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The
Photonto-Digital Converter
Concept

How to turn a single photon into a digital pulse




Single Photon Avalanche Diode Operation Cycle

+ZV 3: Recharge '4
>
YL SPAD v
2 1: Trigger
&
2. Quenching
Quenching B
Circuit
ouT 1. Time precision

2. Sensitivity T gain >10° 1 single photon
3. Low cost




AnalogBiPMVS Digit&iPM

SiPMo Silicon Photo Multiplier: anrayof SPADs

....pnalogspm - Digital SiPM
$—OHv ®—O HV
/\ SPAD/\ Recall:
The response of the ZA SPAD ZA
‘ SPAD is Boolean

Quench Quench Digital
| Amplifier, M Signal
r Shaper, ADC Processing |
L_¢ i L |
Analog current sum \ SiPMcapacitande electronic noise
The amplifier transforms charge into voltage Individual SPAD readout, no D/A+A/D
and then BACK to digital. conversion. Everything stays digital.



3D PhotetoDigital Converters

A Digitally readout array of Single Photon Avalanche Diode (SPAD)

Photon -to-Digital Converter A Direct digital conversion:
A Single photon resolution on the whole dynamic range

—O B; |
JS Blas A Can lower power significantly consumption
SPAD - A Disabling noisy SPADs: reducing noise
. A Programmable hoftidelay: mitigation of afterpulsing
Quench Quench D_|g|tal
' L SP'?O”C"’_" A Embedded signal processing: sum, dark count filters,
T timeto-digital conversion, etc.

Pratte JF et al. "3D Phadddigital Converter for Radiation Instrumentation: Motivation and
Future Works" (2021) Sensors;21(2pb98.3390/s21020598

A SPAD array and CMOS readout vertically stacked (3D) to form a single detector chip
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Development of the SPAD array lay:
and low power PDC




Thinned TS¥ss Frontside lllumin&BADArray

photons

cathode S S anode

1Stfabrication run complete
(Octobre024)

Thin SPAD layer + CMOS readout

A pmnSPAD [1]

A 64x64 SPAD Array

A 78 pm pitch

A AlGe eutectic bonding
A 5.85x5.25 mAdie
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3D SPAlRrray
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SEM cross section image

10um 10/15/2024

1. Parent, Samuel, et al. "Single photon avalanche diodes and vertical integration process for a 3D digital SiPM using
industrial semiconductor technologies." 2018 IEEE Nuclear Science Symposium and Medical Imaging Conference
Proceedings (NSS/MIC). |IEEE, 2018.
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SPAD wafer bonding to CMOSiwedsembling the PDC

Wafer level bonding
A Al-Ge eutectic: CMOS aluminum pad to SPAD Ge

A Resizing 200 mm to 150 mm (while matching patterns)

150 mm SPAD wafer

Resized to 150 mm

200 mm TSMC 180 nm CMOS wafer
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Pattern reproduced
over the whole wafer




Process
monitoring
structures

and

bonding
alignment
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Fabricated by Teledyne DALSA

Highend CCD process line
-> excellent for SPAD R&D

- 150 mm proces®lin
- low contaminant / gold free clean rooms

World top 5 MEMS Foundry
--> excellent for wafer level integration

- 150 mm and 200 mm process line
- Wafer thinning, deep etching, bonding, ...

MEMS Foundry Rankings

(2017 sales in US$M)

Teledyne DALSA Semiconductor

MEMS FOUNDRY

Right and}eft
LEADERSHIP

Front Hazcams
(2 pairs) MARDI

STMicroelectronics
Teledyne DALSA
Silex Microsystems
TSMC

X-Fab
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42

Life on Mars Roverlandinggives CourtespfTeledyn®ALSA

boostto Canadianechsectar The
GlobeandMail(2012

TELEDYNE DALSA

Everywhereyoulook™

The Eyesof the MarsCuriosityRover Tech Briefs

“n"

Statusof the MEMSIndustry2018
Market and technology Report

YoleDevelopme(2013

Teledyn®ALSA Semiconductor (est. 1980)
~ 50 mployedscatect BromomeaMontrealCanada
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PDCdesignedor
lowpower use
IN nobldiguidexperiments




Example of L&vostCMOS for LargeeaExperiments

CMOS Readout

A TSMC 180 nm BCD process
A 5 x 5 mAnctive area

3D pads 3D pads
(x 4096) (x 4090)

QC (x 4096)

W inn®

A 64 x 64 pixels (4096)
A 78 pm pixel pitch

2D CMOS

.’

- i FE H >

Flag
monostable

Digital sum

2

source

AM current [ |

Hold-off and

| recharge

monostables

Flag OR-tree

1>

A 3-sidebuttabléfor tiles)

SPAD (x 61)

Analog
monitor
mesh

Sum FIFO
Acquisition
module

Coincidence +
TDC

A single pixel

Rossignol, Tommy. déun circuit de |l ecture dbébune matrice

Conception
de photodiodes a avalanche monophotonique pour les détecteurs
de physique des particules dans les gaz nobles liquéfiés. Diss.
Université de Sherbrooke, 2020.

32 1/0 pads in single row

;
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Photordo-Digital Converter: Architecture

Flag output

. 5 /ahwSt R2 dz
A Pulsed output (adjustable from T W _
. [TV /&®nnde
few ns to tens of ns). @n n g
A From an OR-tree. O >
A Timing jitter better than 100 ps — N
RMS H a i
{ t5 !dﬂls,c o { [ (i 9—I>O'_>
.
Digital Sum E
A Digital count of triggered SPADs i
Inside a bin (dynamic range of x64PDC#Controller

4096 photons).

A Adjustable bin width from 10 ns Controller (1 for 64 PDCs)

A Start PDC acquisition, based on the number

up to ps. . o
A Internal EIEO of 128 bins. , of flag received to _dls_crlmlnate dark count.
A Bank of TDCs for timing measurements on
flags.

Analog Monitor . : :
A Current proportional to triggered A Receives data from PDCs and includes post-

SPADS processing.
' A Communicate with an external computer.



Photordo-Digital Converter: Architecture

Digital Sum

U | 5  ahws R2 dzi

A Digital count of triggered SPADs —— . ; _

inside a bin (dynamic range of ennad| |V /P nde

4096 photons). O >
A Adjustable bin width from 10 ns — N

up to ps. 5 a filf C9 ’ o
A Internal FIFO of 128 bins. {\“g" ol 1= >

T+
Flag output i

A Pulsed output (adjustable from x64PDC£Controller

few ns to tens of ns).
) Controller (1 for 64 PDCs)

A From an OR-tree. >
A Timing jitter better than 100 ps A Start PDC gcqwsnlo_n, b_as_ed on the number
RMS (i.e. external TDC) , of flag received to discriminate dark count.
e ' A Bank of TDCs for timing measurements on
flags.

Analog Monitor . : :
A Current proportional to triggered A Receives data from PDCs and includes post-

SPADS processing.
' A Communicate with an external computer.



The PDC CM@®®&adouthip

5.85mm

5.25 mm 64% 2D CMOS SPADS Key Specifications

A TSMC 180 nm BCD CMOS
process.

A 78 pm SPAD-to-SPAD pitch.

A Every SPAD is controlled
individually.

A Noisy SPADs can be
disabled.

< 3
EEENNS

dd ol
EeRS
»%‘uc

64x64 pixels ready
for 3D integration

A Dynamic range of 0 to
4096 photons.



2%2 PhotodetectidvodulevithLEDTesting

to trigger the SPADs
A Driven by a waveform generator

Analog Monitor
A Amplitude proportional to the number o

SPADs triggered

Digital Sum Acquisition
A Based on a 100 MHz readout clock
A Generated by the FPGA (Tile Controllel

S U N N ! | I I
‘ ’ ‘ ‘ _ Current in the LED | ‘ ‘
N ] | | & ! [ T | |
c1:pcs0Q  [G2NDEEGGM ca:pcsoQ Timebase: -20.0 ps
10 mVv/div 500 mV/div 500 mV/div 5.00 ps/div
-35 mV offset  -830 mV offset  -1.00 V offset 250kS, 5.0 G/s

Using embedded CMOS test SPADs of the PDC

24



2x2 PDMvithGamma Source

Eu-152, 10 pCi
EJ-200 Plasic cintillator

T iy l
Plastic Scint. . ‘

PMT
- Hamamatsu
2 R9O779

PDCs

The light detected by the PMT triggers an oscilloscope acquisition and the
flag output from the PDC is recorded.

25



2x2 PDMvithGamma Source

Eu-152, 10 uCi
EJ-200 Plastic Scintillator . PDC1
PMT output (trigger) i — 2
Il Tt AR "l‘[“ .‘ A A R ,",: i 0-50-—.-;10‘ '_" jzlgh-llo 10 20 30 40 50
{ﬁ 0 ! thper - thwr (NS)
‘_"l " (il 250
: 200 PDC2
Fll; Horizontal Trigger Vertical Math Cuu;sor Meas Masks Search Analysis Display Tutorlals g
- 20 ns/div Time Base ' ” L
- Leadlng Edge trlgger on PMT Ph.OtC?gS det%Cted n 50 -40 -30 -20 -10 10“ 2-0~“ 3; :c; 50
Using embedded CMOS test SPADs of the PDC coincidence between tocs - tr (1)
PMT and PDC

PMT Trigger @ Ons
26



PDCechnologydissemination

Sharing a test platform
to allowcollaborators
to explore théechnology




Designed by:

Caroline Paulin
Nicolas Roy
Tommy Rossignol
Jean-Francois Pratte
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FPGA
_ Controller

Low power Photon-to-Digital Converter
For details, see T. Rossignol et al., J. Inst., vol. 19, no. 09, p. P09017, Sep. 2024


https://doi.org/10.1088/1748-0221/19/09/P09017
https://doi.org/10.1088/1748-0221/19/09/P09017
https://doi.org/10.1088/1748-0221/19/09/P09017

Front and back side of the 2x2 PDC tile

Connectors for
setup flexibility

......
TS

Protective hous
for manipulation

No components
other than PDC
on the front side
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First PDC Characterization Results




Process control monit8PAD basic and other characteristics

Completion of the first 3 wafers of PDC _ Breakdonnvoltage
A 1strun: Delivered on Oct R4 (3 wafers) AP AR i

A 20drun: Delivered on Ap#lZ25 (2 wafers)

Process control monitor results:

A Standard foundry process monitoring structures
A All'in specs on all wafers (~30 types of tests)

A SPAD performances: comparable to our previous SPAD run
A Breakdown voltage on specifications:£8.28Y (@ 1pA bias)
A DCR ~ 560 cps/SPAD @2%% Y@ RT A ~0.03 cps/#n
A Afterpulsing ~1.3%

A SPAR0-Quench connection yield > 99.8%
A Only 30 defective structures out of 980 (47040 contacts)

36



SPADs with external quenching

A Testing individual SPADs of a small array
A SPADs with trenches, nominally identical to those in PDCs
A Anode routed to top surface (resistive vias)

A Crosstalk ongoing

A Enabling one or two SPADs and comparing count rate
A Preliminary10%
A To come: study through time delay distributions

A SPTR measuremeisingoing
A External quenching slows response and increases SPTR
A Preliminary0 to 15ps(wavelength dependant), comparable to 2023 results
A To come: measurements on the PDC itself with local quenching

38



PDC Characterization UpS
A Active testing of PDC performed L LR i‘ ” i
A B4 N L |

R 10 i
with FPGA controller board* R L |

U SURUGLRUULULOLOUULUOUURUOLUURY U
" :

A Flat cable connecting a probe card

A Ethernet connection to DAQ compu




PDC Characterization

A Scan of all 4096 SPADs of the PDC

A Activate a single SPAD
A Therefore no crosstalk contribution in this measurement
ACount fAeventA®CRover one

A In this map: using flag output and counter in FPGA
A Also possible: use the numeric sum (to come)

Map of total count rate (DCR+AP)
per SPAD (4096)

193

100
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PDC Characterization

A Scan of all 4096 SPADs of the PDC

A Activate a single SPAD | -
A Therefore no crosstalk contribution in this measurem HV = -22V e

ACount nNneventA® CRover on -;..-: | ,i‘
L LS ROGIE DI 5 "0l 13 B 1o J |
A In this map: using flag output and counter in FPGA ‘ :

A Also possible: use the numeric sum (to come) s e

A Upper left: SPAD index mapping A
A Upper right: Population ordered by TCR 7 /o I
AAl 1l ow i dent i f ypdpuagon and s o M ‘
impact on overall TCR ol of ~ 2 Eh
A Bottom left: TCR histogram ¥ . AN |-

Four ways to look at the data to get a L I T

PDCOs ounigueo fingerprint

41



PDC Characterizatiadbbservations on PDC08

A 4096 SPADSs in a*684 array

=. L e |
A 46 SPADs not responding 2a¥ bias) o4 | e |
A 4 of these SPADs respor2bdt/ bias g et ey e B screamer /
A Under investigation é § - |
Wi s o
A Average TCR is dominated by screamer  “siiiiinuy | | et

A 5% to 7% of population (depends on definitior s T
A Median TCR isx@6wer than average TCR oo | '
A Typical from literature, also expected in SiPM

8

Frequency

10 |

"
-
L
<
...

- + N LI 0 mim [Imn 1l ns " A " A A "
0 100 200 300 400 500 600 700 800 900 1000 0 10 20 30 40 50 60
TCR (cps) X
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PDC Characterizatiadbbservations on PDCO08 and PDC11

PDCO08 PDC11

10‘ T T T T L] i f T T Ll 10‘ T T T L] T T T T T L) L 1°° T T T T L] Ll T T T 10‘ T T T T Ll T T T T T L
= o PDCO "o PDC11
PDCOS 25V ...... median: 59 ¢ps PDC1 1 by 25V ------ median: 79 ¢ps
° ------ mean: 1510 cps sr £ % paemwe mean: 1947 cps|
10° | ° E 10° 10°F @ 6.0 oyes O & 4 10tk T |
% o @ o g a® b % 0% % 8888%0
" Bor Q%"% 8”0 o’ é&%fggs . ° & &%, 55 0 0 809 M 4
o 00 o o oo ® 8{ ey _
®® 0 g0 © ggf@ L% & e ¢ 2 2
gw‘-,aog% $o, 0 ° g0 9.0 ° oq%- £ 10* e S0tk J
O 00 2009 P L Pl & o O o
= op © o ¥ $ ©°F "o 5 - 5
[a) o el e o et 8e. O » TS = o R e G S 5 O R N S S e R e
E 00% 00 } 208 %o s 6 9 | < |
s L ° < (of B i g a Q L -
G110 o . q i i F ) gw°
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10?

10" Lt : g : : : : . : B 10" L : g : : : : : : 10 b
500 1000 1500 2000 2500 3000 3500 4000 0 10 20 30 40 50 60 70 8 90 100 0 500 1000 1500 2000 2500 3000 3500 4000 0 10 20 30 40 50 60 70 80 90 100
SPAD_idx0 Population SPAD_idx0 Population
T T T T T T T r 1.00M T T T T T T T T T T T . v 1.00M
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PDC Characterizatidnght emission

A During avalanche, SPADs emit light
A Source of crosalk both internal and external

A Demonstration of the capability of single SF Lalals 3%
activation/deactivation - g3sessets’  isises  sassds
A SPADs forming a motif were activated e . RELEEE IR,
A Long exposure of a sensitive camera reveals | SEEEEEEESEENNE 1415 E PR rrr ey

electroluminescence of the activated SPADs * S eassessss
(here deliberately saturated to the show!) erieriesias

A Deactivated SPADs show no emission

........

...........

A We will investigate the use of light emissio
rapidly characterize PDC DCR

Lightemission i PDC11i 2 min exposure 24.5V

45



PDC Characterizatidnght emission

A During avalanche, SPADs emit light - | —
A Source of croesalk both internal and external 3355

A Demonstration of the capability of single !
activation/deactivation

A SPADs forming a motif were activated

A Long exposure of a sensitive camera reveals
electroluminescence of the activated SPADs
(here deliberately saturated to the show!)

A Deactivated SPADs show no emission

A We will investigate the use of light emission to
rapidly characterize PDC DCR

Lightemission i PDC11 7 2 min exposure 24.5V
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Our globatesearchprogram:

PhotonDetectiorModules




Instrumentinggrylarge astroparticle detectors

NEXO T neutrino search

136X e Onbb decay 1 xenon as scintillator

o e

5 tonnes of LXe T 4.5 m? of photon detectors

ARGO T dark matter search

LAr as interaction media and scintillator

|}
o N b o S R A R N .
5 F  /

300 tonnes of LAr i 250 m? of photon detectors
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Photon Detection Module: A Focus on Enabling Large Detection Systems
Our global ambition

A Demonstrated small tile prototypes
A Silicon interposer for low background large scale integration
A Optical (digital) communication

A Embedded timedigital conversion

49

















https://doi.org/10.1088/1361-6560/ad1f85
https://doi.org/10.1088/1361-6560/ad1f85
https://doi.org/10.1088/1361-6560/ad1f85
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