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Abstract 

The confinement of a semiconductor material to an optical microcavity leads to an 

inherent coupling between light and matter.  Depending on the lifetime of the excited 

state of the semiconductor (the exciton) and the cavity photon, two distinct regimes of 

interaction are possible.  The system is said to be weakly coupled if either the exciton or 

the cavity photon decay before the two species interact.  Weak exciton-photon coupling 

results in a modification of the exciton lifetime, the spectral shape, and the angular 

dispersion of emission from the microcavity.  Conversely, when the lifetimes of the 

exciton and cavity photon are long enough so that an interaction occurs prior to either 

state decaying, the regime of strong exciton-photon coupling is realized.  The timescale 

for coupling is the Rabi period, which depends on exciton and cavity parameters 

including the exciton oscillator strength and transition linewidths.  The eigenstates of the 

strongly coupled system are known as microcavity polaritons.  Microcavity polaritons 

have unique properties arising from their mixed exciton-photon character, permitting the 

realization of novel optoelectronic devices.  Organic semiconductors are attractive for 

application in strongly coupled systems due to their large exciton binding energy (~1 eV), 

which permits a robust coupled state that is stable at room temperature and under 

electrical excitation.  In addition, organic semiconductors exhibit large exciton oscillator 

strengths (~1015 cm-2) resulting in a strong interaction between the cavity photon and the 

exciton.  We aim to better the understanding of polaritons in organic semiconductor 

microcavities to push the field towards novel optoelectronic devices.   
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Figure 2.7 (a) Modified excitonic energy level diagram as a result of strong exciton-
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 xiii 

benzimidazolium hydroxide (TDBC), a molecular J-aggregate.  Inset: An ordered 
alignment of dye molecules referred to as a J-aggregate and the molecular structure 
of TDBC. 66 

 
Figure 2.22 The above table gives an overview of the material specific properties for 

strong coupling materials. (a) Tetra-(2,6-t-butyl)phenylporphyrin zinc (4TBPPZn) 
(b) tetracene (c) (5,6-dichloro-2-[3-[5,6-dichloro-1-ethyl-3-(3-sulfopropyl)-2(3H)-
benzimidazolidene]-1-propenyl]-1-ethyl-3-(3-sulfopropyl) benzimidazolium 
hydroxide (a J-Aggregate dye) (d) poly[bis(p-butylphenyl)silane] (PBPS) (e) 3,4,7,8 
napthalenetetracarboxylic dianhydride (NTCDA) 68 
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fits to the data based on a coupled-oscillator model while the uncoupled exciton 
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mA/cm2.  Inset: Molecular structure of Alq3. 99 
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Figure 4.7 The index of refraction (n) and extinction coefficient (k) for a 75-nm-thick 

thin film of TPP on Si.  The two damped two-branch coupled coupled-oscillator 



 

 xvi 

model fit of the microcavity dispersion of Fig. 4.6c yields a comparable index of 
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Chapter 1 A Review of Organic Semiconductors 

 

1.1  Introduction 

 Semiconductors are broadly classified as materials with conductivities between 

that of metals and insulators.1  The study of these materials has led to the discovery of 

many electronic devices which are instrumental to the way society functions.  Examples 

include light-emitting devices (LEDs), photovoltaic cells (PVs), photo-detectors, optical 

and electrical amplifiers, lasers, transistors, etc.1-4  To date, the vast majority of 

commercially available products incorporating electronic devices are comprised of 

inorganic semiconductors such as Si, Ge, GaAs, etc.1,4  For example, direct band gap 

semiconductors, like GaN and GaAs, are commonly used materials in LEDs and lasers, 

while integrated circuits are typically fabricated from Si.1,3,4  It was not until the 

fundamental demonstrations of an efficient organic photovoltaic cell (OPV) and light-

emitting device (OLED) by Tang that organic semiconductors began to also receive 

consideration as active materials in optoelectronic devices.5,6  This work signaled the 

beginning of an organic electronics revolution, which has allowed for the demonstration 

of high performance organic electronic and optoelectronic devices.5-29 

Organic semiconductors are a broad class of materials exhibiting a variety of 

interesting properties.30  For example, these materials are particularly well-suited for use 

as light-emitters given their broad luminescence spectra and potential for near continuous 

tunability across the visible spectrum.30  The broad absorption spectra of organic 

semiconductors make them exceptional materials for employment in PVs as well.30  
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Beyond their excellent optoelectronic properties, organic semiconductors are Van der 

Waals solids, rendering them compatible with high-throughput processing techniques and 

compatible with a wide variety of substrates including glass, metal foil, plastic, etc.31-34  

This potential for low-cost processing has driven the substantial interest in these materials 

as a platform for next generation optoelectronics.18,23-29,31-46  

 

1.2  Organic Molecules as Semiconductors 

Organic materials, defined as any compound containing carbon, are generally 

classified as insulators.  Conjugated organic small molecules and polymers, however, are 

the exception (Fig. 1a).30  In these materials, two of the three mutually orthogonal p 

orbitals of carbon mix with the 2s orbital to form three hybridized sp2 orbitals.  The 

residual p orbital remains unaltered and is oriented perpendicular to the plane of the sp2 

hybridization.  The spacing between neighboring carbon atoms in a conjugated molecule 

results in overlap of the non-hybridized pz orbitals.  In this case, the p-orbitals create a π-

 
Figure 1.1 (a) The molecular structure of naphthalene, a conjugated molecule exhibiting, by 
definition, alternating single and double bonds.  (b) Schematic showing the non-hybridized p 
orbitals, π-bonding and the resulting electron delocalization. 

(a) (b)
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bond establishing a delocalized cloud of electrons (Fig. 1b).30  It is the delocalized 

electrons which strongly determine the optical and electrical functionality of the material. 

The delocalized electrons in these materials form the highest-energy occupied 

molecular orbital (HOMO) and lowest-energy unoccupied molecular orbital (LUMO) 

energy levels.30  The HOMO and LUMO levels in a molecular system are qualitatively 

analogous to the valence and conduction bands of an inorganic semiconductor.  

Ultraviolet photoelectron spectroscopy (UPS) and inverse photoelectron spectroscopy 

(IPES) are used to determine the position of the HOMO and LUMO, respectively.30  As 

such, the HOMO is the ionization potential while the LUMO is the electron affinity.47,48  

As in inorganic semiconductors, the gap in energy between the HOMO and LUMO is 

comprised of unavailable states and is termed the energy gap.  The energy gap is realized 

from optical absorption measurements.   

 

1.3  Molecular Excited States 

When an electron is excited from the ground state (HOMO) to an excited state via 

absorption of electromagnetic radiation (light), a hole is left behind in the HOMO (Fig. 

1.2).  The low dielectric constant of organic semiconductors results in a strong coulomb 

attraction between the negatively charged electron and positively charged hole.  The 

consequence is a tightly bound electron-hole pair referred to as a Frenkel exciton.30  

Optical or electrical excitation of organic semiconductors leads to the formation of 

Frenkel excitons.  This is inherently different than the case of inorganic semiconductors 
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Figure 1.2 The highest-energy occupied molecular orbital (HOMO) and lowest-energy 
unoccupied molecular orbital (LUMO) energy levels in a molecular system.  An electron is 
excited from the ground state (HOMO) to an excited state (LUMO) via absorption of 
electromagnetic radiation (light).  This results in a strong coulomb attraction between the 
negatively charged electron and positively charged hole left behind in the HOMO.  The 
consequence is a tightly bound electron-hole pair or Frenkel exciton. 

HOMO

LUMO

HOMO

LUMO

where optical excitation leads to free electrons and holes, or a loosely bound Wannier-

Mott exciton.30 

 

The difference is manifested in the exciton binding energies of organic and 

inorganic semiconductors.  Due to the large dielectric constant of inorganic 

semiconductors, the electron is electrostatically shielded from the hole resulting in a 

weakly bound Wannier-Mott exciton.30,49  For example, the exciton binding energies of 

CdTe and GaAs are 4.8 meV and 10.0 meV, respectively.49  At room temperature, the 

thermal energy ~25 meV is more than enough energy to dissociate the exciton into free 

charge carriers in the valence and conduction band.  In contrast, the exciton binding 

energies of organic semiconductors can be >100 meV leading to robust excited states that 

are stable at room temperature and under high electrical and optical excitation densities.30  
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Careful consideration of the differing binding energies of organic and inorganic 

semiconductor excitons is imperative when studying exciton-photon coupling in optical 

microcavities (discussed in Chapter 2).   

1.3.1  Singlet and Triplet Excitons 

When an exciton is created via absorption of electromagnetic radiation, an 

unpaired electron (often referred to as a hole in the context of excitons) is left behind in 

the HOMO energy level.  The unpaired electron in the HOMO and the electron excited 

from the HOMO to LUMO can assume two different spin orientations.  Consequently, 

four different spin combinations are possible for the exciton.50  The possible orientations 

can be well understood by considering a simple vector model for the electron spin states 

(Fig. 1.3).  Each carrier is visualized as being a rotating vector (about the z-axis) 

generating orbital momentum.50  Each vector can either be spin up or spin down, 

corresponding to the direction of orientation.  The total spin of the exciton is calculated 

by adding the spin vectors of the constituents.  A triplet exciton is formed when the two 

spins are precessing in-phase producing a total spin of S=1 shown in Fig. 1.3.50  If the 

spin vectors are rotating out of phase, they are oriented anti-parallel and collinear 

resulting in exact cancellation and a net spin of S=0 (singlet).50  Singlet and triplet states 

differ in both their energy level structure and in their transition lifetimes. 
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Figure 1.3 Vector schematic of triplet and singlet excitons.  Triplet excitons have in-phase 
spins and thus a net spin S=1.  Singlet excitons have anti-parallel spins resulting in a net spin 
S=0. 

S=1 S=0

Triplet States Singlet States

zzz z

zzz

1.3.2  Electronic Transitions in Organic Semiconductors 

 The electronic transitions of organic semiconductors are usually depicted using a 

Jablonski diagram.51,52  Figure 1.4 shows a generic energy level diagram for an organic 

semiconductor.  S0, S1, and S2 refer to the ground state singlet, 1st excited state singlet and 

2nd excited state singlet, respectively.30  Each excited state contains vibronic transitions 

denoted as 0, 1 and 2.  When an organic semiconductor is excited optically through 

absorption, an excited state is created (S1, S2 or Sn).  From the excited state, the exciton 

rapidly relaxes to the lowest vibronic level (0) of the lowest energy excited state (S1).  

This process is referred to as internal conversion and is accompanied by a dissipation of 

energy in the form of heat (phonon emission).  Following internal conversion, the S1 

excited state generally relaxes from the lowest vibronic level of the electronic manifold to 

any vibronic level in the ground state (known as Kasha’s Rule).30  In the simplest picture, 

the relaxation process can occur via two different mechanisms, radiative or non-radiative 

decay, each specifies the method of energy dissipation through emission of photons or 
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phonons, respectively.  The former is referred to as luminescence.  The rates of each 

decay process determine the emission efficiency or photoluminescence efficiency, ΦPL:50 

Φ� � ��
������ �

��
����                                                                                                     (1.1) 

In Equation 1.1, kR and kNR denote the rates of radiative and non-radiative decay, 

respectively.  The non-radiative decay rate strongly impacts the photoluminescence (PL) 

efficiency.  Additional sources of excited state decay could be separately accounted for 

by including additional terms in the denominator of Eqn. 1.1.  These may include 

bimolecular quenching and intersystem crossing.53,54 

 Intersystem crossing is a process by which a singlet exciton is converted to a 

triplet.  Such a transition is quantum mechanically unfavorable due to the required spin 

flip and thus is unlikely for most organic semiconductors.50  Nevertheless, once an 

exciton is converted to a triplet (T1), it may undergo further relaxation to the ground state 

 
Figure 1.4 Energy level diagram for a generic organic semiconductor.  S0 is the ground state of 
the molecule.  S1 is the first excited state.  The 0, 1, and 2 designate vibronic sublevels.  In 
some cases, excited states may undergo intersystem crossing to triplet excited states which are 
represented as T1. 
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singlet through radiative or non-radiative decay.  The former is referred to as 

phosphorescence.  Typically, triplet states in organic semiconductors are non-emissive 

and thus undergo non-radiative decay to the ground state.  This is attributed to the spin 

flip requirement for a triplet exciton to radiatively relax to the ground state singlet. 

Phosphorescence, however, is enhanced in a number of organic semiconductors 

exhibiting large spin-orbit coupling.50  Spin-orbit coupling is an interaction of the 

electrons motion with its spin.  The specific mechanism responsible is the magnetic 

torque applied to the electron as it approaches the nucleus.50  This effect increases as the 

atomic mass of the nucleus increases, hence, molecules comprised of heavy metal atoms, 

such as Ir, Pt, Pd Eu, etc., have a greater probability of exhibiting large spin-orbit 

coupling.50  Large spin-orbit coupling generally provides enough torque to allow for 

exciton spin flips, effectively making the transition from singlet to triplet more probable.  

In these systems, the singlet and triplet states are effectively mixed allowing for efficient 

phosphorescence and intersystem crossing.8-10,19,46,55-61  

The relaxation dynamics or timescales of the processes described above and 

shown in Fig. 1.4 ultimately dictate what transitions will occur following the excitation of 

an organic semiconductor.  For example, vibronic transition rates (~1012 s-1) are much 

faster than fluorescence rates and thus rapid relaxation occurs prior to fluorescence (~109 

s-1).52  In large spin-orbit coupling systems, intersystem crossing may occur before 

fluorescence and the phosphorescence rate is drastically enhanced (~106 s-1) resulting in 

efficient triplet luminescence.8,30,50,55,56,58  The relative rates of the processes in Fig. 1.3 

are summarized in Table 1.1. 
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Table 1.1 Summary of the transition rates of the processes in Fig. 1.3.
50 

                    Process Rate [s
-1

] 

Absorption 1015-1016 

Internal Conversion 1012 

Fluorescence 109 

Intersystem Crossing 104-1012 

Phosphorescence 10-2-106 

 

1.3.3  Optical Transitions 

 The probability for a particular transition to occur goes beyond the simple 

Jablonski diagram exhibited in Fig. 1.4.  Fermi’s golden rule states that the transition 

probability (λif) depends on the strength of coupling between the initial and final state and 

the number of ways the transition can happen (i.e., the density of final states, ρf):
30 

��� � ��
ħ
��������,                                                                                                          (1.2) 

where ħ is the Dirac constant and Mif is the matrix element for interaction between the 

initial and final state.  The matrix element can be written in the form of an integral where 

the interaction causing the transition is expressed as a potential V operating on the initial 

state wavefunction (Ψi):
30 

��� � ���∗ �� !",                                                                                                        (1.3) 

where Ψf is the final state wavefunction.  The integral is over all space (dv) and takes on 

the form of an expectation value which is the expected average value of a physical 

quantity in quantum mechanics.  In this case, Eqn. 1.3 represents the expectation value of 
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the transition dipole moment.  The transition probability is thus proportional to the square 

of the expectation value of the transition dipole moment and the density of final states.30  

In a more simplified depiction, the transition probability is determined by the 

wavefunction overlap between the initial and final state.30  Both the initial and final state 

for the molecular orbital can be represented as parabolic potential wells with discrete 

energy levels corresponding to vibronic transitions.  The absorption intensities are thus 

determined by the wavefunction overlap between the 0th vibronic level of the ground state 

S0 and any of the vibronic levels in the excited state S1.
30  Conversely, the fluorescence 

intensities are determined by the wavefunction overlap of the 0th vibronic level of S1 and 

any vibronic level of S0.
30  As a result, the fluorescence of a particular organic molecule 

reveals the vibronic character of the ground state, while absorption reveals the vibronic 

character of excited states.  Both of these processes are shown in Fig. 1.5 along with the 

resulting spectra based on the wavefunction overlap. The red-shift between the 

fluorescence and absorption is a result of the Frank-Condon principle.30  Following 

absorption, the nuclei re-order within the molecule before emission occurs.  This re-

ordering causes a shift of the nuclear coordinate (R, Fig. 1.5) of the molecule as 

compared to the ground state.50   
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1.4  Excited State Energy Transfer 

The transfer of energy between like or dissimilar molecules is extremely 

important when considering the design of high efficiency OLEDs and PVs, or the 

migration of excitons in a film.8,9,46,57-60  For example, doping highly fluorescent guest 

molecules into a host film has shown to improve the efficiency of an OLED.7  This 

method takes advantage of the large photoluminescence efficiency of the dilute guest 

 
Figure 1.5 Illustration of Fermi’s golden rule. Emission and absorption probabilities are 
determined by the overlap of the excited and ground state wavefunctions.  The relative 
intensities of the absorption and emission features are determined by the magnitude of 
the overlap. 
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molecule, reducing the degree of exciton quenching often observed in neat solid films.  

There are three mechanisms responsible for exciton energy transfer. 

1.4.1  Cascade Energy Transfer 

Cascade energy transfer (or trivial energy transfer) is a process by which an 

exciton is transferred via emission of a photon from a donor molecule which is re-

absorbed by an acceptor molecule.50  The rate of such a process is reliant on the emission 

efficiency of the donor, the acceptor absorption cross-section coefficient and the spectral 

overlap between the emission spectrum of the donor and the absorption spectrum of the 

acceptor.50  This process can be a long range process, typically more than 100 Å.30 

1.4.2  Förster Energy Transfer 

Förster transfer is another mechanism for excitonic energy transfer.  It occurs 

between an excited molecule (donor) and non-excited molecule (acceptor).  When there 

exists spectral overlap between the fluorescence of the donor and the absorption of the 

acceptor, an energetic resonance can be established between the two molecules.  The 

oscillation of the electron in one molecule sets a ground state electron of the other into 

motion through a Coulombic dipole-dipole interaction.51  This results in the ground state 

electron being excited into oscillation and the exciton being de-excited.  In this process, 

the exciton is transferred whole between the two molecules.  Figure 1.6 schematically 

shows the Förster transfer process.  The rate of Förster transfer is expressed as:50 

#$→& � '
()

'
*+ , -

-��. � /.
0.12. 3$456 7&456!58,                                                                   (1.4) 
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where τD (
'

������) is the natural lifetime of the donor molecule in the absence of 

quenchers, R is the radius between the two molecules (donor and acceptor).  c is the 

speed of light, n0 is the refractive index of the surrounding medium, FD is the normalized 

fluorescence spectrum of the donor and σA is the acceptor absorption cross section in 

units of cm2.  The rate can be rewritten in terms of a critical transfer radius (R0) or Förster 

radius, which represents the distance where all other decay mechanisms are as equally 

probable as Förster energy transfer.50   

#$→& � '
() ,

*2
* 8

9
                                                                                                            (1.5) 

The value of the critical transfer radius (or Förster radius) is characteristically ~10’s Å for 

organic systems.30 

1.4.3  Dexter Energy Transfer 

The final exciton energy transfer mechanism is known as Dexter transfer.  This 

process requires a physical overlap of the electron clouds of the donor and acceptor 

molecules.  An exchange of an electron from the HOMO of the acceptor to the HOMO of 

the donor simultaneously with an electron exchange from the LUMO of the donor to the 

LUMO of the acceptor completes the transfer process (see Fig. 1.7 for a schematic).  

Expectedly, this is a much shorter range process than either Förster or cascade energy 

transfer.  

 
Figure 1.6 Schematic of the Förster energy transfer process. 
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Figure 1.7 Schematic of the Dexter energy transfer process. 
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 The Dexter transfer rate is quantified by the following equation:50 

#$→& � # exp4
2>/@6 � 3$456A&456 !5                                                                    (1.6) 

FD(ν) is the normalized fluorescence spectrum of the donor, AA(ν) is the normalized 

absorption spectrum of the acceptor, R is the molecular separation, L is the Van der 

Waals radius and K is related to the specific orbital interactions.  The specific orbital 

interaction term contains information regarding the wavefunction overlap between donor 

and acceptor molecules.  Contrary to Förster energy transfer, the Dexter process is not 

dependent on the absorption strength of the acceptor.  Energy transfer between triplet 

excitons is typically best described as a Dexter transfer process.  The exponential term 

leads to a short range interaction, relevant for length scales of 5-10 Å.50 

 

1.5  Charge Transport in Organic Semiconductors 

Organic semiconductor thin films are weakly bound by Van der Waals forces and 

can therefore assume various degrees of crystallinity based on the growth conditions.  

Typically, two extremes of crystalline order are considered in the context of charge 

transport, ordered and disordered, which indicate crystalline and amorphous, 

respectively.30,62  Crystalline materials are typically modeled with a band transport 
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model, while a hopping transport model is employed for amorphous materials.30  In each 

case, the mechanism for charge transport is characterized by the magnitude and 

temperature dependence of the charge carrier mobility.30  The mobility characterizes how 

quickly a charge carrier can move through a solid when subjected to an electric field and 

can vary significantly in magnitude depending on the transport mechanism.  Typically, 

the transport properties of a given organic semiconductor fall somewhere in between the 

extreme cases of hopping and band transport.  The hopping model emphasizes the 

molecular character of conduction states while the band model emphasizes the collective 

character of conduction states.30 

1.5.1  Band Transport 

 Band theory, initially developed by Bloch, is sufficient to elucidate charge 

transport in crystalline inorganic and organic semiconductors.4  The theory assumes that a 

single valence electron moves in a periodic potential established by the ion cores of the 

crystalline solid.  The solution to the Schrödinger equation, in this case, is represented by 

a periodic wavefunction dependent on the wavevector (position in the crystal) and 

potential.  For discrete values of the wavevector and potential, there are a number of 

allowed energies (solutions) for a Bloch electron wavefunction.4  The ranges of allowed 

energies are called energy bands and the excluded energies are termed band gaps.  In the 

case of semiconductors, the band gap between empty (conduction band, LUMO) and 

filled (valence band, HOMO) energy bands is small, resulting in a significant population 

of electrons in the empty band at room temperature.  Electrons in the partially empty 
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band are free to move and conduct.  The band transport mechanism is characterized by 

the following temperature (T) dependence on mobility (µ):30 

B ∝ DE1, G H 1                                                                                                               (1.7) 

The constant n is determined experimentally and is material dependent.  This model 

breaks down when adjacent molecules have weak wavefunction overlap and the assumed 

periodicity of the crystal is disrupted.62   

1.5.2  Hopping Transport 

In disordered films, the charge carrier is highly localized and moves by hopping 

transport.30  Hopping transport can be visualized as a thermally activated, random walk 

(Fig 1.8a) of a carrier about a random array of sites within the semiconductor.43  Figure 

1.8b illustrates a very simple interpretation of hopping conduction in a disordered solid.  

Electrons or holes are localized on individual molecules in potential wells.  Due to the 

random orientation of the molecules in the solid, each potential well has a different 

distribution of energy levels associated with it.30  Carriers must overcome a potential 

barrier to hop from one well to another. As a result, hopping is an activated process.  The 

energy to promote a hop from one molecular site to the next is obtained from the thermal 

energy (phonons) of the system.  An expression governing the hopping mobility (µ) is 

given as:30 

B ∝ ���4
�&/JKD6                                                                                                       (1.8) 

where EA is the activation energy, T is the temperature, and kB is the Boltzmann constant.  

The exponential term represents the probability of a carrier acquiring the activation 

energy necessary to escape the potential well and hop to the next lattice site.   
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1.6  Organic Optoelectronic Devices 

 In the previous sections the electrical and optical properties of organic 

semiconductors were discussed.  Due to these properties, organic semiconductors are 

excellent candidates for inclusion into a variety of optoelectronic devices.  This section 

reviews a variety of these devices and their operating principles.  Prior to this discussion 

it important to distinguish two subsections of organic semiconductors.   

Organic semiconductors are grouped into two categories based on their molecular 

weights. Small molecules have molecular weights less than 1000 g/mol, while polymers 

are repeating chained structures that have molecular weights exceeding 1000 g/mol.30  

One key difference between the two materials are the processing techniques that are often 

 
 

Figure 1.8 (a) Energy versus position schematic of hopping conduction.  The 
red line demonstrates a potential charge carrier path. (b)  Carrier moves from 
one potential well to another by overcoming the activation energy (EA). 
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used for device construction.  Polymers are dissolved in a suitable solvent and deposited 

by solution-based techniques such as spin-coating or ink-jet printing, whereas small 

molecules are most frequently deposited by thermal evaporation.25,30-34,39,63  All of the 

work in this thesis is based on small molecule materials, and the following discussion is 

tailored to this subsection of organic semiconductors. 

1.6.1  Organic Light-Emitting Devices (OLEDs) 

High efficiency organic light-emitting devices (OLEDs) typically consist of three 

or more thin layers of organic semiconductors sandwiched between two electrodes.11,20,64  

In the simplest device architecture (Fig. 1.9), one layer is specifically designed to 

transport holes (the hole transport layer or HTL), another to transport electrons (the 

electron transport layer or ETL) and a third to serve as the location for exciton 

recombination (known as the emissive layer or EML).  Electrons and holes are injected 

into the ETL and HTL from the cathode and anode, respectively.  Injected electrons and 

holes migrate toward the oppositely charged electrodes through their respective transport 

layers until they reach the EML.20,64  In the EML, the electron and hole form an exciton 

which may radiatively decay.  This process is indicated schematically in Fig. 1.9 in terms 

of the HOMO and LUMO energy levels of each material in the device. 
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Figure 1.9 Schematic representation of operating principles behind an OLED. (a) Electrons 
(black dots) and holes (white dots) are injected onto the electron and hole transporting layers 
(ETL and HTL, respectively) via their respective electrodes. (b) Exciton formation occurs in 
the emissive layer (EML) followed by radiative recombination (c).  
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The energy alignment for the HTL, ETL and EML are as shown in Fig. 1.9.  The 

LUMO of the HTL is higher than the LUMO of the EML so that electrons are confined 

on the EML.10  Equivalently, the HOMO of the ETL is lower in energy than the HOMO 

of the EML to “trap” holes.  This energy arrangement enhances the probability of exciton 

formation in the EML.10  Also, the EML serves as a confinement layer for excitons, 

which eliminates exciton quenching at organic semiconductor-metal interfaces.  

There are four inherent processes essential to OLED operation and thus 

efficiency.  The product of the four equals the external quantum efficiency (ηEQE) of the 

device or the fraction of emitted photons to injected charge carriers: 

LMNM � �OP�LQR                                                                                                          (1.9) 

The first process is charge balance (γ).  Charge balance is defined as the ratio of injected 

electrons to holes in the emissive layer.  Charges injected into the EML that do not form 

excitons result in loss.  In well designed OLEDs based on the concepts discussed above, 

balanced injection of electrons and holes is achieved and hence γ~1.10  Next, is the spin 

fraction (χ).  As a consequence of the number of possible spin orientations discussed in 
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Sec. 1.3.1 and shown in Fig. 1.3, 25% of the excitons created under electrical excitation 

are singlets while the remainder are triplets.8,9,46,57-60,65  As discussed in Sec. 1.3.1, triplets 

typically do not emit and the spin fraction is therefore 0.25.10  However, for 

phosphorescent OLEDs, where the emissive layer is comprised of a material exhibiting 

large spin-orbit coupling (phosphorescent material) or a host doped with a 

phosphorescent material, emission is permitted from triplet states raising the spin fraction 

to unity.8,9,46,57-60,65  The PL efficiency (ΦPL, Sec. 1.3.2) of the material exciton is the 

source of the third component.  This can approach unity for EMLs designed to reduce 

non-radiative decay processes such as a host/guest system.58  Finally, outcoupling 

efficiency (ηOC), or the amount of light that is forward emitted from the device, is the last 

product of the external quantum efficiency.  A large amount of generated light is lost to 

waveguided modes in the glass substrate, and ITO/organic layers due to refractive index 

differences between adjacent layers (Fig. 1.10).  In general, this is the major loss 

mechanism of OLEDs and is typically <0.2.10  Multiplying all of these efficiencies 

together would give an OLED efficiency of ~20 percent. 
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Figure 1.10 Due to refractive index differences between adjacent layers in an OLED, a large 
fraction of the light created is lost to waveguided modes in the glass substrate and 
ITO/organic layers.  The amount of light that is forward emitted is referred to as the 
outcoupling efficiency (ηOC). 
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1.6.2  Organic Photovoltaic Cells (OPVs) 

 Organic photovoltaic cells convert optical power to electrical power.  Contrary to 

inorganic solar cells which typically consist of a single material, usually a pn 

homojunction, organic OPVs require an exciton dissociating interface.  Thus, the simplest 

conceivable architecture is a bilayer device consisting of an electron donor and acceptor 

as shown in Fig. 1.11.21-29,45  When the device is subjected to an incident optical field 

absorption occurs in the donor and acceptor layer with an absorption efficiency (ηA) 

(Process 1, Fig 1.11).  Once a photon is absorbed, an exciton is created which diffuses 

toward the donor-acceptor interface characterized by an exciton diffusion efficiency (ηED) 

(Process 2, Fig. 1.11).23  If the LUMO energy offset between the donor and acceptor is 
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Figure 1.11 The operation of an organic photovoltaic cell.  Light absorption leads to the 
formation of excitons (Process 1) which diffuse toward the donor acceptor interface (Process 
2).  At the donor acceptor interface, the exciton is dissociated (Process 3) into a free electron 
(black dot) and a free hole (white dot).  The carriers are then swept out of the device and 
collected at the electrodes (Process 4). 
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greater than the binding energy of the exciton, the exciton is dissociated into a free 

electron and free hole on the acceptor and donor, respectively (Process 3, Fig. 

1.11).21,22,27  An analogous process occurs for an exciton created on the acceptor if the 

HOMO energy offsets are greater than the exciton binding energy.  The exciton 

dissociation process is quantified by an efficiency termed the charge transfer efficiency 

(ηCT).  Finally, the carriers are swept out of the device toward their respective electrodes 

with a charge collection efficiency (ηCT) (Process 4, Fig. 1.11).23  The device external 

quantum efficiency (ηEQE) or the number of collected carriers to incident photons is given 

as the product of the efficiencies of the four processes discussed above.23 

LMNM � L&LM$LRSLRR                                                                                                    (1.10) 

Efficient device operation requires that the four processes summarized in Fig. 1.11 be 

maximized. 
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1.6.3  Organic Lasers 

There are three possible interactions between a system of organic semiconductor 

molecules and light.66  One possible interaction is as simple as absorption accompanied 

by the creation of an excited state, discussed in Sec. 1.3.2.  Another possible interaction is 

the emission of a photon following absorption.  This process is referred to as spontaneous 

emission and occurs stochastically with no phase relationship between photons emitted 

from a group of excited molecules.66  The final possible interaction is termed stimulated 

emission.  Stimulated emission is when a photon with energy equal to the energy gap 

between the excited state and ground state induces an excited molecule to emit.66  This 

process results in two photons of equal energy and phase. 

The operation of a laser under optical excitation relies on all three of the light-

matter interactions described above. Initially, molecules are excited from the ground state 

to the excited state by a process called pumping.66  The structure is pumped to create 

more excited states than ground states referred to as a population inversion.  The excited 

 
Figure 1.12 A simple schematic of a laser.  An active medium is placed in an optical 
resonator comprised of two mirrors.  The structure is pumped to create a population 
inversion.  Initially, an excited state decays and stimulates emission from another excited 
state producing two coherent photons.  The process continues throughout the active layer 
building up a large number of coherent photons.  A laser is established when this coherent 
build up of photons overcomes the inherent losses in the system. 
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molecules decay via spontaneous emission resulting in the subsequent release of 

incoherent (no phase relationship) photons.  The incoherent photons are fed back into the 

laser medium by an optical resonator (optical resonators will be discussed in more detail 

in Chapter 2). A fraction of the incoherent photons are re-absorbed by the molecules in 

the ground state, while a portion of photons cause stimulated emission of excited-state 

molecules, releasing a photon.66  Multiple stimulated emission processes result in a large 

build-up of coherent photons within the resonator as shown in Fig. 1.12.  If the number of 

coherent photons being created per pass (gain) in the optical resonator is greater than the 

inherent loss in the system, the net result is a laser.66  Typically, pump power is increased 

until such losses are overcome.  Lasing, by way of optical pumping, has been shown in a 

wide variety of small-molecule and polymer organics in various resonator geometries.14-

16,18,38,44,67-75  

 

1.7  Light-Matter Interactions in Organic Optoelectronic 

Devices 

The central assertion in the optoelectronic devices discussed above is that 

excitons and light simultaneously exist in these structures.  This allows for additional 

interactions between the light in the structure and the semiconductor exciton which can 

drastically alter the performance and behavior of the device.  The nature of the interaction 

is determined by the relative magnitude of the lifetimes of the trapped light and exciton 

and a characteristic interaction time for the system known as the Rabi period.76  For 

instance, if the exciton decays or the trapped light escapes before a complete Rabi period, 
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Figure 1.13 Allowed energies of polariton states versus in-plane wavevector or energy-
wavevector dispersion (angle of incidence, discussed further in Chapter 2).  The allowed 
energies of the polariton states (solid lines) are split around the exciton energy, one above 
(upper polariton branch) and one below (lower polariton branch). 
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weak exciton-photon coupling occurs.  In the weak coupling regime, the exciton and 

cavity photon behave independent of each other.  Weak coupling modifies the emission 

characteristics of the exciton, both in terms of the spectral shape and excited state 

lifetime.  The most obvious applications of weak coupling are photon mode lasers, 

optical amplifiers, microcavity light-emitting devices and photodetectors.15,18,38,40,66,77-96  

However, if the exciton and trapped light persist over a timescale longer than the Rabi 

period, the regime of strong coupling is reached.76  In this case, a new quasiparticle is 

created, termed a polariton.  Polaritons are a mixture of both light and exciton.  Their 

allowed energy levels are split around the exciton energy where one polariton energy 

state is above the exciton energy (termed the upper branch) and one is below (termed the 

lower branch) as shown in Fig. 1.13.  These interactions are not yet well understood in 

organic semiconductors.  A thorough understanding of light-matter interactions is 

therefore paramount to realizing novel optoelectronic devices based on organic 

semiconductors. 
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Chapter 2 A Review of Microcavity Polaritons 

 

2.1  Introduction 

 In Sec. 1.7 it was discussed that the interaction between an exciton and photon 

can alter the performance of organic optoelectronic devices and that the interactions are 

not yet well understood in these systems.  The best way to study these interactions is in 

an optical microcavity, a structure utilized to more efficiently confine light to the 

semiconductor active layers.96-98  This chapter provides a background of exciton-photon 

coupling in optical microcavities and the creation of microcavity polaritons.  The first 

part of the chapter is dedicated to optical resonators and their properties.  Next, the 

potential weak and strong coupling interactions between the light confined in the 

resonator and the organic semiconductor excitons are explained more thoroughly.  

Microcavity device physics will be examined with the intent of providing insight into 

potential applications.  Finally, the properties of the organic semiconductors previously 

utilized in microcavities will be evaluated. 

 

2.2  Properties of Optical Resonators 

 An optical resonator is a structure used to create large electromagnetic (E-M) field 

intensities without the need for large power inputs.66  These cavities also strongly modify 

the photon density of states and may be as simple as two or more mirrors that “trap” an 

E-M wave by successive reflections.96,97  The trapped standing wave has a wavelength 
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related to the dimensions of the structure and is termed a “mode” of the resonator.  Often, 

resonators that have only a single mode are desired.  In practice this can be done by 

reducing the size of the resonator to half a wavelength.  This would ensure that only a 

single mode could exist inside the structure.  From a fabrication standpoint this is a 

difficult task but not impossible if the intended wavelength range is the visible 

spectrum.66  A Fabry-Perot (FP) cavity with wavelength dimensions is an example of 

such a resonator.99
 

2.2.1  Operating Principle of a Fabry-Perot Cavity 

 In its simplest incarnation, a FP cavity consists of two flat reflectors separated by 

a distance L.  Figure 2.1a shows the schematics of a FP cavity and will serve as a visual 

for the following model which will be used to extract the resonant modes of the structure.  

Define r, t, r’ and t’ as the reflection (r) and transmission (t) coefficients of the reflectors 

for incident waves outside and inside (designated with a prime) of the cavity, 

respectively.  If Ai is the electric field amplitude of the wave incident on the cavity, the 

amplitudes of the total reflected external wave (Ar) and total transmitted external wave 

(At) are: 

AT � A�UV W XX′V ′��YZ1 W V ′���Y W V ′[���Y W⋯]^                                                      (2.1) 

and 

A_ � A�XX ′U1 W V ′���Y W V ′[���Y W⋯ ^.                                                                        (2.2) 

The exponential term eiδ is the phase difference of the wave in one round trip of the 

cavity, which is explicitly calculated later in this section.  Each amplitude term contains a 

geometric series permitting Ar (Eqn. 2.1) and At (Eqn. 2.2) to be written as: 
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Figure 2.1 Schematic of an FP cavity. (a) Labels assigned for modeling in 
text. (b) Path difference “x” in one round trip of the cavity. 
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AT � Z'E`ab]√*
'E*`ab A�                                                                                                            (2.3) 

and 

A_ � S
'E*`ab A�                                                                                                                (2.4) 

also 

de
da �

&e&e∗
&a&a∗ �

[* fghi4Y/�6
4'E*6i�[* fghi4Y/�6  

dj
da �

&j&j∗
&a&a∗ �

'E*i
4'E*6i�[* fghi4Y/�6,                                                                                        (2.5)  

where R=r2=(r’)2=rr’, T=tt’ and R+T=1.  It is assumed that the FP cavity mirrors are 

symmetric.  To extract the resonant modes, an explicit expression for δ as a function of L 

is needed. 

  

Figure 2.1b shows the path length difference encountered in one round trip of a 

FP cavity.  This extended path length results in a phase difference of the wave between 

point C and D.  If it is assumed that the waves in the FP resonator are plane waves, then 
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at point C in Fig. 2.1b, beam 2 is in-phase with beam 1.  Then the path length difference 

is given by: 

k@ � Al W lm � � nof4�p6
nof4p6 W �

nof4p6 � �
nof4p6 4cos42t6 W 16 � 2@ cos4t6                    (2.6) 

Considering the equations of an electromagnetic wave and assuming no absorption, the 

round trip phase change(s) can be expressed in terms of δL as: 

��Y � �E��Y�, since J � ��1
u  implies k � E[�1� nof4p6

u                                                    (2.7) 

Using Eqns. 2.5 and 2.7, the condition for maximum transmission (or analogously 

reflection) of the cavity can be calculated.  For 
dj
da � 1, the following must be true: 

4> sin�4k/26 � 0, which implies 5z � z/
�1� nof4p6                                                        (2.8) 

Equation 2.8 defines the resonant modes of a FP resonator.  The spacing between 

the modes, known as the free spectral range (FSR), is defined as: 

3{> � ∆5 � 5z�' 
 5z � /
�1� nof4p6                                                                            (2.9) 

A calculation of the spectral width of the resonance, again uses Eqn. 2.5 with 
dj
da �

'
�: 

4'E*6i
[* � sin�Zk'/�/2]                                                                                                  (2.10) 

Applying a phase shift trigonometric identity, 

4'E*6i
[* � sin� ,Y|/iE�z�� 8 assuming 

Y|/iE�z�
� ≪ ~ gives k'/� � 4'E*6

√* W 2�~           (2.11) 

Neglecting the 2mπ phase shift and using Eqn. 2.7, the full-width-half-maximum (∆ν1/2) 

is: 

∆5'/� � /
��1� nof4p6

4'E*6
√*                                                                                                (2.12) 
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Finally, the number of resolvable frequencies can be calculated by taking the ratio of the 

FSR to the width of a mode since one mode is contained in each FSR (see Fig. 2.2).  This 

quantity is called the Finesse (F) of the cavity.  Calculated explicitly by dividing Eqn. 2.9 

by Eqn. 2.12: 

3 � �√*
'E*                                                                                                                        (2.13) 

Figure 2.2 is a plot of transmission of a FP resonator as a function of frequency, 

providing an illustration of mode behavior.  The transmission at a resonant frequency 

follows a shape like Fig. 2.2 for imperfect mirrors.  For perfect reflectors (R=1), a delta 

function response would be expected.  Accordingly, FP cavities with high finesse (high 

mirror reflectivities) show sharper transmission peaks (narrower linewidth) with lower 

minimum transmission coefficients (Fig. 2.2).  Another figure of merit for a FP cavity is 

termed the cavity quality factor (Q) and is a measure of how efficiently light is confined 

within the structure.  Mathematically, Q is expressed in terms of the mode full width at 

half maximum value (ν1/2) and the frequency of the mode (ν): 

� � 0
∆0|/i � ��/                                                                                                           (2.14) 

The quality factor can also be used to calculate the lifetime of a photon in the structure 

(τc) for a mode with angular frequency (ω) as exhibited by Eqn. 2.14.  An important 

feature of a FP cavity is the ability to tune the resonant mode position by changing the 

separation between the reflectors (L) or the refracted angle inside the cavity (θ) (Eqn. 

2.8). 
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2.2.2  Angular Dispersion of the Cavity Mode 

Previously, it was stated that a FP resonator with wavelength dimensions will 

exhibit single mode behavior.   An example of such a resonator is a planar microcavity 

where large area (compared to wavelength dimensions) reflectors are separated by an 

integer multiple of half the wavelength.99  In such a structure, off-normal modes become 

important due to the large difference in dimensions between the reflector spacing and 

area.66  From Eqn. 2.8, it can be seen that the spectral position of the resonant modes in 

the cavity have both a mirror spacing dependence and a dependence on the angle of 

incidence.  This implies that a mode can be scanned over a frequency range by changing 

the angle of light incident on the microcavity. 

 
Figure 2.2 The modes of a Fabry-Perot resonator for different values 
of reflectivity.  As reflectivity increases, the spectral width of the 
modes and minimum transmission deceases. 
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 An important distinction to recognize is that the expression for the modes in a FP 

cavity (Eqn. 2.8) contains the refracted angle (θ in Fig. 2.1) inside the cavity rather than 

the angle of incidence (θ’ in Fig. 2.1).  Taking this minor issue into account, the angular 

dependence of a microcavity (cavity) mode can be derived by using Snell’s law of 

refraction along with Eqn. 2.8: 

5z� � zi/i
[1i�i nofi4p6 � zi/i

[1i�i4'Efghi4p66 � zi/i
[1i�i ,1 
 fghiZp′]

1i 8E',                                   (2.15) 

where n’=1 (index of air).  It follows directly that the FP cavity mode energy (Eph) is: 

��� � �� ,1 
 fghiZp′]
1i 8E'/�,                                                                                        (2.16) 

where �� � z
�
�/
1�.                                                                                                          (2.17) 

Since the perpendicular component (k
┴
) of the wavevector (k) in a microcavity is 

quantized in units of π/L (Fig. 2.3) as J� � z�
� , Eqn. 2.16 can be modified by substituting 

Eqn. 2.17 and the definition of Eph in terms of wavevector (��� � ħ�J6 and 

rearranging,99 

��� � ħ/
1 �,z�� 8

� W 4J sin4t ′66��
'/�

                                                                            (2.18) 

Clearly, the term in the square brackets of Eqn. 2.1.8 is the total wavevector k.  The first 

and second terms in the brackets are k
┴ 

and the parallel wavevector (k∥) respectively.  

Using Eqn. 2.18, the energy of the cavity mode can be mapped as a function of angle, 

which is termed the cavity mode dispersion.  Figure 2.3 illustrates the concept of 

quantized k
┴ 

and possible modes (standing waves) according to the following: 

J� � z�
�  or @ � zu

�                                                                                                        (2.19) 
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Figure 2.3 Schematic of the quantized perpendicular wavevector 
(k
┴
) and potential resonant modes of a FP cavity.   
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The concepts discussed in detail above are essential when analyzing the physics of cavity 

photons and their interaction with matter. 

 

 

 

 

 

 
 
 

2.2.3  Absorbing Media in Microcavities 

 In the previous section an idealized case of an optical microcavity was analyzed 

where the material sandwiched between the mirrors was optically transparent.  If this 

material is absorbing, the physics become markedly more interesting.  Assuming that the 

cavity photon mode (or cavity mode) is resonant with the electronic excitation (exciton) 

of the cavity material, a competition arises between the strength of the exciton-photon 

interaction and their respective lifetimes.76  The lifetime of the cavity photon mode is 

dictated by either the possibility of the photon being transmitted through or being 

absorbed by a reflector.  Alternatively, the exciton lifetime is determined by the 

recombination lifetime.98  The exciton dephasing time is important for realizing coherent 

polaritons.100  An unperturbed exciton moves through a solid with a coherent, wave-like 
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Figure 2.4 Two coupled pendula periodically exchanging 
energy through a connecting spring. 

Cavity Photon Exciton

Energy

Exchange

motion.101  This motion is disrupted when lattice vibrations or molecular vibrations 

scatter the exciton, resulting in a randomization of the exciton phase and thus making its 

motion incoherent.101  Although exciton dephasing does not actually annihilate the 

exciton, it may be a challenge to coherent light emitters based on polaritons.99 

 The interaction between the exciton of a semiconductor and the photon mode of a 

cavity can be thought of as a periodic energy exchange between two oscillators.  A 

mechanical analog to this condition is two pendula connected by a spring where the 

spring serves as a means of energy exchange as in Fig. 2.4.  It becomes quite apparent 

that the operation of such a system is highly dependent upon the spring.  Due to this fact, 

there are two different regimes that are possible.  One in which the interaction is strong 

compared to the damping mechanisms of the two pendula and another where the 

interaction is weak compared to the damping mechanisms.76,98,102 

2.3  Microcavity Polaritons 

 This section describes the theories used to elucidate the physics exhibited by 

microcavity polaritons.  These mathematical derivations provide a concrete 
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understanding of the physics of polaritons and also help to further explain their existence.  

The two theories discussed also form the foundation for more complex models which 

have been developed to explain microcavity polariton relaxation and excitation dynamics, 

luminescence, etc.  A thorough understanding of the models discussed is essential to 

grasp the subject of microcavity polaritons. 

2.3.1  Strong vs. Weak Exciton-Photon Coupling 

 Building off of the pendulum analogy discussed in Sec. 2.2.3, weak exciton-

photon coupling occurs when the rate of damping of the exciton (dephasing time) and 

photon (lifetime in the cavity) are more rapid than the time for interaction between the 

two species.76  In contrast, the strong exciton-photon regime is observed when the 

interaction is more rapid than the damping processes.76  The different regimes result in 

distinct perturbations of the optical properties of the microcavity. 

 In the case of the weak exciton-photon regime, the spontaneous emission rate of 

the exciton is modified.  According to Fermi’s Golden Rule, the probability of a 

transition from an initial to a final state is proportional to the density of final states.98  The 

density of photon states in a microcavity is highly altered (only certain modes exist) from 

the case of free space (Eqn. 2.16).  As a consequence, the radiative lifetime of the exciton 

in a microcavity is determined by the spatial overlap of the exciton and the perturbed 

photon density of states.98  This effect is quantified by the following expression for the 

rate of spontaneous emission in the cavity (Γcav) and in vacuum (Γ0):
98 

�/�� ≅ �� Nu��                                                                                                                  (2.20) 
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The cavity quality factor (Eqn. 2.14), volume of the cavity, and wavelength of interest are 

denoted by, Q, V, and λ, respectively.  Accordingly, the spontaneous emission rates as 

well as the angular properties of emission of a material are modified when embedded in a 

weakly coupled microcavity.79-84,91,96,97,102-109   

The strongly coupled regime results in a condition where energy is periodically 

exchanged between the exciton and photon.  This causes a splitting of the resonant modes 

of the system.  The separation between these two frequencies at closest approach is a 

quantity known as the Rabi frequency and is a measure of the interaction strength 

between the exciton and the photon.  The strong exciton-photon coupling regime is 

modeled in the following section. 

2.3.2  Theory of Microcavity Polaritons 

2.3.2.1  Classical Linear Dispersion Model 

First, a classical linear dispersion model will be reviewed.  The advantage of this model 

is that it can be derived from first principles.  Starting with the dispersion for the cavity 

mode given in Eqn. 2.16, a substitution is made for the index of refraction.  Working 

under the assumption that the relative permeability of most materials is close to one at 

optical frequencies, the index of refraction can be set equal to the square root of a 

background dielectric constant εb.
110  Subsequently, the cavity photon dispersion 

becomes:                                                                                                                       

��� � ħ/
����J�� W J∥�                                                                                                    (2.21) 

Assuming that the cavity medium has a single exciton resonance which is dispersionless 

and applying Maxwell’s equations for a transverse wave yields:110             
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ħ
i/i���i��∥i

Mi � �� W &
M��i EMiE��M���                                                                                  (2.22) 

The far right term is equivalent to a Lorentzian lineshape function with the constant A 

containing information about the oscillator strength (equivalent to the strength of 

absorption) of the exciton.110  Similar to above, γex is the total broadening (linewidth) of 

the exciton resonance.  If the cavity mode is tuned close to resonance with the exciton, it 

implies that � � ��� � �`�.  Substituting Eqn. 2.21 into Eqn. 2.22 and rearranging gives: 

&
M��i EMiE��M��� �

��M��i
Mi 
 �� � ��,M��i EMi8

Mi                                                                       (2.23) 

but 

���� 
 �� � Z��� W �]Z��� 
 �] � 2�Z��� 
 �]                                                    (2.24) 

and 

���� 
 �� � 2�4�`� 
 �6                                                                                            (2.25) 

Substituting Eqns. 2.24 and 2.25 into Eqn. 2.23 gives: 

Z� 
 ���]4� 
 �`� W ��̀ �6 � &
[��                                                                               (2.26) 

Setting  � � &
[��, where V is the interaction term and substituting a linewidth (γph) for the 

cavity photon into Eqn. 2.26 results in the following equation: 

Z� 
 ��� W ����]4� 
 �`� W ��̀ �6 �  �                                                                   (2.27) 

Solving for the energy eigenvalues (E) of the system gives: 

� � M���M��E�Z�������]
�   '

��,��� 
 �`� 
 �Z��� 
 �̀ �]8� W 4 �                            (2.28) 
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Figure 2.5 Equation 2.28 plotted with polariton linewidths.  Uncoupled dispersions of the 
cavity photon and exciton are displayed as broken lines where the photon dispersion is given 
by Eqn. 2.16 and the exciton dispersion is flat (dispersionless).  Polariton linewidths for the 
lower (��¡¢¢ ) and upper branch (��¡¢£ ) are shown as fine lines above and below the two 
polariton branches. 
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Equation 2.28 exhibits the frequency splitting (in this case energy) discussed in the 

context of the strong exciton-photon regime.  Fig. 2.5 is a plot of Eqn. 2.28 using Eqn. 

2.16 as the cavity photon energy.  The result is referred to as the polariton dispersion and 

is the classic signature of strong exciton-photon coupling.76  For the lower polariton 

branch (thick black curve in Fig. 2.5), the polariton is photon-like at small angle and 

exciton-like at large angles of incidence.  The upper polariton branch is exciton-like at 

small angle and photon-like at large angles of incidence.  The polariton linewidths are 

weighted averages of the exciton and photon linewidths based on the polariton character 

(α2 and β2).110  Figure 2.5 depicts an ideal case of constant linewidths over each branch. 
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2.3.2.2  Quantum Mechanical Model 

 The quantum mechanical model is the most powerful mathematical construct to 

explain microcavity polariton physics.  Beyond the simplest form of the model presented 

here, additional terms can be included to account for polariton dynamics.102,111-116  To 

start, the systems Hamiltonian (H) can be written in terms of the creation (designated by a 

superscript “+”) and annihilation (designated by a superscript “-“) operators (both 

bosonic operators) for the cavity photon (¤��, ¤�E) and exciton (¥��, ¥�E):98,117 

¦ � ∑ ħ���4J6¤��� ¤�E W ħ�`�4J6¥��¥�E 
 ∑ ħ�'�4¤��¥�E W ¥��¤�E6�                          (2.29) 

The interaction between the cavity photon and exciton is denoted by Γ12.  The 

Hamiltonian is the summation of the energies of creating a photon (1st term), exciton (2nd 

term) and polariton (3rd term) over all of the relevant wavevectors (k).  New boson 

operators, ¨�E and ¨�� are introduced to diagonalize the Hamiltonian such that:118 

¤�E � ∑ ©�4J6¨�E4J6�                                                                                                    (2.30) 

¥�E � ∑ ª�4J6¨�E4J6�                                                                                                    (2.31) 

Equations 2.30 and 2.31 can also be written in terms of the creation operators for the 

photon (¤��) and exciton (¥��) by adding the superscript “+” to ¨�.  The relative photon 

and exciton components of the polariton are denoted by ©� and ª�, respectively.  

Substitution of Eqns. 2.30 and 2.31 into 2.29 along with proper treatment of the boson 

operators yields the following expressions from the Hamiltonian eigenvalue problem:118 

©Zħ��� 
 ħ�] W ªħ�'� � 0                                                                                       (2.32) 

©ħ�'� W ª4ħ�`� 
 ħ�6 � 0                                                                                        (2.33) 
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Upon evaluation of Eqns. 2.32 and 2.33, it is clear that the system of equations resembles 

an eigenvector and eigenvalue formulism.  In fact, substituting the energies for the cavity 

photon (Eph), exciton (Eex), interaction term (V) and eigenvalue (E) for ħωph, ħωex, ħΓ12 

and ħω yields: 

����  
 �`�� «

©
ª¬ � � «©ª¬                                                                                               (2.34) 

where «©ª¬ is the eigenvector, E are the energy eigenvalues of the system.  Equation 2.34 

is often referred to as the coupled oscillator model.99  The cavity photon and exciton are 

represented as harmonic oscillators with energies Eph (Eqn. 2.16) and Eex, 

respectively.98,99  The off diagonal matrix element V denotes the coupling interaction 

between the exciton and cavity photon.  Since a polariton is a quasiparticle of both 

exciton and photon character, |α|2 and |β|2 represent the relative contributions of photon 

and exciton to the polariton, respectively. 

The energetic broadenings (linewidths) of the cavity photon (γph) and uncoupled 

exciton transition (γex) can be included in Eqn. 2.34 as follows: 

���� 
 ����  
 �`� 
 ��̀ �

� «©ª¬ � � «©ª¬                                                                        (2.35) 

Equation 2.35 leads to the exact same result obtained above in Eqn. 2.28.  As is the case 

with many quantum mechanical problems, including additional terms in Eqn. 2.29 to 

account for supplemental physics increases the complexity of the solution, often requiring 

numerical methods to solve.119  Nevertheless, the quantum mechanical model is a 

powerful construct to deal with most of the potential physics exhibited by strongly 

coupled systems. 
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2.3.3  Interpretation of Theory 

The linewidths (broadening terms) play an important role in determining whether 

a system is strongly coupled.  Concentrating on the case when the exciton and cavity 

photon are at resonance (��� � �`�), Eqn. 2.28 simplifies to: 

� � �M��E�Z�������]
�   '

��4 � 
 Z�̀ � 
 ���]�                                                            (2.36) 

Noticeably, there are two regimes based on the contribution from the square root.102  In 

the case where 2  ��̀ � 
 ����, the value from the square root is solely imaginary, 

meaning that the exciton transition linewidth is modified.  This leads to a modified 

angular emission pattern and decay rate, which is characteristic of the weakly coupled 

regime.  In contrast, the value under the square root is real when 2 H ��̀ � 
 ����, 
leading to the strongly coupled regime and the appearance of two new energy features 

separated by a value known as the vacuum Rabi splitting (ħΩ), given by the following:102 

ħ® � ħ�4 � 
 Z�̀ � 
 ���]�                                                                                      (2.37) 

 The concepts above are enormously important.  The crossover between the weak 

and strong exciton-photon regime is entirely based on the broadening of the exciton 

resonance.102  This is a material dependent property which can be determined by 

evaluating the linewidth of the feature of interest in an absorption spectrum.  The cavity 

photon typically has a narrow linewidth (given by Eqn. 2.12), which implies that the 

width of the excitonic transition must be relatively narrow to realize strong exciton-

photon.  Unfortunately, this constricts the set of materials that are suitable for strong 
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exciton-photon coupling.  The exciton broadening however is not the only material 

dependent property that is significant. 

 Using a semiclassical transfer matrix (TM) approach outlined in Ref 102,120, the 

interaction matrix term (V) can be derived.  Deferring the TM treatment to Appendix B, 

Ref 102 presents the following result: 

 � �'�√*
√*

/ �̄�
1�                                                                                                              (2.38) 

where R is the reflectivity of the mirrors, n is the index of refraction of the cavity 

material, L is the mirror spacing, c is the speed of light and Γex is the decay rate of the 

exciton.  Qualitatively, it makes sense that the splitting is inversely proportional to an 

expression similar to the finesse of the cavity (damping process for cavity photons) and 

directly proportional to the decay rate (exciton damping process) of the exciton.  The 

decay rate of an exciton in a cavity can be calculated using Fermi’s Golden Rule.121  In 

Ref. 121 it is found to be proportional to the oscillator strength of the exciton.  The 

exciton oscillator strength is a parameter which expresses the strength of an excitonic 

transition.98  As such, the experimental analog to the oscillator strength (f) is the 

absorption coefficient (α):98 

° ∝ �©4�6!�                                                                                                             (2.39) 

Thus, the magnitude of absorption coefficient of a particular excitonic transition is a 

critical material characteristic to realize the strong exciton-photon regime. 
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 In conclusion, two material properties are important when attempting to access 

the regime of strong exciton-photon.  These properties are the exciton oscillator strength 

and the linewidth of the exciton.  If both properties are sufficient to realize the strong 

exciton-photon regime, the only remaining quantity of significance is the cavity finesse, 

which is mainly dependent upon the choice of the cavity reflectors.  Equation 2.38 

substituted in Eqn. 2.36 demonstrates the dependence of the coupling regime upon 

reflectivity.  When the mirror reflectivity is small such that the linewidth mismatch term 

(γex-γph) is larger than Eqn. 2.36, the splitting is purely imaginary and hence only 

observed in the linewidth (Fig. 2.6a).102  This is the signature of the weak exciton-photon 

coupling regime and is manifested experimentally as a modification of the exciton decay 

rate.  Eventually, a crossover exists between strong and weak exciton-photon coupling 

where the reflectivity becomes large enough that the interaction term V is larger than the 

Figure 2.6 Plots of linewidth (a) and energy (b) versus reflectivity (see Eqn. 2.36).  Linewidth 
splitting is characteristic of the weak coupling regime (not-highlighted) whereas the energy 
splitting is characteristic of the strong coupling regime (highlighted).  Equations 2.36 and 2.38 
were used to generate the plots and calculated with values typical of an organic microcavity. 
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linewidth mismatch term (�̀ � 
 ���).102  In this case, two distinct energy features are 

present signifying strong exciton-photon coupling (Fig. 2.6b).  Figure 2.6 exemplifies the 

two regimes with the following assumptions: the exciton has a constant linewidth with 

respect to reflectivity and the linewidth of the photon varies with reflectivity as in Eqn. 

2.12 (with no angular dependence).  Knowing the characteristic experimental signatures 

of the strong and weak exciton-photon coupling regimes is essential when interpreting 

data. 

2.3.4  Probing Microcavity Polaritons Experimentally 

 The theoretical treatment discussed in Sec. 2.3.3 gives insight into what to expect 

experimentally in a strongly or weakly coupled system.  The energy splitting observed in 

the regime of strong exciton-photon coupling is the formation of two new energetic states 

termed the upper and lower branch polariton.  One of the two states is higher (upper 

polariton) in energy than the exciton while the other is lower (lower polariton) in energy.  

Figure 2.7a shows the modified excitonic energy level diagram (Jablonski diagram as 

discussed in Sec. 1.3.2) at strongest coupling if the cavity photon is coupling with the 

lowest energy exciton (S1).
122  If the strong exciton-photon regime is realized, polaritons 

are allowed energy states that can be populated by a variety of techniques and hence 

detected by various approaches. 
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 Evidence for the existence of polaritons can be observed in the following 

experiments:  reflectivity, transmission, absorption, photoluminescence (PL) and 

electroluminescence (EL).123-127  Before proceeding, the experimental techniques listed 

above can be divided into two basic categories which have noticeably different physics.  

Reflectivity, absorption and transmission are all techniques that involve directly 

populating energetic levels of the system to detect changes in the absorptive behavior of 

the system without regard for relaxation dynamics (Fig. 2.7a). 

 
Figure 2.7 (a) Modified excitonic energy level diagram as a result of strong exciton-photon. 
Transmission/absorption (b) and reflectivity measurements (c) result in direct excitation of 
polariton states.  The angle of incidence and angle of detection are denoted by θinc and θdet, 
respectively. 
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For these experiments, the cavity mode is typically tuned angularly toward 

resonance with the exciton energy (can also tuned by changing cavity thickness, see Eqn. 

2.8), by adjusting the angle of incidence.123  As the angle is increased, the cavity mode 

energy increases (Eqn. 2.16).  Incident light is stored in the resonator as the cavity mode 

and hence appears as a peak in transmission/absorption (Fig. 2.7b) and a dip in 

 
Figure 2.8 Transfer matrix simulation (Appendix B) of an organic microcavity consisting of a 
130 nm organic semiconductor (n=1.8, k=0) slab sandwiched between two 27.5 nm thick 
metal reflectors.  (a) Reflectivity spectra of the cavity mode which “walks” to higher energy as 
angle of incidence is increased.  (b) Reflectivity spectra of a microcavity containing an organic 
semiconductor with a single absorbing feature (k≠0) at ~2.25 eV.  Two spectral features 
designated by LB (lower branch polariton) and UB (upper branch polariton) increase in energy 
with increasing angle of incidence which is characteristic of the strong exciton-photon regime.  
(c) Strong exciton-photon at resonance.  Two equal intensity dips corresponding to the lower 
branch polariton (LB) and the upper branch polariton (UB) are observed and are energetically 
separated by the Rabi splitting (ħΩ).  (d) Reflectivity spectra portraying the weak coupling 
regime.  The exciton feature is “absorbed” into the cavity mode.  In (b)-(d) the dotted line 
denotes the excitonic transition (~2.25 eV) of interest. 
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reflectivity (Fig. 2.7c).66  A simulation of the cavity mode of an optical microcavity under 

white light reflectivity is shown in Fig. 2.9a. 

Building off of the example in Fig. 2.8a, an absorbing (active) cavity material 

would result in exciton formation. This would again appear as a dip in reflectivity 

because optical energy is absorbed for exciton creation.  The exciton has no angular 

dispersion (dispersionless) and hence does not change energy as the angle of incidence is 

increased.102  However, the high energy peak (designated by a UB) will show marked 

dispersion and increase in energy if the strong exciton-photon regime is realized.123  In 

this case, the new eigenstates of the system are lower (LB in Fig. 2.8b) and upper branch 

(UB in Fig. 2.8b) polaritons which exhibit dispersion with angle of incidence since they 

contain cavity photon character.  Looking closely at the reflectivity spectra, two 

important trends are demonstrated.  First, the lower polariton feature is very similar in 

appearance and dispersion to a cavity mode at low angle but asymptotes towards the 

exciton absorption energy at high angle (Fig. 2.8b).  Alternatively, the upper polariton 

feature begins slowly increasing in energy from the exciton absorption energy at low 

angles but approaches the cavity photon at high angle (Fig. 2.8b).  Tracking the two 

features by recording the energy of the centers of the dips at each angle of incidence 

yields a polariton dispersion shown in Fig. 2.9.76  Characteristically, the lower (upper) 

branch asymptotes to the cavity mode at low angle (high angle) and exciton at high angle 

(low angle). 
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A special case exists when the cavity photon energy is tuned to that of the exciton.  

This condition is referred to as the point of strongest coupling or point of anti-crossing 

and is also the angle of incidence at which the upper polariton and lower polariton are 

separated in energy by the Rabi energy.76  Anti-crossing is manifested in reflectivity, 

transmission, and absorption as two equal intensity (depth of the dips in reflectivity) 

features as shown in Fig. 2.8c.128  The relative depth of each polariton feature in the 

reflectivity spectra is related to the character (weight photon and exciton) of the branch.  

At angles below resonance, lower branch states are mostly photon-like, and thus have 

deeper reflectivity responses.  At angles above resonance, the lower branch is more 

exciton-like and hence exhibits a shallower reflectivity response.  The opposite is true for 

 
Figure 2.9 Dispersion relation of the lower (LB) and upper branch (UB) of the simulated 
angle-resolved reflectivity spectra of Fig. 2.8b.  The cavity mode (solid line) was extracted 
from the reflectivity spectra of Fig. 2.8a.  The excitonic transition of interest denoted by a 
broken line. 
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Figure 2.10 Character versus angle of incidence for the lower (a) and upper (b) polariton 
branches of Fig. 2.8b calculated from the dispersion of Fig. 2.9.  The resonance condition is 
observed around 54°, where the polariton is half exciton and cavity photon for both branches. 
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the upper branch as the reflectivity response increases with angle of incidence.  At 

resonance, the relative character of both branches is 50% photon and 50% exciton.  The 

character of the lower and upper branch polaritons (calculated using Eqn.  2.34 and the 

dispersion of Fig. 2.9) of Fig. 2.8b are shown in Fig. 2.10. 

 

If the exciton oscillator strength is reduced, a crossover exists from strong to weak 

exciton-photon coupling.102  Weak exciton-photon coupling manifests itself in 

reflectivity, transmission and absorption as a modification in the cavity mode linewidth 

and intensity but not as an energetic splitting.  The excitonic feature in Fig. 2.8d is 

“absorbed” by the cavity mode as the cavity mode increases in energy with angle of 

incidence, but has no dispersion of its own.  Also, in Fig. 2.8d it is observed that the 

cavity mode is the only feature present near resonance (magenta spectrum) and that it 

differs in linewidth and intensity from the “empty” cavity mode (Fig. 2.8a).  This is the 

so-called weak exciton-photon coupling regime. 
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Photoluminescence and EL are methods that entail populating energetic states and 

measuring the emission from those states.  In doing so, the excited state dynamics of the 

material are introduced and non-radiative recombination, intersystem crossing, or 

polariton relaxation, and hence their respective lifetimes must be considered.124  For 

example, consider a system where the cavity photon is strongly coupled to an S2 

excitonic transition (Fig. 2.11).  Rapid vibronic relaxation of S2 to S1 excitonic energy 

states makes observing polariton PL and EL difficult since these states are emptied non-

radiatively prior to polariton emission.122,129,130  Therefore, the excited state dynamics of 

the active coupling material and polariton states must be taken into consideration when 

analyzing the results of such an experiment (Fig. 2.12a). For these reasons, PL and EL 

are often more interesting and fruitful experiments, given the window in polariton 

dynamics. 

 
Figure 2.11 In measurements of PL and EL, excited state dynamics must be taken into 
consideration when analyzing the results of an experiment.  In this system, strong coupling 
occurs between the cavity photon and the S2 excitonic transition.  However, no polariton 
emission is observed due to rapid relaxation of the S2 excitonic state to S1. 
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Figure 2.12 (a) Excitonic energy diagram of polariton PL and EL.  Emission is observed from 
polariton states thus excited state dynamics must be considered.  (b) Schematics of PL (b) and 
EL (c) experiments. 
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In PL, excitation is accomplished with a light source incident on the sample with 

the detection angle adjusted to tune the cavity mode (2.12b).131  The largest absorption 

peak of the active coupling material is typically excited, allowing for maximum 

absorption.   Often the transition of interest for coupling is much lower in energy than the 

largest absorption peak and internal conversion to the lowest energy exciton occurs prior 

to the formation of polariton states.132  EL differs from PL in that the excitation is 

performed electrically by passing a current through the device and therefore only the 

detection angle needs to be considered (Fig. 2.12c).127 

In both microcavity PL and EL experiments, emission from the active material in 

a weakly coupled system is “funneled” through the cavity photon mode due to the 

modified density of photon states of the microcavity.79  In the strong exciton-photon 

regime, tuning the cavity photon towards the exciton energy yields a splitting in the 

emission pattern.127,130,132,133  This should appear as two separate peaks in emission both 

exhibiting dispersion with angle as in Fig. 2.13, thus a polariton dispersion similar to Fig. 

2.9 can in principle be extracted from the PL or EL spectra.  As in reflectivity, absorption 
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Figure 2.13 Angle-resolved polariton EL versus angle for a tetraphenylporphyrin microcavity 
(Chapter 3).  Dotted lines are guides to the eye for the dispersions of the lower and upper 
branch. 
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and transmission, the upper and lower polariton features asymptote to the exciton and 

cavity photon energies analogously.  In addition, the intensities of lower and upper 

branch emission should reflect the photon character of the branch of interest.  Photon-like 

polariton states have a shorter radiative lifetime (the cavity photon typically has a much 

shorter lifetime (~10-12-10-15 s) than the exciton) giving rise to efficient emission.  As 

such, lower (upper) branch polariton luminescence is more (less) intense at low angles 

than high angles and should emit consistent with the photon character.132 

As already noted, emission is a time dependent process permitting competing 

relaxation processes.  As such, strongly coupled organic microcavities typically exhibit 

weak upper branch polariton emission because of efficient relaxation of upper branch 

polaritons via a variety of mechanisms.111,112,124,127,130,132,134  This makes analyzing EL 

and PL results more challenging than reflectivity, transmission and absorption.  Plotting a 
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dispersion (as shown in Fig. 2.9) and confirming the asymptotes is the only way to be 

certain that the observed emission is from a polariton state and not a weakly coupled 

exciton.124 

Weak exciton-photon coupling in PL and EL modifies the emission pattern of the 

cavity material.79-82,96-98,107,109,135  As discussed in Sec. 2.3.3, the linewidth of the 

emission in the weakly coupled regime is also modified (Fig. 2.14a).  Non-cavity 

emission in a conventional OLED is typically Lambertian and consequently reduces in 

intensity as the detection angle is increased.136  Conversely, microcavity emission follows 

the dispersion of the cavity mode as the angle is changed (see Fig. 2.14b).  All of the 

experiments mentioned above are efficient probes in determining the coupling regime of 

a particular sample and are thus important experiments in the context of polaritons. 

 

2.4  Scattering of Microcavity Polaritons 

 Scattering is a process by which polaritons relax in energy and in-plane 

momentum (angle of incidence).  The possible energies and momentum of polariton 

 
Figure 2.14 (a) Electroluminescence (EL) from a weakly coupled microcavity LED versus a 
non-cavity LED.  (b) A comparison between the angle resolved EL from a non-cavity LED 
versus a weakly coupled microcavity LED.79 

(a) (b)



 

 54 

states are specified by the dispersion relation, thus, all polariton relaxation processes must 

occur along the dispersion relation.  A mechanical analog can be made to a ball in a bowl.  

For the ball to relax to the bottom of the bowl it must roll along surface.  Polariton 

scattering occurs through interactions with other particles or quanta of energy and 

momentum such as phonons, other polaritons, charge carriers, etc.98,115,116,137,138  The 

scattering process is essential to the realization of optoelectronic devices based on 

polaritons such as optical amplifiers and lasers.115,137-159  Historically, these 

demonstrations have been restricted to inorganic semiconductor systems.98,137  Recently, 

however, lasing was demonstrated in a single crystal organic microcavity.71  This section 

will explain the physics behind polariton optical amplifiers and lasers. 

2.4.1  Polariton Lasing 

 A polariton laser is actually a coherent (meaning in-phase) emitter.156  This 

distinction is made because no population inversion is required to realize a polariton 

laser.  Coherent emission, rather, occurs due to a large build-up of polaritons in a single 

state referred to as a macroscopic population.137  A macroscopic population of polariton 

states is obtained through a process called stimulated scattering which relies on various 

unique properties of polaritons.98 

Using Eqn. 2.18, angle of incidence can be converted into in-plane wavevector 

(k∥), yielding a dispersion where the possible energies and momenta of polaritons are 

clearly defined (see Fig. 2.15).  By adjusting the cavity detuning (∆� ��� 
 �`�), defined 

as the energy separation between the exciton and cavity photon at k∥=0 (see Fig. 2.15), 

the energetic minimum and shape of the polariton branch can be manipulated.  The lower 
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branch has a shape analogous to a potential well suggesting that polaritons could 

potentially relax to the energetic minimum of the well (Fig. 2.15).  Additionally, 

polaritons are bosons, as they are an admixture of two bosonic particles.137  This means 

that polaritons do not obey the Pauli Exclusion Principle and thus a macroscopic 

population of polaritons can exist in a single state.  Combining the aforementioned 

properties of polaritons, it could be possible to condense all of the polaritons on the lower 

branch and build up a macroscopic population at the energy minimum (k∥=0).137 

If the polariton population exceeds unity at k∥=0, then stimulated scattering 

occurs, where transitions can be stimulated by population of the final state.156  Reverting 

back to the mechanical analogy (this is an analogy and does not represent the actual 

physics), assume that there are now three magnetic balls in the bowl, where one ball is 

already at the bottom of the bowl (the k∥=0 state).  The ball in the bottom of the bowl will 

pull the other two balls to the final state.  Stimulated scattering of polaritons is an 

analogous process however it is a bosonic interaction rather than a magnetic interaction.  

In the case of stimulated scattering, the rate of transition to the final state is proportional 

to (1 W ±��1�¢), where Nfinal is the final state population.  Thus, the larger the population 

is at k∥=0, the stronger the interaction is.  The combination of the above properties has led 

to the concept of a polariton laser, where a macroscopic population of polaritons is 

accumulated at k∥=0 (could be energy tuned by adjusting detuning) by means of 

stimulated scattering.137  In general, two methods have been employed to realize 

stimulated scattering: resonant and non-resonant pumping. 
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Figure 2.15 Polariton dispersion relation of energy vs. wavevector for a microcavity 
polariton where ∆ denotes the detuning and is given by ∆� ��� 
 �`�. 
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2.4.2  Resonant Pumping 

 Resonant pumping (resonant to the dispersion) refers to a technique by which 

polaritons are created at a distinct energy and in-plane wavevector (angle of incidence) 

on the lower branch.137  In this case, all created polaritons have the same phase due to the 

coherent pump source.  The resonant pumping technique results in polariton-polariton 

scattering (parametric scattering) in which momentum and energy are conserved.156  The 

momentum and energy conservation can be written as: 

2J* � J� W J�  

2�* � �� W ��  



 

 57 

 
Figure 2.16 Resonant pumping and parametric scattering.  Polaritons are created directly in 

the lower polariton branch.  Pair-wise scattering results in polariton occupation of k∥=0 and a 
higher energy and momentum polariton. 

k//

Energy

Pump

kL

k0

kR

The subscripts R, 0 and L denote the pump, zero wavevector polariton and large 

wavevector polariton, respectively.  The position at which the conservation laws are 

satisfied is often referred to as the magic angle or matching angle (θmatch).
156  Figure 2.16 

demonstrates resonant pumping and the resulting polariton-polariton scattering.  The 

population of k∥=0 can be probed via transmission or reflection to gauge the change in 

population. 

 Stevenson et al. showed that parametric scattering is possible in an inorganic 

(In0.06Ga0.94As) microcavity under resonant excitation (Fig. 2.17).153  At sufficient pump 

powers (P=1.15x103 Wcm-2) stimulated scattering is manifested in an inherent increase in 

the emission intensity at k∥=0 (0°) (Fig. 2.17a).  A macroscopic polariton population is 

then established at larger pump powers (P=1.9x103 Wcm-2 and P=2.3x103 Wcm-2) and 

narrow, amplified emission is observed from k∥=0 (0°) (Fig. 2.15a).156  At the largest 
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Figure 2.17 (a) Resonant excitation of a strongly coupled In0.06Ga0.94As microcavity.  The 
angle-resolved PL is monitored as a function of angle of incidence and pump power.  As the 
pump power is increased, a large re-distribution of emission is observed as a result of 
parametric scattering.  At the largest pump power (P=2.3x103 Wcm-2), intense emission at 0° 
signifying a macroscopic population.156  (b) Ultrafast pump-probe spectroscopy results for a 

variety of inorganic microcavities.  The probe creates a population of polaritons at k∥=0.  If the 
pump is tuned to the magic angle, large amplification (gain) of the probe pulse is observed as 
a result of parametric scattering.153 

(a) (b)

pump power (P=2.3x103 Wcm-2), significant emission is seen from the k∥=0 polariton 

state but little emission is seen from the momentum and energy conserving polariton 

state.  This is attributed to the polariton at high angle being predominantly exciton-like 

resulting in a longer lifetime than the photon-like polariton at k∥=0.  Parametric scattering 

has been shown in a variety of inorganic microcavities.147,160 
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 Stimulated scattering has also been shown in ultrafast pump-probe experiments 

(Fig. 2.17b).153,155  In these experiments, a low power probe laser is used to create a 

population at k∥=0 to encourage stimulated scattering.153,155  Without the probe pulse, no 

scattering is observed because the ultrafast pump does not allow for a sufficiently large 

build-up of polariton states at k∥=0 to initiate stimulated scattering.153  The probe pulse is 

amplified and thus exhibits gain when present, but only when the pump beam is at the 

magic angle.153  Increasing temperature results in an marked decrease in gain and 

increase in width of the probe pulse due to the dephasing of the exciton by increased 

phonon-exciton collisions.  Increasing the temperature causes a red shift in the 

semiconductor bandgap resulting in a shift of the probe gain toward higher energy (see 

Fig. 2.17b).153 

2.4.3  Non-resonant Pumping 

 The distinction of non-resonant pumping from resonant pumping is that excitons 

are created with the intention that they energetically relax into lower branch polariton 

states through phonon emission (Fig. 2.18).137  High energy excitons are created, which 

relax via longitudinal optical phonon emission to form a reservoir of large k excitons.157  

Additional relaxation from the exciton reservoir by emission of one to multiple acoustic 

phonons creates polariton states in the lower branch.137  The emission intensity at various 

angles detection gives information about the magnitude of scattering to each polariton 

state on the lower branch. 
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Figure 2.18 Schematic of non-resonant excitation and resulting phonon-assisted scattering 
mechanisms for inorganic systems.  In organic systems, the exciton is dispersionless (flat) 
and the function of longitudinal acoustic (LA) phonons is replaced by intermolecular 
phonons. 
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As polaritons relax (coherently) down the lower branch, they become increasingly 

photon-like (see Fig. 2.10a) and their lifetime decreases (radiative rate increases).157  This 

results in a competition between the relaxation by polariton-phonon scattering and 

polariton radiative decay, a phenomenon known as the relaxation bottleneck.157  A 

consequence of the relaxation bottleneck is a depletion of low k polariton states relative 

to high k polariton states, represented in Fig. 2.18 by decreasing circle diameters.157  The 

depletion occurs relative to the anti-crossing on the lower polariton branch. 

As discussed above resonance is the point on the dispersion where the polariton in 

either branch is 50% photon and 50% exciton.  States lower (higher) in energy than the 

anti-crossing are more photon-like (exciton-like) (Fig. 2.10a).  Therefore, the relaxation 

bottleneck depends strongly on the detuning of the microcavity since the detuning 
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controls the anti-crossing position of the dispersion.  In fact, Tartakovskii et al. see no 

bottleneck behavior for cavities with positive or zero detunings and a more dramatic 

bottleneck effect for larger negative detunings.157  At positive and zero detunings, the 

entire lower branch is mostly exciton-like and the bottleneck is thus suppressed.  While at 

negative detunings, a larger amount of polariton states are mostly photon-like and hence 

the bottleneck effect is more severe (Fig. 2.19, top panel).157 

The relaxation bottleneck can also be suppressed with increased pump power 

(P=400 Wcm-2 and P=1200 Wcm-2, Fig. 2.19).157  At large enough pump powers, enough 

polaritons exist in the system that polariton-polariton scattering becomes significant and 

the bottleneck is suppressed.137  This appears in the data, as enhanced emission from k||=0 

is observed as the pump power is increased (P=400 Wcm-2 and P=1200 Wcm-2 as 

opposed to the top panel, Fig. 2.19).140  Although polariton-polariton scattering is 

achieved, parametric scattering (boson interaction) never occurs as the pump power is 

increased because of the large exciton density present in the semiconductor.  The large 

exciton densities result in screening effects and hence broadening of the excitonic 

transition.140  Eventually, the exciton broadening (linewidth or γex) becomes larger than 

the interaction term (V) in Eqn. 2.37 and strong-coupling is lost (Fig. 2.6).137  At even 

larger pump powers, exciton screening results in dissociation of the exciton and 

traditional lasing is observed at the band gap energy of the semiconductor (P= 3200 

Wcm-2 Fig. 2.19). 
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Figure 2.19 Angle resolved polariton emission at various pump powers (P) and detunings 
(∆).  The top panel demonstrates the effect of the detuning on the polariton bottleneck.  The 
bottom panel illustrates the physics of non-resonantly pumped microcavities subjected to 
increasing pump power.140 

 

 

 

 

 

 

 

 

 

 

 

 

2.4.3.1  Organic Polariton Lasing 

 In the previous sections, the concept of polariton lasing was introduced.  

Recently, the first demonstration of organic polariton lasing under optical excitation was 

published by Kéna-Cohen et al.71  In this case, the mechanism responsible for the 

macroscopic polariton population at k∥=0 is contrary to inorganic polariton lasers where 

polariton relaxation to the ground state occurs through stimulated scattering or a 

multistep relaxation along the lower branch.  In the anthracene single crystal microcavity 

studied, fast relaxation of photogenerated excitons to the k∥=0 state was achieved through 

direct radiative scattering.  Direct radiative scattering occurs through the vibrationally 

assisted radiative decay of incoherent excitons which are populated by non-resonant 
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pumping.71  The effectiveness of the radiative scattering process of reservoir excitons to 

the k∥=0 state is manifested in the demonstration of a clear lasing threshold, spectral 

narrowing, and subsequent collapse of the emission lifetime as exhibited in Fig. 2.20.  

Although the mechanism responsible for polariton redistribution is different in this case, 

the demonstration of organic polariton lasing is an important first step to the realization 

of novel devices based on strongly coupled organic microcavities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.20 (a) The single crystal anthracene organic semiconductor microcavity 
architecture. (b) The photoluminescence intensity increases super linearly with 
pump power signaling the existence of lasing.  Inset: The PL linewidth decreases 
with pump power and the intensity shows a clear change in slope. (c) The emission 
lifetime collapses with pump power, again, suggesting the lasing.71 

 
 

(a) (b)

(c)



 

 64 

2.4.4  Organic vs. Inorganic Semiconductor Microcavities 

 Organic microcavities have numerous attractive attributes for strongly coupled 

devices.  As discussed in Sec. 1.3, inorganic semiconductor excitons are Wannier-Mott 

type and are thus weakly bound.  The exciton is only stable at low temperature in these 

materials, making difficult the excitation of the polariton state at room temperature and 

under electrical excitation.  Indeed, all of the scattering experiments discussed above 

were performed at temperatures much below room temperature.137,140,156,157  There are a 

couple of exceptions such as GaN and GaAs microcavities which have shown the 

excitation of the polariton state (GaAs and GaN) and polariton lasing (GaN)159 at room 

temperature.141,142,159,161  

 In contrast, organic semiconductor excited states are characterized as Frenkel or 

tightly bound excitons and are thus stable to thermalization at room temperature (Sec. 

1.3).  The ability to generate stable excitons has also permitted the realization of a stable 

strongly coupled state in these materials under large optical and electrical excitation 

densities, making organic semiconductors potentially more practical for device 

applications.162  In addition to their large exciton binding energy, organic semiconductors 

also exhibit large exciton oscillator strengths, which ultimately increase the intensity of 

the interaction between the semiconductor and the cavity photon.123  A strong light-

matter interaction (Rabi splitting) allows for a larger tolerance of exciton broadening 

(linewidths) and more easily resolvable polariton features.162 
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2.5  Strong Exciton-Photon Coupling in Organic 

Microcavities 

2.5.1  Common Materials 

The number of organic semiconductors that exhibit strong exciton-photon 

coupling is limited by the two material criteria outlined in Sec. 2.3.3: exciton linewidth 

and oscillator strength.  The material choices are therefore limited to organic 

semiconductors which demonstrate strong absorption with narrow linewidths.  

Unfortunately, this drastically condenses the list of suitable materials.  Indeed, to date, 

only the following materials have been shown experimentally to exhibit strong exciton-

photon:  tetraphenylporphyrin (TPP), platinum(II) octaethylporphyrin (PtOEP), 

tetraphenylporphyrin zinc (ZnTPP), tetra-(2,6-t-butyl)phenylporphyrin zinc (4TBPPZn), 

various molecular J-aggregates, poly[bis(p-butylphenyl)silane] (PBPS), 3,4,7,8 

napthalenetetracarboxylic dianhydride (NTCDA), anthracene, and 

tetracene.124,127,130,133,163-167 

 With the exception of TPP and PtOEP, the porphyrins listed above are solution 

processed in a polymer host.  This can be a disadvantage for device fabrication as care 

must be taken to select materials and solvents that do not promote mixing of layers.  In 

addition, these materials are typically doped in optically inactive, insulating polymer 

hosts making electrical excitation challenging.123,163  An additional challenge is the ability 

to control film thickness when spin coating, which is needed to control the spectral 

position of the cavity mode.  The porphyrins, TPP, ZnTPP, 4TBPPZn and PtOEP, 

(ZnTPP and 4TBPPZn can be thermally evaporated although they were solution 
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Figure 2.21 (a) Absorption coefficients of TPP and PtOEP. (b) Normalized emission and 
absorption for (5,6-dichloro-2-[3-[5,6-dichloro-1-ethyl-3-(3-sulfopropyl)-2(3H)-
benzimidazolium hydroxide (TDBC), a molecular J-aggregate.  Inset: An ordered alignment of 
dye molecules referred to as a J-aggregate and the molecular structure of TDBC. 
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processed for the studies referenced above) and  are instead materials that can be 

thermally evaporated, permitting fine thickness control and straightforward construction 

of multilayer devices.63  Another potential challenge of all porphyrins is that they have 

many absorptive transitions, the strongest (largest oscillator strength) of which is non-

radiative (see Fig. 2.21).162  Coupling to this feature in emission is therefore difficult.  

However, the lowest energy absorption feature of TPP is radiative and has sufficient 

oscillator strength for strong exciton-photon.130  Finally, PtOEP demonstrates intersystem 

crossing.  Intersystem crossing is a disadvantage due to the competition with polariton 

states for excitons.130 

 Molecular J-aggregates are an attractive material class due to their giant exciton 

oscillator strengths, and single and narrow absorption and emission features under 

appropriate preparation conditions.124,125,168-170  A single, narrow absorption feature is 
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achieved by forming an ordered alignment (referred to as a J-aggregate) of dye molecules 

(see Fig. 2.21).  Molecular J-aggregates must be solution processed and often suspended 

in a polymer host matrix to achieve alignment.124  Using a layer-by-layer deposition 

technique, Bradley et al. were able to overcome the need for a polymer host matrix while 

maintaining the most advantageous properties.171  This development lead to the 

observation of polariton electroluminescence for the first time.127 

 NTCDA is also deposited by thermal evaporation much like TPP and PtOEP.165  

Slow growth rates have enabled the deposition of polycrystalline films of NTCDA with a 

relatively high exciton oscillator strength compared to the other materials.165  Although 

such properties make NTCDA an encouraging active material, a major disadvantage is 

that NTCDA, due to its large bandgap, is difficult to excite electrically.165  PBPS is the 

only pure polymer shown to exhibit strong exciton-photon in a microcavity.  PBPS 

demonstrates giant splittings in high finesse cavities and clear polariton 

photoluminescence.133  A disadvantage of PBPS is its broad exciton linewidth which 

would normally make it difficult to resolve strong exciton-photon but the giant Rabi 

splitting is able to overcome this problem.133 
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Crystalline organic semiconductors have also recently received significant 

attention as potential active materials in microcavities.  The crystalline samples are 

fabricated by either slow rate thermal evaporation (tetracene) or a melt process 

(anthracene).166,167  The high crystalline order of these materials enables high exciton 

oscillator strength and narrow absorption features.  Figure 2.22 shows a selection of the 

active materials discussed above that have been used to observe strong exciton-photon 

coupling in organic semiconductors.  Also shown are the relevant physical properties that 

make these materials interesting for the study of these phenomena. 

 

 Peak 

Lambda (nm) 

Alpha (cm
-1

) Splitting (meV) Cavity 

Structure 

4TBPPZn 431 2.2 x 105 160 DBR/Metal 
Tetracene 504 4.6 x 104 120 Metal/Metal 

TDBC 595 1.0 x 106 265 Metal/Metal 
PBPS 395 1.3 x 105 420 DBR/Metal 

NTCDA 389 3.5 x 105 156 DBR/Metal 

 
Figure 2.22 The above table gives an overview of the material specific properties for 
strong coupling materials. (a) Tetra-(2,6-t-butyl)phenylporphyrin zinc (4TBPPZn) (b) 
tetracene (c) (5,6-dichloro-2-[3-[5,6-dichloro-1-ethyl-3-(3-sulfopropyl)-2(3H)-
benzimidazolidene]-1-propenyl]-1-ethyl-3-(3-sulfopropyl) benzimidazolium hydroxide 
(a J-Aggregate dye) (d) poly[bis(p-butylphenyl)silane] (PBPS) (e) 3,4,7,8 
napthalenetetracarboxylic dianhydride (NTCDA) 
 

(a) (b) (c)

(d) (e)
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2.5.2  Cavity Design 

As noted in Sec. 2.3.3, the regime of strong exciton-photon coupling is realized 

when both the confined cavity photon and exciton decay rates are slower than the Rabi 

frequency.  The decay rate of the cavity photon, or photon lifetime, can be engineered 

based on the design of the optical microcavity.  The higher the Q of the optical cavity, the 

more efficient the confinement of light and thus the slower the decay rate of the cavity 

photon (Eqn. 2.14).  For the study of strong exciton-photon coupling, this has often led to 

the development of extremely high Q cavities to maximize the photon lifetime.163 

In organic semiconductors, microcavity polaritons have been observed in a 

variety of one-dimensional (1D) microcavity structures (FP cavities).123,124,163,172  The 

mirrors of the microcavity may consist of metallic films or dielectric stacks tailored to 

form a distributed Bragg reflector (DBR), and are separated by a distance that yields a 

cavity resonance near degeneracy with the semiconductor excited state.  Materials such 

as TeO2, SiNx, HfO2 and TiO2, and SiO2 and LiF have been used as the high and low 

index components of the DBR, respectively.163  The system of TeO2/LiF is of particular 

interest as it is compatible with thermal evaporation.163  The reflectivities of DBRs can 

approach unity for large numbers of pairs.  In contrast, while metallic mirrors are 

convenient for the study of microcavity polaritons under electrical excitation, they have 

much lower reflectivities limited by the optical losses of the metal.  While metal-metal 

microcavities typically have Q~10, structures containing DBR-metal or DBR-DBR 

reflectors can have Q>100.163,172  Due to the large exciton oscillator strength of organic 
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semiconductors, the regime of strong exciton-photon coupling has been observed in 

organic semiconductor microcavities with Q as low as 10.172 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The overlap of the optical field with the active layer is also a factor in determining 

the Rabi splitting (Fig. 2.23).  Metal mirrors inherently have negligible optical field 

 
Figure 2.23 Simulated optical field intensity profiles for metal-metal, (a) 
DBR-metal, (b) , and DBR-DBR (c)  microcavities with a n=1.8, k=0 
active layer. 
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penetration depth, leading to larger overlap of the optical field and the organic 

semiconductor active layer.  Metal-metal microcavities have thus been shown to exhibit 

massive Rabi splittings of ~300 meV.172  Constructive interference from successive 

reflections in a DBR leads to a substantial optical field penetration into the reflector 

resulting in Rabi splittings that are considerably smaller than their metal-metal 

counterparts.  This being said, these systems do exhibit a considerably larger quality 

factor and hence, narrower spectral features.163  In addition, the photon and polariton 

lifetimes are considerable larger in systems constructed using low-loss DBRs.132 

2.5.3  Moving Forward 

Although both PL124,129,130,132,133 and EL127 from strongly coupled organic 

microcavities have been previously reported, the mechanism for the excitation of the 

polariton branches remains an area of continued research.  Of interest is the significant 

difference in emission intensity between the lower and upper polariton branches observed 

under optical and electrical excitation.111,112,114,127,132,134,173 Further, there has been only a 

single report of EL from strongly coupled organic microcavities, illustrating the need for 

more investigation into the mechanism for the population of polariton states under 

electrical excitation.127  This thesis is aimed at understanding the mechanisms responsible 

for polariton excitation under both optical and electrical excitation and utilizing the 

knowledge gained to engineer novel polariton based optoelectronic devices.  As such, the 

thesis is organized as follows.  Chapter 3 is a systematic study of the discrepancy in 

emission intensity from the upper and lower branch polariton states under both optical 

and electrical pumping.  A theoretical model is developed which elucidates the formation 
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mechanisms of polaritons.  In Chapter 4, the knowledge gained in the modeling of 

polariton excitation mechanisms is applied and a novel device architecture is developed 

which permits efficient excitation of both the lower and upper branch polaritons.  Chapter 

5 seeks to utilize the newly developed architecture to study, more completely, the physics 

of strongly coupled metal-metal microcavities.  Next, Chapter 6 employs the novel 

architecture developed in Chapter 4 in a hybrid organic-inorganic microcavity utilized to 

electrically excite inorganic polaritons without the need for charge carriers in the 

inorganic active layer.  The work presented in Chapter 7 is focused on a different optical 

feedback structure to achieve strong exciton-photon in organic semiconductors which 

allows for a longer range strong exciton-photon than can be achieved in typical 1D 

microcavities.  Finally, Chapter 8 discusses the implications of this work and potential 

future directions of the field of organic polariton devices. 
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Chapter 3 Thermally activated population of 

microcavity polariton states under optical and electrical 

excitation 

 

3.1  Introduction 

A key issue associated with organic semiconductor microcavities is that polariton 

emission does not correlate with branch photon character as discussed in Sec. 2.3.4 and 

shown in Fig. 3.1.124,127,129,132  In these systems, emission from the upper polariton branch 

is many orders of magnitude smaller in intensity than that originating from the lower 

branch.  In order to realize optoelectronic devices based on microcavity 

polaritons,71,153,155 it is important to clearly understand the origin of this discrepancy, and 

the processes responsible for the population of the upper and lower polariton 

branches.111,112,132,134,173,174  In this chapter, the formation mechanism for microcavity 

polaritons is elucidated by characterizing PL and EL from metal-metal microcavities 

containing the organic semiconductor tetraphenylporphyrin (TPP).130  For consistency, 

the same microcavity structure is characterized using angle-resolved measurements of 

reflectivity, PL, and EL as a function of both temperature and exciton-photon detuning.  

The population of the upper polariton branch is modeled by means of thermal activation 

from an uncoupled exciton reservoir.  Here, the activation energy for the population of 

the upper polariton branch is equal to the energetic separation between the exciton 
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Figure 3.1 Angle-resolved photoluminescence (PL) of an organic semiconductor 
microcavity.   Polariton emission does not correlate with the branch photon character.  
Emission from the upper polariton branch (denoted with UB) is many orders of magnitude 
smaller in intensity than that originating from the lower polariton branch (denoted with LB).  
The PL spectra are plotted on a logarithmic scale to better resolve the upper polariton branch 
emission. 
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reservoir and the upper branch at the angle of detection.  Agreement between the model 

and the experimental data is obtained under both optical and electrical excitation. 

 

This chapter is organized as follows.  In Sec. 3.2, the experimental details 

including device fabrication and various characterization techniques are described.  The 

theoretical basis used to interpret the experimental results is developed in Sec. 3.3, while 

experimental results are presented in Sec. 3.4. A discussion of the results is provided in 

Sec. 3.5, and the conclusions and future directions are presented in Sec. 3.6. 
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Figure 3.2 Absorption coefficient, photoluminescence (PL, broken line), and 
electroluminescence (EL, solid line) for a 70-nm-thick film of TPP collected at 300K.  The 
PL spectrum was collected under excitation at a wavelength of 405 nm.  The EL spectrum 
was collected using the bottom-emitting microcavity structure described in Sec. II with the 
Ag anode omitted.  The driving current density was 100 mA/cm2.  Inset: The chemical 
structure of tetraphenylporphyrin. 
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3.2  Experimental 

The absorption, PL and EL of the active material TPP are shown in Fig. 3.2.  Two 

different microcavity architectures containing TPP were explored to facilitate the 

measurement of angle-resolved reflectivity, PL and EL at room temperature (Fig. 3.3a), 

and measurements of PL and EL as a function of temperature at fixed angle (Fig 3.3b). In 

both structures, all device layers were deposited using thermal sublimation at a pressure 

of ~8x10-7 Torr.  For room temperature measurements of reflection, PL, and EL, a glass 

slide coated with a 150-nm-thick layer of indium-tin-oxide (ITO) was used as the 

substrate.  The microcavity (Fig. 3.3a) consisted of a 50-nm-thick layer of Ag, a 30-nm-

thick hole-transport layer of N,N'-Bis(naphthalen-1-yl)-N,N'-bis(phenyl)-benzidine 
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Figure 3.3 The microcavity architectures for luminescence measurements at (a) room 
temperature and (b) variable temperature. (c) The chemical structures for bathocuproine (BCP, 
top) and N,N'-Bis(naphthalen-1-yl)-N,N'-bis(phenyl)-benzidine (NPD, bottom). 
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(NPD), a 70-nm-thick layer of TPP, and a 30-nm-thick electron-transport layer of 

bathocuproine (BCP).  The device cathode consisted of a 0.5-nm-thick layer of LiF 

followed by a 50-nm-thick layer of Al.  Here, light is collected through the semi-

transparent Ag anode. 

For temperature-dependent measurements of microcavity luminescence, a 

polished Si wafer (intrinsic) was used as the substrate to improve thermal coupling to the 

device active layers.  A top-emitting architecture was used to facilitate light extraction for 

measurements carried out in a cryostat.  The device (Fig. 3.3b) consisted of a 100-nm-

thick layer of Ag which serves as the anode, a 30-nm-thick layer of NPD, a 55- or 65-nm-

thick layer of TPP, a 30-nm-thick layer of BCP and a cathode consisting of a 0.5-nm-

thick layer of LiF followed by a 25-nm-thick layer of Al.  Here, light is collected through 

the semi-transparent Al cathode. Due to the change in microcavity architecture, the TPP 

layer thickness is reduced slightly to permit the study of both the bottom- and top-

emitting structures at similar exciton-photon detunings.  In each structure, the Ag anode 
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and Al cathode serve both as electrodes and reflectors to form the optical 

microcavity.127,172 

Optical microcavities were studied using angle-resolved measurements of 

reflectivity, PL, and EL.  Reflectivity measurements were carried out using a variable-

angle spectroscopic ellipsometer under p-polarized monochromated white light.  Photo- 

and electroluminescence spectra were collected as a function of angle using an optical 

fiber-coupled spectrometer.  Devices were optically excited using a laser at a wavelength 

of λ=405 nm (60 mW) for PL measurements.  For EL measurements, the devices were 

held at a constant current density of 100 mA/cm2.  

A single port optical cryostat was used for temperature dependent measurements 

of PL and EL.  For PL measurements, a longpass filter with a cut-off wavelength of 

λ=488 nm was used to prevent the detection of the pump laser, and the excitation was 

performed at an angle of 10° from normal.  Under both optical and electrical excitation, 

normal incidence emission spectra were measured as a function of temperature. 

 

3.3  Theory 

This section outlines a model for the population of upper and lower branch 

polariton modes that builds off previous work by Ceccarelli et al.134  Here, the emission 

intensity ratio between the upper and lower branches is modeled under optical and 

electrical excitation.  Non-resonant excitation of the microcavity leads to the creation of 

energetic excitons which relax to form an exciton reservoir.50  Further relaxation from the 

reservoir can occur by a variety of mechanisms (Fig. 3.4).  Reservoir excitons may 
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Figure 3.4 Exciton relaxation and microcavity polariton formation according to the proposed 
model.  A full explanation of the model is provided in the text. 

Electrical or 
optical

excitation

Nr

Nl

Nu A BE /k Tu u0k k e−
=

lk
rNRk rRk

uNRk uRk
lNRk lRk

undergo radiative or non-radiative decay without coupling (with a total rate of 

kTOT=kR+kNR), may form states which are localized and unable to couple,110 or may 

couple with the cavity photon mode and populate the upper (ku) and lower (kl) branch 

polariton states.  Excitation from the exciton reservoir to the upper polariton branch 

requires an input of thermal energy.  Such phonon-assisted processes are likely facilitated 

in TPP by the energetic breadth of the uncoupled exciton reservoir.149-151,158,173  Since 

population of the upper branch is a thermally activated process, most reservoir excitons 

relax into the lower branch. 

The polariton formation process described above is modeled using rate equations 

for the populations of the exciton reservoir (Nr) and the upper and lower polariton 

branches, Nu and Nl, respectively: 

²³e
²_ � 
JSQST ±T 
 J¢±T 
 J£��EM´/�µS±T W ¶                                                          (3.1) 
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²³·
²_ � 
JSQS£ ±£ W J£��EM´/�µS±T                                                                              (3.2)

 

²³¸
²_ � 
JSQS¢ ±¢ W J¢±T                                                                                                 (3.3)

 

In Eqns. 3.1-3.3, kB is the Boltzmann constant and T is the ambient temperature.  Terms 

referring to the reservoir excitons, upper and lower branch polaritons are denoted by the 

superscripts r, u, and l, respectively.  The total decay rates for each of the populations are 

defined as kTOT
r
, kTOT

u, and kTOT
l.  The rates ku0

 and kl, are the temperature independent 

rates of relaxation and excitation from the reservoir into the upper and lower branches, 

respectively. The reservoir exciton generation rate (optical or electrical) is G.  In this 

model, polaritons created with arbitrary in-plane wavevector do not undergo further 

relaxation in energy due to their short radiative lifetime.132  For high finesse microcavity 

structures, polaritons may undergo relaxation in the upper and lower branches.111,112  The 

upper polariton branch is populated by the excitation of reservoir excitons with activation 

energy, EA.134 

 Equations 3.1-3.3 can be solved simultaneously under steady-state excitation to 

obtain expressions for N
r, N

u, and N
l.  The corresponding emission intensity can be 

expressed as:66 

¹º � ,��» 8
i

����»
²¼�½�/
u» ±º                                                                                                        (3.4) 

where h and c are the Planck constant and speed of light, respectively, and the superscript 

j denotes either r, u, or l.  The emission wavelength in each case is denoted by λj, and dExc 

is the width of the exciton recombination zone.  The width of the exciton recombination 

zone in an organic light-emitting device is typically tens of nanometers.175,176  Under 
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optical excitation, dExc can be considerably larger and depends strongly on the absorption 

coefficient of the organic material.  However, when calculating the ratio of luminescence 

intensities this term cancels, and therefore does not impact the analysis and conclusions 

drawn from this model.  In terms of Nr, the intensities of Eqn. 4 can be re-written as:  

¹T � Z��e]i
����e

²¼�½�/
ue ±T                                                                                                        (3.5) 

¹T � Z��·]i
����·

²¼�½�/
u· J£��EM´/�µS±T                                                                                   (3.6) 

¹¢ � Z��̧]i
����¸

²¼�½�/
u¸ J¢±T                                                                                                      (3.7) 

Using Eqns. 3.6 and 3.7, the ratio of upper to lower branch emission can be written as: 

ln ,d·d¸8 � ln4O6 
 M´
�µS                                                                                                     (3.8) 

where χ depends on the rates of polariton decay and transfer from the reservoir, and the 

respective emission wavelengths as: 

O � u¸
u·

�·2
�¸ ¿��

·Z��̧����¸ ]
��̧Z��·����· ]À

�
                                                                                               (3.9) 

with:132  

J*£,¢ � Á·,¸i
(½ÂÃ                                                                                                                     (3.10) 

where α2 is the relative weight of the photon component of the branch of interest, and τcav 

is the lifetime of the cavity photon.  Equation 3.10 reflects the fact that in TPP, τcav (~12 

fs) is much shorter than the uncoupled exciton lifetime of 0.31 ns.177  Similarly, the ratio 

of upper branch emission intensity to reservoir exciton emission intensity can be 

expressed using Eqns. 3.5 and 3.6 as: 
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ln ,d·de8 � ln4�6 
 M´
�µS                                                                                                  (3.11)

 
with: 

� � J£� ueu· ,��
·

��e8
� ��e����e
Z��·����· ]i                                                                                         (3.12) 

The emission wavelengths and radiative decay rates for the upper and lower branches 

(Eqn. 3.10) can be substituted into Eqns. 3.9 and 3.12 to estimate kl and ku0, the 

respective rates of polariton population from the reservoir. 

 

3.4  Results 

3.4.1  Microcavity reflectivity at room temperature 

The room temperature thin film absorption coefficient, PL, and EL of TPP are 

shown in Fig. 3.2.  The optical transition of interest for strong coupling is centered at 

(1.90 ± 0.02) eV with a full-width half-maximum (FWHM) of (61 ± 5) meV.130,178  In PL 

and EL, the transitions of interest are centered at (1.89 ± 0.02) eV and (1.88 ± 0.02) eV, 

with FWHM of (69 ± 5) meV and (68 ± 5) meV, respectively. Angle-resolved reflectivity 

spectra for the microcavity structure of Fig. 3.3a are shown in Fig. 3.5a.  Two prominent 

features are observed as a result of strong coupling between the cavity photon and the 

absorption resonance at 1.90 eV.  These features show strong dispersion with angle of 

incidence and anti-cross around the uncoupled exciton energy.99  Figure 3.5b shows the 

corresponding dispersion relation extracted by multi-peak fitting the spectra in Fig. 3.5a.  

The dispersion relation was fit using a coupled-oscillator model (Eqn. 2.21 without the 

broadening terms) to yield a Rabi splitting of (80 ± 5) meV.99 
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Figure 3.5 (a) Reflectivity spectra collected at angles of incidence ranging from 15° to 75° in 
steps of 15° for the microcavity of Fig. 3.3a.  The broken lines highlight the dispersion of 
strongly coupled features with angle.  The uncoupled exciton energy is denoted by a solid 
line.  (b) Dispersion relation obtained from reflectivity.  Solid lines are fits to the data based 
on a coupled-oscillator model.  The broken line indicates the position of the exciton reservoir. 
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3.4.2  Room temperature measurements of microcavity luminescence 

Figure 3.6a shows angle-resolved PL for the microcavity in Fig. 3.3a.  Here, a 

logarithmic plot is used to better resolve emission from the upper polariton branch 

between 1.90 and 2.05 eV.  This feature shows clear dispersion with angle, confirming its 

origin as the upper polariton branch.  Due to the low cavity quality factor (Q∼28),66 

significant uncoupled emission from TPP is also observed between 1.6 and 1.8 eV. Multi-

peak fitting (Gaussian) was performed on the emission spectra to extract the position of 

each feature and construct a dispersion curve (Fig. 3.6b).  As with the dispersions 
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Figure 3.6 (a) Logarithmic plot of angle-resolved photoluminescence (PL) and the 
corresponding dispersion relation (b).  For the spectra, broken lines indicate the position of the 
strongly coupled features while the solid lines indicate the position of the uncoupled exciton 
energy of TPP.  For the dispersion relations, solid lines are fits to the data based on a coupled-
oscillator model while the uncoupled exciton energy is indicated by a broken line. 
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obtained from measurements of reflectivity, fitting of the dispersion curve yields a Rabi 

splitting of (72 ± 5) meV. 

 

Angle-resolved microcavity EL spectra are shown in Fig. 3.7a, and are similar to 

those obtained under optical excitation.  Again, the spectra are shown on a logarithmic 

plot to accentuate the upper polariton branch.  As in PL, significant uncoupled emission 

from TPP is observed between 1.6 and 1.8 eV.  The corresponding dispersion relation is 

shown in Fig. 3.7b for the microcavity of Fig. 3.3a, characterized by a Rabi splitting of 

(72 ± 5) meV. 
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Figure 3.7 (a) Logarithmic plot of angle-resolved electroluminescence (EL) and the 
corresponding dispersion relation (b).  For the spectra, broken lines indicate the position of 
the strongly coupled features while the solid lines indicate the position of the uncoupled 
exciton energy of TPP.  For the dispersion relations, solid lines are fits to the data based on a 
coupled-oscillator model while the uncoupled exciton energy is indicated by a broken line. 
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3.4.3  Temperature dependence of microcavity luminescence 

Microcavity luminescence was also examined as a function of temperature using 

the top-emitting device architecture described in Sec. 3.2 and shown in Fig. 3.3b.  The PL 

and EL were collected as a function of temperature for microcavities containing either 

(55 ± 2) nm or (65 ± 2) nm of TPP.  Varying the thickness of TPP changes the cavity 

mode energy, permitting a variation in the exciton-photon energy detuning.  This in turn 

leads to a variation in the energetic separation between the polariton branches and the 

exciton reservoir. 

Normal incidence PL was collected over a temperature range of 156K to 292K 

(Fig. 3.8a) or 130K to 298K (Fig. 3.8b) for devices containing either 55 nm or 65 nm of 

TPP, respectively.  Similar EL spectra were also collected from microcavities containing 
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either 55 nm or 65 nm of TPP over a temperature range of 144K to 298K (Fig. 3.8c) or 

140K to 295K (Fig. 3.8d), respectively.  The upper and lower polariton branches and 

uncoupled exciton emission are denoted by the labels UB, LB and Unc., respectively.  

Significant uncoupled emission is observed as a result of the low microcavity quality 

factor (Q ∼ 36).132,134,179  The spectra in Fig. 3.8 demonstrate a clear increase in upper 

branch polariton emission intensity with increasing temperature while the uncoupled 

emission intensity decreases with increasing temperature, relative to the lower branch. 
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Figure 3.8 Photoluminescence (a) and (b) and electroluminescence (c) and (d) spectra 
collected at normal incidence as a function of temperature for the microcavity of Fig. 1c. Data 
for microcavities containing 55 nm of TPP is shown in parts (a) and (c) while data for 
microcavities containing 65 nm of TPP is shown in parts (b) and (d).  The spectra shown in (a) 
through (d) are not normalized.  The vertical solid line in each figure denotes the position of 
the uncoupled exciton energy of TPP, while the arrows denote the direction of increasing 
temperature.  The labels Unc., LB and UB indicate emission from uncoupled reservoir 
excitons, lower branch polaritons and upper branch polaritons, respectively. 
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Figure 3.9 Multi-peak fitting for a photoluminescence spectrum from Fig. 3.7 collected at 
210K on a device containing 65 nm of TPP (open circles).  The spectrum is deconvoluted by 
multi-peak fitting with four Gaussian peaks representing uncoupled emission (Unc., 2 peaks), 
lower branch emission (LB) and upper branch emission (UB). 
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In order to extract peak positions and intensity from the spectra of Fig. 3.8, and 

throughout this chapter, multi-peak fitting (Gaussian) was performed on both PL and EL 

spectra.  Figure 3.9 shows an example of this deconvolution for a PL spectrum collected 

at a temperature of 210K for a sample (Fig. 3.8c) containing a 65-nm-thick layer of TPP.  

The two polariton features are clearly identified along with uncoupled emission from TPP 

which is best fit using two peaks.  Both peak centers and integrated emission intensities 

were obtained in this way to construct the intensity ratios used for comparison with Eqns. 

3.8 and 3.11. 
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Figure 3.10 (a) Temperature dependent ratios of upper branch to lower branch 
photoluminescence intensity for the microcavity of Fig. 3.3b. Dispersion relations obtained 
from angle-resolved reflectivity for microcavities containing either 55 nm (b) or 65 nm (c) of 
TPP.  In (b) and (c), the solid lines are fits based on a coupled-oscillator model while broken 
lines denote the position of the uncoupled exciton reservoir. 
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Figure 3.10a shows the dependence of the upper branch to lower branch PL ratio 

on temperature for microcavities (Fig. 3.3b) containing either 55 nm or 65 nm of TPP.  

The temperature dependence was fit using Eqn. 3.8 to yield activation energies of (52 ± 

2) meV and (30 ± 2) meV, and χ values of (0.50 ± 0.03) and (0.55 ± 0.03) for 

microcavities containing either 55 nm or 65 nm of TPP, respectively.  These parameters 
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are summarized in Table 3.1.  The PL intensity of TPP was separately measured outside 

of the microcavity to have a negligible dependence on temperature.  Dispersion relations 

obtained from angle-resolved reflectivity measurements performed on microcavities 

containing either 55 nm or 65 nm of TPP are shown in Figs. 3.10b and 3.10c.  The 

dispersion relations were fit with a coupled-oscillator model. 

The ratio of the upper branch to lower branch integrated EL intensity was also 

extracted and plotted as a function of temperature for each detuning (Fig. 3.11a).  Fitting 

the temperature dependence with Eqn. 3.8 yields activation energies of (57 ± 2) meV and 

(30 ± 2) meV, and χ values of (0.46 ± 0.03) and (0.55 ± 0.03) for microcavities 

containing either 55 nm or 65 nm of TPP, respectively.  These parameters are 

summarized in Table 3.1.  Again, dispersion relations obtained from angle-resolved 

reflectivity are shown for each detuning in Figs. 3.11b and 3.11c, and were fit using a 

coupled-oscillator model. 
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Figure 3.11 (a) Temperature dependent ratios of upper branch to lower branch 
electroluminescence intensity for the microcavity of Fig. 3.3b. Dispersion relations obtained 
from angle-resolved reflectivity for microcavities containing either 55 nm (b) or 65 nm (c) of 
TPP.  In (b) and (c), the solid lines are fits based on a coupled-oscillator model while broken 
lines denote the position of the uncoupled exciton reservoir. 
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3.5  Discussion 

3.5.1  Exciton-photon coupling at room temperature 

 The PL and EL spectra shown in Figs. 3.6 and 3.7 exhibit a significant intensity 

difference for emission from the lower and upper polariton branches.  The lower branch 

emission intensity correlates well with the photon character of the branch.  At angles 

below resonance, lower branch states are mostly photon-like, and have a shorter radiative 

lifetime giving rise to efficient emission.  At angles above resonance, the emission 

intensity from lower branch states is reduced due to its exciton-like character and hence 

longer radiative lifetime.  To summarize, lower branch polariton luminescence is more 

intense at low angles than high angles and emits consistent with the photon character.  

This observation is comparable with previous reports of PL from strongly coupled 

organic microcavities.124,127,132  The emission intensity of the upper branch does not 

exhibit the same dependence on branch character and is instead described using the 

model of Sec. 3.3. 

3.5.2  Temperature dependence of microcavity luminescence 

3.5.2.1  Activated population of the upper polariton branch 

At normal incidence, the energetic separations between the upper branch and the 

exciton reservoir are (52 ± 5) meV and (28 ± 5) meV for optically excited microcavities 

containing either 55 nm or 65 nm of TPP, respectively (Figs. 3.10b and 3.10c).  These 

values compare favorably with the activation energies of (52 ± 2) meV and (30 ± 2) meV 

extracted from the fits in Fig. 3.10a.  Similarly, Figs. 3.11b and 3.11c show dispersion 

curves obtained from angle-resolved reflectivity for samples examined under electrical 
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excitation.  Upper branch-exciton reservoir energetic separations of (56 ± 5) meV and (27 

± 5) meV are observed at normal incidence for microcavities containing 55 nm or 65 nm 

of TPP, respectively.  These values are in good agreement with the activation energies of 

(57 ± 2) meV and (30 ± 2) meV extracted from the fits in Fig. 3.11a.  The correlation 

between the measured activation energies and the energetic separation between the 

exciton reservoir and the upper branch (Table 3.1) supports a model of upper branch 

population via thermal activation.  Thus, while emission from the lower branch reflects 

the branch photon character, emission from the upper branch is determined by the rate of 

population from the exciton reservoir. 

Table 3.1 Parameters for temperature dependent luminescence measurements 

Parameters determined from fitting the model in Sec. 3.3 to the data in Figs. 3.10 and 

3.11 for microcavities containing either 55 nm or 65 nm of TPP. 

 Photoluminescence Electroluminescence 

Thickness 
(nm) 

σ 

(meV)a
 

EA 
(meV) 

χ σ 
(meV)a 

EA 

(meV) 
χ 

55 52 ± 5 52 ± 2 0.50 ± 0.03 56 ± 5 57 ± 2 0.46 ± 0.03 

65 28 ± 5 30 ± 2 0.55 ± 0.03 27 ± 5 30 ± 2 0.55 ± 0.03 

aσ is the energetic separation between the upper polariton branch and the uncoupled 
exciton reservoir at an angle of zero degrees. 
 

3.5.2.2  Population rates of the upper and lower polariton branches 

While previous work has examined the ratio of upper to lower branch PL intensity 

as a function of temperature, there has not been an attempt to extract branch population 

rates from the temperature dependence of the luminescence.134  The procedure for 
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extracting the polariton branch population rates is described as follows.  First, the 

intercepts (χ) extracted from fits of Eqn. 3.8 in Figs. 3.10a and 3.11a are manipulated to 

obtain values for the ratio of the upper branch population rate (ku0) to the lower branch 

population rate (kl).  Second, the intercepts extracted from fits of Eqn. 3.11 to the ratio of 

upper branch to reservoir exciton emission intensity (not shown) are used to calculate the 

upper branch transfer rate ku0, allowing the lower branch excitation rate (kl) to be 

extracted from the aforementioned ratio of ku0 to kl. 

The vertical-axis intercepts extracted from the fits of Figs. 3.10a and 3.11a can be 

used to calculate the ratio of ku0 to kl using Eqn. 3.9.  This calculation is made under two 

assumptions namely, that the non-radiative decay rate for lower and upper branch 

polaritons is the same as that of the uncoupled exciton, and that the non-radiative decay 

rate is much smaller than the rate of radiative decay from the upper and lower branches.  

The latter assumption suggests that non-radiative relaxation is not competitive with 

polariton or reservoir exciton luminescence.  The cavity photon lifetime can be calculated 

from the quality factor yielding a value of 12 fs,66 allowing the microcavity polariton 

radiative decay rates to be calculated using Eqn. 3.10.  Since both the relaxation rate to 

the lower branch (kl) and the rate of transfer from the exciton reservoir to the upper 

branch (ku0) are unknown, only the ratio of ku0 to kl can be determined from the fits of 

Fig. 3.10a and 3.11a.  Substitution into Eqn. 3.9 yields ku0 to kl ratios of (0.44 ± 0.05) and 

(0.53 ± 0.05), from PL measurements, and (0.48 ± 0.05) and (0.53 ± 0.05), from EL 

measurements.  In both cases the ratios are determined for microcavities containing either 

55 nm or 65 nm of TPP.  The ratios of ku0 to kl are summarized in Table 3.2 along with 



 

 94 

their dependence on the energetic separation between the upper branch and the exciton 

reservoir.  Although ku0 is defined as the temperature independent rate of transfer to the 

upper branch, ratios less than unity suggest that this rate is slower than the relaxation of 

excitons from the reservoir to the lower branch.   

The model developed in Sec. 3.3 can be further examined by fitting the ratio of 

upper branch to reservoir emission intensity as a function of temperature with the Eqn. 

3.11 as shown for PL and EL in Fig. 3.12a and 3.12b, respectively.  These fits yield 

activation energies for the population of the upper branch that are identical to those 

extracted from Figs. 3.10a and 3.11a.  The corresponding values of the intercept (ψ) are 

(1.60 ± 0.04) and (1.77 ± 0.04) for microcavities containing 65 nm of TPP for PL and EL, 

respectively.  Values of ψ for microcavities containing 55 nm of TPP are (17.92 ± 0.04) 

and (19.22 ± 0.04) for PL and EL, respectively.  Equation 3.12 can be used with ψ to 

calculate a value for the upper branch transfer rate ku0.   Assuming that the non-radiative 

decay rate is small with respect to the radiative rate, ku0 can be calculated in terms of the 

radiative decay rate of uncoupled reservoir excitons in the cavity.  The results are (1.48 ± 

0.05)*kR
r and (1.64 ± 0.05)*kR

r

 from PL and EL measurements on microcavities 

containing 65 nm of TPP.  Based on kR=3.2 x 109 s-1 for TPP,177 and assuming that 

kR
r∼kR,  temperature independent upper branch excitation rates (ku0) of 4.7 x 109 s-1 and 

5.2 x 109 s-1, are calculated from measurements of PL and EL, respectively.  At 300K, 

these values for ku0 give overall rates of upper branch excitation (ku) of 1.5 x 109 s-1 and 

1.6 x 109 s-1. The same method can be used to calculate temperature independent upper 

branch excitation rates for a microcavity containing 55 nm of TPP.  These rates are 
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Figure 3.12 Temperature dependent ratios of upper branch to uncoupled photoluminescence 
(a) and electroluminescence (b) intensity for the microcavity of Fig. 3.3b containing either 
55 nm or 65 nm of TPP. 
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summarized in Table 3.2 for both microcavities along with the corresponding upper 

branch-exciton reservoir and lower branch-exciton reservoir energetic separations. 

 

Prior work suggests that the excitation rate from the reservoir to the upper branch 

should increase with the energetic separation (σ) between the upper branch and reservoir 

for branch energies close to the reservoir.111  For higher energy states in the upper branch, 

the rate of excitation from the reservoir is expected to decrease with increasing σ.111  The 

experimental results presented here for TPP reflect the behavior expected for low energy 

states near the exciton reservoir. In particular, ku0 for a microcavity containing a 55 nm-

thick layer of TPP is a factor of ∼10 larger than that obtained for a microcavity containing 
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a 65 nm-thick layer of TPP (Table 3.2). This is consistent with an increase in σ for 

microcavities containing 55 nm of TPP. 

Table 3.2 Polariton excitation rates obtained from the model in Sec. 3.3.   

Polariton excitation rates calculated from the fit parameters in Table 3.1 as discussed in 

Sec. 3.5.2.2 of the text. 

 Photoluminescence Electroluminescence 

 55 nm TPP 65 nm TPP 55 nm TPP 65 nm TPP 

σ (meV)a 52 ± 5 28 ± 5 56 ± 5 27 ± 5 

δ (meV)b 35 ± 5 61 ± 5 34 ± 5 63 ± 5 

ku0/kl 0.44 ± 0.05 0.53 ± 0.05 0.48 ± 0.05 0.53 ± 0.05 

ku0 (s-1) (5.2 ± 0.1) x 1010 (4.7 ± 0.2) x 109 (5.6 ± 0.1) x 1010 (5.2 ± 0.2) x 109 

kl (s-1) (1.2 ± 0.1) x 1011 (8.9 ± 0.9) x 109 (1.2 ± 0.1) x 1011 (9.8 ± 0.9) x 109 

aσ is the energetic separation between the upper polariton branch and the uncoupled 
exciton reservoir at an angle of zero degrees.  
bδ is the energetic separation between the uncoupled exciton reservoir and the lower 
polariton branch at an angle of zero degrees.  

 

Combining the calculated values of ku0 with the ratios of ku0 to kl previously 

determined allows the lower branch excitation rate to be estimated as a function of 

exciton-photon detuning (Table 3.2). Prior theoretical work on strong coupling in organic 

semiconductors has suggested that the rate of relaxation from the exciton reservoir to the 

lower branch should decrease as the energetic separation between these states (δ) is 

increased.111  The data presented here for microcavities containing TPP show this trend as 

kl is reduced by a factor of ∼10  as the thickness of the TPP layer is increased from 55 nm 
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to 65 nm (Table 3.2). Increasing the thickness of the TPP layer leads to an increase in δ at 

normal incidence.  Overall, the lower branch transfer rates kl determined in this work for 

TPP (Table 3.2) are similar to those predicted for microcavities containing J-aggregate 

films.111,180,181  

3.5.3  Summary 

Previous studies of PL from strongly coupled organic microcavities have shown that 

luminescence from the upper polariton branch is very weak in intensity relative to that 

from the lower polariton branch.111,112,134,173  In this chapter, the emission from an organic 

microcavity was examined under both optical and electrical excitation, and a formalism 

was developed that accurately predicted the difference between the lower branch and 

upper branch polariton emission intensities for both PL and EL.  Fitting the temperature 

dependent microcavity luminescence intensities yielded activation energies that 

corresponded to the energy difference between the upper branch and the reservoir energy.  

Using this model, the rates of population of the upper and lower branches from the 

exciton reservoir were determined.  The knowledge gained of the excitation mechanisms 

responsible for polariton excitation is paramount.  The weak population of the upper 

polariton branch can be overcome by choosing an alternate excitation scheme.  This 

scheme circumvents the exciton reservoir by exciting polaritons directly. 
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Chapter 4 Electrical excitation of microcavity 

polaritons by radiative pumping from a weakly coupled 

organic semiconductor 

 

4.1  Introduction 

In Chapter 3, it was revealed that the population of organic microcavity polariton 

states occurs via an uncoupled exciton reservoir. Consequently, this results in the 

inefficient excitation of the upper polariton branch, and a significant population of 

uncoupled excitons in the active material.111,112,132,134  Since reservoir excitons may 

themselves undergo radiative or non-radiative decay prior to populating either the upper 

or lower branch, the intermediate population of the reservoir may constitute a potential 

loss channel, reducing the fraction of the pump excitation that results in microcavity 

polariton formation.132,134  This is reflected by the observation of weak upper branch 

emission relative to the lower branch and significant uncoupled emission in microcavity 

luminescence measurements.124,127,130,132  Bimolecular quenching processes between 

reservoir excitons and microcavity polaritons have also been suggested as a potential 

pathway for additional loss.181 

In order to circumvent these complications, an alternate excitation approach is 

demonstrated in this chapter that permits the direct population of microcavity polariton 

states under both electrical and optical excitation without first forming an exciton 

reservoir.  This is realized by introducing a weakly coupled emitter into an optical 

microcavity containing an organic semiconductor suitable for strong exciton-photon 
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Figure 4.1 (a) Microcavity architecture of interest for the study of radiative pumping. (b) 
Absorption (solid line) and electroluminescence (EL, broken line) spectra of TPP, and the 
electroluminescence (dotted line) of Alq3. The EL spectra of TPP and Alq3 were obtained in 
device architectures consisting of ITO/30 nm NPD/70 nm TPP or Alq3/30 nm BCP/0.5 nm 
LiF/50 nm Al, respectively at a current density of 100 mA/cm2.  Inset: Molecular structure of 
Alq3. 
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coupling.  In contrast to previous work on microcavity polariton luminescence in organic 

semiconductors, angle-resolved measurements of the photo- and electroluminescence 

show variations in upper and lower branch emission intensity consistent with the branch 

photon character.99  These results confirm that the excitation of the microcavity polariton 

states is by radiative pumping from the weakly coupled emitter. 

This chapter is organized as follows.  In Sec. 4.2, the experimental details 

including the device structure and fabrication, and various characterization techniques are 

described.  The radiative pumping scheme is also discussed in Sec. 4.2.  The theoretical 

basis used to verify the existence of radiative pumping is developed in Sec. 4.3, while 

experimental results are presented in Sec. 4.4.  A discussion of the results and summary is 

provided in Sec. 4.5. 
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Figure 4.2 Simulated optical field via the transfer matrix formulism (Chapter 5) for the 
device of Fig. 3.1a.  Significant overlap of the optical field with TPP is maintained despite 
the proximity of the TPP layer to the metallic anode. 
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4.2  Experiment 

Optical microcavities were constructed by depositing organic and metallic layers 

onto a glass substrate coated with a 150-nm-thick layer of indium-tin-oxide (ITO) using 

vacuum thermal sublimation at 8x10-7 Torr. Prior to layer deposition, substrates were 

degreased with solvents and cleaned by exposure to UV-ozone ambient. The microcavity 

structure (Fig. 4.1a) consisted of a 50-nm-thick layer of Ag, a layer of 

tetraphenylporphyrin (TPP) of varying thickness (as discussed in Chapter 3), a 10-nm-

thick layer of the hole-transporting material N,N'-Bis(naphthalen-1-yl)-N,N'-bis(phenyl)-

benzidine (NPD), a 70-nm-thick layer of the electron-transporting material aluminum 

tris(8-hydroxyquinoline) (Alq3), and a 10-nm-thick layer of the exciton/hole-blocking 

material bathocuproine (BCP). The device cathode consisted of a 0.5-nm-thick layer of 

LiF and a 50-nm-thick layer of Al. The metallic anode (Ag) and cathode (Al) of the 

device also serve as reflectors forming an optical microcavity.127,172  
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Figure 4.3 Electroluminescence (EL) spectra of Alq3 obtained in a device architecture 
consisting of ITO/55 nm TPP/10 nm NPD/70 nm Alq3/10 nm BCP/0.5 nm LiF/50 nm Al 
(Inset) driven at a current density of 100 mA/cm2.  EL is observed only from Alq3 confirming 
that there is no exciton formation on TPP in the microcavity structure of Fig. 4.1a. 
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The layer of TPP serves as the active material for the observation of strong 

exciton-photon coupling.130 Despite the proximity of TPP to the metallic anode, 

significant overlap with the optical field is maintained as shown in Fig. 4.2. The 

microcavity is tuned to resonance with the excitonic transition of TPP at (1.90 ± 0.02) eV 

(Fig. 4.1b). The broad absorption and emission (Fig. 4.1b) features of Alq3 ensure only a 

weak coupling with the cavity photon mode.79  The energy gap of the NPD layer is larger 

than that of Alq3, preventing the direct excitation of TPP by blocking electrons and also 

preventing Förster energy transfer from Alq3.
182  As further evidence, devices constructed 

on ITO with no bottom reflector show EL only from Alq3 (Fig. 4.3), confirming that there 

is no exciton formation on TPP. When excited, Alq3 radiatively populates the polariton 

modes of the microcavity (Fig. 4.4), circumventing the need to first create an uncoupled 

exciton reservoir. This excitation mechanism drastically alters the resulting electro- (EL) 

and photoluminescence (PL) observed from the cavity. 
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Figure 4.4 A schematic of the radiative pumping scheme.  Broad luminescence from Alq3 
directly excites microcavity polariton states created by the coupling of the TPP exciton (1.90 
eV) to the cavity photon.  The result is clear, resolvable luminescence from both the upper 
and lower polariton branches. 
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Microcavities were characterized using a variety of angle-resolved techniques. 

Reflectivity measurements were performed using a variable-angle spectroscopic 

ellipsometer under p-polarized light illumination. A polarizer was used to collect p-

polarized EL and PL spectra as a function of detection angle. For measurements of EL, 

devices were excited at a constant current density of 100 mA/cm2. For measurements of 

PL, microcavities were excited using a 60 mW laser at a wavelength of λ=405 nm. The 

laser was incident on the sample through the cathode in order to maximize the fraction of 

light absorbed in the Alq3 layer. 
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4.3  Theory 

The use of radiative pumping (Fig. 4.4) permits equal population of the upper and 

lower polariton branches. When both polariton branches are populated equally, the 

emission intensity is dictated by the relative photon character of each branch. To assess 

the degree to which the observed emission features vary according to their relative 

photon character, the integrated EL intensities are related to the photon character by 

building off of the following expression for emission from the lower (Il) and upper (Iu) 

branches as developed in Chapter 3:66 

¹¢,£ � P¢,£ �/²¼�½
u¸,· J*¢,£±¢,£                                                                                               (4.1) 

where the emission efficiency and emission wavelength are denoted Φl,u and λl,u, 

respectively. The polariton population and radiative decay rates of the lower and upper 

branch are denoted by Nl,u and kR
l,u, respectively. Under electrical excitation, the exciton 

recombination zone (dExc) in Alq3 is approximated as the layer thickness.176 The emission 

efficiency is taken as unity for both the upper and lower branches assuming that the 

radiative decay rate is much larger than the non-radiative decay rate for polaritons.  As 

given in Chapter 3, the radiative decay rate of a polariton is related to the cavity photon 

lifetime (τcav) and the relative weight of the photon component of the polariton (α2) by:132 

J*£,¢ � Á·,¸i
(½ÂÃ                                                                                                                       (4.2) 

Assuming that the lower and upper branches are populated equally, the relative weight of 

the photon component of the upper branch (αu
2) can be written in terms of the EL 

intensity using Eqn. 4.1 as: 
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©£� � d·u·
d¸u¸�d·u·                                                                                                                 (4.3) 

An analogous expression for the lower branch (αl
2) can also be derived: 

©¢� � d¸u¸
d¸u¸�d·u·                                                                                                                 (4.4) 

 

4.4  Results 

Figure 4.5a shows angle-resolved reflectivity spectra for a microcavity containing 

a (55 ± 2) nm-thick layer of TPP. Two spectral features show strong dispersion with 

angle as a result of strong coupling between the cavity photon and the exciton resonance 

of TPP at 1.90 eV. A third feature observed at high energy results from coupling between 

the excitonic transition at 2.09 eV and the cavity mode. The dispersion relation of Fig. 

4.5b was extracted from reflectivity and fit using a damped two-branch coupled-oscillator 

model (Eqn. 2.22) having the cavity length, the effective refractive index and the cavity 

mode linewidth as adjustable parameters, and the Rabi splitting and exciton energy as 

fixed parameters.102 A Rabi splitting of (74 ± 10) meV was determined from the 

minimum energetic separation between the upper and lower branches. A cavity length of 

(142 ± 10) nm, a refractive index of (2.39 ± 0.04), and a cavity mode linewidth of (65 ± 

3) meV were obtained from the fit. The obtained cavity length is close to the total organic 

layer thickness between the two electrodes. 
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Figure 4.5 (a) Reflectivity spectra for a microcavity containing 55 nm of TPP. Broken lines 
highlight the dispersion of the lower and upper branch polariton features with angle. (b) 
Dispersion relation obtained from angle-resolved reflectivity measurements for the 
microcavity of (a). Solid lines are damped coupled-oscillator fits while the broken line 
indicates the position of the uncoupled excitonic transition of TPP. 
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Figures 4.6a and 4.6b show angle-resolved EL and PL spectra, respectively, for a 

device containing a (55 ± 2) nm-thick layer of TPP. As in reflectivity, two emission 

features exhibiting strong dispersion are observed as a result of coupling between the 

excitonic transition at 1.90 eV and the cavity photon. The additional feature observed at 

high energy again results from strong coupling between the cavity photon and the 

excitonic transition at 2.09 eV. Under electrical pumping, the intensity of the polariton 

features show dispersion with angle that reflects their photon character (Fig. 4.6a). 
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Emission from the two branches is nearly equal in intensity at ~45°, consistent with the 

reflectivity spectra of Fig. 4.5a. For measurements of PL (Fig. 4.6b), emission from the 

upper and lower branches is not equal in intensity at 45°. Here, the lower branch has 

additional weight due to direct optical pumping of TPP in addition to radiative pumping 

via Alq3.  The absorption coefficients for TPP, NPD, and Alq3 at 405 nm were separately 

measured to be 3.6 x 105 cm-1, 2.6 x 104 cm-1 and 3.1 x 104 cm-1, respectively.  As such, 

additional pumping of the exciton reservoir of TPP may occur via Förster energy transfer 

from NPD under optical pumping.  Consequently, the electrically pumped structure is 

better-suited to examine radiative pumping of TPP since it permits the excitation to be 

localized to Alq3. Nevertheless, intense emission from the upper branch is clearly 

observed under optical excitation as a result of radiative pumping from Alq3. 
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Figure 4.6 Angle-resolved electroluminescence (EL) (a) and photoluminescence (PL) (b) 
for the microcavity of Fig. 4.1a. Solid lines denote the position of the uncoupled excitonic 
transition of TPP while the broken lines highlight the dispersion of strongly coupled 
features with angle. (c) Dispersion relations extracted from angle-resolved measurements 
of EL and PL. The solid line is a damped coupled-oscillator fit of the EL and PL 
dispersions. The position of the TPP excitonic transition is indicated by the broken line. 
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Figure 4.7 The index of refraction (n) and extinction coefficient (k) for a 75-nm-thick thin 
film of TPP on Si.  The two damped two-branch coupled coupled-oscillator model fit of the 
microcavity dispersion of Fig. 4.6c yields a comparable index of refraction. 
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The dispersion relations shown in Fig. 4.6c were constructed by using multi-peak 

fitting to extract peak centers from the spectra of Fig. 4.6a and 4.6b. Both the EL and PL 

dispersion relations were fit with a damped two-branch coupled-oscillator model (Eqn. 

2.22). A Rabi splitting of (85 ± 5) meV was extracted from the energy difference between 

the upper and lower branches. The fit shown in Fig. 4.6c corresponds to a cavity length of 

(143 ± 10) nm, a refractive index of (2.36 ± 0.09) (the optical constants of TPP are given 

in Fig. 4.7) and a cavity mode linewidth of (76 ± 5) meV. 
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4.5  Discussion 

Figures 4.8a and 4.8b show microcavity EL and PL for devices where the 

coupling medium (TPP) is excited either by radiative pumping from Alq3 or through the 

TPP exciton reservoir. The microcavity architecture used for the radiative pumping of 

TPP is shown in Fig. 4.1a, while the microcavity used to study the pumping of TPP via 

the exciton reservoir consisted of a 50-nm-thick Ag anode, a 30-nm-thick layer of NPD, a 

70-nm-thick layer of TPP, and a 30-nm-thick layer of BCP (Fig. 3.3a).  The cathode 

consisted of a 5-nm-thick layer of LiF and a 50-nm-thick layer of Al.  In the latter 

structure, the electrical or optical excitation leads to exciton formation in TPP and 

consequently polariton excitation via the exciton reservoir.  Layer thicknesses were 

chosen to ensure a similar exciton-photon detuning for both structures.  The pumping of 

TPP from the exciton reservoir (Figs. 4.8a and 4.8b, broken line) results mainly in the 

observation of lower branch emission, with only weak luminescence from the upper 

branch.  When the TPP active layer is radiatively pumped (Fig. 4.8, solid line), 

luminescence from Alq3 is absorbed by the microcavity polariton resonances.130  This 

results in intense luminescence from both the upper and lower polariton branches, 

without first populating the exciton reservoir.134  Due to the low cavity quality factor 

(Q~28), weak uncoupled emission from Alq3 is also observed, with depressions in the 

spectra corresponding to absorption by the excitonic transitions of TPP at 2.22 eV and 

2.38 eV.132  No uncoupled emission is observed from TPP, suggesting that only polariton 

states are populated in the active layer. 
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Figure 4.8 Normalized electroluminescence (EL) (a) and photoluminescence (PL) (b) for 
microcavity where the TPP active layer is excited via the exciton reservoir (broken line) or 
by radiative pumping (solid line). The spectra are for microcavities with similar detunings. 
Microcavity polariton luminescence is identified as originating from either the lower branch 
(LB) or upper branch (UB). 
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As discussed in Sec. 4.3, the degree to which the observed emission features vary 

according to their relative photon character can be assessed using Eqns. 4.3 and 4.4. The 

values obtained for the relative weight of the photon component from EL can be 

compared directly to the branch photon character extracted from the dispersion relation of 

Fig. 4.6c.99  Figure 4.9 shows the result of this comparison for a microcavity containing 

55 nm of TPP. The photon fraction derived from the peak EL intensities shows good 

agreement with the actual photon character obtained from the EL dispersion, confirming 
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Figure 4.9 Photon character of the upper and lower polariton branches derived from the 
electroluminescence (EL) dispersion relation of Fig. 4.6c (solid lines) and the EL intensity of 
Fig. 4.6a using Eqn. 4.3 and Eqn. 4.4 (circles).  The lower and upper branches are denoted by 
filled and open circles, respectively. 
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that radiative pumping of microcavity polariton states circumvents any barrier for the 

population of the upper branch. 

In many inorganic semiconductors, charge transport in the active coupling layer is 

problematic due to the potential for exciton screening and dissociation.140,159  In order to 

radiatively pump such structures using the architecture discussed in this chapter, a thin, 

semi-transparent metal electrode can be included above the active layer to electrically 

pump the weakly coupled emitter.  In this way, there is no charge transport through the 

active layer for strong coupling, and the excitation of polariton modes is exclusively by 

radiative pumping.  This use of radiative pumping will ultimately facilitate the electrical 

excitation of polariton modes in inorganic semiconductors characterized by a small 

exciton binding energy (Chapter 7). 
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Figure 4.10 (a) Microcavity architecture of interest for the study of radiative pumping applied 
to a system containing a phosphorescent active layer.  The extinction coefficient (b, broken 
line, also denoted with a circle and arrow) of a 50-nm-thick composite film of 1:1 
NPD:PtOEP.  The angle-resolved reflectivity (b, solid lines) and photoluminescence (c) for 
the microcavity of Fig. 4.10a.  Broken lines serve as guides to the dispersion of the polariton 
resonances while the solid lines denote the position of the excitonic resonances of PtOEP.  
An arrow denotes the position of PtOEP triplet emission. 
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4.6  Radiative Pumping of Non-Emissive States 

The utility of radiative pumping can be further examined by applying it to other 

systems where polariton states are not efficiently populated.  In the case of optical 

microcavity systems containing a phosphorescent active layer, optical or electrical 

excitation results in the formation of singlet excitons which rapidly intersystem cross to 

triplet states before exciton-photon coupling can occur.122,130  Consequently, a large 

fraction of the excitation results in uncoupled triplet emission with very little resulting in 

the formation of polaritons.129,130  The radiative pumping technique described above offers 

a means to study emission from polariton states in these systems. 
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The microcavity structure (Fig. 4.10a) of interest consists of a 50-nm-thick layer 

of Ag, a 50-nm-thick composite film of 1:1 NPD:platinum octaethylporphyrin (PtOEP) 

(by wt.), a 10-nm-thick layer of the hole-transporting material N,N'-Bis(naphthalen-1-yl)-

N,N'-bis(phenyl)-benzidine (NPD), a 70-nm-thick layer of the electron-transporting 

material aluminum tris(8-hydroxyquinoline) (Alq3), and a 10-nm-thick layer of the 

exciton/hole-blocking material bathocuproine (BCP).129,130 The device cathode consisted 

of a 0.5-nm-thick layer of LiF and a 50-nm-thick layer of Al.  Platinum 

octaethylporphyrin serves as the active material for the observation of strong exciton-

photon coupling.130  As such, the microcavity is tuned to resonance with the excitonic 

transition of PtOEP at (2.29 ± 0.02) eV (Fig. 4.10b).129,130 

Angle-resolved reflectivity and PL are shown in Fig. 4.10b and Fig. 4.10c, 

respectively for the microcavity of Fig. 4.10a.  In both reflectivity and PL, two spectral 

features exhibit strong dispersion with angle of incidence as a result of strong coupling 

between the cavity photon and the exciton resonance of PtOEP at 2.29 eV.  The 

additional feature observed at high energy results from coupling between the excitonic 

transition at 2.45 eV and the cavity photon (Fig. 4.10b).  Significant uncoupled emission 

from the PtOEP triplet state is observed at low energies (~1.90 eV) in the angle-resolved 

PL spectra (Fig. 4.10c) as a consequence of the low cavity quality factor and direct 

excitation of PtOEP via the pump source.  The use of radiative pumping results in 

efficient population of the PtOEP polariton states and effectively reduces the amount of 

excitation lost to intersystem crossing to the triplet state.  In fact, polariton emission in 

this case is roughly 3 times as intense as triplet emission as demonstrated in Fig. 4.10c. 
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4.7  Summary 

A microcavity architecture was demonstrated that permits the direct population of 

polariton states in an organic semiconductor, eliminating the need to first form an 

uncoupled exciton reservoir.  Microcavity polaritons in this structure were radiatively 

pumped by a weakly coupled emissive layer under electrical or optical excitation.  

Luminescence originates from microcavity polariton modes and reflects the photon 

character of the upper and lower branches. The use of radiative pumping offers an 

alternate excitation scheme for the realization of polariton-based optoelectronic devices.  

Further, this excitation approach can serve as a novel platform through which to study 

polariton states which are typically not populated due to rapid exciton relaxation to lower 

energy, non-radiative states.129,130,164,183,184  Additional physics, such as the behavior of 

microcavity polariton emission versus light polarization, can be examined now that clear 

upper and lower branch emission is observed. 
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Chapter 5 Polarization splitting an organic 

semiconductor microcavity with metallic reflectors 

 

5.1  Introduction 

As was the case in Chapters 3 and 4, measurements of polariton 

electroluminescence are often facilitated through the use of metallic reflectors that form 

the optical microcavity and also serve as device electrodes.127  In this chapter, it is 

discovered that these structures exhibit a significant polarization splitting in 

measurements of angle-resolved reflectivity and electroluminescence (EL).  A similar 

polarization splitting has been previously reported in microcavities where at least one 

reflector is a distributed Bragg reflector (DBR).185,186  A DBR is a structure comprised of 

alternating layers of high and low index dielectrics selected for maximum refractive 

index contrast.66  The dielectric layer thicknesses are chosen such that the reflections at 

each interface add constructively resulting in a high reflectivity stack.66  As such, a 

polarization splitting arises due to the polarization-dependent, optical field penetration 

depth of the structure.185,187,188  In this chapter, we characterize the polarization splitting 

in a metal-metal microcavity and attribute its origin to the polarization-dependent phase 

shift experienced by the optical field upon reflection from the metal electrodes. 
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Figure 5.1 The transfer matrix formulism applied to a generic multilayer structure.  E denotes 
the electromagnetic field in each layer while the superscripts indicate either a left-to-right (+) 
or a right-to left (-) traveling field.  The thickness of each layer is denoted by d.  The 
subscripts on both E and d indicate the layer of interest.  The electromagnetic field in a given 
layer is calculated by multiplying the input field by the layer and interface matrices leading up 
to the layer of interest. 
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5.2  Theory 

An optical transfer matrix formalism was employed to model the observed 

polarization dependent luminescence from organic semiconductor metal-metal 

microcavities.  This one-dimensional transfer matrix model is outlined in Ref. 120 and 

assumes all layers are homogeneous and isotropic, interfaces between layers are parallel 

and flat, and incident light can be described by a plane wave.  The optical properties of 

all layers and interfaces of the device are represented by a matrix: 

¹º � '
_»Ä �

1 Vº�
Vº� 1 �, @º � ��E���Å»²»/u 0

0 ����Å»²»/u�,                                                       (5.1) 

where I is an interface matrix (subscript denotes which interface), L is a layer matrix 

(subscript denotes which layer), dj is the thickness of layer j and λ is the wavelength.  The 

complex index of refraction in the direction of propagation for layer j is denoted as qj.  
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Figure 5.2 An illustration showing the angle of incidence (θ0), and the angles of refraction in 
layers 1 (θ1), j-1 (θj-1) and j (θj). 
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The Fresnel coefficients (rjk and tjk), which characterize the reflection (rjk) and 

transmission (tjk) at each interface, can be calculated with knowledge of the wavelength-

dependent optical constants (the index of refraction n and the extinction coefficient k) of 

each material and the thickness of each layer.189  As such, there are no free parameters in 

this simulation as all layer thicknesses and optical constants for the organic materials 

were measured via ellipsometry, and those for the metals were taken from literature.190 

The propagation of an incident electromagnetic field through the structure is 

treated by considering the successive multiplication of layer and interface matrices.120  

Figure 5.1 shows a schematic of the process for multiple layers and interfaces.  For 

instance, the electric field at layer 2 is the solution to the following matrix equation: 

������E� � ¹'@'@� ���
�

��E�                                                                                                       (5.2) 

where E is the electromagnetic field (subscript denotes which layer the field is in and 

superscript denotes the direction of the field). 
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The complex index of refraction (qj) for each layer (GÆ � Gº W �Jº) in the direction 

of propagation is determined to calculate the reflection and transmission coefficients at 

each interface, and the layer matrices for each layer (Eqn. 5.1).120 

Çº � GÆº cosZtº] � UGÆº� 
 G�� sin�4t�6^'/�                                                                      (5.3) 

θ0 and θj are the angle of incidence on the structure and angle of refraction in layer j (Fig. 

5.2) and n0 is the index of refraction of the ambient (air).  Assuming the incident light is 

polarized perpendicular to the plane of incidence (s-polarized) it follows that rjk and tjk at 

each interface jk (where k=j+1) are:120 

Vº�È � Å»EÅÄ
Å»�ÅÄ, Xº�È � �Å»

Å»�ÅÄ                                                                                                  (5.4) 

Equation 5.4 can also be derived for the case when the incident light is polarized parallel 

to the plane of incidence (p-polarized):120 

Vº�� � 1Æ»iÅ»E1ÆÄiÅÄ
1ÆÄiÅ»�1Æ»iÅÄ, Xº�

� � �1Æ»i1ÆÄiÅ»
1ÆÄiÅ»�1Æ»iÅÄ                                                                                    (5.5) 

The total system transfer matrix (S) is derived by multiplying the interface and 

layer matrices in succession from the left to right in Fig. 5.1.  This transfer matrix is then 

employed to evaluate the electromagnetic field output from the structure of interest by 

replicating Eqn. 5.2 for the entire device.120 

������E� � { ��z�'�
�z�'E �, where { � �{'' {'�{�' {���                                                                      (5.6) 

The reflection and transmission coefficients for the entire structure are then determined 

for each polarization and wavelength as: 

V � M2É
M2Ê �

Ëi|
Ë||, X �

MÌÊ|Ê
M2Ê � '

Ë||                                                                                          (5.7) 
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The measured reflectivity R is |r|2 and can be evaluated as a function of wavelength to 

generate a reflectivity spectrum for the structure at various angles of incidence (θ0).  As 

such, the angle resolved reflectivity for the organic semiconductor microcavity of interest 

can be simulated and compared to experimental results. 

 The polarization dependent EL is simulated using the optical transfer matrix 

model above that includes an infinitely thin source plane placed at the emission 

interface.136  Source terms, based on dipole emission, are derived in Ref. 136 for both s-

polarized and p-polarized emission.  For the case of s-polarized emission the source terms 

are as follows for horizontally and vertically aligned dipoles:136 

A↓,↑È �  � -
'9� (horizontal)                                                                                              (5.8) 

A↓,↑È � 0 (vertical)                                                                                                           (5.9)                          

Analogous expressions for p-polarized emission source terms: 

A↓,↑� �  � -
'9�

�Ï,|
�|                                                                                                           (5.10) 

A↓,↑� �  � -
Ð�

�∥�| (vertical)                                                                                              (5.11) 

The direction of emission from the source plane is denoted by the subscripts ↓ and ↑.  The 

wavevectors indicated by k are expressed in terms of the angular frequency (ω), speed of 

light (c), external angle of emission (θext), and index of refraction of the source (n1): 

J' � 1|Ñ/ , JÒ,' � 1|Ñnof4p��j6/ , and J∥ � 1|Ñfgh4p��j6/                                                    (5.12) 
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The total source term for each polarization consists of a 1:1 weighted average of the 

square root of the power per unit solid angle of horizontally and vertically aligned 

dipoles:136 

A↓,↑È �  Ó'�� -'9�Ô                                                                                                         (5.13) 

A↓,↑� �  Ó'�� -'9� �Ï,|�| W '�� -Ð� �∥�|Ô                                                                                  (5.14) 

 To obtain the polariton emission spectra, the source terms for each polarization 

must be propagated to their respective reflectors via the transfer matrix formulism as 

shown in Fig. 5.3.  Subset transfer matrices are thus calculated from the left side reflector 

up to the designated source plane and from the source plane to the right side reflector.  

The subset transfer matrices can then be applied to obtain the following expressions for 

the electromagnetic field emitted from the bottom (EB) or top of the structure (ET): 

� 0�K� � «¤'' ¤'�¤�' ¤��¬ Ó�¢`�_��¢`�_E Ô, Ó�T�Õ�_��T�Õ�_E Ô � �¥'' ¥'�¥�' ¥��� «�S0 ¬                                             (5.11) 

Eleft (Eright) is the electromagnetic field emitted from the left (right) of the source plane.  

The superscripts “+” and “-” designate right and left traveling electromagnetic fields (Fig. 

1.2), respectively.  The subset transfer matrices in Eqn. 5.11 are written in terms of their 

matrix elements “a” (left side reflector to source plane) and “b” (source plane to right 

side reflector).  The source terms in Eqns. 5.7 and 5.8 can be used to determine Eleft and 

Eright as follows: 

Ó�T�Õ�_��T�Õ�_E Ô 
 Ó�¢`�_��¢`�_E Ô � �A↑A↓�                                                                                             (5.12) 
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Figure 5.3 Schematic representation of an optical transfer matrix simulation of EL.  Source 
terms at the emission interface (NPD/Alq3) interface are propagated by subset transfer 
matrices (arrows) out of the device resulting in emission from the top (Al, ET) and bottom 
(Ag, EB) reflectors. 
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The system of equations established between Eqns. 5.11 and 5.12 permits the emitted 

electromagnetic intensity (EB and ET) from the structure to be calculated.136  The 

MATLAB code used to generate the transfer matrix simulations of reflectivity, 

luminescence and confined electromagnetic field is shown in Appendix B. 

 

5.3  Experiment 

The device fabrication procedure is similar to those outlined in Chapters 3 and 4.  

Here, the microcavity organic light-emitting device consists of a 50-nm-thick Ag anode, a 

65-nm-thick layer of tetraphenylporphyrin (TPP), a 10-nm-thick layer of the hole-

transporting material N,N’-bis(naphthalene-1-yl)-N,N’-bis(phenyl)-benzidine (NPD), a 

70-nm-thick layer of the electron-transporting material aluminum tris(8-

hydroxyquinoline) (Alq3), and a 10-nm-thick layer of the exciton/hole-blocking material 

bathocuproine (BCP).  The device structure (Fig. 5.4) is capped with a 0.5-nm-thick layer 

of LiF and a 50-nm-thick layer of Al which serves as the device cathode.  Again, the 
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metallic anode (Ag) and cathode (Al) serve as reflectors forming the optical microcavity 

(Fig. 5.4).127,172  The use of the radiative pumping structure presented in Chapter 4 

permits the uniform population of both the upper and lower polariton branches.  As such, 

the effect of light polarization on the dispersion of both upper and lower polariton 

branches can be investigated.  Microcavities were characterized using polarization 

dependent angle-resolved reflectivity and EL.  Reflectivity measurements were 

performed using a variable-angle spectroscopic ellipsometer to illuminate the sample 

with monochromatic p- or s-polarized light.  The polarization state of light is determined 

by the orientation of the electric field component of the electromagnetic wave relative to 

the plane of incidence.  P-polarized or s-polarized light refers to an electric field 

component which is parallel or perpendicular to the plane of incidence, respectively.  P- 

and s- polarized electroluminescence spectra were collected from devices excited at 100 

mA/cm2 by placing a polarizer between the sample and detector using a manual 

goniometer. 
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Figure 5.4 Microcavity device architecture discussed in the text.  The electric and magnetic 
field components of the electromagnetic wave are denoted by either E or H with subscripts p 
or s indicating p- or s-polarized light, respectively.  The electric field component of the 
electromagnetic wave is parallel (perpendicular) to the plane of incidence for p-polarized (s-
polarized) light. 
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5.4  Results and Discussion 

Figure 5.5a shows p- and s-polarized angle-resolved reflectivity spectra for the 

microcavity structure of Fig. 5.4.  For both polarizations, two features showing strong 

dispersion with angle are observed as a result of the strong coupling between the cavity 

photon and the excitonic resonance of TPP at 1.90 eV.130,191  The corresponding 

dispersion relations are shown in Fig. 5.5b, and are constructed by multi-peak fitting 

(Lorentzian) the reflectivity spectra.  At low angle, the p- and s-polarized dispersion 

curves are similar, while at high angle, a clear divergence is observed reflecting a large 

polarization splitting.  The dispersion curves were modeled using an optical transfer 

matrix formalism to simulate angle-resolved reflectivity spectra under p- and s-polarized 
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illumination.120  Simulated reflectivity spectra were also multi-peak fit to extract a 

dispersion relation for each polarization (Fig. 5.5b).  Excellent agreement is obtained 

between the measured and simulated dispersion curves. 

Figure 5.5c shows the polarization splitting obtained by subtracting the p- and s-

polarized dispersion relations of Fig. 5.5b for each polariton branch.  The s-polarized 

uncoupled cavity photon mode has a steeper dispersion than the p-polarized case, and 

hence, the energetic separation between the uncoupled cavity modes becomes larger with 

increasing angle of incidence.  At low angles, the polarization splitting of the lower 

branch reflects the energetic difference between the s- and p-polarized cavity photon 

modes with increasing angle.  Since the excitonic transition energy is independent of 

polarization, the lower polariton branch in each case approaches the same energy at high 

angle, leading to a reduction in the polarization splitting (Fig. 5.5c).  In contrast, the 

behavior of the upper branch at large angle reflects the uncoupled cavity mode 

dispersion, and the corresponding polarization splitting increases continuously with 

angle. A maximum polarization splitting of ~30 meV is achieved for both the lower and 

upper branch at angles of 60° and 75°, respectively.  The observed dependence of the 

polarization splitting on angle is well-simulated using an optical transfer matrix 

simulation (Fig. 5.5c). 
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Figure 5.5 (a) Angle-resolved reflectivity spectra and (b) corresponding dispersion relations 
collected under p- and s-polarized illumination of the structure in Fig. 5.4.  (c) Polarization 
splitting (symbols) for the upper and lower branches.  Solid lines in parts (b) and (c) are the 
simulated dispersion curve and polarization splitting, respectively. 
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The mechanism for the observed polarization splitting in the metal-metal 

architecture differs from that of DBR-based microcavities where the optical penetration 

depth varies with light polarization.185,187  In a metal-metal microcavity, optical 

penetration into the metal mirrors is exceedingly small, and the polarization splitting is 

instead a consequence of the polarization-dependent phase shift for the optical field upon 

reflection from the metal mirrors.  Ultimately, this leads to a polarization-dependent 

cavity photon dispersion, and distinct polariton dispersions.192,193  The polarization 

splittings observed here for metal-metal systems are comparable to those obtained for 

strongly coupled microcavities utilizing DBRs.185  For instance, for a DBR-DBR system 

containing a J-aggregate active layer, the maximum observed polarization splitting for the 

lower and upper branch is 10 meV and 35 meV, respectively.185 

The microcavity architecture of Fig. 5.4 was also examined under electrical 

excitation with angle-resolved EL collected through either a p- (Fig. 5.6a) or s-polarizer 

(Fig. 5.6b).  As in reflectivity, two emission features exhibiting strong dispersion are 

observed for both polarizations as a result of strong coupling.  Since radiative pumping is 

used to excite the polariton features, the upper and lower branch emission intensities are 

consistent with the branch photon character.194 Additional emission observed at high 

energy (>2.05 eV) is attributed to uncoupled EL from Alq3.
194  At normal incidence, the 

emission spectra for each polarization are indistinguishable since the energetic position of 

the cavity mode (and hence polariton mode) at 0° is independent of polarization.  

Consistent with measurements of reflectivity, the EL polarization splitting increases with 

the angle of detection for both polariton branches.  The simulated EL spectra are shown 
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Figure 5.6 Measured (symbols) and simulated (solid lines) p- (a) and s-polarized (b) angle-
resolved electroluminescence (EL) spectra for the device in Fig. 5.4.  The vertical solid line 
denotes the position of the uncoupled excitonic resonance. 
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in Figs. 5.6a and 5.6b for each polarization and angle of detection.  Excellent agreement 

is observed between the experimental and simulated spectra with the simulation correctly 

predicting the relative intensity, spectral position and linewidth of each polariton feature. 

 

In order to extract the polarization splitting under electrical excitation, the 

measured EL spectra of Fig. 5.6 were multi-peak fit to construct a corresponding 

dispersion curve for each polarization (Fig. 5.7a).  The polarization splitting shown in 

Fig. 5.7b for each branch was determined by subtracting the dispersion curves in Fig. 
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Figure 5.7 (a) Dispersion relations (symbols) determined from the p- and s-polarized 
electroluminescence spectra of Figs. 5.6a and 5.6b, respectively.  (b) The polarization splitting 
(symbols) obtained from the dispersion relations in (a).  Solid lines are simulations obtained 
using the optical transfer matrix model of Fig. 5.3. 
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5.7a.  As in reflectivity, the EL polarization splitting for the lower branch is a peaked 

function while the splitting for the upper branch increases with angle.  The simulated 

dispersion relation (Fig. 5.7a, solid lines) and polarization splitting for each branch (Fig. 

5.7b, solid lines) were obtained using the same method described for the analysis of 

microcavity reflectivity measurements.  Good agreement is obtained between the 

experimental and simulated polarization splitting shown in Fig. 5.7b for each branch. 
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5.5  Summary 

In conclusion, a strongly coupled metal-metal organic microcavity is shown to 

exhibit a significant polarization splitting in both reflectivity and EL.  The observed 

polarization splitting is a consequence of the polarization-dependent phase shift of the 

optical field upon reflection from the metal mirrors.  This case represents an interesting 

contrast to DBR-based microcavities where the polarization splitting is due to the large, 

polarization-dependent, optical field penetration depth of the DBR.  The use of metal-

metal microcavities has become common for the study of organic semiconductors in the 

regimes of both strong and weak exciton-photon coupling,192,193 as well as in many 

plasmonic structures.195-197 Consequently, it is essential to fully quantify the presence of 

these effects as they play a substantial role in determining device emission 

characteristics. 
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Chapter 6 Long-range, photon-mediated exciton 

hybridization in all-organic photonic crystals 

 

6.1  Introduction 

Extensive attention has been devoted to the study of semiconductors embedded in 

optical nanostructures that confine the electromagnetic field and enhance the light-matter 

interaction.66,96-99,107,137,198-201  Frequently, the regime of strong coupling is accessed by 

placing the absorbing semiconductor active layer at the antinodes of the confined 

electromagnetic field in an optical microcavity as is the case in Chapters 3-5.76,99  

Comparable exciton-photon interactions, however, have also been demonstrated in one-

dimensional (1D) photonic crystals.202-204  These structures are fabricated by periodically 

arranging the active layers for strong coupling in a uniform non-absorbing material or 

background dielectric.205  The periodicity of the active coupling layers is an integer 

multiple of half the desired resonant photon wavelength.205  Multiple reflections at the 

dielectric-active layer interfaces (due to the refractive index difference between the 

dielectric material and the active material) add constructively to establish the photon 

modes (or Bragg modes) of the system (Fig. 6.1).206  A large index contrast between the 

dielectric and active layers is critical in realizing spectrally narrow photon modes and a 

resolvable exciton-photon coupling.204 
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Figure 6.1 An illustration of a 1D photonic crystal consisting of an active layer dispersed in 
a background dielectric.  The thicknesses of the layers are chosen such that reflections at the 
interfaces (due to large index contrast) between the two materials add constructively to 
establish the photon modes of the system. 

. . .

Background

Dielectric
Background

Dielectric

Active

Layer
Active
Layer

n1 n2 n1 n2

Various active coupling layers including inorganic semiconductors and layered 

perovskites have been used to observe strong exciton-photon coupling in 1D photonic 

crystals.202-204,207  The regime of strong coupling has also been observed in two-

dimensional photonic crystals with semiconductor quantum dots used as the absorbing 

active material.208,209  Most systems of this type, however, do not contain multiple 

absorbers, and often use a single quantum dot as the active coupling material.  The first 

demonstration of strong exciton-photon coupling in a bulk semiconductor structure was 

observed recently by Goldberg et al.203  The structure consisted of 70 periods of two 

GaAs quantum well active layers spaced in the larger band gap, lower refractive index 

background semiconductor Al0.22Ga0.78As.  Strong exciton-photon coupling is observed 

between a photon mode of the structure and the light-hole and heavy-hole excitons of the 
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GaAs quantum wells as a result of the refractive index difference for the structure of 0.22 

(Fig. 6.2). 

Following this preliminary demonstration of strong coupling, polariton 

amplification was realized in a 1D photonic crystal containing quantum wells of InGaAs 

as the active absorbing layers.204  The large index difference between the InGaAs 

quantum wells and background semiconductor GaAs permit spectrally narrow photon 

modes and markedly more well resolved polariton features (Fig. 6.3a and 6.3b).  

Polariton amplification was demonstrated in this structure by ultrafast pump-probe 

spectroscopy, pumping the structure at the magic angle (discussed in Sec. 2.4.2) and 

measuring a peak gain of 6.4 in the probe pulse as exhibited by Fig. 6.3c and 6.3d.204  

This result is particularly exciting given the uniqueness of the 1D photonic crystal 

architecture and the potential ability of these structures to exhibit non-linear phenomena 

 
Figure 6.2 (a) Angle-resolved reflectivity spectra for a 70 period 1D photonic crystal 
consisting of two GaAs quantum wells distributed in a larger bandgap, lower refractive index 
semiconductor Al0.22Ga0.78As.  Strong exciton-photon coupling is observed between a photon 
mode of the photonic crystal and the light-hole and heavy-hole excitons of GaAs.  (b) The 
three branch dispersion relation for the angle resolved reflectivity spectra of (a).203 

(a) (b)
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Figure 6.3 Experimental (a) and simulated (b) angle-resolved reflectivity of a 1D photonic 
crystal architecture consisting of 30 periods of InGaAs quantum wells in a background GaAs 
semiconductor. The large index contrast of this structure results in spectrally narrow polariton 
modes in the reflectivity spectra. (c) Ultrafast pump-probe spectroscopy measurement results 
of the InGaAs based 1D photonic crystal structure.  The probe pulse exhibits strong 
amplification and a peak gain of 6.4 (d). 

(b)

(a)

(d)

(c)

such as lasing, and stimulated scattering.  Organic semiconductors, given their 

advantageous exciton properties (as discussed in Sec. 2.4.6), could be incorporated into 

1D photonic crystal structures providing new directions of investigation of organic 

exciton-photon coupling and potentially an alternate route to organic polariton 

amplification. 

 

In this Chapter, an all-organic semiconductor 1D photonic crystal exhibits strong 

exciton-photon coupling between multiple layers of the active material 

tetraphenylporphyrin (TPP) spaced in a uniform dielectric background.  The large exciton 

binding energy and absorption coefficient of TPP (Fig. 6.4) enables the observation of 

strong coupling in measurements of room temperature reflectivity with a Rabi splitting of 
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Figure 6.4 The absorption coefficient for 70-nm-thick films of TPP and OEP on glass 
substrates.  Inset are the molecular structures of TPP and OEP. 
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(75 ± 7) meV.30,123  While previous work on all-inorganic 1D photonic crystals has also 

led to the observation of strong exciton-photon coupling, these studies have not 

investigated the crucial question of long-range coupling between individual active layers 

in the structure.  Here, by including a second organic semiconductor active material, 

octaethylporphyrin (OEP, Fig. 6.4), in the photonic crystal, we demonstrate long-range, 

photon-mediated coupling between two different organic semiconductors.  The resulting 

hybridization between the resonant photon mode of the photonic crystal and the two 

excitonic species (TPP and OEP) is studied as a function of the spatial position of the two 

absorbing active layers in the photonic crystal.164 
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Figure 6.5 (a) One-dimensional photonic crystal discussed in the text for a structure 
containing eight periods of: 190.5 nm of BCP and 10 nm of TPP.  The solid line overlaid 
over the index of refraction profile is the optical field intensity simulated using a transfer 
matrix formalism at strongest coupling, corresponding to an angle of incidence of 27.5° and 
photon wavelength of λ = 650 nm (1.91 eV). (b) Reflectivity spectrum at an angle of 
incidence of 15° simulated via an optical transfer matrix formalism for the structure of Fig. 
1b with a static index of refraction n=2.1 and an extinction coefficient k=0 for TPP. 
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6.2  Experiment 

 One-dimensional photonic crystals were constructed by depositing organic thin 

films onto glass substrates using vacuum thermal sublimation at a pressure of 8x10-7 

Torr. Prior to layer deposition, substrates were degreased with solvents. For 1D photonic 

crystals containing only a single absorbing active material, the structure consisted of 8 

periods of a 190.5-nm-thick layer of the background dielectric material bathocuproine 

(BCP) and a 10-nm-thick layer of the active material TPP.41,130,191  The layer sequence 
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and index of refraction profile for this structure is shown in Fig. 6.5a.  A transfer matrix 

formalism was employed to simulate the optical field and confirm that the active layers 

are placed at the antinodes of the confined field in the structure (Fig. 6.5a).120  The wide 

energy-gap material BCP was chosen as the background dielectric material in all 

structures in order to prevent parasitic absorption at the energies of interest for strong 

coupling.  Reflectivity measurements were performed using a variable-angle 

spectroscopic ellipsometer with s-polarized light illumination to characterize the 1D 

photonic crystals. 

In order to characterize the stop band of the 1D photonic crystal, reflectivity 

spectra were simulated using an optical transfer matrix formalism with a static index of 

refraction n=2.1 and an extinction coefficient k=0 for TPP (shown in Fig. 6.5b).  The 

structure exhibits a 0.27 eV wide photonic band gap centered at ~2.0 eV with Q=17 

corresponding to a photon Bragg mode linewidth of 68 meV (at FWHM).  A single, 10-

nm-thick active layer of TPP embedded within a photonic crystal was confirmed via 

optical transfer matrix simulations to not be sufficiently absorptive to reach the regime of 

strong coupling.  Hence, the observation of a splitting using the structure shown in Fig. 

1b would already suggest that the coupling occurs amongst multiple active layers and is 

thus long-range. 

   

6.3  Theory 

 The coupled oscillator model (Eqn. 2.34) can be extended to account for photon-

mediated coupling (hybridization) between two different excitonic resonances (TPP and 
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OEP).  The system Hamiltonian is expanded to a 3x3 matrix with the additional exciton 

energy of OEP (EOEP) added in the main diagonal of the matrix as follows: 

Ö ���  S  QM S �S 0 QM 0 �QM× Ø
©ª�Ù � � Ø©ª�Ù                                                                                (6.1) 

The photon-exciton interaction terms for the TPP and OEP excitons are denoted by VTPP 

and VOEP while α, β, and γ designate the photon, TPP exciton and OEP exciton mixing 

coefficients of the polariton, respectively.  The photon energy and TPP exciton energy 

are denoted by Eph and ETPP, respectively.  The photon energy (Eph) can be extracted by 

fitting the dispersion relation with a transfer matrix model whereas the interaction terms 

are determined as the minimum energetic separation between the middle and lower 

branches (VTPP), and the upper and middle branches (VOEP), respectively.  The exciton 

energies of TPP and OEP are extracted from the absorption spectra of Fig. 6.4 and the 

polariton energies (E) are extracted from the dispersion relation.  Finally, Eqn. 6.1 can be 

utilized to extract the degree of hybridization of each polariton branch by calculating α2, 

β2, and γ2 for all angles of incidence.  In the hybridized 1D photonic crystal structure, the 

middle branch should exhibit significant mixing between the photon mode of the 

photonic crystal and both excitons. 

 

6.4  Results and Discussion 

The photonic crystal of Fig. 6.5a was tuned to overlap with the excitonic 

transition of TPP at 1.908 eV (Fig. 6.4).  Angle-resolved reflectivity spectra for the 1D 

photonic crystal of Fig. 6.5a are shown in Fig. 6.6a.  Two spectral features clearly anti-
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Figure 6.6 (a) Angle-resolved reflectivity spectra and the corresponding dispersion relation (b) 
collected under s-polarized light illumination for the structure in Fig. 1b.  In part (a) the 
vertical solid line denotes the uncoupled exciton resonance of interest while the broken lines 
indicate the position of the strongly coupled features.  In part (b), the horizontal solid line 
designates the uncoupled exciton resonance, the broken line is the simulated uncoupled 
photon dispersion and the solid lines are dispersion curves obtained from a damped two-
branch coupled oscillator model. (c) Multi-peak fitting for the reflectivity spectrum of Fig. 2a 
collected at an angle of incidence of 30°.  The spectrum is deconvoluted by multi-peak fitting 
with two Lorentzian peaks representing the lower and upper polariton branches. 

(a) (b)

15°
45°

1.7 1.8 1.9 2.0 2.1 2.2

 
 

R
e
fl
e
c
ti
v
it
y
 (

a
.u

.)

Energy (eV)

15 20 25 30 35 40 45

1.84

1.88

1.92

1.96

2.00

 

 
E

n
e
rg

y
 (

e
V

)

Angle (Degrees)

 

 

1-Reflectivity (a.u.)

(c)

cross around the uncoupled excitonic resonance of TPP, indicating strong coupling 

between an optical mode of the photonic crystal and the excitonic transition.  A third 

feature observed at high energy (>2.05 eV) results from the hybridization of the resonant 

photon mode with both the 1.908 eV and 2.091 eV excitonic resonances of TPP.  The 

additional feature observed at low energy (<1.85 eV) is a lower order photon mode of the 

photonic crystal.   

The reflectivity spectra of Fig. 6.6a were multi-peak fit to construct a dispersion 

relation for the exciton-polariton resonances (Fig. 6.6b).  Figure 6.6c shows an example 

of peak deconvolution for a reflectivity spectrum collected at an angle of incidence of 40° 

for the structure of Fig. 1b.  The experimental dispersion curve is in good agreement with 

a damped two-branch coupled oscillator model (Fig. 6.6b, solid lines) with fixed 
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parameters that are separately determined.  A Rabi splitting of (75 ± 7) meV was 

calculated as the minimum energetic separation between the upper and lower branches.  

The photon dispersion (Fig. 6.6b) and linewidth (FWHM = 72 meV) of the photonic 

crystal of interest were determined via an optical transfer matrix formalism with no free 

parameters as all layer thicknesses and optical constants for the organic materials were 

separately measured.  The TPP exciton linewidth (FWHM = 69 meV) and energy (1.908 

eV) were determined from the absorption spectrum of Fig. 6.4. 

For the hybridized structure that contains two absorbing species (Fig. 6.7), the 

layer stack consisted of 4 periods of a 160.5-nm-thick layer of BCP and a 20-nm-thick 

layer of TPP, followed by 4 periods of a 90.5-nm-thick layer of BCP and a 80-nm-thick 

layer of OEP.  In this structure, both TPP and OEP serve as the active layers for strong 

coupling.  Transfer matrix simulations were again used to ensure maximum overlap 

between the optical field and each of the active layers (Fig. 6.7).120  The absorption 

coefficient of OEP is roughly a factor of two smaller than that of TPP (Fig. 6.4).  Since 

the Rabi splitting in strongly coupled organic semiconductor microcavities increases with 

active layer absorption,123 the total layer thickness of OEP in the structure is made 

considerably thicker than that of TPP in order to realize a comparable exciton-photon 

interaction.  By including a second active material, multiple excitonic transitions in the 

photonic crystal are hybridized via their common interaction with the resonant photon 

mode.  The periods containing TPP and the periods containing OEP are located at 

opposite ends of the structure of Fig. 6.7.  Since the optical excitation is through the 

periods containing TPP, this arrangement permits the spatial extent of strong coupling to 
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Figure 6.7 One-dimensional photonic crystal used to examine photon-mediated exciton 
hybridization.  The structure consists of 4 periods of 160.5 nm BCP/20 nm TPP followed by 4 
periods of 90.5 nm BCP/80 nm OEP.  The solid line is an optical field intensity profile 
simulated using a transfer matrix formalism at the point of strongest mixing between the OEP 
and TPP excitons and photon mode corresponding to an angle of incidence of 70° and a 
photon wavelength of λ = 642 nm (1.93 eV). 
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be studied as coupling to OEP will only occur if substantial optical field intensity is 

present throughout the structure. 

Figure 6.8a shows angle-resolved reflectivity for the photonic crystal of Fig. 6.7 

which contains two active materials, namely, TPP and OEP.  Three prominent features, 

particularly at an angle of 70°, are observed due to the photon-mediated hybridization of 

the excitonic transitions of TPP at 1.908 eV and that of OEP at 1.958 eV with the optical 

mode of the photonic crystal.  The two additional spectral features observed at high 

energy (>2.05 eV) are attributed to a coupling between a higher order mode of the 

photonic crystal and the TPP excitonic resonance at 2.09 eV while the additional spectral 

feature observed at low (<1.85 eV) energy is a lower-order photon mode of the photonic 

crystal.  Multi-peak fitting was performed on the reflectivity spectra to extract the 

position of each feature and construct a dispersion curve (Fig. 6.8b).  Branch splittings of 
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(40 ± 7) meV and (41 ± 7) meV are determined as the minimum energetic separation 

between the middle and lower branches (TPP exciton), and the upper and middle 

branches (OEP exciton), respectively.  As in the case of the photonic crystal of Fig. 6.5a, 

an optical transfer matrix formalism was utilized to determine the photon dispersion and 

linewidth (FWHM = 39 meV) of the photonic crystal.  The aforementioned parameters 

and exciton linewidths of TPP (FWHM = 69 meV) and OEP (FWHM = 70 meV) as 

determined from Fig. 6.4 were set as fixed parameters in a damped three-branch coupled 

oscillator model.  Good agreement is obtained in Fig. 3c between the experimental 

(symbols) and damped three-branch coupled oscillator model (solid lines) dispersions for 

each branch.   
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Figure 6.8 (a) Angle-resolved reflectivity spectra collected under s-polarized light illumination 
and (b) the corresponding dispersion relation.  In (a), the reflectivity spectrum collected at 
angle of 70° (bold) exhibits three clear features confirming photon-mediated hybridization 
between the excitons of TPP and OEP and the photon mode.  The vertical solid lines denote 
the uncoupled exciton resonances of interest while the broken lines indicate the position of the 
strongly coupled features.  In (b), the solid horizontal lines denote the position of the 
uncoupled exciton resonances, the broken line is a simulated uncoupled photon dispersion 
curve and the solid lines are dispersion curves obtained from a damped three-branch coupled 
oscillator model. 
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Figure 6.9 shows the mixing coefficients extracted from the three-body coupled 

oscillator model of Eqn. 6.1 plotted versus angle for each branch of the dispersion 

relation in Fig. 6.8b.204  The lower polariton branch exhibits symmetrically varying 

degrees of photon and TPP exciton character.  The middle polariton branch demonstrates 

significant mixing between the photon, the TPP exciton and the OEP exciton.  Maximum 

mixing occurs at an angle of ∼55°, where the middle branch polariton character is equal 

parts TPP and OEP exciton (~42%) and ~16% photon.  Consistent with previous reports 

of photon-mediated hybridization, the large branch splittings lead to a gradual middle 

branch dispersion with angle and a small photon contribution to the overall character of 

the middle branch.164  The upper branch consists mainly of OEP exciton and photon 

character with some mixing of the TPP exciton occurring at large angles.  The presence 

of hybrid exciton-polariton states in the structure confirms that long-range strong 

coupling is present as the resonant photon mode clearly samples the entire structure. 
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As previously noted in Chapter 2, the regime of strong exciton-photon coupling is 

reached when the respective transition linewidths of the exciton and photon are smaller 

than the characteristic Rabi splitting of the system.  Here, the Rabi splittings observed in 

the structures of Fig. 1b and Fig. 3a are actually comparable to the respective exciton and 

photon linewidths.  Interestingly, broad exciton transition linewidths are frequently 

observed in disordered organic semiconductors, and have been previously discussed in 

the context of polariton coherence.  Work by Agranovich et al.110 has proposed that 

depending on their energy and in-plane wavevector, polaritons in such systems could 

exhibit either coherent or incoherent behavior.  In particular, states at large (small) 

wavevector in the lower (upper) branch would be incoherent for uncoupled excitonic 

 
Figure 6.9 Mixing coefficients extracted from the dispersion relation of Fig. 6.8b.  The 
middle branch demonstrates the most significant mixing between the TPP and OEP excitons 
and the photon mode of interest. 
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transition linewidths that rival the Rabi splitting.  In this work, a closer examination of 

polariton coherence, could reveal a similar behavior.  

 

6.5  Summary 

An all-organic 1D photonic crystal was demonstrated that permits the observation 

of strong exciton-photon coupling at room temperature with Rabi splittings that are an 

order of magnitude larger than in inorganic analogs.203  The long-range character of the 

coupling is confirmed through the observation of photon-mediated exciton hybridization 

between two different absorbers that are spatially separated in the structure.  While in this 

work the separation between absorbers is 90.5 nm, the extended nature of the photon 

mode will permit hybridization to be observed over considerably larger distances as well.  

The unique attributes of 1D all-organic photonic crystals tuned to the regime of strong 

exciton-photon coupling make this an interesting platform for the examination of energy 

transfer between spatially separated excited states.  Additionally, these structures could 

offer new opportunities for the development of polariton-based optoelectronic devices. 
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Chapter 7 Electrical excitation of inorganic 

microcavity polaritons by radiative pumping from a 

weakly coupled organic semiconductor 

 

7.1  Introduction 

This thesis has focused primarily on understanding and exploiting polariton 

excitation mechanisms in microcavities containing highly disordered or amorphous 

organic semiconductors.  The work presented is extremely useful for understanding the 

fundamentals of organic optical microcavities in the regime of strong exciton-photon 

coupling but does not directly address the ultimate goal of an electrically injected 

polariton laser.   To date, the main roadblock to an organic polariton laser is that, in 

general, electrical or optical excitation of these materials results in the creation of 

localized excited states.110,181,210  The localization occurs as a result of the disorder-

induced inhomogeneous broadening of the excitonic transition and the absence of 

intermolecular interaction.71,100,110,181,210  In the strong exciton-photon coupling regime, 

incoherent excitations result in the creation of incoherent polaritons unable to undergo 

non-linear scattering processes as discussed in Sec. 2.4.1.100,110,210  One exception is the 

case of highly ordered or crystalline organic microcavities which should, in principle, 

exhibit improved intermolecular interaction leading to larger fractions of coherent 

excitations and potentially enhanced non-linear properties such as polariton scattering in 

the regime of strong exciton-photon coupling.71,166,167,211-215  Indeed, polariton lasing was 
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recently demonstrated in a single crystal anthracene optical microcavity but was realized 

through direct radiative scattering rather than polariton parametric processes (Sec. 

2.4.4).71  As such, it is unclear whether non-linear polariton parametric scattering 

processes in organic semiconductor microcavities are feasible.122,216 

Various inorganic semiconductors confined to optical microcavities tuned to the 

strong exciton-photon coupling regime, however, have demonstrated non-linear polariton 

parametric scattering processes.116,137,138,140-144,147,149,150,153,155-158,217  A major drawback to 

inorganic semiconductors is the inherent weak exciton binding energy rendering room 

temperature operation of inorganic polariton based optoelectronic devices difficult.218,219  

The exceptions are ZnO and GaN which have stable exciton states at room 

temperature.49,141,146,161,220-231  Despite the enhanced exciton binding energy of these 

materials, electrical excitation of polaritons at room temperature has yet to be 

demonstrated most likely due to increased exciton dissociation probability with current 

injection.139,159  To circumvent this problem, the radiative pumping utility described in 

Chapter 4 could facilitate electrical excitation of inorganic polariton states while 

eliminating charge transport in the active coupling layer.  The advantages of such a 

device are two-fold: the inorganic exciton is not perturbed by electrical pumping since no 

charge transport occurs in the inorganic active layer, and the broad luminescence spectra 

of the organic semiconductor provides efficient radiative pumping of inorganic polariton 

states in the regime of strong exciton-photon coupling.  In this case, the non-linear 

polariton parametric scattering processes of strongly coupled inorganic polaritons could 

be exploited under electrical excitation at room temperature. 



 

 148 

The objective of this chapter is to demonstrate strong coupling and radiative 

pumping of inorganic polariton states in a hybrid organic/inorganic device.  Here, a 

device is designed with an active coupling layer of ZnO which is electrically excited by 

radiative pumping from the weakly coupled organic semiconductor 2-(9,9-spirobifluoren-

2-yl)-9,9-spirobifluorene (BSBF).221,226-230,232-236  The device is characterized under 

angle-resolved reflectivity and electroluminescence (EL) to demonstrate the utility of 

radiative pumping in these structures.  The work developed here, may ultimately provide 

a platform through which to develop a room temperature polariton-based coherent emitter 

under electrical excitation.  This chapter is organized as follows: In Sec. 7.2, the 

experimental details including the device structures and fabrication are described.  The 

experimental results and analysis are presented in Sec. 7.3 and summarized in Sec. 7.4. 

 

7.2  Experiment 

 Two different microcavities containing either ZnO or ZnO and organic layers 

(hybrid device) were explored to facilitate the analysis of the hybrid organic/inorganic 

device.  In both structures, ZnO was grown by atomic layer deposition (ALD) at a 

temperature of 200° C yielding a growth rate of 1.67 Å/loop.237-241  Each loop consisted 

of successive pulses of 15 ms of the precursor gases diethylzinc and water vapor followed 

by a 5 s nitrogen purge between each pulse.  Two extra 15 ms water vapor pulses were 

added at the end of the growth procedure to passivate any unbonded Zn atoms.  In both 

structures, all device layers other than ZnO were deposited using thermal sublimation at a 

pressure of ~8x10-7 Torr.  For measurements of microcavities containing only ZnO, a 
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Figure 7.1 (a) The microcavity architectures of interest for devices containing only ZnO (a) 
or both ZnO and organic layers (b). 
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{100} Si wafer (intrinsic) was used as the substrate.  The microcavity consisted of a 100-

nm-thick layer of Al, a ZnO layer of varying thickness, and a 25-nm-thick layer of Al 

(Fig. 7.1a).  Here, light is collected through the semi-transparent top Al reflector. 

 

For measurements of the hybrid microcavity, a quartz slide was used as the 

substrate to eliminate any parasitic light absorption in the spectral range of the exciton-

photon interaction (300-400 nm).  The hybrid device shown in Fig. 7.1b consisted of a 

25-nm-thick layer of Al, a 100-nm-thick layer of ZnO, a 10-nm-thick layer of Ag, a layer 

of the hole-transport material 4,4',4"-tris(carbazol-9-yl)triphenylamine (TCTA) of 

varying thickness, a 20-nm-thick emissive layer of BSBF (Fig. 7.2 inset), and a 20-nm-

thick electron-transport layer of 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-

benzimidazole) (TPBi).13,241  The device was capped with a cathode consisting of a 0.5-

nm-thick layer of LiF followed by a 100-nm-thick layer of Al.  Here, light is collected 
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through the semi-transparent bottom Al reflector.  The transparent 10-nm-thick Ag layer 

serves as the device anode completely eliminating charge transport in the active coupling 

layer of ZnO without altering the cavity mode established between the Al reflectors.  

When excited, BSBF radiatively populates the polariton modes of the structure created by 

strong exciton-photon coupling between the cavity photon mode and the ZnO exciton.  

The broad absorption and emission (Fig. 7.2) features of BSBF ensure only a weak 

coupling with the cavity photon mode.  In both cases, the reflectors forming the optical 

microcavity were chosen to be Al due to its high reflectivity extending well into the 300-

400 nm spectral range. 

 Microcavities were characterized via angle resolved reflectivity and EL as a 

function of exciton-photon energy detuning.  Varying the thickness of ZnO and TCTA in 

the case of the microcavity shown in Fig. 1a and Fig. 1b, respectively, changes the cavity 

mode energy, permitting a variation in the exciton-photon energy detuning.  Reflectivity 

measurements were performed using a variable angle spectroscopic ellipsometer under s-

polarized light illumination.  For measurements of EL, devices were excited at a constant 

current density of 500 mA/cm2.  Uncoupled EL was collected as a function of detection 

angle. 
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Figure 7.2 Extinction coefficients of ZnO and BSBF for 75- and 30-nm thick films, 
respectively.  The electroluminescence spectra of BSBF was obtained in a device architecture 
consisting of ITO/40 nm TCTA/30 nm BSBF/30 nm TPBi/0.5 nm LiF/50 nm Al at a current 
density of 500 mA/cm2.  Inset: Molecular structure of BSBF. 
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7.3  Results and Discussion 

 Figure 7.2 shows the thin film extinction coefficients of ZnO and BSBF as well as 

the EL of BSBF.  The optical transition of interest for strong coupling is centered at 3.55 

eV, however, the absorption onset of ZnO is broad, suggesting that additional excitonic 

transitions could potentially exist in the 3.25 to 3.5 eV range.  Zinc oxide grown via ALD 

crystallizes in a hexagonal wurtzite crystal structure and thus can have distinct excitonic 

transition energies along different crystallographic axes.  The degree of crystallinity of 

ALD grown ZnO can differ drastically for different growth parameters, but under the 
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Figure 7.3 (a) Angle-resolved reflectivity spectra for the microcavity of Fig. 1a containing 
74.5 nm of ZnO.  A broken line highlights the dispersion of the lower branch polariton feature 
with angle.  (b) Dispersion relations obtained from angle-resolved reflectivity measurements 
for microcavities containing 67.0, 69.7 and 74.5 nm-thick layers of ZnO.  Solid lines are 
transfer matrix simulated dispersions for the microcavities of interest.  Separately measured 
ZnO optical constants (n, k) and as-grown thicknesses were inputs to the transfer matrix 
simulation. 

10 20 30 40 50 60 70 80
3.09

3.12

3.15

3.18

3.21

3.24

3.27

 

 

 67.0 nm

 69.7 nm

 74.5 nm

E
n
e
rg

y
 (

e
V

)

Angle (Degrees)

2.75 3.00 3.25 3.50

 

 

R
e
fl
e

c
ti
v
it
y
 (

a
.u

.)

Energy (eV)

(a) (b)

74.5 nm ZnO

15°

75°

conditions here it is expected to be polycrystalline.239  As such, the excitonic transition 

energies could be inconsistent as a result of the degree of crystallinity varying between 

separate ALD growths.  Such considerations make it difficult to pinpoint a specific 

excitonic energy of interest for strong coupling. 

Angle-resolved reflectivity spectra for the microcavity of Fig. 1a containing a 

74.5 nm-thick layer of ZnO are shown in Fig. 7.3a.  A single spectral feature is observed 

which demonstrates strong dispersion with angle of incidence.  The dispersion relations 

extracted from angle-resolved reflectivity spectra of three separate microcavities 

containing 67.0, 69.7 and 74.5 nm-thick layers of ZnO are shown in Fig. 7.3b.  As the 

exciton-photon detuning is reduced with decreasing ZnO thickness, the three dispersion 

relations asymptote to different energies.  This is uncharacteristic of a lower branch 
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polariton dispersion and could be attributed to the excitonic transition energy varying 

with growth conditions as each ZnO layer was grown separately.  The energy of the 

asymptote, in each case, is much lower in energy than the peak in absorption (3.55 eV) 

which could be ascribed to the excitonic transition being buried in the broad absorption 

onset of ZnO.  Additionally, as the cavity thickness is reduced, the dispersion relations 

start to flatten out, characteristic of lower polariton branch dispersions.  The strong band-

to-band absorption of ZnO as exhibited in Fig. 7.2 results in sufficient optical losses 

within the cavity at energies >3.45 eV making the observation of the upper branch 

polariton mode difficult.  The dispersion relations of Fig. 7.3b were modeled using the 

optical transfer matrix model presented in Sec. 5.3 with appropriate device layer 

thicknesses and optical constants.  Excellent agreement is obtained between the measured 

and simulated dispersion relations (solid lines, Fig. 7.3b). 

Figure 7.4a shows angle-resolved reflectivity spectra for the hybrid microcavity 

of Fig. 7.1b containing a 25-nm-thick layer of TCTA.  Consistent with measurements of 

reflectivity for the microcavity containing only ZnO, a single spectral feature is observed 

to exhibit strong dispersion with angle of incidence.  The upper polariton branch is not 

observed for the same explanation described above.  Figure 7.4b shows dispersion 

relations extracted from the angle-resolved reflectivity spectra of hybrid microcavities 

containing 20, 25 and 30-nm-thick layers of TCTA.  Again, the dispersion relations 

flatten out with decreasing exciton-photon detuning (decreasing thickness) but asymptote 

to different energies which is uncharacteristic of a lower branch polariton dispersion   

(Fig. 7.4b).  The energies of the asymptotes are more consistent with the uncoupled 
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exciton energy of 3.55 eV for ZnO.  In fact, a coupled oscillator model fit (Sec. 2.3.2.1) 

of the dispersion relation for the microcavity containing a 20 nm-thick layer of TCTA 

yields an exciton energy of (3.55±0.10) eV, cavity length of (171.8±10) nm, refractive 

index of (2.1±0.1) and a Rabi splitting of (147±10) meV.  The obtained cavity length is 

close to the total thickness of the device layers between the Al reflectors, the index of 

refraction is close to the expected value and the Rabi splitting is consistent with other 

demonstrations of strongly coupled ZnO microcavities.  Coupled oscillator fits of the 

dispersion relations for microcavities containing 25 and 30 nm-thick layers of TCTA do 

not yield sensible values.  However, excellent agreement is obtained between 

experimental and transfer matrix simulated dispersion curves for all TCTA thicknesses 

(Fig. 7.4b).  This suggests that the exciton-photon detuning might be too large to obtain 

strong exciton-photon coupling for samples containing 25 and 30 nm-thick layers of 

TCTA and thus would be better fit as cavity photon modes.  Samples containing <20 nm-

thick layers of TCTA were not studied but would be a logical future extension of this 

work.   
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Figure 7.4 (a) Angle-resolved reflectivity spectra for the microcavity of Fig. 1b containing 25 
nm of TCTA.  A broken line highlights the dispersion of the lower branch polariton feature 
with angle while a solid line denotes the position of the uncoupled ZnO exciton.  (b) 
Dispersion relations obtained from angle-resolved reflectivity measurements for microcavities 
containing 20, 25 and 30 nm-thick layers of TCTA.  Solid lines are transfer matrix simulated 
dispersions for the microcavities of interest.  The coupled oscillator model fit of the 
microcavity containing 20 nm TCTA is represented by the small solid boxes and overlays with 
the transfer matrix simulated dispersion (solid line).  The broken line denotes the position of 
the uncoupled ZnO exciton. 
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Figure 7.5a shows angle-resolved EL for the microcavity of Fig. 7.1b containing a 

35 nm-thick layer of TCTA.  As in reflectivity, a single emission feature exhibits strong 

dispersion with angle of incidence.  Significant emission intensity attenuation is observed 

with increasing angle of incidence characteristic of a lower polariton feature (as discussed 

in Sec. 2.3.4).  However, excess ZnO on the backside of the substrate (an inherent 

problem of ALD) could also be the source of the observed intensity attenuation as the 

cavity mode approaches the tail of ZnO absorption with increasing angle of incidence.  

The additional feature observed at energies ~3.3 eV is attributed to uncoupled BSBF 

emission.  The dispersion relations shown in Fig. 7.5b were constructed using peak fitting 

to extract peak centers from the EL spectra for microcavities (Fig. 1b) containing 35 and 
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40-nm-thick layers of TCTA.  The dispersions of Fig. 7.5b asymptote to a common 

energy and flatten out with decreasing cavity thickness characteristic of lower branch 

polaritons.  This is inconsistent, however, with the reflectivity results of Fig. 7.4b which 

indicate that hybrid microcavities containing ≥25 nm-thick layers of TCTA are 

uncoupled.  Perhaps this could be attributed again to the ZnO excitonic transition varying 

in both oscillator strength and energy with growth conditions.  The energy of the 

asymptote is much less than the ZnO excitonic transition (3.55 eV) which could be 

attributed to (as in the case of the ZnO only microcavity) the cavity photon mode 

coupling to a ZnO exciton transition buried in the broad absorption onset.  The EL 

dispersion relations shown in Fig. 7.5b were modeled using the transfer matrix formulism 

presented in Sec. 5.3.  Excellent agreement is obtained between the measured and 

simulated dispersion curves.   
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Figure 7.5 Angle-resolved EL (a) for the microcavity of Fig. 1b containing 35 nm of TCTA.  
A broken line highlights the dispersion of the lower branch polariton feature with angle.  
Dispersion relations extracted from angle-resolved measurements of EL for microcavities 
(Fig. 1b) containing 35 and 40-nm-thick layers of TCTA.  The solid lines are transfer matrix 
simulated dispersions for the microcavities of interest. 
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7.4  Summary 

In conclusion, a microcavity architecture was demonstrated which circumvents 

the problems associated with charge transport in an inorganic active coupling layer.  

Microcavity polaritons in this structure are radiatively pumped by a weakly coupled 

organic emissive layer under electrical excitation.  Measurements of angle-resolved 

reflectivity and EL suggest that strong coupling under electrical excitation is realized but 

the absence of an upper branch and consistent ZnO exciton energy are issues which need 

to be resolved.221,230  As such, potential improvements to this structure and the deposition 

process of ZnO are proposed in the following chapter.  Additional characterization of 

ZnO thin films as a function of growth conditions is also suggested to clearly elucidate 
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the exciton energies of the material and to elucidate the inconsistencies presented in the 

data in this chapter.240  Nevertheless, this device architecture provides an interesting 

platform to study the polariton dynamics of inorganic excitons under electrical excitation 

at room temperature. 

I would like to acknowledge Rick Liptak for helping with the growth of the ZnO 

films studied in this work.  
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Chapter 8 Summary and Future Directions 

 

 This thesis has focused mainly on understanding and exploiting excitation 

mechanisms of polaritons in strongly coupled organic semiconductor microcavities.  

Even though some important developments have been established in this thesis, much 

work remains in the area with the ultimate goal being the realization of an electrically 

pumped coherent emitter based on microcavity polaritons operating at room temperature.  

This chapter will review the progress made in this work and provide potential directions 

for future research. 

 

8.1  Summary 

 Chapter 3 provided the fundamental understanding of microcavity polariton 

excitation mechanisms in the metal-metal microcavities studied in this work.  The 

population of microcavity polariton states was confirmed through temperature dependent 

luminescence measurements to occur via an uncoupled exciton reservoir.  Consequently, 

this resulted in the inefficient excitation of the upper branch and a significant difference 

in emission intensity between the lower and upper polariton branches under optical and 

electrical excitation.  In Chapter 4 an alternate excitation approach was devised that 

permit the direct population of microcavity polariton states under optical and electrical 

excitation without first forming an exciton reservoir.  This was realized by introducing a 

weakly coupled emitter into an optical microcavity containing an organic semiconductor 

suitable for strong exciton-photon coupling.  The angle-resolved measurements of the 
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photoluminescence (PL) and electroluminescence (EL) of this structure exhibited 

variations in the lower and upper branch emission intensity consistent with the branch 

photon character.  The radiative pumping technique proved to be an important innovation 

leading to the elucidation of novel microcavity physics and polariton based 

optoelectronic devices. 

In Sec. 4.6 the radiative pumping utility was extended to a phosphorescent 

microcavity system and shown to permit efficient population of microcavity polariton 

states reducing the amount of excitation lost via intersystem crossing to the triplet state.  

This technique also permits the study of the polarization dependence of both polariton 

branches under electrical excitation.  As such, in Chapter 5 it was discovered that metal-

metal microcavities exhibit a significant polarization splitting rivaling those observed in 

strongly coupled microcavities based on distributed Bragg reflectors characterized by a 

long optical penetration length.  The polarization splitting was well simulated by an 

optical transfer matrix formulism and attributed to the polarization-dependent phase shift 

of optical field upon reflection from the metal mirrors.  Chapter 7 employed yet another 

extension of the radiative pumping technique to facilitate electrical excitation of polariton 

modes in an inorganic semiconductor (ZnO) characterized by a small exciton binding 

energy. 

 Chapter 6 demonstrated a one-dimensional (1D) photonic crystal structure as an 

alternate architecture to confine light and establish strong exciton-photon coupling in 

organic semiconductors.  The structure consisted of a high index of refraction light-

absorbing active layer periodically distributed in a low index of refraction non-absorbing 
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background medium.  The strongly coupled state in this structure was confirmed to be 

shared between multiple active layers separated by distances longer than the wavelength 

of light in the structure.  In order to characterize the potential for long-range energy 

transfer, the photon-mediated exciton hybridization of multiple absorbing species was 

examined as a function of the spatial arrangement of the active layers in the photonic 

crystal.  The device architectures and polariton excitation mechanisms presented here 

collectively contribute to the overall goal of this thesis to obtain a complete 

understanding of light-matter interactions in organic semiconductors and develop novel 

polariton-based optoelectronic devices. 

 

8.2  Future Research 

 The understanding of organic strongly coupled microcavities and devices could be 

further expanded by extending the work presented in this thesis.  The hybrid 

organic/inorganic microcavity shown in Chapter 7 needs to be further characterized to 

determine precisely the regime of exciton-photon coupling.  It would be beneficial to 

experimentally analyze the polariton dynamics of the device architectures in Chapters 3, 

4, 6 and 7 to precisely measure the relaxation processes in these structures and to 

conclude whether polariton non-linear scattering processes are present. 

8.2.1  Hybrid Organic/Inorganic Microcavities 

 The hybrid microcavity in Chapter 7 needs to be further characterized and 

potentially improved to determine the effectiveness of radiative pumping as a technique 

to electrically excite inorganic polariton states.  The dispersion relations for the hybrid 
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Figure 8.1 Schematic of potential results from temperature-dependent absorption 
measurements of a thin film of ZnO.  Inhomogeneous broadening is reduced with decreasing 
temperature, elucidating the excitonic transitions of ZnO oxide corresponding to the a-axis 
(a‖) and b-axis (b‖) of the hexagonal wurtzite crystal structure.  There could also be a c-axis 
excitonic transition which is not shown here. 
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microcavity were demonstrated to asymptote to different energies under reflectivity and 

electroluminescence (EL) implying a potential discrepancy in the energy of the ZnO 

excitonic transition.  Zinc oxide grown via atomic layer deposition (ALD) crystallizes in 

a hexagonal wurtzite crystal structure potentially resulting in distinct excitonic transition 

energies along different crystallographic axes (Fig. 8.1).239,240  Temperature-dependent 

absorption measurements of thin films of ZnO would elucidate the exciton absorption 

features by reducing inhomogeneous broadening effects with decreasing temperature 

(Fig. 8.1).230  X-ray diffraction experiments performed in parallel would connect the 

temperature dependent absorption results to the microstructure of ZnO, perhaps providing 

insight into a preferred morphology.239,240  The atomic layer deposition (ALD) growth 

parameters could then tailored to obtain the desired morphology for a microcavity 

structure of interest. 
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 Another potential problem of the hybrid structure presented in Chapter 7 is that 

the 2-(9,9-spirobifluoren-2-yl)-9,9-spirobifluorene (BSBF) emission is lower in energy 

than the ZnO excitonic transition.  This could prove to be an issue for efficient radiative 

pumping of the strongly coupled state, specifically the upper polariton branch.  One 

plausible solution would be to use a blue-shifted organic emitter.  Such a material, 

however, would have a wide energy gap possibly making electrical injection problematic.  

Another potential solution would be to employ GaN instead of ZnO as the active 

coupling material in the microcavity.141,161,220,223,234,242  The excitonic transition of GaN is 

3.42 as opposed to 3.55 eV for ZnO, providing better overlap with BSBF emission (Fig. 

8.2a).142  The optical properties of GaN are sensitive to defects posing growth challenges.  

However, the tensile strain incurred during growth (cause of defects) can be alleviated by 

choosing a lattice matched substrate such as an Al0.85In0.15N/Al0.2Ga0.8N distributed Bragg 

reflector (DBR).142  Figure 8.2b shows a potential GaN hybrid architecture similar to the 

structure shown in Chapter 7.  This structure would have a much larger cavity quality 

factor (Q) due to the bottom DBR potentially making possible the realization of non-

linear polariton processes. 
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Figure 8.2 (a) Extinction coefficients of ZnO and GaN (arbitrary but energy shifted 
appropriately).  The electroluminescence spectra of BSBF exhibits better spectral overlap with 
GaN absorption than that of ZnO permitting more efficient radiative pumping. (b) Potential 
hybrid microcavity structure incorporating GaN as the active coupling layer. 
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8.2.2  Ultrafast Spectroscopy 

 In order to engineer both electrically pumped polariton light-emitting devices for 

the realization of organic polariton coherent light emitters (polariton lasers) polariton 

scattering processes must be present.  To date, it is inconclusive whether organic 

microcavities exhibit the polariton scattering phenomena required to force the system 

towards a macroscopic occupancy of polariton states.122,174,216  Since polaritons are mixed 

states of photon and exciton character, their lifetimes are a function of the constituent 

lifetimes.132  For the metal-metal microcavities studied in this work, the low cavity Q 

implies that the polariton time dynamics are very short, on the order of 10’s of fs, owing 

to the photon lifetime in the metal-metal resonator.  Consequently, polaritons created 

with arbitrary in-plane wave vector do not undergo further relaxation in energy and 

momentum. 
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Figure 8.3 A potential high-Q organic microcavity architecture to facilitate the study of the 
polariton scattering dynamics.  The top TeO2/LiF DBR could be thermally evaporated to 
prevent damage to the underlying organic layers.  The intercavity contact layers could either 
consist of thin layers of metal or transparent conductors.  BCP, TPP and NPD are defined in 
Chapter 3. 

Thin Ag or ITO 

Glass

BCP

NPD

TPP

Thin Al

I

12 pair
SiNx/SiO2

DBR

12 pair

TeO2/LiF

DBR

…
…

 The microcavity architectures presented in Chapters 3 and 4 could be modified to 

enhance the degree of optical confinement by increasing the reflectivity of the resonator 

mirrors.163  This could be accomplished by employing DBR reflectors to form the optical 

microcavity.163  By creating polariton states with longer lifetimes, it may be possible to 

observe polariton scattering processes.  A potential device architecture is shown in Fig. 

8.3 for the microcavity studied in Chapter 3, respectively.  Electrical excitation, although 

more difficult to accomplish with insulating DBRs as cavity reflectors could be realized, 

for example, by introducing thin metallic or transparent conducting contact layers into the 

microcavity of interest as demonstrated in Chapter 7.  The inter-cavity contact layers 

would require optimization to ensure that the high cavity Q is retained.  Such a device 

would be an attractive platform to study potential polariton scattering processes under 

both optical and electrical excitation.   
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Ultrafast laser spectroscopy would allow for direct measurement of polariton 

population mechanisms and scattering dynamics.122,174,216  For instance, the rates of 

polariton excitation for the lower and upper branch calculated in Chapter 3 could be 

confirmed through measurements of ultrafast laser spectroscopy.  In such a measurement, 

polaritons would be created optically by a pump source by either resonant (magic angle 

on lower polariton branch as discussed in Sec. 2.42) or non-resonant excitation (Sec. 

2.43).  This would require that the pump source be wavelength (energy) and angle of 

incidence tunable to target precise energy and in-plane angular momentum (angle of 

incidence) polariton states in the dispersion relation.  A time-delayed (from the pump) 

pulse from another tunable ultrafast light source would be used to probe the device.  

Several configurations of the experiment could be envisioned to analyze the polariton 

relaxation dynamics. 
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Figure 8.4 (a) A generic schematic of an ultrafast laser experiment.  The response of the probe 
pulse is measured as a function of the pump power and pump/probe delay time.  (b) A proof of 
concept experiment pumping and probing at k||=0 to examine if a macroscopic population of 
polariton states at k||=0  is feasible.  (c) A non-resonant pumping experiment.  The pump 
excites a population of excitons (filled circle) of the active material.  The relaxation of the 
active material excitons to k||=0 polaritons is measured by monitoring the intensity change of 
the probe pulse before and after being transmitted through the sample.  (d) A resonant 
pumping experiment where the probe is incident at the magic angle.  The probe pulse intensity 
and spectral shape is examined before and after being transmitted through the sample.  
Parametric scattering would result in two dominant peaks (as shown by the output pulse left of 
the dispersion) in intensity, one at k||=0 and the other at high momentum and energy. 
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An interesting study would be to monitor the transmission of the probe pulse at 

k||=0 (on the lower polariton branch dispersion) with and without the pump pulse as a 

function of the pump power and pump/probe delay time as shown in Fig. 8.4a and 8.4b.  
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Enhancement of the probe pulse intensity would imply gain signifying the existence of a 

macroscopic occupancy of polariton states at k||=0 created by the pump.  This experiment 

would serve as a simple check to confirm that macroscopic population at k||=0 is in fact 

possible for the microcavity of interest.  The experiment could then be extended to pump 

the sample non-resonantly at the wavelength (energy) of the active material absorption 

peak (Fig. 8.4c).  In this configuration, the probe beam at k||=0 would again be monitored 

as a function of pump power/probe delay time.  The pump pulse, in this case, creates 

active layer uncoupled excitons which relax to create polaritons with arbitrary energy and 

in-plane momentum thus requiring polariton relaxation to build-up a macroscopic 

population at k||=0.  Gain exhibited by the probe pulse would confirm the existence of 

polariton relaxation processes.  Finally, the sample of interest could be pumped under 

resonant excitation (Sec. 2.4.2) at the magic angle (Fig. 8.4d).  Again, the probe 

transmission intensity would be monitored as a function of pump power/probe delay 

time.  Parametric (pair-wise) polariton scattering processes could be observed in this 

process by choosing a spectrally broad probe pulse (broad enough to span the lower 

polariton branch) tuned by angle of incidence.  Observation of two spectral features (one 

at k||=0 and another at high momentum and energy) exhibiting gain would indicate 

parametric scattering.  Any of these experiments, if successful, would be a major 

breakthrough in the field as non-linear polariton processes have not been demonstrated to 

date in any organic semiconductor microcavity. 

Perhaps the most interesting device to study via ultrafast laser spectroscopy would 

be the 1D photonic crystal architecture presented in Chapter 6.  By engineering the 
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amount of high-index/low-index pairs, the optical confinement of the structure can be 

significantly enhanced potentially permitting polariton relaxation processes.  Recently, 

polariton amplification was demonstrated in an inorganic based 1D photonic crystal 

structure by ultrafast laser spectroscopy.204  This result is exciting and could potentially 

be applied to the organic structure presented in this thesis.  Preliminary angle-resolved 

photoluminescence measurements of the all-organic photonic crystal architecture 

developed in Chapter 6 suggest that resonant excitation is required due to the presence of 

significant uncoupled emission under non-resonant excitation.  In fact, dispersionless 

uncoupled TPP emission dominates the angle-resolved PL spectra making the resolution 

of any angle-dependent features difficult.  Resonant excitation of the lower polariton 

branch would avoid direct optical pumping of TPP and eliminate altogether uncoupled 

TPP emission in this structure.  More investigation into this novel architecture could 

prove to be beneficial and result in the first demonstration of polariton scattering 

processes in organic materials. 

 

8.3  Afterword 

 With the recent development of room temperature polariton lasing, the future is 

certainly bright for organic polariton-based optoelectronic devices.  The fundamental 

device physics and novel architectures presented in this work could be instrumental to the 

future development of the field.  It is felt by the author that an electrically pumped 

polariton-based coherent emitter will be realized in the near future. 
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B. Transfer Matrix Simulation Code 

The microcavities studied in Chapters 5, 6, and 7 were modeled using the transfer 
matrix formulism presented in Chapter 5.  The code provided in this Appendix is 
specifically tailored to the microcavity of Chapter 5 but can be extended to model other 
structures such as those shown in Chapters 6 and 7.  The code was developed and 
compiled in Matlab. 
 
clear 
clc 
 
%Define angle of incidence 
angle=15; 
phi=angle*(pi/180); 
  
%Define thicknesses 
d=[0 50 65 10 70 10 50 0]; 
 
%Define # of layers 
[z,x]=size(d); 
layers=x; 
  
%Define emitting interface 
emitting=4; 
  
%Get material optical constants 
load('Ag.txt'); 
load('Aloptical.txt'); 
load('Alqoptical.txt'); 
load('BCPoptical.txt'); 
load('NPDoptical.txt'); 
load('TPPoptical.txt'); 
 
%Define wavelength 
lambda=400:1:800; 
wavelength=transpose(lambda); 
  
for a=1:1:size(wavelength) 
    one(a)=1; 
    zero(a)=0; 
end 
  
Airreal=transpose(one); 
Airimag=transpose(zero); 
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%Get index data 
Agreal=Ag(:,2); 
Agimag=Ag(:,3); 
Alreal=Aloptical(:,2); 
Alimag=Aloptical(:,3); 
Alqreal=Alqoptical(:,1); 
Alqimag=Alqoptical(:,2); 
BCPreal=BCPoptical(:,2); 
BCPimag=BCPoptical(:,3); 
NPDreal=NPDoptical(:,2); 
NPDimag=NPDoptical(:,3); 
TPPreal=TPPoptical(:,2); 
TPPimag=TPPoptical(:,3); 
 
%Define complex index matrix 
ni=[Airreal complex(Agreal,Agimag) complex(TPPreal,TPPimag) 
complex(NPDreal,NPDimag) complex(Alqreal,Alqimag) complex(BCPreal,BCPimag) 
complex(Alreal,Alimag) Airreal]; 
%Initialize incident E-field 
Eo=1; 
  
for a=1:1:size(wavelength) 
  
    Energy(a)=((6.626E-34*3.0E8)/(lambda(a)*1.0E-9*1.6E-19)); 
     
    %Define source terms, dipole horizontal, polarization dependent 
    kz1(a)=(2*pi*real(ni(a,emitting))*cos(phi))./(1.0E-9*lambda(a)); 
    k1(a)=real(ni(a,emitting))*((2*pi)./(1.0E-9*lambda(a))); 
    kp(a)=(2*pi*real(ni(a,emitting))*sin(phi))./(1.0E-9*lambda(a)); 
    Aups(a)=-1*0.5*(3/(16*pi))^(1/2)); 
    Adowns(a)=0.5*(3/(16*pi))^(1/2)); 
    Aupp(a)=-(0.5*((3/(16*pi))^(1/2)*(kz1(a)./k1(a))+0.5*(3/(8*pi))^(1/2)*(kp(a)./k1(a))); 
    Adownp(a)=(0.5*(3/(16*pi))^(1/2)*(kz1(a)./k1(a))+ 
                  0.5*(3/(8*pi))^(1/2)*(kp(a)./k1(a))); 
 
    %Initialize Ss 
    Ss(:,:,a)=[1 0;0 1]; 
  
    %Initialize Sp 
    Sp(:,:,a)=[1 0;0 1]; 
  
    %Calculate q 
    for j=1:1:layers 
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        qj(a,j)=(ni(a,j).^2-ni(a,1).^2*(sin(phi))^2)^(1/2); 
    end 
  
    %Calculate Fresnel coefficients for s-polarized 
    for j=1:1:layers-1 
        rjks(a,j)=(qj(a,j)-qj(a,(j+1)))/(qj(a,j)+qj(a,(j+1))); 
        tjks(a,j)=(2*qj(a,j))/(qj(a,j)+qj(a,j+1)); 
    end 
  
    %Calculate Fresnel coefficients for p-polarized 
    for j=1:1:layers-1 
        rjkp(a,j)=(((ni(a,j)).^2).*qj(a,j+1))-((ni(a,j+1)).^2).*qj(a,(j)))/(((ni(a,j+1)).^2).* 
                       qj(a,j)+((ni(a,j)).^2).*qj(a,(j+1))); 
        tjkp(a,j)=(2*((ni(a,j)).*(ni(a,j+1)).*qj(a,j)))/(((ni(a,j+1)).^2).*qj(a,j)+((ni(a,j)).^2).* 
                        qj(a,(j+1))); 
    end 
  
    %Calculate interface matrix for s-polarized 
    for j=1:1:layers-1 
        Is(:,:,j,a)=(1/tjks(a,j)).*[1 rjks(a,j);rjks(a,j) 1]; 
    end 
  
    %Calculate interface matrix for p-polarized 
    for j=1:1:layers-1 
        Ip(:,:,j,a)=(1/tjkp(a,j)).*[1 rjkp(a,j);rjkp(a,j) 1]; 
    end 
  
    %Calculate layer matrix for s or p-polarized 
    for t=1:1:layers 
        Lsp(:,:,t,a)=[exp((-i.*2.*pi./wavelength(a)).*qj(a,t).*d(t)) 0;0  
        exp((i.*2.*pi./wavelength(a)).*qj(a,t).*d(t))]; 
    end 
  
    %Total system transfer matrix for s-polarized 
    for n=1:1:layers-2 
        Ss(:,:,a)=Ss(:,:,a)*Is(:,:,n,a)*Lsp(:,:,n+1,a); 
    end 
    Ss(:,:,a)=Ss(:,:,a)*Is(:,:,layers-1,a); 
  
    %Total system transfer matrix for p-polarized 
    for n=1:1:layers-2 
        Sp(:,:,a)=Sp(:,:,a)*Ip(:,:,n,a)*Lsp(:,:,n+1,a); 
    end 
    Sp(:,:,a)=Sp(:,:,a)*Ip(:,:,layers-1,a); 
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    %Total reflection and transmission coefficients for s-polarized 
    rs(a)=Ss(2,1,a)./Ss(1,1,a); 
    ts(a)=1./Ss(1,1,a); 
     
    phases(a)=atan(imag(rs(a))./real(rs(a))); 
    RIntensitys(a)=rs(a).*conj(rs(a)); 
    TIntensitys(a)=1-RIntensitys(a); 
  
    %Total reflection and transmission coefficients for p-polarized 
    rp(a)=Sp(2,1,a)./Sp(1,1,a); 
    tp(a)=1./Sp(1,1,a); 
     
    phasep(a)=atan(imag(rp(a))./real(rp(a))); 
    RIntensityp(a)=rp(a).*conj(rp(a)); 
    TIntensityp(a)=1-RIntensityp(a); 
  
%Calculating subset transfer matrices for left side of emitting layer 
     for q=1:1:layers-1 
 
         %Initialize Ssprime 
         Ssprime(:,:,a,q)=[1 0;0 1]; 
  
         %Initialize Ss2prime 
         Ss2prime(:,:,a,q)=[1 0;0 1]; 
  
         if q==1 
             Ssprime(:,:,a,q)=Is(:,:,q,a); 
         else 
             for n=1:1:q-1 
                 Ssprime(:,:,a,q)=Ssprime(:,:,a,q)*Is(:,:,n,a)*Lsp(:,:,n,a); 
             end 
             Ssprime(:,:,a,q)=Ssprime(:,:,a,q)*Is(:,:,n+1,a); 
         end 
  
         if q==layers-1 
             Ss2prime(:,:,a,q)=Is(:,:,q,a); 
         else 
             for m=q:1:layers-1 
                 t=q+1; 
                 Ss2prime(:,:,a,q)=Ss2prime(:,:,a,q)*Is(:,:,t,a)*Lsp(:,:,t,a); 
             end 
             Ss2prime(:,:,a,q)=Ss2prime(:,:,a,q)*Is(:,:,m,a); 
         end 
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     end 
  
     %Calculate emitted field from cavity for s-polarized 
     Ssprimeemits(:,:,a)=[1 0;0 1]; 
     Ss2primeemits(:,:,a)=[1 0;0 1]; 
      
     for b=1:1:emitting-1 
         Ssprimeemits(:,:,a)=Ssprimeemits(:,:,a)*Is(:,:,b,a)*Lsp(:,:,b+1,a); 
     end 
  
     for b=emitting:1:layers-2 
         Ss2primeemits(:,:,a)=Ss2primeemits(:,:,a)*Lsp(:,:,b+1,a)*Is(:,:,b+1,a); 
     end 
  
     Eoemits(a)=((Ssprimeemits(1,1,a).*Ssprimeemits(2,2,a)-                                                                                                         
              (1,2,a).*Ssprimeemits(2,1,a)).* 
                         (Ss2primeemits(2,1,a).*Aups(a)-s2primeemits(1,1,a).*Adowns(a)))./ 
                         (Ssprimeemits(1,1,a).*Ss2primeemits(1,1,a)+Ss2primeemits(,1,a).* 
                         Ssprimeemits(1,2,a)); 

E2emits(a)=(Ssprimeemits(1,1,a).*Aups(a)+Ssprimeemits(1,2,a).*Adowns(a))./ 
                    (Ssprimeemits(1,1,a).*Ss2primeemits(1,1,a)+Ss2primeemits(2,1,a).* 
                     Ssprimeemits(1,2,a)); 

      
     EoemitIntensitys(a)=Eoemits(a).*conj(Eoemits(a)); 
     E2emitIntensitys(a)=E2emits(a).*conj(E2emits(a)); 
      
     %Calculate emitted field from cavity for p-polarized 
     Ssprimeemitp(:,:,a)=[1 0;0 1]; 
     Ss2primeemitp(:,:,a)=[1 0;0 1]; 
      
     for b=1:1:emitting-1 
         Ssprimeemitp(:,:,a)=Ssprimeemitp(:,:,a)*Ip(:,:,b,a)*Lsp(:,:,b+1,a); 
     end 
  
     for b=emitting:1:layers-2 
         Ss2primeemitp(:,:,a)=Ss2primeemitp(:,:,a)*Lsp(:,:,b+1,a)*Ip(:,:,b+1,a); 
     end 
  
     Eoemitp(a)=((Ssprimeemitp(1,1,a).*Ssprimeemitp(2,2,a)-Ssprimeemitp(1,2,a).* 
                         Ssprimeemitp(2,1,a)).*(Ss2primeemitp(2,1,a).*Aupp(a)-        
   Ss2primeemitp(1,1,a).* 
                         Adownp(a)))./(Ssprimeemitp(1,1,a).*Ss2primeemitp(1,1,a)+ 
                         Ss2primeemitp(2,1,a).*Ssprimeemitp(1,2,a)); 
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E2emitp(a)=(Ssprimeemitp(1,1,a).*Aupp(a)+Ssprimeemitp(1,2,a).*Adownp(a))./ 
              (Ssprimeemitp(1,1,a).*Ss2primeemitp(1,1,a)+ 
                     Ss2primeemitp(2,1,a).*Ssprimeemitp(1,2,a)); 

      
     EoemitIntensityp(a)=Eoemitp(a).*conj(Eoemitp(a)); 
     E2emitIntensityp(a)=E2emitp(a).*conj(E2emitp(a)); 
  
end 
  
figure 
plot(Energy,RIntensitys,'k'), xlabel('Energy (eV)'), ylabel('Reflectivity'); 
hold on 
plot(Energy,RIntensityp,'r'), legend('S-Polarized','P-Polarized'); 
  
figure 
plot(Energy,EoemitIntensitys,'r'), xlabel('Energy (eV)'), ylabel('Emission'); 
hold on 
plot(Energy,E2emitIntensitys,'b'), legend('S-Polarized','P-Polarized')hold on 
hold on 
plot(Energy,EoemitIntensityp,'g'); 
hold on 
plot(Energy,EoemitIntensityp,'k'); 

 

 

 

 

 

 

 

 

 


