
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Hybridized Exciton-Photon-Phonon States in a Transition
Metal Dichalcogenide van der Waals Heterostructure

Microcavity
Donghai Li, Hangyong Shan, Christoph Rupprecht, Heiko Knopf, Kenji Watanabe, Takashi

Taniguchi, Ying Qin, Sefaattin Tongay, Matthias Nuß, Sven Schröder, Falk Eilenberger,
Sven Höfling, Christian Schneider, and Tobias Brixner

Phys. Rev. Lett. 128, 087401 — Published 23 February 2022
DOI: 10.1103/PhysRevLett.128.087401

https://dx.doi.org/10.1103/PhysRevLett.128.087401


1 
 

Hybridized exciton–photon–phonon states in a 1 

transition-metal-dichalcogenide van-der-Waals 2 

heterostructure microcavity 3 

Donghai Li1,2, Hangyong Shan3, Christoph Rupprecht4, Heiko Knopf5,6,7, Kenji Watanabe8, 4 

Takashi Taniguchi9, Ying Qin10, Sefaattin Tongay10, Matthias Nuß1, Sven Schröder6, Falk 5 

Eilenberger5,6,7, Sven Höfling4, Christian Schneider3,4*, and Tobias Brixner1,11* 6 

1 Institut für Physikalische und Theoretische Chemie, Universität Würzburg, Am Hubland, 7 

97074 Würzburg, Germany 8 

2 University of Science and Technology of China, 230026 Hefei, China 9 

3 Institute of Physics, University of Oldenburg, D-26129 Oldenburg, Germany 10 

4 Technische Physik and Wilhelm Conrad Röntgen Research Center for Complex Material 11 

Systems, Universität Würzburg, Am Hubland, 97074 Würzburg, Germany 12 

5 Institute of Applied Physics, Abbe Center of Photonics, Friedrich Schiller University, 13 

Albert-Einstein-Straße 15, 07745 Jena, Germany 14 

6 Fraunhofer-Institute for Applied Optics and Precision Engineering IOF, Albert-Einstein-15 

Straße 7, 07745 Jena 16 

7 Max Planck School of Photonics, Albert-Einstein-Straße 7, 07745 Jena, Germany 17 

8 Research Center for Functional Materials, National Institute for Materials Science, 1-1 18 

Namiki, Tsukuba, Ibaraki 305-0044, Japan 19 

9 International Center for Materials Nanoarchitectonics, National Institute for Materials 20 

Science, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan 21 



2 
 

10 Materials Science and Engineering, School of Engineering of Matter, Transport, and 1 

Energy, Arizona State University, Tempe, AZ 85287, USA 2 

11 Center for Nanosystems Chemistry (CNC), Universität Würzburg, Theodor-Boveri-Weg, 3 

97074 Würzburg, Germany 4 

*E-mails: christian.schneider@uol.de, brixner@uni-wuerzburg.de 5 

Excitons in atomically thin transition-metal dichalcogenides (TMDs) have been 6 

established as an attractive platform to explore polaritonic physics, owing to their 7 

enormous binding energies and giant oscillator strength. Basic spectral features of exciton 8 

polaritons in TMD microcavities, thus far, were conventionally explained via two-9 

coupled-oscillator models. This ignores, however, the impact of phonons on the polariton 10 

energy structure. Here we establish and quantify the threefold coupling between excitons, 11 

cavity photons, and phonons. For this purpose, we employ energy-momentum-resolved 12 

photoluminescence and spatially resolved coherent two-dimensional spectroscopy to 13 

investigate the spectral properties of a high-quality-factor microcavity with an embedded 14 

WSe2 van-der-Waals heterostructure at room temperature. Our approach reveals a rich 15 

multi-branch structure which thus far has not been captured in previous experiments. 16 

Simulation of the data reveals hybridized exciton–photon–phonon states, providing new 17 

physical insight into the exciton polariton system based on layered TMDs.  18 

Strong exciton–photon coupling in microcavities gives rise to quasiparticles termed exciton 19 

polaritons, emerging as ideal candidates to study phenomena inherent to non-linear bosons by 20 

means of optical spectroscopy. Atomically thin monolayers of transition-metal dichalcogenide 21 

(TMD) are a very attractive material to investigate the physics of exciton polaritons from 22 

cryogenic to room temperature [1–4], owing to their highly interesting excitonic properties, 23 

e.g., enormous binding energies and giant oscillator strength [5]. Moreover, the interaction of 24 
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excitons with phonons governs many important spectral and optoelectronic properties of 1 

TMDs [6–9]. Although exciton polaritons have been realized in microcavities with embedded 2 

TMD monolayers [1,2] and their van-der-Waals heterostructures [3], the impact of coherent 3 

phonon coupling on the energy eigenstates in these systems has not been studied. 4 

It is common practice to employ simple two-coupled-oscillators models to describe the 5 

basic spectral features of exciton polaritons emerging in inorganic microcavities [10]. In this 6 

model, the strong coupling between a cavity photon EC (with the excitonic system in the ground 7 

state G, thus here labeled as G;EC
) and an exciton X (with the cavity in its ground state GC, 8 

thus here labeled as X;GC
) results in two eigenstates, termed upper polariton UP  and lower 9 

polariton LP , which are both linear superpositions of the cavity photon and the exciton. The 10 

role of phonons, however, is usually treated perturbatively, via Boltzmann rate equations, or 11 

more involved approaches based on Monte Carlo quantum jumps [11]. In contrast, in organic 12 

microcavities, when the vibronic coupling between excitons and phonons competes in strength 13 

with the exciton–photon coupling, multiple polariton branches [12,13] and phonon-assisted 14 

relaxation [14,15] have been observed experimentally, and were recently directly harnessed to 15 

study polaritonic non-linearities down to the single photon level [16]. These observations 16 

support a vibronic polariton model which explicitly takes into account not only the degree of 17 

freedom of excitons and photons, but also that of phonons [17–19].  18 

The Hamiltonian of a vibronic polariton model can be expressed as [17] 19 
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Here EX, EC, and EV are the energies of the pure exciton, the cavity photon, and the phonon, 1 

respectively. In building the matrix of H, we set the diagonal terms as the energies of three 2 

excitonic states, vX;;GC
, with phonon quantum number v = 0, 1, 2, one pure cavity photon 3 

state, G;0;EC
, and two other phonon-dressed photon states, G;1;EC

and G;2;EC
, which 4 

possess energies of EC + v EV (v = 1, 2). The phonon-dressed photon states consist of one photon 5 

plus v phonons of a particular mode. Off-diagonal terms gij (i, j = 0, 1, 2) are the interaction 6 

potentials between the cavity photon and the excitonic states, which can be calculated by [17] 7 

ij

ijg i | j
2


 , (2) 8 

where 
ij  is the Rabi frequency for a particular transition band, and i | j  represents the 9 

vibrational overlap integral (Franck–Condon factor) that depends on the Huang–Rhys factor S. 10 

More details of the vibronic polariton Hamiltonian can be found in Supplemental Material  [20].  11 

The vibronic polariton model can be understood in a Franck–Condon picture [Fig. 1(a)], 12 

wherein the exciton–phonon coupling gives rise to a shift, d, along the configurational 13 

coordinate of a normal mode of the lattice between the two potential minima, allowing a series 14 

of transitions to strongly interact with the cavity photon, and hence, leading to a vibronic 15 

polariton progression. In the simplest case, where only the transition between 
CG ;G;0  and 16 

CG ;X;0  (i.e., the 0–0 transition for short) strongly interacts with the cavity photon (i.e., gij are 17 

all zero except for g00), the vibronic polariton model approaches the two-coupled-oscillators 18 

model, resulting in the polariton dispersion relations shown in Fig. 1(b).  19 
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 1 

FIG. 1. (a) Schematic plot of the vibronic polariton model. (b) Simulated polariton dispersion curves 2 

under two-coupled-oscillator model. (c,d) Simulated polariton dispersion curves using vibronic 3 

polariton model under the assumption that the coupling terms with phonon-dressed photon states are 4 

deactivated (c) and activated (d). The dashed purple lines indicate the dispersion relation of the pure 5 

exciton. 6 

The phonon’s degree of freedom can be mixed in through two approaches: (1) large S, 7 

and/or (2) the inclusion of the phonon-dressed photon states. The first approach is commonly 8 

seen in organic microcavities, where the exciton–phonon coupling strength can be as large as 9 

that of the exciton–photon coupling, such that g01/g10 and g02/g20 cannot be ignored anymore. 10 

The second approach, on the other hand, is relevant when the excited states of the phonon mode 11 

are initially populated, hence the 1–1 and 2–2 transitions can also strongly interact with the 12 

cavity photon, and thus 
11  and 

22  are as large as 
00 . We note that for both of the two 13 

approaches, it requires a long lifetime of the phonon, such that the vibrational relaxation is 14 

slower than the coherent Rabi exchange. Figures 1(b) and 1(c) are the resulting polariton 15 
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dispersion relations under the Approaches 1 and 2, respectively. Both figure panels show 1 

multiple polariton branches. However, for Approach 1 only one branch can be found with an 2 

energy below that of pure exciton dispersion (shown as the horizontal dashed line), whereas for 3 

Approach 2, because of the inclusion of the phonon-dressed photon states, more than one branch 4 

can emerge below the dashed line. We will show that only Approach 2 is consistent with our 5 

experimental findings. 6 

Coherent two-dimensional (2D) electronic spectroscopy has emerged as a powerful tool that 7 

is sensitive to couplings and dynamic evolution of excitons [28–31] or cavity polaritons [32,33]. 8 

We have recently developed fluorescence-detected 2D micro-spectroscopy that provides 9 

additional spatial resolution [26], enabling us to acquire 2D spectra from structural domains 10 

localized on a µm lateral scale [34]. In the present work, we carry out 2D micro-spectroscopy 11 

on a microcavity with an embedded WSe2 van-der-Waals heterostructure at room temperature. 12 

Together with an energy-momentum-resolved photoluminescence (PL) measurement, we 13 

observe and quantify vibronic polariton progressions which thus far were not observed in 14 

previous reports of TMD-based microcavities.  15 

Figure 2a shows a microscope image of the WSe2/h-BN/WSe2 heterostructure as the active 16 

material embedded in a microcavity. The four areas indicated with green outlines mark the 17 

shapes and locations of four partially overlapping WSe2 monolayers, hence the WSe2 18 

heterostructure exhibits single-monolayer and double-monolayer (DML) regions. The WSe2 19 

monolayers are separated by an h-BN layer (lateral location marked by the orange outline) with 20 

a thickness of ~5 nm. The WSe2/h-BN/WSe2 van-der-Waals structure is sandwiched between 21 

two distributed Bragg reflectors, shown as the right inset of Fig. 2(a) (see Supplemental 22 

Material [20] for sample fabrication). The left inset of Fig. 2(a) contains a spatial map of the 23 

PL intensity, wherein the DML regions show at maximum ~10 times higher PL than single-24 

monolayer regions, resulting from both the higher excitation probability and higher PL quantum 25 
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yield. Thus, we focus on the DML regions throughout this work for obtaining reliable 2D 1 

spectral results. For the theoretical model of the DML region, we adopt the standard picture that 2 

the cavity photon collectively couples to excitons in both monolayers. Since the two monolayers 3 

are approximately degenerate (energetically), the primary effect will be an effective doubling 4 

of the oscillator strength, yielding an increase of the Rabi energy by a factor of √2. 5 

 6 

FIG. 2. (a) Microscope image of the WSe2/h-BN/WSe2 structure. Insets: Map of PL intensity (left); 7 

schematic diagram of the microcavity with embedded WSe2/h-BN/WSe2 heterostructure (right). (b) 8 

Schematic diagram of 2D micro-spectroscopy. (c) Detection scheme of momentum-resolved PL 9 

spectroscopy. Abbreviations: Fourier-space plane (FSP), Real-space plane (RSP), and Avalanche 10 

Photodiode (APD). 11 
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We carried out 2D micro-spectroscopy and momentum-resolved PL spectroscopy to study 1 

the sample. A detailed description of the 2D micro-spectroscopy setup can be found in 2 

Supplemental Material [20]. Briefly, four collinear laser pulses generated by a pulse shaper 3 

were focused onto the sample by a high-numerical-aperture objective [Fig. 2(b)]. The PL 4 

intensity was measured as a function of the three excitation inter-pulse time delays, namely a 5 

first coherence time  , waiting time T, and second coherence time t, as well as the phases of 6 

individual pulses 
41 . A phase-cycling scheme and subsequent Fourier transformation over   7 

and t allows us to obtain a 2D spectrum for every value of T (find more details of the data 8 

acquisition scheme in Supplemental Material [20]). For the momentum-resolved PL 9 

measurements, a standard back-Fourier-plane imaging configuration is used [Fig. 2(c)]. Briefly, 10 

the first lens on top of the sample and its back-focal plane carries the momentum-dependent 11 

information of the sample. A second lens collects the back-focal-plane information of the first 12 

lens, and a third lens projects the information into the focal plane (slit) of a spectrometer (find 13 

more details in Supplemental Material [20]). 14 

Figure 3(a) shows an energy-momentum-resolved map of the PL intensity for negative k|| 15 

measured from one of the DML regions (see Supplemental Material [20] for the full data set). 16 

The three most distinct PL features at k|| = 0 emerge at ~ 1.605, 1.630, and 1.643 eV, and a 17 

ladder-type dispersion can be found at finite k||, as a signature of polaritons in a finite-size trap. 18 

A simulation result based on the vibronic polariton model is shown next to it in Fig. 3(b) (find 19 

more details of the simulation in Supplemental Material [20]). The multiple polariton dispersion 20 

relations emerging with an energy below that of the pure exciton (dotted black) line verify the 21 

Approach 2 for the phonon hybridization [Fig. 1(d)]. 22 
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 1 

FIG. 3. (a) Energy-momentum-resolved PL map (for negative k||, see Supplemental Material [20] for 2 

the full data set).  (b) Simulated polariton dispersion relations using vibronic polariton model. The 3 

horizontal dotted line indicates the energy of pure excitons. (c) Retrieved energy positions (squares) 4 

of five bands as functions of T, and linear fitting results (solid lines). The error bars are evaluated as 5 

the standard deviation of the fluctuations calculated from the differences between the measured 6 

values (squares) and linear fit results (solid lines) at each T. Colored shaded areas in b and c indicate 7 

the total confidence ranges of experimentally determined energy positions from 2D spectroscopy data 8 

evaluated over all T, to facilitate comparison with the theoretical dispersion curves. (d) Linear slopes 9 

of the five fits from c, with error bars depicting 95% confidence bounds from the fit. 10 

While conventional PL signals probe the population of states, and thus are dominated by 11 

photoemission from the lowest excited states only, we can use 2D spectroscopy to obtain full 12 

information about the energy structure. i.e., also for the high-energy polariton states that are not 13 

visible in PL but that are excited within the broadband laser spectrum. For any quantum system 14 

with multiple states in a single-excitation manifold 
iE , the positions of diagonal peaks in a 15 

2D spectrum reveal the energy structure of the system. This can be explained by double-sided 16 

Feynman diagrams for the so-called rephasing and non-rephasing contributions [Fig. 4(a)]. The 17 

resulting 2D spectra contain two types of pathways resulting in signals at diagonal positions for 18 

which excitation and detection frequency are the same, marked in the figure as ground-state 19 

bleach (GSB) and stimulated emission (SE) [35]. Each interaction with a laser pulse leads to an 20 
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optical transition between the ground state G  and the excited-state manifolds 
iE  in the 1 

Feynman diagrams marked either on the right side (change in the ket state) or on the left side 2 

(change in the bra state). In all shown cases, the system reaches an excited population state 3 

ii EE  (i = 1, 2, 3, …) after the interactions with the four pulses, and subsequently relaxes to 4 

the lowest excited state 
0 0E E , from which the PL signal is detected. The PL intensity 5 

oscillates upon scanning the coherence times, and thus 2D Fourier transformation with respect 6 

to  and t results in a peak in the 2D spectrum whose location is determined by the oscillation 7 

frequencies of the coherent states 
iEG  and GEi

 during   and t, respectively, revealing 8 

the energy structure.  9 

Figures 4(b,c) show two exemplary 2D spectra at T = 50 fs for rephasing (b) and non-10 

rephasing signals (c). More results for other T can be found in Supplemental Material [20]. The 11 

rephasing and the non-rephasing 2D spectra show phase-twisted line shapes: the peaks in the 12 

rephasing 2D spectra exhibit elongated line shapes along the diagonal, while in the non-13 

rephasing 2D spectra the peaks are stretched along the anti-diagonal direction. This phase-14 

twisted line shape results from a combination of absorptive and dispersive features [36]. We 15 

plot slices along the diagonal lines of the 2D spectra directly on top of the corresponding 2D 16 

spectra as black solid lines. Fitting the curves with sums of Gaussians (individual contributions 17 

in colored dashed curves) provides the peak positions of five states (vertical gray dashed lines). 18 

Fitting results for all diagonal slices of the rephasing and the non-rephasing 2D spectra at 19 

different T are given in Supplemental Material [20]. Despite the different line shapes of the 20 

rephasing and the non-rephasing 2D signals, the recovered diagonal peak positions agree well 21 

with each other, together revealing the same five-peak energy structure. Note that the lowest 22 

excited 
0E  state is not initially populated with our particular laser spectrum because of the 23 

very low laser intensity at 1.605 eV, and hence the diagonal peak corresponding to 
0E  cannot 24 
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be observed in 2D spectra. The presence of all higher excited polariton states is a signature of 1 

efficient relaxation because in all cases PL is only detected from the lowest state, 
0E  by the 2 

employment of a particular optical filter that blocked the PL from higher polariton states. 3 

 4 

FIG. 4. (a) Feynman pathways corresponding to rephasing and non-rephasing 2D spectra. (b, c) Bottom: 5 

Measured rephasing (b) and non-rephasing (c) 2D spectrum (absolute value) at T = 50 fs. Top: Slices 6 

through the 2D spectra along the diagonal lines (squares) and the fitting results (black solid curves) 7 

using five Gaussian functions (colored dashed curves). Abbreviations: Ground-state bleach (GSB) and 8 

stimulated emission (SE). 9 

The reproducibility of the observed energy structure can be proved by measuring 2D spectra 10 

at different DML regions on the sample (find more details in Supplemental Materials  [20]). In 11 

addition, if we plot the line cuts through, e.g.,  = 1.655 eV for the rephasing and the non-12 

rephasing 2D spectra, then the same energy structure can also be found from the positions of 13 

off-diagonal peaks (find more details in Supplemental Materials  [20]). However, the off-14 
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diagonal peaks could be influenced by more Feynman pathways involving two-exciton-1 

manifold energy levels, hence leading to unnecessary complexity. Thus we will focus on the 2 

analysis of diagonal peaks throughout the manuscript. The positions of the fourth and fifth 3 

peaks show larger uncertainties than the others owing to their low intensities. Therefore, to 4 

enhance the relatively weak diagonal peaks located on the high-energy side, we performed an 5 

additional 2D measurement at T = 50 fs with the laser spectrum moved to higher excitation 6 

energies and total intensity increased to keep the linear PL signal intensity at the same level. As 7 

a result, the fourth and fifth diagonal peaks are strongly enhanced such that the peak positions 8 

can be more accurately determined, which are 1.702 eV and 1.730 eV, respectively (find more 9 

details in Supplemental Material [20]).  10 

Let us now compare the results of the 2D and the energy-momentum-resolved PL 11 

spectroscopy. Among the level energies determined from the mean value of the diagonal peak 12 

positions within the 2D spectra, the lowest two are located at 1.633 and 1.653 eV. They 13 

correspond to the second and the third polariton branches emerging at 1.630 and 1.643 eV 14 

observed in the energy-momentum-resolved PL map [Fig. 3(a)]. The diagonal peaks of 2D 15 

spectra show energies higher than the PL peaks at k|| = 0, because the 2D spectra measure a 16 

momentum-integrated signal, suggesting that the optical excitations are initially distributed 17 

over a broader range of k||, followed by relaxation down to the bottom of each branch due to 18 

thermalization. As a result, the linear PL signal shows strongest intensity near the zero-19 

momentum position of each branch. 20 

This intra-band relaxation is corroborated by the time-dependent 2D spectra. To reduce the 21 

error, the diagonal peak positions at each T were calculated as the mean value of the retrieved 22 

peak positions from the rephasing and the non-rephasing 2D spectra and are shown in Fig. 3(c). 23 

The positions of the four high-energy components show red-shift behavior with increasing T, 24 
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as indicated by the negative slopes of the fitting lines [Fig. 3(d)], reflecting the initial intra-band 1 

relaxation within the first 300 fs after the broadband pulsed laser excitation. 2 

An avoided crossing is found in the simulated data between the third and fourth vibronic 3 

polariton branches (as counted from the bottom). This is, however, not seen in the momentum-4 

resolved PL measurement, owing to the fact that the decay channels of the high-energy states 5 

are so efficient that they are depleted on timescales much faster than their radiative decay. Using 6 

2D spectroscopy, however, we can recover also the high-energy bands located at 1.678, 1.702 7 

and 1.730 eV [Fig. 3(c)]. Owing to the fact that the 2D spectra measure momentum-integrated 8 

signals, the diagonal peaks of 2D spectra could be 0–10 meV higher than the bottom energy of 9 

the corresponding polariton branch. Considering such a deviation, the experimental peak 10 

positions agree well with the simulation results of Fig. 3(b), as indicated by the semi-transparent 11 

shaded areas connecting Figs. 3(b) and (c). 12 

By fitting the experimentally determined energy structure with the eigenenergies of the 13 

vibronic polariton model, we are able to determine the Hamiltonian (Supplemental 14 

Material [20]). For the studied system, the phonon energy was found to be ~ 20 meV, close to 15 

that of the E″ phonon mode (21.8 meV) [27]. Due to the Boltzmann distribution, the first and 16 

the second excited states of this phonon mode are initially populated at room temperature, such 17 

that the 1–1 and 2–2 transitions can strongly interact with the cavity photon, introducing the 18 

hybridization of the phonon. Therefore, the observed exciton–photon–phonon hybridization 19 

mechanism cannot be simply translated to low temperature, as the initial population of excited 20 

phonon states would be strongly reduced, and, at the same time, the formation of trions would 21 

further decrease the exciton population. This would explain why in low-temperature 22 

experiments, it is often sufficient to work with a two-coupled-oscillators model, whereas the 23 

novel observation of hybridized exciton–photon–phonon states emerges only with sufficiently 24 

high temperature. Although the A1g phonon mode has been found to couple strongly to excitons 25 
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in a previous experimental study [7], the extracted phonon energy indicates that the A1g phonon 1 

mode is not the source of exciton–photon–phonon hybridization. We speculate that this may be 2 

due to a short lifetime of the excited A1g phonon in the excited electronic manifold, which can 3 

prevent the vibronic transition to interact strongly with the cavity photon. 4 

To summarize, we studied the nonlinear optical response of a WSe2/hBN/WSe2 van-der-5 

Waals heterostructure embedded in a microcavity by employing two-dimensional (2D) micro-6 

spectroscopy and energy-momentum-resolved photoluminescence spectroscopy. The 7 

experimental results reveal multiple polariton branches induced by exciton–photon–phonon 8 

hybridization that can be modeled by a vibronic polariton Hamiltonian. We thus discover 9 

previously unobserved bright states in microcavities with embedded 2D materials. In previous 10 

works, phonons have been reported to be crucial in polariton relaxation processes [14,15,37–11 

40]. Hence, we expect that the interaction of TMD microcavities with a phonon bath plays a 12 

key role in the energy relaxation down the vibronic polariton progression, which may offer 13 

important information for the ongoing attempts of realizing room-temperature Bose–Einstein 14 

condensation and polariton lasing in these systems [41]. 15 
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