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*from M.Moll Sevilla Master Class, Nov. 2018
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Radiation Damage Macroscopic View : Degradation of Device Performance

Macroscopic Bulk Effects

Bulk Damage (Non lonizing Energy Loss)

3 =0 o T T
 Point and cluster defects in the silicon lattice el 10 A
* Increase of leakage current % “So0) ypeimasion i ;% Z Z: " Gataor vt
* Change of the space charge in the depletion region, |= % \ e l10t “E L 0:2
increase of full depletion voltage > 19 - o = § o
* Trapping of drifting charge £ | R ptype L Z e 'o I —
¢ |-V, C-V and CCE on pad diodes, DC strips, DC pixels T Ty S T oAl E 0 2107 410 610 8107 10°
D [10%2cm?] particle fluence - @, [cm™]
Depletion Voltage (N_¢) Charge Trapping
Surface Damage (Energy loss by lonization) o ‘ ‘ 1200 -
 Build up of oxide charges, border and interface traps T 00| S P e
* Increase of Surface current P A aool. Cut (threshold) ™ "™
* Change of the electric field near the Si-SiO, interface 7 S 11X 10 o’
* Trapping near to the Si-SiO2 interface § o %EE‘E%E ’ S wol /5|gnal
* C-V/I-V on MOS capacitors, MOSFET and gate controlled = ¢ mopeCz- e ol ron e
diodes, AC coupled detectors, MAPS/HVCMOS detectors Y A T P i , e
D, [cm™?] o 20 Ty 1 Sigzrf; | [1380 elei?mn;o 60 70 80
Leakage Current noise” Signal to Noise Ratio

*from M.Moll Sevilla Master Class, Nov. 2018 and J.Schwandt 32th RD50 Workshop
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Acceptor Removal and LGAD

e Radiation induced de-activation of B as a shallow dopant leading to the change of V., and

Ny On the macroscopic level
e Originated from B,O; complex formation

Traversing particle
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Guard ring
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Vdep
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=
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d=diode thickness
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Point defects:

V+O = VO
V2
o ‘\,«“"‘. I+CS - CI
B,(();““" ’... .‘v [¢) Ci+Cs 2CCq
® . \. e ) "\. C|+Oi - C_:lol
I+Bs — Bi
CICS Vz . . . .
.- Silicon atom in the crystal pattern B|+O| - B|O|
0 Interstitial Silicon atom . ? e

V' - Silicon vacancy

. - Oxygen impurity atom
. - Carbon impurity atom
@ - Boron —dopant atom

Competing reactions involving B, C, Si;and O,

Critical in Low Gain Avalanche Detectors:
Acceptor removal implies a reduction in
the dopant concentration in the multipli-
cation layer. LGAD gain decreases due to
the acceptor removal effect.

*From Gurimskaya Yana et al. RADECS 2019
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Macroscopic observation:

Oxygen rich p-Si
24 GeV p

Micron (NIMA 612,p288)

HIP (K. Kaska,13th RD50)
Micron/pion irr. (NIMA 612,p288)
CNM (NIMA 599,p60)

IRST (NIMA 583,p64)
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G. Kramberger et al, VERTEX (2016)
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TCAD simulation of Radiation Damage

Physics models: Works by modelling electrostatic potential (Poisson’s equation) and carrier continuity (drift-diffusion, dd,
mainly). It solves the non-linear partial differential equations in a device by the finite element method (mesh plus semiconductor
equations and boundary conditions in discrete form, solves the system by the Bank-Rose Algorithm).

ESV.E — _5SV2W — q(p — N+ |\ID o NA) _/Otraps

Poisson
Electron on 1
—=—V.J G-B _ _
continuity o gl +( ) where(dd) J,=0qu,E—qD_ Vp
Hole op -1
= . — h dd —
continuity ot q VJ, +(G-B) where(dd) J, =qu,E+qD,Vn

See Fichtner, Rose, Bank, “Semiconductor Device Simulation”, IEEE Trans. Electron Devices 30 (9), pp1018, 1983

Different versions of physics models available
» Different models of mobility, bandgap...
* Generation and recombination rates may include avalanche effects, charge generation by high-energy particles...

Radiation Damage (Shockley-Read-Hall, SRH approach) will change the R, recombination rate and p,,,,, charge density due to
traps. Good for simulate point defects, bad for simulation of cluster defects (but Philips mobility model is available and cluster

consequences on |, can be simulated tweaking on deep traps models).

Global approximate Newton methods, R.E.Bank, D.J.Rose, Numerische Mathematik, 1981, 37(2), pp. 279-295
Bulk damage effects in irradiated silicon detectors due to clustered divacancies, K.Gill et al. Journal of Applied Physics, 82, 126 (1997)
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Radiation Damage TCAD Modelling

Radiation Damage Modelling ' —_k —Ek
* Too many physical traps for simulation with { o o Eq

» Effective set of traps modelling the measured identifiea inleiit Lop * ::Eg,g
point and cluster defects e Ep

* Itis assumed that the traps obey SRH statistics (there are — kL —£L,

doubts at high fluences, needed a parameter tweaking™*)
* Parameters are dependent on the simulator (Synopsys
Sentaurus, Silvaco Atlas)

Example: 2 trap model, 6 parameter ; i , .
* 1. Concentrations: N,, N, wapping  generation recombination |

* 2. Cross-sections c*,, 6*,, c®,, P, vnoPp + veoPpeEr /T
fp= -
D Ep/kT D ——Ep/kT
T, _ VeO (n + n;e=P ) + vpo (p + n;e )
Trap charge density: Ptrap = 'E'[N.Dfﬂ — Nﬂ. fﬂ] Defect occupancy: ¢ A N h e
; veotn +upoin;e Ea/
A p—
UhﬂeJ;?UEDND (np — n?) VoA (n+ n;ePa/FTy 4 vpoi (p + e Eal/kT

R =
" T veoD(n+ nePr/kT) 4 vho P (p + njeEn/kT)

Net Recombination Rate:

_I_

I',=wv O’DN 1 — +JAN
ﬂhvegfngﬂ(ﬂp_ ”:2) and Trapping rates: g h[ n Nl fp) h AfA]

veod (n + niePa/kT) + vpoj (p + nje=Fa/kT) Ie = v 0! Na(l = f4) + P Npfp]

*“Study of point and cluster defects in radiation damaged silicon”, E.M.Donegani et al. NIM A 898 pp.15-23 (2018) and J.Schwandt 32th RD50
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Ad hoc damage models (LHCb 2017)

implant p stop
Si0, 55 pm |
x|.+.l-—t-_l r/I-F
& —

From the classical EVL model*, one donor and one
acceptor level (1 and 2 in the table), they add a third
acceptor level. Cross-sections are adjusted to
experimental results. Measurements for 200 um thick
n-on-p sensors bump bonded to TimePix3 readout .
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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] o, [em™] 7y, [em™?] n [em]
1 Donor E, +0.48 2w 1071 1x1071 q
2 Acceptor E. —0.525 5x 10-1% 1107 0.75
3 Aceeptor E, +0.90 1% 10718 1x1071%® 36
50 T - 0.8 = T T T T T T T T T T
- [ A Simulation ~ 2
45 . - _E 070 ® Measurement // jl .
— 40 = L __ Fluence uncertainty bounds, // -
§_ 35 — Simulation = N simulation * L~ .
= 3 0.6 /{ e -
5 30 = . 8+ ;
= = L s N
3 25 = = 05 // 4, -]
© - 3 " ]
g 20 = S /1 7 ;
E 3 © o4 // ; / -
o 15 = - Ve -
< 3 " / e N
10 = 3E /4 s -
= N / 7 3
3 E - s :
0 . ! ! . ] (= 02~ k/ -
0 500 1000 . :
Absolute voltage [V] 01— ) ) . ] ) ) ) ) ]
"0 500 1000

Measured and simulated I-V curves (T=-
31,19C) after uniform proton irradiation to

®=4e15 MeV n,,/cm?.

Absolute voltage [V]
Measured and simulated CCE as a function

of voltage at ®=4e15 MeV n,/cm?.

The model captures the transition from a linear electric field/saturating I-V curve to a
double junction electric field/non-saturating I-V curve, as a consequence of avalanche
generation in the high-field regions of doublé junctions. For pixel center hit, the CCE is

aceptable.

“Development of a silicon bulk radiation model for Sentaurus TCAD”, A. Folkestad et al., NIM A 874, pp.94-102, 2017
*”Double peak electric field distortion in heavily irradiated silicon strip detectors”, Eremin et al. NIM A 535 pp.622-631, 2004

=
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“New Perugia” Model (2015)

The High Luminosity Large Hadron Collider, HL-LHC, implies higher fluences than in LHC so new radiation damage models up to
2.2e16 neg/cm2 are needed. The first one was the “New Perugia Model”: it comprises a modelling of bulk and also surface
damage in the Si-SiO2 interface (in case of microelectronics or AC coupled detectors)

THE RADIATION DAMAGE MODEL FOR P-TYPE

(UP TO 710" n/cm’) Interface Defect | Level Concentration
Type Energy | o, (om) onemD) | 1 (em ) Acceptor Ec-0.4 eV | 40% of acceptor Nit (N;7=0.8-Nox)
(eV) _ _ Acceptor Ec-0.6 eV | 60% of acceptor Nip (N;t=0.8:Npx)
Acceptor | Fc-0.42 ] 1x10 il L 1.613 Donor Ev+0.6 eV | 100% of donor Ny (N1=0.8Nox)
Acceptor | Ec-0.46 | 7x10™ 7x10° 0.9
Donor Ev+036 | 3.23x10° 33107 | 09 Interface Damage New Perugia Model (oxide charge density,N,,; interface

trap density, N,,)
THE RADIATION DAMAGE MODEL FOR P-TYPE

(IN THE RANGE 7x10"-2.2 10" n/cm?) * The Surface model comes from experimental measures on gated
diodes and MOS capacitors, p-type substrate after y irradiations

Type %?;gy o, (cm™) oy(cm?) | m(em™) (10-500 Mrad).

Acceptor | Ec-042 | Ix10° <10 1613 * The avalanche generation effect at high fluences has to be
Acceptor | Ec-0.46 | 3x107" 3x10° 09 considered (Van Overstraeten-De Man model is the default
Donor Ev+0.36 | 3.23x10"° | 3.23x10™ | 0.9 model, other models change CCE by 3-4%)

* Bulk model comes from the “old Perugia model” and a literature
survey made by the Perugia group

Bulk Damage New Perugia Model

“Measurements and TCAD simulations of Bulk and Surface Radiation Damage Effects in Silicon Detectors”, F.Moscatelli et al., 2015 IEEE Nuclear Science Symposium and Medical Imaging
Conference (NSS/MIC)
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The Hamburg Pentatrap Model, HPTM (2018)
High-Luminosity LHC radiation level for the 1% pixel layer after 3000 fb*: ®,,~2.3e16 n,,/cm?, dose~12 MGy
Intends to describe |-V, C-V and CCE measurements on pads diodes simultaneously for fluences > 1e15 neq/cm2 protons 24 GeV/c

Defect Type Energy Cint Oe o,
[cm— 1] [cm?] [cm?]
E30K Donor Ec-0.1 eV 0.0497  2300E-14  2.920E-16
Vs Acceptor E--0458 eV 0.6447  2551E-14  1.511E-13
| Acceptor E-0545eV 04335  4478E-15  6.709E-15
H220 Donor Ey +0.48 eV 05978  4.166E-15  1.965E-16
C;0; Donor Ey +0.36 eV 03780  3.230E-17  2.036E-14

Trap concentration of defects: N=g; , ©

neq

Simulations for the optimization performed at -202C with
* Slotboom band gap narrowing

* Impact lonisation (van Overstaeten-de Man)
* TAT Hurkx with tunnel mass=0.25 m, (default value: 0.5 m,_) in the case of Ip

* Relative permitivitty of silicon 11.9 (default value 11.7)
Both cross sections for E30K and the electron cross section for CiOi fixed
* 12 free parameter
Optimization done with the non-linear simplex method

J.Schwandt, 32th RD50 presentation.
“A new model for the TCAD simulation of the silicon damage by high fluence proton irradiation”, Joern Schwandt et al., 2018 IEEE Nuclear Science Symposium and

Medical Imaging Conference Proceedings (NSS/MIC).
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Diode 5mm x 5mm

Measurements on pad diodes, p-type (p-stop,
p-spray)

Thinned float zone FTH2000 (200 pum thick)
MCz, Epi, Deep diffused FZ

Electrical characterization after 80min@602C

annealing, at T=-202C, |-V up to 1000V (reverse) and
up to current limit of 0.5 mA (forward)

C/G-V with 100 Hz-2 MHz

TCT with 670nm (red) and 1064 nm (IR) laser
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The Hamburg Pentatrap Model (2)

Parameter tuned to |-V, C-V and CCE-IR (laser) at T=-202C for 24 GeV/c protons in the range CI)eq= 0.3..13e15 neq/cm2

CCE-V

1/C2-V

Lo . le21
] ’ N 1 3¢ [TOPCM ™ = wetma. 108 em
NN = temi 1 ioe S P
— HPTMS:ID:‘_‘z: 6 S R L.
+ =t e :
0.8 TT om0t cm— - m
Data 1-10% em™ — o | ) %
] Data 3- 101 em—% ¥ 5 u, Y
-, 1 Bt doment & | :
_ ] 0.6 1. 3+10>°cm Data 12.10'% em~ — B N A
< - 1\1% ~ 4 - RS . —\i Y
g g %[ [\kkx ! <3 - m ) y
£ <o = T \\
3 I B 3 Ly N
5] 0.4 """"-—I-.{_‘_i[\{\ N S L% “
10-% | —®= HPTM 3el4 —m- data 3eld T &j\ \ 2 —o— HPTM 3eld —m=- data 3eld .
] =—#— HPTM lel5 —B- data lel5 I T U 94
] I T I = 29 —s— HPTM lel5 =m=- data lel5
1| —o— -- X S
] —— E:‘m ;eiz . :aia ?ii 02 TL‘I"‘} S - N —e— HPTM 3e15 -m- data 3el5
] e -m- data 6e - x
—e— HPTM7.75e15 -®- data7.75el5 13% 1015cm-2 e B 1 HPTM 613 =h=_data Gels
1 it v sl . cm T i3 % —— HPTM 7.75e¢l5 === data 7.75el5
10-7 L ! I : | . T=%3 . —e— HPTM 13el5 -®- data 13el5
~1000 800 ~600 400 200 0 100 Hm 600 A0 0 0 1000 —800 600 400 —200 0
Voltage [V] Voltage [V] Voltage [V]

* The simulations for 0.3 and 1e5 neq/cm2 are extrapolations and the 7.75e15 neq/cm2 is a interpolation (not included in the
optimization)

* The simulations of I-V /C-V agrees with the measurements within 20% for all fluences and voltages

* The simulations of CCE-V agrees with the measurements within 20% for all fluences and high voltages

J.Schwandt, 33th RD50
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Acceptor Removal: LGAD family

}_D; Simulation Setup:
Signal Out SDUDum

IR laser

Simulation * Red Pulsed Laser: 670 nm, 10 um
Setup spot, 50W/cm?, 200 ps,

.
@
v

L

=
€=
o
2
—
=
@
o

oc

 Backlllumination at Device

p multiplication layer L LGAD PAD I
} = ' Center
b= O I .
. S * 2D detector model: 1 pminZ
provberete ik 7859 CNM . . . . .
l bc direction, 5 mm in X direction,

300 um in Y direction)

—3000um——m L

-4—5000um———

Red Back laser

z

Field Plate N+ electrode

—
b

.

Collector P-Stop Laoum : \
Ring P type multiplication layer

Low Gain Avalanche Detector (LGAD)
P type (n)substrate P+ electrode

cross-section Resistivity ~ 10 KQ-cm
% —_——
Doping profiles under confidenciality rules

N diffussion (JTE)

—
Simulation of Acceptor Removal and Radiation Damage in LGAD devices, 30th RD50 Workshop 2017 Krakow
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From 29th RD50: Radiation Damage Models _¢M> Proton Model

Defect Energy (eV) 0. (cm?) o3 (cm?) 7 (cm™!) Concentration (cm )
Acceptor E.— 0.525 1014 1014 — 1.189x P+6.454 % 1013
Four damage models Donor E, +0.48 1014 1014 — 5.598 x -3.959 x 1014
1. Pennicard Model ¢ =1e12 up to 1e14 n,/cm? CMS Neutron Model
2. CMS Proton and Neutron model ¢ = 1e14-1e15 n_ /cm?2 _Defect  Energy(eV) oc(em®) oy, (em?)  y(em~7) Concentration (em~?)
5 €q Acceptor E.—0.525 12x10° ™% 12x10 ™ 155 1.55x ®
3. Two Level Model Proton ¢ = 1e14-1e15 n,,/cm Donor  E,+048  12x107% 12x10~1 1395 1.395x &
4. New Perugia Model ¢ =1e12 up to 2el6 neq/cmz Simulation of Silicon Devices for the CMS Phase Il Tracker Upgrade CMS Note 250887
Pennicard Model N(cm3)=n;, X ¢
Parameters for fluences up to 7 » 10" njcm® i
P * f New Perugia Type Energy (eV) Defect g, (cm?) on (cm?) n(em™')
c o 3 -2 -2
Defect L L€Y) o (CM™7) on (M%) g Acceptor Ec —042  VV 4055 105 9.5 % 10~  1.613
: : . Acceptor Ec — 0.46 VVV 50 x 107 5.0 x 10714 0.9
L —15 — 14
Acceptor L_f U':u_ 1.00 = 10 ) 1.00 = 10 Lo Donor Ey +0.36 GOy *3.23 x 107" %3.23 x 107" 0.9
Acceptor k. —0.46 7.00% 107" 700x 10" M 0.9
Donor Ey+0.36 393w 1013 399« 10~ 0.9 Simulations of radiation-damaged 3D detectors for the Super-LHC, D.Pennicard

et al. NIMA 592(1-2), 2008, pp16-25

Parameters for fluences within 7 = 10" n/cm? and 2.2 = 10" n/cm?,

Eremin et al two level model* N(cm3)=g;,, X ¢
Defect E (eV) o (cm~?) o (cm—?) g No. | Trap Energy Level | gy (ecm™') | o, (em™2) | oy(cm™2)
Acceptor E.—0.42 1.00 = 1018 100 = 10~ 1.6 1. Acceptor | E. —0.525eV 0.8 4% 1071 45 10
Acceptor Fe—0.46 300 < 107" 3.00 < 107" 09 2. | Donor | E,+048eV 0.8 4x10°14 | 4% 1014

Donor Ev+030 323 . 1012 323 . 10 ™ 0.9

Combined effect of bulk and Surface damage on strip insulation properties of
Modeling of radiation damage effects in silicon detectors at high fluences proton irradiated n+-p silicon strip sensors, R.Dalal et al. JINST 2014 9 P0O4007

HL-LHC with Sentaurus TCAD, D.Passeri et al, NIMA 824 (2016), 443-445 *The origin of double peak electric field distribution in heavily irradiated silicon
’ ’ ’ detectors, V.Eremin, E Verbitskaya, Z.Li, NIMA 476 (2002) 556-564
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F rom th h R D 50 LG AD . E ElecticFielAnalysis (©.8ns after laser hiy

° .
All Models show a similar panorama, for example:
4 ° i
60000 Undamaged
C M S M I I L leld n_eqg/cm2 CMS Protons
o e 1elSn_eg/cm2 CMS Protons b4 o
. . . leld4 n_eg/cmzZ CMS Neutrons Back Slde detall
Electric Field along Y axis
Tne (laser Impact af 02 s, p# side) ElectricFieldAnalysis (0.8ns after laser hit) _ 40000 | .
£
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400000 ront SI e w [ 1815
47056405 3 20000
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I\.wwoa 300000 1el5 n_eg/em2 CMS Neutrons of A
. 82%.0)
s ————— 200 250 300
Depth (um)

200000

Electric Field (W/cm)

400000 : A

Undamaged

1eld n_egfcm2 CMS Protons
1lelS n_eg/cm2 CMS Protons
1el4 n_eg/cmz CMS Neutrons

100000

300000 | 1el5 n_eqg/cm2 CMS Neutrons

Back side
—__/

BN 200000

| P S S \\\ Front side deta
\.z;am 1.39‘403 u;wa \.sulm \.s;am m‘m Depth (um) [
X lUDUUD’

At 1e15 a double junction appears at P+

5 lel5
Electric Field Profiling volumen (device back side) = K

5 10

Electic Field (vicm)

Depth (um)
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LGAD Acceptor Removal

dNY

dt

(1999 Yamaguchi)

* We consider the acceptor removal model from literature

(Watkins’ removal mechanism)

* From Mar Carulla Trento 2017 we extrapolate C,=4e-16
cm? for a Kramberger’s Paper type Gallium LGAD device,
no T dependence as a first approach (also 2003 Kahn)

* We consider also the trap model (new Perugia)

e Simulation of Red Laser Back Transient

* Maximum fluence damage 2e15 n,,/cm? compatible

with CMS ETL (Endcap Timing Layer)

exp(——“) ; N?n:NTexp(—er}.
(1998 Yamaguchi)

Dopant  Doping(cm-3)

C, (cm?)
6,90E-16
9,10E-16
1,00E-16

3,30E-16
2,00E-17

Wafer9 (Mar) Ga 2,25E+16
Kramb. Paper(2015) B 5,00E+16
Wafer10 (Mar) Ga 1,00E+17
Wafer11 (Mar) Ga 2,30E+17
Wafer14 (Mar) B 3,00E+18
Passivation Metal
Voo N
— . 2 pors
Channel Culle::nr ptstup N’ JTE
Stop Ring

Gallium Multiplication Layer

+
Metal

W

Explanation for carrier removal and type conversién in irradiated silicon solar cells, TYamaguchi et al. Applied Physics Letters 72(10), 1998
A detailed model to improve the radiation resistance of Si space solar cells, T.Yamaguchi et al. IEEE Trans on Electron Devices,46(10), 1999
Strategies for improving radiation tolerance of Si space solar cells, A.Kahn et al. Solar Energy Materials & Solar Cells, 75, 271-276, 2003

Radiation effects in Low Gain Avalanche Detectors after hadron irradiations, G.Kramberger et al., JINST 2015 10 P0O7006

* Defects in Semiconductors, L.Romano, V.Priviera, C.Jagadish, 2015 AP Elsevier publishers

Last measurements and developments on LGAD detectors, Mar Carulla et al., 12th “Trento” Workshop February 2017

wrl g8z
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Acceptor Removal+Trap Model (New Perugia
detector LGAD7859 Gallium_RedLaserBack_400V

detector PINLGAD7859 Gallium_RedLaserBack 400V

: ol f\\ —
- — Nolrrad_253K - I ;:::Z::E
106 I 1813 253K
| — 1e14_253K i
;@ : - 1e15_253K se07
E - — 2&15_253K _
3 : i
- i i
- i r
% 55'0?- - 0 I I I I I I I I I 1e08 I I I I I I I I I 208
m : V time (=)
I Fluence Charge LGAD (C) | Charge PIN (C) | Gain Q,4/Q,
L n/cm?
I Nolrrad 9,86e-15 2,01le-15
0 1e13 9,46e-15 2,00e-15 4,72
[u] 1a-08 2e-08
1lel4d 6,77e-15 1,95e-15 3,46
LGAD300um _— Ny = Nje~¢®
Red Laser Back Ay 10e-16 , 1e15 1,74e-15 1,22e-15 1,42
. c=4x10e ' cm-
400V Bias 253K New Perugia Trap Model 2e15 1,28e-15 1,19e-15 1,08
le13-2e15 n_/cm?

13-18th Oct 2019 Vertex 2019 Lopud Island, Croatia https://indico.cern.ch/event/806731


https://indico.cern.ch/event/339943/

F.R.Palomo 28th Int.Workshop on Vertex Detectors 17/28

ILGAD Simulations
P+ Extraction PllLeft P1Right P+ Extraction
Ring P+ Strip P+ Strip P+ Strip P+ Strip Ring
Inverse Low Gain Avalanche Detector 50 um m
y (ILGAD) cross-section H
X P-type (n)substrate
z S P-type multiplication layer
\ 300 pm =
g ik | h
/ 5 mm n
N+ Cathode I 1LGAD I

Simulation Setup:

* Red Pulsed Laser: 670 nm, 10 um spot, 50W/cm?, 200 ps,
e Backlllumination at P1 Right
* Frontlllumination aligned with P1 Right
* IR Pulsed Laser: 1064nm, 30W/cm?2,10 mm spot, 30W/cm?, 200 ps at P1 Right
e 2D detector model: 1 um in Z direction, 5 mm in X direction,
300/50 um in Y direction)

From 32th RD50 Workshop, Hamburg, 2018
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Radiation Damage Models for ILGAD

One damage model, Traps+Acceptor Removal
1. New Perugia Model (300K)¢ =1e15 up to 7,515 n,,/cm?
2. Hamburg Penta Trap model (253K) ¢ =1e15 up to 7,5e15

Neo/CM?

w

No interface trap model because the ILGAD is DC coupled

4. Acceptor Removal N, = NAe_C‘I5 c=10e16 cm

HAMBURG PENTA TRAP MODEL (HPTM) PARAMETER

Parameters for fluences up to 7 x 10" njcm? New Perugia

Defect E (eV) a, (cm—2) a, (cm—2) 1

Acceptor E. —0.42 1.00 = 107 1.00 % 10~ 1 1.6
Acceptor k. ~0.46 7.00% 1071 7.00x 107" 0.9
Donor Ey+0.36 323x 107" 323% 10" 0.9

Defect Type Energy Sint Te Oh
[cm '] [cm?] [cm?]
E30K Donor Ec-0.1 eV 0.0497  2.300E-14  2.920E-16
V3 Acceptor  Ec-0.458 eV 0.6447  2.551E-14  1.511E-13
I, Acceptor  Ec-0.545eV 04335 4478E-15 6.709E-15
H220 Donor Ev+0.48 eV~ 05978 4.166E-15 1.965E-16
C;0; Donor Ev+0.36 eV~ 0.3780  3.230E-17 2.036E-14

“A new model for the TCAD simulation of the silicon damage by high fluence
proton irradiation”, Joern Schwandt et al., 2018 IEEE Nuclear Science Symposium
and Medical Imaging Conference Proceedings (NSS/MIC)

From 32th RD50 Workshop, Hamburg, 2018

Parameters for fluences within 7 = 10" njcm? and 2.2 = 10 nfcms.

Defect E (eV) g (cm—2) an (cm—2) i

Acceptor Ec—0.42 1.00 = 107 1.00 = 107 1.6
Acceptor Ec—0.46 300 = 1071 3.00 x 1071 0.9
Donor Ev+0306 2723 . 10”12 3723 . 10 M 0.9

Modeling of radiation damage effects in silicon detectors at high fluences
HL-LHC with Sentaurus TCAD, D.Passeri et al, NIMA 824 (2016), 443-445

'_EH.
exp(ﬁ) ; N$=Nrexp(—er].

- 0 ovN,T?
g

Explanation for carrier removal and type conversion in irradiated silicon
solar cells, T.Yamaguchi et al. Applied Physics Letters 72(10), 1998
Radiation effects in Low Gain Avalanche Detectors after hadron
irradiations, G.Kramberger et al., JINST 2015 10 PO7006
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ILGAD 300 V,,,, 300 um RedLaserBack 300K Irradiation P1 Right

ILGAD Electroda P1 Right 300um 300 300K RedLaserinoda ILGAD Electrode P1 Right 300um 300 300K RedlLaserdnods
! ! ]
Fluence Charge P1 Right % of reduction G Nelrad 8240160 oo
n/cmz ILGAD (fC) ————— @_1=14 5.26e-16C J
Ge-07 T T T —— 0 7.5e15 6.6092-17C T
NOIrrad 8,24E'1 - — O 1a152.79a-16C 7
lel4  5,26e-1 63,8% _
— Ge-16
€q
4807 7,5el15 5,696-2 8,1% — T
g — negative(P1Right_Malrrad) — 4=-16
— nagativa(P1Right_1=14) T
— negative(P1Right_1215)
—— negative(P1Right_7.5215 Offset 26329 A ) q)=1e15 n /Cm2
eq
Ze07 i
—_ 2e8-16
| i
/_\ ®=7.5e15 n.,/cm? |
o

1 I I 1
[u] 1408 2e-08

Timeis) Time(s)

From 32th RD50 Workshop, Hamburg, 2018
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ILGAD 300 V,,.., 300 um RedLaserBack 253K Irradiation P1 Right Hamburg PentaTrap Model

ILGAD 300um 300V 253K Red Laser Back
ILGAD 300um 300V 253K Red Laser Back

negative (P1Right_1213 nicm2)

negative (P1Right_1e14 nicmZ)

— 1e-13

negative (P1Right_1e15 nicm2) 0 1813 1.08=-15C

negative (F1Right_S5=15 nicm2)

Ge07
Q 1e14741e-16C

negative (F1Right_7 5215 nfcm2)

0 1e15567e-16C
Q 5e15171e-16C

n/cm? ILGAD (fC)
0 7515 nfem?2 1.508-16 C q)z 1 e 14 nE
Nolrrad 1,08 - /

smor |- 1eld 7,41e-1 68,6%
: ° / ®=1e15 n/,/cm?
i 1e15 5,67e-1 52,5% / |
— Se-16
7,5e15 1,5e-1 13,8% 1

O=5e15 n,

/cm?

qr -

Current (A)
(o) sBueyo

2e07

/cm?

A
] —0

1| I S [ [ S I | I I [N S | L1 1 I I [ S [ | I I | L1 11| I [ Y =

2e:08 =08 408 0 1a08 2a08 a8 4a08

o
_.
o

&
@

Time (=)

TimEIiai:rom 32th RD50 Workshop, Hamburg, 2018
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Monolithic detectors (MAPS): OVERMOS project TCAD simulation

* For DC studies only % pixel is simulated

*  For CCE studies using Laser light, an extra PolySi box
surrounds the pixel, with high SRV to simulate non-
reflecting boundaries (added as an SDE directive within
SPROCESS)

x £ *  Thermally grown 8.1 nm SiO2 for interface traps effects;
o0 050' around 0.2 nm minimum mesh size
a) P-epi 200 i * Thick deposited SiO2 for better Delaunay meshing/optical
attenuation/reflection (will implement STI next)
P-substrate =0 e Emulation of CoSi2 silicide for optical attenuation in Non-

400 200 00 Silicide (NS) regions (will implement silicide growth next)
z 40um

OVERMOS is a CMOS MAPS (Monolithic Active

Pixel Sensor) project demonstrator fabricated using:

* TJ 180 nm Hi-res 18 um thick epitaxial layer
1kOhm —cm

* Small ( 3.5x3.5 um?2) n-collecting nodes

* Multi diode arrangements within pixel

* CMOS DPW ~ originally proposed for DECAL of
ILC

*  OVERMOS devices have been n-irradiated to @
[1e13,5e13,1e14,5e14,1e15]

LA DR T
JSE TN IS T L R O I M
Al S0 4 E
L8 28 LA AL AL AL AL
CEERTEE XL AT
wnoy

L

LR

18-
\ \
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OVERMOS Monolithic detectors (MAPS) TCAD Simulations

Physics models: SDEVICE parameters for mobility and recombination

* Temperature =21°C
*  Fermi Model for laser
* SRH (DopingDep,TempDep, ElectricField (Lifetime = Hurkx ) simulation

*  Mobility( PhuMob Enormal (Lombardi PosIinterfaceCharge)
* HighFieldSaturation(EParallel)

« RefDens_eEparallel_ElectricField HFS= 1e17 * TCAD 3D simulations using a simplified device obtained using
* UniBo for impact ionization (incl. Auger, Eparallel) SPROCESS. The SPROCESS scripts allow simulation of devices
« Same RefDens for interpolation of Fava to F fabricated using TowerJazz 180nm SL (diodes, MOSFETSs)

 Excluded flat elements by increasing TOX (or using FlatElementExclusion) ¢ TCAD simulations of non-irradiated OVERMOS seem to
reproduce well experimental results, both in DC and in CC,

Math models with maximum discrepancy of the order of ~20%
* ILS[iterative (gmres(120), tolrel= 1.0e-8, tolunprec=1e-4, tolabs=0, maxit=200)]
* ParallelTolnterfacelnBoundarylLayer(FullLayer -ExternalBoundary)

* Geometricdistances *at interfaces

* e/hMobilityAveraging=ElementEdge * for interface mobility degradation)

* TrapsDLN=30

* Traps(Damping=100)

* At high fluences (1e15) Explicit traps filling at the beginning of transient
simulation, then ‘unfreezing’ before charge injection (longer initial transients)

Laser Transient Simulation with
hits at regions 25, 10 (SiO2-CoSi2
interface) and 7 (SiO2) to consider
dielectric attenuation of
transmitted light.

13-18th Oct 2019 Vertex 2019 Lopud Island, Croatia https://indico.cern.ch/event/806731


https://indico.cern.ch/event/339943/

F.R.Palomo 28th Int.Workshop on Vertex Detectors 23/28

OVERMOS Monolithic detectors (MAPS) Radiation Models

Result of tuning: Hamburg Penta Trap Model (HPTM)

DLN=30 (by default, energy discretization of traps in TCAD is 13 for the Gaussian distribution)
Bulk traps energy plot

Defect Type Energy int Oe o Interface traps energy plot B
1.0

E30K Donor E~-0.1 eV 0.0497 2.300E-14  2.920E-16
V3 Acceptor E-0.458 eV 0.6447 2.551E-14  1.511E-13 08~ 81

Iy Acceptor E-0545eV 04335  4478E-15  6.709E-15
H220 Donor Ey+0.48 eV 0.5978  4.166E-15  1.965E-16

0.6 06—

Energy [eV]

C;0; Donor Ey+0.36 eV 0.3780 3.230E-17 2.036E-14 0.4 04
02 02
« Trap concentration of defects: N = gint - Oneq 0 hN-eNeN
« Simulations for the optimization have been performed at T=-20 °C with: ' “
1. Slotboom band gap narrowing Do G 02 10% "
2.Impact ionisation (van Overstaeten-de Man) e benstyfenr 2 €V
3.TAT I-!urkx Wlth t.u rmel m.a-ss = 0.25 m, (default value: 0.5 m,) in case of the |, Tnterface Lovel Concentration s
4 Relative permittivity of silicon = 11.9 (default value : 11.9) Defect
+ Both cross section for the E30K and the electron cross section for the CiO; were fixed Acceptor Ec-04eV | 40% of acceptor Ny 0.07 eV
- 12 free parameter (N17=0.85-Nox)
+ Optimization done with the nonlinear simplex method Acceptor Ec-0.6 eV 60% of acceptor Nyr 0.07 eV
Interface effects considered 0.8 No)
ntertace ettects considere Donor Ey+0.7eV | 100% of donor Ny 0.07 eV
* Fixed oxide-charge (Oxch) density and interface traps (Oxint) included (N11=0.85-Nox)
* Interface traps distributed among 3 energy levels, Gaussian , ¢ = 70meV
° Ratio Oxint /OXCh ~0.9 * Effects of Interface Donor Trap States on Isolation Properties of Detectors Operating at High-Luminosity

. . LHC, DOI: 10.1109/TNS.2017.2709815
* Simulations 1.2e11 Oxch

* Xsection 1E-15 cm”-2 * Afactor 1.66 has been applied to g, to account for neutron irradiation
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OVERMOS MAPS TCAD Simulation I-V (3/5)

7 A Ileak_p,[A] IIeak_TCAD[ A% anp,[v] BVrcanlV]
10 ¢ 1 @10V A]
: : @10v
N B I
10 8 = B e 0 1.0e-12 0.85e- 15 50.8 54.79
- ! 12
10° & ‘
it els @ lel 7.5e-12  1le-11 -33.3 52 54.6
— 10 0 - Ll e I L o e L e14 @
E i . o——o———ommnel Sel 6.72e-  7.47e- -11.1 51.2 54.7
® 10" , e14® 11 11
o
1
-12 ' leld 2.1e-10  2.06e- 1.9 52.4 54.7
10 10
1 lel3®
|
-13 1
10 ! 5el4 6.21e- 1.18e-9 -90 53.6 54.8
i e 10
1
14
Vbias for CCE lel5 1.43e-9  1.83e-9 -28 54.4 54.8
107 | % |
0 10 20 30 40 50 60 3BV defined as V: (Al/AV),,.,

Vcath [V]
DC IV plots up to BV

<IV>[10] measured OVERMOS + ¢ .
IV TCAD Oxch 1.2e11, OxINT 1.1e11  * The models seems to predict leakage current for the Tower Jazz 180nm SL CMOS process.

* Breakdown Voltage (BV) needs improvement.
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OVERMOS MAPS TCAD Simulation CCE (4/5)

SDEVICE Optical Generation parameters:

600 —1  |Fit Type:- least squares fit
Vel — t_AverageQ_H7_ASKC1 _TEST m TCAD OpticalGeneration (QuantumyYield
Y data: —@— root:AverageQ,_Hn?_ASIQTTEST[2467,3573] ........................................................................ ) )
P M P StepFunction (EffectiveBandga
A =-43065 * 3.31e+03 .
500 —| invTau~-4.92566407 £ 719405 <Qh7>
* ComplexRefractivelndex (CarrierDep(Imag)
Fit Type: least squares fit . .
B LA I 131 e WavelengthDep(Imag)) * extinction coeff. only
= TCAD! e s s e e
e e TEST, AoTEmide <Qh25> 153 LD -84  « QpticalSolver (OptBeam (LayerStackExtraction
g (WindowName = "LaserW*“ Position = (0, Y_hit,
)] 300 _ F:;;;:Zi:_ I(ea:st squares fit . — . * .
g T —— TCAD Z_hit) Mode = ElementWise * Laser window of
8 E:;‘:;‘eéta{ﬁsggi}i':igggé‘;ﬁZ;CZEJ;“S“Z5"33“9” 5 x 5 umz2, centre position retrieved from .gds,
y =153.41 £ 0.27
_ I Touca 8110007 & 2.50405 <t 7> default NumberOfCellsPerLayer
<t 10> 535 59.9 12b _ _
*  Wavelength=1.064 * Incident light
100 — <t,25> 576 68 18¢ wavelength [um]
Laser Hit * Intensity= @<20000.0*exp(-
“hit7 with Charge Amplifier 0.036*@Silicide_Thick@)*0.966>@
0-@8000-0-0-000.- delay substraction: 9.1% . L _ .
' ' ' ' . bhit10 with CA delay subs: 17.7% PolarizationAngle= 0 Theta= 90 Phi=0
0 50 100 150 200 250 300x10 : )
Time [s] hit25 with CA delay subs: 23.3%
Si02: For normal incidence » Manually estimated expected charge from

2 _ P
And transmitted: 1- R @ A = 1064 nm, n,=1.4469 R =3.3%, T =96.6%, only R— ‘ n— N n=(1-R)(1—e *Mmax)y— ~416fC

hvz
real refractive index considered (k=0 in TCAD model) ny + na . max o
Forz__.=2 m], R=0. [ nuation onl
Small attenuation through SiO2, around 96.6 % of Light transmitted ) ° h[“a; 0 [pm], 0.966 (Si0, attenuation only,
Attenuation through SiO2 only in NS regions (7) and through SiO2-CoSi2 in others (10,25) i.e. hit 7)
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OVERMOS Irradiated MAPS CCE TCAD Simulations

QIFC] 0, Q[fc] Q[fc]
®=1e13 T . ™
d=1el4 ®=1el5
400- . i 400 400
200+ 200+ 200+
1004| Laser Hit || /. 1004 100
\
0 T T T T T 0 | ; 0 " T : -
0 100 xﬁgg 300 400 0 100 20% 300 400 0 100 zog 300 400
t [ns] x10 t [ns] x10 t [ns]
<Qh7> <Qh7> <Qh7>
<Qh10> 165 113 31 <Qh10> 82 = 37 <Qhio> 21 24 -14
<Qh25> 110 143 -30 <Qh25> 65 53 18 <Qh25> o 17 =

Neutron Irradiation simulated for different fluences ®. CCE, using laser injection for irradiated structures gives decent results
with respect to TCAD predictions but discrepancies are bigger than | ,... -

“TCAD Processes and device simulations of OVERMOS, a CMOS 180nm MAPS detector”, E.G.Villani, 34t RD50 Workshop, Lancaster University, UK, 12-14 June 2019
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Conclusions

* From tailor-made to generic defects models, a bumpy road

e Every device needs specific defect modeling (LGADs for example, prone to acceptor removal)
* Reality is hard, simulation is only a tool

 TCAD defect modeling is a tool but not the “definitive” tool

 RD50 is actively working to improve predictive power of our models, much needed for the

HL-LHC radiation environment
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