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Abstract: Single-photon detectors have gained significant attention recently, driven by
advancements in quantum information technology. Applications such as quantum key
distribution, quantum cryptography, and quantum computation demand the ability to
detect individual quanta of light and distinguish between single-photon states and multi-
photon states, particularly when operating within waveguide systems. Although single-
photon detector fabrication has been established for some time, integrating detectors
with waveguides using new materials with suitable structural and electronic properties,
especially at telecommunication wavelengths, creates more compact source-line-detector
systems. This review explores the state of the art of single-photon detector research
and examines the potential breakthroughs offered by novel low-dimensional materials in
this field.

Keywords: quantum information; integrated photonics; single-photon detectors

1. Introduction

Since the 1980s, significant advancements have been made in understanding how
quantum mechanics can be applied to solve practical problems, such as developing a
computer that operates based on quantum principles. In recent years, efforts have been
focused on creating quantum information and computation platforms that are compatible
with digital and telecommunications technologies without requiring a cryogenic envi-
ronment. The current state of research in quantum integrated photonics is reviewed in
Ref. [1], highlighting the most widely used integrated photonic platforms and summarizing
key achievements and results from the past decade. Integrated photonics on Silicon-On-
Insulator (SOI) substrates has become a well-established field of research with significant
impact, particularly in quantum computing. Despite the potential to create highly complex
circuits using this technology, the foundation remains a set of fundamental “building
blocks” that are combined to form intricate designs. Ref. [2] provides a comprehensive
review of the current state of integrated photonic building blocks, focusing specifically on
passive elements. It explores the fundamental principles and design methodologies that
are essential for constructing these components and advancing the field further. In [3], one
can find the latest endeavors in hybrid photonic platforms leveraging the combination of
integrated silicon photonic platforms and nanoscale materials, allowing for the unlocking
of increased device efficiency and compact form factors. Moreover, the review provides
insights into future developments and the evolving landscape of hybrid integrated pho-
tonic nanomaterial platforms. The quest for reliable and integrable single-photon sources
(popular approaches include spanning cold atoms and ions [4], quantum dots [5,6], isolated
molecules [7], color centers in the solid state [8]), and single-photon detectors (SPD) is at
the center of the research efforts in the field.

A photon is defined as the elementary excitation of a single mode of the quantized
electromagnetic field [9]. This fundamental particle exhibits characteristics of both particles
and waves, serving as a discrete quantum of electromagnetic radiation. Photons are
characterized by their frequency, with a single photon in a specific mode having an energy
equal to Planck’s constant (k) multiplied by the frequency (v) of that mode. Despite
their often-described monochromatic nature, practical applications involve “single-photon
states” that can be mathematically described as superpositions of monochromatic photon
modes, allowing for considerations of their localization in time and space. These particles
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are integral to the foundations of quantum mechanics and find extensive applications in
various fields, including quantum information science and quantum communication. In
the context of single-photon detectors, a photon is considered a discrete particle of light
that can be individually detected by the single-photon detector.

The contemporary surge in detector research is significantly propelled by the ex-
ponential growth of the field of quantum information science in recent decades [10,11].
Fundamentally, quantum information science revolves around the encoding, communica-
tion, manipulation, and measurement of information through quantum-mechanical entities.
Studies in this domain have revealed that the employing of quantum objects for these
purposes enables the execution of specific computational tasks with greater efficiency
than previously believed possible with classical counterparts [12]. Furthermore, it has the
potential to enable unconditionally secure communication [13]. In this context, photonic
qubits stand out as a preferred choice for numerous applications. These qubits encode
information in the quantum state of a photon, utilizing various degrees of freedom such
as polarization, momentum, and energy. Photonic qubits prove advantageous for several
reasons. First, photons travel at the speed of light and exhibit weak interactions with their
environment over extended distances. This characteristic results in reduced noise and
loss during information transmission. Second, photons can be adeptly manipulated using
linear optics, enhancing their suitability for diverse quantum information-processing tasks.
These unique attributes render photonic qubits exceptionally promising for advancing the
frontier of quantum information science.

Quantum communication applications, particularly those involving quantum key
distribution (QKD) protocols, frequently rely on single photons. In the realm of quantum
cryptography, especially in the context of QKD, the requirement for single photons travel-
ing through a channel is paramount. This strict adherence to single-photon transmission
is crucial due to the vulnerability introduced by the presence of multiple photons, which
could potentially compromise the security of communication by allowing eavesdroppers
to gain unauthorized access to information [13-17]. The field of quantum computation
necessitates the use of single photons, with an additional requirement that all single pho-
tons utilized in the protocols be indistinguishable from each other [18]. Consequently, the
utilization of single-photon detectors capable of accurately determining the number of
photons within a given pulse becomes imperative in these contexts. Moreover, the signifi-
cance of single-photon detection extends to the generation of truly random numbers, a vital
requirement not only in quantum cryptography but also in various non-quantum-related
fields. In this context, light offers a natural solution, where single photons encountering a
beam-splitter exhibit inherent quantum randomness in choosing their output path [19-21].
Extracting this path information relies on the precise detection of single photons, making
single-photon detectors indispensable in the production of genuinely random numbers, a
requirement emerging from quantum key distribution protocols and finding applications
beyond the realm of quantum physics. The history of single-photon detectors for quantum
information processing is marked by significant milestones shown in Figure 1. Throughout
this history, the synergy between theoretical advancements in quantum information science
and practical developments in detector technology has driven the field forward, enabling
the realization of various quantum communication and computation protocols. The use
of SPDs to support high-speed QKD at speeds of 10 to 100 Mbps represents a significant
advancement in quantum communication technologies [22,23]. Achieving such high data
rates requires overcoming the traditional challenges of photon detection, including timing
precision, detection efficiency, and noise suppression. SPDs are also critical for other quan-
tum communication paradigms (such as secure quantum direct communication [24]) and
many other fields. In quantum sensing, SPDs enable applications such as quantum imaging,
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where they capture high-resolution images using entangled photons; quantum LiDAR
(light detection and ranging), which leverages time-of-flight measurements for precise
depth mapping; and quantum metrology, where they enhance sensitivity in interferometric
measurements for gravitational wave detection and atomic clocks. In quantum communica-
tion, SPDs are integral to QKD, enabling secure encryption with high-speed detection rates.
They are also crucial in satellite-based QKD, quantum repeaters for long-distance networks,
and the verification of quantum states such as entanglement in quantum networking. SPDs
are instrumental in quantum secure time synchronization (QSTS), enabling precise align-
ment of clocks in distributed systems by leveraging the properties of single-photon-level
signals. In QSTS protocols, SPDs detect time-correlated photons to synchronize clocks with
picosecond-level precision, ensuring robust security against eavesdropping. This capability
is vital for applications in quantum networks, secure communications, and distributed
quantum computing. SPDs are essential components in quantum computing, enabling
precise measurement and control of quantum states critical to computation and commu-
nication tasks. They are used in photonic quantum computing to detect and manipulate
individual photons in quantum circuits, ensuring high-fidelity operations in processes like
entanglement generation and state teleportation. In this review, we focus on technologies
that can be integrated into an on-chip configuration.

Doped QD

Layer i Advanced Room-temperature SPDs

Applications in Quantum Technology

Photonics

gration
i 2D Materials and QD Detectors
Early Superconducting
Introduction of SNSPDs
High efficiency Detectors

Detectors
Anode

Multiplier

Absorber

Geiger -Mode APDs

Introduction of APDs
Development of Semiconductor APDs.

Maturity of SPADs Technology
Expansion of Applications

Photomuttipler tube (PMT)
First photon detector (PMT's development)

Planck's Quantum theory (1900}
Photoelectric effect (1905) (Planck and Einstein)

Figure 1. Brief history of single-photon detectors.

2. Properties of Single-Photon Detector

Single-photon detectors possess specific properties that make them well-suited for
applications requiring the detection and measurement of individual photons. Here are
some key properties of single-photon detectors:

Quantum Efficiency: quantum efficiency refers to the probability that a detector will
register a photon that impinges upon it. High quantum efficiency is crucial for maximizing
the chances of detecting individual photons.

Detection Efficiency: detection efficiency is a measure of the actual detection rate of a
detector compared to the number of photons incident upon it. It accounts for factors such
as quantum efficiency, dark counts, and other losses.

Noise Levels: single-photon detectors should have low noise levels to ensure accu-
rate and reliable detection of individual photons. Noise can arise from various sources,
including thermal effects and electronic components.
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Efficiency at Specific Wavelengths: some detectors are optimized for specific wave-
lengths, providing higher efficiency and sensitivity within a particular range. This is crucial
in applications such as telecommunications and quantum optics.

Photon-Number Resolution: in certain applications, it is essential to determine the
number of photons in an incident pulse accurately. Single-photon detectors with photon-
number-resolving capabilities can distinguish between different photon numbers.

Timing jitter: refers to the uncertainty or variation in the exact moment when the
detector registers a photon after its arrival. It is a measure of the temporal precision of
the detector and is critical for applications requiring accurate timing, such as quantum
communication, time-of-flight measurements, and time-resolved spectroscopy. The timing
jitter is typically expressed as the full width at half maximum (FWHM) of the distribution
of detection times. Timing jitter arises from various factors, including the inherent response
time of the detector material, the stochastic nature of carrier multiplication (as in avalanche
photodiodes), and the noise or delays introduced by signal processing electronics.

Operational Temperature: some detectors, such as superconducting detectors, operate
at low temperatures to enhance their performance. The operational temperature can impact
various properties of the detector.

Spectral Range: a photon counter’s sensitivity is limited to a specific spectral range
determined by the materials of which it is composed. The choice of the operating wave-
length depends on the specific application at hand. In the context of free-space optical
applications, including both bench-top quantum optics experiments [25] and line-of-sight
QKD conducted through the atmosphere [19], visible or near-infrared wavelengths are
typically employed. This choice is driven by the availability of the best commercially acces-
sible detectors in these spectral regions. In optical fiber systems, losses are minimized at a
wavelength of 1550 nm, making it the preferred choice for long-distance QKD applications
within optical fibers [19]. Moreover, advanced optical components such as on-chip waveg-
uides are specifically engineered for telecommunications wavelengths. Consequently, there
exists substantial interest within the quantum information field in the development and
utilization of detectors sensitive to telecommunications wavelength photons. This interest
is primarily fueled by the compatibility of such detectors with various QI applications,
especially those integrated into existing telecommunications infrastructures.

Dead time: the parameter known as “dead time”, denoted as 7, represents the time
interval following the absorption of a photon during which the detector is incapable of
reliably registering a subsequent photon. The specific duration of T is contingent upon the
type of detector in use and is influenced by various factors unique to each detector type. It
is noteworthy that in many instances, the measured value of T pertains to the characteristics
of the bias circuit or the counting electronics rather than the inherent properties of the
detector element itself.

In the case of semiconductor single-photon detectors, T is intentionally prolonged to
mitigate afterpulsing—a phenomenon wherein the detector spontaneously re-triggers after
an initial detection event. By lengthening 7, afterpulsing can be suppressed effectively. It
is imperative to acknowledge that the dead time imposes a constraint on the maximum
count rate achievable by the detector. However, it does not impose limitations on the
clock rate of the experiment. In practice, time-correlated single-photon counting (TCSPC)
experiments are typically conducted in a regime where the number of detected photons
per clock cycle remains significantly below one, allowing for higher clock rates in the
experimental setup. This strategic operation ensures optimal efficiency and accuracy in
photon detection processes.

Dark-Count rate: refers to false detection events that occur without any actual photons
entering the detector. These events can be classified into fundamental dark counts and
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background counts. Fundamental dark counts originate from intrinsic properties of the
detector, such as thermal noise, where thermally generated carriers or quantum tunneling
of electrons can cause spurious detections. Afterpulsing, where residual charge from
previous detections triggers false counts, is another key factor. These counts are typically
minimized through cooling or design optimization. Background counts, on the other hand,
result from external sources of electromagnetic radiation, such as ambient light, cosmic
rays, or infrared radiation from surrounding objects. These can be reduced through proper
shielding and filtering. Understanding the balance between these two types of dark counts
is crucial for optimizing detector performance in applications like quantum communication
and sensing, where minimizing false counts is vital for accurate measurements and secure
transmissions. The dark-count rate, represented in s~ 1, or the derived unit hertz Hz (one
Hz is one per second or the reciprocal of one second), characterizes the frequency of these
false counts. However, techniques such as gating or time-stamping the detection events can
be employed to mitigate the impact of dark counts. It is crucial to note that the minimum
time interval for implementing gating or time-stamping is dictated by the timing jitter
inherent to the detector. This constraint emphasizes the importance of considering the
detector’s inherent characteristics when implementing strategies to address the issue of
dark counts in practical applications.

Linearity: refers to the proportional relationship between the number of incident
photons and the detector’s output signal. A highly linear detector will produce an output
that scales consistently with the number of photons over a given range, making it suitable
for applications requiring quantification of photon flux, such as fluorescence imaging or
multi-photon spectroscopy. Linearity ensures that the detector can faithfully represent
variations in photon intensity without saturation or distortion.

SPDs rely on several key parameters that are inherently interdependent, often re-
quiring trade-offs to optimize performance for specific applications. One fundamental
trade-off is between detection efficiency (DE) and dark-count rate (DCR). High DE, which
indicates the probability of successfully detecting an incident photon, often requires in-
creasing bias voltage or enhancing photon absorption. However, these measures can also
elevate the DCR due to noise from thermal or tunneling effects. Cryogenic cooling can
help suppress the DCR but may slightly reduce DE in some materials by altering their
detection efficiency. Another critical relationship is between timing jitter and DE. Timing
jitter measures the uncertainty in the detection timing, which is crucial for applications
like quantum communication. Enhancing DE often involves optimizing absorption and
avalanche mechanisms, potentially extending the timing window and increasing jitter.
Conversely, reducing jitter requires precise amplification and noise filtering, which can
slightly reduce DE. The relationship between operational temperature, DCR, and DE is
also pivotal. Lowering the temperature reduces thermal noise, effectively suppressing the
DCR, but can add system complexity and impact DE in some designs. Speed and efficiency
represent another trade-off in SPDs. Higher speed, defined by shorter dead times, allows
detectors to register consecutive photons rapidly. However, achieving high speed often
requires optimizing quenching mechanisms, which can reduce DE. For example, avalanche-
based SPDs face challenges in balancing rapid reset times with the efficiency of photon
detection. Superconducting nanowire SPDs (SNSPDs) achieve exceptional speed but at the
cost of requiring advanced cryogenic technologies. Lastly, linearity and photon-number
resolution often conflict in SPDs. Linearity refers to the detector’s ability to scale output
proportionally with photon number, while photon-number resolution is the capability to
distinguish between different numbers of incident photons. Detectors optimized for high
photon flux may lose the ability to resolve single photons accurately. These interdependen-
cies must be carefully managed to meet the requirements of specific applications, such as
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quantum key distribution, biological imaging, or integrated photonics. Optimizing SPDs
for one parameter often involves compromises in others, necessitating a tailored approach
to design and operation.

3. Approaches to Single-Photon Detector

A photon-number-resolving (PNR) detector generates an output that directly correlates
with the number of photons entering the detector within a specific range. This allows for
determining an integer count of detected photons, typically with a high precision and
minimal uncertainty. These detectors are sometimes termed “intrinsic photon-number-
resolving detectors” to differentiate them from quasi-PNR detectors. Non-photon-number-
resolving (non-PNR) detectors function primarily by distinguishing between the presence
or absence of photons based on a defined detection threshold. These devices do not provide
information about the precise number of photons detected. Often, such detectors are
referred to as “click detectors”, “click /no-click detectors”, “on/off detectors”, or “threshold
detectors”. A quasi-photon-number-resolving (quasi-PNR) detector utilizes temporally
and/ or spatially multiplexed detectors—such as a detector array or a beamsplitter-detector
tree—each of which lacks individual photon-number-resolving capability. The effectiveness
of such systems, including their n-photon efficiency, can be influenced by this limitation.
These systems are most effective when the number of incident photons is significantly
lower than the number of multiplexed detectors.

The categorization of detectors into photon-number-resolving and non-photon-number-
resolving types is not always straightforward. Some detectors, initially classified as non-
photon-number-resolving, exhibit partial photon-number-resolving capabilities, while con-
tinuous efforts are made to enhance or incorporate this capability into detectors lacking it.
Conversely, detectors classified as photon-number-resolving may not accurately determine
the true number of incident photons if their efficiency is less than perfect. Furthermore, the
presence of dark counts further compounds the disparity between the measured outcome
and the actual number of incident photons. This complexity highlights the challenges
involved in accurately characterizing the photon-number resolution capabilities of de-
tectors, emphasizing the need for detailed evaluation and continuous advancements in
detector technology.

3.1. Single-Photon Avalanche Diodes (SPADs)

Avalanche photodetectors (APDs) represent highly sensitive semiconductor photo-
diode detectors that harness the photoelectric effect to convert light into electrical sig-
nals. Functionally, they can be considered to be the semiconductor counterparts to photo-
multiplier tubes, renowned for their sensitivity and efficiency in detecting photons. The
concept of the APD was pioneered by Japanese engineer Jun-ichi Nishizawa in 1952 [26],
although prior research delved into avalanche breakdown phenomena, micro-plasma de-
fects in silicon and germanium, as well as optical detection using p-n junctions. APDs find
diverse applications in various fields. They are commonly utilized in laser rangefinders,
long-range fiber-optic telecommunication systems, and quantum sensing applications,
where they play a crucial role in control algorithms. Moreover, emerging applications
include their usage in positron emission tomography and particle physics experiments,
showcasing the versatility and significance of APDs in advancing scientific research and
technological innovation.
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Semiconductor materials play a crucial role in the performance and application of
APDs. Different materials offer varying detection capabilities and noise characteristics,
making them suitable for specific wavelength ranges and applications. Each of these
semiconductor materials possesses distinct optical and noise characteristics, enabling their
utilization across a broad range of wavelengths and specialized applications in the realm of
APDs (Table 1).

Table 1. Semiconductor materials for APDs.

Material WL (um) Noise Breakdown Voltage (V) PDE
Si 04-11 Low noise, high gain ~100-200 ~80-90% (VIS)
Ge 0.8-1.6 Higher than Si ~50-100 ~30-50% (NIR)
InGaAs 0.9-1.7 Low in NIR ~20-50 ~50-70% (NIR)
GaN 0.2-0.4 (UV) High in early models >200 ~40-60% (UV)
HgCdTe 1-14 (IR) High (requires cooling) 5-15 >60% (IR)

WL: wavelength; PDE: photon detection efficiency.

The applicability and utility of APDs are contingent upon various parameters, with
two significant factors being quantum efficiency and total leakage current. Quantum
efficiency quantifies the efficiency with which incident optical photons are absorbed and
subsequently utilized to generate primary charge carriers within the APD. On the other
hand, total leakage current encompasses the cumulative effect of dark current, photocurrent,
and noise components. Dark noise in APDs comprises to sources of noise. Series noise,
influenced by shot noise, is directly proportional to the APD capacitance. In contrast,
parallel noise is linked to fluctuations in the APD’s bulk and surface dark currents. These
noise components, alongside quantum efficiency and total leakage current, intricately
determine the performance characteristics and limitations of APDs. Understanding and
optimizing these parameters are essential for enhancing the reliability and effectiveness of
APDs in various applications, ranging from telecommunications to scientific research.

SPADs employ a process akin to PMT but with distinctive features. When a photon is
absorbed, it generates an electron-hole pair within the semiconductor lattice. Unlike PMTs,
where charge multiplication occurs between discrete dynodes in a vacuum, SPADs operate
in a continuous charge multiplication mode. In the Geiger mode, a bias voltage exceeding
the diode’s breakdown voltage is applied. In this mode, when a photon generates a charge,
the avalanche proceeds until it saturates at a current, often limited by an external circuit.
This current sustains itself, allowing the SPAD to respond to subsequent incoming optical
pulses. However, the saturated avalanche current must be terminated by lowering the
bias voltage below the breakdown voltage before the SPAD can detect another photon. It
is important to note that the concept of gain is not applicable in Geiger mode due to the
saturation phenomenon. Geiger-mode SPADs can achieve detection efficiencies surpassing
those of PMTs, reaching up to 85% for silicon SPADs in the visible spectrum. The model
reported in [27] achieved receiver sensitivity of —64 dBm with a 100 kbit/s signal at a bit
error ratio of 107°. Future improvements in SPAD visible light communication receiver
architecture are still required to approach the quantum limit. The disadvantage of SPADs
is that they exhibit higher dark-count rates and timing jitter compared to the best PMTs.
In the case of infrared (IR) SPADs, efficiencies typically range from 50% to 70%, with
considerably higher dark-count rates than PMTs [28]. To mitigate dark-count rates, SPADs
are commonly cooled using thermoelectric coolers to temperatures ranging from 210 K to
250 K, enhancing their performance in low-light conditions and enabling their application
in various sensitive detection systems.

Moreover, the gain medium within SPADs typically contains trap sites that require
time to depopulate after an avalanche event before the bias voltage can be restored. If
these trap sites are not given adequate time to depopulate, a second avalanche can be
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triggered by carriers released from the traps rather than by a new incoming photon. This
phenomenon, known as “afterpulsing”, necessitates an additional waiting period after
each pulse before the device can be rebiased. Consequently, SPADs experience dead times
ranging from tens of nanoseconds to 10 microseconds. This issue is particularly challenging
for SPADs designed for IR sensitivity, where precise timing and accurate detection are
crucial. Managing afterpulsing effects is essential for optimizing the performance of SPADs
in IR applications, where high sensitivity and low noise are paramount requirements.

While the majority of commercial SPADs operate in Geiger mode, ongoing research
efforts are directed toward developing linear-mode operation for photon counting. Linear-
mode operation offers several advantages, including an output proportional to the number
of incident photons, providing photon-number resolution. Additionally, it results in lower
afterpulsing due to reduced current flow and diminished trap filling, along with reduced
dead time. In linear mode, smaller current pulses are generated, necessitating longer
measurement times to reduce readout noise. A recent demonstration achieved a 56%
detection efficiency and a dark-count rate of 0.0008 s~! at a maximum repetition rate of
10 kHz [29]. However, these linear devices face challenges related to noise on the gain
and the smaller signals involved. This can lead to the broadening of the output current
pulse amplitudes to an extent where pulses resulting from different numbers of incident
photons cannot be reliably resolved. As of the latest information available, there have
been no demonstrated instances of achieving precise photon-number resolution with these
devices. Ongoing research in this area aims to address these challenges and unlock the
full potential of linear-mode SPADs for applications demanding accurate photon-number
resolution [30,31].

Table 2 provides a short comparison of various materials utilized in the fabrication of
semiconductor SPADs. The work in[32] presents a new generation of planar germanium-
on-silicon (Ge-on-Si) SPAD detectors designed for short-wave infrared applications. This
planar geometry marks a significant advancement in performance, achieving a single-
photon detection efficiency of 38% at 125 K and a wavelength of 1310 nm. Furthermore, it
demonstrates a fifty-fold reduction in noise equivalent power compared to optimized mesa
geometry SPADs, highlighting its superior operational capabilities.

Table 2. Semiconductor materials for SPADs.

Material DCR (cps) PDE Breakdown Voltage (V) Applications

Si Low (~10-100) ~50-70% (VIS) ~ ~20-30 Quantum imaging, LIDAR, fluorescence microscopy
Ge Moderate (~10°%) ~10-30% (NIR)  ~30-50 Telecom, NIR spectroscopy

InGaAs Moderate (~103, cooled)  ~40-60% (NIR)  ~40-60 QKD, fiber optics

GaN Moderate (~103) ~30-40% (UV) >200 UV detection, flame monitoring

HgCdTe  High (cryogenic cooling)  ~50-70% (IR) ~10-15 Thermal imaging, infrared astronomy

DCR: dark-count rate; PDE: photon detection efficiency.

The study in [33] describes the fabrication of a device with a thick InGaAs absorp-
tion region and an anti-reflection layer, achieving a quantum efficiency of 83.2%. The
single-photon performance is evaluated using a quenching circuit that integrates parallel-
balanced InGaAs/InP single-photon detectors and single-period sinusoidal pulse gating.
The capacitance-induced spike pulse is suppressed through parallel-balanced common
mode signal elimination, enabling the detection of small avalanche pulse amplitude signals.
The device demonstrates a maximum detection efficiency of 55.4%, a dark-count rate of
43.8 kHz, and a noise equivalent power of 6.96 x 10~ W/Hz!/2 at 247 K.

The paper [34] reports on performance enhancements for near-infrared single-photon
detectors achieved through the implementation of a novel reflector design, which integrates
a metal layer and a S5iO,/TiO;, distributed Bragg reflector. Additionally, a micro-lens is
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incorporated, increasing absorption efficiency by 58%. The device demonstrates normalized
dark-count rates of 127 Hz, 361 Hz, and 665 Hz for photon detection efficiencies of 10%,
20%, and 30%, respectively, when operated in gated mode with a 50 MHz pulse repetition
rate and 1 ns pulse width at a temperature of 233 K. These normalized dark-count rates are
nearly an order of magnitude lower than those of commercial counterparts, underscoring
the high performance of the proposed design.

The study in [35] introduces a novel InGaAs/InP SPAD structure fabricated using
the selective area growth technique. The surface topography of the selectively grown
film within 70 pm diffusion apertures is leveraged to engineer the Zn diffusion profile,
effectively suppressing premature edge breakdown. This approach enables the creation
of a highly uniform active area without requiring shallow diffused guard ring regions
typically used in standard InGaAs/InP SPADs. The device achieves photon detection
probabilities (PDP) of 33% and 43% at 1550 nm for 5 V and 7 V excess bias, respectively,
with measurements conducted at 300 K and 225 K. At room temperature and 5 V excess
bias, the DCR per unit area is 430 counts per second per um?, which decreases to 5 counts
per second per pum? at 225 K. Timing jitter at 1550 nm is measured as 149 ps (FWHM) using
passive quenching, under 300 K and 5 V excess bias conditions.

Maurice et al. [36] present experimental findings on Ge-on-5i SPADs employing a
novel double-mesa structure. This design effectively suppresses the electric field at the
mesa edges compared to conventional single-mesa configurations, leading to substantial
performance enhancements. In linear mode, the double-mesa structure demonstrates a
significantly smaller increase in dark current at higher reverse voltages, resulting in a
reduction of over 260-fold at low temperatures. When operated in Geiger mode at 110
K, the dark-count rate is reduced by 100-fold. The device achieves a dark-count rate of
953 kHz, a single-photon detection efficiency of 7.3%, and an ultra-low timing jitter of 81 ps
at an excess bias of 17.6% and a temperature of 110 K. This work highlights the potential of
the double-mesa structure for high-performance SPAD applications.

Mew et al. [37] present the first experimental evaluation of Ing 53Gag 47As/ Alg g5Gag 15_
As 565bg 44 APDs operating in Geiger mode. Multiple devices were characterized, focusing
on temperature-dependent dark current, avalanche multiplication, dark-count rate (DCR),
afterpulsing, and single-photon detection efficiency (SPDE). The devices demonstrated a
temperature coefficient of breakdown voltage of 13.5 mV /K, significantly lower than that
of InGaAs/InP Geiger-mode APDs. This reduces operational voltage variations and po-
tentially mitigates thermal attack risks in communication systems. At 200 K, SPDE ranged
from 5% to 16% with DCR values of 1-20 Mc/s, comparable to InAlAs and early InP-based
single-photon APDs. Afterpulsing was negligible with a hold-off time of >50 ps at 200 K,
decreasing to 5 us at 250 K. These results align with the performance of InGaAs/InAlAs
and certain InGaAs/InP Geiger-mode APDs, underscoring the potential of this material
system for single-photon detection applications.

The study in Ref. [38] introduces a waveguide-coupled Si SPAD integrated into a
silicon photonic platform for operation in the visible spectrum. The device achieved a
single-photon detection efficiency exceeding 6% at wavelengths of 488 nm and 532 nm,
with an excess voltage below 20% of the breakdown voltage. At room temperature, the
dark-count rate remained under 100 kHz, with a potential reduction of approximately 35%
when the temperature was lowered to —5 °C. This advancement highlights the potential of
silicon photonics for visible-wavelength single-photon detection applications.

The study in Ref. [39] presents a CMOS-compatible, high-performance GE-Si SPAD
operated at room temperature. The device demonstrated a dark-count rate of 19 kHz um~2,
a single-photon detection probability of 12% at 1310 nm, and a timing jitter of 188 ps.
Additionally, the afterpulsing characteristics showed a characteristic time of approximately
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90 ns and an afterpulsing probability of less than 1%. The device operates with a low
breakdown voltage of 10.26 V and a small excess bias of 0.75 V. As proof of concept,
three-dimensional point-cloud images were successfully captured using the direct time-of-
flight technique.

The recent discovery of new low-dimensional materials [40] has opened new perspec-
tives in this field thanks to the high mobility of the charge carriers, the variable electronic
bandgap, suitable for a wide wavelength range, and their crystalline structure that allows
them to be integrated with other elements, first of all, silicon [41]. The latest generation of
these materials, the van der Waals structures, are particularly suitable to be integrated with
Si devices as the weak atomic bonds that connect the various crystalline planes allow them
to adapt to different types of crystals. They showed the widest electronic properties going
from metallic to semiconducting and insulating up to topological insulators. Some of them,
such as black phosphorus (BP) [42] or Transition Metal Dichalcogenides (TMD) [43], have
received great attention in the recent past thanks to particular properties such as variable
gap according to thickness (BP) or good compatibility with class III-V semiconductors
(TMD). Others, like hexagonal Boron Nitrate (h-BN), show insulating behavior useful for
possible separation in integrated circuits [44]. Almost all 2D materials can be synthesized at
low cost with thickness as low as a few unit cells, preserving their electronic characteristics.
Moreover, thanks to their van der Waals nature and the absence of surface dangling bonds,
they can be easily combined to obtain new artificial materials with desired electronic and
optical properties [43]. The most successful approach as detectors consists of the combi-
nation of two or more low-dimensional materials with the aim to take advantage of the
properties of each of them. In this view, the charge transport mechanism and the band
alignment can be optimized to improve the performance of the device, while the integration
of materials with different bandgaps leads to broadband photodetectors. As an example of
combination, PbS [45], PbSe [46], and HgTe [47] QDs are usually used as broadband light
absorbers and deposited on the surface of a high mobility 2D-material as graphene. The
photocharges generated after light absorption are transferred to the high mobility layer and
delivered to the external circuit. This method allows the obtaining of responsivity as high
as 107 A/W at 1450 nm for graphene/PbS QDs structures [45]. Different mechanism based
on the formation of p-n heterojunctions between MoS, and BP shows specific detectivity of
10° cm. vH,/W at 1550 nm [48]. Similar results are obtained for PtSe/CdTe, PtSe, /PtS,,
WSe, /5nSey, MoSep /WSez, MoS, /WSey, MoS; /MoTe; [49]. Other interesting materials
showing promising perspectives in SPD are topological insulators [50]. These represent
a new state of matter showing high mobility helical Dirac states on the surface, which
are protected by time-reversal symmetry. The bulk of these materials is semiconducting
with electronic bandgap in the range of hundreds of meV. For their properties, they can be
used with the double function of infrared absorbers and high mobility layers. Moreover,
the helical nature of the surface electrons, which lock their momentum with their spin,
makes these materials suitable for polarized light detection [51]. Although very promising,
low-dimensional materials still suffer from grain boundary and growth defects, which
limits their charge mobility [52]. This limit, known since the first attempts of graphene
synthesis, is difficult to overcome for large-area devices and can be reduced only using ex-
pensive and sophisticated fabrication methods such as molecular beam epitaxy (MBE) [53].

Table 3 compares the advantages and limitations of common low-dimensional materials
used in SPADs.
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Table 3. Advantages and limitations of low-dimensional materials used in SPADs.

Advantages

Limitations

- Extremely high carrier mobility supports
fast avalanche response times.

- Broad spectral responsivity (visible to
terahertz) enables wide-range photon

Zero-bandgap results in low avalanche
multiplication efficiency unless paired with
other materials.

Requires complex heterostructures or
doping to create the electric fields necessary

Graphene detection. e e

- Flexible and compatible with silicon and fo.r avalanche multiplication.

CMOS technologies. - H1gh dark current due to lack of bandgap

- Robust under high electric fields needed for icreases notse. o
SPAD operation - Susceptible to environmental degradation;

' requires encapsulation.

- Direct bandgap in monolayers enables
frfli(lj’tf}?lgcpa}tlgr?n absorption and avalanche Moderate carrier mobility compared to

- Strong excitonic effects enhance interaction grgphene limits response speed. .
with photons, improving detection - Thin layers may lead to limited absorption;

TMDs efficiency. ! requires thicker or multilayer structures for
(MoSy, WSep, Spectrally tunable properties based on hlghgr eff1c1ency. .
..) . - Fabrication variability affects the
material and layer number make them reproducibility of SPAD performance
adaptable to specific photon energies. P Yo pertor .

- Easier to achieve low dark current - Low .th?rmal sta.blhty under high biases
compared to graphene due to the presence can limit operational robustness.
of a bandgap.

- Tunable bandgap (0.3-2 eV based on - Highly reactive with oxygen and moisture,
thickness) allows detection from visible to requiring strict environmental controls and
near-infrared wavelengths. encapsulation

Phosbh - High anisotropy can enable - Lower carrier mobility compared to
osphorene polarization-sensitive single-photon graphene reduces response speed in
detection avalanche regimes.

- Strong photon absorption enhances SPAD -  Synthesis challenges and layer control
sensitivity in the infrared. affect device consistency.

- Wide .banfigap (.N6 ev) prO.VIdeS excelle'nt - Not intrinsically photoresponsive; must be
electrical insulation, reducing crosstalk in . . ; N
SPAD arrays. palre}(il w1t? actlllve ma;clerlals like TMDs or

_ . . -1 raphene for photon detection.
Boron Nitride - Exceptional thermal and electrical stability &t . ) . .
(h-BN) supports high-bias operation in SPADs. L1rn1t.ed optical absorption ma.kes it

- High-quality heterostructures can be unsuitable as a standalone active layer.
for%neg when combined with other 2D - Serves more as a supporting material than
materials an active photodetector

- High aspect ratio and localized field effects
support avalanche processes at nanoscale -  Electrical noise from metallic CNTs reduces

Carb junctions. signal fidelity in avalanche multiplication.
ar olr; - Strong absorption of photons can trigger - Ultrafast carrier dynamics enable fast
N?ggr}ls)es efficient avalanche multiplication in response in avalanche regimes.

nanostructured designs
- Chirality-dependent properties make
uniform device fabrication challenging.

Poor scalability compared to planar
materials like TMDs and graphene
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High quantum efficiency and size-tunable
bandgap allow operation over a wide - Susceptible to photobleaching and degradation
spectral range. over time.

Quantum Dots Can be integrated into SPAD designs to enhance -  Slow carrier dynamics compared to 2D materials

(QDs) light absorption and create local limit speed in SPAD applications.

avalanche regions - Limited scalability and difficulty in uniform
Compatible with flexible and transparent integration into planar SPAD.
SPAD designs.

In devices studied in [54], the Colloidal QD solids give rise to external quantum
efficiency greater than 80% at 1550 nm, a measured detectivity of 8 x 10! Jones, and a
10-ns response time.

1D quantum nanowires are another low-dimensional material system showing su-
perior single-photon detection performance [55-57]. The structures using nanowires or
nanobelts can be fabricated in much less expensive systems with respect to MBE (about a
factor of 100 in purchase and maintenance costs), and in a shorter time [58]. Compared to
polycrystalline films, nanowires or nanobelts present some interesting advantages, such as
the superior crystal quality that can minimize the impurities density, the deleterious effects
of defects, and grain-boundary recombination, thus contributing to the high sensitivity
of the device; the larger built-in electric field at the heterostructure interface that prolong
the carrier lifetime and greatly reduces the transit time of photon-generated carriers in
the device, leading to the high sensitivity and fast response of the device; the low reverse
breakdown voltage of the order of a few volts in nanowire-nanobelt/Si junctions which
is favored by the nanoscopic size where high electric fields are generated. This makes
nanowires or nanobelts excellent candidates for low-power avalanche photodetectors, the
basic unit of SPAD. Further optimization of the response of the device can come from
the use of nanobelts instead of nanowires. These have a flattened shape, compared to
cylindrical nanowires, and can offer greater adhesion to the surface of the Si substrate,
onto which they are transferred for Si/nanobelt heterojunction formation. Si/nanobelt
heterojunctions are obtained using Bi,Tes topological insulators as in Refs. [59-61].

On the other hand, the study reported in Ref. [62] investigates the discovery and origin
of one-dimensional (1D) moiré stripes on the surface of BipSe3 topological insulator (TI) thin
films and nanobelts. Through scanning tunneling microscopy (STM) and high-resolution
transmission electron microscopy (TEM), the researchers observed a unidirectional strained
top layer with a deformation ranging from 14% to 25% compared to the relaxed bulk
structure. This strain was not attributed to substrate lattice mismatch but rather to a
specific growth mechanism. HRTEM micrograph and the FFT of the surface of BiSe;
sample are shown in Figure 2. The 1D stripes exhibited a spatial modulation of the local
density of states, showing a significant enhancement compared to the bulk system. Density
functional theory (DFT) calculations aligned with the experimental findings, confirming
the preservation of the TI surface Dirac cone in the 1D moiré stripes, as expected from
the material’s topology. However, a substantial renormalization of the Fermi velocity was
noted, and this velocity varied between the top and valley of the stripes. The markedly
increased density of surface states in the 1D moiré superstructure of the TI was identified
as having the potential to induce strong correlations in the topological surface states. These
correlations could, in turn, lead to phenomena such as surface magnetism and topological
superconductivity. The research sheds light on the intricate interplay between strain,
surface morphology, and electronic properties in topological insulators, offering insights
into potential applications and emergent phenomena in these materials. InP nanowire
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arrays gave more interesting results with high gain beyond 10° and 0.8 quantum efficiency

in the whole visible-wavelength range [57].

Figure 2. One-dimensional (1D) moiré stripes on the surface of BiySes topological insulator (TT)
nanobelts (a) HRTEM micrograph of the surface of a Bi;Se3 nanobelt. Three squares highlight two
regions with stripes and one without any features as a reference. The dashed box shows an atomic
resolution of the region without stripes. (b) FFT of the region with no moiré fringes corresponding to
the monocrystalline BiySes. (¢,d) FFT shows new features marked by arrows. Red and green arrows
indicate the 2.5 and 2.6 nm periodicities of moiré stripes, respectively. The orange arrow indicates
the spot corresponding to the (2-10) interplanar distance, while blue arrows indicate a direct lattice
strain along the (2-10) direction [62].

The avalanche effect in 2D materials, particularly in van der Waals heterostructures,
has become a subject of significant interest in the electronics and optoelectronics community.
This interest was sparked by the successful isolation of 2D graphene in 2004 [63-66], which
led to a surge of exploration into other 2D materials. Transition metal dichalcogenides
(TMDs) [67-70], black phosphorus (BP) [71-75], and hexagonal boron nitride [76-78] are
among the many 2D materials that have been intensely studied for their potential applica-
tions in electronics and optoelectronics. 2D graphene, a carbon allotrope arranged in a flat
monolayer with a honeycomb lattice structure, exhibits a zero-bandgap nature. This means
it has degenerate conduction and valence bands at the six corners of the Brillouin zone.
While this gapless property allows graphene to interact with light across a wide spectrum
from ultraviolet to microwave [66,79], making it promising for broadband photodetection,
it poses challenges for achieving high signal-to-noise ratios in photodetectors. In con-
trast, other 2D materials like TMDs [42,63,67,68,80-83] and BP [71-75], which have decent
bandgaps, have become attractive options for photodetection applications. 2D graphene
field-effect transistors demonstrate ultrahigh room-temperature mobility, reaching up to
15,000 cm? V1 s [65,84]. However, the zero-bandgap nature of graphene prevents the
realization of photodetectors with a high signal-to-noise ratio [85]. The unique properties
and wide range of material characteristics in 2D materials, combined with the possibilities
offered by van der Waals hybrids of these materials [44,86-89], open up avenues for creating
a variety of ultrasensitive photodetectors.

Conventional APDs typically require high voltage to initiate impact ionization of
avalanche breakdown. This is due to their long active regions, which are on the micrometer
scale, hindering carrier multiplication with high gain, low bias, and superior noise perfor-
mance [90]. However, in nanoscale InSe/BP 2D/2D heterostructures, the active region is
significantly shorter, falling within the sub-mean free path region. This characteristic enables
these heterostructures to achieve what is known as ballistic avalanche [91]. In a vertical InSe/BP
2D/2D heterojunction, both the InSe and BP layers have thicknesses of approximately 10 nm.
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The BP layer is positioned directly on top of the InSe layer to create a vertical structure. In
this setup, the 2D BP layer serves as the avalanche region, which can be effectively mod-
ulated by an external electric field. The ultrashort nature of the avalanche region in these
structures results in high carrier multiplication, reaching up to 3 x 10%, along with superior
noise performance. Due to their atomically thin nature, 2D layered materials often exhibit
low-light absorption coefficients. However, employing impact ionization, which supports
carrier multiplication, presents a promising approach to designing 2D photodetectors with
high gain [86,91,92]. Despite this potential, avalanche photodetectors based on 2D materials
and their van der Waals heterostructures have not been extensively studied. Therefore, this
area holds significant promise as a research direction within the 2D optoelectronics community,
especially for advancements in single-photon detection technologies.

3.2. Superconducting Nanowire Single-Photon Detector (SNSPD)

SNSPD [93] is a completely different approach. In these materials, electrons couple
in a Bosonic condensed state below the critical temperature T.. The condensed state
is separated by an energy gap from the normal state that, for most superconductors,
is of the order of a few meV. The operation principle of these devices is based on the
transition to the dissipative normal state when incident radiation with energy of the same
order of the superconducting gap interacts with the superconducting nanowire cooled
below T.. The nanowire is DC-biased at a value just below its critical current density
value J.. The interaction with a photon of a given energy generates a hotspot, which
reduces the superconducting cross-section, forcing the bias current to flow across a thinner
section of the nanowire around the hotspot region. This increases the current density
flowing in the nanowire at a value higher than the critical value J;, inducing the transition
to the normal state. Consequently, an increase in the voltage is recorded depending
on the normal state resistance of the nanowire. The choice of the material affects the
working temperature, the bias current as well as the size of the nanowire [93]. This last
condition is bound to the dimension of the hotspot generated after the absorption of the
photon, which depends on the coherence length ¢ of the superconducting material. The
best requirements are high T. to reduce time and consumption related to the cooling
process, high normal state resistivity p, to have a detectable voltage signal, and sizes of
2-3 times ¢. Commercial SNSPD is mainly made of NbN, a superconducting material with

. =15 K, J. of the order of 108 A/cm?, & =5nm and P =20 pQ) - cm. Other materials
are Nb (T, = 9.2 K), NbTiN (T, =11.8 K, p =156 pQ) - cm), TaN (T, = 8.7 K, p = 250 u(2 -
cm). Despite the inconvenience of the cooling process, which limits this kind of detector
to a few applications, SNSPD shows many advantages. These come from their high
efficiency related to the transition to the superconducting state, which gives an output
signal of hundreds of mV detectable without the use of amplifier circuits; to the absence of
quenching circuits because the operation conditions are restored by the cooling mechanism;
to possible large area obtained by shaping the nanowire in the form of meander; very
low noise, due to the reduction of heating effects in the superconducting state. Other
materials with higher T; are experimented for SNSPD [94]. They are high-temperature
superconductors such as YBCO, PrBCO, etc., with T, =92 Kand J. = 107 A/cm?. However,
despite the advantage of working at higher operation temperatures, these materials suffer
from the presence of thermal fluctuations, which strongly affect their stability when biased
below the critical current.
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SNSPDs have been recently implemented in two different schemes to demonstrate
devices with some photon-number-resolving capability. Both achieve this using several
distinct nanowires to fill the active area rather than just a single nanowire. The first scheme,
known as the parallel-superconducting Nanowire Single-Photon Detector (P-SNSPD) [95],
utilizes nanowires connected electrically in parallel. The currents flowing through these
parallel wires are combined, generating a single analog output signal proportional to
the number of wires that have transitioned to the normal state due to incident photons.
This configuration offers the potential for even faster operation compared to the original
single SNSPD, as the inductance of individual wires is much lower than the longer single-
wire meander of the original SNSPD, which was limited by inductance in its temporal
response [96]. This parallel-SNSPD design has been demonstrated using niobium nitride
(NbN) nanowires with a width of 100 nm, capable of counting up to four photons. It
exhibits a low dark-count rate of 0.15 Hz and operates at a high repetition rate of 80 MHz.

In the work described in Ref. [97], they implemented a novel and simple scheme that
can read out multiple SNSPDs with only one coaxial cable without the requirement of
complex post-processing. Figure 3(Left) illustrates the final device setup, comprising four
SNSPDs and two alignment mirrors, with a fixed 127 um spacing to align with the fiber-to-
fiber pitch of a six-channel fiber array (FA) made of standard single-mode fibers (SMFs).
Alignment is conducted at room temperature by reflecting light from the substrate surface
through the first and sixth fibers and optimizing their position over the Au mirrors using a
power meter. Once aligned, the FA is secured to the sample with cyanoacrylate adhesive
(inset, Figure 3(Right)). The sample is then mounted in a GM cryostat (Figure 3(Right)) and
cooled to a base temperature of 2.9 K. Combining their approach with the use of a cryogenic
amplifier, tens of detectors can be read with a single coaxial cable with a minimum thermal
impact on the operating temperature. Although the parallel-SNSPD performs well in terms
of dark-count rate and repetition rate, its detection efficiency at 1300 nm is relatively modest

at 2%, lagging behind other photon-number-resolving detectors in this specific aspect [95].

WSS RN NN
SNSPD meanders
Alignment
mirror

Figure 3. (Left): Scanning electron microscopy of the sample layout showing two alignment mirrors
and four SNSPDs. In the image is illustrated the end face of the six-channel FA used for the coupling.
The first and sixth fibers (red arrows) are used to locate the position of the Au mirrors. (Right):
Sample holder with the FA glued and top and ready to be mounted on the cold head of a GM cryostat.
(Inset): Optical microscope picture of the FA glued to the sample [97].

The study in [98] presents an experimental approach to evaluate the detection latency
in SNSPDs, highlighting that low-latency materials are critical for minimizing timing
jitter. Using a tailored NbN SNSPD, whose optical micrograph illustrated in Figure 4, the
authors demonstrate exceptional temporal resolution, achieving 2.6 + 0.2 ps for visible
wavelengths and 4.3 & 0.2 ps at 1550 nm. These findings underscore the importance of
material properties in optimizing SNSPD performance for high-precision applications.
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Figure 4. Low-jitter specialized niobium nitride SNSPD. (a) Optical micrograph of a representative
device. with a small dashed rectangle on the left showing the nanowire region. Darker blue represents
the NbN, while the lighter green/blue color represents the regions removed in the CF4 etch. (b) The
nanowire region [98].

The research in [99] explores the fabrication of two types of high-temperature supercon-
ducting nanowires for single-photon detection. The photon count rate exhibits linear scaling
with radiation power at the telecommunications wavelength of 1550 nm, confirming single-
photon operation. High-temperature SNSPDs are fabricated by transferring 10-15 nm
BSCCO flakes onto pre-patterned gold contacts, encapsulating them with hBN slabs to
prevent degradation, and patterning meander structures using a He+ ion beam, which
introduces insulating regions without etching (Figure 5a,b). The resulting SNWs are 56 pm
long and 100 nm wide (Figure 5b inset). To enable scalable production, LSCO-LCO bilayer
films (Figure 5c,d) are grown via atomic-layer-by-layer molecular beam epitaxy, offering
high-Tc interface superconductivity, air stability, and compatibility with standard nanofabri-
cation processes. These heterostructures support the fabrication of robust, ultra-thin SNWs.
Specifically, SNSPDs fabricated from thin flakes of Bi;SrpCaCuyOg s demonstrate single-
photon response up to 25 K, while SNSPDs based on Laj 55519 45CuO4LayCuQy bilayer
films operate up to 8 K. Although the detection mechanism remains not fully understood,
the findings extend the range of materials for SNSPD technology beyond liquid helium
temperatures, hinting at the potential for even higher operating temperatures with other
high-temperature superconductors.
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Figure 5. High temperature superconducting nanowires High-T. superconducting nanowires.
(a) Schematic of the BSCCO single-photon detector: a relatively thin flake of BSCCO is covered
by a much thicker flake of hBN and transferred onto ultra-flat gold contacts. The SNW region is
defined by a He™ beam exposure. (b) Optical photograph of the BSCCO device. The green line
demarcates the photodetector area. The contact geometry was chosen to reduce the total resistance of
the gold electrodes. Scale bar, 3 um. Inset: example SEM image of a BSCCO SNW produced by He™
beam exposure. Scale bar 2 um. (c) Schematic of the LSCO-LCO single-photon detector: a high-T,
two-dimensional superconductor (SC) is formed at the interface between the 5-UC-thick layer of
the LCO insulator and the 5-UC-thick layer of the LSCO metal on strontium lanthanum aluminate
(LSAO) substrate. The contact leads are 50 nm-thick titanium—gold. (d) An SEM image of a typical
LSCO-LCO SNW device. Scale bar 2 pm [99].

The study presented in Ref. [100] demonstrates high-efficiency PNR detectors employ-
ing a P-SNSPD architecture. This design effectively eliminates crosstalk between pixels and
is free from latching issues. The detector’s behavior is modeled to predict outcomes based
on a given number of incoming photons. This model is applied to a four-pixel P-SNSPD,
achieving an impressive system detection efficiency of 92.5%.

In the second scheme, parallel wires are employed as completely separate detectors.
Each is paired with its individual output. The resulting output is digital, wherein the
number of output pulses corresponds directly to the number of photons detected. This
configuration has been demonstrated using a system comprising four separate wires,
achieving a reported system detection efficiency of 25% [101].

The study in Ref. [102] investigated the waveguide photon-number-resolving detectors
(WPNRDs) on GaAs/Aly75Gaps5As ridge waveguides based on a series connection of
nanowires. The detection of 0—4 photons has been demonstrated with a four-wire WPNRD
with a single electrical readout. Waveguide-integrated WPNRDs on GaAs are fabricated
through a five-step electron beam lithography process using a high-resolution Vistec
EBPG 5HR system with 100 kV acceleration voltage. The first step involves defining
Ti(10 nm)/Au(60 nm) electrical contact pads and alignment marks using positive-tone
PMMA resist, evaporation, and lift-off. Additional Ti(5 nm)/Au(20 nm) pads are patterned
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in the second step to connect nanowires to parallel resistances (yellow pads, Figure 6a
inset). The WPNRD electrical structure consists of four wires connected in series, each
shunted by a resistance (Figure 6b). A device quantum efficiency of ~24% was reported at
1310 nm for the transverse electric polarization.

aeb ey

Figure 6. Waveguide photon-number-resolving detectors (WPNRDs) on GaAs/Aly 75Gag 25As ridge
waveguides based on a series connection of nanowires (a) Scanning electron microscope image of a
WPNRD. Inset on the upper left: a blow-up image of the four wires before the waveguide etching
step, where the wires have been colored for clarity. Inset on the upper right: a close-up, false-colored
image of four AuPd parallel resistances (4 x Rp); (b) Schematic of a WPNRD consisting of four wires
in series with a resistance (Rp) in parallel to each wire. The scale bar of both the insets is 500 nm [102].

The work in [103] introduces a compact multi-pixel SNSPD array that combines
near-unity detection efficiency (91.6%), a high photon-counting rate (1.61 Geps), a broad
dynamic range capable of resolving photon numbers from 1 to 24, and four-quadrant
position sensing, all integrated within a single device. The authors also constructed a
communication testbed to validate the advantages of this architecture. Figure 7a displays a
scanning electron microscope image of a 2 x 2 array device designed for position sensing
by functioning as a photon-counting 4-QD. Each quadrant comprises six sub-pixels, with
nanowires shunted by neighboring resistors arranged in a fishbone geometry (Figure 7b).
This design enhances thermal cooling compared to stripline resistors, preventing latching
at high counting rates. Detector fabrication details are in the supplementary materials
of [104], with parameters provided in the methods section. Using 8-PPM (pulse position
modulation) format communication, a maximum data rate of 1.5 Gbps was achieved,
with sensitivity exceeding prior benchmarks at comparable speeds. By incorporating
photon-number information into error correction codes, the receiver demonstrated robust
tolerance to background noise levels of up to 0.8 photons/slot at a data rate of 120 Mbps,
indicating suitability for daylight operation. Preliminary beam tracking tests using open-
loop scanning further revealed quantitative sensitivity variations based on beam location,
emphasizing the system’s adaptability and potential for advanced applications.
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Figure 7. Detector architecture. (a) Scanning electron microscope (SEM) image of the 4-QD. (b) Simu-
lations of the temperature distribution of the niobium nitride (NbN) surface below the “fishbone”
resistor when the third sub-pixel fires and all six sub-pixels fire [103].

3.3. Quantum-Dot Field-Effect Transistor-Based Detector (QDOGFET)

QDOGEET [104-106] is a novel single-photon detection method developed for near-IR
sensitivity. This design incorporates a QD with a field-effect transistor (FET) to create a
highly sensitive photon detector. The QDOGFET structure consists of an optical absorber
with a thin layer of QDs placed between the gate electrode and the FET’s conduction
channel. In this setup, incident photons are absorbed, and the resulting charges move
to the QDs, where they are trapped. These trapped charges shield the gate potential,
altering the FET’s channel conductance. In specific implementations, trapped carriers,
such as holes, reduce the negative field of the QDs, enhancing device conductivity [107].
This configuration enables unimpeded current flow until the photon-generated carrier is
removed or recombined, producing an observable single-photon signal. Another varia-
tion of this detector operates similarly but uses native traps instead of QDs to store the
photo-generated charges. Both approaches showcase innovative methods for achieving
efficient single-photon detection in the near-infrared range. Ref. [108] presents ultrahigh-
performance phototransistors based on a hybrid structure of SnySg*~-capped CdSe QDs
and an amorphous oxide semiconductor (AOS). The study investigates photo-induced
charge separation at the interface through detailed electrochemical and spectroscopic anal-
yses. Scanning photocurrent microscopy reveals a photovoltaic-dominated response due
to the reduced density of trap states on the QD surface. Figure 8a illustrates the experi-
mental setup for SPCM measurement. Representative photocurrent maps for SCN- and
Sn,Se*~-capped CdSe QD/a-IGZO phototransistors are shown in Figure 8b and ¢, respec-
tively, under a drain bias of 1 V, gate bias of 0 V, excitation wavelength of 532 nm, and
excitation power of 0.55 uW. These phototransistors exhibit exceptional photosensitivity
(exceeding 6000 A/W), EQE of 44%, wide dynamic range, and fast response times. The
findings highlight that chelating chalcometallate ligands enable superior performance in
QD-based hybrid phototransistors, offering scalability and compatibility with large-scale
and on-chip applications.
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Figure 8. (a) Schematic of the SPCM measurement (SPCM) setup. With a laser with wavelength
(A1gser) of 532 nm and power of 0.55 uW. (b,c) Scanning photocurrent imaging in the source, channel,
and drain regions (Vpg = 1 V) of the QD/a-IGZO phototransistor with SCN- and SnpSet— ligands.
Scale bar 5 pm [108].

In an alternative quantum-dot-based approach, photo-generated carriers are utilized
to enhance resonant tunneling through a double barrier. This method involves adjusting
the electric field to align the well between the two barriers with the energy level of the band
on the opposite side of one of the barriers. Consequently, the tunneling rate significantly
and proportionally increases with the number of incident photons. In this scheme, the
photo-generated holes trapped by the QDs play a crucial role by providing the necessary
field to shift the intermediate band into resonance. This process facilitates a dramatic
enhancement in the tunneling rate, making it highly responsive and efficient in detecting
incident photons [109].

Depending on the specific implementation, some QD-FET detectors may exhibit
photon-number-resolving (PNR) capabilities. This means they can distinguish between
different numbers of incident photons. The detection efficiency of QD-FET detectors can
vary depending on the specific design and materials used. The dark-count rate, which
represents false counts in the absence of incident photons, is a key parameter for evaluating
the performance of these detectors. The operating temperature of QD-FET detectors
may vary, and some implementations may require specific temperature conditions for
optimal performance.

The QDOGEFET detector achieves photon-number-resolving (PNR) capability with a
detection efficiency of approximately 2% at 805 nm [104-106]. It accurately distinguishes
0, 1, 2, and more than 3 photons, achieving correct assignments of 94%, 89%, 83%, and
90%, respectively, at a low dark-count probability of 0.003 per gate and a repetition rate of
50 kHz. Another QD detector, based on resonant tunneling modulation, exhibits limited
PNR capability with a detection efficiency of about 0.48% [110]. A variant of this scheme
demonstrates linear operation, indicating potential for PNR functionality [109]. Optimizing
the dark-count rate to 200 cps reduces detection efficiency to 5%. The detector operates at
77 K, with faster performance achieved at 4 K.

3.4. Superconducting Tunnel Junction (ST])-Based Detector

STJ-based detector [111-113] is one of the early superconducting photon-number-
resolving detectors. An ST]-based detector is a type of single-photon detector that utilizes
the principles of superconductivity and tunneling to detect individual photons. The key
component of an STJ detector is the superconducting tunnel junction, which consists of
two superconducting electrodes separated by a thin insulating barrier. The two electrodes
of the tunnel junction are made of superconducting materials. When these materials are
cooled below their critical temperature, they enter a superconducting state characterized
by the absence of electrical resistance and the expulsion of magnetic fields. Between the
superconducting electrodes, there is a thin insulating barrier. This barrier prevents the direct
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flow of electrons between the superconductors but allows for quantum tunneling to occur.
When a photon is incident on the detector and is absorbed, it can generate quasiparticles
(excitations) in the superconducting electrodes. The generated quasiparticles can tunnel
through the insulating barrier due to the quantum nature of tunneling. The tunneling
current is sensitive to the presence of quasiparticles. The tunneling current is measured,
and the detection of a current pulse indicates the absorption of a photon. The magnitude of
the current pulse provides information about the energy of the absorbed photon.

STJ-based detectors are known for their high-sensitivity and low-noise characteristics.
This device offers precise photon-number resolution, effective in the 200 nm to 500 nm
wavelength range. Demonstrations have shown detection efficiencies exceeding 45%,
calculated through reflectance and transmittance, at around 10 kHz count rates and 0.37 K
operating temperature [113]. Background count rates are exceptionally low, below 0.1% of
photo-generated counts, primarily due to electronic noise, with a minor contribution from
thermal blackbody photons. The study in Ref. [114] demonstrated that cryogenically cooled,
photon-counting superconducting tunnel junctions (STJs) can effectively capture optical
spectra from multiple biological fluorochromes concurrently. Using a single-pixel tantalum
STJ with a wavelength-resolving power of approximately R = A/AA = 10, the anticipated
sensitivity is confirmed to improve over traditional photomultiplier-based detectors, which
are frequently used for detecting signals in microarrays and other fluorescent biological
systems. This enhanced sensitivity makes ST]s particularly promising for applications
requiring high precision in fluorescence measurement.

Ref. [115] demonstrates single-photon detection in the near-infrared by coupling
photons to localized surface plasmons within a graphene-based Josephson junction. The
photon-induced switching statistics of the current-biased device reveal the pivotal role
of quasiparticles generated by the absorbed photons in the detection mechanism. This
approach highlights the potential for high-speed, low-power optical interconnects in future
superconducting computing architectures.

3.5. Transition Edge Sensor (TES)

A TES is a type of single-photon detector that operates by exploiting the sharp change
in the resistance of a superconducting material as it transitions from the superconducting
state to the normal resistive state. TES detectors are highly sensitive and can detect
single photons by measuring the small increase in resistance caused by the absorption of
photon energy, which leads to a temperature rise in the superconducting material. This
temperature change is typically on the order of millikelvins and can be detected with very
high precision. TES detectors are known for their high detection efficiency (above 98%) and
low dark-count rate, which makes them particularly attractive for quantum information and
astronomical applications. They are especially well-suited for photon number-resolving
detection, meaning they can distinguish between different numbers of photons in a single
event, which is a significant advantage over traditional SPADs that typically only resolve
single-photon events. The optical Ti/Au bilayer TES device reported in [116] shows an
energy resolution of 0.19 eV with a 20 x 20 um? active area. An antireflection structure of
SiO, and SiNy dielectric layers is applied to TES devices, as shown in Figure 9a, using ICP-
PECVD for fabrication. Measured optical parameters at 1550 nm include refractive indices
and extinction coefficients of (1.47, 0) for SiO;, (1.92, 0) for SiNy, (4.03, 3.81) for Ti, and (0.56,
9.91) for Au. Simulations, depicted in Fig. 3(b), show a minimum reflectivity of ~23% and
transmittance near 10~3. To optimize performance, 270 nm SiO; and 350 nm SiN, layers
are precisely deposited. Figure 9c presents the optical image of the TES device. The active
Ti/Au film area, measuring 20 pm x 20 um, is defined through UV lithography and a lift-off
process. Nb superconducting leads, used for electrical wiring, are also fabricated via lift-off,
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with sufficient thickness to preserve superconductivity during subsequent fabrication steps.
Figure 9d shows the backside image captured from the CCD The devices can discriminate
up to 36 photon states.
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Figure 9. (a) The cross-section of the layer structure of the TES, including the coupled optical
fiber; (b) simulation results of the reflectivity of the optical structure. Optical Ti/Au TES with a
20 um X 20 pm sensitive area with Nb leads: (c) a whole view of the TES device; (d) the enlarged
view of the device achieved during the optical fiber alignment process. A light spot can be observed
at the center of TES to locate the position of optical fiber [116].

At visible to near-infrared (VNIR) wavelengths, Transition Edge Sensor (TES) calorime-
ters offer several advantages over conventional detectors, such as broad wavelength cover-
age, intrinsic energy resolution, high quantum efficiency, short photon detection timescales
(microseconds), and negligible dark counts [117,118]. These capabilities have enabled the
experimental testing of fundamental laws of quantum mechanics, particularly in loophole-
free Bell tests and in photonic quantum computing. The report [119] presents an inves-
tigation into the performance of the Transition Edge Sensor (TES) when illuminated by
a heavily attenuated pulsed laser operating at a repetition rate of 1 MHz. It specifically
examines the effects of incorporating gold to accelerate device recovery times, utilizing a
higher bandwidth readout system. The optimal performance was attained by integrating a
tungsten TES with gold, which yielded a recovery time of less than 250 ns and an energy
resolution of 0.25 eV full-width at half maximum at 0.8 eV photon energy.

Ref. [120] reports a significant quantum computational advantage using Borealis, a
photonic processor that offers dynamic programmability across all implemented gates.
Gaussian Boson Sampling (GBS) was performed on 216 squeezed modes, which were
entangled with three-dimensional connectivity, utilizing a time-multiplexed and photon-
number-resolving architecture. Borealis demonstrates a runtime of merely 36 us, which
represents an advantage over 50 million times more extreme than that reported from previ-
ous photonic machines. This model constitutes a substantial GBS experiment, registering
events with up to 219 photons and achieving a mean photon number of 125.

Additionally, VIS-NIR TES detectors are well-suited for applications in exoplanet
atmospheric spectroscopy [121,122] and biological imaging [123,124]. The current mea-
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surements obtained for TES are constrained by the relatively small array sizes that have
been achieved. Other limitations of TES detectors include large timing jitter and relatively
long recovery times, which can hinder their use in high-speed applications like real-time
quantum communication. They also require operation at very low temperatures, which
necessitates complex and costly cooling systems like dilution refrigerators.

Table 4 summarizes the SPDs reported in some of the most recent articles.

Table 4. Summary of the recent SPDs.

Origin * Year Type 1.5K WL (nm) Performance
GBR [32] 2018  Ge-on-Si SPAD 125 1310 SPDE 38%, DCR 10 Mcps
CHN [33] 2022 InGaAs/InP SPAD 250 1550 SPDE 55.4%, DCR 43.8 kcps
CHN [34] 2022 InGaAs/InP SPAD 233 1550 SPDE 30%, DCR 0.665 kcps
CHE [35] 2022 InGaAs/InP SPAD 225 1550 SPDE 43%, DCR 55 kcps
GBR [37] 2024 InGaAs/AlGaAsSb APD 200 1550 SPDE 5-16%, DCR 1-20 Mcps
DEU [38] 2024 SiSPAD 200 488-532 SPDE > 6%, DCR < 100 kcps
TWN [39] 2024  Ge-Si SPAD 295 1310 SPDE 12%, DCR 19kcps
DEU [36] 2024  Ge-on-Si SPAD 110 1310 SPDE 7.3%, DCR 953 keps
CAN[54] 2021 CQD 298 1550 EQE > 80%, Detectivity 8 x 10'! Jones, 10-ns response time
ITA [97] 2019  3C SiC SNSPD 2.9 1550 SDE 2.8%, DCR 10 kpcs
USA[98] 2020 SNSPD 295 1550 Temporal resolution 4.3 £ 0.2 ps
USA[99] 2023 g‘j SEZLCa:gﬁé)?gﬁS/I&SLSS Sto4s High 1550 SP response 25 K/8 K
CHE [100] 2023 P-SNSPD 0.8 1550 SDE 92.5%, DCR 140 cs
CHN [103] 2024 NbN SNSPD 295 1550 near-unity DE 91.6%, photon-counting rate 1.61 Geps, PNR 1-24
KOR [108] 2020 Sn2564*—capped CdSe QD/AOS 295 532 Photosensitivity > 6000 A/W, EQE 44%
USA [115] 2021 Josephson junction SPD 27 m 1550 -
CHN [116] 2022 Ti/AuTES 72 m 1550 Energy resolution 0.19 eV, Incident photon number 36
CAN [120] 2022 TES 306 1550 GBS on 216 squeezed modes in 36 us, Mean photon number 125
USA [119] 2023 Ti/AuTES 45m 1550 Recovery time < 250 ns, Energy resolution 0.25 eV

WL: wavelength; SPDE: single-photon detection efficiency; DCR: dark-count rate; CQD: colloidal quantum dot;
QD: quantum dot; EQE: external quantum efficiency; SDE: system detection efficiency; PNR: photon number
resolving; AOS: amorphous oxide semiconductor; *: country code Alpha-3.

4. Conclusions

In the field of single-photon detectors, although SPADs are widely utilized for nu-
merous applications, specific needs often demand capabilities beyond what SPADs can
offer individually. Consequently, extensive research efforts focus on enhancing detectors,
targeting various improvements such as achieving nearly 100% detection efficiencies, re-
ducing timing jitter to sub-50 picoseconds, mitigating afterpulsing effects, and improving
photon-number resolution. Table 5 compares the different types of SPD introduced in this
article: SPADs, SNSPDs, QD-FET-based detectors, and ST]-based detectors, highlighting
their key characteristics and typical applications.

Simultaneously, researchers are exploring multifaceted approaches to enhance multi-
ple detector parameters concurrently. For instance, advancements are underway to impart
photon-number resolution to high-speed SNSPD systems by employing multiple-element
detectors. Innovations, like switched multiplexed detectors, aim to reduce both dead time
and afterpulsing effects simultaneously. Moreover, inventive techniques like infrared up-
conversion schemes are being investigated, exhibiting high efficiency, elevated count rates,
and minimal background noise. SPDs are a rapidly evolving field due to their critical role
in quantum technologies, optical communication, and advanced sensing applications. The
detection and manipulation of single photons are essential for a range of applications in
quantum information science, including quantum computing, secure QKD in cryptography,
and quantum-enhanced metrology. Here are some key trends in this area:

Advances in SNSPDs
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- SNSPDs are among the most promising single-photon detectors due to their high
efficiency (over 90% in some cases), low timing jitter (tens of picoseconds), and
excellent scalability.

- They operate at cryogenic temperatures but offer unrivaled performance for quan-
tum communication, deep-space optical communication, and other high-precision
applications.

- Research is focusing on increasing their detection efficiency across a broader range
of wavelengths and reducing cooling requirements, potentially making them more
commercially viable.

Photonic Integrated Circuits (PICs) for Single-Photon Detection

- Integrating SPDs directly onto photonic chips is a growing trend, supporting scalable
quantum computing and communications.

- This trend involves developing on-chip SNSPDs, APDs, or other quantum detectors,
allowing for more compact, robust, and efficient quantum circuits.

Single-Photon Detectors for QKD

- The development of highly efficient, low-noise single-photon detectors is central to
advancing QKD systems for secure communication.

- Optimizing SPDs for use in both terrestrial and satellite-based QKD networks is an
area of intense research, requiring detectors capable of high-speed operation with low
error rates.

Room-Temperature Detectors

- Efforts are ongoing to develop room-temperature single-photon detectors using novel
materials such as 2D materials (graphene, MoS;, etc.) and nanostructured semicon-
ductors. These detectors aim to combine high efficiency with the practicality of not
requiring complex cooling systems.

Improvement in Timing Resolution

- Timing resolution (jitter) is crucial for TCSPC applications and quantum informa-
tion processes. Research is driving towards detectors with increasingly precise time
resolution, pushing sub-10 picosecond jitter in some cases.

Applications in Quantum Sensing and Imaging

- SPDs are being adapted for quantum-enhanced sensing applications such as quan-
tum LiDAR, where they offer superior depth resolution, and in quantum-enhanced
microscopy and imaging systems, leveraging their high sensitivity.

Cryogenic Systems and Detector Packaging

- Making SPDs more practical involves not only improving intrinsic properties but
also designing efficient cryogenic systems and compact packaging that can interface
seamlessly with quantum systems.

Single-photon detectors face several challenges that must be addressed to fully realize
their potential. One major issue is the trade-off between detection efficiency and noise
levels, as higher efficiency often increases dark counts. This can be mitigated by developing
advanced quenching circuits and noise-suppression techniques. Another challenge is the
reliance of some SPDs, like SNSPDs, on cryogenic cooling, which adds complexity and
cost; exploring high-critical-temperature superconductors or alternative cooling methods
could offer a solution. Integration with existing optical and quantum systems is also
challenging due to mismatched interfaces and sizes, requiring compact designs and hybrid
integration technologies. Scalability for large-scale quantum networks poses thermal and
power constraints, which could be addressed through multiplexing and efficient thermal
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management. SPDs also struggle with sensitivity across a broad wavelength range, which
might be overcome by multi-junction or spectrally adaptive designs. Lastly, achieving
better timing resolution while maintaining high efficiency is technically complex but could
be advanced through optimized geometries and sophisticated signal processing techniques.

Table 5. Comparison table of SPADs, SNSPDs, QD-FET-based Detectors, STJ-based Detectors and

TES Detectors.

Type

Advantages

Limitations

Typical Applications

Room-temperature
operation; compact;

Limited detection
efficiency (~50% at

Quantum communication,

SPAD high-speed response; telecom wavelengths); I;;IZAII;’ time-of-flight
scalable for arrays. higher dark-count rates. gng:
Extremely low dark-count Requires crvogenic
rates; high detection q. . yos! QKD, quantum networks,
SNSPD . o cooling; high cost; . .
efficiency (>90%); low complex setu astronomical observations.
timing jitter (<50 ps). P p:
Room-temperature Still in early development; .
. . . .. Experimental quantum
QD-FET operation; potential for lower detection efficiency optics, compact sensing
integration with CMOS; and limited photon energy devicés
broadband detection. resolution. ’
Photon-number resolution;  Slow recovery time; Photon counting in
STJ wide spectral range; operates at very low astrophysics, X-ray
negligible dark counts. temperatures (~100 mK).  spectroscopy.
High energy resolution; Long recovery time; Loophole-free Bell tests,
TES photon number resolving;  requires ultra-low exoplanet spectroscopy,

negligible dark counts.

temperatures (~100 mK).

biological imaging.
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