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Simple and Versatile Platforms for Manipulating Light with
Matter: Strong Light–Matter Coupling in Fully
Solution-Processed Optical Microcavities
Andrew Strang, Victoria Quirós-Cordero, Pascal Grégoire, Sara Pla,
Fernando Fernández-Lázaro, Ángela Sastre-Santos, Carlos Silva-Acuña,*
Paul N. Stavrinou,* and Natalie Stingelin*

Planar microcavities with strong light–matter coupling, monolithically
processed fully from solution, consisting of two polymer-based distributed
Bragg reflectors (DBRs) comprising alternating layers of a
high-refractive-index titanium oxide hydrate/poly(vinyl alcohol) hybrid
material and a low-refractive-index fluorinated polymer are presented. The
DBRs enclose a perylene diimide derivative (b-PDI-1) film positioned at the
antinode of the optical mode. Strong light–matter coupling is achieved in
these structures at the target excitation of the b-PDI-1. Indeed, the
energy-dispersion relation (energy vs in-plane wavevector or output angle) in
reflectance and the group delay of transmitted light in the microcavities show
a clear anti-crossing—an energy gap between two distinct exciton-polariton
dispersion branches. The agreement between classical electrodynamic
simulations of the microcavity response and the experimental data
demonstrates that the entire microcavity stack can be controllably produced
as designed. Promisingly, the refractive index of the inorganic/organic hybrid
layers used in the microcavity DBRs can be precisely manipulated between
values of 1.50 to 2.10. Hence, microcavities with a wide spectral range of
optical modes might be designed and produced with straightforward coating
methodologies, enabling fine-tuning of the energy and lifetime of the
microcavities‘ optical modes to harness strong light–matter coupling in a
wide variety of solution processable active materials.
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1. Introduction

Strong light–matter coupling between
quantized modes of the electromagnetic
field (optical modes) and excitonic tran-
sitions of an active material give rise to
exciton-polaritons.[1–5] Exciton-polaritons
are hybrid quasiparticles that feature prop-
erties from both their light and matter
constituents, including a low effective mass
compared to bare excitons due to the "light"
component as well as many-body interac-
tions governed by the "exciton" component.
Such hybrid light–matter states are interest-
ing as they can provide energetic pathways
that alter photophysical processes involved
in, e.g., light emission;[6–10] they may also
form exotic quantum phases of matter
that display macroscopic coherence at
room temperature, so-called Bose–Einstein
condensates,[11–17] which lead to highly cor-
related behavior such as superfluidity.[18] In
addition, control of polaritons via microcav-
ity design might be exploited for elongating
the lifetime of molecular transitions and ex-
cited states[19]—which could result in new
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reaction pathways and open the possibility of tailoring chemical
reactivity rates.[20]

To date, metallic mirrors or inorganic DBRs have been typi-
cally used to fabricate optical microcavities confining an optical
mode.[21] This frequently limits the choice of the spacer-layer ma-
terial(s) since thermal deposition or sputtering of the top mirror
can negatively affect the underlying stack, including the active
light-absorbing/light-emitting excitonic material. For example, a
previous study showed that the deposition of the top Ta2O5/SiO2
DBR via electron beam and reactive thermal evaporation, respec-
tively, can lead to the cracking of the active material film.[22] Al-
ternatively, optical microcavities may be realized by first produc-
ing the mirrors and then, in a second step, filling the gap be-
tween them with an active material.[16,23,24] For organic active
materials, solution- or melt-processing can be used for the fill-
ing step, but achieving high-quality interfaces between the active
layer and the mirror structures can be challenging. Having the
capability to produce structures fully from solution with little—if
any—effect on the spacer layers, would enable the use of a wider
range of materials for the absorbing/emissive species (e.g., or-
ganic dyes, polymers, quantum dots dispersed in polymer ma-
trices, etc.). We set out here to demonstrate the successful fabri-
cation of planar microcavities, processed entirely from solution
at ambient conditions. The microcavities are designed and fab-
ricated in a highly precise manner to spectrally align an opti-
cal mode in near-resonance with the 0-0 vibronic transition of
a model organic semiconductor, a perylene diimide derivative (b-
PDI-1),[25] leading to strong light–matter coupling. The key is the
use of a versatile inorganic/organic molecular hybrid material
that can be designed to display a high refractive index, leading
to a high-refractive-index contrast when combined with a low-
refractive-index polymer.[26,27] Because of its amorphous nature
(see refs. [26–28]), moreover, this hybrid material features a very
low optical loss and can be readily processed into high-quality
films (see Figure S1, Supporting Information).[26,27] This allows
straightforward fabrication of DBR/spacer-layers/DBR microcav-
ities in a monolithic-like fashion, i.e., layer by layer, obviating the
need to fill the cavity region after fabrication. The approach fur-
ther permits using sensitive materials as the active layer, includ-
ing high-temperature-sensitive matter.

2. Results and Discussions

We started to explore the potential to produce high-quality op-
tical cavities fully from solution using dip-coating as the depo-
sition method and selecting for the fabrication of the DBRs a
high-refractive-index titanium oxide hydrate/poly(vinyl alcohol)
(PVAl) molecular hybrid system, a material for which the refrac-
tive index can be readily modulated between 1.50 and 2.10.[26–28]

We focused on a hybrid material with 60 vol% titanium oxide
hydrate that has been well studied[26–28] and that, after anneal-
ing, typically leads to a refractive index nhigh = 1.76 at 1.962 eV,
as previously identified from Fabry-Pérot oscillations on a sin-
gle film[26–28] (see Sections S2 and S5 in the Supporting Infor-
mation for details). This composition of the inorganic/organic
hybrid material was selected because it provides the best tradeoff
between a high refractive index, low optical loss, and good film
formation, as previously reported in detail in refs. [26–28]. Hybrid
materials with lower titanium oxide hydrate content have a lower

refractive index, leading to a stopband of lower reflectivity and an
optical mode of lower Q-factor (see Section S6 in the Supporting
Information). Compositions of higher titanium oxide hydrates
content are often more difficult to process and can lead to TiO2
nanoparticle formation over time, resulting in optical loss. For
the low-refractive-index material, a commercially available flu-
orinated polymer, poly[4,5-difluoro-2,2-bis(trifluoromethyl)-1,3-
dioxole-co-tetrafluoroethylene] (PFP), featuring a refractive in-
dex nlow = 1.30 at 1.962 eV,[27] was selected. The chemi-
cal structures of these materials are shown in Figure 1a,
right.

As the first step, using the transfer matrix method (TMM)[29]

(fully described in Section S11 in the Supporting Information),
we designed a ‘passive’ optical cavity, i.e., a microcavity with a
non-absorptive and non-emissive spacer layer placed between the
mirrors, depicted in Figure 1a, left. We targeted a cavity based
on two six-bilayer DBRs with the spacer layer made of the same
high-refractive-index material used in the DBRs and aimed at
producing a normal incident cavity resonance at an energy, EOpt.
of 1.962 eV, i.e., ≈632 nm, a common wavelength for active or-
ganic materials to display optical transitions.

Input parameters for our TMM calculations include energy-
dependent refractive indices for the low-/high-refractive-index
DBR materials, as well as the spacer layer (see equation 1 and
Table S2 in the Supporting Information). These dispersive rela-
tions were confirmed previously for the materials of choice (PFP:
for the low-refractive-index layers; annealed 60 vol% titanium
oxide hydrate/PVAl hybrid: for the high-refractive-index and
spacer layers).[27,28] The DBRs in our microcavities were cho-
sen to satisfy a quarter-wave condition, i.e., nlayer(𝜆Opt.) × dlayer
= (𝜆Opt./4), where 𝜆Opt. corresponds to the target optical mode
wavelength (or energy, EOpt.), nlayer represents the refractive in-
dex of the high- or low-refractive-index DBR layer taken at 𝜆Opt.,
and dlayer the respective layer thickness. For the spacer layer sep-
arating the two DBRs, we choose a wavelength cavity resonance,
i.e., nspacer(𝜆Opt.) × dspacer = 𝜆Opt.

[30] From these expressions, the
required layer thicknesses were: 91 nm (high-refractive-index
layer), 120 nm (low-refractive-index layer), and 359 nm (spacer
layer).

The entire structure was produced via dip-coating using the
selected materials and the calculated layer thicknesses. After
producing, layer by layer, the first DBR, starting with a high-
refractive-index titanium oxide hydrate/PVAl hybrid layer and
ending with a PFP layer, the spacer layer (made of the high-
refractive-index molecular hybrid) was coated directly onto the
first DBR. Following this, the second DBR was produced simi-
larly, depositing first a low-refractive-index layer onto the spacer
and ending on a high-refractive-index layer (see Figure 1a; high-
refractive-index layers are given in dark gray, low-refractive-index
PFP layers in light gray). As described in refs. [26–28], layer
thicknesses may be controlled via the solution viscosity and dip-
coating withdrawing speed. Post-deposition control of the re-
fractive index for the hybrid material was achieved via thermal
annealing.[26–28] Once produced, the entire passive microcavity
was annealed at 150 °C, leading to a nhigh = 1.76 at 1.962 eV while
not affecting nlow, resulting in a higher refractive-index contrast
between the PFP layers and the layers produced with the inor-
ganic/organic hybrid material.[27] (Note: Post-annealing leads to
contraction of the high-refractive-index layers—an effect that can
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Figure 1. Optical mode of a passive microcavity produced monolithically
from solution via dip-coating at ambient conditions. A) Exemplary micro-
cavity, composed of alternating layers of a high-refractive-index 60 vol%
titanium oxide hydrate/poly(vinyl alcohol) hybrid material and a low-
refractive-index fluoropolymer, PFP. The microcavity consists of two six-
bilayer DBRs that are separated by a spacer layer also consisting of the hy-
brid material. The PFP has a refractive index nlow = 1.30 at 1.962 eV; while
the refractive index of the annealed titanium oxide hydrate/PVAl material
is nhigh = 1.76 at 1.962 eV. B) Comparison of experimentally measured
(solid line) and calculated transmission (dashed line) at normal incidence
for such a microcavity. For the transfer matrix calculation, we used the
energy-dependent refractive index of, respectively, the low- and the high-
refractive-index DBR layers/the high-refractive-index spacer layer, and the
following layer thicknesses: 91 nm (high-refractive-index layer), 120 nm
(low-refractive-index layer), and 359 nm (spacer layer). The measured op-
tical mode at 1.962 eV shows very good agreement with the calculated
microcavity response (dashed line).

be readily accounted for, as verified by TMM calculations and as
demonstrated in refs. [26–28]).

Reassuringly, the transmission spectrum for the fully solution-
processed passive cavity (Figure 1b, solid line) is in rather good
agreement with the TMM calculations (Figure 1b, dashed line).
Most importantly, a high-transmission optical mode at the tar-
get energy EOpt. of 1.962 eV is observed within the cavity stop-
band, i.e., the region of low transmission, as desired. This ob-

servation illustrates that straightforward solution processing can
lead to high-quality optical microcavities. Indeed, the slight dis-
crepancy between the measured and calculated transmission of
the optical mode (i.e., at EOpt. of 1.962 eV) is attributed to the
limited spectral resolution of the UV–vis spectrophotometer em-
ployed to measure the microcavity’s transmission and to spatial
variations of the light source’s spot size due to vibrations. Small
uncertainties associated with the experimental determination of
the refractive indices and thicknesses of all layers, used as inputs
for the transfer matrix method, can also lead to certain differ-
ences between the transmission measurement and calculation.
Since transmission electron microscopy (TEM) reveals the ex-
cellent quality of the multilayer stacks and their interfaces (see
Figure S4, Supporting Information), with essentially negligible
interdiffusion between the low and high refractive index materi-
als (Figure S4b, Supporting Information), in agreement with pre-
vious reports,[26,27] we do not assign these discrepancies to defects
in the multilayer structure.

This view is supported by the fact that the Q-factor, Q =
EOpt./ΔFWHM(EOpt.), of the passive solution-processed cavity is
≈50, which compares relatively well with the value of 71 cal-
culated with TMM simulations. This appears to be a signifi-
cantly lower value than those reported for most traditional in-
organic DBR-DBR and hybrid metal/DBR-DBR microcavities (Q
≈ 100–3000).[13,14,16,17,23,24,31–34] However, these microcavities are
typically produced with DBRs of 9–12 bilayers, a significantly
higher number of bilayers in comparison to that of our archi-
tectures, where we used 4- and 6-bilayer DBRs. We thus expect
that, by employing solution-processed DBRs of a larger number
of bilayers, we can fabricate microcavities with comparable Q-
factors to those obtained with conventional inorganic microcavity
structures, as indicated by the TMM simulations included in the
(Section S6, Supporting Information). Initial results on individ-
ual DBRs produced with a larger number of bilayers are promis-
ing. We find that when increasing the number of bilayers in our
solution-processed DBRs to 11.5-bilayers, using a 60 vol% tita-
nium oxide hydrate/PVAl hybrid and PFP, and annealing the en-
tire stack at 140 °C (resulting in a nhigh = 1.79 and nlow = 1.29 at
645 nm), the performance of such a DBR is essentially identical
to that of a benchmark TiO2/SiO2 DBR of a very similar num-
ber of layers fabricated by electron-beam deposition (Figure 2).
Indeed, the stopbands of the two DBRs basically match with
respect to both the achieved reflection and stopband width;
both, but especially the latter, reflect the quality and magnitude
of the refractive-index contrast between layers making up the
DBR.

Encouraged by these results, we fabricated a wavelength mi-
crocavity based on two four-bilayer DBRs as mirrors, but this
time including an active organic semiconductor layer within the
spacer (purple layer in the schematic shown in Figure 3a, left). We
chose b-PDI-1, a perylene diimide derivative, as a model active or-
ganic material because such a 1,7-bay-substituted structure pro-
vides a high oscillator strength, high quantum yield, small Stokes
shift, monomer-like excitations, and low photoluminescence (PL)
quenching, even in the solid state, assisted by the low tendency of
b-PDI-1 to aggregate. The latter feature is due to the chemical de-
sign, through the use of large and complex substituents to limit
the close packing of the molecules.[25] The chemical structure of
b-PDI-1 is shown in Figure 3a, right.
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Figure 2. Comparison between a solution-processed 11.5-bilayer DBR (in
black) and a 10.5-bilayer benchmark inorganic DBR fabricated by electron-
beam deposition (in gray). Both DBRs display comparable stopband
widths as well as near-identical transmission and, consequently, reflec-
tion in the stopband. The fabrication of the solution-processed DBR in-
cluded a final annealing step at 140 °C. A photograph of the solution-
processed DBR is presented in the inset, illustrating the high reflectivity
that is achieved with such a DBR, enabling mirroring of objects (here:
some text) hold above the DBR.

Using the same approach as outlined above for the passive mi-
crocavity, we calculated the required layer thicknesses for the cav-
ity region to establish an optical mode with an energy EOpt. =
2.112 eV (𝜆Opt. = 587 nm) at normal incidence (|k⃗‖| = 0) near-
resonant with the 0-0 vibronic transition of the semiconductor
(Figure 3b). Since the maximum absorption of the exciton ap-
pears at EExc. = 2.171 eV, the idea is to provide a degree of detun-
ing (𝛿) between the optical mode and the absorption maximum at
normal incidence, i.e., 𝛿 = [EOpt.(|k⃗‖| = 0) − EExc.] = −59 meV.

We selected a 30 nm thin, emissive b-PDI-1 spacer layer be-
cause this thickness offers the best compromise between film
formation, prevention of aggregation, and light absorption. Ad-
ditional high-refractive-index titanium oxide hydrate/PVAl spac-
ers (see Figure 3a, dark grey layers next to the active film, given
in purple) were introduced to fulfill the microcavity wavelength
condition and to position the b-PDI-1 film at the antinode of the
optical mode’s electromagnetic field. This is required to promote
light–matter coupling and to prevent the uncoupled exciton re-
sponse from dominating the microcavity’s optical behavior, as
observed in previous studies.[35]

Information on light–matter coupling in the active microcav-
ity may be obtained from measuring the microcavity energy dis-
persion (polariton energy vs in-plane wavevector or output an-
gle) using Fourier microscopy in reflectance.[36] Signatures of
strong light–matter coupling can be inferred from this measure-
ment (Figure 3c, top). Two dispersion branches, discerned as dif-
fuse blue halos and distinct from the dispersion of the micro-
cavity’s optical mode (dotted blue line; described by EOpt.(|k⃗‖|) =

2.112 + 1.347 × 10−3 |k⃗‖|
2 eV—see Section S8 in the Support-

ing Information for specifics on this calculation) and the 0-0 vi-
bronic transition of the b-PDI-1 (dotted purple line), are identified
with the upper and lower polariton eigenstates from a Jaynes–
Cummings Hamiltonian (black solid lines, overlaid to the mea-
sured data; see Figure 3c, top).[37,38] We note that the simulated
upper and lower polariton branches (Figure 3c, bottom; blue ha-
los) have slightly higher energies than those measured experi-
mentally. We attribute these minor discrepancies to the uncer-
tainties associated with the experimental inputs, including the
refractive indices and thicknesses of each layer. Moreover, for the
TMM simulation of the optical mode (Figure 3c, Opt. and Figure
S8, Supporting Information), we assigned the active layer a static
non-absorptive refractive index value of 1.90, corresponding to
its real part at the target optical mode energy of 2.112 eV. For
modeling the energy dispersion relation (Figure 3c, bottom), the
energy- (i.e., wavelength-) dependent complex refractive index of
b-PDI-1 (Figure S2, Supporting Information) was considered.

Significantly, the presented data allows us to quantify the
strength of light–matter coupling by deducing a Rabi splitting,
Ω, from the anticrossing (i.e., energy gap) between polariton
branches at ≈6.5 μm−1 (20°)—the wavevector (or angle) where
the microcavity’s optical mode (Figure 3c, Opt.) is resonant with
the exciton absorption (Figure 3c, Exc.). We obtain Ω = 65 meV
and 𝛿 = −59 meV, as expected from our TMM simulations
(Figure 3c, bottom). The former agreement provides additional
evidence for strong light–matter coupling in our b-PDI-1 cavity,
and the latter agreement highlights the accuracy and reliability
of our solution-processing approach to design and produce high-
quality microcavities confining a desired optical mode; the mea-
sured detuning 𝛿 agrees nicely with the calculated value when
using EOpt.(|k⃗‖| = 0) = 2.112 eV and EExc. = 2.171 eV (see above).

The microcavity was further characterized by measuring the
spectral phase shift and group delay imparted by the multilayer
stack to transmitted light. For this, we propagated a femtosec-
ond pulse train through the multilayer structure and analyzed
the effects of the microcavity on the pulse’s temporal distor-
tion. To explain this approach, we note that wavepackets—a col-
lection of electromagnetic waves, each with its own frequency
and group velocity (propagation velocity through a medium)—
describe polychromatic light in classical electrodynamics. As
wavepackets propagate through matter, the refractive index n(𝜆)
of the propagation medium causes their constituent electromag-
netic waves of different frequencies to travel at different veloci-
ties, resulting in a phase shift and a group delay (𝜏g) that vary with
energy. In the absence of strong light–matter coupling, the group
delay observed would be governed by the microcavity’s optical
mode due to the large refractiveindex contrast between consec-
utive alternating layers constituting the microcavity DBRs.[39,40]

Additionally, smaller temporal distortions caused by the real part
of the active material’s refractive index, which displays a disper-
sive lineshape, could be present. Conversely, in microcavity struc-
tures supporting polaritons, further effects on the group delay are
expected due to the mixing of light and matter properties.

Effects of such strong light–matter interactions were isolated
here by determining the group delay as a function of energy and
incident angle (Figure 3d, left; solid lines). Thereby, the phase
shift imparted to wavepackets by the microcavity was measured
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Figure 3. Strong light–matter coupling in a fully solution-processed active b-PDI-1 microcavity. A) Microcavity architecture and chemical structure of
b-PDI-1 used to produce the active organic layer. B) Absorption coefficient and photoluminescence of a 30 nm-thick, active b-PDI-1 film. The energy
of the microcavity’s optical mode (Opt.) at zero angle and in-plane wavevector are indicated with a blue dotted line. C) Energy dispersion relation in
reflectance, measured (top) and predicted by the transfer matrix model (bottom), displaying two exciton-polariton states. The observed states agree
with those of a Jaynes–Cummings Hamiltonian with a Rabi splitting Ω = 2 × 𝑔 = 65 meV (solid black lines), where 𝑔 corresponds to the Hamiltonian’s
coupling constant. D) Strong light–matter coupling is also observed in the group delay (solid line) measured via Fourier transform interferometry (left)
and simulated using the transfer matrix method (right). Local maxima of the group delay are observed at the upper and lower polariton energies, which
correspond with the transmission maxima (dashed lines) at each incident angle.

using Fourier-transform spectral interferometry[40] (data is in-
cluded in Figure S11 in the Supporting Information), and the
group delay was obtained from the numerical differentiation of
the measured phase shift. To perform these measurements, the
microcavity was placed in one arm of a Mach–Zehnder interfer-
ometer, with a non-coated glass substrate as reference in the sec-
ond arm. The relative phase of the femtosecond pulses in each
arm was locked and modulated at a frequency of 14 kHz (see the
Section S10, Supporting Information, for more experimental de-
tails and a schematic of the setup). Subsequently, the resulting
spectral interference pattern was measured with a spectrometer
and Fourier-transformed to obtain the phase shift as a function
of energy. This experiment was repeated for a series of incident
angles.

We start by comparing the microcavity’s group delay (solid
lines; Figure 3d, left) with its transmission (dashed lines;
Figure 3d, left). The transmission maxima correspond to the re-
flection minima observed in the top panel of Figure 3c and, con-

sequently, to the energetic positions of the polariton branches.
Since the maxima of the group delay at each incident angle (in-
dicated in Figure 3d with solid black circles) match the transmis-
sion maxima, we conclude that the group delay as a function of
energy and incident angle can represent an alternative way of
characterizing the energy dispersion of polaritons in microcav-
ities, providing further evidence of strong light–matter coupling
in our fully solution-processed b-PDI-1 microcavity. It is impor-
tant to emphasize that identifying the polariton energies by these
means is a direct consequence of their hybrid light–matter na-
ture. The magnitude of the group delay exhibited by these quasi-
particles is dominated by their light component and is directly
proportional to the photon fraction of each polariton state[39]: the
more photon-like a polariton state is, the larger is the group de-
lay exhibited by this polariton state. This result is faithfully re-
produced with TMM simulations (Figure 3d, right). (As already
noted, the polariton energies in the simulation are slightly higher
than those measured experimentally.)
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3. Conclusions

Our results demonstrate that high-quality optical microcavities
can be roduced entirely from solution. We fabricated planar mi-
crocavities based on two DBRs separated by either passive or ac-
tive spacer layers. Structures with passive spacers exhibited Q-
factors comparable to those predicted by transfer matrix simu-
lations. Microcavities with active (i.e., absorptive and emissive)
spacers displayed strong light–matter coupling, evidenced by
measurements of their energy-dispersion relation and group de-
lay. These observations highlight that the use of a novel high-
refractive-index molecular hybrid material,[26] employed as the
high-refractive-index layer in the DBRs, enables the production of
high-quality polymer-based optical microcavities using straight-
forward coating techniques. All characterization, proceeding the
layer-by-layer deposition of the entire cavity stacks, ably demon-
strates large refractive-index contrast within the DBR layers with-
out deleterious optical loss. This is in strong contrast to previ-
ous work on solution-processed microcavities, where all-polymer
bilayers such as polystyrene (PS)/poly(methyl methacrylate)
(PMMA),[41] poly(9-vinyl carbazole) (PVK)/poly(acrylic acid),[42]

and PS/cellulose acetate[43] were used for the DBR fabrication.
These polymers cover a relatively limited refractive-index range
and, thus, lead to low refractive-index contrast between DBR lay-
ers. While the use of nanocomposites of an inorganic species,
such as TiO2, SiO2, or CdS nanoparticles blended with a poly-
mer matrix, increases the refractive-index contrast between DBR
layers,[44,45] it also typically leads to optical loss and, thus, a re-
duced microcavity performance. The molecular hybrid employed
here circumvents these issues. It is based on a system where
the inorganic species coordinates with the organic component,
thereby preventing the formation of light-scattering inorganic
particles;[26] it also is of amorphous nature enabling fabrication
of high-quality films (see Figure S1, Supporting Information).
Fully solution-processed optical cavities, as presented here, thus,
deliver a versatile “tool” for accurate microcavity design and sim-
ple fabrication. In turn, this expands our capabilities for realizing
strong light–matter coupling with a broad variety of active mate-
rials, making more accessible the light and matter property mod-
ifications offered by the strong light–matter coupling regime.
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