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TCAD simulations of AC-LGAD:
Impact ionization models &

temperature effects
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Outline

d AC-LGAD impact ionization:
= TCAD AC-LGAD structure
» Breakdown voltage (V,,4) vs TCAD models
= |Impact ionization, E-field & Q,, btw models
d AC-LGAD breakdown voltage:

* T-dependence vs epi-thickness (t
o Measured vs TCAD
o Vp4(T)-slope vs t
d Summary

epi)

epi
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AC-LGAD impact
ionization: TCAD models
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T

TCAD AC-LGAD: Device structure

.. = Avalanche onset: 'e/hAvalanche
I A (<Impact ionization model> Eparallel)

eetol — Doping | O TCAD: Synopsys Sentaurus
i ' [T PhosPhoriS| ptisubstrate O TCAD AC-LGAD:
£ ~ = n-resistive layer: BNL SIMS-profile
§ let17— o 1 gain-layer | | reproduced by TCAD Process (backup 1)
S 1e+16lf | = p-well: Doping profile for known Eg & D
T | — no V,4 — use effective profile
]

rer13f % 30-um p- epi-layer _ _ /
R 7 ., = 2D-TCAD edge region: ZDFg);um wngeGR
-frame
4 L Depth [um] 400 , 220 ym
1.E+18 M Tk >
| —SIMS P: 250 keV, 2.11e13 cm-2 & - =
«— N-res|layer | 1o noing
1B - ---TCAD P: 210 keV, 2.11e13 cm-2 |
£ ~0=TCAD B: 1 MeV, 212 cm-2 2
£.1.E+16 ~. Al [ —
- S !i ~ —TCAD B: Analytical [
g N Analytical | 2
®LE+5 - \ ™~ e £ *
£ . ' N 7 p-well: B
c o
G “\.___ Similarto[1] ©
g 1.E+14 N &
S -well for > | e ~{Lackup 2)
1.E+13 P /,/ \ Theel \"":—E_
EB 8! D | TS el s
LE+2 : s

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 10
Depth [um]
[1] E.C. Rivera, M. Moll, IEEE T. Electron Dev., 70(6):2919, 2023.
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https://iopscience.iop.org/article/10.1088/1748-0221/18/08/P08001
https://ieeexplore.ieee.org/document/10114953

Impact ionization (El): Sentaurus models & Massey %

1.0E-04 |
N lee q AV,=83 V| [€T > | 4 van Overstraeten-de Man (vO): Apply to E-
LOE-05 = P~ 7 } ] ? fields 1.75-6e5 V/cm
|
LOE-06 — T=295 K /'/} /— 1 Okuto-Crowell (O-C): Apply to 1-10e5 V/icm
= 10507 e~ | _—" | Q Lackner: Apply to 1-10e5 V/cm
S| eee—— Q University of Bologna (UniBo)/New UniBo
= LOR08 1 ~Measued i 2 (JniBo2): Apply to 0.5-6e5 V/cm & extended
. —_— , o
LOE09 1#~— yO: Gain layer tuned to | i T-range 25-400/500°C
L0E-10 1 reproduce measured  _ _Bmgoz O Massey [2]: Non-Sentaurus model (backup
IV/CV (backups 3-4) " Massey 5) apply to 2-8e5 kV/cm & 15-420 K
Lo d N_-tuning: Matching IV-curves (not Massey)
0 20 40 60 80 100 120 140 160 180 200 220 240 260 P g g y
Vpias efr [-V] & V. btw models
0.0001 bias,eff 59 bd
) 9 - ‘
. . . L R0 : AN =+5.4%/I:J
fes| N,: Varied for fixed V, Ve TS5 | azladowr | N, increase P
 ieel M1:Higher I, @ V2V, 85y esoc | forfixed Vi,
= : = o ¢ 4:UniBo2 J
= S575 e i
T le-7F | W DTS T £ ¢ 5:UniBo ‘
= S > i I S - 2 C - 0 ’
S Gmre—— z 5.7 .| 06:Massey AN,=+2.5 ’/?,—""
:-f" le-8¢ i —— vO: Np=5.58e16 cm-3 7] [ JPes
E £ i \ M2 -~ O-C: Np=5.643e16 cm-3 :—: 5 65 ------ ) .
le-9§ ---- Lackner: Np=5.637e16 cm-3 | g i P i
UniBo: Np=5.72e16 cm-3 e [ -~ \_/_Y—/
. | ---- UniBo2: Np=5.65e16 cm-3 z 56 i '
e T=295 K —— Masseyl: Np=5.883e16 cm-3 : ANp=+1 .0-1.3%
---- Massey2: tau_e2=5%*tau_el 9.99
1e-115"567"220 260 180 -100 -120 -140 -160 -180 -200 1 2 3 4 5 6
Voltage [V] Impact ionization model #
[2] D.J. Massey, J.P.R. David, G.J. Rees, IEEE T. Electron Dev., 53(9):2328, 2006. 5
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https://iopscience.iop.org/article/10.1088/1748-0221/18/08/P08001
https://ieeexplore.ieee.org/document/1677871

Fixed V., @ 150 V: El, E-field @ gain-layer & Q_,

—— VO
. 5e+18| E|- oo Np,r? —é-c
w'a.5e+18| D95 K . — Lackner 1 Peak EI: No dependence on N, —
o 4e+18F ' v location/width shift btw models
<§3_5e+18 3 | Np m? —— Massey
— 3e+18} ! ’ . .
- . H
s i Cut: Center U Peak E-field: Lower N, — lower E
IS of gain layer
S zeris 9 gain lay 0 Q,: AEIl & AE, . btw models reflected
= 00 ; » coll max
§1.5e+18— \)(\\ | by Qcoll
2 ki ! ot QcoII,minzO'64*Qcoll,max
— S5e+17} . pn-jc
| [ | I | I
0.4 0.5 0.61 0.7 0.8 / 0.9
|
Depth f[um] ¥
4.6e+5¢ e p— ] e O
F . — vO S e R, S 4 - C
i E-field @Gs —0-C e T e T
4.4e+5[ I s@y —— Lackner 0.4 """""-'ﬂ--.-.-_-_._,_-:.z-.-.-.g-, - 1le-9
= : UniBo2 | < -
o UniBo a
.2. 4.2e+5F —— Massey 5 L o
> | = — O-C: TCT o)
8 a —OO('::TE;OH %
=1 4e+5 c 0.2 <= vO: Qcoll 45e-10 '~
@ [ K —— Lackner: TCT S
= | 2 Sl
;‘q—_', 3_8e+5; e ad Massey1:2; Qcoll
T f — UniBo: TCT
UniBo: Qcoll
» UniBo2: TCT 4
3.6e+5 E UniBo2: Qcoll 1
. 0 — -0
0.74 0.5 0.6 0.7 0.8 0.9 6 5e|-9 1e|-8 1.5Ie-8 2e|-8 2.5e-8
Depth [um] Time |s|
6
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O-C:
Extremely
localized @
gain layer

Impactionization (cm”-3*s”-1)
- 1.000e+14

4.642e+06
2.154e-01
1.000e-08
4.642e-16
2.154e-23
1.000e-30

UniBo2
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— which model

| best for LGADs?
7




Breakdown voltage:

Temperature & t,
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LGAD V, (Tt

epi

): 295-253 K, 20-50 pm

0.001 '
0.0001
le-5
=< 1es6 - \
e 5. E ¢ d BNL IV-measurements: V 4(T)-slope
D = Lt — vO: 295 K o bd
ST B e o T il ---- vO: 273 K dependent on epi-thickness
2 gE==TTT —— vO: 253 K . )
S leof v0: 253 K = El-models (N,; Fixed): vO, O-C &
w2 v H
© 1le-10f --=- 0-C: 273K Massey — Aslope btw thicknesses
B —— 0-C: 253 K .
le-11} N reproduced by all — V4 increases w/ tepi
e ---- Mas: 273 K
—— Mas: 253 K
1e_13 | | 1 ! | | I 1 ! I I I I
0 -20 -40 -60 -80 -100-120-140-160-180-200-220-240-260
Voltage [V]
0.001¢ . ; ' .001¢ .
: ] W 0.001 v
0.0001} ! I —E 0.0001} } 3
F 1 ' [ !
le-5} ] 4 le-5 | ;
[— : — F '
=L  1e-6} ' 1. =L 1le6 e T
= B s i e S S + E T et e s
o le-7¢ TS ey e B L @ le-7 ,-_-__-_~_*_-.'.':.’:.'."-:,-/ -------- —
[ R L) B e o
—_ b ———p— - _____._—:_: _______
8 le-8 s e :;___:____.:-:'_:: ————————— 8 le-8 =
W L s ()
D le-9f,~ D le-9
© 4 ©
v v 7
o 1e-1o§ 3 1le-10
— == |
le-11} le-11}
le-12} le-12}
1e_13 | | L | L Il L | L 1 | 1 Il 1e_13 " LA s i Al A L n i | I & I N 2 K PR L | P N 1
0 -20 -40 -60 -80 -100-120-140-160-180-200-220-240-26 0O -40 -80 -120 -160 -200 -240 -280 -320 -360
Voltage [V] Voltage [V]
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T

LGAD V,4(T,t.): Measured vs TCAD

Thickness | Slope
(um) (V/°C) O BNL V,4(Tt.): 20 ym & 50 pm
109 d TCAD vO (O-C) [Massey]:

BNL_LGAD_W3045 50 = 20 pm: 0.88 (0.39) [0.495] V/K

BNL_LGAD_W3058 50 112 = 50 um: 2.04 (0.88) [1.07] VIK
BNL_ACLGAD_W3081 511 20 0.41 — Massey best T-dependence model for LGADs
BNL_LGAD_W3076_5_13 20 0.47 O Ratio V,4(T)/V,4(295 K): Essentially constant
BNL_LGAD_W3076_12_13 20 0.38 for all tep; — Vpy(T,tep) Aslope due to smaller
BNL LGAD W3076 9 13 20 0.47 V,4—Vvalues for given T, not physics
380 :
o, Lo e e T ~
S 330 Z\%?égg‘r;m Zg?éf du J=106661+45364——| 095 ;’88833::8%225
v ' ‘ %3 r —
2280 A Mas: 50um | y=0.88x+19.77 T 0.90 W#f = T
S 230 %0-85 +y=0.003x+0.134 . 3-013(())“”1 i
S 2 [y=0.003¢+0.088 0007 ¢ Mas: 20um
é y=0561+15.96 | Y=04951+37.71 Eﬂo.so '§¥/=0.003§+o.071 ,:;,.’—-': g yy=%%%;§11£2 :\600323umm |
§ I'--_ ------------ R = y=0008k-1338 | W Mas:30um |
Bigg [ YTI2K-20408 e y=03%+17.69 AvO: 50um
R NP 1-49 4 0-C:50um |
""" y=0.88x - 136.69 4 Mas: S0um
283 203 253 263 273 283 293
T [K] T [K]
10

Timo Peltola - DRD3 WG4-meeting, May 18, 2026



T

Vypa(T)-slope: t. -dependence

O El-models: Only Massey reproduces measured t.,-dependence of V,4(T)-slopes
4 O-C w/t,,;=24.7 ym: V,4(T)-slope=0.46 V/K — match w/ highest BNL 20-um slopes — real
tepi(0.38 V/K)<20 pm or t,;(0.47 V/K)>20 ym? — same nominal t,,; but consistent AV, 4(T) —

evidence of At,; btw LGADs
O Tuned parameters [1] (backup 6): Beneficial only for van Overstraeten

21 3 BNL: Measured 0 0-C /
L

1.9 4 0 0-C:t_epi=24.7um © O-C tuned
17 AVO A VO tuned

¢ Massey ¢ Massey_tuned - \
! — ""¢
E 1.5 : / . PP Ll

813 g Tunede e .
o) g / unes, .oz | e e 0
01l 4 -Lﬂi" N o i y=0.0193+0

20 30 40 a0
tepi [I‘Im]
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Conclusions

T

d 5 Sentaurus + Massey TCAD El-models: Distinct V, for all models w/
AV max=83 V for AC-LGAD w/ fixed parameters @ 295 K — AV, =0 by p-well
tuning w/ AN, . ..,=+5.4% — V4 highly sensitive to varied N
Q. W/ fixed V,4: Reflects influence of AEI_ /AE, ., @ pn-junction btw models
= O-C & Lackner w/ fixed V,4: El localized @ gain-layer

O PMI vs Sentaurus: PMI 16% faster for O-C — nonidentical |VV-characteristics for
AC-LGAD

d AC-LGAD V., T-dependence: Close agreement w/ measured V,4(T)-slopes by
Massey model @ 295-253 K

= Epi-thickness: V 4 @ given T increases w/ t

independent of t

epi — Vpg-ratios @ varied T

— V4(T)-slope contains info on active t

epi epi

12
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Backup 1: AC-LGAD gain layer - n-res/p-well %

1.0E+18

/7;\ —BNLP250kev:Meas. | L1 BNL info: AC-strip Al: t=1.5um
i =--TCAD P 250 keV: <111> :
2| g = -
FL0ET o oo o TOAD P50 ke <10t | . Oxllde. Constant under & btw AC
£ / N i ---TCAD P 250 keV: <100> strips, t=100 nm
§1.0E+16 ' ‘f-‘:g__.“ B = Epi-layer: N, “practically intrinsic”
5 N:\::““::\‘ = P-well doping: 1_-MeV b_oron implant
£ 1.0E+15 ,ﬁwﬁl}‘b- BT Se— D=2e12 cm2 — find profile w/ TCAD
- w3128 n-res layer: S S process
O 1.0e+14 +-{ D(P)=2.11€13 cm™?, . ul,ﬂ.: = N-res implant extension from p-well
tx=100 nm to DC-contact: 25 pm
1.0E+13 S N E— .

N-res/GR isolation: p-spray (no litho)

00 02 04 06 08/ 10 12 14 16 18 2.0

Depth [pm] P: n-res |ayer —Meas. P: 250 keV, 2.11e13 cm-2
_ 1.0E+18 ——y ~--TCAD P: 250 keV, 2.11e13 cm-2
O P-well profile: Tune TCAD to reproduce - LTI -=-TCAD P: 210 keV, 2.11€13 cm-2
BNL SIMS n-res layer profile — simulate p-  § 10617 {7 NG eeTGAD B:1 Me¥, 2612 cm-2
well doping profile w/ fixed parameters c - p-well
) . . S 1.0E+16
d Crystal orientation: High influence on o
doping profile — most likely <111> for §1_0E+15 X
wafer 3128 2 —
O Ep=210 keV: Best match w/ measured —  © 1.0E+14
real E,<250 keV?
1.0E+13

00 02 04 06 08 10 12

Back to slide 4 Depth [um]
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Backup 2: LGAD SIMS measurement [1]

T

d CNM LGAD gain-layer: Ep / Eg & D N/A

L [Tr T T [rrerr e T [rrerrrreT [Frrrrerer [TrTrrrerTe 7

CNM -

\ « Phosphorous

‘._ .« Boron

Concentration [a.u.]

T PRy r. |ﬂ“
depth [a.u. ] Back to slide 4
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Backup 3: AC-LGAD IV/CV - Gain/epi-layer tuning %

1.0E-04 Vv | O CV/IV-measurements: TTU 1-ch probe
1.0£-05 —Double- / i \A—'::'— station
Loeas L SiOP€ @ Viq : 4| O TCAD impact ionization: van Overstraeten
I 4 TCAD CV/IV-tuning: Highly sensitive to N,
< 1.0E-07 ' &t
= sca00ens0mIemOscez p-well
_& 1.0E-08 R = Fixedt, =4 ym — N,,=8e12
LOE-09 £ -e-1cm_TTU (5.5e12) cm3: Close match w/
s -~-TCAD: pwduim, Be12 ¢m-3 5mm_23 CV & V4 (1cm_42 IV &
1.0E-10 ==-TCAD: pw4um, 5.5e12 cm-3
El-model: vO —--TCAD: pw3.955um, 8e12 cm-3 double-slope @ Vy3) — no match for IV
1.0E-11 - - - & V4 (N0 match for CV)
0 20 40 60 80 100 120 140 160 180
Voias ot [-V] 1 [=smmsTuey =3 i
0.9 | ==lem_TTU:CV .',f’r
-;- 03 __---TCAD:pwdum,8e120m-3 ,'ll
? V0 o .ICAD: pwAum, 5.5e12¢cm3 | Ty
" twen=3-955 ym, N, ,=8e12 cm™: S - - -TCAD: pw3.955 um, 8e12 cm-3 ,'::
Closest match for both CV/IV © 06 i ,' j N
— not posi!ble to use ~intrinsic N, % gj Depletion of ,','4 N
(<1e11 cm™) for reproduced CV- £ .. | gain-layer i Depletion of
curve (Backup 4) S . \ i elpi-layer
(A
O Measured: 1-cm strip AC-LGAD from 01— \x - -,"4’"/
0 === p—;—; . ;—q .

BNL-wafer 3128 w/ ‘deeper’ n-resistive

layer (1cm_42)

0 5 10 15 20 25 30 35 40 45 50 55
Vbias,eff ['V]

60
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Backup 4: TCAD AC-LGAD CV/IV: Nep,—dependenceﬁ

El- model vO

1.0E-05 +

1.0E-06

1.0E-07

IIeak [A]

1.0E-08

0 BNL reported N;;:

Close to intrinsic (<1e11
cm-3)

QTCAD N,i=8e12 cm: Close match w/

measured CV/IV, V4 & gain — >>intrinsic —
possible to tune gain layer w/ low N, for

1.0E-09
=&-1cm_TTU o
1.0E-10 - --TCAD: pw3.955um, 8e12 cm-3 || matching CV/IV~
/ ==-TCAD: pw4.195um, 1e12 cm-3
1.0E-11 ' ' ' '
0 20 40 60 80 100 120 140 160 180
Viias et [-V] : ; e o= ?HIL'-.-I—I—LI—F-I—I—*
O IV@ N,,=1e12 cm*: Measured 5 08 -~
characteristics & V4 reproduced S 07 !
O 0.6 ] i
I
d CV@ N,,s1e12 cm: Measured CV- /W H ;'
. . . r— 1
characteristics not possible to reproduce — ¢ gi ! !
real N,>>intrinsic? — fraction of p-well g 0 ' ,' 5. 23 TTU: OV _
doping (~1e17 cm?) diffuses to 30-ym epi- | / 1| | |-=-TCAD: pw3.955 um, 8e12 cm-3
. ¥ ' - . ~ 1
|ayer? 0. ‘.‘.,.I e e TiCAD.p\;v4.1951iJm,1e1i2cm3
. 0 5 10 15 20 25 30 35 40 45 50 55 60
Back to slide 5
Vbias,eff ['V]
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Backup 5: Massey [2] — Non-Sentaurus model %

0.000lir ng er:taurus 0 Massey El-model:
—_ 1e_6§ O-C: PMI vs Sentaurus _ S o By, B=A, ex {_ﬁ}
= Lt PMIAV,, +4.7% — a=4n BXP{_E} | PEPUTE
O 1es; = Sentaurus Al @ 120 V: +25.5%
o F TSNS Bn._p (T) - C‘n,p + Dn,pT-
L) 1€e-10f | __omsmassnsssssssssnsanssssssst
E / Q A, =443e5cm’, A, =1.13e6 cm™’
5] Wallclock: At=169 4 P
& 112} Walle ock: LTS A Q C,=9.66e5 Vem ™, C, = 1.71e6 Vem'”
8 e f [ Sentaurus: 3h 17min 52s D Dn = 49992 ch_1 K_1, Dp = 10963 ch_1 K_1
0] —210 —40 —E';O —810 —1|00 —1120 —1140 —1|60 —1;30 —260
Voltage [V] 1.0E-04 g cvV :' - 1.0
O Physical Model Interface (PMI): 1.0E-05 ' ': 09
Implement C++ Massey.C — compile ‘cmi 1.0E-06 ;T O-BE
Massey.C’ — move generated .so.-file to - \Y; i 0-7%
TCAD library folder — activate in .cmd-file <~ 8?8
by ‘Avalanche(Massey Eparallel) S Y
L.OE-09 |4 Ne,i=6€12 cm | —=Measured: IV |+ 0.3 E
0 Massey vs measured AC-LGAD: CV/IV B0 N,=6.112e16 cm? | |--Massey:V | 952
closely reproducible by tuning Ngy;, No& 7o, T,,=0.15 ms oy 0
1.0E-11 E====2==< : : : : : : : 0.0
. 0 20 40 60 80 100 120 140 160 180
Back to slide 5 Vis o [V]
17
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Backup 6: Optimized parameters — Massey,

Table 2: Ionization parameters for the Massey model.

vO & O-C %

Massey default Massey optimized

Parameter electrons holes electrons holes
A(em™) 443 % 10° | 1.13 x 10° | 1.186 x 10° | 2.250 x 10°
C(Vem™) 0.66 x 10° | 1.71 x 10° | 1.020 x 10° | 1.851 x 10°
D(Vem™'K=") [ 499 x 10° | 1.09 x 10* | 1.043 x 10% | 1.828 x 107

The default values are on the left

side of the table and the optimized values from this paper on the right.

[1]

Overstraeten default

Overstraeten optimized

Parameter electrons holes electrons holes

A(em™1) 7.03 x 10° | 1.582 x 10° | 1.149 x 10° | 2.519 x 10°
B(Vem™) [ 1.231 x 10° | 2.036 x 10° | 1.325 x 10° | 2.428 x 10°
hw,p, (€V) 0.063 0.063 0.0758 0.0758

Table 3: Ionization parameters for the Overstraeten model. The default values are on the
left side of the table and the optimized values from this paper on the right. The parameters

shown in the table correspond to the low electric field ones: E < 4.0 x 10° Vem

-1

Okuto-Crowell default

Okuto-Crowell optimized

Parameter electrons holes electrons holes

AV 0.426 0.243 0.289 0.202
B(Vem™) | 481 x10° | 6.53 x 10° | 4.01 x 10° 6.40 x 10°
C(K™) 3.05x 107 | 535 x107* [ 9.03 x 107* | —2.20 x 10~
D(K™) 6.86 x 107 | 5.67 x 107* | 1.11 x 107* 8.25 x 10~

Table 4: Ionization parameters for the Okuto-Crowell model. The default values are on
the left side of the table and the optimized values from this paper on the right.

Back to slide 11
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