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Niobium nitride superconducting nanowire single-photon detectors were fabricated on thermally oxidized silicon
substrates with large active areas of 30 pm x 30 pm. To achieve non-constricted detectors, we improved the film growth
and electron beam lithography process to fabricate uniform 100-nm wide NbN nanowires with a fill factor of 50%. The
devices showed 72.4% system detection efficiency (SDE) at 100-Hz dark count rate (DCR) and 74-ps timing jitter, measured
at the fiber communication wavelength of 1550 nm. The highest SDE which is 81.2% when the DCR is ~ 700 c/s appears

at the wavelength of 1650 nm.
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1. Introduction

Since Gol’tsman fabricated ultrathin narrow niobium ni-
tride (NbN) strips and a quantum efficiency of about 20% for
810-nm wavelength photons and low dark counts in 2001,
a lot of studies have been done for superconducting nanowire
single-photon detectors (SNSPDs) because of their high sys-
tem detection efficiencies (SDEs) and low dark counts ranging
from visible to infrared wavelengths.>>! This has shown that
SNSPDs have many potential applications in quantum com-
munication, quantum optics, classical laser communication,
and time-of-flight ranging.®”! In order to make SNSPDs play
a great role in these fields, many remarkable studies have been
done in recent years, committed to improving the system de-
tection efficiency with low DCR and timing jitter.[%3-1!] Tn
these works, although some SNSPDs incorporated arrays that
contained three or even four detectors, the total active areas of
the SNSPDs were small, ranging from 1.03 pm x 1.14 pm
to 15 um x 15 pm.[%3-11 Dye to the size of the active ar-
eas, single-mode fibers with a thin fiber core are often used in
SNSPDs systems. The diameter of the light spot from single-
mode fibers is 9 pm or 10 pm. A larger active area would
make the light spot focus and couple on SNSPDs more eas-
ily. The research of Shigehito Miki ef al. showed that larger
active areas can achieve higher optical coupling efficiency for
SNSPD devices.!!?] Because of their high capacity and low
cost, multimode fibers are widely used in the communications
business, e.g., in local area networks, but they have larger core
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diameters. A large active area can also make possible the use
of SNSPDs with multimode fibers. Due to their benefit for
optical coupling, larger active areas also have specific appli-
cations in fields that require detecting irregularly emitted pho-
tons, such as infrared spectroscopy and bioluminescence tech-
nology. However, the fabrication of a large active area device
is limited by the uniformity and the superconducting proper-
ties of the ultrathin films used for fabricating SNSPDs, which
are dependent upon the crystal phase of the films and affected

[13.14] This shows that the film growth pro-

by crystal defects.
cess is crucial to the fabrication of SNSPDs with large active
areas. Although it is difficult to fabricate SNSPDs with large
active areas, some researchers have focused on it and did some
work because of the great potential applications. Shigehito
Miki fabricated 20 um x 20 wm area SNSPDs with 80-nm
and 100-nm linewidths and 50% fill factor on single-crystal
MgO substrate. Since there was no cavity structure, the fiber-
coupled detection efficiency of the devices was 0.4%-3.5% at
a 100-Hz dark count rate. They also found that the limitation
for fabricating SNSPDs with large active areas was the con-
striction of the nanowires caused by defects in the supercon-
ducting film or introduced during nanofabrication. This means
the deposit of films is so important.!'>] Zhang et al. and Ejr-
naes et al. have also done some experiments or theoretical cal-
culation respectively for SNSPDs with large active areas.[1%17]
Dengkuan Liu et al. have fabricated SNSPDs with an active
area 35 um in diameter; however, it works with high efficiency

only at visible wavelengths.[1®!
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In the present paper, we present the fabrication of high
performance ultrathin NbN SNSPDs with a large active area
of 30 um x 30 wm on thermally oxidized Si substrates, and
the total length of the nanowire is about 4.5 mm. Then in a
practical GM cryocooler system, we measured the SDE, DCR,
timing jitter, and spectral characteristics of our device at 2.4 K.

2. Device design and fabrication

Figure 1 shows the simulated structure of SNSPDs con-
sisting of a double-side cavity structure with back-side illumi-
nation. We simulated the absorption spectrum of the cavity us-
ing the commercial software, Finite-Difference-Time-Domain
(FDTD). We assumed a three-dimensional unit cell consisting
of Si substrate, SiO,, NbN nanowires, SiO,, and an Au mirror,
from bottom to top, in the simulation. The periodic boundary
condition was used in the x and y directions of the cavity struc-
ture and a perfectly matched layer (PML) boundary condition
was used in the z direction. The incident light was assumed to
be polarized parallel to the nanowires and to enter the device
from the Si substrate. As the NbN nanowires were set to be
ultrathin, general mesh generation does not meet our needs for
calculation. In order to obtain accurate calculation results, we
refined the mesh in a simulation area around each of the NbN
nanowires, which was 1 nm along each of the x-, y-, z-axis
directions, respectively.

/150—nm thick Au

«—240-nm thick SiO,

6-nm thick NbN
250-nm thick SiO,

s —300-um thick Si

Fig. 1. (color online) Three-dimensional (3D) Schematic diagram of fab-
ricating an SNSPD device with a double-side cavity. The NbN nanowire
width was 100 nm. The thickness of the SiO,, SiO,, and Au mirror layers
were 250 nm, 240 nm, and 150 nm.

In our simulation, the line width of the NbN nanowire
was set to 100 nm and its thickness was 6 nm. The thick-
ness of the Au mirror was set 150 nm to ensure that light was
perfectly reflected. We calculated for cavity structures with
different thicknesses of SiO, and SiO, layers and found that
the optimal geometric parameters of the SiO, and SiO, lay-
ers are 250 nm and 240 nm, respectively, at a wavelength of
1550 nm. The refractive indices used in the simulation are
nsi = 3478, nsio2 = 1.444, nsio, = 1.48, ANBN = 4.905 +
i4.293, and na, = 0.52 + 110.652.1"'" Figure 2(a) gives the
simulation results (the blue line) for the structural SNSPD

described above, with 100-nm width and 100-nm spacing at
wavelengths ranging from 1050 nm to 1650 nm. It shows
clearly that the highest absorptivity value appears at the wave-
length of 1550 nm. Figure 2(b) shows a simulation result of
how the optical absorption in the nanowires depends on spac-
ing between the nanowires with 1550-nm wavelength incident
light. As shown in Fig. 2(b), the highest value of optical ab-
sorption is 98.9% at the closest spacing of 50 nm. With the
filling factor reduced to 50% (100-nm spacing), the value of
optical absorption decreases to 98%. With the spacing in-
creasing, the optical absorption decreases monotonically and
rapidly. The absorption drops to 77% for the nanowires with a
large spacing of 400 nm. This shows that the absorption would
be higher with closer spacing when the nanowire is 6-nm thick.
When the incident light illuminates the device, the photons
will transmit along the z axis stably back and forth in the op-
tical cavity until they are absorbed by the NbN nanowires.
However, each reflection at the interfaces of the cavity results
in a loss of unabsorbed photons. This indicates that reduc-
ing the reflection can result in less loss and higher efficiency.
A higher filling factor of the NbN nanowires means that NbN
nanowires occupy more space, which causes higher absorption
when unabsorbed photons pass through NbN nanowires after
each reflection. This leads to less reflection and higher effi-
ciency, which conforms to the simulation shown in Fig. 2(b).
Although the absorption is higher with closer spacing, such
fabrication would be more difficult to achieve. When the spac-
ing is 50 nm, the fabrication of nanowires with large area is
hardly achieved. The value of optical absorption decreases by
only 0.9% with the spacing changing from 50 nm to 100 nm.
Considering all factors in the simulation and process condi-
tions, we chose the spacing of 100 nm for our devices in the
experiment.

NbN thin films were deposited by reactive DC magnetron
sputtering in a mixture of Ar and N, gases at ambient tem-
perature. The target was 99.999% pure niobium and the tar-
get was 6 inches (1 inch = 2.54 cm) in diameter, which made
the uniformity of NbN films great. This was so important for
fabricating nanowires with large active areas. We deposited
6-nm-thick NbN films, controlled by the deposition rate and
deposition time. The zero resistance superconducting transi-
tion temperature of these films is above 7.5 K, which is very
high for 6-nm thick NbN films deposited on thermally oxi-
dized silicon substrates.

After the NbN films had been deposited, they were given
100-nm wide 100-nm spaced meander lines by direct e-beam
lithography (EBL) and reactive ion etching (RIE), which cov-
ered a square active area of 30 um x 30 um. Finally, a 240-nm
thick SiO, layer and a 150-nm thick Au mirror were fabricated
to cover the nanowires by PECVD and RF sputtering in that
order, at low temperature. This can enhance the efficiency of
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absorbing photons to the meandering area of a nanowire.
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Fig. 2. (color online) (a) Simulation (blue line) and measurement (red
line) results of SSPD device with 100-nm width and 100-nm spacing for
wavelengths ranging from 1050 nm to 1650 nm. (b) Simulated spacing
dependence of the optical absorptance in the 6-nm thick NbN nanowire.

During the device fabrication process, the most important
part is the fabrication of NbN nanowires by EBL to make the
nanowires uniform with a sharp edge in these large areas. In
order to obtain uniform nanowires fast, we used high accel-
eration voltage up to 100 kV to decrease the effect of back-
ward scattering.!'”) As resist thickness is a function of the
development process, a thin resist layer could be used to get
higher resolution.!”’! So a layer of PMMA 70-nm thick was
spun in our experiment. Besides the normal methods above,
we did proximity effect correction and added dummy strips
around the sensitive area to minimize the variations of expo-
sure doses over a large pattern. Figure 3(a) shows a sketch of
NbN nanowires we designed for EBL. We simulated the com-
ing dose using a Monte Carlo method. As shown in Fig. 3(b),
the result showed that the exposure dose should be varied dur-
ing the process. We also changed the shapes of the nanowires
with the intent to reduce the proximity effect. Due to the prox-
imity effect, the nanowires at the corner were easily narrowed
in EBL. As the critical current of the device was limited by
the width of the narrowest nanowires, this would decrease
the detection efficiency of the device. We made the corner
of nanowires into a semicircle to correct the proximity effect.
This avoided overexposing the corner of the nanowires. Fi-

nally, to avoid the nanowires in the boundary having differ-
ent width from those in the central part, we extended some
nanowires with some extra lines of the same width on both
sides of the active area. This could make nanowires in the ac-
tive area uniform as shown in Fig. 3. As shown in Fig. 3(b), the
active area of nanowires fabricated in the central part had al-
most the same color (blue), which meant they were fabricated
at the same doses. This made the nanowires in the boundary
of the active area and in the central position have the same uni-
formity, which is very important for critical current of devices
and device yield. Figure 3(d) presents SEM images of a fabri-
cated NbN meander line with a large active area of 30 um x
30 um. The inset shows that the nanowire is straight with a
width of 100 nm and spacing of 100 nm. This indicates that
the NbN nanowires fabricated by EBL have a uniform width
and regular intervals over an active area of 30 pm x 30 pum,
and the total length of the NbN nanowires is up to 4.5 mm.
Figure 3(c) shows the image of NbN nanowires and the exten-
sional lines. We can find that nanowires are uniform and sharp
by use of an extensional line in the EBL fabrication.

51 substrate

Fig. 3. (color online) (a) Sketch of nanowires designed for EBL. (b) Image
of simulation result for computing the required applied doses to correct the
proximity effect. (c) Image of NbN nanowires and the extensional lines.
(d) Image of meandered NbN nanowires taken by SEM. It presents SEM
images of a fabricated NbN meander line with its active area as large as
30 um x 30 pm. The inset shows that the nanowire is straight with a width
of 100 nm and spacing of 100 nm.

3. Measurement and results discussion

To measure our fabricated SNSPDs, we put the device
in a compact package using a fiber with a focusing lens to
obtain good optical coupling efficiency between the incident
light and active area of the device. By changing the distance
between fiber and device chip, the spot size of incident light on
the active area was about 9 um. The packaged device was in-
stalled into a GM cryocooler system. In this system, the device
was cooled down to 2.4 K with a thermal fluctuation range of

068501-3



Chin. Phys. B  Vol. 24, No. 6 (2015) 068501

10 mK. Semi-rigid coaxial cable and single mode fiber were
introduced to the package. The semi-rigid coaxial cable was
connected with a bias tee and a room temperature low noise
amplifier outside the cryocooler.

For measuring the SDE, a 1550-nm wavelength pulsed
laser with a 100-fs pulse width was used as an input pho-
ton source and it was attenuated heavily so that the photon
flux illuminating the device was 2.5 x 10° photons/s, which
was sufficiently low to keep the linearity of the output counts
for the incident photon flux as we did before.[1%21.22] A fiber
polarization controller was also used to control the polariza-
tion properties of the incident photons to maximize the SDE.
When measuring the spectral characteristics, a continuously
tunable system consisting of a xenon lamp (wavelength rang-
ing from 200 nm to 2500 nm) and a monochromator was used
to supply illumination light of different wavelengths to the de-
vice. SNSPD output counts were measured by a pulse counter.
The time jitter characteristics were measured by using a time-
correlated single-photon counting module with a 1-ps resolu-
tion (HydraHarp 400, PicoQuant GmbH).

3.1. System detection efficiency, dark count rate, and spec-
tral characteristics

Figure 4(a) shows the measured bias current dependen-
cies of SDE (blue hollow square points) and DCR (empty cir-
cles). The SDE was 72.4%, when DCR was 100 c¢/s under a
bias current of 8.3 pA, at 1550-nm wavelength, and the mea-
sured maximum SDE (SDEp,x) was 77.2% at the DCR of
~ 600 cps under a bias current of 8.73 puA. This shows that
the SDE curve of this device has not saturated, and we fitted
the SDE data by a sigmoid function, shown as the red line in
Fig. 4(a). This shows that the potential maximum SDE of this
device is 79.1% by fitting.

Figure 4(b) shows the SDE of the device at different
wavelengths ranging from 1064 nm to 1650 nm. As shown
clearly, the SDE curve at a wavelength of 1064 nm (orange
line) quickly attained saturation as bias current increased, be-
cause the energy of a photon with a shorter wavelength is
higher than it is with a longer wavelength when it can be
easily absorbed to excite response pulse by nanowires. This
also shows that the highest measured SDE appears at the
wavelength of 1650 nm, which is 81.2% when the DCR is
~ 700 c/s. Although we designed the device intending the
peak of SDE to be at the wavelength of 1550 nm, the high-
est measured SDE appeared at the wavelength of 1650 nm
due to the thickness deviation generated in the thermal oxida-
tion process and the PEVCD process. To compare the exper-
imental result and numerical simulation, the measured SDEs
of the device and the fitting curve are shown in Fig. 2(a) (the
red dots and line) with wavelengths ranging from 1064 nm to
1650 nm when the DCR is 100 c/s. The highest value ap-

pears between the wavelengths of 1550 nm and 1650 nm ow-
ing to the thickness deviation generated in thermally oxidized
process and PEVCD process. This also shows that the SDEs
measured around the wavelength of 1550 nm are much higher
than those far from 1550 nm, which is caused by the thickness
of the cavity, and it is in accord with our design. From the im-
age, we can find the trends of the two lines are the same, but
the SDEs measured are lower than simulated absorption effi-
ciencies. The most probable reason is that a small part of the
photons absorbed by NbN nanowires did not excite response
pulses or the response pulses were not read by the readout cir-
cuit. Other reasons such as coupling efficiency would also lead
to a measured SDE being lower than the simulated absorption
efficiency. Also, a device working in a lower temperature en-
vironment can show a better measured SDE. [°]
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Fig. 4. (color online) (a) System detection efficiency (SDE) and dark count
rate versus bias current for 6-nm thick SNSPDs with a 30 pum x 30 um
active area of 100-nm width nanowires spaced at 100 nm. The SDE was
72.4% with DCR of 100 c/s under a bias current of 8.3 uA, at 1550-nm
wavelength, and the measured maximum SDE (SDE,x ) was 77.2% at the
DCR of ~ 600 cps. The potential maximum SDE of this device is 79.1%
evaluated from fitting by a sigmoid function. (b) The SDE of the device
at different wavelengths ranging from 1064 nm to 1650 nm. The highest
SDE measured, which is 81.2% when the DCR is ~ 700 c/s appeared at
the wavelength of 1650 nm.

3.2. Response pulse and timing jitter

Figure 5(a) shows oscilloscope traces of the response
pulse of the SNSPD biased at Iz = 8.3 nuA, when DCR is
about 100 cps. The decay time of the response pulse of the
SNSPD (1) is about 194 ns, which is a little longer due to the
length of the nanowires.[”! The length of the nanowires was

068501-4



Chin. Phys. B  Vol. 24, No. 6 (2015) 068501

about 4.5 mm, which is much longer than nanowires in pre-
vious SNSPD studies. The kinetic inductance (Ly) of SNSPD
can be estimated by fitting the falling edge of a pulse with the

equation of

)

V)= aesp[-50%)

Ly

where A is the highest value of the pulse, #j is the correspond-
ing time for the highest value of the pulse, and R is 50 Q.
The inset in Fig. 5(a) gives the falling edge of the pulse (blue
line) and the fitting curve (red line). By fitting the pulse, we
can estimate that our device with 4.5-mm nanowires has Ly of
3.97 uH, which is only twice as large as it is in a conventional
50%-filling-factor device with 1.406-mm long nanowires.!!!]
Figure 5(b) shows the timing jitter observed at a bias current
of 8.3 nA. The full width at half maximum (FWHM) of the
timing jitter is 74 ps.
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Fig. 5. (color online) Reset time and timing jitter. (a) The oscilloscope
traces of the response pulse of the SNSPD biased at /g = 8.3 pA, when
DCR is about 100 cps. The decay time of the SNSPD (7) was defined as
the time required for the pulse to decay from 90% to 10% of the maximum
of the pulse (red arrows). The inset image gives the falling edge of the
pulse (blue line) and the fitting curve (red line). (b) Histogram of timing
jitter.

4. Conclusion

In conclusion, we have presented a 6-nm thick NbN
SNSPD device with a large active area of 30 pm x 30 pum.
It showed a system DE as high as 72.4% at a wavelength
of 1550 nm at DCR of 100 c/s and timing jitter of 74 ps.
We also measured the SDE at different wavelengths ranging
from 1064 nm to 1650 nm, and found the measured highest
SDE was 74.9% with the DCR of 100 cps at a wavelength of
1650 nm. The results show that SNSPDs with large active ar-
eas have various possible applications in different areas. In the
future, we hope to achieve the application of multimode fibers
on our SNSPDs with large active areas.
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