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We present tunneling measurements on an InN nanobelt which shows signatures of
superconductivity. Superconducting transition takes place at temperature of 1.3K and
the critical magnetic field is measured to be about 5.5kGs. The energy gap extrapo-
lated to absolute temperature is about 110ueV. As the magnetic field is decreased to
cross the critical magnetic field, the device shows a huge zero-bias magnetoresistance
ratio of about 400%. This is attributed to the suppression of quasiparticle subgap
tunneling in the presence of superconductivity. The measured magnetic-field and
temperature dependence of the superconducting gap agree well with the reported de-
pendences for conventional metallic superconductors. Copyright 2012 Author(s). This
article is distributed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.3691830]

Among the I1I-nitride semiconductors, InN has attracted much attention because of the discovery
of its narrow direct band gap around 0.7 eV [Ref. 1 and 2]. It was found that the Fermi level at InN
surfaces is pinned well above the conduction band edge, leading to strong surface band bending and
electron accumulation. The accumulation of conduction electrons at the surface states increases the
carrier concentration and, thus, provides a better conductivity than other semiconductors [Ref. 3].
The first observation of superconductivity in highly disordered two-dimensional InN film at 3K
by Inushima er al. [Ref. 4] raises a fundamental controversial issue concerning the coexistence of
semiconductor and superconductivity. Subsequent studies by the same group revealed the dependence
of superconducting transition temperature on the carrier concentration [Ref. 5]. They concluded that
neither the surface electron accumulation layer nor the In-metal precipitation is the main cause of
the superconductivity. Rather, the superconductivity is attributed to Josephson coupling between In-
layers which are intercalated by nitrogen layers [Ref. 6]. The inter-chain superconducting coupling
in the ab-plane was further supported by Ling et al. [Ref. 7] who studied InN films of wurtzite
structure. The objective of our present work is to explore possible superconductivity in InN nanobelts.
Nanostructures with typical rectangular cross section are often termed as nanobelts [Ref. §]. To this
end, transport measurement on devices comprising of a single nanobelt was carried out, and both
temperature and magnetic field dependence of the superconducting gap was investigated. The results
are in agreement with a model of a nano-superconducting object connected to electrodes via tunnel
junctions.
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Single crystalline InN nanobelts were synthesized from indium powder with Au catalyst grown
by a guided-stream thermal chemical vapor deposition technique under a NH; gas flowing. The
growth method was previously reported in detail by Hu et al. [Ref. 8]. The nanobelts have typical
width ranging from 20 to 200 nm, a width to thickness ratio of 2-10 and lengths of up to several
tens of micrometers. The InN nanobelts were subsequently extracted into suspension in isopropanol
solvent by short ultrasonic agitation. A few droplets of the dispersion were spread over Si substrate
with um-sized measurement pads pre-fabricated on 300-nm-thick SiO, surface. After drying, the
wires strongly adhered to the substrate due to van der Waals interaction; this adhesion allows us to
perform the subsequent device fabrication procedures. Optical microscopy and scanning electron
microscopy (SEM) were then employed to select and locate the individual nanobelts. For device
fabrication, polymethylmethacrylate (PMMA) resist was first spun onto the substrate and nano-
scaled patterns for contact electrodes were then exposed by an electron beam writer. The exposed
resist was developed, creating a template for contact electrodes, this is followed by a oxygen reactive
ion etching (RIE) cleaning process in order to remove resist contamination on the contact area. After
that, Au/Ni metal wires with 50/50nm in thickness served as electrodes were deposited by thermal
evaporation at a pressure of 7x 1077 torr. Finally, the resist was dissolved in acetone, lifting off the
unwanted metal film on the top of the resist and leaving the contact electrodes. Shown in the lower
inset of Fig.1(a) is an SEM image of the measured InN nanobelt device. The width of this particular
nanobelt is about 65 nm, and the separation between the source and drain electrodes is approximately
200 nm.

For electrical characterization a symmetric circuit with a low-noise current-voltage amplifier was
employed, and the devices were symmetrically biased with respective to the ground. Low temperature
measurements were performed using a He3/He* dilution refrigerator. The IV, characteristic was linear
at room temperature with a resistance of about 30 k2. As the temperature was lowered to 0.35K the
asymptotic resistance increased by two times and the device displayed a suppression of current at low
V}, region, as shown in Fig. 1(a), leading to a dip in the differential conductance, G,=dl/dV,. One of
the possible explanations for the conductance dip is Coulomb blockade of electron tunneling due to
appreciable charging energy associated with the smallness of the nanobelt. One of the criterions for
the appearance of Coulomb blockade is, the contact resistance R¢ between the leads and the nanobelt
should be greater than the quantum resistance Rg=h/e*> ~26k2 [Ref. 9]. The asymptotic resistance
of this device at low temperature is about 65k€2, and our previous study [Ref. 10] suggested that
the nanobelt resistance is small compared to the contact resistance, therefore the assumption that
Rc>Rg is justified.

Magnetic field dependence of the IV}, characteristic was studied. The applied magnetic field
was perpendicular to the chip plane. As the magnetic field increases, the conductance dip is getting
shallow and the width of the dip becomes narrower. In magnetic fields greater than 5.5kGs, denoted
as B, the width as well as the depth of the conductance dip becomes field independent. Shown in
Fig. 1(b) is an intensity plot of the differential conductance as a function of both bias voltage V),
and magnetic field B. The conductance dip corresponds to the darker area of the intensity plot. We
noticed that for |IBl > B, the dotted curves stay a constant in bias voltage which we denote as V;. For
IBI <B,, the dotted curves, denoted as V,, increases with decreasing B. We note that V, comprises
of two parts: a constant part which equals to V; and an additional B dependent part. Assuming the
device contains two identical tunnel junctions between the nanobelt and the source/drain electrodes,
the constant value V;, about 2E¢/e=0.17 mYV, is attributed to Coulomb blockade due to the charging
effect which is insensitive to the magnetic field. Here E¢ is the charging energy. Now, V, contains
a magnetic field dependent component, which we denote as 2A(B). Where 2A(B) is a gap edge
energy and is identified as the peak position of the 2" derivative of IV}, curves. The peak positions
are plotted in Fig. 1(c) and the extracted A(B) can be very well described by the predicted field
dependence of superconducting energy gap by the theory:'!

B
AB)/AO) = [1 = ()1 (1)
We believe that this is a strong evidence of the presence of superconductivity in this InN nanobelt.
A(B=0) denotes the zero-field energy gap and is found to be about 95 ueV at 7=0.35K.
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FIG. 1. (color online) (a) Traces of current (center curves) and differential conductance (upper curves) versus bias voltage
at B=0 (blue) and 5.5kGs (red). At zero-field and low bias voltage, a prominent conductance dip opens up. The SEM image
in the lower inset shows the measured device. The scale bar is 200nm. (b) Intensity plot of differential conductance G, as a
function of B and V},. At V<V, G4 is independent of magnetic field. The data were taken at T~350mK. (c) The energy gap
(blue dots) extracted from IV}, in varying B is plotted along with the BCS prediction (red curve) given in Eq. (1).
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black and red traces correspond to the positive and negative sweep directions, respectively. The magnetic field is directed
perpendicular to the substrate at 0.35K.

Further, at low bias voltages, we probed the quasiparticle subgap resistance at zero-bias as
the magnetic field was swept across the critical magnetic field B.. The curves shown in Fig. 2
are zero-bias resistance (Ry) extracted from IV} characteristics for perpendicular magnetic field
ramped back and forth between -10kGs and +10kGs at 7~0.35K. The small hysteresis structure at
a field of about £1kGs is a manifestation of the coercivity field of the Ni-electrode. Notice that a
magnetoresistance plateau with sharp edges appears in fields ranging between -5.5kGs and +5.5kGs.
The plateau with an average R, value of about 650 k2 corresponds to a huge magnetoresistance
ratio of about 400%. The magnetoresistance drops to a value of 150k€2 as the magnetic field |BI
was brought to beyond 5.5kGs. This is reconfirmation of the critical field value obtained in Fig. 1.
In high fields, the magnetoresistance does not change with magnetic field and remains at 150k<2
because applied filed is greater than B... The high resistance (650k€2) at the plateau is an indication
that the nanobelt is in the superconducting state and we are measuring the quasiparticle subgap
resistance of the superconducting belt. At fields greater than B,, the superconductivity is quenched
and the zero-bias resistance is decreased dramatically due to diminishing superconducting gap. The
zero-bias resistance is, however, remaining at a value (150k€2) much higher than the asymptotic
resistance (65k€2) due to the Coulomb blockade.

Next, temperature dependence of the superconducting gap in the same InN nanobelt was studied
and is shown in Fig.3. As temperature increases, the Coulomb blockade becomes less significant.
At 4K, the IV}, curve becomes linear and the conductance dip vanishes, indicating that the charging
energy is smaller than 4K. The temperature dependence of the superconducting gap is measured
and is shown in Fig. 3(b). Our measured data suggests a 7, of about 1.3K and A(0) of 110ueV
when extrapolated to absolute temperature. This corresponds to a 2A(0)/kgT¢ value close to 2,
which is lower than the predicted BCS ratio of 3.4 [Ref. 11]. The small BCS ratio could be a
consequence of the interface with the proven surface charge states on the InN nanobelt [Ref. 12] or it
could be arising from the exotic double gap superconductivity along the reports in some compound
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FIG. 3. (color online) (a) Current (center curves) and conductance (upper curves) versus bias voltage characteristics at three
temperatures: 0.18K (blue), 0.85K (red), and 4K (green). (b) The extracted energy gap as a function of temperature. Red and
blue dots represent data extracted from positive and negative sides of the IV, characteristics.

superconductors [Ref. 13]. The latter is supported by the conductance structure at V;,~2.5mV (e.g.
the blue conductance curve in Fig. 1(a)), which implying a large superconducting gap Ap. The
conductance intensity plot shown in Fig. 1(b) suggests that this A is suppressed almost linearly
by the applied magnetic field, but unfortunately this feature is too smeared for an elaborated study
on the temperature dependence. At this stage, this low BCS ratio remains an open question; intense
experimental and theoretical understanding is not available till date on this subject and there could
be very interesting physics to uncover.

Inushima et al. [Refs. 4-6 and references cited in Ref. 6] and Ling et al. [Ref. 7] have observed
superconductivity in InN films and reported superconducting transition between 0.12K and 3.5K,
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depending on the carrier concentration. They also observed supercurrent in these films. However, the
device we studied does not display supercurrent feature. Instead, the zero-bias resistance increased at
low temperatures. The reason for the absence of supercurrent in our device is the following: it is well
known that in a superconductor, phase and charge are quantum conjugate variables. Localization
of charges (Cooper pairs) due to Coulomb blockade causes quantum fluctuations of the supercon-
ducting phase [Ref. 14]. When phase fluctuates strongly, global superconductivity is destroyed and
supercurrent is diminished. Further, localization of charges gives rise to an increased zero-bias re-
sistance at low temperatures and that explains the enhanced Coulomb blockade characteristics seen
in Fig. 1(a). The Ej/E, ratio for this device is approximately 5.54eV/85ueV and the device is in
E; << E, regime which reconfirms the absence of supercurrent, where Ej is the Josephson energy
and E, is the charging energy. Technically, even if there were any small supercurrent present, it would
be hard to observe due to the two-probe measurement configuration involving two large resistors in
series with nanobelt.

In summary, we present here the precursors of superconductivity in an InN nanobelt. The
superconducting gap and the transition temperature are found to be 110ueV and 1.3K, respectively.
The superconducting gap can be suppressed by an applied magnetic field perpendicular to the belt,
and the critical field is about 5500Gs. The suppression as a function of the field strength follows
a dependence similar to that reported for superconducting films. Further, the superconducting gap
decreases at elevated temperatures, following the theoretical prediction for superconducting films.
Magnetic field dependence of the zero-bias resistance displays a plateau in magnetic fields smaller
than the critical magnetic field, corresponding to a huge magnetoresistance ratio. The experiment
reveals signatures of superconductivity in the InN nanobelt.
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