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Outline of Talk

❖ Challenges – High luminosity environment & radiation damage

❖ Motivation for simulations – RD50

❖ Radiation damage modeling & proposed models

❖ Simulation examples

❖ Simulation with read-out electronics

❖ Summary



Challenge: High luminosity environment

Large Hadron Collider (LHC) High Luminosity LHC
to

[1] S. Mallows. BRIL webpage: https://twiki.cern.ch/twiki/bin/viewauth/CMSPublic/BRILRSelbaHGC.

[2] M. Guthoff. BRIL webpage: https://twiki.cern.ch/twiki/bin/view/CMSPublic/BRILRS1D1MeVneqAtTracker

Radiation environment of CMS all-silicon tracker

Silicon detectors currently being used may not survive in the high luminosity environment.

Features of new desired tracker:

(1) More radiation tolerance, (2) Higher granularity, (3) Small thickness.

RD50 mandate -
To understand radiation damage mechanism & develop new radiation hard detector technology!
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[1] [2]

https://twiki.cern.ch/twiki/bin/viewauth/CMSPublic/BRILRSelbaHGC
https://twiki.cern.ch/twiki/bin/view/CMSPublic/BRILRS1D1MeVneqAtTracker


Radiation Damage

• Apart from ionizing the silicon lattice, incident particles also interact with the 

silicon atom via the non-ionizing energy loss (NIEL).

• If the particle transfers an energy greater than the threshold energy, the atoms 

(known as the primary knock-on atoms, PKAs) get displaced, creating a number 

of vacancies (V) and interstitials (I) elsewhere.

• These V’s and I’s migrate into the silicon bulk and form stable defect complexes 

with other V’s and I’s or impurities (like carbon, oxygen, etc.).

• The point and cluster defects are thus formed, thereby inducing electrically active 

acceptor and donor type of traps.

space charge   trapping         current

• Depending on the trap's energy level in the 

silicon band gap, cross-section, introduction rate, 

etc., the traps can act as recombination-

generation centre (increasing the leakage current 

with irradiation), deep trap centre (affects the 

bulk space charge), or trap centre for electron or 

hole charge carriers (reducing the CCE).
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Identification of Defects

• Defect characterization techniques:

(i) Capacitance Deep Level Transient Spectroscopy (C-DLTS),

(ii) Thermally Stimulated Current (TSC),

(iii) Transient Current Technique (TCT),

(iv) Capacitance/Current-Voltage Measurement (CV/IV), and many more.
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*G. Casse. Vertex (2018).



Effect on Global Sensor Properties

(Itot, Neff, CC)

Total Current Effective Doping Concentration

Changes with fluence

[i] [i]
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Charge collection at 600 V Charge collection at 900 V[ii] [ii]

Significantly decreases with fluence



Effect on Strip Sensor Properties

(Rint, Cint, Ileak)

[i] M. Moll. PhD Thesis.

[ii] A. Dierlamm on behalf of the CMS Tracker Collaboration. 

Characterisation of silicon sensor materials and designs for the 

CMS Tracker Upgrade. PoS (Vertex 2012) 016.

[iii] G. Jain et al. Radiation Tolerance Study on Irradiated AC-

coupled, Poly-silicon biased, p-on-n Silicon Strip Sensors 

developed in India. Accepted in NIM A.
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Inter-strip Resistance Inter-strip Capacitance

Significantly decreases with fluence
Increases with fluence

[ii] [ii]

Strip Leakage Current

Increases with fluence

[iii]



Motivation for Simulations

Why simulations?

Since experiments – (i) can be costly, (ii) require human & material resources, (iii) are

affected by environmental conditions; simulations are helpful.

Usefulness of simulations

• Simulations provide a closer look into the physics taking place at the microscopic level!

• They are unaffected by environmental conditions, activity time, resource availability.

• All the events taken place – from initial to final step, can be tracked; thereby providing an

insightful evaluation.

• There exists the possibility to play with lot of parameters, allowing for design

optimisation.

How does it work?

• Simulations are calibrated with existing measurement data of non-irradiated test

structures.

• A radiation damage model is developed based on the experimental observations and

understanding.

• Once again the simulated results are compared with measured results and accordingly the

radiation damage model is tweaked.

• Finally, design parameters are optimized corresponding to experimental requirement.
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Framework of a simulation software

Physical Models:

a) Mobility – Concentration 

dependent, parallel field 

dependent

b) Impact ionization – Selberherr, 

Van Overstraten

c) Generation & Recombination 

– Shockley Read Hall

d) Oxide physics – Fowler-

Nordheim, Interface charge 

accumulation

e) Tunnelling – Band-to-band, 

Trap-assisted

etc.

Numerical Methods:

a) Gummel

b) Newton

c) Block

Poisson Equation

𝛻2𝜑 = −
𝜌

𝜀
𝜌 = 𝑝 − 𝑛 + 𝑁𝐷

+ − 𝑁𝐴
−

Current Density Equation

𝑱𝒏 = 𝑞 𝑛𝜇𝑛𝑬 + 𝐷𝑛
𝝏𝒏

𝝏𝒙

𝑱𝒑 = 𝑞 𝑝𝜇𝑝𝑬 − 𝐷𝑝
𝝏𝒑

𝝏𝒙

Continuity Equation
𝜕𝑛

𝜕𝑡
=
1

𝑞
𝛻. 𝑱𝒏 − 𝑟𝑛 + 𝑔𝑛

𝜕𝑝

𝜕𝑡
= −

1

𝑞
𝛻. 𝑱𝒑 − 𝑟𝑝 + 𝑔𝑝

3 Equations for

3 unknowns (𝝋,𝒏, 𝒑):

These equations 

use one of these 

specified models.

These equations 

are solved using 

one of the 

methods.
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Radiation Damage Modelling

Measured defects
Modelled

TCAD defects

• Instead of describing all 

the measured defects, 

only the effective trap 

levels (2 or 3 in number) 

are used for radiation 

damage modelling in 

simulations.

Parameters that characterize a trap level in simulations

1. Energy level (E) and level type – whether acceptor or donor

2. Cross-sections for electron (𝜎𝑒) and hole capture (𝜎ℎ)

3. Defect concentration (𝑁𝑑) = introduction rate (𝑔𝑖𝑛𝑡) x function of fluence (𝜑)

Simulation TCAD tools available

1. Synopsis

2. Silvaco
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*Synopsys Sentaurus Device Simulator, Apr. 2018, [online] Available: https://www.synopsys.com.

*Silvaco 2D and 3D Device Simulators, Apr. 2018, [online] Available: https://www.silvaco.com.



Existing radiation damage models-I

Model E (eV) Nd (cm-3) 𝝈𝒆(𝒄𝒎
𝟐) 𝝈𝒉(𝒄𝒎

𝟐)

Perugia - 2006 

[4]
EV+0.36 1.1 x 𝜑 2e-18 2.5e-15

(n-type) EC-0.42 13 x 𝜑 2e-15 1.2e-14

EC-0.50 0.08 x 𝜑 5e-15 3.5e-14

Glasgow - 2008 

[5]
EV+0.36 0.9 x 𝜑 3.23e-13 3.23e-14

EC-0.42 1.613 x 𝜑 9.5e-15 9.5e-14

EC-0.46 0.9 x 𝜑 5e-15 5e-14

KIT - 2013 [6] EV+0.48
5.598 x 𝜑
-3.949e14

1e-14 1e-14

(proton) EC-0.525
1.189 x 𝜑
+6.454e13

1e-14 1e-14

KIT - 2013 [6] EV+0.48 1.395 x 𝜑 1.2e-14 1.2e-14

(neutron) EC-0.525 1.55 x 𝜑 1.2e-14 1.2e-14

Synopsis:

Microsoft Excel:

(Analytical procedure)
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Model E (eV) Nd (cm-3) 𝝈𝒆(𝒄𝒎
𝟐) 𝝈𝒉(𝒄𝒎

𝟐)

HIP - 2014 [7] EV+0.48
5.598 x 𝜑
-3.949e14

1e-14 1e-14

(23 MeV proton) EC-0.525
1.198 x 𝜑
+6.543e13

1e-14 1e-14

2 µm from sur. EC-0.40
14.417 x 𝜑
+3.168e16

8e-15 2e-14

Hamburg - 2018 

[8]
EV+0.48 0.5978 x 𝜑 4.166e-15 1.965e-16

EV+0.36 0.3780 x 𝜑 3.230e-17 2.036e-14

EC-0.545 0.4335 x 𝜑 4.478e-15 6.709e-15

EC-0.458 0.6447 x 𝜑 2.551e-14 1.511e-13

EC-0.1 0.0497 x 𝜑 2.300e-14 2.920e-16

Model E (eV) Nd (cm-3) 𝝈𝒆(𝒄𝒎
𝟐) 𝝈𝒉(𝒄𝒎

𝟐)

EVL – 2002 [3] EV+0.48 6 x 𝜑 1e-15 1e-15

(neutron) EC-0.525 3.7 x 𝜑 1e-15 1e-15

[1,2]

…. etc.



Existing radiation damage models-II

Model E (eV) Nd (cm-3) 𝝈𝒆(𝒄𝒎
𝟐) 𝝈𝒉(𝒄𝒎

𝟐)

Delhi - 2014 [10] EV+0.48 4 x 𝜑 2e-14 3.8e-14

(23 MeV proton) EC-0.51 3 x 𝜑 2e-15 2e-15

Silvaco:

Different models are valid for different 

incoming radiation, sensor material type, 

etc.

 No unique model!
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[1,2]

Model E (eV) Nd (cm-3) 𝝈𝒆(𝒄𝒎
𝟐) 𝝈𝒉(𝒄𝒎

𝟐) Comment

Perugia – 2016 

[9]
EV+0.36 0.9 x 𝜑 3.23e-13 3.23e-14

(p-type) EC-0.42 1.613 x 𝜑 1e-15 1e-14

EC-0.46 0.9 x 𝜑 7e-15 7e-14 𝜑 ≤ 7e15

3e-15 3e-14 7e15 ≤ 𝜑 ≤ 1.5e16

1.5e-15 1.5e-14 1.5e16 ≤ 𝜑 ≤ 2.2e16

Synopsis:

[1] G. Kramberger, Radiation damage models, comparison and performance of TCAD simulation, Vertex 2016, Elba.

[2] M. Moll. Displacement Damage in Silicon Detectors for High Energy Physics, IEEE 65 (2018) 8.

[3] V. Eremin, E. Verbitskaya, Z. Li. The origin of double peak electric field distribution in heavily irradiated silicon detectors, NIM A 476 (2002) 3, 556-564.

[4] M. Petasecca, et al. Numerical simulation of radiation damage effects in p-type and n-type FZ silicon detectors, IEEE 53 (2006) 5, 2971-2976.

[5] D. Pennicard et al. Simulations of radiation-damaged 3D detectors for the Super-LHC, NIM A 592 (2008) 16-25.

[6] R. Eber. Investigations of new sensor designs and development of an effective radiation damage model for the simulation of highly irradiated silicon particle 

detectors, (2001).

[7] T. Peltola. Simulation of radiation-induced defects, PoS, Vertex (2015).

[8] J. Schwandt. A new model for the TCAD simulation of the silicon damage by high fluence proton irradiation - The Hamburg Penta Trap Model, 32 RD50 

Workshop (2018).

[9] F. Moscatelli et al. Combined bulk and surface radiation damage effects at very high fluences in silicon detectors: Measurements and TCAD simulations, IEEE 

63 (2016) 5, 2716-2723.

[10] R. Dalal, A. Bhardwaj, K. Ranjan, K. Lalwani, G. Jain. Simulation of irradiated Si detectors, PoS, Vertex (2014).



Examples of Simulations
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Total leakage current (Synopsis)

* J. Schwandt. A new model for the TCAD simulation of the silicon damage by high fluence proton irradiation - The Hamburg Penta Trap Model, 

32 RD50 Workshop (2018).
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The simulations agrees with the measurements within 20% for all 

fuences and voltages.

For plots on Neff and CC, please see talk 

Simulation radiation damage model used:

Hamburg Penta Trap Model



Full depletion voltage (Synopsis)

Simulation radiation damage model used:

KIT proton & KIT neutron

• The simulation results using the radiation damage models show a good match 

with the measurement results.

• These results can be extrapolated for predicting behavior at higher fluences.

*R. Eber, 8th Detector Workshop, Berlin, 2015] 
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Electric field profile (Synopsis)

• Electric fields cannot be measured directly  Simulations provide the handle to 

predict the fields inside the bulk of the sensor.

• Double peak behavior seen in TCT signals can be explained by the drift of carriers 

in double peak electric field.

Fluence 1 x 1015 neq.cm-2

Fluence 1 x 1015 neq.cm-2

@ 400 V

*R.Eber, 22nd RD50 Workshop, June 2013. 

Geetika Jain                                                                          Vertex-2018                               16 

Simulation radiation damage model used:

KIT proton & KIT neutron



Charge Collection Efficiency (Synopsis)

*T. Peltola, Charge Collection Efficiency Simulations of Irradiated Silicon Strip Detectors, JINST, CMS 470 CR-2014/255.

Although measurement data is available only at a few fluence values, 

simulation results predict response for intermediate fluences.
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Simulation radiation damage model used:

HIP proton, neutron model



Robustness of p-type VS n-type

with radiation damage (Silvaco)

* R. Ranjeet et al., Simulations for Hadron Irradiated n+p- Si Strip Sensors Incorporating Bulk and

Surface Damage, presented at 23rd RD50 Workshop, CERN, Switzerland (2013).

Increasing fluence  More radiation 

damage  Higher bulk & surface 

damage  Nox grows  E.Field @ 

implant edges shoots!

Reverse effect of Nox on E.Field for p-

type substrates.

Increase in Nox decreases E.Field!
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Inter-strip resistance with fluence (Silvaco)

*R. Dalal., G. Jain, et al 

Simulation ofa Irradiated 

Si Detectors. POS 

(Vertex 2014).

Rint is a surface property.

 It was thought that it is affected 

by surface damage (Nox/Qf) only.

Increase in Nox/ Qf attracts more 

e-s towards the n+ side of the 

detector.

 Rint decreases.

BUT, this was not seen 

experimentally!!

Both surface (Nox/ Qf + Nit) & bulk 

damage traps play a role in deciding Rint!

Nit = 2 acceptor 

type traps

Bulk traps = 

Acceptor & Donor 

traps, but near the 

n+ implant, 

acceptor traps are 

more ionized

 These two 

COMPENSATE 

the effect of 

accumulation of e-

s by Nox/ Qf

(positive fixed 

oxide charge 

traps)
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Design optimization for

Phase-II pixel sensors (Silvaco)

A higher concentration & a deeper 

pspray/pstop provides good isolation.

But, this also leads to a rise in the 

electric field!

Therefore, an optimized 

concentration & depth of the isolation 

structure has to be chosen.
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*G. Jain. TCAD 2D Simulations for Phase II Pixel Sensor Design. 

27th RD50 Workshop.



Simulations with read-out electronics

▪ are more suitable for multi-electrode systems by taking weighing field into 

account.

▪ allow simpler carrier generation which can be any distribution – i.e. coupling 

to other  software packages e.g. GEANT4.

▪ are well suited for Monte Carlo Studies of detector performance (charge 

sharing,  magnetic field, position resolution …)

▪ are available on the level of source code – very high flexibility

▪ are fast and therefore allow for modeling and fitting of the field parameters to 

the  measurements

▪ allow in principle TCAD fields to be imported for Monte-Carlo studies

*G. Kramberger, Radiation damage models, comparison and 

perfomance of TCAD simulation, Vertex 2016.

Available TCT signal simulation tools

1. MixedMode in Silvaco

2. MixedMode in Synopsis

3. Weightfield 2

4. TRACS

5. Pixelav
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Explanation to reduction of gain

in LGADs (MixedMode in Silvaco)

• Gain is same for all fluence ≥ 2.5 x 1014 neqcm-2

• Almost no multiplication for fluence ≥ 5 x 1014

neqcm-2

• Peak E.Field inside p-well is lowered with 

increasing fluence.

• Width of multiplication region is also reduced.

• Acceptor removal?** + E.field just below the p-

well is strongly lowered with fluence.

• This leads to inefficient charge collection.

• Backside E.field peak grows with fluence.

E.Field @ frontside of LGAD E.Field through the depth of LGAD
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**M. Ferrero. Radiation resistant LGAD design

***F. R. Rpgelio. LGAD Simulations with Ga doping: 

An exploration. 27th RD50 (2017)..



HV-CMOS (MixedMode in Synopsis)
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*F. R. Palomo. TCAD Simulations HV-CMOS AMS 0.35 um Reach-Through Diode.  02 Dec 2015 RD50 Workshop.



Timing performance of LGAD (Weightfield 2)
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Timing resolution of LGAD detectors of 

different thicknesses.

Good agreement with test beam data.

*https://indico.cern.ch/event/273880/session/4/contribution/

59/attachments/493722/682260/cenna_ufsd_simulator.pdf

*H. Sadroziski et al., 28th RD50Workshop.

https://indico.cern.ch/event/273880/session/4/contribution/59/attachments/493722/682260/cenna_ufsd_simulator.pdf


Two photon absorpotion (TRACS)
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Two photon absorption TCT simulation –

a novel  state of the art technique!

*I. Vila et al, 26th  RD50Workshop.

*https://indico.cern.ch/event/334251/session/1/contribution/25

https://indico.cern.ch/event/334251/session/1/contribution/25


Cluster algorithm (Pixelav)

*M. Swartz.Pixel Simulations in CMS.
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RD50 - Work Plan
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*J. Schwandt. Discussion: TCAD. 32nd RD50 Workshop (2018).



Back-Up
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Width Pitch
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HPK Campaign

As the strip pitch increases, the electric 

field at the implant edge rises.

As the strip width increases, the electric field 

at the implant edge decreases.
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High gain in LGADs

Np 8.75e16cm-3

Np 9.75e16cm-3

Np 1.025e17cm-3

@ - 200V

T=263K

Np (cm-3)

p-well dose in cm-2

(gain)

dp=5.5µm dp=6 µm dp=6.5 µm dp=6.8 µm
dp=7.1 

µm

8.75 x1016 1.26x1013

(1.0)
1.38 x1013

(1.0)
1.49 x1013

(1.1)
1.56 x1013

(1.4)
1.63x1013

(3.2)

9.75 x 1016 1.40 x1013

(1.0)
1.53 x1013

(1.0)
1.66x1013

(1.2)
1.73x1013

(2.1)
1.81x1013

(19.5)

1.025 x 1017 1.47 x1013

(1.0)
1.60 x1013

(1.0)
1.74 x1013

(1.3)
1.82x1013

(2.8)
1.90x1013

(-)

The reason for 

higher 

multiplication factor 

is that the localised 

electric field peaks 

up with increasing 

p-well 

concentration.

GAIN does not depend on 

dose only. It rather depends 

on the entire doping profile 

of both the n+ implant & the 

p-well!

* R. Dalal, G. Jain, A. Bhardwaj, K. Ranjan. TCAD 

simulation of Low Gain Avalanche Detectors. NIM A. 

Manuscript accepted.
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Inter-strip capacitance

* C. Piemonte. Device simulations of isolation techniques for silicon

microstrip detectors made on p-type substrates. IEEE Trans. Nucl. Sci., 

NS-53 (3):1694, 2006

* R. Dalal.. PhD Thesis. Delhi University, India.
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Inter-strip capacitance
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n-type p-type



Effect on Strip Sensor Properties

(,Ileak, Rpoly, Ccoup, Idiel)

Coupling Capacitance Dielectric Current

No change with fluence
No effect with fluence

[ii] [iii]
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Strip Leakage Current Poly-silicon Resistance

No change with fluence

Increases with fluence

[iii] [ii]



Lorentz Angle (AllPix)

*Lorenzo Rossini - INFN and Università di Milano - Radiation Damage Workshop.

Predictions useful for: Decide pixel detector operation condition.

 Improve our modeling of data for physics analysis
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