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Supplementary Figure 1 (a) Photograph of a horizontal cold-wall MOCVD reactor with the 

carbon-free MoO2Cl2 and H2S gas sources. Although, MoO2Cl2 is classified into inorganics to 

be precise, not organometals, this precursor can be used with the same way in conventional 

MOCVD growth system. Therefore, for simplicity, we call our synthetic method MOCVD in 

this report. (b) The detailed description of the MOCVD process steps in the case of growth at 

950 °C using MoO2Cl2 as Mo precursor. The Mo supply is intentionally terminated 30 seconds 

before the onset of wafer cooling. This is a key advantage of MOCVD, where the timing of 

precursor flow can be precisely controlled by computer-operated pneumatic valves. After 

stopping the Mo precursor, H2S continues to flow until the substrate temperature decreases to 

200 °C, which serves the purpose of preventing the thermal decomposition of MoS2 and healing 

sulfur vacancies. This protocol effectively prevents additional nucleation or growth during the 

cooling stage, since Mo supply has already been cut off. (c) Vapor pressures of MoO2Cl2 and 

Mo(CO)6 as a function of temperature. (d) AFM image of pretreated sapphire surface with step 

and terrace structure. 

 

Supplementary Note: Thermal stability, in particular, disproportionate decomposition, and 

volatility of several kinds of molybdenum oxychlorides are described in the literatures.1,2 

MoO2Cl2 is the most stable and has higher sublimation pressure among them.3 According to 

Saeki et al., the sublimation pressure is given by equation (1) at the temperature range of 50-

157 ℃.2 In contrast, Ohta et al. reported the sublimation from solid Mo(CO)6 as equation (2) at 

the range of −10.5-23.1 ℃.4 In (b), to compare the sublimation property between two precursors, 

we plotted the pressures by extrapolating the temperature range to 0 ℃‐150 ℃. 

Log10 P (mmHg) = −3830/T (K)+11.747  (1) 

Log10 P (Pa) = 14.9−4058/T (K)   (2) 
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Supplementary Figure 2 (a) AFM image of monolayer MoS2 grown on the sapphire substrate 

at 975 C for 70 min. (b) Height profile along the white line in (a). For c-plane sapphire wafer 

with c/m = −0.2 of miscut angle, the single step height and the terrace width for 1 ML height 

are c/6 = 0.217 nm and approximately 62 nm, respectively. According to the height profile 

along the white line, several kinds of terrace widths appear depending on the step heights. 

Therefore, when the growth temperature is higher than 950 C, the terrace width increased to 

~200 nm with 3ML step height. 
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Supplementary Figure 3 (a) In-plane XRD measurement setup for 2/ scan and  scan. Top 

view shows the situation where reflection from targeted {     } plane is measured. (b) 2/ 

scan for MoS2 on the sapphire substrate. (c) In-plane XRD azimuthal angle () scans of {     } 

planes for sapphire substrate (α-Al2O3) and monolayer MoS2, respectively. 

 

Supplementary Note: The basic procedures to make in-plane XRD measurements using 

Rigaku SmartLab diffractometer was described in the Method section.5 As shown in (b), the 

diffraction peak corresponding to the {     } plane of MoS2 was observed to be parallel to that 

of the sapphire substrate, i.e., [     ]MoS2//[     ]α-Al2O3. At fixed 2θ angles of 37.78 and 

58.34, azimuthal  scans of {      } planes in both sapphire substrate and MoS2 were 

conducted separately. The  scan was conducted over 0-360 under faster scan rate of 20/min. 

In some cases, however, the  range was narrowed to 0-180 for a high-precision slow scan of 

0.3/min to shorten the measurement time. The peak resolution of the in-plane -scan is 

approximately ~0.2, which was confirmed by the sapphire 11  0 substrate peak. As clearly seen 

in (c), the strong diffraction peaks reflected from the {     } planes of MoS2 appeared with 

60 intervals. This indicates that monolayer MoS2 film contains negligible twisted MoS2 

domains and shows a high-quality in-plane epitaxial alignment with sapphire substrate. It 

should be noted that the origin of the  coordinates shown in (c) were intentionally shifted, for 

clarity, from the absolute values obtained by 2θ/ scans for MoS2 and sapphire, with 

considering the offset angle of  between MoS2 and sapphire of 10.28 = (58.34−37.78)/2. 
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Supplementary Figure 4 (a) In-plane XRD azimuthal angle () scans of {     } planes for 

MoS2 grown at 975 C for 20 min with a step width of 0.02° and a scan rate of 0.3°/min. In the 

right figure, the peaks around 10.87 were magnified. The observed azimuthal angles indicate 

the relative in-plane twisted angles between the (     ) plane of MoS2 and the (     ) plane of 

c-plane sapphire. (b) Supercell relations of the MoS2 and sapphire substrate.6 For simplicity, 

nine pairs with a twisted angles between 0° and 30° as well as a lattice mismatch of less than 

POINT: スーパーセルの説明とXRDによる微細構造FIG S4
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5 % have been listed. The domains with twisted angles shown in red were experimentally 

confirmed. (c) Schematic illustrations for MoS2 domains with 4 sets of supercell relations which 

was experimentally observed in (a), plus 60° antiparallel domain. To highlight the three-fold 

symmetry of the sapphire substrate with single-layer Al top surface, top and bottom Al atoms 

were colored differently, as shown in the side view of right figure. It should be noted that (c) 

presents only several representative examples and does not include all the allowed atomic 

models. Notably, the mirror image domains with respect to a-axis and m-axis are not shown 

here, other than the 60° antiparallel domain. Furthermore, we have not considered the exact 

overlaid structures of MoS2 domains with the sapphire surface. Determining the most 

energetically stable configuration for each domain is beyond the scope of this paper. 

 

Supplementary Note: In thermal statistical distributions, the occupation probability of the 

lowest energy state does not reach unity; rather, it follows the Maxwell–Boltzmann distribution, 

whereby energetically stable orientations exhibit higher occupation probabilities. This situation 

is illustrated in the potential energy landscape in the following figure (d), in which multiple 

local minima exist as a function of twisted angle, separated by energy barriers. The following 

table (e) presents the calculated strain induced by lattice mismatch and cell size as a function 

of twist angle through a supercell model. In addition, we calculated the volume fraction for each 

orientation from peak area intensities obtained by in-plane XRD. Basically, orientations with 

smaller lattice mismatch exhibit larger volume fractions, whereas energetically unfavorable 

orientation appear with very small volume fractions. Importantly, in the initial stage of 

nucleation, it is considered that nuclei with the minimum cell size of 10.89° first determine the 

epitaxial relationship. Although this configuration is energetically unfavorable, the 

experimental observation that 10.89° grains remain in sufficient quantity even after 20 min of 

film growth suggests that they do not transition to the most stable 0° domain by overcoming 

the energy barrier. This is attributable to the fact that the energy barrier increases as the nucleus 

size becomes larger. Consequently, the relationship between volume fraction and energy does 

not follow a simple proportionality. We note that such misoriented domains, while less 

frequently emphasized in the literature, have been observed experimentally in earlier XRD and 

TEM studies, as well as optical and AFM studies.5–8 
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Supplementary Figure 5 AFM images of monolayer MoS2 grown on the sapphire substrate 

with miscut angle of c/m = −0.2 at 975 C for 4 min.  

 

Supplementary Note: To address whether the nucleation mainly occurs at step edges or 

terraces, AFM observations were performed at the initial growth stage. It is evident that MoS2 

nuclei can form at various locations, such as the center of terraces, along step edges, or near the 

upper edges of steps, without any consistent positional preference. At the initial stage of growth 

(4 min), the number of 0° domains with vertices pointing toward the –m direction is larger than 

that of 60° domains with vertices pointing toward the +m direction. Furthermore, domains 

rotated by approximately ±10.87° relative to 0°and 60°are observed, which is in good 

agreement with the 20-min in-plane XRD data (Supplementary Figure 4). Furthermore, in 

contrast to the previous report,9 we observed that 0° and 60° domains can coexist within terraces 

of the same height. These results clearly indicate that orientation control in the present growth 

process is not governed by step edges and/or difference in slab A and slab B. 
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Supplementary Figure 6 In-plane XRD azimuthal angle () scans of {     } planes for MoS2 

grown at 975 C for various growth durations, ranging from 10 min to 90 min. 
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Supplementary Figure 7 (a) Atomic configurations of 0° and 60° triangular domains with 

sulfur zigzag edges (Szz) in monolayer MoS2 and their corresponding electron diffraction 

patterns. Theoretically, the diffraction spot intensities associated with the reciprocal lattice 

vectors ka are consistently more pronounced than those corresponding to kb due to the violation 

of Friedel’s law.10 (b) Schematic representation of the sample preparation procedure employed 

for differential DF-TEM analysis. Monolayer MoS2 was transferred from a sapphire substrate 

to a TEM grid with 5-nm amorphous carbon film via the PMMA-assisted wet transfer method. 

(c) Schematic illustration of the methodology for distinguishing 0° and 60° antiparallel domains 

based on the violation of Friedel’s law. MoS2 sample grown at 975 °C for 40 min was selected 

as an example. Following the acquisition of a BF-TEM image, selected-area electron diffraction 

(SAED) patterns were recorded at two positions, denoted SAED-1 and SAED-2. Electron 
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diffraction intensities were subsequently obtained along three lines (line-1 to line-3). It is 

evident that the intensities at spots B(A) are always higher than A(B) at SAED-1(2), confirming 

the violation of Freidel law. It should be noted that, by considering the shape of triangular 

domains in BF-image, this relationship is the opposite to the theoretical prediction shown in (a). 

This might be an issue arising from the optical system in TEM, such as the camera settings. 

Therefore, we carried out these experiments while checking the relationship between the 

direction of three triangles in the employed TEM system: 1) the triangular pattern formed by 

connecting the bright diffraction spots (A or B), 2) the geometric direction of the triangular 

region in DF-image, and 3) the triangle of the Mo sublattice (requiring observations by atomic 

resolution HAADF-STEM). Consequently, it is also verified that the triangular domains have 

Szz edges as illustrated in (a) in our typical growth conditions. (d) Schematic illustration of the 

differential DF-TEM strategy employed to construct false-color domain maps. Initially, SAED 

was acquired over a relatively wide area (SAED-0 in (c)). Since 0° and 60° antiparallel domains 

are always dominant at any area on the sample, spot-1 and spot-2 with the relation of 180° 

inversion can be selected, thereby violating Friedel’s law. Therefore, two sets of DF-TEM 

images were acquired at diffraction spots 1 and 2 using a minimal objective aperture (6°). In 

the differential DF-TEM image, 0° and 60° antiparallel domains are clearly distinguished 

because the contrast is doubly emphasized. Note that only domains with twist angles within ±6° 

are identified as 0°/60° domains due to the finite mechanical aperture size in this method. 

Conversely, domains where the diffraction spot is outside the objective aperture are not 

observed in the dark-field image, which can be judged as rotating domains. Subsequently, a BF-

TEM image was obtained, where all domains are visible. By comparing the differential DF-

TEM image with the BF-TEM image, the regions where no domains are observed in differential 

DF-TEM but are visible in BF-TEM can be recognized as twisted domains. Finally, this 

approach enables the construction of a comprehensive false-color domain map for monolayer 

MoS2. 
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Supplementary Figure 8 (a) In-plane XRD data for samples grown at 975 C for different 

growth times. (b) Integrated intensity data of the 0° peak, standard deviation, and coefficient of 

variation (CV) obtained from in-plane XRD data. (c) Integrated intensity at 0° peak as a 

function of growth time for all growth runs. 
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raw in-plane XRD data from each run show very similar peak shapes and intensities, confirming 

high reproducibility at the qualitative level. For quantitative comparison, we calculated the 

integrated intensity of the 0° peak from each dataset, as shown in (b). As a measure of variability, 

we used the coefficient of variation (CV = standard deviation / mean × 100 %). The CV values 

are sufficiently small throughout the growth series, and become even smaller after the 

coalescence is complete (70 min and 90 min), reflecting improved uniformity. Moreover, the 

self-limiting behavior can be seen in (c), suggesting the high quantitative accuracy of in-plane 

XRD. 
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Supplementary Figure 9 (a) Photograph of a TEM grid onto which monolayer MoS2, grown 

at 975 C for 60 min, was transferred. Ten differential DF-TEM images obtained from a Freidel 

pair are shown in grayscale without false coloring (see Supplementary Figure 7d for details). 

The corresponding locations are indicated in the TEM grid photograph. It should be emphasized 

that the circular field of view in DF-TEM is restricted because the smallest objective aperture 

was employed to improve the detection limit of domain rotation angles. Therefore, the edge of 

this aperture is visible in the images. (b) Magnified images.  
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Supplementary Figure 10 In-plane XRD azimuthal angle () scans of {      } planes for 

MoS2 grown at 950 C for various growth durations, ranging from 10 min to 80 min. (a) Full 

scan range data and (b) superimposed data focusing on the 0° domains with the doublet 

subpeaks at 10.4° and 11.3°. 
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Supplementary Figure 11 In-plane XRD azimuthal angle () scans of {     } planes for 

MoS2 grown at 950 C for various growth durations, ranging from 10 min to 120 min. The 

precursors used in this experiment are Mo(CO)6 and H2S, which are common in previous 

literature. (a) Full scan range data and (b) superimposed data focusing on the 0° domains with 

the doublet subpeaks at 10.4° and 11.3°. These results imply that the formation of single crystals 

via self-aligned coalescence is not exclusive to the MoO2Cl2 precursor employed in this study. 
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Supplementary Figure 12 In-plane XRD azimuthal angle () scans of {      } planes for 

MoS2 grown for 60 min at various growth temperatures, ranging from 800 C to 1000 C. It 

should be noted that below 900 °C, the main peak intensity decreases, and the half-width 

broadens, indicating the degradation of crystallinity and increased in-plane mosaicity. Notably, 

at 850 °C and 800 °C, the peak originating from the 11° rotated domain remains even after full 

coverage, suggesting that the self-aligned coalescence does not proceed efficiently. Moreover, 

the material characterization was performed on 2 2 cm2 sapphire substrates, whereas device 

fabrication utilized 2-inch sapphire wafers. This difference in wafer size necessitated distinct 

MOCVD conditions for optimization. Specifically, the 2-inch wafers required a substrate 

temperature approximately 50 °C higher than that used for the smaller substrates due to the 

different susceptors employed in the MOCVD system. For the 2 2 cm2 wafers, a nominal 

growth temperature of 1000 °C was applied. However, this temperature was excessively high 

for sapphire substrates of that size, causing surface roughening. This subtle variation was not 

readily discernible in optical images. Instead, AFM image of MoS2 grown at 1000 C for 60 

min on sapphire substrates is shown below. This image clearly show that monolayer MoS2 did 

not fully cover the substrate surface under these high-temperature conditions, indicating 

incomplete self-aligned growth. This effect is evident in the broad tail structure at the 0° peak 

in the in-plane XRD for the sample at 1000 °C. 
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Supplementary Figure 13 Comparison between 4D-STEM and SHG results. (a) Four distinct 

types of diffraction patterns -standard (0), antiparallel (60), clockwise rotation, and 

anticlockwise rotation- can be identified through 4D-STEM measurements. 4D-STEM 

mappings for MoS2 obtained at various growth temperatures. Schematic of the sample 

preparation for differential DF-TEM analysis is also shown. Monolayer MoS2 was transferred 

from a sapphire substrate to a SiO2/Si substrate using the PMMA wet transfer method. 

Subsequently, the backside Si was etched by ion milling, reducing the SiO2 thickness much less 

than 50 nm to avoid electron scattering effect. (b) Schematic representation of the optical setup 

used for SHG measurements and SHG mapping images for MoS2, obtained at various growth 

temperatures. 

 

Supplementary Note:  

4D-STEM: The 4D-STEM technique8,11 enables the rapid acquisition of 2-nm nanobeam 

electron diffraction patterns over a 2D array of spatial positions with a 10-nm pitch. 

Computational analysis of this dataset reveals structural variations on a pixel-by-pixel basis. 

For a fully continuous monolayer MoS2 film grown at 900 °C for 60 min, the 0° domains, 
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represented in green, are dominant, while low-angle domains (blue) and antiparallel domains 

at 60° (red) coexist. Additionally, the yellow regions represent the bilayer, which is not included 

in the overall ratio calculation. 

 

SHG: The optical setup was constructed for SHG measurements. Excitation light from a 

Ti:sapphire laser (wavelength: 810 nm, pulse width: ~100 fs, repetition rate: 82 MHz, intensity: 

1 mW) focused onto the sample surface through an 80× objective lens. The light was focused 

onto the sample surface using an 80× objective lens. The generated SHG signal was collected 

through the same objective lens. The polarization of both the excitation and detected SHG light 

was controlled using a linear polarizer placed before the objective lens, either shared between 

excitation and detection paths or separately implemented on each side, in combination with 

half-wave plates. For polarization-resolved SHG measurements, the polarization elements were 

systematically rotated to analyze the SHG dependence under parallel polarization conditions. 

SHG mapping images for MoS2, obtained at various growth temperatures, were recorded 

at the polarization angle corresponding to the armchair direction. For the 850 °C sample (not 

shown here), where the armchair direction varies across domains, the polarization angle was 

set based on the armchair direction determined at a representative point. It should be noted that 

the maximum SHG intensities differ across all images. At 900 °C, positions A and B showed 

no rotational difference but demonstrated a notable intensity disparity, suggesting the presence 

of antiparallel domains. Although SHG is insensitive to antiparallel domains due to the six-fold 

pattern, the intensity is substantially suppressed at mirror twin boundary as well as tilted GBs.12 

At temperatures exceeding 950 °C, the absence of rotational differences and the uniform 

intensity levels indicate that all domains are well-aligned, which agrees well with the 4D-STEM 

results. For the 975 °C sample, the polarization dependent SHG patterns were taken at 25 

different locations, as indicated by while circles. The data, shown in Figure 2e of the main text, 

clearly demonstrates the uniform orientation of MoS2 at the wide area. 
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Supplementary Figure 14 (a) In-plane XRD azimuthal angle () scans of {     } planes for 

MoS2 grown at 870 C for different growth times up to 150 min. (b) XRD total integral intensity 

between -15 and 45 for different growth times.  

 

Supplementary Note: Here, longer growth time experiment was carried out to reveal whether 

single crystallization through grain boundary migration by self-aligned growth is possible or 

not at the low growth temperature of 870 C. The monolayer MoS2 was grown at 870 C at 

different growth times up to 150 min. Then, in-plane XRD was carried out to extract the time 

evolution of self-aligned growth at the low temperature, as shown in (a). It is clear that single 

crystallization did not occur even at 150 min. Moreover, the XRD total integral intensity 

between -15 and 45 indicates that full coverage was reached at 60 min and the clear self-

limiting behavior after 60 min. Although the single crystallization through self-aligned growth 

is ideally possible, it is not realistic experimentally because the kinetic rate constant follows an 

Arrhenius-type dependence (∝exp⁡(−𝑄 𝑘𝑇⁄ ) ) and significantly longer growth times are 

required at lower temperatures to complete self-aligned growth. 
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Supplementary Figure 15 (a) Representative LEED patterns of monolayer MoS2 acquired at 

various electron energies for the miscut angle of c/m = −0.2. Monolayer MoS2 was grown on 

sapphire substate at 975 C. (b) Experimentally obtained LEED I-V curves (red) for diffraction 

spots of “a” and “b” in (a) with simulated curves (blue) for diffraction spots of 10 and 01. (c) 

Schematic illustration of a monolayer MoS2 film on a sapphire substrate where eight 

measurement points for LEED analysis are indicated. Two types of sapphire substrates with 

miscut angles of c/m = 0.2 and −0.2 were prepared for comparison. Eight LEED patterns are 

shown for each substrate. (d) Summary of LEED patterns of monolayer MoS2 on sapphire 

substrates with different miscut directions. 
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Supplementary Note: Initially, LEED patterns of monolayer MoS2 grown on sapphire 

substrates with a standard miscut angle of c/m = −0.2 were acquired at various electron beam 

energies, as shown in (a). Two representative diffraction spots, “a” and “b”, were selected to 

assess the possible presence of antiparallel domains. Then, LEED I-V spectra (the intensity 

variations of diffraction spots as a function of the electron energy) for these spots were 

measured (red curves), as shown in (b). To determine the crystallographic origin of each 

diffraction spot, LEED I-V curves for the 10 and 01 spots of a monolayer MoS2 single crystal, 

based on the atomic structure illustrated schematically, were computed using the SATLEED 

package developed by Barbieri and Van Hove.13–15 As clearly seen in (b), the experimental 

LEED I-V curves for spots “a” and “b” closely match the simulated curves for the 10 and 01 

spots, respectively. This agreement confirms that the monolayer MoS2 is a single crystal and 

contains no antiparallel domains. To assess the single crystallinity of MoS2 across the wafer, 

LEED patterns at 190 eV with a threefold symmetry were measured at eight locations across 

the sample. All locations exhibited identical threefold symmetric diffraction patterns, even on 

samples with an opposite miscut angle of c/m = 0.2°. Moreover, monolayer MoS2 grown on a 

sapphire substrate with a different miscut angle of c/a = +0.15 displayed LEED I-V curves that 

remained consistent with the others. Furthermore, since the edge structures in the ±a directions 

are equivalent, the +a direction was also prepared. The LEED pattern for the substrate with c/a 

= 0.15 was consistent with those obtained for c/±m = 0.2. Collectively, these results provide 

compelling evidence that the orientation of monolayer MoS2 film is uniformly aligned across 

the wafer and that the epitaxial alignment during MOCVD growth is dictated not by step-edge 

directionality but by the interaction between MoS2 and the underlying sapphire surface structure 

(or symmetry).  
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Supplementary Figure 16 (a) Out-of-plane XRD measurement setup for determining the 

miscut angle toward −m direction (c/m = −|α|) of standard sapphire substrate. Wafer setting 

configurations for 0 and 180 setups. XRD rocking curve measurements of (b) c/m = −0.2 

and (c) c/m = +0.2. 

 

Supplementary Note: The miscut angle of the sapphire substrate was evaluated by rocking 

curve measurements16 using Rigaku SmartLab diffractometer equipped with a Ge (220) two-

bounce channel-cut monochromator and HyPix-3000 detector. Initially, the sapphire substrate, 

oriented with a miscut angle of c/m = −0.2° (standard), was mounted on sample stage with the 

0° configuration as depicted in (a), while the detector was positioned at the 2θ angle of 90.8° to 

match with the 00012 diffraction angle. Subsequently, the ω axis underwent rotation, leading 

to the peak intensity at ω0 = θ – |α| = 45.1823, as illustrated in (b). Following this, the sapphire 

substrate was 180° rotated in plane (referred to as the 180° configuration), and the peak was 

found at ω180° = θ +|α| = 45.6793° in the same way. Consequently, the miscut angle −|α| was 

determined to be (ω0 - ω180)/2 = −0.2485, a value within the expected range considering the 

specified tolerance of −0.2° ± 0.05°. Measurements were also conducted at the 90° and 270° 

configurations. The incidental miscut angle along the a-axis was found to be negligible, 

assessed at 0.0435°. Furthermore, the miscut angle +|α| for the sapphire substrate with c/m = 

+0.2° was similarly evaluated to be +0.199°, as depicted in (c). 

 

 

 

 

 

FIG S16 POINT: E

α

θ

X-ray 
source

2θ

(0001) plane

Substrate 
surface

ω

45.2 45.4 45.6
0.0

2.0×105

4.0×105

6.0×105

In
te

n
si

ty
 (

a.
 u

.)
ω (Degrees)

(a) (b)

45.2 45.4 45.6 45.8
0.0

2.0×105

4.0×105

6.0×105

ω (Degrees)

In
te

n
si

ty
 (

a.
 u

.)

0 18090270 Notarization:
c/m = -0.2  0.05

Actual:
c/m = (ω0 - ω180)/2

= α = -0.2485

Notarization:
c/m = +0.2  0.05

Rocking curve: ω = 45.4299c/m: -0.2 (standard)

ω0 = θ - α
= 45.1823

ω180 = θ + α
= 45.6793

Actual:
c/m = (ω0 - ω180)/2

= 0.199
ω0 = θ - α

= 45.5863
ω180 = θ + α

= 45.1883

c/m: 0.2(c)

0180 270 90

Difference in 90 & 270:
(ω90 - ω270)/2 
= 0.0435

Difference in 90 & 270:
(ω90 - ω270)/2 
= 0.011

Rocking curve: ω = 45.3868

c[    ]m[     ]

a[     ]

0 configuration

180 configuration

m[     ]

-m direction

m[     ]

m direction

ω0 = θ - α

ω180 = θ + α

In
te

n
si

ty
 (

ar
b

. u
n

it
s)

In
te

n
si

ty
 (

ar
b

. u
n

it
s)



24 

 

 

Supplementary Figure 17 Schematic illustration showing the difference between O-sublattice 

and Al-sublattice. In the previous report,9 single crystalline monolayer MoS2 with 30° 

orientation was obtained by preparing the AA slabs in miscut wafer of c/a = 1° in order to avoid 

30°/90° antiparallel domains. In this case, the O-sublattice was taken into consideration, and, 

as is evident in above figures, alternating orientations of 30° and 90° appear at c/a = 0.2°. By 

increasing c/a to 1°, nucleation was restricted exclusively to the 30° orientation on AA slabs. In 

contrast, when considering the Al-sublattice, the 0° orientation consistently emerges in both the 

first layer (A slab) and the second layer (B slab). Accordingly, in the present experiment, MoS2 

triangle is directed to -m direction, indicating the growth proceeds in accordance with the 

symmetry of the Al sublattice. Furthermore, recent HAADF-STEM analysis17 have elucidated 

that the atomic configuration adopts a structure in which Mo atoms are positioned directly 

above Al atoms. 
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Supplementary Figure 18 (a) False-color map obtained by time-resolved differential DF-TEM 

analysis of MoS2 acquired at 50 min at 975 C. (b) Schematic illustration showing the gas flow 

sequence in two different growth experiments (A) and (B). (c) in-plane XRD intensities for the 

ϕ scan of MoS2 acquired at different growth times at 975 C for two different growth 

experiments (A) and (B). 

 

Supplementary Note: To understand the GB migration mechanism, we conducted an 

additional experiment in which the growth was interrupted at 50 min by terminating the 

MoO2Cl2 flow while the H2S annealing was continued. As shown in the in-plane XRD data (A) 

in (c), even when the H2S annealing time was extended up to 70 min after the 50 min growth, 

further coalescence and annihilation of small-angle twisted domains into 0 domain was not 

detected by in-plane XRD. In contrast, when the growth continued without terminating the 

MoO2Cl2 flow until the end of growth time (up to 90 min), as shown in the in-plane XRD data 

(B) in (c), the self-aligned growth was clearly observed after 60 min. These results indicate that 

partial contact between domains alone is insufficient to drive GB migration by curvature-driven 

grain growth mechanism; continuous BG migration occurs only after the precursor gases are 

continuously supplied and low-angle twisted domains become completely enclosed by 

neighboring 0 domain. 

Here, a key characteristic of GB migration during the above-mentioned self-aligned 

single-crystallization process is that the GB moves not only in the normal direction but also 

along its tangential direction. Recently, the importance of GB migration in grain growth and 

recrystallization processes has also been recognized in two-dimensional materials, and both 

experimental and simulation studies have been actively conducted.18–21 It has been pointed out 
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that a simple curvature-driven mechanism, i.e., mass transport solely based on grain 

curvature—is insufficient to explain many observed phenomena. Moreover, GB migration has 

been reported to involve coupled normal motion (perpendicular to the boundary) and tangential 

motion (parallel to the boundary), described as a shear-coupled mechanism. Nevertheless, GB 

migration is an extremely complex phenomenon; its dynamics and atomistic details are still far 

from being fully understood, and substantial further research is required. 
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Supplementary Figure 19 (a) Schematic representations of epitaxial grain growth (EGG) in 

polycrystalline thin films on single crystalline substrates for conventional metallic systems,22,23 

Secondary grain growth is observed in the absence of nucleation of new grains. (b) The rate of 

grain growth is presented, where M denotes the average grain boundary mobility, 𝛾𝑔𝑏 

represents the average grain boundary energy, 𝑟̅ is the average grain radius, r is the radius of 

the grain under consideration, 𝑟𝑠 is the radius of the secondary grain, h is the film thickness, 

which is smaller than grain size. Additionally, 𝛾𝑠 is the surface energy of the growing grain, 

𝛾𝑖 is the energy at the grain/substrate interface, 𝛾̅𝑖 and 𝛾̅𝑠 are the average values for the entire 

film. 

 

Supplementary Note: For the metallic 3D thin film system, both 𝛾̅𝑖 and 𝛾̅𝑠 exhibit a strong 

dependence on the crystallographic orientation of individual grain. Grains with orientations that 

minimize the total energy (including both surface and interface contributions) preferentially 

grow more rapidly than grains with other orientations, provided that the initial grain sizes are 

approximately equivalent. Consequently, grain growth driven by surface and interface energies 

in films on single crystal substrates results in three-dimensionally constrained, epitaxial 

orientations, i.e., epitaxial grain growth is anticipated. 

In contrast, additional intrinsic characteristics must be considered for 2D materials such as 

MoS2. Owing to the absence of dangling bonds, the surface energy of MoS2 is effectively 

negligible. Furthermore, since the film thickness, h, is limited to merely 0.65 nm, it is 

reasonable to assume that the interfacial energy term becomes crucial as the main driving force 

for single crystal formation in high-temperature MOCVD. This idea explains why the low angle 

rotated domains converge to the 0° domain. However, as predicted by DFT calculations (Figure 
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3e and Supplementary Figure 20b), there may not be a significant difference in the interfacial 

energy between the 0° and 60° domains on sapphire. The disappearance of the antiparallel 

domains seems to require consideration of another factor, namely the GB energy in the third 

term on the right side of the above equation. It is reported that the formation of GBs is 

accompanied by localized strain accumulation near the boundaries in monolayer MoS2.
24–26 

This strain serves as the driving force contributing to grain boundary annihilation for 

minimizing the total energy of system.  

In fact, as seen in the 45 min sample shown in Figure 2c, the remaining low angle and 

antiparallel domains are already surrounded by the 0° domains and their size are small. 

Therefore, even if the interfacial energies of the 0° and 60° domains are almost the same, it is 

quite possible that curvature-driven GB migration occurs due to energy gain, by reducing the 

GB length and eventually disappearing. Thus, although the dominant driving force for single-

crystal formation would be the interface energy term, the GB energy term may also play an 

important role, particularly in the annihilation of antiparallel and low-angle domains that persist 

just prior to achieving complete monolayer coverage. 
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Supplementary Figure 20 (a) Schematic illustration of the 0 and antiparallel 60 domain 

monolayer MoS2 on the sapphire substrate. Sapphire substrate with semiconductor property 

was structurally stabilized with monolayer MoS2, where the rearrangement of top Al atoms can 

be seen. Note that the orientation of the 0 domain monolayer MoS2 on the sapphire substrate 

is defined by the bottom layer of the unit cell, as specified in the standard crystallographic 

information (cif) file. See figure captions of Figure 3c. (b) DFT calculation of the adsorption 

energy as a function of different twisted angles between MoS2 and sapphire substrate. In this 

calculation, to neglect the ambiguity in the atomic configuration of MoS2 domain edge, it is 

assumed that commensurate infinite monolayer MoS2 slabs adsorbed with different twisted 

angles on c-plane sapphire of stoichiometric single-Al-terminated surface, which has been 

reported most energetically stable.27,28 
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Supplementary Figure 21 Absorbance spectra of MoS2 films grown on sapphire substrates for 

various growth times using (a) MoO2Cl2 and H2S precursors and (b) Mo(CO)6 and H2S 

precursors. The characteristic A, B, and C exciton peaks are observed. Notably, double-side-

polished sapphire substrates were employed for these absorbance measurements. The insets 

display photographs of MoS2 films on sapphire substrates at different growth times. For the 

Mo(CO)6 precursor, the darkness of the sapphire substrates increases with extended growth 

time, while for the MoO2Cl2 precursor, it saturates at 60 min, demonstrating the self-limited 

layer-controlled synthesis. (c) To investigate the effect of Mo precursor supply on the self-

limiting behavior, the N2 flow rate into the MoO2Cl2 container was increased to enhance Mo 

precursor delivery, and MOCVD growth was performed under conditions of 60 min and 850 °C. 

The absorbance at the C-exciton peak was plotted as a function of N2 flow rate into the MoO2Cl2 

container. This apparent saturated tendency with an increased Mo precursor supply provides 

compelling evidence for self-limiting behavior. This clearly indicates that the growth saturation 

is not limited by a reduction in growth rate originating from the slower kinetics of MoO2Cl2 

precursor. 
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Supplementary Figure 22 Surface coverage of monolayer MoS2 grown at 975 C on sapphire 

substrates using MoO2Cl2 and H2S precursor gases, as was determined from SEM. This data 

suggests that profound self-limiting growth behavior at an elevated temperature of 975 C.  

 

Supplementary Note: The observed self-limiting growth mechanism is ascribed to the site-

selective adsorption behavior of the MoO2Cl2 precursor. The proposed scenario is as follows: 

MoO2Cl2 exhibits a strong preferential adsorption onto the dangling bonds of the sapphire 

substrate surface, while displaying markedly limited interaction with the chemically inert 

surface of monolayer MoS₂. This selective adsorption behavior likely inhibits further nucleation 

of a second MoS2 layer by the reaction with H2S. In contrast, the Mo(CO)6 precursor appears 

to nucleate the second layer regardless of the underlying surface inertness of MoS2. This 

distinction is also reflected in the time-resolved in-plane XRD spectra. As shown in Figure 2b 

and Supplementary Figure 6, even after reaching complete monolayer coverage at 60 min, the 

primary diffraction peak at 0° exhibits no additional broadening, and the integrated intensity 

saturates. In contrast, in the case of Mo(CO)6 precursor, the 0° peak displays a pronounced 

broadening at extended growth durations of 90 and 120 min, as detected in Supplementary 

Figure 11. This phenomenon is ascribed to the mosaic spread introduced by a secondary 

epitaxial MoS2 layer, which exhibits rather broad in-plane misalignment around 0°. 

However, we hypothesize that this site selectivity of MoO2Cl2 may be disturbed by the 

presence of GBs. Unsaturated dangling bonds appear near GBs, and MoO2Cl2 may adsorb there 

and nucleate the second layer of MoS2. This mechanism likely accounts for the subtle 

broadening observed in the XRD peak beyond 60 min of growth, as well as the slight 

appearance of 30° twisted domains in the spectrum acquired at 950 °C, as shown in 

Supplementary Figure 10. In fact, AFM measurements revealed a higher density of second-

layer islands in samples grown at 950 °C relative to those synthesized at 975 °C. To fully 

leverage the self-limiting characteristics for achieving uniform monolayer coverage, it is 

therefore imperative to facilitate the in-plane self-alignment of grains and prevent the formation 

of GBs, thereby preserving the intrinsic site-selectivity of the precursor–substrate interaction. 

 

FIG S22 POINT: Self limitingの温度依存性
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Supplementary Figure 23 AFM images of MoS2 grown at 975 C on sapphire substrates using 

MoO2Cl2 and H2S precursor gases. The area number density of the second-layer domains is 

sufficiently suppressed, remaining limited to only a few domains per μm2 even at the growth 

duration of 150 min. Although some second-layer islands are noticeable in the AFM image after 

120 min of growth, the coverage of the second layer can be estimated to be less than 5%. As 

shown in Figure 4a, since the absorbance of a monolayer is 0.11, an additional 5% surface 

coverage of second layer would increase the absorbance only to 0.116, consistent with the 

observation that it does not affect the absorbance spectra. Since the island height is 

approximately 0.6 nm, the second layer has formed, and islands higher than three layers have 

not been observed. 
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Supplementary Figure 24 Raman spectra for monolayer MoS2 grown at 850 C and 1025 C 

for 60 min. Across the 2-inch wafer, the Raman mapping consists of 111,547 data points, and 

for each analysis region (①–⑨), the reported values represent the average of 1,116 points, 

corresponding to 1% of the total dataset. It is clear that difference between E1
2g and A1g is 19.8 

cm-1 for 850 C and 19.3 cm-1 for 1025 C, which indicates monolayer MoS2. 
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Supplementary Figure 25 Schematic illustration of device fabrication process. First of all, 

monolayer MoS2 grown on a sapphire substrate was transferred to a SiO2/Si substrate.29 The 

MoS2 channel region was defined by CF4 etching. Finally, Ni/Au electrode was formed for back 

gate MoS2 FET. 
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Supplementary Figure 26 Photograph of short-channel devices with channel lengths ranging 

from 2 μm to 51 nm, fabricated using electron beam lithography. The monolayer MoS2 was 

grown at 975 °C on the sapphire substrate and transferred on the SiO2/Si substrate. As the 

channel length decreases, a clear enhancement in drain current is observed. Using the transfer 

length method, the contact resistance was estimated to be approximately 150 kΩμm. 

Consequently, the mobilities of the short-channel devices, while measured to be on the order of 

a few cm2/V·s, primarily reflect the influence of contact resistance rather than limitations in 

channel quality. 
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Supplementary Figure 27 (a) Photograph of typical four probe device. (b) Two probe Id-Vg 

curves at various temperatures for monolayer MoS2 transferred onto SiO2/Si substrate. The 

growth temperature and channel length are indicated at the top of figures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

−10 0 10 20 30

0.00

0.02

0.04

0.06

I d
 (

μ
A

/μ
m

)

Vg (V)

 020 K

 025 K

 030 K

 040 K

 050 K

 080 K

 100 K

 150 K

 200 K

 273 K

 300 K

−10 0 10 20 30

0.00

0.02

0.04

0.06

0.08

0.10

I d
 (

μ
A

/μ
m

)

Vg (V)

 20 K

 25 K

 30 K

 40 K

 50 K

 80 K

 100 K

 150 K

 200 K

 250 K

 273 K

 300 K

−10 0 10 20 30

0.000

0.001

0.002

0.003

I d
 (

μ
A

/μ
m

)

Vg (V)

 20 K

 25 K

 33 K

 50 K

 100 K

 200 K

 273 K

 300 K

FIG S27 POINT: Temperature dependence of Id-Vg @different growth temp

−10 0 10 20 30

0.00

0.01

0.02

0.03

0.04

0.05

0.06

I d
 (

μ
A

/μ
m

)

Vg (V)

 20 K

 25 K

 30 K

 40 K

 50 K

 80 K

 100 K

 125 K

 150 K

 200 K

 250 K

 273 K

 300 K

900 C 950 C
86 μm 57 μm

975 C 1025 C
87 μm91 μm

Growth temp.:
Channel length:

10 μm

(a) (b)

@Vd = 0.1 V @Vd = 0.1 V

@Vd = 0.1 V @Vd = 0.1 V



37 

 

 

Supplementary Figure 28 The mobility of monolayer MoS2 in vacuum was predicted to be 

limited by optical phonon in MoS2 for the temperature around room temperature and 

temperature coefficient of γ = 1.69 in μ ~ T−γ.30 However, this is drastically changed when MoS2 

is placed on different substrates because surface optical phonon of substrate is involved in the 

carrier scattering in MoS2 through the equation Γ ∝ 𝜔𝑠𝑜𝑒𝑥𝑝(−ℏ𝜔𝑠𝑜 𝑘𝐵𝑇⁄ ), where ℏ𝜔𝑠𝑜⁡= 22, 

59, 100 meV for HfO2, SiO2, h-BN, respectively.31 Because of surface optical phonon scattering, 

when HfO2 is used as back gate oxide, the mobility is generally reduced. However, HfO2 is 

often used as back gate oxide for mobility measurement of MoS2 and high mobility is often 

obtained. In contrast, MoS2 encapsulated in h-BN exhibit γ = 1.9,32 which is higher than 

theoretical expectation. Therefore, at this moment, the limiting factor for temperature 

dependence of mobility for MoS2 on substrates has not been clarified yet. The situation is 

further complicated by the role of dielectric screening from high-κ oxides. In our present case, 

MoS2 is placed on SiO2/Si substrate and γ increases with improving the crystallinity of MoS2. 
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