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High-efficiency superconducting nanowire single-photon detectors (SNSPDs), which have numerous applications
in quantum information systems, function by using the optical cavity and the ultrasensitive photon response of
their ultra-thin superconducting nanowires. However, the wideband response of superconducting nanowires is
limited due to the resonance of the traditional optical cavity. Here, we report on a supercontinuum SNSPD that
can efficiently detect single photons over an ultra-broad spectral range from visible to mid-infrared light. Our
detection approach relies on using multiple cavities with well-separated absorbed resonances formed by fabricat-
ing multilayer superconducting nanowires on metallic mirrors with silica acting as spacer layers. Thus, we are able
to extend the absorption spectral bandwidth while maintaining considerable efficiency, as opposed to a conven-
tional single-layer SNSPD. Our calculations show that the proposed supercontinuum SNSPD exhibits an ex-
tended absorption bandwidth with increased nanowire layers. Its absorption efficiency is greater than 70%
over the entire range from 400 to 2500 nm (or 400 to 3000 nm), when using two-layer (or three-layer) nanowires.
As a proof of principle, the SNSPD with bilayer nanowires is fabricated based on the proposed detector archi-
tecture with simplified geometrical parameters. The detector achieves broadband detection efficiency over 60%
from 950 to 1650 nm. This type of detector may replace multiple narrow band detectors in a system and find uses
in the emerging and rapidly advancing field of atomic and molecular broadband spectroscopy. ~ © 2019 Chinese
Laser Press

https://doi.org/10.1364/PRJ.7.001425

1. INTRODUCTION

Single-photon detection with quantum-limit sensitivity is a
key-enabling technology applied extensively in modern physics,
chemistry, biology, and astronomy. Among these, the rapidly
advancing quantum information science represented by quan-
tum teleportation and quantum computation in the past dec-
ades, has largely motivated the development of single-photon
detectors (SPDs). Conventional semiconducting SPDs, such as
avalanche photodiodes and photomultiplier tubes, are widely
used for visible light detection but suffer from humble perfor-
mance in detecting near-infrared photons and beyond. In con-
trast, a superconducting material with an energy gap of several
meV, which is almost 1000 times smaller than the bandgap
energy of conventional semiconductors, would allow detecting
single photons with high efficiency in, but not limited to, the
ultraviolet to mid-infrared range [1].

The first superconducting nanowire SPD (SNSPD) demon-
strated low detection efficiency due to the limited optical
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absorption capability of the nanowire [2]. The introduction
of optical cavities by fabricating mirror structures in
SNSPDs significantly improved their performance [3—7] and
led to high detection efficiency close to unity [8—10]. Along
with the understanding of the detection mechanism and the
improved fabrication and readout techniques, SNSPDs now
exhibit considerable advantages over semiconductor SPDs in
the performance metrics of detection efficiency, dark count
rate, timing jitter, and counting rate, enabling numerous appli-
cations such as in lunar—ground laser communication [11], de-
tection loophole-free local realism testing [12], and quantum
random number generation [13]. Meanwhile, the applications
of SNSPDs were widely extended from ultraviolet to mid-
infrared single-photon detection, such as fluorescence detection
from trapped ions [14], satellite laser ranging [15,16], singlet
oxygen luminescence detection [17], and mid-infrared fluores-
cence in molecular science [18]. These applications and their
associated detectors made full use of the high sensitivity and the
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fast and accurate response characteristics of the superconduct-
ing nanowire. However, this wideband response is restricted
by the resonance of the cavity. Consequently, most SNSPDs
work efficiently only over narrow bands around the rtarget
wavelengths.

Recently, numerous efforts were made toward developing
broadband SNSPDs, whose broadband and high-efficiency fea-
tures would allow them to be used not only in applications such
as photon counting spectrometry, which depend on wideband
photon detection, but also in single- or multiple-wavelength
applications at ultraviolet to mid-infrared wavelengths. One
simple approach to achieve wideband detection is fabricating
nanowires atop metallic mirrors with wideband reflectivity
and single-layer silica serving as the cavity spacer, in order to
expand the absorption spectral bandwidth. Redaelli ez 4/
reported a broadband NbTiN-based device with system detec-
tion efficiencies (SDEs) greater than 65% in the 1100 to
1550 nm spectral range [19]. Similarly, Wang ez al. realized a
detector with SDEs exceeding 50% in the 950 to 1550 nm
spectral range [20]. In addition, multilayer-nanowire structures
with separated nanowires provide another method to broaden
the bandwidth by increasing the effective optical absorption
length without compromising the intrinsic photon response
[21-23]. Following this approach, Salim ez a/. theoretically in-
vestigated the characteristics of multilayer-nanowire SNSPDs
in terms of quantum efficiency and bandwidth. Krapick ez /.
reported an SNSPD with SDE larger than 87% in the spectral
range from 1450 to 1640 nm using WSi bilayer nanowires [24]
based upon dielectric mirrors. These works are interesting and
pave the way for developing SNSPDs with multiple-layer
nanowires.

In this work, we report on a supercontinuum SNSPD that
can efficiently detect single photons over a spectral range from
visible to mid-infrared light. Unlike previously reported broad-
band SNSPDs [19,20] or SNSPDs with multiple-layer nano-
wires [21-24], here the multiple cavities with well-separated
resonances were introduced into the detector by combining
the metallic mirror and well-separated multiple-layer nano-
wires. This results in a considerably extended absorption spec-
tral bandwidth, while maintaining high efficiency of the
SNSPD. Our calculations show a supercontinuum absorption
bandwidth with increased layers and absorption efficiency
greater than 70% from 400 to 2500 nm (or 400 to 3000 nm)
using two-layer (or three-layer) nanowires. Experimentally, the
fabricated detector using bilayer nanowires achieves detection
efficiencies over 60% from 950 to 1650 nm, verifying its fea-
sibility in practice and its validity in principle. This type of de-
tector may replace multiple narrow band detectors in a system
and find uses in the emerging and rapidly advancing field of
atomic and molecular broadband spectroscopy.

2. DEVICE DESIGN AND ANALYSIS

A. Materials and Design

Here, we describe the material selection process and the detec-
tor structure. First, NbN is selected as the superconducting
material because of its relatively high working temperature (ap-
proximately 2.1 K) that can be obtained using a compact
Gifford-McMahon (G-M) cryocooler. Aluminum is employed

as the reflection mirror for its considerable reflectivity over the
wavelength range from visible to mid-infrared light. SiO, is
deployed for the cavity or insulating spacer layer due to its loss-
less material property in the spectral range under observation.
The cross-sectional schematics of the proposed SNSPDs with
two- and three-layer nanowires are shown in Figs. 1(a) and 1(c),
respectively. The layers of the detector structure, from bottom
to top, are Si substrate, metallic mirror, SiO, spacer layer, and
multiple-layer superconducting nanowires defined by the NbN
films and SiO, films between with the same linewidth and fill-
ing factor. The selected thickness and the width of the super-
conducting NbN nanowire are 5 and 80 nm, respectively, with
a filling factor f = 0.5. These dimensions are typical for the
SNSPDs to respond to near-infrared photons and beyond. The
thicknesses of the substrate and the metal mirror are 400 pm
and 100 nm, respectively, and those of the SiO, layers, from
bottom to top, are referred to as 4y, b, and 5.

The multilayer-nanowire structure has two critical advan-
tages. First, it allows successive and alternative film growth
and one final step etching in the fabrication process to ensure
the quality of the superconducting films and the fabricated
nanowires. Moreover, with the equivalent medium theory in
mind [25], the grating-like structure in each layer can be seen
as a medium with an equivalent effective material index.
Therefore, these multilayer nanowires and the reflecting mirror
constitute multiple cavities with varying effective spacer thick-
nesses, leading to multiple well-separated absorption resonan-
ces. SNSPDs with an extended spectral bandwidth can be
obtained by tuning the locations of the resonant wavelengths
by adjusting the spacer thickness of each layer nanowire (4, 4,
and 43).

In addition to the multilayer nanowires, it is worth noting
the importance of the metal-mirror adoption in our detector. As
with metallic mirrors, dielectric mirrors were also widely used
in high-efficiency SNSPDs [9,24] due to their lossless material
property. However, their applications in ultra-broadband
SNSPDs are challenging because of their limited reflection
bandwidth. Although the reflection bandwidth can easily be
extended using serially connected or thickness modulated
dielectric mirrors, controlling the reflection phase shift (i.e.,
the phase dispersion) on the mirror surface remains challeng-
ing, which could lead to multiple well-separated absorption
bands [26] rather than a supercontinuum absorption spectral
bandwidth. In contrast, metallic mirrors exhibit a naturally
wide reflection range with ignorable phase dispersion on the
mirror surface. Therefore, combining a metallic mirror, instead
of a dielectric mirror, with multiple nanowires in supercontin-
uum detectors is preferable.

B. Analytical Methods and Results

In order to confirm quantitatively the optical properties of the
developed multilayer SNSPD, electromagnetic simulation was
performed using COMSOL Multiphysics, where the absorp-
tion process was modeled as a plane wave interacting with peri-
odic grating [27]. Based on the literature, the refractive indices
we used include 3.46 for Si, 1.45 for SiO,, 0.51-10.72i for Al,
and 5.23-5.82i for NbN. Moreover, the material dispersion in
the wavelength range under observation was neglected for
simplicity. An SNSPD with bilayer nanowires is presented
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Fig. 1. Cross-sectional schematics of multilayer SNSPDs with (a) two- and (c) three-layer superconducting nanowires. The detector structure
includes the following: (bottom to top) Si substrate, Al, SiO, layer, and multiple-layer superconducting nanowires. The total absorption (red line)
and separated absorption of each layer nanowire of multilayer SNSPDs with (b) two- and (d) three-layer nanowires.

schematically in Fig. 1(a), where the SiO, thicknesses are
by = 170 nm and /, = 70 nm. Figure 1(b) shows its total ab-
sorption (red line) and the absorption of each layer nanowire
(blue and green lines). The absorption of the SNSPD using
only one nanowire layer with #; = 170 nm is also indicated
with the black line. In comparison, the bilayer SNSPD has
an absorption greater than 70% over the spectral range from
400 to 2500 nm, which is much larger than that of the conven-
tional single-layer SNSPD (from 700 to 1600 nm given by the
black line). For each layer nanowire of the bilayer SNSPD and
the single-layer SNSPD, we observe the resonant maximum
and minimum absorption values as functions of the wave-
length, which accounts for the limited spectral band of the sin-
gle-layer nanowire SNSPD. Besides, there is a shift in the
absorption curves due to the different effective spacer layer
thicknesses, particularly along the peaks at 1.0 and 1.7 pm
for the first- and second-layer nanowire, respectively. The com-
bination of these curves with shifted resonances results in the
extended spectral range given by the red line in Fig. 1(b).
Further expansion of the absorption spectrum is expected by
employing more layer nanowires. In Fig. 1(c), we show an
SNSPD with three-layer nanowires and SiO, thicknesses
by =170 nm, b, =70 nm, and A3 = 110 nm. Figure 1(d)
shows the calculated absorption of each nanowire layer. The
total absorption is greater than 70% from 400 to 3000 nm
as indicated with the red line. For each nanowire layer, there

is a shift in the absorption curves with increasing effective
spacer thickness. Finally, the total absorption curve shows
broadband spectral absorption while maintaining considerable
efficiency in the entire wavelength range from visible to
mid-infrared light.

3. EXPERIMENTS AND RESULTS

Based on the detector architecture proposed above, we fabricate
the SNSPD with bilayer nanowires. Note that the cavity spacer
layer parameters are set to #; = 190 nm and /4, = 3 nm. The
thin SiO, layer (4,) used here simplifies the fabrication process
and the detector readout, while retaining the same underlying
physics to broaden the spectral range. In the photon response
process, the joule heating generated and the associated phonons
upon the photon absorption of one nanowire are transmitted
through the thin spacer and trigger the other nanowire [23].
This trigger regime thus enables only a one-channel readout
circuit without the after-pulsing issues caused by the electrical
instabilities of the conventional avalanched SNSPDs [28,29].
On the other hand, despite the thin spacer layer, the spectrum
is expanded due to the slightly separated resonances originating
from the two-layer nanowires.

The detector is fabricated on a silicon wafer, where the 100-
nm-thick aluminum layer is first deposited on the Si substrate
as a reflective mirror, followed by deposition of a 190-nm—thick
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SiO, layer on the Al mirror. The 6.5-nm—thick NbN layer is
deposited on the SiO, at room temperature using reactive DC
magnetron sputtering in a mixture of Ar and N, gases (total
pressure: 0.273 Pa). Then, the thin 3-nm SiO, is deposited
on the NbN film through chemical vapor deposition. The
top 6.5-nm-thick layer of NbN is deposited with the same pro-
cess as the bottom NbN film. The bilayer nanowires covering
an active area with a diameter of 15 pm are obtained through
electron beam lithography and reactive ions in the CF; plasma
on the multilayer films. A bridge is finally etched by the reactive
ions to form the coplane waveguide for the readout of electrical
signals. The final device has a critical temperature of 7.8 K
and a switch current of 15.2 pA. Figure 2 presents a scanning
electron microscope (SEM) image of the fabricated nanowire
with an inset showing the magnified nanowire with the width
and pitch of 80 and 160 nm, respectively.

In our measurement, the device is illuminated from the
front side using an HI 1060 FLEX single-mode fiber with a
core diameter of 6.0 & 0.5 pm, which is installed in a G-M
cryocooler with a working temperature of approximately
2.1 K. The voltage pulse generated by the SNSPD is amplified
using a room temperature 50-dB low-noise amplifier (LNA-
650, RF Bay Inc.) with a bandwidth of 30 kHz-600 MHz
and then input to a pulse counter. In order to measure the de-
tection efficiency, a supercontinuum laser source (NKT: EXB-
3) and an acousto-optic tunable filter (NKT: SuperK SELECT)
are used to generate a laser beam in the wavelength range of 550
to 1650 nm. The power of the light is attenuated by two at-
tenuators to obtain a number of incident photons of ~10°¢ cps.
In addition, a squeeze-type polarization controller (Thorlabs:
PLC-900) is used to adjust the light polarization. Here two
power meters are used, a power meter (Thorlabs: PM100D)
with a photodiode (S150C) to examine the wavelength of
350 to 1100 nm and another power meter (Keysight:
81634B) to calibrate the wavelength of 800 to 1700 nm.
The uncertainties of the power meter are 3% and 2.5%, respec-
tively. The laser power fluctuation input to the detector system
is approximately 1%, obtained by the power meters. Thus, the
measurement errors caused by the calibration of the laser power
are 3.2% and 2.7%, respectively [8]. The SDE of the detector is
defined as SDE = (PCR - DCR)/PR, where PCR is the

Fig. 2. SEM image of the active area of a bilayer nanowire detector.
The inset shows the magnified image of the nanowire. The device
diameter, the nanowire width, and the nanowire pitch are 15 pm,
80 nm, and 160 nm, respectively.
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output pulse count rate of the SNSPD measured using a pulse
counter, DCR is the dark count rate, and PR is the photon rate
input to the system. At each bias current, an automated shutter
in a variable attenuator blocks the laser light, and the dark
counts are collected for 10 s. The light is then unblocked,
and the pulse counts are measured by collecting photon counts
for another 10 s.

Figure 3(a) shows the measured SDEs and DCR as func-
tions of the bias current with wavelengths varying from
1150 to 1650 nm. For these wavelengths, the detector achieves
maximum SDEs over 60% and a maximum SDE value of
72.5% at 1250 nm. Note the saturated SDEs and earlier regis-
tration at shorter wavelengths, indicating a higher pulse gener-
ation probability for large energy photons. The dark hollow
square line in Fig. 3(a) shows the variation of DCR with
the bias current primarily caused by the black-body radiation
of the fiber itself. Figure 3(b) presents the measured SDEs at
the bias current of 14.5 pA for wavelengths ranging from 500
to 1700 nm (blue scatters). The detector achieves broadband
detection efficiencies with maximum values greater than 60%
from 950 to 1650 nm. Although the difference between the
experimental result in this study and one of the previous studies
[19] is small, we observe a flatter and wider SDE curve over the
near-infrared range because of the separated resonances of two
cavities, the trend of which coincides well with the theoretical
calculation as indicated with the red line.

The timing jitter of the device was measured using a time-
correlated single-photon counting module at the wavelength of
1550 nm [30]. Figure 4(a) shows the histogram of the time
difference between the laser-synchronizing signal and the de-
vice pulse. Here, we define the full width at half-maximum
of the histogram as the system timing jitter. Our detector shows
a value of 95.0 ps at the bias current 7, = 14.5 pA. At the
same bias current, the recovery time 7 of the device based
on the oscilloscope persistence map in Fig. 4(b) is 29.5 ns,
which is defined as the duration of the pulse at 1/e of the
maximum pulse amplitude.

Finally, to investigate the operational stability of the device,
we calculate the autocorrelation function G(7) of the photon
response, which is the correlation of a signal with a delayed
copy of itself as a function of the time delay. For detection
pulses generated from a continuous-wave laser, G(7) reflects
the characteristics of the detector itself. As shown in Fig. 5,
a flat G(z) with a value of 1.0 is obtained at a bias current
of 14.5 pA, indicating the absence of after-pulses during the
operation of the detector. This means that no electrical ava-
lanche participates in the detection event [29]. In addition,
the fact that G(7) increases rapidly to 1.0 in the temporal range
in the autocorrelation curve reflects the detector’s dead time.
Here, we define the dead time as the time needed for G(r)
to increase to 0.9 (60 ns at 14.5 pA). This value is greater than
the one acquired from Fig. 4(b), which indicates that the value
based on the oscilloscope persistence trace is merely an ideal
condition.

4. DISCUSSION

In principle, the SDE of SNSPD is primarily determined by the
intrinsic photon response probability of the superconducting
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1.2 multilayer optical structure combined with the ultra-broadband

response capability of the superconducting nanowire promises a

1.0 F’-&:‘-—- supercontinuum SNSPD with considerable detection efficiency

o8 I x| I,=145pA] over the entire spectral range from visible to near-infrared
X L photons and beyond.

- [ | 60 ns I Experimentally, we fabricate a bilayer SNSPD, which

achieves broadband detection with efficiencies greater than
60% from 950 to 1650 nm. The difference between the exper-

Autocorrelation Function

04 imental result and the calculation may be attributed to the op-
02k IR i tical loss caused by the imperfect fabrication of the device or the
optical coupling loss between the fiber and the nanowire re-

0.0 J gion. The fabrication and the optical coupling optimization
S IR I I R are thus required to increase the detection efficiency. On the

10 ns 100 ns 1. us 10 us 100 ps other hand, here the experimental result is a proof-of-principle
Tims demonstration toward a supercontinuum SNSPD using a mul-

Fig. 5. Autocorrelation function G(z) at the bias current of tilayer-nanowire structure. Detailed improvement and optimi-
14.5 pA. zations for both the superconducting nanowire and the optical
structure parameters are required in order to expand the band-

width further. Regarding the intrinsic photon response, the fab-

nanowire and the absorption efficiency of the detector, in ad- ricated nanowires have a thickness of 6.5 nm, line-width of
dition to the optical path loss in the detection system. Recent 80 nm, critical temperature of 7.8 K, and switch current of
reports have shown that the intrinsic efficiency becomes close 15.2 pA. These nanowire parameters correspond to a nearly
to unity toward mid-infrared photons by decreasing the geo- saturated response of at most 1650 nm photons, as shown
metrical size of the nanowire [1], or adopting a superconduct- in Fig. 3(a). Thus, decreasing the size of the nanowires

ing material with a lower-energy gap such as WSi [31]. The (thickness and line-width), using optimized or postprocessed
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superconducting materials or other superconducting materials
with a lower-energy gap such as WSi, is necessary. Moreover,
the cavity spacer layer used here results in absorption resonan-
ces of bilayer nanowires that are slightly separated by several
nanometers. In order to expand the bandwidth to the visible
light range, we should decrease the large spacer layer 4; and
increase the small spacer layer 4,, as given in Fig. 1(b).
Compared to the single-layer SNSPD, attention should also be
paid to the photoresist selection and the etching process for
multilayer superconducting nanowire structure regarding the
device fabrication.

Finally, we emphasize the detector development and its po-
tential applications. To date, SNSPD performance has been
largely improved in terms of detection efficiency, timing reso-
lution, and detection speed. Meanwhile, readout techniques are
also well developed for detector arrays that are capable of resolv-
ing the spatial coordinates. The multilayer supercontinuum
SNSPD reported here can be applied to detect wide wavelength
range photons for various spectroscopy applications. We may
envision the combination of these techniques for multidimen-
sional single-photon detection that can detect efficiently and
accurately the photon distribution versus wavelength, time,
and spatial coordinates.

5. CONCLUSIONS

In conclusion, we report on multilayer-nanowire SNSPDs that
can detect ultra-broad photons by leveraging multiple cavities.
Our calculation shows absorption efficiencies greater than
70% over the entire range from 400 to 2500 nm (or 400 to
3000 nm) when using two-layer (or three-layer) nanowires.
We fabricate a bilayer SNSPD that achieves broadband detec-
tion with efficiencies greater than 60% from 950 to 1650 nm.
This SNSPD type may replace multiple narrow band detectors
in a system and be applied in the emerging and rapidly advanc-
ing field of atomic and molecular broadband spectroscopy.
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