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Abstract. We report on development of superconducting single-photon detectors (SSPD) with 
high intrinsic quantum efficiency in the wavelength range 1.31 – 3.3 µm. By optimization of 
the NbN film thickness and its compound, we managed to improve detection efficiency of the 
detectors in the range up to 3.3 µm. Optimized devices showed intrinsic quantum efficiencies 
as high as 10% at mid-IR range. 

1.  Introduction 
Recent years have seen ultimate growth of interest in sphere of quantum communication and quantum 
computation systems. Such experiments usually require single-photon-counting solutions with 
ultimate timing and efficiency characteristics. Perfect example of such devices are SSPDs which took 
the leadership over other photon-counting technologies in near-IR spectrum range due to its excellent 
values of the timing resolution, counting rate and detection efficiency [1, 2, 3, 4]. Fiber-optic-based 
setups, which used in a wide range of experiments [5, 6], significantly reduce possible field of 
implementation of SSPDs, which are expected to have wide spectrum band up to mid-IR range. Due to 
the fact, that absorbance and quantum output (the number of emerged from absorbed photon 
quasiparticles) are the only restrictive parameters for SSPD’s wideband operation, the optical cavity 
usually employed to increase poor absorbance of the structured film [7]. However, improvement of the 
intrinsic quantum efficiency of the device stays not a trivial task. As it has been shown [8, 9], 
decreasing the strip width below 50 nm results in extending of the sensitivity of SSPD at mid-IR 
range. Because decreasing the strip width usually leads to the appearance of constrictions of the 
nanowire and therefore of significant drop of its critical current density (Jc), it is important to develop 
a new technology of fabrication of the device, which will allow its ultimate spectrum capabilities and 
high quantum efficiency simultaneously. 

This study involves optimization of the films deposition process. Aiming to increase the quantum 
output of the photons with energies in the range 0.9-0.4 eV (1.3-3.3 μm) we decided to reduce films’ 
critical temperature (Tc) by means of decreasing its thickness and by small variation of its compound, 
which led to the growth of the intrinsic quantum efficiency of the devices. Our goal was to make first 
fast and sensitive single-photon-counting solution for spectrum range above 1.7 μm, which could 
significantly accelerate development of single- and multi-photon sources in this spectrum range, for 
example quantum dots and semiconductor lasers, required in a broad band of applications, such as 
free-space optical communication and photoemission microscopy [10, 11, 12]. 

http://creativecommons.org/licenses/by/3.0
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2.  Implementation methods 
The single-photon detection efficiency (η) is defined as the ratio of the measured number of counts to 
the number of photons incident on the device active area. η can be written as the product of the device 
absorbance α to the nanowire intrinsic single-photon detection  efficiency (ηin.), i.e. the probability that 
absorbed photon triggers the output voltage pulse. Nowadays, problem of poor absorbance of ultra-
thin structured films can be fixed using integrated cavity designed to concentrate electric field in the 
nanowires, which increases the absorption up to the values of 95% [13, 14, 15]. However, 
achievement of high detection efficiency is impossible in case, when ηin.<1. Being associated with the 
quantum output, intrinsic quantum efficiency is dependent on photon energy. Thus, increasing the 
wavelength of incident radiation should be compensated by increasing of the current density or 
decreasing of the nanowire cross-section. As it was mentioned earlier, decreasing the width of the 
stripe comes with technological difficulties, however, decreasing film thickness could be done without 
major drawbacks. It is known that reduction of the film thickness leads to reduction of its Tc. Owed to 
the proportional decreasing of ∆ and Tc parameters, quantum output of the photon is increased in this 
case, which results in growth of intrinsic quantum efficiency of SSPD. 

To optimize sheet resistance (Rs), Tc and Residual-Resistance Ratio (RRR) values we made a 
series of film deposition processes. Films for our study were deposited using reactive magnetron 
sputtering technique with AJA INTERNATIONAL Inc. Orion-8 setup, which allows background 
pressure of 6·10-8 Torr. By changing N2 to Ar ratio in gas mixture for each deposition process, we 
managed to obtain films with various values of the main parameters. Variation of RRR allowed us to 
obtain films with high values of Rs at close-to-transition temperatures and to optimize proximity of our 
detectors to saturation of intrinsic quantum efficiency at biasing currents (Ib) close to the critical value 
(Ic). The authors elsewhere will publish detailed research on relation between film parameters and 
SSPD performance soon. Exact values of Tc, Rs and RRR for selected film in given research were 
9.4 K, 630 Ohm/□ and 0.74 respectively. Fabrication of SSPD continued with formation of the 
meander pattern with Jeol GSM6380 scanning electron microscope self-altered to e-beam lithography 
setup with approx. 3.5 nm resolution. Meanders had 100 nm wide strips with filling factor of 0.5 and 
cover-area of 15x15 µm2. Ti-Au metallization layer was deposited by e-beam evaporation and then 
formed to the contact metallization by means of lift-off process. Unwanted NbN areas were plasma-
etched in SF6 using Corial 200R. At final step wafer was scribed into separate chips. 

3.  Experimental results and discussion 
In order to sort-out defective devices, we electrically and optically characterized them. Devices with 
close-to-calculated values of resistance we tested in liquid helium in order to determine its Tc and Ic 
which allowed us to choose detectors with maximal uniformity of the strip (which corresponds to 
maximal density of critical current Jc) and lack of overetched regions (maximal Tc). Figure 1 
represents histograms of resistance, critical current and quantum efficiency distributions for devices 
within the same batch. 
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Figure 1. Statistics of the main parameters of fabricated devices within the same batch. A): 
Distribution of resistance of the devices measured at room temperature; B): histogram of critical 
currents of the devices at 4.2 K; C): distribution of quantum efficiencies (QE) of the devices at 1.55 
µm at 4.2 K; D): critical current and resistance dependence of QE (marked in color). 

 
Histogram A) of the resistance, i.e. relation of measured resistance of devices Rmeas. to thereof 

estimated values Rest., distribution at room temperature show that 77% of SSPDs had ~20% deviation 
from calculated value of resistance. Histogram B) presents that majority of the devices from the batch 
(65%) had critical currents ranging from 15 to 21 µA. Taking into account film thickness (6 nm) and 
strip width, we can conclude that calculated Jc value of 2.5-3.3·106 A/cm2 fits to the highest standards 
for superconducting NbN films [16].Quantum efficiency histogram at 1.55 µm C) has pronounced 
maximum which corresponds to 10-12.5% of measured quantum efficiency using standard technique 
[17] with free-space configuration which only allows initial characterization of the devices because of 
poor coupling of the detector with radiation, which estimated on the level of 30%. Presented 
histograms demonstrate that only 10% of the devices from the batch had low QE, with respect to the 
majority. Graph D) shows that for the greater number of devices from the batch Jc linearly drops with 
the growth of the nanowire resistance. For such detectors its QE corresponds to the maximal value 
from the histogram. This explains hypothesis of the presence of narrowed regions of the stripe for 
some devices with lower than optimal critical currents. Thus, it could be summarized that based on 
demonstrated histograms our SSPD batch had high from-chip-to-chip uniformity with almost 90% of 
the devices having similar parameters. 

Among tested specimens, we selected those, which had close parameters. Each of these devices 
was placed in holder made of oxygen-free copper and fixed on cold plate of Gifford-McMahon (GM) 
cryocooler. As a light source we used grating monochromator with wavelength selectivity of 0.1 nm. 
Optical input of the cryostat with Si window allowed transmittance of radiation in selected wavelength 
range. Si window also acted as a high-effective filter for short-wave half-wavelength harmonics of 
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desired wavelength region, which usually presents on monochromator output. For measurements at 
wavelengths, starting from 2.2 µm as filter for half-wavelength harmonics we additionally used 3-mm 
thick Ge plate. To electrically bond SSPD with input/output channel, we used tpt HB12 wire bonder. 
Because our goal did not require any measurements of the detector input optical power, we did not 
create any precision coupling setup. Photon flux to the cryostat input was maintained at power level 
corresponding to 0.01-1 MHz counts of the device, minimizing saturation of the count rate and 
influence of dark counts on measured dependencies. In our experiment, we studied proximity of 
quantum efficiency of our devices to saturation level, i.e. proximity of intrinsic quantum efficiency 
to 1. Our study was performed in spectrum range 1.31-3.3 µm at temperature of 2.5 K. Results of the 
experiment are presented on Figure 2. 

 
Figure 2. Results of bias current dependence of intrinsic quantum efficiency of SSPD at different 
wavelengths. Lines represent fitting curves and scatter – experimental results. 

 
Presented graph show experimental curves fitted with sigmoidal function of obtained results 

allowing calculating exact level of ηin. at selected wavelength. Values of intrinsic quantum efficiency 
varied from 1 to 0.04 corresponding to the spectrum range 1.31-3.3 µm, accordingly to the drop of 
photon energy. The shifting of the dependency to the region of higher currents with wavelength 
growth, as well as slope scaling, could be noticed. For example, curves corresponding to the 
wavelengths range of 2.8-3.3 µm matched values of internal efficiency ≤0.2 at Iс and reached values 
close to unity at currents as high as 1.5Ic. Obtained results allow us to calculate possible detection 
efficiencies of the devices in cases of presence of optical resonator structure allowing to achieve high 
absorption at a given wavelength and in case of efficient coupling of the radiation to the sensitive area 
of the detector. Both of these goals have already been successfully implemented for visible ÷ near-IR 
range [13, 14, 18, 19], and therefore creating of the similar solutions for mid-IR region occur as a 
technical task. 

Values of the fitting curves corresponding to the critical current of the detector at 2.5 K are plotted 
as a function of the wavelength on Figure 3. On the basis of our simulations, quantum efficiency of 
our detectors could be estimated as 40% and 10% at 2.5 µm and 3 µm respectively. 
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Figure 3. Spectral dependence of intrinsic quantum efficiency (dots) and fitting of the obtained 
results (line).       

4.  Conclusion 
We have demonstrated capabilities of the SSPD fabricated from film with optimized parameters at 
mid-IR range. Obtained values of intrinsic quantum efficiency verify our improvements of the device 
qualities and enable the development of first fast and sensitive single-photon-counting systems for 
mid-IR spectrum range. By selection of different coupling method, this detector system could 
efficiently cover wavelength region from 1.3 to 3.3 μm. 
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