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Supplementary Note 1: Yield and density calculation26

All yield and density data were obtained from at least three independent and repeated27
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experiments. For each experiment, no fewer than five representative fields of view were28

randomly selected on the substrate for statistical analysis. The OM under the 50X objective29

was selected due to the twisted bilayers heterostructures can be easily identified under the30

50X objective. The number of twisted bilayers heterostructures and vertical heterostructures31

was calculated based on OM images under a 50X objective lens. The yield (Y) and density (D)32

can be determined using the total number of twisted samples (N twisted), the total number of33

vertical heterostructure samples (N untwisted), and the total substrate area (S).34

Y = (N twisted / (N twisted + N untwisted)) × 100% D = N / S.35

36

Supplementary Figure 1. The temperature rising process in our CVD synthesis strategy.37

38

Supplementary Figure 2. The growth of WSe2/WS2 heterostructure. a, Optical microscope39
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(OM) images of WSe2/WS2 heterostructures synthesized by conventional isothermal CVD40

process. b, OM images of WSe2/WS2 heterostructures synthesized by temperature41

continuously rising CVD process.42

43

Supplementary Figure 3. Determination of the twist angle in heterostructures. a, The44

typical OM image of TB-WSe2/WS2.b, The measured twist angles based on the OM from the45

TB-WSe2/WS2 in (a).46

47
Supplementary Figure 4. Polar plots of normalized SHG intensities forTB-WSe2/WS248

heterostructures. a-d, Polar plots of normalized SHG intensities for 0°, 3.0°, 8.0°, and49

15.0°-TB-WSe2/WS2 heterostructures, respectively.50
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51

Supplementary Figure 5. SHG characterization of twisted WSe2/WS2 heterostructure. a,52

OM images of 30° and 32°-TB-WSe2/WS2 heterostructures. c, d, Polar plots of normalized53

SHG intensities for 30°and 32°-TB-WSe2/WS2, respectively.54

55

Supplementary Figure 6. SAED characteristic of twisted WSe2/WS2 heterostructures.56

a-b, The SAED patterns of 30.0°, and 32.0°-TB-WSe2/WS2. The pink and purple hexagons57

mark the diffraction patterns from WSe2 and WS2 lattices, respectively.58

59
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Supplementary Figure 7. The SHG measurements in twisted WSe2/WS2 Heterostructure.60

a, The OM image of the 40°-TB-WSe2/WS2 heterostructure, the WS2 and WSe2 regions with61

red and blue dashed outlines, respectively. The inset presents an overview of the 40 °62

-twisted-WSe2/WS2 heterostructure. b, The SHG mapping of the area in (a), with the color bar63

unit in CCD cts. c, Polar plots of normalized SHG intensities for 40°-TB-WSe2/WS2.64

65

Supplementary Figure 8. Optical image of twisted WSe2/WS2 heterostructures. a-c, OM66

images of TB-WSe2/WS2 heterostructures with 27°, 51°, 60° twist angles. d-f, The original OM67

images corresponding to the (a-c).68

69

Supplementary Figure 9. Angle distribution statistics of TB-WSe2/WS2 heterostructures70

at heating rate of 10 °C/min, 20 °C/min, 30 °C/min, 40 °C/min and 50 °C/min, including 0°71

and 60°.72
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73

Supplementary Figure 10. Statistical charts of twist angles in WSe2/WS274

heterostructures under different heating rates: a, under a heating rate of 10°C/min. b,75

under a heating rate of 20°C/min. c, under a heating rate of 30°C/min. All data plots are76

derived from at least three independent and repeatable experiments. For each experiment, no77

fewer than five representative fields of view were randomly selected for statistical analysis.78

The error bars (representing the standard deviation (s.d.)) are derived from three independent79

experiments at the corresponding heating rates. The error bars for the five sets in (a) are80

22.84% ± 3.46%, 35.48% ± 4.79%, 20.06% ± 5.27%, 13.56% ± 3.63%, and 8.06% ± 1.09%,81

respectively. The error bars for the six sets in (b) are 12.93% ± 5.10%, 24.77% ± 10.96%,82

29.96% ± 8.63%, 20.37% ± 1.97%, 9.35% ± 2.84%, and 0.95% ± 1.65%, respectively. The83

error bars for the five sets in (c) are 7.85% ± 4.17%, 17.04% ± 6.22%, 33.01% ± 6.85%,84

34.16% ± 5.07%, and 7.93% ± 2.33%, respectively.85

86

Supplementary Figure 11. Statistical charts of twist angles in WSe2/WS287

heterostructures across different growth temperature ranges. a-h, Heating rate:88

20 °C/min, with temperature ranges: 1100→1120 °C (1min) (a, b), 1100→1140 °C (2min) (c, d),89
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1100→1160 °C (3min) (e, f), 1100→1180 °C (4min) (g, h). The scale bar is 5 μm. i-l, i, for 1 min90

starting from 1100°C with a final temperature of 1120°C. j, for 2 min starting from 1100°C with a91

final temperature of 1140°C. k, for 3 min starting from 1100°C with a final temperature of92

1160°C. l, for 4 min starting from 1100°C with a final temperature of 1180°C.All data plots are93

derived from at least three independent and repeatable experiments. For each experiment, no94

fewer than five representative fields of view were randomly selected for statistical analysis.95

The error bars (representing the standard deviation (s.d.)) are derived from three independent96

experiments at the corresponding heating rates. The error bars for the six sets in (i) are 6.70%97

± 5.85%, 27.70% ± 2.08%, 33.69% ± 14.18%, 19.83% ± 7.97%, 11.18% ± 0.41% and 0.90% ±98

1.56%, respectively. The error bars for the six sets in (j) are 4.54% ± 4.38%, 18.44% ± 16.48%,99

37.19% ± 12.18%, 31.08% ± 13.57%, 6.15% ± 6.10%, and 2.59% ± 1.42%, respectively. The100

error bars for the six sets in (k) are 5.76% ± 4.70%, 23.36% ± 3.15%, 36.60% ± 4.60%,101

17.13% ± 15.51%, 13.44% ± 8.79% and 3.70% ± 6.42%, respectively. The error bars for the102

six sets in (l) are 10.44% ± 6.42%, 28.01% ± 6.27%, 31.28% ± 1.85%, 19.45% ± 7.23%, 7.25%103

± 4.61% and 3.57% ± 0.77%, respectively.104

105

106
Supplementary Figure 12. Statistical analysis of density and twist angle distribution in107

WSe2/WS2 heterostructures under different heating rates. a, Statistical chart of the density108

of TB-WSe2/WS2 heterostructures under different heating rates. The density is defined as the109

number of TB-WSe2/WS2 heterostructures per unit area. The error bars (representing the110

standard deviation (s.d.)) are derived from four independent experiments at the corresponding111
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heating rates. The error bars for the five sets in (a) are 0.00± 0.00 pieces/mm2, 8.67± 0.37112

pieces/mm2, 27.11± 1.92 pieces/mm2, 23.5± 1.73 pieces/mm2, and 18.94± 4.15 pieces/mm2,113

respectively. b, Statistical chart of the angular distribution of TB-WSe2/WS2 heterostructures.114

The statistics were derived from all TB-WSe2/WS2 heterostructures prepared under multiple115

heating rates by the temperature-gradient-controlled CVD method.116

117

Supplementary Figure 13. 2D pseudocolor mapping of gas molecular density variation118
under different heating rates within the same time interval.119

120

Supplementary Figure 14. OM images of twisted TMD vdW heterostructures. a, OM121

images of twisted NbS2/WS2 heterostructure. b, OM images of twisted Te/WS2122

heterostructures.123
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124

Supplementary Figure 15. General synthesis of diverse twisted TMD vdW125

heterostructures. a-r, The raman spectra of MoSe2/WS2, NbS2/WS2, MoS2/WS2, Ge/WS2,126

CrSe2/WSe2, VSe2/WSe2, Bi2Te3/WS2, Bi2Se3/WS2, SnS2/WS2, In2Se3/WS2, NbSe2/WS2,127

Sb2O3/WS2, NiTe2/WS2, MoSe2/WSe2, WSe2/WS2, NiSe2/WS2, Cr3Te4/WS2, Te/WS2. The128

Raman spectrum of WS2 is approximately at 355 cm−1 and 416 cm−1. The Raman spectrum of129

WSe2 is approximately at 250 cm−1. The Raman spectrum of MoS2 is approximately at 384130

cm−1 and 405 cm−1. The Raman spectrum of MoSe2 is approximately at 248 cm−1 and, 282cm-1.131

The Raman spectrum of SnS2 is approximately at 314 cm−1. The Raman spectrum of Bi2Te3 is132

approximately at 104 cm−1 and 139 cm−1. The Raman spectrum of Bi2Se3 is approximately at133

125 cm−1 and 175 cm−1. The Raman spectrum of NbSe2 is approximately at 168cm−1 and 224134

cm−1, and 260 cm−1. The Raman spectrum of NbS2 is approximately at 297 cm−1 and 379 cm−1,135

and 439 cm−1. The Raman spectrum of Ge is approximately at 302cm−1. The Raman spectrum136

of CrSe2 is approximately at 221 cm−1. Raman spectrum of VSe2 is approximately at 207 cm−1.137

Raman spectrum of In2Se3 is approximately at 175 cm−1. Raman spectrum of Sb2O3 is138

approximately at 190 cm−1, 255 cm−1and 451 cm−1. Raman spectrum of NiTe2 is approximately139

at 83 cm−1and 134 cm−1. Raman spectrum of NiSe2 is approximately at 145 cm−1. Raman140

spectrum of Cr3Te4 is approximately at 127 cm−1and 143 cm−1.141
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142

Supplementary Figure 16. EDS characterization of Cr3Te4 in the Cr3Te4/WS2 twisted143

heterostructure. a-b, The EDS spectrum of Cr3Te4 nanosheet. The scale bars are 1 μm. c,144

Spectrum from EDS analysis.145

146
Supplementary Figure 17. SHG characterization of twisted MoS2/WS2 and Bi2Te3/WS2147

heterostructures. a, OM images of 12°-MoS2/WS2 heterostructure. b, OM images of148

4°-Bi2Te3/WS2 heterostructure. c-d, Polar plots of normalized SHG intensities for (a) and (b),149

respectively. The red and blue petals correspond to the position of the red circle and blue circle150

in (a) and (b), respectively.151
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152

Supplementary Figure 18. Statistical analysis of yield, density and twist angle153

distribution in MoS2/WS₂ and Bi2Te3/WS2 heterostructures under different heating rates.154

a, Statistical chart of the yield of TB-MoS2/WS2 heterostructures corresponding to different155

heating rates. The yield is dedicated to the proportion of TB-MoS2/WS2 heterostructures in156

MoS2/WS2 heterostructures. The error bars (representing the standard deviation (s.d.)) are157

derived from three independent experiments at the corresponding heating rates. The error158

bars for the four sets in (a) are 0.00% ± 0.00%, 22.54% ± 2.65%, 34.16% ± 7.52%, and159

28.01% ± 2.13%, respectively. b, Statistical chart of the density of TB- MoS2/WS2160

heterostructures under different heating rates. The density is defined as the number of161

TB-MoS2/WS2 heterostructures per unit area. Error bars represent mean ± standard deviation.162

The error bars for the four sets in (a) are 0.00± 0.00 pieces/mm2, 9.83± 1.76 pieces/mm2,163

25.83± 2.47 pieces/mm2, and 24.31± 2.25 pieces/mm2, respectively. c, Statistical chart of the164

angular distribution of TB-MoS2/WS2 heterostructures. The statistics were derived from all165

TB-MoS2/WS2 heterostructures prepared by the temperature-gradient-controlled CVD method.166

d, Statistical chart of the yield of twisted Bi2Te3/WS2 heterostructures corresponding to different167

heating rates. The yield is dedicated to the proportion of twisted Bi2Te3/WS2 heterostructures in168

Bi2Te3/WS2 heterostructures. Error bars represent mean ± standard deviation. The error bars169
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for the four sets in (a) are 6.16% ± 0.43%, 52.03% ± 14.22%, 71.37% ± 4.63%, and 47.01% ±170

2.06%, respectively. e, Statistical chart of the density of twisted Bi2Te3/WS2 heterostructures171

under different heating rates. The density is defined as the number of twisted Bi2Te3/WS2172

heterostructures per unit area. Error bars represent mean ± standard deviation. The error bars173

for the four sets in (a) are 24.67± 9.61 pieces/mm2, 138.00± 12.12%, 202.00% ± 6.08%, and174

133.33% ± 8.62%, respectively. f, Statistical chart of the angular distribution of twisted175

Bi2Te3/WS2 heterostructures. The statistics were derived from all twisted Bi2Te3/WS2176

heterostructures prepared by the temperature-gradient-controlled CVD method.177

178

Supplementary Figure 19. PL spectra of TB-WSe2/WS2 heterostructures at 80 K. a, PL179

spectra of 0°-WSe2/WS2 heterostructure. b, PL spectra of 13.0°-WSe2/WS2 heterostructure. c,180

PL spectra of 22.8 ° -WSe2/WS2 heterostructure. d, PL spectra of 28.8 ° -WSe2/WS2181

heterostructure. e, PL spectra of 31.6 ° -WSe2/WS2 heterostructure. f, PL spectra of 37.3 °182

-WSe2/WS2 heterostructure. A1g denotes the A exciton peak in WS2, A1g* denotes the A exciton183

peak in WSe2, IX denotes the interlayer exciton peak of the WS2/WSe2 heterostructure184

respectively. PL is an abbreviation for photoluminescence spectra.185
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186

Supplementary Figure 20. The Raman spectra of WSe2/WS2 Heterostructures with187

different twist angles. a, b the low-frequency raman spectra and the high-frequence raman188

spectra of WSe₂/WS₂ Heterostructures with different twist angles. Peaks at 249 cm-1, 257 cm-1,189

348 cm-1 and 416 cm-1 are consistent with the E1’2g, A’1g mode of WSe2, the E12g, A1gmode of190

WS2, respectively.191

192

Supplementary Figure 21. SHG optical characterization of WSe₂/WS₂ heterostructures193

with different twist angles. a, Pump power dependence of SHG intensity in TB-WSe2/WS2194

with the various twist angles. b, SHG spectrum of 0°, 19.2°, 28.5°, 35°, and 60°-TB-WSe2/WS2.195

c, The variation in SHG intensity for 0°, 19.2°, 28.5°, 35°, and 60°-TB-WSe2/WS2 is plotted as196

a function of the twist angle. Laser power is 1 mW.197
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198

Supplementary Figure 22. STEM characterization of twisted WSe2/WS2 heterostructures.199

a-c, OM images of 19°, 20°, and 37°-WSe2/WS2 heterostructures. d-f, The SAED patterns for200

structural characterization of 19°, 20°, and 37°-WSe2/WS2 heterostructures. The pink and201

purple hexagons mark the diffraction patterns from WSe2 and WS2 lattices, respectively. g-i,202

STEM images for structural characterization of 19°, 20°, and 37°-WSe2/WS2 heterostructures.203

Insets show magnified views of the moiré superlattices. The white dashed box indicates a204

Moiré period.205

206

Supplementary Figure 23. Twist Angle Characterization of Twisted WSe2/WS2207

Heterostructures. a-h, The SAED patterns for structural characterization of 0°, 16°, 19°, 20°,208
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23°, 30°, 37° and 43.0°-TB-WSe2/WS2, respectively. The pink and purple hexagons mark the209

diffraction patterns from WSe2 and WS2 lattices, respectively. Scale bar: 5 nm-1210

211

Supplementary Figure 24. The OM image, Raman, and PL measurements of twisted212

WSe₂/WS₂ Heterostructures. a, The OM image of 35°-twisted-WSe2/WS2 heterostructure. b,213

c) The raman mapping image of 35°-twisted-WSe2/WS2 heterostructure in (a) at the214

characteristic peak. d, The OM image of 45°-twisted-WSe2/WS2 heterostructure. e, f) The PL215

mapping image of 45°-twisted-WSe2/WS2 heterostructure in (d) at the characteristic peak.216

Scale bar: 10 um.217

218

Supplementary Figure 25. The structural characterization of twisted WSe2/WS2219
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heterostructure. a, The TEM image of 3°-WSe2/WS2 heterostructure. b-d) The corresponding220

EDS mapping images of 3°-WSe2/WS2 heterostructure. b) Se, c) W, and d) S. e-j) The TEM221

images of 3°-WSe2/WS2 heterostructure. The white dashed rhombus exhibits the periodically222

repeating moiré cells of the 3°-WSe2/WS2 heterostructure. The moiré period in the figure is223

5.16 nm ± 0.07 nm. k, The SAED image of 3°-WSe2/WS2 heterostructure. The pink and purple224

hexagons mark the diffraction patterns from WSe2 and WS2 lattices, respectively. l, The225

cross-sectional STEM image of twisted WSe2/WS2 heterostructure.226

227
Supplementary Figure 26. TR characterization of twisted WSe2/WS2 heterostructures.228

a-b, Spectro-temporal transient reflectance maps for 18° and 35°-TB-WSe2/WS2229

heterostructures. c, Ground-state bleaching kinetics of 18°and 35°-TB-WSe2/WS2230

heterostructures. The ΔR/R represents reflectance change. d, the statistical plot of τ1 and τ2231

from the biexponential fitting of the ground-state bleaching curves for the 0°, 18°, 34°, 35° and232

60°-TB-WSe2/WS2 heterostructures. The data points represent the lifetime values of τ1 and τ2233

corresponding to 0°, 18°, 34°, 35° and 60°-TB-WSe2/WS2 heterostructures, respectively. The234

solid lines indicate the approximate trends of τ1 and τ2 as the twist angle increases from 0° to235

60°-TB-WSe2/WS2 heterostructures. Here, τ1 and τ2 are time constants, with τ1 representing236

the fast decay component and τ2 the slow decay component.237

238

239
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240

Supplementary Figure 27. Moiré potential in WS2/WSe2 heterostructures obtained via241

theoretical calculation. a, Schematic band structure of a representative WSe2/WS2242

heterostructure. b, Relative moiré exciton potential in different stacking configurations. Here243

the moiré exciton potential of the Rh
h configuration is set to zero for clarity.244

Supplementary Table 1. The number of statistically twisted WSe2/WS2 samples, the total245

number of statistically vertical WSe2/WS2 heterostructures, the substrate area and the246

yield and density for each set of experiments. Note: Samples with angles of 0° and 60°247

are defined as non-twisted, while all angles other than 0° and 60° are considered twisted.248

Heating

rate

(℃/min)

Proportion of

twist angles

(pieces)

Substrate

area

(mm2)

Yield (%) Density (pieces/ mm2)

0

5

20

35

40

0/303

73/335

1341/3839

85/241

108/445

3

40

50

6

5.5

0.00, 0.00, 0.00

17.12, 28.13, 25.42, 20.74

46.87, 28.85, 25.49, 22.9

20.83, 21.74, 34.78, 32.76

27.22, 27.40, 26.73, 16.25

0.00, 0.00, 0.00

9.50, 9.00, 7.50, 10.50

29.04, 24.07, 25.88,23.67

24.00, 24.00, 25.00, 21.00

15.00, 23.75, 21.00, 16.00

249

Supplementary Table 2. The number of statistically twisted MoS2/WS2 samples, the total250

number of statistically vertical MoS2/WS2 heterostructures, the substrate area and the251
yield and density for each set of experiments. Note: Samples with angles of 0° and 60°252

are defined as non-twisted, while all angles other than 0° and 60° are considered twisted.253

Heating
rate

(℃/min)

Proportion of
twist angles
(pieces)

Substr
ate
area

Yield (%) Density
(pieces/ mm2)
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(mm2)

0
10
20
30

0/303
132/385
61/270
65/233

3
5
3
3

0.00, 0.00, 0.00
25.29, 22.33, 20.00
42.67, 31.40, 28.40
30.14, 28.00, 25.88

0.00, 0.00, 0.00
11.50, 10.00, 8.00
27.00, 27.00, 23.00
26.50, 24.44, 22.00

254

Supplementary Table 3. The number of statistically twisted Bi2Te3/WS2 samples, the255

total number of statistically vertical Bi2Te3/WS2 heterostructures, the substrate area and256

the yield and density for each set of experiments. Note: Samples with angles of 0° and 60°257

are defined as non-twisted, while all angles other than 0° and 60° are considered twisted.258

Heating
rate

(℃/min)

Proportion of
twist angles
(pieces)

Substrate
area
(mm2)

Yield (%) Density
(pieces/
mm2)

0
10
20
30

42/705
372/719
513/711
115/245

1.8
2.6
1.8
0.9

5.75, 6.60, 6.12
36.70, 54.59, 64.79
67.04, 76.25, 70.28
47.41, 48.84, 44.78

26, 15, 23
122, 168, 144
200, 285, 206
128, 127, 150

259
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Supplementary Table 4. Preparation methods for other twisted 2D structures.260

Type Materials Preparation Method Angle of rotation range Reference

Homostructrue

Homostructrue

Heterostructure

Homostructrue

Homostructrue

Heterostructure

Heterostructure

Homostructrue

Homostructrue

Homostructrue

Homostructrue

Homostructrue

Homostructrue

Homostructrue

Heterostructure

Homostructrue

Heterostructure

Homostructrue

Homostructrue

Heterostructure

Homostructrue

Homostructrue

Homostructrue

twisted bilayer graphene

Twisted Bilayer MoS2

Twisted WS2/WSe2

Twisted MoS2 bilayers

twisted bilayer TaS2

Twisted MoSe2/WSe2

Twisted MoSe2/WSe2

Twisted WSe2

twisted bilayer MoS2

twisted bilayer WS2

twisted bilayer graphene

Twisted graphene

Twisted graphene

twisted black phosphorus

Twisted WS2/Sb2S3

twisted bilayer graphene

MoS2-graphene

supertwisted spirals WS2

twisted WS2

Twisted WS2/WSe2

twisted bilayer graphene

twisted WS2

twisted WSe2

Mechanical Stacking

gas-flow perturbation CVD

Mechanical Stacking

Mechanical Stacking

Mechanical Stacking

Mechanical Stacking

Mechanical Stacking

CVD

CVD

CVD

CVD

Mechanical Stacking

Mechanical Stacking

Mechanical Stacking

CVD

Gas-flow perturbation CVD

Mechanical Stacking

CVD

Sn atom-assisted CVD

Mechanical Stacking

prerotated-assisted CVD

tilted substrate-assisted CVD

Sn atom-assisted CVD

1.05°, 1.16°

8° to 56°

0°, 30°, 60°

22° to 38°

5.1° to 27.8°

0° to 60°

1° to 44.3°

15°

0°, 15°, 30°

19°

4.1°

4.8° to 30°

7.5° to 55.5°

0° to 90°

0° to 180°

3° to 30°

2° to 14°

0° to 15°

0° to 60°

58°

1° to 30°

0° to 60°

0° to 50°

1

2

3

4

4

5

6

7

8

8

9

10

11

12

13

14

15

16

17

18

19

20

21

261
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Supplementary Table 5. Amplitude (Aᵢ) and lifetime (τᵢ) values obtained from262

biexponential fitting of ultrafast transient reflection (TR) curves for WSe2/WS₂263

heterostructures at different twist angles.264

Twisted angles A1 1 (ps） A2 2 (ps）

0° 0.0062 25.842 0.00077 265.875

18° 0.000665 25.84 0.000103 322.57

34° 0.00709 24.54 0.00108 313.62

35° 0.00261 19.428 0.000348 286.408

60° 0.01073 21.56 0.00149 240.68

265



21

Supplementary Reference266

1 Cao, Y. et al. Unconventional superconductivity in magic-angle graphene superlattices.267

Nature 556, 43–50 (2018).268

2 Zhou, J. et al. Homo‐site nucleation growth of twisted bilayer MoS2 with commensurate269

angles. Adv. Mater. 36, 2408227 (2024).270

3 Shi, J. et al. Twisted-angle-dependent optical behaviors of intralayer excitons and trions271

in WS2/WSe2 heterostructure. ACS Photonics 6, 3082–3091 (2019).272

4 Zhao, X. et al. Strong moiré excitons in high-angle twisted transition metal273

dichalcogenide homobilayers with robust commensuration. Nano Lett. 22, 203–210274

(2021).275

5 Nayak, P. K. et al. Probing evolution of twist-angle-dependent interlayer excitons in276

MoSe2/WSe2 van der waals heterostructures. ACS Nano 11, 4041–4050 (2017).277

6 Zeng, Y. et al. Small twist angles accelerate electron and hole transfer in MoSe2/WSe2278

heterostructures. ACS Nano 19, 12138–12145 (2025).279

7 Mandyam, S. V. et al. Controlled growth of large-area bilayer tungsten diselenides with280

lateral P–N junctions. ACS Nano 13, 10490–10498 (2019).281

8 Zheng, X. et al. Twist-assisted intrinsic toughening in two-dimensional transition metal282

dichalcogenides. Nat. Mater. 24, 1561–1568 (2025).283

9 Wu, Q. et al. Waveguide-integrated twisted bilayer graphene photodetectors. Nat.284

Commun. 15, 3688 (2024).285

10 Wang, Z. et al. Van hove singularity-enhanced raman scattering and photocurrent286

generation in twisted monolayer–bilayer graphene. ACS Nano 18, 25183–25192 (2024).287

11 Wang, Y. et al. Stacking-dependent optical conductivity of bilayer graphene. ACS Nano 4,288

4074–4080 (2010).289

12 Chen, S. et al. Infrared optoelectronics in twisted black phosphorus. Nat. Commun. 15,290

8834 (2024).291

13 Ye, K. et al. Symmetry breaking in twisted mixed-dimensional heterostructure interfaces292

for multifunctional polarization-sensitive photodetection. ACS Nano 19, 1340–1351,293

(2025).294

14 Sun, L. et al. Hetero-site nucleation for growing twisted bilayer graphene with a wide295

range of twist angles. Nat. Commun. 12, 2391 (2021).296



22

15 Luo, D. et al. Twist-angle-dependent ultrafast charge transfer in MoS2-graphene van der297

waals heterostructures. Nano Lett. 21, 8051–8057 (2021).298

16 Zhao, Y. et al. Supertwisted spirals of layered materials enabled by growth on299

non-Euclidean surfaces. Science, 370, 442–445 (2020).300

17 Shao, G. et al. Twist angle-dependent optical responses in controllably grown WS2301

vertical homojunctions. Chem. Mater. 32, 9721–9729 (2020).302

18 Cai, C.-S. et al. Ultralow auger-assisted interlayer exciton annihilation in WS2/WSe2303

moiré heterobilayers. Nano Lett. 24, 2773–2781 (2024).304

19 Liu, C. et al. Designed growth of large bilayer graphene with arbitrary twist angles.305

Nature Mater. 21, 1263–1268 (2022).306

20 Xu, M. et al. CVD Synthesis of twisted bilayer WS2 with tunable second harmonic307

generation. Adv. Mater. 36, 2313638 (2024).308

21 Zheng, H. et al. Strong Interlayer Coupling in Twisted Transition Metal Dichalcogenide309

Moiré Superlattices. Adv. Mater. 35, 2210909 (2023).310

https://spis.hnlat.com/journal/detail/3484889610202006d3f04070044?accessType=1

