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Abstract Owing to their high sensitivity and low noise, superconducting detectors are used for photon
detection from microwave to high-energy particles. X-ray detection plays an important role in materials
analysis, astronomy, and medical radiography, which require high efficiency as well as high energy resolu-
tion. However, traditional semiconducting detectors cannot fulfill these requirements. In this article, we
review superconducting quantum detectors for X-ray detection, including transition-edge sensor (TES), su-
perconducting tunneling junctions (STJs), kinetic inductance detectors (KIDs) and superconducting nanowire
single-photon detectors (SNSPDs), and introduce the physical structures, working mechanisms, and device
behaviors of these detectors. We also review their performances regarding X-ray detection and analyze their
respective characteristics. According to recent progress and the requirements of various applications, possible
improvement of superconducting detectors for X-rays are discussed.
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1 Introduction

1.1 Requirements of X-ray detection

Since its discovery by Wilhelm Rontgen, X-ray has been used in various fields of research [1]. Up until
now, X-ray detection has played an important role in materials analysis [2], security inspection [3], X-ray
astronomy [4], and medical radiography [5]. X-ray detection has various respective needs. For materials
analysis and X-ray astronomy, high energy and spatial resolution over a relatively large field of view are
necessary. In contrast, both security inspection and medical radiography require a quick response and
high sensitivity for security reasons, and high quantum efficiency is in demand for all applications.
There are four different types of X-ray detectors: gas-filled detectors, scintillation detectors, semicon-
ducting detectors [6] and superconducting detectors. The most frequently used hypersensitive detectors
are semiconducting detectors and superconducting detectors. The mainstream semiconducting detector
for X-ray detection is the silicon drift detectors (SDDs). SDDs are based on the principle of sideward
depletion introduced in the study by Gatti and Rehak in 1984 [7]. They can combine a large sensitive area
with a small value of the output capacitance and are suited for high count rate X-ray spectroscopy [8].
However, the energy resolution of SDDs is limited to 130 eV [9] because of their relatively large bandgap,
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which is gradually dissatisfied the needs in some soft X-ray detection, such as materials analysis and
astronomy. In recent years, perovskites scintillators served as absorbers have been proved to have good
performance in medical radiography [10]. Compared with semiconducting X-ray detectors, superconduct-
ing X-ray detectors perform better (high energy resolution AE/E ~ 1073, single photon detection, and
high counting efficiency) owing to the suppression of thermal noise at a low operating temperature and
the presence of small energy gaps, and have become increasingly popular, along with the development of
cryogenic technology.

1.2 Physics of superconducting detectors

Superconductors are different from other materials owing to zero DC resistance, a perfect diamagnetism
(Meissner effect) and macroscopic quantum phenomena below critical temperature [11-13]. Many su-
perconducting applications are related to these three properties. The zero DC resistance characteristic
was discovered by Kamerlingh Onnes in 1911, and has been applied to transmit and store energy to
reduce energy dissipation [14], and produce high magnetic fields with a large current [15]. Meissner
effect has been used to shield magnetic field [16]. Macroscopic quantum effects, including Josephson ef-
fect and fluxoid quantization, arise from the quantum interference of the superconducting electron state.
Macroscopic quantum effects of superconductors have many applications pertaining to sensors, detec-
tors, and circuits, such as superconducting quantum interference devices (SQUIDs), single flux quantum
(SFQ), and quantum computing [17]. Regarding superconducting detectors in this review, they possess
single-photon response characteristics, so they can be regarding as quantum-counting counters. When
superconducting detectors absorb a single photon, there will appear a high-energy electron, which will
result in an exponential growth of low-energy nonequilibrium electrons in time by electron-electron and
electron-phonon interaction. The maximum number of nonequilibrium electrons is referred as quantum
yield [18]. Meanwhile, superconducting detectors possess extremely high sensitivity closing to quantum
limit.

Regarding superconductors, two related electrons are bound together, and the binding energy prevents
them from scattering, which allows them to flow without resistance. In traditional BCS superconductors,
this phenomenon has been explained by microscopic and macroscopic theories since the 1950s [19, 20].
Almost at the same time, transition-edge sensor (TES) was first developed to detect photons [21,22]. In
microscopic BCS theory, the interaction distance of the two electrons in a Cooper pair is described by the
temperature-dependent coherent length £(T7), and the zero-temperature value {(0) ~ 0.18kv¢/(kpTe) [23],
where vy is the Fermi velocity, kp is the Boltzmann constant, and 7, is the transition temperature. For
BCS superconductors, the relationship between T, and zero-temperature energy gap A(0) is given by
2A(0) = 3.53kpT, [24]. When temperature is close to T., the physics of superconductivity is explained
by the Ginzburg-Landau theory [25, 26].

Although there are different superconducting photon detectors for various applications, they are es-
sentially identical in that they break Cooper pairs during detecting photons. In principle, a photon is
able to be detected so long as its energy is larger than the binding energy of Cooper pairs hf > 2A [27]
(Figure 1), where A is the energy gap of superconductors [28]. Generally speaking, the energy resolution
of a radiation detector is limited by the statistical fluctuation of the number of electrons or quasiparticles
excited by a photon, and it can be approximatively calculated by [29]

AE/E = 2.355(cF/E)%5, (1)

where F' is the Fano factor, and ¢ is the mean energy required to excite one electron or quasiparticle
in the detectors. In (1), e is positive correlation to the superconducting energy gaps and the semicon-
ducting band gaps. Because the superconducting energy gap (NbN for example) has a magnitude of
3.2 meV [30], which corresponds to millimeter wave, superconducting detectors are able to detect mil-
limeter /submillimeter waves, infrared rays, visible light, X-rays and gamma-rays [31]. Indeed, photons
with lower frequencies may also be detected if superconducting materials with lower energy gap are cho-
sen. In comparison, semiconductor band gaps have a magnitude of eV; thus, superconducting detectors
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Figure 1 Photons with energy hf > 2A are absorbed by superconducting detectors to break Cooper pairs and create
quasiparticles.

Table 1 A comparison of five superconducting detectors

Detectors Energy resolution Count rates (cps) Operating temperature Decay time Detection range References

TES 1.6 eV @ 5.9 keV ~ 102 ~ 100 mK ~ 1 ms <10 keV [32,37-39]
STJs 12 eV @ 5.9 keV 103-10% 0.1 K-14 K ~1 us <6 keV [29, 40, 41]
TKIDs 75 eV @ 5.9 keV ~ 102 ~ 100 mK ~ 1 ms <10 keV [42,43]
X-SNSPD - ~ 108 ~4K ~ 10 ns <10 keV [44,45)
SDDs ~ 150 eV ~ 103 ~ 300 K ~5 us <60 keV [6,8]

possess a much wider detection waveband than semiconducting detectors with quantum-limit sensitivity,
allowing a factor of ~30 improvement in the fundamental resolution.

2 Superconducting detectors for X-ray detection and their applications

X-ray spectroscopy is one of the most sensitive, nondestructive analytical techniques for materials analysis,
providing both qualitative and quantitative compositional information [32]. Owing to the fact that the
performances of existing semiconducting detectors are gradually becoming unable to satisfy the current
needs of some X-ray detection methods, superconducting X-ray detectors are being developed as new
generation X-ray spectrometers.

In this section, several superconducting detectors are described in detail, including TES [33], supercon-
ducting tunneling junctions (STJs) [34], kinetic inductance detectors (KIDs) [35] and and superconducting
nanowire single-photon detectors (SNSPDs) [36]. We primarily analyze their detection mechanisms, com-
pare their physical structures, and introduce related technologies, such as readout electronics. During the
discussion, we emphasize TES, which is the most successful superconducting detector for X-ray detection
thus far. We also pay special attention to the X-ray absorbers. Additionally, we summarize the recent
progress of these four superconducting detectors in X-ray detection. Table 1 [6, 8,29, 32, 37-45] makes
comparison on the response characteristics of above-mentioned X-ray detectors, including their energy
resolution, count rates, operating temperature, recovery time, and detection range.

2.1 TES

As an ultrasensitive thermometer, TES makes use of the change of resistance from the superconducting
state to the normal state caused by the increase of temperature [39]. Figure 1.3 in [46] is a schematic
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diagram that illustrates the generation process of the temperature pulse caused by a photon. Without
the electro-thermal feedback, the relaxation time for an external signal is nearly equal to the thermal
time constant 7 = %, where C' is film heat capacitance and G is conductance. The typical recovery time
of TES is the order of ms. When it comes to the energy resolution of TES, it is a little different from (1).
Because TES is a calorimeter, and it measures the temperature rise in an isolated heat capacity caused

by incident photon. Its fundamental energy resolution can be shown as

AEpwaM = 2-355\/4\/ngTeEsat7 (2)

where n is electron-phonon coupling number, T, =~ T, and saturation energy Egat =~ T./aC, so its energy
resolution is proportional to the square root of the transition temperature.

When TES biases in its transition region, small changes in temperature can cause an obvious increase
in resistance, which makes TES a sensitive thermometer over small temperature ranges. The resistance
variation that occurs due to temperature can be influenced by many factors, such as external field, the
transport current in the film, the magnetic field induced by the transport current, and the fluctuation
of temperature caused by Joule heating. When detecting photons, we must reduce their influence on
detectors.

TES can be constructed from low- and high-T, materials, but as shown in (2), high-T,. TES detectors
have a lower sensitivity. In this review, we focus on BCS superconductors, the T, of which are relatively
low. The T, of most TES detectors are below 1 K, and within this temperature range, the film conductance
G is explained by the Wiedemann-Franz thermal conductance of normal electrons Gywr = LoT/R,
where Lg is the Lorenz number, T is the temperature, and R is the electrical resistance. The Ly of
superconductor is approximately equal to the normal state value if the temperature is near to T, which
is determined by the equation [47] Lo ~ 2k%/(3e?) = 24.4 nW - Q- K=2. The Joule heating dependence
of temperature variation is approximately described by 6T ~ Py /G r, where Joule heating power Pj is
related to the detector geometry and the structure of the link between detector and heat sink (Figure 2(a)).

The response of TES is governed by electrical and thermal differential equations. The change of
temperature T is described by a thermal equation. If the noise terms are ignored, the equation can be
written as follows [48]:

dT
CE:_Pbath‘i‘PJ‘f'Pv (3)

where C' represents the total heat capacity of the TES and the absorber, T is the temperature of the
TES sensor, Pyatn is the power flowing from the TES to the heat bath, Pj is the Joule power dissipation
and P is the signal power.

The variation of current [ is given by the electrical equation. If the noise terms are ignored, then the

equation is as follows:
dr

LE:V—IRL—IR(T,I), (4)
where L indicates the inductance, V' the Thevenin-equivalent bias voltage [49], I the electrical current
through TES, and R(T,I) the electrical resistance of the TES related to both temperature and current,
respectively. The solutions of the two equations are discussed in detail by Irwin [50] and Lindeman [49].
As is well-known, it is unconventional to deal with the nonlinear terms in the two differential equations;
nevertheless, these nonlinear terms can be approximatively linearized in a small-signal limit in the TES,

and the results can be written as follows:
R R
R(T,I)~ Ry + oy —8T + B1—261, (5)
Th Iy

where a; and f; are defined independently as the partial derivative parameters. From that, we can
conclude that the resistance of TES is connected with temperature and bias current [51].

The geometrical structure of TES detectors includes sensors and absorbers. In summary, sensors are
divided into thermal and athermal detectors. TES is a thermal sensor, and the energy fluctuations in a
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Figure 2 (a) A schematic diagram of the device showing the detector layers; (b) a scanning electron microscope (SEM)
image of the array; (c) read-out circuit diagram [59] @Copyright 2015 AIP Publishing LLC.

thermally isolated heat capacity C' at T caused by the exchange of energy with a thermal bath at the
same T are given by (kpT2C)'/2, so the sensitivity of a TES is high when C' and T are small [52]. In
comparison, both STJs and KIDs are athermal sensors; they measure the generation of quasiparticles
caused by the incident photons. However, it is difficult to use STJs in large arrays because they lack
a multiplexing readout method. In recent years, KIDs have also been used as thermal sensors (thermal
KIDs, TKIDs) [42], which work in a thermal quasi-equilibrium mode [43,53] for X-ray detection, and their
photon absorption mechanism is similar to that of TES. The difference is that the microwave multiplexing
readout method makes it extremely easy for KIDs to fabricate large arrays. Thus, the resolutions of STJs
and KIDs are lower than those of TESs when applied to X-ray detection [54,55]. We will discuss the
related research in detail in Subsections 2.2 and 2.3.

If the photon energy is below 1 keV, it can be absorbed by the superconducting sensor. However, for
higher photon energy, an absorber is required. When a photon is absorbed by an absorber, its energy is
first transferred to the kinetic energy of an electron, and then, the high-energy electron reduces its energy
to the Fermi level through electron-electron and electron-phonon inelastic scattering [56]. Because the
energy lost in an electron-phonon inelastic scattering is limited to fwwp ~10 meV by the Debye cutoff
frequency wp [57], electron-electron inelastic scattering is a more efficient cooling mechanism. The
absorbers of superconducting detectors are usually designed on a micro-machined membrane or above
the substrates on small-area supports, as shown in Figure 2(a). The absorber on the lower-left pixel
is removed for clarity. Figure 2(b) shows a scanning electron microscope (SEM) image of overhanding
absorbers for X-ray detection [58,59]. For superconductors, the high-energy electron relaxation process
is often complete within 0.1 ns, so the recovery time is restricted by the process of thermalization. For
thermal superconducting detectors, an effective absorber must possess high stopping power, low heat
capacity, and good thermalization properties. According to the experimental relation [60]:

Re(E) = ? (%) : (6)

where p is the density of the material in g/cm?, and E is the X-ray energy, the photoelectron range
Re(F) of X-ray for a material is related to its atomic number, and heavy atom has a better absorption.
Experimentally, gold and semimetal bismuth are widely used as absorbers owing to their high atomic
number and low specific heat. As a superconductor, tantalum [61] has a low phononic specific heat and a
high atomic number, and is widely used in X-ray absorption. However, the time constant of tantalum is
approximately 1072 s or longer [38], which slows the recovery speed of the detectors. In quick-response
detection, Sn is a more suitable absorber [62]. In a recent report, multi-absorbers were also used for
X-ray astronomy [63].

Because the noise of TES is mismatched with FET amplifiers, TES is rarely used in practical applica-
tions. To read out signals with low noise, alternative solutions, such as a cross-correction circuit [64], or
long mender lines with high normal resistance, were constructed [65] in the early years. In 2004, Clarke et
al. [66] successfully resolved this issue by the use of SQUID current amplifiers, the impedances of which are
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Figure 3 National Institute of Standards and Technology (NIST) time-division multiplexer. Each DC-biased TES detector
(dark gray) is coupled to a normally closed SQUID switch (medium gray). The switches on a column are wired in a series
to an array SQUID output amplifier (light gray) [74] @Copyright 2003 AIP Publishing LLC.

easily matched with low-resistance TES detectors [67]. Furthermore, SQUIDs make it possible to obtain
a multiplex readout of TES arrays, which expands the applications of large TES arrays. In practice, it is
not easy for a TES to work within a narrow transition temperature region. Because TES performance is
significantly influenced by the bias current and bath temperature fluctuations. However, Irwin has found
that if TES is voltage-biased and is read out with a SQUID current amplifier, detector can self-regulate
its temperature within the transition and is less sensitivity to bath temperature fluctuations [68].

SQUID amplifiers work at a low temperature, and they are biased and read out with a room temper-
ature electronic circuit. Figure 2(c) shows the typical SQUID readout circuit of one TES. In fact, the
output current of the first-stage SQUID is measured by a series-array SQUID. A feedback flux is ap-
plied to linearize the first-stage SQUID. Owing to the mutual inductance (usually 50 pH), the first-stage
SQUID receives the signal from the TES chip. Moreover, the first-stage SQUID is voltage-biased in series
with the input coil of a series-array-SQUID second-stage amplifier, and the series-array SQUID amplifies
the signal to the room temperature electronic circuits [20].

In most TES detectors applications, large arrays are needed. For example, some X-ray spectra are
limited by the natural width of the underlying emission lines, and to continue developing new technology,
increasingly large arrays of TES detectors have been developed. In fact, it is redundant and imprac-
tical to read every single TES signal separately, because TES requires a number of wires to connect
room-temperature circuits to the low temperature stage, which add heat load and cryogenic complexity.
Therefore, multiplexing technologies are required for the readout of TES arrays. Since SQUIDs have
begun to be used in the TES readout circuits, four multiplexing methods have emerged: time-division
multiplexing (TDM), frequency-division multiplexing (FDM), code-division multiplexing (CDM), and
microwave SQUID multiplexing (uMUX).

TDM [69, 70] switches among DC-SQUIDs by applying a bias current to one SQUID at a time. The
outputs of all the first-stage SQUIDs are summed into a second-stage SQUID that amplifies the combined
signals onto a single output channel, with n current bias lines and m output channels allowing for the
measurement of O(n x m) detectors. TDM has been the most mature technology to date, and has been
widely used for TES array readout [71-73]. Figure 3 [74] shows the typical time-division multiplexer
developed by the NIST group [69]. When the boxcar control signal is positive, the corresponding row
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of switches opens, coupling the outputs of the TESs in the row to their output amplifier. FDM [75, 76]
divides multiple input signals into different frequencies on the same output channel and uses cold filter
circuits to apply a different oscillating voltage bias to each TES; there are many TES applications [77-79]
that use FDM. As a developing multiplexing method, CDM [37,80] uses an orthogonal basis set inter-
mediately between TDM and FDM. Like TDM, the readout of CDM is divided into multiple timeslots,
but the difference is that the signals from all TES chips are collected in each timeslot. utMUX technol-
ogy [81-84] combines the sensitivity of TESs with the easy multiplexing readout of KIDs, and it makes
use of the change in inductance of dissipationless SQUIDs to modulate the resonance frequencies of mi-
crowave resonators. Because uMUX allows for larger multiplexing factors compared with the other three
multiplexing technologies, in recent years it has become the research object with the most potential and
has a lot of possibilities for further development.

Since TES was invented in the 1950s, they have been further developed and have proven to have a
wide variety of applications. TES applications can be divided into two categories: bolometric applications
and calorimetric applications. TES bolometers mainly perform astronomy in the microwave, sub-mm,
terahertz, and far infrared. TES calorimeters have applications on X-ray spectroscopy for materials
analysis, imaging X-ray spectroscopy for astronomy, y-ray spectroscopy for nuclear materials analysis,
and a-particle spectroscopy for nuclear forensics [46].

Until the present, the best TES energy resolution for X-ray astronomy was 1.6 eV at 5.9 keV [85].
Figure 4 shows the TES spectrum of the Mn-K « X-ray lines complex near 5900 eV [86]. An improvement
to AEpwum < 3 eV is readily achievable with minor modification to the experimental setup [87,88]. By
this study, three variations are constructed and indicate that it is possible to manipulate the transition
width and G independently, thus enabling fast thermal sensors with excellent energy resolution.

Another application of TES detectors is X-ray spectroscopy for materials analysis. Figure 5 shows
the diagram of TES microcalorimeter [32]. For clarity, translation stages and microcalorimeter heat
shields are not shown. Figure 6 shows the TES microcalorimeter EDS (pucal EDS, solid line) result
of WSiy mounted on a SEM and the semiconductor EDS spectrum (dashed line) result of WSiy. The
TES microcalorimeter EDS spectrum is acquired using a thin (2100 nm) WSis film on SiOy as part of
the multiple element data set, and has been corrected for energy nonlinearity. The energy bandwidth
per channel varies from 2.1 to 2.4 eV over the energy range 1300-2300 eV. The impressive increase in
resolution over that of semiconductor EDS, coupled with reasonable output count rates and a solid angle,
demonstrates the usefulness of TES microcalorimeter EDS for X-ray microanalysis [32,89].

2.2 STIJs

Cross-film-type Sn/SnO,/Sn STJs were first used by Wood and White in 1969 to detect a particles
detection [90]. Since then, STJs have been extensively studied as photon detectors in the X-ray region of
the spectrum [91]. Structurally, STJs consist of two superconducting films separated by a thin insulating
barrier, as shown in Figure 7. The usual layers are as follows: Nb/Al/I/Al/Nb, and I is a tunnel barrier
(Al303). In some times, Nb is replaced by Ti [92]. Even more complex sequences of layers, such as
Ti/Nb/Al/I/Al/Nb/NbN, have since been proposed. The multilayer superconducting films on both sides
of the barrier can effectively prevent the generated quasiparticles from escaping through the electrodes.
The thickness of one electrode is 100~300 nm, which ensures the high probability of nonequilibrium
quasiparticles tunneling. However, a small thickness limits the use of STJs to the range of soft X-rays
and the ultra violet range [40].

The basic features of STJs are well described by the dynamic Cooper-pair breaking and the relaxation
mechanisms of nonequilibrium superconductivity [93]. The processes are shown in Figures 8(a) and (b).
X-ray absorbed in either of the films of a superconducting junction yield pulses with an identical sign.
If an X-ray is absorbed in the film at the higher potential side, the process in Figure 8(a) is responsible
for the signal. In the other case, the electrons will tunnel as shown in Figure 8(b). Furthermore,
excess quasiparticles are exchanged back and forth, with the quasiparticles always tunneling in the same
direction. If the tunneling rate is faster than the effective quasiparticle lifetime, the back and forth
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processes will result in an intrinsic amplification of the tunneling current [94]. The tunneling will stop
when the quasiparticles recombine into Cooper pairs, and the 2A phonons released by the recombination
escape from films to substrates.

The detection mechanism of STJs is such that when the external superconducting layer absorbs incident
photons, the Cooper pairs in said layer will be broken into quasiparticles, and as the quasiparticles flow
through the barrier, there will be a current pulse, as shown in Figure 9 [90]. The current pulse height is
proportional to the number of quasiparticles IV, which is related to the energy of incident photon E, and
can be calculated by the following equation [95]:

E
1.73¢’ (™

N =
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where ¢ is the binding energy of the Cooper pairs. In this case, an external magnetic field (~100 Oe,
parallel to the barrier layer) should be applied to suppress the Cooper pairs’ tunneling current.

Typically, the working temperature of STJs is 0.1~1.4 K, and the active detection area is about
0.01 mm?. The main applications of STJs are in low-energy regions, which are less than 6 keV, especially
when detecting soft X-ray of light elements from Beryllium to Fluorine, where the energy resolution of
10~20 eV makes it easy to distinguish between the contributions of various elements. In practice, STJ
X-ray detectors can achieve high energy resolution (12 eV at 5.9 keV, shown in Figure 10 [96]) and high
time resolution (< 1 us) [97]. However, the detection area of each STJ chip is small, and the lack of a
multiplexing readout method restricts the application of STJs to large arrays.

2.3 KIDs

KIDs were first proposed by Day in 2003. Initially, KIDs were widely used to detect cosmic microwave
background (CMB) because they have large area arrays integration compared with other superconducting
detectors. Over the past decade, it has been found that the detection waveband of KIDs is very wide,
ranging from low-energy THz to high-energy X-ray [31], which is determined by the superconducting
energy gap.

Because the operating temperature of KIDs is below T./5 (approximately several hundred mK), the
result is a relatively long quasiparticle lifetime and recovery time (~100 ps for Al KIDs) [98]. The core
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Figure 10 Pulse height spectrum from a single aluminium STJs illuminated by the ?®Mn X-ray lines complex. The inset
shows a close-up view of the K1 and K2 lines from channel 1400 to 1430 of the top layer. The energy resolution for the
K1 line was fitted with AE= 12 eV (FWHM) [96] @Copyright 2001 AIP Publishing LLC.

c
L R
M

Figure 11 Equivalent circuit diagram of a KID.

unit of KIDs is a superconducting LC resonance circuit, and the equivalent circuit diagram is shown
in Figure 11. When working on resonance and in a thermal equilibrium condition, the KID couples
to the two-port transmission line by mutual inductance or capacity, producing a dip in its transmission
parameter Sa; [99]. Once receiving photons with energy higher than 2A, the Cooper pairs in KIDs will be
broken into quasiparticles. The appearance of quasiparticles results in the increase of kinetic inductance
Ly, in KIDs, and this leads to a shift in the frequency of the resonator [100] as follows:

1 1

Afy— ——— —
Jo 2L+ Ly,

fOALkv (8)

_ 1 . . . . . . .
where fo = T is the resonance frequency of KIDs; L, is geometrical inductance, which is not

connected to the temperature; and ALy is a change in quasiparticle density, which can be calculated by
the change in the complex part of conductivity (o2) [101]. Because the quality factor of superconducting
resonators is very high (~10%), the resonance peaks of KIDs are extremely sharp, which means KIDs
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Figure 12 (Color online) (a) A TKID on a silicon substrate; (b) SEM of a TKID island [42] @Copyright 2015 AIP
Publishing LLC.

can respond to a slight shift of resonance frequency. This, in turn, means that KIDs are sensitive to
small signal. By making the superconductor part of a resonance circuit, it is possible to read out changes
in the complex surface impedance of the superconductor owing to radiation absorption as a change in
microwave transmission. We can read hundreds or thousands of KID resonators using one microwave
transmission line; thus, the readout circuit of KID arrays is very concise.

In the primeval design, the resonance circuit of KIDs consists of two parts: a quarter wavelength
resonator and an antenna area to absorb photons [102]. However, this structure requires an additional
antenna absorbing area to couple the signal to resonators; nevertheless, the quarter wavelength resonator
is usually geometrically small, so sufficient quasiparticles are not produced by photons absorption. In
most cases, two different superconducting materials are needed in these KIDs. During the response
processing, the quasiparticles produced by the higher energy gap superconductor, such as Nb, can excite
more quasiparticles in the lower energy gap superconductor, such as Al, which can result in a larger
increase in Ly. These two aspects complicate the preparation of films and devices.

In 2008, Simon Doyle designed the lumped element kinetic inductance detector [103] (LEKIDs), which
is a device that directly absorbs photons and can serve as an alternative to distributed antenna coupled
quarter wavelength resonators. Additionally, it is easy for LEKIDs to couple several hundred absorbing
micro-resonators on a single transmission line; thus, they can be read out by frequency division multi-
plexing [35], which enables the design of large pixel arrays. A single pixel LEKID is composed of a long
meander line and an interdigital capacitor [104]. Because a LEKID chip is a two-dimensional structure,
and its minimum geometric size is a magnitude of pum, it is easy to fabricate large LEKID arrays.

To apply KIDs in X-ray detection, an extra absorber is required. In 2015, a research group from
UCSB [42] reported TKIDs to detect X-ray, the physical structure of which is shown in Figure 12.
Interdigitated capacitors and meandered inductors are etched from 200 nm of sub-stoichiometric TiN,.
These form LC circuits, each with a unique resonance frequency, coupled to a CPW Nb (green) feed line.
The inductors, and separate 500 nm thick Ta (blue) absorbers sit on a free-standing SigNy (yellow) island.
The Ta absorber and the SigNy beneath it are perforated to facilitate under-etching with XeFs. They
etch 10~15 pm into the Si. The thin SizN4 bridges holding the free-standing island have a cross section
of 2.0 pmx0.25 pm and are 141 um long. In this study, they presented a TKID prototype that uses
Tantalum as an X-ray absorber and achieved an energy resolution of 75 eV at 5.9 keV (Figure 13). TKIDs
have been recently developed as superconducting X-ray detectors [43,53], and they have the potential
to achieve excellent energy resolution and can be scaled up to kilo- or even mega-pixel arrays [105].
The only issue is that TKIDs suffer a low-energy resolution and a low count rate, which scientists are
attempting to solve using cantilevered three-dimensional (3D) absorbers [106], and suppressing two-level
system noise [107-109] with a large capacitor. Because many modern applications of X-ray imaging
spectroscopy require both high energy and spatial resolution over a large field of view, TKIDs can bring
enormous improvements to these fields as rapidly developing detectors.
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Figure 13 (Color online) Distribution of the fitted energies of 4970 absorbed X-ray photons from a Fe®® source, measured
at 170 mK. Based on the line splitting and the average line width, we calculate an energy resolution of 75 eV at 5.9 keV [42]
@Copyright 2015 AIP Publishing LLC.
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Figure 14 (Color online) (a) SEM images of an SNSPD hydrogen silsesquioxane mask on NbN. The nanowires are 30 nm
wide, and the pitch is 100 nm (inset), covering an active area of 1.03 pmx1.14 um (dashed frame) [110] @Copyright 2011
American Chemical Society. (b) System detection efficiency (red circles) and the dark count rate (blue squares) as a function
of the bias current [111] @Copyright 2018 AIP Publishing LLC.

2.4 SNSPD

In 2001, Goltsman developed an SNSPD to detect single photon, and it has potential applications in
spectroscopy, optical fiber sensing, and quantum communication. The geometrical structure of an SNSPD
is shown in Figure 14(a) [110]. The main part of the SNSPD is the meander nanowire. Compared with
other single photon detectors, SNSPD possesses higher detection efficiency and a lower dark count rate
(Figure 14(b)). In addition, the recovery time and jitter time of SNSPD are faster than those of existing
single-photon detectors [111].

Although the operating temperature of SNSPD is below T../2, the T.. of SNSPD is high, which makes it
possible for SNSPD to work at the boiling point of liquid helium, which is an obvious advantage over other
superconducting detectors. The detection mechanism of SNSPD can be described as follows [36,112,113].
The nanowire is maintained below T,/2 and persistently biased by a transport current just below the I.
((i) in Figure 15(a) [114]). When a photon with an energy higher than 2A irradiates on the nanowire,
Cooper pairs will be broken into quasiparticles, and the generated quasiparticles form a hotspot ((ii)
in Figure 15(a)). As a result, the hotspot region forces the supercurrent to flow around the resistive
region ((iii) in Figure 15(a)), which leads to an increase of the current density beyond the critical current
density in the sidewalks; this results in a resistive barrier across the width of the nanowire ((iv) in
Figure 15(a)). In Figure 15(b), Ly, is the kinetic inductance of the superconducting nanowire and R,, is
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Figure 15 (Color online) The basic operation principle of the SNSPD. (a) A schematic illustrating the detection cycle;
(b) a simple electrical equivalent circuit of a SNSPD; and (c¢) a simulation of the output voltage pulse of the SNSPD [114]
@Copyright 2012 IOP Publishing Ltd.
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Figure 16 (Color online) Sketches of the four main detection models. (a) The normal-core hot spot model; (b) the
diffusion-based hot spot model; (c) the vortex nucleation model; and (d) the vortex crossing model [115] @Copyright 2014
American Physical Society.

the hotspot resistance of the SNSPD. The SNSPD is current biased at Ihas. Opening and closing the
switch simulates the absorption of a photon. An output pulse is measured across the load resistor Zj.
The sudden increase in resistance from zero to a finite value generates a measurable voltage pulse across
the nanowire (Figure 15(c)). Subsequently, the energy dissipates into the substrate by the phonon in the
superconductor owing to continuous cooling, and SNSPD recovers to superconducting state [36,112,113].

As shown in Figure 16, four models exist to explain the mechanisms of SNSPD [115]. (a) Normal
core hot-spot model: The incident photon causes a cylindrical volume inside the wire to transition to the
normal state [116]. (b) Diffusion-based hot-spot model: The quasiparticles diffuse outward from the point
of absorption, creating a band of depleted superconductivity [117]. (c¢) Vortex-nucleation model: A vortex-
antivortex pair is formed in the hot spot, which can result in the generation of resistance [118]. (d) Vortex
crossing model: Either a vortex or a vortex-antivortex pair uses an area of weakened superconductivity
to cross the wire, after which there will be a resistance [119].

Regarding the applications of SNSPD, it is a promising alternative for time-correlated single-photon
counting at infrared wavelengths, offering single-photon sensitivity combined with low DCR, low timing
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Figure 17 (a) SEM image of a partial 100-nm TaN SSPD. The microwires are 2.2 pm wide, and the pitch is 1.8 pm,
covering an active area of 2.25 mmx2.25 mm. (b) A response pulse of this TaN SSPD for a Fe?® X-ray source.

jitter At (tens of ps), short recovery time, and free-running operation [120]. In recent years, SNSPD has
also been used to detect X-rays; in such situations, it is referred to as X-SNSPD [45], the geometrical
structure of which is similar to that of a normal SNSPD. The latest result of X-SNSPD was shown
in [44,121]. In this study, WSi based SNSPD possesses a high maximum counts-per-second-per-square-
millimeters of 10% cps and can work at a T} just below 5 K, even above the boiling temperature of liquid
helium.

Because X-SNSPD possesses high count-rate, short recovery time, and high operating temperature,
it has a promising prospect in X-ray sensitive detection and attracts our attention. We designed a
superconducting strip-line detector (SSLD), whose structure is similar to SNSPD. Experimentally, TaN
was used to fabricate SSLD to improve the absorption efficiency. In comparison, our TaN SSLD is wider,
longer, and thicker than X-SNSPD.

While studying the TaN X-SSLD, we obtained encouraging results. The SEM image of TaN microwires
is shown in Figure 17(a). The thickness of this detector is 100 nm, and the total length of the TaN
microwire is 1.57 m. Figure 17(b) shows the response pulse at 4 K of our TaN SSLD for a Fe®> X-
ray source. The response was approximately 500 ns, which means this detector has higher count rates
than other existing superconducting X-ray detectors, and this detector can also work around the boiling
point of liquid helium (4.2 K), which significantly reduces the refrigeration costs. Moreover, owing to
large active areas, the kinetic inductance of this detector is large, which solves the latching problems
of X-SNSPD at a high bias current and facilitates the reading out of the output signal. In fact, this
detector does not latch at 90% I.. Furthermore, the dark count rates of this detector are as low as
2x10~* s7!; thus, it appears that SNSPD has significant potential to be used in X-ray detection. At
present, X-SNSPD suffers a low detection efficiency of ~ 7.5% owing to the lack of an X-ray absorber
and latching at high bias current. In addition, the fact that the X-SNSPD has no energy resolution is an
urgent problem. Therefore, there is still a lot of room for X-SNSPD development.

3 Summary and outlook

We have presented a review of superconducting X-ray detectors, including TES, STJs, KIDs, and SNSPD.
Specifically, we have focused on the device physics, geometrical structures, readout electronics, and X-
ray detection applications of these four detectors. TES detectors have the highest energy resolution
along with a relatively long recovery time. STJs show good comprehensive performances in soft X-ray
spectroscopy and count rates. As potential detectors, KIDs reveal superiority in the multiplexing readout
of large arrays, while SNSPD is advantageous in terms of count rates and cooling costs.

The past two decades have seen momentous progress in the use of superconducting detectors in X-ray
detection owing to the development of refrigeration technology. However, there is still room to improve
the understanding of the physics and detection performance of said detectors. Thus far, there are no
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superconducting X-ray detectors that can achieve good performances regarding both energy resolution
and count rates, which are urgently needed in elemental analysis and synchrotron science. In general,
further improvements in spectrometer count rates and readouts of large arrays are necessary for existing
superconducting X-ray detectors. Based on these requirements, scientists have recently attempted to
improve how well these superconducting detectors perform when it comes to X-ray detection by combining
their respective characteristics. TES and X-SNSPD can make up their lacks in readouts of large arrays by
using KIDs’ microwave multiplexing readout circuit. X-SNSPD can add relevant absorbers to improve its
absorbing efficiency for X-ray. TKIDs may achieve better detection sensitivity by using larger capacitor
and cantilevered absorbers with high fill factor. Besides, it is possible to reduce the recovery time of
detectors and improve their count rates by using popular perovskite nanocrystal scintillators to replace the
existing absorbers, which can change the X-ray absorbing method from photo-thermal conversion to light-
light conversion. As science and technology continue to develop, there is no question that superconducting
detectors will significantly improve and play an increasingly important role in X-ray detection applications
in the near future.
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