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Abstract 

Moiré superlattices in the twisted van der Waals materials have become an excellent 

platform for exploring new quantum phenomena due to the interaction between atomic structure 

and electronic correlation. Moiré superlattice can generate periodic moiré potential, which can 

constrain the recombination of excitons, leading to exotic quantum phenomena, including moiré 

excitons, flat bands, etc., which have been extensively reported in TMDs structures. However, 

the effect between the modulating of the moiré potential and the number of twisted layers has 

not been the subject of experimental research yet. Here we synthesized a twisted trilayer 

homostructure by a dry-transfer method and the enhancement of the moiré potential by the 

number of twisted layers is investigated. The moiré potential depths of the twisted bilayer and 

trilayer homostructure are 111 and 212 meV (increased by 91%), which further demonstrate 

that the depth of the moiré potential can be controlled by adjusting the number of stacked layers. 

Enhanced moire potential allows observation of moire excitons at 77 K, which are improved 

by an order of magnitude bigger than those of other moiré excitons(less than 10 K). Our results 

provide a new method for controllable preparation of moire potentials and a new avenue for 

further exploration of highly correlated quantum phenomena. 
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liuyanping@csu.edu.cn 



Introduction  

Moiré superlattices in twisted van der Waals materials offer new avenues for exploring 

new properties of two-dimensional (2D) layered materials1-4. Both materials are stacked 

together, and the lattice mismatch or twist angle can produce periodical moiré patterns that 

periodically modulate the interlayer interactions5,6. Due to the interaction between atomic 

structure and electronic correlations, moiré superlattices in 2D materials induce many special 

properties and behaviors in graphene, transition metal dichalcogenides (TMDs), and the 

corresponding heterostructures7-9. Using periodic moiré patterns, moiré superlattices can induce 

electronic structural changes and band transformations of materials, resulting in new quantum 

phenomena, including moiré phonons10, moiré excitons11, topological edge states12,13, 

superconductivity14-16, magnetism17,18. The moiré superlattices in twisted two-dimensional 

materials hold promise for new applications, such as realizing artificial excitonic crystals and 

novel the quantum emitters19,20. 

In the assembly of atomically thin two-dimensional materials, lattice mismatch and 

twisting angles between layers can lead to distinct moiré superlattices. Moiré superlattices can 

generate spatially periodical moiré potentials, which can constrain the recombination of 

excitons, altering the electronic structure and energy band structure of the material21-23. 

Recently, excitons have been extensively reported to be trapped by localized dots under the 

regulation of moiré potential in TMDs structure, forming moiré excitons, exhibiting a series of 

interesting and novel properties24-26. In twisted WSe2/WS2 heterostructures were first 

demonstrated on the experimental observation of the splitting phenomenon of moiré excitons27. 

However, the effect between the modulating of the moiré potential and the number of twisted 

layers has not been the subject of experimental research, and moiré excitons all have been 

observed in ultra-low temperature environments (less than 10 K), severely limiting the 

application of moiré materials. Building a new physical model to control the moiré potential 

and achieve the observation of moiré excitons at room temperature is a challenge for the 

application of moiré excitons. 

In this work, we fabricated a twisted trilayer WSe2/WSe2/WSe2 homostructure by a dry-

transfer method. To our knowledge, we report the experimental observation of moiré excitons 



in the twisted trilayer homostructures. The trapping of moiré potential gives rise to several intra-

layer exciton resonances at almost equal energy intervals observed at low temperatures. The 

splitting of moiré excitons can be observed at 77 K, indicating a deeper moiré potential in the 

twisted WSe2/WSe2/WSe2 homostructure to capture higher-energy excitons. In our experiments, 

the depths of moiré potential in the twisted WSe2/WSe2 homostructure and the twisted 

WSe2/WSe2/WSe2 homostructure are 111 and 212 meV, respectively, which proves that the 

depth of moiré potential can be controlled by adjusting the number of stacked layers. 

Additionally, comparing the variation of the laser power and valley polarization of the twisted-

angle homostructure with different layers, further demonstrated that increasing the number of 

twisted-angle stacking layers can deepen the moiré potential. Our results offer new ways of 

preparing controllable moiré potentials in homostructure, providing a new dimension for further 

exploration of strongly correlated quantum phenomena. 

Results and Discussion 

In the twisted homostructure of 2D materials, the periodic moiré superlattices can be 

formed by adjusting the lattice mismatch and interlayer twist angle (θ), which can determine 

the period of moiré potential. The periodic moiré potential can also be controlled by changing 

the moiré structure. In the twisted trilayer homostructure, we found the periodic moiré pattern 

and observed that the periodic of moiré pattern can be tuned with the stacking of the layers(Fig. 

1a). The larger periodic moiré potential is generated in the twisted trilayer homostructure, which 

can be used as a smooth quantum dot bound potential to confine the recombination of excitons, 

thereby changing the electronic and band structure of the material (Fig. 1b).  

To investigate the influence of the number of layers on moiré potential, we constructed a 

twisted trilayer WSe2/WSe2/WSe2 homostructure by a 2D material dry-transfer method 

(Methods and Supplementary Fig. 1)28. Fig. 1c shows an optical image of the twisted 

WSe2/WSe2/WSe2 homostructure on a Si wafer with an oxide of 285 nm thickness. We can 

distinguish monolayer, bilayer twist areas, and trilayer twist areas. At the same time, it can be 

found that the top and bottom sheets are aligned, and the middle sheet is rotated by a θ angle 

relative to the other two sheets. The quality of the twisted trilayer WSe2/WSe2/WSe2 



homostructure was confirmed using Raman mapping (Fig. 1d). The uniformity of Raman 

mapping signal intensity can indicate that the interlayer coupling of the prepared samples is 

relatively good, which is mainly attributed to our dry transfer method and annealing treatment.  

To further demonstrate the interlayer coupling force of the twisted trilayer homostructure, 

the low-frequency Raman spectra of different layers were measured. Both low-frequency 

breathing mode and shear mode vibration peaks were detected in the twisted homostructure, 

further proving better interlayer coupling of the sample (Supplementary Fig. 2a). Fig. 1e shows 

the PL spectra of WSe2 with different layers at room temperature, and it can be found that the 

PL peak has a red shift and that its intensity decreases with the increase of the number of layers. 

The PL mapping shows that the interlayer emission is uniform throughout the homostructure 

region, which confirms the spatial uniformity on the micrometer length scale(Supplementary 

Fig. 2b). We determined the twist angle between the top and middle sheets of the sample 

through their polarization-dependent SHG signals29. Fig. 1f shows the polarization-dependent 

PL of the top and a middle sheet of WSe2, from which we can determine a rotation of the 

principal axis of 1.3° ± 0.2° between the layers. 

To examine the enhancement effect of multilayer twists on moiré potential, we performed 

micro-photoluminescence measurements on the twisted WSe2/WSe2 homostructure and the 

twisted WSe2/WSe2/WSe2 homostructure. Fig. 2a shows the moiré superlattices produced by 

twisting different layers, which can discover the periodic moiré patterns formed in the twisted 

bilayer and twisted trilayer homostructure. The period of the moiré superlattice is aM = a/(2 

sin[θ/2]), where a is the lattice constant of the WSe2 monolayer. The relationship between the 

moiré potential and the moiré period can be obtained by the following formula30: 

𝑉(𝑟) = 𝛽(𝛿𝒓/𝑎!)"/2 

Where 𝑉(𝑟) is the moiré potential energy, β is a constant independent of aM, aM is the moiré 

period. It can be found that the moiré period (aM) of the twisted trilayer homostructure is smaller 

than that of the twisted bilayer, indicating that the moiré potential generated by the twisted 

trilayer structure is deeper. We attribute the increase of the moiré potential to the superposition 

of potentials generated by the multilayer torsion. The increase of the moiré potential generates 



more planar exciton mini-bands, which modulate more exciton energies and further form moiré 

excitons (Fig. 2b). 

As the experimental results of PL spectroscopy also confirmed our hypothesis, we 

investigated moiré excitons in WSe2 with different layers by spectroscopy at the temperature 

of 6 K. Fig. 2c shows the PL spectrum of the WSe2/WSe2 homostructure with twist angle 1.3°, 

which can find that the multiple split peaks at 1.4 to 1.55 eV are different from the monolayer 

WSe2 exciton peaks. This indicates the existence of a periodic moiré superlattice in twisted 

bilayer WSe2, creating a moiré potential that traps the intralayer excitons, modulating the 

energy of excitons and causing them to split. Fig. 2d shows the PL spectrum of the 

WSe2/WSe2/WSe2 homostructure, which can also find the multiple split peaks at 1.45 to 1.7 eV. 

The splitting phenomenon of the PL spectrum was observed in the twisted WSe2/WSe2/WSe2 

homostructure, which also suggests that we observe moiré excitons. In our experiments, the 

depths of moiré potential in the twisted WSe2/WSe2 homostructure and the twisted 

WSe2/WSe2/WSe2 homostructure are 111 and 212 meV, respectively. This also proves that the 

depth of the moiré potential can be controlled by adjusting the number of stacked layers. 

The spectral region of the moiré excitons is redrawn in the lower panel of Fig. 2c and fitted 

with five Gaussian functions. The central emission energies extracted from the fits are 1,442 

meV, 1,466 meV, 1,491 meV, 1,516 meV and 1,540 meV. As shown in Fig. 2e, the resonance 

energies can be repeated at different samples in the twisted WSe2/WSe2 homostructure with an 

almost constant peak spacing of 23 ± 2 meV, which is similar to the results previously reported31. 

Fig. 2f shows that, in the twisted WSe2/WSe2/WSe2 homostructure, the resonance energies can 

be repeated at different samples with an almost constant peak spacing of 25 ± 3 meV.  However, 

the resonance phenomenon may be different in different regions of the same sample 

(Supplementary Fig. 3a). Fig. S3b and S3c show PL spectrums of the twisted WSe2/WSe2 and 

WSe2/WSe2/WSe2 homostructure in the different regions, which can imply that the splitting 

phenomenon of the PL spectral in different regions are different. This is mainly because some 

regions do not form a complete periodic moiré superlattice and thus cannot effectively form 

moiré potential wells to capture excitons. 



The main factors affecting moiré excitons are temperature, torsion angle, and the number 

of layers. To further demonstrate that we observed moiré excitons in twisted multilayer 

homostructures, we studied photoluminescence spectra as a function of temperature. Fig. 3(a, 

b) shows the PL spectrum of the monolayer WSe2 with temperature, varying from 6 K to 300 

K. and only one peak in the PL spectrum of the monolayer WSe2 can be found, at 6 K. The red-

shift of the emission peak with increasing temperature is consistent with the varshni equation 

describing the variation of the band-gap of various semiconductors with temperature (Fig. 3a). 

Fig. 3(c, d) shows the PL spectrum of the WSe2/WSe2 homostructure with a twist angle of 1.3° 

at various temperatures ranging from 6 to 300 K. At 6 K, it can be found that multiple equally 

spaced splitting peaks appear in the PL spectrum, which is mainly caused by the capture of 

excitons by the moiré potential in the twisted WSe2/WSe2 homostructure. As the temperature 

increases, the PL intensity of the low-energy state rapidly decreases and disappears at 

temperatures higher than ~50 K. The luminescence intensity of low-energy emission is strongly 

quenched with increasing temperature, which is mainly due to the thermal dissociation and 

thermal excitation of the exciton bound state. Using the temperature dependence of the 

integrated intensity assisted by the thermal excitation process to explain the experimental 

results32,33: 

𝐼(𝑇) = 𝐼(0) 1
1 + 𝐴 𝑒𝑥𝑝 5− 𝐸

𝑘#𝑇9
$
 

I(0) is the integral value of PL intensity at the lowest temperature limit, kB is the Boltzmann 

constant, A refers to the pre-exponential parameter, which is determined by the ratio of the 

radiative recombination rate to the non-radiative recombination rate of the bound state, E is the 

activation energy corresponding to the depth of the moiré potential, and T is the temperature.  

This formula enables us to see the relationship between the temperature and PL intensity. 

As the temperature increases, the lower energy peaks have smaller confinement energies of the 

moiré potential and can be easier to dissociate from the moiré potential using a thermally-

assisted process. The splitting phenomenon of PL spectral disappears with increasing 

temperature, whose findings are consistent with previously reported results for intralayer moiré 

excitons. 



The moiré potential can be regulated by changing the number of stacked layers, and the 

depth of the moiré potential is further demonstrated by the temperature at which the splitting 

phenomenon disappears. Fig. 3(e, f) shows the PL spectrum of the twisted WSe2/WSe2/WSe2 

homostructure at various temperatures ranging from 6 to 300 K. There are many equally spaced 

splitting peaks appearing in the PL spectrum at 6 K, which are mainly caused by the capture of 

excitons by the moiré potential. Combining the above formula, it can be found that the larger 

the moiré potential, the greater the captured exciton energy. The depth of the moiré potential 

can be judged by the variation trend of excitons with temperature, the Fig. S4a shows the PL 

spectrums of the twisted WSe2/WSe2 homostructure with temperature, varying from 30 K to 77 

K. It can be found that the splitting peaks completely disappears at temperatures higher than 

~30 K, which is mainly because the exciton energy increases with temperature, delocalizing 

more easily from the moiré potentials. Fig. S4b shows the PL spectrums of the twisted 

WSe2/WSe2/WSe2 homostructure with temperature, varying from 77 K to 100 K. The splitting 

peaks completely disappear at temperatures higher than ~77 K, which further demonstrates the 

deeper moiré potential in the twisted WSe2/WSe2/WSe2 homostructure to capture higher-energy 

excitons. 

As another important effect of the moiré potential is power dependence, we performed the 

PL spectra of the twisted WSe2/WSe2 homostructure as a function of excitation power under 

532 nm laser excitation at 6 K(Fig. 4a). At low excitation intensities below ∼0.3	mW, we can 

observe that the PL spectrum shows several luminescence peaks and the spectral shape does 

not change. With the excitation power increasing, some exciton peaks gradually disappear, and 

the spectral median shifts to the higher energy side, which is mainly because the flat bands in 

the moiré potential are filled with trapped excitons and reached saturation without trapping 

excitons. 

The study of the power dependence of moiré excitons can further demonstrate that the 

number of stacked layers can adjust the moiré potential. Fig. 4b shows the normalized PL 

spectra of the twisted WSe2/WSe2/WSe2 homostructure as a function of excitation power at 6 

K. We can also find that the PL spectrum exhibits many exciton peaks at low excitation 

intensities, and with the excitation power increases, the exciton peaks gradually disappear and 



the intensity of high-energy peaks is enhanced. Compared with the twisted WSe2/WSe2 

homostructure(Saturation power 2 mW), the moiré exciton saturation power of the twisted 

WSe2/WSe2/WSe2 homostructure is 3 mW, which further explains that the moiré potential 

generated by the twisted-angle trilayer homostructure is deeper. Fig. 4c shows the contour map 

of the power-dependent and the data of the color plot comes from Figure 4(b). We can observe 

the evolution trend of moiré excitons with power, that the energy levels are gradually filled with 

increasing power and eventually reach saturation and the moiré excitons change from multiple 

small splitting peaks to the main peak dominated by intralayer excitons. Fig. 4d shows the PL 

intensity observed for several peaks as a function of power density. At low power, all peaks 

increase linearly with excitation power and quickly saturate. With power increase, exciton 

filling proceeds sequentially from low energy levels to high energy levels. The flat bands are 

filled, gradually reaching saturation and the moiré potential loses its modulation effect on 

excitons, which is consistent with the previous reports34,35. 

To investigate the effect of moiré potential on valley polarization of the intra-layer 

excitons, we studied the polarization-resolved PL spectrum of twisted multilayer homostructure 

at 6 K. Fig. 5a shows the optical selection rule, which is that valleys can be characterized by 

circular polarization-resolved PL measurements. The periodic moiré potential in the torsion-

angle homostructure is to impose spatially varying optical selection rules. We first excite the 

twisted WSe2/WSe2 homostructure with circularly polarized light (σ- or σ+), and detect the PL 

with the same (σ+) or opposite helicity (σ−). Fig. 5b shows PL spectra of the σ-σ- and σ-

σ+configurations, which can find that the emission intensity detected by σ- is stronger than that 

detected by σ+ when the energy is in the range of 1.37 eV ~ 1.7 eV. Fig. 5c shows that the 

emission intensity detected by σ+ is stronger than that detected by σ- when excited with σ+ pump 

light. The difference in the emission intensity is caused by the valley optical selection rule. 

When the sample is excited by σ- pump light, -K valley generates carriers and recombines to 

emit σ light, while the +K valley does not generate carriers. However, the emitted light detected 

by σ+ is due to valley scattering, which can only excite the carriers in the +K valley. 

Under the excitation of different circularly polarized light, we observe multiple splitting 

peaks in the PL spectrum of twisted-angle homostructure (Fig. 5b-e), which is mainly due to 



the generation of multiple flat bands in a periodic moiré superlattice in the twisted multilayer 

homostructure. Fig. 5d, e shows the circularly polarized photoluminescence spectrum for σ+ 

and σ- excitation of the twisted WSe2/WSe2/WSe2 homostructure at 6 K. We observed a similar 

splitting phenomenon in the twisted trilayer homostructure, but the valley polarizability of the 

twisted trilayer homostructure is higher than that of the twisted WSe2/WSe2 homostructure, 

which is mainly due to the modulation of valley polarization by the moiré potential in the 

twisted WSe2/WSe2/WSe2 homostructure36. 

In summary, we fabricated a high-quality WSe2/WSe2/WSe2 homostructure with a small 

twist angle and intra-layer moiré exciton resonance was observed in twisted trilayer 

superlattices. Several almost equally spaced intralayer exciton resonance peaks were observed 

at 6 K by measuring PL spectra. We explain the spectral characteristics observed in the 

experiment by combining the variation of moiré excitons with temperature, laser power, and 

valley polarization, which demonstrated that the depth of the moiré potential can be controlled 

by adjusting the number of stacked layers. Increasing the moiré potential makes it possible to 

observe moiré excitons at 77 K, which should enable us to observe moiré excitons at room 

temperature. Our results offer a new avenue for the tunability of moiré potential, providing a 

good platform for applications of quantum photonics devices. 

Materials and Methods   

Sample preparation. High-quality monolayer WSe2 films were prepared by the chemical 

vapour deposition (CVD) method37. To grow WSe2 films, 20 mg of WO3 powder was placed in 

the center of the quartz boat and the silica substrate was placed on top. 100 mg of Se powder 

was placed upstream of the tube furnace. The tube furnace was heated to 850 °C in the high-

temperature zone, while the low-temperature zone was heated to 200 °C. The temperature was 

maintained for 10 minutes with a flow of Ar gas and H2 gas to grow a monolayer of WSe2. 

Then the stove was let to cool naturally. 

For the fabrication of twisted homostructure, the monolayer WSe2 film was transferred by 

the PPC-assisted transfer method. A few drops of PPC were spin-coated on the WSe2 film at 

3000 rpm for 40 s, and then baked at 100 ℃ for 5 min to facilitate membrane separation. The 

PPC film was peeled from the substrate at 50 °C. Two-dimensional material stacking was 



carried out using PPC film on a two-dimensional transfer platform. The stacked sample was 

heated at 80 °C for 5 minutes, and then the PPC film was lifted off the surface of the sample at 

80 °C. Finally, the prepared homostructure was annealed in Ar gas at 300 °C for 4 h to make 

the sample interface cleaner and interface coupling better. 

Optical measurements. PL measurements were performed on the WITec Alpha 300R system 

with 50× objective lenses and a light spot of nearly 1 μm. For steady-state PL measurements, 

the pressure of the low-temperature chamber should be kept below 10-5 Pa, after which it was 

cooled down in the helium atmosphere. When the sample temperature reached 6 K, the optical 

measurements were performed on the Raman system. The model of the cryogenic refrigeration 

system is C04-005-044, which comes from the Cryo Industries of America. The twist angle 

between the two monolayers can be determined by SHG,  and the excitation light source of the 

SHG signal is a 1064 nm pulsed laser. 
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Figures and Captions   

 

Fig. 1 Moiré superlattice in a twisted trilayer homostructure. (a) Magic-angle twisted 

trilayer WSe2 homostructure is a system composed of three-layer WSe2. The top and bottom 

sheets are aligned, and the middle sheet is rotated by a θ angle of approximately 1.3° relative 

to the other two sheets. (b) The moiré superlattice results in periodic modulation of the 

electrostatic potential in the trilayer homostructure, which can trap excitons in the moiré traps. 

(c) Optical microscopy image of the twisted trilayer homostructure. (d) Raman mapping of a 

twisted trilayer WSe2 homostructure. (e) The PL spectra of WSe2 with different layers at room 

temperature. (f) Measured and fitted the SHG signals of the WSe2 monolayer area on the top 

and middle sheet of the sample, which confirm the 1.3° twist angle between the top and middle 

WSe2 layers. 

 

 



 

Fig. 2 Moiré exciton in a twisted trilayer homostructure. (a) Illustration of a moiré 

superlattice in real space. (b) Schematic diagram of excitons trapped in a moiré potential site at 

different depths. (c) Representative PL spectra of WSe2/WSe2 homostructure with twist angle 

1.3°, each splitting peak are fitted with Gaussian functions. (d) The PL spectra of 

WSe2/WSe2/WSe2 homostructure (The top and bottom sheets are aligned, and the middle sheet 

is rotated by a θ angle of approximately 1.3° relative to the other two sheets), each splitting 

peak is fitted with Gaussian functions. (e, f) The center energy of each peak of the twisted 

WSe2/WSe2 homostructure and the twisted WSe2/WSe2/WSe2 homostructure were obtained 

from the fits at different spatial positions.  



 

Fig. 3 Temperature dependence of moiré excitons in twisted multilayer homostructure. (a, 

b) The normalized PL spectra of monolayer WSe2 at various temperatures ranging from 6 to 

300 K . (c, d) The normalized PL spectra of the WSe2/WSe2 homostructure with twist angle 1.3° 

at various temperatures ranging from 6 to 300 K, the PL spectrum shows a splitting 

phenomenon at 6 K. (e, f) The normalized PL spectra of the twisted WSe2/WSe2/WSe2 

homostructure at various temperatures ranging from 6 to 300 K, there are many small split 

peaks in the twisted trilayer homostructure at 6 K. 

 

 



 

Fig. 4 Power-dependence of moiré excitons in twisted multilayer homostructure. (a) PL 

spectra of the twisted WSe2/WSe2 homostructure as a function of excitation power under 532 

nm laser excitation at 6 K. (b, c) The normalized PL spectra of the twisted WSe2/WSe2/WSe2 

homostructure as a function of excitation power under 532 nm laser excitation at 6 K and the 

contour map of the power-dependent. (d) The PL intensity of the twisted WSe2/WSe2/WSe2 

homostructure is a function of excitation power density. 

 

 

 

 

 

 

 



 

Fig. 5 Valley polarization of trapped intralayer excitons in twisted multilayer 

homostructure. (a) Illustration of the Valley polarization, where arrows indicate spin up or 

down; the schematic diagram of the spatial variation of moiré potential. (b, c) Circularly 

polarized photoluminescence spectrum for σ+ and σ- excitation of the twisted WSe2/WSe2 

homostructure at 6 K. (d, e) Circularly polarized photoluminescence spectrum for σ+ and σ- 

excitation of the twisted WSe2/WSe2/WSe2 homostructure at 6 K. 
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