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ABSTRACT

We show that van der Waals (vdW) bonded hexagonal boron nitride (hBN) promotes
heteroepitaxial growth of MoSx(0001) (x = 2.0 £ 0.1) thin films on Al2O3(0001) substrates. hBN
layers are grown on Al,03(0001) via pyrolytic cracking of borazine (~ 6 x 10* L) at 1373 K. The
MoS; layers are deposited in an ultrahigh vacuum system via reactive direct current magnetron
sputtering of Mo in Ar/H»S gas mixture at 1073 K on bare and hBN-covered Al>O3(0001). Using
in situ low-energy electron diffraction and Auger electron spectroscopy along with ex sifu X-ray
diffraction, X-ray photoelectron and Raman spectroscopies, and transmission electron microscopy,
we determine the as-deposited MoS; layer composition and crystallinity. We obtain highly 0001-
oriented 2H-structured MoS; thin films with better crystalline quality on hBN/A1,0O3(0001) than
on ALO3(0001). We suggest that hBN layers enhance surface diffusion, compared to bare

Al,03(0001), leading to the observed improvement in crystallinity of MoS, layers.
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INTRODUCTION

The isolation of free-standing graphene layers from bulk graphite led to a surge in the discovery
and synthesis of atomically thin, two-dimensional (2D) crystals of van der Waals (vdW) bonded
layers. Among numerous vdW solids identified in addition to graphite, hexagonal boron nitride
(hBN), and molybdenum disulfide (MoS>), are well-known as solid lubricants. Bulk MoS;
(molybdenite) has two naturally occurring polytypes - hexagonal structured 2H-MoS» (P63/mmc,
a=0.316 nm, ¢ = 1.229 nm) and rhombohedral 3R-MoS> (R3m, a = 0.316 nm, ¢ = 1.837 nm).! >
Bulk 2H-structured MoS; is semiconducting with an indirect bandgap of 1.23 eV; in contrast, a
single-molecule thick 2H-MoS; layer has a direct band gap of 1.9 ¢V.*” hBN (P63/mmc, a = 0.250
nm, ¢ = 0.665 nm) is an insulator with similar thickness-dependent indirect and direct bandgaps of
5.95 eV and 6.1 eV, respectively, for the bulk and the monolayer.®*

Recent studies indicate that lateral and vertical stacks of vdW materials'®'2

offer new properties
and are attractive for a variety of applications including but not limited to, flexible and low-power
field effect transistors, optoelectronic devices, gas sensors, twistronics, and quantum information
processing.!®!> As a result, synthesis of stacked layers of dissimilar vdW solids of desired
thickness, composition, crystallinity, and relative orientation over large areas has been a key focus
of the 2D layered materials community. MoSz/graphene and MoS>/hBN vertical heterostructures
have been synthesized via both chemical and physical vapor deposition (CVD & PVD) methods.'®

20 In these experiments, nanometer- to centimeter-scale MoS, monolayer or bilayer domains were

grown using ammonium tetrathiomolybdate [(NH4)2MoS4],'® with MoCls or MoOs and sulfur as

17,18 19,20

Mo and S precursors, respectively and, via sulfurization of Mo in H2S atmospheres on

CVD-grown graphene or hBN layers.
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While there has been considerable interest in the synthesis of vdW multilayer stacks, relatively
few studies?! have investigated the effect of vdW layers on the growth-related aspects of
overlayers. Van der Waals epitaxy, a term coined by Koma and coworkers, where heteroepitaxial
growth of a vdW layer proceeds on another vdW-bonded substrate or on a 3D solid substrate (with
covalent, ionic, and/or metallic bonding) and vice versa has been demonstrated in a variety of
materials.???® Koma and coworkers suggested that vdW bonding across, and the lack of dangling
bonds on, the substrate surface weaken interactions between the adatoms and the substrate,
enhancing the mobility of the adspecies and resulting in better crystallinity of the deposited film.
Kim and coworkers have reported on remote epitaxy, where a film (e.g., GaN) grown on a
covalently bonded substrate [e.g., GaN(0001)] covered with a monolayer of exfoliated graphene
maintains epitaxial registry with the substrate despite the presence of the vdW layer.?*2° With
graphene as a growth template for MoS», an earlier study found that strain, wrinkling, and defects
in the template affect the nucleation density of MoS, domains influencing layer coverage and large
area growth.>! Here, we focus on the growth of MoS; layers on hBN-covered AlO3(0001)
[hereafter referred to as hBN/A1,O3(0001)] substrates.

In this article, we present results from the microstructural characterization of reactively sputter-
deposited MoS,~; thin films on AlO3(0001) and hBN/Al,O3(0001) substrates. From X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and transmission electron
microscopy (TEM) data obtained from the as-deposited samples, we determine the S/Mo ratio x
as 2.0+ 0.1 and that the MoS; layers are highly 0001-oriented with 2H-structure. Using a
combination of XRD and Raman spectroscopy measurements, we show that MoSy thin films on
hBN/ALO3(0001) are of better crystalline quality than those grown on bare Al2O3(0001). Our
results indicate that hBN layers enhance 0001 orientated growth of MoS: (x = 2.0 +0.1). We

4
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suggest that hBN and possibly other vdW-bonded layers can facilitate similar improvements in
crystallinity of thin films of a variety of other materials.
EXPERIMENTAL SECTION
Thin Film Deposition

All the depositions are carried out on single-side polished, 10 x 2 x 0.5 mm?®, Al,O3(0001)
substrates in a custom-built, dual-chamber, ultra-high vacuum (UHV, base pressure < 5.0 x 10~
Torr, 6.67 x 1077 Pa) system, described in Refs. 3%, First, the Al,03(0001) substrates are cut from
10 x 10 x 0.5 mm> Al,03(0001) single crystals (miscut < 0.5°, 99.99% purity, from MTI Corp.),
cleaned via sonication for 600 s sequentially in acetone, isopropyl alcohol, and distilled water,
blown dry with compressed nitrogen, and baked in air at 473 K for 12 h in an oven. Each of these
substrates is mounted on a heating holder, with Mo foil as the resistive heater, described in Ref.
32 and is introduced into the UHV deposition system through the load-lock chamber, where it is
held for = 2700 s while being evacuated by a 66 1/s turbomolecular pump. The sample holder
assembly is then transferred to the main chamber and degassed at 1273 K until the base pressure
of the main chamber is < 6 x 10 Torr (8 x 1077 Pa). The substrate temperatures Ts are measured
prior to the depositions, i.e., on bare Al2O3(0001), using an IMPAC IS-8GS pyrometer placed
outside the chamber, approximately 0.4 m away from the sample. Since Al,O3(0001) is optically
transparent, we set the pyrometer emissivity to 0.15, the expected emissivity of Mo foil that is
behind the substrates. In our experiments, we measure variations in 75 up to 100 K (at 75 = 1073
K) and 200 K (at 75 = 1373 K) along the length of the sample.

The CVD of hBN layers is carried out via pyrolytic cracking of borazine on Al>O3(0001) at T
= 1373 K in the same deposition chamber following the procedure described in Refs. 4>, First,
the liquid borazine ([BsN3Hs], vapor pressure = 283 Torr (3.77 x 10* Pa) at 300 K)*! from Gelest

5
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Inc. is vacuum-transferred to a 20 ml UHV-compatible domed glass tube (Accu-Glass Products
Inc.) and purified by freeze-evacuate-thaw cycles (Refs. 4°°). Then, the Al,03(0001) substrate is
exposed to = 2.0 x 10 Torr (2.67 x 1072 Pa) of borazine for 300 s, i.e., for a cumulative dose of 6
x 10* L, at 1373 K, after which the chamber is evacuated and the 7% set to 1073 K for the deposition
of MoS; films.

All the MoS; films are grown on bare Al,O3(0001) and hBN/AI>O3(0001) substrates at 7s =
1073 K via dc magnetron sputtering of a 50.8 mm diameter x 3.175 mm thick Mo target (99.95%
pure from ACI Alloys Inc.) in 20 mTorr Ar (2.67 Pa) with 1% H>S gas mixture at 50 W. First, H>S
gas (99.5% pure) is introduced into the main chamber through a UHV leak valve, and its partial
pressure is set to 2.0 x 10" Torr (2.67 x 102 Pa). Then, Ar gas (99.999% pure) is added through a
separate UHV leak valve and the total pressure of Ar + H2S gas mixture is adjusted to 20 mTorr
(2.67 Pa). Before each deposition, the Mo target is sputter-cleaned for 120 s with the target shutter
closed. MoS; films are grown for times ¢ = 300 and 1800 s, yielding = 3 and 20 nm thick layers,
respectively. (During these experiments, the target voltage varied from 292 ~ 295 V.) After the
deposition, gas flow is stopped, and the samples are cooled passively to room temperature by
switching off the substrate heater current. In situ low-energy electron diffraction (LEED) and
Auger electron spectroscopy (AES) data are acquired from thinner MoS; films and ex situ XRD,
XPS, Raman spectroscopy, and TEM characterizations are carried out using thicker MoS, layers
as described in the following section.

Thin Film Characterization

The AlO3(0001) substrate, hBN layers, and ultrathin (= 3 nm) MoS; films are characterized in
situ using UHV-compatible LEED/AES hybrid system RVL2000 (LK Technologies). AES spectra
are acquired in derivative mode using a 1500 eV primary beam and kinetic energies between 70

6
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and 550 eV with a step size of 0.1 eV and a dwell time of 1 s. LEED patterns are obtained at
incident electron energies between 200 and 250 eV using a screen voltage of 4 kV.

XPS characterization of an air-exposed MoS,/Al,03(0001) sample is conducted in a Kratos
Analytical AXIS Ultra DLD machine. High resolution S 2p and Mo 3d spectra are acquired with
a step size of 0.1 eV. Binding energies are calibrated using O 1s peak set to 530.6 eV. We do not
sputter-etch the surface to avoid preferential etching of anions (in this case, sulfur) from the film.>*
53 Spectral peak positions and integrated intensities are determined using a Gaussian function with
a Lorentzian character [GL(30)] in Casa XPS software package® after correcting for the
background based on Shirley algorithm.>” Ratios of the integrated intensities of S 2p and Mo 3d
peaks, respectively, corrected by their relative sensitivity factors 0.668 and 3.32 (from Casa XPS
element library) are used to estimate the film composition.

XRD 260:® scans are obtained from MoS./Al,03(0001) and MoS/hBN/Al,O3(0001) using a
Bede D1 high-resolution diffractometer. The samples are mounted on a miscut Si(001) wafer to
eliminate background signals from the diffractometer stage. The detector and X-ray optics are
aligned to achieve maximum direct-beam intensity. The sample and stage are calibrated with
respect to o and y (out-of-plane rotation perpendicular to ®) using the A1>O3 0006 reflection at 26
=41.68°. 20:» symmetric scans are acquired for 26 values between 10 and 120° using double-axis
diffraction with a step size of 0.02° and a dwell time of 1 s. ® rocking curves of MoS. 0002
reflections from samples grown on Al,O3(0001) and hBN/AIO3(0001) are obtained around 6 =
7.18° over a range of 5.55° with a step size of 10 arcsecond and a dwell time of 1 s. 20:®
asymmetric scans for the 1013 reflection from both samples are acquired in skew-symmetric
geometry over a range of 4.5° with a step size of 0.05°, and a dwell time of 700 s. For these

measurements, we use Al,O3 1126 reflection at 20 = 57.52° as reference.
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Two sets of Raman spectra are acquired at room temperature from the MoS./Al,O3(0001) and
MoS,/hBN/A1,O3(0001) thin films using a Horiba LABRAM HR Evolution Confocal Microscope
system equipped with a 532 nm wavelength laser at 0.6 mW power (and a Renishaw In-Via Raman
Confocal Microscope system equipped with a 633 nm laser at 0.4 mW), over 100 cm™ — 1800 cm’
'(100 cm™ — 1500 cm™) spectral range with 0.5 cm™ (2 cm™) resolution. Laser spot sizes for both
sets of measurements are 1 um. Prior to each measurement, the instruments are calibrated using a
Si substrate with a known Raman peak of 520.1 cm™!. The MoS, samples are then placed on the
stage and Raman spectra are obtained from regions of interest identified using an optical
microscope attached to the system. Peak positions and full widths at half maxima (FWHM) in
XRD and Raman spectroscopy measurements are obtained by fitting the data using Gaussian
(Lorentzian) functions.’3®°

An electron transparent MoS,/hBN/A1,O3(0001) sample for cross-sectional transmission
electron microscopy (XTEM) measurement is prepared via FIB milling carried out in a FEI Nova
600 NanoLab DualBeam SEM/FIB system using 30 kV Ga" ions. Prior to milling, the film surface
is protected by deposition of a thin, electron beam assisted Pt layer, which also prevents damage
from a subsequent deposition of a thicker, ion beam assisted Pt layer, for a total thickness of ~1.5
um. TEM images of the film are acquired in a JEOL JEM-2800 scanning TEM (S/TEM) operated
at 200 kV for imaging.

RESULTS AND DISCUSSION

Figures la-c are representative room-temperature LEED patterns obtained in situ from (a) bare
Al>0O3(0001) substrate (incident electron energy £ = 230 eV), (b) after exposure to borazine (£ =
253 eV), and (c) after the deposition of 3-nm-thick MoS, film (£ = 254 eV). Figure 1a shows a

six-fold symmetric LEED pattern, characteristic of Al,O3(0001)-(1x1) unreconstructed surface,
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indicative of a clean surface.’> We measure the periodicity of the LEED spots, which is
proportional to the reciprocal lattice spacing of Al,O3(0001) surface lattice, and use it to calibrate
the other LEED patterns and extract in-plane lattice spacings d as described in the Supplementary
Information (SI). We observe similar six-fold symmetric LEED patterns (Figs. 1b and c) after the
growth of hBN and MoS; layers. From the diffraction spot spacings , we extract do1 values of 2.16
+0.06 A along [2110] for h(BN/AL,03(0001) and 2.67 £+ 0.08 A for MoS,/hBN/A1,03(0001), which
are in fair agreement with the do; values of 2.17 A and 2.73 A, respectively, expected for
hBN(0001) and MoS2(0001)-(1x1) surfaces.** We note that the LEED pattern (not shown) from a
similarly thick MoS, film grown on bare A1,O3(0001), using the same deposition parameters, does
not show any diffraction spots.

Figure 1d shows AES data obtained from the same sample after borazine exposure (black curve)
and after the deposition of the MoS;, film (red curve). We observe Auger electron peaks at 169 eV,
377 eV, and 503 eV corresponding to boron, nitrogen, and oxygen, respectively, after borazine
exposure. The presence of B and N peaks in the AES data is indicative of borazine adsorption on
the Al,03(0001) surface and is consistent with the detection of LEED spots characteristic of hBN
layer in Fig. 1b. We attribute the O peak in the spectrum to the Al,0O3(0001) substrate and suggest
that the hBN layer is very thin and/or that it does not cover the surface completely. After the
deposition of MoS; film, we observe Auger electron peaks at 118 eV, 185 eV, and 222 eV all due
to Mo and at 150 eV due to S. We note that within the detection limits of our measurements, the
O signal is absent, indicative of O-free sputter deposition.

Figure 2 shows XPS data obtained from an air-exposed MoS./Al,03(0001) sample. We find two
S 2p peaks, at 161.9 eV due to S 2p3» and at 163.1 eV due to S 2p1/2, and three peaks due to Mo.
With the assumption (justified below) that there are molybdenum oxides (e.g., MoO> and MoO3)

9
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in addition to MoS;, we fit the three Mo peaks with two sets of Mo 3ds» and Mo 3d32 doublet
peaks, colored red and green in the plot. From the red curve, we identify a Mo 3ds» peak at 229.1
eV and a Mo 3d3 peak at 232.2 eV. The green curve fit to the XPS data at higher binding energies
shows a Mo 3ds peak at 232.6 eV and a Mo 3d3/2 peak at 235.7 eV. Based on the reference values
for Mo found in the NIST XPS database,*® we attribute the Mo 3d doublet peaks at lower and
higher binding energies to Mo +4 and Mo +6 oxidation states, respectively. The detection of peaks
associated with Mo +6 oxidation state suggests the presence of MoOs. While the Mo +4 peaks are
associated with MoS; and MoQO, we cannot determine the exact contributions from MoO; to the
peak intensities from our XPS data. However, as we show below, we do not observe any peaks
corresponding to MoO; in XRD and Raman spectra, based on which we assume that the Mo (+4)
peaks are all due to MoS.. From the S and Mo (+4) peaks, we determine the S/Mo ratio x to be 2.0
+0.1.

Figures 3a-d are XRD data obtained from the same set of MoS, thin films grown for # = 1800 s
on bare Al,03(0001) (black curves) and on hBN/A1,03(0001) (red curves). Figure 3a is a plot of
symmetric XRD 20:® scans from the two samples, with intensities plotted on logarithmic scale. In
both the scans, we find highest intensity peaks, labeled s, at 20 = 41.68° due to Al2O; 0006
reflections of the single-crystalline a-Al,03(0001) (R3c) substrate and two relatively weaker
intensity peaks at 20 = 20.48° and 64.52°, corresponding to forbidden Al.Os 0003 and 0009
reflections, respectively.*® For direct comparison of the relative intensities of the film peaks in
both samples, all the intensity values in each of the XRD scans are normalized to the intensity of
the Al,O3 0006 reflection. The XRD of MoS./Al,03(0001) [MoS,/hBN/AL,O3(0001)] reveal four
film peaks at 20 = 14.36° [14.36°], 28.94° [28.92°], 44.04° [43.98°], and 59.99° [59.94°]; the XRD
of MoS,/hBN/AL>O3(0001) shows an additional peak at 20 = 77.26°, suggestive of highly oriented
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growth. Based on the peak positions, in comparison with the expected 26 values for bulk 2H and
3R phases of MoS; (see Table I in the SI), we identify the observed peaks as 000/ reflections with
[=2,4,6,8, and 10 of 2H-MoS,, indicative of highly 0001-oriented growth. From the 000/
reflection peak positions, we determine out-of-plane lattice parameters ¢ = 1.233 £+ 0.0002 nm
[1.234 + 0.0006 nm] for MoS,/Al,03(0001) [MoS,/hBN/Al,03(0001)], which are 0.3% [0.4%]
larger than ¢, = 1.229 nm, the value expected for bulk, stoichiometric 2H-MoS».* (Here, c is the
arithmetic average of the values extracted from each of the 000/ peaks.) Figure 3b shows
asymmetric XRD 20: scans of the 1013 reflection, with intensities plotted on a linear scale,
obtained from the two samples. We find 1013 reflection peaks at 20 = 39.2° [39.45°] for
MoS,/Al,03(0001) [MoS/hBN/AL,03(0001)], from which, using the ¢ values measured from
symmetric XRD 20:® scans (Fig. 3a), we determine in-plane lattice parameters a as 0.3197 +
0.0009 nm [0.3168 £ 0.0005 nm] that are 1.2% [0.3%] larger than the in-plane lattice constant a,
= 0.3160 nm of bulk, stoichiometric 2H-MoS,.* Based on the measured lattice parameters, we
conclude that the MoS, crystals on hBN/A1,O3(0001) are relatively less distorted compared to
those on AI,O3(0001).

Figure 3¢ shows higher magnification plots of 2H-MoS, 0002 reflection peaks around 26 = 14.4°
in the XRD data (Fig. 3a) from the two samples, superposed for comparison. For
MoS,/hBN/A1,O3(0001), 0002 reflection peak intensity is 3.6 times higher than that observed for
MoS,/Al,03(0001)]. FWHM of the MoS, 0002 peaks are 0.56° [0.45°] for the MoS,/Al,03(0001)
[MoS,/hBN/A1,O3(0001)] samples. Furthermore, the XRD of MoS,/hBN/Al,03(0001) shows
satellite peaks around the MoS, 0002 peak; these are Laue oscillations,?” characteristic of highly

ordered crystalline thin films. From the positions of the satellite peaks, we estimate the film

thickness #an as 19 + 1 nm using the relation®’ 5, = m, where L = 0.154056 nm is the
i~ i+1
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X-ray wavelength and 6; is the angle corresponding to the i satellite peak adjacent to the 0002
reflection peak. The calculated ¢, value, as we show below, is in good agreement with the film
thickness measured from the XTEM images.

Figure 3d shows -rocking curves for the 2H-MoS, 0002 reflections obtained from
MoS,/Al,03(0001) (black) and MoS,/hBN/A1,O3(0001) (red), superposed with intensities plotted
on linear scale. We find ~5x higher intensity and sharper peak for the MoS: layers on
hBN/ALO3(0001) compared to the peak from MoS,/Al,03(0001); FWHM of the peaks are 618
arcseconds [140 arcseconds] for MoS./Al>03(0001) [MoS,/hBN/A1bO3(0001)]. Our XRD data
clearly indicate that the MoS; layers grown on hBN/Al,O3(0001) are of superior crystalline quality
compared to those deposited on bare Al,03(0001).

Figure 4a is a typical bright field XTEM image of the MoS; film deposited for £ = 1800 s on
hBN/ALO3(0001). We find that the film is ~20 nm thick with fairly smooth surface and interface,
consistent with the Laue oscillations observed in Fig. 3c. We observe lamellar structure within the
film and lattice fringes in the Al2O3(0001) substrate. (We do not however have any evidence of
the hBN layer at the interface.) As we show below, these lamellae are basal planes of MoS,. While
most MoSx(0001) layers are aligned nearly parallel to the interface, we find a few that appear
wavy, suggestive of relative misorientation along the growth direction. However, we do not see
any edge oriented growth, Type I texture,*® where the basal planes are oriented normal to the
interface, over the entire film thickness.

Figures 4b and c are Fourier transforms (FT) of the film and substrate, respectively, obtained
from regions highlighted by red and green squares in Fig. 4a. The FT of the film (Fig. 4b) shows
a spot pattern that is characteristic of reciprocal space image of (0002) planes with [2110] zone
axis (ZA) in a hexagonal lattice.** From the measured spot periodicity, we calculate an interplanar
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spacing d = 0.62 nm, which is within measurement uncertainties the same as dooo2, 1.€. ¢ = 2dooo2
= 1.24 nm, of MoS.. From the observed symmetry in the FT of the corundum-structured
Al,03(0001) (Fig. 4c), we determine the ZA to be [2110]. From these results, we conclude that the
wavy lamellae observed in the XTEM image are 0001 oriented MoS, layers with the following
crystallographic orientation relationship: (0001)Mosz || (0001) ALO; and [ZTTO]MoS2 | [2110] ALO;"
Figures 5a and b are representative Raman and resonant Raman (RR) spectra, respectively,
obtained from MoS, films using 532 nm (2.33 eV) and 633 nm (1.96 eV) wavelength lasers. In
both the plots, black and red curves correspond to MoS, layers on Al,O3(0001) and on
hBN/AL03(0001), respectively. In Fig. 5a, we see peaks at 383 cm™ and at 408 cm™ for both the

samples; these peak positions are, respectively, comparable to the characteristic, first-order, in-
plane vibration mode, Eég (382~383 cm!), and out-of-plane vibration mode, 414 (407~408 cm'!),
of bulk, phase-pure 2H-M0S2.***2 FWHM of the E3, and 41, mode peaks are, respectively, ~5 cn

l'and ~4.4 cm™ [4.2 cm™ and 3.9 cm™!] for MoS,/Al,03(0001) [MoS,/hBN/Al,03(0001)]. We note
that both the Raman peaks are sharper and of higher intensity for MoSi layers on hBN/A1,O3(0001)

than on Al,O3(0001). Ratios of integrated intensities / of the two modes, /, Alg/IE; , are ~2.3 [2.5]
g

for MoS./A1,03(0001) [MoS./hBN/AL,03(0001)]. (Here, I is calculated as the area under a given

peak.) The reduction in FWHM of the characteristic modes and an increase in /, A1g/IE; , observed
g

in MoS,/hBN/A1,03(0001) compared to MoS./Al2O3(0001), are considered as indicators of
improvement in MoS; film crystallinity.*

In Fig. 5b, we present RR spectra from the same set of samples. For the MoS, layers on
Al0O3(0001) [hBN/A1L,0O3(0001)], we find two characteristic peaks, E%g at ~382 cm™! [384 cm]
and A1g at ~412 cm™ [408 cm™'], and multiple peaks at ~179 cm™ [181 cm'], 460 cm™ [464 cm™'],

13



283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

528 ecm™ [532 cm™'], 568 cm™ [570 cm!], 599 cm™! [603 cm™'], 640 cm™! [642 cm!], and 820 cm!
[824 cm™']. The observation of multiple peaks are a result of RR scattering, which occurs when the
laser excitation energy (1.96 eV for the 633 nm wavelength) matches the energy for an optical
transition in the material; in MoS», the direct band gap is ~1.96 eV at the K point in the Brillouin
zone.*!"* RR scattering results in higher signal intensities compared to those obtained with non-
resonant Raman and provides information about phonons that are away from the center of the
Brillouin zone, for example, near the zone boundary.*> As a result, RR spectra are sensitive to
structural defects and disorder in the material. This is evident in our data (Fig. 5b), which shows
differences in peak positions for the MoS, layers on Al,0O3(0001) compared to those on
hBN/ALO3(0001)]; any such differences, if present in Fig. 5a data are not detectable.

The most intense and asymmetric peak seen in our RR spectra is at ~460 cm™ [464 cm™] for
MoS,/Al03(0001) [MoS,/hBN/Al,O3(0001)]. This particular peak profile has been investigated
in earlier RR scattering studies.*** Frey et al** and Li et al** have interpreted the asymmetric
shape, observed in Raman spectra of bulk MoS: single crystal, as a convolution of two peaks — a
second-order peak from a longitudinal acoustic (LA) phonon at the M point on the zone boundary,
referred to as 2LA(M) at ~454 cm’!, and a first-order optical phonon 4>, at ~465 cm™'. From the
2LA(M) mode frequency, first-order LA(M) mode frequency is calculated to be 227 cm™!.*** The
LA(M) phonon mode, analogous to the D peak of graphene, is reported to be sensitive to defects
and imperfections in the MoS; crystal lattice.***” Based on this information, we assign phonon
modes to each of the peaks observed in our RR spectra as follows: the peak at ~460 cm™ [464 cm
lin case of MoS,/hBN/AL,03(0001)] is due to a combination of 2LA(M) + A2y; the peaks at ~179
cm' [181 cm'], 640 cm™ [642 cm!], and 820 cm™ [824 cm™!] can be assigned to the 41, — LA(M),
A1g + LA(M), and 241, phonon modes, respectively;*#*4# the peaks observed at ~528 cm™ [532
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cm'], 568 cm™ [570 cm™'], and 599 cm™! [603 cm!] can be assigned to the Ejg + LA(M), 2E1g, and
Ey, + LA(M) phonon modes, respectively.*'# (The Ei; mode, at ~285 cm™!, is a first-order
characteristic Raman mode of MoS: that is forbidden in a backscattering Raman experiment and
hence we do not see it in our data.*’) Finally, we note the presence of defect-sensitive LA(M)
phonon mode peak at ~229 cm’!, clearly visible in the RR spectra of the MoS,/Al,03(0001) (Fig.
5b, black curve). (This peak is also visible, however at lower intensities, in our Raman spectra
obtained using 532 nm wavelength laser.) The absence of this peak in the data from
MoS,/hBN/AL,O3(0001) (Fig. 5b, red curve) suggests that the MoS, layers on hBN/A,O3(0001)
are of better crystal quality than on bare Al,03(0001).

The difference in peak positions (Am) of the E%g and A first order modes of MoS; is used as a

measure of film thickness with Ao around 25 cm™! corresponding to bulk 2H-MoS.**® From Fig.
5a, we obtain Aw =25 £ 1 cm! for both sets of MoS; films. From Fig. 5b, we measure Aw = 26 +
4 cm! [28 £ 4 cm™!] for MoS,/ALO3(0001) [MoS./hBN/AL,O3(0001)]. The fact that Aw > 25 + 1
cm’! implies that the MoS; films are multilayer thick, as expected, and consistent with our XRD
and TEM measurements.

In summary, our XPS, XRD, TEM, and Raman spectroscopy results reveal that the as-deposited
MoS; films are nearly stoichiometric, 0001-oriented, and with a relatively larger unit cell volume
compared to the bulk 2H-MoS,. The XRD and Raman spectroscopy data show MoS, films are
more highly ordered, with relatively less lattice distortions and fewer defects on hBN/AL,O3(0001)
than those on Al,0O3(0001), indicating that hBN buffer layer improves the crystalline quality of
MoS; layers. These results are qualitatively similar to those reported for the growth of Ta>C films
on hBN/A1,03(0001).>” While the exact mechanisms leading to the observed enhancement in

crystal orientation and quality are not clear, we speculate that surface diffusion of adspecies during
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341

deposition is relatively easier on hBN surfaces due to the lack of dangling bonds than on
ALO3(0001) surface. This is plausible and consistent with previous demonstrations of vdW epitaxy
by Koma and others.?>
CONCLUSIONS

In conclusion, we have demonstrated the growth of highly oriented MoS, layers (x =2.0 = 0.1)
on single-crystalline Al,O3(0001) and on hBN-covered Al,O3(0001) substrates via reactive direct
current magnetron sputtering in H>S/Ar gas mixture. Using in situ AES and LEED, we confirm
the formation of hBN on Al,03(0001) and MoSx on hBN. XPS, XRD, TEM, and Raman
spectroscopy measurements indicate formation of 0001-oriented 2H-MoS; ~ 2 multilayered films
and an enhancement in film crystallinity when deposited on hBN/A1,03(0001). We also find, using
Raman spectroscopy, the defect sensitive LA(M) Raman mode of MoSy at ~229 cm™! observed for

MoS,/Al03(0001) is suppressed in MoS,/hBN/A1,03(0001). We believe that our findings are of

interest in understanding the role of van der Waals materials in heteroepitaxy of crystalline solids.
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344  Figure 1. In-situ room-temperature low-energy electron diffraction (LEED) patterns obtained
345  using incident electron energies £ = 230 eV, 253 eV, and 254 eV, respectively, from (a) bare
346  AlO3(0001) substrate, (b) after exposure to 1.2 x 10° L of borazine at Ts = 1373 K, followed by
347  (c)reactive sputter deposition of an ~ 3-nm-thick MoS; film at 75 = 1073 K. Contrast in the images
348  (b)and (c) has been enhanced to see the LEED spots better. (d) /n-situ Auger electron spectroscopy
349  (AES) data acquired from the same sample after borazine exposure (black curve) and subsequent

350  MoS; deposition (red curve).
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Binding energy (eV)

358  Figure 2. X-ray photoelectron spectra (XPS) around Mo 3d and S 2p peaks obtained from an air-
359  exposed, » 20-nm-thick, MoS./Al203(0001) film after Shirley background subtraction. Open
360 circles are the raw data, red and green lines are Gaussian fits to MoS, and MoOs peaks,

361  respectively. From the data, we determine S/Mo ratio x to be 2.0 + 0.1.
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Figure 3. (a-d) X-ray diffraction (XRD) measurements obtained from = 20-nm-thick MoS; films
sputter-deposited on bare Al,O3(0001) (black curves) and hBN/A1,O3(0001) (red curves) with
intensities plotted on (a, ¢) logarithmic and (b, d) linear scales. (a) Symmetric 20:® scans. s refers
to AlbO3 000/ reflections with / =3, 6, and 9 at progressively increasing 26 values. Peaks due to
the film are labeled as shown. Dotted green lines highlight the expected peak positions of
stoichiometric 2H-MoS; phase.* (b) Asymmetric 20:o scans acquired around the MoS, 1013
reflections from the same set of samples at 20 = 39.2° for MoS,/Al1,03(0001) and 26 = 39.45° for
MoS,/hBN/A1,O3(0001) samples. (c) Magnified view of a portion of the XRD data around MoS,
0002 reflection (20 = 14.36°) in (a) from both the samples superposed for comparison. Fringes
around the 0002 peak in the red curve are Laue oscillations. (d) w-rocking curves for the MoS;

0002 reflections with 6 = 7.18° in the two samples.
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375

376  Figure 4. (a) Typical cross-sectional transmission electron microscopy (XTEM) image from a
377  MoS/hBN/Al>O3(0001) sample showing region around the substrate-film interface. (b, ¢) Fourier
378  transforms of the regions within the film and the substrate, highlighted by (b) red and (c) green

379  squares, respectively.
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Figure 5. Characteristic Raman spectra obtained from MoS,/Al203(0001) (black curve) and
MoS,/hBN/AL,03(0001) (red curve) samples using (a) 532 nm and (b) 633 nm wavelength laser
excitations. In both plots, peak intensities are absolute and the data are plotted as obtained without
any lateral or vertical translations. First order modes — E;g (~383 cm™) and A1, (~408 cm™') are
seen in both the plots. However, second order modes enhanced by resonant Raman scattering 41
+ LA(M), 2LA(M) + A4, are observed only in (b). The LA(M) mode at ~229 cm’!, associated with
defects, is observed in the Raman spectra from MoS,/Al203(0001) sample but not in the film grown

on hBN/ALO3(0001).
21



389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

ASSOCIATED CONTENT

Supporting Information
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