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SiPM Current at 25°C

e e as a function of Vg;
red photon blue photon Multiplication layer | LED: 1.00 mA =
g ——— 103
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* When a photon hits a pixel, the Gain >10°> is reached applying a reverse bias

generated charge carriers (e-h pairs) voltage above the breakdown level (V)
trigger an avalanche multiplication L incr hen increasin lied V-
in the p-n junction by impact ionization. sy INCrEAse When increasing applied v,

I, ranges from nA to mA (6 orders of magnitude).
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* Higher temperature — shorter mean free path of the charge carriers— the critical E field necessary to
keep a the avalanche increases, therefore V, , increases as well.

 Photo-current (I at constant bias voltage, V.. _, and constant photon rate, decreases

photo = ISiPM -1 dark)
with temperature:

bias !

i e WS . | SiPM Current as a function of Vs;py and temperature
IphotoOCPDE(T)Gam(T) Lo at l.ep=1.0 mA
E T10°C
L —— T:20°C
1074 —— T:25°C
* Explained, among other effects, by the temperature - -~ "%
— 107> =
dependence of breakdown voltage, V, = =
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, £ 10 I J1f
§ . 1 o /'./6/"
Gainoe—C,, (V.= V,,(T)) oo i
I Q© F
1078 —
= 1.0
S =
- = 0.0 1
25 26 27 28 29 30
Voltage [V]
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* To detect charged particles the SiPM is coupled to a scintillator (plastic or inorganic). The minimum
signal depends on the application: either single photon or minimum ionizing energy from a charged

particle.

* SiPMs operating on harsh radiation environment or high ambient light show high dark count rates.
The single photon resolution is not possible in this case.

MIP response before (black) and after (blue) irradiation:

Non-irradiated SiPM Neutron irradiated SiPM (2x10'? cm™?)
3 MIP : 10° N : 7.95E+04
10 pﬂéa?r}%szE.ggéJroo MiP. Mean : 1.96E+00
mmm Std. Dev : 6.43E-01 mmm Std. Dev : 7.02E-01
Skewness : 3.12E-01 Skewness : 1.69E-01
Kurtosis : 3.06E+00 Kurtosis : 1.66E+00
102 10° ‘
it ]
[ - |
(D] (]
@ @ N "
101 101 ‘I ‘h
“..Wﬁh |
. 000 (T r——
-2 0 2 4 6

-2
Charge (10° e) Charge (10° e)

SiPM Self-Heating studies - 10.02.23 Carmen Villalba - High D meeting



UH
i_ti
28 Universitdt Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

MIP [105e]
P 8 3

=
o

Reduction on the SiPM response after irradiation

R source: MIP vs Vex, T = -30°C, Gate =50 ns

w
o

A ~40% reduction in the MIP response in a
plastic scintillator with SiPM irradiated to

¢ =0 ¢ ¢_ =10 cm? and operated at 2 V above
s p=2el2 N €q
¢ _e=15l3 ' breakdown (2 OV).
p=5el3
p=1el4d ¢ .
P e Is unclear if these results are consequence
oo decreasing of radiation damage in the SiPM or of the
. .
oo e fluence self-heating effect .
’ “0 U
R
. /
______ R atlo— irradiated
non —irradiated
1 2 3 4 5 6 7
Vapp - Vbd" [V]
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. . : SiPM current as a function of over voltage
What is self-heating effect? for KETEK and MPPC HPK |, radiated
ann .
¢ Increase in dark current, up to 6 —— |l_.LED=0.47 mA (1 5= 0 mA, -30 °C)

_3 I — —_
order of magnitude, leads to large 10 - $=(l)e(lw?;r?-ir?ra2diated)
power dissipation (heat) and therefore

produce an increase on SiPM
temperature.

Non-irradiated

1075 (I .= 0.47 mA, 25 °C)

*  Why is this effect important? 107

Current [A]

Non-irradiated
(1 .x= 0 mA, -30°C)

¢ If the heat is not cooled down fast
enough, the increase on temperature
changes the SiPM performance.

10°

10-1 . ‘ . . . ‘ .
. -10.0 -75 =50 =25 0.0 2.5 5.0 7.5 10.0
* How do we want to perform the studies?

Ve [V] Vo=V = Vi
! Operate é no,n-lrradlated SiPM, under « P~¥50mW induced byl (Irrad.at ¢ =1el3 cm?atV_=2
LED illumination, to produce the same V,V,,=36.7V @ -30 °C)
power (P =V, *1,,) as expected for P~ 50 mW induced by high 1 __ (non-irrad. 1 __~0.5 mA
an irradiated SiPM. atV_=10V,V,,=27.5V @ 25°C)
SiPM Self-Heating studies - 10.02.23
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- Determine AT, from an induced AL, with a predefined cycle:

I, increased either by increasing light intensity at constant V,__or by changing V,___under

constant light illumination.

¢ 2"interval (B) is the comparison stage between the cycles:

- Regardless prior conditions— Same power induced applying sameV,___andI
A A A A
| e — Vbias I K Viias
B LED B
A c A _C ,

— ] L~

g t

Constant V, changing | Constant | . changing V,__

(I-steps) (V-steps)
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* SiPM KETEK non-irradiated (MP15V09 D2.8)
¢ d,=700 pm

¢ V,=27.6V@25°C, C =18 fF, t=14ns

sensor1

* Pixel size =15 pym, 27000 pixels

* SiPM glued on alumina (AL O,) substrate: Tensorz
¢ d,,,=600pum

Al203

* Cooling system: temperature-controlled chuck

* POM (1.5 and 3.0 mm) between the alumina/PCB
and cold chuck to emulate degraded thermal
contact.

»  LED (470 nm) + diffuser

* 3 Tsensors (PT-100): at 3.1 mm (T ) and 7.6

sensor1

mm (T, .. ,) from the SiPM center, T____ . onthe
Tsensor2 Tsensorl
chuck. B e
Alumina
. . Tsensor
* Illumination: LED (470 nm) POM 3

SiPM Self-Heating studies - 10.02.23 Carmen Villalba - High D meeting 8




UH
i_ti
28 Universitdt Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

* Samples used:

S6

Ketek

# pixels 27367

Pixel size [um] 15

Active area [mm?] 6.2

Substrate Alumina

V,, (@ 25°C) 27.6 V
dv, /dT [mV/K] 22 4

S photo 0.46% (10.4 OV)

SiPM Self-Heating studies - 10.02.23

Ketek and MPPCs (HPK)

MPPC S14160-9766
HPK
8480
15
14x1.4

PCB

38.2V
33.3

0.58% (7.8 OV)

Carmen Villalba - High D meeting
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Method for self-heating studies with I

DER FORSCHUNG | DER LEHRE | DER BILDUNG phOto
dI dI dv
e Express the temperature (T) dependence of I as; —_photo _ 7~ photo 7 ” bd
P P (T) dep photo dT dv  dT
. . . . e S (V T )_ 1 . dehoto dVbd %
e Arrelative change in IIohoto is related to a change in T by the sensitivity: © photo\ V bias > L chuck )= I av |[dr ||k

Calibration data is measured at
known and stable T

chuck®

4.0
35

<25
=20
£15
1.0
0.5

0.0

Iphoto
Iph0t0 1

3.0+

Calibration data: 3 LED intensities
@ 25°C above V,

* (Calibration data at several LED currents leads to the
same sensitivity curve:

—e— |_LED: 0.10 mA,

[ —e— |_LED: 0.50 mA,
I_LED: 1.00 mA,

28 30 32 34

Vbias [V]

36 38

V,, as a function of temperature

2750| AV !dT=22.4mV | K

27.75

227.70
©27.65
> o

27.60

27.55 -~

AT

27.50

107!

Sphoto [ 1/K]

1072

24 26 28 30 32

Temperature [°C]

20 22

SiPM Self-Heating studies - 10.02.23
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Sensitivity: 3 LED intensities
@ 25°C above V,,
| |

, o
il —e— |_LED:0.10 mA
\;\ —#— | LED:0.50 mA
B | LED:1.00 mA
i

%@hot) =(4.6 £0.1)x103 K?

Co—
28 30 32 34 36 38
mes[V]
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* Instead of the usual I(V) measurements, this method require to measure current vs time, I(t).

- Determine AT, from an induced power (I and V steps):

Example of constant illumination and V step from
below to 10 V above V, , with the SiPM on top of:

w « I, normalized to the first data point after the switch
/' —— POM(3.0mm) I
U3 —— POM(1.5mm) | 1.000
S —— on chuck ’
': 2 et et eeteoe e e S e S e
5 ‘ B
5 — HGCAL PCB: thermal 099 :},‘\m
5 \ conductivity K=0.3 W/m*K & T —
0 1 (1.6 mm thick). 0.990" . poM(3.0mm) > ”::‘*:mh_ﬂ"ﬂw
—e— POM(1.5mm) iiiaas SOUUUINY |
3 — We use POM-C P chuck
E? the same K (1.5 and 3.0 ATime [s]
El mm thick) ¢ SiPM with good thermal contact - t~1s
w)
- A . .
c ¢ SiPM with bad thermal contact—- t~10s
0
0 200 400 600 800 1000 1200

Time [s]

SiPM Self-Heating studies - 10.02.23 Carmen Villalba - High D meeting 11
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t.= 1t measurement after the V or I __ switch

Same steady state current for I and V steps in

1.000 the interval of interest.
e— Pmax: 75.19 mW, I-steps
0.995 —— Pmax: 75.26 mW, V-steps
g —e— Pmax: 83.08 mW, I-steps Steady 4+
20.990 —— Ppax: 83.11 mW, V-steps -
e~ Prmax: 91.81 mW, [-steps
0.985 Prax: 9187 mW, Vesteps o 3
| | | i' | - X, e Ppax: 75.19 mW, I-steps | Good thermal
350 400 45% - ?g]o 550 600 650 :, e B 7526 mW. V-steps ) contact
l:’ —=— Ppax: 83.08 mW, I-steps
< —+— Pmax: 83.11 mW, V-steps | Bad thermal
1 e Pmax: 91.81 mW, l-steps ( contact
: 91.87 mW, V-steps
Al _Iphoto[tl]_Iphoto[t] AT :AIdiff
diff — steady |:> SIPM S
Iphoto photo 0
350 400 450 500 550 600 650
Time [s]
SiPM Self-Heating studies - 10.02.23 Carmen Villalba - High D meeting 12
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* Good thermal contact (SiPM+Alumina on top

of the chuck surface):

141 —e— Ketek(Al;03) on chuck
¢+ Increase up to 0.5 K *— Ketek(Al;03) POM(1.5mm)
121 —= Ketek(Al;03) POM(3.0mm)
* Degraded thermal contact (POM layers —— HPK(PCB) on chuck /

between the chuck surface): 10| —— HPK(PCB) POM(1.5mm)

g —»— HPK(PCB) POM(3.0mm)
¢ SiPM+Alumina ~5 K for thicker POM = 8 :
wny
layer. 5 6
¢  For the SiPM+PCB ~15 K for thicker POM 4
layer. 5|
O- [}
e For a SiPM soldered on a PCB: 20 40 v 60 80 100 120
Power [mW]
¢ 50 mW - TS~pM~ 5 K - EXpeCted P for

irradiated SiPM

SiPM Self-Heating studies - 10.02.23 Carmen Villalba - High D meeting 13
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Good thermal contact (SiPM+Alumina on top
of the chuck surface):

¢ ShiftonV, ,upto 15 mV
SiPM+PCB on top of the chuck surface:
¢+ ShiftonV,  up to 300 mV

Degraded thermal contact
(SiPM+Alumina+POM layers between the
chuck surface):

¢ ShiftonV, upto 120 mV

Degraded thermal contact (SiPM+PCB+ POM
layers between the chuck surface):

¢+ ShiftonV, up to 500 mV

SiPM Self-Heating studies - 10.02.23

AVpg [MV]

Maximum shift on V, , as a function of power

500

400

w
o
o

N
o
o

| —
o
o

—e— Ketek(Al03) on chuck

+— Ketek(Al;03) POM(1.5mm)

—=— Ketek(Al;03) POM(3.0mm)
—+— HPK(PCB) on chuck
—— HPK(PCB) POM(1.5mm)

—— HPK(PCB) POM(3.0mm)

20

Carmen Villalba - High D meeting

40 60 80 100 120

Power [mW]
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* Developed method to determine the heating of SiPMs from its current, as a function of:

¢ Induced power, thermal contact and SiPM packages.

* The method has been used to determine the temperature increase of a SiPM with P ~ 50 mW, expected
for instance in SiPM (MPPC HPK) irradiated to <1>eq~1013cm'2 operated ~ 2V (OV)

 Heating causes a decreaseinI (increaseinI, )andashiftonV,

¢ For good thermal contact: AT, ~0.5K, AV_, =15 mV

¢+ For degraded thermal contact (SiPM mounted on PCB): AT, ~5 K, AV, , = 180 mV. However, this
shift on V,_, does not explain the significant MIP response reduction observed in previous studies.

~ Next steps:

- Apply the method for irradiated samples.
- Compare the results with thermal simulations.

SiPM Self-Heating studies - 10.02.23 Carmen Villalba - High D meeting 15
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* Developed method to determine the heating of SiPMs from its current, as a function of:

¢ Induced power, thermal contact and SiPM packages.

* The method has been used to determine the temperature increase of a SiPM with P ~ 50 mW, expected
for instance in SiPM (MPPC HPK) irradiated to <|>eq~1013‘cm'2 operated ~ 2V (OV)

 Heating causes a decreaseinI (increaseinI, )andashiftonV,

¢ For good thermal contact: AT, ~0.5K, AV_, =15 mV

¢+ For degraded thermal contact (SiPM mounted on PCB): AT, ~5 K, AV, , = 180 mV. However, this
shift on V,_, does not explain the significant MIP response reduction observed in previous studies.

~ Next steps:

- Apply the method for irradiated samples.
- Compare the results with thermal simulations.
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Backup slides
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 If the shift of 40 mV is not compensated, operating ~U_= 2V - reduction of gain by 2 % +
reduction of PDE by 2 %

* Reduction of signal about 4 %

. . . . . bias
« Increasing U,__is a possible solution, but: AV increases

bd
increase' Ny

Tsiom ‘ l Son

increases increases

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

SiPM Self-Heating studies - 10.02.23 Carmen Villalba - High D meeting 18
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Pixel Electrical

* Single-Photon Avalanche Diode (SPAD) = photo-diode reverse biased, representation
operating above the breakdown voltage level, V_ — Geiger mode
(avalanche multiplication)— Gain > 10° R —T “a
e Silicon Photo-Multiplier (SiPM) = array of SPADs connected in parallel. Viins T
The single SPADs in a SiPM - pixels. —— Cpix
I:{pi}s(

Customised SiPM (HPK) designed for CMS

SiPM Self-Heating studies - 10.02.23 Carmen Villalba - High D meeting 19
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* 1 fired cell or pixel = 1 photo-electron
(p.e) detected

| fired cell —» "-i‘,_r-
2 fired cells ——» § 7 P Mboceatien b
3 fired cells ——» W £ : l‘: 1
-7} = : y _ _ 3
4 fired cells — { 22500 o §Gam oC q Cpix (Vbias Vbd)
' - A | o
2000 = pe
= ope gain
1500 —
M::anura Et?‘tliatrina l '}““ E_
500

7

20 40 60 80 100 120 140 160 180
Charge [QDC-Channels|

SiPM Self-Heating studies - 10.02.23 Carmen Villalba - High D meeting 20
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I, @s a function of time for I . steps, using KETEK S3 sample. At 25 °C. Normalizing the time to the first data

point after the switch. For the cases with the SiPM on direct contact with the chuck (A), with a 1.5 mm (B) and
3.0 mm thick (C) POM layer between the SiPM and the chuck.

AT(0,0) | AT(0.140)) | (ATY | R AW T 7.
[K] [K] [K] | [K/W] 9] [s] [s]
> 6az1] ‘ 5 Si 018 | 0086 | 05| 044 | 48x10%[50x103 | L1x 107
. ! ==4== on chuck . - -3 _2 - -3
\ A Si+ Al 0.60 0.39 051 | 146 | 7.6x10 2 x10™ | BAix10
< + L.3mmPVC 10.2 9.9 10.1 | 287 6.9 20 5.4
< 2,640 .
= } +3.15mmPVC 19.0 18.6 18.8 | 53.7 15.1 44 31
2,638 \\O\O\ Table 2: Simulated temperature change of the SIPM multiplication region and estimated heating- and cooling- time constants for a
I M SR SN power of Pow = 350 mW dissipated in the multiplication region of the SiPM. Given are the temperature change of the multiplication
2.636 : = — region at the SiPM center, AT(0, 0, at the periphery, AT(0.14 cm, 0), and the mean (AT'). Ry, = (AT }/Powis the thermal resistance.
0 2 4 ATime [ S]b 8 10 AW is the energy deposited in all materials, and Ty, = Ry, - AW /(T') an estimate of the heating-time constant, and 7, an estimate of
the cooling-time constant.
I I I 3.28 f i i
2.04 POM(1.5mm) | C --¢-- POM(3.0mm)
T 03 B 23%% WL FOLIE 404 11 Heat
E EL. N\ conducting foil,
2,92 z \ double-sided
;& E ouble-siae
2.91 3.22 adhesive (0.127 mm
2.90 ‘ 3.20 | | thick), K= 0,37 W/m*K
0 20 40 60 80 100 0 25 50 75 100 125 150 175 200
ATime [s] ATime [s]

SiPM Self-Heating studies - 10.02.23 Carmen Villalba - High D meeting 21
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LED (470 nm) + diffuser on top of SiPM
.‘_% |

4

‘4% SiPM chip

SiPM active area

PT-100 #1 PT-100 #2

|-y
-

PT-100 #3

7.5 mm Al

Y

22
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v . \ . v | >

sensor 2 SI PM sensorﬂ Tsensor 3

SiPM Self-Heating studies - 10.02.23 Carmen Villalba - High D meeting
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* As areference: HGCAL is using FR4 (glass epoxy laminate material) for the PCB and they use
0.3 W/m*K as thermal conductivity, POM-C (Polyoxymethylene) has the same thermal

conductivity.

* PCB is only 1.3mm thick. Including the polyimide isolation layer (50um thick) between PCB
and heat sink (cooper), total thickness 1.6mm.

twinax cable (1mm diam.)
(4/8 diff. chns.)
in-cutout of adapter board.

reflector foil QSH connector (5mm high)
) with adapter board (1mm high)
UV LED SiPM copper cover plate for twinax-cable.

small tile

ll' in mm,
10 ‘ not in scale
L F ||| .
[ S — {
i - LV_PCB + fiber space for silicon ‘- SOR N 5 -3'3
e | 4
1.5 ¢ Al Scmtlllator l I
v fi6! \ | :| | ﬂ j
13 Scmtlllator Front End Board
6.0 |
______ v |

light calibration system, HGROC  polyimide isolation (50um) protection layer
GBT_SCA, regulator (FR4, 200pm)

HGCAL cross section

25
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I
0.0020 P=24.78 mW ||
—— P=49.21 mW
'E' 0.0015 P=73.88 mW ||
— —+— P=98.47 mW
£ 0.0010
<
q
0.0005 r
0.0000
0 200 400 600 800 1000
Time [s]
T I ]
1.00 —+— P=24.78 mW
0.99 —— P=49.21 mW |
+— P=173.88 mW
LE‘098 e = 98.47 mW —
S
0.96 \E
0.95 =

350 400 450 500
Time [s]

SiPM Self-Heating studies - 10.02.23

550

600 650

Increase on Tgjpy as a function of power.
V steps, @25C, No POM. HPK 66-4

8_

6_
X

=4
(V]
—

21 , = P=24.78 mW
= P=49.21 mW
= P=73.88 mW

01 . . | | —=— P=98.47 mW

350 400 450 500 550 600 650
Time [s]
I, AT, dv
AT gpy =<, with Idiff:—pow AV, =—2 AT,
S photo I photo bd d T SiPM
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