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ABSTRACT

Highly oriented MoS, monolayer (ML) on the sapphire(0001) substrate was grown by metal-organic chemical vapor deposition. The
epitaxial configuration of ML-MoS,/sapphire has been studied using low-energy electron diffraction (LEED) combined with first-principles
calculations. LEED analysis based on the dynamical diffraction theory revealed that the MoS, ML is grown with the epitaxial relationship of
MoS, [1120] // Al,O5 [1120] and MoS, [1100] // Al,O; [1100] and that the formation of antiparallel (inversion) domains is effectively
suppressed. The observed epitaxial relationship is insensitive to the direction of surface steps on the sapphire substrate.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0303598

I. INTRODUCTION

Monolayer (ML) transition-metal dichalcogenides (TMDCs)
have attracted considerable research interest, because of their
unique electrical and optical properties. In particular, ML-MoS,
has been considered one of the most promising 2D materials for
substantial potential applications in electronic and optoelectronic
devices. The synthesis of ML-MoS, on sapphire, scalable and
industry-compatible substrates, is crucial from an industrial per-
spective and is suitable for a wide range of advanced electronic and
optoelectronic applications, particularly those requiring transpar-
ency and excellent electrical insulation.

Numerous studies have reported the successful epitaxial
growth of wafer-scale MoS, ML on the sapphire substrate using a
variety of growth methods such as powder-source chemical vapor
deposition (CVD)'™" and metal-organic CVD (MOCVD).”"
However, the epitaxial ML-MoS; film on sapphire substrates often
contains both parallel (0°, 120°, or 240° domain) [Fig. 1(a)] and
antiparallel (60°, 180°, or 300° domain) [Fig. 1(b)] domains.">>*
The coexistence of inverted domains potentially induces optical
scattering and reduces carrier mobilities at domain boundaries,
which severely degrade the electrical and optoelectronic properties
of the MoS, film. Thus, unidirectional alignment of MoS, on sap-
phire is highly preferred for achieving high-quality, wafer-scale
single-crystalline films that are essential for advanced electronic
and optoelectronic applications.
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Several attempts have been made recently to realize unidirec- S
tional alignment of MoS, on sapphire.” """ Determination of &
the epitaxial relationship is crucial to confirm whether the unidi- ~
rectional alignment is achieved. Epitaxial relationship between MoS,
and sapphire has extensively studied using a variety of experimental
techniques such as optical microscopy,' ™~ atomic-force micros-
copy,’w x-ray diffraction (XRD),"*™'? electron diffraction,”™*'" and
cross-sectional transmission electron microscopy (TEM). ™"
Epitaxially grown MoS, islands often exhibit triangular shapes and
show preferential alignment of their edges along certain crystallo-
graphic directions of the sapphire substrate. While such macro-
scopic alignment could be observed in optical microscopy and
atomic-force microscopy images, it is usually not sufficient to con-
clusively determine the precise epitaxial orientation. In addition,
the orientation of MoS, triangular islands enclosed by
Mo-terminated edges is rotated by 180° with respect to those with
S-terminated edges,'”” which makes it difficult to determine
whether the ML-MoS; films were grown on the sapphire substrate
in a parallel or antiparallel configurations.

Cross-sectional TEM directly provides information about
atomic structures at the MoS,/Al,O; interface,” """ which
enables us to clearly distinguish parallel and antiparallel configura-
tions. However, TEM data may not be fully representative of the
whole sample, because atomic structures in a localized area are
imaged in TEM. While XRD has been widely used to study the
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FIG. 1. Schematic drawings of MoS,(0001) [(a) and (b)] and Al,03(0001)
(c) lattices. The MoS, lattices in (a) and (b) are in parallel and antiparallel con-
figurations, respectively, with the Al,O3 lattice.

epitaxial relationship between MoS, and sapphire,”*"'" parallel and
antiparallel configurations could not be distinguished by conven-
tional XRD measurements.

This paper reports a combined experimental and theoretical
study on the detailed epitaxial orientation of ML-MoS, on the
c-plane sapphire substrate. From low-energy electron diffraction
(LEED) analysis based on dynamical diffraction theory, we found
that the MoS, ML on sapphire is unidirectionally aligned in the
parallel configuration, i.e., [1100]MoS, // [1100]sapphire [Figs. 1(a)
and 1(c)] over the whole sample. Theoretical calculations revealed
that the stability of unidirectionally oriented MoS, ML critically
depends on the atomic registry between the MoS, and the sapphire
lattices.

Il. EXPERIMENTAL

The samples were prepared using the MOCVD reactor.'’ The
2in. c-sapphire substrates with a miscut angle of —0.2° along the
m-axis direction (c/m = —0.2°) were procured by Orbray Co. Ltd.
and were cut into 20 x 20 mm? pieces for the growth experiments.
Prior to the growth, the substrates were annealed in a muffle
furnace at 1150°C for 1h to produce a step-and-terrace structure

ARTICLE pubs.aip.org/aip/jap

with ML-height steps. The ML-MoS, film was grown at a substrate
temperature of 975 °C using molybdenum oxychloride (MoO,Cl,)
and hydrogen sulfide (H,S) as the molybdenum and sulfur precur-
sors, respectively. The complete surface coverage was attained by
60 min. The uniformity of the MoS, coverage was confirmed by
Raman and AFM measurements.'' Representative AFM images
and Raman spectra were shown in Figs. S1 and S2, respectively, in
the supplementary material.

The samples were analyzed by LEED (OCI BDL600IR) under
ultrahigh vacuum (UHV) conditions at 1 x 1078 Pa. Before the
LEED measurements, the samples were degassed at 150°C for
30 min in UHV. The LEED patterns were acquired at room temper-
ature with a 1 eV step in the energy range of 30-380 eV. The LEED
intensity-voltage (I-V) curves for five nonequivalent beams were
extracted from LEED patterns with the background being sub-
tracted. The total cumulative energy range (AE) was approximately
1455 eV. The samples were also characterized by reflection high-
energy electron diffraction (RHEED) (Staib EK-35-R) with an elec-
tron beam energy of 20 keV.

lll. CALCULATIONS

Theoretical calculations were performed by using the PHASE/O
code,"” which is based on DFT"* and pseudo-potential schemes'*'®
with plane-wave basis sets. For the exchange-correlation term, the
PBE form was used.'” For the van der Waals interactions, the
DFT-D2 method was applied.'® The cutoff energies for the wave-
functions and charge density were 56 and 506 Ry, respectively. The
number of k points sampled in the Brillouin zone was more than 5
x 5 per the surface unit cell of c-plane sapphire. All the models were
optimized to meet the force criterion of 0.02 eV/A. Sapphire slab
employed here consists of six Al,O3 layers and the thickness of a
vacuum region is 0.9 nm. The top (bottom) layer of a sapphire slab
is terminated with only one Al atom per surface unit, to make its
electronic states semiconducting. The calculated lattice constant
for the hexagonal MoS, monolayer is 0.318 nm, while that for sap-
phire is 0.4798 nm. In this study, the change in the lattice mismatch
of MoS, grown on sapphire is quite essential to see the stability of
MoS,/sapphire heterostructures. Thus, the lattice constant for
sapphire is set to 0.4789 nm to follow the experimental ratio of
1.506 for MoS, and sapphire. This treatment is justified, because
there is no chemical bond between MoS, monolayer and
sapphire slab, and the lattice constant of sapphire slab is not
affected by MoS,. Adsorption energy, E,q is defined as
Eq = ( EMoSz + Esapphire _ EMoSz/sapphire) / S, where EMOSZ’ Esapphire,
and EMoS:/sapphire are the calculated total energies for MoS, mono-
layer, sapphire, and MoS,/sapphire, respectively. S is the area of a
superstructure. In this definition, the larger E,q is, the more stable
the system is.

IV. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show RHEED patterns of the sapphire
(0001) substrate taken from the [1120] and [I100] directions,
respectively. The asymmetric features of the RHEED pattern
observed along the [1120] direction indicate the threefold symme-
try of the sapphire (0001) surface, which is more clearly seen in
LEED patterns [Fig. 2(d)], in which the intensity of the 1 0 spot is
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FIG. 2. RHEED patterns of the sap-
phire(0001) substrate (a) and (b) and 1
ML-MoS,(0001) (e) and (f) taken

along the [1120] and [1100] directions
of sapphire. (c) and (g) show sche-
matic drawing of reciprocal lattices of
sapphire and MoS,, respectively. LEED
patterns taken from sapphire (d) and
MoS;, (h) with an incident electron

[0001] [0001] [1120]
‘ [1100] [1120]
[1120] [1100] [0001]

higher than that of the 0 1 spot. The RHEED patterns of 1
ML-MoS, film grown on the sapphire substrate are shown in
Figs. 2(e) and 2(f). The spacings of streaks [a*(f) and b*(f) in
Figs. 2(e) and 2(f)] are 1.5 times larger than those of sapphire
[a*(s) and b*(s) in Figs. 2(a) and 2(b)] in both [1120] and [1100]
directions, being consistent with lattice constants of sapphire
(0.476 nm) and MoS, (0.316 nm). Thus, it turns out that the
crystalline MoS,(0001) films were grown on the sapphire(0001)
substrate with the epitaxial relationship of MoS, [1100] // sapphire
[1100]. However, from the results in Fig. 2, it is difficult to deter-
mine if [1100] directions of MoS, and sapphire are in a parallel
[Fig. 1(a)] or antiparallel [Fig. 1(b)] configuration with the sapphire
substrate [Fig. 1(c)].

Figures 3(a)-3(c) show LEED patterns of 1 ML-MoS, taken
from the three locations across the sample. It is clearly seen that
the spot intensities in LEED patterns measured at all of the loca-
tions drastically change with the incident electron beam energy:
whereas LEED patterns taken at 190 and 240 eV show threefold
symmetry, the relative intensities of spots A and B are reversed. In
contrast, a sixfold symmetry is observed at 204 eV. We confirmed
that almost identical LEED patterns were observed at eight mea-
surement points on the sample.

To identify whether the ML-MoS, films were grown on the
sapphire substrate in a parallel or antiparallel configuration, we
performed LEED I-V curve analysis on the basis of dynamical
diffraction theory. LEED I-V curves were calculated using
SATLEED package provided by Barbieri and Van Hove.'””” The
present calculation used 10 phase shifts for the description of the
electron-crystal interaction. The inner potential Vy + iV}, was set
to be independent of energy: the real part V, was initially set to
be 10eV and adjusted during the fitting process and the

beam energy of 120 eV.

[1100]

imaginary part Vj, was set to be —4eV. The isotropic thermal
vibrational amplitudes represented by Debye temperatures were
also optimized to obtain good agreement with the experimental
I-V curves. The resultant Debye temperatures are 800K for
both Mo and S atoms. To quantify the agreement between mea-
sured and calculated I-V curves, we use Pendry’s reliability
factor (Rp).”’!

Figure 3(d) shows measured LEED I-V curves together with :

the calculated ones from the MoS, ML. This calculations assumed
that the ML-MoS,(0001) lattice is perfectly aligned to the sapphire
(0001) lattice with the epitaxial relationship of MoS, [1100] // sap-
phire [1100], as shown in Figs. 1(a) and 1(c) (parallel configura-
tion). As a first step of the analysis, for simplicity, I-V curves were
calculated from the isolated ML-MoS,(0001)-(1x1) model using
atomic coordinates fixed at bulk values. The analysis yields the
overall R factor of Rp = 0.29, showing a good agreement with the
LEED experiments: as indicated by vertical dashed lines in
Fig. 3(d), the intensity of the 1 0 (0 1) spot is higher than that of
the 0 1 (1 0) spot at 190 eV (240 eV) for both measured and calcu-
lated I-V curves. On the other hand, as shown in Fig. 4(c), when
the antiparallel configuration [Figs. 1(b) and 1(c)] was considered,
the calculation could not reproduce the experimental I-V curves
(Rp = 1.00), suggesting that the formation of antiparallel domains
(inversion domains) could be effectively suppressed. These results
clearly show that LEED spots A, B, C, D, and E could be indexed
as10,01,11,20, and 0 2 reflections, respectively, and that the
MoS, grows on the sapphire substrate with its [1100] direction par-
allel to the sapphire [1100] direction (parallel configuration). In
addition, when I-V curves were calculated for bilayer MoS,
[Fig. 4(d)] and bulk MoS, [Fig. 4(e)], they resulted in larger R
factors (Rp = 0.47 for 2 ML-MoS, and 0.48 for bulk MoS,),
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FIG. 3. LEED patterns taken from three locations across the 1 ML-MoS;/sap-
phire sample with incident electron beam energies of 190 (a), 204 (b), and
240 €V (c). (d) Measured (red) and calculated (blue) LEED /-V curves.

indicating that the MoS, film mainly consists of ML-MoS,
domains. This is in good agreement with AFM observations."'
Since, as mentioned earlier, the in-plane lattice constant of
sapphire is approximately 1.5 times larger than that of MoS,, the
MoS; (3 x 3) supercell aligned in the same direction of the Al,Os
(2 x 2) cell reduces the effective lattice mismatch from —33.6% to
—0.42%. Possible atomic configurations of MoS, (3 x 3)/ALO; (2
% 2) superstructure are shown in Figs. 5(a)-5(c). In the models A
and C, as indicated with dashed circles, Mo and S atoms are

ARTICLE pubs.aip.org/aip/jap

located just above the surface Al atoms, respectively, whereas
surface Al atoms are located beneath the center of Mo-S hexagon
in the model B. To study the relative stability of these models, we
performed theoretical calculations. The present calculations
assumed the ALO; surface terminated with a single Al layer
[Fig. 5(d)], which has been reported most energetically stable®>*’
and has been confirmed by experiments.””*’ After the structural
optimization, the surface Al atoms in models A and B are displaced
downward by a large amount of 0.07-0.08 nm from their initial
position (horizontal dashed line). On the other hand, in the model
C, a slight upward displacement (~0.02nm) is observed. The
atomic displacements of Mo and S atoms from their positions in
optimized ML-MoS, are much less than 0.01 nm in all models.

The energetic stability of MoS,/sapphire strongly depends on
the lateral registry between MoS, and Al,O; lattices: the models A
and B have 61 meV and 66 meV higher adsorption energies per
(3 x 3) unit cell, respectively, than the model C. We performed
LEED analysis using the optimized atomic coordinates for MoS,
(3 x 3)/ALL O3 (2 x 2) superstructures. As compared with the anal-
ysis using unrelaxed MoS,(1 x 1) model (Rp = 0.29), the models
A and B show improved R factors of Rp = 0.24 and Rp = 0.23,
respectively, whereas no significant improvement was found for
the model C (Rp = 0.28). The statistical error limit, var(R)
= Ryin/ 8V, /AE),21 was estimated to be 0.034, indicating a sig-
nificant difference between models A and B and model C. Thus,
we conclude that the models A and B are more likely for the
MoS, /AL O3 interface structure.

The present experiments show that the epitaxial orientation of
MoS;, on sapphire is uniquely determined with the MoS, [1120] &
and [1100] directions being aligned with the Al,O; [1120] and
[1100] directions, respectively (parallel configuration). On the other
hand, our DFT calculations show that the difference in the adsorp-
tion energy between the parallel and antiparallel domains is negligi-
bly small (energy difference ~ 0.1 meV/MoS,(1 x 1))."" Thus, the
present experimental results could not be explained by the ener-
getic stability. Another possible explanation for the onset of the
parallel configuration is based on the presence of surface steps on
the sapphire substrates. Early studies have shown that the presence
of step edges on the substrate enables the unidirectional alignment
of MoS, domains:’ triangular MoS, islands are nucleated with
their edges being parallel to the surface steps on the sapphire sub-
strate, thus facilitating the unidirectional alignment of MoS,
domains. Specifically, the use of sapphire substrate with the miscut
orientation towards the [1120] axis promotes the unidirectional
alignment of 90°-rotated MoS, domains on sapphire.”

To study whether surface steps play a crucial role in determin-
ing the epitaxial orientation, we prepared sapphire substrates with
different miscut orientations, as shown in Fig. 6(a). The miscut
directions and angles of the sapphire substrate were evaluated
by XRD rocking-curve measurements (see Fig. S3 in the
supplementary material). Figure 6(b) compares LEED I-V curves
measured from the ML-MoS, grown on the three substrates; almost
identical results were obtained irrespective of the direction of steps
on the sapphire substrate. All of the measured curves (A-C) are in
good agreement with the calculated ones for the MoS,/sapphire
models shown in Figs. 5(a) and 5(b); Rp is in the range of
0.22~0.24. These results clearly show that the direction of surface

N

/1:8¥:10 9202 Asenuer

J. Appl. Phys. 139, 024303 (2026); doi: 10.1063/5.0303598
© Author(s) 2026

139, 024303-4


https://doi.org/10.60893/figshare.jap.c.8207132
https://pubs.aip.org/aip/jap

Journal of
Applied Physics

10 spot 0 1 spot
(a) measured
(b) ML-MoS,
(parallel)
+ OO0
:'é'
o}
o] (c) ML-MosS,
S (antiparallel)
2
£ FHIKKK
o)
£
(d) 2 ML-MosS, R,=0.51
FRKKKP
(e) bulk Mos, R=0.51
1 1 ] ] ] ] ] 1 1 1 1 1
0 100 200 300 0 100 200 300
Energy (eV) Energy (eV)
(a) model A (b) model B (c) model C
top view

AE, =61 meV/(3x3), R,=0.23

AE, =66 meV/(3x3), R,=0.24

#fb‘

r"?&

o & X ([ X X 0

.

- - = eo0-o0¢ }oo—o-o
Op 0p.l90 99
00000 0oo00O0O0
o %o o %o
00000 00000
0o © 0o ©

AE, =0 meV/(3x3), R=0.28

ARTICLE

pubs.aip.org/aip/jap

FIG. 4. (a) LEED /-V curves mea-
sured from the 1ML-MoS, sample.
Calculated I~V curves for 1 ML-MoS,
on sapphire in parallel (b) and antipar-
allel (c) configurations. Curves (d) and
(e) were calculated from 2 ML MoS;
and bulk MoS,, respectively.
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c/m=+0.199° (B), and c/a=+0.1586° (C). (b) LEED /-V curves of ML-MoS,
grown on sapphire substrates with different off-directions.

steps on the sapphire substrate is less likely to cause the changes in
the epitaxial orientation of MoS,.

The observed epitaxial relationship (0° domain) is in good
agreement with those reported in Refs. 1, 8-11. and is the orthogo-
nal configuration of those (90° domains) reported in Refs. 2-7. In
addition, as shown in Figs. 6(a)-C and 6(b)-C, the 90° domains
were not formed even when the sapphire substrate with the miscut
orientation towards the [1120] direction was used, in marked con-
trast with the result in Ref. 3. We performed DFT calculations for
the 0° and 90° domains to check if the formation of the 0° domain
is governed by energetic stability, and found that the 0° domain is
more stable by 0.164 eV/MoS,(1 x 1). When the MoS;, lattice is
rotated by 90°, MoS; (5 x 5) is nearly lattice matched to Al,O3
(2v/3 x 24/3)-R30°, resulting in a lattice mismatch of —4.18% (see
Fig. $4 in the supplementary material). Thus, one may ascribe the
higher stability of the 0° domain to smaller lattice mismatch
(—0.42%). However, in actual systems, the formation of highly
strained MoS, lattices is unlikely, because of weak van der Waals
interaction between MoS, and Al,Os. Indeed, under the first-order
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approximation, the 90° domain becomes most stable in an incom-
mensurate situation.” Thus, no definitive answer is available for the
relative stability of the 0° and 90° domains on the basis of the DFT
calculations.

In reviewing previous papers on the epitaxial relationship for
MoS;/sapphire, we found that the epitaxial orientation strongly
depends on the growth method: the epitaxial relationship of MoS,
[1120] // sapphire [1120] (0° domain) has been commonly
observed for the MoS, ML grown by MOCVD,”'' while the
growth using powder-source CVD results in the formation of 90°
domains,””” except for the result in Ref. 1. Thus, while not conclu-
sive, it is possible that the two growth methods provide different
growth environments, e.g., surface reconstructions, chemical adsor-
bates, and possible existence of interface layers, giving rise to the
different epitaxial orientations of MoS,.

V. CONCLUSIONS

We have studied the epitaxial relationship of MOCVD-grown
MoS, on sapphire. LEED I-V curve analysis clearly shows that the
MoS, ML is unidirectionally aligned with the sapphire substrate
with the MoS, [1120] and [1100] directions being aligned with the
Al,O; [1120] and [1100] directions, respectively. On the basis of
DFT calculations, we proposed the possible interface structures for
MoS,/sapphire, which agree well with the LEED experiments. The
observed epitaxial relationship is hardly affected by the presence of
surface steps on the sapphire substrate.

SUPPLEMENTARY MATERIAL

See the supplementary material for AFM images (Fig. S1) and
Raman spectra (Fig. S2) for ML-MoS, on sapphire, XRD data for
sapphire substrate with different off-directions (Fig. S3), and the
atomic configurations of MoS, on sapphire for 0° and 90° domains
(Fig. S4).
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