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Section S1. Determination of stacking angle 

A second harmonic generation (SHG) measurement was performed to determine the stacking angle 

of the twisted MoSe2/WSe2 heterobilayer. A linearly polarized femtosecond laser pulse (80 MHz, 

900 nm, ~100 fs) was focused onto the MoSe2/WSe2 heterobilayer and a MoSe2 monolayer sample 

with a 100× objective lens. The SHG signal at 450 nm with cross-polarized components was 

collected using the same objective lens and detected with a CCD coupled with a spectrometer. The 

angle dependence of the SHG signal was measured by rotating the laser polarization with a half-

wave plate. Under this condition, the SHG signal has maximum values when the laser polarization 

is parallel to the zigzag directions of monolayer semiconducting transition metal dichalcogenides 

(TMDs)1. 

Figure S1 shows the angle dependence of the SHG signals of the MoSe2 monolayer and 

MoSe2/WSe2 heterobilayer. The solid lines are results fitted with cos!(3𝜃), where q is the relative 

angle between the laboratory and crystalline coordinates. While both the MoSe2 monolayer and 

MoSe2/WSe2 heterobilayer show sixfold symmetry reflecting the crystal symmetry, the peak 

angles are different, and their difference is evaluated as ~6°. Because the SHG signal of the 

heterobilayer has a maximum between the MoSe2 and WSe2 monolayer maximum angles, the 

stacking angle of MoSe2 and WSe2 is determined to be ~12±1°. The SHG signal from the 

heterobilayer is stronger than that from the MoSe2 monolayer (constructive interference), 

suggesting that the stacking of the heterobilayer is R-type (close to 0°) rather than H-type (close 

to 60°). In addition, the circularly-polarized PL spectra could be used to determine the stacking, 

because the circularly-polarized PL spectra show different behavior in circularly-polarization with 

R- and H-type stacking originating from different band alignment2. In the case of R-type stacking, 
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the cross-circular polarized emission signal is stronger than the co-circular polarized emission 

under the circularly-polarized excitation, which is consistent with the results in this study (Fig. 

S9). 

 

Figure S1. Determination of the MoSe2/WSe2 twist angle by polarization-resolved SHG 

measurement. The sixfold symmetry in the SHG intensity (points) and fits (solid lines) for the 

MoSe2 monolayer (green) and the MoSe2/WSe2 heterobilayer (red).  

 

Section S2. Raman scattering spectra 

Raman scattering spectra were measured with a micro-PL setup with a 2.33 eV semiconductor 

laser at room temperature. Figure S2 shows the Raman spectra of the MoSe2 monolayer and 

MoSe2/WSe2 heterobilayer. A1’ phonon mode of MoSe2 at ~243 cm-1 and A1’+E’ phonon modes 

of WSe2 at ~250 cm-1 were observed. Here we use single-layer notation for the Raman modes. The 

Raman scattering spectrum of the heterobilayer is described with the simple sum of the A1’ phonon 
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mode of MoSe2 and A1’+E’ phonon modes of WSe2, which suggest the phonon modes are not 

affected by the softening and the broadening due to the moiré potential. These are consistent with 

the previously reported results3,4.  

 

Figure S2. Raman scattering spectra of the MoSe2 monolayer and MoSe2/WSe2 heterobilayer 

under 2.33-eV laser excitation. 

 

Section S3. Estimation of the temperature increase 

To evaluate the heating effect in the power dependence of the PL spectrum (Fig. 3), we estimated 

the temperature increase under laser irradiation. Based on the specific heat of 0.278 Jg-1K-1 and 

density of 6.96 g/cm3, the temperature increase under the photoexcitation laser (photon energy of 

1.55 eV) with a maximum intensity of 106 W/cm2 is only ΔTmax=12 K5,6. By considering the 

temperature-dependent redshift of 0.317 meV/K7 and constant linewidth below 50 K in monolayer 

TMDs8, we concluded that the increase in temperature is not significant in the measurement. 
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Section S4. Estimation of the exciton density and PL lifetime 

We measured the PL intensity under pulsed and continuous wave (cw) excitation to estimate the 

generated exciton density. As shown in Fig. S3, the PL intensity reflecting the bright exciton 

density is almost identical under both cw and pulsed excitation. Therefore, we evaluated the 

excited exciton density under cw excitation based on the experimental results under pulsed 

excitation. The incident photon number under pulsed excitation is described as 𝑁"# =

(1 − 𝑅)𝛼𝑑𝑃𝜏$%"/ℏ𝜔 . The excited exciton density can be calculated with 𝑁%& = (1 −

𝑅)𝛼𝑑𝑃𝜏'()/ℏ𝜔 . Here, R is the reflectivity, α is the absorption coefficient, d=0.7 nm is the 

thickness of the monolayer, P is the power density, τrep=12 ns is the laser repetition rate, and 

ℏ𝜔=1.55 eV is the photon energy. 

On the other hand, under cw excitation with exciton generation rate g, the excited exciton density 

in the steady state is calculated by considering the following rate equation using non-radiative and 

radiative recombination times τnrad and τrad, respectively. 

𝑑𝑁%&
𝑑𝑡

= 𝑔 −
𝑁%&
𝜏*$+,

−
𝑁%&
𝜏$+,

. (S1) 

In the steady state condition,	

𝑁%& = 9
1

𝜏*$+,
+

1
𝜏$+,

;
-.

× 𝑔. (S2) 

Because the exciton generation rate is given by 𝑔 = (1 − 𝑅)𝛼𝑑𝑃/ℏ𝜔, the excited exciton density 

is > .
/!"#$

+ .
/"#$

?
-.
(1 − 𝑅)𝛼𝑑𝑃/ℏ𝜔. As shown in Fig. S3, because the PL intensity is almost 
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identical under both cw and pulsed excitation, the excited exciton density is also same. As a result, 

we can obtain the following relationship: 

𝜏$%" = 9
1

𝜏*$+,
+

1
𝜏$+,

;
-.

.																																																(S3) 

Therefore, the PL decay time given by	> .
/!"#$

+ .
/"#$

?
-.

 is close to the laser repetition rate τrep=12 

ns in the sample used here. 

 

Figure S3. PL intensity as a function of excitation power density at different probe energies under 

cw and pulsed excitation with a photon energy of 1.55 eV. 
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Section S5. Fitting of PL spectra with multiple Lorentz functions 

In order to evaluate the resonance energy from the PLE spectrum in Fig. 2 quantitatively, we fitted 

the PL spectrum with different excitation energies in Fig. S4 with twelve Lorentz functions with a 

linewidth of 3 meV. We selected the approximate peak energies of the Lorentz functions by 

consideration of emergent peaks depending the excitation energies, fitted globally all spectra with 

the same set of parameters, and determined the energies of Lorentz functions. The fitting results 

are shown in Fig. S4. The PLE spectra of each Lorentz function after the fitting as a function of 

excess energy are shown in Fig. S5.  

 

Figure S4. Results of fitting PL spectra with multiple Lorentz functions. The black circles are 

experimental data with different excitation energies, and the dotted cyan curves are the sum of all 
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peaks. The dark purple, ivory, grey, sky blue, blue, green, dark green, yellow, orange, red, dark 

red, and purple colours correspond to Lorentz functions with peak energies of 1.315, 1.321, 1.326, 

1.330, 1.332, 1.334, 1.336, 1.338, 1.341, 1.342, 1.344, and 1.346 eV, respectively. 

 

 

Figure S5. PLE spectrum after Lorentzian fitting of the PL spectrum as a function of excess 

energy. The grey filled areas show excess energies of 24 and 48 meV. The dark purple, ivory, grey, 

sky blue, blue, green, dark green, yellow, orange, red, dark red, and purple colours correspond to 
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PLE spectrum with peak energies of 1.315, 1.321, 1.326, 1.330, 1.332, 1.334, 1.336, 1.338, 1.341, 

1.342, 1.344, and 1.346 eV, respectively. 

 

 

 

Section S6. Moiré exciton energy levels 

We considered a simple model to calculate the energy levels of the moiré exciton in a parabolic 

potential trap with depth U, moiré period amoiré=2 nm, and exciton effective mass m=0.25m0, 

resulting in an interlevel spacing of ∆ℏ𝜔 = ℏ/𝑎012$éB2𝑈/𝑚 in the harmonic-like potential9. In 

previous reports, the moiré potential depth U was calculated to be approximately a few hundred 

meV in R-type stacking10–13, and scanning tunnelling microscopy and spectroscopy (STM-STS) 

revealed a deep potential of a few hundred meV14–16, which supports the observed onset of the 

PLE signal at approximately 150 meV in Fig. 2c and the PLE tail in Fig. 1a reflecting the 

continuum state of the moiré exciton (n=∞), where n is the quantum number. By assuming a moiré 

potential depth of U~200-300 meV, the interlevel spacing is estimated as ∆ℏ𝜔~160-200 meV, 

which is much larger than the observed energy differences of resonance peaks of 24 and 48 meV. 

In addition, by considering a zero-point energy ∆ℏ𝜔/2 in the parabolic potential, the excited states 

(n=2, 3, …) are outside the potential, and only the ground state of the moiré exciton (n=1) is 

confined in the moiré potential. This estimation is consistent with the more sophisticated first-

principles-based exciton moiré potential calculated with the plane-wave expansion method, which 
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reports that the excited states (n=2, 3, …) are allowed only in heterobilayers with a very small 

twist angle of a few degrees13. 

 

Section S7. Simulation procedure 

We numerically simulated the PL spectra under different exciton densities (Fig. 3f, g). We assumed 

a Gaussian distribution of energy levels with the same peak energies of Lorentz functions used in 

the fitting procedure of the PLE spectrum (Fig. S4) in addition with higher energy peaks 

conjectured from the PL spectrum at high excitation density (Fig. 3a). Then, we performed Monte 

Carlo simulations to evaluate how the excited excitons occupy the energy levels. In the simulation, 

we took into the consideration the relaxation process of the moiré exciton between different 

potential minima. If the energy separation between the initial and final energy level for moiré 

exciton relaxation is equal to the phonon energy of ~24 meV, the relaxation to the lower energy 

level is allowed, meaning the relaxation process is faster than the PL lifetime of ~10 ns. On the 

other hand, if the energy separation is not matched to the phonon energy, the relaxation to the 

lower energy level is forbidden because of suppressed phonon scattering. In addition, we also 

considered the state filling effect due to Pauli blocking: Even if the relaxation is allowed, if the 

final energy level is already occupied by generated excitons, the relaxation is forbidden. The state 

filling effect is important at high excitation density. We performed Monte Carlo simulations and 

simulated spectra using the linewidth extracted from the experimental data, as shown in Fig. 3f. 

The simulated spectra well reproduce the behaviour of the experimentally observed PL spectra in 

Fig. 3a: the nearly invariant spectral shape at low exciton density and the shift of the spectral 

median to the higher energy side at higher exciton density. 



 11 

In order to test the validity of our assumption, we also simulated the opposite case that the phonon 

scattering is not suppressed and all relaxation to lower energy level is faster than the PL lifetime. 

Figure S6 shows the simulated spectra for different exciton densities, which shows different 

spectral shapes under various excitation power conditions in comparison with the experimentally 

obtained results in Fig. 3f, g: only one peak with the lowest energy is expected at a low excitation 

power because of the fast relaxation process to the potential minimum with the lowest energy, and 

as the excitation power increases, new peaks would appear beginning with the lowest energy levels 

because of the finite density of states and state filling effect. This behaviour could not explain the 

experimental observation of several peaks with invariant spectral shapes at low excitation power 

in Fig. 3a. Therefore, we consider the relaxation process of the moiré exciton is affected by the 

phonon scattering process. 
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Figure S6. Simulation results in the opposite case with the unsuppressed phonon scattering. (a) 

Simulated spectra for different exciton densities and (b) simulated intensities as a function of 

exciton density assuming that all relaxation processes between the moiré potential minima are 

much faster than the PL lifetime. 

 

5

4

3

2

1

0
1.381.361.341.321.30

1×108 cm-2

6×108 cm-2

3×109 cm-2

1×1010 cm-2

6×1010 cm-2

3×1011 cm-2

1×1012 cm-2

3×1012 cm-2

Emission energy (eV)

In
te

ns
ity

 (n
or

m
.)

a

108

109

1010

1011

1012

1013

1014

108 109 1010 1011 1012 1013

1.362 eV 
1.342 eV
1.335 eV
1.320 eV

In
te

ns
ity

 (a
. u

.)

Exciton density (cm-2)

b



 13 

 

Figure S7. Comparison with excitonic Rydberg series in the non-hydrogenic 2D potential. PLE 

spectrum after Lorentzian fitting of the PL spectrum as a function of excess energy. The vertical 

axis shows the estimated Rydberg exciton series in the non-hydrogenic 2D potential assuming that 

the continuum state is 150 meV above the 1s ground state. The absence of the excited states of the 

moiré exciton is in contrast to the 2D intralayer exciton system, where the resonance signals of the 

excitonic Rydberg series of 2s, 3s, … are prominent in the PLE spectrum17–19. In the moiré system, 

the confinement by the in-plane moiré potential makes modification of the Rydberg excitons in 

the non-hydrogenic 2D potential10. Indeed, no prominent resonance features were observed at the 

estimated Rydberg energy in the non-hydrogenic 2D potential, which suggests that the moiré 

superlattice works as an in-plane potential and confines the interlayer exciton, causing a 

modification in the exciton energy level structure. 
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Figure S8. PL spectrum at off-resonant excitation condition above 1.4 eV. No clear differences 

were observed unlike that at near-resonant excitation condition below 1.4 eV, as shown in Fig. S4. 

 

 

Figure S9. Circular-polarization-resolved PL spectra under (a) σ+ and (b) σ- excitation with photon 

energy of 1.7 eV at 10 K. The red and blue curves indicate σ+ and σ- polarized PL components, 

respectively.  

4

3

2

1

0

PL
 in

te
ns

ity
 (n

or
m

.)

1.341.331.321.31
Emission energy (eV)

Eexc.=1.676 eV

1.632 eV

1.590 eV

1.550 eV

6000

4000

2000

0

PL
 in

te
ns

ity
 (a

. u
.)

1.381.361.341.321.301.28
Energy (eV)

 
 

4000

2000

0

PL
 in

te
ns

ity
 (a

. u
.)

1.381.361.341.321.301.28
Energy (eV)

 
 

ˈ�+ excitaiton

ˈ�-
ˈ�+

ˈ�- excitaiton

ˈ�-
ˈ�+

a b



 15 

 

 

Figure S10. (a) PL spectra under linearly-polarized 1.7-eV laser excitation at 10 K. Corresponding 

angular dependence of the PL emission at (b) 1.324, (c) 1.333, and (d) 1.344 eV. 
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