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Avalanche diode update
From SiPMto Dark Matter search and 

beyond
Fabrice Retiere

Instrumentation for Physics discoveryand beyond
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Single Photon Avalanche Diode
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Breaking down

Aug 10, 2023 3

Limited avalanche Breakdown

https:// www.intechopen.com/chapters/49261
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Passive quenching with resistor

ÅQuenching resistor for stopping 
breakdown

Aug 10, 2023 4https:// physicsopenlab.org/2016/02/16/silicon-
photomultiplier-sipm/
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Many SPAD in parallel ςaka SiPMs

Aug 10, 2023 5

https:// sites.gatech.edu/ lanns/research/sil
icon-photomultipliers/
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Moving away from DS analog 
scheme?

Aug 10, 2023 6
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Comparator 
(more power)
Waveform 
digitizer

Amplifier
Need power
to buffer 
capacitance

Photon search engine 
In software or firmware

Photon time 
stamp

Timing performance 
Limited by size
Large pulse very messy
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Digital processing Photon time 
stamp

Photon

Photon

Tag for every photon
Or some simpler aggregate 

Bias
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SPAD nuisances

ÅDark noise
ÅThermal. At room temperature 

~100kHz/mm2

ÅCarrier trap and release => after-
pulsing

ÅLight emission during avalanche
ÅDirect cross-talk

ÅDelayed cross-talk

ÅExternal cross-talk, aka hit another 
SiPM

Aug 10, 2023 7
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DarkSide-20k

Å30 tons of (depleted) liquid 
Argon

ÅConstruction on-going

ÅStart physics running in 2027?

Aug 10, 2023 8
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DarkSide-20k photon 
detection

Aug 10, 2023 9

Taken from wŀŦŀƱ²ƻƧŀŎȊȅƵǎƪƛ(Astrocent)
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Photon Detection Unit

Aug 10, 2023 10



D
is

c
o

v
e
ry

,
a
c
c
e
le

ra
te

d

Efficiency requirements are exceeded

Aug 10, 2023 11
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Nuisances are under-
control

Aug 10, 2023 12
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Photon detection in nEXO

ÅEnergy resolution dominated by 
light
ÅNeed 3% efficiency of detecting 

scintillation photons for 1 % 
energy resolution

ÅWith negligible noise for light 
detection

ÅNeed at least 4 m2 of detection 
area

ÅNeed reflective electrodes

June 8, 2023 13
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Imaging re-emitted light

Aug 10, 2023 14

Reflected light Re-emitted light
FBK VUV-HD3

Technical detour: SPAD light emission
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Spectra

Aug 10, 2023 15

Acceptance: 
Objective NA=0.45, i.e. q< 26.7°
Simulation shows that acceptance is about 10% of total
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All processes in Lxeprobed by the light only 
liquid Xenon experiment

June 8, 2023 16
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New FBK production for nEXOand SBC
1x1cm2 but most SiPMsŘƻƴΩǘ ǿƻǊƪΧ

Aug 10, 2023 17
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ARGO beyond DarkSide-20k

Å300 tons of LAr

ÅR&D ongoing

ÅKey challenge is light 
readout over huge 
area

ÅForeseen at SNOLAB 
in the 2030s era

18

Outer cryostat

Liquid argon buffer

Ultrapure acrylic vessel
(7m diameter and height)

400 tonnes low-radioactivity
argon within acrylic vessel

250 m2 of single photon detectors
covering full acrylic vessel surface

Aug 10, 2023
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ARGO photon detection requirements

DarkSide-20k ARGO minimum ARGO desirable

Surface Area 40 m2 250 m2 250 m2

Efficiency at 420 nm >40% >50% >60%

Efficiency at 128 nm 0 0 >20%

Dark noise rate at 86K < 1kHz/m2 < 1kHz/m2 < 0.1kHz/m2

Correlated prompt avalanche (cross-talk) <50% <50% <10%

Correlated delayed avalanche (after pulsing) <5% <5% <1%

External cross-talk Unknown <50% <10%

Single Photon Timing resolution 20ns 1ns 0.1ns

Granularity 25cm2 1 m2 10 cm2

Radioactive content Very low Very low Ultra low

Aug 10, 2023 19
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The future is digital!
2D SPAD @ Heidelberg

Aug 10, 2023 20

Å2D SPAD array designed by 
Heidelberg built by Fraunhofer 
IMS

ÅThe good
ÅSingle chip doing everything

ÅDark noise rate of 0.02 Hz/mm2

ÅThe bad
ÅSome loss of active area

Åbƻ ±¦± ǎŜƴǎƛǘƛǾƛǘȅΧ ȅŜǘ
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2D SPAD array for DARWIN

Aug 10, 2023 21
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Photon to Digital Converter ςCanadian tech.

22Aug 10, 2023
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Currentdevelopmentstate

23

FPGA-basedController

TOP

BOT

57mm

ASIC-basedController

Aug 10, 2023
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tǊƻǘƻǘȅǇƛƴƎ ǇǊƻƎǊŜǎǎ ōȅ {ƘŜǊōǊƻƻƪŜΩǎ ƎǊƻǳǇ

Aug 10, 2023 24

PDC 3D integration Silicon interposer
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PDC ++?

ÅFront side: best for <500nm 
wavelength
ÅElectron produced in high field 

region for optimum timing

ÅDrawbacks: Efficiency, higher 
manufacturing complexity

ÅBack side illuminated: versatile
ÅAdjust thickness for desired 

thickness

ÅCMOS/CCD BSI sensors are now 
common

Aug 10, 2023 25

CMOS
Aka. electronics

Molecular bonding

Ultra-thin contact 1-5nm
Thin passivation ~100nm

e-Low drift field region

Drift field region

Avalanche region

photon

CMOS
Aka. electronics

Molecular bonding

Ultra-thin contact 1-5nm
Thin passivation ~100nm

Low drift field region

Drift field region

Avalanche region

photon
Front Side illumination (ala Sherbrooke)

e-

Back side illumination

e-

h
e-
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Photo-detector performance 
comparison

Parameters at LXetemperature 
for cm2 scale channel size

Hamamatsu 
PMTa

FBK family b Hamamatsu 
familyb

Heidelberg 2D 
SPAD array

Sherbrooke 
3D SPAD array

Efficiency at 128nm (LAr) 0% % 10% 0 0

Efficiency at 175nm (Lxe) 34% 24.4±1.4%ҦΚ 20.5±1.1%ҦΚ лҦнр҈ҦΚлҦнр҈ҦΚ

Efficiency at 420nm 35% 60% 50% 50% мр҈ҦΚ

Single avalanche charge resolution25% 5%c 5%d N/A N/A

Dark noise rate (Hz/cm2) in LXe 0.23 ± 0.07 19 ± 1 35 ± 1 2 1000

# correlated avalanche in 1 ms 0.02 ± 0.005 0.23 ± 0.06 0.06 ± 0.02 AP=0, XT=? AP=0, XT=?

# Photons emitted per avalanche N/A 1 ± 0.5 1 ± 0.5 ? ?

Single photon timing resolution 3.9  ± 0.6ns ~10 nsc ~100 nsd 100ps 100ps

Radiopurity per active area ~mBq/cm2 Medium c < 10 nBq/cm2 d ~nBq/cm2 ~nBq/cm2

Power consumption in LXe 0.13 mW/cm2 2 mW/cm2 c 2 mW/cm2 d < 1mW/cm2 < 1mW/cm2

Aug 10, 2023 26

a Massaged from P. Barrow et al., https://arxiv.org/pdf/1609.01654.pdf
b G.Gallinaet al., https://arxiv.org/pdf/2209.07765.pdf
c DarkSide-20k readout scheme for 25cm2 channel size
d nEXOreadout scheme for 6cm2 channel size (can be applied to FBK)
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5ŀǊƪ ƳŀǘǘŜǊ ǎŜŀǊŎƘ ǿƛǘƘ //5 ŘŜǘƻǳǊΧ
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DAMIC and SENSEI experiments
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Direct DM search with 
avalanche diode

ÅBlock external photons

ÅUsing timing coincidence to reject 
background
ÅMay operate at shallow depth

CMOS
Aka. electronics

Molecular bonding

Thick contact: few um
Reflective coating

1-1000 e-

Low drift field region

Drift field region

Avalanche region

Aug 10, 2023 28
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Adding timing

ÅCCD readout once 
every ~12h

ÅAvalanche diode 
coincidence: ns 
possible

ÅRemove correlated 
background

Aug 10, 2023 29

CMOS
Aka. electronics

Thick contact: few um
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Performances expectations
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²ƻǊƪ ŘƻƴŜ ōȅ D{{L ό!ƎƴŜǎύ ŀƴŘ wI¦[ όaƻƴǊƻŜύΩǎ ƎǊƻǳǇ
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Beyond Dark 
Matter search

Aug 10, 2023 31
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Supporting General Fusion

Aug 10, 2023 32

Neutrons

Fusion zone

General Fusion is a company headquarter in Richmond BC
TRIUMF proposed a concept for neutron spectrometry
NSERC ALLIANCE grant being written 


