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* The most critical effect of radiation damage is the increase in dark current (I ) which is proportional

to the fluence:

»Increase in | _ leads to a significant power dissipation;

> If the power dissipated is not properly cooled, it heats the SiPM,
parameters depend on temperature:

+ Photo-current (I ,u=1Ispm —Lan) at constant bias voltage, o S F—
U,..,and constant photon rate, decreases with temperature: _ **
Iphotooc PDE(T) . Gam(T) E 0.15

+ Explained, among other effects, by the temperature -

dependence of breakdown voltage, U, :

Gaine +-C,, (U
do
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whose performance

Calibration Iph(U,T):
Photo-current at known T

AT = 5¢°C S Al,,> AU,

_ Ubd ( T) ) %8 30 32 34

Ubias [V]

36

38



Alm

* Develop a method to determine SiPM temperature increase induced by power dissipated (self-

heating) AT (P) with P:ISiPM ’ Ubias

SiPM

* Relevant for applications of SiPMs in:

¢+ High background light experiments — High Iphoto
* Light Detection and Ranging (LIDAR), astrophysics -

1 :.. ;,-_.1-_-
. RS HI ||| T

+ High radiation environment — High |,

o Satellite experiments, HL-LHC (“1 mA, T =

Replacement of the CMS
calorimeter endcaps with the High
Granularity Calorimeter (HGCAL)
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CMS p-p collisions at 7 TeV per beam

EIED i T -|]|Il||

e 1 MeV-neutron equivalent fluence in Silicon at 3000 fb™! y
il P e i~ s

Fluence [cm'z]
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CMS FLUKA Sedy v.3.7.9.1

-30 °C, qbeq"‘1013 cm?)
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* |, increases with fluence, in particular for this study we want to emulate the power dissipated
by I, inanirradiated SiPM

> Operate a non-irradiated SiPM, under LED illumination, to produce the same power as
expected for an irradiated SiPM

SiPM current as a function of over voltage
for KETEK and MPPC HPK

|_LED= 0.47 mA

1073+ —— ¢=1el3 cm2

—— ¢=0 (Non-irradiated)

_ Irradiated MPPC HPK SiPM
(I =0 mA, -30 °C)
C' LED

™ Non-irradiated KETEK SiPM
= 0.47 mA, 25 °C)

* Power dissipated (P):
P~ 50 mW induced by (Irrad. at

¢=1el3cm?atU =2V, U, =367V
@ -30 °C)

107 (ILED

Current [A]

1077 . i .
e P~ 50 mW induced by high |LED (Non- Non-irradiated MPPC HPK SiPM

™ (I.,= 0 MA, -30°C)
irrad. | ~0.5mAatU_ =10V, U, = 10-°
27.5V @ 25 °C)

=11 | | | | | | |
1079600 —75 —50 -25 00 25 50 75 100 U =U

ex bias
Uy, [V]

Ubd
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dI,  dI, dU
Express the T dependence of photo-current as: —2==—2>.—=

dT du dT

A relative change in photo-current is related to a change in T by the sensitivity
Al

photo __ . PP . 1 .dehoto.dUbd (y_O
Iphoto _SPhOtO AT SenSItIVIty' Sphoto(Ubias’Tchuck>_ Iphoto dU dT K
* Typical sensitivity: (0.4 — 1) %/K Sensitivity
10!
* Precision data required: 4»1
LED-stability, I-measurement, U-setting. "g\
v
o ExtractT_  fromI_ ina cycleatconstantU,__and g o0
changing light intensity. g
S
e Lucchini et al propose a method with constant ”
illumination, and T_ is derived from the changes in
l.... when the U is switched on, or thermal conditions 10-1
SIPM o 28 30 32 34 36 38
change by switching on a fan. Upias [V]
[d0i:10.1016/j.nima.2020.164300]
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* SiPM KETEK non-irradiated (MP15V09 D2.8)
- d_=700 um
- U, =275V @25°C, Cpix= 18 fF, t =14 ns

sensor1i

- Pixel size = 15 um, 27000 pixels

* SiPM glued on alumina (Al O,) substrate: T censorz
- d,_ =600 pPum

Al203

* Cooling system: temperature-controlled chuck

* PVC (1.2 and 3.1 mm) between the alumina and cold
chuck to emulate degraded thermal contact.

* Three T sensors (PT-100): at 3.1 mm (T___) and 7.6

mm (T___ ) from the SiPM center, T _____ on the chuck.
Tsensorz Tsensorl
* lllumination: LED (470 nm) i

PVC
- Temperature controlled chuck
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Sensitivity calibration

SenSitiVity: Sphoto (Ubias ’ Tchuck):

* Calibration data is measured at
known and stable T, ., avoiding
saturation due to occupancy (~1%):

1 dI

photo

I

photo

dU

du ,, !% ]

dT || K

l photo

0.0

8]

’ph@fol.zth
[

Calibration data: 5 LED intensities
@ 25°C above U,

—— |_LED: 0.30 mA f
|_LED: 0.40 mA ’
—— | LED: 0.53 mA }‘,x*‘
—— |_LED: 0.73 mA
—«— |_LED: 1.00 mA ‘f
XEXMKX
Lo
e
|
28 30 32 34 36 38
Ubias [V]
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* Calibration data at several LED currents leads to the same

sensitivity curve.

* Measure in the T range of relevance

27.7

27.6

Upa [V]

27.4

27.3

U, , as a function of temperature
dU,,/dT=21mV/K

//+’,’
f””’
A
AU
o
/,,
P
AT
4
15 20 25 30 35
T [°C]
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Sphoto [ 1/K]

Sensitivity: 5 LED intensities
@ 25°C above U,

| LED:0.30 mA _

——

| LED:0.40 mA —

| LED:0.53 mA _

| LED:0.73 mA

| LED:1.00 mA —

28

30 32 34 36 38

Ubias [V]
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Results for degraded thermal contact (3.1 mm PVC) S s

e U_=38V,I_=0.47mA,P=58mW:

bi LED
— (o]
AT AT oo 3.1mmPVC, T =25°C
SiPM™ g T - | 1.518
photo * ~ photo
1.4 } |
e : : 13 . — 11.516
 From sensitivity calibration forU,_ =38V — S,,,,= 0.39 % ' ; "~ photo
AT 10 | 1514
* Observed: ——photc _ 3 oy — <
photo 8 0.8 AT sensor '1.512 €
. = 0.6 ATsensor2 8
e Calculated: AT, =1.87 K, reached in~60s, AU_=39 mV <9 '1.510 &
SiPM bd ATsensor3 —
1.508
1.506
* As expected from heat flow:
ATsensorl sensor2 > sensor3
* Due to the increased thermal resistance — change of the

‘ ] —

, : 500 600 700 800 900 1000 1100
amplitude and phase of AT and AT relative to AT . Time [s]

T oscillations due to feedback loop of the

temperature-controlled chuck
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Results for good thermal contact (no PVC)

« AT ~0.5K, forP=47 mW reachedin~2s.

AU, =12 mV

* T oscillations due to feedback loop of the
temperature-controlled chuck:

o T with the same amplitude and phase

sensors

T, anti-correlated with | an increase in
iPM photo,

to
TSiPN| causes a decrease of Iphoto

— Phase shift of 180° between T and

Sensors

Iphotodemonstrates good thermal contact

between chuck and SiPM multiplication
region.
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No PVC, T =25°C

| | 1.225
- 1 T Iphoto h ATsensor1 |
1.2 o ATsensor2 -
1.224
L[] A N S S A A“I_sensor'B 3
— . 3 E‘
=08 12235
i)
5 0.6 [
. 1.222
0.2 JAVAVAVAVYAY
. - - f\\ {"':‘.\V ;‘,’-E\V ;_f-§\v !.,'.\.\ .
0.0 \/\/ R S Vil kI Y M i 1.221
'g ﬁ
— 0.25
my
500 600 700 800 900 1000 1100
Time [s]
Umeas = 38 V,
|,_ED = 0.47 mA.

- SiPM Self-Heating
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e T-oscillations to check ATSiPM determination:

e NoPVCandl ot = 1.22 mA:
No PVC: T and | T =25°C P

sensor1 photo chuck

— Fitting data to obtain amplitude of both T and Iphoto

0.30 /A A\ A\ A 11.2235
AWANIWAWA A K
0% / A sensort | \ VT a=—= 0.23
020 \ I_ ‘ “n ,-il | w— L) .v/ 1} s/ r<_3fl AIphoto MA
1{ \J i — Iphoto ATsensor1 1'22255
0.15 — [fit curve ~—— Tfit curve 9 — Current normalized to the maximum value of the
1.2220 2 .
53 A " . = data without PVC
WA _
005 W w AT gpy=0a-Al photo
1.2210
0.00 |
- For good thermal contact, P =47 mW
0.475
650 700 750 800 850 900 950

Time [s]
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Summary of preliminary results
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No PVC 1.2 mm PVC 3.1 mm PVC
2.00 —— ATSfPM :Sphoto 2.00 2.00
1.75 —— ATgjpy : Cross — check 1.75 1.75
150 — Alsensons 150 150
=== ATsensor:Z
5 125 Ao s v 1.25 v 1.25
—1.00 —1.00 " ATsion : Sphoto —1.00 e Nopn Sonot
<075 o.75 o — Alsppw : Cross — check <075 — ATgpy : Cross — check
0.50 osol I/ o i 0.50 ATsensor
. ' - ATsensorZ . ATsensorZ
025 025 """ ATsensoﬂ 025 ATSEHSO!G
0.00 ek | | ] & 0.00 . . _ ..... | 0.00 ‘ ‘ : | ‘ . !
650 700 750 800 850 900 950 650 700 750 800 850 900 950 650 700 750 800 850 900 950
Time [s] Time [s] Time [s]
* Sensitivity method and cross-check agree: same AT_ from the measured current within 10%
U,.. =38V AU Cross-check
° _ o P [mW] bg SiPM[ ] AT [K] d'ﬂ:ReL
Tchuck =25°C [mV] SiPM Inrerence
~SIPM on top of cooling system — no pyc 46.55 12 0.56 0.62 10.3%
~ SiPM mounted on PCB {PVC (1.2mm)  50.81 37 1.74 1.91 9.5%
PVC(3.1mm)  57.68 39 1.87 2.03 8.6%
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Implications:
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e If the shift of 40 mV is not compensated, operating ~ U_ =2V — reduction of gain by 2 % +

reduction of PDE by 2 %
e Reduction of signal about 4 %

o Increasing U___is a possible solution but:

II» It is a loop! Cannot be fully compensated.

SiPM Radiation Workshop. CERN, 27.04.2022

bias

Avbd increases

increases'

|

l ISiPM
Tsiom ‘ Increases
increases
Power
dissipated
increases
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Extend the method to determine T_, using | during the cool down phase after switching off the
LED

Study the self-heating as function of dissipated power

Investigate the self-heating of irradiated SiPMs

Compare the measurements to predictions from thermal simulations

SiPM Radiation Workshop. CERN, 27.04.2022 Carmen Villalba - SiPM Self-Heating
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Extend the method to determine T_, using | during the cool down phase after switching off the
LED

Study the self-heating as function of dissipated power

Investigate the self-heating of irradiated SiPMs

Compare the measurements to predictions from thermal simulations
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Backup slides
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Heat in the multiplication region (single Geiger

discharge)
Data for MP15V09 D2.8:
. CpiX =18 fF
° Vbias = 38 V
oV , =275V
e [, =5UmM
e d=2um
e # Pixels =27367

~ Heat of 1 discharge AT =24 mK
~ Heat for 0.3% of the pixels AT ~ 2 K

SiPM Radiation Workshop. CERN, 27.04.2022
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» Geiger discharge through a plasma channel;
e Temperature change: , ,
1 Ca- (% - V)
ATyis = Wa/(csi - Msi) = 5 — o ,
27 -m-d- psi-Csi

Thermal parameters: Different sources give quite different values

k [WicmK)] | ¢ [J/(egK)] | D[ecm?/s] | plg/em’]
Si 1.5 0.7 0.92 2328

Plasma
channel

Carmen Villalba - SiPM Self-Heating
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Implementation of Analysis method for constant U - sz e

. . . THOTM Icai{:UcaEs Tchuck) - o
1) Thel, is normalisedtol_(U_, T, ). I'7" = Ui Toa)” 3.1mmPVC, T, =25°C
1.4 4
. . o ] 1.2 1.516
2) A cubic spline fit is used to obtain U : U, (I.0") N
. 1.514
. . 80.8 e ATsensor1 | ?
3)The measured | is hormalised: = Al ATeensorz | [1.512°
SIPM(t) '<_J 06 phOto [ e ATSE”SDF3 m ;:g
I5py (1) = Isipm(®)/1sipm(t+), where t+ is the 0 \ 1510~
time of the 1* measurement after switching | o 02 \. 1508
00pHm it s ———=F =11.506
4) The change in current is converted into a voltage Z —
H — 0.25
change using AU (¢)=U g — U o T (1)
- 400 600 800 1000 1200
Time [s]
5) And the increase in temperature is determined AT U _.=338YV,
. hoto
using: AU(t) _ —P22=0.73% | __=0.47 mA,
AT .. = , dU, /dT=21mV/K T oo LED
SPMT quU , /dT b phet P =58 mW.
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Measurements for self—heaﬁng (ILED—ste pS)
T, ... andl.., forthe different thermal
* |ymyand T sensors recorded with step 0.5 s s . contact @25°C
—— AT; w/o PVC ra
* Cycle with fixed applied Voltage: —— AT, PVC(1.2mm) //"W\]
. _ — L0~ —— AT; PVC(3.1mm) -
* 320 s with LED off (lgark l,c= 0 MA) O [ \
* 320 s with LED 0N (lgarc+ lonototow » o= 0.02 MA) ks \
* 320 s With LED 0N (lgark+ lopoto-nighs leo= 0.47 MA) i NV
* 320 s with LED off (lgan, l,ep= 0 mA) IAYAVAY/ VAVAVAVAVAVAVA! \/\/\4\ ANAL
* LED intensity tuned to have lgpy ~1 mA L0
0.8
* Measurements with efficient thermal Eos
contact: without PVC o
* To degrade the thermal contact: PVC layers E’O_z
of thickness 1.2mm and 3.1 mm 0.0 _

0 200 400 600 800 1000 1200
Run Time [s]
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Results for degraded thermal contact (1.2 mm PVC) =i

. ATSiPM”Z K, for P=51 mW, reached in ~ 60 s. 1.2mmPVC, T _=25°C
AU =37 mV 1.4 5
12 ’/\/\_/'\_ 1.336
AT ... — A Iphoto /
SiPM Sphoto . Iphoto 1.0 !‘ / N T 1.3342
g 0.8 H—- L7 —— ATsensor1 n =
— I !{ -5 ATsensc:rz ._.0
5 06— 'photo T e ATeoncors — 1222 ;g‘_
* T oscillations due to feedback loop of the 0.4 k\ \\ e
temperature-controlled chuck: 0.2 I
0.0 AN \‘\__ 1.328
* Due to the increased thermal resistance - g
change on the amplitude and phase of AT s
and AT relative to AT “P% 60 700 80— s00 1000
sensor2 sensor3 Time [s]
U _.=38YV,
| o = 0.47 mA.
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Dark current (LED = 0 mA) ::::v;;s;z?;: Hamburg
+ U_=38VandT, =25°C:
No PVC 1.2 mm PVC 3.1 mm PVC

, 0.872 0.14 :
0.14 /ﬁ% N AF 0.8850 0.08 £ % a _— | 0.868
0.12 “"..'Jk 1 0.06 | == 0.870 ' S R |
/" & '}t‘ .'\{ \ i 0,04 N 0.10 " Ii";linl"{ il 1o.866
. ! g a < i ; ol ! . -l J : I‘lllll :
IR AR W om0 T A NN SR R TR JR - 4
O 0.08——fi—wh ERNRR I EVAH BT 3 sV AR TN E T R TN I Ak 3
Z !'“? “:"?h s 087757 = SN R b S g6 = O8I g 'ri'u'hf 0,864
— 0.06 11;' t it ? QE_ - 0.00 "F"' ¢ -_i1'? 'ﬁldhﬁ, '1.|1| ] |:I "E | : rli ~ ' QE_ = II:i" Iy "I.| :|"| l'}i'.: IR ‘,\!”lil “&f‘: P [
S ;THY, S N A W I T LA 14 I B o 11 R I e A -
0.04—Hr | LT 0.8750 =0.02— e ' vy i o ges i i il:ﬂ'u Yy } Fg : | fo.862
:;, [ I f'ylf 'y ) b ui '! AR 1] 'tf : 0.02 ———Trj—— 5 P -
0.02 ¥ :"Jll','/ T P -0.04 '!' ; — I:" f k :,.":u',' vonl_Le i S i
I, ' Prammet o Wl 0862 ' H L AT cavear i 1 lo.860
0.00 stensorl 0.8700 -0.06 —— ATsensor1 T 002 u-.L.-/ xas ATsensorl- :;,/
-0.02 S ATsensorz -0.08 e ATsensorZ ...... AT
S ATsensorB . ATsensor3 '<_[| 0.05 sensor3
g 005 < 005 :
% 166 E 4 Tﬁ 0.00
4005 g =005 ;
= 0 20 10 60 20 100 120 ~==0.05 5 20 20 50 50 100 130 0 20 40 aun T6”(‘)ne [5]80 100 120
Run Time [s] Run Time [s]
« Forl_. (current depends on thermal generation, T increase and | __ increase as well):
—> With good thermal contact T_____and |, __ are in phase with the same amplitude
— For bad thermal contact, due to thermal diffusion there is a change on the amplitude and phase ready T____andT_____

(on top of the alumina) compared with the sensor on the cold chuck.
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