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The photon count rate (PCR) of superconducting single-photon detectors made of Mox Si1-x ﬁlms shaped
as a 2-μm-wide strip and a 115-nm-wide meander strip line is studied experimentally as a function
of the dc biasing current at diﬀerent values of the perpendicular magnetic ﬁeld. For the wide strip, a
crossover current Icross is observed, below which the PCR increases with an increasing magnetic ﬁeld
and above which it decreases. This behavior contrasts with the narrow Mox Si1-x meander, for which no
crossover current is observed, thus suggesting diﬀerent photon-detection mechanisms in the wide and
narrow strips. Namely, we argue that in the wide strip the absorbed photon destroys superconductivity
locally via the vortex-antivortex mechanism for the emergence of resistance, while in the narrow meander
superconductivity is destroyed across the whole strip line, forming a hot belt. Accordingly, the diﬀerent
photon-detection mechanisms associated with vortices and the hot belt determine the qualitative diﬀerence
in the dependence of the PCR on the magnetic ﬁeld.
DOI: 10.1103/PhysRevApplied.13.024011

I. INTRODUCTION
Recently, it has been reported that single-photon
response in NbN thin ﬁlms occurring in the well-known
narrow and long meandering nanowires [1,2] also occurs
in constrictions that are a few microns wide and/or tapered
[3]. This experimental ﬁnding is an indirect indication of
the applicability of the vortex–antivortex-assisted mechanism for single-photon counting, which was introduced
in the theoretical work by Zotova and Vodolazov (ZV)
[4,5]. In the ZV model, the only requirement is that the
superconducting bridge carries over its width a uniform
bias current, the value of which is close to the critical
pair-breaking one. Thus, this requirement ensures that the
bridge operates in a “local” regime. Namely, whenever
a photon hits the bridge, creating a local nonequilibrium
state (which is often called a “hot spot”), the supercurrent density distribution is changed inside and close to the
“impact point” and it is not perturbed further away. Then, a
vortex-antivortex pair is created and driven by the Lorentz
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force, causing the emergence of dissipation in the superconductor. In this mechanism, each point of the bridge
contributes to photon counting and the intrinsic detection
eﬃciency is predicted to reach almost 100%. Speciﬁcally,
the ZV model requires the bias current in the bridge to
roughly exceed half of the depairing current. Previously,
these conditions have been experimentally satisﬁed in wide
and short NbN bridges studied by Korneeva et al. [3]. The
experimental observations have been consistent with the
ZV model for the vortex-assisted mechanism of initial dissipation [4]. While that work has oﬀered micrometer-wide
NbN bridges as an alternative to the standard superconducting single-photon detectors, based on nanometer-scale
nanowires implemented in long meandering structures, the
applicability of the ZV model to superconductors with
weaker pinning has lacked experimental scrutiny so far.
Here, we study experimentally the magnetic ﬁeld
dependent photon count rate (PCR) of a 2-μm-wide and
10-μm-long superconducting strip in comparison with
a 115-nm-wide meander strip line made of Mox Si1-x ,
an important superconducting-thin-ﬁlm material that is
widely used in highly eﬃcient superconducting singlephoton detectors [6,7]. In addition to weak pinning,
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Mox Si1-x is chosen for the sake of achieving larger experimental critical currents, the values of which should be
close to the critical pair-breaking current in the material,
for the high detection eﬃciency. By carrying out experiments at diﬀerent values of the perpendicular magnetic
ﬁeld, we provide a more direct test of the vortex-antivortex
model, since the applied magnetic ﬁeld breaks the translation symmetry for the creation of a vortex-antivortex
pair and the current distribution, because the latter is no
longer uniform over the cross section of the bridge. In
addition to the wide Mox Si1-x strip, we also study the
single-photon response of a narrow meandering Mox Si1-x
strip line, where an absorbed photon is capable of suppressing superconductivity across its whole width (creating
the so-called “hot belt”) and the “local” response is not
expected.
Our key observation for the wide Mox Si1-x strip is that
the PCR has a crossover current below which it increases
with the magnetic ﬁeld and above which it decreases. Since
a similar crossover in the presence of a magnetic ﬁeld
has been observed previously in submicrometer-wide NbN
strips, we believe that the same vortex-assisted mechanism
is at work in those narrow strips [8]. By contrast, we do
not observe a crossover current for the Mox Si1-x meander strip line, although we reveal a saturation of the PCR
at large values of the bias current. This ﬁnding implies
that in the narrow Mox Si1-x strip (the width of which is
comparable with the width of the NbN strip in Ref. [8]),
the absorbed photon suppresses superconductivity across
the whole width of the superconductor, which leads to a
diﬀerent dependence of the PCR on the magnetic ﬁeld.
II. EXPERIMENT
The Mo68 Si32 ﬁlms are deposited by dc magnetron
cosputtering of elemental molybdenum and silicon targets
onto Si wafers covered with a 230-nm-thick SiO2 layer [9].
The atomic percent composition of the Mo68 Si32 ﬁlms is
ensured by using the calibrated deposition rates in conjunction with x-ray reﬂectivity measurements for deduction of
the ﬁlm thickness. Here, we report the results for a straight
strip and a meander strip line made of 3.3-nm-thick ﬁlms
that have a superconducting transition temperature Tc of
3.85 K. From the extrapolation of the linear section of the
upper critical magnetic ﬁeld Bc2 near Tc , we estimate an
electron-diﬀusion coeﬃcient of D = 0.47 cm2 s−1 [10] and
Bc2 (0) as 8.66 T, yielding the zero-temperature coherence
length ξc (0) ≈ 8.7 nm. The one-spin electronic density
of states N0 = 2.51 × 1024 m3 K−1 is deduced from the
Einstein relation. The theoretical depairing current Idep at
a given temperature is determined from the approximate
expression for the critical depairing current, Idep (T) =
Idep (0)[1 − (T/Tc )2 ]3/2 , the applicability of which for dirty
superconductors is justiﬁed by Clem and Kogan [11], in
agreement with experimental work on aluminum [12].

(a)

(b)

MoxSi1–x
FIG. 1. SEM images of the studied samples. (a) A 2-μmwide and 10-μm-long straight strip. The black areas denote the
α-Mox Si1-x ﬁlm and the strip, the gray denotes the etched area,
and the blue denotes the areas of Mox Si1-x designed to prevent the current-crowding eﬀect. (b) A meander comprised of a
115-nm-wide strip line; the total length of the strip line is about
500 μm.

Both samples are patterned by using electron-beam
lithography and reactive ion etching. To prevent currentcrowding eﬀects at the sharp strip edges, which may lead
to an undesirable reduction of the experimentally measured
critical current, the two ends of the strip are rounded as
depicted in Fig. 1(a). The straight strip is 2 μm wide and
10 μm long, while the meander strip line is 115 nm wide
and 500 μm long. The meander strip line is characterized
by a ﬁlling factor of 0.58. Both samples are characterized
by a magnetic ﬁeld penetration depth λ(0) of 708 nm and
a Pearl length (0) of 303 μm, as calculated from their
resistivity and Tc values. These estimates are in line with
the values deduced from recent experiments [13,14] and
ensure that w  (0) for both detectors. Here, w is the
strip width. Thus, the current distribution is assumed to be
homogeneous across both samples.
To verify that the samples detect single photons, a standard statistical analysis of the PCR as a function of the
number of incident photons [3] is employed. For Poissonian light sources (cw lasers), in the single-photon regime,
the PCR is proportional to the photon ﬂux (or incident
light power) in the range from 500 nm to 1550 nm. The
setup used for measurements of the PCR and the darkcount rate (DCR) in a magnetic ﬁeld has been described
elsewhere [3]. Light is delivered by a single-mode optical ﬁber to the sample placed at a distance of 8 cm to
create a uniformly illuminated ﬁeld. An external magnetic
ﬁeld, oriented normally to the plane of the sample, is generated by a superconducting solenoid. All measurements
described in what follows are done at T = 1.7 K. To prevent latching of the wide strip after exceeding the critical
current, a shunt resistance of R = 1  is used. As the
shunt is attached to the normal part of the sample, a small
part of the current ﬂows through the shunt even when the
sample is in the superconducting state, which leads to an
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apparent increase of the critical current in photon-counting
experiments.
III. RESULTS AND DISCUSSION
A. Critical currents in magnetic ﬁeld
Figure 2(a) presents the dependence of the critical current Ic of the wide strip on the perpendicular magnetic
ﬁeld B. Speciﬁcally, Ic (B) exhibits a linear dependence at
low ﬁelds and its behavior evolves into a slower nonlinear
decrease for ﬁelds B > B∗  6.9 mT. This experimental
ﬁnding resembles that for Ic (B) observed for Nb, NbN,
and TaN by Lusche et al. [15], Engel et al. [16], and
Ilin et al. [17], as well as for Mo-Ge by Plourde et al.
[18]. This crossover from the linear law to the nonlinear dependence can be understood as a transition from
Ic (B) controlled by the edge barrier for vortex penetration at low ﬁelds [18–20] to Ic (B) associated with the
bulk pinning of vortices at higher ﬁelds [21]. Note that
the nearly linear behavior at B  3 mT means that we
are still not fully reaching the depairing current at B = 0
as, otherwise, the dependence Ic (B) would, theoretically,
be nonlinear, due to the strong pair-breaking eﬀect of the
depairing current [22,23]. Indeed, using the parameters of
the sample, for zero magnetic ﬁeld, we calculate a theoretically expected depairing current density of jdep (B = 0) =
21 × 109 A/m2 . The magnetic ﬁeld for the suppression
of the edge barrier for vortex entry is estimated as Bs =

(a)
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√
0 /2 3π ξ w = 11 mT. Both estimates are neither far
from nor very close to the experimental values jc (B = 0) =
17 × 109 A/m2 [corresponding to Ic (B = 0) = 110 μA]
and B∗ = Bs /2 = 6.5 mT.
We would like to point out that in our previous work on
Mox Si1-x [9], the critical current density at T = 1.7 K in a
zero magnetic ﬁeld was in the range from 15 × 109 A/m2
to 18 × 109 A/m2 , which is about 45%–52% of the depairing critical current density. In that experiment, we used
meandering strips with a width of 114 nm. In the present
study, we reach critical current densities of about 70% of
the depairing current density for the bridge and 64% for
the meander strip line.
The dependence Ic (B) for the Mox Si1-x meander does
not follow the edge-barrier model for vortex entry despite
quasilinear behavior at low magnetic ﬁelds [see Fig. 2(b)]
and Ic (0)  5.5 μA, which is about 64% of the theoretical depairing current. Indeed, from the edge-barrier model
[18], it follows that Ic (0)/Ic (B∗ ) = 2, where we estimate
B∗  95 mT for the meander (it is 17 times larger than
for 2 μm strip). But from the experiment, we ﬁnd that
Ic drops by a factor of 2 at B∗ ∼ 400 mT. We believe
that this diﬀerence could be related to the presence of a
defect somewhere inside the meander strip line, which may
result in a change of the shape of the dependence Ic (B)
at low ﬁelds even if there is an edge barrier for vortex
entry (see, e.g., Fig. 6 in Ref. [24]). Remarkably, for the
Mox Si1-x meander, we do not observe a ﬂux-ﬂow branch
in the current-voltage characteristics (the I -V curve) up to
B = 933 mT [see the inset in Fig. 2(b)], which is much
larger than the theoretical estimate B∗ = 95 mT. By contrast, for the Mox Si1-x strip, the ﬂux ﬂow branch in the
I -V curve appears at approximately B  B∗ [see the inset
in Fig. 2(a)] and its evolution with increasing B is similar to that observed by Samoilov et al. [25] for Mo3 Si
superconducting strips.

B. Count rates in magnetic ﬁeld
(b)

FIG. 2. (a) The dependence of the critical current Ic (B) of the
wide Mox Si1-x strip on the applied magnetic ﬁeld. The solid line
is a ﬁt to the theoretical Ic controlled solely by the edge barrier
for vortex entry [18]. (b) The dependence Ic (B) of the Mox Si1-x
meander. The insets show I -V curves for the Mox Si1-x strip (top)
and the meander (bottom) at diﬀerent magnetic ﬁelds in millitesla, as labeled close to the curves. For clarity, only I -V curves
recorded with a negative-to-positive voltage sweep are presented.
The I -V curves for the wide strip demonstrate a ﬂux-ﬂow regime
at B  10 mT.

Figure 3 presents the PCR and the DCR of the wide
strip as a function of the bias current and the applied
magnetic ﬁeld for diﬀerent photon wavelengths. The PCR
exhibits a tendency to saturate as I → Ic (B = 0) (except
for λ = 1550 nm). The saturation means that we approach
100% intrinsic detection eﬃciency. In our previous work
on micron-wide NbN bridges [3], the saturation of the PCR
was only observed on a logarithmic scale and it was tentatively explained by the shape of the constriction-type
microbridges that were used. In the present case, the not
fully complete saturation on the linear scale is most likely
still related to the presence of tapered active areas near the
ends of the bridge, which are also exposed to the photon
ﬂux. These areas are indicated in blue in the SEM image in
Fig. 1(a).
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(a)

(b)

(c)

(d)

(e)

FIG. 3. (a)–(d) The dependence of the PCR of the wide strip
on the current at diﬀerent magnetic ﬁelds and for diﬀerent wavelengths of incident photons. At B = 0, the PCR saturates at a
relatively large current, except for photons with λ = 1550 nm.
One can see the presence of a crossover current Icross for wavelengths 500–1000 nm in (a)–(c), above which the PCR decreases,
while for currents I < Icross , the PCR increases with an increasing
magnetic ﬁeld. In (a), the arrows mark the current Imin , at which
the PCR starts to grow sharply, and Imax , at which it is almost
saturated. The insets in (a) (linear scale), (b) (logarithmic scale),
and (c) (linear scale) show enlarged parts of the regions marked
by the red rectangles in semilog scale. (e) The dependence of the
DCR on the bias current at diﬀerent values of B. At B > 10 mT,
dark counts are practically absent.

In the applied magnetic ﬁeld, the PCR changes gradually as a function of the bias current. Speciﬁcally, at
small currents the number of counts increases with an
increasing magnetic ﬁeld, whereas at larger currents the
PCR decreases with an increasing magnetic ﬁeld. At intermediate currents, we deﬁne a crossover current Icross , as
shown in Figs. 3(a)–3(c), at which the PCR is independent of the magnetic ﬁeld. The crossover current is only
observed for wavelengths at which the PCR becomes saturated, as it is indicative of the saturation of the detection
eﬃciency. This peculiar behavior and the presence of the

crossover current are ﬁngerprints of the vortex–antivortexassisted photon-counting mechanism and the “locality” of
the photoresponse in the wide Mox Si1-x strip.
The evolution of the DCR(I ) with an increasing magnetic ﬁeld is presented in Fig. 3(e). The dependence
DCR(I ) is similar to that obtained for nanoscale meandertype NbN detectors consisting of 35 connected strips, each
having a width of about 100 nm and a length of 7 μm
[8]. The origin of the dark counts is assumed to be the
occasional entry of vortices due to random processes.
According to the London model, at I  Ic the amplitude
of the energy barrier δE varies as δE ∼ 1 − I /Ic [26]. As
the ﬁeld increases, the linear dependence of log(DCR) on
the current shifts toward lower currents, since Ic decreases
with increasing B (see also Fig. 2). Dark counts are practically absent at ﬁelds B > 10 mT, which agrees well with
the ﬁeld at which a low-resistive branch appears in the I V curve in the inset of Fig. 2(a), identiﬁed as a ﬂux-ﬂow
regime. At such a low current I ∼ Ic , the passage of a single vortex across the strip is not enough to heat the sample
and, hence, dark counts no longer appear.
To clarify the origin of the crossover current and the
dependence of PCR(I ) on the magnetic ﬁeld, in Fig. 4 we
present a sketch of the current distribution in a superconducting strip at diﬀerent values of currents and magnetic
ﬁelds. Thus, when B = 0 the current is distributed uniformly, as depicted by the horizontal lines. In a wide strip,
the value of the calculated detection current (deﬁned as a
current at which the superconductor switches to a resistive state after absorption of a photon) depends weakly
on the coordinate of the incident photon across the strip,
except for the areas near the edges with a width of about
the diameter of the photon-induced hot spot. This, in particular, contrasts with narrow strips w  DHS , in which
the detection current varies strongly with the coordinate
[27–29]. The uniformity of the current distribution is a
consequence of the “locality” of the photoresponse in
strips with w
DHS . In the theoretical model, it results
in an almost steplike dependence of the PCR on the current, which is not observed in the experiment. This difference between experiment and theory may be due to
the presence of unavoidable electronic inhomogeneities
in the strip or Fano ﬂuctuations, i.e., ﬂuctuations in the
number of nonequilibrium quasiparticles produced by the
incident photon [30]. Both mechanisms lead to a smeared
dependence of the PCR on current. To take this observed
“fuzziness” into account, in Fig. 4 we plot a minimal current Imin = jmin wd and a maximal current Imax = jmax wd,
which are also depicted in Fig. 3. In our simple model, we
assume that the probability that the photon will be detected
increases smoothly from zero at I = Imin , where the current density is equal to jmin , up to unity, where the current
I = Imax (and the current density is j = jmax ). So we have a
band of bias-current values over which the PCR rises from
close to zero to close to 100%.
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(a)

(b)

(c)

(d)
FIG. 4. A graphical representation of the current density
across the width of the superconducting strip. The vertical
axis represents values of the current density. The upper green
line represents the theoretical depairing current density jdep =
Idep /wd, while jc (0) = Ic (B = 0)/wd represents the experimentally deduced critical current density. The range of currents
between Imin = jmin wd and Imax = jmax wd represents the band
over which the PCR increases nonlinearly from an almost zero
value up to the maximal value (see Fig. 3). At the current I2 =
j2 wd > Imax and H = 0, the PCR is equal to the maximal value
PCRmax . At the current I1 = j1 wd < Imin and B = 0, the PCR is
equal to zero. An applied magnetic ﬁeld tilts the current density distribution, leading to a nonuniform response to photons. At
x = 0 the PCR becomes saturated, whereas at x = w it increases
from zero to a ﬁnite value. Obviously, the reason is that a perpendicular ﬁeld adds a current to the bias current at x = 0 and
subtracts it at x = w.

When a perpendicular magnetic ﬁeld is applied, the
supercurrent density distribution becomes nonuniform.
Namely, at one edge the current is going out of the plane
and at the other edge it is going into the plane. This means
that at one edge the current density increases, whereas at
the other edge it decreases (see Fig. 4). If the original bias
current is larger than Imax , in the part of the strip where the
current density drops below jmax , the PCR will decrease. If
the current is less than Imin in the part of the strip where
the current density is greater than Imin , the PCR increases.
Between Imax and Imin , there is a crossover current at which
the PCR does not change with the magnetic ﬁeld. Indeed,
such a crossover is observed experimentally for λ = 500,
688, and 1000 nm. The fact that such a crossover current is not seen for infrared photons with λ = 1550 nm
is most likely related to the absence of saturation in the
dependence of PCR(I ).
In contrast to the wide strip, no crossover current is
observed for the Mox Si1-x meander (see Fig. 5) and we
also refer to a previous work on narrow Mox Si1-x meanders [31], where it was also the case that no crossover
currents were observed. Note that for the studied wavelengths, single-photon counting starts at approximately the

(e)

FIG. 5. The PCR vs the bias current in diﬀerent magnetic ﬁelds
measured for the Mox Si1-x meander made of a 115-nm-wide strip
line. (a)–(d) Counts for the indicated wavelengths. (e) The darkcount rates. The currents Imin and Imax , as in Fig. 3, indicate
currents at which the PCR starts to grow sharply and saturates,
respectively. In contradistinction with Fig. 3, here the data are
plotted on a logarithmic scale to emphasize the dependence on
the magnetic ﬁeld, which is hardly visible on a linear scale. The
maximum values of the DCR gradually decrease in magnetic
ﬁelds of 400 mT and above.

same current of approximately 1 μA, which is close to the
retrapping current of the Mox Si1-x meander Ir  0.6 μA
[see the inset in Fig. 2(b)]. This fact, in conjunction with
the found dependence of the PCR on the magnetic ﬁeld,
allows us to suppose that the absorbed photon fully or
partially suppresses superconductivity across the whole
strip line, forming a hot belt. Indeed, in this case the
applied magnetic ﬁeld should lower the detection current
(which does not depend on coordinate) as it does with the
critical current [see Fig. 2(b)]. Therefore the dependence
PCR(I ) should shift toward lower currents, as follows from
Refs. [27,32], and resemble the evolution of DCR(I ) with
increasing B. However, since the minimal detection current cannot exceed the retrapping current, as at I < Ir , the
growing normal domain cannot appear in the superconducting strip [5]. This shift is partially observed only for
λ = 1550 nm. Note that in the wide Mox Si1-x strip, Ir =
18 μA [see the inset in Fig. 2(a)] and the PCR strongly
depends on the magnetic ﬁeld for all wavelengths.
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The crossover current was observed earlier in our previous work on NbN meanders [8] that had almost the same
strip-line width as the Mox Si1-x meander studied here.
Because the critical temperature and the thickness of the
strip line in the NbN meander are larger than the respective parameters for the Mox Si1-x one, the diameter of a hot
(normal) spot in NbN should be about three times smaller,
if one uses the energy-conservation law for its estimation
[see Eq. (38) in Ref. [5] ]. Therefore, we believe that the
“local” model and the vortex-antivortex detection mechanism should determine the photon detection in those NbN
meanders too. Because Imin is close to the retrapping current of the NbN strip at λ = 450 nm, the PCR weakly
depends on the magnetic ﬁeld there [see Fig. 2(d) in Ref.
[8] ], as in our Mox Si1-x meander.
Finally, to complete the discussion of the obtained
results, we would like to note that the eﬀect of the perpendicular magnetic ﬁeld on the DCR and the PCR have also
been studied by Engel et al. [16] and Lusche et al. [15]
for TaN and NbN meanders with similar strip-line widths.
In Ref. [16], no eﬀect of the magnetic ﬁeld on the PCR
was observed at ﬁelds up to 10 mT, while the DCR grew
as the ﬁeld value increased. In our Mox Si1-x meander, the
PCR is also changed much more weakly in comparison
with the DCR at a ﬁxed current (see Fig. 5), which we
attribute to the nonﬂuctuating nature of the PCR in contrast to the DCR. To ﬁnd a decrease of the PCR and a
crossover current, one needs to be in the regime of PCR
saturation, which is indicative of reaching 100% intrinsic
detection eﬃciency, and the width of the superconducting
strip should be larger than the diameter of the photoninduced hot spot for applicability of the “local” model. In
Ref. [15], the former condition was not fulﬁlled and only
an increase of the PCR was experimentally observed.
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