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Tellurium, as an elemental van der Waals semiconductor, has intriguing
anisotropic physical properties owing to its inherent 1D crystal structure. To
exploit the anisotropic and thickness-dependent behavior, it is important to
realize orientated growth of ultrathin tellurium. Here, van der Waals epitaxial
growth of Te on the surface of 2D transition metal dichalcogenides is sys-
tematically investigated. Orientated growth of Te with a thickness down to

5 nm is realized on three-fold symmetric substrates (WSe,, WS,, MoSe,, and
MoS,), where the atomic chains of Te are aligned with the armchair directions

by the handedness), where atoms are
arranged into spiral atomic chains via
covalent bonds, and the adjacent atomic
chains are packed hexagonally via van der
Waals interactions!'¥ (lattice parameters
a, b = 0.446 nm, ¢ = 0.592 nm). It exhibits
anisotropic carrier mobility,?" thermal
conductivity,”!  photoresponsel?d  and
mechanical properties® stemming from
the unique 1D crystal structure. To exploit

of substrates. 1D/2D moiré superlattices are observed for the Te/WSe, het-
erostructure. This method is extended to the growth of SeTe alloys, providing
flexibility for band engineering. Finally, growth of textured Te film is demon-

strated on the lower-symmetry surface of WTe,.

1. Introduction

The study of the tellurium (Te) crystal structure, physical prop-
erties, and growth techniques can be traced back to the 1950s.l!
Recently, Te, as an elemental van der Waals semiconductor, is
attracting resurgent interest due to its thickness and orienta-
tion dependent electronic and optical properties,? and applica-
tion potential in electronics,>*3 optoelectronics,?d sensors,
modulatorsP! and energy harvesting devices.l®! Te possesses a
1D crystal structure (space group P3;21 or P3,21 determined
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the intriguing thickness and orientation
dependent properties of Te, fabrication of
high-quality ultrathin Te crystals with con-
trolled orientations is critical.

Top-down exfoliation of the bulk is a
common strategy to fabricate 2D mate-
rials. However, unlike some van der Waals
materials such as graphitel® and transition metal dichalcoge-
nides (TMDs)! that can be mechanically exfoliated to ultrathin
layers by tape, 2D formed Te has not been exfoliated from the
bulk due to the relatively strong interaction between neigh-
boring chains.'!l Liquid-phase exfoliation approaches such as
sonication and electrochemical methods have demonstrated
the ability to produce Te nanosheets, but the size, yield and
quality of the products need to be further improved.l'Zl Several
bottom-up approaches, such as the hydrothermal method,?
physical vapor deposition (PVD)?l and chemical vapor depo-
sition have been explored to synthesize 2D Te. Although
Te nanosheets and ultrathin films with high crystallinity and
electronic properties have been achieved by these techniques,
the in-plane orientation of the domains on the substrate was
random in most of the work, which impedes utilization of
the anisotropic properties of Te. Crystalline substrates were
used to induce the alignment of the Te atomic chains.3*5]
Te thin films and flakes grown on single crystalline MgO!3
and mical™®? showed a preferred orientation, where the chains
are perpendicular to the substrate, so that these films are
expected to have isotropic in-plane properties. Epitaxial growth
of Te was observed on single crystalline KBr substrate,> 2D
crystals such as GaS and GaSe,™ and uniaxially-orientated
polyethylene.l'>8 Due to its inherent crystalline anisotropy, Te
favors a 1D formed structure and island growth mode, leading
to needle-like crystals with a large thickness (tens to hundreds
of nanometers) and poor surface coverage.*®! Therefore, ori-
ented growth of ultrathin Te flakes and films is still challenging
and lacking.

Here, we systematically investigate the van der Waals epi-
taxial growth!' of Te on the surface of TMDs by PVD. Ultrathin
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Te crystalline films with controlled in-plane orientation have
been demonstrated on several substrates with three-fold sym-
metric surface such as WSe,, WS,, MoSe,, and MoS,. The
morphology of Te can be controlled from wires to flakes, or
even films by tuning the growth conditions such as substrate
pre-treatment and growth temperatures. The preferred growth
orientation was determined by transmission electron micros-
copy (TEM), which showed the atomic chains were aligned
along the armchair directions of these substrates. In addition,
diffraction spots corresponding to the moiré structure were
observed. Recently, moiré superlattice formed by stacking 2D
materials shows unique physical phenomenon and proper-
ties,”] however, there are few reports about 1D/2D moirés
heterostructures. Orientated growth of SeTe alloys is also dem-
onstrated on WSe,, the tunable bandgap of which provides
the flexibility for band alignment with other materials. The
substrate system is extended from the mentioned 3-folded
symmetric surfaces to lower symmetry surfaces to realize uni-
directional growth of Te chains. We have achieved the growth
of textured Te films on WTe,, where all the Te grains are well
aligned in all the directions and c-axis of Te is perpendicular to
the tungsten chain direction of WTe,.

a
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2. Characterizations and Discussion

Ultrathin Tellurium was grown by the PVD method using a
two-heating zone oven as shown in the schematic diagram
(Figure 1a). Te powders were used as the precursor and placed in
zone 1 at 450 °C. Pure Ar gas was employed as the carrier gas to
deliver precursor vapor with a flow rate of 50 sccm and pressure
of 1.5 Torr. TMDs flakes were exfoliated onto SiO,/Si substrates
by tape, serving as the epitaxy templates to induce the orien-
tated growth of Te. Substrates were loaded in the downstream
region (zone 2) with controlled temperatures ranging from 100
to 170 °C. Pre-annealing of the substrates and the growth tem-
perature have critical influence on the growth (see Experimental
Section). WSe, was used as a model TMD substrate to investi-
gate the effect of these mentioned growth conditions.

Figure 1b,c shows the optical microscopy and scanning elec-
tron microscopy (SEM) images, respectively, of the grown Te
on WSe, surface (WSe, substrate was pre-annealed at 300 °C,
and substrate growth temperature was 100 °C). Unlike the 1D
needle-shaped crystals in most of the published results, 3>
Te grown on WSe, surface exhibits a 2D form with a lateral
dimension of several micrometers. The nanosheets are able

Counts
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Figure 1. Characterization of Te grown on WSe; substrate. a) Schematic of the growth system. b,c) Optical (b) and SEM (c) images of the orientated
ultrathin Te on WSe, substrate. d) Tapping mode AFM and the corresponding height image of the grown Te flakes. e) Statistical distribution of the
orientation angle of Te in Figure S1 (Supporting Information), which is fitted by Gaussian fitting.
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Figure 2. TEM characterization of the grown Te/WSe, heterostructure. a) TEM image of the Te/WSe, heterostructure. Electron diffraction patterns were
collected from region 1 (pristine WSe, substrate) and regions 2—4 (Te/WSe, heterostructure). b,c) Selected area electron diffraction pattern (b) and
Fourier-filtered HRTEM image (c) from region 2. d) Schematic of the alignment between Te atomic chains and WSe, surface based on b and ¢, where

the c-axis of Te is parallel to the armchair direction of WSe,.

to merge the adjacent flakes, which tend to form a continuous
film. The thickness of the flakes was determined by atomic
force microscopy (AFM). Te flakes have smooth surface and
uniform thickness of about 7 nm as shown in Figure 1d. In
addition, these flakes are well orientated on the WSe, sur-
face with a peak distribution at every 60° (statistic result from
79 flakes in Figure S1, Supporting Information). Given consid-
eration to the C3v symmetry of the WSe, surface, Te atomic
chains are well aligned along the specific directions of WSe,,
indicating a van der Waals epitaxial growth.

The grown Te/WSe, heterostructure was transferred onto a
carbon coated TEM grid. Energy dispersive x-ray spectroscopy
(EDS) maps demonstrated the flakes are Te (Figure S2, Sup-
porting Information). TEM was performed on the flakes to
investigate the crystallinity of the Te nanosheets and the pre-
ferred growth orientations (Figure 2a). Firstly, we collected
selected area electron diffraction (SAED) pattern from the WSe,
substrate in region 1 to determine its orientation as shown in
Figure S3a (Supporting Information). Then, SAED was per-
formed on the Te flake in region 2. Two sets of diffraction pat-
terns from Te and WSe, were observed in the SAED image as
shown in Figure 2b, indicating the single crystalline nature of
the grown Te flakes. The spots in red circles are from WSe, sub-
strate, which are consistent with the data collected from region 1
(Figure S3a, Supporting Information). The Te signal has been
labeled and indexed in blue. The nearest blue spots from the
center correspond to the (0001) and (1-210) planes of Te, which
are supported by lattice observed in the high-resolution TEM.
The preferred growth direction is identified by the relative ori-
entation between the two sets of diffraction patterns of Te and
WSe,, where the Te atomic chains are aligned along the arm-
chair direction of WSe, as shown in Figure 2d. Additional weak
spots, which are not from each individual layer, were observed
in the diffraction pattern, and labelled in green in Figure 2b.
These spots imply a periodic structure with basic translation
vectors a = 0.67 nm and b = 0.59 nm. These diffraction patterns
are caused by the moirés structure formed at the 1D (Te)/2D
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(WSe,) van der Waals interface based on the lattice parameters
of bulk WSe, (a = 0.330 nm, d-spacing 0.57 nm along armchair
direction) and Te (@ = 0.445 nm, ¢ = 0.592 nm) along the [1-210]
direction and c-axis of Te as shown in the Figure 2d. Consid-
ering a site where a Te atom is above a Se atom (or W atom,
which needs further study) (Figure 2d), this site will repeat
every 0.67 nm along the [1-210] direction of Te and 0.59 nm
along c-axis of Te due to the relatively small lattice mismatch.
This observed period of the superstructure might be smaller
than the practical, as the Te atoms in Figure 2d are from two
layers, and the inequivalence of the repeated sites is hard to
distinguish due to the projective nature of conventional TEM
imaging.'®l A detailed analysis on the moiré structures will be
the subject of a future study. Rich physics has been discovered
in the moiré structures formed by twisting and/or stacking 2D
materials,” however, there are few reports about the construc-
tion or properties of 1D/2D van der Waals moirés superlattices.
The structure grown here can be an interesting platform for the
fundamental study of the 1D/2D moirés structure. We charac-
terized two more flakes in region 3 and 4 (Figure S3c,d: Sup-
porting Information), which showed the same preferred growth
orientation and moiré diffraction patterns. These results dem-
onstrate the orientated growth of crystalline ultrathin Te on
WSe, by van der Waals epitaxy.

The morphology of the grown Te can be significantly influ-
enced by the pretreatment of the substrate (see Experimental
Section). As shown in Figure 3a, Te showed a 1D needle-like
structure on the untreated, as-exfoliated WSe, flakes. 79% of
the flakes exhibited preferred growth orientation along the
armchair directions, while the other 21% flakes grew along
the zigzag directions (Figure S4, Supporting Information). Te
grown on the annealed substrates tends to form 2D structures
as shown in Figure 3b,c. The yield of armchair orientated flakes
increases to 93% after a pre-annealing of WSe, substrate at
200 °C (Figure 3b and Figure S4: Supporting Information). The
flakes, retaining the orientated nature, grow and merge into
a film with a surface coverage of 95% on the WSe, substrate

© 2022 Wiley-VCH GmbH
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Figure 3. Morphology of Te grown on WSe, under different conditions. a—c) Te grown at 100 °C on the non-annealed (a), 200 °C (b) and 300 °C (c)
annealed WSe, substrates. d—f) Te grown at temperatures of 170 °C (d), 130 °C (e) and 100 °C (f) on the 300 °C pre-annealed WSe, substrates.

pre-annealed at 300 °C. Figure 3a—c indicate that the films
are more uniform after pre-annealing. We further investigate
the influence of substrate temperature on the growth. Te was
grown on the annealed WSe, flakes (annealing temperature
was 300 °C) at temperatures ranging from 170 to 100 °C. As
shown in the Figure 3d—f, the morphology of Te changes from
1D needle-like structure to 2D form with the growth tempera-
ture decreasing at fixed substrate preparation conditions.

The observed patterns of growth can be rationalized within
a simple model. Figure 4 highlights the kinetic processes that

appear to be relevant to the growth mechanism. Te atoms are
deposited on the surface, diffuse on that surface, and can desorb
from the surface (Figure 4a—c). Note that diffusion of adatoms
on a substrate with 3-fold symmetry is expected to be isotropic.
The diffusing atoms can encounter trapping sites before des-
orption. In the case that the trapping site is another diffusing
atom, a nuclei may begin to form, growing through the attach-
ment of additional diffusing atoms (Figure 4e). Alternatively,
the trapping site might be a surface defect, such as a Se vacancy
in the substrate, or a Te substitutional defect in the substrate

Figure 4. Kinetic Processes Affecting Morphology. a) Atoms arrive at the surface from the vapor. b) Atoms diffuse on the surface and c) may desorb
from the surface, if they do not encounter a trapping site. d) Existing nuclei can serve as a trapping site. Once an atom encounters a wire, it is loosely
bound and diffuses along the edge of the wire rapidly until it encounters the end of the wire, where it covalently bonds to the chain. e) Other atoms
may also serve as trapping sites, leading, through standard nucleation kinetics, to homogeneous nucleation. f) Pre-existing defects can also serve as
trapping sites, and can lead to heterogeneous nucleation. (Here the defect is a substitutional impurity atom.) g) After growth has progressed for some
time, atoms will attach directly to nucleated clusters, and multilayer growth can ensue.
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(Figure 4f). Finally, an adatom can encounter a stable cluster of
Te atoms, and begin to diffuse along its edge (Figure 4d). At the
first stages of nuclei growth, i.e., when the film is thin enough
for the Te-substrate van der Waals interaction to be important
throughout the whole nuclei, van der Waals epitaxy takes place
and Te chains align with the substrate. At later stages of growth,
atoms can attach directly to existing Te islands, and thus
thicken the films (Figure 4g). At this later stage, the only van
der Waals interaction at play is the one between the Te chains;
the difference in bond strength (covalent between atoms in the
same chain, van der Waals between chains) might be the mech-
anism behind surface roughening.

These processes can be used to understand the morphology
of the growth. First and foremost, the growth shape of the crys-
tals is determined by the relative rates of diffusion along the
wire, versus diffusion at its ends. Since the Te interchain bonds
are primarily of van der Waals character, one expects that edge
diffusion (Figure 4d) will be very rapid relative to the diffusion
of Te atoms on a pristine (0001) surface because those Te are
covalently bonded to the chains. These relative rates explain the
aspect ratio of the growing wires, as well as the fact that the
(0001) facets of the growing plates are very rough, and perhaps
even display a fingering instability.’]

The potential for desorption helps to explain the fact that the
growth rate of the films depends upon temperature and pre-
annealing conditions. First, density functional theory (DFT)
total energy calculations suggest that the binding energy of
the Te film to the substrate is quite weak, 10 m] m~2, which is
consistent with a high probability for desorption of diffusing Te
atoms. (see Experimental Section for a description of the DFT
calculations.) With no pre-annealing, the number of surface
trapping sites (Figure 4f) is at a minimum. The potential for
an atom to be bound to a trapping site is low, and the average
desorption rate of the deposited Te atoms is maximized. Pre-
annealing leads to the production of Se vacancies in sub-
strate,’?% and DFT predicts that these will trap a Te atom with a
binding energy of 4.9 eV. Thus, one expects that the vacancies
will become substitutional Te defects. The substrate Te sub-
stitutional defects then act as a trapping site for additional Te
atoms. DFT predicts that this binding energy is 1.6 eV, which is
greater than that computed for a Te atom binding in a pristine
substrate by 95 meV. So, on average, a Te atom has a longer
residence time on the substrate for a pre-annealed sample.

The nucleation rate of clusters is probably a combination
of heterogeneous and homogeneous nucleation. Consider the
growth morphologies of Figure 3a—c. Clearly, pre-annealing at
200 °C leads to a higher nucleation rate than that without pre-
annealing. This is most likely due to heterogeneous nucleation
(Figure 4f). However, it appears that as the pre-annealing tem-
perature is increased to 300 °C, the nucleation rate decreases.
A possible explanation for this is that the vacancies produced
in the substrate begin to cluster. DFT predicts that the Se diva-
cancy in WSe, is bound by 105 meV. If true, as the vacancies
form, the number of clusters depends on the ratio of the diffu-
sion coefficient to the rate of production of vacancies.?!l If this
ratio increases rapidly with temperature, then the number of
clusters in the 300 °C pre-annealing case will be reduced rela-
tive to the 200 °C pre-annealing treatment, and the heteroge-
neous nucleation rate will be, accordingly, decreased.

Adv. Mater. Interfaces 2022, 9, 2101540

2101540 (5 of 9)

INTERFACES

www.advmatinterfaces.de

Once the clusters are nucleated, they grow through the aggre-
gation of atoms, both from the vapor and from the surface.
Occasionally, if two atoms bound to the edge of a wire encounter
one another, they can nucleate and adjacent wire, and the width
of the flake increases (Figure SS5a, Supporting Information).
Alternatively, a Te atom diffusing along the edge of a wire may
encounter and bind to a Te substitutional defect in the substrate
(Figure S5b, Supporting Information). This bound atom would
start a new chain that would align with the original. In this
manner, the growing needles can expand to become a film.

The orientation of the wires (armchair vs zigzag) are deter-
mined by both kinetics and thermodynamics. Though the films
are not strongly bound to the substrate, the symmetry of the
substrate clearly impacts the growth morphology. Empirically,
the chains aligned along the armchair direction seemed favored,
but it is difficult to assess the relative binding energies of the
two configurations using DFT because the size of the cells nec-
essary to obtaining a low stress configuration are prohibitive.

We investigated the growth of Te on other TMDs with a
similar three-fold symmetric surface structure (Figure 5). By
employing the same method (substrate pre-annealing at 300 °C
and growth at 100 °C), orientated growth of ultrathin tellurium
flakes with the thickness down to 5 nm, is achieved on these 2D
surfaces, indicating the possibility to build different Te based
heterostructures by van der Waals epitaxy. The size of the flakes
on MoS, and MoSe, is relatively small compared to the ones on
WS, and WSe,, which can be further improved by optimizing
the growth conditions.

Selenium (Se) is also composed of 1D helical atomic chains,
the same crystal structure as Te. It is able to be alloyed with Te
to form the solid solutions for any concentration.>?2 These
alloys have tunable bandgaps ranging from 0.3 to 1.9 eV and
broad applications such as photodetectors or solar cells."?2
The tunable bandgap of SeTe alloys provides flexibility for band
alignment with the 2D materials, allowing the growth of func-
tional 1D/2D heterostructures. Hence, we explored the growth
of SeTe alloys on 2D surface. WSe, and WS, flakes were used
as the substrates and SeTe powders with different composi-
tions were applied as the precursor (see Experimental Section).
As shown in Figure S6a (Supporting Information), orientated
grown Seg3Te,; crystals are achieved on the WSe, surface by
using a Sej,,Tey 75 powders as the precursor. When the Se con-
tent of the source increases to 40% in the source, continuous
SegsTegs films are grown (Figure S6b, Supporting Informa-
tion). Electron backscatter diffraction (EBSD) results show
that the SeysTey s film is polycrystalline and the misorientation
between grains was =60° (Figure S6c—f, Supporting Informa-
tion), indicating the growth mode is still van der Waals epitaxy
for the alloys.

Although orientated growth of Te and SeTe crystals have
been demonstrated on the above mentioned TMDs, it is hard to
achieve single orientation thin films on them due to the three-
fold symmetry of those TMD surfaces. However, unidirectional
alignment of Te atomic chains is critical for the growth of films
with properties that reflect the anisotropic nature of crystalline
Te. Therefore, WTe, substrates, which have a relatively low-sym-
metry surface, were used to grow Te with a uniaxial, in-plane
texture. WTe, has an AB stacked layered structure, where the
adjacent layers are rotated 180° with respect to each other

© 2022 Wiley-VCH GmbH
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Figure 5. Orientated growth of Te on the different TMDs with three-fold symmetric surface. a—c, SEM (a), AFM (b) images and the corresponding
height profile (c) of Te grown on WS,. d—f) SEM (d), AFM (e) images and the corresponding height profile (f) of Te grown on MoSe;. g—i) SEM (f),
AFM (h) images and the corresponding height profile (i) of Te grown on MoS,.

(Figure 6a). The surface crystal structure (ab-plane) has only
mirror symmetry and one-fold rotational symmetry (Figure 6b)
and the lattice parameters are a = 0.350 nm and b = 0.628 nm
(Figure 6b), where the mismatch between c-aixs of Te and b-axis
of WTe, is relatively small, which is in favor of the unidirec-
tional alignment of Te atoms. WTe, was exfoliated onto SiO,/
Si substrates. We can determine the crystal orientation of WTe,
flakes from their configurations, as it has the tendency to frac-
ture along the a-axis during exfoliation.l?*l Te was grown on the
annealed WTe, flakes at 130 °C (pre-annealing temperature was
300 °C). As shown in the Figure 6¢, we observed the growth of
a continuous film with uniaxial features perpendicular to the
a-axis of WTe, substrates. EBSD was performed on the Te/WTe,
structure to determine its crystallinity and growth orientation. As
shown in Figure 6d-g, the inverse pole figure (IPF) maps show
constant color in all directions, indicating single-crystal-like tex-
ture of the grown Te on the WTe, surface. C-axis of Te is aligned
perpendicularly to the a-axis of WTe, (tungsten atomic chains),
and (10-10) planes are paralleled to the surface based on the
EBSD results. Te film with (01-10) planes parallel to the surface
were observed in another flake (Figure S7, Supporting Informa-
tion). The different out-of-plane orientations of Te on different
WTe, flakes is likely caused by the nature of the exposed surface
of AB stacked WTe, substrates. Further investigation is needed

Adv. Mater. Interfaces 2022, 9, 2101540
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for the underlying growth mechanism. Angle-resolved polarized
Raman was performed on the Te and uncovered WTe, surface
on the same flakes as shown in Figure 6h-k. The relative crystal
orientation between Te and WTe, can be identified based on
the angle-dependent intensities of the E;-TO mode (=94 cm™)
for Tel?d and A; mode (=80 cm™) for WTe,?*! (Figure 6j,k). The
c-axis of Te is perpendicular to the a-axis of WTe, (Figure S8,
Supporting Information), further confirming the previous
results. Continuous Te thin films have been achieved by PVD
methods such as thermal evaporation or sputtering. These Te
films are polycrystalline and composed of random orientated
micron/nano grains. In this work, although the films are still
polycrystalline and the growth of individual grains results in
the relatively rough surface, all the grains are aligned along the
single direction and it is possible to achieve single crystalline Te
films over large area by further post-annealing to eliminate the
grain boundaries of the current films.

3. Conclusion

In summary, we realize orientated growth of ultrathin Te on
2D surfaces via van der Waals epitaxy. 2D Te flakes with thick-
ness down to 5 nm are grown on the WSe, WS,, MoSe,, MoS,
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Figure 6. Unidirectional growth of Te on WTe, surface. a,b) Crystal structure of WTe, along a-axis (a) and c-axis (b). c) SEM image of Te grown on
WTe, surface, where the uniaxial features can be observed. d—g) SEM image (d) and the corresponding EBSD IPF Z (e), Y (f), X (g) maps of Te grown
on WTe, indicating Te atomic chains are well aligned along any directions. h,i) Raman spectrum of the grown Te (h) and the uncovered WTe, part (i)
in the same flakes. j,k) Angle-resolved polarized Raman intensities of the peaks at 94 cm™ for Te (j) and 80 cm™' for WTe, (k). The red arrows indicate

the orientations of the c-axis of Te and a-axis of WTe,.

flakes, where the c-axis of Te is aligned with the armchair
direction of the substrates. Moiré superlattice is achieved and
observed on the Te/WSe, heterostructure. This method can be
extended to the growth of SeTe alloys. Finally, we achieve the
growth of single-crystal textured Te on WTe,, where the c-axis
of Te is aligned perpendicular to the tungsten chains of WTe,.

4. Experimental Section

Materials Growth: WSe,, WS,, MoSe,, MoS,, and WTe, flakes were
exfoliated onto SiO,/Si chips as the growth substrates. The exfoliation of
WTe, was operated in a N, glove box. Te pellets (99.999%, Sigma-Aldrich)

Adv. Mater. Interfaces 2022, 9, 2101540
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or SeTe alloy crystals (Sep;Tep7s and Seq4Teqq alloys) were grounded
into powders as the precursor. Growth was done in a two-zone hot wall
quartz tube furnace (Daepoong Industry, 50 602). An alumina boat
containing precursor powders (20 mg) was loaded into the zone 1 of
the furnace and substrates were placed in the downstream region (zone
2). Prior to the growth, the furnace was evacuated, and Ar flow was
introduced at 50 sccm, at which the pressure of the system was about
1.5 Torr. Once the system is purged of air, substrates were pre-annealed
at desired temperatures for 15 min. The annealing temperature was
typically 300 °C. Non-annealed or 200 °C annealed substrates were used
to investigate the effect of the pre-treatment in Figure 3. The furnace
was open to cool down the system after pre-annealing, Ar flow and
pressure were kept constant in the whole process. After pre-treatment,
the substrate temperature was set to the growth temperatures (100 °C
unless otherwise specified, 130 °C for the growth of Te on WTe;). When
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the substrate temperature stabilized at the target temperature, the
precursor was heated to 450 °C. Ar (50 sccm) was applied as the carrier
gas. The growth process last for 10-15 min. The furnace was open to
cool down the system after growth.

Characterization: TEM characterization was performed on a Te/WS,
sample. The flakes were transferred on a carbon coated transmission
electron microscopy (TEM) grid by dry transfer method. TEM
characterization was carried on a FEIl Titan 60-300 microscope with
an acceleration voltage 300 kV at the National Center for Electron
Microscopy at Lawrence Berkeley National Laboratory. SEM and EBSD
measurements were performed on a FElI Quanta field emission gun
SEM and Oxford EBSD detector. In the analysis of the composition of
SeTe alloy, SeTe was grown on WSe, and WS, flakes in the same batch,
and estimated the element ratio of Se and Te by doing EDS on the alloy
grown on WS, substrates. Performed AFM (tapping mode) was carried
on a Dimension ICON AFM (Bruker, Germany).

Density Functional Theory Based Total Energy Calculations: DFT
computations were run using the Vienna Ab Initio Simulation Packagel™
version 5.4.4. The projected-augmented-wave method was used to
model the core electrons'®], and the exchange-correlation energy was
estimated using Perdew-Burke-Ernzehof.?% All the simulations were
run using a 600 eV cutoff energy for the plane-wave (PW) basis set, a
minimum spacing for the k-points of 0.25 A", and convergence criteria
of 107 eV for the electronic self-consistent cycle (SCC). Also, a dipole
correction was used in the direction perpendicular to the substrate to
reduce spurious interaction with its periodic image.

To compute the binding energies of Te atoms to WSe, substrates
with and without Se vacancies, a 5 x 5 substrate supercell was used
with a 30, and the atomic positions and volume of the supercell
were relaxed until the forces on all atoms were less than 107 eV A7
Lastly, the binding energies were computed using the usual equation,
Ep =Erepwse, —(Ewse, +ETe) , where Eq, is the energy of a single Te atom
(obtained using a single k-point and the above mentioned parameters),
and Erwse,, Ewse, are the energies of Te plus substrate and substrate
systems, respectively.

The binding energy of a Te slab was computed using a supercell
containing 1 x 4 and 1 x 3 substrate and Te unit cells, respectively, and
strains of &3 = —3.6% and &g, = —2.0% were imposed on the Te slab.
The bonding energy was obtained using the equation

Eb - ETe/WSeZ _Ii\)(/&a2 - ETe (1)

where Eys, ,Et,, Etepwse, are the energies of the systems consisting of
just the substrate, the Te slab, and the substrate plus the slab; and A is
the area perpendicular to the substrate normal.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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