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Abstract. SyNumSeS is a Python package for numer-
ical simulation of semiconductor devices. It uses the
Scharfetter-Gummel discretization for solving the one di-
mensional Van Roosbroeck system which describes the
free electron and hole transport by the drift-diffusion
model. As boundary conditions voltages can be applied
to Ohmic contacts. It is suited for the simulation of pn-
diodes, MOS-diodes, LEDs (hetero junction), solar cells,
and (hetero) bipolar transistors.

Introduction

The development of modern semiconductor devices is
accompanied by numerical simulations. This results in
a better understanding of the device as physical quanti-
ties like electrical fields or current densities can be vi-
sualized and related to material parameters or the ge-
ometry of the device. This way time consuming ex-
periments can be reduced saving resources, time, and
money. In teaching semiconductor devices the visual-
ization of what is happening inside the device is very
helpful for the students. So they can get a better link
between the learned equations and what do they mean
for the electrical properties of the device. Presenting
animations showing the output characteristics and for
example the hole and electron density in the device for
the different bias regions is often better then thousands
of words. This was the motivation for programming a
simple to use and fast Python package for numerical
simulations of semiconductor devices.

This package is used for the lecture ’Electron De-
vices’ to generate diagrams and animations. In the mas-

ter’s course "Microfabrication Techniques’ the students
use the package within a lab for the simulations of pn-
diodes, LEDs, solar-cells and SiGe hetero bipolar tran-
sistors.

1 Solving the Basic
Semiconductor Equations

The Van Roosbroeck equations [1] are used as the basic
semiconductor equations. For one dimension they are:
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These are three nonlinear ordinary differential equa-
tions for three unknowns, the potential W, the free elec-
tron density n, and the free hole density p. (C is the dop-
ing concentration, G and R are the generation and re-
combination rates, respectively, & is the dielectric con-
stant, and &, is the relative permittivity.) These equa-
tions can be solved by using partial differential equa-
tion (PDE) solvers like FiPy[2]. As for semiconductor
devices high electrical fields and extreme concentration
gradients for electrons and holes exist especially at pn-
or hetero-junctions using a general PDE solver results
in significant deviation from the exact solution. This
can be partly compensated by reducing the grid size but
at the expense of simulation time and even convergence
issues.

By using the Scharfetter Gummel scheme [3][4] for
the electron and hole current densities this issue can be
relaxed.
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Additionally in the equations (1) the unknowns n
and p are replaced by the quasi Fermi levels for elec-
trons @, and holes @, respectively using the flowing
relations:
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With X! being the electron affinity, E the band gap,
and U; = kg—eT (kg Boltzmann constant, 7 absolute tem-
perature, and g, elementary charge). Nc and Ny are the
effective density of states for the conduction band and
the valence band, respectively.

For solving this PDEs the finite volume method for
one dimension is used. The electron and hole current
densities between two adjacent cells are expressed by:
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With k and / being indices of adjacent cells, u, and

Up are the mobilities of electrons and holes, respec-

tively, and Ax is the cell distance. B(x) is the Bernoulli
function:
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Compared to [4] the equations(4) and (5) are

(6)

IFor ease of use the units of X, Eg, @y, and &, are V and not eV!

slightly modified by the terms containing the electron
affinity X to account for hetero junctions.

Care must be taken for the Bernoulli function in the
case of low values for the argument as this results in a
low value divided by an other low value. Therefore the
Bernoulli function is approximated by a polynomial of
degree 1 for low values of the argument:
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2 Boundary Condition

On the very left and right of the one dimensional device
boundary conditions for Ohmic contacts are set and dif-
ferent voltages can be applied to both sides. This is
done by adding one additional cell on the left and right
with the quasi Fermi levels and potential set to [5]:
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With Vy the applied voltage and #; the intrinsic car-
rier density. For the simulation of bipolar transistors an
additional contact between the outer contacts is needed.
For this contact dependent on the doping, p- or n-type,
only the potential ¥ and one of the quasi Fermi levels
@, or P, are set, respectively.

3 Solving the Semiconductor
Equations

The discretization of the equations (1) using the equa-
tions (2)-(5) results in a nonlinear equation system for
the unknowns ¥, ®,, and P, for every cell. To solve
this nonlinear equation system Newton’s method is
used. For building the Jacobian matrix the equations are
symbolically derived using the Python package sympy.
The code for solving these equations is automatically
generated by a Python script.
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4 Simulation Results

To demonstrate the wide use of this package simula-
tion results for three different semiconductor devices
are presented.

4.1 Simulation results of an InGaN LED

For the simulation of an LED? the InGaN material sys-
tem is used. The well, where the light is generated,
consists of Ing3Gag 7N with a band gap of about E; =
2.0eV and has a thickness of 100nm. The surround-
ing material is GaN with E; = 3.4eV. The Ing3Gag7N
well is not doped while the surrounding GaN to the left
is p-doped and to the right is n-doped both with a con-
centration of Ny = Np =2- 102 m3.

Fig. 1 shows the resulting band diagram with no
externally applied voltage.
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Figure 1: Band diagram of InGaN-LED with no externally
applied voltage.

In the center the Ing 3Gag 7N well can be clearly seen
and the band bending respectively build in voltage ®y;
due to the doping concentrations. Simulating the output
characteristics shows a diode threshold voltage of about
Vin = 2.8V, see Fig. 2.

The nearly linear increase of the current density be-
yond V4, can be attributed to the low doping level of the
GaN resulting in a relatively high Ohmic resistance.

The recombination rate is considered by:

R:Crad-(np—n?). )

As the free electrons and holes accumulate at the
well we get in this region the highest recombination
rate, see Fig. 3.
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Figure 2: LED characteristic.
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Figure 3: Recombination rate along the LED.

4.2 Simulation results of solar cells

In the following silicon solar cells are simulated. The
thickness of the silicon is d = 1 um. The first 40nm
from the surface are p-doped with Ny = 1.0-10**m~3,
The rest of the silicon is n-doped with different con-
centrations. The intensity of the incident light drops
exponentially while penetrating through the silicon and
generate free electrons and holes.

In the following the influence of the different n-
doping concentrations, Np = 1.25-102!m=3, Np = 1.0-
1022 m~3, and Np = 8.0- 1022 m~3 is shown. The inten-
sity of the incident light is kept constant.

The doping level has two effects, first on the build
in voltage ®y;, which increases with increasing doping
level, and second the extension of the space charge re-
gion which decreases with increasing doping level. A
higher build in voltage results in a higher idle voltage,
this can be seen in Fig. 4. But on the other side with
a reduction of the extension of the space charge region
the short circuit current drops.
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Figure 4: Solar cell output characteristic for different

n-doping concentrations.
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Figure 5: Output power density of differently doped solar
cells.

For optimizing the doping concentration in Fig. 5
the power density dependent on the applied voltage is
shown. The maximum power point is for the doping
levels of Np = 1.25-10*' m™ and Np = 1.0-10**m
about the same. For the higher doping level it is about
5% lower.

4.3 Simulation results of a Si bipolar
transistor

The following shows simulation results of a npn bipo-
lar transistor. The device has an extension of 1.2 um.
The first 400nm build the emitter which is n-doped
with Npg = 1.2-10**m~3. The next 400nm build the
base which is p-doped with No g = 4.0- 1022m—3. The
last 400nm build the collector which is n-doped with
Npc=2.0-102m=3.

For this simulation the base contact is located at x =
650nm. As SyNumSeS can only solve devices for one
dimension, the boundary condition at the base contact
(p-doped) only fixes the potential ¥ and the quasi Fermi
level for the holes ®,. The quasi Fermi level for the
electrons @, at this point is calculated by the nonlinear
equation system. Thereby the electrons can pass the
base contact.

In a first step the base emitter voltage is ramped from
Ve =0V to Vgg = 0.6V in steps of 0.1 V. Then the
collector emitter voltage is ramped to Vcg = 3.0V in
steps of 50mV. This results in the output characteristics
and is show in Fig. 6.
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Figure 6: Output characteristics of a Si bipolar transistor for
VB =0.6V.

The simulated output characteristics shows the satu-
ration region up to about Vcg = 100mV. The following
slope can be attributed to the Early effect.

To get a better understanding for the saturation re-
gion, we can have a look at the electron and hole
current density across the device at Vcg = 50mV and
Vee = 0.6V, see Fig. 7.

It can be clearly seen that electrons are not only in-
jected from the emitter into the base, but also from the
collector into the base (400nm < xgyse < 800nm). So
the gradient of the electron density is low, resulting in a
low collector current caused by diffusion.

5 Summary

The Python package SyNumSeS has proven its capa-
bility for the simulation of various semiconductor de-
vices. As these devices are also discussed in bachelor
and master courses the package is well suited to sup-
port the lecture by visualizing physical quantities in the
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Figure 7: Electron and hole density across the bipolar
transistor at saturation for Vcg = 50mV and
Ve =0.6V.

device for different bias regions. Due to its fast simu-

lation times it is also appropriate for lab courses where

the students can investigate the influence of process and

material parameters on the performance of a device.
This Python package can be installed by:

pip install synumses-pkg-pabele

and cloned from

https://github.com/pabele/synumses

with several examples using the JupyterLab note-

book.
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