
Saturation efficiency for detecting 1550 nm
photons with a 2 × 2 array of Mo0.8Si0.2 nanowires
at 2.2 K
FEIYAN LI,† HANG HAN,† QI CHEN, BIAO ZHANG, HAN BAO, YUE DAI, RUI GE, SHUYA GUO,
GUANGLONG HE, YUE FEI, SHUCHAO YANG, XIAOHAN WANG, HAO WANG, XIAOQING JIA,
QINGYUAN ZHAO, LABAO ZHANG,* LIN KANG, AND PEIHENG WU

School of Electronic Science and Engineering, Nanjing University, Nanjing 210023, China
*Corresponding author: Lzhang@nju.edu.cn

Received 15 October 2020; revised 23 December 2020; accepted 29 December 2020; posted 19 January 2021 (Doc. ID 412697);
published 1 March 2021

Amorphous materials are attractive candidates for fabricating the superconducting nanowire single-photon de-
tectors (SNSPDs) due to their superior tolerance and scalability over crystalline niobium nitride. However, the
reduced superconducting transition temperature degenerates both operating temperature and saturation effi-
ciency. Herein, the SNSPD (6.5 nm thickness and 50 nm width) based on the amorphous Mo0.8Si0.2 film with
a high optical absorption coefficient demonstrates close-to-unity intrinsic detection efficiency for 1550 nm pho-
tons from 75 mK to 2.2 K. Further, a high-performance array SNSPD with optimized 90 nm-width wires is also
demonstrated. As-fabricated uniform 4-pixel SNSPD exhibits a saturation plateau for the photon counts at 2.2 K,
which overcomes the limitation of operation at low temperature (< 1 K) for traditional amorphous SNSPDs.
Coupled with superior intrinsic quantum efficiency, highly efficient photon counts, and low dark count ratio, this
detector paves a way for achieving high efficiency and superior yield for large array systems. ©2021Chinese Laser

Press

https://doi.org/10.1364/PRJ.412697

1. INTRODUCTION

Since the fabrication of the first superconducting nanowire
single-photon detector (SNSPD) by Gol’tsman et al. [1],
SNSPDs have merged as the most prevalent single-photon de-
tectors due to their high system detection efficiency (SDE) [2],
remarkably low dark count rate (DCR) [3], low timing jitter [4],
ultrashort recovery time [5], and high photon count rate (PCR)
[6]. Moreover, SNSPDs as advanced technologies exhibit the
high potential for various applications, such as quantum optics
experiments [7], quantum key distribution (QKD) for quantum
communication [8], fluorescent lifetime analysis for medical
applications [9], space-to-ground optical communication [10],
and integrated waveguide nanophotonic circuits [11].

High internal detection efficiency (IDE) and operating tem-
perature have always been the permanent pursuit for SNSPD;
however, it is difficult to optimize the two features simultane-
ously [12]. The restriction stems from the internal mechanism
of single photon detection by the superconducting materials. At
the same time, it remains challenging for widely used NbN
materials to fabricate such devices due to the crystal defects
and large energy gap [13]. For this, researchers have developed
novel superconductors based on amorphous materials, which

have been demonstrated as promising candidates for SNSPDs
[14,15]. Compared to the polycrystalline materials, the amor-
phous films show clear advantages in terms of tolerance and
scalability. The nanowires fabricated by using amorphous ma-
terials appear to suffer from fewer constrictions, along with the
high yield on the Si wafers [16]. The disordered structure offers
a high degree of homogeneity and significant compatibility in
the optical cavity. Moreover, the films with low energy gap are
noted to be sensitive to midinfrared wavelengths [17].
Therefore, SNSPDs based on amorphous films have the poten-
tial to emerge as the desirable choice to detect the wavelengths
from near-infrared to midinfrared.

According to the Bardeen–Cooper–Schrieffer relation
2Δ� 3.53kBT c [18], low energy gap results from low Tc, and
vice versa. Based on this, the single-photon detectors fabricated
from amorphous superconductors generally operate at low
temperatures. For instance, the highest system detection effi-
ciency (SDE) of 93% was achieved for the SNSPDs fabricated
from amorphous WSi operated at 0.12 K at the National
Institute of Standards and Technology (NIST) in 2013 [2], in-
dicating that WSi-SNSPDs need to run below 1 K to
achieve the optimal performance. In contrast, though the
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superconducting energy gaps of the MoSi thin films are com-
parable to that of WSi, their T c value is higher than 4 K [15].
Thus, the MoSi film becomes as a promising amorphous
material for SNSPDs, which can be operated at T > 2 K
temperature.

Recently, MoSi-SNSPDs have presented an excellent perfor-
mance, with a detection efficiency higher than 95% at 0.7 K
[19]. Besides, it has been demonstrated that a 1 μm-wide MoSi
superconducting strip is capable of single-photon detection. A
large active area (400 μm × 400 μm) of the microwire single-
photon detector was fabricated, which exhibited the saturated
photon counts at 0.3 K [16], suggesting that the MoSi film was
competent for the fabrication of SNSPD with high efficiency
and large area fabrication. As mentioned above, the single-
photon detectors fabricated from amorphous superconductors
generally operate at low temperatures to achieve the optimal
performance, which hinders their development from the fun-
damental research phase to the practical application.

In this study, we fabricated SNSPDs with high-performance
for both high Tc and high optical absorption coefficient of
Mo0.8Si0.2 films.

2. EXPERIMENT

The fabrication of Mo0.8Si0.2 superconducting nanowires has
been achieved by carrying out several processes, as illustrated
in Fig. 1. Generally, high-resolution hydrogen silsesquioxane
(HSQ) is prevalently used as a negative-tone resist to expose
the ultranarrow linewidth nanowire. Nevertheless, the HSQ re-
sist is not compatible with the Mo0.8Si0.2 nanowire patterning
since the film suffers from a significant reduction in supercon-
ductivity performance after development in the standard HSQ
developer tetramethylammonium hydroxide (TMAH). As re-
ported, the positive-tone resist for achieving the nanowires with
a sub-100 nm line width is difficult [11]. Thus, the
high-quality nanowires with the narrow width for the MoSi
films remain challenges. In this study, a well-known positive-
tone resist PMMA 950K is utilized for exposure by electron
beam lithography (EBL). By reducing the molecular weight
of the PMMA resist and optimizing the EBL parameters
and by incorporating reactive ion etching to overcome the

various challenges, a sub-50 nm width nanowire with an active
area of 20 μm × 20 μm is successfully fabricated.

A. Growth of Mo0.8Si0.2 Thin Films
In this study, the 6.5 nm-thick Mo0.8Si0.2 film has been grown
on the polished and thermally oxidized silicon wafer by em-
ploying the DC magnetron sputtering from an alloy target
(4-in. diameter, 1 in. = 2.54 cm) with the stoichiometry of
Mo:Si � 0.8:0.2. Before the film deposition, the sample is
cleaned with Ar ion milling with the beam currents of
300 mA for 10 s and subsequently delivered to the chamber,
followed by vacuum-pumping to 10−6 Pa. The sputtering pro-
cess is performed at room temperature with 33 SCCM (stan-
dard cubic centimeter per minute) Ar gas, 45° throttle valve and
2 mTorr (1 Torr = 133.322 Pa) chamber pressure. Generally,
the alloy target is presputtered for 5 min to clean the surface
and stabilize the deposition conditions. The thickness of the
film depends on the deposition rate (0.9 nm/s) and time.

Considering the poor antioxidant ability of the MoSi film,
4 nm-thick Nb5N6 grown on the film is carried out in-situ to
prevent oxidation. TheNb5N6 film is deposited by an RF mag-
netron sputtering with RF power of 400 W in a 1:4 Ar and N2

at 20 mTorr chamber pressure. Based on our previous exper-
imental study, the chemical composition and crystalline struc-
ture of Nb5N6 have been analyzed by using an Auger electron
energy spectrometer (AES) and X-ray diffractometer (XRD).
The results indicate that the sample has a Nb/N ratio of
5:6, along with a hexagonal structure [20]. Further, the
Nb5N6 film shows semiconducting electronic properties, in
which the resistance rises as the temperature decreases, reaching
>100,000 ohm at 4.2 K [21]. Thus, it is safe to suggest that
the capping layer has no adverse impact on the superconduct-
ing film at low temperature. Simultaneously, the presence of the
Nb5N6 capping layer also protects the film from degradation
during the follow-up fabrication.

As shown in Fig. 2(a), the T c is observed to be near 8 and
5.2 K for the 100 and 6.5 nm-thick films, respectively, and the

Fig. 1. (a) Mo0.8Si0.2 film deposition on a thermally oxidized
silicon wafer. (b) Fabrication of electrode pads composed of Ti and
Au by lithography and liftoff. (c) Spin-coating with electron-beam
resist PMMA. (d) Meandering nanowire patterning by EBL.
(e) Development in methyl isobutyl ketone (MIBK) diluted in isopro-
panol (IPA). (f ) Fixing to obtain themask pattern. (g) Pattern transfer to
the film by RIE. (h) Removal of the residual resists using N-methyl
pyrrolidone.

Fig. 2. (a) Comparison of the resistivity versus temperature curve of
the 6.5 nm (red) and 100 nm (black) films. (b) T cd as a function of Rs
obtained by fitting the universal scaling law proposed by Ivry et al.
(c) TEM image of the film, the insert shows the diffraction ring pat-
tern. (d) The surface roughness was measured using AFM. The rough-
ness RMS is 0.5 nm.
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superconducting transition width ΔT is 0.2 K. The universal
scaling law (T cd � A × R−B

s ) proposed by Ivry et al. [22], is
utilized to evaluate the film parameters. The fitting parameters
A and B are 63752� 502 and 1.42� 0.03, respectively. The
value of B must be greater than 1 for the amorphous films,
which is in good agreement with the literature, confirming
the amorphous nature of the film [15]. The morphological
structure of the film has also been characterized by transmission
electron microscopy (TEM). The presence of the disordered
atomic structure in the film is confirmed from the absence
of any sharp diffraction ring in the diffraction ring pattern.
The surface roughness of the film has also been evaluated
by atomic force microscopy (AFM), as illustrated in Fig. 2(d).
The surface roughness is root-mean-square of 0.5 nm in the
10 μm × 10 μm images.

An overview of the prior work on the superconducting prop-
erties of the MoSi films has been presented in Table 1. The
optimization of the film sputtering recipes to operate the de-
vices at high temperatures has been presented. As expected, the
T c obtained in this study is higher than the other films,
allowing the detectors to operate at T > 2 K.

The measurement of the optical constants of the film pro-
vides essential parameters for the simulation of the nanowire
photon absorption and integrated optical structures. Here,
the complex refractive index of the thin Mo0.8Si0.2 film has
been measured by variable angle spectroscopic ellipsometry
(VASE) with the wavelength ranging from 210 to 2500 nm,
as shown in Fig. 3(a). The absorption efficiency of the device
is calculated by the finite-difference time-domain (FDTD)
method. The nanowires are sandwiched between a substrate
and a SiO2 dielectric superstrate, as depicted in the inset of

Fig. 3(b). From the simulation results, the value of the absorp-
tion efficiency is observed to be 85%, which is higher than the
literature studies [23,24], thus, suggesting that the high extinc-
tion coefficient can improve the detection efficiency of the
SNSPDs. The difference in the absorption efficiency of the thin
films is attributed to the fact that the optical properties of the
MoSi films vary with the stoichiometry. Notably, the Mo-rich
film has superior photon absorption performance as compared
to the Mo-poor film, as confirmed by the comparison of the
complex refractive index of the MoSi films with different stoi-
chiometric ratios in Table 1. The extinction coefficient of the
films is noted to increase with the Mo composition. Actually,
the composition of the sputtered film may deviate from the
composition of the alloy target. Though the composition of
the film after deposition was not analyzed in this study, it is
inferred that the stoichiometric ratio of the MoSi film is more
than 0.83:0.17 rather than 0.8:0.2.

B. Fabrication of Mo0.8Si0.2 Superconducting
Nanowires
The meandering nanowires are exposed with high-resolution
positive-tone electron-beam resist PMMA by the EBL of the
Raith EBPG 5200 at 100 keV electron beam with an area dose
density of 800 μC=cm2. After exposure, the chip is developed
in MIBK: AIP with a ratio of 1:3 at 22°C for 90 s, followed by
AIP treatment to fix the pattern for 60 s. The reactive ion etch-
ing (RIE) is used to transfer the nanowire pattern into the film.
It is vital to optimize the RIE recipe for obtaining a high-quality
nanowire pattern with smooth and vertical sidewalls and uni-
form lines [25]. The unprotected film is removed by RIE in
CF4. The reaction during the RIE process is described as fol-
lows [26,27]:

CF4 → CF3 � F, (1)

Nb5N6 � 15F → 5NbF3↑� 3N2↑, (2)

MoSi� 10F → MoF6↑� SiF4↑, (3)

where, F represents the fluorine radicals, which are ionized
from the CF4 gas by glow discharge in the etching chamber.
The Nb5N6 capping layer is on top of the MoSi film; thus,
there is a different etching effect based on the composition
of the two layers. Here, the fluorine radicals react with the cap-
ping layer Nb5N6 andMo0.8Si0.2 film in order, resulting in the
production of the volatile gaseous material. Two steps are em-
ployed for the etching time evaluation. First, the film is etched
to estimate the optimal etching duration, termed as T f . Once
the film is completely etched, the resistance reaches the G ohm
level, indicating the bare substrate on the outside. At this phase,
the T f value is 100 s. Subsequently, the etching time for the
nanowires is optimized based on T f , by comparing the differ-
ence between the theoretical and experimental resistance values
after etching and characterizing the size and line morphology of
the nanowires with SEM, as portrayed in Fig. 4. The experi-
mental resistance value of the nanowire is noted to be compa-
rable to the theoretical value for the etching duration of 110 s.

Table 1. Comparison of the Different Stoichiometric
Ratios of the MoSi Films in Terms of Bulk T c , Complex
Refractive Index, and FDTD Simulation Results (1550 nm
Wavelength)a

Film Stoichiometry Bulk T c n k A

Mo0.75Si0.25 [28] 7.50 – – –
Mo0.76Si0.24 [14] 7.20 – – –
Mo0.75Si0.25 [23] 7.70 4.70 2.90 0.55
Mo0.83Si0.17 [24] 7.60 5.25 4.77 0.77
Mo0.8Si0.2 (this work) 7.80 5.57 5.85 0.85

an = refractive index; k = extinction coefficient; A = absorption efficiency.

Fig. 3. (a) Complex refractive index of the Mo0.8Si0.2 film. (b) The
simulation of the optical absorption of the nanowires with different
stoichiometric ratios (1550 nm wavelength).
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3. RESULTS AND DISCUSSION

Figure 5 shows the 6.5 nm-thick film with 50 nm wide nano-
wires; the developed nanowire-shape has been depicted in detail
in the magnified images. Considering the positive-tone resist
with the properties of low-accuracy and high-sensitivity for
lithography, and poor resistance to chemical etching, the devi-
ces are vulnerable owing to the constrictions attributed to the
proximity effect. Thus, it is difficult for the PMMA resist to
obtain the nanowires with <80 nm width in the large active
area. Here, by using a low concentration of the PMMA resist
as well as pattern compensation for relieving the proximity
effect, the linewidth of the nanowires is noted to deviate below
5 nm.

The electrical and optical properties of the SNSPDs have
been investigated using two conditions: dilution refrigerator
with water-cooled closed-cycle augmented by a 4He sorption
pump unit and Gifford–McMahon cryocooler operating at
2.2 K. Figure 6(a) shows the current-voltage curves of the
superconducting nanowires with a width of 50 nm, an active
area of 20 μm × 20 μm and the filling factor of 0.25 under dif-
ferent operating temperatures ranging from 75 mK to 2.2 K.
The switching current I SW , i.e., the bias current at which the

device switches from the superconducting to the normal state,
gradually decreases with enhancing the temperature. The I SW
values are noted to be 6.1 and 2.7 μA at 75 mK and 2.2 K,
respectively.

The photon counting measurement is carried out with con-
tinuous tunable laser at 1550 nm, and the input photon flux is
attenuated by the two serial variable attenuators to a level of
106 photons/s, calibrated with a highly precise light power me-
ter (Thorlabs-PM100D). The SNSPDs are illuminated by us-
ing a single module fiber coupled with the input light into
detector. Figure 6(b) exhibits the photon count rate (PCR)
as a function of the bias current (IB) at different operating tem-
peratures. Notably, the device has a saturated count rate ranging
from 75 mK to 2.2 K. The saturation of the PCR versus IB
curves indicates that the detector quantum efficiency is also sa-
turated [17]. The observed behavior suggests that the device
reaches its 100% internal detection efficiency [28]. Figure 6(c)
demonstrates the internal detection efficiency of the 50 nm-
width SNSPD, which reveals a sigmoidal dependence on the
normalized bias current, with saturation at 0.8I SW , where
the DCR value is below 1 cps. To extract the saturation level
of the detector, the bias dependence of IDE is fitted with an
empirical sigmoid function [29]. The red solid line in Fig. 6(c)
represents the fitting curve, where the maximum IDE
reaches 100%.

Notably, as a proof of the array detector, a 4-pixel array de-
vice with 90 nm-width, a period of 200 nm, and an active area
of 40 μm × 40 μm has explicitly been fabricated. Figure 6(d)
shows the normalized photon counts as a function of the bias

Fig. 5. SEM images of the Mo0.8Si0.2 nanowires fabricated using
the PMMA resist, the nanowires with a line width of 50� 2 nm,
a period of 200 nm, and an active area of 20 μm × 20 μm.

Fig. 6. (a) I-V curves of single pixel SNSPD with 50 nm-width
nanowires at different operating temperatures, ranging from 75 mK
to 2.2 K. The inset figure presents ISW as a function of temperature.
(b) The photon counts as functions of the bias current at different
operating temperatures for the single pixel SNSPD. (c) Internal detec-
tion efficiency (IDE) and dark count rate (DCR) as functions of the
normalized bias current for 50 nm-width nanowires. (d) Normalized
photon counts as a function of the bias current for the 4-pixel based
Mo0.8Si0.2 − SNSPD at 2.2 K, the inset in the lower right corner
depicts the I-V curve of one of the pixels.

Fig. 4. Estimation of the total etching time for the Mo0.8Si0.2 film,
and the optimization of the nanowires etching, representing:
(1) under-etching, (2) optimum etching, (3) over-etching.
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current for the 4-pixel device operating at 2.2 K (inset depicting
the I-V curve of one of the pixels). The I SW is noted to be
9.5 μAwith the hysteresis current of 1 μA, which is higher than
the waveguide-integrated nanowire of 3.3 μA reported by
Häußler [11], resulting in a higher signal-to-noise ratio. As
demonstrated in the previous literature studies [28], the
Mo0.75Si0.25 − SNSPD with a nanowire width of 110 nm
and an active area of 16 μm × 16 μm exhibited saturated inter-
nal efficiency at 2.3 K. The nanowire geometric defects and
constrictions are proportional to the length, and the length of
the nanowires is also proportional to the active area for the same
size (width and pitch) of the nanowires. Therefore, it is
extremely challenging to achieve the saturated efficiency at high
temperatures for large active areas. In this study, the 4-pixel
array device with 90 nm-width nanowires and an active area
of 40 μm × 40 μm has explicitly been fabricated, exhibiting
the saturated intrinsic detection efficiency at a temperature
of 2.2 K.

The I-V curves of the 4 pixels are noted to be similar for the
switching current ranging from 9.0 μA to 9.5 μA. We have
calculated the depairing current of SNSPD according to the
equations presented by Korneeva et al. [30]. Herein, The
I dep (2.2 K) is 14.5 μA; we found the ratio of I SW∕I dep to be
in the range of 0.62–0.65. This ratio supports the fact of
the little constrictions during array SNSPD fabrication.
Specifically, it is seen that the photon count of each pixel ex-
hibits a saturation plateau, indicating the close-to-unity internal
detection efficiency. The photon count of each pixel exhibits
the maximum count rate of 105 s−1 with <103 cps dark counts
at 2.2 K. Recently, the superconducting microwire was used for
single photon detection with the aim of achieving saturated in-
ternal detection efficiency over a large area. The results exhib-
ited the saturated internal detection efficiency for 1550 nm
wavelengths at 0.3 K [16]. Such detectors rely on a very
low temperature (mK) to achieve their excellent performance,
thus, limiting the application for single photon detection.
Considering that the cryogenic requirements are less compli-
cated and less costly at 2.2 K than at <1 K, it is beneficial
to have devices with optimal saturation efficiency at high tem-
peratures, which debases the demand for the cryogenic systems
and simplifies the integration of device measurement.

4. CONCLUSION

In conclusion, this work demonstrates the amorphous
Mo0.8Si0.2 film exhibiting a high optical absorption coefficient
in the visible to midinfrared range. The SNSPD fabricated from
the Mo0.8Si0.2 film with 6.5 nm-thickness and 50 nm-width
demonstrates the saturated intrinsic detection efficiency with
sub 1 Hz dark count rate at a temperature of 0.2 K.
Particularly, a uniform 4-pixel SNSPD has been successfully
developed, exhibiting a saturation plateau for the photon counts
at a temperature of 2.2 K. As a whole, the SNSPD based on
Mo0.8Si0.2 films exhibits excellent advantages in operation tem-
perature, spectral sensitivity, and internal detection efficiency.
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