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Abstract: The use of improved fabrication technology, highly disordered NbN thin films, and 
intertwined section topology makes possible to create high-performance photon-number-
resolving superconducting single-photon detectors (PNR SSPDs) that are comparable to 
conventional single-element SSPDs at the telecom range. The developed four-section PNR 
SSPD has simultaneously an 86% ±3% system detection efficiency, 35 cps dark count rate, 
~2 ns dead time, and maximum 90 ps jitter. An investigation of the PNR SSPD’s detection 
efficiency for multi-photon events shows good uniformity across sections. As a result, such a 
PNR SSPD is a good candidate for retrieving the photon statistics for light sources and 
quantum key distribution (QKD) systems. 

© 2018 Optical Society of America 

1. Introduction 

Currently, single-photon detectors are used in a variety of applications. The majority of these 
applications require both the high efficiency of detection devices and their temporal 
characteristics. Considering these demands, superconducting single-photon detectors (SSPDs) 
[1] usually outperform other types of detectors significantly when considering four key 
characteristics - system detection efficiency (SDE), dark count rate, dead time, and jitter. 
Moreover, these key characteristics comprising SSPD leadership are supported by SSPDs’ 
wide operation wavelength range. These detectors have opened fundamentally new 
application possibilities [2]. The rapid increase in the use of SSPDs led to significant progress 
in its fabrication technology and, as a result, to the development of single-element SSPDs 
with ultimate characteristics, such as SDEs, approaching 100% [2-5]. 

Further research has determined a need for SSPD improvements via the production of 
multi-element devices. Such a configuration can distinguish the number of photons contained 
in one short optical pulse of radiation. At this moment proposed two types of PNR detectors 
where sensitive area of detectors divided to k sections and in type 1 it connected in parallel 
[6,7] and in type 2 in series [8]. Undoubtedly, quantum cryptography is one of the most 
promising application areas for such photon-number-resolving (PNR) detectors. The 
investigation of PNR detectors’ capabilities and prospects for quantum cryptography has 
continued throughout the whole history of their development [9,10]. It is obviously that PNR 
detectors provide several prospective improvements for QKD systems, that is: a) they may 
enhance the information-carrying capacities of quantum channels, b) they enhance the 
security of the secret key through the detection of pulse-splitting attacks in which an 
eavesdropper can change the photon statistics of the pulses. The application of PNR SSPDs 
[6] in QKD systems has also become the object of study for many scientific and research 



groups, demonstrating PNR SSPDs’ prospects in such systems convincingly. Thereby, high-
SDE PNR detectors can modernize the field of quantum optics. Unfortunately, current PNR 
SSPD characteristics are far from their ultimate values. Since the first demonstration, the 
SDEs of such detectors have not changed significantly and reach approximately 1% [6,8]. 
However, application of PNR detectors with low detection efficiency is extremely unpractical 
because the probability of the simultaneous occurrence of several random independent events 
is equal to the product of the probabilities of these events, leading to a vanishing efficiency 
value for multi-photon, higher-order operations. Although there has been progress in the 
development of high-performance single-element detectors over the past few years [3-5], 
creating a PNR SSPD with high detection efficiency would have a much higher practical 
potential for both quantum cryptography and other applications. The present work is devoted 
to the development and investigation of superconducting PNR detectors with high SDEs. 

2. PNR SSPD fabrication technology 

The sensitive area of the PNR detector is a set of parallel, 100-nm-wide superconducting NbN 
strips. A planar resistor is connected in series to each strip to prevent the cascading switching 
of strips when a detecting event appears in one of them [11]. For our devices, four parallel 
strips were distributed evenly over an area of 15x15 μm2 (Figure 1). Nonetheless, the 
fabrication technology of PNR detectors and their topology allow the number of sections to 
be increased. 

 
Fig. 1. a) PNR SSPD image obtained with optical microscope: 1 – sensitive area of PNR, 2 – 
contact pads, 3 – four planar resistors, light-blue area is the NbN film; b) schematic view of 

topology #1; c) schematic view of topology #2. 

The thin NbN films for our devices were deposited over sapphire substrates with additional 
Au/Si3N4 optical cavity layers by reactive magnetron sputtering in an AJA International Orion 
series system [4]. The thickness of the films was around 6 nm, the surface resistance was in 
the range 600-700 Ohm/□, and the TC was 8-9 K. As was shown in [4] such parameters of 
NBN films correspond to high disordered films and allow to reach high quantum efficiency of 
the SSPD with saturated SDE(Ibias) dependence. Parallel NbN strips were formed by e-beam 
lithography and subsequent plasma-chemical etching in a gas mixture of SF6 and argon. 
Ti/Au resistors of ~150 Ohm each were fabricated using e-beam lithography followed by e-
beam evaporation and the lift-off process. V-Cu contact pads were fabricated using 
photolithography followed by e-beam evaporation and the lift-off process. Photolithography 
and subsequent plasma-chemical etching were used in order to remove the superconducting 
film from undesired areas. The wafer was then cut into separate chips with a scriber.  

Using the forementioned technology, we fabricated devices with the topologies that are  
shown schematically in Figure 1b (topology #1). We also compare our results with a previous 
study [12] which investigated the perfomance of detectors with a different topology - see 
Figure 1c (topology #2). The sensitive areas of each section in topology #2 are located in 
sequence one to another. All four sensitive areas of each section in topology #1 are distributed 
evenly over the 15x15 μm2 area. 

In order to reach a high SDE, we used an anti-reflection coating (ARC) technique, as 
described in our previous work [4]. Here, to obtain a high SDE for PNR detectors at the 



telecom wavelength λ=1550 nm, we used the following layers: Al2O3 substrate 430μm 
/Au 80nm /Si3N4 180nm /NbN 6nm /Al2O3 230 nm /Si 105nm.  

3. PNR SSPD operating principle 

The equivalent circuit for a four-section PNR SSPD is presented in Figure 2a. Each separate 
section of the 4-PNR (four-section) detector is marked with a different color: Rhs is the 
resistance of the NbN strip when a detecting event appears, Lkin is the kinetic inductance of 
the NbN strip, Ris is a planar Ti/Au resistor connected in series to each section to isolate 
adjacent sections, and K is a switch modeling the NbN strip state (the switch is closed in the 
superconducting state, while in the normal state, it is open). L and C indicate the inductance 
and capacitance of the bias-tee adapter, respectively. The superconductivity of the NbN strip 
that is biased with a current close to the critical value can be destroyed by the absorption of a 
single photon. The current flowing through this NbN strip starts redistributing between NbN 
sections connected in parallel and Rload. The additional resistance Ris is connected to each 
section of the detector in order to minimize the bias current change in the superconducting 
sections and to avoid cascaded switching of all detector sections. However, sufficiently high 
resistance Ris decreases the relaxation time of NbN strip between the normal and 
superconducting states (proportional to Lk/(Ris+Rload)), which leads to an undesirable latching 
effect. We have adjusted the Ris value to ~150 Ohm experimentally. The transition to the 
normal state of one NbN strip did not cause cascaded switching of other parallel sections, 
and, consequently, all sections of the detector were capable of simultaneous and independent 
detection of the absorbed photons at this resistance value. 

 
Fig. 2. a) Equivalent circuit of the 4-section PNR SSPD detector [Ref. 8, Fig.1b; Ref. 12, 
Fig.1], b) Oscilloscope traces of 4-PNR voltage pulse corresponds to different number of 

triggered sections colored separately. 

The voltage appearing on the Rload in this detector configuration is proportional to total 
current of the triggered NbN sections. In the case of similar values of current flow in each 
section, the amplitude of the output voltage pulse will be proportional to the number of 
photons recorded. The oscilloscope traces of the voltage pulse appearing in a different 
number of triggered sections of our 4-PNR SSPD is presented in Figure 2b.  

4. Device characterization 

4.1 Detection efficiency and dark count rate 
The manufactured 4-PNR SSPD was coupled with a standard telecom single-mode fiber SMF 
28e and cooled in a closed-cycle refrigerator (Sumitomo RDK 101 D) with a minimum 
temperature of 2.3 K. 



We measured the system detection efficiency of the 4-PNR SSPD in two ways - by using 
laser sources of continuous and pulsed radiation. We used the method and experimental setup 
described in detail in [4] for detection efficiency measurements using a continuous-wave 
(CW) source. It should be noted that established power of a CW laser of 0.128 pW at λ = 
1550 nm corresponds to 106 photons per second. According to Poisson statistics, at such 
photon flux, the probability of more than one photon appearing in the time window of 2 ns 
(equivalent to the detector’s dead time) is three orders lower than the probability of one 
photon event. This information allows us to neglect multiple photon detections. Therefore, 
this measurement via the CW source represent the average value of detection efficiency over 
all sections. The highest values of the system detection efficiency in a single-photon mode 
(SDE1_CW) we obtained was for sample #T1 (topology #1). The results are presented in 
Figure 3. The maximum SDE1_CW was as high as 86±3% at bias currents of 27 μA, which 
corresponds to 35 cps of dark counts. Dependence of photon counts on pulse counter trigger 
level shown on fig.3b clearly demonstrate 10-3 probability of two-photon events for photon 
flux 106 s-1. Moreover, this results confirm that given 4-PNR SSPD have well enough 
isolation between section and thus free of cascade switching feature. 

 
Fig. 3. a) Measured dependencies for SDE (CW laser) and Dark count rate vs. detector for the sample #T1,  

b) Measured dependence of photon counts vs. pulse counter trigger level for sample #T1 biased with 27 μA (~0.9•Ic). 

The dependence of 4-PNR SSPD dark counts vs. the bias current is very typical for traditional 
single-element SSPD detectors [13], namely: a fast initial decay with decreasing bias current 
in region of 30 - 27 μA is due to the intrinsic dark counts of the detector and flattening at 
currents < 27 μA that is associated with detection of room-temperature background radiation 
passing through the fiber. The change point in the obtained dependence of dark counts for the 
detector #T1 (27 μA) corresponds to ~35 dark counts per second. 

We have used a laser in the pulsed operation mode at λ = 1550 nm and with repetition rate 
f = 10 MHz for measuring the efficiency of simultaneous detection of n-photons by a detector 
(SDEn_pulse). The photon number distribution in the laser pulse corresponds to Poisson 
statistics. We have measured the number of counts in a certain time (1s) depending on the 
trigger level of the pulse counter for two specific laser power values that correspond to the 
average number of photons in the pulse, μ = 0.1 and μ = 2. The dependences obtained for 
detector biased with 27 μA and for two values of μ shown on Fig. 4. These graphs have the 
expected stepwise appearance. At low triggering levels smaller than the amplitude of the 
detector pulse when one photon is detected, number of counted events corresponds to the sum 
of pulses with all amplitudes and include simultaneous triggering of one, two, three and four 
sections of the detector, i.e. Nexp(1)+Nexp(2)+Nexp(3)+Nexp(4), where Nexp(n) - the number of 
simultaneous triggering of n detector sections. At triggering levels higher than the amplitude 
of the detector pulse when one photon is detected, the counter begins to count 
Nexp(2)+Nexp(3)+Nexp(4), which correspond to simultaneous triggering of two, three and four 



sections of the detector and so forth. Thus, we can measure the number of counts which 
correspond to amplitudes higher than certain one, and can be written in the form of 
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is convenient to represent this dependence Mexp(n) vs. the level of the voltage signal 
amplitude, i.e. in units of measurement corresponding to a single-photon operation of the 
detector (the upper axis in Figure 4). Since the detector has four independent sections, i.e. is 
capable of recording simultaneous absorption of up to four photons, these curves must have 
four distinct plateaus, as shown in Fig. 4b. Thus, for μ = 0.1, the probability of detecting 3 
and 4 photons in the optical pulse is very small (1.5 × 10-4 and 1 × 10-6), which makes it 
difficult to measure 3- and 4-photon processes because "steps" become blurred (Fig. 4a). 
When the average photon number in pulse increases to μ = 2, all 4 "steps" become easily 
distinguishable. 

The theoretical expression of Nth(n) may be calculated as: 
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Where η - is the detection efficiency of each section, mi - is the number of photons absorbed 
by the i-th section. When summing in the formula (2), we choose mi in such a way that every 
n sections absorb at least one photon and every k-n sections absorb no photons. Paul et al. 
[14] gave the similar relation for detectors of unity efficiency. In our case we generalized 
relation for detectors with arbitrary detection efficiency. 

 
Fig. 4. Dependencies of 4-PNR SSPD detector counts on the amplitude of the output voltage pulse (trigger level) for 

sample #T1: Mexp(n) (solid curve), Mth(n)(bars) for a) µ = 0.1 and b) µ= 2. 

For detectors of unity efficiency (k⋅η =1)  it is possible to calculate maximum values Nmax(n) 
of Nth(n) from (1) and determine the detection  efficiency as SDEn_pulse= Nexp(n)/Nmax(n), 
which corresponds to the simultaneous detection of n photons. Dependence of SDEn_pulse (n) 



for the detector #T1 is presented in Figure 5 by circles. Also in Figure 5 is presented the 
dependence SDEn_cw. Since the probability of each section switching at absorption of the 
photon is an independent event, we have found SDEn_cw as 

_ 1_
n

n cw cwSDE SDE= , (3) 

by using of the measurement results SDE1_cw = 86% with CW laser source. Furthermore, 
Figure 5 contains the SDEn_pulse and SDEn_cw dependencies [12] for the detector #T2 with 
topology #2. So, the figure 5 presents the comparison of the SDEn_cw which expected from (3) 
with system detection efficiency SDEn_pulse found from measurements with pulse source. 

 
Figure 5. Dependencies SDEn_cw(n) and SDEn_pulse(n). 

Several conclusions may be drawn from the presented graphs and from comparison of the 
dependencies SDEn_pulse and SDEn_cw. The indicated dependencies for sample #T1 almost 
completely coincide, excluding minor differences that are visible only for n = 4, and sample 
#T2 shows significant differences, starting at n = 2. We believe that this is due to the fact that 
all four sections of detector #T1 worked identically (had the same η values), unlike detector 
#T2, where the spread of the η’s may be significant. This spread, in our opinion, may be 
explained partly by the mismatch between the radiation and each section of the detector 
caused by the spatial inhomogeneity of the radiation at the output of the single-mode fiber, 
which obeys the Gaussian distribution. This mismatch should correspond to detector topology 
#2 (sample #T2) and be absent in detector topology #1 (#T1), which is indeed the case in the 
experiment. However, such a significant difference between SDEn_pulse and SDEn_cw cannot be 
explained by the topology of the sensitive element of detector #T2 alone. Apparently, there is 
also some non-homogeneity of detection efficiency across sections, which could be 
connected, for example, with some constriction in one of the detector sections. 

Also, we tried to examine the dependence of the number of counts vs. the trigger level 

(presented in Figure 4) with the values 
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relation (1) and taking into account the measurement of SDE1_cw for detector #T1. The 
calculated values Mth(n) are presented in Figure 4 as black bars with SDE1_cw = 86% and η = 
SDE1_cw/4. The obtained experimental results show good agreement with our calculation so 



for µ= 2 we had error 4%, 5.7%, 7%, 37% for photon numbers 1, 2, 3, 4. For 4 photons we 
observed higher error. Possible reason of it is imperfection work of our model in case when 
n=k and possible not so identical of DE for different sections. 

4.2 Jitter 

The 4-PNR detector jitter was measured using the method described in [15] with a TCSPC 
SPC-150NX (B&H) and pulsed laser (pulse duration 1 ps, wavelength 1550 nm). The laser 
power corresponded to an average photon number of 0.1 per pulse, so the prevailing number 
of voltage pulses from the SSPD detector corresponded to the detection of single photons and 
the multiphoton operation of the detector was negligible. The measurement results are 
presented in Figure 6. The measured FWHM jitter value was 90.7 ps. 

 
Figure 6. Jitter 4-PNR SSPD. 

Currently, the best jitter values of single-pixel SSPDs published in the literature are < 20 ps 
[15, 16]. The jitter produced by a narrow and short superconducting strip when detecting 
photons has been also investigated in the work [17] and reaches 3 ps, which, at the moment, is 
the lowest value published for any SSPD.  

In a number of works [15, 16, 18, 19, 20] whose authors study the factors 
influencing the value of the measured jitter, it is shown that the jitter (jsys) measured in the 
experiment can be represented as the sum of several components: 

2 2 2
int ,sys noise setupj j j j= + + (4) 

where jsetup is the jitter introduced by the measuring electronics and the laser, jint is the SSPD’s 
own jitter, jnoise is the jitter that occurs when the pulse from the SSPD passes through the 
amplification circuit, and jnoise may be expressed as: 

2 2 ln(2)noise

RMS
j

SR

σ= ⋅ , (5) 

where σRMS is the rms noise of the amplifiers, and SR is the slew rate of the pulse edge.  The 
slew rate parameter SR is defined as SR = max (ΔV/Δt), where ΔV and Δt are the amplitude 
of the voltage pulse and the rise time of this pulse, respectively. Substitution of the values 
obtained in our measurements into the expression (σRMS = 5.6 mV, ΔV = 70 mV, and Δt = 
450 ps) allows us to calculate the jitter connected with the amplification circuit as jnoise = 



84.6 ps. Thus, jnoise is the key parameter in our experiments and is apparently associated with 
a rather small amplitude of the voltage pulse. So, the calculated value of the SSPD intrinsic 
jitter is jint = 30.7 ps, which is typical for traditional SSPD receivers. Using expressions (4), 
(5), and the obtained value of jint, we calculated values for jnoise and jsys in which the pulse 
amplitude corresponds to 2-, 3- and 4-photon operations (inset in Figure 6). The expected 
system jitter values for these multiphoton operations were 52 ps, 41 ps, and 36 ps, 
respectively. Further improvement of the system jitter is possible via using cooled amplifiers, 
which have lower noise, and detectors with a higher critical current value. 

5. Summary 

The 4-PNR SSPD with high SDE, approaching the record values of traditional single-section 
superconducting single-photon detectors, was presented for the first time. A complete 
characterization of 4-PNR SSPD detectors was carried out. Further, the possibility of 
reconstructing the radiation source statistics using the created 4-PNR SSPD was 
demonstrated. A comparison of the created 4-PNR SSPD with other types of PNR detectors 
and non-PNR detectors operating in PNR mode currently available is presented in Table 1. 
The main advantage of our 4-PNR detector is that it works without of any multiplexing 
scheme with one coaxial line, a SDE, a high timing resolution (low jitter), a low dark counts 
rate, and an ultralow dead time. 

 
Table 1. PNR Single-photon detectors at λ=1550 nm 
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