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ABSTRACT: Molybdenum ditelluride (MoTe,) exhibits a

variety of crystal phases, which can be phase-controlled by Snaade 4 d soskis® Mo, W, xTe, Raman
various external means, showing broad prospects in modern e ..o

integrated circuits. The structure in which the semimetal 1T’ * s s .,:."Zigﬁﬂ

(or T4) phase electrode contacts the semiconductor 2H phase

channel is considered an elegant solution for high-performance ) OV tellrzaton

two-dimensional (2D) circuits because it achieves low contact im

resistance. However, most of the 2D metal—semiconductor : X

structures for large-area integration use a two-step growth SRR

process, which puts forward high requirements for the m

secondary growth compatibility of the material. Here, we Mow, Te,  2HMoTe, MoW,Te,

develop a method for the stable synthesis of the metallic

Mo, W,_,Te, (0 < x < 1) by W-triggered spatial phase engineering, and we further obtain a large-area Mo, W,_,Te,/2H-MoTe,
in-plane metal—semiconductor structure by one-step tellurization of a MoW/Mo periodic structure. Due to the unique 2D in-
plane epitaxial mechanism of the phase transition from 1T’ to 2H, the highly crystalline semiconductor 2H-MoTe, squeezes
between two metallic Mo,W,;_,Te, electrodes and forms a seamless coplanar contacted channel; thus, the fabricated field-effect
transistors exhibit good electrical characteristics. In addition, large-area 2D metal—semiconductor heterostructure arrays can
be transferred onto flexible substrates, showing promising applications in flexible electronics. Herein, one-step synthesis of
large-area 2D in-plane metal—semiconductor arrays opens up new possibilities for future integrated high-performance logic
circuits.

wo-dimensional (2D) transition-metal dichalcogenides 2D metal—semiconductor structures suitable for large-area

I (TMDs) have attracted increasing attention owing to integration use a two-step chemical vapor deposition (CVD)
their diverse species,’ tunable band gaps”’ and growth process,”**® which puts forward high requirements for
numerous phase structures,” showing broad and promising the secondary growth compatibility of the materials. It is in

application prospects in future flexible electronics and tight demand to devise a spatially controlled and scalable one-
optoelectronics.”” Different phase structures of MoTe, exhibit
distinct physical properties, and various phase-engineering
methods have been developed to achieve phase transition,””
including thermal annealing,g’10 laser radiation,"" strain,'*"?
intercalation,'* doping,15 alloying,lé_18 and electric field"””
modulating methods. TMD-based 2D metal—semiconductor
heterostructures exhibit ohmic contact behavior with low
contact resistance, which is an effective approach for high-
performance 2D electronics.”””' Therefore, the phase-con- Received:  June 19, 2023
trolled synthesis of large-scale 2D metal—semiconductor Accepted:  July 26, 2023
heterostructures based on TMDs shows promising applica- Published: July 29, 2023
tions. The existing phase-engineering methods usually suffer

from poor spatial controllability, small-scale production, and

poor material compatibility.'*~">**~*° In addition, most of the

step phase-engineering growth method for directly synthesiz-
ing metal—semiconductor heterostructure arrays of TMDs.
Recently, large-scale 1T’/2H MoTe, metal—semiconductor
heterostrucutres were obtained by one-step tellurizing MoO,/
MoO,_, patterns fabricated by a complex process (where
the precursor for 1T’-MoTe, growth is MoO; film deposited
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by thermal evaporation, and the precursor for 2H-MoTe,
growth is MoQO,, ,s film obtained by magnetron sputtering
of Mo film followed by oxidation).”" Another one-step method
for fabricating the in-plane 1T’/2H/1T’ MoTe, heterophases
was phase-selective growth of specific molybdenum precursors
Mo/MoO; (where the precursor for 1T'-MoTe, growth is a
continuous Mo film prepared by electron beam evaporation,
and the precursor for 2H-MoTe, growth is MoO; film
prepared by treating Mo film with oxygen plasma).”® Table S1
further summarized the detailed comparison of large-area
fabrication parameters for different growth methods. Existing
one-step methods are sensitive to the types of precursors and
growth parameters. Besides, it is difficult to control or improve
the crystallinity of the semiconducting channel, which,
however, is the key to limiting its application.

In this work, we develop a stable W-triggered phase-
engineering strategy and report the one-step growth of large-
scale patterned metal—semiconductor 2D heterojunction
arrays. Stable and spatially controllable phase engineering of
MoTe, is realized by selective W alloying. High-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) and energy dispersive X-ray spectroscopy
(EDX) characteristics show that the alloyed parts formed the
metallic Mo,W,_,Te, (0 < x < 1). In the unalloyed region,
electron backscattered diffraction (EBSD) illustrates the high
crystallinity of the semiconducting channel due to the unique
1T’ to 2H phase transition mechanism in MoTe,. Field-effect
transistor (FET) arrays fabricated using heterostructures show
good contact properties and outstanding promise as flexible
electronic devices. This one-step growth of large-scale
patterned 2D metal—semiconductor heterojunction arrays
opens up new possibilities for future integrated high-perform-
ance logic circuits.

Theoretical calculations reveal that in monolayer
Mo, W,_Te, (0 < x < 1), the substitution of Mo by W
changes the sign of energy difference between the 2H and 1T’
phases,” and extensive experimental works synthesized 1T” or
Ty phase Mo,W,_.Te, bulk crystals via W alloying.l(”17
Therefore, we propose a method to precisely control the
MoTe, phase using a spatial W-triggered alloying strategy to
realize 2D metal—semiconductor heterostructure arrays.
Specifically, the periodic structure of MoW/Mo was first
constructed by photolithography and magnetron sputtering,
and Mo,W,_,Te,/MoTe, heterostructures were obtained by
one-step CVD tellurization (Figure 1). Pure Mo films are
tellurized to 2H-MoTe,, while Mo/W films are tellurized to
metallic Mo,W,_,Te, alloys after CVD growth. Based on the
calculated energy difference between 2H, 1T’ and T, phases
inTMDs, the energy of 2H-WTe, is much higher than that of
1T',*> making the synthesis of 2H-WTe, extremely difficult.
Driven by the supply of Te atoms in CVD tellurization, the
forming of MoTe, film undergoes a solid-to-solid phase
transformation from metallic 1T’-MoTe, to semiconducting
2H-MoTe,.** However, when the Mo/W region is tellurized, it
tends to form a metallic phase rather than a semiconducting
2H phase, which is due to the introduction of W that makes
the 2H phase much higher in energy than the 1T’ or T4
phases.

The detailed fabrication process of the large-scale patterned
Mo, W,_,Te,/MoTe, heterostructure arrays is shown in Figure
2. First, about 2 nm-thick rectangular W patterns were
fabricated on SiO,/Si substrates by photolithography, magnet-
ron sputtering, and lift-off processes (Figure 2a,e) to define the
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Figure 1. Schematic illustration of the one-step growth of the
Mo, W,_,Te,/MoTe, heterophase film using a spatial W-triggered
phase engineering strategy.

regions that subsequently serve as 2D metal electrodes or
wiring. Then, a ~3 nm-thick continuous Mo film was
deposited on the whole patterned substrate via magnetron
sputtering (Figure 2b,f). Subsequently, the large-scale 2D
metal—semiconductor heterophase film was synthesized via
CVD tellurization using the substrate-facing-up or substrate
face-to-face growth methods (Figure 2c,g), in which the
rectangular Mo/W regions were tellurized into metallic
Mo, W,_,Te,, and elsewhere the pure Mo film was tellurized
to a uniform and continuous 2H-MoTe, film (see detailed
growth parameters in Supporting Information, the optical
images of quartz tubes with different growth methods are
shown in Figures S1 and S2). Finally, Mo,W,_,Te,/2H-
MoTe,/Mo,W,_,Te, arrays were fabricated by photolithog-
raphy and reactive ion etching (RIE) processes (Figure 2d,h).
The W-triggered phase-engineering method has good planar
resolution of the patterning (Figure S3 and S4), on the order
of hundreds of nanometers, depending on the resolution of the
lithography.

The W-triggered spatial phase engineering method shows
good reproducibility and controllability. In different samples of
the same batch and different batches, under proper growth
temperature and time, the area deposited Mo/W will be
tellurized into the Mo,W,_,Te, alloy, and the Mo film will be
tellurized into the 2H-MoTe, film. For the Mo/W precursor,
when the composition ranges from 3 nm-Mo/2 nm-W to 3
nm-Mo/20 nm-W, the growth temperature ranges from 580 to
650 °C, and the growth time ranges from 0.5 to 2 h, all of
which are tellurized into metallic alloys. For the 2H-MoTe,
film, when the thickness of the Mo film is 3 nm, the substrate-
facing-up growth method can obtain full coverage of 2H-
MoTe, at 620—650 °C for 1.5—2 h. Using the substrate face-
to-face growth method,” the growth temperature and time can
be reduced to 580 °C and 1 h, and a fully covered 2H-MoTe,
film can be obtained.

The synthesis of 2H-MoTe, thin films is understood as
nucleation and subsequent in-plane epitaxial growth through
1T’- to 2H-MoTe, solid-to-solid phase transformation.’* To
study the growth kinetics of the heterostructures, we shortened
the growth time of the substrate-facing-up growth method
from 2 to 1 h to obtain partially phase-transformed MoTe, thin
film (Figure 3a). Outside the patterned W regions (which have
been tellurized to Mo,W,_,Te,), 2H-MoTe, domains form in
the background of 1T’-MoTe, and expand out until they
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Figure 2. Schematic illustration of the one-step growth processes of the Mo,W,_,Te,/2H-MoTe, heterophase arrays and corresponding
optical images. (a, e) Large-scale rectangular W patterns were fabricated by photolithography, magnetron sputtering, and lift-off processes
on a SiO,/Si substrate. (b, f) Full coverage Mo film was deposited via magnetron sputtering. (c, g) Large-scale Mo, W,_,Te,/2H-MoTe,
heterophase film was obtained via CVD tellurization. (d, h) Large-scale Mo,W,_.Te,/2H-MoTe,/Mo,W,_,Te, arrays were fabricated by
photolithography and RIE processes.
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Figure 3. EBSD and Raman characterizations of the Mo,W,_,Te,/2H-MoTe, heterophase. (a) Optical image of the partially phase
transformed film. The white arrows indicate the growth directions of 2H-MoTe,. (b) Optical image of a 3 X 3 Mo,W,_,Te,/2H-MoTe,
heterostructure array. (c) The transverse IPF map of the heterostructure shown in (b). (d) Phase distribution map at the same region. (e)
Optical image of a representative Mo,W,_,Te,/2H-MoTe, heterostructure. The orange and purple dots represent channel and electrode
regions, respectively, for Raman spectra acquisition. (f) Raman spectra at the channel and electrode regions, respectively. The orange and
purple dashed lines represent the characteristic Raman peaks of 2H-MoTe, and Mo, W,_,Te, used for Raman mappings, respectively. (g, h)
Raman mappings of the Mo,W,_,Te, 161 cm™" peak and 2H-MoTe, 233 cm™' peak at the corresponding region labeled by the green dashed
box in (e), respectively.

encounter the Mo, W;_,Te, edges. In the narrow channel phase-distribution map (Figure 3d) related to the 2H phase
defined by the Mo,W,_,Te, patterns, we can see that 2H- (0001 crystal orientation) shows a uniform red color,
MoTe, domains squeeze into the channel and grow forward indicating that the channel is a continuous pure 2H phase.
(indicated by the white arrows in Figure 3a) until long enough Due to the poor conductivity of the SiO,/Si substrate and long
tellurization time to form the fully transformed 2H-MoTe, scan time, the IPF and phase-distribution maps are slightly
film, which ensures high crystallinity of the semiconducting distorted compared to the optical image.

channel. The crystallinity of the semiconducting channel 2H- Raman spectroscopy was employed to confirm the
MoTe, was investigated by EBSD, and the crystallinity composition of each region in the heterostructure (Figure
characterizations of the as-grown Mo,W,_,Te,/2H-MoTe, 3e). The Raman spectrum of the electrode region shows a
heterophase film are shown in Figure SS. Figure 3b shows series of peaks at ~76 cm™, ~107 cm™!, ~127 ecm™, ~161
the optical image of a 3 X 3 Mo,W,_,Te,/2H-MoTe, ecm™ and ~260 cm™ (Figure 3f), consistent with previously
heterostructure array, and its corresponding in-plane transverse reported Raman spectra of bulk 1T’-Mo,W,_,Te,,"” suggesting
inverse pole figure (IPF) map shows that the 2H-MoTe, that Mo/W patterns were tellurized to 1T’-Mo,W,_,Te, (0 <
channel exhibits a single color or is stitched by two colors x < 1) alloys. The channel is confirmed to be 2H-MoTe, by
(Figure 3c), indicating that the channel is formed by the 2H- the appearance of the well-resolved Raman peaks at ~172

MoTe, single crystal or splicing of two crystal domains. The em™! (A, mode), ~233 cm™' (E;, mode), and ~289 cm™" (B,
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Figure 4. TEM characterizations of the Mo,W,_,Te,/2H-MoTe, heterophase. (a) HRTEM image at the Mo,W,_,Te,/2H-MoTe,
heterophase interface region. (b—d) Zoomed-in HRTEM images of the 2H-MoTe, semiconducting channel region, heterophase interface
region, and Mo, W,__Te, metal electrode region labeled by the dashed boxes in (a), respectively. (e—g) SAED patterns of the 2H-MoTe,
region, heterophase interface region, and Mo,W,_,Te, region, respectively. (h) Atomic-resolution cross-sectional HAADF-STEM image of
the 1T'-Mo,W,_,Te, region with the corresponding atomic structure model superimposed. (i) Low-magnification cross-sectional HAADF-
STEM image of the Mo, W,_,Te, region. (j) EDX line profiles of Mo, W, and Te elements along the purple dashed line labeled in (i). (k—m)
Cross-sectional EDX mappings of the Mo, W, and Te elements of the Mo,W,_,Te, region shown in (i), respectively.

mode). The Raman mappings of the Mo,W,_,Te, 161 cm™"

peak and 2H-MoTe, 233 cm™" peak show uniform signals in
the contact and channel regions, respectively, with clear and
distinct interfaces (Figure 3gh). It is the same as the Raman
mappings of Mo,W,_,Te, with the peak at 76 cm™" (Figure
S6). The as-grown Mo,W,_,Te, and 2H-MoTe, films have a
thickness of 13.6 and 9.2 nm, respectively (Figure S7), and a
roughness of 1.5—2.2 nm.

We further analyze the composition and crystallinity of the
heterophase film using electron microscopy techniques. High-
resolution transmission electron microscopy (HRTEM) image
shows the interface consists of polycrystalline monoclinic
(1T’") structure domains of about tens of nanometers
seamlessly contacted to a single hexagonal (2H) structure
domain (Figure 4a—d). The hexagonal structure of the
semiconducting channel shows an atomic spacing of about
0.35 nm (Figure 4b), which is consistent with the lattice
constant of 2H-MoTe,. The corresponding selected area
electron diffraction (SAED) pattern recorded in the 2H region
shows a single set of sharp 6-fold symmetric diffraction spots
(Figure 4e), suggesting the single-crystal nature of 2H-MoTe,,
which is consistent with EBSD results. The typical SAED at the
heterophase interface consists of a single set of diffraction spots
with 6-fold symmetry and a series of diffraction rings (Figure

2327

4f), corresponding to single-crystalline 2H-MoTe, and
polycrystalline Mo, W,_,Te,, respectively. The SAED pattern
from the Mo, W,_,Te, region shows only a series of diffraction
rings (Figure 4g), indicating a polycrystalline nature. The
structure of the polycrystalline metal part can not be identified
by the HRTEM characterization from a top view (Figure S8).
To further determine the crystal structure and composition of
the electrode region, we performed cross-sectional STEM
characterization. The image of the electrode region shows a
clear layered structure with a layer spacing of ~0.73 nm
(Figure 4h). The van der Waals material exhibits a typical 1T
phase atomic structure and stacking order (see the super-
imposed atomic structure diagram in zoomed-in Figure 4h).
The cross-sectional HAADF-STEM image of the interface
shows that the two Mo,W,_,Te, and 2H-MoTe, phases
contacted seamlessly (Figure S9), consistent with the HRTEM
image at the interface from the top view (Figure 4a), and we
prepared the sample with thicker W film (~10 nm) and 3 nm
Mo film to find the interface clearly. The corresponding EDX
line scan curves of Mo, W, and Te elements show that the
three components are uniformly distributed in the vertical
direction without delamination (Figure 4i, j). EDX mappings
of Mo, W, and Te elements show that Mo and W are uniformly
distributed in the tellurized material (Figure 4k—m), further
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Figure 5. Electrical characterizations of the heterophase FET devices. (a) Optical image of the large-scale Mo,W,_ Te,/2H-MoTe,
heterophase FET arrays. (b) Typical room temperature I4-V,, curves of FET measured at various gate voltages. (c) Typical room

temperature transfer curves of the FETs with different channel lengths.

(d) Temperature-dependent I4-V, transfer curves of the FET. (e)

Arrhenius plot under various gate voltages; the slope of the lines yields gate-voltage-dependent ®g. (f) The extracted gate-voltage-dependent
effective Schottky barrier, ®g. (g) Free-standing Mo,W,_,Te,/2H-MoTe,/Mo,W,_,Te, heterostructure arrays transferred onto a flexible
substrate. (h) Heterostructure arrays on PMMA film attached to human skin. (i) Optical and Raman mappings (representative Raman peaks
from Mo,W,_,Te, and 2H-MoTe,) images of a Mo ,W,_,Te,/2H-MoTe,/Mo,W,_,Te, heterostructure on a PMMA film.

illustrating the formation of the Mo,W,_,Te, alloy, which
matches with the Raman results.

Mo, W,_,Te, alloys usually exhibit 1T" and T4 phases, and
the energy difference between these two phases is very small.
Therefore, alternate arrangements of these two phases in
planar and vertical directions are common, and it is challenging
to further distinguish the two phases of Mo, W,_,Te, alloys. In
addition, the 1T" and T4 phases of Mo, W,_,Te, alloys are both
metallic, and as electrode materials, they do not significantly
affect the electrical properties of the field-effect transistors.

We characterized the electrical properties of the as-grown
Mo,W,_,Te, and 2H-MoTe, films (Figure S10 and S11),
Mo, W,_,Te, is metallic and the transfer curves of
Mo,W,_,Te, FETs with different channel lengths do not
show any back-gate voltage dependence. 2H-MoTe, is
semiconducting, and the transfer curves of 2H-MoTe, FETSs
contacted by Pd/Au show an on/off ratio of about 2 orders of
magnitude with a mobility of ~1 cm* V™' s™!. To compare the
resistivities of the two films, we measured typical I-V curves of
the 2H-MoTe, and Mo, W,_,Te, devices using a four-terminal
measurement method (Figure S12). The 9.2 nm thick, S0 ym
wide, and 20 um long 2H-MoTe, channel has a resistance of
1.02 X 107 Q, so the room-temperature resistivity of 2H-
MoTe, is 0.23 Q-m. The resistance of a 13.6 nm thick
Mo, W,_,Te, device with the same length and width is 260 €,
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so the room-temperature resistivity of Mo ,W,_,Te, is 8.84 X
107 Q-m. We compared the electrical properties of 2H-
MoTe, channels contacted by Pd/Au electrodes and metallic
Mo,W,_,Te, at room temperature (Figure S13), and the
source-drain current of Mo,W,_,Te, contacted 2H-MoTe,
device is higher than that of Pd/Au contacted 2H-MoTe,
device at the same source drain voltage, where the on-current
is about 1 order of magnitude higher and the on/off ratio is
about 2 orders of magnitude larger.

To explore the electrical characteristics of the metal—
semiconductor heterophase, centimeter-scale field-effect tran-
sistor arrays with different channel lengths were fabricated
(Figure Sa). 2H-MoTe, serves as the semiconducting channel
with Mo, W,_,Te, alloys on both sides as contact electrodes,
and Pd/Au electrodes that are deposited on the Mo ,W,_,Te,
contacts are used as the external connections. Typical source-
drain current (I4) versus source-drain voltage (V) curves at
different gate voltages all show linear output characteristics at
room temperature (Figure Sb), confirming the ohmic contact
with a low contact barrier between Mo,W,_ Te, and 2H-
MoTe,. Figure S5c shows the transfer curves of FETs with
different channel lengths, showing p-type transistor character-
istics with an on/off ratio of ~10>° at a bias voltage of 0.5 V,
the current decreases linearly with increasing channel length,
indicating good device contact, superior to that of direct Pd/
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Au metal contact.”” The typical I4-V, transfer curves at
different bias voltages are shown in Figure S14, and the on/off
ratio measured at room temperature does not change with
different channel lengths (Figure S15). The field-effect
mobilities of the Mo, W,_,Te, contacted 2H-MoTe, devices
with various channel lengths are ~6.3 cm* V™! s7" (Figure
S16). To evaluate the contact characteristics of the devices, we
measured the temperature-dependent transfer curves from the
FET with a channel length of 20 ym and extracted the
Schottky barrier height (Figure Sd). The FET on/off ratio
increases with decreasing temperature and reaches ~10° at 180
K. The barrier height, @y, is extracted from the slope of the
Arrhenius plot, that is, In(Iy,/T>?*) versus 1/T (Figure Se),
yielding a back-gate-voltage-dependent barrier height (Figure
5f). The extracted @y of the Mo,W,_,Te,/2H-MoTe,
heterophase contact is about 38 meV, which is lower than
that of the Pd/Au contact (~200 meV).”" Moreover, the large-
area heterostructure arrays can be easily transferred onto
flexible substrates by a PMMA-assisted wet transfer method
(Figure Sg). The self-standing heterostructure arrays can also
be transferred and attached conformally to the human skin
(Figure Sh). Optical and Raman mapping images of the
transferred heterostructure show an intact shape (Figure Si),
which shows great promise for future flexible electronics.

In summary, we developed a stable W-triggered phase-
engineering method to synthesize large-scale patterned atomi-
cally scale Mo ,W,_,Te,/2H-MoTe, heterophase arrays in one
step. HAADF-STEM, EDX, and Raman characteristics show
that the W alloying strategy can form a stable metallic
Mo,W,_,Te,. Due to the unique 2D in-plane epitaxial
mechanism of the phase transition from 1T’ to 2H, the highly
crystalline semiconductor 2H-MoTe, squeezes between two
metallic Mo,W,_,Te, electrodes and forms a seamless coplanar
contacted channel. The FET devices fabricated by using the
heterophase structures exhibit good electrical properties and
good contact properties. Large-area heterostructure arrays can
be further transferred onto flexible substrates, showing the
potential applications of this strategy in flexible electronics.
Our findings pave the way for the one-step construction of
large-scale patterned flexible logical circuits.
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