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Generally, a superconducting nanowire single-photon detector (SNSPD) is composed of wires with a typical
width of ~100 nm. Recent studies have found that superconducting strips with a micrometer-scale width
can also detect single photons. Compared with the SNSPD covering the same area, the superconducting micro-
strip single-photon detector (SMSPD) has smaller kinetic inductance, higher working current, and lower require-
ments in fabrication accuracy, providing potential applications in the development of ultralarge active area
detectors. However, the study of SMSPD is still in its infancy, and the realization of its high-performance
and practical use remains an open question. This study demonstrates a NbN SMSPD with a nearly saturated
system detection efficiency (SDE) of ~92.2% at a dark count rate of ~200 cps, a polarization sensitivity of
~1.03, and a minimum timing jitter of ~48 ps at the telecom wavelength of 1550 nm when coupled with a
single-mode fiber and operated at 0.84 K. Furthermore, the detector’s SDE is over 70% when operated at a

2.1 K closed-cycle cryocooler.
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1. INTRODUCTION

Superconducting nanowire single-photon detectors (SNSPDs)
[1] have been proven as one of the most attractive single-
photon detectors, as they provide high system detection effi-
ciency (SDE) [2-5], low dark count rate (DCR) [6], low timing
jitter (T7) [7,8], high photon count rate (PCR) [9], and broad-
band sensitivity [10,11]. To date, SNSPDs have been used in
many applications, such as quantum key distribution [12,13],
photonic Boson sampling [14], dark matter detection [15,16],
and satellite laser ranging and detection (LIDAR) [17].

To achieve a saturated internal detection efficiency (IDE), it
was believed that the width of the superconducting strip is usu-
ally fabricated to ~100 nm, which is the same magnitude as the
formed size of a normal domain (referred to a “hotspot”) after
photon absorption [18]. However, a theory proposed by
Vodolazov [19] in 2017 predicts that a micrometer-wide dirty
superconducting strip is able to detect a single photon when it
is biased by a current close to the depairing current (/).
In 2018, Korneeva et al. experimentally showed that the
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micrometer-wide NbN short bridge can detect a single photon
in a wavelength range of 408—1550 nm [20]. Since then, stud-
ies of the superconducting microstrip single-photon detectors
(SMSPDs) have emerged. In 2019, Manova ez al. developed a
NbN SMSPD with an SDE of ~30% at 1330 nm wavelength
at 1.7 K operating temperature [21]. In 2020, Chiles ¢z a/. [22]
and Charaev er al. [23] reported very large active area of
SMSPDs with saturated IDE at 1550 nm at sub-1 K operating
temperature through very thin amorphous materials (2-3 nm
WSi, or ~3 nm MoSi,). Unfortunately, the SDEs of the re-
ported SMSPDs at the telecom wavelength of 1550 nm are still
at a low value (<6%), either due to a low IDE [20,21] or a low
optical absorptance (owing to the use of a very thin film, a low
filling factor, or a lack of optical cavity [22,23]). Furthermore,
the IDEs of the reported NbN SMSPDs at 1550 nm are still far
from saturation [20,24]. How to realize a high-performance
SMSPD that can be operated in a closed-cycle cryocooler is still
an open question. In response, more elaborate works have to be
done, and more insights into the detection mechanism of
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SMSPD are required. Numerical simulations based on
SMSPDs embedded in an optical cavity are necessary. A proper
geometrical configuration to reduce the current crowding effect
on sharp turns is needed to bias the microstrip close to its /4,
while maintaining a high optical absorptance.

This study reports a He ion pre-irradiated NbN SMSPD
that can obtain a nearly saturated IDE at 0.84 K operating tem-
perature, with a 7 nm thick, 1 pm wide, double spiral strip
configuration and an active area of 50 pm in diameter.
Combined with a distributed Bragg reflector (DBR)-based cav-
ity design and a high filling factor (f) of 0.8, the results dem-
onstrate a simulated absorption efficiency of the microstrip up
to ~100% and an experimental SDE of 92.2% at 1550 nm
through single-mode-fiber (SMF) coupling. The detector also
exhibits a low polarization extinction ratio (PER) of ~1.03, a
low DCR of ~200 cps, and a minimum system T] of ~48 ps.
Operated in a 2.1 K closed-cycle cryocooler, the detector shows
a maximum SDE of over 70% at 1550 nm. In addition, the
SMSPD is further coupled with a multimode fiber (MME),
where the detector shows a maximum SDE of over 60%

and a TJ of ~50 ps.

2. DESIGN AND FABRICATION OF SMSPDS

Numerical simulations are performed using a commercial
software (COMSOL Multiphysics). Figure 1(a) shows the sche-
matics of the optical stack of SMSPDs, where the microstrips
are stacked on top of the DBR substrate [4]. The DBR struc-
ture comprises 13 periodic SiO,/Ta,O5 bilayers in quarter of
the central wavelength of 1550 nm, stacked on the top
of the Si substrate. Owing to the formation of an optical
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Fig. 1. (a) Cross-section schematic diagram of the NbN SMSPD.
From top to bottom, optical stacks correspond to a NbN microstrip, a
13-layer SiO,/Ta,Os distributed Bragg reflector, and a Si substrate,
respectively. (b) Simulated microstrip thickness dependence of optical
absorptance at different f (0.4, 0.6, and 0.8), with a fixed strip width
of 1 pm. (c) Simulated wavelength dependence of optical absorptance
for microstrips with varied f in a wavelength range of 1300-1900 nm
at two different polarizations of light: TE (solid lines) and TM (dashed

lines).

cavity, the absorptance of the microstrips is greatly enhanced.
Figure 1(b) shows the simulated optical absorptance as a func-
tion of the microstrip thickness, with a fixed strip width of
1 pm and varied f* (0.4-0.8). The refractive index of NbN film
used here was 4.91 + 74.67 at 1550 nm, determined by a com-
mercial ellipsometer. A weak influence on absorptance is ob-
served when the strip thickness is greater than 7 nm. A 1 pm
wide microstrip with f* = 0.8 demonstrates high absorptance
of ~97%. Moreover, for a 7 nm (10 nm) thick strip, with
f~0.92 (0.84), the absorptance could reach ~100%.
Figure 1(c) shows the wavelength dependence of the simulated
absorptance, where small dips in absorptance occur in the res-
onant band (1400-1750 nm, determined at 3 dB cutoff). This
behavior is much different with the simulations for the nano-
wires on the DBR substrate [4], where no dips of absorptance
appeared in the resonant band. This may contribute to some
destructive interferences appearing at some specific wavelengths
because of the narrow spacing between the microstrips (i.e., gra-
ting interference effect when the wavelength is larger than
the spacing of the grating). In addition, the absorptance of
microstrips in the transverse-electric (TE, solid lines) and
transverse-magnetic (TM, dashed lines) polarizations showed
small differences at high £, resulting in a low polarization sen-
sitivity. For example, for /= 0.8 at 1550 nm, the simulated
polarization sensitivity (PER = TE/TM) is found to be
97.2%/95.9% ~1.01, which was much smaller than the
PER (~3—4) of the regular nanowires with "~ 0.6 [4].
According to the simulation, the SMSPDs are designed with
a fixed 1 pm width and a varied f* of 0.4—0.8. To reduce the
current crowding effect, the detectors are patterned with a dou-
ble spiral strip configuration based on previous studies [25,26].
As a comparison, different geometrical configurations [see
Figs. 2(a)-2(d)] are also designed with the same width on
one wafer, including a short micro bridge (called Bridge), a
modified double spiral strip (called Spiral-1), a regular double
spiral strip (called Spiral-2), and a conventional meandered
strip (called Meander). The difference between Spiral-1 and
Spiral-2 is the geometry of central parts due to the different
radius of curvature used. The f of the microstrips mentioned
is ~0.8 with an active area of 50 pm in diameter or a side
length of 50 pm. One limitation of the double spiral strip
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Fig. 2. Layouts [top panels, (a)—(d)] and magnified SEM images
[bottom panels, (e)—(h)] of four different SMSPDs: (a) and (e), the
short micrometer bridge; (b) and (f), the modified double spiral strip;
(c) and (g), the regular double spiral strip; (d) and (h), the conventional
meandered strip. The f* of the microstrips [(b)—(d), (£)—(h)] is 0.8.

The blue arrows mark the directions of the current flow.
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configuration is that a photon-insensitive zone appears in the
center, owing to the use of a wider strip to optimize corner
curvature. To maximize the coupling efficiency, the detector
can be coupled using a lens fiber (small laser beam waist) with
an eccentric alignment. Other methods for optimizing the de-
vice structure to reduce the current crowding effect will be
shown in a separate study.

For fabricating SMSPDs, a 7 nm thick NbN film is depos-
ited on a 2 inch (5.08 cm) DBR wafer, using reactive DC
magnetron sputtering in a mixture of Ar and N, gases. To im-
prove the IDE of NbN microstrips, He ion irradiation is con-
ducted to the NbN-covered wafer in a 300 mm medium-
current ion implanter through a He ion energy of 20 keV at
room temperature [27]. The ion irradiation fluence was
~5 x 10'® jons/cm? empirically. Then the irradiated NbN
film was processed to form the designed patterns using electron
beam lithography and reactive ion etching (RIE). Figures 2(e)—
2(h) show the magnified scanning electron microscope (SEM)
images of the four different patterns. The coplanar waveguide
electrodes were finally fabricated using ultraviolet lithography
and RIE.

3. MEASUREMENTS AND RESULTS

The SMSPDs are characterized at two different base temper-
atures: (1) 0.84 K in an adsorption refrigerator and (2) 2.1 K
in a compact closed-cycle Gifford-Mcmahon (G-M) cryo-
cooler. To prevent the SMSPDs from latching (the detector
latched at the normal state) [28,29], a shunted resistor is con-
nected in parallel to the SMSPD chip through wire bonding.
We chose a shunt resistor of ~6.8 Q (measured at room tem-
perature), which showed optimal performance in IDE and out-
put voltage magnitude. The detector was then biased and read
out through a cryogenic coaxial cable, connecting to a DC and
RF output port of a bias tee (ZX85-12G-S+, Mini Circuit Inc.)
placed at room temperature. Specifically, the bias current was
supplied through the DC port of the bias tee, which connected
with a series resistor of 20 kQ and an isolated DC voltage
source (SIM928, SRS Inc.). In the RF port, the voltage pulse
generated by the SMSPD was amplified using a 50 dB low-
noise amplifier (LNA-650, RF Bay Inc.) and then fed into a
pulse counter (SR400, SRS Inc.).

Figure 3(a) shows the sweeping current-voltage (/-V) curves
for the chip connected with (blue line) or without (red line) a
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Fig. 3. (a) Current and voltage (/-V) trace for NbN SMSPD with
(red line) and without (blue line) 6.8 Q shunt resistor at 2.1 K. The
switching currents are 80 pA for shunt (/:2*) and 66 pA for non-
shunt (/). (b) Switching currents without a shunt resistor versus dif-
ferent geometric structures (Bridge, Spiral-1, Spiral-2, and Meander)
with error bars measured also at 2.1 K.

shunt resistor. It can be observed that with a shunt resistor, the
nominal switching current (/) is increased from 66 to 80 pA.
In the low-voltage region (-0.4 to 0.4 mV), the /-V curve dem-
onstrated a slope, which corresponded to a ~5 Q contact re-
sistance. Because the nominal 7, is influenced by the shunt
resistor, we first screened the devices without the shunt resistor.
Figure 3(b) shows the 7, comparison of the four different
SMSPD configurations on the same wafer with a fabricated
width of ~1 pm, measured at 2.1 K. For the 7, at least five
samples are tested for each pattern. The average [/, of the
Bridge, Spiral-1, and Spiral-2, are 65.4 + 0.8, 65.2 4+ 0.7,
and 64.4 £ 1.0 pA, respectively, while that of the Meander is
only 43.5 4 0.9 pA (~0.67 of those of the Spiral-1). Here the
number after the symbol “+” of switching currents was referred
to as a standard deviation, which was estimated from the 7,
measurements of different samples. This result confirmed that
the sample with a double spiral structure can effectively reduce
the current crowding effect and thus guarantee a higher 7,
(IDE). Therefore, in the following experiment, a modified dou-
ble spiral strip (Spiral-1) configuration is characterized due to
the higher 7.

The optical-electrical performances of the SMSPDs are fur-
ther characterized based on the reported setup and methods [4].
Specifically, in the SDE measurements, a high-precision optical
power meter (81624B, Keysight Inc.) was adopted to calibrate
the input power and the attenuation of the attenuators
(81570A, Keysight Inc.). A polarization controller was used
to adjust the polarization of the input light. We calibrated
the input power using the same optical path through switching
the input fiber splicing to a fiber jumper connected with the
power meter (called the monitor port) or to the fiber connected
to detector under test (called the detector port). Both fiber
jumpers were ended with an antireflection-coated facet, which
was optimized around 1550 nm to reduce the reflectance (less
than 0.3%). A continuous-wave laser (81940A, Keysight Inc.,
1520-1630 nm) was used as the light source. The final input
power (-108.92 dBm) corresponded to a photon flux of
~1 x 10° photons/s. The power-calibrated fiber jumper was
cut and spliced to the detector port. To ensure the power sta-
bility, after the measurement, the fiber to the detector port was
cut and respliced to the monitored port, which showed no ob-
vious changes in the power. The typical spliced loss was less
than -0.02 dB, which was included in the SDE (a bad splicing
would result in a degraded SDE). SDE was determined by the
expression of SDE = (CR-DCR)/IPR, where CR is the re-
sponse count rate, DCR is the dark count rate, and IPR is
the input photon rate. The DCR was an average of the CR
collected for 10 s when the light was blocked by the shutter.

Then we analyzed the SDE uncertainties of our measure-
ments. Assuming all of the sources of measurement uncertain-
ties were independent, the total measurement uncertainty of
SDE was mainly contributed by three factors and could be ex-

_ /2 2 2 —
pressed as ospg =/ Opm + O, + Oae- Here 0, = £1.81%

is the relative uncertainty of the power meter (81624B), cali-
brated by Physikalisch-Technische Bundesanstalt (PTB);
Olaer = £0.09% is the uncertainty of the input laser power
(81940A), monitored in a measurement period; 0, =
+0.48% is the uncertainty of two cascaded attenuators
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Fig.4. Comparison of SDE (solid scatters) and DCR (open scatters)
of the SMSPDs fabricated with irradiated and unirradiated NbN thin
films as a function of bias current (/) at 2.1 K. Inset: optical coupling
image of the tested device captured by an infrared camera after the laser
spot (emitted from a lens SMF) eccentrically aligned to the active area
of the detector (marked with a dashed circle).

(81570A). Thus, based on the above parameters, the ospg was
approximately +1.87%.

Figure 4 shows the comparison of the SDEs versus bias cur-
rent (/,) for the SMSPDs fabricated with irradiated (called chip
“irradiated”) and unirradiated (called chip “unirradiated”) NbN
thin films. Both chips have the same film thickness (~7 nm,
deposited on the same batch) and the same geometrical con-
figuration (1 pm wide, f = 0.8, and a diameter of 50 pm,
Spiral-1 type). The chips were cooled in the 2.1 K G-M
cryocooler and were both connected with a shunt resistor
and coupled with a lens SMF. The input photon flux was
~1 x 10° photons/s at the wavelength of 1550 nm. Owing
to the mentioned photon-insensitive zone in the center
(~10 pm in diameter), the SMF was eccentrically aligned to
maximize the coupling efficiency. Notably, the maximum
SDEs of the SMSPD:s fabricated with irradiated and unirradi-
ated NbN thin films are ~70% and ~3%, respectively. 7, via
irradiation was reduced to ~0.65 of the unirradiated value,
mainly due to the reduction of electron density of states in
Femi level (V) [30].

To explain the significantly enhanced IDE of the irradiated
SMSPD, the physical parameters of the SMSPDs fabricated
with unirradiated and irradiated NbN thin films (Spiral-1 type)
were characterized as shown in Table 1. It can be found that the
square resistance (R,y) was increased and the critical tempera-
ture (7.) was suppressed in the irradiated samples, both of
which would result in a larger hotspot formation in the micro-
strip [19]. A larger hotspot size would help reduce the detection
current of the SMSPD. The detection current was referred to as
a threshold bias current where the absorbed photon drives the
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superconducting strip to the resistive state [19]. A similar phe-
nomenon was also observed for the irradiated nanowires [27].
Meanwhile, a ratio of 7, /4, ~ 0.63 at 2.1 K for the unirra-
diated microstrip was deduced by using the approximate ex-

. BINC
pression of /y,(7) = 0'74% [l - (TL)Z] 3/2 [31]. Here

T is the operating temperature, w is the strip width,
A(0) = 1.76kp T, is the superconducting gap at 0 K, and ¢
is the electron charge. The electron diffusion coefficient

D= 1.097(?}2 |T=T[)71 [32] was estimated from the slope
of the curve B,,(T',.) for the SMSPDs with or without irradi-
ation, where B,, is the upper critical magnetic field. This ratio

of Iy, /1 4ep for irradiated samples slightly raised to ~0.66 at the

same 7 = 2.1 K. Thus, it is speculated that a combined
mechanism may play a role that involves the larger hotspot for-
mation and higher 7, close to the /4, due to the ion irradi-
ation effect. Additionally, the results of irradiated samples show
that the NbN film currently used in our laboratory is not suit-
able to achieve high IDE SMSPD in the near infrared. Deeper
analysis of the changes in the physical properties of the film via
irradiation will provide us with guidance for preparing films
suitable for SMSPD. Both issues will be explored in an-
other study.

It is worth noting that SMF coupling in this experiment had
a large tolerance for the misalignment errors because of the
small beam size and the large enough active area. We checked
the alignment using an inverted microscope connected with an
infrared camera at room temperature. We also confirmed the
alignment indirectly by measuring the SDE of the detectors.
After the cooling system returned to room temperature, we re-
checked the alignment and observed no obvious shift of the
laser spot.

Empirically, lowering the operating temperature would

help improve the IDE of the SMSPD. Figure 5(a) shows
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Fig. 5. (a) Bias current dependences of SDE and DCR of the
SMSPD (“irradiated” chip), measured at two different temperatures,
with 1550 nm light illumination. (b) Maximum (solid sphere) and
minimum (solid square) SDEs measured at two different polarizations
of light at 0.84 K. Inset: a microscope image of the SMSPD with an
active area of 50 pm in diameter. Dashed lines are sigmoid function fits
in both figures.

Table 1. Parameters of the SMSPDs Fabricated with Unirradiated and Irradiated NbN Thin Films?®®

Samples R, (20K) (Q/sq) T.(K) D(em?/s) I4,(0K)(pA) I4, (21K)(pA) I, (21K)(pA) I/, (21K)
Unirradiated 839 7.14 0.44 161.5 101.1 0.63
Irradiated 1036 6.40 0.50 100.5 66.0 0.66

“Ryq (20 K) is the square resistance at 20 K. D is the diffusion coefficient. 74, (0 K) and 7y, (2.1 K) are the calculated depairing currents at 0 K and 2.1 K.

"The I, at 2.1 K is measured without a shunt resistor.
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the temperature dependence of our best irradiated SMSPD
coupling with the lens SMF. The SDE (solid scatters) and
DCR (open scatters) of the irradiated SMSPD (Spiral-1 type)
as a function of 7, are recorded at 2.1 K and 0.84 K, respec-
tively. At 0.84 K, near saturation of SDE appears at the high
current region, implying near-unity IDE. A maximum SDE of
92.2% at a DCR of 200 cps is obtained at 1550 nm wave-
length. The measured SDE data are fitted at 0.84 K with
the sigmoid function (dashed line), showing the saturation
trend of the SDE with the current increase. The polarization
controller was adjusted to study the polarization sensitivity of
the detector as shown in Fig. 5(b). The PER (ratio between the
maximum and minimum SDEs) of the “irradiated” chip shows
a value of less than 1.03, consistent with the simulation
(~1.01) at 1550 nm. Low polarization sensitivity is preferred
in many applications, e.g., providing a high SDE for the MMF-
coupled systems.

Furthermore, we measured the intrinsic DCR of the best
irradiated SMSPD with and without shunt. To characterize
the intrinsic DCR, the coupled fiber was removed, and the chip
package block was shielded by aluminum tape to isolate any
optical radiation. It was found that, without the shunt, the de-
tector latched and could not produce stable count rate. With
the shunt, as shown with triangular dots in Fig. 6, the intrinsic
DCR of the SMSPD increased exponentially with current, sim-
ilar to the behavior of an SNSPD with a shunt.

Note that the false DCRs were observed in the 7, > 7,
region, which was removed from Fig. 6 to avoid misunder-
standing (see Discussion section for more details). These false
DCRs were caused by the RF oscillations due to the use of a
shunt resistor [33]. However, when the detectors were biased at
the same normalized current below 7, we did not observe ob-
vious increase of the intrinsic DCR due to the shunt, compared
with the DCR of typical SNSPDs with [34] or without [35] the
shunt. Also similar to the SNSPD, the SMSPD with the shunt
can be biased at <0.95732", where the background DCR (see
the open circles in Fig. 6) was at a low level of ~100 cps. Such
DCR performance could meet most application needs for

low DCR.

i at0.84 K, at1550 nm
10°F A wio fiber-DCR 1
o with fiber-DCR

10—1 L L L L L L L
0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

NI
Fig. 6. DCR of the best SMSPD with and without fiber (i.e., the

intrinsic DCR) as a function of the normalized bias current (7,/1,),
recorded at ~0.84 K.

Low TJ is a significant advantage of SNSPDs over the other
counterpart detectors. It is interesting to determine whether the
SMSPD can maintain a low T] as well as the SNSPD.
Previously, TJ in SMSPD showed a strong current dependence,
and a minimum jitter of ~46 ps was obtained at the current
where IDE saturates, measured using a 1064 nm ps laser [21].
Here we show the system TJ of the “irradiated” chip using the
TCSPC module and a 1550 nm fs laser [36]. Figures 7(a) and
7(b) show the histogram of the time delay between the laser
synchronization signal and output pulse of the SMSPD, re-
corded at high and low currents at 0.84 K, respectively. TJ
was defined as the full width at half-maximum (FWHM) of
the normalized counts. As shown in Fig. 7(a), the count histo-
gram at high 7, of ~95 pA (0.98/,,) was fitted well by the
Gaussian distribution, which produced a TJ of 47.5 ps.
However, in Fig. 6(b), at the lower 7, of ~76 pA (0.791,),
the TJ increased to 142.4 ps, where the count histogram shows
a non-Gaussian shape with a “shoulder.” The “shoulder” can be
regarded as the superposition of the main and secondary peaks
as shown by the fit curves [green and orange lines in Fig. 7(b)].
A recent theoretical model has reproduced the non-Gaussian
shape by using a modified time-dependent Ginzburg—Landau
equation [37]. The mechanism was associated with the posi-
tion-dependent vortex dynamics and the existence of fast and
slow absorption sites across the superconducting strip. At the
low current, the vortices and antivortices move slower, leading
to increased delay time and thus increasing TJ. Figure 7(c)
presents the current dependence of the TJ. Generally, the TJ
decreases with the increase of the current. However, at the
currents where the IDE changes rapidly (e.g., 72—-84 pA, light
orange region in the figure), an inflection point of TJ appears
in this current region, which may be caused by the effects of
the non-Gaussian shape. The arrows in the figure mark two spe-
cific currents, at which Figs. 7(a) and 7(b) are reordered.

A minimum system jitter of ~48 ps for our SNMPDs was
obtained at 7, = 95 pA. We believe this relatively large system
jitter in our experiment was because of the relatively large elec-
trical noise jitter as well as the geometrical jitter. Specifically,
because the SMSPD was shunted with a small resistor, the out-
put pulse amplitude was significantly reduced from 2 to
~190 mV, resulting in a lower slope of the rising edge of

e 180
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Fig. 7. Histogram of time-correlated photon counts measured at
1550 nm. (a) 7, = 95 pA (red circle). The blue line is the Gaussian
distribution fit, with the FWHM of 47.5 ps. (b) 7, = 76 pA (red
triangle). The black line is superposition of two peaks with the
FWHM of 142.4 ps. The green-dashed and orange-dotted lines are
the Gaussian distribution fits for the main peak and secondary peak,
respectively. (c) The bias current dependence of the TJ in a range of

70-95 pA.



Research Article

) “ - Q Vol. 9, No. 6 / June 2021 / Photonics Research 963
| —

(@) 500 T e ] (B) 1% determined at the SDE of 10%. The measured MCR was gen-
= Sasriting 80 erally less than the MCR deduced from the decay time [1/
2150 y y
¥ \ Eeo (36 ns) ~2.7 x 107 cps], possibly owing to the limitation of
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Fig. 8. (a) Oscilloscope single pulse waveform graph of response
versus time. The exponential fitting of the falling edge is given as
36 ns. (b) The dependence of SDE and count rate of SMSPD at
0.84 K. The count rate is ~5.7 MHz at the 3 dB point.
(c) Wavelength dependencies of the absorptance and SDE at TE
polarization and 0.84 K for simulated absorptance (red dashed line)
and the measured values with error bars (red stars). (d) The SDE
and DCR versus /, with an MMF coupling at 0.84 K, recorded at
two different photon fluxes: 10° photons/s (blue square) and 10° pho-
tons/s (red sphere). The dashed line is the sigmoid fit for the data re-
corded at 10° photons/s. Inset: the MMF coupling TJ is 50 ps at

the response pulse. This produced a relatively large electrical
noise jitter with a magnitude of ~17-40 ps [36,38]. Besides,
the 50 pm diameter active area would produce a geometrical
jitter with a magnitude of ~11-25 ps [39,40]. In the future,
it would be interesting to explore the physical limit of the time
jitter of SMSPD using cryogenic amplifiers and shorter strips.

Figure 8 shows more details of the “irradiated” chip.
Figure 8(a) shows the photon-response pulse of the SMSPD,
with a fitted decay time (1/e criterion) of ~36 ns for the falling
edge of the pulse. Although shunted with a resistor, a high pulse
magnitude of ~190 mV was observed, guaranteeing a good sig-
nal-to-noise ratio of the output pulse. Figure 8(b) shows the CR
dependence of the SDE measured at /, = 93 pA at 0.84 K. A
CR of ~5.7 MHz at the 3 dB cutoff point of the SDE was
obtained, while a maximum CR (MCR) of ~15 MHz was

onstrates a slight decrease with the increase of the wavelength
because of the non-saturation of the SDEs at the longer
wavelength.

Figure 8(d) demonstrates the performance of our device
coupled with a lens MMF with a core diameter of 50 pm
and a beam waist of ~28 pm. The MMEF-coupled SDE versus
I, was recorded at two different photon fluxes (1 x 10° and
1 x 10° photons/s, respectively). It was found that the SDE
recorded at the low photon flux (1 x 10° photons/s) was fluc-
tuating at the high bias current region (>85 pA) due to the
fluctuation of the large DCR. A sigmoid fit was plotted against
these experimental data, showing the trend of the SDE(/,)
curve. The maximum SDEs under these two photon fluxes
were ~61% and 63%, respectively, determined at 7, ~ 95 pA.
The slight increment of ~2% in the SDE confirmed there was a
weak blocking effect at high count rate. However, the maxi-
mum SDE was still lower than expectation. We speculated that
the relatively low SDE of the MMF coupling in this experiment
was mainly attributed to a relatively large misalignment of the
laser spot due to the lack of clear alignment marks in the field of
view. In the future, we would fabricate auxiliary alignment
marks on the SMSPDs, similar to what we have done in
SNSPDs [4], which would further improve the alignment ac-
curacy. However, according to our knowledge, this SDE is still
the highest value reported for the MMF-coupled detectors at
1550 nm. Meanwhile, owing to the broadband background ra-
diation transmitted by the MMF coupling, a significantly raised
DCR was observed, which can be suppressed using cold nar-
rowband filters, e.g., an MMF-coupled filter bench [42].

Table 2. Comparison of the Key Merits of the SNSPDs and SMSPDs Operated at 1550 nm Wavelength

SMF Coupling

MMF Coupling

Area  Width Decay
Detectors Material (pm?) (nm) SDE (%) DCR (cps) TJ (ps) PER SDE (%) DCR (cps) TJ (ps) Time (ns)
SNSPD MoSi, [3] D50 80 98.0 ~10? ~550 1.23  N/A N/A N/A ~400
WSi [5] ®15 120 93.2 ~10? 150 1.16 N/A N/A N/A ~75
NbN [4] D15 75 92.1 ~10 40 3.5 N/A N/A N/A ~27
NbTiIN, [43] D50 70 75 ~10? 18.7% at 1.06 pm 3.75 50 ~10° N/A N/A
SMSPD MoSi, [22] 400 x 400 1000 <6 ~10? N/A N/A  N/A N/A N/A ~75
WSi [23] 362 x 362 2000 N/A ~10° N/A N/A N/A N/A N/A ~45
NbN [21] @20 1000 35at 1.3 pm  ~10% 45 N/A  N/A N/A N/A 2.5°
NbN (this paper) @50 1000 92.2 ~10 475 1.03 63 ~10° 50 36!

“Use of a low temperature amplifier.
"Not identical to the rest time, due to the influence of the shunt resistor.
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Fig. 9. Simulated wavelength dependence of optical absorptance for
microstrips with two different widths (w = 1 and 3 pm) and two dif-
ferent filling factors (f* = 0.80 and 0.88) in a wavelength range of
1300-1900 nm, respectively.

Through Gaussian fitting, T] of ~50 ps at /, = 95 pA is ob-
tained, which is slightly larger than that of the SMF coupling
due to the fiber-associated dispersion in optical signal transmis-
sion in MMF [43].

Finally, the SMSPD performances are compared with the
state of the art of the SNSPDs at 1550 nm wavelength listed
in Table 2, showing the potential of the SMSPD. The SNSPD
with an active area of 50 pm diameter and operated at 1550 nm
usually demonstrates a very large kinetic inductance (i.e., a long
decay time over 1 ps without a series resistor), large TJ, and a
very low yield (based on our own experience for NbN detec-
tors). In contrast, the SMSPD with the same size exhibits an
improved decay time, TJ, and yield [~68% (14/21) in one wa-
fer, with a criterion of 7, > 60 pA without shunt], making it
attractive for applications requiring a large active area, high tim-
ing performance, and efficient detection.

4. DISCUSSIONS

Here we provide more insights and discussions to our results.
First, for optical cavity design, recent simulation and experi-
ment results (e.g., Refs. [2,4] and this paper) have shown that
near unity absorptance and SDE can be obtained without the
additional layers stacked on the top of the NbN strip, because
of the formation of a strong half-wave cavity. Adding the addi-
tional layer on the top of the NbN strip would result in a nar-
rower resonated bandwidth but with no obvious enhancement
in absorptance. Therefore, to simplify the fabrication process,
we did not fabricate the additional dielectric layers. Second, for
the strip geometry, we have simulated strips with varied widths
(e.g., 1-3 pm) and varied filling factors (e.g., 0.3-0.97). It was
found that with each strip width it was possible to achieve a
maximum absorptance close to 100%. For instance, we show
a comparison of the simulated absorptance for micro strips with
widths of 1 and 3 pm at specific filling factors in Fig. 9. A maxi-
mum absorptance over 95% was obtained at both of these strip
geometrical structures. Therefore, the choice of strip width
mainly depends on the processing accuracy and the actual
requirements. In this study, the use of 1 pm wide strips with

a varied f of 0.4-0.8 was empirical. Third, the double spiral
strip configuration was useful to improve the maximum bias
current. However, as pointed out earlier, it has a drawback that
it is insensitive to detection in the middle and thus requires
more sensitive alignment and results in wasting of the SMSPD
active area. Thus, we thought the spiral strip configuration
would be useful for the case in which the SMSPDs have a very
large active area and are coupled to a beam with a large beam
size. Thus, the middle insensitive area would sacrifice a very
small part of the SDE. For example, considering a very large
active detector with a 10 pm diameter insensitive area coupled
to a 150 pm diameter Gaussian beam, the estimated coupling
loss was ~0.9%. Besides, recent advances in reducing the effect
of current crowding have been made, such as thickening the
turns of the meander strip [44].

In our experiments, the SMSPD was shunted with a resistor,
which would cause the RF oscillations at the 7, greater than 7,
(up to ~1.47,, empirically), where the detector suffered
from the RLC (resistance, inductance, and capacitance series
circuit) oscillations. This phenomenon was also observed
in the SNSPD shunted with a resistor [33]. In this current re-
gion, the pulse waveform of the RF oscillations observed by the
oscilloscope was stable and repeated at a specific frequency,
which was easy to distinguish from the normal photon response
of the detector. Furthermore, in the DCR measurement, the
DCR logarithmically increases with the bias current. However,
after entering the RF oscillation region, the curve of the DCR
versus /, would show a different slope, which provides evidence
for us to distinguish the normal operation region from the RF
oscillation region. It is worth noting that, generally, our detec-
tors are biased below the switching current, and the RF oscil-
lations would not affect the detector’s performance. Moreover,
in the low bias current region (below /), we also did not ob-
serve obvious RF oscillations induced by the shunt (implied by
a theoretical prediction in Ref. [37]), through monitoring the
periods of the pulse of the dark count. We speculated this type
of RF oscillations to have either possibly occurred at specific
kinetic inductance, shunt resistor, and strip width, or they were
too weak to observe.

In terms of detection mechanism, we adopted a simplified
diffusion hotspot model [45] to further explain the SDE en-
hancement caused by ion irradiation. This model describes
the photon response of a superconducting strip through an ana-

2
lytical expression of E;, = ﬂﬁ > W JTDTth(l - ]Id—‘),
max ep

where E;; is a minimum energy (or corresponding to a cutoff
wavelength 4,,...) detectable by the superconducting strip, ¢ is
the speed of light, 74, & 1.6 ps is the time scale of the quasi-
particle multiplication process, and { ~ 0.25 is multiplication
efficiency of quasiparticles [46]. According to the data of our
electrical transport measurements, the ion irradiation was
found to affect the related physical parameters of the strip
(e.g No, A, D, 1,/14), and then the E,;, due to irradiation
was estimated using the change ratio of these parameters. Via
calculation, £ ;, was reduced to nearly 65% of its unirradiated
value. Correspondingly, the 4, was extended to longer wave-
length, which implied an enhanced spectral sensitivity.
Recent theoretical works have extended the analytical hot-
spot model to more complicated models [19,47], which require

min
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numerical simulations. For example, the calculation by
Vodolazov [19] based on a hotspot two-temperature model (as-
suming a short thermalization time at the initial stage of hot-
spot formation) predicted the single-photon detection ability of
the strip with a microscale width, when the maximal detection
current (/5") exceeded a specific ratio of /4,. Here we com-
pared the detection current of our devices with the theoretical
results shown in Vodolazov’s paper [19]. First, we determined
the 772 of our device through measuring the normalized de-
tection efficiency (NDE) as a function of /,, illuminated at a
specific photon energy (wavelength). As shown in Fig. 10(a),
the data of the irradiated device were recorded at 0.84 K and
illuminated at two different wavelengths (1064 nm and
1550 nm, respectively). From the NDE(/,) curves, the maxi-
mal detection current (7 (‘}":"’Sh) with shunt was defined as the
current at which the NDE became greater than a threshold
value of 0.99 (i.e., the NDE became saturated). Assuming

the [iﬁp has the same increase ratio (~1.21, empirically)

as the I*" due to the shunt, then the 7 ife":""Sh was normalized
sh ) max—sh / ysh
to the [dep’ ie, IP® /[dep'

max—sh /ysh _ ymax
[det /[dep _[det /[dCP'

We further assumed the

/ max-sh
(a) i

—~ 1.0t irradiated U

=] I;""" ﬁgl :
: at0.84 K -
© 0.8 /‘ﬁ " at1550 nm ]

at1064 nm
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Fig. 10. (a) Bias current dependence of normalized detection effi-
ciency (NDE) for the irradiated SMSPD, recorded under the 1064 nm
and 1550 nm photons’ illumination, while operated at 0.84 K with a
shunt resistor. Arrows indicate the locations of the 7 ?:"Sh determined
for the two different wavelengths. The dashed line is a sigmoidal fit for
the data measured at 1550 nm. (b) Dependence of the maximal de-
tection current on the photon’s energy at different y and width (w).
The open dots are the calculated data obtained from Vodolazov’s paper
(inset of Fig. 11 in Ref. [19]), with y =10, & = 6.4 nm, and
T, =10 K for NbN. The solid star symbols are our experimental
results, with estimated y = 14, £, = 7.7 nm, and 7, = 6.4 K for
the irradiated NbN device.
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Then, according to Vodolazov’s paper [19] and our mea-
sured physical parameters (shown in Table 1) for the irradiated
NbN device, we calculated the relevant physical parameters
of our device in terms of Vodolazovs paper [19]: & =
V/hD/kgT .~ 7.7 nm, the characteristic energy of E(&2d ~
8.8 meV, where E,=4Ny(kzT,)? and the thickness
d =7 nm. We also estimated the coefficient y ~ 14, w =
1000 nm =~ 130&,, and the excitation photon engorgement
of Ephowon = hc/A=~0.80 (1.16) eV at 1550 (1064) nm,
respectively.

Based on the abovementioned parameters, especially for the
value of y &~ 14 in our NbN device, we compared the experi-
ment data (/35 /1 4ep, versus Eppocon/ E 0E2d) with the calculated
data taken from Vodolazov’s paper [19] as shown in Fig. 10(b).
Two sets of the calculated data, which corresponded to two
different strip widths (w = 160, and 40&,) with the same
value of y & 10, were plotted against our data. Because the y
and &, values of these data are close, the strip width would play
a key role on the ratio of /3v*//4c,, when the strip was illumi-
nated with the same photon energy. Thus, the two sets of cal-
culated data may serve as the upper and lower boundaries for
our results. However, more experiment data are needed to draw
a full picture of the curve, especially for the low-energy region
(corresponding to the longer wavelength >1550 nm) and high-
energy region (corresponding to the shorter wavelength
<1064 nm). These works would be done in the later experi-
ments. It is also interesting to note, in the low-energy region
(e-gs Ephoton/ Ey&2d < 60), whether the experiment data for
different strip widths would overlap each other; while in the
high energy region (e.g., Ephmon/EOf%d > 200), whether the
ratio of /5" /14, would tend to saturation. Both of these stud-
ies would provide more information for the understanding of
detection mechanisms.

5. CONCLUSIONS

In conclusion, this work simulated, fabricated, and characterized
aNbN microstrip on a DBR substrate with various filling factors
(0.4-0.8) and various strip configurations (bridge, double spiral,
and meander). Simulation shows that a high filling factor is
necessary to achieve high SDE in the SMSPD. A double spiral
strip configuration is helpful in reducing the current crowding
effect. Owing to the use of the NbN film pre-irradiated by He
ions, the IDE of the NbN SMSPD is significantly improved,
providing more physical insights into the detection mechanism
of the SMSPD. Based on the abovementioned methods, this
study successfully demonstrated the NbN SMSPD with a strip
width of 1 pm, a filling factor of ~0.8, and an active area of
50 pm in diameter, showing a maximum SDE of 92.2% at
1550 nm, a DCR of 200 cps, a minimum TJ of 48 ps, and a
PER of 1.03 at 0.84 K. Operated in a 2.1 K closed-cycle cryo-
cooler, the detector shows a maximum SDE of over 70% at
1550 nm. In addition, the SMSPD was further coupled with
a multimode fiber, where the detector shows a maximum
SDE of over 60% and a TJ of ~50 ps. Results of this study shed
light on the development SMSPDs for efficient single-photon
detection, which would show the potential application prospects
in quantum optics and photon-starved LIDAR.
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