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ABSTRACT

Molybdenum ditelluride (MoTe,), which is an important transition-metal
dichalcogenide, has attracted considerable interest owing to its unique properties,
such as its small bandgap and large Seebeck coefficient. However, the batch
production of monolayer MoTe, has been rarely reported. In this study, we
demonstrate the synthesis of large-domain (edge length exceeding 30 um),
monolayer MoTe, from chemical vapor deposition-grown monolayer MoS,
using a chalcogen atom-exchange synthesis route. An in-depth investigation
of the tellurization process reveals that the substitution of S atoms by Te is
prevalently initiated at the edges and grain boundaries of the monolayer MoS,,
which differs from the homogeneous selenization of MoS, flakes with the
formation of alloyed Mo-5-Se hybrids. Moreover, we detect a large compressive
strain (approximately —10%) in the transformed MoTe, lattice, which possibly
drives the phase transition from 2H to 1T" at the reaction temperature of 500 °C.
This phase change is substantiated by experimental facts and first-principles
calculations. This work introduces a novel route for the templated synthesis of
two-dimensional layered materials through atom substitutional chemistry and
provides a new pathway for engineering the strain and thus the intriguing
physics and chemistry.
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1 Introduction

Semiconducting transition-metal dichalcogenides
(TMD), such as MoS, and WS,, have recently attracted
considerable attention because of their intriguing
properties, such as their direct bandgaps, strong
light-matter interactions, and valley-related physics,
which give them potential for a wide range of appli-
cations in electronics, optoelectronics [1, 2], catalysis
[3, 4], etc. Compared with other group-VIB TMD
layered materials, molybdenum ditelluride (MoTe,)
has intriguing features. Its bandgap of ~1.1 eV, which
is comparable to that of silicon, together with its
indirect-to-direct bandgap transition at the monolayer
limit, makes this two-dimensional (2D) material a
promising candidate for next-generation electronics
and optoelectronics [5, 6].

Another distinct property of MoTe, compared with
other TMDs is the small energy difference between
its 2H and 1T phases (<0.1 eV per MoTe, unit) [7],
which is beneficial for phase-memory applications
and contact materials for field-effect transistors [8].
Additionally, 1T’-MoTe, was predicted to be a large-
gap quantum spin Hall insulator [9] and thus may
be suitable for a wide range of applications in novel
switching devices [9] and spintronics [10, 11]. Recently,
a topological Fermi arc was observed in the predicted
type-II Weyl semimetal of MoTe,, inspiring considerable
research in this field [12, 13]. However, to realize such
applications, the large-area, thickness-controllable
synthesis of monolayer MoTe, is required. Recently,
the direct synthesis of few-layer and even monolayer
MoTe, has been realized by traditional chemical
vapor deposition (CVD) [14-17]. Lee et al. fabricated
centimeter-scale MoTe, thin films with a thickness of
~20 nm through the tellurization of Mo films [14] and
tuned the phases of the MoTe, films by changing the
tellurization time. Kong et al. synthesized few-layer
MoTe, with different phases using disparate Mo pre-
cursors [15, 17]. Johnson et al. synthesized a 1T"-MoTe,
monolayer with a novel star shape [16]. However, in
these studies, the synthesized MoTe, was normally of
the multilayer or 1T” phase and had irregular shapes.

Post synthetic chemical transformations, such as
ion-exchange reactions, have been regarded as facile
and reliable methods for creating new materials
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and nanostructures, including II-VI, III-V, and VI-VI
semiconductor compounds [18, 19], metal nanoparticles
[20], and halide perovskites in liquid phases [21, 22].
Notably, a chalcogen atom-exchange reaction in the
gas phase was utilized to achieve bandgap-tunable
MoS,Se,., alloys [23, 24].

Herein, we present the synthesis of monolayer
MoTe, via a chalcogen atom-exchange synthesis route,
i.e., by substituting the S atoms in monolayer MoS,
with Te atoms. An MoS, monolayer template was
synthesized on sapphire using low-pressure CVD
(LPCVD), and the edge length of the triangular domain
was as large as several tens of microns. Raman
spectroscopy, atomic force microscopy (AFM), X-ray
photoelectron spectroscopy (XPS), and transmission
electron microscopy (TEM) were used to characterize
the atom-exchange location and process, the chemical
composition, and the crystal quality of the MoTe,
samples obtained with different tellurization durations.
Because of the different lattice constants of MoS,
and MoTe,, a compressive strain was observed in the
tellurized region, and its effect on the phase transition
of MoTe, (from 2H and 1T” phases) was analyzed
according to experimental data and theoretical
calculations.

2 Results and discussion

MoS, monolayers with a lateral size up to tens of
micrometers were synthesized by LPCVD, as previously
reported [25, 26]. To synthesize multiphasic MoTe,, the
as-synthesized monolayer MoS,/sapphire samples were
placed downstream of a tube furnace, with Te powder
upstream. H, and Ar were selected as carrier gases.
The experimental setup is schematically shown in
Fig. S1 (in the Electronic Supplementary Material
(ESM)). By exposing the as-grown MoS, monolayers
to Te vapor, S atoms were gradually substituted with
Te atoms, according to the following reaction

MoS, + 2H, + 2Te — MoTe, + 2H,S 1)

The substitution process is schematically shown in
Fig. 1(a). The H, was necessary in the reaction process,
as it prevented the oxidation of the MoS, samples
by the minor residual oxygen. Figures 1(b) and 1(c)
show optical images of an as-grown monolayer MoS,
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Figure 1 (a) Schematic of the chalcogen atom-exchange synthesis route for achieving monolayer MoTe, by using monolayer MoS, as
a template. (b) and (c) Optical image of the as-synthesized MoS, and a sample tellurized for 1 h, exhibiting different contrasts between
the peripheral and central regions distinguished by the dashed lines (scale bars represent 10 pm). (d) Average Raman spectra of a MoS,
flake tellurized for 1, 2, 3, and 4 h. (e) Detailed Raman spectrum (120200 cm™). (f) Evolution of the Raman peak intensity with respect
to the tellurization time. (g) and (h) AFM images and corresponding height profiles showing the morphologies of monolayer MoS, and

MoTe, (MoS; tellurized for 4 h), respectively.

triangular nanoflake and a nanoflake partially tellurized
for 1 h, respectively. The size and the shape of the flake
were almost unchanged after the tellurization, while
slightly different contrasts are observed between the
peripheral and central regions (indicated by the black
dashed lines in Fig. 1(c)).

The chemical compositions of the MoS, samples
after different tellurization durations (ranging from
0 to 4 h) were characterized by Raman spectroscopy.
Figure 1(d) shows the averaged Raman spectra of
the samples. Several Raman peaks in the range of
100-500 cm™ are observed. The peak corresponding
to the A; mode of 1T-MoTe, appeared at ~163 cm™
[27]. The peaks corresponding to the out-of-plane
A, mode and the in-plane E,, mode of 2H-MoTe, [6]
occurred at ~171 and ~234 cm™, respectively, and those
corresponding to the in-plane E,, mode and the
out-of-plane A;g mode of 2H-MoS, [28, 29] occurred
at ~387 and ~407 cm™, respectively. According to
the tellurization time-dependent Raman spectra, the
intensity of the MoTe,-like Raman peaks increased
significantly, and those of the MoS,-like Raman peaks
decreased after the tellurization, indicating that the

nanoflakes were tellurized gradually with increasing
reaction time. The final product was mainly composed
of 2H-MoTe,, along with a small portion of 1T"-MoTe,.
To further clarify the phase contribution, the Raman
peaks at 171 and 163 cm™ are emphasized in Fig. 1(e)
for samples tellurized for different times. The Raman
signals for 1T’-MoTe, and 2H-MoTe, are clearly
observed, confirming the coexistence of the two phases.

The frequency difference between the E,, and A,
modes of MoS, was ~20 cm™, and the out-of-plane Blg
mode was absent at ~289 cm™. These results indicate
that the MoS, and tellurized samples had monolayer
thickness [6, 30], which was confirmed by AFM and
height-profile analyses (Figs. 1(g) and 1(h)). The original
MoS, flake and the tellurized one exhibited heights
of 0.7 and 1.0 nm, respectively, above the substrate.
The normalized peak intensities of the Eig mode of
2H-MoTe, and the A;g mode of MoS,, as well as their
ratio, are plotted with respect to the tellurization time
in Fig. 1(f). As the tellurization time increased, the
peak intensity of the Elg mode of 2H-MoTe, (Ir.)
increased monotonically, whereas that of the A;,
mode of MoS, (Is) decreased. This plot indicates the
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substitution relationship between the two modes.

It is imperative to further understand the detailed
tellurization dynamics of MoS,, such as the initiation
and propagation of MoTe, regions. Monolayer MoS,
flakes with obvious defects and grain boundaries were
tellurized for 1 h, as shown in the optical microscopy
(OM) images of Figs. 2(a) and 2(e), respectively. Owing
to the rapid decrease of the photoluminescence (PL)
intensity of the tellurized samples (Fig. S2 in the ESM),
Raman mapping was performed on these triangular
and butterfly-like flakes, rather than PL mapping.
Figures 2(b) and 2(f) show the spatial distributions of
the Raman peak for 2H-MoS, at ~407 cm™. Figures 2(c)
and 2(g) show the spatial distributions of the Raman
peak for 2H-MoTe, at ~234 cm™. The Raman-mapping
images clearly indicate that 2H-MoTe, was mainly
distributed at the edges and defective sites (i.e., defects
and grain boundaries) at the initial tellurization stage.

To provide additional details, Figs.2(d) and 2(h)
present the Raman spectra collected from three typical
points at the edge, center region, and defective site
(marked in Figs. 2(a) and 2(e), respectively). The typical
Raman peaks for MoTe, and 2H-MoS, occurred at the
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edges and defective sites, whereas no Raman peaks
of MoTe, occurred in the center regions. This possibly
indicates that the tellurization initially occurred at
the edges and defective sites, while the center region
was relatively inert. Additionally, the peak intensity
of 2H-MoTe, at the defective sites appeared to be far
stronger than that at the edges, which agrees with
previous reports indicating that the oxidation of TMDs
initially occurs at the grain boundaries [31-33]. Thus,
the S atoms at the defective sites were more preferably
substituted with Te. To provide a clearer explanation,
the possible tellurization channels are illustrated in
Fig. 2(i). Considering the large size difference between
the S and Te atoms, a significant lattice strain was
expected in the tellurized regions. However, this
compressive strain was more easily relaxed at the
edges and defects (either grain boundaries or point
defects) that had rich unsaturated coordination sites
and thus abundant room for lattice relaxation (as
schematically shown in Fig.S3 in the ESM). The
unsaturated coordination characteristic of the edges
and defective sites is a possible reason for the initial
tellurization that preferentially occurred at the edges
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Figure 2 (a) and (e) Optical images of two typical MoS, nanoflakes characterized with defects and grain boundaries after tellurization
for 1 h, respectively. (b) and (f) Raman mapping of the A, peak of MoS, (integrated from 380 to 420 cm™) and (c) and (g) the E}, peak
intensity of 2H-MoTe, (integrated from 210 to 250 cm™). (d) and (h) Raman spectra recorded for different sites (marked with circles
labeled 1, 2, and 3) of the two samples (scale bars represent 10 pm). (i) Schematic of the tellurization, which initially occurred at the

defects, edges, and grain boundaries.
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and defective sites.

After continuous tellurization, additional S atoms
were substituted with Te atoms. Figure 3(a) illustrates
the model of continuous tellurization: The replacement
of chalcogen atoms first occurred at the domain edges
(neglect of defects) and gradually spread towards the
center region, in a process similar to the diffusion
of Te atoms from the edge to the center. To validate
this, Figs. 3(b), 3(f), and 3(j) show OM images of the
samples tellurized for 2, 3, and 4 h, respectively. The
chemical compositions of the tellurized samples were
determined by Raman mapping. Figures 3(c), 3(g), and
3(k) illustrate the intensity mapping of the Raman
peak integrated from 380 to 420 cm™, and Figs. 3(d),
3(h), and 3(l) show the intensity mapping of the
Raman peak integrated from 210 to 250 cm™. For 2 h
tellurization, the peripheral regions were tellurized

-~
—— 1407 cm— ~

« +— 234 cm'1
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to MoTe,, and the center regions remained nearly
intact, as evidenced by the Raman mapping (Figs. 3(c)
and 3(d)) and Raman spectra (Fig. 3(e). Apparently,
the typical peaks of MoS, occurred in the center region
of the triangular flake, whereas the peak for MoTe,
appeared at the periphery of the flake (Fig. 3(e)).
After tellurization for 3h, most of the S atoms
were substituted with Te atoms. At the center of the
triangular nanoflake, weak Raman peaks for MoS,
were observed, as shown in Fig. 3(g). The S atoms were
fully replaced by Te atoms after 4 h of tellurization.
The detailed Raman spectra of three points from the
edge to the center region are characterized by the
signals from MoTe, (Figs. 3(e), 3(i), and 3(m)). When
the tellurization time was increased from 2 to 4 h, the
typical Raman peaks for MoTe, spread from the edge
to the center regions of the samples, in parallel with
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Figure 3 (a) Schematic of the sequential replacement of S atoms by Te atoms. (b), (f) and (j) Optical images of monolayer MoS,
flakes tellurized for 2, 3, and 4 h, respectively. (c), (g), and (k) Raman maps of the A;, peak of MoS, (integrated from 380 to 420 cm™)
and (d), (h), and (1) the E}, peak of 2H-MoTe, (integrated from 210 to 250 cm™). (e), (i), and (m) Raman spectra for different locations
on the samples (scale bars represent 10 pm).
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the full tellurization of MoS, at a specific timescale.
The broken regions in Fig. 3(j) are attributed to the
over-tellurization of the flake, which caused pits and
holes via etching. As shown in Fig. 54 (in the ESM),
AFM characterizations and height-profile analyses
revealed cracks on the surface of the tellurized
flakes due to the large lattice strain generated by the
tellurization process.

According to theoretical calculations, the mixing
energy of MoS, and MoTe, is more positive, and a
high reaction temperature is needed for achieving
their alloy phases [34, 35]. The critical temperature for
complete miscibility was estimated to be 493 K [34],
which is far lower than our tellurization temperature.
This indicates that step-by-step tellurization occurred
in our experiment, yielding pure MoTe, phases rather
than alloys. This differs from the previously reported
formation of compositional homogeneous alloys such
as MoS,Se,_, and WS,Se,_, [23, 24, 36].

The tellurization process in this study is thus
considered to have been controlled by the kinetic
process, probably because of the large diameter
difference between the Te and S atoms and the
discrepancy between the lattice constants of MoS,
(0.310 nm) and MoTe, (0.352 nm). Accordingly, the
Te atoms did not easily replace the S atoms arranged
in the perfect hexagonal lattice, considering that
compressive strain occurred under homogenous
tellurization on the nanoflake. Comparatively, the
active S atoms at the edges and defective sites were
more vulnerable to the tellurization because of their
chemical reactivity; moreover, the strains at these
sites were easily released through lattice reconstruction.
The tellurization process is similar to the oxidation
process that initially occurs at the edges and grain
boundaries of monolayer TMDs [31-33]. Zheng et al.
reported that the basal planes of 2H-phase MoS, can be
activated for H evolution by increasing the number of
single S vacancies [37]. A defect density as low as ~3%
was predicted to reduce the energy of H adsorption
from 2 to 02eV in the H evolution reaction.
Additionally, scanning tunneling microscopy/scanning
tunneling spectroscopy (STM/STS) revealed that the
bandgap at the domain edge was dramatically de-
creased from 2.20 to 0.3 eV for MoS,/graphene/Au [38].
The high chemical activity and metallic characteristic
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of the defects and domain edges possibly promoted
the tellurization via the chalcogen atom-exchange
reaction.

XPS was performed to characterize the valence
states and chemical-bonding structures of MoS, samples
tellurized for different durations. Figure 4 shows the
detailed scans for the S and Te binding energies for
tellurization times of 1, 2, 3 and 4 h, with an untreated
sample as a reference. The magnitude of each profile
was normalized for visual comparison. Clearly, the
as-grown MoS, sample exhibited two characteristic
peaks at 162.1 and 163.3 eV, corresponding to the
divalent S ions of the S 2p;, and S 2p;, orbitals [39].
After the tellurization, two doublet peaks appeared,
which are assigned to Te and accord with the Mo-Te
bonds at 572.9 eV (Te 3ds,) and 583.2 eV (Te 3dsp),
matching previous XPS reports for this material [15].
Because of the unavoidable oxidation of the tellurized
samples in the ambient conditions, a doublet peak
assigned to the Te-O bonds at 576.5 eV (Te 3d;,) and
586.9 eV (Te 3ds,) was also observed [40]. Intriguingly,
as the tellurization time increased, the XPS signals of
S 2p;p and S 2py, became less pronounced, whereas
those of Te 3ds, and Te 3d;, became more prominent.
After 4 h of tellurization, the doublet peak of S almost
disappeared, and pure-Te peaks appeared, indicating
the full conversion of S atoms into Te atoms and thus
the phase transition from MoS, to MoTe,. These results
suggest that the tellurization time is a key parameter
for chalcogen atomic-change synthesis.

(a) (b)
4h

Te 3ds,
K

S2py; 5 2Pz

3h :

Normalized intensity (a.u.)
Normalized intensity (a.u.)

162 164 570 580 590
Binding energy (eV) Binding energy (eV)
Figure 4 XPS spectra for (a) S 2p and (b) Te 3d binding energies
for samples tellurized for different durations. The magnitude of
each profile was normalized.
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TEM was performed to clarify the structural
difference between the MoS, template and the MoTe,
product and thus confirm the formation of MoTe,.
Tellurized samples were transferred onto C films
supported on Cu grids by a modified poly(methyl
methacrylate)-assisted transfer method [40]. Figure 5(a)
shows a large-scale TEM image of a hexagonal
MoS, flake tellurized for 1 h. Here, different contrasts
between the peripheral and center regions are observed,
indicating a difference in the chemical composition
between the two regions.

Selected-area electron diffraction (SAED) patterns
were obtained for three typical regions: the center
location (1), a peripheral location (3), and the interface
(2) between the two. As shown in Figs. 5(b) and 5(d),
only one set of sixfold-symmetric diffraction spots
was observed, either on region 1 or region 3. The two
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sets of diffraction points exhibited the same lattice
orientation but had different lattice vectors. At the
interface (2), two sets of aligned diffraction points
showing the same characteristic as those from locations
(1) and (3) were observed, as shown in Fig. 5(c) (marked
with green and red circles). To provide additional
details, the intensity line profiles of the diffraction
patterns along the dashed lines in Figs. 5(b)-5(d) were
obtained, as shown in Fig. 5(e). The inverse lattice
vectors of the two sets of diffraction points were thus
estimated as 7.45 and 6.52 nm, indicating lattice
constants of 0.310 and 0.352 nm, respectively. Notably,
the two lattice constants correspond well with those
of 2H-MoS, and 2H-MoTe, [5], confirming the for-
mation of monolayer MoTe,. A high-resolution TEM
(HRTEM) image of the interface is shown in Fig. 5(f).
In the fast Fourier transform (FFT) image, the two sets

" 6.56 nm~ S,

Intensity (a.u.)

\
\ 1
. .45 nm-" d
2 1 ™ [l Py
4 8

Distance (nm~)

Figure 5 (a) Large-scale TEM image of monolayer MoS, after tellurization for 1 h (scale bars represent 10 um). (b)—(d) SAED patterns

for different locations on the TEM grid, labeled 1-3. Two sets of sixfold-symmetric diffraction points with the same orientation were
observed in the interface location (scale bars represent 1 nm™). (e) Intensity line profiles of the SEAD patterns in (b)—(d). The two sets
of diffraction patterns in (b) and (d) are attributed to MoS, and MoTe,, respectively, whose parallel stacking is indicated by the interface
locations in (c). (f) HRTEM image of a mildly tellurized sample containing both MoS, and MoTe,. (g) FFT of the HRTEM image in (f).
(h) IFFT of the HRTEM image. The MoS, and MoTe, signals are represented by green and red, respectively (scale bar: 5 nm).
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of diffraction points corresponding to MoS, (green)
and MoTe, (red) are the same as those shown in
Fig. 5(c). To provide additional details, Fig. 5(h) shows
the red and green inverse FFTs (IFFTs), indicating
the composition distribution of the tellurized sample
of Fig. 5(f). We infer that the MoTe, and MoS, regions
were separated by a sharp interface. This TEM result
agrees well with our previous prediction that the
tellurization initially occurred at the edges of the
nanoflakes and then gradually extended into the center
region. Intriguingly, pure MoTe, layers evolved, rather
than homogenous hybrids of Mo-5-Te, even at the
intermediate tellurization stage.

Another interesting phenomenon is the formation
of the 1T’ phase of MoTe,. As previously reported,
there was a small energy difference between the 1T’
and 2H phases of MoTe,, and the latter phase was
more preferable for the synthesis [15, 41]. However,
in our case, the Raman peak of 1T’-MoTe, was also
noticeable in the tellurized regions (Figs. 1(d) and 1(e)).
Thus, an exotic factor may have affected the phase
diagram. Figures 6(a) and 6(b) show the energies of
the strained and unstrained monolayer MoTe, in the
three typical phases of 1T, 1T, and 2H, which were
calculated using first-principles density functional
theory (DFT) [42]. In the unstrained state (Fig. 6(a)),
the minimum energy of 2H-MoTe, in the temperature
range of 0 to 1,000 K was constantly lower than that

0 200 400 600 800 1,000
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Ae=-10% !

200 400 600 800 1,000
Temperature (K)
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(c)

AF (eV)
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of the 1T’ phase, implying that the 2H phase was more
energetically preferable in this temperature range. This
agrees well with previous calculations.

However, in our case, considering the substitution
chemistry of the MoS, templates, if the lattice
constant remained intact during the tellurization, the
compressive strain in the hexagonal lattice of the
resulting MoTe, was as large as —10%, as estimated by
(Ao, — AtoTey)/AMoTe,- FOT simplicity, the lattice constants
of the 1T” and 1T phases in the equilibrium states were
considered to be the same as that of the H-phase,
which did not influence the qualitative results. Thus,
for ¢ = -10%, the Helmholtz free energy of the 2H
phase (calculated from 0 to 1,000 K) was higher than
that of the 1T’ phase above 630 K (Fig. 6(b)). This may
explain why the phase transformation from 2H to 1T’
occurred at a high temperature under the strained
condition. This type of phase transition was observed
in a previous study [43], where the homogeneous
and reversible semiconductor-metal phase transition
of MoTe, was observed at a tensile strain of 0.2% at
room temperature.

To provide additional details, the Helmholtz free
energies of different phases with and without strain
at a high temperature (~770 K) are plotted in Fig. 6(c).
This temperature is very close to the tellurization
temperature used in our experiment. Obviously, in
the strained state, the 1T” phase is more stable than

T=770K @ Strained
-17.6} @ Unstrained
N
-17.8F @ ... ..
® °
Y d ) . 4
.

2H 1T

Phase

1T

Figure 6 Theoretical calculation of the formation energies of the different phases (1T, 1T, and 2H) of (a) unstrained and (b) strained
monolayer MoTe,. (¢c) Formation energies of different phases of monolayer MoTe, with and without strain under 770 K.
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the 2H phase during such a high-temperature growth
process. However, when the sample was cooled to
room temperature, the 1T-MoTe, was transformed
into the 2H phase, as indicated by the crossover of
the ground state from 1T to 2H below 630 K. This
tentative theoretical calculation indicates that the 1T”
and 2H phases coexisted in the tellurized regions, as
confirmed by our experimental data.

3 Conclusions

Multiphasic mixed MoTe, monolayers were synthesized
using a novel chalcogen atom-exchange route. The
replacement of the chalcogen atoms preferably occurred
at the defective sites and the edges of the nanoflakes.
Intriguingly, compared with the case of the Mo-S-Se
system, the replacement for the Mo-S-Te system was
inhomogeneous on the flakes, and the formation of
nearly pure MoTe, was more favorable even at
the intermediate tellurization stage. Because of the
large lattice mismatch of MoS, and MoTe, a large
compressive strain was observed in the tellurized
nanoflakes, possibly driving the phase transformation
from 2H to 1T". This work presents a feasible route
for the synthesis of monolayer MoTe, and provides
an in-depth understanding of the phase transformation
in 2D TMD layers.

4 Experimental
4.1 Synthesis of monolayer MoS, on sapphire

The MoS, samples were grown inside a multi-
temperature zone tubular furnace (Lindberg/Blue M)
equipped with a 1-in-diameter quartz tube. S powder
was placed outside the hot zone and mildly sublimated
with heating belts at ~115°C. MoO; powder (Alfa
Aesar, purity 99.9%) and as-received sapphire (0001)
substrates with no pretreatments were successively
placed in the hot center of the tube furnace. The tube
was pumped down to a base pressure of ~1 Pa and
repeatedly flushed with Ar carrier gas to guarantee a
favorable growth atmosphere. To achieve large-domain
size MoS, flakes, air was introduced into the growth
chamber [25]. The flow rate of the Ar was ~100 sccm.
The flow rate of air was controlled according to the
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total pressure in the chamber. The growth conditions
were optimized at a pressure of ~35 Pa, a MoO;
sublimation temperature of ~530 °C, a growth tem-
perature of ~850 °C, and a growth time of 20 min.

4.2 Tellurization of MoS,

The as-grown MoS, samples were placed in the
center of a multi-temperature zone tubular furnace
(Lindberg/Blue M) equipped with a 1-in-diameter
quartz tube. Te powders were placed at the upstream
position next to the MoS, samples. The furnace was
heated to 500 °C in 30 min with 10-sccm Ar and 4-sccm
H, and maintained for different durations (1-4 h).

4.3 Characterization

The monolayer MoS, and tellurized samples were
systematically characterized using OM (Nikon
LV100ND), XPS (Kratos AXIS Supra/Ultra with
monochromatic Al Ka X-ray), AFM (Dimension Icon,
Bruker), scanning electron microscopy (Hitachi S-4800;
acceleration voltage of 1-5 kV), and TEM (FEL Tecnai
F20; acceleration voltage of 200 kV).

4.4 DFT calculation

DFT calculations were performed using the Vienna
ab-initio simulation package [44] at the level of the
generalized gradient approximation with the Perdew—
Burke-Ernzerhof (PBE) [45] exchange and the correlation
functional. The cutoff energy of the plane-wave basis
set was 400 eV. The thermal properties were calculated
using the finite-displacement method in the program
Phonopy [46], and supercells of 5 x 5 x 1 were employed.
For the DFT and thermal-property calculations of
H-phase, T-phase, and T’-phase MoTe, nanosheets, a
vacuum space of 15 A was used to avoid interactions
between the layers.
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