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Outline

e Input data for the new parametrization.

» TCAD simulation of CNM-12916 and HPK2 LGADs (Splits: 1, 2, 3 and 4).

» Existing impact 1onization models: Massey, Van Overstraeten and Okuto-Crowell.

» Gain measurements as a function of the electric field and temperature with IR-laser.

e Fitting the parameters of these three models to our data outside TCAD.

> Solve the impact ionization equation in C++.

e FError evaluation.

e Study of the breakdown voltage as a function of the temperature.

e Summary and next steps.

This presentation is an update from the work presented in the last “40” RD50 workshop (CERN)”’:
M. Moll et al, “TCAD simulation of impact ionization in non-irradiated LGADs”
E. Curras et al, “New impact ionization parameters”
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https://indico.cern.ch/event/1157463/contributions/4923358/
https://indico.cern.ch/event/1157463/contributions/4922725/

Input data: Electric fields from TCAD

« HPK LGADs and PAD detectors:
HPK prototype 2 sensors: HPK2.

e (CNM LGADs and PAD detectors:

« Shallow gain layer implantation.

Top bias
ring

Thickness: 50 um.

4 different splits: S1 (W25), S2
(W31), S3 (W36) and S4 (W42)
(from higher to lower gain).

Deep gain layer implantation.

CNM run 12916.
Thickness: 50 um.
Only one split.
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M. Moll et al, “TCAD simulation of impact ionization in non-irradiated LGADs” 40" RD50 Workshop.
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Impact 1onization equation

- Consider multiplication of electrons and holes

n p / charge generation [As/cm3]
Q- P dJn dJ
I 8 | dx = andn +aplp +9(2) = dz
X—] - — y 1
0 ek ‘ a (ET) () o, ET) (h)
J=J, J | & d.J
@+ Tpl@) SR (ay — ) Ju + apd +g(a) = S
= (ap — ap) Jp + anJ + g(z)
- Solution for the total current: Gain equation implemented in C++
d
r . \[( ) exp (_ fr (an — )d'?)
J = M, J,(d) + M,J,,(0 +/ )M(z)de| With | M) =
( ) p p( ) } 4 g(l‘) (l‘) L 1 = f(]d 0y exp( [5 _ ap dn) dg

See also: A. Howard et al, “Determining the Impact Ionisation Parameters for LGADs” 39" RD50 Workshop.
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Impact 10nization models “a == 1(E,T)™: )

All these three models have a different formulation for the temperature dependence.

Cln 5 = Du. ‘ T .

Massey: Unp(E,T) = A, p,exp (— = P ) 6 parameters: A , C ~and D
B, :

Van Overstraeten: U p(E,T) =7y App €xp ( — E-P) __ S parameters: A, B, and hf%p

tanh (ZHEF ) Most abundant optical

with v = ' phonon energy
] hus, '

tanh (E’“E)

Okuto-Crowell: 8 parameters: A ,B ,C ‘andD

i 2
) B,,1+D,,-T
r:'.kmp(E-_ TJ == *411.35‘(1 + CH:P - T)E et ( mp( _|_E N ))

with 7 =T — 300 K and eight parameters A, ,.B,, ,, C,, and D, ,,
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Impact 10nization models “a == 1(E,T)™: D)) R&D

o Motivation: measured and simulated gain using these models with the default parametrization disagree
significantly. For this particular example:

« Overstraeten overestimates the gain.
o Massey and Okuto-Crowell underestimate the gain.

00 HPK2-LGAD-W25 at -20C 00 HPK2-LGAD-W25 at +20C
902 —e—  Data IR-laser / / 90: + Data IR:-Iaser I f
80 £ | — Massey default f 80 é —— Massey default I f/
- | — Overstraeten default / - Overstracten defaul / /
70 - OKuto-Crowell default™| "» / 70 ? Okuto-Crowell default / /
60F 4 g 60-
c [ e o
S o / § 90 / /
: | 40-
30 f / 30- / /
E [ - 4 /
20F | - 20" ﬂ,‘,..-“ - _
10f f/ g 10: —— |
= 1 | 1 1 1 | | 1 ‘ 1 | 1 | 1 | 1 | 1 1 1 | | E | | | | | | | | ’ |. | | | | | | | | | | | |
% 20 40 60 80 100 120 140 % 20 40 60 80 100 120 140
Vbias, V Vbias, V
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(Gain curves measurec

| 1n TCT (IR-laser: 1064 nm)

« 4 different temperatures:

+ -15°C, 0°C, 20°C and 40°C
o IR-laser intensity ~1 MIP
o IR-laser spot ~80 um

e ~5% error in the gain measurements
o Gain 1s evaluated:

_ QigaplV,T)
o, T) = Qpv(100V, T)*

IR-Laser, temperature = 20°C

* Q. measured at 100V,
(V. ~10V)

IR-Laser, HPK2-54 LGAD
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Tuning the parameters: results for 20°C

Data for all temperatures and all LGAD:s fitted together.

Optimized Massey model, T = 20°C Optimized Overstraeten model, T = 20°C Optimized Okuto-Crowell model, T = 20°C
1201 Y 1201 j i J 120r 7
100} 3 100} J 100} 7
80/ 80/ 80/ ]
£ B j £ B £ B J/
s 60 g 60 S 60 i
—— CNM —— CNM —— CNM
40_ .| —— HPK2-S1 . 40_ .| —— HPK2-S1 . 40_ .| —— HPK2-S1
i —— HPK2-S2 i —— HPK2-S2 i —— HPK2-S2
20 DR 20 # T et o0 # DI
- — Simulation - — Simulation - — Simulation
0_\@1l||\|\||\|||\|||\|i||\| 0_\@1l||\|\||\|||\|||\|i||\| 0_\@1l||\|\||\|||\|||\|i||\|
50 100 150 200 250 300 50 100 150 200 250 300 50 100 150 200 250 300
Voltage [V] Voltage [V] Voltage [V]

After tuning the parameters with the measured data, we get a good agreement for all the LGADs at 20°C
with the three models.

The three models work well after tuning the parameters.
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Gain

Tuning the parameters: results for different temperatures (C\E@\ —
Data for all temperatures and all LGAD:s fitted together.

Optimized Massey model, HPK2-S1 Optimized Overstraeten model, HPK2-S1 Optimized Okuto-Crowell model, HPK2-S1
o 1T o 11T o 1T
100} / 1{, l 100} / ﬂ /{ y 100} ’/ f
I iRy, 44’* I
s, ie J/ ) sy,
i . —— Temp:-15°C I —— Temp:-15°C i . —— Temp:-15°C
40: iv/j’-'ﬁ‘ —-—Tems: 0°C 40: i{f}.ﬂ"ﬂ —-—Tems: 0°C 40: i‘):":”-.ﬂ *Temsi 0°C
- i —=— Temp: 20°C - i —=— Temp: 20°C - i —=— Temp: 20°C
207 .‘M,.»"" —— Temp: 40°C 20, M —— Temp: 40°C 207 ."“‘-..ﬂ""' —— Temp: 40°C

— Simulation r — Simulation r — Simulation

i L T i L T ! ! | | |
050 100 150 200 050 100 150 200 050 100 150 200

Voltage [V] Voltage [V] Voltage [V]

Gain
Gain

After tuning the parameters with the measured data, we get a good agreement with all the samples for the four
measured temperatures with the three models: here we show HPK2-S1 LGAD as an example

The three models work well after tuning the parameters.
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Alpha(a ) and beta(a ) comparison: at 20°C @ RED

Temperature: 20°C Temperature: 20°C

3 3
gox10" = | 16?10 | T 7
SRRELEEEY Massey default - : . : J//
700 cunenn, Van Overstraeten default 14r | ’ ‘Ir':
60| Okuto-CrovxfeII. default 12F | Y
- Massey optimized o |
- 50 Van Overstraeten optimized .,."" ” _ 10F :
E = Okuto-Crowell optimized o _.-o"'.‘ S :
©  40- . ReCa © 8 |
s - N R B A & |
30- | o ° 6 !
i ' i e '
20~ e s 4 |
C I I, X :
10F ..«ﬁ“"%/ 2 e
L -1-“"‘" U e S
0 ﬁ."l‘ | ! | | | | | | | | | | | | | | | | ><1 06 0 "...': / | | | | | | 1 | 1 . 1 1 | | X1 06
025 | 03 0.35 1 0.4 0.45 0.5 0.25 1 0.3 0.35 0.4 0.45 0.5
i E, Vom' A A E, Vem' A

« All models give similar impact ionization coefficients as a function of the electric field, within an error of
~10% in the range of studied electric fields (2.8x10° Vem™'- 4.5x10° Vem™).

o The simulated gain after the optimization of the parameters is almost the same.
« This is not the case with the default parametrizations:
« Massey and Okuto-Crowell models underestimate the gain as o (E) is too small.

« Van Overstraeten is overestimating the gain as o (E) is too high.
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Alpha(a ) and beta(a ) comparison: at 3.5x10° Vem' (ﬁ@ -

. Electric field: 3.5x10° Vem™! s Electric field: 3.5x10° Vem'™”
x10 x10 | |
35 | [irriee Oeeretacten defaul 85 | seveess Massey default |
- 8 R S (PPPPPOS Okuto-Crowell default 7k T T B Overstraeten default
u ' Massey optimized e | nenana Okuto-Crowell default
\\: =— Qverstraeten optimized S ' Massey optimized -
30 \ Okuto-Crowell optimized 6E . :. ........ g:etrstg\elen I?pugnz_edd
N | \\\ [ _ - T I — uto-Crowell optimize
~— B | . I -~ C |
E e, | £ 5 :
O, 25w i - TRy O,k |
- | R RN R LTIV | a 4 S—— |
3 i : ................................ : e} [ —— "oF
i 1 R A [romsans Ry
T S N I e 3: | .
- s AN NN beraens oF ! ,
= | | C | |
1577550 260 270 280 290 300 310 320 250 260 270 280 290 300 310 320
A Temperature [K] i i Temperature [K] i

« All models give similar impact ionization coefficients as a function of the temperature, within an error of
~10% 1in the range of studied temperatures (258 K- 313 K).

o All methods use a different formulation for the temperature dependence of the impact ionization coefficients.
o The simulated gain after the optimization of the parameters is almost the same.

« This is not the case with the default parametrizations:
« All the models underestimate a (T).

« Van Overstraeten and Massey are overestimating o (T), but not Okuto-Crowell.
01.12.2022 - E. Curris - 41" RD50 Workshop 11



New parameters after the optimization

Massey default

Massey optimized

Parameter electrons holes electrons holes
A (em™) 4.43 x 10° | 1.13 x 105 | 1.186 x 106 | 2.250 x 10°
C(V-cm™1) 9.66 x 10° [ 1.71 x 10° | 1.020 x 10° | 1.851 x 10°
D(Veem ™ K~1) [ 4.99 x 10% | 1.09 x 10° | 1.043 x 10° | 1.828 x 10°

Van Overstraeten default | Van 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(V-em™) | 1.231 x 10° | 2.036 x 10° | 1.325 x 10° 2.428 x 10°
hwep (V') 0.063 0.063 0.0758 0.0758
Okuto-Crowell default Okuto-Crowell optimized

Parameter electrons holes electrons holes
AV 0.426 0.243 0.289 0.202
B(V-em™) | 4.81 x 10° | 6.53 x 10° | 4.01 x 10° 6.40 x 10°
(K™ ) 3.05%x107%[535%x107 | 9.03 x 10~* | —2.20 x 10~
D (K1) 686 x10~* [ 5671072111 x10~°] 825x10~*

01.12.2022 - E. Currias - 41" RD50 Workshop

o In general, all the parameters change significantly
after the optimization.

e A small variation in some parameters can
change the simulated gain drastically.

e Same others are less critical.

o The value of the residuals of the gain, using the least
squares method with the default parameters are:

o Massey : 30.4
e Van Overstraeten: 5.39x10*
e Okuto-Crowell: 38.3

o The value of the residuals of the gain, using the least
squares method with the optimized parameters are:

o Massey: 0.52
o Van Overstraeten: 0.68
e Okuto-Crowell: 0.57
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New parametrization works well in TCAD

C++ and TCAD give the same results !

120 1 1 Ll T | T T T T | T T T T | T T T T ’;f T T
100L Data: HPK2-S3 at 20°C : b
J
- |
80k TCAD (default parameters) | |
— Overstraeten /
- —— Massey ,’
o -— Okuto
8 60 AD (new parameter // ]
—a— averstraeten // /'
-o- Masse
40 B — Okutoy // //-
- //// // "
20 A
0. B e s
0 50 100 150 200
Bias [V]

o The three models give identical results after the

optimization.

o With the default parametrization, there is no agreement

between the measured gain and the simulated one:

« Van Overstraeten is overestimating it.

o Massey and Okuto-Crowell underestimating it.

120——————————

" Data: HPK2-S3

100 - e -15°C
i o OOC

80+ = 20°C ]
| o 40°C

60 - TCAD (new parameters)

- Overstraeten
40r 1
20 B .........;.pﬁ..’ .-!!!-_.--';g!"' _

0

0 50 100 150 200 250

Bias [V]

The three methods give good agreements
between the simulated gain and the measured
one at the four different temperatures studied.

13
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Possible sources of error in the method

e Experimental data, error in the measurement of the gain:
~  Bias voltage.
- Temperature. ~ 5% error in the measured gain
> IR-laser fluctuations.

e Gain variation between “identical” samples.

e Gain reduction mechanism.

TCT IR-laser: unirradiated

60 o
C|—1MIP / / . . .
o / / / /] ; Gain reduction mechanism
o . ] L H _ . . .
S0 — s mips [ A/ & 1 For all the samples, depending how the gain is
B % v . .
a0k ;g x:?’ s ¥ measured, we can have a big difference:
 {— S 1 l’ l\v A i
- / / ] . .
c - // / i & O A o For a gain of 50 at 1 MIP the gain drops more
= - / QS
T 30 2 S Qi than 50% for 20 MIPs.
(O] B fs’ L v joy v
S O )/ttt m e L e
B S Pt L First reported at:
20 B 5 f/// // ‘».":,"‘
L % o - _,::.:-:'ff:" s “E.Curras et al, 16th (Virtual) "Trento" Workshop on Advanced Silicon Radiation Detectors”
- s
10p iw‘*““" S Further readings:
- j /l “E. Curras et al, "Gain reduction mechanism observed in Low Gain Avalanche Diodes”
B L 1| 1| | | ‘ 111 ‘ 111 L 1| L 1| L 1| L 1| 111 L 1| |
00 20 40 60 80 100 120 140 180 180 200 220 “G. Kramberger et al, "Gain dependence on free carrier concentration in LGADs”
Voltage, V
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Possible sources of error in the method

e Variation of the gain layer parameters:

> Variation of the gain layer doping concentration.
> Variation of the gain layer position in depth.

: C : : Very difficult to estimate the error
e Tiny variations in the V _ between “identical” samples leads to Y

a significant differences in the gain curves.

e These errors can be minimized with the C-V characteristics.

Variation of the gain layer doping concentration [B]

gainl - Normalized IV - [IV(pi+1)/1V(pi)] - mm-019-005b
5e+16 : les?

——gain_nl067 -2%
——gain_n828
8ok ——gqgain n1149 +2%

-2%

60

| [#1]

40+

|Doping| [cm-3]

-5e+16
20

1.5 2

T L L L L L L L L
2.5 0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200
V [Volts]
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Possible sources of error in the method

e Variation of the gain layer parameters:
> Variation of the gain layer doping concentration.

> Variation of the gain layer position in depth.

: _ : - C e Very difficult to estimate the error
o Tiny variations in the V  between “identical” samples leads to

a significant differences in the gain curves.

e These errors can be minimized with the C-V characteristics.

Variation of the gain layer position in depth [X]
gainl - Normalized IV - [IV(pi+1)/1V(pi)] - mm-019-006

- 200 nm

; le+2
2e+161 ——gain_n1353 [+200 nm] +200 nm
——gain_n828

80 ——gain_n1471 [-200 hm]

[X]

60
-2e+16

I [#]

40

|Doping| [cm-3]

-4e+16

20+

-6e+16

1 Il Il Il Il Il Il Il
X Ui 0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200
V [Volts]
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Breakdown voltage vs temperature (HPK2 LGADs)

IR-LED (940 nm)
Top illumination

HPK2-W3

102

g

10-°

1077

10-8

Pad current, A

10—9 |

6-LGAD (Cryostat)

IR LED (100 mA)

100

150 200 250

Voltage, V

VBD’

Breakdown voltage |

‘;-/\ S8 R&D

T: 50°C
T 0°€
T: =50°C ;.::l
T: —100°C =
T: —120°C > %
T: ~140°C 2
T: —=160°C B
T: =190°C
T: —=220°C
T: =250°C
47

-V, (T)=53.19 + 0.075T+1.4x10*T*
46— Vo (T) =47.39 + 0.0167T (linear fit not shown)
45

C //“
44 — e

B L
431

160

—-250 -240 -230 -220 -210 -200 -190 -180 —-170 -
Temperature, °C

« Can we model the breakdown behavior using the new impact
ionization parameters?

« o (T)and ap(T) given by the optimized Massey model.

« Using a simplified GL electric field profile: const E in the GL.
01.12.2022 - E. Currias - 41" RD50 Workshop
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Breakdown voltage vs temperature (HPK2 LGAD:s) @@\ R&D

Gain equation implemented in C++ , , ,
1 P Gain equation for constant electric field

exp (— f: (a, — )dl)) if E = const
1-— fod Q. €XP ( f£ — Qy d’)) d§

Qp

M(z) =

~| M, = [1 - (1 — exp (—d; (arn - apm]_l

Breakdown condition

The breakdown condition depends

on the values of: 5 | Breakdown region
. a(T).

. ap(T).
o d (GL thickness).

Working point region

apa"r apn

01.12.2022 - E. Curris - 41" RD50 Workshop 18



Breakdown voltage vs temperature (HPK2 LGADs) @@\ R&D

Gain

E = const
Gain model = Massey opt.
Sensor = HPK2-LGAD-S3

For the HPK2-LGADs: same gain curve using a
constant electric field profile in the gain layer!

HPK2-S3, temperature: 20°C

200—— :

180! —*— EF from TCAD IU
160 const EF (d1) I[
140 const EF (d1 - 300 nm) U
120 const EF (d1 + 200 nm) _/f
100] %‘

80F /

60F

401 20 ™

20— — = — — — — Bl

| R . A R R

100 120 140 160 180 _ 200
Voltage, V

It is possible to get the same gain curve as the one simulated with
the EF profile from TCAD using a const EF.

« At 146V the gain is fixed to 20, this is how I is tuned
« Combinations of I and d, have to be properly chosen:

» If d, is increased or decreased the gain curves are different.
They show an early breakdown.

o With the CNM-LGAD:s is not possible to find any combination
of d, and I that gives the same gain curve.

- |~TCADFEF
| é | | const EF

Electric field [a.u.]

Depth [a.u.]
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Breakdown voltage vs temperature (HPK2 LGADs) Q’i@\ R&D

E = const
Gain model = Massey opt.
Sensor = HPK2-LGAD-S3
Breakdown condition Breakdown condition
4 : { 4
: = : : é : a5
3__ ...........................................................................................................................................................
il -
o5 2 5:_ . ot O NSO SO S SO A
2 : bbb
2 l
1_5:_ ................................................................... S U A R R
i i i | i i | i i li)():5l5I I(IJEJ’EISI IOIUiESISI Idil)T;'*OIC:?ISI I(I)"iZ}EISI IOI(,‘18|5I I(I)'li}SIJI
0102 03 040:;;/306 07 08 09 1 oo,
Cp+D,T
p Massey A exp( —) Cn — Gy Dn = Dy
a, 0.0725 A exp(— CtDaT) 0.0725 In(0.07254%))  In(0.0725%*))

Solving the equation for the Massey model, using the optimized parameters, we can obtaining the expression for the E(T) in the
breakdown condition:

E =247 x 10° 4 2.34 x 10°T
01.12.2022 - E. Curris - 41" RD50 Workshop 20



Breakdown voltage vs temperature (HPK2 LGADs)

E = const
Gain model = Massey opt.
Sensor = HPK2-LGAD-S3

E =247 x 10° + 2.34 x 10°T

E(T) in breakdown

Zonel OV-V_)—

Zone2 (V, —V)™

R

E =Cy+8.04 x 10*°V

Zone 3 (V,, -V, )~ E =04 —I—

‘;-/\ S8 R&D

E=0C4+6.26x 103V — 16.07V?

1/d [cm']V: being d, the active
thickness of the LGAD

Breakdown voltage: HPK2-W36, Simulation

250

. Eg TCAD

Eq [a.ul]

oy

CD:.‘.

Voltage [V]

l l l l | l l l
20 40 ' 66

D, — D

V=d LT =1.19—

Vv

oC.

zn(0.0725j—z))

Zofne 3

|||i||||i||||
-200 150
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Breakdown voltage vs temperature (HPK2 LGADs)

E = const
Gain model = Massey opt.
Sensor = HPK2-LGAD-S3

In zone 3 we have the following slopes:
o Massey default using TCAD EF: ......
« Massey optimized using TCAD EF: ...

« Massey optimized using const EF: ....

« From experimental data:

ooooooooooooo

0.802 V/°C
1.274 V/°C
1.194 V/°C
1.031 V/°C

Via [V

Breakdown voltage: HPK2-W36, simulation vs data

‘;-/\ S8 R&D
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Valid range in temperatures for our parametrization: -15°C-40°C.

The new parametrization gives better agreement in terms of the breakdown voltage than the default one.

The const EF approximation agrees very well with the EF given by TCAD.

To extend the parametrization to a wider range in temperatures, we need to include the breakdown conditions in the

optimization process.

01.12.2022 - E. Currias - 41" RD50 Workshop

22



Summary and next steps @)

e TCAD simulations to extract the E profiles in the GL and simulate the gain with existing impact ionization models:

S8 R&D

Massey, Van Overstraeten and Okuto-Crowell.

Parameters optimized in C++: same gain as in TCAD, but faster optimization enviroment.
e We presented a new parametrization that fits our data measured in TCT with an IR-laser :

The new parameters provide a good agreement with the experimental results.

Range in electric field: 2.8x10° Vem™'—4.5x10° Vem™.

Range in temperature: 258 K- 313 K.

e An error evaluation of the method was presented.

Method very sensitive to small variation in the input parameters.
e The new parametrization was used to simulate the breakdown voltage down to 20K.
Despite being outside of the T and E ranges of the new parametrization, it gives better results than the default ones.
Parameters need to be tuned including the breakdown conditions in the gain curves.
The model can be extended to a wider range in temperatures.

Breakdown voltage dependence as function of the temperature is now better understood.

For more details, Paper available from today:
“E.Curras and M.Moll, "Study of impact ionization coefficients in silicon with Low Gain Avalanche Diodes”, arXiv
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https://arxiv.org/pdf/2211.16543.pdf

;\./; g2l R&D

Thank you for your attention!
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