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Abstract 
 

Exciton-polaritons are a form of light-matter coupling that have potential applications as 

photonic transistors and logic gates. In order for a photonic transistor or logic gate to be 

integrated with room temperature fiber-optic technology, excitons-polaritons need to be stable 

at room temperature and compatible with the red and near-infrared wavelengths used in fiber-

optics communication. Transition metal dichalcogenides (TMDs) offer a promising route to 

realizing stable, room temperature exciton-polaritons that are compatible with fiber-optic 

technology. In our experiments, we have followed the steps of other researchers towards 

realizing TMD exciton-polaritons. Specifically, we characterized the photoluminescence of 

monolayer TMD molybdenum disulfide (MoS2), built an optical microcavity that was tuned to 

the molybdenum disulfide emission, and transferred monolayer MoS2 from its growth substrate 

to a target substrate. We found the MoS2 exciton emission to be 1.82 eV, while the cavity mode 

for transverse electric polarized light could be tuned from 1.52 eV to 1.97 eV by changing the 

angle of light incident upon the cavity. The next steps in this experiment would be to transfer 

monolayer MoS2 into a microcavity and see if polaritonic behavior can be observed. If there is 

evidence of exciton-polariton formation, then we could work towards realizing polaritonic 

devices such as optical transistors and logic gates. 
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1 Introduction 

 Polaritons are hybrid, light-matter quasiparticles that form when light is coupled to a 

dipole-carrying excitation. Different dipole-carrying excitations result in different polaritons. For 

example, polaritons can form when light couples to plasmons (oscillations of free electrons in 

metals) [1], optical phonons (opposing movements of atoms in a material) [2], magnons 

(collective excitations of electron spin) [3], and excitons (bound states between excited 

electrons and holes) [4].  

 Exciton-polaritons have caught the attention of physicists because of their exotic 

behavior as Bose-Einstein condensates that can display superfluidity [5–7], applications as 

photonic transistors and logic gates [8,9], and lasing [10]. While a lot of pioneering exciton-

polariton work has be done with traditional semiconductors, such as GaAs [5,7,11], many of 

these experiments were conducted at temperatures well below room-temperature [5–9,11]. 

These experiments were performed at low temperatures to prevent thermal energy 

overcoming the exciton binding energy, thereby causing the excitons to dissociate. Room-

temperature exciton-polaritons have been realized in wide-bandgap semiconductors [10,12], 

organic semiconductors [13], and monolayer transition metal dichalcogenide (TMD) 

semiconductors [4].  

In order to integrate exciton-polariton devices into fiber-optic based photonics, room-

temperature exciton polaritons need to have wavelengths that cover the red and near-infrared 

spectrum used in fiber-optic technology. Wide-bandgap semiconductor exciton-polaritons 

cover the blue and near-ultraviolet range, which limits their telecommunication applications 
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[4]. Organic semiconductors can cover red and near-infrared wavelengths [14], but are 

generally less stable than inorganic semiconductors [15]. These drawbacks have led to scientists 

to look for stable room-temperature semiconductors that can host exciton-polaritons with 

wavelengths compatible with fiber optic technology. Transition metal dichalcogenide 

semiconductors are a promising candidate, because they can host exciton-polaritons with 

wavelengths in the telecommunication range, have excitons with a high binding energy, and are 

stable crystals. Lui et al. were the first to observe exciton-polaritons with a TMD semiconductor 

[16]. Following the work of Lui et al., TMD exciton-polaritons have been realized in distributed 

Bragg reflector (DBR) microcavities [17–19], metallic microcavities [20], hybrid DBR-metal 

microcavities [21], and waveguides [22]. For a further review of TMD exciton-polaritons see Hu 

and Fei [4]. 

In this work, I construct a metallic microcavity tuned to the exciton energy of the 

monolayer TMD semiconductor molybdenum disulfide (MoS2). I optically characterize the 

microcavity with angle-resolved reflectance (ARR) for both transverse electric (TE) and 

transverse magnetic (TM) polarizations of light. I also measure the photoluminescence from 

monolayer MoS2 and transfer the crystal from its growth substrate. The long-term goal of this 

project is to observe strong coupling between MoS2 excitons and cavity photons.  

1.1 Van der Waals Materials 

 Transition metal dichalcogenides are a type of van der Waals materials. Van der Waals 

materials have strong covalent bonds within a plane and weak van der Waals bonds between 

layers. Van der Waals research began with the isolation of graphene in 2004 [23]. Following the 

discovery of graphene many other monolayer materials were isolated [24], including TMDs. 
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TMDs have MX2 stoichiometry, where M is a transition metal and X is a chalcogen (S, Se, Te). 

Among the TMDs, MoS2, molybdenum diselenide (MoSe2), tungsten disulfide (WS2), and 

tungsten diselenide (WSe2) show a shift from an indirect bandgap in the bulk material to a 

direct bandgap at the monolayer limit [25]. This facilitates more efficient photoabsorption and 

emission allowing for these semiconductors to be used in devices such as transistors [26], 

photodetectors [27], LEDs [28], and solar cells [28]. 

1.2 Exciton-Polaritons 

 There are two coupling regimes for excitons and photons: weak coupling and strong 

coupling. Weak coupling can be handled with perturbation theory, while strong coupling results 

in the formation of new eigenstates. In the case of strong coupling with excitons, two 

eigenstates emerge: the upper polariton branch with energy greater than the uncoupled 

exciton and photon and the lower polariton branch with energy less than the uncoupled exciton 

and photon. Exciton-polaritons are a product of this strong coupling and form when the 

interaction rate between the exciton and the photon is faster than the dissipation rate. 

In order to reach the strong coupling regime, the cavity mode must be tuned to the 

exciton energy and the energy splitting between the upper and lower polariton branch, called 

the Rabi splitting, must be greater than the cavity mode linewidth or exciton emission linewidth 

[29]. The cavity mode can be adjusted by engineering the thickness of a spacer layer between 

the microcavity mirrors. By centering the semiconductor in the microcavity the electric field can 

be maximized at the semiconductor. The cavity mode linewidth narrows as the quality factor 

increases. The quality factor is defined to be the quotient of the resonate frequency and 

linewidth, which is the full width at half maximum (FWHM) [29].The quality factor is inversely 
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proportional to the fraction of energy lost in a single round trip, so as the quality factor 

increases, the energy dissipation rate decreases [29]. High quality factors are advantageous 

because they allow strong coupling at lower Rabi splitting. High quality factors can be obtained 

by using highly reflective DBR mirrors. Figure 1 diagrams the physics of an exciton-polariton.  

 

Figure 1.1: Exciton-polaritons with a 2-D semiconductor acting as a quantum well 

A polariton can be described as a superposition of a cavity photon and exciton. The 

cavity mode can be model by [30] 

 𝐸cav(𝜃) = 𝐸cav(0)[1 −
sin2(𝜃)

𝑛eff
]−1

2⁄ . (1) 

𝐸cav(0) is the normal incidence photon energy and 𝑛eff is the effective refractive index of the 

spacer layer, which is different for TE and TM polarized light. For TE polarized light, 𝑛eff is the 

refractive index of the spacer layer, 𝑛, but for TM polarized light, 𝑛eff is  

 
𝑛eff =

𝑛(2𝑑p + 𝐿)

[𝐿2 − (2𝑑p)2]1/2
, (2) 
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where 𝐿 is the thickness of the spacer layer and 𝑑p is the plasmonic penetration depth [30]. The 

plasmonic penetration depth depends on the plasma frequency 𝑑p =
𝑐

𝜔p
, where 𝑐 is the speed 

of light. For silver the plasma frequency is 1.36 × 1016Hz [31]. 

 Since the cavity mode is a function of the angle, the cavity mode can be tuned to the 

exciton energy making angle resolved photoluminescence (ARPL) and ARR apt for characterizing 

exciton-polaritons. The signature of an exciton-polariton is two dips in the ARR measurement 

and two peaks in the ARPL measurement. By plotting the energy of the dips (peaks) versus the 

angle of incident light the Rabi splitting can be determined. The Rabi splitting when the exciton 

energy equals the cavity mode energy is described by [29] 

 𝜔Rabi = [4𝑉2 − (𝛾𝑐 − 𝛾)2]
1

2⁄ . (3) 

V is a measure of the coupling strength between the cavity photon mode and exciton, while 𝛾𝑐 

and 𝛾 parameterize the cavity photon mode and exciton losses, respectively.  
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2 Methods 

2.1 Molybdenum Disulfide 

 Monolayer MoS2 is a crystal held together by covalent S-Mo-S bonds. The structure of 

the crystal lattice is depicted inf Figure 2.1. Multilayer MoS2 is held together by van der Waals 

forces, which makes the bulk crystal susceptible to exfoliation. While exciton-polaritons have 

been realized with exfoliated monolayer TMD flakes [32], chemical vapor deposition (CVD) 

provides more uniform monolayer coverage. CVD-grown monolayer MoS2 flakes were provided 

by van der Zande’s group at the University of Illinois Urbana-Champaign.  

          (a)               (b)      

 

Figure 2.1 (a) A single molybdenum atom is centered in a trigonal prism of sulfur atoms. The distance 
between the planes defined by the two sulfur layers is 3.116 Å [33]. (b) Molybdenum and sulfur are 
arranged hexagonally with an offset that centers the molybdenum between three sulfur above and below.  

 Figure 2.2 shows the emission spectrum for monolayer MoS2 as reported by Mak et al. 

[34]. There is an emission peak slightly below 1.9 eV, which corresponds to the A exciton [34]. 

Figure 2.3a shows the experimental setup that was used in this lab to measure the 

photoluminescent spectrum of MoS2, while Figure 2.3b shows that setup used to measure and 

image the photoluminescence.  
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Figure 2.2 The photoluminescence spectrum from monolayer MoS2 shows that MoS2 has an emission 
peak slightly below 1.9 eV. The inset shows that the photoluminescence decreases drastically in multilayer 
MoS2. This figure was adapted from Mak et al. [34].  

 (a)     (b) 

 

Figure 2.3 (a) The PL spectrum of monolayer MoS2 was obtained using a 480 nm excitation source. A 
monochromator was used to select for the full PL spectrum while blocking the excitation source. (b) A 
CCD camera was used to image illuminated MoS2 (𝜆0 = 680 nm) and photoluminescent MoS2 (𝜆0 = 450 
nm). A bandpass filter was used to regulate the light incident upon the CCD camera. 
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2.2 Microcavity Fabrication 

 Filmetrics’ reflectance calculator [35] was used to determine the microcavity 

parameters necessary to host a cavity photon with an energy tuned to the MoS2 A exciton 

energy as shown in Figure 2.4. The silver mirrors are designed primarily for ARR measurements 

as the bottom half of the cavity has 100 nm of silver on top of a glass substrate that makes 

ARPL measurements taken from the bottom side of the cavity difficult. A thicker layer of silver 

is used on the bottom half of the cavity to increase the quality factor. The cavity diagramed in 

Figure 2.4 has a theoretical quality factor of 80 and a cavity mode linewidth of 23.5 meV as 

estimated from Filmetrics’ software. The Rabi splitting of MoS2 has been reported to be about 

46 meV [16], so the silver mirrors theoretically have a linewidth narrow enough to enter the 

strong coupling regime.  

 

Figure 2.4 Target microcavity parameters calculated using Filmetrics’ software. The refractive indices of 

SiO2 are both approximately 1.5.  
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 The spacer layer is designed to have cavity mode resonance of 1.82 eV at an angle of 50° 

for TM polarized light. An ellipsometer with a range of 20°-80° was used to characterize 

microcavities. A cavity resonant at 1.82 eV at 50° allows for the most tunability near MoS2 

photoluminescence. TE polarized light can also be tuned to the exciton emission as the higher 

effective index for TE polarized light stretches the spread of angle-dependent cavity mode 

energies according to Equation 1. Consequently, TE polarized light will have a cavity mode of 

1.82 eV at angles smaller than 50°. 

 Microcavities were fabricated using electron beam evaporation and spin-casting. 

Electron beam evaporation was used to deposit the silver mirrors and silicon dioxide bottom 

spacer layer. Spin casting was used to put a thin film of polymethyl methacrylate (PMMA) on 

top of the silicon dioxide. The actual cavity had 100 nm of silver as the bottom mirror, 117 nm 

of SiO2 on top of the bottom silver mirror, 120 nm of PMMA on top of the SiO2, and a 50 nm 

silver top mirror. 

2.3 Molybdenum Disulfide Transfer 

 Monolayer MoS2 needs to be transferred to the bottom half of the microcavity before 

the top half is completed, which can be accomplished using the transfer method of Lu et al.  

[36]. Figure 2.5 shows images of successfully transferred MoS2. 
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(a)        (b)            (c) 

   

(d)           (e)                (f) 

     

Figure 2.5 Images of MoS2 before (a-c) and after transfer (d-f). All images were taken at 40x magnification. 
The edges in (e) and (f) are due to crinkling of the polymer used in the polymer-mediated transfer.  

2.4 Optical Characterization 

Figure 2.6a and Figure 2.6b show diagrams of the optical setups used to measure ARPL 

and ARR, respectively. For ARPL a 355 nm laser will be used to excite the MoS2 and the cavity 

emission will be captured at various angles. For ARR a photodetector is positioned by an 

ellipsometer to collect the reflectance at various angles. The ellipsometer sweeps through a set 

of wavelengths that are incident on a sample given a wavelength range and step size. Both 

optical setups can measure TE and TM polarized light. In the actual experiment only ARR 

measurements were taken. The ellipsometer was used to collected measurements between 

20°– 80° at 5° increments, while a fiber optic spectrometer was used to measure reflectance at 

0°.   
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            (a)     (b) 

 

Figure 2.6 (a) A 355 nm laser excites the MoS2 sample and the photoluminescence can be measured at 
various angles. (b) An ellipsometer can sweep through a set of wavelengths at each angle of incidence.  
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3 Results and Discussion 

 Figure 3.1a shows the emission spectrum from CVD grown MoS2 taken with the setup 

shown in Fig. 2.3a. The MoS2 had an emission peak near 680 nm (1.82 eV) which is close to the 

~1.9 eV value reported by Mak et al. [34] and the 1.83 value reported by Splendiani et al. [37]. 

Reproducing previous measurements of monolayer MoS2 exciton emission provides 

information that is needed to design a microcavity that can be tuned to the exciton emission. 

Wide field measurements were taken using the setup diagramed in Fig. 2.3b and images of 

illuminated and photoluminescent MoS2 are shown in Fig. 3.1b and Fig. 3.1c, respectively. The 

photoluminescent MoS2 images in Fig. 3.1c shows bright triangles with dark spots in the middle 

where the photoluminescence is suppressed. This can be attributed to multi-layer nucleation 

sites in the center of the triangular MoS2 pieces as seen in Fig. 3.1b. 

(a)            (b)              (c)    

 

Figure 3.1 (a) The peak monolayer MoS2 emission was around 680 nm with a linewidth of 22 nm. The 
excitation source, λ0, was 480 nm. (b) The CCD camera images of illuminated MoS2 (𝜆0 = 680 nm). (c) CCD 
camera images of photoluminescent MoS2 (𝜆0 = 450 nm). 
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 Angle-resolved reflectance measurements were taken on the cavity mentioned in 

Section 2.2 without monolayer MoS2. The cavity mode shifts to higher energies as the angle 

from incidence increases. Figure 3.1c shows this cavity mode shift as a function of angle. The 

data in Fig 3.1c was modeled using Eq. 1 and Eq. 2. The theory curves for both TE and TM 

polarized light model the data well, suggesting that Eq. 1 and Eq. 2 are indeed accurate models 

of cavity mode angle dependence. The discrepancy between the effective indices of refraction 

for the theory curves and the curve used to fit the data may be due to the frequency 

dependence of the refractive index of the spacer layer and the slight difference between the 

refractive indices of SiO2 and PMMA. As expected, without the monolayer MoS2 inside of the 

cavity the signature of strong coupling, two dips in the reflectance measurements at resonance, 

was not observed. This is because there were no excitons for the cavity photons to couple to. 

No data was taken with MoS2 inside of the microcavity because the MoS2 sampled no longer 

showed signs of strong photoluminescence after a year of being in vacuum, which suggests that 

the samples degraded.  
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a).             b).  

 
  c).  

 

Figure 3.2 The angle-resolved reflectance spectrums for TE (a) and TM (b) polarized light were taken in 5° 
increments between 20° and 80°. The angle is measured from incidence, so 0° corresponds to light hitting 
the sample perpendicular to the plane of the sample. (c) The cavity modes correspond to the minima in 
the graphs in (a) and (b). Equation 1 was used to fit the data with the effective refractive index as the 
fitting parameter. A refractive index of 1.5 was used for the glass and PMMA spacer layer in the theory 
curves used to model the data. The theory curves are based on Eq. 1 and Eq. 2.  
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4 Conclusion 

 Exciton-polaritons, a strongly coupled light-matter interaction, have been used by 

other researchers to create devices such as optical transistors and logic gates. Such devices 

could be incorporated into fiber-optic technology to build photonic circuits, but these devices 

would need to be stable at room-temperature and cover the visible and near-infrared regions 

used in fiber optics. Transition metal dichalcogenides (TMDs) offer a potential path towards 

realizing exciton-polaritons that meet these requirements.  

 In this work, we took steps towards observing exciton-polaritons in molybdenum 

disulfide (MoS2), a TMD that is a direct-bandgap semiconductor that can host excitons that 

interact strongly with light in the monolayer limit. The MoS2 exciton photoluminescent 

emission was measured to have a peak around 1.82 eV. In order to couple photons to MoS2 

excitons and observe exciton-polaritons, microcavities were constructed that could be tuned to 

the exciton energy via the angle of incident light. Unfortunately, our single-layer MoS2 sample 

lost it's photoluminescent properties during the 12 months that it took to fabricate and 

characterize the microcavities. Therefore, we were unable to fabricate a working exciton-

polariton device. Future work could transfer MoS2 inside of a microcavity and take optical 

measurements to try to observe exciton-polaritons. If exciton-polaritons were observed, then 

the next challenge would be to research ways to construct devices such as optical transistors 

and logic gates with TMD exciton-polaritons.  
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