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Abstract

Research efforts in solution-based dye lasers and organic light-emitting devices (OLEDs)
have led to advances in materials engineering and fabrication technology, propelling
the field of organic solid-state photonics. Active areas of photonic research in or-
ganic systems include solid-state lasers (in both VCSEL and DFB form factor), low-
threshold optical switches, and photodetectors. In all of these areas, thin films of "Jel-
ley aggregates," or J aggregates, offer a promising materials platform thanks to their
narrow linewidth and high oscillator strength at room temperature, properties result-
ing from delocalization of excitations across multiple strongly-coupled molecules. By
placing these films in an optical microcavity, the aggregates exhibit additional strong-
coupling to the cavity electric field, creating light-matter quasi-particles known as
exciton-polaritons, even at room temperature. In this thesis, I discuss my research
on the properties of J-aggregate thin films and on advancing the device and mate-
rials engineering of strongly-coupled devices based on J-aggregate thin films to the
level of those in inorganic semiconductor systems. Exciton-polariton systems have
been extensively studied at cryogenic temperatures in II-VI and III-V semiconductor
quantum well systems in the past two decades as potential low-threshold VCSELs. J-
aggregate-based exciton-polaritons systems, however, offer many device and engineer-
ing challenges, including: understanding the role of inhomogeneous vs. homogeneous
broadening in the J-aggregate optical response, fabricating higher-quality microcavi-
ties with the ability to pump the polaritons at high intensities, and lateral patterning
on the single-micron scale of organic microcavities. These topics are addressed and
the outlook of organic exciton-polariton device research discussed.

Thesis Supervisor: Vladimir Bulovid
Title: Associate Professor
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Chapter 1

Introduction: Device Physics and

Theory of Operation

This thesis explores the engineering of solid-state photonic devices based on organic

active layers. Specifically, organic photonic devices utilizing a material known as "J

aggregates" of cyanine dyes are demonstrated and characterized, their potential for

use as lasers is investigated, and patterning methods are developed that enable the

integration of organic active materials in photonic systems.

Since the invention of the laser in the 1960s, the field of photonics has undergone

many phases of development as new technologies were invented and some inevitably

discarded or sidelined. In the 1970s, considerable research in solution-based dye

lasers led to the development of laser dyes covering the visible spectrum and possess-

ing remarkable quantum efficiencies (i.e., efficiency of converting input pump power

into luminescence) and stabilities. The shortcomings of solution-based dye lasers are

mostly in construction and limitations on stability due to the use of solvents. The

use of solution-based dye limits construction to free-space tabletop setups, and the

use of solvents significantly limits packaging options to eliminate photodegradation

due to oxidation. Nevertheless, today one can still purchase laser dye systems for use

in research in spectroscopy, ultrashort laser pulse generation, or other applications

where large gain bandwidth is desirable.

In the later development of organic light-emitting devices (OLEDs) in the 1980s



and 1990s, the laser dyes developed for solution-based lasers would find commercial

applications in the solid state (i.e., in thin films) as light-emitting dopants, capturing

energy from excitons formed at organic heterojunctions through F6rster resonant

energy transfer (FRET). A thorough review of the materials science and physics of

organic optoelectronics, including the physics of Frenkel excitons in organic materials

and FRET, can be found in Pope and Swenberg [148].

Concurrent with the development of OLED technology, solid-state photonics based

on inorganic semiconductors saw rapid development. Microfabrication technologies

such as molecular beam epitaxy enable ultrapure, precise-thickness layers of inor-

ganic semiconductors to be grown in device structures (in this thesis referred to as

"inorganic" to distinguish from the organic semiconductors used in OLEDs). These

development efforts have enabled electrically-pumped diode lasers based on quantum

wells of inorganic semiconductors at many wavelengths from the visible to infrared.

Many excellent texts reviewing the physics of semiconductor photonics exist, two of

which are Coldren and Corzine [39] and Chuang [37].

Beginning in 1992, Weisbuch et al. initiated a new phase of research in solid-state

lasers based on the phenomenon of strong coupling of light and matter [196]. This

research was itself motivated by the investigation of strong light-matter coupling be-

tween atoms and cavities in the 1980s [88]. Weisbuch et al. demonstrated that when

layers of inorganic semiconductors were deposited between two highly reflective mir-

rors in a monolithic stack (i.e., a "microcavity," or a cavity on the size scale of one or

a few wavelengths of light), the usual single reflectivity dip of the cavity changed to

a doublet, indicating that the Wannier-Mott exciton transition in the semiconductor

was strongly coupled to the microcavity electric field. In the past decade, the efforts

spurred by the results of Weisbuch et al. realized the first demonstrations of lasers

based on cavity exciton-polariton states in inorganic systems [15, 35, 36, 50, 76].

Except for the GaN inorganic systems, the II-VI systems (CdTe) and III-V systems

(GaAs) demonstrated both require cryogenic temperatures due to the low binding en-

ergy of excitons in those systems (i.e., at 300 K, kBT = 26 meV, which is higher than

the binding energies of excitons in CdTe and GaAs). This was noted by Saba et al.



[154] in a discussion of potential platforms for realizing room-temperature exciton-

polariton parametric amplification.

One such potential platform is based on organic materials, where the Frenkel

model is used to describe excitons as opposed to the Wannier-Mott model in inorganic

systems. Since Frenkel excitons are localized to a molecule, their binding energy is

considerably higher than room temperature. Since the demonstration of Lidzey et al.

[104] of strong coupling in a microcavity containing a solid-state organic dye, efforts

have been underway, of which this thesis is a part, to make exciton-polariton devices

in organic systems, where the strong coupling is between the microcavity electric field

and the Frenkel excitons in the organic active material.

Since the work of Lidzey et al. [104], the most significant breakthrough in the

field of organic exciton-polariton devices was the demonstration of electrolumines-

cence (EL) from exciton-polaritons in the work of Tischler et al. [189], which was

the first demonstration of EL from any exciton-polariton device, organic or inorganic

(the first inorganic exciton-polariton EL was not demonstrated until several years

later). Overall, though, research efforts in organic exciton-polariton systems have

been mostly focused on demonstrating reflectivity or PL from microcavities with

very low to low quality factors (Q on the order of 10-200, leading to cavity photon

lifetimes in the range of tens to a few hundreds of femtoseconds) and using different

organic materials. The cavity designs utilized have been limited almost exclusively

to all-metal or metal-DBR planar microcavities, where one of the mirrors is metallic

and the other composed of a dieletric Bragg reflector (DBR) [63-65, 105, 107, 189].

In addition, in the few cases where a double-DBR microcavity was used, the devices

still suffered from inhomogeneities due to the thick active layer used, which causes

broadening of the polariton linewidths due to the different spatial overlap of the cav-

ity electric field with the active material in the cavity [40, 83]. Finally, the choice

of active material, and type of J aggregate in particular, has been largely arbitrary,

without much consideration of how to pump the finished devices or how to minimize

photobleaching of the active layer.

In this thesis, the above device and materials engineering issues will be addressed



in order to bring organic exciton-polariton device engineering onto the same techni-

cal level as that of inorganic exciton-polariton devices. By advancing these aspects

of device and materials engineering of organic exciton-polaritons, I will demonstrate

how the same analytical tools (detailed angular-resolved PL, high pump powers) can

be applied to organic exciton-polariton devices and yield information about the dy-

namics of exciton-polaritons in organic systems. Chapters 2 and 3 will investigate the

optical and morphological properties of J-aggregate thin films and the linear optical

properties of J-aggregate exciton-polariton microcavity devices in order to determine

the extent of inhomogeneous vs. homogeneous broadening in the linewidths of the

J-aggregate and exciton-polariton optical response, which is a key figure in simu-

lating the dynamics of microcavity exciton-polaritons. Chapter 4 will demonstrate

the steps taken to address the device and engineering issues discussed above, and

finally, in Chapter 5, a method will be demonstrated for lateral patterning of organic

microcavities on the single-micron scale, which will enable the fabrication of OD or-

ganic exciton-polariton devices, similar to those recently demonstrated for inorganic

exciton-polaritons [12, 55, 56, 184].

In the next sections of this chapter, the strong coupling of light and matter in

solid-state systems will be discussed, leading to the specific case of strong coupling

in organic systems using "J aggregates" of cyanine dyes. Following that section, the

physics of "J aggregates" will be covered, leading finally to a discussion of the theory

of operation of exciton-polariton lasers.

1.1 Exciton-Polaritons

The physical theory behind exciton-polaritons is itself not recent. The exciton-

polariton description of light in a semiconductor was first described by Hopfield in

1958 [67]. Since the research on cavity exciton-polaritons initiated by Weisbuch et al.

was itself an offshoot of atomic research, where the splitting of the cavity mode due

to interactions with atomic transitions is referred to as "normal-mode coupling," or

NMC, exciton-polariton phenomena in solid-state systems are sometimes referred to



in literature as NMC (e.g., see Khitrova et al. [86, 87]). This distinction is becoming

more important as true strong coupling between a single solid-state transition dipole

(e.g., that of a quantum dot) and a microcavity electric field has been recently demon-

strated [57]. Nevertheless, the use of the more strict term in atomic physics of "strong

coupling" is often used interchangeably with NMC in exciton-polariton literature, and

in this thesis the term "strong coupling" will be used to refer to exciton-polariton phe-

nomena. The brief review that follows will give a general description of polaritons,

focusing specifically on those formed by the coupling of two-level systems with an

electric field, followed by a discussion of the specific properties of exciton-polaritons

in cavities that are of interest in device applications and the current state of research

in the field.

1.1.1 Single Two-Level System Interacting with the Electric

Field

Let use first consider the interaction of a single two-level system with an electric

field. The Hamiltonian describing this interaction was first outlined by Jaynes and

Cummings [71]. Using the notation from Kimble [88], the Hamiltonian of an electric

field coupled to N8 two-level systems is:

Hs = HA +HF + I

where the two-level system (HA), electric field (HF), and interaction (HI) Hamiltoni-

ans are (using the rotating wave approximation, meaning that non-energy-conserving

terms are neglected [38, 79]):

=hWA

IIF - cavata

Ns

1 = ihZ [g &&f - - g* & +]
e=i



The resonant frequencies of the two-level system and electric field (for our pur-

poses, usually a cavity) are wA and wcav, respectively. 6, 8 -, and &[ are the popula-

tion inversion, raising, and lowering Pauli operators for the fth two-level system (i.e.,

each of which is fermionic). The creation and annihilation operators for the electric

field are &t and a, respectively. Finally, the coupling term for each two-level system

to the electric field is given by g, where for a single two-level system:

g ( 2- IY2 Wcav )

Kimble [88] includes in the above definition of the coupling term a cavity-mode

function, V) (r), that provides a spatial dependence of the coupling, which is nor-

malized such that the cavity modal volume is equal to the integral of this spatial

function in three dimensions (Vm = f 10(r)l2 dV). This function is especially im-

portant in atom cavity systems where a gas of atoms is placed into a macroscopic

spherical microcavity. In solid-state microcavity systems, this parameter is still im-

portant since the active layer (i.e., quantum wells or organic molecules) may vary

slightly in position from sample to sample, which would ultimately affect the degree

of coupling of the light-matter system.

It is important to note that although many two-level systems (N,) are present

in the above Hamiltonian, they are considered to be acting separately without any

cooperativity, meaning they are not forming any coherent polarization. When this

Hamiltonian is diagonalized, the eigenfrequencies of this Hamiltonian are dependent

on the number of photons present in the modal volume. Inside each manifold of states,

which are centered around the total number of excitations (in the resonant case where

WA = Wcav = W0 , these are nhwo, where n is the number of photons), the sublevels

are separated by vnhgo. Therefore, when considering the optical response of such a

coupled system, four possible transition frequencies are available from one manifold

to another; two of these, however, are nearly degenerate, leading to the observation

of the "Mollow triplet" in the optical response [79]. The "Mollow triplet" has been

recently observed in single-molecule resonance fluorescence in the solid state [199].



Physically, as more excitations are placed into the electric field, the electric field

exchanges energy with the single dipole at a faster and faster rate. This rate of energy

exchange is known as the "Rabi frequency," named after the physicist I.I. Rabi and

the semiclassical model developed for the interaction of a classical electric field with

a quantum two-level system [62]. It is important to note that Rabi oscillations will

only occur if the rate of energy exchange between the electric field and single two-level

system is faster than the rate at which coherence is lost by the electric field (e.g., in

a cavity, this is the rate at which photons escape through the mirrors) or by the two-

level system (e.g., through collisions with phonons in solid-state systems-especially

in solid-state systems, this coherence lifetime is rarely set by the energy decay rate

from the two-level system, but instead the lifetime is limited by interactions within

the environment of the solid). In the notation of Kimble [88], the cavity loss rate is

given by r and the decoherence rate of the two-level system by the parameter 7; the

condition of strong coupling for a single two-level system requires go > r, y. Recently,

the Jaynes-Cummings ladder was directly probed for a superconducting qubit placed

into a planar waveguide resonator in a setup that has been dubbed circuit quantum

electrodynamics (QED) [59].

1.1.2 Multiple Two-Level Systems Interacting Cooperatively

with the Electric Field

Next, let us consider what happens when instead of having a single transition dipole

forming a polarization response, there are a very large number of dipoles. Just as

the Rabi frequency increased when multiple photons were placed in the electric field,

the Rabi frequency also increases when multiple transition dipoles are present in the

same electric field mode acting cooperatively. The Jaynes-Cummings Hamiltonian

was first considered in the many-two-level-system case by Tavis and Cummings [185].

Simply put, when multiple two-level systems are present in the modal volume of the

electric field, they form a coherent polarization response that is the sum of all of

the individual polarizations. The effect on the coupling parameter, g, is that it is



increased by the number of two-level systems, Ns present:

g (NsII2Wcav) 1 Nsgo

The resulting eigenvalues for the first manifold's energies (assuming zero detuning,

meaning that WA = Wcav= W), are [88]:

1(

These levels are split by the "vacuum Rabi splitting," which derives its name from

the fact that even with only one photon the energy levels are split.

In the limit of very large N, the presence of one or a few photons (n small)

does little to affect the light-matter coupling since N, > n, despite the fact that the

individual matter components of the coupled system are saturable. In essence, instead

of acting as fermions, where adding excitations would lead to energy-level changes

through Pauli exclusion, the two-level systems in this limit are bosonic. The result

of this bosonic behavior is that the manifolds for one or a few photons contain states

that are equally separated in energy. The allowed transitions between manifolds in the

bosonic limit therefore consist only of two energies (since the splitting is determined

only by N8 ), leading to a "Rabi doublet" in the optical response of the coupled system

[79]. Physically, the electric field is interacting with all of the transition dipoles present

within the modal volume simultaneously, and as more dipoles are present, the rate

of exchange of energy between the dipoles and the electric field increases. Figure 1-1

summarizes the ladder of states in the two limits.

An important detail of this interaction is that the energy exchange between the

dipoles and electric field is occurring simultaneously amongst all of the transition

dipoles-the energy is delocalized amongst all of the dipoles that are coherently coupled

to the electric field. This polarization wave in the material is in essence a particle

whose size is dictated by the modal volume of the electric field. Due to this energy

delocalization, the quasi-particle that consists of the electric field mode (i.e., the

photon) coupled to the numerous transition dipoles is referred to as a "polariton." In
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Figure 1-1: Ladder of energies and allowed transitions for limit of single two-level

system (fermionic, top) and very large number of two-level systems (bosonic, bottom)

[79].



general, the polariton picture of light interacting with many transition dipoles does

not require that the transition dipoles be saturable (i.e., two-level systems). Any

type of dipole in a medium can serve as the matter part of a polariton. In this thesis,

the topic of discussion will specifically be "exciton-polaritons," where the matter

component of the polariton is comprised of exciton transition dipoles (which often

can be modeled as two-level systems). The saturable nature of the matter component

of a polariton only affects the behavior of the polaritons at high densities (i.e., in the

nonlinear regime).

1.1.3 The Polariton Picture

Looked at from the perspective of Maxwell's equations, a polariton is simply quantum

mechanical quasi-particle that represents a quantum of the polarization of light in a

medium. Specifically, a polariton picture describes the limiting case in which the

interaction of light with the medium is stronger than the dephasing processes which

would otherwise destroy the light-matter coherence. It is important to note here that

the matter component of the polariton does not have to be a two-level system. The

example described above of a polariton comprised of light and N two-level systems

(e.g., transitions in atoms or molecules) is merely a subset of the many types of

polaritons that are possible.

When an electromagnetic (EM) wave is incident upon a medium, a polarization

in the medium is created that opposes the applied electric field. If the medium has a

strong response to the incident wave (i.e., dipoles in the medium are resonant or nearly

resonant with the incident EM wave, and the combined strength of the dipoles is large

enough), there will be a large polarization induced in the medium. However, this

varying polarization in the medium will itself produce a magnetic field, as described

by Ampere's law, which then in turn creates an electric field via the coupling in

Maxwell's equations. If the response of the medium is not too dephased from the

incident field by other interactions with the environment, the medium will coherently

radiate its energy back into the exciting field, which then induces a polarization in the

medium, and so on. Essentially, the material absorbs, reemits, and then reabsorbs



the same photon. Since an observer cannot state definitively whether the energy in

the system exists as a photon or as polarization in the medium, the energy is instead

stored in both at the same time, creating a quasi-particle consisting of part photon

and part material polarization, a polariton.

Notably, any electric dipole in a material can comprise part of a polariton as long

as the conditions referred to above are met: the combined strength of the medium's

electric dipoles must be large enough such that their interaction with light occurs

faster than competing dephasing processes in the material. Aside from the transition

dipole in excitons, other examples of dipoles which can comprise part of a polariton

are optical phonons (e.g., in sodium chloride salt crystals, if Na and Cl ions move in

opposite directions within the unit cell, then they form an optical dipole which can

interact with an EM wave) and plasmons (e.g., surface plasmons in silver films). Due

to the strong coupling between light and matter, a band gap in the optical dispersion

relation opens at the resonance frequency of the material's dipole [58, 141]. Figure

1-2 shows a typical dispersion relation for a bulk polariton, where the unconfined

electric field interacts with a dipole in a material [52]. Specifically, the dispersion

relation shown is that of a phonon-polariton. This dispersion relation is the result of

coupling two harmonic oscillators (i.e., mathematically the same in the linear regime

as the bosonic limit of the coupled light and N two-level systems described above).

The two resonances that result from the coupling of the transverse optical phonon to

light are (in cgs units)[52]:

w = 2 (W2(0) + c2 K 2 ) (W2 E(0) + c2K2) 2  2 C2 (1.2)
2c(oo) 4(0oo) 2(T) (1.2)

where w± are the frequencies of the phonon-polariton modes, wT is the frequency

of the transverse optical phonon (which is coupling to the light), 6(oo) and E(0) are

the permittivities of the material at DC and higher frequencies, respectively, K is

the momentum of the photon/polariton (which gives the light line in the material

according to the adjusted dispersion relation w = cK ), and c is the speed of light.
c(E)
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Figure 1-2: Dispersion of phonon-polariton energy vs. momentum [52]. c(O) = 3,
E(oc) = 2, and WT = 1014 rad/s. The light line in the material is w = cK

Anti-crossing occurs around the dipole resonance as the light line approaches the

resonance frequency, resulting in lower and upper branches of the polariton dispersion

separated by a band gap.

Cavity polaritons (sometimes termed microcavity polaritons in the case of wavelength-

sized cavities to distinguish them from larger free-space configurations) share many of

the same characteristics as bulk polaritons, but the adjusted dispersion relation of the

electric field due to the cavity results in some important distinctions in the polariton

dispersion. These distinctions affect the dynamics of cavity polaritons and therefore

the types of devices that can be built with cavity polaritons. Most importantly, the

photonic part of the polariton differs in the case of cavity polaritons from the case of

bulk polaritons.

In a bulk polariton, the matter is coupled to unconfined light, which has a linear

dispersion relation extending to zero energy (the light line is given by w = ck in free-

space or w = -k in a material with index of refraction n). The boundary conditions

imposed by the cavity, however, introduce a cutoff frequency in the photonic part

of a cavity polariton, meaning that when a cavity polariton relaxes, it will settle to



a minimum energy in the lower branch as opposed to continuously relaxing to zero

energy. Additionally, the lower polariton branch, due to this minimum in the cavity

energy, will have a portion that is inside the light line, meaning that excitations from

the lower polariton branch are accessible externally (one of the consequences of this

is that cavity exciton-polaritons in the lower branch can radiate either within the

cavity or into free space, whereas bulk exciton-polaritons from the lower branch must

somehow scatter into a state within the light line that can then radiate into free

space or even into the bulk). Mathematically, the dispersion of planar cavity energies

versus angle is that of a parallel-plate waveguide; for a mode to be supported in

the waveguide, the constructive interference condition in the direction normal to the

plates must be maintained. The wave-vector of light in the cavity can be broken down

into components perpendicular and parallel to the mirrors:

k =k +kI

The perpendicular component of the wave-vector and total magnitude of the wave-

vector can be be related to the normal-mode cavity resonance energy and resonance

energy at a given angle, respectively. Assuming that the effective index of refraction

of the cavity is n,,,a and making these substitutions gives:

w(O)ncav - k2 + (O)ncav

C C

The parallel component of the wave-vector can be related to the external angle at

which a cavity is probed (e.g., in a reflectance measurement). In the coupled light-

matter system, the in-plane wave-vector (or momentum) of the polariton likewise

can be related to the angle of light incident upon the system (where the angle, 0, is

measured from the surface normal) through the same equation:

hkli = hko sin 0 = sin 0 (1.3)

Plugging this into the equation relating w(O) and w(0') and solving for w(O) gives:



w(Oo)
w(O) W= (1.4)

1 s- in
2

Eq. 1.4 is then plugged into a solution similar to Eq. 1.1 [79]:

1 1
E() ( + Ec()) [E - E ()] 2  4 2 g (1.5)2 2

where g is the coupling between cooperative exciton transitions and cavity photons.

Comparing Eq. 1.5 to the semiclassical results of light coupled to a two-level system,

the Rabi frequency QR is related to the coupling coefficient g by QR = 2g. We can

then write a generalized Rabi frequency Q2  + (x -Wca) 2 ) and incorporate

the homogeneous linewidths of the cavity and exciton, cav, and yex, respectively, into

the equation as the imaginary parts of the respective energies, resulting in the general

dispersion of the modes that is the same as for the multi-two-level-system case in Eq.

1.1 [79]:

1 1
EU(0) - 1 (Eex + Ecav,() - iycav - i)'ex) ± - Vh 2 2 - (2'cav - ex) 2  (1.6)

2 2

The significance of the above expression is that having a continuum of electric field

modes results in a continuum of coupled systems; each mode is coupled independently

to the excitonic resonance, and the two branches are simply the two continuums of

coupled states differing slightly in energy and momentum. As will be discussed later

in the context of exciton-polariton lasers, once an exciton-polariton is formed in one

of the polariton branches, the excitation can scatter from coupled system to coupled

system along the branch and even into uncoupled excitonic states (which are present

in the polaritonic bandgap between the two branches). Figure 1-3 shows a typical

angular dispersion relation for cavity exciton-polaritons, where the exciton energy vs.

momentum dispersion is assumed to be flat and the cavity dispersion is that derived

in Eq. 1.4 (the two branches are given by Eq. 1.6).

Due to the minimum in energy in the cavity dispersion (i.e., light modes below
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Figure 1-3: Dispersion of microcavity exciton-polariton energy vs. momentum. Rabi
splitting hQR = 250 meV, exciton resonance free-space wavelength A = 600 nm, and
background index of refraction of the cavity material na,,, = 1.7. The light line in the
cavity material is w = c"

a certain energy, or frequency, do not exist in the cavity), the dispersion of cavity

polaritons also has a minimum in energy. The result of this minimum energy in the

system is that the cavity polariton population might be able to form a quasi-thermal-

equilibrium condensate if intrabranch relaxation rates are fast enough. The use of

this phenomenon as a potential source of coherent light will be discussed in Section

1.2.

1.2 Theory of Operation: Exciton-Polariton Laser

Shortly after the first report of strong coupling in a microcavity by Weisbuch et al.

[196], Imamoglu et al. [70] suggested that a new type of laser could be made that

utilized the bosonic properties and relatively large spatial extent (or low effective

mass) of exciton-polaritons. This laser would take advantage of a "boser" effect

in which a build-up of population in the lower-branch minimum at k = 0 would

stimulate the relaxation of other exciton-polaritons into the same state. The result



of this "final-state stimulation" would be a massive, coherent population of exciton-

polaritons at the lower-branch minimum; due to the coherence of the population,

any light decaying out of this massive population through the cavity mirrors would

by definition be coherent, thus resulting in the same type of coherent light output

provided by a traditional laser. The threshold of such a laser would be very low due

to the need to only maintain excitation within the coherence domain of the photon.

Very soon after the prediction by Imamoglu et al. [70], Pau et al. [144] presented

evidence of something like polariton lasing that was later identified by Cao et al.

[30] and Kira et al. [90] to be a photon laser in weak coupling (beyond the exciton

saturation density at which a system switches from strong coupling to weak coupling)

[11, 26].

While the above motivation for an exciton-polariton laser was developed with

inorganic semiconductor quantum-wells in mind as the active medium, the same ar-

gument applies to making a laser in an organic exciton-polariton system, but the

performance comparison should be made with other solid-state organic dye lasers

instead of inorganic lasers.

In this section, we will review the fundamentals of a four-level laser and then of

an exciton-polariton laser and compare the potential performances of both based on

current literature. To maintain an even comparison, the traditional lasers consid-

ered will be restricted to those with a vertical-cavity surface-emitting laser (VCSEL)

structure.

1.2.1 A Four-Level Laser

In order to make the most relevant comparison between the two types of lasers, we will

specifically focus on four-level lasers, which dye lasers most closely resemble. Figure

1-4 shows a schematic of the theory of operation of a traditional, optically pumped

laser.

A high-energy pulse resonant with the absorption line of a molecular gain medium

pumps excitations from the molecular ground state. These excitations quickly relax

to a lower-energy, long-lived excited state on the picosecond or sub-picosecond time
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Figure 1-4: Schematic of theory of operation of a conventional, optically-pumped

laser. When the gain medium (here a four-level system) is pumped at an input power

greater than threshold (Pi, > Pth), a lasing mode is established. The threshold is

set by the mirror losses, gain provided by the laser medium, and internal losses due

to non-radiative relaxation of excitations via heat (i.e., phonons, characterized by

the rate FNR) and radiative spontaneous emission into modes other than the lasing

mode (characterized by the coefficient 3; 0 = 1 means that all spontaneous emission

goes into the lasing mode, whereas / < 1 means other modes exist for spontaneous

emission).
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scale via the release of phonons (or in the case of molecules, emit vibrations as a

molecule undergoes a reorientation). The "ground state" associated with the reori-

ented molecule is at a slightly higher energy than the molecular ground state of the

relaxed molecule and is therefore unpopulated except for thermal excitations. Thus,
even for a single excitation, the four-level system is essentially inverted-if a photon

in the cavity encounters the excitation, the excitation will be stimulated into the

lasing photon mode. As mentioned earlier in the chapter, considerable research in

the 1970s led to a large number of solvent-based dye lasers covering the entire visible

spectrum, first operating as pulsed lasers and then even in CW (continuous wave).

Peterson et al. [145] provides one of the first studies on calculating the laser threshold

of an organic dye laser.

As shown in Figure 1-4, two important parameters in the analysis of laser struc-

tures and gain materials are 0, the spontaneous emission coefficient, and FNR, which

is the rate of non-radiative losses in the gain material. The spontaneous emis-

sion outside of the lasing mode and non-radiative losses can be lumped together

in FNR to refer to any loss of excitation outside of the lasing mode, instead writing

FNR = 1/Tnr + (1 - o)Fs, where ,,r is the non-radiative lifetime due to non-radiative

loss processes (e.g., phonons), and Fs is the spontaneous emission rate of the gain

material [77].

The gain provided by the medium must overcome these material losses as well as

cavity losses, which are caused by emission through the mirrors (the reflectivity of the

mirrors must be balanced between keeping losses low but also allowing the generated

light to exit the cavity; see Chuang [37] and Coldren and Corzine [39] for more on

such design considerations).

For the purposes of comparing a traditional four-level laser to an exciton-polariton

laser, we are most interested in comparing the threshold dependence of the two, and

in computing the threshold, we especially want to know in what variable(s) the two

systems differ. We begin with a greatly simplified model of the four-level system. For

a more detailed model taking account of the dye self-absorption, see Peterson et al.

[145]. In a cavity with Q < 1000 (typical for a planar cavity, especially if a metal



mirror is used), the lifetime of a photon is on the order of 1 ps or less due to mirror loss.

Since the competing loss processes in the material are much slower (spontaneous and

non-radiative processes in dye molecules at room temperature are usually on the order

of 1 ns), we can assume all losses are due to the mirrors. The generation process can

be approximated first by assuming a quantum efficiency r/ = 100%, which assumes

all pumped excitations arrive at the lasing transition upper level. With these two

simplifications, the threshold is given by the pump power at which generation and

mirror loss are equal [94, 155]:

1 = 1/Tcav

acNth

where Tca, is the cavity lifetime, a is the stimulated-emission cross-section of the dye

molecules, e is the length of the gain medium in the cavity, c is the speed of light,

and Nth is the threshold density of excitation. Rearranging for Nth:

Nth = (1.7)
CTcavu

which says that the intensity required to achieve lasing depends inversely on the

stimulated-emission cross-section of the dye molecule that comprises the gain medium

and the loss rate of the cavity. To find the incident energy per area needed by

an exciting laser, assuming that all light is absorbed, we first find the density of

excitations needed per unit area by multiplying by the thickness of gain material

used, £. We then need to multiply by the pump photon energy, hwp, giving:

hwpl hwpt?2w
Eth = Nthhhwp - - (1.8)

CTav AOQa

where the substitutions Tav = Q/w and w = c0 were made, where A0 is the cavity

(lasing) wavelength [192]. For a traditional four-level laser, such as the VCSEL dye

laser demonstrated by Bulovid et al. [25] utilizing the laser dye DCM doped into

the host Alq3, the threshold is set by the cross-section of the dye and the Q of the

cavity. In the case of the structure shown by Bulovi6 et al. [25], we can make a

back-of-the-envelope calculation for the theoretical threshold in such a device. The



DCM emission cross-section was measured by Tagaya et al. [176] to have a peak of

about aem = 3 x 10- 16 cm 2 . The cavity demonstrated had measured reflectances of

RDBR = 0.995 and RAg = 0.91, which with the assumed cavity length of (5/2)Ao/n,

gives a quality factor [39]:

wL w(5/2)Ao/n 27(5/2)
Q= = 160

v Iln(l/RiR 2) c/nln(1/R1R2) ln(l/RiR 2)

Plugging these values into Eq. 1.8 gives an estimate for the threshold density for

a pump at Ap = 337 nm:

Eth 110 pJcm-2pulse - 1

which is near the observed threshold energy of 300 pJcm-2pulse - 1 . The additional

energy is likely due to pump and relaxation losses not accounted for in the simple

model (e.g., losses to other modes, amount of pump actually absorbed in film, etc.).

The above calculation demonstrates that in comparing threshold densities of a tradi-

tional organic VCSEL to a potential exciton-polariton VCSEL, Eq. 1.7 can provide

a reasonable threshold density for a traditional organic laser.

1.2.2 Exciton-Polariton Laser

Initial experiments in pursuing exciton-polariton lasers were concerned with bypass-

ing the "bottleneck" present on the lower branch of the dispersion caused by the

diminishing excitonic part of the quasi-particle (since only the excitonic part can

interact with the environment to dissipate energy and cause the polariton to re-

lax) [120, 173, 179, 182]. These experiments included resonantly pumping the lower

branch in order to excite the state at k = 0 and a higher energy state and then

observing amplification from the k = 0 state when a probe beam was applied [16, 17,

27, 153, 159, 166, 172, 183]. Additionally, nonlinear photoluminescence was observed

from microcavity exciton-polariton systems when excited nonresonantly, suggesting

the presence of stimulated relaxation processes [20, 21, 43, 164, 180, 181]. Together,

these experiments provided strong evidence for the stimulated relaxation predicted by
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Figure 1-5: Schematic of theory of operation of non-resonantly-pumped exciton-

polariton laser. Excitations are injected at high energy, after which they relax into an

exciton reservoir from which the lower-branch exciton-polariton is excited. When the

number of excitations at the k = 0 minimum in the lower branch is on average at least

one, stimulated scattering into this mode produces a massive coherent population, the

decay of which out of the cavity produces coherent light emission.

Imamoglu et al. [70] and motivated continued research to achieve exciton-polariton

lasing.

Figure 1-5 shows a schematic of how a non-resonantly-pumped exciton-polariton

laser operates.

The system is pumped far above the shared resonance of the cavity and exciton.

These excitations can exist either as upper-branch exciton-polaritons or simply as

uncoupled excitons. These excitations quickly relax via emission of phonons to the

"exciton reservoir," which consists of uncoupled or only slightly coupled, large wave-

vector excitons. From this reservoir, excitons relax into the exciton-polariton lower

branch and relax via phonon emission or polariton-polariton scattering to the k = 0

state. When the occupation of the k = 0 state becomes populated on average with at



least one excitation for all time, final-state stimulated scattering of exciton-polaritons

into the lower branch massively populate the k = 0 state, creating a "polariton laser"

(i.e., coherent light is emitted via decay of the coherent polariton population at k = 0).

In the past decade, two groups of theoretical physicists have led the way in study-

ing the many-body physics of polariton lasing. Early on, Eastham and Littlewood

[54] used the Dicke model, which considers a collection of fermionic two-level sys-

tems, to demonstrate that a polariton laser could in fact be the result of a Bose

condensate of exciton-polaritons. Since then, Littlewood's group at the University

of Cambridge has used their Dicke model to explore many topics in the dynamics of

exciton-polaritons; a recent review of their work can be found in Keeling et al. [82],

and a demonstration of their condensate modeling and comparison with experimen-

tal results can be found in Marchetti et al. [124]. Approaching the exciton-polariton

system using the model of a weakly-interacting Bose gas has been another group of

theorists in Europe. Their predictions of polariton lasing and polariton superfluidity

were published by Malpuech et al. [119] and recently as a book [79]. The comparison

of both models was done by Marchetti et al. [123]. The latter group, in addition to

applying their models to the cryogenic II-VI (CdTe) and III-V (GaAs) systems ex-

amined experimentally, has also published several works with predictions of polariton

lasing in room-temperature systems based on bulk GaN cavity exciton-polaritons,

where the exciton binding energy is on the order of 40 meV, significantly above kBT

at room temperature [75, 78, 118, 167]. Due to the similarities of bulk GaN and

J-aggregate cavity exciton-polaritons at room temperature in terms of Rabi splitting

and linewidths, we'll focus on the weakly-interacting Bose gas model since we can use

the GaN predictions as a starting point for our threshold estimates and specifically

point out what changes would need to be made in the model for J aggregates. 1

'It should be noted that since the first demonstration of organic exciton-polariton devices by
Lidzey et al. [104], several authors have attempted to model organic exciton-polariton systems, both
based on J aggregates and based on organic crystals such as anthracene [2-4, 13, 34, 72, 108-110, 112-
114, 129-133, 203]. The models in those studies are certainly significant to considerations regarding
the actual relaxation dynamics of exciton-polaritons in organic systems, but aside from the efforts of
Litinskaya and Reineker [111], none of the cited works considered the theoretical threshold for organic
exciton-polariton lasers. One place where some of the cited works do overlap with literature from
the inorganic exciton-polariton community is in considerations of the effects of photonic disorder



Summarizing the discussion in Kavokin et al. [79], an exciton-polariton laser can

be considered an instance of a non-equilibrium Bose-Einstein condensate, or more

specifically, a non-equilibrium superfluid. Since microcavity exciton-polaritons are

2D systems, a Bose-Einstein condensate is not possible since the sum of possible

states into which a particle can be placed does not converge for a 2D system.

As formulated first by Bose and translated and added to by Einstein, Bose-Einstein

condensation is the result of filling all possible thermodynamic states in a bosonic

system; once these states are filled, the chemical potential of the system (initially

negative) reaches 0, meaning that all additional particles added simply enter the

ground state (this insight was Einstein's particular contribution to the theory). This

phase transition from a collection of a thermal distribution of particles to a single

coherent state is referred to as Bose-Einstein condensation. Mathematically, the

number of bosons can be represented as the number of particles in the ground state

plus the sum of particles in all of the other states, the distribution of which is given

by the Bose-Einstein distribution function:

1
fB(k, T, p) = T (1.9)

kBT - 1

We can write the density of particles as:

n(T, p) = lim (TRd no + f() f (k, T, p)dk (1.10)
R-+oo Rd  (2,7r) o

where R is the size of the system, d the dimensionality, and no the density of particles

in the ground state. When the integral in Eq. 1.10 reaches its maximum value, (i.e.,

p = 0), then all other particles are accounted for in the no term, in which case the

ground state is the Bose-Einstein condensate. This maximum value is referred to

as the critical density. When the dimensionality is d < 2, the integral in Eq. 1.10

diverges, so no critical density can be reached, and therefore a strict Bose-Einstein

(which includes excitonic disorder in terms of variations in the index of refraction, or polarization
density, of the medium). Specifically, when the critical concentration of exciton-polaritons required
to reach superfluidity is limited not by thermal fluctuations but rather by disorder, then a Bose
glass state consisting of localized condensed states can be formed [121, 122, 167].



condensate cannot exist in a low-dimensional system [79].

What can occur in 2D systems, specifically when the bosons are weakly interacting,

is a transition to a superfluid state, in which two points within the superfluid are

connected by a definite phase (i.e., they are coherent). This is not the same as a Bose-

Einstein condensate, strictly speaking, since in a BEC not only are the properties of

a superfluid present, but they exist over all space (i.e., there is a delta function in

the momentum distribution at the ground state, so the spatial extent is infinite). In

the case of the superfluid, the spatial extent can be limited. The possibility of a

superfluid state in a 2D system was first suggested by Kosterlitz and Thouless [95].

The properties of a superfluid were explained by Landau in 1941 and then extended

by Bogoliubov in 1947; the motivation for such work was an attempt to explain the

properties of helium-4, in which the helium atoms are weakly-interacting bosons.

As given in Bogoliubov's treatment and explained in Kavokin et al. [79], the

physics of a superfluid are characterized by the following parameters. First is the

superfluid density given by:

2mkBTKT
Z, = (1.11)7h2

where m is the mass of the particle (for polariton, m ~ 10- me) and TKT is the tem-

perature of the Kosterlitz-Thouless phase transition (i.e., transition to the superfluid

state). The total density of particles includes both the superfluid density and the

normal density:

n = n + ns (1.12)

and the normal density is given by the sum over the available states:

1 E ( fB(EBog(k,T,O))
nn = (2)2 (k, T, p) OEBog(k) dk (1.13)

(27)
2  

OEog(k)

The sum in Eq. 1.13 is similar to that in Eq. 1.10, but instead of simply summing

over the Bose-Einstein distribution, the distribution is modified to take into account

the interparticle interactions. These interactions are represented by a modified par-



ticle energy dispersion, known as the Bogoliubov dispersion:

EBog(k) = V/E(k)[E(k) + 2p] (1.14)

where the chemical potential representing adding additional particles to the ground

state is given by:

p = NVo (1.15)

For Wannier-Mott excitons treated by the authors of Kavokin et al. [78] (the type

of excitons in the quantum well systems), Vo is proportional to the Bohr radius of the

exciton. Using the above framework of a weakly-interacting Bose gas, the authors

derive the various phase diagrams given in Kavokin et al. [78] and specifically in

GaN studies [118, 167]. The most recent study gives a critical concentration for the

Kosterlitz-Thouless phase transition at 300 K of n = 3 x 1013 cm - 2 , corresponding to

one excitation per 1.8 x 1.8 nm2 [168].

This number is actually a surprisingly high density when compared to the qual-

itative picture of exciton-polaritons. In that picture, one would expect that only

one excitation per photonic state would be required one average to achieve stim-

ulated relaxation. In the organic exciton-polariton literature, this was exactly the

picture used by Litinskaya and Reineker [111] in attempting to calculate a threshold

for J-aggregate exciton-polariton lasing. In that work, the authors used the photonic

density of states as the "size" of the polariton, the result of which was a threshold

density on the order of 1/A2. The density calculated for the GaN system at room

temperature, however, is around four orders of magnitude higher. The discrepancy is

obviously due to the use of superfluidity models in the GaN literature, which actually

take into account the effects of interparticle interactions on the correlation length of

polaritons. The organic literature cited, on the other hand, is simply assuming a

correlation length on the size of the photon mode.

If one were to model the J-aggregate system with the superfluidity models, two

significant parameters would change compared to those in the GaN models. For



Frenkel excitons such as those in J aggregates, the exciton interparticle interaction

energy Vo may be dominated by other interactions since Frenkel excitons have a much

higher binding energy and lower radius (i.e., they are isolated on single molecules). A

different V would affect the Bogoliubov dispersion and therefore the phase transition

temperature and concentration. Also, the Rabi splitting in J-aggregate systems is

usually on the order of about 100 meV or more, whereas in bulk GaN systems the

Rabi splitting is at most 2/3 of that value and usually closer to 1/2 or less. This will

likely have a significant effect on the derived phase diagram for J-aggregate exciton-

polaritons since the trap caused by the Rabi splitting (a Q~R/2) in J-aggregate systems

is considerably deeper than kBT at room temperature, whereas the trap depth for the

bulk GaN systems is on the same order as the trap depth. The different trap depth

would manifest in the E(k) dispersion of the lower branch, from which is derived the

Bogoliubov dispersion.

Comparing the density predicted for GaN to that calculated via Eq. 1.7 for

a traditional solid-state organic dye laser, we find that for the same quality factor

cavity (Tcav a 1 ps), the traditional solid-state organic dye laser will likely have a lower

threshold energy than that calculated for the bulk GaN exciton-polariton due to the

relatively large stimulated emission cross-section that most organic laser dyes have

(o o 10-16 cm 2). Furthermore, to actually calculate the intensity needed to reach

exciton-polariton lasing, one must also include the lifetime of exciton-polaritons, since

the lifetime will give the decay rate and therefore injection rate necessary to reach

and maintain the critical concentration of phase transition. The equation used to

model such dynamics is the Boltzmann transport equation:

dnk
= Pk - Fknk - nk Wk-k' + E Wk',knk' (1.16)

dt 
k'

where Pk is the pumping rate of the state k, the W's are the scattering rates into and

out of the state k, and the n's are the populations of the states denoted. Adjusted

for boson statistics, the semiclassical Boltzmann equation is:



dnk = Pk - Fknk - nk Wkk'(l + nk',) ( nk) Wkknk (1.17)

The only difference between Eq. 1.16 and Eq. 1.17 is the additional n terms which

account for stimulated scattering into and out of states. When the average population

of a state k is nk > 1, then stimulated scattering takes precedence over spontaneous

scattering, allowing for massive population build-ups such as occurs in a traditional

laser in a photon mode and in an exciton-polariton laser in an exciton-polariton state

(in particular, the state at k = 0).

When considering a simplified picture of the traditional laser and exciton-polariton

laser, the issue of excited state lifetime comes into play, since the lifetime of excitations

gives the minimum intensity for pumping to maintain a coherent state. In the example

dye laser shown in the previous section, the excited state lifetime of DCM molecules

was on the order of nanoseconds. In a typical planar cavity of Q - 1000, though, the

lifetime of the cavity photon is only about a picosecond. This means that if the density

of excitations in the traditional and polariton lasers needed to achieve coherence were

equal, the traditional laser's threshold would be three orders of magnitude less

than that of the exciton-polariton laser. Therefore, if the exciton-polariton threshold

calculations for bulk GaN are on the same order of magnitude as those for J-aggregate

exciton-polaritons, then the threshold at room temperature for a J-aggregate exciton-

polariton laser may be no better, if not worse, than that of a state-of-the-art organic

VCSEL. Clearly, the density of excitation required for a superfluid phase transition

in a J-aggregate exciton-polariton system is an important parameter that requires

further study, especially considering the alternative solid-state dye laser thresholds

already achievable in organic systems.

So why continue to study exciton-polaritons in organic systems if their tech-

nological benefit is uncertain at best? For starters, the use of strong coupling of

Wannier-Mott excitons to Frenkel excitons through exciton-polaritons to bypass the

electrical injection problems of solid-state organic dye lasers (e.g., see Kozlov et al.



[96] and Baldo et al. [14] and citing articles for more discussion on issues preventing

electrically-pumped organic laser diodes) is one motivation among others for such a

structure that has been discussed in literature [1, 66, 106, 198]. Secondly, the use

of microcavity exciton-polaritons as parametric amplifiers continues to be an area

of interest, and only one attempt has thus far been made at achieving parametric

amplification in organic exciton-polariton systems [160]. 2 Additionally, the physics

of macroscopic coherent states and superfluids is an ongoing area of interest, and as

the temperature is lowered, the correlation length for J-aggregate exciton-polaritons

(i.e., "cross-section") would almost certainly increase, leading to lower lasing thresh-

olds and other superfluid phenomena. And lastly, as noted above, the considerably

larger Rabi splitting of the J-aggregate exciton-polariton system may in fact lead to

a much larger coherence domain than calculated for bulk GaN at room temperature,

and until the issue is tackled by the theoretical community, the room temperature

threshold of J-aggregate exciton-polariton lasing remains an open question. And even

if exciton-polariton lasers in J-aggregate organic systems remain elusive due to the

underlying physics of the J-aggregate system, this will mean instead that J-aggregate

exciton-polaritons will have considerable potential as nonlinear optical switches, since

if at moderate excitations the system is sufficiently perturbed to prevent superfluid

formation, then a low-power all-optical switch would be the next obvious application.

In the next section, we will explore one of the materials platforms most often

used in realizing strongly-coupled light-matter systems at room temperature, that of

J aggregates. The physics of J aggregation, which is itself based on near-field strong

coupling amongst individual molecules, will be discussed.

2In this attempt, the excitonic part of the polariton was the charge-transfer (CT) exciton in a
zinc-porphyrin dye, used in order to bypass the photobleaching issues of many cyanine dyes [41, 68,
81, 163, 165, 177, 197]. The CT exciton, however, is not the lowest excitonic state in the system;
at RT, one would expect fast decay of polaritons due to sub-picosecond relaxation of the excitons
toward lower-energy states.



1.3 J Aggregates

J aggregates, short for Jelley aggregates, have found extensive use in industry because

of their optical and electronic properties. In the photographic film industry of the 2 0 th

century, J aggregates were widely use as sensitizers for silver halides [53, 170, 178]. J

aggregates were first reported by Edwin Jelley of Kodak in a letter to the journal Na-

ture in 1936 [73]. The materials were further researched by G. Scheibe, and because

of his work J aggregates are also at times referred to as Scheibe aggregates [161].

The term "J aggregate" generally refers to any aggregation of molecules in which the

transition dipoles of the molecules align in such a way that the transition dipole of the

entire aggregate is larger than that of a single molecule (i.e., the aggregates' transition

dipole moment is the sum of the dipole moments of the individual molecules compris-

ing the aggregate). Along with this dipole moment summation comes the formation

of a band of excited states in the aggregate, resulting in a red-shift and narrowing of

the oscillator strength and therefore absorption spectrum of the aggregate compared

to that of the molecule [191].

1.3.1 J-Aggregate Physical Model

The physical model explaining the optical properties of J aggregates can be built up

from an understanding of the interaction of just two dye molecules. When two cyanine

dye molecules are in close proximity their transition dipoles will couple, producing

new energy levels of the system and causing a mixing of the excited states of the

uncoupled molecules. The interaction energy for two dipoles is orientation dependent.

The reason for this orientation dependence is depicted qualitatively in Figure 1-6. If

the two molecules are aligned tip to tail, then the energy is higher when the transition

dipoles are out of phase; in this state, the oscillator strength is 0 since the dipole

moments cancel. On the other hand, if the transition dipoles are in phase, the energy

is lowered and the net transition dipole moment is enhanced by a factor of V [187].

A similar picture emerges for a J aggregate where there are N molecules in a

row, with transition dipoles strongly coupled to one another. The lowest energy
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Figure 1-6: Schematic of effect of dipole alignment on energy levels [187].

excited state corresponds to all molecules coupling in phase, with the excitation de-

localized over all N molecules, and this state also possesses an enhanced transition

dipole moment [191]. The redistribution of oscillator strength towards lower energy

explains why the J-aggregate absorption peak is significantly red-shifted relative to

the monomer, typically 50 to 60 nm, and also why the absorption spectrum is asym-

metric and spreads out towards higher energy. van Burgel et al. [191], using a 1D

coupled exciton model (the Frenkel-exciton model), shows the derivation of a band of

states for the one-exciton band of N coupled molecules. The coupled molecules are

modeled using the Frenkel exciton Hamiltonian:

N N

S= h n(btbn) + h Vnm(bbm + m n) (1.18)
n=- n,m=l

nfm

where wn is the transition frequency of the nt h molecular dipole (usually the lowest

singlet exciton state), b and bt are the Pauli annihilation and creation operators,

respectively, and Vnm is the coupling between the nth and mth molecules. For J-

aggregates, only nearest-neighbor coupling is used, meaning Vn,n±t = V and the other

V's are 0. Diagonalizing the Hamiltonian with only the nearest-neighbor coupling

gives the eigenfrequencies of the one-exciton band, which are [191]:



k = w + 2VcosN+ (1.19)

where k = 1... N is the quantum number of each coupled state (not to be confused

with momentum, though a correlation could likely be made since an effective mass

could likely be assigned to each state) and Qk its corresponding frequency, w is the

single molecule transition frequency, and V is the nearest-neighbor coupling.

The oscillator strength of each transition dipole from the ground state to kth state

is given by [(191]:

2 _ (-I)k 7rk 1
-1kg = Pmon cot (N + 1 2 [2(N + 1) (1.20)

For large N, Eq. 1.20 simplifies to the following for the k = 1 state, which will be

referred to from here on as the "J-aggregate state" [191]:

p-Agg 0.81(N + 1)pmo (1.21)

Figure 1-7 plots the distribution of oscillator strength and the eigenstates for a J

aggregate with N = 16, Emon = 2.39 eV, and hV = -0.15 eV.

Eq. 1.21 indicates that given a large number of molecules coherently coupled in

the J aggregate, most of the oscillator strength will be concentrated in the lowest

energy eigenstate, accounting for both the red-shift and narrowing of the J-aggregate

resonance compared to that of a single molecule. An additional consequence of Eq.

1.21 is that since the the spontaneous emission rate scales as p2, the radiative rate of

the J-aggregate state is roughly N times faster than that of the monomer. Finally,

because of the large red-shift of the J-aggregate state from the monomer resonance,

the J-aggregate state overlaps with the lower tail of the density of states of the

monomer, meaning that the Stokes shift in fluorescence is small or non-existent as

there are few if any localized trap states into which the J-aggregate state could relax

[19].

For all of the reasons cited above, Lidzey et al. [105] was able to demonstrate strong

coupling of J-aggregate excitons to a microcavity. This demonstration followed on
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a demonstration a year earlier which utilized excitons in porphyrin molecules [104].

Although there are several examples in literature of strong coupling to an organic

resonance in absorption, in general, most organic molecules have too large of a Stokes

shift for the strong coupling to also be seen in luminescence (i.e., excitations relax

from the strongly coupled polariton state into uncoupled, Stokes-shifted localized

excitonic states) [64, 65, 84].

The Rabi splitting due to J-aggregate excitons is typically 1 to 2 orders of magni-

tude higher than those using excitons of most other material systems. For example,

when J aggregates were incorporated in a metal mirror microcavity, polariton emis-

sion peaks were separated in energy by more than 300 meV, which corresponds to

record high coupling strengths an order of magnitude larger than any Rabi splitting

achieved with inorganic semiconductors [63]. Also, the first reported observation of

room temperature polariton photoluminescence utilized J aggregates as the exciton

material in the microcavity. This observation was possible because the Rabi split-

ting is much larger than room temperature thermal noise (- 26 meV), and because

J-aggregate excitons remain bound at 300 K, unlike most inorganic excitons (e.g., in

GaAs or CdTe), which ionize into free electrons and holes well below this temperature

(as a comparison, the Rabi splitting achieved in a CdTe-quantum-well system was

20 meV at 100 K) [105, 153].

1.3.2 J-Aggregate Thin Films

J-aggregate thin films are commonly formed using one of three techniques: Langmuir-

Blodgett, spin-casting in a polymer matrix, and layer-by-layer (LBL) deposition [60,

134, 138]. The last technique is the newest, having first been reported by Fukumoto

and Yonezawa in 1998.

The LBL deposition method has been an active field of materials science research

in the past decade since it was first reported by Decher et al. [5, 44-48, 60, 80, 136, 146]

A basic LBL process consists of dipping a substrate in alternating polycation and

polyanion solutions. Substrates undergo these sequential immersions in cationic and

anionic solutions (SICAS) in order to build up a thin film, one layer of polymer at a



time. The polycations and polyanions can be either strong or weak. This classification

refers to the pH-sensitivity of the polyelectrolytes. Strong polyelectrolytes are not

pH sensitive, whereas the charge on weak polyelectrolytes depends on the pH of the

solvent. Between dips in the polycation and polyanion solutions, the substrates are

rinsed, typically in the same solvent used for the polycation and polyanion, in order

to remove excess polymer that has not been ionically bonded to the substrate. The

substrate must be prepared in some manner that allows the first adsorption step to

occur. For glass substrates, an oxygen plasma treatment generally leaves enough

negative charge on the surface (assuming the polycation solvent is a weak acid or

base) such that enough polycation can adsorb for the build-up process to start.

While the LBL process was developed with polycations and polyanions as the thin

film constituents, further work in the 1990s showed that one of the polyelectrolytes

could be replaced by a dye molecule or other small, charged component [5]. The only

requirement of the charged component was that enough of the component adsorb

in the LBL process to reverse the charge on the surface of the substrate. This re-

quirement is easily satisfied if the charged component is multivalent or if the charged

component will form aggregates. Fukumoto and Yonezawa showed that, by using J-

aggregating cyanine dyes as one of the charged components, thin films of J aggregates

could be built using the LBL process.

In Chapter 2, the optical and morphological properties of LBL thin films of J

aggregates will be examined during the LBL growth cycles. Understanding these

properties will assist in the engineering of microcavity exciton-polariton devices in

which an LBL J-aggregate thin film is strongly coupled to an optical microcavity.



Chapter 2

Optical Properties of J-Aggregate

Thin Films

As a first step in engineering cavity exciton-polariton devices utilizing thin films of

J aggregates of cyanine dyes, the optical and morphological properties of the active

layer need to be thoroughly investigated. Compared to exciton-polariton devices uti-

lizing quantum wells of inorganic semiconductors, the active layer in organic exciton-

polariton devices is significantly more disordered, being comprised of a thin film of

randomly-oriented molecules. Additionally, since organic exciton-polariton devices

are generally operated at room temperature, the homogeneous broadening of the

exciton transition will be significantly greater than in the case of inorganic semicon-

ductor quantum-well devices operated at cryogenic temperatures. For these reasons,

thin films of J aggregates are grown and their linear optical and morphological prop-

erties characterized during the growth process. Additionally, these thin films are then

investigated through incoherent pump-probe spectroscopy to determine the transient

behavior of excitons in J-aggregate thin films as well as the coherence length of the J

aggregates at room temperature down to cryogenic temperatures. 1

1The film deposition and analysis efforts detailed in the linear optical and morphological charac-
terization were carried out at MIT by myself and co-authors in the study Bradley et al. [23]. The
films examined in the pump-probe experiments were fabricated at MIT, and the pump-probe spec-
troscopy was done by our collaborators at Brown University in Professor Arto Nurmikko's group,
Qiang Zhang and Tolga Atay; the analysis of the pump-probe results presented was contributed to
by both groups at MIT and Brown. The figures in the nonlinear optical properties section are based



2.1 J-Aggregate Thin Film Linear Optical Response

In this section, the characterization of the linear optical properties of layer-by-layer

(LBL) J-aggregate thin films is described. J-aggregate LBL thin films are found to

have a peak thin film absorption constant of a = (1.05 + 0.1) x 106 cm - 1 , one of the

highest reported for a neat thin film. As noted in Chapter 1, such highly absorp-

tive materials embedded in a matched optical microcavity recently enabled demon-

strations of the strong coupling limit in the form of microcavity exciton-polaritons

and the demonstration of room-temperature operation of exciton-polariton optoelec-

tronic devices [73, 104, 105, 162, 189, 195, 196], which were not achieved in in-

organic exciton-polariton systems until 2008 [10, 85, 156, 190]. The use of LBL

to create thin films of J-aggregated dyes has been established for almost a decade

[5, 49, 60, 80, 136, 146, 151, 152]. Previous analyses of LBL J-aggregate films, how-

ever, did not report the thin film optical constants, the real and imaginary components

of the index of refraction (i = n + in), in the context of a materials investigation [22].

Here, by combining data from morphological and optical measurements, the optical

constants of LBL TDBC J-aggregate films are determined. As will be shown in later

chapters, these optical constants are key parameters in engineering the linear optical

properties of devices for room-temperature strong-coupling applications.

2.1.1 Materials and Experimental Procedure

LBL thin films of TDBC (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,

inner salt, sodium salt) J-aggregates deposited on glass are used to probe optical and

morphological properties. Figure 2-1 shows a schematic of the sample structure and

the molecular diagrams of the thin film constituents.

The samples are prepared in an LBL process in which samples undergo sequen-

tial immersion into cationic and anionic solutions (SICAS). In our process, samples

are immersed in polycationic PDAC (poly(diallyldimethylammonium chloride)) and

on figures by Tolga Atay and Qiang Zhang, which were presented in [7] and [8].
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Figure 2-1: Layer constituents and sample structure. The polycation used in the LBL

growth is PDAC, and the anion is TDBC, a J-aggregate-forming cyanine dye. Optical

measurements are taken with the LBL-film side of the sample facing the light beam

at a specified angle 0 away from the normal.

anionic TDBC, a J-aggregate-forming cyanine dye. Layers of polyelectrolyte and J-

aggregate-forming dye were alternately adsorbed onto glass slides. Figure 2-2 shows

a schematic of the adsorption of film constituents as the substrate undergoes each

SICAS.

The dye used was obtained from Nippon Kankoh Shikiso Kenkyusho Co., Ltd.

(CAS 28272-54-0). While this dye will be referred to as "TDBC" throughout this

thesis, in literature it is also often referred to as "BIC." TDBC is often used inter-

changeably, though more accurately TDBC actually refers to the form of the same

molecule with sulfobutyl, not sulfopropyl, side groups-this distinction, though, has

often been confused in literature. The polyelectrolyte used was PDAC, 20% by weight

in water, M, = 4 - 5 x 105, obtained from Sigma-Aldrich (CAS 26062-79-3). The

dye solvent and rinses for the dye adsorption step were approximately pH 9 solu-

tions of deionized (DI) water plus sodium hydroxide. The effect of pH on TDBC

has been documented [174]. The sodium hydroxide was obtained from EM Science.

The polyelectrolyte solvent and rinses for the polyelectrolyte adsorption step were DI
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Figure 2-2: Schematic of counterion adsorption in each of the substrate's sequential
immersions in cationic and anionic solutions (SICAS) in the layer-by-layer (LBL)
process. In the case of PDAC/TDBC J-aggregate thin films, the TDBC dye is the
anion and PDAC the polycation.



water.

A standardized routine was used to prepare the dye and polyelectrolyte solutions.

The dye solution was approximately 5 x 10-5 M. Once the dye was added to the

dye solvent, the dye bucket was placed in an ultrasonic cleaner to sonicate for 30

minutes. The dye was then mixed with a one-inch magnetic spin bar for 10 minutes,

sonicated for 20 minutes, mixed for 5 minutes, and finally sonicated for 5 minutes.

The polyelectrolyte solution was approximately 3 x 10-2 M, prepared by adding 10 mL

of polyelectrolyte to 390 mL of DI water. The polyelectrolyte solution was prepared

using the same time intervals for mixing/sonication as the dye solution preparation,

except sonication and mixing at each step were swapped. Care was taken throughout

the deposition to shield the dye solution and samples from light.

Prior to the deposition, the glass slides were cleaned with a detergent solution

(Micro-90), acetone, and isopropanol. The acetone, isopropanol, and methanol used

in this study were OmniSolv-brand solvents made by EMD Chemicals. The slides

were then treated with oxygen plasma for six minutes in a Plasma Preen system. The

layer-by-layer deposition was performed using an automated Leica Autostainer XL.

The polyelectrolyte adsorption step consisted of dipping the slides in polyelectrolyte

solution for 15 minutes and in the three rinses for two minutes, two minutes, and one

minute, respectively. The dye adsorption step used the same time intervals as those

used in the polyelectrolyte adsorption step. In later experiments using PDAC/TDBC

LBL thin films performed after the experiments in this section were published in

Bradley et al. [23], the dye and polyelectrolyte dipping times were reduced to 5

minutes to reduce total deposition time with no noticeable change in J-aggregate

properties or film thickness.

Upon removal from the stainer, each sample was blown dry using nitrogen gas.

For each sample, the sample face that was not treated with oxygen plasma prior to

deposition was cleaned using methanol to remove deposited layers. Measurements for

this study were performed in the MIT Center for Materials Science and Engineering

Shared Analytical Lab. The atomic force microscopy (AFM) data were collected

on a Digital Instruments D3000 Scanning Probe Microscope in tapping mode using



phosphorus-doped silicon tips from Veeco. The optical data were collected using a

Cary 5E UV-Vis-NIR spectrophotometer. The transmission data were collected with

the light beam at normal incidence, 0 = 00. The reflectance data were collected

in a V-W setup with the light beam incidence at 0 = 70 using the Cary Specular

Reflectance Accessory in Absolute Reflectivity mode.

2.2 Morphological Properties

Samples with different numbers of PDAC/TDBC layers were produced in order to

observe the thin film structure at various stages of growth using AFM. Figure 2-3

shows AFM images throughout the various stages of growth with histograms showing

formation of PDAC/TDBC layers and a plot of RMS roughness versus the number

of SICAS.

As shown in the AFM images for 1.5 SICAS and 2.0 SICAS compared to blank

glass, the layered structure of the PDAC/TDBC J-aggregate films does not appear

until the second dye immersion. This delay is likely caused by the lack of a precur-

sor layer or surface treatment on the glass support. The images show that layered

growth is still dominant at 4.5 SICAS, but at 6.5 SICAS and 10.5 SICAS the growth

has shifted to a Stransky-Krastanov (SK) type of process, forming large islands of

material. To quantify the growth trend, RMS roughness is measured from 16 /um 2

AFM images of films that underwent 3.5 SICAS to 10.5 SICAS. The plot in Figure 2-3

shows that a mostly constant RMS roughness in the range of 1.4 to 2.0 nm persists

through the first 5.5 SICAS, indicating layered growth, but beyond 6.5 SICAS, the

roughness increases, indicating the shift to SK-type growth.

2.2.1 Linear Optical Measurements and Modeling

The thickness data obtained from the AFM measurements are combined with opti-

cal transmittance and reflectance data to extract the optical constants of the LBL

PDAC/TDBC J-aggregate films. Figure 2-4 shows a photograph of substrates that

underwent different numbers of SICAS of PDAC/TDBC. The purple color in trans-
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Figure 2-3: Atomic force microscope (AFM) images of LBL J-aggregate growth with

histograms of thickness frequency. Each sequential immersion in cationic and anionic

solution (SICAS) consists of a PDAC adsorption step followed by a TDBC adsorption

step, with N.5 SICAS referring to N SICAS followed by an additional PDAC adsorp-

tion step. The AFM images show samples that underwent the indicated number of

SICAS. The top three images show that significant PDAC/TDBC layered growth is

not evident until 2.0 SICAS. The bottom three images show the build-up of thick lay-

ers. The histograms are lined up at the dominant film thicknesses to show that each

layer is about 1.7 nm thick, the estimate used when modeling the optical constants of

the films. The histograms are created from the full 1 pm2 and 16 pm2 images for the

first three and last three films shown, respectively. The layer numbers indicated in

the histograms are based on the progression of layer growth observed in AFM images.

The plot shows the roughness profile of films from 3.5 to 10.5 SICAS. The roughness

is nearly constant until 6.5 SICAS, when the dominant growth regime changes from

layered to Stransky-Krastanov (SK) type. All images have a vertical scale of 50 nm.



Figure 2-4: Photograph of a series of LBL PDAC/TDBC J-aggregate thin films of
increasing numbers of SICAS, which results in increasing thickness of J-aggregate
thin film deposited.

mission results from the absorption/reflection of the J-aggregate thin film of light in

the green/orange region of the spectrum (540-600 nm). Figure 2-5 plots measured

optical data.

Light propagation through the sample is modeled using propagation and inter-

face matching matrices (also known as transfer matrices or linear dispersion theory

(LDT)), with film thicknesses as inputs to the model and refractive indices as fitting

parameters. For numerical calculations, we modeled the films using propagation and

matching matrices: [194]

la i lb (2.1)E- I 0 e E Ila lb

E+ 1 r Eb

E- t r 1 E

Eq. 2.1 shows a propagation matrix equation, which relates the forward and re-

verse traveling electric field amplitudes at boundary (a) to the amplitudes at boundary

(b). The medium (1) is modeled by the parameter P = 2d, where it is the complex

index of refraction of the medium, i = n + iK, and d is the thickness of the layer. Eq.

2.2 shows a matching matrix equation, which matches the forward and reverse trav-

eling electric field amplitudes at boundary (b). r and t are respectively the reflection
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Figure 2-5: Optical data and characterization of optical properties for LBL

PDAC/TDBC J-aggregate films. Plots (a) and (b) show reflectance, R, at 0 = 70 and

transmittance, T, at 0 = 00 for a series of samples that underwent different numbers

of SICAS. Plot (a, inset) shows the FWHM of the reflectance peak as a function of

number of SICAS. Plot (c) shows absorption for the same samples given by 1- R- T.
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and transmission Fresnel coefficients for a wave incident from medium (1) to medium

(2). The parameters /3, r, and t must be modified slightly to model non-normal inci-

dence [194]. Our model calculated transmittance at 0 = 0' and reflectance at 0 = 7'

based on the light traveling through air (fi = 1), an LBL PDAC/TDBC J-aggregate

film, the glass slide (i = 1.5), and then air (i = 1). From the AFM data, the thick-

ness of deposited physical layers was observed to vary from about 1.4 nm to 2.0 nm

per adsorbed layer. Because the glass substrate thickness, d,, is very large in the

wavelength range of interest (- > 1), we modeled the glass as 1 mm thick and av-

eraged the calculated transmittance and reflectance for 100 glass thickness variations

comprising a phase change of 0 to 2r at the wavelength of interest in order to remove

interference effects in the substrate. For near-normal incidence calculations, the light

from the spectrometer was assumed to be half TE-polarized and half TM-polarized.

2.2.2 Determining the Thin Film Index of Refraction

Two methods are employed in calculating the (n,v) values. In the first method,

the (n,K) values are obtained by minimizing the sum of least-squared errors of the

calculated transmittance and reflectance for the first four sample thicknesses. This

approach is similar to that described by DjuriSid et al., however in our method we

perform a single (n,I') fit and do not incorporate the use of a penalty function in calcu-

lating the least-squared errors [51]. In the first method, we assume that the absorption

constant in the layered growth regime does not change as more PDAC/TDBC layers

are deposited. The ranges in n and , values are [0.05, 5] and [0, 6], respectively, with

a resolution of 0.05 in both. It should be noted that since no PDAC/TDBC layer is

evident for the first 1.5 SICAS, the transmittance and reflectance data for the first

layer correspond to what we refer to as the 2.5 SICAS sample. Numerical fits to the

thickness dependent reflectance and transmittance data at wavelength A = 596 nm

based on the first method are shown in Figure 2-6(a) for complex index of refraction

with a real part, n, between 1.55 and 1.85 and an imaginary part, K, between 4.65

and 5.60. The high extinction coefficient, ,, corresponds to an absorption constant

of the film of a = = (1.05 ± 0.1) x 106 cm - 1 at A = 596 nm. In our analysis we



assume complete layer coverage in contrast to the partial coverage observed in Figure

2-3. This assumption underestimates the , values for the thin film.

The second method employed in calculating the (n,I) values is based on the

Kramers-Kr6nig (KK) transformations, which relate the real and imaginary parts

of the index of refraction. The Kramers-Kr6nig (KK) regressions for finding (n,n)

were based on the method outlined by Nitsche and Fritz [137]. The propagation and

matching matrix model described above was used to calculate the reflectances and

transmittances used in the KK regression. However, to minimize convergence errors

introduced by interference in the substrate, 100 glass variations are used, comprising

a phase change of 0 to 27r at the wavelength of interest. The following approximation

of the KK transformation given by Nitsche and Fritz relating n and , is utilized:

n(wj) 2 nof fset + -P f 2 2duL , L < L W < WU (2.3)
L  --

The background contributions of frequencies outside of the measured spectrum

are approximated through the use of the noffset term in Eq. 2.3. For the regressions,

noffset = 1.7 is used based on the assumption that PDAC and TDBC resemble many

other organic materials outside of the visible spectrum. Like in the algorithm by

Nitsche and Fritz, a Levenberg-Marquardt algorithm is used for optimizing a [125].

The maximum step size at each iteration was 0.01, which ultimately dictated the

resolution of the resulting a spectra. The Cauchy principal value in Eq. 2.3 was

approximated using Maclaurins Formula [139].

The "quasi" aspect of the quasi-Kramers-Kr6nig regression method comes from

only allowing the imaginary part of the extinction coefficient, ri, to change by at most

a small amount in each iteration (this is the maximum step size referred to above).

Since a only changes by a small amount at any given time, the Kramers-Kr6nig

relations are still satisfied within a certain tolerance, which is the reason for the name

quasi-Kramers-Kr6nig. If a were allowed to vary by large amounts, the regression

would become unstable due to the violation of the Kramers-Kr6nig relations which

enforce the physical condition of causality in the derived index of refraction.



Figure 2-6 shows the results of the two methods.

2.2.3 Discussion of Linear Optical Properties

For samples that underwent 2.5 SICAS (estimated as 1 complete layer) to 5.5 SICAS

(estimated as 4 complete layers), the (n,t) spectra for each sample are calculated from

the sample's reflectance spectrum. Plots 2-6(b) through 2-6(d) show the results of the

KK regressions. Plot 2-6(b) shows the measured transmittance and reflectance for the

3 layer (5.1 nm thick) film along with the reflectance and transmittance calculated

from the (n,a) spectra in Plot 2-6(c). The transmittance calculated from the KK

regression is in good agreement with the measured transmittance. Plot 2-6(d) shows

the peak in K for 1 layer (1.7 nm thick) to 4 layer (6.8 nm thick) films calculated

using the KK regressions as well as the movement of the peak in K to lower energies

as the number of layers increases. The results of the KK regression confirm the high

magnitude of the absorption constant of the film found through the first method.

Several trends are noticeable in the optical data as samples undergo more SICAS.

The reflectance data in Figure 2-5(a) show that the peak in reflectance moves to lower

energy and the full-width at half maximum (FWHM) increases. In addition, Figure

2-5(c) shows the onset of a high energy peak in absorption. Lastly, the KK regression

results plotted in Figure 2-6(d) show the peak i value increasing with the number of

SICAS. We have considered two approaches in explaining these trends.

The first explanation is based on the changing morphology of the thin films. Our

assumption of complete layer coverage in numerical analysis could be responsible

for the apparent increase in a plotted in Figure 2-6(d). In addition, the increase

in reflectance FWHM may be due to a weak microcavity caused by SK growth or

increasing inhomogeneous broadening. Lastly, the onset of the high energy peak could

be attributed to vibronic states in the J aggregate, as noted in previous studies of

J-aggregate monolayer films deposited using a Langmuir-Blodgett technique [97, 140].

An alternative explanation is based on strong coupling of the J-aggregate excitons

to the electromagnetic field in the form of exciton-polaritons [42, 67, 147, 147, 171].

The effects of strong coupling will be more pronounced as the number of excitons
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Figure 2-6: Plot (a) shows the transmittance and reflectance data at wavelength
A = 596 nm plotted versus film thickness, along with fits from the LDT model. The

fits are based exclusively on the first four (filled) data points where layered growth is

the dominant mode of film formation. Consequently, for thicker films (outlined data

points) where SK-type growth is dominant, the thickness shown along the x-axis is to

be interpreted as the AFM determined thickness estimate for the layered portion, and

not the SK portion, of the film. The two fits plotted show the range in the complex

index of refraction. Plot (b) shows measured reflectance and transmittance for 4.5

SICAS (5.1 nm thick film, 3 layers with 1.7 nm per layer) and calculated spectra

using the (n,t) shown in Plot (c). Plot (c) shows (n,I') for the 4.5 SICAS film in (b)

obtained through a Kramers-Kr6nig regression based on reflectance data. Plot (d)

shows the range of the peak in , for 2.5 SICAS to 5.5 SICAS films using Kramers-

Krdnig regression as well as the position of the peak in , versus energy, assuming a

thickness of 1.7 nm per layer.
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Figure 2-7: Photograph of a > 25 SICAS (thickness d e 50 nm) film of PDAC/TDBC

J-aggregates in transmission and reflection.

increases, resulting in a higher , for the films as more layers are added. Addition-

ally, a larger reflectance FWHM will result from an increase in the splitting between

the exciton-polariton longitudinal and transverse modes. Lastly, the high energy

peak in absorption could be attributed to the exciton-polariton longitudinal mode.

The observed trend in Figure 2-5(a) of the peak in reflectance moving to lower en-

ergy is consistent with both explanations. A weak cavity effect due to SK growth

may be responsible for the small shift in the peak reflectance to lower energy as the

cavity thickness increases. As Figure 2-7 shows, for a > 25 SICAS film (thickness

d x 50 nm), the reflectance of the PDAC/TDBC J-aggregate thin film appears al-

most metallic due to the appearance of a polaritonic bandgap around the J-aggregate

resonance frequency (A = 596 nm (orange)).

In addition to the trends described above, another important piece of analysis

is to determine how many TDBC dye molecules are present per unit volume in the

LBL film. Based on the very large peak absorption constant derived, one can already

conclude that a very high density of dye molecules must be present to provide such

an amount of extinction. Using the Kramers-Kr6nig derived index of refraction, a

variation of the sum rule for oscillator strength can be applied by comparing the

integral of the extinction coefficient for the thin film to that of a known concentration
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Figure 2-8: Absorbance of TDBC monomer and J-aggregate.

of monomeric dye in solution.2 Figure 2-8 shows the absorbance spectrum of TDBC

monomer and J-aggregate (absorbance is given by the Beer-Lambert Law, Abs =

aL = logo10(100/T), where T is the transmittance in %, a the absorption constant in

cm -1, and L the path length of light in cm).

First, we relate the absorption constant to the molecular absorption cross-section

through:

a(w) = Na(w)

where N is the density of molecules per unit volume and a(w) the absorption cross-

section (which has units of area). We find a(w) for the monomer by measuring a

known concentration of TDBC monomer (e.g., in methanol or ethanol, TDBC does

not aggregate, allowing for a simple absorbance measurement in a spectrometer).

From the Kramers-Kr6nig regressions for the thin film, we can calculate a(w) using

the relation a (w) = 2,.(,) With these two spectra in hand, we calculate the molecular

density in the J-aggregate thin films by making the assumption from the sum rule

20One way of interpreting the oscillator strength sum rule is that oscillator strength is conserved

as long as the transition dipole has not fundamentally changed. Interactions with the environment

and other physical processes merely spread out the oscillator strength over a wider set of frequencies.



that f mon(w)dw =f J Agg(w)dw:

NJ-Agg Nmo f aJA()dw (2.4)
f amon(w)dw

Carrying out the calculation in Eq. 2.4 indicates that the density of TDBC

molecules in the LBL J-aggregate thin films is on the order of one to two molecules per

cubic nanometer. Since organic dye molecules in an amorphous, thermally-evaporated

film are usually assumed to be on the size scale of one cubic nanometer, such a density

indicates that the J-aggregated TDBC molecules comprise a very high portion of the

LBL thin film. This, ultimately, is advantageous from the perspective of strongly

coupling these J-aggregates to a microcavity electric field to form exciton-polaritons

since all of the J-aggregate dipoles can be placed at the microcavity anti-node and

see the same electric field magnitude, reducing inhomogeneities caused by different

amounts of coupling in different parts of the film.

LBL assembled thin films of PDAC/TDBC J-aggregates possess remarkable mor-

phological and optical properties that make them well suited for use in strong cou-

pling optoelectronic applications, enabling the creation of exciton-polariton optoelec-

tronic devices that operate at room-temperature [189]. With LBL, J-aggregates form

nanometer-scale physical layers, allowing highly absorbing thin films to be assem-

bled with precision thickness control. Moreover, the high absorption constant of the

PDAC/TDBC films, a = (1.05 ± 0.1) x 106 cm- 1 at A = 596 nm, is a lower limit, as

even higher absorption constant values could be obtained by developing full coverage

of the substrate surface with similarly directed J-aggregate domains. In the next

section, we will examine the transient properties of excitons in these LBL J-aggregate

thin films through incoherent pump-probe measurements.



2.3 J-Aggregate Thin Film Nonlinear Optical Re-

sponse

Throughout the 1990s and into the 2000s, the nonlinear optical response of J ag-

gregates has attracted considerable attention in the research community due to the

rich physics of exciton dynamics within the aggregates and interest in what energy

transfer in J-aggregate systems might be able to teach us about the processes in-

volved in photosynthesis in analogous biological systems [91, 92]. Additionally, in

order to engineer organic exciton-polariton devices based on J-aggregates, we need to

understand exciton dynamics in J-aggregate devices in order to predict the dynam-

ics of exciton-polaritons (e.g., how exciton-polaritons will relax in the lower branch).

Two experiments that afford considerable insight into the dynamics of excitons in

J-aggregates are temporally-resolved photoluminescence at various temperatures and

room-temperature incoherent pump-probe. Temporally-resolved photoluminescence

(PL) versus temperature sheds light on the relaxation processes affecting excitons in

LBL thin films of J aggregates and how the size of the coherence domain (N described

in Section 1.3.1) changes as the temperature is changed. Incoherent pump-probe also

provides insight into the relaxation dynamics of excitons, and additionally, as ex-

plained by van Burgel et al. [191], can be used to determine at a given temperature

what the coherence domain is. By combining the two sets of data, the coherence

domain can be determined at room temperature and extrapolated to lower tempera-

tures based on the quantum efficiency and photoluminescence lifetime data provided

by temporally-resolved photoluminescence measurements.

2.3.1 Setup of Spectroscopy Experiments

Figure 2-9 shows a diagram of the setup used for temporally-resolved PL measure-

ments. The sample is placed in a cryostat, allowing the temperature to be swept from

300 K down to 5 K, and excited at an angle by a A = 532 nm laser with pulse length

7 ps. The luminescence at normal angle is collected by a lens and passed through a



beam splitter, sending half of the emitted signal to a spectrometer and half to the

streak camera. Prior to being focused onto the streak camera, the luminescence sig-

nal is reflected off of a grating, which spreads out the wavelengths of emitted light,

allowing for both time and wavelength to be recorded by the streak camera. A similar

setup is used in the pump-probe experiments, but in those experiments no cryostat

is used, and the pump and probe beams are normally incident to the sample in a

transmittance setup (i.e., the beams pass through the sample and are then collected).

The pump pulse has a 100 fs pulse width and is centered at A = 545 nm with a photon

flux of 1014 cm - 2 focused into a spot 10 - 100 ipm in diameter. The probe pulses used

are of similar length as the pump, created from a white light source which is passed

through a monochromator in order to enable scanning at different wavelengths. Due

to the photobleaching of the TDBC molecules during the collection, the sample was

scanned manually during the collection process to maintain sufficient signal.

Samples used in these measurements were produced using the same procedure

outlined in Section 2.1.1. The measurements were performed without any additional

package steps for the films, which for the pump-probe measurements would have

provided a barrier to oxygen from the environment but not prevented bleaching due

to oxygen dissolved in the remaining moisture in the films (i.e., strong polyelectrolytes

such as PDAC are very hygroscopic, meaning that even after blow-drying samples

with nitrogen considerable moisture remains in the film).

2.3.2 Temporally-Resolved Photoluminescence versus Tem-

perature

The temporally-resolved PL is measured for a variety of temperatures from 5 K up

to room temperature, 300 K, for a 6.5 SICAS PDAC/TDBC thin film. Figure 2-10

shows the spectrally-integrated PL intensity plotted versus time at the two extreme

temperatures, 5 K and 300 K, along with a plot of the excitation response, showing

the resolution available on the streak camera. The two decay curves show a bi-

exponential form with almost identical time constants of 10 ps and 70 ps for the fast
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Figure 2-9: Temporally-resolved photoluminescence (PL) versus temperature setup.

The sample is excited at an angle and the PL collected at normal. A beamsplitter

(BS) is used to send half of the signal to a spectrometer and half to a streak camera.

The emitted light is reflected off of a grating prior to entering the streak camera to

enable both time and spectrally resolved measurement.

and slow components, respectively.

Figure 2-11 shows the measured time constants of the bi-exponential decay curves

for the spectrally-integrated PL at temperatures between the two extremes shown in

Figure 2-10. As suggested by the results shown in Figure 2-10, the time constants

remain essentially unchanged regardless of temperature, and the ratio of the fast and

slow exponentials also remains unchanged with varying temperature.

Varying the temperature of the sample does affect the temporally-resolved emis-

sion when spectrally-resolved, however, and additionally, the quantum efficiency of

the J aggregates does vary with temperature, which is apparent when the PL inten-

sities for different temperatures at the same input power level are plotted.

Figure 2-12 shows the temporally and spectrally-resolved PL measured at 5 K and

300 K. Additionally, the emission at the indicated wavelengths (denoted by )AA...C for

the 5 K measurements and AD...F for the 300 K measurements, respectively) is plotted

versus time, showing that at low temperature a pronounced red-shift in emission takes

place in the span of about 10 ps, whereas at room temperature this shift is immediate
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Figure 2-10: Normalized, spectrally-integrated PL decay for a 6.5 SICAS
PDAC/TDBC thin film excited at A = 532 nm. The 7 ps excitation, decay at 5 K,
and decay at room temperature, 300 K, are plotted. The bi-exponential decay curves
have time constants of 10 ps and 70 ps for the fast and slow components, respectively.
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Figure 2-11: Time constants of bi-exponential decay of spectrally-integrated PL for
6.5 SICAS film at temperatures from 5 K up to room temperature, 300 K. The fast
and slow components do not vary with temperature, and the ratio of the two emission
components remains unchanged with varying temperature.
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Figure 2-12: Temporally and spectrally-resolved PL at 5 K and 300 K. The PL at low
temperature red-shifts considerably in a time span of roughly 10 ps. The PL at room
temperature does not shift, but rather it overlaps both the initial and red-shifted PL
at low temperature, indicating that any shift present is occurring under the resolution
of the streak camera.

(i.e., under the resolution of the measurement setup); the PL at room temperature

overlaps the initial and red-shifted emission at low temperature.

Finally, Figure 2-13 shows the measured spectrally-resolved intensity of PL over

a range of temperatures at a constant input power. As the temperature is decreased,

the PL intensity rises dramatically, indicating that the quantum efficiency of the J

aggregates in the film is increasing.

2.3.3 Incoherent Pump-Probe Spectroscopy of Thin Films

Relating J-Aggregate Coherence Length to Transient Absorption Spectra

In their study of the 1D J-aggregate exciton model described in Section 1.3.1, van

Burgel et al. [191] describes how incoherent pump-probe spectroscopy can be used to
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Figure 2-13: Spectrally-resolved PDAC/TDBC thin film photoluminescence intensity
over a range of temperatures. An increase of the intensity and blue-shift of the PL
peak occurs as the temperature is decreased from room temperature down to 5 K.



determine the coherence length of J aggregates (i.e., number of coherently coupled

monomers in a J-aggregate, N). In the above study, the authors point out that due

to Pauli exclusion, a second excitation on a given J aggregate cannot be placed in

the same quantum state as the first excitation (i.e., with quantum number k = 1 the

bottom of the J-aggregate band of states, the next excitation cannot also be placed

in k = 1; instead, the lowest possible state of the second excitation is k = 2, the

resulting state of which we will term kexl = 1, kex2 = 2 to denote the presence of two

excitons on a single aggregate).

Therefore, as per Eq. 1.19, the energy of the one-exciton to two-exciton (also

referred to as a bi-exciton) transition will be higher than the ground state to one-

exciton transition, the energy difference of which is given by [191]:

Eabs = Ebleach- absorption = 2V cos s Ns (N + I (N 1)2

(2.5)

where Ebleach and Eabsorption are the bleached ground state to k = 1 absorption and

induced k = 1 to kel = 1, kex2 = 2 absorption, respectively, and recalling that V, the

nearest-neighbor coupling of the monomers, is negative for J aggregates. The above

equation assumes that the k quantum states are orthogonal (i.e., non-interacting).

One interesting interpretation of Eq. 2.5 comes from taking the limit of large N. As

N becomes large, the change in energy AEabs vanishes, meaning that the excitonic

states of the J aggregate become more bosonic in character.

Utilizing Eq. 2.5, the coherence number N can be derived by measuring AEabs

from transient absorption spectra (i.e., incoherent pump-probe spectroscopy) and

V from solution and/or thin film linear optical spectroscopy of monomeric and J-

aggregated dye molecules. The resulting equation for N is:

S 3 EJ-Agg - Emon (2.6)
2 AEbs

where we have substituted for V through the relation EJ-Agg Emon + 2V. In the fol-

lowing section, the data from incoherent pump-probe spectroscopy of PDAC/TDBC
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Figure 2-14: Normalized fractional change in transmittance, AT/T, for a series of

thicknesses of PDAC/TDBC LBL thin films. The widths and peaks of the induced

and bleach absorption do not change with thickness, indicating that the energy levels

in the J-aggregate exciton band in samples that underwent different numbers of SICAS

are identical.

LBL thin films at room temperature will be presented, and N will be calculated using

Eq. 2.6.

Results of Incoherent Pump-Probe Spectroscopy

Figure 2-14 shows the fractional change in transmittance, AT/T, measured versus

center wavelength of the probe pulse for a series of different thicknesses of PDAC/TDBC

films.

The plots in Figure 2-14 indicate that the widths and peaks of the induced and

bleached absorption in the AT/T response of different film thicknesses are nearly

identical, from which we can conclude the the energy levels of the J-aggregate exciton

band in films of different thicknesses are identical. For this reason, we will focus on

analyzing the transient absorption spectra for the 4.5 SICAS sample.

Figure 2-15 shows the time decay of the AT/T signal for the 4.5 SICAS sample

plotted for a variety of probe wavelengths and a plot of the time responses at A =

582 nm and A = 592 nm with derived time constants for the two fast components



from bi-exponential fittings.

Using one of the transient absorption spectra at a given time delay, we can fit

Lorentzians to the induced and bleached absorption spectrum in order to determine

the AEabs parameter in Eq. 2.6 from the peaks of the fitted curves. Figure 2-16 shows

such a fitting and the derived AEabs for the 4.5 SICAS sample at a delay of 4 ps.

Using AEabs = 16.5 meV derived from the fittings in Figure 2-16 along with

Eq. 2.6, the coherence length of J aggregates in LBL PDAC/TDBC films at room

temperature is estimated to be N ' 16, which is consistent with previous studies

of similar J aggregates at room temperature [135, 191]. Since the coherence length

at room temperature is generally limited by interactions with the environment (e.g.,

phonons in solid-state media), structural differences between J aggregates in different

types of thin films or in solution are not likely to manifest themselves in the coherence

length at room temperature. On the other hand, we can combine the measured

coherence length at room temperature with the earlier data in Section 2.3.2 from

temporally-resolved PL at different temperatures to determine the coherence length

versus temperature for these PDAC/TDBC J-aggregate films.

2.3.4 Discussion of Time-Resolved PL and Pump-Probe Re-

sults

Calculating the Coherence Length versus Temperature

The time-resolved PL versus temperature data, shown in Figure 2-11, and PL inten-

sity change with temperature data, shown in Figure 2-13, can be combined with the

value of N determined at room temperature to estimate N(T), which will indicate

the extent of structural disorder in the thin films compared to the disorder in solution

measurements from previous studies.

The general expression for quantum efficiency (i.e., fraction of input power radi-

ated) and photoluminescence lifetime are related in that both are dependent on the

radiative and nonradiative rates (or lifetimes). The quantum efficiency is given by:
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Figure 2-15: (Left) AT/T versus time for a 4.5 SICAS PDAC/TDBC LBL thin film

at a variety of probe wavelengths. (Right) The AT/T transients at A = 582 nm and

A = 592 nm, the peaks in induced absorption and bleached absorption, respectively.

Fitting the transients with bi-exponentials yields almost identical time constants for

the two fast components.
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Figure 2-16: AT/T for 4.5 SICAS film at a probe delay of 4 ps. The induced and
bleached absorption curves are fit with Lorentzians, the peaks of which give the
energy difference AEabs, from which the coherence length of the J aggregates at room
temperature can be derived.

re 1/R
QE = r1 (2.7)rFR + FNR 1/TR + 1/TNR

where FR,NR (TR,NR) are the radiative and nonradiative rates (lifetimes) of exciton

relaxation, respectively. The overall decay rate for exciton relaxation is simply the

sum of the radiative and nonradiative rates:

F = FR + FNR = 1/TR + 1/NR (2.8)

where F is the overall rate that would be measured in temporally-resolved PL (i.e.,

the PL signal is a reflection of the population of excitons, which are decaying at the

rate F).

As noted in Section 1.3.1, since the J-aggregate state has an oscillator strength

roughly proportional to N, the radiative decay rate also scales directly with N, mean-

ing we can write the radiative decay rate as FR s FR,monN, where we have denoted

the monomer radiative decay rate as FR,mon. The expression is approximate since the

actual expression (Eq. 1.21), although scaling with N, has a more complicated form.

Time Delay = 4 ps

I I

A M5mV
• j .



Examining Figure 2-13, at 5 K the PL intensity peak is roughly 22500 counts

(halfway between 20000 and 25000), whereas at 300 K the peak is at roughly 3750

counts (halfway between 2500 and 5000). Disregarding the slight peak shift and

change in linewidth, the PL intensity at 5 K is roughly six times that at room temper-

ature, which tells us that since we have the same input power, the quantum efficiency

is also six times greater.

From Figure 2-11, it is evident that the PL decay rate, F, does not vary with

temperature. If F = FR + FNR is constant, then immediately we know from Eq. 2.7

that the radiative rate at 5 K must be six times that at room temperature since the

nonradiative rate (which is part of the denominator in Eq. 2.7) factors out in the

comparison. From this analysis, by substituting for FR in terms of N, we can relate

N(5 K) to N(300 K):

FR(T = 5 K) = 6FR(300 K)

N(5 K)FR,mon 6N(300 K)FR,mon

N(5 K) 6N(300 K) - 6 x 16 = 96 (2.9)

Although it may seem counterintuitive that the lifetime should stay constant de-

spite a faster radiative decay rate at lower temperature, the result is consistent with

the increase in quantum efficiency. As the temperature is lowered, the radiative rate

does in fact increase, but this decrease in lifetime is countered by the removal of

nonradiative pathways caused by decreasing the number of phonons present in the

environment. It so happens in this case that the two effects exactly cancel out each

other, resulting in a constant PL lifetime versus temperature.

The result of the above derivation is that we find that at 5 K, the coherence length

of the aggregates has increased from N ' 16 at room temperature to N ' 100 at

5 K. Assuming each molecule in the film occupies about one cubic nanometer, this

corresponds to a cube 3 - 4 nm on a side.



Time Constants Found from Temporal PL and Pump-Probe Data

Finally, the time constants derived in the temporally-resolved PL and incoherent

pump-probe experiments are worth noting. In the PL data, since the pump pulse

was 7 ps in length, the only two time constants that could be derived were due to

dynamics longer than the pump pulse (due to convolution of other processes with the

response to the pump). However, since the pulse in the pump-probe experiments was

much shorter, on the order of 100 fs, a third, shorter time constant was recorded.

The three time constants reported between the two sets of data (which we will

label from shortest to longest) were T1 = 2 - 3 ps, -r2 = 7 - 10 ps, and T3 = 70 ps.

The likeliest explanations for these three time constants follow.

Short of knowing a calibrated response time of the streak camera, 1, the shortest

time constant, must be assumed to be a convolution of both ultrafast processes in

the J aggregates and the streak camera response. Coherent processes in the J ag-

gregates at room temperature likely have sub-picosecond decay times, which can be

estimated from examining the linewidths of PL and absorption of the thin film. The

PL linewidths measured are on the order of 10 nm, and in absorption, at lowest en-

ergy of absorption corresponding to the bottom of the J-aggregate band, a linewidth

of at least a couple of nanometers is present. At the lower end of the J-aggregate

absorption, one would expect a sharp cut-off with a linewidth on the order of the

homogeneous linewidth as opposed to at higher energies, where the linewidth would

be smeared by inhomogeneous broadening. From these estimates, therefore, the likely

decay time of coherent processes in these J-aggregate thin films at room temperature

is in the hundreds of femtoseconds at most, and the recorded time 71 is likely the

contribution of these ultrafast processes combined with the response of the streak

camera.

In the case of T2, in both the PL and time-resolved measurements this time is slower

than any of the components involved in the measurement. One can therefore conclude

that the time corresponds to a real physical process that excitons in the J aggregates

are undergoing. A clue to the origin of this time constant can be found in Figure



2-12, where at low temperatures a red-shift in PL is observed that occurs on the same

time scale as 72. If we assume that the red-shift is due to exciton diffusion within the

J-aggregate thin film, as has been observed and modeled in other amorphous organic

systems, then seeing the same time constant appear in fast exciton decay processes is

not just consistent but expected [116]. The same process that allows excitons to hop

from one J aggregate to another at slightly lower energy also allows two excitons to

meet and annihilate. Therefore, the 10 ps time constant in the PL decay and pump-

probe data can be attributed to exciton-exciton annihilation in the J-aggregate thin

film.

Finally, this leaves T3 , which at 70 ps is likely just the lifetime of the J-aggregate

exciton. Just as the radiative decay rate at a given temperature will scale with N, the

number of coherently coupled monomers in the J aggregate, one would also expect

that nonradiative pathways would also have some sort of scaling with N since the

nonradiative decay could occur on any of the N molecules over which the excitation

is delocalized. Assuming these pathways are independent, the probability of nonra-

diative decay in a J aggregate would simply be the sum of the probabilities of decay

from the individual molecules. With this assumption, F, the exciton decay rate would

scale with the number of coherently coupled molecules, N, meaning that if T3 = 70 ps

is the exciton lifetime of a J aggregate, then the lifetime of an exciton for a single

TDBC molecule is 16 x 70 ps, or about 1 - 1.5 ns, which is consistent with the oscil-

lator strength of a typical organic dye molecule and quantum efficiency of 10% (by

comparison, for aluminum tris(8-hydroxyquinoline), a common dye used in OLEDs,

the lifetime is slightly longer at a few nanoseconds, but the quantum efficiency is also

higher, which is consistent since the higher efficiency indicates that the nonradiative

exciton decay rate is smaller).

The measurements of thin film dynamics presented indicate that the structural

disorder present in J aggregates in LBL thin films is the same as that seen in solution,

where the disorder present in the self-assembly process of molecules in a J aggregate

results in structural disorder that limits the coherence length to about 100 molecules,

even at lower temperatures [91]. In the next chapter, the linear optical modeling



presented here will be extended to full device structures to determine the contribution

of homogeneous versus inhomogeneous broadening to the measured optical response

of the LBL J-aggregate films used in exciton-polariton devices.
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Chapter 3

Engineering Linear Optical

Properties

In the past two decades of research in strongly coupled solid-state devices, linear

dispersion theory (LDT) has emerged as a powerful tool for modeling the linear

optical response of exciton-polariton systems. LDT has been shown to be capable

of accurately predicting the linear optical response of inorganic microcavity devices

[18, 142, 195, 202], and while for organic devices some use of LDT has been made, no

attempts at modeling the linear optical response included an exact index of refraction

for the active layer (i.e., J aggregates, porphyrins, etc.). In this section, LDT is shown

to accurately predict the linear optical response of microcavity exciton-polaritons in

devices utilizing thin films of J aggregates when a detailed, spectrally-resolved optical

response of the J-aggregate resonance is utilized in the model.

Using a model-free, Kramers-Kr6nig regression the spectrally-resolved index of

refraction of the J-aggregate thin film is derived and used in an LDT model (i.e., in

propagation and matching matrices, or T-matrices) together with published values

for the dielectric functions of microcavity spacer and mirror materials. Agreement of

the predicted and measured linear optical response is shown for various thicknesses

of J-aggregate thin films matching the exciton-polariton dispersion as a function of

the in-plane wave-vector (i.e., corresponding to external probe angle). By numerically

simulating cavities with high quality factors and multiple J-aggregate layers, the Rabi



splitting can be made large enough such that the lower-branch (LB) exciton-polariton

peak is in the Lorentzian tail of the dielectric function, allowing for an estimate of

the minimum linewidth achievable for the LB exciton-polariton in TDBC J-aggregate

systems, which is a reflection of the homogeneous linewidth of the J-aggregate excitons

[69].

3.1 Linear Dispersion Theory (T-Matrices)

Previous efforts in modeling exciton-polariton systems with LDT have included using

an exact dielectric function for an inorganic quantum well system in order to accu-

rately model the effects of structural disorder on the linear optical response [89, 126].

Similarly, prior modeling of the linear optical response of J-aggregate microcavity

exciton-polariton devices has largely followed the same LDT methods but never us-

ing an exact spectrally-resolved complex dielectric function [29, 187, 189, 193]. An

approximate J-aggregate dielectric function was used in fitting the optical spectra

of complete devices necessitating that one or multiple artificial "shoulder states" be

added to approximate the significant asymmetry of the observed upper-branch (UB)

and LB exciton-polariton linewidths [6].

While the use of approximate dielectric functions can be suitable in providing

rough guides for device engineering (e.g., for choosing layer thicknesses to achieve a

microcavity resonance at the right energy), if one is concerned with finding parameters

from linear optical measurements for modeling the dynamics of exciton-polaritons in

high-quality cavities, simply fitting one or two dielectric functions to the active layer

response can be misleading. This is particularly true for J aggregates, whose oscil-

lator strength, as described in Section 1.3.1, is distributed in such a way that the

dielectric response is very asymmetrical (i.e., there is a sharp cut-off in the oscillator

strength at low energies and a high-energy tail that significantly broadens the high-

energy side of the dielectric response). The overall response is additionally broadened

by the presence of inhomogeneities in the thin film; one likely culprit of the inhomo-

geneous broadening is solid-state solvation, where shifts in exciton transition energy



levels within a solid are caused by each dipole having a slightly different background

dielectric due to the random orientation of neighboring dipoles [117].

One can take, for example, the dielectric function from Chapter 2 derived via

Kramers-Krdnig regression for a 4.5 SICAS PDAC/TDBC film and fit a simple

Lorentzian to the response-such a fitting would likely match the result of fitting

a Lorentzian to ellipsometry or reflectance/transmittance data from the thin film.

Figure 3-1 shows this fitting (dashed line) compared to the imaginary part of the di-

electric function calculated from the Kramers-Kronig-derived index (solid line) (i.e.,

ei = ! (E), where we calculate the dielectric function from the complex index derived

via Kramers-Kr6nig regression, E = (n + i) 2).
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Figure 3-1: Lorentzian fittings to Kramers-Kr6nig-derived imaginary part of the di-

electric function of a 4.5 SICAS film. The dashed line is a fit to the entire imaginary

part of the dielectric function, whereas the dash-dot line is a fit only to the low energy

side. The gray circle shows the considerable difference on the low energy side of the

response between the two fits.

While the fitting seems to be quite good, a few important differences between

the two are noticeable, especially on the low-energy side of the J-aggregate response,



and these differences turn out to be quite important when the LB cavity exciton-

polariton is the focus, as is almost always the case when trying to build a laser or

switch which utilizes the LB exciton-polariton. If we instead fit a Lorentzian only to

the low-energy side of the Kramers-Kr6nig-derived dielectric function, we find that

the linewidth of the inhomogeneous broadening captured by the first fitting is much

different than the underlying homogeneous linewidth of the aggregate. This fitting is

also shown in Figure 3-1 (dash-dot line). The linewidth of the Lorentzian fit to the

whole response is 45 meV, which corresponds to about 13 nm, whereas the linewidth

of the Lorentzian fit to the low-energy side of the response is about 3 times smaller

at 14 meV, which corresponds to about 4 nm. Judging by this difference, we would

expect the homogeneous linewidth of the J aggregates to be on the order of a few

nanometers, whereas the inhomogeneous linewidth is on the order of 10 - 20 nm.

With these fittings in mind, having the ability to exactly model the dielectric

response of the J-aggregate film not only provides greater accuracy when engineering

the linear optical properties of an exciton-polariton device, but in addition important

characteristics of the linear response, such as linewidth, of the LB exciton-polariton

are correctly modeled.

LDT modeling, as described in Chapter 2 where it was used to derive the index of

refraction of a J-aggregate thin film through Kramers-Kronig regression, makes use of

the boundary condition present in Maxwell's equations that states that the tangential

electric field at a boundary must be continuous. From this boundary condition, the

forward and reverse-propagating electric fields can be related to the fields across a

boundary and across a film. These relationships are expressed mathematically in

matrix form as "matching" matrices and "propagation" matrices, generally referred

to at "transfer matrices" or "T-matrices." Figure 3-2 relates the physical elements

of a multilayer stack of materials to their mathematical representations in an LDT

model.

With a wave incident from the left, numbering layers as 1, 2,... Nayers, the total

transfer matrix relating the incident field at the left to that exiting at the right is

(the transfer matrices are denoted by T, as opposed to T, which we will use shortly
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Figure 3-2: Physical elements of a multilayer dielectric stack 
and their respective

T-matrix representation.

to denote transmittance, or transmitted power/intensity):

E± = TtotaE = Tmatch x Tprop x Tmatch x Tprop X ... Tmatch E (3.1)

1 - Noa - 1,2 2 2,3 3 N-1,NI_ N

We solve for the field El assuming that E + = 1, E N = 0 (arbitrarily setting

phase to zero and magnitude of exiting forward wave to 1 and specifying no reverse

wave incident on the last layer). We can then calculate reflectance by R =-
lE 12

and transmittance by T = 11 +lE2 where 7r is the impedence of the medium in the

direction of propagation normal to the dielectric stack. For a normally incident wave

to the stack, in layer i, 77i = . The angular correction will be given below.

The variables r and t represent the reflection and transmission coefficients calcu-

lated from Fresnel's equations, the various E's are the complex electric field magni-

tudes (i.e., in phasor form, the complex magnitude contains both the magnitude and

relative phase), and 7 = 27rid/A is the complex wave-number lumped together with

the thickness of the film through which the wave is propagating.

T-matrices can be made quasi-2D in that they can be made to handle fields im-



pinging on a stack at an angle by adjusting the reflection and transmission coefficients

to include angular dependence and adjusting the wave-number to exclude the compo-

nent of the wave propagating tangential to the boundary. The resulting expressions

can be used to obtain the transmitted and reflected fields at an angle, but they do

not account for the distance along the boundary that the wave traverses while going

through the stack (for practical purposes such as measuring angular reflectance in a

spectrometer, this distance along the boundary is small enough for most structures

as to be negligible in aligning the setup).

After taking into account the above angular considerations, the resulting adjusted

T-matrices for tranverse electric (TE) and transverse magnetic (TM) polarizations

are given below, using the notation of Kong [93], assuming that the normal direction

to the dielectric stack is i and parallel direction is , and given that a wave incident

on the top of the stack is traveling in the +2 direction.

The propagation matrix adjusted for angle is:

E+ e-ikxd 0 E 1La kd (3.2)
E- 0 e E-

where for an incident angle from air of 0, kx = 2- = /i2k - ksin2

The matching matrix at a boundary has the same form as before:

[ b 12b (3.3)

E t r 1 E2

but the r's and t's are adjusted for angle and depend on polarization. With the

notation of Kong [93] at a boundary where a wave is incident from medium (1) to

medium (2):

r = P12 (3.4)
1 + P12

t = (3.5)
1 + P12



and p12 depends on polarization:

k2x
P12,TE = kx (3.6)

klz
k 2k2x

P12,TM - (3.7)

It is important to note that for TM-polarization, the coefficients actually relate

magnetic fields, H, and not E fields. For the purposes of calculating power flow

(i.e., reflectance, transmittance, absorption), this distinction is irrelevant, but if one

is examining specifically the fields in a structure, the E fields in the TM case must

be calculated from the H fields given by the T-matrices. Since the transmittance T

depends on 77 in the direction of the normal to the dielectric stack, we can correct

transmittance with the following formula (this is only necessary to calculate trans-

mittance when the final and beginning media are not the same):

TTE or TM - P1N,TE or TM E 2  (3.8)

Finally, as described in Chapter 2, to account for the effects of thick, transparent

substrates on transmittance measurements, an averaging method was developed to

incorporate internal reflections within the substrate that are not dependent on in-

terference effects (e.g., over a millimeter-thick glass substrate, interferences between

the two faces of the glass are averaged out in a typical sample spot size due to in-

homogeneities in the glass that scramble the phase of the light as it traverses the

substrate and to the low coherence length of most incident light sources). To perform

this averaging, at each wavelength at which the reflectance and transmittance are

computed, multiple computations are made in which the thickness of the substrate

is adjusted to give a phase change of 0 to 27r to the light; these reflectances and

transmittances are then averaged to give the final result. Using 10 to 100 points

of averaging was found to give the best results without too much of a sacrifice in

computation time (i.e., greater numbers do not provide much change in the result yet



require more computation time). If the transmittance calculation is insignificant, as is

the case for the calculated reflectance dispersions later in this section, this averaging

is unnecessary-the substrate can simply be modeled as an infinite medium.

3.2 Experimental Details-Device Structure and Ma-

terials

The microcavity exciton-polariton device structures tested in this section are shown

in Figure 3-3 together with optical probe geometry.

The structures are grown on 14.5-pair distributed Bragg reflectors (DBRs) on SiO 2

(silica) substrates obtained from Visimax Technologies. The DBRs consist of pairs of

plasma-enhanced-evaporated TiO2 (titania) and SiO 2, starting and ending on TiO 2.

The bottom microcavity spacer consists of an RF-sputter-deposited layer of SiO 2 of

quarter-wavelength thickness, A/4nsio 2 , at the free-space wavelength A = 595nm,

which corresponds to the main exciton resonance of the TDBC J-aggregate thin film.

Using the ellipsometry-measured index of refraction nsio2 ( = 633nm) = 1.456, the

SiO 2 spacer is grown to 102.1nm thick. The J-aggregate thin film is LBL deposited

with the substrate undergoing varying numbers of SICAS. The cationic solution is a

30mM solution of PDAC (poly(diallyldimethylammonium chloride), CAS 26062-79-3,

obtained from Sigma Aldrich) in deionized water. The anionic solution is a 50MM solu-

tion of the J-aggregating cyanine dye TDBC (or BIC) (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, inner salt, sodium salt, CAS 28272-54-0, obtained from

Nippon Kankoh Shikiso Kenkyusho Co., Ltd.). The J-aggregate thin film deposition

process and the thin film morphology are detailed in Chapter 2. For different sub-

strates, the number of SICAS is varied from 4.5 (ending with an immersion in PDAC)

to 8.5. The top spacer consists of a thermally-evaporated film of Alq 3 (aluminum

tris(8-hydroxyquinoline)), a common molecular thin film used in organic light emit-

ting devices. The thickness of Alq 3 depends on the corresponding number of SICAS
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Figure 3-3: Device structure and materials. The microcavity mirrors are comprised

of a thin silver mirror on the top of the device through which the optical response is

probed and a 14.5 pair TiO2/SiO 2 (titania/silica) distributed Bragg reflector (DBR).

The active layer is a thin (5 - 12nm) layer-by-layer (LBL) film of cationic PDAC

and anionic, J-aggregated TDBC. The bottom microcavity spacer is a sputtered SiO 2

film, and the top cavity spacer is an evaporated Alq3 film.

of J-aggregate film, with (61.5, 59, 56.5)nm used for (4.5, 6.5, 8.5) SICAS, respectively.

Finally, the top semi-transparent mirror consists of a 42.5nm, thermally-evaporated

film of silver.

The optical constants of the TDBC J-aggregate thin films used in the exciton-

polariton devices are measured on glass microscope slides that underwent the same

numbers of SICAS concurrently with the microcavity device DBR/SiO 2 substrates.

The reflectivity of these J-aggregate films is measured using a Cary 5E UV-Vis-NIR

spectrometer and spectral reflectance accessory with film thicknesses based on the



AFM data shown in Chapter 2. The complex spectrally-resolved index of refraction

(fi = n + iI') is then determined using a quasi-Kramers-Kr6nig regression [23]. The

thin film reflectivity measurements and derived indices of refraction for (4.5, 6.5, 8.5)

SICAS films are shown in Figure 3-4(a), where the thicknesses used for the three films

are (5.1, 8.5, 11.9)nm, respectively.

Using the derived indices of refraction for the J-aggregate thin films with varying

numbers of SICAS, the linear optical response of the complete microcavity exciton-

polariton device can be engineered. We use nsio2 = 1.462 for the SiO 2 layers, both in

the DBR and bottom spacer; nglass = 1.5 for the substrate; and for the Alq3 top spacer

layer and TiO2 layer, we use published indices of refraction [31, 115]. The index of

refraction for the silver mirror is obtained by interpolating published reference values

[103]. The results of our LDT T-matrix simulations and the corresponding reflectivity

measurements are shown in Figure 3-4(b) in the region of the UB and LB exciton-

polaritons at an angle of 0 = 7' .

For the best match between the numerical analysis and the experimental measure-

ments in the T-matrix simulations in Figure 3-4, the Alq 3 thicknesses used are 65,

62.5, and 60nm for the 4.5, 6.5, and 8.5 SICAS samples, respectively. Additionally,

a thickness of 32nm is used for the top silver mirror. The discrepancies of 4.5nm in

the Alq 3 thicknesses and 10.5nm in the silver thickness are likely due to penetration

of the evaporated silver into the Alq3 layer during growth. Accounting for these dis-

crepancies results in a very good fit of the predicted linear optical response to the

measured spectra.

3.3 Predicting Reflectivity Dispersion of J-Aggregate

Cavity Exciton-Polaritons

With the derived index of refraction for the J-aggregate thin film and the quality

of the linear optical response fit indicated in Figure 3-4, we can calculate detailed

microcavity exciton-polariton reflectivity dispersion relations for the TE and TM
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Figure 3-4: (a) Thin film reflectance. (b) Real and (c) imaginary (extinction coef-
ficient) parts of index of refraction of J-aggregate thin films derived using Kramers-
Kr6nig regression. The film thickness estimates, based on a previous study, are indi-
cated [23]. The change in the index of refraction indicates that the dye concentration
changes in the film as substrates undergo more SICAS. (d, e, and f) Comparison of
measured and predicted reflectance spectra for complete devices using the indicated
number of SICAS of PDAC/TDBC as the active layer. The predicted reflectance
spectra are calculated using the complex indices of refraction and estimated thick-
nesses along with published dielectric functions for TiO2 and Alq3 and nsio2 = 1.462
[115, 157]. The indicated Rabi splittings are calculated from the coupled harmonic
oscillator eigenenergy dispersion given in Eq. 1.6 using the angular dispersion of the
predicted reflectance.

modes of the Figure 3-3 devices. The results of these calculations are plotted in

Figure 3-5. By comparing the numerically-derived TE plot to the eigenenergies of

the strongly-coupled exciton-microcavity system (given by Eq. 1.6 and disregarding



the linewidth terms:

Ecav + Eex 1 )2 + (Eca - Eex) 2
E± 2 ± 2 (h R  (E

where E+ and E_ are the UB and LB exciton-polariton energies, respectively, Ecav

and Eex are the cavity and exciton energies respectively, and QR is the Rabi splitting),

we can derive the value for the Rabi splitting in each system [195]. The cavity energy

versus external angle, 9, is given by Eq. 1.4, reproduced here:

EEa a( = 0)

1 sin
2 o

where neff is the effective cavity index of refraction. For the TE fitting in Figure 3-5,

neff = 1.7.
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Figure 3-5: Predicted reflectivity of (4.5, 6.5, and 8.5) SICAS device versus in-plane

wave-vector (i.e., external probe angle) for TE (a, b, and c) and TM (d, e, and

f) polarization, respectively. The predictions are calculated using Kramers-Kr6nig-

derived optical constants of the respective J-aggregate active layer, shown in Figure

3-4(b, c). The TE-polarized spectrum is shown with a fit to the general two-level-

system eigenenergies. In TM polarization, due to the narrowing of the DBR stop

band and the large Rabi splitting, the first few Bragg modes of the DBR cross the

exciton resonance at large angles [150, 158].
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Figure 3-6: Comparison of measured and predicted unpolarized reflectivity for 8.5

SICAS sample (50% TE and 50% TM).

Notably, in the TM dispersion, narrowing of the DBR stopband at large angles

results in the first few Bragg modes crossing through the exciton resonance, as pre-

viously described by Savona et al. and shown in CdTe inorganic microcavities by

Richard et al. [150, 158]

The unpolarized reflectivity versus angle is measured for the microcavity samples

using a Cary variable-angle spectral reflectance accessory to verify the accuracy of the

T-matrix-calculated exciton-polariton dispersion relation (see Figure 3-4 for the 8.5

SICAS sample's measured optical data). The results are plotted in Figure 3-6. The

predicted reflectivity dispersion relation (for unpolarized light, given by assuming 50%

TE and 50% TM incident light) shows good agreement with the measured reflectivity,

including the splitting of the TE and TM modes at large angle and the crossing of the

first few Bragg modes in TM with the J-aggregate exciton resonance at A = 595nm.



3.4 Simulating Complex Device Structures

As mentioned earlier in this chapter, LDT coupled with an exact dielectric function

of the J-aggregate active layer can enable one to design and investigate the linear

optical response of complex structures. This is especially useful in cases where using

a simpler model of the dielectric function would not accurately describe the lower-

branch exciton-polariton's response. Additionally, these complex structures may not

currently be feasible with existing fabrication technology, meaning that the ability

to simulate the devices can aid in deciding which fabrication methods should be

developed next (e.g., integrating J-aggregate thin films and other organic materials

in device structures where sputtering on top of the organic layer is required can be

particularly challenging).

One such example of a complex device simulated using LDT and the exact dielec-

tric function of the J-aggregate is presented here. By numerically simulating a high

quality factor cavity utilizing multiple J-aggregate layers, we can extract a theoretical

limit for the lower branch linewidth of devices utilizing the TDBC LBL J-aggregate

thin films. As demonstrated by Houdre et al., for large values of Rabi splitting,

the exciton-polariton resonances are spectrally separated from the inhomogeneously

broadened exciton resonance, such that the linewidths of the polariton resonances are

determined by the homogeneously broadened tails of the exciton dielectric function

[69]. By using dispersion-free spacer layers, three 6.5 SICAS J-aggregate layers, and

two high quality DBR mirrors in a simulated cavity shown in the inset of Figure

3-7, we calculate the absorption of the structure (plotted in Figure 3-7) and find a

theoretical LB exciton-polariton linewidth of 8.4meV (cavity Q > 3000, determined

by simulating without the J-aggregate layers). This linewidth value is two to three

times smaller than those used in recent theoretical papers on J-aggregate exciton-

polaritons [4, 114, 129, 191]. Significantly, this value for the lower polariton linewidth

is consistent with the linewidth for the Lorentzian in Figure 3-1 fit to the low-energy

side of the dielectric response function, which was about 14 meV-the linewidth of the

coupled light-matter system on resonance is simply the average of the linewidth of



the cavity and the linewidth of the exciton transition coupled to the cavity. Since

cav < yex for this cavity, the polariton linewidth should be about 1y,.
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Figure 3-7: Simulated absorption spectrum of lower and upper branches for device
structure in the inset, using dispersion-free Si0 2 spacer layers and the 6.5 SICAS
layer properties from Figure 3-4(a). With a high quality microcavity (Q > 3000)
and large Rabi splitting (h-QR = 220meV) from multiple J-aggregate layers at cavity

anti-nodes, a theoretical linewidth of 8.4meV for the lower branch can be achieved.

As demonstrated, LDT can accurately model the linear optical properties of

strongly coupled J-aggregate microcavity exciton-polariton devices when the spectrally-

resolved complex index of refraction is utilized. Using a model-free Kramers-Kronig

regression, the J-aggregate thin film index of refraction is accurately determined and

then combined with published dielectric functions for the other microcavity device

constituents to accurately predict the linear optical response of J-aggregate microcav-

ity exciton-polariton devices. This demonstrates that the LDT method is a valuable

theoretical tool for deriving the minimum exciton-polariton linewidth in J-aggregate-

based devices, a key parameter for modeling dynamics, and can assist in design of the

next generation of strongly-coupled J-aggregate structures that exhibit giant Rabi

splitting.

Having fully explored the linear optical response of J-aggregate thin films on

their own and in device structures, we now return to examining the dynamics of

excitations that we began in Section 2.3. With the techniques developed in the

investigation of linear optical properties and knowledge of the dynamics provided by



photoluminescence and pump-probe spectroscopy, we can begin to examine in organic

strongly-coupled systems the device physics discussed in the theory of operation of

polariton lasers (Section 1.2).



Chapter 4

Higher-Q Double-DBR

J-Aggregate Microcavity

Exciton-Polariton Devices

For most of the last decade of research in organic exciton-polariton devices, the micro-

cavities utilized have included at least one metal mirror (typically silver), which limits

the quality factor of the microcavity to about Q ~ 150 - 200 [63, 105, 107, 189]. In

the few cases in which a higher quality microcavity was fabricated, the organic active

layer was either a J aggregate, which provides pumping difficulties as will be described

below, or the active material was not a J aggregate, but no comprehensive occupa-

tion studies of exciton-polaritons in the lower branch were performed [40, 169]. As

shown in recent studies of polariton condensation in inorganic exciton-polariton de-

vices, studying the distribution of exciton-polaritons in the lower branch (by looking

at PL emission versus angle) is important in determining the dynamics of polariton

relaxation [76].

The issue with low-Q metal or metal-DBR microcavities is that the moderate

reflectivity provided by the metal mirror has enough of an extinction coefficient to

provide considerable reflectivity (i.e., impedence mismatch between the cavity mate-

rial and the mirror) but not enough to prevent some penetration of the mode into

the mirror and thus loss due to absorption by the metal.



The microcavity Q is important, especially for exciton-polaritons, because loss

through photon decay out of the cavity is usually the fastest of the various loss

processes. Even for the case of J aggregates, which as described in Chapter 2 have

a shorter lifetime due to excitation coherence across multiple molecules, the loss of

exctions due to decay processes in the material is usually considerably slower than

the loss of photons from the cavity. We can determine the cavity lifetime from the Q

in the following way: one can derive the lifetime of a cavity photon by computing the

frequency (or energy) spread of the mode at a given resonance frequency (energy).

For example, assuming Ecav = 2 eV, a Q of 200 would imply that AE = 10 meV,

which is related to the cavity photon lifetime by:

1 h
Tcav - (4.1)

- h _ 400 fs
10 meV

Therefore, for a microcavity with at least one metal mirror, the lifetime of the

cavity photon will usually be at best around one half of a picosecond, and more likely

that value will be smaller, around 100 femtoseconds or less. Recalling the discussion

of the Boltzmann equations governing polariton relaxation in Chapter 1, if the loss

process of polaritons from cavity photon decay is very fast, then polaritons will not

be able to thermalize (i.e., lose energy by interacting with phonons) before they decay

via cavity loss.

For this reason, in this chapter, the materials engineering and device design in-

volved in creating higher-quality organic microcavity exciton-polariton devices will

be addressed. A double-DBR microcavity exciton-polariton device containing a thin

film of J aggregates will be demonstrated, and the exciton-polariton occupation dis-

tribution of the lower branch will be measured using angle and polarization-resolved

photoluminescence (PL).



4.1 Experimental Details

4.1.1 Device Structure and Deposition Procedure

Device Structure and Materials

The structure for the higher-quality-factor J-aggregate microcavity exciton-polariton

devices fabricated here is shown in Figure 4-1. The structure is very similar to

the structure of devices shown in Chapter 3 except for a few important changes:

the top mirror is a sputtered-metal-oxide DBR, the top spacer layer is graded in

thickness and doped with the laser dye DCM (4-(dicyanomethylene)-2-methyl-6-(4-

dimethylaminostyryl)-4H-pyran), and the J-aggregating cyanine dye has been changed

from TDBC (or BIC) to THIATS. The bottom DBRs used were the same commercial

DBRs as those used in the devices in Chapter 3. The bottom DBR has 14.5 pairs of

TiO2/SiO 2 , and the top DBR has 10 pairs of TiO 2 /SiO 2 ; the DBR layers surrounding

the cavity are both TiO 2.

The purpose of the first change, as explained above, is to create higher quality

microcavities with longer photon lifetimes. The use of a sputtered mirror allows

for precise thickness control since the growth rate of sputtered films is very stable

as long as the power supply and gas flow controlling the plasma in the sputterer

are also stable. Modern thermal evaporation systems may be able to produce similar

thickness precisions, but in this case sputtering was chosen due to machine availability.

To enable the deposition of precise thicknesses by the sputterer over many hours of

slow film growth, which is crucial in fabricating high reflectivity DBRs on organic

materials which are susceptible to sputtering damage and overheating and cannot be

annealed at high temperatures, a custom automated sputtering system was built in

our lab. The automation system connects all of the necessary components on the

sputterer through a custom-built controller to a PC, which has a control program for

the sputtering process in LabVIEW. Once the growth rates are calibrated, a program

for a DBR, or any series of film thicknesses for that matter, can be entered and run

without further user input. This automation system has enabled the fabrication of
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Figure 4-1: Structure of double-DBR structure with graded spacer layer to provide

multiple microcavity tunings on a single substrate. The top, graded spacer layer

consists of Alq 3 doped 2 - 3% by weight with the laser dye DCM. The J-aggregate

layer is a spin-self-assembled PDAC/THIATS film. The molecular diagrams of the

above molecules are shown.

DBRs for this chapter's devices and many other devices in the lab.

The second change described above in the device structure was motivated by

needing a way to pump the exciton-polariton system non-resonantly by, for example,

using a laser at an energy much higher than the cavity and exciton resonances that

are coupled to form the exciton-polariton states. In inorganic quantum-well-based

exciton-polariton devices, such non-resonant pumping is trivial thanks to the contin-

uum of absorption at energies above the exciton resonance. Due to the considerable

density of states in the conduction and valuence bands of a typical semiconductor,

the joint density of states responsible for absorption above the exciton resonance in a

quantum well is very large, causing an absorption coefficient even higher than that of

the exciton itself. In organic systems, however, especially in the case of J aggregates,

this continuum of absorption above the exciton resonance does not exist. Therefore,

to mimic the high-energy absorption continuum of a quantum well, energy down-

conversion was built into the top cavity spacer of the device shown in Figure 4-1.

X(y)/2

-, y



Figure 4-2 demonstrates this down-conversion mechanism by plotting the absorption

and emission of the materials utilized in the top spacer layer and the absorption of

the active material in the exciton-polaritons system, THIATS J aggregates.
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Figure 4-2: Normalized absorbance and PL spectra of Alq 3 and DCM and absorbance

spectrum of THIATS J-aggregate thin film [116, 128]. The DCM is doped into the

Alq3 film at 2 - 3% by weight. Therefore, when the Alq3 is excited, the excitons

are transferred to the DCM dopants by F6rster energy transfer. The DCM excitons

then either energy transfer to the J-aggregates (if within about 5 - 10 nm or radiate

into the microcavity. The DCM luminescence inside the cavity is absorbed by the

J-aggregate film and also leaks out of the lower DBR sideband.

THIATS1 is similar in structure to TDBC except for the important difference

that THIATS has two sulfur atoms replacing two of the nitrogens that are present in

TDBC. THIATS J aggregates additionally have a slight red shift in their resonance

frequency from TDBC. Recently, a stability study of a dye similar to THIATS, but

with a J-aggregate resonance in the near-infrared (NIR), was performed in comparison

1(Benzothiazolium, 5-chloro-2-[2-[[5-chloro-3-(3-sulfopropyl)-2(3H)-benzothiazolylidene]methyl]-
1-buten-1-yl]-3-(3-sulfopropyl)-, inner salt, compounded with N,N-diethylethanamine (1:1)] obtained

from H.W. Sands, CAS 23568-98-1.



to TDBC [197]. The authors found that the THIATS-like dye was considerably more

stable. In our experiences with THIATS, we have seen a similarly robust performance

in comparison to TDBC. Since the two dye structures (that of THIATS and the NIR

dye) are very similar, especially in that they are both thiacyanines (i.e., the same end

structures with the two sulfurs), it is likely that the same photobleaching chemistry

applies to both dyes as well, accounting for the stability increase of THIATS with

respect to TDBC. This increased photostability may be due to a reduced susceptibility

to singlet oxygen, which has been known to significantly degrade cyanines in writeable

CDs [68]. Tertiary amines (i.e., nitrogens with three bonds to carbon atoms) are

particularly susceptible to singlet oxygen reactions, which may explain why cyanines

in general are susceptible to singlet oxygen and why this susceptibility is reduced in

thiacyanines, where two of the tertiary amines have been replaced by sulfur atoms

[81, 163].

Deposition of Graded Top Spacer Layer

In the devices demonstrated in Chapter 3, a single detuning of the cavity and exciton

was fabricated for each of the demonstrated devices. To enable the investigation of

multiple detunings on the same substrate and therefore reduce changes from variation

in the J-aggregate films, the devices in this chapter are fabricated with a graded top

spacer layer. A graded-thickness film is grown in thermal evaporation by using a fixed

shadow mask with a rotating substrate holder. The fixed shadow mask is designed

such that at different radii on the substrate, a different amount of the rotation path

is blocked by the fixed shadow mask.

A schematic and photograph of the fixed shadow mask used in fabricating the

graded top spacer layer in the microcavities here is shown in Figure 4-3.

With the design shown in Figure 4-3, the fraction of film thickness grown (given

by thickness with the mask divided by thickness grown if unmasked) is:

tfrac 1 - - arcsin (4.2)
7 2R
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Figure 4-3: (a) Fixed mask design for growing thickness gradient. (b) Photograph

of mask on thermal evaporator transfer arm inside LOOE growth lab high-vacuum

transfer line. The mask is left on the transfer arm and placed in front of a rotating

substrate holder, masking off a part of the growth path.

where d is the width of the fixed mask shown in Figure 4-3(a), and R is the radius

from the center of the substrate's circle of rotation (assumed to be coincident with the

center of the fixed mask). Figure 4-4(a) shows a 3D plot of the fraction of film grown

(i.e., the fraction of what would be grown without the fixed shadow mask) on a 1 inch

square substrate placed with its bottom edge 1 inch from the center of the substrate

holder. Figure 4-4(b) shows a top-down view of the predicted thickness fraction, and

Figure 4-4(c) shows a photograph of a silicon substrate grown in the same deposition

as that in which the top cavity spacer was grown on the DBR samples; the interference

pattern caused by the thickness variation matches the predicted thicknesses, and

very good agreement between the predicted and measured thicknesses on the witness

sample was found through ellipsometry at A = 633 nm.
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Figure 4-4: (a) Calculated thickness fraction of film grown with fixed mask on a
one-inch square substrate. Inset shows one-inch square substrate and rotation path
compared to mask design. (b) Top-down view of film thickness fraction predicted for
a one-inch square substrate, with color bar showing the corresponding fraction. (c)
Photograph of one-inch square piece of silicon onto which was thermally evaporated
through the fixed mask in Figure 4-3 a thin film of Alq 3 doped with 2 - 3% DCM.
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Spin Self-Assembly of J-Aggregate Thin Film

In previous chapters, the J-aggregate thin films were grown by layer-by-layer (LBL)

deposition in which the substrates were immersed into the growth solutions for a

period of time, usually 5 to 15 minutes for each growth step. While this method was

shown to produced uniform films with nanoscale thickness control and minimal scat-

tering (shown by the good agreement of the measured and predicted transmittance

from the Kramers-Kr6nig-derived index of refraction), there are some drawbacks to

general use of the LBL method in a laboratory setting. For starters, to grow multi-

layer films, an automated dip-coating system is a necessity due to the several hours

required for a deposition (since LBL is diffusion limited in the growth solution),

meaning that the process is very inefficient if performed manually. Secondly, due

to the immersion of not only the substrates but also the substrate holder into the

growth solutions, after even a single deposition cycle (SICAS), the growth solutions

are cross-contaminated. Once a recipe has been determined, this is not too much of

a concern, but in determining recipes this cross-contamination leads to considerable

uncertainty in engineering of the LBL thin film. And finally, in most dip coaters, the

growth solution containers are non-Teflon plastic (limiting etch-cleaning options) and

therefore a risk of cross-contamination when changing from one dye to another since

the dyes tend to adsorb to the rougher plastic surface and resist cleaning more than

for a typical Pyrex beaker.

To address these shortcomings, in this study, a spin self-assembly (SSA) process

was developed for PDAC/THIATS J-aggregate thin films. SSA of polyelectrolyte

thin films was first introduced in the early 2000s and has been utilized to make

both thin films comprised of all polyelectrolytes and thin films of polyelectrolytes

and oppositely charged particles (quantum dot, molecule, etc.) [28, 32, 33, 74, 101,

102, 127, 143]. Figure 4-5 shows a schematic of the SSA process. The process is

very similar to the LBL process in theory of operation; oppositely charged layers

are sequentially adsorbed with the excess loosely-bound material rinsed, allowing for

nanoscale thickness precision.
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Figure 4-5: Schematic of spin self-assembly (SSA) process. Solutions of the polycation

(PDAC) and anionic, J-aggregating dye THIATS are alternately spun-cast onto the

substrate. After each spin step, the substrate is rinsed twice with deionized water

while slowly spinning amd then accelerated to a higher angular velocity to dry.

The SSA process is performed on a typical spin coater. Prior to deposition, the

glass or silicon substrates were cleaned using sonication in (individually) Micro-90

detergent, water, and then acetone followed by immersion in boiling isopropanol.

The cleaning process was finished with a six minute oxygen plasma cleaning in a

Plasma Preen oxygen plasma system. For each growth step (i.e., anionic or cationic

solution "immersion"), the growth solution is placed onto the substrate, and the

substrate is immediately accelerated at 1000 RPM/s (used for all steps below) to an

angular velocity of 3000 RPM, which is maintained for 15 s. The substrate is then

decelerated to 500 RPM for 10 s and doused with deionized water (at least 5 mL for

each quarter square inch of substrate). Sufficient rinse amounts are important for

consistency in deposition in order to adequately remove excess material, and a low

pressure of rinse water should be used to prevent uneven removal of material (e.g.,

pouring from a beaker instead of squirting from a large syringe was found to provide

best film quality). A slow rate of spinning was used for the rinse as opposed to a full

stop to prevent water from flowing into the motor of the spinner. The substrate was

then accelerated again to 3000 RPM for 15 s, decelerated to 500 RPM for 10 s to be

rinsed again, and finally accelerated to 3000 RPM for 30 s for a final drying step.

A full SICAS is comprised of the above procedure performed for each growth

solution (i.e., twice for a typical single anion/single cation film). One potential benefit
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of SSA is that integration with deposition of spun-cast non-ionic materials (such as

poly(vinyl alcohol), or PVA) or materials in other solvents is straightforward.

For SSA of J-aggregate thin films, it was found that dyes with greater water

solubility are most compatible with SSA (as opposed to needing instead the immersion

part of the LBL process) since the greater solubility in water seems to correspond to a

greater degree of dissociation of the dye molecules. Therefore, a solution of THIATS

self-assembles in an SSA film better than a TDBC solution of the same concentration

due to the greater water solubility of THIATS. Similarly, adding 0.01 - 0.1 M salt

(sodium chloride) to the THIATS solution inhibits SSA film formation by screening

the charge on the THIATS (which in turn allows the THIATS to J-aggregate in

solution and eventually crash out if the salt concentration is raised all the way up to

0.1 M or higher). The PDAC growth solution is a 3 mM solution of high-molecular-

weight PDAC (poly(diallyldimethylammonium chloride), M" = 4-5 x 105), obtained

from Sigma Aldrich. The THIATS growth solution was 100 pM in concentration,

made from diluting a 2 P stock solution of THIATS in DI water.

Figure 4-6 shows the reflectance and transmittance of three SSA PDAC/THIATS

films on glass with different numbers of SICAS; the SICAS unit is still used since

for simple two-component films, the number of growth cycles in both LBL and SSA

entail the same number of cation/anion processing steps.

The thickness of a 6.5 SICAS SSA PDAC/THIATS film deposited onto a known

thickness of SiO 2 on a silicon substrate with a known index of refraction was de-

termined using a Gaertner ellipsometer at A = 830 nm. The thickness was found

to be 6.6 ± 0.3 nm. From this number and the trends shown in previous studies of

SSA film growth, we estimate that each SICAS corresponds to Ad = 1.1 nm [32, 33].

Based on this estimate, the films shown in Figure 4-6 are assumed to have thicknesses

d = (4.4, 6.6, 8.8) nm for 4.5, 6.5, 8.5 SICAS, respectively. With an estimate of the

film thicknesses, we can then determine the complex index of refraction for each of

the films as demonstrated in Chapter 2. The results of the quasi-Kramers-Kronig

regressions for the three films measured in Figure 4-6 are shown in Figure 4-7.

A slight red shift as more layers are deposited is observed in the derived n, r, and
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Figure 4-6: Reflectance and transmittance measurements of 4.5, 6.5, and 8.5 SICAS
PDAC/THIATS SSA thin films on glass.

a slight increase in the dye density is also indicated by the slight increase in peak

r. The greater dye density in the 8.5 SICAS film likely causes a greater degree of

aggregation, which is consistent with a red-shift in the peak; additionally, a greater

dye density may also lead to a red-shift in the peak due to solid-state solvation [117].

Figure 4-8 shows the absorbance of the PDAC/THIATS films calculated from

the derived extinction coefficient (plotted in Figure 4-7) along with the PL spectra

collected at normal incidence from the same films. The films were excited with a CW

20 mW, A = 532 nm diode-pumped solid-state laser focused into a 100 pm diameter

spot. The emission was collected by a multimode fiber bundle with 19 fibers, each

with a diameter (core+cladding) of 245 pm. A 150 grooves/mm grating was used in a

SpectraPro 300i spectrometer with CCD and slit width set at 25 Pm, to give roughly

0.5 nm resolution in the spectrum.

As is typical for a J-aggregate, the PL spectra show very little Stokes' shift from the

absorption. This amount of Stokes' shift is an important figure of merit for exciton-
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Figure 4-7: Complex index of refraction for 4.5, 6.5, and 8.5 SICAS PDAC/THIATS
SSA thin films derived via quasi-Kramers-Kr6nig regression performed on reflectance
measurements shown in Figure 4-6. The indicated thicknesses are based on ellip-
sometry measurements performed at A = 830 nm for a 6.5 SICAS film on an Si/SiO2
substrate, which indicated a thickness of d = 6.6 nm, leading to the estimate of 1.1 nm
per SICAS deposited.

polariton devices since a Stokes' shift of the excitation away from the strongly-coupled

resonance can serve as an efficient decay mechanism.

In the process of fabricating a microcavity exciton-polariton device, a (nearly)

critically-coupled resonator (CCR) is formed near the resonance of the J aggregate.

The degree of critical coupling depends on the bottom spacer of the cavity and the

linewidth and thickness of the absorbing film. When the impedences of the various

layers are set correctly, full critical coupling can be achieved, meaning that the re-

flectance at the critically-coupled resonance at normal incidence will be zero, and all

normally-incident light at that resonant energy will be absorbed by the absorbing

layer (assuming that the mirror is not lossy) [186]. Figure 4-9(a) shows a photograph

of three DBRs in the process of fabricating the device structure shown in Figure 4-1.
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Figure 4-8: Absorbance and PL for various thicknesses of PDAC/THIATS SSA J-
aggregate thin films. The absorbance shown is calculated from the derived r, from
Figure 4-7 and assumed film thickness d (Abs. = 4 d). For the PL, the films were
excited with aA = 532 nm laser at an angle with the PL collected at normal.

The DBRs have been coated with a sputtered SiO 2 layer with thickness dsio 2
128.4 ± 0.3 nm to form the bottom cavity spacer. PDAC/THIATS SSA films of 6.5

SICAS each were then deposited individually onto each substrate, forming a nearly

critically-coupled resonator on each, as shown in the reflectance spectra in Figure

4-9(b). Significantly, the reflectance spectra from all three samples overlap in the

absorption region of the PDAC/THIATS film (around A = 600 - 630 nm), indicating

the consistency of the SSA film deposition process. The structures are not truly

CCRs due to the slight overgrowth of the bottom cavity spacer layer (located directly

underneath the J-aggregate film), which prevents perfect impedence matching.
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Figure 4-9: (a) Photograph of samples after 6.5 SICAS PDAC/THIATS SSA step

in deposition of structure shown in Figure 4-1. (b) Measured reflectance of samples

shown in (a). At this step, with a J-aggregate thin film on top of a spacer and

DBR, the samples are (nearly) critically-coupled resonators [186]. The overlapping

reflectance curves show the consistency of the SSA process across multiple samples.

4.1.2 Photoluminescence Measurement Setup

Due to the ability of the excitonic part of the exciton-polariton to interact with the

environment (e.g., phonon scattering) and other excitons or exciton-polaritons, it is

possible for exciton-polaritons to scatter between different systems on the continuum

of exciton-polariton modes in the dispersion-this is precisely the motivation for trying

to relax all of the exciton-polaritons into the lowest energy on the lower branch.

For this reason, the occupation of exciton-polaritons in the various states along the

continuum of modes is of paramount importance, and the most effective way to probe

this occupation is to examine the PL from exciton-polariton devices versus angle.

As described in Chapter 1, the planar microcavity exciton-polariton system is ac-

tually a continuum of strongly-coupled light-matter systems due to the continuum
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of microcavity modes that are coupled to the dipoles in the material. The planar

microcavity has a minimum-energy mode corresponding to normal incidence at the

mirror surface, and as an angle is swept out from normal, the energy of the micro-

cavity resonance rises until either the mirror stopband is reached (such as in the

case of DBRs), or until at large angle the microcavity dispersion approaches the lin-

ear dispersion relation of the material inside the cavity (which is the limiting case

of the TEM mode propagating down the waveguide). Therefore, if the microcavity

resonance is matched to the exciton resonance at normal incidence, then at larger

angles the exciton-polariton system at each angle is positively detuned to a greater

and greater degree (i.e., the cavity energy is higher than the exciton energy).

In this chapter, the PL of exciton-polariton devices was probed using the setup

shown in Figure 4-10. A fiber attached to a rotational stage collected the PL from

the sample, which was mounted on a separate set of micrometers, which were used

to vary the position of the laser excitation spot on the sample. The Alq 3 in the top

spacer layer of the microcavity was excited by a 4 mW, A = 408 nm CW laser. The

laser was focused into a roughly 100 pm-diameter spot, and the emission was collected

through a long-pass filter with cut-off wavelength Acut-off = 450 nm in order to filter

out the laser line. The angle of collection was swept out at 0.50 increments with the

use of an automated system described below.

Figure 4-11 shows photographs of the PL setup, showing the sample holder and

long-pass filter and fiber alignment. Between the front of the filter and sample is an

open post holder that is used to hold a linear polarizer when the individual TE/TM-

polarized emission is measured.

As mentioned earlier, an automated system was used to sweep out angles at 0.50

increments. This automation allowed for precise measurements of large ranges of

angles without the need for any user interaction, helping to keep the alignment of

the optics and therefore input power constant for each angle measurement. Figure

4-12 shows a the geometry of the angle-translation setup. Through simple geometry,

a relation can be made between the length of wire reeled in by the motor and the

angle swept out by the arm connected to the rotational stage. An elastic is used to
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Figure 4-10: Schematic of angle-resolved photoluminescence measurement setup. The

sample is mounted on a 2D micrometer stage (XZ, where X is parallel to the sample

and Z is normal to the page) above the center of a rotation stage. The rotation stage

has two radially-directed rods attached. On one rod is mounted a long-pass filter to

block reflected laser excitation and a multimode fiber connected to a spectrometer.

The other rod has an elastic band connected to the table and a wire guided through

a fixed point and then connected to a motorized spool. When the wire is wound

a known amount, the angle of the fiber is changed a known amount relative to the

sample surface. The laser excitation is initially at a higher height than the target

spot on the sample and is guided at about a 10 - 150 decline by the mirrors to the

sample, passing through a focusing lens. The decline in the beam path allows for all

angles to be measured without coupling the excitation into the fiber.

pull against the motor, thereby holding the arm's angle steady. The elastic does not,

however, provide enough torque to the arm to overcome the resistance of the halted

motor and unreel the wire. Precise lengths can be reeled by the DC motor since the

motor shaft has been geared down four times at a ratio of 5:1 for a total of 625:1.

This gearing also helps greatly to resist unreeling of the wire.

The length h can be related to the angle of the post from 0 = 0'. We know

that the projection of the R post parallel to the D length is R sin 0. A right triangle



Figure 4-11: Photograph of sample holder, long-pass filter, and optical fiber shown
in schematic in Figure 4-10.

I
I
I

Figure 4-12: Schematic of geometry of angular collection control based on spooling
a known length of wire corresponding to setup shown in Figure 4-10. h is the length
of the wire between the fixed post and rotating post. R is the length of the rotating
post. D is the distance between the axis of rotation and fixed post.

made by drawing a straight line to the D length from the end of the R post has

sides of length R cos 0 and D - R sin 0 and h. We can therefore solve for h using the
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Pythagorean theorem and relate h directly to 0:

h = V/R2 cos2 0 +(D - Rsin o) 2

= /R2(cos2 0 + sin 2 0) + D2 - 2DRsin 0

= R 2 + D 2 - 2DR sin 6 (4.3)

We can therefore calculate the change in h that happens in moving from one angle

to another, which gives the amount of wire that needs to be spooled or unspooled

when moving the rotation stage.

4.2 Measured Photoluminescence Dispersion: An-

gle and Position

The measured normal-incidence PL from points across the sample is plotted in Figure

4-13 along with fits to determine the cavity resonance at each point, assuming a J-

aggregate resonance of AJ-Agg = 630 nm and hQR = 80 meV. These parameters

were initially chosen due to their fit to the angle-resolved PL shown below. The

numbers are explained further by mathematically bleaching in T-matrix simulations

the complex index of refraction derived by Kramers-Kr6nig regression and shown in

Figure 4-7 above. This bleaching fit is described further below.

The Y values given correspond to an alignment of the sample as shown in Figure

4-4. The X value for all the Y positions was roughly X = 0, meaning the middle of

the sample.

The displayed fits are to the two-level exciton-polariton model discussed in Chap-

ter 1. The eigenenergies of the lower and upper exciton-polariton modes, E_ and E+,

respectively, are given by:
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Figure 4-13: Photoluminescence at normal incidence measured across sample. For

each position, the cavity resonance was determined by fitting the lower-branch

exciton-polariton energy predicted by the two-level exciton-polariton model with

QR = 80 meV and AJ-Agg = 630 nm to the measured spectra. The exciton-polariton

eigenenergies ('x') and bare exciton and cavity resonances ('*') are shown.

E± = -(Ec,, + EJ-Agg) ±1 /h2R + (Eca - EJ-Agg)2  (4.4)

where the cavity energy as a function of angle is given by:

Ecv(O) = E (0 (4.5)
1 s in 2 O

The avity resonance energy at each point on the sample is found by fitting Eq. 4.4ff

The cavity resonance energy at each point on the sample is found by fitting Eq. 4.4
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with the measured lower-branch exciton-polariton eigenenergy and the other param-

eters as stated above. The cavity resonance wavelengths found through this fitting

method do not clearly fit the trend in top spacer thicknesses predicted and confirmed

for the silicon test substrate in Figure 4-4. This is likely due in part to the need

to balance the effects of the bottom spacer thickness on the cavity resonance energy

with the effects of the varying top spacer layer thickness. Additionally, damage to the

top spacer layer from sputtering the top mirror likely distorted the thickness profile

predicted and measured in Figure 4-4 for a sample that had not undergone sputtering.

Detailed angle and polarization-resolved PL spectra were measured for two po-

sitions (referred to subsequently as Positions A and B) on the sample, both with

negative detuning of the cavity at normal incidence with respect to the J-aggregate

exciton resonance. Both sets of data have been corrected to indicate emission per

solid angle inside the cavity by dividing the observed counts by the cosine of the ex-

ternal angle; this accounts for the change in solid angle going from inside to outside

the cavity due to Snell's Law (see Lambert's Cosine Law or Stokker-Cheregi et al.

[173]). The PL spectra of Position A, which has a smaller negative detuning, is

shown in Figure 4-14, with plots (a), (b), and (c) corresponding to unpolarized,

TE-polarized, and TM-polarized, respectively. The fit to Eq. 4.4 is shown, using

Acav = 644.5 nm and neff = 1.8. With AJ-Agg = 630 nm, this corresponds to a de-

tuning of AE = -44 meV. This was the smallest negative detuning probed due to

the sharp drop-off in luminescence (shown in Figure 4-13) as the cavity resonance

approaches that of the exciton at zero detuning.

In order to examine how the relative detuning affects relative exciton-polariton

occupation in the lower branch, a second position with larger negative detuning was

also probed. Figure 4-15 shows the angle and polarization-resolved PL spectra for

the second spot. The fit to Eq. 4.4 is shown, using Aca, = 657 nm and neff = 1.85.

This value for the cavity resonance corresponds to a detuning of AE = -81 meV.

The parameters used to fit Eq. 4.4 to the data in Figures 4-13, 4-14, and 4-

15 are found to match those required to fit the angle-resolved absorption spectra

predicted by T-matrix simulations when the quasi-Kramers-Kronig-derived complex
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Figure 4-14: Photoluminescence from lower-branch exciton-polariton from position

with smaller negative detuning (Position A). The values of the two-level model fitting

parameters (QR, Acav, and n, the effective cavity index) are shown. Plots (a, b, and c)

show unpolarized, TE-polarized, and TM-polarized emission, respectively, along with

the two-level model fit to the lower-branch exciton-polariton. Angular data were

collected every 0.5'. The counts were divided by cos(Oext) to account for the change

in external solid angle measured caused by Snell's law.
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Figure 4-15: Photoluminescence from lower-branch exciton-polariton from position

with larger negative detuning (Position B). The values of the two-level model fitting

parameters (2R, 'cav, and n, the effective cavity index) are shown. Plots (a, b, and c)

show unpolarized, TE-polarized, and TM-polarized emission, respectively, along with

the two-level model fit to the lower-branch exciton-polariton. Angular data were

collected every 0.50. The counts were divided by cos(Oext) to account for the change

in external solid angle measured caused by Snell's law.
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index of refraction for the 6.5 SICAS film in Figure 4-7 is bleached by 50% and

blue-shifted by AA = 3 nm. The bleaching is due to either direct damage from

heating or impact during sputtering, or more likely the constant illumination of the

devices undergoing the sputtering of the top mirror by emission from the plasma. The

emission from the plasma excites the Alq3:DCM film, which subsequently emits at

the J-aggregate's resonance, causing the J-aggregate thin film to continually undergo

turnovers for the several hours of sputtering. In addition to bleaching the resonance,

a slight blue-shift of the resonance occurs, which is accounted for phenomenologically;

likely causes of the blue-shift in the J-aggregate resonance include a slightly different

local environment of the dipoles and a reduced number of coupled molecules in each

aggregate, recalling that the coupling between molecules is responsible for the red-

shift of the J-aggregate resonance from the molecule's resonance.

The bleaching is carried out mathematically by first calculating X(w) = (n +

iK) 2 - 1. The variation of the real part of X around niffset - 1 and magnitude of the

imaginary part of X are then reduced by 50% (using noffset = 1.7, the value used in

the Kramers-Kr6nig regression originally). This bleached x is then converted back to

n and K, which are blue-shifted AA = 3 nm by simply shifting the n, I vectors. Since

the shift is smaller or of comparable magnitude to the feature linewidths in the index

of refraction, shifting by wavelength instead of energy does not cause much change to

the linewidths. Figure 4-16 shows the bleached and blue-shifted index of refraction

used in the T-matrix simulations of the device.

Using the modified n, , shown in Figure 4-16, we can simulate the absorption

spectrum of the full device structure with T-matrices, as was discussed in Chapter 3.

Carrying out such a simulation with the same published values for the indices of Alq3

and TiO2 used in Chapter 3, the absorption spectra are calculated for unpolarized

(i.e., half TE and half TM) and TE light; these are shown in Figure 4-17 with a

fit to Eq. 4.4. The spectra were calculated for 0.10 increments in angle and 0.1 nm

increments in wavelength, with values for the various indices of refraction for the

materials in the structure linearly interpolated between the nanometer-resolved data

points.
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Figure 4-16: Predicted complex index of refraction of 4.5 SICAS film, shown in Figure
4-7, bleached by 50% and blue-shifted by AA = 3 nm, which accounts for a slight shift
in the J-aggregate peak due to bleaching some of the monomers in each aggregate.
The calculation is performed by first calculating X(w) = (n + ii) 2 - 1, then reducing
the variation of the real part around n2ffset - 1 and magnitude of the imaginary
part by 50% (using noffset = 1.7, the value used in the Kramers-Kronig regression
originally).

With a top spacer layer thickness of drop = 105 nm, the resulting spectra fit the

two-level model with parameters hQR = 80 meV, AJ-Agg = 630 nm, ,,ca = 645 nm,

and neff = 1.85, nearly identical to those parameters for Position A above. This

indicates that the slightly higher neff for the cavity than the neff = 1.7 used in

Chapter 3 is a product of the linear optical properties of the device, likely caused by

the lower branch being closer to the edge of the DBR stopband, where the phase of

the DBR reflectivity is no longer just ±+r. The linear optical modeling here indicates

that the value of the Rabi splitting observed, hQR = 80 meV, is due to a bleaching of

the J-aggregate thin film by 50%. Additionally, the angle and polarization-resolved

dispersion observed was shown to match that predicted by the T-matrix models. Con-
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Figure 4-17: Absorption fraction for TE and unpolarized ( (ATE + ATM)) light using
T-matrix model of structure with bleached complex index of refraction shown in
Figure 4-16. The two-level model fit uses hQR = 80 meV, AJ-Agg = 630 nm, Acav =

645 nm, and neff = 1.85.

firming that the measured PL indeed match that expected for a THIATS J-aggregate

exciton-polariton system, we can now analyze the magnitude of PL measured in the

spectra of Figure 4-14 and 4-15.
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4.3 Analysis of Photoluminescence Data

The first step in converting the measured exciton-polariton PL to relative exciton-

polariton occupation numbers, after correcting for the cos 0ext in the measurement

itself, is to determine the photon fraction at each angle for each detuning. The

photon fraction in the lower branch is found by determining the Hopfield coefficients

for the exciton-polariton lower branch. The Hopfield coefficients, Xk and Ck, are

connected to the fraction of exciton and photon for each exciton-polariton state in

the dispersion. The coefficients obey the formula [79]:

jXk12 + ICkI2 = 1 (4.6)

The Hopfield coefficients are calculated from the Rabi splitting, detuning between

exciton and cavity photon at a given angle (i.e., k), and the energies of the upper and

lower exciton-polaritons and bare states [79]:

Ck12 = Eu(k)Ex(k) - EL(k)Ec(k) (4.7)
(Ec(k) + Ex (k)) V(Ec(k) - Ex(k))2  h2 2R

jXk 2 = Eu(k)Ec(k) - EL(k)Ex(k)4.8)
(Ec(k) + Ex(k)) y'(Ec(k) - Ex(k))2 -+ h2 2R

In the lower polariton branch, ICk12 gives the photon fraction, and IXk 2 gives the

exciton fraction. In the upper branch, the coefficients are reversed. The fits to Eq.

4.4 for Positions A and B give the upper and lower polariton dispersions, Eu and EL,

respectively, as well as the bare cavity and exciton energies versus angle, Ec and Ex,

respectively. The Rabi splitting is also determined in the fitting procedure done to

produce the fits in Figures 4-14 and 4-15. The in-plane momentum, as described in

Chapter 1, is related to the external angle by kl = ko sin ,,et. Figure 4-18 shows the

photon fraction calculated for Positions A and B using Eq. 4.7.

Also plotted in Figure 4-18 is the energy versus angle of the emission peak of

the TE-polarized lower-branch PL emission plotted in Figures 4-14(b) and 4-15(b)
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Figure 4-18: Photon fraction and energy of lower-branch exciton-polariton for mea-
sured angle-resolved PL spectra from Position A and B, shown in Figures 4-14 and
4-15, respectively. To determine the polariton occupation from measured PL, the
counts measured (already scaled by cos(Oext)) must be divided by the photon fraction
to account for increased PL decay from states with a larger photon component. The
photon fraction in the lower branch is given by the square of the magnitude of the
Hopfield coefficient, ICk2.

for Positions A and B, respectively. Particle distributions are usually graphed on

a set of axes that relates the logarithm of the occupation to the energy such that

the slope of the distribution can be compared to a known distribution function such

as Maxwell-Boltzmann. For the sake of accuracy, we use the exact energy of the

maximum, but this just ends up being the same as the two-level model dispersion fit

for the TE-polarized PL.

With the data in Figure 4-18, the measured PL of the TE-polarized lower-branch

exciton-polariton can be scaled by dividing by the photon fraction and plotted versus

energy; the division by the photon fraction accounts for the increased likelihood of

polariton decay due to cavity photon emission, which is what we are measuring, when

121



the polariton has a larger photon fraction. Figure 4-19 plots the occupation ("scaled

counts") distribution of lower-branch exciton-polaritons at the two positions along

with a Maxwell-Boltzmann distribution at T = 300 K as a reference.
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S - Maxwell-Boltzmann, 300K

IIIIii

l 1.88 1-0 1.92 1.94 1.96
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Figure 4-19: Relative occupation of lower-branch exciton-polariton versus energy
given by scaling the TE-polarized PL by the photon fraction shown in Figure 4-
18. A Maxwell-Boltzmann distribution at T = 300 K is shown by the solid line
as a comparison. The distribution is somewhat non-thermal, likely due to different
amounts of direct pumping of the lower-branch photonic component by the DCM
molecules radiating within the cavity.

Figure 4-19 indicates that the distribution of exciton-polaritons in both Position

A and B does not exactly match the thermal distribution given by the Maxwell-

Boltzmann function. This near-thermal distribution is likely the result of using

mostly intracavity resonant radiative pumping via the DCM molecules to populate

the lower-branch exciton-polariton. Although some of the exciton-polaritons in the

PL spectra were likely formed by scattering from the uncoupled THIATS excitons

that had absorbed the DCM pump, the overlap of the DCM spectra with the lower-

branch exciton-polariton also allows for the DCM to directly emit photons into the
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exciton-polariton states without first scattering from the J-aggregate exciton reser-

voir's uncoupled states. Future devices could still utilize the non-resonant pump

scheme demonstrated here but with a thin film of J-aggregates dispersed in a thicker

polymer matrix instead of in a thin LBL/SSA film. The polymer matrix could also

have the non-resonant pump dye dispersed in it, which would allow for population

of J-aggregate excitons quickly via F6rster resonant energy transfer (FRET) instead

of by spontaneous emission of the pump dye within the cavity. Additionally, the J

aggregates in these devices could be pumped directly through the upper branch in

the A = 550 - 600 nm part of the visible spectrum.

In this chapter, double-DBR J-aggregate microcavity exciton-polariton devices

have been demonstrated that incorporate sputtered-metal-oxide top DBRs to produce

higher quality factor microcavities than the all-metal or metal-DBR microcavities

typically used in organic exciton-polariton devices. Additionally, a top cavity spacer

was demonstrated which mimics the continuum of high-energy absorption present

in inorganic quantum well systems and allows for strong pumping of J-aggregate

exciton-polaritons. Finally, due to choice of a more robust J-aggregate and the abil-

ity to strongly pump the exciton-polariton system, detailed angle and polarization-

resolved PL spectra were collected in order to investigate the relative occupation of

exciton-polariton states in the dispersion for the first time, revealing a near-thermal

distribution with deviations which were likely in part caused by the population of

lower-branch exciton-polaritons by both scattering from the exciton reservoir and

direct intracavity radiative pumping by DCM molecules.

4.4 Pumping at Higher Powers

An additional set of experiments performed on the samples fabricated in this chapter

involved pumping the devices with a range of input intensities to observe the input-

output characteristics of these J-aggregate microcavity exciton-polaritons pumped via

intracavity DCM emission. Figure 4-20 shows a plot of the logarithm of measured

PL for a spot on the sample versus wavelength and input energy density. The pump
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is a laser with A = 408 nm center wavelength, pulse length of 150 fs, and a repetition

rate of 1 kHz. The spot size is an unfocused circle 1 - 2 mm in diameter.
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Figure 4-20: Lower-branch exciton-polariton PL from a single spot versus energy

density of pump. The pump has a A = 408 nm center wavelength with a pulse

length of 150 fs and a repetition rate of 1 kHz. The spot size is a circle 1 - 2 mm

in diameter. The lower-branch exciton-polariton for the measured spot is at A_ =

656 nm. Background emission from the DCM escaping out of the cavity can be seen

both in the DBR stopband and at the edges of the DBR stopband, with strong

attenuation corresponding to the J-aggregate absorption.

The lower-branch exciton-polariton is at A_ = 656 nm. Notably, the lower-

branch does not shift at all during the measurements, indicating that the THIATS

J-aggregates do not photobleach during the pumping any more than the bleaching

which already occurred during the device fabrication. Additionally, a faint outline of

the DCM emission spectra can be observed at high powers, likely due to some of the

DCM molecules being able to emit faintly outside the exciton-polariton lower-branch.

The DCM background emission, however, is strongly attenuated at the energies of the

J-aggregate absorption. Finally, owing to the fairly wide bandwidth of DCM emission,
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the lower-energy sideband of the DBR mirrors can be used to probe the input-output

emission characteristics of just the DCM molecules radiating in non-strongly-coupled

modes.

Figure 4-21 plots observed counts from the lower-branch exciton-polariton peak

and DBR-sideband peak in Figure 4-20 versus input energy density. The filled-in

points show measurements as the input energy was increased from minimum to max-

imum energy, and the empty points show the measured counts as the input energy

density was decreased from maximum energy back to the minimum input energy den-

sity. The two sets of points overlap, indicating that no significant photobleaching of

any of the device constituents occurred.
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Figure 4-21: Measured PL counts from same spot as in Figure 4-20. The peak counts

of the lower-branch exciton-polariton (A = 656 nm) emission and DBR edge emission

(A = 709 nm) are plotted. Both plots show a distinct change in slope at an input

energy density of about 0.1 J likely due to amplified spontaneous emission in

the DCM, which also causes an eventual roll-off in the emission at higher energy

densities.

A pronounced knee in the input-output characteristics of both the DBR-sideband
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and lower-branch exciton-polariton peak are visible at an input energy density of

about 0.1 . At high input energy densities, the measured counts of both roll-

off as well. These observations, since they occur in both the strongly-coupled state's

emission and the uncoupled DBR-sideband emission of the DCM, are consistent with

amplified spontaneous emission (ASE) in the Alq 3:DCM top cavity spacer layer [149].

Since the top spacer layer does not provide sufficient gain to overcome the various

losses in the cavity (absorption by the strongly-coupled J-ggregate exciton-polaritons

and mirror losses), the DCM does not reach a lasing threshold, but instead the ASE

serves to at first increase the intensity of DCM emission into the vertical cavity modes

and then cause a roll-off in the emission as energy is dumped into waveguided modes

at higher input energy densities. This serves as a rather stark reminder of the already-

high performance of organic laser dyes as discussed in Chapter 1, but it also raises an

intriguing theoretical question. Generally, exciton-polariton lasing is thought to occur

due to final-state stimulation of an exciton-polariton state from an exciton reservoir

at higher energy, with the polariton relaxation occurring via phonons or polariton-

polariton scattering. But is "final-state" stimulation via the strongly-coupled cavity

photon also an option if the gain of DCM or some other laser dye is used to pump the

strongly-coupled lower-branch exciton-polariton? Such a topic may be a source for

future theoretical and experimental studies of exciton-polaritons in organic systems.
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Chapter 5

Laterally-Patterned Organic

Microcavity Devices

Recent research efforts in microcavity exciton-polariton devices based on inorganic

active materials such as GaAs or CdTe quantum wells has focused on the lateral

patterning of microcavity exciton-polariton systems [55]. Such OD cavities allow

for symmetry-breaking of the in-plane wave vector, opening new pathways for para-

metric generation of photon pairs [9]. For the same reason, laterally-patterned or-

ganic microcavity exciton-polariton devices are also of interest. In addition, recently,

low-threshold lasing was demonstrated from pillars formed by thermally evaporat-

ing thin films of Alq 3 (aluminum tris(8-hydroxyquinoline)) doped with the laser dye

DCM (4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran) through

thin nickel shadow masks with square, 5 x 5 ypm 2 openings [98-100, 175]. In this chap-

ter, a different approach to laterally patterning organic microcavities, applicable ei-

ther to traditional lasers or exciton-polariton devices, is demonstrated. PDMS lift-off

patterning of the organic microcavity spacer layer is used to laterally define the mi-

crocavity resonance energy. The PDMS lift-off patterning method was demonstrated

by our lab as a way to pattern organic layers or electrodes for OLED fabrication

[200, 201]. A thin film of thermally-evaporated TPD (N-bis(3-methylphenyl)-N,N -

diphenyl-1,1-biphenyl-4,4-diamine) doped with DCM is patterned using PDMS lift-off

patterning, forming embossed pillars of varying diameter down to 5 pm in the TPD
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film with a thickness of 20-25 nm; a shift in the microcavity resonance of about 30 nm

is observed, consistent with the shift expected for a A/2n metal-DBR microcavity.

While the shadow-mask approach is attractive for its apparent simplicity, the

authors in the studies cited above are pushing the lower-resolution limits of shadow-

masking as lateral pattern sizes approach 1 pm due to simple mechanical constraints

in scaling the shadow masks themselves. These mechanical constraints are a signifi-

cant hurdle in OLED manufacturing, as scaling up the lateral dimensions of a mask

require a scaling of the thickness of the mask as well. Since the OLED pixel dimen-

sion does not scale in this process, an increase in the thickness of the mask would

lead to less uniformity in the patterned organic layer due to shadowing by the mask

sidewalls. The same issue occurs when scaling down the lateral feature size without

scaling the other dimensions of the mask, since maintaining a uniform evaporated

feature thickness at a small lateral dimension requires eventually making the shadow

mask thinner, which is not mechanically feasible. PDMS lift-off patterning offers a

path around this scaling issue since it is a subtractive patterning technique, meaning

that a thin film can be deposited through blanket evaporation without any shadow

mask. Additionally, smaller features than are achievable through shadow masking

are theoretically feasible even with PDMS due to the generally low aspect ratio in

PDMS needed for embossing small features on the patterned organic film since the

features in the PDMS are a negative image of the desired pattern (i.e., micron-sized

holes instead of pillars).

5.1 Experimental Details-Demonstration Device Struc-

ture and Fabrication

Figure 5-1(a) shows the structure of the patterned demonstration microcavity devices

fabricated in this chapter. Part (b) of the same figure shows a schematic of the PDMS

lift-off patterning process, where a TPD film is lifted off by a patterned PDMS stamp,

leaving behind islands of TPD that serve to vary the microcavity resonance energy

128



in those positions. Finally, part (c) of the figure shows the molecular diagrams of the

constituent materials.

a)

X/2

T

Probe

\I

iO2 /SiO2 0 Bottom DBR Mirror

S

C) AIq 3

DCM (2-3%)

Molded
PDMS Stamp

Patterned TPD Film

Figure 5-1: (a) Patterned microcavity structure. (b) PDMS lift-off patterning process.

(c) Molecular structures of constituent materials.

The substrate is a commercially-obtained DBR, the same as those used in the

devices in Chapters 3 and 4. The deposited TPD film is doped with DCM 2 - 3% by

weight so that DCM is present throughout the microcavity, which would be required

for future laser fabrication applications. After the TPD deposition, the samples are

brought out of the high-vacuum evaporator and into a laminar flow hood for the

stamping step. The laminar flow hood environment was used to prevent dust from

building up on the sample. While the stamping in this case was performed outside of

the inert nitrogen gloveboxes in our lab's growth facilities, this step can be performed
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in the gloveboxes to prevent oxygen exposure in the organic layers.

Figure 5-2 shows a photograph of the apparatus used for making PDMS stamps

from a patterned silicon master that is a full wafer. The silicon master wafer is placed

at the bottom of a plastic petri dish, and a ring made from a sheet of transparency

film is placed around the edge of the wafer. The top of the apparatus is then placed on

the transparency film, which provides a more complete seal to prevent leaking of the

uncured PDMS. The top portion is a smaller-diameter petri dish with a hole melted

out of the bottom to allow for pouring of the uncured PDMS onto the wafer, and the

screws act as weights to hold the seal between the top petri dish and transparency and

wafer. The PDMS is Sylgard 184 made by Dow Corning and mixed in a 10:1 ratio,

base to curing agent. The PDMS is mixed thoroughly until opaque with bubbles and

then degassed in a vacuum desiccator. Finally, the PDMS is poured into the molding

apparatus and cured for 6 hours, from oven turn-on, at 600 C. The second photograph

in Figure 5-2 shows the silicon master used for making the PDMS stamps used in

patterning the organic layers. Each set of 7 columns on the silicon master are pillars

made by reactive ion etching with SF6, 1.5 - 2 um in height. The columns, left to

right, are pillars with diameters of 50, 25, 20, 15, 10, 5 and 5 Pm. The pillars are

formed in a square grid with spacing 100 pm, except for the last column of 5 pm

pillars, where the spacing is 50 ,m.

The PDMS lift-off patterning step consists of placing the stamp onto the substrate

and allowing the stamp to sit for several minutes to make conformal contact with

the evaporated organic film under the stamp's own weight. For the devices in this

chapter, a time of 5 minutes was used. After the contact time, the stamp is peeled

off, starting at one of the short edges. The substrates are then returned to the high-

vacuum thermal evaporator. A film of Alq 3 doped with DCM is evaporated onto

the remaining TPD film, followed by a thin silver mirror, which provides the second

mirror for the microcavity.
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Figure 5-2: Photographs of PDMS casting apparatus which sits atop a 4-inch-

diameter silicon wafer and silicon wafer for molding PDMS stamps used to pattern

microcavities. A ring made of transparency film helps form a seal between the edge

of the plastic petri dish and silicon wafer with the help of the screws used as weights.

PDMS (Sylgard 184 from Dow Corning, 10:1 base:curing agent mix) is poured through

the hole cut in the petri dish onto the silicon mold and cured in an oven at 60'C for 6

hours (about 30 minutes to 1 hour warm-up time included). The silicon master has 7

columns of pillars made by reactive ion etching with SF 6, 1.5 - 2 /Im in height. The

columns, left to right, are pillars with diameters of 50, 25, 20, 15, 10, 5 and 5 ptm. The

pillars are formed in a square grid with spacing 100 pm, except for the last column

of 5 /m pillars, where the spacing is 50 pm.

5.2 Laterally-Patterned Device Photoluminescence

Figure 5-3 shows two photographs of finished devices, with the lateral patterns in

the microcavities visible by eye. Also visible are curves likely caused by the surface

dynamics of the peeling process, similar to the "coffee rings" which occur when drops

of liquids, such as coffee, dry on a surface.

Figure 5-3: Photographs of finished devices, with patterned cavities visible by eye.

The finished devices are optically excited with a A = 408 nm light source to
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measure the photoluminescence from the patterned microcavities and the background
PL from the areas where TPD was lifted off. Figure 5-4(a) shows the PL spectrum
measured from the square grid of 5 pm pillars with a spacing of 50 pm. The PL
emission spectrum of DCM is also plotted in dashed line. Figure 5-4(b) shows that
circular pillar microcavities with a diameter of 5 ptm were fabricated.
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Figure 5-4: (a) Emission spectrum of DCM, lifted-off background, and patterned
microcavities when excited with A = 408 nm. (b) Microscope image of emission from
patterned region showing 5 pm pillars.

The microcavity layers were grown slightly thicker than the targeted amount,
which led to the peak in DCM emission being lined up with the emission from the lifted
off areas. Nevertheless, emission from both the lifted-off background (A e 630 nm)
and patterned areas (A ; 655 nm) of the sample is observed, as seen in Figure 5-4(a).
This shift in wavelength of the cavity resonance by about 25-30 nm is consistent with
the shift expected for lifting off 20 - 25 nm of TPD in a metal-DBR microcavity, since
a considerable amount of the cavity mode penetrates into the metal mirror, causing
the phase shift in reflection to contribute significantly to the Fabry-Perot resonance
condition. For a double-DBR microcavity, a greater shift would be expected since
the resonance condition of the cavity depends more on the thicknesses of the layers
of material between the mirrors as long as the resonance frequency is sufficiently far
from the stopband edges of the DBR (where the phase shift of reflection diverges
from ±r). This amount of lifted-off TPD is consistent with that observed by Yu in
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her thesis work on PDMS lift-off patterning. A greater amount of lifted-off material,

and therefore shift in the cavity resonance, can be achieved by changing the TPD

layer to a different organic material, such as TAZ (3-(Biphenyl-4-yl)-4-phenyl-5-(4-

tert-butylphenyl)-1,2, 4 - triazole), which was shown by Yu [200] to allow for lifted-off

amounts of nearly 100 nm or more, since that was the maximum thickness tested.

Although a shift in the microcavity PL resonance was demonstrated in the devices

fabricated above, no confinement effects were seen in the PL. This is due to the

combination of the lateral size used (minimum 5 pm diameter) and the low quality

factor of the metal-DBR microcavities, which have a Q of 100 - 200 and therefore

linewidth of AA - 3 - 6 nm. Assuming that in these structures the electric field

amplitude is zero at the edge of the pillars, which is reasonable since the curved top

metal mirror would have some effect on the edges of the pillars, the dispersion of

microcavity resonance energies would be given by [61]:

h2c2 x 2

2 ,n (5.1)
Ecav = E + R2 (5.1)

eff

where E is the resonance energy of the same cavity with no lateral confinement (i.e.,

in the case of these devices, outside of the area patterned by the stamp), neff is the

effective index of refraction inside the microcavity, R is the radius of the cylindrical

microcavities, and x,,, are the n zeros of the Bessel functions Jn,,(Xn,,,r/R).

For a cylindrical microcavity with diameter 5 pm, these modes will be separated by

at most about AA _ 2 nm, meaning that a higher Q microcavity would be needed

to make out the quantization of microcavity resonance due to lateral confinement.

Additionally, the presence of the background emission from lifted-off areas makes

such identification more difficult since the background emission would likely swamp

out the emission from the quantized modes. Lastly, the PL was collected from many

patterned microcavities, all excited by a large laser excitation spot. Future work

should utilize materials such as TAZ that allow for greater amounts of lift-off of

the organic microcavity spacer layer. Additionally, a microscope objective should

be used to collect emission from a single microcavity, and finally, smaller-diameter
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cavities should be patterned. The last change will require the use of a chrome-mask

instead of a 50,800-dpi printed transparency mask as used here, for which 5 pm is

already below the specified resolution of features.

In conclusion, laterally-patterned organic microcavities were demonstrated show-

ing the successful patterning of single-micron-scale features using the PDMS lift-off

patterning technique. This work demonstrates that organic devices laterally pat-

terned on the size scale of the wavelength of visible light are achievable with PDMS

lift-off patterning, meaning that OD microcavities can be fabricated in these sys-

tems, either for use in traditional laser devices using organic laser dyes or in exciton-

polariton devices using J aggregates or other active materials.
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Chapter 6

Conclusion: Outlook for

J-Aggregate and Organic

Exciton-Polariton Devices

In this thesis, the linear and nonlinear optical properties of J-aggregate thin films have

been investigated (Chapters 2 and 3), higher-Q microcavity double-DBR J-aggregate

exciton-polariton devices were fabricated and their PL spectra examined (Chapter

4), and a method of fabricating single-micron-scale laterally-patterned organic micro-

cavities was demonstrated (Chapter 5). In addition, in Chapter 1, the literature on

exciton-polaritons in both inorganic and organic systems was reviewed, including a

comparison of the threshold of traditional organic lasers to what might be expected

for organic exciton-polariton lasers. As an overall conclusion to the work presented

in this thesis, I will discuss my own take on the outlook of research in devices based

on J-aggregate materials and in organic exciton-polariton devices.

6.1 Outlook for J-Aggregate-based Devices

Throughout the research presented in the previous chapters, the photostability of

the J-aggregate active materials was a continual challenge, especially when photo-

luminescence or other types of strong optical excitation was utilized, such as in the
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pump-probe work. TDBC (or BIC) in particular was found to be particularly sus-

ceptible to photobleaching, which motivated my use of THIATS in the devices shown

in Chapter 4. Though, while I found THIATS to be more stable than TDBC, it still

bleached during the top-mirror sputtering and tended to bleach substantially when

I tried direct pumping of the J-aggregate layer in the Chapter 4 devices. Where

THIATS outlasted TDBC was specifically in holding up during pumping by down-

conversion through the Alq3 :DCM layer; TDBC, in a similar device pumped by only

Alq 3 (DCM was unnecessary thanks to the bluer resonance of TDBC than that of

THIATS) and presented in the thesis of Tischler [188], could be bleached completely

by the Alq 3 emission within the cavity.

The issue with cyanines in general, however, has been their susceptibility to pho-

todegredation by the same singlet oxygen that their excitation tends to produce. This

was as true with the original CD-recordables (CDRs) using cyanines as it is with the

J-aggregate exciton-polariton devices demonstrated in this thesis using cyanines. In

the case of CDRs, cyanines have persisted only with the help of stabilization by nickel

metal-chelates, which both quench singlet oxygen and the excited states of the cya-

nines that give rise to singlet oxygen. It may be that the photostability lifetime of

cyanines in devices requiring luminescence may be extended by reducing the threat

of singlet oxygen (with metal-chelate dopants and choice of cyanine family with fewer

singlet-oxygen reactive sites, like the thiacyanines), but I think that in order to have

a significant role in technology as either light sources or nonlinear optical materials,

the set of J-aggregating dyes will need to be extended to dye families that are more

photostable.

That cyanines are utilized as J-aggregating dyes is really just an accident of his-

tory. One of the only technological applications that has utilized J aggregates ex-

tensively has been narrow-wavelength-range sensitizers for silver halide emulsions for

use in scientific applications such as photography in astronomy. While this type of

application kept J aggregates in use since their discovery, increases in stability were

not required due to the single-shot use of the materials in such applications. And,

since only cyanines were known to J aggregate, few if any further materials sets have
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been developed synthetically strictly for the purpose of making J aggregates. Despite

the limitation of cyanine dye's photostability, the strong dipole-dipole coupling in

J aggregation has been recognized in the past two decades as a promising tool for

realizing a variety of physical phenomena, especially due to the long range coherent

quantum state that is implicit in the aggregate's physics. Thus, with some creative

chemistry with various dye families to enable the brickwork self-assembly of J aggre-

gation, many more J aggregates may be realized in the coming years that have the

same strong optical response and have increased stability, allowing for J aggregates

to make an imprint on various photonic technologies in the next decades.

6.2 Outlook for Organic Exciton-Polariton Devices

Aside from the stability issues discussed above for J aggregates, the outlook for organic

exciton-polariton devices depends strongly on the type of device considered. For

starters, one should distinguish between devices that are based on simply high-Q

microcavities and ones that rely on polariton-polariton interactions or the physics

of polaritons as quasiparticles. The distinction is somewhat artificial and simply a

matter of semantics, though it can be understood to hinge on what the exciton-exciton

interaction is in organic exciton-polariton systems since that interaction governs how

polaritons interact with one another.

In the former category would be placed nonlinear optical switches (i.e., optically-

bistable devices) utilizing strongly-coupled organic materials as the saturable ab-

sorber/dispersive medium. In these systems, the use of a strongly nonlinear material

with narrow resonance (e.g., J aggregates) with the feedback of a high-quality micro-

cavity enables nonlinearities achievable at low excitation intensities. Since exciton-

exciton interactions are not invoked to create a superfluid state or some type of scat-

tering, one can view the presence of exciton-polaritons in these systems as incidental-

moving from weak to strong coupling simply causes a lowering of the required exci-

tation intensity.

In the latter category would be placed polariton optical parametric oscillators
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(OPOs) and polariton lasers, which rely on polariton-polariton interactions to create

a macroscopic coherent population that in the case of the polariton laser may also

have the properties of a superfluid. In these devices, the exciton-exciton interaction

is a critical component of the physics and is the least understood for organic exciton-

polaritons.

As discussed in Chapter 1, both the four-level system inherent in most organic laser

dyes and exciton-polariton lasers are inversionless, requiring only enough pumping to

overcome decay processes and therefore maintain a coherent population. For exciton-

polaritons to cause any lowering of the lasing threshold comparable to that which

occurs in inorganic systems, the increased physical size of the polariton over a single

exciton's cross-section will have to give enough of a boost to overcome the increased

loss due to efficient decay via the cavity. If one takes the theoretical predictions of

polariton superfluidity transition density in GaN as an estimate for that in organic

systems, the threshold of an exciton-polariton laser at best would be equal to that of

most organic VCSELs. What those predictions hinge on, however, is the interparticle

interaction potential, which is very likely quite different for Frenkel excitons than

for Wannier-Mott excitons. Thus, to truly gauge the potential of organic exciton-

polaritons as low-threshold lasers, the weakly-interacting Bose gas or Dicke models

will need to be adapted for interacting Frenkel-type exciton active materials.

The outlook for polariton OPOs has the same if not greater dependence on under-

standing the interaction of Frenkel-exciton-polaritons since the device is fundamen-

tally based on scattering events between two polaritons (i.e., the exciton components

of two polaritons), though the strong exciton-exciton annihilation that occurs in or-

ganic materials makes such the realization of polariton OPOs in organic systems seem

unlikely. Only a single published pump-probe experiment has been done on organic

exciton-polariton systems in an OPO-type configuration as noted earlier in the the-

sis, but the use of a CT exciton coupled to the cavity likely doomed any possible

population build-up in the system due to fast CT-to-singlet exciton scattering in the

active material.

Despite the lack of theorertical understanding that persists and makes the outlook
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for organic exciton-polariton devices unclear, two specific areas come to mind that

would still warrant experimental investigation without further theoretical develop-

ments. First, hybrid organic-inorganic exciton-polariton devices have already been

demonstrated, but the dynamics of energy transfer via the strongly-coupled shared

cavity mode have not been thoroughly investigated. Such a structure could allow

for the efficient conversion of electrically-injected excitons in the inorganic material

to excitons in the organic material. Second, although polariton lasing has not been

achieved in organic structures by relaxation of excitations in the strongly-coupled

material, the PL spectra shown in Chapter 4 in this thesis suggest that a laser could

be made in a strongly-coupled structure that lases in the strongly-coupled mode,

with gain provided by a laser dye in the spacer materials. What such lasing might

imply for coherence amongst the excitons in the strongly-coupled material would

be a worthwhile investigation in and of itself, including determining the effects of

the strong coupling on the laser threshold and investigating any exciton-exciton or

polariton-polariton interactions that may occur as well.

6.3 Conclusion

In conclusion, the outlook for J-aggregate materials will depend on advances in dye

chemistry in the coming decades; making J-aggregating materials from stable dye

families may bridge the gap between the physics research of the past two decades

and actual technological applications. For organic exciton-polaritons, with what we

now understand about the physics of such systems, investigations in long-range en-

ergy transfer via polaritons and the effects of strong coupling on traditional lasing

still may yield technological applications. Judging from inorganic exciton-polariton

laser theory, it is unlikely that organic exciton-polariton lasers will have lower thresh-

olds than existing organic solid-state dye lasers, and organic polariton OPOs thus far

seem unlikely due to exciton-exciton annihilation, but in both cases theoretical inves-

tigations of Bose gases with Frenkel-type exciton interaction potentials would yield

important information, and in such investigations the actual homogeneous broadening
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of J-aggregate thin films reported in this thesis would be an important parameter.

Overall, the device and engineering advances described in this thesis will en-

able more accurate theoretical investigations in the dyanmics of exciton-polaritons

in organic systems, and the materials and fabrication advances described, specifi-

cally higher-Q microcavities and lateral-patterning of single-micron-scale structures,

will enable further experimental investigations into the dynamics of organic strongly-

coupled light-matter systems.
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Appendix A

Authored and Co-Authored Papers

Relating to Thesis

The work in Chapter 2 was published in Bradley et al. [23] and occurred at the end of

the study published in Tischler et al. [189]. The study in Chapter 3 was published in

Bradley et al. [24]. Relating to the CCRs described in Chapter 4 was the published

work in Tischler et al. [186], and a review article of all of the above was published in

Tischler et al. [187].

The linear optical modeling with T-matrices described in Chapters 2 and 3 was

also used in the study by Wood et al., in press in Advanced Materials as of early 2009,

and a study by Mei et al., which has been submitted and is in the review process.
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