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Abstract

®

CrossMark

We present a chemical vapor deposition method for the synthesizing of single-crystal
1T-MoTe, nanowires and the observation of one-dimensional weak antilocalization effect in
1T-MoTe, nanowires for the first time. The diameters of the 1T'-MoTe, nanowires can be
controlled by changing the flux of Hy/Ar carrier gas. Spherical-aberration-corrected
transmission electron microscopy, selected area electron diffraction and energy dispersive
x-ray spectroscopy (EDS) reveal the 1T’ phase and the atomic ratio of Te/Mo closing to 2:1.
The resistivity of 1T’-MoTe, nanowires shows metallic behavior and agrees well with the
Fermi liquid theory (<20 K). The coherence length extracted from 1D
Hikami—Larkin—Nagaoka model with the presence of strong spin—orbit coupling is

proportional to 7036

, indicating a Nyquist electron—electron interaction dephasing

mechanism at one dimension. These results provide a feasible way to prepare one-dimensional
topological materials and is promising for fundamental study of the transport properties.

Keywords: chemical vapor deposition, 1T’-MoTe,; nanowire, spin—orbit coupling,

one-dimensional weak antilocalization effect
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1. Introduction
In past few years, TMDCs are rising as an emerging class
of quantum materials after witnessed the discovery of their

novel topological properties beyond the electronic applications
[1, 2], such as Weyl semimetal [3], Dirac semimetal [4], node

* Author to whom any correspondence should be addressed.

1361-648X/21/185701+7$33.00

line [5], and topological insulator [6—8] etc. The broad spec-
trum of the properties of the TMDCs is coming from the diver-
sity of their compositions and structures, including trigonal
prismatic (2H), octahedral (1T), and monoclinic (1T’) phases
etc [9]. As a typical member of the TMDCs family, MoTe; pos-
sesses three structural phases, including semiconducting 2H,
metallic T4, and semi-metallic 1T’ phases [10]. The reversible
structural phase transition between the 2H and 1T’ phases can
be induced through the Peierls distortion by tuning the propor-

© 2021 IOP Publishing Ltd  Printed in the UK
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tion of ingredients during CVD growth [11-13] or by applying
mechanical strain using an atomic force microscope (AFM)
tip. [14] In the band structure of the 1T-MoTe,, the posi-
tions of the valence and conduction band edges change with
reduced thickness, which gives rise to their distinct thickness-
dependent properties. For 1T'-MoTe, bulk crystal, the type-II
Weyl semimetal nature has been confirmed by observation of
the topological Fermi arcs using angle-resolved photoemission
spectroscopy [15], and the planar hall effect caused by the chi-
ral anomaly has also been discovered [16]. When reduced its
thickness to a few layers, 1 T’-MoTe, exhibits a bandgap open-
ing of up to 60 meV arising from strong spin—orbit coupling
(SOC) [11]. Further reducing its thickness to the monolayer
limit, spontaneous symmetry breaking is occurred due to the
relative atomic displacements of Mo atoms and Te atoms, and
robust room-temperature out-of-plane ferroelectricity has been
observed [17]. The nature of quantum spin Hall insulators
in the monolayer 1T’-MoTe;, has also been predicted, which
results from an intrinsic band inversion between chalcogen-
p and metal-d bands for the structural distortion based on
non-trivial Z,-band-topology [18].

Stacking distortion will happen in the 1T'-MoTe, when
the inversion symmetry was broken with the change of the
dimension or the temperature. In bulk MoTe,, the structural
transition from centrosymmetric monoclinic 1T’ phase to non-
centrosymmetric orthorhombic T4 phase under 250 K results
in a hysteresis in the temperature-dependent resistivity, while
in the few-layered MoTe,, only Ty phase exists under 300 K
[19]. Therefore, at the room temperature, the MoTe, crys-
tallizes in 1T’ phase in 3D and 174 phase in 2D. Except
the phase transition, the magnetoresistance (MR) is gradu-
ally suppressed due to the decrease of the carrier mobility
and increase of the electron—hole imbalance with reduced
thickness [20], suggesting that the transport properties of 1T'-
MoTe; is strongly dependent on its dimensions. However,
the transport properties of one-dimensional 1T-MoTe, still
remain elusive.

In this work, we have successfully prepared high-quality
1T’-MoTe, nanowires with tunable diameters from ~80 to
~27 nm by chemical vapor deposition method. The 1T-
MoTe, nanowires can also be epitaxially grown on mica (001)
along three directions with an angle of 60° between each other.
The chemical composition and crystallographic structure of
1T’-MoTe, nanowires is confirmed by AC-HRTEM, selected
area electron diffraction (SAED), EDS and Raman spec-
troscopy. The temperature-dependent resistivity of as-grown
1T'-MoTe, nanowires shows metallic behavior. Weak antilo-
calization (WAL) effect in as-grown 1T-MoTe, nanowires
is evidenced by the appearance of the cusp at around zero
magnetic fields in the MR with temperatures up to ~3 K.
Analyzing the WAL effect by 1D HLN equation with strong
SOC, the temperature-dependent phase coherence length L,
can be extracted. The phase coherence length Ly shows a
power law dependence with temperature, L; ~ T3¢, reveal-
ing a clear quasi-one-dimensional transport nature and Nyquist
electron—electron interaction dephasing mechanism. The two-
dimensional WAL effect has been found in the few-layered
1T’-MoTe, nanosheets in previous study [21]. The existence

of the one-dimensional WAL effect in 1T’-MoTe, nanowires
proves that the WAL effect would not vanish even when lower-
ing the dimension from two to one, indicating the robust WAL
effect arises from strong SOC. These results provide a path-
way to prepare the high quality 1T’-MoTe, nanowires and set
a stage for further exploration of 1D 1T-MoTe; along with its
application in the future quantum devices.

2. Experiments

2.1. Synthesis of the 1T-MoTe, nanowire

1T'-MoTe; nanowires were grown by two-step chemical vapor
deposition method using tellurium blocks and MoO; single
crystal as precursors in a three-zone tube furnace. The high-
quality MoOs single crystal as the precursor was grown onto
a mica substrate by directly oxidizing Mo foil in air at 600 °C
for 20 min in a one-zone tube furnace. The obtained MoOj3
single crystal on mica was placed on SiO, (280 nm)/Si sub-
strate in a quartz tube in which tellurium (=99.999%, 9 g,
alfa) blocks are placed upstream. In a typical growth process,
firstly, the furnace was evacuated to 10~ torr and high-purity
Ar was introduced at 100 sccm for 20 min to eliminate residual
oxygen. Then, the MoO3z @ SiO,/Si substrate was heated up to
580 °C and the upstream tellurium blocks were heated up to
680 °C for 15 min under a mixture of argon and hydrogen car-
rier gas at a flow rate of 100 sccm (standard cubic centimeters
per minute) (Ar:H, = 10:1). After that, the furnace was cooled
down to room temperature naturally.

2.2. Characterization

The morphology of the as-grown MoTe, nanowires was char-
acterized by optical microscope (Olympus BX51-SC30). The
diameter of the nanowires was determined by an AFM (dig-
ital instruments nanoscope IIla and dimension edge, Bruker)
operated in tapping mode. Raman spectrum was conducted
on samples directly after growth and performed under ambi-
ent conditions with an excitation wavelength of 532 nm
using a customized Raman spectrometer (WITec alpha 300R).
For aberration-corrected transmission electron microscopy
(ACTEM) imaging of MoTe, nanowire, the material was
transferred onto a holey-carbon TEM grid using a water-
soluble polymer mediator. Firstly, 0.75 g of polyvinylpyrroli-
done (PVP) (Alfa Aesar, average MW 58 000), 1.5 ml of
N-vinylpyrrolidone (NVP) (aladdin, 99%), and 0.75 ml of H,O
were dissolved in ethanol to prepare 10 ml of solution. A drop
of this solution was spin-coated on the SiO,/Si substrate with
MoTe; nanowires at 800 rpm for 1 min, followed by remov-
ing the solvents in air without baking. After that, 10 wt % poly
(vinyl alcohol) (alfa, 86%—89% hydrolyzed, medium molecu-
lar weight) aqueous solution was spin-coated on the top of PVP
film followed by removing the solvents in air without baking.
Then, the polymer mediator carrying MoTe, nanowires were
scratched and peeled by a blade at the edges of the substrate.
Next, the polymer mediator was attached to the target holey-
carbon TEM grid on the glasses. For the close contact between
material and the grid, a drop of the ethanol was added on the
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Figure 1. Preparation and characterization of 1T’-MoTe, nanowires.
(a) Schematic illustration of the CVD growth process of MoTe;
nanowires. (b) Typical optical image of as-grown MoTe, nanowires
on a 280 nm Si0O,/Si substrate under 580 °C and 100 sccm Ar/H,
flow. Scale bar: 10 pm. Right inset: AFM topographic image of
MoTe, nanowire. Scale bar: 100 nm. The height profile (blue curve)
indicates the diameter of the MoTe, nanowire scanned by the blue
dash line is 41 nm. (c) The average diameter of MoTe, nanowires as
a function of different gas-flux at 580 °C. Insets: optical images of
MoTe, nanowires with different diameters on 280 nm SiO,/Si. Scale
bars: 3 pm. (d) Raman spectrum of the MoTe; nanowires. Three
prominent peaks at 105, 127, 161 cm™! corresponding to Ay, Ag and
B, modes in 1T’-MoTe,, respectively. Inset: Raman mapping of the
amplitude of the 161 cm™! peak. Scale bar: 5 um. (e) The optical
image of MoTe, nanowires grown on mica substrate under 580 °C
and 100 sccm Ar/H; flow. A 60° angle between nanowires
highlighted by yellow dashed line, suggesting an epitaxial
mechanism. Scale bar: 10 pm.

polymer. Finally, the polymer mediator was removed by soak-
ing in deionized water at 70—-80 °C for ~20 min. ACTEM of
suspended MoTe; nanowire was performed with a JEM ARM
200F operated at 200 kV. SAED characterization was per-
formed using a JEM-2100F, JEOL, operating at 120 kV and
equipped with an EDS system.

2.3. Device fabrication and electrical measurements

In the material grown equipment, the end of the quartz tube
was attached with the glove box with argon. The as-grown
1T-MoTe, nanowires on SiO,/Si substrate was transferred to
the glove box, followed by coating poly (methyl methacry-
late) (PMMAO950, AS5) film within argon-filled at 2000 rpm
for 60 s and being baked under 60 °C for 120 s. Then, the con-
tact metal electrodes was fabricated by using standard electron
beam lithography technique (Raith 150) followed by electron
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Figure 2. Micro-structural characterization of the 1T'-MoTe,
nanowire. (a) Transmission electron microscopy (TEM) image of an
individual nanowire. Scale bar: 50 nm. (b) SAED pattern of the
nanowire shown in (a), which is viewed from zone axis [0 0 —2].
Scale bar: 5 nm~!. (c) Atomic-resolution spherical ACTEM image
of the nanowire, clearly resolving the lattice fringes of the MoTe,
nanowire viewed from zone axis [2 0 —4]. Upper inset: atomic
configuration of the 1T'-MoTe;, lattice viewed from the same zone
axis. Lower inset: fast Fourier-transform diffractograms of the
ACTEM. (d) Energy-dispersive x-ray spectroscopy (EDS) of the
nanowire, revealing the sample with an atomic ratio of Te/Mo = 2:1.

beam evaporation of the Ti/Au (6/60 nm) metal stacks after lift-
off. The transport measurements were performed in the phys-
ical property measurement system (PPMS, Quantum Design
Inc.) using the resistivity option and AC drive mode with tem-
perature ranging from 300 to 2 K. The AC probe current [xc =
0.5 uA was applied. The device fabrication and electrical mea-
surements were finished within 24 h to allow a more reliable
data.

3. Results and discussion

The growth process of 1T'-MoTe, nanowires on a 280 nm
Si0,/Si substrate by CVD method is schematically shown
in figure 1(a). In previous studies, the mixture of MoOj3; and
NaCl powder was used as the Mo source precursor to syn-
thesize the 1T’-MoTe, nanosheets [21-24]. Here the &x-MoO3
single crystal grown on mica substrate in step (I) shown in
figure 1(a) is used as the Mo source precursor. The phase of
the MoO; single crystal is confirmed by the optical image
and Raman spectrum (see figure S1(b) in supporting infor-
mation (https://stacks.iop.org/JPCM/33/185701/mmedia)). In
step (I), the resulting MoOj crystal on mica is placed on SiO,
substrate in a quartz tube, where tellurium block is placed
upstream with H,/Ar as carrying gas. It is found that the
growth temperature is a critical factor for successful growth
of MoTe, nanowires. When the growth temperature is lower
than 560 °C, the product will be MoO, (figure S2(a)). While
the growth temperature is higher than 660 °C, the product
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Figure 3. Temperature-dependent resistivity of MoTe, nanowire. (a) Temperature-dependent resistivity of MoTe, nanowire at zero
magnetic-field. Inset, Fermi liquid and electron—phonon scattering mechanism fitting: p.(T) = pg 4+ aT> + bT>. (b) dp/dT as a function of
temperature for the temperature-dependent resistivity shown in (a). Inset, the temperature-dependent dp/dT at different magnetic. (c) The
temperature-dependent resistivity of MoTe, nanowire under different magnetic fields applied perpendicularly to the electrical current. Inset,
the false-colored optical image of the device of MoTe, nanowire with a diameter of 31 nm. Scale bar is 5 pm. (d) The temperature-
dependent resistivity of MoTe, nanowire under different magnetic fields applied parallel to the electrical current. Upper inset, the

temperature-dependent dp/dT at different magnetic fields.

will be 1T'-MoTe, nanosheets (figure S2(b)). The MoO, and
1'T’-MoTe; nanosheets were identified by Raman spectroscopy
(figures S2(c) and (d)). Figure 1(b) shows the typical opti-
cal image of the as-grown 1T'-MoTe, nanowires with a few
tens of micrometers in length on a 280 nm SiO,/Si substrate,
which is grown under 580 °C with 100 sccm Ar/H, as car-
rier gas. The right inset of figure 1(b) shows the AFM topo-
graphic image of one typical MoTe, nanowire. The height pro-
file (the blue curve) indicates that the diameter of the nanowire
is about 41 nm. The diameter of 1T’-MoTe, nanowires is mod-
ulated from ~27 nm—~80 nm by simply adjusting the flow
rate of carrier gas in the range from 50 to 300 sccm under
a constant growth temperature (580 °C for SiO, substrate).
As shown in figure 1(c), the average diameter of the MoTe,
nanowires is monotonically increased with increasing Ar/H,
flow rate. The diameter of 1T’-MoTe, nanowires can also be
roughly identified by its color on SiO,/Si substrate. In the inset
of figure 1(c), the narrower 1T'-MoTe; nanowires (~27 nm)
show dark purple color, while wider nanowires (~80 nm)
show apparently shiny metallic luster. The crystal quality of
1T’-MoTe; nanowires were firstly confirmed by Raman spec-
troscopy with an excitation wavelength of 532 nm using a cus-
tomized Raman spectrometer. Figure 1(d) shows three promi-
nent peaks at 105, 127, and 161 cm™ !, respectively, which are
assigned to the Raman-active A,, A,, and B, modes in 1T'-
MoTe, [23, 25]. The inset of figure 1(d) shows the Raman

intensity mapping of peak 161 cm~! of MoTe, nanowires. The
homogeneous intensity across the whole region of the Raman
mapping spectroscopy indicates low defect concentration in
the as-grown MoTe, nanowires. For epitaxial growth of 1T’-
MoTe; nanowires, fluorophlogopite mica (KMg3AlSizOoF,)
possessing the same symmetry (monoclinic) with 1T’-MoTe,
were used as the growth substrate. Figure 1(e) shows the opti-
cal image of 1T'-MoTe, nanowires on mica (001) surface
under the same growth condition with that of SiO, substrate.
The 1T'-MoTe, nanowires mainly grow along three directions
with respect to the edge of mica substrate and forms an angle
of 60° between each other, as indicated by the yellow dashed
line, suggesting an epitaxial growth mechanism [26—29].

The crystalline microstructure of the 1T-MoTe, nanowires
are further characterized by TEM. Figure 2(a) is the low-
magnification TEM image of a typical MoTe; nanowire with
the growth direction along [010]. Figure 2(b) is the SAED pat-
tern of the MoTe, nanowire in figure 2(a), which is viewed
from zone axis [0 O —2]. The diffraction spots are indexed
to the (—110) and (110) planes of the monoclinic 1T'-MoTe,,
revealing the 1T’ phase of MoTe, nanowires [23]. Figure 2(c)
shows the ACTEM image of the nanowire, clearly resolv-
ing the lattice fringes of the 1T’-MoTe, nanowire. To identify
the different atomic planes, fast-Fourier transformation is per-
formed on the ACTEM image. Diffraction spots originate from
the lattice planes of (020) and (211) are labeled with a zone
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Figure 4. WAL effect in the MoTe, nanowire. (a) Magneto-
resistivity of MoTe, nanowire at different temperatures. (b) HLN
fitting of MR at different temperatures. Circled scatters are the
experimental results and solid curves are the fitting results.

(c) Phase-coherence length as a function of temperature, revealing a
power-law dependence of ~T %3, consistent with the HLN model
when the electrons move quasi-one-dimensionally. The pre-factor «
is close to —0.5, consistent with the WAL induced by the strong
SOC interaction.

axis of [2 0 —4], as shown in the lower inset in figure 2(c).
The interplanar crystal spacing of (020) and (211) planes in the
nanowire is measured to be 1.8 A and 2.3 A, respectively. This
matches with the crystallographic parameters of 1T" phase of
MoTe, (ICSD#: 14349, Space group: P2,/m, a = 6.366 19 A,
b=3.48688 A, c=1554792A, o = =90°, 8 = 92.3879°).
Upper set in figure 2(c) shows the atomic configuration of the
1T-MoTe; lattice viewed along [2 0 —4]. Furthermore, the ele-
mental composition in the CVD-grown nanowire is examined

by the EDS, as shown in figure 2(d). There are no other impu-
rity elements are detected except Te and Mo in the sample with
the atomic ratio of Te/Mo = 20/11 = 1.82, which is very close
to the stoichiometric ratio in MoTe,. The smaller atomic ratio
may be due to the formation of vacancy of the Te atoms during
growth.

Four-probe dc resistivity measurement was carried out
to characterize the electrical transport properties of the
1T'-MoTe, nanowires in a PPMS using constant current
(~ 0.5 uA) mode. The resistivity of a typical MoTe, nanowire
at zero magnetic field with temperature ranging from 2 to
300 K is shown in figure 3(a), revealing a metallic behav-
ior in the whole temperature range. The resistivity of MoTe,
nanowire at the temperatures ranging from 2 to 20 K is shown
in the inset of the figure 3(a), which can be well fitted by the
following equation: [30]

p(T) = po + aT” + bT”, (1

where p, is the residual resistivity, 72 term stands for the
Fermi-liquid contribution, T35 term comes from the contri-
bution of electron—phonon scattering, a and b are fitting
parameters. The residual resistivity p,, a, and b are listed in
table S1. Moreover, the p (T) curve shows abnormal behav-
ior around ~40 K where the dp,, (T) /dT curve shows a
peak near this temperature (as shown in figure 3(b)), which
is probably induced by the Fermi surface reconstruction [16].
The behavior of the temperature-dependent resistivity at zero
magnetic-field of 1T'-MoTe, nanowires is consistent with the
bulk crystal, in which, the ratio of electron and holes con-
centration changes significantly around 7 ~ 40 K for the
fermi surface reconstruction producing a peak in dp,, (T) /dT
curve at that temperature [16, 31]. In the inset of figure 3(b),
the temperature-dependent dp/dT at different magnetic fields
keeps almost the same indicating that the electron struc-
ture may not be sensitive to the applied vertical magnetic
fields at low temperatures. Figure 3(c) shows the temperature-
dependent resistivity of 1T’-MoTe; nanowires at different ver-
tical magnetic fields from O to 12 T, where no apparent changes
are observed. While in the bulk crystal, the resistivity increases
dramatically when temperature is lower than a certain value
at higher magnetic field which is induced by the balanced
hole and electron densities [30—32]. The absence of increment
in resistivity under vertical magnetic fields for 1T'-MoTe,
nanowires is probably induced by the heavily n-doping result-
ing from the Te vacancies which makes it difficult to form
a balance in the hole and electron densities. To confirm this,
we measured the temperature-dependent resistivity of MoTe,
nanowire under different magnetic fields applied parallel to the
electrical current. As shown in figure 3(d), no apparent change
occurs. The absence of negative MR which is predicted in the
Weyl semimetal suggests that the Fermi energy of the 1T'-
MoTe, nanowires is located far above the Weyl point induced
by the heavily n-doping.

Figure 4(a) shows the magnetic-field-dependent resistivity
at different temperatures. The cusp feature at around zero
magnetic fields at low temperatures (<3 K) originating from
the WAL effect is observed [33-35], which becomes more
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remarkable with decreasing temperatures. The temperature-
dependent MR (calculated by MR = (p(B) — p(0))/
p(0) x 100%) of additional three devices with different
diameter is shown in figure S3. The cusp feature at around
zero magnetic fields, as a hallmark of WAL effect, has been
found in all three MoTe, nanowires. The MR of as-grown
IT'-MoTe, nanowires is suppressed in smaller diameter
nanowire, where MR is close to ~1.75% in 31 nm, ~2.45%
in 58 nm, and ~4.3% in 72 nm (measured at 2 K and 6 T),
respectively. This may be caused by the decrease in carrier
mobility or the increase in electron—hole imbalance [20].

The WAL phenomenon shown in figure 4(a) agrees well
with the one-dimension Hikami—Larkin—Nagaoka (HLN)
model with strong SOC [36-39]. In the HLN model, the
conductance correction §Gwar (B) is given by

0GwaL (B) =G (B) — G (0)

o 62 1 B¢ B¢
=2 {L" (2 - B) - (g)} » @)

where B is the magnetic-field, G (B) is the conductance as a
function of B, \ is the digamma function, By, = 7/ 4elé with
1, represents the coherence length. In the regime of strong SOC
interaction [33], the pre-factor « is equal to —0.5.

As shown in figure 4(b), the MR of the 1T" MoTe, nanowire
at the magnetic fields ranging from —0.5 T to 0.5 T can
be well fitted by the one-dimension HLN model. The pre-
factor « is ranging from —0.50 to —0.64, which is very close
to —0.5, indicating the presence of strong SOC interaction
in 1T" MoTe, nanowires. The phase-coherence length (/5)
at different temperatures can be extracted and is shown in
figure 4(c). Theoretically, the coherence length is proportional
to 7~ '/2 for the two-dimensional system and 7~'/3 for the one-
dimensional system [33]. Figure 4(c) shows that the coherence
length is proportional to 7-°3¢, which is consistent the one
-dimensional Nyquist electron—electron interaction dephas-
ing mechanism. The present data obtained in the transport
measurement affirms that the SOC play a critical role in the
electronic transport properties of 1T" MoTe, nanowires. The
signature of strong SOC results in WAL effect in the metallic
state can be associated with either bulk or topological surface
states [40, 41].

4. Conclusions

We have developed a CVD method to prepare high-quality
MoTe, nanowires by using MoOj; single crystal as precur-
sor. The WAL effect in 1T'-MoTe; nanowires caused by the
strong SOC is confirmed by the low-temperature magneto-
transport measurement. The diameter of the nanowires can
be controlled by changing the flux of H,/Ar carrier gas. An
epitaxial growth can be realized by using mica (001) as the
substrate. Raman spectroscopy, ACTEM and SAED charac-
terization on the 1T’-MoTe, nanowires reveal the 1T’ phase
high-quality crystallinity of the nanowires, and EDS confirms
the atomic ratio of Te/Mo is close to 2:1. In temperature-
dependent transport measurement, MoTe, nanowires show a
metallic behavior from 2 K to 300 K, and the low-temperature

resistivity (<20 K) agrees well with the Fermi liquid theory
with electron—phonon interaction as the main scattering mech-
anism. The cusp feature in MR at around zero magnetic fields
at low temperatures (<3 K) originated from the WAL effect
is observed. Based on the one dimension HLN model with
strong SOC, the coherence length has been derived and is
proportional to 7~%3 indicating a Nyquist electron—electron
interaction dephasing mechanism at one dimension. The avail-
ability of high-quality 1T’-MoTe, nanowires set a stage for
further explorations of 1D 1T'-MoTe,, provide a feasible way
to prepare other one-dimensional topological materials and
promise for fundamental study of the transport properties of
one dimension topological materials.
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