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Abstract: Transition metal dichalcogenide moiré bilayers with spatially periodic potentials 

have emerged as a highly tunable platform for studying both electronic1–6 and excitonic4,7–13 

phenomena. The power of such a system lies in the combination of strong Coulomb 

interactions with the capability of controlling the charge number in a moiré potential trap. 

Electronically, exotic charge orders at both integer and fractional fillings have been 

discovered2,5. However, the impact of charging effects on excitons trapped in moiré potentials 

is poorly understood. In this work, we report the observation of moiré trions and their doping 

dependent photoluminescence polarization in H-stacked MoSe2/WSe2 heterobilayers. We 

found that as moiré traps are filled with either electrons or holes, new sets of interlayer 

exciton photoluminescence peaks with narrow linewidths emerge about 7 meV lower in 

energy than the neutral moiré excitons. Circularly polarized photoluminescence reveals 

switching from co-circular to cross-circular polarizations as moiré excitons are changed 

from negatively charged and neutral to positively charged conditions. This switching results 

from the competition between valley-flip and spin-flip energy relaxation pathways of photo-

excited electrons during interlayer trion formation. Our results offer a starting point for 

engineering both bosonic and fermionic many-body effects based on moiré excitons14.  
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Main text 

Heterostructures of monolayer semiconductors offer a powerful platform to explore light-

matter interactions. Using MoSe2/WSe2 heterobilayers as an example, a type II band alignment 

leads to interlayer excitons with long population and polarization lifetimes15. With careful stacking 

to produce atomically clean heterostructure interfaces, a moiré superlattice can be formed with a 

periodically varying interlayer separation and electronic bandgap16,17. This periodic potential 

modulation of the electronic structure in real space functions as an ordered nanodot array and 

fundamentally modifies the interlayer exciton properties8–12,18–21. Quantum-dot-like moiré exciton 

photoluminescence (PL) with twist angle control of valley polarization and Landé g-factor have 

been reported10,12,13. Strong photon anti-bunching of moiré exciton has also been observed13, 

implying its potential for quantum optoelectronic applications. In addition to hexagonal moiré 

superlattices, strain induced 1D moiré structures have been identified9, which lead to linearly 

polarized moiré exciton luminescence, in contrast with the circularly polarized luminescence of 

the unstrained heterobilayers.  

Besides moiré excitons, their charged counterparts, such as trions add a new dimension on 

controlling the interactions between excitons in the moiré traps (Fig. 1a). Unlike bosonic particles 

(excitons), the charge counterparts, trions, obeys fermionic statistics. Transport properties and 

responses to electric and magnetic field are significantly different between the two classes of 

particles. In addition to dipolar interaction, the trions can interact with each other through the long-

range Coulomb interaction. The realization of charged moiré excitons is important for allowing an 

optically accessible platform to explore fermionic many-body effects. While rapid progress has 

been made in characterizing neutral moiré interlayer excitons, their charged counterparts however 

remain elusive. It is unclear whether moiré trions exist, and if so, how they compare to neutral 

ones.  

In this work, we demonstrate formation of interlayer moiré trions in superlattices formed by 

stacked WSe2 and MoSe2 monolayers. Through electrostatic gating, we found that once the sample 

is electron- or hole-doped, new sets of moiré trion PL peaks appear ~7 meV lower in energy with 

respect to charge neutral moiré excitons. The Zeeman splitting of opposite polarized trion PL peaks 

is consistent with electron-hole valley pairing under H-type alignment. In addition, the spin optical 

polarization of the emitter is tuned with doping. When the system is hole doped, valley polarization 

of the positively charged moiré trion is inverted compared to both neutral and negatively charged 

ones. Such polarization inversion arises from the competition between spin-flip but valley 

conserved and spin-conserve but valley flipped relaxation channels of electrons in the formation 

of interlayer trions. The population lifetimes of moiré trions and excitons are also measured by 

time-resolved PL. Combining polarization-resolved excitation and detection, the valley 

polarization lifetime is found to be hundreds of nanoseconds. 

The device structure with a dual-gated geometry is shown in Fig. 1b. The WSe2/MoSe2 

heterobilayer is assembled by standard dry-transfer techniques with hexagonal boron nitride (BN) 

encapsulation and semi-transparent thin graphite top and bottom gates to independently control 

doping and vertical electric field effects. Edge contacts are used to connect both MoSe2 and WSe2 

layers. All samples are H-stacked, i.e., with nearly 60o twist angle. For the device presented in the 

main text, the moiré lattice constant is about 11nm, as determined by piezoresponse force 

microscopy9,22 (Supplemental Figure S1). Multiple devices have been studied and show consistent 

results. All measurements are done with laser excitation at 1.713 eV (close to the WSe2 A exciton 

resonance) at a temperature of 1.6 K, unless otherwise specified. 



We first describe PL measurements of interlayer moiré excitons as a function of doping (Fig. 

1c). Due to similar thicknesses of top and bottom BN, varying doping with a fixed zero 

displacement field is achieved by sweeping both gates together. The optical excitation power is 50 

nW with the diameter of laser beam spot around 1 μm. The detection is unpolarized. Within the 

gate range corresponding to negligible doping (corroborated by gate-dependent reflectance 

measurements of the intralayer WSe2 and MoSe2 excitons23 , Supplemental Figure S2), we observe 

several discrete PL lines near 1.396 eV, with linewidths as narrow as about 100 µeV. As reported 

previously10,12,13, these emissions are from neutral interlayer excitons trapped in a moiré potential 

( 𝑀𝑋
0 ). The emission energy is nearly constant as doping varies, consistent with the fixed 

displacement field during gate sweep.  

When the gate voltage becomes large enough to effectively inject electrons/holes to the 

heterobilayers, the 𝑀𝑋
0 PL intensity rapidly drops and a new set of peaks with narrow linewidths 

emerges lower energy. The doping dependence of these peaks resembles the oscillator strength 

transfer from neutral to charged excitons observed in monolayers24,25. Their narrow linewidths, 

similar to 𝑀𝑋
0 linewidths, suggest that they correspond to positively (𝑀𝑇

+) and negatively (𝑀𝑇
−) 

charged interlayer trions trapped in the moiré potential by hole and electron doping, respectively. 

Fig. 1d plots 𝑀𝑇
+ PL intensity as a function of temperature. The PL spectrum at 1.6K is overlaid 

on top. The PL intensity quickly fades above 10 K, consistent with the shallow moiré potential of 

about 30 meV in H-stacked MoSe2/WSe2 heterobilayers21. Note that the landscape of moiré 

potentials for electrons and holes are different. These facts can be responsible for the detailed 

exciton property difference between moiré traps, including PL intensity, energy, and exact gate 

range. For instance, this moiré potential inhomogeneity is likely responsible for the slight 

persistence of some neutral (trion) peaks into the hole doped (charge neutral) regime (see 

Supplemental Figure S3 for additional data taken at different spots). 

In MoSe2/WSe2 heterobilayers, the lowest energy conduction band is in the MoSe2 layer and 

the highest energy valance band is in the WSe2 layer26. The band offsets are several hundred meV. 

Therefore, the energetically favorable configuration for moiré trions consists of two electrons 

(holes) in the same layer and one hole (electron) in the opposite layer27, as depicted in the insets 

of Fig. 1c. For example, 𝑀𝑇
+ has the two holes in WSe2 layer and the electron in MoSe2 layer. Due 

to inhomogeneous moiré effects, we cannot assign the exact one to one correspondence between 

trions and neutral ones. To obtain trion binding energy, we extract the energy difference between 

the center of the group of peaks (white frames in Supplemental Figure S4), which is about 7 meV. 

This peak difference is consistent across the different spots in the same sample and confirmed by 

the second sample (Supplemental Figure S5). Free interlayer trions with about 10 meV 

photoluminescence linewidth have been reported in MoSe2/WSe2 heterobilayer28, where 

positively and negatively charged ones have binding energy of 10 and 15 meV, respectively. The 

weaker binding energy of moiré trapped trion is intuitively expected, as the confinement from the 

moiré potential has limited the variation of wavefunction to reach the maximum binding. The exact 

quantification of the trion binding energy in moiré potential is a nontrivial task due to the close 

length scales of moiré confinement and Bohr radius, as well as the comparable energy scales of 

the quantization in the moiré potential and the trion binding energy. Future theory work is needed 

to address this interesting problem.  

Interlayer excitons have permanent out-of-plane electric dipoles, which enable tuning of their 

energy via a DC stark effect29. Though trapped with moiré potential, the moiré trions energy also 

adopt DC stark effect (30 meV over 0.1V/nm change of electric field). Applying an out-of-plane 



displacement field, all three emissive species (𝑀𝑇
−, 𝑀𝑇

+, 𝑀𝑋
0) show similar linear energy shifts in 

PL spectra. As an example, Fig. 1e shows the PL peak positions of 𝑀𝑇
− as a function of out-of-

plane electric field. The energy shift is about ∆ ～ 30 meV by a change of electric field of  E ~ 

0.1V/nm. We estimate ∆/E as 0.2927 ± 0.0001 e∙nm for 𝑀𝑇
−, 0.2874 ± 0.0015 e∙nm for 𝑀𝑇

+, and 

0.2906 ± 0.0007 e∙nm for 𝑀𝑋
0 (Supplemental Figure S6). From simple electrostatics, ∆/E in TMDs 

is approximately 
𝜀𝐵𝑁

𝜀𝑇𝑀𝐷
𝑒𝑑. Using εBN ~ 3 and εTMD ~ 7 for the out-of-plane dielectric constants of 

BN and TMDs4,30, respectively, we estimate an effective interlayer separation d of about 0.68 nm.  

As demonstrated previously10,12,13, Landé g factors are a fingerprint to distinguish excitons 

trapped in moiré potentials from those bound to atomic defects. The g factor of a bright interlayer 

exciton is determined by the valley index (τc, τv) of its constituent electron and hole. Here, valley 

index τ = ±1 corresponds to ±𝐾  valleys. Due to the smooth trapping potential of a moiré 

superlattice, moiré excitons inherit the g-factors of free interlayer excitons. For H-stacked 

MoSe2/WSe2 heterobilayers, the g factor of 𝑀𝑋
0 in the triplet configuration has been identified as 

about -1610,31. Figure 2 plots PL intensities as a function of perpendicular magnetic field for three 

fixed doping levels corresponding to 𝑀𝑇
− (Fig. 2a), 𝑀𝑋

0 (Fig. 2b), and 𝑀𝑇
+ (Fig. 2c). Due to valley 

Zeeman splitting, the peak energies with  𝜎−  (𝐸𝜎−) and 𝜎+  (𝐸𝜎+) polarized PL differ in the 

presence of the magnetic field. Each moiré exciton species exhibits the X pattern in the intensity 

plot. Although inhomogeneity of moiré traps gives rise to a distribution of neutral and charged 

moiré exciton peak energies, the peak energy shifts as a function of magnetic field are nearly the 

same for all moiré emitters. This behavior is characteristic of excitons trapped in a moiré 

potential10.  

We can define the Zeeman splitting between the PL peaks as ∆𝐸 = 𝐸𝜎+ − 𝐸𝜎−, which is to be 

distinguished from the valley Zeeman splitting. The latter has a value determined by the valley 

pairing (R vs. H stacking) and spin pairing (singlet vs. triplet) only, while ∆𝐸  above can be 

different from the valley Zeeman splitting by a sign determined by the valley optical selection 

rule10, i.e., negative (positive) if K valley emits 𝜎+ (𝜎−) polarized light. The extracted ∆𝐸 values 

for 𝑀𝑇
−, 𝑀𝑋

0, and 𝑀𝑇
+ are shown in Fig. 2d, 2e, and 2f. Linear fits of ∆𝐸 yield a 𝑔 factor of -16.08 

± 0.01 for 𝑀𝑋
0, and effective 𝑔 factors (𝑔′) of -16.07 ± 0.01 and –16.44 ± 0.07 for 𝑀𝑇

− and 𝑀𝑇
+, 

respectively. Neglecting the possible contribution to the Zeeman splitting by the carrier interaction 

effects, the effect of magnetic field on trion energy can be seen as the sum of the Zeeman shift of 

a valley exciton and that of the extra carrier. Thus, the extra electron/hole in a trion only shifts the 

transition energy but does not contribute to the spectroscopic Zeeman splitting Δ𝐸, defined as the 

PL peak energy differences in the magnetic field. The similarity of these 𝑔 and 𝑔′ values (about -

16) supports our assumption and the assignment of all of these narrow lines as excitons/trions 

trapped in the smooth moiré potential traps. It also implies that the electron-hole pairs involved in 

the radiative recombination all have the spin-triplet configuration. 

A unique feature of the moiré trap is the three-fold rotation symmetry of local atomic registry, 

which results in circularly polarized valley optical selection rules21. To investigate moiré trion 

valley polarization, we performed helicity resolved PL measurements as a function of doping. 

Figures 3a and b are the PL intensity plots with 𝜎+ (Fig. 3a) and 𝜎− (Fig. 3b) polarized detection 

under 𝜎+-polarized optical pumping. Fig. 3c shows the corresponding valley polarization. Here, 

we define valley polarization as 𝜌 =
𝐼𝜎+−𝐼𝜎−

𝐼𝜎++𝐼𝜎−
, where 𝐼𝜎±  is the 𝜎±  polarized PL intensity. The 

polarization resolved spectra collected at selected doping levels are also shown in Fig. 3d. As 



demonstrated10, 𝑀𝑋
0  is strongly co-circularly polarized. Upon doping with excess carriers, the 

optical polarization of the moiré trions is tunable. Both 𝑀𝑇
−  and 𝑀𝑇

+ have appreciable circular 

polarization in their PL, but opposite sign (see also an additional device D2 with data in 

Supplemental Fig. S5). As shown in Fig. 3c, 𝑀𝑇
− is co-circularly polarized with the pump, like 𝑀𝑋

0, 

with degree of polarization as high as 90%. Whereas 𝑀𝑇
+ is changed to cross-circularly polarized 

PL with much smaller 𝜌.  

There are a few possible explanations for the gate-tunable PL polarization. For instance, gating 

can switch the lowest energy moiré sites with opposite valley optical selection rules in a 

supercell21. Experimental signature of this effect has been recently reported32. This optical 

selection rule switching should lead to opposite sign of the polarization Zeeman splitting between 

𝑀𝑇
−  and 𝑀𝑇

+. However, this is not the case here. Instead, such a polarization reversal behavior is 

more appropriately explained by the competition between spin conserved valley-flip channel and 

valley conserved spin-flip relaxation channels of electrons during the interlayer trion formation 

process. For all three charge configurations, the recombining electron-hole pair is trapped at the 

same moiré site. Without altering the optical selection rule, the measured polarization Zeeman 

splitting (or 𝑔 factor) would not change appreciably both in sign and magnitude, consistent with 

our experimental observation (Fig. 2). Below we illustrate the physical picture under 𝜎+ polarized 

excitation with details given in supplementary material Section S1 and Figure S7. 

In both electron-doped and charge-neutral cases, the spin-valley index of the photo-excited 

hole determines the emission polarization of the 𝑀𝑇
− or 𝑀𝑋

0. For simplicity, the valley notation of 

WSe2 and MoSe2 are assigned as ±𝐾 and ±𝐾′, respectively. In the H stacking configuration (i.e., 

MoSe2 is nearly 60 degree rotated with respect to WSe2), 𝐾 (−𝐾) and −𝐾′ (𝐾′) are nearly aligned in 

the momentum space. When the 𝜎+ excitation is at the WSe2 monolayer exciton resonance, the 

photo-created holes are predominantly at the 𝐾 valley band edge, with the polarization protected 

by the spin-valley locking. The 𝐾 valley hole in WSe2 is momentum aligned with the −𝐾′ valley 

electron in MoSe2 band edge to form a recombining pair in spin triplet configuration (Fig. 3e, top 

and middle panels). From the observed co-circular PL polarization with the pump, we can further 

determine that these moiré excitons/trions are trapped at the 𝐻ℎ
ℎ local of the moiré supercell33.  The 

high helicity indicates the valley polarization is well-protected by spin-valley locking. The slight 

difference in polarization between 𝑀𝑋
0 and 𝑀𝑇

− can arise from the difference of electron population 

distribution between the valleys as the former is from photoexcited electrons while the latter has 

contribution from electrostatic doping. 

We have also examined the excitation frequency dependence of the PL polarization. Upon 

excitation at the MoSe2 monolayer exciton resonance, the 𝜎+ excitation creates holes in the MoSe2 

𝐾′ valley, which relaxes to the WSe2 band edge, ending up either in −𝐾 valley through the spin-

flip interlayer hopping, or 𝐾 valley through the valley-flip hopping. The competition of these two 

relaxation channels determines the hole valley polarization at the WSe2 band edge, resulting in a 

reduced (𝑀𝑇
−) or even vanishing emission polarization (𝑀𝑋

0). These understanding are consistent 

with our polarization-dependent photoluminescence excitation spectroscopy, as shown in 

supplementary Figure S8.  

For the hole doped case, the 𝑀𝑇
+ consists of two holes at opposite valleys. Thus, its electron 

valley configuration determines the emission polarization (Fig. 3e, bottom panel). Unlike the hole, 

photo-created electron needs to go to the MoSe2 band edge by interlayer hopping and energy 

relaxation, which also requires either a spin-flip or a valley-flip in H-stacked MoSe2/WSe2. Spin-



flip and valley-flip of the electron in the relaxation process can be facilitated respectively by the 

Γ5 phonon at zone center, and 𝐾3 phonon at zone edge34. Previous work34 has found that the valley 

flip rate exceeds the spin-flip one. These relaxation channels can place the photo-created electrons 

at either valley of the MoSe2 band edge (see supplementary materials Fig. S7). Their competition 

leads to a smaller polarization with a reversed helicity of the 𝑀𝑇
+ PL compared to that of both 𝑀𝑇

− 

and 𝑀𝑋
0.  

Lastly, we examine the valley relaxation dynamics of both neutral and charged moiré excitons 

by time and polarization resolved PL at selected gate voltages. Figure 4 presents the decay of co-

polarized (red) and cross-polarized (blue) PL of 𝑀𝑇
− (Fig. 4a) and 𝑀𝑋

0 (Fig. 4b) of Device 2. The 

polarization of 𝑀𝑇
+ is a bit small for a reliable measurement. The excitation power is 100 nW. The 

corresponding valley polarization dynamics are shown in Figs. 4c-d. Single exponential fits (solid 

lines) to valley polarization decay yields lifetimes of about 370 ns and 1 µs for 𝑀𝑇
−  and 𝑀𝑋

0 , 

respectively. These lifetimes are much longer than those of monolayer excitons and trions, 

indicating the possibilities for engineering both bosonic and fermionic many-body effects with 

dynamic control based on moiré emitter arrays. 

Methods 

Sample fabrication. Mechanically exfoliated monolayers of MoSe2 and WSe2 are stacked using 

a dry-transfer technique. The crystal orientation of the individual monolayers was first determined 

by linear-polarization resolved second-harmonic generation before transfer. The alignment angle 

of MoSe2 and WSe2 is double checked by piezoresponse force microscopy during transfer before 

encapsulating with bottom hexagonal boron nitride (BN). The BN encapsulation (10–30 nm) 

provides an atomically smooth substrate. 

Photoluminescence measurements. PL measurements are performed in a home-built confocal 

microscope in reflection geometry. The sample is mounted in an exchange-gas cooled cryostat 

equipped with a 9 T superconducting magnet in Faraday configuration. The sample temperature is 

kept at 1.6 K unless otherwise specified. A power-stabilized and frequency-tunable narrow-band 

continuous-wave Ti:sapphire laser (M2 SolsTiS) is used to excite the sample unless otherwise 

specified. The photoluminescence is spectrally filtered from the laser using a long-pass filter 

before being directed into a spectrometer. The PL signals are dispersed by a diffraction grating 

(1,200 grooves per mm) and detected on a silicon CCD camera. Polarization-resolved PL is 

obtained based on a combination of quarter-wave plates, half-wave plates, and linear polarizers 

for excitation and collection. Time-resolved PL data are acquired using a time-correlated single-

photon counting module (PicoHarp 300) with a supercontinuum fiber laser (pulse duration around 

10 ps; repetition rate around 3 MHz; average power 100 nW) at 720 nm for excitation and a silicon 

avalanche photodiode for detection. The narrow emission lines were spectrally filtered (collection 

width of about 2 meV) through a spectrometer before detection on the avalanche photodiode. 

Calibration of doping density and electric field. The doping densities in the heterobilayer are 

determined from the applied gate voltages based on a parallel-plate capacitor model23. The 

thickness of BN is determined by atomic force microscopy. Both top and bottom BN flakes of the 

device presented in maintext are 20 nm. The doping density is calculated as CbΔVb + CtΔVt, where 

Ct and Cb are the capacitance of top and bottom gates. ΔVt  and ΔVb are the applied gate voltages 

relative to the level of the valence/conduction band edge. The geometric capacitance Ct = Cb is 

about 133 nF with dielectric constant εhBN ~ 3 (Ref 35). The out of plane electric displacement field 

is calculated as D = (VbCb − VtCt)/2ε0 and electric field E = D/εBN. 
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Figure 1 | Moiré trions are formed with electrostatic gating. a, Schematics of neutral and 

charged excitons in moiré traps. b, Schematics of double-BN encapsulated devices with dual 

graphite gates. c, Photoluminescence (PL) intensity plot as a function of doping and photon energy. 

At both electron and hole doping, new sets of peaks form at ~7 meV lower energy, with a rapid 

drop in the PL intensity of the charge neutral moiré exciton. Insets depict the charge configuration 

of both neutral and charged excitons. d, Temperature dependent PL intensity plot at a fixed hole 

doping, showing the shallow potential of moiré traps. Inset is the PL spectrum collected at 1.6 K. 

e, PL spectra of negative moiré trions versus electric field applied out of plane with fixed doping.   



 

 

 

 

 
Figure 2 | Zeeman splitting of both neutral and charged moiré excitons. The obtained effective 

g factors are consistent with moiré traps in H-type alignment. a-c, Magneto-PL of negative 

charged, neutral, and positive charged moiré excitons. The excitation is linearly polarized with 

both right-circularly and left-circularly polarized emission detection. d-f, Energy differences 

between right- and left-circularly polarized PL as a function of magnetic field extracted from 

panels (a-c). The corresponding effective g factors are calculated based on linear fits, as shown in 

the figures. 



  

Figure 3 | Doping dependent valley polarization of moiré trions. a-b, Helicity resolved PL 

intensity plots as a function of doping. The 𝜎+ and 𝜎− polarized components are shown in a and 

b, respectively, with 𝜎+ polarized excitation. c, Degree of PL polarization (𝜌) as a function of 

doping, calculated from a-b. d, Helicity resolved PL spectra at selected doping n, for negatively 

charged 𝑀𝑇
− (top), neutral 𝑀𝑋

0 (middle), and positively charged 𝑀𝑇
+ (bottom) moiré excitons. The 

PL from 𝑀𝑇
−  and 𝑀𝑋

0  are co-circularly polarized, whereas PL from 𝑀𝑇
+  is cross-circularly 

polarized. e, Schematics illustrating doping dependent PL polarization of the moiré exciton/trions. 

The conduction (dashed lines) and valence (solid lines) are from MoSe2 and WSe2, respectively. 

Electron and hole are represented by solid and open circles. Red and blue indicate the spin 

orientations. The density of charge carriers (electrons/holes) are indicated by the size of circles 

(solid/open) shown in the inset. The valley index of the majority hole (electron) population 

determines the PL helicity of 𝑀𝑇
− and 𝑀𝑋

0 (𝑀𝑇
+).    



 

 

 
Figure 4 | Moiré exciton and trions dynamics. a-b, Time- and helicity-resolved PL of a, 𝑀𝑇

−, 

and b, 𝑀𝑋
0. The corresponding valley polarization dynamics are shown in c & d. Solid lines are 

exponential fits to valley polarization decay, with lifetimes of around 370 ns and 1 µs for 𝑀𝑇
− and 

𝑀𝑋
0, respectively.  

 


