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Abstract:  We present low temperature nano-optical characterization of
a silicon-on-insulator (SOI) waveguide integrated SNSPD. The SNSPD is
fabricated from an amorphous Mog3Sij7 thin film chosen to give excellent
substrate conformity. At 350 mK, the SNSPD exhibits a uniform photore-
sponse under perpendicular illumination, corresponding to a maximum
system detection efficiency of approximately 5% at 1550 nm wavelength.
Under these conditions 10 Hz dark count rate and 51 ps full width at half
maximum (FWHM) timing jitter is observed.
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1. Introduction

Telecom-band near-infrared light with wavelengths of approximately 1.5 um offers low loss
over long distances in optical fibers and low loss in integrated silicon photonic circuits. This
wavelength band is therefore an excellent choice for emerging quantum information processing
applications such as quantum key distribution (QKD) [1-3] and optical quantum computing
(OQC) [4-6]. High performance single-photon detectors at this wavelength range underpin
all of these applications. QKD applications can use stand-alone fiber-coupled single photon
detector packages, however, scalable OQC requires that single-photon sources and detectors as
well as other nanophotonic elements are integrated into a monolithic chip.

Superconducting nanowire single photon detectors (SNSPDs) can offer high detection ef-
ficiency and ultrafast detection rate of single photons across a large spectral range. Since the
first niobium nitride (NbN) SNSPD [7] demonstrated in 2001, there has been a rapid progress
in SNSPD technology. However, the polycrystalline nature of NbN restricts choice of sub-
strate materials and device fabrication yield [8,9]. Large superconducting gap energies of NbN
and niobium titanium nitride (NbTiN) [10] also limit the intrinsic detection efficiency of long
wavelength (lower energy) photons. Thus in recent years much attention has been given to
amorphous superconductors with smaller gap energies, such as tungsten silicide (WSi) [11,12],
molybdenum germanium (MoGe) [13] and molybdenum silicide (MoSi) [14, 15]. By integrat-
ing into optical stack cavities, WSi meander SNSPDs have demonstrated 93% system detection
efficiency (SDE) for telecom wavelength single photons [12], which coupled with intrinsically
low dark counts, sets a new benchmark in telecom wavelength single photon detection. Very
recently, MoSi SNSPDs have been integrated into optical cavities and fiber-coupled, demon-
strating high efficiency coupled with low timing jitter [16]. Quantum teleportation over optical
fiber has reached more than 100 km with the help of four MoSi meander SNSPDs [17].

Apart from the stand-alone meander SNSPDs, another kind of design called traveling wave
or waveguide integrated SNSPD [18] allows easy monolithic integration of SNSPDs into
nanophotonic circuits. This design has been experimentally realized by fabricating NbN or
NbTiIN SNSPDs on top of optical waveguides [19] in various material systems, including gal-
lium arsenide (GaAs) [20, 21], silicon-on-insulator (SOI) [22], lithium niobate (LN) [23] and
silicon nitride (SiN) [24]. The main advantage of traveling wave SNSPDs is their long interac-
tion lengths with photons traveling underneath, which improves photon absorption probability.
Traveling wave SNSPDs also have advantages in device fabrication yield and uniformity. Since
the length of nanowires in traveling wave SNSPDs is normally less than 10% of that in meander
SNSPDs, it is easier to pattern a uniform nanowire with shorter length, and thus less likely to
have constrictions and defects in traveling wave SNSPDs. A high yield process of fabricating
NbN SNSPDs on SiN membranes [25] has been developed very recently for scalable integration
of multiple SNSPDs in one monolithic nanophotonic circuit.

In this work, we combine the advantages of amorphous MoSi and the traveling wave SNSPD
design. This paper presents characterization of a hairpin-shape MoSi SNSPD fabricated on top
of a single-mode SOI waveguide. To characterize the uniformity and performance of our SOI
waveguide integrated MoSi SNSPD, we have constructed a cryogenic nano-optical test setup
with a base temperature of 350 mK.
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2. Materials and methods

Amorphous MoSi films were grown by DC magnetron sputtering at University of Cambridge.
The sputtering recipe was optimized by varying the composition of Mo,Sij_y and cooling the
substrate during film growth [26]. A critical temperature 7. = 7.6 K was reported for 100 nm
thick amorphous Mog3Sij7 on top of silicon [26]. Film used for fabricating the SNSPD pre-
sented in this paper was 10 nm thick Mog3Si7 capped with 5 nm thick silicon deposited on
SOI [220 nm silicon on 2 um silicon dioxide, see Fig. 1(a)] substrate. The SNSPD nanowire
width was 140 nm, the gap between two nanowires was 90 nm wide, and the headstock [27]
length is 450 nm, as shown in Fig. 1(b). The devices were then patterned and fabricated in
James Watt Nanofabrication Centre at University of Glasgow.
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Fig. 1. (a) Sample cross-section sketch, showing the SOI single-mode (500 nm x 220 nm)
waveguide, the MoSi SNSPD on top of it and the Au contact pads. (b) Scanning electron
microscope (SEM) image of the MoSi hairpin SNSPD (false colored) and the SOI waveg-
uide. (c) Normalized device resistance versus temperature. The insets are current-voltage
characteristics of the device at 350 mK (left) and 2.5 K (right), respectively (two-wire
measurement). The critical current: I, = 41 uA at 350 mK, and 7. =32 puA at 2.5 K. (d)
Simulated absorption efficiencies of 1550 nm wavelength light versus MoSi hairpin length
for four different nanowire widths (80 nm, 100 nm, 120 nm and 140 nm). The gap width
between two nanowires is fixed at 90 nm. Refractive index n = 5.2502 and extinction co-
efficient k = 4.7736 are used for the simulations. The insert is an enlarged view of the
absorption efficiencies in the headstock region.

Three electron-beam lithography (EBL) steps were used during the fabrication process. All
EBL steps used 110 nm thick ZEP 520A positive tone electron-beam resist, and were carried
out by a Vistec VB6 UHR EHF EBL tool at 100 keV. The first EBL step patterned alignment
markers and bonding contact pads. After development, 85 nm thick Au (with 10 nm Ti adhesion
layer) markers and contact pads were deposited by ultrahigh vacuum electron-gun evaporation
and lift-off. The hairpin, the inductors and the measurement electrodes were patterned in the
second EBL step. Then the patterns were transferred into the MoSi film by reactive ion etching
(RIE) with CF4. The waveguide pattern was defined in the last EBL step and transfered to the
top Si layer of the SOI substrate by a fluorine-based inductively coupled plasma (ICP) RIE
process. This process is adapted from [28] using ZEP rather than HSQ resist.

The critical temperature T; of this device was approximately 6.5 K, defined as the point at
which device resistance drops to zero [see Fig. 1(c)]. The device 7, is higher than the thin-
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film 7. of MoGe [13] and MoSi [14] reported previously, indicating that the superconducting
gap energy of this device is large enough to allow the device to operate at ~ 2.5 K which
is achievable in a simpler two-stage closed-cycle cryocooler [9]. The device T is also lower
than typical NbN/NDbTiN thin-film 7, [13], thus the device should have high intrinsic detection
efficiency for long wavelength photons.

Light absorption efficiency is determined by two factors, the strength of the evanescent
field overlap with the nanowires and the field-nanowire interaction length. The absorption ef-
ficiency of MoSi hairpin SNSPD at 1550 nm wavelength as a function of hairpin length and
nanowire width was numerically simulated by using a finite difference time domain (FDTD)
solver (Lumerical). The refractive index and extinction coefficient of MoSi film at 1550 nm are
n=15.2502 and k = 4.7736, respectively, which were measured by variable-angle spectroscopic
ellipsometry (VASE). As shown in Fig. 1(d), for 140 nm wide MoSi nanowires, in theory more
than 95% absorption efficiency is obtained for hairpin length longer than 5 yum.

The nano-optical characterization of the MoSi SNSPD reported in this paper was performed
at 350 mK. Such low temperature was achieved with a three-stage helium sorption refrigerator
[29] from Chase Research Cryogenics, as shown in Fig. 2(a). It was attached to a stand-off
stage thermally linked (via flexible oxygen-free copper braids which also provide vibration
damping [30]) to the 3 K stage of a Cryomech PT405 pulse tube cold head with low vibration
remote motor option.
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Fig. 2. (a) Photograph of three-stage helium sorption refrigerator and nano-optical setup:
i. film burning stage, ii. *He buffer stage, iii. *He cold head, iv. nano-optical housing,
v. piezoelectric positioners, and vi. confocal microscope. (b) Gaussian fit (red solid line)
of the differentiated Au contact pad edge profile at A = 1550 nm (black dotted line). (c)
Nano-optical configuration for single photon measurements, as well as room temperature
optics and electronics for counts map and detection efficiency measurements. Piezoelec-
tric positioners and confocal microscope are mounted in a gold plated oxygen-free copper
housing, which is attached to 3He cold head. SMF: single-mode fiber; LPF: low pass filter.

Optical fiber feedthrough with single-mode fibers (Thorlabs 1310BHP) and a fiber-based
confocal microscope [31] were adopted for device illumination, as shown in Figs. 2(a) and
2(b). The confocal microscope consisted of two aspheric lenses and a titanium lens tube, which
was attached to the bottom of a stack of four piezoelectric positioners (Attocube Systems).
A vertical piezoelectric stepper was used for confocal microscope focusing, two horizontal
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piezoelectric steppers were used for large area (5 x 5 mm?) scanning (locating the device region
on chip), and a piezoelectric xy-scanner was for small area (~ 30 x 30 um?) high resolution
device surface scanning. All positioners were controlled by an Attocube ANC350/SCAN multi-
functional piezo motion controller. The steppers’ positions were read out via resistive sensors;
the scanner’s positions were calibrated by using an in-house fabricated Au checkerboard chip.
The spot size of light focused on the surface of SNSPD chip was determined by measuring the
SNSPD Au contact pad edge profile. As plotted in Fig. 2(b), the full width at half maximum
(FWHM) diameter of focused light spot was approximately 2 um with a Gaussian profile.

To minimize the heat load to the *He cold head of the sorption refrigerator, and in tandem to
maintain low electrical resistance on the measurement lines, center pin silver plated beryllium
copper semi-rigid coaxial cables were used from room temperature to base temperature for
SNSPD bias and readout. In the same manner, niobium-titanium superconducting woven looms
were used for the piezoelectric positioner wiring from pulse tube 3 K stage to *He cold head.

3. Results and disscussion

To characterize the MoSi SNSPD, we first used the nano-optical setup as a scanning optical
microscope to map the surface of the chip and to locate the device. A 1550 nm wavelength
Thorlabs fiber-coupled benchtop superluminescent diode (SSFC1550P-A2) source (2.5 mW,
FWHM linewidth = 90 nm) was used to illuminate the chip. As the horizontal piezoelectric
positioners moved, light reflected from chip surface was collected by the confocal microscope
and directed to a InGaAs detector (Thorlabs DET10C/M) via a circulator at room temperature.
Figure 3(a) shows normalized output voltages of the InGaAs detector as a function of position
over the device region. Although the xy-scanner’s positioning resolution is below 100 nm, the
resolution of this reflection map is limited by the spot size of focused laser beam [see Fig. 2(b)],
which is much larger than the width of the SOI waveguide (between the green dashed lines)
where the MoSi hairpin (illustrated by the red solid hairpin) is located.

We then measured the dark count rate (DCR) of the MoSi device without illumination, by
current biasing the SNSPD via a bias tee (Picosecond Pulse Labs 5575A), amplifying dark
count pulses with two room temperature radio-frequency (RF) amplifiers (RF Bay LNA-580
and LNA-1000, passband 10 to 580 MHz, total gain 56 dB), and registering the pulses by an
Agilent 53131A universal counter [see Fig. 2(c)]. A Mini-Circuits VLFX-540 high rejection
low pass filter (LPF) of passband from DC to 540 MHz was mounted close to the sample at
350 mK, to filter out high-frequency electrical and thermal noise on the measurement line. To
prevent the SNSPD from latching into a finite voltage state [32], an 18 € shunt resistance was
used at room temperature [see Fig. 2(c)]. The bias current dependent DCR is shown in the top
panel of Fig. 3(c). A plateau of DCR < 10 Hz can be found at bias current [;, below 38.1 uA
which is approximately 93% of the measured critical current /. =41 pA. Low DCR region of
this device is wider than other MoSi SNSPDs’ reported in [16] (0.9 1) and [14] (0.8 I.), mainly
due to the lower operating temperature and effective filtering of the measurement line in our
case. Unlike the nearly linear dependence of log(DCR) e [}, for MoSi meander devices reported
in [15], for our hairpin device the DCR exhibited a sharp jump (from 10 Hz to > 10* Hz) when
I, was slightly larger than 38.1 g A. The DCR rose steeply to saturate the universal counter at
38.4 uA. The abrupt increase of DCR is due to the very low operating temperature (350 mK)
in our measurements. Similar behavior of DCR was observed in the fiber-coupled WSi SNSPD
at temperatures below 1.4 K, as shown in Fig. 3(b) of [12], and is attributed to the sensitivity of
the low energy gap superconductor SNSPD to mid infrared photons when biased.

The photoresponse uniformity of the SNSPD was confirmed by mapping the device area with
a pulsed 1550 nm laser at a repetition rate of 1 MHz. The input photon flux into the microscope
was maintained on average below 1 photon per pulse. The same device area as reflection map
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Fig. 3. (a) Reflection map of the device region. (b) Counts map of the device region with
I, =37 nA. The grayscale image on the base of the figure is a SEM photo of the device
region. (c) Top: the DCR versus bias current. Bottom: the SDE versus bias current. (d)
TCSPC instrument response histogram (red circles) with a Gaussian fit (blue solid line) at
I, =38 uA. The FWHM timing jitter is 51 ps.

[Fig. 3(a)] was scanned. The registered photon counting events are shown as the (color gradient)
three-dimensional surface map in Fig. 3(b), and a SEM image of the same area is placed under
the surface map. The FWHMs of this counts map are approximately 2.5 pm in the X-direction
and 10.5 pum in the Y-direction, which match the spot size and the hairpin length, respectively.
The uniform photoresponse over the device indicates that there is no defect or constriction in
the MoSi nanowire.

The bottom panel of Fig. 3(c) shows measurements of the SDE at 1550 nm wavelength versus
bias current, carried out at where the maximum photon counting rate was found in Fig. 3(b).
The optical power is determined at the fiber input of the cryostat; the measured SDE includes
the optical losses in the delivery fiber, microscope, and geometrical loss as the optical spot
illuminates significantly larger area than the SNSPD hairpin. The SDE is > 1% over a wide bias
range and reaches a maximum of ~ 5% when I, > 38 uA. There is a small optimal bias window,
38 uA <1, <38.1 uA, in which the SDE is maximized and the DCR is only about 10 Hz. As
noted earlier, our 2 um FWHM Gaussian optical spot is much larger than the hairpin width,
and thus the geometrical optical coupling efficiency is at most 13%. Moreover considering the
measured optical properties of MoSi, and the vertical optical structure, matrix transfer method
simulations indicate an absorption of 47% under perpendicular illumination. Therefore 5% SDE
[Fig. 3(c)] and uniform photoresponse map [Fig. 3(b)] indicate that we have high absorption
and triggering along the length of the hairpin. It is therefore reasonable to infer that moving
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to optical coupling via the waveguide, we would achieve high efficiency [as predicted by the
simulation of Fig. 1(d)] for this device.

A 1550 nm femtosecond fiber laser and a time-correlated single-photon counting (TCSPC)
module (PicoQuant HydraHarp 400) were used for timing jitter measurements [illustrated in
Fig. 3(d)]. We acquired the instrument response histograms without and with the LPF at 350 mK
[see Fig. 2(c)]. The FWHM timing jitters were extracted from Gaussian fits of these histograms.
Without the LPF, the jitter is 57 ps FWHM. By using the LPF to filter out high-frequency noise,
the jitter is improved to 51 ps FWHM, as shown in Fig. 3(d). The histogram shown in Fig. 3(d)
is asymmetric comparing with the Gaussian fit. Similar asymmetries have been observed in
other SNSPDs based on NbTiN [24,33].

4. Conclusion

In conclusion, we have carried out detailed low temperature nano-optical studies of SOI waveg-
uide integrated MoSi SNSPDs, which demonstrates that these devices are a promising candidate
for on-chip single photon detection in optical quantum information processing. We have devel-
oped an easy-to-maintain closed-cycle *He cryogenic system for nano-optical characterzation
at 350 mK. We have measured the refractive index n and extinction coefficient k of Mog3Si;7
film by VASE, and from the numerical simulations we have shown that MoSi hairpin has very
high light absorption rate via the waveguide underneath. In this study we have used perpen-
dicular illumination to study MoSi hairpin device uniformity. The high uniformity has been
confirmed by photoresponse mapping. The maximum system efficiency achieved (5%) in this
device, inclusive of optical coupling losses and expected absorption, implies that moving to op-
tical coupling via the waveguide in future devices, we expect to achieve near unity efficiency. It
is necessary to meet these demanding single-photon detector specifications for scalable on-chip
quantum information processing [34]. This is the first batch of MoSi hairpin devices we have
fabricated and tested. We have since fabricated a number of such devices with good uniformity
and yield. On-chip grating couplers have also been fabricated on subsequent batch. Our next
step is a full characterization of MoSi hairpin SNSPD with optical coupling via the waveguide.
The high 7, (6.5 K) and large I. (41 pA at 350 mK, 32 uA at 2.5 K) suggests these MoSi
devices could be operated with good performance at ~ 2.5 K which is easily achievable in
closed-cycle Gifford-McMahon refrigerators.
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