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Abstract

Epitaxial growth of 2D transition metal dichalcogenides (TMDs) on sapphire has emerged as a promising
route to wafer-scale single crystal films. Steps on the sapphire act as sites for TMD nucleation and can
impart a preferred domain orientation resulting in a significant reduction in mirror twins. Here we
demonstrate control of both the nucleation site and unidirectional growth direction of WSe, on c-plane

sapphire by metalorganic chemical vapor deposition (MOCVD). The unidirectional orientation is found to
be intimately tied to growth conditions via changes in the sapphire surface chemistry which control the
step edge location of WSe, nucleation imparting either a 0° or 60° orientation relative to the underlying
sapphire lattice. The results provide insight into the role of surface chemistry on TMD nucleation and
domain alignment and demonstrate the ability to engineer domain orientation over wafer-scale
substrates.

Full Text

Two-dimensional (2D) transition metal dichalcogenides (TMDs) with desired properties are ideal
candidates for novel applications, such as 3D integrated devices on Si complementary metal-oxide—

semiconductor (CMOS), sensors, and optoelectronics.’>3# In addition to the intensively studied MoS,,
monolayer WSe,, a direct bandgap semiconductor with an optical gap of ~1.65 eV, also shows attractive
properties.>® WSe, is distinguished from other TMDs by its enhanced spin-orbit coupling and large
splitting of the valence band maximum (0.46 eV for WSe,, as compared to 0.15 eV for MoS,), making it a
promising material for spintronics.”® The ambipolar characteristics of WSe, also enable p-type behavior

compared to the commonly observed n-type doping in WS, and MoS,.>1011.12

Due to the small size of mechanically exfoliated flakes from bulk crystals, research has focused on
epitaxial growth of TMDs as a pathway to wafer-scale single crystal monolayers and few-layer films.1314
C-plane sapphire ((0001) a-Al,05) has emerged as a promising substrate for epitaxial growth due to its
crystallographic compatibility, chemical and thermal stability under typical growth environments, and
commercial availability in wafer diameters up to 8 inches. Epitaxial growth of WSe, on c-plane a-

Al,05 has been demonstrated’®°® where growth on a 1x1 Al-terminated (0001) sapphire surface, exhibits
commensurability via a 3-on-2 superstructure (ayse;=3.30 A and a,.41503=4.76A) with the WSe, aligned in
the same crystallographic direction as the a-Al,05 (Figs. 1a and S1).'” The non-centrosymmetric Cs,
lattice of TMDs leads to the equivalency of anti-parallel domains with lattice rotation angles of 0° and

60° (Fig. 1a) or + 30° relative to the <110> axis.'® The merging of domains with 60° in-plane rotation
leads to the formation of inversion domain boundaries (IDBs), also referred to as mirror twin grain
boundaries (MTBs).1%2% IDBs have been demonstrated to exhibit metallic character and can act as
conducting channels within the semiconducting monolayer that negatively impact both electrical and

optical properties.212223
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Steps on the c-plane sapphire surface play an important role in TMD nucleation and orientation. On-axis
c-plane sapphire substrates typically have a small miscut angle of ~0.2° toward the m-axis (<100>) which
produces steps that are aligned roughly parallel to the a-axis (<110>) (Fig. S2). Chen et al. demonstrated
that the steps act as preferred sites for WSe, nucleation and impart directionality to the growing
domains.?* Similar unidirectional domains have been reported for epitaxial growth of WS,2° and

MoS,2% on c-plane sapphire miscut ~0.2° toward the m-axis and a-axis, respectively. However, the

presence of steps alone is not sufficient to achieve unidirectional domains. For example, Hwang et al.?”

observed step-edge aligned nucleation of MoSe, on c-plane sapphire only when H, was added to the Ar
carrier gas and Sunega et al.?% reported epitaxial growth of MoS, with +30°/-30° or 0°/60° lattice rotation

angles only under increased sulfur flux. Consequently, both the presence of steps and the growth
chemistry play a role in TMD nucleation and alignment, but chemistry effects are not as well understood.

In this study, we demonstrate that steps on sapphire act as sites for WSe, nucleation and furthermore
that the preferred site for WSe, nucleation on the step edge can be switched from the top to the bottom

edge of the step by varying growth conditions, resulting in a change in the preferred domain orientation
from 0° to 60°, respectively. Our combined experimental and theoretical results provide insight into the
role of surface step structure and chemistry on TMD nucleation and domain alignment that can be
exploited to reproducibly achieve wafer-scale single crystal monolayers.

WSe, monolayer films were grown by metalorganic vapor phase epitaxy (MOCVD) on 2" diameter c-
plane sapphire substrates using a modified three-step process (nucleation, ripening, lateral growth)'® with
W(CO), and H,Se as precursors in a H, carrier gas (see Methods and Figure S3). Using a lateral growth
time of 10 min and reactor pressure of 200 Torr, isolated WSe, domains are present on the substrate,
which enables a determination of their orientation relative to the underlying sapphire (Fig. 1b,c). The
majority of the WSe, domains point in opposite directions relative to the m-axis of the sapphire; along the

and which are designated as 0° and 60° domains, respectively (Fig. 1a). Statistical analysis indicates
that ~87% of the domains (excluding partially coalesced domains) exhibit a 0° orientation while the
remainder are 60° oriented (Fig. 1c). The preferred orientation is uniformly observed across the entire 2"
substrate excluding the edge region (Fig. S4). In-plane X-ray diffraction (XRD) f-scans of the {110} planes
of WSe, and a-Al,05 show six-fold rotational symmetry and demonstrate that the WSe, grows epitaxially

on the substrate with the epitaxial relationship of [110]WSeyggq1)// [110]a-Al,03(gg01)- (Fig. 1d).

The effect of growth temperature on WSe, domain orientation was probed by varying the lateral growth

temperature from 650 °C to 1000 °C while holding all other growth conditions constant (see Methods
and Fig. S3). Again, in-plane XRD f-scans show an epitaxial relationship of [110]WSeygqq1)//[110]a-

Al;03(0001) for growth temperatures from 750 °C to 1000 °C (Fig. 1e). The full-width-at-half-maximum
(FWHM) of the f-scan peak of WSe,, which is a measure of the in-plane rotational misorientation of
domains,2° decreases from 0.47° at 750 °C to 0.16° at 1000 °C indicating an improvement in the epitaxial
registry at higher growth temperatures (Fig. 1f). In addition, the percentage of 0° domains increases from
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~60% for the WSe, sample grown at 650- 750 °C to ~85% for the WSe, grown at 1000 °C (Figs. 1g-i and
S5). The surface coverage of the WSe, domains decreases from 37% at 650 °C to 20% at 1000 °C likely
due to reduced adsorption of precursors on the substrate at elevated temperatures.

To investigate the origin of the preferred orientation, the W(CO)¢ precursor flux was reduced and the
growth was terminated after the nucleation and ripening steps. A significant fraction of the WSe, nuclei
(white dots) are localized at the top edge of the steps, as highlighted by the white arrows (Fig. 2a), the
histogram and schematic illustration (Fig. 2b). After lateral growth of 5 min, the nuclei grow into
triangular domains (Fig. 2c). As shown in the histogram and schematic (Fig. 2d), the domains near the
terrace centers show both the 0° (orange) and 60° (blue) orientations, present in similar fractions.
However, the domains that nucleate at the top edge of the step (red) and grow across the terrace are
much more frequently observed than those which initiate at the bottom step edge (light blue).

The role of steps as nucleation sites is well established in traditional epitaxy and has been reported
previously for TMD growth on c-plane sapphire.?4#?” The side edge facet of the step is typically the
thermodynamically preferred site for nucleation due to the preponderance of dangling bonds, which
results in growth from the bottom edge of the step. Our observations, however, find that the nuclei are
localized at the top edge of the steps with their zig-zag edge roughly aligned to the step edge and grow
across the terrace rather than over the step edge giving rise to the observed Oorientation. However, the
WSe, orientation is not solely determined by the step direction, which can vary by several degrees from

substrate to substrate. Figures 3a-b show two examples where the step direction varies by as much as +
10°-12° from the A<1120> axis. The WSe, domains do not align to the steps, rather they retain the

[110]WSey0001)//[110]a-Al, 05001y epitaxial relationship (Fig. 3c-d). This can be explained by assuming
that at the early stage of growth, when WSe, nuclei have not yet obtained their equilibrium zig-zag

structure, the nuclei have slanted edges with kinks which interact strongly with the step edges (see Sl and
Figure S6). The slanted edges disappear quickly during kink flow growth of the edge leading to
completion of the linear zig-zag edge which is aligned parallel to the A<1120> axis rather than the step
edge. Thus, while the steps act as sites for nucleation and impart directionality, the WSe, domains remain

oriented to the underlying c-plane sapphire lattice regardless of the exact step angle.

Density functional theory (DFT) calculations were carried out to explore the epitaxial relationship between
WSe, and a flat c-plane sapphire to assess the role of the steps. Thermal annealing of c-plane sapphire in

H, at high temperatures (~900°C) is known to alter the sapphire surface resulting in a loss of -OH groups
leaving an Al-terminated surface.3? Given the high temperature (850-1000 °C), H,-rich growth

environment, the c-plane sapphire surface is assumed to be 171 Al-terminated, akin to previous reports.’*
Direct epitaxy of WSe, on Al-terminated sapphire would destroy the van der Waals nature of the interface
(Fig. S7a). Therefore, the Al-terminated surface is assumed to react readily with H,Se, which is present in
excess in the growth ambient, resulting in a Se-passivated surface. The WSe, then interacts with the Se-
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passivated sapphire surface via quasi van der Waals epitaxy which is consistent with the interface
structure as assessed by transmission electron microscopy (Figs. S7b,c and S8).

The relative total energy of different orientations of WSe, on Se-passivated c-plane sapphire was then
computed by rotating a WSe, cluster with a dimension of 13.16 A with respect to the [1010] direction of
sapphire where 0° — [10T0]WSe; (g9g1)//[10T0]AI, 03 (ggo1) @nd 30° — [T0TO]WSe; (ggg1y//[1120]Al,04
(0001) (Fig. $9). On flat Se-passivated sapphire, the 30° orientation of WSe, was found to be a more stable
configuration (Fig. 3f). However, as shown in Figs. 1-3 and other reports,’>!” the 0°/60° orientations are
observed experimentally. This indicates that the presence of step edges along the A<1120> axis, which
act as sites for WSe, nucleation, induce the 0/60° alignment (Fig. 3e-f) instead of the predicted 30°
alignment (Fig. 3f-g). The presence of A<1120> steps reduces symmetry by external perturbation (e.g.,

high adsorption sites on step edges) and by consequence, removes the degeneracy in the formation
energy of WSe, on sapphire (Fig. 3f); in other words, the 30° option disappears at the step edges,

stabilizing the 0° (or 60°) alignment (Fig. 3e).

To further investigate the effect of growth conditions on WSe, domain orientation, additional growths
were carried out using the modified three-step process with 1000°C lateral growth temperature, but the
reactor pressure was increased from 200 Torr to 700 Torr to increase the partial pressure of both H, and
H,Se within the growth environment. As previously discussed, at 200 Torr, the majority of the WSe,
domains exhibit the 0° orientation (Fig. 4a), however, at 700 Torr, the predominant domain direction
switches to 60° (Fig. 4b). The 60° orientation observed at 700 Torr indicates that the WSe, domains are
now nucleating at the bottom edge of the steps, similar to previous reports for step-directed TMD
growth.2427

DFT calculations were used to identify the thermodynamically preferred site for WSe, nucleation on the
steps for comparison to the experimental results (Figs. S10-15). The existence of an oxygen remnant on
the bottom terrace next to the step edge due to incomplete removal of -OH from the sapphire surface
leads to WSe, growth on the top step edge rather than the bottom (Figs. 4c-e and S11-13). WSe, that
nucleates at the top edge remains there (Fig. S10, S12-15 and Movies S2 and S6) while WSe, that initially
nucleates at the bottom edge moves from the bottom to top (Fig. S10-15 and Movies S1 and S5). The
existence of an O-remnant induces first the reconstruction of the step edge, followed by the movement of
WSe, from the bottom to the top terrace during the relaxation (Fig. 4e) consistent with the experimental
results obtained at 200 Torr (Fig. 4a). However, for sapphire that is fully Al-terminated and passivated
with Se with no O-remnant (Figs. 4d and S14-15 and Movies S3, S4, S7, S8), WSe, remains on the bottom
of the step edge (Fig. S14f) during relaxation which is thermodynamically more stable than the top edge
(Fig. S14e) with an energy difference of 0.13 eV consistent with the result obtained at 700 Torr (Fig. 4b).

DFT calculations reveal that in the presence of steps, the extent of Al termination of the sapphire surface
will be dependent on the growth conditions (Figs. S16-S17). As the sapphire substrate with —OH
termination is heated in hydrogen, the surface releases H,0 but this does not occur uniformly. Oxygen
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dissociation from the top terrace is energetically more favorable (1.24 eV) than that from the middle (1.28
eV) and bottom terraces (1.73 eV) (Fig. S17). The H,0 loss occurs at the top of the steps and the terrace
regions first and the bottom of the steps last (Figs. S16). At lower reactor pressures, the chemical
potential of hydrogen is reduced, and consequently, O-remnants can still be present at the bottom of the
steps. In this case, it is thermodynamically more likely for the WSe, to nucleate at the top step edge as
observed experimentally at 200 Torr (Fig. 4a). The results demonstrate that the preferential alignment of
WSe, domains is dependent not only on the presence of steps but also on the surface termination of the
sapphire substrate and the structure and chemistry of the step edges (Figure S10-17).

The impact of unidirectional alignment on the structural and optical properties of coalesced WSe,
monolayers was assessed for films grown at a reactor pressure of 200 Torr and lateral growth
temperature of 1000 °C, which provided the highest percentage of 0° oriented domains. As the lateral
growth time is increased from 2 min to 26 mins, the triangular WSe, domains grow laterally and begin to
merge (Figs 5a and S18). At 22 mins of lateral growth, the void regions that remain between coalesced
WSe, domains also have triangular shapes opposite to that of the 0° domains providing additional
evidence for the unidirectional nature of the monolayer. Over this time window, the surface coverage of
WSe, increases approximately linearly with lateral growth time (Fig. 5b). At 26 mins, the WSe, monolayer
is nearly fully coalesced across the central portion of the 2" wafer (Fig. S19) and the surface contains
undulations arising from the steps on the underlying sapphire. In-plane XRD of this sample confirms that
it has retained the [110]WSey g1y // [110]a-Al,03g007) epitaxial alignment (Fig. 5¢) and the FWHM of
the f-scan peak of WSe, has further narrowed to 0.14° (Fig. 5d).

Raman spectroscopy and photoluminescence (PL) measurements were carried out at room temperature
(RT) on a WSe, monolayer that was grown for 30 mins lateral growth time to ensure complete film
coalescence. The WSe, was removed from the sapphire and transferred to a SiO,/Si substrate (see

1
E Ay g

Methods and Fig. S20a-d). The RT Raman spectrum (Fig. S20e) shows the characteristic 29>

and 2LA modes associated with single-layer 2H-WSe,. The RT PL spectrum (Fig. S20f) shows a strong
peak that can be deconvoluted into a neutral exciton peak and a negatively charged exciton (trion) peak
located at ~1.68 eV and ~1.65 eV, respectively. There is negligible change in Raman and PL peak
positions and FWHM as a function of position across the transferred WSe, (Figs. S20g-h) which
suggests uniform properties across the wafer-scale film.

Second harmonic generation (SHG) and dark-field transmission electron microscopy (DFTEM) were used
to assess the microstructure and orientation of the coalesced WSe, monolayer. Figure 6(a) shows a
typical SHG map of the WSe, monolayer on c-plane sapphire. The map reveals ~ 2-4 mm sized
monolayer regions decorated with bilayers in 3R (red spots) and 2H (blue spots) stacking configurations,
which typically are Tmm in size (see Sl for details). The polarization-resolved SHG measurements confirm
that the monolayer regions have the same crystal orientation (see Methods and Figs. S21-22). For
DFTEM, the WSe, monolayer sample was transferred from the sapphire to a Quantifoil holey carbon Cu

Page 7/23



TEM grid (see Methods). The composite DFTEM image shown in Figure 6b was formed by stitching a 5'5
array of individual DFTEM images?°3132 (see the Methods and Fig. S23). The composite DFTEM image
reveals the presence of triangular shaped 60° oriented domains outlined by trapezoidal holes (yellow
circles). The trapezoidal holes define the boundaries between 0° and 60° domains (Fig. S23b-d) and were
IDBs or MTBs that were preferentially etched away by the NaOH solution during the transfer process. The
60° domains account for <10% of the 25 um? viewing area (Fig. 6b) which is consistent with the areal
coverage of 60° domains measured by AFM prior to coalescence (Fig. 1g). Bilayer islands (bright
triangles) and voids (small dark triangles) are also present which formed during layer transfer or from
incomplete film coalescence.

The high optical quality of the WSe, is confirmed by variable temperature PL. WSe, transferred onto
Si0,/Si exhibits two peaks in the PL spectrum at 77 K under 532 nm excitation (Figure S24). The PL
emission at 1.730 eV is identified as the A exciton, while the peak at 1.695eV is attributed to the
negatively charged exciton (trion). Polarization-resolved PL (Figure S25) was measured under a left-
handed circularly polarized (o) laser. The circular helicity is defined as P = (I - 1,)/(I- + 1,), in which L_
and I, are the intensity of the _ and o, components of the PL signal, respectively. The 6_ and o,
components correspond to the exciton transition at K and K’ valleys, respectively, as determined by the
valley-selective optical selection rules.3334 The circular helicity of the exciton (trion) is 0.28 (0.16) at 77 K
as shown in Figure 6(c), which are comparable to that reported from an exfoliated WSe, monolayer flake
at the same temperature.3® The circular helicity of trion and exciton both drop as a function of increasing
temperature (Fig. 6(d)), which is explained by a higher intervalley scattering rate due to the increased
phonon population at high temperatures consistent with exfoliated WSe, monolayers.333¢ The observed
circular helicity indicates a high level of valley coherence, consistent with a low fraction of IDBs,
demonstrating the high quality of the coalesced WSe, monolayer.3’
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Methods

MOCVD growth of WSe,

The WSe, films were grown by MOCVD using two systems that are part of the 2D Crystal Consortium
MIP facility at Penn State (http://www.mri.psu.edu/2d-crystal-consortium/user-facilities). The first system
includes a cold-wall, horizontal reactor with inductive heating (MOCVD1) and the second is a multi-
module system that includes a cold-wall vertical reactor with resistive heating (MOCVD2). In both
systems, tungsten hexacarbonyl (W(CO),) and hydrogen selenide (H,Se) were used as the metal and

chalcogen precursors, respectively, with hydrogen (H,) as the carrier gas. W(CO)¢ was kept in a stainless-
steel bubbler held at a constant temperature (10-20 °C) and pressure (760 Torr), and H, gas was passed
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through it to transport the precursor vapor to the reactor. Two-inch epi-ready c-plane sapphire ((0001)a-
Al,053) wafers with nominal miscut of 0.2° toward the m-axis were used as substrates for the growth
without additional pre-treatment. The reactor pressure was kept constant at 200 Torrin MOCVD1 and was
varied from 50-700 Torr in MOCVD2. For the growth of WSe,, a modified three-step process (nucleation,
ripening, lateral growth) was employed as illustrated in Figure $3.12 Additional information on the growth
conditions and recipes used for the WSe, growth are included in supplemental information.

Layer transfer process

The WSe, films were transferred from sapphire for TEM, Raman and photoluminescence (PL)
spectroscopy. The typical transfer procedure involves coating an as-grown sample with poly(methyl
methacrylate) (PMMA) using a spin-coater in two steps: 500 rpm for 15 s followed by 4500 rpm for 45 s.
After curing PMMA at room temperature overnight, the sample edges are mechanically scratched to
obtain open sapphire areas which will serve as starting points for the delamination process. The sample
is then immersed into T M NaOH solution in de-ionized (DI) water and held at 90 °C for 10-15 min. At this
point, a few mm at the periphery of the 2-inch WSe,/PMMA films starts detaching from the sapphire
substrate due to the combined effect of NaOH intercalation at the WSe,/sapphire interface and sapphire
surface etching. The sample is transferred to the top of DI water bath (at room temperature) where the
delamination front rapidly (i.e. within a few tens of seconds) propagates through the entire WSe,/PMMA
film which peels off and stays afloat. This process is mostly aided by hydrophilic character of PMMA and
the buoyancy of the WSe,/PMMA film edges. The assembly is then transferred to a fresh DI water bath
for 10 min for rinsing. This step is then repeated three more times to ensure the complete removal of
residual NaOH from the previous step. The assembly is then fished out using a 3 mm diameter Cu
Quantifoil TEM grid or 3-inch SiO,/Si. After overnight drying at room temperature, the PMMA/WSe,
film/target substrate assembly is heated at 50 °C for 10 min and at 70 °C for 10 more minutes. In the
case of TEM, transfer is done so that the Quantifoil side touches the WSe, film. A fresh drop of PMMA is
deposited onto the sample to gently soften the PMMA and improve the contact between WSe, film and
the TEM grid. After about 30 min, the sample is placed into an acetone bath for the removal of PMMA
film. The sample is then transferred into an alcohol (methanol or isopropanol) bath to remove acetone
residue. The same procedure is followed for the transfer of the films to the other substrates.

First principles calculations

All first principles calculations on structural relaxation were conducted by the Vienna Ab Initio

Package®*®

using the generalized gradient approximation (GGA), Perdew—-Burke—Ernzerhof

(PBE)®’ exchange-correlation functional and the projector augmented wave method (PAW)
pseudopotentials.®? Plane-wave expansions were truncated at an energy cut-off of 400 eV with an
electronic loop threshold of 0.1 meV. All structural relaxations were performed using dipole corrections to
the total energy and to the electrostatic potential in the out-of-plane direction, until the remaining forces

were within 0.01 eVA~". Gaussian smearing was used with a broadening of 0.05 eV, and van der Waals
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interactions were treated using the semiempirical correction of Grimme (zero damping DFT-D3). Brillouin
zone samplings were performed within a '-centered Monkhorst-Pack scheme on grids with k-point
densities equivalent to that of a 20x20x1 grid fora 1x1 cplane Al,05 unit cell. A vacuum layer of 20 A

was inserted normal to the surface to minimize spurious interactions of periodic repetitions.
Material characterization

A Bruker Icon atomic force microscope (AFM) was used to study the surface morphology, domain
size, coverage and thickness of the deposited layers. Scanasyst air probe AFM tips with a nominal tip
radius of ~2 nm and spring constant of 0.4 N/m were employed for the measurements, and images were
collected using peak-force tapping mode. To measure the thickness of the deposited films, samples were
lightly scratched using a blunt tweezer to remove a portion of the weakly bonded WSe, film without
damaging or scratching the sapphire surface. A Zeiss Merlin electron microscope was used for acquiring
the scanning electron micrographs. An accelerating voltage of 3 kV and a working distance of 3 mm was
used with the in-lens detector to capture the images. Room temperature Raman and photoluminescence
were carried out using a Witec Apyron confocal microscope placed inside a MBraun glovebox to minimize
oxygen (<1ppm) and moisture (<1ppm) influence. The laser has an excitation wavelength of 532 nm and
the power remained under 4mW.

SHG measurements

Second harmonic generation (SHG) measurements were conducted using a 40 fs Ti:Sapphire laser
(Micra, Coherent) at 800 nm and 80 MHz repetition rate. The laser beam was passed through a half-wave
plate mounted in a rotation stage and was directed into an upright microscope (Olympus) and focused
onto a sample surface using a 100x microscope objective (Numerical Aperture: NA=0.9) to a ~1 mm spot.
The laser energy at the sample surface was ~ 0.1 mW. The SHG light was collected in backscattering
configuration using the same objective and was directed to a monochromator (Spectra Pro 2300i, f= 0.3
m, Acton) that was coupled to the microscope and equipped with a 150 grooves/mm grating and a CCD
camera (Pixis 256BR, Princeton Instruments). Before entering the monochromator, the SHG light was
passed through a short-pass cut-off filter (650 nm) and a polarizer to filter out the fundamental excitation
light at 800 nm and to select the SHG polarization parallel to that of the excitation light. The SHG
mapping was conducted by moving a computer controlled motorized XY stage with 0.2 mm steps and
acquiring an SHG spectrum at each step with the acquisition time of 0.5 s. To plot the maps, the SHG
spectra at each step were integrated from 380 nm to 450 nm.

TEM characterization

Dark-field transmission electron microscopy (DFTEM) imaging was performed using a Thermo Fisher

Talos F200X microscope operated at 80 kV. An array of 5x5 DFTEM images were stitched using the GIMP

2 image processing software to make a composite DFTEM map.? Briefly, the 25 DFTEM images are

loaded into the software and the intensity of each image is adjusted to match with the neighboring

images. At the end, all the Quantifoil regions have a similar intensity and all the freestanding monolayer
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areas over the Quantifoil holes have a similar intensity. Consequently, the intensity in the bilayer areas will
be higher than that of monolayer areas. Finally, the composite image is cropped to a size of 5um " 5 pm.
Atomic resolution annual dark field-scanning TEM (ADF-STEM) images were obtained using Thermo
Fisher Titan® G2 60-300 microscope operated at 80 kV. Other acquisition parameters used were 30 mrad
semi convergence angle, 50 pA screen current and 42-244 mrad ADF detector collection angle range. A 2-
pixel gaussian blur was applied to the ADF-STEM image shown in Figure S23d.

Cross-sectional TEM samples were prepared using a FEI Helios 660 focused ion beam (FIB) system. A
thick protective amorphous carbon layer was deposited over the region of interest then Ga+ ions (30kV
then stepped down to 1kV to avoid ion beam damage to the sample surface) were used in the FIB to
make the electron-beam transparent samples. High resolution scanning transmission electron
microscopy (STEM) was performed at 300 kV on a dual spherical aberration-corrected FEI Titan G2 60-
300 S/TEM. All the STEM images were collected by using a high angle annular dark field (HAADF)
detector with a collection angle of 50-100 mrad.

Low-temperature and polarization-dependent PL measurement

The WSe, transferred on Si was cooled down to 77 K by liquid nitrogen in a Janis ST-500 cryostat before
PL measurement. The measurement was performed on a home-built optical spectroscope. The incident
532 nm CW laser is passed through a linear polarizer and a quarter wave plate to generate the left-handed
circular polarized light which is focused on the sample using a 50x objective with an NA of 0.4. The
circular polarized PL signal was collected by the same quarter-wave plate and another linear polarizer,
which was rotated to select the polarization of the PL signals. The laser power used was around 0.2 mW.
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Figure 1. (2) Schematic illustration and (b) SEM image of WSe; domains showing a preferred orientation of 0° (red)
and 60° (blue) oriented WSe;. Scale barin (b) 1s 1 pm. (c) Orientation histogram of the i1solated WSe; domains in (b).
(d) In-plane XRD ¢-scans of {1120} planes of WSe, and c-A1,0; confirming the sw-fold [1120]WSeygoon // [1120] -
AlL:O30001; epitaxial relationship. (e) In-plane XRD 4-scans of {1010} planes of WSe; as a function of lateral growth
temperature. (f) The FWHM of the WSe; ¢-scan peak decreases with increasing temperature indicating a reductionm
in-plane rotational misorentation. (g) Percentage of 0° onented WSe; domams and surface coverage as a function of

growth temperature obtained from atomic force microscopy (AFM) images and onentation histograms (h-1 and Fig.
$3).

Figure 1

See above image for figure legend.
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Figure 2

(a) AFM image showing WSe, nuclei on the sapphire substrate after nucleation and ripening. The white
arrows highlight the nuclei localized at the step edges. (b) Position distribution and schematic of nuclei at
step edges (red) and terrace centers (blue). (c) AFM image of WSe, domains after 5 min lateral growth.

The dots on the domains are color coded according to their location and orientation as shown in (d).
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Figure 3. Competition between the step edge and underlying sapphire symmetry —(a, b)Two samples where
the steps are ortented at +10° and -12° relative to the A-axis of the sapphire yet the zig-zag edge of the WSex
domains remains parallel to the A<1120>> axis as shown schematically in (c). (d) In-plane XRD ¢-scans of {1120}
planes confirming thatthe WSe: remains epitaxially aligned to the Al20s. (e, g) WSe:z alignment on sapphire in the
presence/absence of step edges and (f) energetics of WSe: on a flat c-plane sapphure as a function of orientation

angle.
Figure 3

See above image for figure legend.
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Figure 4

AFM image and histograms of WSe, domains grown on c-plane sapphire at (a) 200 Torr and (b) 700 Torr

showing preferred orientations of 0° and 60°, respectively. Optimized configuration of (c) a mixed Se-O
and (d) single Se-atom stepped sapphire with oxidized region on the bottom terrace next to the step edge.
(e) Step edge reconstruction on mixed Se-O stepped sapphire. During the relaxation, the existence of O-
remnant leads to the step edge reconstruction (highlighted with a gray background, then the movement of
WSe, from the bottom to the top terrace as shown also in Fig. S11 and Movies S1-S4.
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and ALOs. (d) FWHM of ¢-scan peak of WSea.

Figure 5

See above image for figure legend.

Page 21/23



3.47

Tear in
the film

2.60

1.74

0.87

x 10%— : 0.6 :

@ ——o-0- 77K 1 % —e— Exciton
€ 4ol —o-or . Q 2 —e— Trion
8 042 20.24
= 2 £ ] e *—e
2 0.5 3 I O\
o F0.2= 301 \. °
S _. V| <O | M

n-u .- - 3 i ] . ; . . . Bl n-u 0'0 1 . I i i . I ) ?‘E‘\!

155 160 165 170 1.75 1.80 50 100 150 200 250 300

Wavelength (nm) Temperature (K)

Figure 6

(@) SHG map of WSe, on c-plane sapphire; (b) Composite DF-TEM map of WSe, transferred on a TEM
grid; (c) Polarization-resolved PL spectra and circular helicity of transferred WSe, at 77K. The incident
laser was left-handed circular polarized while both left-handed and right-handed circular polarizations
were collected, denoted as 6_o_ and o_o,. (d) Circular helicities at the energies of the exciton and trion as
a function of temperature.
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