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Sample fabrication. Samples were fabricated using electron beam deposition, chemical 

vapour deposition, etching procedure and 2D material transfer. First, a 3 nm-thick Cr 

adhesion layer and 65 nm Au film were deposited on top of a 1 mm-thick quartz substrate 

using electron beam evaporation. Second, a Si3N4 waveguide layer was grown by chemical 

vapor deposition (CVD) to cover the Au film. Third, a monolayer of MoS2 (grown by the 

CVD method on Si/SiO2 substrate and acquired from 2D Semiconductors) was spin coated 

with a poly(methyl methacrylate) (PMMA) resist. Then, the PMMA/MoS2/SiO2/Si stacks 

were set onto the scotch type with a window and floated in KOH solution until complete 
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Si/SiO2 etching which happened within a few hours. Next, the PMMA/MoS2 films on the 

scotch type were rinsed with DI water and fished for transfer procedure.  Fourth, the 

resulting monolayer of MoS2 was transferred on top of quartz/Au/Si3N4 structure using the 

standard dry-transfer technique as described in [S1]. Finally, after drying overnight, the 

samples were baked on a heating plate at 120
o
C for 20 min in order to improve MoS2 

adhesion to the Si3N4 layer and the PMMA layer was removed by soaking in acetone. 

Characterisation. Raman and photoluminescence (PL) spectra of the CVD grown MoS2 

monolayer was recorded with a Witec confocal Raman spectrometer at the excitation 

wavelengths of 514nm and 632.8nm. Fourier Transform Infra-Red (FTIR) spectroscopy was 

performed with the help of a Bruker Vertex 80 system and a Hyperion 3000 microscope. A 

variety of sources and detectors, combined with aluminium coated reflective optics enable 

this system to be used from visible to mid-IR wavelengths. 

We also performed an accurate determination of the complex refractive index and thickness 

of a MoS2 monolayer using a variable angle Woollam M2000F focussed-beam spectroscopic 

ellipsometer. The spot size on the sample was approximately 30 μm × 80 μm at ~70-80 

angles of incidence. Ellipsometry measures two parameters,  (reflection) and  (phase), 

which are related to the complex amplitude reflectance ratio: tan(Ψ) exp(𝑖Δ) = 𝑟𝑝 𝑟𝑠⁄ , where 

rp and rs are the amplitude reflection coefficients for p- and s-polarized light [S2]. In 

addition to ellipsometric parameters Ψ and Δ, the ellipsometer allowed us to separately 

measure Rp and Rs, the intensity reflections for p- and s-polarized light, respectively, at 

various angles of incidence with respect to the total light intensity. Note that the 

ellipsometric parameter Ψ simultaneously describes interference resonances excited by p-

polarized light (TM modes), when rp and Ψ tend to zero and s-polarized light (TE modes) 

when values of rs become very small and Ψ goes to 90. 
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Raman spectra. Figure S1 shows the Raman spectra of a CVD grown MoS2 monolayer. 

Raman spectra were measured from the MoS2 films placed on different substrates using an 

excitation laser with wavelength of 514.5 and 632.8 nm. The separation between the in-plane 

mode (E2g) at 386 cm
−1

 and out-of-plane mode (A1g) at 406 cm
−1

 is 20 cm
−1

 for as-grown film 

on Si/SiO2 substrate, which is typical for a monolayer of MoS2 [S3, S4]. We found that the 

position of E
1

2g peak is insensitive to the underlying layer (SiO2 or Si3N4) with accuracy of 

0.2 cm
-1

 (which is close to the measurement error). However, the frequency of the A1g mode 

was red shifted by 3 cm
-1 

for a MoS2 monolayer transferred to Si3N4 film as shown in Fig. 

S1. This shift could be caused by an additional doping from Si3N4 that changes the electron 

density in MoS2. Intensities of Raman signals were strongly dependent on local electrical 

fields on the surface of SiO2 and Si3N4. Optical interference, resulting from reflection and 

refraction at interfaces MoS2/Si3N4 and Si3N4/Au, strongly enhance (about one order of 

magnitude) the Raman signal as compared to dielectric/dielectric (Quartz/Si3N4) and 

dielectric/semiconductor (Si/SiO2) interfaces. It is worth noting that the intensity ratio 

between the E
1

2g and A1g Raman active modes (IE2g/IA1g) changes from 1.05 for a 

Au/Si3N4/MoS2 hybrid nanostructure to 0.5 for a Si/SiO2/MoS2 one. Therefore, the 

enhancement of Raman intensity of MoS2 in the studied hybrid nanostructures could originate 

from the increase of local electrical fields on the surface of Si3N4. 

The importance of interference in our structures was confirmed from MoS2 

photoluminescence measured on different substrates (see Fig. S2). The PL emission from the 

A exciton at 680 nm was found to depend on geometry of the structure. First, the main PL 

peak of A exciton was shifted to lower energies in the presence of a gold sublayer. Second, 

PL intensity was nearly 5 times larger for the Au-based sample than that for a MoS2 

monolayer on the top of quartz/Si3N4 substrate. PL enhancements have their origin in higher 

reflectivity of Si3N4/Au interface for both excitation and emission wavelengths as compared 
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to that of Si3N4/quartz interface, consistent with the result reported previously [S5]. Third, PL 

spectra demonstrate a small Stokes shift (about ~50 nm), which is the difference in 

wavelengths between positions of the PL peak and laser excitation (632.8 nm). The Raman 

(Fig. S1) and PL (Fig. S2) spectra indicate the excellent optical quality of the MoS2 

monolayer and demonstrate importance of interference effects. 

Refractive index of insulator, Si3N4 film. The refractive index and dielectric permittivity 

d=nd
2
 of Si3N4 film were determined using ellipsometry measurements. We have carried out 

optical measurements in a broad spectral region (250-1700 nm). Silicon nitride (Si3N4) is a 

wide bandgap semiconductor material transparent to both visible and infrared light. Our 

measurements confirm the stoichiometric nature of the deposited Si3N4 film. We found that 

the spectral dependence of the refractive index, nd, in the 250-1700nm range of Si3N4 films of 

different thicknesses (see Fig. S3), was the same as for a bulk structure described in [S6]. 

FTIR measurements. The infrared spectra of silicon nitride films exhibit a strong band 

around 890 cm
-1

 and a shoulder at 1170 cm
-1

, arising from Si-N vibration (Fig. S4). These 

results suggest that the film contains the stable Si-N bond which forms the bulk-like network. 

The strong and sharp mode centred at 890 cm
-1

 shows the formation of a continuous Si3N4 

film and can be assigned to the transverse optical phonon (TO) mode [S7]. The observed 

positions of the longitudinal (LO) and TO optical phonon modes in the IR spectra (Fig. S4) 

indicate that the CVD deposited Si3N4 film becomes dense even for small thickness. 

Observed features at 2165 and 2360 cm
-1

 most probably correspond to Si-H and SiN3-H 

bonds present in the silicon nitride network, which is in good agreement with the data 

reported for CVD Si3N4 films [S7]. 

Using frequencies of the LO and TO optical phonon modes extracted from FTIR 

measurement, we can estimate the static dielectric constant, st of the CVD deposited Si3N4 
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film. It is well known that the large static dielectric constant can be calculated using the 

Lyddane-Sachs-Teller formula [S8]: 

  

 

where ωLO and ωTO are the longitudinal optic and transverse optic phonon frequencies 

respectively, ε∞ is the high frequency permittivity for a Si3N4 film evaluated from dependence 

of the refractive index in the low wavelength region (Fig. S3). Our measurements gave a 

value of st8.5 for studied Si3N4 films due to the large frequency of the LO mode (ωLO  

1170 cm
-1

) and the small frequency of the transverse optical mode (ωTO 890 cm
-1

). 

Ellipsometric data and optical constants. To retrieve optical constants from ellipsometric 

measurements, we performed regression fitting of measured spectroscopic ellipsometry data 

using Fresnel's equations for a multilayer model that consisted of a quartz substrate, a Au 

layer, a Si3N4 layer and a MoS2 monolayer. The thicknesses of the layers were taken from the 

experimental geometry and separate modelling, while the optical constant of the sublayer was 

measured and fitted in separate experiments. The fitting of ellipsometry data was performed 

using Woollam WVASE32 software. The quartz/Au and quartz/Au/Si3N4 structures were 

also separately measured and modelled using the same software. We started our analysis by 

determining thickness of the Si3N4 layer fabricated on top of quartz/Au substrate using a 

ellipsometric spectra measured outside the sample area. The thickness of a MoS2 monolayer 

was taken to be equal 0.7 nm (as found by additional AFM measurements). Ellipsometric 

spectra of the Au/Si3N4/MoS2 hybrid waveguide nanostructure are shown in Figure S5. It is 

worth noting that both Ψ (and Δ which is not shown) demonstrate complicated behaviour due 

to the interference effect. The ellipsometric functions also show a prominent variability in the 

vicinity of the A and B exciton absorbance (600-660nm). Measured wavelength dependences 

𝜀𝑠𝑡 = 𝜀
𝜔𝐿𝑂
2

𝜔𝑇𝑂
2                                                                                (S1) 
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of the complex refractive index (𝑛̃ = 𝑛 + 𝑖𝑘) of MoS2 monolayer for two different gate 

voltages are shown in Figs. 3 and S6. 

The extracted dielectric function, ()=(n+ik)
2
, of a CVD MoS2 monolayer can be 

modelled by fitting with a multi-Lorentzian function [S9] 


 


N
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22
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

  ,                                                                      (S2) 

where fk, Ek, and k are the oscillator strength, the spectral resonance energy Ek, and the 

spectral width k of the k-th oscillator, respectively. These values for the model parameters 

for a MoS2 monolayer were determined by fitting Eq. (S2) to the experimental data presented 

in Figs. 3 and S6. A good agreement between the extracted experimental dependences of the 

complex refractive index (𝑛̃ = 𝑛 + 𝑖𝑘) and the analytical formula (S2) were obtained for the 

fk, Ek, and k parameters presented in the Table I. Note that the numerical fitting is less 

accurate for short wavelengths due to a possible contribution of film roughness and additional 

impurities to experimental data and in the IR range where the Drude term needs to be added 

to multi-Lorentzian function (S2). To describe the variation of the refractive index (n and k) 

with gating voltage, Vg, we change the parameters associated with the excitons A and B. To 

examine the accuracy of the fitting method, we compared the imaginary part of the refractive 

index, k, of a MoS2 monolayer for different gate voltages in Figure S6. The measured and 

fitted values show nice consistency in the vicinity of A and B exciton peaks as shown in Fig. 

S6. Note that the resonant energies E1(A) and E2(B) for excitons A and B do not change with 

applied Vg.  We found that field-dependence of the refractive index of MoS2 is caused by a 

variation of the oscillator strength f1,2  and the spectral width 1,2 for both excitons (Table 1, 

Fig. S6). Changes of these parameters could be induced by injected charge carries. Such 

injection affects the optical properties of the MoS2 monolayer due to Coulomb scattering and 

dielectric screening. 
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Refractive index of a MoS2 monolayer as a function of gating voltage. Using a Fresnel 

transfer matrix model of the waveguide hybrid device (Fig. 1) and the measured spectra of 

the polarized reflectance at different gate voltages (Fig. 3), we were able to extract the 

dependence of the complex refractive index of a MoS2 monolayer as a function of gating 

voltage (induced electron density). In our calculation, we modelled the CVD Si3N4 film as a 

Cauchy film described by three coefficients A, B, and C such that 𝑛𝑑 = 𝐴 + 𝐵 2 +⁄ 𝐶 4⁄ , 

where  is the wavelength of the incident light. The fitting of the experimental spectroscopic 

reflection measured on the same Si3N4 film outside gold and MoS2 layers gave the values 

A=1.988, B=0.02, C=0.0003. Using spectroscopic ellipsometry, we also extracted the 

complex refractive index of an electron-beam deposited gold film used in our structures 

modelled by fitting with two Lorentz functions and the Drude term. Calculated values for p- 

and s-polarised reflectance corresponding to our experimental design are represented in Fig. 

4. A good agreement between experiments and calculations was observed for both 

polarisations. Our calculations demonstrate that the s-polarised reflectance of the studied 

heterostructure can indeed be electrically tuned in the range of 10-13 % due to injection of 

charge carriers into the MoS2 monolayer and the changes in the complex refractive index of 

MoS2 resulting from spectral broadening of widths A,B and the decreasing of oscillator 

strengths fA,B. 

Figure S7 shows the calculated s-polarised reflection of MoS2/Si3N4/Au nanostructure as a 

function of the incident wavelength and the thickness of the dielectric Si3N4 layer, suggesting 

that the optimized Si3N4 thickness is in the range of 390-415 nm.  
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Figure S1. Raman spectra of the MoS2 monolayer stacked in Si/SiO2/MoS2 (exc=514.5nm;  

black curve), Quartz/Si3N4/MoS2 (red curve), and Au/Si3N4/MoS2 (blue curve) nanostructures 

(for both dependences exc=632.8nm). 

 

 

 

 

 

 

 

Figure S2. PL spectra of the MoS2 monolayer stacked in Quartz/Si3N4/MoS2 (black curve) 

and Au/Si3N4/MoS2 (red curve) nanostructures (exc=632.8nm).  
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  Figure S3. Spectral dependence of the refractive index of CVD Si3N4 film for 

different thickness. 

 

 

 

 

 

 

 

 

 Figure S4. IR spectra of CVD Si3N4 film as a function of film thickness. 
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Figure S5. Spectral dependences of ellipsometric parameter Ψ observed at 50-65degs angles 

of incidence for Au/Si3N4/MoS2 hybrid waveguide nanostructure. The measured (solid lines) 

and modeled (olive, dash) Ψ-spectra for different gate voltages (a) Vg=0V and (b) Vg=75V 

 

 

 

 

 

 

 

 

Figure S6. Measured and fitted imaginary part of the refractive index of monolayer MoS2 

film for different gate voltages.  
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 Figure S7. The calculated s-polarised reflection of the MoS2/Si3N4/Au nanostructure 

as a function of thickness of the dielectric Si3N4 film.  
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