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Abstract

Integrated photonics is expected to play a key role in the scalability of quantum systems for
applications such as quantum computing, quantum communications, quantum internet, and
quantum metrology. One of the primary components of quantum integrated photonics is a single
photon detector, which reads out the quantum information encoded in photons. Amongst
available single-photon detection schemes, superconducting nanowire single photon detectors
(SNSPDs) remain the most promising technology for effective on-chip coupling, because they
can be seamlessly integrated with a wide range of waveguide materials and substrates and have
shown unparalleled performance from visible to the mid-infrared regime. Here, we review
different aspects of SNSPDs and schemes for their on-chip integration for different integrated
photonics applications. Although mostly concentrated on quantum applications, we also cover
some of the important wider photonics applications including imaging, Al and machine
learning, and single-photon spectroscopy, and conclude the review with a future outlook
discussing emerging research areas enabled by photonic integrated circuits based on SNSPDs.

Keywords: invited, waveguide, SNSPD, integrated photonics, single photon detection,
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1. Introduction

Since first reported by Gol’tsman and co-workers in 2001 [1],
superconducting nanowire single-photon detectors (SNSPDs
or SSPDs) have become synonymous with state-of-the-art
single photon detection [2, 3]. They have shown unparalleled
performance, particularly in the infrared regime and telecom
wavelengths with high quantum efficiency (QE) (>90%), few-
ps timing jitter, photon number resolution, response time of the
order of tens of ns, high spectral sensitivity, and dark counts
below 1 Hz [2, 4]. This, in turn, has allowed a wide range
of both classical and quantum applications, including ultrafast
long distance quantum key distribution (QKD) [5-7], quantum
computation [8, 9], boson sampling [10, 11], quantum optics
[12, 13], optical time domain reflectometry [14, 15], fluores-
cence lifetime imaging microscopies [16—19], and neuroima-
ging with unparalleled resolution [16, 20].

In parallel, photonic integrated circuits (PICs) are already
revolutionizing classical technologies such as light detec-
tion and ranging (LiDAR), optical biosensing, telecom-
munications, data centers, augmented- and virtual-reality.
Photodiodes or avalanche photodiode detectors (APD) are
critical components of these classical PICs. Integrated APD
technology is advancing rapidly for high-sensitivity receiver
applications [21, 22]. However, for most classical applications,
APDs are not typically operated in single-photon counting
mode. Moreover, their performance is usually constrained by
gain-bandwidth limitations and significantly affected by high
dark current levels.

Most of the quantum optical applications listed above
requires detectors with single photon counting and/or photon
number resolving capabilities. So far, these quantum systems
have been developed using stand-alone APDs operated in the
photon counting modes (SPADs), SNSPDs, or transition edge
sensors (TESs). Unsurprisingly, just as was the case in clas-
sical photonic technologies, there is a trend towards integ-
rating several of these detectors on a single chip to improve
overall processing power. One major differentiating factor for
superconducting detectors is that they must operate at cryo-
genic temperatures. This implies that either the entire photonic
chip has to be operated at cryogenic temperatures, or the
detectors alone are integrated on one chip operated in a cryo-
stat, connected to the main processing chip via optical fiber(s).

SNSPDs have demonstrated exceptional performance com-
pared to other single-photon detection technologies, such as
SPADs and TESs [9]. Especially, for applications requiring
only single-photon sensitivity, SNSPDs offer clear advant-
ages over SPADs, with higher efficiency, better timing resolu-
tion, and significantly reduced dark counts. In photon-number
resolving (PNR) applications, while SNSPDs have shown
promise, particularly when combined in photonic circuits,
it remains an open question whether they outperform TESs
for high-fidelity photon counting. Nonetheless, in comparison
to other superconducting detector types, SNSPDs operate at
relatively elevated temperatures (2—4 K) and integrate more
readily with a wide range of waveguide materials, including

foundry-compatible options such as silicon, silicon nitride,
tantalum pentoxide, lithium niobate, and gallium arsenide.
These capabilities, combined with their scalability and versat-
ility, establish SNSPDs as one of the primary candidates for
quantum PICs applications.

Moreover, waveguide integrated SNSPDs (WSNSPDs)
have other added advantages, for example, compared to stand-
alone systems, WSNSPDs allow for near-perfect absorption in
a relatively smaller segment of nanowire because of enhanced
interaction length between the nanowire and the waveguide.
This, in turn, allows for smaller dead time and few-ps tim-
ing jitter with near-unity internal detection efficiency mak-
ing them invaluable for PICs. Additionally, waveguide integ-
ration allows for capabilities such as multiplexing, ultra-low
noise operation, on-chip coincidence measurements, and high-
resolution spectroscopy, which is otherwise very complicated
or not possible for a stand-alone SNSPD system.

Hu et al proposed the first scheme for integrating an
SNSPD with a waveguide [23]. Since then there has been
significant development and an on-chip detection efficiency
(OCDE) of more than 90% has been achieved with ultra-low
dark count [24, 25], and GHz count rate with ~17 ps tim-
ing jitter [26]. Most recently, using an array of WSNSPDs,
Cheng et al demonstrated photon resolving capability for
up to 100 photons, which in turn allowed them to perform
on-chip measurement of the high-order correlation function
for up to 15 photons, opening a new frontier in quantum
photonics [27]. In another important development in the field,
PsiQuantum reported the development of wafer scale fabric-
ation of SNSPDs with thousands of SNSPDs showing above
98% on-chip efficiency [28, 29].

In this review, we summarize some of the most recent
developments in the field of WSNSPDs and anticipate future
developments. Figure 1 provides figurative summary of some
of the aspects covered in this review. For a general review
of SNSPDs, we refer readers to [2, 4, 30-37]. The present
review both updates previous reviews on WSNSPDs [38—
41], and complements those reviews by providing the most
recent developments in the field and covers some other aspects
that were not covered in those reviews. We begin by sum-
marizing the general theoretical concepts of SNSPDs and
the impact of various physical processes on key perform-
ance metrics of SNSPDs (section 2). In subsequent sections
(sections 3 and 4), we discuss some of the most recent devel-
opments relevant specifically to WSNSPDs, such as wave-
guide fabrication technology, materials for waveguides, dif-
ferent schemes for on-chip fiber coupling, superconducting
materials for SNSPDs, schemes for photon number resolu-
tion, and schemes for extending SNSPDs operation to the mid
infrared (mid-IR) regime. In section 5, we discuss applica-
tions of WSNSPDs giving a perspective on both quantum and
classical applications. Finally, before concluding the review,
we include a future outlook section, discussing some of the
foreseeable developments in the field of waveguide integrated
photonics, and the future potential of WSNSPDs in revolution-
izing different sectors of photonics technology.
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Figure 1. A figurative summary of some of the aspects covered in this review.

2. Key concepts

This section describes phenomenological model concepts that
have been used to fit various SNSPD response data. These
models are based on the fundamental superconducting prop-
erties of the material used to form the nanowire. It then iden-
tifies mechanisms that need to be considered when designing
the layout of the nanowire and finishes with readout-circuit
related considerations.

2.1. The detection mechanisms

The detection mechanism of SNSPDs can be categorized into
two regimes- (a) the high-photon energy limit, where the
photon energy striking the nanowire is much greater than 2A,
and (b) the low-photon energy limit, where the photon energy
is just above 2A. Here, 2A represents the superconducting gap
energy.

2.1.1. The high photon energy limit. According to the
Bardeen—Cooper—Schrieffer (BCS) theory, materials trans-
itioning into superconductors at sufficiently low temperatures
develop an electronic bandgap with energy on the order of a
few meV. These materials typically exhibit critical temperat-
ures (T.) ranging from a few to tens of degrees Kelvin. The
energy gap reaches its maximum value at 0 K, and as the tem-
perature approaches 7., the bandgap diminishes. This beha-
vior is summarized by the following equation derived from
BCS theory:

2A (T =0K) = 3.53k, T, (1)

T
2A (T — Tc)z3.07kaC1/l—7. 2)
C

The ability of a superconducting strip to detect a single
photon arises from the fact that if the energy deposited by the
photon exceeds 24, it results in the breaking of Cooper pairs,
causing a localized suppression of superconductivity. This dis-
ruption in the superconducting state is the fundamental mech-
anism behind photon detection in superconducting nanowires.
For example, a photon with energy 1 eV (1240 nm) should
be able to break several hundred Cooper pairs, whose binding
energy is on the order of a few meV.

The degree to which the superconducting state is disrup-
ted depends on the density of broken Cooper pairs, as this
determines the reduction in the local superconducting energy
gap. Notably, it is the density of broken pairs, rather than their
total number, that governs the response. In such scenarios,
the ‘hotspot’ model (see figure 2(a)) offers a straightforward
and effective framework for understanding the dynamics of
nanowire conductivity. This model has been instrumental in
explaining experimental observations.

The hotspot model presumes the energy absorbed by the
electrons can establish a local quasi-thermal distribution at
a temperature above ambient, within a thermalization times-
cale 7, [42]. In this simplified model, the suppression of
the superconducting state occurs within a volume determined
by the ratio of the thermalization time to the thermal diffu-

sion time. The latter, denoted as 7p ,, = Wz/ 4p [43], where
w represents the width of the nanowire and D is the diffu-
sion coefficient. This parameter characterizes the rate at which
heat dissipates within the electron system from the absorp-
tion site. A small diffusion coefficient (i.e. longer thermal
diffusion time) ensures fast thermalization by confining the
energy of an absorbed photon to a relatively small volume
during the initial stages of hot-spot formation, improving
sensitivity of SNSPDs. A small diffusion coefficient also
ensures shorter electron—electron inelastic relaxation time,
which further reduces the thermalization time, and improves
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Figure 2. (a) A simplified schematic of hotspot detection mechanism for SNSPDs. Reproduced with permission from [3]. Copyright ©
2020, Springer Nature Limited CC BY-NC 4.0. (b) The evolution of the order parameter of a superconducting strip of width of 120 nm

followed by the formation of a vortex-antivortex pair, and their motion afterwards to the edges, suppressing the superconductivity. This

suppression of superconductivity leads to the formation of a normal domain in the strip. The current flow is from left to right. Reprinted
figure with permission from [44], Copyright (2019) by the American Physical Society.

SNSPDs ability to detect single photon. Similarly, the
nanowire width is kept small to ensure remains larger than the
T [43].

If the thermalization time is shorter than the diffusion
time, the superconductivity could be initially suppressed over
an area of diameter less than the nanowire width [43]. This
scenario is depicted in figure 2(a), wherein the superconduct-
ing state is initially suppressed only over a fraction of the wire
width, which results in the current density passing around the
hotspot to increase. Since the biasing current is usually more
than 80% of the critical current, it accelerates the loss of super-
conductivity in nearby areas, causing the quenching to happen
faster than it would if limited solely by thermal diffusion.

2.12. Low photon energy limit. For longer wavelength
photons that might only be capable of breaking a few Cooper
pairs, a more sophisticated model is required. When the
absorbed photon energy is only slightly above 2A, the model
has to be augmented to include non-dissipative suppression
of superconductivity through mechanisms such as vortex-
antivortex pair (VAP) unbinding, vortex entry, vortex nucle-
ation, or phase slip (see figure 3(a)) [36, 45]. These vortex
dynamics do not play a large role at higher photon energies
because they are destroyed in the cascaded Cooper pair break-
ing process [46]. With reference to figure 2(b) [47], Allmaras
showed through detailed simulation that if the absorption is
at the center of the nanowire, the VAP unbinds toward the
edges of the strip, whereas, in cases where photon absorption
occurs near the edges of the nanowire, the vortex enters from
the edges traversing through the nanowire strip [47]. In either
case, the superconductivity is suppressed due to energy dissip-
ated in the movement of vortices. Using a probabilistic vortex
crossing and nucleation model, Jahani et al was able to show
saturating QE at lower energies with exponentially decreasing
QE beyond cutoff wavelengths, which the hotspot model failed
to explain (see figures 3(c) and (d)) [48]. Table 1 provides

a summary of the various theoretical models developed to
describe the behavior of SNSPDs across different operational
regimes.

2.1.3. Vortex dynamic and dark counts. Vortex dynamics
also play a role in the detector’s dark count rate. As per the
Berezinskii—Kosterlitz—Thouless superconducting transition
model, below T vortices transition into VAPs of different
sizes [49, 50]. As shown in figure 3(b), when a current flows
through the superconductor, no net Lorentz force is applied to
the VAPs, as the applied forces are opposite in direction for
the two components of the VAP [51]. However, the bias tends
to align the pairs orthogonal to the applied current to attain a
minimum energy (Up,) given by [46]:

7T2hA Ibias 1 2.6IC A
Unin = Sl tanh ( = ).
min = 2e2R, (6 o6, 2" ( Toias )) an (2ka>

3

Here, 5 and ¢ are model parameters, and Ry is the normal
sheet resistance of the film. The dark count rate (DCR) is pro-
portional to the probability of VAP unbinding, which scales

with exp (—Umin/ ka>. As shown in the above equation, the

Unin depends on A, and absorption of photons reduces A to
temporarily increase the probability of VAP unbinding, lead-
ing to an increased DCR in the presence of photons.

For a more thorough treatment of the impact of vortices on
SNSPD performance, the interested reader is referred to [43,
47, 49, 50].

Finally, in the limiting case of ultrathin nanowires, where
vortices are not supported, suppression of superconductivity
happens through 1D phase slip [47].

In addition to theoretical consideration mentioned above,
design of WSNPD must also account for nanowire kinetic
inductance [52-54], and current crowding effects [55, 56],
both of which play a crucial role in performance optimization.
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Figure 3. (a) Quantum efficiency as a function of wavelength at different bias currents. For high energy photons, SNSPD behavior follows
the hotspot model, whereas for low energy photons, SNSPD behavior follows the vortex-antivortex model. (b) The role of bias current in
aligning the vortex-antivortex pairs (VAPs) at right angle to the direction of current flow. The VAP binding energy is a function of ¢ and
reaches its minimum when the VAP aligns with the current axis at 90°. The circle with radius ro, depicts the non-equilibrium region created
during the photon absorption by the detector. (a), (b) Reprinted from [46], Copyright (2008), with permission from Elsevier. (c) In reference
18, Jahani et al propose movement of vortices across the nanowire due to the forces exerted by applied bias current. However, the movement
of these vortices is probabilistic, and the probability of a vortex crossing enhances after photon absorption due to reduced vortex potential
barrier, which in turn depends on quasi-particles multiplication and the bias current. (d) Illustrates that prior to photon absorption, the vortex
potential barrier effectively restricts the movement of vortices. However, after photon absorption, this barrier weakens, increasing the
likelihood of thermally excited vortices overcoming the barrier and crossing the width of the nanowire. (c), (d) Reprinted from [48], with the
permission of AIP Publishing.

Table 1. Different theoretical models and their mechanism summary.

Model name Mechanism summary (Applicability)

Hotspot model Photon absorption creates a localized resistive hotspot, disrupting Cooper pairs and leading to
superconductivity suppression across the nanowire width. Applicable to high-energy photons.
(Applicable when Photon Energy > 2A)

Vortex-antivortex model Photon absorption induces vortex entry or vortex-antivortex pair (VAP) formation. Vortices move
across the nanowire, dissipating energy and impacting superconductivity. Effective for
low-energy photons where vortex dynamics are prominent.

(Applicable when Photon Energy > 2A)

Phase slip model Photon absorption in ultra-thin nanowires where vortex dynamics are absent. Superconductivity
is suppressed by phase slips in the nanowire, resulting in local resistance increases.
(Applicable for ultrathin nanowire when Photon Energy > 2A)

Probabilistic vortex model Photon absorption increases the probability of vortex crossing, influencing superconductivity
through probabilistic vortex movement across the nanowire.

(Yet to be experimentally verified)

3. SNSPD performance parameters e QE: the probability that an incident photon is absorbed
by the superconducting nanowire and generates a detect-

In the previous section, we explored key considerations and able response. This efficiency is primarily dictated by the

models essential for designing an SNSPD. In the following optical absorption properties of the nanowire material and

section, we will briefly examine critical performance paramet- its geometry.

ers, including QE, dark count rate, dead time, timing jitter, e Intrinsic detection efficiency (IDE): the probability that an

spectral bandwidth, and photon number resolution. absorbed photon successfully triggers a detection event,

given that absorption has already occurred. IDE depends
on factors such as bias current, operating temperature, and
photon energy.

Before defining SDE, it is essential to discuss the various effi- e SDE: the overall probability that an incident photon leads to
ciency metrics commonly reported in SNSPD literature. These arecorded detection event. SDE incorporates all losses in the
include: system, including optical coupling inefficiencies, reflection

3.1 System detection efficiency (SDE)
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losses at interfaces, propagation losses in optical fibers or
waveguides, as well as the combined effects of QE and IDE.

SDE, which quantifies the likelihood that photons emitted
from a source are detected by the system, is one of the most
critical performance metrics for any detection setup. It is typ-
ically expressed as the product of coupling efficiency, absorp-
tion efficiency, internal QE, and counting electronics effi-
ciency, and is given as:

SDE = Tlcoupling * Tlabsorb * Tlinternal * Tlrigger - 4)

To limit the scope of this review we refer the readers
to [57] for more details on the above-mentioned individual
efficiencies.

For waveguide-coupled single-photon detectors, the OCDE
is more commonly reported than the SDE because, in a
waveguide-integrated SNSPD, the coupling efficiency can be
tuned separately, and does not directly affect the performance
of the SNSPD.

3.2. Dark count rate and noise equivalent power (NEP)

DCR refers to detection pulses that do not originate from the
absorption of single photons intentionally sent to the SNSPD.
The origin of dark count can be extrinsic (counts due to leaked
light, thermal radiation of the fiber, or blackbody radiation
from the ambient environment) or intrinsic (a property of nar-
row superconducting wires) in nature. For SNSPDs, very low
dark counts (i.e. of the order of less than one count per second)
are typically reported. For stand-alone systems, using cold
optical filters, the dark counts can be significantly reduced to
less than 0.1 counts per second, making them very useful for
quantum communication applications [58].

Waveguide-integrated SNSPDs are naturally less prone to
extrinsic dark counts because the waveguide does not allow
efficient coupling of stray light into the SNSPD, and the input
port of light is relatively farther apart from the SNSPD coup-
ling region. However, in practical applications, where pump
lasers are used, more careful engineering may be required
to prevent stray light leaking into the SNSPD waveguide.
Waveguide-integrated SNSPDs can be more prone to intrinsic
dark counts because of sharp bends and relatively complex
fabrication steps. Nonetheless, DCR as low as 10~3 counts per
second has been achieved for waveguide-integrated SNSPDs,
without significantly compromising the efficiency [24].

An important figure of merit for single-photon detectors is
the NEP, which is the direct measure of signal-to-noise ratio
(SNR) of a single-photon detector, and is correlated to both
SDE and DCR, as follows:

v2xDCR
NEP = hv * —/——— .
VX —oE 5)

3.3. Timing jitter

Timing jitter is another important parameter of consideration
for single-photon detectors, especially for applications based

on time-correlated single-photon counting such as LiDAR,
fiber temperature sensing, QKD or space optical communic-
ations. In high clock rate QKD, timing jitter can also contrib-
ute to the quantum bit error rate (QBER) [59—-61]. SNSPD has
emerged as the only detector that can achieve near 100% QE in
the single-photon regime, while maintaining the timing jitter
in the range of tens of ps.

The measured system timing jitter, Jyyseem for an SNSPD
includes contributions from the nanowire itself, Jsnspp, the
laser source, Jiaser, the synchronization signal, Jsync, and the
single photon counting electronics, Jspc, and can be written as
follows [62]:

Ssystem = \/ Tnsep + Jiuser T Syne +5pc- ©)

The Jsnspp is largely influenced by the hotspot dynam-
ics, that in turn relates to rates of electron—electron inelastic
scattering, electron—phonon scattering, electron diffusion and
phonon escape, and geometric jitter (timing variation due to
photon absorption position). Geometric jitter can often be
small in waveguide-integrated detectors with short nanowires,
due to their small length and area. In the case of waveguide
coupled SNSPDs most of the intrinsic timing jitter is due to
geometric non-uniformities (for example during growth), Fano
fluctuations, and fabrication imperfections. A more recent ana-
lysis of the origin of SNSPD timing jitter can be found in
[44].

The overall system jitter, Jgysem is therefore often domin-
ated by the extrinsic sources. Given its importance in the con-
text of SNSPDs, there has been extensive research in under-
standing the origin of timing jitter in SNSPDs, putting a lower
limit on intrinsic SNSPD timing jitter, more details can be
found in [62-67]. Bandwidth and noise figures of the readout
amplifiers can have significant impact on the overall timing jit-
ter. In this regard, cryogenic amplifier has been used to achieve
low timing jitter [68].

3.4. Dead time

Dead time is the period after the detection of a photon within
which the SNSPD cannot detect another photon. Several
different parameters influence dead time, including mater-
ial properties such as kinetic inductance and superconducting
energy gap, substrate, nanowire geometry, and readout cir-
cuitry. In general, higher kinetic inductance leads to longer
dead times, but smaller kinetic inductance can lead to latch-
ing, therefore, the kinetic inductance of SNSPDs should be
optimum for maximum performance.

3.5. Spectral bandwidth

The hotspot and thermalization process influences the
SNSPD’s cut-off wavelength and internal detection efficiency
at any given wavelength. The internal detection efficiency of
SNSPDs depends on nanowire cross-section, bias current, and
quantum yield. Quantum Yield in this case describes how effi-
ciently the absorbed photon energy leads to the creation of a
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resistive ‘hotspot’ that can disrupt the superconducting state
to produce a measurable electrical pulse. As per Engel and
Schilling the criteria to achieve unity internal detection effi-
ciency at a given wavelength is met when the normal hotspot
diameter satisfies the following conditions [69]:

2Rhs Zw (1 - Ibias/lc dep

) )

where Ry is the maximum diameter of the hotspot, w is the
nanowire width and / bias / Ledep is the bias current normalized to

the depairing critical current. Although the equation predicts
that below a certain Ry, the internal detection efficiency should
reduce sharply to zero, the transition is not sharp but rather
vanishes gradually, as already discussed in detail in section 2
and depicted in figure 3(a). This behavior has been explained
in terms of the superconducting state fluctuations, due to the
probabilistic nature of VAP unbinding, vortex nucleation, vor-
tex entry, or phase slip, which determines the expansion of the
hotspot [48, 51, 70].

Nonetheless, estimating Ry can help design SNSPDs. In
another paper, Semenov et al provided an equation to numeric-
ally calculate the hotspot diameter in an infinitely large super-
conducting strip, written as follows [71]:

wl—

Rys =

ghy 1 1
A 2D7'tth0A 7T4N0A

hv 1
In(1 N
< < t C A DTtth0A> (8)

here ( is a material dependent experimental parameter (effi-
ciency of the quasi-particle multiplication) accounting for
losses during hotspot formation and quasiparticle multi-
plication, A is the temperature-dependent superconducting
bandgap, D is electron diffusivity, 7y, is the electron thermaliz-
ation time, Ny is the density of states for electrons near Fermi
energy, and d is the thickness of the superconducting strip.

3.6. Photon number resolution

Photon number resolving detectors are critical for quantum
information processing, optical quantum computing, boson
sampling, and metrology applications. However, SNSPDs in
its most simple form is known as click, or bucket detect-
ors, meaning they can distinguish between zero and non-
zero photons regardless of the photon number. They also
lack photon energy resolving capabilities. However, the lim-
ited energy resolution and absence of photon number res-
olution in conventional SNSPDs can be addressed through
high-impedance readouts [72], by proper impedance-matching
between the nanowire and the coaxial transmission line
[73], and innovative multiplexing techniques such as parallel
nanowire detectors [74], series nanowire detectors [75, 76],
time-bin multiplexing [77], and delay-line multiplexers [12].
In addition, advanced characterization techniques can be used
to readout information embedded in the rising edge of the
detection pulses instead of their amplitude. Many of these

methods have been extensively discussed by Mattioli et al,
[32] and we direct readers to their review for further details,
given the limited scope of this discussion. Several of these
methods have already been covered in detail by Mattioli et al
[32], and we refer readers to the review for further information
given limited scope of the review.

4. Technological development

In this section, we summarize recent advancements in
waveguide-integrated SNSPD technologies. Starting with
integration schemes, we review developments in materials
for both waveguides and SNSPDs. The discussion extends to
circuit-level innovations and packaging strategies, which are
increasingly critical as the field advances. These developments
address the growing complexity of applications (as reviewed in
section 5) and the need for scalable, reliable solutions to meet
practical requirements in quantum and classical photonics.

4.1. Schemes for SNSPDs integration on waveguide

Figure 4 shows some of the different ways in which an SNSPD
can be integrated with a waveguide. In case of WSNSPDs, the
light propagating along the waveguide is coupled to the super-
conducting nanowire through the evanescent component of the
guided waveguide mode. The absorbed fraction of the incident
guided light in the nanowire is typically estimated using finite
time domain 3D numerical solvers of the Maxwell equations.
In the case of relatively long U-shaped nanowire geometries
(travelling wave detection), the rate of absorption is charac-
terized by the incremental contribution of the nanowire to the
imaginary part of the guided mode’s propagation constant in
the otherwise near lossless waveguide. The incremental contri-
bution of the nanowire to the real part of the mode’s propaga-
tion constant is typically negligible, so reflections at the inter-
face between the bare and coated waveguides can typically be
ignored for thin nanowires [25].

Pernice et al showed that in the traveling wave geo-
metry, NbN nanowire lengths of the order of tens of microns
atop a silicon-on-insulator (SOI) waveguide is required to
achieve near unity absorption, with the absorption increas-
ing approximately 1 dB per micron (see figure 4(a)) [25].
This is already a significant improvement over fiber-coupled
SNSPDs, which require long nanowires (several hundred
micrometers in length) to match the fiber’s beam diameter and
rely on an optical cavity for enhanced light absorption. In con-
trast, waveguide-integrated SNSPDs achieve efficient absorp-
tion through evanescent coupling, enabling shorter nanowires,
reduced dead time, and improved timing jitter without the need
for complex cavity structures. This makes them more scal-
able and better suited for integrated photonic circuits. This
length can further be reduced by using a ring resonator or a
photonic crystal resonator. For example, Akhlaghi ef al pat-
terned holes in a silicon nanobeam (SOI substrate, 190 nm
thick and 500 nm wide waveguide) to create a 2D asymmet-
ric optical microcavity around the nanowire and near-perfect
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Figure 4. Different schemes for waveguide coupling with SNSPDs. (a) A NbN SNSPD positioned on a SOI ridge waveguide, illustrating
that the light absorption occurs along the direction of light propagation, with a significant portion of the light being absorbed within a few
tens of microns. Reproduced with permission from [25]. Copyright © 2012, The Author(s) CC BY-NC-ND 3.0 (b) A large area spiral
SNSPD coupled to an inverse tapered waveguide. Reprinted with permission from [83]. Copyright (2018) American Chemical Society. (c)
An SNSPD atop a 1D photonic crystal cavity enhanced absorption in less than a micron length. Reprinted with permission from [79].
Copyright (2016) American Chemical Society. (d) A U-shaped waveguide integrated SNSPD integrated with an on-chip inductor to prevent
latching. Reprinted figure with permission from [87], Copyright (2020) by the American Physical Society.

absorption of light was achieved in a very short section of
nanowire [78]. However, they reported a recovery time of
~7 ns, and a timing jitter of ~55 ps, which is still relat-
ively high for such a short section of the nanowire, most
probably because of the low SNR due to the small length
and very narrow width of the nanowire. Another aspect of
such a design is the very narrow spectral bandwidth opera-
tion, which can be both good or bad depending on the applica-
tion. Using a similar concept, Vetter et al reported an SNSPD
on an SOI platform with a recovery time of ~510 ps and a
low timing jitter of ~32 ps, thus showing potential for GHz
count rates [79]. They further improved this design using a
2D photonic crystal to realize a recovery time of 480 ps, with
very low dark count rates, and on-chip detection efficiencies
of almost 70% at telecom wavelengths [80]. Other works that
use 2D photonic crystal for light trapping in SNSPDs can be
found in [81, 82]. However, there can also be cases where one
may require a large area SNSPD integrated atop the wave-
guide. Schwartz et al reported a tapered waveguide structure to
couple the single photon from a quantum dot to a spiral-shaped
SNSPD (see figure 4(c)) [83]. In this scheme, the width of the
waveguide broadens from a few hundred nanometers to about
10 micrometers, as it extends to the region containing a spiral
SNSPD. Moreover, waveguide coupled SNSPD also provides
the opportunity for direct integration for a quantum dot based
single photon source with an SNSPD [83].

Another way in which the trade-off between recovery
time and absorption efficiency can be dealt with is by lay-

ing an SNSPD atop or inside of a resonant ring cavity (see
figure 4(c)). Similar to photonic crystal cavities, they are
also limited in terms of bandwidth but can achieve GHz rate
detection rates with very low dark count owing to the cav-
ity structure [84]. In this case, at a resonance condition, the
light from a bus waveguide can be coupled to a travelling
wave, ring-like resonator wherein it can circulate and inter-
act with the nanowire many times before being fully absorbed
by a small section of the SNSPD. Rhazi er al showed that
to achieve high performance, the length of the SNSPD needs
to be optimized very carefully [85]. They showed that if the
length is too small, the light needs to take several round trips
across the racetrack before being absorbed, degrading the tem-
poral performance of the SNSPD. For example, they theor-
etically showed that a jitter as low as 0.2 ps is predicted for
a nanowire of 10 pm, but the jitter degrades to 10 ps for a
nanowire of 1 pm inside an SOI waveguide racetrack res-
onator cavity [84, 85]. Here, we would like to clarify that
the 0.2 ps jitter value refers exclusively to the calculated
contribution from the optical cavity, and does not repres-
ent the total device jitter, which includes additional contri-
butions such as hotspot dynamics and readout noise. Most
recently, Sdnchez—Postigo et al proposed the subwavelength
grating metamaterials for improved performance of on-chip
SNSPD [86].

Waveguide integration of SNSPDs also allows new on-
chip features. For example, Buckley et al used a branch-
ing tree structure to uniformly illuminate several SNSPDs
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at the same time for application in neuromorphic comput-
ing. They were able to couple up to 15 detectors to a single
integrated photonic circuit with almost all of them having a
detection plateau showing 100% internal detection efficiency
[87]. Additionally, similar to meander SNSPDs, waveguide-
integrated SNSPDs are also polarization sensitive, and they
generally show higher absorption for the either fundamental
TE or TM mode [88]. To overcome this limitation, Sahin
et al integrated an SNSPD atop a wider GaAs ridge wave-
guide capable of supporting both TE and TM modes [89].
The polarization independent efficiency between nanowires
allowed them to place the two nanowires side-by-side to
achieve similar performance from both in an on-chip second-
order intensity (g(z)(r)) auto-correlation experiment [89]. In
another scheme, Li et al proposed a polarization rotator to
convert incident TEy mode light into TM; mode, which
allowed them to achieve near 100% absorption in about 5 ym
long SNSPD [90]. Similar geometries are relevant in cases
where polarization filtering is required before sending the light
to the SNSPD. Another report on waveguide integration of
SNSPD for polarization independent performance can be
found in [91].

4.2. Waveguide materials

When designing integrated photonic systems, the choice of
materials for both waveguides and superconducting nanowires
plays a critical role. While the subsequent section focuses on
superconducting materials, this section explores the materi-
als suitable for waveguide fabrication. The selection criteria
for waveguide materials include factors such as modulation
speed and efficiency, compatibility with on-chip light sources
and detectors, optical non-linearity, refractive index contrast,
fabrication complexity, intrinsic losses, transparency window,
and minimal background fluorescence.

Commonly used waveguide platforms for integration with
SNSPDs include silicon, SOI, silicon nitride, lithium niobate
(both bulk and on insulator), indium phosphide, and GaAs
on AlGaAs. Additionally, materials such as diamond, alu-
minum nitride, silicon nitride, and tantalum pentoxide are
gaining interest due to their wide bandgap, which reduces
parasitic absorption and enhances transparency across broad
spectral ranges. A comparative summary of the advantages
and limitations some of these materials is provided in table 2.
A more detailed discussion on waveguide materials is bey-
ond the scope of this review and can be found in referenced
works [111-117]. We also refer readers to [41], for a dis-
cussion on waveguide material platforms in the context of
SNSPDs.

4.3. Superconducting materials and nanowire geometries

In terms of materials development for SNSPDs, the majority
of the research work carried out so far has focused on NbN and
NbTiIN due to the robust superconducting thin film properties

and ability to sustain a hotspot on photon absorption (unlike
common elemental superconductors used in quantum devices
such as Nb and Al). Moreover, NbN and NbTiN offer relatively
high superconducting critical temperatures, which allows for
their direct integration with commercially available cryocool-
ers operating between 2—4 K [52]. Their IDE can be relatively
easily saturated at wavelengths within and below those preval-
ent in silicon-based integrated circuits, using nanowire widths
~50 nm, that are relatively robust to fabrication variations.
There are several dedicated research articles and reviews dis-
cussing their properties and deposition on different substrates
relevant to waveguides [98, 118].

Both NbN and NbTiN are mainly deposited by sputtering,
and it remains the preferred thin film deposition technology.
One of the prime benefits of sputtering is that allows for wide
range of control in stoichiometry, optical properties, and crys-
tallinity of deposited thin film, which in turn affects the work-
ing of SNSPD [119]. Given its importance, the deposition of
NbN using sputtering has been widely covered in a journal
articles, and given the limited scope of the review, we refer
readers to [119-122] for more details.

In recent years, atomic layer deposition (ALD) has been
gaining a lot of traction because using ALD very precise thick-
ness and stoichiometry control can be achieved across large
area (see figure 5). Most recently, we reported highly uniform
NbN deposited using ALD at 250 °C across 8 inch silicon
wafer [123]. In another report, authors reported on-chip SOI
integrated NbN SNSPD using ALD with more than 99% yield
[28, 29].

In recent years, there has been a strong push to extend the
spectral sensitivity of SNSPDs into the mid-IR wavelength
range from ~2 pm to 20 pm, motivated by applications in
astronomy [124], dark matter searches [125], LiDAR and
remote sensing, [2] quantum computing [126], and molecu-
lar dynamics and chemistry research [127]. Since several gas
molecules exhibit sharp vibrational and rotational transitions
in the mid-IR spectrum (see figure 6), mid-IR SNSPDs hold
promise for applications in environmental monitoring, pro-
cess control, and medical diagnostics. Several reviews have
covered various aspects of mid-IR SNSPDs in specific applic-
ation areas [17, 124, 127, 128].

As the wavelength of the incident photon increases, the IDE
of the SNSPD decreases. This is reflected in the shrinkage
or disappearance of the saturation region in the photon count
rate curve. To address this, significant efforts are being made
to enhance single photon sensitivity while maintaining satur-
ated behavior. According to equation (8), several approaches
can be employed to increase the hotspot radius, which is
equivalent to lowering the cut-off energy of an SNSPD: (1)
decreasing the nanowire’s cross-sectional area, (2) increas-
ing the critical current, (3) reducing the superconducting gap
energy, (4) decreasing the density of states at the Fermi level,
(5) reducing normal state diffusivity, or (6) reducing elec-
tron thermalization time. Roles of these individual paramet-
ers along with different ways to control them are summarized
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Table 2. Comparison of waveguide materials for SNSPD integration: spectral ranges, advantages, and limitations.

Waveguide material

Use in waveguide integrated

(spectral range) Advantages Disadvantages SNSPD
Silica on silicon waveguide e Low cost o No active functionality [92]
(0.2 pm-3.5 pm) e Extremely low loss

Silicon on insulator e Well established manufacturing e Difficult to get light in or out at  [25,93]

(1.2 pm—3.7 pm) process

e Most mature platform

e Ease of optical/electronic integration

e Small size (high refractive index
contrast)

e Compatible with foundry fabrications

short (visible or near-infrared)
wavelengths

e Excellent modulation function
e Non-linear operation

Lithium niobate
(0.35 pm—>5 pm)

e Low damage threshold [26,65,94—97]

Silicon nitride e Low loss e Material properties are highly [24,98—104]
(0.4 pm-7.0 pm) e Optical transparency from UV to process dependent
mid-IR
e Compatible with foundry fabrications.
Tantalum pentaoxide o Wide bandgap e Not enough data—still an [105]

o Low self-fluorescence
e Easy fabrications

(0.25 pm-8.5 pym)

emerging material

GaAs (0.9 pm-17 pm) e FEasy light source integration

e Single- and entangled-photon
generation by radiative
recombination.

e High refractive index contrast

e High cost at the manufacturing  [83, 106—108]
level
e Process steps may be foundry

incompatible

InP (0.95 pm-9 pm) e Easy light source integration e High cost at the manufacturing  [108]
e High refractive index contrast level
e Processes can be foundry
incompatible
Diamond (UV to RF, e Large transparency window and wide e Fabrication and integration [103,109]
except dips at 2.6 pm and tunability of single photon source complexity
6.2 pum) e Exceptional thermal, optical, and
mechanical properties
AlGaAs on insulator o Ultrabright single photon source e Instability of aluminum in [110]

(Tuneable based on
Aluminum concentration)

Both linear and non-linear optical
functionalities

e Possibility of high thermos-optic and
electro-optic modulation

AlGaAs can hamper long term
stability

in table 3. We first discuss progress based on modifying the
nanowire geometry (1), and then cover alternate supercon-
ducting materials that address one or more of the fundamental
properties, (2)—(6).

(1) A reduced cross-sectional area would increase the prob-
ability of generating a hotspot for a given absorbed photon
energy, as the energy per unit area is higher. Additionally, the
thermal conductivity along the length of the nanowire is smal-
ler, resulting in more localized energy deposition within the
nanowire. However, this approach poses challenges because
reducing the nanowire dimensions limits the switching current

and consequently limits the operating bias current. As the
SNSPD signal is proportional to the bias current, a reduced
bias current results in a poorer SNR, imposing more stringent
requirements on the readout circuit. Cryogenic amplifiers offer
one means of mitigating this penalty. Moreover, reduction of
the nanowire cross-section imposes stricter requirements on
nanofabrication tolerances as a narrower nanowire is highly
likely to suffer from constrictions and become very sensit-
ive to edge roughness. This sensitivity significantly limits the
switching current [124], and might prevent achieving a unity
internal detection efficiency, potentially affecting the yield and
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quality of fabricated SNSPDs. Therefore, designs should be
balanced between the detector’s spectral sensitivity and fab-
rication capabilities.

Early studies focusing on narrow nanowires compared
NbN-based SNSPD composed of 70 parallel 54 nm-wide
nanowires with a conventional meander-shaped SNSPD of

1
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Table 3. Different parameter considerations for Mid-IR single photon detection.

Parameter Description

Optimization recommendations for mid-IR

Hotspot diameter (Rps)

Influences cut-off wavelength and

intrinsic detection efficiency (IDE).
Depends on material and nanowire

geometry.
Nanowire width (w)
count.

Superconducting bandgap
(A)

Quasi-particle
multiplication efficiency

(©
Electron diffusivity (D)

hotspot formation during photon
absorption.
Impacts hotspot containment and

duration. Lower diffusivity helps localize

energy in a smaller region.
Electron thermalization
time (7in)
Density of States (No)

dissipation rate.

thermalization.

Superconducting Strip

Thickness (d) absorption efficiency.

Influences detection efficiency, and dark
Impacts spectral cut-off; smaller gaps
shift sensitivity to longer wavelengths.

Defines efficiency of energy transfer and

Determines hotspot duration and heat

Affects quasi-particle generation and

Influences hotspot diameter and photon

Use smaller bandgap materials to increase Rps for
longer wavelengths. Tune material properties to
enhance quasi-particle multiplication efficiency.

Optimize width relative to hotspot size. Generally, a
narrower nanowire is more appropriate but can also
lead to higher dark counts.

Select or design materials with a smaller
superconducting bandgap to achieve mid-IR cut-off
wavelengths.

Enhance ( through material engineering for better
quasi-particle multiplication.

Reduce D through material optimization to prolong
and localize the hotspot for mid-IR photons.

Engineer material properties to optimize 7y, for
sustained hotspot duration.

Mid-IR photons have lower energy compared to visible
or near-IR photons, making efficient quasi-particle
generation critical. By engineering N to maximize the
number of available states near the Fermi energy, the
detector can respond more effectively to these
low-energy photons.

Reducing the thickness can improve mid-IR detection
by increasing the energy deposited per unit area.

104 nm-wide nanowires. This study demonstrated that imple-
menting a superconducting nanowire avalanche photode-
tector (SNAP) configuration significantly enhanced the SNR,
approximately by a factor corresponding to the number of
parallel nanowires. In the spectral range of 1.3-3.5 pum, the
SDE of the parallel-wire SNSPD decreased by a factor of 30,
whereas the meander-shaped SNSPD exhibited a three-orders-
of-magnitude drop. However, at 3.5 pum, the parallel-wire
SNSPD maintained a SDE that was ten times higher [130].
A subsequent study showcased efficient single-photon detec-
tion using ultranarrow SNSPDs featuring 20 nm and 30 nm
wide NbN nanowires operating at 1550 nm. The 30 nm
wide SNSPDs exhibited superior responsiveness to 1550 nm
photons and demonstrated improved robustness against con-
strictions compared to earlier designs. In contrast, the SNR of
the 20 nm wide SNSPDs was significantly lower, prompting
their redesign into a SNAP configuration to enable compatibil-
ity with standard readout circuitry [131]. In a follow-up study
researchers incorporated improvements in the nanofabrication
process, and a 40 nm wide NbN parallel wire SNSPD demon-
strated single photon sensitivity at 10.6 pm [132]. A later study
reported a 30 nm wide NbN SNSPD capable of detecting up to
5 pm photons with an efficiency of approximately 2% [133].
However, none of the studies mentioned above achieved satur-
ated IDE behavior for the mid-IR range. Subsequent optimiza-
tions in the superconducting film deposition process, including
the reduction of film thickness to 6.5 nm and nanowire width
to 40 nm, led to the demonstration of a unity IDE at 3 ym and

80% IDE at 4 pym for NbTiN SNSPDs [134]. This progress
was further advanced by another study involving 5 nm thick
NbTiIN SNSPDs, which showcased unity IDE up to 3.5 um
[135].

(2)-(6) Modifying standard superconducting materials to
lower their superconducting gap energy, or utilizing low-
gap superconductors, can substantially increase the number
of broken Cooper pairs (and quasi-particles) generated for a
given photon energy absorbed by the nanowire. This approach
enhances sensitivity to longer-wavelength photons. However,
lowering the gap energy also decreases the critical temperat-
ure, requiring the use of advanced cryogenic systems, such
as dilution refrigerators or adsorption cryocoolers, to cool the
detectors to the temperatures necessary for achieving saturated
performance. Low-gap superconductors such as NbSi [136],
WSi [137], TaN [138] and MoSi [139] have been employed in
SNSPDs, demonstrating higher sensitivity compared to stand-
ard Nb-based SNSPDs at a given photon energy. For instance,
a 30 nm wide MoSi SNSPD exhibited a saturated IDE up to
4 pm [139]. Additionally, amorphous materials like NbSi, WSi
and MoSi, are believed to exhibit extreme structural homogen-
eity. The absence of grain boundaries in amorphous materials
could confer advantages compared to the granular structure
found in Nb-based superconductors [140]. Amorphous mater-
ials are of particular interest for integration with waveguides,
mainly because they can be deposited at low temperature, and
their fabrication tolerance may lead to better yields. These are
a category of superconducting materials that lack the long-
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range order of crystalline and polycrystalline materials [141].
As a result of this, such materials have enhanced supercon-
ducting properties but are only structurally stable at very low
temperatures <20 K [142]. A clear advantage is that amorph-
ous materials do not require matching to a substrate lattice
structure [143] and can be deposited as high-quality films
at low temperatures. This results in high fabrication yields
and good compatibility with other components of integrated
photonic circuits [ 144]. However, compared to NbN or NbTiN,
amorphous superconductors have lower critical temperature
and lower band gap, leading to more complicated cooling
requirements but much better detection efficiency at longer
wavelengths [142].

WSi and MoSi are most commonly used amorphous mater-
ials, with SNSPDs fabricated by co-sputtering either Mo or W
and Si on a substrate followed by sputtering of an Si overlayer
to prevent oxidation during device fabrication [145]. A WSi-
based SNSPD has been reported with a timing jitter of 4.8 ps,
which is the lowest for any amorphous material [146]. Timing
jitter is typically higher in SNSPDs based on amorphous
materials compared to those using NbN because of the lower
carrier density and correspondingly lower critical current,
leading to a lower SNR [147]. MoSi has a similar band gap to
WSi, but a critical temperature >4 K even as a thin film [142].
Greater than 98% SDE at telecommunications wavelengths
has been achieved with a MoSi SNSPD augmented with dis-
tributed Bragg reflectors, which is comparable to the best SDE
achieved with any other material [148]. This suggests it is an
ideal material choice for high-performance SNSPDs operating
with typical commercial cryogenic systems [142]. MoGe can
be used to fabricate SNSPDs using a similar process to that
followed with WSi [145]. These detectors have similar SDE
to those based on WSi but a slightly higher critical temperat-
ure, allowing them to operate in closed-cycle cryocoolers at
temperatures around 2.5 K [147].

Alternatively, the conventional superconductor NbN can be
engineered by tuning the film’s stoichiometry to reduce its
nitrogen content, resulting in v-Nb4N3 with a tetragonal phase
and a lower superconducting gap energy. By thinning the film
to 5 nm and reducing the nanowire width to 42 nm, photon
sensitivity improved, reaching near unity IDE at 4.8 pm [149].
However, despite efforts to lower the critical temperature to
3.5 K, the expected extension of the cut-off wavelength (the
longest wavelength at which photons can be detected with near
unity IDE) 10 ym was not achieved, primarily due to fabrica-
tion imperfections [150].

Engineering a superconducting material to reduce the dens-
ity of states at the Fermi level, or equivalently, decreasing
the free carrier density, leads to a distribution of photon-
deposited energy among fewer quasi-particles within a given
volume. At the same time, increasing the thermal impedance
along the nanowire’s length effectively localizes the depos-
ited energy. This dual modification elevates the effective tem-
perature and energy of each quasi-particle, which facilitates
the suppression of superconductivity and enhances energy
sensitivity. Importantly, this approach obviates the need for
a reduced cross-section area, allowing for the fabrication of

high-yield and high-quality SNSPDs. In the case of WSi, redu-
cing the free carrier density was accomplished by tuning the
stoichiometry to introduce more Si content, thereby increasing
the thin film resistivity. This adjustment did not significantly
affect the critical temperature, enabling the operation of vari-
ous composition SNSPDs at a nearly fixed temperature. The
results demonstrated saturated IDE at 9.9 ym achieved with a
single 10 ym long and 50 nm wide nanowire [151], and up to
7.4 pm for a large active-area meander-shaped SNSPD [152].
The meander shape is more sensitive to fabrication imperfec-
tions, with a higher probability of suffering from constric-
tions in bends and along the nanowire length, thus having a
reduced ability to saturate. Most recently, significant engin-
eering advancements in WSi SNSPDs were made by employ-
ing a reduced cross-sectional area, a low superconducting gap
energy and reduced density of states, leading to enhanced sens-
itivity and unity IDE up to 29 pm for the first time [153].

Alternative superconducting material solutions not specific
to mid-IR applications are also being explored. For instance,
hybridized SNSPDs made from a combination of materials
with complimentary properties should allow for greater tun-
ability of material properties and device performance than is
possible with single materials. An example of this is a detector
with a WSi thin film layered on top of a NbN thin film.
Compared to a typical device made with either single mater-
ial, this yields an improved switching current, timing jitter, and
QE [154].

Commercial cryocoolers capable of reaching the low tem-
peratures required by most of these superconductors, are
bulky, costly, and run on rare and expensive refrigerants. As
such, they are impractical for many applications. For some
less demanding applications, it would be desirable to develop
high-temperature SNSPDs that do not have such complicated
cooling requirements [155]. MgB, has a bulk critical tem-
perature of 39 K and has been used to fabricate SNSPDs
with high count rate and an operating temperature around
10 K [156]. Unfortunately, all reported detectors based on
this material have shown poor internal detection efficiency
because of the large band gap and short thermal relaxation time
[145]. Cuprate superconductors have recorded high critical
temperatures, but it is very difficult to fabricate a high-quality
nanowire from a cuprate thin film because they degrade rap-
idly when processed [157]. Despite these difficulties, SNSPDs
have been fabricated from Bi,Sr,CaCu,;03,45 (BSCCO) and
La, ,Sr,CuO4 (LSCO), showing single-photon sensitivity at
temperatures as high as 25 K [155].

4.4. Fiber-to-chip light coupling

One of the main challenges in achieving high SDE for
waveguide-integrated SNSPDs, when photons are delivered
via an optical fiber, lies at the fiber-to-waveguide coupling
interface. Efficiently coupling light from an optical fiber,
which typically has a modal area of a few square microns, to an
integrated waveguide with a much smaller, sub-micron modal
area is a complex task, and it becomes even more challen-
ging at cryogenic temperatures. The most common approaches
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to address this include butt coupling or the use of grating
couplers. First reported by Hunsperger and Lee in 1976 [158],
butt coupling has been the preferred method for coupling light
in or out fiber to photonic circuits given its simplicity and
effectiveness in implementation. Theoretically, almost 90%
coupling is possible to the waveguide, however, in practice,
coupling efficiencies are low because even slight misalign-
ment in the direction perpendicular to the fiber can lead to sig-
nificant coupling loss [159].

On the other hand, grating couplers are essentially diffrac-
tion gratings etched into the photonic layer guiding light to the
waveguide with an SNSPD, with a pitch chosen to diffract the
desired detection center-wavelength to/from the waveguide
from/to free space, typically near normal to the plane of the
chip. The area of the diffraction grating is typically chosen to
match the modal area of the optical fiber, and when the light is
incident from the fiber at a small angle, it is diffracted into the
waveguide mode that propagates the signal to the supercon-
ducting nanowire. Grating couplers are compatible with fiber
arrays and can have insertion losses below 3 dB if carefully
designed and manufactured [160]. The out-of-plane geometry,
though useful for automated screening of optical circuits on a
wafer scale, is not ideal for high-performance packaging.

To overcome limitations of butt and grating couplers, Wolff
et al designed a 3D polymer coupling structure that could be
directly laser written. Such polymeric coupler allowed for light
coupling over a broadband wavelength range, and they repor-
ted waveguide-integrated SNSPDs with system detection effi-
ciencies ranging from 22% to 73% over a broad wavelength
range from 532 nm to 1640 nm [161]. The polymer coupler
enables total internal reflection across a broad transmission
bandwidth, making it possible to couple light over such a broad
range. Using similar 3D polymer couplers, HauBler et al repor-
ted a 64-channel SNSPDs array that could be addressed ver-
tically using 64-channel optical fiber array (see figures 7(a)—
(d)) [162]. The efficiency of coupled devices ranged from
20% to 30%.

Photonic wire bonding refers to an automated means of
writing 3D polymer waveguides that connect fiber facets
to either cleaved edges at the terminus of the waveguides,
or to surface tapered waveguides that end within less than
100 pms of the chip facet (see figures 7(b) and 6(e)) [163].
The waveguides in this case are created in a negative tone
liquid photoresist through a process called two-photon poly-
merization using a high-numerical aperture pulsed laser beam.
Only low-resolution alignment of a fiber ribbon array (con-
taining up to 32 fibers) to the chip facet on a sub mount is
required to achieve insertion losses between 1 and 2 dB [164],
as the precise alignment is controlled by the laser beam control
algorithm.

In recent years, the use of microlens in conjunction with
grating coupler architecture has shown a strong possibil-
ity of overcoming the limitations of vertical coupling [165].
Additional support structures like plasmonic nanostructures
[23, 166, 167], or angled reflectors for efficient coupling have
also shown improved coupling with light [168]. Other inter-
esting ideas are also being explored. For example, in a recent

report, Dai et al fabricated a complete SNSPD along with
contacts on top of a fiber bonded to a silica wafer and could
achieve a SDE of about 41%, which is appreciable considering
the first attempt [169]. In another report, Shainline et al repor-
ted a spot-size converter comprising a silicon-based inverse
taper waveguide and a large silica core. Using such a design
they reduced the light coupling loss to less than 2 dB. In
[54], Shainline et al proposed another innovative cryogenic-
compatible scheme for light coupling with grating couplers.
The packaging for fiber alignment consisted of a pedestal to
align the fiber at an angle and a collar to hold the fiber in place
(see figure 7(f)) [54]. Both the pedestal and the collar were
made of SUS.

So far, we have discussed different ways in which an
SNSPD can be fabricated directly on top of different kinds of
waveguide materials. However, there may be cases where the
fabrication of an SNSPD is not compatible with the fabrication
of other components of the PICs. For those cases, researchers
have been developing pick-and-place membrane transfer tech-
nologies. In the next sub-section, we briefly cover some of the
developments in the pick-and-place membrane transfer tech-
nology.

4.5. Pick-and-place membrane transfer technology

In recent years, researchers have been developing pick-and-
place membrane transfer technology for direct integration of
SNSPD on top of waveguides [170—-172]. Membrane transfer
is a relatively new technique for the transfer of optical com-
ponents for flexible hybrid on-chip integration [173, 174]. In
this scheme, the device is fabricated on an arbitrary substrate
containing a thin-film, which can be mechanically detached
from the substrate to form a membrane and placed on the
photonic substrate of interest. For SNSPDs, this transfer tech-
nique was first reported by Najafi et al in [170]. They fab-
ricated an SNSPD on top of a silicon nitride thin film on a
SOI substrate. To create a membrane, they formed trenches
using reactive ion etching and later removed the remaining sil-
icon using isotropic etching. The membrane was later detached
from the substrate using ultrasonication and transferred on top
of the waveguide using PDMS. One of the primary advantages
of this scheme is that the device can be optimized and char-
acterized on a different substrate, simplifying the fabrication
flow and it can be transferred to an arbitrary PIC. Moreover,
with this approach, the devices can be screened for high per-
formance and the best SNSPDs can be selected for transfer,
improving the overall yield and uniformity in the final integ-
rated platform. In a recent report, Chen er al used transfer
printing to mechanically stack two SNSPDs on top of each
other [172].

4.6. PNR in waveguide-integrated SNSPDs

Most of the PNR demonstrations have been realized for
free-space or fiber coupled SNSPDs, with very few demon-
strations of waveguide-integrated PNR SNSPDs. The first
demonstration of waveguide-integrated PNR SNSPD used
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Figure 7. Different schemes for fiber-to-chip light coupling for waveguide-integrated SNSPDs. (a) A 3D schematic of a 64-channel
waveguide-integrated SNSPDs chip aligned to a fiber array and mounted on a copper plate. (b)—(d) Shows a magnified view of the chip. The
blue blob region shows the 3D light coupler from the fiber array to the waveguide. Figures 7(a)—(d) has been reprinted from [162], with the
permission of AIP Publishing. (e) A 3D schematic showing the concept of photonic wire bonding for coupling a multi-core fiber to
waveguides. Reproduced from [163]. CC BY 4.0. (f) A 3D schematic showing light coupling of a fiber to a waveguide using an SU-8
pedestal to align the fiber at a small angle relative to the waveguide. Reproduced from [54]. CC BY 4.0.

NbN nanowires patterned atop a GaAs ridge waveguide
(see figure 8(a)) [175]. They connected four superconducting
nanowires in series with a parallel resistor connected to each of
the nanowires and were capable of resolving up to 4 photons.
In this scheme, each SNSPD is biased near its critical current,
and absorption of a photon disrupts the superconductivity in
one nanowire leading to an increase in the nanowire resistance
followed by diversion of current to the parallel resistor. As
photon number increases from 1 to 4, subsequent nanowires
become resistive diverting the current to parallel resistors,
increasing the amplitude of the recorded voltage pulses (For
more details see figures 8(b) and (c)). Using similar scheme
Mattioli et al could resolve up to 24 photons, but the device
was not waveguide-integrated. In another report, Gaggero et al
was able to implement amplitude multiplexing with expanded
capability to resolve both the photon number and the position
of photon absorption event (see figure 8(d)), which can have
several applications in photonic quantum technology [176].
The idea was very similar to series connected SNSPDs, except
that in this case the resistor’s values changed across different
pixels, and therefore, by looking at the height of the pulse,
the photon absorption position could be assessed. One of the
main limitations of any spatially multiplexed PNR SNSPDs is
absorption of two or more photons in a single pixel leading
to reduced detector fidelity. However, this limitation can be
estimated and overcome by having relatively higher number
of pixels compared to the number of photons that need to be
detected [38].

One of the most recent efforts demonstrated a waveguide-
integrated spatiotemporal multiplexed SNSPD array capable
of resolving up to 100 photons as well as their detection
positions [27]. figures 9(a)—(f) shows the device architecture
where light is coupled to an input grating coupler, and incid-
ent photons propagate through the waveguide and are spa-
tially distributed to pixels of incremental length integrated
atop the waveguide. The pixels are all connected in series,
and a nanosecond-level microwave delay line is embedded
between neighboring pixels and each pixel is shunted by an
on-chip low-pass filter consisting of on-chip inductor and on-
chip resistor. The delay lines allow for temporal multiplex-
ing, while the low-pass filters ensure that high-frequency sig-
nals enter the readout circuit allowing the reset of individual
pixels separately. Eventually, the pixels at both ends of the bus
line are connected to impedance tapers for impedance match-
ing between delay lines and readout electronics. A bias tee is
connected to each impedance taper, allowing DC biasing as
well as readout of a pair of positive and negative detection
pulses from fired pixels, propagating in opposite directions of
the bus line. Figure 9(g) shows persistence oscilloscope traces
of detection pulses generated from each pixel in the detector.
The number of pulses, along with their arrival times, can be
used to determine the total absorbed photon number and the
positions of fired pixels [27]. They claimed to have achieved
an unparalleled dynamic range and PNR fidelity, however,
the SDE and resolving fidelities of the detector were not
reported.
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Figure 8. (a) A 3D schematic of a waveguide-integrated PNR SNSPDs atop a GaAs waveguide, capable of resolving up to four photons.
The dimensions of the waveguide and nanowires are also shown. R, represents resistors connected in parallel to the nanowires. (b) A circuit
diagram illustrating the working principle of the PNR SNSPD in (a). Each nanowire is modeled as a resistor, Ry, in parallel with a switch
and connected in series to an inductor, Ly (highlighted by the orange box in the top pixel). The parallel resistors are denoted as Rp,;. When a
photon is absorbed, the switch opens, introducing R, into the circuit and causing current to divert and split between the parallel resistor, Ry;,
and the readout circuit, Ry.. (c) The number of pixels that absorbed photons correspond to the number of detected photons. (d) A schematic
of waveguide-integrated PNR SNSPDs implementing spatial and amplitude multiplexing to assess both the photon number and the position
of photon detection events. The photonic integrated circuit includes grating couplers, 50:50 Y-splitters, two SNSPDs (D; and D»), and
parallel resistors R; and R;. Reprinted from [177], with the permission of AIP Publishing. Reproduced from [38]. © IOP Publishing Ltd. All

rights reserved. Reproduced from [176]. CC BY 4.0.

Figure 10(a) shows a microscope image of PNR SNSPD
on top of a taper waveguide [28, 29, 178]. The device
shown in figure 10(a) consisted of four- or five-unit cells and
could resolve up to four photons, with near unity SDE (see
figure 10(b)). The working mechanism of the device is the
same as that used in the series-connected SNSPDs discussed
above. The photon number was extrapolated to be directly pro-
portional to the output voltage amplitude of the PNR SNSPDs,
as shown in figure 10(c).

More research efforts are focusing on improving PNR
SNSPDs while inheriting the exceptional performance met-
rics of individual SNSPDs. In particular, new schemes are
required to achieve high PNR fidelity while maintaining high
SDE, alongside high readout fidelity, defined as the overlap in
the readout feature from neighboring PNR pixels, and split-
ting fidelity, defined as the probability of all photons simul-
taneously switching different pixels.

5. Current applications and perspective for future
development

As mentioned in earlier sections, waveguide integration of
SNSPDs is expected to significantly enhance their perform-
ance by reducing dark counts, improving timing performance,
while maintaining near-unity OCDE. This advancement has
the potential to impact both classical and quantum technolo-
gies. For example, classical technologies such as optical time-
domain reflectometry, lifetime imaging, and optical coherence
tomography (OCT) benefit from improved SNR and enhanced
detector timing characteristics. In contrast, quantum techno-
logies demand even stricter performance in terms of SNR,
detector timing, and extremely low timing jitter. However, a
major limitation in many quantum applications is the chal-
lenge of scaling up the number of detectors and efficiently
managing their readout.
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Figure 9. Architecture and operational principle of a waveguide-integrated 100 pixel quasi-PNR spatiotemporal multiplexed SNSPD array:
(a) Schematic of the SNSPD array: it consists of NbN pixels of incremental length atop an optical waveguide with delay lines and
impedance tapers for the high-frequency bus line (blue), as well as low-frequency reset loops made of inductors and resistors (orange).
Current biasing and readout are done at both ends of the bus line, allowing simultaneous readout of positive and negative detection pulses
(red). (b) Optical micrograph image of the device showing optical and electrical components, the highlighted boxes show zoomed-in parts:
(c) Grating coupler for light coupling, (d) Microwave delay line, (¢) Nanowire detector with its electrical leads passing through waveguide
bridges, (f) Resistors and part of the inductors creating the on-chip LR low-pass filters and part of the impedance tapers. (g) Persistence
oscilloscope traces of detection pulses generated from each pixel in the array. The number of pulses combined with their arrival time can be
used to extract both the total detected photon number and the position of fired pixels. Reproduced with permission from [27]. Copyright ©

2020, Springer Nature Limited CC BY-NC 4.0.

In this section, we provide our insights on the cur-
rent challenges associated with using waveguide-integrated
SNSPD across different applications and highlight poten-
tial, unexplored opportunities. We also expand on key tech-
nological advancements that are either on the horizon or
are necessary to enhance the appeal of waveguide-integrated
SNSPDs.

5.1. Optically-enabled quantum computing

All-optical quantum computing can be realized using either
continuous-variable (CV) or discrete-variable (DV) computa-
tional models. Both models utilize single photons as quantum
information carriers but differ in how quantum states are
encoded and manipulated. The DV model represents quantum
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Figure 10. (a) An optical micrograph image of PNR SNSPDs integrated on a silicon nitride waveguide. The device consists of five-unit cells
with each unit cell formed by a set of series nanowires, each connected to a parallel resistor. (b) On-chip detection efficiency as a function of
normalized bias current. Inset- the average on-chip detection efficiency across 6 different PNR devices biased at ~0.9 Igy is 96.3 £ 3.9%.
(c) Persistence oscilloscope curves showing voltage amplitude as a function of photon number. Reproduced with permission from [29].

states with discrete photon numbers, while the CV model
encodes states in continuous parameters, such as the quadrat-
ure amplitudes of the electromagnetic field. Regardless of the
model, single-photon detectors play a pivotal role in enabling
scalable quantum computation.

In 2001, Knill, Laflamme and Milburn proposed the KLM
scheme, setting out the theoretical feasibility of universal DV
quantum computing using only single-photon sources, linear
optical components, and single-photon detectors [179]. This
scheme relies on feedback from single-photon detectors for
implementing non-deterministic two-qubit gates.

Similarly, the CV approach also relies heavily on discrete-
photon detection, particularly in the fault-tolerant Gottesman—
Knill-Preskill (GKP) scheme, which encodes qubits in com-
plex nonclassical states with high average photon numbers
[180]. This scheme uses linear optical operations, squeez-
ing, homodyne detection, PNR detection and nonlinear mode
coupling for the preparation of the encoded states. The cre-
ation and manipulation of GKP states are highly dependent on
discrete-photon detectors with high SDE, low dark count rates,
and PNR capabilities. These requirements align well with the
performance characteristics of waveguide-integrated SNSPDs
[181].

SNSPDs are essential not only for all-optical quantum
computing protocols, but also for other quantum comput-
ing platforms that encode and manipulate quantum inform-
ation using both electronic spin and photonic degrees of
freedom [182, 183]. For example, the integration of spin
qubits with photonic circuits enables efficient photon rout-
ing, high-fidelity readout, and entanglement generation [158].
A similar approach employs color centers in silicon as spin
qubits embedded in photonic circuits for fault-tolerant scalable

quantum computing [184]. In these applications the SNSPDs
are often used to perform parity measurements on multi-qubit
states.

All photonically-enabled fault-tolerant quantum comput-
ing (FTQC) applications manifestly require that SNSPDs be
densely integrated on photonic-chip platforms, owing to its
need for manipulating millions of distinct photonic qubits.
Photons on chip are routed via lithographically defined wave-
guides, and the most advanced photonic chip fabrication cap-
abilities currently form these waveguides in silicon or sil-
icon nitride, both of which are highly transparent in the near-
infrared. FTQC architectures vary, but all will ultimately
require not only SNSPDs, but also non-classical sources
of radiation, switching/phase controlling networks. In this
application, the area on the chip occupied by each distinct
detector must be minimized, especially as they need to be
housed in a cryostat. The sensitive detectors need to be isol-
ated from stray light at the single-photon level, requiring on
chip attenuation for out of band photons, filtering and shield-
ing from scattered photons or photons generated by other on-
chip mechanisms such as luminescence.

Despite their advantages, waveguide-integrated SNSPDs
face challenges, particularly in achieving high-fidelity PNR
capabilities and expanding their dynamic range. Addressing
these limitations is critical for advancing their utility in
quantum computing and other photonic application.

5.2. QKD

Classical encryption relies on the computational difficulty of
key decryption, which quantum computers threaten to com-
promise. One alternative approach is to share encryption keys
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Figure 11. False color SEM images of the receiver chip: (a) the photonic circuit is cyan colored while the electrical pads are yellow colored.
The scale bar corresponds to 100 um. (b) One NbTiN-based SNSPD, red colored, atop a waveguide. The scale bar corresponds to 20 pm.
(c) The input directional coupler (S1) splits incident light between an SNSPD and a Mach—Zehnder interferometer (MZI), and the length of
the directional coupler (S2) is adjusted such that the power in both arms of the MZI is approximately equal. The scale bar corresponds to
50 pm. (d) The 3D polymer couplers allow for in and out-of-plane light coupling between the chip and a fiber array above the chip.

Reproduced from [192]. CC BY 4.0.

using protocols that take advantage of quantum mechanics,
known as QKD. Various protocols have been developed and
implemented for both discrete variable QKD (DV-QKD) and
continuous variable QKD (CV-QKD) [185], leading to the
commercialization of QKD systems [186, 187]. Its imple-
mentation is facilitated by leveraging the well-established
low-loss, high-speed infrastructure of classical communica-
tion, particularly in the infrared telecom range, thereby enhan-
cing its feasibility and potential for seamless adoption. For
recent comprehensive reviews on the QKD field, refer to
[5, 185, 188-190].

A QKD system facilitates the generation, distribution, and
reception of a confidential key between two authenticated
distant parties, which is subsequently used to encrypt and
decrypt information. Thus, the key components of QKD sys-
tems are transmitter(s) (also referred to as sources), which gen-
erate quantum photonic states, low-loss optical channels over
which the photonic states are distributed, and receiver(s) (also
referred to as detectors), which process the delivered photonic
states.

The performance of a practical QKD system is typically
characterized by key performance metrics such as the max-
imum achievable secret key rate, over a given quantum chan-
nel length, the QBER, and the system clock rate. These para-
meters collectively determine the system’s ability to securely
transmit information. While the secret key rate reflects the rate
of secure key generation, the QBER measures error suscept-
ibility due to noise, imperfections, or eavesdropping attempts.
The clock rate defines the operational speed, influencing over-
all throughput. Optimizing these metrics is crucial for scaling
QKD systems for real-world deployment.

Overall, SNSPDs are considered one of the most prom-
ising candidates for DV-QKD receivers due to their near-
unity SDE, sub-picosecond timing jitter, short dead time, and
high-fidelity photon number resolving capability. Koziy et al
compared two of the most promising single photon detector
candidates, i.e. SPAD and SNSPD [191]. They concluded that
the choice between SPADSs and SNSPDs depends on the
specific requirements of the quantum communication system.
For short-distance applications with fewer channels, SPADs
may suffice. However, for complex networks requiring high
sensitivity and low noise, such as star topology configura-
tions, SNSPDs provide the necessary performance despite
their higher operational demands [191].

PICs hold great promise for the miniaturization, scaling
up, and cost-effective mass production of practical chip-based
QKD systems. Below, we review previously reported res-
ults on integrated QKD systems enabled by PICs, partic-
ularly those in which the transmitters or receivers utiliz-
ing waveguide-integrated SNSPDs. Integrated receivers will
provide enhanced performance metrics through the high SDE
and low timing jitter of SNSPDs, enabling higher secret key
rates through techniques such as wavelength-division multi-
plexing or parallel channels and potentially lower QBER.

In 2021, the first fully integrated photonic receiver with
SNSPDs was demonstrated on a silicon nitride platform,
eliminating the need for a fiber coupling interface between
the measurement setup and the detectors. The waveguide-
integrated SNSPDs allowed a dead time of 20 ns and a
dark count rate below 20 Hz. The receiver chip, shown in
figure 11, is suitable for multiple time-based protocols. As a
proof of principle, a time-bin QKD protocol with one decoy
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Figure 12. Integrated chip of the relay server and experimental setup for the MDI-QKD protocol. (a) Schematic of the experimental setup.
Alice and Bob generate time-bin qubits using two independent lasers (LS) and encode the information into weak-coherent optical pulses
using an encoder module. The qubits are sent to Charlie by fibers and are coupled into the integrated chip of the relay server. The chip
contains a beam splitter (BS) and two SNSPDs for BSM. (b) False color SEM image of NbN-based SNSPD atop a silicon waveguide and
two electrical pads (c) Optical micrograph and SEM image of high-efficiency photonic crystal grating coupler with a back-reflected mirror
used for light coupling from the fiber array to the chip. Reproduced from [193]. CC BY 4.0.

state at a wavelength of 1530 nm was implemented at a
clock rate of 2.6 GHz. This achieved a secret key rate of
2.5 Mbit s—! at a small attenuation level, where the attenu-
ation level simulated the transmission distance [192]. Later,
a time-multiplexed measurement-device-independent QKD
(MDI-QKD) protocol was implemented using a relay server
made of a silicon photonics chip with waveguide-integrated
SNSPDs. The relay server chip, shown in figure 12, acts
as a central node (Charlie) and performs optimal Bell-state
measurements (BSMs) between two independent lasers (Alice
and Bob) at a wavelength of 1536 nm. At a clock rate of
125 MHz, the demonstrated MDI-QKD obtains a secret key
rate of 6.2 kbit s~! at an attenuation of 24 dB [193].

One strategy for speeding up the data rates of QKD sys-
tems is massive parallelization of the quantum communication
bandwidth through signal multiplexing. Figure 13 depicts a
fully integrated photonic chip with a four-channel wavelength-
division demultiplexed QKD receiver in a silicon nitride plat-
form with eight waveguide-integrated SNSPDs. At a clock
rate of 3.35 GHz, a secret key rate of 12.17 Mbit s~ at an
attenuation of 10 dB was achieved, along with a low detector-
induced QBER and negligible crosstalk between the four
channels [194].

The state-of-the-art QKD receiver based on waveguide-
integrated SNSPDs supports up to 64 channels with a total
photon detection rate of up to 1.6 GHz. The waveguide integ-
ration enables the inspection of the receiver chip before defin-
ing the photonic layer to pre-select the best 64 nanowires, as
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shown in figure 14. The detectors exhibited a count rate of
up to 20 MHz, timing jitter below 120 ps, and DCR below
150 Hz at 3.6 K. The receiver was utilized in a highly par-
allelized multichannel wavelength-division multiplexed QKD
system where each QKD channel uses two SNSPD channels.
Due to a high thermal load to the cryostat hosting the receiver,
only 18 detection channels were used in the QKD experiment,
demonstrating a maximum secret key rate of 13.2 Mbit s~!
for 9 wavelength channels and 3.82 kbit s~! for 26.6 dB
attenuation [195].

To summarize, as the QKD technology becomes more
widely adopted and quantum communication networks grow
in complexity, there will be an increasing demand for higher
channel counts. This demand will drive the development
of multi-source heralding single-photon source modules and
associated detector arrays, aligning with advancements in
technology for optical quantum computing. In this context, the
development of waveguide-integrated SNSPDs is pivotal for
advancing QKD transceivers. In party-to-party protocols that
do not involve entanglement, an N-channel QKD receiver chip
featuring N integrated decoding circuits—each containing a
waveguide-integrated SNSPD—would connect to a 1D or 2D
fiber ribbon carrying N distinct inputs. For entanglement-
based protocols utilizing a central node, the connectivity and
decoding configuration on the chip at the central node would
differ. Nevertheless, the requirement for multiple waveguide-
integrated SNSPDs remains constant, underscoring the critical
role of waveguide integration in driving future advancements.
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Figure 13. False color optical micrograph of the receiver chip with four-channel wavelength-division demultiplexers. The input light is split
through a directional coupler, acting as a passive basis selection splitter. Most incident light is sent directly into the on-chip demultiplexers
(Z) and read out by one SNSPD to measure the data bits of the transmitted key. The rest (X) goes through a delay line interferometer, where
one arm contains a spiral waveguide delay line. The interferometer output is forwarded to the demultiplexers as well and read out by the
second SNSPD. The demultiplexers are made of serially coupled ring resonators. Each channel has 2 NbN-based SNSPDs, and their
electrical pads are yellow colored. Light coupling into the chip is achieved through 3D polymer couplers. Reproduced from [194].
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Figure 14. Schematic of a 64-channel 2D fiber array (grey) above the QKD receiver chip. The fiber cores are aligned to 64 3D polymer
couplers (glossy) on the chip, coupling light into waveguides (blue) with SNSPDs (red). Only the best 64 SNSPDs are waveguide

integrated. Reproduced from [195]. CC BY 4.0.

5.3. Fundamental quantum physics

Waveguide-integrated SNSPDs operate in a controlled and
isolated environment, reducing noise and interference from
external factors, making them useful to explore new avenues
of fundamental quantum physics. For example, SNSPDs with
near-unity efficiency with diminishingly small dark counts are
akey enabler for fundamental quantum physics studies such as
quantum nonlocality, quantum walks, and for the distinction

21

between classical and quantum sources [196]. Similarly, sev-
eral fundamental questions in quantum physics employ inter-
ferometric measurements, where noise can ruin the contrast,
especially in cases where strong filtering or post-selection is
required [197]. In such cases having an on-chip SNSPD can
significantly improve the experimental results.

There are also recent advances in photon number resolv-
ing waveguide-integrated SNSPDs, which can have a huge
impact on on-chip detection of Fock or NOON states,
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which is fundamental to a range of quantum applications
and quantum physics experiments. Similarly, low dead time
and few ps timing jitter are important for decay dynam-
ics measurements. Given waveguide-integrated SNSPDs can
achieve few ps timing jitters while maintaining high effi-
ciency, they can be very useful for resolving fast (superradi-
ant) emissions from quantum light sources, such as quantum
dots. Similarly, second-order correlation measurement, which
makes the foundation of a range of quantum applications, is
strongly affected by the dark count of the detectors [198].

Quantum erasers or quantum delayed choice exper-
iments are another important fundamental experiment
where precise spatiotemporal measurements of photons
can provide new insights into this relatively complex
experiment [199].

Quantum acoustics is another emerging field where
SNSPDs have been used to characterize single phononic
modes [200, 201]. To detect phononic modes, they were
mapped onto photonic states, which are then detected by
SNSPDs [200, 201].

5.4. Quantum memories and repeaters

When entangled photon pairs are shared between two remote
parties (nodes), the losses in the communication channels
restrict the maximum distance at which entanglement can
be successfully maintained and utilized. Typically, this dis-
tance is around 100 km in fiber-based systems [202]. This
limitation poses a serious challenge for applications like
QKD (section 5.2) and quantum networks, which require
long-distance entanglement distribution. Quantum repeaters
are devices designed to extend the range of quantum com-
munication by dividing a long communication channel into
shorter segments, thereby reducing the impact of photon
loss. They function analogously to classical repeaters, but
instead of simply amplifying signals, they use quantum
principles to distribute entanglement across long distances
[202, 203]. Quantum memories and entanglement swap-
ping are the two most important components of quantum
repeaters [204].

The total heralding efficiency of the memory node plays
a pivotal role in determining the overall success of quantum
communication, especially in the context of Bell state meas-
urements, which are essential for quantum entanglement
swapping, teleportation, and other key protocols in quantum
networks. Heralding efficiency reflects the probability that
a successful detection event will occur when a photon is
present, which directly impacts the reliability and scalability of
quantum communication systems. One of the most significant
contributors to the heralding efficiency of quantum memories
is the SDE of the SNSPDs [205]. The dark count rate is another
important factor one has to consider when choosing detectors
for quantum memory applications. So far, there have been sev-
eral different schemes for on-chip quantum memories using
stand-alone SNSPD systems [205, 206], however, integration
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of on-chip quantum memory with on-chip SNSPDs has not yet
been attempted.

5.5. On-chip single-photon spectroscopy

Single-photon spectroscopy or ultra-low light spectroscopy
can have a wide range of applications in fluorescence and med-
ical imaging, astronomical spectroscopy, and long-distance
daytime remote sensing. Moreover, a high performance,
single-photon detector with the ability to distinguish photon
wavelength with extreme precision, low timing jitter, and
high speed is ideal for emerging quantum communication
protocols such as wavelength division multiplexed quantum
communications [207]. The wide spectral range of SNSPDs,
along with extremely low dark count makes them an ideal
candidate for ultrawideband single-photon spectrophotomet-
ers. However, SNSPDs operate in a highly non-linear regime,
responding similarly to all colors of light within a spe-
cified range and therefore cannot distinguish between different
wavelengths of light. While several studies have explored the
use of SNSPDs for spectroscopy, given the limited scope of
the review, we only discuss cases where waveguide-integrated
SNSPDs have been employed for spectroscopy applications.

One way to overcome the binary response of SNSPDs is to
use waveguide-integrated SNSPDs, where wavelength filter-
ing/demultiplexing can be achieved through ancillary integ-
rated photonic components before detection of photons by
SNSPDs. For example, in stationary-wave integrated Fourier-
transform (SWIFT) spectroscopy, SNSPDs can be waveguide-
integrated to detect the evanescent field formed by the sta-
tionary waves (see figure 15) [208]. The first report of a
SWIFT spectroscope based on waveguide-integrated SNSPDs
was reported by Cavalier et al [209, 210] In a SWIFT spec-
trometer, the incoming light is split between two waveguides
and recombined using a loop waveguide. The SNSPDs lie
atop the loop waveguide, and the spectra are distinguished by
analyzing the total counts across all SNSPDs atop the wave-
guide where the stationary wave is formed. The count rate
of the SNSPDs depends on their relative position to the sta-
tionary wave. SNSPDs at the antinode position give a max-
imum signal, whereas SNSPDs at node positions give the
minimum signal. Because different spectra form different sta-
tionary waves, measuring the total counts allows the spec-
tra to distinguish based on reading counts on SNSPDs. To
overcome the fabrication limitations of many detectors with
individual readouts for high-resolution SWIFT spectrometers,
Elshaari et al in collaboration with Single-Quantum developed
SWIFT spectrometer with slow-RF coplanar waveguide for
time-division-multiplexing of single-photon detectors. This
architecture allowed the biasing and readout of detectors using
a single RF coplanar waveguide [211].

The use of periodic grating structure has long been
recognized as an effective way of realizing high resolution
spectrometers [213]. The operational principle of grating relies
on the phenomenon of diffraction and interference of light.
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Cheng et al demonstrated a broadband single-photon spectro-
scope based on a single SNSPD integrated into a millimeter-
size nanophotonic echelle grating. To read out the SNSPD
signal, they implemented a superconducting nanowire delay
line with group velocity as low as 0.0073c, where c is the
speed of light. Figures 16(a)—(d) shows a 2D schematic of
the implemented spectroscope based on echelle grating and
an SNSPD. The working principle of device is illustrated in
figures 16(e) and (f). The grating is illuminated with a broad-
band source, where due to diffraction, the light is separated
into a spectrum of wavelengths, and they land at different posi-
tions on the superconducting nanowire delay line, and depend-
ing on the difference in timing arrival the wavelength of light
can be assessed [207]. In another report, Zheng et al imple-
mented an on-chip spectrometer through the integration of a
Rowland grating with a specifically designed SNSPD array
in the focusing region of the grating [214]. The specifically
designed SNSPD array is coiled in such a way that the filling
ratio of nanowires changes spatially, making the absorption
in the nanowires a partially varying function. As mentioned,
due to diffraction each wavelength lands at a specific position,
therefore, by measuring the photon counts across different
filling factor SNSPDs, the spectrum of wavelengths could be
mathematically reconstructed. Figures 16(g) and (h) respect-
ively show the schematic of a spatially varying coiled SNSPD
array integrated with a Rowland grating and the working prin-
ciple of the spectrometer.
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Moreover, in recent years, it has become clear that struc-
tural disorder and light scattering, which are generally con-
sidered detrimental, can be used to advantage [215, 216].
When coherent light propagates through a highly disordered
medium they are scattered several times, and the light forms
speckles patterns, due to interference of multiple waves of
the same frequency of light but with different amplitudes and
phases. The working principle of such devices is based on the
analysis of the wavelength-dependent speckle patterns to dis-
tinguish closely spaced wavelengths with high spectral res-
olution. For example, Gupta et al could achieve attometer-
scale wavelength precision for a speckle-based spectrometer,
which they mentioned to have six orders of magnitude better
resolution than the commercial state-of-the-art [217]. Using a
similar principle, Hartmann et al used an on-chip waveguide-
integrated SNSPD on a silicon nitride platform, and a con-
trolled disorder medium by etching random air pockets in
a high index material (SiN,) to achieve a spectrometer with
30 pm wavelength resolution.

5.6. Biomedical imaging

Recent breakthroughs in multi-pixel waveguide-integrated
SNSPDs and on-chip spectroscopy present new unexplored
opportunities in biomedical imaging. To date, waveguide-
integrated SNSPDs have not delivered concrete results in ima-
ging applications, likely due to readout limitations at the
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multi-pixel scale. However, future advancements, particularly
in the mid-IR regime, could unlock a vast range of applications
in this field. In particular, OCT could benefit significantly from
SNSPDs, especially in the mid-IR, where reduced scattering
improves imaging depth [218]. Mid-IR OCT enables molecu-
lar imaging without contrast agents, while on-chip SNSPDs
offer seamless integration for hyperspectral imaging, aiding
in cancer detection, oxygen saturation monitoring, and sur-
gical guidance [212, 219]. Figure 17 shows an application of
SNSPD for enhanced in-vivo non-invasive, ultra-deep brain
imaging.

Stand-alone SNSPD systems have already shown promise
in brain imaging, with improved depth resolution in fluor-
escence imaging and diffuse correlation spectroscopy (see
figure 17) [220, 221]. Clinical trials have already demonstrated
their advantages over conventional detectors. Additionally,
SNSPDs may enhance brain—machine interfaces by detecting
ultraweak neuronal photon emissions.

Other potential applications include photodynamic ther-
apy for cancer treatment via time-resolved singlet oxygen
luminescence detection [222-224], and breath analysis [225],
a non-invasive diagnostic tool for diseases like cancer and
diabetes.
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5.7 Atrtificial intelligence and machine learning (ML)

The compact and scalable nature of waveguide-integrated
SNSPD makes them ideal for large-scale classical and
quantum photonic circuits, which are crucial for implement-
ing algorithms that could enhance ML tasks. Their high SDE
and low jitter can improve the quality of quantum data, which
is essential for reliable quantum-enhanced ML [226, 227].
Photonic Al chips that use waveguide-integrated SNSPDs can
handle high-throughput data streams while operating with
extremely low noise, enabling real-time data analysis and
decision-making at discounted energy requirements. There has
already been some development in the use of waveguide-
integrated SNSPDs for neuromorphic computing, and there
are several theoretical schemes, however, so far, there is no
concrete step in applying these technologies for the imple-
mentation of full-fledged Al or ML algorithms. Quantum com-
puting promises to vastly accelerate Al tasks such as optimiz-
ation, data analysis, and pattern recognition, which are com-
putationally intensive. In addition, AI and ML have shown
immense capabilities in enhancing the single-photon com-
putational imaging capabilities, and in the future, it would
be interesting to implement on-chip SNSPDs for imaging in
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Figure 17. An example of enhanced brain imaging using SNSPDs. (a) Measurement scheme for in-vivo imaging of intact mouse brain. (b)
Volumetric 3D images of blood vessels in an intact mouse head, visualized through the scalp, skull, meninges, and brain cortex, were
captured using a 5 pm z-scan increment. (c) High-resolution confocal images of blood vessels at various depths within an intact mouse head
were captured using a PMT or SNSPD in the NIR-IIb (1500-1700 nm) or NIR-IIc (1700-2000 nm) window. It is quite clear that increasing
the wavelength improves the depth resolution of applied microscopy. Reproduced from [222], with permission from Springer Nature.

combination with Al processors for images processing. This
can be revolutionary for long-distance LiDAR, biomedical
imaging, remote sensing, and fluorescence-lifetime imaging
microscopy.

5.8. Environmental monitoring

SNSPDs can be a crucial technology for remote atmospheric
particle detection and weather forecasting. In photon-based
atmospheric radar systems, detecting extremely weak echo
signals demands the use of single-photon detectors with high
SDE and an exceptionally high SNR. Currently, InGaAs/InP
avalanche photodetectors operated in Geiger mode are used for
LiDAR based weather prediction/environmental monitoring
[228, 229]. However, these detectors suffer from low SDE,
high dark count rates, and active/passive gate pulse suppres-
sion, which limits the maximum detection range to about
20 km [230]. On the contrary, SNSPDs can detect light with
near-unity SDE and negligible dark counts across a wide spec-
tral range, making them extremely useful for long-distance
environmental monitoring. Moreover, with the increasing
impact of greenhouse gases on the environment, it is becom-
ing imperative to find new ways to monitor these gases in real
time. Most of these greenhouse gases have absorption in the
mid-IR range and given that SNSPD technology allows for the
detection of mid-IR photons at a single photon level, SNSPDs
can provide unparalleled real-time information about different
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greenhouse gases. For example, Zhang et al used an SNSPD
system with an on-chip integrated lithium niobate micro-ring
filter for high-precision spectroscopic measurement of local-
ized spaceborne carbon dioxide (see figure 18) [231]. This
kind of system can provide real-time data on almost all kinds
of spaceborne greenhouse gases. Additionally, Luo et al gen-
erated on-chip NOON state for quantum enhanced sensing
of temperature and humidity with high precision [232]. In
the future, it would be interesting to explore on-chip integra-
tion of SNSPDs for a compact quantum-enhanced temperature
and humidity sensor for niche applications in environmental
monitoring.

Exploring additional avenues for developing mid-IR sens-
itive SNSPDs with saturated IDE could involve investigat-
ing novel thin film deposition techniques that enable the pro-
duction of highly homogenous films, such as ALD [233],
and molecular beam epitaxial growth [234]. Additionally,
post-processing defect engineering, achieved by irradiating
SNSPDs with helium ions [235, 236], could also be beneficial.
While these approaches have been primarily explored in the
near-infrared range, further research is essential to assess their
effectiveness for lower-energy photons. It should be noted
that, thus far, all demonstrated mid-IR SNSPDs have been
free space coupled. Potential integrated photonic platforms for
this advancement might include silicon, chalcogenide glass,
silicon nitride, III-V materials, germanium, and diamond. A
recent study tested U-shaped NbTiN nanowires on a SOI
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Figure 18. Schematic showing an on-chip micro-ring resonator filter used in combination with an SNSPD for atmospheric CO, monitoring.

Reprinted from [231], with the permission of AIP Publishing.

platform under flood illumination, demonstrating near-unity
IDE up to 3.5 pm [237]. This work demonstrates a material
platform that could be used to realize a waveguide-integrated
mid-IR SNSPD.

In addition to enhancing energy sensitivity and achiev-
ing saturated IDE for mid-IR SNSPDs, addressing the high
background count rate (BCR) presents a notable challenge.
Reducing the BCR requires incorporating appropriate cold fil-
tering stages along the optical path before the SNSPD, or util-
izing on-chip filters to mitigate black-body radiation coupled
from the room temperature environment [134]. Successfully
achieving this will necessitate careful design considerations
for both the cryogenic setup and device packaging.

5.9. Quantum imaging and quantum spectroscopy

While significant progress has been made in enhancing spec-
troscopy with waveguide-integrated SNSPDs (see section 5.5),
the development of multi-pixel imaging arrays remains lim-
ited. The development and implementation of readout archi-
tecture capable of efficiently interfacing hundreds or thou-
sands of SNSPDs continues to pose a significant challenge. In
this regard, there have been some major steps and some inter-
esting and insightful reviews. [238-242] However, most of
these works are limited to free-space coupled SNSPDs. In the
future, several of these schemes will potentially be reproduced
with waveguide-integrated SNSPDs. Recently, Opriov et al
reported a superconducting nanowire single-photon camera
with 400 000 pixels [243]. Note also that there has been con-
siderable interest in integrated photonics for LIiDAR systems
[244], either for compact beam steering for scanning laser or
with the receiver, therefore a waveguide-integrated SNSPD
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array could be combined with other photonic integrated com-
ponents for an ultra-compact infrared single-photon LiDAR
system.

Interaction-free quantum imaging techniques are another
emerging field of quantum imaging, where a target can be
imaged without interacting with it [245, 246]. This kind of
imaging technique is based on non-invasive imaging, where
objects can be observed without the risk of damage or
alteration. This is particularly useful in biological research
where light-sensitive tissues or fragile structures, like pro-
teins, need to be studied without harm. By minimizing dir-
ect contact, interaction-free quantum microscopy preserves
the integrity of delicate quantum systems that would other-
wise be disrupted by traditional imaging methods. Another
benefit of interaction-free quantum imaging is the ability
to perform high-precision quantum measurements, especially
in quantum computing and quantum information research,
where preserving quantum coherence is essential. The method
is also highly efficient, requiring fewer photons to pro-
duce detailed images. This makes it valuable in fields like
astronomy or microscopy, where reduced light exposure can
be crucial. Moreover, its potential applications extend to
quantum cryptography, where it could be used to detect eaves-
drops without directly interacting with the communication
stream.

6. Key challenges of WSNSPDs

To summarize, there are several technical challenges that must
be systematically addressed to unlock the full potential of
WSNSPDs. These challenges can be broadly categorized into
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optical coupling, cryogenic electronics, and large-area fabric-
ation consistency, each of which plays a critical role in determ-
ining the overall system performance.

Optical coupling: (i) if the application involves the detec-
tion of photons generated off-chip, coupled to a WSNSPD
array, the primary challenge lies in achieving multi-channel,
low-insertion loss coupling between optical fiber arrays and
the waveguides with which the superconducting detector ele-
ments are integrated. Various approaches involving tapered
waveguides to adiabatically adapt the mode areas of the on-
chip waveguides and the optical fibers, in either edge- or
surface- geometries are being developed, along with arrays of
grating couplers. All still face significant challenges to meet
the deep sub-dB, polarization insensitive, broadband specifica-
tions that many applications will demand. To fully take advant-
age of these, should they be developed, it will also be desir-
able to develop WSNSPD structures that show high absorp-
tion efficiency for all of the modes launched into the wave-
guides from different polarizations in the input fiber. (ii) If the
photon sources are on-chip, or co-located in a cryostat with the
WSNSPD chip, then the biggest challenge is managing any
stray ‘noise’ photons that may be present either in the wave-
guiding circuit, or in the substrates.

Cryogenic electronics and readout integration: WSNSPDs
may require integration with low-noise cryogenic electron-
ics to enable efficient signal readout while maintaining high
detection efficiency. One key issue is impedance matching
between the superconducting nanowire and the readout cir-
cuitry, which affects both timing jitter and noise perform-
ance. Although high-impedance cryogenic amplifiers and
impedance-matching networks can mitigate this issue, they
introduce additional complexity in power dissipation and
thermal loading. Future solutions may involve on-chip super-
conducting amplification and multiplexing architectures, min-
imizing power dissipation while improving scalability for
large-channel systems. Additionally, it would be worthwhile to
investigate how developments in on-chip semiconductor cryo-
genic devices could be adapted to enhance the performance of
WSNSPDs.

Fabrication consistency and scalability: fabrication chal-
lenges become increasingly critical when scaling up WSNSPD
integration. Variability in waveguide patterning, etching non-
uniformity, and nanowire deposition inconsistencies can
all contribute to performance deviations across large-scale
devices. Given that superconducting nanowires operate at
bias currents very close to their critical threshold, even
minor fabrication-induced non-uniformities can significantly
impact the switching current, leading to variations in detec-
tion efficiency and timing jitter. Maintaining tight process con-
trol is, therefore, essential to ensuring uniform device per-
formance across an integrated system. Additionally, stress-
induced defects and process-dependent critical current vari-
ations impact the reproducibility of large-scale SNSPD arrays.
To overcome these challenges, advancements in deep-UV
and electron-beam lithography techniques, combined with
ML-based fabrication process control (for example, includ-
ing image processing), could enhance yield and consist-
ency. Furthermore, the development of monolithic integration
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approaches could streamline the manufacturing process, redu-
cing reliance on high-precision hybrid integration techniques.

7. Conclusions

In conclusion, waveguide-integrated SNSPDs are expected to
be critical for diverse range of quantum and classical applic-
ations, because of their compatibility with various photonic
platforms and potential scalability. This review highlights the
theoretical principles, integration strategies, material devel-
opments, and technological innovations driving progress in
this field. Advancements in integration schemes and materi-
als have enabled significant improvements in OCDE, timing
jitter, and spectral bandwidth, while emerging approaches to
circuit design and packaging are addressing practical deploy-
ment challenges. Applications in quantum communications,
quantum computing, LiDAR, and mid-IR sensing demonstrate
the versatility and potential of waveguide-integrated SNSPDs
in revolutionizing photonics technologies. Looking forward,
continued efforts in material optimization, device engineer-
ing, and system-level integration will be crucial for overcom-
ing current limitations and enabling new functionalities. As
the demand for scalable and efficient single-photon detectors
grows, waveguide-integrated SNSPDs are well-positioned to
drive innovation in both research and industry, especially those
related to development of quantum technologies.
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