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ABSTRACT: Transition-metal dichalcogenide (TMDC) homo- High Highly Uniform

and heterostacks hold tantalizing prospects for being integrated Tensile Strain TMDCs 2 overlayer
. . . 1 x 2" overlayer

as active components in future van der Waals (vdW) electronics <= = S

and optoelectronics. However, most TMDC homo- and % 3 vepiaer

heterostacks are created by onerous mechanical exfoliation,
followed by a mixing-and-matching process. While versatile
enough for pilot demonstrations, these strategies are clearly not
scalable for practical technologies and widespread implementa-
tions. Here, we report a two-step epitaxy strategy that promotes
the growth of second-layer TMDCs on the basal plane of the
first TMDCs epilayer. The first-layer TMDCs are grown on
substrates where the tensile strength can be tuned by the
control of chemical environments. The succeeding epilayers
then prefer to grow layer-by-layer on the highly tensile-strained first layers. The result is the growth of high-density TMDC
homo (WSe,) bilayers and hetero (WSe,—MoS,) bilayers with an exceedingly high yield (>99% bilayers) and uniformity. A
density functional theory simulation further sheds light on how strain engineering shifts the subsequent layer growth
preference. Second-harmonic generation and high-angle annular dark-field scanning transmission electron microscopy
collectively attest to the AB and AA’ stacking between the TMDC epi- and overlayers. The proposed strategy could be a
versatile platform for synthesizing diverse arrays of vdW homo- and heterostacks, thus providing prospects for realizing large-
scale and layer-controllable two-dimensional electronics.

1% WSe, HTS epilayer

1% WSe, HTS epilayer

2 Mos, overlayer

Two-dimensional (2D) van der Waals (vdW) structures spectral response in UV and near-infrared (NIR) regions,g’10

embody a unique class of acritical lattices in which material and prominent mechanical durability implemented in flexible
properties can be manipulated via varying the composition,
stacking orders, and relative orientation across the atomically
thin junctions. Building such artificial vdW junctions is made
possible by disassembling bulk crystals into 2D monolayers

devices."" Despite the immense interest and continuing
experimental success by directly mixing and matching

monolayer flakes of different materials, a widespread

and reassembling them into bilayer artificial lattices, yielding implementation of vdW homo- and heterostacks has yet to
access to a plethora of exciting physics.”> The variety of occur. This is primarily due to the difficulty of identifying a
artificial homo- and heterostructures can be further extended general, scalable, and reliable epitaxy mechanism that drives

when combined with the recent rediscoveries of transition-
metal dichalcogenides (TMDCs), therefore providing a route
to previously unachievable semiconductor junctions, super-
lattices, and light—matter interactions.” Notable discoveries
include but are not limited to the advent of atomically thin p—
n junctions for the ultimate functional unit for nanoscale
electronic and optoelectronic devices,"™® exceedingly high
density of states that induce exceptionally high drive currents
in the ballistic limit,”® enhanced light absorption with a wider

the direct growth of vdW homo- and heterostacks with control
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Figure 1. Strain engineering of the first WSe, epilayers. (a) Schematic illustration shows a representative CVD epitaxy growth of the first
WSe, epilayers. (b) Photon energy distribution of the first WSe, epilayers collected at different distances away from the WO; source. Error
bars are included to provide a standard deviation of photon energy. Data were collected from over 50 samples. (c) PL spectra of HTS and
LTS first WSe, epilayers grown on sapphire substrates before and after transferring at room temperature. (d) Raman spectra of the as-grown
first WSe, epilayers collected at different distances from away the WOj; source. (e) The concentration distribution of W (blue) as a function
of different distances away from the WO; source. The weight percentage of W with respect to detected elements (Al, O, and W) based on

EDX data.

over bilayer coverage and content in tandem with the
preservation of crystal qualities.

The general epitaxy growth in chemical vapor deposition
(CVD) wusually involves the vaporization of precursors,
nucleation of TMDC seeds, and the stitching of individual
seeding flakes. In this light, the vertical growth of homo- and
heterostructures shall, in principle, be accomplished through
the successive growth of a second material on the basal plane
of a first layer. Currently, significant efforts have been reported
to grow few-layered TMDCs in an epitaxial fashion.*™"” Ye et
al.'* systematically examined the thermodynamic and kinetic
controls of the vertically stacked 2D materials, where the
growing conditions, such as annealing temperatures and
adatom flux, play crucial roles governing the final structure.
Similarly, Li et al."> demonstrated that the active clusters with a
high diffusion barrier, for example, the ratio between metal
oxides and chalcogenides, would modulate the heteroepitaxy
growth direction. Besides, a wide variety of growth promoters,
including aromatic derivatives and alkali metal halides, has
been implemented to regulate the direction of the growth front
resulting from the enhanced diffusivity of transition-metal
oxide precursors. In a nutshell, this research directed at
understanding the mechanisms that underly the epitaxial
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growth of vdW homo- and heterostructures predominately
hinge on two aspects. One is the thermodynamic control of
nucleation on the first TMDC epilayer, and the other is the
kinetic modulation of the growth front of the second TMDC
overlayer.">~"> However, most discussion is focused on the
way to overcome the exceedingly high activation energy on the
basal plane of the first epilayer; little work expounds on what
properties of the first epilayer will result in a different transition
in the growth mode of succeeding TMDC layers.

Here we report the modulation of growth modes of
succeeding TMDC layers through the creation of strain fields
of the first epilayer during the epitaxy growth. The strain level
of the first epilayer was engineered by the dissimilar diffusivity
of metal oxide and chalcogen precursors. Comprehensive
density functional theory (DFT) calculations indicate that
built-in strain fields overshadow the activation energy that
predominately dictates the successive growth mode of the
epilayer. Atomically resolved images show that the second
overlayer grown on top of the strained first epilayer has the
propensity to follow both AA’ (2H) and AB (3R) stacking.
Since the strain on TMDCs can be built on substrates in the
CVD growth and is not limited to the current material
combinations, the finding here represents a very visible nexus
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between epitaxial growth and advanced nanoengineering that
has the potential to open a new opportunity in the scalable
production of TMDC homo- and heterostacks.

Results and Discussion

Strain on single-layer WSe,. The process for activating the
basal plane as the growth front begins with the epitaxial growth
of WSe, monolayers by CVD that features the dual-heating
zones'® as schematically illustrated in Figure la. Here, the
WO; source was located at the center of heating zone 2, and
sapphire substrates were placed adjacent to the WO, boat. The
temperature of heating zone 2 was fixed at 900 °C. The
annealing temperature of heating zone 1, where Se powders are
located, varied from 220 to 300 °C. We found that this Se
annealing temperature is strongly associated with the shift in
photoluminescence (PL) of the as-grown WSe, monolayer
specimens that is characteristic of the structural strain (Figure
S$1).""7** When the Se annealing temperature was set at 220
°C, the as-grown WSe, monolayer shows an average PL
emission of ~1.56 eV along the whole deposition distance.
Conversely, the PL energy shifts to 1.63 eV when the Se
annealing temperature is set at 300 °C. To this end, we set the
annealing temperature of the first hot zone at a medium
temperature of 270 °C, which in turn enables us to explore the
origin of built-in strain fields. PL spectra were taken from WSe,
specimens epitaxially grown on sapphire substrates located
between the upstream and downstream regions as shown in
Figure 1b. The distance between each sapphire substrate is
evenly separated by 1 cm to ensure the comparison of PL
spectra and the associated built-in strain fields on a fair footing.
To better understand the correlative strain effect, we selected
two typical samples at the opposite ends of depositing position
profiles as shown in Figure lc. Relative to the prototypical
emission of ~1.66 eV of an unstrained monolayer WSe,
reported in the literature,”® PL spectra of WSe, collected
near the beginning of the diffusion pathway marked as 0 cm
displayed a substantial red shift of 74 meV, which can be
translated into a tensile strain of ~1.2%, designated as high-
tensile-strained (HTS) WSe,.””** Meanwhile, only a minor red
shift of 27 meV was observed from WSe, specimens grown
near the end of the diffusion pathway, where Se vapors become
predominant. The minor shift accounts for a relatively low
tensile strain of ~0.43%, namely, low-tensile-strained (LTS)
WSe,.””** Intriguingly, it is found that the tensile strains in
both samples relaxed after the wet transfer to freshly cleaned
sapphires and their emission peaks revert back to ~1.66 eV.
The tensile strain is likely built upon the cooling after growth,
and it is proposed that the different strains might be related to
the thermal coeflicient difference between the sapphire
substrate and the TMDCs grown with various conditions,
which will be further discussed in the following context.

It is known that defects, trions, and band-to-band emissions
all exhibit characteristic emission evolutions when excited at
low temperatures.zs_27 Thus, to rule out the defect- and
doping-induced shift in PL emission, we performed low-
temperature PL measurements as shown in Figure S2. As
suggested in the Gaussian fitted spectra, we did not observe a
distinctive PL emission difference that stemmed from defect
and doping contributions of both HTS and LTS WSe,
samples. These results further attest to the fact that the peak
position and intensity alteration are more likely caused by a
strain-induced band variation. (See the detailed discussion in
the Supporting Information, Note S1.) Furthermore, on the
basis of temperature-dependent photoluminescence measure-

444

ments (Figures S3 and S4), we noted that the PL energies of
both samples all displayed a large redshift with increasing
temperature, as a result of the increased electron—phonon
interactions and the varied bonding lengths. The HTS sample
can be considered that the WSe,-sapphire exhibits a stronger
interaction, while the low-tensile-strained sample LTS exhibits
a much weaker (van der Waals-like) interaction. The mismatch
in the thermal expansion coeflicient between the first epilayer
(WSe,, (1.1-1.4) X 107°/K) and underlying substrate
(sapphire, (5—8.3) X 107%/K) has profound impacts in the
HTS-WSe, when the temperature of the PL measurement was
decreased from 300 to 4 K.*® The result is that the much wider
PL energy difference between the HTS and LTS samples
increased from 40 meV (300 K) to ~60 meV (4 K). To this
end, we employed a modified Varshni relationship to
quantitatively investigate the temperature dependence on the
bandgap of strained WSe,””*"

coth[@] -1

2k, T (1)
where E,(0) is the bandgap energy at absolute zero
temperature, S is a dimensionless constant that represents
the strength of the exciton—phonon coupling, (A®) describes
the average phonon energy involved in electron—phonon
interactions, 7 is Planck’s constant, and kg is the Bolzmann
constant. For HTS-WSe,, the fitting parameter was extracted
with E, (0) ~ 167 eV, S % 2.07, and (Aw) ~ 11.71 meV. A
similar fitting to LTS-WSe, yields E,(0) ~ 1.73 eV, S ~ 2.66,
and (fiw) =~ 18.80 meV. By comparing these parameters, the
HTS sample was found to exhibit a lower bandgap value and
weaker exciton—phonon coupling, agreeing well with the
previously reported results where monolayer WSe, is subjected
to a tensile strain.”’ Meanwhile, Raman spectroscopy was used
to study the spatial distribution of the built-in strain of the as-
grown WSe,. Figure 1d demonstrates that the E,, peak of
WSe, splits into two peaks and shifts to opposite directions
when the growth of WSe, happens near the upstream. This is
characteristic of the emergence of a relatively higher tensile
strain,”’ which is also typically seen in CVD-grown single
crystal TMDCs.*>*® Meanwhile, when the growth of WSe,
takes place at the downstream region, the splitting of the
doublet peak gradually narrows and eventually merges at ~250
cm™!, indicative of a nearly strain-free state.”’ These results
collectively attest to the fact that the peak position and
intensity alteration are more likely caused by a strain-induced
band variation during the epitaxy.

As mentioned in the previous section, the root cause
responsible for the strain variation is the combined results of
subtle differences in growth environments. On the one hand, it
is known that the diffusion of metal (oxide) vapors in
conjunction with a significant vapor concentration drop always
gives rise to a nonuniform growth distribution when the
distance between metal oxide sources and designated
substrates increases.”* On the other hand, Se exhibits a low
melting point (220 °C) and thus can diffuse throughout the
whole furnace tube when the furnace temperature reaches 900
°C at 10 Torr.”* We performed the evaporation of WO,
powders in a standard growth condition except for the absence
of Se (see Figure SS for SEM images). An energy-dispersive X-
ray analysis (EDX) is used to examine the relative W weight
percentage of the deposited film along the path of diffusion.
Figure le clearly shows that the concentration profile of W

E,(T) = E,(0) — S(h0)
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Figure 2. Growth-mode control by tensile strain. (a) Schematic representation features the growth of homogeneous second WSe, overlayers
on the first HTS-WSe, epilayer in a layer-by-layer fashion. Meanwhile, island growth of multilayered clusters was found on the basal plane of
the LTS-WSe,. (b) OM image of the as-grown (0 cm) HTS-WSe, monolayer. (c) OM showing the formation of WSe, homobilayer indicated
by the red, dashed triangle. (d) Corresponding AFM images of WSe, homobilayers as well as a close-up view of the blue-marked area. (inset)
The height profile along the black dotted line. (e¢) OM image of the as-grown (9 cm) LTS-WSe, monolayer. (f) OM of WSe, islands formed
during the second growth. (g) Corresponding AFM images reveal the multilayered islands scattered on the basal plane of the first LTS-WSe,

epilayers. Scale bars: 5 pm.

distributes in a declining fashion, suggesting that the WO;/Se
vapor ratio scales disproportionally with the increasing distance
between growth location and WO; source. This concentration
profile shows a similar trend compared to the energy
distribution shown in Figure 1b. In the meantime, we also
performed the first WSe, epilayer growth on top of SiO,/Si
substrates as described in Figure S6 and Supporting
Information, Note S4. On the basis of the experimental
observations and spectroscopic characterizations, we arrived at
the conclusion that the WO;/Se vapor concentration profile
enables the modulation of the strain levels in the monolayer
WSe,. Under the Se-deficient atmosphere (growth takes place
near the WO, boat or at low Se heating temperature), the
reduced W atoms may not be fully selenized and then
completely converted into WSe,. Hence, fractions of W atoms
in the WSe, flake are chemically tethered with the oxygen-
terminated sapphire surfaces at the reaction temperature. Next,
the chemically pinned WSe, tends to develop the high built-in
strain by virtue of the mismatch of the thermal expansion
coefficient between that of WSe, and sapphire when cooling
down from a high annealing temperature in the growth
process.”® At the same time, the Se-rich environment efficiently
transforms WO; precursors to WSe,, where the unsaturated
W-0 bond formation enables WSe, monolayers to find an
energetically favorable configuration and thus leads to a low-
tensile-strained monolayer. We note that the deposition
temperature near the upstream location is determined to be
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925 °C, and it gradually decreases to 892 °C when the
depositing position moves to the downstream site. (Table S1).
As discussed in Supporting Information, Note S3, the
temperature difference measured at 0 and 9 cm would be a
nuance (~0.03%) and less likely to contribute to the built-in
strain on the first WSe, epilayer.

Strain-induced epitaxy of WSe, homobilayers. To elucidate
how a tensile strain modulates the homoepitaxial growth of
WSe, bilayer, we applied a two-step growth procedure where a
monolayer WSe, is grown on a sapphire followed by the van
der Waals epitaxy normal to the basal plane growth front. The
ability to systematically manipulate the built-in strain fields
enables us to prepare the WSe, monolayers with various tensile
strain levels as the templates to direct the growth of the
subsequent second WSe, overlayer. As summarized in Figure
2a the built-in strain fields of the first epilayer WSe, indeed
play an important role in modulating the epitaxial growth front
for the formation of WSe, homobilayers. The HTS-WSe,
monolayer enables the layer-by-layer growth mode, whereas
the LTS-WSe, directs the island growth mode. Figure 2b,e
features the optical microscope (OM) images of the first
epilayer of HTS- and LTS-WSe,, respectively. PL and Raman
measurements were used to confirm the strain uniformity and
were found to follow the similar trend (see the Supporting
Information, Figure S7). Here, the first HTS-WSe, monolayer
template, even with the built-in strain of only 1.37%,
evidentially and sufficiently enables the layer-by-layer growth
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sample. (d) Statistical histograms of the twist angles measured from hundreds of the triangular second WSe, overlayers. (¢) HAADF-STEM
image of WSe, homobilayers with a 0° twist angle. (f) Intensity profile along the direction of selected line in (e). (g) HAADF-STEM image of
WSe, homobilayers with a 60° twist angle. (h) Intensity profile along the direction of selected line in (g). Atomic configuration of AB (0°
twisted, 3R) stacked WSe, homobilayer, top view (i) and cross-sectional view (j). Atomic configuration of AA’ (60° twisted, 2H) stacked
WSe, homobilayers, view from the top (k) and the side (1). Blue balls denote W atoms, and yellow balls represent Se atoms (i—1). Scale bar:

1 nm.

mode, whereas the epitaxy on LTS-WSe, (a built-in strain of
0.56%) favors the island growth mode.

After the second growth, a uniform and fully covered second
overlayer of WSe, is epitaxially grown on top of the HTS-WSe,
epilayer as highlighted by the dashed triangle in red in Figure
2c. The atomic force microscopy (AFM) image in Figure 2d
provides the close-up view that the growth proceeds with the
seeding of small triangular WSe, and then merges into a
complete WSe, bilayer. The height profile determined by a
blue dashed line across the interface between a substrate and
the first epilayer of WSe, flakes is 0.82 nm, and the second
layer is ~0.62 nm, in accord with the signature thickness of
monolayer WSe,.'" Statistically, after scouring over 1000 flakes
from various epitaxy batches, all of the HTS-WSe, templates
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proceed with the layer-by-layer growth mode without
exception. Figure S8 showcases the low-magnification OM
image where WSe, homobilayers with uniform coverage are
ubiquitous on all HTS-WSe, epilayers. To the contrary,
sporadically distributed islands or multilayer clusters (thickness
up to ~10 nm) were found to scatter all over the LTS-WSe,
flakes as shown in Figure 2fg. Note that, although the
activation of the basal plane prioritizes the vertical growth
front, the underlying HTS-WSe, templates concurrently
become discernably larger. The dashed triangles in Figure
2¢,f present the size of the first epilayer in Figure 2b,e. Here,
the edges of the first-layer WSe, serve as the nucleation sites
for the second in-plane growth of WSe, during the ramping

process.”*° To ensure the yield and coverage of the second
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Figure 4. (a) Formation energy of monolayer WSe, on sapphire (Al,O;) superstructures with various strains. (b) Atomic models for the low-
strained (5 X SWSe,/2+/3 X 24/3 Al,0;) and high-strained (v/13 X /13WSe,/</7 X /7Al,0;) WSe, on AL,O;. (c) The calculated energy
cost of the nth layer WSe, (with respect to the free-standing monolayer WSe,) on two systems with substrates, defined by E,, = E(,ywse,/a1,0, —

WSe, overlayer, the epitaxy growth should be conducted in the
high-temperature region (~900 °C) where adequate energy
overcomes the nucleation barrier on the basal plane of the
HTS-WSe, templates, therefore proceeding with the thermo-
dynamically favorable stacking structure afterward.'”'* An
epitaxial growth at the lower temperature leads to edge-
directed in-plane growth (see Figure S9) and ultimately
extends to the continuous WSe, thin films. Figure S10 shows a
typical distribution of second-growth results of HTS-WSe,
epilayers. At the very front end, where the HTS-WSe, sample
is placed right next to the W source, continuous multilayers
(three to four layers) were developed on account of the sample
precursor supply. The number of layers sequentially decreases
to two to three layers and is ultimately limited to only bilayers
when the HTS-WSe, sample gradually moves away from the W
source. The same trend was also observed in the case of a low-
pressure CVD monolayer growth.”” It is noted that the
scattered bright spots are thick nucleation sites. The presence
of thick seeds can be suppressed efficiently by increasing the Se
vapor flux or decreasing the H,/Ar ratio to restrain the W
supply during the second growth.

Characterization of as-grown multilayer WSe,. The successful
activation of the basal plane through the strain engineering of
the first WSe, epilayer guides the layer-by-layer growth to
obtain a bilayer and even the trilayer as shown in Figure S11.
AFM images reveal that the triangular WSe, seeds the first
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nucleate, merges with the adjacent flakes, and ultimately forms
a complete film prior to the growth of subsequent layers,
closely resembling the layer-by-layer growth mode. Aside from
the consistently aligned vertical growth on a basal plane, the
first HTS-WSe, templates and the second WSe, overlayers are
highly aligned, and the dominant twist angles/edge orienta-
tions are 0° and 60° (180°). To verify the orientation of
individual flakes, the WSe, homobilayers were characterized by
second-harmonic generation (SHG). It is known that polar-
ization-resolved SHG is very sensitive to the crystal orientation
and that the intensity profile map can be used as a descriptor
for verifying spatial orientations between the first HTS-WSe,
epilayer and the second WSe, overlayer. With this in mind, we
specifically selected WSe, homobilayers with incomplete
coverage of second WSe, overlayers as shown in Figure S1la
to further enhance the fidelity of grain identification. Figure
3a,b shows the OM image and the corresponding SHG
intensity map of the triangular second WSe, overlayers, which
is independent of the polarization direction of the incident
laser field with respect to the crystallographic axis. Here, the
total SHG intensity of the sample was recorded. It is widely
recognized that materials with the absence of inversion
symmetry give rise to the SHG signal. Here, monolayer
WSe, is characterized by the Ds;, point-group symmetry, which
enables a strong SHG signal by virtue of its broken inversion
symmetry. As a result, in the case of WSe, homobilayers, the
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enhanced SHG intensity plot (bright) that stemmed from a
parallel stacking (0°) is the result of 3R stacking or AB
stacking, which can be assigned to the Dj;, point group with
broken inversion symmetry. On the contrary, the much-
suppressed second harmonic intensity plot (dark) taken at an
antiparallel stacking (60°) is the consequence of the Bernal
(2H) stacking or AA’ stacking (the D;; point group) with
inversion symmetry.”® We further examined the polarization-
resolved SHG as shown in Figure 3c. The polarization
direction for bilayer homostructures with different twist angles
seems to align well with the first HTS-WSe, templates, an
indication of the formation of energetically and thermodynami-
cally favorable stacking between the second overlayers on the
first HTS-WSe, (0° or 60°). In addition, we extended the SHG
measurements to different batches of WSe, homobilayers.
From analyzing the compiled statistics shown in Figure 3d, it
becomes clear that the stacking mode only shows two
directions (0° twist or 60° twist) that are generally recognized
as the most stable stacking in WSe, system.'>” These results
are consistent with the previous observation on artificially
stacked bilayer MoS,.”®

In parallel, the stacking configurations of the WSe,
homobilayers were investigated by the plane-view scanning
transmission electron microscopy (STEM) with the high-angle
annular dark-field (HAADF) mode. This is because the Z
contrast is highly dependent on the atomic numbers, making it
possible to infer the detailed atomic arrangement. Here, WSe,
homobilayers comprised of the opposite twist angle (0° and
60°) were selected (Figure S12a). Figure 3e,g features the
high-resolution HAADEF-STEM images taken at WSe,
homobilayers of 0° and 60° twist angles. Distinctively different
atomic patterns become discernible as a result of different
stacking sequences as shown in Figure S12b,c. In the AB
stacking configuration (twist angle of 0°, Figure 3i), atoms
intersected by the red dashed line represent the 2Se+W
overlaps. The bright spots marked in Figure 3e manifest the
overlaps by means of sandwiching W atoms with two Se atoms
in the vertical and aligned fashion. Furthermore, from the
sectional view of the WSe, bilayer stacking, it becomes
apparent that the upper layer slides and thus gives rise to three
atomic alignments, including 2Se, W, and 2Se+W (Figure 3j).
The intensity profile extracted from the selected regions in
Figure 3e also follows the similar trend in terms of stacking
sequence as shown in Figure 3f. Alternatively, the atomic
configuration featured in Figure 3k with a 60° rotation of the
hexagonal structure results in the alignment of W with Se, that
is, the AA’ stacking with the atomic alignment of W+2Se and
2Se+W (Figure 31), respectively. The intensity profile (Figure
3h) derived from Figure 3g matches well with the
aforementioned atomic stacking sequence.”” Moreover, the
optical properties of as-grown WSe, with different layer
numbers are systematically investigated (Figure S13). The
results suggest that the growth front through activating the
basal plane during the epitaxy has made possible the
preservation of all these characteristics unique to the exfoliated
benchmarks, thus distinguishing the strain-engineering ap-
proach from the other strategies.””
Mechanism of strain-induced bilayer WSe,. To understand the
correlation between strain and the associated growth modes,
DFT computations were performed to probe the information
on formation energy in the presence of strain. To this end,
atomic models of monolayer WSe, epitaxially grown on
sapphire with various degrees of the magnitude of built-in
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strain ranging from —1% to 6% were constructed. The
formation energy is calculated for each superstructure that
sits at the lowest energy among various atomic registries by
sliding the layer surface with respect to the substrate. The
calculated formation energy on the basal plane, E; = Eyys,,/a1,0,

— Ewse, = Eaj,o, is found to decrease linearly as strain
increases (Figure 4a), suggesting that the high tensile strain
indeed arises from the strong interaction between the WSe,
and sapphire substrate. The formation energy E;is known to be
associated with the change of Gibbs free energy per unit
volume of the solid phase, AG,. The change of volume of

. w_ 16myVf
Gibbs free energy can be expressed asAG*= (73(AGV+W)2)

X (M) where ¥ is the surface tension, @ represents
the contact angle, and w denotes the strain energy per unit
volume generated by the stress in the epitaxy. When the strain
energy per unit volume generated by the disproportional
concentration profile of WO;/Se precursor vapors is included,
the overall energy barrier to nucleation increases, because the
sign of AG, is negative, and the sign of strain energy is positive.

With this in mind, as shown in Figure 4b, we investigate the
energetics of the layer-by-layer growth mode of the subsequent
second WSe, overlayer. Two atomic models for the LTS (S X
SWSe,/2+/3 X 24/3A1,0;) and HTS (V13 X V13 WSe,/
J7 x \J7AL,0;) WSe, on sapphire corresponds to the two
extremities of the WSe,-sapphire interactions: (i) nearly strain-
free (—0.1%) and (ii) extremely high orders of magnitude of
strain level of 5.8%, respectively. Figure 4c shows the
calculated energy cost of the formation of the nth (n =
1,2,3) WSe, overlayer (with regard to free-standing single
layer) on the two aforementioned systems, defined by E, =
E(n)WSez/A1203 - E(n—l)WSez/Ale3 - Efree—WSez' Another two
reference cases, HTS-WSe, and LTS-WSe, in a freestanding
form, that is, without the supporting Al,O; substrates, are also
included for comparison. It is found that the energetic
landscape of the subsequent epilayer always shifts toward the
lower end in the less-strained system (the difference is ~260—
270 meV per chemical formula for n = 2 and 3). Meanwhile,
after including the underlying Al,O; growth substrates, the
energy cost of the first WSe, epilayer for the high tensile strain
case becomes even lower than that of a low-strain case, shifting
by 112 meV per chemical formula. This shift in energy cost
thus suggests the presence of a strong interaction between the
first WSe, epilayer and Al,O; in the high tensile strain cases.
(Note that the distance between the bottom Se layer and the
O-termination surface is 1.77 and 1.7 A for low- and high-
strain systems.) The energy cost for adding second and third
WSe, overlayers becomes nearly identical with or without
substrates (Figure 4). In parallel, contributions to the layer-by-
layer energy cost of the WSe,/Al,O; system are twofold:
substrate interaction and strain effect, with the former being
negative, and the latter being positive. In the stronger
interaction with an underlying substrate in a HTS-WSe,-
induced Frank—van der Merwe (layer-by-layer) growth
mode,*' adatoms attach preferentially to surface sites resulting
in a laterally grown film prior to the growth of subsequent
layers along the vertical direction. Antithetically, a negligible
strain in LTS-WSe, leads to a Volmer—Weber (nucleation-to-
island) growth,”” indicating a very weak interaction with the
surface, such that adatom—adatom interactions are stronger

https://doi.org/10.1021/acsmaterialslett.0c00554
ACS Materials Lett. 2021, 3, 442—453


http://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.0c00554/suppl_file/tz0c00554_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.0c00554/suppl_file/tz0c00554_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.0c00554/suppl_file/tz0c00554_si_002.pdf
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.0c00554?rel=cite-as&ref=PDF&jav=VoR

ACS Materials Letters

www.acsmaterialsletters.org

5

S MosS,

2

‘®

C

[}

=

) MoS_/WSe

D 2

N

‘T X 24

£

(@]

z

15 16 17 18 19 20 241
Energy (eV)

WSe, 1+ epilayer MoS, 2" overlayer

3

Normalized intensity (a.u.)

MoS

MoS,/WSe,

240 280 320 360 400

Raman shift (cm™")

440

Figure 5. MoS,/WSe, heterostructure obtained from the first HTS-WSe,. (a) Schematic illustration of atomic structures and (b) OM image
of vertical and lateral MoS,/WSe, heterostructures. (c, d) The corresponding PL mapping images at 1.59 and 1.88 eV, respectively. (e) PL
spectra and (f) Raman spectra corrected from the core (blue) and surrounding (black) regions. Scale bars: 5 pm.

than those of the adatom with the surface, resulting in the
vertical growth with adatom clusters or islands. As a result, the
layer-by-layer vertical growth of WSe, bilayers is energetically
preferred at the beginning of the nucleation stage and becomes
thermodynamically stable at the end of the epitaxial growth by
virtue of compensating the energy cost induced by the high
tensile strain (E,3 > 0). For low-strain (nearly strain-free)
systems, the total energy cost is always negative, and therefore
the growth of a subsequent second WSe, overlayer favors the
nucleation-to-island mode. Our experimental observation and
simulations agree well with the above thin-film growth models.
Growth and Characterization of MoS,/WSe, Heterobilayers.
Because our strain-engineering epitaxy is directed by the built-
in strain fields, intrinsic to the 2D TMDC growth, its use is not
limited to the WSe,—WSe, homobilayers reported here.
Instead, it could be generalized for epitaxy growth of vdW
heterobilayers with atomically thin p—n junctions. Here,
combined with the understanding of the nucleation and
growth characteristics on an HTS-WSe, template, we
expanded the strain-induced epitaxy growth to include
MoS,/WSe, p—n heterobilayers. To this end, HTS-WSe,
first epilayers were again featured as the strained template
for the subsequent growth of second MoS, overlayers. Note
that a two-step growth in different furnaces is used to afford
the heterostructures without cross contamination at the
atomically thin p—n interfaces. The growth temperature of
second MoS, overlayers is set at 750—760 °C under 30 Torr
with Ar as the carrier gas. Figure Sa schematically illustrates the
sequential epitaxy growth of second MoS, overlayers. Both
vertical and lateral epitaxy growths of MoS, on the HTS-WSe,
templates are observed with the vertical growth front (basal
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plane) outweighing the lateral counterparts (edges). This can
be understood from the epitaxial point of view that the
formation of lateral p—n junctions takes place during the
ramping of annealing temperatures for the second growth.”>**
We specifically selected WSe,/MoS, heterobilayers with an
incomplete coverage of a second MoS, epilayer as a result of
PL quenching, which can be leveraged as a descriptor to
identify the location of second MoS, epilayers. Figure Sb
shows the OM image of the as-grown MoS,/WSe,
heterobilayers. The distribution of the first WSe, template
and the second MoS, overlayer was further examined by PL
intensity maps at 1.59 eV (wavelength of 780 nm) and 1.88 eV
(wavelength of 660 nm), characteristic of the direct excitonic
transitions in both MoS, and WSe,. A PL mapping of relevant
PL characteristics, including MoS, in green (Figure Sc) and
WSe, in red (Figure Sd), evidentially proves the successful out-
of-plane growth of n-type MoS, on the basal plane of p-type
WSe,. In addition, the PL spectra in Figure Se reveal diverse
PL emission peaks at the core (blue) and from the surrounding
(black) regions. The black curve with a prominent emission
peak at 1.88 eV represents the direct bandgap excitonic peak of
monolayer MoS,. Meanwhile, the emergence of two relatively
weak peaks in blue (1.59 vs 1.85 eV) was observed in the core
region. The peak assigned at 1.59 eV corresponds to the
combination of intralayer excitonic emission from the
underlying WSe, epilayer (Xyyse, at 1.61 eV) and the MoS,/
WSe, interlayer exiton (Xyos2/wsez at 1.58 €V), as shown in
Figure S14.** The considerable deviation and intensity
quenching of PL emission can be translated into the strong
interlayer coupling and charge transfer, characteristic of the
type Il heterostructures.” Similarly, Raman spectra acquired
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from the core region (black) and surrounding (blue) area of
the MoS,/WSe, heterostructures were summarized in Figure
5f. Two predominant peaks at 405 and 385 cm™', which
correspond to the A;; and E,, modes of monolayer MoS,, arise
from the surrounding. Nevertheless, the core region exhibits
both characteristic peaks of MoS, and WSe, (250 cm™, Eyq
mode), respectively. The presence of relevant Raman
characteristics in tandem with representative features from
both PL spectra and mappings collectively manifests the
applicability and generality of a strain-induced epitaxy growth
of heterobilayers with atomically thin and clean p—n interfaces.
A wide variety of artificial TMDC heterostackings with control
over the number of layers, uniformity, coverage, and intrinsic
material properties can thus be epitaxially grown for a myriad
of electronic and optoelectronic applications.

Conclusions. In conclusion, we have demonstrated that built-in
strain fields in 2D TMDCs play a crucial role in activating the
out-of-plane growth front for affording homo- and hetero-
bilayers. With the consistent agreement between DFT
simulations, experimental observations, and spectroscopic
characterizations, our findings elucidate general rules for a
strain-driven epitaxy growth of homo- and heterobilayers: (1)
the overall energy barrier to rampant nucleation increases
because of the presence of strain energy that reconciles the
adverse impact of AG,. The result is the activation of the
growth front on the basal plane where epitaxy of bilayer
proceeds, (2) built-in strain fields in the first WSe, epilayers
stem from the combined effects of local chemical environments
and can be systematically modulated in situ during the epitaxy
growth, (3) the stacking of homo- and heteroepilayers
predominately follows AB (0° twisted, 3R) and AA’ (60°
twisted, 2H) according to the analyses of SHG measurement
and HAADF-STEM images, and (4) this strain-modulated
epitaxy can be a general platform for extending libraries of vdW
homo- and heterobilayers. Such an understanding not only
provides fundamental insights into the knowledge for the
vapor-phase epitaxy of 2D layers but opens new inroads in the
direct growth of vdW homo- and heterobilayers with control
over the bilayer coverage and content in tandem with the
preservation of electrically addressable and spectroscopically
tractable interfaces in a potentially scalable and industry-
compatible fashion.

Materials and Methods

Growth of monolayer, WSe, homobilayers, and MoS,/WSe,
heterobilayers. First, the epitaxy growth of single-crystal first
WSe, epilayers was adopted from the previous work.'® In
essence, WO; (Sigma-Aldrich, 99.9%) powders were placed in
a ceramic boat that was located at the center of the furnace.
The sapphire substrates were located in the downstream side
adjacent to the ceramic boat as shown in Figure 1. The Se
powders (Sigma-Aldrich, 99.99%) were annealed by a heating
tape at the upstream side, and the resulting Se vapors were
transported by an Ar/hydrogen (H,) mixture gas (66 to S
sccm). The furnace was then heated to 900 °C with a heating
rate of 25 °C/min at 10 Torr. The duration of the epitaxy
growth of the first WSe, was ~15 min, subjected to the
variation in ramping rate and loading of precursors. Upon
completion, the system was naturally cooled to room
temperature. The production of both HTS-WSe, and LTS-
WSe, was accomplished by adjusting the precursor ratio
between W and Se. For obtaining the WSe, homobilayers, the
resultant HTS-WSe, along with the sapphire substrate was
directly used as the template and was placed in the
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downstream side. Note that the growth of a second epilayer
was performed under a Se-rich environment. Through control
of the growth time, a fully covered WSe, homobilayer film can
be achieved. In the case of synthesizing the MoS,/WSe,
heterobilayers, the as-grown HTS-WSe, flakes/films were
transferred into another CVD furnace to avoid cross-
contamination. The furnace temperature was set as 800 °C
with the surface temperature of growth substrate measured at
~750—760 °C, and the duration of the epitaxy growth lasted
for 10 min. Importantly, in the MoS, furnace, S powders
(Sigma-Aldrich, 99.9%) and MoO; powders (Sigma-Aldrich,
99.9%) were used as precursors. The flow of carrier gas (Ar)
was carefully maintained at 70 sccm, and the pressure was
controlled at 30 Torr.

Raman & photoluminescence characterization. The Raman
and photoluminescence (PL) spectra on WSe, homobilayers
and WSe,/MoS, heterobilayers were collected using a Witec
alpha 300 confocal Raman microscope equipped with a
RayShield coupler. A 532 nm solid-state laser was the
excitation source. The excitation light with a power of 2.5
mW was focused onto the sample by a 100X objective lens
(numerical aperture (NA) = 0.9). The signal was collected by
the same objective lens, analyzed by a 0.75 m monochromator,
and detected by a liquid-nitrogen-cooled charge-coupled
device (CCD) camera. The atomic force microscopy (Cypher
ES-Asylum Research Oxford Instruments) characterizations
were conducted with Olympus (OMCLAC240TS) Al-coated
silicon cantilevers. The resonance frequency was ~70 kHz, the
spring constant was ~2 N/m, and the tip curvature radius was
~7 nm. The temperature-dependent PL spectra on monolayer
HTS-WSe, and LTS-WSe, flakes was measured by a
microphotoluminescence setup integrated in a cryogen-free
cryostat with a base temperature of 4.2 K. A He—Ne laser with
a wavelength of 632.8 nm was focused by a 100X objective lens
(NA = 0.82) to excite the WSe, flakes. The PL signals were
collected by the same objective lens and sent to a liquid-
nitrogen-cooled CCD detector.

Second-harmonic generation measurements. SHG spectrosco-
py was conducted by a backscattering optical microscope at
room temperature.”® The fundamental field was provided by a
mode-locked Ti:sapphire pulsed laser (870 nm) and focused
on the sample surface by a 100X objective lens (NA = 0.9).
The backscattered SHG signals were collected by the same
objective lens, analyzed by a 0.75 m monochromator, and
detected by a liquid-nitrogen-cooled CCD camera. The
polarization of the fundamental laser (SHG signal) was
selected (analyzed) by combining a linear polarizer and a
half-wave plate. For spatial SHG mappings, the sample was
mounted on a motorized x-y scanning stage with the high
repeatability of 0.25 pm.

Scanning transmission electron microscopy. The homo- and
heterobilayer samples for STEM were prepared by wet-transfer
methods. Specifically, poly(methyl methacrylate) (PMMA)
was spin-coated onto the as-grown WSe, homobilayer samples
as a supporting substrate. The PMMA/WSe, homobilayer
composites were fully soaked into HF solution, leaving behind
the WSe, homobilayers. After a rinse with copious amounts of
deionized water (DI-H,0), suspended WSe, homobilayers
were scooped onto transmission electron microscopy (TEM)
grids. To enhance the adhesion between WSe, homobilayer
samples and the underlying TEM grids, an additional annealing
was performed at 50 °C for 1 h. Then the residual PMMA was
fully removed by a thorough acetone rinse. The HAADE-
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STEM imaging was conducted at 80 kV using a JEOL ARM
200F transmission electron microscope (80—200 kV). The
TEM is equipped with a Cs (spherical aberration) corrector
and a high brightness cold field-emission gun (C-FEG), and
the STEM detector is made of yttrium aluminum perovskite
(YAP).

Density function theory simulation. The first-principles
calculations were performed with DFT as implemented in
the Vienna Ab initio Simulation Package (VASP).*® The
interaction between electrons and ionic cores was approxi-
mated by the projector augmented wave method, and the
exchange-correlation potential was described by the PBE-
GGA,"” with the vdW correction vdW-DF (optB86) func-
tionals.*® A slab model is used for simulation with a vacuum
thickness larger than 18 A to eliminate the spurious
interaction, and the plane waves energy cutoff is 400 eV.
The structure was fully relaxed until the change of the energy
and the force reached 107° eV per 1 X 1 cell and 1073 eV/A,
respectively. A2 X 2 X 1 and 3 X 3 X 1 k-grid was used for
low-strained (5 X S$WSe,/2+/3 X 2+/3 ALO;) and high-
strained (v/13 X +/13WSe,/+/7 X /7 ALO;) systems, with
an interlayer distance of 1.77 and 1.70 A between the WSe,
and Al,O; and an interlayer distance between 6.58 and 6.5 A
for WSe, and WSe,. The lattice constants of WSe, and
sapphire used for calculations are 3.28 and 4.73 A.
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