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A B S T R A C T

Superconducting nanowire single photon detectors are capable of single-photon detection across a large spectral range with near unity detection efficiency,
picosecond timing jitter, and sub-10 μm position resolution, at rates as high as 109 counts/s. In an effort to bring this technology into nuclear physics experiments,
we fabricate niobium nitride (NbN) nanowire detectors using ion beam assisted sputtering and test their performance in strong magnetic fields. We demonstrate
that these devices are capable of detection of 400 nm wavelength photons with saturated internal quantum efficiency at temperatures of 3 K and in magnetic
fields of up to 5 T at high count rates and with nearly zero dark counts.

1. Introduction

Superconducting nanowire single photon detectors (SNSPD) are a
relatively recent technology [1] but show great promise due to their
detection capabilities that are in many aspects superior to more conven-
tional semiconductor detectors: timing jitter (FWHM of the distribution
of deviation from an ideal periodic single-photon response) shorter than
15 ps [2], near-unity detection efficiency [3], and count rates higher
than 109 counts/s with 10−3 counts/s dark counts [4]. These metrics
make SNSPDs a popular choice in fields of quantum communication
and sensing, where they have been used in quantum key distribu-
tion [5], long-range quantum teleportation experiments [6,7], or LIDAR
systems [8]. While SNSPDs are inherently a broadband detector and
there are efforts to fabricate efficient devices for use in the UV and
visible range [9,10], most of the mentioned applications work with
standardized IR telecom wavelengths, so the detector development is
focused on optimization of detection efficiency of low energy pho-
tons [3,11–14]. The situation is, however, different if one would want
to use SNSPDs for experiments in nuclear physics, where potential
applications would include detection of Cherenkov radiation, light from
ionization or from a scintillator, and active polarized targets [15],
where the spectral density is shifted toward visible–UV range [16],
or as a part of detectors where it can be utilized for direct detection
of 𝛼– and 𝛽–particles [17] or electrons [18]. Because SNSPDs have a
trivial footprint, they can be positioned closer to the active area of
the experiment and in this case we need to focus on performance in
conditions that are typically not seen in experiments related to quantum
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communication. The complications associated with these environments
are primarily large magnetic fields [19] and, often times, liquid helium
temperatures [15], at which SNSPDs are known to outperform Si-based
detectors [20]. As SNSPDs are superconducting detectors, cryogenic
environments do not degrade their performance. On the other hand,
their detection capabilities in strong magnetic fields have not been
extensively studied, and so far, SNSPD characterization has usually
been limited to fields smaller than 0.2 T [21–23].

In this work we explore photon detection capabilities at 400 nm
wavelength in high magnetic fields and we show that, by using the
recently developed ion beam assisted sputtering [24], we can fabricate
niobium nitride (NbN) high-rate, low dark-count SNSPDs capable of
operation at 3 K and in magnetic fields as high as 5 T. This fabrica-
tion process greatly reduces the complexity associated with producing
SNSPDs designed for high-field operation [25] and provides dramatic
performance increase compared to Si-based detectors [20,26] in similar
environments.

2. Device fabrication

The detectors used in this work have the standard meander geome-
try, with a wire thickness of 13.5 nm, wire width of 80 nm, spacing
between the wires of 110 nm and a pixel size of 10 × 10 μm2 (as
shown in Fig. 1b). The stoichiometric NbN thin films were prepared
by ion beam assisted sputtering [24] at room temperature, with Ar
as sputtering gas at 2 × 10−3 Torr in a ultra-high vacuum sputtering
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Fig. 1. Top: Scheme of the experimental setup used for measurement. The sample
holder depicted in yellow rotates around the horizontal axis to change orientation
of magnetic field relative to the SNSPD. Bottom: False color SEM micrograph of the
fabricated nanowire detector, where the active current-carrying device is colored in
teal. Field directions used in this experiment are depicted in the top-left corner. The
voltage is sampled at the vicinity of the two points where the meander is connected to
the external wiring. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

system from Angstrom engineering [27]. Devices were patterned using
electron beam lithography and ZEP 520A diluted at 1:2 with anisol as
resist. Nanowires were etched by reactive ion etching in CF4 plasma.

Films before patterning had a superconducting critical temperature
𝑇𝐶 = 8 K and normal sheet resistance of approximately 683 Ω. The per-
pendicular critical magnetic field was determined to be H𝐶2(0) = 32 T
and the coherence length 𝜉(0) = 3.2 nm [24]. After patterning, the
nanowire detector’s 𝑇𝐶 remained unchanged and the critical current
density was determined to be 𝑗𝐶 (𝑇 = 3𝐾) = 2.2 × 1010 A/m2 us-
ing voltage criterion of 2 μV across the total length of the meander
(approximately 700 μm).

3. Experimental setup

A Quantum Design Physical Property Measurement System (PPMS)
was used to control temperature and apply magnetic field during
measurement. The characterization apparatus consisted of a custom de-
signed PPMS insert manufactured by Quantum Opus LLC coupled with
an Opus One SNSPD bias and readout module [28] and R&S RTM3000
oscilloscope (Fig. 1a). The signal was measured using a two-point volt-
age readout. Light to the detectors was supplied from flood illumination
by InGaN LED integrated into the PPMS insert. Nominal wavelength
of the LED was 465 nm at room temperature and, when cooled to
operational temperature, the wavelength blueshifted to approximately
400 nm. Unless otherwise specified, the LED forward bias was set

Fig. 2. Waterfall plot of typical single-photon voltage pulse waveforms at various in-
plane magnetic fields. All signals are normalized to their respective pulse maximum
and signal baseline can be seen at negative times.

to 30 μA to minimize excess device heating. All measurements of
photoresponse and critical currents were conducted at temperatures of
3 K due to better temperature stability. We observe negligible change in
performance at 4 K. All measurements in magnetic fields were carried
out by zero-field cooling to 3 K before applying the magnetic field.

4. Results

In this work, we explore the device performance in two field con-
figurations: one is in magnetic field applied parallel to the device plane
(B∥) and one with field perpendicular to the device plane (B⟂) as
schematically shown in Fig. 1b. Typical time trace of photon detection
events can be seen in Fig. 2. The 20%–80% rise time was determined
to be 𝜏𝑅 = 341 ± 31 ps and 80%–20% fall time is 𝜏𝐹 = 11.78 ± 1.6 ns.
These values did not change significantly as a function of applied field
or light intensity.

The other important detection characteristics, quantum efficiency
and detection rate, of an SNSPD device can be extracted from the
dependence of the count rate on device’s bias current. At low currents,
the probability of quasi-particle excitation and formation of a hot-
spot region after photon absorption is low [29,30] and the probability
increases with increasing bias current. As one increases the constant
current bias of a device further, the count rate reaches a plateau — the
saturated internal efficiency [31,32], where the probability of detecting
an absorbed photon is close to unity [23,33]. At these current values,
the total detection efficiency is determined by external parameters such
as geometric filling factors [34] and optical coupling [35].

In the case of 400 nm photons in zero magnetic field, our devices
can reach saturated internal efficiency at bias currents of approximately
9 μA, well below the critical currents of 23 μA (current density close to
j = 2.2 × 1010 A/m2). This means that the devices are capable of high
detection rate with close to zero dark counts. The dark counts increase
exponentially as the bias current reaches the critical value (Fig. 3).
The average measured count rate with our devices was approximately
107 counts/s for the 100 μm2 active area of the SNSPD detector with
LED biased at 20 μA DC current. The detector count rate up to these
values of the bias current is linear with the DC bias current of the LED
(Fig. 4). Based on the LED parameters (120◦ apex angle, 56 mcd at
465 nm) and the distance between the LED and the detector (2 cm),
the estimated photon flux on the detector area is on the order of 107

photons/s, corresponding to 100 ns between photon capture events
(and linearly proportional to the LED forward bias current). The time
between single photon absorption events is an order of magnitude
longer than the fall time of a single count event in Fig. 2 which
confirms that we operate in the single-photon regime [36]. This is not
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Fig. 3. Dependence of count rate as a function of nanowire bias current at various
parallel magnetic fields at constant LED illumination intensity. Total counts are plotted
with full circles, dark counts with empty circles. Dotted lines are exponential fits to
the dark count rate data. Top and bottom figure corresponds to cases with parallel and
perpendicular fields, respectively.

Fig. 4. Saturated count rate as a function of 400 nm LED forward bias current. In this
small current forward bias regime, the light intensity is proportional to the InGaN LED
current. Dashed line represents a linear fit the region up to 0.2 mA.

the maximum count rate capability of the SNSPD device (as can be seen
from the trend in Fig. 4), but a limit imposed by the temperature control
capabilities of our setup, at which the heat load of the LED exceeds the
cooling power of the PPMS cryogenic setup. The deviation from the
expected linear trend in Fig. 4 is attributed to these heating effects. In
absence of this spurious heating, we expect our SNSPD devices to be
capable of detection rates on the order of 108 counts/s — determined
by the fall time, at which the count rate is close to 1∕𝜏𝐹 [37]. If
one desires to achieve higher count rates, common approaches include
decreasing the length of the superconducting nanowire (to decrease
the kinetic inductance of the device 𝐿𝐾 [38]) or introducing a shunt
resistance 𝑅𝑆 to decrease the fall time constant 𝜏𝐹 ∝ 𝐿𝐾∕𝑅𝑆 or to
split the wire into multiple segments connected in parallel so that
the total inductance is a harmonic mean of the individual segment
inductances [39,40].

Before we analyze the detector performance in applied magnetic
fields, we briefly discuss the superconducting critical currents of the

nanowires without LED illumination. The observed power law depen-
dence of superconducting critical current I𝐶 on magnetic field can be
explained by the vortex dynamics in a type-II superconductor with
strong edge pinning where the current should be inversely proportional
to the applied field [41]:

𝑗𝐶 (𝐵) = 𝑗𝐶 (0) ⋅
B

2𝐵
, (1)

where B = 𝛷0
2𝜋

1
𝑊 𝜉𝐺𝐿

is the vortex penetration field, with 𝛷0 being
the Abrikosov flux quantum, W the wire width and 𝜉𝐺𝐿 the Ginzburg–
Landau superconducting coherence length. However, our data does not
fit a functional form proportional to B−𝛼 with 𝛼 ≈ 1, but rather 𝛼 = 0.4
in perpendicular magnetic fields (Fig. 5b) and 𝛼 = 0.02 in the case of
fields parallel to the meander (Fig. 5a). The case of perpendicular fields,
with 𝛼 ≈ 0.5, has been observed in similar superconducting nanostruc-
tures before and can be explained by strong bulk vortex pinning [42]
– as one would anticipate from materials with high density of lattice
defects like our films grown by ion beam assisted sputtering. In the case
of magnetic fields parallel to the transport current, the Lorenz force
acting on the vortex lines is effectively zero (zero-force configuration).
In this configuration the critical current density becomes a function of
only the number of vortices in the wire [43] which greatly decreases
the magnetic field dependence of the critical current [44], as can be
seen in our measurements (Fig. 5a and, subsequently, Fig. 3a).

When analyzing magnetic field dependence of the detector response,
we will first discuss the case of magnetic field applied perpendicular to
the device plane (see Fig. 3b) which can be compared to the results in
literature [21–23]. We see a relatively strong deterioration of detection
capabilities even at fields below 1 T. This can be explained by the
dynamics of the supercurrents [45] and superconducting vortices [46]
in external magnetic field. Our choice of fabricating these devices out
of NbN, deposited by ion beam assisted sputtering [24], has already led
to a considerable improvement in capability of magnetic field perfor-
mance when compared to similar devices studied in literature [21–23]
(our devices can still detect photons in fields twice as large). This
means, that with no additional engineering optimization we achieve
results comparable to devices with geometry designed for performance
in strong magnetic fields [25]. The practical limit of external perpen-
dicular magnetic field is around 0.5 T, past which the detection is
dominated by dark counts arising from fluctuations of the near-critical
superconducting state [47,48]. One can increase this value by engineer-
ing a stronger thermal coupling to the heat sink (i.e. the substrate) [49],
introducing stronger vortex pinning centers to minimize vortex creep
and vortex hopping [50], optimizing the device geometry to prevent
current crowding at the meander turns [25,51], or by increasing the
wire cross-section. The increase in wire spacing or wire volume as in
the last two approaches, however, leads to a decrease in total detection
efficiency by sacrificing the geometric filling ratio (area of the pixel
covered with superconductor divided by the total pixel area) or the
hot-spot expansion probability, respectively.

As many experimental setups in nuclear physics are axially symmet-
ric, with magnetic field applied along the symmetry axis (e.g. central
solenoids in particle collider detectors [52,53]), it is also important to
explore the behavior of the SNSPD devices in external fields aligned
parallel to the detector plane. The quantitative dependence of count
rate as a function of bias current in parallel magnetic fields is different,
as can be seen in the results plotted in Fig. 3a. The detector reaches
internal efficiency saturation in parallel magnetic fields as high as
5 T (the highest field achievable with our experimental setup), with
device saturating at approximately 10 μA, well below the onset of dark
counts at 12.5 μA. By extending the trend in Fig. 5c, we can make
a conservative estimate of the limiting parallel magnetic field to be
approximately 8 T, assuming that the saturation current is independent
of the applied magnetic field. The assumption of constant saturation
current does not necessarily hold, as seen in Fig. 3, where the onset
of saturation happens at lower bias currents. This behavior is assumed
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Fig. 5. Dependence of superconducting critical currents I𝐶 (top row) and the normal-
ized detector critical currents I𝐷𝐶/I𝐶 (bottom row) on applied magnetic fields. Left and
right column corresponds to parallel and perpendicular field orientations, respectively.
Dashed lines in are fits of linear dependence in plots (c) and (d), and B−𝛼 dependence
in (a) and (b).

to be due to effects of superconducting vortices, which can assist the
hotspot formation and expansion [46]. It is important to mention that
the magnetic field effects on the saturation current are relatively weak
and lead to underestimation of the limiting magnetic field, so we
believe that the value of 8 T is still a reasonable approximation, even
if we are unable to reach magnetic fields of such magnitudes in our
setup.

As the physics driving the parallel field dependence is similar to
the situation in perpendicular magnetic fields, one can use similar
approaches to increase the value of critical magnetic fields: increasing
the wire thickness and thermal coupling, changing material microstruc-
ture to introduce additional vortex pinning sites, and optimizing the
meander turn geometry to decrease the current densities near the turns.

5. Conclusion

We have demonstrated that superconducting nanowire single pho-
ton detectors are a viable technology for detection of individual pho-
tons in strong magnetic fields. We show that detectors fabricated from
NbN grown by ion beam assisted sputtering can withstand strong
magnetic fields as high as 5 T in configurations with magnetic field
parallel to the pixel plane and 0.5 T in perpendicular configurations,
which is double the commonly reported field strength reported in
the literature. Even at such large fields SNSPDs are capable of high-
rate detection of 400 nm photons (potentially up to 108 count/s at
100 μm2 pixel size) with less than 1 dark counts per second, which
makes them an attractive alternative for high-rate, high-background
measurements in strong field environments — a common demand
in nuclear physics experiments that cannot be met by conventional
semiconductor detectors in the similar environments.
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