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In the last period of our project, our work has again split into an experimental and theoretical
exploration of the properties of strongly coupled organic semiconductor microcavities. We have also
worked together in writing a chapter for a book on organic nanostructures, which discusses in detall
aspects of the physics of strongly-coupled organic semiconductor microcavities. A copy of this book
chapter isincluded at the end of this report.

A) Experimental Methods and Results

Our experimental work has divided into two distinct areas. Firstly we have explored the
fabrication of new types of microcavity containing organic semiconductors. In our previous work,
microcavities have been constructed using one high reflectivity dielectric mirror, and one lower
reflectivity metallic mirror —structure A. We have now fabricated strongly-coupled microcavites based
on two metallic mirrors— structure B, and two high reflectivity dielectric mirrors — structure C below.
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Theory indicates that the interaction between a confined optical mode and an excitonic
resonance is proportional to the amplitude of the optical field and to the square root of the oscillator
strength of the resonance. We have been able to effectively test this idea by constructing microcavities
having a significantly enhanced confined optical field amplitude. Structure B is a cavity composed of
two metallic (silver) mirrors deposited either side of a thin film of Jaggregates of a cyanine dye. We
have previously demonstrated strong-coupling between the cavity photon and the J-aggregate excitons
using this material in structures similar to that depicted by structure A. Because the physical cavity
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length of structure B is much shorter than in structure A, the optical field is effectively concentrated
into the organic semiconductor layer. This results in an enhancement of the confined optical field, and
thus an enhancement of the interaction between the photons and the excitons. This can be directly
measured by an enhanced Rabi-splitting. We measure an enhancement in the Rabi-splitting in the
metal-metal cavity of 2.3 times compared to the meta-dielectric mirror cavity. Our theoretical
predictions predict a similar enhancement factor. The largest Rabi-splitting that we have observed in
such structuresis over 330 meV (at room temperature), a value which is extremely large compared to 5
meV measured for gallium arsenide quantum well structures at 10K. Such very strong exciton-photon
coupling strengths will be of significant interest in the study of fundamental processes. In particular,
we have now achieved the state where the Rabi-splitting energy approaches the binding energy of the
organic excitons. We are currently preparing a paper on this work for submission to Applied Physics
Letters.

We have now very recently achieved the first strong coupling of organic excitons in
microcavites based on two dielectric mirrors (structure C). We have fabricated top dielectric mirrors on
the organic layer by thermal evaporation of high (tellurium oxide) and low (lithium fluoride) refractive
index dielectrics. This observation is particularly interesting as by using two dielectric mirrors, we will
be able to significantly increase the finesse of the microcavity, and create photon states which have
much longer confinement times. This will mean that the polariton states in the cavity (the mixed
exciton-photon modes) also have a greater lifetime, which will enhance the probability of non-linear
scattering processes to be observed. Such scattering processes are currently a topic generating
significant excitement in the inorganic semiconductor microcavity community.

A) Theoretical Methods and Results.

We are developing a theory of cavity polaritons in a disordered organic medium containing J-
aggregates. In our macroscopic approach we have confirmed that the resonance in dielectric constant is
responsible for the appearance of large (~100 meV) Rabi splittings. This approach will alow to take
into account the influence of homogeneous and inhomogeneous broadening of cavity polaritons and
such calculations are now in progress. We are also developing a microscopic theory of cavity
polaritons in organic microcavities using the Hamiltonian quadratic of the Bose operators of J
aggregate excitons and cavity photons. The main problem with applying this theory to the physical
systems produced in the experimental part of the project is to successfully account for the disorder in
position and orientation of the different J-aggregates in the cavity. However we have made first steps
by averaging over the different J-aggregate positions and orientations before we calculate the cavity
polariton spectrum. The results of this approach agrees with the result of macroscopic theory where the
inhomogeneous broadening is neglected. We have also made a numerical simulation of the organic
cavity polariton spectrum. We have found a very unusual inhomogeneous broadening, which we will
compare with the experimental data measured from different organic microcavities. This new
theoretical direction is very interesting and we plan to investigate a number of different effects which
we will compare with experimental data. We attach a draft paper on our theoretical work with this
report.

The experimental results have demonstrated that in organic microcavities, the Rabi splitting
between the polariton branches can be of the order of 100 meV. This opens new channels for
relaxation from the upper polariton branch to the lower branch by the emission of intramolecular
optical phonons, having an energy nearly equal to energy of the Rabi splitting. Our microscopic theory
discussed above alows us to calculate the rate of this transition. We have found that this rate strongly
depends on the optical constants of the Jaggregates and on their concentration in the cavity. For
concentrations of the order of 10'* to 10'* cm“ this rate can be of the order of 50 fs. This means that



such process can significantly contribute to the population of lower branch cavity polariton states. It is
clear that such process may aso have an important effect on the spectral distribution of
photoluminescence from the microcavity and can be considered as a possible mechanism to create
stimulated emission, amplification and organic microcavity polariton lasing. Polariton lasing would
require the Bose condensation of cavity polaritons. At present it is not understood whether such effects
can be observed experimentally due to the large inhomogeneous broadening of organic cavity polariton

states. However we hope that we will be able to address such problems through our joint theoretical
and experimental approach.
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Figure Captions

Figure 1: A schematic diagram of a microcavity, showing the two cavity mirrors and the
confined optical field. This particular cavity mode corresponds to an m = 2 mode. The
internal cavity angle i is also defined.

Figure 2. A reflectivity spectrum of a dielectric mirror (DBR) composed of 12 repeat
slicon oxide/ silicon nitride | /4 pairs. The inset shows a schematic diagram of a DBR.

Figure 3: A schematic diagram of a microcavity, composed of a DBR, an organic layer
and a silver mirror. The optical field confined by the cavity (calculated using a TMR
model) is shown superimposed on the structure.

Figure 4: (a) A reflectivity spectrum measured from a microcavity composed of a DBR,
an optically transparent polymer polyvinyl alcohol (PVA), and a silver mirror. The
linewidth of the cavity mode is 14 meV. (b) The energy dispersion of the cavity mode as
a function of external viewing angle (solid points). The solid line is a calculation of the
cavity mode dispersion using equation 2.

Figure 5: (a) Schematic diagram of a resonant cavity LED (RCLED) containing a
conjugated polymer as the active charge transporting and emissive material. (b)
Absorption (solid dots) and emission (dotted line) from the polymer system used in the
RCLED shown in part (a) in a non-cavity device. The spectra shown using open circles
is the el ectroluminescence emission from the RCLED.

Figure 6: (&) The absorption of a thin film of 4TBPPZn molecules in a polystyrene
matrix. The insets show the chemical structure of 4TBPPZn, and its energy level
scheme. (b) The absorption of a drop-cast film of 4TBPPZn molecules on a quartz
substrate.

Figure 7: Absorption (solid dots) and photoluminescence emission (open circles) of athin
film of J-aggregated cyanine dyesin a PVA matrix. Note, the chemical structure of each
of the dyes are shown as insets.

Figure 8. The absorption of an amorphous film (solid line) and a Jaggregated film
(dotted line) of the cyanine dye shown in figure 7(b).

Figure 9: (a) Transmission scanning near field optical microscope (SNOM) image, and
(b) the corresponding shear force image of athin film of Jaggregatesin a PVA matrix.

Figure 10: The experimental setup used to measure both white light reflectivity, and
photon emission from an organic semiconductor microcavity. Abbreviations used in this
figure: Microcavity (MC), lens (L), Fibre bundle (FB), P (Polarisor).

Figure 11



Figure 12: Dispersion curve measured from a microcavity containing 4TBPPZn
molecules. The horizontal dashed line is the peak absorption energy of the 4TBPPZn
molecules, about which anticrossing occurs.

Figure 13: Predicted exciton (open dots) and photon (filled dots) coefficients for the
upper and lower polariton branches of the cavity whose dispersion curve is shown in
figure 12.

Figure 14: The measured Rabi splitting versus the square-root of the peak absorption
coefficient measured from cavities containing a thin film of 4TBPPZn molecules in a
polystyrene matrix. Note the peak absorption coefficient was determined in each case
from an absorption measurement made from a control (non-cavity) film, which had the
same thickness and number of 4TBPPZn molecules per cn? as were used in the cavity.

Figure 15: (a) Reflectivity spectra measured as a function of angle for a microcavity
containing a thin film of the cyanine dye J-aggregates in a PVA matrix, whose absorption
and chemical structure are shown in fig 7(a). The dotted lines are a guide for the eye
showing the dispersion of the polariton branches. (b) Photoluminescence emission from
the cavity as a function of angle following non-resonant optical excitation. The dispersion
of the upper polariton branch is shown by a dotted line. In both figures, the peak
absorption energy of the J-aggregates are shown by a vertical dashed line.

Figure 16: Photoluminescence emission from the microcavity measured at a viewing
angle of 35 degrees. Emission from the upper branch (UB), lower branch (LB) and
exciton (X) are clearly identified.

Figure 17: Dispersion curve constructed from the measured photoluminescence emission
energy of the cavity shown whose reflectivity and emission spectra are shown in fig 15
(@ and (b). Solid points indicate the measured emission energies, whilst the filled lines
are predictions from a model that uses a coupled oscillator model to describe the
interaction between the exciton and photon modes. The open circles are the energies of
the uncoupled exciton emission (see text for details).

Figure 18: Schematic diagram showing the main components of the model used to
describe the emission from the non-resonantly excited microcavity. Here the relative
population of the exciton reservoir is plotted as U(w). The population of the upper and
lower branches is labelled as P (see equation 12), the emission from the branches is
labelled as | (see equation 17), and the transfer of population between the branches is
labelled asr ?? (see equation 13).

Figure 19: Resonant Raman spectrum recorded from the Jaggregated cyanine dye in a
PVA matrix used in the microcavity experiments.

Figure 20: Measured photoluminescence emission intensity as a function of angle for the
upper and lower polariton branches. Note filled dots are the measured data, whilst the
solid lines are the predictions of the model, summarised in equations 18 and 19.



Figure 21: Photoluminescence emission from the microcavity following resonant
excitation. In part (a), the excitation angle and energy remains fixed whilst the angle of
detection is varies. In part (b), the angles of excitation and emission remain fixed, whilst
the energy of excitation is varied. Part (c) shows the room temperature analogue of the
data shown in part (a), which were recorded at 120 K. The inset to part (c) defines the
angles of excitation and emission.

Figure 22: Schematic diagram of the resonant excitation experiment, illustrating angle
tuning. Only when the ingoing (excitation) and outgoing (emission) channels both lie on
the lower polariton branch is the condition of exact double resonance achieved.

Figure 23: Schematic diagram of a microcavity containing two different cyanine dyes.
Ex; corresponds to the dye shown in fig 7(b), and Ex, corresponds to the dye shown in
fig 7(a).

Figure 24: (a) A series of reflectivity spectra measured at different angles from a
microcavity containing two different J-aggregated dyes. The peak absorption energies of
the J-aggregates are marked with vertical dashed lines. (b) A dispersion curve of the three
polariton branches determined from the spectra shown in part (). The peak absorption
energies of the two Jaggregates around which anticrossing occurs are also shown as
horizontal dotted lines.

Figure 25: Predicted exciton and photon coefficients for the upper middle and lower
polariton branches of the cavity whose dispersion curve is shown in figure 24 (b). The
coefficientsa, b and g correspond to the bare photon, and the Ex; and Ex; exciton modes
respectively. Note in the middle branch at 30 degrees, the state formed is composed of
almost equal amplitudes of the photon and the two different excitons.
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1.1 Introduction

A semiconductor microcavity is a structure in which a wavelength-thickness
semiconductor layer is positioned between two closely separated mirrors. The cavity mirrors
guantize the local eectromagnetic field into a set of discreet confined photon modes. If the
energy of one of the modes is resonant with an optical transition of the semiconductor, it is
possible to modify both the semiconductor absorption and emission characteristics. Such
structures are of fundamental and practical interest, with applications in lasers and other light-
emitting devices [Fletcher, Unlu, Ho, Saba, Jordan, Piron, Lidzey4].

There are two regimes into which the interactions between a semiconductor and the
electromagnetic field can be classified, namely the weak and strong-coupling regimes. In the
strong-coupling regime, a cavity photon couples to an exciton having the same energy and in-
plane momentum. The coherent coupled state thus formed is termed a cavity-polariton, and can
be considered as an admixture of the exciton and cavity-photon modes. Strong-coupling in
microcavities was first observed in 1994 by Weisbuch and colleagues, who fabricated
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heterostructures containing a series of inorganic (I11-V) quantum-wells (QWSs) [Weisbuch].
Since then strongly-coupled inorganic semiconductor microcavities have been extensively
studied both experimentally [Skolnick, Norris, Weisbuch2] and theoretically [Zhu] by a large
number of groups. The reader who wishes to delve deeper into the subject of optical strong
coupling in microcavities, is encouraged to consult a number of comprehensive review papers
listed at the end of this chapter [refs]. Even though the subject has now reached a degree of
maturity, the observation of new effects in strongly-coupled microcavities continues to surprise
and delight researchers. One important advance that has emerged within the past few years has
been the observation that organic semiconductors can aso undergo strong-coupling in suitably
designed optical resonators. This advance is particularly important if strong-coupling is to find
applications, as the binding energy of organic frenkel) excitons in conjugated polymers is
usually between 0.1 and 0.5 eV [Alvarado], and of the order of 1 eV in molecular crystals [Pope].
This allows the direct observation and manipulation of Frenkel excitons at room temperature.
This is in contrast to inorganic (Mott-Wannier) quantum-well excitons, whose binding energy is
typically around 10 meV (dependent on well-width and barrier composition), which thus requires
the use of low temperatures to facilitate their observation.

In this chapter, we review our research on strong-coupling in microcavities using organic
semiconductors. In section 1.2 we discuss the optical properties of microcavities both in the weak
and strong-coupling regimes. In section 1.3, we summarise the requirements that a
semiconductor material must possess to undergo strong-coupling in a microcavity, and discuss
the optical properties of a number of organic materials that we have used to achieve strong
coupling. In section 1.4 we summarise the experimental methods that we have used to study such
structures.  Section 1.5 presents some of our observations made via white light reflectivity
measurements, whilst in section 1.6 and 1.7, the photon emission from organic strongly-coupled
microcavities is presented following both non-resonant and then resonant excitation respectively.
In section 1.8, we present our results on microcavities containing two different organic
semiconductors, and demonstrate how such structures support new types of hybridised and
delocalised optical excitations.  Finaly, in section 1.9 we outline the possible future
devel opments and applications that may emerge from this exciting research area.

1.2 Organic Semiconductor Microcavities.

1.2.1 The Optical Properties of Microcavities

A microcavity is a planar Fabry-Perot cavity in which two mirrors are placed either side
of adielectric medium. The presence of the two mirrors quantizes the cavity photon modes, such
that only photons having a certain energy and in-plane momentum can be supported. Such
photons are confined by the cavity until they either escape from the cavity by penetration through
one of the mirrors, or until some optical 1oss mechanism occurs, such as scattering or absorption.
For the simplest case of two infinitely reflecting mirrors (fig 1) a series of cavity modes are
supported having awavelength | measured outside the cavity given by the expression

T =L eosa, ®

where m is a mode number, n is the refractive index of the medium between the mirrorsand L is
their physical separation. In this equation, we have the usual definition of wavelength



Strong Optical Coupling in Organic Semiconductor Microcavities

| === )

wherew is the angular frequency of light, and c is the speed of light in vacuum. The frequency of
the cavity mode is dependent on its in-plane wavevector. The in-plane wavevector of the cavity
mode (|g;>|) determines the angle at which it is detected from outside the cavity. The in-plane

wavector of a cavity mode corresponding to an angle gint is given by

cav _ wn

Ox _?S.nqint (3)

Light with a frequency w escaping from the cavity will have the same in-plane component of
wavevector (go°), where
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int

From the equality g, =" it follows
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For each cavity mode frequency, the component of the wavevector parallel to the cavity growth
direction () is constant. For each frequency of a given cavity mode, the z component of the
wavevector is given by

=2 cosg ©

and is constant and this component is independent of frequency, and is given by q;°" :%. At

gint = 0, the wavelength of the cavity mode is defined as the cut-off wavelength ( cuworf) — Se€
chapter 3. We can thus relate the wavelength of a light measured outside a cavity to the external
viewing angle via

& ,ldng,,Uo
| =1 cutoff COS%SI’I l,:\ TM%; (7)

If the two mirrors are closely separated (i.e. a microcavity) it is possible to arrange that there is
only one optical mode present that can interact with any semiconductor material placed within
the cavity. For example, a cavity fabricated from two mirrors separated by 150 nm, containing a
material having n = 1.5, the fundamental cavity mode (m = 1) will have a wavelength of 450 nm
at normal incidence (corresponding to the blue end of the visible spectrum). The next optical
mode (m = 2) will be positioned at 225 nm (in the deep ultra-violet). The energy separation
between these optica modes is 2.75 eV, which is significantly larger than the absorption or
emission bandwidth of many organic and inorganic materials.

3
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The structure shown in figure 1 represents an ideal cavity consisting of two completely
reflecting surfaces. However such a structure cannot be easily realised in practice (at least at
visible wavelengths) as there are no materials available that have unity reflectivity. Microcavities
have been fabricated based on two metallic mirrors [Barnes, Cimrova, Bourdon, Burns] (which in
the case of silver approximates a perfect reflector), however there are limitations to this approach.
To be able to usefully ‘use’ the light emitted from a source inside the cavity, it must escape from
the cavity by penetration through one of the cavity mirrors. If the metallic mirrors are thick
compared to their optical skin depth, then light cannot escape from the cavity and there is very
weak output coupling. If one of the mirrors are thin, then some light can escape from the cavity
through the semi-transparent mirror. However the reflectivity of a thin metallic film is
significantly lower compared to a bulk film, which results in a microcavity that has a rather low
finesse, and only weakly confines photons. In addition, the absorption of light passing through
even a thin (20 nm) metallic film is significant, resulting in a microcavity that has quite high
losses.

To achieve effective photon confinement within a microcavity, it is more common to
utilise dielectric mirrors (distributed Bragg reflectors or DBRS) as the cavity reflectors.  Such
dielectric reflectors can have a much higher reflectivity than a metallic surface, and have the
significant advantage of very low absorption loss. A DBR is a multilayer structure composed of a
series of ‘pairs of dieectric layers [Hecht]. Each mirror pair is composed of two different
dielectric materials, having either a high, or a low refractive index, but with each layer having an
optical thicknessof | /4. DBRs can have a very high optical reflectivity (> 99%) over a range of
wavelengths (termed the ‘stop-band’). The high reflectivity of a DBR results from in-phase
optica reflections from each of the layers within the dielectric stack. Figure 2 shows the
measured reflectivity spectrum from a 12 pair DBR composed of alternate layers of silicon oxide
(n = 1.45) and silicon nitride (n = 1.95), on a polished glass substrate. The mirror has a maximum
reflectivity of 99.8% at 525 nm, and a stop-band extending from 475 to 580 nm.

Inorganic semiconductor microcavities are usually composed of two DBRs deposited
either side of the active semiconductor layer (which is often comprised of a series of quantum
wells). As the semiconductor mirrors are deposited using the same molecular beam epitaxy
(MBE) process as the quantum wells, the whole structure can, in principal be grown in a single
deposition run. This is usually not possible when creating organic semiconductor microcavities,
as the process used to deposit the (usually inorganic) DBR is often very different from that used
to deposit the organic semiconductor. For example, the DBR shown in figure 2 was grown by
plasma enhanced chemical vapour deposition, which involves reacting two flowing gas streams
above a glass substrate heated to 300°C. Such a deposition process is not possible on top of an
organic semiconductor, as most organic materials suffer significant degradation at temperatures
in excess of 250°C. This incompatibility between different processing techniques to some extent
restricts the type of structures that can be grown using organic materials. Because of this, most
of the organic semiconductor microcavities studied so far have comprised of one DBR and one
metallic mirror [Lidzey1, Lidzey2, Lidzey3, Lidzey4, Lidzey5, Fisher, Schouwink]. Metallic thin
films can be successfully deposited onto an organic thin film by thermal evaporation, with the
organic substrate held at room temperature. This process causes little or no degradation to the
optical or electronic properties of the organic material.

Figure 3 shows a schematic figure of an organic semiconductor microcavity based on a
metallic mirror and a DBR aong with the amplitude of the optical field confined within the
cavity as calculated using a transfer matrix reflectivity (TMR) model [Hecht]. This type of
structure has been used in all of the experiments described in this chapter. Such microcavities
support a | /2 optical mode between the two mirrors, whose wavelength can be adjusted by
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simply changing the thickness of the organic film. It can be seen that the optical field penetrates a
significant distance into DBR dropping off as it approaches the cavity surface in an exponential
fashion. Because there is a finite amplitude of the optical field at the DBR surface, light can
couple out of the cavity to the outside world. In contrast, light cannot penetrate through the
‘thick’ (>100 nm) silver mirror, and so all experiments on this structure to study the optical
properties of the cavity must be performed through the DBR. When fabricating microcavities of
this type, it must be remembered that if the reflectivity of the DBR is very much greater than that
of the metallic mirror, then the photons within the cavity are more likely to be absorbed within
the metallic mirror than escape through a very high reflectivity DBR. Hence with single DBR
cavities, there is a practical limitation to the finesse that can be realised. In our work, we have
used DBRs consisting of 9 dielectric pairs, having a peak reflectivity of around 98%. Recent
reports have however highlighted new techniques used to grow DBR mirrors onto organic
semiconductors, and have realised very high finesse microcavities operating in the weak-coupling
limit [Anni, Denton]. It will be very interesting to create strongly coupled organic semiconductor
microcavities using such procedures.

The linear optical properties of a cavity can be determined by measuring its reflectivity as
a function of wavelength. We discuss the practicalities of cavity reflectivity measurement in
section 1.4. Figure 4(a) shows a reflectivity spectrum measured for a metal-DBR microcavity
containing a single layer of a transparent dielectric polymer (having a thickness of ~ 220 nm and
an average refractive index of 1.6). It can be seen that a single sharp ‘dip’ is seen in the
reflectivity spectrum at 1.74 €V having a linewidth FWHM (full width a half maximum) of 14
meV. The sharp dip in the reflectivity indicates the presence of an optical mode within the cavity
to which photons from the outside world can couple. The dip in reflectivity apparently indicates
that such photons do not reappear form the cavity. This is because there are other ‘guided’ optical
modes within the cavity that cannot couple to the outside world. If a photon scatters into one of
these modes, then it cannot escape from the cavity and can become effectively ‘lost’.

The FWHM of the optical mode (DI ) is an important parameter in determining the Q-
factor of the cavity. The Q-factor is defined as

Q:— (8)

where | is the wavelength of the optica mode. The Q-factor relates the energy stored by a
(damped) oscillator to the energy dissipated per oscillation cycle, and thus cavities with high Q-
factors confine photons for many ‘round-trips of the photon. As the linewidth of the cavity
mode is homogeneous in nature, it can be used to estimate the lifetime of the confined photons
within the cavity via the energy-time representation of the uncertainty principle. For example, a
cavity with an optical linewidth of 14 meV will trap photons for around 50 fs. Much higher Q-
factors can be realised using cavities based on two DBRs. The highest finesse microcavities to
date have been fabricated by Stanley et al [Stanley1] and have had linewidths of around 130 neV
(Q = 6000), corresponding to photon lifetimes of approximately 5 ps. As we will show below, the
lifetime of the photon within a cavity is an important factor in determining whether strong
coupling can occur.

The optical modes supported by microcavities have a strong angular dispersion (see
equation 7. This can be readily seen in figure 4(b), which plots the energy of a confined photon
mode (determined from the reflectivity spectra), as a function of external viewing angle. The
measured photon energy is shown as solid points and the line is a calculation of the photon
energy using the analytical expression given in equation 2. The best fit to the data is achieved
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using an average refractive index of n = 1.6, with photon energy at normal incidence being | =
1.763 eV. Figure 4(c) re-plots the data in terms of frequency (w) versus in plane momentum (Qx).
From this data we can deduce an effective photon mass of 10° of the mass of an electron. We
show in the following sections, that the dispersion in the photon energy can be used to tune the
energy of the photons with respect to an exciton mode within the cavity and thus explore their
mutual coupling.

In our discussion of the optical properties of microcavities, we have so-far only
considered ‘empty’ microcavities —i.e. structures that are composed of ssimple dielectric materials
that have no resonant interactions with the cavity photons. We now consider a microcavity
containing a semiconductor material, and the interactions that can occur between optically active
transitions in the semiconductor and confined cavity photons. There are two distinct interaction
regimes that can occur within a microcavity, the weak and the strong coupling regimes. The
subject of this chapter is the strong-coupling regime, however for completeness we briefly
summarise the salient point of the weak coupling regime.

1.2.2 Weak Coupling

Within the weak coupling regime, the spontaneous emission of a dipole source placed within a
cavity can be described via Fermi’s Golden Rule:

W, 1 ( f|Endi)r ©)

Here the transition rate (W) between initial (i) and final () states is proportional to the density of
final optical states r. The Hamiltonian for the transition is given by E.mwhere E is the electric
field experienced by an emitter having a transition dipole moment m In the weak coupling
regime, the microcavity modifies the density of optical states, enhancing them at the cavity mode
wavelength, and suppressing them elsewhere. The modification of the frequency dependent
density of optical states in the cavity also changes the distribution of vacuum field fluctuations
that effectively ‘stimulate’ spontaneous emission: At the cavity mode wavelength, the density of
vacuum field fluctuations is enhanced, leading to an increase in the spontaneous emission rate.

If a broad-band emitter is placed into a microcavity, the cavity enhances the emission
intensity at the cavity mode wavelength and suppresses it elsewhere, producing a significantly
spectrally narrowed source. A number of authors have demonstrated that the intensity of emission
can be enhanced at the cavity mode wavelength, in some cavities by up to 60 times [Vredenberg,
Lidzey6,]. Fluorescence lifetime emisson measurements show however that the overall
spontaneous emission rate from an excited atom or exciton within a 1-dimensional microcavity is
rather small — of the order of 20% at most [Hopmeierl, Jordan]. Such small changes occur
because there are a large number of ‘leaky’ modes in a 1-D microcavity, including many guided
optical modes in a DBR. These leaky modes limit the overall effect of the cavity on an exciton,
with the result being that changes in the spontaneous emission rate are small. A microcavity in
the weak coupling regime can thus be thought of a structure which redistributes the emission
from a source placed between the mirrors, allowing light to escape from the structure that would
otherwise be trapped by total internal reflection.

Such properties are in fact highly desirable as they can be used to enhance the externd
quantum efficiency of light emitting devices. The strong spectral narrowing that can be achieved
is also very useful in display devices, where pure, spectrally narrow emission colours are required
to achieve a full colour palatte. Figure 5(a) shows a schematic diagram of a light emitting diode
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based on a conjugated polymer that has been engineered into a microcavity (a resonant-cavity
LED). The structure is based on a DBR, an indium tin-oxide anode (used to inject holes into the
conjugated polymer) and a top cathode-mirror, composed of athin (10 nm) layer of calcium to
facilitate the injection of electrons into vacant states in the polymer. A thick layer of duminium is
deposited onto the calcium, to create a reasonably highly reflective cavity mirror.

Figure 5(b) shows the emission from the cavity (open circles) aong with the absorption
(full circles) and emission (dotted line) from the same conjugated polymer in a non-cavity
electroluminescent device. The spectral narrowing of emission from the cavity is very clear, with
a strong emission peak visible at 535 nm, having a linewidth of 12 nm. This compares to the
electroluminescence emission from a non-cavity LED that has a FWHM of around 90 nm. It can
be seen that the emission from the microcavity LED is not completely ‘pure’: there is aso weak
emission from another feature at 635 nm. This emission comes from a second cavity mode,
whose wavelength coincides with the long wavelength emission tail of the polymer. Such bi-
modal emission can be easily eliminated by reducing the overall length of the cavity [Fisher, Ho].

1.2.3 Strong Coupling

In a microcavity, the strong-coupling regime is evidenced by an anticrossing between
photon and exciton modes, and on resonance the appearance of two equal intensity transitions,
separated by the Rabi-splitting energy (hW,,,;/2p ). Such a splitting can only be realised when
the interaction strength (expressed as an angular frequency Wrai) between a photon and an
exciton is greater than (i) the inverse cavity photon lifetime and (ii) the inverse exciton dephasing
time. Condition (i) dictates that the photon is confined in the cavity for atime that is longer than
the period of the Rabi oscillations (2p /W, ). Condition (ii) ensures that an ensemble of excitons
retain their mutual coherence in their wavefunctions for a time which is also longer than the Rabi
oscillation period. If either of these conditions is not met, then a coherent superposition of states
cannot be formed because either the photon leaks from the cavity, or the exciton undergoes
dephasing before one period of oscillation between the exciton and photon modes can occur. In
this case, the system is in the weak coupling limit and the exciton decays by spontaneous
emission. It is common to express such inequalities in terms of the homogeneous energy
linewidths of both the exciton (Ge) and the photon modes (Gy); thus

Gex < hV\‘Rabi/ 2p (10)
Gp < hWRabi /2p (11)

It is aso important to consider the inhomogeneous linewidth when deciding whether strong
coupling can be achieved. To be able to resolve a splitting between a photon and an
inhomogeneously broadened semiconductor transition, the inhomogeneous linewidth also needs
to be narrower than the Rabi-splitting energy. To a first approximation, the Rabi-splitting energy
can be expressed using

h ’ f
— W - 12
2p rabi I"l E ncz L[Ot ( )
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where f is the oscillator strength of the semiconductor excitons per unit area, n; is the average
refractive index of the semiconductor and Ly is the physical path length of the cavity. The
oscillator strength f per unit area of athin film is given by

f paL (13)

where L is the film thickness, and a is the optical attenuation coefficient (per unit path length) at
the peak of the absorption. If the inhomogeneous linewidth of the semiconductor material is very
broad, then the oscillator strength of the transition is effectively spread over frequency space, and
thus the peak value of f that is achievable is relatively small. A reduced value of f results in a
reduced Rabi-splitting, with a possible consequence being that the Rabi-splitting becomes smaller
than the inhomogeneous linewidth of the excitons. In this case the broad inhomogeneous
linewidth of the excitons (which encompasses a large distribution of narrower homogeneous
states), results in a distribution of reduced coupling strengths, effectively masking the
anticrossing behaviour. The eventual consequence of using states with very broad
inhomogeneous linewidths is that the system operates in the weak-coupling regime.

The operation of a material system in the weak coupling regime can be seen in figure
5(b). Here the organic semiconductor used has rather broad and featureless transitions, which are
characterised by transition linewidths of the order of 500 meV. Such a material system would not
be anticipated to undergo strong-coupling, as it effectively constitutes a continuum of states. In
addition, in this structure, the cavity mode has been deliberately positioned at a wavelength that
coincides with a region of high electroluminescence emission intensity from the conjugated
polymer. Because of the large Stokes shift in this material system, there is a very low residua
absorption (and thus no transition having significant oscillator strength) at the cavity mode
wavelength, again indicating that the system operates in the weak coupling limit.

1.3 Organic Semiconductors for Strong Optical Coupling

1.3.1 Background

Before we discuss strong coupling of organic semiconductors, it is useful to briefly
describe the magnitude of the Rabi-splitting observed in microcavities containing inorganic (111-
V) QW excitons. The inhomogeneous linewidth of a QW exciton (which is often broadened by
fluctuations in the alloy composition of the inorganic crystal, and aso by roughness in the
thickness of the quantum well) is typically around 1 meV. By utilising highly reflective
semiconductor DBR, it is relatively straightforward to create microcavities supporting confined
photon states having linewidths of 1 meV. In microcavities based on I11-V semiconductor
guantum wells (utilising GaAs/InGaAs), Rabi splittings of around 5 meV have been observed (at
20K) [ref]. Therefore the homogeneous and inhomogeneous linewidths of both the photon and
exciton are smaller than the Rabi splitting, satisfying the inequalities given in equations 5 and 6.

1.3.2 Molecular Dyes

As we have discussed in section 1.2.3, to achieve strong optical coupling, it is necessary
to use semiconductor materials whose absorption linewidths are narrow compared to the Rabi-
splitting energy. The materials we have used to achieve strong-coupling have had inhomogeneous
absorption linewidths between 40 and 90 meV. This linewidth is well over an order of magnitude
larger than the Rabi-splitting observed in 111-V QW microcavities. However this relatively broad
linewidth has not precluded organic semiconductors from reaching the strong-coupling regime;
this is because the oscillator strength of a thin film of an organic semiconductor can be at least
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two orders of magnitude larger than that of a series of inorganic QWSs. It can be seen from
equation 7, that the Rabi-splitting energy is proportional to ‘/? , and thus the Rabi-splittings that
we observe can be significantly larger than the relatively broad linewidth of the organic
semiconductors that we have used in our microcavities.

In our microcavities, we have used organic materials that we have used have the distinct
advantage that they are relatively easy to fabricate into high-quality, defect-free, thin films
suitable for inclusion into a microcavity. In our first observation of strong coupling in a
microcavity [Lidzeyl], we used a porphyrin dye having a single narrow optical absorption. The
dye used (tetra-(2,6-tert-butyl)phenol-porphyrin zinc) which we term 4TBPPZn is one example
of a large family of porphyrin macrocycles whose photophysical and photochemical properties
have been extensively studied [Porphyrin]. The chemical structure, absorption spectrum and
electronic energy-level scheme of the 4TBPPZn molecule are shown in figure 6(a). This
molecule has an intense, narrow (90 £ 5 meV at room temperature) transition in the form of the
so caled "Soret band" absorption at 2.88 eV. The relatively narrow linewidth of the optical
absorption comes from the high structura rigidity of the porphyrin molecule. The Q-band
absorbance is seen as a weak double peak structure between 2.0 and 2.26 €V.

To utilise the 4TBPPZn molecular dye in a microcavity, it was dissolved into a solution of
toluene containing the polymer polystyrene. The solution was then spin-coated onto a quartz
substrate.  On spin-coating, the toluene solution rapidly evaporates, leaving the 4TBPPZn
molecules suspended in a solid polystyrene matrix. This deposition method allows the creation of
films having areas of up to several cnf with a thickness anywhere between 30 nm and 1nm. The
point-to-point fluctuations in the film thickness over an area of around 1 cn? can be relatively
small (of the order of 5- 10 nm). By careful caibration of the viscosity of the solution and spin-
speed, the thickness of the film deposited can be controlled with a precision of about 10 nm. The
attainment of very smooth organic films is critical for the fabrication of high-quality
microcavities. Any surface roughness or scattering within the film will lead to a significant
broadening of the cavity optical mode.

The absorption spectrum of the polystyrene film containing the 4TBPPZ molecules is
shown in figure 6(a). The polystyrene matrix has an average refractive index of approximately
1.5, and has a very high degree of optical transparency over the whole of this visible spectrum.
The use of a matrix polymer to suspend the active molecules is an important feature of our
approach. The matrix physically separates the molecules from one another by suspending them in
a ‘solid solution’. It is of course possible to create a ‘pure thin film of 4TBPPZn molecules
directly via spin-coating or by thermal evaporation without the use of a matrix film, however the
strong intermolecular interactions that occur in such molecular films tend to significantly broaden
the Soret-band absorption and reduce the possibility of achieving strong coupling. Figure 6(b)
shows the absorption of a thin film of ‘pure 4TBPPZn molecules that have been deposited by
spin-coating. It can be seen that the Soret-band absorption has now broadened, having a
linewidth of approximately 220 meV. There is aso an absorption background visible in the
spectrum, whose origin comes from scattering. This scattering results from micro-crystallinity
within the film, again resulting from the strong intermolecular interactions that occur when a
matrix polymer is not used. Such scattering would significantly reduce the finesse of the
microcavity, and make strong-coupling much more difficult to achieve.

1.3.3 J-Aggregates and other Self-Assembled Molecular Systems

A second type of organic semiconductor system that we have used for strong coupling is
based on J-aggregates of cyanine dyes, which are a class of material that has found diverse uses
in photography [Sturmer] and as laser dyes [Bos]. Cyanine dyes carry a net charge, which drives
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a self-assembly of the molecules in a polar solution to form 1-dimensiona aggregates termed J-
aggregates [Mobius, Potma, Kobayashi]. Intermolecular interactions in Jaggregates is
responsible for the appearance of an excitonic band. Due to the ‘head to tall’ packing of the
molecules in the aggregate the lowest energy state in the band has zero wavevector. To a first
approximation we can say that optical transitions are only permitted to the lowest energy point in
the band. For this reason and due to phenomena resulting from motional narrowing [Knapp], J
aggregate absorption spectra are often characterised by a single, relatively narrow and intense
optical trangition, significantly red-shifted from the absorption of the un-aggregated monomer.
Following optical excitation, the primary fundamental excitations that are created in the
aggregate are singlet excitons. Such excitons have relatively large binding energies, which allow
them to be created and studied at room temperature. In J-aggregates, the excitons are highly
mobile and can be viewed as being delocalised over arelatively large number of molecular units.

To process cyanine dyes into microcavities, the J-aggregates were suspended in a polymer
matrix. Cyanine dyes are usually soluble in polar solvents such as water and methanol, and thus
we have used the matrix materia poly(vinyl alcohol) [PVA] which is also soluble in agueous
solvents. Strong-coupling has been achieved with two different J-aggregate forming dyes (whose
chemical structures are shown in the insets in figures 7(a) and 7(b) [refs]. To fabricate a thin film
of Jaggregates, the cyanine dye is dissolved at a concentration of ~ 1 mg / ml into a 50/50 water-
methanol mix containing the PVA polymer. Thin films of the composite organic film were
formed by spin-coating. During the spin-coating process, the water and methanol evaporate,
which rapidly raises the concentration of the cyanine dye. This drives an association of the
molecules to form the Jaggregates. Figure 7(a) and (a) shows the optical absorption and
photoluminescence of two different PVA / Jaggregate thin films. The J-aggregates shown in
figure 7(a) have an absorption peaking at 1.84 eV, with a linewidth of 40 meV. The absorption is
dightly asymmetric, having a weak tail that extends to higher energies. The PL is the mirror
image of the absorption, and is Stokes shifted down in energy by 5 meV.

This solution based deposition method is critical for the formation of the J-aggregates. |If
a thin film of the cyanine dye is deposited by a non-agueous method (for example by thermal
evaporation), the molecules are unable to associate with one another and the formation of the 1-
dimensional aggregates is blocked. This is highlighted by the absorption spectra shown in figure
8. For ease of comparison, we plot the normalised absorption of an amorphous cyanine dye film
formed by vapour deposition aong with the same material in a PVA matrix which has self
assembled in solution to form J-aggregates. However, the peak absorption of J-aggregated film
would be much more intense than that of an amorphous film containing the same number of
monomers per unit volume. To a good first approximation, the oscillator strength of each of the
monomers is concentrated into the J-aggregate transition band. It can be seen that the J-aggregate
absorption is located at the extreme low-energy end of the monomer absorption. Whilst the
aggregated molecules are a good candidate for strong-coupling, the amorphous material clearly is
not. There isthus a subtle difference in the use of J-aggregates for strong coupling as apposed to
the use of highly rigid molecular dyes as exemplified by the material system shown in figure 2:
Here, we do not rely on the structural rigidity of the molecule to create a narrow optical
trangition. Instead the narrow transition arises because of the natural tendency of the molecules
to sef organise into molecular superstructures which have delocalised and narrow optical
transitions, determined by the structure of the molecular packing.

One consequence of the self-assembly of the cyanine dye molecules during the spin-
coating process is a degree of inhomogeneity in their spatia distribution. Figure 9(a) shows the
transmission signa recorded using a near field optical microscope (SNOM) from a thin film (30
nm) of the J-aggregates in a PVA matrix whose emission and absorption spectra are shown in
figure 7(a). The image was generated by scanning a SNOM probe (having a 100 nm aperture)
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over the surface of the PV A-J-aggregate film, and monitoring the relative transmission of a HeNe
laser (632.8 nm) through the film. As the wavelength of the laser is within the high energy
absorption tail of the Jaggregates, it is possible to assign variations in the intensity of the
transmitted signal to the distribution of the aggregates. Figure 9(b) shows the physica
topography of the thin film recorded simultaneously using a shear-force technique. It can be seen
from figure 9(b) that the surface of the film is flat to within 15 nm. The transmission signal
however shows strong spatial variation, and a number of regions of strong absorption are
detected, having characteristic length-scales of around 250 nm. It is therefore clear that there is
inhomogeneity in the distribution of the aggregates and the local oscillator strength over the
surface of the film

We do not anticipate that these features correspond to single aggregates. It is more likely
that within each of these structures there is a sub-structure which is unresolved by our microscope
system. We can in fact estimate the number of molecules within each aggregate on the basis of
the reduction in the linewidth of the J-aggregate absorption compared to the monomer absorption.
It has been shown [Knapﬁ , that the inhomogeneous linewidth of an aggregate composed on N
molecules scales with N~“. For the material system shown in figure 8, the linewidth of the J
aggregate is approximately 10 times smaller than that of the monomer, implying that each
aggregate is comprised of about 100 coupled-molecules. We estimate the length of a single
molecule to be 2 nm, and allowing for some overlap between the neighbouring molecules in the
aggregate, we calculate the average length of a J-aggregate to approximately 100 to 150 nm. In
the PVA matrix film, we estimate that there are approximately 2 x 10'7 aggregates per cubic
centimetre, implying an average inter-aggregate separation of 20 nm. From this simple
estimation, it can be seen that each feature in the transmission image shown in figure 9(a) is
therefore likely to comprise of many individua uncorrelated aggregates.

Strong-coupling effects have also been observed using perovskites. Perovskites are self
assembled systems, that form alternate nano-structured organic and inorganic layers [Era]. Such
materials can be thought of as analogous to inorganic quantum well heterostructures. in a
perovskite, the organic component of the complex [CsHsCoHaNH3] acts as the barrier for the
inorganic well material [a PB4 salt]. The excitons are localised within the inorganic well and
have absorption linewidths of around 100 meV. Both synthetic opals [Tsutsui] and distributed
feedback gratings OFBs) [Fujita] have been infiltrated with perovskites, and strong-coupling
behaviour has been evidenced.

1.4 Optical Measurement Techniques

One of the ssimplest techniques used to characterise microcavities is the measurement of
reflectivity as a function of angle. This alows the direct determination of the energy and
dispersion of the optically accessible states within the cavity. ‘ Photon-like' cavity modes can be
readily identified by a sharp dip in the cavity reflectivity spectra. Such photonic modes in
microcavities have a strong angular dispersion, with their wavelength at external viewing angle g
given by equation 2.

The angular dependent reflectivity spectra of our microcavities can be measured using the
apparatus shown schematically in figure 10. The microcavity (MC) is mounted on a central stage,
to which are fixed 3 optical rails, each having free independent rotation around the central axis.
Light from a tungsten projector lamp isimaged onto a 500mm spot on the microcavity surface via
lensL1. The specular reflection from the cavity is collected by a lens L2 and imaged into a fibre
bundle (FB) which is also mounted on the optical rail. The fibre-bundle is then used to deliver the
reflected light to a cooled CCD spectrograph. Using this equipment, the white light reflectivity
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of the microcavity can be measured at angles from 12° to 85°. A polarisor (P) placed in front of
lens L2 alows either TE or TM polarisations of reflected light to be detected. By comparing the
reflectivity of a microcavity to that of an aluminium mirror (which is assumed to reflect light
with approximately equal efficiency over the whole visible range) the absolute reflectivity of the
cavity can be determined.

Using the system shown in figure 10, we are adso able to generate and detect
photoluminescence emission from the microcavity as a function of angle. Light from a laser is
focussed into a fibre bundle, one end of which is mounted on an optical rail. The laser light
delivered by the fibre is then focussed by lens L3 onto a 500 nm spot on the cavity surface. This
system alows the photoluminescence and reflectivity to be measured from exactly the same spot
on the cavity surface. This apparatus is designed to alow measurements to be made at room
temperature and in air. For most purposes this is sufficient, as the organic materials that we use
have reasonable photostability. However for some measurements (particularly those involving
the use of lasers with high excitation density) it is preferable to mount the microcavity in a
cryostat at low temperature. A second similar system measurement is available having a wide
angular access cryostat mounted on a rotation stage.

1.5 Dispersion of Cavity Polaritons

1.5.1 Reflectivity Measurements of Strongly-Coupled Cavities

As discussed above, the energy of the cavity photon mode varies strongly as a function of
angle, shifting to higher energies at off axis viewing angles. This effect can be conveniently used
to tune of the interaction between the exciton and photon modes. the exciton transition energy is
to a very good approximation angle independent and hence changing the angle of incidence
allows one to adjust the relative separation of the photon with respect to the exciton. We illustrate
this point with measurements on microcavities containing a layer of polystyrene doped with
4TBPPZn molecules (whose structure is shown in figure 6(a)). Microcavities were fabricated
such that the cavity mode was a a lower energy than the exciton at normal incidence by some
100 to 150 meV and became resonant with it at approximately 35 to 40°. The room temperature
reflectivity of a microcavity measured at normal incidence to the cavity axis is shown in fig. 11,
curve A. The cavity photon mode is visible as a sharp dip in the reflectivity at 2.68 eV. The
4TBPPZn exciton absorption lies at 2.88 eV (marked by the dashed vertical line). The exciton
can only just be detected at normal incidence in the reflectivity spectrum as there is very little
coupling between the photon and exciton modes as they are relatively far apart in energy. As the
cavity mode is tuned closer to the exciton energy, strong-coupling is observed (curve B). The two
modes of the system can now no longer be described as ‘pure photon’ or ‘pure exciton’; rather
each mode must be described as a linear superposition of photon and exciton. The exciton-like
mode thus becomes increasingly visible in reflectivity, as it contains an increasing large cavity-
photon like character. Such mixed modes are termed cavity polaritons. On resonance (curve C)
the expected pair of equa intensity Rabi-split transitions are seen both containing equal
admixtures of a photon and an exciton. For larger angles, beyond resonance (curve D) the
coupling reduces, again in line with expectation. Such spectral features are entirely consistent
with other measurements made on strongly-coupled inorganic-semiconductor microcavities
[refs].

The energies of the two transitions are plotted in fig. 12 as a function of the angle of
incidence. The horizontal dashed line at 2.88 eV is the 4TBPPZn exciton energy in the
polystyrene blend film. This energy is angle independent and hence defines the resonance energy
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for the coupled exciton-photon system. The cavity photon and 4TBPPZn exciton modes exhibit a
very clear anti-crossing behaviour and the Rabi-splitting energy, of 110 meV between the two
trangitions at the 40° resonance angle is exceptionally large.

1.5.2 Macroscopic and Microscopic Analysis of Dispersion

The structure that we consider is very disordered. However the distance between the dye
molecules in the microcavity is approximately of 2 to 3 nm, and is thus much smaller than the
wavelength of the optical mode. This means that the we can use an equation of macroscopic
electrodynamics, with some dielectric constant to describe the optical properties of the cavity. We
can write following Maxwell’s equations for a light wave in a three dimensional isotropic
medium

k’c?

o ew) (14

where w and k are the frequency and wavevector of a light wave. This equation determines the
dispersion relation of the frequency to the wavector. However let us firstly consider a microcavity
having a material that has an optical resonance which is very far from the cavity cut-off
frequency. In this case, the dielectric constant e, can be considered a constant, thus

8 (15)

For the m" cavity mode k; is fixed, and in this case
2 _ 2 aﬁ’np92 _
k® =K +8Tia’m_l2"' (16)

where ky is the in-plane component of the total wavevector. From equations 14 and 15, it is easy
to show that for small kg, the dependence of the frequency of the cavity mode on its in-plane
wavevector is given by

h 2
Wcav( kx) :Wcutoff +ﬁn (17)

where Weytoff 1S given by

W =_C Gmo (18)

cutoff — ‘/e— L Z
(0}
and mis the effective mass given by

m= thutonfQ) (19)
2pc
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In organic materials e, is of the order of 3, and as the cutoff energy in our cavity is given by
hweuort/2p ~ 2 €V, we calculate the cavity photon effective mass to be of 107 of a free electron.
If amateria is placed within the cavity, having an (excitonic) resonance given by

2F f
E2- E2- 2ig(E)E

ew) =e, + (20)

wheref is some constant proportional to the oscillator strength, E, is the resonance energy of the
exciton, and g is the homogeneous broadening. In the case where E »E, the resonance term can
be smplified and it can be shown that

ew) =€, + (21)

E,- E

where we neglect the term accounting for homogeneous broadeneing. Substituting equation 21
into equation 14, and using equations 16 and 17, it can be shown that the dispersion of the cavity
polaritons is given by

[Ec(k)- EI(E,- E)=V* (22)

where the energy of an optical mode in an bare cavity is given by

_a h 0 cav
o) =gy a0 (k) (23)
and V is given by

_[&
V= %, (29

and is half the Rabi-splitting energy. For the derivation of the above equations, we used a
phenomelogical Maxwell equation. The results of this derivation, summarised by equation 22 are
identical to the results of microscopic theory, which are usually used in the analysis of inorganic
semiconductor microcavities. Our derivation presents a straightforward approach to determine the
main features of the Rabi-splitting if the dielectric constant of the organic semiconductor within
the cavity is known. At the same time, it can be generalised to take account of both homogeneous
and inhomogeneous broadening.

However we now proceed in our analysis of the strongly coupled microcavity using a
microscopic theory. This method is widely used in the description of inorganic semiconductor
microcavites. The cavity is described as a compound oscillator consisting of the exciton and
photon modes. The compound oscillator is described with the matrix equation

Eky-E VvV b 25
é Vv E, - Egbg
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E, and V are assumed to be constant at al angles. In equation 25, a and b are the coefficients of
the bare photon and exciton respectively, which describe the weighting of each of the states in the
coupled modes. The matrix can be diagonalized to obtain the eigenvalues of the system (E) which
represent the energy of the polariton branches, and the coefficients a and b. Equation 25 can be
solved analytically, and for the case of the photon resonant with the exciton (E*® = E, = e), it is
straightforward to show that thetwo polariton branches have energies given by

E, =e+V (26)

where 2V = (h/2p)Wkani. TO compare with the experimental data, the photon energy
dispersion Epn(Q) is calculated via a transfer matrix model in which the only free variables are the
photon energy at ® and the average (non-dispersive) refractive index of the cavity. The solid
line displayed in figure 12 is the energy of the two polariton branches calculated using equation
25. Asit can be seen, the agreement between the data obtained from experiment and the coupled
oscillator model is excellent. Figure 13 plots the values of a2 and b? for the upper and lower
branches. At small angles the upper branch only contains a small component of the cavity
photon, and is thus weak in reflectivity (see curve A, figure 11). As the viewing angles increases,
the upper-branch photon component grows, and thus it becomes more visible in reflectivity
(curve B). At resonance (40°), the cavity photon is contained equally in both branches, and thus
they are detected with equal intensity in reflectivity (curve C). Beyond resonance, the cavity
photon is largely contained within the upper polariton branch, which thus becomes increasingly
dominant in the reflectivity spectrum (curve D).

The excitons within the cavity can be viewed as an ensemble being driven by the confined
optical field. The coupling between the exciton mode and the photon mode necessarily implies a
mutual coherence between the excitons in the microcavity. The polarisability of the organic layer
per unit area is therefore dependent on the sum of the oscillator strength of all the molecules
within the cavity. By adjusting the concentration of the 4TBPPZn dye in the blend film it is
possible to control oscillators strength of the organic layer, and thus adjust the energetic splitting
between the two branches. This is summarised by equations 12,13 and 24 which show that the
Rabi-splitting varies as the sguare root of the absorbance. Figure 14 shows the Rabi-splitting
energy of a series of microcavities plotted as a function of (aL)Y2: The observed proportionality
isin good agreement with expectation. The largest room temperature Rabi-splitting that we have
measured, is 160 meV; more than 30 times the typical splittings observed for I11-V quantum well
microcavities, which are of the order of 5 meV [ref]. In the appendix, we show that the oscillator
strength of the 4TBPPZn film that gave a Rabi-splitting of 160 meV is approximately 100 times
larger than that of a series of three 111-V QWSs. This increase in oscillator strength enhances the
Rabi-splitting by afactor of 10. Two important additional effects also contribute to the enhanced
Rabi splitting observed in the organic semiconductor microcavity compare to its inorganic
analogue. These are the low refractive index of the organic layer and the use of a metallic
reflector. We show in the appendix that these factors increase the local optical field experienced
by the semiconductor, and enhance the Rabi-splitting (compared to a ll1-V QW microcavity) by a
factor of approximately 3.3 times.

1.6 Cavity Emission Following Non-Resonant Laser Excitation

In the previous section, it was demonstrated that organic semiconductor microcavities can
show giant Rabi-splittings due to the very large oscillator strength of organic excitons. In this
section we turn our attention to the photon emission from an organic semiconductor microcavity

15



Strong Optical Coupling in Organic Semiconductor Microcavities

following non-resonant optical excitation. In our work [Lidzey2, Lidzey8], we have used J
aggregates of a cyanine dye instead of the 4TBPPZn material discussed in the previous section.
This change in molecular system does not result in any particularly different linear optica
properties of the cavity, apart from a change in the resonance energy of the system. However as
shown in figure 7, the Jaggregates that we have studied can emit strong fluorescence following
optical excitation. This fluorescence emission is a convenient probe by which to study the effect
of strong-coupling on the excitons within the cavity.

1.6.1 Experimental Observations

The apparatus shown in figurel0 was used to excite and then detect emission from the
cavity following non-resonant excitation. In a non-resonant excitation experiment, photons
having an energy greater than that of the polariton branches are shone into the cavity. The
photons directly excite excitons in the cavity, which relax in energy and populate the ‘exciton-
reservoir’. The exciton reservoir describes the population of excitons within the microcavity, that
have either an energy or in-plane momentum that is greater than that of the polariton modes. Such
excitons cannot directly couple to a cavity photon. Instead, the population of the polariton states
can only occur once the excitons have lost an appropriate amount of energy or momentum
through phonon emission A number of authors have studied the emission from cavity polaritons
following non-resonant excitation [Houdre2, Wainstain2, Wainstain3, Wainstain4, Sasha2,
Stanley3]. We will show that our results are in accord with the observations made in
microcavities containing inorganic QWSs, giving us further confidence of the strong-coupling
picture that we use to describe our microcavities.

To generate cw photoluminescence emission from the cavity, light from ared HeNe laser
(having an energy of 1.96 eV) was focussed into the cavity through lens L3 (see figure 10) at
normal incidence (having a power density at the cavity surface of 50 kW mi2). It can be seen from
figure 7(a), that the energy of the excitation photons lie within the high energy tail of the J
aggregates. The excitation is non-resonant, as the laser photons have an energy 110 meV greater
than the peak absorption energy of the excitons (1.84 eV). The photon emission from the cavity
was collected using lens L2, and was imaged into a fibre-bundle connected to a CCD
spectrograph.

Figure 15(a) showsthe relative reflectivity of the cavity measured at a series of increasing
viewing angles. At 20°, two modes are visible: a sharp dip a 1.72 eV (a photon-like mode), and a
second weaker dip at 1.85 eV (an exciton-like mode). Resonance between the exciton and
photon occurs at 45° degrees, where two equal intensity modes are visible, split around the peak
absorption energy of the excitons (which is marked with a vertical dashed line). At viewing
angles greater than 45°, the higher-energy mode moves to higher energies This behaviour is
consistent with absorption and reflectivity spectra measured from microcavities containing
ATBPPZn described in the previous section.

Figure 15(b) shows the photon-emission from the cavity, recorded at a number of
different viewing angles. The emission from the lower-branch is more intense than the upper-
branch at al angles. Very similar behaviour has been reported from microcavities containing I11-
V semiconductor QWs [Stanley3]. The upper polariton branch (located at 1.85 eV at 20°),
decreases in intensity as a function of increasing viewing angle. At angles of 35° and above, two
features are detected in emission in addition to that from the lower-branch This point is further
illustrated in figure 16, which plots the emisson measured at 35°. The spectrum can be well
described using 3 Lorentzian functions as shown. The higher and lower energy features can be
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positively identified as emission from the upper and lower branches, as their energy coincides
with the energy of the features recorded in reflectivity (see fig 15(a)). The energy of the central
feature appears to coincide with the peak emission energy of the J-aggregates (see figure 7(a)). It
therefore appears that some of the Jaggregates emission ‘escapes from the cavity without
coupling to a cavity-polariton mode. At present, the reason for such ‘uncoupled’ emission is not
fully understood, however similar observations have been made in inorganic semiconductor
microcavities, and have been attributed to emission from localised states [Muller] and
inhomogeneous broadening [Houdre].

Figure 17(a) shows a plot of the peak photon-emission energy from the two branches as a
function of angle (solid points). The open circles mark the energy of the feature that we identify
as uncoupled exciton emission. It can be seen, that the polariton branches undergo anticrossing
around an energy coinciding with the peak of the J-aggregate absorption (which is marked by a
dashed line). The energy of the direct exciton emission remains approximately constant as a
function of angle as expected. A Rabi-splitting of 80 meV is detected between the polariton
branches at an angle of 42.5°. Figure 17(b) shows a plot of the photoluminescence emission
intensity from a control film of Jaggregates. It can be seen that the J-aggregate emission
spectrum is approximately symmetrical with respect to the energy at which anticrossing occurs
(1.84 eV). This symmetry is not however reflected in the emission intensity from the two
polariton branches which are strongly asymmetric (see figure 15(b)). At resonance, the emission
intensity from lower branch is 14 times larger than that from the upper branch.

1.6.2 A model for non-resonant excitation and emission

We now describe a model that we have used [Lidzey8] to describe the angular dependent
emission intensity from the microcavity. The model considers the scattering of excitons from the
exciton reservoir into the upper and lower polariton branches, followed by their radiative decay.
Our model provides a good fit to the experimental data, provided that a term is included which
allows a transfer of the polariton population to occur from the upper to the lower branch. The
model is summarised schematically in figure 18.

We first calculate the weight of the exciton and photon modes in the polariton branches as
a function of angle using equation 10. The best-fit theoretical dispersion for the energy of the
polariton branches is shown as a solid line in figure 16(a) and is in good agreement with the
experimental data. We aso introduce the labels u and L to denote the upper and lower branches
respectively. Unless stated, al terms are expressed as function of viewing angle (q).

We assume that the polariton branches are populated by direct scattering of excitons from
the reservoir. Furthermore we make the common assumption [scattering] that the scattering rate
of excitons from the reservoir to a polariton state is directly proportional to the relative exciton
fraction (b, ) of the polariton state. The population rate of the branches I?;"L (w) isthus given by

R*"w) =FU, W)bg, (27)

where Uy (W) is the relative number of uncoupled excitons in the reservoir having the
appropriate energy to scatter into the state, and F is a scaling constant, dependent on the intensity
of the excitation laser. We assume that the distribution of U(w) is the same as the
photoluminescence emission spectra — i.e. the spectra this provides a measure of the distribution
of energetically relaxed excitonic states within the J-aggregate. We assume that exciton scattering
occurs from the reservoir to a polariton state, and there is no return path back to the reservoir.
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This is because the radiative rate of polaritons from the cavity is likely to be much faster than the
relatively slow scattering process.

We introduce a population transfer term between the branches. We propose that
population-transfer occurs by the emission of energy in the form of vibrational quanta. Such a
transfer process will occur when B, — E. = hnpnhonon.  Figure 19 shows a resonance Raman
spectrum recorded for the J-aggregate material used in this experiment. It can be seen that there is
a strong Raman-active mode having an energy of 74 meV. In this particular cavity, the Rabi-
splitting between the cavity branches on resonance is 80 meV; an energy almost resonant with
that of the Raman mode. The dight difference between these two energies is smaller than the
linewidth of each of the polariton branches, which have a FWHM of approximately 30 meV. This
broadening also means that phonon-mediated inter-branch transitions are permitted over most of
the detuning range studied in this experiment.

In our model, we assume that polariton transitions between the braches occur between
initial and final states having the same in-plane momentum. This adiabatic approximation regards
the high frequency optical phonons as a slow subsystem being strongly localised and having an
effective mass at least 100 times larger that of the exciton [Agranovich3]. We neglect momentum
transfer to the optical phonon, with only energy in the u ® L transition being conserved. The
interaction with molecular vibrations is maximised when the polaritons in both branches are
exciton like, and thus the transition rate between the branchesr (q) is given by

r(@) =K bIb; (28)

where K@ IS arate-constant, assumed to be constant at all angles and branch separations. As the
Rabi-splitting between the branches is much larger than kT , we assume that population transfer
occurs from the upper to the lower branch only, and that there are no back-transfer processes.

We now consider the radiative decay of the polariton states. The radiative decay time of a
polariton state t, (q) is given by

@) = 3% 29)

wheret c.y is the escape time of an uncoupled photon from the cavity.
The relative populations of the upper [Ny(q)] and lower [N (q)] polariton branches can be
described with the two rate equations:

N == T+ NG + R ) @
Nu@) = - T4 - T @N@) +R () @

Here, the first term on the right-hand-side describes the radiative depopulation of the branches.
The second term represents the population transfer from the upper to the lower branch, and the
last term describes the filling of the upper and lower branches from the exciton reservoir. As our

experiments measure the cw emission from microcavity, we set Nu= N, =0. The emission
intensity from the cavity [l,.] can be expressed in terms of the relative polariton population and
its radiative decay time:
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Our model only includes population transfer between branches, it does not account for any
redistribution along each polariton branch by intra-branch scattering. Such intra-branch scattering
processes have been shown to only become significant at laser fluxes much larger than that used
in this experiment (i.e. > 50 kW m?) [Sasha2].

Figure 20 shows a fit of equations 18 and 19 to the measured angular dependent intensity
from the upper and lower branches. The only free variables used in the fit was the product of
Kuwe L.tcav (Which represents the relative competition between the inter-branch transition rate and
radiative decay) and F . We determine a best fit using a value of Kye | .tcay = 4.5. The measured
data points are shown as solid circles, and the best fit to the data is shown as full lines. The
agreement between the data and the fit is quite reasonable and in particular it replicates the strong
asymmetry in emission intensity observed between the upper and lower branches. Using a bare
cavity linewidth of 20 meV, we calculate a photon escape-time from the cavity of tcq~ 35 fs. The
transition rate between the branches [r (g)] is given by equation 13. This term takes its maximum
value at resonance, where both bj =b?= 0.5, with their product being equal to 0.25. In this
microcavity, resonance between the photon and exciton occurs at 42.5°, thus the maximum

transition rate from the upper to the lower branch is given by r(42.5°) =0.25K, . From the
best fit, we determine an inter-branch transfer time at resonance to be tans » 30 fs. The decay
time of the cavity polaritons can be calculated using equation 14. Using a cavity escape time of
tcav = 35fs, we calculate that at resonance, the upper or lower branch polariton states decay with
a lifetime of t, (425°)»70fs [footnote]. As the transfer time between branches is
approximately half that of the polariton decay time from either branch, it is apparent that inter-
branch transfer process will dominate over radiatve decay. In fact, we caculate that
approximately 80% of all of the the upper branch polaritons transfer to lower branch states.

The time-scale for the inter-branch transition predicted by our model is ~ 30 fs. In many
molecular systems, both in solution and in the solid state, there are intramolecular vibrational
energy redistribution processes that occur over time scales of a few tens of femtoseconds or less
[Book]. Thus the inter-branch population transfer proposed here could be thought of being
analogous to the ultra-fast relaxation processes that occur through coupled vibrationa states

1.7 Photon Emission Following Resonant Excitation

We now review our work on studying the emission from a strongly-coupled organic
semiconductor microcavity that has been excited resonantly using a laser [ref]. Under resonant
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excitation, photons having energy and in-plane momentum equal to one of the polariton modes
are incident on the cavity. These photons can then directly excite a cavity polariton state. In
microcavities containing inorganic quantum wells, a number of effects have been studied
following resonant excitation, including the temporal dynamics of polariton emission [Sermage,
Savona , Norris2], polariton mediated Raman scattering [Fainstainl, Fainstain2, Sasha], polariton
relaxation mechanisms [Stanley2] and (bosonic) stimulated scattering [ Stevenson, Savvidis).

1.7.1 Resonant Excitation Measurements

We have again explored the properties of strongly-coupled microcavities containing the J
aggregates shown in figure 7(a). The resonant excitation of the microcavities was achieved using
a tunable cw Ti-sapphire laser. In these experiments, the cavity was placed in a cryostat with
wide angular access. Experiments were carried out over the temperature range 60 - 300 K. The
experimental setup is shown schematically in the inset of figure 21. Here, the laser is incident on
the sample surface at an angle Q. The energy of the incident laser photons is fixed to the energy
of the polariton state at that angle. The photon emission is then collected at an angle F. Fig.
21(a) snows a series of spectrarecorded at T = 120 K for excitation at Q = 34°, and detection at a
series of angles between F = 0° to 18°. It can be seen that each spectrum is composed of a
relatively broad emission peak, with additional sharp features superimposed at 1.698 and 1.699
€V. The broad emission occurs from radiative-decay of polaritons that have scattered down in
energy along the lower branch. We find that the energy of the sharp features are independent of
collection angle, with the strongest sharp line occurring a an energy of 73.4 meV below the laser
line. Fig. 22 shows a schematic sketch of the experimental methodology. The solid arrows
indicate transitions to different states that can be probed by angle-tuning.

To determine the origin of the sharp peaks, spectra were recorded for fixed angles of
excitation (Q) and detection ). However now, the energy of the laser was varied, tuning it
through resonance with the lower polariton branch. A series of spectrarecorded at T = 120 K are
presented in Fig. 21(b). As expected the lower polariton branch emission energy is constant, as
the angle of detection is fixed. However, the energy of the sharp lines superimposed on the
broader PL peak depend strongly on the laser energy. The energy separation between these peaks
and the laser is constant with a separation of -73.4 meV below the laser line being found for the
strongest line. The laser tuning experiment is represented in the diagram of Fig. 22 by the dashed
arrows. The constant energy separation from the laser energy, independent of laser energy and
angle of detection, provides strong evidence that the sharp features arise from an inelastic
scattering process, namely Raman scattering. It can be seen in the Raman spectra shown in figure
18, that there is indeed a strong Raman line (that originates from a vibrational mode of the
Cyanine monomer) at 73 meV.

We present further evidence to support the assignment of Raman scattering to the sharp
features shown in figure 21(a) and (b) in Fig. 21(c). Here, polariton emission spectra recorded at
300 K are presented, generated under conditions of resonant excitation into the lower polariton
branch at Q » 0° at an energy of 1.707 eV. The polariton emission is now observed at energies up
to nearly 80 meV above the excitation energy, due to the large thermal energy of equilibrium
polaritons at 300 K. A relatively weak sharp feature is also observed at 1.781 €V, corresponding
to an energy of +73.4 meV above the laser energy. This sharp feature arises from anti-Stokes
Raman scattering. This process occurs as the phonon population at 300K is sufficient to allow the
anti-Stokes companion of the Stokes features observed at lower temperature in Figs 20(a) and (b)
to be detected. It is important to note that in contrast to inorganic microcavities where strong
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coupling effects are only easily observed at T<100 K due to the small exciton binding energies
and Rabi splittings, the polaritons in organic structures are stable at room temperature and above.
This high temperature stability permits the observation of the anti-Stokes resonant Raman
process for the first time in a strongly coupled microcavity.

1.7.2 The Generation of Raman Emission in a Microcavity

In can be seen from Figs 21(a) and (b), that the Raman intensities are maximised when
they are in resonance with the polariton emission peaks. In Fig. 21(a), the excitation is in
resonance with the lower polariton branch at 34°. Thus for detection at 10.5° where the Raman
intensity is maximum, both incident and scattered photon energies coincide with lower polariton
branch states. In this case the double resonance condition is achieved (the thick arrow in the
diagram of Fig. 22). Similarly in Fig. 21(b), where the laser energy is tuned, the maximum in
Raman intensity is found when both the laser and the scattered photons are resonant with the
polariton dispersion curves.

Raman scattering in a microcavity can be though of as the result of three steps. 1) The
transmission of a photon into the sample and conversion to a polariton, 2) phonon-mediated
scattering from one polariton state to another, 3) the subsequent propagation and transmission of
the scattered polariton and conversion to an external photon. The transmission of a photon into
the cavity at any particular angle (1) is maximised when its energy coincides with the energy of a
photon-like cavity mode. Similarly in process 3, the escape of a photon from the cavity at any
particular angle is also maximised when the energy of the photon coincides with the energy of a
photon-like cavity mode. On the basis of this, we can understand the observed energy and
angular dependence of the Raman signal: In angle tuning experiments, the energy of the cavity
mode (which can be identified by the polariton emission) is tuned through the energy of the
Raman scattered photon. The escape of the Raman photons from the cavity is therefore
maximised when their energy coincides with the energy of the polariton emission (schematically
shown in fig. 22). In energy tuning experiments, both the efficiency of transmission of the
photons in and out of the cavity are varied. Again, the Raman scattering efficiency is maximised
when the energy of the incident laser and the Raman photon coincide with points on the lower
branch.

Control experiments have demonstrated that the Raman scattering efficiency in the
microcavities (characterised by a finesse of Q » 50) under double resonance conditions is about
300 times larger than that for the a non-cavity control sample of Jaggregates in PVA. It has been
shown that the enhancement of the Raman efficiency is a strong function of the magnitude of the
confined optical field within the cavity, which is itself a function of cavity finesse. High finesse
inorganic cavities with Q ~ 2000 have been reported to show enhancements up to 10
[Fainstain3]. We therefore conclude that our measurements are in good accord with the optical
processes that occur in inorganic semiconductor microcavities.

The cavity induced enhancement of Raman scattering is particularly interesting for
investigations of non-linear processes. Recent studies of resonant Raman scattering in conjugated
polymer thin films have exhibited non-linear character under high power pulsed laser excitation
[Shkunov]. The significant enhancements of Raman scattering found in this work therefore
suggest interesting opportunities for the investigation of non-linear processes in strongly coupled
microcavities [Bradley] using high levels of resonant pulsed laser excitation
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1.8 Photon-Mediated Hybridisation between Frenkel Excitons

Recently a number of authors have studied the interaction between different optical and
electronic excitations in a microcavity. In the weak-coupling regime, it has been clamed that the
optical structure of a microcavity can be used to enhance dipole-dipole interactions [Hopmeier2,
Andrew, Ginger]. These observations have yet to be validated theoretically [Basko], and it is
clear that more research in this area is needed. However it is clear that modifying electronic
processes by control over optical nanostructure would be an attractive and exciting prospect.
Coupling between different optical and electronic excitations has also been studied in the strong-
coupling regime. Here, the interactions between two inorganic QW exciton states with a single
photon state [Wainstainl] two photon states with a single (inorganic) exciton state [Barmy?2], and
two (inorganic) exciton states interacting with two photon states [Barmy3] have been reported.

In this section, we review our recent work [Lidzey3, Lidzey7] on the fabrication of
microcavities containing two different types of organic semiconductor, both of which are strongly
coupled to the same cavity mode. As discussed in section 1.5, strong-coupling in a microcavity
necessarily implies that the excitonic states within the cavity are all driven coherently by the
same optical field. As we will show, simultaneous strong coupling of the individual exciton
species to a single cavity-photon mode leads to new eigenmodes that can be described as exciton-
photon-exciton admixtures of the three states  One may think of this coupled system in terms of
a photon-mediated hybridisation of the two exciton states. This hybridisation therefore coherently
couples the two different organic semiconductor materials. We will show that such systems are
analogous with biological light-harvesting complexes, which are able to mediate long-range
energy transfer.

1.8.1 Hybrid Semiconductor Microcavities

To achieve a photon mediated hybridisation between two organic semiconductors, it is
necessary to choose a combination of materials, whereby (i) each individual materia can
strongly-couple to a cavity photon, and (ii) the energy separation (?E) between the transitions of
the two semiconductors must not be much greater than the Rabi-splitting energy. To achieve
these conditions, we have utilised the two cyanine dyes shown in figs 7(a) and (b). For smplicity,
we label these materials Ex; and Exo. The difference in their peak absorption energy is
approximately 60 meV which is comfortably less than the Rabi-splittings of 80 meV that we
observe in single component microcavities. The generic structure of the microcavities that we
have fabricated is shown in figure 23. The cavity medium between the DBR and the metallic
mirror is composed of two Jaggregate films separated by a 100 nm thick layer of the transparent
dielectric polymer polystyrene. This ensures that the only coupling that can occur between the
two exciton species is that mediated by a cavity photon, as short-range dipole-dipole interactions
are characterised by Forster transfer radii of typically lessthan 10 nm.

Figure 24(a) shows a series of reflectivity spectra measured at increasing viewing angle
(spectra are displaced vertically for the sake of clarity). The vertical dotted lines correspond to
the peak absorption energy of the Ex1 and Ex2 excitons in a non-cavity control film. At 15°, a
strong dip can be seen at 1.72 €V, which corresponds to the cavity photon Two other features
are also apparent at 1.79 and 1.87 eV, which correspond to the Ex1 and Ex2 exciton-like modes.

The energy of three modes as a function of angle is plotted in figure 24(b) with the solid dots
being the measured data points. The energy of the uncoupled excitons is shown as horizontal
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dotted lines. As in the single component cavity, the polariton branches undergo anti-crossing
around the absorption energy of the two different exciton modes.

We describe this system using a model based on the interaction of two excitons and one
photon mode, and we write the matrix equation

cav O A
g‘t (k)- E Vi v, %ag_
: Vi Epxi-BE 0 =0 (35)
V2 0 Epo B9

where Ev, Egyq and Egyo are the energies of the non-interacting cavity photon and the two
excitons and E are the eigenvalues of the coupled system. V71 and V», are the interaction
potentials between the photon and each of the two excitons and a, b and g are the coefficients
that correspond to the bare photon, and the Ex; and Ex, exciton modes respectively. The same

result can be obtained using the macroscopic approach (summarised by equation 20) using a
dielectric constant with two different resonances We therefore write

f1 f2
36
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wherew; and w- are the frequencies of the two resonances, and f; and f, are their corresponding
oscillator strengths.

However we proceed using equation 35 to describe the energy of the polariton branches.
The matrix is diagonalised, and then fit to the experimental data as was demonstrated for a single
component cavity. The solid lines in figure 22(b) are the eigenvalues predicted using the coupled
oscillator model. Our best fit used values for the exciton energies of Bex1 = 1.762 eV, Eex2 =
1.857 eV, and predicts Rabi-splittings of (W/2p).W,, = 77.5 meV, (W2p).W,, = 78.9 meV. The
exciton energy used in the model varies dightly from the measured values (1.778 eV, 1.842 V),
however such shifts can be explained by the asymmetric linewidths of the J-aggregate excitons
[Barmy, Ell]. As the energy separation between the excitons (60 meV) is smaller than the Rabi-
splittings between the branches, it is possible for the photon to interact with both exciton modes
simultaneously, forming a coherent superposition of particles.

Figure 25 shows the eigenvector coefficients used to describe the 3 cavity branches. It can
be seen, that the upper and lower polariton branches are mainly composed of a superpositon of
the cavity photon (a), and either Ex1 (b) or Ex2 (g). However, there is a mixing between al
three modes in the central branch, and at 30° the middle branch contains approximately equal
amplitudes of the cavity photon and the two exciton species. A hybrid state has thus been created,
delocalised throughout the cavity, which is composed of coherently coupled excitons spatially
separated by some 100 nm. It is interesting to consider whether it will prove possible to utilise
our system as the basis for efficient long-range energy transfer. We can perhaps view the hybrid
exciton state supported by this cavity as linking two cavity-polariton states, each of whose
excitonic components are widely physically separated. In section 1.6 we demonstrated that the
emission intensity from a microcavity containing a single organic semiconductor could be
explained using a phonon-mediated energy-transfer process between the upper and lower
polariton branches. In this hybrid semiconductor microcavity, a similar energy transfer process
between (for example) the upper polariton branch to the lower branch would involve the
movement of energy, as the excitonic components associated with these branches are physically
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separated. If such a system could be demonstrated, it could, in principle provide a method to
move energy via a cavity photon over distances much larger than is permitted by direct dipole-
dipole coupling.

It isintriguing to consider whether there are similarities between the phenomena we have
been studying and the processes that occur in natural photosynthesis. The observed behaviour of
the light-harvesting complex in funneling energy to the reaction centre and the subsequent
electron transfer that initiates the energy conversion process pose many intriguing questions.
These processes are extremely fast and efficient and are believed to involve coherent excitations
of severa different molecules [Fleming]. In the light harvesting complex, there are expected to
be many energy transfer processes between closely separated and efficiently coupled
chromophores before trapping on the reaction centre, yet the overall efficiency is still near unity.
In this situation, the Forster dipole-dipole description of energy transfer is expected to be limited
because the point dipole approximation breaks down and transfer occurs from excited vibrational
levels. In addition, the chromophore units are considered to be strongly-coupled with exciton
splittings of ™ 25 meV that are larger than the inhomogeneous linewidths. Short time energy
transfer may well then be akin to the scattering processes between coupled exciton levels that are
discussed, albeit in adifferent context, above.

1.9 Future Prospects

In this chapter, | hope that | have communicated some of the interesting features of our
research programme on strongly-coupled organic semiconductor microcavities. The interest and
novelty of this research area comes in part from the significant difference between the properties
of Mott-Wannier excitons, (which have been studied in detaill in microcavities), and Frenkel
excitons. It is already clear that such differences result in the formation of optical structures that
have very different optical properties. So far, we have shown that because of the large oscillator
strength of Frenkel excitons, we can achieve strong coupling at room temperature, and can
observe ‘giant’ Rabi-splittings. We have also shown that the large binding energy of Frenkel
excitons allows the observation of anti-stokes Raman scattering in a microcavity for the first
time. We anticipate that there will amost certainly be more new effects waiting to be discovered.
Such experimental work will, by necessity, have to be coupled with high level theoretical
investigation to alow a full picture of the physics of organic semiconductor microcavities to
devel oped.

One area that is likely to be particularly promising is the study of stimulated scattering
effects. At present, this area is generating considerable excitement in the inorganic semiconductor
microcavity community. It has been shown [Stevenson, Sawvidis2, Saba, Huang, Dang] that
under resonant pumping, highly non-linear processes occur. Such effects originate because of the
bosonic character of cavity polaritons. At a certain pump power, the number density of a
particular polariton state (usually one with zero in plane momentum) can stimulate the scattering
of other polaritons into the same state. The strong increase of fina state population corresponds
to a“condensation” to a polariton mode with macroscopic occupancy, the phenomena possessing
a number of similarities to Bose-Einstein condensation. It has been shown [Saba] that the
maximum temperature at which such a process will occur is a function of the binding energy of
the excitons within the cavity, and thus strongly-coupled organic excitons are likely to display
such scattering effects at room temperature. It has been proposed that such structures could find
applications as ultra-fast optical switches and amplifiers.
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Finally, recent theoretical work has discussed the optical properties of hybrid organic-
inorganic structures [Agranovichl, Agranovich2]. It is predicted that a microcavity which
contained strongly-coupled Mott-Wannier excitons and Frenkel excitons would alow the
creation of hybridised systems, where the characteristics of the organic and inorganic excitons
would both in some measure be present in a hybrid-polariton state. Such structures may be of
significant importance in creating new types of semiconductor optoelectronic devices and in
generating optical structures having enhanced optical non-linearity.

Appendix

Our experimental measurements have demonstrated that organic semiconductor
microcavities can show Rabi-splittings at least an order of magnitude larger than those typically
found in organic semiconductor microcavities. Such enhancements in splitting can be understood
using equation 7. The total optical path length in a microcavity (L) is given by

L = Lo +Loge (Al
where L. is the distance between the two cavity mirrors, and L is the total penetration of the

optical field into the cavity DBRs. The optical penetration into a single dielectric mirror Lpgr IS
given by
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where | is the wavelength of the light in the cavity, nc is the refractive index of the material
within the cavity, and ny (n.) is the refractive index of the high (low) layers which comprise the
dielectric mirror.

In table 1 below, we compare numerically the optical properties of an inorganic
microcavity and the organic 4TBPPZn cavity that demonstrated a 160 meV Rabi-splitting.

Parameter Inorganic I11-V QW Organic4TBPPZn
Cavity Cavity
Cavity structure 20 pair DBR / cavity / 18 pair | 9 pair DBR / cavity / Silver
DBR
DBR Mirror composition AlyGas-xAs (n. = 3.08) SO, (n_=1.45)
AlAs (ny = 3.66) SixNy (N4 = 1.95)
Cavity material and ref. index GaAs, 3 In,Gag.yAs QWs 4TBPPZnin PS,
nc = 3.08 n.=1.63
Penetration in each DBR (LpgR) 161 0.871
Cavity path-length (L) | | /2
Total optical path-length (Lefr) 421 1.371
Cavity operational wavelength 855 nm 430 nm
Total physical cavity length 1165 nm 360 nm
Rabi-splitting energy 5 meV 160 meV
Oscillator strength per QW 4.2 x 10 cmi“ -N/A -
Effective oscillator strength 1.05 x 10" cm? ~10® cm’®
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In Table 1, the effective optical cavity length of the organic microcavity is calculated
assuming the penetration of the optical field into the metallic mirror is negligible. The physical
length of the cavity is then obtained by dividing the optical cavity length by the cavity refractive
index (n.). The effective oscillator strength of the inorganic QWSs used above takes into account
that not al of the QWs are located at an antinode of the confined optical field. This reduces the
effective oscillator strength of the 3 QWs to 2.52 finorg, Where finorg is the oscillator strength of a
single QW. The effective oscillator strength of the organic 4TBPPZn layer within the cavity can
then be estimated using

R 2 jorg Qﬂ A/ 02

f — f norgLeff org -~ (A3)
org Inorgé 2 Linorg S\W -
r-]i norg—eff inorg a

It can be seen from Table 1, that the effective oscillator strength of the material used in the cavity
that had a 160 meV splitting is approximately 100 times larger than the effective oscillator
strength of 3 111-V QWs. This enhanced oscillator strength is anticipated to increase the Rabi-
splitting by a factor of 10 times. An additional enhancement of the Rabi-splitting also arises
because the optica field is more effectively concentrated in the region of the organic
semiconductor material. In eqgn A3, the term describing the spatial extent of the optical field
(rPLet) is 11 times larger in the inorganic cavity compared to the organic cavity. This occurs
because of the low refractive index of the organic semiconductor and because the cavity utilises a
metallic mirror in the place of one of the DBRs. The effect of the increase in the optical field in
the region of the semiconductor increases the Rabi-splitting by a factor of J11=33.
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