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ABSTRACT: Exciton-polaritons are bosonic quasiparticles that
arise from the normal mode splitting of photons in a microcavity
and excitons in a semiconductor material. One of the most
intriguing extensions of such a light—matter interaction is the so-
called ultrastrong coupling regime. It is achieved when the Rabi
frequency (€2g, the energy exchange rate between the emitter and
the resonant photonic mode) reaches a considerable fraction of
the emitter transition frequency, w, Here, we report a Rabi
energy splitting (27Qg) of 1.12 eV and record values of the
coupling ratio (2Qg/®,) up to 0.6-fold the material band gap in
organic semiconductor microcavities and up to 0.5-fold in
monolithic heterostructure organic light-emitting diodes working
at room temperature. Furthermore, we show that with such a large

3.0

UPPER POLARITON

Energy [eV]

LOWER POLARITON
TN BRANCH

60

10

20 30 40
Angle (°)

50

500 800 0

600
Wavelength (nm)

700

coupling strength it is possible to undress the exciton homogeneous linewidth from its inhomogeneous broadening, which allows
for an unprecedented narrow emission line (below the cavity finesse) for such organic LEDs. The latter can be exploited for the
realization of novel monochromatic sources and near-IR organic emitting devices.
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organic light-emitting diodes

Light—matter interaction in the strong coupling (SC)
regime is a reversible process in which a dipole, optically
coupled with a resonator, absorbs and reemits a photon before
losses take place. The rate at which this exchange occurs is
called vacaum Rabi frequency (Qg). Under such a regime new
hybrid light—matter states, called polaritons, are formed, which
are the result of the splitting of the two normal modes of the
system. These bosonic quasi-particles, a mixture of excitons and
photons, are particularly interesting for their very low mass,
easy optical control, and the possibility to show Bose—Einstein
condensation"” at high temperatures.” Polaritons have also
shown very intriguing superfluid related phenomena®™ and
quantized hydrodynamics effects®” and could be exploited for
the realization of all-optical circuits® and photonic quantum
devices.” Recently a new regime of cavity quantum electro-
dynamics (cavity-QED), where the vacuum Rabi frequency
becomes an appreciable fraction of the unperturbed frequency
of the system, has been experimentally reached.’® In this so-
called ultrastrong coupling (USC)'""? regime the routinely
invoked rotating wave approximation (RWA) is no longer
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applicable, and the antiresonant terms significantly change the
standard cavity-QED scenarios.'>™"®

A key parameter that gives an indication of the effective
coupling strength is the normalized coupling factor g = 2AQ;/
hw,y, where 27y is the Rabi energy splitting, i.e., the minimum
energy difference between the two new hybrid states, and A,
is the material transition energy. When the Rabi energy is a
significant fraction of the material transition energy, ie., g is
larger than 20%, the USC features start to manifest."> To this
purpose it is needed to minimize @, or maximize 2. In the
first case, it is possible to use small energy band gap materials,
such as in the THz spectral region.'”'”*° Recently remarkable
couplings have been obtained but at very low working
temperatures,">*® which is a concern for the development of
cost-effective photonic devices. Another way to increase the
coupling, given that Qg is proportional to (fN/V)'?, is to act
on the dipole oscillator strength f, the number of dipoles
coupled to the cavity N, or the photonic modal volume V.
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Organic semiconductors are the ideal candidates for this
purpose, because, thanks to their large oscillator strengths, they
can favor very strong light—matter couplings at room
temperature. Since the pioneering work of Lidzey et al,*!
organic polariton microcavities have been the subject of an
intense investigation. Lately** a Rabi splitting of 700 meV and a
normalized coupling factor g of about 32% have been shown
using a spin-coated film of spiropyran molecules in a PMMA
matrix. More recently, a remarkable Rabi splitting (~1 eV) in a
microcavity working in the UV spectral region with a similar
coupling factor has also been reported.”

In the present work we used a squaraine-filled microcavity to
realize a Rabi splitting of 1120 meV, which corresponds to a
normalized coupling strength value of 60% under optical
excitation and nearly 50% under electrical injection, which is
almost twice the value that we have recently reported.** This
has been achieved thanks to a careful optimization of the
multilayer microcavity OLED, based on p—i—n technology,
that has allowed us to reach the best trade-off between the
optical coupling parameters and the electrical constraints.

Moreover, thanks to the coherent coupling of all the
inhomogeneously broadened dipoles inside the cavity, we
demonstrate polariton electroluminescent emission with a
linewidth 12-fold narrower than the bare material photo-
luminescence and even twice as narrow than the optical mode.
We believe that these results open the way for the realization of
new electroluminscent devices such as very narrow and angle-
independent monochromatic organic light sources.**?

B RESULTS AND DISCUSSION

Our microcavity is realized using a high-vacuum thermally
evaporable dye that belongs to the family of squaraine
derivatives. This class of material offers the unique possibility
to be designed with tunable optical properties in the vis—IR
range, which allows their use in electronic and photonic
devices.”* ™ In order to satisfy the initial requirements, such as
a material characterized by a large oscillator strength, we
choose, within the class of the squaraine family, one that was
thermally stable and having a large absorbance (dashed line in
Figure 1a).>' The chemical structure of the squaraine dye is
shown in Figure S1, together with a schematic representation of
the microcavity. We focus first on the optical characterization of
the microcavity, to demonstrate that our system is fully working
in the USC regime. All the results that will be discussed
thereafter have been carried out at room temperature. The
transmission spectra at zero exciton-cavity detuning are
reported in Figure la for the full and the bare cavity (black
and red solid lines, respectively). As can be seen, using a neat
film of squaraine, fully filling the entire cavity volume (140
nm), we reached a Rabi energy splitting of 1.12 eV. This energy
difference normalized to the exciton energy gave a coupling
factor of about 60%, experimentally proving that we are well
into the USC regime, where deviations from the RWA model
appear as the cou}z)ling energy approaches that of the material
transition energy.”*>* This is the first time that such a high level
of coupling is reached in an organic semiconductor and at
visible wavelength. In Figure 1b, the angle-dependent trans-
mission measurements, under TE polarized light, are shown, for
the full cavity (contour plot) together with the bare cavity
dispersion (circular dots). Both upper and lower polariton
branches display an almost dispersionless behavior all over the
angular range investigated. The transmission spectra at different
angles of incidence have also been theoretically calculated by
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Figure 1. USC microcavity optical characterization. (a) Absorption
spectrum of 140 nm squarine neat film (dashed line); normalized
transmission spectra (black solid line) of the Ag/140 nm squaraine/Ag
microcavity at normal angle in USC regime with a coupling of 60%
and of the bare cavity (red solid line). (b) Contour plots taken at room
temperature and for TE polarization of the angle-resolved transmission
spectra for the microcavity. The dashed lines trace the lower and upper
polariton branches calculated using the transfer matrix method. Bare
cavity dispersion and exciton energy (circular dots).

employing the transfer matrix method (TMM),* which
automatically takes into account the counter-rotating terms in
the interaction. The complex refractive index of the film used in
the calculations has been obtained from the experimental
absorbance by means of a Kramers—Kronig procedure.’®
Calculations have been performed without any adjustable
parameters, yet it is noticeable that they extremely well describe
the experimental data.

A crucial point to address here is the demonstration that the
squaraine dye really drives the cavity into the strong coupling
regime with coherent energy exchange between photon and
exciton. Reports on J-aggregates with a peak extinction
coefficient of about an order of magnitude larger compared
to the squaraine showed a much smaller splitting.”” Actually,
Houdré et al.*>* have reported that the vacuum Rabi splitting
depends on the energy-integrated absorption rather than on
just the absorption peak. Specifically they showed that the peak
separation of the splitting is independent of the homogeneous
or inhomogeneous nature of the electronic oscillator strength,
which depends on the energy integrated absorption according
to the Smakula formula:*®
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Figure 2. Characteristic features of the strong and ultrastrong coupling regime. (a) Transmission polariton spectra normalized to the exciton energy,
E,, of a heterostructure microcavity (red line) and a diluted cavity having the same integrated optical density but different spectral broadenings. Inset:
Absorption spectra of the squaraine layer used in the two cavities. Black line is the absorption spectrum of a diluted squaraine film, while the red line
represents that of a neat film of squaraine embedded into the heterostructure microcavity. The same absorption integral results in the same energy
splitting and coupling (g = 14%). (b) Polariton energy maxima for both upper polariton (UP) and lower polariton (LP) branches of a cavity at g =
14%. Experimental data (circular dots) have been plotted as a function of the cavity thickness (detuning). (c) Polariton maximum energies for both
UP and LP branches normalized to the exciton energy. Filled dots are the experimental data for the microcavities, while the open dots are the ones
for the heterostructure microcavity OLEDs. In both cases experimental data have been plotted at zero exciton-cavity detuning. Dashed lines
represent the polariton eigenvalues of the approximated Hamiltonian, i.e., neglecting the antiresonant terms, while the solid lines represent the
polariton eigenvalues of the full Hamiltonian. (d) Polariton energy maxima for both UP and LP branches of a cavity at g = 54%. Experimental data
(circular dots) have been plotted as a function of the cavity thickness (detuning). The continuous lines are the roots of eq 2. The shaded region
indicates the polariton gap.

Moreover it has been shown theoretically®* that for large is, the absorption intensity and spectral shape are different, but
enough vacuum Rabi splitting the linewidth of the polariton the integrated area is the same. In Figure 2a we plotted the
peaks is homogeneously broadened. Hence the picture of transmission spectra as a function of the normalized (to the
coherent light—matter coupling is not significantly affected by exciton) energy. Both cavities are tuned at cavity—exciton
inhomogeneous broadening, at least for a large splitting. The energy resonance. It can be seen that both lower polariton (LP)
homogeneously broadened polariton peaks in the transmission and upper polariton (UP) peaks match very well, leading to the

spectrum displayed in Figure la provide a clear indication of same Rabi splitting (260 meV) and coupling (g = 14% ).3 This
coherent coupling even in the presence of a strong is an experimental proof that the inhomogeneous broadening of
inhomogeneous brogdening. o the exciton has no effect on the peak separation of the splitting,

In o.rder to chec.k if th.e.dep endence of tl.1e Rab1 splitting in thus confirming the SC regime and the coherent coupling of all
squaraine-based microcavities on the absorption is in agreement the oscillators into the new polariton eigenmodes of the

with the theoretical analysis of ref 34, a series of samples have e . .
been fabricated with a 371 ferent nu m)ber of absorbing dipoles systems (the upper and lower branches). This is consistent with

(N) coupled with the electromagnetic field (see SI for further
information). Figure 2a (inset) shows the absorption spectra of
a microcavity that has been realized by diluting 20% in volume

previously reported results for systems characterized by
inhomogeneous broad exciton oscillators.***” This could be
explained in a simple way assuming that, by inserting into an

of squaraine into an N,N'-di[(1-naphthyl)-N,N'-diphenyl]-1,1'- optical resonator a “disordered system” characterized by a large
biphenyl)-4,4'-diamine (NPB) matrix (black line), while the distribution of oPtlcal tran51t19n state‘s (1.?., broad absorption
other by placing a § nm neat squaraine film in the middle of spectrum), the light—matter interaction is enhanced by the
two buffer layers (red line). In the case of the diluted film the cooperative behavior of this large number of optical transitions
squaraine molecules are far from each other and the absorption at different energies. When this collective resonance is coupled
spectrum is similar to the diluted liquid solution (see Figure to the cavity mode, the system enters the strong coupling
S2), while for the neat film, the stronger intermolecular regime, and it can be seen as a single oscillator whose strength
interaction results in a larger exciton energy distribution. The is given by the whole oscillations of the dipoles coherently
two samples have different inhomogeneously broadened coupled. This is analogous to the case of a multiquantum well
absorption spectra but the same total oscillator strength; that system embedded between two metal mirrors.>**’
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Generally speaking, the observation of two peaks in reflection
or transmission spectrum is a necessary but not sufficient
condition to demonstrate the presence of light—matter
coherent coupling. On the contrary an anticrossing behavior
of the energy peaks is the signature of such a strong coupling
regime.** This is clearly shown in Figure 2b for a microcavity at
a coupling value of 14%.

A complete optical characterization has been performed for
each microcavity, which for easiness of reading it is summarized
by plotting only the normalized lower and upper polariton
energy peaks in Figure 2c. Solid dots are the experimental data
for the diluted microcavities, while the open dots are those for
the heterostructure microcavities. In both cases experimental
data have been plotted at zero exciton-cavity detuning.

We have seen so far that our system is strongly coupled.
However, the transition from the strong coupling to the
ultrastrong regime, by increasing the number of absorbing
dipoles, is not sharp but rather smooth. The best way to define
the USC regime is to back the data with a theory that takes into
account the antirotating terms. The polariton energies can be
described analytically by the eigenvalues of the Hopfield

Hamiltonian of the interacting system,'”*"** which are
provided by the solutions of the equation
~ 2
(E’ - E)(Ey — E’) = gy E.’ ()

where E, is the exciton energy, E> = E2(0) + E* sin &*/¢,
describes the energy dispersion of the cavity mode, €, is the
dielectric constant at high frequencies (just beyond the material
absorption band), and E,* = Ey* + g*E,*/f,,, where f,, describes
the overlap between the cavity mode and the resonant layer
(for an active layer fully occupying the cavity volume f,, = 1).
The solutions of eq 2 give the lower (E_) and the upper (E,)
polariton dispersion energies of the corresponding eigenstates
of the Hopfield Hamiltonian. In the SC case the contributions
of the antiresonant terms are negligible and the polariton
eigenvalues, at resonance conditions (namely, E, = E.), can be
approximated by a linear dependence on g:

)
2 (3)

Figure 2c¢ shows the upper and lower polariton energies
normalized to the exciton energy for the above samples as a
function of the coupling factor. As we can see in Figure 2c, the
linear regime is followed only up to a coupling ratio of about
25%. Above this coupling value the deviation from the linear
plot is clear, which is an evident indication of the USC
regime.”> In this case the exact solution of the Hopfield
Hamiltonian must be used, which is given, at zero detuning, by
the following equation:

E. = Eo(l ¥

_§
gl
2

1+ :
4)

This is confirmed by the excellent match of the polariton
energies (filled and open dots) all along the solid lines of Figure
2c.

Another interesting feature of the USC regime is the opening
of a forbidden polariton energy §ap, where no eigenstate
polariton solutions can be found.'”*® In Figure 2d we plotted
the polariton energy maxima as a function of the cavity
thickness at a coupling of 54%. The continuous lines are the
best fit of the data with the solutions of eq 2. The straight lines
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(asymptotes), delimiting the polaritonic gap, have been
obtained taking the low- and high-frequency limits of the
solutions of eq 2. The asymptotes gave a forbidden polaritonic
energy gap AE,,, of 267 meV. A similar feature has also been
observed for inorganic microcavities working in the USC
regime but in the THz spectral region.lg’zo’38 However, given
the very small energy transition of those systems, our energy
gap of 267 meV is for instance more than 2 orders of
magnitude larger than in ref 20 and could be exploited for the
realization of metamaterials working in the mid-infrared region,
given that in the forbidden energies of the gap the system
behaves as a material with negative refractive index.*

We now demonstrate that these features of the USC regime
are clearly visible also when the microcavity is excited by
electrical injection.**** The device structure used to demon-
strate the electroluminescence (EL) in the USC regime is
illustrated in Figure 3a. We realized monolithic microcavity-
OLEDs (MCOLEDs) using high-vacuum thermally evaporable
organic materials, which enable a fine control of the thickness
layers. The devices, realized on indium tin oxide-coated glass,
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Figure 3. Schematic, optical, and EL characterizations of MCOLEDs
in USC. (a) Scheme of an MCOLED with the energy-level diagram of
the organic layers illustrating the two-step mechanism of charge
injection and exciton formation within the squaraine dye. (b) Contour
plots of the angle-resolved EL spectrum of the MCOLED at 48%
coupling and at zero detuning. (c) Normalized EL spectrum of an
MCOLED at g = 48% (red line), PL spectrum of a neat film of
squaraine with a thickness of 60 nm (black line), and transmission
spectrum of a bare (empty) cavity (dashed line).
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have the following structure: Ag/p/EBL/EML/HBL/n/Ag (see
Figure 3a). Here p and n layers stand for the hole and the
electron doped transporting layers, while EBL and HBL are the
electron- and hole-blocking layers, respectively (see Methods
for further information). These layers do not play any active
role in the light—matter coupling, but they act as optical
spacers. The emissive layer (EML) is then placed exactly at the
antinode position of the electromagnetic field, where the field
intensity reaches its maximum (Figure 3a). Furthermore, the
energetic levels of the active layer allow an efficient confine-
ment of excitons in a quantum-well-like structure, maximizing
the light—matter coupling. The polariton states are electrically
pumped using the p—i—n technology, which allows a good
injection of carriers independently from the electrodes used,
thus making possible the use of silver mirrors as both anode
and cathode.” Figure S3 shows the transmission spectra of an
MCOLED working at a coupling value of 48%. This device,
which consists of a squaraine active layer of 60 nm, was the best
trade-off between the optical coupling parameters and the
electrical constraints. Figure 3b reports the measured EL
spectra of the LP branch against the output angle, showing that
the EL dispersion follows the LP transmittance (Figure S3).
The lower polariton EL energies are spanned in a range from
1.51 eV at 0° to 1.54 eV at 45°, which corresponds to a total
blue-shift of only 30 meV.

Figure 3c shows the photoluminescence (PL) spectrum of a
neat squaraine film having a full width at half maximum
(FWHM) of 440 meV. Despite the very large PL linewidth, we
observe an ultranarrow polariton EL (Figure 3c). The polariton
FWHM is only 28 meV, 12-fold narrower than the PL emission
and even narrower than the bare cavity linewidth (50 meV). In
order to study the FWHM as a function of the exciton-cavity
detuning, we consider several MCOLEDs with different cavity
thicknesses but with the same coupling factor, g = 30%. This
can be done keeping constant the squaraine layer thickness (20
nm), while varying the total thickness of the cavity in a range
spanning from 80 nm up to 200 nm. The EL linewidth of the
LP branches at k = 0, shown in Figure 4a, reached the
minimum value of 32 meV as the resonant condition (zero
detuning) is approached. We ascribe this effect to the collective
coupling of the inhomogeneous excitons with the cavity, which
results in a system that behaves like a single exciton with a very
strong oscillator strength coupled coherently with the cavity.
This is confirmed by the Lorentzian shape of the lower
polariton emission. As reported by Houdré et al,>* for
microcavities coupling with an inhomogeneously broadened
system, when the Rabi splitting is larger than the inhomoge-
neous linewidth, the polariton linewidths are given by half the
sum between the cavity linewidth y, and the homogeneous
exciton linewidth y;,,.. It is also worth noting that moving from
the resonant condition in the direction of either negative or
positive detunings, the effective coupling strength decreases and
the polariton linewidth broadens (Figure 4a). This analysis is
further confirmed by Figure 4b, where the linewidth of the EL
emission from the LP is plotted against the coupling strength
together with the bare cavity FWHM. Both LP and bare cavity
linewidths decrease with increasing coupling just because the
reflectivity of silver mirrors at low energies results in a better
cavity quality factor, despite that the polariton linewidth
decreases faster than that of the cavity. This can be ascribed to
the better homogeneous line selection caused by increasing the
strength of the coupling. When g is changed from 14% to 60%,
the polariton EL linewidth decreases from 45 meV down to 25
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Figure 4. Effect of exciton broadening on the polariton linewidths and
coupling. (a) Full width at half maximum (FWHM) of LP
electroluminescence (black dots) and energy splitting (red dots)
against the cavity thickness for an MCOLED at g = 30%. The
minimum in the linewidth is reached at zero detuning (minimum of
energy splitting), corresponding to a cavity thickness between 140 and
160 nm (blue range). (b) FWHM of LP electroluminescence (filled
dots) and of bare cavities (empty dots) against the coupling strength.

meV, while the cavity FWHM changes from 70 meV to 50
meV. The narrowing in the optical spectra of the polariton
modes earlier attributed to the motional narrowing effect™
finds its explanation in a semiclassical theory,*”** which
assumes an energy distribution of the exciton states, which
are related to the disordered nature of our system (amorphous
material). In this semiclassical model the narrower polariton
line shape is obtained by directly taking into account in the
dielectric susceptibility of the system the inhomogeneous
frequency distribution of excitons.*®* These results open the
way to the development of monochromatic microcavity sources
with no angular dependence and with very sharp emission
below the limit imposed by the cavity itself.

B CONCLUSIONS

In conclusion, we have observed ultrastrong light—matter
coupling at room temperature in planar microcavities consisting
of a thin film of squaraine dye embedded between two silver
mirrors and in a multilayer monolithic microcavity-OLED
having the same active layer. Despite the broad inhomogeneous
absorption spectrum of the active layer, our results are an
unambiguous proof of the USC regime with coherent energy
exchange between photon and exciton, and it opens the way to
the use of a wider range of materials so far neglected for their
optical properties. Furthermore, thanks to the USC regime, we
were able to achieve a polariton emission that is more than an

dx.doi.org/10.1021/ph500266d | ACS Photonics 2014, 1, 1042—1048
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order of magnitude narrower than the bare film luminescence
and half the linewidth emission of a photonic microcavity tuned
at the same emissive wavelength. This feature might be very
useful for several optical applications that require a high color
purity without having to deal with more demanding
architectures, such as the use of dielectric mirrors (DBR) to
improve the cavity finesse. Moreover due to the USC
properties of the MCOLED:s, it is possible to have angular-
independent electroluminescence with nearly monochromatic
emission.

B METHODS

Sample Preparation. Samples were fabricated on
commercially available glass substrates. Substrates were
sonicated in acetone and isopropyl alcohol before drying with
nitrogen. Both neat and blend organic layers were grown by
thermal evaporation in a high-vacuum chamber (1 x 107
mbar) at a deposition rate of 0.1 nm/s. Metal mirrors were
grown by thermal evaporation in a high-vacuum chamber (1 X
107 mbar) at a deposition rate of 0.05 nm/s.

For the microcavity-OLED fabrication, we used the following
layer structure: Ag (40 nm)/p (X nm)/EBL (10 nm)/EML (Y
nm)/HBL (10 nm)/n (X nm)/Ag (40 nm), with X values
varying as a function the total cavity thickness and thus the
detuning and Y values varying as a function of the MCOLED
coupling ratio. The p-doped layer has been realized by co-
deposition of the dopant molecules of 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F4TCNQ) into a matrix of
N,N,N’,N'-tetrakis (4-methoxyphenyl)benzidine (MeOTPD);
the n-doped layer consists of 4,7-diphenyl-1,10-phenanthroline
(Bphen) doped with Cs. In our case the EBL consists of NPB,
meanwhile the HBL consists of Bphen. The EML is the
emitting layer and consists of a neat film of squaraine dye. Silver
has been used as both anode and cathode despite its poor hole
injection properties. This problem has been overcome by using
a p—i—n technology, where the p and n transport layers have
been lightly doped to reduce the ohmic losses to a negligible
level and allow for a tunneling injection of the carriers from the
metal layers.

Transmittance Measurements. Cavity transmission spec-
tra were recorded using a J.A. Wollam M-2000XI ellipsometer.
Measurements were performed irradiating the sample with a
white light and recording the signal at different angles of light
incidence.

Photophysical Characterization. For absorption meas-
urements films on glass, without the bottom and top mirrors,
were prepared under the same experimental conditions as the
same layer within the microcavity. Measurements were carried
out by a Varian Cary Eclipse spectrophotometer.

Electrical Characterization. The EL spectrum and power
emission have been recorded through an angle rotating stage
coupled to a vis—NIR optical fiber.

B ASSOCIATED CONTENT

© Supporting Information

Detailed description of the optical microcavity preparation and
structure. Materials chemical formula. Microcavity-OLED
optical transmittance dispersion. Squaraine solution absorption
spectrum. This material is available free of charge via the
Internet at http://pubs.acs.org.
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