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Revisiting the Epitaxial Growth Mechanism of 2D TMDC

Single Crystals

Chenyang Li, Fangyuan Zheng, Jiacheng Min, Ni Yang, Yu-Ming Chang, Haomin Liu,
Yuxiang Zhang, Pengfei Yang, Qinze Yu, Yu Li, Zhengtang Luo, Areej Aljarb, Kaimin Shih,

Jing-Kai Huang, Lain-Jong Li,* and Yi Wan*

Epitaxial growth of 2D transition metal dichalcogenides (TMDCs) on sapphire
substrates has been recognized as a pivotal method for producing wafer-scale
single-crystal films. Both step-edges and symmetry of substrate surfaces have
been proposed as controlling factors. However, the underlying fundamental
still remains elusive. In this work, through the molybdenum disulfide (MoS,)
growth on C/M sapphire, it is demonstrated that controlling the sulfur
evaporation rate is crucial for dictating the switch between atomic-edge
guided epitaxy and van der Waals epitaxy. Low-concentration sulfur condition
preserves O/Al-terminated step edges, fostering atomic-edge epitaxy, while
high-concentration sulfur leads to S-terminated edges, preferring van der
Waals epitaxy. These experiments reveal that on a 2 in. wafer, the van der
Waals epitaxy mechanism achieves better control in MoS, alignment (~99%)
compared to the step edge mechanism (<85%). These findings shed light on
the nuanced role of atomic-level thermodynamics in controlling nucleation
modes of TMDCs, thereby providing a pathway for the precise fabrication of
single-crystal 2D materials on a wafer scale.

1. Introduction

Transition metal dichalcogenides (TMDCs)
represent a class of 2D semiconducting ma-
terials with considerable potential for next-
generation electronic devices.[!l However,
the realization of such applications neces-
sitates the fabrication of wafer-scale single
crystals.l’l From a theoretical standpoint,
two primary methodologies have been pro-
posed to achieve 2D TMDCs single crys-
tal growth. The first is to control single
nucleation followed by the continuous ex-
pansion of the grain size to attain wafer-
scale single crystals.}] Despite notable ad-
vancements, this method faces significant
challenges, particularly when scaled to in-
dustrial requirements, such as the grow-
ing films on large wafers and the attain-
ment of high-efficiency yields. Alternatively,
the second approach entails the epitaxial
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growth of oriented multi-nucleation on a crystalline substrate,
followed by their seamless integration into a wafer-scale single
crystal. This technique has successfully produced various 2D sin-
gle crystals at the wafer scale;*l however, the mechanisms gov-
erning the control of crystal lateral orientation are still under ac-
tive investigation and debate within the scientific community.

The creation of vicinal surfaces, rich in parallel step edges, has
been established as an effective strategy for directing the orien-
tation of 2D grains.!*>*] These step edges on the substrate act as
prime nucleation sites, initiating and guiding the 2D crystal’s ori-
entation towards uniformity. For example, Yang et al. have shown
that single-oriented molybdenum disulfied (MoS,) monolayers
can be synthesized on vicinal Au (111) surfaces, facilitated by the
preferential docking of a Mo-zz edge with atomic steps.[®! Simi-
larly, Li et al. intentionally employed C/A axis miscut orientation
to generate step edges along the M direction, overcoming the nu-
cleation energy degeneracy for antiparallel domains, and success-
fully produced wafer-scale single-crystal MoS,.*¢! This approach,
known as atomic-edge guided epitaxy, is now widely recognized
as the predominant mechanism for the growth of single-crystal
TMDCs on gold and sapphire substrates.

Conversely, there are emerging discussions suggesting that
van der Waals epitaxy—characterized by the weak van der Waals
interactions between 2D grains and substrate surfaces—plays
a crucial role in the deterministic control of single orienta-
tion growth on both gold!®’! and sapphire substrates.® Statis-
tical analyses of Molecular Beam Epitaxy (MBE) grown, single-
oriented 2D TMDCs on Au(111) substrates reveal that over 88%
of TMDC nucleation occurs on surface terraces,’?l rather than
docking at the step edges. Additionally, our recent investiga-
tions highlight the importance of refining single-exposed sap-
phire crystal surface slabs to achieve unidirectional nucleation on
sapphire surface terraces, further underscoring the complexity of
the growth mechanisms involved.®!

While both atomic-edge guided epitaxy and van der Waals epi-
taxy are theoretically sound and supported by robust experimen-
tal evidence, the precise factors underlying the growth mode still
remain elusive. Notably, several research works have highlighted
the pivotal role of growth conditions—particularly the ratio of
metal to chalcogen precursors—in determining the orientation
of 2D TMDCs during the epitaxial process. For example, Suenaga
etal. have shown that the orientation of MoS, on c-plane sapphire
can exhibit two distinct perpendicular directions, which can be
manipulated by adjusting the sulfur concentration.®d Further-
more, various works on chemical vapor deposition (CVD)-grown,
unidirectionally aligned TMDCs assert that a high chalcogen-
to-metal ratio is crucial for obtaining wafer-scale single-crystal
films.[4256670.80.49] Degpite these findings, a comprehensive theo-
retical framework that convincingly elucidates the impact of pre-
cursor concentration on orientation control has yet to be devel-
oped at the atomic interaction level. This highlights a significant
gap in the field, as experimental evidence that directly reflects
these atomic interactions is still missing.

In this study, we utilized C towards M axis (C/M) sapphire sub-
strates with a miscut angle ranging from 0.2° to 2° to explore the
impact of precursor concentration on the epitaxial growth modes
of 2D TMDCs. Our systematic experimental results, underscored
by atomic-resolution cross-sectional scanning transmission elec-
tron microscopy (STEM) images, reveal that a low S/Mo ra-
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tio preserves the active oxygen (O)/aluminum (Al)-terminated
atomic edges. This condition facilitates the MoS, grains follow-
ing atomic edge epitaxy with 0°/60° alignment, referenced to the
A axis [1120]. Conversely, a high S/Mo ratio leads to sulfur (S)-
terminated atomic edges, hindering edge nucleation. In such
an instance, the terrace/surface symmetry dictates the growth
orientation through van der Waals epitaxy, resulting in 30°/90°
alignment. Simulations corroborate the selective docking be-
havior of MoS, nuclei at O/Al-terminated atomic edges, while
such behavior is absent at S-terminated atomic edges. Leverag-
ing this insight, 2-inch wafer-scale single-oriented MoS, mono-
layers on C/M sapphires with uniform electrical properties have
been successfully synthesized with 90° alignment—a feat previ-
ously deemed unachievable. Our findings highlight the critical
role of atomic-level thermodynamics in manipulating the nucle-
ation modes of 2D materials. The elucidated mechanism com-
prehensively explains the orientation control observed in prior
studies involving precursor concentration and paves the way for
the precise and controlled fabrication of single-crystal 2D mate-
rials.

2. Results and Discussion

A typical CVD method, utilizing molybdenum oxide (MoO;) and
sulfur (S) powder as precursors, was employed to investigate the
orientation and growth mode of MoS, on C towards M axis mis-
cut (C/M) sapphire substrates, as shown in Figure S1 (Supporting
Information). The sulfur powder was positioned upstream, with
its consumption rate controlled by a heating tape, ranging from
0.75 to 3.2 mg min~'. The MoO, powder was placed upstream of
the high-temperature heating furnace, featuring a consumption
rate of 1.6 mg min~!. C/M sapphire substrates were pretreated at
high annealing temperatures between 1000 to 1300 °C in a muffle
furnace to achieve uniform surfaces with atomic steps.®l After
annealing, the sapphire substrates were placed downstream of
the furnace. Figure S1 (Supporting Information) illustrates the
set-up of the CVD system.

Figure 1a—c displays the distinct preferential growth orienta-
tions of MoS, monolayers on C/M 1° substrates, varying with the
increase in sulfur evaporation rate from 0.9 to 3.2 mg min~'. At
a relatively low S evaporation amount, as depicted in Figure 1a
and Figure S2a,b (Supporting Information), the edges of MoS,
triangles, identified as the zigzag-S direction [1120], aligned par-
allel to the step direction, indicating a 0°/60° alignment. Intrigu-
ingly, with an increase in sulfur evaporation, a portion of the
MoS, exhibited a 30°/90° orientation change, leading to mixed
orientations, as illustrated in Figure 1b. Upon further increas-
ing the sulfur evaporation amount, the dominant MoS, orienta-
tion transitioned to a 30°/90° alignment (Figure 1c and Figure
S2¢,d, Supporting Information). It has been reported that an
insufficient-S condition can result in the formation of MoO,
seeds, leading to randomly oriented MoS, growth on untreated
sapphire surfaces.['%) A similar phenomenon was also observed
on our annealed substrates when the S evaporation rate was
decreased to 0.8 mg min~' (shown in Figure S3, Supporting
Information).

Previous reports have demonstrated that MoS, on annealed
C-plane sapphire prefers a 30°/90° rotation configuration, at-
tributed to the van der Waals interactions.2#8411] However, when
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Figure 1. Variations in MoS, growth modes on C/M sapphire substrates. a—c) Optical microscopy (OM) and schematic images illustrating the impact
of varying sulfur evaporation rates on MoS, growth orientations: a) at 0.9 mg min~', demonstrating a 0/60° alignment, b) at 1.5 mg min~" showing
mixed alignments, and c) at 2.3 mg min~" revealing 30/90° alignment. d) Schematic illustrating the two primary mechanisms of epitaxial growth on
sapphire substrates: atomic-edge guided epitaxy, facilitated by step edges, and van der Waals epitaxy, occurring on terraces. ) AFM images of annealed
sapphire substrates featuring different step heights (scale bar: 200 nm), alongside corresponding OM images of MoS, grown under identical conditions
with a S evaporation rate of 1.5 mg min~'. (Scale bar: 5 um).
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Figure 2. Surface reconstruction of C/M sapphire after MoS, growth. a) Cross-sectional HRTEM image of a monolayer MoS, on sapphire under low
S/Mo ratio condition. b) STEM-EDS elemental mapping for Mo, S, Al, and O of the rectangle area in (c). c¢) Cross-sectional HAADF-STEM image of a
monolayer MoS, on sapphire under low S/Mo ratio condition. d) Intensity profile along blue and orange dashed lines in (c). e) Cross-sectional HRTEM
image of a monolayer MoS, on sapphire under high S/Mo ratio condition. f) Cross-section HAADF-STEM image of a monolayer MoS, on sapphire
under high S/Mo ratio condition. g) Intensity profile along blue and orange dashed lines in (f). Scale bars in all images are 1T nm.

considering the strong bonding between the zigzag edges of
MoS, and the atomic steps of C/M sapphire along [1120] direc-
tion, the preferred orientation of MoS, growth shifts toward a
0/60° alignment.!*d] It is worth noting that although step edges
provide nucleation sites and directional guidance, the MoS,
grains remain aligned along the [1120] direction of c-plane sap-
phire lattice regardless of the exact step angle.>*12] Consequently,
as shown in Figure 1d, the epitaxial growth mode of MoS, on C/M
sapphire substrates transitions from atomic-edge guided epitaxy
to the van der Waals epitaxy with an increase in the sulfur evap-
oration rate.

It is crucial to highlight the significant role of the substrate’s
annealing process, as it generates uniform atomic steps, thereby
facilitating the coexistence of two distinct growth modes. To delve
deeper into how the structure and height of these steps influ-
ence the control over the epitaxy mode, we conducted system-
atic studies. Figure le presents AFM images showcasing well-
aligned steps along the [1120] direction, attributed to the M-axis
miscut angles. By adjusting both the miscut angle and anneal-
ing temperature, we were able to tailor step heights from 2 to
16 A, as shown in Figure S4 (Supporting Information). Intrigu-
ingly, under identical growth conditions with the S evaporation
rate of 1.5 mg min~!, MoS, grown on substrates with low step
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heights exhibits a 30/90° alignment. Conversely, an increase in
step height to 8-10 A leads to mixed orientations, whereas step
heights of 12-16 A distinctly favor a 0°/60° alignment. This indi-
cates that step height significantly influences growth mode con-
trol, with taller steps more effectively promoting atomic edge-
guided epitaxial growth.

To elucidate the epitaxial relationship between MoS, and the
substrate, we prepared cross-sectional samples of monolayer
MoS, grown on sapphire under different S/Mo ratios. Figure
S5 (Supporting Information) shows the cross-sectional fabrica-
tion process of a MoS, sample grown under a high S/Mo ratio.
Samples with both a high S evaporation rate (aligned at 30/90°)
and a low S evaporation rate (aligned at 0°/60°) were fabricated
perpendicular to the step edge of sapphire using a focused ion
beam (FIB). High-resolution transmission electron microscopy
(HRTEM) image, as shown in Figure 2a, reveals MoS, /AL, O; in-
terfaces under low S/Mo ratio conditions along Al,O, [1120] di-
rection. The Mo-to-Al distance is measured at 0.620 nm, indica-
tive of an ideal van der Waals interface between MoS, and sap-
phire, which is further corroborated in Figure 2b from energy-
dispersive X-ray spectroscopy (EDS) elemental mapping. Notably,
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) intensity profiles display variations
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in atomic contrast on the sapphire surface. A few O atoms in the
topmost Al,O, layer are substituted by S, yielding a higher con-
trast than the underlying O atoms, as shown in Figure 2c,d. These
results suggest that a low S evaporation rate leads to only partial
substitution of O atoms with S atoms, forming an O/S mixed in-
terface, which is a key factor causing antiparallel growth of 2D
materials on sapphire. >8]

The cross-sectional HRTEM image in Figure 2e shows the van
der Waals interface between MoS, and sapphire under a high
S/Mo condition. Conversely, as demonstrated in Figure 2f,g, all
O atoms in the topmost Al, O, layer are replaced by S with a high
S evaporation rate, creating a uniformly S-passivated surface. A
uniform interface is believed to be essential for single orienta-
tion epitaxy.l®413] To confirm the presence of S passivation, we
conducted EDS mappings of both samples in the same selected
area, including MoS, and sapphire surfaces. The S/Mo ratios
were found to be 2.69 and 2.57 for high S/Mo (Figure S6a-d, Sup-
porting Information) and low S/Mo (Figure S6e-h, Supporting
Information) samples, respectively, suggesting a variation in the
content of S dopants on sapphire. Interestingly, HAADF-STEM
images reveal that under low S/Mo conditions, S atoms only par-
tially replace O on the terrace and maintain an O/Al-terminated
atomic edge (Figure S7a, Supporting Information). In contrast,
under high S/Mo conditions, both the terrace and step edges are
substituted by S atoms, as shown in Figure S7b (Supporting In-
formation). This indicates that sulfur atoms preferentially replace
O atoms on the sapphire terrace surfaces rather than at the step
edges. Additionally, atomic images provide clear evidence for the
0°/60° alignment of MoS, at low S/Mo ratio, and the 30°/90°
alignment when the ratio is high (Figure S8, Supporting Infor-
mation).

Figure S9 (Supporting Information) presents the HAADF-
STEM image of a higher step (8 A) after MoS, growth under
high S/Mo conditions (S evaporation rate of 1.5 mg min~!), where
the edge remains O/Al-terminated. Upon comparing step edges
of varying heights under the same S/Mo ratio, it is evident that
higher step edges exhibit a larger exposed surface area, rendering
them more challenging to passivate with sulfur atoms relative to
lower step edges. This incomplete passivation of higher steps fa-
cilitates MoS, nucleation guided by the step edges, thus elucidat-
ing the differing growth orientations of MoS, under consistent
sulfur evaporation conditions as observed in Figure le.

Although the formation of a chalcogen passivation layer on the
sapphire surface has been reported in several studies, few have
offered atomic resolution images to elucidate the structure of this
passivation layer, especially at the step edges. Our results demon-
strate that an S-terminated atomic edge forms exclusively under
high S/Mo conditions. This phenomenon is proposed as the key
factor driving the transition in growth mode from atomic-edge
epitaxy to van der Waals epitaxy.

Density functional theory (DFT) calculations were conducted
using atomic models of sapphire step edges, constructed based
on cross-sectional STEM images. Figure S10a,b (Supporting
Information) depicts the atomic models for 0.4 nm O/Al-
terminated and S-terminated sapphire steps, respectively. The
key distinction between these two types of step edges is the
passivation effect of sulfur atoms on the step sides. Specif-
ically, the O/Al-terminated steps feature a sharp edge, with
both O and Al atoms exposed, while the S-terminated steps
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present a stair-like configuration, being completely passivated by
S atoms.

To assess the impact of atomic edges on nucleation, DFT cal-
culations first simulated the interactions between MoS, and sap-
phire substrates with O/Al-terminated step edges. Following re-
laxation, the edge S atoms of MoS, nuclei formed strong bonds
with exposed Al atoms at the sapphire step edges, as shown in
Figure 3a. Compared to the terrace-induced nucleation illustrated
in Figure 3D, the step-edge offers energetically favorable sites for
adsorption, as demonstrated by the comparison of adsorption en-
ergies in Figure 3c. Moreover, orientation angle-dependent sim-
ulation results indicate that atomic edge-guided epitaxy could po-
tentially direct single-oriented MoS, growth with 60° alignments.

However, experimental findings indicate challenges in achiev-
ing highly single-oriented MoS, growth with 0/60° alignment,
with the best outcomes showing approximately 85% unidirec-
tional growth, as demonstrated in Figure S11 (Supporting Infor-
mation). This discrepancy can be attributed to: 1) the complexity
of the edge structure, which may undergo partial substitution by
S atoms during growth, leading to various atomic edge forma-
tions and consequently, antiparallel growth; and 2) the possibility
of MoS, nucleation occurring at either the bottom or top of the
steps, also resulting in antiparallel growth.!>’]

Conversely, when MoS, nuclei form on S-terminated sapphire
steps, the simulation outcomes depicted in Figure 3d reveal a pro-
nounced difference: no bond is formed between the MoS, nuclei
and the step edges. This shift is largely due to the significantly re-
duced inductive effect exerted by the sulfur atoms of the fully pas-
sivated layer. Consequently, the S-terminated sapphire step edge
exerts less influence on guiding MoS, nucleation. Instead, the
interaction between MoS, and the sapphire terrace structure be-
comes crucial in directing the epitaxy process.

The distribution of adsorption energy as the MoS, flakes ro-
tate from O to 120° on S-terminated step edges, illustrated in
Figure 3e, indicates that the 90° orientation is the most ener-
getically stable configuration for MoS, flakes on S-terminated
step edges. These results are consistent with our previous
simulations,® which showed that MoS, on C-plane sapphire
surfaces, following van der Waals epitaxy, tends to align at 90°
on S-terminated sapphire surfaces. These findings are in strong
agreement with our experimental observations.

In our previous work,®! we found that mirror-reflected sap-
phire surfaces exist when the step height is randomly distributed
on commercialized sapphire, which induces antiparallel MoS,
growth. Additionally, mixed O/S-terminated surface nucleation
also leads to antiparallel growth. To facilitate the growth of single-
crystal MoS,, we meticulously annealed the sapphire substrates
to achieve uniformly distributed, even-numbered steps,® as
shown in Figure S4d (Supporting Information). This preparation
ensures a single-exposed atomic surface during the growth pro-
cess. Leveraging a high S/Mo ratio to create S-terminated step
edges and atomic surfaces enabled the attainment of wafer-scale
MoS, single crystals on C/M sapphire via van der Waals epitaxy,
as shown in Figure 4a. The uniformity performance of the 2 in.
wafer MoS, film can be found in Figure S12 (Supporting Infor-
mation).

It is worth noting that the C/M sapphire used in this work
was previously considered unsuitable for single crystal MoS,
growth in other research systems.!*d] This may be due to different
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Figure 3. Mechanism of MoS, growth mode transition. Atomic schematic illustrating the relaxed structures of MoS, ribbons, rotated at 0° and 60°,
a) situated less than 2.78A from an O/Al-terminated step edge, demonstrating the atomic edge-guided growth; and b) positioned over 0.57 nm from the
O/Al-terminated step, representing the terrace-guided growth. c) The adsorption energy distribution of MoS, rotating at 0° and 60° under conditions
of step edge-guide growth (related to a) and terrace-guide growth (related to b). d) Initial and relaxed structure of MoS, flakes at 90° on S-terminated
sapphire steps. e) The adsorption energy distribution of MoS, flakes rotating from 0° to 120° on S-terminated step edges.

atomic structures formed in varying reaction environments. For
example, the introduction of Se,l*®132] 0,,[#4130] and H, (1] as re-
action gases can lead to different surface reactions, forming dis-
tinct atomic structures on terraces and steps. Additionally, other
TMDCs grown on sapphire also exhibit different orientation pref-
erences and even on the substrates with same crystal index, as
shown in Table S1 (Supporting Information), suggesting that
growth conditions modulate the surface structures and thus the
growth behaviors. Therefore, to achieve reliable single-crystal
growth, it is essential to investigate the atomic structure varia-
tions during growth and apply suitable growth conditions that
ensure the desired nucleation mode.

Figure 4b showcases optical microscopy (OM) images of
the unidirectionally aligned MoS, domains, with approximately
99.0% of these domains exhibiting a 90° alignment (statistics
are provided in Figure S13, Supporting Information). The atomic
force microscopy (AFM) image in Figure S14 (Supporting Infor-
mation) confirms that the aligned MoS, edges are perpendicular
to the direction of the sapphire step edges. Furthermore, the sec-
ond harmonic generation (SHG) mapping presented in Figure 4b
verifies that the MoS, monolayers are aligned, without the forma-
tion of grain boundaries between any two merged grains.

The Raman spectra (Figure S15a, Supporting Information) of
Mos, flakes exhibit characteristic peaks corresponding to the E,, '
and A;, modes of the MoS, lattice, with the frequencies indi-
cating the thickness of the flakes as monolayer. The full width

Adv. Mater. 2024, 36, 2404923 2404923 (6 of 9)

at half maximum (FWHM) of E,,' and A,, peaks is 3.46 and
4.76 cm™, respectively. The photoluminescence (PL) spectrum
shown in Figure S15b (Supporting Information) further corrob-
orates the high quality of the single-crystal MoS, in our study, as
evidenced by the narrow full width at half maximum (FWHM),
approximately 19 nm.

The field-effect transistor (FET) device array was fabricated
based on our large-scale MoS, film (Figure 4c and Experimen-
tal Section). Figure 4d demonstrates the transfer curve and cur-
rent distribution of 60 FET devices (randomly extracted from
Figure 4c area) with a channel length of 1.5 pm (inset illustra-
tion of Figure 4d exhibits the device structure of the FET device).
Attributed to the excellent uniformity of single crystal MoS,, all
selected FET devices exhibited normal operation with 18.3% vari-
ation in the on-state current (demonstrated as SI_, / < I, >),1*"]
where SI and < I, > represent standard deviation and the
mean value of the on current, respectively.) Notably, the output
curve of the FET devices exhibits a linear current-voltage rela-
tion (Figure 4e), indicating good Ohmic contacts formed at the
source and drain electrodes on the single-crystal MoS, film. Fur-
thermore, Field-effect mobility and device on/off ratio were statis-
tically analyzed for the 60 measured FET devices, both showing
Gaussian distributions. The average and maximum field-effect
mobility reached 35.9 and 45.09 cm? V-! s71, respectively, with a
field-effect mobility variation of 9.14%. The devices also exhib-
ited a high on/off ratio, with an average value exceeding 108,

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 4. High-quality single-crystal MoS, growth on C/M 1° sapphire. a) Photograph of a 2 in. wafer scale single-crystal MoS, monolayers on C/M 1°
sapphire. b) OM image of single orientation MoS, grains and corresponding polarized SHG mapping. c) OM image of a fabricated FET array. Scale bar:
1 mm. Inset: enlarged image of one FET device. Scale bar: 20 um. d) Transfer characteristics of 60 MoS, FETs with a channel length of 1.5 um. Inset:
llustration of the FET device structure. e) Output characteristics of the device in (d). From bottom to top, Vg = =15 to 40 V with 5 V steps. f) Statistical
distribution of field-effect mobility and FET devices on/off ratio. The field-effect mobility is extracted from the linear range of the transfer curve at Vs =
20 V.
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illustrated in Figure 4f. These results are comparable to the de-
vices fabricated on the CVD MoS, films.[1516]

3. Conclusions

In summary, we have demonstrated the critical role of sulfur
evaporation rate in dictating the atomic edge structure of sap-
phire during the epitaxial growth of MoS,. Specifically, there
are two ways to grow single-oriented MoS, on sapphire. One
approach is to control uniform Al/O step edges to ensure
atomic-edge guided growth with a single 60° alignment. How-
ever, experimentally, we have not found a suitable condition
to form these uniform atomic edges, with the best outcomes
showing approximately 85% unidirectional growth. On the other
hand, by meticulously controlling the step height to ensure
a single-exposed atomic surface, we successfully synthesized
2 in. scale 99.0% single-crystal MoS, thin films via van der
Waals epitaxy. Our findings not only advance the understand-
ing of growth mechanisms for 2D materials but also open av-
enues for the scalable production of high-quality single-crystal
thin films, pivotal for future applications in electronics and
optoelectronics.

4. Experimental Section

Substrate Processing: C/M sapphire substrates (Crystalwise Technol-
ogy Inc.) were utilized with different off-cut angles, including C/M 0.2°,
1°, and 2°, in accordance with the industrial standard. All the substrates
got surface reconstruction by thermal annealing in a furnace (Muffle Fur-
nace NBD-M1700) at temperatures ranging from 1000 °C to 1200 °C. This
annealing process resulted in an orderly arrangement of steps on the sur-
face, with the step height being determined by the specific off-cut angles
of the substrates.

Growth of MoS, Monolayer: The growth of the MoS, monolayer
was conducted using the traditional chemical vapor deposition (CVD)
system with the presence of precursors and annealed substrates. Sul-
fur (Sigma-Aldrich, 99.5%) powder and molybdenum trioxide (MoOj3)
(Sigma-Aldrich, 99.5%) powder were separately placed in the upstream
and center zone of a 3 in. quartz tube. The center heating zone where
MoS, and substrate were located, was maintained at a temperature of
700 °C. Additionally, a heating belt for sulfur, operating at temperatures
ranging from 160 °C to 180 °C, was employed to control the evaporation
rate of sulfur during the growth process. The sulfur evaporation in the
reaction was measured by comparing its weight before and after the reac-
tion. Prior to the reaction, the sulfur source was precisely weighed using
a high-precision analytical balance. This initial weight was recorded. Af-
ter the completion of the reaction, the sulfur source was allowed to cool
to room temperature. The remaining sulfur was then weighed using the
same analytical balance to obtain the final weight. The evaporation rate
(mg min~1) was calculated by dividing this weight difference by the total
reaction time (minutes). To facilitate the transport of vaporized precur-
sors to the center growth zone, an Ar carrier gas flow of 200 standard
cubic centimeters per minute (sccm) at 35 Torr was utilized. The growth
process typically required 5 min to obtain MoS, grains for observation,
and 10 min to obtain full coverage films. After the growth, the system was
naturally cooled to room temperature.

Characterization: ~ For the characterization of MoS, and the substrates,
various advanced techniques were employed. Optical microscope images
were obtained using the WITec alpha300R system. AFM measurements
were conducted with the Dimension Icon from Bruker, providing detailed
imaging of MoS, and the substrate surfaces. For spectroscopic analy-
sis, Raman, photoluminescence, and second harmonic generation spec-
tra were acquired using the WITec alpha300R system equipped with laser
sources of 488 and 1064 nm.
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Cross-section transmission electron microscopy (TEM) samples were
prepared using a dual beam Thermo Scientific Helios 5CX focused ion
beam/scanning electron microscope (FIB/SEM) system. A JEM-ARM200F
transmission electron microscope with a corrected electron optical sys-
tems (CEOS) probe spherical (Cs) aberration corrector was used, operat-
ing at 200 keV. The camera length of STEM was 120 mm, and the defocus
was around —4 nm. During image acquisition, the high-angle annular dark
field (HAADF) figures were captured at 19 us per pixel and all images are
1024 x 1024 pixels.

FET Fabrication and Electric Measurement: The as-grown MoS, single
crystal film was transferred to a 100 nm SiN,/ highly doped Si substrate
by PMMA-assisted method. After this, Bi/Au (20/40 nm) was deposited as
the contact electrodes by using a thermal system. Electrical measurements
were carried out with a semiconductor characterization system (Keysight
B1500A) in a high vacuum (~107> Torr) and dark environment at room
temperature. The field-effect mobility was calculated based on the transfer
curve according to the expression.

L (dlds/dvgs)

= )
W'Cox ) vds

where L and W represent channel length and width, respectively. C,, is the
gate capacitance of SiN,, which can be calculated via (u, is the vacuum
permittivity, and yu, (~7.9) and d (=100 nm) are the dielectric constant
and thickness of SiN,, respectively.) The maximum carrier mobility value
is extracted at the linear part of transconductance where the V,, =22 V.

DFT Calculation: In this research, the Vienna Ab initio Simulation
Package (VASP) packagel'’l was employed to investigate atomic behav-
jors. The calculations were carried out using the generalized gradient ap-
proximation (GGA) level of the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional.l’8] The electron-ion interactions were described by
projector-augmented wave (PAW) pseudopotentials,!'®! and the electronic
wavefunctions were expanded through a plane-wave basis set. The en-
ergy cutoff for the plane-wave basis set was chosen as 400 eV. To simu-
late continuous band structures for approximating the Fermi-Dirac distri-
bution function, the Gaussian smearing techniquel?’l with a broadening
value of 0.05 eV was utilized to smooth the discrete energy levels. To ac-
count for van der Waals interactions, Grimme DFT-D3 dispersion correc-
tion without damping method!?'] was incorporated. Due to computational
resource limitations, the Brillouin zone was sampled by only Gamma point
in accordance with a I'-centered Monkhorst—Pack scheme.[?2] The conver-
gence criterion for the electronic self-consistency was set to 1 x 1076 eV
for achieving an accurate description of the electronic structure. For the
ionic relaxation, the convergence criterion was specified as 0.02 eV A~ to
ensure the minimization of forces on each atom.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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