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Suppression of superconductivity dominated by proximity effect in amorphous MoSi nanobelts
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A traditional concept proposes that the suppression of the transition temperature 7, in an amorphous nanobelt
is driven by enhanced disorder, which accounts for localized Cooper pairs. However, in this paper, we observe
T. suppression in an amorphous molybdenum-silicide (MoSi) nanobelt, which scales as the inverse square
of the width but contradicts disorder theory. Instead, the transition regime can be well described by Cooper
pair diffusion in the proximity effect. Both the nonlinear reduction of the switching current density and the
abnormal increase of the effective retrapping current density with the reduction of the width further verify the
proximity-induced relation. Therefore, we attribute the main size dependence of the suppressed superconducting
properties in the MoSi nanobelt to the proximity effect rather than disorder. We speculate that the competition
between superconductivity and disorder only appears at the two narrow edge bands rather than the entire
nanobelt. Subsequently, the reduction in width does not produce a significant impact on superconductivity for
disorder, and only the proximity effect plays an overwhelming role in the MoSi nanobelt.
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I. INTRODUCTION

Exploiting superconductivity in low-dimensional struc-
tures is of great significance to the fundamental research of
superconducting physics and the development of advanced
low-dimensional superconducting devices. Superconductor
properties (such as critical transition temperature 7, and
switching current density jsw) will change significantly in
structures where the size is reduced comparable to or smaller
than the superconducting coherence length £ and magnetic
field penetration depth A. How small can superconductors be?
The Anderson criterion suggests that there is the smallest size
at which the Kubo gap (mean electronic energy level spacing
near the Fermi energy) exceeds the bulk, zero-temperature
superconducting energy gap [1]. It has been experimentally
validated in many zero-dimensional isolated grains or com-
pacted powders, such as Nb [2] and Pb [3] nanoparticles.

When a superconductor is patterned into a nanobelt with a
certain width w, the variation in w also influences the super-
conductivity of the nanobelt. It has previously been shown that
T. can be affected significantly by disorder in a nanobelt [4-9].
Upon increasing disorder, the suppression of 7, toward zero
occurs due to the competition between the enhanced Coulomb
repulsion and the Cooper pairing.

Recently, a novel promising amorphous film, MoSi, has
been the subject of numerous experimental and theoretical
research studies [10-13] due to various advantages, such as
lenient substrate requirements and lower superconducting en-
ergy gap. For example, it has been widely developed into

“These authors contributed equally to this work.
fCorresponding author: 1zhang @nju.edu.cn

2469-9950/2022/105(1)/014516(6)

014516-1

superconducting nanowire single photon detectors (SNSPDs),
exhibiting excellent detection metrics in the near infrared
band [14], which enables SNSPDs to have great potential in
scientific applications such as long-distance quantum telepor-
tation [15]. A new record system detection efficiency (SDE)
of 98.0 £ 0.5% at the wavelength of 1550 nm was achieved
based on high-quality MoSi film [13]. Besides, SNSPD made
of thin MoSi film with awidth of micrometers and an active
area up to 10° xm? can also obtain saturated internal detection
efficiency (IDE) at a 1550 nm wavelength [11]. Furthermore,
a saturated IDE at an ~5 um wavelength for 30 nm wide
meander-shaped MoSi SNSPD was also demonstrated [16].

The study of the superconductivity in MoSi nanostructures,
such as the nanobelt, which have the possibility of tuning
their superconducting state by changing their width, is of
fundamental interest. In this paper, we have studied the su-
perconducting properties of Moy gSip, nanobelts. However,
we observed that the nanobelts undergo 7, suppression, which
is linearly related to 1/w? and is inconsistent with disorder
predictions.

II. METHODS

In the experiment, Mo gSip, was chosen as the material,
and 11 sets of samples were prepared on a single chip to
ensure that all the Mog gSip, nanobelts with different widths
could have the same thickness. Furthermore, all the nanobelts
have the same length of 20 um, and the width w is distributed
between 30 nm and 3 um. In addition, the area between the
nanobelts and the contact pads is designed to be an arc-angle
structure to effectively avoid current crowding [17].

The fabrication method can be found in our previous
work [16]. The 5 nm thick Moy gSig» film is deposited using
current-controlled DC magnetron sputtering of a Moy gSig

©2022 American Physical Society
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FIG. 1. SEM image of the Mo gSip, nanobelts, which are pre-
pared by negative lithography over HSQ resist. The widths are
decreased from 2981.0 to 35.8 nm, as shown by the red arrow. The
dark wires near the narrow nanobelts act as the dose correctors during
the EBL process.

alloy target in Ar plasma on a thermal nitride silicon wafer
(S1/Si3Ny) at room temperature (23 °C). A 3 nm thick NbsNg
capping layer is then deposited on the Moy gSig» film surface
using rf magnetron sputtering to avoid oxidation of the
Moy sSip, film. Hydrogen silsesquioxane (HSQ) with a
solute concentration of 2% is adopted to coat the Mo gSip»
film. Then the HSQ coating was prebaked at 90 °C for 4 min.
After the electron beam exposure (EBL) process, the chip was
baked at 90 °C for 2 min, and then the chip was developed in
the 2.38% TMAH developer at room temperature (23 °C) for
3 min. The nanopatterns were transferred to the Moy gSi»
film by the reactive ion etching (RIE) process. The etching
parameters used in the experiment are as follows: SF¢ and
CHF; gases with flow rates of 40 and 20 SCCM (cubic
centimeters per minute at STP), respectively, the pressure of
4 Pa, the power of 80 W, and the etching time of 27 s. The
scanning electron microscope (SEM) image of the Moy gSip >
nanobelts is shown in Fig. 1, and the width ranges from
2981.0 to 35.8 nm.

The current/voltage input ports between the nanobelts are
independent of each other, and all the current/voltage output
ports share the same ground. The temperature-dependent re-
sistances for all nanobelts are measured by the four-probe
technique. To avoid heating- or current-induced vortex mo-
tion, the bias current is set to be less than 1/20 of the switching
current of each nanobelt. The critical transition temperature
is defined as the temperature corresponding to the resistance
equal to 0.1R, (R, is the normal resistance of the nanobelt
at 10 K) [18,19]. The critical transition temperature T¢y of
the Moy gSip, film is measured to be 4.12 K. We measured
the transport characteristics of each nanobelt based on the
schematic shown in Fig. 2. The adjustable voltage source
(Keithley 2400) Vg and the current limiting resistor Rg (100
k€2) together provide a variable bias current Iy to the nanobelt.
The bias current flows into the nanobelt through the rf and DC
terminal of the bias-T. The rf port of the bias-T is connected
to a load cap with resist Ry = 50 €2 to prevent the bridge from
entering a stable self-heating state.

III. RESULTS AND DISCUSSION

A. T, characteristics

It is generally considered that decreasing w leads to in-
creased disorder and further 7. suppression. The relevant

Mo, ¢Siy , nanobelt

Bias-T

FIG. 2. Schematic describing the measurement configuration of
the Moy Siy» nanobelt.

characteristic length for superconductivity in the pres-
ence of disorder is the thermal diffusion length Ly =
[hD/Q2mkgT )%, where h is the Planck constant, D is the
electron diffusion constant, kg is the Boltzmann constant, and
T is the operating temperature. The one-dimensional approxi-
mation is valid if w is smaller than L. Previous reports in the
literature have theoretically proposed that the relative suppres-
sion of T, varies as 1/w in two-dimensional superconducting
films [20], while the T, of one-dimensional superconducting
wires decreases exponentially with the inverse of the wire
cross section [7]. However, in this experiment, the linear
relationship between T, and 1/w? is found in the Moy gSig»
nanobelts, as shown in Fig. 3(a). Strikingly, it differs from
the theoretical models mentioned above. Ly ~ 11.2nm at
3 K is calculated for the MoggSip, films with a D of
0.49 cm? /s. Thus, all the Moy gSip, nanobelts are not in the
one-dimensional limit. Although Graybeal et al. [4] suggested
that the observed w2 behavior of 7, is characteristic of the
crossover from two dimensional to one dimensional, further
accurate efforts are required to resolve how T, is affected by
w in this paper.

B. Proximity effect model

It is well understood that disorder-induced enhancement of
the Coulomb interaction inherently competes with supercon-
ductivity. As a result, the weaker the attraction in Cooper pairs
is, the lower the transition temperature 7, will be. In our work,
we speculate that the cross section of the nanobelt can approx-
imately consist of a normal-superconducting-normal (NSN)
structure, as shown in Fig. 3(b). The competition between
superconductivity and disorder only occurs at the two edge
bands of the nanobelt and can strongly reduce the supercon-
ducting order parameter W, which finally suppresses the 7,
of the edge bands. The width of a single normal edge band
is defined as w,/2, and we assume that w,/2 is independent
of the nanobelt width. The strong disorder in the two edge
bands may be caused by two main factors. One is the bom-
bardment of the edges by high-energy S or F atoms during
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FIG. 3. (a) The T, of Moy 3Siy» nanobelts versus 1/w?; the dark
blue dashed line indicates the linear relationship between these data.
T. versus w is also shown in the inset, and the dark blue solid line in
the inset is calculated by Eq. (1). (b) The normal-superconducting-
normal (NSN) structure of the Mo gSij, nanobelt, where w.g and d
are defined as the effective width and the thickness, respectively. The
orange gradient color represents the change in the superconducting
order parameter W, and W distributes homogeneously in the central
superconducting band. j& is the local effective switching current
density in the central superconducting band.

the reactive ion etching (RIE) process because the side walls
of the nanobelt are not well protected by resist. Another is
the oxidation of the side walls when they are exposed to air,
and partial oxidation suppresses the superconductivity of the
edge bands. Thus, the components in the edge bands will
be more complex. On the one hand, both Mo and Si will
react with other alien atoms; on the other hand, the value x
of Mo, Si;_, will make a difference. For example, Mo,Si_,
recrystallization primarily occurs at low Si content (x > 0.8)
[21], and the MosSi structure (7, = 1.3 K for bulk supercon-
ductor) will be easy to form according to Ref. [22]. Thus, there
exists an overwhelming mechanism caused by the diffusion
behavior of Cooper pairs, named the proximity effect. The
proximity effect between the two edge bands and the central
superconducting band would systematically suppress the su-
perconductivity of the whole nanobelt according to Cooper’s
estimation [23] because of the NSN structure.

We followed the theoretical model used by Liniger based
on the nonlinear Ginzburg-Landau (GL) equation [24]. The
model shows that W vanishes if the size of the supercon-
ducting slab is less than a critical value S., where S. =
2& (T )arctan[&(T)/b] and b defines the extrapolation length,
which measures the depth of penetration of Cooper pairs
into the normal metal region. Here, b tends to be zero due
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FIG. 4. Dependence of the switching current density jsw on the
width of the Moy gSip, nanobelts. The orange arrows indicate the
trend of jsw, and the blue dashed line guides the eyes. The inset
zooms in on the interval w < 983.3 nm. The standard deviation of
all the measured values is less than 10%.

to the strong proximity effect. Therefore, we obtained a
critical width of w, ~ w&(T'), where &£(T) is the temperature-
dependent superconducting coherence length of the Moy gSig »
thin film and &£(T) = £(0)(1-T /Tyo) °> (1 + T /Tep) "2 in the
full-temperature range, where T is measured to be 4.12 K.
We then express the transition temperature 7, dependence of
the width w by simplifying the analysis in the limit of T
near T¢o:

2
n§(0) } 0

T; 1

To V2 [w — w,
where £(0) of the Moy sSip, film is approximately 4.5 nm
[25], wy, is defined as the only fitting parameter, and w, can
be obtained to be ~6 nm from the best fitting. This means
that the change in transition temperature is approximately
proportional to the inverse square of the width (1/w?) ac-
cording to Eq. (1), which demonstrates the linear relationship
between T, and 1/w? that we observed earlier. The inset
of Fig. 3(a) shows the relationship between 7, and w more
clearly. Typically, for nanobelts wider than 180.4 nm, the T
is independent of the width and shows a plateau behavior. For
narrower nanobelts, a significant reduction in 7, is observed.
The experimental results are well described by Eq. (1), as
shown by the blue solid curve.

C. Current density characteristics

The square resistance of the MogygSip, film at room
temperature is Ryq = 289.3Q2/sq, so the room temperature
resistivity o, can be calculated as p, = Ryqd = 144.7 u€2 cm.
The magnetic field penetration depth A = 21 /d, where Ay =
(Bpn/ om Ao)°?7; 1o is the permeability of vacuum, Ag is
the superconducting energy gap at 0 K, and Ag = 1.764 kgT..
Here, A is calculated to be 154.8 pm, much larger than the
width of all measured nanobelts. Thus, it can be seen that
the supercurrent distributes homogeneously over the super-
conducting band of the nanobelt.

Figure 4 shows the switching current density jsw of the
nanobelts under the condition of 7 = 3.2 K. The maximum
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value of jsw < 1 MA/cm? for all nanobelts. There is a non-
linear relationship between jsw and w, which can be divided
into two cases: (1) jsw slightly decreases with increasing w
if w > 983.3nm; (2) jsw decreases sharply with decreasing
w if w < 983.3 nm. For case 1, the depairing current density
Jdepair Of the nanobelt is calculated to be ~ 1.06 MA / cm?. The
depinning current density jgepin should be much smaller than
the depairing current density jqepair according to Ref. [26]. We
have estimated jgepin to be 102-10 MA /cm? at 3.2 K, which
is about two or three orders of magnitude lower than juep.
However, the measured values of jsw distribute between 0.8
and 0.9 MA /cm?. The most likely mechanism is the penetra-
tion and movement of vortices according to the three-current
model proposed by II’in et al. [27]. The detailed exploration
is under discussion in our future work.

For case 2, we can conclude that jsw has a temperature-
dependent relation based on proximity effect:

eff

Jsw(t) = jsw(O— 2
where t = T /T, and ]eff () is the local effective switching
current density in the central superconducting band. As shown
in Fig. 3(b), the size of the unstable mode of the superconduct-
ing order parameter W from the central superconducting band
to the normal edge band is on the order of the temperature-
dependent superconducting coherence length of the nanobelt
&y (1) [28]. Thus, the effective width weg can be estimated,
West ~ w—w,—2&y(t). First, we set f‘ff (t) as a constant fitting
factor independent of w [29]. The fitting result is shown by the
dark blue solid line in the inset of Fig. 4. However, the theoret-
ical prediction deviates slightly from the experimental results.
This is because the reduction of w can suppress 7;, which in
turn affects j$i (r). We build the relationship between j&t (1)
and w based on the KLL. model [30]:

pa(t) 2*(0)&(0)
Pa(0) 1> ()0 (t)’

where j&if (0) defines the maximum effective switching cur-
rent density that can be measured at 0 K, p,(¢) is a nondimen-
sional calibration factor, &(t) =& (0)(1—[)‘0'5(1 +1)0%,
Ao(t) is the magnetic field penetration depth, Ao(?) =
2(0)(1-£2)03(1 4 ¢19)02, The experimental results can be
well described by the refined relation when setting ]eff 0)
as the only fitting factor, as shown by the red solid line in
the inset of F1g 4. As a result, the fitting factor j&w (0) is
3.65MA /cm?

To further study jeff (t), several samples with different
widths are measured (Fig. 5). ]eff (t) approaches the theoreti-
cal value predicted by the KL model; if ¢ tends to 1, it deviates
from the theoretical value as ¢ decreases. ]e“ (t) increases
monotonically with decreasing temperature and finally tends
to saturate at each w. It can be estimated that the maximum
value of j& (0) is about 3 79 MA /cm?, close to the best fit-
ting result of 3.65 MA /cm?. Furthermore, we find that j&, (1)
varies nonmonotonically with the width at different tempera-
tures. We speculate that this can be caused by several reasons:
(i) The reduction behavior of w can suppress 7. and then
suppress the value of jgf\i, as we discussed above; (ii) there
is a competition between the magnetic vortex motion and
the phase slip. The density of the transport current required
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FIG. 5. Dependence of &, on the temperature. There are several
samples with different widths, and the gray solid line represents the
theoretical value calculated by the KL model. The standard deviation
of all the measured values is less than 10%.

for penetration of magnetic vortices into the wide supercon-
ducting nanobelt can be proportional to w2 In[2w/(7w&)],
which results in the reduction of w with the increase in jeff

However, the phase slip energy barrier is proportional to w
[31]. Thus, as w decreases, the phase slip rate will increase
exponentially, which severely suppresses the value of f’“

In addition, we observed an abnormal nonlinear relation-
ship between the effective retrapping current density jer
and the effective width wegr (7 = j,(w/werr), where j, is
the measured retrapping current density and weg = w—-w,).
Figure 6(a) shows that j°f gradually increases with decreasing
wegr and rapidly increases if weg < 300 nm.

The quantitative analysis is still under discussion. How-
ever, one possible reason is the self-heating mechanism. That
is, there is a thermal diffusion length Ly and a thermal vol-
ume V7 in the substrate as discussed in Ref. [32]. For a
superconducting nanobelt with an effective width weg < Lr,
Vr will decrease slower than the nanobelt volume when
werr decreases. Under this condition, the narrower nanobelt
will be much better refrigerated by the substrate than the
wider one. Here we conduct a simple analysis based on
the two-dimensional self-heating model. Regardless of the
time evolution of the nanobelt temperature at the effective
retrapplng current density j° the relationship between Weff
and j can be estimated to be 1/weg oc jT (et /jelf — 1)y,
where n is a temperature-dependent free parameter and
(et ]"’ff 1)" increases exponentially with the j¢ increase.
Thus, the abnormally increasing behavior of ]e“ as Wefr
decreases can get a qualitative explanation in view of the
estimation above.

Another possible reason is the lateral thermal diffusion
behavior due to the proximity effect in the nanobelts, as
discussed before [29]. When the nanobelts transit from the
superconducting state to the normal state, the temperature
in the central band is much higher than that in the adjacent
normal edge bands due to Joule heating because most of the
supercurrent is concentrated in the central band (has a width
of wegr approximately). Therefore, there is an extra lateral
thermal diffusion channel where heat flows from the center
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the eyes. The standard deviation of all the measured values is less than 5%.

band to the edge bands in addition to along the nanobelt
and toward the substrate. The thermal diffusion radius r =
(D1p)°?, where tp is the electron relaxation time. If weg > 27,
the lateral thermal diffusion could be negligible. However,
if weer < 2r, the lateral thermal diffusion will accelerate the
cooling rate, making j° keep rising. The p of amorphous
superconducting materials was measured to be hundreds of
picoseconds [33]. Therefore, 2r is distributed between 140
and 450 nm, which is basically in line with the experimental
result of about 300 nm. Furthermore, the reduction behavior
of j°f at the same weg is consistent with the model proposed
by Stockhausen et al. [34] if T approaches T.. However, the
j¢ will be temperature independent if we decreases below
30 nm, resulting from the enhanced lateral thermal diffusion
effect in the ultranarrow nanobelts.

We further studied the ratio of j& to jéff as a function
of wegr and T, as shown in Fig. 6(b). The ratio changes with
the wegr in a “A” shape. In addition, the ratio increases with
decreasing T and tends to saturate below 1 K. The weg stays
at about 500 nm, where the ratio can achieve the peak value.
In addition, the “A” shape becomes flatter as T increases.
The results can provide suitable guidance for the design of a
single photon detector such as SNSPD. If the nanowire width
remains unchanged, the higher the ratio is, the better the de-
tection performance [35]. We can see that the MoSi nanobelts
will reach a saturated ratio if the temperature is below 1 K.
This will give us a revelation: The detection performances
of MoSi SNSPD operated at temperatures approaching 1 K
or tens of mK will be almost the same. Thus, the cooling
demand for SNSPDs (especially for midinfrared SNSPDs)
can be decreased. For example, the midinfrared SNSPD does
not always have to work at temperatures lower than 0.3 K;
instead, it shows saturated internal detection efficiency up to
a wavelength of 10 wm at 0.85 K [36].

Finally, we found that similar phenomena can appear in
both amorphous and polycrystalline superconducting mate-
rials when comparing our work with the work of Charaev
et al. [29]. For example, similar dependences of both 7, and
Jjsw at the measured temperature on w are observed. Thus,
we speculate that the proximity effect induced by Cooper
pair diffusion may be another universal physical mechanism

in low-dimensional superconductors in addition to disorder.
More specifically, however, we find that the effective switch-
ing current density in the central superconducting band varies
nonmonotonically with the width of the Moy gSip, nanobelt
over the whole range of temperatures, which differs from the
monotonical increase behavior of NbN at 4.2 K. The nonlinear
relationship can be caused by 7, suppression and the com-
petition between the magnetic vortex motion and the phase
slip as we have discussed above. We believe that the results in
this paper will provide a valuable reference for the design of
high-performance photon detectors based on MoSi.

IV. CONCLUSION

In summary, we have studied the superconducting trans-
port properties of Mog gSip» nanobelts. We observe that these
nanobelts undergo a strong and systematic reduction in 7. with
decreasing w, and the T, is linearly related to w~2. This result
is not consistent with a process driven by disorder. However,
it can be well described by the Cooper pair diffusion in-
duced proximity effect. Furthermore, the nonlinear evolutions
of jsw and jI under the condition of width reduction are
also observed, which can well verify the proximity-induced
relation. We attribute the main size dependence of the sup-
pressed superconducting properties in the MoSi nanobelt to
the proximity effect rather than disorder.
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