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Establishing an end-to-end
workflow for SNSPD fabrication
and characterization
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Milos Petrovi¢?’, Lijiong Shen®3, Giorgio Adamo?*, Anton N. Vetlugin®*,
Mariia Sidorova*?, Christian Kurtsiefer?® & Cesare Soci%2*"*

The outstanding performance of superconducting nanowire single-photon detectors (SNSPDs) has
expanded their application areas from quantum technologies to astronomy, space communication,
imaging, and LiDAR. As a result, there has been a surge in demand for these devices, that commercial
products cannot readily meet. Consequently, more research and development efforts are being
directed towards establishing in-house SNSPD manufacturing, leveraging existing nano-fabrication
capabilities that can be customized and fine-tuned for specific needs. We report on the implementation
of an end-to-end workflow for SNSPD fabrication and characterization, from superconducting film
growth to meander nanowire fabrication and their integration with electrical readout circuits and
optical testbeds. An essential aspect of this research involved identifying the key parameters of our
workflow and developing reliable procedures for their optimization. As an outcome, the ab initio
development of SNSPD technology yielded devices with characteristics comparable to commercial
devices at a wavelength of 1550 nm, making them well-suited for telecommunication and integrated
quantum systems. This report aims to provide useful insights to those entering the field and accelerate
the establishment of superconducting detector technology and its application across various domains.

Superconducting nanowire single-photon detectors (SNSPDs) have become a state-of-the-art technology
of quantum light detection with operation across visible, near- and middle-infrared spectral regions'. Their
outstanding figures of merit, including close-to-unity detection efficiency??, gigahertz detection rate?, and
sub-3 ps timing resolution (jitter)>, were demonstrated using different materials, designs and platforms. Not
surprisingly, quantum technologies, such as quantum computing®’, quantum key distribution (QKD)%?, and
quantum communication!® eventually rely on these detectors. In addition, the high sensitivity and temporal
performance of SNSPDs are extremely valuable for detecting weak classical light, for example, in deep-space
communication!!, neuromorphic computing'?, and light detection and ranging (LiDAR) technologies'?.

The swift expansion of SNSPDs across diverse application areas has significantly increased the demand
for these devices and the need to establish in-house workflows for fabricating and characterizing SNSPDs'.
This not only addresses the limited availability of commercial products, but also provides the flexibility to
optimize detectors for specific needs. Importantly, establishment of SNSPD technology can leverage on nano-
fabrication infrastructure commonly available in research institutions, enabling their cost-effective and rapid
implementation.

Unfortunately, the workflow complexity and the sparsity of information available in the literature hinder
straightforward establishment of SNSPD technology. Indeed, this technology involves development and
optimization of various fabrication steps, including superconducting film deposition, nanofabrication, as well
as integration of electrical readout circuits and implementation of light delivery strategies, which must be
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compatible with operation at cryogenic temperatures. While sufficient information is available on each of these
aspects separately, there is limited literature on the implementation of all these tasks at system level.

Here we report the implementation of an end-to-end workflow for the fabrication and characterization of
SNSPD devices. We provide detailed, step-by-step guidelines for all the critical fabrication processes, starting
with superconducting film and ending with SNSPD device characterization in a cryostat. An essential aspect
of our research involved identification of key workflow parameters and development of reliable procedures for
their optimization. By systematically addressing each workflow step, we created a robust and replicable SNSPD
fabrication procedure that can be seamlessly adopted to realize working single photon detectors and enhance
their performance.

As aresult, we were able to demonstrate SNSPD devices with performance metrics comparable to commercial
detectors at a wavelength of 1550 nm, including temporal performance (reset time of approximately 60 ns and
timing jitter of 74 ps), dark count rate (sub-Hz at 90% of maximum efficiency and 20 kHz at maximum efficiency),
and internal detection efficiency (~95%). These characteristics are well-suited to meet the requirements of both
fundamental research and field applications, including quantum communication and QKD, or classical imaging
and LiDAR.

Results

The outstanding characteristics of SNSPDs stem from their unique detection mechanism. The hotspot model
suggests that photon absorbed in a supercurrent-carrying nanowire generates a localized normal hotspot,
which expands across the entire wire cross-section, triggering a measurable signal!>!¢. The capacity to generate
a compact hotspot with high electron energy density, which is necessary for effective photon detection, is
largely determined by the superconducting film crystallographic disorder and its chemical composition'’.
Therefore, we first implemented a sputtering-and-measurement cycle to optimize the film quality described
in the "Superconducting film deposition" subsection below. After film deposition optimization, the film with
optimal parameters was used for nano-patterning into meandered nanowires, fabrication of electrical contacts,
and integration with electrical circuits. Implementation of these steps, together with detector characterization
techniques, are described in the following "From superconducting films to SNSPD devices" subsection.

Superconducting film deposition

Niobium titanium nitride (NbTiN) was chosen as a material platform for this work as it enables high detection
efficiency and excellent temporal performance in a single device?. Additionally, NbTiN detectors operate at
the highest critical temperature among low-Tc materials!®!°, Note, however, that a similar workflow could be
adopted for SNSPDs based on different superconducting materials, such as niobium nitride, molybdenum
silicide, and tungsten silicide.

The NbTiN films were deposited in a reactive magnetron sputtering system (AJA Orion 8 UHV) in a mixed
atmosphere of N, and Ar. Films were sputtered on commercial silicon substrates (Rough Valley Microdevices)
capped by a 266 nm (+5%) thick dry thermal silicon oxide (SiO,) layer, at room temperature. Two separate
source targets with niobium (3-inch Nb target; purity 99.99%) and titanium (2-inch Ti target; purity 99.99%)
were installed in the ultrahigh vacuum chamber operating at a base pressure of <5x 10~ Torr (Fig. 1a). During
superconducting films deposition, the Nb target was controlled with a DC (direct-current) of 375 mA, while
the Ti target was controlled using RF (radio-frequency) wattage mode, with an applied power of 240 W (the
deposition rates for each target were initially calibrated independently). The choice between DC and RF
magnetron sputtering depends on the target’s conductivity. During deposition in nitrogen gas, NbN and TiN
form on the target surface, affecting conductivity. NbN is highly conductive, allowing for DC sputtering of
Nb, while TiN has low conductivity, requiring RF sputtering of Ti. With these parameters set, we adjusted the
sputtering power to achieve a NbTiN deposition rate of ~ 0.5 A/s and ensure high film quality (optimal disorder
level, low surface roughness, etc.). Additionally, the deposition rates of Nb and Ti were balanced to achieve a
Nb_Ti, N composition stoichiometry of x=0.62, which is most suitable for SNSPDs*.

Crystallographic structure and morphology

To ensure the correct crystallographic structure, representative films were studied by X-ray diffractometry
(XRD, Rigaku SmartLab). The XRD spectra of deposited films displayed a prominent NbTiN (111) peak next
to the characteristic silicon peaks (Fig. 1b), confirming the face-centered cubic crystal structure of NbTiN with
lattice constant of 4.3+0.1 A, consistent with previously published data?!. From the XRD spectrum, we can
estimate the NbTiN grain size D by means of the Scherrer Eq. 22, D = -K2- By substituting the values of the

B
Scherrer constant (K=0.89), the X-ray wavelength (A = 1.5406 A), the full width at half maximum of the
diffraction peak (8 = 9.23 mrad), and half of the diffraction angle (6 = 0.31 rad), we estimate the grain size to
be around 15 nm.

Besides crystallographic characteristics, optimization of superconducting films requires fine control of
ultrathin thicknesses. The deposition rate of NbTiN is directly affected by the N, flow rate and the chamber
working pressure, as these parameters control the efficiency of energy transfer to the target, the so-called
bombardment energy®®. X-ray reflectivity spectra (Bruker D8 Discover with a copper K-alpha X-ray source) were
used to accurately determine film thicknesses and calibrate deposition rates (Fig. 1¢c). The Materials Research
software LEPTOS fitted the XRR profile with the thickness, roughness, and density as fitting parameters. The
layer model included a silicon substrate and silica spacer with a fixed thickness of 266 nm. The oxide layer
of NbTiN was excluded from the model, as it is expected to be thin - of the order of 1 nm?*. Following this
calibration procedure, we ensured that the thickness of all subsequent films was 7 nm =+ 5%.
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Fig. 1. Deposition-and-characterization cycle of superconducting films. (a) Material sources in the main
sputtering chamber loaded with independent DC (direct-current) controlled Nb target and RF (radio-
frequency) controlled Ti target. (b) Typical X-ray diffraction pattern of the deposited NbTiN films. (c)
X-ray reflectivity spectrum (black line) of a representative NbTiN film. For the film in (c), the best-fit curve
(blue line) yielded a thickness of 7.0 nm, mass density of 7.8 +0.2 g/cm?, and roughness of 0.1 nm. (d)

The temperature-dependent sheet resistance of a representative NbTiN film obtained from DC transport
measurements and used to determine its critical temperature. The film being measured was deposited at a
working pressure of 2.5 mTorr with a N, flow rate of 3.5 sccm and had a thickness of 7 nm.

Finally, to validate the quality of our films, we performed more reliable surface roughness measurements
using an atomic force microscope (Cypher ES Environmental AFM). We found that the roughness of all films
deposited under optimal or near-optimal conditions was below 1 nm with a typical value of 0.7 nm (0.2 nm in
the XRR fitting), confirming their excellent morphological characteristics.

Optimization of deposition parameters

N, flow rate and working pressure were identified as the most significant parameters to optimize film quality
and SNSPD performance>?$. The N, flow rate influences the stoichiometry and crystal structure of the film?¢%,
while the working pressure mainly affects the density of NbTiN polycrystalline grains?>?%. To determine the
optimal deposition parameters, we adjusted the N, flow rate in the 1 to 4.5 sccm range (corresponding to an N -
to-Ar ratio of 9% to 43%) and varied the working pressure in the 2 to 3 mTorr range®--0.

For each sputtered film, three critical characteristics, directly related to the performance of SNSPDs, were
measured: transition temperature (T.), sheet resistance (R, ) at room temperature, and residual resistance ratio
(RRR, the ratio of R at 300 K to R__at 25 K). The T_ value is directly related to the superconducting gap energy,
hence determining the detector’s sensitivity to low-energy photons (the lower the T, the smaller the gap). The
transition temperature of the film also sets an upper limit for the operating temperature of SNSPD devices,
which is typically below 0.5 T_. The R and RRR values, on the other hand, are related to the degree of disorder in
the film, a decisive factor for confined hotspot formation and high photon detection efficiency®"*2. Thin NbTiN
films with thickness of d=7-9 nm optimized for SNSPDs are expected to exhibit transition temperatures between
8.5 and 9.5 K, resistivity p = Rsqd between 320 and 380 {2 e cm, and RRR between 0.75 and 0.85 (see Refs.
20.33-35) 'These ranges serve us as the target for film optimization. The room-temperature sheet resistance and
RRR were obtained from DC transport measurement, an example of which is shown in Fig. 1d. The transition
temperature was estimated as the temperature at which the film resistance drops to half of its maximum value
(8.66 K for the film in Fig. 1d). Due to the steepness of the superconducting phase transition, such estimate is
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very close to the actual value (8.51 K in Fig. 1d), which can be rigorously obtained by fitting the data to the theory
of 2D fluctuation conductivity (see Methods).

The results of the deposition-measurement optimization cycles are shown in Fig. 2. The room-temperature
R gradually grows with increasing N, flow rate (Fig. 2a), which can be attributed to the increasing degree of
disorder within the film. On the other hand, the transition temperature grows steadily with increasing flow
rate until it reaches a maximum at 3.5 sccm (Fig. 2b). As depicted in Fig. 2c, this effect arises from the nitrogen
tendency to occupy lattice vacancies, enhancing the stoichiometric balance of the film?”. A further increase in
the N, flow rate tends to trigger a crystallographic phase transition in NbTiN, shifting from a face-centered
cubic structure to a body-centered tetragonal structure. Correspondingly, the film becomes amorphous and the
transition temperature degrades®.

Conversely, the working pressure regulates the density of NbTiN polycrystal grains®>?%. As sketched in
Fig. 2d, the grain density increases with working pressure. As a result, at higher working pressures the sheet
resistance rises (Fig. 2a), since grain boundaries act as scattering centers in electron transport. At the same time,
the transition temperature decreases (Fig. 2b), indicating the formation of a more homogeneously disordered
granular system (refer to Chapter 8 in Ref. 3¢).

This simple optimization cycle has allowed us to identify the best deposition regime for our superconducting
films. As shown by yellow circles in Figs. 2a and 2b, the optimal N, flow rate is 3.5 sccm and the optimal working
pressure is 2.5 mTorr, as these conditions produced the optimal film that matched the targeted metrics. The
optimal film, which was later used for SNSPD device fabrication, exhibited a high T, of 8.7 K, relatively high
R, of 518 Q/sq (p = 3632 @ cm), and RRR of 0.83 (all films had RRR less than 1), is subsequently used for
SNISPD device fabrication.

We note that for the films deposited at 2.5 and 3 mTorr, the sheet resistance differs more significantly than the
critical temperature. Higher resistance indicates a greater level of disorder, which enhances hotspot confinement
and, in turn, may improve detection efficiency. However, increased resistance may also lower the current density,
resulting in a larger timing jitter. This trade-off can be addressed in future optimization steps depending on the
specific performance requirements of the detector.

From superconducting films to SNSPD devices
Optimized NDbTiN thin films were patterned into a meandered nanowire structure (Fig. 3a) using two
lithographic steps. First, photolithography (Karl Suss MJB4 Mask Aligner) was used to pattern electrodes using
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Fig. 2. Optimization of NbTiN film deposition parameters. (a) Room-temperature sheet resistance and (b)
transition temperature for NbTiN films deposited at different working pressure and N, flow rate. The optimal
target values are highlighted by a yellow circle. (c) Schematic of the change of NbTiN crystal structure with
increasing N, flow rate: the structure on the left (lower N, flow rate) is face-centered cubic with several
vacancies; the structure in the middle (intermediate N, flow rate) is face-centered cubic with fully filled
vacancies; the structure on the right (higher N, flow rate) is body-centered tetragonal®. (d) Schematic of the
change of NbTiN granularity with increasing working pressure: grains and boundaries are represented by blue
and white ovals, respectively.
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Fig. 3. Performance of the SNSPD device. (a) SEM image of the SNSPD. Upper inset: zoom-in SEM image.
Lower inset: a sketch of the optical Salisbury-screen stack. (b) Output voltage pulse from the SNSPD amplified
by one amplifier. Inset: current-voltage (I-V) measurement. (c) System timing jitter. (d) System detection
efficiency and dark count rate.

AZ5214E photoresist, followed by Cr and Au thermal evaporation (HV-experimentation system UNIVEX 250).
Then, the nanowire meander was patterned by electron beam lithography (FEI Helios Nanolab 650), using a
low-temperature negative E-beam resist AR-N 7520.073 to prevent the peel off of the low adhesion NbTiN films.
Finally, the superconducting nanowire was defined by reactive ion etching (RIE; Oxford PlasmaLab 80) in CF,,
maintaining an etch rate of approximately 0.1 nm/s to minimize the line edge roughness of the nanowire (see
Methods).

A nanowire width of w="70 nm with a pitch of 140 nm (Fig. 3a) was chosen to achieve high photon sensitivity
at 1550 nm and a high filling factor of 50% for enhanced light absorption. We used a circular bend design with
inner and outer curvature radii of w/2 and 3w/2 and a (ultimate) bend width of 2w to reduce the current crowding
effect, which occurs at the sharp nanowire bends, causing vortex nucleation and dark counts generation that
limits the critical current, as shown in the upper inset of Fig. 3a. The circular geometry of the meander, with a
10 um diameter (Fig. 3a), ensures matching of the detector dimension with the typical telecom optical fibre core.
The SNSPD optical stack was implemented in the Salisbury-screen type geometry (lower inset of Fig. 3a), where
the absorbing nanowire was fabricated on top of a A/4-spacer of silicon dioxide (266 nm +5%) on the silicon
substrate. The A\/4-spacer ensures that the SNSPD is placed at the anti-node of the standing wave formed via
interference of the incoming wave and wave reflected from the silicon substrate®’. The electric field is maximum
at the anti-node position, thus enhancing light absorption in the SNSPD. As discussed in the following, an ideal
substrate should be fully reflective (e.g., covered by a metallic layer) to attain maximum absorption. On the other
side, a standard thermal oxide silicon wafer significantly simplifies SNSPD fabrication, while providing relatively
high absorption efficiency of (44 +3)%, when taking into account device layout, nanowire geometry, optical
stack parameters, and their uncertainties®.

The fabricated SNSPDs were measured in a close-cycle cryostat (Entropy Cryogenics m-series) with a base
temperature of 3.1 K. They were mounted on a copper holder and wire bonded to the contact pads of a custom-
printed circuit board (PCB). The PCB with the detectors was placed on the cold plate of the cryostat. A single
piece of a spliced single-mode fiber glued to the cryostat feed-through delivered light to the detectors. A tapered
end of the fiber inside the cryostat was fixed on a nanopositioner (SmarAct XYZ-SLC) and coupled to the
SNSPD at a distance of about 20 um, allowing efficient light delivery to the detector. The light polarization was
adjusted with a polarization controller (Thorlabs FPC030) by maximizing the SNSPD count rate. The SNSPD
performance was evaluated by measuring its critical current, reset time, timing jitter, dark count rate, and
detection efficiency.
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At first instance, the quality of the SNSPD fabrication can be assessed from the value of the critical current.
At a base temperature of 3.1 K, we observed the transition to a normal state at a critical current of 10.6 pA.
The corresponding critical current density of 2.16 MA/cm? is approximately 60% of the theoretical limit of
3.61 MA/cm? estimated for a straight nanowire segment with the same geometry. The theoretical calculations
were conducted on the base of the Ginzburg-Landau model®® with a dirty-limit correction® and a diffusion
coeflicient of 0.48 cm?/s!'8. We note that the 60% level is close to the highest-reported values in nitride-based
nanostructures (~60-75%)*"4°, indicating high-quality nanofabrication.

The SNSPD response to input photons was studied by sending light through the optical fiber. A typical
output voltage pulse of the SNSPD is shown in Fig. 3b. The pulse decay is governed by the exponential return
of the bias current to the nanowire with kinetic inductance (L,) from the readout circuit with 50 Q impedance.
The decay time constant (7 = Ly /50Q2) is obtained by fitting the pulse’s falling edge with the exponential
function xexp (—t/7). Thus determined time value (7~ 16 ns) results in the total device inductance of L, =800
nH and a sheet kinetic inductance of approximately, Ly / [l /w] /2 100 pH/sq (I &~ 560um is the total nanowire
length), which is consistent with previous studies*!. The detector’s reset (dead) time refers to the duration
required for the current to fully return to the nanowire or for the voltage to decay to the baseline noise level.
In our SNSPD, this reset time is approximately 60 ns. The formation and collapse of a resistive domain within
the nanowire, crucial for the self-reset mechanism, were also confirmed through the current-voltage (I-V)
measurement. As shown in the inset in Fig. 3b, the SNSPD exhibits a typical hysteresis, with the switching
current exceeding the return (hysteresis) current.

The timing jitter was measured via coincidence counts between the SNSPD and commercial silicon
avalanche photodiode (Si-APD, PDM series of Micro Photon Devices) illuminated by correlated photon pairs
(see Methods). The coincidence distribution depicted in Fig. 3c arises from the convolution of the response
functions across the entire measurement system. The most significant contributions to the total distribution
width (0system) come from the SNSPD itself (csnspp), the reference photodiode (0 app) and the readout
electronics (0 erec): Giystem = GQSNSPD + 04pp + 0%jec. From the measured osystem = 88ps, spec sheets
values 0 app = 35ps, and Ociec = 34ps (see Methods), we estimate 0snspp to be below 74 ps. We attribute
the non-Gaussian tail observed in Fig. 3¢ to the Si-APD response function. In Ref. 42 it was shown that the
asymmetrical APD response is described by two Gaussian components, one of which is multiplied by the
exponentially decaying function.

The system detection efficiency (SDE) was measured at a wavelength of 1550 nm by comparing count rates
of the SNSPD and a reference detector with calibrated efficiency (InGaAs avalanche photodiode, ID Quantique,
SDE=10% at 1550 nm). To ensure measurement accuracy, both classical and quantum light sources were used
for this measurement. The classical source — an attenuated CW laser at 1550 nm, is more accessible and easier to
implement, while the quantum source — correlated photon pairs from spontaneous parametric down-conversion
(SPDC), allows excluding two- and higher-order-photon contributions and dark counts which are unavoidable
when measuring with the laser. For photon-pair illumination, the coincidence counts between the SNSPD/
reference detector and the trigger detector (Si-APD) were compared. The SDE measurements with classical and
quantum light sources differed by a few percent (see Methods), likely due to the different photon statistics of the
two light sources and the intrinsic accuracy of the measurements. The maximum SDE, Npmao = (47 £ 2.5) %,
was recorded at the critical current (Fig. 3d). This value is in agreement with the absorption efficiency calculated
for this device®, indicating that the detector’s efficiency is close to saturation.

The dark count rate was measured by turning oft the light source and recording the counts. Additionally, the
tip of the optical fiber was moved away from the detector’s sensitive area to diminish the absorption of blackbody
radiation propagating through the fiber. The dark count rate, shown with gray squares in Fig. 3d, remains at the
sub-Hz level for SDE less than 0.9Mma«, after which it grows exponentially reaching 20 kHz at Nmaz.

Discussion

We provided a comprehensive account of the development of an end-to-end workflow for fabrication and
optimization of SNSPD devices in our laboratories. The initial crucial stage was to establish deposition of high-
quality superconducting films by magnetron sputtering. We have identified the N, flow rate and the working
pressure as the primary parameters affecting film quality and SNSPD performance, while other factors such as
base pressure, power applied to the Nb and Ti targets, and argon flow rate, can be safely set to default values.
Characterization and optimization of superconducting films relied on DC transport measurements conducted
from room to cryogenic temperatures. Additionally, X-ray reflectivity measurements were necessary to calibrate
thin film deposition rate, while X-ray diffraction and AFM measurements were useful to confirm crystallographic
structure and morphological quality of the films. The subsequent critical step was establishing a reliable
nanofabrication protocol. Fabrication quality requirements become more stringent for SNSPD operating in the
mid-IR range, since constrictions in the wires or edge roughness limit the critical current and hence the spectral
sensitivity. It is worth noting that although micro-wide wires have recently demonstrated saturated internal
detection efficiency at wavelengths below 850 nm*3, narrow nanowires exhibit better spectral performance and
are preferred for mid-IR photon detection®.

Other workflow steps, including electrical contact fabrication, contact wire bonding to a dedicated PCB, and
optical coupling, are straightforward and relatively easy to implement. Finally, SNSPD characterization required
the establishment of DC and RF electrical measurements and photon counting techniques. While measurements
based on correlated photon pairs from SPDC source are, in general, more accurate, characterizing SNSPDs with
strongly attenuated classical light sources, such as pulsed lasers, also provide feasibility with minimal discrepancy
from most accurate SPDC measurements.

Following this procedure, we realized SNSPD devices with characteristics comparable to commercial
products*~*. Henceforth, optimization steps should be determined by the requirements of the specific
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application. For instance, close-to-unity system detection efficiency would be required for quantum computing,
and it can be achieved by adopting more sophisticated optical designs to increase light absorption. This could
involve resonant structures based on highly reflective mirrors?, distributed Bragg reflectors?’, or coherent
absorption schemes?”#8. Also, the internal efficiency could be improved by enhancing the current density using
an optimal bend design with elliptical curvature (see Eq. (91) in Ref. *°), which eliminates current crowding
but limits the filling factor to 33%. A novel L-shape bend design® as well as a sophisticated bend-thickening
approach®! solve both issues, eliminating the current crowding and enabling high filling factor. For high-speed
quantum communication and QKD, faster detectors would be preferrable, with shorter or customized nanowire
designs such as parallel®? and interleaved* configurations or distributed SNSPD arrays®’. We note that the
improvement of one parameter (e.g., temporal response) often requires sacrificing other figures of merit (e.g.,
efficiency), and the best tradeoff is defined by the specific application.

Conclusions

In conclusion, we have systematically addressed the most critical steps needed for the realization of working
SNSPD prototypes and their optimization. Our robust and reproducible workflow could be seamlessly adopted
in other research laboratories to facilitate the establishment of in-house SNSPD technology. The ability to fine-
tune and configure SNSPD devices on demand holds great potential to expedite further development of SNSPD
technology and its wide range of fundamental and practical applications.

Methods

SNSPD fabrication

The nanowire meander was patterned by electron beam lithography (FEI Helios Nanolab 650), using a low-
temperature negative E-beam resist AR-N 7520.073. The resist was spin-coated at 4000 rpm for 60 s, resulting
in a 100 nm thick layer. The sample was then baked at 85 °C for 2 min. The optimal area dose for e-beam
lithography ranges from 260 to 300 uC/cm?, using a beam energy of 30 kV and a beam current of 13 pA. After
e-beam exposure, the sample was developed for 90 s in a solution of AR-N 300-47 and deionized water mixed in
a 4:1 volume ratio. The development was stopped by immersing the sample in deionized water for 30 s. Finally,
the nanowire structure was etched using reactive ion etching (Oxford PlasmaLab 80) with CF, gas flowing at the
rate of 50 sccm. The etching process was conducted at the power of 80 W for 80 s for a 7 nm-thick NbTiN film.

Cryogenic measurements of superconducting films and SNSPDs
Unpatterned films were measured in a close-cycle cryostat with base temperature of 3.7 K (DRY ICE 3 K). The
room-temperature sheet resistance R, was directly measured with ST2253 Digital Four Probe Tester, with the
van der Pauw method™. For resistance measurements at lower temperatures, a two-probe method was used
by bonding the film to a PCB using a wire-bonder (West bond 7476E-79) and connecting it to DC lines inside
the cryostat. Here, the resistance was determined by applying a current of 100 uA with a DC source (Yokogawa
GS200) and measuring the voltage (BK Precision 5492C). The sheet resistance at other temperatures (plotted
in Fig. 1d) was then calculated using the ratio of R _ to the directly measured resistance at room temperature.
Thetransition temperatureisrigorously determined by fitting the experimental R, (T") datain Fig. 1d using the
1 2 -

expression provided by the theory of 2D fluctuation conductivity®*> R, (T') = [RS—W + Azt Tt T

, which is valid for In (T'/T¢) < 1, i.e., when the temperature approaches the transition temperature Tc from
the right and ~ 1.1T¢ from the left. Here / is the reduced Planck constant, e is the elementary charge, A24 and
Rs are the fitting parameters of about unity and the maximum R, (T") value, respectively. For the data shown
in Fig. 1d, the best fit yielded Tc = 8.51K.

SNSPD devices were measured in a close-cycle cryostat with base temperature of 3.1 K (the Entropy
Cryogenics m-series). They were biased with a Rohde & Schwarz Hmc8042 voltage source in series with a 270 k
Q resistor through a room-temperature bias-T (Minicircuits ZB85-12G-S+). The signal from the SNSPD was
amplified with a low-noise room-temperature amplifier (Minicircuits ZFL-1000LN +) with nominal bandwidth
0f0.1-1000 MHz. The amplified SNSPD pulses were recorded with an oscilloscope (Lecroy waverunner 8404 M)
and counted with a time-to-digital converter (TDC1 by S-Fifteen Instruments).

A noise jitter of 34 ps was determined as the ratio of the FWHM noise level (18.2 mV) in the baseline of
a recorded voltage pulse to the 20-80% slope of its rising edge (0.54 mV/ps). Jitter contributions by the time-
tagger (scope) and the photon pair source®® were below 2 ps and 1 ps, respectively.

Single-photon system detection efficiency
The SNSPD detection efficiency was measured using a reference calibrated detector and either classical or
quantum light sources®.

Measurement with attenuated laser

Here (Fig. 4a), we used an attenuated continuous wave (CW) 1550 nm laser (MLD-D55S2-2A10P8). The laser
intensity was attenuated with fixed fiber attenuators (Thorlabs) so that the SNSPD photon count rate was kept
below several thousand counts per second to ensure a linear regime well below the maximum count rate of
approximately 16 MHz (inverse reset time 1/60 ns). The system detection efficiency (Nsnspp) was estimated
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Fig. 4. Schematics of the two methods used for SDE calibration with (a) a classical attenuated coherent light
source and (b) a quantum correlated-photon-pair source. (c) System detection efficiency and dark count rate
obtained with the two different methods as a function of SNSPD biasing current; the dash line indicates the 9.8
1A bias current at which the device performance was assessed.

comparing the SNSPD count rate (Nsnspp) with the count rate (N;er) of the reference detector (InGaAs
avalanche photodetector; ID Quantique ID Qube) under equal photon flux:

Nsnsep 1
NSNSPD = Mref —7——— —»
Nref Ui

where the system detection efficiency of the reference detector, 1nyef = (10 £ 0.5) %, was independently
calibrated by the manufacturer. We also account for the loss due to the finite transmission (n¢ = 0.6) of the
spliced fiber used to deliver light to the SNSPD. The SNSPD system detection efficiency measured with the
attenuated laser is shown by the red circles in Fig. 4c.

Measurement with correlated photon pairs

In this experiment (Fig. 4b), we replaced the attenuated laser with the source of correlated photon pairs. The
photon pairs were generated via SPDC in a periodically poled potassium titanyl phosphate (PPKTP) crystal
pumped by a 532 nm laser diode (Thorlabs DJ532-40). In the non-degenerate SPDC, each photon pair consisted
of one photon at a wavelength of 1550 nm and one photon at a wavelength of 810 nm. The 1550 nm photons were
directed to either SNSPD or the reference detector (InGaAs avalanche photodetector), while the 810 nm photons
were sent to a trigger detector (Si-APD, Micro Photon Devices, PDM series). We recorded the coincidence count
rates between the SNSPD and the trigger detector (N$spp) and between the reference and trigger detectors
(NS;) under equal illumination conditions. If N is the generation rate of the correlated photon pairs, the
coincidence count rates can be expressed as

c
Nsnspp = (MSNSPD Mioss 77t) (M yiMoss,t) IV,
c
Nref = (T]ref MNiloss ) (ntrignloss,t)N7
where NsNsPD, Nref and Nirig are system detection efficiencies of the SNSPD, reference and trigger detectors,
respectively; and Nioss and Mioss,t represent the efficiencies of delivering 1550 nm and 810 nm photons from the

PPKTP crystal to the corresponding detectors. As before, we also account for the transmission efficiency of the
spliced fiber delivering light to the SNSPD, denoted as 7¢. Thus, the SNSPD efficiency is given by:

c
_ Nsnsep 1
NSNSPD = Tref c
Nref Ui

The corresponding measurements are represented by the blue triangles in Fig. 4(c). There is a few percent
difference in the SNSPD system detection efficiency measured using classical and quantum light sources. For
example, at the bias current of 9.8 yA, the efficiency measured with classical light is (39 £ 2.5)%, whereas with
quantum light it is (44 £ 2.5)%. The difference in these estimates is nearly within the uncertainty bounds, while
the difference in photon statistics of classical and quantum light sources may also play a role. The uncertainty of
the efficiency is calculated using the error propagation formula, where the uncertainty of the reference detector
contributes the most, 1yer = (10 + 0.5) %.
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Light absorption in SNSPD

In calculating light absorption in the SNSPD, we followed Ref. 37 and replaced the ideal reflecting mirror
(Fig. 2 in Ref. ¥) with a silicon substrate. Specifically, we used a transfer matrix method to calculate the optical
response of the optical stack. Input, spacer and output medium were described by refractive indices of 1 (air),
1.44 (silica) and 3.47 (silicon), respectively. The SNSPD was treated as a uniform layer with effective permittivity
fexbTin + (1 — f) €air, where enprin = 4.21 + 93.87 and €air = 1 are the permittivity of NbTiN and air, and
f is the filling factor. For SNSPD thickness of 7+0.5 nm, spacer thickness of A/4+5%, and filling factor of
0.50+0.05, we evaluated the SNSPD absorption to be 44 +3%.

Data availability
The data that support the findings of this study are openly available in NTU research data repository DR-NTU
(data) at https://doi.org/10.21979/N9/VHOWLV.
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