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The 
Photon-to-Digital Converter
Concept

How to turn a single photon into a digital pulse
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B

Single Photon Avalanche Diode Operation Cycle

1: Trigger

31

2

2: Quenching

3: Recharge

A C

1. Time precision

2. Sensitivity ï gain >105 ï single photon

3. Low cost
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AnalogSiPMVS Digital SiPM

The amplifier transforms charge into voltage 
and then BACK to digital.

Analog SiPM

SPAD

SiPM ðSilicon Photo Multiplier: an arrayof SPADs

SPAD

QuenchQuench Digital 
Signal 

Processing

HV

Individual SPAD readout, no D/A+A/D 
conversion. Everything stays digital.

Digital SiPM

Recall:
The response of the 
SPAD is Boolean

HV

Amplifier, 
Shaper,
é

ADC

Analog current sum SiPM capacitance Ƃ electronic noise
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3D Photon-to-Digital Converters

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

SPAD

QuenchQuench Digital
Signal
Proc.

Bias

Photon -to -Digital Converter

Å SPAD array and CMOS readout vertically stacked (3D) to form a single detector chip

in 2D: loosing sensitive area

ÅDirect digital conversion: 

ÅSingle photon resolution on the whole dynamic range

ÅCan lower power significantly consumption

ÅDisabling noisy SPADs: reducing noise

ÅProgrammable hold-off delay: mitigation of afterpulsing

ÅEmbedded signal processing: sum, dark count filters, 
 time-to-digital conversion, etc.

Pratte JF et al. "3D Photon-to-Digital Converter for Radiation Instrumentation: Motivation and 
Future Works" (2021) Sensors;21(2):598. doi: 10.3390/s21020598
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Development of the SPAD array layer
and low power PDC
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Thinned TSV-less Frontside Illuminated SPAD Array

1st fabrication run completed
(Octobre 2024)

Thin SPAD layer + CMOS readout

Å p+n SPAD [1]

Å 64 × 64 SPAD Array

Å 78 µm pitch

Å Al-Ge eutectic bonding

Å 5.85 × 5.25 mm2 die

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.

SPAD
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mechanical substrate (for routing) 

cathode anode

photons

3D SPAD array
(canadian10¢for reference)

SEM cross section image

2
0

 µ
m

TSMC 180nm CMOS
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SPAD wafer bonding to CMOS wafer ï Assembling the PDC

200 mm TSMC 180 nm CMOS wafer

Resized to 150 mm

Wafer level bonding

Å Al-Ge eutectic: CMOS aluminum pad to SPAD Ge

Å Resizing 200 mm to 150 mm (while matching patterns)
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CMOS readout wafer

150 mm SPAD wafer



15

Pattern reproduced 

over the whole wafer
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Process 

monitoring 

structures

and

bonding 

alignment

PDC
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Fabricated by Teledyne DALSA

High-end CCD process line 
--> excellent for SPAD R&D

- 150 mm process line

- low contaminant / gold free clean rooms

Status of the MEMS Industry 2018 

Market and technology Report

Yole Development (2018)

MEMS Foundry Rankings

 (2017 sales in US$M)

STMicroelectronics 174

Teledyne DALSA 60

Silex Microsystems 50

TSMC 47

X-Fab 42

TeledyneDALSA Semiconductor (est. 1980)

~ 500 employeeslocatedat Bromont nearMontreal, Canada

Courtesy of Teledyne DALSAThe Eyes of the Mars Curiosity Rover. Tech Briefs 

(2012)
Life on Mars: Rover landing gives 

boost to Canadian tech sector. The 

Globe and Mail (2012)

World top 5 MEMS Foundry

--> excellent for wafer level integration

- 150 mm and 200 mm process line

- Wafer thinning, deep etching, bonding, ...
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PDC designedfor 
lowpower use 
in noble liquidexperiments



ÅTSMC 180 nm BCD process

Å5 x 5 mm2 active area

Å64 x 64 pixels (4096)

Å78 µm pixel pitch

Å3-side buttable (for tiles)

Example of Low CostCMOS for Large-Area Experiments

Digital signal 

processing

Quenching circuit 

and 3D 
interconnect

A single pixel 5
.8

5
 m

m

32 I/O pads in single row

64 × 64 

pixel array

(4096)

Active area: 

5 × 5 mm 2

5.3 mm

Rossignol, Tommy. Conception dôun circuit de lecture dôune matrice 
de photodiodes à avalanche monophotonique pour les détecteurs 

de physique des particules dans les gaz nobles liquéfiés. Diss. 

Université de Sherbrooke, 2020.
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Photon-to-Digital Converter: Architecture

×64 PDCs/Controller
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Flag output

Á Pulsed output  (adjustable from 

few ns to tens of ns).

Á From an OR-tree.

Á Timing jitter better than 100 ps 

RMS.

Digital Sum

Á Digital count of triggered SPADs

inside a bin (dynamic range of 

4096 photons).

Á Adjustable bin width from 10 ns 

up to µs.

Á Internal FIFO of 128 bins.

Analog Monitor

Á Current proportional to triggered 

SPADs.

Controller (1 for 64 PDCs)

Á Start PDC acquisition, based on the number

of flag received to discriminate dark count. 

Á Bank of TDCs for timing measurements on 

flags.

Á Receives data from PDCs and includes post-

processing.

Á Communicate with an external computer.



Photon-to-Digital Converter: Architecture

×64 PDCs/Controller
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Digital Sum

Á Digital count of triggered SPADs

inside a bin (dynamic range of 

4096 photons).

Á Adjustable bin width from 10 ns 

up to µs.

Á Internal FIFO of 128 bins.

Flag output

Á Pulsed output  (adjustable from 

few ns to tens of ns).

Á From an OR-tree.

Á Timing jitter better than 100 ps 

RMS (i.e. external TDC).

Analog Monitor

Á Current proportional to triggered 

SPADs.

Controller (1 for 64 PDCs)

Á Start PDC acquisition, based on the number

of flag received to discriminate dark count. 

Á Bank of TDCs for timing measurements on 

flags.

Á Receives data from PDCs and includes post-

processing.

Á Communicate with an external computer.



The PDC CMOS ReadoutChip

5.25 mm

5
.8

5
 m

m

64× 2D CMOS SPADs

64×64 pixels ready
for 3D integration

IO pads ESD protected

Key Specifications

Á TSMC 180 nm BCD CMOS 
process.

Á 78 µm SPAD-to-SPAD pitch.

Á Every SPAD is controlled 
individually.

Á Noisy SPADs can be 
disabled.

Á Dynamic range of 0 to 
4096 photons.

PDC CMOS READOUT



2×2 PhotodetectionModule withLED Testing

Current in the LED to trigger the SPADs

Á Driven by a waveform generator

 Analog Monitor
Á Amplitude proportional to the number of 

SPADs triggered

 Digital Sum Acquisition
Á Based on a 100 MHz readout clock

Á Generated by the FPGA (Tile Controller)

1010101010

Using embedded CMOS test SPADs of the PDC
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2×2 PDM withGamma Source

PMT 
Hamamatsu 

R9779

Plastic Scint.

PDCs

The light detected by the PMT triggers an oscilloscope acquisition and the 

flag output from the PDC is recorded.

Eu-152, 10 µCi 

EJ-200 Plastic Scintillator
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2×2 PDM withGamma Source

- 20 ns/div Time Base

- Leading Edge trigger on PMT

PMT Trigger @ 0ns

Photons  detected  in  

coincidence  between  

PMT and PDC

Eu-152, 10 µCi 

EJ-200 Plastic Scintillator

PMT output (trigger)

Flag output (PDC1)

Flag output (PDC2)

Using embedded CMOS test SPADs of the PDC

26
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PDC technologydissemination:

Sharing a test platform
to allowcollaborators
to explore the technology





2×2 PDC

Adaptor

board

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


Front and back side of the 2x2 PDC tile

No components 

other than PDC 

on the front side

Protective housing 

for manipulation

Connectors for 

setup flexibility
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First PDC Characterization Results
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Completion of the first 3 wafers of PDC
Å1st run: Delivered on Oct. 13th 2024 (3 wafers)

Å2nd run: Delivered on April 29th 2025 (2 wafers)

Process control monitor results:

ÅStandard foundry process monitoring structures

ÅAll in specs on all wafers (~30 types of tests)

ÅSPAD performances: comparable to our previous SPAD runs

ÅBreakdown voltage on specifications: 25.26V ± 0.18V„ (@ 1µA bias )

ÅDCR ~ 50-60 cps/SPAD @ 20-25% Vex @ RT     Ą     ~0.03 cps/µm2 

ÅAfterpulsing ~1.3%

ÅSPAD-to-Quench connection yield > 99.8%

ÅOnly 30 defective structures out of 980 (47040 contacts)

Process control monitor ï SPAD basic and other characteristics

36

Breakdown voltage



ÅTesting individual SPADs of a small array

ÅSPADs with trenches, nominally identical to those in PDCs

ÅAnode routed to top surface (resistive vias)

ÅCrosstalk ï ongoing

ÅEnabling one or two SPADs and comparing count rate

ÅPreliminary: ~10%

ÅTo come: study through time delay distributions

ÅSPTR measurement ï ongoing

ÅExternal quenching slows response and increases SPTR

ÅPreliminary: 70 to 150ps (wavelength dependant), comparable to 2023 results

ÅTo come: measurements on the PDC itself with local quenching

SPADs with external quenching
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ÅActive testing of PDC performed 
with FPGA controller board*

ÅFlat cable connecting a probe card

ÅEthernet connection to DAQ computer

*Development funded by ORNL

PDC Characterization
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ÅScan of all 4096 SPADs of the PDC

ÅActivate a single SPAD

ÅTherefore no crosstalk contribution in this measurement

ÅCount ñeventsò over one second Ą TCR 

ÅIn this map: using flag output and counter in FPGA

ÅAlso possible: use the numeric sum (to come)

PDC Characterization

40

Map of total count rate (DCR+AP)

per SPAD (4096)



ÅScan of all 4096 SPADs of the PDC

ÅActivate a single SPAD

ÅTherefore no crosstalk contribution in this measurement

ÅCount ñeventsò over one second Ą TCR 

ÅIn this map: using flag output and counter in FPGA

ÅAlso possible: use the numeric sum (to come)

ÅUpper left: SPAD index mapping

ÅUpper right: Population ordered by TCR

ÅAllow identifying the òscreamerò sub-population and its 
impact on overall TCR

ÅBottom left: TCR histogram

Four ways to look at the data to get a 
PDCõs òuniqueó fingerprint

PDC Characterization
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Å4096 SPADs in a 64 × 64 array

Å46 SPADs not responding (at -22 V bias)

Å4 of these SPADs respond at -25 V bias

ÅUnder investigation

ÅAverage TCR is dominated by screamers

Å5% to 7% of population (depends on definition)

ÅMedian TCR is 26× lower than average TCR

ÅTypical from literature, also expected in SiPMs

PDC Characterization ï Observations on PDC08

42

HV = -25 V

Screamer
SPADs

Average

Median

26× 



PDC Characterization ï Observations on PDC08 and PDC11

43

PDC08 PDC11



ÅDuring avalanche, SPADs emit light

ÅSource of cross-talk both internal and external

ÅDemonstration of the capability of single SPAD 
activation/deactivation

ÅSPADs forming a motif were activated

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

ÅDeactivated SPADs show no emission

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

PDC Characterization ï Light emission

45

Light emission ï PDC11 ï 2 min exposure 24.5 V



ÅDuring avalanche, SPADs emit light

ÅSource of cross-talk both internal and external

ÅDemonstration of the capability of single SPAD 
activation/deactivation

ÅSPADs forming a motif were activated

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

ÅDeactivated SPADs show no emission

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

PDC Characterization ï Light emission
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Light emission ï PDC11 ï 2 min exposure 24.5 V
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Our global researchprogram:

Photon DetectionModules



Instrumentingverylarge astroparticle detectors

5 tonnes of LXe ï4.5 m2 of photon detectors 300 tonnes of LArï250 m2 of photon detectors

nEXO ïneutrino search ARGO ïdark matter search
136Xe 0nbbdecayïxenon as scintillator

SNOLAB (Canada)

LAr as interaction media and scintillator
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Our global ambition

ÅDemonstrated small tile prototypes

ÅSilicon interposer for low background large scale integration

ÅOptical (digital) communication

ÅEmbedded time-to-digital conversion

Photon Detection Module: A Focus on Enabling Large Detection Systems
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https://doi.org/10.1088/1361-6560/ad1f85
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