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ABSTRACT: Molecular strong coupling offers exciting prospects in physics, chemistry, and
materials science. While attention has been focused on developing realistic models for the molecular
systems, the important role played by the entire photonic mode structure of the optical cavities has
been less explored. We show that the effectiveness of molecular strong coupling may be critically
dependent on cavity finesse. Specifically we only see emission associated with a dispersive lower
polariton for cavities with sufficient finesse. By developing an analytical model of cavity
photoluminescence in a multimode structure we clarify the role of finite-finesse in polariton
formation and show that lowering the finesse reduces the extent of the mixing of light and matter in
polariton states. We suggest that the detailed nature of the photonic modes supported by a cavity will
be as important in developing a coherent framework for molecular strong coupling as the inclusion
of realistic molecular models.

When molecules are placed inside an optical microcavity,
the strong interaction between molecular resonances

and cavity modes leads to the formation of hybrid states called
polaritons - states that inherit characteristics of both the optical
cavity modes and the molecules from which they are formed.1,2

This process, known as molecular strong coupling, has been
extensively explored in the context of both excitonic3−5 and
vibrational resonances.6−8 In the context of vibrational strong
coupling there is at present much excitement owing to the
prospect of modifying chemical processes,1,2,9−13 despite an
incomplete understanding of the underlying science.14−16 A
range of “cavity” structures have been explored, most
frequently planar (Fabry−Perot) optical microcavities in
which the molecules are located between two closely spaced
metal or dielectric mirrors. Planar microcavities have
dominated molecular strong coupling studies for many years,
in both excitonic and vibrational regimes. However, such
structures do not offer good access to the molecules involved,
thereby limiting their applicability to cavity modified
chemistry. Alternative “open” geometries have been explored,
including surface plasmon modes,17,18 dielectric micro-
spheres,19 and surface lattice resonances.20,21 More recently
so-called “cavity-free” geometries have been investigated,22−25

and extensive mode splitting observed. These cavities do not
use metallic or dielectric multilayer (DBR) mirrors, instead
they rely on reflection from the interface of the molecular
material with another dielectric to produce optical modes.
While some of the reports concerning open cavities have noted
changes to the molecular absorption, it remains to be seen
whether such structures can be used to control chemistry
effectively. Since modification of photoluminescence is a more
stringent measure of strong coupling than reflectance,
transmittance, absorbance and scattering,26−29 here we chose

to explore the photoluminescence process for open, half and
full cavities, in an attempt to gain better insight into cavity-free
strong coupling. In doing so we identify an additional
requirement that needs to be met for effective molecular
strong coupling, one that highlights the vital role of cavity
finesse.

In the work reported here we made use of three different
planar cavity structures, shown in the top row of Figure 1:
(left) an open cavity, i.e. a layer of polymer containing dye
molecules supported by a silicon substrate; (center) a half-
cavity, similar to (a), but with the addition of a metallic (gold)
mirror between the substrate and the dye-doped polymer, and;
(right) a full-cavity, similar to the half-cavity but now with a
second metallic mirror added to the top of the structure. For a
more extended description of the optical modes supported by
the different structures see Supporting Information (SI)
sections 4−6. We made use of the J-aggregated dye TDBC
(5,5′,6,6′-tetrachloro-1,1′-diethyl-3,3′-di(4-sulfobutyl)-benzi-
midazolocarbocyanine), either dispersed in the polymer PVA,
or deposited using a layer-by-layer approach.28 We used a
silicon substrate, and made use of gold for the metallic mirrors;
further details of fabrication are given in SI section 11. We
measured photoluminescence and reflectance spectra as a
function of polar angle, thereby enabling us to construct
dispersion diagrams. We analyzed our experimental data using
a transfer matrix model to calculate the reflectance, trans-
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mittance and absorption, while we made use of a coupled
oscillator model to determine the modes of each system; again,
details of both are given in the SI (see sections 14 and 13
respectively). To enter the strong coupling regime the
collective Rabi splitting, ΩR, should be greater than the mean
of the cavity and molecular spectral widths, K and Γ
respectively (see also the note in the SI, section 1), which
we can write as,30

K( )/2R > + (1)

However, as we will see below, satisfying this condition does
not guarantee strong coupling as witnessed by photo-
luminescence; instead we find that we need to place another
condition on the finesse of the cavity modes.

Photoluminescence (PL) and reflectance spectra were
acquired as a function of wavelength and angle. For reflectance
measurements a white-light source was coupled to an objective
lens (100x, 0.8 NA) and focused on to the sample. The
reflected light was then collected using the same objective lens
and projected onto the Fourier plane.31 For PL measurements,
a 532 nm (green) diode-laser source was focused onto the
sample and the PL was collected by the same objective lens in
the backscattering configuration. Details of the optical setup
are provided in section 3 of the Supporting Information.

For each system we determined the extent of the
anticrossing (collective Rabi-splitting), ΩR, and the width
(fwhm) of the cavity mode, K. The cavity mode-width was
estimated from the calculated reflectance of “no-resonance”
systems, where “no-resonance” means that the oscillator
strength was set to zero, see for example figure S2, panel
(c), and see section 7 of the Supporting Information. To
estimate the collective Rabi splitting we adopted an iterative
process as follows. A coupled oscillator model was used to
reproduce the dispersion of the polariton modes, based on the
“no-resonance” mode positions and an estimate for the Rabi
frequency. The results from the coupled oscillator model were

then plotted on top of the experimental (reflection and PL)
data, and on top of the calculated reflection data. The value of
the Rabi frequency was then adjusted to give a simultaneous
best “by eye” match to the different data sets (see also section
13 of the Supporting Information). The reflectance data are
thus key to determining the Rabi splitting since they exhibit
both UP and LP features, however, we also ensured that the
polariton positions we predict are consistent with the PL data.
The full data sets are shown in figures S2−S8, a subset of the
(reflectance) data are shown in Figure 2 below.

Let us now return to consider Figure 1 in more detail. In the
second row of Figure 1, we show examples of the collected
photoluminescence from the three types of cavity in the form
of dispersion diagrams. Here the PL spectra have been plotted
as a function of frequency and in-plane wavevector
k sin2= (where λ is the wavelength of light and θ is the
angle of incidence; the plane is that of the sample). Also shown
as white dashed lines are the energies of the hybrid modes
determined via the coupled oscillator model, further details are
given in the SI. For each configuration a clear LP is present in
reflectivity between 1.6 and 1.8 eV, but only in the case of the
full cavity is PL associated with the LP seen. As we will show
below, PL is only seen to be associated with the dispersive LP
if the cavity finesse is sufficiently high.

Let us return now to discuss the PL data for each cavity
configuration in turn. In the second row, left column of Figure
1 we show the measured photoluminescence dispersion. We
observe a strong peak at 2.07 eV and a weaker peak at 1.97 eV.
For reference a PL spectrum from a very thin (20 nm) TDBC
film on Si is also shown in Supplementary Figure S9. The
reference spectrum is very similar to that of the open cavity: for
the open cavity case, the 2.07 eV peak is slightly broader and
the 1.97 eV shoulder slightly stronger. The photoluminescence
of the open cavity is also nondispersive. There is thus little if
any sign that strong coupling has influenced the dye
photoluminescence of this open cavity. One might argue that

Figure 1. Schematic of Cavity Structures, and measured Photoluminescence dispersion: Left: Open Cavity consisting of a TDBC-doped
polymer (PVA) film on a silicon substrate, doped-PVA thickness ∼340 nm. Centre: Half Cavity, as (a) but now a thin gold film is included
between the substrate and the dye-doped polymer, doped-PVA thickness ∼600 nm. Right: Full Cavity, similar to (b) but with the addition of a top
gold layer to form the second mirror of a closed cavity, the cavity thickness is ∼400 nm. Photoluminescence spectra were acquired from each
sample as a function of collection angle and the data are plotted here in the form of a dispersion diagram. The white dashed lines in each PL plot
show the positions of the polaritons determined from the coupled oscillator model. Further data for these samples are shown in the SI. (Note that
the (nondispersive) emission in the vicinity of the molecular resonance is likely to be due to uncoupled molecules and weakly emissive dark states.).
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when the lower polariton mode at k∥ = 0 is so far in energy
from the unmodified photoluminescence that no change would
be expected. However, we have observed elsewhere that this
need not be the case,28 provided there are phonon/vibrational
modes that can scatter emission via the polariton. Note that
there is no dispersion of the PL in the vicinity of the dispersion
curve where anticrossing might be anticipated. We repeated
this experiment for a thicker (∼1030 nm) TDBC film
(Supplementary Figure S3) and once again found that the
PL is only marginally modified (if at all) in the open cavity
configuration. To investigate the absorption in the TDBC layer
we made further use of transfer matrix modeling, the results are
shown in figure S2 of the Supporting Information. Although
there is a significant change in the absorption (in the bulk this
would be a single peak) it is clear that the distortion is not due
to the presence of polaritons. Instead the doublet feature in
absorption in this seemingly simple sample arises from the
complex interplay between absorption and the impedance that
the TDBC-layer presents to incoming light.32 This is
consistent with our previous modeling of the absorption of
cavity-free strong coupling with a broad spectrum dye,23 which

showed modified absorption but no clearly resolvable polariton
modes.

The half cavity case (center column of Figure 1) appears
very similar to the open cavity case (a larger PL peak at 2.07
eV and a smaller PL peak at 1.97 eV), but with a smaller
difference between the magnitudes of the two peaks. Again,
there is no clear mapping of the PL onto the position of the
polariton modes. Calculated data for the absorption in the
TDBC layer are shown in the SI, figure S4 panel (e). There is
again a significant change in the absorption compared to that
of the bulk, and further, compared to the case of the open
cavity, there is now some indication of the absorption tracking
the lower polariton mode, at least to some limited extent. Data
collected from a 1630 nm thick half cavity sample
(supplementary figure S5) also show a somewhat modified
PL spectrum.

The measured photoluminescence dispersion for the full
cavity (right-hand column of Figure 1) is significantly different
from the open and half cavity cases, the PL clearly tracking the
lower polariton mode. Calculated data for the absorption in the
TDBC are shown in SI figure S8, panel (e). As for the PL,

Figure 2. Estimating the Rabi splitting: In each column the top panel shows the measured reflectance, the middle column the calculated
reluctance, and the lower panel the calculated reflectance with the oscillator strength set to zero. In addition, we have superimposed on each panel
the results from the best “by eye” match of a coupled oscillator model to the data. The left-hand column is for a full cavity (355 nm thick), the
middle column for a half-cavity (600 nm thick), the right-hand column for an open cavity (1030 nm thick). The crossing point of the key cavity
mode with the excitonic resonance is shown as a magenta dotted line in each column. In each of the middle panels the arrows indicate the extent of
the Rabi-splitting. Further information is given in figures S2−S8.
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there is now a very significant change in the absorption that
also clearly tracks the polariton modes.

It is useful at this point to compare the line spectra for the
PL, for which we have chosen k∥ = 0. Figure 3 shows the PL

spectra for another set of open, half and open cavities with
different thicknesses than those in Figure 1, but with equivalent
spectral behavior (full dispersion data in supplementary figures
S3, S4, and S8). We have indicated the position of the lower
polariton of the least detuned cavity mode at k∥ = 0. As a
reference “uncoupled” case, a thin film of TDBC (20 nm) on
Si is used, which has a strong PL peak at 2.07 eV with a weak
shoulder around 1.96 eV.

For the open cavity, the 1.97 eV PL shoulder is clearer than
in the thin film and the 2.07 eV peak is broader and the PL
remains nondispersive. For the half cavity, the 1.97 eV PL peak
is substantially enhanced compared to the open cavity, but
there is still no clear PL dispersion. The thicker half-cavity PL
is slightly dispersive. The changes at 1.97 eV might be weakly
linked to the (lower) polariton modes supported by this
structure, see figure S4 (d,f). The absorption spectrum shows
signs of being modified.

In contrast, for the full cavity both PL and absorption clearly
track the lower polariton. We also note that, as commonly
found,33−35 PL is observed from polaritons at energies lower
than the molecular resonance energy, i.e. we do not see any PL
associated with the upper polariton. Looking at the dispersion
of the PL from the lower polariton we see that it is not
uniform: PL is typically produced by the relaxation of reservoir
states through the loss of vibrational energy36 so that PL
emission is strongest when the difference between the bare
molecular resonance energy (reservoir) and the polariton
branch are equal to the energy of a vibrational mode.28

We have compared the photoluminescence from dye
molecules (TDBC aggregates) located in three different cavity
configurations: open, half and full cavities. In all three cases the
reflectivity data indicate the strong coupling regime has been
reached, see the fifth column of Table 1. The calculated
absorption shows a somewhat different picture, with changes in
the absorption by the TDBC for all three cavity types, but only
in the case of the full cavity does the absorption track the
(lower) polariton fully. We also observe changes in PL for all
three samples, but again it is only for the full cavity that the PL
maps onto the lower polariton. The behavior we observe in PL,
Figure 3, is reminiscent of the transition from weak to strong
coupling observed in reflection measurements,37 where an
initially uncoupled peak broadens before splitting into two
clearly resolvable peaks. In PL the upper polariton is not
observed due to nonradiative relaxation, so instead a lower
polariton branch eventually becomes distinct from the
uncoupled PL peak. Ordinarily, the transition from weak to
strong coupling is observed by increasing the number of
molecules in a cavity, for example by using photochromic
molecules.4,37 Here, however, similar behavior has instead been
observed by modifying the cavity structure. This leads to a
number of questions: how can we quantify the change in these
structures that has caused this transition into the strong
coupling regime, and what is the threshold for the observation
of strong coupling in PL?

Figure 3. PL line spectra. PL for normal emission for an open cavity
(1030 nm sample, red line), a half cavity (600 nm sample, blue line),
and full cavity (355 nm sample, black line). The PL data have been
normalized and scaled to lie between values of 0 and 1. The position
of the lower polariton modes for k∥ = 0 are shown as vertical dashed
lines, the lower polaritons shown here are associated with the mode
that crosses the TDBC absorption energy in the zero-oscillator
strength dispersion, see panels (c) in supplementary figures S3, S4,
and S8. The thin film reference PL data set (dotted line) was acquired
from a thin film of TDBC on a silicon substrate, see supp info section
S7. Note the difference in the peak position of the “bare” PL for the
full cavity data when compared to the open and half cavity data. Part
of this difference can be attributed to the fact that the TDBC for this
full cavity was made using the layer-by-layer technique (see supp
info), while for the other two data sets the TDBC was on the polymer
host PVA, again, see supp info section S7.

Table 1. Spectral parameters for the different cavitiesa

Cavity (nm) Δω (eV) (FSR) K (eV) (mode-width) ΩR (eV) (Rabi splitting) 2ΩR/(K + Γ) (>1 for SC) Q (Q-factor) (Finesse)

Open
340 1.20 ± 0.02 0.50 ± 0.02 0.50 ± 0.03 1.75 ± 0.12 4.2 ± 0.2 2.4 ± 0.2
1030 0.38 ± 0.01 0.17 ± 0.01 0.67 ± 0.04 5.58 ± 0.57 12.4 ± 0.7 2.2 ± 0.2
Half
600 0.64 ± 0.01 0.25 ± 0.01 0.50 ± 0.03 3.13 ± 0.27 8.4 ± 0.4 2.6 ± 0.1
1630 0.25 ± 0.01 0.10 ± 0.01 0.35 ± 0.02 4.12 ± 0.40 21 ± 2 2.5 ± 0.4
Full
330 0.73 ± 0.01 0.13 ± 0.01 0.16 ± 0.01 1.60 ± 0.19 14 ± 4 5.6 ± 0.6
355 0.75 ± 0.01 0.11 ± 0.01 0.20 ± 0.01 2.22 ± 0.27 19 ± 2 6.2 ± 0.6
400 0.76 ± 0.01 0.09 ± 0.01 0.27 ± 0.02 3.38 ± 0.49 23 ± 2 8.4 ± 1.2

aThe relevant figures are as follows: open cavity, figures S2 and S3; half cavities, figures S4 and S5; full cavities, S6 - S8.
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Previously we have looked at whether absorption by the dye
is modified in the strong coupling regime, and−as here−we
found that for an open cavity there was some modification.23

However, that study made use of a broad spectrum dye
(whereas TDBC is narrow-band−with a spectral width of Γ =
0.07 eV) − and no PL measurements were undertaken. Other
work looking at strong coupling between dye molecules and
particle plasmon modes found that there was clear PL arising
from the lower polariton in the strong coupling regime.27

What are we to make of our results? To address this
question we looked for a correlation between our findings and
the cavity parameters, e.g. Q-factor. In Table 1 we have
brought together the parameters for our different structures. As
noted in the introduction, a conventional criterion for strong
coupling is that 2ΩR > (Γ + K). Based on the data in Table 1
and the fact that for TDBC, the spectral width is Γ = 0.07 eV,
all of our samples meet this criterion (see fifth column of Table
1). It thus appears that this criterion is not the full story.

We next focus our attention on a previously ignored
parameter, the cavity finesse, , given by = Δω/K, where
Δω is the free spectral range (FSR), i.e. the frequency
separation of adjacent modes, see also SI section 7. Looking
now at the penultimate column in Table 1, there appears to be
a clear correlation between the behavior we see in our PL
results and the cavity finesse. We find that for low finesse
structures, ∼ 2, the PL does not track the (reflectance)
lower polariton, even when the Rabi splitting exceeds the line
widths. For higher finesse values, > 4, the PL does track the
(reflectance) lower polariton.

Based on our analysis of the cavity finesse (see Table 1) we
suggest an additional criterion, to supplement the usual strong
coupling criterion, (1), we suggest,

K2 ( ) and 4R > + > (2)

We have plotted our data in this form in Figure 4; solid and
gray lines indicate the two criteria. For the data associated with
the cavities that we have investigated here (data points with
red error bars), we see that the open and half cavities are all
such that the free spectral range is too low. In contrast, the
values for the three full cavities have both sufficient finesse and
sufficient coupling strength for effective strong coupling.

To explore these ideas further we also plot in Figure 4 data
extracted from a number of reports in the literature. Point 1 is
for the dye-coated plasmonic nanoprism reported by Wersall et
al.26 It is clear that for the plasmonic particle system
investigated by Wersall et al. effective strong coupling was
achieved, and their PL data confirm this. Point 2 is for the
open dielectric cavity of Thomas et al.23 As for the open
cavities we have explored here, it is perhaps marginal whether
this system has attained the effective strong coupling regime. In
this case, coupling to a higher-order electromagnetic mode
would greatly lower K, potentially pushing this system into the
effective strong coupling regime. Point 3 is for the dielectric
microsphere of Vasista et al.19 It is clear in this case that while
the coupling strength is adequate, the finesse is too low. It may
be that a reduction in microsphere size (resulting in an
increase in Δω) would allow the effective strong coupling
regime to be reached. Points 4 and 5 are planar Fabry−Perot
cavities used in two studies that report modifications to
chemical reactions due to vibrational strong coupling. Point 4
corresponds to the work of Thomas et al.,12 while point 5
corresponds to the work of Ahn et al.13 In both cases the

effective strong coupling regime is comfortably reached. More
information on these data is given in the SI.

How might we understand this requirement of a lower limit
on the finesse in multimode cavities for effective strong
coupling? Molecular strong coupling relies on the coherent
exchange of energy between a set of molecular resonators and
a cavity mode. If the finesse is too low then the molecular
resonators can interact with multiple cavity modes simulta-
neously, thus changing the properties of the lower and upper
polariton states around the molecular resonance. In Figure 5
we schematically compare the type of mode mixing present in
high and low finesse cavities. Three photonic modes {C−1, C,

Figure 4. Strong coupling parameter space. Values of 2ΩR/(K + Γ)
and Δω/K (finesse) for each of the cavities we investigated. The error
bars (red) are derived from the data in Table 1. Data from open
cavities are indicated by an open square, from half cavities by a half-
filled square, and from full cavities by a filled square. Also shown are
data points (together with associated error bars, in this case blue)
based on other reports, for details see main text. The horizontal line at
2ΩR/(K + Γ) = 1 indicates the “usual” strong coupling condition. The
vertical blurred line indicates our suggested criterion based on cavity
finesse. Our 2D criterion is satisfied in the region of white
background.

Figure 5. Schematic of effect of multiple photonic modes. The
schematic shows three photonic modes {C−1, C, C+1} coupling to a
single molecular resonance. For high finesse cavities (left) the
dominant interaction is between the molecular exciton mode (X) and
the energetically closest photonic mode (C). In low-finesse cavities
(right), the exciton content is shared between neighboring partially
overlapping cavity modes, thus modifying the character of polariton
emission signals.
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C+1} are shown in order of increasing energy, interacting with
an excitonic mode (X) that is resonant with the central mode
C. For high finesse, only the C and X modes exchange energy,
giving the usual single-mode picture of light-matter interaction.
In low finesse cavities, the exciton content is shared among
multiple partially overlapping cavity modes, which changes the
emission properties of the lower polariton in the central
spectral region.

The consequences of this multimode mixing process in
cavity PL can be understood by breaking down the cavity
emission into a multistep process in which molecular dipoles
are first pumped incoherently from the ground state S0 to the
lowest excited state S1, via UV excitation S0 → Sn followed by
ultrafast radiationless relaxation Sn → S1,

38 they then give up
their excitation energy to the vacuum cavity field creating
individual confined photons, which finally decay to the far field
through the mirrors at rate K/2, thereby generating the PL
signal.

To model PL in a multimode cavity with tunable finesse, we
extend the theoretical analysis of Herrera and Spano,39,40 by
explicitly modeling the probability of exciting molecular
dipoles pumped incoherently at rate W and including multiple
cavity modes at discrete frequencies ωq (q an integer).
Assuming that the coupled light-matter state is such that no
coherence between polaritonic eigenstates is present and
depletion of the ground state due to incoherent pumping is
negligible, the stationary PL spectrum is then given by,

S W
X

NWX NW K C
C L( )

( /2)
( )

j

j
T

j
T

j
T j

q
jPL =

+ +
(3)

where the discrete index j labels each polaritonic eigenstate in
the single excitation manifold (including dark states39), XjT is
the total exciton content of the j-th eigenstate, Cjq is the photon
content of the j-th state in the q-th cavity mode and CjT = ∑qCjq
is the total photon content summed over all cavity modes.
Lj(ω) is a normalized Lorentzian response function with
central eigenfrequencies ωj and bandwidth Γj (fwhm), which
for simplicity we set to Γj = K for all states. N is the number of

molecular dipoles. The derivation of eq 3 is given in Section 10
of the Supporting Information.

At this point it is worth looking at the structure of eq 3,
specifically the physical significance of the factors involved.
The quantity we are calculating is the strength of the PL signal,
SPL. First, for low pumping rates (no saturation) the strength of
the PL signal is directly proportional to the pumping rate W.
Second, the factor XjT/[NWXjT + (NW + K/2)CjT] gives the
probability that the lower polariton state is occupied after
incoherent pumping of the dipoles. Third, the factor Cjq gives
the photon content of the photon content of the j-th polariton
state, it is this “fraction” of the state that is available to yield
photons that leak out of the cavity sample. Finally, as noted
above, Lj(ω) is a (Lorentzian) line shape function.

Figure 6(a) shows the calculated spectrum of an idealized
two-mode cavity with tunable finesse. The central mode q = m
is kept at exact resonance with a molecular transition at 2.1 eV,
and the energy separation Δ the lower q = m−1 mode is
varied. The positions of the LP, UP and exciton lines are
marked. An ensemble of N molecular dipoles is equally
coupled to both cavity modes with local coupling strength
g N N/ 0.2/R= = (eV), which gives a Rabi spliting of
ΩR = 0.4 eV for large Δ. We choose this coupling magnitude
such that the usual single-mode picture of strong coupling
holds for the resonant mode (K = 0.2 eV, Γ = 0.05 eV).

Figure 6(b) shows the PL signal at the LP energy, calculated
using eq 3, for different mode separation energies Δ, (Δ is
proportional to finesse). A Gaussian distribution of molecular
transition frequencies is assumed (ω̅e = 2.1 eV, σ = 21 meV,
fwhm = 0.05 eV). As the finesse changes, the central emission
feature near the bare molecular resonance remains largely
unaltered, in qualitative agreement with the experimental
comparison in Figure 3, however the PL from the lower
polariton changes substantially. The lower polariton feature in
PL emerges with increasing intermode separation Δ, as
controlled by the spectral weight product XLP CLP in eq 3
(where we have set j = LP, q = m, and we drop the other
indices for notational simplicity). This product can be
understood as the degree of admixing between light and
matter at the LP energy. When a light-matter eigenstate at

Figure 6. PL in a two-mode cavity. (a) Calculated polariton spectrum of a two-mode cavity as a function of the mode energy separation Δ. The
central q = m mode strongly couples to the molecular resonance at ωe = 2.1 eV and is kept fixed in energy. The lower q = m−1 mode approaches
the molecular resonance with decreasing Δ. (b) Simulated PL spectra of the two-mode cavity in panel (a), for an ensemble of N in-homogeneously
broadened molecular dipoles centered at 2.1 eV (vertical dashed line, σ = 0.021 eV). Curves are labeled by the value of Δ. LP denotes lower
polariton. (c) Calculated PL spectral weight XLPCLP at the LP energy as a function of Δ, for the same parameters in panel (b). The single-mode
limit XLPCLP = 1/4 is marked with a dashed horizontal line. (Note that the spectral weight product XLP CLP comes from eq 3 where here we have set
j = LP, q = m, and we have dropped the other indices for notational simplicity.) In all cases we set N = 150, N g 0.2= eV, K = 0.2 eV, and NW/K
= 10−4. Curves are averaged over 650 disorder configurations. In panels (a) and (c) the finesse (Δ/K) is plotted on the upper abcissa.
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frequency ωj is either purely photonic (XjT = 0) or purely
excitonic (Cj

q = 0), the PL signal is strongly suppressed.
For a single-mode resonant cavity with a spectrally

homogeneous ensemble of molecules (σ = 0), the lower
polariton state in strong coupling has XLP ≈ 1/2 and CLP ≈ 1/
2, which sets the optimal mixing limit for the PL spectral
weight CLPXLP ≈ 1/4. Figure 6(c) shows how the PL spectral
weight of the LP state monotonically decreases from this
asymptotic upper limit as the energy separation between
modes decreases. In addition to the change in spectral weight,
for intermode energy separation Δ comparable or smaller than
the collective Rabi coupling N g , we also expect level pushing
of the LP from below toward the molecular resonance, for
constant light-matter coupling strength. The combination of
reduced spectral weight and level pushing gives the spectral
progression shown in Figure 6(b).

In summary, we investigated the photoluminescence,
reflectance, and absorption associated with a range of dye-
doped cavities. While in all the configurations we studied we
saw evidence of strong coupling in the reflectance data, this
was not true for PL. We only saw PL associated with a
dispersive LP for the full cavities. For the other cavity
configurations that we examined we saw nondispersive
emission in the vicinity of the excitonic resonance. While a
full analysis of the details of this nondispersive emission is
beyond the scope of the present study, it is likely to include
emission from uncoupled molecules (aggregates) and weakly
emissive dark states. We compared a variety of spectral
parameters with the behavior we observed in photolumines-
cence, and found a correlation with cavity finesse. We
developed a theoretical model of photoluminescence under
strong coupling so as to specifically include coupling between
adjacent photonic modes, coupling that arises when the
photonic modes are of low finesse. Our model provides a
conceptually straightforward explanation of our results; the
dominant effect of this coupling in low finesse situations is that
coupling between adjacent photonic modes reduces the matter
content of the polariton, thus reducing the probability of
polariton emission. The absence of PL associated with the
dispersive LP in low finesse situations is thus a result of the
reduced (excitonic) content of the LP due to “sharing” of the
exciton content among more than one cavity mode. While our
aim was to better understand strong coupling in open cavities,
we have arrived at a more general conclusion about effective
strong coupling: that in addition to the usual condition on the
coupling strength, an additional condition based on the cavity
finesse needs to be met. This is perhaps not so surprising. The
“traditional” strong coupling criterion is based on considering a
single molecular resonance interacting with single cavity mode.
A natural consequence is that the hybrid polariton modes that
arise are half matter (exciton), half light (cavity mode). When
more than one cavity mode is involved things can become
more complicated and this simple 50/50 light-matter
distribution no longer applies.41 As we have shown here,
when the finesse is low then neighboring cavity modes can
interact, leading to a reduction in the exciton content of a
given polariton mode, see Figure 5. We suggest that in low
finesse situations the “traditional” strong coupling criterion no
longer ensures sufficient mode-mixing for all processes, e.g.
photoluminescence, to be tied to the polariton modes. We
expect the influence of finesse on strong coupling to apply to
other optical microcavities, plasmonic nanocavities etc., as well
as infrared resonators. Future experiments using novel

molecular cavity designs, as well as realistic microscopic
quantum theory that includes the entire cavity mode profile,
molecular dephasing and collective relaxation effects, will
further refine our fundamental understanding of molecular
strong coupling.
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