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1 NbRe as candidate material for fast single photon detection
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6 The suitability of NbRe as a promising material for the design of Superconducting Single Photon
7 Detectors is investigated in order to lower both the minimum detectable photon energy and the
8 recovery time of the devices. Both the low values determined for the quasiparticle relaxation
9 time, sE, and its weak temperature dependence are desirable in the design of fast single photon

10 detectors. Both properties can be further improved by coupling NbRe with a ferromagnetic layer,
11 as demonstrated by estimating the characteristic relaxation rates in NbRe/CuNi bilayers.
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12 Superconducting Single-Photon Detectors (SSPDs) rep-

13 resent the state-of-the-art technology for ultrasensitive opti-

14 cal detection1,2 as well as the new promising key element in

15 the growing field of quantum communication.3 In the frame-

16 work of the normal conducting hot-spot (HS) model,2,4 their

17 operating principle is based on the formation of a normal HS

18 region in a thin current-biased superconducting nanowire

19 due to the absorption of a photon.4,5 The main advantages of

20 the SSPD technology, compared to the silicon based one,6

21 are the cryogenic operating temperature, which substantially

22 reduces noise, and the lower values of the superconducting

23 energy gap, D, the minimum energy requested to a photon to

24 create a quasiparticle (qp). The smaller is the value of D the

25 higher is the sensitivity and the efficiency of the device,5

26 defined as the threshold of the minimum photon energy

27 detectable by the device, Emin, and the probability of record-

28 ing an output signal after a photon hits the detector, respec-

29 tively. As a first approximation, Emin can be estimated as4

30 Emin � DN0kBTcDdsth, where N0 is the density of states at

31 the Fermi level, kB the Boltzmann constant, Tc the supercon-

32 ducting critical temperature, D the electronic diffusivity, d
33 the wire thickness, and sth the electronic thermalization time.

34 Along with Emin, other parameters are relevant for the detec-

35 tion process. First, the maximum HS radius rmax / ðEph=
36 D2N0dDsthÞ1=2ð1=N0DÞ1=3

(Refs. 7 and 8) that, in order to

37 achieve good sensitivity, must be comparable to the nano-

38 wire width (Eph is the photon energy).AQ2 This last condition

39 imposes precise constraints to the device geometry, which

40 depend on the Eph as well as on the characteristic material

41 parameters. To reduce Emin and to ensure suitable HS dimen-

42 sions, the values of D, N0, and D of the superconductor

43 should be as low as possible.2 It is worth noticing that the

44 expressions reported for Emin and rmax, derived in the frame-

45 work of the normal conducting HS model, are over-simplified

46 even if intuitively understandable. Deeper considerations con-

47 cerning the possible detection mechanisms in NbRe are

48 reported in the following. Second, the time response of the

49 device, srise/fall, designed as a nano-strip of length L and cross

50 section A, depends on the superconducting penetration length,

51 k, according to srise=fall � Lk ¼ l0k
2LA�1,1 where Lk is the

52 kinetic inductance. Finally, since the response of the detector
53 is proportional to the bias current, high critical current

54densities are desirable.4 Moreover, it was also suggested

55that10,11 the performance of a SSPD may strongly depend on

56the qp relaxation time, sE, namely, the time necessary for the

57system to recover from the photon absorption, through a non-

58equilibrium process that involves phonons (ph), qp, and

59Cooper pairs.12 To date, the material-of-choice in the SSPD

60field is NbN,5 a dirty type-II superconductor, characterized by

61Tc� 16 K in the bulk form, and small superconducting coher-

62ence length, n � 3–4 nm.13 It follows that even NbN ultrathin

63films can operate well below Tc at the liquid helium tempera-

64ture, greatly simplifying the design of the refrigeration sys-

65tems. Moreover, NbN is characterized by high Jc and fast

66electronic response.4,10 However, since NbN has a large gap

67amplitude, it is efficient in the single-photon detection regime

68only in a limited frequency range of the InfraRed domain,

69while the extension of the detection to longer wavelengths, as

70the ones useful for instance for application in quantum com-

71munications over long distances, remains challenging.14,15

72Improvement in the extension of the spectral range can be

73achieved by further reducing the wire dimensions or by

74selecting different superconducting materials with smaller

75values of D, N0, and D.16 Recently, amorphous superconduc-

76tors such as MoGe,17 MoSi,18 and WSi9,15 were suggested as

77alternatives to NbN. In addition to the spectral issue, they are

78characterized by large values of rmax and, consequently, they

79present good detection properties also when the dimensions

80of the wires are larger than those typical for NbN. This last

81point reduces the concern of non-uniformities or constrictions

82along the wires, which is more pronounced for narrower nano-

83wires. Unfortunately, these materials present high efficiency at

84T< 4.2 K, with the disadvantage that more complicated refrig-

85eration systems are needed. Here, Nb0.18Re0.82 is proposed as a

86material to fabricate high-performing SSPDs. Nb0.18Re0.82 is a

87noncentrosymmetric superconductor, with a relatively large

88bulk critical temperature Tc� 9 K.19 When deposited in a thin

89film form, it presents a polycrystalline structure with small

90crystallites and disorder-dominated transport properties. The

91small value of n � 5 nm ensures that Tc is above 4.2 K also

92for films as thin as dNbRe ¼ 3.5 nm for which Tc¼ 5.3 K.20 The

93relatively high values of Jc
20 should ensure a good detection

94efficiency. Moreover, preliminary studies performed on
95Nb0.18Re0.82 wide stripes, in the presence of a non-equilibrium
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96 state generated by high-bias current,20 gave low values of sE,
97 which are competitive with those estimated for NbN nano-

98 wires.21,22 Finally, since it was largely demonstrated that put-
99 ting a superconductor in contact with a ferromagnetic (F) layer

100 produces faster relaxation processes,11,21,23,24 enhances the
101 photoresponse sensitivity,25,26 and reduces the dark counts,27,28

102 the investigation of Nb0.18Re0.82/F bilayers was performed, in
103 order to further improve the device performances. Cu0.45Ni0.55

104 was chosen as a F material due to both its tunable low value of
105 the exchange energy,29 which is not expected to strongly sup-

106 press the superconducting order parameter, and its disordered
107 nature,11,30 which seems to promote the enhancement of some

108 relaxation channels and the temperature independence of sE.31

109 Indeed, CuxNi1�x with similar values of x was already success-

110 fully employed for this purpose in Nb and NbN-based hybrid
111 structures,21,23,25,26 and therefore, a comparison between these
112 hybrids is more straightforward.
113 Nb0.18Re0.82 films and Nb0.18Re0.82/Cu0.45Ni0.55 bilayers

114 (hereafter, NbRe and NbRe/CuNi, respectively) were deposited
115 by dc magnetron sputtering on Si(100) substrates in a

116 UHV system at room temperature. The base pressure was
117 P¼ 4.4� 10�8 mbar, and the Ar pressure during the deposition

118 was PNbRe
Ar ¼ 3:2� 10�3 mbar and PCuNi

Ar ¼ 8� 10�3 mbar.
119 The thickness of the NbRe film is dNbRe ¼ 15 nm, while in the

120 bilayers, dNbRe ¼ dCuNi ¼ 15 nm. The samples were patterned
121 by conventional UV lithography into bridges with width

122 w¼ 10 lm and length (between voltage contacts) L¼ 100 lm.
123 The electric transport measurements were performed in a 4He

124 cryostat with a four probe technique using the same procedure
125 described elsewhere.20,21 The magnetic field, l0H, was applied

126 perpendicularly to the plane of the substrate. From the R(T)
127 curves, the values for Tc (at the 50% of the normal state resis-

128 tance) and the normal state resistivity, qn, were obtained. For
129 the NbRe films, it is TNbRe

c ¼ 6:77 K and qNbRe
n ¼ 143 lX

130 �cm, while for the NbRe/CuNi bilayers, it is T
NbRe=CuNi
c

131 ¼ 5:86 K and qNbRe=CuNi
n ¼ 94 lX� cm.

132 In Fig. 1(a), selection of I-V characteristics for different
133 H values at the reduced temperature t¼ T/Tc ¼ 0.5 is shown

134for a NbRe/CuNi bilayer in the low voltage region. Similar
135curves were measured on single NbRe bridges.20 From the I-V
136curves, the critical current Ic was obtained by using a
137Vc¼ 1 lV criterion. At low magnetic fields, the critical current

138density, Jc¼ Ic/(wdNbRe), for both samples is JNbRe
c

139� J
NbRe=CuNi
c � 5� 109 A=m2, as shown in the inset of Fig. 1.

140With the information acquired from the R(T) and V–I
141curves, it is possible to derive the material parameters rele-
142vant for the detection process. Those are compared to the
143ones reported for a 14.4-nm NbN film,13 as summarized in
144Table I. NbRe and NbN have comparable normal state resis-
145tivities, since qNbN

n ¼ 117 lX� cm, and diffusivities being
146DNbRe¼ 0.56� 10�4 m2/s (Ref. 20) and DNbN¼ 0.6� 10�4

147m2/s, while the values of Tc (and D) are smaller for NbRe,
148since it is TNbN

c ¼ 15:25 K. Indeed, from the values of Tc, the
149superconducting gaps at T¼ 0 were estimated using the
150expression D(0)¼ (a/2)kBTc,

32 where a is the material cou-
151pling constant, aNbRe¼ 3.52 (Ref. 20) and aNbN¼ 4.16,33

152respectively. In this way, it results in D(0)NbRe¼ 1.03 meV
153and D(0)NbN¼ 2.73 meV. Furthermore, the density of states
154at the Fermi level was estimated by using the free-electron
155Einstein’s relation N0¼ 1/(e2qnD),34 where e is the electron
156charge; NNbRe

0 ¼ 4:8� 1047 J�1m�3 and NNbN
0 ¼ 5:6� 1047

157J�1m�3. These differences in Tc, D, and N0 have the impor-
158tant consequences of both reducing Emin and increasing the
159HS dimensions. This last issue concerning rmax will be more
160widely discussed in the following in the framework of the
161model of Ref. 4. The value of Jc is crucial for achieving high
162detection efficiency.2 To estimate the intrinsic value of the
163ultimate critical current the two materials can support, the
164value of the depairing current at T¼ 0 was evaluated accord-

165ing to Jdpð0Þ ¼ ð8p2
ffiffiffiffiffiffi
2p
p

=21fð3ÞeÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkBTcÞ3=�hvFqðqlÞ

q
,35

166where only microscopical experimental parameters are present
167and f is the Riemann function. From the relation D¼ vFl/3,
168where l is the electronic mean free path, it is possible to derive
169the values of vF. For NbRe, it is lNbRe¼ 5 nm (Ref. 36)

170and therefore vNbRe
F ¼ 3:36� 104 m=s and Jdpð0ÞNbRe

171¼ 2:3� 1011 A=m2. For NbN, since lNbN¼ 0.83 nm (Ref. 13),

172it follows vNbN
F ¼ 2:2� 105 m=s and Jdp(0)NbN¼ 9.3� 1011 A/

173m2, a factor of four larger than Jdp(0)NbRe, which however is an
174acceptable value for the SSPD performances. Moreover, the
175penetration depth at T¼ 0 was estimated by using the expres-

176sion kð0Þ ¼ 1:05� 10�3 � ðqn=TcÞ1=2
,37,38 which results in

177k(0)NbRe¼ 483 nm and k(0)NbN¼ 291 nm. AQ3Larger values of k
178determine larger Lk, namely, slower response times. However,
179this drawback could be circumvented by a proper device

FIG. 1. Low V region of the I-V curves for a NbRe/CuNi bilayer at t¼ 0.5

for different values of l0H (from right to left l0H¼ 0.005, 0.01, 0.02, 0.04,

0.05, 0.1, and 0.2 T). The current and the voltage where the instability occurs

are indicated as I* and V*, respectively. Inset: Jc(l0H) dependence at t¼ 0.5

for the NbRe and NbRe/CuNi samples.

TABLE I. Microscopic material parameters for the NbRe bridge and for a

NbN one 14.4-nm-thick.13

NbRe NbN

qn (lX � cm) 143 117

D (10�4 m2/s) 0.56 0.60

Tc (K) 6.77 15.25

D(0) (meV) 1.03 2.73

N0 (1047 J�1 m�3) 4.8 5.6

Jdp(0) (1011 A/m2) 2.3 9.3

k(0) (nm) 483 291
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180 design, for instance, dealing with wider wires reduces srise=fall,
181 without affecting the detector efficiency, due to the expected
182 larger HS dimensions. At the same time, the issue of the film
183 uniformity in the nano-patterning processes is expected to be
184 less critical for NbRe-based devices. Finally, information about
185 the spectral sensitivity can now be obtained according to
186 the expression for Emin reported above valid in the limit of the
187 normal conducting HS model. By considering for both materi-
188 als the value measured for thin NbN films, sth¼ 7 ps (Ref. 4)

189 since both materials are in the dirty limit, it results in ENbRe
min

190 � 0:28 eV and ENbN
min � 1:69 eV at t¼ 0.4.

191 Concerning the NbRe and NbRe/CuNi performances in
192 terms of the recovery time, the V–I data at high bias current
193 were analyzed in the framework of the theory of Larkin and
194 Ovchinnikov (LO),39,40 which provides convenient access to
195 the estimation of the lifetimes of electronic excitations in
196 superconductors as well as in S/F hybrids.11 As shown in
197 Fig. 1, at small magnetic fields at a certain current value, I*,
198 a sudden jump takes place. The critical voltage V* at which
199 the vortex instability occurs is related to the critical vortex
200 velocity, v*, by the relation V*¼ l0v*HL.39,40 The jump is
201 replaced by a more continuous transition as l0H is increased.
202 By defining l0Hmax as the maximum field at which the insta-
203 bility is present, it results in, at t¼ 0.5, l0HNbRe

max ¼ 0:6 T and
204 l0HNbRe=CuNi

max ¼ 0:1 T. In Fig. 2(a), the dependence of v* as a
205 function of the reduced field, H/Hmax, is reported for both the
206 NbRe and the NbRe/CuNi bridges at t¼ 0.5. In agreement
207 with the data reported in the literature,11,21 the S/F bilayer
208 presents higher critical velocities. The qp relaxation time
209 is linked to v* by the expression v� ¼ D1=2½14fð3Þ�1=4ð1
210 �tÞ1=4=ðpsEÞ1=2

.40 The values of sE obtained for the single

211NbRe bridge at l0Hmax are plotted as a function of T in Fig.
2122(b), where they are compared with the ones estimated with
213the same approach for NbN structures of similar dimen-
214sions.21,22 At the saturation, sNbRe

E � 200 ps is about one
215order of magnitude smaller than the value reported in the lit-
216erature for NbN. This difference is even more important, if
217one considers that NbN samples of Refs. 21 and 22 are char-
218acterized by smaller dimensions of the bridges.41 It is worth
219reminding that the values of sE obtained in the framework of
220the LO theory are different from those estimated from photo-
221response experiments as a consequence of different excita-
222tion energies.12 Here, in fact, the non-equilibrium state is
223produced by the electric field at the center of the vortex
224instead of being photon-induced by the formation of a cur-
225rent assisted HS. Even if it is not possible to directly connect
226the two estimations of the relaxation times, it is interesting to
227note that the scaling between the values extracted within the
228vortex instability approach and the ones reported in the liter-
229ature as extracted from optical experiments are the same for
230NbN and Nb.10,21 For this reason, it is reasonable to expect
231that NbRe is characterized by shorter relaxation rates com-
232pared to NbN.
233The relaxation rates are further reduced for the NbRe/
234CuNi bilayers. Indeed, from the sE(T) dependence at l0Hmax

235for the NbRe/CuNi dependence reported in Fig. 2(c), it
236results in sNbRe=CuNi

E � 20 ps, namely, a reduction of sE of
237one order of magnitude in the hybrid compared to the single
238NbRe bridge. These relaxation times are even faster than the
239ones of the high performing NbN/CuNi devices of Ref. 21,
240which are reported for the sake of the clearness in the same
241figure. This central result of the investigation seems
242extremely promising for the design of NbRe/F-based photo-
243detectors. It is well known, in fact, that the performance of
244the devices, in particular, their dead time, crucially depends
245on the characteristic relaxation rate. Finally, a smooth tem-
246perature dependence of sE(T) is shown for the two systems
247in Fig. 2(d). By fitting the data with a T�n dependence, it
248results in n¼ 0.1 for both the samples. This value is much
249smaller than n¼ 3, typical of a dominant e-ph relaxation
250mechanism.12 It is reasonable to suppose that these last
251results have a twofold origin. First, by extending the argu-
252ment valid for gapless superconductors to proximized F-
253layers, where D is also zero, it results that in these systems
254the instability appears at larger velocity (and therefore pro-
255duces a faster relaxation process) due to the fact that the dis-
256tribution of the normal excitations is less affected by the
257vortex motion in the gapless system, since they are more uni-
258formly distributed.39 Second, the disordered nature of both
259NbRe20 and CuNi11,30 produces not only a quasi-constant
260sE(T) dependence (ensuring a constant response over a wide
261range of operation temperatures) but also an appreciable
262reduction of the qp lifetime.42 Indeed, disorder alters the
263scattering mechanism, since in dirty films the inelastic pro-
264cesses which lead to energy relaxation may take place only
265within the vortex core, being the mean free path shorter than
266the superconducting coherence length. The opposite is true
267for clean samples. This difference reflects in different domi-
268nant relaxation mechanisms: electron-electron recombination
269in clean samples and e-ph scattering in dirty ones. These
270interpretations are confirmed by the results observed in

FIG. 2. (a) v* versus H/Hmax at t¼ 0.5 for NbRe and NbRe/CuNi bridges.

(b) sE(T) dependence at l0Hmax for NbRe, compared to NbN structures from

Refs. 21 and 22. (c) sE(T) dependence at l0Hmax for CuNi-based bilayers,

namely, NbRe/CuNi (this work) and NbN/CuNi bilayer (Ref. 21). (d) sE(T)

dependence for the NbRe and the NbRe/CuNi bridges at l0Hmax. The solid

and dashed curves are the polynomial fits T�n, with n¼ 0.1 for both the

samples.
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271 different S/F hybrids; in particular, the examples of Nb/Py
272 and Nb/CuNi may be useful.11,31

273 From the values of the microscopical parameters
274 reported above for both NbRe and NbN, it is possible to
275 qualitatively simulate also the values of rmax in the frame-
276 work of the model described in Ref. 4, by using the values of
277 sE estimated from the vortex instability analysis at l0Hmax

278 and t¼ 0.4, namely, sNbRe
E ¼ 180 ps and sNbN

E ¼ 3:5 ns.21 The
279 dependence of rmax on Eph for both the structures, reported in
280 Fig. 3, reveals that rNbRe

max is by far larger than rNbN
max , which

281 confirms the good potentiality of NbRe for the realization of
282 SSPDs. However, in this analysis, the role of phonons with
283 energies higher than D in the evolution of the HS was
284 neglected. While it is possible to estimate the significant
285 energy backflow from phonons to electrons from the ratio
286 Cph/Ce¼ 6.4� 10�3, using for the phonon and electron spe-
287 cific heats the values of Ref. 19, the so-called phonon escape
288 time is unknown, since the acoustic matching between the
289 film and the substrate is not available.10 Before concluding,
290 it is worth commenting also on the model considered to
291 derive the values of Emin and rmax.2,4,7 Despite its simplicity,
292 it is still widely used for its capability to describe some
293 important characteristics of SSPDs. Moreover, due to the
294 absence of detailed experimental data on NbRe, it is hard to
295 make valid assumptions on the HS dynamics in this system
296 and consequently to adopt a specific detection model.2 In
297 addition, too many assumptions on the microscopical param-
298 eters should be considered. An accurate analysis of all the
299 models is beyond the scope of this work. However, due to
300 the large values of k estimated for the NbRe films, it seems
301 reasonable to suppose that vortices may play a role in the
302 detection mechanism and that an increase of Emin due to the
303 reduction of the vortex-entry barrier may be observed.2,9

304 Experimental investigation of optical devices based on this
305 promising material is highly desirable both to confirm the
306 suitability of NbRe and to shed a light on the detection
307 mechanisms.
308 In conclusion, electric transport measurements were per-
309 formed on NbRe and NbRe/CuNi bridges, in order to evalu-
310 ate their possible application in the field of SSPDs. The
311 results reveal that NbRe-based structures are suitable

312candidates to successfully design high performing SSPDs. In

313particular, they could be employed for the detection of single

314photons of lower energy than NbN, and the estimated HS

315dimensions suggest that in principle they should require

316accessible nanowire patterning. Finally, the extremely

317reduced values estimated for sE, in particular, in the case of

318NbRe/CuNi bilayers, make NbRe-based hybrids suitable
319candidates for fast operational SSPDs.
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