
Thermal Redistribution of Exciton Population in Monolayer 

Transition Metal Dichalcogenides Probed with Plasmon–

Exciton Coupling Spectroscopy 

Tsz Wing Lo,†,# Qiang Zhang,‡,# Meng Qiu,§ Xuyun Guo,† Yongjun Meng,† Ye Zhu,† Jun Jun 

Xiao,∥ Wei Jin,§ Chi Wah Leung,† and Dangyuan Lei*,† 

† Department of Applied Physics, The Hong Kong Polytechnic University, Hong Kong, China 

‡ School of Materials Science and Engineering, Harbin Institute of Technology (Shenzhen), 

Shenzhen 518055, China  

§ Department of Electronic Engineering, The Hong Kong Polytechnic University, Hong Kong,

China 

∥ College of Electronic and Information Engineering, Harbin Institute of Technology (Shenzhen), 

Shenzhen 518055, China 

This is the Pre-Published Version.
This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Photonics, copyright © 2019 
American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see https://
doi.org/10.1021/acsphotonics.8b01349.



Abstract 

Inversion symmetry breaking and spin–orbit coupling result in spin-splitting of both valence and 

conduction bands in transition metal dichalcogenide (TMDC) monolayers. The optical 

transitions between band edges with opposite spins are termed dark excitons that are decoupled 

with in-plane polarized photons. Here, we find that the presence of dark excitons modifies the 

temperature-dependent plasmon–bright-exciton coupling strength of a TMDC monolayer 

interacting with a single plasmonic nanocavity. Quite interestingly, we observe that the 

modifications are in an opposite manner for WS2 and MoS2 monolayers. Coupled-oscillator 

analysis reveals that the WS2–nanocavity coupling strength increases with rising temperature, 

yet that for the MoS2–nanocavity diminishes, which both follow the temperature evolution of the 

respective exciton oscillator strength obtained by fitting the reflectance spectra of pristine TMDC 

monolayers with a multi-Lorentz oscillator model. Full-wave electromagnetic simulations with 

experimentally determined exciton resonance energy and line width at elevated temperatures 

further reveal a quantitative proportionality between the plasmon–exciton coupling strength and 

exciton oscillator strength as predicted by a thermal dynamic model. On the basis of these 

experimental, theoretical, and numerical results, we propose that such a dramatic difference in 

the temperature-dependent plasmon–bright-exciton coupling strengths is due to the reversed sign 

of energy difference between the bright and dark excitons in WS2 and MoS2 monolayers, which 

consequently leads to opposite redistribution of their exciton population (proportional to their 

oscillator strength) under thermal tuning. Our comparative study provides a unified physics 

scenario of recent experimental results on the exciton oscillator strengths of these two typical 

TMDC monolayers, which is of critical importance for fundamental studies such as high-

temperature stable polaritons and also for thermally robust photonic applications and nanoscale 

thermal switching in optical devices. 
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Plasmon–exciton coupling has been attracting a great deal of research interest in studying light–

matter interaction in various nanophotonic systems. When the energy exchange rate between a 

plasmonic nanocavity and coupled excitons exceeds their respective dissipation rates, strong 

coupling can be reached to produce a hybrid state, called a “plexciton”, that possesses partial 

features of both light and matter excitation. (1−3) The plasmon–exciton strong coupling provides 

an excellent platform for fundamental physics studies such as Bose–Einstein 

condensation, (4) quantum entanglement, (3,5,6) and stimulated emission manipulation. (7) It 

also has many potential applications including single-photon switches, (8) low-threshold 

lasers, (7) quantum communication, (6) and nonlinear optics. (9) To achieve strong coupling, 

enhancing coupling strength and reducing decoherence rate are two fundamental 

requirements. (10) In general, the ratio of quality factor to mode volume quantifies a cavity’s 

capability of enhancing the coupling strength with quantum emitters. Plasmonic nanocavities, 

which are capable of concentrating light into the subwavelength regime, can significantly boost 

the light–matter interaction so as to realize strong coupling. Many recent studies have 

demonstrated the occurrence of strong coupling between a single plasmonic nanocavity and a 

variety of quantum emitters, such as quantum dots, (11,12) dye molecules, (8,9,13) J-

aggregates, (13−16) and transition metal dichalcogenide (TMDC) monolayers. (17−23) 

Compared to traditional quantum emitters such as dye molecules and quantum dots, TMDC 

monolayers exhibit several unusual excitonic properties. Due to the increased quantum 

confinement and reduced dielectric screening effects, excitons in TMDC monolayers have 

relatively large binding energies, resulting in fascinating excitonic responses. (24−27) In 

particular, the inversion symmetry breaking and pronounced spin–orbit coupling induce spin-

splitting of both valence and conduction bands (VBs and CBs). (28,29) The spin-splitting of CBs 

results in two types of neutral excitons with either spin conservation or spin flipping for 

electronic transitions, (30−35) corresponding to bright and dark excitons in TMDC monolayers, 

respectively. The bright excitons have pure in-plane dipole moments that can be effectively 

coupled with in-plane polarized photons. (26) On the contrary, the dark excitons are completely 

decoupled with in-plane polarized photons, (34−36) and their weak transition dipole moments 

and the spin flipping requirement make it difficult to probe them with conventional optical 

spectroscopies. 
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So far, most TMDC-based plexciton studies have focused on mode optimization of plasmonic 

nanocavities in order to strengthen the plasmon–exciton interactions, i.e., achieving large Rabi 

splitting. For example, strong exciton–plasmon coupling was observed in monolayer 

MoS2 coupled with an array of silver nanodisks, demonstrating a coupling strength of 58 meV at 

77 K. (23) Following that, single plasmonic nanocavities (18−20,22) integrated with TMDC 

monolayers were used to reach strong coupling at room temperature, with exciton number 

approaching the quantum limit. While the roles of various plasmon nanocavities have been 

extensively explored in the context of strong coupling, the exciton properties of TMDC 

monolayers, such as thermal response and dark excitons, and particularly their effects on 

plasmon–exciton coupling strength, have been rarely considered. Note that earlier studies on 

thermal tuning of plasmon–exciton coupling revealed the formation of trion plexcitons (20) and 

the modification in exciton resonance energy, (22) without explicitly discussing the temperature-

dependent WS2–nanocavity coupling strength, which in fact is crucial for realizing thermally 

stable strong coupling and exploring high-temperature quantum electrodynamics. 

In this article, we demonstrate a comparative temperature-dependent dark-field spectroscopic 

study on the plasmon–exciton coupling in MoS2 and WS2 monolayers, both coupled with 

single Au@Ag core–shell nanocuboid plasmonic resonators. Coupled oscillator fitting of the 

measured scattering spectra for both hybrid systems elucidates opposite thermal evolution of 

their coupling strength, following the same trend of their respective exciton oscillator strength. 

Combined with experimentally measured temperature-dependent exciton resonance energy and 

line width, full-wave electromagnetic simulations not only reproduce the measured plasmon–

exciton coupling features but also reveal an unambiguous quantitative proportionality of 

plexcitonic coupling strength and exciton oscillator strength. Considering the reversed energy 

levels of the bright and dark excitons in MoS2 and WS2 monolayers, we attribute such distinctive 

plexcitonic responses to temperature-induced redistribution of exciton population in the bright 

and dark excitonic states. Our finding of such anomalous thermal behaviors of TMDC-based 

plexcitons points out a new direction to design thermally robust nanophotonic devices, suggests a 

possibility to manipulate polaritons by thermal switching, and also facilitates the design of 

TMDC-based optoelectronic devices such as fabricating tungsten-based TMDC polariton lasers 

to prevent self-heating-induced decoupling of polaritons. In addition, our results provide an 

alternative scheme to study the fine structures of energy levels related to the dark excitons in 
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TMDC monolayers. Such a scheme utilizes the plasmon–bright-exciton coupling effect rather 

than directly probing the dark excitons, which can enlarge the sensitivity through the strong light 

confinement in plasmonic nanocavities. 

Many studies have demonstrated the ability of plasmonic nanostructures to facilitate the 

electromagnetic coupling between exciton and light. (2,37) Here we used a single Au@Ag core–

shell nanocuboid as an open plasmonic nanocavity to couple with the excitons in a 

MoS2/WS2 monolayer, as shown in Figure 1(a). Compared to the smooth Au nanorod core, the 

sharp corners of a nanocuboid structure exhibit stronger local field enhancement and smaller 

mode volume, both of which can enhance the plasmon–exciton coupling strength. (16) As a 

matter of fact, such Au@Ag core–shell nanocuboids have plasmonic properties, such as 

resonance wavelength, dissipation rate, and mode volume, similar to those of silver nanocuboids 

with the same size and geometry. However, it is challenging to synthesize silver nanocuboids 

due to the unfavorable anisotropic growth, and thus Au@Ag hybrid core–shell nanocuboids 

provide a good replacement for silver nanocuboids in various studies and applications. In 

addition, the plasmon resonance of Au@Ag nanocuboids can be flexibly tuned by simply 

governing the aspect ratio of the Au core and the thickness of the Ag shell. It promotes the 

possibility of forming polariton states for matching plasmon resonance with a large range of 

excitonic resonances in different TMDCs. More importantly, the nanocuboid sustains an in-plane 

plasmon dipolar mode which provides a strong in-plane local field for efficient coupling with 

bright excitons in TMDCs. To protect the nanocuboids from sulfurization and thermal 

deformation under elevated temperatures, we covered the nanocuboids with a 3 nm alumina layer 

and further separated them from the MoS2/WS2 monolayers with a 0.5 nm alumina space layer, 

as seen in Figure 1(a). 

We first examined the temperature-dependent excitonic properties of pristine MoS2 and 

WS2 monolayers and individual Au@Ag nanocuboids. The measured differential reflectance 

ΔR/R0 of the MoS2 and WS2 monolayers in the energy range of 1.7 to 2.3 eV is shown in Figure 

S1(a) and (b) as a function of temperature, where R0 and ΔR correspond to the reflection from a 

sapphire substrate and the reflection difference between the MoS2/WS2 monolayer and the 

sapphire substrate, (28) respectively. It is seen that the reflectance spectra for the MoS2 (WS2) 

monolayer show two (one) peaks in the measured energy range, which are attributed to the 
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excitonic absorption of bright A- and B-excitons of MoS2 (A-exciton only for WS2). Due to the 

existence of higher-energy excitonic states, these reflectance peaks are also asymmetric in the 

considered energy range. By taking a thin-film approximation, the differential reflectance of 

these TMDC monolayers is found directly proportional to the imaginary part of their dielectric 

permittivity (see the SI): 

        (1) 

where E is the energy in eV, anm is the thickness of a TMDC layer in units of nm, b and r0 are 

simplified terms that depend on the permittivity of sapphire and air (see the SI), and the 

summation is made for Lorentz oscillators with a number varying from 1 to N. It is noted that the 

thin-film approximation used in eq 1 is a widely acceptable approximation for studying the 

optical properties of two-dimensional materials in the visible range as the thickness of TMDC 

monolayers is in angstrom scale, 3 orders smaller than the wavelength of interest. The 

reflectance spectra for the MoS2 (WS2) monolayer show two (one) peaks in the measured energy 

range, which are attributed to the excitonic absorption of bright A- and B-excitons of MoS2 (A-

exciton only for WS2). Due to the existence of higher-energy excitonic states, these reflectance 

peaks are asymmetric in the considered energy range. Therefore, we fit those MoS2 (WS2) 

spectra in Figure S1(a) (S1(b)) with eq 1 consisting of three oscillators (two oscillators for WS2) 

in order to obtain excitonic properties such as exciton energy EA/B, line width ΓA/B, and oscillator 

strength fA/B for each excitonic state as a function of temperature, with the extracted results 

shown in Figure S2(a) and (c) for MoS2 (S2(b) and S2(d) for WS2). To illustrate the highest 

possible distribution range of these extracted parameters, the confidence interval of each fitting 

parameter is also provided in Figure S2 as fitting errors, based on which we can assess the 

reliability of the corresponding parameters in Figure S2. For example, both the extracted 

excitonic energy and line width of the WS2 have smaller fitting errors than those of the MoS2. 

This is understandable because more fitting parameters are involved in eq 1 for MoS2. Similar 

treatment is applied in all the subsequent fitting results in this work for sensitivity analysis. One 

can see that the extracted temperature-dependent excitonic energies for both TMDC monolayers 

can be well described by the O’Donell model: (38) 
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       (2) 

where EA/B(0) is the exciton energy at 0 K, s accounts for the exciton–phonon interaction, ⟨ℏω⟩ is 

the average phonon energy, and kB is the Boltzmann constant. Meanwhile, the extracted line 

widths follow a linear dependence of temperature T: 

          (3) 

where ΓA/B(0) is the intrinsic damping at 0 K and α represents the exciton–phonon coupling 

strength. (39,40) As can be seen from Figure S2(c) and (d), the extracted temperature-dependent 

line widths for both TMDC monolayers are also well fitted with eq 3. The well-fitted results 

based on the theoretical models (eq 2 and eq 3) shown in Figure S2 indicate that the 

experimentally extracted temperature-dependent excitonic features are reliable, although one 

may notice that the thermal shifting of the exciton energies are less than or comparable to the 

exciton line widths. This also confirms that eq 1 is a reasonable multi-Lorentz fitting model that 

can be used to extract the temperature-dependent excitonic features. From results shown 

in Figure S2, we can conclude that the bright A- and B-excitons red-shift in energy with rising 

temperature, accompanied by a pronounced line width broadening. Such a distinctive thermal 

response of the A- and B-excitons indicates that, upon coupling to a plasmonic nanocavity, the 

MoS2 and WS2 monolayers can be exploited to investigate thermal tuning of plasmon–exciton 

coupling. On one hand, the observed line width broadening can be attributed to temperature-

induced dephasing of the excitonic states due to stronger exciton–phonon coupling at elevated 

temperatures, (39,40) which can lead to a reduction in the excitonic coherence and thus diminish 

the plasmon–exciton coupling. On the other hand, the plasmon resonance energy of 

the Au@Ag nanocuboid is insensitive to temperature variation, but the line width broadens due 

to increased electron–phonon interaction induced plasmon damping (41) (Figure S3). 

Transmission electron microscopy (TEM) spectroscopy was performed to characterize the 

morphology of a typical single Au@Ag nanocuboid (Figure 1(b)) and monitor morphological 

changes under elevated temperature. Real-time TEM imaging of several Au@Ag nanocuboids 

reveals unobservable structural deformation or metallic alloying occurring in the interrogated 

temperature range (Figure S4), consistent with the measured temperature-independent scattering 
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resonance energy and further evidencing that the observed variation in plasmon damping 

originates from the intensified electron–phonon interaction. 

Upon placing the Au@Ag plasmonic nanocavity on the MoS2/WS2 monolayer with a 0.5 nm 

thick Al2O3 spacer as shown in Figure 1(a) and (c), plasmon–exciton coupling occurs and 

produces two hybridized states with energy ω
+
 and ω

–
, as manifested by the measured three 

scattering peaks for MoS2 in Figure 1(d) and two peaks for WS2 in Figure 1(e). Clearly, the 

temperature evolution of the scattering spectra indicates that the plasmon–exciton coupling is 

significantly tuned by temperature. On the basis of the above observations from the uncoupled 

plasmonic nanocavity and the pristine MoS2/WS2 monolayers, we can conclude that such 

thermal tuning of the hybrid Au@Ag-MoS2/WS2 systems is mainly induced by the thermal 

sensitivity of the excitonic response in the TMDC monolayer. When the number of excitons 

interacting with a plasmonic nanocavity exceeds the quantum limit associated with the number 

of excitons within the cavity mode volume, the plasmon–exciton coupling mechanism, which 

was originally described by the quantum mechanical Jaynes–Cummings model, can also be 

precisely interpreted by the classical coupled-oscillator model (COM). (1,19) The validity and 

accuracy of the COM in describing plasmon–exciton coupling phenomena has been confirmed 

by many studies. (16−23) The COM contains a radiative plasmon mode and a nonradiative 

exciton resonance, with their interaction characterized by a coupling strength κ. Here we assume 

that no direct interexciton coupling occurs between the bright A- and B-excitons at the 

interrogated temperature regime. (32) The Hamiltonian of coupled oscillators for the plasmon 

mode with one exciton reads 

         (4) 

And for the case of two excitons, it becomes 

        (5) 

where Epl, EA, and EB are the energy of the plasmonic cavity mode and the bright A- and B-

excitons of the TMDC monolayer, respectively, and Γpl, ΓA, and ΓB are their corresponding 
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damping rate. The coupling strengths between the plasmon mode and the A/B-excitons are 

denoted as κA and κB, respectively. In eqs 4 and 5, α, β, and χ are the eigenvector components of 

the coupled system which indicate the fraction of mixing states in the hybrid systems. We use eq 

4 to describe the Au@Ag–WS2 coupling and eq 5 for the Au@Ag–MoS2 coupling. The fitting of 

the scattering spectrum is performed with eq S11 in the WS2 coupled system and eq S12 in the 

MoS2 coupled system. The critical parameters of the exciton–cavity coupling can be extracted by 

fitting the measured scattering spectra with such a COM. 

To perform the COM fitting, the energies Epl, EA, and EB are set to vary slightly within their 

experimentally determined ranges (Figure S3(b) for Epl, Figure S2(a) and (b) for EA and EB), 

with justifications provided below. The exact fitting parameter of COM is shown in Tables S1 

and S2. Figure 2(a) and (b) show the temperature-dependent A-exciton energy for the MoS2 and 

WS2 monolayers, respectively, extracted from COM fitting of the measured scattering spectra 

in Figure S5. It is seen that there is an energy shift of about 30 meV (35 meV) for the bright A-

exciton (B-exciton) in the MoS2 monolayer between the energy extracted from the COM fitting 

(Figure 2(a)) and from the reflectance spectra (Figure S2(a)). For WS2, the energy shift is about 

20 meV (see Figure 2(b) and Figure S2(b)). Such an energy shift can be attributed to the local 

variation of the excitonic response in the CVD-prepared TMDC samples or to the influence of 

local doping or local strain induced by the presence of metallic nanostructures. (26) To 

corroborate the local variation of excitonic response, we have performed PL emission 

wavelength mapping for a WS2 monolayer flake. 

Although the CVD-grown WS2 monolayer flake appears highly uniform under bright-field 

observation (Figure 3(a)), the photoluminescence mapping shown in Figure 3(b) reveals 

pronounced variation in the emission wavelength. This may arise from defects-related local 

strain and doping effects. (26) Furthermore, we measured the temperature-dependent scattering 

spectra of several Au@Ag nanocuboids deposited on several WS2 monolayer flakes (Figure 3(c)). 

The Fano dip extracted from the spectra, corresponding to the bright A-exciton resonance energy, 

varies from 1.99 to 2.03 eV at room temperature. Those experimental results clarify the local 

variation of exciton energy in a TMDC is the physical origin of the difference between 

reflectance measurement and COM fitting. Finally, we argue that the presence of an underneath 

TMDC monolayer could alter, to a certain degree, the plasmon resonance of a supported metallic 
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nanoparticle, particularly when the optical property of the TMDC monolayer has spatial 

variation as discussed above. This is because the plasmonic nanocavity—Au@Ag nanocuboid—

used in this work has a relatively small mode volume such that it interacts with the underneath 

TMDC monolayer within an area of only several tens of square nanometers, indicating an 

extremely sensitive plasmonic response to the local variation of excitonic property. In the COM 

fitting, the temperature dependence of plasmon damping Γpl is represented by the linear fit 

obtained in Figure S3(c) and that of excitonic damping ΓA and ΓB by the linear fits in Figure 

S2(c) for MoS2 and S2(d) for WS2. To best fit the measured scattering spectra in Figure 1(d) and 

(e), a reduction of the excitonic damping determined from the reflectance spectroscopy is 

necessary to represent the exciton oscillator damping (35 and 10 meV reduction in the A-exciton 

damping applied for MoS2 and WS2, respectively). This required damping reduction could be 

attributed to geometry-induced excitonic damping and metal-induced dielectric screening in 

TMDC monolayers by the Au@Ag nanocuboid. 

By adopting the above fitting criteria, the coupling strength between the plasmonic cavity mode 

and the bright A-exciton for both TMDC monolayers is extracted, with results shown 

in Figure 4(a) and (b). Interestingly, the coupling strengths for MoS2 and WS2 demonstrate 

dramatically different temperature dependence: by heating the hybrid systems from 25 °C to 165 

°C, the MoS2 plexciton coupling strength drops from 31.2 meV to 18.1 meV, while that for 

the Au@Ag–WS2 system rises from 36.2 meV to 41 meV. In principle, the vacuum Rabi 

splitting is defined as ΩRabi = 2κ, which is the energy difference between two adjunct plexcitonic 

states at zero detuning. Considering the fact that the coupling strength κ in our coupling system 

is also temperature dependent, we still use ΩRabi = 2κ to estimate the equivalent temperature-

dependent Rabi splitting on the single-particle level. However, we must stress that such 

equivalent Rabi splitting is different from the real vacuum Rabi splitting since the detuning is not 

zero in our system. It is possible to obtain the real Rabi splitting value when the plasmon 

resonance is kept at the same energy as that of the exciton when the temperature is varied, for 

example by coating the plasmon cavity with dielectric layers of different 

thicknesses. (19) However, what we are concerned with here is the temperature-induced 

variation of the polariton coupling strength in the systems rather than their Rabi splitting degree. 

The small energy difference between the A- and B-excitons in the MoS2 monolayer induces 

simultaneous coupling with the same plasmon mode. Focusing on the coupling strength between 
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the A-exciton and the plasmon mode allows us to specifically study the physical origin of the 

corresponding temperature dependence. The results of coupling strength shown 

in Figure 4 indicate that the equivalent Rabi splitting of the plasmon–A-exciton coupling for 

MoS2 declines from 62.4 meV at room temperature to 36.2 meV at 165 °C; in sharp contrast, that 

for WS2 rises from 72.4 meV to 82 meV. To understand this difference, we note that the 

temperature-dependent coupling strength κ can be theoretically determined through a 

semiclassical model: (8) 

           (6) 

where μ and N are the transition dipole moment and the number of excitons involved, 

respectively, V is the mode volume of the plasmonic nanocavity, ε is the dielectric constant of 

the TMDC monolayer, and the remaining constants are reduced Plank constant ℏ, the speed of 

light in a vacuum c, and the vacuum permittivity ε0. The mode volume of the 

plasmonic Au@Ag open cavity and the background dielectric constant of the TMDC monolayers 

are supposed to be insensitive to thermal variation. (32,42,43) Assuming the transition dipole 

moment of an exciton is independent of temperature, the plasmon–exciton coupling strength is 

mainly determined by the temperature-dependent number of involved bright excitons that is 

proportional to the oscillator strength of the excitonic state concerned, (1)f ∝ N. Based on the 

above discussions and eq 6, we can expect that the coupling strength is proportional to the square 

root of the exciton oscillator strength, i.e., κ ∝ f
1/2

. To verify this relationship, we first check the 

coupling strength and exciton oscillator strength of two extreme experimental temperatures of 25 

and 165 °C. It is found that the coupling strength ratio κ165/κ25 for the MoS2 (WS2) plexcitonic 

system is around 0.58 (1.13), which approaches the value 0.75 (1.06) of the square-root of the 

oscillator strength ratio, (f165/f25)
1/2

. This roughly confirms the consistency between the COM-

extracted coupling strength (see Figure 4(a) and (b) for MoS2 and WS2, respectively) and 

reflectance-extracted oscillator strength (see Figure 4(c) and (d) for MoS2 and WS2). Although 

the COM-extracted coupling strength for the plexcitonic system and the Lorentz-model-extracted 

oscillator strength of the pristine TMDC monolayers can be well correlated with the 

semiclassical model shown in eq 6, it is still a concern whether the initial approximations, such 

as temperature-independent excitonic dipole moment and plasmonic mode profile, and the 
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validity of COM fitting hold true under significant changes in a TMDC’s dielectric properties at 

elevated temperature. Therefore, it is necessary to numerically corroborate the above-observed 

correlation between exciton oscillator strength and plexcitonic coupling strength under thermal 

tuning. To this end, we numerically investigate the plasmon–exciton coupling in the Au@Ag–

WS2/MoS2 systems by simulating their scattering spectra as a function of elevated temperature. 

In the simulations, the geometry and size parameters of the Au@Ag nanocuboid are obtained 

from TEM imaging with slight modification accounting for size fluctuation in order to best 

match the measured scattering spectra. Without loss of generality, in the simulations we consider 

only the changes in the excitonic response of the TMDC monolayers under rising temperature 

and neglect the temperature-induced plasmon damping in the Au@Ag nanocuboids. This 

simplification is rational because the temperature-induced plasmon damping is a common feature 

in both the WS2- and MoS2-based coupling systems, which would not result in the opposite 

tendency of coupling strength as a function of temperature. In addition, fixing the plasmonic 

response of the nanoparticle avoids introducing more variables in the COM fitting, thereby 

allowing a clear understanding of the excitonic response of the TMDCs under different 

temperatures. The anisotropic permittivity of monolayer WS2 (MoS2) (44) was modeled with a 

constant out-of-plane component εout and a temperature-dependent in-plane component εin(E, T) 

described respectively by a single-pole and a double-pole Lorentz oscillator term: 

        (7a) 

     (7b) 

where EA/B(T) are the exciton resonance energies of the bright A- and B-excitons, fA/B(T) the 

corresponding oscillator strength, and ΓA/B(T) the corresponding exciton line width. Equation 7 

models the pure in-plane excitonic response nature of a monolayer TMDC. 

With the above-described anisotropic permittivity of monolayer WS2, we first make a virtual 

control simulation to calculate scattering spectra for the Au@Ag–WS2 system by varying the 

exciton oscillator strength (fA) yet fixing all the other parameters (EA = 2.024 eV and ΓA = 0.055 

eV, corresponding to the measured values for the pristine monolayer WS2 at 25 °C). By fitting 

the simulated scattering spectra with the same COM used for fitting the experimental spectra, we 
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can extract the corresponding plexcitonic coupling strength as a function of the exciton oscillator 

strength, which indeed obeys the relationship k ∝ f
1/2

 as shown in Figure S6. Then, we consider 

the temperature dependence of exciton energy and damping rate in the anisotropic permittivity of 

monolayer TMDCs as described by eq 7. Here, EA/B(T) are given by O’Donell’s model (eq 2) 

in Figure S2(a) and (b) with a constant energy shift ΔEA/B accounting for the local variation in 

exciton energy, and ΓA/B(T) follows the linear temperature dependence given by eq 3. The 

parameter fA/B for WS2 (MoS2) was given by a liner fit of the exciton oscillator strength extracted 

from the measured differential reflectance spectra in Figure 4(c) and (d). The exact parameters 

for the permittivity of monolayer WS2 and MoS2 used in the numerical simulations are listed 

in Table 1. Note that ΓA/B(0) for monolayer WS2 is negative since the linear dependence model 

neglects the excitonic line width’s nonlinear dependence on temperature, which shows a minor 

effect in room-temperature conditions. (39) Applying these parameters given in Table 1 ensures 

that the temperature-dependent excitonic responses in the simulation models are consistent with 

the experiments. 

The simulated temperature-dependent scattering spectra for the two coupled systems shown 

in Figures 5(a) and 6(a) agree well with the measured experimental spectra in Figure 1(e) and (d), 

respectively. Next, we fit the simulated spectra with COM to extract the plasmon–A-exciton 

coupling strength as a function of temperature. In the COM fitting, the plasmon resonance 

energy of the Au@Ag nanocavity mode Epl and its corresponding damping rate Γpl are fixed 

respectively to be 2.007 eV for the Au@Ag–WS2 system (1.957 eV for Au@Ag–MoS2) and 

0.235 eV for both cases to best fit the simulated temperature-dependent scattering spectra, while 

the exciton resonance energy EA/B(T) and damping rate ΓA/B(T) are given by eqs 2 and 3, 

respectively, with relevant parameters listed in Table 1. Clearly, the COM-extracted coupling 

strength for WS2 (see Figure 5(b)) gradually increases with elevating the temperature, while that 

for MoS2 (Figure 6(b)) decreases, both agreeing well with the experimental results in Figure 4(b) 

and (a). Interestingly, the ratio of the coupling strength to the square root of the oscillator 

strength for both systems are constant, as shown in the insets of Figures 5(b) and 6(b), consistent 

with the prediction by eq 6. This verifies the direct correlation between exciton oscillator 

strength and plasmon–exciton coupling strength. Moreover, the COM-extracted coupling 

strengths from the temperature-dependent scattering spectra for the Au@Ag–WS2 plexcitonic 

system (Figure 5(a)) only show a very small deviation from that extracted values from the 
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control simulation (Figure S6), indicating that the influences of the temperature-induced 

variations in exciton energy and damping rate on the COM fitting are negligible. This further 

supports the robust relationship of k ∝ f
1/2

 between plexcitonic coupling strength and exciton 

oscillator strength, which would not be affected by limited variations in other fitting parameters. 

At the same time, k would usually have a larger signal-to-noise ratio than f since the optical 

responses of excitons are enhanced by plasmonic modes in plexcitonic systems. Therefore, the 

coupling strength k in a plexcitonic system can be used as an ideal parameter to represent the 

variation of exciton oscillator strength f. 

In addition to the above-discussed spectroscopic features, the strong plexcitonic coupling in both 

systems also has pronounced footprints in their near-field intensity profiles at coupling 

resonances P1, D1, and P2, as shown in Figures 5(c) and 6(c). At each resonance, the large in-

plane background dielectric permittivity of monolayer TMDC induces image charges that couple 

to the localized surface plasmons of the Au@Ag nanocuboid itself, enhancing the local field 

intensity at the cuboid corners in contact with the TMDC monolayer and thus amplifies the 

plasmon–exciton coupling effect. Overall, the near-field intensity at the Fano resonance dip D1 is 

weaker than that at the split plasmon resonance peaks P1 and P2, due to the near-field quenching 

effect induced by the cavity-enhanced exciton conductance. (45) 

After verifying the rationality of our COM fitting and numerical study, exploiting the anomalous 

thermal dependence of COM-extracted oscillator strengths for both MoS2 and WS2 is the focus 

of this study. In general, the optical response of a simplified two-level quantum mechanics 

system depends on densities of both the ground and excited states. (46,47) Under weak-field 

approximation, the light-driven density variation in the ground state should be relatively small 

such that we just need to consider the density changing of the excited state. In this case, the 

semiclassical oscillator strength of the bright A-exciton for TMDC monolayers is proportional to 

the exciton density N/V, exciton resonance energy E0, and transition dipole moment μ, 

i.e., f ∝ NE0μ/V, which jointly determine the temperature dependence of the exciton oscillator 

strength. (1) Specifically, increasing the temperature can result in a reduction of N and E0 due to 

enhanced thermal dissociation of excitons and exciton–phonon interaction (less than 4% red-shift 

in E0 when increasing the temperature from 25 °C to 165 °C), respectively. Therefore, we expect 

a slight drop in the exciton oscillator strength at elevated temperatures. However, this physical 
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picture cannot explain the above-observed totally different temperature dependences for the 

bright A-exciton oscillator strength for WS2 and MoS2 as well as the corresponding plexcitonic 

coupling strength, i.e., gradually increased oscillator strength for the former (about 10% increase 

for the same temperature variation) yet rapidly decreased oscillator strength for the latter (more 

than 30% decrease). 

To fully understand such unusual temperature dependences of the bright A-exciton oscillator 

strength in WS2 and MoS2, we have to take into account the presence of dark excitons in both 

systems, which lie around the respective bright exciton state with an energy difference typically 

of a few tens of meV. (30,34,35,48) These dark excitons decouple from in-plane polarized 

photons and can only weakly couple with out-of-plane polarized photons, (36) thereby leading to 

negligible optical transition in comparison with the bright excitons (as schematically represented 

by the green arrows in Figure 7). Therefore, the dark excitons cannot directly couple with the in-

plane plasmon mode in our system. However, the population density of bright excitons is 

affected by presence of dark excitons because the redistribution of their population is correlated 

under thermal tuning, as will be discussed in detail later. This indicates that the existence of dark 

excitons modifies the coupling strength between bright excitons and the in-plane plasmon mode 

in an indirect way. Such indirect impact of the dark excitons on the plasmon–bright-exciton 

coupling has naturally been incorporated in the COM through modeling the temperature-

dependent oscillator strength of the bright excitons. As a result, the scattering responses of the 

plasmon–bright-exciton coupling system can be well fitted by the COM without considering dark 

excitons as additional oscillators. Considering the small energy difference between the bright and 

dark excitonic states and the average thermal energy ranging from 26 meV at 25 °C to 38 meV at 

165 °C in our experiment, the thermal-assisted transitions between those states can be quite 

intense (as illustrated by the purple arrows in Figure 7), which reaches an ultimate thermal 

equilibrium after fast redistribution of excitonic population. Assuming that the bright and dark 

excitonic states form a quasi-two-level system, they should follow the two-level Boltzmann 

distribution as NH = N0 exp(−ΔE/kBT)/(exp(−ΔE/kBT) + 1) for the higher occupied energy level 

and NL = N0/(exp(−ΔE/kBT) + 1) for the lower occupied energy level. Here N0 is the total number 

of photoexcited excitons, which is proportional to the incident light intensity and the transition 

dipole moment between the ground state and the bright excitonic state. Similar analysis of the 

thermal distribution of excitonic states was demonstrated in a previous study on time-resolved 
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photoluminescence in monolayer WSe2. (48) Under rising temperature, the Boltzmann 

distribution indicates an increase of density in the higher-energy exciton state and a 

corresponding decrease in the density of the lower-energy exciton state. Earlier studies found 

that the dark exciton of monolayer MoX2 (X = S or Se) has a higher energy than the bright 

exciton (30,48) (see left panels of Figure 7(a) and (b)), while that of the WX2 has a lower energy 

than the bright exciton (30,48) (see right panels of Figure 7(a) and (b)). As a result, the bright 

excitons in MoS2 lose oscillator strength, while those in WS2 gain oscillator strength with rising 

temperature. This physical model qualitatively agrees with our experimental results and also 

provide a unified physical picture to explain previous studies on temperature-dependent 

oscillator strengths of MoS2, (44) MoSe2, (43) WS2, (20) and WSe2. (42) 

By fitting the temperature-dependent coupling strength of the Au@Ag/WS2 coupling system 

given in Figure 4(b) with a two-level Boltzmann 

distribution, NH = N0 exp(−ΔE/kBT)/(exp(−ΔE/kBT) + 1, we are able to roughly estimate the 

energy difference between the dark and bright excitons of WS2. As shown in Figure S7, the 

energy difference extracted from the model is 27 meV, which is half of the reported value (54 

meV (36)). The deviation between the extracted energy difference and the reported value may 

originate from a possible coupling effect between the bright exciton state and other excitonic 

states. Using the extracted energy difference, it is possible to estimate the percentage change of 

the plasmon–exciton coupling strength induced purely by the redistribution of excitonic 

population. In the temperature range from 25 to 165 °C, our model reveals a coupling strength 

variation of 12.4% using the extracted energy difference, which in fact is significantly smaller 

than the variation of 32.7% for the reported energy difference of 54 meV. This tells us that the 

weight of the Boltzmann factor in the coupling strength variation can change even more 

drastically than we have estimated from the model. It is noted that, since the energy difference 

between the two excitonic states is obtained by fitting the COM-extracted temperature-dependent 

coupling strength, it may cause the issue of error transferring. This could be one possible reason 

for the deviation of our Boltzmann model extracted energy difference from the experimentally 

determined value at low temperature. (36) 

Note that in our model, for simplicity, we exclude the consideration of charged exciton states 

(such as trion state) in discussing the thermal tendency of exciton distribution. This is because 
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the trion state in both WX2 and MoX2 monolayers has a lower energy than the bright exciton, the 

presence of which would strengthen the bright exciton population in both systems under rising 

temperature, inconsistent with the observed opposite thermal dependences of exciton oscillator 

strength and plexcitonic coupling strength for WS2 and MoS2. To favor the existence of trion 

states at room temperature or even higher temperature, significant doping of TMDC monolayers 

through electrical gating, chemical doping, or optical pumping is necessary. In our experiment, 

none of those doping mechanisms were applied. Nevertheless, more comprehensive studies are 

required for quantitatively understanding the oscillator strength distribution with temperature 

variation in TMDC monolayers. 

In conclusion, we studied the temperature dependences of the plexcitonic coupling strength in 

MoS2/WS2 monolayers respectively hybridized with a single plasmonic open nanocavity. Using 

a coupled-oscillator model, we found opposite tendencies of the coupling strength for the two 

plexcitonic systems, consistent with the temperature evolution of the bright A-exciton oscillator 

strength of pristine MoS2/WS2. Using experimentally determined parameters, full-wave 

simulations well reproduced the measured scattering spectra of the two coupled systems and 

revealed a constant ratio of the plexcitonic coupling strength to the square root of the exciton 

oscillator strength as predicted by a quantum mechanical model. On the basis of the experimental 

and numerical results, we proposed a physically phenomenological model in which the reversed 

energy difference between the bright and dark excitons in the two TMDC monolayers leads to 

opposite redistribution of excitonic population to those exciton states under assistance by 

considerable thermal excitation energy at elevated temperatures. This consequently contributes 

to decreased oscillator strength in MoS2 yet increased oscillator strength in WS2, providing a 

unified physical explanation of recently reported temperature-dependent oscillator strengths of 

MoX2 and WX2. Our results not only offer new insights for understanding the thermal response 

of cavity–exciton strong coupling but also point out the critical role of dark excitonic states in 

affecting the plasmon–bright-exciton coupling strength. We stress that the opposite redistribution 

of excitonic population under thermal tuning is essentially determined by the inherent excitonic 

property of MoX2 and WX2 monolayers and does not depend on the plasmonic property of 

specific metallic nanostructures used in the coupling system. It is expected that the thermal 

tuning of plasmon–bright-exciton coupling features can be used to study the fine structures of the 

energy level of TMDC monolayers. For example, it is possible to determine the dark exciton 



energy more precisely if we can further improve the plasmon–bright-exciton coupling strength 

by utilizing plasmon nanocavities with higher quality factors and smaller model volumes. 

Methods 

Sample Preparation 

MoS2 and WS2 monolayer samples were grown on sapphire substrate through a chemical vapor 

deposition (CVD) technique (Carbon Six Ltd.). Au@Ag core–shell nanocuboids covered with a 

surfactant layer of CTAB were purchased from Nanoseedz Ltd. An Al2O3 layer of 0.5 nm thick 

was deposited on the MoS2 and WS2 monolayers with atomic layer deposition (ALD) to prevent 

possible chemical reaction and charge transfer between the Au@Ag nanocuboids and TMDC 

monolayers. (19) The Au@Ag nanocuboids in 1OD (optical density per centimeter light path of 

largest resonance) aqueous solution were spin-coated on the TMDC monolayers first at 100 rpm 

for 60 s to obtain a uniform distribution of aqueous solution and then at 3000 rpm for 30 s to 

remove excess solution. Finally, an extra layer of 2 nm thick Al2O3 was deposited on the 

TMDC–Al2O3–Au@Ag sample to eliminate oxidation in ambient and morphology variation 

under high temperature. (49) The thicknesses of Al2O3 layers were monitored by controlling the 

reactor temperature (85 °C) and the number of duty cycles (8 cycles for 0.5 nm thickness and 26 

cycles for 2 nm thickness). 

Optical Spectroscopy 

Differential reflectance spectroscopy of TMDC monolayers and dark-field scattering 

spectroscopy of individual Au@Ag nanocuboids were performed with a custom-built 

microspectroscopy system. In the differential reflectance measurements, a 10× magnification 

bright-field objective (NA = 0.3) focused an unpolarized white-light beam from an incandescent 

lamp onto the TMDC monolayers at near-normal incidence. The reflected light signal was 

collected by the same objective and directed to a monochromator (Princeton Instrument, SP2300) 

coupled with a silicon CCD (Princeton Instrument, PIXIS: 400BR eXcelon) through a tube lens 

focusing system. A slit at the monochromator entrance was used to block unwanted signal so as 

to achieve signal collection from a desired microscale area. To avoid reflectance from the surface 

of the sample stage, samples were stuck on a carbon tab to absorb the transmitted light. In the 

scattering measurements, individual Au@Ag nanocuboids were illuminated at large tilting angle 
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by an unpolarized white-light beam from an incandescent lamp through a dark-field objective 

condenser (100×, NA = 0.8). The backscattered light signal was collected by the same objective 

and coupled to the spectrometer through the same scheme as the reflectance measurements. An 

electronically controlled heating stage was integrated with the dark-field microscope system for 

raising the temperature at a tuning step of 10 °C. Each tuning step was held for 3 min to ensure 

the entire sample reached steady temperature before carrying out spectroscopic measurements. 

Numerical Simulations 

The plasmon–exciton coupling in the Au@Ag–TMDC plexcitonic systems was numerically 

studied as a function of temperature with the finite element method implemented in a 

commercial software package (COMSOL Multiphysics 4.3a, radio frequency module). A 

standard two-step process was adopted in computing the far-field response of a 

single Au@Ag nanocuboid coupled to the TMDC monolayer. In the first step, the full field was 

computed for the TMDC–nanoparticle hybridized system in the absence of 

the Au@Ag nanocuboid, illuminated by a plane wave at normal incidence. The field obtained 

from the first step was then used as the background fields to calculate the scattered fields of the 

coupled system in the second step. The scattered power flux of the coupled system was collected 

within a solid angle of 106° (corresponding to the objective NA 0.8 used in the dark-field 

scattering measurements) to obtain the totally measurable scattering response. (50) The thickness 

of monolayer WS2 (MoS2) was modeled as 0.62 nm (0.65 nm) (21) with temperature-dependent 

excitonic properties. To properly mesh such thin layers, we apply a transformation optics 

approach to scale the WS2 (MoS2) thickness to 6.2 nm (6.5 nm) with corresponding 

modifications to its permittivity and permeability. The permittivity data of silver and gold were 

adopted from the empirical data given by Johnson and Christy. (51) The permittivity of sapphire 

and alumina were considered nondispersive and set as 3.13 to simplify the slight optical 

anisotropy of sapphire crystal. 
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Figure 1. (a) Schematic diagram of a single Au@Ag nanocuboid separated from a TMDC 

monolayer by a thin Al2O3 layer, with the whole system covered by another Al2O3 layer. (b) 

TEM image of a Au@Ag nanocuboid. The scale bar is 50 nm. (c) Dark-field optical image 

of Au@Ag nanocuboids on a WS2 monolayer flake. (d, e) Measured temperature-dependent 

scattering spectra of a single Au@Ag nanocuboid on a MoS2 (d) and WS2 (e) monolayer flake, 

respectively. Symbols represent experimental results, and lines are fitting results by a coupled-

oscillator model. 

  



 

Figure 2. Temperature-dependent A-exciton energy for (a) MoS2 and (b) WS2 monolayers, both 

extracted from COM fitting of the measured scattering spectra in Figure S5. The insert in (a) 

shows the extracted B-exciton energy for MoS2. Solid lines represent the fitting curves of exciton 

energies as a function of temperature by the O’Donnell model. 

  

https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.8b01349/suppl_file/ph8b01349_si_001.pdf


 

Figure 3. (a) Bright-field optical image of a WS2 monolayer flake captured with a 100× objective 

(NA 0.9). (b) Photoluminescence mapping of the same flake under excitation of a 532 nm CW 

laser with the same objective as (a). (c) A-exciton energy of a WS2 monolayer extracted from 

COM fitting of scattering spectra of five different Au@Ag nanocuboids on a WS2 monolayer 

flake  

  



 

Figure 4. (a, b) COM-extracted coupling strengths for the Au@Ag–MoS2 (a) and Au@Ag–

WS2 (b) hybrid systems, respectively. (c, d) Lorentz-model-extracted oscillator strengths for the 

bright A-exciton in the MoS2 (c) and WS2 (d) monolayers under rising temperature, respectively. 

  



 

Figure 5. (a) Simulated temperature-dependent scattering spectra for a 

single Au@Ag nanocuboid coupled to a WS2 monolayer. (b) COM-fit-extracted coupling 

strength for the Au@Ag–WS2 plexcitonic system as a function of temperature (blue dots). The 

A-exciton oscillator strength of WS2 (red dots) was obtained by a linear fit of the experimental 

results in Figure 4(d). The inset plots the ratio of the COM-fit-extracted coupling strength to the 

square root of the oscillator strength. (c) Simulated local-field distribution in the coupled system 

at resonances P1, D1, and P2 as marked in (a), with the upper panel showing the xz-plane view 

and the bottom panel the xy-plane view. 

 

  

https://pubs.acs.org/doi/10.1021/acsphotonics.8b01349#fig4
https://pubs.acs.org/doi/10.1021/acsphotonics.8b01349#fig4


 

Figure 6. Similar simulation results to Figure 5 for a single Au@Ag nanocuboid coupled to a 

MoS2 monolayer. 

  

https://pubs.acs.org/doi/10.1021/acsphotonics.8b01349#fig5
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Figure 7. (a, b) Schematic diagrams of exciton densities of MoX2 and WX2 at low (a) and high (b) 

temperature. Solid black lines represent bright exciton states and gray dotted lines the dark 

exciton states. Solid green arrows represent the exciton radiation that can couple with plasmons. 

Solid purple arrows represent thermally induced transitions. Under rising temperature, the 

oscillator strength redistributes from low- to high-energy excitonic states, which consequently 

alters the density of bright exciton states coupled to the plasmonic nanocavity. 

  



Table 1. Simulation Parameters for Modeling the Permittivity of Monolayer WS2 and MoS2 

 

  

TMDC εout ε∞ EA/B(0) 

[eV] 

sA/B ⟨hω⟩A/B 

[eV] 

ΓA/B(0) 

[eV] 

αA/B ΔEA/B[eV] 

WS2 2.9 17.7 2.024 3.47 0.063 -0.064 4 × 10−4 0.0214 

MoS2 2.8 21 1.89/2.02 3.15/7.61 0.06/0.111 0.091/1.38 1.38 × 10−4 /7.42 

× 10−4 

0.03/0.037 
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