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High detection efficiency and low intrinsic dark count rate are two advantages of superconducting nanowire single
photon detectors (SNSPDs). However, the stray photons penetrated into the fiber would cause the extrinsic dark count
rate, owing to the free running mode of SNSPDs. In order to improve the performance of SNSPDs in realistic scenarios,
stray photons should be investigated and suppression methods should be adopted. In this study, we demonstrate the pulse-
gated mode, with 500 kHz gating frequency, of a commercial SNSPD system for suppressing the response of stray photons
about three orders of magnitude than its free-running counterpart on the extreme test conditions. When we push the gating
frequency to 8 MHz, the dark count rate still keeps under 4% of free-running mode. In experiments, the intrinsic dark count
rate is also suppressed to 4.56 x 10~2 counts per second with system detection efficiency of 76.4372%. Furthermore, the
time-correlated single-photon counting analysis also approves the validity of our mode in suppressing the responses of stray

photons.

Keywords: quantum detector, superconducting nanowire, pulse gated, dark count rate

PACS: 03.67.Dd, 03.67.Hk, 03.67.—a

1. Introduction

Superconducting nanowire single-photon detectors
(SNSPDs) have rapidly emerged as highly promising photon-
counting technology in various experiments and applications
(e.g., quantum key distribution, quantum optical and biologi-
cal applications) with high system detection efficiency (SDE),
low intrinsic dark count rate (DCR) and small timing jitter.[!~7]

Since SDE and DCR both correlate with bias current, the
figure of merit of SNSPDs correlates is often represented as
the SDE at a specific DCR.!># In the last decade, much effort
has been devoted to improve SDE in structure and material in-
novation, whereas suppressing DCR attracted relatively little

attention. 313

I As a matter of fact, detecting very faint signals
requires not only high SDE, but also very low DCR. For ex-
ample, in long-distance quantum key distribution (QKD) ex-
periments, the quantum bit error rate (QBER), limiting the se-
cure transmission distance, is dominated by the DCR of the
detectors. The SDE of SNSPD, used in the QKD distance
of 260 km, only reached 3%, owing to suppression of DCR
from reducing bias current.!'*! Therefore, suppressing of DCR
plays an essential role as well as that of increasing SDE in
practical applications.

The DCR includes two regions, i.e., intrinsic DCR
(iDCR) and extrinsic DCR (eDCR). The iDCR, accounting for
the primary role of high bias current region, correlates to the
spontaneous vortex motion on the nanowire.!'>! Meanwhile,

DOI: 10.1088/1674-1056/abc2c2

the eDCR, dominating the region of low bias current, asso-
ciates with the noise photons from both the blackbody radi-
ation of the fiber itself and stray photons penetrated into the
fiber.[12:13]

Researchers have indicated that lowering SNSPDs base
temperature could reduce the iDCR and lower target tempera-
ture leads to smaller eDCR.!'%!7] Shibata et al. effectively im-
proved the DCR by 29 dB with 2.4 dB decreasing of the SDE

12.13] Meanwhile, Yang et al. sup-

using various cold filters. !
pressed the eDCR by two orders of magnitude via applying an
on-chip band-pass filter to SNSPD devices.!!!) However, these
techniques, namely coupling filter on SNSPD devices, will be
elusive for common investigators. Moreover, additional opti-
cal components increase cost and reduce reliability, e.g., the
SDE will decrease in most circumstances.

There is familiar problem in avalanche photodiodes
(APDs) with a high dark count probability caused by the ther-
mal effect due to high bias current. The gate-mode quenching
technique is applied to deal with it.['8] Also, the sine-gated
mode (SGM) has been used in a home-made SNSPD system
by Akhlaghi, to improve the maximal count rate.['”) In this
paper, we apply a pulse bias current on the nanowire to ac-
tively quench the response stray photons and the intrinsic dark
count rate. In our experiments, a commercial SNSPD in this
operation, denoted as pulse-gated mode (PGM) with 500 kHz
gating frequency, can suppress the DCR to 4.56 x 10~2 counts

*Project supported by the National Natural Science Foundation of China (Grant No. 61605248) and the National Basic Research Program of China (Grant

No. 2013CB338002).
TCorresponding author. E-mail: jmusheng@139.com
© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

040302-1


http://dx.doi.org/10.1088/1674-1056/abc2c2
jmusheng@139.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 30, No. 4 (2021) 040302

per second with SDE of 76.4372%.

2. Description of commercial SNSPDs

The commercial SNSPD devices used in this work are
fabricated by PHOTEC, Shanghai, China.[?’! The schematic
diagram of this system is shown in Fig. 1(a). Most commer-
cial SNSPDs are thus far operated in free-running mode (FM),
namely, a constant current I, only slightly smaller than crit-
ical current, is applied on the nanowires.>!] Therefore, even
the energy carried by a single photon can lead to formation of
a hot resistive bridge across the width of nanowires resulting
a rising voltage, as shown in Fig. 1(b), as a photon detection

signal.
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Fig. 1. The free-running mode operation of superconducting nanowire
single photon detectors (SNSPDs). (a) Schematic of the commercial
SNSPD under free-running mode in which the nanowire under test
is cooled to 2.201 K by a cryocooler. (b) Waveforms for dark event
recorded by an oscilloscope with width of 80 ns.

To gauge the SDE and DCR at a given I, a photon
counter is often adopted to count the response pulse with am-
plitude larger than a specific threshold. According to the defi-
nition widely used, the response pulse count rate, when the in-
put fiber to the cryocooler is blocked, is defined as the iDCR.
For measuring the SDE, we should illuminate the SNSPD with
a given photon flux using pulsed or continuous-wave (CW)
light sources.!!”?>) However, the eDCR plays a more essential

role than iDCR when the SNSPD is illuminated. Therefore, in
the paper, we measure the DCR (sum of iDCR and eDCR) by
blocking the illumination from the light source.

To show the influence of eDCR, we measure the SDE
and DCR of two channels of FM-SNSPD on different times of
days. The measurements are obtained in a room with windows
but without direct sunlight, except iDCR which is determined
in a dark room. We use a pulsed laser with a typical pulse
width of 50 ps and various pulse repetition rates (Ry.). In our
experiment, R, is set to 500 kHz, thus the number of 5 x 10*
photons per second corresponds to an averaged 0.1 photons
per pulse.

Figures 2(a) and 2(b) show the SDE and DCR, as func-
tions of I, for the channel 1 of FM-SNSPD on different times
of days. The SDE and DCR for the channel 2 of FM-SNSPD
are displayed in Figs. 2(c) and 2(d). The SDEs for one chan-
nel of FM-SNSPD in various measurements are only slightly
different, meanwhile, the DCR have great differences under
variety of scenarios and significantly outnumber the intrinsic
dark count rate. We attribute the fluctuation of DCR to the
change of stray photons penetrated into the fiber, which de-
pend on the illumination from outside. The results manifest
that the stray photons, from both the blackbody radiation of
the fiber and the stray light penetrated into the fiber, dominate
the DCR in the practical applications.
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Fig. 2. The system detection efficiency (SDE) and dark count rate (DCR)
for two channels of FM-SNSPD on different times of days. The solid lines
are the results about channel 1 of FM-SNSPD, and the dashed lines are the
results about channel 2 of FM-SNSPD. These measurements are taken on
different times of days, and the weathers in those days were different.

3. The principle of PGM-SNSPD

We use the schematic shown in Fig. 3(a) to implement
a PGM-SNSPD. A commercial SNSPD is biased by a pulse
current, combined with a DC current via a T-junction at the
DC&REF port of the bias-tee. There is a low-pass filter, to ex-
tract signals from noise, placed between the readout circuit and
the RF port of the bias-tee. The output signals are converted
to LVTTL signals by the amplifying and shaping circuit.
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Fig. 3. The pulse-gated mode (PGM) operation of SNSPDs. (a) Schematic of the PGM-SNSPD in which the nanowire under test is cooled to 2.201 K
by a cryocooler. (b) Waveforms for gating pulse recorded by an oscilloscope before shaping. (c) Waveforms for gating pulse recorded by an oscilloscope
after shaping. (d) Waveforms recorded by an oscilloscope when there are response signals of photons before shaping. (e) Waveforms recorded by an
oscilloscope when there are response signals of photons after shaping. Note that the first red signal is idle pulse, which will be subtracted in practical
applications, we do not deal with it in proof-of-principle experiments. The photon detection signals are the green pulses in (d) and (e).

Figure 3(b) is the signals without photon responses be-
fore shaping, with two main peaks. The former is an idle
pulse divided at the T-junction and should be subtracted due
to no effect on photons responses. This pulse cannot be elim-
inated completely by filters, owing to the broad spectrum of
pulse. Figure 3(c) shows the signals caused by the idle pulses
in Fig. 3(b), after the reshaping circuits. Fortunately, the ar-
rival time of idle pulses maintain in a region, which can be
easily distinguished in the time. Actually, replacing the T-
junction with a broad spectrum circulator can avoid this idle
pulse. Hence, we roughly dismiss the idle pulse in the pho-
ton counting. The latter pulse in Fig. 3(b) is the reflection
of the efficient pulse superimposed on the nanowire, owing
to the impedance mismatches at junction of coaxial cable and
nanowire. By adjusting time delay, the pulsed laser can be
locked to the peak of the pulse current through SNSPD. Fig-
ure 3(c) has tow parts of signal without and with photon de-
tected signals, marked as red and green, respectively. In the
shaping circuit, accurate threshold setting can filter out pulse
gate, without signal, and signal response in other time slots.
As shown in Fig. 3(e), the first red signal is the idle pulse and
the second green signal is the photon detection response.

4. Concept and model

First of all, we quantitatively compare the DCR of the
three operating modes. Figure 4 shows the cyclical current
on the nanowires under three different modes of SNSPD. In
the FM, the bias current is a constant DC current, denoted as
I pum- In the SGM, the bias current takes the form!!'”!

Ig soMm (1) = Inc.sam + Ion,sam (7) 5 (1)

where the Ipc sgMm is constant current and

Icn,soMm (1) = Asgmsin (27Tt), )

t labels the time and T is the cycle.
In the PGM, the bias current takes the form

Ig pom (t) = Inc,pam + Ichpom (1) 5 (3)

where IDc,PGM and ICh,PGM(t) = TApGM {lf Hh<t<tn,t=1
else 7 =0} are the DC and AC components of the bias, 7; and
t label the pulse rising and falling edges.

According to the FM-SNSPD measurement in Figs. 2(c)
and 2(d), we fitted the SDE and DCR as functions of the bias
current, and assumed that the dark count rate in the dark room
is the iDCR of channel 2 of SNSPD.
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Fig. 4. The current on the nanowire under three different modes of
SNSPDs as the function of the time in which the dashed line is a con-
stant function and the chain line and solid line are simulated based on
Egs. (1) and (2), respectively.

For PGM and SGM gate between 0 <t < T, the iDCR
between ¢ and ¢ + At equals to iDCRpv/p (¢)At,['”) and eDCR
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e 1 /T
can be defined as DCRrow = /0 DCRpe (1) dt
= 1 T
eDCR (I (1)) = SDE (I (1)) Ny . @ = [1-ew (- [ ipcErutrsron)
provided that the detector has not already been latched in the
same gate. We can define the DCR of the FM, PGM and SGM +SDEpu (T8 pam (1)) dtﬂ ’ ©)
in At as 1 /T
DCRsgm = ? / DCRsgMm (l‘) dt
0
DCRgm (t ) dt 1 |: T
. = —|l—exp (/ (iDCESGM (IB,SGM)
= [IDCRFM (IB,FM (t)) + SDEgpm (IB,FM (1) )] dt T 0
t
X [1 - /0 DCRFM(t)dt} , (5) —|—SDESGM(IB,SGM(t)))dt>} : (10)
DCRea(1)dt We use the function fitted from Fig. 2 and parameters in
= [iDCRpgM (I8 pom(?)) +SDEpGm (8 pom(t))] dt Table 1 to simulate the dark count in three modes, with differ-
y [l B /t DCRPGM(I)dI} ’ 6) ent amounts of stray photons. The results are shown in Fig. 5.
0 The number of stray photons are 50, 5 X 102, 5 x 103 and
DCRsm(t)dt 5 x 10* photons per second in Figs. 5(a)-5(d), respectively.
_ [iDCRSGM (Is.som (7)) + SDEscu (I som (1)) | dr It is shown that even with ext'remel.y la.rge numbers of stray
photons, PGM-SNSPDs can still maintain extremely low dark
y [1 B /z DCRsay (t)dt} . % counts. In fact, the dark count rate in our PGM is about three
0 orders of magnitude smaller than the corresponding dark count

Thence, the average of DCR in the FM, PGM and SGM in a

period would be

DCRgm

1 T
— / DCRgMm (t) dt
T Jo

rate in FM and SGM.

Table 1. Simulation parameters.

Variable Parameter

Simulation value

I rm current for FM-SNSPD Ipc+0.48
1 T Igsgm  current for SGM-SNSPD Inc +0.48(1 +sin(2T 7r))
T|l—exp{ - /0 (iDCEm (Z,7m1) Ispam  current for PGM-SNSPD Ipc+0.487, 1, —1; =8 ns
Rre pulse repetition rates 500 kHz
+ SDEgm (IB,FM (t))) dt>:| ’ ®) Nitray number of stray photons per second 50, 5 x 102,5x 103, 5 x 10*
80 500
(a) (b)
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Fig. 5. The simulation of dark count rate in three modes with different numbers of stray photons in which circles are simulated based on Eq. (6),
the squares are simulated based on Eq. (7) and the diamonds are simulated based on Eq. (8). Here we use the functions of system detection
efficiency and dark count rate fitted by the data measured in Figs. 2(c) and 2(d) and the number of stray photons are set as 50, 5 x 10%, 5 x 10°
and 5 x 10* photons per second, respectively.
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5. Experimental characterization

We excite the detectors using a 1550 nm pulse laser,
through a variable attenuator, at a level that makes the mea-
sured count rates linearly proportional to the laser intensity,
thus ensuring single photon sensitivity. The width of bias pulse
is 8 ns and the frequency of bias pulse is 500 K. We measure
the SDE and DCR for two channels of PGM-SNSPDs. Re-
markably, by adjusting the threshold, we could suppress the
DCRs of two channels to sub-Hz, which are hard to mea-
sure accurately in a short time. Therefore, we do not show
the DCR in Fig. 6(a). Since natural light is constantly chang-
ing, it is difficult to perform long-term measurements under
the same conditions. To more accurately demonstrate the sup-
pression of dark counts caused by stray photons by PGM,
we use a 1550 nm continuous wave (CW) laser to simulate
stray photons in the fiber. In Figs. 6(b)-6(d), we inject a cer-
tain intensity of stray photons to make the maximum DCR in
FM-SNSPD about 2000, which is a mid condition in practi-
cal conditions. Figure 6(b) shows the results of FM-SNSPD.
It can be observed that the growth trend of DCR is basically
the same as that of SDE. Figure 6(c) is the SDE and DCR
for PGM-SNSPD with 500 kHz pulse frequency. The DCR
is suppressed by about 3 orders of magnitude with a basically
unchanged SDE.

In Fig. 6(d), we try to increase the pulse frequency of
PGM-SNSPD. However, due to the performance limitation of
our pulse generator, we can only get a pulse with full width
half maximum of 8 ns. The overshoot of amplifier causes the
signal width to reach about 150 ns. Therefore, we set the rep-
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etition frequency of the gating pulse to 8 MHz. As shown in
Fig. 6(d), the SDE can still be maintained with high level and
the DCR is about 4% of Fig. 6(b).

To show the influence of different operation mode on
extreme test conditions, we measure the DE and DCR of
FM-SNSPD, 500k-PGM-SNSPD and 8M-PGM-SNSPD with
5x10%, 5% 10*, 5% 103 (only for PGM-SNSPD) stray pho-
tons per second, respectively. Figure 7 displays the perfor-
mances of PGM-SNSPD and FM-SNSPD. However, the SDE
for channel 1 of 500k-PGM-SNSPD can always be higher than
that of FM-SNSPD. Meanwhile, the SDE for channel 2 of
500k-PGM-SNSPD would be smaller than that of FM-SNSPD
in a region. We attribute this phenomenon to the difference
in electrical characteristics. More significantly, the DCR of
PGM-SNSPD can be suppressed to a low level without reduc-
ing the maximum SDE in either channel. Actually, as shown in
Figs. 7(b) and 7(d) 500k-PGM-SNSPD can suppress the DCR
more than three orders of magnitude than FM-SNSPD. The
DCR of 8M-PGM-SNSPD can be decreased to 2% of FM-
SNSPD.

Chen et al. pointed that the DCR with illumination is dif-
ferent from that without illumination and the calculation of the
SDE may be inaccurate. [23] Therefore, we introduce the time-
correlated single-photon counting (TCSPC) technique to an-
alyze the temporal histogram for the 5S00k-PGM-SNSPD and
the FM-SNSPD with 5 x 103, 5 x 10%, 5 x 107 stray photons
per second. Notably, the idle gate pulse, producing no effect
on photons responses, will also be counted by TCSPC and we
can distinguish it easily in the time region.
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Fig. 6. (a) The system detection efficiency (SDE) for two channels of the PGM-SNSPD in which the blue line is result for channel 1 and the red line
is for channel 2 of the PGM-SNSPD. These measurements are taken on about 8:00 of two days, with similar weather. (b) The SDE and dark count
rate (DCR) of channel 1 of FM-SNSPD injected with stray photons to simulate 2000 DCR with maximum SDE. (c) The SDE and DCR of channel 1
of 500k-PGM-SNSPD injected with the same stray photons as (b). (d) The SDE and DCR of channel 1 of 8M-PGM-SNSPD injected with the same
stray photons as (b). In all situations, we attenuate the pulse light of 500000 to 0.1 photon/pulse as the input of the SNSPD.
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Fig. 7. The SDE and DCR for two channels of FM-SNSPD, 500k-PGM-SNSPD and, 8M-PGM-SNSPD (only for channel 1) with 5 x 103, 5% 104,
5x10° photons per second (only for PGM-SNSPD). Here (a) and (c) are the SDE for two channels of 500k-PGM-SNSPD and FM-SNSPD. The
former is the channel 1 and the latter is channel 2. The DCRs are displayed as the order of (a) and (c), in (b) and (d). Also, (e) and (f) present the SDE
and DCR for channel 1 of 8M-PGM-SNSPD. These measure are taken in a dark room to avoid the influence of natural light and the stray photons are
emulated by a 1550 nm continuous wave laser with flux of 5 x 103, 5 x 10*, 5 x 10° photons per second.
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Fig. 8. Semi logarithmic temporal histograms for counts from FM-SNSPD, 500k-PGM-SNSPD with 5 x 103, 5 x 10%, 5 x 10° stray photons
per second in logarithmic coordinates. Here (a), (c), (e) are the results of FM-SNSPD with 5 x 103, 5 x 104, 5% 10° stray photons per second,
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Figure 8 shows that photons, only lacked at the peak of
pulse gate, can be detected in the S00k-PGM-SNSPD, while
signal responses can be every time slots in FM-SNSPD. As
clearly evidenced from the results, the 5S00k-PGM-SNSPD ef-
fectively suppresses the signal response outside the pulse gate,
while still maintaining a high SDE. Remarkably, the insets
in Fig. 8 show the great detail of the signals. Since the TC-
SPC only measures the arrival time of signals, the width of the
signal represent the time jitter of SNSPD. It is obvious that
the time jitter of the 5S00k-PGM-SNSPD keeps pace with its
main regions of the FM-SNSPD. In addition, there would be
no smearing, which may be caused by stray photons.

Furthermore, we carried out a long-time measurement
about 10000 s to obtain the accurate iDCR of 500k-PGM-
SNSPD in a dark room and the final results indicate that the
500k-PGM-SNSPD can suppress the iDCR to 4.56 x 1072
counts per second with SDE of 76.4372%.

6. Conclusions

As shown in simulations and experiments, PGM-SNSPDs
obviously satisfy the requirements of most applications, which
demand SNSPD with both high SDE and low DCR, especially
in environments with numerous stray photons, e.g., in the free-
space quantum key distribution and coexistence of quantum
key distribution and data on optical fiber. In addition, the in-
fluence of Raman noise into the fiber can also be suppressed
by PGM-SNSPDs, when adopting dense wavelength division
multiplexing. However, due to the extraction method of sig-
nals, the interval between the two pulse gates cannot be less
than the width of signals. In our experiments, we can only
push the repetition frequency to 8 M, which may not be too
high. Fortunately, there is much effort to reduce the recov-
ery time of the SNSPDs, which helps to increase the repetition
frequency.

In summary, SNSPDs can be operated in PGM at the
same SDE as FM, but with fewer DCR. We have demonstrated
the pulse-gated mode operation of commercial SNSPDs to
suppress DCR to 4.56 x 1072 counts per second with SDE
of 76.4372%. Not only in a mild condition, but also on ex-
treme test conditions, PGM-SNSPDs still have the superiority
of suppressing DCR. To be specific, the 5S00k-PGM-SNSPD
could suppress the DCR more than three orders of magnitude

and 8M-PGM-SNSPDs can also decrease the DCR to 4%.
Furthermore, the TCSPC analysis also approves the validity
of our pulse-gated mode in suppressing response of stray pho-
tons. Indeed, the pulse-gated mode operation is also effective
for the free-space optical coupled SNSPD, as ambient black-
body radiation and stray photons may be more serious than
that in fiber-coupled SNSPDs. Although there is limitation of
the repetition frequency of pulse gate, the work on reducing
the recovery time of SNSPDs will improve it.
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