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Silicon Photomultiplier (SiPM)
A SiPM consists of an array of cells (pixels) connected in parallel. Each cell is a

SPAD (Singe Avalanche Photo Diode) operating in Geiger mode and is coupled
with the others by a metal or polysilicon quenching resistor.

—
|
|
|

. Size of a microcell = from 10 um to 100 um ;
. Active areas ranging from to 1x1 mm? to 6x6 mm? ;
. Spectral sensitivities from UV to IR (350 nm — 650 nm).

T

Geiger-mode
APD pixel

Quenching resistor

Picture from Technology of Broadcom-SiPM and Hamamatsu Technical Note
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SiPMs in aerospace applications

Current and future space missions are starting to employ

the scintillator light emission.

Why SiPMs? N
» High gain = (10° to 107);

» Compactness;

» Operated with low bias < 25 - 70V;

> Insensitive to magnetic fields < up to few T;
k Low cost. J

R&D and characterization of technologies for ground-
based (CTA) and space applications (HERD, NUSES,
APT...) on going since >10 years at INFN Bari.
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In this work we tested FBK NUV-HD-low
crosstalk SiPMs designed for the High
Energy cosmic Radiation Detection (HERD)
project, produced in 2022 by Fondazione
Bruno Kessler (FBK) on Trento.

Challenges:

> Radiation hardness!
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Radiation damage in silicon

Two types of radiation damage in silicon:

X-Ray/ electrons

* Surface damage due to lonizing Energy Loss (IEL): E <300 keV
accumulation of charge in the oxide (SiO2), traps at Si-SiO2 interface
Generate traps at the Si-SiO2 interface. Fixed positive oxide charge
(NOX): .— = mmm = I BN & EEm = =
->Change in the electric field (Vbd) P’”"I" 5' ) Al |*
=>Accumulation layers T T I Sio, ||
= T = A § e & N
—>Increase in leakage current by additional surface current. B} P )
! p epi I
* Bulk damage: Bulk (Crystal) damage due to Non-lonizing Energy Loss (NIEL): = :
displacement damage, built up of crystal defects. |
Locally distorted Si lattice with new energy - n* substrate i
states : HPK reverse structure =
=> Add donor and acceptor levels - S

. ] | u . ] | u . ] | u . ]
=> Increase DCR
=> Increase after-pulsing gamma/ electrons

- Change in charge collection E > 300 keV

protons / neutrons DIPARTIMENTO
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Radiation Testing on SiPMs

We report the effect on SPADS and SiPM of lell Irradiation Step vs Total Fluence le11
P
. L . . D
the irradiation with protons with four 1/
11 2 . Fluences Tot fluences | Tot fluences - 1.75
fluence levels up to 1x10*" p/cm* on SiPMs [p/cm?] | [Meg/cm?]
NUV-HD-lowCT technology, with different 7 A 6,3E+08 | 9,5E+08 - 150
cell pitch (40pum and 15pm). 5 8 3.00E+09 | 5.34E+09 e
£ 0.8 C 1.98E+10 | 2.97E+10 e
= D 1,2E+11 1,8E+11 £
W - 1.00 o
= 0.75 &
g 0.4 s
- 0.50
i - 0.25
0.0 4 L - 0.00
Steps of the total fluences doses of protons at wich : 3 X z : - 7
SiPM and SPADs under test have been exposed (up to Irradiation step

1x101 p/cm?).
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https://arxiv.org/abs/2405.07191
https://doi.org/10.1109/TED.2016.2516641

1e6 Amplitude vs Time .
[ rempieage sver T Noise components :
54 NUV-HD-lowCT SiPM 1x1 mm? with '

soum cell spze, measured at -joCat B~ 1 T -> Direct Cross-talk (DiCT)

H oo I R —=> Delayed Cross-talk (DeCT)

; * , S R DU => After-pulsing
: T G ->Primary dark count rate(DCR)
& _ _ - Direct C_rc.)ss_-t_élk: .
i SR HTW*FEmegﬁL Fl Tot fluences Tot fluences
UENEeS  [pjem?) [Neq/cm?]

B I S ot et - e Lo A 6,3E+08 9,5E+08
| " fterpulse | | B 1,9E+10 2,9E+10
o C 3,5E+09 5,3E+09
D 1,2E+11 1,8E+11

SiPM 1x1 40um at B dose: scatter plot of the pulse amplitude as a function of t its distance
from the preceding event at 6V over-voltage.

Functional tests on the irradiated samples (SPADs and SiPM) confirmed an increment with a fluence of
primary DCR and excluded significant variation in breakdown voltage (Veo).
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https://doi.org/10.1016/j.nima.2018.11.118

Inverse Current-Voltage B rea kd own VO Itage ma rks th e bo rd er
— noRad between the leakage current and the dark

—— A=6.39x10%",
cm

B=3.56x10°2; Dark current /; curre nt.

C=1.98x 10“’(:1—Z

—— D=1.23x101E
cm

=
o
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» leakage current is considered as current
below the breakdown voltage

—
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> dark current is the current above the
breakdown.

Leakage current

20 30
Inverse bias [V]

Visible increment of dark current

Measured reverse current-voltage curves of NUV- (prima ry noise) with dose. No
HD SiPM, with 15um cell size, at different proton .
irradiation fluences. Change In Ieakage current.

, ‘"'fw DIPARTIMENTO
NFI INTERATENEO
: DI FISICA

RICAP 24 - September 23-27, Roma, Italy 8



PDE - Photo-Detection Efficiency

The Photo-Detection Efficiency is defined as the probability that a SiPM detects an
incoming photon.

PDE = FF X QF X Tp

* FF - Fill Factor, the geometrical ratio between the ~ %%%%* 90 005
active and the total area; RV MR N D N I D T 2 80.00%
Y il °® 70.00%
* QE - Quantum Efficiency, the probability that a E T . 60.00%
photon creates an electron-hole pair in a positionin  w_ i il . 50.00%
silicon from which a carrier can reach the high * i 40.00%
electric field region; 20.00% @ ©4V @6V o8V T
20.00%
. . eps . 10.00%

* TP - PTriggering, the probability for a primary 10.00%
carrier to trigger an avalanche in the cell. Each term 0.00% 0.00%

0 5 10 15 20 25 30 35 40 45

depends on other physical quantities.

cell size (um)
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PDE 'Resu Its 6V overvoltage

60.0%
PDE of non irradiated SiPMs at different wavelenghts. We | —_——
. HD-RH_40um
have tested the PDE in a wavelength range close to the  a00% .
=R
one of plastic scintillators.
420nm 435nm 20.0% SiPM_1x1_NUV-
70 — T T T — | noCoating. ! ! ! ' HD-RH_15um
gzggigng | 70"+ Coating ‘ = 10.0%
..... A=639x10°2, ! s A=639x 10°L, | -
60..... B =3.56x 109% | .: — sk B=3.56 x 109;# | _____ s | 0.0%
C=1.98x1002 e e mi% g 350 400 450 500 550
sol-, TS=1-23><1°”$ ' P T _ 50 o f:ul'me e | R _ A nom (nm)
pm LT m ™
" cowm e | | .o A | | PDE measured on non-irradiated SiPM with 15 pm and
= a0 l ) 1 3T | 40 um cell size at Tamb at different wavelengths.
& .:;?33 ‘ .... l & 3ok E | IR
i T l ------- Lm."'ff.‘:;-‘;;?‘:f ':::::::::::::5:.:.{?{:’:..:: | 201 I' . ._‘,.....,:,:4.-.::..'-;3.3.!.'.:»::»5:-.‘-:-:-}.‘ ......... A | 70F... C at\ngl J 450nr? T T =
20 uu-'-,'t'i"f‘;:i:‘:;” 5 ».‘;:ZT"" ) S | | N
x”.{,"f“‘”“ 10 7 ciljaa 1oi |
(13 e 1aax wuﬁ . “._}'ﬁ{.,‘_,_,..:';_\-_:_:;_:.‘.I i
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32 37 36 38 26 22 32 37 36 38 20 22 © 4O __.';i'f.-'_-'{f*f'f'{':'t'f'-f‘"' ’ J
HV HV % o ..4_;;3"_"'-.' I . |
o 30 L . .
PDE measured on NUV-HD SiPMs with 15 pum and 40um cell size at = | g
- B e g | .
420nm(a), 435nm(b), 450nm(c) at T amb (~20°C) for different proton * R g |
P
doses and no irradiated with and without coating. 1or ' o) §
oF ¢ .

PDE of irradiated SiPMs does not T T
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DCR normalized at 1mm? for the NUV-HD SiPM with 15um and 40 pm
cell size.

Gain amount of charge flowing per each

avalanche, small changes in gain observed.

DCR increases with dose and it is slightly
dependent on single cell size. For 15 um SPADs the
SIPMs DCR value increases of up to 10 when the

doses increases from 0 to 1.23e'! p/ cm?, due to
the increase of the DCR of every single SPAD,
which composes the SiPM.

le5

SPADs at size 15um T=20°C
| | |
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Conclusion

We performed functional tests on the irradiated samples (SPADs),
with Protons up to 1x10'! p/cm? which confirmed that:

» Primary DCR increment;

» No relevant modification of all other SiPM functional

parameters.

Next step

Study of IEL damage X-ray irradiation (energy up to 40

keV) was performed at different doses, up to 100 kGy (in
silicon).
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