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1. Optical image of WSe2/Mo0.5W0.5Se2 heterobilayer 

 

 

Fig. S1. Optical image of a WSe2/Mo0.5W0.5Se2 heterobilayer. Far-field hyperspectral PL 

images of an indicated area (black solid box) are presented in Fig. 1a. 

 

 

 

 

 

 

 

 

 

 



2. Comparison to confocal photoluminescence imaging 

 

For direct comparison, we measured a photoluminescence (PL) image via confocal 

microscopy for the same measurement region as the hyperspectral TEPL image in Fig. 2a in 

the main text. As shown in Fig. S2, in the far-field PL image the nanoscale non-uniform 

interlayer coupling strength and associated possible variations of IXs cannot be resolved. This 

result shows the superior resolving power of TEPL imaging compared to the conventional 

confocal PL imaging. 

 

Fig. S2. Far-field PL image for the same region as shown in Fig. 2a in the main text. Here, the 

nanoscale excitonic properties cannot be resolved due to the diffraction limited spatial 

resolution. 

 

 

 

 

  



3. In-plane and out-of-plane optical field distributions at plasmonic nanotip 

 

Fig. S3a and b show that the local optical field enhancement of the out-of-plane mode is 

stronger by a factor of ≥3×102 compared to the in-plane mode right below the Au tip apex. 

Because the in-plane dipole of the XWSe2 couples to the gap-plasmon oscillation of the Au tip 

and Au substrate very inefficiently, nonradiative damping and PL quenching processes 

dominate over enhancement at few nm gaps. In contrast, with the out-of-plane dipole of the 

IX efficiently coupled to the tip-substrate gap plasmon, its radiative decay is increasingly 

enhanced at smaller gaps, which leads to the evidently enhanced IX TEPL signal as shown in 

Fig. 2d in the main text. 

 

Fig. S3. Results of finite-difference time domain (FDTD) simulations for the in-plane (a) and 

out-of-plane (b) optical field intensity and confinement under the experimental conditions of 

tip-induced pressure engineering with simultaneous TEPL spectroscopy. 

 

 



4. Calculation of TEPL enhancement factor 

 

For the experimental result obtained on a WSe2/Mo0.5W0.5Se2 heterobilayer as shown in Fig. 

2a of the main text, we can use the following equation to estimate the TEPL enhancement 

factor (EF) [53]: 

EF = (
𝐼tip−in − 𝐼tip−out

𝐼tip−out
) ×

𝐴FF

𝐴NF
, 

where 𝐼tip−in refers to the PL peak intensity with the tip brought into proximity with the sample 

(TEPL) and 𝐼tip−out refers to the PL peak intensity with the tip retracted (far-field PL) from the 

crystal face. AFF and ANF indicate the PL measurement areas corresponding to the beam spot 

created in the focus of an oil-immersion objective lens (NA = 1.25) and the near-field excitation 

region formed by the Au tip, respectively. The values of 𝐼tip−in and 𝐼tip−out are derived from 

curve fitting by a Voigt function. The values of AFF and ANF are derived using a general equation 

for an area of a circle π𝑟2  by considering a radius 𝑟𝐹𝐹 ≃ (
𝜆

2𝑁𝐴
) × 1.5  = ~380 nm (the 

empirical factor of 1.5 is used [54]) of the far-field laser spot and 𝑟NF with half of the spatial 

resolution of the used Au tip, 10 nm (derived from Fig. S4b). Using the EF equation above and 

the values derived from our experiment (Fig. S4a), we estimate the TEPL enhancement factor 

for the TEPL without tip-induced sample-modification effects as high as ~1.6 × 103. 

 

Fig. S4. a Comparison of far-field PL and TEPL spectra of IX measured at the region of strong 

interlayer coupling on the heterobilayer. b Line trace of the integrated intensity of the IX TEPL 

across the L1 as indicated in Fig. 2a in the main text, measured with an Au tip. 

  



5. Reversible tip-induced pressure engineering of interlayer distance in 

the heterobilayer 

 

First, we place the Au tip at the weak interlayer coupling region to show the tip-induced 

modifications for three TEPL peaks (IX = 1.52 eV, XMo0.5W0.5Se2 = 1.57 eV, and XWSe2 = 1.64 eV), 

as shown in Fig. S5a. We then slightly press the top layer (WSe2) with the Au tip to reduce the 

interlayer distance dI which gives rise to the increased binding energy of IXs by the stronger 

interlayer coupling at the local region. Fig. S5b shows the resulting TEPL spectrum exhibiting 

the respective intensity changes of IX, XMo0.5W0.5Se2, and XWSe2. As expected, the IX intensity is 

increased accompanied by the decreased XMo0.5W0.5Se2 and XWSe2 intensities, which is attributed 

to the improved interlayer coupling strength. In this experiment, the tip-induced displacement 

of the top layer (WSe2) is ~0.2 nm, which is precisely regulated by a set-point modulation in a 

shear-force feedback (see Methods for details). Furthermore, through the simple tip-press and 

-release process, we can dynamically change the interlayer distance in a reversible fashion 

without affecting the crystal quality. Fig. S5c shows the TEPL intensity ratios of inter- and intra-

layer excitons when the dI is changed by the tip-press and -release processes. Both 

XMo0.5W0.5Se2 and XWSe2 show the competing radiative recombination behavior with the IX 

depending on the interlayer coupling strength. 

 

 

 

Fig. S5. a-b. TEPL spectra obtained at the weak interlayer coupling region before (a) and after 

(b) pressing the top layer (WSe2) with the Au tip to control the interlayer coupling strength. 

Three TEPL peaks of XWSe2, XMo0.5W0.5Se2, and IX are fitted with Lorentzian functions. c TEPL 

intensity ratios of inter- and intra-layer excitons with respect to the interlayer distance changed 

by the tip-press (steps 1 and 2) and -release (steps 3 and 4) processes. 

 

 



6. Estimates for the local pressure and force induced by tip-pressure 

 

To estimate the applied pressure during tip-induced bandgap engineering, we calculate the 

induced local pressure and force using a commercially available numerical simulator (ANSYS) 

when the tip presses the heterobilayer. Fig. S6 shows the calculated averaged pressure and 

force near the tip apex region ranging from 0 to 2 GPa and 0 to 40 nN each depending on the 

pressing depth. The initial interlayer distance is assumed as 0.2 nm for the calculation. 

 

Fig. S6. Calculated local pressure and force applied to the heterobilayer when the Au tip 

presses the heterobilayer. 

 

  



7. Estimates for the local stress/strain induced by tip-pressure 

 

To quantify the tip-induced local stress and strain at the pressurized heterobilayer, we modeled 

the Au tip and the WSe2/Mo0.5W0.5Se2 heterobilayer using an ANSYS program, as shown in 

Fig. S7. When the tip-pressure is applied to the top layer, the induced compressive stress (σ) 

and strain (ε) reach up to ~12 GPa and ~0.08 % as a maximum value of each, right below the 

tip apex. However, the tip-induced modification effects are limited to within few nm along the 

sample surface. By comparing the results of Fig. S3a and b, we can understand that the IX 

TEPL depends more sensitively on the tip-induced pressure than that corresponding to XWSe2 

and XMo0.5W0.5Se2. 

 

Fig. S7. Calculated local compressive stress ( σ ) and strain ( ε ) applied to the 

WSe2/Mo0.5W0.5Se2 heterobilayer on the Au substrate when the Au tip presses for different 

pressing depths (dp = 0 to 0.6 nm). Inset figure: Model of the Au tip, Au substrate, and 

heterobilayer to simulate the tip-induced local deformations of the sample. 

 

 

  



8. Determination of the high-power regime for tip-induced hot electron 

injection 

We conduct power dependent measurements of far-field PL of IX and IX- to identify the high-

power regime, in which the prominent photocarrier injection from the Au substrate to the 

heterobilayer appears. As shown in Fig. S8a, we observe almost linear trend of the IX- PL 

intensity as we increase the excitation power, while the slope of the curve for IX PL decreases 

with power. This result explains the accelerating process of IX to IX- conversion due to the 

increasing photocarrier injection. By plotting the intensity ratio of IX- to IX (Fig. S8b), we define 

two power regimes, i.e., low-power regime and high-power regime, divided at around 

excitation intensity ≈ 4×108 W/m2 where the slope changes rapidly. By comparing two distinct 

PL spectra from each power regime (Fig. S8c), we can notice that the spectral weight shifts to 

the lower energy accompanied by the linewidth broadening due to the trion peak emergence 

at the lower energy side. Our results in Fig. 2 and 3 in the main text were conducted in the 

low-intensity regime (an order of 108 W/m2) to minimize the photocarrier injection effects from 

the Au tip and substrate. In contrast, the experiments of Fig. 4 in the main text were conducted 

in the high-intensity regime (an order of 109 W/m2) for the effective manipulation of hot electron 

injection from the Au tip to the heterobilayer. 

 

Fig. S8. a Evolution of IX (blue) and IX- (green) PL intensity, as a function of excitation power 

per unit area. All intensities are obtained from Lorentz fits. b Evolution of IX- to IX PL intensity 

ratio showing the increasing conversion rate as the excitation intensity increases. c 

Normalized PL spectra selected from different excitation power regime (108 W/m2 for the low-

power regime and 109 W/m2 for high-power regime) showing significant redshift and linewidth 

broadening. 



9. Reversible pressure-engineering of heterobilayer in the high-power 

regime favoring IX to IX- conversion 

 

The reversible modification of IX, IX- and X emissions during the tip-induced pressure-

engineering under the high-power excitation is demonstrated in Fig. S9. The modified intensity 

ratio of IIX- / IIX (red) and IX / IIX (blue) clearly return to the original state when the tip pressure 

induced on the heterobilayer is released. 

 

 

Fig. S9. Changes of TEPL intensity ratio of IIX- / IIX (red) and IX / IIX (blue) when the Au tip 

presses and releases the crystal in a reversible manner. Black dashed line indicates the point 

of maximum pressure. 


