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The optical properties of organic semiconductors are generally characterised by a number of material
specific parameters, including absorbance, photoluminescence quantum yield, Stokes shift, and
molecular orientation. Here, we study four different organic semiconductors and compare their optical
properties to the characteristics of the exciton-polaritons that are formed when these materials are intro-
duced into metal-clad microcavities. We find that the strength of coupling between cavity photons and
excitons is clearly correlated with the absorptivity of the material. In addition, we show that anisotropy

strongly affects the characteristics of the formed exciton-polaritons. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4978646]

Since the first observation of exciton-polaritons in a
strongly coupled microcavity,' planar microcavities have
become a standard tool for studying their fundamental proper-
ties. The bosonic nature of polaritons allows for observation
of Bose-Einstein condensation in a non-equilibrium system
up to room temperature,”® and their non-linear properties
give rise to a range of interesting physical properties, includ-
ing bistability” and bright and dark solitons.*"'' When polari-
tons undergo condensation within a microcavity, coherent
light is emitted and the cavity acts as a polariton laser. Since
polariton lasing does not require population inversion, it can
have a lower threshold than conventional lasers.'?

Polariton physics has mainly been studied using inor-
ganic semiconductor heterostructures. Recently, however,
organic semiconductors have received great atten-
tion.>®1371627 In particular, the potentially lower thresholds
of polariton lasing compared to conventional lasing may open
a path to realising an electrically driven organic laser. There
are significant differences between polaritons in organic and
inorganic materials, stemming from the fundamentally differ-
ent properties of the involved excitons. Binding energies of
excitons in organic materials exceed those in inorganic semi-
conductors by far (organic: ~0.5eV; inorganic: ~1 meV). As
a consequence, organic polaritons are more localised (so-
called Frenkel excitons) and exhibit higher thermal stability
than the polaritons in inorganic systems; they easily persist up
to room temperature.'> Another key difference lies in the
large dipole transition moments inherent to organic materials,
resulting in a stronger coupling between excitons and the pho-
ton modes of a surrounding microcavity. This manifests itself
in large Rabi splittings.
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At the same time, the disorder present in organic materi-
als results in relatively large linewidths of the excitonic reso-
nance (~10 to 1000meV in organic semiconductors
compared to ~1meV in inorganic materials). Strong cou-
pling is crucially dependent on the excitonic and photonic
lifetimes that lead to homogeneous line broadening. The
impact of inhomogeneous broadening caused by the disor-
der, which dominates the spectral shape, is, however, not
quite clear. The emissivity of weakly coupled organic mate-
rials depends on several material parameters, including the
oscillator strength, the structural relaxation of an electroni-
cally excited molecule (Stokes shift, A,ps.cm), the competi-
tion of radiative and  non-radiative  processes
(photoluminescence quantum yield, PLQY), and the molecu-
lar orientation in the film. These parameters vary strongly
between different organic semiconductors and can to some
extent be adjusted by tuning the chemical structure and the proc-
essing conditions of the material. Hence, their effect on strong
coupling and on the emission from the polariton states is of great
importance, both to improve general understanding of strong
coupling in organic systems and to optimise the performance of
future organic polariton lasers. We observed, however, that there
is some uncertainty in the literature about which material prop-
erties are beneficial for achieving strong coupling.*'¢°

Here, we clarify the correlation between several optical
material properties and the coupling strength by comparing
the Rabi splitting for different organic semiconductors
embedded in metal-clad microcavities with the optical prop-
erties of these emitters. Three of the tested materials were
semiconducting polymers that were chosen because they are
highly efficient organic laser materials with strong absorp-
tion in the blue to UV spectral range.?'** The fourth material
serves as a contrasting material that is based on a newly
developed liquid-crystalline J-aggregate forming perylene
bisimide dye called MEH-PBL.* Thin films of MEH-PBI
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FIG. 1. (a) Schematic of the sample structure with the light path (orange)
and (b) schematic of the procedure used for characterising the samples.

absorb in the red region of the spectrum and have a narrower
linewidth and a smaller Stokes shift compared to polymer
films due to J-aggregation. The spectral positions of the exci-
tonic resonances of all investigated materials open a pathway
towards hybrid organic-inorganic microcavities: the blue
emitters can potentially be combined with wide-band-gap
materials like InGaN or ZnO, whereas the spectral character-
istics of the J-aggregate material are compatible with
AlGaAs or InGaP.

Comparing the organic microcavities, we find that while
the Rabi splitting is closely linked to the absorption coefficient,
correlations with other material properties like the Stokes shift
or fluorescence quantum yield are not evident. Furthermore,
we show that good agreement between simulated and mea-
sured reflectance data can only be obtained when taking into
account the optical anisotropy of the materials used.

The cavities studied were comprised of two metal mirrors
(Al or Ag) sandwiching the organic material (see Fig. 1(a)).
The top mirror was thin enough to be semitransparent and
thus allowed for optical probing of the cavity. For each emit-
ter, the reflectance spectrum was recorded at a fixed angle of
reflection, @, for several cavities of systematically varied
thickness.

The characterisation steps performed in this paper are
summarised in Figure 1(b). First, the refractive index n and

(b) BBEHP-PPV Energy (eV)
4 3 PF8
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the extinction coefficient & of the materials were determined.
These were then fed into a transfer matrix (TM) algorithm to
simulate the reflectance of the sample (assuming perfectly
parallel interfaces). Guided by these TM calculations, cavi-
ties with a range of organic film thicknesses were fabricated.
The exact organic film thickness for each cavity was then
determined by fitting TM calculations to measured reflec-
tance spectra. The reflectance spectra showed two character-
istic dips (referred to as modes in the following). The
spectral position of each mode was extracted from the exper-
imental data and collated with (i) the TM simulations and
(i1)) a coupled oscillator (CO) model (described below),
yielding the Rabi splitting for each material.

We investigated the two homopolymers poly[9,9-dio-
ctylfluorenyl-2,7-diyl] (PF8) and poly[2,5-bis(2’, 5'-bis
(2"-ethyl-hexyl-oxy)phenyl)-p-phenylene vinylene] (BBEHP-
PPV),?! the copolymer poly(9.9-dioctylfluorene-alt-benzo-
thiadiazole) (F8BT), and a J-aggregate forming dye (MEH-
PBI). Neat films of the desired thickness were formed by
spin-coating from toluene (PF8, BBEHP-PPV and F8BT) and
chloroform (MEH-PBI) solutions, respectively.

Figures 2(a)-2(d) show the real and imaginary parts of
the complex refractive indices 7 = n + ik of the investigated
materials (determined by ellipsometry). All four materials
show a strong anisotropy between in-plane (7, ky,) and
out-of-plane (n,, k,) properties. In the polymers, this can be
explained by the polymer chains tending to lie in the plane of
the film and the dipoles being oriented along the backbone.**
This results in the absorption being much stronger for electric
field vectors aligned in the plane than perpendicular to it (cor-
responding to waves propagating perpendicularly and parallel
to the film surface, respectively). The main features of the
optical constants are at the same spectral positions for in-
and out-of-plane directions, albeit weaker for n, and k.. In
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FIG. 2. (a)—(d) Optical constants (real and imaginary part of refractive index, n and k, respectively) of the investigated organic materials: (a) PF8, (b) BBEHP-
PPV.?! (c) F8BT and (d) MEH-PBL? The legend of (a) refers to subfigures (a) to (d). (e) Corresponding chemical structures.
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TABLE I. Comparison of the optical properties of the investigated active materials to the observed Rabi splittings. For F8BT, X; and X, denote the two transi-
tions observed. For all materials except for MEH-PBI, the values for the PLQY and radiative lifetime refer to literature values for solution-deposited neat films

of the respective material.

Ex FWHM Omax oine (2.0.) PLQY lifetime Aubs-em hQ
PF8 327eV 0.57eV 1.6x10°cm™! 0.27 0.55% 227 ps*? 031eV 1.09 = 0.05eV
BBEHP-PPV 2.84eV 0.54eV 0.8x10°cm™! 0.16 0.84%¢ 650 ps*! 0.36eV 0.61 =0.05eV
F8BT X, 2.68¢eV 0.50eV 0.9x10°cm™! 0.17 0.58%2 2028 ps*? 0.38¢eV 0.84 = 0.05eV
F8BT X, 3.82eV 0.58eV 12x10°cm™! 0.21 0.88 = 0.05eV
MEH-PBI 1.94eV 0.09eV 0.4 x 10°cm ™! 0.07 0.13 4800 ps 0.04eV 0.32 +0.05eV

MEH-PBI, by contrast, the preferred absorption of in- and
out-of-plane electric fields depends on the spectral region: the
extinction coefficient at A =638 nm is far more pronounced in
the plane, while the broad absorption around A=450nm is
strongly increased perpendicular to the film surface.

The spectral shape of the extinction peaks was studied by
fitting them to multiple Gaussians since for the organic mate-
rials studied, it is dominated by inhomogeneous broadening
due to disorder in the materials. The fits showed that the
absorption peaks are comprised of several (two to three)
vibronic modes. The FWHM-widths of these modes ranged
from 0.07eV (J-aggregate peak of MEH-PBI) to 0.43eV
(BBEHP-PPV). The Gaussian fits were used to determine the
integrated absorption value (o) for each peak.

The optical properties of all investigated materials are
summarised in Table I. Most parameters were measured in-
house. The PLQY and exciton lifetime of MEH-PBI were
determined from a neat film using a Hamamatsu integrating
sphere and a time-resolved photoluminescence setup, respec-
tively. The PLQY and exciton lifetime listed for PF8, F§BT,
and BBEHP-PPV represent literature values measured under
comparable conditions. A comparison of these properties
shows similar features in the polymers but more distinct
properties for the J-aggregate. As expected, the latter has
a considerably lower linewidth (values see above) and
smaller A,y than the polymers (0.09 eV and 0.04 eV com-
pared to 0.49 =0.09eV and 0.35 £0.04eV, respectively).
Furthermore, the thin film PLQY of MEH-PBI is much lower
(13%) than for the other polymers (literature values, ranging
from 53% in PF8** to 84% in BBEHP-PPV*°). The maximum
absorption coefficient, o,,x, is deduced from the peak extinc-
tion coefficient kmax aS Omax = 4Mkmax/A0, Where Ao is
the spectral position of the peak extinction. The value of
Omax increases when going from MEH-PBI to BBEHP-PPV,
F8BT and PF8 from oy, men.per = 0.4 X 10°cm ™" 10 oy
prs = 1.6 X 10°cm ™!, which corresponds to a four-fold
increase. In contrast to the other materials, F8BT shows two
excitonic resonances across the spectral range of interest.

To illustrate the origin of different features of the reflec-
tance spectrum of our cavities, Figure 3 shows a comparison
of an experimental spectrum of a MEH-PBI cavity with TM
simulations of four different hypothetical sample structures
(A to D). Of these, only Structure A, which takes the anisot-
ropy of absorption and refractive index into account, repro-
duces the experimental data well. Here, both the position and
the shape of the spectrum with its two reflectance minima
are well described. If instead an isotropic cavity material of
the same thickness is assumed (Structure B), the ratio of the

mode depths, as well as their distance, differs significantly
from the measured features. The polymers, which are prefer-
entially aligned in the plane of the film, show the same
effect, albeit to a smaller extent. This clearly shows the
importance of taking the microscopic structure and molecu-
lar stacking into account.

The other simulated structures show examples of the
expected reflectance of uncoupled cavities: Structure C
assumes a constant refractive index n.;=1.6+0Xxi (no
absorption). This corresponds to a cavity of the same optical
thickness filled with a transparent material. We refer to
Structure C as “empty” cavity and to the mode position as
bare cavity mode Ec. Structure D represents a stack without
a top mirror, and its reflection is dominated by the bulk mate-
rial absorption at the excitonic energy E. Note that the posi-
tions of the dips in reflectance of Structures C and D are
located at approximately the same wavelength, indicating a
very small detuning of cavity mode and excitonic resonance,
Ex — Ec, in this cavity structure.

The splitting of E and E into two modes for microcav-
ities containing an active material is a strong indication that
the two dips in the reflectance spectrum represent the upper
and lower polariton modes, respectively.

To confirm this, we compare the spectral positions of
the dips in the measured reflectance spectra for samples with
different thicknesses to spectra simulated with the TM algo-
rithm, taking into account the optical anisotropy of the mate-
rials (Structure A in Figure 3). Since the TM simulation and
the experimental spectrum are interconnected through the
TM fitting based thickness measurement, we also included
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FIG. 3. Left: Comparison of the experimental reflectance spectrum of a
Ag-mirrored MEH-PBI cavity (black solid line) to transfer matrix calcula-
tions of the cavity with dygppp; = 154 nm assuming anisotropic (Structure
A, green, solid line) or isotropic (Structure B, grey, dash-dotted line) optical
constants, an empty cavity with 7 = nygn_per, eff = 1.6 = const. (Structure C,
orange, dashed line), and a thin film of MEH-PBI without a top mirror
(Structure D, blue, dotted line). Spectra vertically shifted for clarity. Right:
Schematic illustration of different cavity structures.
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an independent analytical coupled oscillator (CO) model for
analysing the data further. Depending on the number of exci-
tonic resonances, the model includes two- (BBEHP-PPV and
MEH-PBI), three- (PFS), or four-level (F8BT) coupled oscil-
lators. The eigenenergies of the polariton branches are given
by the eigenvalues of the matrix M

Ec —iyc Vi Va V3
M= V] EX] — l"))l 0 . 0
V2 0 Exz — 1)) 0

V3 0 0 Ex3 — i3

&)

The coupling strength V; couples the excitonic modes Ex;
with homogeneous linewidths 7; to the cavity mode E¢ with
homogeneous linewidth yc. For systems with less than three
excitons, N < 3, the eigenvalue problem was reduced to solv-
ing a matrix of the order of N+ 1 by setting Ex;, y;, and V; to
zero for all excitons with indices i greater than N.

In our experiment, we tested different thicknesses dor,
of the organic material. At points of zero detuning, i.e., when
Ex = Ec, one expects a minimum mode splitting (Rabi split-
ting) of

5 2

N2

Bk, = 24| V2 — (u> |

The homogeneous linewidth of the excitons can be esti-
mated from the exciton lifetimes (several hundreds of pico-
seconds, see Table I) to be of the order of y; = 107° eV,ZI’22
whereas the linewidths of the investigated microcavities
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were determined by TM simulations to be yca=0.2eV
and yc ag =0.05¢eV. Thus, the coupling strength is expected
to be mainly limited by the lifetime of the cavity photon.
However, even the influence of yc on the Rabi splitting is
small; comparisons of CO calculation taking into account
and not taking into account yc only showed differences of
(MQye—g — hyc20) < 0.05 7. Hence, the calculations
presented below assume y; =7c =0 to keep the number of
fitting parameters in the model as small as possible.
Consequently, the Rabi splitting is simply deduced from
Equation (2) as 1Qg ; = 2V;.

Figure 4 shows the reflectance of our cavities as a func-
tion of energy and organic film thickness. The figure com-
pares TM calculations (grey background) to the dips
observed in the experimental data (open symbols) and to the
eigenenergies obtained from the CO model (solid lines). The
summary of theoretically and experimentally obtained data
in one graph demonstrates that for all studied organic materi-
als, the cavity modes show clear anticrossing of the excitonic
and bare cavity resonances, which is the evidence of strong
exciton-photon coupling. In PF8, F8BT, and BBEHP-PPV,
the modes at large thicknesses show strong coupling of the
exciton with the second lowest photon mode of the cavity. In
order to minimise the number of fitting parameters and keep
the analytical model as simple as possible, different optical
modes were assumed to couple with the same constant to an
exciton. For PF8 and F8BT, we observe a strong deviation
between CO and TM calculations if we do not include the
absorption in the UV (the energy of these UV excitons is too
high to be marked in Figure 4), which is why the highest
energy polariton branches observed correspond to middle

FIG. 4. Comparison of the experimen-
tal reflection minima (open symbols,
material thickness determined by trans-
fer matrix simulations) to transfer
matrix calculations of the cavity reflec-
tance (background) and to the position
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polaritons and not to upper polaritons (UP). The modes of
the F8BT-filled cavity split into three different branches, as
expected for a material with two pronounced absorption res-
onances within the investigated spectral range.

By modelling our system as a two- to four-level coupled
oscillator model, we simplify its description significantly:
in addition to the more complex exciton density of states of
the real system, the approximation of the cavity mode
neglects effects like the potential change of the refractive
index with varying film thicknesses due to density variation
and assumes a spectrally uniform effective refractive index
nerr (E) =const. Nevertheless, the remarkable agreement
with the experimental data confirms both the TM and the CO
model and also justifies the approximations used.

In order to quantify the coupling strength, we extracted
the Rabi splitting from the CO and the TM calculations. For
the CO calculations, Qg is obtained directly from the fitting
parameter V; (using Equation (2) with yc=7y; =0). From the
TM calculations, 7QR is determined as the smallest distance
between the two reflectance minima corresponding to LP and
UP when analysing the spectra over the relevant thickness
range. For each material, the mean of the determined Qg val-
ues is listed in Table 1. The differences between the Rabi split-
tings determined by the two methods were smaller than the
given uncertainty of =0.05eV, which also estimates the toler-
ance of the CO fits since these do not match perfectly with the
CO calculation over the entire thickness range. The table com-
pares Qg to the material parameters discussed above, from
which a correlation between Qg and the absorption character-
istics is evident, consistent with our earlier observations for
fluorescent proteins.28 This dependence appears similarly for
Omax and o4, In contrast, no direct connection of Qg to the
other parameters listed in the table can be found. This holds
also for the excitonic linewidth, the exciton lifetime, and A,
-m»> Which are all parameters often thought to be important for
achieving large coupling strengths.®'*>° We believe that this
statement can likely be generalised, at least to other organic
emitters, as it holds not only for materials with similar chemi-
cal characteristics (i.e., the two polyfluorene polymers studied)
but also for the distinct J-aggregate MEH-PBL

In conclusion, we found clear signatures of strong
exciton-photon coupling in metal-clad microcavities for the
four investigated organic materials PF8, BBEHP-PPV,
F8BT, and MEH-PBI. The importance of taking into account
the optical anisotropy of the analysed materials, which origi-
nates from their different ordering in the thin film, was dem-
onstrated. A comparison of the Rabi splitting to various
optical properties of the compounds emphasised, in agree-
ment with expectations, the role of the absorption as an
important parameter for the coupling strength of the material
leading to a record Rabi splitting observed in organic micro-
cavities of 1.09 eV. Linking the two observations, we deduce
that the preferential orientation of transition dipoles in the
plane, as seen in all investigated materials, enhances the cou-
pling strength compared to isotropically oriented dipoles due
to a more efficient coupling to the cavity photons.
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