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Simulations of Si radiation detectors for
HEP: Modeling of bulk and surface radiation
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Radiation induced
defects in Si: Modeling
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Radiation damage in Si: Defect Parameters

O Radiation (9., >1e13 cm~) causes damage to Si crystal structure (@, = 1-MeV ng,)
ad &, >1el4 cm* lead to significant degradation of CCE due to charge carrier trapping

O Bulk & surface damage affect Shockley-Read-Hall Statistics
detector performance: E. \

» Bulk: Deep acceptor & donor + \ electrons

type trap levels gy Jdomor I

» Surface: Charge layer g T

accumulated inside oxide acoeptor / holes

E, 7
Charged defects: Captured e, h: Generation/

O 11 defect levels observed to influence
irradiated Si detectors (backups 1-2)
— Vast parameter space to model

N, (Space charge, trapping - CCE Recombination e, h:
E-field), Vgep LC
[M. Moll, VERTEX 2013]

% Defect parameters

Defect type =Y o.[cm?] o, [cm? N. [cm-3
yp a[ ] n[ ] p[ ] t[ ] Effective
Acceptor Ec - X, O(le-14) | O(1le-14) ny® +c, |$ models needed
Donor Ey + X, O(le-14) | O(le-14) N, ® + c, for simulation
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Simulated defects I:
bulk damage
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Transient currents & CCE: Measured vs simulatedﬁ

350 + SIHFZHO 300N rad @ 60DV, 243K  HGCAL: Highly segmented calorimeter @ 1.5 <n
30F ,'ﬁ | e ii”;ao‘f:f:: e < 3.0 — radiation dominated by neutrons
E 253 ! \\ | == —— Sim_300N_6e14 @ 800V, 243K
= F \}\ Rlaser induced O Neutron defect model, ® = 1e14 ~1e15 n,,cm [1]
s 20 \ R e (proton & neutron models: backups 3 — 4):
3 1sf ) transient-signals
5 105 \E}h @ -30 °C Type of Level o, Lo C
e r defect [eV] [cm?] [cm?] [cm3]
= 5¢ Acceptor | E- -0.525| 1.2e-14 | 1.2e-14 | 1.55*®
0l Sdidesag g Donor E,+0.48 | 1.2e-14 | 1.2e-14 | 1.395*®
- [
- 1.0
=y o/ 2 10 12 14 gq kil T ——
Time [ns] R ——
0.8 ‘
0 Measured: ®=(6.1+0.5)e14 n,,cm PPN
0.7 CCE(®D)
d TCAD simulated: ®=6.0el14 n cm/ 0.6
D CCE((I)) @ (1 — _._6 5)614 n Cm 2 U Sos | o std-FZ_HO_300N @ 600V
Measured CCE closely reproduced by T, ||onorero-ene s
; : . | a std-FZ_HO_300N @ 1kV
S|mU|at_|0n 0.3 || ®shd-FZ_LO_300P @ 600V
O TCAD input parameters from measured || = shd-Fz_L0_300P @ 800V | HGCAL :
CVI/IV & TCT pre-irradiation (devices: o1 |II* shd-Fz_L9_3|00Pd@ Tl (300 pm) ~6e14 NeqCM™2
backups 5 . 6) Curves: Simulate
0.0 T I I I T T T
1.00E+14 1.00E+15
[1] R. Eber, PhD Thesis, KIT (2013) Effective fluence [n,,/cm?]
)
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Edge-TCT: Neutron irradiated strip detector

Simulated Q(depth)

10
[ e A A A s e -100v] S
[ /“ A~ —m—400V| &
8l —A—-700V
-4 69% \ o
A A‘/
6l - \A\\
g I /'/ A
o 4L [T 36% A
- ¢
o,
2t "'/ \
)] . A
L]
N\ \'\-—"/.\.
0E® L 7\. hd ...|....?’/.\|
50 100 150 200 250 300
y (depth) [um]
: . —r x=0:
wewst—— Simulated E(depth) — 2% o
N, ~7oov xaoum | CENtET
el o~ | 100V: x=20um Of Strlp
1‘Oe+04:
TCT
1.0e+03
1.09+020 50 100 150 200 250 3(‘;0 HV

y (depth) [um]
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T

[G. Kramberger et al. IEEE Trans. Nucl. Sci. 57 (2010) 2294]

[ R S S N R
150 200

1 ! | 1 1 1 1 !
250 300
y (depth) [um]

300 um n-on-p strip sensor:

®=5e14 n,,cm2, Ni=1ell cm2, pitch=80 ym

O Experimental: Estimate E-field from v, using edge-

0 Amplitudes reproduced by simulation (back-up 7)
QO Depletion depth accuracy increases w/ V —
Simulation gives reliable estimation of E(depth) @




Simulated defects Il
surface damage
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Irradiated MOS: N; & interface traps (N,)

1 J.._L.‘.m\ | | d Al,O; (alumina): Negative oxide charge (N;)
0.9 3 \ O Neutron irradiation: Initial increase of MOS
08 ', P Vib ~—— Vm, then decrease — influence of donor N;?
07 |-{~*F=0 ". | \
. 06 Pelels L | Q Interface trap test level:
O s | |Felsels] | Jr'\.\
O 77 |s—F=6e1s ". a\ Type of Level o, o, Density
0.4 ; t A, | defect [eV] [cm?] | [cm?] [cm2]
NMaoacirirare ' .
03 —iviegasurea Donor | E, +0.6 | le-15 | le-15| variable
02 {pYMOS \ <'“V""'
\ fb —
0.1 ‘k 1 = l-—---ani‘;.::“:::: ______
0 ey e TN TN
10 5 0 5 100 15 20 25 30 % T Mcgsured & \ U
Gate voltage[V] 08 —simulate ‘ < J‘.' _ "". \ fb
07 | (P)MOS S E—
d Decregsed V;,, Slope change & Qip @ < o6 \ . \
depletion reproduced by simulation — > )vf‘\ \
evidence that Nj 4onor = N @ high neutron @ 0 Nl b
0 SiO,: Positive N; 0.4 - —=Measured: F=6e15 neq/cm2 AV
--- TCAD: Nf=-7e12 cm-2, Nit=0 \
Q 0.3 ----TCAD: Nf=-7e12 cm-2, Nit=9e11 cm-2 ==y
0.2 ---TCAD: Nf=-7e12 cm-2, Nit=1.8e12 cm-2
Nf,eff:iNf‘l'Nit,donor 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Gate voltage[V]
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Simulated defects IlI:
bulk & surface damage
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Measured/TCAD R, 3L-moc

1.2E+08
1.1E+08
1.0E+08
9.1E+07

e Measured: 300P_atoll
— —3L-model: c=1.02e18
| |---3L-model: c=1.1E+18

a

/ D

7 /
d

__8.1E+07

Interpad|resistanc

e (R

)’

QG 7.1E+07
£6.1E+07

& 5.1E+07

4.1E+07

3.1E+07

2.1E+07 . .-

1.1E+07

——

- -
- —_
- —

e
—— - -

1.0E+06

-

100 200 300 400 500 600 700 800 900 1000
*) Measured R; by R. Lipton & Voltage [V]

M. Alyari

O Bulk properties of neutron
model unaffected

O 2D-devices: backup 8

:

el @ 1el5 ny/cm? %

Neutron irradiated pad sensor:

g ;=1.2€15£20% N, /cm?*
Measured: Pads isolated @ all V
Neutron defect model [1]: ®=1el5
Ng/cm?, Ny= (1.41£0.15)e12 cm? —
Pads isolated @ V > 450 V (backup
9) — need more realistic surface

model
<L

Preliminary 3L-model @ £2 pm

depth & 1e15 n,,/cm?, Ni=1.4e12
cm2: Pads isolated @ all V, stable
C,.: (backup 10)

Type of Level o, g}, C
defect [eV] [cm?] [cm?] [cm3]
Deep acc. | E. - 0.525 | 1.2e-14 | 1.2e-14 | 1.550*® } (1]
Deep donor | E, +0.48 | 1.2e-14 | 1.2e-14 | 1.395*®
Shallow acc. | E- -0.40 [ 8e-15 2e-14 1.1e18

Q 3L-model for protons: backups 11 — 12

10
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3D-HGCAL regions &

Atoll/ B
Common: e -
max—
Pad \ 4.41e5 Viem
corners
Y
—?—

N
\\

Emax:
3.09e5V/c

A ﬁému

Common:
m 90°-edge

E —

max—

5.16e5V/cm

3.86e5V/cm

!
~

7

58p"9PoIp 7000 Py S8R _E 24

p-stops: E ., @ 1 kV %

Atoll/
Common: A
60°-edge

E —_

max—

4.3e5V/cm

Emax: | \
\
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Outlook: Sensors at extreme fluences %

0 Sisensors @ extreme fluences (® 2 1e16 n,,cm-):
= Low-T operation: Mitigate leakage current

= Cryo-T operation: Mobility & trapping times increase — faster output signals &
higher Q
= Electron collection: ~3 times higher mobility & longer trapping times to holes

= Oxygenated bulk: Suppressed build-up of negative space charge (charged
hadrons)

= Short drift distance (<100 pm): Minimize trapping probability
= Large signal & short drift distance:

o LGAD: Charge-multiplication layer (p-well)

o 3D-pixels: Decoupled signal amplitude & drift distance

O Extreme-® defect model:

= Start by tuning against measured CCE & N evolution @ ® > 1e15 n,,cm (level
depths, trap concentrations,..)

= Add E-field tuning (edge-TCT) & surface properties (R,,;, C,,;, charge sharing,...)

12
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Back-up 1: Defect Characterization Overview %

Pintilie et al, NIM A 514, 18 (2003) & NIM A 556, (1), 197 (2006);
E. Fretwurst et al, NIM A 583, 58 (2007)

Phosphorus: shallow dopant
(positive charge)

positive charge

(higher introduction after
proton than after neutron
irradiation, oxygen
depe?denn

positive charge
(higher introduction after
proton irradiation than after
neutron irradiation)

R. M. Fleming, et al Appl. Phys. Lett.
90, 172105 (2007);

V. P. Markevich, et al Phys. Rev. B
80, 235207 (2009);

/

I. Pintilie et al, Appl.Phys. Lett. 82,
2169 (2003)

A. Junkes et al, Nucl. Instr. and
Meth. A 525, 612 (2010)

A

E205a(-/0)

Leakage
current

Boron: shallow
dopant

— — E4(=/-)

Vy(-/0) ) ) :
leakage current 1:/0) m— E5(-10, E4/E5: V,EH), V50
& neg.charge | | — ~— H152(-/0)
current after yirrad, CiOI(0/+ ) - . Reverse

V50 (?) H140(-/0) < I
H116(-/0) annealing

(negative charge)

[M. Moll, VERTEX 2013]

(negative charge)

I. Pintilie et al, Appl. Phys. Lett. 92,
024101 (2008)

A table with levels and cross sections is

O Trapping: Indications that E205a and H152K (midgap levels) are important
QO Consistent set of defects observed after p, w, n, y and e irradiation
0 Understanding of defect properties/macroscopic effects is essential for the implementation of defect simulation

given in the Annex (spare slides).

13
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Back-up 2: Defects in silicon: Overlook

O 11 defect levels proved to influence
s Pperformance of irradiated Si detectors —
Effective model is needed for simulation

 Each defect: Energy level in Si bandgap or
variety, depending on conglomeration of defect

O Multitude of E-levels, cross sections &

concentrations: huge parameter Space to model Energy levels from Thermally
Stimulated Current (TSC) measurement
Point defects of crystals E_/2 mu—
— 200
0000
o =0
‘ f‘-"_. 0.424 vV
. . - = H140K™ <
m 0.33 - ~
= H116K o
— E 0.225 =
Vacancy Interstitial impurity Self-interstitial = — BD - 100 g
= =
i; 0.176 VDT'“ T E
4 £
- 50
&) 0.079
. E30K™ }
e . . . 0
CV 60 40 20 0
Substitution impurity Frenkel defect — tsc-signal (pA)
www.substech.com H defects: [I. Pintilie et al., Appl. Phys. Lett. 92, 024101 (2008)]
BD: [I. Pintilie et al., NIM A 514, 18 (2003)] & [I. Pintilie et al., NIM A

556, (1), 197 (2006)] & [E. Fretwurst et al., NIM A 583, 58 (2007)]

[R. Eber, 8" Detector Workshop, Berlin, 2015] I
E30: [I. Pintilie et al., NIM A 611, 52-68 (2009)]

14
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Back-up 3: Defect simulations - TCAD

O Motivation for Technology Computer-Aided Design (TCAD) simulations:
» E-fields not possible to measure directly — Predict E-fields & trapping in irradiated sensors

= Verify measurements — Find physics behind unexpected results
» Predictions for novel structures & conditions — Device structure optimization

T

Q Principle for irradiated Si detector TCAD simulation:

Minimized set:
o 2 midgap levels DD & DA applied to reproduce & predict:

Bulk generated current + E(depth) + trapping
o Surface damage: Fixed charge density N; @ SiO,/Si interface

w/ interface traps N, of varying depth distributions

O Sentaurus TCAD proton & neutron defect models for ®,, =1e14 ~ 1el5 cm= @ T=253 K [1]

O Can trapping be explained in fra

= [B=5e-7 slcm? & ®=1el4 cm? —- t=20ns

» Trapping X-section c=1e-14 cm?, v, =2e7 cm/s
— N, = 1/[ovy1] = 2.5e14 cm3 orintro rate N(N,) = 2.5 «— |

Defect Level o, o, Concentration Defect type Level o, g}, Concentration
type [eV] [cm? | [cm?] [cm3] [eV] [cm? | [cm?] [cmS]
Deep acc. | E- -0.525| 1e-14 | 1le-14| 1.189*® + 6.454e13 Deep acc. E. -0.525| 1.2e-14 |1.2e-14 1.55*®
Deep donor | E,, +0.48 | 1e-14 | le-14| 5.598*® - 3.959e14 Deep donor | E, +0.48 | 1.2e-14 |1.2e-14 1.395*®
/

n(Ny, n(DA) & n(DD) have
equal range —
2-DL model has potential
to model CCE(®)

[2] V. Eremin, RD50 SWG meeting, March 2013
Timo Peltola - Solid State Detectors and Tracking meeting 09/17/2020
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Back-up 4: DP & LC for neutron & proton defect models

0 300 um thick p-on-n pad detector @ T=253 K
NEUTRON MODEL (NM)

PROTON MODEL (PM)

O Fluences: A ee13 em-2 0 1613 cm-2
— _ 2 {|——F=1e14 cm-2 — F=l1el4 cm-2
® =1el3-5el14 Nggq CM M Fseasame A Feseracmo
3.0x10  FeSeldcme2 S0 F=5e14 cm-2
O DP is produced by both - | Eofiold @ V=300V - E-field @ V=300V
models (more pronounced £ zoxwo g 20
in PM due to higher trap v : -
concentration for given @) 10°04] 10+
0f ‘ 0F ‘ ‘ .
0 100 200 300 0 100 200 300
Depth [um] Depth [um]
. le-11 1e-11E
O Dashed black lines: |
experimental LC by
Al = Volume-a-® e = O
’ = T
a(253K)=8.9-10 A-cmt % r/f
§ 1e—13/ § 1e'13f
Q LC has perfect match g T g lel3oma
. . g —— F=1lel3cm-2 |=™ 8 = -
with experimental values = [ e 5ol — F-le14 om-2
NM: — F=3e14 cm-2 PM: — Ezgeij Cm'g
_ — =o€ cm-
Leakage current [—F=5el4cm2 Leakage current
18_150 200 460 660 860 1000 18-150 260 400 6(IJO 860 1600
Voltage [V] Voltage [V]
16
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Backup 5: Simulated sensors - 2D & 3D designs %

n3; 1

Q Pad & strip sensors: Constant E-field in 3@ dimension —
2D structures sufficient for accurate results — extend to real
device dimensions by area factor

U Planar & 3D-columnar pixel sensors: 3D-design
required for correct modeling of E-fields

50x50 pixel
sensor

Timo Peltola - Solid State Detectors and Tracking meeting 09/17/2020



Kup 6: Measured CV/IV - Simulation input %

2.5E423
le+19¢
d vs|Sim [—— p-on-n: 117 um ’f
2E+23 = s=s==t= —— p-on-n: 183 um |
ad le+18p___ p-on-n: 300 um |
o 1.5E+23 A ——=—n-on-p: 111 um Il'
'ﬁ.f d = Eré€p ;,—, ™ 1e+17 f———h-on-p: 295 um l{
S 1E+23 s 5 . !
—=-2027_flutel_q1_40kHz_0.51M 5 Dop_lng !
SE+22 / ——2027 flutel_q1_40kHz_0.51MB | | = le+l6f proflles !
A/ -o- simulated = I
/ 120 um = |
0 ‘ S 1e+15} |
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150  © : [
Voltage [V] EJ ACUVe ;
10 =3 .
8 let1al Ny thickness I;
!
\ :
- le+13} i r
L S % oot /A R A O /)
o ‘ 120 pm
5 1.¢ le+12 1 P — L .
o ! T.=4.7e-4 s oo a1 0 100 200 300
e =47e5s gy <L oeprn
E Th— 4. ——2026_pad_|2 epth [um]
"“zgg—p""j—:z <:| Extracted parameters to tune simulation to
: ——2027_pad_| . : .
IV: Measured vs Sim. || _o gmufated measured LC by carrier trapping times
0.1
50 100 150
Voltage [V]
—
18
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Back-up 7. Method for simulated edge-TCT %

Q Experimental: Estimate E-field from drift

velocity v, using eTCT — provides . —— T

measurement of collection time t, & vy _ = o
0 . —m—400V \
o . : N —=—100V |
Principal of edge-TCT simulation: I a _m_50V \

8 = \ —m—30V

Depth=10 pm

Charge [pC]

0 I 50 I 100 I 15IO I 2(I)0 I 2éo I 300 350
Z [um]

O TCAD simulated edge-TCT collected charges Q(z) for non-irradiated 320 pum p-on-n strip
detector @ V<V;4 & V>V, T =293 K

O Dashed vertical lines: Active region of detector (defined from center of rising & descending
slopes of Q(z) distribution) — Different E-field extensions into bulk from pn-junction at z=0 are
reflected by Q(z)

O Differences in Q(z) amplitude: Reproduced by using laterally extended device structure —
xtension of E-fiel r

19
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Backup 8: 8-in sensors - Common/atoll p-stops %

 TCAD structures: DC-coupled 200P

/ Rint \
LP:V=0 RP:V=-1,0,+1V

Sio,

0
6 um
A

50 pm

Al

10

Atoll p-stop

EZ Open p-stop parameters: Peak doping (N,s) & depth (d)

20
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Voltage @ fixed bias-V [V]

Backup 9: TCAD R, - 3 extraction methods %

1 % "
y =1.7358E+09x - 1.7195E+01 1 'lr / . .
0.8 A </’I\/Il: R, = slope of V(RP) vs I(RP) for fixed bias
0.6 V (laborous) — same as FNAL measured R;.*
0.4 - /
y = 1.8574E+09K - 1.8943E+01 ) O RN Sy U 1 V
0.2 f"’ Y =ooUb 2t o 7 Ao pat-Us MZ: V(On/Oﬁ:) @ RP: Rlnt — 1(1 V)( IZO V)
O T T T T T T T T T T T T /’;l T T T T T T T T I I I T -
S +300V
-0.2 y=1.4286E404x-4.8424E-05 ! ,J [— . . . .
oa e = 800V — given directly by simulation (fast)
' A 1KV
-05 / 'fl x 100V7 S ° N
08 / y 400V le+09
'1 * )"\’ ) I
-3.0E-04  -20E-04 -10E-04 OOE+00  10E-04  20E-04 30804  je8f |
Leakage current @ fixed bias-V [A] = | ] T =1 MHz
%‘ le+07F l
. = Vin
M3: R, = Z;,, = 1/admittance — given & —
. . . O 1e+06-
directly by simulation (fast) T8
g \ NM @ F=5e14, Nf=4.86e11
g_E 1e+05L- ¢ Slope extracted Rint

d 3 methods: Different features, same
V(threshold) (V,)
= Method 1: Anomalous increase of __—

le+04

Zint=1/admittance

R @ LV (not expected)

1e+03

0

*) Measured R,,; by R. Lipton & M. Alyari

| | | | | |
-500 -600 -700 -800 -900 -1000
Voltage [V]

21
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Rint (Ohm)

Backup 10: Common vs atoll p-stop - R,,/C;.;

1e+10 le+10

— Atoll: Depth=1.0 um a (Deﬁ—le]_S Ne /sz 6.5 GQ -———*’?/ .
wwep [ COMMON: DEPN=1.0 um N=1.4e12 cm?, g

— Atoll: Depth=1.5 um
——=Common: Depth=L5um| 100 MQ 3L-defect mOdeI

RulY) = —>

<. UJ Common & atoll:

o / " pads isolated @ all/y \

O Atoll 1 pm: ~1.8-fold

le+08 1le+08

Rint [Ohm]

leH07 - 1e+07

N,s=1el6 cm N,s=5e16 cm
L = N — higher R, @ HV 7
0100 200 \300 400 500 600 700 600 900 -1000 . 05100 200 300 400 .‘550“"‘1556‘ “00f 800”800 1000
\ Voltage (V) D Com mon 15 “’m ' Voltage [V] /
~1.6-fold higher R,
2.44e-12[ \ @ 1 kV 2.44e-12} /
2.42e-121 242e-12
) (V) (V)
6 £
Tl O Common & atoll: g ==
£ - _~ NAC,=0.03pF/cm §
38e- 2.38e-12-
AC;,=0.08 pF/em~_ :
2.36e-12 @ 2.36e-12;
23412 : : ' : : ' ' 2.34.3-12E ‘ ' ‘ ‘ ‘ ' '
0 -100 -200 -300 -400 -500 -600 -700 -B0O -900 -1000 0 100 -200 -300 -400 -500 -600 700 -800 -900 -1000
Voltage (V) Voltage (V)
22
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Back-up 11: Proton bulk & surface damage: CCE(x) %

0.60 1 : ! : | : | : | : |
1 ~ Simulated CCE(x) for
0551 N - given c(shallow acc.) & V
ww om—wg ----------------------- é --------------------- :
QO H ; H
O
B 045 s e o N e o =
O | —e—1.2e12.cm” | : f : :
| 1—a—1.5e12cm® |
0.40—----§ —v—1.6e12 cm
| —%x—1.7e12 cm — -2
(1)15e15n/cm
—0—2e12 cm”
0.35
50 60
\[pm]
Oum 60 um= mldgap
Strips isolated: — J
Cluster CCE decreases Q<=
towards midgap strip
Strips shorted: <
Cluster CCE MIP

positions

independent of position

O Heavily irradiated strip detectors demonstrate
significant position dependency of CCE [CCE(X)]

16%
17%
20%

29%
32%

35
% CCE Iosls(Nf) between strips

[T. Peltola, JINST 9 (2014) C12010 & T. Peltola et al., JINST 10 (2015) C04025]
Timo Peltola - Solid State Detectors and Tracking meeting 09/17/2020

| cCEloss O Non-uniform 3-level model:

N, cannot be used: measured C,,; not

reproduced — need deeper distribution

— 3-level model within 2 ym of device

surface + proton model in bulk:

o R & Ciyinline w/ measured also @ high
® & N; (back-up 13)

L 1
L\-—-'"‘"-—\ 1 1
§_30 I : ‘--CCE loss
a 1 1
o |\ 1
6 25 1 1
LLJ . 1 1
g Negative ! ;
G20 —SC ! '_N.dominates
dominates ! I
1 — |
1 1 R E— ]
15 1

1.2 13 1.4 1.5 1.6 1.7 1.8 1.9 2
Qf-1e12 [cm-2]




Back-up 12: Proton 3L-model

O Heavily irradiated strip
detectors demonstrate
significant position
dependency of CCE
[CCE(X)]

Test beam measured:
= Strips isolated
= CCE loss ~30%

[T. Peltola, JINST 9 (2014) C12010]

50

45

Cluster CCE loss [%]
[\¥]
w

T

\ CCE(x):

CC(midgap)/CC(
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Q Irradiation produces shallow traps
close to surface — greater drift
distance, higher trapping of carriers
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Preliminary parametrization for ® = 3e14 — 1.4e15 n,,/cm

Defect type Level o, o, C
[eV] [cm?] |[cm?] [cm-S]
Deep acc. E- -0.525]| 1e-14 |1e-14| 1.189*® + 6.454e13
Deep donor E, +0.48 | 1le-14 |le-14| 5.598*® - 3.959e14
Shallow acc. | E- -0.40 | 8e-15 |2e-14] 14.417*® + 3.168e16

24

Timo Peltola - Solid State Detectors and Tracking meeting 09/17/2020




