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Abstract - We present our latest generation of ultra-fast superconducting NbN single-photon detectors 
(SSPD) capable of photon-number resolving (PNR). The novel SSPDs combine 10 μm x 10 μm active area 
with low kinetic inductance and PNR capability. That resulted in significantly reduced photoresponse 
pulse duration, allowing for GHz counting rates. The detector’s response magnitude is directly 
proportional to the number of incident photons, which makes this feature easy to use. We present 
experimental data on the performance of the PNR SSPDs. These detectors are perfectly suited for 
fibreless free-space telecommunications, as well as for ultra-fast quantum cryptography and quantum 
computing. 
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I. INTRODUCTION 
 
Novel photonics experiments and applications rely on ultra-fast, robust and efficient single-
photon detectors capable of photon number resolving (PNR). Quantum communication and 
quantum computing use multi-photon states with low (1 to 5) number of photons for 
establishing, transfer and measuring of entanglement. This is presently realised by correlating 
the output of several detectors, a technique which is resource-intensive and not scalable to 
large photon numbers. In the quantum key distribution systems based on heavily attenuated 
laser pulses the secure distance can be significantly enlarged when protocols based on multi-
photon states are used. This allows one to detect photon-number-splitting attacks based on the 
measured photon statistics and avoid the usage of truly single-photon sources. In the 
traditional 10 Gb/s optical communication the use of photon number resolving techniques will 
reduce the minimum sensitivity threshold to the level of tens of photons and enlarge the un-
amplified link distance. Until present, it was impossible to replace the avalanche photodiodes 
(APDs) with single-photon detectors in the optical link due to impossibility of distinguishing 
reliably "on" and "off" states of the light source – a consequence of peculiarities of its 
modulation. In fluorescence spectroscopy, PNR detectors could replace time-correlated 
single-photon counting by providing a direct optical-to-electrical linear conversion and thus 
the possibility of measuring the temporal decay of a weak fluorescence signal in real time. 
This would improve the speed and sensitivity of single-molecule fluorescence instrumentation 
for biological and pharmaceutical applications. PNR detectors make possible the direct 
measurement of the photon statistics of the luminescence from single molecules and quantum 



 
        
IEEE/CSC & ESAS EUROPEAN SUPERCONDUCTIVITY NEWS FORUM, No. 4, April 2008 
 
 

 

Page 2 of 8

dots. Optical time domain reflectometry (OTDR) will also gain in speed and sensitivity if a 
fast and reliable photon-number detector is used. 

It was recently demonstrated that the NbN nanowire superconducting single-photon 
detector (SSPD) [1, 2] has a performance similar or better than its nearest competitors: 
semiconductor single-photon avalanche photodiodes (APD), photomultiplier tubes (PMT) as 
well as superconducting transition edge sensors (TES). The SSPD is patterned from 4-nm-
thick NbN film as a meander-shaped stripe which covers a square area of 10 μm x 10 μm. The 
stripe is 120-nm-wide and the gap between the neighboring stripes of the meander is 80 nm 
which provides the 60% filling factor (the ratio of the area covered by the superconducting 
film to the whole area of 10 μm x 10 μm). The SSPD is operated well below its critical 
temperature Tc (typically at 2-3 K whereas Tc is ~10 K) and biased by a current close to the 
critical current. The operation principle is based on the formation of a resistive region in the 
place of photon absorption (so called "hot spot") with the subsequent redistribution of the bias 
current around the hot spot. When the current density in the "sidewalks" around the hotspot 
exceeds the critical current density the entire cross-section of the stripe becomes resistive 
which manifests itself as a voltage pulse on the terminals of the SSPD [3]. 

We demonstrated that the SSPD has a quantum efficiency η (the ratio of the detection 
events to the number of photons falling on the SSPD) in the near infrared (1.5-μm 
wavelength) close to 30% [4]. This is limited by NbN film absorption. It was also 
independently demonstrated in [5] and [6] that η can reach ~60% by implementing a 
microcavity resonator [6]. The η drops with the wavelength increase and remains reasonably 
high (~0.4%) at 5.6 μm wavelength making SSPDs the only practical detector in mid-infrared 
[7]. The dark counts rate Rdk drops exponentially with the bias current decrease and can be as 
low as 2x10-4 s-1 [4]. Another essential parameter for time-correlating research techniques is 
the photon detection timing accuracy (jitter) which for SSPD is below 20 ps including the 
jitter of the electronics [8]. The maximum counting rate of the SSPD is limited by the kinetic 
inductance of the superconducting stripe; it was shown by A. Kerman et al [9] that the 10 
x 10 μm2 active area response time is in the nanosecond range. 

Because of the favourable characteristics and the possibility to be effectively coupled to 
single-mode optical fibre [10] many applications of the SSPD are possible and have been 
reported. The most impressive is the report on the quantum key distribution (QKD) over 200 
km distance [11]. Other QKD experiments also were reported in [12], [13] as well as the non-
quantum optical communication [14]. 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 as well [15, 16]. 

Recently we reported the development of ultrafast SSPD capable of counting rates above 
1 GHz. It employs the same hot-spot response mechanism, but features significantly smaller 
kinetic inductance, which was attained by connecting superconducting stripes in parallel [7]. 
This approach turned out to be also fruitful for photon number resolving. The same device 
combines both ultrafast (sub nanosecond) response time and photon number resolving 
capability. In this paper we describe our recent study of this novel SSPD with PNR capability 
(PNR-SSPD). 

 
 
 
 

II. DESIGN OF PNR-SSPD  
 
To realize the photon-number-resolving capability we use several superconducting strips 
connected in parallel. Although at first glance it may seem that the remaining superconducting 
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strips should shunt the resistive strip that absorbed a photon this does not actually happen. 
The reason is the kinetic inductance of the long and narrow superconducting strips. Figure 1 
present the equivalent electrical circuits of the traditional single-strip SSPD (a) and the new 
photon-number resolving SSPD (b). In both circuits the resistors Rb and Rl represent the 
internal resistance of the bias source and of the transmission line (coaxial cable), respectively. 

When the SSPD is in the superconducting state we may assume that the switch in Figure 
1(a) is closed. When a photon is absorbed we may assume that the switch opens and the 
resistance R appears. The bias source should be a voltage source. In this case the bias current 
through the SSPD drops after opening of the switch, leading to the reduction of the Joule 
heating of the resistive region, and the superconductivity restores spontaneously. 
 

a) b)

 

Fig. 1. Equivalent circuit of the SSPD consisting of one superconducting stripe (a) and equivalent circuit of 
PNR-SSPD consisting of several superconducting stripes connected in parallel (b). Resistors Rb and Rl 
represent the internal resistance of the bias source and of the transmission line (coaxial cable), respectively. 
Resistors R, R1, R2 represent the resistance that appears after photon absorption. Inductances L, L1, L2 represent 
the kinetic inductance of the superconducting strip. Resistors R01, R02  are required to provide controllable bias 
current distribution between the stripes and to suppress unwanted normal state transition of the stripes that did 
not absorb a photon. 

 
A similar mechanism can be observed in the "multi-strip" PNR-SSPD. Let's assume that 

the photon was absorbed by strip #1 of Figure 1(b). We may treat this as opening of switch #1 
and appearance of the resistance R1. The presence of Rb makes the bias conditions similar to 
current-bias regime. The bias current of strip #1 drops, simultaneously bias currents of all the 
other strips increase. 

Due to the kinetic inductance, the impedance of those stripes is comparable with the 
impedance of the transmission line and a certain part of the bias current flows through it 
providing a voltage pulse. If two stripes become resistive simultaneously the portion of the 
bias current expelled to the transmission line will be higher (numerical simulation shows that 
it should be almost twice as high as in the case of single stripe switch) providing a higher 
voltage pulse and permitting to distinguish the number of simultaneously detected photons by 
the magnitude of the response voltage. 

The resistors R01, R02, etc,. connected in series to each stripe serve two purposes: first, they 
make the distribution of the bias current between the strips controllable, and second, they 
suppress the switching of several strips upon one photon absorption. Indeed, the opening of 
switch #1 in the example above causes the bias currents in all the strips except #1 to increase. 
As the SSPD is operated close to its critical current the increasing current may exceed the 
critical current of any single stripe and will switch it to the resistive state too. The resulting 
response pulse would have higher magnitude and would be indistinguishable from two-
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photon response. The resistors connected in series to each stripe reduce the current increase 
and allow operation closer to the critical current. 

 
 

III. PNR-SSPD FABRICATION 
 
The SSPD fabrication process is based on conventional electron beam lithography. As the 
SSPD is biased close to its critical current, the fabrication of very uniform long stripes with a 
minimum of defects is vitally important. Indeed, any weak point in the stripe will limit the 
critical current and reduce the quantum efficiency of the device. We developed a process that 
allows us to fabricate conventional SSPDs with a quantum efficiency up to 30%, which is 
close to its ultimate value limited by the NbN film absorption. In this process we use e-beam 
lithography for drawing of straight lines oriented along the x- or y- axis of the e-beam writer. 
The NbN film will be later removed from these lines and they will become the gaps between 
the stripes of the meander. The width of these lines is 80 nm and the variation of the width is 
less than several nanometers. The gap between the lines (the width of the NbN stripe) is 120 
nm. Then, to form the meander, we remove the NbN film in the photolithography process 
from everywhere except the rectangular area between the gold contact pads (the NbN film 
remains also below the gold contact pads).  
 

 

 

Fig. 2. (a ) SEM image of the 5-section PNR-SSPD; black is the NbN film, white are the areas from which the 
film is removed. The drawing (b) explains how five meander-shaped strips are connected in series to planar 
resistors and then all the strips with their resistors are connected in parallel to the contact pads. Again, black is 
the NbN, white are the areas without NbN; the arrows indicate the bias current flow. 
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The basic idea in multi-strip PNR-SSPD fabrication is to use the already developed process 
of single-meander SSPD fabrication. Figure 2(a) presents the SEM image of the PNR-SSPD, 
the inset is taken at the edge of the meander and shows 120-nm-wide NbN stripes (black in 

Figure 2(a). Figure (2b) presents the simplified drawing, in which the arrows show the 
directions of the bias current flow. The first step of the PNR-SSPD fabrication is the e-beam 
patterning of the straight lines from which the NbN film will be removed to form the future 
meanders; these are grey in Figure 2(b). This step is the most important for the high quality 
SSPD fabrication and it is performed exactly in the same way as it was with the traditional 
SSPDs. The second step is the patterning of the parallel meander wiring shown as white 
stripes in Figures 2(a) and 2(b). Subsequently, the planar resistors are formed from 30-nm-
thick gold film. Varying their length and width, as well as the thickness of the gold film we 
can vary their resistance. For the 5-section SSPD we used resistors of 0.5 μm x 20 μ m having 
the resistance of about 100 Ω. Finally, the film around the meanders and their wiring is 
removed to form the completed PNR-SSPD device. 

Thus, we have a device consisting of high quality meanders covering an area of 
10 μm x 10 μm. Being patterned in the same way as the conventional single-meander SSPDs 
they are expected to have the same high quantum efficiency up to 30%.  

Simultaneously, the division of one long meander into several short meanders reduces the 
SSPD recovery time. Indeed, after the disappearance of the hot spot the SSPD bias current 
recovers during the characteristic time τ=Lkin/Rseries, where Lkin is the kinetic inductance of the 
strip and Rseries is the resistance connected in series with the SSPD. It is usually the equivalent 
resistance of the transmission line. For the traditional SSPD this time is approximately 10 ns 
and limits the counting rate to ~100 MHz. When the meander is divided into N sections 
connected in parallel the equivalent inductance of such a device is N2 times smaller, and 
consequently the recovery time is also N2 times smaller. For the 5-section SSPD it gives τ ≈ 
0.4 ns, and for 10 sections it gives ~0.1 ns leading to GHz counting rates. 
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Fig. 3 Precisely acquired waveform transient of PNR 
SSPD response for a single photon. The full width at 
half of the maximum is 450 ps. 

Fig. 4. SSPD photoresponse waveform transients taken 
with different light attenuation. Four different 
amplitudes are observed. 
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IV. EXPERIMENTAL SETUP, RESULTS, AND DISCUSSION 
 
In the experimental setup the radiation of a pulsed semiconductor laser (operating at 0.85-μm 
wavelength with 20-ps pulse width and 100 kHz maximum repetition rate) was fed into a 
fiber with a variable fiber-based optical attenuator and then divided in two parts. One part was 
fed to the power meter whereas the other part after further fixed-value attenuation was fed to 
the fiber-coupled SSPD. The SSPD was immersed in liquid helium at 4.2 K temperature. The 
electrical photoresponse pulse was fed to a coaxial cable and then to amplifiers, a pulse 
counter, and an oscilloscope. The laser and the oscilloscope were triggered simultaneously by 
a pulse generator.  

First, we measured the response time of the PNR-SSPD in a single-photon detection 
regime. It was significantly smaller than for traditional SSPD. Figure 3 presents the waveform 
transient acquired with the sampling oscilloscope and 0.01GHz to 2 GHz band, 45 dB gain 
low noise amplifiers. The full width at half maximum (FWHM) was 450 ps. For comparison, 
the traditional SSPD has FWHM of about 5.5 ns when measured in the same set up. Next, we 
varied the light attenuation and studied the probability of photoresponse and its magnitude 
depending on the attenuation. The main goal of this experiment was to prove that the 
observed effect is really the photon number resolution. We had to use amplifiers with 500 
MHz band to have ~70 dB amplification required for our single-shot oscilloscope. Four 
different magnitudes were clearly observed for different light attenuations, as shown in  
Figure 4. The duration of the acquired waveform transients is significantly affected by the 
band of the amplifiers; actually, the response time is significantly smaller than presented in 
Figure 4. With the increase of the number of photons in the laser pulse incident on the PNR-
SSPD the probability to observe higher response magnitude increases. 

For a mean number of m photons per pulse, the probability P(n) of detecting n photons 
from a given pulse is P(n)~(e-mmn)/(n!). When m << 1 due to attenuation, the probability P(n) 
simplifies to 

!
~)(

n
mnP

n

 
Consequently, the probability of detecting one photon is proportional to m, the probability of 
detecting two photons is proportional to m2, and so on. Figure 5 presents relative detection 

 
Fig. 5. Detection probability vs optical attenuation 
of laser pulse. Single-photon, double-photon and 
triple-photon regimes are clearly observed. 

Fig. 6. Quantum efficiency at 1.3μm wavelength 
(open symbols) and dark count rates (closed 
symbols) of PNR SSPD measured at 2.2K 
temperature. 
 

 



 
        
IEEE/CSC & ESAS EUROPEAN SUPERCONDUCTIVITY NEWS FORUM, No. 4, April 2008 
 
 

 

Page 7 of 8

probabilities versus optical attenuation of the laser pulse for the pulses of three different 
magnitudes. 

The top curve corresponds to the pulses of smallest magnitude. The middle and the lowest 
curves in Figure 5 are taken for the pulses of higher magnitudes. In general, the analysis of the 
counter data is not straightforward as it requires taking into account the photoresponses for 
different number of photons. For example, when the counter threshold is set to two-photon 
detection events it counts also all other multi-photon events, as they have higher magnitude. 
But in the plot of Figure 5 the light intensities and the discriminator level we chose so that for 
a given point the contribution of other undesired multi-photon counts was significantly 
smaller. In this case, their contribution is smaller than the error of the measurement and does 
not play any significant role. Thus Figure 5 clearly demonstrates the capability of the detector 
to resolve one, two and three photons simultaneously absorbed. 

Finally, we measured quantum efficiency η at 1.3 µm wavelength and dark counts rate Rdk 
of the PNR-SSPD. Figure 6 presents these results measured at 2.2 K temperature. One can see 
that the PNR-SSPD exhibits η ≈ 2.5% and Rdk ≈ 0.1 s-1. Quantum efficiency about an order of 
magnitude smaller than reported for the traditional SSPD can be attributed to the 
misalignment and coupling losses between the PNR-SSPD and the fiber. 

 
 

V. CONCLUSION 
 
We have demonstrated a novel design of the SSPD, which features both a photon-number-
resolving (PNR) capability and a significantly reduced response time. The photoresponse 
pulses of four different distinct magnitudes were clearly observed. The detection probability 
versus mean number of photons in the laser pulse m was proportional to m1 for single-photon 
detection events, to m2 for double-photon events, and to m3 for triple-photon events.  This is 
the main proof of PNR-capability. The full width at half-maximum was as low as 450 ps 
allowing us to reach ~1GHz counting rate. The PNR-SSPD exhibited ~2.5% quantum 
efficiency at 0.1 s-1 dark counts rate. 
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