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Large-Format SPAD Cameras - Why?

» SPADs are fast and have high timing resolution —
ideal for 3D/LIDAR

= SPADs are natively digital — inherently simpler
processing

= Emerging applications requiring both — larger formats
are needed



Example: Fluorescence Image Taken in Milliseconds

Hela cells labeled with DAPI, Alexa 488, and Alexa 555
Taken with SwissSPAD2



This has been made possible by large-format cameras!



3 Key Challenges of a Large-format SPAD Camera

1. Pixel pitch
2. Power

3. Data



Challenge 1: Pixel pitch
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Reasons for Delayed SPAD Miniaturization

= High voltage requirements — only older nodes support them

= Guard rings

= Backside illumination and 3D-stacking came later to SPADs

* For many years, SPADs were considered of no economic interest!
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Mostly Guard Rings
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Drawing: D. Stoppa
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» The guard ring is implicitly obtained from lightly-doped deep n-well (on the surface)
= Suitable for deep-submicron processes (in this case 130nm)

= Compatible with triple-well process

= Good DCR performance
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Compact Alternative: the p-i-n SPAD Structure

0 p+
5 p-well 5
2 3
Avalanch = Seed* N
valanche P=epl Depletion regions
b W E

C. Veerappan and E. Charbon, 2015

Guard rings reduce E-field at the edges to suppress premature edge
breakdown
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Vertical Flow APDs Charge-focusing
(VAPD) SPAD
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Y. Hirose et al., ISSCC 2019 K. Morimoto, ISSW 2020
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Densifying Pixels: Deep Trench Isolation
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Achieving Very Low Pitch

= Share n-wells and deep n-wells
= Share guard rings

= Share electronics

= 3D-stacking

= Microlenses
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Achieving Very Low Pitch (1)

= Share n-wells and deep n-wells STI
= Share guard rings

= Share electronics

= 3D-stacking
= Microlenses Decreasing doping levels

p-epi p-epi

k deep n-well j

© Edoardo Charbon 2020




= Share n-wel

Achieving Very Low Pitch (2)

Is and deep n-wells

= Share guard rings

= Share electronics

= 3D-stacking
= Microlenses

k deep n-well

\—
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Achieving Very Low Pitch (1-2)
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K. Morimoto and E. Charbon
Optics Express, 2020
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Achieving Very Low Pitch (3)

» Share n-wells and deep n-wells
= Share guard rings

= Share electronics

= 3-Stacking

» Microlenses
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Achieving Very Low Pitch (4)

= Share n-wells and deep n-wells
= Share guard rings

Top Tier .

= Share electronics

= 3D-Stacking
= Microlenses

M.J. Lee et al., JSSTQE 2018
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Achieving Very Low Pitch (5)

= Share n-wells and deep n-wells
= Share guard rings

= Share electronics

= 3D-stacking

= Microlenses

» Electrical plens. e.g. C. Veerappan,
IISW’13

* Optical ylens

Smaller pixels with lower fill factor
become attractive because of low DCR
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I.M. Antolovic, et al., Trans. Electron Dev. 2015
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Pixel pitch: L, =D, + L.,
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Scaling Law
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Pixel Scaling

Pixel pitch:
50 — 40 - - - - -
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K. Morimoto and E. Charbon
Optics Express, 2020
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Pixel Scaling

Pixel pitch:
LP = Da + La-a
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Pixel Scaling Pixel pitch:
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Challenge 2: Power



Energy of the Process
V4
i -------------- zVEX




Iiast Quenching and Recharge

E is reduced
and so is the
power drawn
from Vop

ooooooooooooooooooo
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Fast Quenching, Recharge, and Gating
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Pixel Readout Sharing (Pixel B)
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Pixel A:
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Power consumption (

Achieving Low Power
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K. Morimoto et al., ArXiv preprint arXiv:1912.12910
K. Morimoto et al., Optica 2020
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Challenge 3: Data



Achieving High Data Readout: Smart Pixels

= Fast data transfer from pixel to bottom of the chip via low-C wires and
appropriate buffers

= Memory-style readout via sense-amplifiers
= Pipelining
= LVDS output

* Processing
* on chip
* on column
* on pixel

© Edoardo Charbon 2020
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The MegaX Architecture



MegaX's High-Speed Read-out .
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MegaX - Fabrlcated Chip (180nm CIS Technology)
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Median DCR (cps)
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MegaX: Overall Performance

Process technology
Chip size (mm?2)

Sensor resolution

Pixel size (um)

Fill factor (%)

Pixel output bit depth (b)

Number of pixel transistors
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Crosstalk (%)

Minimum gate length (ns)
Frame rate (fps)
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180nm CMOS
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MegaX: Pixel Resolution
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MegaX: Intensity Vision

K. Morimoto et al., Optica 2020
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MegaX: LiDAR Vision
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Precision < 7mm
Accuracy < 10mm
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MegaX: LIDAR Vision
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MegaX: Multiple Surfaces

Gating window profile: /(#) Photon distribution: g(¢)

Detected intensity: /(¢)
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MegaX: Multinle Surfaces
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Outlook



Moore’s Law for SPADs ’

10 kpixel

1 kpixel

2006 2009 2012 2015 2020 2025




Smart Pixel (Networks)
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MegaX: Extracting Fluorescence Lifetime with ANNs
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V. Zickus et al., bioRxiv preprint Doi: https://doi.org/10.1101/2020.06.07.138685K.
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3D-Stacking: BSI/FSI

= Better fill factor (potentially)
= Better space utilization
= Better cooling (with measures)

— VAN RN

SPAD SPAD

I #aiem

TS V-less connections

tpmer fxintr

Bottom tier: All electronic circuits Bottom tier: All electronic circuits

FSI- Front-side illumination BSI- Backside illumination
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Photon detection probability (%)
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Process technology

Pixel pitch (um)

Active diameter (um)

Drawn fill factor (%)

Sensor resolution

Breakdown voltage (V)

Max. PDP (%)

Max. PDE (%)

Median DCR (cps)

Crosstalk (%)

Afterpulsing probability (%)

Timing jitter (ps)

Abbas, IEDM’16
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Morimoto & Charbon OPEX’20

180nm CMOS
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Take-home messages

= Large-format image sensors based on SPADs are an interesting trend
with many interesting applications

= 3D-stacking could multiply the impact of these detectors with parallelism
and machine learning in the forefront

= Work will focus on power reduction and miniaturization

= From ISSW 2020 (paraphrasing)
* Histograms, histograms, histograms, Sara Pellegrini
» Always start from the system, David Stoppa
* Manage data before going big, Richard Walker
* The 4 misconceptions about FLASH LIiDAR, Hod Finkelstein
* If you can, go digital, Daniel Van Blerkom
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