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Abstract: We report on MoSi SNSPDs which achieved high system
detection efficiency (87.1 + 0.5% at 1542 nm) at 0.7 K and we demonstrate
that these detectors can also be operated with saturated internal efficiency at
a temperature of 2.3 K in a Gifford-McMahon cryocooler. We measured a
minimum system jitter of 76 ps, maximum count rate approaching 10 MHz,
and polarization dependence as low as 3.3 + 0.1%. The performance of
MoSi SNSPDs at 2.3 K is similar to the performance of WSi SNSPDs at < 1
K. The higher operating temperature of MoSi SNSPDs makes these devices
promising for widespread use due to the simpler and less expensive
cryogenics required for their operation.

©2015 Optical Society of America
OCIS codes: (160.1890) Detector materials; (040.5570) Quantum detectors.
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1. Introduction

Superconducting nanowire single-photon detectors (SNSPDs) have made rapid progress in
recent years. To a large extent, this progress has resulted from materials research and
development. Improvements in the deposition techniques for polycrystalline superconductors
such as NbN and NbTiN SNSPDs have led to system detection efficiencies (SDE) above 70%
at a wavelength of 1550 nm [1, 2], representing nearly an order of magnitude improvement
over the first SNSPDs fabricated from NbN [3, 4]. Alternatively, SNSPDs based on the
amorphous superconductor W,Si; , have demonstrated ~93% SDE at 1550 nm [5]. In addition

#252761 Received 28 Oct 2015; revised 9 Dec 2015; accepted 11 Dec 2015; published 22 Dec 2015
©2015 OSA 28 Dec 2015 | Vol. 23, No. 26 | DOI:10.1364/0OE.23.033792 | OPTICS EXPRESS 33793



to their high efficiencies, SNSPDs have also demonstrated fast recovery times (< 10 ns) [6-9],
low jitter (< 100 ps) [10], and low intrinsic dark count rates (< 1 count per second, cps) [5].
SNSPDs are ideal detectors for demanding quantum optics experiments [11-15], as well as
other applications such as long-distance ground-to-space optical communications [16],
characterization of single-photon sources and photon pair sources [17, 18], light detection and
ranging (LIDAR) [19], distributed fiber sensing [20], and integrated circuit testing [21].

Amorphous materials such as WSi are particularly desirable for the fabrication of SNSPDs
due to their high degree of homogeneity and uniformity over large areas. Due to the lack of a
well-defined crystal structure, amorphous superconductors can in principle be deposited on
any smooth substrate (~1 nm RMS roughness) without significant degradation in material
properties [22]. Thus, SNSPDs fabricated from these materials can easily be embedded inside
of a dielectric optical stack to enhance absorption at a particular wavelength. Amorphous
materials have also led to innovations in device design including multilayer polarization-
independent nanowire detectors [22] and SNSPD arrays [23].

One characteristic feature of WSi SNSPDs is their detection efficiency that can be
saturated at telecommunications wavelengths (A = 1550 nm) with wider nanowires (~150 nm)
than with NbN devices (~30 nm). This effect, which is likely due to the lower
superconducting gap energy and lower carrier density of WSi, reduces the constraints on the
precision of the nanofabrication process. Also, operating into the plateau region is a practical
advantage that provides stability against small temperature and bias current fluctuations. The
operating temperature also has a practical importance. A saturated efficiency as high as 78%
at 1310 nm and 2.5 K was reported with WSi [24]. However, when this WSi device was
characterized at 1550 nm, the beginning of the efficiency plateau moved beyond its switching
current (the current at which the device switches from the superconducting to the normal
state), and the efficiency no longer saturated.

The switching current in WSi is also lower than typical NbN and NbTiN values, which
increases the jitter to ~150-200 ps [5, 24]. The hope of obtaining better performance
instigated research into other amorphous superconductors with slightly higher 7¢, such as
MoGe [25] and MoSi [26]. However, the efficiencies reported with these materials have so far
been well below 80%, which is due to the lack of an optical cavity designed to enhance
absorption [5, 25, 26]. Finally, a saturated efficiency at 1550 nm at ~2.5 K has not been
demonstrated with amorphous superconductors. Achieving a large and saturated efficiency at
higher temperatures is important; it would relax the requirements on the cryogenic system and
simplify their integration in complex experiments requiring the most demanding performance.

Here we report on the performance of MoSi SNSPDs embedded inside of an optical stack
designed to enhance absorption at a wavelength of 1550 nm. We demonstrate an efficiency of
87.1 £ 0.5% at 1542 nm and a temperature of 0.7 K, approaching the best efficiency achieved
to date with WSi-based devices (93% at 1550 nm) [5], with significantly lower jitter (76 ps at
0.7 K) than WSi (~150 ps at 0.12 K) [5]. We also demonstrate a saturated efficiency of 82%
at 1550 nm at 2.5 K.

2. Experiment

The fabrication process begins with the deposition of gold mirrors on a 3 inch Si wafer by
electron beam evaporation and liftoff. The mirrors consist of 80 nm of Au with a 2 nm Ti
adhesion layer below and above the mirror. A quarter-wave spacer layer consisting of 235 nm
of SiO, is then deposited by plasma-enhanced chemical vapor deposition (PECVD), and
Ti/Au contact pads are patterned by liftoff. The 6.6 nm-thick MoSi film is deposited by DC
magnetron sputtering from an alloy target with a composition of 75:25 atomic percent Mo:Si
at room temperature and capped with 2 nm of amorphous Si to prevent oxidation. The
composition of the sputtered film may differ from the composition of the target. However, we
did not perform composition measurements of the film after deposition. The thickness of the
aSi layer was estimated based on the deposition of a thick film, patterning, etching, and

#252761 Received 28 Oct 2015; revised 9 Dec 2015; accepted 11 Dec 2015; published 22 Dec 2015
©2015 OSA 28 Dec 2015 | Vol. 23, No. 26 | DOI:10.1364/0E.23.033792 | OPTICS EXPRESS 33794



measurement of the thickness with an atomic force microscope (AFM). To estimate the
thickness of the MoSi, we measured the thickness of the etched SNSPD using an AFM, and
subtracted the 2 nm thickness of the aSi cap. The etch rate of the material was carefully
calibrated in order to minimize etching into the SiO, substrate, but we note that any overetch
into the underlying SiO, may result in a slight overestimate of the thickness. The optical
constants of the film measured at a wavelength of 1550 nm aren=4.7 and k=2.9.

After etching a 20 pm-wide strip between the gold contact pads, electron beam
lithography and etching in an SF¢ plasma are used to define the nanowire meanders. An
antireflection coating is deposited on the top surface consisting of 294 nm SiO,, 234 nm SiN,,
169 nm SiO,, and 161 nm SiN,. A keyhole shape is then etched through the Si wafer around
each SNSPD, which can then be removed from the wafer and self-aligned to a single-mode
optical fiber to within + 3 pm [27]. Each nanowire meander covers an active area of 16 pm x
16 um which is larger than the 10 pm mode-field diameter of a standard single-mode fiber to
allow for misalignment.

We characterized two SNSPDs from the same fabrication run. One SNSPD was
characterized at a temperature of 0.7 K using a water-cooled closed-cycle cryocooler
augmented by a *He sorption pump unit, while the other was characterized in an air-cooled
Gifford-McMahon cryocooler with 100 mW of cooling power operating at 2.3 K.

A 1542 nm CW laser attenuated to a mean photon number of ~300,000 photons/s was
used for the measurements at 0.7 K. The calibration of the input power to the SNSPD was
performed as outlined in [3] using a NIST-calibrated InGaAs power meter. Although the
detector was optimized for a wavelength of 1550 nm, measurements were performed at 1542
nm because the power meter was calibrated at that wavelength. The absorption efficiency at
1542 nm was modelled to be 98.7%, only 0.4% lower than the maximum at 1550 nm. Figure
1 shows the system detection efficiency (SDE) and background count rate (BCR) as a
function of bias current (/3) normalized to the switching current (/s = 9.5 pA, the bias current
at which the device switches from the superconducting to the normal state) for a nanowire
with a nominal width of 130 nm and pitch (center-to-center spacing between nanowires in the
meander) of 215 nm. We define SDE as the probability that a photon in the optical fiber
generates an electrical pulse from the detector. BCR is defined as the detector count rate
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Fig. 1. System detection efficiency (SDE) and background count rate (BCR) as a function of
normalized bias current. The switching current of the detector (Zsy) was 9.5 uA.

measured with the input port of the fiber to the cryostat blocked.
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The SDE was measured after both maximizing (SDE,.x) and minimizing (SDE,;,) the
detector counts as a function of the polarization of the incident light. The maximum and
minimum SDE were determined from a 6-state Stokes measurement of count rates from the
detector. At Iz ~0.95I5y, the maximum SDE (SDE,,,,) was 87.1 £ 0.5% and the minimum
SDE (SDE,;,) was 84.3 + 0.4% with a BCR of ~100 cps. Note the low polarization ratio
(defined as SDE,,,s/SDE,;,) of only 3.3 £ 0.1%, which we attribute to the high fill factor of
the device and careful design and simulation of the optical stack. The polarization dependence
is significantly lower than most results reported to date with both NbN [28] and WSi-based
[5] SNSPDs. The low polarization dependence could in principle also be obtained with WSi
through optimization of the fill factor, dielectric materials used in the optical stack, and layer
thicknesses. The BCR was reduced by coiling the optical fiber close to the detector in order to
increase the loss for long-wavelength blackbody radiation which is the dominant contribution
to the BCR well below the switching current. The fiber was coiled 5.5 times with a 35 mm
diameter. Loss due to the coil was measured to be ~0.1 dB.

The optical stack for these SNSPDs was designed for maximum absorption (99.1%) at a
wavelength of 1550 nm. In addition to loss introduced by the fiber coil, discrepancy between
the simulated absorption and measured SDE could be attributed to a number of factors
including imperfect knowledge of the optical constants and thicknesses of the materials in the
optical stack, small changes in the optical constants of the materials between room
temperature and cryogenic temperatures, and an intrinsic quantum efficiency (the probability
of converting absorbed photons into output pulses) which is less than unity. Misalignment
between fiber and detector could also contribute to the loss. Although the mode field diameter
of the fiber is 10.4 £ 0.8 pm which is smaller than the 16 um size of the detector area, a 3 um
misalignment (the maximum expected based on previous measurements of alignment
accuracy) could result in a reduction in coupling efficiency because a small fraction of the
mode extends outside of the mode field diameter. Further research is required in order to
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Fig. 2. Voltage pulse from the SNSPD obtained using two room temperature amplifiers with 51
dB total gain. Inset shows the instrument response function (IRF) of the detector system. The
jitter, defined as the full width at half maximum (FWHM) of the IRF, is 76 ps.

understand the dominant contribution to the discrepancy between experiment and theory.
Figure 2 shows an output pulse from the SNSPD obtained using a chain of a 500 MHz
amplifier with 28 dB of gain followed by a 1 GHz amplifier with 23 dB of gain, both operated
at room temperature. The rise time of the pulse is 1 ns, and the 1/e decay time 35 ns. From
this value of the decay time and the geometry of the nanowire, we extract a kinetic inductance
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of 190 pH/square for the 6.6 nm-thick MoSi film. This value is somewhat lower than that
reported for typical WSi films, which can range between 250 and 350 pH/square depending
on the composition and thickness of the film. The jitter of the detector system (Js), defined as
the full width at half maximum (FWHM) of the instrument response function (IRF) of the
detector system, was measured using a 1550 nm picosecond pulsed laser and 1 GHz
oscilloscope to register the inter-arrival time between the laser pulse and the SNSPD pulse.
The inset to Fig. 2 shows the IRF of the detector system biased at Iz = 0.95/y, which is the
bias current corresponding to maximum SDE and a BCR of ~100 cps. The FWHM of the IRF
yields Js = 76 ps.

As shown in Fig. 2, the pulse height is ~300 mV, which is a factor of 2 larger than our
measurements of the pulse height of WSi SNSPDs (~150 mV pulse height using identical
amplifiers), which is the result of the factor of 2 higher Isy in this MoSi SNSPD compared to
a typical WSi SNSPD [5]. The larger pulse height results in a higher signal-to-noise ratio. The
rise times of the pulses from both the MoSi and typical WSi SNSPDs are ~1 ns, thus the
system jitter is reduced by the increase in signal-to-noise ratio, also by a factor of 2.

Measurements were also performed in a different cryogenic system operating at 2.3 K and
with a narrower nanowire device (110 nm with a pitch of 185 nm). The cryogenic system is
an air-cooled Gifford-McMahon cryocooler with 100 mW of cooling power. Figure 3 shows
the SDE and BCR as a function of Iz normalized to the switching current Iy = 4.34 pA.
Measurements were performed with a CW 1550 nm laser with a photon flux of ~100,000
photons/s.
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Fig. 3. System detection efficiency (SDE) and background count rate (BCR) as a function of
normalized bias current for a 110 nm-wide nanowire operated at 2.3 K. The switching current
of the detector (Isw) was 4.34 uA.

The switching current is lower than the device described above (s = 9.5 pA) due to the
narrower nanowire combined with a higher operating temperature. Maximum SDE for this
device is 82 + 2% with the polarization optimized to maximize the count rate. The
polarization ratio of this device is 10.3 &+ 0.4% at 1550 nm, and 8.9 £ 0.6% at 1542 nm. The
transmission of the fiber was measured to be 97.8%. Thus, an additional 2.2% in SDE could
be gained by eliminating the fiber loss, which was most likely caused by an imperfect fiber
splice. The lower SDE measured on this 110 nm-wide nanowire device compared to the 130
nm device can be attributed to the change in the SNSPD meander geometry (changes in
width, pitch, and fill factor). When an optical cavity is designed, it is optimized for a
particular meander geometry. Changes in the geometry relative to the optimum design result
in corresponding changes in the absorption efficiency of the SNSPD. In this case, the cavity
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was optimized for a 130 nm-wide nanowire with a pitch of 200 nm. Thus the device from Fig.
1 is much closer to the optimized geometry compared to the device from Fig. 3. The higher
polarization ratio for the 110 nm-wide nanowire can also be attributed to a narrower wire
geometry [28] and non-optimal cavity design for this specific width and pitch.

Despite the increased temperature, we observed saturation of the internal efficiency
similar to lower temperatures. The BCR was below 10 cps for Iz < 0.9I5y. The SDE was
81.2% for a BCR = 100. A coil was also used in this measurement to reduce background
counts due to blackbody photons in the fiber.

To better quantify how the performance of the detector varies with the operating
temperature, we cooled the same device presented in Fig. 3 (110 nm with a pitch of 185 nm)
using a *He sorption cryocooler. We obtained curves like the ones presented in Fig. 3 for
temperatures ranging from 0.8 to 2.6 K. The immediate consequences of cooling the device is
that both the bias current Iz at which the plateau is reached and the switching current gy
become larger with decreasing temperatures. However, the switching current increases faster,
resulting in a plateau that becomes longer. The dark count rate also decreases for a given
value of /3. Hence, a lower temperature allows operating deeper into the plateau for a given
dark count value. From this behavior, we can determine the maximum operating temperature
for which we can get both a quasi-saturated efficiency at a user-determined dark count rate.
To determine this temperature, we first fit the efficiency curves with an offset error function,

M[H_e’”f(ls_lo)j (1)

2 w

where np.x is the maximum efficiency, I is the bias current, /) is the offset of the error
function and w is the fitting parameter corresponding to the width of the function. We define
the saturation current, I5,7, as the current at which the efficiency reaches 80% of np... We
then find the current at which the dark count rate reaches 100 cps (Ipcr - 100)- The switching
current is the point at which the detector ceases to detect photons, either due to the surpassing
of the critical current or detector latching. These three characteristic currents are identified in
Fig. 3, and Fig. 4 shows how they vary with temperature. With our choice of Ipcr - 100, the
maximum temperature at which this detector can be operated in the quasi-saturated regime is
~2.4 K. Tolerating a high dark count rate allows operating until 2.6 K, where the switching
current reaches the saturation current and the plateau disappears. As can be seen from Fig. 3,
at Ipcr - 100, the dark counts have an exponential dependence on the bias current, which means
that they are dominated by the intrinsic dark counts of the device, not the blackbody radiation
which is dominant below about 0.9/gy. This was observed for all of the measurements
between 0.8 K and 2.6 K with this device.
Note, however, that such exponential behavior of the BCR in not seen in Fig. 1 and we
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Fig. 4. Characteristic currents Is4r, Isw, and Ipcr - 100 as a function of temperature.

believe that this is due to the fact that in this case the SNSPD was AC coupled to the readout
electronics. As discussed in [29], the use of an AC-coupled readout can result in the reduction
of the latching current (I,,), where the detector switches into the normal state due to stable
electrothermal feedback [30]. If I, is below the critical current, then it is no longer possible
to operate the detector at high bias currents where the DCR behavior becomes exponential.
The data presented in Figs. 3 and 4 was measured with a DC-coupled cryogenic amplifier
(described below) which avoids this reduction of /., We believe that using DC-coupled
amplifiers for the detector presented in Fig. 1 would result in an increased Igw, leading to a
longer plateau and an exponential behavior of the DCR as is common close to the critical
current.

At an operating temperature of 2.3 K, achieved with the Gifford-McMahon cryocooler, the
bias current is inevitably reduced compared to lower temperatures. This means that the
electrical signal-to-noise ratio of the readout signal decreases, increasing the system jitter. In
order to improve the signal-to-noise ratio, reduce jitter, and obtain the maximum possible
count rate from the detector, a DC-coupled cryogenic preamplifier was installed at the 40 K
stage of the Gifford-McMahon cryocooler with 28 dB of gain, a bandwidth of 1 GHz, and a
noise figure of 1.5 dB at 1575 MHz. The resulting signal was further amplified by a room-
temperature amplifier with 33 dB of gain and bandwidth of 1 GHz. A 600 MHz filter was
used following the output of the room-temperature amplifier to reduce noise on the output
pulse. Figure 5 shows a voltage pulse from the SNSPD. The jitter of the detector system was
measured using a 1550 nm pulsed laser with a FWHM of ~33 ps and a time-correlated single-
photon counting card to register the inter-arrival time between the laser pulse and SNSPD
pulse. The inset to Fig. 5 shows the IRF of the detector system biased at Iz = 0.95gy, which is
the bias current corresponding to an SDE of 82% and a BCR of ~1500 cps. The system jitter
is Js = 99 ps. Figure 6 shows the system jitter as a function of normalized bias current. The
system jitter decreases with increasing bias current due to the larger pulse amplitude and
higher signal-to-noise ratio at higher bias currents. Figure 7 shows a plot of the count rate as a
function of the input photon flux. The count rate remains linear up to photon fluxes
approaching 10’ photons/s.

We note that we did not measure the SDE of this particular device with both AC- and DC-
coupled readout electronics, and thus cannot compare the efficiency measured with both
readout techniques. As explained previously, the use of an AC-coupled readout can result in a
slightly lower Isw. As long as the efficiency near the AC-coupled Igw is in the plateau region
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of the curve, one would not expect a change in efficiency. However, if the AC-coupled Igy
falls below the plateau region, the SDE could be lower. The effect of different readout
techniques on the SDE is beyond the scope of this paper, and is a subject for further
investigation.
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Fig. 5. Voltage pulse from the 110 nm-wide SNSPD at 2.3 K obtained using a cryogenic
amplifier at 40 K and a room temperature amplifier. Inset shows the instrument response
function (IRF) of the detector system. The system jitter is 99 ps.
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Fig. 6. Experimentally measured system jitter as a function of normalized bias current.
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3. Conclusion

We have demonstrated high-efficiency MoSi SNSPDs embedded in a dielectric stack to
enhance absorption. The SNSPDs show a saturated internal efficiency as high as 87.1 + 0.5%
at a wavelength of 1542 nm with dark count rates below 100 cps. The lowest measured jitter
was 76 ps at a temperature of 0.7 K. We demonstrated that even at a temperature of 2.3 K the
MoSi SNSPDs exhibit high saturated internal efficiency. The devices remain linear in count
rate with input photon fluxes approaching 10’ photons/s, and show a low polarization
dependence of only 2.8%. Our results indicate that MoSi SNSPDs operating at 2.3 K achieve
the same performance as WSi SNSPDs at < 1 K. Since cryogenics is less complex and costly
at 2.3 K than at < 1 K, MoSi SNSPDs have great potential for widespread use. We note that
although MoSi SNSPDs appear to offer better performance than WSi at 2.3 K, our results do
not preclude the possibility that similar performance could be obtained through further
optimization of the WSi film thickness, composition, and nanowire geometry. However, the
higher bulk transition temperature of MoSi compared to WSi suggests that MoSi may be a
more desirable material for operation at 2.3 - 2.5 K, and our results support this hypothesis.
Finally, the yield of MoSi devices so far appears to be similar to that of WSi devices,
implying that MoSi may be a good material for the further development of SNSPD arrays.
However, more MoSi SNSPDs must be tested in order to compare the yields more
quantitatively.
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