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otivation

Why simulations?

Un

derstanding the radiation damage on the level of microscopic defects

allows:

A
A
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understanding and predicting the operation
avoiding design mistakes
radiation hardness optimization of device design and material choice

admap of the radiation hardness simulations:

Measure macroscopic parameters/properties using test structures - very
abundant set already within RD48/50 collaborations.

Use them to simulate known silicon sensors.

See if macroscopic properties obtained from simulations agree with
measurements on those sensors

Use simulations to optimize the specific sensor design
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Radiation dama
Surface damage, oxide
charge buildup and
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appearance of interface traps
Increase of surface current

Modification of electric field
underneath the oxide

ge

Trapping near the surface |
Bulk damage (NIEL), creation
of silicon lattice defects

Increase of leakage current ]

Increase of space charge

Trapping of the drifting
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Simulations -> device model (TCAD)
bulk radiation damage model

surface damage model
boundary conditions
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Simulations
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A -Solution of whole set of equat:.

of the device, but a complex set of equations (TCAD):
problems with convergence

time consuming - particularly important when simulation is used to extract

certain parameter by minimization

A If only e.g. Q-V is of interest, which is determined by electrical field and

trapping (SST)

Nei(X,Y,Z) parametrization with several free parameters is taken as a model

Trapping can be also taken as a free parameter of even fixed
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TCAD simulations More information on TCAD packages

A Simulation steps

Device design (different options: hardcoding, GDSII files, GUI designer/editor)
Meshing (exploit symmetry, reduce complexity, removal of dead area)

Differential equations are discretized and solved on discrete mesh (FEM) taking
into account different physics processes apart from SRH;:
A Impact ionization
Tunnelling (phonon assisted trap-to-band and band-to-band tunnelling)
A Coupled-Defect-Level models

A Oxide tunnelling
Extraction and calculation of the quantities

p>)

A There are two main software suits used: Silvaco and Synopsis , but there is

also Cogenda which can become a major player. So far in RD50 the groups
used only the first two.
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Damage model - bulk

E E
A Damage models € R ¢
fill the simulators with |d§ntlfled levels ==asr,, ol ==,
(convergance problems in simulators) _ED
use effective trap levels (2 or 3, not many more) ——rL, —F

to model the large number of traps levels

A Assume the traps obey SRH statistics:
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v trapping generation recombination

A Any trap level included in simulation requires 4 parameters:
defect concentration i function of fluence Parameters should be precisely known
cross sections for hole and electron capture or amount of traps should be small.
energy level
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Radiation induced bulk defects
relevant for detector operation

Pi

n t list, deetdks

Electrical properties

Defects Gnyp [cm?] E,[eV] Assignment/References Impact on electrical
characteristics at RT
E(30K) |G,=2.3x 10" E-.-0.1 Electron trap with a donor level in the upper half of the&Bidgag[Nucl. Instr. and Meth. in Phys|  On the N by introducing
Res.A 611 (2009) 52; JAppl.Phys 117 (2015) 164503 positive space charge
- It makes the difference
between proton and neutron
irradiations
- More generated in O rich
material
BD,%+ |0,=2.3 x 1014 E--0.225 | Bistable Thermal double donor TDD2 (two configurations A and/or B)Electron trap with a dondr  On the Ny by introducing
BDg*** [0,=2.7 x 1012 E-.-0.15 level in the upper half of the 8andgap[Appl. Phys. Lett. 50 (21) (1987) 1500ucl. Instr. and positive space charge
Meth. in Phys. Re#A 514 (2003) 18Nucl. Instr. and Meth. in Phys. Res.556 (2006) 197Nucl. |- Strongly generated in O rich
Instr. and Meth. in Phys. Re&.583 (2007) 58] material
Ip"’0 ﬁpz (0.59)x1015 E, +0.23 Donor level of VO or of a stillunkownC related defect /Appl. Phys.Lett. 81 (2002) 165; Apl. On the N by introducing
Phys. Lett. 83, 3216 (2003Nucl. Instr. and Meth. in Phys. Re5.611 (2009) 52] negative space charge and ¢n
0,=1.7 XLO15 Ec-0.545 | Acceptor level of VO or of a stillunkownC related defectucl. Instr. and Meth. in Phys. Re5. LC
1,0 d,=9 x 1014 611 (2009) 52Appl. Phys.Lett. 81 (2002) 165J. Appl.Phys 117 (2015) 164503 - Strongly generated in O leah
material
E, G.=1 x 105 E-.-0.38 Trivacancy: Acceptor in the upper part of the gap associated with the double charged and $ingle OnLC
Es G,=7.8 x 10'5 E;-0.46 charged states of \/respectively ;™ and V57 / [J. Appl. Phys. 111 (2012) 023715.
H(116K) |d,=4 x 104 E, + 0.33 |Hole trap with an acceptor level in the lower part of theeBidgap Extended defect (cluster of On the N by introducing
vacancies and/or interstitials) / [ Appl. Phistt. 92 (2008) 02410Nucl. Instr. and Meth. in Phys. negative space charge
Res.A 611 (2009) 5268; J.Appl.Phys 117 (2015) 164508
H(140K) ﬁp:2.5 x 10 E, +0.36 |Hole trap with an acceptor level in the lower part of theaBidgap Extended defects (clusters of On the N by introducing
vacancies and/or interstitials)/[ Appl. Phiett. 92 (2008) 02410Nucl. Instr. and Meth. in Phys. negative space charge
Res.A 611 (2009) 5268; J.Appl.Phys 117 (2015) 164508
H(152K) l‘jp=2.3 x 1014 E, + 0.42 |Hole trap with an acceptor level in the lower part of thbeé®idgap Extended defects (clusters of On the Ny by introducing
vacancies and/or interstitials)/[ Appl. Phigit. 92 (2008) 02410Nucl. Instr. and Meth. in Phys. negative space charge
Res.A 611 (2009) 5268]; J. Appl.Phys 117 (2015) 164503
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Models of radiation damage in TCAD

E
. I c
EVL model ; ¢ Perugia model Esx
A single donor in bottom half of the A Three levels associated to donor CiOi, E, ;—E
bandgap and a single acceptor in the i Eerr 1st acceptor to V, and 2" acceptor to TTTTTTT B2
upper half of the bandgap Ep Vy Ep
E, E,
EVL Ev+0.48 6 le-15 le-15 Perugia Ev+0.36 0.9 2.5e-13  2.5e-15
Neutrons Ec-0.525 3.7 le-15 le-15 p-type Ec-0.42 1.6 2e-15 2e-14
Ec-0.46 0.9 5e-15 Se-14
Delphi Ev+0.48 4 2e-15 2.6e-15
23 MeVp Ec-0.51 3 2e-15 2e-15
Perugia Ev+0.36 1.1 2e-18 1.2e-14
n-type Ec-0.42 13 2.5-15 1.2e-14
KIT (Eber) Ev+0.48 5.598 (-3.949e14) 2e-15 2.6e-15
Ec-0.50  0.08 5e-15 3.5e-14
23 MeVp Ec-0.525  1.198 (+6.5434e13) 2e-15 2e-15
Peniccard Ev+0.36 0.9 3.23e-13  3.23e-14
HIP Ev+0.48 5.598 (-3.949e14) le-14 le-14 Ec.042 1613 9.5-15 9.56-14
23 MeVp Ec-0.525  1.198 (+6.5434e13) le-14 le-14 Ec.046 09 5615 5614
2 mm from Ec-0.40 14.417 (+3.168e16)  8e-15 2e-14
surface only
Perugia new Ev+0.36 0.9 3.23e-13 3.23e-14
< 2 -0. : - -
Hamburg (new)  Ev+0.48  151-2.75 8.37e-15  2.54e-15 e = le-15 le-14
Ec-0.46 0.9 7e-15 7e-14
Ec-0.525  0.36-0.93 6.3e-15  8.37e-15 ¢ € €
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Models of radiation damage in TCAD

All of the radiation damage models work fine for certain type of sensors and
conditions even more so if they were tuned for specific measurements.

A -We dondt have a unigue set of paramet e

performance irradiated detectors at different irradiation levels of different
particles.

A In n-trap model there are 5k independent parameters, which could all be in
principle time dependent (annealing) and irradiation particle dependent 1 huge
parameter space.

A

For very high fluences some of the physics processes in TCAD, not directly linked
to properties of traps are not adequate:

Mobility decreases with irradiation T recent findings of RD50 (M. Mi k 28§ RD 50 workshop )
Intrinsic resistivity changes

Impact ionization may decrease with irradiation

g

|l s It possi bl e at d lthe one that apgrdximatdiye
agrees with different set of detectors and irradiations?
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Examples of simulations

data Affolder et al., NIM A, Vol. 623 (2010), pp. 177-179.
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Simulations of CCE and electric field that explain the measured data well.
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How to get the best effective model?

A A set of parameters can be obtained from minimizing the difference between
measurement and simulation i not an easy task in TCAD (from minutes to hours for
single property calculation) when trying to minimize multi parameter function F
Viax & M 62 J. Schwandt, 11 Trento Workshop
— an ~ n
F=aw, N&- gdVv
S =
n Vmin g n =~
U S, M are simulated and measured properties: |, l;,,, C, CCE
U Vmin» Vimax Min. and max of voltage range, w, 7 the weight in minimization of property
20 1e5 I-y FTH200Y|23 GeV p 3|e1 5neqfcm’l‘2 J1e21 G-V 4|55Hz FTH290Y 23 Ge\{ p 3e15neqf’cmf’\2
= — data | 80min@60°C
e==e 2 traps new N ‘(neW ____________ _________________ mm@ _____________ EVL mOdel energy
| : ik levels with other 6
g ! 80min@60°C el | |
e e e 5 - ; parameters left for
s - minimization for |
<C : : : < :
= : L : o :
=1 : ; ::(:3 3

; ; A 2
I e Mg ]
=—a data
mEcl 2 frap new
1 1 1
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i&Wﬂpalﬂ}sanf’n 0’ models (synopsis)

200 mm thick p-type pad detector F (23 GeV p)=3el5 cm, annealed 80min@60°C, T=-20°C
Simulation same device with different models i a clear disagreement between different models
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: ' ?
: : I »—a data
"-._,. oo 2 traps Eber

e, 3 s—a 3 traps Perugia

D & leme 2iraps Delhi
- 3 L |e-~e 2traps new
., o
. : e Py :
- : : “m, ) H o
‘ 3 o 80min@60°C

oL, g

Current [A]

i i i i
-1000 -800 —600 —400 —200 0
Voltage [V]

Somewhat better agreement for lower fluences Fn_q(23 GeV p)=1el5 cm2
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