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SILVACO TCAD TOOL
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TCAD simulations
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• Technology Computer Aided Design - TCAD

• Solve drift/diffusion & Poisson equations for electrons and holes:

• taking into account boundary conditions
– Electrodes’ potentials, interface charges, etc

• on a grid of points



Normal work flow for a HEP silicon sensors

Design Production Electrical test

Irradiation
Charge 

collection 
studies

Publish the 
results!
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TCAD simulation work flow

Design a 
sensor

Build the  
mesh

Ramp up the 
bias

Add rad
damage effectsStudy the CCEPublish the 

results
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So why bother with simulations?
• You repeat all the “steps” of real sensors…
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So why bother with simulations?
• You repeat all the “steps” of real sensors…
• It is not true! 
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Possible work flow for real sensors

Design Production Electrical test

Irradiation
Charge 

collection 
studies

BROKEN 
SENSOR / POOR 
PERFORMANCE

END OF THE 
STORY - $$$ 

LOST!

9M. Bomben - SIMDET 2020 - LPNHE, Paris



TCAD simulation work flow

Design a sensor Build the mesh Ramp up the bias

Add rad damage 
effectsStudy the CCE

BAD RESULT?
POOR 

PERFORMANCE?
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TCAD simulation work flow

Re-design (a 
better) sensor Build the mesh Ramp up the bias

Add rad damage 
effectsStudy the CCE

BAD RESULT?
POOR 

PERFORMANCE?
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Simulations benefits
• Simulating sensors helps in saving:
Ø Development time
Ø Number of submissions
Ø Money
• You can learn a lot in terms of:
q Physics

• Study quantities otherwise not accessible!
• Examples: 

• Carrier distribution
• Electric field distribution
• Current densities
• Etc.…
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EXAMPLE: EDGELESS DETECTORS
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Edgeless pixel detector

“Development of edgeless n-on-p planar pixel sensors 
for future ATLAS uprades”
M. Bomben et al., Nuclear Science, Nuclear 
Instruments and Methods in Physics Research A 712 
(2013) 41–47

100 μm2 GRs

Doped trench

50 µm x 250 µm pixels
R&D for Atlas Tracker Upgrade 
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IV on test structures

SIMULATIONS

ØBD Voltage: Agreement within 20% or better

200 μm, 1 GR
2 GRs
3 GRs
5 GRs

DATA
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Simulation drive sensor design - Focus on breakdown (BD) voltage



Hit efficiency at sensor edge
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JINST	12	P05006	(2017)	

Pixel detector efficient beyond pixels area: > 80% up to 75 µm away from the last one 
Reason: electric field lines closing on pixels and not on GRs!

Testbeam data



Novative edgeless production – staggered trenches

M. Bomben - SIMDET 2020 - LPNHE, Paris 17

50

45

70

65

“Active-edge FBK-INFN-LPNHE thin n-on-p pixel sensors for the 
upgrade of the ATLAS Inner Tracker”
G. Calderini et al., Nuclear Science, Nucl. Instrum. Meth. A 2018



Hit efficiency at sensor edge
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A. Ducourthial thesis
https://indico.in2p3.fr/e/18186/

130 µm thick sensor with staggered trenches, no GRs, ~50 µm last 
pixel to last edge
The efficiency follows the edge pattern
The efficiency is higher than 50% up to 44 µm from the last pixel

Testbeam data



Simulations in 3D
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at  Z = 0.2 µm

Corner of edgeless sensor
13439 points
26517 triangles

n+ implant

p-sprayp-stop trenches



Electric field at sensor edge
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30 V 40 V

50 V 60 V



Hit efficiency at sensor edge - projections
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Efficiency drop matches the Electric field drop in the vicinity of the edge



FROM TCAD TO MONTE CARLO 
SIMULATIONS
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Radiation damage effects in ATLAS MC sim.
Include all this in ATLAS MonteCarlo✅

Charge carriers will drift toward the 
collecting electrode due to electric 
field, which is deformed by radiation 
damage.

Their path will be deflected by 
magnetic field (Lorentz angle) and 
diffusion.

Due to radiation damage they can be 
trapped and induce/screen a fraction of 
their charge (Ramo potential).

Total induced charge is then digitized 
and clustered.

Digitization happens after simulated charge 
deposition and before space point reconstruction
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under the influence of the electric field, with a field- and temperature-dependent mobility. The number120

of fundamental charges per chunk is set to be small enough so that the over-estimation of fluctuations is121

negligible. A field- and temperature-dependent Lorentz angle is combined with the mobility to compute122

the time for a charge carrier to be collected (Sec. 3.4,3.5). This time is compared to a fluence-dependent123

trapping time (Sec. 3.6), the characteristic time a charge carrier will travel before it is trapped. If the drift124

time is longer than the trapping time, the chunk is declared trapped. The location of the chunk at the125

trapped position is calculated based on the starting position and trapping time (Sec. 3.4). Since moving126

charges induce a current in the collecting electrode, signal is induced on electrodes from trapped charges127

as well. This induced charge also applies to neighboring pixels, which contributes to charge sharing. The128

induced charge from trapped chunks is calculated from the initial and trapped positions using a weighting129

potential (Sec. 3.7). The sum of the collected and induced charge is then converted into a time over130

threshold (ToT) [26] that is used by cluster and track reconstruction tools.131

depletion 
zone

B-field

bump

M
IP

electronics chip 

bias voltage (p+) electrode

diode-
implant (n+)

- +

qL

In
du

ce
d 

ch
ar

ge

trapping

diffusion

20
0-

25
0 
µm

pitch: 50 x 
(200-400) µm2

local 
coordinates

z

y
x

fluence

annealing
Electric field

trapping 
constant

Ramo 
Potential

drift 
time

Lorentz 
angle

location 
@ trap

time 
traveledcharge 

location
induced 
charge

per e/h

per geometry

per condition

Figure 2: A schematic diagram (left) and a flowchart (right) illustrating the components of the digitizer model
described in this article. Left: the blue line represents a MIP traversing the pixel sensor; groups of electrons and
holes are transported to the electrodes (one pair shown for illustration; in practice, there are many), under the
influence of electric and magnetic fields. Electrons or holes may be trapped before reaching the electrodes, but still
induce a charge on the primary and neighbor electrodes. Right: the digitizer takes advantage of pre-computation
to re-use as many calculations as possible. Various global inputs (fluence, annealing, etc.) are validating using
standalone studies based on particle production / transport codes as well as analytic models for the time-dependence
of defect states.

3.2. Luminosity to fluence132

The most important input to the radiation damage digitizer is the estimated NIEL. Section 2 introduced the133

baseline FLUKA simulation that is used to determine the conversion factor between integrated luminosity134

and fluence. This prediction yields a conversion of about 59.6 ⇥ 1011 neq/cm2/fb�1 for the IBL and135

29.2⇥1011 neq/cm2/fb�1 for the B-layer. In order to establish systematic uncertainties on these predictions,136

the fluence is converted into a prediction for the leakage current. The leakage current can be precisely137

measured and therefore provides a powerful constraint on the FLUKA simulation. For a time t at constant138

temperature T after an instantaneous irradiation with fluence �, the predicted leakage current is given139

by [9]:140

1st December 2017 – 10:48 5

Start

End

Implementation
As many quantities as possible are precalculated
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JINST 14 P06012

Ready for ATLAS MC!

https://iopscience.iop.org/article/10.1088/1748-0221/14/06/P06012
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Ingredients – TCAD simulations
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400 V

Ramo 
potential 

from 
TCAD too

From fluence level 
the electric field is 

evaluated 
using TCAD tools

Ramo map:
projection

“Chiochia” model – NIM A 568 (2006) 



Model validation – charge collection
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSI
CS/PLOTS/PIX-2017-004/
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increases will be necessary to recover future losses in the charge collection e�ciency. A breakdown
of the impact of the variations performed to assess systematic uncertainties is reported in table 7.
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Figure 21. The charge collection e�ciency as a function of integrated luminosity for 80 V, 150 V, and 350 V
bias voltage. A linear trendline is added to the simulation to guide the eye. The bias voltage was increased
during data-taking, so the data points are only available at increasing high-voltage values. The points are
normalized to unity for a run near the beginning of Run 2. The uncertainty on the simulation includes
variations in the radiation damage model parameters as well as the uncertainty in the luminosity-to-fluence
conversion. Vertical uncertainty bars on the data are due to the charge calibration drift. Horizontal error bars
on the data points due to the luminosity uncertainty are smaller than the markers.

5.3 Lorentz angle

The Lorentz angle is determined by performing a fit to the transverse cluster size F as function of
the incidence angle of the associated track using the following functional form:

F(↵) = [a ⇥ [tan↵ � tan ✓L] + b/
p

cos↵] ⌦ G(↵ |µ = 0,�),

where ↵ is the incidence angle,17 ✓L is the fitted Lorentz angle, G is a Gaussian probability
distribution evaluated at ↵ with mean 0 and standard deviation �, and a and b are two additional fit
parameters related to the depletion depth and the minimum cluster size, respectively. An example
input to the fit is shown in figure 22(a). In general, the simulation does not match the data at very low
and high incidence angles, since the simulated points depend on many features of the simulation, but
the position of the minimum should depend only on the Lorentz angle. For example, the geometry
used for this simulation is simplified and the extreme incidence angles are likely more impacted in
the actual geometry. The simulation in figure 22(a) matches the low incidence angles well, but this
is not seen for all fluences; it could be due in part to the uncertainty in the fluence.

17The angle the tangent vector of the track makes with the vector normal to the sensor surface.
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Ready for ATLAS MC!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2017-004/
https://iopscience.iop.org/article/10.1088/1748-0221/14/06/P06012


VICTORY - FROM LAYOUT FILES TO 
FULL 3D SIMULATION
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Fine pitch pixels
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50 µm

50 µm

Temp. metal

Wafer thickness: 100 µm 
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¼ of 3x3 pixels matrix



Victoryprocess – mesh definition
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Use victoryprocess to build the structure

Define bulk material, orientation, doping, size, 
space on top and the layout file to be used

Deposit oxide

Add mesh lines

Simulate 10 µm thickness is enough



Victoryprocess – doping, etching, deposition
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Uniform doping

Doping through a mask

Remove mask

Etch oxide

Deposit aluminium using mask

Save for later modifications

Save for inspection/device simulation



Victoryprocess – adding electrodes
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Add name to 4 pixels as they share a mask

Declare them as electrodes

Deposit aluminium on the back

Declare backside electrode

Save and ready for device simulation 



Stretching structure
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So far we “built” only 10 µm



Victorymesh - Stretching structure
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So far we “built” only 10 µm

We can stretch the bulk to get the desired 
thickness



The final structure
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The final structure

M. Bomben - SIMDET 2020 - LPNHE, Paris 34



The final structure
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Victorydevice – device simulation
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Declare variables

Load structure, define physics models and temperature

Add interface charge

Start simulating for V=0 on all electrodes

Ramp voltage, perform AC simulation and save solutions each 
time you want
(Later you can restart simulating from such solution files)



Tonyplot(3D) – Leakage currents
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Current level matches 
theoretical predictions



Tonyplot(3D) – depletion capacitance
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log C vs log V

Depletion voltage and 
capacitance at 

depletion in agreement 
with expectations



Tonyplot(3D) – Interpixel capacitance
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Nice scaling with 
shared perimeter



Tonyplot(3D) – Total input capacitance
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Valuable information 
for many applications!



Victorydevice – Transient signal simulation
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Define few variables

Read structure file

Declare physics models and everything as in 
the ramp simulation

Solve again for the selected bias point



Victorydevice – Transient signal simulation
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Declare entry/exit point of charge deposition and the 
charge density

Save transient signals



Victorydevice – Transient signal simulation
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Solve as a function of time by defining the final and 
incremental time
Save the simulated structure

Repeat as many times as needed, to capture the 
evolution of many observables (concentrations, current 
densities, generation rates, etcetera)



Tonyplot – Transient currents
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Particle striking in the middle of PX4 



Tonyplot – Transient currents
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Opposite signal induced on neighbours



Tonyplot – Transient currents
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Particle striking in the middle of PX1 



Tonyplot – Transient currents
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Particle striking in between pixels



Tonyplot – Transient currents
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Particle striking diagonally



Tonyplot – Current densities
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1.5 ps after particle strikee- h+



Tonyplot – Current densities
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100 ps after particle strikee- h+



Tonyplot – Current densities
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500 ps after particle strikee- h+



Tonyplot – Current densities
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1 ns after particle strikee- h+



Tonyplot – Current densities
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5 ns after particle strikee- h+



CONCLUSIONS AND OUTLOOK

54



Conclusions and Outlook
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• TCAD is a very powerful tool for HEP silicon sensors
• You can reduce the number of submission, and so cutting time and 

money to get results
• Combining TCAD simulations, laboratory and testbeam data can 

probe fundamental quantities like electric field distribution, trapping, 
etc. and use them to making quantitative predictions, even after 
heavy irradiation 

• A solid knowledge of semiconductor physics, and good data inputs 
are recommended to fully exploit TCAD simulations

• If you are interested in working with TCAD simulations, feel free to 
contact me: marco.bomben@cern.ch

mailto:marco.bomben@cern.ch?subject=TCAD%20simulations


THANK YOU!
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