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% Check for updates One-dimensional metallic transition-metal chalcogenide nanowires (TMC-NWs)

hold promise for interconnecting devices built on two-dimensional (2D)
transition-metal dichalcogenides, but only isotropic growth has so far been
demonstrated. Here we show the direct patterning of highly oriented MogTeg
NWs in 2D molybdenum ditelluride (MoTe,) using graphite as confined
encapsulation layers under external stimuli. The atomic structural transition is
studied through in-situ electrical biasing the fabricated heterostructure in a
scanning transmission electron microscope. Atomic resolution high-angle
annular dark-field STEM images reveal that the conversion of MogTeg NWs from
MoTe;, occurs only along specific directions. Combined with first-principles
calculations, we attribute the oriented growth to the local Joule-heating induced
by electrical bias near the interface of the graphite-MoTe, heterostructure and
the confinement effect generated by graphite. Using the same strategy, we
fabricate oriented NWs confined in graphite as lateral contact electrodes in the
2H-MoTe; FET, achieving a low Schottky barrier of 11.5 meV, and low contact
resistance of 43.7 Q um at the metal-NW interface. Our work introduces possible
approaches to fabricate oriented NWs for interconnections in flexible 2D
nanoelectronics through direct metal phase patterning.

Contact issues have been a critical bottleneck impeding the perfor-
mance of devices based on two-dimensional (2D) transition-metal
dichalcogenides (TMDs)"*. Upon the formation of metal-semiconductor
contacts at the interface between electrodes and the material, Schottky
barriers form due to differences in work functions or the presence
of metal-induced gap states, which lead to deteriorated contact

properties®®. Aiming to enhance the device performance of semi-
conducting TMDs, previous studies have proposed strategies to lower
the Schottky barriers, such as fabricating semimetal layers like Bi
between metals and semiconducting TMDs’ or fabricating metallic
phases as contacts to the TMDs devices®’, both of which have demon-
strated effective alleviation of the contact problem. However, contact
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properties are affected not only by the Schottky barriers, but also by
factors like contact area, interfacial cleanliness, chemical affinity, etc.,
thus, still posing challenges in further enhancing device performance.

As a type of material that can be directly obtained on TMDs
without the need for additional metal deposition, metallic transition-
metal chalcogenide nanowires (TMC-NWs) with a general formula of
X¢Ye (X=Mo, W; Y=S, Se, and Te)'°"? have been considered as
potential candidates for improving device contacts. These NWs
exhibit tunable metallic characteristics due to the strong hybridiza-
tion between d- and p-orbitals of the X and Y elements'*"*™, while at
the same time, demonstrating great structural stability and flexibility
under extreme conditions'. Additionally, previous reports have
shown that assembling TMC-NWs with TMDs in field-effect transis-
tors (FETs) effectively lowers the Schottky barrier height between
the TMDs and the metal electrode'. These unique features of TMC-
NWs position them as promising conductive interconnects for future
nanodevices.

The fabrication of TMC-NWs can be achieved in various means, in
2014, Lin et al. reported the fabrication of isolated single NW through
nano-modification by in-situ electron beam to the MoS,, MoSe,, and
Mo, W1.,S; in an aberration corrected scanning transmission electron
microscope (STEM)™". In addition, direct chemical-synthesis meth-
ods including physical vapor deposition (PVD)®, molecular beam
epitaxy (MBE)'"®, metal-organic chemical vapor deposition (MOCVD)¢,
and atmospheric pressure chemical vapor deposition (APCVD)" have
been used to prepare relatively large-scale MogXs NW bundles,
nanoplates, or nanonetworks. More recently, Hong et al.?°. and Zhu
et al.”. showed that a transition from TMDs to NWs occurs at high
temperatures by in-situ heating or high-temperature annealing to
induce chalcogen vacancies in 2D TMDs?. Although significant pro-
gress has been made in the growth of TMC-NWs, their orientation
control is still challenging due to its 1D nature with unrestricted uni-
directional growth mode, resulting in an isotropic distribution of NW
bundles. A key challenge towards its practical use in devices is to
achieve direct patterning of oriented NWs arrays, which can serve
as lateral metallic contacts between the metal electrode and the
device. Nevertheless, growth of TMC-NWs with defined orientation
remains elusive.

In this work, we report the direct patterning of highly oriented
MogTeg NWs transitioning from 2D molybdenum ditelluride (MoTe)
using graphite as confined encapsulation layers under external sti-
muli. To study the growth mechanism of the oriented NWs, we apply
in-situ electrical bias through the confined graphite layers to MoTe,
to induce structural transition in a STEM. Atom-resolved STEM ima-
ging confirms that the directional growth of MosTes NW bundles
starts at the edge of the graphite-sandwiched 2D MoTe, and keep
growing along a specific facet without deflecting. Combining with
series of controlled in-situ experiments and first-principles calcula-
tions, we confirm that the growth of highly oriented NWs originates
from both the confinement effect of the graphite electrodes and the
bias-voltage-induced local Joule-heating. The Joule heating generates
Te vacancies in MoTe, and further induces structural transition from
2H MoTe; to MogTes NWs, while the ejected Te atoms are forced by
the confining graphite sheets to migrate anisotropically along the
specific confined channels without accumulation. Transport results
of fabricated FET devices using the oriented NWs as lateral contact
electrodes demonstrate a significant improvement in the contact
properties compared with previous works, reaching a low Schottky
barrier of 11.5 meV, and contact resistance of 43.7 Q um at the metal-
NW interface. This work offers novel approaches to fabricate highly
oriented NWs through introducing confinement effect and provide
in-depth understanding of the structural evolution of 2D MoTe,
under external bias. The enhanced contact properties confirmed in
the transport results also demonstrate their potential applications in
nanoelectronics.

Results

Confinement strategy for oriented growth of MogTes NWs
Thermal annealing of TMDs is widely used in fabricating TMC-NWs in
the reported synthesis strategies”'**. When annealing is applied
to the unconfined MoTe, flakes, Te vacancies are generated
throughout the flake, leading to the random in-plane nucleation
of NWs. With continuous heating, NWs grow freely along different
zigzag directions of the original lattice, which leads to the formation
of a disordered NW network as demonstrated in the schematic
of Fig. 1a, c.

To regulate the growth orientation of MogTes NWs to achieve
oriented patterning, random in-plane nucleation must be restrained.
Encapsulation experiments® and theory** show significant energy
barriers for traversing the graphene hexagonal lattice even by small
atoms like He and H. Inspired by this, we propose that confining the
MoTe, flake with graphite layers may restrict the generation of Te
vacancies and also their migration pathways. Thus, the confining
strategy may change the random in-plane nucleation of NWs to con-
fined nucleation at the edge and would achieve the regulation of the
growth orientation from isotropic to along certain specific orienta-
tions, as indicated in the schematic of Fig. 1d, f.

In-situ electrical-bias-induced oriented NWs growth in MoTe,
Phase transitions can be realized by introducing various external sti-
mulations in TMDs**%, To verify the above-proposed strategy, we
apply in-situ electrical bias to a freestanding graphite-sandwiched 2D
MoTe, heterostructure and simultaneously record its structural evo-
lution in a STEM. Figure 2a presents the schematic diagram of the
heterostructure, fabricated on a commercial microelectromechanical-
system (MEMS) chip with the corresponding current flow when an
electrical bias is applied. A detailed optical-microscope image of such a
heterostructure is shown in Suppl. Figure 1. The heterostructure is
fabricated using a polycarbonate (PC) microdome transfer method
conducted by a 2D transfer platform (Suppl. Figure 2), while the few-
layer graphite and MoTe, flakes are prepared by a standard scotch-
tape cleavage method (see “Methods”). Since MoTe, is sensitive to
oxygen, all sample fabrications are conducted in a nitrogen-protected
glove box to prevent contamination and oxidation. The top and bot-
tom graphite layers in the heterostructure are connected to the elec-
trode that is prefabricated on the MEMS chip, which generates a
uniform electric field in the heterostructure region where MoTe, has
graphite on both sides. Moreover, the top and bottom graphite elec-
trodes are sufficiently thin so that they do not disrupt the atomic
imaging of the MoTe, structural evolution.

Figure 2b, d shows a series of low-magnification high-angle
annular dark-field (HAADF)-STEM images taken at different stages of
the oriented growth of MogTes NWs. Figure 2b is acquired before
applying the bias voltage. We confirm that the sample is 2H-MoTe, by
the HAADF image (Suppl. Figure 3). By slowly increasing the applied
bias voltage to 2.5V, a stripe-like 1D structure is suddenly observed at
the sandwiched heterostructure edge and keeps extending into the
middle region of the hole when maintaining the bias voltage. Although
slight deflection of certain stripes is observed due to surface undula-
tions (see Suppl. Figure 4), most of the stripes’ growth direction
remains unchanged (see Fig. 2c). By further increasing the applied bias
voltage to 4V, the growth of the new structure becomes faster along
the same growth direction (see Fig. 2d). Additional selected area
electron diffraction (SAED) and Raman spectra confirm the conversion
of 2H MoTe; into MogTegs NWs, as shown in Suppl. Figure 5, 6.

Figure 2e shows the corresponding time-resistance curve record
by the MEMS chip during the STEM imaging process in Fig. 2b, d.
As can be seen, when the bias voltage reaches 2.5V, a relatively large
drop in resistance is observed. This indicates that a structural-
transformation-induced resistance drop occurred in our experiment.
It should be noted that below 2.5V, when bias voltage is stable, the
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resistance remains constant (see Suppl. Fig. 7), suggesting that an
activation threshold of voltage (in our case 2.5V) is required for the
formation of NWs.

To determine the structural changes of MoTe,, we use a focused
ion beam (FIB) to make a cross-sectional sample near the as-grown
structure in the region marked by a red rectangle in Fig. 2d. The
thicknesses of the top and bottom graphite layers are 5.7 and 5.9 nm,
respectively, while the MoTe, film is 15.8 nm (Suppl. Fig. 8). Fig-
ures 2f, g shows cross-sectional HAADF images of the original 2H-
MoTe, and the converted MogTes NW bundles. The conversion of a
2D flake to 1D bundle does not generate much volume change, mainly
due to the confinement effect between the graphite electrodes.
Zoom-in images of the interface between graphite/MoTe, and gra-
phite/MosTes NW are shown in Fig. 2h, i with the atomic-lattice
model overlaid, respectively. MoTe; is in perfect 2H stacking in which
the orientations of the prismatic unit cells are inverted between
layers, while the converted NWs also maintain a close-packed bundle
structure as reported in ref.?’. Moreover, the interface between the
confined graphite layers and MoTe, is atomically flat (Fig. 2h),
demonstrating the high cleanliness of our transfer method, as no
contamination is introduced into the interface during the sample
preparation process. It is assumed that the flat interface generates a
uniform vertical electric field when an in-situ electric bias is applied.
Such a flat interface is preserved during the conversion, indicating a
rapid reaction process. Meanwhile, because of the different unit cell
parameters of 2H-MoTe, and MogTes NW (c axis of MogTes NWs is
around 7.6 A and 2H-MoTe, is 7 A)*, mismatching is present between
2D layers and 1D NWs at the lateral connection (Suppl. Fig. 9). The
oriented growth behaviour of NWs remains consistent across varying
thicknesses of graphite and MoTe, layers, as long as the MoTe; is
graphite-confined on both sides (see Suppl. Fig. 8b for another
device with different thickness of graphite layers).

Unconfined

Fig. 1| Control growth of oriented MosTe, NWs through introducing graphite
confined layers. a-c Schematics of the conversion of disordered NWs

through applying thermal annealing. d-f Schematics of the conver-
sion of oriented NWs in the graphite-encapsulated 2H-MoTe,.

Because bulk MocTes, NWs are metallic”’, the appearance
of NWs in MoTe, reduces the resistance of the device, which
explains the sudden resistance drop in Fig. 2e. Furthermore, the
X-ray energy-dispersive spectroscopy (EDS) results also confirm
that the Mo:Te composition of the stripe-like structure is about
1:1 (Suppl. Fig. 10), indicating the complete conversion from 2D
MoTe, to 1D MogTeg NWs.

In-situ STEM study of the oriented growth of MogTes NWs

To understand the structural conversion from 2H-MoTe, to MogTeg
NWs, we investigate the dynamic growth of MogTes NWs by in-situ
STEM characterizations. Figures 3a, b shows the optical microscope
image and the zoom-in HAADF-STEM image of a free-standing hole
region of the graphite-sandwiched MoTe,. In Fig. 3b, the red line
represents the edge of the top-layer graphite flake (depicted in
Fig. 3c). Note that in the region where MoTe, is covered by graphite
on both sides (above red line), oriented bundle-like MogTes NWs are
converted from MoTe, under bias modulation. However, the lack of
double-sided graphite coverage of MoTe, (below the red line) result
in an amorphous film composed of random size Mo-rich clusters, as
shown schematically in Fig. 3d (structure and EDS results are shown
in Suppl. Fig. 11).

During the growth of oriented NWs, a series of high-resolution
STEM images are taken at the growth frontier of the NWs bundles as
shown in Fig. 3e, which clearly indicates that the growth direction of
MogTegs NWs is along specific zigzag edge ((100) facet) of 2H-MoTe,.
Figure 3e also reveals that the NWs remain terminated at the (110) facet
of the 2H-MoTe, during the growth. Moreover, the interface is quite
sharp without Moiré overlapping patterns, indicating a rapid and
complete phase transition under the electrical biasing.

To unveil the dynamical behaviours of NWs at a larger scale,
Fig. 3f shows a series of low-magnification STEM images. The

Vaporized Te

>

Te migration path

{ { {{ MoTe, .&‘% MogTeg

Potential Te migration pathways in a graphite-confined MoTe, flake
are highlighted by orange arrows in (e) including 1) penetrating
graphite layers, 2) along NWs, and 3) along the gaps between NW
bundles.
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Fig. 2 | In-situ growth of oriented MosTes NW bundles in 2H-MoTe, confined by
graphite electrodes under electrical biasing. a Schematic depiction of the
graphite-MoTe,-graphite heterostructure device on the in-situ microelec-
tromechanical system (MEMS) chip. The graphite layers on the top and bottom are
connected to the positive and negative electrodes of the chip, respectively. The
current flow is highlighted by black dashed arrows, and the electrodes on the MEMS
chip is highlighted by yellow. b-d A series of high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) images showing the dynamic
growth of the oriented NW bundles. White arrow indicates surface undulations as

2H-MoTe,

MogTegs NWs

* £

Graphite (+)

MogTeg NWs

Graphite (-)

reference marker during structure conversion. e The evolution of resistance as a
function of time measured through the chip during the in-situ experiment with the
schematic indicating the phase transition inserted. A rapid drop in resistance and
the growth of NWs were observed simultaneously when the voltage reached 2.5V.
f, g Cross-sectional HAADF images of the 2H-MoTe, (f) and the as-grown MogTeq
NW bundle (g). h, i Zoom-in atomic images showing the clean interface of 2H-
MoTe,/graphite (h) and MosTeq/graphite (i) with the atomic models overlaid.
Source data are provided as a Source Data file.

lateral connection between MogTes NW and MoTe; is steplike. We
observe in Fig. 3e that the MoTe, (110) facet, where NWs are
terminated, is continuously transformed into MogTes NWs, leav-
ing the (100) facet exposed and elongated. In other words, the
growth of the NWs does not deflect due to such special growth
behaviour. Instead, as the NW grow, MoTe, is selectively con-
sumed at the (110) facet so that the NWs can elongate only along
the edge of the MoTe, (100) facet. Note that the conversion is not
2D-to-2D as gaps with random widths can be observed between
NW bundles. The formation of these gaps is because almost half
of the Te atoms in MoTe, are ejected during the structural
transformation from MoTe,, which results in a huge volume
reduction relative to the initial state.

Graphite confinement effect and growth mechanism

To interrogate the confinement effect of the graphite layers step by
step, we first conduct controlled in-situ heating experiments. The
thickness of the top and bottom graphite layers is around 15 and
20 nm for MoTe,. The results are shown in Fig. 4a, b and Suppl.
Figs. 12, 14. We find that global heating also converts the double-
sided graphite-confined 2D MoTe, flake into oriented NWs at 600 °C.
However, incomplete conversion where MoTe, and NWs have sub-
stantial overlaps is observed at the contact region (pointed by yellow

arrows in Fig. 4a; more information is shown in Suppl. Fig. 13), while
the conversion is quite sharp at the electrical biasing case (Fig. 4c, d
and Suppl. Fig. 12). The difference in the interface structure in these
two experiments may be caused by different heating treatments. As
current flows through the converted NWs region and induces local
joule heating, the electrical biasing may engender more localized
defect generation at the interface, while direct heating can be con-
sidered as more global. We also find that changing the bias voltage
and heating temperature (above threshold value) will only result in
altering the growth speed of NWs, as illustrated in Suppl. Fig. 16,
higher temperature will have faster growth rate than the electrical
bias experiment (detailed growth rate shown in Suppl. Figs. 15e, f).
Without graphite confinement, the MoTe, film turns into a layer of
mixed disordered NWs and Mo clusters upon electrical biasing
(Fig. 3b) or heating (Suppl. Fig. 14), consistent with ref.”.

The formation of the MoTe,-graphite interface in the hetero-
structure is also crucial in this transition. Firstly, after fabricating
the graphite-encapsulated MoTe, heterostructure, two metal-
semiconductor Schottky barriers form at the contact interfaces due
to the different work function of graphite and MoTe,” . The applied
electrical bias will therefore, induce a forward and reverse bias on the
two Schottky barriers and generate Joule heating at the reverse-biased
interface. In this case, the Te vacancies can then be generated in the
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Before conversion
4 Heterostructure region

After conversion

Amorphous film

Fig. 3 | In-situ dynamical process of the highly oriented MosTe; NWs formation
under electrical bias. a Optical microscope image shows the geometry of the
graphite sandwiched MoTe, heterostructure. The top and bottom graphite are
marked by red and black outlines, respectively, while the MoTe; film in between is
marked by a blue outline. Highly oriented growth of NWs was observed in the
freestanding hole on the chip indicated by a dashed black circle. b Zoom-in low-
magnification HAADF-STEM image taken at the heterostructure region where
MoTe, is covered by graphite on both sides, within the area indicated by the blue
box in (a). Bundle-like structure, namely MogTe, NWs, is seen in the region that is
fully sandwiched between the graphite sheets (above the red line). Below the red
line, absent the graphite sheets, MoTe; is converted to amorphous film composed

of random size clusters. ¢, d Schematics of the structural transition from the gra-
phite confined 2H-MoTe, to MogTe, NWs before and after applying electrical
biasing within the area indicated by the green box in (b). The area shaded in grey is
the heterojunction region with the graphite edge marked by a red line. The MoTe,
film that is not sandwiched in graphite sheets in the blue area of (d) is converted
into amorphous film composed of clusters. Series of (e) high- and (f) low-
maghnification HAADF-STEM images that taken during the conversion of 2H-MoTe,
into MogTes NWs. The MoTe; (110) and (100) facets are highlighted by white and
yellow dashed line in (e) and (f), and the growth direction of NWs is highlighted by
white arrow in (e).

part of the MoTe; layer that is close to the lower graphite sheet when a
critical bias is reached (sufficiently high temperature by Joule heating).
The formation of vacancies is confirmed by the presence of complex
defect patterns at the growth frontier at the MoTe, side near the
MoTe,/NWs interface, as shown in Fig. 4e. Such complex defect pat-
terns have been shown to be generated when Te vacancies are created
by vacuum annealing®. The corresponding NWs growth schematic
induced by Joule heating is shown in Suppl. Fig. 16. It is also notable
that unlike prior work that obtained transformations of MoTe, to other
phases by vacancy generation®'®22¢337 'we only observe the direct
transformation to oriented NWs, most likely because of the unique
heterostructure we use to confine the material.

It seems that vertical conversion of NWs is more thorough in the
electrical biasing case (detailed discussion in Suppl. Fig. 16), as a sharp
MoTe,/NWs connected interface is always present (Figs. 3e and 4c, d),
while an overlapping interface is persistently seen in the case of global
heating (Figs. 4a, b), presumably due to localized vs. global heating
conditions. We also notice that in either electrical biasing or confined
heating experiments, no particles or clusters of the escaped Te atoms
are observed. We infer that, when the escaped Te atoms enter the gaps

(NWs region), they are more likely to migrate along the gap and rapidly
vaporize from the heterostructure inside the ultra-high vacuum of the
microscope.

To further elucidate the defect-induced formation of NWs,
molecular dynamics (MD) simulations based on density func-
tional theory (DFT) are performed. Figure 4f, g shows the process
of simulating the MogTes NW formation in which a single NW is
placed against a 2H-MoTe, monolayer (see Suppl. Fig. 17 for a
single NW facing a slanted zigzag edge). To simulate the Te
defects generated by the bias voltage during experiments, we
artificially removed 50% of the Te atoms in MoTe,. After that, by
placing the structure at 1000 K, after 10 ps, a MosTe; ring is found
at the head of the pre-placed NW, as shown in Fig. 4g. This MD
result indicates that under the conditions of heating and high
concentrations of missing Te atoms, NWs can grow along the
MoTe, vertical zigzag direction (red lines in Fig. 4f). The slanted
zigzag edge (blue lines in Fig. 4f) is part of the growth process
because it is the energetically favoured edge, as revealed by DFT
calculations (the energy density is 0.26 eVA™! for zigzag edges
but 0.40 eVA™! for armchair edges).
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Figure 4h present potential energy barriers for the migration barriers (<1eV) enable migration at room temperature and suggest
pathways shown in Fig. 1c. The detailed schematic regarding these two  that, even more so in the heated environment of the experiment, the
migration paths is shown in Fig. 4i,j. The diffusion energy barrier for Te  ejected Te atoms tend to migrate laterally and finally accumulate
atoms migrating along NWs (Fig. 4i) is 0.76 eV (0.69 eV on a single NW,  within the void spaces among NW bundles. When Te atoms enter the
Suppl. Fig. 18) and 0.48 eV (Fig. 4j) for migrating laterally to the gaps, gaps, they may either condensate to form droplets or wet the void
which is even lower than along the NWs. These relatively small energy  spaces. DFT calculations find that the total energy of Te adhere to a
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Fig. 4 | Growth mechanism of oriented NWs by controlled in-situ experiments.
Low (a and ¢) and high-magnification (b and d) HAADF-STEM images showcasing
the conversion of MogTes NWs from 2H MoTe,. a,b 2H phase region overlap can be
observed in heating with confinement, with the FFT pattern inserted in (b) (the FFT
patterns highlighted by red dash line and yellow circle representing the 2H MoTe,
and MogTeg NWs). ¢,d. The interface structure in electrical biasing is clean and

sharp. The inserted images in (c) showcase the cross-sectional HAADF-STEM ima-
ges of the gap structure in the NW region. The inserted image in (d) is the FFT

pattern corresponding to the STEM image in (d). The FFT pattern regarding to 2H
MoTe, and MosTes NWs are highlighted by red dash lines and yellow circles. e High-

resolution STEM image showing triangular- and line-shaped defects formed in the
MoTe; region (yellow arrows) near the growth frontier during electrical biasing.
f-j MD simulation of the MogTe, NW formation in a MoTe, lattice with Te defi-
ciency. h DFT-calculated energy barrier for a Te atom migrating along and across
three close-packed MogTes NWs (blue and brown line highlighted). The migration
energy barriers are calculated by changing the x-axis coordinate of the Te atoms.
(x= The horizontal coordinate position of the Te atom relative to its starting point
along the migration path, with the origin set at the initial position of Te in the
supercell). The corresponding schematics are shown in i,j. Source data are pro-
vided as a Source Data file.

single NW is 0.5eV higher than that of Te in the bulk, signifying a
repulsive interaction with the NWs. Considering that the growth of
NWs originates from the edge of the heterostructure, these gaps can
connect the newly exposed MoTe, edge to the vacuum chamber in the
STEM, enabling Te atoms to migrate freely along the gaps and away
from the heterostructure.

Contact properties of MogTes NW based devices
An isolated MogTes NW is an indirect bandgap semiconductor®, while
bulk MogTegs NWs exhibit a partially occupied conduction band, indi-
cating their conductive nature as proper contact candidates to TMDs
devices”. Using the same confined strategy revealed by the atomic
STEM results, we directly pattern NWs on devices and measure their
contact performance. Figure 5a shows the linear /-V curve of the pat-
terned NW bundles, and the inset of R-T measurement confirms its
metallic characteristic. We deposit metal electrode arrays on the pat-
terned MogTeg, NWs to measure the contact resistance at the metal-NW
interface. We choose four metal deposition recipes to estimate the
conducting nature of the NWs as contact. Figure 5b illustrates the
linear curves of resistance vs. channel lengths at interfaces between
NWs and Au + Ti, Au + Cr, Cr + Ti, and Pd + Ti electrodes, where Ti or Cr
often serve as adhesion layers with a thickness of approximately
6 nm***, Among these four combinations, gold electrodes exhibit
minimal contact resistance (= 43.7 Q um for Au + Cr and 88.4 Q um for
Au+Ti). The low contact resistance is possibly attributed to the con-
ductive nature of the NWs and the close contact formed between the
deposited metal electrodes and the NWs (bundle structure with ran-
dom gaps) compared to traditional metal-2H or metal-1T’ contacts.
Next, we have fabricated NWs-MoTe,-NWs FETs and measured its
transport properties based on the schematic shown in Fig. 5c (the
detailed device preparation is shown in “Method” section). The corre-
sponding OM images of the heterostructure and the fabricated devices
are presented in Fig. 5d, e. In Fig. 5f, the corresponding gate-voltage-
dependent /ys-Vgs curve [i.e., drain—source current (/35) versus gate vol-
tage (V)] exhibits intriguing ambipolar characteristics under gate vol-
tage modulation. In addition, /ys-V4s curve measurements (shown in the
insert in Fig. 5f) reveals a linear behavior with a resistance of approxi-
mately 0.9 MQ [i.e., drain—source current (/4s) versus drain-source vol-
tage (Vgs) at Vg =0]. In contrast, MoTe;, devices contacted directly with
graphite electrodes (shown in Suppl. Fig. 19) or vertical stacked NWs™
show non-linear behavior. The carrier mobility is calculated to be
5.99cm?Vis™, To determine the Schottky barrier height g@®g, it is
common to use an Arrhenius plot, i.e., In (/l3/T*?) against 1000/T for
various Vgs. The Arrhenius graphs for the NWs-MoTe,-NWs device at
Ves =0V with temperature from 200 to 300 K are shown in Fig. 5g. The
slope S was extracted as a function of Vg, where the intercept S, = —
ﬁ can be used to further determine the Schottky barrier height
(Fig. S5h). The extracted Schottky barrier height in our case is 11.5 meV.
We have compared our transport results with previous reported
works using the 1T phase as contact, as shown in Fig. 5i and Suppl.
Table 1. In our case, comparing with the contact resistance between
1T’/NWs and metal electrodes, the contact resistance of our results is
the lowest among previous findings (43.7 Q um)891618213640-44 The
Schottky barrier is nearly halved compared with 1T’ contact, and

compatible to the previously reported vertically stacked Pd/MogTeg
NWs/2H-MoTe, back-gated FET where g ®g=8.7meV and R.=28.7
MQ'. The small contact resistance at the metal-NW interface and
relatively low Schottky barrier in the NW-2H contact FET device
demonstrates the potential of NWs that can serve as promising con-
tacts in nanodevices.

Discussion

In summary, we proposed a strategy for patterning highly oriented
MogTes NWs in 2D MoTe,, which was demonstrated by applying in-situ
electrical bias to a graphite-encapsulated 2D MoTe, heterostructure in
a STEM. Through dynamical in-situ studies and DFT calculations, we
find that the conversion of directional NWs growth originated from
both the confinement effect of the graphite electrodes and the local
Joule-heating generated by the applied bias, resulting in a sharp metal-
semiconductor interface. Moreover, the low zigzag-edge energy den-
sity of 2H MoTe, and the anisotropic Te atom migration paths together
contribute to the emergence of highly oriented growth of NWs. Fur-
thermore, using the same strategy to directly pattern oriented NWs on
2D MoTe, devices, we demonstrated that the introduction of NWs can
significantly enhance the performance of device contact. Our work
introduces the potential that NWs can serve as interconnections in
flexible 2D nanoelectronics.

Methods

Sample preparation

Few layers 2H phase MoTe, and graphite layers (HQ Graphene), were
exfoliated onto the silicon wafer (300 nm thick SiO,) from bulk crystals
using scotch tape cleavage method. Next by using the 2D-transfer
platform and self-developed Polycarbonate (PC) micro-dome dry
transfer method. PC film was made by dissolving PC particles (Alfa
Aesar) into chloroform (Alfa Aesar) at 6% mass fraction. Then the
solution was dropped onto a glass slide and covered with another glass
slide. After the chloroform evaporated, PC film was obtained. The
detailed schematic of the PC-dome can be seen at Suppl. Figure 2. We
stacked graphite and MoTe, in sequence to form a sandwiched het-
erostructure. Then we dropped down the heterostructure onto a 4-pin
MEMS chip made by Protochips through heating the PC film at 180 °C.
To avoid contamination and sample oxidation, we performed all the
transfer processes in nitrogen-filled glove boxes. Before each in-situ
experiments, we performed plasma cleaning to reduce the carbon
deposition during imaging.

In-situ STEM measurements

The in-situ microscopy characterization experiment was conducted in
a commercialized STEM (FEI Titan Themis G2) at 300 kV accelerating
voltage. A double spherical-aberration corrector (DCOR) and a high-
brightness field-emission gun (X-FEG) with a monochromator is
installed onto this microscope, so that the obtained images have a
relatively high resolution. The inner and outer collection angles for the
STEM images (f1 and 32) were 48 and 200 mrad, respectively, with a
semi-convergence angle of 25 mrad. To introduce electric bias during
electron microscope characterization, we select a special TEM holder
(Protochips Aduro 300) equipped with special MEMS chips. This
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Fig. 5 | Transport results of MosTes NWs and fabricated (NW-MoTe,-NW) FET
device. a Transfer curve (/z—V4s) of MogTes NWs device, showing linear behaviour.
The inserted R-T curve demonstrates the metallic nature of bulk MogTeg NWs.

b Contact resistance between MogTes NWs and Au+Ti, Au+Cr, Cr+Ti, and Pd+Ti
metal electrodes. The Ti and Cr metal are deposited as adhesion layer with thick-
ness around 6 nm. ¢ Schematic of our NWs-MoTe,-NWs FET device. d Optical-
microscope images of the fabricated graphite confined MoTe, heterostructure, and
(e) the fabricated FET device. We introduce graphite confinement and fabricated
oriented NWs at both ends of the MoTe,. An optical-microscope image confirming
the conversion of oriented NWs at the graphite edge is shown in the inserted image
in (e), (f) Transfer curve (Igs—Vgs) at Vas =1V, with /4s—Vys characteristics of the

device at room temperature with gate voltage (V) = 0 inserted, showing linear
behaviour. g Arrhenius plot In(/4s/T*%) versus 1000/T at different values of Vs (T
vary from 300-200 K). h Extraction of g@g via the intercept value, where each data
point represents the slope obtained from the Arrhenius plot in (g) using a specific
value of V. i Comparison of contact resistance between 1 T'/NWs-metal electrodes
and Schottky barrier height of the 1 T//NWs-2H contact FET of this work with the
previous reported results®?'¢18213640-4 The devices with 1 T'-2H MoTe, contact are
highlighted in the yellow ellipse, while NW-2H contact devices are highlighted by
black arrows. See Suppl. Table 1 for a detailed comparison. Source data are pro-
vided as a Source Data file.

MEMS chip can apply bias and heating to the sample during the ima-
ging process. A power supply (2616 A System Sourcemeter) and soft-
ware controller (Fusion 350) were linked to the holder for controlling
the sample temperature.

DFT calculations and MD simulations

DFT calculations were done using the projector augmented-wave
method as implemented in the VASP (Vienna Ab initio Simulation
Package) code. We employed the Perdew-Burke-Ernzerhof version of

the generalized gradient approximation to the exchange-correlation
functional. The Grimme-D 2 correction was included to take the van
der Waals interactions into account. Total energy calculations were
done with an energy cut-off of 450 eV, while the energy cut-off is set to
350 eV in molecular dynamics simulations. The MD simulations were
carried out with the temperature set to 1000 K. The minimum path of
potential energy surface was calculated using the nudged-elastic band
method as implemented in VTST (the transition state tools for
VASP) code.
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NWs-metal electrodes contact device fabrication

First few layers of MoTe, were exfoliated onto the silicon wafer from
bulk crystals using scotch tape cleavage method. The thermal
annealing was applied (730 °C for 5min) to introduce MosTes NWs
from the MoTe, flake. Subsequently, we used standard UV lithography
and electron beam evaporation techniques to deposit metal electrodes
with a width of 3um on the converted MogTe¢ regions. For the
deposition sequence and relative thickness of the metal electrodes,
please refer to the main text. We used Keithley 2400 SMU to measure
the device current by changing voltage.

NWs-MoTe,-NWs FET device fabrication

Few layers of graphite, MoTe,, and h-BN were exfoliated onto the silicon
wafer from bulk crystals using scotch tape cleavage method. Next, by
using the 2D-transfer platform and self-developed PC micro-dome dry
transfer method, graphite layers were stacked at both ends of the
MoTe, flake, forming two heterostructure. Then, top-gate graphite and
h-BN dielectric layers were picked up in sequence and dropped down
on top of the MoTe, (sealed the exposed MoTe, in the middle, leaving
MoTe, at both ends exposed). Then, we used thermal annealing at
730 °C for 5min to convert oriented NWs at both ends of the MoTe,.
The Au-Ti electrodes are deposited on graphite layers through standard
UV lithography and electron beam evaporation, forming FET devices.

Carrier motilities and Schottky barrier height measurements
We used Keithley 2400 SMU to measure the drain-to-source current
(/4s) by biasing the drain-to-source voltage (Vy4s), while gate voltages
were applied using another Keithley 2410 SMU. The carrier motilities
of the NW-MoTe,-NW FETs can be extracted from the from Eq. (1)**:

(L d dly
= <W> <5ofr l/ds> <d Vgs) (l)

where a channel length (L) of 140.72 um, width (W) of 19.63 um,
dielectric thickness (d) of 200 nm, permittivity (&) of 3.4, and (d/ys/
dVgs) of 126 x10®A V™ and 3.36344 x 10 A V! extracted from a lin-
ear fit of the transfer curve (/gs—V,s at a Vs value of 1V), are used in the
calculation. The carrier mobility is calculated to be 5.99 cm2 V's™ for
holes, and 1.56 cm2 V' s! for electrons. The drain-source current /g4
can be defined by the 2D thermionic emission Eq. (2)*:

. 4
l4=A>p ST exp {_kBiT <¢B - %)}

2
where Ay, is the 2D equivalent Richardson constant, n is the ideality
factor, and Vys is the drain-source bias voltage. To determine the
Schottky barrier height @3, it is common to use an Arrhenius plot, i.e.,
In (I35/T*?) against 1000/T for various V.. The slope S in the Arrhenius
graphs for the NWs-MoTe,-NWs device at V=0V from 200 to 300 K
can be extracted as a function of Vy, where S= — (ﬁ)((])g - %). The
Slope S can be plotted against Vs, then after acquired the intercept

So=— 10%%'31(3, the Schottky barrier height can be determined.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the
corresponding authors upon request. Source data are provided in
this paper.

References
1. Allain, A., Kang, J., Banerjee, K. & Kis, A. Electrical contacts to two-
dimensional semiconductors. Nat. Mater. 14, 1195-1205 (2015).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Razavieh, A., Zeitzoff, P. & Nowak, E. J. Challenges and limitations of
CMOS scaling for FinFET and beyond architectures. IEEE Trans.
Nanotechnol. 18, 999-1004 (2019).

Louie, S. G. & Cohen, M. L. Electronic structure of a metal-
semiconductor interface. Phys. Rev. B 13, 2461-2469 (1976).

Park, J.-H., Yang, S.-J., Choi, C.-W., Choi, S.-Y. & Kim, C.-J. Pristine
graphene insertion at the metal/semiconductor interface to mini-
mize metal-induced gap states. ACS Appl. Mater. Interfaces 13,
22828-22835 (2021).

Sotthewes, K. et al. Universal fermi-level pinning in transition-metal
dichalcogenides. J. Phys. Chem. C 123, 5411-5420 (2019).
Geppert, D. V., Cowley, A. M. & Dore, B. V. Correlation of metal-
semiconductor barrier height and metal work function; effects of
surface states. J. Appl. Phys. 37, 2458-2467 (1966).

Shen, P.-C. et al. Ultralow contact resistance between semimetal
and monolayer semiconductors. Nature 593, 211-217 (2021).

Cho, S. et al. Phase patterning for ohnmic homojunction contact in
MoTe,. Science 349, 625-628 (2015).

Ma, R. et al. MoTe, lateral homojunction field-effect transistors
fabricated using flux-controlled phase engineering. ACS Nano 13,
8035-8046 (2019).

Vilfan, I. MogSe Nnanowires: structural, mechanical and electronic
properties. Eur. Phys. J. B 51, 277-284 (2006).

Popov, I., Gemming, S., Okano, S., Ranjan, N. & Seifert, G. Electro-
mechanical switch based on MogSg nanowires. Nano Lett 8,
4093-4097 (2008).

Murugan, P., Kumar, V., Kawazoe, Y. & Ota, N. Assembling nano-
wires from Mo-S clusters and effects of iodine doping on electronic
structure. Nano Lett 7, 2214-2219 (2007).

Cakir, D., Durgun, E., Gllseren, O. & Ciraci, S. First principles study
of electronic and mechanical properties of molybdenum selenide
type nanowires. Phys. Rev. B 74, 235433 (2006).

Lin, J. et al. Flexible metallic nanowires with self-adaptive contacts
to semiconducting transition-metal dichalcogenide monolayers.
Nat. Nanotechnol. 9, 436-442 (2014).

Kibsgaard, J. et al. Atomic-scale structure of MogSg nanowires.
Nano Lett 8, 3928-3931 (2008).

Lee, R. S. et al. Van Der Waals epitaxy of high-mobility polymorphic
structure of mo6te6 nanoplates/mote2 atomic layers with low
schottky barrier height. ACS Nano 13, 642-648 (2019).

Lin, J., Zhang, Y., Zhou, W. & Pantelides, S. T. Structural flexibility
and alloying in ultrathin transition-metal chalcogenide nanowires.
ACS Nano 10, 2782-2790 (2016).

Yu, Y. et al. Phase-controlled growth of one-dimensional MogTeg
nanowires and two-dimensional MoTe, ultrathin films hetero-
structures. Nano Lett. 18, 675-681 (2018).

Kim, H., Johns, J. E. & Yoo, Y. Mixed-dimensional in-plane hetero-
structures from 1D MogTeg and 2D MoTe, synthesized by Te-flux-
controlled chemical vapor deposition. Small 16, 2002849 (2020).
Hong, J. et al. Multiple 2D phase transformations in monolayer
transition metal chalcogenides. Adv. Mater. 34, 2200643 (2022).
Zhu, H. et al. New MogTeg Sub-nanometer-diameter nanowire
phase from 2H-MoTe,. Adv. Mater. 29, 1606264 (2017).

Sang, X. et al. In situ edge engineering in two-dimensional transition
metal dichalcogenides. Nat. Commun. 9, 2051 (2018).

Bunch, J. S. et al. Impermeable atomic membranes from graphene
sheets. Nano Lett. 8, 2458-2462 (2008).

Tsetseris, L. & Pantelides, S. T. Graphene: an impermeable or
selectively permeable membrane for atomic species? Carbon 67,
58-63 (2014).

Zakhidov, D., Rehn, D. A., Reed, E. J. & Salleo, A. Reversible elec-
trochemical phase change in monolayer to bulk-like mote2 by ionic
liquid gating. ACS Nano 14, 2894-2903 (2020).

Wang, Y. et al. Structural phase transition in monolayer MoTe, dri-
ven by electrostatic doping. Nature 550, 487-491 (2017).

Nature Communications | (2024)15:6074



Article

https://doi.org/10.1038/s41467-024-50525-4

27. Maeda, F., Takahashi, T., Ohsawa, H., Suzuki, S. & Suematsu, H.
Unoccupied-electronic-band structure of graphite studied by
angle-resolved secondary-electron emission and inverse photo-
emission. Phys. Rev. B 37, 4482-4488 (1988).

28. Marchand, D. et al. Three-dimensional band structure of graphite
studied by angle-resolved photoemission using ultraviolet syn-
chrotron radiation. Phys. Rev. B 30, 4788-4795 (1984).

29. Selloni, A., Carnevali, P., Tosatti, E. & Chen, C. Voltage-dependent
scanning-tunneling microscopy of a crystal surface: Graphite. Phys.
Rev. B 31, 2602 (1985).

30. Rut’kov, E. V., Afanas’eva, E. Y. & Gall, N. R. Graphene and graphite
work function depending on layer number on Re. Diam. Relat.
Mater. 101, 107576 (2020).

31. Kuiri, M. et al. Enhancing photoresponsivity using MoTe,-gra-
phene vertical heterostructures. Appl. Phys. Lett. 108, 063506
(2016).

32. Zhu, H. et al. Defects and surface structural stability of MoTe, under
vacuum annealing. ACS Nano 11, 11005-11014 (2017).

33. Zhang, F. et al. Electric-field induced structural transition in vertical
MoTe,. and Mo;_W,Te,.based resistive memories. Nat. Mater. 18,
55-61(2019).

34. Ryu, H. et al. Anomalous dimensionality-driven phase transition of
MoTe, in Van Der Waals heterostructure. Adv. Funct. Mater. 31,
2107376 (2021).

35. Lee, C.-H. et al. Situ imaging of an anisotropic layer-by-layer phase
transition in few-layer MoTe,. Nano Lett 23, 677-684 (2023).

36. Yoo, Y., DeGregorio, Z.P., Su, Y., Koester, S. J. & Johns, J. E. In-plane
2H-1T" MoTe, homojunctions synthesized by flux-controlled phase
engineering. Adv. Mater. 29, 1605461 (2017).

37. Duerloo, K.-A. N., Li, Y. & Reed, E. J. Structural phase transitions in
two-dimensional Mo- and W-dichalcogenide monolayers. Nat.
Commun. 5, 4214 (2014).

38. Pucher, T., Bastante, P., Sdnchez Viso, E. & Castellanos-Gomez, A.
Low-Cost shadow mask fabrication for nanoelectronics. Nanoma-
nufacturing 3, 347-355 (2023).

39. Todeschini, M., Bastos da Silva Fanta, A., Jensen, F., Wagner, J. B. &
Han, A. Influence of Ti and Cr adhesion layers on ultrathin Au films.
ACS Appl. Mater. Interfaces 9, 37374-37385 (2017).

40. Zhang, S. et al. Field effect transistor sensors based on in-plane 1t
'/2h/1t' mote2 heterophases with superior sensitivity and output
signals. Adv. Funct. Mater. 32, 2205299 (2022).

41. Sung, J. H. et al. Coplanar semiconductor-metal circuitry defined
on few-layer MoTe, via polymorphic heteroepitaxy. Nat. Nano-
technol. 12, 1064-1070 (2017).

42. Xu, X. et al. Scaling-up atomically thin coplanar
semiconductor-metal circuitry via phase engineered chemical
assembly. Nano Lett 19, 6845-6852 (2019).

43. Yang, S. et al. Large-scale vertical 1T'/2H MoTe, nanosheet-based
heterostructures for low contact resistance transistors. ACS Appl.
Nano Mater. 3, 10411-10417 (2020).

44. Xu, X. et al. Seeded 2D epitaxy of large-area single-crystal films
of the Van Der Waals semiconductor 2H MoTe,. Science 372,
195-200 (2021).

45. Anwar, A., Nabet, B., Culp, J. & Castro, F. Effects of electron con-
finement on thermionic emission current in a modulation doped
heterostructure. J. Appl. Phys. 85, 2663-2666 (1999).

Acknowledgements

This work was supported by the National Natural Science Foundation
(12104206, 11974156); Guangdong Innovative and Entrepreneurial
Research Team Program (Grant No. 2019ZT08C044), Guangdong Basic

Science Foundation (2023B1515120039), Shenzhen Science and Tech-
nology Program (No. 20200925161102001), the Science, Technology,
and Innovation Commission of Shenzhen Municipality (No.
ZDSYS20190902092905285), and Quantum Science Strategic Special
Project from the Quantum Science Center of Guangdong-Hong Kong-
Macao Greater Bay Area (GDZX2301006). STEM characterization was
performed at the Pico Center from SUSTech Core Research Facilities
that receives support from the Presidential Fund and Development and
Reform Commission of Shenzhen Municipality. Theoretical work and
data analysis at Vanderbilt University was supported in part by the U.S.
Department of Energy, Office of Science, Basic Energy Sciences,
Materials Science and Engineering Division Grant No. DE-FG02-
09ER46554 and by the McMinn Endowment.

Author contributions

J.L. conceived the idea and supervised the project. Q.Y, L.Z., X.L.,
designed and performed the in-situ STEM experiments. S.T.P., Q.Y., and
L.Z. analyzed the data. S.T.P. and Y.W. participated in the theoretical
research. Q.Y., K.L, and Y.C. designed and conducted the transport
device experiment. Y.W. performed MD simulation and DFT calculation.
E.Z. provided the schematic image for the experiments. Q.Y., X.S., Z.C.,
J.Z., S.T.P., J.L. drafted the manuscript. All authors contributed to data
analysis, result interpretation, and writing of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-50525-4.

Correspondence and requests for materials should be addressed to
Liang Zhu or Junhao Lin.

Peer review information Nature Communications thanks Youngdong
Yoo and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:6074

10


https://doi.org/10.1038/s41467-024-50525-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Constrained patterning of orientated metal chalcogenide nanowires and their growth mechanism
	Results
	Confinement strategy for oriented growth of Mo6Te6 NWs
	In-situ electrical-bias-induced oriented NWs growth in MoTe2
	In-situ STEM study of the oriented growth of Mo6Te6 NWs
	Graphite confinement effect and growth mechanism
	Contact properties of Mo6Te6 NW based devices

	Discussion
	Methods
	Sample preparation
	In-situ STEM measurements
	DFT calculations and MD simulations
	NWs-metal electrodes contact device fabrication
	NWs-MoTe2-NWs FET device fabrication
	Carrier motilities and Schottky barrier height measurements
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




