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Supplementary Note 1. The unidirectional growth of MoS2 domains 22 

According to microscopy images over a ~1 mm2 area (Supplementary Fig. 1), the 23 

degree of unidirectional alignment is larger than 99% for 4.5% MoO3/S precursor ratio. 24 

Supplementary Figure 1. The uniform and unidirectional growth of MoS2 domains over a ~1 25 

mm2 area. Scale bars, 30 μm. 26 



Supplementary Note 2. MoS2 domains at different Mo/S precursor ratios 27 

Supplementary Figure 2a presents the optical micrographs of the as-grown MoS2 28 

triangular domains under different MoO3/S precursor ratios: 3.9%, 4.48%, 4.53%, 29 

4.87%, 5% and 5.55%. The degree of unidirectional alignment can be continuously 30 

tuned from ~0 to ~100% by controlling the MoO3/S precursor ratio (Supplementary Fig. 31 

2b). 32 

 33 

Supplementary Figure 2. (a) The optical microscopy images show MoS2 domains at different 34 

Mo/S precursor ratios. Scale bar, 10 μm. (b) The degree of unidirectional alignment as a function of 35 

the MoO3/S precursor ratio. 36 

 37 

Supplementary Note 3. Unidirectional domain alignment on pure c-plane 38 

sapphires and other substrates. 39 

In addition to c-plane sapphire substrates with a major miscut angle (~0.2°) 40 

towards M-axis in the main text, the unidirectional domain alignment has also been 41 

achieved by precisely controlling the S/MoO3 precursor ratio on pure c-plane sapphires 42 

without an M-axis miscut (the degree of unidirectional alignment is ~99.2%, 43 

Supplementary Fig. 3a), c-plane sapphire substrates with different major miscut angles 44 

towards M-axis such as C/M-0.5° (the degree of unidirectional alignment is ~96.6%, 45 

Supplementary Fig. 3b) and C/M-3° (the degree of unidirectional alignment is ~99.5%, 46 

Supplementary Fig. 3c), c-plane sapphire substrates with a major miscut angle (~0.2°) 47 

towards other axes (the degree of unidirectional alignment is ~98.7% in Supplementary 48 

Fig. 3d and the degree of unidirectional alignment is ~96.4% in Supplementary Fig. 3e), 49 

and c-plane sapphire substrates with a major miscut angle (~0.2°) towards A-axis (the 50 

degree of unidirectional alignment is ~98.1%, Supplementary Fig. 3f). Therefore, we 51 

believe that our claim is valid for pure c-plane sapphires without an M-axis miscut and 52 

other substrates. 53 



 54 

Supplementary Figure 3. Optical microscopy image of unidirectional MoS2 domains on pure c-55 

plane sapphires without an M-axis miscut (a), c-plane sapphire substrates with a 0.5° major miscut 56 

angles towards M-axis (b), a 3° major miscut angles towards M-axis (c), with a 0.2° major miscut 57 

angles towards other axes (d,e), and with a 0.2° major miscut angle towards A-axis (f). 58 

 59 

Supplementary Note 4. The shape evolution of MoS2 crystals 60 

For our home-designed three-temperature-zone chemical vapor deposition (CVD) 61 

setup (Supplementary Fig. 27), there is a long distance between the substrate and MoO3 62 

source (>32 cm), as well as S source (>49 cm). Therefore, the gradient of both MoO3 63 

and S sources is very small and the MoS2 crystals would maintain the same shape. 64 

Supplementary Figure 4 shows the optical microscopy images of CVD MoS2 at 65 

different locations (~32-40 cm). Clearly, the MoS2 crystals keep the triangular shape. 66 

Furthermore, for all the MoO3/S ratios we have investigated (ranging from ~3.83% to 67 

~5.55%), the concentration of S source is always larger than that of MoO3 source. 68 

Consequently, the shape of MoS2 crystals would keep unchanged, as in our 69 

experimental results (Supplementary Fig. 4) 70 



 71 

Supplementary Figure 4. Representative optical images of MoS2 crystals grown at different 72 

MoO3/S (a)-(d) at several different positions on the substrate (1)-(4). 73 

 74 

Supplementary Note 5. The AFM image of MoS2 film 75 

A scratch was made on a continuous MoS2 film to measure the height of the MoS2, 76 

and the AFM image is shown in Supplementary Fig. 5a. The height results from the 77 

dashed line (Supplementary Fig. 5b) show that MoS2 is about 0.7 nm, indicating the 78 

monolayer nature.  79 

The AFM images taken from different locations across a 2-inch wafer 80 

(Supplementary Fig. 6) manifest a uniform and wrinkle-free monolayer MoS2 film.  81 

 82 

Supplementary Figure 5. (a) The AFM image of the scratched edge of MoS2. Scale bar, 2 μm. (b) 83 

The height results from the dashed line. 84 



 85 
Supplementary Figure 6. Typical AFM images of MoS2 grown on c-Al2O3 at different areas. 86 

 87 

Supplementary Note 6. General c-plane sapphire substrates with mono-step 88 

In a recent work1, the bi-steps and thus single-type surface symmetry are formed 89 

by annealing at high temperatures, which enable the unidirectional alignment. However, 90 

in our studies, the used c-plane sapphire substrates are the general substrate with mono-91 

step, rather than bi-steps.  92 

1) Supplementary Figure 7a shows the XRD rocking curve of our c-plane sapphire 93 

substrates with unidirectional MoS2 on it, demonstrating a major miscut angle towards 94 

M axis of 0.135°, which agrees well with the parameters provided by the supplier of 95 

HeFei crystal Technical Material Co., Ltd. (c-plane sapphire with a major miscut angle 96 

towards M axis of ~ 0.2±0.1°). 97 

2) Supplementary Figures 7b and 7c shows the AFM image of our c-plane sapphire 98 

substrates, indicating mono-step height H of ~ 0.16 nm and terrace width W of ~ 66.5 99 

nm. The ratio between step height H and terrace width W, i.e., 𝐻/𝑊 =100 

0.16𝑛𝑚/66.5𝑛𝑚 = 0.0024, accordance with the XRD data (𝑡𝑎𝑛 0.135°= 0.002356). 101 

3) Our c-plane sapphire substrates with a major miscut angle towards M axis of ~ 102 

0.2° have mono-step are quite reasonable because our substrates are annealing at 980℃, 103 

much lower than the required temperature (>1400ௗ°C) to form bi-steps1.  104 

 105 



Supplementary Figure 7. (a) XRD rocking curve of c-plane sapphire substrates with unidirectional 106 

MoS2 on it, demonstrating a major miscut angle towards M axis of 0.135°. (b,c) AFM 107 

characterization of sapphire substrates, indicating surface step height of ~0.16 nm and terrace width 108 

of ~66.5 nm.  109 

 110 

Supplementary Note 7. The epitaxial relationship of MoS2 on c-plane sapphire 111 

According to the AFM images (Supplementary Fig. 8), the MoS2 <112ത0> direction 112 

(MoS2 zigzag) is parallel to the <101ത0> direction of sapphire substrate (M axis), and 113 

the MoS2 <101ത 0> direction (MoS2 armchair) is parallel to the sapphire <11 2ത 0> 114 

direction (A axis). 115 

We performed transmission electron microscopy (TEM) characterization at the 116 

atomic scale and confirmed that the triangular MoS2 domains have zigzag edges 117 

(Supplementary Fig. 9). 118 

The epitaxial relationship of MoS2 on c-plane sapphire is further confirmed by in-119 

plane X-ray diffraction (XRD) measurements. In the XRD θ-2θ scan, only the 120 

diffraction peak of MoS2 (10 1ത 0) plane and α-Al2O3 (11 2ത 0) plane are detected 121 

simultaneously in the single oriented MoS2 film at the same φ angle (red line, 122 

Supplementary Fig. 10a). Furthermore, the XRD φ scan (Supplementary Fig. 10b) show 123 

that the peaks of MoS2 (101ത 0) plane coincide with that of α-Al2O3 (112ത 0) plane, 124 

indicate the single epitaxial relationship of MoS2 (101ത0) // α-Al2O3 (112ത0). 125 

 126 
Supplementary Figure 8. The AFM images of triangular domains show that the zigzag <112ത0> 127 

direction of single oriented MoS2 is parallel to the <101ത0> direction of sapphire substrate, and the 128 

armchair <101ത0> direction of MoS2 is parallel to the sapphire step <112ത0> direction. 129 

 130 



Supplementary Figure 9. STEM images show the Mo-Zigzag edges of MoS2 domains. Scale 131 

bars, 1 nm. 132 

 133 

Supplementary Figure 10. (a) In-plane XRD θ–2θ diffractogram. (b) In-plane XRD φ scan of the 134 

(101ത0) planes of MoS2 and the (112ത0) planes of α-Al2O3. 135 

 136 

Supplementary Note 8. The mechanism of unidirectional MoS2 growth 137 

 138 
Supplementary Figure 11. Cross-sectional HAADF-STEM images of a MoS2 grown on the α-139 

Al2O3 (0001) substrate along the α-Al2O3 <101ത0> direction, where the degree of unidirectional 140 

alignment is ~ 0. 141 



 142 
Supplementary Figure 12. (a) Schematic illustration of removal and regrowth of unidirectional 143 

MoS2. The as-grown unidirectional MoS2 is removed from c-plane sapphire substrate by water-144 

assisted transfer method, which would perfectly maintain the formed buffer layer. (b) Optical 145 

micrographs of the regrown MoS2 with unidirectional domain alignment. (c,d) Illustration and 146 

optical micrographs of MoS2 domains grown on an unused new sapphire substrate, showing two 147 

antiparallel domains. 148 

 149 

Supplementary Note 9. The structure of the buffer layer  150 

Supplementary Figure 13 shows the high-resolution XPS spectrum of Mo 3d, after 151 

removing the as-grown unidirectional MoS2 by a non-destructive water-assisted 152 

technique. A deconvolution and curve fitting reveal that the Mo 3d spectrum can be 153 

decomposed into a doublet corresponding to 3d5/2 Mo5+ (3d3/2 Mo5+). 154 

 155 

Supplementary Figure 13. The high-resolution XPS spectrum of Mo 3d. 156 



Based on the XPS results and previous results of MoS2 epitaxy on β-Ga2O3 (001)2, we 157 

infer that one possible configuration of the buffer layer is O−Mo−O−Al, with Mo 158 

exhibiting a (+5) oxidation state. To determine the detailed structure of the 159 

O−Mo−O−Al buffer layer, we perform density functional theory (DFT) calculations 160 

with the Vienna ab initio software package3. The Perdew-Burke-Ernzerhof (PBE) 161 

exchange-correlation functionals are employed4, along with DFT-D2 method of 162 

Grimme van der Waals corrections5. An energy cutoff of 520 eV for the plane wave 163 

basis sets and a Γ-centered k-mesh of 1×1×1 is used for geometry optimization and 164 

electronic structure calculations. The convergence of total energy with respect to these 165 

parameters is examined and found to reach the level of less than 0.001 eV/f.u. To 166 

prevent artificial interactions between periodic slab images, a vacuum thickness greater 167 

than 15 Å was applied. The Al2O3 (001) surfaces are modeled using large supercell 168 

slabs containing 9 atomic layers. The bottom 5 layers of atoms are kept fixed at their 169 

optimized bulk positions and other atomic positions are fully optimized with the lattice 170 

constant for the supercell kept fixed at a value corresponding to the experimental lattice 171 

constant for a 1×1 unit cell.   172 

 173 

Supplementary Figure 14 shows the calculated the structure of the O−Mo−O−Al buffer 174 

layer on Al2O3 surface after fully structural relaxation. Generally, every O atom under 175 

the Mo layer is connected to two Al and two Mo atoms, and every Mo atom is connected 176 

to 3 O atoms under it. Meanwhile, every O atom above the Mo layer is connected to 177 

two Mo atoms and 3 O atoms are assigned to 1 Mo atom. Further, MoS2 triangles with 178 

different orientations are positioned on the surface of the Al2O3 substrate with 179 

O−Mo−O−Al buffer layer. The DFT results reveal that the 60° structure, compared to 180 

the 0° structure, has a lower free energy of 110 meV, demonstrating a preferred growth 181 

orientation for MoS2 triangles. 182 

 183 



Supplementary Figure 14. The atomic structures of MoS2 growth on α-Al2O3 (001) with buffer 184 

layer.  The side view of the relaxed MoS2 layer in 0° (a) and 60° (b) directions grown on 185 

Mo+5/Al2O3 substrate and the corresponding top view of MoS2 on the buffer layer. The Mo, S, O 186 

and Al atoms are shown in purple, yellow, red, and blue respectively. 187 

 188 

Supplementary Note 10. The atomic-resolution HAADF-STEM images of MoS2 189 

samples  190 

Supplementary Figure 15 show more atomic-resolution HAADF-STEM images 191 

from different merging areas, the atomic-resolution HAADF-STEM images are filtered 192 

to enhance the contrast and no stitched grain boundary is found. 193 

The Vs were denoted in the yellow circles in Supplementary Figure 16, and the 194 

average concentration of sulfur vacancy is about ~5.2 × 10ଵଶ 𝑐𝑚ଶ. which is an order 195 

of magnitude lower than that of previously reported exfoliated MoS2. 196 

 197 

Supplementary Figure 15. HAADF-STEM images of the merging areas between neighboring 198 

unidirectional domains. Scale bar, 2 nm. 199 



 200 

Supplementary Figure 16. The atomic-resolution STEM images of MoS2 samples.  201 

 202 

Supplementary Note 11. Etching results verify seamless stitching 203 

The samples are heated at 150°C for 30 minutes under moisture-rich ambient 204 

conditions for thermal oxidation. No boundaries are observed for single oriented MoS2 205 

films (Supplementary Fig.17a), but boundaries can be clearly seen in multiple oriented 206 

MoS2 films under the same condition (Supplementary Fig. 17b). 207 

 208 
Supplementary Figure 17. Optical images of single oriented MoS2 films (a) and multiple 209 

oriented MoS2 films (b) after hot H2O vapour etching.  210 

 211 

Supplementary Note 12. The LEED patterns of MoS2 films 212 

Due to the three rotational symmetry of MoS2, the intensity of three diffraction 213 

points in LEED diffraction are much higher than those of the other three points, 214 

indicating that the obtained MoS2 films have a single domain orientation 215 

(Supplementary Fig. 18a). By contrast, the intensities of the six diffraction points in 216 



LEED diffraction are more uniform for continuous films with a mixture of two 217 

orientation domains (Supplementary Fig. 18b). 218 

 219 

Supplementary Figure S18. The LEED patterns of single oriented MoS2 films taken at the 220 

electron energy of 95eV (a) and the LEED patterns of multiple oriented MoS2 films taken at the 221 

electron energy of 85eV (b). 222 

 223 

Supplementary Note 13. High resolution PL and Raman mapping of MoS2 single-224 

crystal films 225 

We perform high resolution PL and Raman mapping on MoS2 wafers. 226 

Supplementary Figure 19 shows the PL and Raman mapping of MoS2 single-crystal 227 

films: A1g intensity (Supplementary Fig. 19a), E1 
2g intensity (Supplementary Fig. 19b) 228 

and the peak difference △ between E1 
2g and A1g (Supplementary Fig. 19c), PL peak 229 

intensity (Supplementary Fig. 19d), PL peak position (Supplementary Fig. 19e) and 230 

FWHM (Supplementary Fig. 19f). According to the statistics analysis, the average peak 231 

distance between the Raman peaks E1 
2g and A1g of MoS2 is about 20.5 ± 0.5 cm-1, and 232 

the average PL peak position is 1.86 eV ± 3 meV, and the average PL peak width at half 233 

height is 77 meV ± 2 meV. No apparent changes in the peak position and linewidth of 234 

both phonons and excitons are observed, illustrating the wafer-scale uniformity. 235 

 236 



Supplementary Figure 19. Raman and PL mapping of MoS2 single-crystal films. Raman spectra 237 

mapping in terms of A1g intensity (a), E1 
2g intensity (b) and the peak difference △ between E1 

2g and 238 

A1g (c). (d,e,f). PL mapping of peak intensity (d), peak position (e) and FWHM (f), respectively. 239 

Scale bars, 5 μm. 240 

 241 

Supplementary Note 14. Optical micrographs of single-crystal MoS2 at different 242 

areas 243 

    According to microscopy images taken at different locations across a 2-inch range 244 

(Supplementary Fig. 20), the excellent wafer-scale uniformity of the as-grown 245 

monolayer MoS2 single crystal is scrutinized. 246 

 247 

Supplementary Figure 20. Typical optical micrographs of MoS2 grown on c-Al2O3 at different 248 

areas. Scale bar, 30 μm. 249 

 250 

Supplementary Note 15. PL spectra of exfoliated monolayer MoS2 251 

Non-polarized PL spectra of exfoliated monolayer MoS2 were performed and the 252 

full width at half maximum of the exfoliated monolayer MoS2 is ~115 meV at 298K 253 

(Supplementary Fig. 21a) and ~53 meV at 10K (Supplementary Fig. 21b), which is 254 

about double of the values in our epitaxial monolayer MoS2. The helicity-resolved PL 255 

spectra of the exfoliated monolayer MoS2 was also performed at 10 K, excited by 𝜎ା 256 

radiation on resonance with the A exciton at 633 nm (1.96 eV) (Supplementary Fig. 257 

21c), and the degree of exciton valley polarization is about 50% (Supplementary Fig. 258 

21d). 259 

 260 



 261 
Supplementary Figure 21. Optical characterization of exfoliated MoS2. (a) Typical room-262 

temperature PL spectra of exfoliated MoS2 and CVD-grown MoS2. (b) Typical PL spectra of 263 

exfoliated MoS2 at 10K. (c) Circularly polarized photoluminescence spectra of exfoliated MoS2 at 264 

10K. (d) Circular polarization calculated from the PL spectra in c. 265 

 266 

Supplementary Note 16. The transfer characteristics of h-BN encapsulated devices 267 

    Supplementary Figure 22a (22c) shows the atomic force microscopy (AFM) image 268 

of the top (bottom) h-BN layer for h-BN encapsulated device in the main text. The 269 

corresponding height profiles (Supplementary Figs. 22b and 22d) indicate that the 270 

thickness of top and bottom h-BN layers is ~27 nm and ~34 nm, respectively. 271 

Supplementary Figures 23a and 23b show a metal/h-BN/metal structure for 272 

capacitance measurement. The effective area between top and bottom metal electrodes 273 

is 20×33+5×3 μm2; the thickness of h-BN is ~54 nm (Supplementary Fig. 23c). The 274 

measured capacitance is ~382 × 10ିଵହ𝐹. Then we can extract the dielectric constant 275 

of h-BN 𝜀௥ =
஼·ௗ

ఌబ·ௌ
=

ଷ଼ଶ×ଵ଴షభఱி×ହସ௡௠

଼.଼ହସ×ଵ଴షభమி ௠×(ଶ଴×ଷଷାହ×ଷ)µ௠మ⁄
= 3.452, which is in good agree 276 

with previous results6,7. Based on the measured dielectric constant of h-BN, we can 277 

obtain the capacitance per unit area for top gate (Ci = 
ఌ଴·ఌ௥

ௗ
  =  

଼.଼ହ×ଵ଴షభమி
௠ൗ ×ଷ.ସହ

ଶ଻×ଵ଴షవ௠
  = 278 

1.131×10-7 F/cm2) and bottom gate (Ci =  
଼.଼ହ×ଵ଴షభమி

௠ൗ ×ଷ.ସହ

ଷସ×ଵ଴షవ௠
 = 0.872×10-7 F/cm2). 279 

The h-BN encapsulated devices with different channel length fabricated utilizing 280 

the pick-up technique (see method). Photograph of the h-BN encapsulated devices is 281 



shown in Supplementary Fig. 24a. Supplementary Figures 24b and c show the room-282 

temperature output (Supplementary Fig. 24a) and transfer (Supplementary Fig. 24a) 283 

characteristics of a h-BN encapsulated device with channel length of 2.7 μm and 284 

channel width of 1 μm. We calculated the variation of device mobility with top gate 285 

voltage for different channel lengths (Supplementary Fig. 24d), and the extracted field-286 

effect mobility can reach ~ 140 cm2s-1V-1. Supplementary Figure 24e-l show the 287 

transfer curves of MoS2 device with different channel length: 5 μm (Supplementary Fig. 288 

24e), 6.3 μm (Supplementary Fig. 24f), 8.6 μm (Supplementary Fig. 24g), 11.1 μm 289 

(Supplementary Fig. 21h), 14.2 μm (Supplementary Fig. 24i), 6.7 μm (Supplementary 290 

Fig. 24j), 27.5 μm (Supplementary Fig. 24k), 30.9 μm (Supplementary Fig. 24l). 291 

 292 
Supplementary Figure 22. (a,b) The AFM image of the top h-BN layer (a) and its corresponding 293 

height profiles (b). (c,d) The AFM image of the bottom h-BN layer (c) and its corresponding height 294 

profiles (d). 295 

 296 

Supplementary Figure 23. (a) Optical image of a metal/h-BN/metal structure. The effective area 297 

between top and bottom metal electrodes is 20×33+5×3 μm2. (b,c) The thickness of h-BN is ~54 298 

nm measured by AFM. (d) C-V curves. The measured capacity is 382 fF. 299 

 300 



 301 

Supplementary Figure 24. FET performance of single MoS2 devices.  (a). Photograph of the 302 

single MoS2 device. Scale bar, 10 μm. (b,c) Output and transfer curves of a h-BN encapsulated MoS2 303 

device with channel length/width (L/W) of 2.7/1 μm. Vbg = 0V. (d) The mobility with the change of 304 

Vtg at different channel lengths, W = 1μm, Vbg = 60V, Vds = 0.2V. (e-l) Transfer curves of a h-BN 305 

encapsulated MoS2 device with different channel. 306 

 307 

Supplementary Note 17. Batch produced uncapsulated MoS2 devices performance 308 

Batch production of uncapsulated FET arrays over several centimeters is shown in 309 

Supplementary Fig. 25a. The 100 random FETs show an average on/off ratio ~108 310 

(Supplementary Fig. 25c) and the statistical distribution of device mobility is shown in 311 

Supplementary Fig. 25f. Supplementary Figure 25d and 25e show the output 312 

(Supplementary Fig. 25d) and transfer (Supplementary Fig. 25e) curves of a typical 313 

device with channel length/width of 5/40 μm.  314 

 315 

Supplementary Figure 25. FET performance of batch produced MoS2 devices. (a) Photograph 316 

of a fabricated FET array. Scale bar,1 mm. (b) Enlarged image of a unit cell, Scale bar,45 μm. (c) 317 



The on/off ratio of 100 random FETs. (d) Output and (e) transfer curves of a typical device with 318 

channel length/width of 5/40 μm. (f) The statistical distribution of device mobility. 319 

 320 

For our short-channel HfO2 devices in the main text, the corresponding C-V curve 321 

with the measurement frequency of 1 kHz, and amplitude of 50 mV is shown 322 

Supplementary Fig. 26. The capacitance per unit area at V=4 V is Ci = 323 

 
ଵ.ଵହ×ଵ଴షభ ி

ଵ଴଴×ଵ଴షల×ଵ଴଴×ଵ଴షల௠
 = 1.15×10-6 F/cm2. 324 

 325 

Supplementary Figure 26. The gate capacitances for the short-channel HfO2 devices. 326 

 327 

Supplementary Note 18. Schematic diagram and photographs of our specially 328 

designed multisource CVD setup 329 

 330 

Supplementary Figure 27. Schematic diagram of the multisource CVD setup. 331 

 332 



Supplementary Figure 28. Photographs of our three-temperature-zone CVD setup and the location 333 

of the solid-state sources and the substrate. 334 

 335 

The quartz tube would develop a coating of Mo/MoO3 after the growth, as shown 336 

in Supplementary Fig. 29. To eliminate this effect, we will anneal the used quartz tubes 337 

is placed in an air atmosphere at a high temperature (>1000°C) for 1h after the growth, 338 

and at the same time extract the exhaust gases from the high temperature annealing 339 

(residual Mo source, S source) through negative pressure pump. As can be seen from 340 

Supplementary Fig. 29, the quartz tubes after high temperature annealing are as clean 341 

as brand-new quartz tubes and will not interfere with the next growth. 342 

 343 

Supplementary Figure 29. The photographs of brand-new quartz tubes, the quartz tube after 344 

growth and the quartz tube after annealing (previously used one). 345 

 346 

Supplementary Note 19. Unidirectional epitaxy at 850℃ 347 

In addition to the unidirectional epitaxy at 880℃ in the main text, we also achieve 348 

the unidirectional growth at 850℃ (Supplementary Fig. 30). However, at different 349 

growth temperatures, the corresponding S/MoO3 precursor ratio is different. For 350 

example, Supplementary Figure 31 shows the degree of unidirectional alignment 351 

against the MoO3/S precursor ratios at a growth temperature of 850℃. Clearly, the best 352 

MoO3/S precursor ratio that show ~100% unidirectional alignment is ~2.1%. This is 353 

contrast to the best MoO3/S precursor ratio of ~4.5% at a growth temperature of 880℃ 354 

(Fig. 1c in the main text). 355 



 356 
Supplementary Figure 30. Unidirectional growth of MoS2 at different growth temperatures and 357 

different growth conditions.     358 

 359 
Supplementary Figure 31. Proportional changes of the single oriented MoS2 domains grown by 360 

varying the MoO3/S ratio at a growth temperature of 850℃. 361 

 362 

Supplementary Note 20. General mechanism of the single-crystal TMD growth 363 

Recently, some works have reported the growth of single-crystal TMDs on 364 

sapphire substrates1,8-10. However, these works rely heavily on the surface step 365 

engineering (e.g., controlling the surface step orientation and height), which typically 366 

requires the specially-designed substrates such as deliberately engineered off-cut angles 367 

or annealing at harsh temperatures. Remarkably, we realize the epitaxial growth of 368 

wafer-scale single-crystal MoS2 monolayers on industry-compatible of general c-plane 369 

sapphire substrates by simply controlling the S/MoO3 precursor ratio, showing high 370 

novelty. 371 

Regarding the general mechanism, a universal symmetry framework has been 372 

theoretically established to guide the growth of wafer-scale single-crystal 2D materials, 373 

i.e., the symmetry group of the substrate should be a subgroup of 2D material11. In the 374 

light of such general guideline, c-plane sapphire with C3v symmetry offers a possible 375 

industry-compatible substrate for the epitaxial growth of wafer-scale single-crystal 376 

MoS2 with point group D3h (C3v plus a mirror-reflection symmetry σh). However, the 377 

adsorption energy of the most preferred domain orientation (i.e., 30°) is just slightly 378 

lower that at 90° configuration. This usually results in two antiparallel grains and twin 379 

boundaries, as in the earlier results12,13. Consequently, the key strategies to achieve the 380 

growth of wafer-scale single-crystal MoS2 is to enlarge the binding energy difference 381 

between the most preferred domain orientation and its antiparallel domain. For 382 

previously reported wafer-scale growth of single-crystal TMDs via surface step 383 

engineering, it does follow the general guideline where the sapphire step edge-TMDs 384 

interaction breaks the symmetry of the antiparallel orientations. In our work, we enlarge 385 

the binding energy difference between the most preferred domain orientation and its 386 



antiparallel domain to realize wafer-scale single-crystal MoS2 by precisely controlling 387 

the S/MoO3 precursor ratio.  388 



Supplementary Table 1. Comparison of monolayer TMD electrical performance  389 

Synthetic 

way 

Layer Channel 

length 

Tox 

(nm) 

Ion 

(uA/um) 

Mobility 

cm2V-1s-1 

On/off Ref. 

CVD 1L-MoS2 200nm 30nm HfO2 535 140 109 This work 

CVD 1L-MoS2 8.2nm 6nm HfO2 2.5 1.1 106 [14] 

CVD 1L-MoS2 15nm 10nm HfO2 5 \ 106 [15] 

CVD 1L-MoS2 50nm 5nm HfO2 156 21.4 106 [16] 

CVD 1L-MoS2 2μm 300nm SiO2 18 122.6 \ [17] 

CVD 1L-MoS2 72nm 30nm SiO2 320 35.7 \ [18] 

CVD 1L-MoS2 8.3μm 270nm SiO2 6 43 \ [19] 

CVD 1L-MoS2 20μm 300nm SiO2 0.14 7 106 [20] 

CVD 1L-MoS2 500nm 30nm Al2O3 450 102.6 109 [21] 

CVD 1L-MoS2 10μm 35nm Al2O3 6 75 108 [22] 

CVD 1L-MoS2 4μm 20nm Al2O3 16.7 30 1010 [23] 

CVD 1L-MoS2 1μm 15nm HfO2 55 54 \ [24] 

MOCVD 1L-MoS2 1.6μm 285nm SiO2 10 30 106 [25] 

CVD 1L-MoS2 1μm 285nm SiO2 49 64 107 [26] 

CVD 1L-MoS2 100nm 285nm SiO2 62.5 13 \ [27] 

CVD 1L-MoS2 10nm 5-6nm Al2O3 426 30 \ [28] 

CVD 1L-MoS2 80nm 6nm Al2O3 20 \ 106 [29] 

CVD 1L-MoS2 400nm 30nm SiO2 280 34 106 [30] 

CVD 1L-MoS2 450nm 30nm HfO2 65 55 \ [31] 

Exfoliated 1L-MoS2 10nm 300nm SiO2 540 26.7 107 [32] 

Exfoliated 1L-MoS2 120nm 100nm SiNx 560 \ 107 [33] 

Exfoliated 1L-MoS2 500nm 30nm HfO2 320 60(250K) 108 [34] 

Exfoliated 1L-MoS2 450nm 93nm SiO2 240 83 108 [35] 

Exfoliated 1L-MoS2 600nm 90nm SiO2 10 13.2 106 [36] 

Exfoliated 1L-MoS2 1.3μm 30nm HfO2 22 320 106 [37] 

Exfoliated 1L-MoS2 1.5μm 6nm HfO2 125 16 \ [38] 

Exfoliated 1L-MoS2 2μm 72nm Al2O3 20 11 103 [39] 

Exfoliated 1L-MoS2 1.9μm 15nm h-BN 22 \ 109 [40] 

Exfoliated 1L-MoS2 2μm 300nm SiO2 5 27.6 106 [41] 

Exfoliated 1L-MoS2 1.2μm 100nm SiO2 85 48 107 [42] 

Exfoliated 1L-MoS2 2μm 30nm Al2O3 450 41 107 [43] 

CVD 1L-MoSe2 5μm 300nm SiO2 \ 1 106 [44] 

CVD 1L-MoSe2 3μm 300nm SiO2 \ 30 104 [45] 

CVD 1L-WS2 30nm 5.5nm HfO2 322 \ \ [46] 

CVD 1L-WS2 \ 300nm SiO2 \ 50 107 [47] 

CVD 1L-WS2 \ 300nm SiO2 \ 20 108 [48] 

CVD 1L-WS2 120nm 100nm SiNx 331 \ 107 [33] 

CVD 1L-WSe2 6μm 300nm SiO2 \ 150(holes) 107 [49] 

CVD 1L-WSe2 \ 90nm SiO2 \ 82(holes) \ [50] 

CVD 1L-WSe2 1.5μm 300nm SiO2 7.6 40 \ [51] 



Exfoliated 1L-WS2 \ 10nm Al2O3/300nm SiO2 \ 83 108 [52] 

Exfoliated 1L-WSe2 1.2μm 72nm Al2O3 210 142 106 [53] 

Exfoliated 1L-WSe2 9.4μm 17.5 nm ZrO2 \ 250(holes) 106 [54] 

Exfoliated 1L-WSe2 2.4μm 300nm SiO2 34 180 \ [55] 
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