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S1. Computed band structures of single-layer (SL) MoSe2 and WSe2 

Figure 1 shows the results of computed band structures for SL MoSe2 and WSe2, based on 

the spin-polarized density functional theory (DFT) within the generalized gradient approximation 

(GGA) using the same set of parameters as presented in the main text. Both of these SL 

structures have D3h group symmetry without inversion symmetry and have a direct band gap at 

the K point. The lattice constants of both MoSe2 and WSe2 SL structures are calculated as 3.33 Å 

with a nearest neighbor Mo(W) – Se distance of 2.54 Å. In the electronic structure calculations, 

when the spin-orbit coupling is excluded, the spin-up and spin-down valance bands are 

degenerate at the K point. However, spin-orbit interaction splits these bands from each other by 

0.18 eV and 0.47eV at the K point for MoSe2 and WSe2 respectively. On the other hand, the 

spin-orbit interaction at the conduction band minimum is much lower, 0.02 eV for MoSe2 and 

0.03 eV for WSe2. Here it should be noted that at the K point the valence band maximum is 

dominated by the dx2-y2 and dxy orbitals of the Mo/W atoms and the conduction band minimum is 

dominated by the dz2 orbitals of the Mo/W atom. It should also be noted that the chalcogen atom 

Se has no contribution to the VBM or CBM at the K point. 

 
Figure S1 | Computed band structures of single-layer MoSe2 and WSe2. a, Computed band 

structure of SL MoSe2. b, Computed band structure of SL WSe2. 

 

S2. Two interlayer excitons radiative recombination pathways 

Figure S2 shows two possible ways to explain a lower energy peak: one is another interlayer 

exciton (IEX2) and the other is interlayer trion. As for explanation of another interlayer exciton 

described in Figure S2a, while IEX1 occurs at the same momentum space (K-K transition), IEX2 

occurs through pathway placing on different momentum space (K-Σ transition). To make it 

feasible, the energy variance between the Σ edge at MoSe2 conduction band and K edge at WSe2 

valence band should be on the same order-of-magnitude as the energy caused by thermal 

fluctuation. When it comes to explanation of interlayer trion as illustrated in Figure S2b, trions 

are generated through interaction between interlayer exciton and electron due to electron 

accumulation in MoSe2 conduction band minimum on a picosecond timescale [S1,S2]. In effect, 
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we can obtain the trion binding energy (T) through the power-dependent photoluminescence. 

The tuning effect of three-body excitonic system results from the strong quantum-confined Stark 

effect [S3]. The energy splitting between interlayer neutral exciton and trion is expressed [S4]: 
 

𝜔𝐼 − 𝜔𝑋 = 𝐸𝑇𝑟𝑖𝑜𝑛 + ∆𝐸     (S1) 
 

where 𝐸𝑇𝑟𝑖𝑜𝑛 is the trion binding energy and ∆𝐸 is the energy required for one carrier to be 

promoted into the free-carrier system. 𝜔𝐼 − 𝜔𝑋 denotes the minimum energy for the removal of 

one electron from the trion, because the exciton is regarded as an ionized trion [S5].  ∆𝐸  

becomes negligible when the Fermi surface increases with high carrier injection since the initial 

doping level (𝐸𝐹) is less significant as a result of the enhanced carrier screening effect by carrier 

injection in 2D systems [S6]. In our case, we can expect high quantum PL yield, efficient charge 

transfer, and large effective mass of the carriers in the trilayer heterostructures. Therefore, ∆𝐸 

becomes negligible and 𝜔𝐼 − 𝜔𝑋 can be taken as the trion binding energy [S4]. In our trilayer 

heterostructure, trion binding energy is  27 meV, which deduced from Figure 4b. 

  
Figure S2 | Illustration of two pathways for interlayer exciton radiative recombination, and 

the interlayer trions model. a, Illustration of two different interlayer excitons radiative 

recombination pathways: one is K-K direct transition in k-space and the other is K-Σ indirect 

transition in k-space. In the case of indirect transitions, phonon is involved to match the 

momentum difference, which lowers the energy bandgap. b, Schematic summary of the 
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interlayer trion radiative recombination predicted by a type-II heterojunction in our trilayer vdWs 

heterostructure. X, T, opt and g represent exciton binding energy, trion binding energy, optical 

bandgap and electronic bandgap, respectively. This is an example in the formation of the 

interlayer trions: two electrons in MoSe2 and one hole in WSe2.  

 

S3. Integrated photoluminescence (PL) intensity in bilayer and trilayer heterostructures 

To compare bilayer heterostructure with trilayer heterostructure, integrated PL intensities are 

measured at  0.2 mW and with an  1 m laser spot size. As shown below,  3 times brighter 

PL intensity (and  30 meV lower energy PL peak) of trilayer heterostructure is observed at 77 

K. To show the PL intensity difference of two different heterostructures, we collected the below 

data in the same bath temperature and excitation time duration by one dimensional InGaAs focal 

plane array detector. The noise here is caused by the absence of filters, only for this 

measurement. 
ㅣ 

 

 
Figure S3 | Integrated PL intensities in bilayer and trilayer heterostructures. This 

comparison demonstrates the brighter PL emission in WSe2-MoSe2-WSe2 trilayer heterostructure 

than WSe2-MoSe2 bilayer heterostructure, enabled by the tightly overlapping wavefunctions and 

additional absorbance from the extra WSe2 layer in the trilayer heterostructure. 

 

S4. Full-width half-maximum (FWHM) of two interlayer excitonic states 

Figure S4 plots the FWHM of the two interlayer excitonic states. In order to see the 

temperature effects on the interlayer excitonic states, we extrapolated both sets of FWHM data 

from Figure 3b and note that IEX2 features a much broader FWHM than IEX1. From 4 K to 96 K, 

we can see that the FWHM of two interlayer excitonic states is almost constant with increasing 

temperature, with the interlayer trion (IEX2) showing a larger width. The tendency of not 

broadening with increasing temperature suggests that there are more processes, such as defect 
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scattering or other radiative recombination, contributing to the FWHM other than electron-

phonon interactions [S7]. 

 
Figure S4 | Full-width half-maximum (FWHM) of two interlayer excitonic states. FWHM of 

interlayer exciton and trion in the trilayer heterostructure as a function of the bath temperatures. 

 

S5. Semiconductor bandgap renormalization with temperature 

In Figure 3c the two PL peaks of excitonic states (neutral exciton and trion) are fitted by 

temperature-bandgap renormalization model as below [S8]:  

 

       (S2) 

 

where Eg(0) represents the band gap at zero temperature, S is a dimensionless coupling constant, 

and 〈ħω〉 is an average phonon energy. The above describes the phonon-induced gap reduction 

with temperature and we fit the neutral exciton peak shift (solid lines in Figure 3c) with 

corresponding Eg(0)  1.331 eV (interlayer neutral exciton ground-state transition energy, 0 K), S 

 0.006 and 〈ħω〉  6.0 meV. The trion peak is also fitted by values for S  0.012, 〈ħω〉  9.9 

meV, and Eg(0)  1.284 eV (interlayer trion ground-state transition energy, 0 K). The energy 

splitting between the two excitonic states peaks is  47 meV at 4 K, with 1.96 eV pump and 1.2 

mW pump power. It decreases with lower pump power and is  27 meV at 0.01 mW pump. We 

focus on the measured data from 4 K to 245 K since above 245 K the PL signals from interlayer 

neutral exciton and trion become almost indistinguishable from the noise. 

 

S6. Time-resolved photoluminescence (TRPL) with different excitation wavelengths 

In addition to the temperature-dependent lifetime measurements, we also performed TRPL 

measurements by varying the excitation wavelengths to explore the electron-phonon decay 

dynamics of the interlayer neutral exciton in the trilayer heterostructure. As shown in Figure S6a, 

( ) (0) coth 1
2

g g

b

E T E S
K T




  
    

   



S-6 

 

the wavelengths of excitation pulse pump range from 510 nm (green) to 660 nm (red). In each 

measurement, we selected bandpass filters to exclude the effect of pump side-peaks before our 

trilayer sample. We further performed TRPL measurements for the interlayer trion; however, its 

comparably lower photon counts and weaker pump excitation pulse energy below 600 nm does 

not allow a lifetime to be meaningfully obtained. We also note that our tunable pulse laser has 

different pulsewidths for different pump excitation wavelengths as shown in Figure S6b. The 

extracted carrier lifetimes, with a summary shown in Figure S6c, are on the order of nanoseconds 

and significantly longer than the picosecond pump pulsewidth variations. 

 
Figure S6 | Carrier lifetimes for various excitation wavelengths. a, Interlayer exciton lifetime 

as a function of excitation wavelengths at 4 K. Photoluminescence intensities are normalized and 

fitted with biexponential decay functions. b, Excitation pulsewidths as function of excitation 

wavelengths, from the pump laser. c, Measured carrier lifetimes deduced from panel a. 

 

S7. Cryogenic micro-PL measurement of individual WSe2 and MoSe2 monolayers 

Defect trapped localized exciton recombination may generate localized PL emission at low 

temperature. Previous studies observed PL emission of localized excitons of monolayer MoSe2 

and WSe2 at 1.58 to 1.66 eV and 1.64 to 1.69 eV [S9-S11]. However, the existence of localized 

emission around 1.28 and 1.33 eV is unknown. To rule out the possibility that the interlayer 

emission are from the localized exciton, we performed cryogenic micro-PL measurement of the 

MoSe2 and WSe2 monolayers from the same bulk crystal, examining from 1.18 to 1.58 eV as 

shown in Figure S7. No localized emission is observed in the 1.28 and 1.33 eV region. 
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Figure S7 | Cryogenic micro-PL measurement of individual monolayer MoSe2 and WSe2 

from the same bulk. a, micro-PL measurement of monolayer MoSe2 and WSe2 from the same 

bulk at 77 K. b, micro-PL measurement of monolayer MoSe2 and Wse2 from the same bulk at 4 

K. Both measurements are using the 660 nm laser excitation. 

S8. Cryogenic PL mapping of trilayer heterostructure 

Previous studies of the strain effect on the stacked van der Waals heterostructures and 2D 

materials have reported the PL spectral shift and intensity change due to tensile strain and strain-

induced effects, like the strain-induced indirect-to-direct bandgap transition [S12, S13]. To 

clarify the strain effect in the trilayer heterostructure, the PL intensity mapping around the 

trilayer region at 77 K is performed Only interlayer PL is collected by using the 850 nm long 

pass filter. As shown in figure S8, the trilayer heterostructures is possessing a uniform PL 

intensity over the interlayer spectral window. The transition region (yellow region in figure S8) 

between high and low intensity is due to the program averaging when the laser spot is on the 

edge of the trilayer flake and slightly out-of-focus of the laser. This can confirm with the 

expectation that less strain effects, such as bending a substrate during the material transfer 

processes, are involved or the strain is uniform on the sample so that the strain is not a major 

impact in our study. 
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Figure S8 | Cryogenic PL intensity mapping of trilayer heterostructure with 850 nm long 

pass filter. The trilayer region is excited by 660 nm with 200 μW power (on sample) at 77 K. 

Blue dash line: trilayer sample region. Scale bar: ~5 μm. 

S9. Mass-action model analysis of interlayer exciton trion concentration 

From Figure S4, the linewidth of interlayer exciton and trion PL are almost constant with 

temperature change. So the integrated PL of the two peaks using Lorentz fitting is proportional to 

the peak PL intensity. We can therefore relate the PL peak intensity ratio (Figure 3e) to the ratio 

of concentrations of trions to excitons and use the mass action model to observe: 

𝑛𝑋−

𝑛𝑋
~

𝑛𝑒exp (
𝐸𝑇

𝑘𝐵𝑇
)

𝑘𝐵𝑇
                         (S3) 

where 𝑛𝑋−, 𝑛𝑋 and 𝑛𝑒 are the concentration of natural excitons, trions and free electrons. 𝐸𝑇 

is the trion binding energy. The variations of the three variables with temperature and the doping 

level are reported by Ross et al [S14]. 𝑛𝐵 = 𝑛𝑋− + 𝑛𝑒 is the doping level and should be a 

constant. At non-zero doping levels then  𝑛𝑋− and 𝑛𝑒  will show a sharp increase at low 

temperature and 𝑛𝑋 will be small. The 
𝑛𝑋−

𝑛𝑋
 ratio would therefore show a sudden increase at low 

temperature as shown in Figure 3e. The abrupt rise around 10 K is a key feature of trions as 

mentioned in the main text. And that also agrees with the abrupt change in 𝑛𝑋− and 𝑛𝑋 as 

predicted by Ross et al [S14]. Notice that the abrupt change only occurs when there is sufficient 

doping level so that there is large formation of trions. 
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