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Abstract
Molybdenum disulfide (MoS2) on the c-plane sapphire has been a very popular system to study in
the two-dimensional (2D) materials community. Bottom-up synthesis of monolayer (ML) MoS2
with excellent electrical properties has been achieved on sapphire by various methods, making it a
very promising candidate to be used in the next generation nano-electronic devices. However,
large-area ML MoS2 with comparable quality as the relatively small size exfoliated ML remains
quite a challenge. To overcome this bottle neck, a comprehensive understanding of the structure of
the as-grown ML material is an essential first step. Here, we report a detailed structural
characterization of wafer-scale continuous epitaxial ML MoS2 grown by metalorganic chemical
vapor deposition on sapphire using an azimuthal reflection high-energy electron diffraction
(ARHEED) technique. With ARHEED we can map not only 2D but also 3D reciprocal space
structure of the ML statistically. From the oscillation in the ARHEED intensity profile along the
vertical direction of the ML, we derived a real space distance of ~3 Å at the interface of ML and
sapphire. Quantitative diffraction spot broadening analyses of the 3D reciprocal space map reveals
low density defects and a small angular misalignment of orientation domains in ML MoS2. Based
on atomic force microscopy height distribution analysis, cross-section scanning transmission
electron microscopy, and density functional theory calculations, we suggest that there exists a
passivation layer between MoS2 ML and sapphire substrate. This ARHEED methodology also has
been applied to MLWS2 and is expected to be applicable to other ML transition metal
dichalcogenides on arbitrary crystalline or non-crystalline substrates.

1. Introduction

Transition metal dichalcogenides (TMDCs) have
been intensively studied world-wide in recent years.
Monolayer (ML) MoS2 consisting of S–Mo–S trilayer
is one of the pioneering and most studied semicon-
ducting TMDCs [1–4]. A number of previous stud-
ies on bottom-up synthesized ML MoS2 show sim-
ilar morphologies: isolated triangular or hexagonal

shape flakes with lateral size tens of microns scattered
on a substrate [5–7]. The discontinuous flakes of ML
MoS2 discourage industrial applications. The top-
down method using mechanical exfoliation of ML
from bulk MoS2 crystal [8, 9] can produce qual-
ity ML flake but they are still subject to limited
size of ~100 microns. In contrast, wafer-scale con-
tinuous ML MoS2 can now be grown by chemical
vapor deposition (CVD) [10] or metalorganic CVD
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(MOCVD) [11]. The ML MoS2 grown by MOCVD
possesses several differences compared with that
obtained by other methods. (a) Thickness: the MoS2
samples grown by sulfurization of pre-deposited
ultrathin Mo film or Mo foil [12–14] are ultrathin
films (thickness > 5 nm) while our MOCVD grown
MoS2 on sapphire substrate is mostly ML. (b) Grain
size: the ultrathin MoS2 film grown by sulfurization
have finite size (~tens of nm) grains aligned vertic-
ally with various tilt angles with respect to substrate
normal. In contrast, our MoS2 ML are all lying flat
with hundreds of nm grain size. (c) Texture: theMoS2
films are most likely textured polycrystalline when
grown on amorphous SiO2/Si substrate by sulfuriz-
ation, while our MoS2 ML is epitaxial. (d) Film con-
tinuity: before sulfurization, the Mo film and foil are
continuous over a large area (wafer scale) but the sul-
furized ultrathin MoS2 films are neither continuous
nor epitaxial over the large area size of starting Mo
film or foil. Our ML MoS2 and ML WS2 grown by
MOCVD is continuous over the wafer scale substrate.
The good continuity and ultra-flatness of the MoS2
MLgrownbyMOCVD facilitates the characterization
by azimuthal reflection high-energy electron diffrac-
tion (ARHEED), and their large grain size and good
crystallinity enable us to study the long-range order
of these ML MoS2 films. A continuous ML TMDC
grown on a single crystal substrate is formed through
the coalescence of individual domains with certain
orientations. However, such CVD growth process
may introduce a variety of defects in ML TMDCs
[15–17] compared with the bulk TMDCs [18] partly
due to lattice constant mismatch between TMDCs
layer and the substrate as well as the imperfection of
crystalline substrates. A good understanding of the
structure of TMDCs and its interface with substrate
is vital for improving the quality of CVD grown ML
TMDCs. Therefore, quantitative characterization as
well as synthesis of wafer-scale electronic grade ML
TMDCs are essential for translating its electronic and
optical properties into realistic applications [19].

In this work we report findings from the char-
acterizations of MOCVD grown continuous epitaxial
ML TMDCs, includingMoS2 andWS2, on c-sapphire
substrates. We used a technique, ARHEED [20–23],
which is sensitive at detecting the long-range order in
an ML. The ARHEED provides us an access to the
3D reciprocal space structure, which represents the
macroscopic (~1 cm) statistical ensemble average of
the structure and perfection of the MLs. We also used
real-space imaging techniques scanning transmission
electronmicroscopy (STEM) and atomic forcemicro-
scopy (AFM) to help understanding the local struc-
ture.

Since MLMoS2 andMLWS2 have similar trilayer
structures and their experimental results are qualit-
atively alike, we shall present findings from MoS2 in
the main text and WS2 in the supplementary doc-
ument. Our findings include: (a) the gap between

the MoS2 and the sapphire surface, which is defined
as the distance from the bottom S atom in the ML
MoS2 to the top surface atomic layer of the sapphire
surface, is measured to be ~3 Å by RHEED. Our
cross-sectional STEM and AFM height scan meas-
urements suggest the existence of a passivation layer
at the MoS2-sapphire interface. The formation of
this passivation layer has been further understood
through the density functional theory (DFT) cal-
culations. We believe this maybe a general case for
MOCVD grown TMDCs on sapphire substrates. (b)
We constructed the 3D reciprocal space map of ML
MoS2/sapphire using ARHEED. Quantitative analysis
of the 3Dmap data shows that the half-width-at-half-
maxima (HWHMs) of the (00) diffraction and non-
(00) diffraction spots are broader than the instrument
response function width along the direction parallel
to the surface. We have studiedmany factors that may
broaden the diffraction peaks such as step atom dens-
ity [24, 25], mosaic structure [26], and incommen-
surate domains, but altogether they could account
for only a small part of the diffraction spot broaden-
ing. We attribute the rest of it to be the contribution
from an angular dispersion of orientation domains
that form the ML [16].

Similar results have been obtained from a second
batch of ML MoS2 and an ML WS2 on sapphire sub-
strates using the ARHEED method described above.
We therefore believe this methodology is generic and
can be applied to study other ML 2D materials on
crystalline or non-crystalline substrates.

2. Results and discussion

2.1. Lattice constants measured from RHEED
patterns of MLMoS2 on sapphire
RHEED pattern is well known to reveal the sym-
metry of a surface structure. It can also reveal the
lattice constants of ML. Figures 1(a) and (b) show
RHEED patterns of ML MoS2 on sapphire captured
at two azimuthal angles 30◦ apart with the zone
axis (ZA) along the [21̄1̄0] direction and the [101̄0]
direction, respectively. The straight through beam
(S.T.) and shadowing edge (dashed line) are indic-
ated on the RHEED patterns. The Miller indices (hk)
of the diffraction streaks perpendicular to the shad-
owing edge are labeled. The scale bar has been calib-
rated previously by using a CdTe crystal with known
lattice parameters [27]. The axes of the coordinate
system in the reciprocal space are denoted by two
perpendicular arrows on the bottom-right corner of
each RHEED pattern, where k|| and k⊥ represent
the momentum transfer parallel and perpendicular
to the surface, respectively. The momentum transfer
k = kout−kin, where kout and kin are electron’s out-
going and incoming wave vectors, respectively. Fig-
ures 1(c) and (d) are intensity profiles from RHEED
patterns presented in figures 1(a) and (b) respect-
ively. They are scanned along k|| at a fixed k⊥ of
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5.1Å−1. A schematic is drawnon the top-right corner
of each figure to illustrate the reciprocal lattice sym-
metry and the orientation of the line scan direction
(the dashed line) relative to the reciprocal lattice (the
red dots). The reciprocal space base vectors and ZA
are also labeled as arrows in the insets. The nine peaks
in figure 1(c) can be fitted by nine Gaussian func-
tions after a smooth Gaussian background subtrac-
tion. From the fitted peak positions one can calcu-
late the average peak-to-peak spacing ∆k|| = 2.30 ±
0.07 Å−1. This is related to the real space lattice
constant a of MoS2 through the reciprocal rela-
tionship ∆k|| = G(01) = 2π/d(01) = 2π/(

√
3a/2),

where G(01) and d(01) are reciprocal lattice vec-
tor and real space inter-atomic row spacing corres-
ponding to the (01) diffraction spot, respectively.
Therefore, the lattice constant can be determined
to be a = 4π/(

√
3∆k||) = 3.15 ± 0.05 Å, which

is consistent with the bulk lattice constant of MoS2
(a = b = 3.1500 Å, angle between unit vectors a and
b = 60◦, ICDD reference code: 00-002-1133) within
the experimental uncertainty. A similar analysis was
performed for the intensity profile in figure 1(d) at a
different azimuth angle 30◦ away from figure 1(c) and
the lattice constant measured is a= 3.14± 0.09 Å.

The upper curves of figures 1(e) and (f) show the
intensity profiles scanned along k⊥ direction from the
central (00) streak of the RHEED patterns shown in
figures 1(a) and (b), respectively. In both cases, the
intensities are not smoothly decaying as a function of
k⊥. The intensity modulation is caused by the ver-
tical structure of the MoS2/sapphire system. Similar
to the above procedures to determine in-plane lat-
tice constants, one can estimate the interlayer spa-
cing d in the out-of-plane direction. The mild intens-
ity bumps in the upper curves in figures 1(e) and (f)
became obvious peaks in the bottom curves after the
subtraction of smooth backgrounds (the black dashed
curves). This background is defined by connecting
the diffraction intensity slightly to the outside of each
‘bump’ [28], with a smoothly decaying trend. The
average reciprocal space spacing between two adja-
cent peaks is ∆k⊥ = 2.08 ± 0.04 Å−1. The intensity
oscillation comes from the constructive and destruct-
ive interference of electron waves between atomic lay-
ers [29]. The period of oscillation ∆k⊥ is inversely
proportional to interlayer spacing d as ∆k⊥ = 2π/d.
Therefore, the interlayer spacing between ML MoS2
and sapphire surface d = 2π/∆k⊥ = 3.02 ± 0.06 Å.
Similar results from another batch of ML MoS2
on sapphire sample and an ML WS2 on sapphire
sample were presented in figures S1 (available online
at stacks.iop.org/2DM/8/025003/mmedia) and S2,
respectively, in the supplementary document. The
origin of this d distance of ~3 Åwill be discussed later.

2.2. AFM analysis of MLMoS2 on sapphire
Next we examined the MoS2–sapphire vertical sep-
aration distance through AFM height distribution

measurements. Figure 2(a) shows an AFM image
(5 µm × 5 µm) of MoS2 that has a full ML cover-
age on the sapphire (0001) substrate with a low dens-
ity of bilayer islands. A small area on the left side of
this sample was scratched off by a stainless tweezer
to expose the sapphire surface and create an irregu-
lar boundary between ML MoS2 and sapphire sur-
face. The scratched region shows terrace-step features
similar to what was observed on a bare sapphire sur-
face by others [30–33]. The terrace-step feature can
also be seen in the ML region on the right side, which
implies that the island grows conformally on the sap-
phire substrate [16, 34]. The density vs. height stat-
istics [35] in figure 2(b) shows three peaks, which
result from three height levels on the AFM image.
The adjacent distance between two peaks indicates
the continuous MoS2 covered area to the scratched
bare sapphire is 7.9 ± 0.1 Å, and the MoS2 bilayer
islands to the continuous MoS2 ML covered area is
6.5± 0.1 Å. See an example of height line scan across
the sample surface and a schematic ball model in fig-
ures 2(c) and (d), respectively. The 6.5 ± 0.1 Å is
close to the expected distance from a MoS2 bilayer
to the MoS2 ML (~6.1 Å). However, it is difficult to
explain the 7.9 ± 0.1 Å without knowing the MoS2–
sapphire interface structure. Before looking into the
interface, we compare our AFM results with the liter-
ature. The ‘thicknesses’ of CVD grown ML MoS2 on
c-sapphire substrate measured by AFM height scans
have been reported many times in literature, ranging
from 6 to 8.4 Å, as were summarized in table S1 in
the supplementary document. But none of them has
explained their measured value in detail. In fact, the
interface structure ofMoS2 on sapphire is rather com-
plicated due to the possible formation of a passiva-
tion layer [16] and the existence of sapphire terraces.
We provide another more complicated AFM example
in figure S3. Therefore, the definition of ‘thickness’
is open to interpretation. That is probably the reason
why the literature reported values vary. For the time
being, we assume there’s a sulfur passivation layer,
represented by orange balls, between sapphire and the
ML MoS2 in figure 2(d). It is this passivation layer
that gives rise to the ~8 Å height measured by AFM.
We will come back to this point in section 2.5, where
more experimental evidence will be provided to sup-
port this hypothesis.

2.3. 3D reciprocal space map of MLMoS2
on sapphire
Figure 3(a) shows a snapshot of the 3D reciprocal
space map of the ML MoS2/sapphire sample con-
structed from ARHEED patterns collected at 100 azi-
muthal angles. The axes of the coordinate system are
momentum transfer in x, y, z directions, or namely,
kx, ky, kz. Note that kz is k⊥. The 3D map was con-
structed by stacking 2D reciprocal space maps [20]
along the kz direction. Figure 3(b) shows one such
2D reciprocal space map of ML MoS2 at a fixed
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Figure 1. RHEED patterns along (a) ZA= [21̄1̄0] and (b) ZA= [101̄0]. The Miller index for each visible diffraction streak is
labeled. The horizontal dashed line indicates the shadowing edge. The two arrows perpendicular to each other represents the k∥
and k⊥ directions. (c) and (d) Line profiles scanned along k∥ direction in the corresponding RHEED patterns shown in (a) and

(b). The inset illustrates the scan direction (the dashed line) in the reciprocal lattice (the red dots) with base vectors a* and b*. The
ZA direction is indicated with a long arrow with Miller index labeled. (e) and (f) Line profiles of the (00) streak scanned along the
k⊥ direction in the corresponding RHEED patterns shown in (a) and (b). The upper part of each figure shows the raw data (solid
curve) and the smooth background (dashed curve) while the lower part shows the curve after the background subtraction.

Figure 2. AFM characterization of MoS2/sapphire (second batch). (a) The AFM image from the MoS2/sapphire surface showing
three distinct regions: a scratched region on the left, ML and bilayer regions on the right. (b) The height distribution of the AFM
image shown in (a). The area under each peak equals to the coverage of each height level. (c) Height scan along the sample
surface. (d) A schematic of ball model of (a).

value of |kz| = 3.97 Å−1 plotted as the intensity
contour map in the polar coordinate system. The
radial axis represents the momentum transfer par-
allel to the surface (k||) and the azimuthal angle

φ ranges from 0◦ to 360◦. Figure 3(c) is the sim-
ulated 2D reciprocal space map viewed along the
[0001] direction of MoS2. The symmetry and spots
locations in the simulation are consistent with the
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experimental 2D map shown in figure 3(b). Since the
c-sapphire has the (0001) out-of-plane orientation,
obviously, the out-of-plane epitaxial relationship is
[0001]MoS2 ∥[0001]sapphire. For the in-plane epitaxial
relationship, azimuthal scans from {112̄0} of MoS2
and {112̄0} of sapphire were measured by glancing
incident x-ray diffraction (GIXRD) [36] as shown in
figure 3(d). The three peaks from eachmaterialmatch
each other. This suggests a parallel in-plane epitaxy:
[112̄0]MoS2 ∥[112̄0]sapphire, despite the ~34% in-plane
lattice constantmismatch betweenMoS2 (3.15 Å) and
sapphire (4.78 Å).

2.4. Contributing factors to diffraction spot
broadening
One noticeable feature from this 3D map is the in-
plane broadening of the reciprocal rods. The HWHM
of the (00) spot at a fixed value of |k⊥| along a
certain azimuthal direction is determined by first
subtracting the linear background, then finding out
the two positions (k||

(1), k||
(2)) that correspond to

half-maximum intensity of the remaining profile and
finally obtaining HWHM = |k||

(1)–k||
(2)|/2. The pro-

cess was repeated for all the |k⊥| values and the azi-
muthal angles accessible in the 3Dmap. The red curve
in figure 4(a) shows a slice of the measured HWHMs
of the (00) spot vs. azimuthal angle at a fixed value of
|k⊥|= 3.97 Å−1 from theMLMoS2/sapphire sample.
This |k⊥| value is close to the in-phase condition
between ML MoS2 and sapphire. The in-plane dir-
ections of MoS2 was indicated by the two arrows in
figure 4(a), which was determined from the 2D map
shown in figure 3(b). TheHWHMs from180◦ to 360◦

are replicas of that from 0◦ to 180◦ due to the fact that
the (00) spot is symmetric about the center, and are
therefore plotted as the dotted curve. The measured
HWHMs range from ~0.4 Å−1 to ~0.6 Å−1, which is
much broader than the instrument response function
width (hinst) of ~0.1 Å−1 determined from the high-
quality epitaxial graphene grown on copper substrate
[21] (see figures S4(a) and (b)). Similar broadenings
of the (00) spot and non-(00) spots are observed at
other |k⊥| values but are not presented here.

It is well known that various surface defects
including point defects, step atoms and mosaic tilts
could exist in any crystalline material. For TMDC
MLs, the angular dispersion of domain orientations
and its incommensurability with lattice-mismatched
substrate need also to be considered. Each of them
except point defects could contribute to the diffrac-
tion peak broadening [26]. They are elaborated sep-
arately in the following: random point defects itself
will only increase the background intensity but not
the broadening in the diffraction spots [26, 37].
For vacancy complex, the nearby atoms may relax
locally and the distance between atoms could con-
tract [17]. This produces microstrains which might
account for part of the spot broadening. Our ML
MoS2 sample, however, has few defects as evidenced

by the strong photoluminescence (PL) (figure S5(a))
[15] and the Raman spectra that is free of LA(M)
peak at ~227 cm−1 (figure S5(b)) [38]. Therefore, the
point defect induced broadening is ignored in this
case.

2.4.1. Step atom density
The atomic scattering intensities from stepped sur-
faces have been studied by Spadacini et al [39].
According to the theory proposed there, the HWHM
of the diffraction spot increases linearly as a func-
tion of the step atom density (figures S6(a1)–(a6)
and (b)). In our case of MoS2/sapphire, the step
atom density (σ) can be estimated from the aver-
age terrace width of the sapphire surface to be
σ = 0.315 nm/70 nm ≈ 0.5%. The average terrace
width of the sapphire was calculated from the peak
position in the fast Fourier transform (figure S7(a))
of the AFM image shown in figure S3(a) to be about
70 nm. The ~70 nm average terrace on sapphire is
consistent with ~63 nm obtained from the sapphire
annealed at 1000 ◦C in oxygen for 4 h by Yu et al [10].
Figure S7(b) shows a probability density distribu-
tion of the step inclination angle from the horizontal
plane from the same AFM image. This indicates there
exists a distribution of terrace width. According to
HWHM (Å−1) = 0.0073 × σ (%) in figure S6(b),
those step atoms will result in ~0.004 Å−1 broaden-
ing in the diffraction spots, which is negligible. The
experimentally observed MoS2 domain sizes by high-
resolution TEM are several hundred nanometers
large [40].

2.4.2. Mosaic tilts
The statistical average of the mosaic tilt angle (θ/2)
across the surface can be found out by plotting
the square of HWHM (h2) as a function of the
k2⊥ using the data extracted from the 3D reciprocal
space map, exactly the same way as how we determ-
ined the instrument response previously [28]. h2 =
h20 + h2inst + k

2
⊥tan

2 (θ/2) . Therefore, both θ/2 and
the intrinsic broadening h0 can be determined by
doing a linear fit between h2 and k⊥2. Based on the
analysis presented in figures S4(c) and (d) for the
MoS2/sapphire sample, θ/2 is found to be about 2.4◦.
Since figure 4(a) was measured at |k⊥| = 3.97 Å−1,
therefore the contribution to the broadening from
mosaic tilts is about |k⊥| tan(θ/2) = 0.17 Å−1. This
still cannot account for the ~0.4 A−1 broadening
observed. A different experimental approach was car-
ried out byMeyer et al to examine the surface corrug-
ation of suspended graphene. They used the tilt func-
tion of TEM sample holder so that the Ewald sphere
can reach diffraction spots at momentum transfer
k⊥ > 0 along the out-of-plane direction and meas-
ured the full-width-at-half-maximum of diffraction
spots from the suspended graphene on a TEM grid.
From the measured spot broadening as a function
of tilt angle (effectively proportional to k⊥) from

5



2D Mater. 8 (2021) 025003 Y Xiang et al

Figure 3. (a) A snapshot of the 3D reciprocal space map measured by ARHEED fromMoS2/sapphire. (b) Experimentally
constructed ARHEED 2D reciprocal space map sliced from (a) at |kz|= 3.97 Å−1 and (c) the corresponding theoretical
simulation. The radial axis represents the momentum transfer parallel to the surface (k∥) and the azimuthal angle ranges from 0◦

to 360◦. Some low order Miller indices are labeled on (c). (d) GIXRD azimuthal scans from sapphire [10] (upper) and MoS2
sapphire 112̄0 (lower). Their peaks line up, which implies a parallel epitaxial relationship: [112̄0]MoS2 ∥[112̄0]sapphire.

Figure 4. (a) A slice of the measured HWHMs of the (00) spot vs. azimuthal angle at a fixed |k⊥|= 3.97 Å−1 from the ML
MoS2/sapphire. The red and blue curves are before and after deconvolution with instrument response width and the mosaic tilt
induced broadening, respectively. The in-plane directions of MoS2 were indicated by the two arrows in (a). The average HWHM
before and after deconvolution are 0.46± 0.05 Å−1 and 0.43± 0.05 Å−1, respectively. (b) The azimuthal scan of the first order
diffraction spots from MoS2 ML on sapphire.

the graphene, they also found spot broadening from
graphene and concluded that graphene is corrug-
ated [41]. Our measured half-width-at-half max-
imum (h2) vs. k2⊥ of diffraction spot by RHEED are

related to mosaic tilts from the ML MoS2 and the
broadening indicates that there is an out-of-plane
corrugation. Note that the ML MoS2 is grown by the
conformal MOCVD technique on the substrate and
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the perfection of the substrate may affect the mosaic
tilt of the ML MoS2.

2.4.3. Incommensurate domain boundaries
There is another potential contribution to the spot
broadening in lattice mismatched systems, namely,
the incommensurate domain boundaries. During the
nucleation of the MoS2 domains, they grow in size
and meet to form domain boundaries [16, 22]. This
is because the lattice constants between the MoS2
(3.15 Å) and sapphire (4.76 Å) differ from each other.
This type of domain boundaries can be described
using a translational incommensurate domain model
(or commonly referred to as the translational anti-
phase domain model when the lattice constant of
the overlayer is twice that of the substrate) [42]. A
schematic showing the formation of various trans-
lational incommensurate domain boundaries in one
dimension (1D) for MoS2 on sapphire is presented
in figures S6(c1)–(c4). The experimentally observed
domain sizes can be as large as several hundred nano-
meters based on the high-resolution TEM image of
ML MoS2 [40] or as small as only a few nanomet-
ers according to the STEM images from ML WSe2
on sapphire reported in the literature [16]. We calcu-
lated diffraction spot from several hundred nanomet-
ers large MoS2 domain size on sapphire using either
analytical 1D or numerical 2D translational incom-
mensurate domain models. The spot broadening is
extremely small. Onlywhen the domain size decreases
to a few nanometers (high boundary density) the spot
broadening can reach the order of ~0.1 Å−1. There-
fore, for MoS2 ML on sapphire the incommensurate
domain boundaries have negligible contribution to
the spot broadening.

2.4.4. Angular dispersion of orientation domains
The blue curve in figure 4(a) shows the HWHMs of
the (00) spot vs. azimuthal angle after deconvolut-
ing all the contributing factors mentioned above. The
remaining spot broadening is at least ~ 0.3 Å−1. From
the in-plane 360◦ azimuthal scan of six first order
diffraction spots in figure 4(b) we can see that the
non-(00) spots also has a similar degree of broaden-
ing as seen in the 2D map in figure 3(b). Note that
the instrument response width in the azimuthal dir-
ection is ~0.1 Å−1, which is much narrower than that
of the radial direction [43]. The average HWHMs of
the six peaks is determined to be ~11.4 ± 1.2◦ by fit-
ting each peak with a Gaussian function. This angu-
lar spread converts to a broadening of ~0.46 Å−1.
Through a similar method, the first order spots from
a second batch MoS2 ML sample showed an average
HWHM of ~8.0◦ (shown in figure S1(f)). This con-
verts to ~0.32 Å−1, which means the second batch
of MoS2 has a smaller angular dispersion and thus
better quality. This demonstrates a convenient way
to characterize the angular dispersion in a material
that could be useful for quality control purpose. A

closer look at the first order peaks led us to observe
a clear peak splitting of a few degrees (larger than the
azimuthal step size of 1.8◦) in figure 4(b) and more
obvious in figure S1(f). This splitting indicates the
existence of discrete orientational domains. A similar
broadening of azimuthal scan of six first order spots
60◦ apart were also observed by Mo et al from their
RHEED pattern in MOVPE grownMoS2 on sapphire
at 1000 ◦C. However, they observed broadened spots
with no spot splitting in their six first order spots
but observed additional spots appearing in themiddle
between 60◦ apart spots indicating a non-ideal paral-
lel epitaxy [44].

We believe these broadening of the (00) and
broadening/splitting of {10} peaks originate from the
angular dispersions of the domain orientations. This
dispersions are likely caused by the step edges and
step edge meanderings of sapphire surface, which
only occurs at high temperatures [30–32]. For the
CVD grown ML WSe2 on sapphire, it is shown that
a step-edge-guided nucleation align the growth of 2D
WSe2 [34]. Therefore, if step edges of sapphire surface
meander, which is true under the high growth tem-
perature, the nucleated domains will not be perfectly
aligned. A few degrees up to 15◦ of angular dispersion
fromMoS2 ML flakes [7, 10, 45] and WSe2 ML flakes
[34] on sapphire were typical, measured from a small
area (200µm× 200µmand 50µm× 50µm, respect-
ively) using optical microscope. Our measured angu-
lar dispersion in domain orientations was detected by
RHEED azimuthal scan from the wafer-scale area and
is smaller than reported dispersions in literature. This
indicates that our ML MoS2 has better quality.

2.5. STEM images of MLMoS2 on sapphire
The interpretation of the d value of ~3 Å from
RHEED and ~8 Å from AFM height profile scan
requires the knowledge about the details of the ML
MoS2–sapphire interface structure. For this purpose,
an aberration-corrected STEM has been utilized to
image the cross section, which was created by focused
ion beam (FIB) cut, of this MoS2–sapphire sample.
Both high-angle annular dark field (HAADF) images
with Z-contrast and conventional high-resolution
transmission electron microscopy (HRTEM) bright
field images with phase contrast were collected from
this sample. Figures 5(a) and (b) show the cross-
section view of HAADF-STEM and HRTEM images,
respectively, without any image processing, along the
[11̄00] ZA of sapphire from the MoS2/sapphire inter-
face. From figure 5(a) we found that there exists a buf-
fer layer (indicated by the yellow arrow in figure 5(a))
between the top bright layer (indicated by the blue
arrow in figure 5(a)) and the substrate at the bot-
tom. Figures 5(c) and (d) show the zoomed-in images
from the region indicated by the yellow squares in fig-
ures 5(a) and (b), respectively, after applying a band-
pass filter. They both show the existence of a buffer
layer. From figures 5(c) and (d) we measured the gap
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between the bottom of MoS2 and this buffer layer to
be about 3 Å.

Before we discuss the relation between this meas-
ured gap and the measured d ~ 3 Å from RHEED
intensity profile vs. k⊥, an immediate question one
might ask is, what is the chemical composition and
structure of this buffer layer? To address this question,
we have measured energy-dispersive x-ray (EDX)
mapping at the MoS2–sapphire interface, as shown
in figures S8(a)–(f). The EDX mapping is qualitat-
ively consistent with our expectation: a MoS2 layer
on the top and the sapphire (Al2O3) substrate at the
bottom. Due to the limited resolution, however, it is
hard to make a clear conclusion about the chemical
composition of this buffer layer. In the literature, a
similar interface structure for epitaxial WSe2 grown
on sapphire has been reported by Lin et al [16]. They
claimed that a Se passivation layer was formed at the
interface to achieve van derWaals epitaxy of WSe2 on
sapphire. Since WSe2 and MoS2 have similar proper-
ties and they are both grown on sapphire substrates
using the MOCVD method, we hypothesize that the
buffer layer we observed in figure 5 is formed in a sim-
ilar way as in their WSe2/sapphire system, consisting
of the chalcogen atoms, or S atoms, in our case.

2.6. First-principles density function theory
calculations
We have also performed first-principles DFT calcula-
tions for anMLMoS2 onAl-terminated sapphire with
and without a S passivated layer to understand the
RHEED, TEM and AFM measurements. See meth-
ods section for more details of DFT calculations. In
brief, the calculated S atom adsorption energy Ead
is quite negative (−0.51 eV). This indicates that the
S passivation layer formed at the sapphire termina-
tion is energetically feasible. The strong adsorption
of S passivation layer could also be confirmed by the
intensive charge transfer between the S passivation
layer and sapphire as shown in positive value of bright
red and orange cloud in figure 6(a). This indicates
the S atoms form strong bonds with Al atoms when
the S atoms are adsorbed on the sapphire. The inter-
facial interaction energy Eint between the MoS2 and
S passivated sapphire was also calculated. The MoS2
layer was allowed to relax until the forces on all the
relaxed atoms were less than 0.02 eV Å−1. The calcu-
lated Eint is a negative small value (−13.3 meV Å−2).
This indicates that the MoS2 layer could be adsorbed
on the S passivated sapphire with a weak interaction.
This interaction could be considered as van derWaals
interaction. In contrast to figure 6(a), one can hardly
see in figure 6(b) any color contrast related to charge
transfer between MoS2 and S atom implying weak
bonds.

The Al-terminated sapphire is supported by low-
energy electron diffraction [46] and glazing incid-
ent x-ray scattering [47] experiments. The DFT
calculation results show that the formation of a S

passivation layer of Al-terminated sapphire surface is
more energetically feasible than just Al termination
alone. Figure 5(e) displays the stabilized atomic struc-
ture forMoS2 on S passivated sapphire surface viewed
along the [11̄00] ZA of sapphire. According to this
stabilized structure from the DFT calculations, the
average distance from the bottom of the MoS2 ML to
this S passivation layer is 3.06 Å and the S passivation
layer to sapphire surface is 2.21 Å, which strike a close
match with the valuemeasured from the TEM images
shown in figures 5(c) and (d). X-ray photoelectron
spectroscopy (XPS) spectra of Mo, S, Al and O for
chemical composition analysis are shown in figure
S9. A comparison between the simulated HAADF-
STEM image, the experimentalHAADF-STEM image
in figure 5(c) and the HRTEM image in figure 5(d)
was shown in figures S10(a) and (c), respectively. By
superposing the atomic ball model calculated from
DFT shown in figure 5(e) on each of figures S10(d)
and (f), we can clearly see that the DFT model agrees
well with the TEM images. In addition, the DFT cal-
culated ~2 Å from passivation layer to sapphire sur-
face is consistent with the ~8 ÅAFMheight difference
from the top of MoS2 to sapphire. That comes from
~(3 + 3 + 2) Å from MoS2, bottom of MoS2 to pas-
sivation layer, and passivation layer to sapphire.

2.7. Kinematic RHEED intensity calculation
Next, we show the DFT calculated interface structure
is consistentwith the~3Åobtained fromRHEED res-
ults. We have used the single scattering model to sim-
ulate the RHEED intensity profiles along the vertical
momentum transfer k⊥ direction using the DFT cal-
culated atomic structure shown in figure 5(e). Figure
S11(a) shows a series of simulated RHEED intensity
along k⊥ direction with various electron penetration
depths. For grazing incident electron beam the pen-
etration depth is shadow. The corresponding Fourier
transform of the profiles in figure S11(a) are shown in
figure S11(b). Note that the horizontal axis of those
Fourier spectrum is r⊥, which is translated as the
real-space periodicity that exists in the vertical dir-
ection of the DFT calculated structure shown in fig-
ure S11(c). The profiles in figures S11(a) and (b) are
color coded with dark red being the shallowest penet-
ration and purple being the deepest one. Their pen-
etration positions are indicated by the dashed arrows
connecting figures S11(b) and (c). From figure S11(b)
we see that the peak around r⊥ = 3 Å starts to show
up when the electrons reach the bottom S atoms of
the ML MoS2. The peak intensity gets enhanced fur-
ther when electrons reach the S passivation layer at
the MoS2–S–sapphire interface and then gradually
becomes washed out when the electrons penetrate
deeper into the sapphire substrate. This result sug-
gests that indeed the DFT calculated structure shown
in figure 5(e) can cause a periodicity of ~3 Å to be
picked up by the RHEED intensity oscillation meas-
urement.
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Figure 5. The cross-section views of (a) HAADF-STEM and (b) HRTEM images along the [11̄00] ZA of sapphire from the
MoS2/sapphire interface without any image processing. The blue and yellow arrows in (a) indicate the interface of MoS2 and
sapphire. The zoomed-in view of (c) HAADF-STEM and (d) HRTEM images from the yellow square denoted in (a) and (b),
respectively. The distance measured from the bottom of the MoS2 to the buffer layer is ~3 Å, as are denoted on the figures. (e) The
DFT calculated stabilized atomic structure of an ML MoS2 on a S passivated sapphire. The critical distances and sapphire
interplanar distance (c/3) are labeled in this schematic.

Figure 6. Charge transfer distribution slicing through (a) the plane of S passivation layer and sapphire with a scale bar from−0.20
to+0.20 e Å−3 and (b) the plane of MoS2 and S passivation layer. Note the scale bar range is weaker from−0.05 to+0.05 e Å−3.
The solid balls are atoms in this sliced plane and the greenish balls are atoms behind the sliced plane. A positive value means
gaining electrons and a negative value means losing electrons.

From RHEED, AFM, TEM, and DFT analyses we
suggest that the ~3 Å serves as a van der Waals gap
from the bottom S layer in ML MoS2 to an S pas-
sivation layer. The spacing from passivation layer to
sapphire is ~2 Å. A relaxed 2D van der Waals layer

will grow hetero-epitaxially on a weakly interacting
substrate, that is the passivated sapphire surface. We
have calculated the adsorption energy of S atom at the
sapphire termination as well as the interfacial inter-
action energy between the MoS2 and S passivated
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sapphire. The DFT result shows the charge trans-
fer distribution at the interface between S passiva-
tion layer and Al surface as well as between MoS2
and the S passivation layer. It is seen that the inter-
action between MoS2 and the S passivation layer is
very weak and is of van der Waals type. The passiv-
ation of the sapphire surface by an S layer is energet-
ically feasible and will promote the growth of the a
relaxed MoS2 layer. During the MOCVD growth of
MoS2 ML, hydrogen sulfide (H2S) and molybdenum
hexacarbonyl (Mo(CO)6) were used. The residue S
could remain on the sapphire surface and facilitates
the growth of MoS2 ML. Literatures show that the
van der Waals epitaxial growth of 2D layered MoSe2
or NbSe2 on lattice mismatched GaAs(111) 3D sub-
strate can start with the lattice constant of MoSe2 or
NbSe2 from the first layer of growth if the GaAs sur-
face is passivated with S [48]. Ueno et al also demon-
strated GaSe can be grown heteroepitaxially on an Se
terminated GaAs(111) substrate by selenium vapor in
the growth chamber of GaSe [49]. As stated before,
Lin et al has shown that van derWaals WSe2 layer can
be grown on Se passivated sapphire [16]. We believe
this S passivation also occurs on sapphire surface
and promotes the van der Waals epitaxy of the ML
MoS2.

3. Conclusion

The 3D reciprocal space mapping using ARHEED
has provided rich structural information about
ML TMDCs on sapphire substrates. First, we
measured the in-plane lattice constant of ML
TMDCs and its epitaxial relationship with sapphire:
{112̄0}MoS2//{112̄0}Sapphire. Second, from RHEED
and STEM we suggest the existence of an S pas-
sivation layer at the MoS2–sapphire interface. The
spacing between TMDC bottom S layer and S pas-
sivation layer is measured to be ~3 Å and further
verified with AFM height profile measurements and
DFT calculations. Third, from the detailed analysis
of 3D reciprocal space map, we identified that the
major contribution to the broadening/splitting from
azimuthal scan of diffraction spots in the RHEED
patterns from ML MoS2 to be the angular dispersion
of orientation domains caused by the meandering of
steps in the sapphire substrate. To sumup, we demon-
strated that ARHEED is a sensitive tool to probe the
structure of ML TMDCs, and can be used to evaluate
wafer-scale perfection by analyzing the 3D reciprocal
space map.

4. Methods

4.1. MoS2 andWS2 growth on c-sapphire by
MOCVD
ML MoS2 and ML WS2 were deposited on epi-ready
2 inch c-sapphire substrates by MOCVD. Uniform

ML deposition was achieved in a cold wall hori-
zontal reactor equipped with wafer rotation [50].
The sapphire substrate was heated on an inductively
heated graphite susceptor. Mo(CO)6, tungsten hex-
acarbonyl (W(CO)6) and H2S were used for the
growth. Mo(CO)6 and W(CO)6 were maintained in
a stainless steel bubbler at 10 ◦C and 950 Torr and
760 Torr, respectively to achieve the required vapor
pressure. H2 carrier gas (10 sccm) was used to deliver
3.6× 10−2 sccm ofMo(CO)6 and 6.4× 10−6 sccm of
W(CO)6 into the reaction chamber. H2S (400 sccm)
was used for the process. MoS2 deposition was car-
ried out at 1000 ◦C and 50 Torr in H2 ambient. The
substrate was first heated to 1000 ◦C in H2 and main-
tained for 10 min before introducing the precursors
for 18 min to achieve ML growth. WS2 deposition
was carried out by a modified three-step process to
achieve ML growth with minimal bilayer in 12 min
[11]. The reactor was then cooled down in H2S to
300 ◦C to inhibit decomposition of the MoS2 and
WS2 films. At 150 ◦C the system was pumped down
and purged with N2 to remove any toxic gases before
unloading the wafer.

4.2. Characterizations
In order to measure the thickness and morphology of
ML MoS2 and WS2, AFM (Bruker) was used in the
peak force mode. The peak force used was 1.2 nN.
To obtain the morphology of the films, 5 ×5 µm
regions were scanned. Each ML sample was further
examined by scanning electron microscopy (SEM),
Raman spectroscopy, XPS, and PL. The Raman and
PL spectra are consistent with that of ML TMDC
reported in the literature. The in-plane relationship
between ML MoS2 and sapphire was verified using
GIXRD [36]. RHEED was carried out in the high
vacuum chamber (pressure ~10−8 Torr). The incid-
ent energy and glancing incident angle of electron
beam used were 20 keV and ~1◦, respectively. The
3D reciprocal space map was constructed from azi-
muthal RHEED [20]. The cross-section TEM samples
were prepared using an FIB technique in FEI SEM
Helios Nanolab 660. The HRTEM imaging condi-
tion for the cross section of MoS2/sapphire interfaces
was tuned to a negative Cs to provide white atom
contrast at a slight over focus. Aberration-corrected
STEM imaging and electron dispersive spectroscopy
(EDS) (using a SuperXEDSdetector)were performed
by FEI Titan G2 60-300 microscope, operating at
80 kV with a double spherical aberration correc-
tion, offering a sub-angstrom imaging resolution. A
HAADF detector was used for the ADF-STEM ima-
ging with a collection angle of 51–300 mrad, a beam
current of 45 pA, and a beam convergence angle of
30 mrad (C2 aperture of 70 µm) for STEM image
acquisition. XPS spectra were collected using a Phys-
ical Electronics Versa Probe II instrument equipped
with a monochromatic Al kα x-ray source (Energy
hν = 1486.7 eV) and a concentric hemispherical
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analyzer. The angle of emission (angle between
incident x-ray beam and electron analyzer) was 45◦.
Measurements of photoelectrons were made at a
takeoff angle of 45◦ with respect to the sample surface
plane.

4.3. High-angle annular dark-field-STEM
simulations
Atomic-resolutionHAADF-STEM image simulations
were conducted by using the QSTEM package [51].
We built the lattice model based on the atomic struc-
ture given by DFT shown in figure 5(e). We have
applied the same parameters as used in the actual
experimental conditions, namely: a collection angle
of 51–300 mrad, a beam current of 45 pA, and a
beam convergence angle of 30 mrad (C2 aperture
of 70 µm).

4.4. DFT calculations
The DFT calculations were carried out with the
Vienna ab initio Simulation Package [52]. The
core electrons were described by the projector-
augmented-wave method [53] and the electron
exchange and correlation were modeled within
the generalized gradient approximation using the
Perdew–Burke–Ernzerhof form [54]. The non-local
optB86b-vdW exchange-correlation functional was
used to describe the dispersion interaction (vdW
forces) [55, 56]. The plane wave basis kinetic energy
cut off was set to 400 eV. For the construction of
a supercell, the experimental and GSAM simulated
results were used as references. Specifically, the align-
ment of TMDC and c-sapphire was set as parallel
epitaxy (ϕR = 0◦). The lateral size of the supercell
was set as three unit lengths of TMDC coupled with
two unit lengths of c-sapphire. The vertical size of the
supercell was set as an ML TMDC (e.g. S–Mo–S) and
a unit cell size of S passivated sapphire with a vacuum
gap larger than 10 Å.

We have calculated the adsorption energy of
S atom at the sapphire termination as well as the
interfacial interaction energy between the MoS2
and S passivated sapphire. The S adsorption energy
Ead was calculated using the equation, Ead =
(ES-sapphire−Esapphire−ES)/N, where, ES-sapphire is the
energy (−770.53 eV) of sapphire with an S passiv-
ation layer, Esapphire is the energy (−755.33 eV) of
sapphire, ES is the energy (−13.16 eV) of S passiva-
tion layer, and N = 4 is the number of S atoms in the
S passivation layer. The quite negative value of S atom
adsorption energy (−0.51 eV) from the above equa-
tion indicates that the S passivation layer formed at
the sapphire termination is energetically feasible. The
strong adsorption of S passivation layer could also be
confirmed by the intensive charge transfer between
the S passivation layer and sapphire as shown in posit-
ive value of bright red and orange cloud in figure 6(a).
This indicates the S atoms form strong bonds with Al
atomswhen the S atoms are adsorbed on the sapphire.

We also considered the interfacial inter-
action energy Eint between the MoS2 and S
passivated sapphire according to the equation,
Eint = (EMoS2/S−sapphire − ES−sapphire−)/A, where,
EMoS2/S−sapphire is the energy (−946.98 eV) of MoS2–
sapphire with an S passivation layer at the inter-
face, ES-sapphire is the energy (−770.53 eV) of sap-
phire with an S passivation layer, EMoS2 is the
energy (−175.41 eV) of MoS2 layer, and A is the
area (78.42 Å2) of MoS2/S-sapphire interface. The
negative value of interfacial interaction energy
(−13.3 meV Å−2) indicates that theMoS2 layer could
be adsorbed on the S passivated sapphire with a weak
interaction. This interaction could be considered as
van der Waals interaction. In contrast to figure 6(a),
in figure 6(b) one can hardly see any color contrast
related to charge transfer between MoS2 and S atom
implying weak bonds.

Our DFT calculations suggest that the formation
of S passivation layer at the MoS2–sapphire interface
is energetically feasible. The S passivation layer is eas-
ily adsorbed on sapphire due to the quite negative
adsorption energy of S atom, and the interfacial inter-
action energy calculation also demonstrates that the
MoS2 could be adsorbed on S passivated sapphire. As
a result, the MoS2/S-sapphire interface is stable from
the aspect of energy, which also supports the experi-
mental observation.
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