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The ability to detect single photons is becoming an enabling key capability in an increasing
number of fields. Indeed, its scope is not limited to applications that specifically rely on single
photons, such as quantum imaging, but extends to applications where a low signal is
overwhelmed by background light, such as laser ranging, or in which faint excitation light is
required not to damage the sample or harm the patient. In the last decades, SPADs gained
popularity with respect to other single-photon detectors thanks to their small size, possibility to
be integrated in complementary metal-oxide semiconductor processes, room temperature
operability, low power supply and, above all, the possibility to be fast gated (to time filter the
incoming signal) and to precisely timestamp the detected photons. The development of large
digital arrays that integrates the detectors and circuits has allowed the implementation of
complex functionality on-chip, tailoring the detectors to suit the need of specific applications.
This review proposes a complete overview of silicon SPADs characteristics and applications. In
the previous Part |, starting with the working principle, simulation models and required frontend,
the paper moves to the most common parameters adopted in literature for characterizing SPAD
performance and describes single pixels applications and their performance. In this Part Il, the
focus is posed on the development of SPAD arrays, presenting some of the most notable
examples found in literature. The actual exploitation of these designs in real applications (e.g.,
automotive, bioimaging and radiation detectors) is then discussed.

Keywords: single-photon avalanche diode (SPAD), quenching circuits, SPAD arrays, single photon counting (SPC),
time-correlated single-photon counting (TCSPC)

SINGLE-PHOTON AVALANCHE DIODE ARRAYS

Single-Photon Avalanche Diodes (SPADs) are p-n junctions biased above their breakdown voltage.
In this operation modality, namely Geiger mode, contrary to the analog/linear behavior of Avalanche
Photodiodes (APDs), the output is a digital signal not proportional to the number of impinging
photons [1]. Indeed, when a photon is absorbed in the multiplication region of a SPAD, a self-
sustaining avalanche can be generated. This intrinsic positive feedback causes the current to increase
rapidly to a macroscopic level allowing single-photon sensitivity and to mark with picoseconds time
resolution the arrival time of the detected photon. Each detection is followed by a deadtime, required
for quenching the avalanche and resetting the SPAD, during which the sensor is blind. SPADs main
characteristics a thoroughly analyzed in Part I of this review.
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SPADs, both as single detectors and in multi-pixel
configurations, are exploited mainly using three approaches:
Single-Photon  Counting (SPC), photon-timing through
dedicated timing electronics, and time-gated SPC. In SPC, the
intensity of slowly varying optical signals (in the us range) can be
acquired by counting photons in real-time. Fast varying optical
waveforms (in the ps range) can instead be reconstructed through
the Time-Correlated Single-Photon Counting (TCSPC)
technique. TCSPC requires to record a sufficiently high
number of measurements (cycles) of the arrival time of
individual photons (photon-timing) to build the histogram of
arrival times versus number of detected photons. Indeed, usually
SPADs cannot be used as single-shot sensors in TCSPC
acquisitions since they can provide only one time of arrival
per cycle. By accumulating the arrival times over multiple
cycles, the waveform of the incoming signal is reconstructed
allowing, for example, to identify a laser peak against the
background or to measure fluorescence decaying times.

The detection events can be time-stamped either by coupling
the SPAD with a Time to Digital Converter (TDC) or by counting
the photon detected in narrow integration windows (gate
windows) with different delays (time-gated SPC) [2].

Time-gated SPC allows reconstructing the waveform of fast
optical signals by using a sliding-time window scheme: the
waveform of the input signal is sampled by “sliding” the delay
of the integration window. Gating can be applied by masking any
avalanche that is generated outside well-defined time intervals
(namely soft-gating) or by depolarizing the SPADs below
breakdown (namely hard-gating). The possibility of turning on
and off SPADs in a few hundreds of picoseconds allows the
exploitation of fast gated counting in applications which demand
to time-filter the incoming optical signal [3, 4].

Single SPAD pixels have found extensive use in both SPC and
TCSPC [5, 6]. However, in many fields, the possibility of acquiring
multiple spots in parallel is strongly advantageous since it reduces
the measurement time and allows to use none or simpler scanning
mechanisms. Thus, since the end of the last century, a big effort has
been placed into the development of multi-SPAD chips. Starting
from small arrays that integrate only SPADs connected to discrete-
components electronics [7], in 2003 the first example of an array
implementation in standard Complementary Metal-Oxide
Semiconductor (CMOS) technology was presented [8].

Note that, combining different SPAD pixels in close proximity
inevitably causes optical crosstalk between the different
photodetectors. Indeed, hot carriers flowing through a
triggered SPAD emit secondary photons which may initiate a
multiplication process in neighboring SPADs. Optical crosstalk
can be reduced by minimizing the avalanche charge per pulse, by
placing absorption media among pixels, such as highly doped
isolation diffusions or deep trench isolation, and by increasing the
pixels pitch. Crosstalk probability between two pixels can be
measured by building a histogram of the two pixels inter-arrival
times. The spurious coincidences expected in the absence of
crosstalk can be estimated from the histogram and subtracted
leaving only the events caused by crosstalk, which are then
divided by the total number of events for obtaining the
crosstalk probability [9].

SPADs and SPAD Arrays Review

Having the possibility to combine SPADs and electronics in
the same chip, the natural evolution of SPAD arrays has been the
integration of the needed auxiliary circuits for signal processing
(such as TDCs and counters) together with the detectors.
Different design strategies have been proposed according to
the requirements of the specific application. Figure 1
summarizes the most common configurations. The starting
point is an array of simple pixels made up of a SPAD and its
frontend circuit (Figure 1A). Then, the processing circuits can be
integrated into the pixel (Figure 1B) to perform specific
functions, allowing parallel independent operation of each
SPAD pixel. In order to mitigate the effect of the intrinsic
SPAD deadtime and to gain photon-number resolution, it is
also possible to include multiple SPADs and their frontend
circuits in each pixel (Figure 1C). In this case, the outputs
from the different SPADs are combined before being
processed in-pixel. Pixels constituted by many SPADs are
often named digital Silicon Photomultipliers (dSiPM).
According to the specific application, the in-pixel processing
can be triggered either by each ignited SPAD (combinational
OR logic), or only if a number of SPADs higher than a set
threshold are ignited at the same time (combinational AND
logic). Multiple dSiPMs can be then combined in an array as
in Figure 1D.

The major drawback in integrating advanced features in a
pixel is the loss of active area. Indeed, a fundamental parameter of
SPAD arrays is the Fill-Factor (FF), defined as the active area over
the pixel area. The Photon Detection Efficiency of a SPAD array,
i.e. the overall pixel efficiency, is then defined as PDE = PDP x FF
where PDP is the Photon Detection Probability of the SPAD. To
preserve PDE, resources, and power, the processing circuits can
be shared among different pixels (as in Figure 1E, where row-
level processing is represented). Thanks to the sharing, the FF
increases improving the PDE, at the expense of the versatility
allowed by the parallelism of in-pixels operations. The higher
PDE and the race condition introduced by the combinational
logic, make this array typology a favorable choice in photon-
starved applications.

FF can also be recovered by mounting on top of the chip a
microlens array (MLA) in which each lens collects photons from
the entire pixel area and conveys them to the SPAD active area.
Microlenses can significantly improve the effective PDE, mostly
when collimated light beams are employed [10, 11]. However,
using MLAs, especially for high pixel number arrays, substantially
increases the complexity and the cost of the system. Recently, 3D-
stacked technologies have been providing an excellent tool to
preserve FF even with in-chip complex electronics. In vertically
integrated sensors, the top tier houses the SPADs, while the
bottom tier integrates the electronics (Figure 1F). In this way, the
pixel geometry is optimized and the use of two different
technologies for the two tiers, taking advantage of low-power
and scaled down nodes for the bottom one, becomes possible.

Another fundamental aspect of SPAD arrays is their readout
mode, which strongly influences the chip performance in terms of
frame rate and maximum count rate. Typically, SPAD arrays
employ global-shutter readout modes, exposing all the pixels
simultaneously, while buffering can be utilized to simultaneously
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FIGURE 1 | Schematic representations of a pixel integrating a SPAD and its frontend (A), a pixel that also includes the electronics for signal processing such as
TDCs or counters (B), a dSiPM (C), an array of dSiPM (D), a SPAD array with row-level logic (E), and a 3D stacked array (F).

COMBINATIONAL LOGIC

PROCESSING (TDC/COUNTER)

acquire a new frame and readout the previous one, to preserve a
high frame rate. Sharing resources, either between pixels or at
array or column level, speeds up the readout since it reduces the
amount of data produced by the chip. Integrating the post-
processing on-chip (e.g., on-chip histograms or coincidences
detection) strongly reduces the amount of data that needs to
be readout, either shortening the readout time or lowering the
required data throughput. Regardless of the configuration of
choice, the readout can be either frame-based (i.e., after each
frame window, the data from the entire array are read) or event-
driven (ie., the readout is triggered by an event such as the
detection of a photon coincidence or a threshold overrun). The
convenience of one approach in respect to the other mainly
depends on the detector count rate. For high-count rate
applications, when most of the pixels are triggered during the
frame time, the frame-based approach is the best one, instead for
photon starved applications, event-driven approaches are
preferred since in this case the addresses of triggered pixels
are provided, avoiding to readout lots of useless information.
The following Sections offer a brief overview of the main
categories of SPAD arrays, distinguishing them in linear arrays,
planar arrays, and 3D-stacked arrays, while Table 1 compares
some of the most significant SPAD arrays presented in literature.
For each array first author with reference, publication year, and
affiliation of the first author are reported. The following
parameters are also indicated: employed technology, pixels
number, number of SPADs per pixel, SPAD pitch, peak PDP
and corresponding wavelength, FF, DCR/area, and maximum
frame rate. Since most of the arrays include processing on-chip it

is also indicated if counters for SPC are present, and in case the
number of bits, in case it operates in gated mode, the type of
gating (Soft or Hard), TDC resolution, and histogram bins
number. Finally, the main application for which the array has
been designed is reported.

Linear Arrays

First CMOS SPADs linear arrays started to appear in the early
2000s, straight after the firsts SPADs integrated in CMOS
technologies. The geometry of linear sensors allows to reach
high FF even when complex frontend and processing circuitry
are integrated for each SPAD, since the electronics is laid out on
the side of the active region. Typically, linear arrays outperform
planar arrays in terms of timing jitter (since frontend and timing
electronics are not bound by pixel area limitations), crosstalk
(which is only due to the two adjacent pixels), and readout speed
(given the relatively low number of pixels).

The first linear arrays were developed at the Ecole Polytechnique
Fédérale de Lausanne, and published in 2006 and 2007 respectively
by Niclass [12] and Sergio [13]. The former, mainly designed for
counting applications, is a 112 x 4 array, which provides the
addresses of the triggered pixels with an event-driven readout
approach. The latter includes 128 x 2 pixels with a 1-bit register
to keep track of the triggered pixels for counting applications, and a
timing-preserving delay line, with different delays for each pixel,
enabling photon timing applications. Both these arrays are general
purpose and do not perform any processing on-chip, indeed both
photon counting and timing are performed off-chip through FPGA
or other dedicated instrumentation.
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TABLE 1 | Main SPAD parameters and counting and timing figures-of-merit for several SPAD arrays described in literature.

References

Linear arrays

Niclass [12]
Sergio [13]
Pancheri [14]

Niclass [77]
Maruyama [15]

Nissinen [16]
Krstaji [19]
Villa [18]
Burri [25]
Nissinen [21]
Conca [5]
Erdogan [23]

Seo [24]
Renna [4]

Incoronato [27]

Planar arrays

Rochas [8]
Gosch [30]
Niclass [33]
Schwartz [37]
Niclass [42]

Richardson [38]

Year

2006

2007

2009

2013
2014

2014

2015

2016

2017

2018

2019

2019

2020
2020

2021

2003

2004

2006

2007

2008

2009

Company
University

EPFL
EPFL
FBK

Toyota
TU Delft

U. of Oulu
U. of
Edinburgh
POLIMI
EPFL

U. of Oulu
POLIMI
U. of
Edinburgh
Samsung

POLIMI

POLIMI

ETH

Karolinska
Institute
EPFL

Columbia U.

EPFL

U. of
Edinburgh

Technology
(nm)

350

350

350

180
350

350

130

350

350

350

350

130

110
350/350 SiGe

160

800

N.A.

800

350

350

130

Pixel
number

4 x 112

128 x 2

64 x 1

32 x 1
1024 x 8

128 x 2

256 x 2

60 x 1

256 x 1

256 x 16

128 x 1

512 x 16

36 x 1
16 x 1

32 x 1

8x4

2x2

64 x 48

64 x 64

128 x 128

32 x 32

SPAD
number
per pixel

SPAD
pitch
(um)

25
25
26

25
24

NA
23.78
150
24
35
75
23.78

N.A.
75

125

75

NA.

NA.
40
25

50

Peak
PDP
(%
@
nm)

5.3
@ 460
40
@ 460
32
@ 450
N.A.
9.6
@ 465
25
@ 532
N.A.

50
@ 420
30
@ 500
N.A.

50
@ 450
32
@ 480
N.A.
42
@ 520
67
@ 500

20
@460

@ 565
26
@550
4.7
@ 400
3.5
@ 450
25
@ N.A.

FF
(%)

N.A.

8.8

34

70
44.3

23

43.7

52

40

26

12.5

49.3

N.A.
66

N.A.

<1

N.A.

N.A.

<1

DCR/
area
(cps/
pm?)

7.5
N.A.
10.12

6.00
22.3

71
5.4
0.32
ihl
N.A.
0.12
0.3

N.A.
0.32

0.71-3.44

0.6
N.A.

71

Counting
(bit
number)

No

No

No

No

22

No
No

No

No
No
No
No
No

No

Gating

No
No
Soft
No
Soft/
Hard
Soft/
Hard
Hard
No
No
Soft/
Hard
Hard
Soft

No
Hard

Hard

No
No
No
Hard
No

No

TDC
resolution
(ps)

No
No
No

208
No

No
320
250

No

50
260

51

156.25
No

No

No

No

No
350
98

50

Histogram

(bin

number)

No

No

No

No
No

No

Yes

No

No

No

No

11
No

No

No

No

No

No

No

No

Frame
rate
(kfps)

event-
driven
N.A.

150

N.A.
N.A.

N.A.
N.A.
1700

event-
driven
400

1000
450

N.A.

event-
driven
event-
driven

event-
driven
event-
driven
event-
driven
event-
driven
N.A.

1000

Main
application

Fluorescence
imaging

TR imaging
FLIM

LIDAR
RS

RS
Spectroscopy
General purpose
FLIM/RS

RS

RS

TR spectroscopy

LiIDAR
NLOS

QRNG

General purpose
FCS
General purpose
FLIM
General purpose

FLIM/FRET
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TABLE 1 | (Continued) Main SPAD parameters and counting and timing figures-of-merit for several SPAD arrays described in literature.

References

Niclass [53]
Braga [43]
Gersbach [35]
Braga [36]
Villa [39]
Bronzi [2]
Burri [52]
Berkovich [32]
Perenzoni [41]
Parmesan [48]
Perenzoni [49]
Lee [54]

Portaluppi [34]

Carimatto [44]
Zhang [45]

Gasparini [51]
Ulku [40, 58]

Manuzzato [40]
Henderson [29]
Zhang [57]

Jahromi [47]
Buttafava [31]

Conca [50]
Morimoto [59]
Riccardo [46]

Kim [55]

Year

2009
2011
2012
2013
2014
2014
2014
2015
2015
2015
2016
2016
2018

2018
2018

2018
2018

2019

2019

2019

2020
2020

2020

2020

2021

2021

Company
University

EPFL
FBK
EPFL
FBK
POLIMI
POLIMI
SFIT

U. of
Maryland
FBK
ST™M
FBK
Cornell U.
POIMI

TU Delft
TU Delft

FBK
EPFL

FBK

U. of
Edinburgh
TU Delft

U. of Oulu
POLIMI

POLIMI
Canon
POLIMI

Samsung

Technology
(nm)

350
350
130
130
350
350
350
500
350
130
150
180
180

40
180

150
180

150

40

180

350
350

160

350

180

160

110

Pixel
number

60 x 48
14 x 10
32 x 32
8 x 16
32 x 32
64 x 32
512 x 128
20 x 20
160 x 120
256 x 256
64 x 64
72 x 60
16 x 16

2x2
32 x 32

32 x 32
512 x 512

16 x 8

192 x 128

252 x 144

32 x 128
5x5

4 x 432

1024 x 1000

16 x 16

48 x 40

SPAD
number
per pixel

32

720

- 4

4096

SPAD
pitch
(um)

85
26.75
50
NA.
150
150
24
100

15

60
35

100

N.A.
28.5

44.6
16.38

125

9.2

28.5

40
75

62.3

9.4

100

Peak
PDP
(%
@
nm)

N.A.
N.A.
25
@ N.A.
19
@ 450
55
@ 420
55
@ 420
46
@ 450
N.A.

N.A.
N.A.
N.A.
18.7
@ 540
60
@ 500
N.A.
48
@ 500
N.A.
50
@ 520
28
@ N.A.
34
@ 560
48
@ 500
N.A.
40
@ 430
65
@ 500
35
@ 420
27
@ 500
70
@ 490
N.A.

FF
(%)

0.8
29
35.7
3.14

3.14

20
21
19.6
26.5
14.4
9.6

46
28

19.5
10.5

32.1
13
28

35
44

57.5
37
13.4
9.6

N.A.

DCR/
area
(cps/
um?)

(o)

0.38

0.12

0.12

25

N.A.
0.4

1.5
0.26

1.5

0.84

66
0.09

0.5

0.21

0.065

N.A.

Counting
(bit
number)

No

No
Yes
10

No
No

No

No
No

No

No

Gating

Soft
No
Hard
No
No
Soft
Hard

No
Soft
Soft
Soft
Hard
Soft

Soft
No

No
Hard

No
No
No

Hard
No

Hard
Soft
Hard

No

TDC
resolution
(ps)

No
325
50
265
312
No
No
No
No
6.6
250
No
50

45
50

205
No

80

33

48.8

78
No

78

No

90

Histogram

(bin

number)

No

No

No

No

No

No

No

No

No

No
No

No

No
No

No
No

No

No

1024

No
No

No

No

No

Frame
rate
(kfps)

N.A.
N.A.
1000

500
100
100
156
event-
driven
486

4
17.9
N.A.
360

64000
N.A.

800
9r.7

N.A.
18.6
0.03
23

event-
driven

event-
driven
24

event-
driven
N.A.

Main
application

FLIM/ITOF

PET

FLIM

PET

General purpose
iTOF

General purpose
General purpose
General purpose
FLIM

TOF

FLIM

General purpose

PET
LiDAR

Quantum imaging
FLIM

Particle

Therapy PT
General purpose
LiDAR

LiIDAR

Laser

scanning mic.
NIROT

TOF

NLOS

LIDAR
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TABLE 1 | (Continued) Main SPAD parameters and counting and timing figures-of-merit for several SPAD arrays described in literature.

References

3D stacked arrays
Aull [64]
Mata Pavia [65]

Al Abbas [66]

Hutchings [67]

Ximenes [69]
Gramuglia [71]
Zhang [68]
Padmanabhan
[70]

Kumagai [72]
QOgi [73]
Shimada [74]

Morimoto [75]

Year

2006

2015

2019

2019

2019

2020

2021

2021

2021

2021

2021

2021

Company
University

Lincoln Lab
EPFL

U. of
Edinburgh

U. of
Edinburgh

EPFL
EPFL
Adaps
photonics
EPFL
Sony
Sony

Sony

Canon

Technology

(nm)

custom/

350/180

130/130
90/40

90/40

45/65
180 FSI/180
65/65
45/N.A.
90/40
90/22
90/22

90/40

Pixel
number

64 x 64
(2x) 1 x 400
128 x 120
256 x 256
(SPC,
TCSPC)
64 x 64
(histogram)
8 x 16
2x (64 x 64)
240 x 160
256 x 128
189 x 600
160 x 264

N.A.

2072 x 1548

SPAD
number
per pixel

16

N.A.

SPAD

pitch
(um)

50

9.18

19.8

50

12.24

6.39

Peak
PDP
(%
@
nm)

N.A.

12
@ 700
N.A.

28
@ 615

31
@ 600
35
@ 500
N.A.

N.A.

29
@ 850
62.3
@ 615
50
@ 800
69.4
@510

FF
(%)

N.A.
23.3
45

51

31
67
49.7
N.A.
N.A.
25
N.A.

N.A.

DCR/
area
(cps/
um?)

N.A.
1259
0.52

0.47

55
N.A.
0.38
N.A.

20
0.95
0.56

0.044

Counting
(bit
number)

No

No

No
No
No
Yes

No

N.A.

Gating

No
No
Soft

No
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Over the years, SPAD arrays started to be designed for specific
applications, developing on-chip processing. In particular, linear
arrays are attractive for spectroscopy applications, such as Raman
Spectroscopy (RS) and time-resolved emission spectroscopy,
since the spectral information can be mapped in different
pixels of the array.

Since the early stages of linear SPADs arrays, time-gated SPC
has been implemented on-chips, both with the purpose of
retrieving timing information about the decay time in
Fluorescence Lifetime Imaging (FLIM) and of time-filtering
the incoming light to reject unwanted contributions (e.g.,
fluorescence light in RS). Examples of linear arrays
implementing gated counting are Pancheri [14], Murayama
[15], and Nissinen [16]. Gating can be applied at the SPAD
level (hard gating), or only at the counter level (soft gating),
allowing only the SPAD pulses within the gate window to trigger
the counter. Pancheri and Stoppa developed at the Fondazione
Bruno Kessler (FBK) a 64 x 4 array [14], exploiting the principle
of time-gated fluorescence lifetime detection, evaluating light
intensity in four different gate windows. Soft gating has been
implemented in this structure thanks to a toggle flip-flop where
the SPAD output signal is connected to the clock input, whereas
the time window toggles input. The output pulses increment an 8-
bit ripple counter whose output is then transferred to a Shift
Register for the final readout. Muruyama [15] presents two
different 1024 x 8 array for RS and Laser Induced Breakdown
Spectroscopy (LIBS), both with soft and hard gating, a 1-bit
counter, and readout interface circuit per pixel. In type I circular
SPAD:s have been used, whereas in type II, to improve PDE, large
square-shaped SPADs have been employed, additionally to a
separate independent power line to increase excess bias. A
time gated 2 x 4 x 128 array for Raman has been proposed by
Nissinen [16] with an adjustable time-gate width in the sub-
nanosecond range. In this architecture, both hard and soft gating
are implemented thanks to an off-chip delay generator producing
eight signals. Four are used to actively control the biasing of the
SPADs, the other four are used by the arbiters to compare the
arrival times of the gate signals with the SPADs output. The
output is then fed to the counters and finally transferred to the
FPGA controller.

About one decade after the first linear arrays, detectors
including on-chip TDCs to time-stamp the incoming photons
were presented. The first example was published in 2013 by
Niclass [17], for Light Detection and Ranging (LiDAR)
applications. It includes 32 x 1 pixels with 12 SPADs and a
208 ps TDC per pixel, while the timing histogram is processed in
FPGA. Both photon timing (250 ps resolution) and photon
counting (6-bit) are allowed by the 60 x 1 array presented in
Villa [18]. More sophisticated architectures allow for both time
gating and photon timing, such as the 256 x 2 by Krstaji [19]
(350 ps resolution, hard gating), the 4 x 128 by Nissinen [20]
(78 ps resolution, hard gating), later extended to 256 x 16 [21]
(50 ps resolution, soft/hard gating), and the 128 x 1 by Conca [5]
(260 ps resolution, hard gating). In order to decrease the amount
of data to be readout and processed off-chip, the timing
histogram can be computed on-chip, for each pixel, as in
Krstaji [19], Erdogan [22, 23] and Seo [24], consequently
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increasing the maximum count rate in respect to arrays that
integrates only TDCs. An opposite approach is presented in Burri
[25], where all the processing is performed on a dedicated FPGA,
and the linear array includes only the 256 x 1 SPADs and their
frontend circuits, in order to separately maximize the SPAD and
timing performance and to favor the system flexibility.

With the aim of optimizing performance, the 32 x 1 array by
Cuccato [26] has been developed by bonding together an array of
SPAD:s fabricated in custom technology and an array of Time-to-
Analog Converters (TACs) fabricated in a 0.35 SiGe BiCMOS
technology.

A two-chip structure has been also proposed by Renna in its
16 x 1 array [4], fabricating SPADs and Active Quenching
Circuits (AQCs) in two different technologies: the 0.35 um HV
CMOS by Fraunhofer IMS is used for low-noise SPADs
production, whereas the 0.35pm SiGe-BiCMOS process
guarantees better frontend and timing performance. An AQC
array based on a differential readout (SPAD and dummy) is here
proposed for fast gating purposes, with few improvements to
decrease the number of external connections.

Finally, a peculiar architecture has been recently proposed by
Incoronato [27]. It is a 32 x 1 array, designed for a Quantum
Random Number Generator (QRNG) system on-chip. This
architecture allows both single-photon detection and on-chip
evaluation of coincidence detections.

Planar Arrays

The evolution in technological processes and the growing request
in many applications for more sophisticated single-photon
detection systems paved the way to the design of dense smart
planar arrays. These sensors feature a 2D layout, so the SPADs are
arranged by rows and columns. Of course the first advantage is
the possibility to enhance the collecting area and resolve two
dimensions as in classical Charge-Coupled Devices (CCD) and
CMOS Active Pixel Sensors (APS) sensors. Differently from
linear arrays, where the SPAD frontend and processing
electronics is laid out outside the active region without
affecting FF, in large planar arrays frontend and processing
have to be integrated within the pixel area, with detrimental
effects on the FF. For this reason, in some applications, where the
detection efficiency needs to be maximized, MLAs can be added
on top of the SPAD array [28, 29] recovering the wasted lights due
to the surrounding electronics. Large arrays also require a reliable
signal distribution to the whole matrix, especially for fast clocks
needed in timing circuits, therefore clock trees and buffers are
distributed along the array increasing power consumption.

The first integrated planar array ever realized is a 4 x 8 by
Rochas [8] in 2003. This array has been fabricated in an 800 nm
CMOS technology node, each SPAD is quenched passively by a
resistor and a simple inverter is used as comparator. No further
electronics has been added on-chip, and the outputs of four pixels
are provided externally through a multiplexer. This architecture
shows a 20% peak PDP and less than 1% FF. Arrays with low pixel
number and direct outputs have been proposed also more
recently, (e.g., by Gosch [30] and Buttafava [31]), and find use
in some applications because of their flexibility and event-driven
readout. With higher number of pixels, having one output for
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each SPAD is no more possible, thus arrays featuring Address-
Event Representation (AER) readout (i.e. providing just the
digital pulse corresponding to the photon arrival and the pixel
address) have been proposed by Berkovich [32] (20 x 20 pixels)
and Niclass [33] (64 x 48 pixels).

In order to implement the TCSPC technique exploited in
many applications, some timing electronics has been added in
the chips. Indeed, many arrays embed multiple TDCsl [34, 35,
36] that compute and store the Time-Of-Flights (TOFs) in a
buffer memory. The 64 x 64 by Schwartz [37] in 2007 features
one TDC every SPAD with 350 ps coarse time resolution, plus a
multiphase clock interpolator in a 350nm HVCMOS
technology. The 32 x 32 by Richardson [38] in 130 CIS
technology achieve 50 ps resolution and 1 Mfps readout.
More general architectures have been proposed, with both
timing and counting electronics to achieve great versatility
in the final application (e.g., Villa [39] and Manuzzato [40]). In
the 192 x 128 array by Henderson [29], realized in a 40 nm
technology, every pixel can take advantage of a 33 ps resolved
TDC and an 8-bit counter. In the 160 x 120 by Perenzoni [41]
an analog counter is proposed, resulting in a very compact 7-
transistors (7T) pixel architecture.

As the resolution increases, it is very hard to have dedicated
logics for each SPAD, so some sharing techniques need to be
introduced, as in Niclass [42] and Braga [43] with a column
based TDC sharing technique or Carimatto [44] where 128
TDCs are shared among 128 x 128 pixels. The 32 x 32 array by
Zhang [45] shares 4 TDCs among a column of 32 pixels, while
in the 16 x 16 by Riccardo includes 16 TDCs, each one shared
by 16 SPADs [46]. Another example of sharing is the 32 x 128
by Jahromi [47] for 3D imaging, where only two
columns (clusters of 2 x 128 SPADs) are illuminated by
blade laser shape at each frame, thereby 257 TDCs are
connected to the used columns, drastically reducing the
silicon area. Of course the cost is a more complex light
emitting component, in which 16 laser diodes are turned on
synchronous with the frame. Other timing -electronics
solutions can be embedded as in Parmesan [48] where a
256 x 256 imager implements TACs with a global ramp
voltage and a column shared flash analog-to-digital
converter, with an overall 6.6 ps resolution.

Within dSiPMs, SPADs can be connected with different
logics, depending on the purpose. For example, XOR logic
gates have been used in the 64 x 64 by Perenzoni [49], in
which every pixel contains 8 SPADs connected to the same
TDC. The dSiPM proposed by Conca [50], instead, connects
1782 SPADs through a pseudo nMOS OR gate, thus the TDC
gets triggered and provides a TOF, as soon as a photon hits the
dSiPM sensitive area. This SiPM aims at maximizing the
collecting area for Time-Domain Near-InfraRed Spectroscopy
(NIROT) application (i.e., in photon starved regime). SiPM
approach can be also used when high-count rate is required,
such as in Positron Emission Tomography (PET), as shown for
instance in [36].

In photon starving application it could be useful to avoid the
readout of the entire array improving the maximum achievable
frame rate, thereby smart solutions, as in the 32 x 32 by Gasparini
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[51], are proposed. A control logic detects the pixels that did not
present any event in the previous frame and skips the readout of
them to reduce the number of data to be transmitted. In a second
operation mode, if less than a set number of photons have been
detected, the readout does not start at all skipping the frame.

Other timing techniques based on gated-counting employ
different electronics, as signal generators or fast circuits to
provide small observation windows and event counters to
obtain the number of photons detected in that specific time
window as in [52] by Burri. In 2009, a 60 x 48 array has been
designed by Niclass [53] for Continuous Wave indirect TOF
(CW-iTOF), here two counters per pixel detect the intensity in
one semi-period, with 5-ns gate window. In the 72 x 60 array by
Lee [54], a 10-bit counter is used along with a signal generator to
perform 10 ns sliding gate windows at 72 ps steps. Bronzi [2]
designed a 64 x 32 CW-iTOF sensor with three 9-bit counters per
pixel, able to count in well-defined time gates.

Recently, some sensors have increased the on-chip resources
and processing power to provide less raw data, especially in
LiDAR applications, where many TOFs per pixel should be
readout at every frame. These new arrays present histogram
builders that accumulate the TDC conversions and provide the
histogram peak, drastically reducing the readout time and the
external processing. Many solutions have been designed with the
purpose of reducing the per-pixel electronics, still maintaining
precise temporal resolution. Kim [55] and Seo [56] in
collaboration with Samsung, propose imagers with such on-
chip smart processing and histogramming, obtaining good
performance. The main drawback in a full histogram
reconstruction is the big memory area required to achieve fine
resolution and long range. A partial histogram (PH) solution can
be implemented, by finding the coarse bin corresponding to the
laser peak and then reconstructing a fine histogram around it. In
the 252 x 144 array by Zhang [57], 72 partial histogram builders
are used to find the peak in 3 steps, and finally the partial
histogram of 16 bins is acquired around the peak with 48 ps
resolution, achieving both long Full-Scale Range (FSR) and fine
resolution with a moderate storage footprint.

As expected, planar arrays have a limit in the resolution and
on-chip resources, and it is very challenging to achieve a very high
number of pixels with complex processing electronics. In 2019
Ulku [58] proposed a 512 x 512, embedding no processing on
chip, but just 1-bit memory and gating operation mode. The 11T
pixel shows a 10.5% FF. In 2020, Morimoto [59], in collaboration
with Canon, produced instead a 1024 x 1000 array, with 13% FF
and two types of small pixels, 7T and 5.75T topologies. This very
dense array can be employed in gated-counting applications, with
a memory cell that stores the SPAD state in the gate window. Due
to the big dimensions no timing or extra electronics is added, so
direct TOF measurements can be performed only by sliding small
gating windows.

As this brief discussion has shown, through the years, SPAD
performance has attracted companies that have started to propose
these sensors in industrial applications. The intensive design and
investments on these devices have led to high end products, with
improved performance with respect to research projects, thanks
to remarkable technology processes.
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The latest trend in SPAD arrays design, driven by research and,
more recently, by commercial interest of large companies, is to
move towards 3D integration. Extending the design of integrated
circuits towards the third dimension proves to be extremely
effective to achieve higher integration density and lower power
consumption. This is especially beneficial for image sensors
where a conventional planar approach requires to share the
area between photon collection and processing electronics,
while stacked arrays allow better area efficiency, dedicating the
upper tier of the stack to photon detection, and the lower tier for
processing and additional functionalities. An additional benefit of
a stacked approach is the option to exploit different technologies
for the sensor tier and for the bottom processing electronics,
allowing to optimize the performance of the detectors and to
exploit conventional CMOS processes for the digital part.
Stacked SPAD sensors, like conventional CMOS Image
Sensors, can adopt either Front-Side Illumination (FSI) or
Back-Side Illumination (BSI) [60]. Generally, the BSI approach
is preferable thanks to the possibility of optimizing the optical
interface by adding anti-reflection coatings, microlenses and even
color filters; furthermore, BSI SPAD sensors often offer higher
detection efficiency at longer wavelengths. FSI SPAD sensors
typically employ a SPAD device structure more akin to the planar
SPAD arrays, which may be suitable if detection efficiency at
shorter wavelength is important (for example, as detectors in PET
and FLIM), thanks to the low thickness of the neutral region
above the SPAD depleted region. Figure 2 represents,
schematically, the typical structure of an FBI and a BSI array.
FSI SPAD arrays rely on Through Silicon Vias (TSVs) [61],
which allow to connect the metal layers of the top tier to the bottom
tier. TSV manufacturing processes can be implemented either as a
“via first”, where the vias are patterned and implemented at the
very beginning of the Front-End-Of-Line (FEOL) process, before
the transistors and other devices are created, as a “via middle”,
where vias are created after the end of the FEOL processes, but
before implementing the metal interconnects, or as a “via last”,
where vias are created at the very end of the process flow. This last
option allows to implement TSV also as a post-fabrication step.

BSI SPAD arrays instead bond the metal interconnects of the
two chips by flipping the SPAD tier onto the electronics side, after
the creation of small copper pillars on top of the metal layers of
each tier. The bonding is realized via Cu-Cu bonds, oxide-to-
oxide bonds or a combination of the two in what is usually
referred to as hybgid bonding (also referred to as Direct Bond
Interconnect, DBI ) [62, 63]. Generally, this approach allows a
higher interconnect density compared to TSVs.

The first demonstration of a 3D-stacked SPAD sensor dates
back to 2006. Such sensor, reported in Aull [64], consisted in a
64 x 64 SPAD array and relied on a three-tier stacking to combine
SPADs developed in a custom technology, a 0.35 um 3.3 V SOI
layer and finally a 0.18 um 1.5 V tier. This approach allowed the
authors to combine the high voltage tolerance of the 0.35 um
technology, useful for SPAD frontend, with the density offered by
the 0.18 pm digital circuitry to implement a time-resolved Single-
Photon Detector (SPD) with a pixel pitch of 50 pm, a remarkable
achievement for the time. Stacking was enabled by TSVs with a
diameter of 1.5 pm and low-temperature oxide-to-oxide bonding.

The first two-tier linear SPAD array sensor was presented by
the group at EPFL in Mata Pavia 2015 [65]. This sensor relied on
130 nm technology both for the electronics and for the SPAD
tiers, stacked by means of copper-to-copper DBIs, and allowed
the authors to achieve an 11 um detector pitch with an FF of
23.3% exploiting BSI. This detector was optimized for optical
tomography, featuring 100 TDCs with a 49.7 ps resolution, each
shared among a group of 4 SPADs.

In Al Abbas [66], the group at University of Edinburgh
reported a 128 x 120 SPAD array for microendoscopy with
the stacking of a 90 nm SPAD tier and an advanced 40 nm
node for the electronics, allowing the on-chip integration of a
synthesized microcontroller and SRAM memory banks to
implement signal pre-processing and compression. This chip
achieved time-resolving capabilities by implementing time-
gated SPC, allowing the extraction of fluorescence lifetimes.

The same group also presented a larger 256 x 256 SPAD array
in Hutchings [67], specific for Flash LIDAR and implementing a
novel SPAD grouping approach. This allowed the authors to
implement a variety of operation modes, adding to conventional
TCSPC operation a novel in-pixel histogramming proposed for
LiDAR. A similar approach to 3D-stacked SPAD sensor,
implementing TDC sharing and histogramming, but also
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including a partial histogram readout to reduce data throughput,
was later presented by Adaps Photonics [68].

Recently, the group at EPFL published papers presenting two
different approaches to 3D stacking, but with a similar global
architecture pairing multiple SPADs to a single TDC. One
detector, reported in Ximenes [69], with a combination of a BSI
top tier in 45 nm CIS technology paired to a 65 nm logic bottom tier,
put the emphasis on integrating complex digital circuitry for LIDAR
imaging, allowing the use of a moderate number of TDCs in a large
array by means of a smart sharing circuit. Similarly, Padmanabhan
[70] describes a 256 x 128 array for high background LiDAR
combining coincidence detection and time-gating. Differently,
Gramuglia [71] presents a sensor designed for TOF PET imaging
which made use of two 0.18 pm tiers paired via TSV and microbumps,
allowing the SPADs to be front-illuminated and enhancing the
detection efficiency at shorter wavelengths. The bottom tier hosts
high-resolution TDCs and addressing logic, exploiting a selective
readout to minimize read operations of invalid data.

A major acceleration in the development of 3D-stacked SPAD
arrays was set by the decisive entrance of major imaging
companies into the SPAD array field, who presented various
SPAD arrays featuring sub-10 um SPAD pitch, high detection
efficiency and built-in microlenses to further enhance light
harvesting capability. The major markets driving these efforts
are LIDAR, short-range 3D imaging and security. All the sensors
presented in these categories make use of BSI illumination and
Cu-Cu interconnections to achieve the tight pitch.

Sony published in Kumagai [72] a 189 x 600 SPAD array in
90nm SPAD/40nm logic, developed for LiDAR,
demonstrating remarkably high detection efficiency in the
NIR (22% at 905 nm) and making use of SPAD clusters for
coincidence detection and built-in Digital Signal Processing
(DSP) blocks to process the timing information, allowing
ranging beyond 150m. A second sensor
presented by the same company in Ogi [73] targets low-
light imaging, exploiting the same technology to implement
high frame rate color imaging over a large dynamic range, by
dynamically combining SPC at low light levels with measuring
the time required for overflowing the same counter at higher
photon fluxes. The company, in Shimada [74], presented its
new generation of stacked SPAD arrays, manufacturing the
readout chip in 22 nm CMOS, reducing SPAD pitch to 6 um
and increasing detection efficiency beyond 30% at 905 nm.

Recently, Canon has focused its efforts at developing large-
format SPAD arrays, breaking the 3 Megapixel barrier with a
6.39 um pitch SPAD imager presented in Morimoto and Iwata
2021 [75], which is targeted for low-light imaging, thanks to a
favorable combination of high detection efficiency (>69.4% at
510 nm) and low noise density (0.044 cps/um?) SPADs, paired
with a simple photon-counting bottom tier.

successful

SINGLE-PHOTON AVALANCHE DIODES
ARRAYS APPLICATIONS

Thanks to their single-photon sensitivity and precise timing
resolution, nowadays SPADs and SiPMs are widely employed
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in TCSPC applications. Measuring distances through TOFs is a
typical application in which SPADs are used exploiting the
TCSPC technique. The first architectures presented in
literature for TOF measurements used arrays of SPADs
multiplexed to external TDCs, which measures the travel time
of the emitted photons [76, 77]. The next generation of devices
moved the timing circuits onto the same silicon die of the SPADs,
allowing a much higher degree of scalability and a shorter
acquisition time [42, 53]. In particular, LiDAR is an emerging
technique based on the measurement of the travel time of a short
laser pulse illuminating the scene to reconstruct 3D maps of the
environments in long-range and real-time conditions. In 2013,
Kagami’s digital SiPM array [17] has been one of the first ones to
be specifically designed for LIDAR applications with particular
focus on robustness to background light. Because of LiDAR
applications in Autonomous Vehicles (AV) and Advanced
Driver Assistance Systems (ADAS), industries became
immediately involved in the research, starting from Toyota
and STMicroelectronics. Those companies were the firsts to
develop SPAD arrays including on-chip DSP [42]. Non-Line-
Of-Sight (NLOS) imaging goes one step further, acquiring 3D
images of objects outside the direct line of sight.

SPAD arrays and TCSPC technique are widely used in
combination also in Biomedical and Biophotonics fields, which
take advantage of single-photon detection and timing resolution.
FLIM, RS and PET and radiation detection, in general, are just
some of the most relevant examples. SPADs play a key role also in
Quantum Information technologies, for quantum physics
experiments, quantum communications and quantum imaging
and microscopy.

The following Sections provide a more detailed description of
the above-mentioned applications.

Light Detection and Ranging

Light Detection and Ranging (LiDAR) has attracted significant
research and industrial interest in recent years as demands for 3D
imaging have increased in various fields, including AV, ADAS,
medical and consumer applications, biometric identification,
security, and surveillance. Compared to other 3D imaging
techniques, LiDAR typically uses laser light pulses (even if a
promising approach called frequency-modulated continuous-
wave LiDAR is taking on an emerging role [78]) instead of
radar radio waves and sonar sound waves. Historically, the
first LiDARs on the market were rotating LiDARs, which
capture a wide Field Of View (FOV) at long ranges through
scanning, but their components tend to be heavy and expensive,
and the moving parts require regular maintenance. The general
industry trend is moving from rotating parts to chip-based
solutions without scanning (flash LIDAR) or with microscopic
moving parts (based on Micro Electro Mechanical
Systems—MEMS).

In pulsed-LiDAR, the TOF between emission and reception of
laser echo pulse is measured, either by time-stamping the
incoming photons arrival times through a TDC or by
counting photons within gate widows progressively spanning
across the FSR. Long timing electronics FSR is needed
because, together with the laser power and the object
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FIGURE 3 | Schematic representation of a LIDAR system, with a pulsed
laser (emitter), and a SPAD detector with TDC and histogram processing
(receiver).

reflectivity, it defines the achievable spatial FSR. For faster
measurements, the TDC approach is convenient in most
applications, since the detector is active during the entire FSR.
TDC resolution or minimum feasible delay shift between gate
windows define measurement resolution. Resolution and FSR can
be traded-off depending on the application: high resolution at
short range versus low resolution at long range [49]. The time
resolution is critical since it influences the overall measurement
precision by means of the quantization error. However, precision
can be improved by acquiring more arrival times to build a
histogram and computing the centroid over many repetitive
measurements [79]. Figure 3 shows a typical pulsed-LiDAR
system, which includes a pulsed laser, a time-resolved detector,
and a post-processing unit for TOF extraction. SPAD arrays allow
the on-chip integration of detectors, their frontends, time
measurement circuits (e.g, TDC), and processing electronics
(e.g., histogram circuitry), thus achieving compact real-time
and reduced data-throughput LiDAR systems [24, 57, 67].

A first SPAD array figure of merit impacting LiDAR
performance is the number of pixels, which indeed influence
FOV, angular resolution, and measurement speed. A high pixel
number is required for flash-LiDAR to capture the whole scene
with no scanning elements. However, higher pixels number
results in fewer photons per pixel, thus the need of repeating
more times the acquisition to get enough signal. Dynamic Range
(DR) is one of the most challenging detection requirements,
especially when operating with strong background light (e.g.,
outdoor with solar illumination) and with different targets at
different distances and with extremely variable reflectivity and
light incidence angle. High detection efficiency and single-photon
sensitivity are desired performance for optical power reduction
and related eye-safety considerations. Unfortunately, they usually
cause limited dynamic range, negatively impacting background
rejection (i.e., the ability to discard background light), which is
one of the most appreciable features in high-performance LIDAR
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FIGURE 4 | Schematic representation of NLOS set-up, with the pulsed
laser (emitter) and the time-resolved SPAD detector (receiver). Both direct
reflection and third bounce are visible.

systems. Architectures based on SPADs and TDCs suffer the
“pile-up” distortion (i.e., first photons mask the detection of late
signal photons) due to the detector and TDC deadtime. Useful
mitigations come from multi-hit TDC operation (i.e., possibility
of multiple time-stamps within the same laser shot) [67],
coincidence detection techniques [24, 49, 72, 80], temporal
gating [70, 81], optical methods [82] and post-processing
algorithms [83]. The idea behind coincidence detection is that
laser photons are confined within the pulse width, whereas
background photons are usually equally distributed in time.
Thus, arrays of dSiPMs are implemented, and the in-pixel
TDC is triggered only if multiple SPADs in the same pixels
detected photons. An optimization of this suppression technique
consists in automatically adjusting the coincidence level to
dynamically adapt to the scene illumination, through
background measurements when the laser is off, at the cost of
longer acquisition times [84]. Recent advances in 3D stacking
SPAD integration enable to increase SPAD arrays resolution up
to mega-pixels, with advanced processing electronics together
with high performance SPADs [66, 67, 72, 85, 86, 87].

Non-Line-Of-Sight

Non-Line-Of-Sight (NLOS) imaging is a technique capable of
reconstructing scenes that occluders may hide from the direct
view. Demonstrated both at radio wavelengths [88] and with
acoustic wavefields [89], with interferometry [90, 91], and with
thermal [92] and passive optical [93] imaging systems, NLOS
imaging has been deeply investigated during the last decade in
order to eventually obtain a practical technology. Being able to
extend the field of view of a system beyond the line-of-sight
defines indeed many different real-world use cases, virtually
allowing to remotely show areas that are either difficult or
dangerous to access, as well as to look around corners to spot
hidden threats or obstacles. As such, fields of application
including surveillance, security and defense, search and rescue,
autonomous driving, and robotic vision would strongly benefit
from additional NLOS information. Still, either cost, bulkiness,
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low timing resolution or poor Signal-to-Noise Ratio (SNR) limits
the practicality of employing existing NLOS systems “in the wild”.

However, major advances have been recently made in time-
resolved NLOS imaging [94, 95, 96, 97, 98], by leveraging single-
photon capable detectors featuring gated-mode operation. While
classic TOF rangefinders, such as pulsed-LiDAR ones, rely on
acquiring first-bounce photons, i.e., those back-scattering from
the visible scene directly, time-resolved NLOS systems aim to
only time-tag photons that scattered multiple times before
reaching the sensor. Figure 4 shows the working principle of
confocal time-resolved NLOS imaging. A pulsed laser is used to
shine a visible surface (i.e., the relay wall) with a focused beam.
Each laser pulse diffuses from this spot both towards the detector
as a first bounce, and towards the scene to be imaged. A small
portion of the laser light interacting with the scene is able to back-
scatter towards the relay wall, eventually reaching the detector
after three (or more) bounces. As such, NLOS light undergoes
several scattering phenomena hence becomes extremely weak,
but most importantly reaches the imager right after a much
brighter LIDAR pulse (the first-bounce photons). Employed
detectors need to be single-photon sensitive and to provide
wide dynamic range as a result. SPADs actually meet these
requirements when operated in gated-mode: by actively
modulating the SPAD voltage from below to above its
breakdown level, the device can be enabled as soon as the
first-bounce reflection decays to acquire the NLOS signal only,
thus leading to a virtual increase of its dynamic range. In [97] the
authors presented the first NLOS reconstruction to be obtained
with a single-pixel time-gated CMOS SPAD [99] combined with a
scanning system to extend the image resolution. However,
acquisition time is inversely proportional to the number of
SPADs employed in the measurement. A more recent
milestone is the application of a multi-pixel 16 x 1 linear
CMOS SPAD sensor [4] to retrieve NLOS measurements with
shorter exposure thanks to a parallelized acquisition [98], with
the final goal of enabling video-rates.

Beyond applying a sharp time-filtering of incoming light,
unique feature of both these devices is their temporal response
of just a few tens of picoseconds: timing jitter is also an important
parameter for NLOS imaging, as it ultimately limits the
achievable transverse and axial resolution of the reconstruction
[100], which in these cases is in the centimeter range. Leaning
towards the employment of wider sensors to further speed up
exposures, monolithic SPAD array architectures combining low-
jitter with time-gating capabilities are required in order to
effectively parallelize the acquisition. To prevent the use of
bulky and expensive external units computing photon TOF on
multiple channels, NLOS imaging system would also benefit from
including TCSPC functionalities on-chip, by embedding multiple
TDCs within the sensor itself. While several imagers providing
gated-mode operation have been presented in literature, just a few
employ hard gating [20, 32, 58, 101], whereas the vast majority
provide only soft gating [47, 49, 102]. The latter solution does not
prevent the SPADs to be blinded by bright first-bounce reflections
preceding further scattered photons, the former is not typically
coupled with acceptable jitter performance to comply with NLOS
accuracy specifications. Given the demand for suitable imagers to
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FIGURE 5 | Schematic representation of Raman Spectroscopy optical
system, with the pulsed laser, the spectrograph grating and the time-resolved
linear SPAD detector.

prove the scalability of NLOS imaging technique, some novel
NLOS tailored architectures are emerging [46]. However, none
has been employed in practical measurements yet, hence they
cannot be fairly compared to the state-of-the-art.

Raman Spectroscopy

Raman Spectroscopy (RS) is a technique for nondestructively
investigating the chemical and molecular composition of a
sample. It is based on the inelastic scattering of photons that
causes minor wavelength shifts from the excitation wavelength,
known as Stokes and AntiStokes shifts [103]. Raman signals are
usually very weak and often overshadowed by fluorescence
signals. One promising method to suppress the effect of auto-
fluorescence is Time-Gated RS (TG-RS) [104], which relies on
their different time responses: fluorescence emission decays with
lifetimes in the nanoseconds range, whereas Raman scattering is
an instantaneous phenomenon coincident with light excitation
(sub-picoseconds to picoseconds time scales). The combination
of short laser pulses with time-gated detectors enables the
collection of only those photons synchronous with the pulse,
thus rejecting fluorescent ones.

SPAD arrays are the most suitable single-photon detectors to
be rapidly and precisely time-gated without bulky, complex, or
expensive setups. A number of SPAD-based RS systems have
emerged in the past years [105], mostly linear arrays of one or a
few lines, since the diffraction element included in a typical
spectrometer spreads Raman wavelengths across a spectrum of
lines, as shown in Figure 5. SPADs can be easily time-gated,
through SPAD frontend circuitry [8, 16, 106]. Also soft gating is
employed in RS [107]. Soft gating is advantageous from the power
dissipation point of view, but hard gating avoids the SPAD being
blinded by a former fluorescence trigger just before the next laser
pulse, especially when using a high repetition rate laser. Both
counting and timing electronics have been employed in RS
applications, since Raman discrimination can be performed
either with SPC during short gate windows [15, 16] or with
TCSPC through TDC-based arrays [21, 58, 106, 107]. TCSPC
requires more complex and power demanding architectures, but
it enables further possibilities, such as measuring the background
fluorescence decay constant and consequently estimating the
fluorescence photon counts overlapped to Raman ones.
Especially in SPC, high-resolution delay lines and smart
routing measures are fundamental to get all pixels activated in
the same time interval, perfectly synchronized with the laser
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pulse, to avoid distortion in the detected Raman spectrum. On-
chip delay lines typically allow better results than commercial off-
chip ones in terms of stability, time resolution, and linearity [15,
106]. Conversely, when fluorescence is rejected by post-
processing TDC data, the gate signals can be slower and less
precise since the ultimate limit becomes the TDC linearity.
However, TCSPC imposes to integrate a TDC per pixel, it
lacks the possibility of storing multiple photon counts per
pixel per time-frame, and it requires a longer readout. As a
future trend, additional on-chip processing electronics could
be included, e.g., to provide the address of pixels detecting
higher intensity Raman peaks, so to speed up molecule
identification, or, on the heels of fluorescence decay peak
identification, on-chip histogramming [106]. Integration of
high functionality and low power consumption electronics will
certainly be encouraged by recent 3D-stacking progresses.

Biophotonic Applications

Biophotonic applications include different imaging techniques
such as Fluorescence Lifetime Imaging (FLIM), Forster
Resonance Energy Transfer (FRET), Fluorescence Correlation
Spectroscopy (FCS), Diffuse Correlation Spectroscopy (DCS),
and Near Infrared Optical Tomography (NIROT).

FLIM is a non-invasive technique that measures the time-
resolved optical properties of a fluorophore (i.e., its
fluorescence lifetime), allowing to observe and quantify
molecules inside a sample. The image is constructed based
on the differences in the decay rate of excited states. This kind
of technique is particularly powerful since the lifetime of the
fluorophore depends on its molecular environment, but not on
its concentration, allowing the study of molecular scale effects
independently of the fluorophore concentration [108]. FLIM is
achieved by two methods: point scanning and wide-field
imaging. The former builds up the image one pixel at a
time and exploits scanning to reconstruct the image, the
latter instead uses multi-pixel detectors collecting
simultaneously data from each pixel, with a clear advantage
in terms of measurement time. One fundamental detector
requirement is sub-nanosecond timing resolution to
determine the fluorescence lifetime, and therefore both
highly accurate TCSPC and gated-SPC SPADs arrays can be
employed. Examples of gated-SPC arrays for FLIM are the
detector described in Pancheri [14] and the planar FluoCam by
Homulle [109] that reaches 12.3 ps resolution [53]. Different
possibilities to fulfill this high-resolution requirement are
throughout the employment of TDCs on-chip, like the ones
developed by Krstaji¢ [19] and Erdogan [22] in their linear
arrays. Finally, to obtain a better flexibility, dual architectures
with both gated and TCSPC SPAD arrays have been used for
widefield FLIM, like the SwissSpad 512 x 128 [49] or TCSPC
64 x 64 matrix by Schwartz [36].

FRET is a process in which energy is transferred in a non-
radiative way from a donor molecular fluorophore to an acceptor
fluorophore, and it is generally used for various biological
applications to study molecules structure, conjugated
antibodies, cytochemical identification or cells metabolism.
This microscopy imaging technique is applied in protein
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studies and relies on the ability to capture the signal from the
interaction of the labeled molecules. The fluorescence signals
from the donor (Ip) and the acceptor (I,) are collected
concurrently in their spectral band by two different detectors,
and successively are used to evaluate the FRET efficiency:

1
E:7A
IA+ )/ID

where y is a correction factor needed to compensate different
fluorophores quantum yield and detection efficiency. When
TCSPC is employed, FRET efficiency can also be directly
computed from the donor and acceptor lifetime [110]. FRET
is a distance-dependent method since it reaches high efficiency
only when the two molecules are positioned within Forster radius
of 3-6nm [111].

Planar [112] and linear [106, 107] arrays are used in this kind
of imaging technique and both of them can usually be employed
or only in TCSPC [112], or exploiting both SPC and TCSPC [106,
107]. Additional features are sometimes added, like per-pixel
histogramming mode, allowing to decrease the post-processing
computational weight.

FCS is a technique that measures the fluorescence intensity
fluctuations, in fact, by recording temporal changes in
fluorescence emission it is possible to quantify concentration,
shape and size of molecules. The analysis autocorrelation
function G(7) of measured light intensity I(t) reflects the
time-scales of fluorescence intensity fluctuation, allowing the
investigation of molecules and supramolecular complexes
diffusion time.

<IMI(t+71)>

GO =— T2

The development of theoretical models has allowed to describe
the relation between the processes causing fluorescence
fluctuation and the shape of the autocorrelation function
G (7). Multibeam architectures allow to increase photon
throughput and reduce both readout and acquisition times,
allowing to average the results achieved in parallel over
multiple spots, instead of repeating many times the
measurement [110]. A fully integrated 2 x 2 CMOS SPAD
array has been used by Gosch [30], where the output pulses
were then processed by an external hardware for autocorrelation
function computation. Another example of arrays employed in
this kind of imaging technique is shown in Colyer [113],a 32 x 32
matrix, developed by Guerrieri [114], operated in photon
counting mode.

DCS is a method to optically measure and observe
microvascular blood flow, a fundamental parameter since it
affects the delivery of oxygen and other nutrients to tissues. A
lot of diseases are correlated with anomalous blood flow, like
stroke, circulatory problems and cancer [30, 115]. The
measurement of this parameter is very demanding, especially
considering the need for high accuracy, stability, rapidity, and
noninvasive approaches. In DCS the speckle interference pattern
of a coherent near-infrared light source is measured after it has
scattered within the tissue. The movement of blood cells causes a
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fluctuation of the pattern proportionally to the flow rate, which is
estimated by computing the temporal intensity autocorrelation
curve. In Tamborini [116] a time-resolved DCS technique has
been proposed; through the evaluation of photon TOF the system
was able to distinguish and measure blood flow at different
depths. A 32 x 32 matrix by Photon Force (PF-32) has been
used for DCS purposes by Liu [117]. By averaging over a
thousand of independent speckle fluctuation measurements it
was possible, in tissue-like phantom, to have an accurate
detection of mm-scale perturbations. Finally, another system
for DCS has been described in Johansson [118], where a 5 X 5
matrix with integrated readout and quenching electronics is used
and tested on milk phantoms and blood occlusion in vivo
experiments [97].

NIROT allows to detect oxygenation in tissues with high-
spatial resolution, fundamental for hypoxia or ischemia diagnosis
purposes. NIROT is constituted by a set of sources and detectors
placed in different patterns: a source emits light into the tissue
while detectors measure the re-emerging light. This technique is
classified in three modes of illumination and acquisition: Time-
resolved (TR), frequency-domain (FD) and continuous wave
(CW) NIROT. In TR-NIROT the source emits short pulses
while the detector measures the arrival times of the photons.
The timing data provide the most complete set of information,
making TR more common with respect to FD and CW. Pioneer
[119] is a TR-NIROT system that employs 11 laser sources
arranged in a circular pattern to generate pico-second light
pulses in NIR range. The detector is a 32 x 32 SPAD matrix
[45] with 128 TDC to evaluate photons TOFs, information then
processed by the FPGA to build per-pixel histograms.

Quantum Imaging

SPAD:s in quantum field are documented since the first years of
the 2000s, being present in seminal works like the first
demonstrations of deterministic Single-Photon Sources [120],
and are widely used in Quantum Photonics [121] and
Quantum Imaging.

Quantum imaging includes those image formation processes
that involve quantum states of light, which, compared to their
classical counterparts, allow higher SNR measurements. The
advantages can be described both in terms of sensitivity and
resolution [122, 123]. In classical imaging, the maximum
sensitivity is related to the mean energy of the probe light,
and it is equal to Ugyy = 1/+/n (shot-noise limit), where » is
the mean number of probe photons. Quantum light improves the
scaling of the uncertainty up to 1/n (Heisenberg limit), which also
means that the same sensitivity boundary can be reached with /n
fewer photons. As far as resolution is concerned, quantum light
states allow beating the diffraction limit. Quantum behavior of
light can be revised by resorting to the two main types of quantum
sources: entangled (also called NOON) states and single-photon
emitters (or Fock states, when considering more single-photon
sources operating together). Spontaneous Parametric Down
Conversion (SPDC) is the most efficient process to generate
NOON states [124], currently implemented with two (N = 2)
or four (N = 4) photons [125]. In the case of N = 2, due to the
energy and momentum conservation of the process, the two
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generated beams of light feature non-classical correlations (also
referred as entanglement) that can be exploited in differential
imaging schemes for sub-shot noise fluctuations reduction.
Quantum lithography [126], quantum ghost imaging [127],
quantum-enhanced displacement sensing [128], imaging
without photon detection [129], and quantum illumination
method [130] are some of the techniques that can profit from
entangled NOON states. Sub-Poissonian features of single-
photon emitters are instead related to their antibunching
property of delivering one photon at a time, with an almost
null tendency of generating more photons together [131]. In
super-resolution imaging, arbitrarily closed emitters can be
distinguished based on the direct sampling on the image plane
of the autocorrelation functions of the photoluminescence
signal [132].

The detection of photon temporal correlation is the
common ground among all quantum imaging techniques.
The type of photon coincidences involved in quantum
imaging usually regards only two photons with a small time
difference (in the order of 500 fs), due to the coherence time of
entangled photons, and potentially everywhere distributed on
the detector area (with coincidence spatial information
required to reconstruct a wide-field image). The first way to
detect photon coincidences is by off-chip postprocessing the
timing information of the integrated TDCs, whose resolution
defines the coincidence time window, down to tens of
picoseconds [33, 133]. If the TDCs are integrated into each
SPAD pixel, spatial information at the single SPAD level is
preserved, with the associated power consumption impact.
The TDC-approach requires a fixed-frame rate readout of
all pixels timing information, negatively impacting on
exposure times, processing capability, and storage
availability, given the low number of expected photons in
quantum imaging measurements. A better solution is
represented by an on-chip coincidence detection followed
by an event-driven readout optimized to skip empty pixels/
rows [32, 40] or ideally transfer only the positions of pixels
detecting coincident photons, on the heels of event-driven
address readout of single-pixel events [33]. The on-chip
coincidence detection is hardly feasible with a fully digital
approach, since counting SPADs digital outputs combined in
OR/XOR/mux-tree networks causes the loss of sub-picosecond
coincidences [36, 40], while detection circuits based on adders
or AND-gate networks [17, 32] are only manageable within
area-limited subarrays. The best options for on-chip
coincidence detection are mixed analog and digital
architectures, where the analog SiPM concept of current
sensing is exploited, but SPADs noise immunity and spatial
information are preserved [40, 51]. However, these
architectures still need optimizations to become scalable in
large arrays (i.e., to handle possible mismatches in signal paths
and process variations across the chip area) and to achieve
short coincidence time windows, currently in the order of few
nanoseconds.

For a given detector area, the higher the number of pixels,
the better the spatial resolution in the image formation. In-
pixel electronics only constituted by low-area consuming
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FIGURE 6 | Schematic representation of a TOF-PET scanner.

circuitry or electronics moved aside the sensitive area are
beneficial in terms of pixel density, however, a small pixel
pitch increases the probability of crosstalk. Being crosstalk
events temporally coincident, they result in false coincident
events that can completely hide useful information. For this
reason, crosstalk should be minimized during the detector
design phase and characterized after production to implement
postprocessing algorithms to mitigate its effects [134]. Signal
correlations can also be hidden by accidental coincidences due
to single photons being detected simultaneously: the longer the
coincidence time window, the higher the probability of false
coincidences [135]. Spurious detections result from dark count
events or photon losses in the optical path (due to source,
optics or detector inefficiencies). The effect of dark counts can
be mitigated by disabling noisy pixels [36, 44, 51]. Optical
losses can be minimized by optimizing PDP and FF of the
detector. Differential imaging protocols, profiting from
entangled states, bring new flexibility to the spectral ranges
at which the properties of objects can be measured (e.g.,
illuminating ~ wavelengths  different from  detected
wavelengths), thus it becomes easier to match the detector
peak efficiency [136]. Considering the needs for high FF and
low crosstalk probability, despite the increase in costs and
complexity, a trade-off solution is represented by MLAs. MLAs
usually present optimal performance for high f-numbers, a
requirement typically fulfilled in quantum imaging set-ups
where collimated light beams are employed.

Radiation Detection

SPAD arrays can be used as radiation detectors, combined with
scintillators able to absorb high-energy radiation and convert it
into a pulse of visible photons, above all in PET applications. PET
is a nuclear medicine imaging technique that exploits radiotracers
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to visualize and measure changes in metabolic processes and in
other physiological activities [137]. It is employed in fields such as
neuroimaging, cardiology, and oncology. A positron emitter is
inserted in the patient: after a positron is emitted within the
patient body, it travels for a distance of about 1 mm in the tissue
before colliding with a free electron and annihilating. The result
of annihilation is the generation of a pair of 511 keV gamma
photons moving toward opposite directions. PET splits the
detection process into two phases. As first step, the incoming
gamma rays are absorbed by a scintillation material, ie., a
material that is able to emit visible photon in response to the
absorption of higher energy radiation. The produced visible
photons are then detected with SPDs for visible light, such as
Photomultiplier Tubes (PMT) or SiPMs [138, 139, 140]. By
making statistical fluctuations negligible, through a sufficiently
high number of acquisitions, it is possible to locate the source of
these photons along the axis of emission, so that the position of
the radioactive tracer in the patient’s body can be reconstructed
(see Figure 6). In fact, conventional PET is able to define the line
along which the interaction has taken place by identifying the
couple of detectors firing at the same time. However, it is possible
to improve the spatial resolution by measuring also the TOF of
the detected y-rays. By adding this data, the position of the
interaction along the line can be precisely measured, so to achieve
better spatial resolution for a given radiation dose, or to reduce
either dose or total acquisition time for the same image
resolution.

The push toward SPAD arrays and SiPMs exploitation as
visible light detectors in this application started in the years 2000
for PET/MRI multimodality requiring magnetic field immunity,
not ensured by PMTs [141]. To efficiently couple the emission of
the scintillator, essential requirements are large active area (some
mm?) and high FF. While analog-SiPMs are undoubtedly
competitive for their large gain, SPAD arrays and digital-
SiPMs can offer on-chip data processing and timestamping
capability. Given the digital SPAD output independent of the
number of impinging photons, SPAD pixels density in arrays
should be adequate to avoid saturation effects for the incoming
light flux. With high SPAD densities, crosstalk reduction
measures should always be taken into account. The employed
photodetector must ensure photon number resolving capability
so to discard low-energy light (giving few photons per
scintillation burst) coming from background Compton
scattering events, and single-photon time resolution in the
order of 100 ps. FBK NUV-HD SiPM, with 40 um SPAD pitch
and 4 x 4 mm” device area, has measured time resolution values
of 70 ps [142]. TOF performance sets requirements on the
employed TDCs (e.g., precision, range, linearity) and overall
system jitter. Moreover, for high-performance full-body TOF-
PET, timing performance must be traded-off with power
consumption (which increases proportionally to the required
electronic bandwidth), system integration, and cost.

Beyond visible spectrum, research showed the capability of
SPADs to detect accelerated electrons in the energy from 5 to
30 keV, which passing through the detector transfer electron flux
to the electrons in the depleted region via inelastic scattering,
generating carriers (impact ionization) that ultimately cause
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avalanche breakdown [143]. In addition, experiments have been
investigating SPAD detection of X-rays with 3D-stacked BSI
SPAD image sensor for SPC and time-resolved imaging [144].
The reported X-ray irradiator generates X-rays with peak photon
energies from 30 to 120 keV, which cause proportional average
per pixel counts, with no permanent damage or increase in dark
count events after exposure [143].

DISCUSSION

As shown in the paper, in the last decades, SPAD arrays have
emerged as the most suitable photodetectors for both SPC and
TCSPC applications. After the implementation of the first SPADs
in standard CMOS technology, research has focused on the
design of large digital SPAD imagers assembled in integrated
SPAD arrays. Also the frontend and processing electronics
followed such path, moving from off-chip data post-
elaboration to progressively “smarter” sensors including on-
chip timestamping and processing capabilities (e.g., also
including a DSP in the same sensor chip [72]). The choice of
different pixel and array geometry and configurations, and of the
integrated features is strongly bounded to the target application.
For instance, linear arrays are more indicated for spectrographic
applications, whereas 2D arrays are better fits for high frame rate
imaging. Generally speaking, developing larger arrays allows a
parallelization of the acquisition, reducing the measurement time.
However, SPAD arrays still present relatively large pixel pitch
(down to 6um in the best case [74]) and higher power
consumption with respect to conventional image sensors. On
the other hand, operating in Geiger mode, they provide single
photosensitivity. When compared with other single-photon
detectors (such as PMTs or Superconductive Nanowire Single-
Photon Detectors—SNSPDs), they present spatial resolution
coupled to sub-nanosecond temporal resolution (needed in all
the applications based on TCSPC), room temperature operation
and ruggedness, at the expense of a limited PDE in respect to
SNSPDs. Moreover, they offer the possibility of rapidly (in few
hundreds ps) enabling or disabling the sensors, an essential
feature in those applications where a strong first laser
reflection would saturate the SPAD and prevent the
measurement of the late photons carrying the useful
information, as for example happens in NLOS [100] and
NIROT [119].

Beyond research applications, in which SPADs have been used
for several decades, SPADs are recently gaining interest also for
commercial exploitation in industrial, automotive, and consumer
electronics fields, pushing many big Silicon companies (such as
STMicroelectronics, Sony, Samsung, and Canon) to develop
SPAD arrays. In particular, a fast-growing interest has been
placed lately in LiDAR for automotive, where high-sensitive,
time-resolved, and reliable sensors are required for
autonomously driven cars [145]. Arrays designed for research
purposes often have performance limited by the technology and
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the production costs, while the involvement of major companies
helps in pushing beyond these limits by employing technologies,
such as 3D stacking, that allow optimum performance for both
detectors and electronics [72, 75]. The development of specific
microlens arrays for SPAD imagers, also allows to increase the
effective FF, which natively is far below the one of CCDs [11]. In
this way, SPAD imagers are becoming more and more
competitive with other more established imaging technologies
(i.e., CCDs, Intensified-CCDs, Electron-Multiplying-CCDS, and
CMOS APSs).

Various applications, among which LiDAR and quantum
communication, require high PDE especially in the near-
infrared range [146], characteristic in which CMOS silicon
SPADs are still lacking. Despite the progress in CMOS SPAD
performance (especially in BSI technologies), custom
technologies still present higher sensitivity to red and NIR
lights and wider active area. On the other hand, CMOS
SPADs are indispensable when the application requires a
detector array, as it happens, for example, in classical or
quantum imaging systems.

The intrinsic deadtime, which limits the SPAD maximum
count rate and so the dynamic range, is one of the drawbacks of
SPADs with respect to linear detectors. Indeed, the
exploitation of SPADs is limited in applications that require
high detection rates such as quantum cryptography and
computing, and single-photon imaging. However, many
groups are currently working on optimizing also this
performance, and deadtimes as low as 1ns with negligible
afterpulsing have been achieved [147].

CONCLUSION

The present paper is a comprehensive review about single
SPAD and SPAD arrays. In particular, this Part II offers an
overview of the main typologies of SPAD and SiPM arrays and
their historical development with a strong focus on their on-
field applications. From this, it emerges the strong importance
of these devices in both SPC and TCSPC applications in many
fields, such as LiDAR, NLOS, Biophotonics and Spectroscopy,
quantum imaging, and radiation detection. Emerging
technologies based on 3D stacking are opening the way to a
new generation of SPAD detectors with short deadtime, small
pixel pitch, high-pixel number, and capability to integrate on-
chip image processing, which historically has been the
parameters that mostly limited SPAD array applicability
compared to CCDs and CMOS APSs.
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