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AIDAInnova - Motivations

INFN and University of Perugia are involved in WP6 Task 6.2
Simulations of surface and bulk radiation damage for 4D (tracking+timing)
detectors toward more radiation tolerant solutions

Calibration/extension of the previously developed simulation models

£ Calibration/extension of the previously developed models ("New University of Perugia” TCAD model,
»and its recent upgrade) by comparing the simulation findings with measurements carried out on
¢ dedicated test structures as well as on different classes of 3D and LGAD detectors.
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rStudy the effect of surface and bulk radiation damage with reference to 4D
g (trackmg+t|m|ng) detectors toward more radiation resistance solutions.

zThe proposed activity will focus specifically on disentangling the effects of the two main radiation
damage mechanisms, e.qg., the surface damage due to ionizing effect and the bulk damage due to
atomic displacement, with reference to 4D detectors toward more radiation resistance solutions.
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Extension of the Radiation Damage Model
“PerugiaModDoping”
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[1] P. Asenov et. al, NIM. A 1040 (2022) 167180; [2] A. Morozzi et. al, PoS (Vertex2019) 050; [3] M. Ferrero et. al, CRC Press (2021).
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TCAD simulation of LGAD device - FBK

v In collaboration with INFN Torino: calibration/extension of the previously developed models by comparing
the simulation findings with measurements carried out on different classes of LGAD detectors.

v Comparison with experimental data, before and after irradiation (UFSD2 production run, by FBK)

-V, pre- & post-irr @ 300 K —Simul.. C-V, pre- & post-irr @ 300 K, 1 kHz
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TCAD simulation of LGAD device - HPK

v In collaboration with INFN Torino: calibration/extension of the previously developed models by comparing
the simulation findings with measurements carried out on different classes of LGAD detectors.

v Comparison with experimental data, before and after irradiation (HPK2 production run, by HPK)

-V, pre-irr @ 290 K, post-irr @ 248 K . — Simul. . C-V, pre- & post-irr @ 298 K, 2 kHz

Moscatelli — AIDAinnova 3 Annual meeting

17 H H LR
PerugiaModDoping 1005 ; X Meas, T o
S IEEEE NN NN NN NN NN EEEN NN ENNNNNNENNNNNNEENNNENEEEEEENy, le-06} 1¢""”"‘ """"""""" S bk g - ¢=?.2:+1:"=-J¢m?[:‘m-l
. Y —— ¢ = 1.5E415 ngfem? (Sim.)
* - - - - * J— —~ 1le-10] & ¢ = 2.5E+15 nyfcm? (Sim.)
s« Torino analytical parameterizations Y10 % T 110 A « e hees)
. i z Py = = 4.0E+14 nfem? (Meas.)
= : :’ 1e-08 té) = ¢ = B.0E+14 ngfcm? (Meas.)
. - c o . = ¢ = 1L.5E+15 ne/cm? (Meas.)
: o Gain Layer (Acceptor Removal) SN v g i
- o O —— = 1.5E+15 negfem? (Sim.) § Selllp i 1¢
: A - ] 10l ¢ = 2.5E+15 negfcm? (Sim.) T S i S e
] o Bulk (Acceptor Creation/Damage Saturation) le-10 . Noti, (e
n x ¢ = 4.0E+14 n/cm? (Meas.)
" “ . . le-11p % ¢ = 15E+15 nefem? (Meas.) |
£ o 0 . M . | % §=25E+15 /e’ (Meas.) of . b
: * "New UNIPG" TCAD Radiation Damage Model D en TR e . . ol
n
i Surf " Q Bulk d u Reverse Voltage (V) Reverse Voltage (V)
n + g . .
d urface damage (+ Qo) U damage r G-V, pre-irr @290 K G-V, post-irr @ 248 K
I 70 20
: - Donor | Ec-0.23 | 0006 | 2.3x10% | 23x1015 E 60 ——S5im. _;'gg:ii E::::
: Acceptor | Ec £ E;<E-0.56 0.56 Dir = Dre(©) prmmeS FyTY R — — : % Meas. { _;::g:”: E”m':
| ] ,50E+15 (sim.
. Donolgy| REVSEISE e OEY Dir = On(®) Acceptor | E-046 | 09 | 7x10% | 7x10% . 0 Gain = CCreap X 4,00E+14 (meas.)
“ .. amn = cc % 8,00E+14 (meas.)
¢ * e’ FIN c X 1,50E+15 (meas.)
..llllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-‘ 8 '8 ®  2,50E+15 (meas.)
30
[6] R. V. Overstraeten et al., Measurement of the ionization o
rates in diffused silicon p-n junctions, SSE. 13, 1970. .
10 2
[7] E. C. Rivera, Study of Impact Ionization Coefficients in .
Silicon With Low Gain Avalanche D/odes, IEEE TED 70, 2023. 80 100 120 140 160 50 150 250 350 450 550 650 750

Reverse Voltage (V) Reverse Voltage (V)

vOv (6] & Opt. vOv 7] avalanche models. Electrical contact area 1,25 x 1,25 mm?2
Cinen @ION

tato i cisre




MEASURED G-V — HPK2, Split 1 vs. Split 2

Pre-irradiation (TCT setup @ Torino)
Gain-Voltage @ RT, ~ 1 MIP
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Post-irradiation (B-source setup @ Torino)

Gain-Voltage @ 248 K, 1 MIP
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SIM. vs. MEAS. G-V — HPK2, Split 1 vs. Split 2§3tAIDA

Pre-irradiation (TCT setup @ Torino) Post-irradiation (B-source setup @ Torino)
Gain-Voltage @ 290K, 1 MIP — Simul. Gain-Voltage @ 248 K, 1 MIP
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Simulation of 3D devices
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v In collaboration with the University of Trento: validation of the previously developed model (*) by comparing
the simulation findings with measurements carried out on different classes of 3D detectors.

v Comparison with experimental data, before and after irradiation (FBK R&D, Batch 3)
25x100-1E
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[8] A. Morozzi et al., TCAD modeling of surface radiation damage
effects: a state-of-the-art review, Front. Phys. 9 (2021) 617322.

[9] A. Folkestad et al., Development of a silicon bulk radiation
damage model for Sentaurus TCAD, NIMA 874 (2017) 94.

NB: simulation based on the CERN Bulk Damage Model used -38 °C,
the leakage current was then scaled to -25 °C using the SEH model.
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SIMULATED I-V - Bulk Damage Model

v’ Post-irr.

Calculated Damage Rate at V=100V, T=20°C
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Impact of varying the sigma acceptor 1
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Parameters of the proposed radiation damage model. The energy levels are given with respect o the valence band (E, ) or the
conduction band (E.). The model is intended to be used in conjunction with the Van Overstraeten-De Man avalanche model.

Defect number Type Energy level [eV] s, [em™?] &, [em™3] n [em™]

1 Donor E, +048 2x 107 110 4
Acceptor Ep —0.525 5x 10°1° 0.75

3 Acceptor E, +0.90 1x10-16 Tx10 36




Impact of varying the sigma acceptor 1
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Table 2
Parameters of the proposed radiation damage model. The energy levels are given with respect o the valence band (E, ) or the
conduction band (E.). The model is intended to be used in conjunction with the Van Overstracten-De Man avalanche model.

Defect number Type Energy level [eV] s, [em™?] &, [em™3] n [em™]

1 Donor E, +048 2x 107 110 4
Acceptor Ep —0.525 5x 1015 C %10 075

3 Acceptor E, +0.90 1x10-16 Tx10 36
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Impact of sigma donor
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Table 2
Parameters of the proposed radiation damage model. The energy levels are given with respect o the valence band (E, ) or the
conduction band (E.). The model is intended to be used in conjunction with the Van Overstraeten-De Man avalanche model.

Defect number Type Energy level [eV] s, [em™] &, [em™3] n [em™]

1 Donor E, +048 2x 1074 1x10°4 4
Acceptor Ep —0.525 X I0 - 1 %1074 0.75

2
nen @0 3 Acceptor E, +0.90 1x 10-16 1x10-16 36
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Impact of sigma donor: 25x100
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Parameters of the proposed radiation damage model. The energy levels are given with respect o the valence band (E, ) or the
conduction band (E.). The model is intended to be used in conjunction with the Van Overstraeten-De Man avalanche model.

Defect number Type Energy level [eV] s, [em™] &, [em™3] n [em™]

1 Donor E, +048 1x10°4 4

2 Acceptor Ep —0.525 1 %1074 0.75
O 3 Acceptor E, +0.90 1x10-16 36
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Impact of introduction rate Accl
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Table 2
Parameters of the proposed radiation damage model. The energy levels are given with respect to the valence band (E; ) or the
conduction band (E.). The model is intended to be used in conjunction with the Van Overstraeten—De Man avalanche model.

Defect number Type Energy level [eV] s, [em™?] 7, [em™2] n [em™]

1 Donor E, +0.48 2x 107 1x107H 4
Acceptor E. —0.525 5% 1015 1x104 075 D
Acceptor E, +0.90 1x10-16 1x10-16 36
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Impact of ntroduction rate Accl1:25x100
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Table 2

Parameters of the proposed radiation damage model. The energy levels are given with respect to the valence band (E;, ) or the
conduction band (E.). The model is intended to be used in conjunction with the Van Overstraeten—De Man avalanche model.

Defect number Type Energy level [eV] s, [em™7] &, [em™] n [em™]
1 Donor E, +0.48 2x 1074 1x107H 4

Acceptor Ec —0525 5x 1071 1x107 @
3 Acceptor E, +0.90 1x10-18 1x10-16 36
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Impact of sigma
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Parameters of the proposed radiation damage model. The energy levels are given with respect to the valence band (E; ) or the
conduction band (E.). The model is intended to be used in conjunction with the Van Overstraeten—De Man avalanche model.

Defect number Type Energy level [eV] 5, [em™7) 5, [em™] n [em™]
1 Donor E, +0.48 2x 1074 1014 4

2 Acceptor Ec —0.525 5x 10715 0.75

3 Acceptor E, +0.90 1x10-16 1x10°16 36




Impact of sigma acceptor 1 refine
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Table 2
Parameters of the proposed radiation damage model. The energy levels are given with respect to the valence band (E;, ) or the
conduction band (E.). The model is intended to be used in conjunction with the Van Overstraeten—De Man avalanche model.

Defect number Type Energy level [eV] s, [em™7] &, [em™] n [em™]

1 Donor E, +0.48 2x 1074 14 4
Acceptor E. —0525 5x105  C1x10 14 0.75

3 Acceptor E, +0.90 1x10-18 1x10-16 36
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3D diodes from Trento

Irradiated with neutrons at:
25x100 2| |2 vt 5

EAR O * 1x10% n.q/cm? (2 blocks)

. 2.5x10716 neq/cm27(6 blocks)

RS
B L3
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IV measurements 3D diodes =)
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IV: 50x50 and 1 E 25x100 3D diodes ¥{tAIDA

Vg for 50x50
structures is
over 300V
Vgpfor1E
25x100
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near 350 V.
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Next steps: Test structures from Trento

Irradiated with neutrons at:

* 5x10% n.,/cm? (8 blocks), label “1984”
* 1x10'7 n,,/cm? (8 blocks), label “1985”

|-V and C-V
measurements
to carry outin
Perugia on
different test
structures (3D
diode, 3D strip,
3D array)
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Conclusions & Next steps

v Recent upgrade of the Perugia radiation damage model — “PerugiaModDoping”
o Traps parameterization ("New University of Perugia” TCAD model)

o Gain Layer and Bulk effective doping evolution with ® (Torino analytical parameterizations)

v The new model has been verified for LGAD devices, by comparing TCAD simulations w/ measurements
o UFSD2 production (FBK): static (DC), small-signal (AC) and gain behavior well reproduced

o HPK2 production (HPK): DC, AC and gain behavior well reproduced (but pay attention to the impact ionization
model)

v Simulation of 3D detectors (in collaboration with Trento group for 3D detectors modelling)
o CERN model seems able to reproduce the IV characteristics of measured 3D, with a little variation of the defect

parameters.

o New measurements in Perugia on 3D detectors and test structures in the range 1-2.5x10%% n/cm2. New simulations to
compare with experimental data.

o To measure: DC behavior and laser response of 3D and trenched-3D detectors, before and after irradiation
(up to the fluence of 2,5E16 n.,/cm?)
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