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Outline

e |ntroduction to detector simulation
— Technology Computer-assisted design (TCAD)
— GEANT4 and Monte-Carlo Charge transport

i i Warning this talk might
e Examples of TCAD Simulation use cases arning this tafk mig

— Multi-Guard Ring structure in Planar sensors
— Charge-Multiplication In heavily irradiated planar sensors
— Field distribution in HV-CMOS sensors

contain spherical cows

e Monte-Carlo Charge transport use cases
— Charge-sharing prediction for CdZnTe co-planar cross-strip sensors
— Magnetic field effect on Cluster distribution in silicon pixel detectors
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Sensor simulation flow

Electric Field, Ramo Potential Charge Sharing function, Signal Shape

MC Charge
transport

Digitization

* Integration of TCAD * Parametric model

Field and Ramo * Simple model.
potential into * Least computing
intensive model (10-

e First principle
simulation
* Long simulation time

(~hours per event) simulation
4 p _ * Faster (s, min per 100/s)

* Detailed modeling of event) e Include Readout ASIC
geometry effects

e Still computing
intensive for large area
detectors

e Can be used for large
area detectors
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INTRODUCTION TO TCAD
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TCAD simulation principles

-V(e-VV)=q(c+p-n)

A Approximated solution to the
equation the problem
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TCAD simulation workflow

) ) Device Simulation Conditioning

e Hard-coded pixel geometry dead area removal)

when defining processing steps Remesh for Device simulation

Possibility for limited (reduce oxide/nitride mesh,

parametrization increase bulk)

Process Flow simulation Device Simulation
Work with GDSII files provided Electric Field, Ramo Potential
by your favorite vendor Capacitance

e Abstract description of the Transient Behavior

Thermal/Mechanical Stress

process : .
Simulation

Simple description of the geometry and
doping using an editor Post-Processing
e Define geometry (Shape,material) Extract Profiles ( E(x,y,z) , etc)
e Define doping profile (parametric Extract Values (Breakdown,
description) Depletion Potential )
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Process Flow Simulation

e Process Flow simulation allows for more

automated studies of different geometries

* Generate mask using your favorite software
(pyGDS, Cadence, etc)

e Use GDSIl mask to define geometry

e Use abstract and parametric description of
the process

* Implantation, lithography, deposits,
annealing etc...

Timepix 3x3 Pixel Mask set generated using pyGDS

* Takes Advantage of multiplication of available
CPU/RAM in the HEP Community
* Chose a set of geometrical/Process/Electrical N

= -

o -

parameter to scan
* Launch simulation in parallel using LSF
Infrastructure (Synopsys Sentaurus @ CERN)

https://github.com/mathieubenoit/GDSII Generator

Structure Generated using process Flow
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https://github.com/mathieubenoit/GDSII_Generator

Process Flow Simulation

D& W o s BE & a3 &
Variables & Macros | Flow  Unfolded Flow ]
Mames | Arg | Walue | Airg | Value | Airg | Yalue | Ay | Yalu|
-
dios SProcCess math coord.ucs | sde tsupremsd
H environment title hAP = 33 save true grid true debuy false
- substrate material silicon dopant baran concentration 0 J/cmd resistivity 5000 oh
LY comment text Added process 1
dios SProcCess math numThread sde tsupremsd
dios SProcCess #pdbSet Grid sk sde tsupremsd
dins SProcCess grid remesh sde tsuprems
- hasename After_first_mesh format plot dins SProcess
-PP #endheader
depnsn material Oxide thickness 100 nim dopant default concentration foma
B deposit material Mitride thickness 200 nim dopant default concentration foma
- \- implant species baran dose lelz /cme ENErgY @PSPRAYEMEF tilt 0 deq
-W pattern layer IMPLANT polarity dark_field thickness 0.1 um side front
&l save basenarme after_resist format plot dios ] al {]sd=F:3
£ insert dios SProCess #etch type=anis sde tsuprems
- etch material Mitride thickness 200 nim etch_type anisotropic overetch 1
: material Oxide thickness a0 nm etch_type anisotropic overetch 0
material Resist thickness default etch_type strip overetch 0
species phosphorus doge @MNDOSE@ /Cm energy @MNEMERGY @ | tilt 0 deqg
basename after_oxide_etch format dump ding ] al {]sd=F:3
layer CONTACT polarity dark_field thickness 0.1 um side front
material Oxide thickness default etch_type anisotropic overetch 0
material Resist thickness default etch_type strip overetch 0
haszename after_oxide_hole format plot dios SProcCess
material Aluminum thickness 300 nm dopant default concentration femd
layer CaMOD polarity light_field thickness 0.1 um sie fromt
material Aluminum thickness default etch_type anisotropic overetch 0
material Resist thickness default etch_type strip overetch 1]
time 30 min temperature 960 degC pressure 1 atm hitragen 0 Ifmin
hasename top_n@noded@  format plot dins SHPrOCESsS
dios SHrOCess paste direction=| sde tzupremd
dios SHrOCess paste direction=| sde tzupremd
hazename one_per_three_r format flot dios SHPrOCESsS
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Process Simulation

Process Simulation allow to define the bulk properties of the device to simulate
* Doping concentration

* Electrode position and contact surface

e Oxide surfaces

e Traps and defect concentration

* Well defined Mesh

| ! p-spray

DopingConcentration [em ™ -3]

-1.00e+19-2.24e+15 0.00e+00 2.24e+15 1.00e+19
.

0 50 100 150 200 250

X
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Importance of meshing properly

Meshing in the first main problem you will encounter when doing TCAD
simulation

Determination of the perfect mesh is not an exact science (a lot of trial and error ! =‘ |

)

e Upper limit of mesh size set by device feature size (implants , electrodes)

e Lower limit of mesh size set by computational limits (RAM, computing time)
* Meshing algorithm available in software packages also have internal
limitation (!!!)

|| Phosphorus (iema)
g 3793e+20

2,717%e+10
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TCAD simulation principles :
Beyond the standard model !

It is possible for the main TCAD simulation to perform simulation at higher
orders of Boltzmann Transport Equation :

The ther.mc.)dynarr.nc model j’,, = —ngu (V®, + P, VT)
Continuity equation only
Maxwell-Boltzmann Statistics expected
Take into account thermal gradients >
Transport Time >> Energy Relaxation time Jp = P4 “p(?{bp + van

*

. Carrier current Equations
The hydrodynamic model lercu quatl

Energy balance taken into account .’

. . . . 3
Modelize Carrier Heating, Velocity overshoot ~ Ja = QMH(HVEC +kT, Vn—nkT,Viny, + xﬁf:fkw?'n —1.5nkT,V1n mﬂj
Transport Time ~ Energy Relaxation time

Full Thermal treatment possible 5 d
Jp = qpp(pVEv—kTpr + kapV lﬂ'}‘p—lpfu kaTP - 1.5kaPVInmP)
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Physics List (Device Simulation)

Physics Models

Mobility Concentration-dependent mobility (fit to
experimental data), Parallel
field dependent mobility (fit to experimental
saturation velocities)

Generation recombination and Modified concentration dependent Shockley-Read-
. Hall
trapping Generation/recombination (for treatment of
defects)
Impact ionization Selberherr’s Impact ionization model

Tunneling Band-to-band tunnelling, Trap-Assisted tunneling

Oxide physics Fowler-Nordheim tunnelling, interface charge

accumulation
dn _
¢~ =4[(G,~R)+V- (n,E+D,Vn)]

-V(e-VV)=q(c+p-n)
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Radiation damage

P-TYPE RADIATION DAMAGE MODEL

— | Defect’s energy | Introduction Electron Hole  capture
(eV) rate (cm™1) capture Cross- | cross-section
R section (cm™2) | (em™2)
Non-ionizing [l s Ry D) 1613 2el5 Ze 14
Energy loss E. — 0.46 0.9 Se-15 Se-14
E.—0.10 100 2e-15 2.5e-15
E, + 0.36 0.9 2.5e-14 2.5e-15

Good recent progress on
obtaining quantitative
models for radiation

lonizing damage modeling, See
Energy loss

T. Hannu Tapani Peltola,
Vertex15
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https://indico.cern.ch/event/368528/session/18/contribution/18/material/slides/0.pdf
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Generation/Recombination

 Modified Shockley-Read-Hall G/R

— A sum of SRH contribution by each trap

— I 1s the degeneracy of the trap, n; the intrinSiC
concentration of carriers

R,, =D R, JT

n,p
bandt -band trp
combination mbntl
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Generation/Recombination

* Transient behaviour of traps

el e mﬂw

dN )n Be-
b T tD T
dt = Ly Vpo-p(p(l FtD) Foh, Fe )—V,o,(nFp - )
dN, EE 1-F )n -
tA __ K tA k
” = P, v (n(l F F nle T p(thA T)
W m m '
0., IStrap capture cross-section
Vop isthermal velocity 1
n; is intrinsic concentration O, = O-p
Fiato the probability of ionization ptrapz-nvn ptrap
Nia 1o space charge density
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Impact lonization

5-LUIIIIIIIIIIIIIIIIIIIIIIII'III’ IIIIIIIIIIII III'J—
o : m
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£ Generation
- coefficient versus :
e Field

E

Breakdown field in Silicon]|

10° =

\J

107
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Electric field (o) * Impact 1onization

G=«,(E)J, +a,(E)J, @ |\ 7 Diffusion
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Phonon-assisted trap-to-band
tunnelling

Carrier lifetime
1077 versus s Field g
> Conduction
_ 2 Band
108 e
t w
107°
[ E V .
50 100 150 200 250 300 (;) Valence & @ Trap
Band
2 Depth (microns)
R _ pn - ni
i Ei—Ef n A
(Ef —Ei) T (" %T DIRAC AEn ; (%u K"u/) 4 \/ZmomtunnelAEn3
Too r ) 0 ne o L du K, =-—
DIRAC (p+Ine )+iDIRAC n+—+—) kT, 1 3 3q7|E|
1+T, 1+T, r LM,y g
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Boundary Conditions

 To define the problem to solve, we must identify the type of boundary in the geometry

— Ohmic contact (Voltage=X or Current=Y)

— Floating contact (Voltage=? or Current=0)

— MOS Floating Contact or gate (Voltage=X, Charge =Q)
— Insulator (Current = 0, Charge = X))

— Schottky Barrier

— Thermal boundaries (Power = X or Temperature = X)
— Spice circuit element or other TCAD model link

— Mix of the above

. Pixels (n+)
Planar pixel

Guard ring structure (n+) Backside (p+)

FACULTE'DES SCIENCES
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Numerical methods and convergence

solution at Vbias=0

e The second major issue you will encounter Poisson Equation
when doing TCAD simulation is convergence solution at Vbias=0 (Linear)
— In practice most problems will have large non-
linearities due to the model used for G/R -> Newton "
method ] ]
— More complex solver must be used to obtain Poisson Equation + n/p
solution in practice solution at Vbias=0
— A good initial solution is needed for all practical
purposes ‘v
— The solution is obtained by an iterative process and : :
is driven by the boundary conditions of the problem Poisson Equation + n,p

MX+B=R
M(X—R /M)+B —R2 Poisson Equation + n,p

solution at Vbias=dV
(...) Convergence criteria ()

M(X—R/M_R2 /M_())_|_B ]@ Poisson Equation + n&p

solution at Vbias=Vfinal
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INTRODUCTION MC CHARGE
TRANSPORT
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Simulation of detector behaviour : MC Charge
Transport
 Monte-Carlo approach to simulation of charge transport of e/h in Silicon

e https://github.com/mathieubenoit/clicmctsi

From TCAD :
Ramo Potential

From TCAD :
Electric field

Drift in E Field
Diffusion (Random walk,
smearing)

From Geant4, :igﬁpg;gt re effects "ect
other: energy peraty . eCharge sharing
deposition -Angular
along track :
temperatu re
From dependence
TCAD/ANSYS : Trajectories/
Temperature Signal

distribution
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https://github.com/mathieubenoit/clicmctsi
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GEANT4 Simulation of Sensors

The AllPix Simulation framework allow for simulation
of generic pixelated detectors
e Qutputs data in EUTelescope data format allowing
for telescope simulation reconstruction
* Geometry fully customizable
* Thicknesses, bumps geometry, materials
e Used as a Digitizer test bench for ATLAS and CLICdp
e Use as a cluster topology generator tool for the
RD53 collaboration (65nm ASIC for HL-LHC) in dev | ! _ AR
e SoSimple it is even use by CERN@SchoolHigh e\ > AN
School students ! -~ EUDET Telescope Sin/vlffation

https://twiki.cern.ch/twiki/bin/view/Main/AllPix Bipve Qe
https://github.com/ALLPix/allpix LUCID Satellite Sifuiat W ising AllPix
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https://twiki.cern.ch/twiki/bin/view/Main/AllPix
https://github.com/ALLPix/allpix
https://indico.egi.eu/indico/getFile.py/access?contribId=97&sessionId=38&resId=0&materialId=slides&confId=1994
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GEANT4 Simulation of Sensors

e Generic pixel simulation description
— Specify pitch pitch, array size, bump size etc.. In a XML file

— Use digitisation model provided by AllPix
e MIMOSA26,Timepix,FEI3,MCTruth

— Easily implement new digitizer using template generated by helper script
— Implement dead material using GEANT4 primitive or GDML models (example provided)

* Simulation scenario using simple GEANT Script
— Position sensors in geometry using x,y,z,angles
— Position appliances in the geometry
— Define beam type and statistics, geometry
— Visualize the results (with a bit of effort ;) )

e Qutput raw and digitized hits in a ROOT file for post-processing
— EUTELESCOPE, Timepix, Judith data format available

— Can be analysed standalone using MAFALDA
:https://twiki.cern.ch/twiki/bin/view/Main/MAFalda
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https://twiki.cern.ch/twiki/bin/view/Main/MAFalda

M. Benoit, L.A. Hamel / Nuclear Instruments and Methods in Physics Research A 606 (2009) 508-516 24

Charge Transport algorithm

d7 E_" P(t) = - exp o
(lt ’ \ Need to detrap 7 no .
n Trapping

Set detrapped

Set Trapping tj type

Drift

I8 charge trapped 7|

o -
....................... L I S
; L ! D | g Emy
no 1 = -
A . " 4 _________ == -
] 1
J =

.JI. 1

1 1

1

[l

ion-repulsion

-|>| Detrapping time q— -1k
[}

Set datrapping time,

Diffusion
+ 7

Repulsion B (D oreN Da oyeN D og.eNp

2{) \f’JSH_I‘U: TITFDF;‘

20V 50, 0,meq€Ey
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http://www.sciencedirect.com/science/article/pii/S0168900209007864

MC Charge transport

The main challenge in Charge Transport Simulation is to write the
proper propagator that takes into account all the effects present in
your device

e Trapping, De-trapping, Recombination

e Driftin Electric Field

* Lorentz Force

e Diffusion

e Charge multiplication

Each Charge element (e/h pairs ) is propagated following these

effects. Error propagation is important to obtain proper results. For
example, a good integration algorithm is RKF5

Ax, . .= A*(K1+ K2+ K3+ K4+ K5)Al
Ax, . . =B*(K1+K2+K3+K4)At
Axt)}‘d}'é‘i B Axord}'ed
Ax

E =

ordre 5

FACULTE'DES SCIENCES
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0.024
0.022

0.02
0.018 [
0.016 F
0.014 E
0.012

0.01F
0.008 E
0.006 F

0.004 F =
TN FNET ITE T FETHE PR ETE SN TS A TR RS FNUTE PN

0 01 02 03 04 05 06 07 08
Time (ns)
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TCAD SIMULATION EXAMPLES
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TCAD Simulation capabilities

e TCAD is suitable for simulation of complex
structure

— Guard rings , punch-trough

— E-Field distribution in presence of complex doping
profiles

 Transient simulation
— Voltage/Current changes, Particles

e AC Analysis (CV Curves, inter-pixel/strip
capacitance)

" 2
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ATLAS IBL Guard Ring structure

To reduce IBL sensor inactive edge, the
idea was to push them under the pixel Pixels (n+)

Guard ring structure (n+) Backside (p+)
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ATLAS Guard Ring Simulation and Space-
Charge Sign Inversion (SCSI)

il EE Multi-Guard Ring Structure, , High-Voltage ,
—_ — 300
£ £
= =
= T 250
2 2
S e e 8 3 200
150
<
. S >
& 100 &
o o
0]
q — 50 iy
= A = =
= 200 400 600 800 1000 1200 1400 1600 0 400 600 800 1000 1200 1400 1600
a Distance from edae (um) Distance from edge (um)
(5]
=1 =3 300
L) 3 E
_____ i -— S 3
e -.E_ = 250
w | SEEEEE= @ 2
S ES=S=2=C0 Q & 200 -200
B -
5 = S 150 300 &
[ — = -
2| 2= —= ¥ D Q
= A g 100 0 3
E / 2 2 / p) —
| g 1lel5 Neg/CM ] 5el5 Neo/CM 2
O |
N 400 600 800 1000 1200 1400 1600 0 | 3
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Distance from edge (1m) Distance from edge (um)

Simulation of Radiation Damage Effects on Planar Pixel Guard Ring Structure for ATLAS Inner Detector Upgrade

by: M. Benoit, A. Lounis, N. Dinu

Nuclear Science, IEEE Transactions on, Vol. 56, No. 6. (08 December 2009), pp. 3236-3243, E
FA( <0i:10.1109/TNS.2009.2034002
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ATLAS Guard Ring Simulation and Space-
Charge Sign inversion (SCSI)

Multi-Guard Ring Structure _ High Voltage
- = )

300

250

200

Depth (um)

150

edge pixel

.“-Tﬁ_,if..f' e - 100

50

guard rings

-
-

g
g 09 200 400 600 800 1000 1200 1400
A Distance from edge (1um)

Simulation of Radiation Damage Effects on Planar Pixel Guard Ring Structure for ATLAS Inner Detector Upgrade

by: M. Benoit, A. Lounis, N. Dinu >

Nuclear Science, IEEE Transactions on, Vol. 56, No. 6. (08 December 2009), pp. 3236-3243, E
FA( <0i:10.1109/TNS.2009.2034002
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Guard Ring Voltage (V)

ATLAS GR : Measurement vs Simulation

120 Edge guard ring —
100 - -
80 - .
60 — =
40 [ =
20— r
L L " 1 L PR N ST T TN (N TR TR T N T ST S N —
0 20 40 60 80 100 120 140
Bias Voltage (V)
Pixels
Dead edge <57 >
> Periodicity —>»
ovVe----- High Voltage
- >
Guard rings HV electrode

Very good agreement between simula

and data when using adequate
technological parameters!
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Charge multiplication in silicon planar sensors

10
e Measurements performed o e ol
on diodes irradiated to sLHC g | o Zrenve st | |
fluence show anomalous g 6 TR o
charge collection g Pl e
* The idea has been to use g’ :
the radiation damage 3
model in TCAD and include T ————
the ImpaCt |on|2at|or] and Dﬂ | zrim | m;n | ﬁt;m | auu .1n-lnn 121:0 | 14lm:r
trap-to-band tunnelling Bias (V)

i nto th e S| mu Iatio N to see |f G. Casse and al., “Evidence of enhanced signal response at high bias voltages in pla-

nar silicon detectors irradiated up to 2.2x10e16 neq cm-2,” Nucl. Instrum. Meth. A,

th ese p hySica I Effe Cts Ca n j.nima.2010.04.085,, vol. In Press, Corrected Proof, pp. —, 2010.
re p rOd u Ce t h e O bse rved M. Mikuz, V. Cindro, G. Kramberger, |. Mandic, and M. Zavrtanik, “Study of anoma-

b h : lous charge collection efficiency in heavily irradiated silicon strip detectors,—,j.nima,
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An example : 1D heavily irradiated
n-in-p diode

: To simulate the CCE curve of the irradiated detector, We:
[ J - ’
A_ sim ple 1 D p type 1. Generate a mip-like charge distribution with a 1060nm laser,
diode, n readout 0.05W/cm?2

2. Perform transient simulation over 25ns for each bias

3. Numerical integration of resulting current minus pedestal
4. Numerical integration of available photocurrent

¢ NEff = 174E12/Cm3 5. CCE= Qpulse / Qphotocurrent

e 140 and 300 microns
thickness

e 2KQcm resistivity, high
implant peak
concentration (1e18-
19/cm3)

Net dopant concentration (log(cm™))

/
12 50 100 150 200 _ 250 300
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Electric field profiles

Electric field before hard junction breakdown.

—~ 120 X:IO? LN L B S B N N N B B — 200
E B E 1 1 1 1 1 -
>“-9 : Electrick field inside a thick diode, Blas \l"dlngl = 1600V - >"|#U 1 80 Eloctrick field inside an imadiated thick diode, Bias Voltage = 2500V -:
E 100 : Electrick field inside a thin diede, Bias Voltage = 800V _. E 160 — Electrick field inside an imadiated thin diode, Blas Voltage = 1400V —:
— B Y -
2 wf \goov q e 10 3
| . -
o n H : 1 9 120 1400V =
S f Unirradiated 1: 1e16 n_./cm?3
W 60 - 100 eq -
- - 80 '
“H E 2500V
- 1600V - 40
20t -
i \ ’ 20
Oj._...|....|...|....|....|......' """""'L"""' P
50 100 150 200 250 300 50 100 150 200 Df;th (un:;m

Depth (um)

Sensor can be biased to HV after irradiation without
reaching hard breakdown allowing multiplication in the
high electric field produced by this bias
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Charge collection efficiency

Hi ] 3 : ¥, -
§ §_ 1 |-_ = _- g g : ;g:; Thin dlode.Irnpuc!lo?llﬁff‘mp!obmdmnmllng :
sl & 'F LI -1 I N S [t R T e, vop s send tnting -
G 0 : : GU G.u 2 —— — Thick diode, impact lonization + trap te band tunnell —_
w08 e C ]
O - Thin diode - 8 = -
(& - Thin diode, trap to band tunneling 1 O 1.5 —
0.6 eiffe  Thin diodle, trap to band ling + impact ionizati = B -
C sisiSk=is Thick diode i " i
L ====se=== Thick diode, trap to band tunneling - L -
0.4 e Thiick diode, trap to band ling + impact ionizati — 1

0.2 - N -
Unirradiated 1 ™}, :
0 - C .
PP PPN PP IR IPEPIPIPE IPIPIPIPE IPPIPP PP AP EFEPETETE EPEPE T BT EPEPETETE BPEPEP AT AT

0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000
Bias Voltage (V) Bias Voltage (V)

Unirradiated diode unaffected by TTBT and Il
are off. However, they both contribute to CCE after
irradiation because of the presence of the > 200kV/cm field

Simulation of charge multiplication and trap-assisted tunneling in irradiated planar pixel sensors
F‘ by: M. Benoit, A. Lounis, N. Dinu
In IEEE Nuclear Science Symposuim & Medical Imaging Conference (October 2010), pp. 612-616, doi:10.1109/NSSMIC.2010.5873832
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Charge multiplication in silicon planar
Sensors

Particle

[ I\
R
o O

Micqgns i i i
[\ IR @)
o O

o'
S

N
o

80 Mifonsl60 200 240

e R e
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P-spray insulation

P-Spray (or p-stop,
moderated p-spray) is an
important parameter in
the design of radiation
hard sensors. TCAD can be
used to optimize process
parameters to maximize
insulation while keeping
breakdown high (E<
300kV/cm at Channel
stopper junction).

Pixel

Pixel

FACULTE'DES SCIENCES

¥ [l

X [um]

37

X [um]

¥ Tl

Channel stopper in n-in-p Timepix Pixel sensor for various biasing
conditions (Hole Concentration represented)
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Pulse Shape and Rise time
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Magnetic Field Effects

spread of charge cloud in p-on-n sensor with B field:
A 55 um pitch
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In CLIC, combination of high Magnetic Field and thin sensors can lead to large Lorentz angle , TCAD was used to
estimate the magnitude of these effects for various operation condition. Monte-Carlo Charge transport combined
with Electric field obtained from TCAD was used to estimate clustersize and shapes
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HV/HR-CMOS Pixel sensors

HV-CMOS process can be used for

particle detection

e Large-scale production capabilities

e Electronics can be integrated in the
pixels

e Biasis usually applied from the top

e Typically low-resistivity substrate
but high-resistivity is possible

This pose new challenge in terms of

TCAD simulation

* More complex geometry

* Possibility to optimize important
parameters such a capacitance and
signal speed
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HV/HR-CMOS Pixel sensors

HV Voo GND GNDVmp Voo HV
o ?
| DP | DP
DNTUB DNTUB DNTUB
p substrate hv-al::ns 035 pm
I 1 RN 3000 LBt e ww oA
e — DELEVELENILEN e e :
50 (x)
250 (y)
Eva Vilella-Figueras, hitps:/indico.cern.ch/event/361445
Extra deep p-well
@ VSS:0.0V (M. Benoit in commeitF:AMS]
@ VDD: 3.3V .
@ HV:0—-200V @ Inverting DNTUB mask
@ Resistivity: 20, 80, 200, 1000 Qcm @ Same doping concentration as
@ Top bias without back process DNTUB
@ Back bias with floating top contacts
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Back-side versus top biasing

E-Field Lines, fluence=0, res=1000, HV=-120 ] E-Field Lines, fluence=0, res=1000, HV=-120
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HV/HR-CMOS Pixel sensors
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MC CHARGE TRANSPORT AND
GEANT4 SIMULATION EXAMPLE
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Simulation of detector behaviour : GEANT4
simulation and digitization calibration

e Using a detailed GEANT4 framework reproducing a well know telescope
setup (EUDET), we can compare and tune the digitizer to represent well
prototype behaviour by comparing real data and simulation in the
reconstruction and analysis framework of the telescope

Analysis plots:
Charge
Telescope collection,
reconstruction Cluster size
Efficiency

EUDET Telescope + DUT data

EUDET Telescope + DUT
Simulation
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Simulation of detector behaviour : GEANT4
simulation and digitization calibration

The final goal of the simulation is to produce a fast digitizer reproducing well
the behaviour of prototypes, usable in full detector simulation

Use Test Beam telescope data to compare real DUT and Simulated DUT to
validate the digitizer

Incorporate chip effects into the simulation at this level

Counter accuracy

timing accuracy

Noise, jitter of the DAC

Threshold

Crosstalk

Non-linearity in the analog acquisition chain
Inefficiency in the Digital buffers etc

Telescope (sim and data) are a good benchmark for clustering algorithm
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GEANT4 Simulation and digitization studies
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Magnetic Field and Biasing conditions effects on charge

transport in Thin depleted Silicon Detectors
https://edms.cern.ch/document/1240445/

Thin sensors (~50 um) are depleted at very low
voltage (1-10 V) leading to larger Lorentz angle
in the drift of carriers

Signal Rise time in various condition must meet
the vertex detector timing requirements (~10ns)

A set of simulation was performed to study these
effects in pixel sensors

* TCAD simulation of thin pixel sensors. Slow
approach but allow to solve the full system
of equation, useful for tuning of simpler
models

* Monte-Carlo Charge Transport coupled to
Static TCAD simulation. Allow for larger

statistics, can be coupled to GEANT4

e Geant4 simulation and Digitization model
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Carrier drift in a 50 um thick fully depleted sensor
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Magnetic Field and Biasing conditions effects on charge
transport in Thin depleted Silicon Detectors

 Monte-Carlo Simulation, coupled with TCAD, lead to an estimation of the
Lorentz angle in a typical Thin Silicon Sensor

= — - 100 E
[} I T s R - £
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B | —| 60
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Magnetic Field and Biasing conditions effects on charee
transport in Thin depleted Silicon Detectors /- =

e Large Lorentz angle in the Vertex Sensors
will lead to higher hit multiplicity

*  Possibility to tilt sensor along the Z-Axis to
enhance or reduce this effect

e A Fast Balistic Digitization Model was
developped to reproduce Lorentz angle
effects in GEANT4 Simulation of the
detector

e Drift, Diffusion and Lorentz for taken into
account

e (Calibrated to Monte-Carlo and TCAD Results

e Compared to TestBeam data with Timepix
detectors

* This model was used to evaluate the
modification to the Original layout in terms
of occupancy and compare to original CDR
numbers

P
P 0 [ NI SRiwl § W i1 _I_]
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CLIC vertex detector using our tuned digitizer
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Lorentz angle effects (O degrees incidence, B=4T)

\ UNIVERSITE
£ DE GENEVE

FACULTE'DES SCIENCES




52

-

= UNIVERSITE

3
e | B
0

T
o O /3
(“ <)
LGENS

~

DE GENEVE

=4T)

Lorentz angle effects (O degrees incidence, B

w
L
J
=
—
e
W
W
L
()
L
r
=)
X
™




53

Occupancy simulation using a realistic digitization model

350

¢ (°)

300

250

200

150

100

50

=700
Z (mm)
Full Detector simulation using MC Charge transport can be computing intensive,

but on a small scale, it can provide with validation for simpler models and provide
more solid numbers for the design in terms of occupancy, buffers, data rate, etc

\ UNIVERSITE

FACULTE'DES SCIENCES DE GENEVE




M. Benoit, L.A. Hamel / Nuclear Instruments and Methods in Physics Research A 606 (2009) 508-516 >4

Charge Transport in CdZnTe Pixel sensors

Z

CdZnTe is a heavy /
semiconductor used for high
efficiency of gamma rays

22D
c
E
=
%]
2

interconnections

They exhibit:

* high level of trapping

e Very slow hole signal

» Defect like Tellurium
precipitate

column
interconnections

YV Y

Commonly used in space,

medical and homeland gjole_Sided Cross-Strip detectors were investigated in CdZnTe as

security applications  |4\y_channel count method to obtain 2D information about the

nowadays interaction. Charge sharing needed to be evaluated to calculate the
necessary pixel size to allow enough signal in each channel
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Charge Transport in CdZnTe Pixel
Sensors

tential V] Max: 0 "

xxxxx

Electric Field was simulated to
calculate charge carriers
trajectory

Ramo Potential was calculated
to evaluate charge induction

" 2
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Charge Transport in CdZnTe Pixel
Sensors

7.500 mm

14.000 mm

NIVERSITE
DE GENEVE

FACULTE'DES SCIENCES




Charge Transport in CdZnTe Pixel 57
Sensors

X Energy VS Y Energy (keV)

After including all effects : |§14uo- §14oo——

* Field and Ramo potential £1200 Cob0 Data 21200 €060 Simulation 3
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Charge Transport in CdZnTe Pixel sensors

X Energy VS Y Energy (keV)
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Having gained confidence in our model, we can make prediction
on the optimal pixel pitch to use (biggest possible size giving
sufficient charge sharing). Here represented, 150um pixels
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Available software and documentation

FACULTE'DES SCIENCES

GDSII Generator
— https://github.com/mathieubenoit/GDSII Generator

Example code for MC Charge transport
— https://github.com/mathieubenoit/clicmctsi
Charge Transport in CdZnTe

— M. Benoit, L.A. Hamel / Nuclear Instruments and Methods in
Physics Research A 606 (2009) 508—516

Note on B Field Iterator equation

— https://edms.cern.ch/document/1240445/
AllPix

— https://twiki.cern.ch/twiki/bin/view/Main/AllPix
— https://github.com/ALLPix/allpix

AllPix to EUTELescope converter
— https://github.com/mathieubenoit/FEI4Telescope2SLCIO
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https://github.com/mathieubenoit/GDSII_Generator
https://github.com/mathieubenoit/clicmctsi
http://www.sciencedirect.com/science/article/pii/S0168900209007864
https://edms.cern.ch/document/1240445/
https://twiki.cern.ch/twiki/bin/view/Main/AllPix
https://github.com/ALLPix/allpix
https://github.com/mathieubenoit/FEI4Telescope2SLCIO
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Conclusion

| Hope to have demonstrated that TCAD and Monte-Carlo

Simulation of detectors can be useful tools that can affect real N0U JURT NEED 10 GET HE
PROTONG REPLLY CLOSE 1O ERCH
OTHER/ T COLD YOU THAT, LIKE,
THZEY YEARS BGO AND 'S
S7l NOT DONE?

life detectors

However not everything is perfect and improvement are

needed to become more quantitative

* 3D Modeling is very computing intensive

e Radiation damage model need to be validated on a large
range of substrate and devices

e MC Models must integrate these improvement on the
radiation damage modeling

TCAD SimUIation SUite Synopsys Sentaurus ava”able in Ilmlted This is why experimental scientists hate theoretical scientists.
quantities at CERN. User base is booming 5- <25 in the last two Credits : SMBC
years | We need more licences !

Thank you for your
attention !

Many MC Charge transport model are available, mostly home
code, no complete commercial product, but have a look to find
one that fits your need, or write your own !
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Backup
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Timepix calibration and digitization
tuning

*  Experimental data were compared to a GEANT4 simulation of
the setup

*  To calibrate the simulation using the ballistic model we
need to include Chip effect on the measurement (noise,
crosstalk )

~——=—— Simulatien, Cluster Size 1
~——=—— Data, Cluster Size 1

—=— Simulatien, Cluster Size 2

+— Data, Cluster Size 2

*  We calibrate by trying to reproduce Cluster Size
distribution and Energy resolution of the timepix sensor

1E
E —— Data }
A - -
107 e . —— Simulation MH___” |
E I 15 20 25
b= Energy (keV)
102 =
: - Simulatien, Cluster Size 1
= —=— Data, Cluster Size 1
——e— Simulation, Cluster Size 2
10° é_ — ~— Data, Cluster Size 2
104 = ’
10-5 E_ IIIIIII | 11 1 | 11 1 | 11 1 1 | 11 1 1 | 11 1 1 | 1 11 | 11 1 | 11 1
0 1 2 3 4 5 6 7 8 9 10
Cluster Size % 1%2."9, (ke\}lzo
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Simulation validation

* Validation of energy - o - E;:/)ents
deposition in thin silicon s °© g g9 @<
sensor: 50 um planar sensor ST | T

— Data:

* Timepix readout chip: calibrated
with radioactive/X-ray sources.
Pixel-by-pixel calibration used to
compensate for the differences
across the whole matrix.

e All clusters considered

— Geant4 PAI (Photo absorption
ionization) model describes
well the MPV and width of the
energy loss distribution and
2keV gaussian noise.

— Perfect agreement between
data and Geant4.

0c 0l
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2D simulation : Strips with various
doping profile and geometry

e A set of n-in-p strip sensor with different strip and implant pitch

, and with different intermediate strip pitch was studied

] l === 19.1 (n-type)
] 17.2 (n-type)
: ectrode i
7 W 13.4 (n-type)
| 4o
_ —_— 153 (p-type)
_| == 172 (pype
_| == . pwe

Implant pltch
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(nm) width (um)
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2D simulation : Strips with various
doping profile anc ~

I Electric Field (V/cm)

e Each sensor was biased at

2000V, and simulated for a — o

fluence of 10141516
2
Neo/CM

g

i

\|l|ll\l\|llJI\\\|JJ\JIII|

e Moderate p-spray
insulation between strips

* Classical implantation for e
n strip implant sn
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2D simulation : Leakage current

Plus Current (A) ‘

H\‘ [ LI

\I\d

eLeakage from different strip
pitch not influenced by the pitch

\H‘ \II‘

II\I I\HI

eHard breakdown of the junction
at the strip extremity lower for T pe p o
small implant pitch/ strip pitch
ratio

I, vs ¢ at 2400V. Thickness = 300.00 um

IV at 0 nJfcm? = 0.0066A/cm®

1LV (e m?)
T

e =1.9e-17A/cm

a = 1.9e-17Afcm

eContribution from Trap-to-band
tunelling and impact ionization
visible in leakage current about
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Electric Field (V/cm)

I I " " 14 2 —
2D simulation : Electric field (at 10'* n_ /cm?) | =
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2D simulation : Electric field (at 10

a0

Implant
width =

Al

Flectric Fied (v/cm)
= 1.21e+05
1.05e+05
9.04c+04
7530404
6.03e+04

ocre Fald ¥7em)
B 1210405
1.05e+05
9.04e+04
7.53e+04
6.03e+04
4.52¢+04

3.01e+04
1.51e+04
o

10 um

——r

Meceric Field (¥7cm)
1.21e+05
1.05e+05
9.0de+04
7.53e+04
6.03e404
= 4520404

3.01e+04
L5le+04
0

5th

30 um depth represented

208 —
- = =
g
! -
E 205 —
b Elecrc Feld (V/cm)
] 1.21e+05
a0 —] 1.05e+05
N 9.04e+04
b 753404
6.03c+04
i 4.52¢+04
288 —| m 3.01e+04
4 1.51e+04
0
N
s 0 i }u 2 s0 3 w0
Microns
10—
308 —|
300 - o
H
! i
E 295 —
B Hlectri Fiekd (/e
] B= 1210405
s —
= 25 um
10 = s0 w 50 w0 » 50
10—
05—
300 . .
i
H i
= 20—
i Eiecric Feld (/<)
: 1.21e+05
A 1.05e+05
%0 9.04e+04
i 7.53e+04
i 6.03e-+04
i = asze+04
2 — 3.00e+04
| 151e+04
0

o e e T

Mirons

Radiation Detectors, Manchester, UK

L

I

Mirons

ectrc Fied (v/em)
B= 121e405
1.056+05
9.04e+04
7.53e+04
6.03e+04
452e+04
Ole+04
151404
0

Electric Field (V/cm)

1.03e+06
8.99¢+05
7.7e+05
6.42¢+05
5.13e+05
3.85e+405
2.57e+05
1.28e+05
0

Hlecsric Fild (vicm)

B= 1.21e+05
1.05e+05
9.0de+04
7.53¢+04
6.03¢+04
452e+04
3.0le+04
1.51e+04

70 um

——r

Mirons

Floctre Field (Ve




Electric Field (V/cm)

2D simulation : Electric field (at 10%° n,./cm?) [ =

o 2.54e+05

2.17e+05
& 1.8le+05
' - © 145¢+05
] =—— 1.09e+05
30 um depth represented i ._ 10900
] 3.62e+04
- :
b
i
|- - !
- =
| B - i
B -
5th e

Radiation Detectors, manchester, UK



Comparison of main commercial TCAD
software packages

http://www.silvaco.com/

Silvaco Data Systems was founded in 1984 by Dr. lvan Pesic.
The initial product, UTMOST, quickly became the industry
standard for parameter extraction, device characterization and
modeling.

In 1985 Silvaco entered the SPICE circuit simulation market
with SmartSpice.

In 1987 Silvaco entered into the technology computer aided
design (TCAD) market. By 1992 Silvaco became the dominant
TCAD supplier with the ATHENA process simulator and ATLAS
device simulator.

Educational prices available on request from Silvaco

http://www.synopsys.com/Tools/TCAD/Pages/default.aspx

Formely ISE TCAD, bought by Synopsis

Synopsys is a world leader in electronic design automation
(EDA), supplying the global electronics market with the
software, IP and services used in semiconductor design and
manufacturing. Synopsys' comprehensive, integrated portfolio
of implementation, verification, IP, manufacturing and FPGA
solutions helps address the key challenges designers and
manufacturers face today, such as power and yield
management, system-to-silicon verification and time-to-results.
These technology-leading solutions help give Synopsys
customers a competitive edge in bringing the best products to
market quickly while reducing costs and schedule risk.
Synopsys is headquartered in Mountain View, California, and
has more than 60 offices located throughout North America,
Europe, Japan, Asia and India.

Available from EUROPractice



http://www.silvaco.com/
http://www.synopsys.com/Tools/TCAD/Pages/default.aspx
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Comparison of main commercial TCAD
software packages

Athena : 2D SSUPREM4 based process Sprocess : 2D/3D SSUPREM4 based process
simulator simulation
ATLAS : 2D (and basic 3D) device simulation Sdevice : 2D and 3D device simulation

SnMesh : Adaptativ meshing tool for process

VICTORYCELL : GDS based 3D process and device simulation
simulation
VICTORYPROCESS : 3D Process simulation Swb : Sentaurus WorkBench, GUI controling

simulation process flow, parametrization etc..
VICTORY DEVICE : 3D device simulation

Virtual Wafer Fab : wrapper of the different
tool in a GUI
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SENTAURU SYNOPSYS

e Advantages Inconvenients

e 3D Simulation built-in e User support very slow
e Seemless transition from 2D to 3D e ~1-2 months for an answer
e Excellent user interface e Syntax of the simulation protocol is a
bit more tedious than for equivalence
e Support for LSF (Ixbatch !!!) in the competitor (learning curve
steeper)

Parallel 3D solver (takes advantage of
modern multi-core CPU) * Set of example smaller and less
relevant for HEP than the competitor

Adaptative meshing and clever 3D
meshing algorithm
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SILVA SILVACO

Advantages Inconvenients

* Simple scripting language make it easy * More complex parametric simulation
to start real work within a short time planification (Design-Of-Experiment)

e Extensive litterature supporting the GUI rather old and in need of a

validity of the software rejuvenation
e Very responsive user support: * No parallel solver for 3D device
* Email exchange directly with the simulation
engineers
e Custom patches produced * No 3D process simulation without the
following our needs purchase of an expensive

supplementary licence

 Meshing methods not adapted to 3D
simulation

4




76

Common aspects

 The physics included in both simulation software
are very similar :

— Both software based on the same open-source base
programs.

e Syntax, outputs in most case identical
 Models are based on same publications

— Solving methods essentially the same
e Matrix handling however differ between software

— Both, unsurprisingly, claim to be the best on the
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Common aspects

 Both software allow for redefinition of any
constants, input parameters of the models used,
ex :
— Lifetime, cross-section , bandgap, impact ionization
coefficient etc...

 Many (not all) models can be redefined using the
internal C interpreter, ex :

— Redefined impact ionization coefficient variation with
electric field

— Redefined mobility dependence on T,E,N, 5
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TCAD simulation as a black box (1)

 Both software are sold as compiled software with
no access to source code, however :

— Both software are extensively used in the industry
with a lot of success translating in a major
contribution to the improvement of the
microelectronics

— Both software are extensively documented with
references provided :

e SILVACO ATLAS Manual -> 898 pages

° \] 1 A 2 [ ) \/lantial - 2/l NAao

" 2

‘ ‘ &%y UNIVERSITE
FACULTEDES SCIENCES % DE GENEVE

“'GE



79

TCAD simulation as a black box (2)

 The benefit of using a commercial software
w.r.t Home-Made solution are :

— to benefit from a large user base (debugging,
feedback and new features) ©

— Less focus on mathematics and coding more focus
on physics © (physicist can’t do everything, we
should stick to what we know best ! )

e Ex: Writing a Navier-Stokes solver for a 2D very specific
geometry (given a receipe and all equation and
numerical methods) ~ 1-2 months for a master student
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TCAD simulation as a black box (3)

e FEM is commonly use to provide reliable simulation
for design of the plane that flew you here, or the
cooling system of your laptop

 Simulation of non-irradiated semiconductor device
has reached a similar level or reliability

e A lot of work from the RD50 collaboration could very
much bring the simulation of irradiated sensors to
the same state !
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