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. SPAD is basically a pn junction,
?
What IS a SPAD . reverse biased above breakdown voltage,

operating in Geiger regime

Picture from v Iy
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Operation regimes of APD in reverse bias:

o Linear mOde |V biasl < IV breakdown|

the number of electron-hole pairs (EHP) generated by
impact ionization are < 1000. The gain is strongly
dependenton V __and temperature. Thus, itis not

suitable for single photon detection

* Geiger mode |V biasI > |V breakdownI
the electric field is > 10°>V/cm, such that a single pT
photon impinging on depletion region and producing pioanate

. . Picture from
an EHP can trigger an avalanche generating a Ref. [7]
macroscopic self-sustaining current

p shallow
well


https://indico.cern.ch/event/121655/attachments/68431/98165/charbon.pdf
https://indico.cern.ch/event/121655/attachments/68431/98165/charbon.pdf
https://www.hamamatsu.com/us/en/resources/webinars/detectors/mppc-spad-future-of-photon-counting-detectors.html

Detection cycle (Passive Quenching)
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Picture from Ref. [5]
Vg : breakdown voltage

Ve : excess bias voltage
(overvoltage)


https://infoscience.epfl.ch/record/298569

Pulse shape

photon
vV arrival
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Dead time
Vg : breakdown voltage Picture from Ref. [7]

Ve : excess bias voltage
(overvoltage)


https://indico.cern.ch/event/121655/attachments/68431/98165/charbon.pdf

Main SPAD figures of merit

* Fill Factor (FF) is the ratio between the active and the pixel areas

* PDP (Photon detection probability) is the single-photon
sensitivity per unit of active area

PDP(Vbias ,)\) - QEO\) X Pavalanche (7\)
where:

- QE (A) is the EHP generation probability for incoming photon
Pavaianche (A) is the avalanche triggering probability
* PDE (Photon detection efficiency)

PDE(Vias,A) = PDP x FF

* Timing resolution (or jitter) is the distribution width (e.g. FWHM)
of the difference between the photon arrival time and the pulse

leading-edge @



Noise sources for single-pixel SPAD

 Dark count rate (DCR) is the main noise source and it consists
mainly in EHP that are generated by thermal motion

- T wrt V T

bias !

d lowering the pixel size

* Afterpulsing is due to trapped charged carriers that are later
released triggering a spurious avalanche signal

- T wrtV,__, deadtime

d lowering the pixel size



Typical SPAD-pixel specifications

Value range
SPAD pixel

Dead time [ns] 10-100

DCR [cps/um?] 0.3-100

PDP (peak) [%] 10-50

Fill factor [%)] 1-60

Timing resolution|[ps] 30-100
Afterpulsing probability [%)] 0.1-10

Table from Ref. [0]


https://doi.org/10.1038/s41377-019-0191-5

Advantages of SPAD sensors

> up to tens of picosecond timing resolution
- single photon sensitivity

> manufacturing process scalability for SPAD realized in
CMOS-based technologies

- fast gating capabilities
> room temperature operation

> insensitive to magnetic field
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SPAD imagers: main architectures

Linear (1D)

Pictures from Ref. [0]
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outside the sensor preserving
the fill factor & in parallel
operations can be performed
Con: scanning are needed
to generate a 2D image

Planar (2D)

4 A )
Pros: electronics can be located

f Advantage: bi-dimensional A
images can be acquired directly
with in-pixel processing
Drawbacks : increasing
complexity for the integration of
in-pixel advance features +

3D-stacked
Pictures from Ref. [
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Top tier ;
SPAD Pixel Array |
2072(H) x 1548(V) |

6.39um-pitch |

Bottom tier
Pixel Circuit Array
2072(H) x 1548(V)

6.39um-pitch

]

ftop : SPAD image sensor
bottom : control and processing

layers can be independently
optimized to enhance the

. dropping of the fill factor

sensor’s performance metrics
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https://doi.org/10.1038/s41377-019-0191-5
https://doi.org/10.3389/fphy.2022.906671

Trends in the miniaturization of SPAD arrays
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Picture from Ref. [0]
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https://doi.org/10.1038/s41377-019-0191-5

Main issue in scaling down SPAD pixels

(Key Idea: guard-ring width Wy has to be sufficiently large to avoid the premature edge breakdown
but
the optimal Wy, is independent on the pixel scaling (1 or 2 pm)

\.
| -+ Da > La—a.;
A
! e
, i /‘\ Q !‘D,;I;_l:a_-ﬁ_,_ f Definitions: h
P! | « L,pixel pitch
— @ * D. active diameter
Y |:>  L._.active-to-active distance
OO | W
L.—ais the sum of guard-ring
width Wy & isolation width Wi
pictures from Ref. ['] - g
ictures from Ref.
80 . . . .
Agg _ (" Assumptions on SPAD pixels: h
> ol I. circular-shaped active area
o 0 II. positioned on square matrix
o 40/ ITI. 3D-stacked configuration in
i 307 which pixel electronics are on
L 20¢ separate layer
107 IV. active-to-active distance La.
0

0 5 10 15 20 25 \ not scaled with pixel size )
L, (pm)



https://www.semanticscholar.org/paper/Megapixel-SPAD-cameras-for-time-resolved-Morimoto/7dd396252ad30af353343480adc4556bc8a550d4

Recent developments: charge-focusing SPADs

Objective: pixel size <10 pm, providing a high fill factor while limiting the dark count rate )
\. J

Major design trade-offs in conventional SPAD arrays
I. Pixel pitch vs PDE (~ FF)
II. PDE vs DCR

\.

conventional SPAD

PW

Pixel miniaturization <@ Pictures from Ref. [/]

ww& # . Multiplication region
PW

/" : Photo-charge path

(Key Idea of charge-focusing : the electrostatic potential is designed to minimize the multiplication
_region, while maximizing the photo-sensitive region

( CANON®© optimized layout and doping
\profile - better PDE + lower DCR [Lower p-n junction parasitic capacitance enables further }@

suppression of after-pulsing probability, crosstalk, power
consumption & dead time



https://www.semanticscholar.org/paper/Megapixel-SPAD-cameras-for-time-resolved-Morimoto/7dd396252ad30af353343480adc4556bc8a550d4

Newly developed 3.2 Mpixel charge-focusing SPAD sensor

SPAD Pixel Array
2072(H) > 1548(V)

6.39pum-pitch Bottom tier

Pixel Circuit Array
: 5 2072(H) x 1548(V)
e 6.39pm-pitch

( Size13.2 mm x 9.9 mm )|

( Performance parameters) Process technology 90nm/40nm

1 03 ) ' ) ' ' &0 sg,al% I | Va2V 30-83
2 The newly developed PiIEI pltch {um} 5'39
3 1
E 10 60 -~ Pixel array size 2,072 1,548
i:"- 10"} ! % iy Read noise (e",s) O
Q 10° { & e O S 24550 | Frame rate (fps) 60
e VB (V) 30
810}
5 : 00 Fill factor (%) ~100
=107?} ; I N Max PDE (%) 69.4
| A — 400 600 800 1000 (Vex=2:3V)
=20 0 20 40 60 Wavelength (nm) PDE at 940nm (%) 24.4
Temperature ("C) 150 (Ve =2.5V)
= Median DCR"' 1.8
Pictures from Ref. [] 2 100 _ (cps) (Vox=2.5V)
_E \\ DCR per area*? 0.044
E ) (cps/um?) (V,,=2.5V)
E Timing jitter 100
FWHM (ps) (V,,=2.5V)
@ 0% & = 3 & b 9B *1At room temperature (25°C) *2Noi
Vex (V)


https://ieeexplore.ieee.org/document/9720605

Newly developed 3.2 Mpixel charge-focusing SPAD sensor

Full-resolution color )
intensity image

captured under high
__light conditions

Top-tier
(SPAD-only)

Bottom-tier

Pixel Pixel Pixel (circuit-only)
Circuit Circuit Circuit

Pictures from Ref. [1][/]

2 mlux w/o post-processing 0.3 mlux w/o post-processing
Darker than starless night conditions as when naked eye cannot perceive objects



https://ieeexplore.ieee.org/document/9720605
https://www.semanticscholar.org/paper/Megapixel-SPAD-cameras-for-time-resolved-Morimoto/7dd396252ad30af353343480adc4556bc8a550d4
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Scientific Applications of SPAD imagers

Raman spectroscopy

Time-of-flight (ToF)
imaging

[ Time-Gated ]

Large-format
SPAD imagers

Time-of-flight

Picture from Ref. []
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https://www.semanticscholar.org/paper/Megapixel-SPAD-cameras-for-time-resolved-Morimoto/7dd396252ad30af353343480adc4556bc8a550d4
https://doi.org/10.1038/s41598-020-77737-0

Basics of FLIM

* fluorescence as 3-stage process

[. Excitation via absorption of light
II. Transient w/ loss of energy

III. Jump back to ground state w/
photon emission

* fluorescence lifetime microscopy

> Exploit the temporal features of a
fluorophore that are independent on its
concentration — additional
information, enhanced contrast

> Fluorescence lifetime (7., ) is affected by

molecular environment of the

fluorophore such as ion concentration,
pH, etc.

> T, 1S onthe order of ns

Picture from

) Step 2
Excited state — S1 s co—— P

Step 1 \N\S> ' Step 3

Ground state — SO

Picture from

~

( Main factor limiting
the wide adoption of this
technique for routine
microscopy applications
involving cell imaging is

the speed of the
_scanning systems )



https://www.leica-microsystems.com/science-lab/what-is-flim-fluorescence-lifetime-imaging/
https://www.leica-microsystems.com/science-lab/what-is-flim-fluorescence-lifetime-imaging/
https://www.scientifica.uk.com/learning-zone/widefield-fluorescence-microscopy
https://www.scientifica.uk.com/learning-zone/widefield-fluorescence-microscopy

Working principle of TCSPC FLIM

Picture from Ref. [10]
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https://pubmed.ncbi.nlm.nih.gov/32225086/

Wide-field FLIM time-gated SPAD camera (0.5 Mpx)

Sensor specifics (Pixel A)

Pitch 9.4um

Size 1024 x 500

Fill Factor 7% l”**;:llf:‘l"miinff
Data Rate 24.5 Gb/s

(A+B)

Gate Length 3.8 ns

Picture from Ref. [-]

Fluorescence decay signal

Picture from Ref [5] . ||
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https://infoscience.epfl.ch/record/298569
https://infoscience.epfl.ch/record/298569
https://doi.org/10.1038/s41598-020-77737-0

Wide-field FLIM time-gated SPAD camera (0.5 Mpx)

e - - . ~\ Fluorescence decay signal
Lifetime Extraction
) time
From the measured signal O
fi(t)=d(t) ® g(t) Exposure 1 [SSSSSSSSSNY
where; Exposure 2 AN Gate length = 3.8 ns
. ) Exposure 3 BN\ AANNNNNNNY
> g(t) is the Impulse Response Function : . | s s
Exposure n -+ i« Gate shift ANNNNNNNNNNY

~ d(t) is the decay fluorescence model
\_ J
‘ |
To tackle this (not trivial) problem two strategies have been studied in [5]
I. Least square (LSQ) deconvolution
II.Custom-made ANN

HL 1
Il HL2

HL3 Output
o S S e 21

Pictures from Ref [5]


https://doi.org/10.1038/s41598-020-77737-0

Pre-trained ANN vs LSQ deconvolution performance

LSQ deconvolution

ANN deconvolution
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https://doi.org/10.1038/s41598-020-77737-0

Summary

> SPAD tens of picosecond timing resolution +
single photon sensitivity enable time-
resolved low-light imaging , such as FLIM

- Recent developments in SPAD pixel
miniaturization has overcame the mega-pixel
barrier, paving the way for compact & low-cost

imaging applications with dim light. However
further reduction in the pixel size is very
challenging

> Advancements in 3D-stacked technologies
could allow cutting-edge SPAD pixel scaling &
sophisticated digital processing in situ
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