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We demonstrate control over light-matter coupling at room temperature combining a field effect 

transistor (FET) with a tuneable optical microcavity. Our microcavity FET comprises a 

monolayer tungsten disulfide WS2 semiconductor which was transferred onto a hexagonal 

boron nitride flake that acts as a dielectric spacer in the microcavity, and as an electric insulator 

in the FET. In our tuneable system, strong coupling between excitons in the monolayer WS2 

and cavity photons can be tuned by controlling the cavity length, which we achieved with 

excellent stability, allowing us to choose from the second to the fifth order of the cavity modes. 

Once we achieve the strong coupling regime, we then modify the oscillator strength of excitons 

in the semiconductor material by modifying the free electron carrier density in the conduction 

band of the WS2. This enables strong Coulomb repulsion between free electrons, which reduces 

the oscillator strength of excitons until the Rabi splitting completely disappears. We controlled 

the charge carrier density from 0 up to 3.2 × 1012 cm−2, and over this range the Rabi splitting 

varies from a maximum value that depends on the cavity mode chosen, down to zero, so the 

system spans the strong to weak coupling regimes. 
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1. Introduction 

 
Exciton-polaritons are hybrid bosonic quasiparticles that have properties of both of their 

constituents:  material properties of excitons, responsible for strong non-linear interactions, and 

optical properties of photons, that make them low mass compared with bare excitons. These 

quasiparticles have enabled the observation of cold atom physics including Bose-Einstein 

condensation on a chip,[1] superfluidity,[2–4] and topological polaritons.[5] At the same time, 

owing to their hybrid light-matter nature, exciton-polaritons may provide the strong non-

linearities needed to deliver the strongly interacting photons[6] sought by quantum 

technologies.[7] This scenario could be significantly enriched by the ability of novel quantum 

materials to support room temperature operation of exciton-polaritons and the addition of 

unique functionalities, such as on-chip tuneable strength of light-matter interactions. 

Atomically thin semiconductors, part of the family of transition metal dichalcogenides (TMDs), 

exhibit a range of unique optical properties, which makes them one of the most promising 

material systems for enabling quantum photonics.[8] Prominent optical transitions in TMDs are 

widely dominated by excitons with a surprisingly large binding energy[9] making them viable 

for room temperature quantum electrodynamics. Additionally, due to their large exciton 

oscillator strengths, TMDs support strong light-matter interactions even in their atomically thin 

form.[10–15] However, the tuneability of light-matter interactions in TMD-based devices, which 

would enable further control over non-linear interactions, is still in its infancy and further 

development is needed. To investigate both tuneability and control over the light-matter 

coupling of exciton-polaritons we designed[16] and fabricated tuneable Fabry-Pérot 

microcavities with a TMD-based transistor embedded within the microcavity. We chose the 

TMD material tungsten disulfide, WS2, which exhibits the largest oscillator strength and the 

smallest damping factor among TMDs of chemical composition MX2 (M = W, Mo; X = S, 

Se).[17] These properties make WS2 the optimal semiconductor TMD for strong coupling 
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measurements of exciton-polaritons at visible frequencies, at room temperature, and in  

microcavities of moderate quality factor, Q ≈ 100. In our device, we increase the free carrier 

density of a WS2 monolayer, which produces strong Coulomb screening of the free electrons 

that populate the conduction band.[18] This screening reduces the oscillator strength of neutral  

excitons, which therefore weakens the coupling strength of exciton-polaritons.[19] Electrical 

control of light-matter coupling has been demonstrated in a monolithic microcavity filled with 

carbon nanotubes,[20] where near infrared excitons were strongly coupled to a single 

microcavity mode. By applying a range of gate voltages, the system was observed to cross 

reversibly from the weak to the strong coupling regime. Recently, this phenomenon was 

observed in the visible range using a monolithic TMD microcavity,[21] showing similar results. 

In our study we significantly extend the work by applying gate voltages sufficient to reach the 

saturation regime of the light-matter coupling strength, characterized by the vacuum Rabi 

splitting. For sufficiently negative values of the gate voltage, the Rabi splitting saturates to its 

maximum value, whilst for sufficiently positive values of the gate voltage (high electron carrier 

density), the Rabi splitting was completely eliminated. These observations allow us to explain 

the functional dependence of the Rabi splitting on the gate voltage and to probe the nature of 

the Coulomb screening process. In this report we studied a WS2 microcavity in which the TMD 

excitons are strongly coupled to microcavity modes that can be chosen from the third-order to 

the fifth-order by controlling the cavity length in a tuneable way. We observed a dependence 

of the Rabi splitting on the electrically-controlled density of free electrons, a density that ranges 

from 0 up to 3×1012 cm−2. Over this range the Rabi splitting varies from a maximum value 

(which depends on the order of the chosen cavity mode) down to zero, so that the hybrid system 

spans the strong to weak coupling regimes. 
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2. Results 

 

2.1. WS2-based field effect transistor 

 
We first studied the WS2-based field effect transistor without a microcavity. The transistor 

consisted of a Van der Waals heterostructure composed of WS2 placed on top of a hexagonal 

boron nitride (hBN) flake (see experimental section for device fabrication details). The 

WS2/hBN heterostructure was placed on a silver (Ag) film, which acts as a microcavity mirror 

(bottom mirror) as well as the gate contact of the transistor while WS2 was kept as a ground 

contact (see Figure 1(a) and (b)).  The hBN flake plays an important role in both the optical and 

the electronic performance of the transistor.  For the optics, hBN acts as a dielectric spacer; the 

thickness of hBN determines the position at which the WS2 flake is placed in the microcavity, 

and therefore the confined field intensity with which TMD excitons interact (see supporting 

information Figure S1). For the electronics, hBN acts as a dielectric insulator (∼3−4),[22] which 

prevents electrons from leaking between the WS2 and the Ag gate electrode. Transmission 

measurements were performed through this device and we studied the evolution of the 

minimum in transmission associated with the WS2 exciton for different values of the gate 

voltage. Figure 1(a) shows a microscope image of the top view of the WS2 transistor; colored 

lines are drawn to indicate the edges of the different materials of the heterostructure, red for 

WS2 and blue for hBN. The spot size for light collection (diameter 10 µm) is also indicated on 

the figure. The area of interest is a monolayer of WS2 (1L-WS2) electrically in contact with a 

multilayer flake (see Figure 1(a)) allowing for a minimized contact barrier height between the 

monolayer and multilayer TMD. The gate voltage is applied to the bottom Ag electrode while 

keeping the WS2 electrode grounded. In this configuration, the application of a positive voltage 

between the two electrodes increases the carrier density of free charge carriers that populate the 

conduction band of the WS2 monolayer, while the application of a negative voltage removes 

any doping of free charge carriers, leaving the sample electrically neutral in the range of 
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negative voltages applied. Because of the n-type character of WS2, hole doping was not possible 

in the range of negative gate voltages. In Figure 1(b) a schematic side view of the sample is 

shown, in which the direction of propagation of the transmitted light is indicated by arrows and 

the position of the electrical contacts is shown. We collected white light transmission spectra 

for different values of the gate voltage Vg as shown in Figure 1(c). In this figure a transmittance 

minimum is observed at a wavelength of 622 nm. This is associated with the neutral exciton 

transition of the 1L-WS2, labelled as Xo. In this figure we also observe the appearance of an 

asymmetric broadening associated with the weak transmittance of negatively charged 

excitons,[23] or negative trions, at a wavelength of 632 nm, which is labelled as X−. We observe 

a weakening in the transmission minimum associated with the neutral excitons as we sweep the 

gate voltage from -5 V to +5 V. We also observed strengthening of the feature associated with 

the negative trions. To clarify this observation, we extract the change in transmission associated 

with Xo and X− as a function of Vg. These data are shown in Figure 1(d) where values below 

one indicate how much the transmission is reduced in strength, whilst values above one indicate 

how much the transmission increases in strength.  We observed no significant electrical current 

through the hBN barrier in this range of voltages (see supporting information Figure S5), which 

suggests that the free electrons are accumulated on the WS2 which then leads to a reduction in 

the excitation rate of neutral excitons due to strong Coulomb repulsion between free carriers 

filling the conduction band.[24] 

 

2.2. Tuneable microcavity 

 

A tuneable microcavity was completed by adding a second silver mirror (top mirror) close to 

the top of the WS2 transistor, as shown in Figure 2(b). For the microcavity we collected 

transmission spectra as a function of the thickness of the air gap between the hBN spacer and 

the top silver mirror in a region where there is no WS2. These transmission spectra are then 
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compared to the modelled spectra from which we extract the experimental value for the 

thickness of the air gap (for details on modelling see the supporting information), as shown in 

the left panels of Figure 2(a). Here we identify the second-, third-, and fourth-order cavity 

modes. We observe excellent stability of our tuneable system, and very good quality of the 

microcavity modes compared to modelling. We repeated these measurements in a region of the 

microcavity where the 1L-WS2 was present, keeping the gate voltage fixed at 0 V. These 

measurements were compared to the model and are shown in the right panels of Figure 2(a). 

Here we observe a splitting of the cavity modes at a wavelength of 622 nm, associated with the 

neutral exciton transition of WS2. The mode splitting of the three cavity modes observed is 

greater than that of both the empty cavity mode and the exciton line widths (36 and 35 meV 

respectively), demonstrating that the system is in the strong coupling regime. We fit the 

calculated transmittance of a strongly coupled 1L-WS2-microcavity with an air gap of 787 nm, 

which corresponds to the third-order cavity mode, to the experimental observation as shown in 

Figure 2(c), where the free parameter was the oscillator strength of WS2; we found that the best 

fit was achieved for an oscillator strength of f = 2.6. A comparison between the calculated and 

the measured transmittance spectra of a bare 1L-WS2 is shown in Supporting Information 

Figure S3. The oscillator strength estimated in our experiments is significantly larger than 

values reported for WS2 on SiO2 or Al2O3 substrates.[12,21] The origin of this discrepancy could 

be the difference in the dielectric environment provided by the hBN flake in our devices, and 

also the fact that hBN provides an atomically smooth surface (roughness lower than 0.5 nm as 

measured by atomic force microscopy) which may reduce surface scattering and trapping 

effects in the WS2/hBN interface. 
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2.3. Electrical control of the light-matter coupling 

 

We next discuss the evolution of the cavity mode splitting in the strong coupling regime for 

different gate voltages ranging from -8 V to +8 V. To study the exciton and photon nature of 

the polariton bands we performed an analysis of the experimental data using a two coupled 

oscillator model, from which we obtained the Hopfield coefficients as described in the 

supporting information. We focused this analysis on the splitting of the third-order cavity mode, 

for four values of the gate voltage:  -8 V, +3V, +5 V, and +6 V. These results are shown in 

Figure 3(a), in which the four values of the gate voltage are indicated. On each plot we show 

the position of the neutral exciton transition of WS2 as a horizontal dashed line, and the third-

order cavity mode as an oblique dashed line. The circles are the peak maxima obtained by fitting 

pseudo-Voigt functions to the experimental data for each value of the air gap. We then fit the 

coupled oscillator model to the position of the peak maxima. The input parameter in this 

analysis is the experimental value of the Rabi splitting, which corresponds to the transmission 

peak splitting at the point where the neutral exciton transition crosses the bare cavity mode. 

From the coupled oscillator model we find the Hopfield coefficients which we show in Figure 

3(b) for the lower polariton band and (c) for the upper polariton band. We observe that the lower 

polariton band becomes more photon-like in nature for the most positive values of the gate 

voltage and therefore less excitonic in nature.  The upper polariton band becomes more 

excitonic in nature for the most positive values of the gate voltage. The behavior of both of the 

polariton bands suggests a decoupling between excitons and cavity photons that occurs when a 

positive gate voltage is applied. A decoupling between excitons and cavity photons can also be 

observed as a reduction of the Rabi splitting as a function of the gate voltage as shown in Figure 

4. In this figure we show the transmittance peak splitting for the (a) third-, (b) fourth-, and (c) 

fifth-order cavity modes as a function of gate voltage. These modes correspond to fixed air gaps 

of 787 ± 3 nm, 1097 ± 3 nm, and 1408 ± 3 nm respectively. For the three modes we observe a 
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dependence of the Rabi splitting on the gate voltage; the Rabi splitting reaches a saturation 

value when sufficiently negative voltages are applied to the transistor. In addition, the 

maximum splitting is lower for higher order cavity modes, as expected due to the weaker fields 

associated with the higher-order modes (see also supporting information Figure S6). From these 

measurements we obtain the Rabi splitting as a function of the gate voltage for the three cavity 

modes as shown in Figure 5(a). In this figure we also indicate the exciton line width, which is 

equal to or larger than any of the three cavity mode line widths, indicating that the system is in 

the strong coupling regime when the Rabi splitting is greater than the exciton line width. 

 

2.4. Rabi splitting and density of free electrons 

 

We now focus our attention on obtaining the dependence of the oscillator strength of WS2 as 

we change the gate voltage, a dependence that we can relate to an increase of the density of free 

electrons in the WS2. To do this we analyze the splitting of the third-order cavity mode. We  

first calculate the transmittance spectrum as shown in Figure 2(c) with an oscillator strength of 

f0 = 2.6,  which results in a Rabi splitting of 60 meV for the third-order mode at a gate voltage 

of 0 V. Prior to these measurements, we applied a sufficiently negative gate voltage to remove 

any excess of free electrons in WS2, so f0 is our initial oscillator strength for zero density of free 

electrons in the TMD. Next, we vary the oscillator strength in our calculations to reproduce the 

values of the Rabi splitting shown in Figure 5(a) for different values of the gate voltage. The 

density of free electrons N can be obtained by inserting the known values of the oscillator 

strength, f, in Equation (1), 

𝑓(𝑁) = '(
)* +

+,

 ,      (1) 

where the saturation number Ns is defined as the number density of carriers at which the 

oscillator strength is reduced to a half of the initial value f0. The value of  can be estimated for 



  

9 
 

any 2-dimensional system that allows for the excitation of excitons and free carriers either in 

the conduction or the valence band. For our analysis we used  , extracted from reference[25] 

where  is  the  effective  exciton-Bohr  radius  of  WS2,  which  has  been taken from reference[26] 

to be a value of 2 nm corresponding to the X0 exciton transition. These results are shown in 

Figure 5(b), where we also include the saturation function as described in Equation (1). The 

density of free electrons N found in this way agrees well with what is expected in a TMD system 

that behaves below the level of the Mott transition,[18,27] which has been estimated to occur at a 

density above 1013 cm−2. In our system, we found the saturation density to be 9.6×1011 cm−2, 

and in the range of voltages applied, the density of free electrons in the WS2 ranges from 0 up 

to 3.2×1012 cm−2. 

 

3. Summary and conclusions 

 
In summary, we studied continuous control over the light-matter coupling of exciton-polaritons 

in a WS2 microcavity at room temperature. We achieved this by controlling the charge carrier 

density in the semiconductor material. Due to the Coulomb interaction the free carriers repel 

each other and screen the oscillator strength of excitons in WS2. A specially designed WS2 

based field effect transistor was built on one of the mirrors of the microcavity,[16] then a second 

mirror was placed on top of the transistor leaving an air gap which we were able to control with 

a precision of ±3 nm in our tuneable system. This tuneability allowed us to study the polariton 

bands as a function of the thickness of the air gap, and we accessed different cavity modes 

ranging from the second-order to the fifth-order. For each of the cavity modes, at the resonance 

condition for WS2 excitons forming exciton-polaritons, we were able to record transmittance 

spectra over a range of gate voltages, from -8 V to +8 V, observing a dependence of the Rabi 

splitting as a function of the gate voltage. Over this range of voltages, we calculated the 

variation of the oscillator strength in the TMD film, extracted from modelling the transmittance 
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spectra to match the measured values of the Rabi splitting. We attributed the change in the 

oscillator strength of WS2 to Coulomb screening by the free electrons populating the conduction 

band of the TMD, we were then able to extract the density of free carriers in the conduction 

band, which ranges from 0 cm−2, at a gate voltage of 0 V, up to 3.2×1012cm−2, for a gate voltage 

of +8 V. Over this range of density of free carriers, the Rabi splitting ranges from a maximum 

value, which depends on the cavity mode chosen, down to zero, so the system spans the strong 

to weak coupling regimes. This control of the Rabi splitting could also be extended to exciton-

polaritons in p-type semiconductors with a strong excitonic resonance by injecting holes in the 

valence band of the material. 

 
 
4. Experimental Section 

 

Heterostructure: Flakes of WS2 and hBN were prepared by micromechanical exfoliation of 

bulk single crystals, and WS2/hBN heterostructures were assembled by a dry transfer method.  

Bulk WS2 single crystals were purchased from HQgraphene, while bulk hBN single crystals 

were purchased from Manchester Nanomaterials. Flakes are initially mechanically exfoliated 

onto a polydimethylsiloxane (PDMS) film. The PDMS film with the hBN flake is then inverted 

and aligned with the target substrate, which is a silver coated quartz glass prepared by thermal 

evaporation. When the hBN flake is stuck on the target substrate (by heating the substrate to T 

= 60oC), the polymer is slowly brought back and the hBN flake remains on the silver film. This 

process is repeated in order to place the WS2 flake on top of hBN. Monolayer flakes of WS2 

display a bright and narrow linewidth emission at room temperature (~40 meV) consistent with 

other works based on the highest quality WS2 films.[12,13] The hBN used was also characterized  

previously[28] using  graphene  Hall  bars  to  understand  the  impurities. It was found that 

graphene Hall bars display charge carrier mobilities as high as 50,000 cm2V−1s−1 at room 

temperature at charge concentrations of 5×1011 cm−2.  This value is comparable to literature 
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values for devices based on the highest quality hBN crystals. Breakdown voltages of our source 

hBN are also consistent with high quality hBN at 0.8-1 Vnm−1 indicating again the high quality 

of the dielectric. The leakage current in all gating measurements in our study was recorded and 

was always <10−9 A (see supplementary information Figure S5). 

 

Tuneable microcavity setup: The tuneable microcavity was completed by a top mirror placed 

on a piezo-electric stage (Thorlabs® MAX313D) controlled externally (Thorlabs® MDT30B) 

through LabView®. Both mirrors had five degrees of freedom; three translational and two 

rotational. The alignment procedure to make both of the mirrors parallel consisted of sending 

red light by using a band pass filter in front of the white light source. We then examined the 

transmitted light on a digital camera. The transmitted light consisted of an interference pattern 

of rings. By rotating the top mirror we adjusted the ring pattern until we reached the center of 

the pattern. The accuracy of this procedure depends on the magnification of the optical system, 

which in turn determined how many lines of the ring pattern could be observed on the computer 

screen, the accuracy also depended on the quality of the microcavity and the line-width of the 

band-pass filter, which determined the width of the lines that form the rings pattern. 

 

Optical and electrical measurements: Transmission measurements were performed in a 

confocal setup. The light source (Thorlabs® SLS201L/M) was fiber coupled, collimated and 

focused by X10 objective lenses through the bottom mirror. To collect the transmitted light 

through the top mirror a X50 objective lens was used (Olympus® SLMPLN50X), which was 

then focused on a fiber coupled spectrometer (OceanOptics® Flame). The gate voltage was 

applied by a Keithley® 2450 SMU; gate voltage and tunneling current were recorded for the 

different values of the cavity length. The top mirror was placed on a piezo-stage (Thorlabs® 

MAX312D, MDT630B) which allows for a control of the cavity length with a precision of 3 
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nm. Transmittance, piezo-stage voltage, and gate voltage measurements were synchronized 

using LabView®. 

 

 
Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. (a) Top view microscope image of the WS2/hBN/Ag heterostructure on quartz. Color 
lines indicate flake edges: blue for hBN, and red for WS2. (b) Schematic cross section of the 
WS2-based transistor. Arrows indicate the propagation direction of the white light. (c) White 
light transmittance of the 1L-WS2 for different gate voltages from -5 V to +5 V. The positions 
of neutral excitons Xo and negatively charged excitons, or negative trions X−, are indicated. (d) 
Data shown in (c) normalized to the transmittance spectrum for Vg = -5 V, which is the reference 
Tmax. This plot shows how the transmission for both the neutral excitons and the negative trions 
change for the different values of gate voltage. 
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Figure 2. (a) Experimental data and modelling of the empty cavity modes and the WS2-cavity 
modes as a function of the air gap between the WS2 flake and the top silver mirror. (b) 
Schematic of the tuneable microcavity, which consists of the same sample shown in Figure 1(b) 
but with a top mirror added leaving a small gap between the bottom and top mirrors. (c) 
Experimental and calculated transmittance of a strongly coupled WS2 microcavity. Strong 
coupling was achieved for a cavity air gap of 787 ± 3 nm, which corresponds to the third-order 
cavity mode. 
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Figure 3. (a) Analysis of the transmittance spectra of the third-order cavity mode of the WS2 
microcavity for different values of the gate voltage. Dashed oblique lines are the uncoupled 
cavity modes obtained from modelling an empty microcavity (see Figure 2(a)), horizontal 
dashed lines indicate the neutral exciton transition of WS2, and curved dashed lines are the 
lower and upper polariton bands obtained from the coupled oscillator model. Circles are the 
experimental peak center of the transmission data. (b), and (c) are the Hopfield coefficients of 
the lower and upper polariton bands respectively. The different colors correspond to different 
values of the gate voltage. Continuous lines correspond to the exciton contribution to the 
polariton bands. Dashed lines correspond to the cavity photon contribution. 
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Figure 4. Transmittance spectra of a WS2 microcavity for different values of the gate voltage 
and for a fixed air gap: (a) 787 ± 3 nm, (b) 1097 ± 3 nm, and (c) 1408 ± 3 nm, which correspond 
to the third-, fourth- and fifth-order cavity modes respectively. 
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Figure 5. (a) Rabi splitting as a function of the gate voltage obtained from the data shown in 
Figure 4. The three different cavity modes are shown as different colors: blue for the 3rd mode, 
red for the 4th mode, and green for the 5th mode. (b) Oscillator strength as a function of the total 
density of electrons N. The saturation function (Equation (1)) is also shown. 
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Electrical control of exciton-polaritons at room temperature is demonstrated in a WS2-based 
field effect transistor embedded in a tuneable optical microcavity. The application of a gate 
voltage increases the density of free charge carriers in the WS2 monolayer. Coulomb repulsion 
of the injected carriers screens the oscillator strength of WS2 excitons reducing the Rabi 
splitting of exciton-polaritons. 
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Electrically tuneable exciton-polaritons through free electron doping in monolayer WS2 
microcavities 
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1. Tuneable microcavity design 
 
Figure S1 shows the calculated electric field in the microcavity used in experiments for a fixed 

cavity length and for a single wavelength, to be 622 nm. Figure S1(a) shows the electric field 

map where the interfaces of the different materials are indicated as vertical white lines. This 

considers an air gap of 787 nm, for which it is possible to observe strong coupling as confirmed 

by our measurements (see main text, Figure 2(c)). This simulation also considers the known 

thickness of the different materials: 40 nm for silver, 46 nm for hBN, and 0.7 nm for WS2.[1] 

The optical parameters used in simulations are described in the Numerical calculations section 

in this supporting information. We observe in Figure S1(a) the splitting of the third-order cavity 

mode, which gives a Rabi splitting of 60 meV. We also show the real part of the complex 

refractive index of the different materials in Figure S1(b). 

 

Figure S1. Calculations of the electric field in the microcavity structure. (a) is a map of the 
electric field for a microcavity with an air gap of 787 nm, for which the third cavity mode is 
observed to be split in two, signature of the strong coupling regime. The blue line in (b) is the 
electric field profile for a wavelength of 622 nm, which correspond to the neutral exciton 
transition of 1L-WS2. The red lines are the values of the real part of the refractive index of the 
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different materials in the microcavity structure. The total length is the sum of the thicknesses 
of the silver films, and the hBN flake (measured by AFM), and the air gap. 
 
 
In Figure S2 we show the AFM measurements of the edge of the hBN flake on silver. Figure 

S2(a) is a top view and (b) is a 3-dimensional representation of (a). From these measurements 

we determined the hBN thickness to be 46 ± 1 nm, and the surface roughness of silver and hBN, 

to be 1 ± 0.1 nm and 0.2 ± 0.05 nm respectively. 

 

Figure S2. AFM images of an edge of the hBN flake on silver. (b) is a 3-dimensional 
representation of (a). From this data we measured a hBN thickness of 46 ± 1 nm, and a RMS 
surface roughness of 0.2 ± 0.05 nm. 
 

2. Properties of WS2 

In Figure S3 we show the experimental and calculated transmittance of a bare WS2 monolayer. 

For the calculations we used the optical parameters as described in the Numerical calculations 

section in this supporting information. 

 

Figure S3. Experimental transmittance of a WS2 monolayer and the calculated transmittance 
using parameters listed in Table S1. 
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In Figure S4 we show the transmittance of the WS2 monolayer for different values of the gate 

voltage. This is the same data shown in the main text in Figure 1(c), but here it is extended to a 

wavelength of 400 nm. The transmittance minimum at 525 nm is associated with the B exciton 

transition of WS2, which does not change as we sweep the gate voltage from -5 V to +5 V. 

 

Figure S4. Same measurements shown in the main text in Figure 1(c) but extended to shorter 
wavelengths to show the transmittance dip associated with the B exciton transition of WS2 at a 
wavelength of 525 nm. We observe no change in the B exciton, and a significant change in the 
X0 exciton at 622 nm as we apply a gate voltage. 
 
 
3. I-V curves 

In Figure S5 we show I-V characteristic for the WS2/hBN/Ag stack. These are consecutive 

measurements for all the different cavity lengths, ranging from 700 nm up to 1450 nm. Over 

this range we observe no significant change in the I-V characteristic. 

 

Figure S5. Superposition of consecutive measurements of the I-V characteristic of the WS2-
based transistor embedded in the microcavity for all the cavity lengths from third- to fifth-order 
cavity modes. 
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4. Rabi splitting and cavity modes 

In Figure S6 we show the measured and calculated maximum values of the Rabi splitting as a 

function of the cavity mode. We observe a very good agreement between the two sets of data. 

We also observe that in optimum conditions, the Rabi splitting can reach a value of 98 meV. 

To the best of our knowledge, such large value of the Rabi splitting in a TMD-microcavity 

structure has not previously been achieved experimentally at room temperature. This large 

value of the Rabi splitting can be achieved due to the excellent conditions the hBN flake provide 

for an efficient coupling of WS2 excitons to cavity modes, and also due to the large oscillator 

strength of exfoliated WS2 flakes, after removing any excess of free electrons. 

 

Figure S6. Calculated and measured maximum Rabi splitting as a function of the order of the 
cavity modes. 
 

 

5. Numerical calculations 

5.1 Transmission spectra 

To compare the measured transmittance of the microcavity with the calculated spectra, we 

modelled the electric field (see Figure S1) and the transmittance of the multilayer structure 

using a Fresnel formulation.[2] The input parameters in this formulation are the thickness and 

the complex permittivity of the different layers in the microcavity. The complex permittivity of 

silver and WS2 are shown in Equations (S1) and (S2), respectively, 
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In Equation (S1), 𝑓D is the oscillator strength of the intraband transition with damping factor ΓD, 

and 𝜔G is the plasma frequency of silver. 𝑓D = 0.845, ΓD = 0.048	𝑒𝑉, and ℏ𝜔G = 9.010	𝑒𝑉.[3] 

In Equation (S2), 𝜖C = 1, is the background permittivity of WS2, and 𝜔D is such that ℏ𝜔D =

1	𝑒𝑉. The other parameters used for calculations are listed in Table S1.[3] For WS2 we obtained 

the listed values in Table S1 from fitting the calculated transmission spectrum to the measured 

transmission of a WS2 monolayer, as shown in Figure S3. 

 

Table S1. Parameters for the calculation of the permittivities of silver and WS2. 

Material 𝑓) 𝑓Q 𝑓> 𝐸)(𝑒𝑉) 𝐸Q(𝑒𝑉) 𝐸>(𝑒𝑉) Γ)(𝑒𝑉) ΓQ(𝑒𝑉) Γ>(𝑒𝑉) 

Silver 0.065 0.124 0.011 0.816 4.481 8.185 3.886 0.452 0.065 

WS2 2.600 0.100 4.500 2.008 1.962 2.380 0.035 0.040 0.200 

 

 

5.2 Exciton and photon nature of exciton-polaritons 

To quantitatively study the exciton and photon nature of exciton-polaritons in our microcavity 

structure, we calculated the exciton-polariton bands using a coupled oscillator model (equation 

(S3)). This model consists of a representation of microcavity photons and WS2 excitons as 

coupled oscillators that exchange energy at a rate that is described by the coupling strength Ω, 

which for the case of exciton-polaritons corresponds to the Rabi splitting. The coupled oscillator 

model has been modified such that the microcavity modes, 𝐸STU , are functions of the cavity 

length for a fixed wavevector normal to the microcavity plane.[4] Exciton modes, 𝐸VW , are 

constant values. The coupled oscillator model can be represented in matrix form as follows: 
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X
𝐸STU − 𝐸Y,[ Ω/2

Ω/2 𝐸VW − 𝐸Y,[
^ X
𝑎Y,[
𝑏Y,[^ = 0,    (S3) 

where 𝐸Y,[ are the eigenvalues of the matrix that correspond to the lower (L) and upper (U) 

polariton bands, and the coefficients 𝑎Y,[ and 𝑏Y,[ comprise the eigenvectors of the matrix and 

obey the relation a𝑎Y,[a
Q
+ a𝑏Y,[a

Q
= 1. The quantities a𝑎Y,[a

Q
 and a𝑏Y,[a

Q
 correspond to the 

Hopfield coefficients: they represent the fraction of photons and excitons that comprise each of 

the polariton bands.[5] 
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