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Figure S1. Sample fabrication and characterization. a, Schematic illustrations of the sample 
fabrication process of wrinkled heterostructures via PDMS-to-PDMS (PTP) dry transfer method. 
Our PTP method involves a one-time direct stamping transfer process after the exfoliation of 
individual monolayers and minimizes any solvent and/or polymer residues at the van der Waals 
interface. b, A height profile of the fabricated wrinkled structure at the heterobilayer area via 
confocal laser scanning microscopy. c, A confocal photoluminescence (PL) mapping integrated 
over both intralayer exciton energies of MoS2 and WSe2 monolayers. The red color indicates the 
emission of intralayer excitons and the black color in the heterojunction indicates the PL quenching.  
  



 
 

Figure S2. Optical characterization of flat heterobilayers of MoS2/WSe2 on PDMS. a, An 
optical micrograph of the fabricated flat heterobilayer of MoS2/WSe2 on PDMS substrate via our 
PTP (PDMS-to-PDMS) assembly process. A scale bar, 10 µm. The estimated twist angle is 
approximately 53° using the sharp-edges estimation of the heterobilayer. b, A photoluminescence 
(PL) mapping of the fabricated heterobilayer. A color bar indicates corresponding emission 
wavelengths. The relatively uniform peak positions over the heterobilayer region indicates that 
there is no substantial fabrication-induced heterogeneity. c, Normalized PL intensity spectra of 
intra- and interlayer excitons. d, Normalized Raman intensity spectra at adjacent monolayers of 
MoS2 and WSe2 and at heterobilayer of MoS2/WSe2. A magnified (x10) inset shows the emergence 
of the out-of-plane vibration mode of WSe2 (~309 cm-1).  
 
  



 
 
Figure S3. Photoluminescent mapping of the fabricated wrinkled MoS2/WSe2 heterobilayer. 
(a) Photoluminescent (PL) intensity and (b) wavelength mapping over the MoS2 intralayer exciton 
portion of the spectrum in the fabrciated MoS2/WSe2 heterobilayer. Dotted lines indicate 
boundaries of the constituent monolayers. (c) PL intensity and (d) wavelength mapping over WSe2 
intralayer exciton and interlayer exciton portion of the spectrum. PL intensities of intralayer 
excitons were substantially quenched in the heterojunction area (MoS2/WSe2). All scale bars are 5 
𝜇m. The spatial resolution is ~0.4 𝜇m, which allows us to resolve individual spectra along the 
wrinkled structure. (e) PL wavelength (top) and intensity (bottom) mapping over the corresponding 
wrinkle from valley (left) to crest (right) indicated in blue rectangle in (d). Pixel dimensions are 
200 nm. 

 



 
 
Figure S4. Optical characterization of different wrinkled MoS2/WSe2 heterobilayer samples. 
Optical micrographs (left), and photoluminescence (PL) intensity of interlayer exciton 
measurements (right) in a, sample A, and b, sample B wrinkled MoS2/WSe2 heterobilayers. Dotted 
black arrows indicate the direction of PL spectra taken towards the crest (left) and towards the 
valley (right) over a wrinkle in the heterobilayer samples. The estimated twist angles are 33.5° 
(sample A) and 51.4° (sample B).  
  



 
 

Figure S5. Photoluminescence (PL) measurement on wrinkled heterobilayers of MoS2/WSe2 
via vertical scanning (XZ-PL scanning) accounting for the finite depth of focus. PL spectra 
taken over a wrinkle (valley-to-crest) a, in adjacent wrinkled monolayer WSe2. PL spectra b, in 
adjacent wrinkled monolayer MoS2, c, in wrinkled heterobilayer of MoS2/WSe2. Dotted black 
arrows in a and b indicate the direction of PL spectra taken from the valley to the crest. Dotted 
black arrows in c indicate the direction of PL spectra taken towards the crest (left) and towards the 
valley (right) over a wrinkle in the fabricated heterobilayer sample.   
 
  



 
 

Figure S6. Raman mapping of strained heterobilayers. Spatially resolved Raman mapping of 
integrated intensity ratio between MoS2 A1g and E2g modes (IA1g/IE2g). White arrows indicate the 
location of the crests in the wrinkled heterobilayer. We observed decreased integrated intensity 
ratio at the crests, indicating stronger interlayer coupling. Scale bar indicates 5 µm. 
  



 
 
Figure S7. Wrinkle geometry-driven strain analysis. (a) Measured (black dots) and fit (blue 
line) data of the fabricated wrinkled geometry. The average amplitude (A) and wavelength (𝜆) of 
wrinkles obtained by a sinusoidal fit to the measured wrinkle geometry profile. (b) Measured 
(black line) and fit (red line) data of the X-ray reflection intensity to estimate the skin layer 
thickness formed on the PDMS substrate. 
  



 

 
 

Figure S8. Weighted band structures obtained using DFT calculations. a, AA stacking of 
MoS2/WSe2 heterobilayer, b, Superposition of band structures of individual monolayers of MoS2 
and WSe2 energy levels aligned with respect to the vacuum level, and c, AB stacking of 
MoS2/WSe2 heterobilayer. 
 
  



  
Figure S9. Band hybridization as a function of strain with different interlayer distances. 
Band hybridization factors are extracted from weighted projections of orbital contribution for 
each strain- and interlayer distance-dependent band structures.   
  



 
 

Figure S10. Effects of strain, interlayer spacing, and different stacking configurations on the 
electronic band structure of MoS2/WSe2 heterobilayer system obtained using DFT 
calculations. a, Transition energies as a function of uniaxial strain for different configurations of 
MoS2/WSe2 heterobilayer. b, Transition energies for AB-stacked heterobilayer system as a 
function of interlayer distance for various strains. c, Transition energies for AA-stacked 
heterobilayer system as a function of interlayer distance for various strains. The insets depict the 
stacking order of the heterobilayer systems considered. 
  



Supplementary Note 
Strain tuning coefficient 

We also estimated maximum strain accumulated at the crest of wrinkles by using measured 
wrinkle geometry as shown in the wrinkle height profile (Figure S1b). In equilibrium wrinkles, the 
shear traction on the interface vanishes, and thus, in-plane membrane energy will balance the 
bending energy of a stiff layer, which is MoS2/WSe2/skin layer48. As a consequence, with the 
elastic plate theory, the maximum uniaxial tensile strain (𝜀) can be estimated as 𝜀~ !!"#

(%&'!))!
 49,50, 

where t is the thickness of the stiff layer (skin layer + flake layers), 𝜈 is the effective Poisson’s 
ratio, and ℎ and 𝜆 are measured wrinkle geometry of height (crest-to-valley) and wavelength, 
respectively. First, we fitted our measured height profile to a sinusoidal profile to obtain the 
average amplitude (~0.44 µm, and thus the height of ~0.88 µm), and wavelength (~4.36 µm) of 
wrinkles (Fig. S7a). The thickness of the formed silica skin layer was determined by X-ray 
reflection analysis, which is approximately 15 nm (Fig. S7b). The effective Poisson’s ratio is 
determined based on Poisson’s ratios of MoS2 (0.125), WSe2 (0.19), and silica skin layer (0.17). 
The maximum uniaxial tensile strain is then estimated as about 0.76%. This geometry-driven 
estimated strain value is slightly lower than our Raman-driven estimated strain (~0.8%), and we 
attributed the discrepancy to the use of averaged geometry values of wrinkles, where the actual 
height profile shows a smaller radius of curvature at the crest compared to the fitted curve as shown 
in Figure S7a.  
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