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ABSTRACT

The influence of the reactive DC sputtering parameters on the superconducting properties of NbReN ultrathin films was investigated.
A detailed study of the current-voltage characteristics of the plasma was performed to optimize the superconducting critical temperature, T..
The thickness dependence of T for the films deposited under different conditions was analyzed down to the ultrathin limit. Optimized films
were used to fabricate superconducting nanowire single photon detectors which, at T = 3.5K, show saturated internal detection efficiency
(IDE) up to a wavelength of 1301 nm and 95% IDE at 1548 nm with recovery times and timing jitter of about 8 ns and 28 ps, respectively.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0282478

Superconducting nanowire single photon detectors (SNSPDs)'
are one of the key enabling technologies of many quantum-based
application, from computation to cryptography.” Other strategic oper-
ation fields include space to ground communication,” monitoring of
atmospheric pollution,” medical sensing,”® while further unconven-
tional applications are still at their earlier stage.” As a consequence,
many efforts are put to enhance specific performance of these
devices, depending on their operation field.” New platforms and con-
figurations, for example superconductor/superconductor bilayers,”
Josephson junctions-based single photon detectors,"’ even integrated
with innovative materials such as graphene,'' or carbon nanotubes,'”
were proposed. At the same time, material-oriented research makes
continuous progress in the development of these devices.”'” For exam-
ple, in order to meet specific application requirements,"" ' research
still focuses on the optimization of crystalline superconductors with
high critical temperature, T, such as NbN and NbTiN (T, ~ 16K),
despite their excellent performance as SNSPDs at 1550 nm. Therefore,
ion bombardment during sputtering deposition was used to obtain
NbN films with increased low temperature resistivity (p) and reduced
T, for the realization of SNSPDs with 100% detection efficiency typical
of devices made of amorphous superconductors, with the excellent

timing performance and higher operating temperatures characteristic
of polycrystalline detectors.’” Moreover, alternative superconductors
are constantly suggested. Indeed, recent studies have explored crystal-
line nitrides such as MoN"’ and VN.”' Similarly, we are currently
investigating NbReN, a new nitride superconductor recently synthe-
sized in form of polycrystalline films with grains of small dimensions,
typically 2-3nm, and bulk T, of about 5K.”” Its electrical transport
properties, typical of dirty superconductors, may in principle be of
interest in the field of superconducting electronics, in particular for the
realization of SNSPDs or high kinetic inductance devices.”” Its parent
compound NbRe”**” already demonstrated high performances for the
realization of single photon detectors both in forms of nanometric
meanders”® and microstrips.”” >’ Compared with NbRe, NbReN
films feature higher resistivity values, and reduced superconducting
critical temperature,”” comparable to those of amorphous supercon-
ductors.””** These characteristics may reasonably offer the opportu-
nity to operate NbReN-based detectors in the mid-infrared (MIR)
spectral range. In the MIR regime, NbReN could be competitive with
amorphous superconductors, such as WSi*?! or MoSi,*” which typi-
cally suffer from poor time resolution and very low operation tempera-
ture. In contrast, NbReN-based detectors are expected to present
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excellent time performances, as its parent compound,” due to the low
values of the quasiparticle relaxation times estimated from flux-flow
instability study.” Here, we report on the first SNSPD based on
NbReN films. First, we illustrate the simple yet reliable deposition pro-
cess developed to correlate the sputtering conditions to the electrical
properties of the films both in the normal and superconducting states.
The deposition conditions were tuned to produce ultrathin NbReN
films with T values suitable to operate the detector at temperatures
reachable with commercial cryogen free systems. As a result, nanomet-
ric meanders, with wires about 70 nm wide and circular detection area
with a radius of about 4 um based on 10-nm-thick NbReN films, show
95% IDE at 1550 nm and excellent time performance at 3.5 K.

NbReN films were deposited on Si substrates in a UHV DC mag-
netron sputtering system with a base pressure of about 2 x 10~% mbar.
A stoichiometric NbRe (Nby15Reqg,) target (99.95% pure, 5c¢cm in
diameter) was reactively sputtered in a mixture of argon (Ar, 99.95%
pure, inert gas) and nitrogen (N,, 99.95% pure, reactive gas), whose
relative concentration was finely tuned using two mass flow control-
lers. The total deposition pressure, pyt, was measured by a capacitive
gauge. Finally, sputtering was performed in a power bias mode.

Following Refs. 20, 34, and 35, the analysis of discharge parame-
ters was performed. Indeed, different deposition conditions result in
different plasma properties. In particular, the influence of the amount
of nitrogen gas and the sputtering power (P), crucial in determining
film properties, was carefully examined. For this purpose, more than
100 films of different thickness (dnpren) Were grown. They were sche-
matically divided into three sets based on the growth regime, as
reported in Table I. The series named A comprises the films analyzed
in Ref. 22. They were deposited in the regime of high N, fraction
[N % — =N,/(N,+Ar)] and low P. On the contrary, the series named as

B (C) was obtained for intermediate (low) N;° % values and high (low)
P. After optimizing the deposition condltrons for each set, we depos-
ited films with thicknesses down to the ultrathin limit as required for
the realization of SNSPDs. All depositions were performed in the
regime corresponding to the formation of nitride compound at the tar-
get.’® During this process, the target voltage (V) changes accordingly.
In particular, once both the Ar pressure (pa,) and P are fixed, V
increases as a function of the N, fraction®*”” due to hlgher impedance
of the compound with respect to the metallic target.”® As reported in
Refs. 34 and 37 the maximum value of T, is observed where a steep
increase appears in the V(N, %) dependence. This effect was initially
observed in the films of the A series, as reported in Fig. S1 (see the sup-
plementary material). However, the films of this set have lower T
compared to the native NbRe. For example, NbReN films 8-nm-thick
deposited under optimized conditions have a T, of about 4K,
whereas NbRe films of the same thickness used to realize the first
SNSPDs have T. = 6 K.*°

TABLE I. Deposition conditions and film thicknesses for the series of samples under
investigation.

Series name Py (ubar) N;%’(,ubar) P(W) dnpren (NM)
A (Ref. 22) 4.5-13 23-44 100-150 4-70
B 3.0-4.2 9-29 150-350 5-50
C 3.5-6.3 2.8-6.0 40-200 6-50
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In order to increase T, in the ultrathin film regime, for the new
series (B and C) we analyzed the discharge characteristics obtained in
different sputtering regimes. The dependence of plasma current on the
discharge voltage was systematically monitored both as a function of P
and nitrogen content. In the case of B series, we fixed pa, = 3 pbar.
Figure 1(a) shows the dependence of current (I) on V, as a function of
P and with the addition of different N, fractions, from a pure Ar atmo-
sphere (black curve, thick line) up to Nj % — 299 (magenta curve).
The results show that I always increases wrth V, exhibiting an almost
linear relationship for pure NbRe, but showing slight curvature when
reactive processes occur. As discussed in Ref. 35 in the case of NbN,
the optimal deposition occurs for negative I — V' slopes, namely when
a dynamic equilibrium between the nitride formation at the target sur-
face and its erosion is established. The first process is controlled by the
amount of N, and independent of I, the second, on the contrary, is
an increasing function of I (or P) and dominates at high currents. In
our experiments, the I(V) curves of the reactive process did not tend to
converge with the I(V) characteristic of the metallic phase, as reported
in Refs. 34 and 35 probably due to the characteristics of our deposition
system (target dimensions, pumping speed, and maximum P). Our
sputtering conditions are instead more similar to that recently reported
for MoN films.” Tt is also worth noting that no hysteresis is observed in
the I — V curves, probably due to the small target diameter or the
pumping speed set during deposition.” The critical temperatures of the
NbReN 15-nm-thick films deposited under the conditions described by
the I — V curves of Fig. 1(a) are reported in the graph. The T, values
were determined as the midpoint of the resistive transitions, R(T). The
R(T) curves normalized to the value of the resistance at T = 20K
(Ryk) for the films deposited at 350 W at different N, fractions are
reported in Fig. 1(b). In these conditions, we observe a decrease in T,
with increase in N 7% The values of p for these films varies between 140
and 180 uQcm. Wlth the nitrogen content fixed at N; % =25 the
dependence of T. on P was investigated at 150, 250, and 350 W [see
open triangles in Fig. 1(a) and violet curves in Fig. 1(b)]. We notice a
larger T, value for P = 250 W [thick violet line in Fig. 1(b)], which lies
in the more rounded region of the I — V' characteristic. This is in accor-
dance with Ref. 35 and may be indicative of the occurrence of the
dynamic equilibrium previously discussed at this P value.

Since we could not observe full deviation from the compound to
the metallic branch in the I — V curves in the case of series B, we
decided to move to a regime of lower power and nitrogen flow (set C).
We started by analyzing the V(N %) curves at different P. As an exam-
ple, in the inset of Frg 2(a) we plot the dependence of plasma voltage
as a function ofN % for Ppar = 3.5 ubar and P = 50 W. A clear jump
is obtained at a ﬂow of 0.12 sccm. A similar behavior was observed
across a wide range of power (data not reported here). Therefore, we
restricted ourselves to this nitrogen fraction and constructed the corre-
sponding I — V characteristic by changing P. This result is shown in
the main panel of Fig. 2(a). Here, the I — V curve in pure Ar (squares)
is compared to the reactive characteristics (circles). Even if the two
branches are now very close, it is possible to observe that they have dif-
ferent shapes. At very low power they exhibit different concavities,
while they tend to merge in the high power limit. In the intermediate
regime, between about 40 and 80 W (as indicated by the blue isopower
curves), the characteristics are more distant and a hint of negative
resistance is present. As in the case of B series, this plot shows the
values of T, for the films with dypren = 10 nm deposited at different
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FIG. 1. (a) Current-voltage characteristics for ps = 3 ubar and different N;A’ by varying the sputtering power, P. The black curve corresponds to the plasma in a pure Ar atmo-

sphere. The dashed lines indicate the isopower curves (see gray labels). Numbers indicate the T values of the films 15-nm-thick deposited in the specific conditions. (b)

Normalized resist/ance vs temperature curves for 15-nm-thick films deposited at pa. = 3 ubar, with P =350W, and varying N,° content. Normalized R(T) curves of films
0

0,

deposited with N.

powers. In agreement with literature findings,”” larger values of critical
temperature are obtained for films grown in the regime of negative
plasma resistance, namely in the region enclosed within the blue curves
of Fig. 2(a). Therefore, films of different thicknesses, from dxpren = 20
nm down to the ultrathin limit dxpren = 6 nm, were deposited in
these growth conditions. We first analyzed the dependence of p on the
sputtering power, as reported in Fig. 2(b) for dxpren = 6, 10, and
20 nm. The values of p are comparable with those of series B, with a
tendency toward increased resistivity for higher power and small
dnbren- Concerning the critical temperature, in Fig. 2(c) the T.(P)
dependence is reported for dxpren = 6, 8, 10, and 20 nm. The curves
scale without any crossings, clearly demonstrating a systematic
enhancement of the critical temperature with increasing dnpren. The
behaviors are non-monotonous, since the largest T is obtained for the
film deposited at 50 W for all dypgen. It is important to stress that by
tuning the growth conditions, the values of T increased considerably.

400 T T T

=25 both at 150 and 250 W are also shown, represented by thin and thick violet lines, respectively.

This is clearly evident from Fig. 3, where we compared the results
obtained for the different series of films grown according to the more
promising conditions. For example, for dypren = 8 nm at P = 50 W,
itis T, = 5.25K, more than one Kelvin larger than that observed for
series A.”” The T.(dxvren) dependencies also indicate that growing the

films at low N;%’ is particularly beneficial in the ultrathin limit,
dnbren < 10 nm, which is relevant for application as SNSPDs.
Superconducting nanowire single-photon detectors were fabri-
cated from a 10-nm-thick NbReN film deposited under regime C at
par = 3.5 pbar, N;%’ =238, and P =150 W. The film shows T,
=5.00K and resistivity p = 125 uQcm. A 100kV electron beam
lithography system (Raith EBPG-5200) was used to define patterns on
a 100-nm-thick AR-P 6200 resist. Subsequent structures were etched
using reactive ion etching with a gas mixture of SFs/O, (13.5/3.5 sccm
flow rates). After fabrication, the remaining resist was removed using
wet cleaning (Anisole) and then SNSPDs were covered by a 12nm
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FIG. 2. (a) Current-voltage characteristics for pa, = 3.5 pbar. The navy (red) curve corresponds to the plasma in a pure Ar (for a nitrogen flow of 0.12 sccm, where the jump
as a function of the nitrogen flow appears, see inset). The gray lines indicate the isopower curves (see gray labels). The blue isopower lines define the region of negative slope
(see the text). Numbers indicate the T values of the films deposited in specific conditions for dysren = 10 nm. (b) Dependence of low temperature resistivity on P for films with
thicknesses ranging from 6 to 20 nm, deposited at nitrogen flow rates in the range 0.12-0.24 sccm. (c) Dependence of T, on the sputtering power for films with thicknesses
ranging from 6 to 20 nm deposited under the same conditions as in panel (b).
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FIG. 3. T;(dpren) dependence in the low thickness limit for a selection of films rep-
resentative of the sample sets under study as indicated in the legend. The lines are
guide to the eye.

layer of SiN deposited via plasma-enhanced chemical vapor deposi-
tion, to prevent oxidation. The completed devices were mounted in a
Gifford-McMahon closed cycle cryostat with base temperature of
35K, and characterized under flood illumination configuration.
Among the geometries we tested, the devices with linewidth 70 nm,
pitch 140 nm, and radius 4.5 um showed the best performances, exhib-
iting IDE saturation at longer wavelengths together with superior tim-
ing jitter. For this reason, the corresponding SNSPDs were chosen as
representative samples. Scanning Electron Microscope (SEM) image of
the selected device is shown in Fig. 4(a). The critical current density of
the detector at T = 3.5K is 2.46 x 10'® A/m®. Photon count rates and
dark count rates of the representative SNSPD measured as a function
of bias current (I) at T = 3.5K (T/T. = 0.7) for wavelengths (1)
from 785 to 1548 nm are presented in Fig. 4(b). The results were nor-
malized with respect to the saturation values of the sigmoid fitting
function, and they clearly show saturated IDE for wavelengths up to
1301 nm, and 95% IDE at 1548nm. This represents a significant

ARTICLE pubs.aip.org/aip/apl

improvement with respect to the efficiency of the first NbRe-based
SNSPDs. In that case, the best performing device (thickness 8 nm, line-
width 50 nm, pitch 100 nm, and radius 5 um) at the same wavelength
reached a lower saturation of about 89%, despite operating at
T/T. = 0.5.”° In addition to the linear-scale plot, the IDE at 1550 nm
is also reported in Fig. 4(c) in logarithmic scale for a visual confirma-
tion of the curve bending as saturation is approached. Characteristic
times were measured at I, &= 95% I using 1301 nm laser illumination
at T = 3.5 K via a cryogenic amplification stage and 4 GHz bandwidth
oscilloscope. Figure 5(a) shows a single pulse with an exponential
decay fit; tyis = 450 ps, defined as the time interval between 20% and
80% of the pulse amplitude, and fg; = 8.00 ns, from exponential
decay fitting. The irregularities observed in the falling edge of the pulse
are attributed to reflections within the readout circuitry. It is worth
noting that the intrinsic fall time could be shorter than the 8ns
extracted from the exponential fit, as the initial decay appears faster
and may be partially masked by reflections. The pulse shape at
T = 2.4K measured via a room-temperature amplification stage is
reported in the supplementary material as Fig. S3. The timing jitter of
another device with the same geometry on the same chip was
measured at T = 3.5K, and it is reported in Fig. 5(b). The slightly
asymmetric distribution may stem from resistivity variations due to
partial oxidation.”* The measured jitter of this SNSPD is 28.4+0.5 ps
at full-width half-maximum (FWHM) of the Gaussian fit. These
values are comparable to those of NbRe- and NbTiN-based SNSPDs at
T = 4.3K°>"" and outperform some amorphous high-performance
materials at similar temperatures.”*’ Notably, these promising
results can be further improved through film tuning and process
optimization.**’

In conclusion, NbReN ultrathin films with improved T. with
respect with the first reported samples”” were deposited by tuning
the sputtering conditions. SNSPDs fabricated from these films
exhibit 100% IDE up to 1301 nm and 95% IDE at 1548 nm, low
timing jitter, and nanosecond recovery times. These results posi-
tion NbReN as a promising candidate for detectors operating at
cryogenic temperatures achievable with compact closed-cycle sys-
tems, with potential applicability extending into the MIR. Further
optimization of the growth and patterning processes may lead to
improved performances, broadening the applicability of this mate-
rial to quantum technologies.
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FIG. 4. (a) SEM image of a representative SNSPD device; (b) normalized photon count rate data points (dots) and sigmoidal fittings (lines) for A ranging from 785 to 1548 nm
(left axis) and DCR (right axis) at T = 3.5K; and (c) normalized photon count rate at A = 1548 nm and T = 3.5K in logarithmic scale.
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See the supplementary material for details on the deposition con-
ditions of the A-series films, resistive transitions of films belonging to
the C series, and the SNSPD pulse shape recorded at T = 2.4 K using
a room temperature amplification stage.
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