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with photon number resolving capability.

Gregory N. Goltsman
Moscow State Pedagogical University, 1 Malaya Pirogovskaya, 119992, Moscow, Russia

ABSTRACT

In this paper we present a review of the state-of-the-art superconducting single-photon detector (SSPD), its
characterization and applications. We also present here the next step in the development of SSPD, i.e. photon-
number resolving SSPD which simultaneously features GHz counting rate. We have demonstrated resolution
up to 4 photons with quantum efficiency of 2.5% and 300 ps response pulse duration providing very short dead
time.
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1. INTRODUCTION

Nanowire superconducting single-photon detector (SSPD) is a rapidly developing novel type of the detector. In
terms of quantum efficiency, dark counts rate, maximum counting rate and timing resolution SSPD exhibits
performances better than its semiconductor counterparts such as Si and InGaAs avalanche photodiodes (APDs).
The best Si APDs! have 40 ps timing resolution, ~10 s~! dark counts rate, and maximum count rate about
3 MHz, their operational wavelength range is restricted by the energy gap in Si and thus their quantum efficiency
drops rapidly at wavelength longer than 1.1 pm making them unavailable for applications at telecom wavelengths.
InGaAs APDs? have a wider wavelength band, up to 1.8 pum, but they have worse timing resolution (2300 ps)
and suffer from very high dark counts rate (10* s~!). Besides, both types of APDs need electrical quenching for
fast operation.

SSPD outperforms its superconducting counterparts: although transition edge sensors (TES) were reported
to have almost unity quantum efficiency at 1.55 ym they are very slow (20 kHz maximum counting rate), have
submicrosecond timing resolution and require operational temperature ~0.1 K. Being capable to count infrared
photons and having no intrinsic dark counts,® they are susceptible to triggering by mid-infrared photons.

Because of the favourable characteristics and the possibility to be effectively coupled to single-mode optical
fiber®® together with an installation into closed cycle refrigirator system® many applications of the SSPD have
already been reported. The most impressive one is the report on the quantum key distribution (QKD) over
200 km distance.” Other QKD experiments also were reported® as well as non-quantum optical communication.’
The implementation of the SSPD for the research into emission of single-photon sources, e.g. quantum dots
or quantum wells, by time-correlated single-photon counting methods were reported in.> 1913 Recently several
experiments on quantum information processing with SSPD have been reported as well. 14 1?

In this paper we give a review of the state-of-the-art SSPD technology: fabrication, operation principles,
performances, photon number resolving capability, and optical applications of SSPD.

2. THE STATE-OF-THE-ART SSPD: OPERATION PRINCIPLES, FABRICATION,
PERFORMANCE AND APPLICATIONS

2.1 Operation principles, design and fabrication

SSPD is essentially a nanodevice made of 4-nm-thick NbN film. Its sensitive element is 120-nm-wide supercon-
ducting strip patterned as a meander covering 10 yum x 10 ym area'S embedded in a 50 Q co-planar line. Fig. 1
presents the design of the on-chip SSPD co-planar line and SEM image of the SSPD sensitive element.
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Figure 1. SEM image of the 10 gm x 10 gm NbN meander comprising the SSPD and 3 mm x 3 mm gold contacts mathing
50 2 co-planar line.

Operation principle of the SSPD is based on the formation of a resistive region accross the thin and narrow
superconducting film maintained at a temperature well below its critical temperature T, and carrying bias current
I, close to the critical current I, of the strip.!” 18

The SSPD fabrication process was described in detail in'® and here we give a brief description. NbN su-
perconducting films are deposited on R-cut or M-cut sapphire substrates by a dc reactive magnetron sputtering
in an Ar and No mixture. The film characteristics are as follows: surface resistance Rg=380-500 €/sq, crit-
ical temperature T.=10-11 K, superconducting transition width AT, ~ 0.3 K, and critical current density
je=3—5x105 A/cm? at 4.2 K. Details of our thin NbN film fabrication process are described in.2° The pat-
terning of the meander is performed by means of electron beam lithography and reactive ion etching. Large-scale
elements such as contact pads and alignment marks are patterned by photolithography and wet etching.

2.2 Performance

In visible and near infrared (up to 1.3 pmwavelength) SSPD has quantum efficiency QFE (the ratio of the detection
events to the number of photons falling on the SSPD) up to 30% which is its ultimate value limited by the NbN
film absorption. Typically SSPD exhibits such a performance at about 2 K operation temperature. Fig. 2
presents SSPD QF vs bias current for 4.2 K and 2.2 K temperatures for 1.3 um wavelength. One can see that
QF at 4.2 K is about 4 times smaller. Recently we reported about an SSPD that exhibit QF = 30% at 4.2 K
temperature!® (Fig. 3). Although such SSPDs are quite rare so far, it is mostly a matter of the fabrication
process optimization. Such devices are very attractive for application in cryocoolers since 4 K cryocoolers are
cheaper, more compact and have less power consumption compared to 2 K models. There are also reports about
successful integration of SSPDs with microcavities?! 22 which allows one to increase QE up to 60%.%

SSPD has a broadband spectral sensitivity up to 5-6 um wavelengths. Solid curve in Fig. 4 presents SSPD
QF vs wavelength measured at 5 K temperature with black body source and a grating spectrometer, whereas
single points (black squares) present SSPD QF measured at 1.7-2 K temperature with light emitting diodes.
One can see that with the increase of the wavelength one can observe a decrease of QF, i.e at 2 K temperature
at 1.5 um QFE = 17% while in middle infrared SSPD exhibits QE = 0.4% at 1.7 K temperature'®2? making
SSPD almost the only practical fast single-photon detector in this wavelength range.

SSPD combines high QF with neglegibly low level of dark count rate Ryi. It was reported that minimum
Ry, value is as low as 2 x 107% s~! which was measured at 2 K temperature when SSPD input was completely
blocked.?* Together with high QF it allows one to achieve noise equivalent power as low as 5 x 10721 W/ Hz'/? at
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Figure 2. Quantum efficiency vs bias current at 2.2 K and 4.2 K temperatures for a typical SSPD.
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Figure 3. Quantum efficiency vs bias current at 1.8 K and 4.2 K temperatures for one of the best SSPDs.
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Figure 4. SSPD quantum efficiency vs wavelength measured with a grating spectrometer (solid line) at 5 K temperature
and infrared light emitting diodes (black squares) at 1.6 K temperature. At 5 ym wavelength SSPD exhibits Q E=0.4%.

1.3 ym and 1 x 10~ W/Hz'/2 at 5 um wavelengths.'® Although such low values are unreachable in a practical
situation they can be concidered as ultimate values for this type of a single-photon detector.

Timing characteristics (jitter and counting rate) make SSPD competitive with other single-photon detectors.
SSPD timing jitter is as low as 18 ps including jitter of read-out electronics.?® It was derived from a histogram
of delay between the SSPD response and the laser trigger by the standard feature of the oscilloscope. In'2 a
74 ps timing jitter was reported for a fiber-coupled SSPD measured by a photon correlation technique. This
value includes all electronic jitter which is evaluated to be under 30 ps. Due to kinetic inductance limitation of
the SSPD reset time?% the maximum counting rate was limited by about 100 MHz. Recently we found a solution
to this problem (see below) which allowed us to reduce the reset time to subnanosecond range and provide GHz
counting rate.

3. PRACTICAL TWO-CHANNEL SINGLE-PHOTON RECEIVER SYSTEM

We developed a two-channel single-photon receiver system based on fiber-coupled SSPDs and designed for appli-
cations in quantum communication and quantum optics research such as antibunching-type correlation studies
of near-infrared photons emitted by semiconductor quantum dots. In*27 a successful realization of a similar
system with fiber coupled SSPDs was reported. A ring made from photoresist was used to ensure alignment
of the fiber against the NbN meander of SSPD and the SSPDs were operated in a standard storage dewar at
4.2 K temperature. In'? we reporeted a system having two major differences was reported: a method of SSPD
coupling and its operation temperature, both leading to a significant improvement of the system performance.
A mechanical alignment of the SSPD against the fiber was used instead of photoresist ring, and we improved
the system to enable SSPD operation at 2 K temperature being immersed in a transport dewar.

The system is designed as a double-wall insert with vacuum insulation (Fig. 5). Liquid helium from the
storage dewar penetrates into the inner volume of the insert through the filter and the capillary. To achieve a
temperature below 4.2 K the liquid helium vapor is pumped from the inner volume. The capillary limits the
speed of liquid helium penetration and allows a vapor pressure of 80-120 Pa and a temperature of 1.6 K to be
obtained.

The system has two identical photon detecting channels. Two SSPDs (one in each channel) are coupled to
the single-mode optical fibers and mounted at the bottom of the inner volume of the insert in the liquid helium.
The SSPDs are aligned against the fibers with the standalone micromechanical positioner and then glued to
the device holder. When SSPDs are fixed in this way the positioner is removed. Electrical contact is realized
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Figure 6. Quantum efficiency vs wavelength measured for both channels of the single-photon receiver at 1 Hz of dark
counts rate.

through co-planar waveguides and coaxial cables connected to two room temperature bias-Ts. For DC bias we
use a home-built current/voltage source. The SSPD photoresponse voltage pulse is transmitted by the coaxial
cable to the room-temperature amplifiers, one in each channel (60 dB gain) producing pulses larger than 0.5 V.
Then the signals from the channels are fed to the discriminators and to the counter and oscilloscope or to the
coincidence circuit depending on the goals of experiment.

The temperature is controlled by the efficiency of pumping and is measured with the thermometer mounted
on the same holder as the SSPDs. The minimum achievable temperature is mostly determined by the capabilities
of the pump and can be as low as 1.6 K. Temperature below 2 K can be achieved with a pump performance
above 5 m3 /hour.

A filtering of thermal room temperature background radiation allowed us to reduce the dark counts rate Ry
by several orders of magnitude.’

Improved method of SSPD coupling with the reduction of Ry allowed us to achieve the maximum system
quantum efficiency (QF reduced to the input of the fiber) above 10% at 1.55 um wavelength (Figure 6) at dark
count rate of 1-2 counts per second.
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Figure 7. SEM image of the 12-section “parallel wire” SSPD. Each section is a meander-shaped nanowire patterned in the
same way as usual SSPD, the width of the wire is 120 nm, the gap between the wires is 80 nm. The resistors are made
from 30-nm-thick gold film and serve for uniform current distribution among the wires and allows for operation closer to
the critical current.

4. FAST SSPD DESIGN AND FABRICATION

As it was demonstrated by A. Kerman et al?® the response time of the SSPD is limited by the kinetic inductance
of the SSPD. To reduce the kinetic inductance we divided one long meander-shaped nanowire in several parts of
equal length and connected them in parallel. Each part is a meander-shaped nanowire and all parts are placed
close to each other and cover the same square area of 10 ym x 10 pm. Indeed, by division a nanowire with the
kinetic inductance Lo in N equal parts we reduce the kinetic inductance of each wire by the factor of N. If we
connect those N wires in parallel their equivalent inductance is reduced by the factor of N? compared to Lg. It
leads to N2 shorter reset time of the “parallel wire” SSPD compared to usual single-wire SSPD.

The “parallel wire” SSPD fabrication process is based on the well developed process of the usual SSPD
fabrication described in detail in.'® It is based on e-beam lithography and reactive ion etching. Figure 7 presents
a 12-section “parallel wire” SSPD. Each section is a meander-shaped nanowire patterned in the same way as
usual SSPD. The width of the wire is 120 nm, the gap between the wires is 80 nm. The total area covered
by the nanowires is 10 pm x 10 pm. To ensure uniform bias current distribution between the nanowires each
nanowire is connectred to a planar resistor made of 30-nm-thick gold film. The resistance is in range 1-100 Ohm
and depends on the number of parallel nanowires. These resistors serve one more function, i.e. they allow for
operation of “parallel wire” SSPD at a bias current close to its critical current. The “parallel wire” SSPD is
operated in a constant-current regime. If a nanowire becomes resistive its current drops whereas bias currents
of other nanowires increase. The resistors suppress this unwanted increase of the bias current.

For precise “parallel wire” SSPD response time characterization we used a setup with 12-GHz-band amplifiers
and a sampling oscilloscope. The photoresponse characteristic time was derived directly from waveform transients
and was taken as 1/e fall or rise time. We studied SSPDs consisting of 2, 5 and 12 nanowires connected in
parallel. For all of them the total area covered by the nanowires was 10 ym x 10 pym. Fig. 8 presents the
waveform transients for SSPDs consisting of 12 and 5 parallel sections (upper plot). The insert shows 16-ps jitter
of the 12-section “parallel wire” SSPD measured with the pulsed laser with a built-in feature of the oscilloscope.
In Fig. 8 (bottom plot) we also plotted the characteristic fall times vs number of parallel nanowires.?® We also
plotted 1/N? law (solid line) which fall times should obey to. The fall time is taken as a time during which
the voltage reduces by a factor of e. The insert of the bottom plot describes how the fall time is taken. From
the 1/N? fitting curve in Figure 8 we can estimate the kinetic inductance of one-section SSPD to be equal to
~500 nH which is in a reasonable agreement with the results reported in?% for similar devices.
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Figure 8. Waveform transients for SSPDs consisting of 12 and 5 parallel sections (upper plot), the insert shows 16-ps
jitter of the 12-section “parallel wire” SSPD. The bottom plot shows the dependence of the fall time (taken as 1/e, see
the insert) on the number of parallel wires.

5. PHOTON NUMBER RESOLVING SSPD

Division of a nanowire in several parts connected in parallel enables the SSPD to distinguish the number of
photons simultaneously falling on its surface. Indeed, when a photon is absorbed by a nanowire that nanowire
becomes resistive. Although at first glance it seems that other sections should act like a shunt but this does not
actually happen due to the kinetic inductance of those sections. As a result a voltage appears on the terminals
of the SSPD. If two photons make two different sections resistive the response voltage is almost twice higher
than from one photon. Three photons absorbed by three sections produce three times higher response. This
mechanism allows one to distinguish the number of photons absorbed simultaneously by the magnitude of the
response voltage.

The experimental setup (Fig. 9) consisted of a pulsed semiconductor laser (operating at 0.85-um wavelength
with 30-ps pulse width and 100 kHz maximum repetition rate) which radiation was fed into a fiber and then
divided in two equal parts. One part was fed to the powermeter whereas the other part was fed to the “photon
number resolving” SSPD (PNR-SSPD) coupled to a fiber and maintained in a liquid helium at 4.2 K temperature.
Electrical photoresponse pulse was fed to a coaxial cable and then to amplifiers (500 MHz band, ~70 dB
amplification) and a pulse counter and a single-shot oscilloscope. The laser and the oscilloscope were triggered
from a single impact generator. To vary a power of the radiation falling on the PNR-SSPD we used a variable
fiber-based optical attenuator.

Fig. 10 presents the photoresponse waveform transients taken from the single-shot oscilloscope. Although
the waveforms are seriously affected by the amplifiers band (in reality the pulses are significantly shorter), four
different amplitudes are easily observed. With the increase of the number of photons in the laser pulse incident
on the SSPD, the probability to observe higher response amplitude increases.

To prove that the responses of different magnitude correspond to different number of photons we used the
following treatment. Assuming an ideal detector with 100% quantum efficiency, for a mean number of m photons
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Figure 10. PNR-SSPD waveform transients resulting from simultaneous detection of 1-4 photons.

per pulse, the probability P(n) of detecting n photons from a given pulse is P(n) « (e~™m"™)/(n!). When
m << 1 the probability P(n) simplifies to

P(n) x (1)

Consequently, the probability of detecting one photon is proportional to m, the probability of detecting two
photons is proportional to m?, and so on. In spite of the fact that the SSPD under test had its quantum efficiency
well below 100% the above treatment is in force provided that we consider actually detected photons instead of
photons in the laser pulse (in this case the number of photons falling on the SSPD may be much more that 1).

n!

Fig. 11 presents relative detection probability vs optical attenuation of laser pulse for the pulses of three
different magnitudes. Top curve (squares) corresponds to the pulses of smallest magnitude (“one photon” in
Fig. 10). The middle curve (triangles) in Figure 11 is taken for the pulses of higher magnitude (“two photons”
in Fig. 10). The third curve (circles) is taken for the “three photons” curve in Fig. 10. The results in Fig. 11
follows equation 1 and demonstrates clearly the capability of the detector to resolve one, two and three photons
simultaneously detected.

Proc. of SPIE Vol. 7236 72360D-8



10
\Mﬁ\ single-photon
-1 (P ~ m)

Pl e

Detection probability

10 A
double phzoton
10—3 S (P ~ m°)
tfip].e—pl'goti&<
10°° Bormley
0 10 20 30

Attenuation, dB

Figure 11. Detection probabillity vs incident power measured for three different magnitudes of photoresponse that clearly
proves unambiguous correspondence of the photoresponse magnitude to the number of simultaneously detected photons.

o\°
>:10l 10°

ooo O I
210° o ml 10t @
0)6‘1 -1 &V . 3 °
oo = ] 10°
5 <4;@&] . 2 =
10 at 10% 3
0 -3 O » 1 8
0 - 10

LY

Jo* e - 10° ¥
g _ s
glo 5 | 10 1
&l 90 95 100 105

Bias current, UA

Figure 12. PNR-SSPD quantum efficiency and dark counts rate vs bias current measured at 2 K temperature.

Finally, we measured quantum efficiency QF at 1.3 um wavelength and dark counts rate Ry of the PNR-
SSPD. Figure 12 presents these results measured at 2.2 K temperature. One can see that the PNR-SSPD exhibits
QF ~2.5% and Rg, ~ 0.1 s71.

6. CONCLUSION

We presented a review of the state-of-the-art SSPD which manifests up to 30% quantum efficiency at 1.3 pm,
17% at 1.5 pm and 0.4% at 5 pum wavelengths with negligibly low dark counts rate and 16 ps timing jitter.
Connection of nanowires in parallel allowed us to reduce the kinetic inductance and achieve 300 ps response
time which enables GHz counting rate. We also presented a photon-number resolving SSPD which is presently
capable to resolve up to 4 simultaneously absorbed photons. Improvement of quantum efficiency of such PNR-
SSPD and its successful coupling to single-mode optical fiber will make possible its installation in the described
above two-channel single-photon receiver. It will make PNR-SSPD available for many experimental and practical
applications such as research into multi-photon sources and realization of multi-photon protocols in quantum

cryptograpy.
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