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Abstract—We investigate the response mechanism of nanowire
superconducting single-photon detectors (SSPDs) made of amorphous Mox Si1−x . We study the dependence of photon count and
dark count rates on bias current in magnetic fields up to 113 mT
at 1.7 K temperature. The observed behavior of photon counts is
similar to the one recently observed in NbN SSPDs. Our results
show that the detecting mechanism of relatively high-energy photons does not involve the vortex penetration from the edges of the
film, and on the contrary, the detecting mechanism of low-energy
photons probably involves the vortex penetration from the film
edges.
Index Terms—Infrared single-photon detectors, superconducting MoSi films, vortices in superconducting thin films.

I. I NTRODUCTION

R

ECENTLY, the physics of superconducting single-photon
detectors (SSPDs) has been studied extensively. In particular, the role of vortices in the photon and dark counts was
investigated for the SSPDs made of TaN and NbN [1]–[3].
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Understanding of the vortex mechanism of photon detection
in SSPDs opens the way to the improvement of detection
efficiency in infrared and reduction of dark counts.
In tantalum nitride (TaN) SSPDs, Engel et al. [4] studied the
dependence of photon and dark count rates in magnetic fields
below 10 mT. It was shown that the origin of dark counts was
the vortices crossing according to the prediction of [1]. However, for small energy photons that cannot trigger the detection
event directly, no evidence of vortex assistance was observed.
Lusche et al. [5] studied the behavior of NbN meanders in the
magnetic field. It was shown that both photon and dark counts
in NbN meanders are in a good agreement with the vortex
model if one uses fitting parameters that are different from the
parameters of the theory, based on the “hot” belt model [1]. For
the dark count rate, the vortex energy was almost independent
of the bias current, whereas for photon counts, it decreased
with the bias current, suggesting that photon and dark counts
originate from different parts of the meander [5].
Recently, novel promising amorphous materials have been
introduced for SSPDs such as WSi and MoSi. These materials
are feasible for integration of SSPDs in optical cavities as they
are less sensitive to the quality of the substrate compared to
crystalline NbN, NbTiN, and others. Marsili et al. [6] demonstrated that WSi SSPDs reached a detection efficiency of 93%
when cooled down to a 120 mK temperature. Meanwhile, we
have recently demonstrated that MoSi SSPDs achieve almost
20% detection efficiency at 1.7 K [7].
In this paper, we study the role of the vortices in the detection
mechanism and dark counts of SSPDs made of an amorphous
MoSi (a-MoSi) film.
II. D EVICE FABRICATION
Our devices are fabricated from a 5.6-nm-thick amorphous
Mo0.75 Si0.25 film as a 105-nm-wide meander strip covering
7 μm × 7 μm area. The a-Mox Si1−x film is deposited on
thermally oxidized (100) Si wafers by magnetron co-sputtering
from pure Mo and pure Si targets. The thickness of the oxide
layer is 250 nm, which allows us to use it as a λ/4 cavity for
1550-nm photons, similar to the approach proposed in [8]. We
do not heat the wafer, and its temperature never goes higher
than 100 ◦ C during the deposition process. To prevent a-MoSi
film oxidation, we cover it with a 3-nm-thick Si capping layer.
During the natural oxidation process, the silicon thickness of
this layer reduces to approximately 1.5 nm, and an approximately 2.5-nm-thick SiOx layer grows on top of it. Due to its
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The light is delivered to the SSPD by a single-mode optical
fiber SMF-28e with a 9-μm mode field diameter. As a light
source, we used a grating spectrometer with a black body.
IV. M EASUREMENT R ESULTS AND D ISCUSSION

Fig. 1. SEM image of the a-MoSi SSPD. Light gray is the superconducting
strip; dark is the etched area.

Fig. 2. Experimental setup.

low thickness, this capping almost does not affect the optical
properties of the detector.
The patterning of the meander is performed by electronbeam (e-beam) lithography in ZEP 520-A7 electron resist and
reactive ion etching in SF6 plasma. Contact pads are made as
Cr/Cu bilayers and patterned by photolithography. We believe
that due to the large area of the contact pads (about 3 mm2 ),
the capping layer below them inevitably should have pinholes
providing good electrical contact to the a-MoSi layer.
Fig. 1 presents the SEM image of the SSPD used in our
experiments. The strip width is 105 nm, and the gap between
the strips is 95 nm. The strips surrounding the meander do
not carry current, and they are primarily used for proximity
effect correction during e-beam lithography. Secondary, they
prevent the diffraction at the edges of the meander, thus making
simulation of the optical absorption easier.

A significant parameter determining detection efficiency in
all models of the detection mechanism is a ratio between
bias current and depairing current. Depairing current can be
calculated within Usadel theory as [9], [10]
 
T
kB Tc w
fI
Idep = 1.3
(1)
eRs ξ0
Tc
where Rs is the sheet resistance of the film, and ξ0 = (D/
1.76kB Tc )1/2 is the zero-temperature coherence length. Dimensionless function fI (x) determines the ratio of the depairing current to that at zero temperature and can be calculated
only numerically; the result of such a calculation is presented
in [10].
Table I presents material parameters for the studied device:
Diffusivity D is determined by the measurement of Hc2 at
different temperatures and will be published elsewhere. Room
temperature sheet resistance Rs and resistivity ρ are determined
from the sample resistance, film thickness d, and strip width
and length. Film thickness d was determined from the film
deposition rate and deposition time. Superconducting gap at
zero temperature Δ0 is calculated from Tc using the Bardeen–
Cooper–Schrieffer relation Δ0 = 1.76 kB Tc , where critical
temperature Tc is estimated form R versus T curves. Density
of states at Fermi level N0 as well as coherence length ξ(0)
and second critical magnetic field Hc2 at zero temperature are
calculated from ρ and diffusivity D, which was extracted from
critical temperature versus magnetic field measurements. From
these parameters, Idep can be estimated as lying within the
range of 40–60 μA (uncertainty is due to pronounced dependence on Tc , which we were not able to measure accurately
enough). This indicates that the detector is biased by current
that is several times smaller than Idep , similar to SSPDs made
of other materials [4], [5].
Dependence of measured critical current Ic on perpendicular
magnetic field B at 1.7 K is presented in Fig. 3. The solid line
is a theoretical fit made in an assumption that the magnetic field
caused redistribution of bias current density across the width of
the strip according to

III. E XPERIMENTAL S ETUP
Fig. 2 presents the experimental setup that we use for SSPD
characterization in the magnetic field. In our experiments, the
detectors are cooled down to 1.7 K temperature by helium vapor
evacuation from a cryoinsert for a storage dewar. The magnetic
field is created by a superconducting solenoid and is applied
perpendicularly to the SSPD plane.
The SSPD is dc biased by the precision voltage source
through a broadband bias-T. Absorption of a photon produces
a voltage pulse that is amplified by two room temperature
amplifiers Mini-Circuits ZFL-1000LN+ (1-GHz band, 46-dB
total amplification) and fed to a digital oscilloscope and a pulse
counter.

Ic (B) = Ic (0) −

w2
B
2Ls

(2)

where Ls is the kinetic inductance of the film square. Calculating it as
 
T ∼
Rs
Ls =
f
(3)
= 75 pH
5.5 kB Tc
Tc
where function f (T /Tc ) accounts for the temperature dependence of Ls . For T /Tc ≤ 1/3 f (T /Tc ) ≈ 1 [10], thus, we obtain the slope of bias current dependence on the magnetic field
I(B) as w2 /2Ls ∼
= 70 μA/T, in agreement with our measurements (see Fig. 3). This supports that action of magnetic field
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TABLE I
M ATERIAL PARAMETERS OF THE S TUDIED D EVICE

Fig. 3. Dependence of the critical current on the applied magnetic field
measured at 1.7 K temperature. The solid line is a theoretical fit obtained with
the assumption that the magnetic field causes the current redistribution across
the strip width.

Fig. 4. Dark count rate versus bias current in various magnetic fields ranging
from 0 to 113 mT.

on current in our sample adds up to redistribution of current
density, as it took place for TaN [4] and NbN [5] samples.
Next, we measured the dark count rate in the magnetic field at
1.7 K. For this measurement, we blocked the input of the fiber.
It allowed us to measure the dark count rate Rdk in the range
50−5 × 106 counts/s. Measurements below 50 counts/s were
hampered by the stray light and room temperature background;
thus, we excluded them from our analysis. The measured Rdc
versus bias current in magnetic fields ranging from 0 to 113 mT
are presented in Fig. 4. Notice the shift of dependence Rdc (I)
according to the change in the critical current Ic (B) (compare
Figs. 3 and 4) and almost linear dependence of log(Rdc ) ∼
I/Ic (B) at different magnetic fields, which implies that the
dark counts are originating from the vortex crossing the film.
Similar effects of the magnetic field on the dark count rate
and the critical current of the meander were observed for other
materials, such as TaN and NbN [4], [5].
Finally, we measured light counts at wavelengths 450, 600,
800, and 1000 nm in various magnetic fields. The results are
shown in Fig. 5. The light counts demonstrate the trend similar
to that observed in [5]: 1) detection efficiency increases with
increased applied field; 2) the rate of efficiency increase gets
faster for lower energy photons; 3) the increase of the detection
efficiency is higher for the lower detection efficiency at zero

Fig. 5. Photon count rate in different magnetic fields ranging from 0 to 78 mT
measured at wavelengths of 450, 600, 800, and 1000 nm. One can observe that
with the decrease of photon energy, the contribution of vortices in the detection
mechanism increases.

field (at low bias); and 4) at all wavelengths up to 1000 nm, the
detection efficiency changes with B significantly slower than
the dark count rate.
If one tries to fit the dependence of photon count rate (at fixed
current) on the magnetic field R(B)/R(0) using the prediction
of the “hot” belt model [1], [5]


R(B)
Ic B
≈ cosh (vh + 1)
(4)
R(0)
Ib Bs
then one finds the value and dependence vh (λ) that are rather
different from the theoretical expectation (similar observation
was made in [5]). In (4), Bs is the characteristic field defined as
Bs = 2Lk Ic /w2 ≈ 0.2 T, and vh is the fitting parameter that
accounts for the suppression of condensation energy in the hot
belt due to photon absorption.
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Moreover, according to the theory from [1], the threshold
current Ithr , at which the photon count rate saturates with
increasing I, corresponds to the critical current of the film with
the hot belt. It means that it should linearly decrease in weak
magnetic field as the critical current of the film without the
hot belt. Such a behavior is practically absent for the photon
with the highest energy (λ = 450 nm), for which one could
expect the best agreement with the hot belt model (notice that
the threshold current Ithr ∼ 6 − 7 μA for this photon is not far
below from the critical current Ic (0) ∼ 13 μA, which would
mean that the superconductivity could be not considerably
suppressed inside the hot belt).
In the recent modified hot-spot model [11], the weak dependence of the threshold current on the magnetic field was found.
This result comes from weak dependence of the critical current
of the film with the hot spot, located at the center of the film, on
the magnetic field. At such a location, the resistive state starts
from nucleation of the vortex–antivortex pair inside the hot spot
(and not the vortex entry via the edges of the film), which is the
origin of this effect. However, this result poorly explains the
effect of magnetic field for low-energy photon (λ = 1000 nm),
when there is noticeable dependence Ithr (B).
To conclude, we characterized MoSi SSPDs via measuring
their dark and photo counts in the magnetic field. Our results
show that the detection mechanism of relatively high-energy
photons most probably does not involve the vortex penetration
from the edges of the film, because otherwise, we would observe the dependence of the threshold current on the magnetic
field, resembling the dependence Ic (B). Contrary, the detection
mechanism of low-energy photons probably involves the vortex
penetration from the edges of the film. Our result demonstrates
that further development of the existing models of photon
detection is needed.
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