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Avalanche diode update
FromSiPMo Dark Matter search and
beyond

Fabrice Retiere

NSERC
CRSNG
CANADA | APOGEE Instrumentation for Physicgiscoveryand beyond

CANADA

Hrﬂmr |1 I"I ruli

Discovery,
accelerated



& TRIUMF

Single Photon Avalanche Diode

Canon Global

Vision Our Business Newsroom Sustainability About Canon
CMOS sensor SPAD sensor
Single Single
photon

Multiplication gain: Multiplication gain:
approx. 1x approx. 1,000,000x

P-type semiconductor: Intrinsic semiconductor doped with boron (B) or other elements

Aug 10, 2023 N-type semiconductor: Intrinsic semiconductor doped with phosphorous (P), arsenic (As) or other elements

Avalanche
multiplication
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Breaking down
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Limited avalanche

Breakdown
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https:// www.intechopen.conthapters/49261
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Passive quenching with resistor

&

AQuenching resistor for stopping i
breakdown
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Many SPAD in paraliebkaSiPMs

quenching resistor (poly-Si)

front contact metal

buried metal grid
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back contact metal
o https:// sites.gatech.edllanngresearch/sil

Aug 10, 2023 icon-photomultipliers/

Discovery,
accelerated



& TRIUMF

Moving away from DS analog
scheme?

Photon A A

Amplifier | Analog to Digitall | Photon search engine Timing performance
eed power Conversion In software or firmwarg Limited by size

\ Comparator arge pulse very messy
P (more power)

Waveform Photon time

digitizer stamp

Tag for every photon

- - Photon time :
Digital processing Or some simpler aggregate

stamp

Aug 10, 2023
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SPAD nuisances

ADark noise
AThermal. At room temperature
~100kHz/mm
ACarrier trap and release => aftel
pulsing

ALight emission during avalanche
ADirect crosgalk

ADelayed crossalk
Fig. 1. Schematic representation of the internal structure of FBK Silicon pho-

A External Cros-$a| k’ aka h |t an Other tomultiplier, made in RGB-HD or RGB-UHD technology, with deep trenches
S| P M between cells (SPADs).
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DarkSide20k

A30 tons of (depleted) liquid
Argon

AConstruction orgoing
AStart physics running in 2027?

Aug 10, 2023
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» Custom cryogenic SiPMs developed in
collaboration with Fondazione Bruno Kessler
(FBK), in Italy.

» Key features:

» Photon detection efficiency (PDE) ~45% .
SiPM (~ 1cm?): 94 900

SPADs

» Low dark-count rate < 20 cps

» Timing resolution ~ 10 ns

PDM (5 x5 cm?) : 24 SiPMs

4 PDUs are summed and read as a
single channel

(largest single SiPM unit ever!)

PDU (20 x 20 cm? ): Photo-detection unit
- consist of 16 PDMs

TPC optical plane:
525 PDUs ~ 21m?

Aug 10, 2023 _ 0
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Photon Detection Unit
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Efficiency requirements are exceeded
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Photon detection ImEXO

AEnergy resolution dominated by
light
ANeed 3% efficiency of detecting

scintillation photons for 1 %
energy resolution

AWith negligible noise for light

SiPMs

SiPMs Support

Charge Tiles

detection Charge Tiles Support
ANeed at least 4 Aof detection Field Shaping Rings
area

Sapphire Rods and Spacers

ANeed reflective electrodes

0o
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** TRIUMF Technical detour: SPAD light emission

Imaging reemitted light
FBK VUWHD3

Reflected light Reemitted light
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Spectra

Acceptance:
Objective NA=0.45, i.g< 26.7
Simulation shows that acceptance is about 10% of total

le—a SiPM Emission at -187.0C T -110°C
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All processes ibxeprobed by the light only
liquid Xenon experiment

Signal Spectra and Filter Properties for LoLX
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New FBK production faEXCand SBC
1x1cm2 but mOSSIPMER 2 y Q 0 62 NJ) X
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ARGO beyond DarkSilek

A300 tons ofLAr
AR&D ongoing

AKey challenge is lig
readout over huge
area

AForeseen at SNOLAE
in the 2030s era

Outer cryostat

Liquid argon buffer

Ultrapure acrylic vessel
(7m diameter and height)

400 tonnes lowradioactivity
argon within acrylic vessel

.'..‘-‘ \ \'» j
A 4-\
S\ Y w\w

250 n? of single photon detectors
M- covering full acrylic vessel surface

= 74_ -
= ('-{ -
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ARGO photon detection requirements
DarkSide20k | ARGO minimum| ARGO desirable

Surface Area 40 n? 250 n? 250 n?
Efficiency at 420 nm >40% >50% >60%
Efficiency at 128 nm 0 0 >20%

Dark noise rate at 86K < 1kHz/m < 1kHz/m < 0.1kHz/m
Correlated prompt avalanche (cretdk) <50% <50% <10%
Correlated delayed avalanche (after pulsing) <5% <5% <1%
External crossalk Unknown <50% <10%
Single Photon Timing resolution 20ns 1ns 0.1ns
Granularity 25cn? 1 n? 10 cn?
Radioactive content Very low Very low Ultra low
Aug 10, 2023 19
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The future Is digital
2D SPAD @ Heidelbern

Digital SiPMs for DARWIN

AZ D S PAD array d es I g N ed by Mia(izggleblelfgller, Peter Fischer, Robert Zimmermann, Michael Ritzert — University of

DARWIN Collaboration Meeting 2023 at University of Heidelberg

Heidelberg built by Fraunhofer
IMS

AThe good
A Single chip doing everything
ADark noise rate of 0.02 Hz/nfm

AThe bad

A Some loss of active area -
Ab2 +!'+ aASyairiirgilEek oSl

Aug 10, 2023
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Digital SiPMs for DARWIN

Michael Ritzert — University of

Robert Zimmermann,

, Peter Fischer,

DARWIN Collaboration Meeting 2023 at University of Heidelberg

Michael Keller
Heidelberg

2D SPAD array for DARV

1000 pum

Bond pads
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Photon to Digital ConverterCanadian tech.

Photon-to-Digital Converters
T = | [ ———— 3 T T 0o I e—
SPAD Array SPAD Array
rnioperizrTol]  HaspmrToo— ST

—CTo o Firh kot — i yirh

e et F?: =T _ﬁ
. ‘ ' 2 x Optical fibers

Power Cu cables

w{} pl iiniversité de 22
Sherbrooke
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Currentdevelopmenttate

FPGAbasedController ASICGbhasedController
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PDC 3D integration Silicon interposer

photons

cathode

: g i ~Au [ unfilled
. _ M2 -1 pm i §i02 PECVD
S|02 M1 =1 um [ asi [l sioz thermal
| N E

e SiPMs

[ |
F Readout
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2 TRIUMF Front Side illuminationala Sherbrooke)

photon
R -
ra-tni
PDC ++? Low drift field region
Drift field region
AFront side: best for <500nm Vlalanche regiol
wavelength o oMo

AElectron produced in high field Aka. electronics

region for optimum timing
ADrawbacks: Efficiency, higher Back side ilumination

manufacturing complexity photon
Thin passivation ~100nm

ABack side illuminated: versatileuitratiin contact £5nm

: : : Low drift field region €
A Adjust thickness for desired
thickness Drift field region

ACMOS/CCD BSI sensors are now  io.a.anche regiol
common

CMOS

Aka. electronics

Aug 10, 2023
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“TW Photodetector performance .o
comparison e

010 Acm
sue
Parameters al.Xetemperature Hamamatsu | FBK family Hamamatsu | Heidelberg 2D| Sherbrooke
% 0 0

Efficiency at 128nnLAn 0% 10%

Efficiency at 175nmi_e 34% 24.4:1.4% K 20.51.1%bK n TbH paiz ThKk n ThH piis THhK

Efficiency at 420nm 35% 60% 50% 50% M Pz ThK

Single avalanche charge resoluti 25% 5% 594 N/A N/A

Dark noise rate (Hz/cthinLXe 0.23+0.07 19+1 351 2 1000

# correlated avalanche inrfis 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  ~10n&° ~100n¢” 100ps 100ps

Radiopurity per active area ~mBg/cm? Mediume¢ < 10nBgcm?29¢ ~nBgcm?2 ~nBgcm?

Power consumption ih.Xe 0.13mW/cm? 2mW/cm?2¢ 2 mW/cm?2d < ImWi/cn? <1lmWlcnt g
2@ Massaged from P. Barrow et al., httpswiiv.ordpdf/1609.01654.pdf §§
bG.Gallinaet al., https://farxiv.orgpdf/2209.07765.pdf S

Aug 10, 2023 ¢ DarkSide20k readout scheme for 25¢rohannel size 26 -g §

d nNEXQOreadout scheme for 6¢cAthannel size (can be applied to FBK)
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<& TRIUMF Reflective coating
Thick contact: few um

Direct DM search with
avalanche diode

ABlock external photons

AUsing timing coincidence to reject
background

AMay operate at shallow depth

Low drift field region

Drift field region

Avalanche regio
Molecular bonding

CMOS

Aka. electronics

Aug 10, 2023



L TRIUMF Reflective coating

Thick contact; few um

Adding timing [=

ACC D readout once

every ~12h “e L

AAvalanche diode %e et
coincidence: ns e, electron
possible S

ARemove correlated e

Low drift field region ~

background o

CMOS
Aka. electronics

Aug 10, 2023
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Performances expectations

mpw=0.3 GeV
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Beyond Dark
B Matter search
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Supporting General Fusion

Aug 10, 2023

Fusion zone

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

A

Neutrons

32
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