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Mid-infrared superconducting-nanowire single-photon detectors require higher detector sensitivity
because of the weaker photon energy. Previous experiments demonstrated that the sensitivity of
superconducting-nanowire single-photon detectors (SNSPDs) could be improved by optimizing the stoi-
chiometry of superconducting films. However, the physical mechanism has not been completely studied.
In this work, we attempt to explain the optimization mechanism from the hotspot dynamics point of view
of thin films and detectors. We obtained the film’s electron-transport parameters using magnetoconduc-
tance and Hall coefficient measurements and characterized the dynamic process of the hotspot based on
the hotspot-relaxation time. Based on our experimental results, it is proposed that the stoichiometry of the
W-Si film plays a role in the specific heat and boundary thermal conductivity, and therefore, affects the
thermal relaxation process and the detector’s sensitivity. The research results may lay the foundation for
the development of highly efficient mid-infrared SNSPD.
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I. INTRODUCTION

In recent years, superconducting-nanowire single-
photon detectors (SNSPDs) have achieved high detection
efficiency (~100%) [1], high count rates (~300 MHz)
[2,3], low dark count rates (~1073 counts/s) [4], and low
timing jitters (<3 ps) [5], making them the ideal single-
photon detectors with comprehensive performance in the
near-infrared band. Expanding such performance to the
mid-infrared has potential applications in astronomical
observation [6], dark-matter detection [7], and chemical
spectral analysis [8].

Compared with near-infrared photons, the photon
energy in the mid-infrared band is lower. Consequently, the
quantum efficiency (QE) of the SNSPD greatly decreases
in the mid-infrared band, limiting its application in this
band. Therefore, improving the energy sensitivity in the
mid-infrared band has become a crucial topic in the
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process of the development of mid-infrared single-photon
detectors.

Previous approaches to improve the energy sensitiv-
ity of SNSPDs is to reduce the cross-section area of the
nanowire by making the film thinner or the nanowire nar-
rower [9,10]. With this approach, a Moy gSig, SNSPD
with 30-nm-wide nanowire was demonstrated to exhibit a
saturated internal detection efficiency at 5 um [10]. How-
ever, narrowing the nanowires can significantly impact
the switching current due to defects, edge roughness, and
width shrinkage. Additionally, when nanowires are nar-
rowed to a certain extent, the superconductivity induced
by the proximity effect will be suppressed, leading to
nonsuperconducting behaviors [11]. Another approach to
improve the energy sensitivity involves reducing the super-
conducting energy gap of the material. This results in
a higher probability of breaking Cooper pairs (produc-
ing quasiparticles) for a given input energy [12]. Unfor-
tunately, lowering the superconducting energy gap also
reduces the critical temperature (7¢), thus resulting in a
lower operating temperature.

© 2024 American Physical Society
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Recent experiments demonstrated that the energy sen-
sitivity of SNSPDs could be improved by regulating the
stoichiometric ratio of superconducting films [13—16]. In
2020, Verma et al. demonstrated that increasing the Si
content in W-Si films reduced the carrier density, thereby
increasing the effective temperature of each quasiparticle.
With this approach, the nanobridge exhibited a response
capability up to a wavelength of 9.9 um [14]. Moreover
in 2022, Colangelo et al. increased the Si content to over
50% and successfully operated a SNSPD at 7.4 um [16]. It
was suggested by the authors that the optimization mech-
anism was linked to a reduction of the density of states,
which subsequently lowered the energy threshold of the
detectors [16].

It should be noted that regulating the stoichiometry of
the superconducting thin film not only modifies the density
of states but also modifies the electron-transport properties
and phonon-related properties (i.e., specific heat, thermal
conductivity, etc.) of the film, and the last two will affect
the dynamic process of the hotspots after optical excitation.
Since the diffusion dynamics of hotspots plays a central
role in the detection mechanism [17], regulating the sto-
ichiometry of the films will thus affect the sensitivity of
detectors through the impact of hotspots.

Here, we present a study of the influence of the stoi-
chiometric regulation of W-Si thin films on the thermal
relaxation and sensitivity issues of SNSPDs. We fabri-
cated a series of W-Si films with different stoichiometric
ratios by using the magnetron cosputtering system. From
magnetoconductance and Hall coefficient measurements,
we characterized the disorder of W-Si films with differ-
ent stoichiometric ratios and obtained the film’s electron-
transport parameters. We also examined the impact of the
thermal parameters of the W-Si film on the dynamic pro-
cess of the hotspot by measuring the hotspot-relaxation
time. The obtained experimental results suggest that the
improvement of the detector’s sensitivity is highly linked
to the variation of electron transportation and the ther-
mal properties, which are altered by optimization of the
stoichiometric ratio of the W-Si film.

II. EXPERIMENT

A. Fabrication of W-Si film and SNSPDs

The fabrication method for the W-Si thin film is simi-
lar to those applied in previous studies [18,19]. W-Si thin
films were deposited on a Si substrate by high-vacuum
(base pressure <1 x 107> Pa) magnetron cosputtering. The
size of the W target and Si target is 2 inches, and the purity
15 99.99%. Both the W target and Si target were operated
in constant-power mode. (Notably, the former was applied
with direct-current power, while the latter was applied with
radio-frequency power.) Initially, we introduced 23.1 sccm
of argon in the process room, keeping the sputtering pres-
sure at 1.0 Pa. During the sputtering process, the substrate

holder rotated at a speed of 50 rounds/min to improve the
uniformity of the film. After depositing the W-Si film, we
sputtered a Si layer about 2 nm thick in situ as a protective
layer to prevent oxidation.

We fixed the Si target power at 100 W and controlled
the stoichiometric ratio of W-Si films by adjusting the
power on the W target (Pw). Figure 1(a) depicts the zero-
resistance superconducting transition temperature (7¢g) of
W-Si films (with a thickness of 100 nm) versus Pw. The
Tco of the films is above 5 K when the Py is within
the range from 40 to 50 W. We fabricated Wy g3Siy 17,
Wo78S1922, and W 73Sipo7 films about 4.5 nm thick to
study the effect of the stoichiometric ratio on detection
performance. The chemical composition of these films
was determined by using an Auger electron spectrometer
(AES), as illustrated in Figs. 1(b)-1(d). Subsequently, we
measured the T of these thin films. The Ty of Wq 78Sig 22
and W g3Sig 17 thin films is around 3.9 K, while the T of
Wo.73S1¢ 27 1s about 3.2 K [see Fig. 2(b)].

Thereafter, we fabricated three SNSPDs with identi-
cal nanowire patterns based on films made of Wy 3Sig 17,
Wo_7g Sio_zz, and W0.73 Si0.27. Ti/Au pads, which were
lithographed using a lift-off process, and electron-beam
lithography with PMMA950-A4 (Polymethyl methacry-
late) was used to fabricate nanowires, which were sequen-
tially etched in a gas mixture of CF4 and Ar by reactive-ion
etching. The active area of the detector was designed to be
15 x 15 um? with a 100-nm meander size. As shown in
Fig. 2(a), the width of the actual nanowires is consistent
with the design value and shows uniformity.

B. Characterization of SNSPDs

The three SNSPDs were front coupled through a single-
mode fiber and characterized at 1.6 K using a pulse
tube cryocooler. The detectors were biased through a bias
tee (ZFBT-6GW+ microcircuit) by a dc voltage source
(Keithley 2400) with a 100-k€2 series resistor. The photon-
generated pulse was amplified using a room-temperature
amplifier (LNA-650) and sent to the counter (SR400).

The I-V curves of the three SNSPDs were measured,
and the results are illustrated in Fig. 2(c). Our findings
show that detectors with richer Si contents exhibit lower
switch currents (/g ). Note that the inset figure shows the
difference of the hysteresis current (/,), which is often
associated with self-heating and thermal diffusion. The
detectors were characterized by a 1550-nm pulse laser.
Figure 2(d) displays the QE as a function of bias current
for nine sets of detectors, with three detectors selected
for each stoichiometric ratio. In Fig. 2(e), the bias cur-
rents of three representative detectors in Fig. 2(d) were
normalized to their measured switch currents. We define
the threshold bias current (/y,) by the bias point at which
noe =0.95, and the saturation region of the detector by
the area above this threshold. With these definitions, it is
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(a) Superconducting transition temperature (7o) versus sputtering power of W target during cosputtering of W-Si film. AES

results for the W-Si ﬁlm, with (b) W0'83 Si0‘17, (C) W0_7gSio‘22, and (d) Wo<73 Si0_27.

found that a detector with a richer Si content reaches the
saturation region at a lower bias current. To investigate
the wavelength dependence, we selected two representa-

tive detectors, Wy 78Sig2> and Wy g3Sip 17, and measured
their QEs at longer wavelengths using a continuous-wave
laser that was tunable from 1600 to 1900 nm. The obtained
results are presented in Fig. 2(f). For the same wavelength,
the detector with richer Si contents exhibited a smaller
normalized threshold current of I/l and a higher ratio
of the saturation region. These results indicate that, by
regulating the stoichiometric ratio of the thin film, the
detector’s energy sensitivity can be improved and the
cutoff wavelength can be effectively extended to longer
wavelengths. On the other hand, it should also be noted
that, as the Si content increases, the switching currents of
the detectors decrease, resulting in a significant decrease in
the signal-to-noise ratio and an increase in the jitter of the
detector [20].

C. Characterization of W-Si films in a magnetic field

To investigate the underlying reason for the sensitiv-
ity improvement of the detector with richer Si content,
crucial parameters of W-Si films with varying stoichiomet-
ric ratios were measured. We first measured the electrical
transport characteristics of the films subject to a magnetic
field. Figure 3(a) illustrates the temperature dependence
of sheet resistance at different magnetic field intensities
(ranging from 0 to 1.5 T). From Fig. 3(a), we extracted
the upper critical magnetic field and plotted the results as
a function of temperature in Fig. 3(b). Note that, in our
work, the upper critical magnetic field, Bc,, is defined
as the magnetic field at which R=0.5 R,, where R, is
the resistance measured in the normal state. We obtained
the upper critical magnetic field, B¢, by fitting the data
with the equation reported previously in Ref. [18]. Sub-
sequently, we extracted the slope to further calculate the
electron-diffusion coefficient, D, using the formula given in
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FIG. 2. (a) SEM image of the SNSPD detector. (b) R-T curves of the three types of films. (c) /-V curves of the three types of

detectors. Inset figure is an enlargement of the 7}, part. (d) QE at 1550 nm versus bias current of the nine sets of detectors at 1.6 K for
samples A1—A3, W 53Sig.17; samples B1-B3, W 75Sig22; and samples C1—C3, Wy 73Sig27. (¢) QE at 1550 nm versus normalized bias
current of the three detectors at 1.6 K. (f) QE in the wavelength range of 1600 to 1900 nm and dark count rate versus normalized bias

current of the Wy g3Sig 17 and Wy 7g8Sig 2, detectors at 1.6 K.

Ref. [18]. Based on the diffusion coefficient, the electronic
density of states at the Fermi level, N, is determined by
No = 1/(De’Rsnd), (1)
where e is the electron charge, d is the film thickness,
and Rgy is the sheet resistance of the film in the normal

state [21]. The measured parameters are summarized in
Table I, where it can be seen that the values of D and N

(a)

decrease with increasing Si contents in W-Si films. Note
that when the value of D decreases, thermal diffusion along
the nanowires is hindered during the hotspot-formation
process [22]. Additionally, a smaller value of N, also
implies a smaller value of electron heat capacity [23],
which will lead to a higher hotspot temperature. Based on
these findings, we believe it is reasonable to suggest that
the improvement of the detection efficiency of the SNSPDs
is caused by the modification of the hotspot-relaxation
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(a) R-T curves of 4.5-nm W-Si thin films under different magnetic fields. (b) Upper critical magnetic field, B¢y, versus

temperature of 4.5-nmW 75Sig 2, (red), Wy g3Sio.17 (blue), and Wy 73Sig27 (green). (c) Hall voltage divided by transmission current of
4.5-nm W g3Sig 17 (red), Wo.78Sig22 (blue), and W 73Sig 7 (green) versus magnetic field.
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TABLE I. Transport and superconducting parameters of three types of W-Si films reported in this work.
Sample d (nm) Tco (K) Rg (2) D (cm?/s) No (J7'm™3) kel,
Wo.83Sig.17 4.5 3.9 300 0.623 4.64 x 10¥ 1.16
Wo.78S10.22 4.5 3.9 360 0.601 4.01 x 10¥ 0.92
Wo.73Si027 4.5 3.2 452 0.54 3.56 x 1047 0.76

process, which results from the optimization of the stoi-
chiometric ratio of W-Si films.

To provide further evidence that the hotspot-relaxation
process is altered by the stoichiometric ratio, the loffe
Regel parameters were measured for SNSPDs with dif-
ferent Si contents. Note that the loffe Regel parameter
serves as a measure of the material disorder, which plays
an important role in the hotspot-relaxation process of the
superconducting films [24,25]. The loffe Regel parameter
is the product of kg (the Fermi wave vector) and /, (the
average free path of elastic electrons) and can be obtained
by Hall coefficient measurements [21,26]. Here, we used
the four-probe ac technology to carry out the Hall coef-
ficient measurements at room temperature. A 1 x 1-mm?
Hall bar on a 10 x 10-mm? sample was used to ensure the
Ohmic contact. As shown in Fig. 3(c), the Hall voltage
(Vy) varied linearly with the magnetic field if the magnetic
field was in the range of =1 T. From these measurements,
we obtained the Hall coefficient (Ry) by calculating the
slope according to Ry = Vyd/(IB), where [ is the current
and B is the magnetic field intensity applied to the sam-
ple. Using the Hall coefficient, Ry, the carrier density, 7.,
can be obtained according to n, = —1/eRy. Finally, the
Fermi wave vector (kr), the average free path of elastic
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FIG. 4. Average photon count per pulse (PCR) versus delay
time in the two-photon operation mode, with Wy 75Sig2, (red)
and W g3Sig 17 (blue) detectors. Symbol, experimental data; line,
Lorentz fitting.

electrons (/.), and hence the Ioffe Regel parameter (kgl,)
were determined [21]:

ke = Gn*ny)'3, ()

le = hikg/(n.€*Rsnd), (€))

where 7 is the reduced Planck constant. Through the mea-
surement results, we found that the films with richer Si
contents exhibited stronger disorder and were expected
to suffer from hindered thermal relaxation and enlarged
hotspot size [24].

I11. DISCUSSION

The photoexcitation of hotspot regions is the founda-
tion of SNSPD operation, and the relationship between
hotspot dynamics and SNSPD sensitivity is discussed in
detail in Ref. [27]. In this section, we focus on the hotspot-
relaxation time [24,28-30] and investigate the hotspot
dynamics of the SNSPDs with different Si contents. Note
that the sensitivity of the detector is highly related to the
cross-section area of the nanowire and the superconducting
energy gap. For the W(.73Sig22 and Wy g3Sig,17 detectors,
the closely related 7¢ allows us to investigate purely the
influence of stoichiometry on detector sensitivity under
the condition that the superconducting energy gaps are
similar. Therefore, we mainly discuss the W 75Sip,, and
Wi.3Sip.17 detectors here. The hotspot-relaxation time,
Tys, describes the energy-transfer and down-conversion
process after photon absorption [28]. In previous experi-
ments, we measured the hotspot-relaxation time of Nb-N
nanowires with and without buffer layers using a two-
photon detection mode [29]. Under low bias currents, a
single photon’s energy deposited on the nanowires is insuf-
ficient to generate a pulse, and the pulse can be triggered
only if two photons generate two overlapping hotspots.
Such a process is generally termed the two-photon detec-
tion mode [28], which provides a method for studying the
formation and dissipation of the hotspot with subpicosec-
ond resolution. It should be noted that, in the two-photon
detection mode, the response of the detector is strongly
related to the bias current. To make a fair comparison,
we selected Wy 78Sig2, and Wy g3Sip 17 detectors using the
same normalized bias current of Ig=0.4 I, and mea-
sured their delayed two-photon responses using the setup
described in Ref. [29]. The measured results are presented
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in Fig. 4, where it can be seen that, at /g =0.4 [, the
relaxation time (216.7 ps) of the W 78Sig2, detector is
approximately 2.6 times that of the W(g3Sip17 detector
(81.6 ps). These results reveal that a detector with a richer
Si content takes a longer time to dissipate hotspots. Note
that these values of the relaxation time of W-Si SNSPDs
are significantly longer than those measured previously on
the Nb-N SNSPDs (15-30 ps) [29].

To further investigate the mechanism that causes the
difference in relaxation times for the different types of
detectors, we developed a numerical model for two-photon
relaxation experiments based on Ref. [28]. In our numeri-
cal two-photon model, it is assumed that a few picoseconds
after absorption, the nonequilibrium distribution of the
quasiparticle is generated through the electron-phonon and
electron-electron interactions [31]. Since this process is
expected to occur on a much shorter timescale than the
experimental value of tyg, the initial evolution of the
quasiparticle distribution can be ignored [28]. As shown
in Fig. 5(a), we assume that the nanowire forms a square-
shaped hotspot after the first photon is absorbed, where
the temperature of the square hotspot (7}, ) is higher than
the bath temperature (7). The subsequent relaxation of
temperature in the hotspot area then follows [23]

aT 3*T
—Cd— +j*pd + die=— = o(T'—TL) =0, (4
where the heat capacity, C, includes the electron specific
heat, C,, and the phonon specific heat, Cp, [23]. Due to the
lowered bias current, the hotspot formed by one-photon
absorption in the two-photon experiment cannot disrupt
the superflow in the nanowire. Therefore, the Joule heat-
ing term (j2pd), as triggered by the first photon, does not
play a role and can be neglected. Heat transfer from the
thin film to the substrate follows a fourth-power role [32],
where o describes the time for phonons to escape from the
film [32] and may be significantly affected by defects and

(a) Ilustration of the two-photon detection mode. Simulated time evolution of T} after absorption of two subsequent

acoustic mismatching between the film and substrate [30].
It thus follows that films with higher disorder are expected
to have a smaller thermal boundary conductance. It should
be noted that, according to Eq. (5), o can be obtained from
the hysteresis current [29]:

0.5
_ |9 ra 4
Jh— |:4d,O(TC Tsub ):| . (5)

Based on Eq. (5) and according to the /-V curves of
the two detectors [see Fig. 2(b)], the values of o for
Wo 78S1g.00 and W g3Sig 17 are determined to be 291.6 and
636.8 W/m? K*, respectively.

We simulated the temperature evolution of the two types
of detectors under the two-photon region (with simulation
parameters listed in Table II). The results are shown in
Figs. 5(b) and 5(c). Following Ref. [28], after the first pho-
ton is absorbed, the temperature of the hotspot immediately
increases from Ty to Thet1, and then gradually relaxes
back toward Tyy,. After a delay time of #p, the second pho-
ton is absorbed, and the temperature of the hotspot rises to
Thot2- If the temperature (Thor2) €xceeds the critical temper-
ature, T, at the applied bias current (Tc,pbias), the hotspot
switches to the normal state and clicks a response pulse.
We define the theoretical hotspot-relaxation time as the
maximum of #p that meets Thor > Tc,pbias- From Figs. 5(b)
and 5(c), the theoretical hotspot-relaxation times of the two

TABLE II. Parameters used in the thermal simulation of the
W.78Sig22 and W g3Sig 17 detectors reported in this work.
Parameters applied in simulation =~ W(73Sip20  Wo.83Si0.17
C, (@3.9K) [J/(m* K)] 1957 2265

Con (@3.9K) [J/(m3 K)] 1397 1618

o (W/m?K*) 291.6 636.8
TCZpbias (K) 3.5 3.5

Tsub (K) 1.6 1.6
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detectors are determined to be 175 and 65 ps, respectively;
these values in a good agreement with the values measured
above. Our numerical simulation thus supports the conclu-
sion that detectors with a higher Si content would have a
longer hotspot-relaxation time.

IV. CONCLUSION

Here, we investigated the effect of the stoichiomet-
ric ratios of W-Si films on the performance of SNSPDs.
Through the characterization of W-Si films and detectors
with different stoichiometric ratios, it is proposed that W-Si
films with richer Si contents are more suitable for SNSPDs
operating in the mid-infrared range because of their mod-
ified thermal properties, such as the specific heat and
boundary thermal conductivity. This work may provide a
feasible strategy for expanding the application wavelength
of SNSPDs, including but not limited to W-Si, promoting
the development of various applications of SNSPDs in the
mid-infrared range.
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