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Interlayer electronic and mechanical couplings of transitional metal dichalcogenides (TMDs) 

due to Van der Waals force determine their band structure and Raman modes evolution, 

respectively. We have synthesized twist-stacked WS2 bilayers with twist angles of 0°, 13°, 30°, 

41°, 60°, and 83° via chemical-vapor deposited, which allows us to study the coupling effect 

by Raman and photoluminescence spectroscopy and density function calculation. The 

photoluminescence property implies that these random-twisted WS2 bilayers behave as quasi-

direct bandgap material due to weakened interlayer coupling as a result of larger interlayer 

distances than the non-twisted 0° and 60° stacked WS2 bilayers (with an indirect band gap). In 

addition, an additional small peak (AI) near the excitonic transition peak (A) is observed from 

the twisted bilayers, which can be attributed to the interlayer exciton transition.  
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1. Introduction 

Van der Vaals interaction between atomic layers in two-dimensional (2-D) materials affects 

their physical properties such as evolution of band structure from indirect band gap (bulk) to 

direct band gap (monolayer) in MoS2.
[1] Vertical twisted 2-D materials are good platforms to 

study Van de Waals coupling, such as twisted graphene bilayer,[2-5] transitional metal 

dichalcogenides (TMDs) bilayer,[6] and vertical heterostructures.[7, 8] Some interesting 

phenomena were reported in twisted graphene bilayers such as Van Hove singularities,[9] Dirac 

electrons localization,[4] and Hofstadter’s butterfly.[10, 11] In vertical stacked MoS2/WS2 

heterostructure which was fabricated by transferring MoS2 flakes to WS2 flakes, a new 

photoluminescence (PL) peak emerged after annealing in vacuum which is dictated by charge 

transfer and band normalization between the WS2 and MoS2 layers.[12] Also, indirect band gap 

peak of 15° twisted MoS2 grown by chemical vapor deposition (CVD) method has a smaller 

redshift due to the larger interlayer distance compared to the ones of AA and AB stacked 

MoS2.
[13] Although WS2 has a similar atomic structure to MoS2, very different properties have 

been shown, such as larger valence band splitting of WS2 (0.41eV)[14] than MoS2 (0.16eV).[1, 

15] Also, the degree of circular polarization of A exciton emission under near-resonant excitation 

is around 95% in WS2 bilayer[16] in contrast to 1030% in MoS2 bilayer.[17] 

In this letter, we demonstrate the observation of WS2 bilayers and trilayers with various 

twist angles on quartz plates by CVD method. The twisted bilayers have much intensive PL 

compared to both monolayers and untwisted bilayers (AA and AB stackings) and the absence 

of indirect transition peak. This implies that the random twisted WS2 bilayer possesses a quasi-

direct band gap behavior as a result of weakened coupling due to enlarged interlayer distance. 

2. Experimental results 

Our samples were growth by CVD method at 1100°C using the setup shown in Figure 1a. 

A magnet was applied to push the sulfur source in the furnace (see details in method). Bilayer 

WS2 with twist angles of 0°, 13°, 30°, 41°, 60°, and 83° were observed from one experiment 
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and on the same substrate as shown in Figure 1b-g. The twist angle is defined by rotation of 

upper layer related to the lower layer at counter-clockwise direction. We can see that the smaller 

upper monolayer WS2 triangle is twisted to different angles in related to the bigger lower 

monolayer WS2 in each sample. 

Monolayer WS2 is a direct band gap material whereas WS2 bilayers with AA or AB stacking 

is known to have an indirect band gap due to the interlayer electronic coupling.[18, 19] However, 

as the symmetry between upper and lower layer is broken, the random twisted WS2 bilayer 

samples are expected to have interlayer distance and degree of coupling different from the AA-

stacked (0° twist) WS2 bilayer. Photoluminescence can provide useful information on the 

bandgap structure and direct or indirect bandgap transition. Figure 2a shows the PL spectra of 

the twisted WS2 bilayers. PL spectra of the WS2 bilayer with 0° and 60° twist angle (viz., AA 

and AB stacking) show two dominating peaks that correspond to direct transition peak A and 

indirect transition peak I. This is well within expectation and proves that the 0° and 60° twisted 

WS2 bilayers are indirect band gap materials. However, for the random twisted WS2 bilayers 

(13°, 30°, 41°, and 83°) the PL spectra are very different. Firstly, the PL intensity is much 

stronger than that of AA or AB stacked bilayer. For example, PL intensity of 30° twisted WS2 

bilayer is about 22 times stronger than the 0° sample. Secondly, the indirect transition peak I 

seen in the AA or AB stacked bilayers is absent in random twisted bilayers. Thirdly, a small 

peak AI shows up in the PL spectra of random twisted bilayers. All these PL features indicate 

prove that the random twisted WS2 bilayer has a different band structure from AA or AB 

stacking WS2 bilayers. To show clearly the changes of PL spectra, we fit the PL curves by 

Lorentz function and plot as a function of the twisting angle in Figure 2b. As can be seen, the 

PL curves in random twisted WS2 bilayers are composed of three peaks (peak A, peak AI, and 

peak I). Note that Peak A and peak AI are also observed in the absorbance spectrum in Figure 

2c. Peak I is absent in the absorbance spectrum, which corroborates the assignment of indirect 

transitions.  
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Phonon vibrations in 2-D TMDs are very sensitive to interlayer coupling and are useful in 

identifying the layer number of TMDs.[20] We also investigated Raman spectra of our samples 

in Figure 2d. The out-of-plane vibration mode A1g of the random twisted bilayers both redshifts 

and broadens with respect to the 0° and 60° bilayers. The longitudinal acoustic phonon (2LA) 

blueshifts in random twisted bilayers. The in-plane mode E2g
1  which is merged into the 2LA 

mode peak may have the same trend with 2LA. The broadening and redshift of A1g mode in 

random twisted WS2 bilayers has a similar trend with the monolayer WS2, which proves that 

interlayer mechanical coupling of random twisted bilayers is weaker than the AA or AB stacked 

bilayers. 

To further verify our results, we also measured the PL spectra of our samples at excitation 

wavelength of 457 nm. The result is presented in Figure 3a. Similar to the result by 532 nm 

excitation, PL spectra of the random twisted WS2 bilayers show that there bilayers are quasi-

direct band gap materials. Both Raman modes of E2g
1  and A1g can be seen in Figure 3b since 

the 2LA mode becomes much weaker at 457 nm excitation. We can clearly see that E2g
1  of 

random twisted bilayers blueshifts compared to the ones of 0° and 60° bilayers. This can be 

more clearly seen from the summary of both peak shift and Raman intensity ratio of E2g
1  to A1g 

modes in Figure 3c. The peak difference, ω(A1g)ω(E2g
1 ), of the random twisted bilayer is 

smaller than the AA or AB stacked bilayer. Also, the intensity ratio of two modes in the random 

twisted bilayer is near to that of monolayer, which implies that the mechanical coupling in the 

random twisted bilayer is weaker than that of AA or AB ones. 

In addition to twisted bilayers, twisted trilayer WS2 were also observed with twist angle of 

30°, 0°, and 60° (see Figure 4a-c). In this case, the bottom layer has an AA stacking 

configuration on top of which a new layer grow with twisted symmetry. PL spectra of the 

trilayer WS2 are shown in Figure 4d. Different from twisted bilayer WS2, trilayer WS2 with 30° 

twisted angle does have a strong indirect peak I which is also blueshifted with respect to the 
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ones of 0° and 60° twist angles. Interestingly, the new peak AI also appears at slightly higher 

energy position than peak A, which is similar to the case of twisted bilayers. Again, this new 

peak was also observed in the absorbance spectrum of 30° twisted trilayer (see inset in Figure 

4d), indicative of its excitonic nature. Raman spectra of twisted trilayer are shown in Figure 4e. 

As expected, the E2g
1  mode of 30° twisted trialyer has a weaker Raman intensity than the ones 

of 0° and 60°. Peak positions of both E2g
1  and A1g modes have no obvious shift in the twisted 

trilayers. 

3. Calculation 

In order to understand the coupling evolution of twisted WS2 bilayer, we conducted ab initio 

calculations on the band structure and interlayer distance at different twist angels. The result is 

plotted in Figure 5. The values do not exactly match experiment data, because partially of the 

diffeent twist angles used in the ideal atomic model; Neverthelss, we are more interested in the 

trend. The interlayer distance is about 0.627 nm of 27.8° twisted WS2 bilayers which is larger 

than the ones of AA (0.593 nm) and AB (0.595 nm) stacking configurations. The increased 

interlayer distance of random twisted bilayers, which is due to the steric repulsion effect[13], 

may explain the broadening and redshift of A1g modes in Figure 2d. In addition, Figure 5 also 

shows that the random twisted bilayers have an evidently larger indirect band gap than AA or 

AB stacked one. For example, the indirect band gap of 27.8° twisted bilayer increased by 0.35 

eV compared to the AA stacked one. Such a larger blueshift may clarify the PL spectra of our 

samples in Figure 2a. Fitting of the PL curve show that the indirect peak (1.83 eV) of 30° 

twisted bilayer has a 0.15 eV blueshift compared to the one (1.70 eV) of AA stacking bilayer 

(see Figure 6a). Both the enlarged interlayer distance and blueshift of indirect band gap prove 

the weakened interlayer couplings in random twisted bilayers, which are manifested by their 

extraordinary PL spectra. 

4. Discussion 
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Twisted TMDs bilayer is good platform to study many-body phenomenon, such as 

interlayer exciton[6, 21] and trion.[22] Due to the spin and layer pseudospin coupling in TMDs AB 

stacking bilayer, interlayer hopping energy is twice of spin-orbital coupling (SOC) strength.[16, 

22] In other words, interlayer hopping is greatly suppressed due to spin-layer locking effect. 

However, the larger interlayer distance and symmetry breaking in the random twisted WS2 

bilayer make interlayer hopping possible to form an interlayer exciton. The PL peak fitting of 

30° twisted WS2 bilayer is shown in Figure 6a. The peak AI (1.98 eV) is supposed to result 

from the interlayer exciton transition and peak A (1.90 eV) from the well-known intralayer 

excitonic transition. Both peaks are clearly observed in the absorbance spectra, which implies 

that these two peaks originates from excitonic transitions. Figure 6b illustrates the interlayer 

exciton and intralayer exciton in the twisted WS2 bilayer, in which the binding energy of 

interlayer exciton is lower than that of intralayer one.[23-25] The binding energy of interlayer 

exciton AI is about 80 meV less than the one of intralayer exciton A (EAI  EA = 1.98 eV 1.9 

eV). In this random twisted bilayer, the weaker interlayer coupling allows carrier to transfer 

from one layer to the other and form interlayer electron-hole pairs. 

Conclusion 

WS2 bilayers with different twist angles have been grown by CVD method at high 

temperature (1100 °C) and are employed for the study of interlayer coupling. It is found that 

these random twisted WS2 bilayers possess a quasi-direct band gap PL characteristics with 

much higher intensity than the non-twisted AA or AB stacked bilayers(e.g., 22 times stronger 

at 30° stacking compared to 0° one). This extraordinary PL results from weakened interlayer 

coupling between the twisted bilayers due to increased interlayer distance. Calculation reveals 

that random twisted bilayers have larger interlayer distance and blueshift of indirect transition 

energy compared to AA or AB stacked bilayer. In addition to the A excitonic transition peak, 

another peak AI has been observed in PL spectra of both random twisted bilayers and trilayers. 

We attribute this peak AI to the interlayer excitonic transition. These random twisted WS2 
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bilayers with adjustable interlayer coupling could be a suitable platform to investigate 

optoelectronic and spin-valley properties. 

 

Experimental Section 

CVD growth of twisted WS2 bilayer: Our samples were grown on quartz plates by CVD 

method as in Figure 1a. Quartz plate was covered on the top of a sapphire boat which was 

placed in a 25 mm diameter quartz tube and put at the center of furnace. WO3 powder as a 

precursor was spread on a piece of Si wafer and put on the bottom of the sapphire boat. Another 

precursor 0.1 g sulfur powder was put in a quartz boat and placed on the outside of furnace. 

The furnace was flowed by 200 sccm pure Ar for 30 min then 20 sccm Ar when furnace started 

heating. The furnace was heated up to 1100 °C at the rate of 20 °C/min. When temperature 

reached to 1100 °C, sulfur powder was pushed to the edge of the furnace so that sulfur powder 

became melting and supplied S vapor to the center of the furnace. After 20 min growth, the 

furnace cool down naturally. Growth process is at atmospheric pressure. 

Optical characterization: Optical images are taken on Nikon microscope with a 100× 

objective lens. PL at 532 nm and 457 nm excitation wavelength is conducted on a WITEC 

CRM200 Raman system with 150 line mm−1 grating. Raman mapping at excitation wavelength 

of 457 nm is measured on a WITEC CRM200 Raman system with 1800 line mm−1 grating. 

Raman spectra at 532 nm is measured on a Renishaw Invia Raman microscope. Absorbance 

spectra i  

Calculation method: Our calculations were based on density functional theory (DFT) within 

the local density approximation formulated by Perdew and Wang (PWC)[26] as implemented in 

the DMol3 code.[27, 28] Because the weak interactions are not well described by the standard 

exchange-correlation functional, the DFT-D (D stands for dispersion) approach within the OBS 

scheme was adopted for the vdW corrections.[29] DFT Semi-core Pseudopots (DSPP), which 

induce some degree of relativistic correction into the core, were used for the core treatment. 
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Moreover, double numerical atomic orbital plus polarization was chosen as the basis set, with 

the global orbital cutoff of 4.6 Å. The k-point was set to 9 × 9 ×1 for the structural optimization 

and 15 × 15 × 1 for the electronic properties calculations, and the smearing value was 0.005 Ha 

(1 Ha = 27.2114 eV). The convergence tolerance of energy, maximum force, and maximum 

displacement were set to 1.0 105 Ha, 0.002 Ha Å, and 0.005 Å, respectively. A large vacuum 

of 30 Å was used to prevent the interaction and artificial dipole moment effects from 

neighboring cells in the direction normal to the WS2 surface. 
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Figure 1. (a) CVD setup for the growth of WS2 bilayers. (b)-(g) Optical images of the twisted 

WS2 bilayers with twist angles of 0°, 13°, 30°, 41°, 60°, and 83°, respectively. The twist angle 

is defined by the rotation of top triangle with respect to the bottom one in counter-clockwise 

direction.  
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Figure 2. Photoluminescence and Raman results of twisted WS2 bilayers at the excitation 

wavelength of 532 nm. (a) PL spectra of the random twisted WS2 bilayers as a comparison to 

to the 0° and 60° twisted bilayers, and monolayer (1L). Note the stronger PL intensity of A 

exciton and disappearance of indirect transition peak I in the random twisted bilayers. (b) 

Summary of PL peaks position obtained by Lorentz fitting of the PL curves in (a). (c) 

Absorbance spectrum of the 30° twisted bilayer showing the peak A and AI. (d) Raman spectra 

of all bilayer samples showing the redshift and broadening of the A1g mode and blueshift of 

2LA mode (E2g
1  mode is merged into 2LA). 
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Figure 3. Photoluminescence and Raman results of twisted WS2 bilayers at excitation 

wavelength of 457 nm. (a) PL spectra of the bilayers, showing the large intensity of peak A and 

absence of peak I in the random twisted bilayers. (b) Raman spectra. (c) Peak position difference 

and the intensity ratio of A1g to E2g1 . Data from monolayer (1L) is included. 
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Figure 4. Optical images and PL spectra of twisted WS2 trilayers at excitation wavelength of 

457 nm. (a)-(c) Optical images of the trilayers with twist angle of 30°, 0°, and 60°. Scale bars 

are 10 m. (d) PL spectra. A new peaks AI presents in the 30° twisted trilayer. Red curve is the 

absorbance spectrum of 30° twisted trilayer in (a). (e) Raman spectra. 

 

 

 

Figure 5 Calculated interlayer distance and indirect bandgap energy as a function of different 

twist angles in WS2 bilayers. 
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Figure 6 (a) Lorentz fitting of the PL spectra of the 30° twisted WS2 bilayer (black line) 

showing the peak A, peak AI, and peak I. (b) Schematics of intralayer exciton state and 

interlayer exciton state in the twisted WS2 bilayer.  

1.7 1.8 1.9 2.0 2.1
0

500

1000

1500

2000

 

 

P
L
 i
n
te

n
s
it
y
 (

a
.u

.)

Energy (eV)

Upper layer lower layer

h+

e-

h+ h+

e-
e-

EA

EAI

CB

VB

a

b

E
n

er
g

y
AI

A

I

30°
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 


