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Photodetection Module : Photon-to-Digital Converters (aka Digital SiPM)

and Enabling Technologies
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Enabling Progress for Single Photon Detection Systems
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From Analog to Digital Silicon Photomultiplier



Analog and Digital Silicon Photomultiplier (SiPM): The Definition
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Single photon avalanche diode (SPAD) is the basic unit cell of analog and digital SiPM
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The Analog SiPM Paradox
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 A SPAD is a Boolean detector (“0” or “1”): digital information available at the sensor level

 Analog SiPM = Sum of boolean detectors (array of SPAD) to get a linear response…

 Then, use a current/transimpedance amplifier + shaper + ADC

To digitize the data… again!
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Enabling Progress for Single Photon Detection: Digital SiPM Advantages
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 Each SPAD is coupled one-to-one with its individual readout circuit

 Photon-to-bit conversion at the sensor level

 Improved noise immunity

 Output capacitance is not an issue (compared to analog SiPM)

 Single-photon counting over the entire dynamic range

 Control over each SPAD: faulty or radiation damaged = shut off

 Mitigates afterpulsing noise

 No trigger = Low power consumption
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• Enables high photosensitive fill factor 
with

• Advanced digital signal processing
• Choice of SPAD optimal technology

with
• Choice of CMOS optimal technology for 

application specific functions

= SPAD

= Electronics
or

The solution:
3D vertical integration

3D versus 2D Photon-to-Digital Converters



Photodetection Module

• Silicon-based solution for cryogenic instrumentation  coefficient of thermal expansion matching
• Particle physics instrumentation: liquid argon and liquid xenon experiments

• nEXO (neutrino)
• ARGO (dark matter)

• Quantum communication (quantum key distribution satellite receiver) 

• Medical Imaging
• Positron emission tomography (PET)
• Computed tomography (CT)

• Neutron Imaging
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Photodetection Module – 3D Photon-to-Digital Converters

• SPAD array: Custom process Université de Sherbrooke – Teledyne-Dalsa
• SPAD wafer over RDL wafer enabling 3D SPAD electrical and optical characterization: June 2021
• Die-to-wafer process: February 2022
• SPAD wafer over CMOS readout: summer 2022
• PRD7: Extended wavelength range in the VUV for Noble liquid experiments
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Photodetection Module – 3D Photon-to-Digital Converters

• CMOS Electronic Readout
1. High resolution timing application 

• Applications: Quantum key distribution, PET, CT
• PRD10: Time-to-digital converter target: 5 ps resolution, sub 5 ps

RMS jitter (measurements ongoing and very promising)
• CMOS 65 nm

2. Low power, large area experiments
• Applications: Neutron Imaging and Noble liquids instrumentation
• CMOS 180 nm
• Rev. 2: Nov 2021
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65nm CMOS high timing resolution 
readout (1.6 mm × 2.2 mm)

180 nm CMOS readout for low 
power, large area systems



Photodetection Module – Silicon Interposer

• Silicon-based « PCB »

• Coefficient of thermal expansion matching between components: cryogenic instrumentation
• PRD9: Adapt photodetectors for extreme environment (Noble liquid and space)

• Collaboration with IZM Fraunhofer (Berlin)

• 8 redistribution layers

• Initial results conclusive

• Full stack interposer testing: April 2021
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Photodetection Module – Tile Controller

• “Brain” of the photodetection module
• Programs, controls and acquires the PDC

• Interface with silicon photonics communication module

• Array of 100 ps resolution time-to-digital converters

• Advanced triggering

• Currently under design
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Photodetection Module – Silicon Photonics Comm Module

• Laser source at the DAQ, none on the photodetection module  low power

• Advanced Micro Foundry (AMF) SOI process

• 3 custom Michelson interferometric modulators 

• 1 Michelson interferometric modulators from SiEPIC Library

• 3 high-speed infrared germanium photodetectors

• 1 custom micro-ring resonator

• 12 electrical I/O

• 8 photonic wirebond I/O

• 12 grating coupler I/O

• Device in fab, receiving May 2021

• Quantum computing interface
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Conclusion

• Single photon instrumentation plays a key role in various fields
• Game changer for many experiments 

• It is strategic to support R&D of Photon-to-digital converters and their enabling technologies
• PRD7: wavelength range, PRD9: extreme environment, PRD10: timing

• Requires cross-cutting expertises

• New photodetection module in progress
• Scalability
• Operation in various environmental condition (room temperature, cryogenic, space)
• Improved performances

• Single photon resolution and counting over the entire dynamic range
• Timing resolution
• Digital signal processing (Smart data acquisition)
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