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ABSTRACT: The development of bulk synthetic processes to prepare
functional nanomaterials is crucial to achieve progress in fundamental
and applied science. Transition-metal chalcogenide (TMC) nanowires,
which are one-dimensional (1D) structures having three-atom diameters
and van der Waals surfaces, have been reported to possess a 1D metallic
nature with great potential in electronics and energy devices. However,
their mass production remains challenging. Here, a wafer-scale synthesis
of highly crystalline transition-metal telluride nanowires is demonstrated
by chemical vapor deposition. The present technique enables formation
of either aligned, atomically thin two-dimensional (2D) sheets or random
networks of three-dimensional (3D) bundles, both composed of
individual nanowires. These nanowires exhibit an anisotropic 1D optical
response and superior conducting properties. The findings not only shed light on the controlled and large-scale synthesis of
conductive thin films but also provide a platform for the study on physics and device applications of nanowire-based 2D and 3D
crystals.
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■ INTRODUCTION

In recent decades, intensive research has focused on various
functional nanomaterials, such as fullerenes,1 carbon nanotubes
(CNTs),2 graphene,3 and transition-metal dichalcogenides
(TMDCs),4 because of their excellent physical properties
and their wide variety of potential applications such as in
electronics and energy conversion devices. The ability to
achieve their large-scale synthesis has been key to major
breakthroughs that accelerate basic and industrial research.
While significant progress has already been made, the synthesis
of one-dimensional (1D) transition-metal chalcogenides
(TMCs) remains challenging despite 40 years since their
discovery in bulk crystals of ternary molybdenum chalcoge-
nides5−7 and their fascinating physical properties derived from
three-atom-thick, 1D quantum confinement system.
A TMC nanowire is a 1D structure consisting of staggered

triangular units ofM3X3, whereM = Mo or W and X = S, Se, or
Te. Chalcogen atoms occupy the three vertices in each layer
and metal atoms are located at the edge centers, resulting in an
elongated chalcogen shell with a metal core (Figure 1a).
Instead of behaving as a conventional Fermi liquid, such
nanowires show 1D metallic behavior consistent with a
Tomonaga−Luttinger liquid,8−10 therefore holding great
potential for study in basic physics and electronics applications.
In addition, the formation of nanostructures with various
geometries is possible due to van der Waals (vdW) interactions

between nanowire surfaces. For instance, lateral assembly of
these nanowires results in an atomically thin two-dimensional
(2D) layer. This may lead to the emergence of interesting
physical properties as observed in the semiconducting to
metallic transition,11 large-scale integration of hybrid hetero-
structures,12 and anomalous PL properties13 of ultrathin 2D
materials. Besides this, TMC nanowires can also aggregate into
three-dimensional (3D) bundles as in the case of CNTs. The
1D confinement effect and structural diversity of TMC
nanowires provide an excellent opportunity for further study,
as the degree of freedom available during assembly marks an
important distinction from other functional nanomaterials.
Despite their attractive features, studies on TMC nanowires

are fairly scarce due solely to limited sample availability. A
major issue is the lack of a feasible strategy to produce high-
quality, long-length nanowires in high yield. Currently available
syntheses involve conversion of similar compounds using
lithium-intercalated TMC complexes8,9 or 2H-TMDCs.10,14,15

A few studies have reported growth using vapor-phase
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techniques, such as sulfurization,16 molecular beam epitaxy,17

and nanotemplating reaction inside CNTs.18,19 Although they
are reliable fabrication techniques, the mass production and
study of TMC nanowires are still constrained by production
costs, purity, and scalability.
To solve this issue, we focus our attention on chemical vapor

deposition (CVD), which is a powerful technique for the large-
scale synthesis of a diverse range of nanomaterials, including
CNTs,20,21 graphene,22−24 and TMDCs.25−32 Here, we show
wafer-scale growth of WTe and MoTe TMC nanowires, having
various aggregation forms, by CVD. The growth substrate is
observed to influence the structure and morphology of the
TMC nanowires, with random or ordered networks forming on
substrates of varying crystallinity and lattice orientation. The
present synthesis method enables study of the optical and
electronic properties of these TMC nanowire networks, which
can be used to benefit future applications in electronics and
energy-harvesting devices.

■ RESULTS AND DISCUSSION

First, 2D and 3D structures based on TMC nanowires, which
act as 1D vdW building blocks, are demonstrated by changing
growth substrates. Figure 1a shows schematic representations
of the different configurations of the TMC nanowires
synthesized in this work. Two types of geometrical structures
are prepared, with 1D nanowire building blocks forming either
an atomically thin 2D sheet or assembling into a 3D bundle.
These two structures are observed in the cross-sectional high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and TEM images of the WTe
nanowires, as shown in Figure 1b−d. Monolayer and bilayer
sheets of WTe nanowires grown on a-plane sapphire substrates
are presented in Figure 1b and c, respectively, whereas a 3D
bundle containing approximately 120 nanowires grown on a

SiO2/Si substrate is displayed in Figure 1d. The atomic
structure of the nanowires can be clearly seen from the cross-
section image of a single nanowire (Figure 1e) and from the
image taken along the nanowire axis (Figure 1f), consistent
with those reported for WTe19 and other TMC nano-
wires.14,15,18 The brighter spots in Figure 1e correspond to
the heavier atomic mass W atoms. These atoms form a
hexagonal ring surrounded by Te atoms having relatively low
contrast. Elemental mapping performed by energy dispersive
X-ray spectroscopy (EDS) further confirms the chemical
composition of the sample (Figures S1 and S2). Quantitative
analysis reveals a 1:1 ratio of W to Te, providing further
evidence for the identity of the nanowires. Meanwhile, the
WTe nanowires in Figure 1b−d are coated with an amorphous
layer consisting of W and Te (Figure S3). This amorphous
layer is likely residue from decomposed WTe nanowires,
caused by damage incurred either by prolonged exposure to
the ambient air or during the specimen preparation process.
In addition to the 2D and 3D aggregation forms, the CVD

process results in the substrate-dependent formation of aligned
and randomly oriented TMC nanowires at the wafer scale.
Figure 2a displays the in-house CVD setup used in this study.
A temperature range of 750−800 °C was suitable for nanowire
growth on various substrates, including SiO2/Si, quartz, and
sapphire. In a typical growth process, precursors such as WO3
powder and Te granular are heated separately by two furnaces.
The alkali metal halide KBr, commonly used in the fabrication
of TMDC atomic layers, is also added as a growth promoter
near the WO3. Figure 2b (S4a) and c (S4b) show the as-grown
WTe nanowires on SiO2/Si and sapphire substrates,
respectively. In both cases, fiber-like structures are observed
to form at high density. A wide coverage of the WTe network
is found spanning over a 25 mm × 30 mm growth substrate
with uniform sample quality by scanning electron microscopy
(SEM) observations and Raman measurements (Figure S5).

Figure 1. 1D vdW building block. (a) Schematic diagram showing 2D and 3D assemblies of TMC nanowires having the composition MTe, where
M = Mo or W. Each individual wire comprises an elongated network of staggered M3Te3 triangular units. Adjacent nanowires interact via vdW
forces and either extend laterally, forming a 2D layer, or combine into 3D bundles of various size. (b, c) Cross-section HAADF-STEM images of
monolayer and bilayer sheets of WTe nanowires grown on a-plane sapphire substrates. (d) Cross-section TEM image of a single WTe 3D bundle
grown on a SiO2/Si substrate. (e) HAADF-STEM image showing the cross-section of a single WTe nanowire. The W core of heavier atomic mass
is clearly seen as a bright hexagonal ring surrounded by Te atoms. (f) Atomic resolution HAADF-STEM image of suspended WTe nanowires,
illustrating atomic alignment along the nanowire axis.
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While a random network is formed on the silicon substrate in
Figure 2b, the use of a-plane sapphire results in the growth of
aligned fiber-like structures (Figure 2c). The individual aligned
fibers have different sizes (Figure S6), with thicknesses ranging
from ∼1 to 8 nm. The result agrees with those observed in
Figure 1b and c. The growth method described here can also
be extended to MoTe (Figure S7). These results clearly
indicate that the morphology and growth orientation of TMC
nanowires originate from a strong vdW interaction between
the TMC nanowires and the substrate. Similar strong substrate
interaction has been also observed for the MoS2 growth on
Si(001) surfaces.13

The atomically narrow 1D structure of TMC nanowires
allows us to probe their 1D optical response. Raman spectra
for WTe and MoTe nanowires grown on SiO2/Si are shown in
Figure 3a. Distinct Raman peaks are observed in the range of
50 cm−1 to 300 cm−1 for both the MoTe and WTe nanowires.
Prominent peaks are observed in the vicinity of 155 and 255
cm−1 for MoTe, which is similar to that reported
previously17−19 and confirms the identity of the nanowire
structure. The former peak is attributed to the out-of-plane
stretching of Te atoms, whereas the latter is due to the radial
breathing mode of the Mo core.18,19 This analysis hints at the
origins of similar spectral features observed in the WTe sample.
Further research into the detailed vibration modes for WTe is
currently in progress.
TMC nanowires are expected to display optical anisotropy,

as has been observed in many other 1D materials.24,33−38 We
therefore performed polarized Raman spectroscopy measure-
ments on the WTe nanowires grown on a SiO2/Si substrate.

Figure 3b shows the representative Raman spectra measured as
the incident angle between the polarized laser and the
nanowire axis was varied from 0° to 90°. The Raman signal
reaches a maximum when the incident polarized light is parallel
to the nanowire axis at 0°. As the incident angle changes, the
peaks gradually diminish, reaching a minimum at 90°. Similar
results are obtained when the scattered light is collected in
parallel or cross configuration relative to the incident laser
(Figure S8). Figure 3c presents the polarization-dependent
normalized Raman intensity map in the range of 0° to 360°. A
uniform optical response is observed for all the different
Raman modes, where maximum intensities are observed when
the incident polarized beam is parallel to the nanowire axis, at
0°, 180°, and 360°. This gives rise to the 2-fold symmetric
polar curves in Figure 3d, where the angular dependences are
plotted for the peak intensities at 155 and 196 cm−1.
The above phenomena are similar to those observed in

CNTs,33,34 graphene nanoribbons,24,35 and semiconducting
nanowires such as GaP and InAs36,37 having anisotropic
shapes. For these structures, photon absorption is considerably
enhanced when the incident light is polarized parallel to the
material’s axis. In contrast, excitation using perpendicularly
polarized light could be suppressed by the depolarization
effect, reducing Raman intensity.33 The WTe 3D bundles can
be conceptually visualized as a structural analogue to bundled
CNTs. It is thus expected to exhibit a similar optical response,

Figure 2. Wafer-scale CVD growth of WTe nanowires. (a) Schematic
illustration of the setup used for nanowire synthesis. Growth is
conducted via vapor-phase evaporation of solid precursors with the
aid of an alkali metal salt as a growth promoter. (b) Plan-view SEM
image of the unoriented WTe nanowire arrays grown on a SiO2/Si
substrate. (c) Atomic force microscopy (AFM) topographic image of
a dense, ordered array of WTe nanowires synthesized on an a-plane
sapphire substrate. The insets show the photographic images of the
substrate following nanowire growth, which exhibit a slight yellowish
(in b) or brownness (in c). The substrate dimensions are
approximately 2.5 cm × 3 and 1 cm × 1 cm for (b) and (c),
respectively.

Figure 3. 1D optical response. (a) Normalized Raman spectra for the
synthesized MoTe and WTe nanowires on SiO2/Si. (b) Raman
spectra for a single WTe 3D bundle recorded at four representative
polarization angles of 0°, 30°, 60°, and 90°. The inset shows an
optical image of the sample measured. Theta (θ) refers to the angle
between the polarization of the incident laser and the nanowire axis.
The spectra in (a) and (b) are shifted vertically for comparison. (c)
Polarization-dependent normalized Raman intensity map for corre-
sponding spectra in (b) taken from 0° to 360°. (d) Normalized
Raman intensity polar plots for WTe nanowires in (b) at 155 cm−1

(blue) and 196 cm−1 (red). The solid line is provided as a guide to
the eye. Normalization was performed with respect to the peak at 155
cm−1 in (a) and the same peak of highest intensity within the range of
0° to 360° in (c) and (d).
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where a strong depolarization effect is observed, suggesting the
1D nature of the TMC nanowires. Furthermore, the WTe
nanowires show three main absorption bands in the visible
region at 1.61, 2.34, and 3.02 eV (Figure S9). These absorption
bands could account for the polarization-dependent Raman
scattering observed through the resonance Raman effect. It
should be noted that the phonon confinement effect could lead
to the broadening of Raman peaks of WTe bundles as observed
for MoS2 nanoribbons.

38

In addition to the 1D optical response of the single WTe 3D
bundle, the present wafer-scale network of TMC nanowires
also shows superior conducting properties. First, the electrical
conductivity of a single WTe 3D bundle was monitored using a
four-terminal measurement device. As shown in Figure 4a, the

voltage drop increases linearly with the current, following an
ohmic relationship. With a nanowire length of 1.6 μm (inset
Figure 4a) and an approximate cross-sectional area of 83 nm2

(Figure 1d), the resistivity of the WTe bundle is estimated to
be 1.3 μΩ m. This value is comparable to that of a single CNT
bundle,39,40 implying that the TMC nanowires exhibit excellent
electrical conductivity. Additionally, the randomly oriented
WTe thin film grown on a SiO2/Si substrate exhibits a similar
linear I−V curve, and its sheet resistance is estimated to be 1.8
kΩ/sq (Figure 4b). Such low sheet resistance is likely due to

the relatively low interbundle contact resistance, suggesting the
potential application of WTe nanowires as transparent, flexible,
and conductive films. The metallic behavior of the WTe
network is confirmed by the temperature dependence of the
electrical resistance. In Figure 4c, a monotonic decrease in
resistance is observed as the temperature decreases from 300
to 10 K. The increase in resistance below 10 K is likely due to
the electron localization effect in low-dimensional systems.40

The data are reproducible, as evidenced by the overlapping
heating and cooling curves. In addition, measurements taken
on other samples, depicted in Figure S10, yielded similar
results. Figure 4d shows the magnetoresistance (MR) of these
conductive WTe networks plotted as a function of B2 at various
temperatures. Here, MR is defined as [ρ(B) − ρ(0)]/ρ(0),
where ρ(0) and ρ(B) refer to the resistivity in a zero and an
applied magnetic field B, respectively. The MR increases with
increasing magnetic field. The linear dependence of MR with
B2 observed from 80 to 40 K indicates classical metallic
behavior subject to Lorentz forces.41 In contrast, a nonlinear B2

dependence is observed below 30 K. Such change in the field
dependence can also be clearly seen for the MR−B curves
given in Figure S11. Considering the electrical resistance curve
in Figure 4c, the cusp-like positive MR that appears at low
temperature (<30 K) can be attributed to the weak
antilocalization effect originating from the spin−orbit inter-
action, which usually predominates as material thickness
decreases.41 These findings demonstrate that TMC nanowires,
having uniform crystal structure with varying aggregate forms,
provide an ideal system to study 1D optical, electrical, and
magnetic responses.
To confirm the transport results obtained, energy band

structures of an isolated WTe nanowire, the 2D mono/bilayer
sheet, and the 3D bundle (Figure S12) were also calculated
based on the density functional theory (DFT). The
corresponding band structures are displayed in Figure 5a−d
and Figure S13. The results indicate that the isolated WTe
nanowire is a narrow-gap semiconductor with an indirect gap
of 18 meV (Figure 5a and Figure S13a). Its 2D and 3D
counterparts, on the contrary, become metals. These changes
can be understood from the wave functions near the Fermi
level of the isolated and 2D WTe structures. As illustrated in
Figure 5e, the conduction band minimum (CBM) at Γ point in
Figure 5a mainly comes from the 5p orbitals of Te atoms,
whereas the combined attribution from W (5d) and Te (5p)
orbitals accounts for its valence band maximum (VBM). In the
2D (or 3D) assemblies, these wave functions eventually
overlap with those of neighboring wires (Figure 5f), which
hence leads to the increases of band widths. This changes the
semiconducting nature of the WTe nanowire to a metallic one.
The metallic band structure of the 3D assembly is consistent to
the metallic transport properties observed in Figure 4 for the
network of 3D bundles.
Finally, we discuss the effect of the substrate on the growth

of TMC nanowires and corresponding mechanisms. Previous
studies have reported that alkali metal halide aids the
formation of highly volatile oxyhalide species and/or alkali
metal complexes that promote TMDC growth.29−32 Recently,
the alkali metal was accountable to play a crucial role for
initializing growth via a vapor−liquid−solid (VLS) mecha-
nism.31,32 The fact that the WTe nanowires are also grown by
direct reaction of Te with Na2WO4·2H2O (Figure S14) in the
present study has hinted that a similar growth mechanism is
involved. In this scenario, solid precursors first vaporize and

Figure 4. Electron transport properties. I−V characteristic curves for
(a) a single WTe 3D bundle (Figure 1d) and (b) a WTe thin film
grown on a SiO2/Si substrate measured at room temperature. The
insets in (a) and (b) show an SEM image of the four-point probe
measurement and an optical image of a device fabricated with a
channel length of 20 μm, respectively. (c) Temperature dependence
of the electrical resistance of the WTe network on a SiO2/Si substrate
under zero magnetic field (B = 0). Black and red curves represent the
data taken on heating and cooling, as indicated by the arrows of
corresponding color. The overlapping curves indicate reproducibility
of the measurements. (d) Magnetoresistance as a function of B2 for
the corresponding sample in (c). Solid curves correspond to linear
(40 to 80 K) and power law (10 to 30 K) fits.
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deposit onto the substrate surface, forming islands of molten
intermediate droplets. When these droplets become super-
saturated, the WTe nanowires start to emerge and elongate as
the reaction proceeds. A root-growth model predominates over
tip-growth as indicated by the radially extended wires with a
shared nucleation center, as observed in Figure S15. With
respect to the effect of the substrate, a close relationship
between the mode of WTe nanowire growth and the
supporting substrate is observed (Figure S16). Randomly
oriented networks of TMC nanowires are usually formed on
amorphous surfaces, such as the oxide (SiO2) surface of Si
wafers and quartz glass. In contrast, a single-crystal alumina
(sapphire) substrate offers better control over the growth
direction. The orientation of the nanowires varies depending
on the crystal surface plane. For example, unidirectionally
aligned nanowires are observed on the a- and r-planes of
sapphire, while WTe nanowires on the c-plane grow in three
different directions at 120° angles to one another (Figure 2c
and Figure S16). Such directed growth may take place due to
the gas flow, atomic step, faceted nanogrooves, or crystallo-
graphic-induced alignment.42−45 Nonetheless, the influence of
gas flow is unlikely as it fails to explain the different projections
on the c-plane sapphire substrate. Besides, the cross-section
images in Figure 1b, c indicate wire formation on a flat surface
with no step edge nor grooves. The alignment is therefore
attributable to the lattice-oriented anisotropic wire-substrate
interaction, which has also been reported in the directed
growth of carbon nanotubes42,43 and nanowires such as GaN
and ZnS.44,45 As shown earlier in Figure 1b−d, the formation
of nanowire-based 2D sheets and 3D bundles is also affected
by the substrate. According to these results, the tendency to
attain either the sheet or bundle configuration is determined by

whether the wire−substrate interaction or the wire−wire
interaction is dominant, respectively. The bundle formation
could be also facilitated through the aggregation of molten
intermediate droplets on the SiO2 surface, which has larger
surface roughness and different affinity compared to the Al2O3
surface.32 These phenomena offer an opportunity for
simultaneous control of the structural morphology, size, and
geometric orientation of TMC nanowires as 1D vdW building
blocks, benefiting the future design of nanowire-based
materials for optimal properties.

■ CONCLUSIONS
In conclusion, the ability to achieve large-scale synthesis and
manipulate the nanowire growth direction is important, as it
provides a possible means for scalable, direct orientation
patterning of TMC nanowires via surface engineering. The
present findings offer a new platform for novel studies and
applications of 1D vdW nanowire systems, contributing not
only to new discoveries in basic low-dimension physics but also
to the design of future applications in electronics and energy
storage/conversion devices.
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assemblies are metals. Squared wave functions of the CBM and VBM at Γ point with energies of (e) 0.02 and 0 eV in (a) and of (f) 0.1 and 0 eV in
(b), respectively.
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