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Single Photon Avalanche Diode

Aug 10, 2023

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

photon

Avalanche
,multlpllcatlon

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

P-type semiconductor: Intrinsic semiconductor doped with boron (B) or other elements
N-type semiconductor: Intrinsic semiconductor doped with phosphorous (P), arsenic (As) or other elements
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Breaking down
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Passive quenching with resistor

* Quenching resistor for stopping
breakdown
L=
fGEing'-l‘l‘t[ﬂE APD pixel
? A Vbias
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Many SPAD in parallel — aka SiPMs

quenching resistor (poly-Si)

front contact metal

buried metal grid

back contact metal

o https://sites.gatech.edu/lanns/research/sil

Aug 10, 2023 icon-photomultipliers/
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Moving away from DS analog
scheme?

M Bias

Photon A A

A mpllfler Analog to Digital Photon search engine Timing performance
eed power| Conversion In software or firmware

Limited by size
o buffer Comparator Y

Large pulse very messy

apacitance| (more power)
Waveform Photon time
digitizer stamp

O Bias

Tag for every photon

- : Photon time
Digital processing Or some simpler aggregate

stamp
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SPAD nuisances

* Dark noise
* Thermal. At room temperature
~100kHz/mm?

* Carrier trap and release => after-
pulsing
* Light emission during avalanche
 Direct cross-talk

* Delayed cross-talk

* External cross-talk, aka hit another
SiPM

Aug 10, 2023
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Fig. 1. Schematic representation of the internal structure of FBK Silicon pho-
tomultiplier, made in RGB-HD or RGB-UHD technology, with deep trenches
between cells (SPADs).
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DarkSide-20k

30 tons of (depleted) liquid
Argon

* Construction on-going
e Start physics running in 20277

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? L

Aug 10, 2023
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Photon Detection Unit
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Efficiency requirements are exceeded
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Photon detection in nEXO

* Energy resolution dominated by
light
* Need 3% efficiency of detecting
scintillation photons for 1 %
energy resolution
e With negligible noise for light
detection

SiPMs
SiPMs Support
Charge Tiles

Charge Tiles Support

* Need at least 4 m? of detection
area

Field Shaping Rings

Sapphire Rods and Spacers

* Need reflective electrodes

=
w
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« TRIUMF Technical detour: SPAD light emission

Imaging re-emitted light

FBK VUV-HD3

Reflected light Re-emitted light
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Spectra

Acceptance:
Objective NA=0.45, i.e. 0< 26.7°

Simulation shows that acceptance is about 10% of total

SiPM Emission at -187.0C
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& TRIUMF
All processes in Lxe probed by the light only
liquid Xenon experiment

Signal Spectra and Filter Properties for LoLX
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New FBK production for nEXO and SBC

1x1cm2 but most SiPMs don’t work...
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ARGO beyond DarkSide-20k

* 300 tons of LAr
* R&D ongoing

Outer cryostat

i
P
|

Liquid argon buffer

Ultrapure acrylic vessel
(7m diameter and height)

* Key challenge is light
readout over huge
area

* Foreseen at SNOLAB
in the 2030s era

400 tonnes low-radioactivity
argon within acrylic vessel

250 m? of single photon detectors
g - covering full acrylic vessel surface
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e e
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ARGO photon detection requirements

Surface Area 40 m? 250 m? 250 m?
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?2
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 25cm? 1 m? 10 cm?
Radioactive content Very low Very low Ultra low
Aug 10, 2023 19
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The future is digital!
2D SPAD @ Heidelberg

Digital SiPMs for DARWIN

° 2 D S PA D 3 rray d eS|g ne d by Mia(izggleblelfgller, Peter Fischer, Robert Zimmermann, Michael Ritzert — University of

DARWIN Collaboration Meeting 2023 at University of Heidelberg

Heidelberg built by Fraunhofer

IMS

* The good
 Single chip doing everything
e Dark noise rate of 0.02 Hz/mm?

* The bad

* Some loss of active area
* No VUV sensitivity... yet

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

Bond pads

1000 pum

=mu -
T Y I L L
T O D L

<

2D SPAD array for DARWIN

ww 6

Auge0,2023

240 um

8 mm
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Photon to Digital Converter — Canadian tech.

Photon-to- Dlgltal Converters
T 0o ] I e— = 1
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Current development state

FPGA-based Controller ASIC-based Controller
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Prototyping progress by Sherbrooke’s group

PDC 3D integration Silicon interposer

photons

cathode

.—a:;e.s::‘::a;‘:::::::.a::‘::s.—s::a::::.a::s::::::.a::‘:i;i";E AU |:]Unﬁlled
. _ M2 -1 pm Ni Si02 PECVD
S|02 M1 —1 um i

[ |
F Readout
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PDC ++7?

* Front side: best for <500nm
wavelength

* Electron produced in high field
region for optimum timing

* Drawbacks: Efficiency, higher
manufacturing complexity

 Back side illuminated: versatile

e Adjust thickness for desired
thickness

« CMOS/CCD BSI sensors are now
common

Aug 10, 2023

Front Side illumination (ala Sherbrooke)

photon

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

Low drift field region

Drift field region
Avalanche region
Molecular bonding

CMOS
. electronics

Back side illumination
photon

Thin passivation ~100nm

Ultra-thin contact 1-5nm
Low drift field region

Drift field region

Avalanche region
Molecular bonding

CMOS
Aka. electronics
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for cm? scale channel size

*TRUMF Photo-detector performance
comparison

suet
Parameters at LXe temperature Hamamatsu | FBK family ®
PMT®
%

ing SB
e up © yern? P
0 5Ca\€

Efficiency at 128nm (LAr) 0% 10%

Efficiency at 175nm (Lxe) 34% 24.4+1.4%—>7? 20.5£1.1%->? 0->25%->7
Efficiency at 420nm 35% 60% 50% 50%

Single avalanche charge resolution 25% 5%° 5%¢ N/A

Dark noise rate (Hz/cm?) in LXe 0.23 £ 0.07 19+1 35+1 2

# correlated avalanche in 1 us 0.02+0.005 0.23+0.06 0.06 £ 0.02 AP=0, XT=?
# Photons emitted per avalanche  N/A 1+0.5 1+0.5 ?

Single photon timing resolution 3.9 £0.6ns ~10 ns°© ~100 ns¢ 100ps
Radiopurity per active area ~“mBq/cm? Medium ¢ <10 nBg/cm24 ~nBg/cm?

Power consumption in LXe

Aug 10, 2023

0.13 mW/cm2 2 mW/cm?2¢ 2 mW/cm?2d < ImW/cm?

a Massaged from P. Barrow et al., https://arxiv.org/pdf/1609.01654.pdf
b G.Gallina et al., https://arxiv.org/pdf/2209.07765.pdf

¢ DarkSide-20k readout scheme for 25cm? channel size

d NEXO readout scheme for 6cm?2 channel size (can be applied to FBK)

cand X0

Hamamatsu Heidelberg 2D | Sherbrooke
family® SPAD array 3D SPAD array
0 0

02>25%—>7
15%->7
N/A

1000
AP=0, XT=?
?

100ps
~nBqg/cm?

< ImW/cm?

26
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Dark matter search with CCD detour...

CCD

coherent elastic scattering

DAMIC and SENSEI experiments
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<& TRIUMF Reflective coating

Thick contact: few um
Direct DM search with
avalanche diode

* Block external photons

* Using timing coincidence to reject
background
* May operate at shallow depth

Low drift field region

Drift field region

Avalanche region
Molecular bonding

CMOS
Aka. electronics

Aug 10, 2023
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Adding timing

* CCD readout once
every ~12h

e Avalanche diode
coincidence: ns
possible

e Remove correlated
background

Aug 10, 2023

Reflective coating

Low drift field region

———_Lerenkov photon

CMOS
Aka. electronics

Thick contact: few um

e e-
Isolated

electron




& TRIUMF

Performances expectations

mpw=0.3 GeV
14 g 107
6 107
N 1.2 N
:C_-U L 10
g L
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10°% . ol . PO T v 2 ) Lo
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06f  \A . M =0
0 5 10 15 Hour 20 of
Work done by GSSI (Agnes) and RHUL (Monroe)’s group §§
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Supporting General Fusion
-

collimator

i

/_//,
7

NSERC ALLIANCE grant being written

NS NN
\]LJ

R=160
Lithium——

//

/|

General Fusion is a company headquarter in Richmond BC
4; TRIUMF proposed a concept for neutron spectrometry

L=27cm

Layer 1

A

|-

Neutrons
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Working using SiPM to detect smoke

Comparing SPAA and Piera with smoke injection at 50 seconds ¢ D e m O n St rate d Ove r t h e S u m m e r
SPAA 2022

* Photon counting is compelling

—— SiPM O
1 — sipm1
— SiPM 2

* New design coming. Easier to
build

20 1

ul
()
=
O Piera IPS-7100
(]
— PM10 =
~ (=
C —— PM5.0 —
§ 30001 — PM25 &J
32 — PM1.0 o)
5
5 2000 e
e (Vp]
[
2
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v
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©
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0
25 50 75 100 125 150 175

Time (s)
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“Outlook” —the 3D integrated revolution that
SAPES did not fund... Wit Juan Pablo Yanes (Alberta)

A
P p-epi p-epi 5
"l Poly IESe)) S
{ Electron trajectories — Geiger mode avalanche g
' Hole trajectories — Linear avalanche S

. VUV —Blue photon | Charged particle « Neutron or dark matter

depleted

S0um ‘

Front side avalanche diode  Back side avalanche diode (BSAD) Epi-extended BSAD Ultra-thick BSAD
Aug 10, 2023 34
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Back-side conceptual issue: light emission?

SiO2 (passivation)

Delayed x-talk?
p substrate

Electronics (CMOS)

Aug 10, 2023

w
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Triggering an avalanche

e Easier for electrons to start an
avalanche than for holes

* Only a limited region of silicon is

active
photons
n well =
9
>
S
X
Aug 10, 2023
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L2
Detecting photons
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VUV focus
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3D vs 2D digital option

CEIT i oo —

S E

\. Y,
~

A B] Pniversité de D : . S )
[QEBASY Shiversite 3D vertical integration — Complexity

D
o
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Or are they? What about light emission into the
detector?

R Licht . i .
( j > 18 emI.SSIOI.’l assump |ons:
" e At p-n junction — maximum field

Objective .
R Acceptance e |sotro pIC

sl e External cross-talk
* Photon escaping the SiPM surface

Interference
Effects

SO, * Internal cross-talk
Si | CrossTalk? * Photons being absorbed in a
neighboring SPAD
Licht is emitted isofropical * We measure photons escaping -3
from a point near where the : h : : o ©
Trench PR — with objective acceptance T
o
Aug 10, 2023 " g S
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Technical dtour: SPAD light emission

Microscope for the Injection and Emission of Light

Princeton Instruments
HRS 300-MS

Blaze Diffraction Spectrometer

Grating on

Rotating Stage :

Princeton Instruments B | e
PyLoN 400 BRX N e
CCD Camera :

Longpass
filter ~ |

/

Olympus inverted
microscope

Adjustable Slit

* Cryogenic stage: 80-290K
* Laser injection at 405nm

* Record SiPM signal with
waveform digitizer
* Assess the probability

that the laser trigger,an
avalanche

Discovery,

accelerated
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Can we, particle physicists, help mitigate the
impact of climate change?

* Early forest fire detection e Supporting emergence of clean
BOSCH V% Contactus  Q Search = Menu energy Sources
Preventmg wildfires with a small

sensor

Assess data _ M A i/
#». and sen d it to ert eme ergency
servi ces i 8 X y

h

within 1 to 60
minutes

the cl ( v :
‘ y l [ /" /" :f" i
Ci i1
14 | ", Y i
. M
Detect fire Pk



& TRIUMF
Characterizing smoke by detecting particulate
scattering

Based on a single photo-diode
Low noise electronics in an ASIC + Al

Photodiode Air inlet J}
Designed primarily in Mississauga, ON

80S/unit & ~

Laser Diode

Air outlet [|

Aug 10, 2023 44
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Core Single Photon Detection technology

photons

* PDC developed for Astro-
particle physics

e “Front-side” illuminated
single photon detector

metal, contact

* Designed at U.Sherbrooke
(QC, Canada)

* Built at Teledyne-DALSA
(QC, Canada)

Parent, Samuel, et al. "Single photon avalanche diodes and vertic
integration process for a 3D digital SiPM using industrial

sassssssassssssssnsssssssssece 3

i i : 3D SPAD main die macro im
semiconductor technologies." 2018 IEEE Nuclear Science Symp03|3 . Al diSINacio Mage

u .
and Medical Imaging Conference Proceedings (NSS/MIC). IEEE, rFcanad|an 10¢ for reference)

Université de 45

Disc &
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(single SPAD) Photo-detection efficiency in
2022

Uos

Universite de
Sherbrooke

(o)}
o

a1
o

Photon Detection Efficiency (%)
w
o
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400 500 600 700 800 900 1000 >_\8
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& TRIUMF
TDC integrated in each Single Photon
Avalanche Diode (SPAD)

metal, contact X4 Verny

Oscillators

65 um

Nuclear Instruments and Methods in Physics ~ |*
Research Section A: Accelerators, Spectrometers,

ELSEVIER Detectors and Associated Equipment
Volume 949, 1 January 2020, 162891

A 256 Pixelated SPAD readout ASIC with in-Pixel

TDC and embedded digital signal processing for e
uniformity and skew correction % E\B
Frédéric Nolet & B, William Lemaire, Frédérik Dubois, Nicolas Roy, Simon Carrier, Arnaud Samson, Serge A. G'J E
Charlebois, Réjean Fontaine, Jean-Francois Pratte > G)
o —
Interdisciplinary Institute for Technological Innovation and Department of Electrical and Computer (@) o
Engineering, Université de Sherbrooke, Sherbrooke, QC, J1K 2R1, Canada m O
D UnlverSIte de Received 28 | 2019, Revised 24 S, ber 2019, A d 29 S ber 2019, Availabl line 1 Octob: 47 5 %
U Sherbrooke 2019, Version of Record 4 October 2015. r
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TRIUMF Technical detour: SPAD light emission

Photon to digital converter in the dark

V4
Sherbrooke’s 2D SPAD
. Image of Reflected Light Emission in the dark
1 0
50 g
. 50
-
:
100 - 100
.
»
.
*
_ 150 1 150
) . [
o . >
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keV e- for Digital Hybrid Photo-Detector

* Beat down dark noise by firing multiple SPADs Diffusion layer
* Photocathode thermal noise at room temperature ~1Hz/mm?
* SPAD thermal noise at room temperature ~100kHz/mm?

AuF 10, 2023

Photo-cathode

Thin passivation ~100nm
Ultra-thin contact 1-5nm ;('e_

Zero field region

Drift field region

Avalanche region
Molecular bonding

CMOS
Aka. electronics




