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Abstract: We have measured the reflectance contrast, photoluminescence, and valley polarization 

of a WSe2/WS2 moiré superlattice at gate-tunable charge density. We observe absorption 

modulation of three intralayer moiré excitons at filling factors ν = 1/3 and 2/3. We also observe 

luminescence modulation of interlayer trions at around a dozen fractional filling factors, including 

ν = -3/2, 1/4, 1/3, 2/5, 2/3, 6/7, 5/3. Remarkably, the valley polarization of interlayer trions is 

suppressed at some fractional fillings. These results demonstrate that electron crystallization can 

modulate the absorption, emission, and valley dynamics of the excitonic states in a moiré 

superlattice. 
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Two-dimensional (2D) moiré superlattices have recently opened a fertile new ground to 

explore strongly correlated quantum phases, including Mott insulators, superconductors, and 

correlated magnetic phases [1-15]. In particular, moiré superlattices formed by two monolayers of 

transition metal dichalcogenides (TMDs) can exhibit correlated insulating states at fractional 

fillings [2,16-22]. In these superlattices, the Coulomb interactions are markedly enhanced by the 

2D confinement, yet the carrier kinetic energy is strongly suppressed by the large carrier effective 

mass and slow hopping between moiré cells. As a result, electrons tend to distribute orderly to 

reduce their total energy, leading to crystalline electron phases. Recent research has reported 

evidence of generalized Wigner crystals and stripe phases at fractional fillings of WSe2/WS2 

heterobilayer moiré superlattices from their dielectric, capacitance, and optical response [2,16-19].  

With the initial experiments focusing on the capacitance and dielectric response of fractional 

correlated states, there is currently a lack of studies on how the fractional correlated states affect 

the excitonic and valleytronic properties of the materials. Moiré superlattices formed by valley 

semiconductors (e.g. MoS2, WSe2, and WS2) are known to host robust excitonic states with 

distinctive valleytronic properties, which hold promises for novel excitonic and valleytronic 

applications [23-32]. The coupling between these valley excitonic states and the crystalline 

electron phases can enable new methods to control the properties of van der Waals heterostructures. 

Therefore, it is intriguing to explore excitonic phenomena in the regime of electron crystallization. 

In this Letter, we report the observation of excitonic and valleytronic signatures of correlated 

states at fractional fillings in a WSe2/WS2 moiré superlattice. We observe significant absorption 

modulation of three WSe2 intralayer moiré excitons at fractional fillings ν = 1/3 and 2/3. The 

higher-lying moiré excitons are more sensitive to the fractional correlated phases than the lower-

lying moiré excitons. We also observe abrupt changes in the photoluminescence (PL) intensity and 

photon energy of the interlayer trions at a series of fractional fillings, including ν = -3/2, 1/4, 1/3, 

2/5, 2/3, 6/7, 5/3. Remarkably, the valley polarization of interlayer trions decreases noticeably at 

some fractional fillings. Therefore, the absorption, emission, and valley dynamics of the excitonic 

states all change significantly at fractional fillings. 

Our WSe2/WS2 heterobilayers are formed by stacking monolayer WSe2 and monolayer WS2 

with a nearly 60° interlayer rotation angle. Due to the ~4% mismatch between the WSe2 and WS2 

lattice constants, the heterobilayer can exhibit a moiré pattern with a period of ~8 nm [Fig. 1(a)]. 

An electron (hole) density n ~ 1.8 × 1012 cm-2 can fill one electron (hole) per moiré cell, 

corresponding to the filling factor ν = +1 (-1). The heterobilayer is encapsulated by hexagonal 

boron nitride (BN) and equipped with top and bottom gates with thin graphite as electrodes [Fig. 

1(b)] [33]. We measure the reflectance contrast and PL, which reveal the absorption and emission 

properties of the superlattice, respectively [33]. We have measured several devices and here present 

the results of the best device (Device 1) (see the Supplemental Materials for the results of two 

other devices [33]). The device exhibits significant interlayer exciton PL even at room temperature, 

indicating high device quality [Fig. 1(c, d)]. 
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Fig. 2(a, b) display the gate-dependent reflectance contrast (𝛥𝑅/𝑅) maps at temperature T ~ 

15 K. In the charge neutrality regime (gate voltage Vg ~ 0), we observe two WS2 intralayer moiré 

excitons near photon energies 1.991 and 2.082 eV [Fig. 2(a)] as well as three WSe2 intralayer 

moiré excitons near 1.672, 1.724 and 1.76 eV [Fig. 2(b); labeled as 𝑋1, 𝑋2 and 𝑋3, respectively]. 

The emergence of moiré excitons indicates a substantial influence of the moiré superlattice on the 

excitonic states, as shown in prior studies [16,24,28,29]. As the top and bottom gates of our device 

have nearly the same BN thickness (~25 nm), we can inject electrons (holes) into the heterobilayer 

without inducing a vertical electric field by applying equal positive (negative) gate voltage on the 

bottom gate (Vbg) and top gate (Vtg). From the hole to electron side, we observe spectral modulation 

of moiré excitons at Vg = Vbg = Vtg = -3.34, -2.02, 1.86, 3.08 V. They correspond to integer fillings 

ν = -2, -1, 1, 2, respectively, according to our estimated charge density and comparison with prior 

studies [2,3,16,18]. Here 𝜈 = ±2 (±1) correspond to complete (half) filling of a moiré miniband 

[2,3]. The spectral changes at 𝜈 = ±1 signify the formation of Mott phase [2,3] or charge-transfer 

phase [38] at half filling. 

Remarkably, the WSe2 moiré excitons exhibit spectral modulation at ν = 1/3, 2/3 in the red 

dashed box in Fig. 2(b). We have finely scanned this region and performed second-order gate-

voltage derivative to sharpen the relevant spectral modulation [Fig. 2(c)]. From the reflectance 

contrast, we further extract the real part of the optical conductivity of the heterobilayer by Kramer-

Kronig constrained variational analysis [Fig. 2(d)] [33,36]. The gate-dependent conductivity 

profiles of 𝑋1 , 𝑋2  and 𝑋3  exhibit peaks or dips at ν = 1/3, 2/3, signifying the formation of 

correlated phases [Fig. 2(e)]. 

According to prior experiments and theoretical simulations [2,16-21], the electron phase at ν 

= 1/3 (2/3) should correspond to a generalized Wigner crystal phase, in which the electrons occupy 

1/3 (2/3) of the moiré cells to form a triangular lattice, as illustrated in Fig. 1(e). A recent study by 

scanning tunneling microscopy (STM) has visualized the ν = 1/3, 2/3, and 1/2 electron distributions 

[39]. In these phases, each electron is locked in its own moiré cell due to the strong Coulomb 

repulsion between electrons, resulting in insulating phases with no free carriers. The insulating 

phases with reduced charge screening can renormalize the bandgap and exciton binding. Therefore, 

we expect a modulation of the exciton oscillator strength and resonance energy, which is 

manifested as peaks or dips in the gate-dependent conductivity profile, as observed in our 

experiment. 

In our results, the fractional correlated phases modulate the higher-lying moiré excitons more 

strongly than the lower-lying moiré excitons. As we examine their conductivity modulation at ν = 

1/3, 2/3 in Fig. 2(e), the percentage change of conductivity is the largest for 𝑋3 (~29%), smaller 

for 𝑋2 (~6%), and the smallest for 𝑋1 (~1.8%). The different modulation can be qualitatively 

understood by two considerations. First, the higher-lying moiré excitons have spatially more 

extended wavefunctions than the lower-lying moiré excitons, as shown by prior research [24]; 

hence the higher-lying states are more sensitive to the larger-period generalized Wigner crystal 

structure. Second, in our WS2/WSe2 heterobilayer system, 𝑋1 mainly comes from the original A-
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exciton in monolayer WSe2, whereas 𝑋2 and 𝑋3 are generated entirely by the relatively weak 

superlattice effect [2]; hence 𝑋1 has a larger oscillator strength and is more robust against the 

perturbation of the generalized Wigner crystals than 𝑋2 and 𝑋3. Therefore, it is reasonable that 

the generalized Wigner crystals have a larger percentage impact on 𝑋2 and 𝑋3 than 𝑋1.  

We have also observed substantial changes of the emission spectra at fractional fillings. Fig. 

3(a) displays a gate-dependent PL map of the interlayer excitonic states in the WSe2/WS2 

heterobilayer. The map shows the emission from the interlayer excitons (𝐼𝑋) and interlayer trions 

(or exciton polarons) on the electron side (𝐼𝑋− ) and hole side (𝐼𝑋+ ) [Fig. 3(a)]. The most 

prominent features in the map are the drastic step-like jump of emission photon energy and 

intensity at ν = -1, -2 on the hole side. To reveal the fine features, we plot the gate-dependent 

integrated PL intensity in Fig. 3(b). We observe PL enhancement at ν = -1/4, -1/3, -8/7, -3/2 on the 

hole side. 

The interlayer trions also exhibit PL enhancelement at ν = 1, 2 on the electron side. Compared 

to the hole side, the trions exhibit many more fractional correlated states on the electron side [Fig. 

3(a-b)]. To show the fine features on the electron side, Fig. 3(c) displays an expanded map at Vg = 

Vbg = Vtg = 0.5 – 3.5 V, in addition to the gate-dependent integrated PL intensity profiles in Fig. 

3(b). From the trion PL energy and intensity modulation, we can identify correlated states at many 

fractional fillings, including ν = 1/4, 1/3, 2/5, 2/3, 6/7, 5/4, 5/3, 13/7 (Fig. S1 [33]). Similar PL 

maps are also observed at different positions of our device (Fig. S2 [33]). Our assigned filling 

factors are mostly consistent with other studies [16,18], including recent PL results from another 

group [17]. 

The numerous fractional fillings imply the existence of many correlated states with different 

charge orders in the moiré superlattice. Fig. 1(e) illustrates some possible charge order 

configurations for ν = 1/2, 2/5, 1/3, 1/4, 1/7 and the complementary 1 – ν fillings. In these phases, 

the electrons are locked in their own moiré cells to form a periodic structure so as to minimize 

their interaction potential energy. Since such crystalline electron phases are insulating, they can 

modulate the bandgap and trion binding. Moreover, when a localized electron in the crystalline 

phase is bound with an exciton to form a trion, the trion state should also be localized in a moiré 

cell. Such localization may also modulate the trion emission energy. 

We have measured the reflectance contrast and PL maps at different temperatures (Fig. S3, S4 

[33]). The fractional filling features in both reflection and PL appear to subside at T > 30 K. But 

the ν = -2 feature, which corresponds to the full filling of a miniband, can sustain up to T ~ 75 K. 

The |ν| = 1 features, which correspond to the Mott or charge-transfer phases, can sustain to T > 150 

K. These results, consistent with prior research [2,3,16,18], indicate that the Mott or charge-

transfer gap is larger than the miniband energy gap, and the miniband gap is larger than the energy 

gap of the fractional correlated states.  

Excitonic states in TMD monolayers and moiré superlattices may exhibit valley polarization, 

signified by circularly polarized luminescence [32,40-46]. It is interesting to study the effect of 
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correlated phases on valley polarization. Fig. 4(a, b) display the right-handed (R) and left-handed 

(L) PL maps of the interlayer excitonic states under right-handed 632.8-nm laser excitation. We 

integrate the PL intensity (I) at the R-R and R-L excitation-detection circular polarization 

configurations and obtain the valley polarization as 𝜂 = 𝛪𝑅𝑅−𝛪𝑅𝐿
𝛪𝑅𝑅+𝛪𝑅𝐿

 . The gate-dependent valley 

polarization exhibits the deepest dip at the charge neutrality point (CNP), moderate dips at integer 

fillings ν = ±1, ±2, and small dips at fractional fillings ν = −5/3, 1/3, 2/3 [Fig. 4(c)]. This 

phenomenon can be qualitatively understood from the different energy gaps and insulation strength 

of these states. The valley polarization is limited by intervalley scattering, which is contributed by 

electron-hole exchange interaction. When the heterobilayer transits from conducting to insulating 

state, the reduction of screening effect will enhance the Coulomb exchange interaction, hence 

facilitate the intervalley scattering and reduce the valley polarization [43,46]. As the energy gap 

and insulation strength are the largest at the CNP, smaller at integer fillings, and even smaller at 

fractional fillings, the degree of valley polarization reduction decreases correspondingly from the 

CNP to integer and fractional fillings, as observed in our experiment.  

In summary, our experiments demonstrate significant modulation of absorption, emission and 

valley polarization of excitonic states at fractional fillings in a WSe2/WS2 moiré superlattice. 

Similar phenomena are expected in other types of moiré superlattices. Our results motivate further 

exploration of novel excitonic and valleytronic phenomena in the regime of electron crystallization 

in moiré materials. 
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FIG. 1. (a) Moiré pattern in the WSe2/WS2 heterobilayer with a 60° interlayer rotation angle. (b, 

c) Schematic and optical image of our WSe2/WS2 heterobilayer device. (d) Photoluminescence 

(PL) spectra at T ~ 15 K, 293 K under 532-nm laser excitation. We denote emission peaks from 

intralayer WSe2 excitons, intralayer WS2 excitons, and interlayer excitons (𝐼𝑋). The inset shows 

the band configurations of intralayer and interlayer excitons. The band color represents different 

electron spins. (e) Schematic charge distribution of possible correlated states at different fractional 

fillings in the moiré superlattice. The orange (silver) dots represent moiré cells filled (unfilled) 

with an electron. Exchanging the orange and silver color gives configurations with complementary 

filling factors denoted in the parentheses.  
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FIG. 2. (a, b) Gate-dependent reflectance contrast maps for the intralayer excitonic states within 

the WS2 layer and WSe2 layer in the WSe2/WS2 moiré superlattice at temperature T ~ 15 K. We 

inject electrons (holes) by applying an equal positive (negative) voltage (Vg) on the back gate (Vbg) 

and top gate (Vtg). The dashed lines denote the integer and fractional filling positions. The zero 

filling lines correspond approximately to the boundary of the charge neutral region. (c) Second-

order gate-voltage (Vg) derivative of a finely scanned reflectance contrast map within the red 

dashed box in panel (b). (d) The extracted real part of the optical sheet conductivity (σ) of the 

heterobilayer within the region of the red dashed box in panel (b). (e) Conductivity profiles along 

the three dashed lines with the corresponding color in panel (d). 
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FIG. 3. (a) Gate-dependent PL map for the interlayer excitonic states at T ~ 15 K under 532-nm 

continuous laser excitation with incident power ~60 nW. The PL peak in Vg = Vbg = Vtg = 0.2 – 0.3 

V corresponds to the interlayer exciton (𝐼𝑋); all other PL features should correspond to interlayer 

trions or exciton-polarons (𝐼𝑋+, 𝐼𝑋−). (b) Integrated PL intensity in panel (a) as a function of gate 

voltage. The red line is the PL intensity integrated over the whole photon energy range in panel 

(a); the orange line is the PL intensity integrated within the range of the orange dashed box in panel 

(a). The horizontal dashed lines denote the integer and fractional filling positions. Panels (a) and 

(b) share the same y-axis. (c) Zoom-in map in Vg = 0.5 – 3.5 V in panel (a). The filling factors are 

denoted. We have some ambiguity to distinguish the 7/5 and 4/3 states, whose features may overlap 

in the map. 
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FIG. 4. (a) Gate-dependent PL map for the interlayer excitonic states under right-handed (R) 

circularly polarized optical excitation and detection (RR). (b) Similar map as panel (a) under right-

handed (R) optical excitation and left-handed (L) optical detection (RL). (c) Gate-dependent valley 

polarization. We denote integer and fractional fillings and the charge neutrality point (CNP) with 

reduced valley polarization. The PL measurements were conducted at T ~ 15 K with 632.8-nm 

continuous laser excitation at incident power ~300 nW. 
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