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The generation of exciton–polaritons through strong light–matter interactions represents an emerging platform for ex-
ploring quantum phenomena. A significant challenge in colloidal nanocrystal-based polaritonic systems is the ability
to operate at room temperature with high fidelity. Here, we demonstrate the generation of room-temperature exci-
ton–polaritons through the coupling of CdSe nanoplatelets (NPLs) with a Fabry–Pérot optical cavity, leading to a Rabi
splitting of 74.6 meV. Quantum-classical calculations accurately predict the complex dynamics between the many dark
state excitons and the optically allowed polariton states, including the experimentally observed lower polariton pho-
toluminescence emission, and the concentration of lower polariton photoluminescence intensities at higher in-plane
momenta as the cavity becomes more negatively detuned. The Rabi splitting measured at 5 K is similar to that at
300 K, validating the feasibility of the temperature-independent operation of this polaritonic system. Overall, these
results show that CdSe NPLs are an excellent material to facilitate the development of room-temperature quantum
technologies.

I. INTRODUCTION

Exciton–polaritons, generated from the strong coupling be-
tween electronic states of molecules and photons confined
within an optical cavity, have drawn significant interest for
applications in a number of different fields including po-
lariton chemistry, quantum electrodynamics, quantum com-
puting, and quantum simulations.1–6 However, due to rapid
decoherence,7 the strongly-coupled light–matter states that
are necessary for these applications often exist at cryogenic
temperatures,8–10 which limits their practical utility. There-
fore, for widespread use of exciton–polaritons in future tech-
nologies, it is imperative to achieve strong light–matter cou-
pling in a robust system that can be actively controlled at room
temperature.1,10–12

Incorporating solution-processed active materials into ex-
citon–polariton systems has advantages due to their low-
cost synthesis and facile ability to integrate into devices
for room-temperature operation.3,13,14 Indeed, recently, there
has been an active interest in investigating novel, solution-
processable polaritonic systems displaying interesting phys-
ical characteristics at ambient temperatures.2 For example,
polariton Bose–Einstein condensates have been observed in
lead-halide perovskite nanowire microcavities.13 In dielectric
Fabry–Pérot optical cavities containing a thin film of lead-
halide perovskites, strong polariton–polariton scattering was
observed.15 Colloidal quantum dots (QDs) have also drawn
significant attention as a well-investigated system for explor-
ing strong light–matter coupling within optical cavities.16–18

For instance, strong coupling has been demonstrated by in-

tegrating colloidal QDs into a high-Q microcavity, result-
ing in a Rabi splitting of 24 – 32 meV,19 a phenomenon
observed even with single QDs in a Fabry–Pérot cavity at
room temperature.20 However, limited oscillator strength21

and comparatively broad fluorescence linewidth3 of these
QDs present challenges in achieving substantial Rabi splitting
in such systems.

Cadmium selenide (CdSe) nanoplatelets (NPLs) are a
class of solution-processable materials that are promising for
studies of strong light–matter interactions.22–27 Much like
two-dimensional (2D) semiconductor quantum wells, NPLs
demonstrate strong quantum confinement along the longi-
tudinal (i.e. shortest) dimension28 with an in-plane transi-
tion dipole moment29 and an exceptionally large oscillator
strength.30 Thus, on a per-particle basis, NPL excitons should
more easily couple to the photonic states of an optical cav-
ity. In addition, NPLs have a well-defined thickness that leads
to homogeneously broadened linewidths22–25 along with sub-
stantial exciton-binding energies (195 – 315 meV),31 offering
advantages for achieving strong light–matter coupling at room
temperature,32 given the relatively large thermal excitation en-
ergy at 300 K. However, like other solution-processable cav-
ity–matter systems, incorporating NPLs into optical cavities
poses challenges associated with sample preparation, includ-
ing obtaining high-quality optical films of a dense array of
NPLs.33

In this work, we show that strong coupling between CdSe
NPLs and the optical field of a Fabry–Pérot cavity can be
achieved at room temperature (300 K). The optical cavity con-
sists of a pure NPL layer deposited between a dielectric and
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FIG. 1. (a) Energy level diagram depicting the resonance interac-
tion between a two-level system and a confined electromagnetic field
within an optical cavity. DS, UP, and LP represent the dense mani-
fold of dark exciton states, upper polariton states, and lower polariton
states, respectively. (b) Energy–momentum dispersion characteris-
tics of the upper and the lower polariton states, showing the energy
anti-crossing behavior. (c) Absorption and PL spectra of the synthe-
sized 4.5 ML CdSe NPLs in hexane. A TEM image of these NPLs is
shown in the inset.

a metal mirror. To enable strong coupling of NPLs to the
cavity with high fidelity at room temperature, we utilized a
layer comprising only NPLs between the mirrors. The pure
NPL film filling the cavity substantially increased the number
of NPLs collectively coupled to the cavity, thus allowing for
clear identification of upper and lower polariton branches at
room temperature. A Fourier-space imaging system was used
to provide insights into the photophysical properties of polari-
tons as a function of in-plane momenta and to characterize
the strength of light–matter coupling.33 The NPL–cavity sys-
tem was found to be in the collective strong coupling regime
with a Rabi splitting of 74.6 meV at room temperature, con-
firmed by the angle-resolved reflectance and photolumines-
cence (PL) measurements. Quantum dynamics simulations
including cavity loss, phonon-assisted non-adiabatic coupling
between polaritons and excitons, and multiple cavity modes,
accurately reproduce the observed PL properties of the ex-
citon–polaritons. Overall, the discovery of a facile system
that exhibits strong light–matter coupling in ambient condi-
tions should provide significant insights into the rich popula-

tion dynamics of polaritons and thus enable groundbreaking
advancements in polariton chemistry, such as chemical reac-
tions arising from polariton-mediated charge transfer.34

II. FORMATION OF EXCITON–POLARITONS

For a planar Fabry–Pérot cavity structure, the cavity photon
field is confined in the z-direction and the energy–momentum
relationship of the photon can be expressed as

Eph(θ) =
h̄c
ne

k =
h̄c
ne

√
k2
⊥+ k2

∥, (1)

where k∥ =
√

k2
x + k2

y represents the in-plane wavevector, k⊥
represents the out-of-plane wavevector in the direction of the
confined field, c is the speed of light, and ne is the effective
refractive index of the cavity. The relationship between the
in-plane and the out-of-plane wavevector can be expressed as
tanθ = k∥/k⊥ where θ corresponds to the angle relative to
the z-direction. Accordingly, the cavity photon energy can be
expressed as

Eph(θ) =
h̄c
ne

k⊥
√

1+ tan2 θ . (2)

For small angles (θ ), the photon energy can be approximated
as

Eph(θ)≈
h̄c
ne

k⊥(1+
1
2

tan2
θ). (3)

Eq. (3) shows that the dispersion of the cavity photon mode is
parabolic for a small angular range.

In the strong exciton–photon coupling regime, two new
light–matter hybrid eigenstates (i.e. polaritons) are cre-
ated with an energy separation given by the Rabi splitting
energy,32,35 as illustrated in Fig. 1a. When considering the
spectral dispersion of the NPL excitons and the Fabry–Pérot
cavity modes, strong light–matter coupling manifests as an
avoided crossing between the coupled modes,36 as shown in
Fig. 1b. Thus, including momentum-related dispersion, strong
light–matter coupling produces an upper polariton (UP) and
a lower polariton (LP) branch, which have a relative admix-
ture of excitonic and photonic properties.37,38 According to
the Tavis–Cummings model,39 the eigenenergies correspond-
ing to UP (E+) and LP (E−) under the collective light–matter
coupling regime can be expressed as

E±(θ) =
1
2
[
Ex + h̄ωc(1+

1
2

tan2
θ)

]
(4)

± 1
2

√[
h̄ωc(1+

1
2

tan2 θ)−Ex
]2
+4Ng2

c ,

where ωc = ck⊥/ne is the frequency of the cavity photon in
the z-direction, Ex is the exciton energy, gc is the light–matter

https://doi.org/10.26434/chemrxiv-2023-9kllm-v3 ORCID: https://orcid.org/0009-0009-0030-7516 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-9kllm-v3
https://orcid.org/0009-0009-0030-7516
https://creativecommons.org/licenses/by-nc-nd/4.0/


3

FIG. 2. (a) Schematic of the DBR–Metal hybrid cavity structure. The DBR consists of 15.5 pairs of alternating layers of SiNx and SiO2, among
which only 2.5 pairs are shown. The interaction between the NPL excitonic oscillations and the electromagnetic field of the cavity photons is
also illustrated. (b) Solid-state film deposition from a colloidal NPL solution to fabricate a Fabry–Pérot cavity with a bottom-up approach. (c)
Uniform NPL films where the top panel corresponds to the deposited film on a 10 mm × 10 mm DBR substrate under UV illumination and the
bottom panel is an optical microscope (10X objective) image on a 900 µm × 900 µm scale, captured with a Filmetrics F20 imaging system.

coupling strength, and N is the total number of coupled emit-
ters. The light–matter detuning is defined as

∆E(θ) = h̄ωc(1+
1
2

tan2
θ)−Ex. (5)

For a specific incident angle (θ0), resonance occurs where
the light–matter detuning ∆E(θ0) becomes zero. At reso-
nance, the energy difference between E+(θ0) and E−(θ0) be-
comes

h̄ΩR = E+(θ0)−E−(θ0) = 2
√

Ngc. (6)

This energetic separation between UP and LP is commonly
referred to as the vacuum Rabi splitting.40 For N emitters in
the collective coupling regime, there is also a manifold of N–1
dark states with nearly zero transition dipole34 which repre-
sent exciton modes that do not couple to the cavity. Eq. (6)
shows that Rabi splitting is proportional to

√
N, i.e. the more

NPLs effectively couple to the cavity, the larger the Rabi split-
ting. To fulfill the strong coupling criterion, where the coher-
ent energy exchange rate between light and matter exceeds
their individual decay rates, the Rabi splitting energy (h̄ΩR)
must be larger than the energies corresponding to the com-
bined decay rates of photons (h̄γc) and excitons (h̄γx).

III. SAMPLE FABRICATION

The synthesis of CdSe NPLs was adapted from recently
developed procedures.22,41 The absorption and PL spectra of
these NPLs are presented in Fig. 1c. The NPLs exhibit two
well-defined peaks in absorption at 512 nm (2.422 eV) and
481 nm (2.578 eV), corresponding to the heavy-hole (HH)
and the light-hole (LH) exciton transitions, respectively. The

PL maximum is at 513 nm (2.417 eV) with a full-width half-
maximum (FWHM) of 9.5 nm (≈ 45 meV), resulting in a very
small (≈ 4.7 meV) Stokes shift. The average lateral dimension
of the NPLs was estimated from the transmission electron mi-
croscope (TEM) image as 38.8 ± 3.7 nm × 7 ± 1.1 nm with a
thickness ≈ 1.2 nm, corresponding to 4.5 monolayers (MLs).

The cavity consists of a thin film of 4.5 ML CdSe NPLs
in between two highly reflective mirrors. A schematic of the
cavity structure is presented in Fig. 2a. The bottom mirror is
a distributed Bragg reflector (DBR) while the top mirror is a
40 nm thick metal (Ag) layer. The NPL film was prepared
by drop-casting concentrated NPLs in hexane on top of the
DBR substrate, as illustrated in Fig. 2b (see Supplementary
Information for more details). As shown in Fig. 2c, the result-
ing NPL film is optically smooth, which is critical for high-
quality cavity operation with minimal loss. The quality fac-
tor, Q, of the cavity, is estimated as h̄ωc/h̄γc where h̄ωc is the
energy of the cavity mode calculated from the central linecut
of the angle-resolved reflectance from a highly red-detuned
cavity (i.e. a polariton with mostly photonic character). As-
suming the polariton reflectance linewidth corresponds to the
cavity decay rate h̄γc, we calculate Q ≈ 60 (Fig. S4a) for this
NPL–cavity system.

IV. EXPERIMENTAL RESULTS

Polariton photophysical properties are characterized by
measuring angle-resolved reflectance and PL spectra. This
measurement was performed using a Fourier-space spec-
troscopy system where the back focal plane of the micro-
scope objective was relayed to the entrance slit of a spec-
trometer through a tube lens, thus effectively mapping inci-
dent angles into spatial positions.33 The range of collection
angles, defined by the effective refractive index of the cavity
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FIG. 3. Angle-resolved measurements from the NPL–cavity hybrid system at T = 300 K. (a) Angle-resolved white light reflectance spectrum
showing both the UP and the LP branches. The solid lines show exciton and cavity dispersions whereas the dashed lines represent polariton
dispersions fitted using the coupled harmonic oscillator model. (b) Angle-resolved PL spectrum showing only the LP emission. The white
solid line is shown at a slightly lower energy (4.7 meV) than that in the reflectance spectrum to represent the Stokes shift. (c) Angle-resolved
PL spectrum obtained from theoretical simulations (see Appendix for details).

and the numerical aperture of the microscope objective used
in the Fourier imaging system, is calculated to be ± 20o. Fur-
ther information on the experimental setup is available in the
Supplementary Information.

Fig. 3a presents the angle-resolved reflectance spectrum for
an NPL-filled cavity at room temperature where the sample
was illuminated by a broadband white light source. The spec-
trum clearly shows two separated branches corresponding to
the upper and the lower polaritons. As the collection angle in-
creases, the LP branch deviates from following the cavity pho-
ton dispersion and instead follows the flat exciton dispersion,
and vice-versa for the UP branch. The two polariton branches
can be fitted to E+(θ) and E−(θ) given by the coupled har-
monic oscillator model in Eq. (4). The collective coupling
strength is estimated to be

√
Ngc = 37.3 meV, corresponding

to a room-temperature Rabi splitting, h̄ΩR = 74.6 meV at res-
onance (i.e. when cavity–exciton detuning, ∆E(θ) = 0). The
Rabi splitting extracted from our NPL-filled cavity system sat-
isfies the strong coupling criterion as

h̄ΩR >
√
(h̄γc)2 +(h̄γx)2 = 54.1 meV, (7)

where h̄γx is the linewidth corresponding to the exciton de-
phasing rate, estimated to be 38.2 meV from the FWHM
linewidth of single NPL PL spectrum at 300 K, and h̄γc is
the linewidth of the cavity photons, estimated to be 38.3 meV
from the central linecut of the reflection spectrum obtained
from a reference red-detuned cavity.

For this particular cavity, the energy of the cavity mode is
slightly larger than the energy of the heavy-hole exciton at
normal incidence (i.e. at θ = 0o), resulting in a slightly posi-
tively detuned cavity with ∆E = 5.9 meV. Here, the UP branch
dominates the reflection spectrum across the whole range of

collection angles whereas the LP branch loses signal intensity
at higher angles. The lack of reflectivity occurs due to the
negligible photonic character of LP dictated by the Hopfield
coefficients that describe the degree of exciton–photon mix-
ing in the coupled modes.42 As the collection angle slightly
increases, cavity–exciton detuning becomes exactly zero, in-
dicating the two modes approach resonance.43 Consequently,
two symmetric equal-intensity reflectivity dips are observed
(Fig. S4b).

The large oscillator strength of the NPLs offers the advan-
tage of requiring fewer nanoparticles to achieve a substan-
tial Rabi splitting compared to small molecule organic chro-
mophores. The number of NPLs effectively coupled to the
cavity can be estimated26,33 as

h̄ΩR = 2
√

Ngc = µeg
√

N

√
2h̄ωc

ε0n2
eV

. (8)

Here, µeg ≈ 18 Debye is the ground-to-excited state transition
dipole moment of an individual NPL,44 h̄ωc is the energy of
the cavity mode, ε0 is the vacuum permittivity, ne ≈ 1.7 is
the effective refractive index of the cavity, and V is the mode
volume of the cavity, which is estimated by treating the cavity
thickness as the Rayleigh distance of the cavity mode.33 Using
Eq. (8), it was found that approximately N ≈ 12,200 NPLs are
effectively coupled to the cavity. This number is significantly
smaller than the typical number of emitters (N = 106 – 1010)
involved in most polaritonic chemistry experiments.45,46

The angle-resolved PL spectrum of the cavity sample is
shown in Fig. 3b. The PL spectrum demonstrates that po-
lariton emission predominantly occurs within the LP branch.
Notably, emission from the UP branch is not observed. The
predominance of the LP emission in the PL spectrum is sup-
ported by theoretical simulations47,48 of the angle-resolved
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FIG. 4. Angle-resolved measurements for three different cavities with varied detunings at T = 300 K. The left panels of each figure correspond
to the angle-resolved reflectance spectra whereas the right panels correspond to the PL spectra. The cavity–exciton detunings at normal
incidence are (a) ∆E = 5.9 meV, (b) ∆E =−36.3 meV, and (c) ∆E =−79.8 meV, respectively. All three cavities have similar Rabi splitting,
h̄ΩR≈ 70 – 75 meV.

PL, shown in Fig. 3c. The PL spectrum was calculated
based on the population dynamics of the generalized Hol-
stein–Tavis–Cummings (GHTC) model in the presence of
cavity loss, which has recently been used to describe the
angle-resolved spectra and the dynamics of strongly coupled
systems.49–52 The simulated PL spectrum shows greater PL
intensity at smaller angles for energies slightly blue-detuned
from the LP dispersion, with decreasing PL intensity at larger
angles and energies above the exciton energy. These features
are an excellent match to those of the measured PL spectra
(Fig. 3b), demonstrating the ability of the model to accurately
describe exciton–polariton systems.

Importantly, the excellent agreement between theory and
experiment allows for insights into the physical origins of
the observed angle-resolved spectra, and in particular, the
role of the dark states exciton manifold. In agreement with
other recent studies,53–61 we find that the dark states in this
NPL–cavity system essentially act as a population reservoir
that cycles excited exciton population among the polariton
states. In the absence of intermolecular interactions, the
polaritons remain decoupled from the dark states manifold.
However, the dark states can acquire oscillator strength from
the bright polaritons through phonon-assisted vibronic cou-
pling, which modifies polariton dispersion characteristics.54,62

PL from the UP is not observed, since the decay from UP to
dark states is much faster compared to that from dark states
to LP due to the large density of states of the dark state
reservoir.63 The redistribution of population from UP and LP
states toward the reservoir of dark states also results in blue-
shifted LP emission compared to absorption.54,64,65

Fig. 4 shows angle-resolved reflectance and PL measure-
ments for three different cavities with varied detunings at
ambient temperature. A Rabi splitting of 70 – 75 meV is

observed for all three systems, showing that the coupling
strength is independent of cavity–exciton detuning. This in-
dependence with respect to detuning is expected since the
number of emitters as well as the cavity mode volume hardly
changes with the slight cavity thickness variations that cause
the detuning values in Fig. 4. However, as the cavity becomes
more negatively detuned, meaning the heavy-hole exciton in-
creasingly deviates (to higher energies) from the resonance
condition, the phase relationship between the exciton and the
cavity mode’s oscillations starts to become less favorable for
coherent interaction. As illustrated in Fig. 4a–c, the LP branch
tends to have more curvature as the cavity detuning shifts from
5.9 meV to −79.8 meV. With large detuning, the LP PL inten-
sity tends to become stronger at higher angles, corresponding
to higher in-plane momenta, which has been observed in our
previous system.33 This phenomenon is commonly referred
to as the bottleneck effect,66 characterized by the accumula-
tion of polaritons within a bottleneck-like region. In this case,
the PL intensity becomes weaker at small angles where the
LP branch is not significantly populated. The diminished ex-
citonic nature along with the enhanced photonic character of
LP results in a decrease in the exciton–phonon scattering rate
which contributes toward the depletion of the polariton pop-
ulation in the region of lower in-plane momenta with mostly
photon-like characteristics.66,67

In contrast to the behavior of LP, as the cavity is tuned to
smaller energies, the intensity of the UP branch diminishes in
the reflectance spectrum at small angles owing to negligible
photonic character. The larger the detuning, the more the exci-
tonic character of UP increases at these small angles, resulting
in the congregation of reflectance signals (i.e. UP absorbance
intensities) at higher angles. The PL blue-shifting becomes
more evident as the cavity becomes more red-detuned, ren-
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FIG. 5. Temperature-dependent angle-resolved measurements for cavities with similar detunings. (a–b) shows the angle-resolved reflectance
and PL spectra with ∆E = −36.3 meV and h̄ΩR = 71.58 meV at T = 300 K. (c–d) shows the angle-resolved reflectance and PL spectra with
∆E =−39.8 meV and h̄ΩR = 74.65 meV at T = 5 K.

dering increased photonic character to the LP branch which
enables the dark states to borrow significant photonic char-
acter from the bright LP state.54 The transfer of population
from UP and LP to the dark states enhances the repulsive in-
teraction between polaritons, which has been reported68,69 to
renormalize the polariton dispersion characteristics, leading to
the blue-shifting of LP emission energies.

The temperature-dependent characteristics of polariton dis-
persion were also examined by measuring angle-resolved
spectra of the NPL–cavity system at both room temperature
(300 K) and cryogenic temperature (5 K) while maintaining
a consistent detuning, as illustrated in Fig. 5. It should be
noted that obtaining spectral measurements from the same
spot at different temperatures changes the cavity–exciton de-
tuning since the heavy-hole exciton energy blue-shifts (≈ 68
meV blue-shift in PL was observed when the temperature
was varied from 300 K to 5 K, see Fig. S6 in Supplementary
Information) at lower temperatures.70 Although the PL spec-
trum of these NPLs is found to be dominated by trion emis-
sion at low temperatures,70 the cavity couples only to the
heavy-hole excitons since the trions have negligible oscilla-
tor strength. This is validated by low-temperature absorbance
measurements of NPL films where any sign of trion absorp-
tion feature is absent (Fig. S6).

Upon fitting the angular dispersion data, the Rabi splitting
is found to be similar during temperature variations, with only
a slight increase of approximately 3 meV as the temperature
decreases from 300 K to 5 K. This is consistent with the re-
cent observation for 4.5 ML CdSe NPLs that the oscillator
strength of their heavy-hole exciton transition does not appre-
ciably change in the temperature range of 3 K – 300 K.30 As
such, the Rabi splitting is expected to be unaffected by tem-
perature variations as long as the coupling strength exceeds
the exciton and the photon decay rates.

Such a relatively stable Rabi splitting across a range of tem-
peratures minimizes the requirement for stringent temperature
control, offering significant potential for controlling chemical
reactions54,71 and studying polariton-mediated energy trans-

fer under room temperature conditions.72 Additionally, the
substantial Rabi splitting achieved in our NPL–cavity sys-
tem creates a pathway for polariton-mediated charge transfer
reactions,63 as electron transfer rates start to become signifi-
cant when the Rabi splitting reaches around 100 meV.73

V. CONCLUSION

We have discovered an NPL–optical microcavity system
that exhibits substantial light–matter coupling at room tem-
perature. The resulting polariton states exhibit a Rabi split-
ting of 74.6 meV at 300 K, which is unaffected by changes
in the light–matter detuning. The measured angle-resolved
optical spectra of the system show excellent agreement with
state-of-the-art quantum dynamics simulations, thus provid-
ing important insights into the fundamental understanding of
polariton photophysics. Interaction with the large reservoir of
dark states significantly alters the population dynamics of the
polaritons, which is manifested as a blue-shift of the polariton
PL spectrum from absorption. The polariton bottleneck effect
is also observed in the LP PL spectra as cavity resonance is
tuned to smaller energies with respect to the heavy-hole exci-
ton, due to the population depletion at small angles. Room-
temperature operation of such a polaritonic system offers the
feasibility to manipulate chemical reactions and realize real-
world quantum applications.

SUPPLEMENTARY INFORMATION

See Supplementary Information for comprehensive insights
into the synthesis of 4.5 ML CdSe NPLs, sample preparation,
and experimental characterization.
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Appendix A: Details of Theoretical Simulations

The generalized Holstein–Tavis–Cummings (GHTC)
Hamiltonian can be expressed as49–52

ĤGHTC = ĤNPL + Ĥph + ĤI, (A1)

where ĤNPL describes the ground and heavy-hole (HH) exci-
ton states of N independent NPLs, Ĥph is the Hamiltonian for
the quantized Fabry–Pérot cavity modes, and ĤI describes the
matter–cavity interactions (between ĤNPL and Ĥph).

We use the single-excited subspace to describe the
NPL–cavity wavefunction, where at most one matter or pho-
ton excitation is present. The matter Hamiltonian ĤNPL is
modeled as a sum of N identical, non-interacting NPLs each
with their own phonon bath. For j = [1,N], each NPL is mod-
eled as a two-level system, with ground state |g j⟩ with ref-
erence electronic energy Eg = 0 and HH exciton state |x j⟩
with energy Ex. The collective matter state labels are |G⟩
and |X j⟩ where |G⟩ ≡ |g1,g2, ...gN⟩ is the ground state of N
NPLs with reference electronic energy EG = 0 and |X j⟩ ≡
|g1,g2, ...x j, ...gN⟩ is the single excited HH state of the NPLs
(where the jth NPL is in its HH exciton state) with energy Ex.

The NPL Hamiltonian is modeled as

ĤNPL =
N

∑
j=1

h̄ωxσ̂
†
j σ̂ j + Ĥep, (A2)

where ωx = Ex/h̄ is the frequency of the HH exciton state and
σ̂ j is the lowering operator of the HH exciton state of the jth
NPL. Further, Ĥep denotes the exciton–phonon coupling term

Ĥep =
N

∑
j=1

∑
ν

[P2
ν , j

2
+

1
2

ω
2
ν , j

(
Rν , j −

√
2h̄Sν , j

ων , j
σ̂

†
j σ̂ j

)2]
,

(A3)

where Pν , j and Rν , j are the momentum and position of the νth
phonon mode in the jth NPL, with a frequency of h̄ων , j that
are coupled to states |X j⟩ with the Huang-Rhys factor Sν , j.

The corresponding reorganization energy for each individual
NPL (for any j) is

λx = ∑
ν

h̄ων , jSν , j. (A4)

The relations between the reorganization energies and the
Franck-Condon excitation energies are E0

x = Ex + λx. The
phonon bath parameters were modeled after a super-ohmic
spectral density fitted from Ref. 74 with reorganization energy
λx = 5 meV.

The cavity mode Hamiltonian Ĥph is modeled as a sum of
K photon modes with different in-plane wavevector compo-
nents. For k = [0,K − 1], each photon mode in the single-
excited subspace is a two-level system with ground state |0k⟩,
which is the vacuum 0-photon Fock state with reference en-
ergy Evac = 0, and excited state |1k⟩, which is the 1-photon
Fock state with energy Ek. The collective cavity mode state la-
bels are |0⟩ and |1k⟩ where |0⟩ ≡ |00,01, ...0K−1⟩ is the ground
state of K cavity modes with reference energy E0 = 0 and
|1k⟩ ≡ |00,01, ...1k, ...0K−1⟩ is the single-excited cavity state
(where the kth cavity mode has 1 photon) with energy Ek.

The photonic Hamiltonian is expressed as

Ĥph = ∑
k

h̄ωk

(
â†

kâk +
1
2

)
, (A5)

where ωk = Ek/h̄ is the frequency of the kth angular mode of
the cavity and âk is the annihilation operator of the kth mode.
The light–matter coupling term is expressed as

ĤI =
N

∑
j=1

∑
k

h̄
√

Ngc(σ̂
†
j âkeir̄ j ·k + σ̂ jâ

†
ke−ir̄ j ·k), (A6)

where r̄ j is the center-of-mass position of the jth NPL, k is the
wavevector of a cavity mode that satisfies Eq. (2), and

√
Ngc

is the light–matter coupling strength of the HH. Note that we
have assumed each individual coupling strength between the
cavity modes and each NPL to be identical.

The system wavefunction is confined to the zero and single-
excited subspace. We label states in the combined NPL and
cavity Hilbert space in a condensed fashion (e.g. |X j⟩⊗ |0⟩ ≡
|X j,0⟩). The dynamics of the GHTC model in the presence of
cavity loss are propagated using the L-MASH method which
incorporates Lindblad dissipative dynamics into the recently
described multi-state mapping approach to surface hopping
(MASH) method47,48,75.

The polariton states |ψn(R)⟩ in this GHTC model are
the eigenstates of the polariton Hamiltonian Ĥpl = ĤGHTC −
∑ν , j P2

ν , j/2 at nuclear configuration R

Ĥpl(R)|ψn(R)⟩= En(R)|ψn(R)⟩, (A7)

where En(R) is the energy of the nth polariton state. In this
polariton basis {|ψn(R)⟩}, the system wavefunction |Ψ(t)⟩ at
time t can be written as

|Ψ(t)⟩= ∑
n

cn(t)|ψn(R(t))⟩, (A8)
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where {cn(t)} are the wavefunction expansion coefficients in
the polariton basis. The elements of the reduced density ma-
trix estimator ρ(t) of MASH for a single trajectory can be
written in terms of these coefficients as

ρnm(t) = αNcn(t)c∗m(t)−|βN|δnm, (A9)

where αN =(Ns−1)/(−1+∑
Ns
n=1 1/n) and βN =(1−αN)/Ns

are constants depending on the total number of states Ns. The
constant |βN| acts as an effective zero-point energy for the
populations. The full details on the implementation of multi-
state MASH dynamics can be found in Ref. 48.

In addition to the above unitary time-evolution governed
by ĤGHTC, the effects of cavity loss and incoherent driving
are incorporated into the dynamics through the L-MASH al-
gorithm which allows for the efficient simulation of Lindblad
dissipative dynamics at the wavefunction level. The dissipa-
tive part of the L-MASH algorithm is similar to that of the
Lindblad mean-field Ehrenfest (L-MFE) method76 except that
the equations have been modified to account for Z = |βN|/αN,
the normalized effective zero-point energy of the populations.
For Lindblad jump operators of the form |0⟩⟨1|, correspond-
ing to an incoherent transition from state |1⟩ to state |0⟩, the
L-MASH method modifies the wavefunction expansion coef-
ficients of states |1⟩ and |0⟩ for a time step dt as

c1(t +dt) = eiθr1eiϕ1

√
e−Γdt |c1(t)|2 +(1− e−Γdt)Z,

(A10a)

c0(t +dt) = eiθr0eiϕ0

√
|c0(t)|2 +(1− e−Γdt)(|c1(t)|2 −Z),

(A10b)

where Γ is the jump operator strength (i.e. the decay/pumping
rate), ϕ0 and ϕ1 are the complex phases of c0(t) and c1(t),
respectively, and θr0 and θr1 are the phases randomly sampled
from the uniform probability distributions

P (θri) =
1

2∆θri
, −∆θri ≤ θri < ∆θri, i = 0,1 (A11)

with distribution widths ∆θr0 and ∆θr1 determined from the
following transcendental equations

sin(∆θr1)

∆θr1
=

e−Γdt/2 |c1(t)|√
e−Γdt |c1(t)|2 +(1− e−Γdt)Z

, (A12a)

sin(∆θr0)

∆θr0
=

|c0(t)|√
|c0(t)|2 +(1− e−Γdt)(|c1(t)|2 −Z)

.

(A12b)

Note that for methods where the effective zero-point energy
Z = 0, the dissipative equations A10-A12 simplify to those of
the L-MFE method76.

The combination of the GHTC and stochastic Lindblad dis-
sipation propagation for the system-reduced density matrix
can be written as

ρ̂(t +dt) = eL dt [ρ̂(t)] = eLL̂dteLĤ dt
ρ̂(t), (A13)

where eLĤ dt is the GHTC propagation for nuclear time step
dt and eLL̂dt is the dissipative propagation from Eq. A10 for

the jump operators. In this work, we use jump operators in the
polariton basis. The jump operators {|G,0⟩⟨ψn|} correspond
to cavity loss from polariton state n ≥ 1 with loss rate Γc,n =

γc ∑k |⟨G,1k|ψn⟩|2 where γc is the bare cavity loss rate. The
jump operators {|ψn⟩⟨G,0|} correspond to incoherent driving
from the ground state to polariton state n ≥ 1 with pump rate
Γx,n = γx ∑ j |⟨X j,0|ψn⟩|2 where γx is the bare exciton pump
rate.

The initial conditions for the simulation are ρ̂(0) = ρ̂R ⊗
|G,0⟩⟨G,0|, where ρ̂R is the initial nuclear density operator.
The positions and momenta of the phonon modes are sampled
from a Wigner distribution of the nuclear density operator ρ̂R
as follows

(ρ̂R)
W

∝ Πν , j exp
[
− tanh

(
ων , j

2kBT

)
·
(

ων , jR2
ν , j +

P2
ν , j

ων , j

)]
,

(A14)

with temperature T = 300 K.
In this work, to keep the computational expense tractable,

we use N = 160 > K = 40 and scale the individual coupling
strength gc to match the fitted Rabi splitting through the re-
lation h̄ΩR = 2

√
Ngc. The bare cavity loss rate was set to

γc = ωc/Q with Q = 60. The bare exciton pump rate was set
to h̄γx = 6/N meV. The dynamics were simulated for a total
time of 2 ps with a timestep dt = 0.5 fs. The angle-resolved
photoluminescence (PL) spectra at steady state time tss = 2 ps
for energy E and in-plane wavevector index k was calculated
as

PL(E,k) = ∑
n

|cn(tss)|2|⟨G,1k|ψn⟩|2Γc,n/2
(E −En)2 +(Γc,n/2)2 . (A15)

The PL spectrum was averaged over 10,000 trajectories.
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