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Abstract—A new methodology is presented with the aim to
directly include Geant4 outputs into a TCAD workflow. With
such a method, it is now possible to fully simulate a particle
detector in the TCAD workflow with variations of electric field,
potentials, induced by a timing diagram applied to a pixel,
together with a full particle distribution.

Index Terms—Numerical simulation, Monte Carlo methods,
Particle beams, Semiconductor detectors.

I. INTRODUCTION

CMOS particle detectors are largely used for scientific
applications, such as in electron microscopy [1], particle
detection at the CERN experiment [2], are even in medical ap-
plications as for instance the PET-scan [3]. Thanks to multiple
improvements in performances and especially in the radiation
hardness, CMOS sensors are commonly employed and are
still actively developed for these applications. Currently, such
devices can be studied by means of a Technology Computer
Aided Design (TCAD) software, similarly to other semicon-
ductor devices, the goal being to improve the understanding
of the device under test and to reduce the amount of prototype
variations to be developed and tested.

However, major TCAD softwares do not propose any native
solution for the simulation of particles such as electrons or pro-
tons. Indeed, these softwares only propose models for optical
generations, or a basic heavy ion and Alpha particle model [4].
Nowadays, results of the Geant4 particle transport simulator
can be adapted to calibrate heavy ion or alpha particles TCAD
parameters [5]-[7], or TCAD simulations can be combined
with a particle simulator output to a third party simulator such
as the Allpix framework [2], [8], [9]. With the first method,
an additional calibration step is needed and does not guaranty
the good matching between the TCAD heavy ion or alpha
model and Geant4, moreover this calibration must be done
each time the particle beam is modified. In addition, particle
Monte Carlo modeling can give an accurate volume deposition
for each particle tracks, where as analytical formula can give
an average value of the deposition. In the latter method, the
main drawback is the fact that the particle distribution cannot
be simulated in the TCAD workflow, avoiding the simulation
of bias variations, gate operations, together with the particle
distributions and usage of eventual timing diagram. Another
drawback is the use of an additional third party simulator.
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Fig. 1. TCAD 2 dimensional simulation of the doping concentration of 7
pixels in cross-section.

Therefore, for both solution, the developed pixel cannot be
precisely simulated with all parameters.

To overcome these issues, a new methodology is proposed
in this work in order to efficiently and quickly integrate the
Geant4 Monte-Carlo outputs within the Synopsys Sentaurus
workbench. To do so, the positions of all particles simulated
with Geant4 are converted into an optical generation data
usable by the TCAD software. The methodology is presented
and then limitations are discussed. This work is based on a
similar process already presented for the Casino Monte Carlo
program [10], but extended to Geant4 with a more complex
structure.

II. METHODOLOGY

The Synopsys Sentaurus TCAD software 2020-09 is used in
this work, and several 3T (3 transistors) pixels are simulated
for the demonstration. The pixel has a 8.5 pm pitch and
includes a conventional photodiode. It is designed on a 7 ym
silicon epitaxy doped at 10'® boron/cm? resting on a more
doped substrate and 7 identical pixels are simulated is order
to include all the particle distribution, as shown by the Fig. 1.
A top oxide is also added, similarly to the one used to isolate
inter-connexion layers.

For the study, a Geant4 simulation [11]-[13] of electron
particles is performed and is integrated in the Sentaurus
environment. For this purpose, 100 electrons are accelerated
at 200 kV and hit the device defined in Geant4 as in the
following:

« silicon substrate with dimensions 200 x 200 x 200 pm?
e 5 um of top-oxide on the silicon substrate, similarly to
the one designed in the TCAD structure.
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Fig. 2. (a) Geant4 simulation of 200 electrons at 200 kV in a silicon substrate.
(b) Intermediate picture with a 500 nm mesh.
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Fig. 3.
workflow.

Overview of the Geant4 conversion integrated in the Sentaurus

The model em livermore is activated and all electron collisions
and secondary generations are recorded thanks to their coor-
dinates and the energy loss. The output file is treated with a
Python program in order to extract all remaining primary and
secondary electron positions (Fig. 2 (a)).

In order to convert all particle coordinates into an optical
generation file, the process is performed in two steps by means
of a Python code:

o creation of an intermediate picture with a uniform mesh,
where each point contains a number of generated elec-
trons at the grid point

o read the Sentaurus grid file, and for each grid point
interpolate the expected number of generated electrons
from the intermediate picture.

Before doing this treatment the Sentaurus grid file must be
converted into DF-ISE files in order to be readable in an
external editor. This step is performed with the Sentaurus TDX
tool. Therefore the whole process can be integrated in the
Sentaurus workbench (Fig. 3).

The intermediate picture has a uniform mesh which is in
the range of the largest Sentaurus mesh in the epitaxy region.
For each particle, a script calculates the intermediate picture
coordinate and the picture element is incremented accordingly.
Finally a picture is obtained such as in Fig. 2 (b). At the end,
the picture array is multiplied by an optical generation factor
with the aim of approaching the requested carrier generation
number in the Sentaurus device simulation. Indeed, the optical
generation in Sentaurus in given in cmm~3s ™! so the numbers in
the intermediate picture in electrons need to be converted and
also adapted with the expected number of incoming electrons
during the integration time. The uniform mesh simplifies the
process and if taken in the range of several 100 nm, it
is supposed that it does not disturb the optical generation
conversion. This aspect will be studied and discussed later.
The whole conversion is performed in two steps because
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Fig. 4. Comparison between the Geant4 output and four optical generation
in Sentaurus. (a), (b) and (c) are based on a unique intermediate picture (I.P.)
mesh, while (d) on two I. P. meshes.

scanning all particle coordinates for each Sentaurus grid point
would require a much longer process time. Indeed, with the
proposed method, the particle coordinates are scanned only
once, then the script directly reads the interpolated value in
the intermediate picture at the requested coordinate.

The second script takes the Sentaurus dat file and read all
region names where the optical generation should be created,
as suggested by the work of Kelzenberg for a Lumerical
to Sentaurus conversion [14]. Then, an array with identical
dimensions compared to the intermediate picture is created
and contains the coordinates of all picture elements given in
nm. Finally, for every Sentaurus grid coordinate, the optical
generation is interpolated from the values of the intermediate
picture at the surrounded coordinates. The dat file is re-written
with the optical generation data and the file converted in tdr
format. With such a process, the optical generation file is
created and an example is displayed in Fig. 4.

III. VALIDATION OF THE METHODOLOGY

The Fig. 4 is showing a comparison between the Geant4
output and the Sentaurus optical generation for three inter-
mediate picture meshes (a), (b) and (c), and for the same
structure dimension given by the 7 pixels of the Fig. 1. As can
be seen, a small intermediate picture mesh such as 200 nm
may lead to missing particles as the Sentaurus grid points are
more spaced than the intermediate picture ones and therefore
some data of the intermediate picture are not read. Indeed,
in the substrate at a depth higher than 80 pm the mesh
resolution is 2 pm for reducing the computation time. On
the other side, a larger mesh gives a better conversion of the
particle position on the bulk substrate while the area near the
surface and therefore with a much smaller Sentaurus mesh
gives more approximate particle positions (picture (a)). An
additional picture (Fig. 4 (d)) is showing the optical generation
obtained with two intermediate picture meshes, a mesh of
200 nm between 0 and 80 pum, and a mesh of 500 nm from
80 pm. A much better situation is visible in this case at it
combines a good resolution near the surface and much less
missing particle in the deep substrate.
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Fig. 5. Comparison of generated electrons in the substrate given by the Geant4
simulation for 30 incoming electrons at 200 kV, and by Sentaurus for four
kinds of mesh grids in the intermediate picture: a unique 100 nm, 200 nm
and 500 nm; and a combination of two mesh grids of 200 kV and 500 kV
separated at 80 pm. The integration time is fixed at 1 us, and the optical
generation factor has been adapted in Sentaurus for the three variations in
order to approximately match the Casino result. The full substrate is 500 pm
thick.

In order to quantitatively compare the particles generated
in Sentaurus and the ones generated by Geant4, the amount
of generated electrons is estimated in a Sdevice simulation at
various substrate thicknesses and is compared to the Geant4
output. For this purpose, an Sdevice simulation is run with
all biases fixed at 0 V as only the optical generated carriers
is monitored. An integration time of 1 us is used, and an
optical generation factor of 3 x 109 cm™3.s7! is chosen
in order to match with the Geant4 output. The amount of
optically generated electrons is monitored in three regions of
the substrate defined as in the following:

o from the surface to 10 pm depth: region with the smallest
mesh in Sentaurus

o from the surface to 80 pm depth: region including the
area with a mesh of 0.5 ym in Sentaurus

« all the substrate: in addition to the previous one it includes
the area with a mesh of 2 ym

This exercise is performed for three unique intermediate
picture meshes of 500 nm, 200 nm and 100 nm, and for
a combination of two intermediate picture meshes of 200 nm
and 500 nm separated at a depth of 80 pm.

The results are displayed in Fig. 5. As can be seen, near
the surface and until 10 pm, the amount of electrons is quite
well converted in Sentaurus, whatever the intermediate picture
mesh. However, until a depth of 80 pm, the four configurations
miss particles as the Sentaurus resolution is slightly larger than
the intermediate picture mesh. If considering the full substrate,
a unique intermediate picture mesh induces even more missing
particles, because a part of them were not counted between 0
and 80 pm, and also because the much larger Sentaurus mesh
cannot well identify all the particle positions deeper in the
substrate. The introduction of the second and large mesh for
the intermediate picture improves the comparison with Geant4
as more particles are counted in the deep substrate. Therefore,
this latter conversion method is more efficient and combines
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Fig. 6. On the left 3D TCAD optical generation after conversion of Geant4
particle positions, generated by 30 incoming electrons at 200 kV in one pixel.
(a) is a cross-section of the doping concentration with the Sentaurus mesh,
(b) is a cross-section of the optical generation and (c) is the comparison with
the Geant4 output on the same field of view.

a good precision near the surface and better particle count in
the substrate.

IV. THREE DIMENSIONAL TCAD SIMULATIONS

The script presented above is adapted for three dimensional
TCAD simulations. For this purpose, the third coordinate of
each particle is read, and saved in the intermediate picture. A
unique mesh is used in lateral dimensions and another fixed
one is specified for the depth. These meshes are chosen to be
in the same order of magnitude compared to the Sentaurus
ones in the sensitive region. Therefore, in the example used in
this paper, the lateral mesh is 500 nm and the vertical one is
1 pm, still smaller compared to the Sentaurus mesh in the deep
substrate (Fig. 6 (a)). Then, the same interpolation function is
used in Python, in order to build the optical generation file. The
script is again fully executable in the Sentaurus workbench,
and the Fig. 6 is showing the conversion of the same Geant4
particle distribution in a 3D Sentaurus optical generation with
the following dimensions, 8 x 8 x 70 pm3. The particle beam
enters in the substrate surface in the middle, and an optical
generation of 108 cm—3.s7! is specified.

The optical generation visible in the cross-section of the
Fig. 6 (b) is comparable with the Geant4 output (c). While
the position of the particles may look less accurate in the
Sentaurus view due to the chosen mesh, the same distribution
is visible. Depending on the particle distribution depth and
shape, the lateral and vertical mesh of the intermediate picture



should be adapted in order to offer a good matching of the
optical generation and the Geant4 simulation. This example
demonstrates the correct behavior of the script converting the
Geant4 simulation to a 3D optical generation file.

V. DISCUSSION

The script presented in this work is fully integrable in
the Sentaurus workbench and is quite efficient. Indeed, it
reads only one time the whole list of particle positions given
by the Monte Carlo simulation, and the longest part is the
interpolation of each Sentaurus mesh points. As an example,
the full Geant4 conversion of this study requires 30 s in 2D
and 50 s in 3D on a Xeon 2.1 GHz processor.

However the script has some drawbacks. Firstly, one has
to choose one or two meshes in 2D simulation and it may
have some consequences on the resulting particle position
precision, especially in the deep substrate where the Sentaurus
mesh is generally large. However, the amount of charge is
comparable to the Geant4 outputs, and the loss of precision in
the deep substrate should be put in parallel with the fact that
only charges in the vicinity of the photodiode are captured
during one integration frame. Therefore, this issue should
be acceptable. Secondly, this method cannot be used for the
simulation of temporal particle propagation, and for measuring
temporal tracks [15]. Only 2D or 3D fixed particle distributions
can be simulated.

As a perspective, one improvement of the script could be the
addition of a second vertical mesh in the 3D simulation for a
better conversion of the particle position in the deep substrate.

VI. CONCLUSION

A new methodology is presented and allows for the integra-
tion of Geant4 particle distributions into the Sentaurus TCAD
workbench. The method is fast, simple and only requires to
chose the intermediate picture mesh for the conversion process,
which could be based on 2 or 3 parameters. The proposed
method is able to efficiently convert the particle positions
if the intermediate picture mesh is kept in the same range
of the Sentaurus one, and it has been demonstrated that the
amount of particle found in Sentaurus are comparable with
the Geant4 simulation. This methodology can be used for
detector developments, and allows for powerful simulations
of detectors with time dependent biases.
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