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Motivation for Photodetection Module Technologies R&D

 PMTs have been the sensor of choice for decades and will remain for many systems

* Noble liquid (Xe, Ar) experiments need improved sensitivity for discovery potential

 PMTs are x1000 more radioactive than silicon sensors, such as “analog” SiPM

* In recent experiments photosensors and electronics are located near or within the noble
liguid to maximize photodetection efficiency

* Constraint on coefficient of thermal expansion: assembly and tests at room temp while operation at
cryogenic temperature

* Radioactive background must be kept low to achieve high sensitivity

* Minimal power consumption to avoid convection or boiling of the noble liquid
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Motivation for Photodetection Module Technologies R&D

* “Analog” SiPMs are the new trend for neutrino, dark matter and neutron imaging
experiments

* The next generation of sensor that will replace “analog” SiPMs with significant
advantages are “digital” SiPM, a.k.a:

Photon-to-Digital Converters
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Analog SiPM VS Photon-to-Digital Converter (PDC)

‘ves’ or ‘no’

/\ sPAD /\ Y m— Response of the SPADisa  ——

/\ spap A\

Quench Quench

DSP

| Amplifier, JL

I | Shaper,... ADC

I
Analog current sum \ SiPM capacitance (=electronic noise)
The amplifier transforms charge into voltage and then Individual SPAD readout

BACK to digital. No D/A+A/D conversion. Everything stays digital.
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SiPM VS PDC: To Cover Large Photosensitive Area

PDC

* As one-to-one SPAD-to-CMOS readout:
capacitance is not relevant

Analog SiPM
* Need series/parallel combination to minimize
the number of readout channels

» Large input capacitance : .
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SiPM VS PDC: Dark Count and Afterpulsing (Correlated) Noise

e ~90 % of dark counts are due to top ~10% noisier single photon avalanche diode (SPAD)
of an array (analog SiPM or PDC)

* Impact on single photon resolution and power consumption
* Analog SiPM: no control

* PDC: shut the SPADs off, hence drastically lowering the noise

* Cryogenic operation: Afterpulsing increase with lower temperature
* Analog SiPM: No control (but ok, there have improved a lot on this recently)

* PDC: Adjustable time to keep the SPAD OFF = increase effective photodetection efficiency

Vachon, Frédéric, et al. "Measuring count rates free from correlated noise in digital silicon photomultipliers." Measurement Science and Technology 32.2 (2020): 025105.
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Photodetection Module Technologies

Photon-to-Digital Converters
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Photodetection Module Technologies — SPAD Array

Photon-to-Digital Converters

SPAD Array
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Vertically-Integrated Frontside-llluminated TSV-less p*n SPAD Array

e 2D SPAD and 3D integration process developed previously [1]

e Full-thickness trenches

cathode

photons

A: c JS’ anode

» optical and electrical isolation
e TSV-less architecture

contact to

* Al-Ge eutectic bonding -

e 78 um pitch
* 64 x 64 SPAD Array

mechanical substrate (for routing)

e 1t phase: 20 um

e 3D SPAD over mechanical
substrate with signal routing

Underway
» wafer-level 3D integration with CMOS readout

[1] Parent, Samuel, et al. "Single photon avalanche diodes and vertical integration process
fora 3D digital SiPM using industrial semiconductor technologies." 2018 IEEE NSS-MIC 2018.
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SPAD Measurements Comparison Between 2D and 3D SPAD
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Photodetection Module Technologies —

Photon-to-Digital Converter and Tile Controller

Photon-to-Digital Converters
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Photon-to-Digital Converter (PDC) and Tile Controller

CMOS Readout
{x 4096) (x 4096) QC (x 4096) > 5
( ) Fla .
> monosgab\e t Acquisition
N \' module
T | AM current | | Flag OR-tree
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zlg F'Y » recharge ..
monostables naiog
2D CMo> | monitor
SPAD (x 61) onie

Wafers of CMOS readout on the way
Tile controller:
* 1timplementation in FPGA
e ASIC design started
* 64 channels
e <100 ps TDC

......

Xilinx
ZCU102
Zynq FPGA
platform

48 mm

module
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Photon-to-Digital Converter (PDC) Acquisition with Light Source

Total acquisition:
9.08 us

Analog monitor signal

10.0 mh fdiv S00 m' fdiv S00 m fdiv
-35.00 mY 30 mv offset -1.000 % ofst 250 k=

Waiting for Trioger QI202021 11:09:27 AM
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Photon-to-Digital Converter (PDC) Acquisition with Light Source

. Digital acquisition requesis
50 samples @ 10 ns period
78 samples @ 110 ns period

— Digital sum
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Photodetection Module Technologies — Silicon Interposer

DAD A

Photon-to-Digital Converters
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8 x 8 Photon-to-Digital Converter (PDC) Tile
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200 mm Characterization Wafer and Results

Cable interfaces

Via + TSV chains |

Coplanar transmission lines Design kit for:

e Cadence

* Mentor

e Keysight

e See back up slide

PDN structures

MIM
Capacitors

Assembly test structures
(SMT, BGA, flipchip)

........
........
..............
........

‘‘‘‘‘‘‘

& B 22 mm _ Overlap structures

Via + TSV chains Coplanar transmission lines

Intralayer/Interlayer
leakage structures
TSV landing issue being addressed
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Measurement and Process Qualification

Sheet resistivity

Layers Value
MO 2 mQ/sq 31 834
M1 32 mQ/sq 56 224
M?2 41 mQ/sq 56 224
M3 5 mQ/sq 85 660
M4 5.8 mQ/sq 85 660
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Layers  Value D.p1

M1M?2 76 mQ) < 1E-6
N=321E3

M2M3 16 mQ < 3E-6
N=112E3

M3M4 10mQ < 3.5E-6
N=102E3
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Overlap shorts

Layers  Value D.p!

M1M2 0/3000 < 11E-3
M2M3  0/2400 < 14E-3
M3M4  0/2400 < 14E-3

1 D.P = Defect probability (0.95 C.L.)

D.P. = 1/(—%-logP).
Poisson distribution
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Photodetection Module Technologies —

Silicon Photonics Data Acquisition System

Photon-to-Digital Converters
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Conclusion

* Since the last 3 years, all photodetection module technologies are underway

* No roadblock so far
e SPAD optimization started

e CMOS wafers ordered
* First PDC: 2023

* |nterposer:
 Circuit design to start fall 2022

* Controller:
e ASIC design to start fall 2022

* Silicon Photonic DAQ:
» Test structures characterization underway

» System implementation integrated circuit in fab
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Conclusion

Photon-to-Digital Converters

 Looking for partners: e |\ | i j [ j =-—‘
. CMOS readout with TSV in pads (FF 1) e o || P ot || T
 Power management ASIC forthe PDM — |} siconmeposer  frzeen
 Mechanical assembly of PDM for larger area o M__ __

* Open to ideas and collaborators
 Looking for post-doc and PhD
* Looking for other partners interested in those technologies

* Please visit our poster on SPAD development: discussion welcomed

Frédéric Vachon
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Silicon Photonics Data Acquisition System

* Main goal: Support a data acquisition system for a large array of photodetectors in
cryogenic large scale detectors

* Needs and Requirements

* Reusable systems for different types of photodetectors and experiments

Operate at cryogenic temperatures = among the first in SiP field (165K to 4K)

Low power budget - external laser source

Acquire data at ~1 Gb/s per module

e Radio-pure materials inside the cryostat

* Benefits
* Allows for high galvanic isolation

* Allows for long range communication over optical fibers

I :‘q_s.ti uf ir]berdiscﬂplilnai_re
3 I nnevation lechmologique jean-francois.pratte@usherbrooke.ca 24
] E siiifison e



System Description

SiP chip prototype Low power in cryostat
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[ I Laser Source
[
N [

\ { | Ethernet
- | Switch
Electro-optical @ . Opto-electrical
Data |17 D Mc?ulator ) g I conversion MIDAS
ata Transmitter
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Interposer Design Kit — Cadence, Mentor and Keysight

A multi-software design kit was developed to support 3 industry standard software to enable
design, validation and simulation with the Sherbrooke-IZM interposer technology.

Cadence Virtuoso (1C6.17) Mentor Calibre (2020.01) Keysight ADS (2021U1)

Used for mask designs (1x scale) Used for design verification Used for RF simulations

ASCII Technology File Layout vs Schematic (LVS) Simulation type:

Full wave Method of Moment (MOM)
Finite element method (FEM)

Schematic XL + Layout XL Design Rule Check (DRC)

> Design Rule Driven (DRD) Editing Parasitic Extraction (PEX)

» Constraints Driven Design - ‘ Custom material from measurements:
» Analog Auto Placer > Distributed Resistance » Conductivity

» Space-based Router » Distributed Capacitance » Complex permittivity (&, + j&;)

» Coupling Capacitance
Custom SKILL PCells

> PDC cluster
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