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INTRODUCTION

M. Bomben - Introduction to TCAD Sensor Simulation - 26/03/2103 - EUTelescope WS (DESY) 3



Introduction

• Technology Computer Aided Design - TCAD
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Normal work flow for a HEP silicon sensors
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TCAD simulation work flow
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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
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TCAD simulation work flow
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TCAD simulation work flow
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Simulations benefits

• Simulating sensors helps in saving:
Development time
Number of submissions
Money
• You can learn a lot in terms of:
Physics

• Study quantities otherwise not accessible!
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How simulation works

• Solve drif/difusion & Poisson equations for 
electrons and holes:

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

• on a grid of points
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SILVACO PACKAGES
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TCAD packages & work flow
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DECKBUILD



A Deckbuild session
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Lots of examplesLots of examples

Input windowInput window

Runtime outputRuntime output



Athena: semiconductor processing simulation
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Define implants, trenches, 
oxidations, ecc using 

ATHENA

Define implants, trenches, 
oxidations, ecc using 

ATHENA

Trench definitionTrench definition

Implant definitionImplant definition

Profile along a 
cutline

Profile along a 
cutline



Devedit: device structure editor
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Define implants, electrodes, 
oxidations, ecc using DEVEDIT
Define implants, electrodes, 

oxidations, ecc using DEVEDIT

Pixel implantPixel implant



Intermezzo: TCAD inputs

• To get reliable predictions you need precise 
inputs; e.g. doping profiles via SIMS
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ATLAS: device simulation

• ATLAS provides general capabilities for 
physically-based two (2D) and three-
dimensional (3D) simulation of semiconductor 
devices.

• Typical simulation 
program structure 
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ATLAS: main features

• TONS of models:
• S-Pisces: 

Silicon Based 2D 
Simulator

• 3D Device 
Simulator

• Luminous: 
Optoelectronic 
Simulator

• Single Event Upset
• …

• LOT of options
• HUGE manual
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(terrible headaches guaranteed…)(terrible headaches guaranteed…)

Scary, isn’t it?Scary, isn’t it?



ATLAS: an example
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Carriers trapsCarriers traps

Models for mobility, recombination, etc Models for mobility, recombination, etc 

Interface models

Material 
modifications

Numerical methods



Tonyplot: plotting results
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Check curves and 2D/3D 
distributions using tonyplot
Check curves and 2D/3D 

distributions using tonyplot



Tonyplot
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Mesh structureMesh structure



SELECTED RESULTS
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A concrete example: Active Edge sensors
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“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
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A concrete example: Active Edge sensors
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“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



IV curves for diferent designs
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•More GRs, larger BD
•Larger distance, more current



IV curves for diferent designs
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•More GRs, larger BD
•Larger distance, more current

As seen in data!!!As seen in data!!!



Radiation damage efects

• Implement radiation damage efects via traps 
in the forbidden gap
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Electric field before and afer irradiation
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� � �1x1015neq/cm2

Vbias = 50 V

� � �1x1015neq/cm2

Vbias = 50 V

UNIRRADIATED
Vbias = 50 V

UNIRRADIATED
Vbias = 50 V

• Large fluences make efective 
doping concentrations higher
• Hence at low bias voltage a large 
portion of the bulk is undepleted

• For non irradiated device the bulk is 
completely depleted



Data vs TCAD simulations
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Irradiated (and annealed) 
n-on-p diodes

DEPLETION VOLTAGE
Simulation

Data

� � �1x1015neq/cm2

Data

Data

Simulations

A lot of work for impact ionization 
models and interface traps and charges



Simulation of CCE studies with laser
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Results for irradiated edgeless device
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“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

Expected:
EDGE = 46%
PIXEL = 68% 

Expected:
EDGE = 46%
PIXEL = 68% 



Charge collection efficiency with MIP

• We can profit of SEU module to study the drif 
of charge released along a track
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• Entry and exit point
• Charge per length unit
•  Track time of arrival

• Solution in the time-domain

In the following: results for n-on-p diodes



Response to a MIP
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All electrons 
collected

All holes 
collected

Expected Initial current ~ λ (<ve>+<vh>) = 3.9x10-7 A



Response to a MIP
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All holes 
collected

Expected toatl charge ~ 3.9 fC

All electrons 
collected



Carrier velocities
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New studies: pixel digitizer
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Ramo 
potential

Electric fieldElectric field

TrappingTrapping

Carolina Deluca’s 
code

Carolina Deluca’s 
code



Digitizer inputs from TCAD: ramo potential 
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Digitizer inputs from TCAD: Electric field 
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“Simulation of Heavily Irradiated Silicon Pixel 
Sensors and Comparison with Test Beam 
Measurements”
V. Chiochia et al., Nuclear Science, IEEE 
Transactions on , vol.52, no.4, pp. 1067- 1075, 
Aug. 2005

•Study of Charge Collection as a function of 
charge deposition depth
•Parameterization of the Electric Filed in 
simulations
•Comparison data/simulation (next slides)



Digitizer inputs from TCAD: Electric field 
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n+ side p+ side

•Goal: parameterize the electric field for different conditions 
(fluence, temperature, bias voltage, etc)
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COMMENTS AND CONCLUSIONS
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TCAD simulations for HEP sensors: my view

• Thanks to TCAD you can make powerful 
predictions on new sensors

• TCAD could save you money and time
• … but to learn it and produce reliable results 

takes time, a lot
• 1 year full time to be able to make useful 

predictions IMHO
• Beter to have a good knowledge of 

semiconductor physics before using TCAD! 
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TCAD simulations: time needed

• The CPU time increases with number of meshing points
• Some analysis are not parallelized (e.g. AC)
• E.g. : 1 minute per bias point for ~ 100k nodes mesh on 

a 8 core 3GHz machine
• For irradiated sensors this translates into ~ 1 week to 

get full depletion
• Another example: time-domain solution. For the same 

structure above you need to solve for ~ 10 ns in time 
steps of ps, with ~ 1 minute per point  1 week 
needed
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Conclusions

• 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
• But the program is very complex, and if you don’t 

know what you are doing is easy to get lost, for days
• In addition: SILVACO has no forums, tip-pages, etc
• So, if you want to use TCAD, it is recommended to 

have a solid knowledge of semiconductor physics, 
good data inputs and a big dose of patience 
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One last thing

• It could be nice and funny afer all to work 
with TCAD simulations 

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

 Thank you!
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Electrons happily drifing afer a 
particle hit  the sensor

Electrons happily drifing afer a 
particle hit  the sensor

http://i.picasion.com/pic67/e28cdafb587a02da60b7c07aaac7d08f.gif
http://i.picasion.com/pic67/3f13f76145b8392d0cdc5bbebb668059.gif
mailto:marco.bomben@cern.ch?subject=TCAD%20simulations


BACKUP MATERIAL
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Before strike

Electrons Holes
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30 ps afer particle hit

Electrons Holes
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80 ps afer particle hit

Electrons Holes
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780 ps afer particle hit

Electrons Holes
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4 ns afer particle hit

Electrons Holes
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100 ns afer particle hit

Electrons Holes
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