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Section S1. Sample preparation
Monolayer WS0.6Se1.4 encapsulated in hexagonal hBN is prepared with propylene carbonate (PPC) 
thin film by a pick-up method1. Monolayer WS0.6Se1.4 and few-layer h-BN are prepared by 
mechanical exfoliation with scotch tape on silicon substrates with a 300 nm oxide layer. We use 
PPC thin film to pick up top h-BN, monolayer WS0.6Se1.4 and bottom hBN in sequence with 
accurate alignment control under an optical microscope, with a pick-up temperature of 45℃. We 
further exfoliate uniform few-layer graphene onto Polydimethylsiloxane (PDMS) thin film and 
transfer it onto the SiO2/Si substrate with pre-patterned gold electrodes2 at 40℃. The PPC film 
with hBN/ WS0.6Se1.4/hBN junction is then stamped onto the graphite electrode. We make sure 
that the monolayer WS0.6Se1.4 is not covered completely by the bottom h-BN so it has good contact 
with the graphite electrode. The stamping temperature is set at 90℃ so that the PPC thin film can 
be removed easily with the vdW structure left on the SiO2/Si substrate. The device is then soaked 
in acetone for 12 hours to remove the PPC residue completely. Finally, another piece of few-layer 
graphene is transferred onto the top h-BN to work as the top gate electrode. 

Section S2. Optical spectroscopy setup for the SHG measurement
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Figure S1. A schematic of the second harmonic generation (SHG) spectroscopy setup.

The optical SHG setup is schematically shown in Fig. S1. We use a pulsed femtosecond laser 
(Coherent Chameleon Ultra) as the light source for the SHG measurement. The incident laser was 
chosen to be centered at 800nm, and the laser was focused by a 40X objective (NA: ~0.55) to a 
spot size of ~ 2 μm. An achromatic half-wave plate (Thorlabs) mounted on a motorized stage was 
used to change the polarization of the light. Then the SHG signal centered at 400 nm was collected 
by a CCD camera, after a linear polarizer and spectrograph.

Section S3. The trion splitting from the PL spectra of WS2

Figure S2. PL spectra of h-BN encapsulated monolayer WS2 at 14 K. Dashed lines are the Lorentzian 
fittings for the exciton (magenta), inter-valley trion (blue) and intra-valley trion (red) peaks.

Previous experiments have reported discrepant values for the trion splitting in monolayer WS2. A 
few earlier studies reported ~11 meV3,4, while a recent experimental reported ~ 6 meV in an h-BN 
sandwiched WS2 monolayer5. To reconcile the discrepancy, we have measured a high-quality h-
BN encapsulated WS2 and determine the splitting to be 6 meV, which is the value we cited in the 
main text. We measured the PL spectra at 14 K for the monolayer WS2 encapsulated by h-BN 
flakes. As shown in Fig. S2, the splitting trion peaks are clearly resolved in the PL spectrum in 
Fig. S2. The trion binding energy, defined as the energy difference between the exciton and trion, 
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is 36.7 meV for the intra-valley trion and 30.7 meV for the inter-valley, respectively. The binding 
energy difference between the two trions is thus 6.0 meV, which is due to the exchange interaction.

Section S4. Gate-dependent PL and reflection spectra of the monolayer WS0.6Se1.4

Due to the space limit in the main text, we include here the detailed PL spectra and reflectance 
spectra of the monolayer WS0.6Se1.4 at 14 K, as a function of the gate voltages.

Figure S3. (a) PL spectra of the h-BN encapsulated monolayer WS0.6Se1.4 as a function of the gate voltage 
at the temperature of 14 K. (b) Reflectance spectra of monolayer WS0.6Se1.4 as a function of the gate voltage 
at 14 K. (c) Monolayer WS0.6Se1.4 PL spectra with σ+ excitation and σ+ detection at different gate voltages. 
(d) Monolayer WS0.6Se1.4 PL spectra with σ+ excitation and σ- detection at different gate voltages.

Continuous wave (CW) laser centered at 1.960 eV is used as the excitation. Fig. S3a shows the 
detailed gate dependence of the PL spectra. At the negative gate voltage, neither the exciton nor 
the trion exhibits significant gate dependence. As the gate voltage increases from 0 to the positive 
voltage, the exciton peak intensity decreases while the trion peak increase, a result of the increased 
electron doping in the monolayer WS0.6Se1.4. Securitized investigation reveals that the trion peak 
is not a single Lorentzian peak. Instead, it can be fitted with two peaks which originate from the 
exchange interaction induced trion splitting. We show the detailed fitting in Section S5.
 As the gate voltage exceeds 0.75V, the trion peak disappears, and a new peak emerges. The new 
peak has been reported previously and was recently assigned to the plasma coupled exciton6–8. 

Fig. S3b shows the reflectance spectra of the device as a function of the gate voltage. The evolution 
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of the peaks is essentially the same as the PL spectra evolution as shown in Fig. S3a. However, 
the splitted trions are more clearly resolved.

Fig. S3c,d plot detailed circularly polarized PL spectra of the h-BN encapsulated monolayer 
WS0.6Se1.4 for the σ+ σ+ (Fig. 3c) and σ+ σ- (Fig. 3d) configurations. They correspond to the color 
plots shown in the Fig. 3 of the main text.  
 
Section S5. Fitting of the exciton and trion peaks.

Figure S4. PL spectra of the h-BN encapsulated monolayer WS0.6Se1.4 at 14 K when the gate voltage is (a) 
0.05 V, (b) 0.1 V, (c) 0.2 V, (d) 0.3 V and (e) 0.5 V. The dashed lines are the Lorentzian fittings of the exciton 
(magenta), inter-valley trion (blue) and intra-valley trion (red).

The PL of the trion is not a single Lorentzian peak because that it involves the splitting of the two 
trions. Here we use the two Lorentzian peaks to fit the PL from the trion, and we do so for different 
gate voltages in the n doping regime to show the evolution as a function of the gate voltage, which 
is shown in Fig. S4. The ratio of the intra-valley trion and inter-valley trion increases as the gate 
voltage increases (increased electron doping), leading to the overall red shift of the trion peak.

Section S6. Gate-voltage dependence of the excitonic complexes peak positions

Using the results from section S5, we plot the fittings for the exciton, intra-valley trion and inter-
valley trion peak as a function of the gate voltage in Fig. S5a, b, and c, respectively. We also show 
in Fig. S5d the peak position of the fitting peaks as a function of the gate voltage. The exciton peak 
exhibits a noticeable blue shift, while neither the intra-valley trion nor the inter-valley trion shows 
a significant shift. The insensitive gate voltage dependence of the trion peaks determines that the 
trion splitting is nearly a constant, 6 meV, for different gate voltages. Fig. S5e plots the integrated 
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intensity as a function of the gate voltage. 

Figure S5. The Lorentzian fittings of the PL from (a) the exciton, (b) the intra-valley trion and (c) the inter-
valley trion are plotted as a function of the gate voltages. (d) The peak position of the exciton (magenta), 
intra-valley trion (red) and inter-valley trion (blue) as a function of the gate voltages. (e) The integrated PL 
intensity from the fitting for exciton (magenta), intra-valley trion (red) and inter-valley trion (blue) as a 
function of the gate voltages.
 
Section S7. Linearly polarized PL spectra of bare monolayer WS0.6Se1.4 and BN flakes

To confirm the nature of the emerging peaks (Raman mode I and II in the main text) in the BN 
encapsulated monolayer WS0.6Se1.4 device, we take the control measurements by taking PL spectra 
of the monolayer WS0.6Se1.4 (without BN encapsulation layer) and bare h-BN flake with the 
linearly polarized excitation and a parallel or cross polarizer at 77 K in Fig. S6. The photoexcitation 
is a CW laser centered at 1.960 eV. It is evident that the additional Raman peak I and II (shown in 
the main text) for the BN encapsulated monolayer WS0.6Se1.4 are missing in Fig. S6a and S6b. This 
confirms that the Raman mode I and II are from the interlayer coupling in BN encapsulated 
monolayer WS0.6Se1.4.
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Figure S6 (a) PL spectra of monolayer WS0.6Se1.4 (without BN encapsulation) with the linearly polarized 
excitation, detected by the parallel or cross linear polarizer at 77 K. (b) PL spectra of bare h-BN flake taken 
with the parallel and cross configuration at 77 K. Spectra in both (a) and (b) are optically excited by a CW 
laser centered at 1.960 eV

Due to the limited space in the main text, we present part of the wavelength and gate dependence 
measurements here. Fig. S7a shows PL spectra of another monolayer WS0.6Se1.4 device with 
different photoexcitation at 1.960 eV (red) and 1.951 eV (black) at 14 K, and the spectra were 
taken with the parallel configuration. The two main emerging peaks I and II showed in the main 
text, shift position as the photoexcitation energy changes, but the Raman shift stay the same, 
813cm-1 and 1068cm-1, respectively. As we switch the photoexcitation to 2.331 eV at 77 K, as 
shown in Fig. S7b, the Raman mode I (813cm-1) is still visible, but the intensity is quenched by 
more than two orders of magnitude, confirming the resonant nature of the Raman process.

Section S8. Gate-voltage dependence of the emerging mode I and II. 

We also show here the detailed gate dependence study of the emerging peak I and II. We took the 
linearly polarized PL spectra of a monolayer WS0.6Se1.4 with photoexcitation at 1.960 eV in the 
parallel (Fig. S7c) and cross (Fig. S7d) configuration. Because the sensitive dependence on the 
polarization, we can subtract the PL spectra in the parallel configuration with that in the cross 
configuration to obtain a background free spectra, with clear emergence of the mode I (~ 1.83 eV) 
and II (~ 1.86 eV). Both peaks exhibit sensitive dependence on the gate voltage, most pronounced 
for the gate voltage between -2 V to 0 V and quenched for the positive gate voltage. Based on the 
behavior of the PL intensity of the A exciton, the monolayer WS0.6Se1.4 is close to charge-neutral. 
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Figure S7 (a) Linearly polarized PL spectra of the BN encapsulated monolayer WS0.6Se1.4 device with 
optical excitation at 1.960 eV (red) and 1.951 eV (black) at the temperature of 14 K. The spectra were taken 
in the parallel configuration. (b) PL spectra of the monolayer WS0.6Se1.4 with photoexcitation at 2.331 eV at 
77 K. The spectra were taken at the parallel configuration. (c) PL spectra of the monolayer WS0.6Se1.4 as a 
function of the gate voltage at 77 K. The spectra were taken in the cross configuration with the 
photoexcitation at 1.960 eV. (d) PL spectra of the monolayer WS0.6Se1.4 as a function of the gate voltage at 
77 K. The spectra were taken in the parallel configuration with the photoexcitation at 1.960 eV. (e) Linearly 
polarized PL spectra difference of the monolayer WS0.6Se1.4 between the parallel and cross configuration 
as a function of the gate voltage at 77 K, with the photoexcitation at 1.960 eV. The emerging peak I and II 
exhibit sensitive dependence on the gate voltage. Note the spectra in (c)-(e) are stacked with an offset for 
clarification. 

Section S9. Gate-voltage dependence of the emerging mode I and II. 

To investigate the nature of the new optical resonances (X*), we plot the differential reflectance 
spectra of the monolayer WS0.6Se1.4 as a function of the gate voltage at 14 K in Fig. S8a as a color 
plot and the detailed spectra for each gate voltage is shown in Fig. S8b. The most pronounced 
feature around ~1.80 eV is due to the A exciton resonance, whose intensity is most strong at the 
gate voltage between -2 V to 0 V and start to vanish as the gate voltage exceeds 0 V. A small bump 
can be observed centered ~ 1.94 eV (indicated by the black arrow in Fig. S8a), which we attribute 
to the new resonance X*. The intensity of the X* is much weaker than the A exciton resonance, 
but it can still be seen in the zoom-in of the spectra in Fig. S8b, shown as the gate voltage 
dependence in Fig. S8c. To illustrate the gate voltage dependence of the X* more clearly, we take 
the derivative of the spectra in Fig. S8c and show them in Fig. S8d (the color plot is shown in the 
main text as Fig. 5b). It is evident that the X* exhibit same gate voltage dependence as the A 
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exciton resonance, which supports our assignment of the new X* resonance to the 2s state of the 
A exciton. 

Figure S8 (a) Color plot of the differential reflectance spectra of the monolayer WS0.6Se1.4 as a function of 
the gate voltage at 14 K. The color represents the magnitude of the differential reflectance signal. (b) 
Differential reflectance spectra of the monolayer WS0.6Se1.4 as a function of the gate voltage at 14 K. (c) 
Zoom-in of the differential reflectance spectra in (b) near 1.94 eV. (d) The derivative of the spectra in (c).

Section S10. Differential reflectance of the device

To confirm that the new optical resonances (X*) is not from the B exciton of WS0.6Se1.4, we plot 
the differential reflectance spectra of the device below in Figure S10. Here we have found the 
existence of the B exciton of WS0.6Se1.4 at 2.22 eV, which is more pronounced than the X* peak. 
The B exciton lies ~400 meV below the A exciton resonance, similar to the value reported in WSe2 
and WS2

9.
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Figure S9. Differential reflectance spectra the BN encapsulated monolayer WS0.6Se1.4 at 14 K.

Section S11. AFM measurement
We show below the AFM measurement of the piece of the hBN flake used in our device 2 (data 
shown in Fig. S10). We note that all the BN flakes we chose as top gate dielectric show similar 
color contrast under an optical microscope, and they should be similar in terms of thickness.

Figure S10. (a) Atomic force microscope (AFM) topography measurement of a BN flake used as the top 
dielectric for our device fabrication. (b) The step height profile of the BN flake edge (blue line in (a)) can 
be used to determine the BN thickness. 

As shown in Fig. R1, the thickness of the hBN flake is around 6.2 nm (about 10 layers). We thus 

estimate the carrier density based on a parallel plate capacitance model: , in which the 𝐶 =
𝜀r𝜀0𝐴

𝑑

thickness of hBN , and the dielectric constant of hBN  are used10. The 𝑑 = 6.2𝑛𝑚 𝜀r = 3.78
capacitance is calculated to be 0.54 µF/cm2. As a result, the additional voltage shift of 1 V from 
the charge neutral point will introduce a carrier density of .3.4 × 1012𝑐𝑚 ―2
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Section S12. DFT calculation

Two different models were constructed for the alloy. The first was the C3v Janus structure with 
50% S. The second alloy was modeled with a 2x2 supercell of the TMD structure. One and two 
pairs of Se atoms were replaced with S atoms to create alloys with 25% S and 50% S, respectively. 
Here, pair refers to chalcogen atoms with the same in-plane position but on opposite sides of the 
W atom in the out of plane direction. The Raman calculations were performed using Quantum 
Espresso11 and Castep12 under the local density approximation (LDA) with norm conserving 
pseudopotentials and a plane wave basis up to an energy cutoff 1224 eV. The lattice constants and 
atomic positions were fully relaxed with a force convergence threshold of 0.00025 eV/ Å. The 
Brillouin zone was sampled with a 12 x 12 gamma centered k-point grid. Density functional 
perturbation theory (DFPT) with linear response was used to calculate the vibrational modes at the 
gamma point. The Raman coefficients were obtained from the second order response with respect 
to an electric field13. In the Janus structure, four Raman active modes were found: one in-plane E 
mode at 205.4 cm-1, one out of plane A1 mode at 282 cm-1, one in plane E at 334.7 cm-1, and one 
A1 out of plane at 421.3 cm-1. None of these modes are close to the frequencies we have found in 
the monolayer WS0.6Se1.4, suggesting the synthesized structure is closer to the second alloy.
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Band structure calculations were carried out in Quantum Espresso11 with the PBE14 functional 
because it generally gives better values for the spin-orbit splitting in TMDs than LDA. The lattice 
constants and atomic positions were fully relaxed with the PBE functional with a force 
convergence threshold of 0.00025 eV/Å. Norm conserving pseudopotentials constructed with the 
Optimized Norm-Conserving Vanderbilt (ONCV) method15 were used. The wavefunctions were 
expanded in a plane wave basis up to a cutoff energy of 1088 eV and the Brillouin zone was 
sampled with a 7x7 Monkhorst-Pack16 k-point mesh.

Reference

Figure S11 (a) Raman activity of first principles calculations of WS0.5 Se1.5 and Janus WS1Se1 
compared with the experiment WS0.6Se1.4. (b) Top and side views of simulated WS0.5Se1.5 and (c) 
Janus WS1Se1. W atoms: blue. S atoms: yellow. Se atoms: orange. (d) Simulated vibrations modes 
of WS0.5 Se1.5 close to those obtained experimentally.
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