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We present the development and optical characterization of tungsten carbide superconducting nanowire devices
for photon detection. They are nanofabricated by direct deposition via pulsed focused ion beam induced
deposition (PFIBID) using Tungsten Hexacarbonyl (W(CO)s) as precursor. The nanowires exhibit a critical

}F)LBItD detecti temperature of 4.71 K and demonstrate a notable response to low-intensity CW or pulsed laser illumination. For
oton detection . . . . " .
SNSPD the first time, in-operando photoresponse low-temperature maps reveal hotspot distributions under low power

illumination and localized superconductivity suppression upon high fluence photon absorption at higher powers.
Dynamic response measurements under 1 MHz repetition rate, 640 nm pulsed laser excitation highlight the fast
temporal response of the detectors and high operation stability near saturation. While currently operating in the
multi-photon regime (9 photons/output-pulse), the findings emphasize their potential for single-photon detec-
tion with further optimization of material thickness (target <25 nm) and excitation schemes. This work dem-
onstrates the significant promise to direct nanofabricate superconducting devices based on WC for advanced

Quantum sensing

quantum applications.

1. Introduction

Superconductivity is a unique electronic state of matter attained
under specific conditions of temperature, magnetic field, and applied
current, where the material exhibits zero electrical resistance [1]. The
non-dissipative regime is an appealing framework for the design of
advanced quantum technology devices such as nano-resonators [2],
superconducting quantum interference devices (SQUIDs) [3], quantum
switches [4], logic gates [5], quantum bits based on phase slip centers
[6] and superconducting single-photon detectors [3,7,8]. When the di-
mensions of a device are reduced to the scale or below of the super-
conducting characteristic lengths of the material novel physical
phenomena emerge, absent in macroscopic systems [9].

One glaring example is the development of Superconducting Nano-
wire Single-Photon Detectors (SNSPDs). In these devices, a supercon-
ductor is nanopatterned to achieve confinement below its critical length
scale in at least one dimension, enabling the emergence of unique

physical phenomena. They operate by applying a bias current (Ip)
slightly below the critical current (typically around 0.91;). Under illu-
mination with an energy above the superconducting gap, a photon can
be absorbed, creating a localized resistive hotspot that forces the current
to exceed I, in the surroundings of the hot-spot, which then grows due to
negative electrothermal feedback. This forces I, to momentarily divert
through the external shunt circuit, generating a measurable voltage
pulse [3] (Fig. 1). The production of SNSPDs has traditionally relied on
well-established nanofabrication techniques such as electron beam
lithography (EBL), optical lithography, lift-off, and reactive ion etching.
While these methods offer compatibility with very large-scale integra-
tion, they are costly and prone to errors and defects, limiting their
practicality in research and development applications. However, the
onset of focused ion beam induced deposition (FIBID) offers a promising
alternative, avoiding the need for resists and solvents [1,5,10] (hence
avoiding contamination and damage) while maintaining flexible
patterning with high precision [1,5,10] and lateral resolution compared
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Fig. 1. Diagram of the electronic set-up for low-temperature measurements.
The set-up includes a bias circuit and a readout circuit.

to structures defined by EBL [11]. Unlike multi-step lithography, FIBID
enables single step [12] in situ patterning without masks [13]. More-
over, together with the clean growth [5], the combination of imaging
during the fabrication process [14,15] and the possibility of modifying
parts of the design simultaneously to the growth [10] has led to the wide
use of this technique in the semiconductor industry [14,16-18], and
have recently drawn significant interest for producing superconducting
components [19,20] in advanced nanodevices [5].

The FIBID process (Fig. 2) can be considered as a chemical vapor
deposition process assisted by an ion beam [14]. A focused ion beam,
typically Ga+ , induces the dissociation of gas-phase precursor mole-
cules absorbed on the substrate surface [1,7,11], producing both volatile
and non-volatile constituents [1]. The volatile products are removed via
the instrument’s vacuum system [20], while the non-volatile by-prod-
ucts form a nano-deposit along the path of the ion beam [5] which is
scanned with a pattern generator in the desired shape [1]. The number
of loops and dwell time allow to control the thickness and width of the
final deposit. In this research we use pulsed-FIBID instead of FIBID.
PFIBID uses a pulsed beam instead of a continuous beam, allowing time
for the precursor gas to replenish and for the byproducts to be removed
between pulses. This results in higher purity deposits, reduced sample
damage, and better structural control[1].

The FIBID deposition technique has been employed to deposit a va-
riety of metallic and insulating materials [10,14,21] and in the last few
decades it has been successfully used to fabricate low dimensional
superconducting materials including tungsten [20]. Tungsten-based
materials, particularly those deposited using the tungsten hex-
acarbonyl (W(CO)g) precursor, exhibit superconducting properties and
are stable and resistant to aging under ambient conditions [14]. These
deposits present figures of merit comparable to other superconducting
materials and to W-based deposits produced with other physical vapor
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deposition methods [1,7]. In the literature, WC deposits fabricated via
FIBID exhibit critical temperatures (T.) ranging from 4 to 5K [1,22],
which is up to two orders of magnitude higher than that of crystalline
tungsten [1,11,21,22]. While the exact superconducting mechanism of
WC deposited by FIBID remains unclear, it is hypothesized to arise from
its amorphous, disordered structure, stabilized by carbon content and Ga
implantation, with the high density of defects playing a critical role [10,
23].

Since FIBID WC deposits exhibit a higher T, than many other metallic
superconductors [5], they are strong candidates for the fabrication of
superconducting nanodevices [5]. It has been suggested that WC-FIBID
deposits could potentially be used as SNSPDs [24]. However, to our
knowledge, their response to light at low temperatures of tungsten
carbide has not been experimentally characterized until now. In this
research, we fabricated tungsten carbide nanowires using Pulsed-FIBID
and, for the first time, studied their response to pulsed illumination at
low-intensity laser power. Among their superconducting and detection
properties, we present the first in-operando photoresponse
low-temperature maps, with nanometer-scale lateral resolution,
enabling the visualization of hotspot distributions. While the
single-photon detection regime has not yet been experimentally ach-
ieved, our work successfully demonstrates the potential of WC deposited
in this approach for the development of SNSPDs, as well as other
superconducting devices with potential applications for quantum
technologies.

2. Experimental

All samples were fabricated on N** doped Silicon (001) substrates
with a 290 nm-thick thermal SiO: layer on the surface. Prior to WC
deposition onto the SiO: layer and following procedures similar to those
used by other research groups [20], Ti/Au contacts (100-nm thick Au/Ti
bilayer) were patterned using optical maskless laser UV lithography,
e-beam evaporation for the metallic bilayer, and a lift-off process and
acetone, IPA and DI-water. The Ti/Au pads were arranged in a
four-probe configuration for transport measurements.

WC nanowires were fabricated at room temperature using a dual-
beam SEM/FIB system (Carl Zeiss Auriga) equipped with a Ga+ ion
source [23] and a Gas Injection System (GIS) with a tungsten hex-
acarbonyl (W(CO)e) precursor reservoir. The precursor was injected via
a gas nozzle to create a localized high-pressure region for site-specific
tungsten deposition. The ion beam was rastered over the substrate
using a 14-bit per axis, 400 MHz-DSP pattern generator (Raith Multi-
beam), ensuring precise nanostructure definition. The resulting
non-volatile deposits, composed of W, C, and small amounts of Ga and O
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Fig. 2. (a) Illustration of the nanowire fabrication by Pulsed-FIBID using Ga™ ions. The beam of Ga™ ions is focused on an insulating substrate (SiO,/Si) while a W
(CO)¢ gas flow is injected in the vicinity of the beam from gas injection nozzle. (b) Representation of the reaction, products, and by-products generated during the
interaction between the tungsten hexacarbonyl precursor (W(CO)s) and the Ga™ focused ion beam (FIB) for the deposition of the WC nanowires.
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impurities, formed the nanowires in between the Ti/Au pads (see Fig. 6).

The FIB energy used is 30 keV, with a Ga™ beam current of 50 pA.
During the deposition, the system beam equivalent pressure (BEP) is
kept at 2.10° mbar while the injection precursor gas is flowing in the
vicinity of the TiAu pads. The distance between the nozzle and the
surface is circa 200 pm and the nozzle is center in between the contacts
gap. Magnification of both SEM and FIB guns is set at 500x, allowing the
patterning of structures within a 100 x 100 pm? write field window.
Deposition conditions are summarized in Table 1. Thereafter, samples
are inspected via Atomic Force Microscopy, Field Emission Scanning
Electron Microscopy (FE-SEM), Optical Microscopy, Energy Dispersive
Spectroscopy and electrically characterized in a probe station. Some of
the chips with the devices are electrically contacted in a chip carrier
holder using ultrasonic Au-wire wedge bonding for optical and low
temperature characterization.

The nanomanufactured nanowires are 20 pm long, 150 + 40 nm
wide (determined by FE-SEM in-situ immediately after deposition), and
with a thickness of 50 + 10 nm, as revealed by AFM measurements
performed in contact mode using a Park XE7 AFM-MFM system (See
Fig. 3b). FE-SEM images and AFM profiles, presented in Fig. 3, illustrate
the dimensions and surface morphology of the WC nanowires.

The chemical composition analysis was conducted using energy-
dispersive X-ray spectroscopy (EDS XL-30 Flash-Bruker) integrated
into an Ultra High-Resolution FE-SEM (Carl Zeiss SIGMA with a Gemini
column). Measurements were performed with an accelerating voltage of
15 kV and an EDS detector operating at —20 °C. The analysis revealed
that the deposits consist of approximately 26 at% C, 18.7 at% W, 10.4 at
% Ga, and 44.5 at% O. The oxygen content is most likely attributed to
oxidation occurring after the nanowires were exposed to air upon
removal from the FIB/SEM/GIS vacuum chamber.

The low-temperature electrical characterization was performed in a
closed-cycle helium cryostat (attoDry 800 from AttoCube GmbH) with a
base temperature of 3.8 K ( + 10 mK), equipped with optical, DC, and
RF ports. The cryostat features XYZ positioners and XYZ scanners,
enabling the acquisition of low-temperature optical maps while
applying or measuring DC or RF signals. Measurements from 300 K to
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Fig. 4. Temperature dependence of the resistivity p(T) of a WC-based nanowire
at zero magnetic field. The normalized resistance is shown at the inset, where
the resistivity at 20 K has been used for the normalization of the curve. The
driving current is set to 1 pA during the temperature ramp. The inset shows a
magnified view of the superconducting transition in the low-temperature re-
gion (4-10 K).

3.8 K were carried out using a Keithley 2450 Source-meter in a two-
point probe configuration. For Resistance vs Temperature (R vs T)
measurements, a fixed bias current of 1 A was applied, and the bias
voltage was recorded during cooling or heating ramps. Data acquisition
was fully automated via Python scripts. The dynamic response to light
was analyzed using a 640 nm (+ 10 nm) pulsed laser at a 1 MHz
repetition rate, attenuated to ~600 pW optical power (measured at the
cryostat entrance). The light was delivered through a single-mode fiber
and then propagated in free space to the cryostat’s optical window. A
gaussian beam profile was focused onto the device surface using an x80

®) 237 nm
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Fig. 3. (a) Top view is false colored Field Emission SEM image of a Ga* FIBID-deposited tungsten carbide nanowire connected to the Au/Ti pads on a SiO,/Si
substrate. Blue contacts are for current injection and gold ones for voltage measurement, following a four-point contact configuration. The bottom shows a zoom-in
section of the nanowire (b) AFM image of the nanowire. The thickness is shown in the height profile (c). The nanowire dimensions are 20 pm long, 150 nm wide, and

50 nm thick.
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Fig. 5. (a) Critical current values (I.) plotted as a function of temperature extracted from a set of current-voltage characteristics for the 50-nm-thick nanowire. The
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data follows the phenomenological prediction by Bardeen I, = z%/glco <1 — (%) > (green curve). (b) Hysteretic current-voltage characteristics of the nanowire at

several temperatures ranging from 3.8 K to 6 K employed for the generation of the data shown in (a).

@ cps/eV

(b)

51 C(Atom%) | O (Atom %)

Ga (Atom %)

W (Atom %)

26.43 44.53 10.37

18.67

500 nm

i‘o Ga

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Energy [keV]

45 5.0

Fig. 6. (a) A typical EDX spectrum of a WC-FIBID nanowire on SiO,/Si substrate. The inset of the spectrum shows the elemental ratio of the FIB deposited nanowire
in atomic percentage and a FE-SEM image of the nanowire on top of the SiO/Si substrate and the Ti/Au contact. (b) EDX maps of each element. The results are the

average obtained from the scanned area shown in blue in the SEM inset of (a).

Table 1
Deposition parameters of the samples.

Deposition conditions Ga* FIBID

Precursor W(CO)g
Ton source Ga*
Acceleration voltage (kV) 30

Beam current (pA) 50
System pressure (mbar) 2.10°°
Gun vacuum (mbar) 1.10°1°
Number of loops 50000
Dose per loop 5uC/cm?
Dwell time (ps) 92

apochromatic LT objective, obtaining a diffraction-limited spot of
approximately one micron diameter. Reflectivity maps, micro-Raman,
or micro-PL signals could be acquired simultaneously in a through-
the-lens configuration using dichroic mirrors, beam splitters, and a

CCD camera. Additional losses are expected through windows and the
objective until they reach the sample. The calculations for photon losses
through the cryostat system were performed to determine the number of
photons ultimately absorbed by a nanowire detector, starting from the
initial measured laser power. Key loss mechanisms were considered at
each stage of the optical path. First, the laser beam, with a Gaussian
profile, passes through two quartz windows on the cryostat. Each win-
dow introduces a reflectivity loss, calculated based on the refractive
index of quartz at 640 nm, resulting in a total transmittance of 86.92 %
through both windows. Next, the beam encounters the microscope
objective, where only the central portion of the Gaussian beam
(60.37 %) enters the objective due to the pupil limitation (3.4 mm
diameter versus the incoming 5 mm beam). The objective itself has a
transmission efficiency of 85 %. After passing through the objective, the
focused Gaussian spot is projected onto the nanowire detector, which
has a width of 100 nm. Considering the Gaussian intensity distribution
of the spot (approximately 571.8 nm radius), only 1.52 % of the photons
are geometrically aligned to interact with the nanowire. Further, the
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nanowire’s material, tungsten carbide (WC), has a reflectivity of 50 %,
and the remaining photons experience internal absorption following
Beer-Lambert’s law, resulting in a 25.92 % absorption efficiency.
Overall, the cumulative efficiency from initial laser power to photons
absorbed by the nanowire is calculated by combining these sequential
losses, allowing estimation of the effective photon count that can trigger
detection events, given a quantum efficiency of 10 % for generating
detectable responses in the nanowire.

The electronic setup, commonly used in SNSPD measurements, is
illustrated in Fig. 1. The bias current is applied through the DC port of
the bias-tee (Mini-Circuits ZFBT-4RGW 0.1-4200 MHz), while voltage
pulses are read out via the AC port, amplified with a room-temperature
40-dB low-noise amplifier (Femto, DUPVA-1-70), and then routed to an
oscilloscope (R&S MXO4 - 500 MHz) or a multipurpose FPGA-based
Moku instrument (MokuLab). The MokuLab can operate as a lock-in
amplifier or as a time-correlated single-photon counter. To prevent de-
tector latching, a shunt resistor (Rgyn:) of 50-100 Q is connected in
parallel with the nanowire. The AC lock-in amplifier module of the
Moku instrument, combined with the nano-positioners and scanner,
enables the acquisition of photoresponse maps with spatial resolution
down to tens of nanometers, as well as diffraction-limited reflectivity
maps with sub-micron resolution.

3. Discussion

The electrical transport properties of WC-FIBID nanowires fabricated
by Ga' Pulsed-FIBID were analyzed through temperature-dependent
electrical measurements. For critical temperature (T.) determination,
a constant current of 1 uA was applied and voltage was measured be-
tween the two inner terminals. For clarity, the resistance has been
normalized to the nanowire resistance at 20 K. The T, determination
was based considering the temperature at which the resistance drops to
50 % of the resistance value at 20 K, and the transition width (AT.) was
defined similarly, as the temperature range where the resistance de-
creases from 90 % to 10 % of its value at 20 K, following a standard
criterion for superconductor characterization. Fig. 4 illustrates a typical
example of the superconducting transition observed in one of the
nanowires. Below T, a sharp drop in resistance is observed, indicating a
clear superconducting phase. The WC manufactured nanowires exhibit a
superconducting transition at an average T, of 4.71 + 0.15K and a
width transition of 0.82 + 0.28 K.

Considering the device dimensions obtained by SEM and AFM, the
nanowires exhibit a room-temperature resistivity of 243 + 44 pQ-cm.
This value is higher than the 5 pQ-cm resistivity of bulk tungsten and
consistent with the reported values for FIBID nanowires from the same
precursor [10,19,20,23,25,26]. This increased resistivity is attributed to
the presence of impurities inherent to the FIBID process, including
carbon and oxygen introduced from the precursor gas and subsequent
atmospheric oxidation [20]. The presence of impurities is also corrob-
orated by the non-metallic behavior in the normal state as the temper-
ature coefficient of resistivity dp/dT is negative during the cool down,
and even increasing its amplitude just before the superconducting
transition, demonstrating impurity-dominated transport [21]. This de-
viation from metallicity, with a residual-resistivity ratio at 10 K
(P300k/ P10k = 0.96) is in line with other research [5] and consistent with
scattering from C, Ga, O, and a high density of defects introduced during
the FIBID process [5,22,27-32].

Moreover, as T, is in the vicinity of 4.5 K and AT, are comparable to
similar studies [7,10,22,33], according to the BCS theory, the super-
conductivity bandgap would be 2A, = 3.52kgT, = 1.43 meV. However,
this must be checked by measuring the tunneling conductance as the
prefactor of 3.52 can be smaller because of the weak coupling [1,14]. In
any case, this value corresponds to the microwave range of the elec-
tromagnetic spectrum, close to the far-infrared region. Therefore, the
detection efficiency (DE) is expected to be maximum at this wavelength
because of the photon energy matching to the superconducting bandgap.

Materials Today Quantum 6 (2025) 100043

On the other hand, the coherence length of a Cooper pair &;, allows a
rough estimation of the length scale on which superconductivity takes
place in WC nanowires [13], being the most common value reported
Egr ~ 6.25 nm. Comparing this value to the Pippard’s coherence length

=M with a Fermi velocity vy ~ 5.10°m/s, it can be concluded that

€0 = 7A»
the nanowire is in the dirty limit with £ = (Igg)'/? < g0 [21].

The samples show superconducting behavior, albeit with some re-
sidual resistance [23]. A significant residual resistance, amounting to
7.4 % of the normal state value at 3.8 K, was observed. The resistive tail
below below T, can be attributed to several factors. Firstly, since the T, is
close to the base temperature of the cryostat, part of this residual
resistance at low temperatures indicates that the superconducting
transition is not fully complete, meaning the superconductivity path is
not entirely percolating [23]. Additionally, it may arise from various
dissipation mechanisms in the superconductor, such as phase-slip-driven
processes, vortex-antivortex proliferation, and the presence of micro-
structural defects or disorders [21,24,34,35].

It is worth noting that, although W is a type I superconductor, WC
fabricated by FIBID behaves as a type II conventional superconductor
due to its finite thickness, amorphous structure, and high density of
defects. This allows for the formation of hexagonally distributed Abri-
kosov vortices. Structural disorder, multi-grain domains, and scattering
defects act as pinning centers for these vortices [1,14,36]. Additionally,
even in the quasi-2D limit, a competition between phase-slip mecha-
nisms and flux proliferation has been reported, governed by vortex dy-
namics [24]. These effects become more pronounced in 1D-like systems
where the width is comparable to the coherence length (¢ ~ w). How-
ever, it has been verified that even for w/& ~ 100, the formation of phase
slip strips (PSSs) and the LAMH theory are still applicable [24,37,38]. In
our case, both the thickness (t/& ~ 8) and the width (w/& ~ 24) are
substantially higher than &, placing our nanowires in the quasi 2D limit,
with w/é ~ 24.

The resistance below T, has several components: R = R, +

-1
{R;,1 + (Rraps -i-Rst)’1 } . Where R, is the resistance contribution

coming from the Au/Ti contact pads, which come in series with the
nanowire. Ry is the normal state resistance arising out of the quasipar-
ticle’s contributions (uncomplete transition), Ryaps is the resistance
associated to thermally activated phase slips (dominant near T.) and
Rgps is the quantum phase slips resistance (present throughout the
temperature range). Nevertheless, inhomogeneities, disorder, metallic
grains behaving as Josephson junctions, can also contribute to the re-
sidual resistance [24]. The broadening of the superconducting transition
can also be accounted for by the occurrence or phase slips, and by the
presence of local constrictions, either on the long axis of the nanowire or
on the crossing points with transversal leads [7].

The presence of phase slips was further corroborated by the hyster-
etic IV characteristics and the stochastic distribution of the critical
currents [21,39-43]. The nanowire remains superconducting up to a
critical de-pairing current I and shows hysteretic behavior. Heating
effects are crucial in defining the hysteretic behavior [21]. The effects of
thermal hysteresis and the subsequent latching can be mitigated or even
totally suppressed using a shunt resistor (S1). The critical current den-
sity at 3.8 K was estimated from the I-V curve and the geometric pa-
rameters yielding J. ~ (0.93 +0.36).10°A/cm?, comparable to other
WC-FIBID nanowires [5].

An ensemble of current-voltage characteristic as a function of tem-
perature is shown at Fig. 5. The experimental results show a very good fit
to the phenomenological prediction by Bardeen [44]. This fit suggests a
Ico close to 33 pA, in good agreement with other groups [5].

2/3
1 T\’
L=—{Io[1-(= 1
c 2 2 c0 < <T0> ) ( )
Fig. 6 shows the EDX analysis, which confirms the presence of W, C,
O and Ga. This is congruent to the decomposition of the organometallic
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compound precursor [7,21], with atomic concentrations of about
18.7 %, 26.4 %, 44.5 %, and 10.37 %, for W, C, O and Ga, respectively.
W exhibits characteristic lines in the M series, including W-Ma
(1.775 keV), W-Mp (1.945 keV), and W-My (2.293 keV). In the maps,
the presence of W outside the nanowire is a consequence of the prox-
imity of peaks corresponding to different elements such as C-Ka
(0.277 keV) and Au-Ma (2.12 keV). Therefore, in the maps corre-
sponding to W and C elements, there is an increase of the amount of
these elements on top of the metallic contact pads. The signal attributed
to tungsten (W) in the low-energy region of the EDX spectrum (~
0.2 keV), does not correspond to the typical characteristic lines of W, so
it could be due to Bremsstrahlung effects or secondary fluorescence in
elements in the vicinity such as C and O. The presence of O, Au or Si
cannot be ignored as the contribution of the substrate at this accelera-
tion voltage cannot be neglected. That is the reason why our results
differ slightly to other research [10,11,13,45]. Considering just the ratio
W/(W+C+Ga), the W % is in the range of ~ 34 %.

We show the dynamic response to illumination in Fig. 7(a). After
illuminatiom, the circuit is an RL circuit composed of the kinetic
inductance (L) of the nanowire and the equivalent resistance of the
readout circuit (Req). After the generation of a resistive region, the
current redistributes between the shunt resistor (Rgy,,;) and the load
resistance (Ry) of the readout circuit. According to the Kirchoff laws:
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The derived 7. ~ 5.2ns and 7y ~ 7.2ns from the oscilloscope
traces highlight the fast temporal response of the detector and suitability
for high-speed detection applications. According to 7y = Li/Req the
kinetic inductance of the nanowire is Ly ~ 180 nH and the bandwith
1/27(rise + Tau) ~ 12.8 MHz. In our case the capacitance contributions
from the bias-tee and the amplifier are negligible to the 77, compared to
the kinetic inductance contribution. Since the transversal area of the
nanowire is higher than in a typical SNSPD, the hotspot resistance (R,) is
lower. Therefore, the value of 7, is higher [46]. The detector speed is
probably higher as the pulse width of the laser ~ 4ns, as well as the
jitter, are affecting the temporal rise time and decay constants. The
timing jitter (At) is a variation in the time delay between photon ab-
sorption and the appearance of a photon count [47]. The jitter measured
comprised the contribution of the jitter from the laser input, the sync
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Fig. 7. (a) Oscilloscope trace displaying the normalized sync laser signal (black line, left axis) and the output voltage of the detector (blue line, right axis), as a
function of time (t). The single-shot was averaged 5000 times. (b) Evolution of the total jitter with the temperature. The inset shows the normalized histogram of
photon detection events at 3.8 K showing the total temporal jitter of the system (FWHM ~ 3.8ns). Experimental data (blue dots) is fitted with an asymmetric gaussian
profile (red line). (c) Normalized count rate as a function of I, /I. at 1.5 nW of incident power at the entry window of the cryostat. (d) Count rate minus dark count rate
(DCR) as a function of laser power. S value near 9.5 proves that close to 10 photons at 640 nm are required to trigger a measurable voltage bias output.



C. Garcia-Pérez et al.

signal, the time-correlated photon counting adquisition card (TCSPC),
the electronics and the nanowire itself:

(A)eas = (Al)jgger + (AL)]

meas sync

+ (At)?"CSPC + (At)flec + (At)?lw (7)

The inset in Fig. 7(b) shows the typical normalized histogram of
photon detection events at 3.8 K, characteristic of the convoluted tem-
poral response of the system. According to the central limit theorem, if
the variability is purely random cand arises from independent sources,
this distribution is approximately gaussian and symmetric. Since our
histogram has been registered counting the detection events from the
detector output (start) to the sync pulse of the laser (stop), an asymmetry
to the left indicates that some events are registered faster than expected.
This can be a consequence of the noise present in the threshold detec-
tion. For each of the measured IRFs (Instrument Response Functions) we
fit an asymmetric gaussian function as shown in Fig. 7(b) and from the
fitted functions extracted the total measurement jitter, defined as the
FWHM of the IRF [48]. The asymmetric Gaussian fitting gives a
FWHM ~ 3.8 ns jitter. In other research [47], part of the jitter has been
attributed to the difference in the propagation time of the electrical
signal across the strip from different locations when photons are
absorbed in flood illumination schemes. Since in our experiment, the
laser spot is focused in a particular point of the detector, the jitter
observed may not be highly influenced by the size dependent jitter. The
main contribution to the jitter comes from the nanowire itself. Consid-
ering that the nanowire is too thick for single-photon detection, more
energy (multiple photons) may be required to induce a detection event.
Consequently, the transition from the superconducting to the resistive
state is more stochastic and slow. The operation temperature near Tc
and the thermal latency, where energy gradually accumulates before
triggering a response, are some of the reasons why the jitter value of our
detector is higher than the values usually reported in SNSPDs. The ex-
pected increase of this jitter with the temperature is shown in Fig. 7(b),
The dependence of the jitter with the temperature is analogous to the
reported trend between jitter and I, in other research [48]. The ampli-
tude output pulses are higher (higher SNR) with increasing I, therefore
the jitter decreases. The increase of the temperature is analogous to a
decrease in I, because there is a reduction of I, with the temperature
(Fig. 5) as the Cooper pairs density (ns) decreases.

The typical saturation characterization of an SNSPD is done by
measuring the count rate (CR) at a fixed photon wavelength and a
varying I,. This saturation curve is widely reported in the literature of
SNSPDs [48]. For higher I, and/or photon energies, the photon count
rate (PCR) is approximately constant (plateau) and below the threshold,
the PCR rapidly decreases following and approximately exponential
function. For monochromatic photons, the detection efficiency saturates
when the current approaches the experimental (switching) current (Iy,),
but deteriorates rapidly when the current decreases below the cut-off
value [47,49]. The system detection efficiency is defined as:

SDE = (CR — BCR) /Ry (8)

Where CR is the measured output count rate, BCR is the background
count rate and Ry, is the input photon flux. Given that our laser is not CW
but pulsed and there are optical losses in our free-space set-up, we do not
express SDE but the normalized difference CR — BCR, which is propor-
tional to SDE and shows the same trend.

Fig. (7) (c) shows the evolution of the normalized count rate as a
function of Iy/I.. It shows a sigmoidal growth typically observed in
SNSPD, where the count rate increases sharply as I, approaches I,
reflecting a higher probability of photon detection. The obtained
experimental results indicate that the nanowires WC detector operates
stably in the saturation range (0.75 <I,/I. < 0.90) emphasizing the
importance of precise bias current tuning for optimal performance. As
the mechanism of photodetection resembles SNSPDs, the saturation
plateau at 640 nm means that the system could be suitable for IR
wavelength. In that case, the saturation plateau is expected to be
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reached at higher I,. Although this threshold current could be moved to
lower values if the transversal section of the nanowire decreases [50].
Furthermore, this experiment has been carried out without control on
the polarization. Since SNSPDs have a polarization dependency [49], we
expect that the detection efficiency of the system improves by the use of
polarizers.

At very low photon fluxes, in SNSPDs the single-photon detection
regime has been extensively reported with a slope S = 1 in the curve
between the PCR and the incident photon flux [48,51]. This demon-
stration has been extensively explained in this paper[52]. According to
this, in the “hot-spot” model, the n-photon counts result from the
appearance of n hotspots where n photons are absorbed in a small region
of the superconducting detector. The simultaneous absorption of n
photons in one square of the strip follows a Poisson distribution:

ne—(n)
P(n) = @Te' ©)
Where (n) = Am/Ny is the mean number of photons absorbed in one
square of the strip, A is the absorption coefficient and m is the mean
number of photons in an optical pulse. The PCR in the n-photon regime is
[52]:

on AT
CR™(m) = (N'Zln') m" 10)
sq :

Where v is the pulse repetition rate and 7 is the quantum efficiency. The
probability of a n-photon count by the detector will equall the sum of the
probabilities of each square [52]:

CR(m) = Zcimi an

In the linear photon regime, the count rate of photons will be pro-
portional to m(i = 1).Fig. 7(d) follows the evolution of the count rate
after subtracting the background count rate (BCR) versus the laser
power measured at the entrance of the cryostat. At low illumination
powers, the detector operates efficiently without saturation and is sen-
sitive to the incident energy. Considering a linear dependency of the
laser power before reaching saturation, S > 1 indicates that the detector
needs to absorb multiple photons to reach a thermal threshold for a hot-
spot formation. Our CR dependence is highly non-linear, showing a
multiphoton absorption. This behavior at low illumination powers is a
consequence of both the increase of probability of a many-photon
detection process and the device limited sensitivity to low photon
fluxes [51]. When the energy of one photon is not sufficient to generate a
light count, multiphoton detection events may occur. If several photons
are absorbed within the lifetime of the hotspot, 7y, at a distance from
each other less than the diameter of the hotspot and their total energy is
large enough, a count does occur [47]. This is highly likely to happen in
this research since the laser spot is focused in a particular region of the
nanowire. Although the size of the hotspot is poorly quantified in the
literature for W and other superconductors [47], its radius (R) can be
roughly related with the energy of the absorbed photon as:

ch CH2
h o gertem 12
n 1 dnR oy (12)

Where the coefficient 0 < 7 < 1 takes into account that only part of the
energy of the photon is delivered for suppression of A, and the rest of the

photon’s energy heats the quasiparticles and phonons. Hfm/Sﬂ is the
superconducting condensation energy per unit of volume and H,, =
(do/ 2v2 néﬂf) is the thermodynamic magnetic field. In the hard-core
spot model (49), the maximum radius of the normal hotspot is:

nhy 1/2
R, = 13
(ﬂdN0A2> 1s)

Where d is the thickness, Ny is the density of electronic states in the film
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at the Fermi level per one spin and 7 is the fraction of the photon energy
delivered to electrons (7 < 1) [47]. The lower the thickness, the larger
the hotspot size. Since our thickness is many times higher than ¢, these
WC-FIBID nanowires become effectively non-sensitive to single photons.
Only the cumulative effect of many photons can be seen. When the en-
ergy absorbed by multiple photon in one pulse overcomes the threshold
to create a resistance high enough to deviate the current to the readout
circuit, it generates an event of detection. At high illumination power, all
laser pulses are generating detection and the detector cannot respond to
anymore. Thus, CR stops growing despite increasing laser power and
S=~0.

In our case, an S value or 9.46 + 0.53 proves that the nanowire re-
quires 9-10 photons at 640 nm to generate a sufficiently large hot-spot
and create a measurable voltage bias output pulse.

Finally, Fig. 8 shows in-operando low-temperature (3.8 K) photo-
response maps showing the DC-signal output of the lock-in amplifier
when the detector is scanned under 1 MHz laser illuminated at different
powers and different I. Thanks to this method, the electrical noise
contribution can be discarded, and the lateral resolution enables the
visualization of hot-spot distribution. In our photoresponse maps we do
not visualize the “hot-spots” distribution, understanding the “hot-spot”
as the region with non-zero resistance that arises from the absorption of
a photon but after the absorption of multiple photons. These maps reveal
the local suppression of superconductivity under photon absorption and
the evolution of the detector response as I;, approaches and surpasses I..
This lateral resolution allows to distinguish regions of the nanowire with
different detection efficiencies, even some blind sections of the nanowire
are low I, values. At I, ~ 0.63 L, there is little appreciable response in
the nanowire, and it sharply increases as it approaches I.. Near I, it is
possible to see some regions where superconductivity is still present and
detect incoming light. There has been experimental indication that the
detection threshold is position dependent. The detection threshold
current for a given photon energy depends on the absorption position
along the cross-section of the nanowire [53]. The nanowire has in-
homogeneities, such as structural defects and variations in thickness
and/or width [54]. It has been demonstrated that the performance of
SNSPDs critically depends on the local inhomogeneity and spatial var-
iations of the superconducting properties of the material. The slighlest
degree of disorder, leads to a variation in the superconducting gap and
T, [55]. The different variation from the regions with higher and lower
response is probably due to the variation of the I, and superconducting
order parameter (A) [55]. Physically, this implies that A should control
the PCR [53]. Similarly to this research, where they show the correlation

(@) 334v (b
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of local suppression of superconductivity by STM with inhomogeneity,
in this research we observe the local suppression of superconductivity by
illumination. As the SEM and AFM images show variations on width and
thickness, and they have an impact in the degree of suppression of su-
perconductivity, we infer that these inhomogeneities lead to regions
with more or less detection efficiency. As these nanowires do not operate
in the single-photon regime it would be interesting in the future to
develop a mix model that takes into account bolometric effects in
SNSPDs.

4. Conclusions

We have successfully grown tungsten carbide nanowires by FIBID
with a thickness as low as 50 nm using 5 keV Ga™ focused ion beam and
W(CO)¢ as the precursor. The nanowire exhibits a room-temperature
resistivity of 243 pQ.cm and superconducting properties, including a
T. >45K, a transition width of 0.82K and a
J. ~ (0.93 +£0.36).10°A/cm?. These results are comparable to those
reported in previous studies [24]. The resistive tail observed below Tc
can be attributed to an incomplete superconducting transition, as well as
to contact resistance, vortex and contribution from phase slips. The
critical current follows Bardeen theory suggesting that the deposits are
well-described by the BCS superconductivity model at least near T,. The
chemical composition analysis confirms that the nanowires are
composed of W, C, O, and Ga, which is consistent with the typical
characteristics of WC-FIBID grown materials.

Despite earlier suggestions that WC-based FIBID SNSPDs could be
fabricated [24], to the best of our knowledge this has not been experi-
mentally demonstrated yet. In this research, we have shown the elec-
trical response of the nanowires under low-intensity illumination. Using
a lock-in scanning technique, we achieved great spatial resolution
enabling the visualization of hot-spots distribution. This capability can
be further exploited to identify areas of the nanowire with the highest
detection efficiency, as well as potential defects or constrictions. Pre-
liminary studies of jitter, detection efficiency and detector speed suggest
promising behavior under illumination. The linear regime in log-scale
observed at low illumination power indicates sensitivity to incident
energy without saturation. However, the power dependency (S > 1)
suggests that multiple photons may need to be absorbed to reach the
thermal threshold for a single hot-spot formation, which can trigger a
detection event. These findings are consistent with the quasi-2D nature
of the detector, where neither the width nor the thickness is smaller than
the coherence length (&). It is well established that single-photon

414 mV

0mV

Fig. 8. Photoresponse maps of the detector showing the hot-spot distribution at high optical power (1 pW) (a) and 600 pW (b). In image (a) there is an overlayed
image of the reflectance map of the sample, which is obtained simultaneously to the scanning process (See supplementary, S2). The main electrical response appears
between the inner contact pads where the current is flowing. The response around the nanowire at high illumination powers can be a consequence of thermal effects
and back-reflections from the metallic pads. (b) image is taken as a zoomed image in the central region of the nanowire between the two inner pads at different I,
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detectors and phase-slip qubits require ultrathin superconducting films
[12]. Our results indicate that further reduction in thickness below
25 nm would be necessary for these nanowires to be fully suitable for
these applications [6,12,39].

In conclusion, we demonstrated the significant potential of WC-
FIBID grown nanowires for advanced superconducting photon detec-
tion applications with further refinements in material properties and
thickness required for optimal performance.
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