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ABSTRACT: Two-dimensional (2D) monolayer molybdenum
disulfide (MoS,) semiconductors are an emerging material with
interesting device applications. MoS, crystals grown on a substrate
often have random orientations due to weak van der Waals (vdW)
interaction with the substrate. This leads to multiple grain
boundaries when random orientated crystals coalesce. Under-
standing the conditions and mechanism to grow 2D crystals with
an aligned orientation is crucial for high-quality single-crystal
growth. Here, we study the introduction of oxidation etching in
chemical vapor deposition to grow aligned MoS, crystals and
elucidate the mechanism of the guided growth by a sapphire lattice
through vdW interaction. Under proper oxygen flow conditions,
single crystals are found to grow in two preferential orientations with triangle crystal edges aligned to the [1120] or [1100] direction
of the sapphire substrate. These two orientations correspond to a superlattice of (3X3) MoS, on (2X2) sapphire and (5X5) MoS,
on (3x3) sapphire and occur in Mo oxide- and sulfur-rich growth environments, respectively. This aligned orientation growth is
realized by a carefully balanced etching and growth competition, which acts as a selection mechanism to grow energetically stable
structures while etching less stable structures away. The commeasure of MoS, crystals with the sapphire lattice in the superlattice
increases the bonding of MoS, to the sapphire lattice, thereby becoming the preferred stable structure for nucleation orientations.
This study demonstrates the important role of etching—growth competition in the substrate lattice-guided 2D material growth and
paves the way for the future development of vdW single-crystal epitaxy.

KEYWORDS: two-dimensional materials, molybdenum disulfide (MoS,), transition-metal dichalcogenides, chemical vapor deposition,
crystal orientation, van der Waals epitaxy

B INTRODUCTION TMDCs due to its direct bandgap and strong photo-
luminescence property. There has been great interest to
grow large-area MoS, by CVD using sulfur and MoO;
precursors. Various techniques to assist crystal growth using

. . ) salt promoters,”® > molten glass substrates,”®” and oxygen-
electronics and optoelectronics. A direct bandgap monolayer isted erowth®®! have b rted. MoS al
TMDC semiconductor’ can exhibit strong photolumines- assistec gro ave been reported. Vi0s, crystals grown

2 1. . R 45 on a substrate often have vast morphological variations due to
cence,” high optical responsivity,” spin valley polarization, . o
. ) L 67 . inhomogeneous precursor distribution along the gas flow
and strong light—matter interaction.”” These unique proper- . .
: ) : . . direction and the changes in MoOj vapor release caused by
ties have led to novel atomically thin device demonstrations, source Doisoning. Grown crvstals on a substrate verv often
such as field-effect transistors," ' sensors,'' and photo- P 5 R4 y

. . . show random orientations. When these crystal grains coalesce
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flexibility and mechanical breaking strength. ” The above theylform gra1nbl?19undagyldeflects, v }?Ch have.ne§2a tive effects
devices can in principle be built on flexible substrates." on electron mobility and local optical properties.

Various methods have been developed to obtain monolayer —
TMDCs, including exfoliation from the bulk material,'" Received: February 14, 2021
physical vapor deposition,'® chemical vapor deposition Accepted: May 10, 2021 ’
(CVD),"”"** and metal—organic chemical vapor deposition Published: May 19, 2021
(MOCVD).**® Among them, CVD has attracted significant

attention due to its simplicity in equipment setup and

flexibility to scale up. MoS, is one of the most studied

Two-dimensional (2D) transition metal dichalcogenides
(TMDCs) have unique physical and chemical properties,
which open up interesting applications in next-generation
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Figure 1. (a) Schematic of a CVD setup for MoS, growth. (b) Timeline profiles of gas flow and temperature at sulfur and substrate locations. (c)
Optical microscope images at I-VI substrate locations, showing aligned triangle crystals with edges aligned to the [1120] direction. (d) Optical
microscope image of a larger area showing the consistency of aligned crystals. (¢) STEM image of grown MoS, crystals.

Recent research efforts have paid attention to the orientation
of 2D crystals grown on a 3D material substrate.””* The weak
vdW interaction of a 2D material with a substrate without
covalent bonds is considered beneficial for epitaxial growth
because it relieves the need of a lattice-matched substrate as
usually required for covalent 3D material epitaxy. However,
lack of strong covalent bond guiding from the substrate lattice
leads to random nucleation orientations, which form multiple
grain boundaries when multiple nuclei grow and coalesce.
Surprisingly, a recent statistical analysis of the orientation
distribution of MoS, crystals grown on a c-plane sapphire
substrate showed two broad peaks with triangle crystal edges
aligned parallel to the [1100] and [1120] direction of the
underlying sapphire substrate.”> These two directions were
shown by density functional theory calculations to be the
minima in binding energy potential on the sapphire substrate.
The potential minima are only a few tens of millielectronvolts
lower than the highest-energy orientations.”> This low energy
barrier causes the broad orientation distribution. Later, Chen
et al. reported an aligned growth guided by the step edge of
sapphire.*®* Dumcenco et al. reported a narrow distribution of
crystal orientations with triangle edges aligned solely to the
[1100] direction of a sapphire substrate, wherein the key step
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was to anneal the sapphire substrate at 1000 °C for 1 h to
prepare an atomically clean surface before growth.”” Aljarb et
al. also reported a narrow distribution in the same [1100]
direction, where the key step is a high sulfur to MoOj ratio in
the initial nucleation step using two-step growth temper-
ature.”” Suenaga et al. reported aligned crystal growth with
triangle edges on the contrary aligned to [1120] at high sulfur
concentration and [1100] at low sulfur concentration.”” Wang
et al. also reported an orientated crystal growth and suggested
that a high growth temperature of ~930 °C is the key to
achieving an aligned orientation.*” Interestingly, the aligned
crystal growth can also occur on a GaN substrate, which has a
very different lattice constant from sapphire.*' ~** These results
indicate that 2D crystal growth with an aligned orientation can
be achieved despite the weak vdW interaction with the
substrate. The detail fundamental conditions and mechanisms
leading to the aligned orientation, however, are still not clear
and require further investigation.

Here, we introduce oxidation etching to investigate the
growth condition and mechanism for aligned 2D crystal
growth. Oxygen is introduced for two purposes. First, it is used
to produce stable MoO, vapor from oxidizing in situ
molybdenum foil. In a typical CVD furnace, where sulfur

https://doi.org/10.1021/acsanm.1c00469
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Figure 2. (a) CVD temperature and gas flow timeline profile, where oxygen flow is turned off after reaching a growth temperature of 790 °C. (b)
Optical microscope image of grown MoS, crystals for the growth process (a). The inset is an SEM image. (c) XPS analysis showing that Mo foil is
covered by MoS, after the growth process (a). (d) CVD temperature and gas flow timeline profile for continuous oxygen flow till the end of
growth. (e) Optical microscope image of grown MoS, crystals for the growth process (d). The inset is an SEM image, showing an improved crystal
structure and the aligned crystal orientations. (f) XPS analysis of Mo foil after growth showing that Mo foil is covered by MoS, and MoO, after the

growth process (d).

vapor reacts with the vapor generated from MoO; powder for a
downstream MoS, growth, sulfurization also occurs on MoOj;
powder due to the exposure of MoOj; power to sulfur vapor. As
a result, MoS, forms on MoO; powder and hinders its
continuous sublimation. The introduction of oxygen causes
etching of MoS,, which prevents the growth of capping MoS,
on MoO; 5powder, thus ensuring a continuous MoO, vapor
release.**"*> Second, oxygen causes etching to compete with
the growth of MoS, on a sapphire substrate. A carefully
adjusted oxygen flow can selectively etch away or prohibit the
growth of unstable and defective MoS, while allowing an
energetically stable crystal structure to grow. When the MoS,
crystal is in an orientation commensurate with the sapphire
lattice, the matched lattice registry enables a stronger vdW
interaction with sapphire, thus becoming a more stable
nucleation orientation that can survive etching and growth.
We systematically adjust the oxygen flow condition to exploit
this growth selection mechanism and find that there are two
preferred growth orientations with triangle crystal edges
respectively aligned to the [1100] and [1120] direction of
the sapphire substrate. The detail oxygen tuning approach will
be discussed. This study demonstrates that even though vdW
interaction is a rather weak force, a properly adjusted etching—
growth competition can enable a substrate lattice-guided vdW
epitaxial growth.

B RESULTS AND DISCUSSION

We introduce oxygen gas in the CVD process, where the gas-
phase reaction of sulfur and MoO,, vapor is carried out in an Ar
flow to grow MoS, on a sapphire substrate. Figure la
schematically illustrates the CVD setup, which has a one-
inch inner quartz tube to hold sulfur powder and a three-inch
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outer quartz tube to introduce oxygen gas. Ar is used as a
carrier gas in both quartz tubes. Sulfur vapor was generated
from sulfur powder heated at 160 °C and carried by Ar to react
with MoO; downstream. Oxygen is introduced through an
outer quartz tube to avoid reaction with sulfur. Instead of using
MoO; powder as the solid MoO, source, we choose to use
oxygen to oxidize in situ Mo foil at 500 °C. A thin layer of Mo
oxide is formed on Mo foil, which then sublimates to generate
MoO, vapor at temperature above 650 °C.*° A c-plane
sapphire substrate of 1 cm X S cm is placed face-down above
the Mo foil. The substrate is diced from a 2” diameter epi-
ready grade substrate with a 1 cm side parallel to the sapphire
a-plane [1120] direction (Supporting Information S1). The
substrate does not have any chemical or thermal pretreatment
before growth as done in other aligned crystal growth
studies.””** Oxygen flow controls the extent of oxidation of
Mo foil and therefore the generation of MoO, for MoS,
growth. The presence of oxygen at high temperature, on the
other hand, also causes etching of MoS,. Oxygen flow needs to
be carefully controlled for the balance between etching, growth
of MoS,, and for the generation of MoO,.

The optimized CVD heating and gas flow timeline profiles
are shown in Figure 1b. Here, we mainly focus on the effect of
the oxygen flow profile on MoS, growth. Growth details are
provided in the Materials and Methods section. Temperature
was intentionally held at 500 °C for 10 min to oxidize Mo foil
before ramping up to the final growth temperature at 790 °C.
Oxygen flow changes from 6 to 2 sccm at the Sth minute of the
oxidation period. The first stage of 6 sccm oxygen flow
produces MoO,, sourced from oxidizing Mo foil. The second
stage of 2 sccm flow balances between the etching and growth
of MoS,. This CVD process grows perfect equilateral triangle
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Figure 3. (a) Oxygen flow changing from 4 to 2 sccm at the start of the growth period (790 °C). (b) Crystals grown on the surface. (c) Oxygen
flow changing from 4 to 2 sccm at the end of the oxidation period (500 °C). (d) Growth morphology with higher crystal density. (e) Starting
oxygen flow increasing to 6 sccm while keeping the time changing to 2 sccm the same. (f) Crystal density decreasing with a slight increase in size.

MoS, crystals with crystal edges aligned to the [1120]
direction of the sapphire substrate, as shown in optical
microscope (OM) images in Figure lc taken at substrate
positions I-VI depicted in the inset of Figure la. All the
following image pictures were taken with the [1100] direction
of the sapphire substrate placed in the horizontal direction.
The [1120] direction of sapphire is accordingly in the vertical
direction. Crystals grown near the edges of the substrate
showed scattered distribution of orientations (Figure lc (I,
VI)). It is likely due to the change in the local growth
environment at substrate edges. The optical microscope image
in Figure 1d illustrates the consistency of crystal alignment
over a larger area. This aligned crystal growth occurred over a
nearly 4 cm length out of the total S cm length of the sapphire
substrate. A continuous film can be achieved with an extended
growth time of SO min (Supporting Information, Figure S2a).
XPS analysis of single crystals in Figure Ic shows the
composition in a near perfect Mo:S = 1:2 ratio (Supporting
Information, Figure S2b). The matching of Mo foil length to
the sapphire length is helpful to achieve this orientation
uniformity over a large area. A scanning tunneling electron
microscope image of grown MoS, crystals is shown in Figure
1f, showing a crystalline atomic symmetry structure.

The oxygen flow profile plays an important role to realize
this aligned crystal growth. It produces in situ MoO,, and at the
same time introduces etching to compete with the growth of
MoS,. When these two counteracting processes are properly
balanced, it selectively grows crystal structures that are
energetically stable on the substrate and etches away less
energetically stable crystal defects or structures, thereby
improving overall grown crystal quality. The near perfect
equilateral triangle shape is an indication of good crystalline
growth.”>*”*" The two-stage oxygen flow profile was system-
atically developed through a sequence of heuristic trials and
adjustments. We have explored various growth parameters. A
few key trials are described in the following to shed light on the
tuning approach taken to reach this two-stage flow profile.
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We first tested an oxygen flow profile, where the oxygen flow
rate was set at 2 sccm and turned off when the furnace reached
growth temperature (Figure 2a). Small and dense triangle
crystals of ~1—2 pm size were grown on a sapphire substrate,
as shown in Figure 2b. The inset in Figure 2b is a magnified
scanning electron microscope (SEM) image, showing triangle
crystals with slight distortion. It is very special that all crystals
are aligned with their edges parallel to the [1100] direction of
the sapphire substrate. The surface composition of Mo foil
after growth was analyzed by X-ray photoelectron spectroscopy
(XPS), where we specifically looked for the binding states
related to MoO, and MoS,. XPS analysis showed that the Mo
foil surface was largely covered by MoS, at the end of the
growth process (Figure 2c) (Supporting Information, Figures
S3c and S4c). This indicates that sulfur vapor, while reacting
with MoO,, vapor to grow MoS, on the sapphire substrate, also
sulfurized solid MoO,, on Mo foil and formed a capping MoS,
layer. This MoS, capping layer hindered the continuous
sublimation of MoO, and eventually stopped the crystal
growth. The growth condition is expected to be in a relatively
sulfur-rich condition due to this decrease in MoO, vapor
release. We tried another growth run with oxygen flow kept at
2 scem till the end of growth (Figure 2d). The presence of
oxygen during the crystal growth period changed the growth
morphology to a dense distribution of submicrocrystals with
occasional sparse crystals of ~20 um size (Figure 2e). We took
a closer look at the substrate surface using an SEM.
Interestingly, there were near perfect equilateral triangle
crystals of 0.2—0.5 um size densely distributed across the
whole area (Figure 2e inset). These small crystals were near
100% aligned with their edges parallel to the [1100] direction
of the sapphire substrate. The small size allowed crystals to
rotate into an orientation commensurate with the sapphire
lattice, which strengthened interfacial vdW bonding to the
sapphire lattice”® and locked down the orientation. These
aligned crystals cover most of the substrate area except near
substrate edges (Supporting Information, Figure SS). Sparse
large MoS, often has a seed particle at the center, as shown by
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the tiny white dot at the center of large crystals in Figure 2e.
This particle is a sulfurized MoO, particle (multiple-layer
MoS,)** landed on the sapphire surface from the MoO,
source. It initiates nucleation early and grows into a large
crystal. The seed particle, however, does not guide the crystal
growth orientation, leading to random orientations. For small
crystals, growth starts from MoS, spontaneous nucleation
guided by the substrate lattice, thus leading to aligned crystal
growth. It takes time to aggregate Mo and S from the precursor
to start nucleation and therefore leads to small crystal size due
to shorter growth time. XPS analysis of Mo foil after growth
showed the presence of Mo®* and Mo** along with the S signal,
indicating that both MoS, and MoO,, were present on the Mo
foil surface at the end of the growth process (Figure 2f)
(Supporting Information, Figures S3b and S4b). The presence
of oxygen caused oxidation etching of MoS,, which prevented
the formation of a continuous capping MoS, layer on Mo foil.
Both MoS, and MoO, were thus present on the Mo foil
surface. The presence of oxidation etching also competes with
the growth of MoS, on sapphire. Under proper conditions, it
selectively etches away energetically unstable crystal defects
while letting stable crystal structures grow. This leads to the
near perfect equilateral triangle crystal growth, as shown in the
inset of Figure 2e, in sharp contrast to the distorted triangles in
the inset of Figure 2b. A side effect of this improved growth is a
reduced grown crystal size due to etching.

We have tried different oxygen flow values. A higher oxygen
flow caused etching to overtake growth and resulted in no
crystal growth. A lower oxygen flow on the other hand caused
source poisoning, which resulted in defective crystal growth
similar to that shown in Figure 2b. These observations indicate
that introducing oxygen flow not only prevents source
poisoning but also improves crystal growth quality through
etching and growth competition, as shown by the improved
triangle shape. Interestingly, it also leads to crystal growth with
an aligned orientation.

To have independent control on MoO, production and
oxidation etching, we introduce a two-step oxygen flow in the
growth process: one flow rate for producing MoO, before
reaching growth temperature and one for controlling the
balance between etching and growth of crystals at growth
temperature. We first increased the starting oxygen flow to 4
sccm to produce more MoO,, from Mo foil and switched to 2
sccm when the furnace reached growth temperature, as shown
by the oxygen flow timeline profile in Figure 3a. Sparse crystals
of 30—40 pm size were still present on the sapphire surface
(Figure 3b). The rest of the open area was covered by small
crystals with a random orientation (Figure 3b inset SEM
image). The morphology change is attributed to the increase in
MoO, supply and delayed response time of the gas flow
change. When oxygen flow changed from 4 to 2 sccm, it took a
certain time for the oxygen environment to settle from the 4 to
2 sccm condition. The 4 sccm oxygen flow produces more
MoO,, but the delayed response time for the flow change
caused an excess oxygen environment and thus higher
oxidation etching at the beginning of the growth period (790
°C region). The overetching mostly affects the small crystal
growth, leading to a distorted shape.

Taking this delayed response into consideration, we moved
the 4 to 2 sccm oxygen flow change ahead by 10 min to where
temperature started to ramp up from 500 °C (Figure 3c). This
in advance flow change allowed oxygen flow in the furnace to
have more time to decay toward the 2 sccm condition as the
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furnace reached growth temperature. Previous high oxidation
etching caused by the delayed oxygen flow change was
reduced. As a result, grown crystals showed an increase in
nucleation density (Figure 3d). To increase MoO, supply, we
tried another growth run with the initial oxygen flow increased
to 6 sccm while keeping the time switching to 2 sccm the same
(Figure 3e). The grown crystals shown in Figure 3f, as
compared with the previous case (Figure 3d), showed a
decrease in nucleation density and a slight increase in size. The
higher initial 6 sccm oxygen flow produced more MoO,,
though it required a longer time to settle to the 2 sccm
condition. This longer settling time again caused an increase in
oxidation etching during growth. As a result, it decreased
nucleation density, in particular for the small crystals, as they
were more susceptible to etching. A seed particle is present at
the center of large misaligned crystals, which is a sulfurized
MoO, particle caused by the oversupply of MoO,. It starts
crystal growth without orientation control, leading to random
crystal orientations.

To reduce this oxidation etching, we moved the 6 to 2 sccm
change further ahead into the middle of the 500 °C oxidation
time period, as shown by the timeline profile of oxygen flow in
Figure 1b. This allowed more time for oxygen flow to decay
toward 2 sccm when the furnace reached growth temperature.
This carefully adjusted oxygen flow profile led to an increase in
nucleation density for large crystals as seen by comparing
Figure 1c,d to Figure 3f, while there was no small crystal grown
on the surface, which is probably because the precursor was
used up by the growth of large crystals leaving no room for
small crystals to nucleate and grow. These large crystals
showed perfect equilateral triangle shapes with size up to 80
pum. There is no seed particle at the center of large crystals due
to no MoO,, oversupply, as compared with the case in Figure
3f. Growth now starts from MoS, spontaneous nucleation
guided by the substrate lattice, thus leading to aligned crystal
growth. Interestingly, these large crystals were all well-aligned
with edges parallel to the [1120] direction of the underlying
sapphire substrate. This is in sharp contrast to the case shown
in Figure 2e, where small crystals in the size of submicrometers
were aligned with edges parallel to the [1100] direction of the
sapphire substrate. The growth condition difference between
those aligned to the [1120] and [1100] direction is merely the
oxygen flow profile: the former one using a 6 to 2 sccm two-
step (Figure 1b) and the latter one using a 2 sccm continuous
oxygen flow (Figure 2d). The former case has more MoO,
supply than the latter one. The growth conditions for these
two orientations are thus identified to be MoO,- and sulfur-
rich conditions, respectively.

The presence of oxygen flow introduces etching to compete
with growth. From the above careful tuning of oxygen flow, it
leads to two preferred growth orientations aligned to the
[1120] and [1100] directions of the sapphire substrate. To
explain these preferential orientations, density functional
theory has been used to calculate the binding potential of
the vdW interaction between MoS, and sapphire. Some reports
show that the local energy minimum occurs only in the [1100]
direction’”*® and some reports in both [1100] and [1120]
directions.”>*” This discrepancy could be due to different
modeling details in each report. Here, we elucidate these two
stable orientations from a crystallographic viewpoint. In
heteroepitaxial growth, a crystal tends to grow in an orientation
with its lattice commensurate with the underlying substrate
due to better nucleation stability. The periodicity of the
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Figure 4. MoS, crystal structure on sapphire. (a) MoS, triangle edge aligned to the [1120] direction (parallel to the m-plane) of sapphire. It forms
a superlattice of the (3xX3) MoS, dashed blue unit cell on the (2X2) sapphire dashed black unit cell. (b) MoS, triangle edge aligned to the [1100]
direction (parallel to the a-plane) of sapphire. It forms a superlattice of the (5XS) MoS, dashed blue unit cell on the (3x3) sapphire dotted green
unit cell. (c) Sapphire unit cell represented by a dashed black parallelogram formed by m-plane lines and the dashed green parallelogram formed by

a-plane lines.
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Figure 5. (a) Raman spectrum of as-grown Mo$, crystals. A peak separation of 19 cm™" indicates a monolayer. (b) Photoluminescence spectrum of
as-grown MoS, crystals. (c) Absorption spectrum showing A and B band edge exciton absorption and the higher-energy C and D excitonic
absorption by the van Hove singularities of the MoS, monolayer. (d) AFM image of small MoS, crystals in Figure 2e. A white dashed line indicates
the direction of fine sapphire terrace step edges. (e) Surface profile of MoS, crystals depicted by the red line in (d). (f) Surface profile of MoS,

crystals depicted by the yellow line in (d).

sapphire lattice (4.758 A) is 1.506 times of the MoS, lattice
constant (3.16 A). When the triangle edge of the MoS, crystal
is aligned to the [1120] direction (parallel to the m-plane of
sapphire), as shown in Figure 4a, it forms a coincident
superlattice of (3%3) MoS, on (2X2) sapphire as illustrated by
the MoS, and sapphire unit cells depicted by dashed blue and
black parallelograms. In this orientation, there is a 0.4% tensile
strain in MoS,, which can be elastically accommodated. When
the triangle edge of the MoS, crystal is aligned to the [1100]
direction (parallel to the a-plane), it forms a superlattice of
(5%XS) MoS, on (3x3) sapphire, as shown in Figure 4b. To
visualize this latter superlattice, the original sapphire unit cell
depicted by a dashed black parallelogram is replaced by the
dashed green parallelogram formed by the a-plane lines, as
illustrated in Figure 4c. The lattice constant of this unit cell is

5.494 A. It is very close to a S to 3 ratio with respect to the
MoS, lattice constant, which leads to a superlattice of (5XS)
MoS, on (3%3) sapphire as illustrated in Figure 4b. The
estimated tensile strain is 4% in this orientation. The
commeasure of the MoS, lattice with the sapphire lattice in
these two orientations allows vdW interaction to increase
MoS, bonding and therefore nucleation stability on a sapphire
substrate. This interaction force, however, provides only a few
tens of millielectronvolts of binding energy according to
density functional theory calculation.® It therefore requires a
carefully balanced etching—growth condition to realize such an
orientation-selective growth. In the current study, aligned
crystal growth often occurs in one of the two orientations
depending on growth conditions. They do not occur in both
orientations simultaneously. This suggests that in addition to
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commensuration with the substrate lattice, the growth
condition also plays an important role in choosing one of
the two orientations. It has been reported that termination of
MoS, crystals depends on the growth environment. A Mo (S)-
rich growth environment results in Mo (S)-terminated triangle
MoS, crystals.”” The MoS, crystal in Figure 4a and 4b is thus
drawn with Mo and S termination, respectively. It is worth
noting that one can draw both S- and Mo-terminated triangles
(orange and blue triangles) in Figure 4b (likewise Figure 4a)
with two triangles in 60° rotation with respect to each other. In
other words, both terminations have the same lattice registry
commensurate with the sapphire lattice. Termination is
therefore not likely a reason for choosing the orientation in
Figure 4a or b. Since the orientation depends on precursor
conditions, the selection is therefore attributed to a precursor-
dependent sapphire surface modification that promotes a
specific growth orientation.

To verify the MoS, crystal quality, we measured Raman,
photoluminescence, and absorption spectra using samples in
Figure lc. Figure Sa shows two typical Raman peaks. One
corresponds to an out-of-plane vibration mode with a Raman
shift of 402.2 cm™, and the other corresponds to an in-plane
vibration mode with a Raman shift of 383.2 cm™. The Raman
shift difference of 19 cm™" confirms the monolayer of grown
MoS, crystals. Figure Sb is a typical photoluminescence
spectrum. It shows a strong A exciton peak at 662 nm with a
full width at half maximum linewidth of 29 nm. This relatively
narrow linewidth indicates good crystal quality.”” Figure Sc
shows the absorption spectrum. It shows the well-known A and
B excitonic absorption peaks by band edge excitons.”** In
addition, it also shows the higher-energy C and D excitonic
absorption by the van Hove singularities of the MoS,
monolayer." These observations indicate a decent optical
property of the grown MoS, crystals. Figure Sd is the AFM
image of MoS, crystals grown with continuous 2 sccm oxygen
flow shown in Figure 2e. The edges of small crystals are all
aligned to the [1100] direction. Figure Se is a surface line scan
profile over a crystal depicted by a red line in Figure Se. The
layer thickness of 6 A indicates a monolayer MoS, crystal. The
fine stripes on the whole surface are the sapphire terrace steps
due to an ~0.2° off-cut angle of the sapphire surface with
respect to the sapphire c-axis. The step edge height is about 2
A, and the terrace width is about 80 nm.””*® The terrace step
height is much smaller than MoS, thickness and does not affect
MoS, growth at all. Interestingly, sapphire terrace step
morphology is also shown on the MoS, surface, as indicated
by the ripples on MoS, in Figure Se. The reduced corrugation
depth at the center indicates that the MoS, film is slightly
stretched over sapphire terrace steps. These corrugations
suggest that MoS, is flexible enough to grow over and follow
the step edge corrugation. This AFM image was intentionally
taken near an occasionally occurred large crystal, which is
shown on the right in the figure. The edge of this large crystal
depicted by a blue line is aligned to the sapphire [1120]
direction. Figure Sf is an AFM surface line scan (yellow line in
Figure 5d) showing monolayer thickness and a similar
corrugated surface feature. These AFM surface analyses show
that the MoS, crystal orientation is guided by the sapphire
crystal lattice and independent of its surface step edges.

B CONCLUSIONS

In conclusion, we have demonstrated a highly aligned MoS,
crystal growth by introducing oxygen in the CVD growth
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process. Oxygen flow causes oxidation etching to compete with
the growth of MoS,. Through careful tuning, the balance
between etching and growth leads to a selective growth of
energetically stable crystal structures. This selection mecha-
nism leads to aligned orientation growth with triangle crystal
edges aligned to the [1120] and [1100] directions of the
sapphire substrate. These two orientations respectively
correspond to a superlattice of (3%3) MoS, on (2X2) sapphire
and (5XS) MoS, on (3%3) sapphire. They are identified to
occur under MoO,- and sulfur-rich growth conditions,
respectively. The commeasure of the lattice structure allows
the vdW interaction with the sapphire surface to stabilize MoS,
nucleation and therefore promotes crystal growth in these two
orientations. Due to the weak vdW interaction, it requires a
carefully balanced etching—growth competition to realize such
an orientation-selective growth. This selective growth process
and the understanding of mechanisms are important for the
future development of large-scale single MoS, crystal growth.
The approach can also be applied to other 2D materials grown
on a crystalline substrate.

B MATERIALS AND METHODS

Growth Procedure. The MoS, crystal was grown on a c-plane
sapphire substrate by chemical vapor deposition (CVD). The furnace
had a one-inch quartz tube inside a three-inch quartz tube. Sulfur
powder (Sigma-Aldrich, >99.9% purity) was placed in the one-inch
tube heated at 160 °C to generate sulfur vapor. Oxygen (2—6 sccm)
and Ar (50 sccm) were introduced to the outer three-inch quartz tube
to oxidize Mo foil (Sigma-Aldrich, >99.9% purity) placed at the
reaction zone to generate MoO, vapor. Sulfur vapor was carried by Ar
(1S sccm) downstream to react with MoO,, vapor. A c-plane sapphire
substrate was placed face-down above the Mo foil. The furnace
temperature was first raised to 500 °C from room temperature at a 25
°C/min ramping rate, maintained at 500 °C for 10 min, and then
raised to a growth temperature of 790 °C at the same ramping rate
and maintained for 10 min. The furnace cooled down naturally after
growth. Sulfur temperature was raised to 160 °C at a 25 °C/min
ramping rate. It reached 160 °C at the same time when the furnace
temperature started ramping up from 500 °C.

Characterization. Optical microscope images were taken using an
Olympus BXSI. Scanning electron microscopy images of MoS,
crystals on sapphire were taken using a Hitachi SU-8010 without
precoating of a conductive layer. Due to the nonconductive nature of
the sapphire substrate, images had to be taken as soon as possible
before charging caused image distortion. Both Raman spectroscopy
and photoluminescence spectroscopy were performed using an Andor
SRS00 with 532 nm laser excitation. Atomic force microscope images
were taken using a Bruker Dimension Icon using tapping mode. XPS
spectra were acquired using a PHI 5000 VersaProbe (ULVAC-PH]I,
Japan) system using a monochromatic Al Ka X-ray beam with a beam
diameter of 100 ym. An electron beam and an Ar+ beam, both with
acceleration voltages of 10 V, were applied on the surface to
compensate for the surface charge during spectrum acquisition
processes.
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