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Abstract

We report a high system-detection-efficiency superconducting nanowire single-photon
detector (SNSPD) with a spot-size converter (SSC) on a Si photonics platform. The NbN-
SNSPD is evanescently coupled to the Si waveguide and connected to the optical fibre
through the low-loss SSC comprising a Si inverse taper and large silica-based core. The
tabricated SNSPD chip was assembled on a low-loss fibre-coupled module. The fibre-
coupling loss of the module is remarkably small (1.9 dB/facet). The fabricated SNSPD
module shows system detection efficiency of 32% with the dark count rate of 95 Hz and timing
jitter of 75 ps. The measured system detection efficiency is over ten times larger than that of
previous waveguide-integrated SNSPDs on the Si platform. The noise equivalent power
(NEP) reaches 3.6 X 10 WHz /2, and the figure of merit (FOM) reaches 1.9 X 108
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1. Introduction

Quantum photonic technology is attracting attention for applications in computing and
communications [1-5]. The technology is promising for the development of quantum
computers which have a possibility of solving problems that are hard or even impossible to
solve with a classical approach [1,2], and it has been used in experimental demonstrations of
quantum key distribution secure communications [3-6]. In these systems, the key challenges
are to realize a high-efficiency single-photon source, high-efficiency single-photon detectors,
and low-loss and scalable photonic circuits. To meet these challenges, many researchers have
focused on the mature infrared photonic-integrated-circuit (PIC) technology that is widely
used in practical telecommunications systems. In particular, the silicon (Si) platform has
emerged as the best solution for scalability and cost-effective manufacturing [7-10]. Past work
using the platform includes demonstrations of high-efficiency correlated photon-pair
generation with Si and waveguides [7,8], and the development of low-loss quantum photonic
circuits on silica-on-silicon waveguides [9,10].

One of the difficult challenges with infrared Si PICs is how to construct a low-loss
quantum photonic receiver. The optical loss in the system exponentially decreases the
probability of multiple photon coincidence; therefore, reducing it is essential for scaling up to
large quantum computing circuits. The key figure of merit of the receiver is system detection
efficiency, which includes the on-chip detection efficiency of each single-photon detector and
fibre-coupling efficiency. Although the traditional Si avalanche photodiode (APD) typically
shows good performance in the visible wavelength regime, it cannot detect infrared photons.
Therefore, an alternative device should be introduced on the Si platform, and a promising one
is the superconducting nanowire (nanostrip) single-photon detector (SNSPD, SSPD) [11-
15]. An SNSPD enables high detection efficiency of infrared photons with a low dark count
rate and small jitter. In particular, a waveguide-integrated SNSPD is preferable because it can
be evanescently coupled to a PIC with short length and provide high detection efficiency and
high-speed operation. However, the system detection efficiencies of SNSPDs are still limited
due to a large fibre-coupling loss, which is caused by the large difference in the mode field
diameters between the fibre and nanowire waveguide. Although a grating coupler, used as a
typical fibre-chip interface, can be easily fabricated with the conventional Si photonics process,
the second-order Bragg diffraction and poor fabrication tolerance cause a large fibre coupling
loss. In addition, the 3-dB bandwidth of a grating coupler is small (< ~50 nm) and thus has
strong wavelength dependence [16]. As a result, previously reported system detection
efficiencies, including the fibre coupling loss, are limited to several percent.

To overcome this critical issue, a spot-size converter (SSCs) is required for the fibre-

chip interface [17-20]. The Si inverse taper of an SSC connects a Si nanowire waveguide to



the large core (i.e. silica-on-silicon) with a low loss. The mode field diameter of the large core
almost matches that of the optical fibre. As a result, the fibre coupling loss of the system
becomes small. This also enables butt coupling to the fibre, which results in coupling loss
independent of the wavelength. While SSCs have such advantages, it is difficult to fabricate a
large core without damaging the superconducting material. For example, silica-on-silicon
waveguides [10] whose mode field diameter almost matches that of the fibre have typically
been fabricated by flame hydrolysis deposition at temperatures over 1000 °C. However, such
high temperatures cannot be acceptable for the superconducting materials.

To address these problems, we monolithically integrated a waveguide-integrated
SNSPD and SSC on the Si photonics platform. The key technology is low temperature
fabrication of a large silica-based core without thermal degradation of the superconducting
materials. It can reduce the fibre coupling loss without causing degradation of the detection
efficiency of the SNSPD. In addition, we also developed a fibre-coupled module for cryogenic
operation of the SNSPD chip. With this module, we can avoid difficult fibre alignment in the
cryostat and therefore prevent fibre misalignment. In following sections, we describe in details
of the design, fabrication, and measured characteristics of the waveguide-integrated SNSPD

with the SSC chip, assembled in the fibre-coupled module.

2. Design and fabrication

Figure 1 (a) ~ (c) show the fabrication procedure for the waveguide-integrated niobium
nitride (NbN) SNSPD with the SSC on a Si platform. The SNSPD chip has 1-mm-long silica-
based core, 300-um-long Si taper, and 4.3-mm-long Si nanowire waveguide between the
fibre-chip interface and SNSPD. First, we fabricated the NbN SNSPD on the silicon-on-
insulator wafer, whose Si and buried-oxide thickness were 200 nm and 3 pm, respectively.
The NbN film was deposited by magnetron sputtering [21] and patterned by electron-beam
lithography and dry etching [Fig. 1 (a)]. The width and thickness of the NbN nanowire were
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60 and 7 nm, respectively. The coupling (a)

length between the NbN nanowire and
Fiber block SiO, core in SSC
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Si waveguide was 50 um. The electrode
was formed by using titanium, gold, and
chromium. Next, the Si waveguide was
fabricated by wusing electron-beam
lithography and dry etching [Fig. 1 (b)].
The core of the Si waveguide is 0.4 X 0.2

Z SMA connector
Oxygen-frée copper

um?, and the taper-tip width and taper package
length of the SSC are 80 nm and 300 um,
respectively [19]. After that, the 3-pum?
Si-rich silica-based core (SiOy core) was
formed by using the electron-cyclotron
resonance (ECR) plasma enhanced
chemical-vapor deposition (PE CVD)
method at around 150 °C [Fig. 1 (c)],
followed by the deposition of a 6-um-
thick SiO; overclad film. To match the

mode field diameter of the SiO, core to

Figure 2. (a) Schematic of fibre-coupled

that of the high numerical aperture (NA)
fibre (4.3 um), the refractive indices of module and (b) fabricated module.
the core and clad film were set to 1.505
and 1.46, respectively. Finally, the electrical contact hole was formed by using the dry etching
process. The key feature of the above procedure is the low temperature formation of the SiO;
core [18]. By changing the atomic composition of Si and O of the ECR plasma, it is possible
to precisely control the refractive index of the SiOj film from 1.46 to 1.7 at a temperature of
less than 200 °C. Such a low temperature is beneficial for preventing thermal degradation of
the SNSPD. The atomic composition of the core and clad film were SiO, 7 and SiO,, measured
by the Rutherford backscattering spectrum [19].

After the fabrication, the wafer was diced and the chip facet was polished. Then the
fabricated SNSPD chip was mounted on the fibre-coupled module, shown in Fig. 2(a) [22].
To obtain high thermal conductivity, we made the package out of oxygen-free cooper. In
addition, we mounted the Si chip on the package with varnish. The result is that the chip and
package have almost the same temperature as the cryostat stage. As the optical fibre, we used
high NA fibre with a mode field diameter of 4.3 um. It is attached to the SSCs at the facet of

the Si chip with resin adhesive, which is suitable for ultralow temperatures (NTT Advanced



Tech. Co., custom made). This prevents misalignment at the fibre/chip interface under
cryogenic conditions, which is beneficial for the system cost effectiveness because an
expensive fibre positioner in the cryostat is not required [11]. The electrical signals can be
obtained from SMA (SubMiniature version A) connectors attached to the outside of the
module. The signal line of the SMA connectors was bonded to the electrode on the chip with

Ag past. Figure 2(b) shows a photograph of the fabricated SNSPD module. The module size
is 45 X 17 mm?.

3. Device characteristics

3.1 Optical loss

First, we checked the optical loss of the Si waveguide and SSC. Before mounting the Si chip
on the package, we measured the transmittance of the Si waveguide chip with the SSC on an
optical stage at room temperature. The waveguide chip was fabricated with the SNSPD chip
on the same wafer. As a reference, we also measured the loss of a typical Si waveguide chip,
which was fabricated without integrating the SNSPD [22]. In the measurement, the light
source was amplified spontaneous emission (ASE) in the transverse electric (TE) mode. The
output power was normalized by the fibre-to-fibre transmission. Figure 3(a) shows the
relationships between the transmittance and the length of the Si waveguide with the SSC at a
wavelength of 1550 nm. We found the propagation loss to be 3.7 dB/cm and the coupling loss
to be 0.9 dB/facet. Compared with the results for the reference Si waveguide (1.3 dB/cm),
the propagation loss was slightly larger. This is presumably due to damage of the Si waveguide
caused by the dry etching of the NbN. The damage can be reduced by preventing the over-
etching to the Si waveguide. On the other hand, the fibre coupling losses are not different
between the two types of the Si waveguides. Therefore, the loss of the inverse taper and SiOy

waveguide was not degraded by the NbN integration.
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Next, we checked the fibre coupling loss after assembly. We mounted the reference
Si waveguide on the package and measured the transmission spectrum. We measured the
transmittance of the 2.74-cm-long Si-waveguide module at room temperature by introducing
ASE light into the module’s input port. Figure 3(b) shows the measured results. By
subtracting the propagation loss of the Si waveguide, the fibre-coupling loss of the module
was estimated to be 1.9 dB/facet, which included the loss of the SSC (0.9 dB) and the loss of
fibre/chip interface (1.0 dB). We also measured the propagation characteristics of the module
at 4 K. Figure 3(c) shows the normalized transmission spectra in the cryostat. The results
show no degradation of transmission characteristics at 4 K. The loss of the module is more
than 10 dB lower than that of grating couplers at the entire C band [16]. After the cryogenic
measurement, we removed the module from the cryostat and again measured the transmission
spectrum at room temperature. The transmission spectrum of the module after cooling are
also shown in Fig. 3(b). There was no distinct difference in transmittance before and after

cooling, which confirms that the module have no damage by thermal cycles.

3.2 SNSPD performance

We measured the system detection efficiency (n) and the dark count rate (DCR) of the
fabricated SNSPD module. The light from the continuous-wave laser diode at 1550 nm
wavelength was strongly attenuated to have 10° photons/sec and entered to a standard single-
mode fibre (SSMF) connector embedded in the hermetic seal of the cryostat. In the cryostat,
the SSMF was connected to the high-NA fibre through a thermally expanded core (TEC) fibre.
The loss of the TEC fibre was about 1.5 dB at low temperature and less than 0.2 dB at room
temperature. Then the high-NA fibre was connected to the SNSPD module cooled at 0.38 K
using a *He cryostat.

Figure 4(a) shows the bias current dependence of the systemn and DCR. The
system m reaches 32% at the bias of 8 pA. This is over ten times larger than without the SSC.
Note that the measured value includes the connection loss between the SSMF and the high-
NA fibre of around 1.5 dB, the fibre coupling loss of 1.9 dB, and the loss of the 4.3-mm-long
Si waveguide on the chip of 1.6 dB. The estimated the on-chip detection efficiency becomes
over 90 % by subtracting the optical losses from the input power. These results confirm that
the low temperature integration process did not damage to the NbN nanowire. The system
DCR has two components: an exponential increase in the high-bias region and a broad peak
in the low- to moderate-bias region. It has been revealed that the former component is the
intrinsic DCR of an SNSPD, and the latter is the DCR due to the background blackbody
radiation at room temperature passing through an optical fibre. The system DCR is 95 Hz at
the bias of 8 pA with the system n of 32%. The system DCR could be further reduced by



integrating a cold band pass filter on the Si chip [21,23]. We have measured the
performance of the module more than 10 thermal cycles and confirmed that it was unchanged.
Figure 4(b) shows the wavelength dependence of the system n at the bias currents from 7.4
to 8.4 pA. The system n were around 30%, and the variation was less than 0.4 dB at all
wavelength. The bandwidth of the SSC is much larger than that of a grating coupler. This is
also an advantage for many applications, such as spectral multiplexing [24].

We also measured the timing jitter (At) of the SNSPD module. For the measurement,
we used a femtosecond fibre laser with the repetition rate of 100 MHz and a time interval

analyzer [23]. Figure 4(c) shows the bias current dependence of At. The At monotonically

decreases from 130 to 70 ps as the bias current increases. The value of the jitter is slightly
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larger than that previously reported, which is due to the small bias current of the present
module.

To characterize the performance of an ultrasensitive detector, the noise equivalent
power (NEP) and/or the figure of merit (FOM) are commonly used. For a single-photon
detector, NEP is expressed as NEP = hv(2DCR)'2?/v, where hv is the photon energy, and the
FOM is defined as FOM = n/(DCRAt) [25,26]. Figure 4(d) shows the bias current
dependence of the NEP and FOM calculated using the above formulas. The NEP is almost
unchanged in the moderate-bias region, and it becomes 3.6 X 108 WHz /2 at the bias current
of 7.2 pA. It increases in the low-bias and high-bias regions due to the low system 1 and the
high system DCR, respectively. The FOM reaches 1.9 X 108 at the bias current of 5.6 pA.

These values are better than the previous reported ones for waveguide-integrated SNSPDs.

4. Discussion

Although the system n of 32% is much higher than in the previous reports of waveguide-
integrated SNSPDs, it is still lower than that of the meander-type SNSPD. Here, we discuss
the possibility of further increasing the system n using our technology. The present chip has
a 4.3-mm-long Si waveguide with the loss of 1.6 dB. If the NbN pattern is fabricated just at
the edge of the SSC and the loss of the Si waveguide is eliminated, the system n increases to
46%. Furthermore, if we use a high-NA-fibre-connector in the hermetic seal of the cryostat,
the TEC fibre can be set outside the cryostat, and the system n can reach 62%. The value is
still lower than that of a state-of-the-art meander-type SNSPD, but is large enough to apply
to most of the standard integrated quantum photonics. Note that we cannot expect an
improvement of the FOM by increasing the system 1. Since the system DCR is dominated by
the background blackbody radiation in the moderate-bias region, it is also increased by
increasing the system 1, and the FOM does not change. To improve the FOM, it is necessary
to reduce the background blackbody radiation illuminating the SNSPD. Introducing a cold
optical filter is the most effective way to decrease the system DCR and improve the NEP and
FOM [21,23,26,27]. The demerit of using a cold optical filter is the insertion loss, which
degrades the system n. By integrating a cold optical bandpass filter on the Si chip, it seems

possible to reduce the insertion loss.

5. Conclusion

We demonstrated a high system-detection-efficiency SNPSD with an SSC, assembled on a
fibre-coupled module. The fabricated module showed fibre coupling loss of 1.9 dB and on-
chip system detection efficiency of over 90% with a low dark count rate (95 Hz) and small
timing jitter (75 ps). The NEP and FOM reaches 3.6 X 10'® WHz /2 and 1.9 x 108,



respectively.
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