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Abstract

Fiber components form the standard not only in modern telecommunication but also
for future quantum information technology. For high-performance single-photon
detection, superconducting nanowire single-photon detectors (SPDs) are typically
fabricated on a silicon chip and fiber-coupled for easy handling and usage. The fiber-
to-chip interface hinders the SPD from being an all-fiber device for full utilization of
its excellent performance. Here, we report a scheme of SPD that is directly fabricated
on the fiber tip. A bury-and-planar fabrication technique is developed to improve the
roughness of the substrate for all-fiber detectors’' performance for single-photon detec-
tion with amorphous molybdenum silicide (MoSi) nanowires. The low material selec-
tivity and universal planar process enable fabrication and packaging on a large scale.
Such a detector responds to a broad wavelength range from 405 nm to 1550 nm at a
dark count rate of 100 cps. The relaxation time of the response pulse is ~ 15 ns, which
is comparable to that of on-chip SPDs. Therefore, this device is free from fiber-to-chip
coupling and easy packaging for all-fiber guantum information systems.

Keywords: Fiber, Single-photon detection, Bury-and-planar, Coupling-free

Introduction

Similar to the conduction cable in the electrical system, the optical fiber links the com-
ponents in the optical system, whether in the classical or quantum regime [1-5]. Tra-
ditionally, optical fibers are used to transmit photons, such as flying qubits, to transmit
quantum information over long distances [6] between discrete devices with ultralow
loss. Recent advances indicate that optical fibers can also be used as a substrate material
to be directly integrated with a variety of advanced micro/nano optical devices, taking
full advantage of plug-and-play operations and coupling-free features, which is known
as lab-on-fiber technology [7—10]. The lab-on-fiber framework hosts ultracompact labs,
which can disruptively enlarge the conventional fiber-optics functionalities. By sophisti-
cated fabrication on fiber tips, devices including optical cavities [11, 12], metalenses [13]
and nanoelectromechanical systems [14] are realized with all-fiber geometry, enabling
broad applications such as sensing and imaging [9, 13, 15-20]. Efforts have also been
made for fiber-based photon detection [14, 21], while the detector for a single photon
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remains challenging, which governs the qubit rate, fidelity, and error rate of the whole
system for quantum information technology.

With superior performances of a low dark count rate, low timing jitter (~ 3 ps) [22], and
high detection efficiency (~ 99.5% @1350nm) [23], chip-based superconducting nanowire
single-photon detectors (SPDs) provide a powerful tool for quantum information tech-
nology [24]. For a few applications, such as random number generation, local photon
detection can be performed on the same chip as photon state generation and processing
[25, 26]. However, in most applications, such as quantum information processing [27, 28],
quantum key distribution [29, 30], and optical quantum computing [31, 32], the SPD is
more important as a stand-alone unit and must be fiber-coupled for easy plug-and-play
operations. As a result, the fiber-to-chip interface cannot be avoided and will inhibit the
high performance of SPD in terms of efficiency, stability and integration.

Traditional on-chip SPDs are fabricated by a planar process in a vertical [23, 33]
(Fig. 1(a)) or horizontal [34-36] (Fig. 1(b)) coupling architecture. The optical interface
between the optical fiber and SPDs is formed by either free-space optical component
assemblies [36] or an optical waveguide (e.g., grating [34, 37] and taper waveguide [38]).
For the scheme of commercial solutions, free-space coupling is aided by a zirconia sleeve
coupling detector. Simple assembly of key-shape detectors into a zirconia sleeve has
become a widely used solution but suffers from extra heat load and risk of misalignment
and thus extra loss in a cryostat [36]. For an optical waveguide scheme [34, 36, 39, 40]
(see Fig. 1(b)), a nanowire on top of the waveguide absorbs photons through the evanes-
cent field. This scheme accomplishes an absorption efficiency near unity by adjusting the
length of the nanowire, while challenges lie in achieving mode matching with coupling
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Fig. 1 a Schematic of conventional free space coupling. Lower panel: key-shaped substrate with SPD [23,
33]. b Schematic of the conventional grating coupling from the fiber to the on-chip waveguide. Lower panel:
rectangular silicon substrate with SPD [34, 35]. ¢ Schematic of the single-mode fiber-based direct coupling.
Lower panel: fiber-based SPD
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elements on the optical interfaces, and extra attenuation may be induced by fabrica-
tion errors even if sophisticated design and complex fabrication flow have been applied.
Therefore, it is a straightforward solution that SPD is directly integrated into optical
fibers to take advantage of the convenience brought by optical fibers as an optical-field
standard, such as plug-and-play operation, neglectable attenuation, massive scalability,
etc. However, the small size and flexibility of optical fibers make direct planar technol-
ogy a challenge in all-fiber devices.

Here, we demonstrate a fiber-based superconducting nanowire single-photon detec-
tor (FSPD) (see Fig. 1(c)) by a bury-and-planar process. Such geometry completely
avoids the fiber-to-chip interface, and the advantages are twofold. First, the direct opti-
cal coupling on the fiber increases the photon utilization fully, considering the negligible
propagation loss in a single mode fiber (SMF). Higher integration of the whole system
brings upgrades in terms of stabilization and reliability. Second, our structure features
an ultralow thermal load due to the extremely low thermal conductivity of the fiber. The
sample holder can be smaller than traditional chip-based SNSPDs, which produce less
heat leakage of the components connecting room temperature components and the
cold head of cryocoolers and is beneficial for cryogenic cooling to the millikelvin level.
Benefiting from the broadband spectrum transmission capability of optical fibers, FSPD
can be utilized for single-photon detection over a broad spectral range from 405nm to
1550 nm.

Method
Figure 2(a) is a schematic diagram of our FSPD comprising an on-chip fiber, an SPD, and
an external fiber. The SPD is precisely patterned on the fiber core with a misalignment
of less than 100 nm. Thus, the additional loss introduced by fabrication error is negligi-
ble and much less than it is on-chip or on-waveguides [33, 34, 41, 42]. Here, the system
detection efficiency (SDE) of our FSPD architecture includes absorptance A, coupling
efficiency 7, from fiber to SPD, and quantum efficiency #,. For the SPD field, coupling
efficiency is usually defined as the efficiency with which incident photons are coupled
to the active region of the detector. We are designing the active area (15pm x 15pm),
which is larger than the area of the fiber core. Since the active region completely covers
the fiber core, 5, can be regarded as nearly 100%. The quantum efficiency depends on the
quality of the nanowire and represents the probability of response when the nanowire
absorbs incident photons. According to our previous work [43, 44], a saturation quan-
tum efficiency (17,~100% at 1550nm) was achieved. As a result, the system detection
efficiency of SPD is dominated by nanowire absorptance A, which can be improved by
optimizing the width of nanowire, filling factor, optical cavity and the incident angle of
photons for a certain wavelength in the future applications. In this proof-of-concept
demonstration, a high A of 41.1% is achieved for our design in the simulation. Finally,
the maximum SDE can be estimated as A-7.7,~41.1%. Note that this value can be
improved to as high as 95.9% by further structure optimization, as discussed later in this
paper.

Optical fiber can be easily tailored, spliced and stretched in its longitudinal direction;
however, the operation on its cross section is technically difficult to achieve due to the
submillimeter size. To be compatible with conventional wafer processing technology, we
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Fig. 2 a Schematic of the designed all-fiber device, which consists of an external fiber, an on-chip fiber with
a holder, and an SNSPD. b Mechanical polishing for very-large-scale on-chip fibers. Inset: An on-chip fiber. In
the experiment, we use nine on-chip fibers on the quartz holder. ¢ Schematic of the fabrication process of
the all-fiber device. i, Cleaning up the on-chip fiber. i, Magnetron sputtering of the film. lii, Spin-coating the
photoresist and lithography. iv, Lift-off Au maker. v, Spin-coating and using EBL. vi, Developer. vii, Reactive ion
etching for pattern transfer. Vii, Removal of excess PMMA

developed a new bury-and-planar technology for FSPD fabrication. A section of SMF
is first mounted in standard glass silica with a diameter of 1.8 mm and then buried and
fixed in a silica wafer using epoxy glue. Figure 2(b) shows a schematic of this on-chip
fiber geometry with hundreds of fibers, which is suitable for very large-scale fabrication.
Smooth substrate surfaces avoid nanowire deformation or splitting and thus perfor-
mance degradation. We developed the mechanical polishing technique on the fiber tip
by burying the single-mode fiber into the homogeneous substrate. By using a sequence
of coarse polishing and fine polishing and precisely controlling the polishing speed,
we successfully reduce the surface roughness down to 0.5nm, which is one of the key
requirements for high-quality superconducting nanowire growth. Note that the silica
ferrule and silica substrate are utilized for the convenience of easy handling and process-
ing, which can be removed later. A meander FSPD is fabricated on an SMF tip, as shown
in Fig. 2(c).

A meander FSPD is fabricated on a single-mode fiber tip, as shown in Fig. 2(c). i
to Fig. 2(c). vii. Usually, the tip of an on-chip fiber is too dirty to sputter films after
direct mechanical polishing. Thus, on-chip fibers should be cleaned in acetone and
anhydrous ethanol in ultrasonic environments. A MoSi layer (typically 8 nm thick)
is uniformly grown via dc sputtering on the on-chip fiber. MoSi nanowires are easily
oxidized in air. As a protective layer for MoSi, the Nb:N¢ film is deposited on top of
the MoSi film via dc magnetron sputtering in situ. The total sheet resistance of the
two layers is 214 Q per square, and the critical temperature is 5.20 K. The contact pads
are defined by lithography and lift-off. The ultraviolet photoresist is spin-coated to a
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thickness of approximately 1 um for exposure of 7s at 12 uW/cm? and the exposed
photoresist is developed for 18s in Z]JX-100. After exposure, the sample is prebaked
at a heating stage temperature of 90°C for 2 mins. Ti (10 nm) and Au (80 nm) films are
sputtered, and lift-off is performed with ultrasound in absolute acetone and ethanol,
respectively. Then, electron-resistant PMMA is spun onto the sample and prebaked
with PMMA at 180°C for 4 mins. PMMA is most commonly used as a high-resolu-
tion positive resist for electron beam lithography (EBL). Approximately 200 nm-thick
PMMA is exposed in a 100kV EBL tool to fabricate nanowires. The nanowire field
is designed to be 15 x 15 um? to accomplish near-unity coupled efficiency. The sam-
ple is developed in MIBK for 90s and in isopropyl alcohol for 60s. The polymethyl
methacrylate nanopattern is transferred into MoSi via RIE. The RIE recipe is 765
CF, at 50 W. The sample is soaked in N-methyl pyrrolidone in an 80°C water bath for
30 minutes.

In the EBL process, the insulation substrate results in dramatic backscattering after
the incidence of high-energy electrons. Redundant backscattered electrons may lead to
overexposure of the electron beam resist. Therefore, we use conductive adhesives and
thinner substrates to direct backscattered electrons to the ground to ensure fabrication
success. The introduced Nb:N¢ film in situ not only protected the superconductor films
but also guaranteed the resolution ratio of EBL. In e-beam lithography, the resolution
is always degenerated due to charge aggregation in this nonconductive substrate. Our
Nb:Nj film acts as a conductive layer at room temperature, which reduces backscattered
electrons, guarantees the resolution of EBL, and avoids a short circuit in superconductor
nanowires as a traditional conductive layer.

The lattice mismatch coefficient between the superconducting film and substrate
determines the quality of the SPD, which can be calculated as

lae — as|

A=— (1)
where a, and a, are the lattice constants of the superconducting films and substrates,
respectively. However, the fiber material is amorphous without lattice constants, which
differs greatly from the widely used polycrystalline superconducting film. Thus, amor-
phous materials with transition metals, such as molybdenum silicide (MoSi), have
become preferred choices for our FSPD realization [45-47]. According to Bardeen—
Cooper—Schrieffer theory, the energy gap (2A,) of MoSi can be calculated as [48].

2A¢ = 3.53kg T, = 2.28meV, )

where kg and T, are the Boltzmann constant and critical temperature, respectively. This
value is lower than that of niobium nitride (NbN) (2A,=4.90meV), which means that
the MoSi-based FSPD can produce more quasiparticles under the same incident light
conditions and thus features a higher detection efficiency, according to the hot-spot
model [49]. Moreover, in our experiment, it is found that Mo,Si;, (0<x<1) maintains
similar superconducting properties in terms of critical temperature on fiber and silicon
substrates, which may also result from its disordered structure. This makes the Mo, Si;
film easier to apply in other platforms. We used a Mo, ¢Si, , alloy target to sputter the
superconducting film in an argon (Ar) atmosphere with a fixed deposition speed of
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0.9nm/s. The thickness of the Mo ¢Si,, film is designed to be 8nm as a result of the
trade-off between absorption and quantum efficiency.

Results and discussion
To prevent the ultrathin Mo, ¢Si, film from oxidation and alkalinity in the subsequent
process, a 7nm-thick Nb:N, film as a protective layer is subsequently grown on the
Moy 5Siy, film in situ, which is an insulator [50] and thus will not affect the supercon-
ducting properties of the Mo, ¢Si , film at low temperature. Figure 3(a) reveals that the
Moy §Siy, film has no large crystalline domain. We measured the critical temperature
(T,) of the films at which a normal state transforms into a superconducting state in a
liquid helium dewar. The T, of 8 nm-thick Mo, ¢Si, , on the fiber is 5.20 K, which is close
to that of Mo, ¢Sij, grown on a thermally oxidized silicon wafer [44]. It is worth not-
ing that our scheme involves EBL only once. It greatly simplifies the process complexity
and avoids overlay errors compared to chip-based SPD architectures, which require two
times. For general free-space SPD architectures [51, 52], deep silicon etching is required
for shaping the substrate into a keyhole shape for easy mounting in the ceramic sleeve.
Our FSPD is free from fiber-to-chip coupling and easy packaging for all-fiber quantum
information systems.

We designed nanowires with a 100nm width and 200nm pitch. After reactive
ion etching, the average width of the nanowires measured by scanning electron

Current (uA)

-15 -0.5 0.5 1.5

m Voltage (V)

Fig. 3 a TEM of the MoSi film and NbsN, film on the fiber tip. b Optical microscope image of the core on the
fiber. ¢ Photograph of an FSPD. Inset: optical microscope image of FSPD. Scale bar: 250 um. d IV trace curve of
the FSPD
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microscopy was 78.4nm. Figure 3(b) is a microscope photograph of the SMF tip with
nanowires. With the assistance of the alignment markers, the position of nanowires
can be precisely controlled to completely cover the fiber core area, resulting in the
highest coupling efficiency from fiber to nanowires. Then, golden pads are connected

with readout circuits via aluminum wirebonds, as shown in Fig. 3(c).

We evaluate the FSPD in terms of switching current, electric output pulse, dark
count rate, and photon count rate using the experimental setup shown in Fig. 4(a).
The experiment was performed with FSPD at a temperature of 45 mK in a dilution

refrigerator (Oxford Triton). As shown in Fig. 4(a), a constant voltage source is used

to deliver a bias current to the nanowires.

Fig. 4 a Experimental setup. For the optical system, the light is divided into two channels. The light in one
arm is measured by the power meter (Thorlabs-PM100D), and the light in another arm is attenuated (EXFO
FVA-3150) and illuminates the SPD through the fiber. The FSPD only includes fibers and nanowires. The blue
lines represent fibers. For the readout circuit, the device is current biased with a voltage source (Keithley
2400 SourceMeter), while the RF port of the bias tee (ZFBT-6GW-FT+, Mini Circuit Inc.) is connected with
a low-noise amplifier (MITEQAM-1309). The oscilloscope (KEYSIGHT infiniiVision DSOX6004A) shows the
amplified voltage signal. This port is also chosen to connect with the counter (SR400 Gated Photon Counter)
for SPD measurement. b Photograph of an FSPD transporting red-light source. ¢ Oscilloscope persistence
map of the electric output pulse at 0.9 /. d Histograms of the time-correlated photon counts measured at
405 nm. e Normalized photon count rate versus bias current ranging from 405 nm to 1550 nm. f Dark count
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According to the current tuning curve plotted in Fig. 3(d), after the bias current
exceeds the switching current (/) of the nanowires, the nanowires enter a normal
state. As the bias current decreases, the current of the nanowires is equal to the hys-
teresis current (I), and the nanowires return to the superconducting state. The I,
and I, of FSPD are measured to be 13.2 uA and 1.8 A, respectively.

Finally, an external fiber is aligned and attached to the FSPD for further characteriza-
tion, as shown in the photograph in Fig. 4(b). A pulsed laser at 1550nm wavelength is
attenuated to the single photon level and sent to FSPD. As captured by the oscilloscope
and shown in Fig. 4(c), FSPD generates response pulses after the nanowires absorb the
incident photons, which reflects the current in the nanowires over time. One of the key
performances of SPD is the relaxation time (1), which is the time it takes for SPD to
recover from the normal state to the superconducting state and has a large influence on
the counting rate as well as the signal-to-noise ratio in quantum optics applications. The
relaxation time of SPD is mainly determined by the kinetic inductance, which prevents
nanowires from returning to the superconducting state from the normal state. Even with
a large area of nanowires (15 x 15um?) and thus high kinetic inductance, our FSPD fea-
tures a relatively short relaxation time of 15ns, as shown in Fig. 4(c), compared with the
free-space-coupled SPD with the same area of a single MoSi nanowire [47, 53, 54]. While
the length of the FSPD is larger than the typical nanowire length used in the optical wave-
guide scheme, we can meet the requirement for high coupling efficiency and lower recov-
ery time by designing multipixel detectors on the same tip of the fiber. Thus, FSPD with a
high-speed response has the potential to take full advantage of the ultrahigh bandwidth.

Time jitter describes the fluctuation of the time arrival moment of the detector
pulse obtained using instrumental measurements when the arrival moment of the
incident photon is determined. Here, the timing jitter of FSPD is measured to be
114 ps with a 405 nm pulsed laser (pulse width =51 ps) by a high-speed oscilloscope,
as shown in Fig. 4(d). Nanowires with narrower (e.g., 60 nm) widths and cryogenic
amplifiers reduce the time jitter of the detector.

Although the FSPD is placed in a dilution refrigerator with low blackbody radiation,
its pigtail is at room temperature. As a result, photons from blackbody radiation can
travel through the fiber and finally arrive at nanowires. To evaluate the photon count
rates of the detector at different wavelengths, we first shielded the stray light at room
temperature and measured the dark count rate (DCR). The DCRs for increasing bias
current are <100 cps at 0.9 I, as shown in Fig. 4(f). Then, to test the broadband
responsivity of FSPD, we measured the photon count rates (PCRs) with four pulsed
lasers at 405nm, 650 nm, 800 nm and 1550 nm, as shown in Fig. 4(e). As expected, the
ESPD responds to all four wavelengths. We normalized the photon counter rate (PCR)
to the corresponding highest PCR at different wavelengths, and the quantum effi-
ciency can be derived by fitting the curves. In particular, at a wavelength of 405 nm,
the PCR data as a function of normalized bias current are fitted by a sigmoidal curve,
and the saturation plateau indicates a quantum efficiency as high as 100%. The quan-
tum efficiency for other bands can be optimized with narrower nanowires and lower
gap-energy materials in the future [43, 55]. As a proof-of-concept demonstration, our
work focuses on the design of an all-fiber SNSPD and its broadband responsivity by
characterizing the quantum efficiency over a wide spectrum.
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In this proof-of-concept demonstration, the method of inserting an optical fiber into sub-
strates is designed to meet the standard of planar processes. In contrast to self-assembly
[7] and spin-coating [56], higher yields and process reproducibility are possible with such
a bury-and-planar method. To further simplify the architecture and improve compatibility,
the fiber with SPD on the tip can be released from the holder and spliced with the com-
mercial fiber system. Moreover, nanowire absorptance is now the main limitation on the
efficiency of our device according to the aforementioned analysis. Here, we simulate the
nanowire absorptance with different incident angles (6) of the photon from the fiber as the
schematic and results shown in Fig. 5(a) and (b), respectively. The numerical computations
are performed by COMSOL Multiphysics. We designed meander MoSi nanowires with
80-nm width and 200-nm pitch. The absorptance with Nb;N; is close to the absorptance
without Nb:N in the simulation (Supplementary Information). We only consider the later
layer in the simulation. The refractive index of MoSi is 5.4198+-4.587i at a wavelength of
1550nm. Floquet periodicity is used in the Comsol 2D model, and we are only concerned
with the cell setup as [57]. When total reflection occurs, refracted light will propagate along
the interface, resulting in a greater probability of interaction between nanowires and pho-
tons, which is beneficial for photon absorption of nanowires. We optimized the angle of the
fiber to achieve total reflection on the fiber tip for greater absorbance of MoSi. Even with-
out a cavity, a near-unity absorption efficiency at 1550 nm can still be obtained (see inset of
Fig. 5(b)) when the photon is incident at an angle of total reflection as

6 = arcsinQ = 43.610, (3)
ni

where 7, =1.4499 and n,=1.0000 are the refractive index of the core and the air at
1550 nm, respectively. Meander nanowires are sensitive to light polarization. The high-
est absorption efficiency is obtained when the beam polarization is aligned to the length
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Fig. 5 a Schematic of FSPD with incident photons at angle 6. b At 1550 nm wavelength, absorptance as a
function of the incident angle 6 from 0° to 89°. Inset: magnified view with incident angles ranging from 43° to
44°, ¢ Simulated absorptance of nanowires as a function of the incident photon wavelength with 6 at 0°, 10°,
20°,30°,40°, and 43.48°
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direction of the nanowires, which can be tuned by the stress-induced birefringence effect
in SMF. Thus, we expect that a maximum SDE=A-7.#,~95.9% can be achieved with
precise control of the fiber cutting angle and proper design of nanowires at 1550 nm,
as shown in the inset of Fig. 5(b). More importantly, such a geometry is able to take full
advantage of the broadband responsivity of our all-fiber device. As shown in Fig. 5(c),
compared with the case of vertical polishing (§=0°), the absorptance of nanowires
increases with the cutting angle & and more than doubles over a wide spectrum from
400 nm to 2000 nm with 6=43.48°. Higher absorptance at a specific wavelength can also
be optimized by nesting the nanowire in an optical cavity [58, 59].

Conclusions

In conclusion, we demonstrate a fiber-based superconducting nanowire single-photon
detector, which may become an important picture puzzle for future quantum fiber net-
works. Superconducting nanowires are successfully fabricated on the tip of an SMF
through a bury-and-planar process. High-precision micro/nano fabrication ensures
perfect alignment between the nanowire and the fiber core; as a result, such architec-
ture enables plug-and-play operation with all fiber optic systems. Our FSPD shows near-
unity quantum efficiency at 405nm and responds to a wide range of wavelengths from
the visible to telecom band. This FSPD features a short relaxation time of 15ns for high-
speed communications technology, which can be further reduced by designing shorter
nanowires or using a cryogenic temperature amplifier.

Very large-scale quantum photonic circuits are plagued by connection loss and trans-
mission loss. For large-scale quantum photonic circuits requiring light from an external
laser, all-fiber devices are a favorable competitor due to their low expense and ease of
stable fabrication. In addition, for the need for high-bandwidth information transmis-
sion in quantum computing, a high-bandwidth SMF integrated with functional blocks
provides a fresh choice [60]. Furthermore, we envisage quantum photonic circuits based
on all-fiber devices for a unique mechanism as “quantum photonic circuits on fiber”.

Abbreviations

AFM Atomic force microscopy

DCR Dark count rate

EBL Electron beam lithography

FSPD Fiber-based superconducting nanowire single-photon detector
PCR Photon count rate

PSD Phase sensitive demodulator

RF Radio frequency

SDE System detection efficiency

SMF Single mode fiber

SPD Superconducting nanowire single-photon detector
TEM Transmission electron microscope
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