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Single-photon detectors with picosecond timing resolution have advanced rapidly in the past decade. This has spurred
progress in time-correlated single-photon counting applications, from quantum optics to life sciences and remote
sensing. A variety of advanced optoelectronic device architectures offer not only high-performance single-pixel devices
but also the ability to scale up to detector arrays and extend single-photon sensitivity into the short-wave infrared and

beyond. The advent of single-photon focal plane arrays is poised to revolutionize infrared imaging and sensing. In this

mini-review, we set out performance metrics for single-photon detection, assess the requirements of single-photon
light detection and ranging, and survey the state of the art and prospects for new developments across semiconductor
and superconducting single-photon detection technologies. Our goal is to capture a snapshot of a rapidly developing
landscape of photonic technology and forecast future trends and opportunities.
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1. INTRODUCTION

The ability to detect individual photons with picosecond timing
resolution is a key capability for emerging photonics applications
[1]. The first decades of the 21st century have seen increasing
interest in infrared photon counting technologies [2-5]. Time-
correlated single-photon counting (TCSPC) underpins a wide
range of applications, such as quantum secure communica-
tions [6], fluorescence lifetime imaging [7], positron emission
tomography (PET) [8], and single-photon light detection and
ranging (LIDAR) [9]. Considerable progress has been made
in semiconductor single-photon detector technologies, most
notably single-photon avalanche diode (SPAD) detectors [10—-14].
Superconducting nanowire single-photon detector (SNSPD)
technologies [15—19] have also emerged as candidates for the most
demanding applications. Optical techniques such as frequency
upconversion [20] and time lensing [21] also hold promise. In
this Optica mini-review, we highlight progress on single-photon
detectors at near-, short-, and mid-infrared wavelengths, and the
impact this will have on single-photon LIDAR applications such
as remote sensing [22] and autonomous vehicle navigation [23].
Furthermore, we describe relevant work on single-photon LIDAR
at long range, describing different transceiver configurations and
the potential advantages of short-wave infrared (SWIR) and mid-
wave infrared (MWIR) operation. Advances in computational
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imaging techniques have allowed target reconstruction using
less than one photon per pixel on average, extending the effective
target distance and reducing measurement duration. The use
of single-photon LIDAR imaging gives advantages in terms of
surface-to-surface resolution, permitting effective reconstruction
of complex scenes containing multiple surfaces.

This mini-review is intended not only as a useful resource for
experts in photon counting technology and applications, but also
for new researchers entering the field and potential end users of
photon counting technology. The review is structured as follows:
Section 2 sets out performance metrics and scaling challenges for
single-photon technologies, as photon counting detector concepts
are extended to longer wavelengths and scaled up to large format
arrays. Section 3 surveys the promising potential and state of the art
in single-photon LIDAR, highlighting recent field demonstration
examples. Section 4 introduces leading candidates for single-
photon detection at infrared wavelengths, from mature concepts
for the near infrared (NIR) such as silicon SPAD arrays, which now
offer high performance approaching megapixel formats, through
the significant progress on alternative semiconductor platforms
[Ge-on-Si, InGaAs, InAs, InSb, mercury cadmium telluride
(HgCdTe)] for infrared photon detection, to novel contenders for
mid-infrared photon detection such as SNSPDs and frequency
upconversion approaches. Comparisons of the state of the art are
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Table 1.  State-of-the-Art CMOS Si SPAD Technology for Arrays
HORIBA Jobin  STMicro. N.V./
Yvon IBH Hutchings ez al., Sony Corp./ Canon Inc./ AdapsPhotonics ~ ams-OSRAM
Ltd/Henderson Al Abbas et al. Kumagai ez al. Morimoto ez al. Inc./Zhangetal. AG/Taloud ezal.
Company/Authors etal. [66] [67,68] [69] [64] [70] [71]
Year 2019 2019 2021 2021 2021 2022
Device 24,575 pixels 65,536 pixels 113,400 pixels 3,207,456 pixels 38,400 pixels 76,800 pixels
format/structure (192 x 128) (256 x 256) (189 x 600) (2072 x 1548) (240 x 160) (320 x 240)
SPAD unit size 18.4 um x 9.18 pm X 10 pm X 10 um 6.39 pm X 16 um X 16 um 10.26 um X
9.2 um pitch 9.18 pm pitch pitch 6.39 pum pitch pitch 10.26 um pitch
5.4 um diameter
active area
Single-photon SPDE: SPDE: SPDE: SPDE: SPDE:
detection 34%,).=560nm 14%,A=0615nm 22%,A=905nm 69.4%,A=510nm 12%, A = 940 nm
efficiency 2.5%, A =900 nm 32.8%,A =850 nm
(SPDE)/photon 24.4%, . = 940 nm
detection
probability (PDP)
Maximum frame 18.6 kfps 760 fps 20 fps 60 fps 20 fps 60 fps
rate (frames per (single-photon
second) counting mode)
Camera TCSPC Various operation TCSPC Gated TCSPC (only 1/4 TCSPC
configuration modes possible of the SPADs are
with trade-off enabled at one
between spatial and time)
temporal
resolutions
Dark count rate 25 cpsat room 20 cpsat room 2007 cpsat 60°C 1.8 cpsat25°C 48 cpsat room <2cpsat25°C
(DCR) (counts temperature temperature 600 kepsat 125°C 91 cpsat 60°C temperature 480 cpsat78°C
per second)
DCR perunitarea  1.14cps/um?at  0.04 cps/um? at 0.044 cps/pm? 0.38 cps/pm? at
room temperature  room temperature at25°C room temperature
Timing response Impulse response  Impulse response Jitter of chip =
*FWHM function of sensor  function oflaser, 300 ps'
"Method not stated =219 ps* SPAD, and system
jitter =277 ps*
Fill factor 429% with 51% ~100% 49.7%
microlenses
13% no microlenses
Process 40 nm CMOS 90 nm 90/40 nm CMOS  90/40 nm CMOS  65/65nm CMOS  45/22 nm CMOS
technology BSI*: 1P4M/40 nm stacked BST* 3D-stacked BST* 3D-stacked BSI*  3D-stacked BST*
backside- 1P8M CMOS
illuminated 3D-stacked BSI*

given in Tables 1 and 2. In the concluding Section 5, we give an
outlook on anticipated future developments and exciting emerging
applications.

2. PERFORMANCE METRICS AND SCALING
CHALLENGES

A. Single-Pixel Photon Counting Performance Metrics

The first key performance metric for a single-photon counting
detector [3] is the spectral range. This is the range of wavelengths

that can be detected. The choice of operating wavelength is a key
consideration for single-photon LIDAR systems; see Section 3.
The energy per photon E = hc/A drops as the wavelength A
increases [24], where 4 is Planck’s constant, and ¢ is the speed of
light in vacuum. The definitions of infrared spectral bands can
vary among the various scientific and technical communities
(telecommunications, space, astronomy, LIDAR, chemistry).
For the purposes of this mini-review, we define the spectral bands
as follows: NIR is defined starting at the limit of human vision
at 750 nm up to a wavelength of 1.4 um; SWIR is the spectral
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Table 2. TCSPC-Based Sensors for NIR and SWIR
TU Delft/Single
Glasgow/Heriot- Quantum
Group or Watt Universities ~ Micro Photon Princeton SIMIT/CAS BV/KTH
Company/Authors [72-74] Devices S.r.l [79]  Lightwave [75] Shanghai [76] Stockholm [77] NIST/JPL [78]
Detector Single-pixel PDM-IRisa 32 x 32 Single-pixel NbN Single-pixel 32 x 32 WSi
description Ge-on-SiSPAD  single-pixel photon  InP/InGaAs(P) SNSPDwith NbTiN SNSPD SNSPD array
researchresultsin  counting module Geiger-mode optical cavity;  with optical cavity; 1032 pixels
Geiger-mode based on avalanche 9 pm radius fiber coupled single ~ Row-column
InGaAs/InP SPAD  photodiode focal  single-mode fiber  pixel; 8 pm radius; readout
planearray coupling area201 pm? 0.96 x 0.96 mm
area > 99% yield
SPDEat 1310 nm 26% 40% ~35% (estimated) 99.5% at 1350 nm
SPDE at 1550 nm 0.2% 32% 18% (average) 90.5% 94% 8% (no optical
cavity used)
DCR 36.9 keps 5 keps 50 keps (average) <50 cps 300-500 cps 215 cps
DCR per unit area 69.5 cps/pm? 10 cps/pm? 55 cps/pm? 51 cps/pm? 1.5—2.5cps/um?  0.24 cps/pm?
Jitter 165 ps 130 ps < 150 ps ~14.7 ps(with 15 psat 1064 nm 250 ps
cryogenic (with cryogenic
amplifier) amplifier)
Detector operation  100-175 K (results  225-243 K (Peldier  243.1-253.1 K 0.85 K (closed cycle 2.7 K(closed cycle  0.73 mK (closed
temperature above for 125 K) cooled) (Peltier cooled) cryocooler + “He cryocooler) cycle cryocooler
sorption cooler) + “He sorption
cooler)
Frame rate N/A N/A 200 kfps N/A N/A 10 Mcps per row
Power consump- N/A 15 W (estimated) >20W ~1kW ~1kW ~1kW
tion

region from 1.4 pum to 3 pm wavelength; MWIR is the 3 pm
to 5 um wavelength band; long-wave infrared (LWIR) is the 5
to 15 um wavelength band. For semiconductor materials, the
bandgap presents an obvious threshold [25]: silicon is opaque in
the visible region but becomes transparent in the NIR, so optical
absorption in silicon photon detectors reduces rapidly beyond
950 nm [10]. There is therefore considerable interest in narrower
bandgap materials for semiconductor photon counters that can
detect wavelengths beyond the visible spectrum (Ge on Si [26],
InGaAs [11], InAs [27], InSb [28], HgCdTe [29]). Moreover,
spectral conversion techniques such as frequency upconversion are
of great interest, allowing an elusive MWIR photon to be captured
atshorter wavelengths [20].

The second key performance metric is single-photon detec-
tion efficiency. This is the probability that a photon incident on
the detector triggers an electrical output pulse. In the context of
single-photon LIDAR, single-photon detection efficiency is linked
to the image acquisition rate. For a given photon counting detector
type (see Section 4), there is usually a trade-off between achieving
reasonable detection efficiency across a broad spectral range and
maximizing for a particular operating wavelength (e.g., through a
tailored optical cavity). Calibrated measurements of single-photon
detection efficiency [3,30] rely on the availability of reliable power
meters and attenuators. At NIR wavelengths and the common
SWIR telecom region ~1550 nm this is relatively straightforward;
at longer wavelengths (longer SWIR, MWIR, LWIR), calibrated

single-photon detection measurements are much more challeng-
ing. It is also important to draw a distinction between system
detection efficiency (from the optical input in free space or fiber)
and intrinsic detection efficiency (where coupling losses have been
corrected for).

The third key performance metric is the dark count rate of
the photon counter. This metric is used in preference to dark cur-
rent or excess noise, which are common metrics in linear mode
photodetectors [31,32]. The dark count rate is the rate that the
single-photon detector triggers an output pulse in the absence
of any photons. For single-photon LIDAR, the pixel dark count
rate contributes to noise in the raw image data. Depending on the
single-photon detector type (see Section 4 for in-depth discussion),
the dark count rate may depend on fluctuations in the operating
temperature or electrical noise from the operating environment.
The sensitivity of single-photon detectors to stray light or ambient
blackbody radiation becomes an increasing challenge at infrared
wavelengths, and mitigation must be considered. In semiconduc-
tor single-photon devices using the avalanche effect, the dark count
rate may be increased significantly by afterpulsing, especially in
high-count-rate applications [11].

The fourth key metric is the timing jitter of the single-photon
detector. This is the statistical variation in the timing uncertainty
between the arrival time of the photon at the detector and the out-
put electrical pulse used to record the timing information. In the
context of TCSPC [1] with ultrafast laser sources and picosecond
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timing electronics, the ability to time stamp the registration of
incident single-photon events is ultimately limited by the detector
timing jitter. This is usually quoted as a full width at half maximum
(FWHM) value, but for most practical single-photon detectors,
the instrument response function is not a pure Gaussian profile,
and the asymmetry is more accurately modeled with additional
exponential decay components. Care should be taken to distin-
guish FWHM timing jitter from other definitions, e.g., root mean
square or standard deviation, which will give a lower value. In
the context of single-photon LIDAR, the timing jitter is crucial
and often the dominating factor in the range walk error [33]—
the timing jitter is the limiting uncertainty in the position or
measured depth of a scattering surface [34] and the ability to rec-
ognize objects: 1 ns timing jitter in free space corresponds to depth
uncertainty ~0.15 m; 1 ps timing jitter corresponds to a depth
uncertainty ~0.15 mm. Of course, one of the advantages in the
TCSPC technique is that the depth resolution can be improved by
averaging over many laser pulses. This allows the depth resolution
to be reduced to a level well below that determined by the system
jitter, such that sub-mm resolution can be routinely achievable
with modest acquisition times [34]. However, this requires a trade-
off of depth resolution with acquisition time, and also the possible
consideration of the longer-term stability of individual LIDAR
system components.

The maximum count rate of a photon counting detector is typ-
ically limited by the recovery time of the single-photon detector,
although in some instances, the dead time of the timing electronics
also plays a role. Effects such as afterpulsing [35] can necessitate
a longer recovery time to be enforced for efficient single-photon
measurement. Both of these factors have a bearing on image
acquisition rate in single-photon LIDAR.

The final parameter that can vary widely across photon count-
ing technologies is the operating temperature. This can vary
between room temperature or above, down to sub-Kelvin tem-
peratures [5]. This has a significant impact on the practicality and
footprint of photon counting detectors deployed in single-photon
LIDAR systems.

There are also subtle effects that can be exploited in single-
photon imaging scenarios—the ability to determine photon
energy and photon number resolution [36] has been explored and
can be achieved through some novel detector types. Polarization
sensitivity in detectors can also potentially be exploited in single-
photon LIDAR systems for improved signal-to-background
ratios [37].

B. Scaling Challenges for Photon Counting Arrays

Now let us consider expanding upon the single-pixel single-photon
counting detector metrics in Section 2.A to include key charac-
teristics for photon counting arrays for high-timing-resolution
single-photon LIDAR. In principle, the use of single-photon
detector arrays will allow the simultaneous acquisition of depth
data across an entire optical field of view (or part of the field of
view), opening up opportunities for rapid measurement of static
targets and leading to 3D reconstruction of moving objects.

An obvious consideration is the maximum number of pixels
achievable and the overall active area of the photon counting array.
Increasing these parameters will boost the photon detection rate
and thus the image acquisition rate. The active area divided by
the total area of the array is the fill factor. A typical single-photon
detector array will have a fill factor of less than one; there must be
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some gaps between pixels, and in a planar geometry, wiring must be
routed between pixels, reducing the fill factor. This difficulty can
be mitigated by using multiple wiring layers and through-substrate
vias. Moreover, optical coupling strategies such as microlens arrays
can capture incident light and focus it effectively onto widely
spaced low-fill-factor pixels.

As photon counting arrays scale up to large format focal plane
arrays and cameras, cross talk between pixels becomes a significant
consideration. This will contribute to noise and artifacts in the
overall image on top of the dark count rate per pixel. As wiring
becomes more dense, electrical interference when pixels are acti-
vated can be a concern. Also, defective hot pixels can degrade the
performance of neighboring pixels. In semiconductor avalanche-
diode-based photon counting arrays, the re-emission of photons
following an avalanche event can trigger cross talk that has to be
mitigated, for example, by etching trenches between neighbor-
ing pixels [38] either to trap re-emitted photons by total internal
reflection or to insertan absorbing barrier between pixels.

As the number of pixels increases, the challenge of data readout
becomes daunting, and there are trade-offs between maximum
frame rate and preserving accurate timing resolution within a
finite data bandwidth. For true TCSPC, precision time stamping
of photon arrivals and tagging arrival events to specific pixels is the
key requirement. Ifall parameters for the counting array are known
in combination with the illumination and collection optics, then
the fundamental limits of depth imaging using SPAD arrays can be
established [39].

The characterization of large arrays and determining fabrica-
tion yield is a considerable technological challenge. Even in silicon
with advanced CMOS processes, no process has perfect yield. For
infrared photon counting arrays, novel materials and evolving
fabrication processes are being employed. Identifying defective
pixels is a key requirement and a major challenge for manufactur-
ers; pixel-by-pixel characterization of single-photon performance
is clearly not practicable as photon counting arrays scale up from
kilopixels to megapixels.

An important factor in the selection and deployment of pho-
ton counting arrays by end-users is the power consumption of
the array. The energy consumed per event is a useful metric. The
energy consumption due to detector cooling is yet another vital
consideration. For many novel infrared single-photon counting
detector types, both superconductors and novel semiconductors,
these cooling requirements can be onerous, preventing reduction
in the size, weight, and power (§SWaP) and cost of the overall pho-
ton counting system. Of course, such system considerations should
also consider the available source technology, which tends to utilize
laser diodes in the NIR, and often diode-pumped solid-state and
fiber lasers in the SWIR region [40-42].

3. LONG-RANGE SINGLE-PHOTON LIDAR

In the past decade, quantum technologies have entered main-
stream discussion of emerging technological priorities in major
economies across the globe [43—46]. Quantum computing is a
coveted long-term prize, but nearer-term impacts are more likely
in domains such as sensing and imaging enhanced by quantum
technology. Single-photon detectors have been specifically identi-
fied as an important underpinning capability [47]. LIDAR—also
sometimes referred to as laser detection and ranging (LADAR)—is
analogous to radio detection and ranging (RADAR, radio and
mm wave) translated to the optical spectral domain. A canonical
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Examples of imaging LIDAR configurations. (a) Flash LIDAR configuration using an array sensor and full-field illumination (a bistatic system is

shown, with source and sensor separated). (b) Scanning LIDAR approach where the source is scanned and an individual sensor is used. (In this illustration, a
bistatic configuration is shown; however, a monostatic scanning configuration is often used with a common transmit and receive axis).

time-of-flight LIDAR system sends out a short laser pulse (typ-
ically sub-nanosecond duration) and detects the return time of
backscattered light from the target object inferring the target dis-
tance from this timing information. By using a detector array, as
shown in Fig. 1(a), a 3D reconstruction of the object is possible
when full-field illumination is used in a flash LIDAR configura-
tion. Alternatively, the scanning of the object can be performed
with a single-pixel detector and narrow field of view illumination,
as shown in Fig. 1(b), using a variety of scanning configurations.
There is huge interest in the area of compact illumination and
optical scanning for LIDAR, using a toolkit of techniques from
nanophotonics, micro electronic mechanical systems (MEMS),
and integrated photonics [48,49]. The intrinsic time gating of the
time-of-flight LIDAR approach allows precise imaging even in the

il

200 400 600 800 1000 1200

Fig. 2.

presence of intervening obscurants and clutter (e.g., imaging of a
vehicle concealed behind trees and foliage).

To achieve maximum range with constrained laser power, a
single-photon counting detector is clearly desirable. Early pio-
neering photon counting ranging studies were carried out in the
context of space and satellite telemetry [50—52] and satellite-borne
imagers for Earth observation [53-55]. Over the past decades,
photon counting LIDAR has emerged as a technological area of
increasing importance and widening interest: at visible, NIR, and
SWIR wavelengths, sophisticated systems are under development
for future commercialization [13,56]. The achievable depth reso-
lution is governed by a combination of the overall system timing
jitter (a convolution of jitter contributions mainly from the single-
photon detector, laser source, and timing electronics) and the level

700
m

500

— 300
200 400 600 m

Single-photon LIDAR depth profiles taken at a range of greater than 600 m using a 100-channel Si SPAD detector system in scanning configura-

tion. The operational wavelength is 532 nm. (a) Visible-band photograph of scene. (b) Reconstructed depth image of the city scene. (c) Detailed depth pro-
file of the subsection of the scene within the red rectangle in (a). Further details in Z. Li ez al. [60]. Figure reproduced with permission of Optica Publishing

Group.
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Example of data fusion of a 3D image from a CMOS SPAD detector array and passive imagery of a scene at 150 m range. (a) Retrieved depth

information from a SPAD detector array. (b) Intensity information from the SPAD overlaid on top of the retrieved depth information. (c) Intensity infor-
mation from a color camera overlaid on top of the retrieved depth information [65]. Figure reproduced with permission of Springer Nature publishing.

of photon return. Hence, excellent depth resolution, far lower than
that determined by the system jitter alone, can be achieved by a
longer duration acquisition or a higher illumination power level,
as detailed by Pellegrini ez al. [34]. The transceiver system jitter
contributions play the dominant role in determining the overall
system temporal response, and factors such as turbulence or atmos-
pheric scatter can generally be considered as having a negligible
effect on timing response [57]. However, LIDAR systems based
on the most highly advanced low-jitter detector technology may
make this assumption less valid [58]. Much of the earlier single-
photon LIDAR imaging was initially performed in the visible
and NIR due to the ready availability of Si-based SPADs [9], and
was used in scanning configurations [59], in multiple detector
formats [60], or in combinations of these configurations [61,62].
The multibeam, multiple Si SPAD detector format of Li ez al. [60]
demonstrated good long-range performance when used with 100
individual beams and detectors. Figure 2 presents 3D LIDAR
imaging at ranges greater than 600 m when this sensor is operated
in conjunction with a scanning transceiver. In terms of long-range
LIDAR imaging, complementary metal-oxide-semiconductor
(CMOS) SPAD detector arrays have been used in several signifi-
cant demonstrations of LIDAR imaging. These examples include
demonstrations in both TCSPC mode for automotive applications
[63] and for foliage penetration [62], but also in range-gated mode
for rapid 3D imaging [64]. The large pixel formats available with
CMOS SPAD:s can be used effectively in data fusion approaches
with other sensor modalities. One example by Chan et al. [65] was
the use of single-photon LIDAR from a CMOS SPAD detector
array with visible-band passive imagery to reconstruct 3D color
scenes at distances of 150 m. An example is shown in Fig. 3.
Although there are several potential advantages of SWIR
operation of single-photon LIDAR imaging systems, CMOS
SPAD detectors have been used much more extensively in LIDAR
imaging demonstrations [13]. This is because NIR CMOS SPAD
arrays (Section 4.A.1 and Table 1) [64,66-71] are significantly
more advanced than SWIR alternatives (Section 4.A.2—4.A.4,
Section 4.B, Section 4.C, and Table 2) [72-79], allowing con-
siderably larger pixel formats and generally improved readout
capabilities. This can allow impressive performance in terms of,
for example, high-speed sensing of moving objects [80,81]. For
example, Gyongy et a/. [80] used hybrid mode imaging and guided
upsampling approaches to capture and display single-photon
images at 1050 frames per second over short-range indoor scenes
with moving targets. In this work, the sensor reports alternate
intensity images and depth information that can be combined to

generate high-resolution depth images at high frame rates. Another
emerging area of interest for CMOS SPAD arrays is in the inte-
gration of mosaic optical filters where individual spectral filters
are used at the pixel level, for reconstruction of color images using
single-photon data. A recent example utilizes metamaterial mosaic
filters integrated with a SPAD array to utilize individual bandpass
optical filters on each pixel to show full color reconstruction [82].
Also recently, Ogi et al. [83] have used more traditional red, green,
blue (RGB) filter approaches for color reconstruction with CMOS
SPAD arrays. CMOS SPADs have been shown to be also effective
in demonstrations of light-in-flight imaging [84] and imaging
around corners [85].

There are several potential advantages of SWIR and indeed
MWIR LIDAR operation compared to NIR operation: (i)
improved atmospheric transmission; (ii) increased maximum
permissible exposure levels of laser illumination at wavelengths
greater than 1400 nm; (iii) reduced solar background levels,
and (iv) reduced attenuation for some types of atmospheric
obscurants. Figure 4 illustrates the contrast in solar irradiance
versus wavelength at sea level and in the upper atmosphere using
MODTRAN simulation software [86]. SWIR single-photon
scanning systems have been used effectively for long-range imag-
ing applications, and these potential advantages have provided
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Spectral irradiance (MWcm™/nm)

50 —— solar spectrum at the top of the atmosphere
solar spectrum at an altitude of 0 km
0 T T T T
1000 2000 3000 4000 5000
Wavelength (nm)
Fig. 4. Solar irradiance versus wavelength at sea level (red) and in the

upper atmosphere (blue). MODTRAN simulation [86]. The following
spectral bands beyond the visible wavelength range are denoted by the
shaded regions: near infrared (NIR), yellow; short-ware infrared (SWIR),
cyan; mid-wave infrared (MWIR), red.
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Fig.5. Example of scanning SWIR single-photon LIDAR imaging. (a) Visible-band image of a residential building taken with an =200 mm camera
lens. (b) Depth intensity plot of the building imaged with 32 x 32 scan points over a range of 8.8 km. (c) Depth plot of the building imaged with 32 x 32
scan points over a range of 8.8 km; side view of the target [89]. Figure reproduced with permission of Optica Publishing Group.

(b) "

Photograph Lindell et al. 2018 3D Profile

Fig. 6. Reconstruction results of a mountain scene over a range of 201.5 km using SWIR single-photon LIDAR [91]. (a) Visible-band imaged photo-
graph. (b) Reconstructed depth result using algorithm by Lindell ez 4/ [92] for data with signal-to-background ratio ~ 0.04 and mean signal photon per
pixel ~ 3.58. (c) 3D profile of the reconstructed result. Figure reproduced with permission of Optica Publishing Group.
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Fig.7. Analysis of a scene with an actor holding a wooden plank across his chest and standing 1 m behind camouflage netting at a range of 230 m in day-
light conditions. (a) Photograph of the scene, showing the actor holding a wooden plank behind the camouflage. (b), (c) Intensity and depth profiles of the
target scene using all the collected single-photon LIDAR data. (d), () Intensity and depth profiles after time gating to exclude all data except those with a

0.6 m range around the target location. The pixel format used in the depth and intensity profiles is 80 x 160 [95]. Figure reproduced with permission of
SPIE publishing.

motivation for kilometer-range single-photon LIDAR demon- an InGaAs/InP SPAD detector mapped features at distances up to
strations using scanning transceivers at A ~ 1550 nm using both

InGaAs/InP SPADs [87] and SNSPDs [88]. An early example is by

Pawlikowska ez al. [89] where a scanning transceiver incorporating shown in Fig. 5, which was taken with an average laser illumination

10 km. A depth intensity image of a building at a range of 8.8 km is
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of 10 mW in daylight conditions. This led to further demonstra-
tions, including significant work in LIDAR imaging at 45 km
range by Li et al. [90]. To date, the longest-range single-photon
LIDAR imaging is over distances of 200 km by Li ez a/. [91]. In
this work, mountains were mapped, as shown in Fig. 6. Although
super-resolution over long distances has been demonstrated in
the lateral axis [93], one of the major advantages of single-photon
LIDAR is the surface-to-surface resolution, with mm-dimension
separations being resolved over long distances [94]. More complex
scenes have also been investigated that rely on the depth resolution
afforded by the single-photon approach. For example, Tobin ez al.
have demonstrated the reconstruction of object profiles obscured
by camouflage [95]. Figure 7 illustrates that the depth profile of a
human figure can be extracted from behind camouflage, with the
use of selected single-photon timing data and a routine pixelwise
analysis.

In all these impressive SWIR single-photon range and intensity
profiles, there are numerous computational imaging approaches
that can significantly reduce the average number of photons per
pixel required to form image depth and/or intensity reconstruction
of sufficient high quality to have significant value for applications,
including Kirmani et a/. [96], Shin et a/ [97], Rapp and Goyal
[98], Altmann et a/. [99], and Lindell ez 2/ [92]. Nonetheless,
there remain challenges with the long acquisition time taken
for the optical scanning process, which is particularly evident if
reconstructions of moving scenes are required. Inevitably, full-field
or part-field images taken with SWIR detector arrays [100] can
overcome some of these issues, and this approach has been investi-
gated for outdoor, long-range scenes by several groups [101,102].
This approach is vital for rapid measurement of moving scenes.
One particularly notable example is the work by Tachella ez al.
[101], where depth and intensity profiles were reconstructed from
measurements at 320 m range using full-field illumination of
moving human figures in a complex daylight scene, again behind
camouflage; see Fig. 8. The demonstrations consisted of using
a 32 x 32 InGaAs/InP SPAD detector array to recreate moving
scenes at 50 frames per second, with each frame being processed in
less than 20 ms duration. In this example, an average illumination
power of 220 mW at A = 1550 nm was used, which was consid-
ered eye-safe using this optical configuration. The computational
imaging was performed by using a statistical model combined
with scalable computational tools from the computer graphics
industry, allowing multiple surfaces to be identified in a given pixel
and for a super-resolved 96 x 96 image to be displayed. Other
work on moving images includes the use of a similar SWIR optical
transceiver to reconstruct scenes in the presence of atmospheric
obscurants, where optical backscattering causes a non-uniform
background level that poses a particular challenge in these LIDAR
measurements. In [103], Tobin e# 2/. measured scenes at five atten-
uation lengths between transceiver and target at 150 m range,
and reconstructed moving targets at 50 m range, using a fast and
robust statistically based processing algorithm. Later, Jaing ez al.
[104] used an InGaAs/InP SPAD array and 1550 nm wavelength
illumination to detect scenes through low levels of atmospheric
obscurants at kilometer range. This work follows other single-
photon LIDAR demonstrations using scanning SWIR sensors
[104] and work using CMOS SPAD arrays applied to static scenes.
The field of depth imaging through atmospheric obscurants [105—
107] is an application in which SWIR single-photon imaging
arrayed format detectors may have advantages due to improved
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transmission in this spectral band and allowing more rapid data
acquisition and image reconstruction.

For free-space single-photon LIDAR, SWIR operation has
clear potential benefits (Fig. 4), in terms of both atmospheric pen-
etration and avoiding solar background. Also, for civil use (e.g., in
autonomous vehicle navigation and sensing for road and rail),
eye safety governed by maximum permissible exposure standards
is improved at wavelengths greater than 1400 nm. For security
and defense, longer wavelengths allow the illumination signal to
be less readily detected. SWIR LIDAR approaches also allow the
detection of aerosol layers at long range, a good example being
presented by Yu ez al. [108], where cloud layers were detected at
an altitude of 12 km. Undoubtedly for wide adoption, detection
system SWaP and cost are likely to be important factors in whether
photon counting receivers are chosen. For specialist mobile scien-
tific or security applications (e.g., airborne, satellite single-photon
LIDARs) the SWal, performance, ruggedness, and reliability of

systems are also critical considerations.

4. SINGLE-PHOTON DETECTORS FOR
LONG-RANGE LIDAR: SURVEY OF STATE OF THE
ART AND PROSPECTS

The main detector types under consideration for infrared
single-photon LIDAR are SPADs and SNSPDs. The device
architectures are illustrated in Fig. 9 (below) and comparisons of
recent developments are given in Tables 1 and 2 (above).

A. Semiconductor Single-Photon Avalanche Diodes
1. SiSPAD Arrays

The most widely used photon counting detectors are based on
the semiconductor SPAD architecture [10]. The heart of the
device is an avalanche photodiode (APD) (centered on a p—n or
p—i—n junction). The diode is reverse-biased above the break-
down voltage, and this operating regime is known as Geiger mode.
Carriers generated by photon absorption undergo avalanche gain,
triggering a macroscopic breakdown of the diode junction [110].
To exploit this effect in a practical device, the avalanche must be
arrested, and the device reset by a quenching circuit. Compared
with a conventional APD, the SPAD is a threshold device with a
digital output, allowing stable operation with reliable performance
over a range of operating temperatures and in the presence of elec-
trical noise. Si SPAD devices offer high-efficiency photon counting
from UV to NIR wavelengths. A typical Si SPAD device architec-
ture is illustrated in Fig. 9(a). The UV performance is limited by
high levels of absorption of high-energy photons near the surface
of the device; the long-wavelength cutoff is due to the photon
energy dropping below the bandgap of the silicon semiconductor,
preventing absorption.

Silicon SPAD arrays have undergone rapid development and
have been deployed in numerous single-photon LIDAR applica-
tions [84,111-114]. Detector elements can be integrated directly
with quenching circuitry. Cross talk from photon re-emission
is mitigated by deep trench isolation between pixels. The most
advanced Si SPAD arrays for single-photon LIDAR using TCSPC
tend to offer in the range of 10-100 kilopixels, but these large
arrays have limited bandwidth available to stream time-tagged
event data from the detector array. One approach used for increas-
ing the throughput of data from these SPAD arrays is to use a
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Real-time 3D reconstruction

(\
320 meters _—

Lidar GPU

RGB reference

Fig.8. Schematic diagram of a SWIR single-photon 3D flash imaging experiment. The scene consists of two people walking behind a camouflage net
at a stand-off distance of 320 m from the LIDAR system. An RGB camera was positioned a few meters from the 3D scene and used to acquire a reference
video. The proposed algorithm is able to provide real-time 3D reconstructions using a graphics processing unit (GPU). As the LIDAR presents only
32 x 32 pixels, the point cloud was estimated in a higher resolution of 96 x 96 pixels. The acquired movie is shown in [101]. Figure reproduced with
permission of Springer Nature publishing.
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Fig. 9. Single-photon detector technologies for infrared single-photon LIDAR, with spectral coverage for each detector type indicated. (a) Schematic
diagram cross section of a Si-based SPAD detector. The design is a homojunction. (b) Schematic diagram cross section of a Ge-on-Si structure, illustrating
optical absorption in the Ge layer, and multiplication in the intrinsic Si layer. (c) Schematic diagram cross section of an InGaAs/InP SPAD detector; the
absorption is in the narrow-gap InGaAs and the multiplication in the wider gap InP layer. In both (b) and (c), the charge sheet is used to alter the relative
electric fields in the absorption and multiplication layers. (d) Schematic illustration of SNSPD architecture for near-unity efficiency at 1550 nm wavelength
and optical micrograph of chip with single-pixel detector [109]; (d) reproduced with permission of Optica Publishing Group.

range-gated SPAD for timing measurement, where only the num- detector array, while still allowing depth resolution of approxi-
ber of photons is recorded within a pre-determined detector gate mately tens of centimeters. This range-gated mode of operation
duration and delay. While this approach will not utilize the full has now been incorporated in “megapixel” SPAD detector arrays
picosecond resolution possible in TCSPC, it will allow a much fabricated with low dark counts and minimal cross talk [115,116].

greater rate of recorded photon events in a large pixel format SPAD Recently, Canon Inc. developed a SPAD array with a record high
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pixel count of 3.2 megapixels [64] for low-light color imaging. A
comparison of Si SPAD array sensors [64,66—71] reported in the
literature as of June 2023 is shown in Table 1 (above). This table
outlines the large SPAD detector arrays currently described in the
literature, and work is continually ongoing in optimizing the indi-
vidual SPAD and overall array performance via approaches such as
pixel miniaturization for highly efficient and low-noise compact
arrays [71,117-119], as well as very high-speed performance as a
result of low jitter [120,121] and dead time [122].

2. Ge-on-Si SPADs

To extend single-photon detection deeper into the infrared, SPAD
devices based on narrow bandgap semiconductors have been
employed. Several decades ago, Ge SPADs were evaluated in pho-
ton counting applications [123] but not widely adopted. Some
early experiments were performed using devices incorporating a
Si/S1—x Ge, multiple quantum well absorber layer adjacent to
an all-Si multiplication layer; however, this work was hampered
by low levels of SWIR absorption and limited spectral cover-
age [124]. Since then, improvements in Ge-on-Si technology
[125] have given rise to a new generation of Ge-on-Si that can be
manufactured by adapting silicon foundry fabrication processes
[126]. The generic layer structure of a Ge-on-Si SPAD is shown
in Fig. 9(b), where a pm-dimensioned thickness Ge absorber is
grown on a Si multiplication layer. Photons absorbed in the Ge
layer create electron—hole pairs, and electrons drift in the electric
field to the Si multiplication layer to initiate the avalanche process.
Ge-on-Si SPADs give promising photon counting performance
in the SWIR in waveguide integrated [127] and planar geometries
[72,73,128]. The wavelength cutoff for single-photon counting
is ~1500 nm (caused in part by the necessarily reduced operating
temperature), but efforts are underway to improve efficiency at the
key 1550 nm wavelength telecom band, and towards room tem-
perature operation. Initial measurements also have demonstrated
lower afterpulsing compared to InGaAs/InP SPADs under similar
operating conditions at lower temperatures, which could prove
to be a critical performance criterion in single-photon LIDAR
applications [72]. Ge-on-Si SPADs have been demonstrated in
proof-of-principle single-photon LIDAR at short ranges [74]. An
exciting prospect is that through the addition of Sn, Ge(Sn)-Si
SPAD:s could potentially extend the single-photon performance to
beyond 2 pm wavelength [129].

3. InGaAs/InP SPADs

To date, the best results for SPADs tailored to telecommunications
wavelengths (A =1310 nm and 1550 nm) have been achieved
with InGaAs/InP separate absorption and multiplication devices
[11,130]. As shown in Fig. 9(c), an InP multiplication layer is
grown on top of an InGaAs absorption region, and SWIR pho-
tons are absorbed in the InGaAs layer. The p™ layer in typically
formed by multiple in-diffusions of Zn dopant, shaped to avoid
edge breakdown. Typically, floating guard rings are also used (not
shown in diagram). The photo-generated holes drift towards the
wider gap InP region, encountering the valence band discontinu-
ity between the narrow gap InGaAs and wide gap InP layers. An
intermediate gap InGaAsP layer is required to assist hole transport
across this discontinuity. InGaAs/InP SPADs have demonstrated
single-photon sensitivity across the 1000-1600 nm wavelength
range and typically have shown detection efficiencies of 20% to
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30% at A =1550 nm [131-133], although improved detection
efficiencies, 50% and higher, have been demonstrated using GHz
gating [134—1306] or thick InGaAs absorption layers [137,138]. A
great deal of research has focused on ways of quenching the devices
to reduce the deleterious effects of afterpulsing and to allow higher-
temperature operation [139-144]. As discussed in Section 3,
single-pixel InGaAs/InP SPAD single-photon imaging systems
have been used to demonstrate long-range depth imaging [87] up
to 200 km distance [91] and imaging through obscurants [105].
InP-based SPAD arrays have also been developed for single-photon
LIDAR at 1064 nm using wider gap InGaAsP absorbers [145]. As
described above, InGaAs/InP SPAD arrays have advanced con-
siderably to >kilopixel size [75,100]. InGaAs/InP SPAD cameras
have been used in demonstrations of single-photon LIDAR at
1550 nm wavelength [103,105]. This technology is now under
commercial consideration for SWIR single-photon LIDAR for

autonomous vehicles.

4. Mid-Wave Infrared (3-5 um): from Avalanche Photodiodes
to SPADs

In principle, extending SPAD performance beyond A = 1.6 pm
is a matter of selecting and engineering an appropriate semicon-
ductor materials system. A variety of compound semiconductor
systems exist and have been under close consideration for SWIR
and MWIR detection applications for many decades, for example,
InAs, InSb, and HgCdTe [146-149]. In practice, the materials
engineering challenges are formidable. In this domain, end-users
must consider carefully whether the reported work is an APD
operating at low light levels, versus genuine photon counting
with a Geiger-mode SPAD suitable for TCSPC applications.
Semiconductor APD or SPAD devices for MWIR are operated at
low temperatures (77-130 K is typical) requiring liquid nitrogen
or cryocoolers.

HgCdTe [also known as MerCad telluride (MCT) or CMT]
is an established ternary compound semiconductor. HgCdTe
is prized for MWIR and LWIR applications as the bandgap can
be tuned over a very wide energy range (from semi-metallic up
to 1.6 eV hence covering wavelengths up to 30 pm). As the con-
stituent elements are toxic, HgCdTe may be subject to a future
worldwide phaseout of industrial manufacturing. HeCdTe MWIR
APD focal plane arrays with very low excess noise have been
developed by several manufacturers worldwide. There are now
HgCdTe SPAD arrays integrated with readout integrated circuits
(ROICs) in formats such as 2 x 8 [29] or quadrant [148]. Instead
of using Geiger mode operation as is the case for Si SPAD arrays,
these HgCdTe APD arrays utilize the large avalanche gains from
HgCdTe APDs. Although high photon detection efficiency values
were reported at 1.55 pum wavelength [29,150], their efficiency is
likely to be reduced at MWIR and LWIR due to notable changes in
photogenerated carrier profiles. The lowest excess noise is achieved
under pure electron injection conditions, which are increasingly
difficult to maintain, as increasing the operational wavelength
leads to photon absorption being distributed across the entire
high-field region.

II-V alternatives to HgCdTe APDs (such as InAs and InSb)
currently exhibit performance below those of HgCdTe APDs.
There has been no InAs or InSb SPAD reported to date. InAs
APD:s detect up to 3.5-4.0 um (at 77 K and 300 K, respectively)
and exhibit large avalanche gains with very low excess noise at a
relatively high operation temperature (~200 K) [151,152]. Low
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light levels of 15-31 photons per 50 s laser pulse at 1.55 pm
was achieved, indicating the potential for low photon sensing.
Recent progress includes a 128-pixel linear array of planar InAs
APDs [153]. Although there exist several reports of APDs contain-
ing InSb or InAs/InSb type-II superlattices, using them as either
avalanche material [28,154,155] or photon absorption material
[156], reliable data of avalanche gain data and excess noise factors
were often absent. Furthermore, reports with more reliable data
have noted only limited avalanche gain (~3 [155]). Thus InSb
(or InSb-containing) APDs are not yet competitive in the MWIR
spectral range.

B. Superconducting Nanowire Single-Photon Detectors

In the past two decades SNSPDs or SSPDs [15-19] have emerged
as an important alternative for end-users in infrared TCSPC
applications. The basic concept is that, in a narrow supercon-
ducting wire, when cooled below the superconducting transition
temperature and biased below the superconducting critical cur-
rent, the absorption of a single infrared photon can trigger a fast
voltage pulse [157]. The typical operating temperature is in the
range 0.8—4 K, which can be achieved with practical closed-cycle
cooling [19]. Single-pixel devices for 1550 nm [76,109,158]
plus other NIR [77] and SWIR wavelengths [159] now achieve
near unity efficiency through tailored optical cavity designs as
shown in Fig. 9(d) [160]. Improvements in superconducting
thin film materials engineering [161], including the adoption of
amorphous superconducting materials [162-164], refinement
of sputter techniques [165], and atomic layer deposition [166],
have improved SNSPD device yield, spectral range, and maxi-
mum area [167]. This is combined with ultra-low dark count rates
[168] and picosecond timing resolution [169]. High-performance
single-pixel SNSPDs are available in integrated systems from a
range of commercial companies worldwide. There are prospects
for reduction in SWaP through innovative engineering of com-
pact cryogenic systems [170] or realization of next generation
high-temperature superconductor SNSPD devices [171-174]
capable of operating at elevated temperatures. SNSPD devices have
been employed in single-photon LIDAR at 1550 nm [58,88,94,
175-178], 1064 nm [179], satellite telemetry at 532 nm [180],
and proof-of-principle laboratory demonstrations at 2.3 pm
[181]. Timing jitter of 30 ps FWHM has been verified up to
3.5 um wavelength [182]. Significant efforts are underway to scale
up to large scale SNSPD arrays [78,167,183-186] for applications
such as imaging, communications, and spectroscopy. The largest
number of pixels reported to date is 1 kilopixel [78]. SNSPDs can
also be formatted as imagers, where an extended nanowire embed-
ded in a microwave transmission line is read out differentially
from either end [185]; this promising time—amplitude multi-
plexing approach is now being deployed in single-photon LIDAR
demonstrations [187]. Single-photon sensitivity in SNSPDs has
been extended into longer SWIR, MWIR, and LWIR bands and
confirmed up to 10 pm wavelength [159,165,181,188,189],
opening the pathway to applications such as MWIR spectroscopy
of exoplanet atmospheres [188]. Several readout schemes are being
advanced and evaluated, including row—column readout [78,190],
superconducting single-flux quantum logic [191,192], thermally
coupled readout [193], photonic readout [194], and integration
with CMOS readout electronics [195].
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C. Optical Techniques

While the primary focus of this mini-review is to highlight the
impactand potential of emerging photon counting array technolo-
gies on the field of single-photon LIDAR, it is important to bear in
mind that there are powerful methods in the toolkit of photonics
that could potentially play a significant role in future technological
rollout.

1. Frequency Upconversion

The ability to faithfully convert a low-frequency (low energy, long
wavelength) photon to a higher frequency (higher energy, shorter
wavelength) is highly attractive in infrared detection [5,196]. This
means that MWIR single-photon detection can be achieved while
using a mature detector technology such as a Si SPAD [12,13].
The mechanism used is sum-frequency generation in a nonlinear
optical crystal: a single-photon signal at frequency w, is combined
with a strong pump signal at frequency @pump to yield an output
signal at the summation frequency of @y = Win + Opump. If suf-
ficient pump power is available, this frequency upconversion can
approach near-unity efficiency [197]. There are several technical
challenges in achieving high-efficiency upconversion. The first is
to achieve the desired field strength, through either a coincident
pump and signal pulse or a continuous-wave pump pulse and a
build-up cavity, or by using a waveguide to concentrate the pump
power into a small interaction region. Drawbacks include the diffi-
culty of stabilizing the nonlinear crystal, the presence of nonlinear
processes that lead to fluorescence at the upconversion wavelength
(resulting in very high background count rates), as well as high
input and output coupling losses for waveguides. The design,
fabrication, and optimization of suitable nonlinear waveguides is
a major development area for applications such as quantum pho-
tonics [198]. The first successful demonstrations of upconversion
single-photon detection focused on converting 1550 nm photons
to shorter wavelengths for detection with a Si SPAD, using pow-
erful pump sources at 1064 nm [197,199,200]. The availability
of suitable pump sources at 1550 nm and longer wavelengths (for
example, supercontinuum sources extending into the MWIR) has
allowed MWIR single photons to be upconverted. Single-photon
detection schemes based on frequency upconversion have been
deployed in several compelling LIDAR [20,196,201], clinical
imaging [202], and remote gas sensing studies [203,204]. An
attractive feature of upconversion is that only the signal wavelength
band of interest is upconverted—broadband background (e.g., due
to ambient blackbody) is not converted. Also, a short-pulsed pump
will improve the temporal characteristics of the converted photon,
allowing precise timing resolution to be retained.

2. Time Magnification

Ideas and methods from the ultrafast and quantum optics commu-
nities have a role to play in enhancing performance in detection
schemes for single-photon LIDAR. One example is to exploit
“time magnification” or “time lensing” [205-207] to improve
the time stamping of detected single photons by orders of
magnitude—potentially into the femtosecond regime. Bragg
scattering four-wave mixing (BS-FWM) in dispersion shifted
optical fiber has achieved a timing resolution improvement of 158
allowing (1280 nm wavelength) single-photon signals 2.1 ps apart
to be distinguished [208]. A related approach using BS-FWM in
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several 100 m of highly nonlinear fiber achieved a temporal magni-
fication of 130 with 97% photon conversion efficiency at 1255 nm
wavelength [21]. This was applied to time-of-flight single-photon
ranging, improving timing to 130 fs and demonstrating 26 pm
depth resolution.

5. OUTLOOK AND DISCUSSION

In this mini-review, we have surveyed an important near-term
application area of photonic quantum technologies, namely single-
photon LIDAR and the rapid advance of infrared photon counting
technologies that supports this development trend. Building on
the successful development path of Si SPAD arrays, several longer-
wavelength semiconductor avalanche diode technologies are now
close to adoption. Emerging single-photon detection technologies
such as SNSPDs and upconversion detectors are also undergoing
rapid development and are being trialed in single-photon LIDAR
applications.

In terms of application case studies and requirements, we have
focused on atmospheric single-photon LIDAR at NIR, SWIR,
and MWIR wavelengths. This is an exciting area of relevance to
vehicular LIDAR (automotive and rail, but potentially expanding
to airborne and satellite applications). These developments are
of strong relevance to next generation LIDAR systems for Earth
observation for environmental or agricultural monitoring. Depth
imaging can also be extended to remote sensing of atmospheric
gases [209]. The signatures of greenhouse gases (such as CH4 and
COy;) are more easily identified in the MWIR 3 to 5 pum spectral
window, which allows analytes to be distinguished above the solar
background and masking effects of atmospheric water absorption
[210-213]. Traces of pollutants for public health or environmental
monitoring can be picked up in this spectral region [214,215].
In the MWIR spectral region, signatures of forest fires [216], vol-
canic activity [217], chemical and biological weapons [218,219]
nanoparticles [220], viruses [221], explosives [222], narcotics
[223], or jet exhaust [224] can also be clearly identified.

Photon counting is an established technique in life sciences
and medicine in the visible and NIR, notably for fluorescence
imaging [7,12]. Photon counting at longer wavelengths (SWIR,
MWIR, LWIR) has not yet been widely exploited, due to difficul-
ties of collection and variable absorption in tissue types. Emerging
applications, however, such as single-oxygen dosimetry (1270 nm)
[225-227] for photodynamic therapy [228,229] and the develop-
ment of fluorescent markers in the SWIR band [230] could have a
significantimpact in future.

The infrared photon counting technology we have surveyed
is prized for optical communications in the single-photon limit.
Quantum key distribution (QKD) via satellite [231] is a major
scientific breakthrough of the past decade, and plans are afoot for
QKD satellite enabled global secure communication networks
[232]. As free-space optical communication systems are extended
to Earth orbit and across the solar system, the requirement and
demand for low-noise, high-timing-resolution infrared photon
counting will expand. Pioneering studies such as NASA deep space
optical communications program leverage the latest advances in
photon counting receiver arrays [233].

To conclude, we hope that this mini-review is a useful resource
for the photonics research community and end-users of infrared
photon counting detectors and arrays. We are confident that,
given the momentum of research efforts in this field and interest in
near-term applications such as single-photon LIDAR, there will
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be dividends in terms of next generation photon counting array
technologies and uptake in real-world applications.
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