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Figure S1. Growth process and characterization of monolayer MoSe2. (a) Schematic of MoSe2 

growth process using APCVD.  The temperature profiles of precursor powders and gas flow 

rates are displayed in the figure.  (b) OM image of as prepared MoSe2 grains on sapphire 

substrate. The grains are mostly triangular but some truncated triangular grains are also present. 

(c)  SEM image of a triangular grains showing very sharp edge, which implies good crystallinity 

of prepared sample. (d) AFM image with height profile of a triangular grain, showing a step 

height of ~ 0.8 nm corresponds to monolayer MoSe2 thickness. (e) Raman characterization of  a 

triangular MoSe2 flake using 488 nm laser showing the  characteristics Raman vibration modes  

A1′  at 240 cm
-1

 (out of plane mode) and E′ at 287 cm
-1 

(in plane mode). The absence of the layer 

number sensitive mode A2″ at 353 cm
-1

 confirms that prepared MoSe2 flakes are monolayer.  The 

PL spectrum exhibits peak at 1.56 eV (shown as inset), which is the characteristics of monolayer 

MoSe2. 
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Figure S2. Growth process and characterization of monolayer WSe2. (a) Schematic of MoSe2 

growth process using LPCVD.  The temperature profiles of precursor powders and gas flow rates 

are displayed in the figure.  (b)  SEM image of triangular WSe2 flakes showing very sharp edge, 

which implies good crystallinity of prepared sample. (c) AFM image with height profile of a 

WSe2 flake, showing a step height of ~ 0.8 nm corresponds to monolayer WSe2 thickness. (d) 

Raman characterization of a WSe2 flake using 488 nm laser showing the characteristics Raman 

vibration modes (E′, A1′) at 250 cm
-1

 and 2LA (M) mode at 262 cm
-1

. The absence of the layer 

number sensitive mode A2″ at 309 cm
-1

 confirms that prepared WSe2 flakes are monolayer.  The 

PL spectrum exhibits peak at 1.66 eV (shown as inset), which is the characteristics of monolayer 

WSe2. 
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Figure S3. PL mapping of CVD grown MoSe2 and WSe2 monolayers on sapphire substrate. OM 

images of monolayer (a) MoSe2 and (b) WSe2. (c, d) PL mapping images of monolayer flakes in 

the marked regions (a, b) showing uniform PL intensity within the flakes. 
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Figure S4. Schematics of MoSe2/WSe2 HSs transfer Process. (a) Transfer of as grown WSe2 

from sapphire onto SiO2 substrate using mechanical peeling and PMMA assisted transfer 

process.  (b) MoSe2/WSe2 HS on SiO2 substrate employing the same transfer process (a), in 

which WSe2/SiO2 is used as substrate instead of pure SiO2. (c) MoSe2/h-BN/WSe2 HS on 

sapphire substrate. This HS is formed by transferring h-BN onto as grown WSe2/sapphire using 

bubbling transfer followed by MoSe2 layer onto it using same transfer process  shown in (a).  It 

can be noted that h-BN inserted HS has been prepared directly on sapphire substrate in order to 

reduce the number of transfer steps. 
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Figure S5. SEM characterization of MoSe2/WSe2 HSs. SEM images of MoSe2/WSe2 HSs with 

variety of twist angles in the range 0
 
≤θ≤ 60.  The flakes with lower contrast are the WSe2 layer 

(bottom layer) and with higher contrast are MoSe2 layer (top layer). In some places, top layer is 

perfectly overlapped with bottom layer, where as in some places, it is partially overlapped.  Twist 

angle (θ) has been determined by considering the clockwise orientation of the top MoSe2 triangle 

with respect to bottom WSe2 triangle with an error of about 2°. Due to three fold symmetry, the 

maximum angle is 60 between the two triangles. When the angle exceeds 60 or lags 0, it is 

counted as (60+ θ) or (60-θ), where θ is considered as the angle between the two layers. The 

error has been determined by the differences of the three twist angles determined from each edge 

(total three edges) in two triangles.  
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Figure S6. AFM characterization of an MoSe2/WSe2 HS. Typical AFM height topographies of a 

MoSe2/WSe2 HS.  An edge step height ~ 0.7 nm at the interface of Si substrate-bottom layer (a) 

and ~ 0.8 nm at the interface of bottom layer-top layer (b) corresponds to thickness of monolayer 

WSe2 and MoSe2/WSe2. It is observed that the interface between the two layers is clean, apart 

from some bubbles and wrinkles trapped during the transfer process.
1,2

 These bubbles and 

wrinkles are common in assembled vdW HSs,
1
 which does not affect the vdW HSs’ properties.

2
 

These are responsible for slight change in crystal edge direction due to puckering and strain. 

Therefore, there can be an error in the estimation of twist angle in assembled HSs up to 5° 

reported by Liu et al..
3
In our study, the error in the twist angle determination is about 2°. 
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Figure S7. Schematic of Raman Modes in MoSe2/WSe2 heterostructure. Shear mode (SM) and 

layer breathing mode (LBM) observed in the frequency range (10-40 cm
-1

) are the low frequency 

Raman mode and other normal modes A1′, Eʹ observed in the frequency range (200-300 cm
-1

) are 

the high frequency Raman active modes. A2″ is the higher order inactive mode for monolayers. 

The arrows represent direction of vibrations of constituent atoms.  
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Figure S8. Low Frequency Raman spectra of mechanically exfoliated monolayer WSe2 with four 

different excitation energies, i.e. 441.6 nm (pink), 457.9 nm (blue), 514.5 nm (red), and 532 nm 

(green). An unknown peak is observed near 20 cm
-1

 for 532 nm and 514.5 nm excitations and is 

absent for 441.6 nm, 457.9 nm  excitations due to resonant effect. 
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Figure S9. PL analysis of another reverse HS sample. (a) Room temperature PL spectra of  

monolayered MoSe2, monolayered WSe2 and their reverse HSs (WSe2/MoSe2) for various twist 

angles (2º≤θ≤60º) under 50 μW laser excitation at 2.54 eV (488 nm laser). The direct excitonic 

peak positions for MoSe2 (1.57 eV) and WSe2 (1.66 eV) are marked with vertical black dashed 

lines. A low energy peak was observed at ~ 1.35 eV for a few twist angles; it is marked with a 

blue dashed line.  (b) Intensity of the interlayer exciton peak versus the twist angle. (c) Energy of 

the interlayer exciton peak versus the twist angle.  The error bar has been determined by 

considering three different samples at each angle. 
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Figure S10. Absorption spectra of monolayer MoSe2, WSe2, and their vdW HSs (WSe2/MoSe2) 

with various twist angles (0º≤θ≤60º) prepared on sapphire substrate by micro-UV/Vis 

spectroscopy at room temperature. The direct excitonic peak positions for MoSe2 and WSe2 are 

marked with vertical black dashed lines. The interlayer exciton peak at low energy is absent 

since the probability for the interlayer absorption (indirect transition)  is very low  at room 

temperature, as predicted theoretically by Komsa et al..
4
 The exciton peaks of HSs show red-

shift, compared to those of monolayers, which is possibly due to the reduction of dielectric 

screening as reported in heterobilayers and homobilayers by Yu et al.
5 
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Figure S11. AFM image of (a) 1L h-BN transferred on WSe2/ sapphire and (b) an MoSe2/1L h-

BN/WSe2 HS flake. The bottom panel shows the representative height profiles of four interfaces 

in region 1, 2, 3 and 4 respectively. 

 

 

 

 



13 
 

 

Figure 12. Low frequency Raman spectra for h-BN inserted MoSe2/WSe2 HS  measured for 

various twist angles (0º≤θ≤60º) under 50 μW laser excitation at 2.54 eV (488 nm laser).In the 

low frequency region, the HSs do not show any vibrational modes and spectra behave similar to 

that of MoSe2 and WSe2 monolayers.  
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Figure 13. Electronic band structure evolution in MoSe2/WSe2 HS. (a) Optimized geometries of 

HSs with different twist angles (θ = 0, 13.2, and 21.8). The gray, purple, and green balls 

represent Mo, W, and Se atoms, respectively. The black solid line represents the unit cells used in 

the computation. The dashed diamonds (red and blue) in the unit cell for the case of θ = 13.2 

and 27.8 indicate the minimal unit cell of each monolayer. (b) DFT-calculated band structures 

along the Brillouin zone path Γ-M-K-Γ of the lattice depicted in (a). Both the indirect gap 

between the band extremes K and Ι and the direct gap at K are highlighted by blue dashed 

arrows. The contributions of the MoSe2 monolayer and the WSe2 monolayer are represented by 

the sizes of the black circles and red circles, respectively. The band plot for the case of θ = 13.2 

and 27.8 contains more bands due to the Brillouin zone folding of the larger supercell.  
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Figure S14. PDOS of some MoSe2/WSe2 HS. (a)  PDOS for θ=60º HS shows density of states 

for p-electrons of the Se atoms at each of the layers (left panel) and for d-electrons of Mo and W 

at each of the layers (right panel). (b) PDOS for θ=27.8º HS shows density of states for p-

electrons of the Se atoms at each of the layers (left panel) and for d-electrons of Mo and W at 

each of the layers (right panel). 

      To analyze the orbital contribution from each element we calculated projected density of 

states considering p-electrons of Se and d-electrons of the transition metals. As shown in Figure 

S14, the dominant contribution to the states that are close to the top of the valence band arises 

from d-orbitals of W and p-orbitals of Se from WSe2 layer, whereas d-orbitals of Mo and p-

orbitals of Se from MoSe2 layer manly contribute to the states at the bottom of the conduction 

band. 
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