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Cavity-enhanced energy transport  
in molecular systems
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Molecules are the building blocks of all of nature’s functional components, 
serving as the machinery that captures, stores and releases energy or 
converts it into useful work. However, molecules interact with each other 
over extremely short distances, which hinders the spread of energy across 
molecular systems. Conversely, photons are inert, but they are fast and 
can traverse large distances very efficiently. Using optical resonators, 
these distinct entities can be mixed with each other, opening a path to new 
architectures that benefit from both the active nature of molecules and the 
long-range transport obtained by the coupling with light. In this Review, 
we present the physics underlying the enhancement of energy transfer and 
energy transport in molecular systems, and highlight the experimental and 
theoretical advances in this field over the past decade. Finally, we identify 
several key questions and theoretical challenges that remain to be resolved 
via future research.

In nature, light and molecules are constantly interacting, with photons 
being absorbed or emitted, thereby driving a multitude of molecular 
events and photochemical reactions. These interactions, which nor-
mally occur in an irreversible manner and with a characteristic timescale 
of several femtoseconds, can change dramatically when they take place 
within photonic structures that act to confine the electromagnetic (EM) 
field. Under such confinement, the light–matter interaction strength 
can be enhanced to the point where it overcomes all of the dissipative, 
incoherent processes in the system, which fundamentally changes its 
nature.

Over the past decade, it has gradually been established that by 
‘dressing’ molecules with the EM field in this regime of strong light–
matter coupling, their properties can be modified, which offers new 
and exciting pathways for tailoring materials and controlling their 
chemistry1,2. One of the most dramatic manifestations of strong light–
molecule coupling is its ability to mediate molecular interactions 
over macroscopic distances and enhance energy transport by several 
orders of magnitude. Molecular excitons are typically tightly bound, 
and therefore molecules can exchange energy via dipole–dipole 
(Förster-type) or electron-exchange (Dexter-type) interactions3, which 

are inherently short-ranged. Moreover, molecular systems are often 
highly disordered. As a result, energy transfer (that is, the transmission 
of energy from one molecular species to another) and energy trans-
port (exciton migration across a single-species molecular ensemble) 
are only efficient over nanometric length scales, with exciton migra-
tion occurring as a random hopping process between neighbouring 
molecules. However, this picture changes completely under strong 
coupling, where the entire molecular ensemble interacts simultane-
ously and coherently with the optical modes of the structure. Now, 
hybrid light–matter states, known as cavity polaritons, are formed as 
a mixture of the EM mode and the molecular excitations (see Box 1). 
Rather than being localized on individual molecules, the polaritonic 
wavefunctions are instead extended over a macroscopic number of 
molecules. The length scales of the polaritonic wavefunction are com-
parable to the optical wavelength, and may be even larger. As a result, 
the interactions between distant molecules obtain a non-local nature, 
which in turn facilitates the transfer of energy between them, as well as 
the transport of energy across macroscopic distances.

The first indication of this unusual state was the observation 
that spontaneous emission from molecules under strong coupling 
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Box 1

Strong coupling and polaritons
When a collection of N molecules, represented as two-level quantum 
emitters, is embedded inside an optical resonator, the system can 
be described by an extended coupled oscillator model, which is 
commonly used for understanding a wide collection of physical 
phenomena. Here one (quantum) oscillator represents an EM mode 
of the optical structure (for example, a standing-wave mode formed 
between the mirrors of a Fabry–Pérot cavity), which is coupled with 
the excitonic transitions in the N molecules. This system is described 
by the Hamiltonian
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where Eph is the energy of the cavity mode, E (i)ex are the exciton 
energies, κ and γ are the decay rates of the cavity mode and the 
molecules, respectively, ℏ is the reduced Planck constant and gi 
represents the dipolar coupling strength, given roughly by 
g ≃ d√Eph/ϵVc. Here, d is the transition dipole element of the 

molecular transition, ϵ is the dielectric constant within the cavity and 
Vc is the effective cavity mode volume, which quantifies the spatial 
extent of the EM field. The simultaneous interaction of the EM mode 
with the entire molecular ensemble gives rise to collective coupling, 
which is quantified by the vacuum Rabi frequency ΩR =

2
ℏ
g√N  

(assuming identical molecules and identical coupling strengths, for 
simplicity)63.

In the ‘strong coupling’ regime, defined by ΩR >
1
2
√κ2 + γ2 (ref. 108),  

this Hamiltonian gives two distinct solutions, ||P(+)⟩ and ||P(−)⟩, which 
represent the new (upper and lower) polaritonic states of the system. 
These are hybrid excitations, which form as linear combinations of the 
cavity mode and the excitons. It is worth noting that, owing to the 
collective coupling, the Rabi frequency is proportional to the 
transition dipole element multiplied by the number density of 
molecules ρ, that is, ΩR ∝ d√N/Vc ∝ d√ρ. Typical molecular 
systems, with ~1010 molecules in a volume of ~λ3 at optical 
frequencies (where λ denotes the wavelength), can thus reach 
particularly high coupling strengths of hundreds of millielectronvolts, 
and even up to 1.8 eV (ref. 109), facilitating the emergence of strong 
coupling conditions.

In addition to the polaritonic states, and in contrast to 
single-emitter strong coupling, the collective coupling also leads 
to the formation of N − 1 dark states with an energy Eex, which also 
exhibit collective behaviour to some extent110,111. In reality, this rather 
simple picture is further complicated due to energetic disorder 
in the molecules, non-identical coupling resulting from the field 
inhomogeneity within the cavity or random molecular orientations, 
and other effects that are not accounted for by this basic Hamiltonian.

Dispersion relation and group velocity
In many types of optical structure, specifically those which possess 

some translational symmetry, the energy of the EM resonance is not 
fixed but rather changes continuously, forming a band (or several 
bands) of photonic modes. For example, in the planar cavity depicted 
in panel a, the mode energy depends on the in-plane component 
of the wave vector k∥. For light confined between the mirrors, 
constructive interference among the multiple reflections leads to 
the creation of standing-wave modes, similar to standing waves on 
a string or a quantum particle in a box. Imposing the appropriate 
boundary conditions at the mirrors yields the dispersion relation for 
photons trapped within the cavity, which, in its simplest form, is

E (m)ph (k∥) = Em
√√√
√

1 + (
k∥nLcav
πm )

2

. (2)

Here Lcav is the distance between the mirrors, n = √ϵ is the background 
refractive index inside the cavity, m is an integer signifying the mode 

order and Em = hcm
2Lcavn

 is the normal-incidence (that is, k∥ = 0) 

resonance energy where c is the speed of light and h is the Planck 
constant. As illustrated in panel b, under strong coupling this 
dispersion curve splits around the crossing point with Eex to form two 
dispersive polaritonic branches, separated by ℏΩR. At that resonance 
point, the polaritons are an equally weighted superposition of light 
and matter. However, owing to the cavity dispersion, and as shown in 
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Fundamentals of cavity polaritons. a, Fabry–Pérot cavity, which 
comprises two planar mirrors (for example, metal films) and a 
dielectric layer, embedded with dye molecules, between them. The 
EM mode is confined in the vertical direction but propagates parallel 
to the mirrors, with an in-plane wavenumber k∥. b, Dispersion curves 
for the cavity photons (dashed blue line) and for the upper ||P (+)⟩ and 
lower ||P (−)⟩ polaritons (solid lines) formed under strong coupling. The 
red dashed line marks the bare-exciton energy Eex and the grey 
shaded area represents the N − 1 dark states. The graduated line 
colouring indicates the variation in the photonic weight Wph across 
the polariton branches. c, Polariton group velocities extracted from 
the polariton dispersion curves. Note that at high k∥ values, where 
the lower polariton energy converges to Eex, its group velocity tends 
to zero, which is characteristic of the uncoupled exciton. Conversely, 
the upper polariton asymptotically reaches the speed of light in the 
dielectric medium as its energy shifts further away from the exciton. 
This behaviour is in line with the variation of photonic weight across 
the polariton branches, which reaches a value of zero or unity for the 
lower and upper branches, respectively.
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conditions exhibits long-range spatial coherence, which can extend 
over several micrometres4. This extraordinary result provided a clear 
signature of the extended nature of the polaritonic wavefunctions, and 
was also confirmed in a later study5. Soon thereafter, several pioneer-
ing publications reported, both experimentally and via numerical 
simulations, clear demonstrations of enhanced energy transport6–10. 
Notably, the collective, delocalized nature of polaritons was also shown 
to fundamentally alter intermolecular energy transfer between donor 
and acceptor molecules in a cavity11,12, enabling its occurrence over dis-
tances exceeding 100 nm, far greater than the typical Förster distance13. 
These early studies demonstrated the technological potential of strong 
coupling and cavity-enhanced transport, specifically for the field of 
organic electronics, where the inefficient transport of excitons and 
charge carriers places severe constraints on device performance14,15. 
Furthermore, the possibility of combining the active nature of exci-
tonic materials with this enhanced transport opens up new opportuni-
ties for ultrafast signal processing, all-optical control16 and photonic 
architectures where organic materials are hybridized with inorganic 
semiconductors17,18. Over the past decade, the exciting opportunities 
offered by cavity-enhanced energy transport have driven the growing 
interest in this topic, which has led to substantial experimental and 
theoretical progress. Ultrafast optical techniques have been used to 
visualize directly the long-range motion of polaritons in strongly cou-
pled molecular systems10,19–23, as well as the time-resolved dynamics of 
intermolecular energy transfer12,13,24–26. In parallel, realistic models that 
take into account the molecular complexity and the various possible 
processes have been developed, aiming to capture the intricacies of this 
fascinating phenomenon27–37. In contrast to inorganic systems, organic 
molecules typically have a complex internal structure with vibronic 
(both vibrational and electronic) states and transitions, which can play 
a central role in the energy-transport process38 and offer additional 
degrees of freedom for potentially controlling and making use of the 
transport properties. These features give molecules a unique role in 
that they could serve as both the active material and the photonic 
platform, enabling enhanced transport and redistribution of energy 
within a device. One example of such effects is seen in the condensation 
of polaritons as they thermalize while propagating along a plasmonic 
lattice39,40. Molecular systems under ambient conditions are inherently 
disordered, they are efficiently coupled with a surrounding thermal 
bath, and decay channels via transitions between the polaritonic states 
and other, non-coupled molecular energy levels, may also exist. Alto-
gether, such effects lead to considerable deviations from a simple 
picture of ideal, plane-wave excitations spreading freely across the 
systems, which is often successfully used to describe transport in inor-
ganic polaritonic systems41–43. Instead, recent time-resolved measure-
ments21 and advanced numerical simulations32 have shown that energy 
transport in molecular strongly coupled systems is characterized by 

an interplay between ballistic and diffusive processes that result from 
two counteracting effects, namely random scattering due to molecular 
disorder and thermal fluctuations, and delocalization that stems from 
the photonic component.

With the hand-in-hand progress of theoretical modelling and 
experimental explorations, the inner workings of cavity-enhanced 
transport are gradually being disclosed. At the same time, these recent 
studies have clearly established that the underlying mechanisms that 
govern this phenomenon remain far from being fully understood, with 
every step in this research revealing new questions. This Review aims 
to present an up-to-date overview of cavity-enhanced energy trans-
port, focusing on its recent exploration and implications in organic 
strongly coupled systems. In particular, we discuss the basic concepts 
of polaritonics in various architectures, the gradual development of 
theoretical modelling approaches and experimental studies of these 
systems, and the current understanding of the processes involved in 
cavity-enhanced energy transport. Finally, we address the potential 
implications of cavity-enhanced transport and the key challenges 
that are yet to be overcome to harness this fascinating phenomenon.

Photonic platforms for enhanced transport
The resonant optical confinement required for strong coupling can 
be achieved using numerous types of photonic structure that rely on 
different mechanisms. The modes of these structures can have very 
different spatial distributions, lifetimes and characteristic dispersions, 
which in turn affect the polaritons and the mechanism of enhanced 
energy transport. This section provides a brief survey of common 
photonic platforms used for cavity-enhanced transport—which are 
presented in Fig. 1—along with their properties and the main differ-
ences between them.

Planar microcavities
Perhaps the simplest optical resonator is a planar Fabry–Pérot micro-
cavity, which is composed of two parallel mirrors, separated by a dis-
tance Lcav, such that a standing-wave mode can form between them 
(Fig. 1a). Metallic mirrors (for example, silver or gold) typically provide 
broadband reflectivity of up to 98% in the visible and infrared regions, 
with quality (Q) factors of 20–100 (or a lifetime of ~25 fs for visible 
light). Alternatively, distributed Bragg reflectors (DBRs) composed 
of low-loss dielectric layers give a much higher reflection, leading to Q 
factors of the order of 1,000 or more. However, this comes at the cost 
of a narrower reflection bandwidth and higher fabrication complexity. 
Moreover, in such dielectric cavities, the penetration depth of the field 
into the reflectors is of the order of several wavelengths. This penetra-
tion depth is much smaller in metals (of the order of 10 nm), which 
reduces the mode volume and increases the coupling strength44. The 
molecules are often uniformly distributed within the cavity, such that 

b, this composition varies across the polariton branches, with the 
photonic weight of the upper (+) and lower (−) polaritons given by

W
±
ph =

1
2 (1 ∓

Δ2

(ℏΩR)
2 + Δ2

) , (3)

where ∆ = Eex − Eph and the excitonic weight being Wex = 1 −Wph.
The polariton dispersion can be measured spectroscopically, in a 

similar manner to bare molecular transitions. However, in addition to 
the requirement for energy matching between the incoming photons 
and the energy of the transition, it is also required that the in-plane 
wavenumber of the photons (which is related to the wavelength λ and 
the incident angle θ by k = 2π/λ × sinθ) is exactly matched with that of 
the particular polaritonic state being probed. Alternatively, once 

excited, polaritons may decay radiatively, by emitting a photon from 
the cavity at an angle dictated by the same in-plane wavenumber 
conservation, together with the cavity dispersion relation. From the 
polariton dispersion, their group velocity vg (shown in panel c) can be 

deduced as vg =
1
ℏ

∂E(±)

∂k∥
. Assuming that the bare excitons are 

immobile, it can be shown (see the Supplementary Information in  
ref. 21) that the polariton group velocity is directly related to its 
photonic weight and the photon group velocity, such that 
vg = W

±
ph (

1
ℏ

∂Eph
∂k∥

), which can be viewed as a special case of the 

Hellmann–Feynman theorem. These relations express the fact that 
polaritons can indeed propagate, as opposed to the original localized 
molecular excitons, and that this propagation is a manifestation of 
their partially photonic character.

(continued from previous page)
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the molecules interact differently with the cavity mode, depending 
on the strength of the local electric field45,46. Therefore, the collective 
coupling (and overall energy splitting) incorporates all of the individual 
interactions within the cavity. However, the planar geometry read-
ily lends itself to the fabrication of more elaborate multilayer struc-
tures. This enables the accurate positioning of the molecular layers 
at specific heights within the cavity, and a detailed examination of the 
(out-of-plane) energy transfer as the distance between the donor and 
acceptor layers is varied13,47,48. Finally, it should be noted that, unlike 
other geometries discussed below, the Fabry–Pérot dispersion has a 
minimum and, hence, the lower polariton has a vanishing group veloc-
ity at k∥ = 0 (see Box 1).

Electromagnetic surface waves
Confinement of light into a two-dimensional space can also be obtained 
in the form of EM surface waves. These are dispersive modes that are 
bound to the interface between two different media, exhibiting eva-
nescent decay of the field away from that interface and propagating 
parallel to it. A well-known example is given by surface plasmon polari-
tons (SPPs)49, which are transverse-magnetic-polarized waves formed 
at the boundary between a metal film and a dielectric material (or air) 
as a hybridization between light and charge oscillations in the metal 
(plasmons), as shown in Fig. 1b. When a molecular film is deposited 
on top of the metal surface, optimally located at the mode maximum, 
strong coupling between the SPPs and the molecular excitons can 
occur, forming surface plasmon–exciton–polaritons50,51. The in-plane 
wavenumber of SPPs is larger than the free-space wavenumber (for 
the same energy), which decouples them from free-space waves and 
gives them their surface-bound nature. In other words, their disper-
sion resides beyond the light line (Fig. 1f), and, therefore, to excite and 
probe the emerging exciton–polaritons, the wavenumber mismatch 
must be compensated using either prism coupling or grating coupling. 

SPPs, like other types of surface wave, can exhibit a steep dispersion, 
leading to large plasmon–exciton–polariton group velocities that are 
comparable to the speed of light. However, the large ohmic losses that 
are typical of metals result in short lifetimes, limiting the propagation 
to several micrometres. Another type of EM surface wave that can also 
lead to the formation of exciton–polaritons is Bloch surface waves 
(BSWs)52,53 (Fig. 1c). As the optical analogue of the electronic surface 
states found at the edges of crystals, BSWs can form at the interface 
between a DBR and air (or other homogeneous dielectric medium). As 
with SPPs, the dispersion of BSW polaritons resides beyond the light 
line, but also within the bandgap of the DBR (a one-dimensional pho-
tonic crystal). This results in a mode profile that decays exponentially 
on both sides of the interface. The main advantage of BSWs over SPPs is 
their ultralow absorption loss, which results from the purely dielectric 
nature of the structure. This, together with their high group velocity, 
makes this system an ideal platform for enhanced energy transport. 
Similar advantages are also offered by dielectric nanowires54.

Plasmonic nanoparticles and nanoparticle arrays
Metallic nanoparticles can exhibit a resonant optical response, which 
is sensitive to the size and geometry of the particle49. These resonances 
correspond to the excitation of ‘localized surface plasmon’ (LSP) 
modes, which can be coupled with the excitonic transition in molecules 
adsorbed on the particle surface55,56. Like SPPs in metal films, LSPs are 
also associated with a confined EM field (Fig. 1d); however, the confine-
ment here occurs in three dimensions and over nanometric dimensions. 
On the one hand, LSPs have rather low Q factors of 1–10. On the other 
hand, this subwavelength mode volume enables strong coupling to 
be obtained with a much smaller number of molecules, down to the 
single-molecule scale for cases of extreme confinement57,58. Another 
fundamental difference with respect to the macroscopic geometries 
is that the LSPs form a discrete set of (non-dispersive) modes. These 
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Fig. 1 | Prototypical geometries used for cavity-enhanced energy transport.  
a, A planar Fabry–Pérot cavity that consists of two mirrors and molecules 
between them interacting with the EM mode, which is formed as a standing  
wave in the direction perpendicular to the mirrors. b, A surface plasmon mode 
formed at the interface between a smooth metal film and air, with its magnitude 
decaying exponentially with the distance from the interface. c, Bloch surface 
wave, confined to the interface between a dielectric DBR structure and air.  
d, A gold nanoparticle with its localized plasmon mode interacting with 
molecules adsorbed on the nanoparticle surface. e, A periodic array of metallic 

nanodisks, where the localized plasmons interact to form a collective surface 
lattice resonance mode. f, Representative dispersion curves of the various 
photonic platforms: planar Fabry–Pérot (FP), surface plasmon polariton (SPP) 
on a metal film, Bloch surface wave (BSW) and surface lattice resonance (SLR). 
The dashed black line represents the air light line. Note that, unlike other types of 
mode, the Fabry–Pérot dispersion shows a minimum at k∥ = 0. Similarly, the BSW 
mode has a cut-off energy at the point where its dispersion reaches the light line52 
(where the mode is no longer confined), in a similar manner to the guided modes 
of a slab waveguide.
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features are particularly advantageous in numerical simulations of 
cavity-enhanced energy transfer, simplifying the microscopic treat-
ment of both the molecular ensemble and the EM field.

When plasmonic nanoparticles are arranged in a periodic lattice 
with a spacing that is comparable to the optical wavelength, their indi-
vidual modes can interact to form collective, delocalized modes, known 
as surface lattice resonances (SLRs)59 (Fig. 1e). The discrete transla-
tional symmetry gives rise to a complex dispersion band structure, 
which can be tailored via the shape/size of the particles, the periodicity 
and the unit cell geometry. This flexibility makes SLRs highly attractive 
for cavity-enhanced energy transport, providing unique controllability 
over the transport properties of polaritons32,60,61. Moreover, both radia-
tive and non-radiative losses can be suppressed for SLR modes despite 
residing within the light line, leading to much longer lifetimes, which 
benefits the enhancement of energy transport. SLRs can similarly form 
in arrays of dielectric particles62, which exhibit even higher Q factors.

Theoretical approaches and modelling
The objective of this section is to briefly introduce the theoretical 
approaches that have been used to study cavity-modified energy 
transport in recent years. As most of the main concepts in the present 
section are well known in quantum optics and/or molecular physics, 
we forgo a mathematical analysis in favour of a schematic presentation 
of the key points of the different models.

The modelling of cavity-modified energy transport usually relies 
on a description of the interaction between the excitons of a collec-
tion of molecules and the quantized EM fields that are supported by 
the optical cavity. In the simplest approach, and following standard 
techniques used in quantum optics, the first models treated molecules 
as two-level systems, which accounts for the electronic transition 
between molecular ground and excited states, and the optical cavity 
is assumed to support a single EM mode6–8,28. The coupling strength 
between light and matter constituents, usually treated within the 
so-called dipolar and rotating-wave approximations, is proportional to 
both the transition dipole moments of the molecular excitons and the 
quantized electric field associated with the cavity mode. The resulting 
Hamiltonian is usually referred to as the Tavis–Cummings model63. 
Dispersion of the cavity mode with in-plane momentum, as present 
in Fabry–Pérot cavities or planar plasmonic structures, can also be 
incorporated into the framework37,64–66. To quantify the effect of the 
cavity on energy transport, bare intermolecular interactions need to 
be included in the Tavis–Cummings Hamiltonian. In addition to the 
coherent dynamics described by the Hamiltonian, different dissipa-
tive mechanisms are also present in the system, such as radiative and 
non-radiative losses associated with the molecules and cavity losses. 
The dynamics of the system can then be described through the master 
equation formalism developed for open quantum systems in which 
dissipative mechanisms are modelled using Lindblad terms, which 
describe frequency-independent dissipation rates67. In addition, to con-
sider the initial excitation that triggers the exciton transport/transfer, 
a term that represents either coherent or incoherent pumping of the 
cavity or molecules must be introduced. Apart from its fundamental 
value, the simple modelling of the process described above has been 
used to study the effect of both spatial disorder and inhomogeneous 
broadening on the energy-transport characteristics, as these are inher-
ent to organic molecules at room temperature68.

Molecular energy transfer in the absence of a cavity has also 
been studied intensively in recent years, mainly in connection with 
light-harvesting processes38,69,70. By analysing energy transfer in these 
systems, it was realized that dissipation experienced by molecular 
excitations due to their internal vibronic structure is of paramount 
importance when dealing with energy transport in organic materials. To 
address these processes theoretically, researchers have developed sev-
eral models and techniques, which have recently been adapted for the 
theoretical study of cavity-modified energy transport. Along this line, 

using a general Bloch–Redfield approach, the frequency-dependent 
spectral densities that characterize the local vibrational reservoir of 
each molecule have been used to account for the exciton–vibration 
coupling27,29. This Bloch–Redfield formalism treats the vibrational 
modes as a weakly coupled thermal bath and, therefore, does not 
account for the possible coherent exchange of energy between elec-
tronic and vibrational degrees of freedom within the molecules. Going 
beyond the Bloch–Redfield approach to fully capture the coupling 
between excitons and vibrational modes is an extremely challeng-
ing problem, due to the high number of vibrational degrees of free-
dom. So far, such studies have included only the interaction between 
a small ensemble of molecules and a single cavity mode, which has been 
analysed using advanced tensor network simulations71, in which the 
vibrational modes are further restricted to be harmonic oscillators. An 
alternative way to fully incorporate the coupling between electronic 
excitations and vibrational degrees of freedom into the modelling is 
to use atomistic models to describe the internal structure of the mol-
ecules30,32,72. Using a hybrid quantum mechanics/molecular mechanics 
(QM/MM) framework, it has become feasible to simulate the interaction 
between thousands of organic molecules with a Fabry–Pérot cavity 
mode32. There, the electron–electron interaction was modelled at the 
Hartree–Fock level for the ground state and at the level of configuration 
interaction singles for the excited states. Similar approaches have also 
been used for treating phonons in polaritonic systems based on halide 
perovskites22. Finally, several promising methods that were recently 
developed could enable the simulation of systems containing large 
numbers of molecules at a reasonable cost, while still accounting for 
the complex vibrational structure of the molecules73,74 (although these 
methods have not yet been applied to energy transport).

Cavity-enhanced intermolecular energy transfer
Intermolecular energy transfer occurs when an electronic excitation 
stored in a molecule (the donor) is transferred to another molecule (the 
acceptor) during the lifetime of the excited state. Generally, various 
mechanisms may dominate this hopping process, depending on the 
distance, electronic spin or strength of the interaction3,75. For example, 
Förster resonance energy transfer (FRET) results from a (perturba-
tive) near-field dipole–dipole interaction, which decreases with the 
sixth power of the separation between molecules, with an effective 
interaction distance of the order of 5–10 nm and a rate constant deter-
mined by the spectral overlap between the donor emission and accep-
tor absorption spectra76. At very short distances, this interaction is 
strong enough to mix electronic states and the FRET process converts 
to the Redfield mechanism29,77. Dexter energy transfer is the exchange 
of two electrons between nearest neighbours and requires wavefunc-
tion overlap between donor and acceptor molecules, such that its rate 
decreases exponentially with distance and its effective range is around 
1 nm. Therefore, the dominant process when molecules are separated 
by distances of a few nanometres is FRET. At the end of the last century, 
accompanying the emergence of nanophotonics, much attention was 
drawn to the effect that a complex photonic environment may have on 
this mechanism. Theoretical work from as early as the 1980s pointed 
out that the resonant dipole–dipole interaction is altered when medi-
ated by a resonant mode in nanoparticles78, cavities79,80 and periodic 
structures81,82. In this century, it has been demonstrated that the range 
over which energy transfer occurs could be extended by coupling the 
molecules to a surface plasmon mode supported by a metal film, when 
operating in the weak light–matter coupling regime83,84.

Energy transfer between two different molecular species placed 
in a microcavity and in the strong coupling regime was first reported 
in 201411, utilizing a blend of two types of cyanine dye placed together 
in a matrix between two metallic mirrors (Fig. 2a). Subsequently, the 
change in the donor lifetime in the presence of the acceptor was ana-
lysed12, showing that the energy transfer rate was increased by a fac-
tor of seven under strong coupling conditions (when compared with 
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the rate outside the cavity). Shortly afterwards, this energy-transfer 
mechanism was reproduced for a study in which the two organic species 
were physically separated inside the cavity13. In this case, we can refer 
properly to long-range energy transfer, as the excitation, when placed 
in the donor molecules, is then transferred to the acceptors that are 
located more than one hundred nanometres away (Fig. 2b). A transfer 
efficiency of about 37% was estimated, and the energy-transfer process 
was shown to be independent of the distance between the donor and 
acceptor molecules for a given coupling strength. This capability was 
subsequently corroborated, and its range increased using thin films 
of two J-aggregated molecular dyes immersed in a microcavity and 
separated by a spacer layer with a thickness of 2 µm (ref. 47). As shown 
below, energy transfer is also very sensitive to the energy landscape. 
It has been reported that the long-range energy-transfer efficiency 
can also be enhanced by tuning the frequency of the cavity mode in 
negatively detuned cavities85.

At the time that it was first reported in 2017, although it was 
acknowledged that the delocalized character of the formed polaritons 

played a key role8, the underlying physical mechanism responsible for 
the long-range energy transfer was not well understood. Since then, 
several theoretical groups have applied different models to gain a 
fundamental picture of this process. What we describe in this Review 
is the basic consensus of all of these theoretical approaches27–29. Before 
analysing the mechanism for long-range energy transfer, it is worth-
while to first examine the energy-level structure associated with the 
system, that is, a macroscopic collection of two types of molecule 
interacting with a cavity mode. As discussed in Box 1, for an ensemble 
of identical molecules strongly coupled to a cavity mode, two delocal-
ized polaritons emerge: the lower polariton and the upper polariton, 
whose energies are separated by the so-called Rabi splitting ℏΩR. In 
addition, a set of (degenerate) dark states, which are superpositions of 
molecular excited states that do not couple to the cavity mode, appear. 
If the cavity hosts two types of molecule (both of which are strongly 
coupled), apart from the upper polariton and the lower polariton, a 
third polariton arises, the middle polariton. In addition, there are two 
collections of dark states, each associated with one type of molecule 
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and thus degenerate at the corresponding energies. As mentioned 
above, polaritons are hybrid states, partly light and partly matter. 
The upper polariton branch mainly results from the hybridization of 
the cavity mode and donor molecules, whereas the lower polariton 
branch is composed mainly of acceptor states mixed with the optical 
field. Finally, the middle polariton branch contains a mixture of states 
in which both types of molecule have similar weights. To trigger the 
energy-transfer process, the donor molecules need to be excited by 
pumping the cavity at the upper polariton frequency. By looking at 
the population of the lower polariton, which is composed mostly of 
acceptor states, we can quantify the transfer efficiency. All of the pos-
sible channels that lead the population from the upper polariton to 
the lower polariton are shown in Fig. 2c. Numerical results based on a 
Bloch–Redfield approximation to perturbatively consider vibrational 
modes in the Tavis–Cummings Hamiltonian27, as described above, 
show that the main pathway that leads to energy transfer from donor 
to acceptor molecules corresponds to the red route. The population 
is carried from the upper polariton to the lower polariton through 
the middle polariton and the two sets of dark states due to local exci-
ton–vibration interactions86, as depicted schematically in Fig. 2d. The 
mixed composition of the middle polariton, which combines donor 
and acceptor molecule populations in similar proportions, is crucial 
for this boost in energy transfer. Importantly, this general picture 
applies not only to the case in which donor and acceptor molecules 
are intermixed but also when the two types of molecule are spatially 
separated13,48, in accordance with the experimental findings, where the 
Rabi splitting is the key parameter in this energy-transfer process. Very 
recently, it has also been demonstrated that intermolecular couplings, 
which were not included in the modelling, can modify this picture by 
creating bands of polariton states such that energy can cascade more 
efficiently through these states from the upper polariton to the lower 
polariton26. For molecules where the vibrations cannot be described 
perturbatively (which applies to most non-aggregated fluorescent 
dyes), the alternative simple picture of radiative pumping usually 
describes experiments well11,87, even if a rigorous derivation from a 
first-principles Hamiltonian is not available. Here, the coupling from 
the dark-state reservoirs to the polaritons is assumed to be deter-
mined by the spectral overlap between the bare-molecule emission 
spectrum and the polariton absorption spectrum, in direct analogy 
to the same quantity appearing in FRET76. Inspired by the work on 
exciton long-range energy transfer, a recent experimental study has 
demonstrated that it is also feasible to transport vibrational energy 
by strongly coupling the relevant vibrational modes of the molecules 
with the cavity modes supported by an infrared cavity24.

Enhanced transport in organic semiconductors
The polaritonic states, as previously mentioned, are collective delocal-
ized states. As such, different molecules no longer behave as individual 
entities but rather as correlated objects, which had already been rec-
ognized in early theoretical studies64,88. This concept was then demon-
strated in a pioneering experiment4 in which molecules under strong 
coupling to surface plasmons were shown to emit coherently with each 
other, producing a clear interference pattern up to intermolecular 
distances of several micrometres (see Fig. 3a,b). Such long-range coher-
ence necessitated that phase information was communicated between 
distant molecules, and, therefore, it pointed towards enhanced trans-
port over distances that are far beyond the molecular scale. Moreover, 
numerical simulations have shown that exciton conductance across 
a disordered chain of two-level molecules, which normally decays 
exponentially with the system size, can be enhanced by many orders 
of magnitude via strong coupling to a cavity mode6,7.

The first experimental demonstration of such enhanced exci-
ton transport was realized using BSW polaritons, benefiting from 
the ultralong propagation distances enabled by their low-loss nature 
and the high vg associated with BSWs. Using steady-state emission 
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microscopy, long-range in-plane propagation over more than 100 µm 
was visualized directly (Fig. 3c). As seen in Fig. 3d, for polaritons whose 
energies were further away from that of the bare molecule (thus having 
larger photonic weights) the long-range propagation becomes more 
pronounced, as expected. Later, similar behaviour was also observed 
for molecules strongly coupled to SLR modes in plasmonic arrays61,89. 
Interestingly, in ref. 61 the propagation distance was observed to follow 
the inverse of Δk (Fig. 3e), the width of the dispersion curve along the 
in-plane wavenumber axis.

Whereas such steady-state experiments clearly confirmed the 
existence of long-range transport, its extent and its link with strong 
coupling, they could not provide direct information on the transport 
dynamics, the transport mechanism and a direct comparison with 
kinetic models. Early theoretical studies, which accounted for the 
molecular complexity, have shown that considering the polaritonic 
states as ideal, infinitely extended plane waves was an oversimplifi-
cation64–66,88,90 and therefore, deviations from a simple picture of a 
coherent wavepacket propagating freely through a dispersive medium 

(as, for example, light in an optical fibre) should be expected. To gain 
deeper insight into the transport dynamics, recent experimental stud-
ies began to apply ultrafast pump–probe microscopy techniques to 
strongly coupled organic cavities10,19–23. It was immediately observed 
that the polariton propagation was substantially slower than expected 
(considering the polariton group velocity), exhibiting signatures of 
non-ballistic transport10,19. In another study20, it was also observed 
that the reduction in the polariton velocity followed the cavity loss 
rate, even though the polariton dispersion and the group velocity 
extracted from it are almost insensitive to the Q factor. This effect was 
attributed to the impact of the photon lifetime on the characteristics 
of the dark-state manifold and to population transfer between the 
polaritonic and the dark states35,91.

Recently, a more comprehensive picture of long-range 
energy transport was obtained experimentally, by studying the 
spatio-temporal dynamics of BSW polaritons21 and using energy/
momentum-resolved pump–probe microscopy. The transport was 
found to have a ballistic nature—as is often assumed for polaritons—at 
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two-thirds the speed of light, and in agreement with the calculated 
group velocity. However, this purely ballistic motion was only attained 
for modes far detuned from the molecular exciton with relatively high 
photonic fractions of ~80%. At lower photonic fractions, a rich behav-
iour was uncovered by scanning across the lower polariton branch 
(Fig. 4). Specifically, these measurements showed a transition between 
ballistic transport over short distances and diffusive expansion at 
longer distances. The appearance of diffusion is generally attributed 
to multiple scattering, with the crossover from ballistic to diffusive 
transport occurring at a length scale set by the scattering mean free 
path. In addition, mesoscopic quantities that govern and character-
ize the transport, such as the mean free path, the diffusion coefficient 
and scattering rate, were extracted, including their variation with the 
polariton composition. The mean free path and scattering mean free 
time increase with the polariton photonic weight, which is in accord-
ance with the general view that the scattering stems primarily from the 
molecular disorder (either static or dynamic)66. Importantly, even in 
the diffusive regime, diffusion coefficients of the order of 106 cm2 s−1 
were measured, representing an enhancement of more than seven 
orders of magnitude compared with typical excitonic materials, and 
clearly demonstrating the remarkable impact of strong coupling on 
the transport properties. Such dependence of the transport nature on 
the polariton composition was also observed for exciton–polaritons 
in layered halide perovskite microcavities22. Interestingly, this study 
also identified an initial acceleration stage under resonant excita-
tion (before reaching a constant velocity), which was attributed to  
polariton–polariton interactions.

In parallel, QM/MM simulations, which accounted for the full 
molecular structure and the vibrational degrees of freedom32 have 
successfully reproduced the observed transition between ballistic 
and diffusive transport. These simulations have also explained the 
central role of molecular vibrations in mediating the back-and-forth 
population transfer between the propagating polaritonic modes and 
the stationary dark states, which, in addition to reducing the effective 
velocity, renders the transport diffusive. This conclusion was sup-
ported by the experimental results of refs. 21,22, which also indicated 
that the transport dynamics are governed by thermally activated scat-
tering. Therefore, apart from the direct dependence on the photonic 
weight, the propagation of each polaritonic subpopulation depends 
strongly on its energetic overlap with the bare-molecule absorption 
spectrum. On the other hand, it was also shown that the molecular 
disorder can give rise to localized polaritonic states37, which indicates 
that, at finite temperatures, the (diffusive) transport is, to some extent, 
thermally assisted.

Conclusions and outlook
In summary, after more than a decade of intense research, it is already 
well established that strong coupling of molecules and photonic struc-
tures can enhance energy transport in organic semiconductors and 
intermolecular energy exchange by several orders of magnitude, in 
terms of both efficiency and the typical distances. This enhancement 
holds great promise for organic photovoltaics, organic light sources 
and other active optoelectronic devices, all of which can benefit from 
the superior energy flow endowed by strong coupling, along with 
the known advantages of organic materials (that is, facile process-
ability, large material variety and chemical tunability, flexibility and 
so on). However, to fully harness the potential of cavity-enhanced 
transport, the inner workings of this phenomenon must first be 
deciphered. The past few years have witnessed several important 
first steps towards this goal, showing the important role of molecu-
lar disorder, thermal fluctuations and scattering, which cannot be 
ignored even under strong light–matter coupling. In addition, several 
experiments have already studied such enhanced transport effects in 
prototypical devices48,92–94. Nevertheless, many intriguing questions 
remain to be resolved in future research. For one, the microscopic 

scattering mechanisms of polaritons are not yet fully clear, and fur-
ther investigation is required to understand to what extent the scat-
tering is dominated by elastic versus inelastic (phase-destructive) 
effects. Such experiments will also shed light on the thermalization 
processes that lead to polariton condensation40 and could be used to 
optimize and control polariton condensates and their dynamics. To 
this end, systematic temperature-dependent measurements will be 
extremely important, as well as extensive time-resolved spectroscopic 
studies that will probe the gradual loss of coherence in the system. 
Complementing experimental studies, theoretical modelling will 
play a key role in elucidating the microscopic mechanisms of polari-
ton scattering, and in particular, the role of molecular vibrations in 
mediating the transport dynamics. For example, an unambiguous 
understanding of the processes of vibrationally assisted scattering 
(usually invoked in molecules with well-defined vibronic peaks in 
the absorption spectrum) and radiative pumping (which is more 
suitable for molecules with a broad absorption spectrum) and their 
relationship remains lacking, which is holding back the development 
of simple design rules for devices to make use of cavity-enhanced 
energy transfer and transport. It will be highly desirable to develop a 
theoretical framework that can capture enough of the complexity of 
the molecular structure, including the internal degrees of freedom, 
while being simple enough to enable its application in dispersive 
systems with macroscopic numbers of molecules. In addition, the 
accurate real-space modelling of optical platforms95 is needed for 
quantitative predictions in specific device geometries.

In parallel to the research on cavity-enhanced energy transport, 
several experimental studies have obtained evidence of enhanced 
electrical conductivity under electronic strong coupling96–98, point-
ing towards the possibility of cavity-enhanced charge transport. 
These promising results are supported by theoretical modelling96,99, 
which has shown that cavity-induced long-range correlations in the 
charge-density oscillations may indeed give rise to such a phenom-
enon. However, with some conflicting results on this matter100, the 
question of cavity-enhanced conductivity remains open and, as of 
today, it is still much less understood compared with cavity-enhanced 
energy transport. In that respect, time-resolved imaging techniques, 
in the spirit of refs. 10,20–22, could be developed to directly probe the 
spatio-temporal dynamics of charge carriers under strong coupling. 
Such experiments will elucidate the impact of strong coupling on 
conductance and will provide deeper insight into the mechanism of 
this fascinating and technologically important phenomenon.

In a broader context, the basic concepts underlying the enhanced 
transport are not limited to electronic excitations but apply equally 
to molecular vibrations and phonons. Indeed, several studies have 
started to look into transport phenomena under vibrational strong 
coupling24,101–103. Furthermore, in polar dielectric materials, hybrid 
excitations known as surface phonon polaritons can arise from the 
hybridization between EM surface waves and lattice vibrations104. 
With phonons being the carriers of thermal energy in insulating solids, 
their hybridization with the EM field can give rise to enhanced thermal 
conductivity in thin films105,106, which has important implications for 
thermal management in electronics.
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