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ABSTRACT 

The work in this dissertation has focused on the optical properties of semiconduc

tor microcavities containing one or more high-quality, narrow-linewidth quantum 

wells, and how the appropriate design and growth of such structures can result 

in a nonperturbative coupling of light (cavity-mode photons) and matter (sharp 

excitonic resonances). We apply the term Normal-Mode Coupling (NMC) to de

scribe this interaction, as it can be ascribed to the dipole interaction lifting the 

degeneracy between field and emitter resonances, resulting in a strongly coupled 

two- (or more) oscillator system. Such systems are then well understood from a 

Hamiltonian viewpoint by diagonalizing the system and solving for the resultant 

energy eigenstates and eigenvalues, the normal modes of the coupled system [1]. 

Linear reflection, transmission, and photoluminescence measurements for the 

two-oscillator systems show two dips or peaks near zero detuning, whereas the 

three-oscillator samples (two nonidentical quantum wells coupled to the microcav-

ity) display a three-resonance behavior. It is demonstrated that the linewidths of 

these samples are not only functions of the uncoupled cavity and exciton lineshapes, 

but are also sensitive to the local variations of the index of refraction and optical 

absorption. To this end, absorption measurements of multiple-quantum-well sam

ples lead to a phenomenological derivation of the optical susceptibility inclusive of 

the influence of structural disorder. Use of this susceptiblity in a transfer-matrix 

calculation then gives good agreement with experiment. 

The ability to see well-resolved normal-mode coupling peaks at room tempera

ture is also demonstrated. The key to these observations is the use of microcavity 

structures with distributed Bragg reflector mirror layers having large index of re

fraction contrast. These mirrors are obtained through oxidation of the AlAs mirror 

layers. Linear measurements of such samples are detailed both at room- and low-

temperature. 
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The superlative splitting-to-linewidth ratios at resonance for these samples make 

them ideal candidates for nonlinear studies. Pump-probe transmission and photo-

luminescence studies utilizing both resonant and nonresonant pump excitation are 

presented. Nonlinear saturation of the quantum-well excitonic resonance leads to 

increased absorption at the normal-mode coupling transmission peaks, which re

duces their amplitude. For relatively small positive cavity-exciton detunings, there 

is a good correspondence between photoluminescence crossover and the opening up 

of probe transmission at the uncoupled cavity-mode resonance. It is demonstrated 

that this occurs when the exciton absorption is bleached, and the coupling under

goes a transition from nonperturbative to weak. In this case, nonlinear absorption 

measurements on a cavityless multiple-quantum-well sample provide the nonlinear 

optical susceptibility. Good agreement near zero-detuning is again demonstrated 

using the transfer-matrix simulation for the off-resonant pumping experiments. 
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CHAPTER 1 

INTRODUCTION AND MOTIVATION 

Optoelectronics is becoming an increasingly impcrtaint area of technological de

velopment. As hmnans, we receive most of our information through visible means, 

which places high value on the development of efficient (low power, lightweight, in

expensive) and effective (high contrast, sharp resolution, full color) display media. 

Information is sent around the world via satellite communications, which rely on 

the ability to transform electrical input into radiation signals, send such signals to 

an intended destination, and then recapture the information in a usable manner. 

Great medical advancements, such as the recently-developed direct-conversion dig

ital X-ray imaging system [2], are being made as a result of improved abilities to 

generate, direct, and detect light. As magnetic media begin to reach their funda

mental limits, a natural alternative has been to develop optical means of storing 

data. Also, in this age of high-speed telecommunications, quantum cryptographic 

encryption looks to be a promising method of utilizing light-matter interactions in 

fiber-optic networks for transmitting sensitive information opto-electronically[3] in 

a secure and sure manner. 

In the past few decades, the advent of the laser and great improvements in crys

tal growth techniques [4] have made semiconductors a prime choice for the study 

of light-matter interactions, and have led to great improvements in opto-electronics 

technology[5, 6]. Chief among the III-V opto-electronic devices are semiconductor 

infra-red detectors and laser sources, particularly microcavity structures [7, 8, 9] 

such as vertical-cavity surface-emitting lasers [10],. These wavelength scale struc

tures have a number of appealing features. As planar structures, they can be 

fabricated by a number of crystal growth processes including molecular-beam epi

taxy and metal-organic chemical vapor deposition. Although they have displayed 

relatively moderate output powers for a single device, these lasers have achieved 
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very low thresholds, and their tiny size allows many such devices to be used in 

parallel. Indeed, micro-lithographic patterning and etching permit the growth of 

large numbers of such structures on a single wafer. As the microcavity spacers for 

these devices are typically on the order of the wavelength of emission, they can pro

duce single longitudinal mode emission, with generally near-circular output beam 

profiles. These semiconductor devices also have very fast time responses, mak

ing them good candidates for potential telecommunications and optical-computing 

applications. 

A typical schematic of a vertical-cavity surface-emitting laser is shown in Fig. 1.1. 

A microcavity of varying finesse at a given wavelength, A, can be fashioned by grow

ing alternating layers of high index and low index materials which have an optical 

path length of A/4. For our studies, the high-index quarter-wave layers are typi

cally comprised of GaAs, having an index of refraction n w 3.6 at low temperature 

at 835 nm, whereas the low-index layers are typically AlAs, with index n « 2.99. 

The reflectivity of either the top or bottom mirror stack is determined by the index 

difference of the alternating layers and also by the number of layers. For reference, 

a stack of 25 layers of alternating GaAs/AlAs quarter-wave layers grown on a bulk 

GaAs substrate will reflect 97.7% of a normally-incident monochromatic beam at 

850 nm, whereas 38 such layers produce 99.94% reflectivity at this same wavelength. 

Fig. 1.2 shows a theortical reflectivity spectrum for an ideal microcavity with 

28(33) top(bottom) mirror layers of GaAs/AlAs, with a 3A/2 GaAs spacer having 

a Fabry-Perot tranmsission peak (or reflectivity dip) at 835 nm at 4 K, typical of 

several of our samples. Characteristic of distributed-Bragg-reflector mirrors, one 

notices immediately the pronounced ripples on either side of the stopband. As 

most of our nolinear experiments involve nonresonant optical pumping, one must 

be aware of these reflectivity maxima and minima in order to pump at a suitable 

wavelength. With a tunable cw Ti:Sapphire laser, the reflection minima at 741.8 

nm (R « 25%) and 773.2 nm (R « 23%) both provide suitable pump windows. It is 

worth noting that there has been a successful recent effort to reduce such rippling in 



IJ4 GaAs 

IJ4 AlAs 

InGaAsQW 

Top 
DBR 
Mirror 

Cavity 
Spacer 

Bottom 
DBR 
Mirror 

GaAs 
Substrate 

17 

Figure 1.1: Schematic of a typical semiconductor vertical-cavity surface-emitting 
laser. 

a GaAs/ AlAs 850-nm vertical-cavity surface-emitting laser [11]. This has produced 

a relatively fiat, low-reflectivity ( < 10%) spectrum over ~so nm on the high-energy 

side of the stopband, generating a large optical pump window. Such a system is 

of great practical importance when one has only a fixed pump wavelength such as 

from a diode laser. 

The active material for most of our applications consists of some number of 

lnxGa1_xAs quantum wells with GaAs barriers. Semicondcutor quantum wells are 

comprised of a thin (typically 80 - 200 A) slab of material sandwiched between 

barrier materials having a larger bandgap. Here, thin means that the well width 

is on the order of the exciton Bohr radius. This leads to confinement of electrons 

and holes in the growth direction. The smaller separation of electrons and holes in 
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Figure 1.2: Theoretical reflectivity spectrum of a typical NMC vertical-cavity 
surface-emitting laser structure. The mirrors consist of 28 (33) top (bottom) mirror 
layers of alternating GaAs and AlAs A/4 layers, with a 3A/2 GaAs cavity spacer. 
The dashed curve shows where one would typically optically pump this microcavity 
with a cw tunable Ti:Sapphire laser. 

2D structures relative to 3D structures results in larger exciton binding energies, 

and accompanying larger exciton oscillator strengths. The use of lower-dimensional 

structures can then provide a better gain medium for a laser. 

Measures of the quality of a quantum well structure come from the peak ab

sorption of the Is transition, as well as how narrow this resonance is. For semi

conductor quantum wells, inherent stepping stones come from those mechanisms 

which broaden this transition. In epitaxially grown systems, two primary contrib

utors to the inhomogeneous broadening of the absorption lines come from interface 

roughness and alloy fluctuations. Interface roughness can be understood in the 

following way: During growth, atomic layers of material are deposited, one on top 

of another, to eventually form the composite structure. In group III-V systems 
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gallium, indium, and aluminum atoms are generated from effusion cells under high 

vacuum conditions in an arsenide-rich environment. Generally, the growth occurs 

in "islands," where large numbers of atoms cluster together on the top growth sur

face and eventually grow in lateral extent to cover the surface and form a complete 

layer. However, the surface may not be entirely covered before the next layer's is

lands begin forming. One can then imagine that as an aluminum shutter is opened 

and a gallium shutter closed to switch between the two materials, the incomplete 

surface between the two materials results in an imperfect interface between the 

AlAs and GaAs thin films. This is of particular importance for quantum confined 

systems, where the transition energies are sensitive to spatial dimensions. In an 

extreme case, it is possible to weakly confine excitons transversely to the growth 

direction using interface fluctuations. This has generated a quasi-zero dimensional 

system, or quantum dot. In fact, it has recently been shown that one can actually 

see the various transition energies of localized excitons due to monolayer interface 

fluctuations in narrow GaAs/AlGaAs 2D systems by means of near-field microscopy 

techniques [12]. Alloy fluctuations, on the other hand, are a result of clustering or 

nonuniformity of an alloy material. For example, the Is exciton transition energy 

for Inj;Gai_a:As varies as a function of x, the indium mole fraction of the ternary 

alloy, shifting to lower energy with increasing concentration. During growth, the 

concentration may vary from region to region on the sample. The spatial extent of 

these variations, however, can be small on the scale of a probing light beam, such 

that the probe sees some distribution of excitons, resulting in an overall inhomo-

geneously broadened lineshape in absorption. 

To minimize these problems, crystal growers employ a number of techniques. In 

molecular-beam epitaxy systems, a primary cause of growth inhomogeneity is due 

to the system's geometrical configuration of effusion cells relative to the substrate. 

To this end, samples are often rotated during growth. Also, growth temperatures 

can be varied in a limited range, and experienced growers also have used growth in

terruptions between materials to improve interface quality. Further improvements, 

of course, are always being considered and tested. 
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All of these developments have, at their core, a reliance upon the knowledge of 

fundamental interactions between electromagnetic radiation and matter. It is well 

known that the optical properties of an emitter greatly depend upon the existing 

boundary conditions of the field-emitter system. Purcell had long ago predicted 

that the placement of an atom in close proximity to a metal mirror could alter 

the spontaneous emission rate of the atom, leading to either enhanced or inhib

ited spontaneous emission [13]. By altering the optical modes to which an emitter 

couples, one has the possibility of forming a system where the dipole interaction be

tween an emitter and a near-resonant cavity mode is strong enough that a periodic 

exchange of energy between the two occurs many times before a subsequent decay 

of the excitation from the system. For the case of a single emitter, one is said to 

be in the strong coupling regime, whereas if many emitters are necessary to see the 

energy splitting one is in the nonperturbative regime. More generally, both regimes 

can be said to exhibit what is known as normal-mode coupling (NMC). Signatures 

of this coupling occur in reflection, transmission, absorption, and photolumines-

cence as double-peaked (or double-dipped) spectra separated to either side of the 

uncoupled resonances. 

The nonperturbative coupling regime for field-emitter systems presents an ex

citing arena for the study of cavity quantum electrodjmamic phenomena, such 

as improved squeezed-state generation and nonclassical photon statistics [14, 15]. 

Much of the fundamental work experimentally and theoretically was accomplished 

by atomic physicists. A great deal of effort was made in the fabrication of ultra

high finesse microwave and optical resonantors to reach the nonperturbative regime. 

Early results were achieved by using closed, liquid-helium cooled superconducting 

microwave resonantors coupled to highly excited Rydberg states with many atoms 

present on average in the resonator[16]. Gradual improvements have recently led 

to successful true strong coupling [17], with, on average, only a single Rydberg Cs 

atom coupled to the photon mode of an ultra-high finesse (.F « 80000) dielectric 

resonantor. 
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The progress in semiconductor crystal growth allowing the fabrication of quan-

tixm wells with absorption linewidths on the order of 1 meV has led to the obser

vation of NMC in planar semiconductor microcavities [18]. It was then expected 

that investigations of these structures would allow the observation of nonclassical 

phenomena in solid state systems similar to what had been achieved in the atomic 

case. It was also hoped that in this nonperturbatively-coupled regime one could 

take advantage of such strong interactions to more efficiently guide energy out of 

the system radiatively through the cavity mode, making potentially more efficient 

and directional lasers and LEDs. 

Most semiconductor NMC measurements have been made by coupling to either 

heavy-hole or light-hole quantum-weU excitons at low temperatures to avoid ther

mal (phonon) broadening of these transitions. A couple of notable exceptions ex

ist, however. An early report of room-temperature NMC showed barely-resolvable 

peaks in absorption [19], with later improvements made using GaAs/native-oxide 

AlAs mirrors in etched-post structures to achieve well-resolved NMC splitting 

[20, 21]. Furthermore, several works have also shown NMC splitting when cou

pling to bulk GaAs excitons [22, 23, 24, 25]. It will be shown later in Chapter 2 

that the NMC splitting is proportional to the square-root of the oscillator strength 

of a given transition. In these bulk GaAs cavity sytems, the smaller oscillator 

strength of a bulk system relative to a quantum well system is compensated some

what by the fact that the material fills the cavity, providing a maxmimum amount 

of spatial overlap with the photon mode, compared with the discrete placement 

of wells in the more typical semiconductor NMC structures. Group II-VI NMC 

splitting has also been observed using ZnCdSe quantum wells placed in a III-V 

distributed-Bragg mirror stack of alternating layers of Si02/Ti02 [26]. 

Some theoretical formulations of nonperturbatively coupled systems are pre

sented in Chapter 2. The first half of this chapter rightfully focuses on predictions 

and results from atomic scientists, as it was their forays into this field which laid 

the groundwork for the more recent solid-state experiments. It is shown that in the 
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linear regime (few excitations in the coupled atom-cavity system), there are two 

suitable descriptions for describing NMC. The first is a purely quantum mechani

cal approach. One starts with a suitable Hamiltonian to describe the atom-cavity 

system, complete with atom-photon dipole coupling. A two-level atom formulation 

results in the often used Jaynes-Cummings Hanultonian [27], a system represen

tative of two coupled oscillators. Diagonalization of this Hamiltonian gives the 

so-called dressed states\^'&] of the coupled system; i.e. the atomic levels are dressed 

by the cavity-mode field. The second theoretical description, as introduced by 

Zhu and co-workers [29], is a completely classical description for a Fabry-Perot 

resonator containing an absorbing material in the cavity spacer. Here, one solves 

the Fabry-Perot equation in either reflection or transmission, taking into account 

the narrow atomic absorption and resulting dispersive index of the cavity spacer 

material. One finds in this case three solutions in either reflection or transmis

sion; one at the uncoupled atom-cavity resonance frequency, and two sidebands 

(the NMC reflectivity dips or transmission peaks) characteristic of the dispersive 

index contribution of the atoms in the resonantor. The central peak, however, is 

generally not seen in either spectrum as it is located where the atomic absorption 

is a maximum. Farther details comparing and contrasting these approaches will 

also be made, particularly in the event of more than one excitation in the sytem. 

The second half of the chapter then details similar theoretical models for a semi

conductor system. The first model is a spinoff of the atom-photon Hamiltonian 

formalism for atoms to an exciton-photon system for semiconductor quantum well 

systems. Here, one replaces two-level atom Fermion operators with Bosonic exciton 

operators, resulting in a coupled Boson-Boson system. Hanamura et al.[30] have 

generalized this model to aJso include nonlinear features arising from phase-space 

filling and bi-exciton formation. The applicabiltiy of this model to the microcav-

ities studied in this work is also discussed. In the spirit of Zhu et al. [29], a 

classical model for semiconductor systems is also described. Here, one can use an 

experimentally determined quantum well susceptibility or an appropriate theoret

ical model for the emitter, and couple this to the cavity by means of a transfer 
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matrix algorithm. This approach, which we refer to as linear dispersion theory, is 

shown to be applicable even in the nonlinear regime. By measuring the nonlinear 

absorption coefficient and calculating the associated nonlinear re&active index, one 

can simulate situations where a high density of carriers are present. Finally, a brief 

description of the microscopic theory formulated by our colleagues in Marburg, 

Germany [31, 32, 33, 34] is outlined. The triumphs of this theory are presented 

later in Chapter 4, as we explore the nonlinear behavior of our NMC microcavities, 

and follow the transition from nonperturbative to weak coupling, and finally to 

lasing as a function of increased excitation from an optical pump. 

Chapter 3 outlines many of the linear features of NMC in semiconductor systems. 

There, details are given as to the structures that were grown and characterized, 

and a variety of linear measurements will be discussed. Special attention will 

also be paid to the linewidths of the NMC resonances as a function of exciton-

cavity detuning. Some have suggested [35, 36, 37] that it is imperative to treat the 

system as a coupled whole, and that changes in linewidth with varied detuning (so-

called "motional narrowing") can only be suitably described in this fashion. This 

chapter makes a strong argument that the semiconductor NMC systems studied to 

date can be perfectly understood by examining the features of a multiple quantum 

well system separately from the cavity system, and then combining the two via a 

transfer matrix model. It will also be pointed out that the lineshapes of the NMC 

peaJcs serve as a sensitive measure of the index and absorption coefficients at these 

positions. These linewidths and lineshapes may then be an aid to characterizing the 

broadening mechanisms of the embedded wells themselves. Discussed next in this 

chapter are the details and measurements for three samples exhibiting 3 peaks or 

dips as a result of the nonperturbative coupling between two nonidentical quantum 

wells (i.e. two wells with diifering transition energies) and the cavity field mode. 

A brief discussion is given as to how the separation of the Is resonances of the 

two quantum wells affects the anti-crossing behavior of the reflectivity spectra as a 

funtion of cavity detuning. Finally, a system exhibiting well-resolved NMC splitting 
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at room temperature [20] is shown, declaring that such coupling can occur even for 

"practical" devices, and that this phenomenon is not simply a research curiosity. 

While atom-cavity systems have been shown to produce purely quantum me

chanical nonlinear features [38], it will be demonstrated in Chapter 4 that present-

day semiconductor NMC microcavities are a long way from a quantum statistical 

limit. Nonlinear pump-probe measurements for several detunings will help clarify 

the nonlinear behavior of this coupled system. Furthermore, studying these sys

tems from the nonpertnrbative regime of NMC, to higher carrier densities where 

exciton saturation leads to a transition to the weak or perturbative coupling regime, 

and then finally to the onset of lasing threshold has led us to conclude that these 

cavities do not display any sort of Bose-Einstein condensation, or "Boser action," 

as has been previously suggested[39, 40]. 

There have been several linear investigations previously of luminescence emission 

in NMC mirocavities. Houdre et al. were early to point out that anti-crossing 

observed in weak luminescence spectra served as a confirmation of nonperturbative 

coupling between cavity and emitter [41]. Pau et al. examined both resonant 

and off-resonant photoluminescence with varying detunings and temperatures for 

weak excitation [42]. In the time domain. Long and co-workers looked at time-

resolved luminescence when optically pumping into the high-energy NMC peak, and 

examining the resulting low-energy mode emission. They found the intensity and 

decay times to be sensitive to the sign of the cavity-exciton detuning [43]. Stanley 

et al. studied normal and side emission from a planar NMC microcavity, and 

detailed cavity-pulling effects [44]. By examining the luminescence near a cleaved 

edge of a sample, they could track any shifts in the exciton transition energy due to 

changes in well width, and then suitably correct for this in determining the cavity-

exciton detuning. Soon after, Schaafsma and Christensen [45] showed that side 

emission from carriers formed far from a cleaved edge of the sample still displayed 

cavity influcences (double-peaked emission), attributing this to what they called 

"frustrated coupling to free-space modes." 
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Nonlineax microcavity luminescence has also been studied at various cavity-

exciton detimings. Houdr^ and colleagues reported on NMC microcavity lumines

cence as a function of off-resonant pumping, using angle-resolved detection to study 

the effects of detuning[46]. For low intensity, the NMC peaks displayed the usual 

anti-crossing characteristics of a coupled system, while increased intensities gradu

ally reduced the splitting until, at high enough carrier densities, the coupling was 

destroyed. This could be evidenced by angle-tuning the cavity resonance essentially 

through the exciton resonance without the "pushing" one sees from a coupled sys

tem. A relatively quick loss of oscUlator strength beyond the location of their NMC 

peaks with increased pumping, caused by broadening of the excitonic resonance, 

then led to decreased NMC splitting. Similar results to these were seen in time-

resolved spectra measured by Rhee and company [47]. Here, the Rabi oscillations 

showed a change in oscillation period with increased pumping, the time analog of 

reduced spectral splitting. 

The work presented using our samples, as is detailed later, doesn't show rapid 

loss of oscillator strength with increased pumping, which allows us to study novel 

nonlinear behavior. There have been recent claims that in such systems, one can ob

serve a kind of Bose-Einstein condensation (so-called "Boser" action) [39, 40]. The 

structure they examined consisted of a GaAs quantum well in an AlGaAs/AlAs mi

crocavity. Under nonresonant optical pumping, they studied both the differential 

quantum efficiencies of the two polariton branches, as well as their linewidth and 

anti-crossing characteristics under increasing pump conditions. For both positive 

and negative cavity-exciton detunings, they saw a decrease in luminescence split

ting, followed by marked increases in intensity and decreases in linewidth of the 

more cavity-like NMC peak. The more exciton-Iike branch, however, simply sat

urated in intensity for increased pumping. The behavior of the photon-like mode 

is explained as a phase transition, much like threshold in a conventional laser. 

Their observations of anti-crossing behavior in high-intensity emission spectra were 

taken to imply the continued existence of the exciton-polaritons. They claim the 

more photon-like NMC resonance has a smaller effective mass, meaning a larger 
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de Broglie thermal wavelength; therefore, it is this mode into which final state 

stimulation via phonon emission occurs-i.e., this branch "Boses." The results pre

sented in this chapter refute this claim, as they themselved later did [48]. The 

mechanism for the above behavior is shown to be a result of a transition from the 

nonpertubative-coupling regime to that of weak coupling, as the exciton becomes 

saturated under high carrier density conditions. Excellent agreement is shown with 

the fully microsocpic theory developed by the Marburg group [32, 33, 49, 50]. 

Finally, Chapter 5 presents a summary of what is now known about semicon

ductor micrcavities exhibiting NMC, as well as discussing topics for future research. 

It is the development, operation, and characterization of semiconductor laser 

structures such as those studied in this work that enables one to obtain a better 

understanding of the materials comprising the laser. This, in turn, promotes the 

development of improved material interfaces. One can then grow both higher finesse 

microcavities and quantum-confined structures with narrower linewidths. All of the 

high-quality samples described in this work were grown by moleculair-beam epitaxy 

by my advisor, Professor Galina Khitrova, and/or my collaborator. Professor Hyatt 

Gibbs, here in Tucson. Further processing of these structures (etching of post 

structures and oxidation of AlAs mirror layers) for the room-temperature NMC 

samples was accomplished both by Professor Yong-Hee Lee's group at the Korea 

Advanced Institute of Science and Technology (Taejon, Korea), and by CoreTek, 

Inc. (Bedford, Massachusetts), by Parviz Tayebati and Linas Jauniskis. 
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CHAPTER 2 

NMC: THEORETICAL OVERVIEW 

2.1 Introduction 

There are five sections in this chapter describing theoretical models of NMC 

in the nonperturbative regime for both linear and nonlinear interactions. The 

first two sections concentrate on atom-cavity systems. First will be presented a 

quantum mechanical approach first outlined by Jajoies and Cummings in the eaxly 

sixties [27] for a single two-level atom strongly coupled to a single field mode, and 

then later generalized by Tavis and Cummings [51] for an iV-atom system. The 

notation used here will closely follow that of the works of Haroche [52] and Kimble 

[53], who have provided wonderful overviews of both theoretical and experimental 

findings for atom-cavity systems in the strong coupling regime. This is followed by a 

completely classical description using a formulation termed linear dispersion theory. 

This approach to NMC, as first applied by Zhu et a/.[29], treats the problem of a 

Fabry-Perot resonator filled with atoms in the spacer. Here, one commonly treats 

the atoms as a collection of dipole oscillators, resulting in the well-known Lorentzian 

absorption profile and dispersive index of refraction spectrum. Solving Maxwell's 

equations for a planar cavity containing a collection of such dipole oscillators then 

gives the standard Fabry-Perot transmission and reflection equations. It is seen 

that these equations exhibit three solutions, with the central solution, coincident 

with the cavity and absorption resonances for zero detuning, is not present in either 

the transmission or reflection spectra due to the high absorption at that energy from 

the intracavity atoms. A resultant double-peaked spectrum emerges, characteristic 

of (linear) NMC. 

The final three section outline theoretical models for the description of NMC in 

planar semiconductor microcavities. Again, the first description will be a quantum 

mechanical formulation first proposed by Hanamura and co-workers [30], which is 
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in the same spirit as the atom-cavity Jaynes-Cummings model. In this case, the 

exciton "creation and annihilation operators" follow Boson commutation relations, 

rather than the fermionic statistics of a two-level atom. While a reasonable approx

imation for small carrier densities (linear regime), Hanamura et al. 's generalizaiton 

of this model to include nonlinear effects will be severely questioned. The second 

semiconductor model is actually just a generalization of the dispersion theory ap

proach suitable for semiconductor systems. Here, and in the following chapters, 

it is shown that one can generate excellent qualitative agreement to experiment 

in both linear and nonlinear measurements by application of a transfer matrix 

algorithm[54, 55]. This program incorporates the optical susceptibility of each layer 

of a semiconductor distributed-Bragg-reflector microcavity by using a theoretical 

model of the material for the mirror and cavity spacer layers, and through measur

ing the absorption coefficient and calculation of the associated index of refraction of 

the quantum wells separate from the microcavity. Finally, a brief treatment of the 

many-body theory developed by our collaborators Stephan Koch, Prank Jahnke, 

and Mackillo Kira at Philipps Universitat in Marburg, Germany, is given. In

deed, the foundation of this intricate theory is the subject of several notable works 

[31, 56, 57, 58, 59, 60, 61], and a detailed treatment is beyond the scope of this 

work. 

2.2 Atom-Cavity Systems: Quantum Formalism 

The starting point for the quantum formalism for a two-level atom coupled to 

a single-mode field begins with the Hamiltonian 

with huo = h{u3t — <^g) the transition energy from the excited to ground state 

and ha>c the cavity resonance energy. Also introduced are the Pauli pseudo-spin 

Htot — hcJod' J. 

+tiu)ca^a 

(2.1) 
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operators =| e){g | ,  < t_ =\  g){e  |, and = (| e)(e | - \  g){g  |)/2. The 

operators and are seen to act as the atomic raising and lowering operators, 

and obey the anti-commutation relation = 1, appropriate for Fermions. 

The first line in equation (2.1) is just the bare atom Hamiltonian, with eigenstates 

I e) (excited state) and | g) (groimd state). In similar fashion, the second line is 

just the Hamiltonian for a single-mode electromagnetic field, with eigenstates given 

by the number states, | n), corresponding to the number of cavity-mode photons 

in the system. The operators and d are then Boson creation and annihilation 

operators, and follow commutation relation [a, d^J = 1. 

The coupling between the two systems comes via dipole interaction, Ha-f = 

—d • E. Use of the rotating wave approximation then allows this to be written 

in the form of the third line of eq.(2.1), with the atomic dipole moment operator 

given by d = qTeg{\g){e | -t-/i.c.), where "/i.e." means Hermitian conjugate. Also, 

the single-mode field writes 

E(R) = S (e/(R)a + h.c.), (2.2) 

with /(R) = sin(A:i2) for standing wave quantization of the cavity field mode, 

^ = y/^c/^oVcav is the so-called "electric field per photon," the cavity mode 

volume, and i the field polarization vector. Also introduced in eq.(2.1) is the 

quantity f2o(R), known as the "vacuum Rabi frequency," which is defined as 

= \±^. p.3) 

In eq.(2.1), the dynamics of the operators for the atom-field interaction are trans

parent: absorption of a photon results in promoting the atom from the ground to 

excited state; the transition of the atom from excited to ground state is accompa

nied by the emission of a cavity mode photon. Also, in the absence of any decay 

mechanisms, the total energy or number of excitations, N, is conserved, and one 

speaks of the iV-excitation manifold. The atom-field interaction, then, couples only 

the two states in any given manifold, {| ̂ ,n), | e,n - 1)}. The obvious exception 
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is the ground state, with no excitations in the system and a manifold consisting of 

simply one state, {|5,0)}. 

For this single-atom/single-mode field system, the natural evolution of this prob

lem is then to find the eigenenergies and eigenstates of the Hamiltonian (2.1). In the 

absence of the the atom-field coupling term, for a given number of excitations N in 

the  sys tem,  the  e igensta tes  are  jus t  the  "bare"  product  s ta tes ,  |  e,  n  — 1)  and \g ,n) .  

One diagonjdizes the Hamiltonian (2.1), and finds that the new eigenstates of the 

coupled system can be written as symmetric and anti-symmetric combinations of 

the bare states, the "dressed states," and are fovmd to be 

1+, iV) = — cos0iv |e,n)+sin0Af 1), 

|—,iV) = sin^AT IE,TI) + cosI1), (2.4) 

with corresponding eigenenergies 

E±,n = (n -I- l)fiuc ± + 1) + A^, (2.5) 

where the coupling angle 9^ and the cavity-atom detuning, A, are defined as 

/, —2 QQ y/n  /n  
tan20j\r = — , (2.6) 

A = uIq — Uq. (2.7) 

Here, N labels the manifold under consideration, and n is the number of additional 

photons in a given manifold (ie, n = N — 1). The energy splitting between the two 

levels is seen to depend not only on the vacuum Rabi frequency Qq, but also upon 

both the cavity-atom detuning, A and the number of excitations in the manifold. 

This splitting, often called the generalized Rabi splitting, is written for clarity; 

2nngen = h ^4n§(n4-l) +A2. (2.8) 

It is seen then that, on resonance (A = 0), Qgen = ^oV'n + 1, and the energy level 

diagram for this coupled single-atom system is a ladder of split-level states, the 

energy separation between uncoupled levels being fiuJc = hcoo^ and split symmet

rically firom these levels by 2f2o\/n +1; see Fig. 2.1(a). To include the effects of 
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Figure 2.1: Coupled-system energy level diagram for (a) One-atom case (b) m-atom 
case. 

various decay processes, one would then use master equation techniques to couple 

to appropriate reservoirs. Although such a treatment is beyond the scope of this 

work, the results are worth mentioning, particularly as they are directly related to 

the transition linewidths of the coupled-system eigenstates. Tjrpically, one assigns 

a value k to represent cavity mode decay losses, and 7 to represent the atomic 

damping rate. Examining just the transitions from the first excitation manifold to 

the ground state, the decay rates of the coupled-system eigenstates can then be 
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shown to take on the values[62, 52] 

r+,1 = 7 cos^ d i +  K  sin^ 01, 

r_,i = 7sin^ 01 + Kcos^ 01, 

(2.9) 

(2.10) 

This shows how the NMC linewidths of the coupled system vary with detuning for 

an atom-cavity system. On resonance, the states are seen to be equal admixtures 

of "cavity" and "atom", that is |±, 1) = (|e,0)^ |5>1))) and hence the damping 

rates of both states are simply given by the average r±,i = (7 + /c)/2. In a case far 

from resonance, we can assume A » f2o such that 9i ~ Qq/A. From eqs.(2.4) and 

(2.10), we see then that the coupled-system state vectors and associated damping 

rates can be approximated 

This shows that the state | -h, 1) (| —, 1)) is more atom-like (cavity-like), and hence 

displays essentially an atomic (cavity) linewidth. The linear regime then represents 

transitions from the N = 1 manifold to the ground state, resulting in a double-

peaked spectrum with linewidths characteristic of the individual linewidths, k, 7, 

and the coupling angle 9i. For higher excitations (nonlinear regime), energy flees 

the system via decay down the ladder of manifolds. As the splittings in these 

manifolds vary with n, one expects then a number of discrete peaks in the resulting 

spectrum. Such nonlinear state transitions have been recently observed [38] using 

Rydberg Rb atoms in a high-finesse superconducting resonator. 

The single-atom/cavity system displays an equally spaced ladder (energy separ-

tation Huiq), of two split states, whose energy splitting varies according to eq.(2.8). 

The fact that each manifold (except, of course, for the ground state!) contains two 

eigenstates is directly related to the number of ways energy can be shared in the 

system.  For  any manifold ,  one can e i ther  have a l l  energy in  the  cavi ty  ( |  g,n)) ,  

or an excited atom and the remainder of energy in the cavity (| e, n — 1)). Now 

|+, 1) ~ |e,0) +I5,1); r+_i~7 

|-,1> ^|e.0>+|9,l)i 

(2.11) 

(2.12) 
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imagine the situation for two atoms coupled identically to the cavity field. For the 

manifold N = 1, there are once again two ways of sharing energy: an excited atom 

or a cavity mode photon. For N = 2, however, the situation becomes different. 

The presence of the extra atom now means an additional option: both atoms in 

ground state and two photons, or an excited atom and one photon, or two excited 

atoms and zero photons. For N > 2, there will always remain, then, three pos

sible states. Similarly, for 3 atoms, one reaches a possibility of 4 different states 

of energy distribution for N > 3. Without going through the details, it has been 

shown [52, 62, 53] that the manifold level splitting in the m-atom case increases 

by a factor y/m over the single atom splitting; see Fig. 2.1(b). Strictly speaking, 

this is only true when all atoms couple in identical fashion to the cavity. Generally, 

this is not the case as the positions of the atoms within the cavity and the par

ticular cavity configuration lead to different coupling strengths for different atoms 

(recall the spatial dependence of fio)- Iii such cases, one must then calculate an 

averaged Rabi frequency by integrating the spatial distribution of the atoms with 

the intracavity field distribution. 

For the idealized multi-atom case of Fig. 2.1(b), where the number of atoms is 

much larger than the number of excitations in the system, m » AT, the addition of a 

finite number of excitations to the system only serves to minutely change the dipole-

induced splittings of states in adjacent manifolds, and so the resultant nonlinear 

optical spectrum arising from transitions between such manifolds is essentially a 

double-peaked one. This gives a resulting spectrum similar to that of the linear 

single-atom case, but with an enhanced peak splitting of 2hVtQy/m. 

The important thing to realize here is that the level splitting increases with in

creased numbers of atoms. Most of the early experiments indeed detected coupling 

to many atoms. One can then see energy level splitting (nonperturbative regime) 

due to field/many-emitter coupling without actually being in the strong coupling 

regime. This fact is emphasized to point out that the observation of level splitting 

doesn't guarantee one of being in a quantum statistical limit, where the addition 
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or removal of a single emitter significantly changes the optical properties of the 

system. This is detailed further in discussing semiconductor systems, and the chal

lenges faced in reaching the strong coupling limit in semiconductor microcavities. 

2.3 Atom-Cavity Systems: Linear Dispersion Theory Approach 

A different approach to the description of the NMC spectrum has been offered 

by Zhu et a/. [29], based simply on solutions of the Fabry-Perot equation for the 

transmission or reflection of an etaJon containing an emitter system whose opti

cal sucsceptibility is known. To elucidate this approach, one starts simply from 

Maxwell's equations for light propagation in a spatially homogeneous mediiam. A 

multi-beam interference analysis for a planar cavity, with spacer length L, and in

tensi ty  mirror  ref lec t ion and t ransmiss ion coeff ic ients  Rm and Tm (Rm + Tm = 1) ,  

respectively, results in the equations 

^  Tlexp{-aL/cose)  
~ (l-i?')'+4K'sin2 0/2' ^ 

^ _ ARMSm^<i>/2 
~ { l -R 'y+' iR 'sm^<f>/2 '  ^ ^ 

In these equations, R' = exp(—aL/ cos0), with 9 the angle of incidence with 

respect to normal, a = a{uj) is the single pass absorption coefficient, and the phase 

angle <^/2 = (27rnLcos0) /Aq, with Aq the vacuum wavelength. This phase angle 

represents the single pass round-trip phase shift experienced by the field traveling 

through the cavity. For an empty cavity with background absorption a = ae and 

index of refraction ub, the FWHM energy linewidth of the cavity resonance is 

_ /ic (1 — fl) , . 

showing that the linewidth depends upon the cavity length, and the background 

absorption and index of the spacer. For distributed-Bragg reflector structures, one 

must modify this further to includes the effects of an effective cavity length, and 

also include the properties of the absorption and index of the mirror layers. 
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A commoii treatment is to assume the etalon is filled with atoms that behave 

as a collection of classical Lorentz oscillators, with absorption coefficient and index 

of refraction given by [63, 31] 

" "°(W(,-3)2 + 72 

^ ' 2u (uo - a;)2 + 7^ 

The on-resonance (c j  = cjq ) absorption coefficient is Oq = 2fQNe^/mj ,  with /o the 

transition oscillator strength, N the number density of atoms, 7 the linewidth of 

the transition and e and m the electron charge and mass, respectively. Solutions 

for transmission maxima from eq.(2.14) are found when the sin^ term goes to zero, 

that is, when the argument of the sine function takes on values m-K, with m an 

integer. This means trajismission maxima occur for 

The left-hand side of this equation is just the index of refraction of the cavity 

spacer. If no atoms are present, this would just be the background index of refrac

tion, Tib, which can be taken to be a constant in most experimental atom-cavity 

situations. This is generally not the case in semiconductor systems, as the cavity 

spacer is filled with a suitable semiconductor material. More often than not, how

ever, the variation of the spacer material's index of refraction in the wavelength 

region of interest is a slow one, and so using a constant background index is usually 

a good approximation. More will be mentioned of this in following sections, and on 

how such variations may influence the NMC linewidths in semiconductor systems. 

Turning attention again to eq.(2.18), near the resonance wavelength, the lefthand 

side of this equation displays the characteristic dispersive index one associates with 

a collection of atoms having a Lorentzian absorption profile. For a sufficiently 

strong absorption peak (meaning either large oscillator strength or large number of 

atoms), this variation can be sizeable. A graphical solution of eq.(2.18), plotting 

the intersection of the dispersive index (left side) with the "cavity loadline" (right 
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side) shows that there are three intersections, indicating three possible transmis

sion maxima; see, for illustration. Fig. 2.3. The first occurs on resonance, where 

the absorption is also maximum; hence, this solution is not seen in optical spectra 

of the coupled system. The other two solutions are displaced to either side of the 

atomic line center, and give the characteristic double-peaked NMC transmission 

spectrum. For the case of a symmetric absorption lineshape, such as given here 

in this model of an atomic system, the resulting zero-detuned NMC peaks appear 

synmietrically displaced with respect to wq, and have equal linewidths given by the 

average of cavity and atomic linewidths, (/c + 7) /2. The on-resonant NMC energy 

splitting, in this instance, can be shown to be given by 

Hence, it is seen that all of the linear predictions of the quantum mechanical de

scription of NMC for atom-cavity systems can also be formulated in this purely 

classical way. In fact, this formulation was used by the Oregon group [29] to fit 

NMC spectra of nonperturbatively coupled Ba atoms in a moderately high finesse 

500) confocal optical cavity. This description also has the added benefit of al

lowing one to easily incorporate measured absorption spectra of arbitrary lineshape, 

and then applying the Kramers-Kronig relations to obtain the associated material 

index and thereby calculate the resulting coupled spectra via eqs.(2.14) and (2.14). 

The weakness of this model, of course, occurs for describing nonlinear spectra of 

strongly coupled systems in the quantum statistical limit. This theory is not able 

to predict, for instance, the results reported in [38]. As is shown later, however, it 

is able, via a transfer matrix formulation, to simulate present-day semiconductor 

systems in the nonperturbative regime qualitatively well. 

2.4 Semiconductor NMC: Quantum Formalism Using Boson Operators 

This section details a quantum-mechanical Hamiltonian approach to NMC in 

semiconductor systems, based mostly on the work of Hanamura and co-workers 

2ao'Yhc 
(2.19) 
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[30, 64]. Here, and in the next section on a linear dispersion theory formalism, 

advantage is taken of the atom-cavity theory already presented, so that extension 

of these ideas to semiconductor systems is quite straightforward. 

The system under consideration is one or more quantum wells coupled to a single 

longitudinal mode cavity field via dipole interaction. Translational invariance in 

the plane of the quantum well leads to conservation of of momentum, while this 

condition is relaxed in the growth direction. This means that only those excitons 

with a center-of-mass motion described by an in-plane wavevector k|| « 0 can 

couple directly to cavity mode photons, which possess relatively small momenta. 

For systems where caxrier densities for electrons and holes are sufficiently low, such 

that exciton-exciton separations are larger than the exciton Bohr radius, one can 

treat the excitons as a system of Bosons. The proposed Hamiltonian is then 

In this set of equations, fkuo and fiUc once again give the exciton transition and 

cavity photon mode energies. The emitter operators are now found to obey Boson 

with fj-cv the band-to-band transition dipole moment, S as defined previously, and 

Scoh and ae the 2D exciton coherent area and Bohr radius, respectively. Two 

nonlinear terms have been added to the total Hamiltonian as compared to the form 

of the atom-cavity Hamiltonian eq.(2.1). In the exciton Hamiltonian eq.(2.22), the 

term proportional to A can represent either attraction and the formation of bi-

excitonic states for excitons of opposite spin (>l < 0), or a repulsion {A > 0) for 

Hx + Hp + Hx-p,  

fiujob^b + hA m^bb, 

tujcO^a, 

(2.20) 

(2.21) 

(2.22) 

(2.23) 

statistics ([^&, = 1). The vacuum Rabi frequency for this system is then 

(2.24) 
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those of the same spin. Likewise, the term proportional to a is included to simulate 

the effect of phase space filling for non-zero carrier densities. 

For the moment, ignoring these nonlinear terms (A = a = 0), we can apply 

the same procedure of diagonalizing the Hamiltonian system to find the eigen-

states of the coupled system. The "bare states" for the uncoupled situation are 

just the product number states \m,n), where m represents the number of exci-

tons, and n the number of photons present in the system. An important differ

ence can now be seen between semiconductor and atomic systems. Using a Boson 

description for the excitons means that the number of ways excitations can be 

shared compares to the m-atom situation of Fig. 2.1(b). If the total number of 

excitations is denoted iV = m + n, then the possible states generated range as 

[[m = 0,n = N), 11, AT — 1), • • •, |iV — 1,1), |m = iV,n = 0)]. Fig.2.2 shows, for in

stance, the resulting ladder of states for the ground state and first two energy 

manifolds (iV = 0,1,2). The transition amplitude between a state in the iV -l-1 

manifold to a state in the N manifold is given by (AT -h 1 | |iV)[65]. Therefore, 

in the absence of anharmonic terms (A = a = 0) in the Hamiltonian eq.(2.21), 

it can be shown that the transitions marked with an "X" have zero probability of 

occuring. The result is once again a double-peaked emission spectrum, with the sep

aration between peaks given by 2hQQ. Furthermore, this theory predicts the same 

spectrum for all transitions between all neighboring pairs of mzinifolds. Turning on 

the nonlinearities, A ^ 0 or a ^ 0, then gives these transitions nonzero probabil

ity amplitude. This description was used to attempt to explain curious nonlinear 

features in the optical spectra of an excited GaAs-quantum-well NMC microcavity 

[64]. It was later revealed that the growth of the wells, performed by metal-organic 

chemical vapor deposition, displayed unusual properties. Normal-mode coupling to 

individual transition lines was found, presumably caused by several well-width fluc

tuations over roughly the size of a probe spot. These transitions were well enough 

resolved that individual coupling and separate anti-crossings to these lines could 

be achieved [66]. 



39 

£0 
u c 
m 

N = 2 

N= 1 

* 

2cOo+ 2Q,+A/2- 2an 
2(]Oo+ A 

2(0o- 2^0+ A/2 + 2an 

o)o+no(i-(x/2) 
C0o-^^o(l - a/2) 

N = 0 
0 

Figure 2.2: Energy ladder diagram predicted by [30] for an (exciton) boson-cavity 
system. In the absence of nonlinear contributions to the exciton-photon Hamilto-
nian (2.21), the treinsitions marked with an "X" have zero probability amplitude. 
Note that it is assumed A < 0 here to simulate the effects of bi-exciton formation. 
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2.5 Semiconductor NMC: Lineax Dispersion Theory Approach 

The previous treatment may be appropriate for describing quantum-well-exciton 

/microcavity coupling in the linear regime, but it must be questioned for nonlinear 

descriptions. It is the inclusion of the nonlinear terms to attempt to describe ex

cited semiconductor systems that has generated some controversy [32, 33, 49, 50]. 

Such a model greatly oversimplifies the carrier-density dependent effects taJdng 

place in an excited semiconductor system, such as exciton line broadening due to 

carrier-carrier and polarization scattering, and Coulomb screening, which at high 

densities serves to diminish the exciton transition oscillator strength. To the extent 

that one can describe the nonlinear properties of the coupled system by considering 

the nonlinear emitter properties independent of the field coupling, it is beneficial to 

consider the linear dispersion theory approach used previously. For planar semicon

ductor microcavities like those depicted in Fig. 1.1, one is better suited employing a 

transfer-matrix algorithm to calculate the microcavity transmission and reflection 

spectra[54, 55]. In this approach, the susceptibility (or, equivalently, the complex 

refractive index) is given for each and every layer in the structure. Maxwell's equa

tions for left- and right-propagating waves then translate into a series of 2 x 2 ma

trices. One such matrix corresponds to propagation through the layer, and another 

to satisfying the interface boundary conditions at each interface in the structure. 

Hence, transmission or reflection coefficients are then found from the product of all 

the matrices describing propagation through the entire microcavity. 

As mentioned previously, this method has the advantage of being able to eas

ily incorporate an arbitrary lineshape that has been experimentally determined. 

For instance, one measures experimentally the absorption coefficient of a quantum 

well sample in the absence of a cavity. For most measurements, this is suitably 

accomplished via a "Beer's Law" formulation by measuring the light transmission 

through a sample. In other words, if Iq{cij) is the intensity spectrum of the incident 

light, and that for the transmitted light, then Beer's Law states for a sam

ple of length L that the absorption coefficient can be found from the transmitted 
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intensity via the relation 

IT = IQ exp{—aL). (2.25) 

Strictly speaking, this is only an approximation. To truly measure a one must 

also measure the reflectivity spectrum of the sample, and furthermore take into 

account the possibility of multi-beam interference reflections from aU interfaces of 

the sample (see p. 67 in [56]). Often, however, such reflection effects are negligible, 

and eq.(2.25) is a good approximation. An important case where this is not so 

occurs in a multiple-quantum-well sample, when the optical path length between 

the wells is either d^padng = (anti-Bragg spacing) or d^padng = (Bragg 

spacing), with the excitonic resonance wavelength. In such instances, one can 

observe significant radiative coupling effects between the wells [67, 68, 69, 70]. In 

Bragg multiple-quantum-well structures one sees a large enhancement of both the 

reflected signal amplitude and the width of this Bragg resonance, both increasing 

as the number of radiatively coupled wells is increased. Destructive interferences 

then lead to reduced reflectivity in anti-Bragg structures, with the possibility of a 

splitting near the resonance energy due to coupling effects [70]. In these situations, 

then, one must certainly take reflection effects into account in order to obtain the 

absorption coefficient. 

Figure 2.3(a) shows the differential absorption spectrum per well of NMC21, a 

sample of twenty 85-A In^Gai-xAs wells (x w 0.03) with ~920 A GaAs barriers. 

Here, the barriers represent an optical path length of » 3Aa:/8, far away from where 

Bragg coupling effects are important. The differential absorption coefficient is 

found from the total measured absorption (In [IQ/IT]) by subtracting the absorption 

of bulk GaAs, i.e. Aq!qw(6<;) = aQw(uj) — acaAai^), aiid then dividing by the 

number of wells. From this absorption spectnmi, the associated index of refraction 

can then be computed via the Kramers-Kronig relations. In principle, one must 

know the absorption spectrum over all frequencies in order to obtain the refractive 

index. However, a good approximation can be made near the region of the excitonic 

resonance, — Au> < cj < uJx + Aw, provided the differential contribution to the 
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total absorption outside of this region is small, AaQw(i^) "C In our case, 

this results in the quantum well index given by 

Here, Pr means the principle value of the integral is taken. Figure 2.3(b) shows 

the results for the diiferential absorption of Fig. 2.3(a). The index of refraction and 

absorption of AliGai_xAs materials in the spacer and mirror layers (suitable for A1 

concentrations x < 0.4) is calculated from a theoretical model based on the work 

of Jenkins [71]. Hence, the linear susceptibility for every layer of the microcavity is 

known, and the reflection or transmission spectra of the coupled system can then 

be calculated. Also shown in Fig. 2.3(b) is the cavity load line for normal incidence. 

Recall that it is the intersection of this curve with the cavity dispersive index which 

gives the Fabry-Perot maxima; 

Figure 2.3(c) shows the results of a transfer-matrix simulation using these sus

ceptibilities for the microcavity structure given in Fig. 1.1. As predicted, this linear 

spectrum shows double-peaked transmission (and reflection, not shown). 

It is worth restating that one is able to use an arbitrary measured lineshape 

in this formalism. This proves useful in an investigation of the NMC linewidths 

as a function of cavity-exciton detuning. The bare absorption measurement and 

resultant calculated index provide the linear susceptibility of the emitter. Such 

a measurement naturally includes the influence of static disorder in the quantum-

confined system, regardless of the underlying causes (such as well-width fluctuations 

or alloy clustering). Whittaker et a/.[35, 36] and Savona et al. [37] have recently 

argued that these coupled systems can only be described in a coupled-state basis, 

the dressed states or exciton polaritons. The central theme of their arguments is 

that these quasi-particle polaritons represent states mixed in nature between purely 

photon-like state and purely exciton-like state. Far detuned from resonance, the 

(2.26) 

n{X)LTot = T^QWWLQW+ ''T-GaA3{^)^GaAa 
mX 

(2.27) 
2 cos 0 
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Figure 2.3; (a) Measured differential absorption per quantum well of a twenty well 
sample consisting of 85-A Ino.03Gao.97As quantum wells with 920-A GaAs barriers, 
(b) Kramers-Kronig calculation of the associated differential index, (c) Resultant 
transfer-matrix calculation of the transmission. 
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cavity-like NMC peak essentially displays a FWHM linewidth «, and due to its 

delocalized nature, experiences non-negligible dispersion (or very small "effective 

mass"). The other peak, in contrast, is exciton-like, with linewidth 7. This peak 

then has a much larger effective mass, as it is a more localized particle. The mixing 

of these bare states near zero detuning then creates quasi-particles which have 

effective masses in-between those of the bare particles (~ 10~®77io, as opposed to the 

bare exciton effective mass ~ O.Itttq, with mo the electron mass). Thinking in terms 

of localization, the polaritons are now states which are much more de-localized than 

a bare exciton. These papers now argue, therefore, that these states see center-of-

mass averaging of the quantum well potential that is averaged over in-plane length 

scales on the order of ~ 1 fim, as opposed to an exciton Bohr radius (~ 100 A). 

This averaging over the well well potential is called "motional narrowing," and we're 

led to believe that such effects can't be achieved by examining the emitter system 

independent of the cavity. The next chapter on linear experimental results shows 

this not to be the case. There, such motional narrowing effects are argued to be 

fully accounted for in the absorption measurements of cavityless multiple-quantum-

well samples. Furthermore, under careful experimental measurements, one is able 

to also model radiative-coupling effects from Bragg-spaced multiple-quantum-well 

samples, and even better fit the results of [35] for both NMC branches than they 

themselves achieved [72]. 

2.6 Semiconductor NMC: Microscopic Theory 

It has been mentioned in the previous sections and is shown experimentally in 

the next two chapters that the application of linear dispersion theory to describe 

semiconductor NMC in the linear regime yields good qualitative agreement with 

experiment. In fact using a measured susceptibility (absorption coefficient and de

rived index) is also shown to reproduce much of the nonlinear cw experimental 

findings. However, this can be considered "phenomenological" in the sense that 
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the measurement process does not serve to elucidate the underljdng physical mech-

anisnis behind the observed spectra. Nor is this theory able to treat the case of 

intense, short-duration pulses incident on a NMC microcavity, as the appropriate 

time dynamics of carrier density and induced polarization are missing, or the case 

of resonant optical pumping with either femtosecond pulses or cw beams. There

fore, much of the theoretical understanding of this coupled system comes from an 

attempt to develop the proper microscopic description of the quantum-well system 

itself. For this understanding, we turn now to the full semiconductor treatment as 

applied by our colleages at Phillips Universitat in Marburg, Germany [33, 32, 34]. 

An in-depth treatment of this theory exceeds the focus of this work, but an attempt 

is made here to briefly comment on the methods used, and the key results obtained. 

One defines the linear regime through a linear dependence of the quantum well 

polarization on the applied field. In other words, the polarization can be written 

as = x('^)E(a;), where the optical susceptibility, XQwifjj), is independent 

of the applied field. For an ideal case, the optical absorption near the band-edge in 

this regime has an analytical form given by the 2D Elliot formula [31, 56],based on 

an electron-hole (e — h) pair Hamiltonian including spatial confinement and e — h 

Coulomb potentials. For wells of arbitrary size, both numerical methods [31] and 

analytical solutions [73] have been appHed. 

The inclusion of nonlinearities to the polarization has often been treated using 

the semiconductor Bloch equations. Here, one starts from equations of motion for 

the density matrix elements using a microscopic Hamiltonian that includes single-

particle energies, Coulomb interactions, and carrier-field coupling. The diagonal 

matrix elements correspond to the occupation probabilities of conduction-band 

electrons and valence-band holes, while the off-diagonal elements give rise to the 

quantum well interband polarization. It is the Coulomb-interaction portion of 

the Hamiltonian which results in many analytical difficulties. This potential term 

couples two-operator terms to four-operator terms. These four-operator terms are 

then coupled to six-operator terms, and so on, leading to an open hierarchy of 
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coupled equations. The usual approximation is to factorize the expectation value of 

the four-operator terms into products of expectation values of two-operator terms, 

the so-called mean-field or random-phase approximation, also called the Hartree-

Fock approximation. The truncation of the hierarchy in this manner then leads to 

the Semiconductor Bloch Equations [74]. 

In this mean-field approximation, one includes phase-space filling nonlinearities, 

and the Coulomb interactions come into play as renormalized single-particle ener

gies and a renormsilized Rabi energy for carrier-light coupling. However, this scheme 

is insufficient to describe polarization dephasing collisions and Coulomb screening. 

Jaimke et a/. [32, 34] have included the effects of carrier-caxrier scattering and polar

ization scattering using nonequilibrium Green's function techniques. This method 

is well-suited to describing off-resonant cw and femtosecond pump-probe experi

ments. In such measurements, the pump serves to generate additional free carriers. 

Their presence contributes to the Coulomb screening and phase space filling. Mi

croscopic formulations for the changes in the carrier occupations as a function of 

time as well as a dynamic description of screened Coulomb potential have then 

allowed the description of both cw pump-probe measurements [32] as well as in

tense resonant femtosecond pulse propagation through NMC microcavities[34]. The 

treatment in these works includes contributions to quadratic order in the screened 

Coulomb potential, providing an extension beyond the Hartree-Fock approxima

tion to include the effects of two-particle collisions. The theory is then able to 

demonstrate that exciton broadening is overestimated in the absence of off-diagonal 

contributions to the polarization dephasing rates. It is shown in Chapter 4 that 

computations of the nonlinear optical susceptibility in this manner can then be cou

pled to Maxwell's equation in a transfer-matrix calculation to describe nonlinear 

cw pumjj-probe experiments on semiconductor NMC microcavities. 

A further generalization of the Semiconductor Bloch Equations in the Hartree-

Fock approximation has been made by Kira and colleagues[33]. To explain cw 

photoluminescent emission from our NMC microcavities, it is necessary to employ 
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a fully quantized treatment of both the field and emitter systems to describe both 

spontaneous and stimulated excitonic emission. The field mode is quantized by 

expansion into empty-cavity mode functions, and coupled to the induced polariza

tion via Maxwell's equations. In this situation, both stimulated and spontaneous 

emission terms act as sources for carrier-field correlations. For a postively detuned 

{f^cav > ^x) system, it is found that the reduced absorption and increased sponta

neous emission lead to nonlinear increases in the more cavity-like (higher energy) 

NMC peak emission, giving the appearance of a (pre-lasing) threshold-like behavior 

in the optical spectrum. 

Again, this is just a cursory treatment of a very intricate many-body theory, 

with contributions from a number of prominent individuals. Although a few more 

details are presented in Chapter 4, the interested reader is encouraged to seek out 

the references given in this section, and the further works cited therein. 
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CHAPTER 3 

LINEAR OPTICAL PROPERTIES OF NMC 
MICROCAVITIES 

This chapter focuses on linear optical measurements performed on semiconduc

tor NMC microcavities. In this context, linear means that there are relatively few 

excitations in the system such that small increases or decreases in the carrier den

sity or the number of photons present in the structure show no effects upon the 

resulting spectrum. Most of the measurements here are weak probe reflectivity or 

transmission measurements, although weakly excited double-peaked photolumines-

cence is also observed. Also briefly mentioned are experiments conducted by my 

colleagues, Ove Lyngnes and Jill Berger, who have examined NMC microcavities 

in the time domain by means of fs-pulsed excitation. The cw spectra show the 

characteristic double peaks (absorption, transmission, or luminescence) or dips (re

flection), whereas the time signature of NMC is seen to be a decaying osciUatory 

signal whose frequency and time constant can be related to the coupling strength 

and decay properties of the coupled system. Particular emphasis is placed upon 

comparisons of the various spectra for different cavity structures varying in mir

ror reflectivity (number of mirror layers), the number or type of quantum wells in 

the cavity spacer, and on the microcavity material composition (as for the room-

temperature samples). By comparing the splitting and linewidth properties of these 

structures as a function of cavity-exciton detuning, we are able to gain added in

formation about the linewidth properties of the individual, uncoupled components 

comprising each sample. Much attention is also paid upon linear dispersion theory 

fits to these spectra as a function of detuning. In such instances, the common 

practice is an absorption measurement of a multiple-quantum-well sample with

out cavity to determine the optical properties of the emitter system, and then the 

transfer-matrix computation to couple emitter and field mode. It is seen for several 
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samples that this procedure is able to reproduce experimental results, damaging 

the claim that one can only describe semiconductor NMC spectra using a purely 

coupled-system approach [35, 36, 37]. 

3.1 Experimental Setup 

The overall experimental setup used to perform both linear and nonlinear cw 

measurements in reflectivity, transmission, or photoluminescence is depicted in 

Fig. 3.1. One of two broadband probe sources were used. The first consists of 

a white light tungsten-halogen bulb from an Oriel 60020 lamp, spatially filtered 

through a small pinhole (< 150/Lxm). The spectral intensity of this white light 

probe is relatively weak, so the use of very small pinholes (< 50/im) was often 

impractical. Further, this lamp has a very broad spectrum, so one must be careful 

not to generate carriers in multiple-quantum-well samples due to short-wavelength 

light. Such light can also filter into the NMC microcavity samples beyond the re

flectivity stopband. Such problems, however, can be relatively easily avoided using 

long-wavelength passband color filters. An improvement was made by utilizing an 

Optek OPFS70A infrared light-emitting diode as a broadband probe source. This 

diode has its emission peak at 850 nm, and has a F\VHM of « 50 nm, suitable 

for our region of interest. The spectral power of the diode is much stronger than 

the filament source, such that the use of even a 10/zm pinhole was possible. The 

abundace of probe photons can easily be reduced either by controlling the driver 

power supply or the use of neutral density filters. Optical pumping of the sample 

is accomplished via a Coherent 899 cw TirSapphire ring cavity laser. This laser is 

tunable, using the mid-range mirror set, over the wavelength range 770 nm to 907 

nm, allowing to easily pump resonantly (near 835 nm) or nonresonantly into the 

microcavity reflection minima, typically around 780 nm. Unless otherwise noted, 

the Ti:Sapphire laser was incident at « 15° relative to the normal (probe beam 

direction) of the sample in order to minimize detection of scattered pump light. 

This laser is itself pumped by a Coherent Innova 310 multi-line argon-ion laser. 
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The Ti;Sapphire can typically generate ~600 mW at 830 nm when pumped at 8 

W. 

Detection takes one of two forms. For detection of the weak probe signals, 

lock-in detection methods are most often employed. Here, the broadband probe 

is square-wave modulated (either by mechanical or electrical means), and detected 

using a Spex 1.5-m scanning spectrometer in conjunction with a Hamamatsu R943-

02 photomultiplier tube, usually operated at 1.8 to 2.0 kV. The particular lock-in 

amplifier used was a Stanford Research Systems SR530 dual-channel analog lock-in 

amplifier. For detection of the generally much stronger luminescent signals, the 

collected light was instead directed by a removable mirror (M4 in Figure 3.1) to 

a Jarrel-Ash 3-grating spectrometer coupled to an EG&G Princeton 1451 linear 

detector array and optical multichannel analyzer. For low temperature measure

ments, the samples are mounted in an Air Products Heli-Tran liquid helium transfer 

line cryostat, the sample chamber of which is evacuated to pressures around 10-15 

mTorr by means of a mechanical roughing pump and small diffusion pump. Samples 

could generally be cooled ~ 10 K, as measured by a temperature diode mounted 

in close proximity to the sample. 

For many measurements, we take advantage of the fact that the epitaxial growth 

is not completely uniform over the entire wafer. The thickness is dependent upon 

the geometry of the effusion cells relative the sample substrate moly-block. In our 

system, this means that the center of the sample is the thickest, and with sample 

rotation during growth, tapers off radially toward the sample edges. This is how 

we are able to change our cavity-exciton detuning, A = u/c — Wi. For the particular 

structures under consideration, it turns out that the cavity resonance is a more sen

sitive function of thickness than the IsHH exciton transition, which hardly shifts 

over an entire sample. It is necessary, therefore, to grow NMC microcavities with 

the cavity resonance positioned to suflficiently longer wavelength than the exciton 

resonance at growth center. The cryostat chamber is mounted to a high-precision 

set of stepping motor micropositioners, which move the sample through the probe 
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Figure 3.1: Experimental transmission and photoluminescence setup for both lin
ear and nonlinear measurements. The removable mirror M4 allows one to switch 
between transmission (PMT) and photoluminescence (OMA) detection schemes. 
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beam, effectively changing the detuning. All of our detuning measurements are 

accomplished in this manner. 

Another often used method for varying A of course, comes from angle tuning[26, 

75, 76]. As seen from eqs.(2.14) and (2.14), the position of the Fabry-P&ot reso

nance shifts with the angle of incidence, 6. In transfer-matrix modeling for angle-

tuned measurements, it is important to also measure the absorption of the cavityless 

multiple-quantum-well sample in the same way, as there may exist transitions with 

nonzero oscillator strength for k|| ^ 0, which can change the resultant absorption 

and index spectra. Another important difference between length tuning and an

gle tuning occurs in the resultant peak linewidths. Higher energies are reached 

by the cavity resonance as a result of decreasing the cavity spacer length, Lcav, 

for length tuning. In angle tuning, the light travels a path length in the spacer 

that is increased hy L^ff = Lcav/cos9. Prom eq.(2.15), we see that the interplay 

of absorption, index of refraction, and effective cavity length all contribute to the 

cavity linewidth k, SO that one may not measure the same linewidths in the two 

cases. This can be further complicated due to asymmetric absorption and index in 

the immediate vicinity of the NMC transmission peaks or reflection dips, arising 

not only from the quantum well susceptibility, but also potentially from the asym

metries in the susceptibility of the background spacer and mirror materials. Angle 

tuning does offer one the advantage, however, of being able to tune on very small 

or very uniform samples. 

3.2 Sample Structures 

Tables 3.1 and 3.2 present an overall summary for several of the multiple-

quantum-well and NMC microcavity samples studied in this work. The micro-

cavity samples are all denoted NMC#, as they were grown in series. These can 

be further subdivided into two main diA^sions as the NMC2X and NMC6X series 

of samples which were grown roughly a year apart. The NMC2X series has, as 

their representative multi-well sample, NMC21, while the NMC6X samples have 
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Sample #QWs In % (x) Ew«(eV) FWHM (meV) 
NMC21 (10 K) 20 0.04 1.486 1.0 

NMC54 (300 K) 25 0.17 1.316 n/a 
NMC54 (10 K) 25 0.17 1.404 2.27 
DBR12 (10 K) 25 0.06 1.482 1.36 
DBR13 (10 K) 30 0.04 1.492 0.56 

Table 3.1: Quantum well sample parameters and measured absorption properties. 
In parentheses is the approximate sample temperature for each corresponding mea
surement. The linewidth of sample NMC54 at room temperature could not be 
easily measured due to strong asymmetrical background absorption. 

quantum wells that correspond to those of DBR12 or DERIS. Again, notable ex

ceptions include the room-temperature oxidized samples, A106, A107, and A108, 

with sample NMC54 as the reference emitter sample, and the samples NMC23, 

NMC27, and NMC30, which comprise the 3 samples containing two nonidentical 

wells. For these last 3 samples, a separate emitter sample without cavity was not 

grown, but rather results of NMC21 are assumed to give close correspondence. The 

samples DERI2 and DERIS are large samples designed to be able to achieve the 

Bragg or Anti-Bragg coupling conditions (barrier optical path length spacing of 

Ax/2 or A2/4, respectively) somewhere on the wafer. It is particularly on these 

samples that careful measurements with position are necessary to obtain the ab

sorption coefficient when tuned far away from the Bragg or Anti-Bragg conditions. 

The room-temperature and "3 oscillator" samples are discussed in more detail in 

later sections. 

Furthermore, Tables 3.1 and 3.2 list several parameters for each sample. For 

the cavityless emitter samples are listed the appropriate resonance energies, and 

the linewidths for the IsHH transition. For the microcavity samples, the minimum 

observed splitting (fimin) iii reflection and/or transmission is given. Also presented 

are the observed FWHM linewidths of the upper (S^) and lower {Si) NMC peaks or 

dips at the minimum splitting position on the sample. The linewidths at minimum 

splitting are not necessarily the smallest linewidths observed for a given sample, 

but are presented to emphasize the experimental finding that near resonance, one 
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sees that the two peaks usually have a different FWHM, contrary to most atomic 

results. For two well-resolved NMC peaks, these linewidths are obtained by fitting 

the spectra with double-Lorentzian and double-Gaussian functions, as well as a 

"by hand" analysis. These three methods are then averaged to give the resulting 

"linewidth." It has been found that exciton lineshapes are themselves asymmetric 

in shape, which has been attributed to the disorder mechanisms previously men

tioned [77, 78, 79, 80]. For this reason, one should not expect the NMC lines to 

symmetric. The fitting of these peaks then with symmetric lineshape functions may 

be questioned, but it is seen in general that these give a good estimations of the 

widths. On many graphical presentations, therefore, are plotted errorbars which 

represent the maximum difference between any one of these fitting methods and the 

resultant average. For low reflectivity samples, significant overlap occurs between 

the two NMC peaks near zero detuning. This prohibits the use of a "by hand" 

analysis, and hence only double-Lorentzian and double-Gaussian fits are used. The 

mirror reflectivities listed in this table are theoretical values obtained from trans

fer matrix simulations of the top or bottom mirrors separately. The value of /c is 

the measured linewidth of the NMC microcavity Fabry-Perot resonance in either 

transmission or reflection when this resonance is tuned energetically far below the 

exciton resonance. 

The measurements used to obtain the results listed in Table 3.2 were per

formed under very stringent conditions. The detection using the SPEX scanning 

spectrometer and photomultiplier tube with lock-in amplifier afforded very high 

spectral resolution (a spectral bandpass of 0.75 A= 0.13 meV). Furthermore, the 

probe spot size was limited to < 30/im and the beam half-cone angle to ~ 4.4° in 

order to minimize averaging over different angular and positional detunings. For 

the linear dispersion theory modeling, additional calculations were added to in

corporate averaging over a 30 micron spot assuming a Gaussian spatial profile for 

the probe beam. Furthermore, the simulations started with trying to fit the "bare 

cavity" linewidth, i.e., the cavity-like NMC peak when far detuned energetically 

below resonance. This model, in general, represents a best case scenario where 



55 

Sample Spacer Rw(%) #QWs nm,„(ineV) K (meV) Su{meV) rfj(meV) 
NMC20(R) 3A/2 GaAs 99.94 2,1 per antinode 4.55 0.25 0.49 0.31 
NMC22(R) 3A/2 GaAs 99.6 2, 1 per antinode 4.62 0.5 0.81 0.31 
NMC22(T) 3A/2 GaAs 99.6 2, 1 per antinode 4.68 0.42 0.82 0.29 
NMC28(R) lA GaAs 97.7 1 in center n/a n/a n/a n/a 
NMC61(R) lA GaAs 97.7 1 in center 3.53 1.6 2.04 1.71 
NMC61(T) lA GaAs 97.7 1 in center 4.25 1.6 1.64 1.81 
NMC63(R) 3A/2 GaAs 99.6 2, 1 per antinode 4.44 0.5 0.56 0.37 
NMC63(T) 3A/2 GaAs 99.6 2,1 per antinode 4.46 0.51 0.55 0.39 
NMC64(R) 3A/2 GaAs 99.94 2, 1 per antinode 4.29 0.3 0.32 0.22 
NMC64(T) 3A/2 GaAs 99.94 2, 1 per antinode 4.38 0.32 0.31 0.28 
NMC65(R) 3A/2 GaAs 94.5 1 in center 3.68 4.0 1.44 1.76 
NMC66(R) l lA/2 GaAs 99.6 10, 1 per antinode 6.38 0.24 0.36 0.28 

Table 3.2: NMC microcavity sample parameters and measured properties. The 
label in parentheses indicates whether the measurement was performed in reflection 
or transmission, gives the measured minimum splitting of the observed peaks. 
The linewidth k refers to the measured Fabry-Perot resonance width when tuned 
energetically well below the exciton line, while 5^ and Si are the upper-energy and 
lower-energy FWHM at minimum splitting. A value of "n/a" means a measurement 
of suitable precision has yet to be made. 

infinite plane waves are assumed, and all the microcavity layers have perfectly flat 

interfaces giving ideal reflectivity results. In reality, surface roughness and material 

imperfections can lead to scattering and absorption type losses. It was necessary 

to add a small, energy-independent background absorption (< 0.001//m~^) to the 

cavity and/or mirror layers to obtain agreement. This value was then held con

stant throughout all of the simulations to generate different detuning spectra for 

any given microcavity structure. 

3.3 Linear Results for Low-Temperature, Two-Oscillator Coupling 

The measurement starting point is a determination of the absorption spectrum 

for a multi-well sample, aL ~ In [Iq/It], as elaborated in the previous chapter. Fig

ure 3.2 shows the absorption spectrum of sample NMC21 over a larger wavelength 

than Fig. 2.3. In this spectrum we see the IsHH resonance at 1.486 eV, with total 

linewidth ~ 1.0 meV, and slightly higher up in energy the 2sHH (E = 1.4924 eV) 
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followed by the IsLH (E = 1.5014 eV) absorption peaks. Here, the strain caused 

by InAs and GaAs lattice mismatch has shifted the LH peak far enough away from 

the HH peak to allow the study of coupling to essentially a single oscillator. The 

presence of the 2s and HH continuum states do cause linewidth changes when an 

NMC peak is located in this energy range, however. Furthermore, all peaks are 

sufficiently lower in energy than the GaAs absorption peak at w 1.514 eV near 10 

K, to permit trjinsmission studies without having to etch away the substrate. 

A similar measurement is shown in Fig. 3.3(a) for the sample DBR13. This 

data was taken at a position on the sample where the interwell spacing was ap

proximately 0.85 i-e. far from either the Bragg or Anti-Bragg conditions. 

Figure 3.3(b) shows also the measured reflectivity spectra for this case (solid), and 

for the case of Bragg interwell spacing, d^pacing = (dashed). As a testament 

to the power of the transfer matrix method. Fig. 3.3(c) shows calculations of the 

reflectivity spectra for both of these cases. Remarkable agreement is achieved, 

indicating that the measurement is a suitable representation of the radiatively un

coupled wells, and can hence be used to simulate the pertinent NMC structures. 

Armed with the susceptibilty of our emitter material, the next measurements 

are those of the coupled cavity systems. A series of measurements are taken across 

the sample to vary the cavity-exciton detuning. Figure 3.4 (a) shows the results 

of several such spectra for NMC22 taken in reflectivity. The spectra have been 

offset by 0.3 for clarity. Part (b) of this figure then shows the resulting "anti-

crossing" diagram, created by tracking the positions of the NMC peaks with the 

position of the probe spot on the sample. This anti-crossing behaviour results due 

to lifting the degeneracy of the uncoupled cavity and exciton resonances via dipole 

coupling. For presentation one often plots the ordinate as cavity-exciton detuning, 

A = h{u}c — uix), rather than sample position or tuning angle of incidence. In such 

cases, this is usually done by inverting eq.(2.8), and writing the detuning as 

(3.1) 
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Figure 3.2: Measured absorption spectra of sample NMC21{see Table 3.1) at 10 
K. 
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Figure 3.3: (a)Measured absorption spectrum of DBR13, taken at a position on 
the sample where interwell spacing is « 0.85Ai/2. (b)Measured reflectivity for this 
same position (solid), and for Bragg spacing (dashed), (c)Calculated reflectivity 
spectra for both cases using the transfer-matrix formalism. 
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The appropriate sign of the detuning can, of course, be assigned by maJdng the 

correspondence of how the thickness changes with the measurements. All results 

plotted with "detuning" as the x-axis in this work make use of this equation. It 

should be noted, however, that this is only approximate. Linear and nonlinear ex

perimental measurements have taught us that not only the linewidths, but also the 

NMC peak positions and amplitudes are sensitive functions of the local variations 

of the index of refraction and absorption coefficient. This is made even clearer 

in Fig. 3.5, where the measured reflection and transmission spectra at minimum 

splitting are presented. Note first the asymmetry in amplitudes and linewidths of 

the two dips or peaks. It is clear that the upper energy resonance is broader, and of 

lower amplitude than the lower one. Indeed, one has to tune the cavity to slightly 

higher energy in order to yield spectra showing equal amplitude dips or peaks. This 

is in stark contrast to the symmetric lineshape predictions of the standard atomic 

or quantum approaches mentioned earlier. For most of our discussion, this is not 

a critical issue. In the following chapter on nonlinear properties, however, there is 

made mention of a method to better determine the true detuning. 

A further point of discussion has centered around the fact that near zero detun

ing, many measurements show the low-energy NMC linewidth in either transmission 

or reflection to be smaller than the average of the cavity and exciton absorption 

linewidths, i.e. < (k+7)/2. Indeed, Fig. 3.5 displays this very behavior. Far de

tuned from resonance, the cavity peak is shown to display a linewidth « = 0.5 (0.42) 

meV in reflection (transmission), and the exciton absorption FWHM is seen to be 

7 = 1.0 meV; the lower branch NMC linewidth, however, has a measured value of 

5i = 0.31(0.29) meV, less than (/c-|-7)/2 = 0.75(0.0.71) meV. Houdre et a/.[81] have 

shown this not to be a great surprise. They have modeled the exciton as a (dis

order induced) Gaussian distribution of Lorentzian oscillators, thereby producing 

an inhomogeneously broadened symmetric exciton absorption lineshape. Even for 

high quality wells, the underlying homogeneous linewidth {'YHom) is usually much 

smaller than the inhomogeneous contribution {jmh) to the total exciton linewidth 
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Figure 3.5: Sample NMC22 at minimum splitting in both reflection and trans
mission. Note the as3mimetry in both linewidth and amplitude, in contrast to a 
"symmetric absorber" prediction. 

7. Their transfer matrix simulation then showed that as the minimum NMC split

ting is increased (by increasing oscillator strength, for instance), the linewidths of 

the NMC peaks decreased from Su = Si = {K+'y)/2 down to 6^ = Si = {K+jffom)/2. 

However, their model doesn't explain the asymmetry of the upper and lower peak 

linewidths neax resonance, and it is therefore necessary to provide a model which 

gives asymmetric lineshapes to the exciton absorption spectrum, yielding differing 

contributions to the index and absorption at the NMC energies. This points out 

another advantage of using the measured absorption profile technique, which has 

shown good agreement with experiment [82, 83]. 

T 
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Further demonstrations of the validity of this approach can be seen in Fig. 3.6. 

Part (a) of this figure gives the measured and fit linewidths versus cavity-exciton 

detuning for sample NMC6S. Here, the measured cavity linewidth « = 0.51 meV 

and total QW absorption linewidth 7 = 0.56 meV are nearly identical. The addition 

of a dispersionless constant absorption Aa = 0.00038//m~^ to the spot-averaged 

transfer matrix computation duplicates the cavity linewidth. Further simulations 

to bring the two oscillators into resonance show excellent agreement with data. 

The dramatic increase the upper branch linewidth beyond resonance can be traced 

both to coupling to energetically higher states {2sHH and continuum states, and 

the IsLH exciton). The inset of this figure is the measured reflectivity spectrum 

for nearly equal amplitude reflectivity dips (i.e., slight positive detuning). Part (b) 

of this same figure compares data and theory for NMC65, a much lower reflectivity 

sample. It can be seen here that the linewidth behavior is, from a percentage basis, 

closer to that predicted for the atomic or symmetric absorber case. Still, it is seen 

that both upper and lower branch linewidths are less than the average of 2.28 meV 

predicted in such schemes. 

For completeness, three more figures are shown. The first, Fig. 3.7, shows re

sults of a time domain signature of NMC, the so-called Rabi oscillations. These 

measurements, performed by Jill Berger et a/. [84], are obtained by upconverting 

weak fs probe pulses in reflection with reference pulses through a BBO crystal. 

The appearance of oscillations in the time-resolved signal is a direct result of the 

existence of two reflectivity dips (or transmission peaks) produced by the coupling; 

see the time-integrated reflection spectrum in the inset. Furthermore, it has been 

shown that placing a semiconductor in a magnetic field can increase the transition 

dipole moment of a given transition due to the reduced dimensionality imposed 

by the magnetic field [85, 86]. Increasing the dipole moment increases the NMC 

splitting, resulting in a smaller oscillation period in time-resolved measurements. 

A comparison for zero magnetic field (r = 2ir/Q m 0.9ps) to 11.25 T field strength 

results (r fn 0.7ps) demonstrates this fact. 



63 

2.0 

> 1-5 
u 

*2 1.0 

0.5 

;1T: 
. 1 . 1 . r 

—'—1— 

0.81 
S 

0.6 = 
EC 

0.4 

—1—•—1—'—1—•—' 

upper branch X 

• 1.488 1.4941.500 
Energy (cV) 

*— 

• (a) lower branch 1 . 1 . 1 . 1 . 1 . 

- lower branch 

upper branch 

-10 -8 -6 -4 -2 0 2 4 6 8 10 

Detuningco -co (meV) 
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Figure 3.7: Time-resolved reflection measurements from sample NMC22 (Cour
tesy of J.D. Berger et a/.[84]). It is seen that magnetic field enhancement of the 
oscillator strength increases the NMC splitting, reducing the period of observed 
Rabi oscillations. The inset shows the corresponding zero-field, time integrated 
spectrum. 
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Figure 3.8 shows a dramatic example of coupling to bulk GaAs. This sample, de

noted ESECSMS, was grown for other studies [87]. It consists of 44(57) top(bottom) 

mirror layers of alternating Alo.3Gao.7As / AlAs mirror layers {R > 99.9%), with a 

100-nm bulk GaAs layer grown in the center of a 1 — A Alo.3Gao.7As cavity spacer. 

This measurement was performed in reflectivity at ~ lOiiC, and shows perhaps 

even more dramatically the linewidth asymmetry present near zero detuning. The 

asynmietry in the NMC peak linewidths in this case is due primarily to absorption 

broadening on the high-energy side of the bulk excitonic resonance, rather than 

index effects associated with the bulk exciton. 

Finally, Fig. 3.9(a) shows the minimum splitting reflectivity spectrum of sample 

NMC66, displaying the largest splitting-to-linewidth ratios reported to date-17.7 

using the broader, upper energy peak (5^ = 0.36 meV), or 22.8 from the lower 

peak {5i = 0.28 meV). It is such large ratios of these samples that make them ideal 

candidtates for studying nonlinear behavior, as detailed in the next chapter. Part 

(b) shows the measured linewidths versus detuning. 

3.4 Three-Oscillator Systems 

All of the previous measurements have focused on samples displaying coupling 

of the cavity field mode to a single excitonic resonance. By tuning the cavity to 

even higher energies, it is possible to also show dramatic coupling to the IsLH res

onance and even the bulk GaAs resonance [25, 88]; but these resonances are usually 

sufficiently far away that one sees essentially coupling to only one resonance at a 

time (although light-hole coupling in [89] is a notable exception). For three of our 

samples, NMC23, NMC27, and NMC30, this is not the case. These three structures 

all consist of 20(25) top(bottom) mirrors of alternating GaAs/AlAs quarter-wave 

layers {R ci 97.4%). In the 3A/2 GaAs spacer are again grown two In^Gai-xAs 

quantum wells, one at each intracavity field antinode. During growth, however, 

the indium fluxes are set to be different, so that the mole fraction x varies between 
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Figure 3.8: Reflectivity spectra for sample ESECSMS at 10 K. Here the coupling 
is between the cavity mode and the bulk-GaAs exciton. 
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the two wells. Sample NMC27 was grown to have the largest difference in the two 

transition energies, while NMC23 had the least. 

Our Russian colleagues Alexey Kavokin and Mikhail Kaliteevski have modeled 

our measurements on these samples using the transfer-matrix technique. As sepa

rate emitter samples representative of those in the spacers of these three samples 

were not grown, they used a variational calculation[90], including effects of inho-

mogeneous broadening, to generate the the necessary properties of the wells used 

in the transfer-matrix calculations. Table 3.3 gives the parameters used for these 

samples. Figure 3.10(a) shows several reflectivity spectra taken at various posi

tions (detunings) on sample NMC27. The dashed lines show the theoretical results 

for the same structure. The large separation between the transition energies of the 

two quantum wells is even more evident by examining the associated anti-crossing 

curve in part (b). This large energy separation show predominant coupling to one 

peak, and then to another, as two almost individual anti-crossing diagrams can be 

mapped out. It is possible to see such behavior also in the light-hole coupling of 

both weUs to the cavity resonance. For smaller well energy separations, the tuning 

of the cavity peak quickly affects the other two resonances, as shown for NMC30 

in Fig. 3.11. Here, one can still reach a position on the sample where the middle 

NMC dip takes on a predominantly cavity-like character, as seen by its lower dip 

minimum, but there is less possibility to tune the cavity independent of altering the 

spectral positions of the other two dips as for NMC27. Finally, for even smaller dif

ferences in the quantum well transition energies, the coupling takes more and more 

the character of "2 oscillator" coupling. No longer can one distinguish cavity-like 

behavior of the middle dip (Fig. 3.12), and with detuning, the interaction almost 

appears to "hop over" this resonance region. 

It should be further noted that the method used by Kavokin and Kaliteevskii 

was again based upon symmetric exciton lineshape functions. The middle trace of 

Fig. 3.12 demonstrates a case where the fitting reasonably reproduces the relative 

amplitude behavior of the three dips, but not their linewidths. The data, taken 
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Sample ftcjt (eV) htJu (eV) hVo (meV) hV^meV) 
NMC23 1.479 1.4825 0.03 1.0 
NMC27 1.474 1.4835 0.03 1.0 
NMC30 1.4805 1.485 0.035 1.0 

Table 3.3: Quantum well parameters used for modeling the 3-oscillator samples. 
The subscripts L and U refer to the energetically lower or upper well, respectively. 
Also, To and T refer to the radiative and nonradiative damping rates, assumed 
identical for both wells. 
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Figure 3.10: Sample NMC27 in reflectivity. Solid = data; dashed/symbol = theory, 
(a) Reflection spectra at various sample positions (detunings). (b) Accompanying 
anti-crossing diagram. Note in particular the individual anti-crossings for each well, 
in addition to similar behavior for IsLH coupling. 
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Figure 3.11: Sample NMC30 in reflectivity. Solid = data; dashed/symbol = theory, 
(a) Reflection spectra at various sample positions (detunings). (b) Accompanying 
anti-crossing diagram. Here a cavity-like middle peak is still achievable, but with 
individual couplings that are less pronounced. 

for the case of smallest energy separation between the outer peaks, show that the 

highest energy resonance is broadest. The symmetric lineshape prediction, however, 

gives equal linewidths for these two peaks. Additionally, there was no inclusion of 

light-hole resonances or higher-bound and continuum states, so that the linewidths 

of the energetically higher NMC resonances (far right dips in the top reflectivity 

traces of all three samples) are not correctly accounted for. In fact, one can clearly 

see a case of four coupled resonances in the top traces for samples NMC27 and 

NMC30. Again, a better fit would be obtained by using a model that more closely 

duplicated the asymmetric bare absorption lineshapes. 
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Figure 3.12; Sample NMC23 in reflectivity. Solid = data; dashed/symbol = theory, 
(a) Reflection spectra at various sample positions (detunings). (b) Accompanying 
anti-crossing diagram. The small energy separation of the two wells reveals coupling 
more reminescent of 2 oscillators than the previous two graphs. 

Complementary understanding of this problem can be obtained from applying 

the Hamiltonian formalism discussed in the previous chapter. Here, the barrier 

thickness between the two wells is sufficiently large to ignore coupling eSects be

tween wells. In such an instance, then, one generalizes eqs.(2.21)-(2.23) to now 

include the influence of the third osdllator. This can be written as 

Htat = H^x + Hp + H2X-FJ (3.2) 

H2X = -|-hujubjjb, (3-3) 

Hp = tiUca^d, (3.4) 
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HX-F = (PL^ + + MLUFI (SJra + BUD^^ . (3.5) 

For simplicity, the nonlinear spin-state (bi-exciton formation) and state-filling terms 

have been ignored (A = 0 and a = 0, respectively). It is seen then that bare states 

of the imcoupled system would be written [ ttil, rnu, n), with ttil and mu the number 

state representations for the lower- and upper-energy wells. This system then 

translates to a 3 x 3 matrix formalism, and can be solved in a similar fashion through 

diagonedization of the resultant Hamiltonian; the details of such a treatment will 

not, however, be presented here. 

3.5 Rx)om-Temperature Samples 

Shortly after the first demonstration of semiconductor NMC [18] came a report 

on the observation of the same phenomenon at 300 K [91]. These measurements 

were performed on a 3A/2 microcavity containing 6 Ino.13Gao.87As quantum wells, 

3 in each field antinode. An oscillator model fit to the observed Qmin = 8-8 meV 

splitting at 77 K used a damping rate 7 = 2.7 meV; however, 300 K measurements 

showed a barely resolvable splitting of ^min = 4.5 meV, with the damping rate 

now adjusted to 7 = 9.3 meV. This made further studies at elevated temperatures 

more difficult on these samples. It was clear, then, that to properly study NMC at 

elevated temperature, a larger minimum splitting was necessary. From the previous 

definitions of the NMC splitting, there are several approaches to accomplish this 

goal. The first is to obviously try to increase the oscillator strength or resonant 

absorption coefficient, oio, of the transition at hand. Constant efforts are always 

being made to consider new materials and growth methods to achieve the best 

absorption properties possible; however, the quantum well samples presented in 

this work rank among the best currently achieved, and so major improvement may 

be long in coming. Another possibility arising from eqs.(2.3) and (2.24) comes 

firom the definition of the "electric field per photon", £ = y/fi^c/^Vcav If one can 

decrease the cavity mode volume, then the predicted splitting will increase. 
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The effective cavity length of a distributed-Bragg reflector microcavity is larger 

than the physical cavity spacer length due to field mode penetration into the mirror 

layers. One can reduce this penetration by using alternating quarter-wave mirror 

layers having an increased refractive index contrast. A larger index difference results 

in higher Presnel reflection at each interface, resulting in an overall higher mirror 

reflectivities for the same niunber of mirror layers. For Alj;Gai_a:As based systems, 

using alternating mirror layers of the binary alloys, i.e. pure GaAs and AlAs, 

results in the largest index difference possible. One way to achieve larger changes 

in ni-V semiconductor systems is by selective oxidation of the AlAs mirror layers. 

Recent studies have shown that placing AlzGai-zAs materials in high-temperature 

pressurized chambers with ambient H2O vapor results in rapid oxidation of the 

material [92, 93, 94]. In fact, the higher the aluminum mole fraction, the faster 

the oxidation rate. In the extreme case, utilizing typical GaAs/AlAs mirror layers, 

one can completely oxidize the AlAs layer (to form native A1 oxides, predominantly 

AI2O3) before any significant oxidation of the GaAs layers occurs. The effect of this 

oxidation is then to drastically alter the bandstructure of the material, driving the 

bandedge into the ultra-violet part of the spectrum. This further alters the index of 

refraction of the material. For comparison, the index of refraction of GaAs at 940 

nm is noaAa = 3.556, while that of AlAs is umas = 2.934. These studies, as well as 

recent work by Professor Yong-Hee Lee's group in Korea[95], have shown the native 

oxide (henceforth denoted "AlO") material to have an index of UAIO = 1-5 — 1-6, 

giving the desired enhanced index contrast. 

This physical change is also accompanied by a change in the lattice constant, 

which results in the thickness of the oxide layers having about 95% of the thick

ness of the unoxidized layers. One can imagine, then, the strain induced by such 

a process. Indeed, many initial attempts by our collaborators from Korea and 

CoreTeJ^^h, 96] showed peeling away of the layers at the material interfaces. To re

duce these effects, a common treatment is to use etched post structures ("mesas"), 

or striped structures ("canyons"). This has been the route we have taken to create 

room-temperature NMC structures. 
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Figure 3.13 shows a theoretical comparison of the electric field confinement in 

a typical GaAs/AlAs microcavity versus that for an AlO cavity. Both structures 

have a 3A/2 GaAs spacer, with a cavity design wavelength of 940 nm. The imoxi-

dized cavity consists of 28(33) top (bottom) mirror layers of pure GaAs and AlAs, 

respectively, yielding a theoretical reflecitivity of 99.5%. Using a fixed index of 

refraction of UAIO = l-5> aii AlO structure with 6 top and 7 bottom mirror layers is 

predicted to have a reflectivity of 99.4% at the design wavelength. For this compar

ison, the field amplitudes were normalized such that each cavity contains the same 

total energy. The dashed lines of this figure plot the microcavity index profile as a 

function of sample position, with zero taken to be cavity center. It is obvious from 

this comparison the advantage one obtains in intracavity field confinement due to 

the oxidized mirror layers. Indeed, from a comparison of the ratio of the intracavity 

field amplitudes, one would expect an enhancement of 1.45 in the splitting relative 

to the unoxidized microcavity. 

The process of design and fabrication of such a structure took several steps. 

Figure 3.14 shows the absorption spectrum of NMC54 at 300 K. Here the wells 

have and indium mole fraction of w 0.17, producing a pronounced absorption peak 

at 942 nm = 1.3166 eV to provide the emitter oscillator. Next came the growth of 

the pre-oxidized microcavity structure, AlOl, with six quantum wells in the GaAs 

3 A/2 spacer, 3 in each field antinode. The number of mirror layers were chosen to 

be 6 top and 7 bottom, in accordance with Fig. 3.13. It must be kept in mind that 

the growth of the AlAs mirrors had to be made 1/0.95 thicker than the desired 

oxidized thickness. 

To assist in the prediction of success or failure of each growth, the pre-oxidized 

samples were measured in reflectivity at several positions along a radius from growth 

center. These measurements were fit with the transfer-matrix algorithm, and then 

the predicted post-oxidation spectrum was also made based upon these fits. Figure 

3.15(a) shows the measured and fit reflectivity spectrum for a sample position close 

to growth center. Figure 3.15(b) then shows the resulting predicted spectrum 
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Figure 3.13: Theoretical comparison of the intracavity electric field amplitude for 
(a) a typical GaAs/AIAs microcavity, R ~ 0.995, and (b) an oxidized-AlAs struc
ture, with R ~ 0.994. The cavities have been normedized to contain the same 
overall energy. The dashed lines show the refractive index profile for each structure 
as a fimction of position in the smaple, with zero taken as cavity center. The intra
cavity field is seen to be enhanced by a factor of 1.45 at the field maxima (cavity 
antinodes). 
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Figure 3.14: Absorption spectrum of NMC54 at 300 K. 

after axidation based upon this fit. In this way, it is possible to track the expected 

movement of the Fabry-Perot resonance across the sample to determine whether 

or not one could expect to see NMC, i.e. for a given wafer size, was the tuning 

range suitable. The pre-oxidation fits and post-oxidation predictions indicated the 

ability to tune through resonance on this sample. 

Two adjacent pieces of these samples were then sent to KAIST in Korea and 

CoreTek in Massachusetts for oxidation. At KAIST, the samples were etched into 

an array of circular mesas by means of chemically-assisted ion-beam etching down 

to the substrate layer. Oxidation occured by using a "bubbler chamber" heated to 

400 "C for 20 minutes, pressurized using an N2 line with added H2O. The CoreTek 

samples were etched in a similar pattern using wet chemical etching. Oxidation 

was for w 180 minutes at 370 °C in a similar system. The CoreTeK sample didn't 

completely oxidize through. This can easily be seen under an optical microcsope. 
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Figure 3.15: (a) Pre-oxidation reflection measurement (solid) and transfer-matrix 
fit (dashed) of sample A107 at 300 K. (b) Post-oxidation prediction of the reflec
tivity spectrum based upon the fit of (a). 

As the mesas have a diameter of ~ 100 microns, it was still possible to perform 

measTirements on this sample. 

Post-oxidation results are shown in Fig. 3.16. The solid line in part (a) shows 

the measured reflectivity spectrum at minimum splitting. The dashed line shows 

the predicted spectrum based on adjusting the layer thickness parameters corre

sponding to the nearest pre-oxidized measurement. Note that a laxge tuning range 

occurred from growth center to the region of minimum splitting. As a result, the 

well thicknesses undergo a large change in well width; a problem not encountered 

with our previous samples. The smaller width resulted in a slight shift to higher 

energy of the exciton resonance, which is the source of the discrepancy between the 
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fit and the data. Otherwise, the agreement is seen to be quite remarkable. The 

splitting here is seen to be cs 10 meV, displaying well-resolved dips. The lower half 

of this figure shows the reflectivity anti-crossing diagram for this sample at 300 

K. Note also how wide the reflectivity stopband is here compared to the typical 

GaAs/AlAs microcavities, as depicted in Fig. 1.2. Using the R = 50% values as 

a criterion for such a determination, one sees a width of ~ 0.692 eV (= 537 nm) 

for the oxidized sample, compared to 0.202 eV (= 113 nm) for the unoxidized 

structure. This is another consequence of the larger refractive index difference [55], 

and must be accounted for if one is interested in nonresonant optical pumping. 

It should be mentioned that shortly after our results were published, Graham et 

al. followed with a simlar study, using both GaAs/AlO materials as well as electron-

beam deposition of dielectric layers of MgF/ZnSe [21]. Their geometry used etched 

channels instead of posts or mesas, resulting in a greater timing flexibility. 

Sample A107 has also been examined at low temperatures. In going from 300 

K to 10 K, it is seen that the resonance energy shifts by -1-88 meV. The resulting 

absorption spectrum is seen in Fig. 3.17(a). Note in particular how the lineshape is 

clearly asymmetric, with higher absorption on the high-energy side. The linewidth 

in this case is seen to be 7 ~ 2.2 meV. Due to the large shift in the exciton transition 

energy and the relatively small size of the KAIST A107 sample, the region near 

minimum splitting was not able to be probed on this sample. The Core TeA sample, 

however, was considerably larger in size, and the zero-detuning condition could 

be met. Part (b) shows the on-resonance reflectivity spectrum, again displaying 

unequal linewidths {6u = 7.45 meV, 5l = 2.35 meV). The following figure, Fig. 3.18, 

shows the behavior of the two NMC peaks and the total linewidth behavior of this 

sample at low temperature as a function of detuning. 
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Figure 3.16: (a) Minimum-splitting reflection measurement (solid) and transfer-
matrix fit (dashed) of sample A107 at 300 K. (b) Resultant anti-crossing diagram. 
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CHAPTER 4 

NONLINEAR OPTICAL PROPERTIES OF NMC 
MICROCAVITIES 

4.1 Introduction 

In Chapter 2, a theoretical overview of the various approaches to describing 

NMC in naicrocavity systems was presented. It was shown that both a dressed-

state formalism and a classical (using a measured susceptibility) or semiclassical 

(theoretical susceptibility) approach gave identical results in the linear regime. The 

nonlinear results, however, are what serve to distinguish the two approaches. The 

semiconductor dressed-state formalism predicts only the observation of two cou

pled peaks with no change in the observed spectrum unless certain nonlinear terms 

are present. With the addition of these nonlinearities, Hanamura et al. 's the

ory then predicts the observation of new spectral peaks or dips, corresponding to 

transitions between excitation manifolds having varying NMC splittings. In this 

chapter, results are presented which prominently display the rich nature of exci-

tonic nonlinearities in quantum confined systems, but do not show any new NMC 

spectral features. Application of a nonlinear dispersion theory treatment, whereby 

the nonlinear susceptibility is either measured via a cw pump-probe scheme, or 

is determined from mircroscopic theory, are shown to give good agreement with 

experimental results. These findings contradict the dressed-state approach. Fur

thermore, it is found that the number of carriers in the system is quite large when 

nonlinearities begin to show influence in the probe transmission spectra; one must 

already question, then, the application of a theory treating the electron-hole pairs 

as Bosons. The high carrier densities needed to produce nonlinear behavior Jilso in

dicate that typical semiconductor microcavities are far &om the quantum statistical 

limit, already attained in present-day atom-cavity systems [38]. 
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4.2 Nonlinear Measurements 

The experimental setup for cw ptimp-probe transmission and photoluminescence 

measurements was shown in Fig. 3.1. In most instances, the pump spot was » 50 -

100 microns in diameter, and incident on the sample at a small angle to the normal 

to help reduce the amoxmt of scattered light reach the detector. This beam was 

also square-wave modulated using an acousto-optic modulator (AOM), driven by a 

variable waveform function generator. The duration of the pump pulses was on the 

order of 1 microsecond, and a duty cycle of 20% or less was used to avoid sample 

heating. Still, the duration of these pulses is much longer than their associated 

scattering times, so that the system sees quasi-cw pumping. The probe pulses 

came only from the infrarred diode mentioned earlier, the power supply of which 

was triggered by the trigger output of the fimction generator driving the modulator. 

The probe beam was then spatially and temporally overlapped with t he pump 

pulses. The probe spot size at the sample was 30 microns or less. Detection of the 

nonlinear probe transmission was accomplished by modulating its signal a second 

time using a mechanical chopper at a frequency 300 Hz. The probe transmission 

was collected through the SPEX scanning spectrometer with attached Hamamatsu 

R943-02 photomultiplier tube, and detected with the SRS 530 lock-in amplifier. 

Figure 4.1 shows the effects of both nonresonant {Ep^mp = 1.5754 eV) and 

resonant (into the lower-energy NMC peak, Ep^^np = 1.4832 eV) pumping for the 

case of equal linear transmission peak amplitudes (i.e., slight positive cavity-exciton 

detuning). At low pump intensities, the behavior is just the expected double-peaked 

spectrum. As the power is increased, the NMC peak transmission amplitudes 

actually decrease. At higher intensities, the transmission is almost zero. For off 

resonant pumping, transmission begins to open up at the uncoupled wavelength. 

Again, reaching this condition for resonant pumping was more difficult, as scattered 

pump light tended to overload the detector, causing severely reduced signal-to-noise 

ratios. However, it is clear that both nonlinear experiments are generating the same 

behavior: decreased probe transmission at the NMC peaks, with negligible change 
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Figure 4.1: Nonlinear probe transmission measurements for NMC22 with increasing 
pump intensities, (a) Far off-resonant pumping, (b) Pumping into the energetically 
lower NMC peak. 

in NMC splitting. There are also no new spectral features present, that is, no 

indication of transitions other than those already observed in the linear spectrum. 

How does one explain this phenomena? To begin, it is useful to examine the 

nonlinear behavior of the quantum well system separate from the microcavity. Fig

ure 4.2 shows cw-pump-probe absorption (— In [T]) measurements performed on 

the multiple quantum well sample NMC21. The pump is nonresonant at 1.59 eV, 

with increasing pump intensities of 0 (linear case shown also in Fig. 3.2), 89, 115, 

263, and 487 W/cm^. Further saturation in this setup resulted in probe transmis

sion spectra with very poor signal-to-noise ratios, due primarily to the unavoidable 

large luminescence from the sample that also reached the detector. The behavior, 

E = 1.5754 eV pufnp = 1.4832 eV 
pump 

_A 
A 
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Figure 4.2: Nonlinear probe absorption (— In [ T ] )  measurements at 10 K for sample 
NMC21 with increasing pump intensities as listed. 

however, is evident. Increased pumping broadens the exciton; there is little shift in 

the location of the transition peak, and also little change in oscillator strength (pro

portional to the integrated absorption) until very high pump intensities are reached. 

This exciton broadening causes increased absorption at the NMC peak positions, 

reducing their amplitude. When the exciton is thoroghly bleached, a transition 

has occured from strong coupling to weak, and the transmission now opens up at 

the uncoupled cavity resonance energy. Note also that further pump-probe experi

ments on this sample using f^pump pulses have shown that the quantum wells have 

a saturation density of N^at ^ 8.75 x 10^® cm~^ [88]. This high density supports 

the claim that we're operating in a nonperturbative regime, but not in a quantum-

statistical limit, where small numbers of excitations (i.e.potential excitons) should 

be sufficient to produce observable changes in the absorption spectrum. 

With these results, we can now compute via Kramers-Kronig relations the non

linear index change of the quantum wells, and again use the transfer-matrix method 
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Figure 4.3: Nonlinear dispersion theory simulation for NMC22. The single peak 
at center (scaled to 1) is an "empty cavity" simulation, where the quantum well 
susceptibility has been replace by that of bulk GaAs. The dashed line shows the 
linear absorption spectrum; this indicates that equal amplitudes in transmission 
come from slight positive cavity-exciton detunings (+0.41 meV, here). 

to examine the coupled system behavior. Figure 4.3 shows these results. Here, 

the parameters used in the program have been adjusted to mimic the experimental 

situation, that is, equal amplitude transmission peaks. The transmission of the 

"empty cavity" peak (scaled to 1), with the well material replaced by bulk GaAs in 

the model, shows the single cavity resonance near 1.4863 eV, energetically higher 

than the excitonic resonance (dashed curve, scaled to 1 at resonance) located at 

1.4859 eV. This substantiates the claim that equal amplitudes in transmission are 

indicative of slight positive cavity-exciton detunings. It can further be seen from 

this figure that all of the qualitative features of the measurement of Fig. 4.1 axe 

duplicated here: marked decrease in probe transmission with a negligible change 

in the NMC splitting. 
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The nonlinear dispersion theory method provides all the requisite characteris

tics of the observed behavior, but it does not elucidate the physical mechanisms 

behind such measurements. Also, this case is only good for the quasi-equilibrium 

situations reached with cw pumping. To examine the effects of intense fe-pulses 

propagating through these structures, it is necessary to know the dynamical be

havior of the coupled system. To obtain such insights, we turn to the microscopic 

modeling of Jahnke et al. [32] amd Kira et o/.[33, 34]. This theory meikes no such 

assumptions about treating electrons and holes as Bosons, but rather starts &om 

a Fermion description of the carriers, with both attractive and repulsive Coulomb 

interactions included. The theory in [32] and [34] is semiclassical, as the field is 

not quantized. The work in [33], however, represents a fully quantized treatment, 

where the field is quantized by an expansion into empty cavity modes. The theory 

then becomes a generalization of the semiconductor Bloch equations [31, 97] to 

obtain equations of motion for the microscopic polarization, Fjc = UfcCic, the carrier 

occupations = c^ck and nj^ = and the photon operator 6,. Here, cj^ and 

Uk are the Fermionic creation operators for conduction and valence band electrons, 

respectively, having momentum ^k. Applying the dynamical decoupling scheme 

[31, 97] allows the tnmcation of the resulting hierarchy of coupled equations. This 

leads to a closed set of equations, which are then solved to steady state, with the un

derlying assumption that electrons and holes follow quasi-equilibrium Fermi-Dirac 

distribution functions, /j® and /^, throughout. 

Results from the semiclassical treatment are shown in Fig. 4.4. The top plot 

models the change in the quantum well exciton absorption {Im\x{(jj)]) with in

creasing carrier densities. The kinetic equation describing the coherent exciton 

polarization includes coupling between the Is exciton and higher bound and con

tinuum states. It is able to treat the nonlinear effects of carrier-carrier and po

larization scattering due to additional unbound carriers generated by off-resonant 

pump excitation. It is found that interactions between the carriers and the inter-

band polarization lead to non-diagonal contributions to the total dephasing, and 

serve to compensate to some degree the diagonal contributions. Previous models 
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ignoring these contributions, then, would overestimate exciton absorption broad

ening, and underestimate the reduction in the peak absorption. Self-consistent 

coupling of the resultant susceptibility to Maxwell's equations incorporating the 

microcavity structure result in the calculation of the transmission spectrum of the 

coupled system, as shown in the lower figure. This theory fully reproduces the 

qualities of the measured system. Exciton broadening decreases probe transmis

sion; there is £ilso seen here to be little loss in oscillator strength, and hence the 

NMC splitting remains nearly constant. It is also shown by these calculations that 

as the exciton is bleached, bandgap renonnalization brings the bandedge to lower 

and lower energies. When the exciton is fully saturated, the field now couples to 

the continuum, representing a transition from nonperturbative to weak coupling, 

and resultant single-peaked transmission. 

At the heart of the "Boser" argument is the interpretation of the cause of the 

threshold-like luminescence intensity behavior of the more cavity-like NMC peak, 

as well as the continued observation of dual peaked emission, taken to indicate 

the persistence of NMC. In Fig. 4.5 are presented the time-integrated emission 

spectra for increasing off-resonant fe-pulse excitation for positive cavity-exciton 

detuning (HA = 2.83 meV), similar to the experiment conducted in [39, 40]. The 

pump pulses are generated by a Spectra-Physics Tsunami mode-locked Ti:Sapphire 

laser. The ~ 150-fs pulses are centered in wavelength at the first transmission 

window above the microcavity stopband, and have an 82 MHz repetition rate. 

The time-integrated spectra were gathered using an optical multichannel analyzer 

and linear detector array, and represent time averages of hundreds of scans, each 

scan accumulated for timescales on the order of seconds. The data display all 

of the characteristics proudly cited in the "Boser" experiments: At low excitation 

densities, one sees typical NMC emission, with luminescence dominated by emission 

from the lower-energy NMC peak (following a Boltzmann-distribution argument); 

near pump powers of 16-20 mW, one sees a rapid escalation in the upper branch 

emission, the so-called "Boser threshold"; for even stronger pumping, the lower 
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Figure 4.4: (a) Imaginary part of the optical susceptibility calculated for em 80 A 
well and plasma excitation with various densities at carrier temperature 77 K. (b) 
Calculated transmission of the NMC microcavity for increasing carrier densities 
based on the results of (a). The cavity resonance has been tuned from -2.05 (full 
line) to -2.14 (short dashed line) to compensate for the small numerical exciton 
shift. 
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branch emission saturates, while the upper branch undergoes a second transition, 

this time to actual lasing threshold. 

Due to the superior NMC spUtting-to-linewidth ratios of our samples, the ob

servation of the lower branch at high pump intensities is even more evident than 

in previous works [39, 40]. This makes it even easier to track the emission inten

sities as a function of pump power, shown in Fig. 4.5(b). This figure more clestrly 

shows the first transition "threshold". Not pictured is the second, lasing transition, 

which can be clearly evidenced in part (a). One can also carefully track the NMC 

resonance energies as a function of intensity; see Fig. 4.6. This figure shows the 

slight decrease in the overall splitting occurs mostly due to a shift in the cavity-like 

(upper energy) peaks. Beyond the point of luminescence peak intensity crossover 

at 16 mW, however, there is almost no shift in the peaks, and therefore no change 

in splitting. This lack of change in the splitting is already strong evidence that 

the system is no longer nonperturbatively coupled. As lasing occurs only a factor 

of two higher in pump intensity, it must be concluded that the carrier density at 

crossover is abready sufficiently high to bring into question a Bosonic description of 

excitons in this system. 

A warning has been given by Fan and co-workers [98] about the interpretation of 

time-integrated data for experiments using short pulses. Most notably is the prob

lem of examining a uniform carrier density from such photoluminescence spectra. 

Time-integrated measurements of fe-pulsed data probe all temporal carrier density 

regimes, and therefore reflect the distributions of carriers and excitions at all times. 

When making conclusions about what excitation regime has been reached, these 

considerations can be crucial. Based on these arguments, they have shown that 

time-integrated emission spectra emitted firom nonperturbatively coupled semicon

ductor microcavities show the lower-energy NMC peak to be over-represented in 

intensity due to the temporal wings of the pulse, and so the persistence of this peak 

relative to lasing threshold is exaggerated. 
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Figure 4.5; (a) Nonlinear photoluminescence spectra for NMC22 for increasing 
nonresonant fe-pump pulses. The cavity-exciton detuning is HA. = +2.83 meV. (b) 
Peak emission intensity of the two braches versus pump power. Circles, solid line 
= upper branch; Squares, dashed line = lower branch. 

With this caveat in mind, cw pump-probe experiments then remove this ambi

guity. In Fig. 4.7 is shown the nonlinear probe transndssion (left column) and cor

responding luminescence spectrum of NMC28 at 10 K. Again, the features present 

in this spectrum qualitatively mimic those of the pulsed experiments. Increased 

excitation bleaches the exciton, and the transmission starts to reduce due to exci-

ton absorption broadening. In this case, however, the smaller NMC splitting shows 

more the effect of loss of oscillator strength, as the transmission peak splitting is 

reduced. Finally, nonlinear probe transmission and photoluminescence both start 

to become single-peaked as the coupling is destroyed. The lower cavity finesse of 

this sample gives broader transmission peaks, and one must also pump harder to 
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Figure 4.6; Tracking of the NMC peak energies with increasing puncip power. Note 
that beyond crossover (16 mW), there is ahnost no further change in NMC splitting, 
indicative of the transition from nonperturbative to weak coupling. 

obtain similar nonlinear results (although this is compensated somewhat by having 

only one well in the lA spacer). These less-resolved peaks aJso maJce tracking their 

positions with increased excitation more difficult. 

One must still be careful with cw luminescence measurements, however. Nonuni

form carrier distributions may still be collected due to the decreasing intenstity 

occiuring in the spatial wings of the Gaussian profile pump beam. Note that this is 

also true for the f^pulse pump experiments, and the data of Fig. 4.5 were imaged 

through a spatial filter to ensure observation of a uniform carrier density. An il

lustration of the importance of this effect is shown in Fig. 4.8. In this figure, each 

graph shows the emission spectrum for NMC22 with detuning HA = +3 meV for 
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Figure 4.7: Nonlinear probe transnussion (left column) and corresponding photolu
minescence spectra for NMC28 for increasing off-resonant cw excitation. The linear 
(no pump) transmission spectrum has been reproduced in each graph (dashed line) 
for comparison. Pump intensities are 0.061, 0.15, 0.27, 0.38, and 0.61 kW/cm^, 
from top to bottom. 
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one of three different piunp intensities. The measurements were made by imaging 

the photoluminescence through various apertures placed in the sample (or lumi

nescence) image plane: 200 fxm, 600 fun, and no pinhole. The photoluminescence 

is then imaged into a spectrometer and detected with a linear array detector. The 

low intensity graph (a) shows nearly identical spectra for the three apertures. Part 

(b), however, shows how one can easily misjudge where the intensity crossover oc

curs without the use of a pinhole. For even higher carrier densities, part (c) shows 

how the lower energy NMC peak is over-included in the emission spectrum taken 

without the use of a pinhole (dotted curve). Hence, varying the detuning may al

low one to observe NMC anti-crossing behavior in the photoluminescence spectra 

due to collecting emission emanating firom regions on the sample where the carrier 

density is small enough that the coupling hasn't been destroyed. 

As the 200 /xm and 600 ^m show little difference in the emission spectra of 

Fig. 4.8, a 400 ^m pinhole was chosen for further experiments as a compromise. 

Furthermore, to minimize the effects of scattered laser and intense luminescence 

from the microcavity, the probe was often focused "beyond" the sample. Appropri

ate usage of the collection lens in transmission then provided two image planes-one 

for the sample surface (sample image plane), and another for the probe beam. Uti

lizing a spatial filter (i.e., a pinhole) in the probe image plane then allowed us to 

cut down the amount of photoluminescence imaged into the spectrometer. 

The combination of nonlinear probe transmission and corresponding emission 

spectra have proven to be invaluable in the analysis of nonlinear behavior for NMC 

microcavities. For samples with large NMC splitting-to-linewidth ratios, the dis

appearance of probe transmission at the NMC peak positions, followed by the 

subsequent transmission brakthrough at the uncoupled cavity wavelength allow 

one to gauge at what point the coupling undergoes a transition from nonperturba-

tive to weak coupling. Figure 4.9 shows a comparison of nonlinear transmission 

and limiinescence spectra taken on sample NMC22 at 10 K for ftA = +1.9 meV, 

with the fully quantized microscopic calculations by Kira et al. [33], for the case 
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of ftA = +1.6 meV. These figures show that as the pump power is increased, the 

emission spectra show the NMC splitting to decrease slightly until luminescence in

tensity crossover is reached. Beyond this point, the splittings change almost not at 

all. This higher-intensity splitting is then seen to be just the cavity-exciton detun-

ings. When pertubatively coupled, we have Qo = 0, and the generalized splitting 

given by eq.( 2.8) now simply becomes = A/2. 

Further narrowing of the cavity peak and rapid increase in emission indicate the 

onset of lasing, again demonstrating that one has reached a high carrier density 

regime where the treatment of carriers must be done using full many-body calcula

tions. It is possible using this treatment to calculate the commutation relation be

tween the exciton annihilation and creation operators, B and (B = SkV'oUkCk, 

with V'o the Fourier transform of the Is HH exciton wave funtion) for any carrier 

density. For an ideal Bosonic case, this relation gives a value of 1. The theory 

demonstrates, however, that in the vicinity of peak crossover in Fig. 4.9, this value 

has already fallen to « 0.55, thus establishing we are far from a limit where a 

Bosonic approximation is valid. Further, one can artificially "switch off" the mech

anisms responsible for NMC in this system, and the resultant spectra are simply 

that for an uncoupled system: emission at the uncoupled wavelengths, with the 

cavity-like mode dominating in intensity for moderate (crossover) to high (lasing) 

densities [33]. Hence, it is seen that the luminescence intensity transition observed 

cannot be ascribed as being due to a phase transition occuring as an exciton-

polariton laser, or "Boser," but is rather due to a transition from nonperturbative 

to weak coupling, followed finally by lasing emission. 
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CHAPTER 5 

SUMMARY AND FURTHER INVESTIGATIONS 

This dissertation has focused on linear and nonlinear properties of epitaxially 

grown semiconductor microcavities exhibiting normal-mode coupling. In the linear, 

or low excitation regime, it has been shown that the NMC peak linewidths, whether 

examined in reflection, transmission, or photoluminescence, are determined not 

only by the uncoupled cavity and exciton linewidths, but also by the local optical 

susceptibility. To this end, transfer matrix simulations have proven a good formal

ism to study and predict the linear behavior of such systems when suitable care 

is taken to incorporate the correct description of the quantum well susceptibility. 

This has been done either "phenomenologically" through an absorption measure

ment (and subsequent determination of the refractive index), or from a many-body 

calculation of the quantum well polarization. Both of these methods have been 

shown to reproduce the findings that near resonance, the upper-energy NMC peak 

has a larger linewidth than the lower NMC peak, and that the lower branch often 

displays a linewidth smaller than the average of the uncoupled linewidths. Hence, 

we have seen nothing to support the claim that the system must be treated as a 

coupled whole. Rather, our evidence indicates that for the structures examined 

to date, all of the influcence of structural disorder can be obtained from a linear 

absorption measurement of a cavity-less multi-well sample, provided one is careful 

and avoids Bragg or Anti-Bragg well coupling effects. It remains to be determined 

whether there exist any conditions which preclude the modeling of semiconductor 

structures in this manner. 

This same methodology of examining the emitter system separate from the cav

ity has also demonstrated great success in the nonlinear regime. The microscopic 

theory employed by the Marburg group has well duplicated the experimental find

ings for cw pumpnprobe experiments, as well as for the use of fis-pulsed experiments. 
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Furthermore, a measured nonlinear probe absorption measurement has been suc

cessfully used in the dispersion theory formalism to qualitatively model the cw 

pump-probe results. The dominant nonlinear properties are repeated for clarity: 

Increasing excitation densities generate large carrier densities. As a result, the 

exciton transition starts to broaden due to carrier-carrier and polarization scat

tering; increased excitation leads to density regimes where Coulomb screening and 

phase-spau:e filling take on more dominant roles, and the exciton transition oscilla

tor strength is reduced. In a NMC microcavity, these excitonic nonlinearties lead 

to a decrease in probe transmission with increased pumping. In photolumines-

cence, the lower-energy NMC peak starts as dominant in intensity; for a detuned 

system, reduced absorption and increased spontaneous emission at the more cavity

like peak leads to a rapid increase in its peak emission intensity. As the exciton 

is bleached, the coupling undergoes a transition from nonperturbative to weak. 

The luminescence subsequently takes on the characteristics of an emitter system 

detuned slightly from a Fabry-Perot resonator peak. The corresponding cavity-

emission then becomes thoroughly dominant from luminescence crossover to lasing 

emission. The probe transmission accordingly "opens up" at the uncoupled cavity 

resonance energy. 

Thus, it is seen for semiconductor microcavities displaying superior splitting-to-

linewidth ratios that one finds neither extra spectral features arising from proposed 

ladder effects in the system, nor a Bose-Einstein condensate of photon-like exciton-

polaritons, or "Boser" behavior. 

It has also been established that this coupled system is far away from reaching 

the quantum statistical limit. How to reach this limit is a considerable task. One 

must clearly limit the mmiber of potential excitons taking part in the NMC. How 

best to do this? Perhaps one can use a quasi-zero dimensional system such as a 

quantum dot, where the number of excitons becomes strictly limited due to the 

nano-scale size of this low-dimensional emitter material. The use of higher finesse 

microcavities to further limit the number of optical modes taking place in the 
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coupling will also be required. In itself, this presents a formidable task. One must 

not only then improve the tolerance for growing perfect quarter-wave layers, but 

also improve the thin-film interfaces to help eliminate scattering reductions in the 

structure's finesse. Another method, perhaps, is the use of a confocal geometry to 

confine the material taking part in the coupling to a restricted volume in space. This 

is not particularly suited to typical growth techniques, which are generally epitaxial 

or planar in nature. Should such experimental improvements be accomplished, 

there remains the task to accurately describe and model such a sjrstem. It is 

unclear at present what nonlinear behavior one could expect in this case. 

There are still some tasks at hand, however, for existing samples, even in the 

linear regime. Mention has been made that a periodic arrangement of quantum 

wells with Bragg (Ax/2) spacing results in a subsequent broadening of the observed 

absorption spectrum, as well as £in increase in the reflection amplitude near the 

quantum well resonance energy. It is a common treatment to place the wells with 

this Bragg spacing in the cavity spacer in order to increase overlap with the intra-

cavity field, thereby increasing the dipole interaction and resultant NMC splitting. 

How does this Bragg coupling come into play in these structures? It has been 

previously shown [67] that for an N-well system, the complex linear reflection am

plitude coefficient is changed from that for a single well structure if the substitution 

To ^ NTq is made, with Fq the radiative damping rate of a single quantum well. 

This leads to a factor N increase in the radiative broadening near the excitonic res

onance for Bragg-spaced wells. One might think, then, that placing ten such wells 

with Ax/2 spawning in a microcavity spacer would result in NMC peak linewidths 

that are roughly five times broader near resonance than the same structure con

taining only two such wells. A comparison of Fig. 3.6(a) (NMC63, 3A/2 spacer, 

2 wells) with Fig. 3.9(b) {NMC66, llA/2 spacer with 10 wells) shows this not to 

be the case. In fact, it is seen that near resonance, the linewidths for both peaks 

are slightly less for NMC66 than for NMC63. This is due primarily to the slightly 

narrower empty cavity resonance, as « oc 1/Lcav 
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Even more troubling is the question: What is the actual quantum well linewidth 

that one should measure and use? This discussion brings about some points recently 

made by our colleagues R.P. Stanley and R. Houdr^ in Lausanne, Switzerland. In 

a recent collaborative effort, pieces of several samples grown in Tucson were sent 

to Ecole Polytechnique Federale de Lausanne for further temperatxire-dependent 

PL studies. It was here that Stanley and Houdr6 made some startling discoveries. 

They found that the transmission, reflection, or luminescence linewidths of the 

NMC peaks can be altered by prior illumination with above- or below-bandgap 

light, even for small intensity sources. Their experiments are briefly described, and 

then presented are some of my own measurements in this regard. 

Stanley and Houdre have measured reflection, transmission, and photolumi-

nescence spectra on sample NMC22, as well as similar quantum well and NMC 

microcavity samples that they themselves have grown. Their experimental setup is 

very similar to that described in Chapter 3. The samples are cooled with a liquid 

helium cryostat. Off resonant pimiping is by means of a tunable cw Ti:Sapphire 

laser. The broadband probe consists of a tungsten-halogen white light source, pro

ducing broadband emission from 830-1100 nm, with a sufficiently weak intensity 

on the sample (< 5 mW/cm^). Their collection was via a linear Jirray detector and 

multichannel analyzer connected to a spectrometer. At 7 K, they find the usual 

NMC spectra in any configuration (reflection, transmission, or photoluminescence). 

They then use another tungsten-halogen bulb to illuminate the sample prior to any 

of these measurements, and control the additional white light wavelength range 

by means of one or more color filters. When this additional illumination occurs 

for photon energies tiu; < 1.3eV, or below bandgap illumination, for about a minute 

prior to measurement, the modulation depth of the NMC resonances decreases, and 

the linewidths increase. They say that this photo-induced effect lasts for several 

minutes. It is further possible to reverse this effect by shining the sample with 

above bandgap light (fku > 1.8 eV) for just a short period of time, on the order 

of seconds. Throughout, the secondary source of broadband light has an intensity 

of < 25 mW/cm^. These changes in linewidths are even more dramatic when the 
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Figure 5.1: Data from Stanley et a/. [99] showing the effects of relatively weak 
(intensity < 25 mW/cm^) broadband illumination of the sample NMC22 by a light 
source other than the weak probe beam. Solid: A "normal measurement," that is, 
without prior illumination, and no room lights on. Dashed: A measurement with 
unfiltered broadband illumination from an additional white light source. 

samples are measured not in darkness, but during white light exposure. In such a 

case, the modualation depth of the peaks increases while the linewidths now de

crease compared to a "normal" measurement. Figure 5.1 illustrates this effect for 

their measurements of sample NMC22 tuned near resonamce[99]. This figure shows 

two transmission measurements for this sample: one taken in the dark without any 

prior illumination ("normal measurement", solid line), and then with room lights 

on and an additional unfiltered white light source (dashed line). 
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Furthermore, they have shown that when the microcavity is detuned from res

onance, it is the exciton-like resonance that primarily displays this behavior. Ad

ditional luminescence measurements on a single-quantum-well sample without a 

surroimding microcavity have also demonstrated this behavior, although to not as 

large an extent. Their suggested explanation, then, is a defect state, probably in 

the barrier material. For shallow quantum wells like these, there is a large pen

etration depth of the excitonic wavefunctions into the barrier material. This has 

the tendency of reducing the influence of well width fluctuation contributions to 

the confinement potential. A defect state could then provide a local field that 

would serve to alter the inhomogeneous linewidth of the emitter system. It is then 

hypothesized that the NMC peaks see a larger influence than just the bare well 

linewidth due to their more delocalized nature from mixing with the cavity field 

mode. 

Attempts have been made, here, to reproduce such behavior, and see if there is 

any such influence upon the linewidths from a separate piece of NMC22. In similar 

fashion, a tungsten-halogen light source has been used for secondary illimaination 

purposes, while retaining the spatially filtered light-emitting diode for a weak probe 

beam. In Fig. 5.2 are shown what should bs, according to the Lausanne group, a 

situation similar to that in Fig. 5.1. The solid curve shows the results of measuring 

the sample in darkness after being held in darkness for approximately ten minutes 

without even the influence of the probe beam. The dashed curve shows the results 

when all room lights are on, as well as the additional illumination of the unfiltered 

white light source, both shining for several minutes before the measurement. As 

is shown, the diflierences in the optical spectra are nearly insignificant, and much 

less than those of Fig. 5.1. Similar measurements have been repeated on different 

positions (i.e. different detunings), as well as pieces of samples NMCSL (a multi-

well sample similar to NMC21) and DBR13. None of these measurements showed 

any changes in the observed spectra as a result of prior illumination conditions. 

Efforts are still in progress to determine why this is so. 
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Figure 5.2: Measurements of sample NMC22 in transmission in attempt to see the 
"photoquenching" effect of Stanley and Houdre. Solid line: Transmission measure
ment taken in the dark, with no prior illumination. Dotted line: Measurement at 
the same sample position, but with room lights, and with prior illumination by an 
unfiltered tungsten-halogen bulb. 

Regarding the problem of "motional narrowing," it would be useful to also 

conduct a final series of measurements accomplished by angle tuning of the NMC 

samples. This would allow us to then create excitons with nonzero center-of-mass 

wavevectors, which may see different confinement potential disorder averaging than 

for the strict case of k|| = 0. The transfer-matrix algorithm can then be used to 

simulate angle-tuning measurements for either s— or p—polarized light. An ability 

to model experimental results in this case would then firmly establish the validity 

of the transfer-matrix dispersion theory approach to modeling the linear optical 

properties of our present samples. 

Finally, more investigation needs to occur on the use of NMC for potential ap

plications. Plans are imder way to conduct time-resolved luminescence decay mear 

surements to see how these microcavities might differ from those not exhibiting 
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nonperturbative coupling. Although we know now that a strongly excited system 

eventually destroys the NMC behavior through excitonic saturation, it remains to 

be seen whether these samples provide any advantages over conventional samples 

when used, for example, below threshold as light-emitting diodes. Quantum effi

ciency measurements, perhaps as a function of excitation density, could aid in this 

determination. 
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