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Superconducting Photon Detectors

The ability to detect individual light quanta - single photons - is prized across many
fields of physics from astronomy to quantum optics. Superconducting photon
detectors offer exceptional performance in terms of sensitivity, spectral range and
timing resolution. In this review we introduce the underlying physics of photon
absorption in superconducting devices. We then present detailed case studies of
contemporary superconducting detector technologies for photon counting at visible
and infrared wavelengths. We conclude with a perspective on future developments

in this exciting area.

1. Introduction

The purpose of this review is to introduce the physics and technology of
superconducting photon detectors. Superconducting photon detectors can cover an
exceptionally broad range of energies, from gamma rays (100 eV) through to terahertz
(10 eV). Our primary focus is on single photon detection in the infrared range (energy
around 1 eV or 1.6 x 1019 J). This review is aimed at researchers entering the field, either
interested in advancing the device technology or as end users seeking to select a suitable
detector for a particular application. Our goal is to create a ‘Field Guide’ to
superconducting photon detectors capable of operating in the single photon limit in the
infrared wavelength range. We are indebted to previous reviews and edited compilations
[1 - 16] and we hope that our work provides a useful and up to date perspective.

Section 2 covers essential background topics. In Section 2.1 we discuss the origin
of the term ‘photon’ and how 21% century photon counting applications have become a
significant driver for detector development. In Section 2.2 we introduce the phenomena
of superconductivity and key theories. In Section 2.3 we expand the discussion to non-
equilibrium superconductivity which describes photon absorption in superconducting
materials. We link this theoretical discussion to the main detector types considered in
Section 3. In Section 2.4 we discuss the range of superconducting materials, from
elemental superconductors through to high temperature cuprate superconductors and
emerging two dimensional superconducting materials. In Section 2.5 we discuss cooling
requirements for superconducting detectors and current solutions.

Section 3 covers case studies of key superconducting photon detector types. In

Section 3.1 we discuss the superconducting tunnel junction (STJ) detector. This consists
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of two superconducting electrodes separated by a thin tunnel barrier. A magnetic field is
applied to suppress Josephson tunnelling, and photon absorption is monitored through the
tunnelling of quasiparticles. In Section 3.2 we introduce the superconducting Transition
Edge Sensor (TES). This consists of a superconducting device held at the temperature
close to the abrupt superconducting transition from zero to finite resistance. When a
photon is absorbed, a finite resistance is generated and a current is drawn and detected
via a superconducting quantum interference device (SQUID) readout. Section 3.3 is
focused on the Superconducting Nanowire Single Photon Detector (SNSPD or SSPD)
which consists of a narrow superconducting wire which is cooled below the transition
temperature and biased below the superconducting critical current. The SNSPD acts as
an ultrafast switch, generating a voltage pulse when a photon is absorbed and recovering
superconducting state very quickly. Section 3.4 covers the Microwave Kinetic
Inductance Detector (KID or MKID). This device operates via the change in inductance
of a superconducting strip when a photon is absorbed. The KID is embedded in a
microwave readout circuit and the shift in resonant frequency is monitored. Section 3.5
introduces the superconducting Hot Electron Bolometer (HEB) which is an important
device structure for low noise mixing at GHz frequencies and can in principle be adapted
for photon counting at infrared wavelengths.
The review concludes with an Outlook Section 4. We discuss emerging trends

and likely avenues for development and new applications in the coming decades.

When describing the operation principle of a single photon detector, it is very
important to determine metrics to quantify how well it performs in generating an electrical
signal upon absorption of a photon. Detectors cannot be sensitive to all photon energies.
In the case of superconducting detectors it is not possible to detect photons with energy
smaller than the binding energy 2A of the supercurrent-carrying Cooper pairs (where is
the superconducting energy gap parameter A ~meV - see Section 2.2). In practice it is
hard to detect individual photons with wavelength greater than A~ 10 um. This is because
not all the energy of a photon will be efficiently used for breaking of Cooper pairs and
then for signal generation. Therefore, the upper cut-off wavelength of detection is usually
reduced below this theoretical limit. Also, if the energy of the photon is too high it can
pass through the detector without interacting with it or indeed can destroy it in the worst-
case scenario. For these reasons, the wavelength range of operation is one of the first

performance metrics to define when describing a photon detector. Another very important



performance metric is the detection efficiency (») that represents the probability that an
output signal is generated upon the arrival of a photon at the detector. An ideal detector
will have # = 100% in the wavelength range of operation but in practice # is always lower
than 100% and is strongly dependent on the wavelength A of the incident photons and on
several other factors. In fact, photons can be lost before reaching the detector due to
absorption, scattering or reflection within the experimental environment. These kinds of
losses can be accounted for in the so-called coupling efficiency #coupiing. The ability of
photon to be absorbed will depend on the material and design of detectors and this can be
taken in account by defining the absorption efficiency #ansorption. Finally, once the photon
has been successfully absorbed in the detector it may still be the case that occasionally
no electrical output occurs. This non-unity probability might be affected by several
factors that are all taken in account by defining the registering probability #registering.
Taking all these contributions into consideration, it is possible to define the overall
system detection efficiency:
Nsde = Mcoupling X Nabsorption X Nregistering

and this is commonly expressed as a percentage. For most photon counting detectors there
is a finite probability of triggering an output pulse when no incident photon has been
absorbed. This is known as the dark count rate (DCR) and is given the units of s or
Hz. The origin of dark counts depends on the detector type and operation mode. In
superconducting detectors intrinsic dark counts triggered by electrical or thermal
fluctuations can be very low. Stray light or blackbody radiation (due to the optical
coupling scheme) may lead to an effective DCR due to background. If background events
are low, the DCR may be bounded by rare events such as radioactive particles or muon
absorption. The extent to which a photon detector can discriminate photons of different
energies is called energy resolution. This performance metric is benchmarked as AE/Eo,
where AE represents the statistical error, the width of the statistical curve for repeated
measurements, obtained by measuring photon at fixed energy Eo. This metric will also
give information about what is the minimum difference in energy between two photons
that can be resolved by the detector. The output signal level is well defined above the
noise and the signal-to-noise ratio (SNR) is a measure that compares the level of an
output signal to the level of background noise and is expressed as the ratio of signal power
to the noise power. Higher SNR means that a signal can be discriminated much better
above the background noise. The noise-equivalent power (NEP) describes the sensitivity



of a single photon sensor and is defined as the signal power that returns a SNR equal to

one in 1 Hz output bandwidth (W/+/Hz). A smaller NEP corresponds to a more sensitive
detector that can discriminate small amount of power from the noise or reduced average
time. When the NEP refers to the output signal power generated in the detector, it is
known as the electrical NEP; it is called the optical NEP when it refers to the optical

signal power impinging on the detector:
NEP = ’;—”\/DCR,

where h is Planck’s constant and v is the frequency of the photon. Timing properties for
a single photon detector are also of great importance. For example, a detector will have a
finite recovery time (z) after detecting a photon, during which it is blind and not yet ready
to detect a subsequent photon. This time interval sets a limit on the theoretical maximum
count rate at which the single photon detector can operate and the performance metric to
quantify this is defined as the response time. The overall recovery time in practice might
be limited by other factors, such as the uncertainty in the photon arrival or the readout
electronics. The recovery time is typically defined as the full width at half maximum
(FWHM) of the detector output pulse or, in the case of a strongly asymmetric output
pulse, the 1/e time constant of the recovery. Also with modern optical sources, the arrival
time of a photon can be expected with high precision (much better than 1 ps). Typical
single photon detectors have measurable uncertainty in the timing of the output electrical
pulse which is used to register the arrival of the photon. In the context of photon counting
this timing uncertainty is known as timing jitter and is the FWHM of the histogram
produced over multiple photon arrivals with respect to an optical clock. There is also an
observable time delay in the production of the output electrical signal from the detector,
due to underlying physical processes or circuit dynamics, and this delay is known as

latency.

2. Background

2.1  Whatis a photon?

The term “photon” was coined by G. N. Lewis in 1926 [17] and is defined as an
elementary excitation of a single mode of the quantised electromagnetic field [18] The
concept of quantised electromagnetic radiation [19, 20] was first introduced by Planck
in 1900 to explain the black-body radiation spectrum [21], then used by Einstein in 1905



to explain the photoelectric effect [22 - 24] and also by Compton in 1923 to explain the
wavelength shift of scattered X-rays [25]. The energy of a photon is given by:

hc
E—hv-T,

where h is Planck’s constant, v is the frequency, c is the speed of light in vacuum and 4 is
the wavelength.

Now, a century later the possibility to detect these single quantum objects is vital
for a host of applications at the frontiers of science and technology. Photon counting can
be achieved at visible and infrared wavelengths with devices such as photomultipliers
(PMTs) and semiconductor single photon avalanche diodes (SPADs) [3]. The
requirement to detect and count single photons with very high efficiency, speed of
operation, high timing resolution and low noise, as photon energies drop at infrared
wavelengths, brings superconducting photon detectors into consideration. We can divide
photon counting applications into two broad groups. Firstly, applications where
individual photons are used as quantum bits or ‘qubits’ to encode, manipulate, transfer
and measure information to enable computation and potentially unconditionally secure
communication [26]. These represent a major driver of the current research into single-
photon detectors, demonstrated by the explosive growth of the field of optical quantum
technologies over the last few decades [27, 4]. Secondly, there are numerous applications
where single photon sensitivity is required to work in “photon starved” environments or
with a faint light source. In the life sciences domain, these can include applications such
as  fluorescence lifetime measurements (FLIM), single molecule spectroscopy,
bioluminescence detection [28], DNA sequencing [29], Forster resonance energy transfer
(FRET) for studying protein folding [30], diffuse optical tomography [31, 32] and singlet
oxygen dose monitoring [32] for photodynamic therapy for the treatment of cancer. A
major emerging area is single photon remote sensing, in particular light detection and
ranging (LIDAR) for depth imaging and spectroscopy [33] and fibre optic remote sensing
techniques optical time domain reflectometry [34], and fibre Raman temperature sensing.
Deep space optical communications require photon counting receivers [35]. Infrared
photon counting is a key component of picosecond imaging circuit analysis, systems for
the semiconductor industry [36]. Photon counting has a long history in observational
astronomy from UV to far infrared [1] and new applications are emerging such as
exoplanet spectroscopy and dark matter searches [37]. Hence, infrared single photon
detectors are crucial for a host of modern scientific applications. The past few decades
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have seen the advancement of ever more sophisticated technologies to satisfy the
performance demands of these emerging applications. As we show in this review
superconducting photon detectors in different forms can be tailored to the requirements

for the most challenging photon detection applications.

2.2 Superconductivity

The combination of unique characteristics in superconducting materials, and the
extremely low thermal noise conditions available in cryogenic environments, has long
made superconducting devices attractive for ultra-low noise detection. Superconducting
photon detectors can offer unrivalled performance in terms of high sensitivity, high
efficiency, timing properties, spectral resolution and excellent signal-to-noise ratio.

Superconductivity was discovered in 1911 when Heike Kamerlingh Onnes found
that the resistance in a solid mercury wire cooled down below a critical temperature T =
4.15 K suddenly vanished [38]. It was only in the 1950’s that comprehensive theoretical
models were developed to take into account the experimental observation of perfect
diamagnetism (known as the Meissner effect) [39] and explain the quantum nature of
several phenomena like fluxoid quantisation [40] . The thermodynamic model developed
by Ginzburg and Landau (GL) [41] describes superconducting state in terms of an Order
Parameter representing a condensate of superconducting charge carriers, having mass m*
and charge e*, that satisfy the minimisation of Gibbs free energy equations around the
critical temperature, T ~ Te¢. This provides a derivation for the London equations [42] (a
phenomenological model developed in 1935 that considers the magnetic behaviour of
superconductors). In the GL model it is possible to find the magnetic penetration depth
A, defined in the London theory as characteristic length over which the magnetic field
(superconducting shielding current) penetrates and decays to zero in a bulk
superconductor. It is also possible to naturally define the other fundamental length, the
coherence length &eL, over which the superconducting charge carrier condensate can vary
appreciably. In 1962 Brian Josephson predicted tunnelling between two regions of
superconductor separated by a thin barrier, the ‘Josephson effect’, that was
experimentally verified soon after [43, 44]. The present microscopic understanding of
“conventional” superconductivity is based on the BCS microscopic theory [45, 46]
proposed by J. Bardeen, L. Cooper, and J. R. Schrieffer in 1957 (Nobel prize in 1972). In



the BCS theory, developed in the second quantisation formalism, it is assumed that bound
electron pairs with opposite antiparallel momentum and spin - Cooper pairs - are formed
due to an effective attractive electron-electron potential. In conventional superconductors
the potential is mediated through exchange of virtual phonons (deformation of reticular
lattice in the material due to interaction with electrons) that gives rise to an attractive
potential and forms an energy gap 2A in the density of states centred on the Fermi level
Er (see Figure 1). A is the superconducting gap parameter and can also be viewed as the
energy required to excite each electron in the Cooper pair. The Cooper pairs thus formed
are Bosons, they condense at the Fermi level Er. The Cooper pair binding energy is
2A. The Cooper pairs behave coherently as single condensate that can be described by a
single wavefunction or order parameter. This underlying microscopic process is
responsible for the observed transport, magnetic and quantum behaviour of

superconductivity as a new state of matter.
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Figure 1. Dependence of the superconducting (solid line) and normal (dashed line)
densities of states over a broad energy range. This energy diagram corresponds to
temperature 0 < T < T, the dashed area represents the occupied states. A is the
superconducting energy gap parameter and Er is the Fermi energy. The binding energy
of a Cooper pair is 2A. In the finite temperature range, Cooper pair breaking is
continuously happening due to thermal excitation; at equilibrium this is balanced by
Cooper pair recombination. A is both temperature and magnetic field dependent. In the
BCS theory 2A (7=0)=3.52 ksTc and the value A of drops rapidly to zero as T

approaches Te.



At 0 < T < T, due to thermal noise there are some electrons that are not paired occupying
energy states above the gap. These unpaired electrons are termed “quasi-particles”:
elementary excitations above superconducting ground state defined as the superposition
of negatively charged electrons and positively charged electron holes. Quasi-particles are
Fermions. Gor’kov showed that the GL theory is a limiting case of the BCS theory and it

can be formally derived from it for T ~ T¢ using m"= 2m, "= 2e and the coherence length
at zero temperature &gcs = % to represent the mass, charge and average size of Cooper

pairs within the superconductor [47]. Superconductors have a range of unique properties
that can be exploited in technological applications. The superconducting state vanishes
abruptly above the superconducting transition temperature Tc, giving a sharp resistance
versus temperature transition curve between the superconducting and normal state.
Superconductors show a state with zero DC resistance that can be destroyed if the flowing
current is increased above a threshold or critical value, lc. Superconductors show

complete magnetic expulsion/repulsion under certain circumstances. Superconductors

show an additional “kinetic inductance” [, = —— = toA? that depends on the density

nge?

of Cooper pairs in the material (current and temperature). The binding energy of the
Cooper pairs is twice the value of the superconducting energy gap parameter A which is
of order of ~meV in low temperature superconductors, about ~1000 smaller than the
bandgap in typical semiconductor materials (~ eV). Also, superconductors show some
peculiar macroscopic quantum phenomena like fluxoid quantisation where magnetic flux
penetrates in a superconductor in quantised form ¢, = 2.067 x 10~*> Wb (as Abrikosov
vortices [48]) called magnetic flux quanta. The Josephson effect, a quantum tunnelling
effect, can be observed in barrier junctions [49] or weak links [50] where Cooper pairs
tunnel with zero dissipation showing a distinctive non-linear current-voltage

characteristic.

2.3 Non-equilibrium superconductivity and photon detection

These unusual properties can be harnessed in superconducting photon detectors.
These devices can be placed in several classes depending on the detection scheme
employed. They all hinge on the fact that interacting photons break Cooper pairs and only

differ in how the induced non-equilibrium is used for measurement. Different
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measurements schemes are chosen to optimise different performance characteristics
required in particular applications. It is therefore important to understand what happens
when a photon interacts with a superconductor and how the photon energy hv compares
with the superconducting energy gap parameter A. In principle, a photon can be detected
if its energy is larger than the binding energy of Cooper pairs hv > 2A (Figure 1).

A superconducting material at thermal equilibrium can be described by three
coexisting sub-systems: Cooper pairs, quasiparticles and phonons (of the superconductor
and substrate). All three systems are in thermal equilibrium and their equilibrium
distribution functions are at the same temperature [51]. An external perturbation such as
a photon with energy E, = hv can drive one of the sub-systems out of equilibrium
depending on the value of E, [52]. The energy down-conversion following the interaction
with an energetic photon is generally accepted to occur in four distinct stages (see Figure
2) [53]. In the first stage (I), the energy absorbed in the superconductor destroys the
equilibrium of one sub-system generating energetic photoelectrons [54]. These electrons
generate a certain number of secondary high-energy electrons (hot electrons) and in this
stage strong electron-electron scattering with a characteristic interaction time 7.,
dominates the energy down conversion mechanism. After a few . the hot electrons

thermalise to an energy E; = hwp (Where wy, is the Debye frequency) defining the end of

the first stage.
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Figure 2. Thermalisation scheme showing subsequent channels of the energy transfer and
behaviour of the subsystem populations in a superconductor that relaxes towards
equilibrium, following the interaction with an energetic photon having energy Eo. The
cascade of processes is described in four stages (I - 1V). The hot electrons created upon
photon absorption dominate stages | and Il, transferring energy to quasiparticles and
phonons in stage I1l. Energy dissipation as thermal phonons is completed in stage V. In
this qualitative illustration, the photon energy Eo is ~1eV, an order of magnitude above
the Debye energy Zop, which is in turn much greater than the superconducting energy
gap parameter A ~10 eV. In the upper plot, the energy per particle (for hot electrons
moving to quasiparticles) is shown against time. In the lower plot the particle densities
(quasiparticles - red, phonons - green) are illustrated versus time.

The second stage (I1) of energy down-conversion takes the non-equilibrium electron
distribution down to a second characteristic energy E, ~ 3A where electron-phonon
scattering with a characteristic time z,.,, becomes stronger than the electron-electron
scattering (z..,n < 7..) and the energy down conversion process releases many energetic

phonons clustered at the Debye frequency, wp. At this point (as illustrated in the lower
plot of Figure 2) the quasiparticle population (red curve) responds very quickly compared
to the slowly varying phonon distribution (green curve) because of the much higher

electronic scattering rate. The final distribution at the end of stage Il is a non-equilibrium
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population of high energy phonons and quasiparticles. Over the third stage (I11) the mixed
distribution of quasiparticles and phonons evolves to a quasiparticle distribution centred
at the superconducting gap edge through: i) the Cooper pair breaking process (with
phonon absorption), ii) recombination of two quasiparticles in a Cooper pair (with phonon
emission) and iii) phonon escape in the substrate. Stage I11 ends when the energies of the
emitted phonons fall below 2A and the energy per quasiparticle approaches A. These
phonons are unable to break Cooper pairs halting the creation of quasiparticles. Finally,
in the fourth stage (V) only phonons with energy smaller than 2A are present and the
system returns to the initial state of equilibrium (bath temperature) through the processes
of phonon-phonon scattering and phonon escape through the substrate with 7
Depending on the measurement scheme, the properties of the superconducting material
used and device design; it is possible to generate different output signals for detection.
Even though various detection schemes rely on capturing non-equilibrium particle
temperatures at different stages in the energy down-conversion process (Figure 2) all
these detection methods fundamentally rely on the Cooper pair breaking mechanism. In
principle, superconducting photon detectors - SPDs - can be classified in two main
categories: Bolometers and quantum or particle detectors. For this topical review we
highlight the most widely used SPDs at the time of writing: superconducting tunnel
junction (STJ), transition edge sensor (TES), superconducting nanowire single-photon
detector (SNSPD), kinetic inductance detector (KID) and hot electron bolometer (HEB).
The detection mechanisms are discussed and contrasted in this section. Detailed case
studies with in-depth discussion the state-of-the-art and applications are included in
Section 3.

The STJ is based on a Josephson junction device structure consisting of a thin
insulator sandwiched by two superconducting layers acting as electrodes. In operation as
a photon detector, one of the superconducting electrodes of the STJ absorbs the photons
and the energy is converted into quasiparticles (arising from broken Cooper pairs) and
phonons [55]. This STJ also operates in the sub-Kelvin temperature range and relies on
the detection of tunnelling of quasiparticles generated in the third stage of energy down-
conversion from the absorbing electrode to the other electrode. That is why the STJ time
constant lies in the range of few ps or less (depending on the electrode area). A magnetic
field is required in its operation to suppress the Josephson tunnelling of Cooper pairs [56].
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The superconducting TES concept arose from earlier work on low temperature
silicon microbolometers for X-ray spectroscopy [57]. The TES is usually created from a
low-temperature superconducting film acting as absorber and/or thermometer embedded
in an electric circuit which produces a very sensitive resistive change within its sharp
normal-to-superconducting transition upon photon absorption. This scheme also operates
in the sub-Kelvin temperature range relying on the detection of equilibrium phonons
generated in the fourth stage of energy down-conversion and is relatively slow but can
give very high photon detection efficiency and photon energy or photon number
resolution [58]. The use of voltage-bias and superconducting quantum interference device
(SQUID) readout both contribute to the response time of TES detectors and make them
more stable and suitable for practical implementation in large arrays [59].

A KID consists of a superconducting microwave resonator, in a lumped-element
or distributed design. The resonance frequency and internal quality factor (Q) change
due to the variation of kinetic inductance resulting from the change in quasi-particle
density due to Cooper pairs breaking following photon absorption. The frequency shift
and internal dissipation signal measurements (in-phase and quadrature [I-Q] microwave
signal measurement) allow readout of large numbers of KID devices on a single
microwave feed line with frequency multiplexing [60, 61]. This scheme also operates in
the sub-Kelvin temperature range and relies on measurements of quasi-particle generated
(Cooper pair breaking) in the second and third stage of energy down-conversion. KID
devices have the potential to reach very fast response speeds, but current KID
multiplexing schemes do not allow operation at frequencies much greater than 1 kHz [62].
STJ and KID devices exhibit optical photon detection ability; however, no practical
detectors have yet been developed in the infrared wavelength range.

A SNSPD is generally comprised by a very thin and small width strip that is
cooled down well below its T¢ and it is current biased at an operating value slightly
smaller than its critical current: I, < lc. When a photon is absorbed by the strip, an ultra-
fast voltage pulse is generated [63]. Depending on the choice of superconducting material,
the energy gap, Kinetic inductance and operating temperature of the SNSPD can be tuned.
Typical SNSPD devices operate in the temperature range 0.8 - 4 K [64]. The SNSPD
relies on the generation of quasiparticles in the first and second stage of energy down-
conversion. These quasiparticles are confined in the small width of the strip, rapidly

destroying superconductivity generating a short-lived resistive region (commonly known
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as a “hot-spot” or nucleating vortex-antivortex pairs) [65 - 67]. SNSPD devices are very
fast, with a recovery time as low as a few nanoseconds and exceptionally low timing jitter
(down to a few ps) [68, 69]. SNSPDs can be optimised for near unity photon detection
efficiency (comparable to the TES) [70].

The HEB bolometer utilises the generation of “hot-electrons”, the high energy
quasiparticle distribution in region | of Figure 2, due to photon absorption in thin
superconducting films with metallic behaviour in their normal state (Nb, NbN, Al, Ti etc)
[71, 72]. Thermalisation of these hot electrons or quasiparticles can occur either through
generation of phonons or by diffusion through the metallic contacts depending on the
choice of superconducting material, film thickness, design and electron-phonon coupling
strength. This choice will determine the sensitivity and the response time of the photon
detector. The typical operation temperature for HEB detectors is sub-Kelvin, usually
about tens of mK, and it relies on the measurement of the resistance change caused by the
excess of hot electrons.

2.4 Materials for superconducting photon detectors: a brief introduction

A detailed model describing the detection mechanism in SPDs is not only of
fundamental interest but also allows us to understand how the material parameters
influence the detector properties. This insight helps identify the best possible
superconducting material for a specific application. In all the photon detection schemes
under consideration in this review, the starting point is the absorption of the photon in the
superconducting structure. This absorption is mainly governed by the optical properties
of the superconducting material, and the surrounding dielectric and metallic layers. The
superconducting energy gap parameter A and the Cooper pair binding energy 2A are
important to consider when choosing materials of the detector because this will affect the
sensitivity and efficiency: smaller A means that a larger number of Cooper pairs can be
broken for a given photon energy. As we have seen, following from the BCS theory,
materials with smaller A also have lower critical temperature T.. However, other factors
come into play depending on the detection scheme and the intended application.

With the exception of SNSPDs, SPDs usually operate at sub-Kelvin temperatures,
not only for the chosen materials to be in superconducting state, but also in order to

achieve a better signal-to-noise-ratio.
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STJs must be operated at temperatures well below the superconductor's critical
temperature (typically well below 1 K) to guarantee that the equilibrium state of the
junction is easily perturbed by any photon striking it and an electrical charge proportional
to the energy of photon can be easily extracted from the device [73]. For these detectors,
the materials commonly used are niobium (Nb), tantalum (Ta), aluminium (Al) or
hafnium (Hf). There is a distinction between the larger energy gap materials chosen for
the absorber (Nb, Ta) that maximise photon absorption and the smaller energy gap
materials (Al, Hf) used for fast tunnelling of quasi-particles created in the junction and to
improve energy resolution thanks to their smaller energy gap.

For a bolometric detection of infrared photons the presence of fundamental
thermal noise requires operation temperatures below 1 K. Most of the TES devices work
in the 100 - 200 mK temperature range and common materials used are tungsten (W),
titanium/gold bilayer (Ti/Au) or hafnium (Hf) because of the tunability of the T¢ in the ~
100 mK range and also for their relatively weak coupling between electron and phonon
systems (small heat capacity) at these temperatures [74]. In this scheme, materials with
higher T will have faster recovery time.

For the KIDs, it is important to design resonators with smaller surface resistance
in order to obtain the highest Q-factor possible and to maximise the number of quasi-
particles created upon photon absorption [75]. The surface resistance of the
superconducting material depends on the energy gap but also on the residual resistivity
(the resistance just above T¢) as well. That is why devices are typically operated at few
hundreds of mK and materials are chosen to have low residual resistivity, longer quasi-
particle lifetime in addition to a small energy gap, and the most commonly used materials
for KIDs are aluminium (Al), niobium (NDb), titanium (Ti) or titanium nitride (TiN).

For SNSPDs, materials with a smaller energy gap will allow detection of photons
with smaller energy and to saturate the detection efficiency at lower bias current, giving
negligible dark counts [76]. Their kinetic inductance will affect the response time and
their critical current density and normal state resistivity will affect the amplitude of the
output signal. The most commonly used materials for SNSPDs [6] are niobium nitride
(NbN), niobium titanium nitride (NbTiN) for operation at T = 2 - 4 K, and tungsten
silicide (WSi) or molybdenum silicide (MoSi) for sub-Kelvin operation with higher

efficiency but slower operation.
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For HEB detectors, the most popular materials are aluminium (Al), titanium (Ti),
niobium (Nb), niobium titanium nitride (NbTiN) etc., due to their metallic behaviour [77].
Materials with a short electron-phonon coupling time constant (such as NbTiN) are most
promising for HEBs. A short mean free path and small coherence length allows thinner
superconducting films to be employed increasing the HEB sensitivity.

The discovery of new superconducting materials is of definite interest for SPD
development. Cuprate high T¢ (high-T. materials) have been explored extensively for
bolometric detection applications but achieving single photon sensitivity in the infrared
is challenging, due to the larger energy gap and materials processing issues [78].
Magnesium diboride (MgB:) shows a critical temperature T¢ ~ 40 K, with small residual
resistivity of p= 0.1 umxcm, small kinetic inductance per square Lk (4.8 K) =1.3-1.6
pH/o and two energy gaps Ao and Az. This material has been successfully used to
demonstrate operation of KIDs [79] and SNSPDs [80] at higher temperatures.

In addition to the operating requirements for different detection schemes, other
factors play a role in the practical advancement of superconducting detectors. The
versatility of the material to be grown as a thin film or patterned for specific detector
fabrication, stability in different environmental conditions and during routine thermal
cycling required for operation can play a major role in its choice for detector applications.
This is why MgB2 has not been widely adopted or why other high-T. materials like
Yttrium Barium Copper Oxide (YBCO, T¢ = 91 K) have not yet realised the dream of
operating these detectors at liquid nitrogen temperature (77 K) [81, 82].

In conclusion, the choice of superconducting material for SPD devices is not
always straightforward but is more likely to be a trade-off between several considerations
to optimise the performance of detectors for specific applications. Below in Table | we
present the most common materials used for the SPDs described in this review with

relative critical temperatures and the 2A (7= 0) values for bulk material.
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Table 1. List of most common materials used for the fabrication of superconducting
photon detectors (SPDs), with their bulk T¢ and bulk value of 2A (at T = 0). As illustrated

in Figure 1, A is the superconducting energy gap parameter and the Cooper pair binding

energy is 2A.
Material | o-W/B-W | Hf Ta B-Ta Ti/TIN Al TWSi [ MoSi [ Nb [ NbN [ NbTiN [ MgB. | YBCO
[74] [83] [83] [83] [83] [83] | [84] | [84] [85] [85] [85] [85] [83]
Te (K) 0.015/2 0.13 4.5 0.6 0.8/4.5 1.2 5 7.5 9.26 16 16 39 85
2A (meV) | 0.0045/0.6 | 0.04 1.4 0.18 0.2/1.4 0.4 15 2.3 3.3 4.9 51 6.8,1.8 30

2.5  Cooling for superconductors: the challenge of cryogenics

The excellent performance of SPDs makes them ideal candidates for a wide range
of emerging applications but their widespread adoption has always been closely
connected to the development of cryogenic technology [86]. Nowadays it is no longer
necessary to use liquid cryogens such liquefied helium (He) which boils at T = 4.2 K
under atmospheric pressure to cool and operate superconducting detectors. This is thanks
to the development of practical closed-cycle cryocoolers that exploit the thermodynamic
cycling of gases [87]. Examples of ‘cryogen-free’ cooling solutions for SPD platforms
are shown in Figure 3. In most cases, cryocoolers use high purity *He gas that is cycled
around a thermodynamic cycle based on the Stirling cycle via mechanical or acoustic
compression. The gas is compressed at room temperature, precooled in a heat exchanger
and expanded at lower temperature. The low-pressure gas is then passed through the heat
exchanger to precool the high-pressure gas before entering the compressor intake. The
cycle is then repeated continuously to maintain the base temperature of operation. It is
relatively easy to achieve the temperature of operation for SNSPDs (T ~ 2.5 K) in a
compact system using a two stage Gifford-McMahon (GM) or Pulse Tube (PT) system
[88]. Hybrid coolers, such as Joule-Thomson (JT) and Stirling coolers have also been
employed [89, 87]. Several commercial solutions using this technology are available in
form of turn-key systems, with moderately reduced footprint, that can operate
continuously for tens of thousands of hours with little or no maintenance. For a compact
GM cooler, the typical compressor power consumption is 1 kW with an air-cooled
compressor. If temperatures lower than 1 K have to be reached and stably maintained,
like in the case of SNSPDs using lower T materials (MoSi and WSi) or for STJ, TES and
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nano HEB single photon sensors, more sophisticated cryogenic systems using either *He
gas isotope (sorption or dilution refrigerators) or magnetocaloric materials (adiabatic
demagnetisation refrigerators - ADRS) have to be used.

Sorption cooling is a kind of refrigeration technology that uses an evaporative
cooling principle and it has the advantages of simple design and convenient operation.
The main parts are represented by a cryopump (sorption pump), pump tube, condenser,
evaporator, gas-gap heat switch, heater and heat sink [90]. When the saturated vapour
pressure of refrigerant gas is smaller or ~ 0.005 mbar, the temperatures of ~ 300 mK and
~ 700 mK can be reached if *He or “He gases are used respectively. The sorption cooler
can be used to provide a low temperature of 300 mK or it can be used as an intermediate
stage to provide temperature lower than 1 K heat sink for either adiabatic demagnetisation
refrigerators or dilution refrigerators. Single-stage helium sorption coolers were widely
used with a superfluid “He tank as the heat sink in astronomical applications but limited
hold times and the rapid development of cryogenic detector technology with higher
cooling requirements prompted the development of multistage sorption coolers [91]. This
configuration extends holding times and increases the thermal efficiency of the end stage
to over 95%. Continuous cooling at 300 mK can be achieved by alternating the operation
of twin *He/He stages [92 - 94].

Dilution refrigerators use a mixture of 3He/*He gas isotopes and exploit the
enthalpy of phase separation of the two gas isotopes to provide continuous cooling ideally
down to temperatures as low as 2 mK, with no moving parts in the low-temperature region
[95]. These refrigerators need a pre-cooling stage to cool down the 3He gas down to T ~
1 K that that can be provided either by liquid He (‘wet’ dilution refrigerator) or by
aforementioned closed-cycle cryocooling stages (‘dry’ dilution refrigerator). Modern dry
dilution refrigerators use high cooling power PT or GM pre-cooling stages with no
external supply of cryogenic liquids and with operation that can be highly automated.
The main commercial development trend for dry dilution refrigerators is towards larger
platforms delivering tremendous cooling power (e.g. for superconducting quantum
computing) but compact dry dilution refrigerators have been successfully demonstrated
[96]. In ADRs, instead, cooling is obtained by cycling strong magnetic fields in materials
such as gadolinium or Ni alloys or paramagnetic salts such as cerium magnesium nitrate
in adiabatic cycles to control their entropy [97]. A decrease in the strength of an externally

applied magnetic field allows the magnetic domains of the material to become disoriented

18



by action of the thermal energy and if the material is isolated (i.e., an adiabatic process)
the temperature drops as the domains absorb the thermal energy to perform their
reorientation. Also in this scheme, the precooling is commonly provided from a closed-
cycle GM or PT cryocooler for highly automated operation and to avoid external supply
of cryogenic liquids.

Despite the unrivalled performance of SPDs, the overall size, weight and power
(SWaP) of the cryogenic set up required for their operation is arguably the major obstacle
to their wider adoption outside of scientific research. SNSPDs have been demonstrated
in space-qualified cooling platforms (e.g. [89]) combining a Stirling JT platform at 4.5 K
(cooling technology originally developed for the ESA Planck instrument). There is
considerable scope for miniaturisation of chip-based [98, 99] or on-chip [100, 94] and
applying these innovative techniques to SPDs. This will open the pathway to wider
adoption and deployment of SPDs in challenging remote sensing and advanced imaging

applications as part of more complex scientific instruments, or deployed in vehicles,

aircraft or satellites.

(a) (b) (©) (d)

Figure 3. (a) Stirling Joule-Thomson cooler for SNSPD, STFC Rutherford Appleton
Laboratory & University of Glasgow, UK, as demonstrated in [89]; (b) Gifford -
McMahon cooler for SNSPD, NIST, USA, as employed in [88]; (c) Adiabatic
demagnetisation refrigerators for TES, NIST, USA (courtesy of Dr S Nam, Dr A Lita),
as employed in [70]; (d) Dilution refrigerator for TES, ALPS, DESY, Germany (courtesy
of Dr A Lindner, Dr K-S Isleif) as employed in [101, 102].
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3. Detector case studies

In this section we discuss case studies of the major SPD types: STJs (3.1) TESs
(3.2), SNSPDs (3.3), KIDs (3.4) and HEBs (3.5). We place particular emphasis on
selection and optimisation of suitable SPDs for important applications at infrared
wavelengths. This section builds upon our earlier discussion of photon absorption

process and detector physics (2.3), superconducting materials (2.4) and cryogenics (2.5).

3.1  Superconducting tunnel junction

The superconducting tunnel junction (STJ) detector relies on the effect of
tunnelling of quasiparticles created by photon absorption. STJs are intrinsically fast
and capable of resolving the energy of incoming photons. These detectors are
successfully used as spectrometers with high resolution and high-count rate
capabilities.

The effect of tunnelling of charge carriers through a thin insulating layer forms
the basis of a family of light detecting technologies. A superconducting tunnel junction
is formed by two superconducting electrodes with a thin layer of insulator between them
as shown on figure 3 (a). An incident photon with energy higher than superconducting
gap A creates excess quasiparticles, which can tunnel through the barrier creating excess
current. Number of excess quasiparticles and amplitude of a current pulse is directly
proportional to the energy of the absorbed photon. A bias voltage (Vb < 2A/e) applied
across the junction ensures that the tunnelling process is limited to that involving a
transfer of quasiparticles from one superconductor to another as shown on figure 3 (b).
To suppress the tunnelling of Cooper pairs the small magnetic field is usually applied in
parallel to the junction. The theoretically achievable energy resolution of an STJ is given
by AEpwam = 2.355VFehv, where F is the Fano factor describing the statistical
fluctuations of the charge generation, ¢ is the mean energy required for the creation of
quasiparticles and 4v is the photon energy. For Nb material, F = 0.22 and ¢ = 1.7A with
the factor of 1.7 that accounts for the partial energy loss into the photon system [103,
104]. As STJ detectors have high impedance, they are usually read out with a field-effect
transistor (FET) based preamplifier. Total system noise includes contributions from

tunnelling and FET preamplifier. Counting of optical and UV photons was demonstrated

20



in [56] where authors achieved spectral resolution of 45 nm with photons in the
wavelength range of 200 to 500 nm.
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Figure 4. (a) STJ detector of optical photons based on Nb superconductor and Al.O3
insulation barrier, adapted from [56]; (b) energy diagram of STJ with applied bias; (c)
idealised voltage-current characteristic of an STJ; (d) photo of S-Cam3 array, ESA
(Courtesy of Dr D.D.E. Martin and Dr P Verhoeve) [105]. (d) is reproduced with
permission from D.D.E. Martin et al. Proc SPIE vol 6269 p.238-248 (2006) [105],
copyright SPIE publishing 2006.

Other variations of superconducting tunnelling devices include Normal metal —
insulator — superconductor junction (NIS) [106, 107] cold electron bolometer (CEB)
[108] and superconductor - semiconductor - superconductor bolometer (S-Sm-S) [109,
110]. Applications in optical astronomy have been the main drivers behind the
development of STJ detectors. Spectroscopy of faint optical sources is of particular
interest, as charged-coupled device (CCD) cameras do not provide any intrinsic energy
resolution capability. The European Space Agency (ESA) has operated an optical STJ
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camera since 1999 with the latest generation named “S-Cam3”. This STJ camera had a
10 x 12 pixel array with an average energy resolution of AEgywym = 0.17 eV at 2.4 eV (4
=500 nm). The camera covered a band from 340 to 740 nm with peak detection efficiency
of 34% at 550 nm and the absolute time of 1 us [105]. Energy resolution ability of STJ
detectors was leveraged to make X-ray spectrometers for synchrotron science [111 -
113]and for plasma and ion physics experiments [73].

There is recent interest in exploiting the giant thermoelectric effect in
superconductor-ferromagnet junctions for highly sensitive photon detectors [114, 115].
With recent introduction of new materials such as graphene, the interest in quantum
detectors based on junctions has been revived. Bolometers based on superconductor-
insulator-graphene junctions have been explored [116]. Recently a graphene-based
Josephson junction capable of single-photon detection of near-infrared radiation has been
demonstrated [117]. One proposed application is to enable low-power optical

interconnects for future architectures of superconducting quantum computers.

3.2  Transition Edge Sensor

The Transition Edge Sensor (TES) exploits the sharp nonlinearity of the
superconducting transition to achieve extremely sensitive radiation detection. Inthe
context of infrared single-photon detection, this confers energy resolution, or at
fixed photon wavelength, photon number resolution. At optical and near-infrared
wavelengths the quantum efficiency of TES detectors is close to unity.

Detectors based on the abrupt change in resistivity at the superconducting
transition have been developed into useful technology applicable across many parts of
the EM spectrum from THz to X-rays [7, 118, 119]. TES detectors use an absorber to
convert photons into heat and superconducting films biased within resistive transition as
a sensitive thermometer. Due to the nature of bolometric response, TES detectors can be
designed for single photon detection and energy resolution across a wide range of
wavelengths including UV, optical and IR. Voltage bias is widely adopted method of the
TES operation which takes advantage of negative electro-thermal feedback (ETF) to
stabilise the bias point on the superconducting transition and to reduce the effective time
constant [118]. A temperature increase due to the deposited photon energy results in a

rapid change in the device resistance. The corresponding change in the bias current is
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then measured with a SQUID amplifier. The absorber and thermometer are coupled to
the heat bath through a thermal link. The value of the link’s thermal conductance (G) is
usually chosen to ensure that the excess heat is removed from the absorber efficiently. In

general, TES can be described by the heat balance equation:

C(T) St = Popt + Poc = fy, G(TT,
where C(T) is the heat capacity of the absorber and thermometer, Pqpt is the optical power,
Ppc is the power of DC bias and the third term is the heat flow through the link in the
form P = k(T — T™). Thermal conductance equals to G = Z—IT) = knT™ 1, In the small
signal approximation, responsivity is proportional to reversed bias voltage (Vp): S =
-Vt x (ﬁ) X (1 + iwt)™ 1, where L = aPpc/GTy, [118] is the loop gain and 7 is the

time constant. The temperature coefficient of resistance is defined as « = (T/R)(dR/
dT).The time constant of the TES response is also influenced by the ETF as 7 = zo/(1+L)
where 7o = C/G is the thermal time constant of the bolometer. TES noise equivalent power
without optical load has contributions from Johnson noise, thermal fluctuations (phonon)

noise and SQUID amplifier noise. Theoretical performance is given by the phonon noise
as NEPphonon = +¥4kgT?2G, where y is the factor with the value between 0.1 and 1.

Energy resolution of the detector is AE ~ NEP+/z. Single photon TES detectors at optical
and infrared wavelengths use tungsten (W) as an absorber and thermometer. In this case,
the photon energy is absorbed by electrons in the film and the heat escapes to the bath by
means of electron-phonon interaction as Pe_pp = Ze_phA(Te5 — TbS), where Zeph IS
material specific parameter describing e-ph coupling and Ty, is bath temperature.
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Figure 5. (a) Schematic of transition edge sensor and idealised resistive transition, adapted
from [119]; (b) image of SiN suspended TES bolometer, SRON (courtesy of Dr J Gao)
[120]; (c) and (d) multi-photon response of the TES (courtesy of Dr A. Lita) [74]. (b) is
reproduced with permission from D. Morozov et al. IEEE Trans. Appl. Supercond. vol
21 p.188-191 (2011) copyright IEEE publishing (2011) [120]. (c) and (d) are reproduced
with permission from A. Lita et al. Proc SPIE vol. 7681 p. 71-80 (2010) copyright SPIE
publishing 2010 [74].

State of the art optical TES detectors employing an optical cavity design have shown
~98% quantum efficiency at 850 nm [58] and 95% at 1550 nm [70, 74]. At the same time,
the reported timing resolution (jitter) is few microseconds. In contrast to “clicking”
photon detectors, TES devices are intrinsically capable of photon number resolution
(PNR). Typical response of the TES to a few photon pulses is shown on Figure 5 (c).
High efficiency coupled with PNR capability makes optical and infrared TES detectors
an attractive technology for applications in a wide range of groundbreaking quantum
optics experiments [121], such as the Hong-Ou-Mandel experiment [122]; fundamental
tests of quantum non-locality [123] and loophole free test of Bell’s inequality [124];
measuring optical power over high dynamic range down to the few photon level [121,
125]. Quite recently, Boson sampling approaches to optical quantum computing have
been advanced by deployment of TES detectors [126]. TES detectors are also a key
enabling technology in the search for Dark Matter. The Any Light Particle (ALPS 1I)
experiment at DESY relies on TES devices to detect the 1064 nm photon produced due
to creation and annihilation of an axion in the “light shining through the wall” experiment
[101, 102]. Importantly for the development of large-scale instrumentation, TES detectors
can be multiplexed in the time- or frequency domain reaching few kilo-pixels scale [127,
128].
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3.3 Superconducting Nanowire Single Photon Detector

Superconducting nanowire single photon detectors (SNSPDs) offer high
speed, low noise and high efficiency single photon detection from UV to mid infrared
wavelengths at an operating temperature of 0.8 K or above.

The concept of the superconducting nanowire single photon detector (known as
SSPD or SNSPD) in the literature was introduced and demonstrated by Gregory
Gol’tsman and co-workers in 2001 [63]. The basic SNSPD device is a narrow wire
defined in an ultrathin superconducting thin film (originally niobium nitride). The device
is cooled below the superconducting transition temperature and current-biased just below
the superconducting critical current. In this state, a single infrared photon can switch the
SNSPD from the superconducting to the resistive state. This triggers a fast voltage pulse
which can be readily amplified and read out with room temperature electronics. SNSPDs
operate in the temperature range 0.8 - 4 K making them accessible with liquid helium or
affordable closed-cycle cooling. The timing jitter of the SNSPD (uncertainty between
photon arrival and readout electrical pulse) is exceptionally low. Understanding of the
hotspot formation and relaxation mechanism has improved with theoretical developments
[67, 129 - 131]. With careful engineering of the microwave waveguide surrounding the
nanowire [69] timing jitter as low as 3 ps FWHM has been demonstrated — the time it
takes a photon in free space to travel 1 millimetre.

The most established SNSPD material is niobium nitride (NbN) [6], with NbTiN
[132] a common alternative. NbN has short thermal time constants for hot electron and
phonon relaxation processes [133]. Other superconducting transition metal nitrides have
been explored (TaN) [134], MoN [135] with some marginal advantages claimed. Pure
metallic superconductors (Nb) do not allow the correct balance between hotspot growth
following photon absorption due to Joule heating and rapid heat dissipation [136]. A
significant advance has been the adoption of amorphous superconductors WSi [137] and
MoSi [138], which allowed saturated behaviour of photon detection probability versus
bias current to be more easily obtained, enabling near unity efficiency [68, 139] and
improving device yield even over large areas. The most common deposition method is
sputtering, but new techniques such as atomic layer deposition are showing promise

[140]. Higher transition temperature superconducting materials have been explored.
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Magnesium diboride MgB2 SNSPDs have shown single photon sensitivity up to 1550 nm
[141], but uniformity and yield is a significant problem. YBCO SNSPDs have been
attempted [142] and recent studies have targeted BSCCO [143]. Bolometric behaviour
has been observed in few layer NbSe, operated under current bias [144].

The canonical SNSPD has two drawbacks: the nanowire cross-section is minute
and the ultrathin superconducting material is semitransparent. The main approach to
increasing the cross-section (e.g. for optical coupling with single-mode optical fibre) is
to scale up to a meander design [145]. The absorption can be enhanced by embedding
the SNSPD into an optical cavity [146]. High efficiency at near IR has been achieved by
many groups [147 - 150]. Record results are 93% with WSi [139] and 98% with MoSi
[68] at 1550 nm. Other photonic design strategies can also be employed to enhance
optical coupling to the nanowire and photon absorption, including nanoantenna designs
[151, 152] and waveguide integration [153 - 157].

(@) (b)

Figure 6. (a) SNSPD mechanism of response (courtesy of Dr J Allmaras) [158]; (b)
micrographs of an ultra-low timing jitter SNSPD device (courtesy of Dr B Korzh) [69].
(a) and (b) are reproduced with permission from R. H. Hadfield Nat. Photon vol. 14 p.201-
202 (2020) [158] copyright Springer Nature 2020.

In the past decade there has been increasing interest in scaling up from single-
pixel SNSPDs to large area arrays [10]. Several challenges present themselves: nanowire
device yield over large areas and efficient readout without unfeasible wiring. The yield
issue has been mitigated by the advent of more uniform amorphous superconducting
materials. A number of promising multiplexing schemes [159] have been proposed and

demonstrated: row-column readout [160, 161], single flux quantum logic readout [162-
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164], RF readout [165] and optical modulator readout [166]. A recent landmark result
has been a kilopixel array of SNSPDs with row-column readout [167]. SNSPD
development has been pursued by academic groups, major national laboratories and
increasingly, commerical companies. There is considerable appetite from end-users for
high performance infrared photon counters such as SNSPDs, particularly if supplied in
turnkey, closed-cycle cryogenic systems (Section 2.5). High quality systems for
laboratory-based applications are in widespread use. There is clear potential for
miniaturisation of the cryogenic hardware if major industrial players seize the opportunity
[89]. The end-user interest is spurred by usefulness of SNSPDs in infrared time-
correlated single-photon counting (TCSPC) scenarios. Applications for SNSPDs span
communications, computing, spectroscopy, remote sensing. In terms of communications,
long distance quantum key distribution in optical fibre was a breakthrough application
for SNSPDs [168 - 174]. SNSPDs have also been an essential tool in the development of
quantum networks with remotely entangled qubits [175 - 178]. SNSPDs have also been
employed in receivers for space-to-ground classical communications such as the NASA
2014 LADEE Lunar Laser Communications (LLCD) demonstration [179]. SNSPDs are
expected to be deployed for the upcoming NASA Deep Space Optical Communications
(DSOC) mission [180] and are under consideration for futuristic proposals such as
Breakthrough Starshot [181]. Waveguide integrated SNSPDs [153 - 155] offer a scalable
platform for photonic computing with single photon signals. There is a route to the
realisation of optical quantum computing [182 - 184]. Optical neuromorphic computing
can exploit similar SNSPD architectures [185]. SNSPDs lend themselves very well to
TCSPC spectroscopy, of emitters such as semiconductor quantum dots [88], singlet
oxygen luminescence [186] and even sensing the atmospheres of exoplanets [37]. The
ultra-low dark counts of the latest SNSPDs makes them a valuable tool in low
mass/energy Dark Matter searches [187, 188]. With excellent timing resolution there is
considerable potential for deployment of SNSPDs in remote sensing. Via optical fibre,
SNSPDs lend themselves to optical time domain reflectrometry [189] and recently have
been employed as a central component of the ESA Ariane 6 rocket launch system [190].
Fibre Raman Temperature sensing with SNSPDs has also been demonstrated with
SNSPDs [191, 192] and could be extended to applications such as geothermal energy. In
free space SNSPDs have been employed in daylight single photon LIDAR at 1550 nm
[193, 194] and proof of principle demonstrations have been carried out at 2.3 um [195].
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3.3 Kinetic Inductance Detectors

Microwave kinetic inductance detectors (KIDs or MKIDs) exploit the change
in Kinetic inductance of a superconducting resonator upon absorption of photons,
shifting the resonant frequency in the microwave regime. Multiple KID pixels can
be embedded in a single microwave coplanar waveguide, each tuned to an individual
readout frequency. In this way KIDs are well-suited for multiplexing in large scale
arrays. KIDs are able to measure the energy of absorbed photons, which in turn
confers the ability to detect multi-photon states.

The typical KID device consists of a superconducting strip cooled down well
below the T. and forming an active part of a resonant circuit. The detection mechanism is
based on the change of kinetic inductance Lk of the superconductor due to generation of
quasiparticles by incident electro-magnetic radiation. The change in Lk is then measured
as a change of amplitude or a phase of the microwave signal transmitted through a circuit.
Reading out KID pixels with high quality factor resonant circuits can allow frequency-
domain multiplexing of thousands of resonators through a single coaxial cable and a
single HEMT amplifier [60]. Another advantage of KIDs is the relative simplicity of

fabrication. In many cases fabrication of the full array requires only one lithographic step.
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Figure 7. (a) Kinetic Inductance Detector (photon absorption, resonant circuit, and the
idealised illustration of the resonance frequency and phase shift), adapted from [60],
(courtesy of Dr P Day); (b) response of TiN MKID to 1550 nm photons [61]; (c) 140x146-
pixel near-IR MKID array (courtesy of Prof B Mazin) [196]. (b) is reproduced with
permission from J. Gao et al. Applied Physics Letters vol. 101 p. 142602 (2012) [61]
copyright AIP publishing 2012. (c) is reproduced with permission from P. Szypryt et al.
Opt. Express vol. 25 p. 25894-25909 (2017) [196] © The Optical Society.

The fundamental noise limit of a KID is set by quasiparticle generation-recombination
noise and is given by NEPGr? = 4A%(Ngp/zqp) [197], where the number of quasiparticles
IS Ngp, 7qp IS the quasiparticle lifetime and A is the energy gap of the superconductor. In
theory, NEP ~ 10 W/~+/Hz might be possible in an extreme situation with low number
of quasiparticles Ngp ~ 100 and zqp ~ 10 ms. In practice, NEP = 4x10'° W/+/Hz has been

derived from the noise measurements in the lab environment [198] and recent

measurements of Ngp = 30000 and zgp ~ 20 ms in KID fabricated out of Al film also

suggest NEPgr = 2x10%° W/+/Hz measured at the temperatures below 180 mK [199]. At
first, KIDs were designed for THz detection in astronomy [200] and adapted to passive
THz imaging [62]. Owing to ease of multiplexing and fabrication, this technology has
been expanded to other parts of EM spectrum including optical and infrared. Large arrays
of few kilo-pixels were developed and used on optical and infrared astronomical
telescopes (Figure 7(c)) [196, 83]. An early demonstration of single photon detection with
TiN MKID was made by Gao et al. [61]. MKID based on TiN film has shown energy
resolution of AE = 0.27 eV when detecting 1550 nm photons (Figure 7 (b)). Recently PtSi
and Al based MKIDs were shown to have a single photon response in optical and infrared
[201 - 203].
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3.5 Hot Electron Bolometers

The superconducting Hot Electron Bolometer (HEB) exploits the strong
dependence of the resistance on electron temperature and is based on electron
heating by external radiation. HEB detectors are extremely fast due to the rapid
nature of electron energy relaxation and are intrinsically capable of energy
resolution.

HEBs were first based on semiconducting materials with strong temperature
dependence of resistance, such as InSb [204, 205]. In the early1990s, E. M. Gershenzon
et al. demostrated an HEB based on a thin superconducting Nb film [206, 207]. The
device utilised the hot electron effect in a thin superconducting film (typically a refractory
metal or nitride e.g. Nb, NbN, Al, Ti etc). In general, a hot electron model applies to
superconductors in the resistive state just below Tc. In this state electrons and phonons
can be described by thermal distribution functions with effective temperature for each
subsystem. The effective temperature of the electron system (T.) and effective
temperature of phonons (Tpn) are assumed to be uniform throughout the detector. This
means that the thermalisation times inside each subsystem (i, for the electrons and zph-pn
for the phonons) are much shorter than the time of energy exchange between subsystems
(ze-ph). Incoming EM radiation is absorbed directly by electrons and elevates Te above
bath temperature. Depending on the size of the device, energy relaxation of hot electrons
can rely either on emission of the phonons with characteristic time zepn Or on diffusion of
the hot electrons into contacts with characteristic time i = L%/(n?D), where L is the
device length and D is the electron diffusion constant. The first mechanism (“phonon

cooling”) takes place in relatively large devices with L > Lgier = (/D Te_ph. The second

mechanism (“diffusion cooling”) takes place with L < Lgiff . Both mechanisms can coexist
and the dominance of one over another depends on the HEB size, the choice of material
and the operating temperature [208, 209]. Resistance of the detector near T rapidly
depends on Te allowing measurement of EM radiation power by registering the change in
resistance. Due to their small size HEB detectors rely on planar antenna to couple to
radiation and employ low noise FET amplifiers for the readout. Owing to their fast
relaxation times, HEBs are widely used as THz mixers with the intermediate frequency
bandwidth of a few GHz.

The intrinsic noise of a HEB consists of thermal energy fluctuation (TEF) or

phonon noise and Johnson noise. Phonon noise plays significant role and depends on Te
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and Geph as NEPrgg = /EkpTeGe_ph , Where =4 for Te =T ,and ¢ = 2 for Te >> T
[210]. Both Gepnh and NEPter can be reduced by reducing the HEB volume. The time
constant ze.pn = Ce/Ge-ph. Can be controlled by choosing superconducting materials with
strong electron-phonon coupling such as NbN and by decreasing the film thickness such
as emitted photons can escape to the substrate rather than be reabsorbed by the electrons.
Ultra-low NEP = 3x10%°® W/+/Hz was achieved for Ti based HEB (Figure 8 (a)) in the
far infrared wavelength band with potential capability close to 10%° W/+/Hz [72].

(@) (b)

Detected energy (eV)
0 01 02 03 04 05 06

= 8-um photons

* dark counts
----- Gaussian fit, o = 1.2 nA
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Figure 8. (a) SEM image of 1x2 um? HEB device (courtesy of Dr B Karasik) [72] ; (b)
detection of single 8 um photons [211]. (a) is reproduced with permission from
B.S.Karasik et al. IEEE Trans. Terahertz Science & Technology vol 1 pp. 97-111 (2011)
[72] copyright IEEE 2011. (b) is reproduced with permission from B.S.Karasik et al.

Applied Physics Letters vol. 101 p.052601 (2012) [211] copyright AIP Publishing.

A similar nano-scale Ti HEB device (Figure 8 (a)) with SQUID readout has demonstrated
mid infrared single photon detection capability at A = 8 pum with energy resolution
AErwnm = 0.11 eV [211]. It has been shown that HEBs can be integrated with optical
waveguides at 1550 nm for quantum optics applications [212] and they are compatible
with other SPD technologies such as SNSPDs, providing a potentially very useful
combination of heterodyne detection and fast photon counting in quantum optics and
other quantum technologies.

4, Conclusion and Outlook
In this review we have presented the background of superconducting photon

detectors (SPDs), with particular emphasis on photon detection at visible and infrared
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wavelengths. We have surveyed the current state-of-the-art across the leading SPD
technologies: superconducting tunnel junctions (STJs), transition edge sensors (TESS),
superconducting nanowire single-photon detectors (SSPDs or SNSPDs), Kinetic
inductance detectors (KIDs) and hot electron bolometers (HEBs). These are the main
SPD types which at the time of writing have made it through the demanding process of
technological selection. These mature SPDs concepts have been trialled and adopted in
important photon counting applications and scaled up to large arrays of high-performance
pixels.

SPDs have been considered for at least half a century. Forecasting the future long
term technological development path over the next half century is notoriously
challenging. However, we can confidently predict SPDs will remain an important area
of development in applied physics and source of exciting new technologies for the most
demanding scientific applications. Firstly, superconducting phenomena are observed
across a tremendous variety of elements and compounds. High temperature
superconductors have not yet had the hoped-for impact in terms of SPDs, but new
candidate materials and processing techniques are frequently being brought forward. The
huge research effort stimulated by the discovery of graphene has brought two dimensional
superconducting materials (e.g. NbSe;) into consideration. Twisted bilayer or ‘magic
angle’ graphene exhibits superconducting properties and has been demonstrated in
devices. The burgeoning field of superconducting qubits for quantum computing (now a
multi-billion-dollar industry) benefited from expertise and techniques used in SPDs. This
IS progressing towards cryogenic data centres and interconnected superconducting
quantum computers — SPDs would naturally dovetail as a useful compatible technology
for low energy optical interconnects.  Effectively these advanced superconducting
quantum circuits are manipulating and detecting single photons at microwave
wavelengths. Researchers have naturally foreseen the potential of the advanced toolkit of
superconducting qubits for low energy photon detection and also the detection of dark
matter and exotic fundamental particles (e.g. anyons). We have surveyed the role SPDs
(especially SNSPDs) have played in opening up infrared photon counting in areas such
as guantum communication, remote sensing and life sciences, and have been
commercialised for R&D markets. As highlighted in section 2.5, the wider adoption of
emerging SPD technology as a standard tool (e.g. in single photon LIDAR systems or

fluorescence microscopy) depends on cost, size weight and power considerations — if
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compact, reliable, turnkey high performance SPD systems can be offered at affordable
prices the customers will adopt the technology. In this commercial arena investment in
cryogenic engineering is likely as important as future development in the device
technologies themselves. Looking at the 50-year horizon, the most demanding frontier
for new technologies is arguably space. Space-based astronomy is entering a new era
with the launch of the James Webb Space Telescope (launched in December 2021) and
networks of satellites ring the earth and are likely to be extended across the solar system.
The costs of launching space-borne instrumentation and satellites are dropping.
Superconducting devices are more durable than CMOS in the harsh environment of space.
There is a likely demand for SPDs in next generation instrumentation for exoplanet
searches and the search for alien life, and in deep space optical communications at the
single photon limit. We are certain this review is only the most recent chapter in the

overall development of SPD technology.
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