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Abstract

Detecting light at the single-photon level is one of the pillars of emergent photonic technologies.
This is realized through state-of-the-art superconducting detectors that offer efficient, broadband
and fast response. However, the use of low T'¢c superconducting thin films limits their operation
temperature to approximately 4 K and below. Here, we demonstrate proof-of-concept
nanodetectors based on exfoliated, two-dimensional cuprate superconductor Bi,Sr,CaCu,Og s
that exhibit single-photon sensitivity at telecom wavelength at a record temperature of T = 20 K.
These non-optimized devices exhibit a slow (~ ms) reset time and a low detection efficiency
(~107*). We realize the elusive prospect of single-photon sensitivity on a high-T¢ nanodetector
thanks to a novel approach, combining van der Waals fabrication techniques and a non-invasive
nanopatterning based on light ion irradiation. This result paves the way for broader application of
single-photon technologies, relaxing the cryogenic constraints for single-photon detection at

telecom wavelength.

Superconducting nanowire single-photon detectors
(SNSPD’s) constitute an established technology for
broadband, sensitive and fast detection of faint optical
signals [1-3]. These detectors, based on low T.
superconducting thin films such as NbN or WS§i,
provide high efficiency [4], fast response (~ ns)
[2, 3] and excellent timing resolution (~ ps) [5].
SNSPD’s can be integrated in free-space and fiber-
coupled architectures [1, 2], as well as planar photonic
circuits [6, 7]. However, their operating temper-
ature is usually limited to T < 4 K by the T.
of the thin films. To date, the highest operating
temperature for an SNSPD is 11 K, demonstrated
in a MgB, nanostrip [8]. Expanding single-photon
detection to higher operating temperatures, longer
wavelengths and faster response motivates the search

© 2023 The Author(s). Published by IOP Publishing Ltd

for new material platforms [9—11]. In particular, van
der Waals (vdW) heterostructures of 2D materials
[12-15] and high-T. superconductors [9, 16-24]
have received interest as candidates for the devel-
opment of next-generation SNSPD’s with increased
capabilities.

Cuprate superconductors are natural candidates
to push SNSPD technology to higher temperatures
[9]. A cuprate-based SNSPD could operate above
liquid nitrogen temperatures (77 K) offering a
critical technological advantage. Fabrication of
cuprate detectors has proven to be very challen-
ging, as cuprates degrade rapidly under ambient
conditions. Despite extensive research efforts, most
cuprate nanostructures exhibit flux-flow behaviour
characterized by smooth current—voltage (I-V)
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characteristics that preclude SNSPD operation [16,
22, 23]. Sharp and hysteretic transport character-
istics, as those of conventional SNSPD thin films,
were reported for high-quality YBa,Cu;07.5 (YBCO)
nanowires along with the observation of dark counts
[18, 19, 21]. To date, conventional fabrication
approaches based on lift-off methods or heavy ion
milling have not realized the prospect of a cuprate
SNSPD.

We explore an alternative approach based on exfo-
liated, 2D cuprate Bi,Sr,CaCu,Og._5 (BSCCO). Novel
fabrication methods allow us to harness the pristine
superconducting properties of few-layer BSCCO
[24-26]. We report multiple nanostructures with
sharp, hysteretic [-V characteristics combined with
high T. (70-80 K). Optoelectronic measurements
of the BSCCO nanostructures reveal single-photon
sensitivity up to a record temperature of T = 20 K.
The detection speed and efficiency remain low for
these proof-of-concept cuprate nanodetectors.

1. Results and discussion

1.1. Device fabrication and transport
characterization
Figure 1(a) summarizes the detector concept and fab-
rication. We fabricate vdW heterostructures of few-
layer BSCCO encapsulated with a top hBN inside
an Ar-filled glovebox [27]. We use a bottom con-
tact approach with thin metallic electrodes to bypass
lift-off methods, which lead to oxidation of few-layer
BSCCO. In order to preserve superconductivity in
BSCCO nanostructures, we use a helium focused
ion beam (He-FIB) to pattern our BSCCO/hBN
heterostructures [28]. The doping level (and elec-
tronic properties) of few-layer BSCCO can be locally
modified by light He-ion irradiation [29-31]. Dir-
ect patterning of insulating BSCCO areas can restrict
the supercurrent to flow exclusively along channels of
crystalline, non-irradiated BSCCO that preserve high
T.. Importantly, for low ion doses the He-FIB irradi-
ation does not etch through the encapsulating hBN
layer (see figure S4). This non-invasive patterning
technique allows us to produce high-quality nano-
structures based on 2D BSCCO flakes that remain
protected by the encapsulating hBN. This method
also provides very high lateral resolution, allowing the
writing of complex patterns with ~ nm resolution.
The left inset in figure 1(a) shows an scanning elec-
tron microscopy (SEM) image of a He-FIB defined
nanostructure in our BSCCO/hBN stacks. This device
is 250 nm wide and 2.7 um long. See Methods and
sections S1 and S2 of the SI for further details on the
device fabrication.

We study the transport properties of the fab-
ricated BSCCO nanostructures and compare them
to pristine BSCCO flakes. In figure 1(b) we present
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temperature dependent measurements of the two-
terminal resistance R, normalized to its value at 120 K
(R120x) for three BSCCO/hBN nanopatterned detect-
ors and an exfoliated, unpatterned BSCCO flake (ref-
erence sample). All the curves show clear supercon-
ducting transitions, where R/R;k drops to close to
0 resistance, with a residual resistance value stem-
ming from the contact resistance in this two-terminal
device. The critical temperature of the BSCCO nano-
structures T, defined from the mid-point of the
superconducting transition, ranges between 60 and
80 K. The lowered T. and broadened SC transition
of the patterned flakes likely derive from microscopic
disorder and/or He-ion implantation [30, 31]. Still,
the critical temperatures remain close to their nom-
inal value and near liquid nitrogen temperatures.
The upturn of the resistance below T, stems from
contact resistance at the BSCCO/Au interface form-
ing a Schottky barrier. For two-terminal measure-
ments with low excitation current (10-100 nA in
this measurement) the contact resistance contribu-
tion becomes sizable. When applying a DC offset cur-
rent, as done below, this Schottky barrier is greatly
lowered.

Figure 1(c) shows the I-V characteristics of the
BSCCO nanostructures for different temperatures,
and the inset shows the corresponding colour plot for
the full temperature range. The I-V curveat T = 10K
features an abrupt transition to the resistive state at
a critical current. The combination of high T, and
low critical current I proves that the nano-patterning
confines the supercurrent into a narrow, pristine
BSCCO channel, as the intrinsic I, for an unpatterned
BSCCO flake is several orders of magnitude larger.
The critical current density of the nano-constriction
is Jc ~ 7x10°A cm ™!, comparable to previous reports
on high-quality nanowires based on YBCO thin films
[18, 19]. The appearance of a single, well-defined
voltage jump at I. reflects a robust superconduct-
ing state of the undamaged channel in the BSCCO
nanoconstriction. As T increases, the [-V character-
istics become flux-flow like. However remarkably, the
sharply transition at I.. persists up to T = 30 K.

Strikingly we observe a strong hysteresis in the I-
V curves with respect to the sweeping direction of the
bias current Iy, as shown in figure 1(d) at T = 20 K.
As I is decreased below I, the superconducting state
in the nanostructure is not recovered. Instead, the
nanowire switches back into its superconducting state
atalower retrapping current I,. The occurrence of the
hysteresis is a linked to the sharp I-V characteristics at
I. and the high normal state resistance in the BSCCO
nanostructure [18-21]. It also intricately depends on
the thermal properties of the superconducting devices
[20]. In our nano-structured BSCCO constrictions,
the thermal conductance is reduced both in-plane,
across the disordered irradiated BSCCO regions [30],
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Figure 1. Two-dimensional superconducting cuprate nanowires for photodetection. (a) Illustration of the detector concept. A
high-T. superconducting BSCCO flake is encapsulated with hBN and then nanopatterned using a focused He-ion beam. The

resulting nanostructure is current-biased (I,) in a two-terminal configuration. Left inset shows an SEM image of the nanowire in
Device A, scale bar has 1 pm length. Right inset depicts a schematic cross-section of the vdW heterostructure. (b) Two-terminal

resistance vs. temperature of the BSCCO nanostructures. All curves have been normalized to the resistance value at 120 K, before
the superconducting transition. Black curve shows the four-terminal resistance for a reference, unpatterned BSCCO flake. For all

(T) and I, (T). Hysteresis loop remains finite up to T = 30 K.

nanostructures, T, ranges between 60—80 K. (c) I-V characteristics of device A for increasing temperature. The abrupt voltage
jump at 10 K evolves towards a smooth transition at 40 K. Inset depicts the superconducting phase diagram for this device.
Overlayed plot indicates the extracted I (T) dependence. Beyond 50 K, the smooth I-V characteristics preclude a reliable
extraction of I.. (d) [-V characteristic for device A at T = 20 K, exhibiting a sharp voltage jump along with a well-defined
hysteresis loop. Vertical offset between red and blue traces is due to Joule heating effects in the DC measurement. Inset shows I.

and out-of-plane, as the 2D flake lies on the substrate
without any lattice matching [32]. Figure S5 in the SI
demonstrates the ubiquity of hysteretic behaviour in
these nanostructures.

Such hysteretic behaviour is a key requirement
for SNSPD. The nucleation of a self-sustaining resist-
ive region after photo-absorption induces Joule heat-
ing, precluding the recovery of the superconduct-
ing state when approaching I. from above. Super-
conducting nanowire detectors are kept well below
T. and biased close to their critical current Iy, ~ I..
Photo-induced hotspots are nucleated and grow due
to Joule heating leading to a thermal runaway of
the detector, which latches into the resistive state
until the bias current is shunted [33]. Thus, a voltage
drop takes place in the shunting circuit due to the
resistive switching of the nanodetector. Remarkably,
the observed hysteretic behaviour of the BSCCO
nano-constrictions persists up to T = 30 K (see

figure 1(d)) highlighting their potential as supercon-
ducting nanodetectors with single photon sensitivity
and high operating temperature.

1.2. Photo-induced switching events in the BSCCO

nanostructure

We now characterize the optoelectronic response of
the BSCCO nano-constriction at a temperature of
T = 20 K, where figure 2(c) shows a sketch of the
readout circuit and section 5 of the SI illustrates the
complete optoelectronic setup. The BSCCO nano-
constriction is current-biased close to its switching
current I, ~ 0.97 I. and connected in parallel to a load
resistor Rio.g. The load resistor shunts the current
once the nanostructure turns resistive, and enables
free-running detection as the device self-resets after
a time 7. We illuminate the biased BSCCO nanode-
tector using a CW laser at a telecom wavelength of
A = 1550 nm, and monitor the voltage drop across
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Figure 2. Photo-induced voltage signal in Bi2212 nanowires. (a) Photo-induced voltage drop at the load resistor over time for
50 pW optical power (black) and under no illumination (grey). Black trace is offset by 0.2 mV for clarity. Traces recorded at T =
10.8 K, I, = 0.98 L. (b) Oscilloscope trace of the voltage trace generated by a switching event. The obtained decay time

is T = 712 ps. Switching rate of the detector along the red dashed line in (a). Optoelectronic measurement schematic and spatial
photovoltage map, overlayed with SEM image of the nanowire. The nanowire is biased close to its critical current I, ~ I.

(d) Switching rate of the detector along the red dashed line in (c).
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Ryoaq over time. We observe clear photo-induced
clicks that appear only at elevated photon fluxes
are absent in dark conditions. Figure 2(a) illustrates
the appearance of these switching events under laser
illumination.

Using an oscilloscope we measure the time-
domain traces of the photo-induced clicks. We find
that each click (figure 2(b)) features a fast rise time
(few ps) and a slow decay time 7 = 712 us, obtained
fitting the falling edge of the pulse. The full recov-
ery time of the device lasts about 2 milliseconds.
The observed 7 is much slower than the reset
time of conventional SNSPD’s(~ ns) [2, 3] and
the reported intrinsic photoresponse time of cuprate
superconductors [26, 34]. This slow relaxation time is
consistent across all devices (figure S7).

We believe the observed timescale to be an
extrinsic effect, as the hotspot dynamics in a BSCCO
nanostructure are expected to be orders of mag-
nitude faster. In previous work, we found the intrinsic
thermal relaxation time of BSCCO bolometers to be
in the order of nanoseconds [24]. These limitations
likely stem from a non-optimized electrical circuit,

which does not include a Bias Tee to isolate the bias
(DC) and readout (AC) paths. It is worth noting that
the contact resistance in these devices also sets some
limitations on the choice for parallel load resistors, as
well as energy dissipation and capacitance in the con-
tact interfaces that may affect the shunting dynamics.

We identify the photo-active area by scanning the
laser beam across the device and measuring with the
AC Lock-in technique. As expected, peaks at the nar-
rowest area of the device where the superconduct-
ing state is closest to its transition. In figure 2(c), we
overlay the photo-voltage mapping V,, with a SEM
image of the device. Having located the detector’s act-
ive area, we now measure its switching rate using a
Zurich UHLFI as a fast voltmeter. Figure 2(d) shows
the measured switching rate of the detector in a scan
across the nano-constriction (indicated by the red
dashed line in figure 2(c)). As the laser spot illu-
minates the ‘wings’ of the nanostructure, the switch-
ing rate is constant and increases five-fold at the
nanostructure’s narrowest, most sensitive area. The
high spatial sensitivity of the switching rate indicates
that the clicks do not originate from a heating,
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Figure 3. Single photon sensitivity at T = 20 K. (a) Switching rate and dark count rate of device A at 20 K for increasing bias
current. Vertical segments indicate the bias points examined in (c). (b) Distribution of the photo-induced switching events in
device A for increasing optical power at 20 K,I, = 0.97I.. The switching event distribution is consistent with Poissonian statistics
of few-photon events. Dashed lines illustrate the best-fitting Poissonian distribution. Each bin is a 60 millisecond time window.
(c) Normalized switching rate versus normalized optical power for two different bias conditions. Each magnitude is normalized to
its maximum value. The switching statistics for I, = 0.97I follow a linear dependence, indicating single-photon sensitivity of the
nanodetector. For I, = 0.85I, the switching rate follows a power law of exponent m & 3, indicating multi-photon sensitivity of
device A at lower bias currents. Switching events recorded at 20 K. The maximum switching rate for I, = 0.97I. and I, = 0.85I¢
are 450 Hz and 38 Hz, respectively. Maximum optical power is 100 pW.

bolometric effect. Instead, this observation points
towards Cooper pair breaking and a subsequent ava-
lanche effect leading to nanowire switching.

1.3. Statistics of the switching events and
single-photon sensitivity

We characterize the sensitivity of our BSCCO nan-
odetectors by studying the switching rate as a func-
tion of applied bias current I, and incident optical
power P. All following measurements are performed
at T = 20 K. In order to reliably discern switch-
ing events from the noise floor, we define a voltage
threshold based on the detector’s switching statist-
ics under no illumination at each I. The following
discussion is consistent for different choices of this
threshold. The protocol to define the threshold is fur-
ther detailed in section S7 of the SI.

First, we fix the optical power on the detector
and vary the applied bias current I,. For SNSPD-
type detectors, the sensitivity and detection efficiency
strongly depend on Iy, increasing as Iy, approaches I..
These detectors reach single-photon sensitivity for I,
I, at the cost of increased false counts due to thermal
fluctuations and/or stray photons. Figure 3(a) shows
the switching rate of the detector for increasing I},
under P = 60 pW illumination and in dark condi-
tions. We find that the switching rate of our BSCCO
nanowire rapidly grows for I;, > 0.9 I.. A full sat-
uration of the detector’s switching rate, indicative of
full internal quantum efficiency, was not observed.
The growth of the switching rate slows down signi-
ficantly for I, > 0.97 I, suggesting that a full satura-
tion could be achieved. The non-saturating switching
rate is common in nanoconstriction detectors where
the device geometry leads to a position-dependent I.
Thus, as I, is increased the effective active area of the

nanodetector changes and the switching rate does not
fully saturate [35, 36].

The bias current dependence of the dark switch-
ing events resembles that of the total switching rate.
This suggests that the dark count rate stems from the
absorption of stray photons, likely coming from the
thermal emission from the room-temperature object-
ive. As the bias current is increased, the switching rate
grows surpasses the dark switching rate as the detector
becomes more sensitive to the high flux of 1550 nm
photons.

We analyze the statistics of the observed switch-
ing events fixed temperature of T = 20 K and for
varying optical powers and bias current configura-
tions. We record switching events in 5 min windows.
The distribution of few-photon detection events in
SNSPD’s can be described through Poissonian stat-
istics, as the switching events are rare and uncorrel-
ated. In figure 3(b), we illustrate the distribution of
switching events at I, = 0.97 I, for increasing optical
power. At low optical power (1 pW), very few clicks
are observed and the switching events exhibit a highly
skewed Poissonian-like distribution. As the optical
power is increased, the switching rate of the detector
increases and the distribution evolves towards higher
mean values y and variances o?. The distribution of
the observed clicks is compatible with Poissonian stat-
istics arising from few-photon absorption events in
the BSCCO nanodetector. The bins in figure 3(b) cor-
respond to 60 millisecond time windows.

Lastly, we present the power dependence of the
switching rate of our BSCCO superconducting nan-
odetectors. As the sensitivity of SNSPD-type detect-
ors depends strongly on the applied bias current
[36, 37], we study the sensitivity of our devices at
two different bias conditions, highlighted by the ver-
tical colored segments in figure 3(a). The low-bias
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condition (orange) corresponds to I, = 0.85I. and
the high-bias condition (blue) is I, = 0.97 I..

Figure 3(c) shows the power dependence of
the switching rate in the high and low-bias condi-
tions. The few-photon sensitivity of an SNSPD-type
detector can be inferred from the power depend-
ence of its switching rate. The probability to detect
k photons (switching event caused by simultan-
eous absorption of k photons) is given by P[k]
e *\F/k!, where \ is the mean (absorbed) photon
number in the detector per unit time. For a single-
photon detector the switching rate should increase
linearly with incident power Plk=1]x . We
observe a linear (m =0.95~ 1) power dependence
of the switching rate in the high-bias condition
(I, ~ 0.97 I.). When the bias current is lowered,
the switching rate of the BSCCO detector is strongly
reduced and exhibits a markedly different depend-
ence. For low bias (I, ~ 0.85 I.), the dependence
falls closer to a power law of exponent m = 2.93 =~ 3,
indicative of multi-photon (two and three-photon)
events dominating the detector’s response. Exten-
ded data supporting this observation is presented in
section 8 of the SI.

This behaviour is consistent with a single-photon
sensitivity of the BSCCO nano-constrictions at T =
20 K for telecom photons, where the observation of
multi-photon sensitivity at lower bias current fur-
ther supports the SNSPD-like characteristics of the
BSCCO nanodetectors [36, 37]. As discussed before,
far from the superconducting transition, the energy
deposited by a single absorbed photon is not enough
to trigger a switching event and multiple simultan-
eous photons need to be absorbed. Multi-photon
sensitivity is rarely observed in commercial SNSPD’s,
as large fill factor designs make simultaneous absorp-
tion of multiple photons in the same area extremely
unlikely. Instead, for detectors featuring constric-
tions, these events are more prominent and their
photon sensitivity is strongly bias-dependent [36]. In
our case, the CW nature of the illumination also pro-
motes multi-photon contributions to the switching
rate.

The detection efficiency can be roughly estimated
using the incident power, number of switching events
and the optical cross-section of the detector. Fur-
ther details on the efficiency estimation are provided
in section SI1 of the SI. In the high-bias condi-
tion where single-photon sensitivity is observed, we
estimate a lower bound for the detector efficiency
of p~ 3.3 x 10™%. Several factors may contribute to
this low figure-of-merit: (a) due to the large super-
conducting gap of BSCCO, the energy of a single
telecom photon would only break around a dozen
Cooper pairs. The resulting quasiparticle generation
process that leads to a resistive switching may there-
fore not be efficient [38]. (b) the effective (elec-
tronic) width of the active region may be smaller than
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estimated, as the microscopic details of the irradi-
ation are unknown. (c) Another plausible scenario is
the existence of a highly efficient, nanometric region
inside the detector where photodetection takes place.
Assuming an absorption coefficient of 17% [39] and
full quantum efficiency, we can estimate the area of
such a region to be ~ 80 nm?. This scenario is remin-
iscent of switching events around local microscopic
defects and cannot be ruled out.

The microscopic details of the physical processes
occurring after photo-absorption in the BSCCO
nanostructures remain an open question. Even
though our experiment does not probe the detection
mechanism of this system, our results are consist-
ent with an agnostic hotspot model. In this scenario
the photon energy is absorbed by the superconduct-
ing condensate, locally breaking Cooper pairs. The
Cooper pair density is suppressed in the hotspot,
precluding the supercurrent from flowing across the
full width of the nanostructure. The hotspot grows
through avalanche effect due to Joule heating, even-
tually causing the entire nanowire width to become
resistive. This avalanche effect can give rise to macro-
scopic voltage signals from a microscopic perturba-
tion (single-photon absorption).

The observation of strong hysteresis in the I-V
characteristics of our nanodetectors supports the
nucleation of a self-sustaining hotspot. We observe
complete latching of the nanodetector after photo-
absorption in the absence of a shunting circuit, prov-
ing that the avalanche effect can be triggered optically.
In literature, hotspots in cuprate thin films have been
observed directly through thermal imaging [40] and
indirectly through transport measurements [41, 42].
The large thermal conductivity « of cuprates has lim-
ited cuprate nanostructures to the flux-flow regime,
where an avalanche effect does not take place and ulti-
mate sensitivity cannot be achieved. Suppression of
the thermal conductance in these 2D vdW nanostruc-
tures could explain the existence of a self-sustaining
hotspot. This behaviour is not expected for Au-
capped thin films studied in other reports [16, 18].

We believe that tailoring of thermal and electronic
properties will be key for developing next-generation
quantum sensors based on cuprate nanostructures.
Achieving this while preserving the superconduct-
ing properties of the material may prove challen-
ging. Possible advances of the device fabrication are
discussed in section 4 of the SI. Other avenues to
enhance detector performance include the design
of optical gratings and nanoantennas to boost the
absorption in the material. The integration in planar
photonic architectures, highly compatible with 2D
materials, could also boost the device’s efficiency
[6, 7, 24]. Lastly, the material properties of BSCCO
also show promise for detection of single-photons
at shorter wavelengths, as well as its application for
photodetectors resilient to high magnetic fields [43].
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In summary, we report single-photon sensitivity
at T = 20 K for telecom photons in nanostruc-
tures based on exfoliated 2D cuprate superconductor
BSCCO. This proof-of-concept nanodetector sets the
highest operation temperature reported to date for
an SNSPD-type detector, establishing BSCCO-based
vdW nanostructures as a promising platform for
next-generation quantum sensors.

2. Note

During the elaboration of this text, we became
aware of a similar work published in arXiv after
ours. This complementary work by Charaev et al
employs similar fabrication methods, highlighting
the potential for next-generation SNSPD’s based on
high-temperature superconductors. The reference is
Charaev et al arXiv:2208.05674 (2022).

3. Methods

3.1. Device fabrication

We fabricate our samples through the dry-transfer
technique inside an Ar-filled glovebox (H,O,
0, < 0.8 ppm). Few-layer flakes of optimally
doped BSCCO (10-20 nm) are exfoliated using
polydimethylsiloxane (PDMS) stamps, then trans-
ferred onto pre-patterned metallic electrodes (Ti/Au,
2/20 nm). BSCCO flakes are then encapsulated using
pre-selected thin hBN flakes (~ 20 nm). We probe
the two-terminal resistance of our devices using a
probe-station inside the glovebox. The entire process
is performed in less than 20 min to avoid degradation
of few-layer BSCCO flakes. The entire vdW assembly
process is done at room temperature.

The chip is then pasted onto a stub for He-FIB
using silver paste and the contacts of the device are
bonded onto the metallic stub, so the entire device
remains grounded during patterning. Outside the
glovebox, the devices are always in vacuum using a
commercial vacuum container. Therefore, the device
is only exposed momentarily, for example during
bonding.

In the He-FIB we work with 30 KeV acceleration
voltage for the Helium beam, and typical emission
currents between 2-5 pA. For each sample, we cal-
ibrate the optimal He ion dose in order to locally
turn BSCCO insulating. This process is discussed in
section 2 of the SI, as well as in [22]. Typical ion doses
range between 20-90 pC um~2. Crucially, for low ion
doses, the Helium ion beam does not etch through the
encapsulating hBN layer so the BSCCO flakes remain
protected. We fabricate simple nanowires as well as
complex structures (see section 1 of the SI). Lastly, we
remove the sample from the metallic stub and bond
the chip to a pre-grounded PCB. The PCB is then
loaded into our optical cryostat.

P Letters

Our devices are typically kept in the cryostat for
2—-4 week measurement runs. Careful thermal cyc-
ling can preserve the detector’s SC properties. Pro-
longed exposure to air leads to oxidation due to oxy-
gen out-diffusion and water creep through the SiO,
roughness.

3.2. Transport and optoelectronic setup

We characterize the optoelectronic properties of the
vdW BSCCO nanowires using an Attodry800 optical
cryostat with a base temperature of 8 K. We maintain
a temperature of 20 K on the sample using a stand-
ard calibrated microheater + Cernox thermometer
combination. We ensure proper thermalization of the
sample with the cryostat’s cold finger.

For transport characterization, we perform both
AC Lock-in measurements and DC measurements.
For the AC Lock-In measurements, we use a 10 nA
AC excitation current at a reference frequency of
126 Hz. An SRS860x Lock-In amplifier is used
both for sourcing and sensing. DC measurements
are performed using a combination of DC sources
(Yokogawa GS200, Keithley 2450) and a multimeter
(Keithley 2700). It is worth noting that for Device C,
the normal state resistance is very large (~100 K2),
making a voltage bias circuit favourable over a cur-
rent bias circuit.

Laser excitation is provided by a telecom CW
diode laser (Thorlabs SFL1550P), driven by a DC cur-
rent source (Keithley 2400). The laser beam is first
attenuated using neutral density filters. Then, it is
aligned and focused onto the sample using a com-
bination of room-temperature galvanic mirrors and
a cryogenic three-axis piezo stage for the sample.
At optimal focus, the laser has a beam width of
wo ~ 2 pm. The optical power is measured using a
power meter. We calibrate the laser excitation power
in the range between 10 nW and 1 W. Then we intro-
duce a neutral density filter of density D = 4 in the
optical path, which attenuates the optical power by
four orders of magnitude.

The detector is current-biased, connected in par-
allel to aload resistor. The voltage drop at the load res-
istor generated by the detector’s resistive switching is
recorded using a Zurich UHFLI (10 M€ input imped-
ance, 600 MHz bandwidth, 1.8 GSa s~ ! sampling
rate). A low-noise amplifier with 45 dB gain and
bandwidth between 100 Hz and 100 KHz is used to
pre-amplify the voltage spikes. The Zurich UHLFI
records switching events for 5 min at each optical
power and bias current setting. Time—domain traces
of the switching events are recorded using the oscillo-
scope function of the Zurich UHFLI with a sampling
rate of 175 MHz. Alternatively, we study the photo-
voltage signal of the device using an optical chop-
per and a Lock-In amplifier (SRS860x) referenced at
the chopper frequency. Optimizing the optical coup-
ling to the detector becomes easier in this ‘slower’
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configuration (see figure 2(c)). A schematic of the
optoelectronic setup for single-photon detection is
shown in figure S6.

Data availability statement

The data that support the findings of this study are
available upon reasonable request from the authors.
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