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Abstract—Single-photon detectors based on superconducting
thin films have become a viable class of technologies for widespread
usage in quantum optics. In this tutorial paper we introduce the key
performance metrics required of them for quantum information
processing and related fields. We review the latest records achieved
by such devices, study technical details regarding recent improve-
ments in superconducting nanowire detectors and transition-edge
sensors, and present representative applications in cutting-edge
research areas that benefit from these advances.
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I. INTRODUCTION TO SUPERCONDUCTING SINGLE-PHOTON

DETECTORS

ONE of the enabling technologies for all photonic
quantum applications is single-photon detection.

Superconductivity-based approaches of single-photon detectors
require operation at significantly below room temperature
which, although an engineering challenge, has built-in strong
suppression of many of the noise processes (false counts) that
can interfere with efficient detection of single photons. In recent
years, significant advances in cryogenic systems have yielded
turn-key systems for operating at down to hundreds of mK
temperatures [1], making it more common for an optics lab to
routinely operate superconducting detectors.

A superconducting radiation sensor’s operating principle is
based on exploiting the transition between the superconducting
state and the normal state that occurs in superconducting mate-
rials [2]. The superconducting state is a distinct thermodynamic
phase that exists only when temperature, external magnetic field
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and the current density carried by the material are below critical
values denoted as Tc, the critical temperature of the material,
Hc, the critical magnetic field, and Jc, the critical value of the
current density.

The superconducting transition is associated with the presence
of an energy gap between the ground state and electronic excited
states. In the superconducting ground state, the electrons are
paired up into superconducting charge carriers, called Cooper
pairs [3], with binding energy of 2Δ, due to weak attractive inter-
action caused by phonon emission/absorption. When energy is
absorbed by the superconductor (for example from a sufficiently
energetic photon), the Cooper pairs dissociate into electrons
excited out of the ground state, known as “quasiparticles”.
Typically, the superconducting energy gap Δ for quasiparticle
excitation is orders of magnitude smaller than the energy of
an optical photon (meV versus eV). So a single photon in the
visible or near-infrared can create hundreds or thousands of
quasiparticle excitations. Counting the number of quasiparticle
excitations following a single-photon absorption event proved
to be a successful detection method used in Superconduct-
ing Tunnel Junction (STJ) and Kinetic Inductance Detectors
(KIDs). An alternative to counting quasiparticle excitations is
a microcalorimeter based energy-resolving detector, such as
the Transition-Edge Sensor (TES), that can measure the tem-
perature change that follows the absorption of a single photon
with an exquisitely sensitive thermometer [4]. And finally, the
characteristic switching of a superconducting material at a fixed
temperature when the current density exceeds the “critical” value
of the current density, Jc, has been exploited to implement the
Superconducting Nanowire Single-Photon Detector (SNSPD)
or Superconducting Nanostrip Photon Detector [5].

Following the first demonstration of single optical photon
detection [6] with a superconducting device, namely STJ, there
has been a lot of research focused on developing superconduct-
ing single-photon detectors with increased performance over
conventional semiconductor-based detectors and photomulti-
plier tubes. Superconducting detectors can outperform conven-
tional photon-counting technologies in a variety of performance
metrics such as detection efficiency, dark count rate, timing
jitter, recovery time, and energy resolution. The most success-
ful technologies have been: TESs, SNSPDs, KIDs and STJs,
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TABLE I
RECORD PERFORMANCE FOR DIFFERENT SUPERCONDUCTING DETECTOR TECHNOLOGIES.

*Maximum distinguishable photon number; R = E/ΔE is the spectral resolving power.
†Among devices that are not a single straight segment of nanostrip.
‡At bias current where efficiency saturates.

which we briefly introduce in the following, along with the
principle figures of merit for single-photon detectors for quan-
tum information applications. In Section II we review present
state-of-the-art advancements in performance metrics enumer-
ated in the previous section with a focus on TESs and SNSPDs,
which outperformed the other technologies. In Section III, a
few quantum applications benefiting from high performance
single-photon detectors are presented.

A. Superconducting Tunnel Junctions (STJ)

Superconducting tunnel junction detectors (STJs) were the pi-
oneering devices in superconductor-based optical single-photon
detection [6]. The STJs consist of two pieces of superconducting
material separated by a very thin (∼nm) insulating layer. They
are also known as superconductor-insulator-superconductor tun-
nel junctions (SIS) and represent a type of a Josephson junc-
tion [7]. Cooper pairs can tunnel across the insulating barrier, a
phenomenon known as the Josephson effect. Quasiparticles can
also tunnel across the barrier, although the quasiparticle current
is suppressed for voltages below twice the superconducting
energy gap. A photon absorbed on one side of an STJ breaks
Cooper pairs and creates excess quasiparticles. In the presence of
an applied voltage across the junction, the quasiparticles tunnel
across the junction, and the resulting excess tunneling current is
proportional to the photon energy. Hence, STJs are intrinsically
energy resolving.

The energy resolution of optical and soft X-ray STJ detectors
approaches the fundamental limits set by statistical fluctuations
of quasiparticle generation and tunneling [8]. Hence, optical as-
tronomy applications, particularly spectroscopy of faint optical
sources, have been the main driver behind the development of
STJ detectors. The European Space Agency (ESA) has operated
a superconducting single-photon camera since 1999. The current
S-Cam3 uses a 10× 12 pixel array operating on the wavelength
band of 340 nm to 740 nm, with average energy resolution of
0.17 eV at 2.4 eV (500 nm) [9]. The energy resolution is defined
as the full width at half maximum (FWHM) of the statistical
curve for repeated measurements at fixed photon energy, in this
case 2.4 eV. Table I shows record performance for STJ devices
in comparison with other detector technologies. Recently there
has been renewed interest in junction-based quantum detectors.
For example, near-IR single-photon detection was demonstrated
with a graphene-based Josephson junction device [10].

B. Kinetic-Inductance Detector (KID)

The Kinetic Inductance Detector (KID) is based on measuring
the change in kinetic inductance caused by the absorption of

photons in a thin strip of superconducting material. When a
photon is absorbed by a superconducting film it breaks Cooper
pairs and generates quasiparticle excitations. The change in
quasiparticle density changes the total surface impedance of
the superconducting film. The change in inductance is typi-
cally measured as the change in the resonant frequency of a
microwave resonator. In such a device a superconducting thin
film is patterned in a way to form a high-Q resonator. The
resonator is capacitively coupled to a feed line allowing a probe
signal to be transmitted through the device: probe signals are
typically a few GHz, and hence these detectors are also known
as Microwave Kinetic Inductance Detectors, or MKIDs. As the
quasiparticle density changes after the absorption of a photon,
the corresponding change in the surface impedance alters the
amplitude and the phase of the probe signal transmitted through
the circuit. The MKIDs therefore, have intrinsic photon-number
resolution and energy-resolving power. Their resonator-based
readout is useful for developing large-format detector arrays, as
each KID can be addressed by a single microwave tone and many
detectors can be measured using a single broadband microwave
channel, a technique known as frequency-division multiplexing.

Initially, KIDs have been developed for mm and sub-mm
wavelength detection for astronomy applications, and later ex-
tended to include optical and near-infrared detection with large
arrays of a few kilopixels for astronomical telescopes [11],
[12]. Recently, a group at NIST [13] has shown improved
single-photon counting at 1550 nm wavelength resolving up to 7
photons with energy resolution ∼0.22 eV in TiN based MKIDs.
Both Hf and PtSi-based MKIDS have also shown single-photon
response at optical and IR wavelengths [12], [14].

C. Transition-Edge Sensor (TES)

Superconducting transition-edge sensors (TES) are highly-
sensitive microcalorimeters that have been widely used to de-
tect radiation from sub-mm wavelengths to gamma-rays in
astronomy-based applications [15], [16]. A microcalorimeter
typically consists of an absorber coupled to an extremely sensi-
tive thermometer and both are weakly linked to a heat sink kept
at a constant temperature. The weak link is characterized by its
thermal conductance (G), which is designed to ensure efficient
excess heat removal. In general, once photons are absorbed,
their energy is converted into heat, causing an increase in the
absorber temperature. Subsequently the absorber temperature
equilibrates to the heat sink temperature with a time constant
τ = C/G, where C is the TES heat capacity.
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Fig. 1. (a) Optical micrograph of a typical W TES detector deposited directly
on a Si wafer. (b) W TES thermal model with W electrons representing both the
absorber and thermometer; the weak thermal link is modeled as a weak electron-
phonon coupling in the W thin film and the heat sink is the W phonon system
which is strongly coupled to the lattice of the silicon substrate and also to the
cryostat cold stage onto which the detector chip is mounted. (c) Illustration of the
steep transition between normal and superconducting phase of a superconductor
and the measurable change in resistance at the absorption of a single optical
photon.

Fig. 2. Schematic of TES electrical circuit. (a) The current through the TES is
measured using a SQUID array amplifier circuit while electrothermal feedback
concurrently returns the device to equilibrium. (b) Representation of TES
operating principle: at the absorption of a photon the TES temperature rises
and is returned quickly to equilibrium by electrothermal feedback.

When a thin film of superconducting material is thermally
balanced in its superconducting-to-normal transitional state, a
very small change in the temperature, caused by absorption
of a single optical photon, can cause a significant variation in
its electrical resistivity (see Fig. 1(c)), acting as an extremely
sensitive thermometer.

The optical TES developed at NIST typically consists of a
tungsten (W) thin film of approximately 20 nm thickness, sputter
deposited on a Si wafer (Fig. 1(a)). The electrons in tungsten are
both the absorber and the thermometer and the weak thermal
link is characterized by the coupling between the electron and
phonon systems (Ge-ph) in the tungsten film (Fig. 1(b)).

The readout circuit of the TES is schematically depicted in
Fig. 2(a). The TES is shown as a variable resistor in parallel

with a shunt resistor with a value much smaller than the TES
resistance when biased for photon detection. Voltage biasing of
the TES ensures stable operation within the superconducting
transition [15]. The sensor temperature is maintained within
its superconducting-to-normal transition via Joule heating as-
sociated with the constant voltage bias (Vbias), a process called
electrothermal feedback (ETF). The current through the TES is
measured using an array of superconducting quantum interfer-
ence device (SQUID) [17] amplifier circuits while electrother-
mal feedback concurrently returns the device to equilibrium. The
SQUID input coil inductively couples the TES current (ITES)
via a magnetic flux to the SQUID and therefore allows direct
equivalent-current readout.

When a photon is absorbed, it heats up the tungsten e− system.
This heat in excess of the Joule heating at equilibrium is removed
in the form of a drop in the Joule power dissipation, such that the
system restabilizes around the operating point (Fig. 2(b)). This
balancing effect, known as negative ETF, significantly decreases
the pulse recovery time constant [18] τetf = τ/(1 + α/n), where
α = (T/R)(dR/dT ) is a dimensionless measure of the slope
or steepness of the superconducting transition and n is the
power-law dependence of the thermal conductance between the
superconducting film and the heat sink.

The value of α depends on the nature of the weak thermal link
as well as the superconducting materials used. α can be as high
as 1,000 [15] and can result in a reduction of the pulse duration
by two orders of magnitude compared to intrinsic film time
constants, enabling pulse decay times on the order of∼1μs [19].

The optical energy deposited in the absorber (tungsten e−

system) can be calculated by multiplying the time integral of
the change in current by the bias voltage. Absorption of two
photons causes a temperature rise that is ideally twice that for
a single photon. As a result, the TES generates an output signal
that is proportional to the cumulative energy in an absorption
event. This proportional pulse-height enables the determination
of the energy absorbed by the TES and the direct conversion of
sensor pulse-height into photon number.

TES detectors can be multiplexed in the time or frequency
domain as previously shown for submillimeter astronomy ap-
plications [20], [21] reaching arrays sized of a few kilo-pixels.
However, for optical and near-IR TES detectors, 36-pixel array
is the largest array size to date (Table I).

D. Superconducting Nanowire Single-Photon Detector
(SNSPD)

The basic operating principle of an SNSPD is shown in
Fig. 3(a). The sensor element is a narrow (80–200 nm) and
thin (2–5 nm) superconducting wire typically patterned on a
substrate in a meandering fashion to fill the active area. Highly-
disordered superconductors are typically chosen, such as NbN,
WSi, or MoSi. The wire is cooled below its superconducting
transition temperature and biased with a constant current. When
a photon is absorbed in the material, Cooper pairs are broken,
resulting in a localized normal (non-superconducting) region
called a “hotspot.” This normal region then grows due to current-
crowding-induced local increase in current density in excess
of the critical current density of the film. Recent experiments
have also shown evidence for “vortex-assisted” growth of the
initial hotspot, in which tunneling of a magnetic vortex across
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Fig. 3. (a) Conceptual representation of the operating principle of an SNSPD.
The details are explained in the text. (b) Schematic of a typical readout circuit
for SNSPDs. The nanowire acts as a switch which opens when the photon is
absorbed, causing the bias current to be shunted into the readout amplifier.

Fig. 4. Typical plot of system detection efficiency as a function of bias current.

the edge of the nanowire and subsequent dissipation contributes
to hotspot growth [22], [23]. The hotspot grows until it covers the
entire width of the nanowire, causing the resistance of the wire to
increase to several kΩ on a time scale of picoseconds. To a first
approximation, as illustrated in Fig. 3(b), the superconducting
wire acts as a switch in parallel with a large resistance, which
opens when the photon is absorbed. This pushes the current out
of the nanowire and into the readout circuit, which is typically a
50 Ω amplifier. After the current is diverted, the nanowire cools
off nearly instantly, returning to the superconducting state, and
current rebuilds in the nanowire on time scales of 1–100 ns,
depending on the device inductance. At this stage the device is
ready to count another photon. Because the SNSPD intrinsically
produces a digital pulse, it avoids the noise and instability
associated with analog signal integration and readout.

Fig. 4 shows a typical plot of system detection efficiency
(SDE) as a function of bias current for an SNSPD. As the
bias current is increased, the detection efficiency also increases
until it reaches a “plateau” region in which the efficiency is
independent of bias current. When the current is greater than
or equal to the switching current (Isw), the nanowire switches
from the superconducting to the non-superconducting (normal
metal) state, and is no longer capable of detecting photons. Note
also the cutoff current (Ico), which is the inflection point of the
sigmoidal curve. The Ico can roughly be considered the current
at which the nanowire begins detecting photons. Generally, Ico

will be a function of the photon energy, with Ico being smaller
for larger photon energies.

E. Principle Figures of Merit

Ideal single-photon detectors must show high performance in
several figures of merit. These include, but are not limited to:

1) System detection efficiency (SDE)
2) Photon-number resolution (PNR)
3) Dark-count rate (DCR)
4) Recovery/reset time (or low dead time)
5) Timing jitter
6) Maximum count rate/response nonlinearity
7) Photon state sensitivity (polarization, bandwidth, etc.)
8) Scalability (multi-pixel arrays, low readout-circuit com-

plexity, high operating temperature, etc.)
Different technologies possess varied advantages in each of

these metrics. For example, TESs possess intrinsic photon-
number resolution capability for up to double-digit photon num-
bers, but might suffer from high timing jitter and more complex
readout electronics. Table I lists the performance records for
some of the figures of merit for the various superconducting
detector technologies mentioned above. Although we list the
maximum number of distinguishable photons, as a comparison
of photon-number resolving detectors, it is worth remarking
that the maximum number of resolved photons and the system
detection efficiency only are not sufficient to give a quantitative
measure of photon-number resolution, or fidelity. The detector
fidelity in resolving photon number is very important for quan-
tum information and metrology applications. One such quantita-
tive measure of the photon-number resolution representing the
probability that the detector gives the correct photon number,
was proposed in [24]. This measure could also be useful in
directly comparing the efficacy of different detectors in resolving
photon numbers as detector technologies continue to evolve.

As Table I illustrates, both TESs and SNSPDs show better
record performances when compared to other technologies. It
must be noted that multiple records are seldom shared by the
same citation. High performance along one metric can require
compromises in other metrics. For example, the SNSPD that re-
ports a maximum count rate of 1.5× 109 counts/s [25] can only
operate at such count rates at an efficiency of 12%. Similarly, a
low SNSPD timing-jitter value of 2.6 ps [26] was obtained for a
narrow, straight segment of nanowire, which is not conducive
to efficient coupling with optical modes. Table II shows the
performance of the same devices cited in Table I for all the
other metrics (where reported) for TESs and SNSPDs. Differ-
ent applications can require high performance along different
metrics, and can often tolerate mediocre performance along
others. Hence, application-specific designs might not need to hit
record values for every figure of merit. Nonetheless, joint high
performance in multiple figures of merit has become a pressing
goal in the field.

II. PRESENT STATE-OF-THE-ART FOR TES AND SNSPD

A. Efficiency

The record-high detection efficiencies in Table I are owed
primarily to improvements in coupling guided optical modes to
the absorptive active area. Fig. 5(a) shows a schematic, exploded
diagram of a self-aligning fiber-coupled mounting package de-
signed by Miller et al. [27] for both TESs and SNSPDs. The
devices are fabricated in key-hole-shaped dies which fit snugly in
standard 2.5 mm inner-diameter zirconia sleeves meant for fiber-
to-fiber couplers. Such mounts, when used with ceramic-ferrule
terminated single-mode fibers with AR-coated front faces, offer
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TABLE II
DEVICE PROPERTIES FOR TESS AND SNSPDS LISTED IN TABLE I.

*Maximum distinguishable photon number; R = E/ΔE is the spectral resolving power.
§1/e decay time.
¶Inferred from efficiency of 20 × 20 μm2device in same reference.
‖Only rise time reported.
**Over 95% across 1530–1630 nm.
††At half the maximal efficiency.
‡‡Inferred from figure.
§§Per pixel.

Fig. 5. (a) Self-aligning fiber-coupled mounting package for nanofabricated
optical detectors [27] (Image reproduced from [28]). (b) Typical vertical stack
of the detector at the active area. The bottom reflector could also consist of a
metallic mirror and a dielectric separator. A design could also include spacers
around the active area to ensure fiber-to-top-surface separation.

a low-loss means of optically coupling to the detectors. The
vertically-illuminated absorptive elements in the active area are
further encased in a resonant optical stack composed of layers of
metals and/or dielectrics, which are optimized to trap light at spe-
cific wavelength ranges to ensure multipass interactions with the
absorber. These optical stacks in general consist of a reflective
component below the active area, and an anti-reflection com-
ponent above (Fig. 5(b)). The layer-thicknesses in all-dielectric
Bragg-style reflectors below the superconducting layer can also
be modulated to optimize absorption at multiple wavelengths of
interest [29]. An alternative means of coupling optical modes to
absorptive superconducting regions besides: self-aligning pack-
ages, direct freespace illumination, and waveguide integration,
is evanescent coupling through microfibers [30]. This approach

can offer ultra-wide bandwidths of operation (spanning from
visible to near-IR), though it is yet to yield high-efficiency
performance.

As demonstrated previously [55] and adopted by other su-
perconducting technologies, TES detectors were optimized for
high detection efficiency at specific wavelengths from near-
ultraviolet to near-infrared by designing multilayer structures
that enhance the absorption of light into the active device
material. Using this technique, absorption in W TES has been
increased from 30% in bare W film to above 95% for W em-
bedded in an optical multilayer structure optimized for various
target wavelengths from UV to near-IR [19], [56]. The same
technique was adopted by other optical TESs using different
superconducting detector materials: Ti [57], Ti/Au [58], Hf [59],
as well as SNSPD devices as described in this paper.

Since TESs generally operate at sub-Kelvin temperatures,
compatibility of various dielectric and metallic layers used in the
optical stack design is very important, in order to avoid stresses
that arise from the differences in coefficients of thermal ex-
pansion. This is particularly relevant for superconducting films
with crystallographic structures susceptible to thermal-stress
induced suppression of Tc, such as with W [60], or to transition
broadening, which can result in a significant increase of TES
recovery time [59].

One advantage of amorphous materials such as WSi and MoSi
used in SNSPD device fabrication, is that they are not as sus-
ceptible to stress-induced superconducting transition changes
compared to polycrystalline materials.

Like TESs, the efficiency of SNSPDs is also the product of the
internal, coupling, and absorption efficiencies. The self-aligned
coupling scheme and the vertical, layered stack of optimized
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thicknesses all contribute to maximizing the coupling and ab-
sorption efficiencies. The superconducting films in the active
areas of SNSPDs typically require more multipass interactions
than in TESs, due both to their sub-unity fill factor and their
smaller thicknesses. Consequently, non-absorbing all-dielectric
reflective structures at the bottom of the stack result in higher
absorption efficiencies than partially-absorbing metallic mir-
rors [32], with the advantage waning for thicker nanowire
films. The all-dielectric design causes a significant transverse
divergence of the optical beam trapped within the optical stack
prior to complete absorption, necessitating a wider active-area
coverage resulting in increased kinetic inductance (causing in-
creased jitter and recovery times) [61]. Usage of superconduct-
ing materials that show target-wavelength single-photon sensi-
tivity at larger thicknesses can circumvent this constraint [34].
Using multiple layers of thin, superconducting nanowire
meanders in a so-called SNAP (superconducting nanowire
avalanche photon detector) configuration [33], [62] can in-
crease single-pass absorptive thickness and curtail beam diver-
gence. Multi-layer nanowire structures can also be optimized
for wider contiguous bandwidths spanning ∼100 nm at near-IR
wavelengths [33].

Internal efficiency in SNSPDs is the efficiency with which an
absorbed photon results in an electrical output pulse. At low bias
currents, SNSPDs are not sensitive to photon absorption. Higher
bias currents increase the probability of hotspot formation via
absorption of a photon of sufficient energy. When the internal
efficiency is saturated, this results in a “plateau” of the efficiency
as a function of the bias current (see Fig. 4). At the higher end
of the saturated region close to switching current, the SNSPD
“switches,” i.e., gets stuck in a non-superconducting “normal”
state when a detection-event occurs, requiring the bias current
to be ramped down to zero and ramped back up again to resume
detections. SNSPDs that do not see internal-efficiency saturation
(for a given photon energy) before switching may have to be
redesigned with narrower nanowire widths, thinner films, or
reduced fill factors at the meander bends to limit local current
crowding [61], [63]–[65].

SNSPDs are biased at currents within the internal-efficiency
saturation region (Fig. 4) for high-efficiency operation. Higher
bias-current operation can result in lower timing jitter due to an
increased amplified-pulse voltage peak (for given amplifier and
line noise), whereas lower bias currents help prevent accidental
detector switching at high count rates in devices that are read out
using AC-coupled RF amplifiers. Fiber-coupled SNSPDs have
shown system-detection efficiencies exceeding 98% at near-IR
telecom wavelengths [32]–[34].

B. Polarization Sensitivity

Polarization sensitivity (PS) is typically defined as the ratio
of the maximum to the minimum system-detection efficien-
cies across all input polarization states of photons of a given
wavelength. TESs are inherently insensitive to polarization for
normally incident optical beams due to the cylindrical symmetry
of the vertical stack within the optical-beam diameter. SNSPDs
whose nanowire meander geometries consist of grating-like
arrangements of parallel strips of nanowires in the active area

show an innate polarization sensitivity. In general, the absorption
efficiency is higher for TE-polarized light (electric field vector
parallel to the nanowire) and smaller for TM-polarized light,
though this can be reversed with clever AR-coating configura-
tions. The difference between TE and TM absorption efficiency
is generally on the order of 10–15%, but can be higher or lower
depending on the geometry of the meandering wire. Reducing
PS to near unity is desirable because applications which rely on
high efficiency and high throughput [66]–[68] may otherwise
need to introduce polarization controllers and other polarizing
elements before directing light to the detectors, which adds
complexity and can be a source of loss. Polarization-dependent
efficiency also introduces a security vulnerability into phase-
encoded quantum-key distribution methods [69].

PS can be made near-unity at single target wavelengths via
clever engineering of top-dielectric-coating thicknesses in the
vertical stack [70]. The standard approaches to reducing PS over
broader bandwidths have resorted to introduction of discrete
rotational symmetries in the meander geometry. This has been
done, for example, by stacking two layers of meanders with
perpendicular orientations within the stack [62], which resulted
in a PS of 1.02 with an SDE value of 87.7%. Alternatively,
the meander layout can utilize space-filling 1-D fractals such
as Sierpinski or Hilbert curves; this was shown to yield a
PS of 1.02 with 91% SDE [71]. The challenge for efficient
detection with fractal meanders stems from the introduction
of bends in the active area, which have a hard time reaching
internal-efficiency saturation due to current crowding at the
inner radii [61], [63]–[65]. Yet another solution is the use of
spirally-patterned meanders [72], which have achieved a PS of
1.03 at 92.2% SDE for 1550 nm light. The efficiency of spiral
meanders is limited by a low-fill-factor central region, in addition
to the introduction of bends in the active area.

Recent advances in SNSPDs have shown that micrometer-
wide superconducting thin-film strips can be sensitive to near-IR
single photons [73]–[78]. Such micrometers-wide wires, or
‘microwires’ are 2–3 nm thick, which is thinner than is typical
for nanowires. This technology has enabled high-fill-factor
meanders in excess of 0.9 in the active area with reduced
preponderance of superconducting material close to the edges,
which is responsible for the innate polarization sensitivity
of traditional meander geometries in SNSPDs. Microwires
in conjunction with a novel candelabra-style meander (see
Fig. 6) [61], [65] that decouples the switching current with
active-area fill factor, have achieved a PS of 1.02 with SDEs of
96% at count rates of 105 counts/s [61].

C. Recovery Time

The recovery rate of the optical TES is limited by the weak
thermal link between the electron and phonon systems. While a
weak thermal link is required so that a photon can be converted
to a detectable electrical signal, the weakness of this link can
lead to long recovery times compared to other single-photon
detectors such as SNSPDs (see Table I).

It is important to note that during the thermal recovery time,
the TES is still able to receive and detect a photon, and therefore it
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Fig. 6. An SEM image of a candelabra meander microwire pattern [61] etched
into WSi, showcasing a high fill-factor of 0.91 in the active area and a low local
fill-factor of 0.33 at the hairpin bends outside of the active area.

has no dead time, which is unique among photon counting detec-
tors. However, if an absorption event occurs during the recovery
of the detector, signal pile-up may occur and requires compli-
cated post-processing of the detector response. Consequently,
short recovery times of TES devices are needed for enabling
high-repetition rate experiments. Decreasing the recovery time
for optical TES detectors is an active area of research and the
following will describe two ways of achieving this.

The response time of the TES in an electron-phonon de-
coupling limit is inversely proportional to the cube of the
operating temperature, and independent of the sensor volume.
When voltage biased, the TES response is significantly sped up
due to negative electrothermal feedback: τetf = τ/(1 + α/n),
τ = C/G [15]. Since the TES heat capacity isC = γV T , where
γ is the specific electron heat capacity coefficient, and the
thermal conductance to the bath is G = nΣe−pV Tn−1, where
Σe−p is the electron-phonon coupling constant limiting the heat
flow to the substrate and n ∼ 5 is the power-law dependence
of the thermal conductance between the superconducting film
and the heat sink; the TES recovery time can be written as
τetf = (γ/nΣe−pT

n−2)/(1 + α/n) ∼ T−3.
Based on the inverse dependence on the cube of the operating

temperature, using superconducting thin film materials with high
Tc or tuning the transition temperature of a specific material
or bilayer to a desired high Tc can significantly speed up the
recovery of a TES detector. For example, Kobayashi et al. [41]
have used Ti/Au bilayer as the TES superconductor material,
with a Tc of 314 mK which resulted in a recovery time constant
of 74 ns, with energy resolution of 0.42 eV (FWHM) at 940 nm
wavelength.

Another way of speeding up TES devices is the use of a faster
alternative heat dissipation path. Calkins et al., have shown that
by adding Au pads on top of W TES devices, the device recovery
time reduced to 460 ns, showing an improvement of a factor
of 4 over devices with no Au pads, without affecting energy
resolution [51]. Since the thermal electron-phonon coupling
parameter of goldΣAu is≈10× larger than for tungsten, one can
engineer the thermal coupling by adding a controlled volume of
gold to the TES. Since the Au-e− system is strongly coupled to
the W-e− system, a strong thermal link between the Au-e− and
phonon systems allows for faster thermalization to the thermal

Fig. 7. Detection pulse from an large-area SNSPD with kinetic inductance
Lkinetic = 5 uH, amplified using two-stage room-temperature RF amplifiers with
a net gain of 38 dB below 500 MHz. The impedance of the readout line was
Zline = 50 Ω. Note the zero-crossing and the undershoot of the voltage trace
into the negative region that persists for microseconds due to discharge from the
input capacitance of the AC-coupled amplifier circuit.

bath, modifying the thermal coupling constant of the whole
system. Ultimately, the inductance in the TES readout circuit
and the SQUID amplifier bandwidth will limit the TES rise time
and recovery time.

SNSPDs are significantly faster than TESs, which makes
them particularly attractive for many quantum optics applica-
tions. Both the rise and recovery times of SNSPDs are en-
tirely dependent on the kinetic inductance of the meanders and
the input/line-impedance of the readout method. The kinetic
inductance is merely the product of the sheet inductance of
the superconducting film (expressed in H per square) and the
aspect ratio of the current-carrying path in the meander. Note
that the gross geometry of the nanowire makes a negligible
contribution to total inductance at these length scales. Thick
(∼10 nm) superconducting films used for SNSPDs are typically
made of polycrystalline materials like niobium nitride (NbN) or
niobium-titanium nitride (NbTiN), possessing sheet-inductance
values of 50–100 pH per square. Thinner (∼2–5 nm) amorphous
superconducting films like MoSi or WSi boast sheet inductance
values of 150–300 pH/sq. Meanders in thinner films would also
be required to cover a larger active area in vertically illumi-
nated stacks to compensate for beam divergence, which further
increases the net kinetic inductance in high-efficiency devices.

The rise time of SNSPD detection pulses (τrise) in simple
readout schemes is, to first order, the ratio of the kinetic induc-
tance (Lkinetic) and the resistance of the hotspot. The pulse then
decays exponentially with a time constant (τfall = Lkinetic/Zline),
whereZline is the input-impedance of the readout circuitry. In the
simplest method of readout, this is simply the line impedance of
the coaxial line (50 Ω). A typical detection pulse read out of a
coaxial line using room-temperature RF amplifiers is shown in
Fig. 7.

Recovery times can be improved by increasing the readout
line impedance using Π- or T-networks of passive resistors [32],
[61] but these approaches seem to limit maximum sustainable
count rates. Alternatively, a radical change in the meander
geometry which can provide multiple parallel current paths
through nanowires covering the active area can drastically re-
duce the kinetic inductance. N identical parallel sub-meanders
with nanowire widths matching a single full-coverage meander
boast a kinetic inductance that is smaller by a factor of N2.
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This SNAP configuration was used in [42] with N = 12 to
achieve a recovery time of 80 ps. SNAP meanders have to be
carefully designed to ensure that a hotspot in one branch triggers
a cascading hotspot generation in all branches.

The above record was achieved in epitaxially grown NbN
nanowires, and cannot be replicated with sputtered amorphous,
or even polycrystalline superconducting films. This is because
besides the electronic recovery time, there is another timescale
associated with the thermal relaxation of the hotspot, which
imposes a lower limit. For amorphous films like MoSi and
WSi, this is typically 10–20 ns for the usual cross-sections.
For polycrystalline sputtered films like NbTiN, this can be as
low as 3 ns. Due to detector nonlinearities and pulse pile-up
effects, the effective detection efficiency suffers with increased
count rates [61], with the trade-off being worse in slow-recovery
detectors.

D. Timing Jitter

In addition to faster recovery times, low timing jitter is another
desirable parameter for most single-photon experiments [79].
The timing jitter is the uncertainty in identifying the arrival time
of the photon.

For any timing pulse signal, the jitter or timing uncertainty
for crossing a threshold is determined by the noise and the
underlying slope of the signal at the point of crossing:

Δtσ =
σ

dA/dt|t ≈ σ

Amax
τrise, (1)

where σ is the root-mean-square (RMS) noise of the electrical
signal, dA/dt is the slope of the signal at a given time t, τrise is
the rise time and Amax is the maximum amplitude.

For TES, the absorption of a photon gives rise to a current
signal characterized by an RMS (root mean square) noise and
amplitude corresponding to a certain timing jitter. Assuming that
the noise contribution from the SQUID readout is sufficiently
low, the main contributions to the noise in the TES signal
are a combination of Johnson noise in the device and thermal
fluctuations between the device and the bath [15]. The rise time
of the electrical signal for TESs is generally limited by the overall
inductance in the readout circuit and the resistance of the TES, as
well as the bandwidth of the external amplifier. Any jitter related
to the position of photon absorption is generally negligible for
TES detectors.

Using a SQUID chip designed to have lower input induc-
tance (L = 24 nH) as well as using low overall inductance of
readout circuit in addition to high-bandwidth room-temperature
amplification, Lamas-Linares et al. have demonstrated timing
jitter FWHM values of 4.1 ns for 1550 nm single photons and
2.3 ns for 775 nm [44] in W TES devices, without significant
degradation of the device energy resolution (0.33± 0.02 eV).
The lower timing jitter for higher energy photons is due to higher
amplitude of the TES output waveform.

For SNSPDs, there are three contributing factors to jitter:
amplifier noise, geometric jitter, and intrinsic jitter. Amplifier
noise for SNSPDs is also described by Equation (1) above.
Amplifier noise can be minimized through the use of cryogenic

amplifiers located either at 40 K or 4 K stage of the cryo-
stat. The second contribution to jitter is geometric jitter. The
nanowire acts as a microwave transmission line, resulting in
small variations in the arrival time of the pulse at the counter
based on the precise location on the meandering wire where
the photon is absorbed. The sub-3 ps record-low jitter from
Table I [26] was measured in a single 5 μm long nanowire
strip to minimize geometric effects. Geometric jitter can also
be eliminated using differential or double-ended readout [80].
The final contribution to jitter is intrinsic jitter, and results from
statistical variations in the time it takes for the hotspot to form.
Intrinsic jitter varies with photon energy and the material used to
fabricate the nanowire, and depends critically on the physics of
the hotspot formation process. Fano fluctuations in the number of
Cooper pairs broken [81], transverse-position-dependent delays
in hotspot formation [82], [83], as well as inhomogeneity in
film properties such as thickness or granularity [84] have all
been theorized as contributors to intrinsic jitter [85]–[88].

E. Maximum Count Rate and Nonlinear Response

As illustrated in Tables I and II, TES devices with counting
rates of 105 counts/s and photon-number resolution of 7 at
1550 nm have been demonstrated. In order to achieve the fastest
counting rate of a TES detector, the readout circuit inductance
needs to be minimized. In addition, design constraints for stabi-
lizing the TES detector against electrothermal oscillations that
can develop in the dynamic solutions to the coupled heat flow
and electrical circuit equations (corresponding to a transfer of
energy back and forth from the inductor to the TES thermal heat
capacity) need to be addressed [89].

Recently, it has been shown that photon numbers can be
efficiently measured in real time using a custom hardware pro-
cessor to process TES pulses on the fly at a count rate of 104

counts/s [37]. Up to 16 photons achieving up to part-per-billion
discrimination for low photon numbers were measured on the
fly using this method.

The maximum count rates reported for SNSPDs are those
which are demonstrably sustainable without the device switch-
ing into an insensitive, “normal” state. The bias current in the
photosensitive nanowire meander will be reduced to below the
setpoint immediately following a detection, and will take time
τfall to recover. Meaning that even when the bias-current setpoint
is operating at saturated internal efficiency, the device will not
efficiently detect photons arriving too soon after a detection
event. As a rule of thumb, two separate detection events have
to occur 3τfall apart for their detector responses to have been
independent. As a consequence, the detection efficiency of a
single meandering current path in the active area is dependent
on the incident photon rate [61]. The record maximum SNSPD
count rate [25] of 1.5 Gcounts/s was achieved using multiple
interleaved meanders in the active area and combining their RF
pulses into a single line to be amplified. A similar effect can be
mimicked using a SNAP-style arrangement wherein, unlike in
typical SNAP detectors, the independent meanders are biased
at a low current to prevent the cascading avalanche of hotspot
generations [53]. So when a single meander detects a photon, the
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other meanders serve as buffers for the DC and low-frequency
components of the bias current, and remain photosensitive dur-
ing the initial-meander recovery.

Another significant source of detector nonlinearity can oc-
cur due to non-resistive input-impedance (from the device’s
viewpoint) of the readout circuit. When the detection pulses
are read out of SNSPDs using AC-coupled RF amplifiers, their
voltage trace will show a zero-crossing and an undershoot region
after detection which can persist for several microseconds (see
Fig. 7). This is due to the input capacitance of the amplifier
chain getting charged up during the initial positive lobe and
then slowly discharging by driving excess current back into the
device. The amount of undershoot is proportional to the input
capacitance of the amplifier system, which is monotonically re-
lated to the low-end frequency of the amplifier’s gain bandwidth.
The voltage trace of the pulse closely resembles the inverse
plot of the amount of current in the SNSPD meander. Meaning
that the detector’s bias current after a detection event (in the
undershoot region) is slightly higher than the DC setpoint, briefly
making the detector more sensitive to photons and increasing
the probability of switching upon rapid successive detection
events. This undershoot can be avoided by using DC-coupled
amplifiers, as is usually done in cryogenic amplifier systems.
More sophisticated readout schemes, such as active-quenching
circuits [90] can also prevent the undershoot but will obscure
the state of the current in the detector from easy measurement.
DC-coupled cryogenic amplifiers are necessary to ensure that the
devices see purely resistive impedance across a wide bandwidth
in the readout circuit [91]–[93].

F. Photon-Number Resolution

Based on its microcalorimetric principle of operation, the op-
tical TES generates an output signal that is proportional to the cu-
mulative energy in a photon absorption event. This proportional
pulse-height enables the determination of the energy absorbed
by the TES and the direct conversion of sensor pulse-height
into photon number. The ability to discriminate between photon
numbers is determined by the energy resolution of the TES and
the incident photon energy. The fundamental energy resolution

is given by [89]: ΔEFWHM = 2.355
√

4kBT 2
eC

√
n/2/α, where

Te ∼ Tc. Lower values of Tc improve the energy resolution of
the TES. However it also slows down the device recovery, since
the recovery time scales with ∼T−3.

In some applications, it is important to be able to count pho-
tons at high incident power. The ability to discriminate higher
photon numbers is related to the TES linearity, or the saturation
energy of the TES. Above a certain energy, Esat ∼ TcC/α, the
superconducting film is driven to its normal state and loses its
ability to discriminate photon numbers, becoming a ‘click/no-
click’ detector. There is a trade-off between highEsat and energy
resolution, so different applications might have to prioritize one
over the other.

Fig. 8(a) illustrates the photon-number-resolving capability
of the TES. The TES was illuminated with weak coherent state
pulses with a mean photon number per pulse of 2 at 800 nm
wavelength. Also visible is a 2μm wavelength blackbody photon

Fig. 8. Many TES output waveforms from 800 nm incident photons. The
pulse heights correspond to energy deposited. Inset shows pulse-height binning
for photon-number discrimination. Figure reproduced from [56].

detection at about 10 μs after the weak coherent pulses. When
TESs are coupled to typical telecom optical fibers, background
photons such as this result from the section of the high-energy tail
of the room-temperature blackbody emission spectrum that falls
below the long cutoff wavelength of the fiber around 2 μm [94]
or can be due to spurious visible wavelength photons coupled
to the detector from the lab environment or even high energy
cosmic ray muons absorbed in the detector chip. When the
energy of the signal photons is large enough, the blackbody
photons can easily be separated out by pulse height analysis. As
can be seen in Fig. 8(a), at higher photon numbers (>4), the
TES response enters the nonlinear regime close to the normal
conducting regime, and the photon-number resolution capability
degrades.

Post-processing of the TES output waveforms is commonly
done to maximize the signal to noise ratio. One fast, reliable
method is optimum filtering using a Wiener filter [95]. This
method yields a projection of each waveform onto a known
template, resulting in an outcome that is approximately pro-
portional to the absorbed energy, hence the number of photons
for a given absorption event. An example is shown in Fig. 8(b)
displaying the pulse-height histogram for a measured coherent
state with mean photon number of ≈5. Since the optimum
filter relies on a known linearly-scalable detector response, the
method fails when the assumed detector response does not match
the actual response, i.e. when entering the non-linear region.
This effect is evidenced by the reduced visibility of the pulse
height peaks for photon numbers larger than 4. To improve
the photon-number resolution at higher photon numbers in the
non-linear region, one can find the most optimum representation
of each photon-number response [96]. A few other methods have
been proposed to extend the photon number resolution close to
the normal-conducting region [97] as well as far beyond the
normal conducting region [98].

Recently, a lot of research has been dedicated to investi-
gating SNSPD’s ability to discriminate photon numbers. The
electronic traces of the detection pulses from SNSPDs contain
information about the total resistance of all of the hotspots
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generated within a small (10–100 ps) temporal window. Under
monochromatic or narrow-bandwidth optical-input-state condi-
tions, all the hotspots generated in the active area (with constant
nanowire width) will have nearly-identical resistances (typically
1–10 kΩ, depending on the nanowire material, geometry, and
photon energy). Therefore, the electronic traces can be used to
count the number of hotspots generated, which gives SNSPDs
limited number resolution for up to 3-6 photons [40], [99],
[100]. This information is usually contained in the slope of the
rising edge of the detection pulses, and can only be extracted
with low-noise (typically cryogenic) electronic amplification.
Alternatively, an impedance-matching taper can be fabricated
into the superconducting film, wherein a lengthy microstrip of
slowly tapering width is used in the readout circuit to match the
(single) hotspot resistance to the 50 Ω coaxial-line impedance.
This can increase the signal-to-noise ratio in the traces, and the
voltage peaks or pulse heights will correspond to the number
of simultaneously generated hotspots [38], [101]. Impedance-
matching tapers can introduce a higher kinetic inductance as well
as frequency-dependent reflections, resulting in long, distorted
readout pulses which can limit the maximum count rate. The
advent of microwire technology could allow for geometries
which host hotspots with resistances close to 50 Ω, which
would obviate the need for tapered readouts while retaining the
lumped-element character of the device.

The mechanism of RF pulse extraction from the active area is
substantially influenced by the impedance mismatch between the
hotspots and the readout line [102]. Thus, the number-resolving
ability decreases at higher numbers, limiting SNSPDs to values
well below the TES records. Furthermore, SNSPDs are not sensi-
tive to photon absorption immediately after a hotspot-generating
detection event due to all of the bias-current having “exited” the
device. For photon-number resolution, all of the hotpots need to
be created within a small temporal window of size 10–100 ps,
a condition that is orders-of-magnitude stricter than for TESs.
SNSPD detector-tomography efforts have yet to measure this as-
pect of these detectors. Photon-number resolving SNSPDs will
most likely be limited to applications with ultrafast optical pulses
and requirements limited to discriminating between single- and
multi-photon detections, such as rejection of higher-order terms
in squeezed-vacuum photon-pair sources [66], [100].

Several experiments have been performed recently by vari-
ous research groups around the world in using SNSPD arrays
for photon-number-resolved measurements [25], [103]. This
approach relies on splitting the optical mode amongst a large
number of detector elements or pixels. However, it is ultimately
limited in fidelity due to either the limited signal-to-noise ra-
tio of the output pulses or non-unity detection efficiency of
the array. For array-style detectors that split the optical mode
equally across M non-number-resolving pixels, the probabil-
ity of undercounting N simultaneously-incident photons is
1− (MPN )ηN1 /MN , whereη1 is the overall single-photon SDE.
Even with η1 = 1, an 10-pixel array undercountsN = 2 photons
10% of the time. One would need a 100 pixels to reduce that to
1% [104]. Increasing number of pixels introduces complexity to
the array readout, which in most designs decreases the inter-pixel
fill factor, thus further reducing η1.

G. Dark-Count Rate

When discussing dark counts for SNSPDs and TESs, one
must differentiate between background counts and intrinsic dark
counts. Background counts are counts due to background pho-
tons, which generally originate from blackbody radiation but
can also be due to stray high energy particles such as cosmic
rays. Background counts can be reduced significantly when
working at telecom wavelengths by coiling the fiber close to
the device in a tight coil with radius ∼1 cm. The bend loss for
long wavelength photons will be higher than for the signal of
interest. The record-low dark-counts in Table 1 were achieved
by addressing long-wavelength radiation. Shibata et al. [46]
obtained a dark count rate of 0.1 counts per second by intro-
ducing cold-filters in front of the fiber to block guided black-
body radiation. The UV-sensitive WSi SNSPDs fabricated by
Wollman et al. [47] were thicker (10 nm) than is typical for that
material, rendering them inherently insensitive to lower-energy
photons and showing dark-count rates of 0.01 counts per second.
Tight (low-radius) hairpin bends in the meander geometry have
been shown to increase the intrinsic dark count rate due to the
current-crowding effect at the inner radii [63]. Intrinsic dark
counts in SNSPDs are counts which will be observed even
in a perfectly shielded environment, and are generally due to
statistical thermal fluctuations. At low bias currents, shielded
SNSPDs have measured 4–5 counts in 180 hours of continuous
operation [105]. Intrinsic dark counts increase exponentially as
the bias current approaches the switching current.

Due to their almost zero intrinsic dark counts and background
limited, TES detectors are also a key enabling technology in the
search for Dark Matter. The Any Light Particle Search (ALPS
II) experiment relies on TES detectors to detect the 1064 nm
photons produced due to the creation and annihilation of an axion
in the ‘light shining through the wall’ experiment [45]. The TES
detectors have>90%detection efficiency over 800 nm–1600 nm
wavelength range. Intrinsic dark count rates of 1× 10−4 s−1

were measured with no optical fiber attached to the TES, and
a dark count rate of 8.6× 10−3 s−1 with optical fiber coupled
to the TES and with the other fiber end at 300 K. The main
dark-count contribution for the fiber-coupled TES were due to
blackbody photons from 300 K blackbody spectrum, so cooling
the end of the fiber at 300 K and/or using a cold filter that reflects
low energetic photons (as in [46]) should lower the dark counts
rate further.

H. Array Readout

Array readout for SNSPDs is in an early stage of development.
Only recently has SNSPD yield been improved to a degree which
allowed the fabrication of large scale arrays, due in large part
to the development and use of amorphous superconductors such
as WSi and MoSi, which have excellent uniformity over large
areas and can be deposited on a wide range of substrates.

The simplest form of array readout is direct readout, in which
each SNSPD in the array has a dedicated readout line. The
advantage of this simple technique is that the maximum count
rate of the arrays increases linearly with the number of pixels.
The primary disadvantage is that each readout line carries a heat
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Fig. 9. (a) Row-column readout (b) thermal row-column (c) time-of-flight
imager and (d) thermally-coupled imager.

load to the lowest temperature stage of the cryostat, which may
increase the base temperature or result in a shorter measure-
ment window before which a recycling or regeneration of the
cryogenic system is required.

In order to mitigate the heat load problem, several multi-
plexing schemes are currently being explored. The most ma-
ture technique is known as row-column multiplexing, shown in
Fig. 9(a). This scheme allows the multiplexing of N2 pixels on
2N readout lines. Each row containsN pixels wired electrically
in parallel. The current flowing through each pixel in a given row
then flows out through a unique column. Each row and column
has an associated readout amplifier. When a detection event
occurs in a pixel, the current is diverted out into a row amplifier.
There is a simultaneous reduction in the current flowing through
the column, leading to a negative pulse in the column amplifier.
Correlations between positive row and negative column pulses
are then used to determine the pixel which detected the photon.
Row-column has been used to successfully multiplex up to
1024 pixels in a 32× 32 array [50].

One disadvantage of the row-column scheme is leakage cur-
rent to other pixels in a row when a detection event occurs.
Not all of the current is shunted to the amplifier. This can be
a problem for SNSPDs with low switching current, such as
those used for detecting mid-infrared photons. The degradation
of signal-to-noise ratio resulting from leakage current can make
the row-column scheme unusable. Fig. 9(b) shows an alternative
in which correlations between rows and columns are achieved
through thermal interaction between the row and column pixels.
Pixels in the rows and columns are wired in series instead of
in parallel, eliminating the problems associated with leakage
current [106].

Fig. 9(c) illustrates the time-of-flight multiplexing scheme.
This scheme utilizes the transmission line nature of the nanowire
and the relatively slow propagation velocity of an electrical pulse
along the length of the nanowire (roughly 0.01c, where c is the
speed of light) to give spatial resolution. Each detection event
produces a positive and negative electrical pulse which travel
in opposite directions along the length of the nanowire. The
difference in time of arrival between the pulses at the two ends of
the nanowire can be used to determine the spatial location of the
detection event. This is a very efficient method of multiplexing
in that it drastically reduces the number of required readout
lines for a given number of pixels. However, this technique also
drastically reduces the maximum count rate of the array.

Fig. 9(d) illustrates another multiplexing technique known
as the thermally-coupled imager. This technique utilizes the
same time-of-flight scheme as shown in Fig. 9(c). However,
in this case when an SNSPD detects a photon, the electrical
pulse is sent to a resistive heater. The generated heat is coupled
to a superconducting readout bus which lies underneath the
resistor, separated by a thin dielectric. The heat generated by
the resistor is large enough to generate a hotspot in the readout
bus, generating pulses of opposite polarity which travel along
the bus in opposite directions. This scheme is more scalable than
that of the simpler time-of-flight imager. The pixels in each row
are electrically biased in parallel, so that a fabrication defect in
one pixel does not limit the operation of the rest of the pixels
in the same row. Furthermore there is minimal leakage current
between pixels in a row. Finally, the maximum count rate of the
readout bus is independent of the number of pixels thermally
coupled to it. This approach recently demonstrated a 1 kilopixel
array [107], and has the most promise of achieving 1 megapixel
in the near future.

Frequency domain multiplexing is also being explored, which
is similar to the multiplexing scheme used with MKID detectors.
This scheme is still in the early stages of development for
SNSPDs [108].

Finally, readout of SNSPD arrays using single-flux-quantum
circuits has been developed for arrays up to 64 pixels [109].

Regarding TES detectors for optical and near-IR applications,
the focus in recent years has been on single pixel TES optimiza-
tion, in contrast to the submillimeter astronomy applications that
utilize kilo-pixel size TES arrays. As a result, more modest size
arrays for astronomy and photon-counting microscopy applica-
tions have been achieved so far, such as arrays of sizes 6× 6 [49]
and 3 × 3 [110] pixels, respectively.

III. APPLICATION SPECIFIC DESIGN

A. Quantum-Certified Random Number Generation

The high-purity polarization-entangled photon-pair source,
routing optics, and detection setup used in the loophole-free
Bell violation experiment [66] can be repurposed for certifiable,
device-independent randomness generation [68]. All loophole-
free Bell tests involve a couple of space-like separated measure-
ment stations (name Alice and Bob by convention), a source
of entangled particle pairs such as a laser-pumped spontaneous
parametric down-conversion (SPDC) based setup, and a means
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Fig. 10. Experimental setup for certified random-number generation. The
source S sends entangled photons to space-like separated stations Alice and Bob.
At the same station, ‘Spot’ randomly signals when to commit a spot-checking
trial by using a 17-bit random number L, which is the size of a “block” of “trials”.
A single “trial” spans eight laser pulses pumping the photon-pair source. Alice
and Bob only change measurement settings during a spot-check. A block (always
ending with a spot check) consumes 17+2 random bits, and has a statistical
probability of generating more than 17+2 bits on average, depending on the pair
generation rate and system efficiency. The Bell-violation across an ensemble of
spot-checks certifies the newly generated randomness with a confidence level
that increases with the number of total blocks consumed in the process. Image
reproduced from [68].

of distributing the pairs to Alice and Bob, such as a fiber network.
The act of measuring for Bell violations requires both Alice and
Bob to make random independent choices of measurement basis
(typically between two settings) for every trial. These trials,
therefore, consume random bits. The measurement outcomes,
however, have randomness even when conditioned on additional
or “side-channel” information.

In order to ensure that the setup generates more randomness
than it consumes, NIST developed a protocol wherein Alice and
Bob only rarely, but randomly, perform a “spot-checking” Bell
trial. The data is now divided into blocks, which are composed of
a variable number of trails between 1 and 217. Each block ends
with a “spot-check” Bell-test trial where two bits of randomness
are consumed from a classical source to make measurement
choices. But the measurement settings are untouched throughout
the rest of the block. A trusted third party, ‘Spot,’ uses a classical
source of 17-bits of randomness to decide when a spot-check
should occur, and neither Alice nor Bob (nor the source) can
know in advance when a spot-checking trial can occur, or what
the setting choices will be (see Fig. 10). Since an ensemble of
Bell-violating spot-checking trials are required to certify the ran-
domness generated, a desired confidence level is predetermined
and sufficient blocks of data are gathered to ensure that the level
is satisfied.

The experiment in [68] used 93% efficient SNSPDs, which
brought their total system efficiency for pair detection (including
all the coupling losses) to 76%. The pump laser at the source
had a pulse-rate of 79.6 MHz. At the photon-pair rate used, 91

hours of data had to be gathered to generate around 2× 108 bits
of certified randomness at the desired confidence level. With the
newer 98% efficient SNSPDs, the total system pair-detection
efficiency has been brought up to 86%, allowing for each block
to be 50–100× shorter, and enabling the same result to have
been produced in under an hour of data collection.

In addition, the photon pair rate is kept low for two rea-
sons: (a) avoid SNSPD nonlinearity for successive detections,
and (b) limit double-pair generation, which can be a sig-
nificant source of noise. Advances in polycrystalline sput-
tered films enables fabrication of SNSPDs that can fully re-
cover saturation in internal efficiency within the pump laser’s
successive-pulse interval. Innate low-number PNR has already
been shown to be useful in detecting and rejecting higher-order
pair terms from squeezed-vacuum states [100]. Photosensitive
microwires [73]–[78] can help reduce hotspot resistances to near
50 Ω, matching the readout line impedances [38], [101], further
enhancing PNR ability. This, along with SNAP-like meander
configurations [53] can herald the next-generation of high-
efficiency, fast-recovery, PNR-capable SNSPDs which will
move quantum-certified random-number generation from the
proof-of-concept stage into the practical realm. Hitting record
performance in multiple metrics will also help with more elab-
orate experiments involving multiple pair sources and greater-
than-two coincident detection requirements.

B. Ion Traps With Integrated SNSPDs

Ion-based quantum computing is one of the most promising
approaches due to the long coherence times demonstrated by
ion qubits. One of the biggest challenges facing this approach,
however, is scalability. Readout of the qubit state is typically
performed using resonant fluorescence with a high-NA lens and
photomultiplier tube (PMT). The use of bulky optical compo-
nents and detectors is one of the limitations of scalability to a
large number of ions. A more practical approach is the use of
integrated detectors located on the trap itself. SNSPDs are a natu-
ral detector technology to use with ion traps, because they have
demonstrated efficiencies above 85% in the ultraviolet (com-
pared with ∼30% from a PMT) [47], have ultra-low dark count
rates, high maximum count rates, and 4 K operating temperature.
Although ion traps do not require cryogenic temperatures, their
performance is generally improved at low temperature.

Fig. 11 shows a linear RF surface electrode trap with inte-
grated SNSPD designed to trap 9Be+ ions [111]. The pink RF
electrodes provide confinement transverse to the trap axis indi-
cated by the black arrow. The surrounding segmented electrodes
confine the ion at adjustable positions along the trap axis, from
directly over the SNSPD (zone D) to zone A, 264 μm away
from the SNSPD center. The ion is held ∼39 μm above the
surface of the electrodes, and hops to a smaller height of∼29μm
when directly over the SNSPD. The SNSPD is fabricated from
10 nm-thick Mo0.75Si0.25 with a superconducting transition
temperature of 5.2 K. MoSi was chosen for this application
because the operating temperature of the trap is 3.5 K, and the
transition temperature of MoSi is generally higher than that of
WSi. In principle other materials with high Tc could be used
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Fig. 11. (a) Trap configuration. (a) False-color scanning electron micrograph
of the ion trap showing the rf electrodes (pink), SNSPD (green), and SNSPD
bias leads (yellow). A trapped ion (red sphere, shown in multiple positions along
the RF null line) can be transported along the trap axis by applying appropriate
time-varying potentials to the outer segmented electrodes (grey). (b) Top view
scale diagram showing four labeled trapping zones A-D along the trap axis
(double-headed black arrow), as well as the geometry of the laser beams (blue
solid arrows, here shown directed at zone D) and quantization magnetic field,
which all lie in the plane of the trap at 45◦ angles to the trap axis. The laser beams
can be translated horizontally to follow the ion as it is transported between zones,
as indicated by the faint laser beam arrows directed at zone B. (c) Bright (top)
and dark (bottom) counts in a 200 μs detection window versus SNSPD bias
current, with trap RF either off (green squares) or on (orange circles). The blue
line is a fit to a theoretical model simulating induced RF currents in the SNSPD.

such as NbN or NbTiN, and experiments with these materials
are ongoing. Amorphous materials are generally more robust
to processing and type of substrate compared to polycrystalline
materials, which is one of the reasons MoSi was chosen.

The active area of the SNSPD was 22 μm × 20 μm. This
gives an effective NA of 0.32 for the SNSPD, resulting in ∼2%
of the fluorescence emitted by the ion being collected by the
SNSPD. Knowledge of the excited state lifetime (8.850 ns) gives
the photon flux emitted by the ion, which when combined with
the ion-detector geometry can be used to estimate the photon
flux incident on the detector. Comparing this incident flux to the
SNSPD count rate gives an estimate of the SNSPD efficiency of
65%, significantly higher than the efficiency of a typical PMT.

Important considerations for this integrated device are the
effect of the trap RF field on the performance of the SNSPD, and
the motional heating of the ion caused by the RF field around the
detector when it detects a photon. Due to the close proximity of

the ion to the detector and the detector to the RF electrodes, both
of these interactions are non-negligible. The RF field of the trap
electrodes results in an induced current in the SNSPD at the RF
frequency. Fig. 11(c) shows the bright counts and dark counts
with the trap RF off and on. The result of the RF is a reduction in
the DC switching current of the SNSPD from 8.9μA to∼5.3μA.
In addition, the efficiency vs. bias current curve is effectively
smeared out due to the oscillating bias current. Although the
efficiency of the SNSPD without RF was 65%, the RF effectively
reduces the peak efficiency to 48%, still significantly better than
a PMT.

The motional heating rate of the ion is also affected by the
presence of the SNSPD. When in trap zone B away from the
SNSPD, the heating rate was 63 quanta/s at a frequency of
2 MHz. In zone D directly over the SNSPD, the heating rate was
113 quanta/s at a frequency of 5.3 MHz. It is unclear whether this
increase in motional heating is due to noise on the SNSPD bias
line, to material properties of the SNSPD or SiO2 underneath it,
or to some other mechanism. Nevertheless, these rates are still
very comparable to the best results reported in cryogenic ion
traps.

The high efficiency of the SNSPD combined with the low
dark count rates allow an improvement in both readout speed
and fidelity. An average readout fidelity of 0.9991 with a mean
readout duration of 46 μs was demonstrated. Further details
regarding state preparation and readout can be found in [111].
These results provide a path for scalable qubit readout in ion
traps which could be used for quantum computing, quantum
network nodes, or multi-ion optical clocks.

C. Waveguide Integration

Within the last decade there has been significant progress
in scaling down of benchtop nonlinear setups into photonic
integrated circuits. Chip-scale generation, manipulation and de-
tection of quantum light has evolved from few-component pho-
tonic circuits to arrays of heralded single-photon sources and re-
configurable devices for multidimensional entanglement [112].
One key component is the waveguide-integrated single-photon
detector.

In addition to avoiding losses from coupling off chip, these
evanescently-coupled photon detectors offer a number of bene-
fits compared to normal-incidence devices, including efficient
detection over a wide range of wavelengths [113], arbitrary
placement of a detector within a planar circuit, and allow in
principle fast feedforward operations, if all detection, decision,
and photon routing is performed on chip. In addition, the unde-
tected signal is transmitted forward in the waveguide, meaning
that a detector of low efficiency η is equivalent to a beam
splitter-detector system with a splitting ratio of (1− η)/η with
an ideal detector of 100% efficiency on the η-coupling arm. This
capability is of great significance to quantum optics applications
involving heralding or photon subtraction as well as metrology
applications [56].

One of the applications of waveguide-integrated SNSPDs at
NIST has been development of advanced computing platforms
such as neuromorphic computing, with hardware that mimics
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Fig. 12. (a) Optical microscope image of the HiDRA, designed to split off a
fraction of the light to each of the 11 SNSPD detectors. Reproduced from [114].
(b) TES detector with extended absorbers utilizes a gold spine to increase thermal
conduction and allow absorbed energy (from photons) to be detected by the
TES (square device, center). Simulated mode profile as light propagating in the
waveguide is absorbed by the TES detector due to evanescent coupling. Repro-
duced from [116]. (c) Measured photon traces with a TES evanescently coupled
to lithium niobate waveguide showing different peak heights corresponding to
different photon numbers per pulse. The inset shows the average TES response.
Reproduced from [117].

the architecture of the brain. The platform includes waveguide
integrated semiconductor light emitters coupled through recon-
figurable nanophotonic waveguides and micro-ring filter banks
to integrated detectors [114], [115].

To demonstrate the scalability of LEDs (Light-Emitting
Diode) and SNSPDs, a device with a SiN waveguide integrated
W-center LED in Si coupled to eleven WSi SNSPDs was demon-
strated. An optical microscope image of such a device is shown in
Fig. 12(a). This device consists of an LED (on the left) that cou-
ples into a waveguide with a series of power taps. At each tap, a
fraction, f , of the light is directed to subsequent detectors, while
1− f of the light goes to the nanowire detector at that port and so
the nth detector will receive (1− f)fn−1 of the light, assuming
consistent power taps and detectors. This high-dynamic-range
detector array (HiDRA) is useful for characterizing the operation
of the LED over a broad range of current injection level.

By multiplexing or arraying SNSPDs on waveguides, it has
been shown that quasi-photon-number resolving capabilities can
be achieved in integrated photonic devices [118]. An alternative
is to use a TES detector. High-efficiency photon-number resolv-
ing detectors that are waveguide-integrated, have been realized
by adding absorption fins to W TES detectors on top of silica
waveguides, as shown in Fig. 12(b). The absorption fins provide
increased absorption area for the evanescently coupled light. The
fins consist of patterned W film for light absorption and Au pads
on top that provide increased thermal conduction of heat in the
center active TES area. By multiplexing three TES detectors
in series and using an on-chip terminal reflection grating, a
detection efficiency of 88% ± 3% at 1550 nm wavelength was
obtained [116].

Recently, proof-of-principle compatibility of evanescently
coupled detectors with in-diffused lithium niobate waveguide
platform has been demonstrated. Both integration of TES [117]
detectors with photon number resolution up to six photons, (see
Fig. 12(c)), and SNSPD [119] detectors with saturated quantum
efficiency have been demonstrated.

D. Mid-Infrared Single-Photon Detection

The mid-infrared spectrum is relatively unfamiliar to most of
the quantum optics community. Most experiments are performed
in the telecommunications bands where the infrastructure is
already well established. However, recently there has been in-
terest in SNSPDs for their sensitivity at wavelengths beyond
1.55 μm, namely the 2–20 μm range, for applications which
require sensitivity at the single-photon level.

One potential application of SNSPDs in this wavelength range
is exoplanet spectroscopy. When a planet passes between its
parent star and an observing telescope, part of the starlight
passes through the planet’s atmosphere. Spectroscopy of this
light gives information about the content of the atmosphere,
namely the concentrations of water (6.3 μm), methane (3.3
and 7.7 μm), ozone (9.6 μm), carbon monoxide (4.8 μm),
carbon dioxide (4.3 μm and 15 μm), and nitrous oxide (4.5,
7.8, and 8.6 μm), which could be indicative of the presence
of biological life. However, due to the extraordinarily small
amount of starlight that passes through the atmosphere of the
planet and eventually reaches the telescope, there are stringent
requirements placed on the detectors used in this application in
terms of both stability and noise. Stability is crucial because the
spectrum must be integrated over several transits of the planet,
with each transit typically lasting several hours or longer. Sta-
bility refers to stability of the detector gain, which for SNSPDs
is flat as a function of bias current in the plateau region of
the efficiency curve. Noise is also a critical factor, due to the
weak spectral absorption features which must be resolved. With
intrinsic dark count rates below 10−5 cps [105]. Furthermore,
since the electrical pulse is effectively a digital signal, there is
zero associated readout noise. This is in contrast to other mid-
infrared detector technologies such as blocked impurity band
(BIB) detectors and mercury cadmium telluride (MCT) detec-
tors. Although both of those technologies are available in large-
format arrays and operate at higher temperatures than SNSPDs,
they have significantly higher dark count rates and non-zero
readout noise.

To date, saturation of the internal detection efficiency has been
demonstrated up to a wavelength of 10 μm [120]. SNSPDs opti-
mized for the mid-infrared are fabricated differently than near-IR
SNSPDs. In order to obtain saturation of the internal detection
efficiency, the size of the hotspot created by the absorption of a
photon must be comparable to the width of the nanowire. Thus,
there are two potential paths to improving sensitivity-reducing
the geometric cross section of the nanowire (making it thinner
or narrower), or changing the properties of the material itself
to obtain a larger hotspot for a given geometric cross section.
Of these two approaches, the latter is preferable since yield is
adversely affected as the width of the nanowire is reduced.
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Fig. 13. Normalized photon count rate vs bias current curves for SNSPDs
fabricated from a WSi film with a silicon content of 48% ± 10%. Two different
nanowire widths (50 and 70 nm) are presented, and measurements were obtained
at three wavelengths (4.8, 7.4, and 9.9μm) at an operating temperature of 0.85 K.
Black squares correspond to the measurement of the background count rates.

In theory, we expected a film with a higher resistivity to have
a larger hotspot because the energy of the photon is divided
amongst fewer electrons. Thus the average temperature of each
electron should be higher for a given amount of energy deposited
by the photon. This approach allows us to use wires that are wider
than 50 nm, which enhances their overall yield.

An amorphous WSi film with higher resistivity can be ob-
tained simply by increasing the silicon content of the film.
The increased silicon content also lowers the film’s critical
temperature and critical current, requiring operation at lower
bias currents and temperatures than traditional near-IR SNSPDs.
Fig. 13 shows count rate vs. bias current curves for detectors
fabricated from a high Si-content film with a silicon composition
of 48% ± 10% at several different wavelengths. Typical silicon
composition for near-IR SNSPDs is 20–25%. Two different
nanowire widths are also shown, 50 nm and 70 nm. The photon
count rate vs. bias current curves demonstrate saturated inter-
nal efficiency even at a wavelength of 9.9 μm. Note that the
switching current is nearly an order of magnitude smaller than
typical near-IR SNSPDs. This necessitates the use of cryogenic
amplifiers for the SNSPD readout. Further reduction of the
superconducting transition temperature and operating tempera-
ture, and increase of the silicon content, could potentially result
in saturated efficiency up to a wavelength of 20 μm.

Another potential application of mid-infrared SNSPDs is
quantum and free space optical communications. The mid-wave
infrared (3–5 μm) has superior transmission through the atmo-
sphere compared to visible, near infrared, short-wave infrared
and long-wave infrared, and would suffer less from attenua-
tion due to fog and atmospheric turbulence [121]. Mid-infrared
SNSPDs could also potentially be useful in remote sensing appli-
cations in which blackbody radiation alone is used for navigation
of a vehicle, eliminating the need for active illumination of a
target or scene.

E. Quantum Metrology

One application of photon-number resolving TES detectors is
enabling generation of entangled quantum states with multiple

photons in high-dimensional spaces for exploring quantum phe-
nomena in mesoscopic regime. The technique relies on the use
of conditional measurements to engineer the excitation mode
of the field through the simultaneous subtraction of photons
from two-mode squeezed vacuum states. In [122], the generated
states are composed of two multiphoton wave packets (up to
ten photons) which are highly correlated and exhibit nearly
Poissonian statistics. This achievement constitutes an important
step towards the development of entangled laser-like beams.

Using pulsed measurements in the wavelength range of QD-
based photon sources (653–932 nm), it was shown that TES
detectors can discriminate photon number states up to 25 pho-
tons [123]. This opens up new possibilities for the analysis and
exploration of solid-state-based quantum light sources for ap-
plications in quantum information, quantum-enhanced sensing
and quantum metrology.

Another recent application of the PNR capability is investiga-
tion of photon number statistics of bimodal lasers using two TES
detectors and their joint Photon Number Distribution. Using this
technique, hopping between emission dynamics that are either
associated with Poissonian or with thermal-like statistics was
revealed [124].

F. Quantum Computing With Continuous Variables

Photons are the information carriers in the photonic quantum
computing platforms. In the case of discrete-variable qubit-
based implementations using single-photon states, the informa-
tion can be encoded for example, in the photon polarization
state [125]. However, many quantum variables, such as position,
momentum, or the quadrature amplitudes of electromagnetic
fields, are continuous, leading to the concept of continuous
variables (CV). The amount of information carried in each CV
can be much larger than that in a qubit [126].

For continuous-variable (CV) quantum information process-
ing [126], [127], it is essential to generate CV entanglement
which can be efficiently produced using squeezed light (in which
the squeezing of a quadrature’s quantum fluctuations is due to a
nonlinear optical interaction [128] and linear optics. In general,
squeezing refers to the reduction of quantum fluctuations in
one observable below the standard quantum limit (the minimal
noise level of the vacuum state) at the expense of an increased
uncertainty of the conjugate variable.

Recently, quantum computational advantage (performing
sampling tasks that are intractable for classical computers) with
photons has been demonstrated by Gaussian Boson Sampling,
where 100 single-photon detectors based on SNSPDs were
used [129]. Boson Sampling is a mathematical proof that a
many-photon state, when acted on by a large linear optical
circuit will give rise to a probability distribution that cannot
be efficiently sampled by a classical algorithm. For example,
simulating the following quantum experiment: input n bosons
in different modes of an m-mode (m > n) linear interferometer
and sample events from the output distribution in the photon
number basis at the interferometer’s output modes [130]. Using
single-photon detectors with no PNR capability, one can perform
only approximate calculations. Replacing the single-photon
detectors with PNR detectors would essentially advance such
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Fig. 14. Total photon-number distribution. All squeezers are turned on and
the interferometer is set to identity. Estimates of the probabilities obtained from
experimental samples are shown as bars. The theoretical prediction appears as
a continuous line. Error bars denote one standard deviation taken over 12 runs
of 105 samples. Reproduced from [48].

research. As a result, one of the key components for a photonic
fault-tolerant universal quantum computer is a PNR detector that
could be easily incorporated into real experimental systems [40],
[127].

Recently [48], many-photon quantum circuit operations have
been demonstrated using an integrated nanophotonics chip that
generates strongly squeezed vacuum states on-chip coupled to
a fully general programmable four-mode interferometer and
uses TES based PNR readout on all outputs. Detection of
multi-photon events with photon numbers and rates exceeding
any previous programmable quantum optical demonstration was
made possible by strong squeezing and high sampling rates. An
example of the photon number states detected in the experiment
is illustrated in Fig. 14, which shows the probability distribution
for the total number of photons measured. In the implementation,
the device is configured according to three different interfer-
ometers randomly selected from the Haar measure, generating
1.2× 106 samples for each. The TES devices used in this
experiment have larger than 95% quantum efficiency at 1550 nm
wavelength. Up to 7 maximum number of photons were detected
by TES devices with high photon-number resolving capability,
such that photon number overlap probabilities of less than 10−3

were routinely measured.
In addition to demonstrating the non-classicality of the device

output, the platform was used to carry out proof-of-principle
demonstrations of three quantum algorithms: Gaussian boson
sampling, molecular vibronic spectra and graph similarity. The
demonstrations validated the platform as a viable path to scaling
photonic technologies for multi-photon quantum information
processing.

G. Nuclear-Decay Calorimetry

SNSPDs are sensitive to highly-localized energy implantation
resulting in a cascading dissociation of electron-electron Cooper
pairs within the superconducting film. This can occur from
diverse types of processes not limited to photon absorption [105].

For example, SNSPDs can detect kinetic bombardment by mas-
sive particles such as atoms or ions. Furthermore, once such
particles are embedded into or on the nanowire, the devices can
sense subsequent decay of the particles to less-energetic internal
states. These properties are proving useful in bounding the en-
ergy measurement of a Thorium-229 isomeric nuclear transition.

Atomic nuclei have internal excited states much like the bound
electrons in an atom do. Thorium-229 (229Th) is a relatively
stable isotope of Thorium that is known to have a nuclear excited
state that is optically accessible from the ground state [131].
The energy of this transition has been theoretically estimated by
various groups to be between 7.6–7.8 ± 0.5 eV [132], [133],
which corresponds to UV photon energies in the 150–170 nm
wavelength range. More recent experimental efforts have nar-
rowed the range to within 149–153 nm [134], [135]. There is
consensus that the linewidth of the transition is 10–100 μHz,
implying a Q-factor of 1019. This isomer, when embedded in a
crystal lattice at sufficient densities, could enable the creation
of a “nuclear clock” that would be stable to better than 3 ns in a
year [136]. The exact transition energy remains to be constrained
in a range narrow enough for direct optical probing with a
UV-comb laser to become viable.

A bulk source of Uranium-233 (233U) is known to emit
high-energy 229Th3+ ions in its radioactive α-decay. Some
proportion of these ions (about 2%) are statistically expected
to be in the first nuclear-excited state. In ions, the excited state
can last for about ∼60 seconds. When the 229Th atoms are
neutralized via embedding into a bulk solid, the lifetime of the
first nuclear excited state decreases to <10 μs. A stream of
such ions have been filtered from the 223U decay products in
a mass spectrometer [137], and the lifetime of the excited state
in 229Th atoms neutralized on a multichannel plate (MCP) was
found to be (7 ± 1) μs [138]. This was measured by analyzing
time-correlated events that match spatial coordinates transverse
to the beam. The MCP however, could not resolve the energy of
the transition with significant precision.

SNSPDs have been shown to be able to spatially resolve
the hotspot-creation location when integrated with a grounding
plane and readout differentially using impedance-matched ta-
pers [101], [139]. This method has been used in the time-of-flight
multiplexing scheme for array readouts. In addition, the device-
sensitivity-versus-current-bias curve for any given device is
dependent on the energy deposited in the hotspot creation event,
allowing SNSPDs to function as spectrometers [140]. These two
abilities are being put to use in a new class of SNSPD-based
microstrip imagers in order to probe the energy of the 229Th
nuclear transition. Such imagers have already shown an excess
over background in spatio-temporally correlated decay events in
the LMU Munich-based mass-spectrometer setup [137], and are
being directly exposed to 233U decay products in a collaborative
effort with Hudson group at UCLA [141]–[143]. Similar efforts
are ongoing at NIST [144].

IV. CONCLUSION

In this paper, we have presented a review of the key perfor-
mance metrics for single-photon detectors for quantum informa-
tion processing, as well as some recent advances in achieving
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them in superconducting photon-detection technologies. We
have made a case for TESs and SNSPDs showing superior
performance characteristics, justifying their wide adoption in
quantum applications. A few cutting-edge research experiments
have been presented.

Recent applications in quantum computing have pushed
the requirements for even faster optical TES detectors while
maintaining photon-number resolution. In addition to detec-
tor readout improvements and device thermal engineering that
have speedup TES recovery time, fabrication improvements
such as membrane release and fundamental detector design
changes including material changes, may be required in the
near future. Also, for quantum information as well as quan-
tum microscopy a larger number of detectors will be required,
hence optical TES array development. Readout development
based on previous multiplexing approach for TES arrays us-
ing microwave superconducting quantum interference devices
(SQUIDs), as well as novel integrated frequency-domain multi-
plexed readout will have the extra challenge to maintaining high
system-detection efficiency and speed achieved for single pixel
optical TESs.

With SNSPDs, the use of double-ended readout and
impedance matching tapers has allowed large-area, high ef-
ficiency single-pixels to be realized without a degradation in
jitter, which was previously impossible. However, a tradeoff still
exists between detector size (and thus efficiency) and maximum
count rate. Recent advances in the deposition of materials with
fast electrothermal time constants such as NbN and NbTiN
are helping to improve maximum count rates even for rela-
tively large area detectors. Active reset circuits are currently
being developed at NIST to improve maximum count rates
even for large area detectors fabricated using amorphous su-
perconductors which have slow electrothermal time constants.
These circuits actively turn off the bias current to the detector
as soon as the nucleation of the hotspot is detected by the
circuit, allowing significantly faster reset times and a reduction
in Joule heating. The development of ultra-low-noise amplifiers
for readout of mid-infrared-sensitive SNSPDs is also of great
interest, which could also be used to reducing the component of
jitter associated with amplifier noise. Finally, larger array sizes
continue to be demonstrated thanks to the development of new
readout schemes and improved fabrication techniques. This is
an exciting development that will likely have important future
applications in fields such as astronomy, particularly in the UV
and mid-infrared.
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