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Abstract  
 

Strong coupling between electronic transitions of matter and confined electromagnetic 

fields inside an optical cavity creates hybrid, light-matter states known as polaritons. Polaritons 

provide a versatile platform for investigating quantum electrodynamics effects in chemical systems, 

such as polariton-altered chemical reactivity. However, using polaritons in chemical contexts will 

require a better understanding of the photophysical properties of polaritons, especially at ambient 

temperature and pressure, where chemistry is typically performed. Here, we investigated 

leveraging strong light-matter interactions to control the excited state dynamics of colloidal CdSe 

nanoplatelets (NPLs) coupled to a Fabry-Pérot optical cavity. Importantly, changes in the cavity 

quality (Q) factor, which is a measure of photon loss from the cavity, were used to profoundly 

change the polariton dynamics. As the Q-factor was increased, we observed significant population 

of the upper polariton (UP) state, exemplified by the rare observation of substantial UP 

photoluminescence (PL) at room temperature. In fact, with low energy excitation at the lower 

polariton (LP), which is not absorbed by uncoupled nanoplatelets, we observed upconverted PL 

emission from the UP branch, due to efficient exchange of population between the LP, UP and the 

reservoir of dark states present in collectively coupled polaritonic systems. Critical physical insight 

into the mechanism of PL enhancement of the UP, and PL upconversion, was provided by state-

of-the-art quantum dynamics simulations that account for multiple cavity electromagnetic modes 

and cavity loss. In addition, by resolving lower and upper polariton PL lifetimes, we found 

timescales for polariton dynamics on the order of 100 picoseconds, implying great potential for NPL 

based polariton systems to affect photochemical reaction rates. This work provides important 

insight into the photophysics of nanocrystal-based exciton-polariton systems and is a significant 

step towards the development of practical polariton photochemistry platforms.     

 

 
Introduction 
 

The quantum-mechanical coupling of the electronic states of matter to the electromagnetic 

modes of an optical cavity results in two new hybrid light-matter eigenstates known as the upper 

polariton (UP) and lower polariton (LP). For nano-molecular systems (such as colloidal 

nanocrystals (1, 2)) that have an excitonic photoexcited state, these light-matter eigenstates are 

termed exciton-polaritons. Recent advances in the field of exciton-polariton systems have led to 

their proposed use for altering chemical reactivity (3-11), enhancing intermolecular energy transfer 

(12-15), enabling room temperature Bose-Einstein condensates (16-18), and providing qubits for 

quantum simulation (19-21). With respect to the specific application of using polaritons for altering 

chemical reactivity, polaritons are thought to alter frontier molecular orbitals as well as orbital 

energetics, thus providing the fundamental basis for novel chemical reactivity. For example, 
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calculations suggest that strong light-molecule coupling can dramatically increase charge transfer 

rates by a few orders of magnitude, alter electron-phonon coupling, and modify energy landscapes 

(22-26). Indeed, recent experimental work has shown that strong coupling to the electronic states 

of photoswitchable molecules can modify the kinetics of their isomerization (10). Strong coupling 

to the vibrational modes of molecules has led to changes in ground state chemical reactivity, 

including modifying the distribution of products from a disassociation (27, 28) and the suppression 

of reaction rates for alcoholysis of phenyl isocyanate with cyclohexanol (11).    

 

While polariton photochemistry provides exciting promise for a new paradigm for chemical 

transformations, fulfilling that promise will require a thorough understanding of how optical cavities 

can be used to control polariton photophysics, which is an active area of research. For instance, 

molecular polaritonic systems often operate in the collective coupling regime, whereby the polariton 

state is a single, coherent, quantum-mechanical superposition of excitations from thousands to 

millions of molecules (29). However, this collective coupling also results in a dense manifold of 

optically inactive exciton states that only weakly couple with the cavity photon (30-32). Having 

mostly matter (i.e. excitonic) character, this exciton reservoir of dark states dominates the LP and 

UP dynamics (33-36), leading to the question of whether modified chemical reactivity is even 

possible under these collective coupling conditions (37-39). Alternatively, for colloidal nanocrystal 

based polariton systems, which have orders of magnitude fewer emitters coupled to the cavity (40), 

the influence of the dark state reservoir on the photophysics of the UP and LP is largely unexplored, 

and thus could provide unique opportunities for nano-molecular polariton systems (38, 41, 42).  

 

In this work, we explore tuning the exciton-polariton photophysics of 2D cadmium selenide 

(CdSe) nanoplatelets (NPLs) strongly coupled to a high quality (Q)-factor FP optical cavity. By 

reducing the cavity loss rate, we observed photoluminescence (PL) from the UP state due to 

efficient population transfer from the reservoir of dark states, as verified by both experiments and 

quantum dynamical calculations. In fact, in this high-quality cavity, the relatively strong coupling 

between the UP, LP and dark states allowed for photoexcitation at the LP energy, which normally 

would not be absorbed by the NPLs, to be upconverted to create a finite population in the UP.  The 

polariton dynamics of these high-Q cavities under ambient conditions led to measured polariton PL 

lifetimes on the order of 100 picoseconds, which are long enough to provide a fundamental basis 

for NPL polariton systems to affect photochemical reaction rates.  
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Results 

 

Polariton Dispersion Characteristics  

 

CdSe NPLs have been recently explored in various exciton-polaritonic systems (43-46) 

due to their well-defined narrow absorption and photoluminescence (PL) linewidths (~40 meV), 

high oscillator strengths, and small Stokes shifts (~5-10 meV), making them excellent materials for 

achieving and investigating strong light-matter coupling (47-50). Here, we integrated 4.5 monolayer 

CdSe NPLs (approximate lateral size of 22 nm x 15 nm, see SI Appendix for fabrication details) 

into two types of FP microcavities with varying cavity Q-factors as illustrated in Fig. 1A. For FP 

cavities, the cavity frequency 𝜔𝐤 depends on the wavevector of the mode and can be expressed 

as 

ℏ𝜔𝐤 = ℏ𝜔c√1 + (
𝑘∥
𝑘⊥
)
2

= ℏ𝜔c√1 + (tanθ)
2 

where ℏ𝜔c =
ℏ𝑐𝑘⊥

𝑛
 is the cavity energy at normal incidence, c is the speed of light, 𝑛 is the refractive 

index inside the cavity, 𝑘∥ and 𝑘⊥ are the wavevector components of the photon mode which are 

parallel and perpendicular to the cavity mirrors, respectively, and θ = arctan (
𝑘∥

𝑘⊥
) is the angle of 

incidence and emission. The perpendicular wavevector component 𝑘⊥ is fixed and only the parallel 

component 𝑘∥ will vary as a function of emission angle θ, thus giving rise to the angular dependence 

(i.e. dispersion) of the cavity mode (SI Appendix, Fig. S3). The Q-factor of a cavity is Q =
𝜔c

𝛾c
, where 

𝛾c is the bare cavity loss rate. For the higher Q cavity, the heavy hole (HH) absorption transition 

defined at 2.42 eV (Fig. 1B) is in resonance with the fundamental mode of the 3λ/2n cavity, where 

a thin 60 nm NPL film is deposited at the antinode of the cavity having an effective index of 

refraction n. For the lower Q cavity, a thicker 110 nm NPL layer is deposited in resonance with the 

first order λ/2n mode cavity.    

 

We hypothesized that increasing the Q-factor of the FP cavity would enable new polariton 

photophysical behavior, due to the significant effect of cavity loss on polariton population dynamics 

(51, 52). As illustrated in Fig. 1A, compared to a cavity that is entirely filled with NPLs (53), we 

calculated that adding inert spacer layers between the NPLs and the mirrors would greatly increase 

the FP cavity Q-factor. Indeed, adding two 200 nm SiO2 spacer layers between the NPL layer and 

the two mirror surfaces provided a Q-factor of approximately 300, compared to a Q-factor of about 

70 without the spacers (SI Appendix, Fig. S1). A 31-layer distributed Bragg reflector (DBR) 

consisting of alternating layers of Si3N4 and SiO2 are used to form the bottom 99.9% reflective 
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mirror in the 2.25 – 2.75 eV band, while 40 nm of silver deposited on the top spacer layer acts as 

the top mirror to provide sufficient in and out coupling of light to form the full cavity. 

 

An angle-resolved (Fourier-space) spectroscopy system with a 40X/0.6 NA microscope 

objective corresponding to a ±19˚collection range (defined by angle inside the active cavity layer) 

was implemented to measure the cavity angle-resolved reflectance (ARR) and angle-resolved PL 

(ARPL) spectra. Fig. 1C-D shows the ARR spectra for the two cavities with the NPL HH exciton in 

resonance with the cavity near zero angle. For the higher Q cavity in Fig. 1D, we see the clear 

emergence of the two UP and LP absorbing branches split about the uncoupled exciton energy. 

Both branches of the ARR spectra are fitted with a coupled harmonic oscillator model to extract the 

Rabi splitting energy in the range of 31 – 45 meV across four detuning energies (SI Appendix, Fig. 

S3). The detuning energy, Δ, is defined by the energy difference between the cavity resonance at 

zero angle and the NPL exciton heavy hole transition at 2.42 eV. For the lower Q cavity in Fig. 1C, 

we observe much broader UP and LP absorbing branches and obtain slightly higher Rabi splitting 

energies in the range of 50 – 70 meV due to a thicker layer of NPLs.   

 

Corresponding ARPL spectra for all detuning values are taken along various sample 

positions with 2.56 eV laser excitation. For highly negatively detuned cases (cavity energy less than 

PL exciton energy, Fig. S3), the PL intensity is exclusively on the LP branch at the angle that 

corresponds to the NPL-cavity resonance condition. The lack of PL from the UP and the 

concentration of PL at a small range of collection angles is in agreement with previous NPL-FP 

polariton systems (40), as well as what has been reported for other exciton-polariton systems (43, 

54, 55). However, for the higher Q cavities, as the detuning approaches zero and transitions 

positive, we observed significant PL emission from the UP branch (in addition to the LP branch) as 

indicated by the white arrows in Fig. 1D (see also Figure S4). For the blue detuned (Δ = +35 meV) 

cavity in Fig. S4, a continuum of PL emission can be seen in the ARPL spectra near zero incident 

angle towards the UP branch. This is in contrast with the lower Q cavity in Fig. 1C where only PL 

emission from the LP branch is observed.  PL emission from the UP branch is exceptionally rare at 

room temperature, having been reported for only a few polaritonic systems involving organic 

semiconductors (i.e. J-aggregated dyes) (56-59). This rare observation of UP PL is, in part, 

because the fundamental cavity and exciton properties that affect the full dynamics of the UP, LP 

and dark state populations, are not well understood.  
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Physical Origin of Upper Polariton Emission  

 

To better understand the NPL and cavity characteristics that dictate the UP and LP 

populations as indicated by the measured ARPL spectra, we performed mixed quantum-classical 

dynamics simulations of the combined NPL-cavity system to calculate the polariton population 

dynamics and the corresponding PL spectra intensity. The dynamics were propagated using the 

Lindblad-MASH (L-MASH) method that combines the multi-state mapping approach to surface 

hopping (MASH) method (60, 61) with Lindblad dynamics (52) to account for cavity loss. The NPL-

cavity system was modeled using the generalized Holstein-Tavis-Cummings (GHTC) model, which 

has been previously used to study light-matter hybrid systems in FP cavities (24, 62, 63). The HTC 

Hamiltonian includes several phonon-coupled matter excitations coupled to several angle-

dependent cavity photon modes, which allows for the calculation of angle-resolved properties of 

polariton systems including the effect of the reservoir of dark states. The GHTC Hamiltonian can 

be expressed as 

𝐻𝐺𝐻𝑇𝐶 = 𝐻𝑁𝑃𝐿 + 𝐻𝑝ℎ + 𝐻𝐼 

Where 𝐻𝑁𝑃𝐿  describes the exciton states of 𝑁 independent nanoplatelets, 𝐻𝑝ℎ is the Hamiltonian 

for the quantized cavity mode, and 𝐻𝐼 describes the matter-cavity interactions (between 𝐻𝑁𝑃𝐿 and 

𝐻𝑝ℎ). The full details of this model can be found in the SI Appendix.  

To calculate the angle-resolved PL, the population dynamics of the GHTC model with 

cavity loss were propagated assuming an incoherent driving of population from an initially 

populated ground state to the HH states. The steady-state populations arising from this propagation 

were used to calculate the intensities of the PL spectra shown in Fig. 1C-D by weighting the angle-

dependent photonic character of the polariton states by their steady-state populations (62). For 

both cavities in Fig. 1C-D, the calculated PL spectra shows excellent agreement with experimental 

spectra both in the shape of the PL dispersion as well as the distribution of intensity as a function 

of PL energy. In particular for the lower Q = 60 cavity, the calculated PL correctly predicts the 

emission exclusively from the LP branch near zero angle. For the Q = 300 cavity, the simulations 

also accurately predict the LP dispersion along with the PL intensity on the UP branch up to around 

2.47 eV. For the positive detuning case (∆ = +35 meV) cavity in Fig. S4, the calculated PL also 

shows good agreement with the measured PL dispersion. These results indicate that the PL spectra 

obtained from the L-MASH method with the GHTC model can predict experimental PL spectra of 

these NPL-FP systems with near quantitative accuracy, demonstrating L-MASH as a powerful new 

simulation tool for such complex polariton systems with cavity loss and many vibrationally-coupled 

molecules. 
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The presence of UP PL emission in the simulations can be understood from the perspective 

of population transfer among a manifold of polariton and dark states. In the simplified picture of 

strong light-matter coupling (i.e. the Tavis-Cummings (TC) model (24)) the optically bright polariton 

states are completely orthogonal to the large reservoir of dark exciton states (56), and thus they do 

not exchange excited population. However, more sophisticated treatments (i.e. GHTC Hamiltonian) 

include the influence of phonons coupling to the dark states, which causes them to become 

energetically disordered and to gain some photonic character (rendering them only quasi-dark). 

The net result is that the NPL phonons cause a non-adiabatic coupling between the polariton and 

the quasi-dark states which leads to population transfer among these states over time.  

Tuning of Upper Polariton Emission with Q-Factor 

 

We hypothesized that the observance of PL from the UP was primarily due to the higher 

Q-factor optical cavity, which has less photon loss than is normally found in other polariton systems 

(25, 64), thereby allowing for a greater chance of populating states with larger photonic character 

(i.e. the higher-angle UP states) before the photon exits the cavity. To investigate this possibility, 

we simulated polariton PL spectra with different Q-factors (Fig. 1E) for the fixed experimental 

conditions in Fig. 1D to understand the effect of cavity loss on polariton dynamics. For small Q-

factors (Q = 30), the PL intensity is primarily in the LP branch, in agreement with previous 

measurements of polariton PL for nanomolecular exciton-polaritons (40, 53, 64-68). In contrast, for 

large Q-factors (Q = 3000) there is even greater PL intensity from the UP relative to the (Q = 300) 

measurements and simulation. This trend is also observed in the dynamics of the excited 

populations weighted by photonic character (which are proportional to the emission intensity) (69, 

70) in the simulation (Fig. 1F) where the higher Q simulations have larger weighted steady-state 

populations of UP states.  

Our simulations confirm the hypothesis that higher Q factors promote UP emission and 

allow for further insight into the unique polariton dynamics for high Q-factor optical cavities. In 

particular, for the higher angles of the UP branch to become populated from the quasi-dark state 

reservoir, the population must first traverse along a manifold of states with various mixtures of 

photonic character (which straddle the definition between optically “dark” and “bright” states) (SI 

Appendix, Fig. S7). The traversing population can only reach the photonic UP branch (i.e. 

successfully upconvert from the dark state reservoir to the UP) if the cavity loss rate experienced 

by the partially photonic manifold of states is sufficiently small. Thus, the amount of PL emission 

from states with significant photonic character on the UP should strongly depend on the Q factor of 

the cavity. 
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Since phonons drive the upconversion of excited population from the dark states to the UP, 

we would expect a drastic reduction of the upconverted PL intensity from the UP branch at low 

temperatures. To that end, ARR and ARPL spectra along two sample positions with similar detuned 

cavity energies (Δ ~ -1 meV) were collected and compared at 295 K and 100 K (Fig. 2A). Two 

different cavity sample positions were chosen for comparison to account for the temperature 

dependent HH exciton blue-shift from 2.42 eV to 2.46 eV (SI Appendix, Fig. S8) (71, 72). At 100 K, 

PL emission is observed solely from the LP branch for small incident angles (± 7˚), in direct contrast 

to the enhanced UP PL emission out to higher angles (± 12˚) for measurements taken at 295 K.  

This reduction in UP emission at lower temperatures was supported by simulations of 

polariton population dynamics performed at 100 K and 295 K. Indeed, the weighted populations of 

the UP states (Fig. 2B) were roughly 10-fold smaller in the 100 K simulation versus the simulation 

at 295 K. This significant difference in UP populations can be explained by the difference in non-

adiabatic coupling magnitude between the polariton states at different temperatures. To visualize 

this difference, in Fig. 2C we plot the energies of the polariton states through time for a cavity mode 

near 8 degrees off vertical. The different colors in Fig. 2C show the magnitude of non-adiabatic 

coupling that each polariton state experiences due to the exchange of character between exciton 

and photon. Since most of the photonic character of this 8 degree cavity mode is shared among 

UP polariton states, larger values of coupling indicate faster population transfer to these UP states. 

The UP states in the 295 K simulation experience over twice the amount of non-adiabatic coupling 

magnitude as those in the 100 K simulation thus the population is transferred more quickly in the 

UP at room temperature. This faster population transfer rate allows for population to move further 

uphill along the UP branch at 295 K before cavity loss can significantly deplete it, while at 100 K, 

the cavity loss depletes the UP population before it can move further uphill along the UP branch. 

Polariton Upconversion Enabled by High Q-factor Cavity 

 

A central premise motivating the study of polaritons for novel chemical transformations is 

that the polariton state has fundamentally different physical properties compared to the purely 

electronic states of matter (24). For example, predictions that strong light-matter coupling can be 

leveraged to enable charge transfer to energetically forbidden molecular acceptors rely on relatively 

efficient population transfer between the LP, UP and the dark states (23). To test the limits of 

polaritonic population transfer in our system, we resonantly excited the LP branch (2.3 – 2.41 eV) 

for three different cavity detuned sample positions (SI Appendix, Fig. S9) having similar Rabi 

splitting energies in the range of 45-49 meV. In the absence of strong coupling between the HH 

NPL exciton and the cavity, light at these wavelengths does not have enough energy to span the 

NPL bandgap, and thus is not expected to be absorbed. However, upon excitation of the LP branch 
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in all three cases, we observed anti-Stokes, PL upconversion to the UP branch as illustrated for 

the Δ = -52 meV case in Fig. 3A. The upconverted PL dispersion is identical to what was observed 

when the HH exciton state was populated via high energy photoexcitation, for all detuning values 

(SI Appendix, Fig. S10). This emergence of UP emission upon LP excitation clearly shows the 

effectiveness of population transfer from the LP to UP via phonon-mediated interactions with the 

dark states.  

 

Angle-integrated linecuts along the ARPL spectra reveal that the upconverted PL intensity 

is enhanced in the polariton system as high as 9-fold for the highly negatively detuned case 

compared to a control half cavity thin film NPL sample, as shown in Fig. 3B. To approximate similar 

laser excitation fluence for both samples, the control sample was excited using 1% of the incident 

power excitation compared to the cavity samples to account for the 99% cavity reflectivity in the 

2.3-2.41 eV range. Additionally, we observe a decreasing near-linear dependence in the overall 

upconversion PL intensity as the cavity is more positively detuned. We attribute this intensity 

decrease to less available LP states as the cavity is positively detuned, reducing the total amount 

of absorbed excitation light. The order of magnitude increase in upconverted PL emission (and 

associated UP excited population) clearly exemplifies how tuning the cavity Q-factor can be used 

as a powerful tool to control polariton photophysical dynamics. 

Polariton Photoluminescence Lifetimes 

 

The simplest picture characterizes the polariton lifetime as a superposition of the radiative 

rates of the matter and photonic characters of the polariton weighted by the Hopfield coefficients 

(73). Thus, the polariton has a lifetime bounded by the photon lifetime in the cavity (lower bound) 

and the uncoupled NPL exciton lifetime (upper bound). However, this idealized picture does not 

account for polariton coupling to the dark states reservoir, leading to measured lifetimes in 

collective-coupled exciton-polariton systems equal to or even longer than the uncoupled exciton 

lifetime (35, 73-77).  

To better understand polariton lifetimes from the NPL-FP cavity system with a large Q-factor, 

we performed high temporal and wavelength resolved time correlated single photon counting 

(TCSPC) measurements with a dual exit port spectrometer as shown in Fig. 4A. By using the ARR 

and ARPL spectra (Fig. 4B) as a reference, TCSPC data (Fig. 4C) at a given PL wavelength could 

be collected with 2-nm resolution through diffraction of the cavity PL emission (SI Appendix, Fig. 

S13-14). Fig. 4D shows average polariton PL lifetimes resolved across the UPB/LPB for a sample 

with cavity detuning energy -2 meV, and with a Rabi splitting energy of 47 meV (SI Appendix, Fig. 

S11). Interestingly, the average polariton PL lifetime appears to reach a minimum of approximately 
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100 ps when the HH NPL exciton is resonant with the cavity and increases for UP and LP emission 

energies as the collection angle increases. A similar trend of increasing lifetime towards the higher 

UP and lower LP emission energies is measured for a highly red detuning energy of -67 meV (SI 

Appendix, Fig. S15). Additionally, the amplitude-weighted polariton PL lifetimes are on average 

1.5-2X times shorter than for the bare thin film samples (188 ps). Our results clearly indicate that 

the polariton PL lifetimes are not simply weighted by the Hopfield coefficients, which, for example, 

would result in a cavity photon lifetime of ~ 160 fs near resonant angles corresponding to equal 

50% excitonic and 50% photonic characters. Instead, the overall polariton PL lifetimes are 

significantly prolonged due to continuous population mixing with the dark state reservoir. 

Nonetheless, the range of measured polariton PL lifetimes (100 – 160 ps) suggests that the transfer 

of population between the dark and polaritonic states has a dependence on the relative photonic 

versus excitonic character of the polariton at a given collection angle. 

Identifying and comparing the individual PL lifetime components of the polariton and the 

uncoupled NPL exciton allows for further insight into how strong light-matter coupling affects NPL 

photophysics. The TCSPC data was fit to a triple exponential with (on average) the shortest lifetime 

component (t1 ~ 30 ps) for thin films reduced to 18 ps (~65% decrease) under strong coupling (SI 

Appendix, Fig. S15). This large change in the short component largely accounts for the average 

polariton PL lifetime being 1.5-2 times shorter than the uncoupled exciton lifetime, as the medium 

(t2 ~ 186 ps) and long (t3 ~ 1.5 ns) lifetime components remain largely unchanged. The decrease 

of t1 inside the cavity can be understood as a consequence of the moderately large number of 

coupled NPLs (~16,000) which is large enough for the dark states to serve as a population reservoir 

for the polariton states, yet small enough to allow for an appreciable rate of transfer from these dark 

reservoir states to the polariton states. This appreciable reservoir to polariton transfer rate in NPL-

cavity systems serves as an extra decay channel for the reservoir states, which adds onto the bare 

non-radiative decay rate to cause a decrease of the lifetime of the reservoir states. This decrease 

in reservoir lifetime is detected from the UP and LP due to a decrease in the population transfer 

rate from the reservoir to these polariton states as the reservoir population decays through time. 

This stands in contrast to many organic polariton systems which can have orders of magnitude 

more coupled molecules, which greatly reduces the rate of transfer from reservoir to polariton states 

(29), and consequentially do not have measurably different polariton PL lifetimes compared to the 

bare organic molecules (35, 74-76). The trend of increasing UP PL lifetime as a function of energy 

in both Fig. 4D and Fig. S15 also stands in contrast to previous works which found no polariton PL 

lifetime dependence on energy (35, 73). While higher temporal and energy resolved pump-probe 

measurements are needed to track the population transfer rates between the individual states, one 

possible explanation of the trend is that the reduction of non-adiabatic coupling at higher angles 
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and energies reduces the rate of population lost to other polariton states and thus increases the 

perceived PL lifetime of those higher energy states. 

Discussion 

 

By designing a high Q-factor FP cavity embedded with colloidal 2D CdSe NPLs, we were 

able to obtain great insight into how cavity parameters can be used to control excited polariton 

dynamics. Notably, while vibronic coupling allows for excited population to be upconverted from 

the LP through the dark states to the UP, high Q-factor cavities enable PL emission from the UP 

branch due to lower photon loss rates among both the UP states and the partially-photonic quasi-

dark states. Further, quantum dynamics simulations suggest that that even higher Q cavities at 

room temperature will allow for a further enhancement of the UP population. The ability to control 

the upconversion of excited population from LP and dark states to the UP is a significant step 

toward enhancing forbidden photochemical reaction rates using strong light-matter coupling. For 

example, a photochemical reaction that has an uphill driving force outside the cavity, and this is 

nominally forbidden (at equilibrium), could have its reaction rate significantly increased through 

coupling the molecular donor state to the cavity mode (23, 78).   

In addition to controlling polariton excited populations, high Q-factor cavities allowed for 

measurements of PL lifetimes across the UP and LP states with energy resolved TCSPC. 

Comparing to average lifetimes of half-cavity NPL films (~188 ps), we see an averaged PL lifetime 

of ~ 100 ps across two different cavity detuned samples primarily due to a decrease in the polariton 

short component lifetime, indicating a rapid exchange of population from the dark states to both the 

UP and LP via phonon coupling. The finding of a polariton lifetime for NPLs different from the free 

exciton lifetime is atypical for organic polariton systems but expected for these NPL polariton 

systems with fewer coupled emitters. This has important and direct implications for applications of 

polaritons in chemical systems. The presence of a finite UP population lasting over 100 

picoseconds via uphill transfer from the dark states reservoir demonstrates the potential of polariton 

systems to affect chemical transformations on this timescale. Indeed, since many photochemical 

reactions occur on similar or shorter timescales (79, 80) polaritons could participate in such 

photochemical reactions before dissipation. Altogether, the design of optical cavities that facilitate 

strong light-matter interactions with large Q-factors is a promising route to enable new chemical 

transformations with nanocrystal-based polariton systems.   
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Materials and Methods 

 

Synthesis of 4.5 Monolayer CdSe Nanoplatelets  

The synthesis of 4.5 monolayer CdSe nanoplatelets was carried out using a previously reported 

method (81) with slight modifications. 180 mg of anhydrous cadmium myristate, 30 mg of selenium 

powder, and 15 mL of 1-octadecene were added in a 100 mL 3-neck round bottom flask. The 

contents of the flask were degassed at room temperature followed by degassing at 120o C for 60 

minutes. The mixture was then returned to a nitrogen environment and the temperature was set to 

240o C. At 210o C, the septum was removed from one neck, and 100 mg of cadmium acetate 

dihydrate were swiftly added to the solution. Once the temperature reached 240o C, it was carefully 

maintained for 8 minutes. After which the reaction was quickly quenched with the aid of a heat gun 

followed by a water bath at 190o C. 2 mL of oleic acid was injected at 160o C followed by injection 

of 15 mL of hexanes at room temperature. The nanoplatelets were precipitated by centrifugation at 

3000 rpm for 10 minutes and were redispersed in 12 mL of hexanes. The solution was then allowed 

to sit overnight followed by centrifugation at 6000 rpm for 15 minutes. The pellet was discarded and 

the nanoplatelets were kept in an air sealed glass vial. 

Microcavity Fabrication   

The DBR mirror of the dielectric-metal microcavity was deposited via PE-CVD on Si substrates (1 

cm x 1 cm) with 15.5 bilayers of alternating 60 nm Si3N4 / 85 nm SiO2 to form a 99.9% Bragg-

reflector in the 450 – 550 nm region. For the bottom spacer layer, 200 nm of SiO2 was deposited 

via e-beam PVD or 200 nm of PMMA resist was spin coated onto the DBR mirror – both resulting 

in similar cavity performance. Concentrated and purified solution of 4.5 ML CdSe NPLs in hexane 

was drop-casted onto the spacer layer to approximately form a smooth 60 nm nanocrystal film. 

Another spacer layer of 200 nm SiO2 and the top 40 nm silver mirror were deposited via e-beam 

PVD to form the full 3λ/2n Fabry-Pérot microcavity.   

 

 

Angle Resolved Spectroscopy  

For angle resolved spectra measurements, the cavity sample was mounted onto a NanoH100 XY 

piezo stage (for raster scanning) that is integrated onto an epifluorescence microscope (Nikon TE-

2000U). The sample was illuminated through the top silver mirror with an approximate focused 1 

um spot size using a 40x/0.6 NA objective (Nikon). Cavity emission was collected from the same 

objective with dichroic mirrors and the back focal plane of the objective was relayed to the 

spectrometer with a tube lens for momentum or angle resolved spectra. For cold-temperature 

measurements, the sample was placed in a Montana Instruments CA50 cryostat with a 60x/0.7 NA 
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objective.  A broadband (450-750 nm) white light LED (Thorlabs) was used for all reflectance 

spectra and several different laser pump sources were used for collecting angle resolved 

photoluminescence spectra across multiple experimental setups. A 5 MHz pulsed 485 nm laser 

diode (PicoQuant LDH-D 485) was used for steady-state room temperature spectra, while a CW 

405 nm diode (PicoQuant LDH-D 405) was used for 100 K measurements. For upconversion 

experiments, a 2.5 MHz pulsed white-light continuum laser (FYLA Iceblink) with a band pass filter 

was used for a broad 515-540 nm excitation of the LPB.    

 

Lifetime Measurements  

A frequency-doubled Ti:sapphire laser (Coherent Mira-900) operating at 410 nm with 76 MHz 

repetition rate and < 2 ps pulse durations was used for TCSPC lifetime measurements. An Acton 

SP-2500i dual exit port spectrometer (as shown in Fig. 4A) was used to correlate the angle resolved 

spectra taken on the CCD with the wavelength-resolved lifetime collection taken with the single-

photon APD function (Micro Photon Devices MPD) connected to PicoHarp 300 (PicoQuant) time 

tagging (4 ps binning) electronics. The spectrometer grating (150 g/mm) along with the exit slits 

was used to obtain 2 nm wavelength resolution. Lifetime components were obtained by 

deconvoluting the APD-limited 60 ps instrument response from the individual curves (SI Appendix, 

Fig. S11-S13) and fitted to a triple exponential function using the open-source MATLAB DecayFit 

(FluorTools) software. Lifetimes of three random positions along a half-cavity bare NPL film were 

also measured to compare against the polariton lifetimes.  

 

Quantum Dynamics Simulations 

The GHTC Hamiltonian used for simulating the NPL-cavity system modeled 𝑁 = 160 NPL 

molecules coupled to 40 cavity modes uniformly distributed among the in-plane wavevector 

component. The steady-state of the populations from the L-MASH propagation were selected after 

2 ps of continuous, incoherent driving of the ground state to the HH states with a per-molecule 

pump intensity of 6/𝑁 meV. The numerical timestep was 𝑑𝑡 = 0.5 fs and the PL spectra was 

averaged over 10,000 trajectories. The full details of the model and PL calculations can be found 

in the SI. 
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Figures 

 
 

 

 
Figure 1. Strong coupling of CdSe NPLs in a microcavity at room temperature. (A) Metal-

dielectric DBR cavity geometry for a lower cavity quality factor 𝑄 = 60 and for a higher 𝑄 = 300 

with SiO2 spacers. (B) Absorbance (dotted blue) and PL (red) of 4.5 ML CdSe NPLs in solution. 

(C) Angle-resolved reflectance (left) & PL spectra (experimental middle, simulated right) with fitted 

UPB (white), LPB (green), and exciton heavy-hole transition energy at 2.42 eV (dotted red) overlay 

for a sample corresponding to detuning energy Δ =  +6 𝑚𝑒𝑉, Rabi-splitting energy ℏΩ𝑅 = 50 𝑚𝑒𝑉, 

and 𝑄 = 60. (D) Same as (C) but with Δ =  −1 𝑚𝑒𝑉, ℏΩ𝑅 = 31 𝑚𝑒𝑉, 𝑄 = 300. Corresponding 

simulated quantum dynamical simulations showing excellent agreement with measured spectra 

with white arrows indicating UPB PL emission. (E) Simulated ARPL spectra for varying Q-factor or 

cavity loss rates for experimental conditions in (D). (F) Theoretical calculations of the UP 

populations above 2.437 eV weighted by photonic character (which is proportional to emission 

intensity), indicating greater UPB population buildup for increasing cavity Q-factor. 
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Figure 2. Upper Polariton State Populations at 295 K vs. 100 K. (A) Angle-resolved reflectance 

and PL spectra taken at 100 K for near resonant detuning of Δ = −1 𝑚𝑒𝑉, ℏ𝛺𝑅 = 49 𝑚𝑒𝑉 with fitted 

polariton branches showing suppressed UP PL emission. (B) Theoretical calculations of the UP 

populations above the HH exciton energy weighted by photonic character, indicating greater UPB 

emission at 295 K versus 100 K. (C) Polariton state energies through time of an arbitrary trajectory 

colored by the magnitude of non-adiabatic coupling due to exchange of character of the cavity 

mode near 8 degrees, indicating larger UP population transfer rates at 295 K versus 100 K (see SI 

for full non-adiabatic coupling expression). In the simulation, the orange and red regions of the plot 

correspond to larger coupling values, which promote population transfer from the dark states (DS) 

to the UP. 
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Figure 3. PL upconversion and emission from the upper polariton branch. (A) Angle-resolved 

PL spectra from a cavity sample with Δ = −52 𝑚𝑒𝑉 detuning and ℏ𝛺𝑅 = 45 𝑚𝑒𝑉 showing UP 

emission at energies 2.44 – 2.52 eV near the cavity-exciton resonance. The lower polariton branch 

(2.3 - 2.41 eV) is indicated by the green line and the HH exciton energy (2.42 eV) is indicated by 

the red-dotted line. (B) Integrated linecuts of PL spectra for three different sample positions having 

varied zero-angle detuning. Enhanced upconverted PL for higher detuned sample positions 

resulting from more accessible lower-polariton states across the wider in-plane momenta range.  
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Figure 4. Energy resolved lifetime measurements of the LPB and UPB. (A) Experimental 

schematic showing correlated angle resolved spectroscopy with high resolution TCSPC via a dual 

exit port spectrometer. (B) Photoluminescence spectrum of a cavity sample position showing UPB 

and LPB emission. (C) Corresponding raw TCSPC lifetime curves along dotted lines in (B) and for 

a control half-cavity thin film sample. (D) Amplitude-weighted average lifetime measurements taken 

along every 3 nm of the emission window and converted to energy difference between the bare 

exciton emission and the polariton emission energy for sample position corresponding to (B).  

Average lifetime at peak exciton emission for a bare half-cavity thin film sample averaged along 

three different positions indicated by blue ∗ marker.   
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