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Ultrathin superconducting NbRe microstrips
with hysteretic voltage-current characteristic
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Ultrathin microstrips based on polycrystalline NbRe films were investigated in order to preliminarily test the
suitability of this material for the realization of superconducting single-photon detectors. The voltage-current
characteristics measured on these samples show clear hysteresis. This is a fundamental ingredient for investigat-
ing single-photon detection as well as single vortex fluctuation phenomena in 2D NbRe-based devices.
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The field of superconducting single-photon detectors
(SSPDs) demands for devices with improving performances
especially at the communication-relevant wavelength A =
=1550 nm [1]. The main key properties which character-
ize their operation, such as efficiency, dark counts rate,
time jitter, and recovery time, apart from the device design,
are all affected by the intrinsic parameters of the supercon-
ducting material on which they are based [2-5]. Moreover,
a key feature required for the superconductor constituting
the SSPD is that it should have a hysteretic voltage-current
[V (1)] characteristic. Indeed, this feature allows the SSPD
to amplify the tiny effect of the absorption of a single pho-
ton to a macroscopic measurable effect, that can be used
also in more elaborate SSPD designs based on parallel
strips, as well as in superconducting current pulse discrim-
inators [2,6-10]. For reliable devices high efficiency re-
quires low superconducting gap, A (or critical temperature,
Tc), but large critical current density, J., and resistivity, p.
On the contrary, minimization of the dark counts rate and
time jitter demand for high values of A. Many other met-
rics affect the performance of a SSPD, such as the homo-
geneity and crystallinity of the superconducting material.
While the uniformity of the wire constituting the detector
is mandatory, wires with large grains may present more
constrictions but better values for recovery time and time
jitter [3]. SSPDs based on amorphous materials were used

as an alternative to NbN or NbTiN, due to their higher re-
sistivity and uniformity, along with their higher efficiency
in the infrared frequency range, with the drawback, how-
ever, of working at much lower temperature [1]. However,
very recent works demonstrate that there is room for im-
provement also for the devices based on amorphous super-
conductors [11]. From all these considerations it follows
that the above mentioned requirements are often contradic-
tory, and also the recent debate about the choice between
amorphous and crystalline materials is still open. Indeed,
the problem of improving the detector performance is by
far more complex, and it is closely linked to the detection
mechanisms responsible of their operation, which still pre-
sent many open issues.

In a previous paper Nbg.1gReg.g2 (hereafter NbRe) was
suggested as promising candidate for the realization of fast
SSPD [12]. In fact, it offers in principle the opportunity of
accessing the spectral range useful for quantum communi-
cation, which is hardly doable with NbN-based devices,
with the further advantage of larger expected hot-spot di-
mensions for the same incident photon energy. Further-
more, compared to amorphous superconductors recently
proposed at these scopes, it is characterized by extremely
reduced quasiparticle relaxation rates, almost an order of
magnitude shorter than the ones of high performing NbN
wires [12]. Moreover, its polycrystalline structure with
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small crystallites and disorder-dominated transport proper-
ties [13] make this material an alternative between other
well-known Nb-based and amorphous materials.

In this paper the superconducting properties of micro-
metric strips of NbRe ultrathin films, 5-nm-thick, are pre-
sented. This thickness is comparable with the value of the
coherence length estimated for this material from upper crit-
ical field measurements, namely & = 4.8 nm [13]. While the
request on the reduced film thickness is standard for SSPD
design [5], the choice of patterning the films in strips of mi-
crometric width was inspired by the recent results presented
in Refs. 14-17. Here it was claimed that, under the appropri-
ate conditions, even a wide dirty superconducting bridge is
able to detect a single infrared or optical photon. Among the
needed requirements are the uniformity in the electrical cur-
rent flow, which the low crystallinity of NbRe should fulfill,
a large C,/Cy ratio, as reported in Refs. 12, 18, as well as
critical current values which should reach at least 0.7 Jgp,
where Jgp is the depairing current density. In particular, here
the focus is on the V (1)) characteristics and on the estimation
of some of the main figures of merit for a possible device
based on this material. Finally, possible further experiments
on NbRe nanostrips are indicated. This work represents a
preliminary step to evaluate the possible application of
NbRe in the field of SSPDs.

5-nm-thick NbRe films were deposited by dc magnetron
sputtering on Si(100) substrates in a UHV system at room
temperature, as previously described [13]. The superconduct-
ing properties of the nanowires were characterized by resis-
tivity and V (1) measurements, by using a low noise electron-
ic set-up. Optical lithography and reactive ion etching (RIE)
were used to pattern the microsized strips with a length
L =400 um and width w from 2 to 5 pm. The geometry of
the analyzed strips are not optimized for photoresponse ex-
periments, since this work is intended to investigate the be-
havior of the NbRe V (I) characteristics at this reduced
thickness, as a first test for the feasibility of a NbRe-based
wide area detector. In the design of the real device the geom-
etry of the wires will be optimized in order to fulfill at the
same time both requirements of large active areas and wire
uniformity with no constrictions. Future experiments will
indeed focus on the study of microbridges 2 um wide and
with L of the order of tens of um, in agreement with
Refs. 14-16. In the inset of Fig. 1 a scanning electron micro-
scope (SEM) image of the strips realized on the same chip
are shown. The samples have increasing width from right to
left and are labeled as w2...w5, where the number indicates
the strip width in um. As it can be inferred from the picture,
the points where the strip width changes are right-angled and
this may have an influence on the critical current due to cur-
rent-crowding effect [19]. The measured current density can
be expressed as J. = R J¢ yniform: Where J¢ yniform 1S the
critical current density of an infinitely long wire with opti-
mized corners and the coefficient R depends on the geometry
under study [19,20]. Therefore, in the case of the geometry of
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Fig. 1. R(T) for the NbRe strip 5 nm thick and 4 um wide (strip
w4). Inset: SEM image of the micrometric strips based on 5-
nm-thick NbRe film. The distance between the contact probes L
is fixed at 400 um, while w = 2, 3, 4, 5 um from right to left
(see labels).

the sample w4, in the framework of the Ginzburg-Landau
model, a reduction of the critical current due to the crowding
effect of about R = (ij)ll $~01is expected [19,20]. How-
ever, it is worth noticing that it was experimentally verified
that by following this model the critical current reduction is
often significantly overestimated [20,21]. It is also evident
that, since the critical current reduction can have detrimental
effects on the performance of superconducting wires working
as single photon detectors, great care must be paid in the de-
sign of the final wires constituting the NbRe-based devices.

The resistive transition, R(T) of a representative NbRe
strip with w =4 um(w4) is reported in Fig. 1. The super-
conducting critical temperature was defined as the temper-
ature at which the resistance is half of the one measured at
T=10K (T, =T2%%), that is T, = 6.65 K. From the R(T)
curve the value of the normal state resistivity, p,,, can also
be obtained, namely p, =33 uQ-cm.

In Fig. 2 the V (1) characteristics acquired at T = 4.2 K
on the strips with w = 2 and 4 pum (w2 and w4, respectively)
are shown. As the bias current is increased from zero, a
sudden transition to a dissipative state is observed at the
so-called switching current I, as indicated by a thick ar-
row in the graph for sample w4 at I \,4 = 0.127 mA. This
current corresponds to a nominal current density Jgy4 =
=6.35-10° A/m2, which is very close to the value estimated
for thicker bridges [12]. Interestingly, as the current is de-
creased the strip remains normal, until | is reduced below the
so-called retrapping current, I, namely I, ;4 =0.065 mA
for sample w4 (see thin arrow), which corresponds to
Jgwa =325-10° A/m”.

This hysteresis of about 0.06 mA is highlighted in the
inset of Fig. 2, where for the sake of the clarity arrows are
added to to indicate the bias current sweep direction. Con-
trary to what was observed in the voltage—current charac-
teristic of thin and wider NbRe bridges [12,13], where the
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Fig. 2. (Color online) Voltage-current characteristic of the strips
w2 and w4 measured at T = 4.2 K. The thick (thin) arrow
indicates the switching (Iswa) [re-trapping (lywa)] current for the
strip w4. Inset: the region of the V(I) curve of the strip w4
between Is w4 and Iy wa is enlarged for the sake of clarity in order
to better show its hysteretic behavior.

switch at I occurs from a finite voltage in the measured
strips, here the switch at I happens at zero voltage.

The dependence of the switching current density, Jg, on
the strip width is reported in Fig. 3 (left scale) and com-
pared with the one measured on a different samples (c2)
obtained from one micrometric bridge of the same batch by
electron beam lithography (EBL) and RIE. The strip c2 has
w =150 nm and width L = 2.5 pm and was fabricated dur-
ing the optimization of the process of scaling of the samples
for future experiments. The critical current increases by re-
ducing w. However, it is not possible to extract any clear
dependence since the geometry of the sample c2 is different
compared with the design of samples w2 and w4. First, for
c2 the strip is by far shorter and narrower than for w2 and
w4, and this may result in a better uniformity of the current
distribution. Furthermore, ¢2 has rounded bends from the
bridge to the contact pads and this contribute to minimizing
current crowding effects. All these produce a significant
enhancement of Jg cp = =5.9-101% A/m? with respect to
both Jg 2 and Jg\y4. The width reduction has less influ-
ence on the critical temperature of the strips, as it can be
inferred from the T.(w) dependence reported in Fig. 3
(rigth scale). It results that T; is almost constant within the
experimental error, which was evaluated as half of the
transition width (defined as AT, :Tcgo% —TCm%). Interest-
ingly, the critical temperature is rather high, well above the
liquid helium temperature, despite the reduced film thick-
ness. This confirms that the NbRe superconducting proper-
ties are quite robust also regarding the patterning, since
nanometric strips underwent two lithography processes.

Finally, it is useful to discuss about the values obtained

for the switching current density, since Jg is a crucial pa-

rameter for the high detection efficiency of a SSPD. In
particular one can compare those numbers with the ex-
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Fig. 3. Left (right) scale: dependence of the switching current
density (superconducting critical temperature) as a function of the

strip width. The error bars associated to Js are smaller than the
data symbols.

pected value of Jg,, which is the intrinsic critical current

the material can support. The values of the depairing cur-
rent at T=0 was evaluated according to Jg,(0)=

= (8r22r/214(3)e) (kg Te ) v p(pl) [22], here only
microscopic experimental parameters are present and C is
the Riemann function, by following the same procedure

reported in Ref. 12. It results that J4, (0) ~ 2-101 A/m? in

accordance with [12]. The comparison between Jg, with

the measured critical current density values, and in particu-
lar the ratio Js/Jgy at T = 4.2 K (reduced t =T /T, = 0.63),

can be obtained by profiting of the universal form of
(Jap (/345 (0))"® vs t given by the theory of Kupriyanov
and Lukichev via numerical solution [23]. At T =4.2 K it
is Jswaldgp = 0.2, while Jg o /Jgy 1. This result is not
unexpected since if on one hand Jg, represents an intrinsic

property of the material, on the other it can be by far larger
than the critical current density measured on wide bridges.

Indeed, Jgp can be reached only if the current distribution is

uniform over the width of the bridge, w, and if dissipation
due to Joule heating is minimized [24,25]. The first re-
quirement imposes constraints on the values of w, which
must be smaller than both & and the penetration depth, as

well as on the sample geometry (such as rounded bends),
while biasing the strips with short current pulses reduces
Joule heating. On the contrary, the hysteretic shape of our
V (1) curves, measured in a dc mode, is the fingerprint of the

presence of an hot-spot in the superconducting strip [26,27],
and assures a clear bistable switching from the supercon-
ducting to the dissipative state, which is crucial for the oper-
ation of the strip as a SSPD [28]. Moreover, the hysteresis
also gives the opportunity to investigate single vortex fluctu-
ation phenomena in 2D NbRe-based strips which are rele-
vant for study of dark count mechanisms [29,30] as well as
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the physical nature of the switching phenomenon [31,32].
The importance of this work is twofold. First, it may shed a
light on the nature of detection mechanism in this material
[5,28], and equally important, it may indicate the optimal
temperature of operation of the NbRe-based device [32].
Both these information are crucial for the design of a
SSPD.

In conclusion, ultrathin microstrips of NbRe films were
realized and electrically characterized by resistivity and
V(1) measurements. Reasonable values of both T, and J
were obtained. Equally important, the V (1) curves show a
clear hysteretic behavior. All these encouraging preliminary
results deserve deeper investigation, in view of the possible
realization of NbRe-based devices. In particular, future work
will focus on the optimization of the strip dimensions and
design, to increase the value of the critical current and fulfill
the constraint reported in Ref. 14.
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YnbTpaToHKi HagnpoBigHi Mikpocmyrn NbRe
3 MMCTEPE3NCHOI0 BOMbT-aMNEPHOI0
XapaKTepUCTUKOIO

C. Cirillo, M. Caputo, L. Parlato, M. Ejrnaes,
D. Salvoni, R. Cristiano, G.P. Pepe, C. Attanasio

VYIIBTpaTOHKI MIKPOCMYTH, BUTOTOBJIEHI 3 IOJIKPHUCTATi9HHX
wiiBok NbRe, H0CHiKYIOTBCS 1UIsl TONEPEIHbOI OL[HKH MPUIAT-
HOCTI IIbOTO MaTepiany I CTBOPEHHS HAIIPOBIJHUX JNETEKTOPIB
OIMHMYHMX (POTOHIB. BousbT-aMmepHa XapakTEepHCTHKA JaHHX
3pa3KiB HPOSIBIISIE BUPAKEHUH TiCTEPE3HC, M0 € QyHIaMEHTAILHUM
IHIPEIIEHTOM JUTSl JOCIIZKEHHST 0qHO(OTOHHOT AETEeKIil, a TaKOXK
OZHOBUXPOBUX (DIIYKTyalifHUX SIBUII y JBOBUMIPHUX MPHCTPOSX
Ha ocHOBI NbRe.

Kitro4oBi cj10Ba: HaANPOBIIHUKOBI JETEKTOPH, HAATOHKI HAJIIPO-
BiJIHI CMyTH.
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YnbTpaToOHKME CBEPXMPOBOASALLME MUKPOMOSOCKM
NbRe ¢ ructepesncHon BonbT-aMmnepHon
XapakTepucTukom

C. Cirillo, M. Caputo, L. Parlato, M. Ejrnaes,
D. Salvoni, R. Cristiano, G.P. Pepe, C. Attanasio

VIbTpaTOHKHUE MHUKPOIIOJIOCKH, W3TOTOBJIEHHBIE U3 IMOJUKpH-
crayumyeckux mieHok NDRe, uccnemyrores st npeaBaputenbHOM
OLIEHKU NPUTOJHOCTH STOr0 Marepualia JJisi CO3JaHusl CBEPXIPO-
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BOJUAIIIUX JETEKTOPOB OJMHOYHBIX (POTOHOB. BolsbT-amrmepHast
XapaKTepPUCTHKA [AHHBIX O00pa3lOB IPOSBISICT BBHIPAKCHHBIH
THCTEPE3UC, YTO SIBIACTCS (YHAAMEHTAIbHBIM HHIPEAUCHTOM
JUTSL KCCIIEIOBaHMs OTHO(POTOHHOMN JETEKIMH, a TAKKE OJIHOBUX-
PEBBIX (PIIYKTYALMOHHBIX ABJICHHUI B IByMEPHBIX YCTPOHCTBAX HA
ocuose NbRe.

KnrodeBble cnoBa: CBEPXIIPOBOMASIINE AECTEKTOPHI, CBEPXTOHKHE
CBEPXIIPOBOJSAIIUE OTOCHL.
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