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1. Monolayer PL spectra 

 

 

Supplementary Figure S1. PL from individual monolayers. a, PL spectrum from monolayer MoSe2 and b, PL 
spectrum from monolayer WSe2 together with Lorentzian fitting of the emission peaks. X0, X+/- and XD are neutral, 
charged and defect-bounded excitons respectively.   
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2. Spatial maps of intra- and inter-layer excitonic emission 

 

Supplementary Figure S2. Distribution of PL emission. a,b Spatial maps of photoluminescence intensity at 765 
nm (1.62 eV), 740 nm (1.67 eV) emission wavelengths, corresponding to MoS2, WSe2 intralayer excitonic 
resonances. Photoluminescence is quenched in the HS area due to efficient charge transfer. c, spatial distribution 
of interlayer exciton, integrated for 840-940 nm wavelength (1.32-1.48 eV).  White dashed lines represent edges 
of constituent crystals. Scale bar is 5 µm for every panel. 
 

3. Interlayer exciton at high electron densities 

 

Supplementary Figure S3. Effect of electron concentration on interlayer exciton emission. PL map as a 
function of the applied voltages to the top and bottom gates in the dual-gate configuration. Here VTG = 0.75 VBG 
to minimize the displacement field. 
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4. Interlayer exciton power dependence 

Figure S4 shows the measured dependence of the PL emission intensity on the incident laser 

power. We note that at low incident powers both peaks show linear power dependency, with 

no change in their spectral profiles down to 5 nW. At higher power (above 200 µW), the lower 

energy peak IX2 shows saturation. Also, both peaks broaden and experience blue shift which 

we assign to the sample heating and exciton repulsion, respectively. Excitation power higher 

than 1 mW was not used to avoid potential damage to the sample. We note that while the 

earliest reports on this type of heterostructures showed saturating PL with power as low as 0.5 

µW1, in recent reports of encapsulated WSe2/MoSe2 higher values are reported, as in ref.2 The 

enhanced efficiency could be related to the reduced linewidth, indication of clean and 

homogeneous interfaces. 

 

 

Supplementary Figure S4. Excitation power effect on interlayer exciton emission. a, Power 
dependency of the PL spectra intensity normalized by acquisition time and incident power. b, Emission 
intensity of IX1 (red) and IX2 (black) as a function of the excitation power of the 647 nm laser used. The 
normalized intensity is the number of counts per second normalized by the emission intensity at 20 nW 
excitation power. 

5. Temperature dependence 

 

 

Supplementary Figure S5. Temperature dependence of interlayer exciton emission. a, Interlayer 
exciton emission spectra as a function of temperature. Plot of the emission intensity (b) and energy (c) 
of IX1 (red) and IX2 (black) for different temperatures. 
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6. PL spectra as a function of gating 

 

Supplementary Figure S6. Effect of gating on the device optical properties. Gate dependency of 
the PL spectra acquired on WSe2 and MoSe2 monolayers (a), and on heterostructure (b). c, lowest 
charge carrier concentration reveals strongest neutral exciton emission in WSe2 and MoSe2 monolayers. 
d, gate dependency map of reflection spectra from the heterobilayer region. P-doped (n-doped) sample 
shows only the reflection feature associated to the neutral exciton of MoSe2 (WSe2), while intrinsic region 
demonstrates both. This is the direct consequence of the charge transfer associated with type-II band 

alignment. All measurements are done on the second device, symmetrical dual-gating is used: 𝑉BG =
𝑉TG. 
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7. Additional spectra from inter- and intra-layer excitons as a function of gating 

 

Supplementary Figure S7. Direct comparison of inter- and intra-layer excitonic emission spectra. PL spectra 
acquired on the edge of heterostructure, showing emission of both intralayer exciton of MoSe2 and interlayer doublet. 
High-energy, high-intensity interlayer emission appears at the same carrier concentration as neutral exciton of 
MoSe2, denoted as intrinsic region.  
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8. Polarization-resolved spectra from individual monolayers 

 

Supplementary Figure S8. Polarization-resolved PL from monolayer MoSe2 and WSe2. PL spectra showing 
left- and right-circularly polarized emission components (red and blue respectively) for the case of linear, left- and 
right-polarized excitation in monolayer MoSe2 (a) and WSe2 (b). 
 

9. Polarization-resolved spectra from the heterostructure 

 

Supplementary Figure S9. Polarization-resolved PL from the WSe2/MoSe2 heterobilayer. µ-PL spectra for left 
and right emission from the heterobilayer in the case of a, left-circularly-polarized- excitation. b, linear excitation 

and c, right-circularly-polarized excitation). Insets show the calculated polarization degree 𝜌 =
𝐼(σ+)−𝐼(σ−)

𝐼(σ+)+𝐼(σ−)
. We note 

that the use of excitation wavelength at resonance with the monolayer excitonic peaks could increase this figure 
considerably.  
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10. Polarization-resolved spectral maps 

 

Supplementary Figure S10. Polarization-resolved PL map. PL spectra showing right (a) and left (b) 
circularly polarized emission components as a function of applied top-gate voltage, when heterostructure 
is pumped with right-circularly-polarized light. 

11. Characterization of the second device 
 

 

Supplementary Figure S11. Characterization of the second device. a, optical image of the heterostructure. b, 
spatial map of the photoluminescence emission integrated between 1.26 eV and 1.44 eV that corresponds to the 
interlayer exciton. Dashes lines indicate edges of the constituent layers. Scale bar is 5 µm for a and b.  c, polarization-
resolved µ-PL spectra for right and left emission from the heterobilayer in the case of right-circularly-polarized 

excitation. The inset shows the calculated polarization degree 𝜌 =
𝐼(σ+)−𝐼(σ−)

𝐼(σ+)+𝐼(σ−)
.  

 

12. Discussion of proposed mechanisms for double interlayer transition 

Our results can be explained in the frames of several recently proposed theoretical models. In the 

following we examine them, and compare them with our experimental data. 

Given the energy difference between IX1 and IX2 of 25 meV, it is natural to interpret the doublet 

feature as a result of the spin splitting in the conduction band (CB) of MoSe2
3 (roughly one order of 

magnitude smaller than the WSe2 valence band (VB) splitting). A very recent work interpreted IX1 and 

IX2 as the result of a transition between VBM in WSe2 at K/K´ points and CBM in MoSe2 at Q/Q´ points 

with relaxed selection rules2. The presence of polarization-reversing transitions can then be explained 
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by considering the relaxed selection rules in the case of indirect interlayer excitons. Indeed, DFT 

calculations of the matrix elements for recombination between spin-orbit- split conduction band at the 

Q point and valence band at the K point yield similar weights and opposite helicities2. Similarly, the 

temperature and power dependence we observe are in principle compatible with this picture. 

Concerning the switching between positive and negative polarization observed for IX1, this may arise 

from a shift between a Q-K transition to a different one (K-K or K-Γ) because of doping. Calculations 

for the band structure of two-dimensional materials indeed showed that large shifts and even crossings 

are possible at high doping levels4–6. However, our observation of the sharp switching and the small 

doping required to trigger the effect do not match well with this picture. Moreover, the strong quenching 

of interlayer emission as a function of temperature (and stacking angle7) seems to exclude phonon-

assisted indirect transitions as the main channel for IX radiative emission. 

Miller et al8. proposed that the long-lived IXs in MoSe2/WSe2 heterostructures involve two different 

transitions, one being direct in momentum space and the other being indirect. From our results, we 

exclude that this could be related to IX1 and IX2, since the transition probability for a direct or phonon-

assisted transition should differ by orders of magnitude. The temperature dependence would contradict 

our observations of IX1 and IX2 having similar intensities. Also, the strength of the transition suggests 

well-aligned layers7, for which the K-K dipole momentum is much stronger. 

A likely explanation for the multiple emission lines and their behaviour could come from taking into 

account the lattice mismatch between MoSe2 and WSe2 that results in the formation of a moiré pattern. 

In this work, we consider two different approaches to moiré, namely the one proposed by Yu et al.9,10 

and the one in ref.11,12. Due to the spatially-changing stacking order, a periodic array of different 

symmetry points is produced, with different selection rules from site to site. Even in a well-aligned 

(δθ ≲ 1°) WSe2/MoSe2 heterobilayer, the small difference in the lattice constant for the two crystals13 

δ =
|a−a′|

a
 will produce a moiré pattern with a period λM~

a

√δ2+δθ2
 of a few tens of nanometres. This 

means that our optical measurements (spot size ~1 µm) probe the behaviour of tens to hundreds of 

different stacking sites. 

In the main text, we discuss how the prediction of a brightened triplet transition can fit our data well. 

We now explain this in further detail. As calculated in ref.10, the exciton energy minima corresponds 

with regions of the moiré pattern with the local RX
h atomic registry. Here, both spin-conserving (IX1) 

and spin-flipping transitions (IX2) are allowed. They couple to opposite circular polarizations of light, 

with comparable transition dipole strengths (see Figure S12). These two optical transitions, coming 

from sites with the same local registry, are expected to show a similar Stark shift in the electric field, 

which is in agreement with our observations (Figure 2a from the main text). We rule out the possibility 

that we observe emission from different moiré sites since they would be associated with different dipole 

strengths due to variations of interlayer distance within the moiré and thus exhibit significantly different 

slopes of the Stark effect (and potentially crossing, as in ref.9). A different type of local minima, with 
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Rh
h registry shows an opposite coupling with polarized light for IX1, and a coupling with linearly 

polarized light for IX2. This picture matches our data remarkably well: with doping, we alter the moiré 

potential landscape (by filling some minima or by shifting their energy electrostatically), thus localizing 

the excitons in sites with a different local symmetry. This is accompanied by a change in the coupling 

with light for IX1 (sign change in ρ), and in the loss of polarization for IX2 in the circular basis (ρ 

becomes zero as it is now coupled with linearly polarized light). 

 

Supplementary Figure S12. Atomic registries in the moiré pattern. Graphical representation of the two different 
local geometries for R-stacked WSe2 and MoSe2: Rh

h and RX
h, (top- and side-view), together with the predicted 

coupling with light for IX1 and IX2 according to ref.10. 

Other studies11,12 have explained the doublet feature in terms of ground- and excited states of 

interlayer excitons localized in the moiré potential, where the splitting would result from the moiré 

potential well. These calculations show multiple transitions with alternating selection rules, with a 

predicted optical absorption peaks separated by ~10 meV. The same authors also report the observation 

of 4 peaks with opposite polarizations. It is interesting to note that in their case an increase in 

temperature strongly quenches the high-energy peaks. This alternative moiré-based model cannot be 

excluded, but the opposite temperature dependence and the reproducible transition doublet we observe 

suggest a different mechanism in our case. 

 

13. Zeeman splitting in magnetic field 

Following the discussion from the previous part we now consider an R-type WSe2/MoSe2 

heterostructure in an external magnetic field. Supplementary Figure S13 schematically depicts how an 

applied magnetic field B lifts the valley degeneracy of the optical transitions between the valence band 

of WSe2 and the spin-split conduction band of MoSe2. The simplified model we describe here accounts 

for the three main contributions to the interaction with magnetic field: spin, orbital and valley.  

Spin-Zeeman shift (Δs, black arrows in Figure S13) arises due to the interaction of the field B with 

the magnetic moment of the spin, and is proportional to the g-factor of the electron gs and its spin sz, 
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as Δs = gsszμB𝐵 which is roughly equal to the μBB, where μB is the Bohr magneton. The low-energy 

IX1 interlayer exciton corresponds to the spin-singlet transition between the conduction and valence 

bands with the same spin. Therefore, the spin Zeeman effect does not affect IX1 resonance in any of the 

valleys, as its effect on the initial and final states is equal and thus the total contribution is zero. In 

contrast, the higher-energy spin-triplet IX2 exciton corresponds to the transition between bands with 

opposite spins (forbidden in monolayers but brightened in the moiré potential), and therefore gets a 

non-zero spin contribution to the Zeeman splitting of −4μBB.  

Atomic orbitals contribute only to the Zeeman shift of the valence band, since it has an orbital 

magnetic moment 𝑚𝑙 = 2μB, while the conduction band carries zero orbital moment. We represent this 

component Δ𝑙  to the Zeeman shift with green arrows in Figure S13. Consequently, the orbital part of 

the field-induced splitting of the transitions in K/-K valleys (ΔE = EK − E−K) amounts to −4μBB. For 

the optical transition in monolayer TMDCs, this is the only component that plays a significant role, and 

consequently a g-factor of -4 is typically observed in these systems14,15.  

The valley contribution to the Zeeman shift (Δv, blue arrows) is due to the interaction between the 

magnetic field and the valley magnetic momentum 𝜏z𝛼𝑐,𝑣𝜇𝐵 of the self-rotating Bloch wavepackets, 

where 𝜏z = ±1 is the valley index for ±K valley, and 𝛼𝑐 = 𝑚0/𝑚𝑒
∗ ≈ 1.8  (𝛼𝑣 = 𝑚0/𝑚ℎ

∗ ≈ 2.8) takes 

into account the different effective mass of electrons (holes) in the conduction (valence) band of MoSe2 

(WSe2). Here we use 𝑚𝑒
∗ = 0.57𝑚0 and 𝑚ℎ

∗ = 0.36𝑚0, as calculated by Kormányos et al16. We note 

that the use of different values from the literature could affect the final numerical result but does not 

change the general picture. The non-equivalent effective masses of electrons and holes give an 

additional term ∓ (Δv
ℎ − Δv

𝑒 ) in the ±K valley. In our case, the valley splitting of both IX1 and IX2 

acquires an additional term of −2 (Δv
ℎ − Δv

𝑒). This valley-dependent term can indeed be substantial, as 

in recent reports of a large g-factor in AB-type stacked WSe2/MoSe2
17. 

Adding up all the components, the total valley splitting induced by the magnetic field ΔE = EK −

E−K   is expected to be ~−6μBB (~ − 10μBB) for IX1 (IX2). However, since the IX2 transition is 

associated with light of opposite helicity with respect to IX1, the observed PL peak splitting has an 

opposite sign: ΔE = Eσ+ − Eσ− =  −(EK − E−K) ≈ 10μBB . This is in agreement with the 

experimentally observed opposite g-factors of −8.5 ± 1.5 for IX1 and 7.1 ± 1.6 for IX2 moiré excitons. 

We note that the estimation of the shift for IX2 is less precise than what we get for IX1, due to the 

reduced emission intensity, which reduces the signal-to-noise ratio. 
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Supplementary Figure S13. Effect of magnetic field on optical transitions. Top panels: spin- 
(black), orbital- (green) and valley- (blue/red) magnetic moment contributions to the total Zeeman shift. 
Middle panel: spin-conserving transitions between conduction band of MoSe2 and valence band of 
WSe2 in absence (left) and presence (right) of a magnetic field, yielding an effective g-factor of -6. 
Bottom panel: higher energy transition between conduction band of MoSe2 and valance band of WSe2 
with opposite spins in absence (left) and presence (right) of a magnetic field, yielding an effective g-
factor of +10.    
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