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ABSTRACT

We report a new scheme for fabrication of clean, suspended superconducting weak links from pristine single-walled carbon
nanotubes (SWCNT). The SWCNTs were grown using the floating-catalyst chemical vapour deposition (FC-CVD) and directly
deposited on top of prefabricated superconducting molybdenum-rhenium (MoRe) electrodes by thermophoresis at nearly ambient
conditions. Transparent contacts to SWCNTSs were obtained by vacuum-annealing the devices at 900 °C, which enabled proximity-
induced supercurrents up to 53 nA. SWCNT weak links fabricated on MoRe/palladium bilayer sustained supercurrents up to 0.4 nA
after annealing at relatively low temperature of 220 °C. The fabrication process does neither expose SWCNTSs to lithographic
chemicals, nor the contact electrodes to the harsh conditions of in situ CVD growth. Our scheme facilitates new experimental

possibilities for hybrid superconducting devices.
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1 Introduction

Pristine single-walled carbon nanotube (SWCNT) quantum
dot (QD) devices provide a tunable condensed-matter system
that has enabled several new observations in electrical quantum
transport [1] and basic interactions of single electrons with
mechanical degrees of freedom [2-5]. These devices have
also been shown to make very sensitive detectors of mass [6],
charge [7], force [8], and magnetic field [9]. Most of the recent
advances in carbon nanotube based devices have been obtained
using “ultra-clean” suspended SWCNTs fabricated in such a
way that the nanotube is not exposed to an electron beam or
microfabrication chemicals. In these fabrication schemes,
the nanotube is suspended over prefabricated electrodes in
the last step of fabrication. This is done either by growing
the SWCNTs directly on prefabricated electrodes [10] or by
growing the SWCNTs on a separate chip and mechanically
transferring them onto the electrodes [11-16]. Fabrication of
suspended ultra-clean SWCNT devices of this kind has mostly
been targeting single electron devices, whereas experimental
studies of high-quality, superconducting SWCNT weak links
have remained scarce [17, 18]. Such hybrid superconductor-
suspended SWCNT QD devices could be used to realize
several theoretical proposals, including the modification of
Josephson currents due to spin-orbit interactions [19], single
molecular magnet detection using a SWCNT-superconducting
quantum interference device (SWCNT-SQUID) [20-22],
detection of Cooper pair entanglement [23-25], and studying
the interplay of mechanical vibrations and the Josephson

junction dynamics [26, 27]. Furthermore, combined with a
microwave cavity, SWCNT-based Josephson inductance [28]
offers exciting possibilities in optomechanics [29].

In this paper we report a new scheme for fabrication of
suspended ultra-clean SWCNT weak links. Our approach is
based on the floating catalyst chemical vapour deposition
(FC-CVD) growth of SWCNTs and direct deposition of
pristine SWCNTs on prefabricated metallic electrodes at near-
ambient temperature [30, 31]. To obtain good electrical contacts
between these aerosol-synthesized SWCNTs and the electrodes,
our devices are vacuum annealed at the last step of the
fabrication process. SWCNT weak links were fabricated on
molybdenum-rhenium (MoRe) alloy and on MoRe/palladium
(Pd) bilayer. Annealing temperatures used for MoRe and
MoRe/Pd contacts were 900 and 220 °C, respectively. Low
temperature measurements confirmed the presence of proximity-
induced supercurrents in these SNS junctions (superconductor-
normal conductor-superconductor weak link). The largest
measured supercurrent with MoRe contacts was above 50 nA
while devices with MoRe/Pd contacts carried supercurrents
of about 350 pA.

Our results demonstrate that SWCNT weak links can be
created even when SWCNTs are deposited on top of metallic
electrodes at nearly ambient temperature. Therefore, suspended
ultra-clean SWCNT weak links could also be created by
combining the mechanical transfer schemes [11-16] and our
post-annealing step. The need of only moderate annealing
temperatures for making SWCNT weak links on MoRe/Pd
extends the range of other materials that can be placed on the
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device chip. For example, ferromagnetic materials or conventional
oxide tunnel junctions could be used in the devices. This
extended palette of materials and circuit elements paves the
way for realizations of more complex hybrid devices with clean
superconducting SWCNTs.

2 Experimental methods

Our SWCNT devices were fabricated on a 525-um-thick heavily
p-doped silicon wafer with a 280-nm-thick thermally grown
silicon dioxide on top. The wafer was first coated with an
80-nm-thick 60-40 alloy of MoRe by sputtering from two
targets simultaneously. The substrate holder of our sputter
(DCA M4500; DCA Instruments) was heated up to ~ 700 °C
prior to MoRe coating of the wafer, and this temperature was
maintained during the sputtering and 15 min beyond it. This
wafer heating improved the mixing of MoRe alloy increasing the
superconducting critical temperature (Tc) of MoRe. Electrode
patterning was done in two steps. First, a set of alignment
markers and 119 pairs of bonding pads connected with 10-pm-
wide strip lines were patterned using photolithography. MoRe
was etched away with SFs/Ar reactive ion etching (RIE) in an
Oxford Plasmalab 80 Plus system with a patterned 1.4-um-thick
AZ 5214 photoresist acting as the etching mask. A short
oxygen plasma ashing was done after the MoRe etch with the
intent to clean fluorocarbon polymers formed during the
SFe/Ar etching. In the second lithography step, the source-
drain gaps were first patterned on a 500-nm-thick polymethyl
methacrylate (PMMA) film using standard electron beam
lithography (EBL). Metallization was removed with RIE etching
in the same way as in the first step but etching was continued
deeper into SiO: to guarantee suspension of the deposited
SWCNTs. PMMA is not very resistant to RIE etching so the
source-drain gap patterned with EBL became wider after the
etching. Therefore, 150-nm-wide lines were patterned with
EBL to reach 300- to 350-nm-wide trenches on MoRe after the
etching. Finally, the chips were carefully cleaned by sonicating
them in acetone. A schematic illustration of the electrode
fabrication procedure is presented in Fig. S1(a) in the Electronic
Supplementary Material (ESM). The device layout is illustrated
in Fig. 1(a).

An additional lithography step was done for the samples
with a Pd contact layer. These steps are illustrated in Fig. S1(b)
in the ESM. First, two 10 pum x 10 um windows next to the
source-drain gap were patterned on PMMA using EBL. The
exposed areas of MoRe were cleaned for 15 s with SFe/Ar
plasma and the sample was immediately loaded into an electron
beam evaporator. In the evaporator the sample was further
cleaned with weak argon plasma for 1 min and subsequently, a
5-nm-thick layer of Pd was evaporated. The lift-off and final
cleaning were done in a 50 °C acetone bath.

For SWCNT deposition the device chips were loaded into a
purpose-built thermophoretic precipitator that was connected
to the gas outlet of the FC-CVD reactor. SWCNTs were grown
in the FC-CVD process with ferrocene as the catalyst precursor
and carbon monoxide (CO) as the carbon feedstock. Additional
carbon dioxide (CO,) flow was used to control the mean diameter
of the SWCNTs. Thermophoretic precipitator and the deposition
process are described in Refs. [30, 31] and the FC-CVD process
in Refs. [30, 32]. The setup used for the synthesis and the
deposition of SWCNTs is schematically shown in Fig. 1(b).

To obtain the desired density and spatial uniformity of the
deposited SWCNTs, the FC-CVD process parameters and
deposition times were first calibrated by running test
depositions on bare Si/SiO: chips and imaging the resulting
configurations on a scanning electron microscope (SEM). A
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Figure 1 (a) Electrode layout of the 5 mm x 5 mm Si chip, an optical
image of two electrode pairs, and an SEM image of a suspended SWCNT
(from top to bottom). (b) Schematic of the setup used for the synthesis
and deposition of SWCNTs. Flow of CO is passed through a cartridge
containing ferrocene (FeCp:) and the resulting ferrocene-containing gas is
directed into the CVD reactor through a water-cooled injector probe. The
growth of SWCNTs takes place in the CVD reactor and the outcoming
gas flow carries the SWCNTs into the thermophoretic precipitator. In the
thermophoretic precipitator the gas flows between two plates that are
kept at different temperatures and the SWCNTs are thermophoretically
deposited onto the target chip. The gas phase number concentration
is monitored using a scanning mobility particle sizer with a condensed
particle counter (SMPS + C).

typical SEM micrograph displaying deposited SWCNTs on a
Si/SiO; chip is shown in Fig. S2 in the ESM. The SWCNT gas
phase number concentration was measured using a scanning
mobility particle sizer with a condensed particle counter
(SMPS+C system; GRIMM Aerosol Technik GmbH, Germany).
The number concentration was kept around 10° cm™ to
prevent unnecessary bundling of the tubes [32] (see Fig. S3(a)
in the ESM) and to allow for better control of their density
on the target chip. Mean diameter of the SWCNTs was
determined by ultraviolet/visible/near-infrared (UV/vis/NIR)
absorbance spectroscopy (PerkinElmer LAMBDA 950
UV/vis/NIR spectrophotometer; PerkinElmer Inc.) of separately
collected thin-film samples [30] (see Fig. S3(b) in the ESM).
Typical average diameter of the SWCNTs was 1.8 nm with
0.3 nm standard deviation.

The SWCNT deposition took place in the thermophoretic
precipitator where the SWCNT-carrying aerosol flowed between
two plates that were kept at different temperatures. The bottom
plate was kept at ambient temperature by water cooling and
the top plate was heated to 100 °C by two power resistors [30].
During the thermophoretic deposition process SWCNTs landed
randomly on the target chip located on the water-cooled
bottom plate, and some SWCNTs became suspended across
the prepatterned source-drain electrodes.

After the SWCNT deposition step, the samples were loaded
into an infrared rapid thermal annealing oven (MILA-5000;
ADVANCE RIKO, Inc., Yokohama, Japan) in order to improve
electrical conductivity of the contacts between the suspended
SWCNTs and the electrodes. The oven was flushed with Ar/H,
mixture (3% of H,) and pumped for 15-30 min using a turbo
pump before the annealing. The residual pressure was about
3 x 107 mbar. Samples with MoRe electrodes were heated up
to 900 °C in 90 s and annealed at this temperature for 5 min.
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MoRe/Pd samples were heated up to 220 °C in 60 s and annealed
for 10 min.

The devices were first characterized at ambient conditions
using a semiautomatic probe station (PA150; Stiss MicroTec
AG) connected to a semiconductor parameter analyzer (Agilent
4156B). More accurate gate sweeps were then carried out for
the low resistance samples in a vacuum probe station. Devices
that showed quasi-metallic behavior and minimum resistance
below 20 kQ within the gate voltage range of £10 V were
attached and bonded into a sample holder, and loaded into a
dilution refrigerator (BF-LD250, Bluefors Cryogenics) for low
temperature characterization.

Low temperature measurements were performed in a quasi-
four-terminal configuration using standard lock-in techniques
(see Section S4 in the ESM). Source and drain signals were
filtered by 3-stage RC filters and 1.5-m-long Thermocoax
cables at the base temperature. Twisted pair lines served as the
connection between cryogenic and room-temperature circuits.
Heavily p-doped Si chip worked as the gate electrode and its
connection from the mixing chamber temperature to 300 K
was made using a 3-m-long Thermocoax cable. Attenuated
coaxial cables were also connected to the source and gate lines
via bias tees to facilitate high frequency driving of the sample.
Large bias resistors (115 MQ for DC and 1 GQ2 for low frequency
AC) were employed at room temperature in the current bias
measurements, while low-impedance voltage dividers were
used at their place in voltage bias measurements.

3 Results

Figures 2(a) and 2(b) illustrate initial semiautomatic probe
station measurements of a MoRe chip after the SWCNT
deposition and annealing processes. This particular chip
showed 16 SWCNTs connecting the source-drain electrodes
with 13 of them being metallic or small band gap SWCNTs.
Only a small fraction of the 119 source-drain pairs had thus
been contacted with a SWCNT. This low density of SWCNTs
was, however, desirable in order to avoid several SWCNTs
bridging over a single trench. A couple of the devices on this
chip had a minimum resistance below 20 kQ and these were
considered for further characterization. Thus, the number of
low resistance devices per source-drain pair was rather low
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Figure 2 Initial characterization of a MoRe chip after the FC-CVD and
annealing processes; data measured on a semiautomatic probe station.
(a) Conductance (G) versus gate voltage (V) of metallic and small band
gap SWCNTs. Thirteen devices showed this kind of quasi-metallic transport
behavior on this chip. One of them had a significantly lower conductance
than the others and is not included in the figure. (b) Conductance versus
gate voltage of large band gap semiconducting SWCNTTs. Three semiconducting
SWCNTs were found on this chip. Other source-drain pairs had no
SWCNTs contacting them.
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but every chip typically had a few of them once the FC-CVD
process parameters were properly adjusted.

Figure 3(a) plots the differential conductance of a SWCNT
device on MoRe electrodes versus bias voltage (V1) and gate
voltage (V) at T = 7.2 K. At this temperature, the electrodes
were still in the normal conducting state since the super-
conducting transition of the electrodes was observed as a
resistance drop at Tc= 6.5 K. Fabry-Pérot interference pattern
with high conductance is clearly seen in this figure, indicating
that the device is in the so-called open quantum dot regime.
Fourier transform of the Fabry-Pérot pattern is shown in Fig. S6(b)
in the ESM. Two Fabry-Pérot “diamonds” are also illustrated
in Fig. 3(a) with solid and dashed lines. Source-drain voltage
at the top corner of the diamond (Vi) can be used to extract
the energy level spacing AE =~ 4.6 meV. This energy level
spacing corresponds to longitudinal quantization of L =
hve/2AE = 360 nm [33], where v¢ = 8 x 10° m-s™ is the Fermi
velocity and h the Planck constant. The extracted quantization
length is in good agreement with the source-drain separation
of 330 nm, which was measured afterwards on an SEM
(see Fig. S7(a) in the ESM). The observation of Fabry-Pérot
resonances demonstrates that transparent contacts can be
obtained by post-annealing SWCNTs that have been deposited
on MoRe electrodes at nearly ambient conditions.

The presence of proximity-induced supercurrents in the
sample was verified by current biased measurements. Figure 3(b)
shows a V-I curve obtained from such a measurement. V-I
characteristic displays strong hysteresis with a sharp transition
from supercurrent to resistive branch at the switching current
Iw = 53 nA and a reverse transition at much lower retrapping
current I = 5 nA. In SNS weak links the junction capacitance
(G), other circuit capacitances [34, 35], or an increase of electron
temperature [36] can be responsible for hysteresis but making
accurate estimates of these factors is difficult.

In the resistively and capacitively shunted junction (RCSJ)
model hysteresis is described by the Stewart-McCumber

(@)

2.4

dI/dV(e?/h)

(b) (©) 60

| V (mV)
\\ T

|

o (
o,

st
f:D

-50 0 50 8.5 9 9.5

I, (nA) Ve (V)
Figure 3 (a) Differential conductance versus bias voltage (Vb) and gate
voltage (V) above Tc at T = 7.2 K. (b) V—I curve measured with quasi-
four-terminal current bias configuration at T =~ 10 mK. Gate voltage was
Vg = 9.45 V. The transition from supercurrent to resistive branch occurs at
53 nA and the reverse transition from resistive to the supercurrent branch
at 5 nA. (c) Gate voltage modulation of the measured switching current.
At each Vy only one V-I curve was measured, from which the switching
current I was deduced. Measured V; modulation of Iy is not entirely
smooth since the width of I distribution makes scatter on the values
obtained from a single measurement.
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parameter . = w,"R’Cy, where w, = (2el./hC;)"? is the plasma
frequency, I is the critical current, and R is the shunt resistance.
At zero temperature, . is related to the hysteresis by [37]

I _ =B,
1 4 (0

T

where I is the retrapping current. From Eq. (1) we can then
estimate Cj that would correspond to the observed hysteresis
within the RCS] model. Assuming that the critical current
can be substituted by the switching current, I. = L, and shunt
resistance is equal to the normal state resistance (Rx), Rj =
Rx =10 kQ, we obtain . = 180 and C; = 11 {fF. The obtained
capacitance is rather large for the effective capacitance of the
QD, indicating that other circuit capacitances or electron
heating contributes to the observed hysteresis.

The gate voltage modulation of I is depicted in Fig. 3(c).
The gate voltage range in this figure is different from Fig. 3(a)
but the I modulation follows nearly same gate period as
the conductance oscillations in Fig. 3(a). Therefore, this I
modulation is related to the gate tuning of the SWCNT QD
energy levels with respect to the Fermi energy of the leads.
Switching current, however, exhibits rather low minimum value
and thus, L oscillations have much larger relative amplitude
than Rx oscillations of the SWCNT QD. This suppression
of I has been previously seen in SWCNT weak links [34] and
it has been explained by the influence of the electromagnetic
environment, which yields to Iw =< I? dependence of I [34, 38].

Proximity-induced supercurrents were also measured from
a sample that had a Pd contact layer on top of MoRe. Figure 4
shows two V—-I curves measured from such a MoRe/Pd device
using current bias. A sharp transition from the supercurrent
to the resistive branch is observed also in this sample, and
the largest measured switching current was about 350 pA.
However, SEM micrographs taken from this device after the
measurements revealed that there were two SWCNTs suspended
across the source-drain electrodes (see Fig. S7(b) in the ESM).
Therefore, critical current through a single SWCNT might
have been even below the measured value. Normal state
resistance of this sample was Rx = 20 kQ. The resistance is
large compared to the MoRe device presented above, but it can
only partially account for the low switching current of this
sample (see below).

0.2
0.1
o
s 0
8
-0.1
-0.2
-0.3
-1 0 1
I, (nA)

Figure 4 Bias current (Ib) versus source-drain voltage of the MoRe/Pd
sample measured at Vg = =3.71 V (blue) and Vg = —=3.72 V (red). The bias
current was swept from negative to positive values. The maximum switching
current is about 350 pA.

4 Discussion

Our results unambiguously show that proximity supercurrents
can be induced into aerosol-synthesized SWCNTs deposited
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on top of the electrodes at nearly ambient conditions and
annealed afterwards to achieve transparent contacts. SWCNTs
on MoRe contacts were found to support larger supercurrents
than SWCNTs on MoRe/Pd contacts. SWCNTs on MoRe
typically showed resistances above 100kQ right after the
deposition and to reach transparent contacts, these samples
were annealed at 900 °C, which is comparable to the temperature
used in the CVD growth of SWCNTs. The effect of annealing
is illustrated in Fig. S8 in the ESM, which compares the
on-state conductance of the devices before and after annealing
at 900 °C. We believe that, to generate transparent contacts
to MoRe, high annealing temperature is needed mainly to
decompose Mo oxides and to form Mo carbides. In addition,
high temperature annealing may improve contact transparencies
by increasing the contact area [39]. Composition of co-sputtered
MoRe film has been previously studied by X-ray photoelectron
spectroscopy (XPS) in Ref. [40] and higher Mo concentration
was found on the surface of the film due formation of
molybdenum oxides, namely MoOs and MoO.. Reduction of
these oxides was seen after a CVD process where the film
was exposed to methane-hydrogen atmosphere at 800 °C for
several minutes. The alloy composition of our film differed
from that in Ref. [40], but it is very likely that similar oxides
were formed on the surface of our MoRe films once exposed to
air and accordingly, these oxides were decomposed during the
employed high temperature annealing.

Molybdenum deposited on top of SWCNTs has been shown
to form Mo,C carbide above ~ 800 °C, creating an abrupt but
transparent end-bonded contact to SWCNTs [41]. The same
carbide formation process presumably played a role in creating
transparent contacts to SWCNTs also in our devices, since we
found significant decrease in the device resistances when
annealed at temperatures above 800 °C.

The above considerations suggest that the high temperature
annealing is necessary in order to produce good electrical
contacts between MoRe leads and a SWCNT. Therefore, such
samples still need to be exposed to equally high temperatures
as in the in situ CVD growth of SWCNTs. When SWCNTs
are grown directly over the electrodes, the high temperature
atmosphere always contains hydrogen and carbon. Our
fabrication method has no such constraints, and the annealing
can thus be done in vacuum or in an inert atmosphere. This
possibility will be beneficial for high frequency devices as the XPS
measurements have shown that a significant concentration of
carbon is introduced into MoRe films during the CVD process
[40]. Consequently, the CVD process increases the resistivity
of MoRe films and reduces their superconducting transition
temperature. Quality factor of microwave resonators fabricated
from the film decreases in the CVD process as well [40, 42, 43].
We performed annealing in vacuum at a chamber pressure of
p = 3 x 10™* mbar after flushing with an Ar/H, gas mixture.
Due to the modest vacuum quality, some amounts of oxygen,
carbon dioxide and hydrogen were still present in the annealing
atmosphere. However, the film degradation due to oxygen,
carbon or hydrogen exposure at high temperature can be avoided
in our fabrication scheme by improving the vacuum quality.

Palladium contact layer significantly reduced the annealing
temperature needed to form transparent contacts (see Fig. S9
in the ESM) and to induce proximity supercurrents into
SWCNTS. This widely extends the range of materials and devices
that can be placed on the same chip with a superconducting
SWCNT weak link and consequently, provides new possibilities
for hybrid circuit experiments with ultra-clean SWCNT weak
links. For example, commonly used aluminium tunnel junctions
have been shown to be stable to vacuum annealing up to 200 °C

@) TSINGHUA H itori
@ Spnnger | www.editorialmanager.com/nare/default.asp

UNIVERSITY PRESS



Nano Res.

[44], comparable to the annealing temperature we used for
SWCNTs on MoRe/Pd. Common magnetic materials such as
nickel-iron permalloy or cobalt can also withstand similar
annealing temperatures in vacuum.

Magnetic properties of the Pd films may provide the reason
for rather small supercurrents in our SWCNT devices on top
of MoRe/Pd electrodes. Bulk Pd in its crystalline form is
paramagnetic but it has a high magnetic susceptibility and it is
close to the phase transition to ferromagnetism. Consequently,
just a small concentration of magnetic impurities can promote
ferromagnetic ordering in Pd, and even lattice disorder [45-47],
lattice expansion [48, 49], and reduced dimensionality [50-53]
may be sufficient to induce magnetism at cryogenic tem-
peratures. This suggests that the Pd deposition needs to be

done with great care to avoid magnetic ordering in the Pd film.

We did not characterize the magnetic properties of our 5-nm-
thick Pd films so we cannot conclude for certain that this effect
caused the reduced supercurrents in our sample.

The strength of the proximity effect in Pd might also have
been weakened by the presence of an oxide layer between
MoRe and Pd. Our MoRe film was exposed to air before the
evaporation of the Pd layer and it is unclear whether the
surface oxides were fully removed by the weak argon plasma

cleaning performed in the evaporator prior to the Pd deposition.

Depositing MoRe and Pd in the same vacuum chamber
could thus increase critical currents while simultaneously
simplify the fabrication process. Finally, we only tested
5-nm-thick Pd layers and annealing at 220 °C so optimization
of these parameters should enable larger supercurrents. For
example, the evaporated Pd/Al contacts on SWCNTSs in Ref. [54]
displayed a supercurrent of ~ 6 nA through a 7-nm-thick Pd
contact layer.

5 Conclusions

In summary, we have presented a new scheme for fabrication
of individual suspended SWCNT weak links in which aerosol-
synthesized pristine SWCNTs are directly deposited onto
prefabricated electrodes at nearly ambient temperature and
later post-annealed in vacuum to generate good electrical
contacts between the electrodes and the SWCNTs. The
fabricated SWCNTs are not exposed to an electron beam or
microfabrication chemicals during the process. Samples
were fabricated both on MoRe and MoRe/Pd electrodes and
annealed in vacuum at 900 and 220 °C, respectively. Proximity-
induced supercurrents were demonstrated by measuring
switching currents using a quasi-four-terminal current bias
configuration. The largest switching currents measured from
our SWCNTs on MoRe electrodes were 53 nA, over four times
larger than previously reported values for clean suspended
SWCNT weak links [18]. SWCNTs on MoRe/Pd electrodes
instead showed switching currents up to 350 pA. The low
annealing temperature necessary to induce proximity super-
currents into SWCNTs on MoRe/Pd contacts extends the range
of materials and device configurations that can be employed
together with clean SWCNT weak links on a single chip.
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