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® |nput data for the new parametrization.
> TCAD simulation of CNM-12916 and HPK2 LAGDs (Splits: 1 and 3).
> Existing impact ionization models: Massey and Overstraeten.
> Gain measurements as a function of the electric field and temperature with IR-TCT.

e Fitting the parameters of these two models to our data outside TCAD.
> Solve the impact ionization equation in C++.

e Study of the breakdown voltage as a function of the temperature down to 20K.

e Summary and next steps.
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Samples:

HPK LGADs and PAD detectors
HPK prototype 2 sensors

Area: 1.3 x 1.3 mm?
Thickness: 50 um

4 different splits (i.e. different gain)

HPK2

CNM 12916

CNM LGADs and PAD detectors

CNM run 12916
Area: 1.3 x 1.3 mm?
Thickness: 50 um

o) Input data: Electric fields from TCAD

W25 = split 1: higher gain
W36 — split 3: lower gain
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Electric Field from TCAD at 80.00 V

x10°

m CNM-LGAD-12916
- HPK2-LGAD-W25
B HPK2-LGAD-W36

Depth, au



o) Impact ionization equation

NS

- Consider multiplication of electrons and holes

n’ p / charge generation [As/cm?]
P Cd], e ¥ a4,
| < @ | Z 31} n Cip P +g(‘l) e E
5~ Alpha(e) Beta (h")
J = Jn(z) + Jp(z) _at, | Ay
dx (Qn = ap) Jn +pJ + 9(x) dx
= (ap — an) Jp + and + g(x)
- Solution for the total current: : :
= S exp (— fd' (a,, — )dr))
=l M. OM(xdz|  With | M(x) =
J = M, J,(d) + M,J,(0) + ' /0 g(z)M(z)da | _ fod — ( fe dq) de

Gain equation implemented in C++
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w Impact ionization models: \3/ R&D
o = t(E,T) and a_= f(E,T)
Overstraeten model Massey model
 Five parameters to tune:  Six parameters to tune:
e a,a, b, bp and y . A, Ap, C, Cp, D _and Dp
« More computing power o Less computing power
b
o(F,,,) = Yaexp(— L ) B 41
F ava — np
Un,p (E) = An,p "eXp|\ T E
ﬁmnp
i) Ser With: B, (T)=C, +D, T
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We have data for HPK2-W25 too, but not yet for the CNM-12916

o T:-20°C up to +50 °C
o Averaging: 2048 TCT IR- tOp +20C ( 1 |V||P)
o Cividec C2 amp O HPK2-W36-LGAD [ | | | || — Temp: -20°C
+ IR shutter aperture: 6,0 mm o 3OV ) [ | — Temp:-10°C
o IR attenuator: 3,09 V . — Temp: 0°C
. (0]
e At +20 °C we have ~ 1 MIP, 40 of=="Temp: 1UG
this decreases with - - — Temp: 20°C
. — - — Temp: 30°C
temperature < 30" - ]
e« -20C <1 MIP o - — Temp: 40°C
L z 0
o +50C > 1 MIP 20 - — Temp: 50°C
 Gain is evaluated: -
10—
Gvn=glee s - ]
Qpryn , | B el ¢n ¢ T pa logolepyls s gl |
0 20 40 60 80 100 120 140 160 180 200 220 240

Voltage, V
* Q,, measured at 100V, g

(Vo, ~10V)
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Data for all temperatures fitted together. Some temperatures shown below:

HPK-LGAD-W36 at -20C
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HPK-LGAD- W36 at +200

« TCT IRaser (1 MIP) |
------- Massey default
—— Overstraeten default j
—— Massey fit
—— Overstraeten fit /

20 40 60 80 100 120 140 160 180 200
Vbias, V

After tuning the parameters with the measured data, we get an excellent agreement with both models.
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QEEW Tuning the parameters: HPK2-W25-LGAD

Data for all temperatures fitted together. Some temperatures shown below:

HPK2-LGAD-W25 at +20C
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HPK2-LGAD-W25 at -20C
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« TCTIR-aser (1MIP) | | — » f
------- Massey default | |
— Oversiracten default ____________ e ____________________
| —— Massey fi / _______________________ S Y ]
| —— Overstraeten fit RS ——
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20 40 60 80

100 120 140

Vbias, V
Again a good agreement with both models, but we have to use a different parametrization than for W36.



cEn) Tuning the parameters: comparing all LGADs C\ERN

S = R&D
HPK2-W36-LGAD 100 HPK2-W25-LGAD 100 CNM-12916-LGAD
100¢ F B
Masse 905 e« IR-TCTdata | 90" / f 90" II
a - g 80"
y 38 R Fit defaul / / 32 F / / 20 E /‘
. (o) E = =
Temp’ 20 C 60F| —— Fit HPK2-W36 data // // 60F / /j 60F /-
k= g . £ g £ g .
—> 8 50| —— Fit HPK2-W25 data /e & 0: / Jy;; & 0% /e
: b/ 40F ; 40 ’
40E /. . g / F( g /s
30F 4 A 30¢ A .‘,-r" 30¢ /f v
20¢ = 20" At 20" e
g SR E - : -~
10 T ann RS S 10 fosertt 100 A
% 20 46°60 80 100120140160 180 200 220 % 20 40 60 80 100120 140 160 180 200 220 % 20 20 60 80 100 120 140 160 180 200 220
Voltage, V Voltage, V Voltage, V
100. HPK2-W36- LGAD 100 HPK2-W25-LGAD 100 CNM-12916-LGAD
90% « IRTCT data : 90" /I '/ 90%
Overstraeten 80 ... ool i 80- , / 80-
. o 70F / / 70F . 70L
Temp. 20°C 605 — Fit HPK2-W36 data Iy, 6ok Pl 6ot A
£ E : . c F : L £ = : .
q & 505 —— Fit HPK2-W25 data Pl / T 50¢ fs § s0¢ ; .
40 // / Y: ; / RY: i. //
30? ..... /.. sof ":. ‘/ o 30f ) 5 /
20F & B S g w i aw
; 20; 20- -~
10; %__ gy M 10i 4 10i 2
%20 40”60 80 700120140 160 180200220 %2040 50 80 00 120140160 180 200820 %2030 60 60 100 120 {40 i60 180 300520
Voltage, V Voltage, V Voltage, V

It is very difficult to fit all the curves with one set of parameters in both cases (Overstraeten and Massey).



<§Ef_N>/X Alpha and beta comparison: HPK2-W36-LGAD @@ -

s Impact ionization: alpha at 20C 5 Impact ionization: beta at 20C
4{)><10 : . : : . : 10 x10 : : . .
35 9
30 3
§ o5 § 6
g 20 | 5 5
£ . —
S 15 P - Massey default 2 4
10 S B CLLET Overstraeten default | 3
—— Massey fit | 2
5 : 5 : —— Overstraeten fit w108 1E : : :
1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 =
8.2 0.25 0.3 0.35 0.4 0.45 0.5 8.2 0.25 0.3 0.35 0.4 0.45 0.5
E, V/icm
,  Impactionization: alpha at 3.5e5 V/cm
: 10
9
8
7
E
5 5
. T 5
o ]
& g 4
< 3
2
= 1 :
C 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 | 1 1 I 1
520 800 220 240 260 280 300 320 340

1 | 1 1 | 1
240 260 280 300 320 340
T. K T K

Alpha and beta are significantly different with the new parametrization.



(ﬁ@ Alpha and beta comparison: HPK-W25-LGAD (C\E@/X —_—

Impact ionization: alpha at 20C Impact ionization: beta at 20C

40><103

3
; : ; B ; 10 ?10
X 1<) SR ................................. ................. : L £ — ................................ 9E
30 2 3
§ o580 — e — S — — § &
g 20 5
T e AN B E T Massey fit W36 © 4
= 15 : H : m
< 10 ........................... .................. Overstraeten fit W36 | 3
| —— Massey fit W25 2
5 .................. ................................. ............. Overstraeten f|t W25 ] 1
L1 : L1 | L1 | TR TR RN N AN TR NN NN TR NN RN S S| X10
82 0.25 0.3 0.35 0.4 0.45 0.5 B.
E, V/icm
.  Impactionization: alpha at 3.5e5 V/cm
x10 _ _ 10
9
8
7
£
2 E 6
- A 5
© o
s T 4
< @ 3
2
= : : : : : : 1E : : : : : :
C 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 E 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1
900 220 240 260 280 300 320 340 900 220 240 260 280 300 320 340

T, K T,

k
Alpha and beta differ when we fit independently HPK2-W36-LGAD and HPK2-W25-LGAD
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Pad current, A

1075

Gain and breakdown voltage in the cryostat: ~ (§)

Comparing results with the probe station
HPK2-W36-LGAD (Cryostat)

10754
1074
102
10771
10—10 4
10—11 4
10—12 4

10—13

= Probe Station - GR connected - T:+20°C
—— Cryostat - GR connected - T:+21°C

Pad current, A

50 100 150 200

Voltage, V
At low voltage the current changes polarity in the cryostat.
This is an effect of the GR in the HPK?2 that we do not fully

" understand yet.

let HPK2-W36-LGAD (Cryostat)

10 20 30 40 50 60
Voltage, V

NS
HPK2-W36-LGAD (Cryostat)
! Freq: 1 KHz
10—10. | | | | | |
L
)
()
oy
5
.
a 10—11_
{1+
(W]
—e— Probe Station - GR connected - T:+20°C
—s— Cryostat - GR connected - T: 4+21°C
-12 : : : : : : : !
10 10 20 30 40 50 60 70 80
Voltage, V
HPK2-W36-LGAD (Cryostat)
Freq: 1 KHz
1010 - | | \ \ \ —e— T:421°C
o et R g, —e— T:-20°C
- —e— T:-40°C
] —e— T:-60°C
I . —— T:-80°C
E ” i T:—100°C
g 107 :'\ —a- T:—240°C
© .
-3 e-STeueee

1012
/()/

Breakdown voltage

10 20 30 40 50 60 70 80
Voltage, V
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Pad current, A
=
(o]
=

10—12 4

10—13 4
o At low temperatures is very complicated to estimate the breakdown voltage.

e Only from the IV curves is not possible to get the gain.

Breakdown voltage and gain

HPK2-W36-LGAD (Cryostat)

+21°C
— =20°C
—_— —40°C
— —60°C
— —80°C
-100°C
-120°C
—140°C
-160°C
-=- —180°C
—=- —=200°C
—-=- =220°C
=== =240°C

0 50 100 150 200
Voltage, V

« At low temperatures there is not enough current.

100

801

dip/dV* (Vi)

20 4

) Gain and breakdown voltage In the cryostat:

Breakdown voltage
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601

25 50 75 100 125 150 175 200

Voltage, V

« A big amount of the current that we measure in the unirradiated LGADs is not coming from the bulk and therefore is not amplified.

We need to increase the bulk current illuminating with LEDs



) Gain and breakdown voltage In the cryostat:

7 _
Breakdown voltage and gain
Los HPK2-W36-LGAD (Cryostat)
10—6.
< 10774
g
£ 107%4
L=
e
& 10774
10—10 E 1 I ]
IR LED (100 mA)
10779 50 100 150 200 250
Voltage, V
>,
>8
The change in the slope occurs when
V,,isequalto V.

This is because the BD is happening
before the bulk depletes.

30
25
—_— T: 50°C
T: 0°C -
T: —50°C = 207 T
—
—— T: =100°C =
T: —120°C *% 15
T: —140°C =
—-=- T: =160°C T 10/
—-=- T: —=190°C
-—- T: —220°C 5 ]
-—- T: —250°C
0' 2 T T T T
0 50 100 150 200
Voltage, V
oo - Breakdown voltage
- — -472
48V, (T)=54.9 +0.08T+1.6x10°T =D gt
7 Vap(T) =49.13 + 0.018T (linear fit) g 7T IR-LED (100 mA) | P
r -+- Green-LED (100 mA) .,'
= ’
46: /// ’;l’
F e 1501 ~
[ ___——ﬁ"/ > "'
45g— — qra; i 1 V/OC
C > #
r & 100 | et |
44 ‘ T ;’
:I L1 L1 [ 11 L1 [ [ | | I L1 | \\\\/7/A7\ (
—250 —239 228 -217 —206 —195 —184 —173 —162 —151 —140 {p___.---._-E
Temperature, C -
%50 200 150 100 %0 0 50

IR-LED (940 nm)

Top illumination

LED current: 100 mA

Breakdown voltage

Temperature, C

250

CEEW
) 23 R&D

Threshold
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Breakdown voltage and gain

To evaluate the gain things are a bit more complicated and measurements are still ongoing ...

A —
(Area that does not
contribute to the gain)
A

2
(Area that contributes

to the gain)

We need to go from top illumination to bottom illumination to avoid
correction that can lead to big uncertainties in the results.

100CNM—12916—W1—D810 (Cryostat), T:+20°C

Preliminary

For the first trial we move to the CNM, because o i

of their larger opening in the back side
601 —— TCT-IR top (1.0 MIPs)

——- Cryostat IR-LED (200 mA)
—=—- Cryostat IR-LED (900 mA)

Gain

20

0 20 40 60 80 100
Voltage, V
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Applying the different impact ionization models to the V__ data

Breakdown voltage: HPK2-W36-LGAD

250 —
Preliminary
200 —&— Cryostat data IR-LED (100 mA)
--=- Massey default
‘:{ 150 ---- Qverstraeten default
:;53 —— Massey fit from TCT data
100 | —— OQverstraeten fit from TCT data
5{] ‘ _____________
ﬂ T T T T T T
—-250 -200 -150 -100 =50 0 50

Temperature, C

« Our new model gives better agreement in terms of the breakdown voltage than the default ones.
« Note: the fitting with the TCT data was not targeting the breakdown voltage region.
« Next step: include this data in the fitting function to optimize alpha(E, T) and beta(E, T).
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Gain at low electric field as at different temperatures

+ Measured the gain with the Sr-90 source in all the HPK2 and CNM-12916 LGADs from -40°C to 40°C.

. _ More data to cross check our
+ The Vbias was kept constant during the temperature scan for the DUT. parametrization and/or include in our

fitting function. Work in progress !

SR-90, GAIN vs TEMPERATURE
70 —e— HPK2_W42_150V
—— HPK2_W42_130V

60 .................................... e HPK2_W36_1 SOV

) N S S S S— — HPK2_W36_1 10V
HPK2 W31 80V

40 HPK2 W31 70V

Gain

30 HPK2_ W25 75V

20

10

I T | | [ I | I T | | I T | | [ I | I T | | [ I | I T | | I T |
30 240 250 260 270 280 290 300 310 320
Temperature, K




)Y Summary and next steps i)

7_“/ N rd

e Gain calculation done in C++ using Efield data from TCAD and existing impact ionization models:
Massey.
Overstraeten.

® Looking for new parameters that can fit better our data. First step using IR-TCT data:
The new parameters provide a good agreement with the experimental results.
We could not fit all our data with a single parametrization yet.

e Measurements of the breakdown voltage and gain were conducted in the cryostat down to 20K.
This data will be included in the fitting function, but we have already a good agreement.

®* Next steps:
SIMS measurements in at least one more device: HPK2-W36-LGAD.
Measure the uncertainty in the experimental data, gain dispersion between identical devices?
Using different impact ionization models: existing ones or maybe a new model is needed?

Thank you for your attention!
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