dicular to x;-direction. Its unit is the same with pressure ([Pa] = [N/m?]).

T3

033
a3
73 o3
013 099 To
o
o1 | 72
011

w/

Figure 6.2.3.4: The components of stress tensor o.

In linear approximation, this stress tensor is related to the strain tensor € by means of Hook’s law:
o = Z CijriEnrl
Kl

where C;;; is the component of eleasticity stiffness tensor, which is the forth-order tensor comprising 3t =281
components. It’s dimension is the same with stress tensor components and defined as [GPa] in nextnano++. In
Voigt notation, C'is the form of a 6x6 matrix by putting C;;x1 = Cpp (4,5, k,1 = 1,2,3, m,n = 1,...6). Then
the Hook’s law reads

o1 Cii Ci2 Ciz Cia Cis Cig| |e1
o2 Co1 O Cz3 Cu Cs Oy |e2
o3 C31 O3 C33 (O34 C35 Csg| |€3
04 Cy Cgp Cyz3 Cy Cys Cus| |4
o5 CUs1 Cs2 Csz Css Css Cse| |es
o6 Ce1 Ce2 Cez Ces Cos Cos| |€6

For many crystal structures with high symmetry, many of these coefficients are 0 and some are related to others.
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The elasticity tensor of zincblende and wurtzite crystals are given by

Cii Ciz Cro
Cia Cii Cro
Cia Ci2 Cn
Czb - 044
Caa
Cuaa
Cii Cia Cis
Ci2 Cu Cis
_|Ciz Ciz Cs3
sz - 044
Cua
Cse

with Cgg = %[Cn — (2] in wurtzite.
These constants are defined in database_nnp.in. You can also overwrite these values in your input file.

¢ For zinc-blend materials, for example:

database{
binary_zb{
name = GaAs
valence = III_V

elastic_consts{

cll = 122.1 # [GPa] elastic constants

cl2 = 56.6 # 1 * 1011 dyn/cm2 = 10 GPa ->.
— 12.21 * 1011 dyn/cm2 = 122.1 GPa

c44 = 60.0 # The elastic constants are.
—needed for the calculation of the strain in heterostructures.

}

 For wurtzite materials, for example:

database{
binary_zb{
name = GaN
valence = III_V

elastic_consts{

cll = 390 # [GPa] elastic constants

cl2 = 145 # 1 * 1011 dyn/cm2 = 10 GPa ->_
< 39.0 * 1011 dyn/cm2 = 390 GPa

cl3 = 106 #

c33 = 398 #

c44 = 105 # The elastic constants are.
—needed for the calculation of the strain in heterostructures.

}
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Strain and stress calculation

Next we will describe how the strain tensor € and stress tensor o are determined in general. Then the two types of
calculation implemented in nextnano++ are introduced briefly.

In general

The principle of conservation of linear momentum results in the following equations of stress tensor components
fori =1,2,3:

3
e

Z aaﬂ +fi=0

=1 9t

where f is the body force such as gravity. When the boundary conditions are specified, the field of displacement

vector u, by which the stress tensor components ¢;; are eventually written, is determined according to these si-
multaneous differential equations. Then the strain tensor € and stress tensor o are also determined from u.

Note: The principle of conservation of angular momentum, on the other hand, results in the symmetricity of stress
tensor: 0;; = 0j;

The field of displacement vector which satisfies the above balance equations and boundary conditions also mini-
mizes the total potential energy U+ Vg where U is the elastic strain energy and V7 is the potential energy associated
with the body force f. This is so called minimum total potential energy principle.

In the linear approximation regime, the elastic energy stored in the whole body is:
1
U=5 | Cijneijen dV
1%

When the body force f is assumed to be zero throughout the system, solving the above differential equations is
equivalent to find the strain tensor that minimizes this elastic energy U.

In nextnano++

There are two kinds of calculation of strain, pseudomorphic_strain{ } and minimized_strain{ }, in
nextnano++. In both of implementations pseudomorphic layer is assumed as the boundary condition between
the substrate and the layer grown on this substrate. The substrate is assumed to be so thick that the in-plane lattice
constants of the layer is matched to that of substrate. Also, the body force f is assumed to be O throughout the
structure.

In this assumption, the analytic expressions for strain tensor that satisfies the aforementioned stress balance equa-
tions (i.e. that minimizes the elastic energy) can be found for 1D structures. This analytic solution is implemented
on pseudomorphic_strain{ }. This feature also works in 2D or 3D but the user must be sure that the model
makes sense from a physical point of view (i.e. the 2D/3D structure should consist of different layers along the
growth direction whereas the layers must be homogenous along the two perpendicular directions).

On the other hand, minimized_strain{ } calculates the strain tensor by minimizing the elastic energy mentioned
before. This can also be used for 1D simulations. In this case, the results will be equivalent to the analytical model
pseudomorphic_strain{ }.

The detailed explanation for the syntax in strain{ } is here: strain{ /. Please refer to [AndlauerPhD2009] for
more details about these topics.

Last update: nn/nn/nnnn
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6.2.4 Piezoelectricity in wurtzite

The nextnano++ and nextnano® tools can simulate growth orientation dependence of the piezoelectric effect in
heterostructures. Following A.E. Romanov et al., Journal of Applied Physics 100, 023522 (2006), we consider
InyGa; xN and AlxGa; 4N thin layers pseudomorphically grown on GaN substrates. The c-axis of the substrate
GaN is inclined by an angle 6 with respect to the interface of the heterostructure.

The layer is assumed to be very thin compared to substrate so that the strain is approximately homogeneous in all
direction (pseudomorphic), and the ternary alloys mimic the orientation of crystallography direction. The layer
material deforms such that the lattice translation vector of each layer has a common projection onto the interface.

The strain in a crystal induces piezoelectric polarization, which contributes as an additional component to the total
charge density profile. The important consequence of their analysis is that the piezoelectric polarization normal to
the interface becomes zero at a nontrivial angle. The piezoelectric charge in a heterostructure in general results in
an additional offset between electron and hole spatial probability distribution, thereby reducing the overlap of their
wave functions in real space. The small overlap of electron and hole leads to an inefficient radiative recombination,
i.e. lower efficiency of optoelectronic devices. The work by Romanov et al. paved the way to device optimization
by the growth direction of the crystal.

An introduction for the strain calculation is described here: Introduction to strain calculation

Table of contents

* Specify crystal orientation

* Parameter sweep of the angle using Template: Sweep over the variable theta
* Strain

* Piezoelectric effect (first-order)

* Post-Processing for polarization

* Alloy content dependence

e AlIGaN

* Piezoelectric effect (second-order)

References

* A.E. Romanov, T.J. Baker, S. Nakamura, and J.S. Speck, Journal of Applied Physics 100, 023522
(2006)

e S. Schulz and O. Marquardt, Phys. Rev. Appl. 3, 064020 (2015)
¢ S.K. Patra and S. Schulz, Phys. Rev. B 96, 155307 (2017)
The corresponding input files are located in the nextnano++ sample files folder:
* Romanov_InGaN_theta_nnp.in
* Romanov_AlGaN_theta_nnp.in
* Romanov_InGaN_theta_nnp_2nd.in
e Romanov_InGaN_theta_nn3.in

e Romanov_InGaN _theta_nn3_2nd.in
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Specify crystal orientation

Figure 6.2.4.1: Rotation of a wurtzite structure. The blue plane is parallel to the interface.

The nextnano software treats the rotation of crystal orientation by the Miller-Bravais indices in the input file. The
setup of our system is as follows: the x-axis of the simulation coordinate system (hereafter x’-axis) is taken to the
normal vector of the interface. The z-axis of the simulation system (z’) is normal to the (-1 2 -1 0) plane of the
crystal, i.e. it is along a, direction in Figure 6.2.4.1. The rotation axis indicated with red line is along z’-axis, and
the interface is shown as the blue plane. The inclination angle 6 is defined as the angle between the c-axis [0001]
and the normal vector of the blue plane, which is x’-axis.

Then the crystal orientation is specified in nextnano++ input file as

crystal_wz{
x_hkl = [ 1, 0, 1(theta)] # x axis perpendicular to (hkl) plane
z_hkl = [-1, 2, 0]

(hkil) plane
# z axis perpendicular to (hkl) plane = (hkil) plane

}

where [(0) is an integer determined by the inclination angle. This statement means the x’-axis is normal to the (1
0 -11(0)) plane of the crystal, whereas z’-axis is normal to the (-1 2 -1 0) plane. (Note that nextnano++ does not
require the third entry, i.e. the letter i, in Miller-Bravais notation (hkil) because i=- (h+k).)

The index [(6) is deduced from a simple geometry consideration. Figure 6.2.4.2 shows the cross-section of a
wurtzite lattice that is perpendicular to the rotation axis in Figure 6.2.4.1.

* When 0 = 0, the interface is normal to the (0001) plane, i.e. x’-axis is normal to the (0001) plane.
¢ When 6 = 90 degree, the x’-axis should be normal to the (1 0 -1 0) plane of the crystal.
* When 0 < 6 < 90 degree, definition of the index is /(0) := 4 and the following relation holds

d= ﬁa tan 6.
2
From these equations we find
2c
(0) = ——.
©) V3atan 6
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V3 Vi
2

Figure 6.2.4.2: Cross-section of the wurtzite lattice. The dashed blue line indicates the x’-direction, which is
normal to the interface (solid blue line).

The plane to be determined can be then taken as

2c

(hkil) = (sinf 0 — sin@ 5

cosf)

We note that the expression in the third case includes the other two special cases. To approximate the direction
with integer entries, we multiply 100 and take the floor function:

$gamma = $c_InGaN / $a_InGaN # c/a ratio

# ideal c/a ratio in wurtzite is SQRT(8/3)=1.63299

$h = floor(100*sin(theta))

$1 = floor(100*2*gamma*cos(theta)/sqrt(3))

x_hkl = [$h, 0, $1] # x axis perpendicular to (hkl) plane = (hkil) plane

Since nextnano® does not support variables in the Miller-Bravais indices, we explicitly give the indices in the input
file using statements like | IF %0RIENTATION4® hkil-x-direction = 64 0 -64 143.

Parameter sweep of the angle using Template: Sweep over the variable theta

* Input file: Romanov_InGaN_theta_nnp.in

One can make use of ‘Template’ feature of nexmmanomat to sweep the angle ¢ and obtain crystal orientation de-
pendence of several physical quantities. Here, calculation is performed for every 5 degrees.

Sweep

O Singlesimulation  flename suffic: _mocified

O Rangecfvalues  variable from: to: step

@) List of values variable: |lheta v‘ values: ‘D‘SJDJ5‘2D.25‘3D.35‘4D.45‘5D.55‘ED.55‘7D.75‘BD.85‘EvD

Output
O Savetofolder: [ |
(@) Sawve to temporary folder and add to batch list

[ Include all modified variables in filename:

Create input fles

Postprocessing

[)  Mumberof relevant column: Masimum rumber of vakue fnes: [ | (5] Create fle wkh combined data

We obtain the angle dependence using ‘post-processing’ feature. Here, we collect the strain tensor components
€xms Eyys €225 Exys €z aNd £y, that are in columns 2, 3,4, 5, 6, 7 of the file strain_simulation.dat.
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* Select file containing values for the strain tensor components strain_simulation.dat by clicking on the
folder icon below post-processing.

* Select 1 for the Maximum number of values lines.

¢ Select 2 for the Number of relevant column. (to do: Improve nextnanomat to include all columns.)

* Click on Create file with combined data to generate file theta_strain_simulation_Column2.dat.
* Select 3 for the Number of relevant column.

¢ Click on Create file with combined data to generate file theta_strain_simulation_Column3.dat.
¢ Select 4 for the Number of relevant column.

* Click on Create file with combined data to generate file theta_strain_simulation_Column4.dat.
* Select 5 for the Number of relevant column.

* Click on Create file with combined data to generate file theta_strain_simulation_Column5.dat.
* Select 6 for the Number of relevant column.

¢ Click on Create file with combined data to generate file theta_strain_simulation_Column6.dat.
* The post-processing results are contained in the folder <name_of_input_file>_postprocessing.

* Finally, the plotted results of the post-processing file can be exported to gnuplot. Add all columns to the
Overlay, and then click on: Create and Open Gnuplot (*.plt) from Items of Overlay

Strain

Figure 6.2.4.3 and Figure 6.2.4.4 are the strain tensor elements as a function of inclination angle 6, with respect
to simulation and crystal coordinate systems, respectively. One can confirm that they reproduce correctly Figure
5 and 6 in [Romanov2006]. Please note that Romanov takes z’-axis as growth direction, while we take x’-axis.
Therefore x’- and z’-axes are interchanged from [Romanov2006].

Ing ,Gag gN: Simulation coordinate

002 FT T T T T r T T T 3

0.015 - = ]

0005 1

Exr Ey7

Strain g;

-0.005 -

0 10 20 ] a0 S0 &0 il a0 Q0
inclination angle 8 [deg]

Figure 6.2.4.3: Elastic strain tensor components as a function of c-axis inclination angle  in simulation coordinate
system.
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Ing 2Gag gN: Crystal coordinate
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Figure 6.2.4.4: Elastic strain tensor components as a function of c-axis inclination angle # in crystal coordinate
system.

Piezoelectric effect (first-order)

The piezoelectric effect is at first instance described by a linear response against strain. In crystal coordinate system,

6
PV =" euje,
j=1

where 1 = 1, 2, 3 and the strain tensor is expressed in six-dimensional Voigt notation

€1 €xx
€2 €yy
€3 — €2z
€4 2€y.
€5 26:62
€6 265y

Please note that the indices z, y, z without prime refer to the axes of the crystal coordinate system. The superscript
(1) indicates first-order piezoeffect. For the symmetry of the wurtzite structure, only three parameters remain in
the piezoelectric coeflicient tensor e;;

61‘1}
PV 00 0 0 e 0)|™ 215602
PUl=10 0 0 es 0 0)|, = 215642 )
pY es1 e31 ez 0 0 O 263’2 e31(€aa + €yy) + e33€22
265y

cf. Eq. (4) in [Schulz2015]. Note that Eq. (14) in [Romanov2006] misses the factor 2 for off-diagonal ele-
ments of the strain tensor. These equations are implemented in both the nextnano++ and nextnano’® tools with
corresponding material parameters in the respective database. The following flags export the strain tensor com-
ponents and piezoelectric polarization vector in crystal and simulation coordinate systems (cf. nextnano++ and
nextnano3 documentation). The piezoelectric polarization vector with respect to the simulation coordinate system
can be found in the file Strain\piezoelectric_polarization_vector_simulation.dat.

strain{
output_strain_tensor{

(continues on next page)
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(continued from previous page)

crystal_system
simulation_system

yes
yes

output_polarization_vector{
crystal_system = yes
simulation_system = yes

output_polarization_vector_components{
crystal_system = yes
simulation_system = yes

}

}

$output-strain
strain-simulation-system = yes
strain-crystal-system = yes

polarization-vector = yes
$end_output-strain

For consistency, we have used the same material parameters as [Romanov2006], i.e. we have overwritten our
default material parameters of the database with the values specified in the input file.

Analytical expression is derived as follows [Schulz2015]. Since we are interested in the polarization normal to the
interface, it is useful to switch to the simulation coordinate system (z’,y’, z’). This can be done by transforming
the polarization vector and the strain tensor to the simulation system,

3 3
P;S/l) — (RP(I))M/ = ZRM’MP;SI)7 € = (ReR_l)p/V’ = Z Ry Ru€nn,
pn=1 w,v=1

where the 3 x 3 rotation matrix R accounts for a rotation of angle 0
and we have used the fact that the rotation matrix is orthogonal: (Rfl) w = Ry,,. Prime denotes the axes
in simulation coordinate system. These equations can be expressed in vector form as

€xx €x/x!

PO PO\ | w
ngl) — R_l(ﬁ) ng/l) 7 26622 — 5—1(9) 26:’5’/
P pl) vz vz
Z 2! 2€,, 2641 0
QEzy 2695/3/

where S(f) is a 6 x 6 matrix. The second transformation is given in Eq. (13) in [Romanov2006]. From equations
above, we obtain the first-order piezoelectric effect in the simulation coordinate system

6:13’:1:’

PJE}) 0 0 0 0 €15 0 Ey'y’
POl=RO[0 0 0 e5 0 0]SY| 7

.7!(1) €31 €31 €33 0 0 0 QEyIZ/

Pz’ 2695/2/

26m/y/

The z’-component is explicitly

1
Pz(, ) =e31 €08 06y

— %e15
+ (631 00539+u

+ (631 + 2ey5

sin 6 sin 26) Eyty!

5 sin @ sin 20 + es3 cos® 9) €510

+ [(e31 — e33) cos 0sin 26 + 2e15 sin 6 cos 20 €, ..
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Note that the corresponding analytical expression Eq. (18) in [Romanov2006] misses the factor 2 in front of
e15 in the 2nd, 3rd and 4th line, and contains a typo in the 3rd line, i.e. e33 has to be e3; in the first term. Our
expression is consistent to eq. (5) in [Schulz2015]. Figure 6.2.4.5 compares the results of the nextnano software
with the results of [Romanov2006] and [Schulz2015], respectively. The analytical results in Figure 6.2.4.5 are the
plot of the equation above, with an interchange of x’- and z’-axes.

Ing ,Gag gN Piezoelectricity

Rorhanov ‘Eq.18 ‘
0.03 G Romanov Fig. 7 b
N Schulz2015 —

\ i nextnano3
ooz |- \\ nextnano++

PPz, [C/m?]
e

1] 10 20 30 40 50 60 70 80 920
inclination angle 6 [deg]

Figure 6.2.4.5: Piezoelectric polarization as a function of inclination angle. The gray dotted curve contains a typo
e3s <> e31 and misses the factor 2. When the first typo is fixed, the gray solid curve is obtained and looks to
be consistent with Figure 7(a) in [Romanov2006]. With the factor 2 the result becomes the black curve. Both
nextnano’ and nextnano+-+ reproduce the black curve and are thus consistent to [Schulz2015].

From the results in Figure 6.2.4.5 we can see that the piezoelectric polarization vanishes at an intermediate angle
around 38 degree and that it is maximized when the inclination angle is zero.

Post-Processing for polarization

We obtain the angle dependence using ‘post-processing’ feature. Here, we collect the polarization components
P, that is in column 1 of the file polarization_vector_piezoelectric_simulation.dat.

* Select file containing values for the piezoelectric components polarization_vector_piezoelectric_simulation.

dat by clicking on the folder icon below post-processing.
* Select 2 for the Number of relevant column.

* Select 1 for the Maximum number of values lines.

¢ Click on Create file with combined data to generate file theta_polarization_vector_piezoelectric_simulation_Col

dat.
* The post-processing results are contained in the folder <name_of_input_file>_postprocessing.

* Finally, the plotted results of the post-processing file can be exported to gnuplot. Add all columns to the
Overlay, and then click on: Create and Open Gnuplot (*.plt) from Items of Overlay
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Alloy content dependence

One can also sweep the alloy content x. The following results correspond to Figure 7(a) in [Romanov2006].
One can see that the zero point is universal for different alloy contents. The zero point is different compared to
[Romanov2006] as he misses the factor of 2 for the strain tensor component. As can be seen in Figure 6.2.4.5
shown above, this mistake is not relevant for 0 and 90 degrees.

In,Ga;.,N: Piezoelectric polarization

0.03

0.025 [

0.02

0.015

PP, [C/m?]

-

I I I I I I T ——
0 10 20 30 40 50 60 70 80 a0

inclination angle 6 [deq]

Figure 6.2.4.6: Alloy content dependence of the piezoelectric polarization for InyGa; «N/GaN structure. In,Ga; (N
is under biaxial compressive strain with respect to GaN.

AlGaN

¢ Input file: Romanov_AlGaN_theta_nnp.in

Similarly, piezoelectric polarization of AlyGa;xN/GaN structure is calculated and shown in Figure 6.2.4.7. This
result corresponds to Figure 8(a) in [Romanov2006]. The piezoelectric effect vanishes at around 38 degree in this
case as well. Again, the zero point is different compared to [Romanov2006] as he misses the factor of 2 for the
strain tensor component. As can be seen in Figure 6.2.4.5 shown above, this mistake is not relevant for 0 and 90
degrees.

The sign of the piezoelectric polarization in Figure 6.2.4.7 is opposite to the case of InGaN/GaN composition
(Figure 6.2.4.6). This is due to the fact that the lattice constants of InN, GaN and AIN obey the following relation

4InN > GGaN > GAIN

(also for ¢). Since we take GaN as a substitute, InyGa; xN layer is subject to compressive strain, whereas AlyGa; xN
is under tensile strain [Romanov2006].

Piezoelectric effect (second-order)

* Input file: Romanov_InGaN_theta_nnp_2nd.in

Optimization of optoelectronic device design requires an accurate and detailed knowledge of the growth-direction
dependence of the built-in electric field. Recently, the second order piezoelectric effect has been reported to be
relevant for wurtzite III-N materials, namely GaN, AIN and InN. This potentially affects the electronic and optical
properties of the devices. The piezoelectric polarization is generalized in crystal coordinate as [Patra2017]

6 1 6
PP = B
wo =2 % Ty nik€i€k 00
j=1 jik=1
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Al,Ga;_,N: Piezoelectric polarization
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Figure 6.2.4.7: Alloy content dependence of the piezoelectric polarization for Al,Ga; (N/GaN structure.
AlyGa; 4N is under biaxial tensile strain with respect to GaN.

where e,,; and B, are first- and second-order piezoelectric coeflicients, respectively. For binary wurtzite struc-
ture, one can show that B, ;5. has 8 independent components B311, B312, B313, B333, B115s, B12s, B13s, B3as. The
explicit expression of the second-order term is given in Eq. (3) in [Patra2017], which is also implemented in
nextnano++ and nextnano’.

One can turn on the second-order contribution in nextnano++ as

# nextnano++
strain{

second_order_piezo = yes # default: no

and in nextnano3,

I nextnano3
$numeric-control

piezo-second-order = 2nd-order ! [no/2nd-order]
$end_numeric-control

Figure 6.2.4.8 shows the results of the nextnano software. While the second-order contribution becomes negligible
between the orientation (1013) and (1012), and also between 85 and 95 degrees, it enhances the piezo effect up to
14% in other directions. This figure can be qualitatively compared to Figure 1(c) in [Patra2017], but note that they
consider binary InN/GaN structure there while we are using Ing,Gag gN/GaN. The pink curve is different from the
one in Figure 6.2.4.5 because we employed the material parameters used in [Patra2017]. The nextnano’ tool also
produces a consistent result (input file: Romanov_InGaN_theta_nn3_2nd.in). Within nextnano® one can also
use different formulae for the second-order effect, cf. nextnano3 documentation.

Last update: nn/nn/nnnn
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Ing,Gag gN 2nd-order Piezoelectricity
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Figure 6.2.4.8: Second-order piezoelectricity. The second-order term enhances the piezoelectric polarization.
The nextnano’® result (yellow) is consistent to the nextnano++ result (blue). Interface planes are indicated at
corresponding angles.

6.2.5 General scheme of the optical device analysis

Here we summarize the models and equations that is used for the optical device analysis in nextnano++.

Table of contents

* Related tutorials
* Determination of carrier densities and current densities

Quantum mechanical calculation of charge carrier densities

* Multi-band model (k - p model)

* Single-band model

Classical calculation of charge carrier densities

Poisson equation
% Poisson equation
* lonized donor/acceptor densities

% Piezoelectric and pyroelectric charge densities

Current equation
* Current equation
* Recombination/Generation
* Optoelectronic characteristics based on the semi-classical model

* Optoelectronic characteristics based on the quantum model

* References
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Related tutorials

¢ Semi-classical model

— GaAs solar cell

InGaAs Multi-quantum well laser diode

UV LED: Quantitative evaluation of the effectiveness of EBL

UV LED: Quantitative evaluation of the effectiveness of superlattice structure in p-region

¢ Quantum model

Optical absorption for interband and intersubband transitions

Optics: Optical gain of InGaAs quantum wells with different strain

Optics: Optical gain and spontaneous emission rate of strained GaN quantum well

Intersubband absorption of a GaAs cylindrical quantum wire

Interband absorption of a GaAs cylindrical quantum wire

Absorption of a GaAs spherical quantum dot

3D Optics: Interband absorption spectrum of a GaAs spherical quantum dot (Coming soon.)

Determination of carrier densities and current densities

Quantum mechanical calculation of charge carrier densities
Multi-band model (k - p model)

Once the p-th component envelope function of the j-th eigenstate of electron (I = c) or hole (I = v) in the ¢-th
band is obtained as (F),); ;(x) from the multi-band Schrodinger equation, the probability distribution of this
j-th eigenstate reads

pg,j(x) = Z

m

6.2.5.1)

where we are assuming 3D structure so far.

Then the quantum mechanical carrier densities for 3D structure are defined from these probability densities,
energy eigenvalues E. ; and E ;, position-dependent quasi-Fermi levels Ef ,, (x) and Ef ,(x) as

n(x) =Y gty plix)f ([Ei,j — By n(x))/ kT) (6.2.5.2)
i€CB  j
p(x) = 'Z X Zpi,j(X) f ([—Ei,j + Epn(x)]/ kT) (6.2.5.3)

where f(E) is the Fermi-Dirac distribution at temperature 7', g¢ and g represent the possible spin and valley
degeneracies.

When the simulation is over 1D structure, the wave function can be separated into the plane wave specified with
the lattice wave vector k|| in the lateral 2D direction and the quantized wave function in the growth direction, which
has the k| |-dependency. Then the charge carrier densitiy is obtained by the following integral over k:

OB ﬁ /Q (k) f([Ez‘,j<k|> - EF,n<x>1/kT) 6254)

i€CB j
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= Z / k) pl, (=, X)) f ([—Ei,j(lﬂ) + EF,n(w)]/kT) (6.2.5.5)

1€VB

Here the integration is over the two-dimensional Brillouin zone Q25 7.

Similarly, the charge carrier densities for 2D structure is calculated by the integral over the 1-dimensional Brillouin
zone as

~ YA [ ke 1[0~ Bl ) 6256
1€CB 7
=9 Z o / dk pi, ;(x, k) f ([—Ei,j(k) + Epp(x)|/kT ) (6.2.5.7)

Single-band model

Things are simpler.

When the single-band Schrodinger equation is set to be solved, the envelope function of the j-th eigenstate has
only one component Ff, j (x). Also, the k-integration in (6.2.5.4) to (6.2.5.7) can be done analytically due to the
parabolic dispersion according to the effective mass tensor m?** and m}".

Thanks to this simpicity the quantum mechanical charge carrier densities for d-dimensional simulation can be
written up by the following expression:

i [ TMdos ekT (38=d)/2
n(x)=>» g (W) Zp” x) Fa— d)/z([ — Brn(x )]/kT) (6.2.5.8)
1€CB
(3-d)/2
. [ MdoshkT i
P =D o (;5;) 2phs) Fas d)/2([Ev,j+EF,p(X)VkT> (62.5.9)
1€VB

TODO: The sign in the fermi-dirac integral mlght be opposite. check the source code.

Here F,,(E) denotes the Fermi-Dirac integral of order n and m}, , is so-called density-of-states mass defined as
Mo = (detmy’) A=eh (6.2.5.10)

where m *‘ describes the 2 x 2 or 1 x 1 submatrix of the effective mass tensor m3y * in the direction of k”.

In any cases, the carrier densities are dependent on the electrostatic potential ¢(x) through the wave function,
which is obtained from the ¢-dependent Hamiltonian H (¢). Thus we can also write them as n(x, ¢) and p(x, ¢),
which enters into the non-linear Poisson equation introduced later.

Moreover, when the current equation is included in the calculation scheme, seeing the carrier densities as
n(x, ¢, Eg ) and p(x, ¢, Er ;) makes it easy to understand what the self-consistent calculation is actually doing.

Classical calculation of charge carrier densities

Things are much more simpler.

When any kind of Schrodinger equation is not solved, the charge carrier densities are estimated from the position-
dependent conduction and valence band edges E!(x) and E!(x), quasi-Fermi levels, and the electrostatic potential
¢(x) in the context of Thomas-Fermi approximation.

These classical charge carrier densities are calculated as

=Y NUT) Fupe ([ E(x) + ed(x) + EF,n(X)]/kT) (6.2.5.11)
1€CB

— 3 NUT) Fiys ([ () — ed(x) - Ep,p<x>}/kT>. 62.5.12)
1€VB

6.2. Models 127



nextnano Documentation, Release August 2024

Here N!(T) and N{(T') are the equivalent density of states at the conduction and valence band edges, which are
given by

i
) meS)\kT

2/3
Nf(T)—gi< - ) (I,A) = (v.h), or (c.e). (6.2.5.13)

Here m, , is the density-of-mass for d = 3 defined in (6.2.5.10).

This calculation of carrier densities is much faster than the quantm mechanical calculation, but the quantum effect
such as energy quantization, carrier leackage into the barrier, etc. cannot be taken into account.

Also in this case, the carrier densities can be written as n(x, ¢) and p(x, ¢), which enters into the non-linear
Poisson equation introduced next.

Moreover, when the current equation is included in the calculation scheme, seeing the carrier densities as
n(x, ¢, Er ) and p(x, ¢, Er ;) makes it easy to understand what the self-consistent calculation is actually doing.

Poisson equation
Poisson equation

This equation governs the relation between the electrostatic potential ¢(x) and total charge density distribution
p(x, @) as follows:

=V - [e0er(X)V - ¢(x)] = p(x, @) (6.2.5.14)

where ¢ is the vacuum permittivity, €, is the material dependent static dielectric constant. And the total charge
density distribution consists of the densities of ionized donors NB, ionized acceptors N, piezoelectric and
pyroelectric charge p,,. and p,,, besides the carrier densities n(x, ¢) and p(x, ¢), which are calculated either
classically or quantum mechanically:

p(x, ¢) = e[—n(x,0) + p(x,¢) + N (2) = Ny (%) + ppa(X) + ppy (x)] (6.2.5.15)

When the Schrodinger-Poisson equation is solved, i.e. quantum_poisson{ } is specified in run{ } section, the
carrier densities defined in either multi-band model or single-band model are substituted into this p(x, ¢) and the
Poisson equation is solved accordingly. Then the resulting ¢(x) is returned into the Schrédinger equation and the
carrier densities are calculated once again.

This cycle is continued until the carrier densities satisfies the convergence criteria, which can be tuned by the users
from run{ poisson{ } }. The final result of n(x, ¢), p(x, ¢) and ¢(x) must satisfy both Schrodinger and Poisson
equations, or we can say that the Schrodinger equation and Poisson equation are self-consistent with respect
to the resulting carrier densities and electrostatic potential.

On the other hand, when only the Poisson equation is solved, i.e. only poisson{ } is specified run{ } section,
the carrier densities are calculated according to (6.2.5.11) and (6.2.5.12) instead. We can say in other words that
the carrier density calculation in the context of Thomas-Fermi approximation and the Poisson equation are
self-consistent with respect to the resulting carrier densities and electrostatic potential.

lonized donor/acceptor densities

The densities of ionized impurities are calculated in the context of Thomas-Fermi approximation with these for-
mulas:

+ o NDJ' (X)

ND (X) - iEDZonors 1 + gD)i eXp((EF’n(X> _ EDJ(X))/I{?BT) (62516)
o Na,i(x)

o= Z 1+ gai exp((Ba(x) — Brp(x))/ksT) (62.5.17)
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where the summation is over all different donor or acceptors, N, N are the doping concentrations, gp, ga are the
degeneracy factors (gp = 2 and g4 = 4 for shallow impurities), and Ep, E/4 are the energies of the neutral donor
and acceptor impurities, respectively.

These energies of neutral impurities Ep ;, Ea; are determined by the ionization energies EX" ER | the bulk
conduction and valence band edges (including shifts due to strain) and the electrostatic potential.

Ep,i(x) = Ee(x) — e¢(x) — Epli(x) (6.2.5.18)
Eai(x) = BEy(x) — ep(x) + EX"(x) (6.2.5.19)
Piezoelectric and pyroelectric charge densities

Pp= and p,, are calculated according to the result of strain equation. (70 be updated)

Current equation
Current equation

The continuity equations in the presence of creation (generation, G ) or annihilation (recombination, R ) of electron-
hole pairs read

on
P (6.2.5.20)
eaiz + V- ejp(x) = e(G(x) — R(x)),
where the current is proportional to the gradient of quasi Fermi levels E , /,(x)
Jn(x) = = (x)n(x)V EF n (%), (6.2.5.21)

Jp(x) = p1p(X)p(X)V Ef p (x).

Here the charge current has the unit of (area)™!(time)~!. y,, /p are the mobilities of each carrier. In nextnano++,
Hn/p are determined using the mobility model specified in the input file under currents{ /.

Hereafter we consider stationary solutions and set 7 = p = 0. The governing equations then reduce to

V - 1 (X)(X)V B, (x) =
V- 1 (x)p(x)V B (x) = G(x) — R(x),

|

!
Q
)

!
=3
2

(6.2.5.22)

which we call current equation.

We can also say that the current equation governs the relationship between the carrier densities n(x), p(x) and
quasi Fermi levels L. ,, /,,(x).

The nextnano++ tool solves this equation and Poisson equation (and also Schrodinger equation) self-consistently.

In their solution, the corresponding calculation of the carrier densities (n(x7 &, Eg ), (%, ¢, Ep,p)) and Poisson
equation are firstly iterated for a given quasi-Fermi levels until the carreir densities converge. Then the resulting
carrier densities are substituted into the current equation and the quasi-Fermi levels are updated. This whole cycle
is iterated until the quasi-Fermi levels satifies the convergence criteria, which can be tuned by the users from run{
current_poisson{ } } or run{ quantum_current_poisson{ } }.

6.2. Models 129



nextnano Documentation, Release August 2024

Recombination/Generation

The recombination mechanisms that nextnano++ takes into account for the right-hand-side of (6.2.5.20) are
 Shockley-Read-Hall (SRH) recombination
* Auger recombination
» Radiative recombination
* “fixed (applied)”

The equations and parameters used for the three recombination mechanisms on the top are explained here: recom-
bination_model{ }.

The last one “fixed (applied)” is the contribution defined from structure{region{generation{}}} and optics{ photo-
generation{ } }. These typically represent generation instead of recombination and used for the simulation of the
devices under irradiation such as solar cells or CCDs. (For example, see nextnano++ tutorial GaAs solar cell.)

Optoelectronic characteristics based on the semi-classical model
According to the specification in the section classical{ }, nextnano++ can calculate optoelectronic characteristics
of the arbitrary structure by means of the so-called semi-classical model.

In this model, various quantities are calculated from the spontaneous emission rate, which is calculated at each
position x for the photons with each energy E based on the energy-resolved carrier densities n(x, E') and p(x, F)
obtained in the forgoing simulation.

* Spontaneous emission rate
RPM(x,E) = C(X)/alEh/dEe n(x, E)p(x, Ey)0(E. — Ey — E). (6.2.5.23)
Here C(z) [em3s™!] is the (material-dependent) radiative recombination parameter which is proportional to the
one specified in the database (Radiative recombination)

Then the other optical characteristics like stimulated emission rate, absorption/gain spectrum, and the imaginary
part of the dielectric constant are calculated according to this R."{" (x, E).

¢ Stimulated emission rate

Stimulated emission rate is calculated here as the net emission rate containing both the generation by the stimulated
absorption and the recombination by the spontaneous and stimulated emission according to the following equation:

E—(Bpn —Bpp)

stim (x,E) = <1 . ekBT> Rf'ﬁlon(xv E) (6.2.5.24)

rad,net

The reference equation is eq.(9.2.39) of [ChuangOpto1995].

RM™(E) and  R4™ (E) are output on  Optical/semiclassical_spectra_photons_~.dat  and

stim_emission_photons_~.dat as the integral of the above two quantities over x, i.e.
rad rad

RE™(E) = [ax RIS B). R (E) = [ dx Rx ) (6.25.25)

On the other hand, R54™ (x) is obtained as the integral of RS (x, E') over the photon energy, which is written

as “radiative” in the output file recombination.dat, i.e.

Rt (x) = / dE R:E™ (x, E). (62.5.26)

stim
rad,net

Note: Precisely speaking, R5L™ (x) is not directly integrated from R (x, E) but calculated according to the

rad,net
equation

Epp —Epp

R3tim, (%) = C(z)n(2)p(x) (1—e )
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This is meanwhile equivalent to (6.2.5.26).

¢ Generation by the irradiation (fixed(applied))

There is another radiative recombination rate output on recombination.dat called “fixed(applied)”, which should
be always negative. This is the contribution of the generation specified from structure{region{generation{}}} and
optics{ photogeneration{ } }. When we don’t specify either of them, this recombination rate is always 0.

Rifixea(x) = — (G(x) specified from structure )

- ( / dE G(E,x) calculated according to the configuration in classical )
(6.2.5.27)

This is mostly used for the analysis of the absorbing devices such as solar cells or CCDs.
* photocurrent

Then the photocurrent I, is calculated as the summation of the integration of these “radiative” and “fixed”:

Iphoto =e- </dx Rf:iﬁt(x) + /dx Rﬁxed(x)) (6.2.5.28)

* internal quantum efficiency

is calculated as

nQE = ﬁht‘l (6.2.5.29)
where [y, is the total injected current consisted of both electron and hole currents.
* volume quantum efficiency
, which is also called as radiative quantum efficiency, is calculated as
wor = i+ Plirea (6.2.5.30)

Rtolal

where Rl = REE™, + Rifixed + Rauger + Rsru is the total recombination rate including both radiative and non-
radiative recombination.

Both n7gr and ny g agree if the electrons and holes injected into the active region are fully consumed up by the
recombination there. However, if they are not consumed up, € - Rioal < Icharge and this results in nioe1 > 71gE2

Note: If you have any comments on the terminologies and definitions of these quantities, please send to support
[at] nextnano.com..

Moreover, the electrical power and optical power are calculated and output in power.dat:

¢ Power

Z Vi-th contact * i-th contact (6.2.5.31)

e Absorbed-power
/dde E-G(E,x) (6.2.5.32)

where G(F, x) is the generation rate calculated according to the configuration in classical{ }.

* Emitted-power

/ dEdx E - RP"(E, ) (6.2.5.33)
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Optoelectronic characteristics based on the quantum model

The nextnano++ tool has another important calculation scheme of optical properties, which is specified in the
section optics{ }. Here nextnano++ calculates them using the Fermi’s golden rule (time-dependent perturbation
theory) with 8-band k.p model.

These quantities are now supported
* Optical absorption coefficient
* Real/imaginary part of the dielectric constant
* Refractive index
» Optical gain as a negative part of optical absorption coefficient
* Spontaneous emission rate
* Transition intensity (optical matrix element)

For further detail about this section, please see Optical absorption for interband and intersubband transitions.
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6.2.6 Mobility

This section describes all mobility models implemented in the nextnano software. Related syntax can be found
here.

* Low-field mobility models
— Constant
— Masetti

Arora

MINIMOS 6

Simba
* High-Field Mobility Models

Hdnsch

Extended Canali

Transferred-Electron

Eastman-Tiwari-Shur

Note: If you need more mobility models implemented in nextnano++, contact us

Low-field mobility models

Four low-field following mobility models are supported in nextnano++.

Constant

The constant mobility model is due to lattice scattering (phonon scattering) and leads to a constant mobility that
depends only on the temperature T. The lattice atoms oscillate about their equilibrium sites at finite temperature
leading to a scattering of carriers which results in a temperature dependent mobility p.> .. p”P  is the mobil-
ity due to bulk phonon (lattice) scattering. For all semiconductors the temperature dependent lattice mobility is

modeled by a power law:

T

—exponent
wima =it (1) 6261
0

with temperature 7" and reference temperature 7y = 300K.

The parameter values used in this model for electrons and holes, respectively, are taken from the PhD thesis of
V. Palankovski Simulation of Heterojunction Bipolar Transistors (TU Vienna). (Note: The exponent has opposite
sign in his PhD thesis.)
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Masetti

The Masetti bulk mobility model is used to simulate the doping dependent mobility in Si and takes into account
the scattering of the carriers by charged impurity ions which leads to a degradation of the carrier mobility (ion-
ized impurity scattering). It is a model that combines lattice and impurity scattering. This model is temperature
independent and the parameters are given for 300 K. Thus it is only valid for 300 K.

Following [Masetti1983 ], the equation for mobility is :

PP np P n,p
np _ WP e~ NpFNA + Heonst Hamin2 _ M
K Homin1 P (6.2.6.2)

NN\ e NPT
D A s
1+( C:"p ) 1+ (ND+NA)

with the reference mobility parameters .2 |, P o and py'"*, the reference doping concentration parameters
PP CP, CP, o™P and f™P, and the concentration of ionized donors Np and acceptors IV 4. The total con-
centration of ionized impurities is given by Np + N4. The low-doping reference mobility y..> ., is determined
by equation (6.2.6.1) (constant mobility-model), i.e. the values in the database under keyword mobility_constant{}

are the same as under this keyword.

The values of the parameters were taken from the DESSIS documentation (2001).

Arora

The Arora mobility model is used to simulate the doping dependent mobility in Si and takes into account the
scattering of the carriers by charged impurity ions which leads to a degradation of the carrier mobility (ionized
impurity scattering). This model is temperature dependent.

Following [Aroral982], the equation for mobility is:

) (6.2.6.3)

Np+N.
a (N:*”-LETTJA“V)

with the reference mobility parameter "> (1)), reference mobility parameter p,””, lattice temperature 7', refer-
ence temperature 7y = 300K, reference exponent parameter A", exponents o'y’ and a'? reference impurity
parameter NSL P and concentration of ionized donors Np and acceptors N 4. The total concentration of ionized

impurities is given by Ny + Np.

The values of the parameters were taken from the DESSIS documentation (2001).

MINIMOS 6

The mobility model used in MINIMOS 6 is used to simulate the doping dependent mobility in Si and takes into
account the scattering of the carriers by charged impurity ions which leads to a degradation of the carrier mobility
(ionized impurity scattering). This model is temperature dependent and takes into account the reduced mobility
due to lattice scattering (i.e. the values in the database under keyword mobility_constant{} are the same as under
this keyword apart from the sign of the exponent). The formula of Caughey and Thomas [CaugheyThomas1967] is
used together with temperature dependent coefficients. This model is well suited for Si. The equation for mobility
is:

n,p n,p
Heonst — Hmin

)Aff'p'(?o)% (6.2.6.4)

n,p _ ,,™P
2 = Hmin +

14+ ( Np+Na

&P
N (TN
0 To

with lattice temperature 7', reference temperature 7, = 300K, reference exponent parameter AP, exponents
ay? and P, reference impurity parameter N**, and concentration of ionized donors Np and acceptors Ny4.
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The total concentration of ionized impurities is given by Np + Na. The u.P . is determined by the constant
mobility-model: equation (6.2.6.1). The formulas for the reference mobility parameter p,.% ., are
T ap?
k) = @) (77 6265)
Ty
n n 2 ay T Qo

where (6.2.6.5) applies to temperatures 7' > 200K and (6.2.6.6) to temperatures I' < 200K . The value T' = 200K
can be changed by T'syitch. By setting aguP = o/;;g and a'? = 0, (6.2.6.6) reduces to (6.2.6.5) and this model
can also be applied to other basic materials.

It is a model that combines lattice and impurity scattering.

The parameter values used in this model for electrons and holes, respectively, are taken from the PhD thesis of
V. Palankovski Simulation of Heterojunction Bipolar Transistors (TU Vienna). (Note: The exponent has opposite
sign in his PhD thesis.)

Simba

Attention: These models are implemented only in nextnano’

This is one possible model for the mobility parameter ™ (for electrons) and u? (for holes) that is used in the
drift-diffusion model. The model is taken from the SIMBA documentation [CaugheyThomas1967]. In this model
the mobility depends on the three quantities: doping density, temperature and E-field. The contributions of these
quantities to the mobility are calculated in the following order:

1) Doping concentration:

n,p
Hp
N4+ Np )“W (6.2.6.7)

1+(W

#P(Na+ Np) = pii, +

with minimum mobility /1, , reference doping density V"%, reference mobility 1.;"”, exponent

a™P and concentration of ionized acceptors IV 4 and donors Np. Note that the nominal doping

concentration, as specified in the input file and not the ionized one, is used in nextnano’.

2) Temperature:

n,p

T -
(T = () ’ (62.6.8)
To

with temperature 7', reference temperature 7j and exponent for temperature dependence y™P.

3) Electric field (perpendicular):

pP(EL) = ——— 6.2.6.9
S+l (6269

with perpendicular electric field parameter £ It is possible to include/ exclude the perpendic-
ular E-field dependence.

4) Electric field (parallel):

There are six different SIMBA models for including the impact of the parallel electric field:
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Model 0
no dependence on parallel electric field

Model 1

n pr
7p(:E}) = ., ﬂn,:ﬂ
IE|| am? (62610)
1 + (E;},p)

with exponents o P and 8™P. The temperature dependency of peak electric field is described by:

E)P(T) = Ey? —dy” - (T - To), 6.2.6.11)

with temperature T', peak electric field E)"”, temperature dependence parameter of peak electric field
d'y" and reference temperature 7.

Model 2
pr
n,p E —

o (E) { TG /e (6.2.6.12)

1+ (,un’p W)
with exponent x™P adn saturation velocity v_s*{n,p}(T). Temperature dependency of saturation ve-

locity is described by:

VP (T) = vy? —dP? - (T — Tp), (6.2.6.13)

with reference saturation velocity v, temperature dependence parameter of saturation velocity d"*?
and reference Temperature 75,7 .

Model 3
un,p_i_vn,pﬂ}a“s
() = g 6.2.6.14
=TT S (62.6.14)
1+ (@)
Model 4
2P
o (B) = . T
wnop] 1/ R (6.2.6.15)
L (1 (e deh)
Model 5

E[)""
np 4 gnop UED™ 7
:u’ S (Ep’p)“ P

pP(E) = e Frop (6.2.6.16)
{” (#+) }
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High-Field Mobility Models

Four high-field mobility models are currently implemented in nextnano++. In our implementation, each of them
uses results obtained from selected low-field model passed via oy -

Hansch

As mentioned above, this model is a special case of the Extended Canali model in the limit of strong surface
scattering defined by W. Hénch and M. Miura-Mattausch

2,Uflow
p(F) = o 1/2
1+ <1 + (21er) )

where 10w is low-field mobility, vy, is saturation velocity, and F' is the driving force.

Extended Canali

The Extended Canali model is an extended version of Jacoboni-Canali model, originally applied to electron and
hole drift-velocity measurements in silicon by Canali, et al..

(o + 1) thow
B 1/8
a+ (1+ ((a+1)i“,‘;’wF) )

sat

p(F) =

where oy is low-field mobility, vg, is saturation velocity, and F' is the driving force. Parameters «, 8 and vgy
are defined independently for holes and electrons . The driving force F' of the respective carriers is evaluated as
the gradient of the respective quasi-Fermi level. The o parameter should be set to zero, if one aims at using the
Extended Canali model. One can transform it into Hénch model by setting &« = 1 and = 2.

Transferred-Electron

The transferred electron model below bases on Monte Carlo simulation of transport in the IlI-nitride wurtzite
materials done by M. Farahmand, et al..

B
M(F B Mow + Ui,i“ (ELO)

_ \m)
ter(E) + ()

where Loy is low-field mobility, v, is saturation velocity, F' is the driving force, and E) is critical field. Parameters
«, B, v and vy, are defined independently for holes and electrons.

6.2. Models 137



nextnano Documentation, Release August 2024

Eastman-Tiwari-Shur

A model based on a modified theory of the high-field domains which takes into account the field dependent diffusion
by L. F. Eastman, et al. for GaAs MESFETs. Where F; = 221t after work of J. Chillieri, et al..

Hlow

Usat

1+« (HlowF>B

Usat

B
Hlow + %0& (#IOWF)
w(F) =

where 0w is low-field mobility, vg,, is saturation velocity, and F' is the driving force. Parameters «, 5 and v, are
defined independently for holes and electrons. The driving force F' of the respective carriers is evaluated as the
gradient of the respective quasi-Fermi level.

Parameters o and 3 can be replaced introducing four other parameters Epcak, Emid, Vpeak> and vmig, all related to
the shape of the drift velocity function of the driving force. See J. Chillieri, et al. for reference.

l og ( Eid flow —Vmid vpauk*vsm)

Epeak Hlow — Upeak Umid — Usat

5 f—
log (£ )

B
o= Epeak,uflow — Upeak ( Usat )
Upeak — Usat Epeak,ulow

Last update: nn/nn/nnnn

6.2.7 Model for optical spectra within Fermi’s golden rule

This page will summarize theory, that is currently distributed on the following pages:
* Intersubband transitions in InGaAs/AllnAs multiple quantum well systems
* Optical intraband transitions in a quantum well - Intraband matrix elements and selection rules

* Optical absorption for interband and intersubband transitions
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6.2.8 Doping

Activation Energies

Table 6.2.8.1: Donor levels (n-type) in units of eV relative to conduction
band edge
Donor Name En- Source
ergy
n-As-in-Si 0.054 | DESSIS
n-As-in-Si 0.049 American Institute of Physics Handbook, 3rd ed., McGraw-Hill, New York
(1972)
n-P-in-Si 0.045 DESSIS, American Institute of Physics Handbook, 3rd ed., McGraw-Hill,
New York (1972)
n-Sb-in-Si 0.039 | DESSIS
n-N-in-Si 0.045 | DESSIS
n-As-in-Ge 0.013 American Institute of Physics Handbook, 3rd ed., McGraw-Hill, New York
(1972)
n-P-in-Ge 0.012 American Institute of Physics Handbook, 3rd ed., McGraw-Hill, New York
(1972)
n-N-in-SiC 0.10 DESSIS
n-Si-in-GaAs 0.0058
n-Si-in-AlAs 0.007 300 K, Landolt-Boernstein
n-Si-in- 0.006 Landolt-Boernstein
Al0.27Ga0.73As

More parameters can be found in the nextnano® database file database_nn3.in or at this link

Table 6.2.8.2: Acceptor levels (p-type) in units of eV relative to valence

band edge
Acceptor En- Source
Name ergy
p-In-in-Si 0.16 DESSIS
p-B-in-Si 0.045 DESSIS, American Institute of Physics Handbook, 3rd ed., McGraw-Hill, New

York (1972)

p-Al-in-Si 0.057 American Institute of Physics Handbook, 3rd ed., McGraw-Hill, New York (1972)
p-B-in-Ge 0.010 American Institute of Physics Handbook, 3rd ed., McGraw-Hill, New York (1972)
p-Al-in-Ge 0.010 American Institute of Physics Handbook, 3rd ed., McGraw-Hill, New York (1972)
p-Al-in-SiC 0.20 DESSIS
p-C-in-GaAs 0.027 Landolt-Boernstein 1982

More parameters can be found in the nextnano’® database file database_nn3.in or at this link

6.3 Material Database

Note: This section is under construction

6.3. Material Database
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6.3.1 Introduction to Material Database

As nextnano++ is a general tool for simulations of semiconductor devices, we have structured our database to
handle numerous materials and alloys. The database is prepared to hold any materials which can be described
within one of two models currently implemented in the nextnano++ code. These are models for crystals with
zincblende and wurtzite symmetries. The database is not limited, which means that you can modify it and extend
it adding new materials as much as you need for your purposes. Below, you can find a pedestrian guide to the
material database of nextnano++.

Parameters of Elements & Binary Compounds

The first step to learn how to modify the material parameters is to open nextnano++\Syntax\database_nnp.in in
your installation folder to see how it is structured. You can open it with any text editor.

You will quickly notice that every single material is contained in a separate top-level group binary_zb{}, if it
follows model for zincblende crystals, or binary_wt{}, if it is described within models for wurtzite symmetry.
These are the most important groups in the database, and most likely, these you want to edit as they contain all ma-
terial parameters for pure components (mostly binaries) your materials which can further form alloys. Every such
group has similar structure, namely they begin with two attributes with some value assigned name and valence,
and other groups containing multiple parameters describing given material. See a few examples below.

668 binary_zb{

669 nhame = Si

670 valence = IV_IV

671

672 # Some other groups
673 }

1596 binary_zb {

1597 name = GaAs

1598 valence = III_V

1599

1600 # Some other groups
1601 }

me |binary_wz {

7227 name = GaN

7208 valence = III_V

7229

7230 # Some other groups
7231 }

The name attribute defines the name of defined material, which you use to refer to the set of parameters. The
valence attribute specifies families of elements forming the binaries.

Task
Find these groups in your database. Depending on the release, they may be present at different
lines.

Next, groups containing all the parameters are listed in some order, e.g., lattice_consts{},
dielectric_consts{}, and so on.

8855 binary_wz {

8856 name = Zn0

8857 valence = II_VI

8858

8859 lattice_consts{

8860 # Some parameters

(continues on next page)
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8861

8862

8863

8864

8865

8866

8867

8868

(continued from previous page)

}

dielectric_consts{
# Some parameters

# Some other groups

In principle, you can modify these parameters and run nextnano++ with them. However, other approach might be
better for you. If you need to change the database only a bit or only for some of your simulations then better don’t
change it here.

Attention: Every single parameter for the model must be defined in these groups.

Bowing Parameters and Ternary Alloys

The next are definitions of ternary alloys. They begin separately for each kind of alloys, following definitions of
respective binaries and elements. You can find the definitions of ternary alloys beginning with big comments. A
few examples below for materials with zincblende symmetry.

1419

1420

1421

3181

3182

3183

6341

6342

6343

RARRRBHHHHAHHARRRRRHHHAAHRARRR R HHAAAHRRRR R HHAAHAAR BB R A AAH AR BB R RS HHHHH

HE#HARBH AR #HH
# TERNARY ALLOYS -- IV - IV VALEN,
~C E

HARBRBHHHHHHARRR BB R A A AHRRRRRRRFH A AR AR BB R H A AR R R R R RHHAATHRRRR RS RHHH A
HARARBRB##HHH

g g

S HAHAHBR SRR
# TERNARY ALLOYS -- IIT -V VALEN,
~C E

HBHARBHAHRBHARBHARRBH AR B H A AR ARRBHHRBHARBRHHRBH AR B A AR H AR B ARRR A ARG H AR RS AHH
HHEHAHBRBRAHHHH

g

HE#HRRRHHRR#HH
# TERNARY ALLOYS -- IT - VI VALEN,
~C E

HARBRBHHHHHHHRRRRRR A A AHRRRRR R FHAHHAARRRR R H A AR BB R RS A AR BB SRS HHH A
HAHRRRRBRA####

These comments are directly followed by lists of available alloys definitions, which you can use in your input files.
Then, similarly o the definitions of the binary compounds, bowing parameters of specific ternaries and definitions
of the alloys are coded within three top-level groups.

6.3. Material Database
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Constant Bowing Parameters

The simplest definition, for ternaries with bowing parameters not-dependent on the mole fraction, is done with a
group ternary_zb{} like in the case of SiGe.

433 | ternary_zb {

1434 name = "Si(l—x)Ge(x)"
1435 valence = IV_IV

1436 binary_x = Ge

1437 binary_l_x = Si

1438

1439 conduction_bands{

1440 Delta{

1441 bandgap = 0.206

1442 }

1443 }

1444

1445 kp_6_ba.nds {

1446 L=0 M=0 N=0
1447 }

1448

1449 } H {

1450 name = "Ge (x)Si(l—x)"
1as1 valence = IV_IV

1452 binary_x = Ge

1453 binary_l_x = Si

1454 } H {

1455 name = "Si (x)Ge(l—x)"
146 valence = IV_IV

1457 binary_x = Si

1458 binary_l_x = Ge

1459 } H {

1460 name = "Ge(l—x)Si(x)"
1461 valence = IV_IV

1462 binary_x = Si

1463 binary_1_x = Ge

et | }

The main body of ternary_zb{} (lines 1434-1448) is structured very similarly to what can be found in
binary_zb{}. First, the reference name of the alloy is specified by setting some string to the attribute name.
Then the attribute valence is set to element families the same as for binaries or elements. Besides these at-
tributes, another two are introduced: binary_x and binary_1_x. Names of already defined binary materials
must be assigned to these attributes. Having

1434 name = "Si(1-x)Ge(x)"
1435 valence = IV_IV

1436 binary_x = Ge

1437 binary_1_x = Si

means that material parameters of the material with a name “Si(1-x)Ge(x)”, categorized as IV-IV alloy, are com-
puted based on material parameters of materials named “Ge” and “Si” in the database, where a mole fraction z
specified in the input file corresponds to the mole fraction of “Ge”, while a value (1 — z) is a mole fraction of “Si”
in this alloy.

Definition of bowing parameters for the alloy is following these four attributed. Syntax related to the parameters
is exactly the same as in previously described group binary_zb{} with a difference, such that if some bowing
parameters are not defined, then they are set to zero by default.
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Attention: Not defined bowing parameters are set to zero by default.

The three extra sections following the top part of the group ternary_zb{} are clones of the group with the top-
level attributes redefined. This allows to create equivalent definitions of the same alloy, with different names.

1449

1450

1451

1452

1453

1454

1455

1456

1457

1458

1459

1460

1461

1462

1463

1464

o Ao
name
valence
binary_x
binary_1_x
o {
name
valence
binary_x
binary_1_x
P A
name
valence
binary_x
binary_1_x

= "Ge(x)Si(1-x)"
IV_IV

Ge

Si

= "Si(x)Ge(l-x)"
IV_IV

Si

Ge

= "Ge(1-x)Si(x)"
IV_IV

Si

Ge

As a result multiple equivalent definitions of the same alloy are available allowing you to pick your favorite con-
vention to express the alloy. Similar approach applies to materials with wurtzite sammetry, the difference are
parameters and name of groups containing “_wz” instead of “_zb”.

Fraction-Dependent Bowing Parameters

Two other groups, bowing_zb{} and ternary2_zb{} are needed to define an alloy with bowing parameter de-
pendent on the mole fraction. The definition of such ternary alloy begins with defining the bowing parameters for
mole fractions zero and one, which will further be linearly interpolated for each intermediate composition.

An example of such alloy is AlGaSb, for which two groups of bowing parameters, bowing_zb{}, are specified in
the database.

3555

3556

3557

3558

3559

3560

3579

3580

3581

3582

3583

3584

bowing_zb {
name
valence

"AlGaSb_Bowing_Al"
= III_V

# Some parameters

}

bowing_zb {
name = "AlGaSb_Bowing_Ga"
valence = III_V
# Some parameters

}

These groups do not contain any definition of what are the constituent materials and how they should be interpreted.
They only contain reference name, family assigned and sets of bowing parameters.

The groups ternary2_zb{} are used just after to define such dependencies, e.g.,

3602

3603

ternary2_zb {
name

= "Al(x)Ga(1l-x)Sb"

(continues on next page)
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3604 valence = III_V

3605 binary_x = AlSb

3606 binary_l_x = GaSb

3607 bowing_x = AlGaSb_Bowing_Al
3608 bowing_1_x = AlGaSb_Bowing_Ga
600 |}

defines a ternary alloy named “Al(x)Ga(1-x)Sb”, classified as ITII-V material, constructed based on materials “AlSb”
and “GaSb”, with the bowing parameters linearly interpolated from these listed in “AlGaSb_Bowing_Al" to these
listed in “AlGaSb_Bowing_Ga” when mole fraction x goes from 1 to 0.

Ternaries, Quaternaries, & Quinternaries

Other types of alloys are defined similarly to ternaries, the same rules and syntax applies. They require proper
definition of binaries and ternaries beforehand.

Related Documentation
e Interpolation Schemes
* Default Materials and Alloys
* Definition of Band Offsets (zincblende)
* Input File Syntax - database{ }

Last update: nn/nn/nnnn

6.3.2 Defining New Materials

How to define new materials for simulations with nextnano++? You may have multiple reasons for modifying
your parameter database. You may like to tune some parameters to adjust the simulation to some experimental
results. You are simulation for a new material or a material with not very well established parameters, so you need
to explore results in the space of various values of the parameters. Your technological process produces “the same”
material with slightly different parameters in various regions of your simulation, so you need to have a duplicate
behaving slightly different in different areas of your simulation.

To address all of this issues you need one of two solutions either to use a keyword group database{ } in your input
file or modify the database file nextnano+-+\Syntax\database_nnp.in. Both methods requires you to get familiar
with already existing database. If you didn’t read it yet, get familiar with our Introduction to Material Database
first.

Database or Input File?

Before introducing any modifications to the material parameters, let us answer an important question: Should the
modification be done in the database file (by default nextnano++\Syntax\database_nnp.in) or in the input file?

Here are our advices on this matter. If you want to have the change for all your simulations, then this is a good
approach. If you loose the original database, then you can always download it again. Be sure that you know what
you are doing. If the change is meant only for one of your simulations, then you should do it in the input file. If
the change is small, and you are not sure if correct, then do it in the input file. If you need the change for multiple
of your simulations but not all of them, then either create a second database or add your own modified materials
independently of the default ones.

The nicest practical thing about our definition of the database is that we introduced /ere, that it is fully consistent
with the syntax of the input file. It means that everything what you write inside the database{ } group in the
input file, will behave exactly as written in the database file, e.g., in nextnano++\Syntax\database_nnp.in. For this
purpose, the modification of the nextnano+-+\Syntax\database_nnp.in is not discussed in this site, as whatever you
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can script inside the database{ } group in your input file can be copy-pasted to the database file, e.g., at the end
of the file.

Modifying an Existing Material

Let us assume that you would like to modify energy band gap of GaAs to a value of 1.42 eV and the average energy
of valence bands to 1.26 eV. Assuming also, that you are not familiar with the syntax yet, the best approach is
to open the default database file nextnano++\Syntax\database_nnp.in and find definition of the binary compound
GaAs; It begins at the line 1596. Below there is a simplified piece of the referred to database.

19 | binary_zb {

1597 name = GaAs

1598 valence = III_V

1599

1600 lattice_consts{

1601 a = 5.65325

1602 a_expansion = 3.88e-5

1603 }

1604

1605 # Some other parameters

1606

1607 conduction_bands{

1608 Gamma {

1609 mass = 0.067

1610 bandgap = 1.519

1611 bandgap_alpha = 0.5405e-3
1612 bandgap_beta = 204

1613 defpot_absolute = -9.36

1614 g = -0.30

1615 }

1616

1617 # Some other parameters of conduction bands
1618

1619 }

1620

1621 valence_bands{

1622 bandoffset = 1.346

1623

1624 HH{ mass = 0.51 g = -7.86 }
1625 LH{ mass =0.082 g =-2.62}
1626 SO{ mass =0.172 }

1627

1628 defpot_absolute = -1.21

1629 defpot_uniaxial_b = -2.0 defpot_uniaxial_d = -4.8
1630

1631 delta_SO = 0.341

1632 }

1633

1634 # The rest of parameters

1635 }

Then, you need to copy the name attribute specifying which material is edited and all attributes relating to the
parameters of interest, together with the groups and nested groups to which they belong to. I this case, aiming only
at modification of the band gap represented by an attribute bandgap and average valence band energy represented
by an attribute bandoffset, you need to write following script in your input file.
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database{
binary_zb {

name = GaAs

conduction_bands{
Gamma {

bandgap = 1.49

}

}

valence_bands{
bandoffset = 1.26

}

Note that all the copy-pasted script is additionally enclosed in the database{ } group for the input file.

Exactly the same approach can be applied to modify bowing parameters. Having definition in the database as
follows

3378

3379

3380

3381

3382

3383

3384

3385

3386

3387

3388

3389

3390

3391

3392

ternary_zb {
name = "In(x)Ga(l-x)As"
# Here you can add or edit:
# - other attributes
# - ternary bowing parameters

P {

name = "Ga(l-x)In(x)As"
# Other Attributes

oo Aq
name = "Ga(x)In(1-x)As"
# Other Attributes

o q
name = "In(1-x)Ga(x)As"

# Other Attributes

you should use only the top group, the one containing parameters, for redefinition with any of four names as
reference. For example, assuming that you are aiming at changing bowing parameter for spin-orbit coupling energy,
you need to have

database{
ternary_zb {
name = "In(x)Ga(l-x)As"
valence_bands{

5 delta_SO = 0.15

6 }

7 }

s |}
or

1 | database{

2 ternary_zb {

3 name = "Ga(l-x)In(x)As"

4 valence_bands{

5 delta_SO = 0.15

6 }

7 }

(continues on next page)
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or with one of the remaining names, in your input file.

Defining a New Binary Compound or Element

Defining a new material is similarly simple as editing the existing one. The main difference is that you need to
define all the parameters of the material. The best approach is, again, to begin with copy-pasting and existing
material with crystal symmetry of your interest. After that, you can edit it such that it represents the material of
your interest. It is important, that the new material is named differently than existing ones or the ones that you are
using in your simulation. Otherwise you are risking overwriting materials that you do not want to overwrite. Use
the new name to refer to this material. Let us assume that you are interested in having Silicon in wurtzite symmetry.
The first step is to locate any wurtzite binary compound defined in the database, like the one below.

me |binary_wz {

7227 name = GaN

7228 valence = III_V
7229 # Some parameters
7230 }

The second step is to rename conveniently it and give it parameters of the wurtzite Silicon. You can also change
the family to the group IV for consistency by modifying the valence attribute.

1 | database{

2 binary_wz {

3 name = Si_wz

4 valence = IV_IV

5 # All wurtzite Si parameters
6 }

7|}

After you are satisfied with your definition of the new material, in most cases, it makes sense to copy-paste it back
to the database file. Remember to remove the database{ } group while doing so.

Defining a New Alloy

It’s the same copy-pasting procedure as before. The best is to begin with finding a definition of the alloy that is
qualitatively similar to yours - the same interpolation schemes and stoichiometric notation. Let us assume that the
target alloy is T1(x)Bi(1-x)Sb with zincblende symmetry. Then AllnAs is one of many perfect starting points to
define this alloy.

s | ternary_zb {

3329 name = "Al(x)In(1-x)As"
3330 valence = ITI_V

3331 binary_x = AlAs

3332 binary_1_x = InAs

3333

3334 # Some bowing parameters

3335

3336 } H {

3337 name = "In(l—x)Al(x)As"
3338 valence = III_V

3339 binary_x = AlAs

3340 binary_1_x = InAs

3341 } H {

(continues on next page)
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342 name = "In(x)AL(1-x)As"
3343 valence = III_V

3344 binar y_X = InAs

3345 binary_1_x = AlAs

3346 } : {

3347 name = "AI(1-x)In(x)As"
3348 valence = III_V

3349 binar y_X = InAs

3350 binary_1_x = AlAs

3351 }

The first step is to create ternary definition, so it is clear how many and which components are required. All bowing

parameters are taken equal zero for simplicity in the example below.

1 | database{

2 ternary_zb {

3 hame = "T1(x)Bi(1-x)Sb"
4 valence = ITI_V

5 binary_x = T1Sb

6 binary_1_x = BiSb

7

8 # No ternary bowing parameters here if all are assumed to be zero
9

10 } H {

1 name = "Bi(1-x)T1(x)Sb"
12 valence = III_V

13 binary_x = T1Sb

14 binary_1_x = BiSb

15 } H {

16 name = "T1(1-x)Bi(x)Sb"
17 valence = III_V

18 binary_x = BiSb

19 binary_1_x = T1Sb

20 } H {

21 name = "Bi(x)T1(1-x)Sb"
n valence = III_V

2 binary_x = BiSb

2 binary_1_x = T1Sb

25 }

26 }

The clones are not necessary, but useful to have. The next step, is to define binaries. Therefore, any zinc-blend
binary compound needs to be copied and pasted twice with names “BiSb” and “TISb” as these have been used in

the definition of the ternary “TI(x)Bi(1-x)Sb”.

1 | database{

2 binary_zb {

3 name = BiSb

4 valence = III_V

5 # All BiSb parameters
6 }

7 binary_zb {

8 name = T1Sb

9 valence = III_V

10 # All T1Sb parameters
11 }

12 }
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Related Documentation
* Interpolation Schemes
* Default Materials and Alloys
* Definition of Band Offsets (zincblende)
* Input File Syntax - database{ }

Last update: nn/nn/nnnn

6.3.3 Interpolation Schemes

e Introduction
* Two-component alloys
— Linear - no bowing
— Quadratic - constant bowing
— Cubic - composition-dependent bowing
* Three-component alloys
* Four-component alloys

» Six-component alloys

» Eight-component alloys

Introduction

As our software addresses simulations for a broad range of semiconductor materials, these based on binary com-
pounds (like GaAs) and single elements (like Si), a unified naming of the alloys becomes problematic if one tries
to follow standards in the literature. For example, SixGe| xis a binary alloy (two elements), while GayIn; xAs is a
ternary alloy (three elements), even though their parameters are interpolated using exactly the same schemes.

On the other hand side, in both cases there are only two component materials (pure materials) involved in formation
of the alloy, Si and Ge in the first case, and GaAs and InAs in the second case. Therefore, in this documentation, we
will refer to all pure materials (which parameters are typically tabulated in literature, like: GaAs, InN, ZnO, Si, etc.)
as component materials and naming of interpolation schemes will be based on the number of these components
materials involved in them. With such formalism, both SixGe;x and GaxIn; xAs are two-component alloys.

Attention: Syntax of the database is consistent with standard naming for III-V and II-VI material systems.
Therefore, regardless of the number of elements forming component materials, they are referred to as binaries;
and the simplest available alloys are ternary alloys.
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Two-component alloys

Two-component alloys are typically called binary alloys when group-IV are mixed (IV-IV) and ternary alloys in
the case of III-V or II-VI binary compounds (III-V-V, HI-III-V, II-VI-VI, and II-1I-VI). Examples of such alloys

are: SiyGejx, GayIni 4N, and GaAs,Sb .

Material parameters of two-component alloys are interpolated based on material parameters of two components and
a proper bowing parameter ba g for the alloy, if defined. Three interpolation schemes are available in nextnano++

for this type of alloys: Linear, Quadratic, and Cubic.

Linear - no bowing

If only parameters of the component materials are defined then a linear interpolation is used to evaluate values of

the parameters for the alloy.

IV-IvV
For alloys of type A(Bj.x, the scheme reads

Pap(xz)=x-Pa+[1—2]- Ps,

where Pap (2) is an interpolated material parameter of a two-component alloy AxB;_x based on
parameters P and Pp describing pure components A and B, respectively.

III-III-V and II-1I-VI
For alloys of type AxB;«xC, the scheme reads

Papc () =2 - Pac +[1 — 2] - Pe,

where Papc (2) is an interpolated material parameter of a two-component alloy A;B;4C based
on parameters Pyc and Ppc describing pure components AC and BC, respectively.

ITI-V-V and II-VI-VI
For alloys of type AB4C), the scheme reads

Papc (z) =2 - Pap + [1 — 2] - Pac,

where Papc () is an interpolated material parameter of a two-component alloy AB4C;_ based
on parameters Pap and Pac describing pure components AB and AC, respectively.

Syntax
Let’s consider an alloy GalnAs with AC being GaAs and BC being InAs. All the parameters of
GaAs and InAs needs to be defined within binary_zb{} or binary_wz{}. To recognize the alloy
and relate names of component materials, one needs to also define fernary_zb{} or ternary_wz{},
but no bowing parameters needs to be defined there, zeroes are assumed.

binary_zb{
name = GaAs
valence = III_V

# All the parameters of GaAs here (P_A)

}
binary_zb{

name = InAs

valence = III_V

# All the parameters of InAs here (P_B)
}

ternary_zb{

(continues on next page)
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name = "Ga(x)In(1-x)As"
valence = III_V
binary_x = GaAs
binary_1_x = InAs

# No bowing parameters specified here

Quadratic - constant bowing

If bowing parameters are specified in the database using keywords If linear interpolation is not sufficient, quadratic

interpolation with a bowing parametr can be used instead.

IV-IV
For alloys of type AxBj.x, the scheme reads

Pap(z)=x-Py+[1—2|-Pg—xz[l — 2] bag,

where Pap () is an interpolated material parameter of a two-component alloy A;B;.x based on
parameters P, and Pp describing pure components A and B, respectively, and bap is a bowing
parameter for the alloy.

III-III-V and II-1I-VI
For alloys of type AxB.xC, the scheme reads

PABc(I):I'PAO+[1*I}'PB(ij[lfiliybABc,

where Papc () is an interpolated material parameter of a two-component alloy A B1_4C based
on parameters Pac and Ppc describing pure components AC and BC, respectively, and bapc is
a bowing parameter for the alloy.

III-V-V and II-VI-VI
For alloys of type ABxC| x, the scheme reads

Papc () =2+ Pap+[1 —z]- Pac — [l — 2] - baBc,

where Papc () is an interpolated material parameter of a two-component alloy AB,C; 4 based
on parameters Pap and Pac describing pure components AB and AC, respectively, and bapc
is a bowing parameter for the alloy.

Syntax
For quadratic interpolation of a certain material paramter, one has to specify a bowing paramter
bap inside the groups ternary_zb{} or ternary_wz{}.

binary_zb{
name = GaAs
valence = III_V

# All the parameters of GaAs here (P_A)

}
binary_zb{

name = InAs

valence = III_V

# All the parameters of InAs here (P_B)
1

(continues on next page)
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ternary_zb{

name = "Ga(x)In(1l-x)As"
valence = III_V
binary_x = GaAs
binary_1_x = InAs

# Some bowing parameters (b_AB)

Cubic - composition-dependent bowing

If a constant bowing paramter b 4  is not sufficient for interpolation of the parameters, like for highly-mismatched
alloys or dilute nitrides, one can use a scheme where the bowing parameter is assumed to be linearly dependent
on the mole fraction X, bap ().

IV-IV
For alloys of type A«B.x, the scheme reads

Pap(z)=x-Pa+[1—2z] - Ps—x[l—2x] bap ()

bag () =z -bap—a + [1 — ] - baBB,

where Pap () is an interpolated material parameter of a two-component alloy AB; based
on parameters Px and Pp describing pure components A and B, respectively. The bap_,a =
bag (1) is a bowing parameter for nearly pure A, while the bap_5 = bap (0) is a bowing
parameter for nearly pure B.

III-II1-V and II-11I-VI
For alloys of type AxB.xC, the scheme reads

Papc(z) =2 - Pac +[1—2]- Psc —x[1 — 2] - bagc,

bagc (z) =z - bapc—ac + [1 — 2] - bapc—Be,

where Papc () is an interpolated material parameter of a two-component alloy AcB1_4C based
on parameters Pyc and Ppc describing pure components AC and BC, respectively. The
bapc—ac = bapc (1) is a bowing parameter for nearly pure AC, while the bapc—pc =
bagc (0) is a bowing parameter for nearly pure BC.

III-V-V and II-VI-VI
For alloys of type AB4C|., the scheme reads

Papc (z) =2 - Pap + [1 — 2] - Pac — 2 [1 — 2] - basc,

basc () = x - bapcoap + [1 — 2] - baBc—ac

where Papc () is an interpolated material parameter of a two-component alloy AB,C;_ based
on parameters Ppxp and Pyc describing pure components AB and AC, respectively. The
bapc—a = bapc (1) is a bowing parameter for nearly pure AB, while the bapc—ac =
bapc (0) is a bowing parameter for nearly pure AC.

Example and Syntax
Let’s consider the bowing paramters of energy gaps in Al, Gai_,As based on the Table XII. in
[vurgaftmanjap2001]. The direct gap has a bowing parameter given by the formula

balGaas (¥) = —0.127 4+ 1.310 - x
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while indirect gaps to the points L and X have bowing parameters 0 and 0.055, respectively.
Therefore, two bowing parameters needs to be included in the database, the one at mole fraction
x=0 to describe the interpolation for small amounts of Al, near GaAs:

bAlGaAs—Gars = bAalgaas (0) = —0.127 4+ 1.310 - 0 = —0.127,
and at x=1 to describe the interpolation for small amounts of Ga, near AlAs:
bAIGaAs—AlAs = DAlGaas (1) = —0.127 +1.310 - 1 = 1.183.
Finally, the fraction-dependent bowing parameter is given by
bAlGaas () = T - balcaAs—»AlAs + [1 — 2] - bAlGaAs—GaAs
To use this of interpolation, one should not use rernary_zb{} or ternary_wz{} groups to define
bowing parameters. Instead, groups bowing_zb{} or bowing_wz{} should be used to define val-

ued of the bowing for extrememal concentrations, x=0 and x=1. The groups fernary2_zb{} and
ternary2_wz{} should be used to relate all the bowing parameters and component materials for

the alloy.

binary_zb{
name = AlAs
valence = III_V

# All the parameters of GaAs here (P_A)

}
binary_zb{
name = GaAs
valence = III_V
# All the parameters of InAs here (P_B)
}
# Al(x)Ga(1l-x)As: (x=1)
bowing_zb{
hame = "AlGaAs_Bowing_AlAs"
valence = ITI_V

conduction_bands{
Gamma{ bandgap

-0.127 + 1.310 * 1 } # b_AB(x=1)
}

X { bandgap = 0.055 # b_AB(x=1)
}
}
# Al(x)Ga(l-x)As: (x=0)
bowing_zb{
hame = "AlGaAs_Bowing_GaAs"
valence = III_V

conduction_bands{
Gamma{ bandgap

-0.127 + 1.310 * @ } # b_AB(x=0)

X { bandgap = 0.055 } # b_AB(x=0)
}
}
ternary2_zb{
name = "Al(x)Ga(l-x)As"

(continues on next page)
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valence = III_V

binary_x = AlAs

binary_1_x = GaAs

bowing_x = AlGaAs_Bowing_AlAs # b_AB(x=1)

bowing_1_x = AlGaAs_Bowing_GaAs # b_AB(x=0)
}

Note, that there is no bowing parameter specified for the indirect band gap to the L valley, which

is equivalent to using linear interpolation (the bowing equal zero).

Hint: An alternative approach can be to use analytical formulas to define the bowing parameter

with the mole fraction as a variable.

Three-component alloys

Three-component alloys are typically called ternary alloys when group-IV are mixed (IV-IV-IV) and quaternary
alloys in the case of III-V or II-VI binary compounds (III-V-V-V, HI-III-1II-V, II-VI-VI-VI, and II-1I-1I-VI).

Examples of such alloys are: Si,Ge, Snj.x.y, AlyGayIn;« N, and GaP;As;Sb;_,_,.

IV-IV-IV
For alloys of type AyByC.x.y, having w = 1 — x — y, the scheme reads

PABC (x,y) :PAB (x7y)+Pz/40(x7w)+PlBC(y7w>
—ay - byp (2,y) — 2w - byc (v,w) — yw - be (y,w)
— zyw - bapc.

The P, 5 (z,y), Py (@, w), and P (y, w) are linear combinations of parameters Py, Pg, and

Pe.
Pip(z,y)=x-Pa+y-Ps
Phio (z,w) =z - Py +w- P
Ppe (y,w) =y - Ps+w- Pc

The by (z,y), by (2, w), and b3 (y, w) are two-component bowing parameters. They can be

equal zero, constant or dependent on mole fraction as:

z-baBoaA +y-baBoB

bip (z,y) =

AB (z,y) Tty

p 2 -bacoa + w-bacsc
bac (z,w) = T+ w
Moes (3, ) = Y- bpcoB +w-bee—c
BCASD Y+ w '

The bapc is a three-component bowing parameter.

II-III-I11-V and II-1I-11-VI
For alloys of type AyxByC;x.yD, having w = 1 — x — y, the scheme reads

Pagep (2,y) = Phpp (2,y) + Picep (2, w) + Ppep (Y, w)
—zy - bapp (z) — zw - bacp (z) — yw - bpep ()

— zyw - baBCD,
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The P 5p (2,y), Phep (z,w), and Py (y, w) are linear combinations of parameters Pap,
PBDy and PCDo

Plipp (#,y) = - Pap +y - Psp
Pliep (z,w) =z - Pap +w - Pop
Ppep (y,w) =y - Pep +w - Pop

The b)\pp (2, ), Uacp (2, w), and by (y, w) are two-component bowing parameters. They
can be equal zero, constant or dependent on mole fraction as:

Z-baBpD—AD + ¥ - bABDBD

b/ABD (z,y) = Tty
Y @ -bacp—ap +w - bacp—cp
acp (T, w) = T+ w

p Y - bpcp—BD + W - bBCD—CD
bsep (y,w) = Y+ w .

The bapcp is a three-component bowing parameter.

III-V-V-V and II-VI-VI-VI
For alloys of type AByCyDi.xy, having w = 1 — x — y, the scheme reads

Pagcep (2,y) = Pipe (2, y) + Pipp (z,w) + Pyop (y, w)
— 2y - bape (x) —zw - bapp () — yw - bacp ()
— zyw - baBCD,

The P g (z,y), Pigp (z,w), and P}~ (y, w) are linear combinations of parameters Pap,
PAC’ and PAD~

Plipc (z,y) =z - Pap+y - Pac
Plipp (x,w) =z - Pap +w - Pap
Picp (y,w) =y - Pac +w - Pap

where basc, bapp, and bacp are two-component bowing parameters and bapcp is a three-
component bowing parameter.

The b\ pc (2,Y), Uapp (%, w), and b, p (v, w) are two-component bowing parameters. They
can be equal zero, constant or dependent on mole fraction as:

z-baBcoaB TV - baBcoac

bfABC (may>: l’+y

Vanp (1) = Z - bABD—AB + W - bABD—AD
xr+w

Vyo (4, w) = Y- bacp—ac +w - bACD—)AD.

y+w
The bapcp is a three-component bowing parameter.

Syntax
As the two-component bowing parameters can be linearly dependent on composition, constant, or
equal zero, one needs to begin with defining the parameters for all material components with the
bowing parameters for two-component alloys, following the syntax described before in sections
Linear, Quadratic, and Cubic.

The three-component bowing parameter can be specified in the groups quaternary_zb{} or qua-
ternary_wz{}. The role of these groups is to associate all component-materials, two-component
bowing parameters with a name of the three-component alloy and to define the three-component
bowing parameters if some of them are non-zero.

Let’consider SiyGey Snjx.y. The parameters for three material components, Si, Ge, and, Sn
need to be defined, as well as up to three sets of constant bowing parameters (or up to six sets of
composition dependent bowing parameters), for SiGe, GeSn, and SiSn. The structure of database
for this alloy with constant bowing parameters can be as follows.
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binary_zb{
name = Si
valence = IV_IV

# All the parameters of Si here (P_A)

}
binary_zb{

name = Ge

valence = IV_IV

# All the parameters of Ge here (P_B)
}
binary_zb{

name = Sn

valence = IV_IV

# All the parameters of Sn here (P_QO)
}

ternary_zb{

name = "Si(x)Ge(1l-x)"
valence = IV_IV
binary_x = Si

binary_1_x = Ge

# Optional bowing parameters (b_AB)
}

ternary_zb{

name = "Si(x)Sn(1l-x)"
valence = IV_IV
binary_.x = Si

binary_1_x = Sn

# Optional bowing parameters (b_AQ)
}

ternary_zb{

name = "Ge(x)Sn(1-x)"
valence = IV_IV
binary_x = Ge

binary_1_x = Sn

# Optional bowing parameters (b_BC)

}

quaternary_zb {
name = "Si(x)Ge(y)Sn(1-x-y)"
valence = IV_IV
binaryl = Si
binary2 = Ge
binary3 = Sn
ternaryl2 = "Si(x)Ge(1-x)"
ternaryl3 = "Si(x)Sn(1-x)"
ternary23 = "Ge(x)Sn(1-x)"

(continues on next page)
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(continued from previous page)

# Optional bowing parameters (b_ABC)

Attention: The following sections are not finished.

Four-component alloys

Four-component alloys with a stoichiometry AsB;.xCyD.yare typically used only for III-V and II-VI material
systems (III-ITI-V-V and II-II-VI-VI). They are typically called quaternary alloys.

An exemplary alloy is Ga,In;.xPxAsi_,.
III-III-V-V and II-1I-VI-VI
For alloys of type AyB;xCyDy.y, havingu = 1 — x and v = 1 — y, the scheme reads
Paep (2,y) = xy - Pac +uy - Pc + 2v - Pap +uv - Pep
—ruy - bi\BC (z,u) — zuv - bypp (z,u) — zyv - b;&CD (y,v) —uyv - b;BCD (y,v)
— Tuyv - bABCD

Groups required like for three-component alloys but instead of using quaternary_zb{} one
should use quaternary4_zb{}.

### Indium Aluminum Arsenide Antimonide (InAlAsSb) ###

quaternary4_zb {

name = "In(x)A1(1-x)As(y)Sb(1-y)"
valence = III_V

binaryl = InAs

binary2 = AlAs

binary3 = AlSb

binary4 = InSb

ternaryl2 = "In(x)Al1(1-x)As" # Note: In(x)Al(1l-x)As and In(1l-
—Xx)Al(x)As are equivalent

ternary23 = "AlAs(x)Sb(1-x)" # as can be seen in the above.
—equation.
ternary34 = "Al1(x)In(1-x)Sb" # So one has to use the name.,

—that is already defined in the database.
ternaryl4 = "InAs(x)Sb(1-x)"
3

IV-IV-IV-IV
For alloys of type AxByC,D.x.y.;, having w = 1 — x — y — z, the scheme reads

Pagep (z,y) =a-Pa+y-Ps+z-Po+w- Pp
—xy - byg (z,y) — 2z - by (z,2) — 2w - by (2, w)
—yz - bpc (¥, 2) — yw - byp (y,w) — 2w - bep (2, w)
—TYz - b/ABC - TYyw - biABD — TRW - bfACD —Yrw - bECD

— zyzw - baBcD

quinternary_zb : _alloy_zb{ TYPE=group OPT=1

(continues on next page)
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(continued from previous page)

ternary_ab{
ternary_ac{
ternary_ad{
ternary_bc{
ternary_bd{
ternary_cd{

binary_a{ TYPE=string }
binary_b{ TYPE=string }
binary_c{ TYPE=string }
binary_d{ TYPE=string }

TYPE=string
TYPE=string
TYPE=string
TYPE=string
TYPE=string
TYPE=string

S e e e

quaternary_abc{ TYPE=string }
quaternary_abd{ TYPE=string }
quaternary_acd{ TYPE=string }
quaternary_bcd{ TYPE=string }

H oH OH R H R H R B H®

H OB H R

OnNnw>

AX)B(1-x)
Ax)C(1-x)
Ax)D(1-x)
B(x)C(1-x)
B(x)D(1-x)
C(x)D(1-x)

AXOB(Y)C(1-x-y)
A(X)B(y)D(1-x-y)
AX)C(Y)D(1-x-y)
B(x)C(y)D(1-x-y)

# from base group, optional quinternary bowing parameters

Six-component alloys

II-III-ITI-V-V and II-1I-1I-VI-VI
For alloys of type A\B,C.xyD,Ei, havingu =1 — 2 — y and w = 1 — 2, the scheme reads

Papepk (2,y,2) = 22 - Pap +y2 - Pep +uz - Pcp
+ 2w - Pag + yw - Pgg + uw - Pog
—ayz - bypp (2,y) — 2uz - Vyop (v,u) — yuz - bgep (¥, u)
—ayw - bypg (,y) — 2uw - bycp (T, u) — yuw - beg (Y, u)

—xzw - Uypg (2,w) — yzw - bypg (2, w) — uzw - bepg (2, w)

/ / /
— xyzw - bappg — TUZW - bycp — Yuzw - bpepg

/ /
— xyuz - bapcp — TYuw - baper

— zyuzw - bABCDE

binary_a_d{
binary_b_d{
binary_c_d{
binary_a_e{
binary_b_e{
binary_c_e{

quinternary6_zb :

TYPE=string
TYPE=string
TYPE=string
TYPE=string
TYPE=string
TYPE=string

R e ]

ternary_ab_d{
ternary_ac_d{
ternary_bc_d{
ternary_ab_e{
ternary_ac_e{
ternary_bc_e{
ternary_a_de{
ternary_b_de{
ternary_c_de{

TYPE=string
TYPE=string
TYPE=string
TYPE=string
TYPE=string
TYPE=string
TYPE=string
TYPE=string
TYPE=string

S N s e el ]

HOoH H R B R

FHOoH oH OH H WK W R R

_alloy_zb{ TYPE=group OPT=1

AD
BD
cD
AE
BE
CE

A(x)B(1-x)D
A(x)C(1-x)D
B(x)C(1-x)D
AX)B(1-x)E
AX)C(1-XDE
B(x)C(1-x)E
AD(X)E(1-x)
BD(x)E(1-x)
CD(X)E(1-x)

(continues on next page)
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(continued from previous page)

A(x)B(y)C(1-x-y)D
A(x)B(y)C(1-x-y)E
Ax)B(1-x)D(Y)E(1-y)
A(x)C(1-x)D(YE(1-y)
B(x)C(1-x)D(YE(1-y)

quaternary_abc_d{ TYPE=string }
quaternary_abc_e{ TYPE=string }
quaternary_ab_de{ TYPE=string }
quaternary_ac_de{ TYPE=string }
quaternary_bc_de{ TYPE=string }

H H H W H

# from base group, optional quinternary bowing parameters

Eight-component alloys

AmBlfmCyleyEzFlfz

quaternary8_zb : _alloy_zb{ TYPE=group OPT=1
binary_a_c_e{ TYPE=string } # ACE
binary_b_c_e{ TYPE=string } # BCE
binary_a_d_e{ TYPE=string } # ADE
binary_b_d_e{ TYPE=string } # BDE
binary_a_c_£f{ TYPE=string } # ACF
binary_b_c_£f{ TYPE=string } # BCF
binary_a_d_£f{ TYPE=string } # ADF
binary_b_d_£f{ TYPE=string } # BDF
ternary_ab_c_e{ TYPE=string } # Ax)B(1-x)CE
ternary_ab_d_e{ TYPE=string } # AG)B(1-x)DE
ternary_ab_c_£f{ TYPE=string } # A&x)B(1-x)CF
ternary_ab_d_f{ TYPE=string } # A&)B(1-x)DF
ternary_a_cd_e{ TYPE=string } # AC(x)D(1-x)E
ternary_b_cd_e{ TYPE=string } # BC&)D(1-x)E
ternary_a_cd_£f{ TYPE=string } # ACx)D(1-x)F
ternary_b_cd_£f{ TYPE=string } # BC&)D(1-x)F
ternary_a_c_ef{ TYPE=string } # ACE(x)F(1-x)
ternary_b_c_ef{ TYPE=string } # BCEX)F(1-x)
ternary_a_d_ef{ TYPE=string } # ADE(X)F(1-x)
ternary_b_d_ef{ TYPE=string } # BDEX)F(1-x)
quarternary_ab_cd_e{ TYPE=string } # A(x)B(1-x)C(y)D(1-y)E
quarternary_ab_cd_f{ TYPE=string } # A(x)B(1-x)C(y)D(1-y)F
quarternary_ab_c_ef{ TYPE=string } # AX)B(1-x)CE(Y)F(1-y)
quarternary_ab_d_ef{ TYPE=string } # A(x)B(1-x)DE(y)F(1l-y)
quarternary_a_cd_ef{ TYPE=string } # AC(x)D(1-x)E(y)F(1l-y)
quarternary_b_cd_ef{ TYPE=string } # BCE)D(1-x)E()F(1-y)
# from base group, optional quinternary bowing parameters

}

Note: If you need other interpolation schemes for your research, raise a support ticket attaching formulas of your
interest, related references, and explanation why it’s valuable.

A brief introduction to quaternaries is shown in this Powerpoint presentation (Quaternaries.pptx , Quaternar-

ies.pdf).

Last update: nn/nn/nnnn
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6.3.4 Default Materials and Alloys

* Insulators and Metals
* Binary alloys
» Ternary alloys

* Quaternary alloys

* Quinternary alloys

Following zincblende (cubic crystal structure) and wurtzite (hexagonal crystal structure) materials are parametrized
in our defyult material database database_nnp.in:

Note: Synonyms are supported.

Examples:
e Si(1-x)Ge(x) = Ge(x)Si(1-x) = Si(x)Ge(1-x) = Ge(1-x)Si(x)
 Sapphire = A1203

Insulators and Metals

* SiO,

e HfO,
e Air

e Air_wz

* Al O3 (sapphire)

Binary alloys

IV -1V
Elements
« C
* Si
* Ge
* Sn

Silicon-based
* SiC
* SiC-4H
» SiC-6H

nm-v

Arsenides
* GaAs
* AlAs
* InAs
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Phophides

* GaP

* AIP

e InP
Antimonides

* GaSb

* AISb

* InSb
Nitrides

* ScN

* YN

* GaN

* GaN_zb

* AIN

e AIN _zb

e InN

e InN_zb
Other

* GaBi

II-VI

Oxides

e 7n0O_wz

* ZnO

* CdO_wz

* MgO_wz
Tellurides

* HgTe

* MgTe

* ZnTe

* BeTe

* MnTe

e MnTe zb

* CdTe
Selenides

* ZnSe

* MgSe

* CdSe

* BeSe

* MnSe

6.3.
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¢ MnSe_zb
Sulfides

* ZnS

* CdS

Ternary alloys

IV -1V
e Si;xGey
e GexSny
e Si;_«Sny
III - V Valence
Arsenides
e AlyGa;<As
e InyGa; <As
e AlyIn;4As
Phosphides
* Gaxln; 4P
o AlyIn; P
* Al,Ga; P
Antimonides
¢ GayIn;,Sb
o AlyIn;Sb
* AlcGa;4Sb
Nitrides
e In,Ga; 4N
e In,Ga; «N_zb
e AliGa; 4N
* Al,Ga; 4N_zb
o AlyIn 4N
o AlyIn; «N_zb
* AlScixN
* ALY | xN
e Sc,Ga; 4N
¢ Y,Ga 4N
e ScxInj 4N
* Y In; 4N
* Y,Sc;xN
Arsenides - Antimonides

¢ GaAs;_xSby
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¢ InAs,Sbi

* AlAs,Sb;
Arsenides - Phosphides

e GaAs;_ 4Py

e InAs,P

o AlAs P4
Phosphides - Antimonides

* GaP,Sb;

e InP,Sb; 4

* AlIP,Sb; «
Dilude Nitrides

e GaAs| Ny

e InAs; Ny

o AlAs; 4Ny

* GaP Ny

e InP;_ Ny

o AP 4Ny

* GaSb; Ny

e InSb; Ny

* AlSb; Ny
Others

* GaAs;«Biy

* Znix Mg,S

II-vl

Selenides

e BeyZn 4Se

e Be,Cd;«Se

* 7Zn; x Mg,Se

e CdyZn;4Se

e Be;xMn,Se

e Cdy;4xMn,Se

e 7/n;xMn,Se
Tellurides

e BeyZn | Te

* Cd; xMgTe

e CdyZn;Te

* Hg «CdTe

e CdyxMn,Te

e 7/n; Mn,Te
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Oxides

¢ ngznl-xo

Others

CdsZn, <O

ZnSxSel_x
Zn,Cd; xS

Quaternary alloys

IV -1V

* SijxyGexSny

I -v

III-III-ITI-V materials

Al GayIn; 4 (N (wz)
Al,GayIn;_,yN (zb)
Al GayIn;. P

Al Gayln; . yAs
Al,GayIn_..,Sb

Al ScyGajx N

Al ScyIn;yN
ScyInyGay 4 yN

Al Y,GajxyN

AL YyIn|yN
YiIn,Ga; N
Y;ScyGajxyN

Y, ScyAljyN

Y, ScyIngyN

II1I-V-V-V materials

AlAs,SbyPy_y
GaAs,SbyPy 4.y
InAs,SbyP 4.y

GaAs,SbyNj .y

III-II1I-V-V materials

Ga,In;_ AsyPyy
Al Gaj_As Py
Iny Al xAsyPyy
In,GajAsyNy_y
GayInj.<AsySby.y
Al Gaj4AsySby.y
In Al <AsySby.y
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II-VvI
* Zn;xyBe;MnySe

Quinternary alloys

Inr-v

Al GayIn; 4 yAs,Sby.,
Al GayInj 4. yAs Py,
ScyInyAl,Gayx.y.,N

* Y, InyAl,Gaj .y, N

Last update: nn/nn/nnnn

6.3.5 Definition of Band Offsets (zincblende)

This section explains how band offsets are evaluated in nextnano++. It begins with showing connection between
parameters used in database{ ...{ conduction_bands{} } } (see valence_bands{} and conduction_bands{}) and
band energies at their extrema. Then, various band alignments and exemplary interpolations, with and without
strain, are presented. All plots are computed for materials at 300 K.

Schematics of band structure in vicinity of the I' point is shown in Figure 6.3.5.1. Energies of band extrema in the
case of lack of strain are depicted with gray lines and labels, while the parameters stored in database are plotted in
black color.

Enn, Ein, VBO

v

Wave vector

Figure 6.3.5.1: Band structure of freestanding (red solid lines) and compressively strained (pink dashed lines) in
vicinity of I" point.
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The starting point of defining the offset in nextnano++ is the average valence band energy E, 4, which can be
modified by using bandoffset attribute. Formally, it is defined as the average energy of three top valence bands

1
Ev,av = g(Ehh + Elh + Eso)
where Enp, Eip, and E, are energies of heavy-hole, light-hole, and split-off bands at I" point, respectively. In
the case without strain, F, ,, is located éAso below the top of the valence band. The spin-orbit splitting energy
A, and the energy gap at the I' point E; are available through attributes delfa_SO and bandgap. Depending on
the group to which the bandgap attribute belongs to, it may refer to energy differences involving conduction band

minima at I, L(A), or X (A) points (lines).

One has to specify all three parameters (including Varshni’s parameters for temperature dependence of Eg and
other gaps) for every material of interest to define whole band alignments. Our database contains and provide
space to contain these parameters and related bowing parameters for all specified materials listed /ere.

It is important to keep in mind that offsets of bands are not easy-to-measure parameters, so their values are typically
provided by simulations within ab-initio approaches. Therefore, for fine simulations, we advise to always verify all
the material parameters and adjust them. Our database already consists of numerous published material parameters
resulting in the offsets as visible in Figure 6.3.5.2 and Figure 6.3.5.3.

8 8

v x

Energy (eV)

'—I—‘_\—
l I |
0 0
L I ]
-2 =2
N R o Q ) o 0 0 o ™) > 3 &>
v & = A ¥ & & F Q}A\/\/ (S\\m S
& §

Figure 6.3.5.2: Band offsets of III-V zincblende binary compounds calculated with default parameters predefined
in our database

To obtain band alignments for alloys, the three parameters (E, 4., Ago, and Eg) are properly interpolated and
further used to provide minima of conduction bands (Ef, Ef( , ECL, ...) and maxima of valence bands (Eyp, Eip,
and F,) according to formulas:

1
X _ X
EX = Boaw + 380 + I

c

1
ECL = Ev,au + gAso + E;

1

Er =E, 4 + gAso +E)
1

Ehh = Elh = Ev,av + gAso

2
Eyo = Ey a0 — 7Aso
’ 3

166 Chapter 6. nexthano++



nextnano Documentation, Release August 2024

EL

c
X

E¢
c

Enn, Ein

—_— Er
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Figure 6.3.5.3: Band offsets of II-VI zincblende binary compounds calculated with default parameters predefined
in our database

Attention: The parameters in the database, such as E,, ., Ag,, and E;, are defined for freestanding bulk
crystals (without any strain), while final band energies, like Enp, Eip, Eso, ECF, do include strain effects if
proper conditions are met. Therefore, for example, in strained structures one should expect that EgF # E'—Enp
and E}; 75 Eg — Elh-

Plots of resulting band energies for three chosen alloys (GayIn;_yAs, Al;Gaj_4As, and In,Al;_,As) within
full mole fraction ranges are shown in Figure 6.3.5.4. As visible for Al,Ga;_,As, content-dependent bowing
parameters are also available in our routines. All the parameters necessary to compute strain effects are included in
the algorithm in the similar manner. They are interpolated first and then applied to evaluate energy shifts of band
energies.

Gaylny _ yAs AlGay _ yAs InyAl1 _ yAs

N Ecr
Enn

— Em

— Eso

—-—- El (onInP)
Epp (on InP)

—== Ejp (on InP)

=== Es (on InP)

Energy (eV)

Figure 6.3.5.4: Interpolated band edges of Ga,In;_,As, Al,Ga;_,As, and In,Al;_,As without strain (solid
lines) and strained as grown on [1 0 0] plane of InP (dashed lines).

Last update: nn/nn/nnnn
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6.4 Tutorials

e Introduction

* Basics

Defining Structures

Contacts and Boundary Conditions

Electrostatics and Strain

Currents

Other

* p-n Junctions & Solar Cells
* Light-Emitting Diodes
* Quantum Mechanics
e Quantum Wells
* Quantum Wires
* Quantum Dots
* Electronic Band Structures
* Superlattices
* Cascade Structures
* Optical Spectra and Transitions
— Single Particle
— Excitons
» 2-Dimensional Electron Gases (2DEGs)
e Transmission and Conductance (CBR method)
 Transistors
* Magnetic Effects
* Numerics
— General

— Big 3D systems

e Tricks and Hacks

6.4.1 Introduction

This page lists all tutorials for nextnano++. The following labels are used to distinguish selected tutorials.

— DEV — Tutorials under development. The input files are not present in any release yet, and it is not clear when
they will be added.

— SOON — Tutorials that are finished or almost finished. Their input files are not present in any release yet. They
will be added to the next release.

— NEW — Tutorials for which input files are available since the last release (most likely alpha).

— EDU — Tutorials written aiming at teaching.
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— FREE — Tutorials that can be run using free distributions of nextmano++

Attention: Links to the tutorials and names of exemplary input files may change.

6.4.2 Basics
Below you can find basic tutorials introducing the most important elements of nextnano++ syntax as well as

fundamental concepts hidden behind them. We are continuously working on including new tutorials here sou you
can learn nextnano++ easier.

Defining Structures

The set of tutorials below is the most basic one aiming at teaching you how to define structures for your simulations.
The most relevant elements of nextnano++ syntax is presented here.

— FREE — Hello World

* Header

* Introduction

* Global Settings of the Simulation
* Numerical Grid

* Defining the Structure

* Bondary conditions

* Choice of Bands

* Running the Simulation and Viewing the Results

Header

Files for the tutorial located in nextnano++\examples\basics:
e basics_ID_hello_world.in
Scope of the tutorial:
* The general structure of the input files
* Running the input file with nextnanomat
* Basic content of the simulation output
¢ Defining 1D structures
* Computing basic band profiles
Introduced Keywords:

e global{ temperature simulatelD{} substrate{ name } crystal_zb{ x_hkl y_hkl }
}

e grid{ xgrid{ line{ pos spacing } }
e structure{ region{ binary{ name } contact{ name } everywhere{} line{ x } } }

e contacts{ fermi{ name bias } }
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e classical{ Gamma{} HH{} LH{} output_bandedges{ averaged } }
Relevant output Files:

* bias_00000\bandedges.dat

Introduction

The input file basics_1D_hello_world.in is prepared to compute a band profile of a simple 1D structure consisting
of an InAs layer sandwiched between two GaAs layers without strain, see Figure 6.4.2.1.

GaAs
InAs

GaAs

Substrate

Figure 6.4.2.1: A schematic of a GaAs/InAs/GaAs heterostructure

Global Settings of the Simulation

The group global{ } is required to define multiple general aspects of whole simulation. The temperature of the
crystal and carriers is set to 300 K by setting temperature = 300. The band gap is temperature dependent by
default. Choosing that the simulation is held in 1D space is done by calling simulate1D{}. The substrate is chosen
by a nested group substrate{ name = "GaAs"}, where name is an attribute to which you can assign any of the
available material names. In this case the choice of substrate material is arbitrary, because strain calculations are not
triggered. Crystal orientation in the simulation coordinate system is defined inside a nested group crystal_zb{}
setting values of two attributes: x_hkl = [100] and y_hkl = [810], which assigns [100] direction to the x-axis
of the simulation (the axis of the 1D simulation) and [010] direction to the y-axis of the simulation (still existing).

global{ # this group is required in every input file
temperature = 300 set temperature (required)
simulatelD{} choose between 1D, 2D or 3D simulation
substrate{ name substrate material (required)
crystal_zb{ crystal orientation
x_hkl = [1, 0, 0] Xx-axis is perp. to lattice plane (100)
y_hkl = [0, 1, 0] y-axis is perp. to lattice plane (010)
z-axis is determined from x-axis and y-axis

"GaAs" }

H OH OH W H KR

Numerical Grid

The group grid{ } is used to define the numerical grid of the simulation. As there is only x-axis in the 1D simula-
tions, only xgrid{ } group is used to define the grid. Each group 1ine{} defines a “line” (a point in 1D, a line
in 2D, and a plane in 3D) at a position pos forcing a grid spacing spacing in its vicinity and assuring that there
is a grid point at the specified coordinate pos.

grid{ # this group is required in every input file
xgrid{ # grid in x direction
line{
pos = 0.0 # start of device at x=0.0 nm
spacing = 4.0 # grid spacing 4.0 nm

# from x=0.0 nm to x=20.0 nm further grid points

(continues on next page)
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(continued from previous page)

—> 0.5)
line{
pos = 20.0
spacing = 0.5
}
> 0.5)
line{
pos = 30.0
spacing = 0.5
}
o> 4.0)
line{
pos = 50.0
spacing = 4.0
}
}
}

are created according to the interpolated spacing (4.0 -
(no equidistant grid spacing)

grid point at GaAs/InAs interface
grid spacing 0.5 nm

from x=20.0 nm to x=30.0 nm further grid points
are created according to the interpolated spacing (0.5 -

(equidistant grid spacing)

grid point at InAs/GaAs interface
grid spacing 0.5 nm

from x=30.0 nm to x=50.0 nm further grid points
are created according to the interpolated spacing (0.5 -

(no equidistant grid spacing)

end of device at x=50.0 nm
grid spacing 4.0 nm

There are 4 “lines” specified in the input file. The two of them with pos = 0.0 and pos = 50.0, as the most
outer ones, define the span of the entire grid. The remaining two, with pos = 20.0 and pos = 30.0, are defined
at the positions of material interfaces defined in the next group, to assure stable representation of the design in the
discrete grid space. The figure Figure 6.4.2.2 shows schematically the process of defining the grid.

+ + 9

20 30 50
X

Figure 6.4.2.2: Schematics of the simulation grid with four “lines” defined (red circles). Interpolated grid points
between lines are depicted with black circles.

One can also view the grid spacing using nextnanomat, see Figure 6.4.2.3.

o] ()

Figure 6.4.2.3: The numerical grid in the simulation.
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Defining the Structure

The definition of specific structure is kept in the group structure{ }. Here groups region{} are used to assign bi-
nary materials (using binary{}) and boundary conditions for Poisson and current equations (using contact{})
to specific regions within the earlier defined space. First, material GaAs and boundary condition named “what-
ever’ are assigned to entire space by specifying binary{ name = GaAs }, contact{ name = whatever },
and everywhere{} inside one region{}. Next, material InAs is assigned to a region spanning from x = 20.0 to
x = 50.0, by defining another region{} group, containing binary{ name = InAs } °~ and :code: line{
x = [ 20.0, 30.0 ] }. In that case, InAs is overwriting GaAs in the selected region, while the boundary
conditions specified by contact{} remain.

structure{ # this group is required in every input file

region{
binary{ name = GaAs } # material GaAs
contact{ name = hello_world } # contact definition
everywhere{} # ranging over the complete device, from.
—x=0.0 nm to x=50.0 nm
}
region{
binary{ name = InAs } # material InAs
line{ x = [ 20.0, 30.0 ] } # overwriting previously defined GaAs in.
—the interval x=20.0 nm to x=30.0 nm

}

Bondary conditions

The boundary conditions for Poisson and current equations are specified in the group contacts{ }. They have to be
specified even if the equations are not solved. Here, the boundary condition for quasi-Fermi levels only is chosen
by calling fermi{}. The contact is named “hello_world” by setting name = hello_world. This name is used
for referencing to this specific contact in the definition of the structure. The energy of Fermi level is set to 0 eV by
setting bias = 0.0.

contacts{ # this group is required in every input file

fermi{ # type of contact
name = hello_world # refer to regions with contact name
—'hello_world'
bias = 0.0 # region with contact name 'hello_world'.
—~is set to O V
}

Choice of Bands

The classical{ } group is called to choose which bands should be taken into account in the semiclassical simulations,
here only computing the profile. The first conduction band at I" point, heavy-, and light-hole valence bands are
selected by calling groups: Gamma{}, HH{}, and LH{}, respectively. The group output_bandedges{} allows to
output the band profile, while its attribute averaged = no ensures that the profile is not going to be averaged over
neighboring grid points in the output file.

classical{ # this group is required in every input file

Gamma{} # include conduction band at gamma point.
—in the calculation

HH{} # include heavy hole band in the.
—calculation

LH{} # include light hole band in the.

(continues on next page)
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(continued from previous page)

—calculation
output_bandedges{ averaged = no } # necessary to see a energy profile

Running the Simulation and Viewing the Results

7
The simulation can be started in nextnanomat by pressing F8 on the keyboard or by clicking the icon O . A folder
with simulation results is created in the output directory.

The output of the simulation can be viewed under the “Output” tab at the top of nextnanomat. Within the tab,
navigate to the folder bias_00000 and click on bandedges.dat. A plot of the Gamma, LH and HH energy
profiles should be visible.

The grid used in the simulation can be shown by checking the box “Show grid” in the menu on the left of

nextnanomat. To export the figure as a .plt file, click on the [_[ icon in the top right corner.

Then click on bandedges.dat. Hold down shift on the keyboard and click the plots of your interest. In this
tutorial, Gamma(eV], HH[eV] and LH[eV] are chosen from the bottom right panel. Press shift + a on the

keyboard or the [_E_ icon in the top right corner of nextnanomat.

." -
Next, select i—‘ icon at the top and choose the option “Create and Open Gnuplot File (*.plt) from Items of

Overlay”. A Gnuplot window should pop up. Click the ISI icon and name the file, and save it.

—— Gamma[eV]
q ——hen |

25 | 5

GammaleV]
L%
T
1

x[nm]
Figure 6.4.2.4: Energy profile of GaAs/InAs/GaAs heterostructure without considering strain.

Last update: 16/07/2024
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— FREE — Finite Periodic Structures

* Header
* Introduction
* Main
— Input file 1: Repeated regions

— Input file 2: Repeated structres

» Important things to remember

Header

Files for the tutorial located in nextnano++\examples\basics:
e basics_I1D_finite_periodic_simple.in

e basics_ID_finite_periodic_double.in

Introduction

We will now concentrate on two particular features inside the structure{ } group which enable you to create
periodic structures conveniently. We will discuss their application at the example of a finite superlattice structure.
After completing this tutorial, you will know more about

e creating periodic structures with array_x{}
¢ duplicating periodic structures with array2{}

Keywords: array_x{}, array2{}
Main
In the first part, we want to show how to create the structure in Figure 6.4.2.5.

InAs
GaAs

Substrate

Figure 6.4.2.5: shows multiple GaAs/InAs quantum wells, which forms a finite superlattice
In the second part, we extend the input file of part one, and create the structure shown in Figure 6.4.2.6.

InAs
GaAs

Substrate

Figure 6.4.2.6: shows a sequence of three GaAs/InAs superlattices

Based on what we learned in tutorial 1, we should have the basic knowledge to create these structure without using
arrays. It would be quite an effort to create layer by layer. arrays offer a convenient alternative to that approach.
The idea is to duplicate an existing sample structure multiple times in a specific direction. This takes just a few
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lines of code and gives in addition much more flexibility for your simulations. The sample structure in our case
will be the GaAs/InAs/GaAs heterostructure from tutorial 1.

Input file 1: Repeated regions

Specifying the structure of the device

structure{ # this group is required in every input file

region{
binary{ name = GaAs } # material: GaAs
contact{ name = whatever } # contact definition
everywhere{} # ranging over the complete device
}
region{
binary{ name = InAs } # material: InAs
line{ x = [ 20.0, 30.0 ] } # ranging from x=20.0 nm to x=30.0 nm,.

—overwrites the previously defined GaAs

array_x{ # line{ x = [ 20.0, 30.0 ] } is duplicated in.
—the x direction
shift = 20.0 # the interval x = [ 20.0, 30.0 ] inside line
—{} is shifted by an integer multiple of 20.0 nm
max = 2 # 2 duplicates in +x direction
min = -2 # 2 duplicates in -x direction
}

# In short, we are creating 5 InAs regions (overwriting GaAs) in the.
—intervals:
# line{ x = [20.0+i*shift, 30.0 nm+i*shift]} (min<=i<=max)

As in tutorial 1, we create an InAs layer, which ranges from = = 20nm to x = 30nm. By introducing array_x{}
this layer is duplicated along x. The position of the duplicates is determined by the shift value. The shift direction
(+2 or —z) and the number of duplicates in each direction is set by max and min.

Here, max=2 creates two duplicates in the +x direction every 20nm. The first “copy” ranges from x = 20nm+ 1 -
20nm = 40nm to x = 30nm + 1 - 20nm = 50nm and the second ranges from x = 20nm + 2 - 20nm = 60nm to
z = 30nm+ 2 - 20nm = 70nm. Analogous, min=-2 creates two duplicates in the —x direction every 20nm. Mind
the negative sign!

After defining the structures, we have to adapt the grid to our newly constructed device.

Specifying the grid
grid{ # this group is required in every input file
xgrid{ # grid in x direction
line{
pos = -40.0 # start device at x=-40.0 nm
spacing = 4.0 # grid spacing 4.0 nm
}
# from x=0.0 nm to x=20.0 nm further grid points
# are created according to the interpolated spacing (4.0 -
—> 0.5)
# (no equidistant grid spacing)
line{

# bottom GaAs/InAs interface at x=-20.0 nm

pos = -20.0
= 0.5 # grid spacing 0.5 nm

spacing

(continues on next page)

6.4. Tutorials 175




52

54

55

56

58

59

60

61

62

63

64

65

66

67

nextnano Documentation, Release August 2024

(continued from previous page)

—> 0.5)

line{
pos

# from x=-20.0 nm to x=70.0 nm further grid points
# are created according to the interpolated spacing (0.5 -

# (equidistant grid spacing)

=70.0 # top InAs/GaAs interface at x=70.0 nm

spacing = 0.5 # grid spacing 0.5 nm

o> 4.0)

line{
pos

# from x=70.0 nm to x=90.0 nm further grid points
# are created according to the interpolated spacing (0.5 -

# (no equidistant grid spacing)

= 90.0 # start device at x=90.0 nm

spacing = 4.0 # grid spacing 4.0 nm

We first extend the device, since we created new material regions: the bottom of the lowest InAs layer is located
at £t = —2 - 20nm + 20nm = —20.0nm and the top of the highest InAs layer is located at x,,,¢n = 30nm +
2 - 20nm = 70nm. We have chosen £ = —40nm and = = 70nm as our start and end points, in order to include all

new material layers.

In tutorial 1 we have learned that we also have to take care about interfaces. To keep things

simple, we use an equidistant grid spacing inside the superlattice.

QOutput

We simulate the device by clicking F8 on the keyboard. In the related output file (= bias_00000 = bandedges.
dat) you should find a plot of band edges as shown in Figure 6.4.2.7.

35

25

GammaleV]

i ! i : : — GammaleV] M

— Y

Figure 6.4.2.7: shows energy profile of multiple quantum well structure
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Input file 2: Repeated structres

Specifying the structure of the device

structure{ # this group is required in every input file

region{
binary{ name = GaAs } # material: GaAs
contact{ name = whatever } # contact definition
everywhere{} # ranging over the complete device
}
region{
binary{ name = InAs } # material: InAs
line{ x = [ 20.0, 30.0 ] } # ranging from x=20.0 nm to x=30.0 nm,.

—overwrites the previously defined GaAs

array_x{ # line{x=[20.0,30.0]} is duplicated in the x.
—~direction
shift = 20.0 # the interval x = [ 20.0, 30.0 ] inside line
—{} is shifted by an integer multiple of 20.0 nm
max = 2 # 2 duplicates in +x direction
min = -2 # 2 duplicates in -x direction

}
# In short, we are creating 5 InAs regions at positons:
# line{ x = [20.0+i*shift, 30.0 mnm+i*shift]} (min<=i<=max)

array2_x{
shift = 120.0 # the structure previously defined inside.
—this region
max = 2 # is duplicated and shifted by i*120 nm (l<=1i
—<=max) in +x.
}

}

We add the group array2_x{} which is used to duplicate the structure defined by array_x{} within the same
region{}. We get a sequence of periodic structures. The usage is analogous to array_x{}, thus it follows the
same logic with shift, max and min.

Specifying the grid
grid{ # this group is required in every input file
xgrid{ # grid in x direction
line{
pos = -50.0 # start device at x=-50.0 nm
spacing = 4.0 # grid spacing 4.0 nm
}
# from x=-50.0 nm to x=-20.0 nm further grid.
—points

# are created according to the interpolated.
—spacing (4.0 -> 0.5)
# (no equidistant grid spacing)

line{ # fixed grid points are created at the bottom.,
»GaAs/InAs interfaces of every multiple QW structure
pos = -20.0 # bottom GaAs/InAs interface at x=-20.0 nm
spacing = 0.5 # grid spacing 0.5 nm
array{ # fixed grid point at x=-20 nm is duplicated.

(continues on next page)
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(continued from previous page)

—(including spacing)

shift = 120.0 # shifted by 120.0 nm
max = 2 # two copies are created at x=-20.0 nm+i*shift (1
—<=i<=max)
}
}
line{ # fixed grid points are created in the middle of.
—two multiple QW structures to change grid spacing
pos = 85.0 # position: x=85.0 nm
spacing = 4.0 # grid spacing 4.0 nm
array{ # fixed grid point at x=85.0 nm is duplicated.
< (including spacing)
shift = 120.0 # shifted by 150.0 nm
max = 1 # one copy is created at x=85.0 nm+max*shift
}
}
line{ # fixed grid points are created at the top GaAs/
—InAs interfaces of every multiple QW structure
pos = 70.0 # top InAs/GaAs interface at x=70.0 nm
spacing = 0.5 # grid spacing 0.5 nm
array{ # fixed grid point at x=70.0 nm is duplicated.
< (including spacing)
shift = 120.0 # shifted by 120.0 nm
max = 2 # two copies are created at x=70.0 nm+i*shift (1
—<=i<=max)
}
}
# from x=310.0 nm to x=340.0 nm further grid.
—points
# are created according to the spacings (0.5 -> 4.
-0),
# which is interpolated (no equidistant spacing)
line{
pos = 340.0 # end device at x=340.0 nm
spacing = 4.0 # grid spacing 4.0 nm
}
}
3

In this example, we show that method of arrays also exist for the grid{ }. Here, they are called array{}, but
used equivalently to array_x{}. They create copies of one fixed grid point, including the related spacing value.

Output

We simulate the device by clicking F8 on the keyboard. In the related output file you should find a plot of band
edges (= bias_00000 = bandedges.dat) similar to Figure 6.4.2.8.

Just for demonstration, Figure 6.4.2.9 shows a screenshot of the employed grid.
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Figure 6.4.2.8: shows the band edges of conduction band at gamma point (Gamma), heavy hole (HH) and light

hole (LH) of the complete structure
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Figure 6.4.2.9: Numerical grid (gray).
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Important things to remember

* Creating periodic structures works as follows: A special array of one template regions (here: one layer) is
constructed

* Position and number of new regions are determined by shift, max and min
 Creating a sequence of periodic structures with array2{} works equivalently to array{}
» Don’t forget to adapt the grid to the complete structure. It is also possible to create an array of grid points.

Last update: 16/07/2024

— FREE — Constant Doping

* Header
* Introduction
* Overview
— The Basics 1: Adding doping to bulk material
— The Basics I1: Adding different doping to bulk material (p-n junction)

* Important things to remember

Header

Files for the tutorial located in nextnano++\examples\basics:
e basics_1D_doping_constant_p.in

* basics_ID_doping_constant_np.in

Introduction

This tutorial is the third in our introductory series. We want to show the general framework of adding doping to
material regions in nextnano++. After completing this tutorial, you will know more about

* adding doping to material regions
* specify the species (donor/ acceptor)

Keywords: doping{}, impurities{ }, donor{}, acceptor{}

Overview

As an overview, Figure 6.4.2.10 shows the two structures that will be created in this tutorial.

oncentration (101%cm™1)

ing con:
9

Figure 6.4.2.10: shows p-doped GaAs (left) and p-doped/ n-doped GaAs (right).
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The Basics I: Adding doping to bulk material

As an introductory example to doping, we want to n-dope a single GaAs layer as shown on the left of Figure
6.4.2.10. You can use the template input file basics_ID_doping_constant_p.in.

Specifying regions with dopants

structure{ # this group is required in every input file

output_impurities{ boxes = yes} # output doping concentration [107418,
—cm-3]
region{
binary{ name = GaAs } # material: GaAs
contact{ name = whatever } # contact definition

everywhere{} # rangeing over the complete device,.
—from x=0.0 nm to x=50.0 nm

doping{ # add doping to the region
constant{ # constant doping concentration.,
wprofile
name = "Custom_impurity_name"  # name of impurity
conc = 1.0el8 # doping concentration [cm-3]
}
}

First of all, we create just one thick GaAs layer. Then we add doping to the exact same region by the specifier
doping{}. Inside doping{}, we have to set the doping profile. Here we choose to have constant doping con-
centration over the whole region. Inside constant{} we specify name and doping concentration (conc) for this
region. The name is arbitrary, and you can choose whatever name you like. By giving the doping a reference name,
we can select the species and electronic properties for this doping later inside the group impurities{ }.

Since we want to inspect the doping concentration distribution for every grid point in the output, the flag boxes =
yes inside output_impurities{ } is active.

Specify impurity species

impurities{ # if doped regions exist, this group is required

acceptor{ # select the species of dopants
name = "Custom_impurity_name" # select doping regions with name = "Custom_
—impurity_name"
energy = 0.045 # ionization energy of dopants [eV]
degeneracy = 4 # degeneracy of dopants
}

If dopants are added to any region, the group impurity{} has to be included in the input file. acceptor{} sets
the species for regions with name “Custom_impurity_name”. We further refine the properties by setting ionization
energy (energy) and degeneracy level (degeneracy).

Output

We simulate the device by clicking F8 on the keyboard. In the related output folder you should find a plot of the
concentration profile (= Structure = density_acceptor.dat) as shown in Figure 6.4.2.11.
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——— Custom_impurity_name[1e18_cm"-3]

09 -

Custom;mpurity,ame[1e18.m3]

08 -

06

20

30 40 30

x[nm]

Figure 6.4.2.11: shows the doping concentration of acceptors along the x direction.

The Basics lI: Adding different doping to bulk material (p-n junction)

As another introductory example, we n-dope the first half and p-dope the second half of the single GaAs layer as
in Figure 6.4.2.10 (right). Now, the doping regions do not coincide with the material regions. We have to define
material and doping regions separately. You can use the template input file basics_ID_doping_constant_np.in.

Specifying regions with dopants

structure{ # this group is required in every input file

output_impurities{ boxes = yes}

region{
binary{ name = GaAs }
contact{ name = whatever }
everywhere{}
0 nm to x=50.0 nm

}

region{
—material is specified)
line{ x=[ 0.0, 25.0 ] }

doping{
constant{
name = "p-type"
conc = 1.0el8
}
}
}
region{

—material is specified)

#

H H

HOoH H R B

output doping concentration [10418 cm-3]

material: GaAs
contact definition
ranging over the complete device, from x=0.

separate region for adding doping only (no.

position: x=0.0 nm to x=25.0 nm

add doping to the region

constant doping concentration profile
name of impurity

doping concentration [cm-3]

separate region for adding doping only (no.

(continues on next page)

182

Chapter 6. nextnano++




62

63

64

65

66

67

68

69

70

73

74

75

76

77

78

79

nextnano Documentation, Release August 2024

(continued from previous page)

line{ x = [ 25.0, 50.0 ] } # position: x=25.0 nm to x=50.0 nm
doping{ # add doping to the region
constant{ # constant doping concentration profile
name = "n-type" # name of impurity
conc = 1.0el8 # doping concentration [cm-3]
}
}

In the code above, we first create a bulk GaAs layer and then add two doping regions for n-type and p-type dopants.
The doping regions do not include a material specification. Inside these regions, the position (1ine{}) and the
doping (doping{}) is specified. The dopants are added to the previously defined material region. In fact, this
example illustrates that, as far as the initialization is concerned, nextnano++ treats doping and materials separately.

Specify impurity species

impurities{ # if doped regions exist, this group is required

donor{ # select the species of dopants
name = "n-type" # select doping regions with name = "n-type"
energy = 0.045 # ionization energy of dopants
degeneracy = 2 # degeneracy of dopants

}

acceptor{ # select the species of dopants
name = "p-type" # select doping regions with name = "p-type"
energy = 0.045 # ionization energy of dopants [eV]
degeneracy = 4 # degeneracy of dopants

}

As we already know if dopants are added, the group impurity{} has to be included in the input file. Apart from
acceptor{}, we introduce donor{} as another doping species. For both species we refine the properties here.

Output

We simulate the device by clicking F8 on the keyboard. In the related output folder you should find a plot of the
concentration profiles (= Structure = density_acceptor.dat / density_donor.dat) as shown in Figure
6.4.2.12 and Figure 6.4.2.13.

Important things to remember

* dopants are part of a region, i.e. structuref{...region{...doping{}...}...}. Here you determine the concen-
tration of one impurity type for each grid point.

» The impurity type (species and properties) are defined inside the group impurity{ }
Last update: 16/07/2024
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Figure 6.4.2.12: shows the doping concentration of acceptors along the x direction (p-doped region).
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Figure 6.4.2.13: shows the doping concentration of donors along the x direction (n-doped region).
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— FREE — Adding and Replacing Doping

* Header
* Introduction
e Overview
— 1. Replace and remove doping

— 2. Add different dopants

» Important things to remember

Header

Files for the tutorial located in nextnano++\examples\basics:
e basics_1D_doping_adding.in
e basics_ID_doping_replacing.in

Introduction

This tutorial continues our discussion about doping, and extend our basic knowledge gained from previous tutorial.
After completing this tutorial, you will know more about

* replacing impurities by impurities of the same type
e removing doping

* adding different impurity species to the same region

Overview

The device structures for this tutorial are shown in Figure 6.4.2.14.

Gahs nA Gahs n Gahs

Figure 6.4.2.14: GaAs/InAs/GaAs heterostructure with p-type doping (left) and with different doping (right)

1. Replace and remove doping

We will now consider the structure in Figure 6.4.2.14 (left). You can use the template input file ba-
sics_1D_doping_replacing.in.

Specifying regions with dopants

structure{ # this group is required in every input file
output_impurities{ boxes = yes} # output doping concentration [10418 cm-3]

(continues on next page)
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(continued from previous page)

region{
binary{ name = GaAs }
contact{ name = whatever }
everywhere{}
0 nm to x=80.0 nm

doping{
constant{
name = "p-type"
conc = 2.0el7
}
}
}
region{

binary{ name = InAs }
line{ x = [ 20.0, 30.0 ] }
—x=30.0 nm

doping{
constant{
name = "p-type"
conc = 1.0el8
add = no

—label "p-type"

B3

H R H R

material: GaAs
contact definition
ranging over the complete device, from x=0.

add doping to the region

constant doping concentration profile
name of impurity

doping concentration [cm-3]

region InAs
overwriting GaAs at position: x=20.0 nm to.

add doping to the region

constant doping concentration profile
name of impurity

doping concentration [cm-3]

overwrites previously defined doping with.,

# Note: the default value is add=yes, which.,
—adds
# dopants to existing dopants
}
}
}
region{ # region for deleting dopants
line{ x = [ 60.0, 80.0 ] } # position: x=60.0 nm to 80.0 nm
doping{
remove{} # removing all dopants from this region
}
}
}
}

In this example, we apply the idea of overwriting previous regions to doping. We first define an p-doped GaAs
region with impurity concentration 1.0e18cm 3 ranging over the whole device. Then, we want to overwrite GaAs
in the interval between x = 20nm and x = 30nm with p-doped InAs, with different impurity concentration.
However, we have to be careful when applying the idea of overwriting previous regions to doping. By default, the
doping is added and not overwritten. To replace the existing doping, it is necessary to use the specifier add = no.

If we want to remove all dopants from an interval, as it is the case in the region ranging from x = 60nm to

x = 80nm, we have to use remove{}.

Specify impurity species

impurities{ # required if doping exists

donor{
name = "p-type"
energy = 0.045
degeneracy = 2

# select the species of dopants

# select doping regions with name = "p-type"
# ionization energy of dopants

# degeneracy of dopants
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Here, we specify to have only p-type impurities in our device.

Output

We simulate the device by clicking F8 on the keyboard. In the related output folder you should find a plot of the
concentration profiles (= Structure = density_donor.dat) as shown in Figure 6.4.2.15

‘l —

08 -

- B

° 06
.:OU
‘CIJ
T

z .

£ o4

02| -

——— p-type[1e18_cm"-3]
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Figure 6.4.2.15: Doping concentration of donors along the x direction.

2. Add different dopants

We will now consider the structure in Figure 6.4.2.14 (right). You can use the template input file ba-

sics_ID_doping_adding.in.

Specifying regions with dopants

structure{ # this group is required in every input file
# output doping concentration [10418 cm-3]

output_impurities{ boxes = yes}

region{

binary{ name = GaAs } # material: GaAs
contact{ name = whatever } # contact definition
everywhere{} # ranging over the complete device, from x=0.
-0 nm to x=80.0 nm
doping{ # add doping to the region
constant{ # constant doping concentration profile
name = "p-type-I" # name of impurity
conc = 2.0el7 # doping concentration [cm-3]
}
}
}
region{
(continues on next page)
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(continued from previous page)

binary{ name = InAs } # region InAs
line{ x = [ 20.0, 30.0 ] } # overwriting GaAs at position: x=20.0 nm to.
—x=30.0 nm

doping{ # add p-doping to the region: the existing "p-
—type-I" doping is not overwritten
constant{ # constant doping concentration profile
name = "p-type-II" # name of impurity
conc = 1.0el8 # doping concentration [cm-3]
}
}
}
region{ # region for adding doping
line{ x = [ 60.0, 80.0 ] } # position: x=60.0 nm to 80.0 nm
doping{ # add n-doping to the region: the existing "p-
—type-II" doping is not overwritten
constant{ # constant doping concentration profile
name = "n-type" # name of impurity
conc = 4.0el7 # doping concentration [cm-3]
}
}
}

Here, we crete GaAs and InAs each with specific doping. Note that InAs replaces GaAs on the interval x = [ 20.0,
30.0 ], while the doping definitions do not influence each other. Also, on the interval x = [ 60.0, 80.0 ], n-type
doping is simlpy added.

It should be emphasized that the option doping{. . .add=no. .} is only applicable to dopants of the same dopant
type. Remember: a doping type, i.e. chemical element, is associated with one particular name. If we wish to
replace dopants by a different dopant type, we would need to remove the existing dopants first and then add the
new ones.

Specify impurity species

impurities{ # required if doping exists

acceptor{ # select the species of dopants
name = "p-type-I" # select doping regions with name = "p-type-I"
energy = 0.045 # ionization energy of dopants
degeneracy = 4 # degeneracy of dopants

}

acceptor{ # select the species of dopants
name = "p-type-II" # select doping regions with name = "p-type-II"
energy = 0.045 # ionization energy of dopants
degeneracy = 4 # degeneracy of dopants

}

donor{ # select the species of dopants
name = "n-type" # select doping regions with name = "n-type"
energy = 0.045 # ionization energy of dopants
degeneracy = 2 # degeneracy of dopants

}

For every impurity type, we have to add a new accceptor{}/ donor{} group.
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Output

We simulate the device by clicking F8 on the keyboard. In the related output folder you should find a plot of the
concentration profiles (= Structure = density_donor.dat) as shown in Figure 6.4.2.16

T T T T T I I I T
——— p-type-[1e18_cm"-3
: : : : : — E—gge—lg[‘le‘lﬁ__cm‘— ]
1+ . . . . . . . . . . . . n-type[T el 8_CmA-3} _
i
‘CD
T
=
02 —
O — -
I I I I I I I | I
0 10 20 30 40 50 60 70 80
X[nm]

Figure 6.4.2.16: Doping concentration of donors/ acceptors along the x direction.

Important things to remember

* The nextnano++ tool treats each doping type associated with a particular name separately, thus they do not
overwrite each other.

* only doping associated with the same name can overwrite each other (add = no)

Last update: 16/07/2024

— FREE — Doping Functions

* Header

* Introduction

* Overview

» Using pre-defined doping profiles
» 2. Using custom doping profiles

» Important things to remember
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Header

Files for the tutorial located in nextnano++\examples\basics:
e basics_ID_doping_predefined.in

e basics_1D_doping_analytic.in (not compatible with the free version)

Introduction

This tutorial is the fifth in our introductory series. In the previous tutorials, we’ve already encountered one pre-
defined doping profile - the constant one. In the following, we will see more possibilities to create doping profiles.
After completing this tutorial, you will know more about:

» different doping profiles, namely linear and Gaussian
* crating custom doping profiles

Keywords: GaussianlD{}, linear{}, import{ }

Overview

As an overview, Figure 6.4.2.17 shows all the structures that will be created in this tutorial.

Gahs nAs Gahs Gahs nA: Gahs

(10%%cm™)

Figure 6.4.2.17: shows doping profiles including linear and Gaussian functions (left) and user defined functions
(right).

Using pre-defined doping profiles

In this example we demonstrate two pre-defined doping profiles, namely Gaussian and linear profiles. For that we
consider the setup in Figure 6.4.2.17 (left). The associated input file is basics_I1D_doping_predefined.in.

Specifying regions with dopants

structure{ # this group is required in every input file

output_impurities{ boxes = yes} # output doping concentration [10418 cm-3]
#oemm o
# material
# _________
region{
binary{ name = GaAs } # material: GaAs
contact{ name = whatever } # contact definition
everywhere{} # region spreads over the complete device
}
region{
binary{ name = InAs } # region: InAs

line{ x = [ 20.0, 30.0 ] } # position: x=20.0 nm to x=30.0 nm

(continues on next page)
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(continued from previous page)

}
# ,,,,,,,
# doping
#oe o
region{
line{ x = [ 30.0, 40.0 ] } # position: x = 30.0 nm to 40.0 nm
doping{ # add doping to the region
gaussianlD{ # Gaussian doping concentration profile
name = "p-type" # name of impurity
conc = 1.0E18 # maximum of doping concentration [cm-3]
x = 35 # x coordinate of Gauss center
sigma_x = 1.0 # standard deviation in x direction
}
}
}
region{
line{ x = [ 0.0, 20.0 ] } # position: x = 0.0 nm to 20.0 nm
doping{ # add doping to the region
linear{ # linear doping concentration profile
name = "p-type" # impurity name
conc = [0, 6.0el7] # start and end value of doping concentration,
< [cm-3]
X = [0.0, 20.0] # position: x=0.0 nm to x=20.0 nm
}
}
}

We separated the structural set up in two sections: 1) material and 2) doping. In the doping section we use
linear{} and gaussianlD{} to specify the doping profiles. For defining the Gaussian profile

1 ,;(1—10)2
—— . e 2 o
oV 2w

with the total doping concentration C.,., coordinate of the maximum x( and standard deviation o, three param-
eters has to be specified. For defining the linear profile
Cend - Cstart

Clinear(x) =— T+ Cstarta
Tend — Tstart

Cgaussian(x) = Cconc

we specify start and end value of doping concentration [yYstart, Yena] With the corresponding x coordinates
[start, Tena), DOth as vectors.

Specify impurity species

impurities{ # required if doping exists

acceptor{ # select the species of dopants
name = "p-type" # select doping regions with name = "p-type"
energy = 0.045 # ionization energy of dopants
degeneracy = 4 # degeneracy of dopants
}
3
Output

We simulate the device by clicking F8 on the keyboard. In the related output folder you should find a plot of the
concentration profile (=- Structure = density_acceptor.dat) as shown in Figure 6.4.2.18.
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Figure 6.4.2.18: shows the doping concentration of donors along x.

2. Using custom doping profiles

In this example we introduce custom defined doping profiles. For that we consider the set up in Figure 6.4.2.17
(right). The associated input file is basics_1D_doping_analytic.in

Defining custom functions

import{ # this group is optional

analytic_function{ # definition of analytic function
name = "custom_exp_fun_I" # name of function
function = "1e18 *(1-exp(-x+20))" # define the function

}

analytic_function{ # definition of analytic function
name = "custom_exp_fun_II" # name of fucntion
function = "lel8*exp(-x+30)" # define the function

}

In order to create custom doping profiles, we have to define analytical functions in the group import{ } first. The
analytical expression is given by a string. Later, we can incorporate these functions for adding doping by referring
to the corresponding name.

Specifying regions with dopants

structure{ # this group is required in every input file
output_impurities{ boxes = yes} # output doping concentration [104
18 cm-3]

(continues on next page)
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(continued from previous page)

region{
binary{ name = GaAs } # material: GaAs
contact{ name = whatever } # contact definition
everywhere{} # region spreads over the,
—complete device
}
region{

+H

region: InAs
position: x=20.0 nm to x=30.0 nm
# overwrites the previously.

binary{ name = InAs }
line{ x = [ 20.0, 30.0 ] }

B3

—defined GaAs region

}
# _______
# doping
P S
region{ # region: adds doping
line{ x = [ 20.0, 30.0 ] } # position: x=20.0 nm to x=30.0 nm
doping{
import{ # reference to import{ } group,.
—where custom functions are defined
name = "n-type" # name of impurity
import_from = "custom_exp_fun_I" # import doping profile: custom_
—exp_fun_I
}
}
}
region{ # region: adds doping
line{ x = [ 30.0, 50.0 ] } # position: x=30.0 nm to x=50.0 nm
doping{
import{ # reference to import{ } group,.
—where custom functions are defined
name = "n-type" # name of impurity
import_from = "custom_exp_fun_II" # import doping profile: custom_
—exp_fun_II
}
}
}

Inside doping{}, the previously defined functions are used to create custom doping profiles. We import each
function (import_£from) from the group import{ } by referring to the name that we had assigned. The function
is then evaluated on the interval specified inside 1ine{} yielding the final doping profile.

Besides the shape of the doping profile we also specify the name, as usually.

Specify impurity species

impurities{ # required if doping exists

acceptor{ # select the species of dopants
name = "p-type" # select doping regions with name = "p-type"
energy = 0.045 # ionization energy of dopants
degeneracy = 4 # degeneracy of dopants

}
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Output

We simulate the device by clicking F8 on the keyboard. In the related output folder you should find a plot of the
concentration profile (= Structure = density_donor.dat) as shown in Figure 6.4.2.19.
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Figure 6.4.2.19: The doping concentration of donors along the x direction.

Important things to remember

* before importing and using our own functions, we first have to define them in the import{ } group

Last update: 16/07/2024

— FREE — Doping in Heterostructure

e Header
e Introduction

* Specifying the structure

* Specify impurity species
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Header

Files for the tutorial located in nextnano++\examples\basics:

e basics_ID_doping_heterostructure.in

Introduction

This tutorial is an example of defining a heterostructure with multiple doping regions (Figure 6.4.2.20). The device
structure is shown in Figure 6.4.2.20.

I [

o 200 200 600 800 1000 1200 1400
x(om)

tion (107%cm 1)

Figure 6.4.2.20: shows structure with doping profile

Specifying the structure

Inside the group structure{ }, we’ve separated the code into two blocks. In the first we defined material regions,
and in the second we added doping.

# _________
# materials
# ,,,,,,,,,
region{
ternary_constant{ # constant alloy composition
name = "In(x)Ga(l-x)As" # material: InGaAs
alloy_x = 0.5 # alloy composition
}
contact{ name = whatever } # contact definition
everywhere{} # ranging over the complete device, from.,
—x=0.0 nm to x=1503.0 nm
}
region{

3

ternary_constant{ constant alloy composition

name = "AlAs(x)Sb(1l-x)" # material: AlAsSb
alloy_x = 0.85 # alloy composition
}
line{ x = [ 300.0, 488.0] } # overwriting InGaAs in the interval from,

~x = 300.0 nm to x=488.0 nm

region{
ternary_constant{ # constant alloy composition
name = "Al(x)In(1-x)As" # material: AlInAs
alloy_x = 0.5 # alloy composition
}
line{ x = [ 488.0, 1493.0] } # overwriting InGaAs in the interval from.,

—X = 388.0 nm to x=1493.0 nm

(continues on next page)
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(continued from previous page)

}

region{

quaternary_constant{ # constant alloy composition
name = "Al(x)Ga(y)In(l-x-y)As" # material: AlGalnAs
alloy_x = 0.4 # alloy composition
alloy_y = 0.2 # alloy composition
}
line{ x = [ 593.0, 1193.0] } # overwriting AlInAs in the interval from,

—X = 593.0 nm to x=1193.0 nm

region{
ternary_constant{ # constant alloy composition
name = "In(x)Ga(l-x)As" # material: InGaAs
alloy_x = 0.5 # alloy composition
}
line{ x = [ 643.0, 1143.0] } # overwriting AlInAs in the interval from,

—X = 643.0 nm to x=1143.0 nm

There are often many ways to create a desired structure. However, utilizing the symmetry of a structure can some-
times simplify things. In the code above we for example, we try to omit defining each material layer separately.
Instead, we defined the outer material layers as one region and then overwriting it inside by the next inner layers.
Thus, we do not have to define the two InGaAs or InAlGaAs regions separately.

# -
# doping
# ,,,,,,
region{ # region for adding doping
line{ x = [0.0, 300.0]} # position: x=0.0 nm to 300.0 nm
doping{
constant{ # constant doping concentration profile
name = "n-type-doping" # name of impurity
conc = 1.0el9 # doping concentration [cm-3]
}
}
}
region{ # region for adding doping
line{ x = [300.0, 400.0]} # position: x=300.0 nm to 400.0 nm
doping{
constant{ # constant doping concentration profile
name = "n-type-doping" # name of impurity
conc = 5.0el8 # doping concentration [cm-3]
}
}
}
region{ # region for adding doping
line{ x = [440.0, 484.0]} # position: x=440.0 nm to 484.0 nm
doping{
constant{ # constant doping concentration profile
name = "p-type-doping" # name of impurity

(continues on next page)
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(continued from previous page)

conc = 1.0el8 # doping concentration [cm-3]
}
}
}
region{ # region for adding doping
line{ x = [534.0, 589.0]} # position: x=534.0 nm to 589.0 nm
doping{
constant{ # constant doping concentration profile
name = "p-type-doping" # name of impurity
conc = 5.0el8 # doping concentration [cm-3]
}
}
}
region{ # region for adding doping
line{ x = [1193.0, 1493.0]} # position: x=1193.0 nm to 1493.0 nm
doping{
constant{ # constant doping concentration profile
name = "p-type-doping" # name of impurity
conc = 5.0el8 # doping concentration [cm-3]
}
}
}
region{ # region for adding doping
line{ x = [1493.0, 1503.0]} # position: x=1493.0 nm to 1503.0 nm
doping{
constant{ # constant doping concentration profile
name = "p-type-doping" # name of impurity
conc = 1.0el9 # doping concentration [cm-3]
}
}
}

We define each doping region one at a time: first n-type regions and then p-type regions.

Specify impurity species

impurities{ # required if doping exists

donor{ # select the species of dopants
name = "n-type-doping" # select doping regions with name = "n-type-doping"
energy = 0.045 # ionization energy of dopants
degeneracy = 2 # degeneracy of dopants

}

acceptor{ # select the species of dopants
name = "p-type-doping" # select doping regions with name = "p-type-doping"
energy = 0.045 # ionization energy of dopants
degeneracy = 4 # degeneracy of dopants

}

Last update: 16/07/2024
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— FREE — Variables

e Header
e Introduction

— Application: Performing a parameter sweep

» Important things to remember

Header

Files for the tutorial located in nextnano++\examples\basics:

e basics_1D_variables.in

Introduction

This tutorial teaches how to use variables in the input file. Besides their advantages for the code, e.g. en-
hance flexibility, creating dependencies between parameters, etc., variables enable performing parameter sweeps
in nextnano++. After completing this tutorial, you will know more about:

¢ defining variables
e common usage of variables in nextnano++

In this tutorial we want to create a GaAs/InAs/GaAs single quantum from tutorial 1 well once again, this time using
variables.

Defining variables

# Independant variables

# ______________________

$device_start = 0.0 # device starts at x = 0.0 nm (DisplayUnit:nm)
$device_length = 50.0 # device ranges from $device_start to $device_start.
—+ $device_length (DisplayUnit:nm)

$InAs_width = 20.0 # thickness of InAs layer (DisplayUnit:nm).,

— (ListOfValues:5.0, 10.0, 20.0)

# fine grid spacing value (DisplayUnit:nm)

$grid_spacing_fine = 0.5
=2.0 # coarse grid spacing value (DisplayUnit:nm)

$grid_spacing_course

# Derived variables

$InAs_start = $device_start + ( $device_length - $InAs_width )/2 # calculating.,
—start position of InAs layer (InAs layer should be centered around the middle of.
—the device) (DisplayUnit:nm) (DoNotShowInUserInterface)

$InAs_end = $device_start + ( $device_length + $InAs_width )/2 # calculating.
—end position of InAs layer (DisplayUnit:nm) (DoNotShowInUserInterface)

Variables start with the character “$” followed by their name. A good practice is place the variables at the beginning
of the input file. In the example we see one major application for variables in nextnano++, namely the structural
design. Since we are now able to define dependencies between parameters explicitly, three variables - $xmin,
$device_length and $InAs_width - set up the complete device structure.

The comments (DisplayUnit: ... ), (ListOfValues: ... ) and (DoNotShowInUserInterface) are important for
parameter sweeps which we will discuss later. The purpose of these three specifiers in particular are to display the
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unit of the variable in the sweep interface, to give a list of sweep values and to exclude a variable from the sweep

# grid in x direction
# assign start position of device.,

# assign course grid spacing (4.0 nm)

interface.
Specifying the grid
grid{ # this group is required in every input file
xgrid{
line{
pos = $device_start
—(x=0.0 nm)
spacing = $grid_spacing_fine
}
line{

pos = $InAs_start
—interface (20.0 nm)
spacing = $grid_spacing_course
}
line{
pos = $InAs_start
—interface (30.0 nm)
spacing = $grid_spacing_course

# assign grid point at GaAs/InAs,

# assign fine grid spacing (0.5 nm)

# assign grid point at InAs/GaAs.,

# assign fine grid spacing (0.5 nm)

pos = $device_start+$device_length # assign end position of device (x=50.

}
line{
-0 nm)
spacing = $grid_spacing_fine
}
}
}

# assign course grid spacing (4.0 nm)

The grid is now completely derived from the variables. Now, if some variables are changed, we ensure that the

grid is adapted to the structure of the device.

Specifying the structure

structure{
region{
binary{ name = GaAs }
contact{ name = whatever }
everywhere{}

# GaAs region
# contact definition
# region spreads over the complete.

—device (from $device_start to $device_start+$device_length)

3
region{
binary{ name = InAs }

# InAs region

line{ x = [ $InAs_start , $InAs_end ] } # derived position of InAs layer

—GaAs region
}
}

# overwrites the previously defined.

We assign the previously derived variables for the position of the InAs layer to the corresponding region.
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Application: Performing a parameter sweep

For performing a parameter sweep, it was necessary to introduce variables. Now, we want to show how to sweep
through the InAs layer thickness and then output the simulated energy profiles.

The first step is to initialize the sweep. Under the tab Template in nextnanomat we load the currently opened input
file by clicking ref: icon (Figure 6.4.2.21). Then we select list of values and the variable $InAs_width which
should be swept. Since we specified a list of values for $InAs_width in the input file, the list is automatically
inserted. Then we have to create the input files for each value in the list. By clicking create input file they
are added to the batch list. The second step is to run all files from the batch list by pressing F10.

[N} nextnanomat = O x
File Edit Run View Tools Help
Input Template  Template (Beta)  Simulation  Output

[ |
Template file: |C:\Users\niklas.pichel\Documerﬂs\Tasks\Easic_TLnorials_‘I D_StructureDesign_Start_121022"4) variables“Basics 1D - 4 - Variables.in | c
Variables:
Variable Value Lnit Description
w 0.0 nm device starts at x = 0.0nm
device_length 50.0 nm device ranges from Sdevice_start to Sdevice_start + Sdevice_length
InAs_width 200 nm thickniess of Infs layer
grid_spacing_fine 05 nm fine grid spacing value
grid_spacing_course 20 nm coarse grid spacing value
Sweep

() Single simulation  filename suffis: | _modified

(O) Range of values varnable: | from: to: step:
@ List of values variable: [InAs_wicth | values: [5.0,10.0,20.0
{defimited by commas)
Output

(O Saveto folder: E;! |C:\ngram Files nextnanc’2022_08_05\Sample files‘\nextnano++ sample files |

(® Save to temporary folder and add to batch list
[ Include all modified varables in filename
Create input files

Postprocessing
6 Number of relevant column: l:l Maximum number of value lines: I:I @ Create file with combined data

Figure 6.4.2.21: Screenshot showing nextnanomat interface to initialize the sweep:
1. load input file,
2. select variable and list of values for the sweep,

3. create new input files (saved to temporary folder)

After running the simulation you should find an output folder for every sweep value:
basics_1D_variables_InAs_width_<SweepValue>. Figure 6.4.2.22 shows the overlay of energy pro-
files from every sweep.
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Figure 6.4.2.22: Overlay of energy profiles (conduction band at I" and heavy hole valence band) corresponding to
different InAs layer widths

Important things to remember

* Variables are defined by “$” + “Name of variable”

Last update: 16/07/2024

— SOON — Importing files

* Header
* Importing data
— Reading external files
— Electric potential
— Strain tensor
— Alloy compositions
* Imported data in the simulation
— Electric potential
— Strain tensor
— Alloy compositions

— Resulting bandedges

e 2D and 3D simulations
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Header

Files for the tutorial located in nextnano++\examples\basics:
* import-dat_ID_nnp.in - importing *.dat files to 1D simulation
e import-dat_2D_nnp.in - importing *.dat files to 2D simulation
e import-dat_3D_nnp.in - importing *.dat files to 3D simulation

Scope of the tutorial:
This tutorial is presenting how to import various files to nextnano++ simulations. The examples cover
importing electric potential, alloy contents, and strain for 1D, 2D, and 3D simulations from *.dat files.

Relevant output Files:
* bias_00000\bandedges.dat
e Imports\Ternary_alloy.dat
* Imports\Strain_Tensor.dat
o Imports\Potential.dat
Introduced Keywords:
e import{ directory file{ filename format } }
e region{ ternary_import{ } }
e strain{ import_strain{ } }

e poisson{ import_potential{} }

Importing data
Reading external files

The pivotal group responsible for importing files for simulations with nextnano++ is the group import{ }. Its
purpose for this tutorial is to inform nextnano++ about:

« the location of a selected file,

¢ format of the file,

¢ name of the file,

¢ how to refer to the file,

» whether the data should be rescaled.

EXAMPLE 1. Importing a file from the location of the input file
Let’s say that one has an input file C:\input_files\my_input_file.in. Having the follow-
ing script in the file

import{
file{
name = "some_imported_data"
filename = "my_alloy_from_XRF"
format = DAT

results in nextnano++ trying to access and read a file C: \input_files\my_alloy_from_XRF.
dat. The file can be used in the input file under the name some_imported_data.
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EXAMPLE 2. Importing a file from an arbitrary location
Giving that the data to import is stored elsewhere, one just needs to define import{ directory
} attribute to navigate nextnano++ to the location of the file to import. The script

import{
directory = "D:\\my_precious_measurements\\"
file{
name = "some_imported_data"
filename = "my_alloy_from_XRF"
format = DAT
}
}

instructs  nextnano++ to access and read D:\my_precious_measurements\
my_alloy_from_XRF.dat.

Hint: Itis also allowed to write directory = "D:\my_precious_measurements\" instead
of directory = "D:\\my_precious_measurements\\"
Note: The input files prepared for this tutorial have import{ directory = "./"} specified

which is equivalent to not specifying directory attribute at all.

EXAMPLE 3. Importing a file and rescaling
Let’s assume that somebody has prepared a file containing alloy content defined in the range from
0 to 100. The nextnano++ tool requires the content to be imported as mole fraction, therefore,
defined in the range from O to 1. To import data from such a file one can use a scaling factor
0.01 which will be used while reading the file. Running the following script

import{
directory = "D:\\my_precious_measurements\\"
file{
name = "some_imported_data"
filename = "my_alloy_from_XRF"
format = DAT
scale = 0.01
}
}

results in nextnano++ rescaling all the imported values (except the domain, coordinates) by
multiplying them by 0.01. Therefore, a data for 2D simulation

coord-x | coord-y | alloy-x
0 3 10
5 5 25
20 6 70

will be read as

coord-x | coord-y | alloy-x
0 3 0.1

5 5 0.25
20 6 0.7

To use imported file in the simulation, one needs to use the reference name specified by import{ file{ name }
} in other proper places in the input file.
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Electric potential

For this tutorial we provide you with three files containing electric potential for importing import-
dat_1D_nnp_potential.dat, import-dat_2D_nnp_potential.dat*, and import-dat_3D_nnp_potential.dat for 1D, 2D,
and 3D simulations, respectively. Let’s consider 1D simulation for simplicity; 2D and 3D cases are similar.

EXAMPLE 4. Importing electric potential from a *.dat file
The :import_1D_dat_nnp_potential.dat is imported in the input file :import-dat_ID_nnp.in as

follows.
import{
file{
name = "imported_potential”
filename = "import-dat_1D_nnp_potential.dat"
format = DAT
}
}

It allows nextnano++ to use the data through the name "imported_potential" elsewhere. As
the electric potential is related to the Poisson equation, one needs to use the name inside a nested
group poisson{ import{ } } in order to inform the tool that these data should be used as an
electric potential. The relevant piece of script in the :import_I1D_dat_nnp.in is:

poisson{
import_potential{
import_from = "imported_potential"
}
3

Strain tensor

You can apply these manners to the other parameters, such as, strain and potential.

import{
file{
name = "imported_strain" # name for referencing the.
—imported data in the input file
filename = "import-dat_1D_nnp_strain.dat" # name of file which is imported
format = DAT # format of the file to be.

—imported. At the moment only AVS format and a simple .dat format is supported.

}

strain{
import_strain{
import_from = "imported_strain" # reference to imported data in.
—import{ }. The file being imported must have exactly six data components
# expected order of tensor.
—.components is: e_11, e_22, e_33, e_12, e_13, e_23.

3

output_strain_tensor{
simulation_system = yes
crystal_system = yes

}
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In the case, the import file has only one column (x) of a coordinate. Number of required columns of coordinate
depends on dimensionality of the simulation, 2 columns (x and y) are necessary for 2D simulation and 3 columns
(X, y, and z) for 3D simulation. Additionally, the file contains 6 tensor components, €11, €22, £33, €12, £13, and €23,
each in separate collumn.

Alloy compositions

structure{
output_alloy_composition{}
region{
line{
x = [0, 16]
}
ternary_import{
name = "Al(x)Ga(l-x)As" # ternary material name for this.,
—region which uses imported alloy profile
import_from = "imported_ternary" # reference to imported data in import
—{ }. The file being imported must have exactly one data component (x)

}

As ternary_import{ } is used to import alloy profile, imported_ternary file contains information about alloy
profile. The file has the following data.

x-coord | alloy_parameter
4 15
12 30

The “alloy_parameter” should be < 1, therefore, import{ file{ scale } } is necessary to be consistent with
that.

Once you import a file, you can use it multiple times.

import{

file{

name = "imported_quaternary" # name for referencing the.
—imported data in the input file

filename = "import-dat_1D_nnp_quaternary.dat" # name of file which is,
—imported

format = DAT # format of the file to be.
—imported.

# At the moment only AVS.

—format and a simple .dat format is supported.

}
}
structure{
region{
line{
x = [17, 33]
}
quaternary_import{
name = "Al(x)Ga(y)In(l-x-y)As" # quaternary material name for.

(continues on next page)
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(continued from previous page)

—this region which uses imported alloy profile
import_from = "imported_quaternary" # reference to imported data in.,
—import{ }.
# sThe file being imported must.
—have exactly two data components (x,Vy).

}
}
region{
line{
X = [34, 50]
}
quaternary_import{
name = "Al(x)Ga(1-x)As(y)Sb(1-y)" # quaternary material name for this,
—region which uses imported alloy profile
import_from = "imported_quaternary" # reference to imported data in.

—import{ }.
# The file being imported must have.
—exactly two data components (x,y).

}
}

In the code, you are using import-dat_1D_nnp_quaternary.dat file twice to specify those alloy compositions.

Imported data in the simulation

import{ output_imports{} } outputs all imported data including scale factors. The filenames of the outputs
correspond to the ones defined import{ file{ name } }.

Electric potential

Attention: Prepared input files are not solving the Poisson equation.

The Figure 6.4.2.23 shows the potential defined in the import files.

(a) 08 (b) 0.8

0.6 0.6
E + E ] | 1] Il
=~ 0.4 — 0.4
© ©
= F yw} L
c c
2z 02 9 02F
(o] (o]
[a r a r

0.0 0.0

—0.2 1 1 1 1 1 1 1 —0.2 1 L 1 1
34 36 38 40 42 44 46 48 50 0 10 20 30 40 50
Distance (nm) Distance (nm)

Figure 6.4.2.23: The potential introduced from the import file. The resulting potential in the entire structure.
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Strain tensor
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Distance (nm)

Figure 6.4.2.24: Imported strain tensor.

Alloy compositions

Figure 6.4.2.25 shows the alloy compositions in each region defined in the import files (a), (b) and the input file
(©).

(a)0-5 (b)1.0 (c)1.0
— alloy_x — alloy_x

5 0.41 5 0.8 — alloy_y 5 0.8
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Figure 6.4.2.25: The alloy composition of Al(x)Ga(l-x)As is shown in (a). The alloy composition of
Al(x)Ga(y)In(1-x-y)As is shown in (b) (The violet line: x, The purple line: y). (c) shows the alloy composi-
tions in the whole structure. Region I is Al(x)Ga(y)In(1-x-y)As, region II is Al(x)Ga(y)In(1-x-y)As, and region
[T is Al(x)Ga(1-x)As(y)Sb(1-y), respectively.

The grid points in Figure 6.4.2.25 are originated from the import files.

There are some important points you can see from Figure 6.4.2.25 (c). First, you should be aware that the values
between grid points are interpolated linearly. Therefore, the composition between the region I and the region II
steeply drops. Second, the regions in which any date is not specified in import files are interpolated by constants.
As the composition of the region III is not specified in the import files, it has continuously taken over the value at
the boundary between the region II and the region III.

Resulting bandedges

At last, we briefly check the band edges of the structure (Figure 6.4.2.26).

HH, LH, and SO band mean heavy hole, light hole, and split off band, respectively. The Fermi level is set to 0 eV
You can refer to Definition of Band Offsets (zincblende) for further knowledge about band offsets.
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Figure 6.4.2.26: The band edges of the structure. The HH band and the LH band are degenerated in the region
where there is no strain.

2D and 3D simulations

In the 2D simulation, you can import files in the same manners as in the 1D simulation. Of course, the import files
have to be 2 dimensional.

Figure 6.4.2.27 shows the geometry of the materials used in this simulation.

Here, we look at the alloy compositions of the materials as an example of a 2D import file. 2D_ternary_alloy.dat,
2D_quaternary_alloy.dat are imported for specifying the alloy compositions for the materials above.

Attention: In this tutorial we are assuming always that the imported data is defined on a domain or subspace
of the simulation domain. Therefore, the number of dimensions of the domain of the imported data is always
assumed to be the same as of the simulation, e.g., 2D simulation imports data with two first columns standing
for x and y coordinates. If you need a tutorial covering such case, let us know here.

Last update: 16/07/2024

Contacts and Boundary Conditions
This will be a set of tutorials teaching basics on how to define and choose boundary conditions for your simulations

to represent various physical scenarios at the boundaries of your simulation. Currently, you can find here only one
tutorial, for the Schottky contact, which will be later split and expanded into multiple more specific tutorials.

— FREE — Schottky Barrier

e Header
e Introduction

* Schottky Barrier
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Figure 6.4.2.27: The geometry of the materials used in the 2D simulation. The dashed line is along x = 7.5 nm.
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Figure 6.4.2.28: The alloy compositions of (a) x and (b) y of the materials used in the 2D simulation.
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Header

Files for the tutorial located in nextnano++\examples\basics:
e contacts_1D_ohmic_charge_neutral_GaAs_nnp.in
* contacts_1D_schottky_barrier_GaAs_nnp.in
* contacts_2D_schottky_barrier_GaAs_nnp.in (not compatible with the free version)

Scope:
The Schottky barrier at the boundary of simulation domain.

Introduction

When a metal is in contact with a semiconductor, a potential barrier is formed at the metal-semiconductor interface.
In 1938, Walter Schottky suggested that this potential barrier arises due to stable space charges in the semicon-
ductor. At thermal equilibrium, the Fermi levels of the metal and the semiconductor must coincide. There are two
limiting cases:

a) Ideal Schottky barrier:

* metal/n-type semiconductor: The barrier height ¢ g is the difference of the metal work func-
tion ¢, and the electron affinity () in the semiconductor.

edp = e(dm — Xs)
* metal/p-type semiconductor: The barrier height ¢ ,, is given by:
e¢B,p = e(¢M - Xs) - Egap

b) Fermi level pinning:

If surface states on the semiconductor surface are present: The barrier height is determined by
the property of the semiconductor surface and is independent of the metal work function

Consequently, the Schottky barrier corresponds a (Dirichlet) boundary condition for the electrostatic potential, i.e.
the solution of the Poisson equation in the semiconductor, because the conduction and valence band edge energies
are in a definite energy relationship with the Fermi level of the metal.

The Schottky barrier model implemented in nextnano++ corresponds to pinning of the Fermi level and does not
take into account the work function of the metal. Due to such definition, the barrier height is independent of the
metal work function and is entirely determined by the surface states and the doping.

contacts{
schottky{ # Schottky barrier (Fermi level pinning)
name = contact
bias = 0.0 # [V] apply voltage
barrier = 0.53 # [V] GaAs, S.M. Sze, "Physics of Semiconductor.,
—Devices", p. 275 (2nd ed.)
}
}
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Schottky Barrier

All input files in this tutorial assume n-type donor concentration in GaAs has to be 1 - 10! cm™ with realistic
activation energies. With the temperature set to 300 K this effects in having the Fermi level in the conduction band
of the n-doped GaAs, see bandedges.dat output by contacts_I1D_ohmic_charge_neutral_GaAs_nnp.in.

Running the contacts_1D_ohmic_charge_neutral_GaAs_nnp.in and contacts_1D_schottky_barrier_GaAs_nnp.in
with the $barrier=0.53 and $barrier=0.00 one can obtain a comparison of band profiles as presented in the
Figure 6.4.2.29, which shows the conduction band edge profile for n-type GaAs in equilibrium with

¢ the Schottky barrier of 0.53 V, i.e. the conduction band edge is pinned 0.53 €V above the Fermi level set at
0eV

* the Schottky barrier of 0.00 V
¢ no barrier within “ohmic” contact

at position of 10 nm. The contact regions in these simulations are defined in the range from O nm to 10 nm but
no equations are solved inside this region as both Fermi levels and electric potential are already assumed there as
boundary conditions.

Note that in equilibrium the Fermi level is constant and equal to 0 eV in the whole device. If the semiconductor
is doped, the conduction and valence band edges are shifted with respect to this Fermi level, i.e. relative to 0 eV
and are thus dependent on doping. This is a bulk property and independent of surface effects, like ohmic contacts
or Schottky barrier height, see right end of the Figure 6.4.2.29. At the left boundary, however, the band profile is
affected by the type of contact.

0.6 - Schottky barrier in n-type GaAs

. 19 -3
] wnthND=1x10 cm
054 |
0.4 4
% ] e cb (Schottky barrier 0.53 V)
; 0.3 -¢B cb (Schottky barrier 0 V)
- 4 cb (ohmic)
S
Q 0.2 4
c
Q 3
0.1+
0.0 1 Fermi level
i ohmic
-0-1 AJ l Ll l A l Al l L l Ll ' ’ ‘ Ll ' L) ' A

I
0 10 20 30 40 50 60 70 80 90 100
distance (nm)

Figure 6.4.2.29: Calculated conduction band profile

Note: A Schottky barrier of O V is not equivalent to an ohmic contact.

6.4. Tutorials 211



nextnano Documentation, Release August 2024

Both contacts{ schottky{} } and contacts{ ohmic{} } used in the input files poses Dirichlet boundary
conditions for the Poisson and Current equations. Within the contacts{ ohmic{} }, the electrostatic potential
is set to the value satisfying requirement of charge neutrality in the region of this contact, ¢ = 0. The contacts{
schottky{} } in the input files sets this value by the Schottky barrier, ¢ 5, being the value of the conduction band
edge at the boundary with respect to the Fermi level:

E.—-Er =e¢p

In this particular example, an artificial Schottky barrier of -0.0365 V would be an equivalent to results obtained
using an contacts{ ohmic{} }, (i.e. flat band condition), but only for the same temperature and the same doping
concentration.

The input file contacts_2D_schottky_barrier_GaAs_nnp.in shows how to obtain the same results within 2D simu-
lation.

Last update: 16/07/2024

— FREE — Surface Charges

* Header
* Interface charges (surface states)

* Surface states - Acceptors

Header

Files for the tutorial located in nextnano++\examples\basics:
e contacts_lD_zero_field_surface_charges_GaAs_nnp.in
e contacts_lD_zero_field_surface_acceptors_GaAs_nnp.in

Scope:
Surface charges on boundaries - comparison to the Schottky barrier

Interface charges (surface states)

Instead of specifying a Schottky barrier, the user can alternatively specify a fixed surface charge density as presented
in contacts_I1D_zero_field_surface_charges_GaAs_nnp.in. The use of charges is similar as of dopants. One needs
to define them for a specific region

structure{

region{ # interface charges (surface states)
line{ x = [10 , 10 + $Width] }?}

doping{
constant{

name = "negative-interface-charge" # name of impurity

conc = $VolumeDensity # doping concentration [cm-3]
}

and define with some name and given sign.
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impurities{
charge{
name = "negative-interface-charge" # refer to region with name.,
—negative-interface-charge
type = negative
}
}

Figure 6.4.2.30 shows that the red curve ( = “ohmic” contact with interface charge density o (surface states) of
-8.4796 - 10'? |e| /cm? = -1.3586 - 10 C/m?) is equivalent to the black curve (Schottky barrier of 0.53 eV).

A sheet charge density of -8.4796 - 10'? cm™ corresponds to a volume charge of -8.4796 - 10?° cm if one assumes
this charge to be distributed over a grid spacing of 0.1 nm. In this case, the interface charge density corresponds
to a Neumann boundary condition for the derivative of the electrostatic potential ¢:

dé
dxr

where E, is the electric field component along the x direction. E,, is related to the interface charge as follows:

= —F, = const,

B, =2

€r€o
where € is the permittivity of vacuum and e, is the dielectric constant of the semiconductor. In this example:
e ¢, =12.93 for GaAs
e F, =1049.7 kV/cm

The output for the electric field (in units of [kV/cm]) can be found in this file: electric_field.dat

0.6 - Schottky barrier in n-type GaAs

e . 19 -3
: c withN =1x10" cm
054 |
0.4
% 3 e cb (Schottky barrier 0.53 V)
; 0.3-¢,B cb (interface charge)
- 1 cb (ohmic)
L=
Q 0.2 4
c
q, .
0.1 4
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I
0 10 20 30 40 50 60 70 80 90 100
distance (nm)

Figure 6.4.2.30: Calculated conduction band profile

The output for the interface densities can be found in this file: material\density_fixed_charge.dat.
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Surface states - Acceptors

Input file: 1DSchottky_barrier_GaAs_surface_states_acceptor_nnp.in

Instead of specifying a Schottky barrier, the user can alternatively specify a density of acceptor surface states (p-
type doping). Essentially, this can be done by specifying a p-type doping region that is very thin, i.e. the doping is
specified only on one grid point.

In this example, we use a doping area of 0.1 nm at the surface that we dope p-type with a volume density of 847.96
- 10" ¢cm™. This corresponds to a sheet charge density of 8.4796 - 10'> cm™ where we assume the states to have
realistic activation energies.

impurities{

acceptor{ # p-type
name = "impurity_p"
energy = 0.027 # p-C-in-GaAs (Landolt-Boernstein 1982)
degeneracy = 4 # degeneracy of energy levels, 2 for n-type, 4 for p-type

}

The results are the same as shown in Figure 6.4.2.30 for the interface charges.

Last update: 16/07/2024

Electrostatics and Strain

— DEV — Solution of the Poisson equation for different charge density profiles

Input Files:
* ID_Poisson_dipole_nnpp.in
* [DPoisson_linear_nnp.in

e ID_Poisson_delta_nnpp.in

Note: If you want to obtain the input files that are used within this tutorial, please check if
you can find them in the installation directory. If you cannot find them, please submit a Support
Ticket.

Scope:
In this tutorial we show solution of Poisson equation for constant, linear and delta-function like
charge density profile of positive and negative charges.

Output files:
* bias_00000\density_electron.dat, bias_00000\density_hole.dat
* bias_00000\electric_field.dat
* bias_00000\potential.dat
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1) Dipole: Constant charge density profile of positive and negative charge

Input file: 1D_Poisson_dipole_nnpp.in
The following figures (Figure 6.4.2.31 and Figure 6.4.2.32) show a dipole charge density distribution where

¢ the left region (from x = 0 nm to x = 10 nm) carries a constant positive charge density (resulting from ionized
donors N ;) and

¢ the right region (from x = 10 nm to x = 20 nm) carries a constant negative charge density (resulting from
ionized acceptors IV ;).
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Figure 6.4.2.31: Doping distribution
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Figure 6.4.2.32: Charge density distribution

We have to solve the Poisson equation:

¢ _
dz?2 €6

Figure 6.4.2.33 shows the corresponding electric field distribution and Figure 6.4.2.34 shows the electrostatic po-
tential profile

The electric field is given by
de
E(z)=——
(@) = ——

and has a linear dependence (~ -z) because the electrostatic potential has a quadratic dependence (~ z2). The
maximum value of the electric field is given by:

p e-1-10"%cm=3
Emax = — 2=
€r€0 12.93 - 8.8542 - 10712As/Vm

-10nm = 139.95kV /cm

where x is the width of the positive (or negative) charge density region, and €, = 12.93 is the static dielectric
constant of GaAs.
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Electric field distribution of a dipole
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Figure 6.4.2.33: Electric field distribution

Electrostatic potential distribution of a dipole
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Figure 6.4.2.34: Electrostatic potential distribution

The drop of the electrostatic potential between O nm and 20 nm is simply given by the area that is below the graph
of the electric field:

1
A¢ = 5 Fra - 20nm = 139.95mV

2) Linear charge density profile of positive and negative charge

Input file: 1D_Poisson_linear_nnpp.in

The following figures (Figure 6.4.2.35 and Figure 6.4.2.36) show a linearly varying charge density distribution
where

* the left region (from x = 0 nm to x = 10 nm) carries a linearly decreasing positive charge density (resulting
from ionized donors Ng) and

¢ the right region (from x = 10 nm to x = 20 nm) carries a linearly increasing negative charge density (resulting
from ionized acceptors N ).

Figure 6.4.2.37 shows the corresponding electric field distribution and Figure 6.4.2.38 shows the electrostatic po-
tential profile

The electric field shows a quadratic dependence (~ —22) whereas the electrostatic potential shows a cubic depen-
dence (~ z?).
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Linear doping profile
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Figure 6.4.2.35: Doping profile

Linear charge density distribution
1.04

0.5+
0.0+

0.5+

charge density (1* 10” elcm®)

T - ~
20 A5 A0 5 ] 5 10 15 20
distance {nm)

Figure 6.4.2.36: Charge density distribution
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Figure 6.4.2.37: Electric field distribution

Electrostatic potential distribution
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Figure 6.4.2.38: Electrostatic potential
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3) Delta-function like charge density profile of positive and negative charges

Input file: 1D_Poisson_delta_nnpp.in

The following figures (Figure 6.4.2.39 and Figure 6.4.2.40) show a delta-function like charge density distribution
where

* in the middle of the structure (x = 0 nm) there is a constant positive charge density of width 1 nm (resulting
from ionized donors Ng) and

* at the boundaries of the structure there are constant negative charge densities of width 1 nm each (resulting
from ionized acceptors N ).

Delta doping profile (width =1 nm)
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Figure 6.4.2.39: Doping profile

Delta like charge density distribution
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Figure 6.4.2.40: Charge density distribution

Figure 6.4.2.41 shows the corresponding electric field distribution and Figure 6.4.2.42 shows the electrostatic po-
tential profile

Electric field distribution
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Figure 6.4.2.41: Electric field distribution
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Electrostatic potential distribution
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Figure 6.4.2.42: Electrostatic potential

Last update: nn/nn/nnnn

Band gap of strained AlGalnP on GaAs substrate

Input Files:
e AlGalnP_on_GaAs_ID_nnp.in

Scope:
In this tutorial we study the band gaps of strained Al,Ga,Ini_,_,P ona GaAs substrate. The
material parameters are taken from [ VurgaftmanJAP2001].

Output Files:
o strain\strain_simualtion.dat
* strain\hydrostatic_strain.dat

* bias_00000\bandedges.dat

Strain

To understand the effect of strain on the band gap on the individual components of the quaternary
Al,Gaylny P, we first examine the effects on

1) AIlP strained tensely with respect to GaAs

2) GaP strained tensely with respect to GaAs

3) InP strained compressively with respect to GaAs

4) Al,Ga;_, P strained tensely with respect to GaAs

5) GagIny_, P strained with respect to GaAs

6) Al,In;_, P strained with respect to GaAs

7) Alg.4Gag. ¢ P strained tensely with respect to GaAs

8) Gag.4Ing¢P strained compressively with respect to GaAs
9) Alg.4Ing.¢P strained compressively with respect to GaAs

Each material layer has a length of 10 nm in the simulation. The material layers 4), 5) and 6) vary their alloy
contents linearly, i.e.

4) Al,Gai_,P: x=0.0tox = 1.0 (from 10 nm to 20 nm)
5) GagzIni_,P: x=0.0tox = 1.0 (from 30 nm to 40 nm)

6.4. Tutorials 219



nextnano Documentation, Release August 2024

6) Al Ini_,P: x=1.0tox = 0.0 (from 50 nm to 60 nm)

There is no external stress applied to the structure, so Poisson’s ratio holds. All layers are strained pseudomorphi-
cally with respect to a GaAs substrate (i.e. the layers are biaxially strained in the plane perpendicular to the growth
direction to match the lattice constant of GaAs).

The biaxial strain in the layers can be calculated with this formula:

Gsubstrate — @
a

Cyy = €2z =

where a is the lattice constant. The output of the strain tensor can be found in this file: strain\strain_simualtion.dat

The hydrostatic strain is the trace of the strain tensor and corresponds to the volume deformation:

ehydro = TT(CW) = €xx + eyy + €2z

—e_XX = e_yy
Strain tensor components —e 2z
0.05 ——e_hydro
1 GaP InP Al Ga P
004 4 AIP AP oo SRR
0.03 4
AlGaP Ga, jn, P
0.02 4 g
001 4 (R LaT—
“ o000
-0.01 4 T —
Al In P
-0.02 4 e e
0,03
L —
-0.04 4 GalnP AlinP
T T T T T
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0 10 20 30 40 50 60 70 B0 20 100
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Figure 6.4.2.43: Strain tensor components

band gaps

Figure 6.4.2.44 shows the conduction band edges at the Gamma, L. and X points and the heavy hole, light hole and
split-off hole valence bands. The red line shows that band gap, i.e. the difference between the lowest conduction
band minimum and the valence band maximum. The band gap maximum occurs at Alg 55110 45 P (2.355 eV).

The conduction and valence band edges have been obtained taking into account the shifts and splittings of the
bands due to strain and deformation potentials.

Note that conduction and valence band offsets are not taken into account in this plot. The zero of energy was taken
to be the unstrained heavy hole / light hole band edge.

Due to strain, the degeneracy of the heavy and light hole is lifted. Also, the X band splits into two X bands (2-fold
and 4-fold degeneracy).

In the case of tensile (compressive) strain, the light (heavy) hole band is the valence band maximum.
Note that the material parameters include band gap bowing.
Figure 6.4.2.45 compares the overall band gap to the case where band gap bowing has been neglected.

The nextnano++ tool supports quaternaries in comparison with nextnano:

quaternary_constant{
name = "Al1(x)Ga(y)In(l-x-y)P"
alloy_x = 0.255

(continues on next page)
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energy (eV)

Band gap of strained materials with respect to a GaAs substrate
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Figure 6.4.2.44: Band edge and band gap profile
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Figure 6.4.2.45: Ban dgap profile
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(continued from previous page)

alloy_y = 0.255

Appendix E of the PhD thesis of T. Zibold (/ZiboldPhD2007]) is related to the nextnano++ implementation of
quaternaries.

Last update: nn/nn/nnnn

— SOON/EDU — Piezo- and Pyroelectric charges in GaN/AIN/GaN wurtzite heterostructure

* Header
* Introduction
* Crystallographic orientation
* Strain-induced energy shift
— Energy profiles without the strain effects
— Including energy shift due to pseudomorphic strain

* Polarization Effects

Pyroelectric polarization (spontaneous polarization)

Piezoelectric polarization

Electrostatic potential of piezo- and pyroelectric charges

N-face polarity versus Ga-face polarity

e Exercises

Header

Files for the tutorial located in nextnano++\examples\education:
e piezo-pyro-charges_wz_GaN-AIN_ID_nnp_offsets.in
e piezo-pyro-charges_wz_GaN-AIN_ID_nnp_strain.in
* piezo-pyro-charges_wz_GaN-AIN_ID_nnp_pyro.in
e piezo-pyro-charges_wz_GaN-AIN_ID_nnp_strain-pyro.in
e piezo-pyro-charges_wz_GaN-AIN_I1D_nnp_strain-piezo.in
e piezo-pyro-charges_wz_GaN-AIN_I1D_nnp_strain-piezo-pyro.in
Scope of the tutorial:
¢ defining wurtzite heterostructure
* piezo- and pyroelectricity in wurtzite
Main adjustable parameters in the input file:
* parameter $Strain
e parameter $Polarity
Relevant output files:
 bias_00000\bandedges.dat
* bias_00000\potential.dat
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Introduction

This tutorial presents how to define wurtzite heterostructure and explains how piezo- and pyroelectric polarization
constants influence respective charges on interfaces on a n example of GaN/AlAn/GaN heterostructure bringing in-
sight into piezoelectricity and pyroelectricity in wurtzite. More detailed explanation of piezoelectricity in wurtzite
can be also found in Piezoelectricity in wurtzite.

Crystallographic orientation

Input files for this tutorial simulate a GaN/AIN/GaN wurtzite structure grown pseudomorphically on GaN, i.e., the
AIN is tensely strained, whereas the GaN is unstrained. The growth direction [0001] is set along which corresponds
to the growth on Ga-polar GaN (0001) surface (Ga-face polarity).

As the wurtzite structure belongs to the hexagonal crystal system, one should take additional care about defining
Miller indices of the growth plane.

global{ }
simulatelD{}

## This is along [0001] direction: Ga-face polarity
crystal_wz{

x_hkl = [0, 0, 1] # hkil = (0, 0, 0, 1) Miller-Bravais indices
y_hkl =[ 1, 0, 0 ] # hkil = (1, 0, -1, ®) Miller-Bravais indices
substrate{
name = "GaN"
}

}

Although the four-digit Miller-Bravais indices (hktl) are usually used in a wurtzite structure, you have to omit ¢ in
nextnano++ because ¢ = h — k holds. x_hk1 refers to a plane and perpendicular to the crystal growing direction.
See Crystal Coordinate Systems for more details. As the wurtzite structure lacks symmetry plane perpendicular to
the c-axis, the c-plane is polarized. The 0001 plane in GaN is the Ga-polar plane, while the opposite 0001 plane
is the N-polar plane. All the examples in this tutorials are prepared for the growth on the Ga-polar plane. The
N-polar polarity is discussed at the end.

Strain-induced energy shift
Energy profiles without the strain effects

Figure 6.4.2.46 shows the energy band offsets (conduction and valence band edges) of the heterostructure. It is
done by neglecting all polarization and strain effects. Poisson equation is solved to bring the offsets already near
the Fermi level set to zero. Clearly AIN forms the barrier for both electrons and holes.

It is visible that without strain the CH (crystal hole) band lies above the HH (heavy hole) and LH (light hole) bands
in AIN while the situation is opposite for GaN. This mechanism is explained in [Chuang1996]. Note that heavy
and light hole are not degenerate under no-strain condition, unlike in zincblende crystals.
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Figure 6.4.2.46: Calculated conduction and valence band structures without strain effects. (a) Full energy profile.
(b) Valence band edges of AIN. (Run piezo-pyro-charges_wz_GaN-AIN_I1D_nnp_offsets.in to reproduce.)

Including energy shift due to pseudomorphic strain

As the substrate in the simulation is set to GaN, the GaN remains unstrained also when the strain model is turned
on. Since AIN has the lattice constant, ap;ny = 0.3112 nm, smaller than the one of GaN, ag,n = 0.3189 nm, it
becomes strained as follows.

The biaxial (in-plane) strain is tensile.
€| = (asubstrate — @)/a = 0.0247429
The uniaxial (growth direction) strain is compressive.
£1 = —2(c13/c33)e) = —0.0143283
The hydrostatic strain is positive, which corresponds to an increase in volume for AIN.
eny = Tr(eyj) = (2¢) + 1) = 0.0351575
Introduction of the strain leads to an energy shift of both conduction and valence band edges.

The crystal anisotropy leads to two distinct conduction band deformation potentials for the I' point in wurtzite.
The one is parallel, defpot_absolute_1, and the other one is perpendicular, defpot_absolute_t, to the ¢ axis.
These values are taken from the database_nnp.in.

binary_wz{
name = AIN

conduction_bands{
Gamma {
defpot_absolute_1l
defpot_absolute_t

-20.5 # Vurgaftman2 (al) along c axis
-3.9 # Vurgaftman2 (a2) perpendicular to c axis

}

Denoting defpot_absolute_l as ac caxis and defpot-absolute_t as dc aaxis, the conduction band minimum
energy including the hydrostatic shift is given by
E = Ec + e caxise L + 20c aaxis€|
=4.712 4 (—20.5 x (—0.0143283)) + 2(—3.9) x 0.0247429
=4.712 + 0.10073553
=4.81274 eV

Therefore, the barrier for electrons is increased in this particular example.
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Note: Data for uniaxial deformation potentials of other minima than I" are not available yet. The
uniaxial deformation potential is zero for the conduction band at the I" point.

There are six valence band deformation potentials (D1, D2, D3, Dy, D5, and Dg) which arise from a full treatment
of the effect of strain on the six-band Hamiltonian. These values are also specified in database_nnp.in.

binary_wz{
name = AIN

valence_bands{
defpotentials = [ -17.1, 7.9, 8.8, -3.9, -3.4, -3.4 ] #D_1, D_2, D_3, D_4, D_
-5, D_6, respectively, Vurgaftman2
}
}

In contrast to zincblende, an absolute deformation potential for the valence band is not needed. The shifts of the
valence bands are obtained by diagonalizing the Bir-Pikus strain Hamiltonian, which is a general approach giving
correct shifts for arbitrary crystallographic orientations. Note that this holds only for the valence bands.

In our example, the tensile strain in AIN shifts all holes upwards, - the heavy hole by 0.32847 eV, - the light hole
by 0.32877 eV and - the crystal field split-off hole by 0.64726 eV, thus strongly reducing the barrier for holes.

(a) (b)

5'0 _0'6
GaN AIN| GaN n

-08 | e CB (no strain)

— . ===« HH (no strain)

3 25F 3 —L.or GaN AIN GaN LH (no strain)

:‘ ; -2 T CH (no strain)
g g —— CB (with strain)
S 0.0F 5 -14 —— HH (W.Ith stra.ln)
L | LH (with strain)
bt -1.6fF i —— CH (with strain)

_25 L 1 L 1 ~-1.8 |‘ >| i 1 i 1
0 40 80 120 160 200 95 100 105 110 115 120
Distance (nm) Distance (nm)

Figure 6.4.2.47: Calculated conduction and valence band structures with strain effects. (a) Full energy profile. (b)
Valence band edges of AIN. (Run piezo-pyro-charges_wz_GaN-AIN_ID_nnp_strain.in to reproduce.)

Polarization Effects

Polarization charges are simply computed basic formula from classical electrodynamics once proper Polarization
fields are defined.

VoP=—p
Note that polarization effects are addittive, i.e., if P = P; 4+ P5 then

VOP:VO[P1+P2]:vOP1+VOP2:7p17p2

6.4. Tutorials 225



3376

3377

3378

3379

3380

338

3382

3383

nextnano Documentation, Release August 2024

Pyroelectric polarization (spontaneous polarization)

The wurtzite material GaN, AIN, and InN are pyroelectric materials and thus show the pyroelectric polariza-
tion. The pyroelectric polarization field P, (x) is antiparallel to the c-axis, [0001], of the hexagonal unit cell
(x-direction of exemplary simulations). Therefore, only non-zero component of the pyroelectric polarization vec-
tors is parallel to the x-axis of the exemplary simulation: -0.034 C/m? for GaN and -0.090 C/m? for AIN.

Once the pyroelectric polarization is defined, the pyroelectric charge density can be computed as.
Ppy (x) = =V o Ppy (x)

If the c-axis is oriented along the x-axis as in our example, this equation reduces to

Ppy (T) = _%Ppy (z).

As the derivative is non-zero only at the discontinuity of the polarization at the interfaces, all polarization charges
will be located at these interfaces for this example. The surface densities of the polarization charges can be deter-
mined based on the Polarizations of GaN, P,  (GaN), and AIN, P, . (AIN), as follows:

The 1% interface (GaN/AIN) at 100 nm:

—[P,

py,x

(AIN) — P,y . (GaN)] = Py (GaN) — Pyy  (AIN) = —0.034 + 0.090 = 0.056 C/m>

2" jpterface (AIN/GaN) at 117 nm:

— [Poyx (GaN) — Py (AIN)] = Ppy  (AIN) — Py (GaN) = —0.090 + 0.034 = —0.056 C/m>

The interface charge of —0.056 C/m” corresponds to 34.952 x 102 electrons/cm”.

Piezoelectric polarization

Piezoelectric polarization appears due to presence of strain. In the exemplary simulation the AIN layer is strained,
while GaN is not. Therefore, the piezoelectric polarization is non-zero only in the AIN layer.

Py (AIN) = €332, +¢31 [ +¢] = 1.79 x [-0.0143283] — 0.50 x 2 - 0.0247429 = —0.050390 C/m’

The piezoelectric constants are specified in database_nnp.in.

binary_wz{
name = AIN

piezoelectric_consts{
e31 = -0.50 e33 =1.79 # Vurgaftmanl (Vurgaftman2 lists d_ij (/= e_ij ).
—parameters.)
el5 = -0.48 # [Tsubouchil985] (experiment) and [Momida2016] and.
—0. Ambacher
}

Note: The el5 is not relevant for [0001] growth direction.

Similarly as for the pyroelectric polarization the piezoelectric charge density can be computed as
Ppz (x) = =V o Py, (x)

and
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if the c-axis is oriented along the x-axis as in our example.

In this case as well, the derivative is non-zero only at the interfaces yielding the surface densities of the polarization
charges based on the Polarizations of GaN, P,, . (GaN), and AIN, P,,  (AIN).

The 1% interface (GaN/AIN) at 100 nm:

— [Py (AIN) = P, (GaN)] = P, (GaN) — P, (AIN) = 0 + 0.050390 = 0.050390 C/m>

2" jnterface (AIN/GaN) at 117 nm:

— [Pysx (GaN) — Py, (AIN)] = Py, (AIN) — Py, (GaN) = —0.050390 — 0 = —0.050390 C/m?

The interface charge of —0.050390 C/ m’ corresponds to 31.451 x 10'2 electrons/ cm”.

Electrostatic potential of piezo- and pyroelectric charges

The electrostatic potential ¢ (r) is the solution of the nonlinear Poisson equation.

Vole(r)Vo(r)] = —p(r,¢(r))
The charge density p contains the (static) piezo and pyroelectric charge densities as well as the electron and hole
charge densities and ionized donors and acceptors.

While the ionization of the impurities and free carriers depend on the electrostatic potential ¢, the piezo- and
pyroelectric charge densities do not.

The figure Figure 6.4.2.48 (a) shows electrostatic potential calculated for the heterostructure including:
1. both pyro- and piezoelectric charges (black)
2. only piezoelectric charges (turquoise)

3. only pyroelectric charges (purple)

4.5 8
(a) GaN AIN GaN (b) —— Fermi level
& 3 6} — Gamma GaN AIN GaN
= . — HH
I 25F il
5 —— piezo and pyro - 2F
% 1.5F— piezoonly a
Q -==- pyro only a 0 \J A
9]
£ 05F S5l
o
Q
o -0.5f —af
=15 1 1 & 1 1
40 80 120 160 40 80 120 160
Distance (nm) Distance (nm)

Figure 6.4.2.48: Electrostatic potential and energy profiles for Ga-face polarity. (a) The electrostatic potential with
pyroelectric (py) and piezoelectric (pz) charges. (b) Conduction and valence band energy profiles under strain
with all polarization charges included. (Run piezo-pyro-charges_wz_GaN-AIN_ID_nnp_strain-pyro.in, piezo-
pyro-charges_wz_GaN-AIN_ID_nnp_strain-piezo.in, and piezo-pyro-charges_wz_GaN-AIN_ID_nnp_strain-
piezo-pyro.in to reproduce.)

The pyro and piezoelectric contributions are comparable in this example. The band structure including the elec-
trostatic potential is plotted in Figure 6.4.2.48 (b). Note that the conduction band is pulled below and the valence
band above the Fermi level near the interfaces.
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N-face polarity versus Ga-face polarity

The exactly same simulation of the GaN/AIN/GaN wurtzite structure can be performed also for the N-face polarity.
The only difference from the previous simulations is implemented in the crystallographic orientation of the system.

Figure 6.4.2.49 shows again the electrostatic potential and the energy profiles, as before, but for both, Ga-face and
N-face polarities.

(a) (b)

6 3 —— Fermi level
s GENJ Alz2 GaN -+ Gamma (Ga-face)
= 4r S R R S -+ HH (Ga-face)
g s 3z} LH (Ga-face)
< = # X | CH (Ga-face)
s & Of= — — - -+ Potential pz + py (Ga-face)
5 E NS —— Gamma (N-face)
E w HH (N-face)
b LH (N-face)
LLy —— CH (N-face)
-15 L I —6 1 L —— Potential pz + py (N-face)
40 80 120 160 40 80 120 160

Distance (nm) Distance (nm)

Figure 6.4.2.49: Electrostatic potential and energy profiles for Ga-face (dotted) and N-face polarities (solid). (a)
The electrostatic potential with pyroelectric (py) and piezoelectric (pz) charges. (b) Conduction and valence band
energy profiles under strain with all polarization charges included.

Note that the positions of 2D electron gas (2DEG) and 2D hole gas (2DHG) are reversed.

Exercises

1. Repeat all simulations for N-face polarity-

2. Explain why the built-in electric field is comparable in all simulations: piezo-pyro-charges_wz_GaN-
AIN_I1D_nnp_strain-pyro.in, piezo-pyro-charges_wz_GaN-AIN_ID_nnp_strain-piezo.in, and piezo-pyro-
charges_wz_GaN-AIN_ID_nnp_strain-piezo-pyro.in

Last update: 07/08/2024

Currents

— EDU — Electron transport in n-type Silicon

* Header
* Problem
* Input file
* Solutions
— Mean drift velocity
— Mean free path
— Resistance and conductivity

e Further Exercises

e Answers
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Header

Files for the tutorial located in nextnano++\examples\education:
1D_el_transport_Si_n_dop_nnp.in

Scope:
* mobility
e drift velocity
* mean free path
¢ scattering time
¢ resistance
* conductivity
Important output files:
* bias_xxxxx/IV_characteristics.dat
* bias_xxxxx/velocity_electron.dat

* bias_xxxxx/mobility_electron.dat

Problem

An n-type silicon layer of thickness d = 1 um is grown on a 1 x 1cm? insulating substrate. It is doped with
phosphorous (P) donors with a doping concentration of Np = 1 - 1016 ecm™3. Two ohmic contacts are located on
the opposite sides of the sample, therefore, distanced by [ = 1 cm from each other.

Calculate:
a. mean drift velocity of charge carriers in the sample,

b. mean free path for the charge carriers in the sample by considering the effective scattering time and the mean
drift velocity,

c. resistance and conductivity

at room temperature when 1 V of bias is applied to the contacts. Assume electron mobility e = 1222.58 cm?/Vs
and hole mobility u, = 425.54 cm?/Vs.

Input file

The input file 1D_el_transport_Si_n_dop_nnp.in contains a 1D definition of 1 cm long n-doped Si at 300 K as
stated in the problem. Assumed mobilities of carriers in Si are overwritten in the group database{ }.

database{
binary_zb{
name = "Si"
mobility_constant{
electrons{ mumax = 1222.58 } # (cm2/Vs)
holes{ mumax = 425.54} # (cm2/Vs)

}

The complete structure is n-doped with an impurity concentration of Np = 1016 cm~3. Activation energy of the
dopants is taken from this table. Degeneracy is chosen 2 as typical for donors.
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$doping_concentration = 1lel6 # (cm”3)
$width = 1e7 # (nm)

structure{
region{ # Doping layer
line{ x = [ -1.0, $width + 1.0 ] }

doping{
constant{
name = "Phosphorus"
conc = $doping_concentration
}
}
}
}
impurities{
donor{
name = "Phosphorus"
energy = 0.045 # (eV)
degeneracy = 2
}
}

The structure is biased with a voltage of 1 V and 0 V applied to the left and right contact, respectively.

contacts{ # this group is required in every input file

ohmic{
name = contact_right
bias = 0.0 # (V)

}

ohmic{
name = contact_left
bias = 1.0 # (V)

}

The simulation of current inside the material is done based on the Drift-Diffusion model solved self-consistently
with the Poisson equation. Therefore poisson{ }, currents{ }, and run{ current_poisson{ } } groups
are present in the input file. Constant mobility model is chosen for this simulation. Among multiple interesting
outputs, the ones useful for solving the problem are also added: electron velocity, mobility and currents.

$mobility_model = constant

currents{
mobility_model = $mobility_model
recombination_model {}

output_mobilities{}
output_currents{ }
output_velocities{}

These can be found in output files: IV_characteristics.dat, velocity_electron.dat, and mobility_electron.dat. Com-
puted values are used later in the tutorial to determine the scattering time, mean free path and resistance of the
material.

Note:  Scattering time of bulk crystal, mean free path and resistance cannot be outputted by
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nextnano—++.

Solutions

Mean drift velocity

The mean drift velocity vq4 . of the electrons at an applied electric field £ = % = 1V — 1 V/cm is given as

1 cm
follows:

1
Vae=p-E=p- % =1222.58 cm?/Vs - % = 122258 cm/s = 12.23 m/s

The drift velocities of electrons and holes at each grid point (in units of cm/s) can be found in
the files bias_XXXXX/velocity_electron and bias_XXXXX/velocity_hole, respectively. From the simulation
1D_el_transport_Si_n_dop_nnp.in one can read the drift velocity for electrons v4 , = 1222.5797 cm /s.

Mean free path

The mean free path can be calculated by the simple formula I, = vq,e - teft,e. We already determined the drift
velocity vq,.. We only have to find the effective scattering time t.g . The effective scattering time of the electrons
ter, can be calculated as follows:

tefte = fi- % = 1222.58 cm?/Vs - 0.258% —1.79-10713 5 = 0.18 ps

where the conduction electron mass is given by

1
Mecond = 776916 + 2/0.19

0= 0.258 mo.

Therefore, the mean free path for bulk Si is given by

Imfp = Vd,e * tesr,e = 0.0022 nm.

Resistance and conductivity

The calculated current density j (in units of [A/cm?] for a 1D simulation) can be found in the file:
bias_xxxxx/IV_characteristics.dat. For an applied voltage of 1 V the calculated value reads

j = 19507 A/m? = 1.9507 A /cm?.
Taking into account the dimensions of the Si sample (A = 1 cm?), this corresponds to a total current I of
I=19507 A/m?-1cm-1pm = 1.9507-10"* A = 0.2 mA.

The ohmic resistance is thus given by

U 1V

— = ———— =5105.2Q = 5.1 k.
1 1.9507 - 10—* A 5105 g

R=

The conductivity o is given by

J 19507 A /m?
= —_— = = ——-—--G_— 1 Q .
o 5 Uen € 1V /em 95 Om

and is related to the resistance as follows:
j_1/A

1
TETU/d wR

where w is the width of the sample. Here, w = 1 pym.
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Further Exercises

1. Repeat the calculations for InSb assuming electron mobility jze 1usp = 4 - 10° cm? /Vs and compare your
findings with the results you have obtained for Si.

2. Repeat the calculations for Two-dimensional electron gases (2DEGs) in AlGaAs/GaAs heterostructures as-
suming electron mobility fi oprg = 107 ¢cm?/Vs and compare your findings with the results you have
obtained for Si.

Hint: You can change the material to, e.g., InSb by altering the variable $material. Custom
material parameters, which should not be taken from the default, should be specified in the group
databaseq{ }.

Answers

Drift velocity
« Electrons in InSb in a field of 1 V/cm have mean drift velocities of 4 - 10° cm/s = 4 km/s.

* Two-dimensional electron gases (2DEGs) in a field of 1 V/cm in AlIGaAs/GaAs heterostruc-
tures have mean drift velocities of the order ~100 km/s.

Scattering time
* An effective scattering time for electrons in InSb (m, = 0.0135 - my) is 3.1 ps.

* An effective scattering time for two-dimensional electron gases (2DEGs) in AlGaAs/GaAs
heterostructures (m. = 0.2 mg) is of the order 1.1 ns.

Mean free path
* lnfp = 12.4 nm for InSb.
* I = 110 pm for AlGaAs/GaAs (2DEG).

Last update: nn/nn/nnnn

— DEV — |-V characteristics of n-doped Si structure

Input files:
e [-V_n-doped-Si_ID_nnp.in
e [-V_n-doped-Si_2D_nnp.in
* [-V_n-doped-Si_3D_nnp.in
* [-V_nin-doped-Si_ID_nnp.in
e [-V_nin-doped-Si_2D_nnp.in
e [-V_nin-doped-Si_3D_nnp.in

Scope:
This tutorial aims to simulate the I-V characteristics of n-doped and n-i-n doped Si structures.

Output files:
e [V_characteristics.dat

* bias_xxxxx/bandedges.dat
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I-V characteristics of an n-doped Si structure
Structure

The structure we are dealing with consists of bulk Si that is sandwiched between two contacts. The whole structure
has the following dimensions (see also):

* along z-axis: 20 nm (1 nm contact, 18 nm Si, 1 nm contact)

¢ along y-axis: 5nm

]

4
1

Figure 6.4.2.50: Simulated structure consisting of a left and right contact (blue) and n-doped Si layer (red).

The Si is n-type doped with a donor concentration of Np = 1 - 102° cm~3. The energy level is 0.044 eV below
the conduction band edge. This leads to an electron density of n = 13.48 - 10'® cm~3, which corresponds to the
concentration of the ionized donors. The Fermi level Er is taken to be at 0 €V in an equilibrium simulation, i.e.
V' = 0V. The distance of the conduction band from the Fermi level can be calculated in the following way:

* For the effective electron mass at the A-point we have:
* 1 2\ L
Me =M pog = (M1 -my -me)® = (0.916 - 0.197)3mg = 0.321my,
where mj is the longitudinal and m is the transversal mass of the effective mass tensor.

* The effective density of states reads:

2mmekpT
N, =12- (h2

where the factor of 12 arises due to the six-fold degeneracy of Si at A and the two-fold spin degeneracy. Similarly,
we obtain the effective density of states for holes:

3
) =12-(0.321-0.026 - 2.0886 - 10'*)? = 12-2.282- 10" cm™® = 2.738 - 10" cm ™,

Ny pn = 9.875- 10" cm ™3,
Ny, = 1.502 - 10" cm 3.
Note that heavy and light holes are degenerate for k = 0,i.e. Ny = Ny pn + Ny, = 1.1377 - 1012 em 3.

* The Semiconductor equation is given by

FEga _ 1.095
np = ni = NoNy exp (—ké"Tp) = N, -1.138 - 10" cm 2 exp (-0026

with Eg,p, = 1.095eV, n; = 1.113 - 10"%m=3 and p = n?/n =9.185cm™3.

) =1.238-10 cm ¢,

» The occupation of the different energy states can either be described by Maxwell-Boltzmann statistics:

n(T) = No(T) exp (E,C‘TE) |
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or Fermi-Dirac statistics:

) = Ny ().
WD) =N F (B,

where F /5 is the Fermi-Dirac integral of order 1/2 multiplied by the factor 2//7 (i.e. F /5 includes the Gamma
pre-factor)

When using the Maxwell-Boltzmann statistics as an approximation, we obtain:

2.738 - 109 cm—3
13.478 - 108 cm—3

E;=kgT1In (NC) =0.026eV - In ( ) = 0.026¢eV - In(2.031) = 18.3 meV,
n

Ny
E, = —kpTIn (p) = —0.026eV - 42.538 = —1.099 V.

Note that nextnano++ uses the Fermi-Dirac integrals (Fermi-Dirac statistics), where the following results are ob-
tained: £, = 13.85meV and F, = —1.0815¢V.

Results

We sweep the voltage at the right contact from 0.0 V to 0.2V in 10 steps. The input files used for the simulations
are I-V_n-doped-Si_ID_nnp.in, I-V_n-doped-Si_2D_nnp.in I-V_n-doped-Si_3D_nnp.in. The calculated current
density for each bias point can be found in IV_characteristics.dat. The resulting [-V characteristics is depicted in
Figure 6.4.2.51.

1/ curve of an n-doped Si structure between two contacts
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Figure 6.4.2.51: Simulated I-V characteristics of an n-doped Si structure using constant mobility model.

The nextnano++ results are in agreement with the I-V characteristics obtained with nextnano’. The units for the
current in a 2D simulation are [A/m]. Dividing this two-dimensional current value by the width of the device
(in our case 5 nm) we obtain the current in units of [A /cm?], which is the usual unit of a 1D simulation. As our
simple 2D example structure is basically equivalent to a 1D structure we can easily compare our 2D results with
the 1D results to check for consistency. It is also possible to perform a 3D simulation. In this case, the units for

the three-dimensional current are [A]. Dividing by the area of the device of 25 nm?, we obtain the 1D units of
[A/cm?].
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I-V characteristics of an n-i-n-doped Si structure

Structure

The second example is an n-i-n (n-doped, intrinsic, n-doped) Si structure, which is shown in Figure 6.4.2.52. The
width of the intrinsic region is 14 nm, and the n-doped regions are both 2 nm wide.

Iy

314151617 1 1':| 20

4
1

Figure 6.4.2.52: Simulated n-i-n structure consisting of a left contact (dark blue), n-doped Si (light blue), intrinsic
Si (green), n-doped Si (yellow) and right contact (red).

Results

In Figure 6.4.2.53 the current-voltage (I-V) characteristic is shown. The input files used for the simulations are /-
V_nin-doped-Si_ID_nnp.in, I-V_nin-doped-Si_2D_nnp.in I-V_nin-doped-Si_3D_nnp.in. The data of the I-V curve
can be found in the corresponding file IV_characteristics.dat.

IV curve of an nin-doped Si structure between two contacts
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Figure 6.4.2.53: Simulated I-V characteristics of the n-i-n doped Si structure using constant mobility model.

In order to compare the results from 1D, 2D and 3D simulations, we have divided the 2D current by the width of
the device (in our case 5 nm) and the 3D current by the cross-section area of the device of (in our case 25 nm?), to
get the current density in units of [A /cm?]. The obtained results are in perfect agreement.

Figure 6.4.2.54 shows the conduction band profile (bias_xxxxx/bandedges.dat) for different voltages.
Last update: 17/07/2024
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Figure 6.4.2.54: Simulated conduction band profile of the n-i-n Si structure for different voltages.

— DEV — |-V characteristics of n-doped GaN single layer

* Header
* Introduction
* [V characteristics of an n-doped GaN single layer

e Results

- ID

Header

Input Files:
e [V_GaN_n_doped_ID_nnp.in
e IV_GaN_n_doped_2D_nnp.in
e IV_GaN_n_doped_3D_nnp.in
Scope of the tutorial:
¢ currents
* wurtzite
Main adjustable parameters in the input file:
* parameter
Relevant output files:

e [V_characteristics.dat
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Introduction

This tutorial shows the accuracy of drifft-diffusion model implemented in nextnano++ on a simple example: a
single layer of an n-doped GaN. We compare the I-V characteristics obtained by nextnano++ with analytical
solutions.

IV characteristics of an n-doped GaN single layer

The conductivity o and the resistivity p of an n-type doped GaN sample can be calculated analytically, following
formulas:

0 = qinn,
p=djo,

where ¢ is electron charge, n is concentration of electron carriers, p,, is mobility of electrons, and d is thickness
of the material.

This is a good check for the results obtained with nextnano++ simulations. The thickness of the GaN layer is
d =100 nm.

The structure we are dealing with consists of bulk GaN that is sandwiched between two contacts. The whole
structure has the following dimensions:

material | width (nm) | doping
contact 10

n-GaN 100 1x 108 ecm—3
contact 10

As you see, the GaN is n-type doped with a donor concentration of Np = 1 x 10'® cm™3. The energy level is
chosen to be 0.01507 eV below the conduction band edge.

impurities{
donor{ name = "Si_donor" degeneracy = 2 energy = 0.01507 }

¥

This leads to the electron density of 5.2846 x 107 cm~3. This is also equivalent to the concentration of the ionized
donors. The result obtained by another commercial software is 5.355 x 10'7 cm™3.

contacts{
ohmic{ name = "left_contact" bias = 0.0 }
ohmic{
name = "right_contact"

IWHEN $biassweep bias = [ $biasstart, $biasend ]
IWHEN $biassweep steps = $biassteps
IWHEN $nosweep bias = $biasstart

}

If $biassweep = 1, sweeping bias takes place. Otherwise, if $biassweep = 0 and $nosweep (= 1 -
$biassweep) = 1, sweeping bias is not applied. Since the bias is swept from 0.00 V to 0.10 V, $biasstart is
setto 0.0 and $biasend is set to 0. 1. In addition, $biassteps is equal to 10.

We take the GaN mobility to be constant: s, = 100 cm?/Vs. The mobility model that is applied is called
constant and described as below.

currents{
mobility_model = constant
recombination_model{

(continues on next page)
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(continued from previous page)

SRH = no
Auger = no
radiative = no
}
output_currents{ }

}

We sweep the voltage at the right contact and calculate the current density for 0.00 V,0.01 V,0.02 V,...,0.10 V
(10 steps).

Results

1D

The current-voltage (IV) characteristic can be found in the following file: IV_characteristics.dat. Figure 6.4.2.55
shows the IV curve obtained by nextmano++.

90000
= n-type doping 1 x 108 cm~3
3 i = 100 cm?/Vs
< 60000
>
o L
7]
cC
& I
o
+« 30000F
C
o I
5 I
@]

1 1 1 1 1 1 1 1 1

0
0.00 0.02 0.04 0.06 0.08 0.10
Voltage (V)

Figure 6.4.2.55: TV curve of an n-doped GaN single layer.

The figure shows that the GaN layer is an ohmic resistor. From Figure 6.4.2.55, you can obtain a resistivity of the
n-GaN layer of 1.1819 x 1075 Qcm?. Another commercial software results in 1.43 x 1076 Qcm?.

A good check is the analytic formula given above. From this, you can obtain:
On = epiyn = 1.6022 x 107 As x 100 cm?/Vs x 5.2846 x 10'7 cm™3 = 8.4670 A /Vem

p=d/oc =100 nm/(8.46700 A/Vem) = 1.1811 x 10~° Qcm?

Another analytical result with the other commercial software is 1.168 x 1076 Qcm?.

Thus, you can see that the nextnano++ result agrees better with the analytical result than the result by the other
commercial software.
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2D

Now, we try the same structure in a 2D nextnano++ simulation to check if the 2D result agrees with the 1D one.
The input file IV_GaN_n_doped_2D_nnp.in is used for this section. The width of the sample along the y direction
is 200 nm. The x direction is the same as in 1D.

Note that the unit for the current in a 2D simulation is [A /cm]. Dividing this two-dimensional current value by the
width of the device (in our case 200 nm), we obtain the current density in units of [A /cm?] which is the usual unit
of a 1D simulation. As our simple 2D example structure is basically equivalent to a 1D structure, we can easily
compare our 2D results with the 1D results to check for consistency.

volt- | current (A/cm) | current density (A/cm?) [ current  density  (A/cm?)
age (nextnano++ 2D) (nextnano++ 2D*) (nextnano++ 1D)

0 0 0 0

0.02 0.33845 16922.4 16922.4

0.04 0.67689 33844.7 33844.7

0.06 1.0153 50767.0 50767.0

0.08 1.3538 67689.2 67689.2

0.10 1.6922 84611.2 84611.3

* Here, the current density of the 2D simulation is obtained by dividing the current [A /cm]| by the width 200 nm.

From the IV characteristics obtained from the 2D simulation, you can obtain a resistivity of the n-GaN layer of
1.1819 x 10~ Qcm? which agrees very well with the 1D result (1D: 1.1819 x 10~% Qcm?).

3D
Of course, it is also possible to simulate this structure in 3D. In this case, the unit of the current is [A] and have to

be divided by the area of the device perpendicular to the current flow direction to obtain the units of [A /cm?].

Last update: 17/07/2024

— DEV — n-i-n Si resistor

Attention: This tutorial is under construction

Input files:
* nin-resistor_Si_Sabathil_JCE_2002_1D_nnp.in

Scope:

This tutorial aims to simulate the current through n-i-n Si transistors. We illustrate our method
for calculating the current by studying simple one-dimensional examples that we can compare to
full Pauli master equation results. Our method is capable of calculating the electronic structure
of adevice fully quantum mechanically, yet employing a semi-classical scheme for the evaluation
of the current. As we shall see, the results are close to those obtained by the full Pauli master
equation provided we limit ourselves to situations not too far from equilibrium. The tutorial is
based on the example presented on p. 43 in Stefan Hackenbuchner’s PhD thesis [Hackenbuchn-
erPhD2002] and on the following paper: [Sabathil2002].

Output files:
* bias_xxxxx\density_electron.dat
* bias_xxxxx\bandeges.dat

e [V _characteristics.dat
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Structure

We consider a one-dimensional 300 nm Si-based n-i-n resistor at room temperature where “n-i-n” stands for “n-
doped / intrinsic / n-doped” (see Figure 6.4.2.56). The intrinsic region and the n-doped regions are each 100 nm
wide. At both ends of the device there are ohmic contacts.

300 nm

A
Y

100nm  intrinsic 100 nm
> Np=10"%m®

Ohmic Ohmic
contact contact

Figure 6.4.2.56: Geometry of the n-i-n Si resistor

A

The n-doped regions at the left and right sides are doped with a doping concentration of Np = 1 - 10" cm 3.

The intrinsic region in the center of the device has a background concentration of n; = 1 - 10" cm ™3 (see p. 43
in [HackenbuchnerPhD2002]). This value is calculated by nextnano++ automatically and does not have to be
entered in the input file. Assuming Maxwell-Boltzmann statistics, the intrinsic carrier concentration n; is given by

E
n; = (NoNy)? exp (‘ﬁ?}) , 6.4.2.1)

where T' = 300K is the temperature, Eg,, = 1.095eV is the band gap energy of Si at T' = 300K, N, =
2.738 - 10% cm =3, N, = 1.138 - 10'9 cn 2. Using (6.4.2.1), one obtains n; = 1.12 - 1019 cm—23. For a more
detailed discussion of this equation (including Fermi-Dirac statistics), please read the description in Tutorial /-V
characteristics of an n-doped Si structure.

The conductivity electron mass is given by

N 2

Mecond = 770916 1 2/0.19

0= 0.258777,0,

whereas the DOS electron effective mass is given by
mE pos = (0.916 - 0.19%)3 mg = 0.321my.

The static dielectric constant is given by e = 11.7. For the donors we assumed an ionization energy of 0.015 eV
and a degeneracy factor of 2.

Simulation

The electron density in nextnano++ can be calculated in two different ways:
* classical density (Thomas-Fermi approximation)
* quantum mechanical density (local quasi-Fermi levels).

The charge density is calculated for a given applied voltage by assuming the carriers to be in local equilibrium that
is characterized by energy-band dependent local quasi-Fermi levels Fr(z) (i.e. in the simplest case, one for holes
and one for electrons). These local quasi-Fermi levels are determined by global current conservation Vj = 0,
where the current is assumed to be given by the semi-classical relation j = u(x)n(z)V Er(x), where p(z) is the
electron mobility determined by the chosen mobility model. The carrier wave functions and energies are calculated
by solving the single-band Schrodinger-Poisson equation self-consistently. The Schrodinger, Poisson and current
continuity equations are solved iteratively. As a preparatory step, the built-in potential is calculated for zero applied
bias by solving the Schrodinger-Poisson equation self-consistently employing a predictor-corrector approach. The
ohmic contacts impose the boundary conditions £ = 0kV /cm on the electric field. For applied bias, the Fermi
level and the potential at the contacts are then shifted according to the applied potential which fixes the boundary
conditions. The main iteration scheme itself consists of two parts:

240 Chapter 6. nexthano++



nextnano Documentation, Release August 2024

* In the first part, the wave functions and potential are kept fixed and the quasi-Fermi are calculated self-
consistently from the current continuity equation.

* In the second part, the quasi-Fermi levels are kept constant, and the density and the potential are calculated
self-consistently from the Schrédinger and Poisson equations.

In the input file nin-resistor_Si_Sabathil_JCE_2002_1D_nnp.in the variable $QM at the top of the file can be used
for conveniently switching between classical $QM = ® and quantum mechanical $QM = 1 calculations.

Electron densities

Now let us first have a look at the electron densities at equilibrium (i.e. applied bias V' = 0V) for the cases of
classical and quantum mechanical calculations. The electron density is the sum over all three valleys (I"-point,
L-point and X -point (or A for Si) in the Brillouin zone), whereas for Si the dominant valley is the X valley which
is sixfold degenerate (or twelvefold degenerate including spin degeneracy). Thus, we solve Schrodinger’s equation
only in the X valley and take for the other valleys the classical density only. For the quantum mechanical calculation
we have to choose appropriate boundary conditions, which are to be specified by the variable $BC_QM at the top of
the input file nin-resistor_Si_Sabathil_JCE_2002_ID_nnp.in.

In Figure 6.4.2.57 we compare the classical and the quantum mechanical electron densities for 0 V applied bias. The
figure shows quantum mechanical calculating using Dirichlet and von Neumann boundary conditions. Dirichlet
boundary conditions force the wave function to be zero at the boundaries and thus the electron density is zero there
as well.

== Classical
=== Quantum (Dirichlet)
=== Quantum (von Neumann)

Electron density (cm~3)

Contact
o

Contact

50 100 150 200 250 3
Position (nm)

0

Figure 6.4.2.57: Comparison between classical and quantum mechanical electron densities for the n-i-n resistor.
Quantum mechanical simulations using Dirichlet and von Neumann boundary conditions are shown.

I-V characteristics

Now we vary the applied bias from 0 V to 0.25V in steps of 0.05 V and solve the drift-diffusion equations without
taking quantum mechanical densities into account (classical simulation). Here, we compare two different models
for calculating the mobility z, namely, the constant mobility model (1 = 1417 cm?/Vs) and the Hénsch mobility
model. The Hénsch model is a high field mobility model, which includes the dependency of w on the electric field.

The conduction band edges . and Fermi levels Ey . (i.e. chemical potentials) for the electrons at different applied
voltages are plotted in Figure 6.4.2.59.
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Figure 6.4.2.58: IV characteristics of the 300 nm Si n-i-n resistor for the constant mobility model and high field
mobility model Hinsch (classical simulations).
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Figure 6.4.2.59: Conduction band edge profile F and electron quasi-Fermi levels Er . at bias points of 0V, 0.15V
and 0.25 V.
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Quantum mechanical calculations

As one may expect, true quantum mechanical effects play little role in this case and both the nextnano++ (i.e.
the semi-classical drift-diffusion) and the Pauli master equation approach yield practically identical results for the
density and conduction band edge energies (i.e. for the electrostatic potential). We would like to point out that this
good agreement is a nontrivial finding, as we calculate the density quantum mechanically with self-consistently
computed local quasi-Fermi levels rather than semi-classically.

Figure 6.4.2.60 shows the conduction band edge energies and the electron densities for an applied bias of 0.25 V.
One can see that our results agree very well with the solution of the Pauli master equation /[ Fischettil 998]. Fischetti
obtains for the current density 6.8 - 10* A /cm?, whereas we obtain 3.65 - 10* A /cm? by using a (semi-)classical
drift-diffusion model. However, we note that the current is directly proportional to the mobility in our model,
i.e. changing the mobility therefore changes the value of the current. If we had chosen a constant mobility of y =

1417 cm? / Vs, then the current at 0.25 V applied bias had been 7.67-10* A /cm? (compare with I-V characteristics
above).

S 0.2 ——20 ¢
R S g n-i-n 2
w . °
g 0.1 —— This work X © 15 =
B == Pauli-Master =
T 0.0 Equation 1.0 %‘

c
é 0.5 =
% D14 @ N W Jfe= - §
3 1]
.g '0.2 T T T T T 0.0 ﬁ
(¥ 0 50 100 150 200 250 300

Position [nm]

Figure 6.4.2.60: Calculated conduction band edges E. and the electron densities n of the n-i-n structure as a
function of position inside the structure. The results obtained from the Pauli master equation /[ Fischetti1 998] are
compared to our quantum mechanical results (full lines).

Conclusion

Here, we demonstrated our approach to calculate the electronic structure in non-equilibrium, where we combine the
stationary solutions of the Schrodinger equation with a semi-classical drift-diffusion model. For the electrostatic
potential and the charge carrier density, the method leads to a very good agreement with the more rigorous Pauli
master equation approach. In addition, the current can also be described accurately.

Last update: nn/nn/nnnn

Other

— DEV/EDU — Interpolation of 2-component alloys

e Header
e [ntroduction

* How to set up simulations and why

* [nterpolations
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* Linear - no bowing
* Quadratic - constant bowing
* Cubic - composition-dependent bowing

* Band offsets with the different schemes

o Exercises

Header

Files for the tutorial located in nextnano++\examples\education:
e [Interpolation_In(x)Ga(1-x)As_I1D_linear_quadratic_nnp.in
e Interpolation_In(x)Ga(1-x)As_I1D_cubic_nnp.in
Scope of the tutorial:
Main adjustable parameters in the input file:
e parameter $linear
e parameter $STRAIN
Relevant output files:

* bias_00000\bandedges.dat

Introduction

In Interpolation schemes, you can see how to introduce interpolations in your simulation system. This tutorial helps
you understand that more through plotting band offsets of a ternary compound In(x)Ga(1-x)As with the different
interpolation schemes.

Band offsets also provides with some insights into how to define band offsets, which is related to this tutorial.

How to set up simulations and why

First, we define structure{ } to build our simulation system.

structure{
region{
ternary_linear{ # the composition x of In(x)Ga(l-x)As varies linearly
name = $material
alloy.x =1 0.0, 1.0 ] # vary x from 0.0 to 1.0 in In(x)Ga(l-x)As
b 4 = [ $xmin, $xmax ] # x coordinate of start and end point (nm)
}
line{ x = [ $xmin, $xmax ] } # In(x)Ga(l-x)As exists from 0.0 to 1.0.
—along the x direction
contact{ name = "fermi_contact" } # This region will be defined as a.
—contact. In this case, the contact is called "fermi_contact"
}
}

As aresult, pure GaAs exists at z = 0 (nm) and pure InAs exists at x = 1 (nm). The composition varies linealy
respect to x coordinate (nm).
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Next, we consider what outputs to obtain from the simulation. We want to know the band offsets of In(x)Ga(1-x)As,
therefore, we need the syntax classical{ }.

classical{
Gamma{} # a conduction band with a minimum at Gamma point
HH{} # a heavy-hole valence band with a minimum at Gamma point
LH{} # a light-hole valence band with a minimum at Gamma point
So{} # a split-off valence band with a minimum at Gamma point
output_bandedges{} # obtain band edges above
output_bandgap{} # obtain a band gap energy (optional)

The result is folded inside bias_00000\bandedges.dat.

We also have to initialize the poisson condition in poisson{ }. We do not want to apply an electric field to the
simulation because it affects the band offsets. Therefore, we explicitly define no electric field in the simulation.

poisson{
electric_field { strength = 0 }
}

If you use charge_neutral{} instead, it causes an electric field to require charge neutrality at all grid points.
You can get more information in poisson{ }

Lastly, we introduce strain effects into the system. The strain is caused by the mismatch of lattice constants between
the substrate InP and In(x)Ga(1-x)As. We assume that the strain is homogeneous.

Thus, we use pseudomorphic_strain{ } here.

$STRAIN = 0 # Choose strain option: 1: include strain, 0: do not include strain .
—(ListOfvalues: 0, 1)

strain{
pseudomorphic_strain{ }

To ignore the strain, we use $STRAIN. If $STRAIN = 1, we take account into strain. If $STRAIN = 0, we do not.

run{

ITF($STRAIN)
strain{ }

|ENDIF

}

This is necessary to calculate strain effects. We will see the strain effects to the band offsets of In(x)Ga(1-x)As at
the end of this tutorial. Refer to strain{ } for further information.

Interpolations

We have three interpolation schemes, according to Inzerpolation schemes. Note that material parameters Papc (),
Pac, and Ppc correspond to the ones of In(x)Ga(1-x)As, pure InAs and pure GaAs, respectively.
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Linear - no bowing

In this scheme, the material parameter P4 g () is represented as follows,
PInGaAs(I') =T X PInAs + []- - .’E] X PGaAs

This formula means that all material parameters of In(x)Ga(1-x)As are independent of a bowing parameter. There
are three necessary material parameters (the energy gap E};, the average energy of three top valence bands L, .,
and the spin-orbit splitting energy A, ) to obtain band offsets of In(x)Ga(1-x)As (Band offsets).

Therefore, for example, in terms of the energy gap (E; InGaAas)» the following formula holds.
E_g,InGaAs(x) =T X E_(I;,InAs + [1 - I’] X E‘Ll]—‘,GaAs

This is also true for the other two parameters (E, 4, and Ag,).

We need to define those parameters of InAs and GaAs with database{ }.

database{
# All the material parameters of InAs here (equivalent to P_InAs)
binary_zb{

name = InAs
conduction_bands{

Gamma {
bandgap = 0.417 # E_{g,InAs}*{Gamma}, Vurgaftmanl (0 K)
bandgap_alpha = 0.276e-3 # Vurgaftmanl
bandgap_beta = 93 # Vurgaftmanl
}
}
valence_bands{
bandoffset = 1.390 # E_{v,av,InAs}, A. Zunger
delta_SO = 0.39 # Delta_{so,InAs}, Vurgaftmanl
}

}

# All the material parameters of InAs here (equivalent to P_GaAs)
binary_zb{

name = GaAs

conduction_bands{

Gamma {
bandgap = 1.519 # E_{g,GaAs}*{Gamma}, Vurgaftmanl (0 K)
bandgap_alpha = 0.5405e-3 # Vurgaftmanl
bandgap_beta = 204 # Vurgaftmanl
}
}
valence_bands{
bandoffset = 1.346 # E_{v,av,GaAs}, A. Zunger
delta_SO = 0.341 # Delta_{so,GaAs}, Vurgaftmanl
}

Then, we further define bowing parameters, which are all 8 in linear interpolation, inside database{ } as well.

# All bowing parameters are set to 0 in linear interpolation
ternary_zb{

name = "In(x)Ga(l-x)As"
valence = III_V

binary_x = InAs

binary_1_x = GaAs

(continues on next page)
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(continued from previous page)

conduction_bands{
Gamma{ bandgap = 0.0 } # set to O deliberately
}
valence_bands{
bandoffset = 0.0 # set to 0 deliberately
delta_SO = 0.0 # set to 0 deliberately
}

The original database file (default: database_nnp.in) that nextnanomat refers to has data about In(x)Ga(1-x)As,
thus, it is automatically adopted and overwrites your database unless you explicitly define that they are equivalent
to 0. Therefore, you have to check the original database and how the bowing parameters of materials are
defined before you define them by your own.

Quadratic - constant bowing

In this scheme, the material parameter P4 g () is represented as follows,
PInGaAs(x) =2 X Prpas + [1 - 33] X Pgaas — .73[1 - JS] X brnGaas

brnGaas is a constant bowing parameter and we have to define it inside database{ } in this case. We also have
to define parameters Pr, 45 and Pg, a5 as well as in the linear scheme.

database{
# All the material parameters of InAs here (equivalent to P_InAs) as well as in.
—the linear scheme
binary_zb{
name = InAs

}

# All the material parameters of InAs here (equivalent to P_GaAs) as well as in.,
—the linear scheme
binary_zb{
name = GaAs

}

Then, we define constant bowing parameters by, Gqas as follows.

# All bowing parameters are constant in quadratic interpolation
ternary_zb{

name = "In(x)Ga(l-x)As"
valence = III_V
binary_x = InAs
binary_1_x = GaAs
conduction_bands{
Gamma{ bandgap = 0.477 } # Vurgaftmanl
}
valence_bands{
bandoffset = -0.43 # the band offset ( = average valence band edge.
—energy)
delta_SO =0.15 # Vurgaftmanl
}
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Here, some necessary parameters to describe band offsets, for example E; InGaAs» 18 represented as follows,
r _ r r
Eg,InGaAs =T X Eg,InAs + [1 - .13] X Eg7GaAs - .13[1 - J}] X bInGaAs

brnGaas is the bowing parameter for the band gap and defined in the code as Gamma{ bandgap = 0.477}.

This is true for the other two parameters (£, ., and A,) as well.

Cubic - composition-dependent bowing

In this scheme, the material parameter P4pc () is represented as follows,
PInGaAs(x) =x X PInAs + [1 - Z‘] X PG'aAs - J}[l - JZ‘] X blnGaAs(-r)

blnGaAs(x) =x X bIn(£)Ga(1—a:)As—)InAs + [1 - 1‘] X bI’I’L(ZE)Ga(l—I)AS—)GaAS

brnGaas(z) is a composition-dependent bowing parameter. The b7y, (2)Ga(1—2)As—InAs 1S @ constant bowing pa-
rameter for nearly pure InAs (z = 1), while the b7y, (2)Ga(1—x)As—Gaas iS also a constant bowing parameter for
nearly pure GaAs (z = 0).

To define br,(z)Ga(1—2)As—Inass a4 bru(p)Ga(1—2)As—Gads» We need bowing_zb{}. Moreover,
ternary2_zb{} should be used to relate all the bowing parameters and the component materials (InAs
and GaAs) for the alloy (In(x)Ga(1-x)As). Again, note that we also have to define parameters Pr, 45 and Pgqas
as well as in the linear scheme.

database{
# All the material parameters of InAs here (equivalent to P_InAs) as well as in.,
—the linear scheme
binary_zb{
name = InAs

}

# All the material parameters of InAs here (equivalent to P_GaAs) as well as in.,
—the linear scheme
binary_zb{
name = GaAs

}

Then, we define composition-dependent bowing parameters as follows. As explained before, the original database
has data about In(x)Ga(1-x)As. Therefore, we need ternary2_zb{} to have a different name from the one in
ternary_zb{} to avoid duplication between them.

bowing_zb{
name = "InGaAs_Bowing_InAs"
valence = III_V

conduction_bands{
Gamma{ bandgap = 0.359 } # b_In(x)Ga(l-x)As ---> b_InAs (x = 1)

}
valence_bands{
bandoffset = -0.43 # the band offset ( = average valence band edge.
—energy)
delta_SO = 0.15 # Vurgaftmanl
}
}
bowing_zb{
name = "InGaAs_Bowing_GaAs"
valence = III_V

(continues on next page)
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(continued from previous page)

conduction_bands{
Gamma{ bandgap = 1.43 } # b_In(x)Ga(l-x)As ---> b_GaAs (x = 0)
}
valence_bands{
bandoffset = -0.43 # the band offset ( = average valence band edge.
—energy)
delta_SO =0.15 # Vurgaftmanl
}
}
ternary2_zb{
name = "In(x)Ga(l-x)As_cubic" # rename to avoid duplication with.
—data on the original database
valence = III_V
binary_x = InAs
binary_1_x = GaAs
bowing_x = InGaAs_Bowing_InAs # b_In(x)Ga(l-x)As ---> b_InAs (x = 1)
bowing_1_x = InGaAs_Bowing_GaAs # b_In(x)Ga(l-x)As ---> b_GaAs (x = 0)

}

Here, some necessary parameters to describe band offsets, for example Eg InCaAs> 15 Tepresented as follows, As
explained before,

E;InGaAs =T X Eg,InAs + [1 - JJ] X Eg,G’aAs - .Z'[l - .’IJ] X bIﬂGaAS<x)

brnGaas(x) is the bowing parameter for the bang gap and defined as the formula below on the Table 6.14 in
[Adachi2009].

brncaas(z) = 0.359 + 0.491 - (1 — ) 4+ 0.580 - (1 — x)Q
Therefore,
brn(z)Ga(l—2)As—InAs = brncaas(1) =0.359 +0.491 - (1 — 1) +0.580 - (1 — 1)2 =0.359

b[n(w)Ga(l,I)AsﬁgaAs = bInGaAs(O) = 0.359 + 0.491 - (1 — 0) + 0.580 - (1 — 0)2 =1.43

Because we do not have formulas for the bowing parameters for £, ,,, and A,, we define them as the same values
between InAs and GaAs in the code above. This means that the two bowing parameters are constant and have the
quadratic scheme for the valence bands.

Band offsets with the different schemes

According to the three schemes, which is explained above, we plot band offsets of In(x)Ga(1-x)As (Figure 6.4.2.61).

Note that we define the bowing parameters for E, 40 rnGaas(z) and Ay, rnGaas(x) as constant in the cubic
scheme, therefore valence bands in the scheme are plotted with the quadratic scheme instead. Without strain, Fry
and Erp are degenerated in the all schemes. When strain is introduced due to the mismatch of lattice constants
between the substrate InP and In(x)Ga(1-x)As, band edges are bent. This is because interpolations are executed
first and then the strain is introduced to shift band energies.
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Figure 6.4.2.61: Band edges of In(x)Ga(1-x)As with a linear scheme in (a). (b) is with a quadratic scheme. (c) is
with a cubic scheme. The band edges without strain are plotted with solid lines. The ones with strain are plotted
with dotted lines.

Exercises

Plot band offsets of Al(x)Ga(1-x)As with the following steps:
* check the original database and how it is defined in it
* plot them with the linear scheme
¢ plot them with the quadratic scheme
¢ plot them with the cubic scheme
* introduce strain into the simulations and check the effects
You can get some clues to solve them in Interpolation schemes and Band offsets.

Last update: 08/03/2024

6.4.3 p-n Junctions & Solar Cells
— FREE — GaAs p—n junction

Author Stefan Birner

Note: See a tutorial on IV curves for pn junctions described here

Input Files:
* pn_junction_GaAs_ID_nnp.in
* pn_junction_GaAs_2D_nnp.in
* pn_junction_GaAs_3D_nnp.in

This tutorial discusses the nextnano++ input file. Identical results can be achieved with the nextnano® input files
listed above.

This tutorial aims to reproduce Figure 3.1 (p. 51) of Joachim Piprek’s book “Semiconductor Optoelectronic De-
vices - Introduction to Physics and Simulation” (Section 3.2 “pn-junctions’)
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Doping concentration

The structure consists of 300 nm GaAs. At the left and right boundaries, metal contacts are connected to the GaAs
semiconductor (i.e. from 0 nm to 10 nm, and from 310 nm to 320 nm). The structure is p-type doped from 10 nm
to 160 nm and n-type doped from 160 nm and 310 nm.

The following figure shows the concentration of donors and acceptors of the p-n junction. In the p-type region
between 10 nm and 160 nm, the number of acceptors, N4 is 0.5 x 10'® cm™ In the n-type region between 160 nm
and 310 nm, the number of donors, Np is 2.0 x 108 cm?
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Carrier concentrations

The equilibrium condition for a p-n junction is achieved by a small transfer of electrons from the n region to the p
region, where they recombine with holes. This leads to a depletion region (depletion width = w,, + w,,), i.e. the
region around the p-n junction only has very few free carriers left. The following figure shows the electron and
hole densities and the depletion region around the p-n junction at 160 nm. Here, we assumed that all donors and
acceptors are fully ionized.

Electron and hole densities of the pn-junction
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Note: Donors and acceptors are fully ionized!
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Net charges (space charge)

In the depletion region, a net charge results from the ionized donors Np and ionized acceptors IV 4. The following
figure shows the net charge density of the p-n junction.

Net charge density
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Electric field

The slope of the electric field is proportional to the net charge (Poisson equation), thus the extremum of the electric
field is expected to be at the p-n junction. In regions without charges, the electric field is zero. The following figure
shows the electric field of the p-n junction.
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The extremum of the electric field F;, 4, (at 160 nm) can be approximated as follows:

Fras = % = —6.997 x 10"*V/m*w, = 387kV/em
0
—eNpwy, 15 9
= T = —2.799 x 10 V/m“w,, = 386kV/cm
Symbol | Value
e 1.6022 x 10~ 17As
€ 12.93 (Dielectric constant of GaAs)
€ 8.854 x 102 As/(Vm)
Ny 0.5 x 108cm =3
Np 2.0 x 108cm™3
Wy 55.3 nm
W, 13.8 nm
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Electrostatic potential, conduction and valence band edges

In regions, where the electric field is zero, the electrostatic potential is constant. The electrostatic potential phi
determines the conduction and valence band edges:

° EC:EC0_6¢
* B, =FEy—ce¢d

The following figure shows the conduction and valence band edges, the electrostatic potential and the Fermi level
of the p-n junction.

Conduction and valence band edges of the pn-junction
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Without external bias (i.e. equilibrium), the Fermi level Er is constant (E'r = 0eV).

The built-in potential ¢;; was calculated by nextnano++ to be equal to 1.426 V It can be approximated as follows:
Gvi = Fmax(wp + wn)/2

Assuming Fiya = 387kV/cm, this would result in a depletion width: w,, + w, = 73.7nm

To allow for a constant chemical potential (i.e. constant Fermi level Er), a total potential difference of —egy; is
required.

Quantum mechanical solution

Using the nextnano’ input file pn_junction_GaAs_ID_QM_nn3.in, we can solve the Schrodinger equation for the
electrons, light and heavy holes in the single-band approximation over the whole device, rather than classically.
We calculate up to 300 eigenvalues for each band. Thus the electron and hole densities are calculated purely
quantum mechanically. The following figure shows the electron and hole concentrations for the classical and
quantum mechanical calculations. For the QM calculations, different boundary conditions were used.

¢ Dirichlet boundary conditions force the wave functions to be zero at the boundaries, thus the density goes
to zero at the boundaries which is unphysically.

* Neumann boundary conditions lead to unphysically large values at the boundaries.

For the classical calculation, the densities at the boundaries are constant. Nevertheless, in the interesting region
around the p-n junction, all four options lead to identical densities.

The following figure shows the band edges of the p-n junction for the four cases:
¢ Classical calculation
* Quantum mechanical calculation with Dirchlet boundary conditions

* Quantum mechanical calculation with Neumann boundary conditions
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Electron and hole concentrations for different boundary conditions
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* Quantum mechanical calculation with mixed boundary conditions (this feature is no longer supported)

For all cases the band edges are identical in the area around the p-n junction. Tiny deviations exist at the boundaries

of the device.
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This figure is a zoom into the right boundary of the conduction band edge. On this scale, the tiny deviations for

the different boundary conditions can be clearly seen.

Non-equilibrium

So-called “quasi-Fermi levels” which are different for electrons (Fr, n) and holes (FE'r, p) are used to describe

nonequilibrium carrier concentrations.

In equilibrium the quasi-Fermi levels are constant and have the same value for both electrons and holes (E'r,, =
Ery, = 0eV). The current is proportional to the mobility and the gradient of the quasi-Fermi level .
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2D/3D Simulations

energy (eV)

0.00

Conduction band edges for different boundary conditions

|
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e pn_junction_GaAs_2D_nn3.in / *_nnp.in - input file for the nextnano’ and nextnano++ tools

* pn_junction_GaAs_3D_nn3.in / *_nnp.in - input file for the nextnano’ and nextnano++ tools

These input files are for the same p-n junction structure as in the 1D case, but extended into 2D and 3D.

* 2D: rectangle of dimension 320 nm x 200 nm

¢ 3D: cuboid of dimension 320 nm x 200 nm x 100 nm

Complete input file for nextnano++

#
!

—

>

|
#
!

—

#

—

—

#
|

—

# pn_junction_GaAs_1D_nnp.in

# simple p-n junction with classical charge densities.

# For help on the individual keywords please go to

# This is an input file for nextnano++ to calculate the band edges of a o

# It's part of the 1D p-n junction tutorial which can be found at: o

# https://www.nextnano.com/nextnano3/tutorial/1Dtutorial_pn_junction.htm o

# https://www.nextnano.com/nextnanoplus/software_documentation/input_file.

(continues on next page)
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(continued from previous page)

# nextnano (c) nextnano GmbH o
Ny

# This input file is (c) Stefan Birner, nextnano GmbH. o
Ny

# This file is protected by applicable copyright laws. You may use it o
|

# within your research or work group, but you are not allowed to give o
Ny

# copies to other people without explicit permission. o
Ny

# o
|

# Documentation: https://www.nextnano.com/nextnanoplus/ o
Ny

# Support: support@nextnano.com o
|

o |

global{
simulatelD{}

temperature = 300.0 #.
—~Kelvin

substrate{ name = "GaAs" }

crystal_zb{

x_hkl = [1, 0, 0]
y_hkl = [0, 1, 0]
}
}
grid{
#

# For consistency reasons, we use the same nonuniform grid spacing as the.
—nextnano3 input file.

# However, using jumps in the grid spacing (e.g. at x=100.0 where the grid.
—sspacing changes abruptly)

# is not a good practice, as numerical errors increase.

#

xgrid{
line{ pos = 0.0 spacing = 2.0 }
line{ pos = 10.0 spacing = 2.0 }
line{ pos = 10.0 spacing = 1.0 }
line{ pos = 100.0 spacing = 1.0 }
line{ pos = 100.0 spacing = 0.5 }
line{ pos = 140.0 spacing = 0.5 }
line{ pos = 140.0 spacing = 0.25 }
line{ pos = 180.0 spacing = 0.25 }
line{ pos = 180.0 spacing = 0.5 }
line{ pos = 220.0 spacing = 0.5 }
line{ pos = 220.0 spacing = 1.0 }
line{ pos = 310.0 spacing = 1.0 }

(continues on next page)
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(continued from previous page)

line{ pos = 310.0 spacing
line{ pos = 320.0 spacing
}
}
structure{
output_region_index{ boxes = no }
output_material_index{ boxes = no }
output_alloy_composition{ boxes = no }
output_impurities{ boxes = no }
region{
everywhere{}
binary{ name = "GaAs" }
}
region{
line{
x = [0.0, 10.0]
}
binary{
name = "GaAs"
}
contact { name = source }
}
region{
line{
x = [10.0, 310.0]
}
binary{
name = "GaAs"
}
}
region{
line{
x = [310.0, 320.0]
}
binary{
name = "GaAs"
}
contact { name = drain }
}
region{
line{
x=1[0.0, 160.0]
# x = [10.0, 160.0] # dopi
}
doping{
constant{
name = "p-type
conc = 0.5el8
}
}
}
region{

I
NN
[}
[

ng must not start at 10.0

n

(continues on next page)
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(continued from previous page)

line{
# x = [160.0, 310.0] # doping must not end at 310.0
x = [160.0, 320.0]

}
doping{
constant{
name = "n-type"
conc = 2.0el8
}
}
}
}
impurities{
# donor{ name = "n-type" energy = 0.027 degeneracy = 2 }
# acceptor{ name = "p-type" energy = 0.0058 degeneracy = 4 }
donor{ name = "n-type" energy = -1000.0 degeneracy = 2 }

~1000.0" eV = all ionized
acceptor{ name = "p-type" energy = -1000.0 degeneracy = 4 } #
eV = all ionized

3

contacts{
ohmic{ name
ohmic{ name

}

"source" bias
"drain" bias

[— =)
(=)
(S

classical{
Gamma{}
HH{}

LH{}

So{}

output_bandedges{ averaged = no}
output_carrier_densities{}
output_ionized_dopant_densities{}
output_intrinsic_density{}

}

poisson{
output_potential{}
output_electric_field{}
}

run{

solve_poisson{ }

}

# -

'-1000.0'.

Input Files for nextnano’:

e pn_junction_GaAs_1D_nn3.in

e pn_junction_GaAs_1D_QM_nn3.in
e pn_junction_GaAs_2D_nn3.in

* pn_junction_GaAs_3D_nn3.in

Last update: nn/nn/nnnn
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— DEV — |-V characteristic of GaAs p—n junction | 1D/2D/3D

Warning: This tutorial is under construction

Input Files:
* pn_junction_GaAs_ForwardBias_I1D_nnp.in
o pn_junction_GaAs_ForwardBias_2D_nnp.in
e pn_junction_GaAs_ForwardBias_3D_nnp.in

Scope:
This tutorial shows how to perform bias sweeps to compute IV curves.

Most relevant keywords:
e contacts{ ohmic{ bias steps } }

Output Files:
IV_characteristics.dat

Introduction

In the present tutorial we are concerned with the question of how to determine the I-V characteristics of a device.
For this purpose, one side of the device is biased, and the simulation is repeatedly executed for a range of different
voltages. The nextnano++ tool offers a convenient way to perform this bias sweep. The computed current and
voltage values are automatically collected in one file. In what follows, we simulate a simple p-n junction (see also
p-n junction tutorial), to demonstrate the usage of the keywords which are relevant to trigger the bias sweep.

Input File

First, two contact regions at both ends of the structure are needed: one as source and the other as drain channel.
The contact regions will allow us to bias the structure by applying an explicit voltage to either side of the device.

structure{
region{
line{ x = [ -$BOUNDARY, -$SIZE] } # contact on left device boundary
contact{ name = leftgate } # contact name
}
region{
line{ x =[ $SIZE, $BOUNDARY] } # contact on right device boundary
contact{ name = rightgate } # contact name
}
}

The actual properties of the contacts are specified inside the group contacts{ }. There are several contact types
available (e.g. ohmic{}, schottky{}, fermi{},...), each imply different boundary conditions which are applied
to the electrostatic potential ¢(x). In our case we choose ohmic{} contacts.

The voltage on the right side is set to zero (bias = 0 V) and the left contact is biased. In order to sweep over different
voltages automatically, the bias for the left contact is to be specified as a vector with start and end value (bias =
[Vstarts Vendal)- The attribute steps specifies the total number of voltage values.
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contacts{
ohmic{ # left contact
name = leftgate # refer to region labeled 'leftgate'
bias = [ 0 , 1.0] # [V] start and end value of bias sweep
steps = 20 # number of sweep values
}
ohmic{ # right contact
name = rightgate # refer to region labeled 'rightgate’
bias = 0.0 # [V] unbiased
}
}

For simulating charge carrier transport the Poisson and Current equation are solved self consistently. It is important
to use proper convergence parameter inside the group run{ }.

Note: It is important to be aware that applying different voltages change the physical properties of the system,
e.g. the electric field, and therefore it is not guaranteed that one set of convergence parameters are applicable to all
voltages of the sweep.

poisson{
charge_neutral{} # initialize Fermi levels in the.,
—contacts that charge neutrality is obtained

# output settings
output_potential{}
output_electric_field{}

}
currents{
mobility_model = minimos # mobility model
recombination_model { # recombination model
SRH = yes
Auger = yes
radiative = yes
3
minimum_density = $MINIMUMDENSITY # convergence parameter
maximum_density = lel4d # convergence parameter
# output settings
output_currents{ }
output_mobilities{}
output_recombination{}
}
run{
current_poisson{
iterations = 1000 # max iteration
current_repetitions = 10 # current repetition
alpha_fermi =0.7 # under-relaxation parameter
residual_fermi = le-12 # desired residual of Fermi levels
output_log = yes # information about convergence behavior
1
}
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Results

When the input file is executed, simulation results for each bias value are written in separate folders. These are
located in the output folder of the simulation under \bias_xxxxx and contain e.g. band edges, electric fields, con-
vergence behaviors, etc.

0.6 1

0.5 1

0.4 1

current density (A/cm?)

0.0 0.2 0.4 0.6 0.8 1.0
forward voltage (V)

Figure 6.4.3.1: Current density as function of applied bias (1d simulation)
The output folder also contains a file with the combined current-voltage values. The corresponding file is labeled
IV_characteristics.dat. The I-V curve, as presented in Figure 6.4.3.1, can be directly visualized in nextnanomat.
Input Files for nextnano’:
* pn_junction_GaAs_ID_ForwardBias_nn3.in

Last update: nn/nn/nnnn

— SOON/EDU — p-n junction in the dark

Attention: This tutorial is under construction

* Header

* Introduction

* At equilibrium

* Under applied bias

e J-V curve

Recombination current region

Diffusion current region

High-injection region
— Series-resistance effect

e Numerical control

e Exercises
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Header

Files for the tutorial located in nextnano++\examples\education:

e p-n-junction-dark_GaAs_Nelson_2003_1D_nnp.in
Scope of the tutorial:

Main adjustable parameters in the input file:

e parameter $min_density

e parameter $max_density
Relevant output files:

e bias_ XXXXX\bandedges.dat
bias_XXXXX\density_electon.dat
bias_XXXXX\density_hole.dat
bias_XXXXX\electric_field.dat
bias_XXXXX\potential.dat

e [V_characteristics.dat

Introduction

In this tutorial, you can learn fundamentals of p-n junction. We refer to §6 in [NelsonPSC2003] and §2 in
[Sze_Kwok_2007] to make this tutorial. We look into the physical properties of the GaAs p-n junction at equi-
librium first. Then, we apply forward bias and investigate the current-voltage characteristics. We apply the p-n
junction to a solar cell and explain the basic principles of the solar cell in — SOON/EDU — p-n junction under
illumination. If you are interested in simulation of solar cells, we recommend that you read it too.

At equilibrium

Figure 6.4.3.2 shows the schematic illustration of the p-n junction.

At equilibrium, the built-in-potential V;; is formed across the space charge region. The process of forming the
built-in-potential is explained below. First, the carrier density gradients arise across the junction when p-doped
GaAs and n-doped GaAs are joined. Then, the free electrons in n-doped GaAs diffuse and combine with holes in
p-doped GaAs. Similarly, the free holes in p-doped GaAs diffuse and combine with electrons in n-doped GaAs.
On the other hand, the ionized dopants, such as negatively charged acceptor and positively charged donor, cannot
move and are fixed at their initial positions. Therefore, the ionized dopants in the region where the carriers are
depleted form the electric field and the built-in-potential V;; that impede the diffusion of majority carriers.
The space charge region (the width: w,) denotes the region that is charged and loses the mobile carriers.

Figure 6.4.3.3 shows the basic characteristics of the diode at equilibrium.

Note that we assume the all dopants are ionized in the result to be consistent with Fig. 6.3. in [NelsonPSC2003].
You can see that the electric field is formed within the space change region and the voltage is equivalent to V3,
from Figure 6.4.3.3 (b) and (c).

Figure 6.4.3.4 shows (a) the band profiles and (b) the carrier densities at equilibrium. bandedges.dat, den-
sity_electon.dat, and density_hole.dat are used to produce this figure.

In (a), CB and VB represent conduction and valence band, respectively. Er,, and E ), are the electron quasi Fermi
level and the hole quasi Fermi level. The results are in a good agreement with Fig. 6.5. in [NelsonPSC2003].

V4 can be calculated at potential.dat and it is 2.7848 — 1.5779 = 1.207 V in this case. The width of the space
charge region ws., can be acquired by the following procedures.
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Figure 6.4.3.2: The schematic illustration of the p-n junction.

(a) (b) (c) N

><V

N,

Figure 6.4.3.3: Some characteristics are shown across a p-n junction. (a) shows the dopant profile. (b) and (c) are
the electric field and the potential across the space charge region, respectively.
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Figure 6.4.3.4: The band profiles are plotted in (a). The carrier densities are plotted in (b). The hole density is
shown in violet, whereas the electron density is in green.
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Since
(6.4.3.1)

and
(6.4.3.2)

Thus,
vur =y = 2 (s LY (6439

Each parameter corresponds to a value in the table below.

Parameter Value

q (Elementary charge) 1.6022 x 10~ 19 C

€0 (Vacuum permittivity) 8.854 x 1072 C/(Vm)
€ (Relative permittivity of GaAs) | 12.93

N, 1.0 x 10" em ™3

Ny 1.0 x 1016 cm—3

Thus, ws, is:

= 4.356 x 107° cm = 435.6 nm

\/2 -8.854 x 10~ C/(Vem) - 12.93 - 1.207 V 1.0 x 1017 cm 3 + 1.0 x 1016 cm 3
Wser =
’ 1.6022 x 10-19 C 1.0 x 107 cm—3 - 1.0 x 1016 ¢cm—3

From the equation (6.4.3.3), you can see that the higher the dopant concentration is, the thinner w.,- becomes.

The derivation of the equations is explained in §6 in [NelsonPSC2003].

Under applied bias

We look into the case of the diode under forward bias. Figure 6.4.3.5 shows animation of (a) the band profiles, (b)
the electric field, and (c) the space charge, respect to the applied bias.

0.0V
{al 1, g b) 10 : €} p.os
i — (B 1 -h
— — VB
\ = = Em -
091 HY £ 7 000
2y i il ]
: N\ £
Z 0.0F R = 2 -0.05
B =3 x
= )
i ! = o
-09f i Z-010
-18 i L —60 i . -0.15 i L
] 1000 2000 3000 500 1000 1500 2000 500 1000 1500 2000
Distance (nm) Distance (nm) Distance (nm}

Figure 6.4.3.5: Some characters, (a) the band profiles, (b) the electric field, and (c) the space charge, respect to the
applied bias.

As you see in Figure 6.4.3.5, the width wy,, decreases as the forward bias is applied. The width wg,, under the
forward bias can be represented as follows.

q Na Nd
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As the width w,,, decreases, the electric field that prevents the diffusion of majority carriers also decreases.

Whereas the current density across the diode is 0 at equilirium, applied bias enables majority carriers to diffuse
across the junction. This means that a net current of electrons flow from n to p, and a net current of holes from p
to n.

To see the effects of applied bias more clearly, let us look at the band profiles and carrier densities at 0.5 V.

(@ 1.8 . (b) 1020 .
! — CB — |
i — B 7
_09F ' q(Vpi - V) —E, g 10% i
3 ] Erp > 1010 : n
o N\ 210 !
2 00F— - - - - R v a .
[ 1
] - v 3 100 .
i} o |
_0.9— ) = 1
N 5 10T i
] o
-1.8 H L 10-5 i L
0 1000 2000 3000 0 1000 2000 3000
Distance (nm) Distance (nm)

Figure 6.4.3.6: The band profiles are plotted in (a). The carrier densities are plotted in (b). The hole density is
shown in violet, whereas the electron density is in green.

The results are consistent with Fig. 6.6. in [NelsonPSC2003 ] with high accuracy. The built-in-potential is reduced
to Vp; —V = 1.207 — 0.5 = 0.707 V. Here, the difference between the quasi Fermi levels within the space charge
region is equivalent to gV'.

Thus,
qV = Epn — Erp (6.4.3.5)

This relation can be seen from Figure 6.4.3.6 (a).

J-V curve

In this section, we sweep forward bias to acquire J-V curve. You can refer to — DEV — [-V characteristic of GaAs
p-n junction | 1D/2D/3D to understand how to apply bias in nextmano++.

Figure 6.4.3.7 shows the J-V curve of the diode. IV_characteristics.dat is used to produce this figure.

The light-blue curve shows the numerical result in nextnano++. The violet and orange dashed-dotted curves are
acquired analytically. They correspond to J,., and Jy; ¢ in Fig. 6.7. in [NelsonPSC2003 ], respectively.

Jser is called the recombination current density and expressed in the following equation:

Jser (V) = Jser0(exp(qV/2kpT) — 1), (6.4.3.6)
where
qni(wp + wn)
Jserg = ———> 4.3.
0 Niors (6.4.3.7)
Jaiyy is called the diffusion current density and expressed in the following equation:
Jdiff(V) = Jdiff70(exp(qV/kBT) — 1), (6.4.3.8)
where
D D
Jaifro = qng2 n P 6.4.3.9
dif£,0 = qn (NaLn + NuL, ( )

The parameters used in the expressions above are in the table.
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(i)
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Figure 6.4.3.7: J-V curve of the diode. (i) space charge recombination current region, (ii) diffusion current region,
(iii) high-injection region, (iv) series-resistence effect region.

Parame- Description (unit) Value used for the analytical J-V curve

ters

kg Boltzmann constant (J/K) 1.3806E-23

T The temperature (K) 300

ng The intrinsic carrier density (cm™) 2.318E+6

Tn/p The lifetimes of electrons/holes (s) 3.333 x 107 for J,. and 1.0 x 107 for
Jaipr (%)

Dy The diffusion coefficients of electrons/holes | 219.73 /20.681

(cm?/Vs)
L, The diffusion lengths of electrons/holes (cm) 1.4823 x 10%/4.5476 x 107
Attention:

(*) There seems to be some errors related to the units in Fig. 6.7. in [NelsonPSC2003]
Therefore we used the lifetimes as fittig parameters.

The derivation of those equations above are described in §6 in [NelsonPSC2003]. J, is the sum of J,., and Jy;5 ¢
(Jo = Jser + Jaifp)- Our result (the light-blue curve) is in a good agreement with J, until V'~ 1.2 (V).

Our result shows the four distinct regions as marked Figure 6.4.3.7 (region (i), (ii), (iii), (iv)). In the next section,
we identify the origins of the appearance of the regions.
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Recombination current region

The region (i) is attributed to the recombination current region, where the contribution of J,, is dominant. In this
region, electrons and holes recombine within the space charge region since the region still exists. Therefore, the
recombination current flows to compensate externally for the disappearance of the recombined carriers. As you
can see from (6.4.3.6), in the semi-log plot log(.J) vs V, the slope in the region (i) is ¢V /2kpgT.

Diffusion current region

The region (ii) is the diffusion current region. The contribution of Jy; s is large in this region. Since the space
change region almost disappears, a large amount of carriers starts to diffuse. This means that electrons are injected
into p-doped GaAs and holes are injected into n-doped GaAs (minority carriers injection). As you can see from
(6.4.3.8), in the semi-log plot log(J) vs V, the slope in the region (ii) ¢V /kgT.

High-injection region

With increasing the forward bias towards V;;, the injected hole density becomes comparable to the electron density
at the n-side of the junction. You can see it in Figure 6.4.3.8 (b), where 1.2 V is applied to the diode.

(@ 1.8 - (b) ‘
] —— CB — 1
i v @ 1019k p 3 n
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— | =
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: G 102 |
_18 ; 1 I‘ 1
0 1000 2000 3000 0 1000 2000 3000
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Figure 6.4.3.8: The band profiles are plotted in (a). The carrier densities are plotted in (b). The hole density is
shown in violet, whereas the electron density is in green.

Then, the electron density must increase to maintain the neutrality. As a result, n ~ p holds.

Because of the law of the junction,
np = n? exp(qV/kpT), (6.4.3.10)

we acquire the equation as follows.
n=p=mn;exp(q¢V/2kpT) (6.4.3.11)

Therefore, the current density becomes roughly proportional to exp(qV/2kgT).

Series-resistance effect

At large currents, the voltage drop outside the space charge region becomes too large to ignore. This is equivalent
to considering a single resistance (R) added in series to the ideal diode and corresponds to the region (iv). In this
region, the diffusion current density becomes proportional to the applied voltage to the diode (V'*).

qv”
Jdif f,region(iv) = Jdiff.,om, (6.4.3.12)

where

V*=V-IR (6.4.3.13)
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Numerical control

Since we solve the current equation and the poisson equation (explanation: General scheme of the optical device
analysis) self-consistently, we need some techniques to make the calculations more stable.

In this section, we introduce the effects of currents{minimum_density} and currents{maximum_density}.

You should also check minimum_density, maximum_density, and Convergence to understand the roles of the syn-
taxes.

In Figure 6.4.3.7, we divide the simulation scheme into 3, depending on the magnitudes of minimum and maximum
carrier densities (scheme (A), (B), and (C)). Scheme (A): 0 ~ 0.4 V Scheme (B): 0.4 ~ 0.7 V Scheme (C):
0.7~15V

First, the code below defines the magnitudes of the minimum and maximum carrier densities. Note that we use the
variables $min_density and $max_density for convenience.

currents{

minimum_density = 1.0

minimum_density_factor = [$min_density, $min_density] # a minimum density for.
—electrons and holes, respectively

maximum_density = 1.0

maximum_density_factor = [$max_density, $max_density] # a maximum density for.
—electrons and holes, respectively

}

Usually, you can set the values of $min_density and $max_density by referring to
bias_XXXXX\density_electon.dat and bias_XXXXX\density_hole.dat. In the scheme (C), the maximum electron
and hole densities are about 1.0 x 1018 (cm*S). Therefore, it is set to $max_density = 1.0E+20. Similarly,
you can set $min_density. Since the minimum electron and hole densities are about 1.0 x 10° (cm™3),
$min_density = 1.0E-2 is enough low to evaluate the current density accurately. Note that z = 0 (nm) and
2 = 3000 (nm) correspond to the positions of the interfaces of diode/contact. Therefore, we do not include the
carrier densities at the positions into the procedures.

In the scheme (B), $min_density = 1.0E-2 is enough low as well. However, you have to take care of the
magnitude of $max_density.

Figure 6.4.3.9 (a) shows the effect of the magnitude of $max_density on the current density under 0.5 V in the
scheme (B).
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Figure 6.4.3.9: The effect of the magnitude of $max_density on the current density. (a) is under 0.5 V in the
scheme (B). (b) is under 0.1 V in the scheme (A).

Although the current density has to be constant through the diode, it becomes unstable at $max_density = 1.
0E+16 and $max_density = 1.0E+20. Thus, you should set $max_density to 1.0E+15, which shows the
constant current density.

In the scheme (A), the same techniques should be applied. Figure 6.4.3.9 (b) shows the effect of the magnitude of
$max_density on the current density under 0.1 V in the scheme (A). As you can see, max_density should be
setto 1.0E+12 to keep the current density constant through the diode.
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Exercises

under construction

Last update: 16/07/2024

— SOON/EDU — p-n junction under illumination

Attention: This tutorial is under construction

* Header

e Introduction

* How to illuminate in nextnano++

» Short circuit

» The Photovoltatic effect

* Open circuit

» J-Vcurve

» Effects of irradiation intensity and temperature
— Effect of irradiation intensity

— Effect of temperature

e Exercises

Header

Files for the tutorial located in rnextnano++\examples\education:

e p-n-junction-illuminated_GaAs_Nelson_2003_1D_nnp.in
Main adjustable parameters in the input file:

e parameter $sun
Relevant output files:

e bias_ XXXXX\bandedges.dat
bias_XXXXX\density_electon.dat
bias_XXXXX\density_hole.dat
bias_XXXXX\electric_field.dat
bias_XXXXX\potential.dat

L]

e [V_characteristics.dat
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Introduction

In this tutorial, we introduce simulation of a solar cell with nextnano++. This tutorial is based on §6 in [Nel-
sonPSC2003] and §13 in [Sze_ Kwok_2007]. Solar cells work based on p-n junction, which is explained in detail
in — SOON/EDU — p-n junction in the dark. Therefore, we recommend that you read it before going through
this tutorial. In addition, GaAs solar cell will help you understand the simulation scheme for solar cells used in
nextnano++.

How to illuminate in nextnano++

To control the concentration of the irradiated light, you have to adjust some variables in nextnano++.

$sun =10 # concentration of the sun, 10 is used for this tutorial
optics{
irradiation{
min_energy = 0.01
max_energy =5
energy_resolution = le-4

global_illumination{
direction_x = 1
database_spectrum{
name = "Solar-ASTM-G173-global”
concentration = $sun
}

}
global_reflectivity{

database_spectrum{ name = "GaAs" }
}
global_absorption_coeff{
database_spectrum{ name = "GaAs" }
}

min_energy and max_energy correspond to the minimum and maximum energy of irradiated photons.
energy_resolution is the energy step which is used to calculate optical properties. $sun controls the
concentration of the incident light as it can be defined at global_illumination{ database_spectrum{
concentration = $sun } }. In this tutorial, Solar-ASTM-G173-global, which is equivalent to the solar
spectrum, is also used as in GaAs solar cell. The data of reflectivity and absorption coefficient of GaAs is written
at database{ } at the end of the input file. You can refer to GaAs solar cell for further information.

Short circuit

Let us investigate the behavior of p-n junction when it is illuminated by the sun light. First, we consider when the
voltage across the diode is zero. We call the condition short circuit. The junction before the illumination is at
equilibrium, having the space charge region and the electric field as shown in Figure 6.4.3.10 (a). The electric field
impedes the diffusion of majority carriers as explained in — SOON/EDU — p-n junction in the dark.

When the light is illuminated, it excites an electron in the valence band if the energy of the light is bigger than the
band gap. The excited electron goes to the conduction band and becomes a conduction electron. On the other hand,
a hole is generated at the valence band, instead of the excited electron. The electric field drifts the electron-hole
pair and the electron goes to the n-doped GaAs whereas the hole goes to the p-doped GaAs as the result (Figure
6.4.3.10 (b)). As long as the junction is illuminated, the electron-hole pair is generated and constitutes the current
(Figure 6.4.3.10 (c)).
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Figure 6.4.3.10: The schematic images showing the principles of a solar cell. (a) is the p-n junction at equilibrium.
When it is illuminated, an electron-hole pair is generated at the junction (b). The current runs as long as the diode
is illuminated (c). We assume the resistance of the light bulb is zero because of the short circuit.

Figure 6.4.3.11 shows the band profile and the carrier densities at short circuit. bandedges.dat, density_electon.dat,
and density_hole.dat are used to produce this figure.

{a) 1.8 T bl 16 T 3]
1 qV, e | ® Electron 1al
ﬁ ! SFE :E \ o Hole i o
i = = Em 1 -
0.9 - — — — - .\ E 8 s L 10%
- l \ Fp - [ E
2 1 ) 3 Dl
= p.ol sy~ ] W
g " ‘ g T 10°
=
& _ i g
] £ 105F
-0.9r ] 5
103_
_1s ; . 16 i s 100 i .
0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000
Distance (nm) Distance (nm) Distance {nm}

Figure 6.4.3.11: The band profiles are plotted in (a). When the light reaches the junction and the energy is bigger
than the band gap, the electron-hole pair is generated as shown in (b). The carrier densities are plotted in (c). The
hole density is shown in violet, whereas the electron density is in green.

In (a), CB and VB represent conduction and valence band, respectively. Ef,, and Er,, are the electron quasi Fermi
level and the hole quasi Fermi level. The results are in a good agreement with Fig. 6.8. in [NelsonPSC2003].

As you can see from Figure 6.4.3.11 (a) and (b), the built-in-potential V;; is formed across the junction and the
carriers generated by the illuminated light are drifted by the electric field. In addition, the quasi Fermi levels are
split since the carriers are drifted and the carrier densities n and p increase above their equilibrium values.

In the short circuit, the photocurrent density J,j, is called the short-circuit current density Ji.. The short-circuit
current density is the maximum current density that the solar cell can produce.

The Photovoltatic effect

When the circuit is connected to a resistive load, the negative charges accumulated at n-doped GaAs and the
positive charges accumulated at p-doped GaAs form a voltage (photovoltage). The current flows through the
diode due to the voltage and is analogy to the current which flows across the diode under applied bias in the dark.
Therefore, this current is called the dark current. The dark current density (J44.%) is in the opposite direction to
the photocurrent density (.J,) as shown in Figure 6.4.3.12.

Generally speaking, when the photovoltage V' is across the diode, the current density J through the diode can be
expressed with the superposition approximation as below.

J(V) = Jdark(v) - Jph(v) = Jdark(v) — Jses (6.4.3.14)

The photovoltage V' is defied so that the forward bias is applied to the diode, where V' > 0. In the superposition
approximation, the photocurrent density is independent of the applied voltage (J,, (V') = Js.). Note that we do not
take into account the intensity of the irradiated light and the temperature of the diode here for the sake of simplicity.
The effects will be explained in the last section of this tutorial.
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Figure 6.4.3.12: The circuit is connected to a resistive load. Note that Jg,,, flows in the opposite direction to Jpp,.

Jaark(V') can be expressed by the equation described in — SOON/EDU — p-n junction in the dark.
Jaark(V) = T o(exp(qV/mkpgT) — 1) (6.4.3.15)

where m is the ideality factor and J,, o is a constant. The recombination current density J,., is dominant and J,, o
becomes J,.r o0 when m = 2. On the other hand, the diffusion current density Jg; ¢ is much bigger than J,., and
Jm,0 becomes Jg; ¢ 0 when m = 1.

As aresult,
J(V) = Jm,olexp(qV/mkpT) — 1) — Jge (6.4.3.16)
Now, let us look into the situation V' = 0.5 (V). In nextnano++, we can set the situation by applying forward bias

externally to the diode. Thus, the applied bias is equivalent to the photovoltage across the diode. Figure 6.4.3.13
shows the band profiles and the carrier densities of the diode under 0.5 (V).
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Figure 6.4.3.13: The band profiles are plotted in (a). The carrier densities are plotted in (b). The hole density is
shown in violet, whereas the electron density is in green.

The results are very similar to Fig. 6.8. in [NelsonPSC2003]. As in the diode with forward bias, the built-in-
potential is reduced to V3; — V. Applying the bias splits the quasi Fermi levels within the space charge region and
the difference of the quasi Fermi levels is equivalent to ¢V as shown in Figure 6.4.3.13 (a).
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Open circuit

When the circuit is open (open circuit), the photovoltage V' across the diode is called the open-circuit voltage V..
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Figure 6.4.3.14: The circuit is open and the voltage V. is applied to the diode.

Since J(V') = 0 in (6.4.3.16) in this case,

kT
Ve = B 1y (‘] + 1) (6.43.17)
q Jo

The open-circuit voltage is the maximum voltage that the solar cell can produce.

J-V curve

We look into the output characteristics of the solar cell in this section. Figure 6.4.3.15 shows J-V curves of the
solar cell under the illumination and under the dark condition.

Again, the maximum current density that the solar cell can produce is the short-circuit current density, and the
maximum voltage of the cell is the open-circuit voltage. However, the output of the maximum power density P,
is not equal to the product of them. It is represented by the intersection of .J,,, and V,,.

This arises from the parasitic resistances which are connected in series and parallel to the solar cell. The series
resistance consist of the electrical resistance present on the carrier transport path, such as the semiconductors and
the contacts of the solar cell. The parallel resistance is attributed to leakage of the current due to defects in the
solar cell.

We can derive P, using the equations described in the sections above.

First, the power density of the solar cell is given by
P=JV = JyV(exp(¢V/mkpT) — 1) — JscV (6.4.3.18)

The condition for the maximum power density is achieved when dP/dV = 0.

Thus,

Vi = %ln[(JSC/JO) +1] - %ln(l + BVin) = Voo — %ln(l +BVim) (6.4.3.19)

Im = JofVim exp(BVin), (6.4.3.20)
where 8 = q/kgT.
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Figure 6.4.3.15: The J-V curves of the solar cell. The J-V curve under the illumination is shown in violet, whereas
the J-V curve under the dark condition is in light-blue. The orange-filled area indicates the output of the maximum
power density of the solar cell.

Therefore,
P, =J.Vm = JoﬁV,fl exp(BVin) = FF JsVoe, (6.4.3.21)

where F'F is called the fill factor and the ratio to measure the sharpness of the J-V curve.

_ IV
N JSCVOC

FF (6.4.3.22)

In addition, the energy conversion efficiency of the solar cell (1) is derived by dividing P, by the incident power
of the sun P;,,.

Pr  InVin _ JscVocFF
Pm P, in P, in

(6.4.3.23)

’]7:

Effects of irradiation intensity and temperature

So far, the effects of the intensity of the incident light and temperature of the system on the behavior of the solar
cell have not been considered. In this section, we briefy investigate the effects on J-V characteristics.

Effect of irradiation intensity

Figure 6.4.3.16 (a) illustrates the effect of the light intensity on the J-V curve. Since the generation rate for electron-
hole pairs is proportional to the light intensity, the photocurrent increases as the light intensity gets bigger. From
(6.4.3.17), V, also increases logarithmically with the irradiation intensity. Thus, the more intensive light enables
to obtain a bigger output of the maximum power density. However, increasing the light intensity is not always good
as the light also raises the temperature and increases the series resistance of the solar cell, which degrade the cell
performance.
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Figure 6.4.3.16: The J-V curves of the solar cell under incident light of various intensities is shown in (a). The

J-V curves of the solar cell under different temperatures are shown in (b). The arrows indicate the direction of
increasing intensity of the incident sunlight or the temperature.

Effect of temperature

The effect of the temperature on the J-V curve is shown in (b) in Figure 6.4.3.16. As the temperature is increased,
the intrinsic carrier density n; increases exponentially. When the diffusion current is dominant in the dark current
across the solar cell, Jo becomes Jy; 1 r.0. Thus, Jg; 7 o is also increased as n; increased. According to (6.4.3.17),
Voc decreases logarithmically with increasing Jg; ¢ ¢,0 under a given Jy..

This occurs more noticeably than when the recombination current is dominant (Jo = Jscr0) since Jgify o is

proportional to n?, whereas Jser,0 is proportional to n;. The detailed equations of Jyirr.0 and Jge o are in —
SOON/EDU — p-n junction in the dark.

Actually, Js. becomes larger since the band gap is reduced as the temperature increases and lower energy photons
can be absorbed. However, the gain in Jg; 75 0 is more significant than the gain in J,., which eventually leads to

the decrease of V,,.. Therefore, increasing temperature reduces the performance of the solar cell.

Exercises

under construction

Last update: 16/07/2024

GaAs solar cell

* Header

o Input files

* Reference

e Structure

» Simulation procedure

* How does a solar cell work? & How do we simulate it?
— 1. Solar spectrum
— 1. Generation rate (internal calculation)
— 1. Generation rate (import)

— 4. Current-Voltage characteristics

— 5. Solar efficiency
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Header

Files for the tutorial located in nextnano++\examples:
e IDGaAs_SolarCell_nnp.in
e IDGaAs_SolarCell_nnp_import_generation.in
e IDGaAs_SolarCell_nnp_local_absorption.in
e IDGaAs_SolarCell_nnp_complex_refractive_index.in

Here we demonstrate that solar cells can be simulated using nextnano GmbH. The self-consistent solutions to the
Poisson equation coupled with current (drift-diffusion) equation give the figure of merit of solar cells that consists
of arbitrary materials. Current-Voltage (I-V) curves and corresponding power and solar cell efficiency as a function
of bias voltage are exported to the output folder.

Input files

Here the numerics parameters are optimized for convergence of the calculation in the bias range of interest. Please
pay attention to the convergence of the calculation when you change device geometry etc.

In the simulation of input files /DGaAs_SolarCell_nnp.in and 1DGaAs_SolarCell_nn3.in, the following data are
used to calculate generation rate G(E, x) internally:

* Absorption spectrum «(FE)
* Reflectivity R(E)
* Solar spectral irradiance

In 1DGaAs_SolarCell_nnp.in (nextnano++), these data are already specified in database_optional.in for some
materials. For example, you can use these by specifying irradiation{} as follows:

classical{

irradiation{

global_illumination{
direction_x = 1

database_spectrum{
name = "Solar-ASTM-G173-global”
concentration = 1.0

}

global_reflectivity{
database_spectrum{
name = "Al0.80Ga0.20As"
}
}

global_absorption_coeff{
database_spectrum{
name = "GaAs"

}
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If you want to use the materials that are not in the database or rewrite the database, you can specify the new data
in database{ } as you want.

In 1DGaAs_SolarCell_nn3.in (nextnano?), you need to prepare the above three data as external files to calculate

generation rate G(E, x) internally. We have the external data files, whose data are identical with those used in

1DGaAs_SolarCell_nnp.in, for nextnano’.

You <can also import the data of generation rate itself. In the simulation of
1DGaAs_SolarCell_nnp_import_generation.in and 1DGaAs_SolarCell_nn3_import_generation.in, the fol-
lowing output file of nextnano’ must be read in.

* /Joptics/GenerationRateLight_vs_Position_sunl.dat

This data file is also in the sample file folder.

Reference

e J. Nelson, The Physics of Solar Cells (Imperial College Press, 2003)
e S.M. Sze and Kwok K. Ng, Physics of Semiconductor Devices (Wiley, 2007)

Structure

Figure 6.4.3.17 shows the band edges and quasi Fermi levels of the device. The device structure is as follows:
* 0-30 nm AlygGap,As Window layer
* 30-530 nm p-doped GaAs
* 530-3530 nm n-doped GaAs
* 3530-3630 nm n-doped GaAs back surface field layer
Strain is not calculated in this example.

The left side of the device (x=0 nm) is illuminated by the sun. As shown in Figure 6.4.3.22, mobile electrons and
holes are created mainly in the p-layer. Electrons then flow to the right because of the AlGaAs ternary barrier (0-30
nm), and holes to the left. The back of the cell (3530-3630 nm) is doped with 10 times larger concentration, so that
it prevents the minority carrier (hole) from leaking to the right contact. Since the current from p-layer to n-layer is
defined to be positive, the photo-induced current has negative sign.
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Figure 6.4.3.17: Band edges and quasi-Fermi levels of the solar cell at zero bias bias_000000/bandedges.dat
(nextnano++) / band_structure/BandEdges.dat (nextnano’)

Simulation procedure

The workflow of the simulation is summarized in Figure 6.4.3.18. To obtain the figures shown in this tutorial,

1. Specify in the input file the three data, namely (1) spectral irradiance (solar spectrum), (2) reflectivity at the
front surface and (3) absorption spectrum. (Referring the database or rewriting the database)

2. Run nextnano++, and all of your nextnano-++ results are in your output folder! Generation rate G(E, ) is
internally calculated before the current-Poisson iteration starts. The efficiency-voltage curve is generated as
a final result.

3. If you already have generation rate profile as a .dat file, you
can either import it into nextnano++ or in nextnano’.

How does a solar cell work? & How do we simulate it?
1. Solar spectrum

The sun emits light with a range of wavelengths ranging from the ultraviolet, visible to infrared region. The
extraterrestrial solar spectrum resembles the spectrum of a black body at Ty, = 5760K [Nelson Chapter 2]:

.2 2
27 sin” Ogun E
h302 eE/kBTsun — 17

where E is the photon energy and 6y, = 1.44 x 10~3r[rad] when measured from the earth. The solar light
travels from the sun to the earth, and then from the outer space to our solar cell devices, during which the spectrum
attenuates and changes its shape. The standard solar spectrum assumed in solar cell analysis is called AM1.5G
(AM = air mass), which takes into account the attenuation of the intensity and illumination from all angles (rather
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Figure 6.4.3.18: Workflow of solar cell simulation. Each quantity is explained in the following section.

than direct from the sun) due to scattering in the atmosphere. The spectral photon flux, i.e. the spectrum of the
number of incident photons per area per time, is denoted by ¢(E) [m~2s~eV~1]. The spectral irradiance, namely
the spectrum of the amount of energy supplied per area per time, is given by L(E) = E¢(E) with the unit of
[Wm~2eV~!]. We have taken the AM1.5G spectral irradiance data from this website (Figure 6.4.3.19). If you
have space applications in mind, please use the extraterrestrial spectrum, namely air mass zero (AMO).

The power of incident light
P = / L(E)AE — 1000 W2,
0

is solely determined by the condition of the sun and the atmosphere of the earth (for AMO Py, = 1353 Wm ™ 2).
The ultimate challenge of solar cell research is to achieve the most efficient conversion of this energy input into

electric power P,y [Wm™2]. The figure of merit is therefore defined as 7 = %.

1. Generation rate (internal calculation)

(If you already have available data for generation rate, you can skip this section.)

When the sunlight illuminates the device, some photons are reflected at the front surface (air-semiconductor inter-
face) and the rest enters the device. This effect is taken into account by considering the reflectivity of AlygGag,As.
Through the absorption of one photon, a pair of mobile electron and hole is created, while the photon flux attenu-
ates exponentially with respect to the penetration depth. The generation rate thus depends not only on the incident
photon flux ¢(E) but also on the absorption coefficient «( F') of the material and the reflectivity R(E) at the surface
(Figure 6.4.3.18):

G(B,z) = N¢(E) - (1 - R(E)) - a(E)e” )7,
where “the number of suns” N is multiplied to the photon flux ¢(E) to take into account the concentration of
sunlight. The corresponding keyword is concentration (nextnano++) / number-of-suns (nextnano’).

In the sample input file for nextnano++, predefined value is used for L(\). «(A) and R(\) are defined in
database{ }. In the group optics{ }, one can specify which data to use as those variables. These spectra
are translated into a(E), R(E), N¢(E) and substituted into the generation rate formula.
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Figure 6.4.3.19: The AM1.5G spectral irradiance L(E), that is, the solar spectrum measured on the earth. The
nextnano++ tool reads from the predifined data Solar-ASTM-G173-global and stores it in the output file Irra-
diation/illumination_spectrum_power_eV.dat. The nextnano’ tool reads in the data file ASTMG173_AM15G.dat
and stores it in the output file optics/SolarSpectrallrradiance_eV.dat.

# nextnano++
optics{

global_illumination{
direction_x = 1

database_spectrum{
name = "Solar-ASTM-G173-global”
concentration = 1.0 # e.g. 1 sun

}

global_reflectivity{
database_spectrum{
name = "Al0.80Ga0.20As"
}
}

global_absorption_coeff{
database_spectrum{
name = "GaAs"

}

}

In the input file for nextnano®, a(\), R()\), L()\) and N are imported as specified in keyword $optical-absorption.
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| nextnano3
$optical-absorption

import-absorption-spectrum = yes
file-absorption-spectrum = "(directory)\AbsorptionCoefficient_GaAs_300K.dat"

import-reflectivity-spectrum = yes

file-reflectivity-spectrum = "(directory)\Reflectivity_Al0.80Ga0.20As.dat"
import-solar-spectrum = yes
file-solar-spectrum = "(directory)\ASTMG173_AM15G.dat" ! G = global, i.e..

—including diffuse light

Inumber-of-suns =0.0 ! switch off sun if generation rate is imported
number-of-suns =1.0
Inumber-of-suns = 100.0 ! optical concentration

$end_optical-absorption

If no reflectivity data is specified, perfect interface (zero reflection) is assumed. The reflectivity data of
AlpgGag,As used in this simulation (optical_reflectivity in database_nnp_optional.in for nextnano++, Re-
flectivity_Al0.80Ga0.20As.dat for nextnano”) have been generated through the Fresnel formula for perpendicular
incident light

1=\ +is(V)] |

1+ [n(N) +ik(N)]

R(A) =[r(M)[?

where the refractive index n and extinction coeflicient x of GaAs and AlAs are taken from here. To obtain the
values of ternary AlygGap,As, we performed linear interpolation.

If you consider a textured surface to reduce surface light reflection, please prepare the corresponding reflectiv-
ity data and import to the nextnano GmbH simulation. For nextnano++, a(E), R(E) and L(FE) are stored in the
output folder Irradiation with file names absorption_spectrum_eV.dat, reflectivity_spectrum_eV.dat and illumi-
nation_spectrum_eV.dat, respectively. For nextnano’, they are stored in the output folder optics with file names
AbsorptionCoefficient.dat, Reflectivity.dat and SolarSpectrallrradiance.dat, respectively.

The resulting generation rate is shown in Figure 6.4.3.20, Figure 6.4.3.21 and Figure 6.4.3.22.

1. Generation rate (import)

If the generation rate data G(z) = [ G(E,z)dE (Figure 6.4.3.22) is available from literature or publications,
you can import the .dat file without worrying about the above-mentioned calculation. The data must con-
tain position [nm] in the first column and generation rate [10'*cm~3s7!] in the second. In the sample file
1DGaAs_SolarCell_nnp_import_generation.in (nextnano++) and 1DGaAs_SolarCell_nn3_import_generation.in
(nextnano®), we import the data generated from 1DGaAs_SolarCell_nn3.in.

# nextnano++

structure{
region{
everywhere{}
generation{
import{ import_from = "GenImportProfile" }
}
}
}
import{
file{

(continues on next page)
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Carrier generation rate
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Figure = 6.4.3.20: Generation rate as a  function of position and energy op-

tics/GenerationRateLight_vs_Position_and_Energy_2Dplot_sunl.dat (nextnano’) in units of 108cm—3eVls L,

The corresponding file for nexmano++ is Irradiation/photo_generation_energy_resolved.fld. This quantity is inter-
nally calculated using the absorption coefficient, reflectivity of the front surface and solar spectrum AM1.5G (Fig-
ure 6.4.3.19). Photons at around 3V are largely absorbed near the front surface due to a large absorption coefficient,
which can be seen in the output optics/AbsorptionCoefficient_eV.dat/Irradiation/absorption_spectrum_eV.dat (not
shown). Photons with lower energy, in contrast, travel a longer distance in the device.
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Carrier generation rate
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Figure 6.4.3.21: Generation rate as a function of energy optics/GenerationRateLight vs_Energy_sunli.dat
(nextnano®), red curve. The corresponding file for nextnano++ is Irradiation/photo_generation_integrated.dat.
Also shown is the result for zero reflection at the front surface (blue curve). Obviously, the generation rate be-
comes larger when the reflection at the front surface is neglected. One can also clearly see, by comparing with
Figure 6.4.3.20, that the low e nergy photons below the band gap cannot contribute to the carrier generation. For
this reason the band gap of semiconductors affects the solar cell efficiency and is discussed in the context of the
Shockley-Queisser efficiency limit.
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Carrier generation rate
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Figure 6.4.3.22: Generation rate as a function of position optics/GenerationRateLight_vs_Position_sunl.dat
(nextnano®). The corresponding file for (nextnano++) is Irradiation/photogeneration.dat. This data is obtained by
integrating Figure 6.4.3.20 over energy 2. When the photon flux travels through the device, the intensity dimin-
ishes exponentially, leading to the exponential decrease in generation rate. Most of the carrier generation occurs
within 500 nm from the front surface, i.e. within the p-layer (30-530 nm).

(continued from previous page)

name = "GenImportProfile"
filename = "(directory path)\GenerationRateLight_vs_Position_sunl.dat"
format = DAT
scale = lel8 # import data is multiplied by this scaling factor (optional,
— default value is 1.0)
}
}
| nextnano3

$import-data-on-material-grid

source-directory "(directory path)"

import-generation = yes

filename-generation = "GenerationRateLight_vs_Position_sunl.dat"
$end_import-data-on-material-grid

$optical-absorption

number-of-suns = 0.0 ! switch off sun if generation rate is imported
$end_optical-absorption
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4. Current-Voltage characteristics

The calculated or imported generation rate contributes to the right-hand side of the coupled current equations for
electrons and holes,

on
*6§+v .]77 = G(C;’*Pi)7

where G and R are the (position-dependent) generation and recombination rates for electron-hole pairs.
Here the charge current density j, , has a dimension of (charge)(area)! (time)™! and the generation rate has
(volume) ! (time)!. The recombination rate is the sum of three different processes R = Ryaq + Rpuger + Rsra.
See our Laser diode tutorial, [Nelson] or other literature for details.

By solving this current equation and the Poisson equation self-consistently, the program obtains the current density
at each bias step. The resulting I-V curve is shown in Figure 6.4.3.23 and Figure 6.4.3.24. For comparison, the
dark current has been simulated by setting

# nextnano++
structure{
region{
generation{
constant{ rate = 0.0 }

3

I nextnano3
$optical-absorption

import-solar-spectrum = yes
number-of-suns = 0.0
$end_optical-absorption

The dark current in the present device behaves like in a diode under forward bias. When the sun illuminates the
device, electrons and holes are created and current flows in the reverse direction.

If you change the device geometry or materials and the I-V curve is no longer reasonable, it is likely that the
numerical calculation did not converge. Please check the .log file. For the convergence of the current-Poisson
equation, you might need to change the settings under run{ } when working with nextnano++ or $numeric-control

using nextnano’.

5. Solar efficiency

From the I-V curve the solar cell power density P,,; = —IV and the efficiency n = & 7 are calculated. For the
present device under 1 sun, the maximum efficiency of 15.8% (nextnano++) / 17. 0% (nextnan03) is achieved
at the bias 0.9 V (Figure 6.4.3.25, Figure 6.4.3.26 red). The theoretical limit for GaAs (band gap 1.42 eV at
T = 300 K) is around 30% under the AM1.5 condition without concentration [Sze].

The maximum efficiency of the present device increases to 21.6% (nextnano++) / 22.3% (nextnano3) for 100-
sun concentration, mainly due to the increase in open circuit voltage (Figure 6.4.3.25, Figure 6.4.3.26 blue).
This means one cell operating under 100 suns can produce the same power output as % = 137 cells
under 1 sun. Optical concentration reduces the total cost of solar cells since concentrator materials are usually less

expensive than the ones for solar cells [Sze].

The .log file and the file solar_cell_info.txt (nextnano’) contain additional properties of the solar cell.
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Current-voltage characteristics
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Figure 6.4.3.23: 1-V characteristics of the solar cell IV_characteristics.dat (nextnano++). In the bias regime 0-1
V the system works as a solar cell.
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Figure 6.4.3.24: I-V characteristics of the solar cell currentlV_characteristics_new.dat (nextnano®). In the bias
regime 0-1 V the system works as a solar cell.
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Figure 6.4.3.25: Solar cell efficiency 7 for no sunlight concentration (red) and 100-sun concentration (blue) by
nextnano++. The data is contained in solar_cell_efficiency.dat.
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Figure 6.4.3.26: Solar cell efficiency 7 for no sunlight concentration (red) and 100-sun concentration (blue) by
nextnano®. The data is contained in current/solar_cell_efficiency.dat.
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Solar cell results

B R R R R R R R R R R R R R R R R R R R o R o L o o o R R R R R R Rk

184.149021 [A/m*2] (photo current: It.

short-circuit current: I_sc =

—,increases with smaller band gap.)

open-circuit voltage: U_oc = -1.012500 [V] (U_oc <= built-in.,
—potential ~ band gap)

current at maximum power: I_max = 180.613633 [A/mA2]

voltage at maximum power: U_max = -0.900000 [V]

maximum power output: P_max = U_max * I_max = -162.552270 [W/mA2].
—.(condition for maximum power output: dP/dV = 0)

maximum extracted power: P_solar = - P_max = 162.552270 [W/mA2]
incident power: P_in = 1000.369631 [W/m*2]
ideal conversion efficiency: eta = P_max / P_in = 16.249221 %

fill factor: FF = 0.871824

In practice, a good fill factor is around 0.8.

All these results are approximations.

They are only correct if a lot of voltage steps have been used (i.e. a high.
—resolution of bias steps).

The convergence of the simulation is sensitive to the device settings such as the number of suns. If the convergence
fails in your original device, please consider changing the settings in run{ } (nextnano++) or $numeric-control
(nextnano®).

Input Files for nextnano’:
e IDGaAs_SolarCell_nn3.in
* IDGaAs_SolarCell_nn3_import_generation.in

Last update: nn/nn/nnnn

Cascade solar cell (Tandem solar cell)

Input Files:
* IDCascadeSolarCell_nnp.in / *nn3.in

In this tutorial, we solve the Poisson equation in an AlGaAs/InGaAs monolithic cascade solar cell (tandem solar
cell).

The layout is based on US patent 4179702 (1979): Cascade solar cells by Michael F. Lamorte.

See also the following publication for more details

Computer Modeling of a Two-Junction, Monolithic Cascade Solar Cell
M.F. Lamorte, D.H. Abbott
IEEE Transactions on Electron Devices 27 (1), 231 (1980)

Input files used in this tutorial are followings:
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Outputs

Band profile

The following figure shows the conduction band edge and the valence band edges (heavy hole, light hole and

split-off hole) of this solar cell at zero bias. The built-in potential has been calculated to be 1.83 V.

On the left side (region 1), a graded p-type AlGaAs layer has been used to generate an electric field of 3 kV /
cm (= 30 meV / 100 nm). We assumed that all materials are strained with respect to the GaAs substrate, thus the

degeneracy of heavy and light hole valence band edges is lifted, especially inside the InGaAs regions.
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The band gap as a function of distance is shown in the following figure. This data can be found in these files. For
nextnano++, we need to add classical{ output_bandgap{} } in the sample file.

* bias_00000/bandgap.dat (nextnano++)

o band_structure/BandGaplD.dat (nextnano’)
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Electron and hole densities

Here, the electron and hole densities are plotted. This data can be found in these files.
* bias_00000/density_electron.dat, bias_00000/dentity_hole.dat (nextnano++)

* densities/density_el.dat, densities/density_hl.dat (nextnano?)
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Tunnel junction

The area around the tunnel junction which is in the middle of the device at ~2100 nm is shown in this plot:

Tunnel junction of the cascade solar cell
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The electron and hole densities in the vicinity of the tunnel junction are shown in this graph. Note that the density
has been calculated classically (without solving the Schrodinger equation, i.e. without quantum mechanics).
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Electron and hole densities of the cascade solar cell
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What we can do on a solar cell using nextnano

We have the demonstration of the simulation for GaAs solar cell using nextnano GmbH here: GaAs Solar Cell.

As we can see in this demonstration, we can calculate the following characteristics by solving the Poisson equation
and current equation self-consistently.

* Current-Voltage characteristics
— The dark current can also be calculated.
* Solar efficiency
— We can also see the effect of optical concentration quantitatively.
The data we need to prepare independently for this calculation is:
1. spectral irradiance (solar spectrum)
2. reflectivity at the front surface
3. absorption spectrum

Both nextnano++ and nextnano’ can calculate the generation rate G () now. We can also import the data of G(z)
directly instead of 2 and 3 above.

The links for all the used data is also specified in this tutorial: GaAs Solar Cell.
Last update: 10/06/2024

6.4.4 Light-Emitting Diodes

InGaAs Multi-quantum well laser diode

* Header

* Introduction

* Current equation

* Recombination of carriers and emission spectrum

* Input file

e Results
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Band structure

Energy eigenstates and eigenvalues

Charge densities

Emission and absorption spectra

Current and internal quantum efficiency

Header

Files for the tutorial located in nextnano++\examples:
e LaserDiode_InGaAs_I1D_cl_nnp.in
e LaserDiode_InGaAs_I1D_gm_nnp.in

Introduction

In this tutorial, we simulate optical emission of a 1D InGaAs multi-quantum well laser diode grown on InP sub-
strate. The blue region, seen in Figure 6.4.4.1, is the separate confinement heterostructure (SCH), which forms an
optical waveguide in the transverse direction to confine the emitted light (red arrow). The multi-quantum wells and
SCH are clad by InP on both sides. A voltage bias is applied to the gray edges.

p-InP

INg 72620 28AS0.6P0.4 |/

Superlattice

INg 7,Gag28AS06P0.4 | !

\| Ing53Gag 4,As

n-InP

Figure 6.4.4.1: Structure overview
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Current equation

The properties of optoelectronic devices are governed by Poisson equation, Schrodinger equation, drift-diffusion
and continuity equations. We denote by n and p the carrier number density per unit volume. The continuity
equations in the presence of creation (generation, G ) or annihilation (recombination, R ) of electron-hole pairs
read

ot (6.4.4.1)

where the current is proportional to the gradient of quasi Fermi levels E', /,(x)

Jn(%) = —pn (X)n(x)VEF n(x),
Jp(X) = pp(x)p(X)VEp,p(x).
Here the charge current has the unit of (area)”!(time) ™!, y, /p are the mobilities of each carrier. In nextnano++,
Hnp are determined using the mobility model specified in the input file under currents{ ]. Hereafter we consider
stationary solutions and set n = p = 0. The governing equations then reduce to
V- un(x)n(x)VEp(x) = —(G(x) — R(x)),
V- pp(X)p(x)VERp(x) = G(x) — R(x),

(6.4.4.2)

(6.4.4.3)

which we call current equation (generation G = 0 in the present case). The nextmano++ tool solves this equation
and Poisson equation self-consistently when one specifies it in the input file as:

run{
current_poisson{ }

}

Recombination of carriers and emission spectrum

The generation/recombination rate, R(x), originates from several physical processes. In nextnano++, the follow-
ing mechanisms are implemented (cf. recombination_model{ } )

¢ Schockley-Read-Hall recombination Rsry — carrier trapping by impurities.

* Auger recombination R .. — a collision between two carriers results in the excitation of one and the
recombination of the other with a carrier of opposite charge.

* radiative recombination R,,q — emission/absorption of a photon.
Each mechanism can be turned on and off in the input file.
Radiative recombination describes the recombination of electron-hole pairs at a position x by emitting a photon

and is given by

ngg"(x, E)= C(x)/dEh/dEe n(x, E.)p(x, Ep)d(E. — Ep, — E), (6.4.4.4)
where C(z) [em3s~!] is the (material-dependent) radiative recombination parameter which is proportional to the
one specified in the database (Radiative recombination) and n(x, E), p(x, E) [cm~3eV '] are the charge densities
as a function of energy and position.

In nextnano++, this radiative recombination whose rate is calculated as above is regarded as spontaneous emis-
sion. On the other hand, the net amount of the stimulated emission rate is given by:

RSt (x,E) = (1 _e kBT ) R (x, E) (6.4.4.5)

rad,net rad
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This is consistent with eq.(9.2.39) in [ChuangOpto1995]. We note that here it is assumed that photon modes
occupied by one photon each, i.e. takes into account neither energy-dependent photon density of states nor Bose-
Einstein distribution.

Since the radiative recombination process involves no phonons, this transition is vertical and therefore this contri-
bution is only relevant for semiconductors with a direct band gap such as GaAs.

Absorption coefficient is calculated from R;.5" ,(E) as

77277/362 Rifzi(?bne (E)
o(E) = 25 vvf (6.4.4.6)

where n, is the refractive index and V is the total volume of the device. The unit is [cm~!]. In case of 1D
simulation, calculated R*™  (F) has the unit [cm~2s~'eV '] and is divided by the total length instead of the

rad,net

volume. This formula is consistent with eq (9.2.25) in [ChuangOpto1995].

Input file

In the beginning of the input file, we define several variables for the structure and parameters for simulation. The
variable definitions are shown in Figure 6.4.4.2.

SBIAS_START, END, STEPS

SP_SIDE_ p_lnP‘

CLADDING_WIDTH

$RIGHT scH winTH || INg 72680 28AS0 6Po.4

Superlattice - SNUMBER_OF_WELLS

(Default: 5)

sLeFT sc winH || 1Ng.72G80 28AS0 6Po.4

SWELL_WIDTH

INg 53Gag 47AS | SBARRIER_WIDTH

$N_SIDE_ _
CLADDING WIDTH n-InP

Figure 6.4.4.2: The definition of variables. The gray regions are contacts of 1nm thickness. $NUMBER_OF_WELLS
determines the repetition of quantum wells. The program automatically sweeps the bias voltage starting from
$BIAS_START until $BIAS_END, at intervals of $BIAS_STEPS.

Charge density as a function of position n(x) is always calculated by default. On the other hand, charge density
as a function of energy n(F), p(E), charge density as a function of both position and energy n(x, E), p(x, ) and
emission spectrum are calculated when the followings are specified (see classical{ } for details):

grid{

energy_grid{

(continues on next page)
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(continued from previous page)

min_energy = -1.5
max_energy = 0.5
energy_resolution = 0.005

classical{

# Integrate from
# Integrate to
# Integration resolution

# Calculation of carrier.

energy_distribution{
—densities as a function of energy
min_energy = -1.5
max_energy = 0.5
energy_resolution = 0.005
only_quantum_regions = yes

# Integrate from
# Integrate to

energy_resolved_density{
only_quantum_regions = yes
output_energy_resolved_densities{}

semiclassical_spectra{
output_spectra{

emission = yes
gain = yes
absorption = yes

spectra_over_energy = yes

spectra_over_wavelength = yes
spectra_over_frequency = yes
spectra_over_wavenumber = yes

photon_spectra = yes
power_spectra = yes

}
output_photon_density = yes
output_power_density = yes

# Integration resolution

The mobility model and recombination models for the current equation are specified in currents{ } as

currents{
mobility_model = constant
# mobility_model = minimos

recombination_model{
SRH = yes # 'yes' or 'no'
Auger = yes # 'yes' or 'no'
radiative = yes # 'yes' or 'no'
}

The run{ } flag specifies which equations to solve. This is the main difference between LaserDiode_*_gm_nnp.in
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and LaserDiode_*_cl_nnp.in.

# qm
run{
strain{ } # solves the strain equation
current_poisson{ # solves the coupled current and.
—Poisson equations self-consistently
output_log = yes
iterations = 1000
alpha_fermi = 0.5
}
quantum_current_poisson{ # solves the Schrodinger, Poisson.,
—(and current) equations self-consistently
iterations = 1000
alpha_fermi = 0.9
residual = le6
residual_fermi = le-8
output_log = yes
}
}
# cl
run{
strain{ } # solves the strain equation
current_poisson{ # solves the coupled current and.
—Poisson equations self-consistently
output_log = yes
iterations = 1000
alpha_fermi =0.7
residual_fermi = 1le-10
}
}

In this case nextnano++ first solves the strain equation from the crystal orientation to decide the polarization charges
(piezoelectric effect) and shifted band edges. Then the program solves the coupled current-Poisson-Schrodinger
equations in a self-consistent way (input file: LaserDiode_InGaAs_1D_gm_nnp.in). For the classical calcula-
tion (LaserDiode_InGaAs_1D_cl_nnp.in), quantum_current_poisson{ } is commented out to restrict the
calculation to the current-Poisson equations only.

Results
Band structure

The band structure and emission power spectrum of the system are stored in bandedges . dat. Figure 6.4.4.3 shows
the case for the bias 0.2 V. Here the quasi Fermi level of electrons is lower than the quantum wells.

For the bias 0.8 V (Figure 6.4.4.4), in contrast, it lies above the red line, allowing electrons to flow into the quantum
wells. An electron trapped in the quantum wells is likely to recombine with a hole in the valence band, emitting a
photon. In the input file \Optical\emission_photon_density.dat, one can see that the photons are emitted
from this active region (not shown). Figure 6.4.4.12 shows the emission spectrum in this case. When the bias is
too small, e.g. Figure 6.4.4.3, the intensity is much smaller, as can be seen in Figure 6.4.4.16.
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Figure 6.4.4.3: Band structure of the laser diode system for a low bias of 0.2 V.
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Figure 6.4.4.4: Band structure for a high bias 0.8 V. Electrons flowing from the left and holes from the right
recombine in the active zone (multi-quantum well structure).
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Energy eigenstates and eigenvalues

In the input file LaserDiode_InGaAs_1D_gm_nnp.in, the single-band Schrodinger equation is coupled to the
current-Poisson equation and solved self-consistently. The wave functions of electrons and holes along with eigen-
values are written in \Quantum\probabilities_shift_quantum_region_Gamma_0000.dat and \Quantum\
probabilities_shift_quantum_region_HH_0000.dat (Figure 6.4.4.5 and Figure 6.4.4.6). The light hole
and split-off states are out of the quantum wells and not of our interest here.

Probability distribution

-0.3 N

-04 - .

_05 = —

Energy[eV]

0.7+ [ [ .
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-0.9 1 I 1 1
0 20 40 60 80 100

x[nm]

Figure 6.4.4.5: Probability distribution |)(x)|? of the lowest localized modes of electrons and holes for the band
structure Figure 6.4.4.3. Horizontal lines are the corresponding eigenenergies.

Charge densities

We can find the energy-resolved charge density n(x,E) and p(x,E) in the output
electron_density_vs_energy.fld and hole_density_vs_energy.fld. The following figures repre-
sent n(z, E) and p(z, E) [em~3eV '] with respect to the band edges and quasi-Fermi levels at bias 0.2, 0.4, 0.6,
0.8 and 1.0 V. We can see that the carrier densities around the quantum wells increase as the bias increases.

Note: These graphs are generated by nextnanopy.

We also have the charge densities integrated over the device n(E), p(E) [em~2eV '] and energy n(z), p(z)
[cm~3].

n(E) and p(E) with and without quantum calculation shows different features due to the discretization of energy
levels in quantum wells. This is shown in integrated_densities_vs_energy.dat.

Figure 6.4.4.12 illustrates the population inversion in stationary (quasi-equilibrium) state of the device under bias.
Solid and dashed lines are for quantum and classical calculations, respectively. The black arrows mark the relevant
energies of the structure 4 at bias of 0.8 V. The hole density is shown in Figure 6.4.4.13 with higher resolution.

The energy resolution in Figure 6.4.4.13 has been increased by a factor of 10 from Figure 6.4.4.12.

Note: Although these charge densities either with variable E or z are both obtained by integrating n(x, E)
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Eigenvalues in quantum calculation
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Figure 6.4.4.6: Eigenvalues of the Gamma-band up to Sth and heavy-hole-band states up to 13th in relation to band
edges. The Eigenvalues above these are higher than the barrier energy of the quantum wells. The Gamma band has
single “miniband”, whereas the heavy-hole band has three. The 1st heavy-hole miniband consists of the 1st~5th
eigenvalues, the 2nd heavy-hole miniband consists of the 6th~11th eigenvalues and the 3rd consists of the 12th and
13th eigenvalues.

Energy resolved densities of hole and electron at 0.2 V
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Figure 6.4.4.7: Energy-resolved electron and hole density, Gamma conduction band edge, HH valence band edge
and quasi-Fermi levels at bias 0.2 V in quantum calculation.
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Energy resolved densities of hole and electron at 0.4 V
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Figure 6.4.4.8: Energy-resolved electron and hole density, Gamma conduction band edge, HH valence band edge
and quasi-Fermi levels at bias 0.4 V in quantum calculation.

Energy resolved densities of hole and electron at 0.6 V
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Figure 6.4.4.9: Energy-resolved electron and hole density, Gamma conduction band edge, HH valence band edge
and quasi-Fermi levels at bias 0.6 V in quantum calculation.
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Energy resolved densities of hole and electron at 0.8 V
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Figure 6.4.4.10: Energy-resolved electron and hole density, Gamma conduction band edge, HH valence band edge
and quasi-Fermi levels at bias 0.8 V in quantum calculation.

Energy resolved densities of hole and electron at 1.0 V
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Figure 6.4.4.11: Energy-resolved electron and hole density, Gamma conduction band edge, HH valence band edge
and quasi-Fermi levels at bias 1.0 V in quantum calculation.
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Charge density integrated over the device (E resolution = 0.005)
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Figure 6.4.4.12: Electron (red) and hole (blue) densities integrated over the device as a function of energy.

Charge density integrated over the device (E resolution = 0.0005)
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Figure 6.4.4.13: Hole density integrated over the device from classical (dashed) and quantum (solid) calculation.
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and p(z, E) over the corresponding variable, these are independently calculated in nn++ simulation. Hence it is
possible to turn off the calculation only for n(x, E') and p(z, E) calculating the integrated charge densities. In this
case it runs much faster and needs much less memory.

Emission and absorption spectra

The spontaneous and stimulated emission spectra are written in \Optical\
semiclassical_spectra_photons.dat and \Optical\stim_semiclassical_spectra_photons.dat,
respectively (Figure 6.4.4.14). The peak is at around 0.7-0.8eV, which is consistent with the charge distribution in
Figure 6.4.4.12. The stimulated emission does not occur above the quasi Fermi level separation, Er,, — Erp.

The formulas used for the calculation in the source code are specified above: Recombination of carriers and emis-
sion spectrum.

T T T T T
p102 | spontaneous cl ------
stimulated cl -------
spontaneous gm ——
stimulated gm ——
i 15x10% —
HGJ
Re
=
[
T 1108 - .
=
2
o
=
o
5x1022 |- .
0 ! ; ! i
04 0.6 08 1 12 14
Energy[eV]

Figure 6.4.4.14: Emission spectrum of the laser diode for the bias 0.8 V.

The absorption spectra are calculated as

77277/362 Rf‘flizr’rbet(E)
a(B) = n2E? 1%

where n, is the refractive index and V is the total volume of the device. The unit is [cm~']. In case of 1D
simulation, calculated R**"" _ (E) has the unit [cm~2s~'eV '] and is divided by the total length instead of the

rad,net

volume. This formula is consistent with eq (9.2.25) in [ChuangOpto1995].

The absorption spectra «(E) and gain spectra g(E) are essentially the same quantity with opposite signs,

These are by definition independent of the initial photon population. Please note that the gain spectrum in
nextnano++ is cut off where it is negative. For details, see classical{ }.

The spectrum changes its sign at the energy Fr,, — E'r), that is, the separation of the quasi Fermi levels. According
to the output bandedges . dat, this value is -0.0001-(-0.7702)=0.7701eV. The following result has been calculated
classically. We also get qualitatively consistent results from quantum mechanical simulation.
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Absorption coefficient and gain
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Figure 6.4.4.15: Classically calculated absorption and gain spectra. The sign of the spectrum switches at the energy
corresponding to the quasi Fermi-level separation in the active region.

Current and internal quantum efficiency

The output file IV_characteristics.dat contains right- and left-contact current in unit of [Acm~2]. In the
present case, the right-contact current is hole current, whereas the left-contact current is electron current. In Figure
6.4.4.15, we compare the hole current and photocurrent.

Figure 6.4.4.16 clearly shows the consequence of the difference in band structures Figure 6.4.4.3 and Figure 6.4.4.4.
The holes and electrons recombine in the multi-quantum well layers, emitting one photon per electron-hole pair.
The efficiency of conversion from charge current into photocurrent is called the internal quantum efficiency

1 n
p = —Bhoton, (6.4.4.7)

I charge

This quantity is written in internal_quantum_efficiency.dat and shown in Figure 16.

Last update: 16/07/2024

UV LED: Quantitative evaluation of the effectiveness of EBL

* Header
e Structure
e Scheme
* Results
— Current-voltage characteristics

— Bandedges

— Current Density
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Figure 6.4.4.16: Charge current and photocurrent as a function of bias voltage (IV characteristics).
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Figure 6.4.4.17: Conversion efficiency of the InGaAs laser diode.
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% Charge carrier densities
* Power of light emission

— Internal quantum efficiency

* What can we do further?

Header

Files for the tutorial located in nextnano++\examples:
e ID_DUV_LED_HirayamaJAP2005_EBL_nnp.in

We investigate how the electron blocking layer (EBL) improves the characteristics of UV LEDs using nextnano++.
Current-Poisson equation and semi-classical calculation of optical properties (classical{ }) in nextnano++ enables
us to quantitatively analyze the effect of this strucutre.

We refer to the structure used to obtain Fig. 28 in the [HirayamaJAP2005]:

Structure

The simulation region consists of the following structure:
* n-Aly15Gag so N layer
e 3-layer MQW based on InAlGaN
* AlyGa;xN EBL (Al content = 0.18, 0.24, 0.28)
* p-Alg,13GaggN layer

Each layer has the following thickness and doping concentration:

Material Thickness Doping

n-Alg 15Gag goN 100 nm 8 x 10" [cm™] (donor)

Ing.02 Alp.09Gag goN - | well: 2.5 nm, bar- | 0 [cm™]

Ing 02 Alg22Gag 76N 3-layer MQW rier: 15 nm

Al,Ga; N EBL with x=0.28, 0.24, | 10 nm 0 [cm™] for x=0.28, 0.24, 2 x 10" [cm™] for
0.18 x=0.18 (acceptor)

p-Aly.138Gag N 100 nm 2 x 10" [em™] (acceptor)

Al content x=0.18 in the EBL is used for the structure without EBL, while x=0.24 and 0.28 are for the structure
with EBL in different barrier height.

Donor and acceptor ionization energies are defined as 0.030 eV and 0.158 eV where Si and Mg are in mind,
respectively.

Scheme

We can specify which simulation or equations would be solved on run{ } section in your input file.

In ID_DUV_LED_HirayamaJAP2005_EBL_nnp.in it is described as

run{
strain{ }
current_poisson{ }
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Figure 6.4.4.18: The band edges and Fermi levels for the structure with higher EBL (x=0.28, bias=4.00V, total
current density=1.67x 10> A/cm?)

Then nextnano++ solves the current equation and Poisson equation self-consistently after solving strain equation.

After the Current-Poisson equation is converged, optoelectronic characteristics are calculated according to the
specification in the section classical{ }.

For further details, please see General scheme of the optical device analysis.

Results
Current-voltage characteristics

Here we show the current-voltage characteristics for the total current density /i, measured at p-contact and pho-
tocurrent density Ipnoto, Which is defined as (6.2.5.28). oo represents the amount of electrical current consumed
by the radiative recombination in the total current Iy, . Please note that the scales of the y-axis in these graphs are
different in 10 times.

We can observe that the smaller [ is , the higher the EBL barrier is. On the other hand, at the applied bias of
4.0V, the bigger Iy is, the higher the EBL barrier is. We can say that the larger proportion of the total current
consists of the photocurrent in the higher EBL structure, which results in the larger IQE.

Bandedges

The following figures show the band edge profiles and the quasi-Fermi levels for the higher EBL (top) and no EBL
(bottom) structure where the total current densities are almost the same around 1.70 x 10° A/cm?. The applied
bias is 4.00 V for the left graph and is 3.90 V for the right graph.
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Figure 6.4.4.19: (Left:) The relationship between the p-contact current density and bias voltage. (Right:) The
relationship between the photocurrent I ¢, and bias voltage.
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Figure 6.4.4.20: The band edges and Fermi levels for the structure with EBL (x=0.28, bias=4.00V, total current
density=1.67x10°> A/cm?)
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Figure 6.4.4.21: The band edges and Fermi levels for the structure without EBL (x=0.18, bias=3.90V, total current
density=1.68x10° A/cm?)

Current Density

The following figure show the current density profiles for the higher EBL (top, x=0.28), lower EBL (middle,
x=0.24), and no EBL (bottom, x=0.18) structure where the total current densities are almost the same around 1.70
x 10° A/em?.

We can see that the amount of electron current and hole current becomes closer as the EBL height is increased,
while the electron current is dominant without EBL. It can be also confirmed that the current overflow is suppressed
by the EBL.

Charge carrier densities

The figures showed below are the electron and hole densities around the MQW region for the structure with higher
EBL and without EBL (left, x=0.28 and right, x=0.18) for almost the same current density around 1.70 x 10°
A/cm?. The introduction of EBL at 167 nm-177 nm reduces the electron densitiy in the p-AlGaN region.

Power of light emission

Here we show the relationship between optical power defined in (6.2.5.33) and current density of p-contact for each
structure.
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Figure 6.4.4.22: The current density profile for the the structures with higher EBL (top, 4.00 V, 1.67x 10° A/cm?),
lower EBL (middle, 3.94 V, 1.74x 10° A/cm?), and no EBL (bottom, 3.90 V, 1.68x 10° A/cm?).
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Figure 6.4.4.23: The electron and hole densities calculated in the structures with higher EBL (left, 4.00 V, 1.67 x
10° A/cm?) and no EBL (right, 3.90 V, 1.68 x 10° A/cm?).
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Figure 6.4.4.24: Current vs. power of light emission
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Internal quantum efficiency

In nextnano++, the internal quantum efficiency is calculated as

1, photo

TQE = "VQE * TIE = (6.4.4.8)

Itotal
where I is the photo-urrent consumed by the radiative recombination and Iio is the current injected in total.

This quantity shows the improvement by the introduction of higher EBL as follows:

Current density (p-contact) and IQE
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Figure 6.4.4.25: Current and internal quantum efficiency (IQE).

The nextnano++ tool also outputs the volume quantum efficiency 7vqg, also known as radiative efficiency,
which represents the proportion of the radiative recombination rate to the total recombination rate. This quantity
is calculated as

stim .
IVQE = Hradne T Hined (6.4.4.9)
Rtotal

and also shows the improvement by the introduction of EBL:
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Figure 6.4.4.26: Current and volume quantum effciency (radiative efficiency).
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The IQE can be decomposed like (6.4.4.8) into this volume QE and the injection efficiency 7z, which represents
the proportion of the current consumed by the total recombination (radiative + nonradiative) to the total injected
current.

Thus using the results of 7iog and 7vog above, we can also get this 7 :
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Figure 6.4.4.27: Current and injection efficiency (IE).

From the above results, we can see that the improvement of IQE due to the introduction of EBL comes from the
imrovement of mainly IE rather than volume QE.

What can we do further?

The effect of EBL on the optoelectronic characteristics has been estimated quantitatively using the semiclassical
calculation in nextnano++.

We can also optimize the Al content of EBL or the thickness by sweeping the corresponding parameters, for
example. Our open source python package nextnanopy is a strong tool for this purpose.

The graphs shown in this tutorial are also generated by a python script using nextnanopy.

Last update: 16/07/2024

UV LED: Quantitative evaluation of the effectiveness of superlattice structure in p-region

* Header
* Hole density estimation
— Structure
* Bandedges
— Scheme
% Schrodinger-Poisson equation
* lonization of dopant

— Results

% Spatially averaged hole density

6.4. Tutorials 313



nextnano Documentation, Release August 2024

* Hole density/lonized acceptor density distribution
* [QE estimation
— Structure
* Bandedges
— Scheme

— IQF result

* What can we do further?

Header

Files for the tutorial located in nextnano++\examples:
e ID_UV_LED_KozodoyAPL1999 nnp.in
e ID_DUV_LED_HirayamaJAP2005_SL_nnp.in

In the recent UV-LEDs based on AlGaN, the superlattice (SL) structure is introduced into the p-type layer in order
to enhance the acceptor ionization, which results in the improvement of the hole conductivity. We investigate how
this structure improves the characteristics of UV LEDs using nextnano++.

First, the hole concentration in a p-type AlGaN/GaN SL structure is calculated using Schrédinger-Poisson solver
and the enhancement of the acceptor ionization is quantitatively examined. This part is based on [Schuber-
tAPL1996] and [KozodoyAPL1999].

Second, the SL structure is introduced into the p-region of LED structure with InA1GaN MQW and Current-Poisson
equation is solved. Then the IQE result is compared to the LED structure with the bulk p-region. The structure
used in this part is based on [HirayamaJAP2005].

Hole density estimation
Structure

The simulation region consists of the following structure:

Material Thickness Doping
Alp>GaggN/GaN 8-layer MQW | L = Lyen = Luparrier | 5.0 X 10" [em™?]

The simulation is sweeped over the well and barrier thickness L from 1 nm to 10 nm.

Bandedges

The following figure shows the band edge profile and the Fermi energy for the SL structure with L = 4.0 nm.

The band edge tilting is due to the piezo- and pyro-electricity, which actually enhances the acceptor ionization as
can be seen later.
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Figure 6.4.4.28: The band edge profile and the Fermi level
Scheme
Schrédinger-Poisson equation

We can specify which simulation or equations would be solved on run{ } section in your input file.

In ID_UV_LED_KozodoyAPL1999_nnp.in it is described as

run{
strain{ }
poisson{ }
quantum_poisson{ }
}

Then nextnano++ solves the strain equation and self-consistent Schrédinger-Poisson equation.

The resulting electrostatic potential ¢(x), electron density n(z), and hole density p(z) should satisfy both Poisson
equation and the carrier density calculation based on Schrodinger equation. For further detailed discussion, please
refer to General scheme of the optical device analysis.

lonization of dopant

The ionized donor and acceptor densities, N g, N are calculated as

- NDJ‘(X)
NEE) = D 1 o e (B () — B JEnT) (6.4.4.10)

i1€Donors
_ NA Z(X)
N;(x) = :
4 (x) ieAg:wmrs 1+ ga,iexp((Ea,i(x) — Epp(x))/kpT) (6.4.4.11)

where the summation is over all different donor or acceptors, Np, N4 are the doping concentrations, gp, g4 are
the degeneracy factors (gp = 2 and g4 = 4 for shallow impurities), and Ep, E4 are the energies of the neutral
donor and acceptor impurities, respectively.

These energies Ep, 4 are determined by the ionization energies ngz’r, EX”; , the bulk conduction and valence
band edges (including shifts due to strain) and the electrostatic potential as

Ep(x) = Eco(x) — ep(x) — EB" (%), (6.4.4.12)
EA(x) = By 0(x) — ed(x) + E¥™(x). (6.4.4.13)

The parameters can be specified in the input file as follows:

* Doping concentrations Np, N4 are specified at structure{ region{ doping{} } } like
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structure{
region{
doping{
#constant{
# name = "donor_impurity"
# conc = 2.0el8 # cmr-3
#}
constant{
name = "acceptor_impurity"
conc = 5.0el9 # cmr-3
}
}
b
}

The degeneracy factors gp, g4 and ionization energies EBT;,

E%m are specified at impurities{ } like

impurities{
donor{

energy = 0.030
—conduction band edge.
degeneracy = 2
}
acceptor{
name
energy = 0.23
—band edge. 0.23 eV is
degeneracy = 4

¥

name = "donor_impurity"

# Si

# ionization energy
(fully ionized when -1000)

# degeneracy: 2 for

"acceptor_impurity" # lg

# ionization energy
taken from Kozodoy1999. (fully
# degeneracy: 4 for

measured from the.

n-type

measured from the valence.
ionized when -1000)
p-type

Results

Spatially averaged hole density

Here we show the relation between L = Lye;; = Lparrier and the spatially averaged hole densities.

The orange line is the result of Poisson equation ignoring the polarization fields, the blue line is the result of Poisson
equation including the polarization fields, and the green line is the result of Schrodinger-Poisson equation including

the polarization fields.

The corresponding hole density for bulk Aly,GagpgN with the same acceptor concentration 5.0 X 10" [cm™] has
been calculated as around 0.43x 10'® [cm™], so the hole density is improved in any case.

What we can also see is that the polarization field further enhances the acceptor ionization, while the quantization
effect reduces it as L becomes smaller.
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1garrier and well width and spatially averaged hole densities

—

Spatially averaged hole density [/cm~3]

1018 -
—e— Quantum-Poisson=0, Polarization=yes
—e— Quantum-Poisson=0, Polarization=no
—e— Quantum-Poisson=1, Polarization=yes
1017 T T T T T
2 4 6 8 10
L [nm]

Figure 6.4.4.29: Barrier and well width L and spatially averaged hole densities.

Hole density/lonized acceptor density distribution

Here we see the spatial distribution of the hole density and ionized acceptor density. We can confirm that the holes
generated by the ionization of the acceptors in the barrier layers are accumulated into the well layers.

Hole density distribution for L=4 nm
(Quantum-Poisson=1, Polarization=yes)

15 — EH - 3ole Fermi energy
H ole densit)
o v £30
1.0 -
£
20 =
=z 0
5 0.5- =
g 5
w el
10 2
00 d NN NN L L T
NMYWWWY
0.5 0
"0 20 40 60
x [nm]

Figure 6.4.4.30: Hole density distribution calculated at L =4.0 nm by Schrodinger-Poisson equation including the
polarization fields. The valence band edges are also displayed.
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lonized acceptor density distribution for L=4 nm
(Quantum-Poisson=1, Polarization=yes)

15 —— HH - Holg Fermi energy )
— ;g ——— |onized acceptor density | 30 r:’g
1.0 =
.5
20 ¢
5 0.5 :
2 a
= g
-10 ¢
N b‘ %‘} | %}%} | | %& -qz
j % 5
0.5 0
T 0 20 40 60
x [nm]

Figure 6.4.4.31: Ionized acceptor density distribution calculated at L. =4.0 nm by Schroédinger-Poisson equation
including the polarization fields. The valence band edges are also displayed.

IQE estimation
Structure

The simulation region consists of the following structure:

Material Thickness Doping
n-Alg 15Gag goN 100 nm 8 x 10" [ecm™] (donor)

Ing 02Alp09GapgoN - IngpaAlg22Gag76N 3-layer | well: 2.5 nm, barrier: 15 nm 0 [cm?]
MQW

Aly24Gag76N/Aly 17Gag g3N 8-layer MQW well: 4.0 nm, barrier: 4.0nm | 2 x 10" [cm™] (accep-
tor)

p-Aly.17Gag g3N as a p-contact layer | 20 nm 2 x 10" [em?] (accep-
tor)

The simulation result of this structure is compared with the structure where the p-region consists of bulk
Alp20Gag soN.

The electron blocking layer is not included here.

Bandedges

The following figures show the band edge profiles and the Fermi energies for the structures with (top) and without
(bottom) SL. The width of the SL wells and barriers is set to L = 4.0 nm.
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Band profiles
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Figure 6.4.4.32: The band edges and Fermi levels for the structure with SL (bias=4.00 V, total current
density=2.67x10°> A/cm?)

Band profiles
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521 =
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Figure 6.4.4.33: The band edges and Fermi levels for the structure with bulk p-region (bias=3.97 V, total current
density=2.71x10° A/cm?)
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Scheme

The corresponding run{ } section is described as

run{
strain{ }
current_poisson{ }

Then nextnano++ solves the current equation and Poisson equation self-consistently after solving strain equation.

After the Current-Poisson equation has been converged, optoelectronic characteristics are calculated according to
the specification in the section classical{ .

For further details, please see General scheme of the optical device analysis.

IQE result

The calculated IQEs with respect to the applied bias (left) and current density (right) are shown here. We can see
that the IQE for the structure with SL, which is slightly smaller than that of bulk at the bias around 3.4 V, becomes
superior to bulk for larger biases.

Bias voltage and IQE Current density (p-contact) and IQE
0.5 A 0.5 4
—e— bulk p-layer —e— bulk p-layer
SL p-layer SL p-layer
0.4
0.3 A
8 / 5
[
0.2 4 ?
r'
4
P
/
0.1
3.4 3.5 3.6 3.7 3.8 3.9 4.0 0 100000 200000 300000

Bias [V] Current density of p-contact [A/cm?]

Figure 6.4.4.34: Left: Applied bias and IQE. Right: Current density at p-contact and IQE.

What can we do further?

By sweeping the simulation over the corresponding parameters, we can optimize the device strucutres such as L,
number of SLs, or the Al content of the SL region, for example. Our open source python package nextnanopy is a
powerful tool for this purpose.

The graphs shown in this tutorial are also generated by a python script using nextmanopy.

Last update: nn/nn/nnnn
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6.4.5 Quantum Mechanics

Parabolic Quantum Well (GaAs / AlAs)

Input files:
* parabola_half-parabola_nnpp.in

Scope:
This tutorial aims to reproduce figures 3.11 and 3.12 (pp. 83-84) of [HarrisonQWWD2005],
thus the following description is based on the explanations made therein.

General comments on the solutions of a parabolic potential

An ideal parabolic potential represents a “harmonic oscillator” which is described in nearly every beginner’s text-
book on quantum mechanics. The eigenstates can be calculated analytically and are given by the following rela-
tionship:

1

E, = (n - 2) huwo 6.4.5.1)

wheren=1,2,3,...

One feature of a particle that is confined in such a well is that the energy levels are equally spaced by Awgy above
the zero point energy of 1/2 hwy.

The eigenfunctions show an even-odd alternation which is also the case in symmetric, square quantum wells.

The eigenenergies can be measured experimentally by analyzing the optical transitions between the conduction and
the valence band states, taking into account the selection rules (both states must have the same parity, see tutorial on
interband transitions). For intersubband transitions, different selection rules apply (see tutorial on intersubband
transitions). Such an experiment can be used to measure the conduction and valence band offsets because the
curvature of the conduction and valence band edges (and thus the eigenstates) depends on the offsets.

More information on this can be found in [Davies1998].

Parabolic quantum well: 10 nm AlAs/10 nm AlGaAs /10 nm AlAs

It is possible to grow parabolic quantum wells by continuously varying the composition of an alloy. Our structure
consists of a 10 nm Al,Ga;_,As parabolic quantum well (the x alloy content varies parabolically) that is sur-
rounded by 10 nm Al As barriers on each side. We thus have the following layer sequence: 10 nm AlAs/ 10 nm
Algai_;As/10nm AlAs.

Bandeges

Figure 6.4.5.1 shows the conduction band edge and the three lowest electron wave functions (v/) that are confined
inside the parabolic quantum well. All other states are not confined anymore.

The figure is in perfect agreement with Fig. 3.11 (p. 83) of [HarrisonQWWD2005].
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Parabolic Al Ga, As / AlAs quantum well
1.0+

ot AlAs AlAs
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Figure 6.4.5.1: Calculated conduction band edge and the three lowest electron wave functions that are confined
inside the parabolic QW. The energies were shifted so that the conduction band edge of GaAs equals 0 eV.

Technical details

The parabolic potential is specified by using a parabolic alloy profile.

structure{
region{
line{ x=[ -5.0 , 5.0 ] }
1
ternary_linear{
name = "In(x)Ga(l-x)As"
alloy_x = [0.0, 1.0]
X = [ —5.®, 5.0]

}

In agreement with Paul Harrison, we assumed a constant effective mass of 0.067 m throughout the whole sample
and further assumed the conduction band offset between GaAs and AlAs to be 0.83549 eV.

Output

The conduction band edge of the Gamma conduction band can be found here bias_00000\bandedge_Gamma.dat.
The 1st column contains the position in units of [nm] and the 2nd column contains the conduction band edge in
units of [eV].

The file probabilities_shift_quantum_region_Gamma.dat contains the eigenenergies and the squared wave func-
tions (Psi?). The 1st column contains the position in units of [nm]. Note that the U2 are shifted with respect to
their energy F,, so that they can be nicely plotted into the conduction band profile.

amplitudes_shift_quantum_region_Gamma.dat contains the eigenenergies and the wave functions (Ps?). The 1st
column contains the position in units of [nm]. Note that Psin is shifted with respect to its energy En so that they
can be nicely plotted into the conduction band profile.

Both probabilities_shift_quantum_region_Gamma.dat and amplitudes_shift_quantum_region_Gamma.dat con-
tain the eigenenergies of the electron states in units of [eV]. Paul Harrison uses a 0.01 nm grid whereas we use the
0.01 nm grid only in the middle of the device (or 0.02 nm), but at the boundaries (i.e. from 0 nm to 5 nm and from
25 nm to 30 nm) we use a 0.1 nm grid to avoid long CPU times. The eigenvalues read:
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E,, (nextnano++) E,, ([HarrisonQWWD2005])
0.13777630889948 | 0.1377751623
0.41211073419019 | 0.4121058503
0.67581828697139 | 0.6755025905

[N =] 3

Making use of equation (6.4.5.1) with wy = 1/C/m* (m* = effective mass, C' = constant which is related to the
parabolic potential V (z) = 1/2Kx?), one can calculate E,, = fiwp:

* hwo=2E;-0eV =0.276 eV
° h,wo = E2 - E1 =0.274 eV
° hwo = E3 - E2 =0.264 eV

Obviously, due to the finite Al As barrier that we have employed, the higher lying states deviate slightly from the
analytical results where infinite barriers have been assumed.

Figure 6.4.5.2 shows the eigenenergies for the confined states 1, F5 and E3. As expected they are lying on a
straight line because they are separated by fuwg. The figure is in perfect agreement with Fig. 3.12 (p. 84) of
[HarrisonQWWD2005].

Eigenenergies of a parabolic Al Ga, As / AlAs quantum well

1000 -
900
800
700
600
500_. /
400

300

200

100

0 T
1 2 3

eigenstate n

energy (meV)

Figure 6.4.5.2: Eigenenergies for the three lowest states.

Matrix elements

The following matrix elements have been calculated:

* interband matrix_elements{}: This spatial overlap matrix elements (1|¢;) simply returns the Kro-
necker delta as expected, because the wave functions are orthogonal.

* intraband_matrix_elements{}: (¢s|p;|¢;) (see Tutorial on intraband transition)

* dipole_moment_matrix_elements{}: (¢s|x|v;) (see Tutorial on intraband transition)
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“Infinite” (30 eV) parabolic QW confinement for GaAs

Inputfile: /DGaAs_ParabolicQW_infinite.in

Figure 6.4.5.3 shows the eigenstates of a parabolic quantum well (GaAs) where the confinement is assumed to be
30 eV. Now up to 37 eigenstates are confined in the quantum well (grid resolution: 0.025 nm inside the well, 0.05
nm inside the barrier).

"Infinite" (i.e. 30 eV) parabolic QW confinement potential

for GaAs
30

254

L]
o
1

-
o
| -

-
o
| -

energy (eV)

(4]
-

o
1

distance (nm)

Figure 6.4.5.3: Calculated conduction band profile and probability densities (¥'2) for eigenstate n (n = 1,2, ...,
37).

Figure 6.4.5.4 shows the energies of the 37 confined electron states as a function of eigenstate n. As expected, the
curve shows a linear dependence because the eigenstates are equally spaced by iwg = 0.826 eV (where we used E,,
=(n-1/2) hwy).

fuwg =2 FE,-0eV=0.8261 eV | E;/(2E;) =0.5000
ha}o = E2 - El =0.8260 eV E2/(2E1) =1.4999
hwo = E3 - Eo = 0.8260 eV Ey/(2E) =2.4997
hwo = By - B3 = 0.8259 eV E,/(2E;) = 3.4994
Fwo = By - E4 = 0.8259 eV E5/(2E;) = 44991
hwo = Eg - E5 = 0.8258 ¢V E¢/(2E7) = 5.4987
hwo = B - Bg = 0.8258 eV E7/(2E,) = 6.4982
hwo = Bg - E7 = 0.8257 ¢V Es/(2E;) = 714978

Still, due to the “infinite” barrier of 30 eV (which is still a finite barrier) that we have employed, the higher lying
states deviate slightly from the analytical results where infinite barriers have been assumed.

One should bear in mind that the energy level spacing of such parabolic quantum wells is inversely proportional to
both the well width and the square root of the effective mass.

It is also interesting to look at the intraband matrix elements, i.e. to investigate the probability for intersubband
transitions. The relevant output is contained in these two files:

* \bias_00000\Quantum\dipole_moment_matrix_elements_quantum_region_Gamma_100.txt - p,,
* \bias_00000\Quantum\intraband_matrix_elements_quantum_region_Gamma_Il00.txt -

From the calculated oscillator strengths it can be seen that only transitions from one level to the neighboring levels
(+1 and -1) are allowed. Because in the case of a harmonic oscillator the momentum operator is proportional to
the sum of the creation and the annihilation operators, thus only states can couple that have different occupation
numbers with the difference equal to 1.
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Eigenenergies of an "infinite" (i.e. 30 eV)
parabolic QW confinement potential for GaAs

30

‘.!‘
25 - '.‘J’.‘
20+ -‘,J-"

energy (eV)
r

eigenstate n

Figure 6.4.5.4: Eigenenergies of 37 eigenstates for an infinite parabolic QW.

“Infinite” (30 eV) half-parabolic QW confinement for GaAs

Input file: 1DGaAs_ParabolicQW_infinite_half nnpp.in

Figure 6.4.5.5 shows the eigenstates when taking only the right half of the parabolic quantum well (GaAs) that
has been calculated above. The confinement is 30 eV on the right and infinite confinement on the left (Dirichlet
boundary conditions). Now only 18 eigenstates are confined in the quantum well, i.e. half the number of the
eigenvalues compared with the full parabolic QW (grid resolution: 0.025 nm inside the well, 0.05 nm inside the
barrier). The figure shows the conduction band profile and the square of the wave functions (¥2) for eigenstate n
(n=1,2,...,18).

"Infinite" (i.e. 30 eV) half-parabolic
QW confinement potential
for GaAs

30+

25 -

20+

15+

energy (eV)

104

GaAs
0 5 10 15 20 25 30
distance (nm)

Figure 6.4.5.5: Calculated conduction band profile and probability densities (¥2) for all confined eigenstates in an
half-parabolic potential.

Again, the eigenstates are equally spaced. However, the separation energy is now twice as large as before, i.e. hwg
=2-0.826eV =1.65eV.
The ground state energy this time is given by: E; = 3/2 hwo/2.

* hwg=4/3 E1-0eV =1.639 eV

e hwg = FEs - E1 =1.647 eV

* hwy = Fs3-FEy=1.648 eV

* hwg=FE,-F;=1.648¢eV
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It is also interesting to look at the intraband matrix elements, i.e. to investigate the probability for intersubband
transitions. The relevant output is contained in these two files:

* \bias_00000\Quantum\dipole_moment_matrix_elements_quantum_region_Gamma_100.txt - p,,

¢ \bias_00000\Quantum\intraband_matrix_elements_quantum_region_Gamma_100.txt - ©

Conclusion

We note that also more realistic parabolic quantum wells can be calculated with nextnano++. Assuming that the
alloy profile is parabolic,

* strain can be included (the strain tensor depends on the alloy profile),
* as well as effective masses that depend on the alloy profile,
* an §-band k.p model (necessary to get correct intersubband transition energies)
* and bowing parameters (especially important for AlGaAs).
All these features are automatically included in the nextnano++ code.

Last update: nn/nn/nnnn

Triangular well

In this tutorial we calculate the Schrodinger equation for a triangular well and compare the results with the analytic
solution.

The related input files are followings:

e IDGaAs_triangular_well_nn*.in

Structure

A triangular well consists of a potential with a constant slope that is bound at one side by an infinite barrier.

For x < 0 nm we have an infinite barrier. In our case it is represented by a huge conduction band offset of 100 eV
to avoid any wave function penetration into the barrier.

For > 0 nm we have a linear potential of V' (z) = eF'z .

V() describes a charge e in an electric field F' where the product e F is assumed to be positive.

Comparison of nextnano++ and the analytic solution

The Schrodinger equation for the transverse component of the electronic wave function has the following form
inside the well:

R d?
T o A + eFz|)(z) = EY(x)
Usually one applies Dirichlet boundary conditions at z = 0 nm so that ¢)(x = 0) = 0 in order to represent an
infinite barrier, i.e. the high barrier prevents significant penetration of electrons into the barrier region.

In our case, we apply Neumann (or Dirichlet) boundary conditions at £ = —10 nm and x = 150 nm and let the
infinite barrier be represented by the huge conduction band offset of 100 eV. Then, both boundary conditions lead
to the same eigenenergies for the lowest eigenstates.

The Schrodinger equation can be simplified by introducing suitable new variables and thus reduces to the Stokes
or Airy equation. Its solutions, the so-called Airy functions, are discussed in most textbooks, see for example:
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* The Physics of Low-Dimensional Semiconductors - An Introduction, John H. Davies, Cambridge University
Press (1998)

The figure shows the conduction band edge (black line) which is represented by a triangular potential well V (z) =
eF'x. Also shown are the four lowest energy levels and corresponding wave functions. The electric field that has
been applied is F' = 5 [MV/m], i.e. 0.05V/10 nm. The effective electron mass has the value 0.067mg (GaAs).

One can see that the distance between the energy levels decreases with increasing n because the quantum well
width gets larger for higher energies. Note that in a parabolic well, the energy levels are equally spaced whereas in
an infinitely deep square well, the energy level separation increases with increasing energy.

The eigenvalues of the Airy equation can be calculated using the formula:

FR2 1/3

En - |:e :|
2m*

(The units of E),, in this equation are [J].)

The lowest eigenvalue has the value ¢; = 2.338 .

For large n, ¢, can be approximated by the following equation which can be derived from WKB theory (named
after Wentzel, Kramers and Brillouin):
3 1 2/3
o ~ [QW(n - 4)]

The nextnano++ and nextnano’ eigenvalues for the lowest four eigenstates are in very good agreement with the
analytic results:

nextnano++  eigen- | nextnano’®  eigen- | calculated eigen- | ¢, (exact) | c, (approxi-
value value value mated)
n=1 | 0.05647 0.05644 0.05664 c = | ¢1 =2.320251
2.338
n=2 | 0.09887 0.09882 0.09889 c2 co =4.081810
n=3 | 0.13358 0.13351 0.13365 cs3 c3 =5.517164
n=4 | 0.16426 0.16416 0.16435 o cqg = 6.784455
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The triangular potential is not symmetric in z, thus the wave functions lack the even or odd symmetry that one
obtains for the infinitely deep square well.

The triangular well model is useful because it can be used to approximate the (idealized) triangularlike shape near a
heterojunction formed by the discontinuity of the conduction band and an electrostatic field of electrons or remote
ionized impurities.

Last update: nn/nn/nnnn

— FREE — Double Quantum Well

Input files:
* DoubleQuantumWell_6_nm_nnpp.in
e DoubleQuantumWell_6_nm_nn3.in

This tutorial calculates the energy eigenstates of a double quantum well. This aims to reproduce two figures (Figs.
3.16, 3.17, p. 92) of Paul Harrison’s excellent book “Quantum Wells, Wires and Dots” (Section 3.9 “The Double
Quantum Well”), thus the following description is based on the explanations made therein. We are grateful that
the book comes along with a CD so that we were able to look up the relevant material parameters and to check the
results for consistency.

Input files for both the nextnano++ and nextnano’ tools are available.

To generate the input files for various thicknesses and some of the plots the following nextnanomat features are
used:

o Template tab
* Postprocessing feature

It is recommended to read the documentation about these features of the graphical user interface nextnanomat
before starting this tutorial.

Structure: AlGaAs /6 nm GaAs / AlGaAs /6 nm AlGaAs / AlGaAs

Our symmetric double quantum well consists of two 6 nm GaAs quantum wells, separated by a Aly, Gapg As
barrier and surrounded by 20 nm Aly, Gagg As barriers on each side. We thus have the following layer sequence:
20 nm Aly, Gagg As/ 6 nm GaAs/ Aly, Gagg As/ 6 nm GaAs /20 nm Aly, Gagg As. (The barriers are printed
in bold.)

In this tutorial, we demonstrate the following two examples:

1. we set the thickness of the Alg, Gapg As barrier that separates the two quantum wells 4 nm and calculate
the lowest two eigenstates.

2. we vary the thickness of the barrier layer from 1 nm to 14 nm fixing the width of the quantum well (6 nm).
Then we calculate the lowest two eigenstates for each case and see the barrier-width dependency of their
eigenenergies.

We also explain where the relevant output files are in.
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Material Parameters

The material parameters are given in database_nn*.in but we can also redefine them manually in input files. In
this tutorial, we redefine parameters so that they are the same as the section 3.9 of Paul Harrison’s book “Quantum

Wells, Wires and Dots”.

conduction band offset Aly, Gagsy As/ GaAs | 0.167 eV
conduction band effective mass | Aly, Gagsy As 0.084 m,
conduction band effective mass | GaAs 0.067 mg

Results

1. barrier width = 4 nm

* The following figure shows the conduction band edge and wave functions that are confined inside the wells

with barrier width = 4 nm.

(Note that the energies were shifted so that the conduction band edge of GaAs equals 0 eV.)
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* The wave functions form a symmetric and an anti-symmetric pair. The symmetric one is lower in energy
than the anti-symmetric one. The plot is in excellent agreement with Fig. 3.17 (page 92) of Paul Harrison’s
book “Quantum Wells, Wires and Dots”.

* For comparison, the following figure shows for the same structure as above, the square of the wave function

rather than v only.
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Output

a. The conduction band edge of the Gamma conduction band can be found here:

bias_00000/bandedge_Gamma.dat (nextnano++)
band_structure/cb_Gamma.dat (nextnano’)

b. This file contains the eigenenergies of the two lowest eigenstates. The units are [eV].

bias_00000/Quantum/wf_energy_spectrum_quantum_region_Gamma_0000.dat (nextnano—++)
Schroedinger_Iband/ev_cbl_sgl_degl.dat (nextnano?)

These are the comparison of eigenvalues:

nextnano++ | nextnano® | Harrison’s book
ground state energy [eV] 0.04920 0.04920 0.04912
first excited state energy [eV] | 0.05779 0.05779 0.05770

c. This file contains the eigenenergies and the wave functions (¢):

bias_00000/Quantum/wf_amplitudes_shift_quantum_region_Gamma_0000.dat (nextnano++)
Schroedinger_lband/cbl_sgl_degl_psi_shift.dat (nextnano’)

This file contains the eigenenergies and the squared wave functions (¢)2):

bias_00000/Quantum/wf_probabilities_shift_quantum_region_Gamma_0000.dat
(nextnano++)
Schroedinger_Iband/cbl_sgl_degl_psi_squared_shift.dat (nextnano?)

The subscript _shift indicates that 1)? and 1) are shifted by the corresponding energy levels.

a. and c. can be used to plot the data as shown in the figures above.

2. barrier width =1 ~ 14 nm

* Here, we varied the thickness of the Aly, Gagg As barrier layer from 1 nm to 14 nm fixing the width of the
quantum well (6 nm). We calculated the lowest two eigenstates and show their eigenvalues for each barrier
width in the following figure (generated with the Postprocessing feature of nextnanomat).

190 Confinement energies of the two lowest states
90 of a sy ic double q well
as a function of the central barrier width
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% —s—E2
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E 504
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o 401
s ]

20 4

104

T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
barrier width (nm)

* If the separation between the two quantum wells is large, the wells behave as two independent single quan-
tum wells having the identical ground state energies. The interaction between the energy levels localized
within each well increases once the distance between the two wells decreases below 10 nm. One state is
forced to higher energies and the other to lower energies. (Here, the electron spins align in an “anti-parallel”
arrangement in order to satisfy the Pauli exclusion principle.)

* This is analogous to the hydrogen molecule where the formation of a pair of bonding and anti-bonding
orbitals occurs once the two hydrogen atoms A and B are brought together.
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Ybonding = %1/1/1 + Yp (lower energy)
wantibonding = %wA - Q/JB (hlgher energy)

* Again, the plot is in excellent agreement with Fig. 3.16 (page 92) of Paul Harrison’s book “Quantum Wells,
Wires and Dots”.

Output

The energy values were taken from the same file as before:

bias_00000/Quantum/wf_energy_spectrum_quantum_region_Gamma_0000.dat (nextnano++)
Schredinger_Iband/ev_cbl_sgl_degl.dat (nextnan 0%)

For example, the values for the 1 nm barrier read:

nextnano++ | nextnano® | Harrison’s book

ground state energy [eV] 0.03476 0.03476 0.03470
first excited state energy [eV] | 0.07298 0.07298 0.07290

The values for the 14 nm barrier read:

nextnano++ | nextnano® | Harrison’s book
ground state energy [eV] 0.05332 0.05332 0.05323
first excited state energy [eV] | 0.05338 0.05338 0.05329

Tip: Sweeping

A sweep over the thickness of the Aly, Gagg As barrier layer, i.e. the variable $QW_SEPARATION, can easily be
done by using nextnanomat’s Template feature. The following screenshot shows how this can be done. Go to
“Template”, open input file, select “Range of values”, select “QW_SEPARATION”, click on “Create input files”,
go to “Run and start your simulations.

nextnanomat — O x
File Edit Run View Tools Help

Input Template  Template (Beta)  Simulation  Output

B3
Template file: |O:¥Pr0gram Files¥nextnano¥2020_12_09%¥5ample files¥nextnanod sample files¥DoubleQuantumiviell_nm_nniin ‘ C
“ariables:
Variable Value Unit Description
number_of_eigenvalues 2 number of eigenvalues to be calculated (has to be defined as a string)
» 40 nm separation of the QWs
QW_WIDTH 60 nm widths of both quartum wells
SCALE 0.316227766 Scale wave functions for output for psi and psi_squared) Scale so that our...
Sweep
() Sinele gimulation  filename suffix_modified
@ Range of values  varisble: [QWVAEPARATION o] fom [lo, | tor [fA0 step (10|
() List of values wvariable: values:
delimited by commas|
Cutput

(O Save to folder: F’ |O:¥Pr0gram Files¥nextnano¥2020_12_19¥Sample files¥nexinano++ sample fileg

(® Save to temporary folder and add to batch list
[ Ihelude all madified variables in filename

Create input files

Poztprocessing

E Mumber of relevant calumn: Maximum number of value lines: (= Create file with combined
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Another tutorial on coupled quantum wells can be found here .

Last update: nn/nn/nnnn

— EDU — Orbitals of the Hydrogen Atom

* Header

e Introduction

* Preparing the simulation
— Convenient vacuum “material”
— The grid and simulation domain
— Regularized Coulomb potential

* Results and Discussion

Orbitals sl and s2

Regularized potential

Energies

e Exercises

Degeneracy of orbitals

Header

Files for the tutorial located in nextnano++\examples\education:
e Orbitals_Hydrogen_3D_nnp.in
Scope of the tutorial:
* Schrodinger equation
* Coulomb potential
e Numerical accuracy
Main adjustable parameters in the input file:
* regularizing parameter $eta
¢ radius of the simulation domain $pos_end
e positions of the grid definitions: $pos_fine, $pos_medium, and $pos_coarse
* grid spacings: $grid_coarse, $grid_medium, and $grid_£fine
Relevant output files:
* bias_00000\bandedge_Gamma_Ild_z.dat
* bias_00000\bandedge_Gamma_2d_yz.dat
* bias_00000\Quantum\energy_spectrum_quantum_region_Gamma_00000.dat
* bias_00000\Quantum\amplitude_guantum_region_Gamma_XXXX.fld
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Introduction

This tutorial demonstrates use of nextnano++ in computing orbitals of a Hydrogen atom. As orbitals and their
energies can be obtained analytically for the Hydrogen atom (see. [LeviAQM2006]), this tutorial serves also as a
playground for exploration of numerical limits of 3D simulations on small computers.

In this tutorial we assume that the proton is set in the origin of the coordinate system and the electron is confined
by the Coulomb potential arising from the presence of the proton
_ 1 g

" dweg 1’

dc(r) (6.4.5.2)

where ¢ is the elementary charge, r is a distance from the proton, and & is the permittivity of vacuum. This
potential can be defined directly in the input file using coordinates as

T:‘/$2+y2+22

Note that the length is given in (nm) in the input file. The Schrodinger equation for the system is given by
52
_7V2 —q d)c(l’, Y, Z) \I’(LL'7 Y, Z) =K \Il(xv Y, 2)7 (6453)
Qmo
where my is the mass of a free electron and h is Dirac’s constant.
This equation can be solved by nextnano++ within /-band model. To do so one needs to take care about:
¢ definition of a convenient vacuum “material”,

* grid spacing and size of the simulation domain,

* infinity of the potential at the origin of the coordinate system.

Preparing the simulation
Convenient vacuum “material”

Let’s define vacuum material modifying existing material, e.g., GaAs. As energy dispersion of electron in vacuum
is isotropic parabola, 1-band model for conduction band for zincblende crystals can be parametrized to describe
vacuum. The effective mass corresponding to the free electron is equal to 1. Assuming that total energy of sta-
tionary electron is equal 0 eV, we set the minimum of the band to be zero. We do it safely by setting all: band gap,
band offset, and spin-orbit splitting to zero.

database{ # gallium arsenide turned into vacuum at 0 eV
binary_zb{
name = GaAs # same as the substrate to neglect strain
conduction_bands{

Gamma {
bandgap = 0
mass =1
}
}
valence_bands{
bandoffset = 0
delta_SO = 0
}

Note that we also turn off temperature dependence of the band gap so that Varshi formula is not applied and does
not shift the minimum. Choice of the crystal orientation and substrate are arbitrary in this simulation. We set some,
because the solver requires them. All strain effects are ignored as strain{ } is not called in the run{ } section
- there is no strain in the vacuum.
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global{
simulate3D{}
crystal_zb{
x_hkl = [1, 0, 0]
y_hkl = [0, 1, 0]
}

substrate{ name = "GaAs" }

temperature_dependent_bandgap = no
temperature = 4.0 # Kelvin

}

The vacuum is ready!

The grid and simulation domain

Keeping in mind that these computations are meant to be held on desktop computers or laptops, the biggest lim-
itation comes from the number of grid points that one can include in the simulation, as it directly impacts RAM
needed for the simulation. The simulation grid should be defined to have possibly low number of grid points while
keeping most of them the center of the atom to properly represent the potential and orbitals of interest.

In the input file for this tutorial we defined such a grid to keep it fine nearby the center of the atom and gradu-
ally coarser while going outwards (basic example on how to define such grids can be found %ere). For that pur-
pose we use 6 variables to have quite flexible control over the grid spacing ($grid_coarse, $grid_medium, and
$grid_£fine) and positions where these spacings begin to apply ($pos_£fine, $pos_medium, and $pos_coarse).
The last parameter of the grid, $pos_end, is defining the size of the entire simulation domain.

All of these parameters together are determining number of grid points, hence, how much memory the simulation
will require and how much time it will take to have the Schrodinger equation solved.

#spacing
$grid_coarse = 0.1
$grid_medium = 0.05

$grid_fine = 0.005

grid{
xgrid{

line{ pos =-$pos_end spacing = $grid_coarse }
line{ pos =-$pos_coarse spacing = $grid_coarse }
line{ pos =-$pos_medium spacing = $grid_medium }
line{ pos =-$pos_fine spacing = $grid_fine }
line{ pos = 0 spacing = $grid_fine }
line{ pos = $pos_fine spacing = $grid_fine }
line{ pos = $pos_medium spacing = $grid_medium }
line{ pos = $pos_coarse spacing = $grid_coarse }
line{ pos = $pos_end spacing = $grid_coarse }
}

ygrid{

line{ pos =-$pos_end spacing = $grid_coarse }
line{ pos =-$pos_coarse spacing = $grid_coarse }
line{ pos =-$pos_medium spacing = $grid_medium }
line{ pos =-$pos_fine spacing = $grid_fine }
line{ pos = 0 spacing = $grid_fine }
line{ pos = $pos_fine spacing = $grid_fine }
line{ pos = $pos_medium spacing = $grid_medium }
line{ pos = $pos_coarse spacing = $grid_coarse }
line{ pos = $pos_end spacing = $grid_coarse }

(continues on next page)
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(continued from previous page)

}
zgrid{

line{ pos =-$pos_end spacing = $grid_coarse }
line{ pos =-$pos_coarse spacing = $grid_coarse }
line{ pos =-$pos_medium spacing = $grid_medium }
line{ pos =-$pos_fine spacing = $grid_fine }
line{ pos = 0 spacing = $grid_fine }
line{ pos = $pos_fine spacing = $grid_fine }
line{ pos = $pos_medium spacing = $grid_medium }
line{ pos = $pos_coarse spacing = $grid_coarse }
line{ pos = $pos_end spacing = $grid_coarse }

}

Note: In general, the accuracy increases with reduction of the grid, unless machine precision begins to limit
accuracy of derivatives.

Regularized Coulomb potential

The Coulomb potential itself is posing a problem in this simulation as it introduces infinity, which gets more and
more severe when the grid gets finer around it. One way to remove this infinity is to regularize the potential (6.4.5.2)
introducing a regularizing parameter 7 aiming at removing the infinity.

1 q
- 471'60 \/1-2 +y2+22+772

dc(r) = ¢n(r) (6.4.5.4)

Assuming that one cares about accuracy for the ground state in the Hydrogen atom, the 1 should not modify the
potential much outside a volume that is negligibly small in comparison to the orbital 1s. Otherwise the regulariza-
tion will notably affect eigenenergy and shape of this orbital. We chose = 3.5 - 10~2 nm, which is around one
order of magnitude smaller than the Bohr radius, ag ~ 5.3 - 1072 nm.

This potential we define inside the import{ } group using $eta (see top of the input file) as a variable corresponding
to 7.

$e = 1 #eV
$eps = 55.263E-3 #er2eVA(-1)nmA(-1)
$pi = 3.1415

import{
analytic_function{
name = "Potential"”
function = "(1/(4*$eps*$pid))*( $e/(sqrt((x)*2 + (y)*2 + (2)*2 + $etar2)) )"
label = potential_label
}
output_imports{} # output all imported data including scale factor.

3

The potential is included as an initialization of Poisson equation, which further is not solved.

poisson{
import_potential{ import_from = "Potential" }
output_potential{}

}
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Results and Discussion

Orbitals s1 and s2

Let’s have a look at s orbitals that are expected to be the most affected by regularization of the Coulomb potential.
One can easily compare these orbitals with literature [LeviAQM2006] as their amplitudes have symmetry of a
sphere. To do so, one can define 1D sections through the center of the atom in the input file using section{ } nested
group and plot numerical amplitudes together with the ones derived analytically

Uis(r) =2 (

Uos(r) =2 <

1\3/2
ap

exp (-

ap

1 )3/2 (

— 1
2(13

)

)1/2
-
P QaB

) (&

(6.4.5.5)

)1/2

Such comparison of s1 and s2 orbitals obtained with both methods is shown in Figure 6.4.5.6 a) and b), respectively.
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Figure 6.4.5.6: a), b) Comparison of 1s and 2s orbitals obtained from analytical formulas and numerical simulation.
¢), d) Difference between the analytical and numerical wave functions of sl and s2 orbitals, respectively.

As seen in the Figure 6.4.5.6 ¢) and d), the most significant loss of accuracy is present near the center of the atom,

where regularization has the biggest effect. It reaches approximately 10% of the maximum amplitude at the zero
coordinate, and falls below 1% at radius smaller than 0.05 nm.
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Regularized potential

Investigating the potential (see Figure 6.4.5.7) one can see that regularization impacts the potential in the order of
magnitude 10 - 10" V at the distance near the Bohr radius.

(a) (b)
0.5 1]
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Figure 6.4.5.7: (a) shows the Coulomb energy distribution. (b) is the difference between the numerical Coulomb
potential (V;;) calculated by nextnano++ and the analytical potential (V4) at y = 0, z = 0 along the white dash
line in (a).

For that reason, a well-computed first orbital can be expected to have the eigenenergy deviating from the analytical
value by approximately 10 - 107" V.

Energies

Accordingly, the effect can be best seen by comparing analytical energies of orbitals /LeviAQM2006]

—mog* 1

Jop Lk R
“ " 2(4meg)2h2 n?’

(6.4.5.6)

where n is the principal quantum number, with computation using a fine grid ($grid_medium=0.01); see columns
4-6in Table 6.4.5.1. Here the difference of energies is overestimated by approximately 0.19 eV for the ground state,
which corresponds to additional potential energy introduced by the regularization.

Table 6.4.5.1: Eigenenergies obtained using analytical formula (E,),
from the simulation with fine grid (E¢;,.) and coarser grid (Efine) to
reduce simulation time.

Orbital | n |1 | E, (eV) (*) | Efine (€V) | |Efine — Eal (€V) | Efast (€V) | [Etast — Eul (€V)
1s 1|0 —13.606 —13.420 1.86 x 1072 —13.605 1.26 x 1073
2s 210 —3401 —3.381 1.96 x 102 —3.424 2.25 x 1073
2p 2 [ 1] —=3.401 —3.402 1.44 x 1073 —3.450 4.85 x 1072
2p 2 | 1] —-3401 —3.402 1.44 x 1073 —3.450 4.85 x 1072
2p 2 11| —=3401 —3.402 1.44 x 1073 —3.450 4.85 x 1072
3s 310 —1.512 —1.506 5.81 x 1073 —1.525 1.34 x 1072
3p 3|11 —1.512 —1.512 4.40 x 1072 —1.532 1.96 x 102
3p 3|11 —1.512 —1.512 4.40 x 1074 —1.532 1.96 x 102
3p 3|11 —1.512 —1.512 4.40 x 1074 —1.532 1.96 x 102
3d 3|12 —1.512 —1.513 5.49 x 10~4 —1.528 1.63 x 102
3d 3|12 —1.512 —1.513 5.49 x 10~4 —1.528 1.63 x 102
3d 312 —1.512 —1.512 3.92 x 107° —1.521 8.91 x 1073
3d 3|12 —1.512 —1.512 3.92 x 10~° —1.521 8.91 x 1073
3d 312 —1.512 —1.512 3.92 x 107° —1.521 8.91 x 1073
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Such fine simulation, however, can take more than half a day to finish. Interesting results can be also obtained
using coarser grid, therefore, within shorter simulation runs (couple of minutes). Columns 4 and 7-8 of Table
6.4.5.1 show that it is possible to match energy of the first orbital with the analytical results. However, this is just a
luck arising from lowering of numerical accuracy due to coarser grid. The proof are energies of all further orbitals,
which deviate from analytical solutions much more than for the fine simulation, moreover, being reduced instead of
increased despite additional energy introduced by regularization. As expected, the discrepancy is further gradually
reducing as orbitals are localized further away from the center of the potential; amplitudes are less varying in space.
The choice of the grid, therefore, depends on the goal of the simulation and must be performed carefully.

Degeneracy of orbitals

Finally, let us have a look at selected amplitudes of orbitals in the Hydrogen atom shown in Figure 6.4.5.8.

As the energy of the orbital without presence of magnetic field is given only by the principal quantum number n one
should expect that all computed orbitals within one shell will be randomly superposed. For those, who do not look
for such effects, fortunately, symmetry of numerical grid and regularization are partly breaking this degeneracy and
the orbitals are distinguishable to some degree. All three orbitals 1s, 2s, 3s may have additionally overestimated
energy due to regularization which makes them always separated from superposing with other orbitals; grid may
have its own effect here as well. Orbitals p seems to have different energies from orbitals d due to symmetry of the
grid influencing their energies as these orbitals have different value of the azimuthal quantum number . The three
orbitals 2p do not look exactly like in the books; they are tilted but seem to have proper relative orientation. The
orbitals 3d seems to be notably superposed, however, they remain recognizable and similar to the orbitals shown
in the literature. Because the numerical results tend to be rotated and superposed to some degree, the magnetic
quantum number is not easy to be indicated and ommited in the Figure 6.4.5.8 and the Table 6.4.5.1.

Exercises

Compute lowest s, p, and d orbitals of a hydrogen atom and answer following questions:
* Are computed wave-functions of s orbitals in agreement with analytical solutions?

» Are all energies of orbitals the same as obtained analytically? If not, why do they deviate from analytical
solutions?

* Is proper degeneracy present in the numerical solutions?
Additional question on numerics:

* What is the biggest regularizing parameter that can be used for the electrostatic potential and grid
spacing if one aims at 1 meV accuracy for the energy of the ground state?

Last update: 27/10/2023

6.4.6 Quantum Wells

InAs / GaSb broken gap quantum well (BGQW) (type-ll band alignment)

Author: Stefan Birner
Input files required:
* IDInAs_GaSb_BGQW_k_zero_nnp.in
* IDInAs_GaSb_BGQW_k_parallel_nnp.in
e IDInAs_GaSb_BGQW _k_parallel_nnp_01.in
* IDInAs_GaSb_BGQW _k_parallel__nnp_11.in
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Amplitude (nm™?)

Figure 6.4.5.8: Cross-sections of 1s, 2s, 3s, 2p, and 3d orbitals computed for the Hydrogen atom.

6.4. Tutorials 339



nextnano Documentation, Release August 2024

This tutorial aims to reproduce Figs. 1, 2(a), 2(b) and 3 of Hybridization of electron, light-hole, and heavy-hole
states in InAs/GaSb quantum wells

Material parameters used are taken from Optical transitions in broken gap heterostructures.

The heterostructure is a broken gap quantum well (BGQW) with 15 nm InAs and 10 nm GaSh, sandwiched
between two 10 nm AISb layers. Note that this heterostructure is asymmetric.

To be consistent with the above cited papers, strain is not included into the calculations although this would be
possible. The structure has a type-II band alignment, i.e. the electrons are confined in the InAs layer, whereas the
holes are confined in the GaSb layer. Depending on the width of the InAs and/or GaSb layers, things can be even
more complicated because the hole states can hybridize with the electron states, making it difficult to distinguish
between electron-like and hole-like states. Another difficulty arises because the lowest electron states might be
located below the highest hole states. This requires a new algorithm to occupy the states according to a suitable
Fermi level.

The following figure shows the electron and hole band edges of the BGQW structure.
* band_structure/cb1D_001.dat (Gamma conduction band edge) in units of [eV]
* band_structure/vb1D_001.dat (heavy hole valence band edge) in units of [eV]
* band_structure/vb1D_002.dat (light hole valence band edge) in units of [eV]

e band_structure/vb1D_003.dat (split-off hole valence band edge) in units of [eV]

Conduction and valence band edges
of the broken gap quantum well (BGQW)
T T T T

cb
[ Alsb AlSb ]

energy (eV)

10 0 10 20 30
position (nm)

The origin of the energy scale is set to the InAs conduction band edge energy. The heavy hole and light hole band
edges are degenerate because we neglect the effects of strain to be consistent with the above cited papers.

Results

The input file used here is 1DInAs_GaSb_BGQW_k_zero_nnp.in. The following figure shows the conduction band
edge and the heavy/light hole valence band edges in this BGQW structure together with the electron (el, e2), heavy
hole (hh1, hh2, hh3) and light hole (Ih1) energies and wave functions (1)?), calculated within 8-band k - p theory
at the zone center, i.e. at kH :math:” = 0.

One can clearly see that the electron state (el, e2) are confined in the InAs layer (left part of the figure), whereas
the heavy (hhl1, hh2, hh3) and light hole (Ih1) states are confined in the GaSb layer (right part of the figure). One
can see a slight hybridization of the el and lhl states, i.e. these states are mixed states whereas the heavy hole
states (hh1, h2, hh3) are not mixed and thus confined in the GaSb layer.

‘We use the data files
» Schroedinger_kp/kp_8x8psi_squared_qc001_el_kpar0®001_1D_dir.dat, which contains 12

¢ Schroedinger_kp/kp_8x8psi_squared_qc0®01_el_kpar®001_1D_dir_shift.dat, which contains
V2 +E;
The latter file contains the square of the wave functions (for par®001, i.e k|| = 0, i.e. k, = k, = 0), shifted by

their energies, so that one can nicely plot the conduction and valence band edges together with the square of the
wave functions.

The energies of the eigenstates are in units of [eV] and are contained in the file Schroedinger_kp/
kp_8x8eigenvalues_qc001_el_kpar®001_1D_dir.dat
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¥* of 15 nm InAs / 10 nm GaSb BGQW
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The input file /DInAs_GaSb_BGQW_k_parallel.in was used for the following results. The following figure shows
the E(kH) dispersion of the electron and hole states along the [10] direction and along the [11] direction in (k,,
k) space. The [01] direction has the same dispersion due to symmetry arguments.

In this input file, the energy levels and wave functions for 24 k| points along a line from (k, k) = (0,0) to (k,
ky) = (0, k) have been calculated.

Schroedinger_kp/kpar1D_disp_01_00el_8x8kp_ev_min®01_ev_max020.dat contains the k) dispersion
from [00] to [01] because in the input file, it is specified that

dispersion{
path{
name = "kpar_01_00_10"
point{ k = [0.0, 0.0, .01 }
[60.0, 0.0, 0.0] }

point{ k =
point{ k = [0.0, 1.0, 0.0] }
spacing = 1 / $number_k_parallel
}
path{
name = "kpar_10_00_11"
point{ k = [0.0, 1.0, 0.0] }
point{ k = [0.0, 0.0, 0.0] }
point{ k = [0.0, 1.0, 1.0] }
spacing = 1 / $number_k_parallel
}

output_dispersions{}
output_masses{}
}

The first column contains the k)| value, the other columns contain the eigenvalues for each k|| value: E, (k) =
En(kg, ky) = En(0,ky). Here,n=1,...,20. (...ev_min 001**_ev_max **020...) Note that for this particular
example, the eigenvalues have to be sorted manually if you want to connect the energy values, i.e. to include lines
(“lines are a guide to the eye”).

The black lines are the results of nextnano++, the red dots are the results of nextnano’.

Subband dispersion along [10] and [11] directions
15 nm InAs / 10 nm GaSb BGQW
T T

0.20 —— —
\y‘ nextnano®

nextnano++
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0.00 T L L L L I T
10 08 -06 -04 02 00 02 04 06 08 1.0

energy (eV)

[10] —— k, (nm™) T
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At an in-plane wave vector of 0.014 1/A, strong intermixing between the el and the 1h1 states occurs. In contrast
to the wave functions at k| = 0, where the el and lh1 wave functions are nearly purely electron- or hole like, the
wave functions at kll = (0, 0.014) = (0.014, 0) are a mixture of electron and light hole wave functions. Compare
with Fig. 4 of the A. Zakharova et al.

In asymmetric quantum wells, the double spin degeneracy is lifted at finite values of k|| because of spin-orbit
interaction. This is the reason why we have two different dispersions E(k;|) for “spin up” and “spin down” states.
This also means that the wave functions at finite k| are different for “spin up” and “spin down” states.

The file Schroedinger_kp/kp_8x8k_parallel _qc001_el1D_dir.dat tells us which number of kH vector
corresponds to (k, ky).

k_par_number k_x [1/nm] k_y [1/nm]
1 0.000000E+000 ©0.000000E+000 => k|| = (kx,ky) = (0,0) [1/nm]
29 0.000000E+000 1.400000E+000 => k|| = (kx,ky) = (0,0.14) [1/nm]
1326 1.00000E+000 1.000000E+000 => k|| = (kx,ky) = (1.0,1.0) [1/
—nm]

In the following figure, we plot the square of the wave functions for k|| = (0,0.14) nm!'. The corresponding label of
our k|| numbering is 29. Note that this labeling depends on the k|| space resolution, i.e. the number of k|| points
that have been specified in the input file: num-kp-parallel = 10000

The wave functions (12 +  Ejare contained in the file Schroedinger_kp/
kp_8x8psi_squared_qc0®01_hl_kpar®0029_1D_dir_shift.dat

¥ of 15 nm InAs / 10 nm GaSb BGQW
R~ > e N

energy (eV)
L 4

___AW_ el
b

AISb cb InAs Gasb AlISb |

-10 0 10 20 30

i
ki=(k k,)=(0,0.14 nm”) position (am)

The electron states (el) couple strongly with the light hole states (Ih1). This is expected from the energy dispersion
plot because at 0.14 nm™' a strong anticrossing is present for these states. One can also clearly see that for spin
up and spin down states, different energy levels and different probability densities exist. This is in contrast to the
states at k)| = 0 which are two-fold spin degenerate as shown in the figure further above. Our results are similar to
Fig. 4 of Zakharova’s paper.

Last update: nn/nn/nnnn

Si/SiGe MODQW (Modulation Doped Quantum Well)

Input files:
e IDSiGe_Si_Schaeffler_SemicondSciTechnoll 997 _nnpp.in

Scope:
This tutorial aims to reproduce Fig. 11 of [Schdiffler1997].

342 Chapter 6. nexthano++




nextnano Documentation, Release August 2024

Introduction

Layer sequence

width [nm] | material strain doping [cm™]
1 Schottky barrier 0.8 eV
21150 Si cap strained w.r.t Sip75 Gegos
3 22.5 Sio,75 Geo,25 layer
4 | 15.0 Sig.75 Geg s doping layer 2. 10 (fully ionized)
5 10.0 Si().75 G€0,25 barrier
6 | 18.0 Si channel strained w.r.t Sip75 Gegas
7 69.5 Si().75 G€0,25 buffer

Material parameters

The material parameters were taken from [Schdffler/997]. The temperature was set to 0.1 K. The Si layers are
strained pseudomorphically with respect to a Sip 75 Geg s substrate (buffer layer).

Method

Self-consistent solution of the Schrodinger-Poisson equation within single-band effective-mass approximation (us-
ing ellipsoidal effective mass tensors) for both Delta conduction band edges.

Results

Figure 6.4.6.1 shows the self-consistently calculated conduction band profile and the lowest wave functions of an
n-type Si/Sig75 Gepas modulation doped quantum well (MODQW) grown on a relaxed Sig75 Gegos buffer layer.
The strain lifts the sixfold degeneracy of the lowest conduction band (Delta6) and leads to a splitting into a twofold
(Delta2) and a fourfold (Delta4) degenerate conduction band edge.

Conduction band profile of an n-type Si/SiGe MODQW structure on relaxed SiGe

10 splitting of A conduction band
09+ due to strain |
1N \
0.8 \ —— Delta4
0.7 4 A —— Delta2
N, :
\ Fermi
- 06 A, \ peit®
@ 05+ \\ psi2?
] ST
5 0.4 \ psi3
[:1] 1 =
S o034Fermilevel
0.2_' EI_ =0eV
0.1
0.0 ! |
01 n-type doping ,\!
si Si,..Ge, . Si Siy,.Ge, 5,
02 T T | TR | T T T 1 T T 1
1] 10 20 30 40 S0 60 70 80 90 100

distance (nm)

Figure 6.4.6.1: Calculated conduction band edge profile.

Figure 6.4.6.2 shows the lowest three wave functions (¥?) of the structure. Two eigenstates that have very similar
energies and are occupied (i.e. they are below the quasi-Fermi level), whereas the third eigenstate is not occupied
at 0.1 K.
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energy (eV)

The lowest wavefunctions (psi®) of an n-type Si/SiGe MODQW
0.20 -

0.15 - /
-~ — Deltad
e Delta2
\ = St —— Fermi
~ E,.=+0.0018 eV iq2
\ TAY psit
0.05 - \\ ,/ \ / = psi2?
\ Vi \\\ / | '-._\ “\ — psid?
\ e N
0.00 \/ e - —_
E, =-0.0042 eV E.=-0.0042 eV

-0.05 -

40 45 50 55 60 65 70 75 &0 85
distance (nm)

Figure 6.4.6.2: Calculated probability densities of the lowest electron states.

The electron density (in units of 1 - 10'® cm™) is plotted in Figure 6.4.6.3. The lowest states in each channel are
occupied, i.e. are below the Fermi level. The integrated electron densities are:

* in the parasitic Sig75 Gegos channel: 0.75 - 10" cm™.

* in the strained Si channel: 0.66 - 10'2 cm™.

Last update: nn/nn/nnnn

Electron density at 0.1 K

1.6 V

0.8 -4

0.6+

energy (eV)
density (1 x 10" em™)

0.4 4

0.2 4

0.0

1
"] 10 20 30 40 50 &0 70 80 90 100
distance (nm)

Figure 6.4.6.3: Calculated electron density profile.

Exciton Binding Energy in an Infinite Quantum Well

Input File:

1D_exciton_binding_energy_infinite_QW_nnp.in 1D_exciton_binding_energy_infinite_ QW _nn3.in

Content:

In this tutorial we study the excifon binding energy between the electron ground state and heavy
hole ground state (e; —hh;) in a single quantum well (ZnSe/CdTe/ZnSe). This energy correction
is crucial, for example, when correlating computed optical transition energies in quantum wells
with experimental results.

We aim to reproduce figures 6.4 (p. 196) and 6.5 (p. 197) of Paul Harrison’s excellent book
“Quantum Wells, Wires and Dots” [HarrisonQWWD2005], thus the following description is
based on the explanations made therein. We are grateful that the book comes along with a CD
so that we were able to look up the relevant material parameters and to check the results for

consistency.
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Output Files:
\bias00000\Quantum\exciton_spectrum_QuantumRegion_Gamma_HH.dat

Description of analytical formulas

We present briefly the analytical formulas for the exciton binding energy in 1) bulk material and 2) quantum well

structure (type-I). A full derivation can be found in [HarrisonQWWD2005].

1) Bulk

The 3D bulk exciton binding energy can be calculated analytically

Y L
32m2h2eled moe?

Eexp = .13.61 eV,

where
* 1 is the reduced mass of the electron—hole pair
¢ his Planck’s constant divided by 27
* e is the electron charge
* e, is the dielectric constant (e;Gaas = 12.93, e;cdre = 10.6)
* ¢ is the vacuum permittivity
¢ my is the rest mass of the electron and
¢ 13.61 eV is the Rydberg energy.
The reduced mass of the electron—hole pair p is calculated by

1 1 1

)

H Me  Mp

with the effective masses of electrons and holes: m. and my,.

Example
The reduced mass of GaAs and CdTe are
1 1 1
= — 4+ — = aAs = 0.0591
liGaae 0,067 T 05 HGar
1 1

1
=— 4 = = e = 0.0828
oare  0.096 T 0.6 pod
with respective Bohr radius
>\GaAs =11.6 nm
/\CdTe = 6.8 nm.
From the 3D bulk exciton binding energies
Eexp(GaAs) = —4.8 meV
Eexp(CdTe) = —10.0 meV

the energy of the band gap transition including excitonic effects reads:

Eex, Gaas = Eoap + Eexp = 1.519 eV — 0.005 eV = 1.514 eV

Eex. cate = Egap + Fexp = 1.606 €V — 0.010 eV = 1.596 eV
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2) Quantum well (type-l)

Analytical results for the exciton ground state transition (e;—hh; ) of a 1D quantum well (type-I) are only obtainable
in the following two limits:

* infinitely thin quantum well (2D limit)

Eex,QW =4 Eex
A
)\ex,QW = %

* infinitely thick quantum well (3D bulk exciton limit)
Eex,QW = Eex

)\ex,QW = >\ex

Between these limits, the exciton correction, which depends on the well width, has to be calculated numerically,
not only for the ground state but also for excited states (e.g. eo—hhs, e;-lhy).

Numerical calculation

Our numerical approach is based on a variational principle. We use the separable wave function

W(r) = %% exp (7%) , (6.4.6.1)

see e.g. p. 562, Eq. (13.4.27), Section 13.4.3 Variational Method for Exciton Problem in [ChuangOpto1995] or
[BastardPRB1982]. The excitonic binding energy is then minimized with respect to the variational parameter A
(= Bohr radius).

Simulation

We study the exciton binding energy of a CdTe quantum well (with infinite barriers) as a function of well width. We
chose infinite barriers, in order to be able to compare the nextnano++ calculations with standard textbook results,
originally published by [BastardPRB1982].

Input file

The material parameters used for CdTe are the following:

database{
binary_zb{
name = "CdTe"
conduction_bands{
Gamma{ mass = 0.096 }

}
valence_bands{
HH{ mass = 0.6 }

}
dielectric_consts{

static_a = 10.6
}
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In order to calculate the exciton correction energy, the following group inside quantum{ } has to be used:

quantum{
region{
excitons{
dielectric_const = 10.6
electron_mass = 0.096
hole_mass = 0.6
energy_cutoff = 1000
accuracy = le-10
}
}
}

Parameter Sweep

The following screenshot (Figure 6.4.6.4) shows how to use the Template feature of nextnanomat in order to cal-
culate the exciton binding energy as a function of the quantum well width.

1) nextnanomat — O X

File Edit Run View Tools Help

Input Template  Template (Beta) Output

Template file: ‘C \Users'niklas pichel'Documents’ 10 _Exciton_Energy_CdTe_QW _nnpin | C
Variables:
Variable Value Uit Description ~
» 2 output no information
QW_Width 100 nm quantum well width
DeviceSize_Radius 27 3QW_Width nm device size "radius”
QW _Radius SAW_Width /2 nm quantum well "radius”
grid_spacing SOW_Width /100 |nm grid spacing, e.g. 0.005 nm gridding for 0.1 nm CdTe quantum well
cb_mass 0.056 ml Gamma conduction band effective mass (CdTe)
hh_mass 06 ml heavy hole valence band effective mass (CdTe)
epsilon 106 static dielectric constant (CdTe)
QuantumRegion_Radius SQW_Radius nm quantum region “radius”, €.g. 20 nm QW with infinite bamiers and a 1.0 nm grid {Dirichlet boundary point included) w
Sweep

() Single simulation filename suffie: _modfisd

(O Range of values variable: from to: step:
| @ List of values variable: |QW_Width | values: [0.1051.05010202550.100 | |
delimited by commas
Output

(O} Save to folder. E |C.'-.Users'-niklas.piche\'.Ducumerrls |
(®) Save to temporary folder and add to batch list

[1 Include all modified variables in filename

Create input files

Postprocessing

E Number of relevant column: El Maximum number of value lines [&7] Create file with combined data

Figure 6.4.6.4: Initializing parameter sweep for QW_Width in tab Template

Initialization and execution of parameter sweep:
¢ Open input file in Template tab.

* Select List of values, select variable QW_Width. The corresponding list of values are loaded from the template
input file.

* Click on Create input files to create an input file for each quantum well width.

» Switch to Simulation tab and start the batch list of jobs.
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Results

Figure 6.4.6.5 shows the exciton binding energy in an infinitely deep quantum well as a function of well width.
The quantities are given in units of the 3D bulk exciton energy E (also called effective Rydberg energy) and in
units of the 3D bulk exciton Bohr radius A respectively. We see that the 3D limit is not reproduced correctly in
our approach. To obtain the 3D limit, a nonseparable wave function 1)(r, z., z,) has to be used instead of (6.4.6.1).

Exciton energy as a function of well width

2D limit
4.0
0.1 nm
25 0.5 nm
1nm
30
_ 254 5nm
E 20 10 nm
woysd 20 nm
25 nm
3D bulk value
1.0
054 50 nm
0.0 T T T T 1
0 2 4 [ B 10

quantum well width /5._,

Figure 6.4.6.5: Exciton energy as a function of quantum well width

Figure 6.4.6.6 shows the exciton binding energy in an infinitely deep CdTe quantum well as a function of well width.
The nextnano++ results are in agreement with fig. 6.4 of [HarrisonQWWD2005], although we use a simpler trial
wave function with only one variational parameter.

XK

E." (meV)

Exciton binding energy in an infinitely deep quantum well

100 nm
3D bulk value Anm

25 nm
20 nm

2D limit

T
01 1 10 100

CdTe quantum well width (nm)

Figure 6.4.6.6: Exciton binding energy in an infinitely deep quantum well

Figure 6.4.6.7 shows the exciton Bohr radius a function of well width

The nextnano? tool

The following comments are specific to the input file syntax of nextnano’.

3

The material parameters used are the following ($binary-zb-default).

$binary-zb-default
binary-type

apply-to-material-numbers

CdTe-zb-default !
2 !

(continues on next page)
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Exciton Bohr radius energy in an infinitely deep quantum well
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Figure 6.4.6.7: Exciton Bohr radius energy in an infinitely deep quantum well

(continued from previous page)

conduction-band-masses 0.096

valence-band-masses = 0.6

static-dielectric-constants = 10.6

0.096 0.096 | Gamma [mO]
I
!

0.6 0.6 ! heavy hole [m0]
I

10.6 10.6 I [1]

In order to calculate the exciton correction, the following flags have to be used:

$numeric-control
simulation-dimension =1

calculate-exciton = yes
exciton-electron-state-number = 1
exciton-hole-state-number =1

! to switch on exciton correction
| electron ground state
! hole ground state

The output of the exciton binding energies can be found in this file: Schroedinger_1lband/exciton_energylD.

dat
The output for the 5 nm CdTe QW looks like this:

Exciton correction for 1D quantum wells (type-I structures)

static dielectric constant
effective mass electron
effective mass hole
reduced mass

Bulk 3D exciton energy

lambda [nm] exciton energy [meV]
0.338893904E+001 -0.158496790E+002

0.421888329E+001  -0.215591082E+002
0.553296169E+001  -0.232757580E+002

Calculated lambda and exciton energy:
0.546379967E+001  -0.232817837E+002

10.6000000000 []
0.0960000000 [mO]
0.6000000000 [mO]
0.0827586207 [mO]

Bulk Bohr radius of 3D exciton = 6.7778780735 [nm]

-10.0212560410 [meV]

exciton energy [Rydberg]
0.158160603E+001

0.215133793E+001

0.232263879E+001
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The last iteration yields -23.28 meV for the exciton binding energy. lambda is the variational parameter A\ which
is equivalent to the exciton Bohr radius in units of [nm].

Last update: nn/nn/nnnn

Scattering times for electrons in unbiased and biased single and multiple quantum wells

Input files:
* IDGaAs_AlGaAs_10nmQW_Lifetime.in
e IDGaAs_AlGaAs_12nmQW_LifetimeFig5_field.in
e IDGaAs_AlGaAs_SingleQW_7nm.in
* IDGaAs_AlGaAs_DoubleQW_7nm_nonsymmetric.in
* IDGaAs_AlGaAs_DoubleQW_LifetimeFigl2_field.in

Note: If you want to obtain the input files that are used within this tutorial, please check if
you can find them in the installation directory. If you cannot find them, please submit a Support
Ticket.

Scope:
This tutorial tries to reproduce the results of [FerreiraBastard1989].

Scattering time as a function of quantum well width

Input file: 1DGaAs_AlGaAs_10nmQW_Lifetime.in

First, we want to study the electron lifetimes (scattering rates) of a single quantum well as a function of quantum
well width $QW_width. (Note: Use nextnanomat’s Template feature to automatically sweep over the quantum well
width.)

Our quantum well consists of GaAs that is sandwiched between two Aly 3sGag 7 As barriers. The material param-
eters that we are using for this tutorial are identical to the ones used in [FerreiraBastard1989], namely:

e electron mass: m. = 0.07 my

« conduction band offset: C BO =0.2138 eV

* static dielectric constant: € = 12.5

¢ LO phonon energy: fuwg = 0.036 eV (longitudinal optical phonon)

For the calculations, a grid resolution of 0.1 nm has been used.

quantum{
region{

intraband_matrix_elements{ # calculate dipole moment elements <i|p|j> for.
—intraband transitions
Gamma{}
}

dipole_moment_matrix_elements{ # calculate dipole moment elements <i|x|j> for.
—intraband transitions

Gamma{}

}

transition_energies{ # calculate transition energies
Gamma{}

}

(continues on next page)
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(continued from previous page)

lifetimes{ # calculate lifetimes
Gamma{}
phonon_energy = 0.036 # [eV]

}

The following two figures (Figure 6.4.6.8, Figure 6.4.6.9) show the conduction band edges and the lowest confined
eigenstates (including the square of the wave functions) for a 6 nm and an 18 nm AlGaAs/GaAs quantum well.

6 nm Al Ga As/GaAs QW

0.25 4

0.20 4

0.15 4

0.10 4

energy (eV)

0.05 4

0.00 4

distance (nm)

Figure 6.4.6.8: Calculated conduction band edge profile (black) and wave functions of confined electron states (£
and F»)

18 nm Al ,Ga _As/GaAs QW
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Figure 6.4.6.9: Calculated conduction band edge profile (black) and wave functions of confined electron states (£,
EQ, E3 and E4)

The quantum well width can be varied easily by making use of the variable

$QW_width = 10 # (DisplayUnit:nm) (ListOfValues:5.2,5.4,5.6,5.8,6,7,8,10,12,14,15,16,
-17,18,19,20)

which can be swept automatically using the nextnanomat’s Template feature. Open the input file and select “List
of values” and variable “QW_width”.

Figure 6.4.6.10 shows the electron lifetime of the second eigenstate (£ = initial state) to the ground state (£ =
final state), i.e. the intersubband transition with energy F5; for different quantum well widths. The temperature is
set to 0 K.

For quantum well widths smaller than 5.4 nm (/ FerreiraBastard1989]: 5.5 nm), only the ground state is confined
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and Es is unbound. For quantum well widths larger than 18 nm (/FerreiraBastard1989]: 17.8 nm), the transition
energy F; is smaller than the LO phonon energy of 36 meV, thus scattering through the emission of an LO phonon
is not possible anymore. The nextnano’ calculations are in good agreement with Fig. 3 of [ FerreiraBastard1989].

Al Ga, As / GaAs QW (optical phonon scattering)

25

T
20

/.

lifetime < (ps)
< Y

/
K

00

0o 2 4 6 8 1 12 14 16 18
quantum well width (nm)

Figure 6.4.6.10: Calculated lifetimes 7 as a function of quantum well width

The output of the electron lifetime can be found in this file: bias_00000\Quantum\lifetimes_quantum_region_Gamma.dat.

Intersubband dipole moment | < psi_f* | pz | psi_i > | [h_bar /.
—nm]
__________________ |___________________________________________________________________

Oscillator strength []
________________________________ e
Energy of transition [eV]
_____________________________________________ |______________________________________
m* [m_0] lifetime.

—~[ps]
__________________________________________________________ |_____________ | S,
<psi®01*|pz|psi®02> 0.19717291 0.985747159 0.085864536 0.070000000 0.
—.833765805

Here, the shown values for the intersubband transitions correspond to a 10 nm QW.

Scattering times as a function of electric field magnitude

Input file: 1DGaAs_AlGaAs_12nmQW_LifetimeFig5_field.in

This input file will perform a sweep over the electric field strength. Figure 6.4.6.11 shows the lowest eigenstates of
a 12 nm AlGaAs/ GaAs QW at an applied electric field of -50 kV/cm. This time the conduction band edge is not
flat anymore. It is tilted because of the electric field.

The sweep over the electric field magnitude can be done automatically. For these calculations, a grid resolution of
0.10 nm had been used. The nextnano® calculations presented in Figure 6.4.6.12 are in reasonable agreement with
Fig. 5 in [FerreiraBastard1989].
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12 nm Al Ga As/GaAs QW
0.354cb
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Figure 6.4.6.11: Calculated conduction band edge profile (black) and wave functions of confined electron states
(E7 and E5), when electric field of -50 kV/cm is applied.

Al, Ga, As | GaAs QW (optical phonon scattering)
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Figure 6.4.6.12: Calculated lifetimes 7 in a single quantum well as a function of applied electric field.

Single quantum wells

Input file: /1DGaAs_AlGaAs_SingleQW_7nm.in

The two confined energy levels and wave functions of the 7 nm single quantum well are shown in Figure 6.4.6.13.
The energy of the ground state is 50.4 meV.

Double quantum wells

Input file: 1DGaAs_AlGaAs_DoubleQW_7nm_nonsymmetric.in

Here, we study the electron energy levels of a non-symmetric double quantum well structure as a function of
quantum well width of the right quantum well: $right_QW_width. The right quantum well width can be varied
easily by making use of the variable:

$right_QW_width = 7 # (DisplayUnit:nm) (ListOfValues:7.0,8.0,10.0,12.5,15.0,17.5,
-20.0,22.5,25.0,27.5,30.0,35.0,37.5,40.0,45.0,47.5,50.0,55.0,57.5,60.0,65.0,67.5,70.
-0,75.0,77.5,80.0,85.0,87.5,90.0,95.0,97.5,100.0)

which can be swept automatically using the nextnanomat’s Template feature. Open input file and select “List of
values” and variable “right_QW_width”. For the following figures, a grid resolution of 0.25 nm had been used.

Figure 6.4.6.14 shows the energy levels of a non-symmetric double quantum well structure (GaAs/ Aly.3Gag.7 As)
where the left quantum well always has the width 7 nm, and the right quantum well varies from 7 nm to 100 nm. The
two GaAs wells are separated by a 5 nm Alp 3Gag.7As barrier. The figure shows the energy levels as a function
of the width of the larger quantum well.

One can see, that for certain widths of the larger quantum well, an anti-crossing due to bonding and anti-
bonding states occurs. This happens whenever an eigenstate of the larger well matches the energy of
the ground state of the smaller (7 nm) quantum well (which is at 50.4 meV, see example shown above:
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7 nm GaAs /Al ,Ga As
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Figure 6.4.6.13: Calculated conduction band edge profile (black) and wave functions of confined electron states
(E]_ and Eg)
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Figure 6.4.6.14: Calculated energy levels for different energy states as a function of Lqw right-
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1DGaAs_AlGaAs_SingleQW_7nm.in). Our calculations are in very good agreement with Fig. 9 in [FerreiraBas-
tard1989].

The anti-crossing behavior and the plateaus at 50.4 meV of the energy level scheme (see Figure 6.4.6.14) can be
illustrated by plotting the wave functions for different values of Lqw rignt, see Figure 6.4.6.15, Figure 6.4.6.16,
Figure 6.4.6.17 and Figure 6.4.6.18.

Figure 6.4.6.15 shows a symmetric double quantum well where both wells have the width 7 nm including the wave
functions of the lowest confined states. If the barrier between these two wells had been very large, both wells would
have had a ground state at 50.4 meV. However, due to the small barrier, coupling between these two wells becomes
possible. The two lowest states form a bonding and an anti-bonding state. The bonding state now has a reduced
energy of 48.7 meV and the anti-bonding state has an increased energy of 52.1 meV.

7nm GaAs /5 nm Al ,Ga _As /7 nm GaAs
0.30 - double quantum well
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Figure 6.4.6.15: Calculated conduction band edge profile (black) for symmetric double quantum well: Loy = 7
nm and Lyigne = 7 nm, with wave functions of confined electron states.

Figure 6.4.6.16 shows a non-symmetric double QW where the right QW has a width of 12.5 nm. In this case, the
ground state can be found in the larger well, the second state in the 7 nm QW, whereas the third eigenstate is again
localized in the larger well. Here, no bonding or anti-bonding states exist.
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Figure 6.4.6.16: Calculated conduction band edge profile (black) for non-symmetric double quantum well: Ljes, =
7 nm and L,igne = 12.5 nm, with wave functions of confined electron states.

Figure 6.4.6.17 shows a non-symmetric double QW where the right QW has a width of 17.5 nm. In this case, the
ground state can be again found in the larger well (similar to Figure 6.4.6.16), but this time, the third state of moves
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down in energy and couples to the 7 nm ground state of the left well (compare with Figure 6.4.6.16). This coupling
leads to the formation of a bonding and an anti-bonding states.

7 nm GaAs/5nm AIO_SGau_TAs 1 17.5 nm GaAs

0.30 1 double quantum well
0.25
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—
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distance (nm)

Figure 6.4.6.17: Calculated conduction band edge profile (black) for non-symmetric double quantum well: Ljcp =
7 nm and L,ign: = 17.5 nm, with wave functions of confined electron states.

Figure 6.4.6.18 shows a non-symmetric double QW where the right QW has a width of 25 nm. In this case, the
ground state and the second state can be found in the larger well, whereas the third eigenstate is localized in the

smaller (7 nm) well. The forth eigenstate is localized in the larger well. Again, no bonding or anti-bonding states
exist

7 nm GaAs /5nm Al ,Ga _As/25nm GaAs
0.30 - double quantum well

0.25
cb

0.20 4

0.15

0.10- ,/\ / \\
ous-:jn\d%zgg

E2
i \\/C_E1
0 % 1l0 1I5 ZIO 2|5 3I0 3|5 4|0 4‘5 SIO 5|5 EIO 6I5 7:] ?'s
distance (nm)

energy (eV)

0.00 4 e

-0.05

Figure 6.4.6.18: Calculated conduction band edge profile (black) for symmetric double quantum well: Ljes; = 7
nm and L,igp; = 25 nm, with wave functions of confined electron states.
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Biased double quantum well

Input file: IDGaAs_AlGaAs_DoubleQW_LifetimeFigl2_field.in

Figure 6.4.6.19 shows the lifetime of the 2 — 1 transition (“ground state of left quantum well to ground state of
right quantum well transition”) as a function of electric field. The variable d is the thickness of the left well and
the barrier region. The right well is assumed to have the same thickness as the left quantum well, i.e. d/2.

The parameter d can be varied easily by making use of the variable

$QWBarrierThickness = 6 # (DisplayUnit:nm) (ListOfValues:6,9)

which can be swept automatically using the nextnanomat’s Template feature. Open input file and select “List of
values” and variable “QWBarrierThickness”.

There seems to be qualitative agreement to Fig. 12 in [FerreiraBastard1989]. For d = 9 nm, the LO phonon
emission is forbidden for electric fields smaller than ~ | 40 kV/cm | because the transition energy is smaller than
the LO phonon energy of 36 meV.

lifetime t (ps)
\ W

01

0 20 40 60 80 100
electric field (kV/cm)

Figure 6.4.6.19: Calculated lifetimes 7 in a single quantum well as a function of applied electric field.

Last update: nn/nn/nnnn

— DEV — Strain effects in freestanding nitride nanostructures

Attention: This tutorial is under construction

Input files:
o Strained-QW_AlGaN-GaN_Povolotskyi_PSS_2005_3D_nnp.in

Scope:
This tutorial aims to simulate strain effects in a lattice mismatched, freestanding heterostructure with wurtzite
crystal structure consisting of an AlIGaN/GaN quantum well. This tutorial is based on [Povolotskyi2005].

Output files:
o Strain/strain_simulation_2d_slice_middle_along_yz.vtr
o Strain/hydrostatic_strain_2d_slice_middle_along_yz.vtr
o Strain/strain_simulation_2d_slice_boundary_along_xz.vtr

o Strain/elastic_energy_density_2d_slice_middle_along_yz.vtr
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Structure

Figure 6.4.6.20 shows the A1GaN/GaN/AlGaN quantum well structure, which is simulated in this tutorial. A 4 nm
wide GaN QW layer is embedded between two Aly 2sGag 72N layers. The bottom AlGaN layer has a width of 10
nm, whereas the top AlGaN layer has a width of 6 nm. The overall shape of this nitride nanowire structure has the
form of a cuboid with 50 nm x 50 nm extensions in the z- and y-directions. The height in the z-direction is 20 nm.
The overall structure is surrounded by air (i.e. with a material where all elastic constants are zero).

The calculated strain pattern of this AlGaN/GaN structure is found to be highly non-homogeneous. The elastic
energy has been minimized using continuum elasticity theory. We assume that the external stress applied to the
structure is zero (freestanding structure).

AlGaN nanocolumn
with GaN QW

Figure 6.4.6.20: Simulated heterostructure consisting of a GaN (green) layer sandwiched in between two AlGaN
(blue) layers.

Results
Strain tensor components

In this section we show several strain tensor components ¢;;(z, y, ) as a function of position (z,y, z) for slices
through the structure (vertical cross-section of the structure). Note that GaN has a larger lattice constant than
AlGaN. Consequently, we expect the GaN layer to be compressively strained and the AlGaN layers to be tensely
strained (or rather unstrained).

Figure 6.4.6.21 shows the strain tensor component €, along y, z at £ = 25.0nm. The corresponding data can
be found in the file Strain/strain_simulation_2d_slice_middle_along_yz.vtr. The bottom AlGaN layer is rather
unstrained (at the bottom), the GaN QW layer is strained compressively along the z-direction (blue region). This is
not a surprise as we assumed coherent interfaces, i.e. the atomic planes match each other perfectly (pseudomorphic
strain). The GaN QW induces a tensile strain to the AlGaN top layer (red region).

Figure 6.4.6.22 shows the strain tensor component ¢,,,. Similar to Figure 6.4.6.21, the GaN layer is compressively
strained (blue region), but only in the center and not at the boundaries, where it is nearly relaxed. Note that the
€zz and €y, strain tensor components are not symmetric. This is due to the nitride crystal structure which has
hexagonal symmetry perpendicular to the (z,y) plane (and not cubic symmetry as the geometry of the structure).

* In the center (blue region), the GaN takes on the lattice constant of AIGaN (compressive strain).

* At the QW boundaries, the GaN takes on the lattice constant of ~GaN (nearly fully relaxed).
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Figure 6.4.6.21: Calculated strain component ¢, in the ¥, z plane at x = 25.0 nm.

* Below and above the QW boundaries (red regions), the AlGaN takes on the lattice constant of ~GaN (tensile
strain).

Figure 6.4.6.22: Calculated strain component €, in the y, z plane at x = 25.0 nm.

Figure 6.4.6.23 shows the strain tensor component €.,. As the GaN layer is compressively strained along both
the x- and y-directions, it is tensilely strained (green region) along the z-direction (biaxially strained GaN layer,
Poisson ratio).

Figure 6.4.6.24 shows the hydrostatic strain €nydro = €z + €yy + €., Which is the trace of the strain tensor, i.e.
the sum of the diagonal strain tensor components. It corresponds to the overall volume change. The data can be
found in the file Strain/hydrostatic_strain_2d_slice_middle_along_yz.vtr. The blue region indicates that the GaN
is strained compressively. AlGaN is mostly unstrained apart from the red regions at the left and right boundaries of
the material interfaces. In a real sample, due to the deformation, the heterostructure changes its shape and becomes
bent. In our case, the strain is small (less than 1%), so the shape of the structure does not change significantly.

In contrast to heterostructures, which are infinitely large and homogeneous in the lateral directions (i.e. in the (x, y)
plane), the deformation of a structure of a finite size is not homogeneous, as e.g. in GaN nanowire heterostructures.
Since the structure is grown along the high symmetry direction [0001], the strain patterns exhibits reflection sym-
metry along the axis through the center (oriented parallel to the z-axis). The deformation becomes homogeneous
in the region near the central axis, reproducing the case of an infinitely large structure.

Figure 6.4.6.25 shows the off-diagonal strain tensor component ¢,,.. The strain tensor components €,,, and €, are
zero for this particular slice. (In fact, the maximum value of ¢, is an order of magnitude smaller that the maximum
value of €, or €,.)

Figure 6.4.6.26 shows the same off-diagonal strain tensor component ¢,,, but this time at
slices at the left and right boundaries. The corresponding data can be found in the file
Strain/strain_simulation_2d_slice_boundary_along_xz.vtr
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Figure 6.4.6.23: Calculated strain component ¢, in the y, z plane at x = 25.0 nm.

e hydro

Figure 6.4.6.24: Calculated hydrostatic strain component €yydro = €34 + €yy 1€, in the y, z plane at z = 25.0 nm.

Figure 6.4.6.25: Calculated strain component ¢, in the y, z plane at x = 25.0nm.
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Figure 6.4.6.26: Calculated strain component €, in the z, z plane at the boundaries.

Elastic energy density

Due to a possible usage of such structures as a light emitter, the strain in the GaN layer where charge carriers
are confined, is or particular interest, i.e. the influence of stain on the conduction and valence band structure
through deformation potentials. Additional, piezoelectric and pyroelectric fields have to be taken into account.
The piezoelectric fields depend on the strain distribution in the sample. Thus, both the piezoelectric field and the
GaN energy gap will vary along the lateral direction.

Figure 6.4.6.27 shows the energy density of the elastic deformation in units of [eV /nm?]. The corresponding data
can be found in the file Strain/elastic_energy_density_2d_slice_middle_along_yz.vtr. The accumulated elastic
energy in the pseudomorphically grown GaN QW is gradually reduced towards the free surface along the lateral
direction. Consequently, the GaN QW center is almost fully strained, whereas towards the lateral surface there is
a continuous relaxation.

elastic energy density [eV/nm?]

Figure 6.4.6.27: Elastic energy density in the x, z plane at z = 25.0 nm.

Last update: 17/07/2024
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6.4.7 Quantum Wires

Hexagonal GaAs/AlGaAs nanowires

Input files:
* 2DGaAs_AlGaAs_circle_nnp.in
* 2DGaAs_AlGaAs_hexagon_nnp.in
* 2D_Hexagonal_Nanowire_2DEG_nnp.in

Scope:
In this tutorial we simulate a circular and a hexagonal GaAs/Alg 33Gag.¢7As core-shell struc-
ture (Part A) and a hexagonal GaAs/AlGaAs nanowire structure (Part B).

Output files:

* bias_00000\Quantum\probabilities_quantum_region_Gamma_.vtr

Part A: Schrédinger equation of a two-dimensional core-shell structure

In this part of the tutorial, we solve the two-dimensional Schrédinger equation of a circular and a hexagonal
GaAs/Aly 33Gag.e7As core-shell structure.

Circular core-shell structure

Input file: 2DGaAs_AlGaAs_circle_nnp.in

Figure 6.4.7.1 shows the probability density of the 6th eigenstate of the circular GaAs/AlGaAs structure. The
data is contained in the file bias_00000\Quantum\probabilities_quantum_region_Gamma_.vtr. It’s energy level is
higher than the AlGaAs barrier energy, i.e. this state is not confined in the circular shaped GaAs quantum well.
The horizontal and vertical slices are through the center and show the square of the probability amplitude of this
eigenstate.

The GaAs core has a radius of 5 nm. (It cannot be recognized on this plot.) The AlGaAs shell has a radius of
15 nm. It is surrounded by an infinite barrier which comes from the “band offset” due to the surrounding material

[P K1)

air-.

Hexagonal core-shell structure

Input file: 2DGaAs_AlGaAs_hexagon_nnp.in

Figure 6.4.7.2 shows the conduction band edge of the hexagonal GaAs/AlGaAs structure. The GaAs region is
indicated in black, the AlGaAs region in blue. Horizontal and vertical slices through the center show the energy
of the conduction band edge profile. The data is contained in the file bias_00000\bandedges.fld

The diameter of the hexagonal shaped GaAs core is ~8.66 nm (corresponding to an outer radius of the core of 5
nm), and the diameter of the hexagonal shaped AlGaAs shell is ~26 nm (corresponding to an outer radius of the
shell of 15 nm).

Figure 6.4.7.3 shows the probability density of the 10th eigenstate of the circular GaAs/AlGaAs structure. The
data is contained in the file bias_00000\Quantum\probabilities_quantum_region_Gamma_.vtr. It’s energy level is
higher than the AlGa As barrier energy, i.e. this state is not confined in the hexagonal shaped GaAs quantum well.
The horizontal and vertical slices are through the center and show the square of the probability amplitude of this
eigenstate.

The hexagonal GaAs core has an outer radius of 5 nm. It cannot be seen on this plot. The AlGaAs shell has
a diameter of 26 nm. It is surrounded by an infinite barrier which case comes from the “band offset” due to the
surrounding material “air”.
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Figure 6.4.7.2: Conduction band edge profile of the hexagonal core-shell structure.
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Figure 6.4.7.3: U2 of 10th electron eigenstate.

Alloy sweep

Note: In comparison with nextnano®, nextnano++ does not support an alloy sweep in the input file. However,

you can use nextnanomat’s Template feature to perform an alloy sweep.

In the following, we vary the alloy content x of the ternary Al,Ga;_,As from 0 to 0.33 in 11 steps. For = = 0,
we have pure GaAs. For z = 0.33 we have an AlGaAs/GaAs conduction band offset of 0.285 eV, and a valence
band offset of -0.168 €V. In the latter case, the quantum confinement is stronger. Even for 2 = 0 we have “quantum
confinement” due to the Dirichlet boundary conditions (corresponding to infinite barriers) at the shell surface that
we use for the Schrédinger equation. Consequently, even for x = 0, we get an el - hl transition energy from the

lowest electron state (el) to the highest heavy hole state (h1) that is larger than the band gap as shown in Figure
6.4.7.4.

e -hh, transition energy

g
@

energy (eV)
o o

PO

spatial overlap

»
9

band gap (300 K)

1.40 0.0
0.00 005 0.10 015 020 025 0.30

xalloy content (Al Ga, As)

Figure 6.4.7.4: Transition energy and spatial overlap of el to hl transition as a function of alloy content x.

The transition energies (el - hl), as well as the spatial overlap integral of
the electron and hole ground state wave functions, are contained in this file:
bias_00000\Quantum\intraband_matrix_elements_quantum_region_Gamma_001.txt
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alloy type el-hl[eV] el[eV] hl[eV] o
—matrix_element

0.330000 |<psi_vbOO01|psi_cbOO1_>|A2 1.522777615 2.965889676 1.443112062 0.
936344908

0.300000 |<psi_vb001|psi_ch®01_>|42 1.520316794 2.963669699 1.443352905 0.
-»931291593

The spatial overlap of electron and hole wave functions is always very high. When there is only confinement due
to the shell boundary, the matrix element is very high (99.8 %). The matrix element must be smaller than 1 for x =
0 because the electron and hole masses are different. The matrix element must be even smaller (94 %) for x = 0.33
(strong confinement) because in addition to the mass difference, the conduction and valence band offsets are not
equivalent. The matrix element has a minimum at around x = 0.06 because in this case the electron wave function
penetrates into the barrier much stronger that the hole wave function does. Thus the differences in well and barrier
masses (as well as band offsets) play an important role for the spatial extension of the wave functions.

Part B: Hexagonal 2DEG - Two-dimensional electron gas in a delta-doped hexagonal shaped
GaAs/AlGaAs nanowire heterostructure

Input file: 2D_Hexagonal_Nanowire_2DEG _nnp.in

The following example deals with a delta-doped GaAs/AlGaAs 2DEG (two-dimensional electron gas) structure.
In this case, the heterostructure consists of a hexagonal GaAs/AlGaAs nanowire, see Figure 6.4.7.5.

matenal_gnd?D
100 - -
= ok _
-100 - -
-100 0 100
)

Figure 6.4.7.5: The material layers of the struture: GaAs core (black), AlGaAs spacer (blue), Si-doped AlGaAs
(green), AlGaAs (yellow), GaAs capping layer (red) and Schottky barrier contact (black) are shown. (The white
layer itself is not included in the calculation. It only serves as a boundary condition)

The self-consistently calculated conduction band edge (bandedges.fld) is shown in Figure 6.4.7.6. The horizontal
and vertical slices through the center indicate the triangular potential well (conduction band minimum) where the
2DEG is located.

The resulting 2DEG electron density (bias_00000\density_electron_fld) is shown Figure 6.4.7.7. At the corners,
the electron density is significantly higher, thus one-dimensional conducting channels are formed. Although the
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Figure 6.4.7.6: Conduction band edge profile.

structure itself has a hexagonal symmetry, our rectangular grid breaks this symmetry. Therefore the density in the
upper/lower corner are different from the density at the left/right corners.

The 2D Poisson equation and the 2D Schrddinger equation have been solved self-consistently. The dimension of
the Schrodinger matrix is 28,625. The CPU time for this calculation was about 18 minutes.

Last update: nn/nn/nnnn

Electron wave functions in a cylindrical well (2D Quantum Corral)

In this tutorial we demonstrate 2D simulation of a cilindrical quantum well. We will see the electron eigenstates
and their degeneracy.

Input files used in this tutorial are the followings:

e 2DQuantumCorral_nn3.in/ *_nnp.in

Structure

* A cylindrical InAs quantum well (diameter 80 nm) is surrounded by a cylindrical GaAs barrier (20 nm)
which is surrounded by air. The whole sample is 160 nm x 160 nm.

* We assume infinite GaAs barriers. This can be achieved by a circular quantum cluster with Dirichlet bound-
ary conditions, i.e. the wave function is forced to be zero in the GaAs barrier.

* The electron mass of InAs is assumed to be isotropic and parabolic (m. = 0.026m).

¢ Strain is not taken into account.
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Figure 6.4.7.7: Charge density profile.
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Simulation outcome
Electron wave functions

The size of the quantum cluster is a circle of diameter 2a = 80 nm.

The following figures shows the square of the electron wave functions (i.e. 1)?) of the corresponding eigenstates.
They were calculated within the effective-mass approximation (single-band) on a rectangular finite-differences
grid.

* lIsteigenstate, (n, I) = (1, 0)

* 2nd eigenstate, (n, ) = (1, 1)

* 3rd eigenstate, (n, 1) = (1,—1)
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* 4th eigenstate, (n, 1) = (1, 2)

* 5Stheigenstate, (n, 1) = (1, —2)

* 6th eigenstate, (n, ) = (2, 0)

* 15th eigenstate, (n, [) = (3, 0)

* 20th eigenstate, (n, [) = (1, 6)

* 22th eigenstate, (n, [) = (3, 1)
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The parameters of the quantum corral are the followings:
e radius: a = 40 nm
* m. = 0.026mg
s V(ry=0forr <a
e V(r)=ooforr >a
The analytical solution of the eigenstates of this quantum well is:

WY1 (r,0) o< Jp <W) [Acos(l6) + Bsin(i0)] (6.4.7.1)

a

where
* Ji(x) is the Bessel function of the first kind (We cite them for [ = 0, 1, 2 below.)
* jinisits zero pointie. J;(jin) =0andn =1,2, ...
e A, B are constant

e 1=0,£1,+2, ..

2.2
h Jin

The corresponding eigenenergies are: Ey,; = 5%
.

The Quantum number n comes from the boundary condition v(a, ) = 0. The requirement that ¢ has the same
value at # = 0 and 27 leads to the quantum number /. In the above figures of the eigenstates, we can know them
through the following relations:

* (the number of zero points in the radial direction) = n

* (the number of zero points in the circumferential direction)/2 = |I|

Energy spectrum

The following figure shows the energy spectrum of the quantum corral. (The zero of energy corresponds to the
InAs conduction band edge.)

The two-fold degeneracies of the states

*(2,3), 4.5, (7,8), 9, 10), (11, 12), (13, 14), (16, 17), (18, 19), (20, 21), (22, 23), (24, 25), (26, 27), (28,
29), (31, 32), (33, 34), (35, 36), (37, 38), (39, 40)
correponds to |I| > 1. On the other hand, the non-degenerate energy eigenvalues corresponds to [ = 0

: R257
The analytical energy values are: Ey,; = 5.
e

There is a formula to approximate ji ,: ji,,, = (n + %|I| — ) which is accurate as n — occ.

Here we describe the comparison between the analytical values, approximate values, nextnano++ results and
nextnano’ results.
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Figure 6.4.7.8: Bessel functions of the first kind for [ = 0, 1, 2 generated by scipy.
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0 | Jim | Jin (ap- | Eny E,; [eV] (ap- | Eny [eV] | Eny [eV]
prox.) [eV] prox.) (nextnano++) (nextnano’)
Ist | [1, 2.405| 0.757m ~2.356 0.00530 | 0.00508 0.00510 0.00511
2nd ([)f, 3.832| 1.257 ~3.926 0.01345 | 0.01412 0.01294 0.01298
3rd El],— 3.832| 1.257m ~3.926 0.01345 | 0.01412 0.01294 0.01298
4th El], 5.136| 1.757 ~5.497 0.02416 | 0.02768 0.02320 0.02325
Sth [23- 5.136| 1.757 ~5.497 0.02416 | 0.02768 0.02329 0.02325
6th [2;, 5.520| 1.75m ~5.497 0.02791 | 0.02767 0.02685 0.02693
7th ([);, 7.016| 2.257 ~7.067 0.04508 | 0.04574 0.03584 0.03597
1]

Further details about the analytical solution of the cylindrical quantum well with infinite barriers can be found in:

The Physics of Low-Dimensional Semiconductors - An Introduction

John H. Davies

Cambridge University Press (1998)

Last update: nn/nn/nnnn

— DEV — Electron and hole wave functions in a T-shaped quantum wire grown by CEO (cleaved
edge overgrowth)

Attention: This tutorial is under construction

Input files:

o T-QWR_GaAs-AlGaAs_Schuster_2005_2D_nnp.in

Scope:

This tutorial aims to simulate the electron and hole wavefunctions of a T-shaped quantum wire
(QWR). The tutorial is related to the PhD Thesis of R. Schuster /SchusterPhD2005]

Output files:

* \bias_xxxxx\Quantum\probabilities_quantum_region_Gamma.fld

* \bias_xxxxx\Quantum\probabilities_quantum_region_HH.fld

* \bias_xxxxx\Quantum\probabilities_quantum_region_LH.fld

* \bias_xxxxx\Quantumi\probabilities_quantum_region_kp6_00000.fld

374

Chapter 6. nextnano++



nextnano Documentation, Release August 2024

Structure

Similar to the 1D confinement in a quantum well, it is possible to confine electrons or holes in two dimensions, i.e.
in a quantum wire. In this tutorial we consider the quantum wire, which is formed at the T-shaped intersection of
two 10 nm GaAs type-I quantum wells, surrounded by Alg 35Gag ¢5As barriers (see Figure 6.4.7.9). The electrons
and holes are free to move along the z direction only, thus the wire is oriented along the [0-11] direction. Such
a heterostructure can be manufactured by growing the layers along two different growth directions with the CEO
(cleaved egde overgrowth) technique. Due to the nearly identical lattice constants of GaAs and AlAs it is possible
to assume this heterostructure as being unstrained.

The wave function is indicated at the T-shaped intersection in yellow. Here, the wave function can extend into a
larger volume (as compared to the quantum well) and thus reduce its energy. Quantum mechanics tells us that the
ground state can be found at this intersection and electrons are only allowed to move one-dimensionally along the
z direction. Figure 6.4.7.9 b) shows a 60 nm x 60 nm extract of the schematic layout including the dimensions, the
material composition and the orientation of the wire with respect to the crystal coordinate system.

Alg 35630 g5AS

Id(m =
10 nm

£
B0 [100] [100]=x g, =
10 nm

Figure 6.4.7.9: Two-dimensional conduction band edges of the T-shaped quantum wire.

Input file

It is sufficient to describe this heterostructure within a 2D simulation as it is translationally invariant along the z
direction. The simulation coordinate system is oriented in the following way:

global{
simulate2D{}
crystal_zb{
x_hkl = [1, 0, 0]
y_hkl = [0, 1, 1]

As we do not have doping and no piezoelectric fields (the structure is assumed to be unstrained) and as the temper-
ature is assumed to be 4 K, we do not have to deal with charge redistributions. Thus, we can refrain from solving
Poisson’s equation, and we also do not have to take care about self-consistency.

Material parameters of relevance are the conduction band and valence band offset between GaAs and
A10435Gao_65As:

CBO = 0.2847 eV

VBO = —0.1926 eV
Egap,Alo_35GaO_65AS = 2.2883¢eV
Egap,cans = 1.5193 eV
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Results

Using the input file -QWR_GaAs-AlGaAs_Schuster_2005_2D_nnp.in we calculate the electron, heavy hole and
light hole wavefunctions for the T-shaped quantum wire structure.

Effective mass approximation

The electron and hole wave functions can be calculated within the effective mass theory (envelope function approx-
imation) by using position dependent effective masses. In our example, the effective masses are constant within
each material but have discontinuities at the material interfaces. In nextnano++ the effective masses are assumed
to be isotropic. Both, the heavy hole and the light hole band edge energies are degenerate but the effective masses
differ. Thus, we have to solve three Schrodinger equations, namely for the conduction band, heavy hole band and
light hole band. To trigger the 1-band effective mass model for calculating the eigenstates, use the following setting
in the input file -QWR_GaAs-AlGaAs_Schuster_2005_2D_nnp.in:

$kp6 = 0 # choose 1 (6 band k.p) or 0 (effective mass approximation).
— (ListOfValues: 1,0)

In Figure 6.4.7.10 we show the normalized probability densities (1)?) for the electron, heavy hole and light hole
ground states, which are obtained by the effective mass approximation.

1.0

0.5

probability density (a.u.)

0.0

Figure 6.4.7.10: Probability densities of the electron (e), heavy hole (hh) and light hole (lh) state calculated using
the effective mass approximation. The wavefunctions are normalized so that the maxima are equal to one.

In addition to these ground states for k, = 0, excited states are possible as well. Similar to the subbands of a
1D quantum well that show a E(k,, k,) dispersion one can assign a subband with the energy dispersion E(k.)
to each quantum wire eigenvalue which describes the free motion along the quantum wire axis (z axis). A more
advanced treatment would be to use k.p theory to calculate the eigenvalues for different k, in order to obtain the
(nonparabolic) energy dispersion E (k).

6-band k.p approximation

For the same structure as above we perform the calculations again, but this time using the 6-band k.p model instead
of the single-band effective mass approximation. To trigger the 6-band k.p model for calculating the eigenstates,
the following setting in the input file T-"QWR_GaAs-AlGaAs_Schuster_2005_2D_nnp.in can be used:

$kp6 = 1 # choose 1 (6 band k.p) or 0 (effective mass approximation).
—(ListOfValues: 1,0)

Figure 6.4.7.11 shows the probability density (¢)2) for the hole ground state. For the results shown on the left we
used the following Luttinger parameters for GaAs: v; = 6.98, 72 = 2.06, v3 = 2.93, which corresponds to:
L = —16.220, M = —3.860, N = —17.580. For the results shown on the right, we modified the Luttinger
parameters for GaAs to 3 = 6.98, 79 = 2.06 = ~3, which corresponds to L = —16.220, M = —3.860,
N = —12.36. Choosing 7y = y3 corresponds to an isotropic effective mass.

376 Chapter 6. nexthano++




nextnano Documentation, Release August 2024

1.0

anisotropic isotropic

0.5 e, — v
v L

x=[100]

probability density (a.u.)

0.0

Figure 6.4.7.11: Probability density (¢)2) for the hole ground state using anisotropic and isotropic k.p parameters.

Eigenenergies

The calculated eigenvalues for the ground states are:

effective-mass 6-band k.p
electron energy (eV) | hhenergy (eV) | lh energy (eV) | hole state energy (eV)
3.006 1.455 1.437 1.455

Including anisotropic effects in the effective mass model

Compared to nextnano++, nextnano® allows using anisotropic effective masses for solving the Schrddinger equa-
tion within the effective mass approximation. The effective mass m* depends now on the chosen direction, which
is described by a tensor. The components of the effective mass tensor, which are mass along the crystal coordinate
axes, can be derived from the 6-band k.p parameters (or Luttinger parameters). Using the Luttinger parameters 71,
v2 and 73, the effective masses for heavy and light holes along [110] and [010] in units of m can be calculated as
follows:

N 1

m =
Bh[100] = 2o
. 1

m = ,
0N g 0.5+ (42 + 373)
. 1

Mp,[100] = 771 2,

. 1
0011 = 1 05 ( + 373)

The Luttinger parameters for GaAs are given by: 71 = 6.98, 72 = 2.06 and v3 = 2.93. The relations between the
Luttinger parameters and the isotropic effective masses are

1

Y1 — 0.872 — 1.2’73’
1

* —
M, isotropic = v1 4+ 0.8v2 +1.2793"

* —_—
mhh,isotropic -

Usually the database entries for the effective masses assume spherical symmetry for the holes and are specified
with respect to the crystal coordinate system. Their default values (isotropic) and the values which were derived
from the Luttinger parameters are given in this table:
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heavy hole (GaAs) | light hole (GaAs)
along [100] direction | 0.350 0.090
along [011] direction | 0.643 0.081
isotropic 0.551 0.082
nextnano® database | 0.500 0.068

In this tutorial, however, we calculated the effective masses for different directions and, therefore, we do not have
spherical symmetry anymore. Thus, we have to rotate the new eigenvalues of the effective mass tensors that are
given in the x = [100], y = [011], z = [0-11] simulation coordinate system into the crystal coordinate system where
ZTer = [100], yor = [010], 2., = [001]. First, we have to overwrite the default entries in the database so that they
contain the eigenvalues of the effective mass tensors in the simulation system:

valence-band-masses = 0.350d0 0.643d0 0.643d0 ! eigenvalues of the heavy hole.,
—effective mass tensor [100] [011] [0-11]

0.090d0 0.081d0 0.081d® ! eigenvalues of the light L
—hole effective mass tensor [100] [011] [0-11]

To project these eigenvalues onto the crystal coordinate system we need to know the principal axis system which
these eigenvalues refer to (The normalization of these vectors will be done internally by the program):

principal-axes-vb-masses = 1d0 0do 0do ! heavy hole [100]
0do 1d0® 1d0® ! [011]
0do® -1d60 1d0 ! [0-11]
1d0 0do 0do ! 1light hole [100]
0do 1d0® 1d0® ! [011]
0do -1d60 1d0® ! [0-11]

Figure 6.4.7.12 and Figure 6.4.7.13 show the probability densities (1)?) of the ground states of the confined electron,
heavy and light hole eigenstates of the quantum wire. The lowest hole state is the heavy hole state and the second
hole state is the light hole state. No further hole states are confined. Also, in the conduction band only the ground
state is confined. One can clearly see that each ground state wave function is localized at the T-shaped intersection
and shows the T-shaped symmetry. Due to the anisotropy of the heavy hole effective mass, the heavy hole wave
function prefers to extend along the [100] direction and hardly penetrates into the quantum well that is aligned
along the [011] direction. The heavy hole mass along the [100] direction is only half the value as along the [011]
direction. The light hole anisotropy is only minor and thus its symmetry resembles the one of the isotropic electron.

1.0 do1y =
10 nm

HO.S
0,0

probability amplitude

probability amplitude

y=[011]
Figure 6.4.7.12: Probability amplitudes of the electron (e), heavy hole (hh) and light hole (Ih) envelope functions
at an unstrained T-shaped intersection of two 10 nm wide GaAs quantum wells embedded by Alj 35Gag.65As

barriers. The wave functions are normalized so that the maxima are equal to one.

These results are in very good qualitative agreement with the heavy hole and light hole wave functions calculated
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Figure 6.4.7.13: Contour diagram of the probability amplitudes of the electron (e), heavy hole (hh) and light hole
(Ih) eigenfunctions (same figures as Figure 6.4.7.12, but this time viewed from the top). The wave functions are
normalized so that the maxima are equal to one.

within the 6-band k.p calculation This demonstrates the impact of an isotropic (for electrons and light holes) or
anisotropic (for heavy hole) effective mass on the obtained wavefunctions.

Acknowledgement:
We would like to thank Robert Schuster from the University of Regensburg for providing exper-
imental data and some figures for this tutorial.

Last update: 17/07/2024

— DEV — Electron and hole wave functions in a T-shaped strained quantum wire grown by CEO
(cleaved edge overgrowth)

Attention: This tutorial is under construction

Input files:
o T-QWR-strained_GaAs-AlGaAs_Schuster_2005_2D_nnp.in
o Strained-QW_AlGaAs-InAlAs_1D_nnp.in

Scope:
This tutorial treats strained quantum wires including a discussion of the strain calculation and the
strain-induced piezoelectric fields (Poisson equation). The tutorial is related to the PhD Thesis
of R. Schuster [SchusterPhD2005]

Output files:
* \Strain\hydrostatic_strain.fld (hydrostatic strain)
* \Strain\strain_*.fld (strain components)
* \Strain\density_piezoelectric_charges.fld (piezoelectric charge density)
* \bias_xxxxx\bandedges.fld (bandedge profiles)
* \bias_xxxxx\Quantum\probabilities_quantum_region_*.fld (wavefunctions)

Similar to the 1D confinement in a quantum well, it is possible to confine electrons or holes in two dimensions, i.e.
in a quantum wire. In this tutorial we consider a quantum wire, which is formed at the T-shaped intersection of a
10 nm GaAs type-I quantum well and a 10 nm Ing 16Aly s4As barrier. The T-shaped intersection is surrounded
by Alg.3Gag.7As which acts as a barrier to GaAs. The Ing 15Alg.g4As barrier has a larger lattice constant than
Al 3Gag.7As and is thus strained. The strain affects the GaAs well and thus produces a local decrease (increase)
in the conduction (valence) band edge energy and thus confines electrons (holes) at the T-shaped intersection. The
electrons and holes are free to move along the z direction only, thus, the wire is oriented along the [0-11] direction.
Such a heterostructure can be manufactured by growing the layers along two different growth directions with the
CEO (cleaved edge overgrowth) technique. Figure 6.4.7.14 shows the sample layout.

It is useful to compare the structure above with the 7-shaped quantum wire tutorial, which consists of two GaAs
quantum wells rather than one GaAs well and one Ing 14Alg g4 As barrier (see Figure 6.4.7.15), in order to under-
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Figure 6.4.7.14: In (a) the two-dimensional conduction band edges of the T-shaped quantum wire without consid-
ering strain effects is shown. If one inverts the energy arrow then the left picture corresponds to the valence band
edge. The wave function is indicated at the T-shaped intersection in yellow. In (b) a 60 nm x 60 nm extract of the
schematic layout including the dimensions, the material composition and the orientation of the wire with respect
to the crystal coordinate system is shown.

stand the fundamental difference between these two layouts. As we see in from Figure 6.4.7.15 the wave function
can extend into a larger volume as compared to the quantum well and thus reduces its energy. So quantum me-
chanics tells us that the ground state can be found at this intersection and electrons are only allowed to move
one-dimensionally along the z direction. For Figure 6.4.7.14 however this is not true. The confinement only occurs
if one takes into account the strain which decreases (increases) the conduction (valence) band edge energy in GaAs
at the T-shaped intersection.

(@) (b)

Alg 35620 g5AS
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Figure 6.4.7.15: In (a) the two-dimensional conduction band edges of the T-shaped quantum wire (from the T-
shaped quantum wire tutorial) without considering strain effects is shown. The wave function is indicated at the
T-shaped intersection in yellow. In (b) a 60 nm x 60 nm extract of the schematic layout including the dimensions,
the material composition and the orientation of the wire with respect to the crystal coordinate system is shown.

Calculation of the strain tensor

First, we have to calculate the strain tensor by minimizing the elastic energy within continuum elasticity theory.
Along the translationally invariant z direction the lattice commensurability constraint forced the Ing 16Aly g4 As
layer to adopt the lattice constant of Aly 3Gag 7As. The model for strain calculations can be specified inside the
strain{ } group, where we choose the model: minimized_strain{ }.

In Figure 6.4.7.16 the calculated hydrostatic strain €,yq = €, + €,y + €. (trace of the strain tensor) inside the
structure is shown. The hydrostatic strain has its maximum at the intersection, where it leads to a reduced band
gap, which is the requirement for confining the charge carriers. Thus, the quantum wire is formed in the GaAs
quantum well due to the tensile strain field induced by the Ing 16Alg.g4As layer.

Note that in a one-dimensional example, which is provided in the input file Strained-QW_AlGaAs-
InAlAs_ID_nnp.in, the strain tensor components of a Ing 14Alg g4 As layer that is strained pseudomorphically with
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Figure 6.4.7.16: In (a) the hydrostatic strain €,,q inside the T-shaped quantum wire structure is shown. In (b) a
cross-section of ey,yq along x at y = 0 is shown.

respect to an Aly 30Gag.7As substrate are the following:

10.9-1073
€yy = € = —12.4-1073
=€y, =€y, =0

enyd = Tr(e;j) = —13.9-107°

Here, the growth direction is along the x direction, i.e. along [100]. The temperature is assumed to be 40 K and
the lattice constants are assumed to be temperature dependent (i.e. we use the 40 K lattice constants).

In Figure 6.4.7.17 the individual strain tensor components (€,, €4y, €2y) With respect to the simulation coordinate
system are presented. In our 2D simulation, the sample layout is homogeneous along the z direction, i.e. the lattice
constant of Ing 15Aly.g4As is forced to have the same lattice constant as Aly 3Gag.7As along the z direction. Then
the strain tensor component must be €., = —12.4 - 1073, in agreement with our 1D example, i.e. Ing 16Aly g4 As,
which has a larger lattice constant than Aly 3Gag 7As is strained compressively along the z direction. Similar to
the 1D case, it is also expected that the €,,, component inside the Ing ;5Alg g4 As barrier has a similar value to €. .,
which is clearly the case. The dark blue area in Figure 6.4.7.17 (c) thus has a value around —12 - 10~3. However,
this value deviates from the ideal 1D value at the T-shaped intersection as expected (see also Figure 6.4.7.18). The
same applies to the value of €, which is similar to the 1D value inside the Ing 15Alg.g4 As barrier: €,, = 11-1073.
The strain tensor components €, and ¢, with respect to the simulation coordinate system are equal to zero as in
our 1D example.

The important difference with respect to the 1D case is the existence of a non-vanishing strain tensor component
€4y Which brakes the symmetry of the sample layout. Usually, the €, component is attributed to be responsible
for piezoelectricity. However, note that in the discussion before all strain tensor components refer to the simulation
coordinate system (and not to the crystal coordinate system). So we have to plot the off-diagonal strain tensor
components that are expressed with respect the crystal coordinate system orientation and then check if the off-
diagonal components are non-zero, which is clearly the case as we can see from Figure 6.4.7.19.

By comparing Figure 6.4.7.17 (a) and Figure 6.4.7.19 (a) we observe that €;; = €., because the x coordinate
axes coincide. Symmetry arguments show that the following holds:

€gy = 9 (€yy +€22)
1
— ey
V2

€zz
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Figure 6.4.7.17: In (a), (c), (e) the strain components €, €yy, €z are shown. In (b), (d), (f) a cut through the
structure along = at y = 0 is shown.
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Figure 6.4.7.18: Strain tensor component €, along y direction at position x = 0.
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Figure 6.4.7.19: Strain tensor components €3, €55, €25 = €3z and €5z with respect to the crystal coordinate system.
The rotation with respect to the simulation system is a rotation of 45 degrees around the x axis, i.e. the [100] axis.

Calculation of the piezoelectric charge density

The off-diagonal strain tensor components €z, €5z and €5z are responsible for the piezoelectric polarization P iy,
given by

2655
Ppiezo =eyy | 26z |,

265@

where €14 is the piezoelectric constant in units of [C/m?]. Once having determined the piezoelectric polarization,
one is able to compute the piezoelectric charge density:

Ppiezo (1'7 y) = —div Ppiezo (:I,’, y) .

In Figure 6.4.7.20 the piezo electric charge density inside the quantum wire structure is shown. The strain-induced
piezoelectric fields are then obtained from ppic,0 by solving Poisson’s equation.
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Figure 6.4.7.20: Piezoelectric charge density ppicso(, ).
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Calculation of the conduction and valence band edges

In Figure 6.4.7.21 the conduction and valence band edges of the structure are shown. The conduction and valence
band edges were determined by taking into account the shifts and splittings due to the relevant deformation poten-
tials as well as the changes due to the piezoelectric fields. We observe that the electron feels a conduction band
minimum which is located left with respect to the T-shaped intersection. For the valance bands, we see that the
valence band maximum for the heavy hole is not at the same position as the valence band maximum for the light
hole.
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Figure 6.4.7.21: In (a), (c), (e) a 2D plot of the conduction, heavy hole and light hole band edge energies are shown.
In (b), (d), (f) a cut through the conduction, heavy hole and light hole band edge energies at y = 0.

Electron and heavy hole wave functions

Figure 6.4.7.22 shows the square of the electron (e) and heavy hole (hh) wave functions (i.e. ?). They were
calculated within the effective-mass approximation (single-band).

In Figure 6.4.7.22 (a) the piezoelectric effect was not included. As one can clearly see in Figure 6.4.7.22 (b), the
piezoelectric effect destroys the symmetry of the sample layout. The piezoelectric field results from the €, strain
tensor component which is also not symmetric with respect to the T-shaped geometry.

Acknowledgement:
We would like to thank Robert Schuster from the University of Regensburg for providing exper-
imental data and some figures for this tutorial.

Last update: 17/07/2024
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Figure 6.4.7.22: In (a) the contour diagram of the square of the electron (e) and heavy hole (hh) wave functions
(i.e. ¥?) for the case where strain is included in the simulations, but piezoelectricity is not. Subplot (b) shows the
same results as in (a), but this time including the piezoelectric effect. Note that in the plot the wave functions are
normalized so that the maximum equals one, respectively.

6.4.8 Quantum Dots

Energy levels in idealistic 3D cubic and cuboidal shaped quantum dots

Input files:
* 3D_wave_functions_cubic_QD_nnp.in
* 3D_wave_functions_cuboid_QD_nnp.in
* 3D_wave_functions_cubic_QD_nn3.in
* 3D_wave_functions_cuboid_QD_nn3.in

Scope:
The energy levels and the wave functions of a cubic and cuboidal quantum dot

Output files:
* bias_00000\Quantum\energy_spectrum_quantum_region_Gamma.dat

* bias_00000\Quantum\probability_quantum_region_Gamma_xxxx.fld

Energy levels in an idealistic 3D cubic quantum dot

Input file: 3D_wave_functions_cubic_QD_nnp.in

Here, we want to calculate the energy levels and the wave functions of a cubic quantum dot with lengths L, =
Ly =L, =10nm. We assume that the barriers at the QD boundaries are infinite. This way we can compare our
numerical calculations to analytical results. The potential inside the QD is assumed to be 0 eV. As effective mass
we take the electron effective mass of InAs, i.e. m, = 0.026 mg.

A discussion of the analytical solution of the 3D Schrodinger equation of a particle in a box (i.e. quantum dot)
with infinite barriers can be found in e.g. [MitinKochelapStrosciol999]. The solution of the Schrodinger equation
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leads to the following eigenvalues:

where

* E,, ns.n, is the total electron energy,

E"17n2777/3

h2m?

2me

2 2 2
ny na n3
(B+5+n)

212

2

2" 12

= 0.1446269 eV - (n? +n3 +n?)

2
n3

2
1.4462697 - 10717 ¢Vm? - (”1 y e M

L2

)

(6.4.8.1)

* nj, ng and nj are three discrete quantum numbers(because we have three directions of quantization) and

* L;, Ly and L, are the lengths along the x, y and z directions.

In the last line of eq. (6.4.8.1) we used the fact that L, = L,, = L, and factored out 1/(10 nm)?.

Generally, the energy levels are not degenerate, i.e. all energies are different. However, some energy levels with
different quantum numbers coincide, if the lengths along two or three directions are identical or if their ratios are
integers. In our cubic QD case, all three lengths are identical. Consequently, we expect the following degeneracies:

e F111 =0.43388 eV (ground state)
e Eiyg = Fior = Fayy = 0.86776 &V = 2F1 1,

e Figs = Eoo = Fasy = 1.30164 &V = 3E4 1,

e Eiig = Eig1 = Eaiy = 159090 6V = 11/3E11,
e gy = 173552V = 4F 1,
* B3 = E132 = E913 = Ea31 = E312 = E391 =2.02478 eV = 14/3F114
o Eyys =3.90493 &V = 17/3E11,

The nextnano++ numerical results for a 10 nm cubic quantum dot with 0.50 nm grid spacing (The grid spacing is

rather coarse but has the advantage that the calculation takes only a few seconds.):

num_ev: eigenvalue [eV]:

(0.50 nm grid)

1 0.432989 = E111

2 0.862425 (three-fold degenerate) E112/E121/E211

3 0.862425 (three-fold degenerate) E112/E121/E211

4 0.862425 (three-fold degenerate) E112/E121/E211

5 1.291860 (three-fold degenerate) E122/E212/E221

6 1.291860 (three-fold degenerate) E122/E212/E221

7 1.291860 (three-fold degenerate) E122/E212/E221

8 1.566392 (three-fold degenerate) E113/E131/E311

9 1.566392 (three-fold degenerate) E113/E131/E311

10 1.566392 (three-fold degenerate) E113/E131/E311

11 1.721296 = E222

12 1.995828 (six-fold degenerate) E123/E132/E213/E231/E312/E321
13 1.995828 (six-fold degenerate) E123/E132/E213/E231/E312/E321
14 1.995828 (six-fold degenerate) E123/E132/E213/E231/E312/E321
15 1.995828 (six-fold degenerate) E123/E132/E213/E231/E312/E321
16 1.995828 (six-fold degenerate) E123/E132/E213/E231/E312/E321
17 1.995828 (six-fold degenerate) E123/E132/E213/E231/E312/E321
18 2.425263 (three-fold degenerate) E223/E232/E322

19 2.425263 (three-fold degenerate) E223/E232/E322

20 2.425263 (three-fold degenerate) E223/E232/E322

21 2.527557 (three-fold degenerate) E114/E141/E411

22 2.527557 (three-fold degenerate) E114/E141/E411

23 2.527557 (three-fold degenerate) E114/E141/E411

(continues on next page)
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(continued from previous page)

24
25
26
27
28
29
30
31
32

48

N NDNDNDNDNDNDDNDN

.699795
.699795
.699795
.956993
.956993
.956993
.956993
.956993
.956993

(three-fold degenerate) E233/E323/E332
(three-fold degenerate) E233/E323/E332
(three-fold degenerate) E233/E323/E332
(six-fold degenerate) E124/E142/E214/E241/E412/E421
(six-fold degenerate) E124/E142/E214/E241/E412/E421
(six-fold degenerate) E124/E142/E214/E241/E412/E421
(six-fold degenerate) E124/E142/E214/E241/E412/E421
(six-fold degenerate) E124/E142/E214/E241/E412/E421
(six-fold degenerate) E124/E142/E214/E241/E412/E421

.833198 = E333

Figure 6.4.8.1 and Figure 6.4.8.2 show the isosurfaces of the electron wave function (¥2) of the ground state and
the 11th state, respectively. Both states are nondegenerate.

Figure 6.4.8.1: Isosurfaces of the electron wave function (2) of a 10 nm cubic quantum dot with infinite barriers

for the ground state Fy1;.
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Figure 6.4.8.2: Isosurfaces of the electron wave function (2) of a 10 nm cubic quantum dot with infinite barriers
for the 11th eigenstate Fa95.
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Intraband (= intersubband) transitions

quantum{
region{

intraband_matrix_elements{

direction = [0,0,1] # along z direction
Gamma{} # Calculates the matrix element < psi_
~f* | p_z | psi_i > for electron states at Gamma.

output_oscillator_strengths = yes # Output oscillator strength f fi

}

In this cubic QD with infinite barriers, optical intraband transitions are only allowed between states with odd
difference quantum numbers along the same axes:

E111 = E112/ E121/ E211 1l 2/3/4
E111 = E114/ E141/ E411 1< 21/22/23

Es11 & B3 2 8
Ei91 & FEi31 39
Ei12 & Eqi3 4 10

The following transitions are forbidden:

Elll = E113/ E131/ E311 1< 8/9/10
E211 = E112/ E121 2 3/4
E121 = E211/ E112 3 2/4
E112 = E211/ E121 4 2/4

Energy levels in an idealistic 3D cuboidal shaped quantum dotwith L, =L, # L,

Input file: 3D_wave_functions_cuboid_QD_nnp.in

This time we use a similar quantum dot as above, but the lengths are now L, = L, = 10 nm and L, = 5 nm.
Therefore, the degeneracies of the eigenenergies are different. We expect the following:

m2r? [(n? n2  n2
E’ﬂl,nmns = 5 (; + % + g)
2me \ L2 Ly L

2 2 2
_ —17 2 ny ny N3 (6.4.8.2)
= 1.4462697 - 10 eVm* - <L?E + fg + Lg)

= 0.1446269 eV - (n + n3) + 0.5785079 eV - n3

Generally, the energy levels are not degenerate, i.e. all energies are different. However, some energy levels with
different quantum numbers coincide, if the lengths along two or three directions are identical or if their ratios are
integers. In our cubic QD case, all three lengths are identical. Consequently, we expect the following degeneracies:

e Fq11 =0.86776 eV (ground state)

e Fio1 = Foy1 =1.301642 eV

* FE991 = 1.73552 €V = 2111 (This is a coincidence because L, , / L, are integers and have the value 2.)
e Fi31 = F311 =2.02478 eV

e Fo31 = FE391 =2.45866 eV

* Ej12 =2.60329 €V = 2F9; (This is a coincidence because L, , / L, are integers and have the value 2.)
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E122 = E319 = Ey41 = E411 = 3.03717 eV (This is a coincidence because L, ,, / L, are integers and have the
value 2.)

E331 =3.18180 eV

Eo2p = 2F931 = Foy1 = E421 = 3.47105 eV (This is a coincidence because L, ,, / L, are integers and have
the value 2.)

E132 = E312 =3.76030 eV

E341 = Ey31 = FEa3p = F329 =4.19418 €V (This is a coincidence because L, ,, / L. are integers and have the
value 2.)

E151 = E511 =4.33881 eV

E140 = Ey10 = Fos1 = Es21 =4.77269 €V (This is a coincidence because L, ,, / L are integers and have the
value 2.)

E330 =4.91731 eV

Ey41 = Eoyp = E499 = 520657 eV (This is a coincidence because L, / L, are integers and have the value
2)

E113 =5.49582 eV
E123 =5.92971 eV

The nextnano++ numerical results for a 10 nm cubic quantum dot with 0.50 nm grid spacing (left column) and
0.25 nm grid spacing (right column). (The grid spacing is rather coarse (for 0.50 nm) but has the advantage that
the calculation takes only a few seconds.)

num_ev: eigenvalue [eV]:

(0.50 nm grid) (0.25 nm grid)

1 0.862425 0.866424 = El111

2 1.291860 1.299191 (two-fold degenerate) = E121/E211

3 1.291860 1.299191 (two-fold degenerate) = E121/E211

4 1.721296 1.731958 = E221

5 1.995828 2.017504 (two-fold degenerate) = E131/E311

6 1.995828 2.017504 (two-fold degenerate) = E131/E311

7 2.425263 2.450270 (two-fold degenerate) = E231/E321

8 2.425263 2.450270 (two-fold degenerate) = E231/E321

9 2.527557 2.584167 = E112

10 2.956993 3.016933 (four-fold degenerate) = E122/E212/E141/
—E411

11 2.956993 3.016933 (four-fold degenerate) = E122/E212/E141/
—E411

12 2.956993 3.016933 (four-fold degenerate) = E122/E212/E141/
—E411

13 2.956993 3.016933 (four-fold degenerate) = E122/E212/E141/
—E411

14 3.129231 3.168583 = E331

15 3.386428 3.449700 (three-fold degenerate) = E222/E241/E421
16 3.386428 3.449700 (three-fold degenerate) = E222/E241/E421
17 3.386428 3.449700 (three-fold degenerate) = E222/E241/E421
18 3.660960 3.735246 (two-fold degenerate) = E132/E312

19 3.660960 3.735246 (two-fold degenerate) = E132/E312

20 4.090396 4,.168013 (four-fold degenerate) = E341/E431/E232/
- E322

21 4.090396 4.168013 (four-fold degenerate) = E341/E431/E232/
—E322

22 4.090396 4.168013 (four-fold degenerate) = E341/E431/E232/
—E322

23 4.090396 4.168013 (four-fold degenerate) = E341/E431/E232/

(continues on next page)
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(continued from previous page)

—E322

24 4.151688
25 4.151688
26 4.581124
—E412/E251/E521
27 4.581124
—E412/E251/E521
28 4.622125
—E412/E251/E521
29 4.622125
—E412/E251/E521
30 4.794363
34 5.121061

IS

.291319
.291319
. 724086
.724086
.734676
.734676

.886326

.400036

(two-fold degenerate)
(two-fold degenerate)
(four-fold degenerate

(four-fold degenerate

(four-fold degenerate

(four-fold degenerate

E332

E441

= E151/E511
= E151/E511

in theory)
in theory)
in theory)

in theory)

E142/

E142/

E142/

E142/

The following figures: Figure 6.4.8.3, Figure 6.4.8.4, Figure 6.4.8.5 and Figure 6.4.8.6 show the isosurfaces of the
electron wave function (1/)2) of the 1st, 4th, 9th and 14th, respectively. All these states are nondegenerate.

Figure 6.4.8.3: Isosurfaces of the electron wave function (¥2) of a 10 nm by 10 nm by 5 nm cuboidal shaped
quantum dot with infinite barriers for the ground state 1.

Last update: nn/nn/nnnn

6.4. Tutorials

391




nextnano Documentation, Release August 2024

Figure 6.4.8.4: Isosurfaces of the electron wave function (¥2) of a 10 nm by 10 nm by 5 nm cuboidal shaped
quantum dot with infinite barriers for the 4th state Fo1.
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Figure 6.4.8.5: Isosurfaces of the electron wave function (¥2) of a 10 nm by 10 nm by 5 nm cuboidal shaped
quantum dot with infinite barriers for the 9th state F'1o.
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Figure 6.4.8.6: Isosurfaces of the electron wave function (¥2) of a 10 nm by 10 nm by 5 nm cuboidal shaped
quantum dot with infinite barriers for the 14th state F33;.
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Hole energy levels of an “artificial atom” - Spherical Si Quantum Dot (6-band k.p)

Input files:
e 3DsphericSiQD_d5Snm_6bandkp_nnp.in

Scope:
In this tutorial, we calculate the energy spectrum of a spherical Si quantum dot of radius 2.5 nm.

Output Files:
* bias_00000\Quantum\energy_spectrum_qr_6band_kp6_00000.dat

Introduction

We assume that the barriers at the QD boundaries are infinite. The potential inside the QD is assumed to be 0 eV.
We use a grid resolution of 0.25 nm. We solve the 6-band k.p Schrédinger equation for the hole eigenstates.

The following 6-band k.p parameters are used:

kp_6_bands{
L=-6.8 # [Burdov] V.A. Burdov, JETP 94, 411 (2002)
M=-4.43 # [Burdov]
N = -8.61 # [Burdov]

}

These L, M, N parameters correspond to the following Luttinger parameters:

oy =422

e 72 =0.395

o 3¢ =1435
Results

Figure 6.4.8.7 shows the hole eigenenergy spectrum of the Si QD (diameter = 5 nm) calculated with a 6-band k.p
Hamiltonian.

For comparison, we also display the energy spectrum where we assumed zero spin-orbit splitting energy. In this
case there is a six-fold symmetry. Spin-orbit splitting reduces this degeneracy to 4 and 2. In general, each state is
two-fold degenerate due to spin.

Note: The nextnano++ tool only allows a cuboidal shaped quantum region, thus we can’t employ a spherical quan-
tum region that would reduce the dimension of the 6-band k.p Hamiltonian matrix and thus the overall execution
time.

Following the paper of [Burdov2002], one can calculate the ground state energy for this particular system from the
L and M parameters:

h2m?

F) = ——— = —0.314eV
! 2mhR2 ©

using my, = 0.192 myg as [Burdov2002], where he uses incorrect k.p parameters: In his definition L must be -5.8
and M = -3.43.

h2m?

Ei=——— =-0254
1 thRQ 0.254eV
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Energy spectrum of the 6x6 k.p hole states

in a spherical Si QD (r=2.5 nm)
u-u T [ T [ T 'I T I ¥ 'I : I.
- no spin-orbit coupling A, =0 eV spherical S1QD |
01 L - : : 5 r=2.5nm |
spin-orbit coupling A, 0.044 eV 6x6 k b
0.25 nm gnd
02 6 infinite barriers
-Ill'l-l E
4 aunnnpe=
S o3l oy I
o 0.3 2 & ST
> 4 2280 ¢
D .04} 2318 il -
2 N F T
6
D 05} 2::::::.:‘.. I
4 2 .-'-IIIEIIII?II
4 lldlllllll..
06| | -68 M=-443 N=-861 o B
- [y, = 4.22, v, = 0.395, y, = 1.435] et
0.7 1 1 i 1 1 Iz 4 23
0 10 20 30 40 50 60

eigenstate number

Figure 6.4.8.7: Energy spectrum of the 6-band k.p hole states in a spherical Si QD.
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using my, = 0.237 my as [BelyakovBurdov2008]. The latter is in much better agreement to our calculations. my,
is given by:

3m0 3m0
MhE T VoM T 68+ 2 (—4.43) o
in [Burdov2002] and
3 3
my, = o - o — —0.237my

(L+1)+2(M+1) —58+2x(—3.43)

in [BelyakovBurdov2008]. The latter definition is consistent to our implementation of the k.p Hamiltonian. The
discrepancy of these equations arises because there are two different definitions of the L, M parameters available
in the literature.

Comparison of nextnano® and nextnano++

Figure 6.4.8.8 compares the nextnano’ results with the nextnano+-+ results. The results of both simulators are in
excellent agreement.

Energy spectrum of the 6x6 k.p hole states
in a spherical Si QD (r =2.5 nm)

0.0 T T T T L] T L I =
L nextnano++ spherical Si QD |
.0.1 | nextnano® r nm |
6x6 k.p
i 0.25 nm grid
2r infinite barriers
; -....ll---. =0.044 eV
"‘9' -0.3 i ( 1111 7
a EEEEgy
B -04 LLLL . -
- i L] 1
®-05F [ LT T T - 7
LLLLITT ™
06| =-68 M=-443, N=-861 .
F [y, =4.22, v, = 0.395, y, = 1.435]
0.7 L 1 A L L 1 " L A
0 10 20 30 40 50

eigenstate number

Figure 6.4.8.8: Energy spectrum of the 6-band k.p hole states in a spherical Si QD (Comparison nextnano++ and
nextnano’).

Additional comment for experts

For this particular geometry, the eigenvalues are highly degenerate, not only due to spin, but also due to geometry.
This might cause problems for certain eigenvalue solvers as they might miss some of these degenerate eigenvalues.
So the tool should be used with care. In our case, the ‘chearn’ eigenvalue solver (Arnoldi method that uses Cheby-
shev polynomials as preconditioner) missed some degenerate eigenvalues. So probably one has to adjust some
eigenvalue solver parameters to increase the accuracy. For this reason it is of great advantage if any numerical
software has redundancy in terms of several eigensolvers where one can choose from in order to check results for
consistency and accuracy, as well as performance.

Last update: nn/nn/nnnn
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Quantum Dot Molecule

In this tutorial, we study two coupled quantum dots (QDs), i.e. two “artificial atoms” that form an “artificial
molecule”. The two QDs are asymmetric and differ with respect to their height (4 nm and 6 nm).

With no electric field, the groundstates of both elcectron and hole are localized at the larger QD. By applying
the electric field and increasing its strength, the hole groundstate becomes bonding state and then localizes at the
smaller QD. At the same time the electron groundstate is still localized at the larger QD because of the weaker
coupling between the two QDs due to the heigher barrier height. We will see this leads to the change from an
direct exciton to indirect exciton.

The relevant input files are as followings:

3DQD_molecule_cuboid_asymmetric_nn3.in / *_nnp.in

Some of the material parameters that are used in this tutorial are based on the paper of

M. Grundmann, D. Bimberg
Formation of quantum dots in twofold cleaved edge overgrowth
Phys. Rev. B 55 (7), 4054 (1997).

i.e. they are the same as in the 3D CEO QD tutorial (apart from the effective masses).

Simulation

This simulation has the following features:

We keep things simple by using cuboidal shaped GaAs QDs surrounded by Aly35GaggsAs barriers, i.e. we
neglect strain and piezoelectric effects which is reasonable as the two materials GaAs and Alj35GaggsAs
have pretty similar lattice constants.

We also neglect the wetting layers and excitonic effects.

In order to keep the CPU time to a minimum, we do not use the k.p approximation, i.e. we use for both elec-
trons and the heavy hole a single-band effective mass approximation for the Schrodinger equation (parabolic
and isotropic effective mass tensor). Nevertheless, this is sufficient to show some basic quantum physical
effects of this QD molecule.

We use different electron and hole masses in the barrier and well material, respectively.

The left QD has the dimensions 10 nm x 10 nm x 4 nm (smaller dot). The right QD has the dimensions 10
nm x 10 nm x 6 nm (larger dot).

The two QDs are separated by a 2 nm Al 35Gag ¢5As barrier.

The grid resolution is 0.5 nm (rectangular tensor grid). This leads to a 3D Schrédinger matrix of dimension
50,225.

We apply Dirichlet boundary conditions to the Schrodinger equation, i.e. the wave functions are allowed to
penetrate the following distances into the barrier material (on each side): - along the x and y directions: 4
nm - along the z direction: 4.5 nm

We vary the electric field along the growth direction (z axis) in steps of -2.5 kV/cm, i.e. from 0 kV/cm to
-40 kV/cm.
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Results
Electron and heavy hole ground states

The following figures show the square of the electron (left side) and heavy hole (right side) wave functions (iso-
volumes of 25 % of v?) for different applied electric fields (0 kV/cm, -17.5 kV/cm, -40 kV/cm). A slice through
the conduction and valence band edges along the growth direction through the center of the QDs is also shown.

e Zero electric field

Figure 6.4.8.9: electron ground state for zero electric field

At zero applied electric field, both electron and heavy hole are located in the larger dot and form
a direct (bright) exciton

¢ Electric field of -17.5 kV/cm

At an electric field of -17.5 kV/cm, the electron is still located in the larger dot on the right side,
whereas the heavy hole forms a bonding (Figure 6.4.8.12) and an antibonding state (not shown)
and is thus located in both wells (strong coupling). The exciton that is formed is something in
between a direct and an indirect exciton.

¢ Electric field of -40 kV/cm

At an electric field of -40 kV/cm, the electron is still located in the larger dot on the right side,
whereas the heavy hole ground state is now located in the left QD. An indirect (dark) exciton is
formed. The exciton is called dark because the electron-hole overlap is much smaller and thus its
oscillator strength (probability of optical transition) is much weaker (see Figure 6.4.8.23 below
on spatial electron-hole overlap integrals).
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Figure 6.4.8.10: heavy hole ground state for zero electric field

Figure 6.4.8.11: electron ground state for an electric field of -17.5 kV/cm
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Figure 6.4.8.12: heavy hole ground state for an electric field of -17.5 kV/cm

Figure 6.4.8.13: electron ground state for an electric field of -40 kV/cm
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Figure 6.4.8.14: heavy hole ground state for an electric field of -40 kV/cm

Electron and heavy hole energies

Figure 6.4.8.15 shows the electron energies of the ground state (el) and the first excited electron state (e2) of the
QD molecule. The ground state (el) is always located in the larger QD (right side) whereas the first excited electron
state (e2) is always located in the smaller QD (left side). The third and the forth eigenstate (e3, e4) are degenerate
(not shown) because our QD molecule has a symmetry with respect to the x and y coordinates. They are always
located in the right QD.

Figure 6.4.8.16 shows the heavy hole energies of the ground state (h1) and the excited hole states (h2, h3, h4, h5)
of the QD molecule. In contrast to the electrons, the hole coupling between the two QDs is much stronger due to
the smaller barrier height. At -17.5 kV/cm anticrossing between the states occur due to the formation of bonding
and antibonding states (see Figure 6.4.8.17 to Figure 6.4.8.21 of the hole wave functions further below).
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Electron energies of the QD molecule
as a function of electric field
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Figure 6.4.8.15: Electron energies
Heavy hole energies of the QD molecule
as a function of electric field
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Figure 6.4.8.16: Heavy hole energies
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Bonding and antibonding heavy hole state at anticrossing point

The following figures show the square of the lowest five hole wave functions (isovolumes of 2 % of /%) at an
electric field of -17.5 kV/cm.

Figure 6.4.8.17: heavy hole (h1) ground state at -17.5 kV/cm (bonding)

Electron-hole transition energies

The following figure shows the five lowest electron-hole transition energies of the QD molecule as a function of
electric field. For fields smaller than -17.5 kV/cm a direct (bright) exciton is the ground state (both electron and
hole wave function are located in the larger QD (right side), whereas for fields larger than -17.5 kV/cm an indirect
(dark) exciton is the ground state where the electron is located in the larger QD (right side) and the hole is located in
the smaller QD (left side). Therefore, the nature of the QD molecule ground state changes from direct to indirect.
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Figure 6.4.8.18: heavy hole (h2) first excited state at -17.5 kV/cm (antibonding)

Figure 6.4.8.19: heavy hole (h3) state at -17.5 kV/cm (bonding)
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Figure 6.4.8.20: heavy hole (h4) state at -17.5 kV/cm (bonding)

Figure 6.4.8.21: heavy hole (h5) state at -17.5 kV/cm (antibonding)
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Electron-hole transition energies of the QD molecule

as a function of electric field —s—ca1-h1
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Figure 6.4.8.22: Electron-hole transition energies

Electron-hole overlap

To understand the strength of the optical transitions we have to evaluate the matrix elements of the envelope func-
tions, i.e. the spatial overlap integral over the electron and hole wave functions.

/ V2 ()b jdx

Electron-hole overlap of the ground state and first excited state
1.0 direct exciton

I
0.9 4 u &
. & o
0.8 . 1.68
o 07+ z -
- 1 }
1] =
= 0.64¢e1-h1 cevr el-h2 @
o 1 auo 88 g LI I DO I o
E 0.5 4 4167 DO
1 @
E' 0.4- ===g1i-h1 overlap indirect E
I as ] =p==g1-h2 overlap exciton 1
0.2
= i ] - 1.66
0.1 : ]
1 integral [w_*(z) v, (z) dz] ?
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electric field (kVicm)

Figure 6.4.8.23: Spatial electron-hole overlap integrals
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Energy levels in a pyramidal shaped InAs/GaAs quantum dot including strain and piezoelectric
fields

Input files:

e 3DInAsGaAsQDPyramid_PryorPRB1998_10nm_nnp.in

Scope:
In this tutorial we calculate the energy levels in a pyramidal shaped quantum dot. This tutorial is
based on [Pryor1998]. We use identical material parameters with respect to this paper in order
to make it possible to reproduce Pryor’s results. We note that meanwhile more realistic material
parameters are available and that for the simulation of realistic quantum dots the inclusion of the
wetting layer and an appropriate nonlinear InGaAs alloy profile is recommended.

Output files:

* bias_00000\bandedges_1d_x.dat
bias_00000\bandedges_1d_z.dat
bias_00000\Quantum\probability_shift_dot_Gamma_0001.avs.fld

bias_00000\Qunatum\energy_spectrum_dot_Gamma_00000.dat

bias_00000\Qunatum\energy_spectrum_dot_HH_00000.dat

Introduction

We make the following simplifications in order to be consistent with [Pryor/998]:
» The wetting layer is omitted for simplicity.
e The QD material is purely InAs.
¢ The barrier material is purely GaAs.
¢ The dielectric constant in the barrier material (GaAs) is the one for InAs.
* Periodic boundary conditions are assumed in all three directions for the strain equation.
* The QD shape is a pyramid with a square base (base length = 10 nm) and a height of 5 nm.
¢ The four side walls of the pyramid are oriented in the (011), (0-11), (101) and (-101) planes, respectively.

The whole simulation area has the dimensions 44 nm x 44 nm x 40 nm.

Conduction and valence band profiles

The following figures show the conduction and valence band edges (heavy hole, light hole and split-off hole) for a
10 nm pyramidal shaped QD along two different line scans. Figure 6.4.8.24 shows the band profile along the z axis
through the center of the QD (x = y = 0 nm), and Figure 6.4.8.25 shows the band profile along the x axis through
the base of the QD (y = z = 0 nm).

The energies of the bands have been obtained by diagonalizing the 8-band k.p Hamiltonian at k£ = 0 (including
the Bir-Pikus strain Hamiltonian) for each grid point, taking into account the local strain tensor and deformation
potentials. Note that piezoelectric effects are not included yet in this band profile.

The figures compare well with Figs. 2(a) and 2(b) of [Pryorl1998]. However, there are some differences: Due to
valence band mixing of the states in the k.p Hamiltonian, we do not have pure heavy and light hole eigenstates
anymore. Thus there is some arbitrariness to assign the labels “heavy” and “light” to the relevant eigenstates h1
and h2. Obviously, when solving the full 6-band or 8-band k.p Hamiltonian, this labelling becomes irrelevant
because all three hole band edges enter the Hamiltonian simultaneously (in contrast to a single-band effective mass
approach where only individual “heavy” hole or “light” hole band edges would be considered).

408 Chapter 6. nexthano++



nextnano Documentation, Release August 2024

6.4. Tutorials 409



nextnano Documentation, Release August 2024

"1 le =1519¢ev _CD
= =T e
= b 5nm hh
) S20m., ——1Ih
)
soh
g 0.5
[ =4
@
0.0 5
A_=0.33 eV
-05 L SRR A B TEEYEC T E TN C e Vg es | LR L S B
-15 -10 -5 0 5 10 15 20

distance along [001] (nm)

Figure 6.4.8.24: Calculated band edge profile along z axis.
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Figure 6.4.8.25: Calculated band edge profile along x axis.
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Electron wave function of the ground state (single-band effective-mass approximation)

Figure 6.4.8.26 shows the probability distribution of the electron ground state (The data is contained in
bias_00000\Quantum\probability_shift_dot_Gamma_0001.avs.fld)

Figure 6.4.8.26: U2 of the electron ground state inside the quantum dot.

Note: The following sections are preliminary and yet to be updated.

10 nm quantum dot

(Note: Pryor’s Fig. 7 shows the energies for a 14 nm quantum dot). The band gap is 1.519 eV.

Electron energies

(1) effective mass (me = 0.023 m®) => 0.7000983 eV (only one confined electron.
—state)

(ii) effective mass (me = 0.04 m@®) => eV

(iii) effective mass (me(r) = ... m®) => not implemented in nextnano
(iv) 8-band k.p = eV

3

Hole energies

() effective mass (mhh = 0.41 m®) => hhl -0.585198481 eV
=> hhl = -0.61776 eV
=> hhl = -0.62275 eV

(i) 6-band k.p => 1.0081402 eV (?) (bad eigenvalues using 6-band k.p..
—with finite-differences)
(ii) 8-band k.p = eV

Transition energy electron - hole
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- (1) - (): exciton correction 2.9 meV (Pryor: 27 meV)
E_ex [eV] E_el - E_hl E_el® - E_hl® Delta_Ex REAL (inter_matV(1))
1.28238 1.27958 1.28530 0.00291947 0.428169

14 nm quantum dot (Pryor’s Fig. 7)

(1) effective mass (me = 0.023 m®) => 0.6458949 eV (only one confined electron.
—state) + (1.519 - 0.752916) eV = 1.412 eV (in substrate layer below QD)
(&D) effective mass (me = 0.023 m®) => 0.6458949 eV (only one confined electron,
—state) + (1.519 - 0.765522) eV = 1.399 eV (in substrate layer at corner)
(i) effective mass (me = 0.04 m0®) => 0.6248762 eV (only one confined electron,
—state) + (1.519 - 0.765522) eV = 1.378 eV (in substrate layer at corner

14 nm, 6x6k.p, box, nonsym:
-0.56607270
-0.58734305
-0.59621434
-0.60757551
-0.62802221
-0.63650764

Last update: nn/nn/nnnn

— SOON — Hexagonal shaped GaN quantum dot embedded in AIN (wurtzite)

Attention: Figures in this tutorial are transferred from old documentation and are consistent with nextnano’
input files. They differ from results obtained with nextnano++ as these input file has been improved, including
change of simulation domain and boundary conditions, to represent results from the cited publication more

accurately. However, qualitative tendencies are preserved.

e Header
* Conduction and valence band alignment in AIN/GaN QWs (unstrained)
* Conduction and valence band alignment in AIN/GaN QWs (pseudomorphically strained)

* Conduction and valence band edges in AIN/GaN QWs (pseudomorphically strained, including piezo-
and pyroelectric fields)

* Electron and hole wave functions in AIN/GaN QWs

* Hexagonal shaped GaN quantum dot embedded in AIN (wurtzite)
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Header

Input files in examples\quantum_dots\:
e OD_GaN_Andreev_PRB_2000_1D_nnp_band-offsets.in
* OD_GaN_Andreev_PRB_2000_ID_nnp_strain.in
* OD_GaN_Andreev_PRB_2000_1D_nnp_strain-PzPr-poisson-1b.in
e OD_GaN_Andreev_PRB_2000_1D_nnp_strain-PzPr-poisson-6kp.in
e OD_GaN_Andreev_PRB_2000_3D_nnp.in

Scope:

* In this tutorial we investigate the influence of strain and pyro-/ piezoelectric fields on the electronic
structure of hexagonal shaped GaN/ AIN quantum dots. The tutorial is based on [Andreev2000].

Conduction and valence band alignment in AIN/GaN QWs (unstrained)

In this section the input file QD_GaN_Andreev_PRB_2000_1D_nnp_band-offsets.in is used to compute band off-
sets.

Figure 6.4.8.27 shows the conduction and valence band edge alignment in AIN/GaN structures (unstrained). In
AIN, the light hole (LH) is the highest valence band whereas in GaN, this is the heavy hole (HH). We assumed
a valence band offset of VBO = 0.5 eV, the conduction band offset is much larger (CBO = 2.3 eV). All material
parameters are based on [Andreev2000] although meanwhile better parameters are available.

AIN/GaN conduction and valence band alignments (unstrained)
6.0

———————— —CB
55 e
5.0 ——LH

45 AIN GaN AIN —CH
40

35

3.0 E =63eV E_ =35eV

ap sap
0.0
-0.1 HH > LH
0.2 Valence band offset
03 GaN (HH) - AIN (LH) = 0.5 eV
0.4 LH > HH
05
06

energy (eV)

distance (nm)

Figure 6.4.8.27: Conduction band edge (CB) and valance band edges (HH, LH, CH) of the 1D AIN/ GaN QD
(unstrained).
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Conduction and valence band alignment in AIN/GaN QWs (pseudomorphically strained)

In this section the input file OD_GaN_Andreev_PRB_2000_1D_nnp_strain.in is used to show impact of the strain
on the band edges without piezo effects.

Figure 6.4.8.28 shows the conduction and valence band edge alignment in the AIN/GaN structure, which is strained
with respect to the AIN substrate. The lattice constants in GaN are larger than in AIN, thus GaN is compressively
strained. The AIN band edges are the same as in Figure 6.4.8.27, only the GaN edges have changed:

* The band gap of GaN has increased (compressive strain increases the band gap).

* Now the crystal-field split-hole (CH) in GaN lies above the light hole (LH) and close to the heavy hole (HH).
» The valence band offset has decreased to VBO = 0.46 eV.

* The conduction band offset has decreased to CBO = 2.15 eV.

AIN/GaN conduction and valence band alignments of
pseudomorphically strained GaN on AIN substrate
6.0 (without piezo- and pyroelectricity)

——————[—cs8
5.5 ~———HH
50 ——LH
. AIN GaN AIN ——CH

4.0 ~

354

30 E =63eV E =369eV
gap gap

0.0
0.1
-0.2 - HH = LH Valence band offset

037 GaN (HH) - AIN (LH) = 0.46 eV
-0.4 4 LH > HH
0.5
-06 4

energy (eV)

T ¥ T , T : T ) T

distance (nm) z

[0001]

Figure 6.4.8.28: Conduction band edge (CB) and valance band edges (HH, LH, CH) of the 1D AIN/GaN QD
(strained on AIN substrate).

Conduction and valence band edges in AIN/GaN QWs (pseudomorphically strained, including
piezo- and pyroelectric fields)

In this section the input file QD_GaN_Andreev_PRB_2000_1D_nnp_strain-PzPr-poisson-1b.in  or
OD_GaN_Andreev_PRB_2000_1D_nnp_strain-PzPr-poisson-6kp.in can be used to observe piezo effect on
the design.

In Figure 6.4.8.29 the effect of piezo- and pyroelectric fields on the band edge is shown. The band edge gets tilted
due to the additional electric potential arising from the piezo- and pyroelectric charges. The electrostatic potential
which is the solution to the Poisson equation is also shown in Figure 6.4.8.29.
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AINIGaN conduction and valence band edges of
pseudomorphically strained GaN on AIN substrate
(including piezo- and pyroelectric fields)

energy (eV)
[=]
1

o 5 10 15 20 25 30
distance (nm) z —= [0001]

Figure 6.4.8.29: Conduction band edge (CB) and valance band edges (HH, LH, CH) of the 1D AIN/GaN QD
(strained on AIN substrate) including piezo- and pyroelectric fields.

Electron and hole wave functions in AIN/GaN QWs

Figure 6.4.8.30 shows the electron and hole wavefunctions (¥2) in a 5.1 nm AIN/GaN/AIN quantum well. For
the electrons, the single-band effective-mass approximation was used whereas for the holes the 6-band k.p model
was used. The figure shows the four lowest electron eigenstates and the 6 highest valence band eigenstates. All
eigenstates are two-fold degenerate due to spin.

Electron and hole wavefunctions (psi?) of a 5.1 nm AIN/GaN/AIN quantum well

454 AIN GaN AIN
4.0
35 cb
3.0 ] ——HH
257 —LH
20+ CH
g 12 —]
i —e2
2 e3
H ed
s ——h1 (6x6 k.p)
h2 (6x6 k.p)
——h3 (6x6 k.p)
h4 (6x6 k.p)
h5 (6x6 k.p)
hé (6x6 k.p)

T T T T T T T T T T T T T
6 7 8 8 10 11 12 13 14 15 16 17 18 18 20

distance (nm) z — [0001]

Figure 6.4.8.30: Electron and hole wavefunctions U2 of a 5.1 mm AIN/GaN/AIN quantum well.
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Hexagonal shaped GaN quantum dot embedded in AIN (wurtzite)

The simulated hexagonal GaN quantum dot (height = 4.1 nm) is embedded in an AIN matrix, input file
OD_GaN_Andreev_PRB_2000_3D_nnp.in. The wetting layer is 1 nm thick and consists of GaN. The structure
and a cross-section of the structure along x-y are shown in Figure 6.4.8.31 and Figure 6.4.8.32, respectively.

Figure 6.4.8.31: 3D AIN/GaN quantum dot.

The strain tensor components of a line through the center of the quantum dot along the z axis are shown in Figure
6.4.8.33. This figure is related to Fig. 2 (a) in [Andreev2000].

Figure 6.4.8.34 and Figure 6.4.8.35 show the strain tensor components along the [10-10] direction (y direction) for
a line through the bottom of the quantum dot and for a line through the wetting layer, respectively. These figures
are related to Fig. 2 (b) in [Andreev2000].

The strain induced piezoelectric fields and the pyroelectric fields lead to the electrostatic potential which is shown
in Figure 6.4.8.36 and Figure 6.4.8.37. The figures of the potential are related to Fig. 4 in [Andreev2000]. In
Figure 6.4.8.36 one can clearly see that the electrostatic potential has its maximum at the top of the QD and its
minimum in the wetting layer area just below the QD. Figure 6.4.8.37 shows a cut of the electrostatic potential
through the wetting layer plane.

The conduction and valence band edges are shown in Figure 6.4.8.38 and Figure 6.4.8.39. One can clearly see
that the conduction band minimum is located in the top of the quantum dot whereas the maximum for the valence
band is located inside the wetting layer (WL) (which is equivalent to the bottom of the quantum dot). Thus, one
expects the electrons, which are located in the top area of the QD, to be spatially separated from the holes, which
are located in the WL (bottom of the QD). The energy scale is in units of [eV]. The figures of the conduction and
valence band edges are related to Figs. 5 and 6 in [Andreev2000].

The electron states are located near the top of the quantum dot where the conduction band has a minimum. Figure
6.4.8.40 shows the electron ground state.

The following figures show the six lowest electron states of the quantum dot. The 2" and 3¢ eigenstates are
degenerate, as well as the 4*", 5" and 6*". The figures of the wave functions (¥2) are related to Fig. 7 in [An-
dreev2000].

Version of this tutorial for nextnano’® can be found here .

Last update: 11/07/2024
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Figure 6.4.8.32: Cross-section of the hexagonal shaped AIN/GaN quantum dot.

—8—exx (slice along z for x=y=12.75 / dot center)
i WL —m—ezz (slice along z for x=y=12.75/ dot center)
- exx (slice along z for x=12.75 y=0 "dx/2")
0.015 4 —— eyy (slice along z for x=12.75 y=0 "dx/2")
—— ezz (slice along z for x=12.75 y=0 "dx/2")
0.010 4
0.005 4

[ B
.
—n —)

-0.005 4

-0.010

-0.015 4

strain tensor component

-0.020 4

-0.025

-0.030 +—1——F—+—71"—"T"—T "1 T T T T T 1T

Figure 6.4.8.33: Strain tensor along the z-axis through the points (x, y) = (12.75, 12.75) nm and (X, y) = (12.75, 0)
nm.
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Figure 6.4.8.34: Strain tensor along the y-axis through the quantum dot (QD).
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Figure 6.4.8.35: Strain tensor along the y-axis through the wetting layer (WL).
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Figure 6.4.8.36: Electrostatic potential inside the quantum dot.

Figure 6.4.8.37: Electrostatic potential inside the wetting layer.
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Figure 6.4.8.38: Conduction band edge of the QD.

Figure 6.4.8.39: Valence band edge of the QD.
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Figure 6.4.8.40: Electron ground state of the QD.

Figure 6.4.8.41: Probability density ¥? of the 15 electron state in the QD.
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Figure 6.4.8.42: Probability density U2 of the 2"¢ electron state in the QD.

Figure 6.4.8.43: Probability density W? of the 3*¢ electron state in the QD.
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Figure 6.4.8.44: Probability density U? of the 4" electron state in the QD.

Figure 6.4.8.45: Probability density W? of the 5*" electron state in the QD.
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Figure 6.4.8.46: Probability density W2 of the 6" electron state in the QD.

— DEV — Energy levels of an “artificial atom” - Spherical and ellipsoidal CdSe Quantum Dot

Attention: This tutorial is under construction

Input files:
* QDArtificialAtom_CdSe_3D_spherical_nnp.in
* ODArtificialAtom_CdSe_3D_ellipsoidal_nnp.in
e ParabolicQW_GaAs_2D_nnp.in

Scope:
* In this tutorial we calculate the eigenenergies of a spherical and ellipsoidal CdSe quantum dot (“artifi-
cial atom”). The tutorial is based on [Ferreira2006].
Output files:

e bias00000\Quantum\energy_spectrum_quantum_region_Gamma_00000.dat

¢ bias00000\Quantum\interband_matrix_elements_quantum_region_HH_Gamma.txt
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Energy levels of an “artificial atom” - Spherical CdSe Quantum Dot

Here, we want to calculate the energy levels and the wave functions of a spherical CdSe quantum dot of radius
r = 5 nm shown in Figure 6.4.8.47.

Figure 6.4.8.47: Spherical quantum dot.

We assume that the barriers at the QD boundaries are infinite. The potential inside the QD is assumed to be 0
eV. We use a grid resolution of 0.5 nm. We solve the single-band Schrodinger equation within the effective-mass
approximation. The electron effective mass of CdSe is assumed to be m, = 0.112my.

A spherically symmetric potential leads to an energy spectrum where some eigenvalues are degenerate. We want
to study the “shell structure” (degeneracy scheme) of a CdSe quantum dot of radius 5 nm. Figure 6.4.8.48 shows
the calculated energy spectrum for the lowest 20 electron eigenvalues. One can clearly identify the shell structure
Is, 2p, 3d, 2s, 4f and 3p which is similar to the shell structure of the periodic table. This is the reason why quantum
dots are often called “artificial atoms”. Note that each eigenstate is two-fold degenerate due to spin. Thus, the
s states are two-fold degenerate, the p states are six-fold degenerate, the d states are ten-fold degenerate and the
degeneracy of the f states is 14.

We have also solved the single-band Schrodinger equation for the holes assuming an isotropic effective mass for
simplicity. Obviously, this is a crude approximation. From the electron and hole wave functions, we calculate their
spatial overlap matrix elements (interband matrix elements). In this simple model, due to symmetry arguments,
only the following transitions are allowed: 1s - 1s, 2p - 2p, 3d - 3d, 2s - 2s, 4f - 41, ...

Figure 6.4.8.49 shows the calculated interband matrix elements as a function of energy. (Note: The figure has to
be updated: Now we output the square of this matrix element.)

Both figures are in reasonable agreement with Fig. 1 and Fig. 2 (inset) in [Ferreira2006].

Energy levels of an “artificial atom” - Ellipsoidal, cigar-shaped CdSe quantum dot

For an ellipsoidal, cigar-shaped CdSe quantum dot (r, = 5 nm, r, = 5 nm, r, = 10nm), we calculate the lowest
30 eigenvalues.

The energy spectrum (degeneracy spectrum) looks very different from the spherical QD spectrum (c.f. Figure
6.4.8.51)

The interband matrix elements are shown in Figure 6.4.8.52 (Note: The figure has to be updated: Now we output
the square of this matrix element.)
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Energy levels of spherical CdSe QD (r=5 nm)
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Figure 6.4.8.48: Eigenenergies of the lowest 20 states in the QD.
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Figure 6.4.8.49: Interband matrix elements.
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Figure 6.4.8.50: Ellipsoidal quantum dot.

Energy levels of cigar-shaped CdSe QD
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Figure 6.4.8.51: Eigenenergies of the lowest 30 states in the QD.
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Cigar-shaped CdSe QD
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Figure 6.4.8.52: Interband matrix elements.

Energy levels of an “artificial atom” - 2D harmonic potential

The following figure shows the energy spectrum of a “two-dimensional disc” which we approximate as a cylin-
drically symmetric parabolic (harmonic) potential. We solve the 2D Schrodinger equation for this system. The
harmonic potential is assumed to be iw = 3 meV. Each shell is thus separated by 3 meV. From the energy spec-
trum of this two-dimensional shell structure, one can derive “magic numbers”. (They include spin degeneracy.)

Energy levels of a 2D harmonic oscillator
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Figure 6.4.8.53: Eigenenergies of the lowest 30 states in a harmonic potential.

Version of this tutorial for nextnano’® can be found here .

Last update: 17/07/2024
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6.4.9 Electronic Band Structures

k.p dispersion in bulk GaAs (strained / unstrained)

Input files:
* bulk_kp_dispersion_GaAs_nnp.in

* bulk_kp_dispersion_GaAs_nnp_strained.in

Scope:

We calculate E(k) of strained and unstrained GaAs.

Band structure of bulk GaAs

Input file: bulk_kp_dispersion_GaAs_nnp.in

We want to calculate the dispersion E(k) from |k| = 0 nm™ to |k| = 1.0 nm™! along the following directions in k

space:
* [000] to [110]
* [000] to [100]

We compare 6-band and 8-band k.p theory results. We calculate E (k) for bulk GaAs at a temperature of 300 K.

Bulk dispersion along [100] and along [110]

quantum{
region{

bulk_dispersion{

lines{ # set of dispersion lines along crystal directions of high symmetry

0.0] }

name = "lines"
position{ x = 5.0 }
k_max = 1.0
spacing = 0.01
shift_holes_to_zero = yes

}

path{ # dispersion along arbitrary path in k-space
name = "user_defined_path"
position{ x = 5.0 }
point{ k = [0.7071, 0.7071,
point{ k = [0.0, 0.0, 0.0] }
point{ k = [1.0, 0.0, 0.0] }
spacing = 0.01

shift_holes_to_zero = yes

}

We calculate the pure bulk dispersion at position x = 5 nm. In our case this is GaAs, but it could be any strained
alloy. In the latter case, the k.p Bir-Pikus strain Hamiltonian will be diagonalized. The grid point at position{ x
= 5.0 } must be located inside a quantum region. shift_holes_to_zero = yes forces the top of the valence
band to be located at 0 eV. How often the bulk k.p Hamiltonian should be solved can be specified via spacing.
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To increase the resolution, just increase this number. We use two direction in k space, i.e. from [000] to [110] and
from [000] to [100]. In the latter case the maximum value of |k| is

Eax = 1/0.70712 + 0.70712 = 1.0

Note that for values of |k| larger than 1.0 nm™!, k.p theory might not be a good approximation anymore.

The results of the calculation can be found in the folder bias_00000\Quantum\Bulk_dispersions. Figure 6.4.9.1
visualizes the results.

Bulk k.p dispersion in GaAs: E(k) along [110] and [100]
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Figure 6.4.9.1: Bulk k.p dispersion in GaAs: E(k) along [100] and [110].

The split-off energy of 0.341 eV is identical to the split-off energy as defined in the database:

valence_bands{ delta_SO = 0.341 } # [eV] Vurgaftmanl

If one zooms into the holes and compares 6-band vs. 8-band k.p, one can see that 6-band and 8-band coincide for
|k| < 1.0 nm™! for the heavy and light hole but differ for the split-off hole at larger |k| values, see Figure 6.4.9.2.

8-band k.p vs. effective-mass approximation

Now we want to compare the 8-band k.p dispersion with the effective-mass approximation. The effective mass
approximation is a simple parabolic dispersion which is isotropic (i.e. no dependence on the k vector direction).
For low values of k (|| < 0.4 nm™!) it is in good agreement with k.p theory, see Figure 6.4.9.3.

Band structure of strained GaAs

Input file: bulk_kp_dispersion_GaAs_nnp_strained.in

Now we perform these calculations again for GaAs that is strained with respect to Ing 2Gag.gAs. The InGaAs
lattice constant is larger than the GaAs one, thus GaAs is strained tensely. The changes that we have to make in
the input file are the following:

strain{
pseudomorphic_strain{ }
}
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Bulk k.p dispersion in GaAs: E(k) along [110] and [100]
Comparison 6x6 vs. 8x8 k.p
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‘é 4] light hole
2 04+
s |
@ 05 '
] split-off
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[110] =— k vector [1/Angstrom] ——= [100]

Figure 6.4.9.2: Bulk k.p dispersion in GaAs: E(k) along [100] and [110] - Comparision between 6x6 and 8x8 k.p

Bulk dispersion of GaAs: E(k) along [110] and [100]
Comparison 8x8 k.p vs. effective-mass approximation

224

2.0 4

1.8 4

16 conduction band cb (eff. mass)

1.4+ hh (eff. mass)
= 1.2 Ih (eff. mass)
= 107 parabolic, isotropic band gap 1.423 eV so (eff. mass)
= 084 effective-mass ——cb (8x8 k.p)
£ 061  approximation ——hh (8x8 k.p)
s 0.4 - ——1h (8x8 k.p)
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M Y heavy hole
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[110] =— k vector [1/Angstrom] —= [100]

Figure 6.4.9.3: Bulk k.p dispersion in GaAs: E(k) along [100] and [110] - Comparision between 8x8 k.p and

effective-mass approximation
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run{
strain{ }

}

As substrate material we take Ing2GagsgAs and assume that GaAs is strained pseudomorphically
(pseudomorphic_strain{ }) with respect to this substrate, i.e. GaAs is subject to a biaxial strain. Due to
the positive hydrostatic strain (i.e. increase in volume or negative hydrostatic pressure) we obtain a reduced
band gap with respect to the unstrained GaAs. Furthermore, the degeneracy of the heavy and light hole at
k‘ = Oislifted, see : numref : ‘fig — 1D — kp — dispersion — bulk — GaAs — kp — bandedges — strained.
Now, the anisotropy of the holes along the different directions [100] and [110] is very pronounced. There is even a
band anti-crossing along [100]. (Actually, the anti-crossing looks like a “crossing” of the bands but if one zooms
into it (not shown in this tutorial), one can easily see it.) Note: If biaxial strain is present, the directions along x, y
or z are not equivalent anymore. This means that the dispersion is also different in these directions ([100], [010],
[001]).

Bulk k.p dispersion in strained GaAs: E(k) along[110] and [100]

1.8 GaAs is strained with respect to In _Ga  As

1.6 4

"W conduction band

1.2 - cb 8x8

1.0 4 T ——h1 8x8

0.8 ——h2 8x8
% 06 ] band gap 1.23 eV ——h3 8x8
= ] h1 6x6
> 0.4
= Rl h2 6x6
2 o2
S ] h3 6x6

0.0 e ;

et valence bands ey

0.4 4

0.6 //l—\

0.8

-1 0:.

T b T ¥ T ol T o T
-0.10 -0.05 0.00 0.05 0.10

[110] =—— k vector [1/Angstrom] —— [100]

Figure 6.4.9.4: Bulk k.p dispersion in GaAs strained with respect to Ing 2GaggAs : E(k) along [100] and [110].

If one zooms into the holes and compares 6-band vs. 8-band k.p, one can see that the agreement between heavy and
light holes is not as good as in the unstrained case where 6-band and 8-band k.p lead to almost identical dispersions,
compare Figure 6.4.9.5.

Note that in the strained case, the effective-mass approximation is very poor.

Analysis of eigenvectors

(preliminary)

Using the Voon-Willatzen-Bastard-Foreman k.p basis one obtains the following output for the eigenvectors at the
Gamma point, k = (kg, ky, k) =0.

Example: The x_up component contains a complex number. Here, we show the square of X_up. This gives us
information on the strength of the coupling of the mixed states.

eigenvalue S+ S- HH LH LH LH SO SO
1 0 1.0 0 0 0 0 0 0
2 1.0 0 0 0 0 0 0 0
3 0 0 0 1.0 0 0 0 0
4 0 0 0 0 1.0 0 0 0

(continues on next page)
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Bulk k.p dispersion in strained GaAs: E(k) along[110] and [100]

1.8~ GaAs is strained with respect to In 2GaMAs
1.6
1.4 ] conduction band
1.2 ‘ cb 8x8
1.0 o T ——h1 8x8
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> 04
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[110] =— k vector [1/Angstrom] ———= [100]

Figure 6.4.9.5: Bulk valence band k.p dispersion in GaAs strained with respect to Ing2GagsAs : E(k) along
[100] and [110] - Comparision between 6x6 and 8x8 k.p approximation.

(continued from previous page)

5 0 0 ) ) 0 1.0 ) 0

6 0 0 1.0 ) 0 0 ) 0

7 0 0 0 0 0 0 0 1.0

8 0 0 0 0 0 ) 1.0 0

eigenvalue S+ S- X+ Y+ Z+ X- Y-
o Z-

1 1.0 0 0 0 0 0 0.
o 0

2 0 1.0 0 0 0 0 0.
o 0

3 0 0 0 0 0.5 0.5 0.
- 0

4 0 0 0 0 0.166 0.166 0.
666 0

5 0 0 0.5 0 0 0 0.
o 0.5

6 0 0 0.166 0.666 0 0 0.
o 0.166

7 0 0 0 0 0.333 0.333 0.
333 0

8 0 0 0.333 0.333 0 0 0.
o 0.333

+: spin up, -: spin down

* The electron eigenstates are 2-fold degenerate, i.e. have the same energy, and are decoupled from the holes.

5D
2 [151)

* The hole eigenstates are 4-fold (heavy and light holes) and 2-fold degenerate (split-off holes).
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3 |%,%> hh spin up %‘(X+iY)T>
41133 X +iv) 1) - /212 1)
5[18.-%) m LIxX - 1) —/2171)
6 | [3,—3) hhspindown %\(X—iY)¢>
7 [ [5:5) slosplit SIX+iV) 1) - F121)
8 []5.,—3) slosplit %‘(X—iY)\L>—%|Z\L>

=0.707 - (4)*=05
=0.577 - (4)*=0333
=0.408 — (1)*=0.166

s s s

Last update: nn/nn/nnnn

k.p dispersion in bulk unstrained, compressively and tensely strained GaN (wurtzite)

Input files:
* bulk_kp_dispersion_GaN_unstrained_0_nnp.in
* bulk_kp_dispersion_GaN_unstrained_90_nnp.in
e bulk_kp_dispersion_GaN_strained_compressive_0_nnp.in

* bulk_kp_dispersion_GaN_strained_compressive_90_nnp.in

bulk_kp_dispersion_GaN_strained_tensile_0_nnp.in

bulk_kp_dispersion_GaN_strained_tensile_90_nnp.in

bulk_kp_dispersion_GaN_strained_tensile_90_3D_nnp.in

Scope:
We calculate E'(k) for bulk GaN (unstrained), with compressive and tensile strain, along two dif-
ferent growth directions. In this tutorial we aim to reproduce results of /[ ParkChuangPRB1999]
and [KumagaiChuangAndoPRB1998].

k.p dispersion in bulk unstrained GaN (wurtzite)

We want to calculate the dispersion E(k) from |k| = 0 to |k| = 1.0 [1/nm] along the following directions in k space:
* [010] to [100]
* [011] to [100]
e [111] to [100]

We compare 6-band k.p theory results vs. single-band (effective-mass) results for unstrained GaN. Material pa-
rameters used in the calculations are taken from [KumagaiChuangAndoPRB1998].

434 Chapter 6. nexthano++



nextnano Documentation, Release August 2024

Calculating the bulk k.p dispersion

quantum{
region{

bulk_dispersion{

path{ # dispersion along arbitrary path in k-space
name = "user_defined_path"
position{ x = 2.0 }
point{ k = [0.0,
point{ k = [1.2,
spacing = 0.012 # [1/nm]
shift_holes_to_zero = no

0.0, 0.0] }
0.0, 0.0] }

}

The maximum value of |k| is 1.2 nm™!. Note that for values of |k| larger than 1.0 nm™!, k.p theory might not be
a good approximation anymore. We calculate the pure bulk dispersion at x = 2.0, i.e. for the material located at
the grid point at 2 nm. In our case this is GalV, but it could be any strained alloy. If strain is present (see below),
the k.p Bir-Pikus strain Hamiltonian will be diagonalized at each k point. The grid point at grid-position must be
located inside a quantum region. shift_holes_to_zero = yes forces the top of the valence band to be located
at 0 eV. In this tutorial, however, we use no. The “average” energy of all three valence bands is set to the zero
point of energy. Here, “average” means without taking crystal field and spin-orbit splitting into account. This
is added afterwards to get the energies of heavy hole (HH), light hole (LH) and crystal-field split-off hole (CH).
How often the bulk k.p Hamiltonian should be solved can be specified via spacing. To increase the resolution,
just increase this number. The results can be found in the folder bias_00000\Quantum\Bulk_dispersions. Figure
6.4.9.6 shows the bulk k.p dispersion of unstrained GaN (wurtzite). The results are in excellent agreement to Fig.
4 (b) of [KumagaiChuangAndoPRB1998].

energy (eV)

.0.20 R (S T N S Ty
-1.2 -1.0 -0.8 -0.6 -04 -0.2 0.0 0.2 0.4 06 08 1.0 1.2

k k(m") —

Figure 6.4.9.6: Calculated 1-band and k.p dispersion of HH, LH and CH valence bands (unstrained). The k,
direction corresponds to the ¢ axis [0001]. The dispersion along k, and k. is identical (only k, is shown), i.e. the
dispersion in the (100) plane is isotropic.

The dispersion along the hexagonal c axis is substantially different.

If the average of the three valence band edges (without taking crystal-field and spin-orbit splitting into account) is
defined to be at zero, i.e. E, 4, = 0 €V, then the energies E, E» and E3 are defined as follows for the unstrained
case:

Eir=A1+ Ay
EFs=B+ A
Es=B-A
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where A; is the crystal field split energy A.,., and Ao and Ag are related to the spin-orbit split off-energy A, as
follows:

Ao = Ay = 1/3A,,
B=(A;—Ay)/2

B2+ 2(A;)?

The Delta parameters are defined in the database

valence_bands{
defpotentials = [ -1.70, 6.30, 8.00, -4.00, -4.0, -5.5 ]

delta = [ 0.0220, 0.005, 0.005 ] # Deltal(cr), Delta2,
—= Delta_so/3, Delta3 = Delta_so/3
}
leading to:
B = 0.0085
A =10.01106

E1 = Al + AQ = 0.027eV
Ey = B4+ A =0.0085¢V + 0.01106eV = 0.01956eV
Es =B — A=0.0085—0.01106 = —0.00256eV'

In contrast to zincblende materials, even in the unstrained case, the heavy and light hole are not degenerate at k =
0. For comparison, we also show the dispersion using the single-band effective mass approximation (dotted lines).
We used the following values for the effective hole masses, according to reference http://www.ioffe.rssi.ru/SVA/
NSM/Semicond/GaN/bandstr.html.

MHH,, = 1.6 [mo], mgH,. = 1.1 [mo]

mra,e = 0.15 [mo], mrm.= 1.1 [mg]
mceH,e = 1.1 [mo], mcm,c = 0.15 [my]

The effective mass approximation is a simple parabolic dispersion which is isotropic in zincblende materials (i.e.
no dependence on the k vector direction) but is anisotropic for wurtzite materials due to the different effective
masses parallel and perpendicular to the c axis.

k.p dispersion in compressively and tensilely strained GaN (wurtzite)

We compare two different orientations of the crystal coordinate system with respect to the simulation coordinate
system.

* Case a) Default orientation: hexagonal c axis oriented along the x direction [100]
 Case b) Rotation of hexagonal c axis by 90 degrees so that it oriented along the default y direction [010]
The orientation of the z axis remains the same.

The following figures compare the 6-band k.p valence band dispersion relation of compressively (-0.5%, Figure
6.4.9.7) vs. tensely (+0.5%, Figure 6.4.9.8) strained GaN. Assuming that the substrate material is Al,In;_, N,

* a compressive strain of -0.5% corresponds to Aly.7851n0.215V (eyy = €2 = -0.005)

* atensile strain of 0.5% corresponds to Alg g591710.141 NV (eyy = €,,° = 0.005)
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Figure 6.4.9.7: Calculated k.p dispersion of HH, LH and CH valence bands (compressive strain)
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Figure 6.4.9.8: Calculated k.p dispersion of HH, LH and CH valence bands (tensile strain)

using the lattice constants given [ ParkChuangPRB1999], [ KumagaiChuangAndoPRB1998]. The results for tensile
strain indicate that the light hole (LH) band is higher in energy than the heavy hole (HH) band.

The results of these two figures can be found in this file: bulk_dispersion_qr_6band_kp6_010_to_100.dat, where
010 represents the k,, direction, 000 the Gamma point and 100 the k, direction, i.e. the plotted dispersion is a
cut through the 3D Brillouin zone along these lines. We only plotted the result for k,. The dispersion along £ is
identical in this case, also the dispersion along [011], i.e. the dispersion is isotropic with respect to the (100) plane.

Once the c axis is oriented along the z axis of the simulation coordinate system (rotation by 90° around the z axis),
the corresponding results look as follows.

T T T T T T T
GaN 0=90° [10-10]
5 | comPressive strain (-0.5%)

energy (eV)

020 e ey ddoo e S iNe s n e n g
-1.2 -1.0 0.8 -0.6 -04 -0.2 0.0 0.2 0.4 06 08 1.0 12

K, k (nm™) Ky

Figure 6.4.9.9: Calculated k.p dispersion of HH, LH and CH valence bands (compressive strain)

The results of Figure 6499 and Figure 6.49.11 <can be found in this file:
bulk_dispersion_qr_6band_kp6_010_to_100.dat, where 010 represents the k, direction, 000 the Gamma
point and 100 the k, direction, i.e. the plotted dispersion is a cut through the 3D Brillouin zone along these
lines. The results for the dispersion along k. is now different from the dispersion along k,. The results for k. are
contained in this file bulk_dispersion_gr_6band_kp6_010_to_001.dat, because here we specified in the input file
to calculate the dispersion from the Gamma point (0,0,0) to (K., ky, k) = (0,0, 1.0 nm™).

bulk_dispersion{
path{
name = "010_to_001"
position{ x = 5.0 }

(continues on next page)
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Figure 6.4.9.10: Calculated k.p dispersion of HH, LH and CH valence bands (compressive strain)
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Figure 6.4.9.11: Calculated k.p dispersion of HH, LH and CH valence bands (tensile strain)
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Figure 6.4.9.12: Calculated k.p dispersion of HH, LH and CH valence bands (tensile strain)
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(continued from previous page)

point{ k = [0.0, 1.0, 0.0] }
point{ k = [0.0, 0.0, 0.0] }
point{ k = [0.0, 0.0, 1.0] }
spacing = 0.01

shift_holes_to_zero = yes

}

Note: For 6 =90°, we have rotated the crystal (cr) coordinate system with respect to the simulation (sim) coordinate
system. Therefore, for our new orientation it holds e, ¢ = €, gim = £ 0.005 and e, # e...

The results of our figures are in excellent agreement to figures 5 and 6 of the paper [ParkChuangPRB1999].

Note that for the case of tensile strain and orientation of the c axis along the [10-10] orientation, the strain tensor
component along the z direction of the simulation system is tensilely strained, whereas the component along the y
direction is compressively (!) strained.

For a discussion of the figures please refer to [ ParkChuangPRB1999].

Energy dispersion E(k) in three dimensions

Alternatively one can print out the 3D data field of the bulk E(k) = E(k,, ky, k.) dispersion.

full{ # 3D dispersion on rectilinear grid in k-space

name = "3D"
position{ x = 5.0 }
kxgrid {
line{ pos = -1 spacing = 0.04 }
line{ pos = 1 spacing = 0.04 }
}
kygrid {
line{ pos = -1 spacing = 0.04 }
line{ pos = 1 spacing = 0.04 }
}
kzgrid {
line{ pos = -1 spacing = 0.04 }
line{ pos = 1 spacing = 0.04 }
1
shift_holes_to_zero = yes
}

}

The grid in k space is determined by spacing and pos.

Figure 6.4.9.13 shows a 2D slice in the (k,, k.) plane for k;, = 0 of the highest lying hole state for the tensely
strained GaN (oriented along 90°, i.e. x is oriented along [10-10]) is shown in this figure. Right: Horizontal and
vertical slice through the center coordinate at (., ky, k) = (0, 0, 0).

Last update: nn/nn/nnnn
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Figure 6.4.9.13: 2D slice at k, = 0 of calculated 3D dispersion.

k.p dispersion in bulk unstrained ZnS, CdS, CdSe and ZnO (wurtzite)

Input files:
* bulk_6x6kp_dispersion_ZnS_nnp.in
* bulk_6x6kp_dispersion_CdS_nnp.in
* bulk_6x6kp_dispersion_CdSe_nnp.in
e bulk_6x6kp_dispersion_ZnO_nnp.in

Scope:
We calculate E(k) for bulk ZnS, CdS, CdSe and Zn0 (unstrained). In this tutorial we aim to
reproduce results of [Jeon1996].

Introduction

We want to calculate the dispersion E(k) from |k| = 0 [1/nm] to |k| = 1.0 [1/nm] along the following directions in
k space:

* [000] to [0001], i.e. parallel to the c axis (Note: The c axis is parallel to the z axis.)
e [000] to [110], i.e. perpendicular to the c axis (Note: The (z, y) plane is perpendicular to the c axis.)

We compare 6-band k.p theory results vs. single-band (effective-mass) results.
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Bulk dispersion along [0001] and [110]

quantum{
region{

bulk_dispersion{
path{ # dispersion along arbitrary path in k-space
name = "user_defined_path"
position{ x = 5.0 }
point{ k = [0.7071, 0.7071, 0.0] }
point{ k = [0.0, 0.0, 1.0] }
spacing = 0.01 # [1/nm]
shift_holes_to_zero = yes

}

We calculate the pure bulk dispersion at grid position x = 5.0, i.e. for the material located at the grid point
at 5 nm. In our case this is ZnS but it could be any strained alloy. In the latter case, the k.p Bir-Pikus strain
Hamiltonian will be diagonalized. The grid point inside position{} must be located inside a quantum region.
shift_holes_to_zero = yes forces the top of the valence band to be located at O eV. How often the bulk k.p
Hamiltonian should be solved can be specified via spacing. To increase the resolution, just increase this number.
The maximum value of |k| is 1.0 [1/nm]. Note that for values of |k| larger than 1.0 [1/nm], k.p theory might not be
a good approximation any more. This depends on the material system, of course. Start the calculation. The results
can be found in the folder bias_00000\Quantum\Bulk_dispersions.

The files bulk_6x6kp_dispersion_as_in_inputfile_kxkykz_000_kxkykz.dat for instance contain 6-band k.p disper-
sions: The first column contains the |k| vector in unitsHere we visualize the results. The final figures will look
like this (left: dispersion along [0001], right: dispersion along [110]): of [1/nm], the next six columns the six
eigenvalues of the 6-band k.p Hamiltonian for this & = (k;, ky, k.) point.

The resulting energy dispersion in 6-band k.p theory is usually discussed in terms of a nonparabolic and anisotropic
energy dispersion of heavy, light and split-off holes, including valence band mixing.

The single-band effective mass dispersion is parabolic and depends on a single parameter: The effective mass m*.
Note that in wurtzite materials, the mass tensor is usually anisotropic with a mass m_, parallel to the ¢ axis, and
two masses perpendicular to it M., = Myy.

Results

We visualize now the results in Figure 6.4.9.14, Figure 6.4.9.15 and Figure 6.4.9.16. The final figures will look
like this (left: dispersion along [0001], right: dispersion along [110]):

These three figures are in excellent agreement to Fig. 1 of the paper by [Jeonl996]. The dispersion along the
hexagonal c axis is substantially different from the dispersion in the plane perpendicular to the c axis. The ef-
fective mass approximation is indicated by the dashed, gray lines. For the heavy holes (A), the effective mass
approximation is very good for the dispersion along the c axis, even at large k vectors.

For comparison, the single-band (effective-mass) dispersion is also shown. For ZnS, it corresponds to the following
effective hole masses:

valence_bands{
HH{ mass_1 = 2.23 mass_t 0.35} # [mO®] heavy hole A (2.23 along c axis)
LH{ mass_1 0.53 mass_t 0.485} # [mO®] light hole B (0.53 along c axis)
SO0{ mass_1 = 0.32 mass_t = 0.75} # [mO@] crystal hole C (0.32 along c axis)
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6x6 k.p hole dispersion of bulk ZnS (wurtzite)
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energy (eV)
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Figure 6.4.9.14: Calculated 1-band (dotted gray) and k.p dispersion of HH (A, black), LH (B, red) and CH (C,
blue) valence bands (unstrained).

6x6 k.p hole dispersion of bulk CdS (wurtzite)
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Figure 6.4.9.15: Calculated 1-band (dotted gray) and k.p dispersion of HH (A, black), LH (B, red) and CH (C,
blue) valence bands (unstrained).

6x6 k.p hole dispersion of bulk CdSe (wurtzite)
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Figure 6.4.9.16: Calculated 1-band (dotted gray) and k.p dispersion of HH (A, black), LH (B, red) and CH (C,
blue) valence bands (unstrained).
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The effective mass approximation is a simple parabolic dispersion which is anisotropic if the mass tensor is
anisotropic (i.e. it also depends on the k vector direction).

One can see that for |k| < 0.5 [1/nm] the single-band approximation is in excellent agreement with 6-band k.p, but
differs at larger |k| values substantially.

Plotting £(k) in three dimensions

Alternatively one can print out the 3D data field of the bulk E(k) = E(k,, k,, k.) dispersion.

full{ # 3D dispersion on rectilinear grid in k-space

name = "3D"
position{ x = 5.0 }
kxgrid {
line{ pos = -1 spacing = 0.04 }
line{ pos = 1 spacing = 0.04 }
}
kygrid {
line{ pos = -1 spacing = 0.04 }
line{ pos = 1 spacing = 0.04 }
}
kzgrid {
line{ pos = -1 spacing = 0.04 }
line{ pos = 1 spacing = 0.04 }
}
shift_holes_to_zero = yes
}

k.p dispersion in bulk unstrained ZnO

Figure 6.4.9.17 shows the bulk 6-band k.p energy dispersion for ZnO. The gray lines are the dispersions assuming
a parabolic effective mass.

6x6 k.p hole dispersion of bulk ZnO
A \

s0f c

-25

energy (meV)

-75

-100
-1.0 -0.5 0.0 0.5 1.0

k. K (1/nm) k,

Figure 6.4.9.17: Calculated parabolic effective mass (dotted, gray) and k.p dispersion of HH (A, black), LH (B,
red) and CH (C, blue) valence bands (unstrained).
The following files are plotted:
* bulk_6x6kp_dispersion_as_in_inputfile_kxkykz_000_kxkykz.dat
* bulk_sg_dispersion.dat
The files
e bulk_6x6kp_dispersion_axis_-100_000_100.dat and
* bulk_6x6kp_dispersion_diagonal_-110_000_1-10.dat
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contain the same data because for a wurtzite crystal due to symmetry. The dispersion in the plane perpendicular to
the &, direction (corresponding to [0001]) is isotropic.

Last update: nn/nn/nnnn

Energy dispersion of holes in a quantum well

Input files:
* IDwell_GaAs_AlAs_nnp.in
e IDwell_GaSb_AISb_nnp.in
e IDwell_InGaAs_InP_nnp.in

Scope:
In this tutorial we aim to reproduce results of [FranceschiJancuBeltram1999] and [Holleit-
ner2007].

a) Unstrained GaAs/AlAs quantum well

Input file: /Dwell_GaAs_AlAs_nnp.in

This input file simulates a GaAs (well)/ AlAs (barrier) structure - The well is 17 molecular layers thick (4.8 nm),
located between x = 20 nm and z = 24.8 nm.

Figure 6.4.9.18 shows the valence band edges of the quantum well structure together with three quantized states.
The heavy and light hole band edges are degenerate. The red band is the split-off hole band edge. Note that these
artificial band edges correspond to the bulk band edges. Also shown are the probability densities of the three
uppermost subbands (¥2). Note that each eigenstate is twofold spin-degenerate at k)| = 0. These eigenfunctions
are plotted as positions on the energy scale that correspond to their eigenenergies, i.e. U2 + eigenvalue (V). The
energy scale is shifted by -1.45967 eV to refer to the bulk valence band edge of the quantum well material, i.e. the
GaAs valence band edge (hh, 1h) is at O eV.

GaAs/AlAs QW
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Figure 6.4.9.18: Calculated valence band edges with W2 of the lowest hole states.
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We use a 6-band k.p model for the holes.

quantum {

}

region{

name = "quantum_region"

x = [10, 34.8]

no_density = yes

boundary{ x = dirichlet }

kp_6band{ # 6-band k.p model
num_ev = 10 # number of hole states
dispersion{

3

k_integration{

}
}
output_wavefunctions{ # k.p output
max_num = 9999
all_k_points = yes
amplitudes = no
probabilities = yes

Database: We used the Luttinger parameters (71, 2, 7y3) given in [FranceschiJancuBeltram1999] and also their
valence band offset (0.5 eV). The conversion from Luttinger parameters to Dresselhaus parameters (L, M, N) is
described here. For details on the bandoffset see ere. So the changes to the database_nnp.in file are as follows:

database{
binary_zb{
name = AlAs
valence = III_V

valence_bands{
bandoffset = 0.86633 # Ev,av [eV]

binary_zb{

}

kp_6_bands{ # Dresselhaus parameters
L =-7.64 # [hbar+2/2m]
M=-3.50 # [hbar+2/2m]
N = -8.76 # [hbar+2/2m]

}

hame = GaAs

valence = III_V

valence_bands{
bandoffset = 1.346 # Ev,av [eV]
}

kp_6_bands{ # Dresselhaus parameters
L = -16.050 # [hbar*2/2m]
M -4.050 # [hbar+2/2m]
N = -18.000 # [hbar*2/2m]

(continues on next page)
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(continued from previous page)

}

The valence band offset between InAs and GaAs is 0.5 eV ([FranceschiJancuBeltram1999]) and calculated as
follows:

(EGaAs + AggAs/3) _ (EInAs + AénoAs/?))

v,av v,av

= (1.346 + 0.341/3) — (0.86633 + 0.28/3) = 0.5¢V/

k|, dispersion for the three uppermost subbands

The eigenvalues are twofold degenerate due to spin (and because the quantum well is symmetric). Thus, eigenvalue
1 and 2 correspond to Figure 6.4.9.19, 3 and 4 to Figure 6.4.9.20 and 5 and 6 to Figure 6.4.9.21. For the following
three pictures, the energy is referred to the bulk valence band edge of the quantum well material, i.e. hh/lh(GaAs)
=0 eV. The colors and the color bar correspond to the energy given in eV. The x and y coordinate axes refer to the
in-plane wave vector. The units are in 1/Angstrom.

-0.034

-0.043

-0.06 -0.02

Figure 6.4.9.19: Subband 1 (eigenvalue 1 and 2)

Now we will plot a cut through the above three pictures from [010] to the zone center and from the
zone center to [011], see Figure 6.4.9.22. This plot was obtained by plotting the following file: disper-
sion_quantum_region_kp6_kpar_10_00_11.dat.
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-0.070

-0.0749

-0.109

Figure 6.4.9.20: Subband 2 (eigenvalue 3 and 4)
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-0.1490

-0.2m

Figure 6.4.9.21: Subband 3 (eigenvalue 5 and 6)
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The value of the abscissa is found as follows:

¢ From [10] to zero we just take —k,,.

* From zero to [11] we take /&2 + k2.

——h1, h2 (nonsymm.)
——h3, h4 (nonsymm.)

Valence band structure of a ——h5, h6 (nonsymm.)
0.00 4.8 nm GaAs/AlAs quantum well |——h1, h2 (symm.)
——h3, h4 (symm.)
——h5, h6 (symm.)
-0.05
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> o010f _ —
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g
o
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o
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M
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20.10 0,05 0.00 0.05 0.10
[010] in-plane wave vector (1/Angstrom) [011]

Figure 6.4.9.22: Calculated valence band structure of a GaAs/AlAs QW.

The above figure shows the eigenvalues as a function of k|| vector. The three lines correspond to the upper three
eigenvalues (which are two-fold spin-degenerate) as shown in the above QW figure. The thick lines are for the
nonsymmetrized k.p Hamiltonian (which is closer to the more accurate tight-binding results), the thin lines are
for the symmetrized k.p Hamiltonian. The two sets of k.p subbands coincide at the Brillouin-zone center (i.e. at
kj = 0). They do not show pronounced discrepancies at nonzero in-plane k vectors. This follows from the rather
small difference between the effective-mass parameters of GaAs and AlAs. Obviously, for larger k£ values, the
discrepancies are more significant.

Symmetrized vs. nonsymmetrized k.p Hamiltonian

Note: In nextnano++ the symmetrized k.p Hamiltonian is not implemented. Only nextnano’ allows switching
between the k.p dispersion for the nonsymmetrized and symmetrized k.p Hamiltonian by an explicit keyword.

$numeric-control

simulation-dimension =1
kp-vv-term-symmetrization = no ! nonsymmetrized k.p Hamiltonian
lkp-vv-term-symmetrization = yes ! symmetrized k.p Hamiltonian

b) Tensely strained GaSb/AlSb quantum wells

Input file: 1Dwell_GaSb_AIlSb_nnp.in

Figure 6.4.9.23 reproduces Fig. 2 of [FranceschiJancuBeltram1999] very well. It is a tensely strained 5.1 nm
GaSb quantum well embedded between unstrained AlSb barriers. The biaxial strain is 0.65 % and breaks the
degeneracy of the bulk heavy and light hole band edge. Now the light hole band edge lies above the heavy hole
band edge.

The figure shows that the first two subbands are nearly degenerate at the Brillouin zone center and show strong
coupling.

A large discrepancy between the nonsymmetrized and the symmetrized k.p Hamiltonian can be seen. (See also
the discussion in [FranceschiJancuBeltram1999] and their tight-binding results.)
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——nh1, h2 (nonsymm.)

Valence band structure of a ===h3, h4 (nonsymm.)

2 2 = h5, h6 (nonsymm.)
0.00 tensilely strained h, h2 (symm.)
5.1 nm GaSb/AISb quantum well h3, hd (symm.)
——h5, h6 (symm.)

energy (eV)

.10 0,05 0.00 0.05 0.10
[010] in-plane wave vector (1/Angstrom) [011]

Figure 6.4.9.23: Calculated valence band structure of a tensely strained Ga.Sb/AlSb QW.

c) Tensely strained Ing 435Gag 57 As/InP quantum wells

Input file: 1Dwell_InGaAs_InP_nnp.in

The following figure reproduces Fig. 3 of [FranceschiJancuBeltram1999] very well. It is a tensely strained 5.7
nm Ing43Gag.57As quantum well embedded between unstrained In P barriers. The biaxial strain is 0.73 % and
breaks the degeneracy of the bulk heavy and light hole band edge. Now the light hole band edge lies above the
heavy hole band edge.

Valence band structure of a
N N = h1, h2 (nONSymm.)
tensilely strained ——h3, h4 (nonsymm.)

15.7nm In‘mGan s,I\sIInP quantum well |=——h5, h6 (nonsymm.)
——h1, h2 (symm.)
h3, hd (symm.)
|=—h5, h6 (symm.)

0.20 4 . . ) ‘
20.10 0.05 0.00 0.05 0.10
[010] in-plane wave vector (1/Angstrom) [011]

energy (eV)
s

Figure 6.4.9.24: Calculated valence band structure of a tensely strained Ing 43Gag 57 As/InP QW.

Again, a large discrepancy between the nonsymmetrized and the symmetrized k.p Hamiltonian can be seen. (See
also the discussion in [FranceschiJancuBeltram1999] and their tight-binding results.)

d) Strained In2GagsAs/GaAs quantum well

Input files:
e IDIn20Ga80AsQW_75nm_sg.in
e IDIn20Ga80AsQW_75nm_kp.in
* IDIn20Ga80AsQW_75nm_kp_dispersion.in
These input files have been used for Fig. 8 in the following paper: [Holleitner2007].
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1DIn20Ga80AsQW_75nm_sg.in

A 7.5 nm Ing2GapsgAs quantum well is sandwiched between two GaAs layers. The quantum well is grown
pseudomorphically on a GaAs substrate and is thus strained compressively with respect to the Ga As substrate.

The GaAs is n-type doped with Si with a concentration of 3 - 10'7 cm™ in the regions between 2 = 50 nm and z
= 80 nm and between x = 127.5 nm and z = 137.5 nm.

Consequently, we first have to solve the single-band Schrodinger equation together with the Poisson equation self-
consistently, in order to obtain the electrostatic potential. The electron ground state is below the Fermi level.

0.2+ o
] hh
0.1 Ih
A~ Fermi
p ?_/ | 1 "-\.I E1
00 - < L)~ e2
= | } hh1
L hh2
5 01 —— hh3
e 087 Ih1
$ -09 el -hh1 =1.339 eV (nextnano®)
-1.0 = 1.33 eV (experiment)
1.4 4
-1.2 - I
| )
1 ] i
-1.4 5 m—, || -
-15 ] - i
Ll | f | v | L | v | 1 I ¥ | Ll | J ] ! | J I J 1
5K -20 0 20 40 60 80 100 120 140 160 180 200 220
effective mass approximation distance (nm)

Figure 6.4.9.25: Calculated band edge profile of a compressively strained Ing 2Gag sAs/GaAs QW (single-band
Schrédinger equation).

1DIn20Ga80AsQW_75nm_kp.in

The calculated electrostatic potential is read in and then the 8-band k.p equation is solved to get the eigenstates for
k)| = 0. The calculated transition energy between the ground state electron and the ground state (heavy) hole is
1.340 eV. (Note: The exciton correction has not been considered and is of the order 4 meV.)

For k|| = 0, the three highest hole states have heavy hole character whereas the forth state has light hole character.
No further states are confined. The split-off hole band edge is far away from the heavy and light hole band edges
(~0.3¢eV).
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Figure 6.4.9.26: Calculated band edge profile of a compressively strained Ing 2Gag s As/GaAs QW (8-band k.p).

Heavy hole, light hole and split-off hole valence band edges and
the wavefunctions (psi?) of the four confined hole states
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Figure 6.4.9.27:
Ing 2GagsAs/GaAs QW (8-band k.p).
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Calculated valence band structure and lowest hole states of a compressively strained
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1DIn20Ga80AsQW_75nm_kp_dispersion.in

We read in the electrostatic potential again and calculate the 8-band k.p dispersion for kj; # 0. This time the
calculation is more time-consuming as the Schrodinger equation has to be solved for 250 different k| points, i.e.
the CPU time is 250 times larger than for k|| = 0 only.

For |k;|| | <=0.02 1/Angstrom, the directions [10] and [11] are practically identical for the uppermost hole level, see
Figure 6.4.9.28.

k‘ dispersion in a strained In _Ga As QW
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-0.10 -0.05 0.00 0.05 0.10 0.15
[010] =— k vector (1/Angstrom) —[011]

Figure 6.4.9.28: Calculated subband dispersions in Ing 2GaggAs/GaAs QW.

Figure 6.4.9.29 shows the k| dispersion of the highest hole state (hl). The x axis shows the kx value between
-0.10 [1/Angstrom] and 0.10 [1/Angstrom], the y axis shows k,. The maximum energy of the hole state occurs at
-1.3603 eV at (k, k) = (0, 0), i.e. in the center of the figure (Gamma point).

Last update: nn/nn/nnnn

k.p dispersion of an unstrained GaN QW embedded between strained AlGaN layers

Input files:

e IDGaN_AlGaN_QW_k_zero_nnp.in
IDGaN_AlGaN_QW_k_parallel_nnp.in
IDGaN_AlGaN_QW_k_zero_10mi10_nnp.in
IDGaN_AlGaN_QW_k_parallel_10m10_nnp.in
IDGaN_AlGaN_QW_k_parallel_10m10_whole_nnp.in

Scope:
In this tutorial we aim to reproduce results of [Park2000]. The material parameters are taken
from [ParkChunag2000], except those listed in Table 1 of [Park2000].

[0001] growth direction
Calculation of electron and hole energies and wave functions for k) = 0

Input file: IDGaN_AlGaN_QW _k_zero_nnp.in

The structure consists of a 3 nm unstrained GaN quantum well, embedded between 8.4 nm strained Al 2Gaggs N
barriers. The AIGaN layers are strained with respect to the GaN substrate. The GaN quantum well is assumed
to be unstrained.

The structure is modeled as a superlattice (or multi quantum well, MQW), i.e. we apply periodic boundary condi-
tions to the Poisson equation.
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Figure 6.4.9.29: Calculated dispersion of hl state in a Ing2GagsAs/GaAs QW.
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The growth direction is along the hexagonal axis, i.e. along [0001].
Conduction and valence band profile

Figure 6.4.9.30 shows the conduction and valence (heavy hole, light hole and crystal-field split-off hole) band edges
of our structure, including the effects of strain, piezo- and pyroelectricity. The ground state electron and the ground
state heavy hole wave functions (¥?) are shown. Due to the built-in piezo- and pyroelectric fields, the electron
wave function are shifted to the right and the hole wave function to the left (Quantum Confined Stark Effect, QCSE)

3.0+
AIO.ZGaD.BN GaN Aln.zsan.sN

254

S 154 cb
2 ——hh
& 104 -

g T ]
£ 1 ch
o el

distance (nm) ——————— [0001]

Figure 6.4.9.30: Calculated band edge profile.

Strain

The strain inside the GaN quantum well layer is zero. The tensile strain in the Aly2Gag.gN barriers has been
calculated to be

Gsubstrate — @
Coa = gy =~ = 0.486.

[Park2000] gives a value of 0.484.
The output of the strain tensor can be found in this file: strain\strain_crystal.dat
Piezoelectric polarization

The piezoelectric polarization for the [0001] growth direction is zero inside the GaN QW, because the strain is zero
in the QW. In the Aly 2Gag g N barriers, the piezoelectric polarization has been calculated to be 0.0081 C/m? in
agreement with Fig. 1(a) of [Park2000] for angle 6 = 0. The resulting piezoelectric polarization

e at the Aly2GagsN/GaN interface -0.0081 C/m? and
e at the GaN/Aly 2GaggN interface is 0.0081 C/m?.
Pyroelectric polarization

The pyroelectric polarization for the [0001] growth direction is -0.029 C/m” inside the GaN QW. In the
Aly.2GaggN barriers, the pyroelectric polarization has been calculated to be -0.0394 C/m?. The resulting py-
roelectric polarization

» at the Aly.2GagsN/GaN interface is -0.0104 C/m? and

* at the GaN/Alg2Gag.gN interface is 0.0104 C/m?.
These results are in excellent agreement with Fig. 1(a) of [Park2000] for angle 6 = 0.
Poisson equation

Solving the Poisson equation with periodic boundary conditions (to mimic the superlattice) leads to the following
electric fields: Inside the GaN QW the electric field has been calculated to be -1.551 MV/cm. [Park2000] reports
an electric field of -1.55 MV/cm inside the QW. The electric field in the AlGaN barrier has been found to be 0.554
MV/cm.
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The output of the electrostatic potential (units [V]) and the electric field (units [kV/cm]) can be found in these files:
* bias_00000\potential
* bias_00000\electric_filed.dat

Schrodinger equation

Figure 6.4.9.31 shows the electron and hole wave functions (¥2) of the GaN/AlGaN structure for k| = 0. The
heavy and light hole wave functions are very similar in shape.

In agreement with [Park2000], we calculated the electron levels within the single-band effective mass approxima-
tion and the hole levels within the 6-band k.p approximation.

i Al ,Ga N GaN Al ,Ga N

20 \I—’fgaf:;\"i’@\
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energy (eV)

distance (nm) —— = [0001]

Figure 6.4.9.31: Calculated wave functions of lowest eigenstates.

k|, dispersion: Calculation of the electron and hole energies and wave functions for k; # 0.

Input file: IDGaN_AlGaN_QW_k_parallel_nnp.in

The grid has a spacing of 0.1 nm leading to a sparse matrix of dimension 1050 which has to be solved for each k|,
point for the eigenvalues (and wave functions).

We chose as input:

calculate_dispersion{

num_points = 1849 # This corresponds to 1849 k|| points in the 2D (kx,ky) plane,.
—i.e. (2 %21+ 1) * (2 * 21 + 1) = 1849.
}

Due to symmetry arguments, we solved the Schrodinger equation only for the k) points along the line (k, > 0, k,
= 0), i.e. we had to solve the Schrodinger equation 22 times (i.e. to calculate the eigenvalues of a 1050 x 1050
matrix 22 times).

The energy dispersion FE(k) = E(ky,k.) displayed in Figure 6.4.9.32 is contained in this folder:
bias_00000\Quantum\Dispersion

Because our quantum well is not symmetric (due to the piezo- and pyroelectric fields), the eigenvalues for spin
up and spin down are not degenerate anymore. They are only degenerate at k|| = 0. This lifting of the so-called
Kramer’s degeneracy in the in-plane dispersion relations is because of the field-induced asymmetry. In Fig. 3 (a) of
[Park2000] only the spin-up eigenstates are plotted because the splitting of the Kramer’s degeneracy was assumed
to be very small.
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Figure 6.4.9.32: Calculated energy dispersion E(k||) = E(ky, k.).

[10-10] growth direction (m-plane)

Input file: IDGaN_AlGaN_QW_k_zero_10m10_nnp.in

If one grows the quantum well along the [10-10] growth direction, then the pyroelectric and piezoelectric fields
along the [10-10] direction are zero. In this case, the quantum well (i.e. the conduction and valence band profile)
is symmetric.

Figure 6.4.9.33 shows the electron and hole wave functions (%) of the (10-10)-oriented GaN/AlIGaNQW for
Ky = 0. Obviously, the interband transition matrix elements (i.e. the probability for electron-hole transitions) are
much larger than for the [0001] growth direction.

In agreement with [Park2000], we calculated the electron levels within the single-band effective mass approxima-
tion and the hole levels within the 6-band k.p approximation.
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Figure 6.4.9.33: Calculated wave functions of lowest eigenstates.
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k|, dispersion: Calculation of the electron and hole energies and wave functions for k;, # 0.

Input file: IDGaN_AlGaN_QW_k_parallel_10m10_nnp.in

Due to the symmetry of the quantum well, we expect degenerate eigenvalues for the in-plane dispersion relation
(Kramer’s degeneracy). Our results, depicted in Figure 6.4.9.34, compare well with Fig. 3(c) of [Park2000].
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Figure 6.4.9.34: Calculated energy dispersion E(k||) = E(k,, k).

Last update: nn/nn/nnnn

Energy dispersion of a cylindrical shaped GaN nanowire

Input files:
* 2DGaN_nanowire_nnp.in

Scope:
In this tutorial we study the electron and hole energy levels of a two-dimensional freestanding
GaN nanowire of cylindrical shape. We aim to reproduce results of [ZhangXia2006].

Output files:
* bias_00000\Quantum\Dispersions\dispersion_quantum_region_kp6_path_as_in_input_file.dat
* bias_00000\Quantum\probabilities_quantum_region_kp6_00000.fld

Introduction

We assume a cylindrical shaped GaN nanowire (wurtzite structure) that has a radius of 2 nm with infinite barriers
so that the wave functions are zero at the nanowire boundary. This assumption is consistent to /[ZhangXia2006].
The GaN nanowire is shown in red in Figure 6.4.9.35. The GaN nanowire is discretized on a mesh with a grid
resolution of 0.05 nm.

458 Chapter 6. nexthano++



nextnano Documentation, Release August 2024

GaN nanowire

Figure 6.4.9.35: GaN nanowire structure.
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Electrons

Figure 6.4.9.36 shows the electron states as a function of & of the GaN nanowire. It is in excellent agreement with
Fig. 1 of [ZhangXia2006]. All states are two-fold degenerate due to spin. In addition, the 2nd and 3rd state are
degenerate, as well as the 4th and the 5th. The ground state has quantum number L = 0. For L # 0, the states
are degenerate due to L = £ 1. The energy levels increase with increasing & as quadratic terms of k (parabolic
dispersion).

Technical details: We calculated the electron energy levels at &, = 0 with nextnano++ numerically by solving the
2D single-band Schrédinger equation. The parabolic dispersion for k, # 0 has been calculated analytically using

h2k?2
ie. not with nextnano++. The eigenvalues for k, = 0 can be found in the following file:

bias_00000\Quantum\energy_spectrum_quantum_region_Gamma_00000.dat

Electron states of a cylindrical GaN nanowire

ed, e5
r=2nm

single-band approximation e2,ed

el

——e5
—ed
—g3
e2
el

energy (eV)

m_*=0.20m,

35 - T v T T T T T T T g T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

k (1/Angstrom)

Figure 6.4.9.36: Energy dispersion F/(k) of electron states.

The wave function (¥2) of the electron ground state at &k = 0 is shown in Figure 6.4.9.37.

Holes

The following figures show the ground state wave function (psi*2) of the hole (Figure 6.4.9.38) and the 1st excited
hole state (Figure 6.4.9.39) as calculated within the 6-band k.p approximation at k = 0. According to the above cited
paper, the right figure would be the ground state for Ga N nanowires with aradius 7 < 0.7 nm. Because our nanowire
has a radius of 2 nm, the ground state wave function is according to the left figure. Following [ZhangXia2006],
this means that the probability for electron-hole transitions (el - h1) is not very high at a radius of 2 nm because
the wave functions don’t have much overlap and the electron ground state has L = 0, whereas the hole ground state
has L = &+ 1 (dark exciton effect).

Figure 6.4.9.40 shows the hole states as a function of & of the GaN nanowire as calculated with 6-band k.p theory.
It corresponds to Fig. 2 and Fig. 3 of the paper of [ZhangXia2006]. Note that the authors assumed the hole
energies to be positive. All states are two-fold degenerate, i.e. hl =h2, h3 = h4, hS =h6, ...

The nextnano++ results are a bit different. Several reasons could explain this:

* The authors use the “cylindrical approximation” for the k.p parameters. However, the parameters that they
are citing are not exactly cylindrical. Thus, for our calculations, we had to employ the parameters that they
were citing (without making use of the cylindrical approximation).

* Our cylinder does not have exactly cylindrical symmetry. It is approximated to be cylindrical by a rectangular
grid with a grid resolution of 0.05 nm.

¢ For the k.p parameters that are given in [ZhangXia2006], it must hold that

460 Chapter 6. nexthano++



nextnano Documentation, Release August 2024

electron ground state

0.06

Figure 6.4.9.37: W2 of electron ground state.
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hole ground state

0.04

Figure 6.4.9.38: U2 of hole ground state.

462 Chapter 6. nexthano++



nextnano Documentation, Release August 2024

hole 1st excited state

Figure 6.4.9.39: W2 of 1st excited hole state.

6.4.

Tutorials

463



nextnano Documentation, Release August 2024

1
A5 = §(L1 — My)
is equal to
A5 = *Nl.

However, they differ by 0.0064.

Hole states of a cylindrical GaN nanowire —"
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Figure 6.4.9.40: Energy dispersion F (k) of hole states.

The data that has been plotted in Figure 6.4.940 is contained in this file:
bias_00000\Quantum\Dispersions\dispersion_quantum_region_kp6_lines_typel _00-1_001.dat

In the input file, one can specify the number of k| = k, points.

quantum{
region{
kp_6band{
dispersion{
line{
name = "lines"
spacing = 2 * $k_max / $number_of_k_parallel_points # Unit: [nm-
<1].
k_max = $k_max # specifies a.
—maximum absolute value (radius) for the k-vector. Unit: [nm-1].
}
}
}
}
}

Note thate.g. $number_of_k_parallel_points = 41 means 14 minutes CPU time (Intel i5, 2015). If one uses
only 1, then one only calculates the k.p states at &k, = 0 and the calculation takes less than a minute.

[ZhangXia2006] used the following 6-band k.p parameters:

 Crystal field and spin-orbit splitting energies:

A, = 0.021
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Ag, =0.018
e “Dresselhaus” parameters:
[ZhangXia2006] | nextnano++
L =6.3055 L1 =-6.3055-1=-7.3055 | = The definition of the k.p Hamiltonians dif-
fers.
M =0.1956 M; =-0.1956-1=-1.1956 | = The definition of the k.p Hamiltonians dif-
fers.
N =0.3813 M5 =-0.3813-1=-1.3813 | = The definition of the k.p Hamiltonians dif-
fers.
R =6.1227 Ny =-0.3813-1=-6.1227
S =0.4335 M35 =-0.4335-1=-1.4335 | = The definition of the k.p Hamiltonians differs
T =7.3308 Ly =-7.3308-1=-8.3308 | = The definition of the k.p Hamiltonians differs
Q =4.0200 Ny =-4.0200
* Conversion to “Luttinger” parameters:
Ay =Ly +1=-8.3308 + 1=-7.3308 = The definition of the k.p Hamiltonians differs.
Ay =Ms+1=-14335+1=-04335 => The definition of the k.p Hamiltonians differs.

Az =My - Ly =-0.3813 + 7.3308 = 6.9495

Ay =12 (L1 + M, -2 M;) = -2.81705

As=1/2 (L1 - My) =-3.05495 = inconsistent to -3.06135

As =1/2 (N7) =-3.06135 = inconsistent to -3.05495

Ag = V/2/2N, = -2.84256926

Cylindrical (axial) approximation:

o [ZhangXia2006]:

L-M-R=0
* nextnano++:
Ly—M —N; =0
= (Aa+As+A5—-1)— (A3 + Ay — A5 — 1) — 245 = 0.
A — Ay =—-A3 =244
Az + 445 = V24,
1

Ay = A3 = gAso

Last update: nn/nn/nnnn

— SOON — Electronic band structure of 2DHG in Silicon inversion layers under pseudomorphic

strain | 1D

Input files in examples\electronic_band_structures\:
* band-structure-kp_inv-layer-Si_Fischetti_2003_1D_(001)_nnp.in
* band-structure-kp_inv-layer-Si_Fischetti_2003_1D_(011)_nnp
* band-structure-kp_inv-layer-Si_Fischetti_2003_1D_(111)_nnp
* band-structure-kp_inv-layer-Si_Fischetti_2003_1D_(001)_tensile_nnp
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* band-structure-kp_inv-layer-Si_Fischetti_2003_1D_(001)_compressive_nnp
Relevant output files:

* bias_00000\Quantum\probabilities_shift_quantum_region_kp6_00000.dat

* bias_00000\Quantum\Dispersions\dispersion_quantum_region_kp6_XXXX.fld

This tutorial aims to reproduce the figures presented in [FischettiJAP2003 ] Note that the crystal growth direction
is along the z axis although it becomes along x axis in nextnano—++.

Unstrained silicon inversion layer with (001) surface orientation

kpdispersion_Si_Fischetti_2003_1D_(001)_nnp is used in this section.
The figures below (Figure 6.4.9.41) aim to reproduce Fig.1(a), and Fig.4(a) of [FischettiJAP2003].

0.4 0.5
(001) surface (a) === Eupppneiny
; -~ Eusoy
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Figure 6.4.9.41: Some characteristics of the unstrained silicon inversion layer with (001) surface orientation.

Figure 6.4.9.41 (a) shows the valence edges (where the heavy and light hole band edges are degenerate) and the six
lowest hole wave functions of a Si inversion layer (triangular-well approximation) for k = 0 (i.e. k, = k, = 0)
where the z axis is oriented along the [001] direction.

The potential energy of the well is given by

V(Z') = eFy2'

where Fy is the surface field. In the figure, the electric field is F; = —1000 kV /cm. Note that in the figure z is
shiftedby I nm: V(z = 1) = V (2’ = 0). One can clearly distinguish the holes by their characters (heavy-hole-like,
light-hole-like, split-oftf-hole-like).

The energies of the six lowest-lying hole subbands for the (001) surface of the unstrained Si inversion layer are
plotted as a function of the applied electric field (i.e. as a function of the triangular-well potential) in Figure 6.4.9.41
(b). The subband energies are measured from the surface potential. Our results are in excellent agreement with
Fischetti’s results. The symbols are calculated values, the connecting lines are added as a guide to the eye. The
hole energies are taken to be positive, in contrast to the figure above (Figure 6.4.9.41 (a)) The labels of the curves
(hh, 1h, and so) are taken from Fischetti’s paper. We do not perform this analysis within nextnano++ because it is
not important for quantitative results.
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Figure 6.4.9.41 (c), (d), and (e) show the equienergy lines of the lowest lying heavy hole, light hole, and split-off
hole subbands for the (001) surface of the unstrained silicon, respectively. Only one spin state is plotted for clarity.
The x axis points along the [100], the y axis along the [010] direction of the crystal coordinate system.

The eigenvalues are spin-degenerate only at k = (k;,k,) = 0, but differ for non-zero k. The plots show the
k| dispersions of the lowest heavy hole (1st eigenstate, (c)), the lowest light hole (3rd eigenstate, (d)), and the
lowest split-off hole (5th eigenstate, (e)).

Unstrained silicon inversion layer with (011) surface orientation

kpdispersion_Si_Fischetti_2003_I1D_(011)_nnp is used in this section.
The figures below (Figure 6.4.9.42) aim to reproduce Fig.2(a), and Fig.4(b) of [FischettiJAP2003].
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Figure 6.4.9.42: Some characteristics of the unstrained silicon inversion layer with (011) surface orientation.

Figure 6.4.9.42 (a) shows the valence edges (where the heavy and light hole band edges are degenerate) and the six
lowest hole wave functions of a Si inversion layer (triangular-well approximation) fork = 0 (i.e. k, = k, = 0)
where the z axis is oriented along the [011] direction. The potential energy of the well is given in the same way as
in Figure 6.4.9.41, with a magnitude of —1000 kV /cm. One can clearly distinguish the holes by their characters
(heavy-hole-like, light-hole-like, split-off-hole-like).

The energies of the six lowest-lying hole subbands for the (011) surface of the unstrained Si inversion layer are
plotted as a function of the applied electric field in Figure 6.4.9.42 (b). The subband energies are measured from
the surface potential. Our results are in excellent agreement with Fischetti’s results. The plotting method is the
same as in Figure 6.4.9.41 (b), and we also do not perform an analysis on the labels (hh, 1h, and so) of each curve.

Figure 6.4.9.42 (c), (d), and (e) show the equienergy lines of the lowest lying heavy hole, light hole, and split-off
hole subbands for the (011) surface of unstrained silicon, respectively. Only one spin state is plotted for clarity.
The x axis points along the [100], the y axis along the [011] direction of the crystal coordinate system.

The eigenvalues are spin-degenerate only at k = (k., k,) = 0, but differ for non-zero k. The plots show the kj,
dispersions of the lowest heavy hole (1st eigenstate, (c)), the lowest light hole (5th eigenstate, (d)), and the lowest
split-off hole (9th eigenstate, (e)).
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Unstrained silicon inversion layer with (111) surface orientation

kpdispersion_Si_Fischetti_2003_I1D_(111)_nnp is used in this section.
The figures below (Figure 6.4.9.43) aim to reproduce Fig.3(a), and Fig.4(c) of [FischettiJAP2003].
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Figure 6.4.9.43: Some characteristics of the unstrained silicon inversion layer with (111) surface orientation.

Figure 6.4.9.43 (a) shows the valence edges (where the heavy and light hole band edges are degenerate) and the six
lowest hole wave functions of a Si inversion layer (triangular-well approximation) fork = 0 (i.e. k;, = k, = 0)
where the z axis is oriented along the [111] direction. The potential energy of the well is given in the same way as
in Figure 6.4.9.41, with a magnitude of —1000 kV /cm.

The energies of the six lowest-lying hole subbands for the (111) surface of the unstrained Si inversion layer are
plotted as a function of the applied electric field in Figure 6.4.9.43 (b). The subband energies are measured from
the surface potential. Our results are in excellent agreement with Fischetti’s results. The plotting method is the
same as in Figure 6.4.9.41 (b), and we also do not perform an analysis on the labels (hh, lh, and so) of each curve.

Figure 6.4.9.43 (¢), (d), and (e) show the equienergy lines of the lowest lying heavy hole, light hole, and split-off
hole subbands for the (111) surface of unstrained silicon, respectively. Only one spin state is plotted for clarity.
The x axis points along the [112], the y axis along the [110] direction of the crystal coordinate system.

The eigenvalues are spin-degenerate only at k = (k,, k,) = 0, but differ for non-zero k. The plots show the
kH dispersions of the lowest heavy hole (1st eigenstate, (c)), the lowest light hole (3rd eigenstate, (d)), and the
lowest split-off hole (9th eigenstate, (e)).

1% tensilely strained silicon inversion layer with (001) surface orientation

kpdispersion_Si_Fischetti_2003_1D_(001)_tensile_nnp is used in this section.
The figures below (Figure 6.4.9.44) aim to reproduce Fig.5(a), and Fig.7(a) of [FischettiJAP2003].

Figure 6.4.9.44 (a) shows the valence edges (where the heavy and light hole band edges are no longer degenerate)
and the six lowest hole wave functions of a tensilely strained Si inversion layer (triangular-well approximation) for
k = 0 (i.e. k; = k, = 0) where the z axis is oriented along the [001] direction. The tensile in-plane strain in
the (z,y) plane is 1 %. The potential energy of the well is given in the same way as in Figure 6.4.9.41, with a
magnitude of —1000 kV /cm.

The energies of the six lowest-lying hole subbands for the (001) surface of the tensilely strained Si inversion layer
are plotted as a function of the applied electric field in Figure 6.4.9.44 (b). The subband energies are measured
from the surface potential which is assumed to be at 0 eV for the unstrained valence band edges. After application
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Figure 6.4.9.44: Some characteristics of the 1 % tensilely strained silicon inversion layer with (001) surface orien-
tation.

of strain, the highest valence band edge is the light hole band edge at 96.72 meV. Our results are in excellent
agreement with Fischetti’s results.

At low electric fields (—300 kV/cm and —400 kV /cm), the third hole eigenstate is the second light hole state
(Ih2), whereas for higher fields this is the split-off hole state (sol).

The plotting method is the same as in Figure 6.4.9.41 (b), and we also do not perform an analysis on the labels (hh,
l1h, and so) of each curve.

Figure 6.4.9.44 (c), (d), and (e) show the equienergy lines of the lowest lying heavy hole, light hole, and split-off
hole subbands for the (001) surface of 1 % tensilely strained silicon, respectively. Only one spin state is plotted for
clarity. The x axis points along the [100], the y axis along the [010] direction of the crystal coordinate system.

The eigenvalues are spin-degenerate only at k = (k,,k,) = 0, but differ for non-zero k. The plots show the
k) dispersions of the lowest light hole (1st eigenstate, (d)), the lowest heavy hole (3rd eigenstate, (c)), and the
lowest split-off hole (5th eigenstate, (e)).

1% compressively strained silicon inversion layer with (001) surface orientation

kpdispersion_Si_Fischetti_2003_1D_(001)_compressive_nnp is used in this section.
The figures below (Figure 6.4.9.45) aim to reproduce Fig.6(a), and Fig.7(b) of [FischettiJAP2003].

Figure 6.4.9.45 (a) shows the valence edges (where the heavy and light hole band edges are no longer degenerate)
and the six lowest hole wave functions of a compressively strained Si inversion layer (triangular-well approximation)
fork = 0 (ie. k; = k, = 0) where the z axis is oriented along the [001] direction. The compressive in-plane
strain in the (x,y) plane is 1 %. The potential energy of the well is given in the same way as in Figure 6.4.9.41,
with a magnitude of —1000 kV /cm.

The energies of the six lowest-lying hole subbands for the (001) surface of the compressively strained Si inversion
layer are plotted as a function of the applied electric field in Figure 6.4.9.45 (b). The subband energies are measured
from the surface potential which is assumed to be at 0 eV for the unstrained valence band edges. After application
of strain, the highest valence band edge is the heavy hole band edge at 15.47 meV. Our results are in excellent
agreement with Fischetti’s results.

Again, we have crossings of the subbands. At small confining fields, the effect of confinement is compensated by
the effect of strain.
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Figure 6.4.9.45: Some characteristics of the 1 % compressively strained silicon inversion layer with (001) surface
orientation.

The plotting method is the same as in Figure 6.4.9.41 (b), and we also do not perform an analysis on the labels (hh,
lh, and so) of each curve.

Figure 6.4.9.45 (c), (d), and (e) show the equienergy lines of the lowewst lying heavy hole, light hole, and split-off
hole subbands for the (001) surface of 1 % compressively strained silicon, respectively. Only one spin state is

plotted for clarity. The x axis points along the [100], the y axis along the [010] direction of the crystal coordinate
system.

The eigenvalues are spin-degenerate only at k = (k;,k,) = 0, but differ for non-zero k. The plots show the
K dispersions of the lowest heavy hole (1st eigenstate, (c)), the lowest light hole (3rd eigenstate, (d)), and the
lowest split-off hole (5th eigenstate, (e)).

Unstrained silicon inversion layer with (001) surface orientation with different k| points

kpdispersion_Si_Fischetti_2003_I1D_(001)_nnp is used in this section. However, the number of kl\ points in
dispersion is different from the result above.

The figure below (Figure 6.4.9.46) show how the number of k|| points affects the simulation results. The system is
the same as the one we use in Figure 6.4.9.41, however, with different k|| points. The equienergy lines are plotted
for E — Ey = —25 meV where Ej is the eigenvalue of corresponding subbands at k = (k, k) = 0.

The grid points on the Figure 6.4.9.46 correspond to the k| points in the simulation. The figure shows that a smaller
number of k)| points is sufficient to obtain accurate results in this system.

Last update: 10/07/2024
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Figure 6.4.9.46: The dispersion for 441 k)| points ((a)), and for 1681 k| points ((b)) for the (001) surface of the
unstrained silicon under the electric field (F; = —1000 kV /cm).

— NEW — Electronic band structure of 2DHG in Si inversion layers under arbitrary stress | 1D

* Header

* Introduction

* Coordinate systems

* Defining the strain tensor
— Uniaxial stress along [110]
— Biaxial compressive stress along [100] and [010]
— Biaxial tensile stress along [100] and [010]

e Simulation results

— No stress applied

Header

Files for the tutorial located in nextnano++\examples\electronic_band_structures:
e band-structure-2DHG_Si_Wang_2004_1D_nnp.in - the input file
* band-structure-2DHG_Si_Wang_2004_1D_nnp_uniax_strain.dat - strain tensor for importing
* band-structure-2DHG_Si_Wang_2004_1D_nnp_biax_tens_strain.dat - strain tensor for importing
e band-structure-2DHG_Si_Wang_2004_1D_nnp_biax_comp_strain.dat - strain tensor for importing
Scope of the tutorial:
* strain effects
* anisotropy of electronic band structure
Main adjustable parameters in the input file:
* $include_strain - turn on and off computation of the strain
* $strain_£file - name of the file with strain tensor to import

e $electric_field - choosing electric field
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Relevant output files:
¢ bias_00000\Quantum\probabilities_shift _quantum_region_kp6_00000.dat
¢ bias_00000\Quantum\Dispersions\dispersion_quantum_region_kp6_XXXX.fld

Introduction

This tutorial aims at reproducing figures Fig. 2, Fig. 3., and Fig. 5 of [Wang2004]. These figures are presenting
first subband energy contours of 2D hole gas (2DHG) in Si inversion layer with an effective field of 0.5 MV/cm
and under several types of stress conditions:

» without any stress applied,

» with an uniaxial 1 GPa stress applied along [110],

 with a biaxial 1.7 GPa compressive stress applied along [100] and [010],
 with a biaxial 1.7 GPa tensile stress applied along [100] and [010].

Coordinate systems

As the growth direction [001] is set along the z-axis in [Wang2004], the electronic band structures are spanned
by [100] and [010] corresponding to z-axis and y-axis, respectively. Therefore, the wave-vector coordinates for
electronic band structures k; and &, correspond to [100] and [010], repectively, as well.

Differently, the growth direction in the simulations presented in this tutorial is always set along the x-axis with
[001] set along it. The remaining directions [100] and [010] are permutated accordingly to align with y-axis and
z-axis, respectively. Therefore, the wave-vector coordinates for electronic band structures in the simulations k,,
and k., correspond to [100] and [010], repectively, as well.

As a result, crystallographic directions in the simulations of this tutorial are exactly aligned with the [Wang2004]
while the simulation coordinate system is defined differently.

Defining the strain tensor

Here, we introduce how to calculate strain and import it to the simulation.

The relationship between the stress tensor (0;;) and the strain tensor (e;;) for the crystals with zincblende symmetry
is expressed as (6.4.9.1).

Ozx Cnn Cri2 Cho Exx

Tyy Ciz Cin Ch2 Eyy

Ozz _ 012 C’12 Cll Ezz (6 4.9 1)
Oyz C'44 25yz o
Ozx C’44 2521

Ozy Cuy 2&5y

Hint: See Introduction to strain calculation for further reference.
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Uniaxial stress along [110]

First, we consider 1 GPa of uniaxial stress along the [110] direction. Uniaxial stress in the orthogonal coordinate
system can be calculated using the method shown in uniaxial stress. Then, related stress tensor in GPa units is

Opw Ozy Osgp 0 0 0
O[110] = * Oyy Oyz| = 0 —-0.5 -0.5
* * O,y 0 —-05 -0.5

Thus, you can solve the following simultaneous equations to obtain the strain components.

Ozx = Cr1€z0 + Cragyy + Cr2€,, = 165.77 - €44 +63.93 - €4y +63.93 - €4y =0
Oyy = Cr2€zz + Crigyy + Crae,, = 63.93 - €5, + 165.77 - £ +63.93 - €., = —0.5
0rr = Cr26g5 + Crogyy + Cr16,, = 63.93 - €45 +63.93 - €, + 165.77 - €,, = —0.5
Oyz = 20448y, = 2-79.62 - 4, = —0.5

Opp = 20446, =2-79.62 - ¢,, =0

Opy = 201462y =2-79.62 - €5, =0

As aresult,
ez = 0.00214
Eyy = €2, = —0.00277
gy> = —0.00314

€20 = Exy =0

This data is contained at 2DHG-strained-bands_Si_Wang_2004_1D_nnp_uniax_strain.dat.

Hint: For guidance on importing strain to simulation follow — SOON — Importing files.

Biaxial compressive stress along [100] and [010]

Next, we consider 1.7 GPa of biaxial compressive stress along [100] and [010]. Related stress tensor in GPa units
is

Opw Ozy Oz 0 0 0
o] = | * oy oy = |0 =17 0
* * O,y 0 0 —1.7

Thus, you can solve the following simultaneous equations to obtain the strain components as well as in the case of
uniaxial stress.

Oza = Cr1€40 + Cragyy + Cr2€,, = 165.77 - €44 +63.93 - €4y +63.93 -4y =0

Oyy = Cr2€z0 + Cr1€yy + Crae,, = 63.93 - €40 + 165.77 - €4y +63.93 - ¢,, = —1.7

0.2 = Claggy + Cragyy + Crie., = 63.93 - €45 +63.93 - €4y +165.77 - ¢,, = —1.7

Oyz = 20448y, =2-79.62-¢,, =0

Osp =2044€20 =2-79.62-€,, =0

Opy = 204462y = 2-79.62 -5y =0

As aresult,

£x0 = 0.00727
Eyy = £22 = —0.00277

Eyz = Ezq = Ezy =0

This data is contained at band-structure-2DHG _Si_Wang_2004_1D_nnp_biax_comp_strain.dat.
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Biaxial tensile stress along [100] and [010]

Next, we consider 1.7 GPa of biaxial tensile stress along [100] and [010]. You just need to change the signs of the
strain components in the previous section.

Therefore,

Era = —0.00727
£yy = €22 = 0.00277

Eyz = Eza = Exy = 0

This data is contained at band-structure-2DHG _Si_Wang_2004_1D_nnp_biax_tens_strain.dat.

Simulation results

No stress applied

kz (1/nm)
kz (1/nm)

-3.0+— -3.04— :
-3.0 2.0 -1.0 0.0 1.0 2.0 3.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
ky (1/nm) ky (1 /nm)
-0.14 -0.315 -0.49 { -0.09 -0.27 -0.45
1 1 ] 1 ) | 1

3.0 1 3.0

2.0 2.0

1.0 1.0

0.0 0.0

kz (1/nm)
kz (1/nm)

-3.04— -3.0+—
-3.0 2.0 -1.0 0.0 1.0 2.0 3.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
ky (1/nm) ky (1/nm)

Figure 6.4.9.47: The calculated equienergy lines under no strain (a), under uniaxial strain (b), under biaxial com-

pressive strain (c), and under biaxial tensile strain (d) are shown. Only one spin state is plotted for clarity. The axes
represent k,, and k. in units of [1/nm].

First, Figure 6.4.9.47 (a) shows the energy dispersion under no strain. This corresponds to Fig.2 in [Wang2004].
The electric field is applied to model a triangular well potential, which causes the inversion layer. The magnitude
is 0.5 MV /cm along the crystal growth direction.
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The energy dispersion is in Dispersions\dispersion_quantum_region_kp6_XXXX.fld.

Next, Figure 6.4.9.47 (b) shows the energy dispersion under uniaxial compressive strain. This is equivalent to
Fig.3 in [Wang2004]. Note that the uniaxial stress is 1.0 GPa and the direction is [110]. Furthermore, the same
magnitude of the electric field is applied as well as in under no strain.

Next, Figure 6.4.9.47 (c), (d) shows the energy dispersion under compressive / tensile biaxial strain, respectively.
This corresponds to Fig.5 in [ Wang2004]. Note that the biaxial stress is 1.7 GPa and the direction is in-plane. The
same magnitude of the electric field is applied as well as in under no strain. Here, the lowest subband is composed
by heavy hole in (a), whereas light hole composes the lowest subband in (b).

Overall, our simulation results match very well with the results in [ Wang2004].

Last update: 07/03/2024

6.4.10 Superlattices

Dispersion in infinite superlattices: Minibands (Kronig-Penney model)

Input files:
* [ Dsuperlattice_dispersion_4nm_nnpp.in
* [Dsuperlattice_dispersion_6nm_nnpp.in
* [Dsuperlattice_dispersion_bulk_GaAs_nnpp.in
* Superlattice_1D_nnpp.in

Scope:
This tutorial aims to reproduce two figures (Figs. 2.27, 2.28, p. 56f) of [HarrisonQWWD2005],
thus the following description is based on the explanations made therein.

Superlattice 1: 4 nm AlGaAs /4 nm GaAs

Input file: IDsuperlattice_dispersion_4nm_nnpp.in

Our infinite superlattice consists of a 4 nm GaAs quantum well surrounded by 2 nm Aly 4Gag s As barriers on
each side. The choice of periodic boundary conditions leads to the following sequence of identical quantum wells:
4 nm AlGaAs /4 nm GaAs /4 nm AlGaAs/4nm GaAs/ ... . So our superlattice period has the length L = 8
nm. (Actually it has the length L = 8.25 due to the grid point resolution of 0.25 nm.)

Figure 6.4.10.1 shows the conduction band edge and the first eigenstate that is confined inside the well and its
corresponding charge density (¥2) for the superlattice vector k. = 0. Note that periodic boundary conditions
are employed for solving the Schrodinger equation. The second eigenstate is not confined inside the well and is
therefore not shown here. (Note that the energies were shifted so that the conduction band edge of GaAs equals 0
eV.)

In a superlattice the electrons (and holes) see a periodic potential which is similar to the periodic potential in bulk
crystals. This means that the particle wave functions are no longer localized in one quantum well. They extend
to infinity, and they are equally likely to be found in any of the quantum wells. The eigenstates are called Bloch
states (as in bulk) and the wave functions are periodic:

U(z)=¥(z+ L)
For a travelling wave of the form exp(ik,x) it holds that
\II(Z‘ + L) — e’ikm (I+L) — eik‘mzeikwL

& U(r+ L) = U(x)ehL

k. is the wave vector of the electron (or hole) along the growth direction of the infinite superlattice. In Figure
6.4.10.2 we plot the dispersion curve, i.e. the energy of the electron as a function of its superlattice wave vector
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4 nm quantum well with periodic boundary conditions (superlattice)

Al Ga As Gahs Al Ga, As
0.35 4 g "
0.30
cb (Gamma)
0.25 4 e
psi® (e1)
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z
> 015
B
@
g 010
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0 2 4 6 8
distance (nm)

Figure 6.4.10.1: Calculated conduction band edge profile of single 4 nm GaAs QW with periodic boundary con-
ditions.

k,. for the lowest eigenstate. As the energy is a periodic function of k, with period 27/ L, we plot only the interval
[—7/L, w/L].

1% miniband of a 4 nm GaAs / 4 nm AlGaAs superlattice
for a range of electron momenta along the growth direction

0.114
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energy (eV)

0.102

k [=L]

Figure 6.4.10.2: Calculated subband dispersion (= miniband)

The plot is in excellent agreement with Fig. 2.27 (page 56) of [HarrisonQWWD2005]. When the electron is at
rest (k, = 0), the dispersion curve shows a minimum. As the electron momentum k, increases, its energy also
increases and reaches a maximum at k, = —7w/L and k; = +n/L. Thus, the electron within the superlattice
occupies a continuum of energies. This continuum that is bound by a maximum and a minimum of energy is called
miniband. Due to the similarity with the energy bands of a bulk crystal, the point in the superlattice Brillouin zone
for k, = 0 is called Gamma and for k, = 7 /L it is called X.

Superlattice 2: 6 nm AlGaAs /6 nm GaAs

Input file: IDsuperlattice_dispersion_6nm_nnpp.in

Our second infinite superlattice consists of a 6 nm Ga As quantum well surrounded by 3 nm Aly 4Gagp ¢ As barriers
on each side. The choice of periodic boundary conditions leads to the following sequence of identical quantum
wells: 6 nm AlGaAs/6nm GaAs/6nm AlGaAs/6nm GaAs /... . So our superlattice period has the length
L =12 nm. (Actually it has the length L = 12.25 due to the grid point resolution of 0.25 nm.)

Figure 6.4.10.3 shows the conduction band edge and the two lowest eigenstates that are confined inside the well
and their corresponding probailiy density (¥2) for the superlattice vector k, = 0. Note that periodic boundary
conditions are employed for solving the Schrédinger equation. The third eigenstate is not confined inside the well
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and is therefore not shown here. In contrast to the 4 nm quantum well superlattice described above, two confined
electron states exist. (Note that the energies were shifted so that the conduction band edge of GaAs equals 0 eV.)

6 nm quantum well with periodic boundary conditions (superiattice)

0.50 -
Al Ga_ As Gahs Al Ga, As
0.45 4 ch (Gamma)
040} Bl
e2
10.35 —psi® (e1)
S 0304 ——psi® (e2)
Z
3 0.25 -
@ 0.20 4
=
[+
015 4
0.10 - _/ k
0.05 4
0.00 -
_005 T T T T T T T T T T T T T 1
4 0 1 2 3 4 5 6 7 & 9 10 11 12 13

distance (nm)

Figure 6.4.10.3: Calculated conduction band edge profile of single 6 nm GaAs QW with periodic boundary con-
ditions.

The following figure (Figure 6.4.10.4) shows the first two minibands for this superlattice. They arise from the first
and the second eigenstate. Note that due to the scale of this figure the first miniband looks almost flat. It is also
interesting that for the second miniband the minimum is not at the center (i.e. at Gamma) but at the edges of the
superlattice Brillouin zone at X (and -X).

1 and 2™ miniband of a 6 nm GaAs / 6 nm AlGaAs superlattice
for a range of electron momenta along the growth direction

0.260 M
0.240
0.220 4
0.200 4 —a—evi
—e—ev2
< 0.180
2
> 0.160
2
2 01404
[
0.120
0.100
0.060 -X I X
0.060 T T T T T
-10 -05 00 05 10
k [#/L]

Figure 6.4.10.4: Calculated subband dispersion (= miniband)

Again, the plot is in excellent agreement with Fig. 2.28 (page 57) of [HarrisonQWWD2005].

Technical details

The resolution of the miniband plot has to be specified within the group quantum{ region{ dispersion{} }

}:

quantum{
region{
dispersion{
output_dispersions{}
path{
name = "superlattice_dispersion"

(continues on next page)
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(continued from previous page)

point{ k = [$left_dispersion, 0.0, 0.0] }

point{ k = [$right_dispersion, 0.0, 0.0] }

num_points = $num_points_dispersion # number of superlattice.
—vectors along x direction

}
}
}

}

For each superlattice vector k, the Schrodinger equation has to be solved. The 11th superlattice vector corresponds
to k, = 0 which is obviously identical to the case when no superlattice is specified at all. The miniband dispersion
is written to this file: dispersion_quantum_region_Gamma_superlattice_dispersion.dat.

Dispersion in bulk GaAs

Input file: /Dsuperlattice_dispersion_bulk_GaAs_nnpp.in

The input file is basically equivalent to IDsuperlattice_dispersion_6nm_nnpp.in, except that we replace the
AlGaAs barrier with GaAs so that we have only pure bulk GaAs with a length of 12 nm. So our superlat-
tice period has the length L = 12 nm. (Actually it has the length L = 12.25 due to the grid point resolution of 0.25
nm.) At the boundaries we apply periodic boundary conditions and the same superlattice options (number of k
values and direction in k space) as above.

Figure 6.4.10.5 shows the conduction band edge and the three lowest eigenstates and their corresponding probability
density (¥?) for the superlattice vector k, = 0. Note that periodic boundary conditions are employed for solving
the Schrodinger equation.

* The ground state wave function is constant with its energy equal to the conduction band edge energy.
* The energies of the second and third eigenstate are degenerate.

(Note that the energies were shifted so that the conduction band edge of GaAs equals 0 eV.)

12 nm bulk GaAs with periodic boundary conditions (superlattice)
Eigenenergies and wavefunctions (psi®)
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T T T T T T T - T
0 2 4 6 8 10 12

distance (nm)

Figure 6.4.10.5: Calculated conduction band edge profile of bulk GaAs and ¥? of lowest electron eigenstates
(periodic boundary conditions were used).

The following figure (Figure 6.4.10.6) shows the first three minibands for this superlattice. They arise from the
first, second and third eigenstate. The second and third eigenstate are degenerate at k,, = 0 as can be seen also in
the figure above. Also at k, = -1 and k, = 1, the first and second eigenstate are degenerate. This is as expected
because the dispersion should look like the parabolic dispersion E (k) of bulk GaAs.
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1*, 2" and 3" miniband of a 12 nm bulk GaAs superlattice
for a range of electron momenta along the growth direction

0.34 4
0.32
0.30
0.28 ]
0.26 ]
0.24
0.22
0.20
0.18
0.16
0.14 4
0.12
0.10 J
0.08
0.06
0.04 ]
0.02
0.00

energy (eV)

-10 05 OIO 05 1.0
k [=]

Figure 6.4.10.6: Calculated subband dispersion (= miniband)

Template

Input file: Superlattice_1D_nnpp.in

We want to study the energy levels of a superlattice in order to understand how they form bands in a periodic
structure. One can easily see this by calculating the energy levels for various barrier heights, i.e. we automatically
generate input files for the variable “Barrier_Height”. Once done, we visualize the subband dispersions contained
in the file dispersion_quantum_region_Gamma_superlattice_dispersion.dat.

nextnanomat - M:\users\nextnanc\nextnanc GmbH - Tutorials\Tutorials\. 1D superlattice minibands\Superlattice_10_nn3.in — | X

File Edit Run View Tools Help

Input Template Run Qutput New Template

3
Template file: |N:'-users'-ne:t‘tnano \nextnano GmbH - Tutorials' Tutorials'1D superattice minibands'Supenattice_10_nn3_test_1D.in . Reload
Wariables:
Variable Value Unit Description
3 number_of_sigenvalues 4 number of "bands”
num_5SL_vectors 21 number of superattice vectors along x direction
effective_mass 0.067 ml effective mass m” of Gahs
Bamier_Height 06 eV height of bamier
SL_width 120 nm superiattice length (ength of unit cell)
QW _width 5L _width/2 nm quantum well width
Sweep

() Single simulation filename suffic: _modified

() Range of values varable: from: to step:
(®) List of values vanable: |Bamier_Height v | values: |D.DD.D.DT .0.02.0.03.0.04.0.05.0.06.0.07.0.08.0.09.0.10.0.15.0.20.0.30.0.50.0.60.1.00
Output

(O) Savetofolder: |C:\Users‘stefan bimer\OneDrive\nextnano\nextnano - my input fies -

(® Save to temporary folder and add to batch list
[ Include all modfied variables in flename

17 input files created.

Postprocessing

=4 Mumber of relevant column: I:I Maximum number of value lines: I:I Create file with combined data

Figure 6.4.10.7 compares the dispersion of a superlattice for two different QW barrier heights.

Last update: nn/nn/nnnn
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k [Vinm] (x) k [linm] (x)

Figure 6.4.10.7: The left figure contains a quantum well superlattice with a barrier height of 0 eV, i.e. a bulk
semiconductor, while the figure on the right shows the dispersion for a barrier height of 0.06 eV.

InAs / Ing 4Gag sSb superlattice dispersion with 8-band k.p (type-ll band alignment)

Authors: Stefan Birner, Michael Povolotskyi
Input Files:
e T2SL_InAs-GalnSb_Grein_JAP_1995_1D_nnp

This tutorial aims to reproduce Fig. 2(a) of “Long wavelength InAs/InGaSb infrared detectors: Optimization of
carrier lifetimes” by Grein and Young.

Conduction and valence band edges

The heterostructure is a superlattice with 3.98 nm InAs and 1.5 nm Ing4Gag¢Sb, where both constituents are
strained with respect to the GaSb substrate.

The structure has a type-II band alignment, i.e. the electrons are confined in the InAs layer, whereas the holes are
confined in the Ing 4Gay Sb layer.

The Ing 4Gay ¢Sb layer is strained pseudomorphically with respect to the GaSb substrate, leading to a compressive
strain (-2.5%) which splits the degeneracy of the heavy and light hole band edges in this layer. Thus, the heavy
hole band edge lies above the light hole band edge.

The InAs layer is also strained pseudomorphically with respect to the GaSb substrate, and is thus under slight
biaxial tension (+0.6 %). The splitting of the hole band edges is the opposite as in InGaSb, i.e. the light hole band
edge is above the heavy hole band edge.

The following figure shows the electron and hole band edges.

Note that the origin of the energy scale is set to the GaSb valence band edge energy.
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Electron and hole wave function for k| = 0

We simulate one period only (i.e. from 0 nm to 5.48 nm) and solve the Schrodinger equation with periodic
boundary conditions to mimic an infinite superlattice.

The following figure shows the conduction band edge and the heavy, light and split-off hole valence band edges in
this superlattice structure together with the electron (c1), heavy hole (hh1) and light hole (lh1) energies and wave
functions (1)?), calculated within 8-band k.p theory.

One can clearly see that the electron state (c1) is confined in the InAs layer (right part of the figure), whereas the
heavy (hhl) and light hole (Ih1) states are confined in the Ing4Gag ¢Sb layer (left part of the figure).

1.5nmin Ga, Sb 3.98 nm InAs cb
— hh
0.8 -
——1h
0.6 s0
hht cl
0.4 4 cl
cl hh1
s 0.2 - —hh
T E Ih1
ol E0.0-1>£::-< Gl ——Ih1 |
=] hhi
$§ 024 S —<cb
@ Elh1
0.4
Ih
0.6 hh
{J.a-—l
B e e e e LA Zs B S s p e
0O 05 10 15 20 25 30 35 40 45 50
distance (nm) stefan.birner@nextnano.de

We used the same material parameters as given in the above cited paper by Grein et al., apart from the k - p
parameters.
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Electron and hole energies for k)| # 0

The following figure shows the E(k;) dispersion of the electron ground state and the two highest hole states along
two different directions in (k,, k) space.
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This data is contained in this file: Schroedinger_kp/par1D_disp_01_00_11_hl_8x8kp_ev_min®01_ev_max010.
dat. Note that the band gap is not determined by the band gap of one individual layer. It is determined by the
electron ground state in the InAs layer, and the hole ground state in the InGaSb layer. This means more freedom

for band gap engineering.

Electron and hole energies for k. # 0

The input file used is 1DInAs_InGaSb_k_superlattice_nnp.in

The right part of the following figure shows the E(k,) superlattice dispersion of the electron ground state and the
two highest hole states. k. is the superlattice vector between 0 and 1 T where L = 5.48 nm is the length of one
superlattice period. (17 = 0.05731/ A)

This data is contained in this file: Schroedinger_kp/8x8kp_dispSL_hl_qgc001_evmin®0®1_evmax016.dat

The left part of the figure shows the E(k)|) dispersion along [10], i.e. from (k,, ky) = (0,0) to (ky, k) = (-0.1,0)
which is shown in the figure above already.
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One can clearly see that these heterostructure bands are highly nonparabolic.

nextnano3
Using 1DInAs_InGaSb_SL_k_parallel_superlattice.in, one can generate a 3D plot
of the energy dispersion E(k,, k,, ksi) for each eigenvalue. The files are called
dispersion_k_parallel_k_SL_ev001.fld where ev001 indicates eigenvalue number 1.

Last update: nn/nn/nnnn
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Multiple quantum wells and finite superlattices

Author: Brandon Loke

This tutorial simulates a real layered structure with a finite number of quantum wells. The transition between a
finite superlattice and a multiple quantum well system is also observed. This tutorial aims to reproduce the figures
in Paul Harrison’s book “Quantum Wells, Wires and Dots” (Section 3.10, “Multiple Quantum Wells and Finite
Superlattices™)

The input file used for this tutorial is
* Superlattice_N_wells_nnp.in

The corresponding Jupyter Notebook for this tutorial can be found over here: MQW _Superlattices.ipynb.

Structure

The structure consists of N repeats of 4 nm GaAs wells and 4 nm GaggAlg,As quantum wells. This superlattice
structure is sandwiched between 20 nm Gag gAly,As barriers.

We first define key variables, such as the well width, the right and left wall width, and the number of wells.

# Global constants
$TEMPERATURE = 300 # Temperature.,
—»(DisplayUnit:K) (ListOfValues:270, 280, 290, 300, 310, 320, 330)

# Structure

$WELL_WIDTH = 10.0 # Width of the quantum well,,
—(DisplayUnit:nm) (HighlightInUserInterface) (ListOfValues:5.0, 6.0, 7.0, 8.0, 9.0) .
<> (RangeOfValues:From=5.0,T0=9.0,Step=1.0)

$BARRIER_WIDTH = 10.0 # Width of the barrier o
—»(DisplayUnit:nm) (HighlightInUserInterface) (ListOfValues:7.0, 8.0, 9.0, 10.0, 11.
—0) (RangeOfValues:From=57.0,To=11.0,Step=1.0)

$NUMBER_OF_WELLS =4 # number of quantum wells .
—»(DisplayUnit:) (HighlightInUserInterface) (ListOfValues:4, 5, 6, 7,.

—»8) (RangeOfValues:From=3,To=10,Step=1)

$SUPERLATTICE_WIDTH = $NUMBER_OF_WELLS * ( $BARRIER_WIDTH + $WELL_
—WIDTH ) - $BARRIER_WIDTH # (DisplayUnit:nm) (DoNotShowInUserInterface)

$LEFT_BARRIER_WIDTH =10 # Width of the Separate.
—Confinement Heterostructure (SCH) (on the left) (DisplayUnit:nm)
$RIGHT_BARRIER_WIDTH = 10 # Width of the Separate.

—Confinement Heterostructure (SCH) (on the right) (DisplayUnit:nm)

$FINE_GRID_SPACING =0.1 #.
< (DisplayUnit:nm) (ListOfValues:0.1, 0.5, 1.0) (DoNotShowInUserInterface)
$COARSE_GRID_SPACING =1.0 #.
— (DisplayUnit:nm) (ListOfValues:0.5, 1.0, 5.0) (DoNotShowInUserInterface)

# Materials and doping
$ALLOY_X = 0.8

Following this, we are able to generate the structure of the GaAs/GaggAlg,As superlattice under structure{ }.
The keywords array_x{} duplicate the structure in the x-direction to give us the number of wells required.

region{ # LEFT WALL
line{

(continues on next page)

6.4. Tutorials 483



https://nbviewer.org/github/nextnanopy/nextnanopy/blob/master/templates/MQW_Superlattices.ipynb

nextnano Documentation, Release August 2024

(continued from previous page)

X = [-$LEFT_BARRIER WIDTH, 0]

}

ternary_constant{
name = "Ga(x)Al(1-x)As" # Ga0.8Al0.2As
alloy_x = $ALLOY_X

}

}

# SUPERLATTICE

region{ # Barrier
array_x{
shift

max

$BARRIER_WIDTH + $WELL_WIDTH
$NUMBER_OF_WELLS - 1

}
line{
x = [0, $BARRIER_WIDTH]
}
binary{
name = "GaAs"
}
}

region{ # Quantum well
array_x{
shift

max

$BARRIER_WIDTH + $WELL_WIDTH
$NUMBER_OF_WELLS - 2

}
line{
X = [$BARRIER_WIDTH, $BARRIER_WIDTH + $WELL_WIDTH]
}
ternary_constant{
name = "Ga(x)Al(1-x)As"
alloy_x = $ALLOY_X
}
}
region{ # RIGHT WALL
line{
X = [$SUPERLATTICE_WIDTH, $SUPERLATTICE_WIDTH + $RIGHT_BARRIER_WIDTH]
}
ternary_constant{
name = "Ga(x)Al(1-x)As"
alloy_x = $ALLOY_X

Simulation Settings

Under quantum{ }, we specify

quantum {
region{
name = "quantum_region"
X = - $LEFT_BARRIER_WIDTH, $SUPERLATTICE_WIDTH +
< $RIGHT_BARRIER_WIDTH ] # Schrodinger equation is solved.

—only in region of LEFT WALL + SUPERLATTICE + RIGHT WALL

(continues on next page)
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(continued from previous page)

boundary{
# x = dirichlet # Dirichlet boundary.
—condition for the Schrédinger equation, psi = 0
X = neumann #  Neumann boundary.,
—condition for the Schrédinger equation, dpsi/dx = 0
}
Gamma {
num_ev = 70
# 70 eigenvalues have to be calculated
}
HH{
num_ev = 250 # 150 eigenvalues have to.
—be calculated
}
LH{
num_ev = 70 # 70 eigenvalues have to be.
—calculated
}
SO{
num_ev = 100 # 100 eigenvalues have to.
—be calculated
}

output_wavefunctions{
max_num = 20 # only 20 eigenfunctions.
—from 100 calculated are shown in output
amplitudes = yes
probabilities = yes

We want to obtain the energies and the amplitudes of the wave functions outputted.

Ground state energies

After generating the input file, we are able to run the simulation for a variable number of quantum wells using the
variable sweep functionality in nextnanomat. One can go to “Template” on the tabs at the top, under “Sweep”,
select the variable of interest and the range or list of values to iterate over. Click on “Create input file” at the bottom
and run the simulations in the “Simulation” tab.

The following graphs were generated with nextnanopy. The reference potential energy used in Harrison’s book
and nextnano++ is different. Thus, post-processing was done in Python to match the reference energy levels.
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Ground state energies
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Figure 6.4.10.8: Ground state energies plotted as a function of N. Convergence at higher number of wells is ob-

served.
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Wave function in a superlattice

The wave functions can also be plotted. The first example in Harrison’s book has the following parameters:
e 10 wells
¢ 4 nm GaygAly,As barrier
* 4 nm GaggAlp,As quantum well width
e 20 nm left and right GaggAlp,As walls

Finite Superlattice
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Figure 6.4.10.9: The wave function for a superlattice system

This figure is in agreement with Harrison’s result. It is observed that the system functions as a superlattice as the
wave function in each well overlaps with the wave function of the adjacent wells.

Wave function in a multiple quantum well system

Harrison’s final figure uses the following parameters:
* 4 wells
¢ 10 nm GaggAly4As barriers
* 10 nm GaggAlp4As quantum wells
* 10 nm GaggAlp4As left and right walls

This figure is also in good agreement with Harrison’s results. Itis observed from the figure that this system functions
as a multiple quantum well because the wave function reaches zero between the wells.

Last update: nn/nn/nnnn
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Multiple Quantum Well
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Figure 6.4.10.10: The wave function for a multiple quantum well system
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— DEV — Atrtificial quantum dot crystal - Superlattice dispersion (minibands)

Attention: This tutorial is under construction

Input files:
e ODSL_Ge-Si_Lazarenkova_JAP_2001_3D_cubic_nnp.in
* ODSL_Ge-Si_Lazarenkova_JAP_2001_3D_tetragonal_nnp.in

Scope:

* Inthis tutorial, the superlattice energy dispersion for artificial crystals consisting of quantum dots (QDs)
are calculated. The QDs are made of Ge embedded in Si. The simulations are performed for cubic and
tetragonal QDs.

* This tutorial aims to reproduce figure 2 and 6 in [Lazarenkova2001].

Output files:

¢ bias_00000\Quantum\Dispersion\dispersion_quantum_region_HH_along_100.dat
* bias_00000\Quantum\Dispersion\dispersion_quantum_region_HH_along_110.dat
o bias_00000\Quantum\Dispersion\dispersion_qguantum_region_HH_along_111.dat

Cubic Quantum Dots

The QDs have a cubic shape with L, = L, = L. = 6.5 nm and are separated by a distance of H, = H, = H, =
1.5 nm. We model only one QD and assume periodic boundary conditions along the x, y and z direction giving a
superlattice period of d, = dy, = d, = 8 nm (d; = L; + H;).

global{
periodic{
X = yes
y = yes
Z = yes
}
}

The single-band Schrédinger equation is solved for the valence band only (heavy hole). The valence band offset is
assumed to be VBO = 0.45 eV, i.e. assuming the valence band edge of the QD is at +0.45 eV, the valence band edge
of the barrier is at 0 eV. The energy dispersion relation is calculated along the [100], [110] and [111] direction.

quantum{
HH{
num_ev = $num_states
dispersion{
output_dispersions{}
path{
name = "along_100"
point{ k = [0.0, 0.0, 0.0] }
point{ k = [1.0, 0.0, 0.0] }
num_points = $num_k_points
}
path{
name = "along_110"

(continues on next page)
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(continued from previous page)

point{ k = [0.0, 0.0, 0.0] }

point{ k = [1.0, 1.0, 0.0] }
num_points = $num_k_points
}
path{
name = "along_111"
point{ k = [0.0, 0.0, 0.0] }
point{ k = [1.0, 1.0, 1.0] }
num_points = $num_k_points
}
}
}
}
Results

Figure 6.4.10.11 shows the calculated dispersion relation along the [100] direction. The figure agrees very well
with Fig. 2(a) of the paper by Lazarenkova et.al./Lazarenkova2001] in the energy region where the confinement
inside the QD is strong. For the higher lying states inside the QD and above the QD, our results differ because
we use the correct 3D QD confinement potential whereas Lazarenkova et.al./Lazarenkova2001 | approximated the
potential landscape with an analytical ansatz that allows for the separation of the x, y and z variables. (This ansatz
is only justified for states confined deep inside the QD.) The right part of the figure shows schematically the valence
band edge of the QD with the energy levels of the single, uncoupled QD.

Dispersion relation of artificial
cubical Ge Quantum Dot Crystal \
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Figure 6.4.10.11: (left) Superlattice dispersion along [100] for heavy-hole states in an artificial cubic Ge quantum
dot crystal and (right) valence-band profile through the center of the QD and eigenstates of the lowest heavy-hole
states.

In all figures, the eigenstates are labeled with the quantum numbers 7, ny, 1., e.g. 111. The superscript refers to
their degeneracy. At Kgr, = 0, the degeneracy is higher than at nonzero KSL vectors where the symmetry in the
Brillouin zone is lower. (The superlattice vector Kgr, = 0 is often denoted as q.)

The following figures (Figure 6.4.10.12 and Figure 6.4.10.13) show the calculated dispersion relations along the
[110] and [111] directions, resepectively. The agreement to Fig. 2(b) and 2(c) of [Lazarenkova2001] is again very
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good for the states that lie deep inside the QD (see also comments above). Note that the eigenstates along the [111]
direction show a higher degree of degeneracy throughout the superlattice Brillouin zone as compared to [100] and
[110].

Both, the QD itself and the QD superlattice have the same cubic symmetry in this example. Thus the degeneracy
of the 123 (incl. permutations) energy band is sixfold throughout the Brillouin zone along the [111] directions (as
shown in Figure 6.4.10.13).

Dispersion relation of artificial
cubui::al Ge Quantum Dot Crystal
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Figure 6.4.10.12: Superlattice dispersion along [110] for heavy-hole states in an artificial cubic Ge quantum dot
crystal.

Tetragonal Quantum Dot

The QD has a tetragonal shape with L, = L, = 5 nm and L, = 2.5 nm and are separated by a distance of
H, = H, = 2.5nm and H, = 1.25 nm. This gives a superlattice period (d; = L; + H;) of d, = d, = 7.5 nm
and d, = 3.75 nm. The grid spacing was chosen to 0.25 nm in z, y and z direction, i.e. 30 grid points in x and y
direction, 15 grid points in z direction. Therefore, the size of Schrodinger matrix to be solved is 30-30-15 = 13500.
All other assumptions are the same as for the cubic QD example above.
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Dispersion relation of artificial
cubical Ge Quantum Dot Crystal

0'4 Ll Ll L --Il L] -l- Ll I L] Ll Ll I L]
: ) TS
: 211" |
0.3 | 4
[ ==
S [ - —nt
© 02F . p——
-] :— —— i 123
o [ ——]
- [ :
E 01 L 322 —a
@ B - ar 1
: 18— i
- _‘__.‘ﬂ__._,._-—""’-:d'-:_.-"_ S =
DB .= '_:;-_.-____:_?_ f—__'-'-f
_01 [ e ST _1__\-\;\-‘-?"-‘. -l

‘0.0 02 04 0.6

%14 (nm-1)

Ly= Lz=6.5 nm
Hy= Hz= 1.5 nm

X
X

I r

Figure 6.4.10.13: Superlattice dispersion along [111] for heavy-hole states in an artificial cubic Ge quantum dot

crystal.

492

Chapter 6. nextnano++



nextnano Documentation, Release August 2024

Results

Figures show the dispersion along the [100], [110] and [111] directions, resepectively. All results are in very good
agreement to Fig. 6 of [Lazarenkova2001].

Dispersion relation of artificial
tetragonal Ge Quantum Dot Crystal
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Figure 6.4.10.14: Superlattice dispersion along [100] for heavy-hole states in an artificial tetragonal Ge quantum
dot crystal.
The version of this tutorial for nextnano® can be found here.

Last update: 17/07/2024

6.4.11 Cascade Structures

Simple quantum cascade structure

Input Files:
* IDQCL_simple_nnp.in

In this tutorial we simulate a simple quantum cascade structure that has been presented in an article by Capasso et
al. (Figures 12 (b) and 16 (b) of [CapassolEEE1986]).

We can generate the following picture that is based on Fig. 3 of [BirnerPhotonikint2008] and [BirnerPho-
tonik2008].

It shows the conduction band edge profile of an Al 4g3Ing 5o As/Ing s3Gag 47As superlattice at an electric field of -89
kV/cm. The single-band effective-mass Schrodinger equation is solved for this band profile. The wave functions
(1?) of this quantum cascade structure are shown.
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Dispersion relation of artificial
tetragonal Ge Quantum Dot Crystal
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Figure 6.4.10.15: Superlattice dispersion along [110] for heavy-hole states in an artificial tetragonal Ge quantum
dot crystal.
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Dispersion relation of artificial
tetragonal Ge Quantum Dot Crystal
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Figure 6.4.10.16: Superlattice dispersion along [111] for heavy-hole states in an artificial tetragonal Ge quantum
dot crystal.
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The basic idea of such a structure is to depopulate the lowest eigenstate of each quantum well efficiently by bringing
it into resonance with the third eigenstate of the next quantum well (resonant tunneling).

The transition second eigenstate — lowest eigenstate should be a nonradiative intersubband transition.

On the other hand, the transition third eigenstate — second eigenstate should be a radiative intersubband transition,
i.e. a photon is emitted.

Another important condition for a quantum cascade laser is population inversion, i.e. the occupation of the third
eigenstate must be much higher than the occupation of the second eigenstate and lowest eigenstate.

* The input file /DQCL_simple_nnp/*nn3.in should be rather intuitive and self-explanatory. Documentation
for each keyword and each specifier can be found here: Keywords

¢ In the nextnano++ sample file, the electric field is applied by specifying the keyword contacts as follows:

contacts{
charge_neutral {
name = "leftgate"

bias = 0.0

}

charge_neutral{

name = "rightgate"

bias = 1.36081 # corresponds to electric field of F = -89,
—kV/cm

}

}

In the keyword structure, “leftgate” is defined at x = [-1, 0] and “rightgate” is at x =
[152.9, 153.9]. Thus the electric field applied by this specification is -1.36081 [V] / 152.9
[nm] = -89 [kV/cm]

 Alternatively, we can apply a constant electric field by providing a value for the field.

poisson{
electric_field{ strength = -89e5 } # [V/m]
output_potential{}
output_electric_field{}

Output

The output files are ASCII files.

Bandedges

The conduction and valence band edges can be found in the following file:

* bias_0000/Quantum/bandedges.dat (nextnano++)

* band_profile/cb_Gamma.dat (nextnano’, conduction band edge only)
If one plots the conduction band profile, one gets the following figure.

There are six Alg4gIngsoAs barriers and five Ing 53Gag47As wells. The conduction band offset is 0.51 eV.
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Conduction band edge profile
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Eigenvalues

The 40 eigenvalues that were calculated can be found in these files. The units are [eV].
* bias_0000/Quantum/wf_energy_spectrum_quantum_region_Gamma_0000.dat (nextnano++)
* wavefunctions/ev_cbl_sgl_degl.dat (nextnano’)

The eigenvalues are also contained in these files, i.e. the eigenvalues for each grid point
* bias_0000/Quantum/wf_probabilities_shift_quantum_region_Gamma_0000.dat (nextnano++)

* wavefunctions/cbl_sgl_degl_psi_squared_shift.dat (nextnano®)

1st column 2nd column 3rd column ... | 41st column
grid points in units of | Ist eigenvalue in units | 2nd eigenvalue in units | ... | 40th eigenvalue in units
[nm] of [eV] of [eV] of [eV]

If one plots these columns (together with the conduction band edge) one obtains the following picture:

Note: The figure shows only the following energy levels: 1,2,3,4,5,9,10,12,16,18,20,26,27,30,37

Wave Functions

The square of the wave functions (1/?) of the 40 eigenstates can be found in these files.
* bias_0000/Quantum/wf_probabilities_shift_quantum_region_Gamma_0000.dat (nextnano++)

 wavefunctions/cbl_qcl_sgl_degl_psi_squared_shift.dat (nextnano®)

1st column ... | 42nd column 43rd column ... | 8lstcolumn
grid points in units of [nm] | ... | ?of Ist eigenstate | 1)?of 2nd eigenstate | ... | t?of 40st eigenstate
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Conduction band edge profile and energy levels
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Note: In order to be able to plot the wave functions nicely into the conduction band edge profile, we shift the
square of the wave function by its corresponding energy.

If one plots these columns (together with the conduction band edge) one obtains the following picture:

Note: The figure shows only the following wave functions: 1,2,3,4,5,9,10,12,16,18,20,26,27,30,37

Now the lowest eigenstate of each quantum well is in resonance with the third eigenstate of the next quantum well.
This leads to the depopulation of the lowest eigenstate of each quantum well.

Photon should be emitted with the radiative intersubband transition 3 — 2 whreas 2 — 1 should be nonradiative
intersubband transition.

Effective masses

The effective masses that were used for each grid point can be found in these files.
o Structure/charge_carrier_masses.dat (nextnano++)

* material_parameters/conduction_band_masses.dat (nextnano®)

Note: We need to add the following option into the sample file for nextmano++.

output{
material_parameters{
charge_carrier_masses{ boxes = yes }

}

¢ 1st column: grid points in units of [nm]
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Conduction band edge profile and wavefunctions {wz}
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¢ other columns:

— nextnano++: effective mass tensor components of Gamma and HH valley in units of [m0]. When we
use other valleys for the simulation, then these columns shows the effective mass tensor components in
that valleys.

— nextnano’: effective mass tensor components of Gamma, L and X valleys in units of [m0].

These masses have been calculated from the binaries InAs, GaAs and AlAs for the relevant ternaries, including
bowing parameters.

Intersubband matrix elements

Experienced users might be interested in having a look at the intersubband matrix elements.

We can find the intersubband (or intraband) matrix elements p,, the oscillator strengths and the transition energies
by adding the followings into quantum{ } in /DQCL_simple_nnp.in:

intraband_matrix_elemets{
Gamma{}
output_matrix_elements = yes
output_transition_energies = yes
output_oscillator_strengths = yes
}

The relevant output files are
* bias_0000/Quantum/intraband_matrix_elements_quantum_region_Gamma_100.txt (nextnano++)
* bias_0000/Quantum/transition_energies_quantum_region_Gamma_Gamma.txt (nextnano—++)

In the output file of the nextnano’ sample file, we can already have them here:
o wavefunctions/intraband_pz_cb1_sgl_degl.txt (nextnano®)

See Model for optical spectra within Fermi’s golden rule for more information on the matrix elements.
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Input Files for nextnano’:
* IDQCL_simple_nn3.in

Last update: 28/05/2024

Quantum-Cascade Lasers

Input files:
* examples\quantum_cascade_lasers\] DQuantumCascadeLaser_nnp.in
o examples\quantum_cascade_lasers\1 DQuantumCascadeLaserSiGe_nnpp.in
o examples\quantum_cascade_lasers\I DQCL_AlGaAs_Sirtori_APL73_1998_nnp.in
* examples\quantum_cascade_lasers\I DQCL_Andrea_Friedrich_Nolnjector_InGaAs_APL86_2005_kp_nnp.in
o examples\quantum_cascade_lasers\ DQCL_Andrea_Friedrich_Nolnjector_InGaAs_APL86_2005_sg_nnp.in
o examples\quantum_cascade_lasers\I DQCL_Rochat_APLS81_2002_nnp.in
o examples\quantum_cascade_lasers\I DQCL_THz_MIT_Sandia_SemicScTech20_2005_nnp.in
» examples\quantum_cascade_lasers\THzQCL_Andrews_Vienna_MatSciEng2008_nnp.in
o examples\quantum_cascade_lasers\THzQCL_Andrews_Vienna_MatSciEng2008_nnp_electric_field.in

o examples\quantum_cascade_lasers\THzQCL_Andrews_Vienna_MatSciEng2008_nnp_no_repeat.in

Note: If you want to obtain the input files that are used within this tutorial, please check if
you can find them in the installation directory. If you cannot find them, please submit a Support
Ticket.

Scope:
This tutorial aims to simulate different quantum-cascade structures proposed in the literature.
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GaAs/ AlGaAs Quantum-Cascade Laser

This tutorial is based on the quantum-cascade structure that has been presented in [ Page2001 |. Here, we are trying
to reproduce fig. 1 of this paper. The corresponding input file is /DQuantumCascadeLaser.in.

The quantum-cascade structure consists of a sequence of GaAs wells and Aly 45Gag.55As barriers. The sequence
is as follows (from O nm to 45 nm; it is repeated outside this region):

Layer Thickness [nm]
1 Al0_45Ga0,55As 4.6
2 | GaAs 1.9
3 Alo_45GCl0_55AS 1.1
4 | GaAs 54
5 Alo_45G(10_55AS 1.1
6 | GaAs 4.8
7 AZO_45G(10_55AS 2.8
8 GaAs 3.4
9 Alo_45Ga0_55AS 1.7
10 | GaAs 3.0
11 Alo_45G(10_55AS 1.8
12 | GaAs 2.8
13 Alo_45Ga0_55AS 2.0
14 | GaAs 3.0
15 Alg_45Ga0_55As 2.6
16 | GaAs 3.0

In [Page2001], a conduction band offset of 390 meV was used. Consequently, we modify our default band offset
by shifting the AlGaAs ternary to get a 390 meV offset. We also apply an electric field of -48 kV/cm.

$ElectricField 48e5 # Electric field in units of [V/m] - Here: 48 kV/cm
$ReferencePotential = 0.092 # Set the potential at the leftmost point of the grid.
—to the same value as in nextnano3

For simplicity, in contrast to [Page2001 |, we do not include doping here. In the original paper, the areas between
15.2 nm and -5.6 nm (9.8 nm) and 29.8 nm and 39.4 nm (9.8 nm), corresponding to layer 11 - 14, were n-type
doped with silicon, with a sheet density of ng; = 3.8 - 10! cm™. In this example, we do not have to calculate
the strain, because piezo and any pyroelectric fields do not exist. We use single-band (effective-mass) rather than
8-band k.p model.

Bandedge profile

Figure 6.4.11.1 shows the conduction band energy of the Gamma conduction band edge and the probability den-
sities (¥2) of the ground state 4 (red), the lower state 6 (blue), the excited state 10 (pink) and the injector state 8
(green). The above shown structure of the conduction band edge and the wave functions is in excellent agreement
with fig. 1 of [Page2001].

Note that periodic boundary conditions for the Schrodinger and Poisson equation do not make sense because of
the application of an electric field. Thus, we used Dirichlet boundary conditions. However, this will lead to some
artificial, wrong wave functions at the boundaries because the wave function is forced to be zero at the boundaries.
For the states in the middle of the device where the wave function decays to zero in any case at the boundaries, the
boundary conditions do not have any influence at all and so these states are fine. So the suggestion is to calculate 3
or 5 periods, and then take the energy levels and wave functions of the center period. In this way, boundary effects
should not be very severe.

global{
periodic{ x = yes } # apply period boundary conditions along the x-direction

}
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GaAsIAIu_“GaD_“As Quantum Cascade Laser (L,=9 um)

] h I 1 1 ] | | - 2
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1.2 i Al sCa, g As i 32
| 1 [—w,
11 L / GaAs _ :
- Mg ol 1=
@ 10p AN Hnpr— :
= _’_‘ﬁ .
g 0‘9 F\ [ ‘
5 r=ll] /\ It
C 08 L ~ 1 //\ g
o = ] 390 meV
0.7 F ] 4| band
r lower state = 4| offset
0.6 - ground state B
I 9 QC period N 71
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H. Page, APL 78, 3529 (2001)

Figure 6.4.11.1: Calculated conduction band edge (black line) of the quantum-cascade structure with electric field
of strength 48 kV/cm applied. Also shown are the probability densities (¥2) of four electron states, which are
shifted by their corresponding eigenenergies.
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Intraband matrix elements

The files:

* bias_00000\QuantumNinterband_matrix_elements_qgrl_Gamma_100.txt

* bias_00000\Quantum\dipole_moment_matrix_elements_qrl_Gamma_100.txt

contain the p, and z intraband matrix elements for all transitions. Our result for the z matrix element for the
transition between the excited state to lower state is in excellent agreement with the result of [Page2001 |:

3

nextnano’ [Page2001]
<\I/10|Z‘\I/6> 210,6 = 1.6655138016 nm 232 = 1.7 nm
AFEiransition | 147.7 meV 160 meV

QCL examples

Note: Please submit a support ticket if you want to obtain the input files for the following structures.

1. A =9 um,i.e. 33 THz or 138 meV

The simulated QCL structure is taken from [Page2001 ], see Figure 6.4.11.1. The corresponding input is /DQuan-

tumCascadeLaser.in.

2. A =9.4 ym or 132 meV

The simulated quantum-cascade structure, shown in Figure 6.4.11.2, is based on [Sirtori1 998]. The corresponding

input file is IDQCL_AIlGaAs_Sirtori_APL73_1998.in.

E,,=137.8 meV (Sirtori: 134 meV) z,,=1.77 nm (Sirtori: 1.6 nm) cb
E,= 36.3 meV (Sirtori: 38 meV) . e;
e
1.4 03
13 =
es
124 Ik 2
| M el
%‘ 1.1 5 . e8
> 10 -J\&’_\_’w - ;9
% 09 _—'._._._._._.:‘a—"['\'—\cd_ i - | el
: el2
0.8 - 53 |1
1 eld
0.7 4 i e15
o el6
2.5 Aly,Ga, As | _
GahAs
8x8 k.p 0.5 LI [ S F N S T 7 & T T eld
no doping 0 10 20 30 40 50 60 70 80 90 el19
0.5 nm grid resolution distance (nm) e20
C. Sirtori et al., APL 73, 3486 (1998) F = 48 kV/cm e21

Figure 6.4.11.2: Calculated conduction band edge (black line) of the quantum-cascade structure with electric field
of strength 48 kV/cm applied. Also shown are the probability densities (U'2) of several electron states, which are

shifted by their corresponding eigenenergies.
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3. A =10 um or 124 meV (77 K)

The simulated quantum-cascade structure, shown in Figure 6.4.11.3 and Fig-
ure  6.4.11.4, is based on [Friedrich2005]. The  corresponding input file is
IDQCL_Andrea_Friedrich_Nolnjector_InGaAs_APL86_2005_kp.in.

Strain compensated In, Ga_ As / Alwlnmns quantum cascade laser

104 F =80 kWem cb
T=77K -
o&< APL 86, 161114 (2005) 5
—_
0.6 4 — 9
= —_1
2 pad —_15
z SN S | —1T
= PN A W S —
2 g2 E 19
H A N Iop (—23
o W i ¥ 27
00+ + Eyo = 123 meV 26
——— A 4 37
02 1By, 5|——33
AT ;
04
o 0 2™ % 4 s 6 T 8 W

distance (nm)

Figure 6.4.11.3: Calculated conduction band edge (black line) of the quantum-cascade structure with electric field
of strength 80 kV/cm applied (T = 77 K). Also shown are the probability densities (¥'2) of several electron states,
which are shifted by their corresponding eigenenergies.

Strain compensated In, Ga_ As/Al__In  As quantum cascade laser

F = 110 kV/em
104 T=300K
APL 86, 161114 (2005)

®
—
L /\;ﬁz‘? =

0.04 SN JEy = 148 meV

energy (V)
g

0 10 20 30 40 50 60 70 80 90
distance (nm)

Figure 6.4.11.4: Calculated conduction band edge (black line) of the quantum-cascade structure with electric field
of strength 110 kV/cm applied (7" = 300 K). Also shown are the probability densities (U'2) of several electron states,
which are shifted by their corresponding eigenenergies.

4. \ =66 um, i.e. 4.54 THz or 18.8 meV

The simulated quantum-cascade structure, shown in Figure 6.4.11.5, is based on [Rochat2002]. The corresponding
input file is IDQCL_Rochat_APL81_2002.in.

5. A =89.2 um, i.e. 3.4 THz or 13.9 meV

The simulated quantum-cascade structure, shown in Figure 6.4.11.6, is based on [Hu2005]. The corresponding
input file is IDQCL_THz_MIT_Sandia_SemicScTech20_2005.in.
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Conduction band profile and wavefunctions (moduli squared)
of a quantum-cascade laser
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QC sequence as in M. Rochat et al., APL 81, 1381 (2002) (c) stefan.birer@nextnano.de

Figure 6.4.11.5: Calculated conduction band edge (black line) of the quantum-cascade structure with electric field
of strength 3.15 kV/cm applied. Also shown are the probability densities (I2) of several electron states, which are
shifted by their corresponding eigenenergies.
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based on Q. Hu et al., Semicond. Sci. Techn. 20, S228 (2005) {c) stefan. birner@nextnano.de iil

Figure 6.4.11.6: Calculated conduction band edge (black line) of the quantum-cascade structure with electric field
of strength 12.2 kV/cm applied. Also shown are the probability densities (¥'2) of several electron states, which are
shifted by their corresponding eigenenergies.
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6. A =107 yum, i.e. 2.8 THz or 11 meV

The simulated quantum-cascade structure, shown in Figure 6.4.11.7, is based on [Andrews2008]. The correspond-
ing input file is THzQCL_Andrews_Vienna_MatSciEng2008_nnp.in.

GaAs/Al, Ga,, As quantum cascade laser (2.8 THz)

T . . : ._
M ™~
100 ™~ 4
LA :
50 N
4
Y 2

=
Lo
of ~

(-

[

energy (meV)

5

F=9.8kVicm

0 f L L

60 80 100 120 140
position (nm)

Figure 6.4.11.7: Calculated conduction band edge (black line) of the quantum-cascade structure with electric field
of strength 9.8 kV/cm applied. Also shown are the probability densities (¥2) of several electron states, which are
shifted by their corresponding eigenenergies.

7. A=9.9 um, i.e. 30.2 THz or 125 meV

The simulated quantum-cascade structure, shown in Figure 6.4.11.8, is based on [Dehlinger2000]. This corre-
sponding input file is /DQuantumCascadeLaserSiGe_nnpp.in.

Si/SiGe Quantum Cascade Structure

0704 HH1 - HH2 = 124.5 meV Catnetos t

-0.75 4

| HH1
-0.80 4

-0.85

n
AL

-0.90

-0.95

energy (eV)

-1.00 4

05 A ] 1T
-1.10
-1.15 4

-1.204

50 kW/em

-1.25
T T T T I T
10 5 0 ] 10 15 20 25 30 35 40 45

QC structure as in: distance (nm)
G. Dehlinger et al., Science 290, 2277 (2000) (c) stefan.birner@nextnano.de

Figure 6.4.11.8: Calculated valance band edge (black line) of the quantum-cascade structure with electric field of
strength 50 kV/cm applied. Also shown are the probability densities (¥2) of several hole states, which are shifted
by their corresponding eigenenergies.

Last update: nn/nn/nnnn
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6.4.12 Optical Spectra and Transitions

Single Particle

Optical absorption for interband and intersubband transitions

Section author: Takuma Sato

Input Files:
* OWIP_singleQW_GaAs_AlGaAs_nnp.in
o QWIP_singleQW_InAs_AISb_nnp.in
* QWIP_Gunapala_JAP_1991_nnp.in

AlGaAs_QW_Frankenberger_Simple_nnp.in

AlGaAs_QW_Frankenberger_Simple_nnp_fast.in
AlGaAs_QW_Frankenberger_Doping_schottky07_nnp.in
AlGaAs_QW_Frankenberger_Doping_schottkyO7_nnp_fast.in

Contents

In this tutorial we illustrate the optics{ } module to demonstrate what nextnano++ can simulate for optoelectronic
devices. This module performs a detailed calculation to optical absorption phenomena, using 8 (or 6) band k - p
models. If you are interested in

* the background physics of this module and how to write the input file, go to Principle and nextnano++
implementation.

* the simulation results for intersubband transitions, go to /D tutorial for intersubband transitions: Quantum
well infrared photodetector.

* the simulation results for interband transitions, go to /D tutorial for interband transitions: Frankenberger.
* optical absorption in 2D devices, (under construction)
* optical absorption in broken-gap structures, (under construction)

This algorithm is implemented based on the following diploma thesis:

e Thomas Eifeller, Linear Optical Response of Semiconductor Nanodevices, Technische Universitit Miinchen
(2008)

For the physics of optical transition in semiconductors and its application, we refer to
e Shun L. Chuang, Physics of Optoelectronic Devices (Wiley, 1995)
* S.M. Sze & Kwok K. Ng, Physics of Semiconductor Devices (Wiley, 2007)
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Principle and nextnano++ implementation
k| space

In the k.p analysis of one- (or two-) dimensional structures we have a projection of the Bloch wave vector along
translation-invariant directions. We denote them as k| = &,y + k.2 (1D) and k|| = k.2 (2D). Under envelope
function approximation the k - p model yields the following equation to determine the confined states in structured
directions

ZHkPS K|, 1) fnu(1) = B (k) frun(ry) (v=1,....8), (6.4.12.1)

where the Greek indices label the k.p bands and m denotes eigenvalues, r; = zz in ID andr;, = z2Z + yy in
2D. H*P8 is the 8 x 8 matrix whose elements are given by the k.p parameters in the database. Jm,u(rL)* are the
envelopes in the structured directions. The full wave function is given at each k| as

etk "H

v, (kj,r) Z v (K T Z \F a(r)u,(r), (6.4.12.2)

where u,,(r) is the Bloch function of the band pratk = 0 and A = | dr|. In general, both the conduction band
(I'") and valence bands contribute to this full wave function. The spinor composition is exported to Quantum\
spinor_composition. After solving this “Schrédinger” equation, the wave function is integrated over a limited
region in k|| space to obtain the charge density, which is used in the quantum-current-Poisson iteration. The region
is specified under quantum{ } as

quantum{
region{
kp_8band{
k_integration{
relative_size = $r_quantum # size of k||-space in quantum{ }.
—(relative to the Brillouin zone)
num_points = $N_quantum # number of k|| points where Schrodinger.

—eq. 1is solved

num_subpoints = $Nsub_quantum # number of points between k|| points.
—where wave functions and eigenvalues are interpolated

force_k0_subspace = # (optional) use the eigenfunctions of the.
—Schrodinger equation at k=0 as the basis for the Schrodinger equation at all k-
—point (default: no)

}
}

Note: When force_k0_subspace=yes in quantum{ } or optics{ }, the Schrédinger equations at non-zero
k-points are solved in the subspace of the eigenfunctions obtained by the Schrodinger equation at k| = 0. This
approximation largely improves the computational speed. In case you are planning to use this approximation for
final results, please make sure to check whether the resulting loss of accuracy in density is acceptable (quantum{
}) or the loss in optical spectra is acceptable (optics{ }).
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Optical absorption spectrum

When 1) Schrédinger equation is solved with k.p method, 2) optics{ } flag is present and 3) the specifier optics{
} is present under run{ } flag, nextnano++ calculates the absorption spectrum.

optics{
region{
- # see below for details
}

}

run{
quantum{ }
optics{ }

}

The optical absorption accompanied by excitation of charge carriers (state n — m) in a condensed matter is calcu-
lated from Fermi’s golden rule /ChuangOpto1995]. The absorption coefficient has the dimension of (length)~*.

7T€2

a(g? w) = % Z Z |€ 7_1:71171(1{“)|2(fm - fn)é(E’n —En - hw)7 (6.4.12.3)

2
nsceomow V- e~ o

where the first sum runs over bands that fulfill E,, > E,, and fu, (k) = [1 + elPmk)=Erl/kaT]=1 jg the
occupation of eigenstate m. When optics{ occupation_ignore=yes } (default is no), the program assumes

Jm(k)) =0 if m € conduction band
fm(kj) =1 if m € valence band

The light polarization € and refractive index n, are specified in the input file. The refractive index is in general
frequency-dependent, but we assume it to be constant and equal to the substrate value.

optics{
region{

polarization{ name="TM" re = [1,0,0] } # in 1D simulation, x is the growth,
—direction

polarization{ name="TE" re = [0,1,0] } # complex (circular) polarization is,
—also allowed

refractive_index = # (optional) use alternative value for the,
—refractive index (default: substrate value)

}
}

The core of the optical transition is the optical matrix elements € - 7,,,,, (k| ) because the kinematic momentum
operator @ = (7, m,, 7,) couples linearly to the vector potential that accounts for the electromagnetic field. Here
7 is the sum of the conventional momentum operator p and the contribution of spin-orbit interaction. The optical
matrix elements are calculated as

F, ml
Tum (K)|) = (n|T|m) = /dr (Fpp -+ Fpg) | 7ob8 S (6.4.12.4)
F, m8
where the 8 x8 matrix representation of the momentum operator, 7‘7’1;28, has been derived using the Hellmann-
Feynman theorem extended to the 8-band k.p model up to first order in k [Eifeller]. For the analysis of the
absorption spectrum, nextnano++ also prints out some fractions of the absorption coefficient formula in the output
folder, namely

1. occupation (if output_occupations=yes) \Optics\occupation_~.dat f, (k)
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2. eigenvalue dispersion (if output_energies=yes) \Optics\energy_disp_~.dat E,, (k)

2

3. transition intensity (if output_transitions=yes) Optics\transition_disp_~.dat T, (€,k|) = —

Tm (kH ) |2
4. imaginary part of the dielectric function for each transition (if output_spectra{ output_components
2
yes })\Optics\imepsilon_~.dat Tme ., (€, w) = 2% 12 % Zk” T (€, k\l)(fm — fn)0(En — Epy — hw)

2w2 mieo

€

5. total imaginary part of the dielectric function \Optics\imepsilon_~.dat Ime(€,w) = Y Imem (€, w)

n>m
6. total absorption spectrum \Optics\absorption_~.dat  «(€,w) = > nsm Onm (€ w) =
Yonsm e Imenm (€ w)

The following part of the input specifies how much transitions to be taken into account. The setting for
k_integration{} is explained in the next section.

optics{
region{
interband = $INTERBAND # yes or no

intraband = $INTRABAND # yes or no

energy_min = $ENERGY_MIN # minimum energy of the absorption,
—.spectrum

energy_max = $ENERGY_MAX # maximum energy of the absorption.,
<.spectrum

energy_resolution

$ENERGY_RESOLUTION # energy grid spacing

k_integration{

relative_size = $r_optics # size of k||-space in optics{ } (relative to.
—the Brillouin zone)
num_points = $N_optics # number of k|| points where transition.

—intensities are computed

num_subpoints = $Nsub_optics # number of points between k|| points where,
—transition intensity is interpolated

force_k0_subspace = # (optional) use the eigenfunctions of the.
—Schrodinger equation at k=0 as the basis for the Schroédinger equation at all k-
—point (default: no)

}
}

3

Parameters in k_integration{} (for fine tuning)

Parameters in k_integration{} in optics{ } flag (hereafter r,p¢, Nopt, N(’)pt) specify the size and resolu-
tion of the k|| space integration in absorption spectrum calculation, ZkH . This should not be confused with

the specifier k_integration{} in quantum{ } flag used for quantum mechanical charge density integration
(hereafter v, Ny, N,, see Figure 6.4.12.1).

First we discuss the parameters 7., and Nopi. The size of k|| space may affect the validity of simulation results.
It also determines the simulation load. Here are some hints to determine the appropriate parameter sets:

* In undoped systems, integrating up to |k | that gives in-plane kinetic energy h%ﬁ /2m corresponding to
2kpT or 3kpT should be sufficient. Usually 7,5 = 0.3 is sufficiently large to include all occupied states.
In doped systems, it depends on the Fermi energy.

* To see the range of occupied states in k| space, run a simulation and look at the output \Optics\
occupation_~.dat. We recommend checking the box “Show grid” on the left panel in Output tab of
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Solve Hamiltonian HXP with k-space resolution g Ny iterations
Envelope functions qu(-t?u, x) Eigenvalues Em(ﬂ)

|

momentum operator ., (k)

| p

interpolated with N, number of points interpolated with N'g or N’ number of points

| |

evaluate E-ﬁnm(ﬂ) and fm(ﬂ) with k-space resolution 7ope, Nop:

| k-integration

absorption coefficient a(w)

Figure 6.4.12.1: Calculation algorithm of optical absorption spectrum and its relation to the parameters in
k_integration{}. ry, Ny, NC’I and 7opt, Nopt N(’)pt are specified in quantum{ } and optics{ }, respectively.

To do; the energy dispersion is interpolated with Ny or N/ ?

nextnanomat (see also Output). This shows the occupation f,,, (k| ) as a function of k. Let us consider 1D
simulation and suppose you got the following:

neoptical_sctive_opical_active_kpS_?_diep

where (7opt, Nopt) = (0.3,8). The horizontal- and vertical axes are k, and k., respectively. The area |k, .| <
roptg is shown with the k||-space gridding (thin white lines). The number of k|| points in one direction is 2N +
3. The occupation profile is not smooth, and you might want a higher resolution by increasing the parameter
(Topts Nopt) — (0.3, 60):

The occupation becomes smooth, but at the same time this significantly increases the number of k points (in 1D
simulation, (the number of k points)cx (ropt Nopt)2). Noting that the black region, where occupation is zero, does
not contribute to the absorption, you can “zoom in” to the colored region by decreasing 74, and Ny in such
a way that the ratio 7pt/Nopy remains constant. This will cut down the irrelevant region without changing the
resolution. For example, if you set (7opt, Nopt) = (0.05,10), you obtain

and this should be sufficient for the k||-space integration.
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ocoptical_acive_opical_active. kpll_2_disp

ooophical_acive_ophoal_aciree_kpll_2_disp
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After tuning the parameters 7opt, Nopt, We can further optimize the setting regarding the interpolation. The number
of subpoints N/, determines at how many k|| points the transition intensity should be interpolated. Increasing
N/, gives Ep, (k) of higher resolution and makes the absorption spectrum smooth. Figure 6.4.12.2 shows that
this parameter improves the absorption spectrum.

Number of interpolation points

1200 :

N
N

1000

800

600

absorption[cm™]

400

200

0
152 153 154 155 156 157
Energy[eV]

Figure 6.4.12.2: The effect of the parameter N(’)pt specified in optics{ k_integration{}} on absorption spec-
trum output \Optics\absorption. Larger N, épt smoothens the k||-dependence of the integrand, which leads to
smoother spectrum.

To do: investigate spin_degeneracy=yes/no and dipole_approximation = yes/no

1D tutorial for intersubband transitions: Quantum well infrared photodetector

In the following we apply the formalism to several devices. As a first example, we model the absorption spectrum
of an AlGaAs/GaAs quantum well infrared photodetector (QWIP). The QWIP is based on photoconductivity due
to intersubband excitation.

Input files

o OWIP_singleQW_GaAs_AlGaAs_nnp.in

o QWIP_singleQW_InAs_AISb_nnp.in

o QWIP_Gunapala_JAP_1991_nnp.in
The first example uses the same parameters used in

¢ FIG. 20 in B.F. Levine, J. Appl. Phys. 74 (8), 15 (1993),
while the third example is based on [GunapalaJAP1991]
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GaAs/AlGaAs single QW - band structure, eigenstates and absorption

We first illustrate the first example QWIP_singleQW_GaAs_AlGaAs_nnp.in. In this example, we model optical
absorption in single quantum well structure. The following input is required for self-consistent quantum-current-
Poisson simulation:

quantum{
region{
name = "optical_active"
no_density = no
kp_8band{
num_electrons = $OptNumE
num_holes = $OptNumH
}
}
}
poisson{ }
current{}
run{
strain{ } # strain calculation

current_poisson{ }
quantum_current_poisson{ }
optics{ } # absorption calculation

}

The specifier no_density=no lets the program calculate quantum mechanical charge density (default). Current-
Poisson equation takes over this value. The band structure and wave functions are shown in Figure 6.4.12.3 and
Figure 6.4.12.4, respectively.

Bandstructure
05
I | I —
L 1
051 |
= Gamma
9, Fermi level
B HH ——
E\ L -
o LH ——
i SO
a5 —_/lf_\l\—
2k |
L L L L L

0 5 10 15 20 2
Position[nm]

Figure 6.4.12.3: Single quantum well structure \bandedges.dat. The bias voltage between two contacts is set to
2mV.

The output folder \Optics contains computed absorption spectra. Let us first check the occupation f, (k)
used in the calculation. When comparing the results \Optics\occupation, please mind the autoscale mode
of nextnanomat:

The autoscale mode in nextnanomat is set off here. We clearly see that the first state is well occupied, whereas for
the second state is not (precisely speaking f1(0)=0.897 while f5(0)<0.07).

The absorption coefficient for TE (€ = ) and TM (€ = ) light polarization is shown in Figure 6.4.12.7. The
energy grid spacing here is $ENERGY_RESOLUTION=0.5meV. For single-band models the peak becomes very sharp
unless one introduces phenomenological broadening function such as Lorentzian. In k.p calculation, in contrast,
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single quantum well

Gamma
Fermi level
03
— 02 —
&
g of J 2nd 1
. AET
v N st
01 L~ T
0 ; T‘O 1‘5 2‘0 2‘5
Position[nm]
Figure 6.4.12.4: Probability distribution [¢)(z)[> of the confined states at k; = 0 (\Quantum\

probabilities_shift_optical_active). The wave functions here are the solution to the 8-band k.p model.
The energy separation is A E=0.06960-(-0.05589)=0.1255[eV] according to the output data. The electron Fermi
energy lies between two bound states.

(vl

0.000143
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[ Auto select color map

[ Fix middle colorto[ 0 |

Figure 6.4.12.5: Occupation of the first (m=1) bound states as a function of kH.
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Figure 6.4.12.6: Occupation of the second (m=2) bound states as a function of k.

peaks gets broadened because the transition energies, En(kH) — Em(k”), depends on k||. One can confirm this
by comparing the output \Optics\energy_disp_~.dat for states m=1 and 2 (not shown). In intersubband
transitions the transition energies can be concave downward in k|| space, i.e., E,, (k) — En (k) o —k2, depending
on the masses. In the present case the absorption spectrum has a tail in the region iw < AFE.

Absorption coefficient

™ ——
200 TE¥1000 —— 1

15000 -

10000 -

absorption[cm™]

5000 (-

AE

0 0.05 01 015 02

Energy[eV]

Figure 6.4.12.7: Absorption coefficient in \Optics\absorption_~.dat as a function of photon energy, for TE

and TM. Black arrow points the energy separation A E. The broadening of the spectrum is due to the k||-dependence
of wave functions and corresponding eigenvalues.

The optical transitions between conduction band states (intersubband transitions) in response to TE-polarized light
is only allowed when eigenstates have finite spinor components in valence bands. In the present case its large band
gap and small confinement leads to small band-mixing, rendering TE absorption spectrum orders of magnitude
smaller than TM polarization (Figure 6.4.12.7). As seen in the output \Quantum\spinor_composition_~.dat,
eigenstates contain approximately 98% contribution from conduction band and 2% from valence band.
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InAs/AISb single QW - small band gap & large confinement

In the second example QWIP_singleQW_InAs_AlSb_nnp.in, single quantum well is narrower and the band gap is
smaller than the first example. The small band gap and large confinement of the wave function (Figure 6.4.12.8)
leads to large band mixing. In fact, the output \Quantum\spinor_composition_~.dat shows that the ground
states in Figure Figure 6.4.12.8 consists of 80.7% of conduction band and 19.3% of valence band contribution.

Bound states

Gamma
15 b -
Th [\/\ g
E J \ 2nd
2 05| 1
a a
&
. AN
1st
05 - |
1 L L I
0 5 10 15 20
Position[nm]

Figure 6.4.12.8: Confined states at kH = 0 (\Quantum\probabilities_shift_optical_active)inanarrower
and deeper quantum well. The blue line marks the electron Fermi energy (0eV).

Absorption coefficient
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Energy[eV]

Figure 6.4.12.9: Absorption spectrum for TE and TM. TE absorption becomes relevant compared to Figure 6.4.12.7
because of the large band-mixing. Note that TE spectrum here is multiplied by a factor of 100, instead of 1000 in
Figure 6.4.12.7.
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Periodic case

In the third example QWIP_Gunapala_JAP_1991_nnp.in, we set the bias to zero and impose the periodic boundary
condition. The GaAs/Al,Ga;_,As superlattice structure induces miniband states below the barriers, enabling
bound-to-continuum absorptions of sub-eV photons. This ym-wavelength photodetector works without electron
tunneling through the barriers, thereby improving the detectivity [Gunapala]. The band structure bandedges.dat
and wave functions \Quantum\probabilities_shift.dat are shown in Figure 6.4.12.10. We have continuum
states above the barriers as well as bound states in the superlattice (miniband).

Miniband and continuum states

05 . ) Gamma
Fermi level

04

VA S NENIE V) S Vi oD W0 Ve N

Energy[eV]

1
0 10 20 30 40 50 60 70
Position[nm]

Figure 6.4.12.10: Gamma band profile and probability distribution of the bound miniband states and continuum
states above the top of the barriers.

The absorption coefficient is exported to \Optics\absorption. The indices in the filename *_kp8_TE_m_n.dat
refer to the transition from state m to state n. The files without indices contain the total absorption spectrum (sum

over all transitions). The total absorption spectrum for TE and TM polarization looks like this:

Absorption coefficient

™ ——
TE*1000 ——
2000 - 8

1500 —

1000 =

1)

L L
01 012 014 016 018 02 022 024 026 028 03
Energy[eV]

absorption[cm™]

Figure 6.4.12.11: Absorption spectrum for TE (¢ = 3) and TM (€ = %) polarization. TE spectrum is magnified by
factor of 1000. We observe that TM absorption is much larger than TE, while the peak positions are the same.

The peak positions do not depend on polarization, while the peak height is much larger for TM polarization com-
pared to the one for TE. Looking at the absorption spectrum for each transition, we identify which transition
contributes to which peak (Figure 6.4.12.12).

Let us look at the eigenvalue and occupation of each state to confirm this result. The eigenvalues of the
bound- and continuum states are written in the output \Quantum\probabilities_shift.dat or \Quantum\
energy_spectrum.

Note: quantum{ } uses spin-resolved index for the eigenstates, so there are 80 states in total. In optics{ },
however, two spin-degenerate states are summed up and there are only 40 states. This number (1 to 40) is used
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absorption[cm™]
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Energy[eV]

Figure 6.4.12.12: Contributions from different transitions to the total TE absorption spectrum.

in the \Optics output filenames. For the consistency, we use the latter notation throughout. (7o do: examine the
specifier spin_degeneracy)

Based on the indices in Figure 6.4.12.12, we identify the first four peaks to the following four different transitions
(Figure 6.4.12.13). We have confirmed that the peak energies in Figure 6.4.12.12 are consistent to the energy
separation of the corresponding states.

Bound-to-continuum transitions

04 - , Eie, E17 ——

Ei4, Eis ——

E1a El3 —
11

03k . . el

Es, Eo

021 |1st peak | 2nd peaki|3rd peak |4th peak q B4, Es ——

Energy[eV]

01F ¥ : .

Figure 6.4.12.13: Eigenenergies of relevant bound- and continuum states. Many other transitions have little contri-
bution due to the shape of the wave functions and/or occupation of the states. When we calculate for wider energy
range, i.e. increase the parameter $ENERGY_MAX, there will be many more peaks that are attributed to higher energy
transitions.

Lastly we check the occupation (Fermi-Dirac distribution) f, (k). In the output \Optics\
eigenvaluespectrum (Figure 6.4.12.14), occupation at k||=0 of m-th state, f.(k; = 0), is plotted at
corresponding eigenvalues E.,. The function takes the maximum value at the origin k| = 0. In the present

system, f1(0) = 0.087, f2(0) = 0.077,..., fio(0) = 0.0148 for the bound states, whereas f,,(0) < 107%
for continuum states (m > 11). Therefore the initial states in Figure 6.4.12.13 are well occupied and the final
states are mostly empty. This enables optical absorption via bound-to-continuum excitation of electrons, thereby
realizing a quantum well photodetector with high detectivity.
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Figure 6.4.12.14: Occupation of eigenstates showing a noticeable difference for bound (m=1-10) and continuum
(m=11,...) states.

1D tutorial for interband transitions: Frankenberger
Input files

* AlGaAs_QW_Frankenberger_Simple_nnp.in

* AlGaAs_QW_Frankenberger_Simple_nnp_fast.in

* AlGaAs_QW_Frankenberger_Doping_schottky07 _nnp.in

* AlGaAs_QW_Frankenberger_Doping_schottky07 _nnp_fast.in

These files are located in the sample files folder. The fast examples reduce the computation load by limiting
exact solution only to & = 0 point and computing all other % points in the basis of the & = 0 wave functions
(force_kO0_subspace; see quantum{ } and optics{ } documentations).

Optical absorption and interband transitions

In the input file A1GaAs_QW_Frankenberger_Simple_nnp.in, we consider a single quantum well structure:

Bound states

Energy[eV]
(0]
Q
3
3
o]

25 30 35 40 45 50 55 60
Position[nm]

Figure 6.4.12.15: The conduction band edge profile (bandedges.dat) and wave functions of the bound states
(\Quantum\probabilities_shift).

The program solves the 8-band k.p model coupled to the Poisson equation to find the eigenstates and compute
the absorption coefficient. Figure Figure 6.4.12.16 shows the absorption spectrum for circularly polarized light
(€= 9 —1i2). In contrast to QWIP examples above, peaks have long tails toward higher energy. This is because the
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transition energies Iy, (k| ) — Ey, (k| ) in interband transitions are concave upward ~ +k? (here we do not consider
Type 2 semiconductors).

Absorption coefficient (y-iz polarization)

2500 T

y-iz total

2000

1500

1000

absorption[cm™]

500 - 10-11,

r\igigk

I
15 152

156 158 16 162 164 17
Energy[eV]

Figure 6.4.12.16: Absorption coefficient of circularly polarized lights. Numbers “m-n” denote each transition
m — n. The first four transitions are sketched in Figure 6.4.12.17 .

The steps of this absorption spectrum are associated with the following interband transitions:

Interband transitions
03

025 Gamma - -

Energy[eV]

005 | 10-11 |9-11 6-12 b

25 30 35 40 45 50 55 60

Note: In the end of the log file, you find the message “Integration reliable up to —eV”. This tells you up to which
energy the absorption spectrum is reliable. Since we only consider the vicinity of the origin k| = 0, the reliable
energy interval is bound from above by the energy difference of the initial and final states at the edge of the k||-space
considered. The upper limit d [eV] is given by

d = minkne Q* edge |En(k|‘) — Em(k”)‘

where Q* is the region in k||-space specified in optics{ region{ k_integration{} } } with parameters 7y
and N,p¢. In the present case d=3.2eV, while the calculation is safely performed for the interval [1.4, 1.7] (eV). This
message appears only when interband transitions are computed, i.e. when interband=yes and intraband=no
in optics{ } flag.
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Interband transitions
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Figure 6.4.12.17: Eigenvalues (black) and transitions from valence-band to conduction band bound states (arrows)
which are responsible for the first four steps in Figure 6.4.12.16. Here spin-degenerate states are counted as one
state (eigenstate numbering in optics{ }).

Doping and Schottkey barrier

In the second input file AlGaAs_QW_Frankenberger_Doping_schottky®7_nnp.in, we consider the following
structure:

Gamma
HH ——

05
GaAs QW

A

05k 1 . B . A

Energy[eV]

0 50 100 150 200 250 300 350 400
Position[nm]

Figure 6.4.12.18: The band structure and eigen functions used for optics calculation. The Fermi level is at OeV.

Figure 6.4.12.20 compares the results for different settings for occupation f,, (k). When optics{
occupation_ignore=yes }, valence bands and conduction bands are considered to be fully occupied and fully
empty, respectively. When the actual occupation of eigenstates are taken into account, in contrast, optical transi-
tions to conduction band states just above the Fermi energy are prohibited because of the thermal distribution of
electrons.

Last update: nn/nn/nnnn
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Figure 6.4.12.19: Absorption coefficient of circularly polarized lights. Numbers “m-n” denote each transition
m — n.

Effect of Occupation assumption
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Figure 6.4.12.20: Absorption coeflicient for different settings of occupation. The red curve is identical to the total
absorption spectrum in Figure 6.4.12.19. When occupation_ignore=no, absorption of low energy photons is
suppressed due to the occupation of the lowest conduction band states (also see Figure 6.4.12.18).
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Optical interband transitions in a quantum well - Matrix elements and selection rules

Input files:

o IDQW_interband_matrixelements_finite_nnpp.in

* IDQW._interband_matrixelements_infinite_nnpp.in

Scope:

We consider a 5 nm GaAs quantum well embedded between AlAs barriers. The structure is

assumed to be unstrained. We distinguish between two cases:

a) finite AlAs barriers

b) infinite Al As barriers (This can be achieved by choosing Dirichlet boundary conditions at
the quantum well boundaries.)

Eigenstates and wave functions in the quantum well

a) Finite quantum well

Input file: IDQW_interband_matrixelements_finite_nnpp.in

For finite barriers we obtain using single-band Schrodinger effective-mass approximation (i.e.

parabolic effective masses)

isotropic and

¢ 3 confined electron states in the Gamma conduction band (we don’t consider L and X bands here)

* 5 confined heavy hole states
* 2 confined light hole states

* 3 confined split-off hole states

Figure 6.4.12.21 shows the band edges of the Gamma conduction band and the heavy, light and split-off hole
band edges together with wave functions of the confined states. Note that the heavy and light hole band edge is

degenerate.

energy (eV)

2.5+

2.0 4

Wavefunctions in a 5 nm GaAs quantum well

distance (nm)

Gahs
1.0 4
AlAs band gap| AlAs

— 1.519 eV
0.0 1
05

T T T T T I

10 15 20 25 30 35

cb

vb (hh / Ih)
vb (s0)
psi el
psi e2
psiel
psi hh1
psi hh22
psi hh33
psi hh4
psi hhS
psi lh1
psi Ih2
psi so1
psi so2
psi so3

Figure 6.4.12.21: Calculated conduction band edge (black), hh/ 1h valence bands (red) and split-off hole valence
band (blue) with wave functions of lowest electron and hole states.

As one can see, the valence band looks rather messy. Thus, we zoom into it, see Figure 6.4.12.22 The 5 heavy hole
wave functions are indicated in black, the 2 light hole wave function in red and the 3 split-off hole wave functions

in blue.
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Hole wavefunctions in a 5 nm GaAs quantum well
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distance (nm)

Figure 6.4.12.22: Calculated valence band edges and hole wave functions. The 5 heavy hole wave functions are
indicated in black, the 2 light hole wave function in red and the 3 split-off hole wave functions in blue.

Interband matrix elements
Case b) Infinite quantum well

Input file: IDQW_interband_matrixelements_infinite_nnpp.in

To understand the optical transitions we first examine the matrix elements of the envelope functions, i.e. the spatial
overlap which is the integral over their product with no dependence on polarization:

<1/)cn vam> = 6nm

This leads to the so-called ‘Delta n = 0’ selection rule, i.e. only transitions between levels with the same index are
allowed. Of course, this rule is not valid anymore for case a), where we have finite Al As barriers, but nevertheless
this rule gives the strongest transitions.

quantum{

interband_matrix_elements{ # output matrix elements
HH_Gammaf{}
LH_Gamma{}
SO_Gammaf{}

The spatial overlap integrals of the envelope functions are contained in these files:
* bias_00000Quantuminterband_matrix_elements_quantum_region_HH_Gamma.txt - (heavy hole)
* bias_00000Quantuminterband_matrix_elements_quantum_region_LH_Gamma.txt - (light hole)
* bias_00000Quantuminterband_matrix_elements_quantum_region_SO_Gamma.txt - (split-off hole)

For instance, the matrix elements of the envelope functions for the ‘heavy hole’ to ‘conduction band’ transitions
read:

Spatial overlap matrix elements < psi_hl_i | psi_el_j > and
energy of transition in [eV].
heavy hole <-> Gamma conduction band

<psi_vb001|psi_cb0O1> 1.001844 1.729371 ('Delta n = 0' selection rule)

(continues on next page)
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(continued from previous page)

<psi_vb001|psi_ch002>
<psi_vb001|psi_cb0O3>
<psi_vb002|psi_cbOO1>
<psi_vb002|psi_cb0O2>
<psi_vb002|psi_cb0O3>
<psi_vb003|psi_chOO1>
<psi_vb003|psi_cbh002>
<psi_vb003|psi_ch0®O3>
<psi_vb004|psi_cbOO1>
<psi_vb004 |psi_cb002>
<psi_vb004 |psi_cb0O3>
<psi_vbO05|psi_cb001>
<psi_vb005|psi_cb002>
<psi_vbOO5|psi_cbOO3>

PR R NRRRRONRNNW

.456436E-016
.866970E-016
.463647E-016
.007268

.844946E-016
.575673E-016
.450228E-015
.015938

.076395E-015
.422473E-015
.019218E-015
.960237E-016
.346145E-015
.217775E-015

2.

3.

355209

384106

('Delta n = 0'

('Delta n = 0'

selection rule)

selection rule)

The results shown above are for a 0.25 nm grid spacing (which is rather coarse). For a 0.1 nm grid spacing one
obtains the following values for the relevant transitions:

<psi_vb001|psi_cbOO1>
<psi_vb002|psi_cb0®02>
<psi_vb003|psi_cb0O3>

1.
1.
1.

000140
000559
001251

1.
2.
3.

754633
459675
631886

Case a) finite quantum well

We now calculate the same matrix elements as above but this time for the finite Al As barriers.

Spatial overlap matrix elements < psi_hl_i | psi_el_j > and
energy of transition in [eV].

heavy hole <-> Gamma conduction band

.987507
.336279E-014
.145559
.133344E-014
.964789
.879180E-015
.128041
.286800E-015
.839306
.263441E-015
.215428
.246759E-015

<psi_vb001|psi_cb0O1>
<psi_vb001|psi_cb0O2>
<psi_vb001|psi_cbOO3>
<psi_vb002 |psi_cb0O1>
<psi_vb002|psi_ch002>
<psi_vb002|psi_cb0O3>
<psi_vb003|psi_cb0O1>
<psi_vb003|psi_cb0O2>
<psi_vb003|psi_cb0O3>
<psi_vb004 |psi_cb0O1>
<psi_vb004 |psi_cb002>
<psi_vb004 |psi_cb0O3>

L — I e I — R N — RN I — B =

.654103

.538366

.065139

. 829856

.714118

.315853

('Delta n=0"
(same parity:
('Delta n = 0'
(same parity:
('Delta n = 0'

(same parity:

selection rule)
symmetric)
selection rule)
symmetric)
selection rule)

antisymmetric)

The results shown above are for a 0.25 nm grid spacing (which is rather coarse). For a 0.1 nm grid spacing one
obtains the following values for the relevant transitions:

<psi_vb001|psi_cb0O1>
<psi_vb001|psi_cbOO3>
<psi_vb002|psi_cb0®02>
<psi_vb003|psi_cbOO1>
<psi_vb003|psi_cb0®O3>
<psi_vb004 |psi_cb002>

(=R — I — I — I — I — ]

.987955
. 142978
.966524
.127100
.838394
.211786

1.652509
2.541682
2.
1
2
2

062825

.828683
.717855
.317309
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6-band k.p calculations for the infinite barrier Al As/ GaAsl AlAs quantum well

Input file: 1DQW_interband_matrixelements_infinite_kp_nnpp.in

Figure 6.4.12.23 shows the lowest 26 eigenstates obtained with 6-band k.p for the 5 nm GaAs quantum well with
infinite barriers. Each k.p state is two-fold degenerate (spin up / spin down)

6x6 k.p wavefunctions (psi®) for a 5 nm GaAs quantum well with infinite barriers

0.0 4 ——vb (hh/lh)
0.1 ——vb (s0)
02 L
03] ==
0.4
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L 05 e~ e~ - —9
5 06 —11
2 07 13
@ | e I —_—5
0.8 4 et s T i | —17
09 R SRR e i 19
-1.0 4 —_
e T S T b
1.1 4 23
— 5
-1.2 4 T —T T T T
T L T — T T | O T —T
19 20 21 22 23 24 25 26

distance (nm)

Figure 6.4.12.23: 6-band k.p wave functions (Psi?) for a 5 nm GaAs quantum well with finite barriers

One can easily relate the transitions to the ‘Delta n = 0’ selection rule. However, in contrast to the single-band
approximation, the matrix elements are not necessarily equal to 1 anymore because the hole states are mixed and
thus the hole envelope functions are significantly different to the electron envelope functions, even for an infinitely
deep square well.

6-band k.p calculations for the finite barrier AlAs/ GaAsl AlAs quantum well

Input file: /1 DQW_interband_matrixelements_finite_kp_nnpp.in

Figure 6.4.12.24 shows the 6-band k.p hole wave functions for the quantum well having finite Al As barriers. Their
energies and Psi? are two-fold degenerate due to spin but the wave functions ¥ are different! (not shown here).
The electron wave functions (3 confined states) are the same as above.

6x6 k.p wavefunctions (psi?) for a 5 nm GaAs quantum well with AlAs barriers
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0.0 vb (so0)
—
€14 0O oSN |3
J —5
0.2 4 —_—T7
| e R |—
3 031 —_1
5 1 —_—13
g 0.4 o —15
= .—_,./4—"’%% 17
® s P : —19
21
0.6 4 23
1 25
0.7 q
0.8 4

T T T ¥ T
10 15 20 25 30 35

distance (nm)

Figure 6.4.12.24: 6-band k.p wave functions (Psi?) for a 5 nm GaAs quantum well with Al As barriers
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The calculated spatial overlap integrals nicely show that in addition to the transitions where the ‘Delta n = 0’ se-
lection rule is responsible, additional transitions arise due to symmetric/antisymmetric parity. All other transitions
are zero. This is in agreement with the single-band results.

Last update: nn/nn/nnnn

Optical intraband transitions in a quantum well - Intraband matrix elements and selection rules

Input files:
e IDQW_intraband_matrixelements_infinite_nnpp.in
* IDQW_intraband_matrixelements_infinite_kp_nnpp.in

Scope:
We consider a 10 nm GaAs quantum well embedded between AlAs barriers. The structure
is assumed to be unstrained. We assume “infinite” AlAs barriers. (This can be achieved by
choosing a band offset of 100 eV.) This way we can compare our results to analytical text books
results.

Eigenstates and wave functions in the quantum well

Input file: IDQW_intraband_matrixelements_infinite_nnpp.in

quantum{

intraband_matrix_elements{ # output spatial overlap of wave functions
Gamma{}
HH{}
LH{}
SO{}
output_oscillator_strengths = yes # default is no
}
dipole_moment_matrix_elements{ # output dipole moment matrix elements
Gamma{}
HH{}
LH{}
So{}
output_oscillator_strengths = yes # default is no
}
transition_energies{ # output transition energies
Gamma{}
HH{}
LH{}
So{}

Figure 6.4.12.25 shows the six lowest eigenfunctions of the 1D GaAs quantum well. The conduction band edge
of GaAs is assumed to be located at 0 eV.

For “infinite” barriers we obtain using single-band Schrodinger effective-mass approximation (i.e. isotropic and
parabolic effective masses) the following eigenvalues:

E1l = 0.05652 eV (0.05655)
E2 = 0.22601 eV (0.22618 = 22 E1)
E3 = 0.50831 eV (6.50891 = 32 E1)

E4 = 0.90314 eV (0.90473 = 42 E1)

(continues on next page)
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Six lowest wavefunctions in a 10 nm GaAs quantum well ("infinite barriers")
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Figure 6.4.12.25: Calculated conduction band edge (black) and wave functions of confined electron states.

(continued from previous page)

ES5 = 1.41011 eV (1.41365 = 5% E1)
E6 = 2.02872 eV (2.03565 = 6% E1)

The analytic formula in the infinite barrier QW model reads:

h? 2
(5F)" = 0.056546 - n? eV

L
where L is the width of the quantum well (L = 10 nm). The analytically calculated values are given in brackets

and are in excellent agreement.

E,=—
" 2m0

Intraband matrix elements

Light that propagates normal to the quantum well layers cannot be absorbed by intraband transitions. However, if
the light propagates in the plane of the well (i.e. the electric field is oriented normal to the quantum well layers),
intersubband absorption occurs.

To understand optical intraband (= intersubband) transitions for light that travels in the plane of the QW, we have
to examine the intersubband dipole moment:

My = (unleli) = [ w3y (o)t

where 1) is the envelope function of the relevant state (within the same band).

In our case, we have a symmetric quantum well with infinite barriers, thus our envelope functions are either sym-
metric or antisymmetric. The intersubband matrix elements will vanish if the envelope functions have the same
parity, e.g. M3 = M3; = 0. In this simple example, the matrix elements can be calculated analytically, e.g. Mo
= (16/97%) L = 1.8013 nm. nextnano++ gives the following results:

M12 = M21 = 1.80143 nm

M3 = M3, = 1.9463¢~'° nm

For the “infinite” QW barrier model, this matrix element is independent of the effective mass, thus the matrix
elements in the conduction band are the same as in the valence bands (single-band approximation).

A useful quantity is the oscillator strength fy; which is defined as follows:
2m0
B2
fo1 for our simple infinite barrier example is given by fo; = 256/(27 72) = 0.9607 and is independent of the well

width. The nextnano++ result is:

fri= (Ey — E;) - | Mg

fo1 = 0.9603 = —f1o
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We can also see that this is a strong transition because all transitions from state ‘1’ to state ‘f” must add up to unity
(so-called “f-sum rule”):

> fri=10
!

(Thomas-Kuhn sum rule for constant effective mass m*.) Thus all other transitions are much weaker.

It is interesting to look at the transitions starting from the second level i = 2. The lowest oscillator strength fi5 = -
0.96 is negative, but the sum over all f;, must still give unity, thus oscillator strengths larger than 1.0 are possible,

&g.j%2= 1.87

The intersubband dipole moments and the oscillator strengths are contained in these files:
* bias_00000\Quantum\dipole_moment_matrix_elements_quantum_region_Gamma_100.txt
* bias_00000\Quantum\dipole_moment_matrix_elements_quantum_region_HH_100.txt
* bias_00000\Quantunm\dipole_moment_matrix_elements_quantum_region_LH_100.txt
* bias_00000\Quantum\dipole_moment_matrix_elements_quantum_region_SO_100.txt
For each transition, the transition energy is given in
¢ bias_00000\Quantum\transition_energies_quantum_region_Gamma.txt
* bias_00000\QuantumNtransition_energies_quantum_region_HH.txt
* bias_00000\Quantum\transition_energies_quantum_region_LH.txt
* bias_00000\Quantum\transition_energies_quantum_region_SO.txt

The effective masses that have been used for the calculation of the oscillator strengths are also indicated. They are
calculated by building an average of the parallel effective masses for each grid point, weighted by the square of the
wave function on each grid point. In this particular example, the effective masses are constant and do not vary with
position (m| = 0.0665 my). (Assuming that the masses are isotropic, it is fine to use the parallel effective masses.)

Intersubband transitions
=> Gamma conduction band

Intersubband dipole moment | < psi_f* | z | psi_i > | [Angstrom]

__________________ |____________________________________________________________
Oscillator strength []
__________________ e
Energy of transition [eV]
—————————————————— e B T
m* [m_0]

—————————————————— e ] B B R
<psi®®1*|z|psi®01> 249.0000
<psi®02*|z|psi®01> 18.01673 0.9602799 0.1694912 6.6500001E-02
<psi®03*|z|psi®O01> 6.1430171E-07 2.9757722E-15 0.4517909 6.6500001E-02 (same..
—parity: symmetric)
<psi®®4*|z|psi®01> 1.441336 3.0698571E-02 0.8466209 6.6500001E-02
<psi®®5*|z|psi®01> 1.6007220E-07 6.0536645E-16 1.353592 6.6500001E-02 (same.
—parity: symmetric)
<psi®06*|z|psi®O1> 0.3971010 .4281605E-03 1.972205 6.6500001E-02
<psi®07*|z|psi®O01> 5.1874160E-08 1.2690011E-16 2.701849 6.6500001E-02 (same.
—parity: symmetric)
<psi®08*|z|psi®O1> 0.1634139 1.6508275E-03 3.541806 6.6500001E-02

ui

(continues on next page)
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(continued from previous page)

<psi020*|z|psi®01>

1.0178176E-02 3.9451432E-05 21.81846 6.6500001E-02
Sum rule of oscillator strength: f psi®@1 = 0.9994023
<psi®@1*|z|psi®02> 18.01673 -0.9602799 -0.1694912 6.6500001E-02
<psi®02*|z|psi®02> 249.0000
<psi®®3*|z|psi®02> 19.45806 1.865556 0.2822997 6.6500001E-02
<psi®04*|z|psi®02> 2.0636767E-06 5.0333130E-14 0.6771297 6.6500001E-02 (same..
—parity: antisymmetric)
<psi®05*|z|psi®02> 1.838436 6.9852911E-02 1.184101 6.6500001E-02
<psi®06*|z|psi®02> 1.4976163E-08 7.0571038E-18 1.802713 6.6500001E-02 (same.
<parity: antisymmetric)
<psi®07*|z|psi®02> 0.5605143 1.3886644E-02 2.532358 6.6500001E-02
<psi®08*|z|psi®02> 8.7380023E-08 4.4941879E-16 3.372315 6.6500001E-02 (same.
—parity: antisymmetric)
<psi®09*|z|psi®02> 0.2461317 4.5697703E-03 4.321757 6.6500001E-02
<psi®10*|z|psi®02> 8.3240280E-07 6.5062044E-14 5.379748 6.6500001E-02 (same.
—parity: antisymmetric)
<psi®ll*|z|psif02> 0.1302904 1.9393204E-03 6.545245 6.6500001E-02
<psi®20*|z|psi®02> 2.7233656E-07 2.8025147E-14 21.64897 6.6500001E-02
Sum rule of oscillator strength: f_psi®02 = 0.9975320
<psi®01*|z|psi®O03> 6.1430171E-07 -2.9757722E-15 -0.4517909 6.6500001E-02 (same..
—parity: symmetric)
<psi®02*|z|psi®O3> 19.45806 -1.865556 -0.2822997 6.6500001E-02
<psi®03*|z|psi®O3> 249.0000
<psi®04*|z|psi®O3> 19.85515 2.716784 0.3948300 6.6500001E-02
<psi®05*|z|psi®03> 6.4708888E-07 6.5907892E-15 0.9018011 6.6500001E-02 (same.
—parity: symmetric)
<psi®06*|z|psi®O3> 2.001849 0.1063465 1.520414 6.6500001E-02
<psi®07*|z|psi®03> 3.9201248E-07 6.0352080E-15 2.250058 6.6500001E-02 (same.
. parity: symmetric)
<psi®08*|z|psif®03> 0.6432316 2.2314854E-02 3.090015 6.6500001E-02
<psi®09*|z|psi®03> 2.6240454E-07 4.8547223E-15 4.039457 6.6500001E-02 (same.

—parity: symmetric)

<psi®20%|z|psi®03> 3.1797737E-02
Sum rule of oscillator strength: f psi®03 =

3.7707522E-04 21.36667

.6500001E-02
0.9945912

The commonly used intersubband dipole moment (¢¢|x|1;) [nm] depends on the choice of origin for the matrix
elements when f = i, thus the user might prefer to output the Intersubband dipole moment (¢ |p,.|1;) which are the

intersubband dipole moments

<7/}f |p.L W / wf p¢¢z

and the oscillator strengths

2m0

fﬂ :‘7§T(EU‘—

E)) - |Myf? =

i(x)de

_m/ Vi

2

mo(Ef —F

- [Npi?
DR

between all calculated states in each band from min to max eigenvalues. In the simple QW of this tutorial, the
matrix elements can be calculated analytically, e.g. No; = 8h/3L = 0.2666 hA/nm. The nextnano++ result is:

Ny = Nip = 0.265957 h/nm

N3y = Ny3 = 7.05011e 17
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The oscillator strength f; for our simple infinire barrier example is given by fo; = 256/(2772) = 0.9607 and is
independent of the well width. The nextnano++ result is:

fo1 = —f12 = 0.9603

The intersubband dipole moments and the oscillator strengths are contained in these files:
* bias_00000\Quantum\intraband_matrix_elements_quantum_region_Gamma_I100.txt
* bias_00000\Quantum\intraband__matrix_elements_quantum_region_HH_100.txt
* bias_00000\QuantunmNintraband_matrix_elements_quantum_region_LH_100.txt
* bias_00000\QuantumNintraband_matrix_elements_quantum_region_SO_100.txt

The numbers show a comparison between the  and the p, matrix elements for nextnano’:

Intersubband dipole moment
Intersubband dipole moment

| < psi_£f*
| < psi_£f*

psi_i > |
psi_i > |

[Angstrom]
[h_bar /.
—Angstrom]

__________________ |____________________________________________________________
Oscillator strength []

Energy of transition [eV]

249.0000
4.3405972E-19

<psi®01*|z|psi®O1>
<psi®01* |p|psi®O1>

(matrix element <1|1> depends on choice of origin!)
(matrix element <1|1> independent of origin)

<psi®02*|z|psi®O1> 18.01673 0.9602799 0.1694912 6.6500001E-02
<psi®02* |p|psi®O1> 2.6649671E-02 0.9602799 0.1694912 6.6500001E-02
<psi®03*|z|psi®01> 6.1430171E-07 2.9757722E-15 0.4517909 6.6500001E-02 (same.
—parity: symmetric)

<psi®03* |p|psi®O01> 2.7325134E-18

<psi®04*|z|psi®O01> 1.441336 3.0698571E-02 0.8466209 6.6500001E-02
<psi®04* |p|psi®01> 1.0649348E-02 3.0698579E-02 0.8466209 6.6500001E-02
<psi®05*|z|psi®01> 1.6007220E-07 6.0536645E-16 1.353592 6.6500001E-02 (same.
—parity: symmetric)

<psi®O5* |p|psi®O1> 6.9518724E-18

<psi®06*|z|psi®®1> ©.3971010 5.4281605E-03 1.972205 6.6500001E-02
<psi®06* |p|psi®01> 6.8347314E-03 5.4281540E-03 1.972205 6.6500001E-02
<psi®07*|z|psi®01> 5.1874160E-08 1.2690011E-16 2.701849 6.6500001E-02 (same.
oparity: symmetric)

<psi®07*|p|psi®01> 2.8686024E-19

<psi®08*|z|psi®®1> 0.1634139 1.6508275E-03 3.541806 6.6500001E-02
<psi®08* |p|psi®®1> 5.0510615E-03 .6508278E-03 3.541806 6.6500001E-02
<psi®20*|z|psi®01> 1.0178176E-02 .9451432E-05 21.81846 6.6500001E-02
<psi®20*|p|psi®01> 1.9380626E-03 .9452334E-05 21.81846 6.6500001E-02

Sum rule of oscillator strength: f psi®®1 = 0.9994023

Sum rule of oscillator strength: f psi®®1 = 0.9994023
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8-band k.p calculation for k)| = (K, %k.) =0

The following input file performs the same calculations as above but this time using the 8-band k.p model:
1DQW_intraband_matrixelements_infinite_kp_nnpp.in.

We modified the 8-band k.p parameters and decoupled (!) the electrons from the holes (EP =0 ¢V, S = 1/m,).
This way we have an effective single-band model, and thus we are able to compare the k.p results to the single-band
results in order to check for consistency.

The numbering of the k.p eigenstates differs slightly from the single-band eigenstates because the k.p eigenstates
are two-fold spin-degenerate. The actual values for the matrix elements are identical (assuming a decoupled k.p
Hamiltonian, i.e. a single-band Hamiltonian).

Note that the single-band definition of the oscillator strength does not really make sense for a k.p calculation where
the masses usually are anisotropic, non-parabolic and are different on each grid point (due to different materials
and different strain tensors).

For the calculation of the oscillator strength in a k.p calculation, the user can specify suitable masses by overwriting
the default entries. Of course, the masses that are used to calculate the k.p eigenstates have to be specified via the
6-band and 8-band k.p parameters (inside the database{ } group).

The intersubband dipole moments and the oscillator strengths are contained in this file:
* bias_00000\QuantumNintraband_matrix_elements_quantum_region_kp8_100.txt (p,, elements)
* bias_00000\Quantum\dipole_moment_matrix_elements_quantum_region_kp8_100.txt (x elements)

Note that the two-fold spin-degeneracy in single-band is counted explicitly in k.p.

Intersubband dipole moment | < psi_f* | z | psi_i > | [Angstrom]

Intersubband dipole moment | < psi_f* | p | psi_i > | [h_bar /.
—Angstrom]
__________________ | = m o

Oscillator strength []
__________________ e
Energy of transition [eV]
—————————————————— e E ] B e EE R
m* [m_0]

—————————————————— e E el e
<psi®®1*|z|psi®O1> 249.0000 (matrix element <1|1> depends on choice of origin!)
<psi®02*|z|psi®O1> 249.0000 (matrix element <2|1> depends on choice of origin!)

<psi®®1*|p|psi®O01> 1.8126842E-18 (matrix element <1|1> independent of origin)
<psi®02*|p|psi®01> 1.8126842E-18 (matrix element <2|1> independent of origin)

<psi®03*|z|psi®01> 18.01673 0.9602799 0.1694912 6.6500001E-02
<psi®04*|z|psi®O1> 18.01673 0.9602799 0.1694912 6.6500001E-02
<psi®03* |p|psi®O1> 2.6649671E-02 0.9602798 0.1694912 6.6500001E-02
<psi®04* |p|psi®O1> 2.6649671E-02 0.9602798 0.1694912 6.6500001E-02
<psi®05*|z|psi®01> 3.5382732E-13
<psi®06*|z|psi®01> 3.5382732E-13
<psi®O5*|p|psi®01> 2.1414240E-15
<psi®06* |p|psi®01> 2.1414240E-15
<psi®07*|z|psi®01> 1.441336 3.0698583E-02 0.8466209 6.6500001E-02
<psi®08*|z|psi®O01> 1.441336 3.0698583E-02 0.8466209 6.6500001E-02
<psi®07*|p|psi®O01> 1.0649348E-02 3.0698583E-02 0.8466209 6.6500001E-02
<psi®08* |p|psi®01> 1.0649348E-02 3.0698583E-02 0.8466209 6.6500001E-02

<psi®09*|z|psi®O1> 7.2598817E-13

(continues on next page)
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(continued from previous page)

<psi®10*|z|psi®®1> 7.2598817E-13
<psi®09* |p|psi®O1> .0445775E-14
<psi®l0*|p|psi®O1> .0445775E-14

[EEr Y

<psi®l1*|z|psi®01> 0.3971008 5.4281550E-03 1.972205 6.6500001E-02
<psi®l2*|z|psi®®1> 0.3971008 5.4281550E-03 1.972205 6.6500001E-02
<psi®l1*|p|psi®O01> 6.8347319E-03 5.4281550E-03 1.972205 6.6500001E-02
<psi®l12*|p|psi®O01> 6.8347319E-03 5.4281550E-03 1.972205 6.6500001E-02
<psi®39*|z|psi®01> 1.0178294E-02 3.9452352E-05 21.81846 6.6500001E-02
<psi®40*|z|psi®01> 1.0178294E-02 3.9452352E-05 21.81846 6.6500001E-02
<psi®39%|p|psi®®1> 1.9380630E-03 3.9452349E-05 21.81846 6.6500001E-02
<psi®40*|p|psi®01> 1.9380630E-03 3.9452349E-05 21.81846 6.6500001E-02
Sum rule of oscillator strength: f psi®®1 = 0.9994023

Sum rule of oscillator strength: f psi®®1 = 0.9994023

Last update: nn/nn/nnnn

— NEW — Optical absorption of an InGaAs quantum well | 1D

* Header
e Introduction
* Simulation

— Input file

— Eigenstates in the quantum well

— Optical absorption spectrum

Header

Files for the tutorial located in nextnano++\examples\optical_spectra:
e absorption_InGaAs-QW_Dumitras_PRB_2002_1D_nnp.in
Scope of the tutorial:
* InGaAs quantum well
* simple absorption spectrum
Main adjustable parameters in the input file:
e $run_optics
e $w_well
e $w_barrier
e $alloy_composition
Relevant output files:

* bias_00000\bandedges.dat - energy profile (see Figure 6.4.12.26)
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* bias_00000\Quantum\probabilities_shift_quantum_region_kp8_00000.dat - probability distributions
(see Figure 6.4.12.26)

* bias_00000\Quantum\absorption_coeff_quantum_region_TE_y_eV.dat - absorption spectrum TE (see
Figure 6.4.12.27)

* bias_00000\Quantum\absorption_coeff_quantum_region_TM_z_eV.dat - absorption spectrum TM
(see Figure 6.4.12.27)

Introduction

This tutorial presents a simple setup to calculate optical absorption coefficient as a function of photon energy
for transitions in a quantum well (QW) by means of 8-band k - p method. As an example, we chose 8-nm-wide
Ing,Gagp gAs quantum well with barriers made of GaAs, as in [DumitrasPRB2002]. The InGaAs QW is pseudo-
morphically strained to the GaAs (001) substrate and the temperature of the system is assumed to be 150 K.

Simulation
Input file

The input file absorption_InGaAs-QW_Dumitras_PRB_2002_1D_nnp.in is prepared to solve Schrodinger and
Poisson equations without self-consistency, with included strain effects. A couple of variables defined within
the input file are especially interesting to play with when trying the simulation for the first time. The first of them is
$run_optics which allows turning calculation of the optical spectra on and off. When the spectra are computed,
the Fermi’s Golden Rule is used. Other parameters are temperature of the system $temperature and parameters
characterizing the dimensions, $w_well and $w_barrier, and content of the QW $alloy_composition. We
encourage modifying other parameters as well to explore the simulation capabilities.

Note: The bandoffset bowing parameter for the In(x)Ga(1-x)As alloy has been set to 0 at the end of the input
file to obtain energy profile similar with the one reported in [DumitrasPRB2002].

Eigenstates in the quantum well

Energy profiles together with probability densities of all states confined in the InGaAs QW (at k = 0) are showed
in the Figure 6.4.12.26. The energy profiles can be found in bias_00000\bandedges.dat while the probability
densities in bias_00000\Quantum\probabilities_shift_quantum_region_kp8_00000.dat.

The prepared simulation computes 20 electron states and 40 hole states (sum of light-hole and heavy-hole states).
All of these states (at each wave vector) are used for computation of the optical spectra as they contribute to the part
representing continuum. However, only the bound states are crucial for the analysis of the quantum well. One can
quickly compute the most relevant interband transition energies, F; and E», if omitting the exciton corrections.
These transitions are the strongest ones, following the selection rule An = 0, between two states with the same
quantum number, e.g., between el and h1 or between e2 and h2.

The transition energies F; and F are defined as
By = FEe1 — Epn,
Ly = Ee3 — Enno,
where Fe1, Feo, Funi, and Fyyo are eigenenergies of the states el, €2, hhl, and hh2, respectively. Using respec-

tive values from the output file bias_00000\Quantum\probabilities_shift_quantum_region_kp8_00000.dat one can
calculate

Ey =1.028 eV — [0.275 eV] = 1.303 eV,
E, =1.118 eV — [—0.302 eV] = 1.420 eV.
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Figure 6.4.12.26: Energy profiles and probability distributions of confined electrons and holes states at k = 0.
The conduction band is labeled as CB. The heavy-hole valence bands is denoted as VB (hh) while the light-hole
valence band as VB (lh). The first and the second electron states are labeled as el and e2, respectively. Similarly,
heavy-hole states are labeled as hh1 and hh2. Fj is a transition energy between el and hhl. Es is a transition
energy between e2 and hh2.

Note that these transition energies are calculated at k| = 0.

Hint: One canuse Show Differences feature in nextnanomat to extract these numbers from the eigenenergies stored
in bias_00000\Quantum\probabilities_shift_quantum_region_kp8_00000.dat. Also, nextnano++ can produce an
output file containing all transition energies, see output_transition in optics{ quantum_spectra{} }.

Optical absorption spectrum

When $run_optics = 1 in the input file for this tutorial, then optical spectra are also computed. The simulation
is prepared to model optical spectra for two kinds of light polarization modes.

The transverse electric (TE) mode corresponds to the optical field (could be light) polarized parallel to the plane of
the QW, that is in the yz plane of the simulation. In the input file we choose the direction y. Choosing z direction
for the TE mode brings the same results. The light in this mode can propagate either in the plane of the QW or
perpendicular to it.

The transverse magnetic (TM) mode corresponds to the optical field polarized perpendicular to the plane of the
QW, that is in the x direction of the simulation. The light in this mode can propagate only in the pane of the QW.

Figure 6.4.12.27 shows the optical absorption spectrum as a function of photon energy for TE and TM polarized
optical field.

While optical transitions involving both heavy holes and light holes can be observed within TE mode (heavy holes
are dominating), only absorption with contribution of light holes is visible in the TM mode.

Attention: The above does not hold exactly in realistic conditions because the TM modes also have a compo-
nent of the electric field parallel to the plane. However, this component is small in weakly guiding structures.
Therefore, typically only the transition involving the light holes is seen (el-lh1) and the heavy hole transitions
are suppressed (el-hh1, e2-hh2) in Figure 6.4.12.27.

The transitions £ and E5 are clearly visible in the computed TE absorption spectrum as steps at 1.303 eV and
1.420 eV, respectively. Both computed TE and TM spectra exhibit series of transitions at around 1.37 eV and
1.46 eV. These are numerical artifacts related to transitions between the states confined in the InGaAs QW and
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Figure 6.4.12.27: Absorption spectrum for TE (turquoise) and TM (magenta) modes of optical field.

numerically limited continuum in the GaAs. To explore this aspect of the simulation one can modify the width of
the barrier $w_barrier and number of computed quantum states $eigen_e and $eigen_v.

Hint: Using normalization_volume may become very helpful when comparing spectra computed for different
dimensions of the structure, see optics{ quantum_spectra{} }.

Last update: 07/03/2024

Intersubband absorption of an infinite quantum well

Input files for nextnano’:
* ID_IntersubbandAbsorption_InfiniteWell_GaAs_Chuang_sg_nn3.in
» ID_IntersubbandAbsorption_InfiniteWell_GaAs_Chuang_kp_nn3.in
Input files for nextnano++:
e ID_IntersubbandAbsorption_InfiniteWell_GaAs_Chuang_sg_nnp.in
* ID_IntersubbandAbsorption_InfiniteWell_GaAs_Chuang_Gamma_nnp.in
* ID_IntersubbandAbsorption_InfiniteWell_GaAs_Chuang_kp_nnp.in

This tutorial presents calculation of intersubband absorption spectrum of a GaAs quantum well with infinite bar-
riers.

Input files for both the nextnano++ and nextnano® tools are available.
The following input file was used:

¢ 1D_IntersubbandAbsorption_InfiniteWell_GaAs_Chuang_sg_nn3.in (single-band effective mass
approximation)

This tutorial aims to reproduce the example discussed on p. 376f of Section 9.6.2 Intersubband Absorption Spec-
trum of [ChuangOpto1995].
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Structure
Property Symbol | unit | [ChuangOpto1995] nextnano GmbH
quantum well width L nm 10.0 10.0
barrier height Ey eV infinite quantum well model 1000
effective electron mass me my 0.0665 0.0665
refractive index n, 33 33
doping concentation (n-type) | Np cm? | 1-10™ 1-10%
linewidth (FWHM) r meV | 30 30
temperature T K 300 300

[ChuangOpto1995] models the infinite quantum well using the analytical solution while we are using a numerical
model with a barrier height of 1000 eV.

Results

[ChuangOpto1995] uses the analytical infinite quantum well model and calculates the energy levels, and the inter-
subband dipole moment exactly. Our calculated transition energies differ by 3 meV which is acceptable as we use
a finite grid spacing of 0.05 nm. Our calculated dipole moment is also reasonable. More difficult are the densities.
In our calculation we solve the Schrodinger-Poisson equation self-consistently. For that reason, the quantum well
bottom is not entirely flat but slightly bent. At T =300 K, the second subband shows a small density which is larger
than in the model of [ChuangOpto1995]. The difference in subband densities leads to a slight deviation for the
peak of the absorption spectrum because the occupation of the second level N, reduces absorption. Nevertheless,
the agreement is reasonable.

Property Symbol | unit | [ChuangOpto1995] | nextnano GmbH
energy level E; meV | 56.5 (exact)

energy level E, meV | 226 (exact)

transition energy E;; meV | 169.5 (exact) 166.5

dipole moment X1 nm -1.8 (exact) -1.82

Ep - E] eV 78 28.2

subband density N, cm? | 7.19 - 10" 9.92 - 10"
subband density N, cm2 3-10°

peak in absorption | Qpeqk cm! | 1.015-10* 0.986 - 10*

The following figures show the
* lowest eigenstates (probability densities) of the infinite quantum well
* absorption spectra o(w) in units of cm™!
* position dependent absorption spectra (w, ) in units of cm™!
The peak in the absorption spectra occurs at the transition energy Ey;.
Then we perform two parameter sweeps:
* We vary the quantum well width (Variable: $QuantumWellWidth).
* We vary the doping concentration (Variable: $DopingConcentration).

Results and explanations for the sweeps can be found further below.

— Begin —

Automatic documentation: Running simulations, generating figures and reStructured Text (*.rst) using
nextnanopy

The following documentation and figures were generated automatically using nextnanopy.
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The following Python script was used: intersubband_InfiniteQW_nextnano3.py

The following figures have been generated using nextnano’. Self-consistent Schrodinger-Poisson calculations have
been performed for an infinite quantum well.

A single-band effective mass approach has been used, i.e. not k - p.
The absorption spectra have been calculated assuming a parabolic energy dispersion E(k).

Infinite Quantum Well (QuantumWellWidth = 10 nm)

Infinite Quantum Well (QuantumWellWidth = 10 nm)
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DE 7 E.l-'
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06 1
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50 -25 @0 25 50 75 100 125 150
position (nm}

Figure 6.4.12.28: Conduction band edge, Fermi level and confined electron states of an infinite quantum well
(QuantumWellWidth = 10 nm)

Infinite Quantum Well (QuantumWellWidth = 13 nm)

Infinite Quantum Well (QuantumWellWidth = 16 nm)

Infinite Quantum Well (QuantumWellWidth = 19 nm)

Parameter sweep: Well width

Figure 6.4.12.37 shows the absorption spectra for different quantum well widths (Variable:
$QuantumWellWidth). The larger the well, the closer the energy level spacings. Therefore the peak oc-
curs at smaller energies. The larger wells show absorption also for transitions other than E;;.

Parameter sweep: Doping concentration

Figure 6.4.12.38 shows the absorption spectra for different doping concentrations (Variable:
$DopingConcentration). The peak absorption coefficient increases with the doping concentration Np.

Last update: nn/nn/nnnn
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Absorption of Infinite Quantum Well (QuantumWellwidth = 10 nm)
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Figure 6.4.12.29: Calculated absorption spectra «(E) of an infinite quantum well (QuantumWellWidth = 10 nm)

Ab5r;:-rptmn of Infinite Quantum Well (QuantumWellWidth = 10 nm)
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Figure 6.4.12.30: Calculated spatially resolved absorption spectrum «(z, F) of an infinite quantum well (Quan-
tumWellWidth = 10 nm)

540 Chapter 6. nexthano++



nextnano Documentation, Release August 2024

Infinite Quantum Well (QuantumWellWidth = 13 nm)
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Figure 6.4.12.31: Conduction band edge, Fermi level and confined electron states of an infinite quantum well
(QuantumWellWidth = 13 nm)
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Figure 6.4.12.32: Calculated spatially resolved absorption spectrum a(x, E') of an infinite quantum well (Quan-
tumWellWidth = 13 nm)
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Infinite Quantum Well (QuantumWellWidth = 16 nm)
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Figure 6.4.12.33: Conduction band edge, Fermi level and confined electron states of an infinite quantum well
(QuantumWellWidth = 16 nm)

Absorption of Infinite Quantum Well (QuantumWellwidth = 16 nm)
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Figure 6.4.12.34: Calculated spatially resolved absorption spectrum a(x, E') of an infinite quantum well (Quan-
tumWellWidth = 16 nm)
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Infinite Quantum Well (QuantumWellWidth = 19 nm)
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Figure 6.4.12.35: Conduction band edge, Fermi level and confined electron states of an infinite quantum well
(QuantumWellWidth = 19 nm)
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Figure 6.4.12.36: Calculated spatially resolved absorption spectrum a(x, E') of an infinite quantum well (Quan-
tumWellWidth = 19 nm)
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Absorption of Infinite Quantum Well
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Figure 6.4.12.37: Calculated absorption spectra «(FE) of an infinite quantum well for different well widths

Absorption of Infinite Quantum Well
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Figure 6.4.12.38: Calculated absorption spectra «(E) of an infinite quantum well for different doping concentra-
tions
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Intersubband transitions in InGaAs/AllnAs multiple quantum well systems

This tutorial calculates the eigenstates of a single, double and triple quantum wells. It compares the energy levels
and wave functions of the single-band effective mass approximation with the 8-band k - p model. Finally, the
intersubband absorption spectrum is calculated.

Input files for both the nextnano++ and nextnano® tools are available.
The following input files were used:
* Single Quantum Well

— 1DSirtoriPRB1994_OneWell_sg_self-consistent_nn*.in (single-band effective mass approx-
imation)

1DSirtoriPRB1994_Oneliell_kp_self-consistent_nn*.in (8-band k - p)

1DSirtoriPRB1994_OneWell_sg_quantum-only_nn¥*.in (single-band effective mass approxima-
tion)

— 1DSirtoriPRB1994_OneWell_kp_quantum-only_nn*.in (8-band k - p)

¢ Two coupled Quantum Wells

1DSirtoriPRB1994_TwoCoupledWells_sg_self-consistent_nn*.in (single-band effective
mass approximation)

1DSirtoriPRB1994_TwoCoupledWells_kp_self-consistent_nn*.in (8-band k - p)

1DSirtoriPRB1994_TwoCoupledWells_sg_quantum-only_nn*.in (single-band effective mass
approximation)

1DSirtoriPRB1994_TwoCoupledWells_kp_quantum-only_nn*.in (8-band k - p)

* Three coupled Quantum Wells

1DSirtoriPRB1994_ThreeCoupledWells_sg_self-consistent_nn*.in (single-band effective
mass approximation)

1DSirtoriPRB1994_ThreeCouplediells_kp_self-consistent_nn*.in (8-band k - p)

1DSirtoriPRB1994_ThreeCoupledWells_sg_quantum-only_nn*.in (single-band effective
mass approximation)

1DSirtoriPRB1994_ThreeCoupledWells_kp_quantum-only_nn*.in (8-band k - p)
This tutorial aims to reproduce Figs. 4 and 5 of [SirtoriPRB1994].

This tutorial nicely demonstrates that for the ground state energy the single-band effective mass approximation is
sufficient whereas for the higher lying states a nonparabolic model, like the 8-band k- p approximation, is necessary.
This is important for e.g. quantum cascade lasers where higher lying states have a dominant role.

Layer sequence

We investigate three structures:
a) a single quantum well
b) two coupled quantum wells

c¢) three coupled quantum wells
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Material parameters

We use Ings3 Gags7 As as the quantum well material and Alg4g Ing sy As as the barrier material. Both materials
are lattice matched to the substrate material InP. Thus we assume that the InGaAs and AllnAs layers are unstrained
with respect to the InP substrate. The publication [SirtoriPRB1994] lists the following material parameters:

conduction band offset Alpyag Ingsp As/Ings3 Gaggy As | 0.510 eV
conduction band effective mass | Alyag Ingsy As 0.072 my
conduction band effective mass | Ingsz Gags7 As 0.043 my

The temperature is set to 10 Kelvin.

Method

Single-band effective mass approximation

Because our structure is doped, we have to solve the single-band Schrodinger-Poisson equation self-consistently.
The doping is such that the electron ground state is below the Fermi level and all other states are far away from the
Fermi level, i.e. only the ground state is occupied and contributes to the charge density.

For nextnano++ we use:

# '0' solve Schrodinger equation only
# 'l' solve Schrodinger and Poisson equations self-consistently
$SELF_CONSISTENT = 1
run{
ITF ($SELF_CONSISTENT)
poisson{ }
quantum_poisson{ iterations = 50 } # Schrodinger-Poisson
1ELSE
quantum{ } # Schrodinger only
|ENDIF
}
quantum {
region{
Gamma { # single-band
num_ev = 3 # 3 eigenstates
}

For nextnano® we use:

# 'QUANTUM_ONLY': solve Schrodinger and Poisson equations self-
—consistently

# 'SELF_CONSISTENT': solve Schrodinger equation only
%QUANTUM_ONLY = .FALSE.

%SELF_CONSISTENT .TRUE.

$simulation-flow-control
ITF %QUANTUM_ONLY flow-scheme = 3 # Schrodinger only
ITF %SELF_CONSISTENT flow-scheme = 2 # Schrodinger-Poisson

ITF %QUANTUM_ONLY raw-potential-in = yes
ITF %SELF_CONSISTENT raw-potential-in = no

(continues on next page)

546 Chapter 6. nexthano++



nextnano Documentation, Release August 2024

(continued from previous page)

$quantum-model-electrons
model-name = effective-mass # single-band

number-of-eigenvalues-per-band = 3 # 3 eigenstates

Note: Single-band eigenstates are two-fold spin degenerate.

The Fermi level is always equal to 0 eV in our simulations and the band profile is shifted accordingly to meet this
requirement.

8-band k.p approximation
Old version of this tutorial:

Becauce both, the single-band and the 8-band k - p ground state energy and the corresponding wave functions are
almost identical, we can read in the self-consistently calculated electrostatic potential of the single-band approxi-
mation and calculate for this potential the 8-band k - p eigenstates and wave functions for k) = 0.

For nextnano® we use:

$simulation-flow-control
ITF %QUANTUM_ONLY flow-scheme = 3 # Schrodinger only

ITF %QUANTUM_ONLY raw-directory-in = raw_data/
ITF %QUANTUM_ONLY raw-potential-in = yes

$quantum-model-electrons

model-name = 8x8kp # 8-band k.p

number-of-eigenvalues-per-band = 6 # 6 eigenstates

Note: One k - p eigenstate for each spin component.

New version of this tutorial:

We provide input files for:
a) self-consistent single-band Schrédinger equation (because the structure is doped)
b) single-band Schrodinger equation (without self-consistency)
c¢) 8-band k - p single-band Schrddinger equation (without self-consistency)

For a), although the structure is doped, the band bending is very small. Thus we omit for the single-band / k - p
comparison in b) and c) the self-consistent cycle.
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Results

Single quantum well

Figure 6.4.12.39 shows the lowest two electron eigenstates for an Ingss Gaga7 As / Alpas Ing sy As quantum well
structure calculated with single-band effective mass approximation and with a nonparabolic 8-band k - p model.

The energies (and square of the wave functions v)?) for the ground state are identical in both models but the second
eigenstate differs substantially. Clearly the single-band model leads to an energy which is far too high for the upper
state.

Our calculated value for the intersubband transition energy F'1o of 255 meV compares well with both, the calculated
value of [SirtoriPRB1994] (258 meV) and their measured value (compare with absorption spectrum in Fig. 4 of
[SirtoriPRB1994]).

InD 53630.47AS

044 Al .In,As AIO 43'”0 52F\s

b /r\/\\ cb
1 _ Fermi level
S 024 e1 (eff. mass)
@
T ] e2 (eff. mass)
e = E,,=0.255eV el (8x8 k.p)
% | e2 (8x8 k.p)
0.0 __J ; E,
0.1 4
n-type
0.2 S SR PR B SR L S ISR SR S N
0 5 10 15 20 25 30 35 40 45

distance (nm)

Figure 6.4.12.39: Conduction band edge, Fermi level and confined electron states of a quantum well

The calculated intersubband dipole moments are:

* 219 = 1.55 nm (single-band)
For comparison: z12 = 1.53 nm (exp.), 212 = 1.48 nm (th.) (/SirtoriPRB1994])
The influence of doping on the eigenenergies is negligible (smaller than 1 meV).
Two coupled quantum wells

Figure 6.4.12.40 shows the lowest three electron eigenstates for an Ing 53 Gag 47 As/ Aly4g Ing s, As double quantum
well structure calculated with single-band effective mass approximation and with a nonparabolic 8-band k-p model.

The energies (and square of the wave functions )2) for the ground state are very similar in both models but the
second and especially the third eigenstate differ substantially. Clearly the single-band model leads to energies
which are far too high for the higher lying states.

Our calculated values for the intersubband transition energies F12 = 150 meV and E3 = 267 meV compare well
with both, the calculated values of [SirtoriPRB1994] (150 meV and 271 meV) and their measured values (compare
with absorption spectrum in Fig. 5 (a) of [SirtoriPRB1994]).

The calculated intersubband dipole moments are:
* 212 = 1.61 nm (single-band)
* 213 = 1.11 nm (single-band)
For comparison: z12 = 1.64 nm (exp.), z12 = 1.65 nm (th.) (/SirtoriPRB1994])

The influence of doping on the eigenenergies is almost negligible (between 0 and 2 meV).
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Figure 6.4.12.40: Conduction band edge, Fermi level and confined electron states of two coupled quantum wells

Three coupled quantum wells

Figure 6.4.12.41 shows the lowest four electron eigenstates for an Ing s3 Gag47 As/ Aly4g Ing sy As triple quantum
well structure calculated with single-band effective mass approximation and with a nonparabolic 8-band k - p

model.

The energies (and square of the wave functions 1?) for the ground state are similar in both models but the second
and especially the third and forth eigenstates differ substantially. Clearly the single-band model leads to energies
which are far too high for the higher lying states.

Our calculated values for the intersubband transition energies Fio = 118 meV, Ey3 = 261 and E14 = 370 meV
compare well with both, the calculated values of [SirtoriPRB1994] (116 meV, 257 meV and 368 meV) and their
measured values (compare with absorption spectrum in Fig. 5 (b) of [SirtoriPRB1994]).
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Figure 6.4.12.41: Conduction band edge, Fermi level and confined electron states of three coupled quantum wells

The calculated intersubband dipole moments are:

* 219 = 1.81 nm (single-band)

e 213 =0.77 nm (single-band)
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* 214 = 0.30 nm (single-band)
For comparison: z12 = 1.86 nm (exp.), z12 = 1.84 nm (th.) [SirtoriPRB1994]

The influence of doping on the eigenenergies is almost negligible (between 0 and 4 meV).

— Begin —

Automatic documentation: Running simulations, generating figures and reStructured Text (*.rst) using
nextnanopy

The following documentation and figures were generated automatically using nextnanopy.

The following Python script was used: intersubband_MQW_nextnano3.py

The following figures have been generated using nextnano’. Self-consistent Schrodinger-Poisson calculations have
been performed for three different structures.

* Single Quantum Well
* Two coupled Quantum Wells
* Three coupled Quantum Wells

The single-band effective mass and the 8-band k - p results are compared to each other. In both cases the wave
functions and the quantum density are calculated self-consistently. The k - p quantum density has been calculated
taking into account the solution at different k) vectors.

The absorption spectrum has been calculated using a simple model assuming a parabolic energy dispersion. The
dipole moment z;; =< i|z[j > has been evaluated only at k| = 0. The subband density is used to calculate
the absorption spectrum. For the k - p calculation, the density was calculated taking into account a nonparabolic
energy dispersion, i.e. including all relevant k) vectors.

Quantum Well (single-band)

Quantum Well (single-band)
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Figure 6.4.12.42: Conduction band edge, Fermi level and confined electron states of a quantum well
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Absorption of Quantum Well (single-band)
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Figure 6.4.12.43: Calculated spatially resolved absorption spectrum «(z, E') of a quantum well

Quantum Well (k.p)

Two Coupled Quantum Wells (single-band)
Two Coupled Quantum Wells (k.p)

Three Coupled Quantum Wells (single-band)
Three Coupled Quantum Wells (k.p)

Automatic documentation: Running simulations, generating figures and reStructured Text (*.rst) using
nextnanopy

— End —

Last update: nn/nn/nnnn

Interband absorption of a GaAs cylindrical quantum wire

Section author: Naoki Mitsui (simulation), Brandon Loke (write-up and visualisation)

This tutorial calculates the optical spectrum of a GaAs cylindrical quantum wire with infinite barriers. The formulas
used to calculate absorption spectra will be highlighted and a brief explanation of the output files will be given.

For the detailed scheme of the calculation of the optical matrix elements or absorption spectrum, please see our
1D optics tutorial: Optical absorption for interband and intersubband transitions For the corresponding tutorial
for the intraband absorption, please see Intersubband absorption of a GaAs cylindrical quantum wire Input file:

* 2Dcircular_infinite_wire_GaAs_inter_nnp.in
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Quantum Well (k.p)
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Figure 6.4.12.44: Conduction band edge, Fermi level and confined electron states of a quantum well

Absorption of Quantum Well (k.p)
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Figure 6.4.12.45: Calculated spatially resolved absorption spectrum «(x, E') of a quantum well
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Absorption of Quantum Well (k.p)
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Figure 6.4.12.46: Calculated absorption spectra «(E) of a quantum well
Two Coupled Quantum Wells (single-band)
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Figure 6.4.12.47: Conduction band edge, Fermi level and confined electron states of two coupled quantum wells
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Absorption of Two Coupled Quantum Wells (single-band)
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Figure 6.4.12.48: Calculated spatially resolved absorption spectrum:math:alpha(x,E) of two coupled quantum
wells

Two Coupled Quantum Wells (k.p)
0.4 =

= VIR
e

= 0.2 4 z )
] —1V
= fﬁ\./
& — e
U 0.1 -
@ W
00 {[— % 7 o .
W
-0.1 Wi -
0 10 20 30 40 50

positicn {nm)

Figure 6.4.12.49: Conduction band edge, Fermi level and confined electron states of two coupled quantum wells
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Absorption of Two Coupled Quantum Wells (k_p)
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Figure 6.4.12.50: Calculated spatially resolved absorption spectrum:math:alpha(x,E) of two coupled quantum

wells
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Figure 6.4.12.51: Calculated absorption spectra a(E) of two coupled quantum wells
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Three Coupled Quantum Wells (single-band)
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Figure 6.4.12.52: Conduction band edge, Fermi level and confined electron states of three coupled quantum wells
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Figure 6.4.12.53: Calculated spatially resolved absorption spectrum «(x, E) of three coupled quantum wells
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Three Coupled Quantum Wells (k.p)
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Figure 6.4.12.54: Conduction band edge, Fermi level and confined electron states of three coupled quantum wells
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Figure 6.4.12.55: Calculated spatially resolved absorption spectrum «(x, E) of three coupled quantum wells
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Absorption of Three Coupled Quantum Wells (k.p)
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Figure 6.4.12.56: Calculated absorption spectra «(E) of three coupled quantum wells

Note: Figures in this tutorial will be generated with nextnanopy.

The corresponding Jupyter Notebook used to generate the figures in this tutorial can be found here at 2DInter-
bandQuantumCylinder.ipynb.

Structure

The above figures show the Gamma band edge of the circular GaAs region and the barrier region. We model the
infinite barrier by assigning 100 eV for the band edge of AlAs barrier region from database{ } section. Please
see the input file for the details.

The parameters used in this simulation are as follows.

Property Symbol | Value [unit]
quantum wire radius R 5 [nm]
barrier height Ey 92 [eV]
effective electron mass Me 0.0665
refractive index Ny 3.3

doping concentation (n-type) | Np 5-10™ [cm™]
linewidth (FWHM) r 0.01 [eV]
temperature T 300 [K]

The run{ } section is specified as follows:

run{
poisson{ }
quantum{ }

(continues on next page)
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Figure 6.4.12.57: Left: Conduction band edge for cylindrical quantum wire. Right: Slice of the band edge along
z=0.

(continued from previous page)

optics{ }
}

Then the simulation follows these steps:
1. Poisson equation is solved with the setting specified in the poisson{ } section.
2. “Schrodinger” equation is solved with the setting specified in the quantum{ } section.

3. “Schrodinger” equation is solved again with the setting specified in the optics{ } section and optical properties
are calculated.

Note:

e If quantum_poisson{ } isspecified instead of quantum{ }, Poisson and Schrodinger equations are solved
self-consistently.

e optics{ } requires that kp8 model is used in the quantum region specified in quantum{ }.

¢ In this tutorial the kp parameters are adjusted so that the conduction and valence bands are decoupled from
each other. Thus the single-band Schrddinger equations are solved effectively by the kp solver.

Spectra of optical absorption accompanied by the excitation of charge carriers (state n — m) in condensed matter
is calculated on the basis of Fermi’s golden rule [ChuangOpto1995] in the dimenstion of (length)'l:

a(é w) - V Z Z |6 7Tnm z (fm( z) - fn(kz»‘C(En(kz) - EM(kz) - hw)v (6.4.12.5)

n ceomow o

where
* k., is the Bloch wave vector along translation-invariant directions. In 2D simulation this is 1D vector.
* E,(k,) is the energy of eigenstate n. The first sum runs over the pair of states where E,, (k,) > E,,(k,).
* fn(k,) is the occupation of eigenstate n.
* €is the optical polarization vector defined in optics{ quantum_spectra{ polarization{ } } }.

T =p+——> 4m = (0 xVV') where p'is the canonical momentum operator and ;——
of spin- orbit interaction.

(o0 x VV) is the contribution

4m dmoc?
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o € Tpm(k.) is known as the optical matrix elements.
* L(E,(k,) — E;,(k,) — hw) is the energy broadening function.

— When energy_broadening_lorentzian is specified in optics{ quantum_spectra{ en-
ergy_broadening_lorentzian } },

_ r/2
'C(En — Em — hw) - %(E,,LfEmfhw)Jr(F/Q)Q

where I' is the FWHM defined by energy_broadening_lorentzian.

When energy_broadening_gaussian is specified in optics{ quantum_spectra{ en-
ergy_broadening_gaussian } },

LBy = By — hw) = A exp{ (= Lamthel®) |

270 202

where energy_broadening_lorentzian defines the FWMHI' = 2v/In2 - o

When neither energy_broadening_lorentziannor energy_broadening_gaussianis spec-
ified in optics{ quantum_spectra{ } }, L is replace by the delta function §(E,, — E,,, — hw).

It is also possible to include both Lorentzian and Gaussian broadening (Voigt profile).

The detailed calculation scheme of the optical matrix elements € - 7, (k.) and the absorption spectrum « is
described in Optical absorption for interband and intersubband transitions.

Results

Absorption

—— Absorption of x-polarised light
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Figure 6.4.12.58: Calculated absorption spectrum «(€, E) for € = &, ¢, 2.

Figure 6.4.12.58 shows the calculated «(€, F) specified in \Optics\absorption_~.dat for each polarization x, y, and
z. The absorptions for the x- and y-polarisation are identical due to the rotational symmetry of the quantum cylinder
in the x-y plane. It is observed that there are peaks at 1.675 eV (P1), 1.806 eV (P2) and 2.005 eV (P3).

Note: «(€, E) for z-polarization is generally non-zero in the calculation through k.p model. This is because the
eigenstates above the conduction band edge can have the component of valence band Bloch functions and vice
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versa (band-mixing).

Eigenvalues, transition energies, and occupations
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Figure 6.4.12.59: Calculated energy spectrum and the minimum hole energy.

Figure 6.4.12.59 shows the calculated energy eigenvalues atk, = 0 specified in \Quantum\energy_spectrum_~.dat.

Please note that the output in Quantum\ counts the eigenstates with different spins individually when k.p
model is used, while they are counted jointly in Optics\.

The valence band states lie below the Fermi level (0 eV). The minimum hole energy is indicated in Figure 6.4.12.59
with the purple line. It can be seen through a comparison with Figure 6.4.12.58 that the peak in absorption spectrum
at P1 corresponds to the transition energy from the minimum hole energy level to the first conduction band state
(number 31, 32). Similarly, the peak at P2 corresponds to the transition energy between the minimum hole energy
state and the second conduction band state (number 33-36).

The occupation probabilities for each state can be checked from \Optics\occupation_disp_~.datas a function of the
1D Bloch wave vector k. :

In the above figure, the occupation probabilities are plotted for the 1st and the 16th excited state. The 16th excited
state corresponds to the lowest conduction band level.

Note: The eigenstates with different spins are counted individually in Quantum\ when k.p model is used, while
they are counted jointly in Optics\.

For example, the two ground states in the conduction band counted as no.31 and 32 in Figure 6.4.12.59 due
to spin are put together as one eigenstate in Optics\. Thus \Optics\occupation_disp_~_kp8_16.dat shows the
occupation of the ground state in the conduction band and \Optics\occupation_disp_~_kp8_2.dat and \Op-
tics\occupation_disp_~_kp8_17.dat show the 1st excited state in the conduction band (number 33 & 34) in Figure
6.4.12.59.

At T = 300K, kT ~ 0.026 eV , which is insufficient energy to excite electron carriers to the upper conduction
band states.

6.4. Tutorials 561



nextnano Documentation, Release August 2024

le-5
1.4
+— Occupation of 1st state
—e— Occupation of 16th state
1.21 Occupation of 17th state
1.0 A
2
E
S08
o
Q
c
206
©
[}
=1
3
o 0.4
0.2
0.0 oo o000 000 oo oo
-1.0 -0.5 0.0 0.5 1.0

Figure 6.4.12.60: Calculated occupation probabilities for the ground state and 16th excited state as a function of
k..

From the above data of eigenvalues and occupations, we could see which pair of states contributes to each peak in
the absorption spectrum Figure 6.4.12.58. In order to understand the magnitude of the peaks and why some pairs
of states don’t appear as peaks, we will see the output data for |€- 7,,,, (k.)|? next.

Transition intensity (Momentum matrix element)

An important part of the calculation of optical absorption spectra is the transition intensity:
. 2 L 2
Tom (€ k,) = —|€ Trm (k)] (6.4.12.6)
mo
which has dimensions of energy [eV].

The intensity at k, = 0 (T, (€ k. = 0)) for each pair of states (n,m) is specified in Optics\transitions_~.1xt.
These intensities whose “From” states are the ground state are shown here (x-polarization). We can also check the
transition energy of each pair of states.

Energy[eV] From To Intensity_kO0[eV] 1/
—Radiative_Rate[s]

2.00196 10 19 5.9913 o
. 1.74672e-09

2.00394 10 20 1.79227 o
. 5.83325e-09

1.67437 13 16 19.9021 o
< 6.2871e-10

1.80179 14 17 6.25494 o
. 1.85897e-09

Above are the transitions of interest. The other transitions are ommitted for brevity. The “From” and “To” states
tell us which band the transition belongs to. Using this information, we can identify which peaks (P1, P2, P3)
correspond to transitions between which bands. This is marked in Figure 6.4.12.59.

There are also the output files that specify the k-dispersion of the transition intensities for each light polarization
in Optics\transition_disp_~.dat.
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Eigenstates

The probability distributions of the eigenfunctions [¢(r)|?> can be found in Quantum\probabilities_~.vtr.

The amplitude of the envelope function on each Bloch function |S),|X),|Y),|Z) can be found in Quan-
tum\amplitudes_~_SXYZ.vtr.

The analytcal expression of the eigenfunctions for the cylindrical quantum wire is shown as eq. (6.4.7.1) in this
tutorial: Electron wave functions in a cylindrical well (2D Quantum Corral). According to this analytical solution,
the eigenfunction has 2 quantum numbers: n for radial direction and [ for circumferential direction.

Here the amplitudes of eigenfunctions calculated by single-band model are shown. We can see the optical tran-
sition from ground state (n = 1,1 = 0) occurs only to the states with [ = +1. The file used for this plot is
amplitudes_quantum_region_Gamma_00000.vtr in the single band calculation.

Amplitude

0.200
0.175
0.150
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0.075

0.050

0.025

0.000

Figure 6.4.12.61: Wave function of the ground state. (n,l) = (1,0)

Wave functions of the energy eigenstates calculated by the single-band model.

Last update: nn/nn/nnnn

Intersubband absorption of a GaAs cylindrical quantum wire

Section author: Naoki Mitsui

This tutorial calculates the optical absorption spectrum of a GaAs cylindrical quantum wire with infinite barriers.
We will see which output file we should refer to in order to understand the absorption spectrum.

Also, the formula used for calculation of the absorption spectra is presented. For the detailed scheme of the calcu-
lation of the optical matrix elements or absorption spectrum, please see our 1D optics tutorial: Optical absorption
for interband and intersubband transitions

e Structure
e Scheme

e Results

— Absorption
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Figure 6.4.12.62: Wave function of the first excited state. (n,l) = (1,+1)
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Figure 6.4.12.63: Wave function of the second excited state. (n,l) = (1,+2)
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Figure 6.4.12.64: Wave function of the third excited state. (n,1) = (2,0)
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Figure 6.4.12.65: Wave function of the fourth excited state. (n,l) = (1, +3)
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Figure 6.4.12.66: Wave function of the fifth excited state. (n,l) = (2, £1)

— Eigenvalues, transition energies, and occupations

— Transition intensity (Momentum matrix element)

— Eigenstates

Input file:

e 2Dcircular_infinite_wire_GaAs_intra_nnp.in

Structure

Gamma bandedge
T T T T T T T T 100
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Figure 6.4.12.67: Left: Conduction band edge for a cylindrical quantum wire. Right: Slice of the band edge along
z=0.

The above figures show the Gamma band edge of the circular GaAs region and the barrier region. We model the
infinite barrier by assigning 100 eV for the band edge of AlAs barrier region from database{ } section. Please

566 Chapter 6. nextnano++



nextnano Documentation, Release August 2024

see the input file for the details.

The parameters used in this simulation are as follows.

Property Symbol | Value [unit]
quantum wire radius R 5 [nm]
barrier height Ey 92 [eV]
effective electron mass Me 0.0665
refractive index Ny 33

doping concentation (n-type) | Np 5-10™ [ecm?]
linewidth (FWHM) r 0.01 [eV]
temperature T 300 [K]

Scheme

The run{ } section is specified as follows:

run{
poisson{ }
quantum{ }
optics{ }
}

Then the simulation follows these steps:
1. Poisson equation is solved with the setting specified in the poisson{ } section.
2. “Schrodinger” equation is solved with the setting specified in the quantum{ } section.

3. “Schrodinger” equation is solved again with the setting specified in the optics{ } section and optical properties
are calculated.

Note:

* If quantum_poisson{ } isspecified instead of quantum{ }, Poisson and Schrodinger equations are solved
self-consistently.

* optics{ } requires that kp8 model is used in the quantum region specified in quantum{ }.

¢ In this tutorial the kp parameters are adjusted so that the conduction and valence bands are decoupled from
each other. Thus the single-band Schrodinger equations are solved effectively by the kp solver.

The optical absorption accompanied by the excitation of charge carriers (state n — m) in a condensed matter is
calculated on the basis of Fermi’s golden rule [ChuangOpto1995] in the dimenstion of (length)!':

0‘(5’ w) = L ! Z Z |g ﬁ:n'm(kz)|2(fm(kz) - fn(kz)>£(En(kz) - Em(kz) - hw)v (64127)

——
ngcegmiw V iy

where
* k., is the Bloch wave vector along translation-invariant directions. In 2D simulation this is 1D vector.
* E,(k.) is the energy of eigenstate n. The first sum runs over the pair of states where F,, (k,) > E,,(k.).
* fu(k,) is the occupation of eigestate n.

* €is the optical polarization vector defined in optics{ quantum_spectra{ polarization{ } } }.
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* @ = J+ oz (0 X VV) where jis the canonical momentum operator and 4--— (0 x VV/) is the contribution
of spin-orbit interaction.

7T:nm(kz) = <n|ﬁ\m>
* we call € 7, (k) as the optical matrix elements.

L(E,(k;) — En(k.) — hw) is the energy broadening function.

— When energy_broadening_lorentzian is specified in optics{ quantum_spectra{ en-
ergy_broadening_lorentzian } },

/2
L(E, — Ep — hw) = %(EnfEmfl{uu)Jr(F/?)Q

where I is the FWHM defined by energy_broadening_lorentzian.

— When energy_broadening_gaussian is specified in optics{ quantum_spectra{ en-
ergy_broadening_gaussian } },

LBy = By — w) = i exp{ (- Ce=Bel) |

2mo 202
where energy_broadening_lorentzian defines the FWMHT = 2vIn2- o

When neither energy_broadening_lorentziannor energy_broadening_gaussianis spec-
ified in optics{ quantum_spectra{ } }, L is replace by the delta function 6(E,, — E,,, — hw).

It is also possible to include both Lorentzian and Gaussian broadening (Voigt profile).

The detailed calculation scheme of the optical matrix elements € - 7y, (k,) and the absorption spectrum « is
described in Optical absorption for interband and intersubband transitions.

Results

Absorption

T T T
absorption of x-polarized light
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Figure 6.4.12.68: Calculated absorption spectrum «(€, E) for € = Z, g, 2.

Figure 6.4.12.68 shows the calculated «(€, E) specified in \Optics\absorption_~.dat for each polarization x, y, and
7. The absorptions for x- and y-polarization, which are identical due to the rotational symmetry in x-y plane, have
two peaks at around 0.2 eV (P1) and 0.95 eV (P2). «(€, E) = 0 for z-polarization, which is characteristic for
intersubband transtion. These results can be understood from the output data explained below.
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Note: «(€, E) for z-polarization is generally non-zero in the calculation through k.p model. This is because the
eigenstates above the conduction band edge can have the component of valence band Bloch functions and vice
versa (band-mixing).

a(z,E) = 0 in Figure 6.4.12.68 is reasonable since the single-band model is emulated in this tutorial.

Eigenvalues, transition energies, and occupations
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Figure 6.4.12.69: Calculated energy spectrum and Fermi energy (=0 eV).

Figure 6.4.12.69 shows the calculated energy eigenvalues atk, = 0 specified in \Quantum\energy_spectrum_~.dat.

Please note that the output in Quantum\ counts the eigenstates with different spins individually when k.p
model is used, while they are counted jointly in Optics\.

The only states below the Fermi energy are the ground states (no. 1 and 2). Comparing the excitation energy of
other upper states to kg7 ~ 0.026 eV at T" = 300 K, we can expect the occupation probability of each excited
state is almost 0 and the optical transition will occur only from the ground states in this case.

We can see the peak energy of P1 in Figure 6.4.12.68 corresponds to the transition energy from the ground states
(no. 1 and 2) to the 1st excited states (no. 3,4,5, and 6). Also the peak energy of P2 corresponds to the transition
energy from the ground states to 5th excited states (no. 17,18,19, and 20).

The occupation probabilities for each state can be checked from \Optics\occupation_disp_~.datas a function of the
1D Bloch wave vector k. :

As we expected above, the ground state is well occupied for small k, and the occupation of the st excited state is
alomost 0.

Note: The eigenstates with different spins are counted individually in Quantum\ when k.p model is used, while
they are counted jointly in Optics\.

For example, the two ground states counted as no.1 and 2 in Figure 6.4.12.69 due to spin are put together as one
eigenstate in Optics\. Thus \Optics\occupation_disp_~_kp8_1.dat shows the occupation of the ground state and
\Optics\occupation_disp_~_kp8_2.dat and \Optics\occupation_disp_~_kp8_3.dat show the 1st excited state in this
case.
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Figure 6.4.12.70: Calculated occupation probabilities for the ground state and 1st excited state as a function of k.

From the above data of eigenvalues and occupations, we could see which pair of states contributes to each peak in
the absorption spectrum Figure 6.4.12.68. In order to understand the magnitude of the peaks and why some pairs
of states don’t appear as peaks, we will see the output data for |€- 7,,,, (k,)|? next.

Transition intensity (Momentum matrix element)

One of the key element for the calculation of absorption spectra is the transition intensity

2
Tom(€k;) = m—OIE- T (K2)[? (6.4.12.8)

which has the dimension of energy [eV].
The intensity at k, = 0 (T, (€ k. = 0)) for each pair of states (n,m) is specified in Optics\transitions_~.1xt.

These intensities whose “From” states are the ground state are shown here (x-polarization). We can also check the
transition energy of each pair of states.

Energy[eV] From To Intensity_kO0[eV] 1/
—Radiative_Rate[s]

0.19824 1 2 2.77912 3.
. 80277e-08

0.19824 1 3 2.9137 3.
—62712e-08

0.775938 1 7 8.37435e-06 0.
—00322418

0.775938 1 8 6.88813e-06 0.
00391985

0.964304 1 9 0.368533 5.
—.89532e-08

0.964304 1 10 0.427067 5.
—0873e-08

We can explain the large P1 (~0.198 €V) and small P2 (~0.964 eV) by the large and small transition intensities in
these output data. Also we can see the transtions from 1 to 4,5,6,7 are almost zero and these pairs of states don’t
contribute to the absorption (transitions from 1 to 4,5 are omitted here since Intensity_k® are too small).

There is also the output files that specify the k-dispersion of the transition intensities for each light polarization in
Optics\transition_disp_~.dat.
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Eigenstates

The probability distribution of eigenfunctions |¢(r)|? is output in Quantum\probabilities_~.vtr. The amplitude of
the envelope function on each Bloch function |S), | X), |Y'), | Z) can be found in Quantum\amplitudes_~_SXYZ.vtr.

The analytcal expression of the eigenfunctions for the cylindrical quantum wire is shown as eq. (6.4.7.1) in this
tutorial: Electron wave functions in a cylindrical well (2D Quantum Corral). According to this analytical solution,
the eigenfunction has 2 quantum numbers: n for radial direction and [ for circumferential direction.

Here the amplitudes of eigenfunctions calculated by single-band model are shown. We can see the optical transition
from ground state (n = 1,7 = 0) occurs only to the states with [ = +1.

]
&

Figure 6.4.12.72: Wave function of the 1st excited state. (n,l) = (1,+£1)

Wave funstions of the energy eigenstates calculated by the single-band model.

Last update: nn/nn/nnnn
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Figure 6.4.12.73: Wave function of the 2nd excited state. (n,1) = (1, £2)

Psi_6(nmA-1)

Figure 6.4.12.74: Wave function of the 3rd excited state. (n,l) = (2,0)

Figure 6.4.12.75: Wave function of the 4th excited state. (n,{) = (1, £3)
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Absorption of a GaAs spherical quantum dot

Section author: Naoki Mitsui

This tutorial calculates the optical absorption spectrum of a GaAs spherical quantum dot with infinite barriers. We
will see which output file we should refer to in order to understand the absorption spectrum.

Also, the formula used for the absorption calculation is presented. For the detailed scheme of the calculation of
the optical matrix elements and absorption spectrum, please see our 1D optics tutorial: Optical absorption for
interband and intersubband transitions

e Structure
e Scheme

* Results

Absorption

Eigenvalues, transition energies, and occupations

Transition intensity (Momentum matrix element)

Eigenstates

Input file:
* 3Dspherical_infinite_dot_GaAs_intra_nnp.in

e 3Dspherical_infinite_dot_GaAs_inter_nnp.in
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Structure
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Figure 6.4.12.77: Left: GaAs region as a spherical quantum dot. Right: Slice of the Gamma band edge along

z=0.

The above figures show the Gamma band edge of the spherical GaAs region and the barrier region. We model the
infinite barrier by assigning 100 eV for the band edge of AlAs barrier region from database{ } section. Please

see the input file for the details.

The parameters used in this simulation are as follows.

Property Symbol | Value [unit]
quantum dot radius R 5 [nm]
barrier height Ey 92 [eV]
effective electron mass Me 0.0665
refractive index Ny 33

doping concentation (n-type) | Np 8-10™ [cm™]
linewidth (FWHM) r 0.01 [eV]
temperature T 300 [K]

Scheme

The run{ } section is specified as follows:

run{
poisson{ }
quantum{ }
optics{ }
}

Then the simulation follows these steps:

1. Poisson equation is solved with the setting specified in the poisson{ } section.

2. “Schrodinger” equation is solved with the setting specified in the quantum{ } section.

3. “Schrodinger” equation is solved again with the setting specified in the optics{ } section and optical properties

are calculated.
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Note:

e If quantum_poisson{ } isspecified instead of quantum{ }, Poisson and Schrédinger equations are solved
self-consistently.

e optics{ } requires that kp8 model is used in the quantum region specified in quantum{ }.

* In this tutorial the kp parameters are adjusted so that the conduction and valence bands are decoupled from
each other. Thus the single-band Schrodinger equations are solved effectively by the kp solver.

The optical absorption accompanied by the excitation of charge carriers (state n — m) in a condensed matter is
calculated on the basis of Fermi’s golden rule [ChuangOpto1995] in the dimenstion of (length)":

. we? 1 oL
a(e,w) = mv T;n |E : 7Tnm|2(fm - fn)E(En — By — hw)a (6.4.12.9)

where
» [, is the energy of eigenstate n. The first sum runs over the pair of states where E,, > E,,.
* fn is the occupation of eigestate 7.
« ¢is the optical polarization vector defined in optics{ quantum_spectra{ polarization{ } } }.

o T=p+ ﬁ (o xVV') where p'is the canonical momentum operator and ﬁ (o xVV) is the contribution
of spin-orbit interaction.

o Tnm = (n|T|m).

e we call € T, as the optical matrix elements.

L(E,, — E,, — hw) is the energy broadening function:

When energy_broadening_lorentzian is specified in optics{ quantum_spectra{ en-
ergy_broadening_lorentzian } },

r/2
L(E, — By — hw) = %(En—Em—i(le(F/?)z

where I is the FWHM defined by energy_broadening_lorentzian.

When energy_broadening_gaussian is specified in optics{ quantum_spectra{ en-
ergy_broadening_gaussian } },

L(En = Em — hw) = 7 exp{ (= E=fmte) |

2o 202

where energy_broadening_lorentzian defines the FWMHT = 2vIn2- o

When neither energy_broadening_lorentziannor energy_broadening_gaussianis spec-
ified in optics{ quantum_spectra{ } }, L is replace by the delta function 6(E,, — E,,, — hw).

It is also possible to include both Lorentzian and Gaussian broadening (Voigt profile).

The detailed calculation scheme of the optical matrix elements € - 7, is described in Optical absorption for
interband and intersubband transitions. In 3D simulation we don’t have the k-summation like 1D and 2D cases.
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Results

Absorption
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Figure 6.4.12.78: Calculated absorption spectrum «(€, E) for € = .

Figure 6.4.12.78 shows the calculated «(€, E) specified in \Optics\absorption_~.dat for x-polarization. The ab-
sorptions for y- and z-polarization are identical to this graph due to the rotational symmetry. We have one peak at
around 0.23 eV (P1). These results can be understood from the output data explained below.

Note: When we use the realistic k.p paramters, «(€, E) for each polarization would no more be identical in
general. This is because the eigenstates above the conduction band edge can have the component of valence band
Bloch functions (band-mixing).

They are identical in this tutorial since the single-band model is emulated.

Eigenvalues, transition energies, and occupations

Figure 6.4.12.79 shows the calculated energy eigenvalues specified in \Quantum\energy_spectrum_~.dat.

Please note that the output in Quantum\ counts the eigenstates with different spins individually when k.p
model is used, while they are counted jointly in Optics\.

Comparing the excitation energy of other upper states to kg7 ~ 0.026 eV at T' = 300 K, we can expect the
occupation probability of each excited state is almost 0 and only the ground states have the non-zero occupation.
Thus the optical transition will occur only from the ground states in this case.

We can see the peak energy of P1 in Figure 6.4.12.78 corresponds to the transition energy from the ground states
(no. 1 and 2) to the Ist excited states (no. 3,4,5,6,7 and 8).

Note: The eigenstates with different spins are counted individually in Quantum\ when k.p model is used, while
they are counted jointly in Optics\.

For example, the two ground states counted as no.1 and 2 in Figure 6.4.12.79 due to spin are put together as one
eigenstate in Optics\.
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Figure 6.4.12.79: Calculated energy spectrum and Fermi energy (=0 eV).

From the above data of eigenvalues, we could see which pair of states contributes to the peak in the absorption
spectrum Figure 6.4.12.78. In order to understand why some pairs of states don’t appear as peaks, we will see the
output data for |€- T, |? next.

Transition intensity (Momentum matrix element)

One of the key element for the calculation of optical absorption is the transition intensity
2 L.
Tum(€) = — € Tpm| (6.4.12.10)
mo

which has the dimension of energy [eV].

The intensity (Tnm(a) for each pair of states (n,m) is specified in Optics\transitions_~.txt. These intensities
whose “From” states are the ground state are shown here for x-polarization. We can also check the transition
energy of each pair of states.

Energy[eV] From To Intensity_kO0[eV] 1/
—Radiative_Rate[s]

0.233098 1 2 2.02882 4.43013e-08
0.233098 1 3 2.42777 3.70214e-08
0.233098 1 4 2.30413 3.90079e-08

The transtions from 1 to 5~10 are zero and these pairs of states don’t contribute to the absorption (They are omitted
here since Intensity_k@ are too small).
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Eigenstates

The probability distribution of eigenfunctions |t/ (r)|? is output in Quantum\probabilities_~.vtr. The amplitude of
the envelope function on each Bloch function |S), | X), |Y'), | Z) can be found in Quantum\amplitudes_~_SXYZ.vtr.

Here the probability distribution of eigenfunctions calculated by single-band model are shown.

Figure 6.4.12.80: |wave function|? of the ground state. (s orbital, not degenerated.)

Figure 6.4.12.81: |wave function|? of the 1st excited state. (3 times degenerated, p orbital)

|wave function|? of the energy eigenstates calculated by the single-band model. The contours at the value of
|4(r)|? = 0.001 are shown.

Last update: nn/nn/nnnn
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Figure 6.4.12.82: |wave function|? of the 2nd excited state. (5 times degenerated, d orbital)

Figure 6.4.12.83: |wave function|? of the 2nd excited state. (d orbital)
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Optics: Optical gain of InGaAs quantum wells with different strain

Input Files:
e ID_gain_strained_gw.in

Scope:
Comparison of the optical gain calculated for differently strained InGaAsP-InGaAs quantum
wells using 8-band k.p model with [ChuangOpto1995], Sec. 10.4 .

Most relevant keywords:
e quantum{ region{ kp_8band{} } }
e optics{ quantum_spectra{} }
Output files:
* \bias_00000\Optics\absorption_quantum_region_TEy_eV.dat
* \bias_00000\Optics\absorption_quantum_region_TMx_eV.dat
* \bias_00000\Quantum\Dispersions\dispersion_quantum_region_kp8_11_00_10.dat
* \bias_00000\bandedges.dat

Introduction

We consider a 1D single quantum well system consisting of In;_,Ga,As sandwiched between
Ing.71Gag.o9Asge1Py.39 barrier layers. Simulations are performed for three different mole fractions x
resulting in three different strain conditions:

e z = 0.41 (QW region is compressively strained)
e z = 0.47 (QW region is unstrained)
e r = 0.53 (QW region is tensely strained).
The parameters for the layer thicknesses, alloy composition and quasi-Fermi levels are taken as follows:

e The well widths L., are chosen as 4.5 nm, 6.0 nm, and 11.5 nm for each = value, respectively, so that the
energy difference between the highest valence band eigenstate and lowest conduction band eigenstate would
be around 0.8 eV (~1500 nm). The length of the complete simulation region is the same for all three cases,
namely Ly = 20 nm.

¢ The alloy composition of InGaAsP barrier region is determined, so that its lattice constant matches to InP
substrate and the band gap is 0.95 eV (Ag = 1300 nm). The same barrier composition is used for all x.

* The electron and hole quasi-Fermi levels were determined for each x, so that the carrier densities of electrons
and holes integrated over the QW width both equal 3 -10'? cm™.

Computation of the optical absorption spectra within the Fermi’s golden rule and 8-band k.p model is triggered in
the optics{ } group. Please refer to our tutorial on absorption for the details about the calculation scheme of the
absorption spectra.
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Results

We show for each of the three cases the calculated band edges, subband dispersions of the highest electron and
hole states, and the optical gain coefficients of TE and TM mode.
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Figure 6.4.12.84: The band edges and Fermi levels of compressively strained QW (L, = 4.5 nm, x = 0.41) (left),
unstrained QW (L., = 6.0 nm, z = 0.47) (center) and tensely strained QW (L, = 11.5 nm, z = 0.50) (right). The
band profile is shifted so that the valence band edge of the barrier is at 0 eV.

The band profiles for all three cases are depicted in Figure 6.4.12.84. The HH is the highest valence band in the
compressive case, HH and LH are degenerated in the unstrained case, and LH is the highest valence band in the
tensile case due to the different band-shift of HH and LH. Figure 10.30 in [ChuangOpto1995] shows the same
qualitative effect of strain on the band edge profile.
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Figure 6.4.12.85: Calculated subband dispersions for the comressively strained QW (left), unstrained QW (center)
and tensely strained QW (right). The ground and 1st excited states for electron (cyan), as well as the three highest
hole states (black) are shown.

Energy dispersions for all three cases are shown in Figure 6.4.12.85. The corresponding output file is Quan-
tum/dispersion_~.dat, which is calculated in quantum{ } group. We observe an upward shift of the valance bands
going from compressive to tensile strain, which is in agreement with figure 10.30 in /ChuangOpto1995].

Figure 6.4.12.86 shows optical gain computed for the differently strained QWs. The gain for TE polarization is
dominant in the compressive and unstrained quantum well as related to transitions involving HH, and TM gain
is dominant in the tensely strained quantum well due to the lowest energy transitions involving LH. Comparing
the gain spectra with the results presented in [ChuangOptol1995], we observe that for all three cases the shapes
of the TE spectra relative to the TM spectra are correctly reproduced. However, there are some deviations in the
amplitudes of the spectra. In the cases of the compressive strain and no strain, the computed gain spectra are about
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Figure 6.4.12.86: Calculated optical gain of TE and TM optical mode for compressively strained QW (left), un-
strained QW (center) and tensily strained QW (right)

100 cm higher than the ones presented in [ ChuangOpto1995]. Conversely, the spectra computed for the tensely
strained quantum well are about 100 cm™ smaller than those in the reference.

Discussion

Most possible reasons which account for the deviations between our gain spectra and these shown in [Chuan-
gOpto1995] may be differences in:

* the model applied to compute the spectra,
¢ the number of electron and hole states included in the model,

* how the surface charge concentration of 3 -10'> cm™ is calculated. In /ChuangOpto]1995] the surface charge
concentration is equal to nL,, where we assumed an integration of the carrier density over the well width,
i.e. [ n(x)dz. The surface charge concentration is an important parameter, because it determines the quasi-
Fermi levels and therefore the amplitude of the gain spectrum.

* boundary conditions for the wave functions. Here, we used periodic boundary conditions.

Last update: nn/nn/nnnn

Optics: Optical gain and spontaneous emission rate of strained GaN quantum well

Section author: Naoki Mitsui

Warning: This tutorial is under construction

In this tutorial, we calculate the optical gain and spontaneous emission rate of strained GaN quantum well using
8-band k.p model implemented in our optics{ } section. This tutorial aims to reproduce the results obtained in
[ChuanglEEE1996]:

e “Optical gain of strained wurtzite GaN quantum-well lasers” S. L. Chuang, IEEE Journal of Quantum
Electronics (1996)

Related files
* Chuang_I1996_IEEE_GaN_QW_nnp.in
* Chuang_1996_IEEE_GaN_QW_postprocess.py (python script using nextnanopy)

Table of contents
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e Structure
e Results

- Sponlane(ms emission rate

— Optical Gain

The nextnano++ tool can calculate the spontaneous emission rate and optical gain in 2 different models.
1. “Semiclassical” calculation corresponds to classical{ }
2. “Quantum” calculation corresponds to optics{ }

For the 1st model, please refer to InGaAs Multi-quantum well laser diode. Roughly speaking, this model calculates
the carrier densities either quantum mechanically or classically and the emission rate is calculated from them in a
phenomenological way (6.4.4.4).

The calculation described here is the 2nd model. This starts from the Fermi’s golden rule (time-dependent per-
turbation theory) and electrons in a condensed matter are treated fully quantum mechanically. This model has the
following characteristics:

* able to take into account the band-bending and band-mixing effect by strain
* distinguishes the different polarization

* requires less phenomenological parameter

* require the k.p parameters instead

(For most of the important materials, the parameters are already included in our database file.)

Structure

T T
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Figure 6.4.12.87: The band edges and Fermi energies for Aly3Gag7N-GaN quantum well with the carrier concen-
tration n = 3 x 10" cm™? inside the well region.

The above figures show the Gamma band edge of the Aly3Gag;N-GaN quantum well.
Please see the input file for the details.

The parameters used in this simulation are as follows.

6.4. Tutorials 583



nextnano Documentation, Release August 2024

Property Symbol | Value [unit]
quantum well width L, 2.6, 5.0 [nm]

doping concentation Np 0 [cm™]

carrier concentration in the well | n 1,2,3 x 10" [cm™]
linewidth (FWHM) T 0.0132 [eV]
temperature T 300 [K]

Note: The piezo- and pyroelectricity are not yet taken into consideration here for the simplicity.

Results
Spontaneous emission rate

The formula used for the spontaneous emission calculation in optics section is as follows:

n.e?E 2

spon (= _ “
(€ w) = mwh2cdegm3 V

SN e Rum (k) PL(En () — Em(ky) = E) fulk)) (1 = fm(k))),
n>m k)

(6.4.12.11)
For the detail of the definition of each quantity and calculation scheme, please see our Optical absorption for
interband and intersubband transitions.

Here we show this r*P°" (€, w) calculated for L,, = 2.6 [nm], L,, = 5.0 [nm] and each polarization. These results
well agree with Fig.7 of [ChuangIEEE1996].

— Mholonalph_om™-2_5°-1_ &Y™ 1
Pholnsph_om -2 571 8-

Hacton[ph
e
b

188 i e 7
Figure 6.4.12.88: r°P°" for an Alj3Gag7N-GaN quantum well with the carrier concentration n = 3 X 10 ecm—3
on each polarization TE (x or y) and TM (z). L,, = 2.6 [nm]

When we don’t apply the linewidth broadening, the result shows the exact energy where the emission by each pair
of state starts.
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Figure 6.4.12.89: r*P°" for an Aly3Gag7N-GaN quantum well with the carrier concentration n = 3 x 10'° cm~3

on each polarization TE (x or y) and TM (z). L., = 5.0 [nm]
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Figure 6.4.12.90: TE emission rate in Figure 6.4.12.89 with (red dashed line) and without (blue line) line width

broadening.
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Optical Gain

The optics section can calculate the absorption spectra (€, w). This can be understood as a negative gain, i.e.
a(€w) = —g(Ew) (6.4.12.12)

For the details of the calculation scheme of «/(€, w), please see our Optical absorption for interband and intersub-
band transitions.

Here we show this g(€, w) calculated for L,, = 2.6 [nm], L,, = 5.0 [nm] and polarization.

gain spectra for a strained GaN-Al0.3Ga0.7N (Fig.8 of Chuangl1996)
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Figure 6.4.12.91: g(€,w) for a Alyp3Gag7N-GaN quantum well with the carrier concentration n = 1,2,3 x 10
cm~? on each polarization TE (x or y) and TM (z). L., = 2.6 [nm]

These results almost agrees with Fig.8 of [ChuangIEEE1996] except for the case when the gain peak is relatively
low. This is because the models used here and [ChuangIEEE1996] apply the linewidth broadening in different
steps.

Last update: nn/nn/nnnn

Excitons

Exciton absorption in infinite quantum well

Input files:
1D_InterbandExcitonAbsorption_InfiniteWell_GaAs_8kp_nnp.in
1D_InterbandExcitonAbsorption_InfiniteWell_GaAs_effective_mass_nnp.in

Scope of the tutorial:
In this tutorial, we show how excitonic correction affects the absorption in infinite quantum well.

The most relevant keywords:
e optics{ quantum_spectra{} }
e quantum{ region{ excitons{} } }

Relevant output files:
bias_xxxxx\bandedges.dat bias_xxxxx\Optics\absorption_quantum_region_TE_eV.dat
bias_xxxxx\Quantum\probabilities_shift_quantum_region_kp8_00000.dat
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gain spectra for a strained GaN-Al0.3Ga0.7N (Fig.8 of Chuang1996)
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Figure 6.4.12.92: g(€,w) for a Aly3Gag7N-GaN quantum well with the carrier concentration n = 1,2, 3 x 1019
cm ™3 on each polarization TE (x or y) and TM (z). L., = 5.0 [nm]

This tutorial presents calculation of interband absorption spectrum in a quantum well including excitonic effects.
The tutorial aims to provide a comprehensive explanation of how excitonic correction significantly influences the
optical absorption characteristics in a quantum well.

In this tutorial we calculate the absorption spectrum of a 10 nm GaAs quantum well. The purpose is to calculate
the absorption spectrum for a simple model and model that includes excitonic effects on the absorption spectrum.

The tutorial is structured into two parts. The first part involves the computation of valence and conduction states
using simple parabolic dispersion models, also known as the “single-band” model. In the second part, the states
will be computed using an 8-band kp Hamiltonian.

Theory of optical excitonic correction

An exciton is a bound state of an electron and a hole in a solid material, resulting from the Coulomb attraction
between them. The exciton eigenvalue is computed using variational approach with the wave function

F(T, xhvxe) = f(xﬁ)g($h)¢(r)

6(r) = 2 exp(—r/A)

where f(x.), g(xy) — electron and hole wave functions, r — radial variable in plane orthogonal to growth direction,
A — variational parameter.

The exciton correction to absorption consists of 2 terms: exciton peak and Sommerfeld enhancement factor (also
known as Coulomb enhancement). The exciton peak is located few meV below the absorption edge of correspond-
ing electron-hole pair (i.e. transition energy is reduced by binding energy of exciton) The intensity of the peak is
dependent on the parameter \.

2
ey X WV(EU — Eb, hw)

where V' is Voigt profile, I;; is the transition energy between electron i and hole j, Fy is binding energy of exciton.

The second contribution is enhancemnt of the absorption above transition energy by the Sommerfeld factor
exp (7r / \/Z)
cosh (7r / \/E)

Sap
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where A is the total excess energy of the electron-hole pair normalized to Ej /4

Input File

In order to include excitonic correction to absorption, excitons section should be present both in
quantum{region{}} and optics{quantum_spectra{}}.

In quantum, methods to compute excitons from conduction and valence band eigenstates are defined (see details
in keywords documentation “quantum {region {excitons} }”)

quantum{
region{
excitons{
density_averaged_masses = yes
energy_cutoff = 2.5
accuracy = le-5
}
}
}

In optics, the corrections to optical absorptions is defined. Setting coulomb_enhancement = no and
num_exciton_levels = 0 will output absorption without exciton correction (so called single-particel model).

optics{
quantum_spectraf{
excitons{
coulomb_enhancement = yes
num_exciton_levels = 1
}
}
}

The input files provided for this simulation have three modes, depending on the value of the variable $calculation,
defined at the top of the input file.

— $calculation=1 — computes single-particle absorption (no exciton correction)
— $calculation=2 — the computed absorption includes Coulomb enhancement

— $calculation=3 — the computed absorption includes both Coulomb enhancement and exctiton peaks

Simulation 1: single-band model

For this simulation, /D_InterbandExcitonAbsorption_InfiniteWell_GaAs_effective_mass_nnp.in input file is used.

The parameters used in the calculation are the following

Property Symbol | unit | Value
quantum well width L nm 10.0
barrier height £y eV 1000
Electron effective mass Me mo 0.065
Heavy hole effective mass Mph mo 0.51
refractive index N, 3.3
linewidth (FWHM) Lorentzian | I'y, meV | 3
linewidth (FWHM) Gaussian I'a meV | 5
temperature T K 300
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To simplify the calculation, only heavy hole states are computed in the valence band. To include light hole and

split off, set $compute_LH_and_SO variable to 1 in the input file.

The eigenstates from the calculation are shown in the Figure 6.4.12.93
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Figure 6.4.12.93: Computed eigenstates in the GaAs infinite quantum well with effective mass Hamiltonian in
conduction and valence bands. The colored dashed line are band edges, the solid lines are eigenstates.

In the figure below, the computed absorption in the quantum well is shown (Figure 6.4.12.94). The figure shows the
absorption without exciton correction, absorption including Sommerfeld enhancement factor and total excitonic

absorption (i.e. both exciton peak and Coulomb enhancement).

Simulation 2: 8-band kp model

For this simulation, I D_InterbandExcitonAbsorption_InfiniteWell_GaAs_8kp_nnp.in input file is used.

The parameters used in the calculation are the following

Property Symbol unit | Value

quantum well width L nm 10.0

barrier height By eV 1000

8-band kp parameters for GaAs | Eg, Ep, L, M, N | n/a from default database
refractive index Ny 33

linewidth (FWHM) Lorentzian | I, meV | 3

linewidth (FWHM) Gaussian T'c meV | 5

temperature T K 300

The eigenstates from the calculation are shown in the Figure 6.4.12.95

6.4. Tutorials

589



nextnano Documentation, Release August 2024

—

— 40000
'E —— Single particle model
J. 35000 - Coulomb enhancement
: —— Coulomb enhancement+exciton peak
cC
.2 30000 1
O ﬂ
v
@ 25000 -
(@)
o
c 4
IS 20000
L
g 15000 1
e
@ 10000 1 J
()
=
S 5000
()
v
w 0

130 135 1.40 145 150 1.55 160 1.65 1.70
Photon energy (eV)

Figure 6.4.12.94: Absorption in infinite quantum well computed with effective mass Hamiltonians. The figure
shows absorption with and without exciton correction.
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Figure 6.4.12.95: Eigenstates in the GaAs infinite quantum well computed with 8-band kp Hamiltonian. THe
colored dashed line are band edges, the solid lines are eigenstates.

6.4. Tutorials 591



nextnano Documentation, Release August 2024

In the figure below, the computed absorption in the quantum well is shown (Figure 6.4.12.96). Similarly to the
Simulation 1, the figure shows the absorption with and without exciton correction.
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—— Single electron
35000 Coulomb enhancement .
—— Coulomb enhancement+exciton peak
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20000 A
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Figure 6.4.12.96: Absorption in infinite quantum well computed with 8-band kp Hamiltonian. The figure shows
absorption with and without exciton correction.

In both simulations, exciton correction increase the absorption significantly above the absorption edge and also
gives rise to a sharp peak at energy few meV below absorption edge.
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SiGe QW excitonic absorption

Attention: This tutorial is under construction.

Input files:
ID_Ge_GeSi_QCSE_Lever2010_8kp_nnp_exciton.in

Scope of the tutorial:
In this tutorial, we show an approach how to model absorption spectrum in a quantum well. This
tutorial reproduces results from [LeverJLT2010].

The most relevant keywords:
e contacts
e optics{ quantum_spectra{} }
e quantum{excitons}
Solvers:
e strain
* poisson
* quantum
e quantum_optics

Relevant output files:
bias_xxxxx\Optics\absorption_quantum_region_TE_eV.dat

Introduction

This tutorial shows how to model an absorption inside a quantum well — an active region of electro-absorption
modulator. The tutorial reproduces results from /[LeverJLT2010] with 9 nm Ge well with 12 nm Si g4 Ge (¢ barrier
grown on Si g3 Ge o7 substrate. The Ge concentration profile is smoothened by interdiffusion, which is modelled
using analytic profile from [LeverJLT2010]. The Ge grown on the Si substrate is tensile strained, because the bulk
thermal expansion coefficient of Ge is larger than of the Si substrate. In order to take in into account, 0.1% tensile
residual strain is added to virtual substrate.

strain{
residual_strain = 0.001

The figure Figure 6.4.12.97 shows the wave functions in conduction and valence bands.

The bias sweep from 0 V to 0.5 V is specified in the input file in the contacts

$left_bias_start = 0

$left_bias_finish = 0.27

contacts{
ohmic{ name
ohmic{ name

"left" bias = [$left_bias_start, $left_bias_finish] steps = 3}
"right" bias = 0}

For each bias the absorption spectrum in the device is calculated. Due to the quantum confinement, the excitonic
absorption is still observable at room temperatures. The excitonic correction is added; more details are explained
in tutorial “Optical interband absorption in a quantum well including excitonic effects”. The absorption spectra
at different biases is shows in the figure Figure 6.4.12.98.
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Figure 6.4.12.97: The band edges (colored) and the wave function probabilities (gray) in the quantum well under

0 bias.
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Figure 6.4.12.98: Excitonic absorption spectra in the device. Labels indicate electric field in the middle of the

quantum well.
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The redshift of exciton peak is observed when bias is applied to the structure. Ata given wavelength, the absorption
increase is significant allowing for electro-optic absorption modulation. The modelling can be used to optimize
the parameters of the device and to choose the optimal wavelength of the modulation for a given structure.

The position of exciton peaks are in a good agreement with simulation from [LeverJLT2010] — within 1 meV
error for each bias. While the relative change of absorption spectra with applied bias also agrees with experimental
data, the absolute value differs by a factor 1.4 — 1.6. The nextnano software is continuously improving to meet last
criteria as well.
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SiGe MQW QCSE electro-absorption modulator (EAM)

Attention: This tutorial is under construction.

Input files:
I1D_Ge_GeSi_QCSE_Kuo2005_8kp_nnp_exciton.in ID_Ge_GeSi_QCSE_Kuo2005_simplified_8kp_nnp_exciton.in

Scope of the tutorial:
In this tutorial, we show an approach how to model absorption spectrum for a series of quantum
wells inside p-i-n junction. This tutorial reproduces experimental results from [ KuoNature2005].

The most relevant keywords:
e contacts
e optics{ quantum_spectra{} }
e quantum{excitons{} kp8{}}

Relevant output files:
bias_xxxxx\bandedges.dat bias_xxxxx\Optics\absorption_quantum_region_TEy_eV.dat struc-
ture\density_acceptor.dat structure\density_donor.dat

Introduction

In this tutorial, we will explore the physics behind the quantum-confined Stark effect (QCSE) and its application in
modulating light absorption in semiconductor structures. The QCSE is a phenomenon in which the absorption edge
of a semiconductor is shifted when an electric field is applied perpendicular to its surface, resulting in a redshift
of the exciton peak. This effect can be utilized in electro-optic devices such as modulators, switches, and tunable
lasers.

We will begin by simulating the QCSE in a simplified structure consisting of only an intrinsic region. In the second
example, we will simulate a more complex structure consisting of a p-i-n junction with the quantum well embedded
in the intrinsic region. This will provide us with a more accurate representation of the electro-optic properties of
a complete device and allow us to investigate the behavior of absorption versus bias.
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This tutorial reproduces the experimental results from [ KuoNature2005]. The design consists of the p-doped buffer,
grown on Si substrate, bottom spacer, series of 10 quantum wells, top spacer and n-doped cap layer. The device
parameters are given below

Name Thikness, nm | Ge concentration | doping type | doping concentration, cm
Buffer 500 0.9 p-type 5% 10™

Bottom spacer | 100 0.9 — —

Barrier 16 0.85 — —

Well 10 1.0 — —

Top spacer 100 0.9 — —

Cap layer 200 0.9 n-type 1 x 107

The modeling approach used in this tutorial is similar to the one used in our previous tutorial on SiGe excitons —
“SiGe QW excitonic absorption”. Specifically, the Ge content profile is smoothed with a characteristic diffusion
length of 1 nm, and a residual tensile strain of 0.1% is assumed in the strain-relaxed buffer. The electron states are
computed with 8-band kp hamiltonian.

In both examples, the quantum_region consists only of 1 well. It is sufficient to model only valence and conduc-
tion states in a single quantum well, because the barrier is wide enough, so there is no overlap of wave functions
between different wells.

Simulation 1: Only intrinsic region

Solvers:
e strain
* poisson
* quantum
e quantum_optics

Omitting the doped layers, the simulation regions consist of bottom spacer, MQW and top spacer. The built-in
potential of the junction has to be included in the simulation. Furthermore, the diffusion of dopants from a buffer
and cap layer effectively decreases the intrinsic region. Following [LeverJLT2010], the built-in is assumed to be
0.8V and the intrinsic region is shortened by 75nm (i.e. the bottom spacer region used in the simulation is 25nm)

Since Simulation 1 example does not include any doped regions, the current equation is not necessary and can be
omitted.

The simulated banedges at zero bias are shown in the figure Figure 6.4.12.99
When additional bias applied, the electric filed in the quantum well is increased (figure Figure 6.4.12.99)

The absorption spectra computed at different biases is given in the figure

Simulation 2: Whole pin device

Solvers:
* strain
e current_poisson
e quantum
* quantum_optics

For a more accurate representation of the electro-optic properties of a complete device, we will consider a more
detailed structure consisting of a p-i-n junction with the quantum well embedded in the intrinsic region.
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Figure 6.4.12.99: Valence and conduction band edges at zero bias. The electric field is induced by 0.8V built-in
potential, included in the simulation
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Figure 6.4.12.100: Valence and conduction band edges at 2V external bias.
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Figure 6.4.12.101: Absorption spectra inside the MQW region at different external bias

In contrast to the simplified example, the second example involves the inclusion of doped regions in the simulation.
This necessitates the use of current equation to model the device behavior.

As discussed above, the diffusion of dopants from the p and n regions to the intrinsic region effectively decreases
the width of the intrinsic region, which increases the electric field. In order to model this phenomenon, we use a
smoothed doping profile corresponding to the analytical solution of diffusion between two infinite half-spaces with
a constant initial concentration c( in one subspace and zero concentration in the other.

T — X

)

c= %O—k%oerf(j:

Here: zq is junction position, d is characteristic diffusion length, er f is error function, plus inside error function
is for the case when initial nonzero concentration is at x > x( and vice versa.

We find d = 30nm to give the closest result to experiment. In order to use the diffused doping profile, we initialize
doping profile function in import

import{

analytic_function{

name = "pdoping_profile"

function = "$pDopingConcentration*0.5 + $pDopingConcentration*0.5*erf(-(x-
—$pdoping_junction_position)/$diffusion_dopants_length)"

}

analytic_function{

name = "ndoping_profile"

function = "$nDopingConcentration*0.5 + $nDopingConcentration*®.5*erf((x-
—$ndoping_junction_position)/$diffusion_dopants_length)"

}

}

These functions are used in structure to initialize doping
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impurities{
donor{
name = "n-type"
energy = -1000 # (= all ionized)
degeneracy = 2 # degeneracy of energy levels, 2 for n-type, 4 for p-type

}
acceptor{
name = "p-type"
energy = -1000 # (= all ionized)
degeneracy = 4 # degeneracy of energy levels, 2 for n-type, 4 for p-type
}
}
structure{
region{ # n-doping
line{
X = [$x_min, $x_max]
}
doping{
import{
name = "n-type"
import_from = "ndoping_profile"
}
}
}
region{ # p-doping
line{
X = [$x_min, $x_max]
}
doping{
import{
name = "p-type"
import_from = "pdoping_profile"
}
}
}
}

The resulting doping profile is shown in the figure Figure 6.4.12.102.
The band edges at zero bias is shown in the figure Figure 6.4.12.103

At zero bias there is no current in the system, therefor the electron and hole Fermi levels coincide. At nonzero
reverse bias, the current is induced, separating electron and hole Fermi level and enhancing the electric field in the
MQW region (see Figure 6.4.12.104).

The absorption spectra computed in this example are shown in the Figure 6.4.12.105.

The position of exciton peaks are in a good agreement with experiment — within 3 meV error for each bias. While
the relative change of absorption spectra with applied bias also agrees with experimental data, the absolute value
differs by a factor 1.5 — 1.8. The nextnano software is continuously improving to meet last criteria as well.

Acknowledgment
This tutorial is based on the nextnano GmbH collaboration in the scope of the SiPho-G Project
aiming at development of ultrahigh-speed optical components for next-generation photonic inte-
grated circuits, and it is funded by the European Union’s Horizon 2020 research and innovation
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Figure 6.4.12.102: The doping profile in the device
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Figure 6.4.12.103: Valence and conduction band edges at zero bias
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Figure 6.4.12.104: Valence and conduction band edges at zero bias
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Figure 6.4.12.105: Absorption spectra inside the MQW region at different external bias for Simulation 2
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6.4.13 2-Dimensional Electron Gases (2DEGs)

— FREE — Schrédinger-Poisson - A comparison to the tutorial file of Greg Snider’s code

In this tutorial we calculate the self-consistent solution of Schrodinger-Poisson equations using nextnano++ and
another code provided by Greg Snider (University of Notre Dame). We compare the two results and see the agree-
ment of them.

We also discuss about the basic concept of the Schrodinger-Poisson solution.
The related input files are followings:

* Greg_Snider_MANUAL_ID_nn*.in

* Greg_Snider_MANUAL_ID_analytic_nn*.in

e Greg_Snider_MANUAL_2D_nn*.in

e Greg_Snider_MANUAL_2D_analytic_nn*.in

These are available in the sample file folder. The files which have analytic in their names use analytic doping
function.

We appreciate that Greg Snider provided his code, the manual and the input files free of charge, so that we could
use it here as a test case. His 1D Poisson/Schrodinger code can be obtained from this link. This tutorial is based
on his manual (/D Poisson Manual.pdf, MANUAL.EX).

Structure

We simulate a structure consisting of the following matrerials and doping profile. The additional doping profile
based on LSS Theory is explained in the next section.

surface Schottky barrier of 0.6V
z=0~15nm GaAs n-type doped (10™ cm™)
z=15~35nm Algs; Gap7 As | n-type doped (10™® cm?™)
z=35~39.5nm Algz Ga