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Abstract: High-performance superconductor nanowire single-photon detectors
(SNSPDs) coupled by 50-um multimode fiber were designed and fabricated for the pur-
pose of space applications. Microlens coupling between multimode fiber and detector
chip was proposed, resulting in coupling efficiency of 86% at the chips with detection
area of 15 x 15 um?. An optical structure for enhancing the photons absorption and su-
perconductor nanowires with low critical current of 3 ©A were fabricated on the chips. A
cryogenic amplifier was adopted to increase the signal-to-noise ratio and time jitter of
output pulse. The SNSPD exhibited system efficiency (1550 nm) of 56% at a dark count
rate of 100 cps, 50% at a dark count rate of 5 cps, and 40% at a dark count rate of 1 cps.
The time jitter was 46 ps at full-width at half-maximum. The multimode fiber coupling
system with high performance will promote its applications in free space.

Index Terms: Photon detector, laser communication, multi-mode fiber, niobium nitride.

1. Introduction

Superconductor Nanowire Single-Photon Detectors (SNSPDs) can be applied in numerous
areas, such as quantum information [1], integrated circuit diagnosis [2], depth imaging [3], and
bio-fluorescence detection [4], because of their high quantum efficiency [5], low dark count rate
[6], and wide spectral responsivity [7]. In practical applications, fiber-coupled systems are typi-
cally used to guide photons to the detection area of an SNSPD because fiber-coupled systems
feature low background photon noise, considerably lower heat load cryogenic systems, and
high stability. Single-mode-fiber-coupled SNSPDs with high efficiency [8]-[10] have been devel-
oped and applied in quantum key distribution systems [11].

However, the single-mode fiber coupled SNSPD restricted the viable applications [12], [13]. In
the application of fluorescence detection [14], it is difficult to collect the light into a single mode
fiber that has a spot (~9 um) and low divergence angle in practical applications. Other applica-
tions in free space, such as laser radars [15] and satellite-based quantum communication [16],
suffered the same problem of photon coupling. Developing a multi-mode fiber coupled SNSPD
system would enhance the usability in these applications [17].
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Fig. 1. Schematics of SNSPD chip and its package structure.

Many attempts [18]-[20] tried to increase the detection area for developing multi-mode fiber-
coupled SNSPDs. A large active area benefits optical coupling but produces high kinetic
inductance, which inevitably degrades the repetition rate of SNSPDs. In addition, the fabrication
difficulty increases exponentially as the detection area increases. Therefore the maximum de-
tection area reported thus far is only 40 x 40 pm? [20] for single nanowire, which is smaller than
the core diameter (50 um) of standard multi-mode fibers. Thus, no multi-mode fiber coupled
SNSPD with single nanowire has been reported previously. Two multi-mode coupled systems
[21]-[23] were developed with SNSPD array covering a large detection area of 66 um-diameter.

This paper proposes a multi-mode fiber coupled system featuring an improved coupling de-
sign and no apparent increase in the detection area of the SNSPD. Micro-lens were coupled to
a multi-mode fiber to compress the optical beam. A nominal coupling efficiency of 86% and sys-
tem efficiency of 56% can be obtained by the chips with detection area of 15 x 15 um?. Optical
structure was fabricated to enhance the photons absorption at 1550 nm. At the same time, we
reduced the critical current of superconductor nanowire to 3 A to increase the sensitivity by im-
proved micro-fabrication process, and a cryogenic amplifier was introduced to increase the sig-
nal-to-noise ratio and time jitter of output pulse.

2. Design of the Optical Coupling and Package

2.1. Coupling Structure

The optical structure is shown in Fig. 1. The incident beam emitted by the multi-mode fibers
was focused using a lens and illuminated the detection area on the back side of the chips.

We first calculated the spot size of the focused beam by first approximation (geometric op-
tics). According to geometric optics theory, the magnification factor is 0.4 with object distance
(0 =7 mm), image distance (i =2.8 mm), and the confocal length (f =2 mm) of the lens.
Thus, the imaging size (focused beam) was 20 um in diameter estimated for the core (diameter:
approximately 50 pum) of multi-mode fibers.

A low magnification should be employed to reduce the spot size, and the divergence angle of
the optical beam should be considered. Both of the wide divergence angle and long object dis-
tance will result in photon loss in Fig. 1. The numerical aperture of the multi-mode fiber was 0.2
in our system, producing a divergence angle of 11.5°. Thus, the diameter of the divergence
beam emitted by the multi-mode fiber at a distance of 7 mm was approximately 2.8 mm, which
is lower than that of a lens (approximately 3 mm). In addition, the working distance should be
greater than ngjicon x d, where d is the thickness of the silicon wafer, as indicated in Fig. 1. In
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Fig. 2. Nominal coupling efficiency versus slide length of the detection area with the focused beam.

this study, the working distance as the calculated structure was approximately 2.8 mm, which is
greater than ngjicon x d. Therefore, the optical structure met the requirement for SNSPDs.

2.2. Nominal Coupling Efficiency and Quantum Efficiency

Practical images of a focused beam size are complex because they exhibit aberrations. In
this study, we measured the spot size using microscope and a beam profiler. For the para-
xial condition, we assumed the beam conform Gaussian distribution according to the approx-
imation resolution of wave equation. The optical distribution was measured by beam profiler
and was well fitted with Gaussian function. The diameter D was 20 um at the beam waist
measured by beam profiler, that was consistent with our design and the spot image cap-
tured using an infrared camera under a microscope. Beam diameter D was defined to as
40, where most photons (F(D, o) = 86.47%) were focused in the circle. Then, the standard
deviation ¢ =5 yum was inferred based on diameter D =20 ym measured by the beam
profiler.

With the focused beam, the coupling efficiency to a square with slide length L from a Gaussian
beam can be express as follows:

; 1 X2
F(L,o)=4 ———exp (— 7) ax| . (1)
0/\/270 202

The integration in (1) has no analytical solution; therefore, the numerical method was used to
calculate the nominal coupling efficiency of the detection area using (1), as indicated in Fig. 2.

As indicated in Fig. 2, the nominal coupling efficiency increased as the slide length of the de-
tection area increased; however, as mentioned previously, increasing the detection area in-
creases the fabrication difficulty and reduces the repetition rate. Therefore, a detection area of
15 x 15 um? was adopted in this experiment. As indicated in Fig. 2, the nominal coupling effi-
ciency of the 15 x 15 um? detection area reached 86.6% based on the proposed coupling
settings.

2.3. Chip Fabrication

The chips were fabricated using a standard process as reference [19]. Anti-reflection layers of
269 nm were grown on both sides of a silicon wafer through thermal oxidation to reduce the re-
flection loss at the interface. An approximately 4-nm-thick NbN layer was deposited on the SiOx
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surface through reactive sputtering. The critical temperature of the 4 nm NbN film was 7.8 K.
Subsequently e-beam lithography and reactive ion etching were applied to fabricate 50-nm NbN
superconductor nanowires with a gap of 50 nm, which covered the 15 x 15 um? detection area.
Another oxide silicon layer with a thickness of 250 nm was then grown on the detection area by
PECVD at 370 K. The index of oxide silicon grown through thermal oxidation was 1.44, and the
index of the oxide silicon grown by PECVD was 1.55. The thickness and index of oxide silicon
layers were measured by step profiler and spectrometer. Finally, a 120-nm-Au mirror was fabri-
cated on the oxide silicon film through e-beam evaporation.

The detection area was located in an optical cavity, as indicated in Fig. 1. The absorption
spectra of the structure revealed an absorption peak of approximately 85% at 1550 nm by nu-
merical calculation as in [24].

2.4. Measurement Settings

The designed lens and multi-mode fiber were fixed to a copper plate, and the compressed
beam was well aligned with the detection area of the SNSPD chip. To avoid alignment deviation
caused by heat shrink during cooling, coaxial structure was adopted in the package settings.
With the package, focused spot on the detection area illuminated by 1550 nm light from multi-
mode fiber was examined by placing it on low temperature stage (3—300 K) with an optical
window monitored by an infrared microscope, and no apparent deviation was observed with
the focused spot under 1000x IR microscope during cooling from 300 K to 3 K.

To detect single photon, the packaged device was installed in a closed-cycle refrigerator, a
GM cryo-cooler, that has two cold stages. A pigtail fiber was connected to a standard optical
fiber that was linked to the outside of the GM cryocooler to import optical signals in practical
applications. The measurement settings were similar to those used in a previous study [6].
However, a cryogenic SiGe low-noise amplifier was used as a preamplifier to increase the
signal-to-noise ratio. The cryogenic amplifier exhibited a gain of 30 dB (1-5000 MHz), noise figure
<10 K, and power consumption of 6 mW.

3. Detector Efficiency

The detector efficiency is the most critical performance parameter of a single-photon detector.
High efficiency chips were selected according to electrical properties in advance. The resistance
of nanowire at room temperature was measured, and the devices with small resistance were
eliminated for short-connecting over the nanowire. For 71 chips fabricated on a 2 inch wafer,
63 chips among them have resistances with low relative deviation (< 10%) from the mean value.
Then, we also measured the IV curve of the screened chips at 4.2 K and selected the chips
with high critical current and low hysteresis current in the IV curves according to our
experience.

The selected samples featured a critical current of approximately 3 pA (at 2.3 K). With the
chips and measurement settings, we analyzed the detector efficiency. Theoretically, the system
efficiency consists of the coupling efficiency (n¢s the probability that the photons were coupled to
the detection area), absorption efficiency (n,s the probability that the photons were absorbed
when coupled to the detection area) and quantum efficiency (n4r the probability that the absorp-
tion of one photon in a nanowire results in a response pulse), as follows: nss = ncr X Nar X Ngt.

3.1. System Efficiency and Dark Count Rate

The system efficiency (nsr) was adopted to characterize the system performance, which was
defined as the ratio of the counting rate to the photon number from the multi-mode fiber. A pico-
pulsed laser at 1550 nm and several CW laser diodes at other wavelengths were adopted for the
characterization of system efficiency and response spectra. The photon number feed to multi-
mode fiber was fixed at 10° for per second in fiber by variable attenuator monitored by power
meter as in [19].
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Fig. 3. System efficiency and dark count rate versus bias current.

Fig. 3 shows the system efficiency at 1550 nm and the dark count rate versus the normalized
bias current of the proposed SNSPD. The laser pulse repetition rate was set to 10 MHz, and the
incident signal was attenuated to 0.1 photons per pulse. Both system efficiency and the dark
count rate are the function of bias current as presented in Fig. 3.

As indicated in Fig. 3, the bias current (Ib/Ic) increased both the system efficiency and dark
count rate. The system efficiency reached 56% at a dark count rate of 100 cps (Ib/lc = 0.92),
and 50% at dark count rate of 5 cps (Ib/lc = 0.72) as shown in Fig. 3.

As indicated in Fig. 3, the dark count rate was considerably low at various bias currents,
which is much lower than those reported in previous study (~108 cps) [25]. The maximal dark
count rate of the proposed SNSPD was only several thousand cps, and it decreased rapidly to
approximately 1 cps at Ib/lc = 0.65, when the system efficiency was still higher than 40%. The
dark counts were composed of background light and intrinsic dark counts of the detector. Fiber
coupled setting is benefit for avoiding coupling background light. The physics of electrical
noise is with debate [26], [27] for complex electrical-thermal interaction over nano-structured
device. Semi-empirical results indicate that the chips with uniformed nanowires produce less
dark counts [28]. Thus, the low dark count rate was attributed to high quality NbN films of our
group [29], reduced bias current and narrow response spectra which filtered the background
light as 3.2.

3.2. Response Spectra

The system efficiency at various wavelengths is illustrated in Fig. 4 measured at 0.9 Ib/Ic with
the similar method at 1550 nm. In the aforementioned analysis, the system efficiency was deter-
mined according to the coupling efficiency, absorption efficiency, and quantum efficiency.

Generally, the quantum efficiency of an SNSPD exhibits a cutoff [30]. When the wavelength is
shorter than the cutoff, the quantum efficiency keeps stable, and when the wavelength is longer
than the cutoff, the quantum efficiency decreases exponentially as the wavelength increases.
The absorption efficiency oscillated over the wavelength, and was enhanced at d = (2k +
1)n\/4 and weakened at d = k(n\/2), where d is the thickness of the dielectric layer, and k is a
positive integer. The coupling efficiency was optimized at 1550 nm where the beam was well fo-
cused and aligned at the detection area. The coupling loss increased at other wavelengths, and
the coupling efficiency for other wavelength was reduced.

Fig. 4 indicates that the system efficiency increased as the wavelength, and peaked at 1550 nm.
High system efficiency was achieved at 1550 nm because high quantum efficiency was maintained,
and the absorption efficiency was enhanced. Although the quantum efficiency was high for the
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Fig. 4. System efficiency versus wavelength.

photons with wavelength shorter than 1550 nm, the absorption efficiency and the coupling effi-
ciency were was weakened by the cavity structure, thus reducing the system efficiency. At wave-
length higher than the cutoff, both quantum efficiency and coupling efficiency decreased, resulting
in the system efficiency decreased for the photons with a wavelength of 2010 nm, as shown in
Fig. 4.

The high quantum efficiency at 1550 nm is benefit from the reduced critical current. According
to previous results [31], there is a cutoff wavelength, below which the photon response is pro-
duced by hot spot, and the quantum efficiency is at a high plateau, after which the quantum effi-
ciency is decreased by increasing wavelength exponentially. However, high cutoff will increase
the sensitivity at infrared wavelength. According to the hotspot theory, the superconducting
nanowire with low critical current increased the cutoff for the superconducting nanowire easier
to be broken by infrared photon with lower energy. Thus, the reduced critical current increased
the sensitivity of SNSPD at infrared wavelength.

4. Speed and Time Jitter

Fig. 5 presented the output pulse recorded by a 6-GHz real-time oscilloscope. The yellow curve
in Fig. 5 presents the response signal of the SNSPD, and the pink curve presents the synchroni-
zation signal of the laser pulse.

In Fig. 5, the rise times ty and t; correspond to the time of the laser pulse and the output pulse
of the SNSPD, respectively. The delay of the fiber exhibited a time deviation (ti—ty). For the
time resolution of the SNSPD, the time deviation exhibited a Gaussian distribution. Therefore,
the full width at half maximum (FWHM) of the distribution was defined as the time jitter. The sta-
tistical result regarding the fluctuation in time deviation (t—tp) shown in Fig. 5; the average time
was shifted to zero to facilitate observation. The FWHM was 46 ps according to the Gaussian
fitting.

At the falling edge, the output signal decreased exponentially for kinetic inductance [32] and
finally restored to superconducting state. The relaxation time (7) was 9.6 ns deduced by expo-
nentially fitting at the falling edge in Fig. 5. If we chose 27 as the minimum recovery time of
SNSPD, the maximum repetition rate can be estimated to be approximately 50 MHz.

Superconductor kinetic inductance might cause the speed to degrade when the detection
area is increased. The limited detection area produced a high speed, as indicated in Fig. 5.

The time jitter of the proposed SNSPD, which featured a low critical current, was not reduced
to improve the signal-to noise ratio by using the cryogenic amplifier. Generally, the time jitter of
a device with high critical current is lower than that of a device with a low critical current be-
cause the output pulse of a high critical device exhibits a superior signal-to-noise ratio [33], [34].
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Although the critical current was low, the output pulse enabled the signal-to-noise ratio to be
similar to those of a previously reported high critical current SNSPD [35], as shown in Fig. 5.

5. Conclusion

In summary, we designed and fabricated a multi-mode fiber coupled SNSPD system that exhib-
ited a system efficiency (1550 nm) of 56% at a dark count rate of 100 cps, 50% at a dark count
rate of 5 cps, and 40% at a dark count rate of 1 cps. The time jitter was 46 ps. In addition, the
proposed system is sensitive, stable and reliable as traditional SNSPD, and no additional circuit
settings are required. Therefore, this system, which features improved multi-mode fiber coupling
and high performance, can substantially advance the application of SNSPDs in free space.
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