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ABSTRACT  

The phenomenon of dark counts in nanostripes of different superconductor systems such as high-temperature 
superconducting YBa2Cu3O7-x and superconductor/ferromagnet hybrids consisting of either NbN/NiCu or YBa2Cu3O7-

x/L0.7Sr0.3MnO3 bilayers have been investigated. For NbN/NiCu the rate of dark-count transients have been reduced with 
respect to pure NbN nanostripes and the events were dominated by a single vortex entry from the edge of the stripe. In 
the case of nanostripes based on YBa2Cu3O7-x, we have found that thermal activation of vortices was also, apparently, 
responsible for triggering dark-count signals. 

 

Keywords: Single-photon detectors, superconducting photon detectors, hybrid materials, high-critical temperature 
superconductors, dark counts.  
 

1. INTRODUCTION  
Superconducting nanostripe single-photon detectors (SNSPDs) [1] are currently object of great interest in the field of 
quantum optics, quantum key distribution, and space telecommunications, because of their ultrahigh counting rate (sub-
gigahertz), ultralow jitter (< 30 ps), very high detection efficiency (theoretically close to 100 %) for wavelengths up to 
the near infrared, very low dark counts (<1 Hz), and ultrafast time response (few ps) [2]. The best realizations of these 
devices in terms of their counting performance, feasibility of fabrication, and working temperature, are presently based 
on ultrathin layers of NbN [3, 4], although alternative materials have been proposed with the aim of improving the 
SNSPD efficiency and signal-to-noise ratio, in particular, at longer infrared wavelengths. Some examples are transition 
metal silicides, like WSi [5-7] and MoSi [8] or MoGe [9]. 
 
Typically, SNSPDs consist of about 200-nm-wide and about 4-nm-thick superconducting nanostripes forming an 
extensive (up to 10x10 μm2) meander structure. The operation principle of an SNSPD is based on a current-assisted 
transition from the superconducting state to the resistive regime induced by absorption of a photon. The superconducting 
nanostripe operates at a temperature far below its critical temperature TC and is biased sufficiently close to its critical 
current IC, so even absorbed energy of a single optical photon is sufficient to generate a large enough hotspot, i.e., 
superconductivity-suppressed local region in the stripe, to trigger a local transition to the resistive state, resulting in a 
voltage pulse, recorded as a photon detection event.  
 
Independently of photon events, in a current-biased SNSPD, one can observe spontaneous transient voltage pulses 
generated without photon absorption and typically known as dark-count events. Dark counts mimic photon counts and, 
obviously, adversely affect the detector performance. The origin of dark counts in SNSPDs, recently, attracted a special 
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attention in literature and much research has been devoted to the physical origin of these unwanted events, focusing on 
revealing various mechanisms that, generally, involve thermal activation of magnetic vortices in 2-dimensional (2D) 
superconducting stripes [10-12]. Another thrust is aiming to develop novel materials systems that enable, hopefully 
substantial, reduction of dark counts. Within this idea, we have investigated the phenomenon of dark counts in 
nanostripes based on high-TC superconducting YBa2Cu3O7-x (YBCO) and superconductor/ferromagnet NbN/NiCu and 
YBa2Cu3O7-x/L0.7Sr0.3MnO3 (YBCO/LSMO) hybrids. In the case of hybrid structures, our previous studies have shown 
that the presence of an ultrathin ferromagnetic overlayer influences the superconducting properties of the bilayer, in 
terms of the critical current density JC, TC, as well as the electron relaxation time [13-16]. In work presented here, we 
focus on dark-count measurements in hybrid, superconductor/ferromagnet (S/F) stripes patterned from nanobilayers 
consisting of ultrathin NiCu weak ferromagnetic films deposited top of ultrathin NbN films, as well as from pure NbN 
films fabricated in the same conditions and treated as a reference. We stress that our work shows that NbN/NiCu 
nanostripes exhibit a drastic decrease of dark-count rates, as compared to pure NbN specimens, especially in the near-IC 
bias region, where the SNSPD has the highest quantum efficiency.  
 
Independently, recent, extensive efforts have been made to explore feasibility of SNSPDs based on YBCO [17-21]. The 
YBCO obvious advantage is its very high TC, intrinsic, a few-ps–long quasiparticle recombination time [15, 21], as well 
as other desired features of an unconventional superconducting material [22]. On the other hand, YBCO exhibits a 
coherence length of about 2 nm [23], making it extremely difficult to fabricate ultrathin and ultra-narrow 
superconducting nanostripes needed for effective photon detection. Here, we relate observation of dark counts in 10-nm–
thick YBCO nanostripes to the mechanisms observed in NbN-based SNSPDs. We also investigate the prominent role of 
a ferromagnetic overlayer LSMO, epitaxially grown on top the YBCO film. LSMO is both chemically and structurally 
compatible with YBCO and its layer acts as a capping/protection for YBCO, minimizing degradation of its 
superconducting properties, especially when an ultrathin base film is fabricated. Simultaneously, LSMO is magnetic, so 
studies of dark-count events in LSMO/YBCO nano-layers are very important in the development of the YBCO-based 
SNSPDs. Thus, our work moves us a step forward to the demonstration that YBCO nanostripes can indeed work as 
efficient SNSPDs at much higher temperatures.  
 
 

2. EXPERIMENTAL DETAILS 

 
2.1. Fabrication 

Briefly, 8-nm-thick NbN films have been deposited on MgO substrates by reactive dc-magnetron sputtering in an Ar/N2 
gas mixture at a power of 360 W. 6-nm NiCu overlayer has been next deposited without breaking the vacuum by dc 
magnetron sputtering from a Ni0.39Cu0.61 target at a power of 155 W and a deposition rate of 60 nm/min. Magnetic 
susceptibility tests demonstrated that our NiCu overlayers were ferromagnetic with the Curie temperature of about 20 K.  
Gold contact pads have been prepared by conventional photolithography and lift-off method, while nanostripes have 
been patterned by electron beam lithography, followed by a reactive-ion–etching method. For thermal fluctuation 
measurements, we used 5-μm-long, straight nanostripes with the widths of 175 nm and 100 nm, for NbN and NbN/NiCu, 
respectively. 

For YBCO-based experiments, ~10-nm-thick films of YBCO have been deposited on heated MgO (110) substrates by 
pulsed laser deposition (PLD). In addition, a carbon hard mask has been deposited by PLD at room temperature, acting 
as a protection layer for YBCO during its patterning, i.e., to avoid a direct impact of Ar ions during the etching process. 
The details of the process can be found in [24]. In the case of oxide S/F bilayers, on the top of a 10-nm YBCO film, an 
extra 15-nm-thick top, LSMO layer has been deposited ex situ by PLD [18]. Next, the bilayers were patterned to form 
short, 65-nm- and 100-nm-wide nanostripes. 

 

2.2. Experimental results: NbN/NiCu nanostripes  

In order to investigate the transport properties and dark-count rates, our samples were mounted on a cryogenic insert that 
was, subsequently, placed inside a standard, helium transport Dewar. The sample holder was surrounded by a metallic 
enclosure, completely shielding the test structure from outside radiation. The sample temperature was controlled by 
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varying the helium vapor pressure and position of the insert inside the Dewar, and was measured with a calibrated 
germanium thermometer. NbN stripes showed critical temperature TC = 12.1 ± 0.2 K, and critical current density JC

NbN = 
11.6 MA/cm2 at T = 4.2 K. The TC values of our NbN/NiCu samples were lower by less than 0.5 K, while their JC

 values, 
also measured at T = 4.2 K, were clearly enhanced and equal to JC

NbN/NiCu = 43.2MA/cm2. The JC enhancement in S/F 
nanobilayers has been observed earlier [13] and can be related to the magnetic overlayer, considered as scalar impurities 
that generate extra flux pinning [25]. 

The dark count events were registered as voltage fluctuation transients and read out using a cascade of two microwave 
amplifiers with an effective bandwidth of 0.1-100 MHz and a total gain of 20 dB. The amplified signals were fed with a 
50-Ω coaxial cable into our readout electronics that consisted of either a digital oscilloscope with a 1-GHz bandwidth or 
a pulse counter with a 100-MHz bandwidth. Figure 1 shows dark-count pulses observed on the oscilloscope for NbN(8 
nm) and NbN(8 nm)/NiCu(6 nm) nanostripes, respectively, recorded under the same bias conditions, namely, Ib/IC = 0.8 
and T = 5 K. The shapes of both pulses are identical, but, clearly, the amplitude of the NbN/NiCu pulse is significantly 
larger, in full agreement with the JC enhancement for the NbN/NiCu nanostripes as shown in the inset in Fig. 1.  
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Figure 1. Time-resolved dark-count signal recorded for NbN(8 nm) (green line) and NbN(8 nm)/NiCu(6 nm) (blue line) nanostripes at 
Ib/IC = 0.8 and T = 5 K. The inset presents the corresponding current-voltage (I-V) characteristics of NbN(8 nm) (green line) and 
NbN(8 nm)/NiCu(6 nm) (red line) samples. 
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Figure 2. Dark-count rates versus the normalized bias current measured at 6 K, for a pure NbN(8 nm) nanostripe (black squares) and  
for NbN(8 nm)/NiCu(6 nm) S/F nanostructures (red circles). The solid lines are the best fits obtained using the VAP model (a) and the 
VH model (b), respectively. 
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Despite of their enhanced amplitudes, the recorded rates of dark counts for our S/F test samples were found to be much 
lower than those observed in the pure NbN reference sample, as seen in Fig. 2. The latter can be viewed as a clear 
advantage of the hybrid S/F structures. The investigation of the physical origin of dark counts in S/F nanostructures have 
been reported by us in [26]. Our experimental results can be understood in terms of either the model based on thermal 
activation of vortex-antivortex pairs (VAPs) or the one based on thermal hopping of single unbounded vortices (VHs) 
[10,11]. In both cases, motion of VAPs or VHs creates a normal-conducting, resistive domain across a 2D nanostripe and 
results in a voltage transient that is registered as a dark-count event. Both vortex-based models can explain the significant 
decrease of dark counts in S/F nanostripes, observed in Fig. 2, since the presence of the F layer leads in a stronger vortex 
pinning in the S layer that, in turn, is responsible for both the JC enhancement and reduction of the rate of dark-counts 
events. However, a comparison between the temperature dependence of the vortex-generation energy barrier in the case of 
both models indicates that the VH scenario better explains the behavior for S/F nanostripes, whereas the VAP scenario is 
preferred to explain the dark-count mechanism in pure S nanostripes, such as NbN [26].  

 

2.3. Experimental results: YBCO and YBCO/LSMO nanostripes 
 
Both pure YBCO and YBCO/LSMO bilayer nanostripes have been characterized by measuring their both resistivity vs. 
temperature R(T) and I-V characteristics in the whole temperature range from room temperature down to T = 5 K. For a 
YBCO/LSMO nanostripe, TC = 82±6 K was determined, and a relatively broad superconducting transition was, 
apparently, due to a stripe superconducting properties degradation during the nano-bilayer patterning. The maximum JC 
value was found to be as large as 20 MA/cm2. In 50-nm-thick, pure YBCO devices, the I-V curves exhibited a gradual 
superconducting-to-resistive transition with a well-established flux-flow regime, where a resistive state locally appears, 
but the superconductivity is still present in the nanostripe [19]. Therefore, the photo-response behavior was markedly 
different from that observed in NbN-based SNSPDs, and the main contribution to the photo-response had a bolometric 
nature. 

 

 

 

 

 

 

 

 

 

 

Figure 3. Time-domain, dark-count voltage signals for (a) YBCO and (b) YBCO/LSMO nanostripes, respectively, recorded for Ib/IC = 
0.9 and at T = 5 K. In the insert current-voltage characteristics of YBCO nanostripe at T = 5 K (green line) and T = 10 K (red line) and 
YBCO/LSMO at T = 5 K (blue line). 

 

Figures 3(a) and 3(b) show time-domain dark-count voltage pulses for a 10 nm-thick and 65-nm-wide YBCO and 
YBCO/LSMO nanostripes, respectively, measured for Ib/IC = 0.9 and T = 5 K. Measurements were performed at the 
experimental setup the same as one used for testing metallic nanostripes. Both waveforms presented in Fig. 4, actually, 
have the identical shape with the detection-system–limited rise time and about a 30-ns-long fall time. The inset in each 
panel shows the corresponding I-V curve and in the case of Fig. 4(a) we observe a sharp, of the order of a few mV, 
voltage switch (black dots, T = 5 K and red dots, T = 10 K), as the bias crosses IC, and a small hysteresis. The hysteresis 
decreases with the increase of temperature (see red dots), disappearing at temperatures higher than 15-20 K. The 
presence of a voltage switch and of a hysteresis can be related to a motion of the vortex lattice and/or of Joule heating of 
the sample. In the case of YBCO/LSMO nanostripes, we observe an increase of IC [see inset in Fig. 3(b)] as expected in 
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a S/F bilayer, as well as the substantial increase of the hysteresis. The amplitude of the dark count is also 
correspondingly larger, since in both cases the test was performed at the same normalized bias current (Ib/IC = 0.9). 
Direct observation of dark transients in our both YBCO and YBCO/LSMO nanostripes is an important step in the 
development of YBCO-based SNSPDs.  

 

3. CONCLUSIONS 
We report on our progress in understanding of the physical origin of dark-count transients spontaneously generated in 
current-biased SNSPDs, focusing on S/F-type nanostripes. We demonstrate that the presence of an ultrathin F layer, not 
only enhances the maximum value of JC, but in NbN/NiCu nanostructures significantly reduces the rate of appearance of 
dark-count transients. This behavior can be related to thermally-activated single vortex or vortex-antivortex pairs that 
move across a 2D superconducting stripe. We have also observed dark-count events in both YBCO and YBCO/LSMO 
nanostripes, in a similar way to those observed in our metallic SNSPD nanostructures. Dart-count transients appeared at 
low temperatures, when the corresponding I-V characteristics exhibited a hysteretic behavior. The latter can be explained 
by a dissipation mechanism due to the motion of vortices in the nanostripes.  The use of an ultrathin LSMO cap layer did 
not affect the superconducting transport properties of the YBCO, but allowed us to minimize material degradation during 
the nanostripe patterning. Interestingly, magnetic property of the LSMO layer led to an enhancement of the S/F 
nanostripe IC, apparently, in a similar way as it has been observed on all-metallic S/F bilayers [13]. The latter result can 
be regarded as a first step towards implementation HTS materials in SNSPDs. Thus, we can conclude that the use of S/F 
nanostructures has a beneficial effect on photon-counting performance of SNSPDs based on both low- and high-TC 
superconductors. 
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