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ABSTRACT 

The linear and nonlinear optical properties of semiconductor nano-structures 

and photoactive yellow protein (PYP) have been studied in this work. The re

flection and transmission properties of multiple Inj:Ga(i_j.)As quantum well (QVV) 

samples are first presented. Constructive interference in the reflection from the 

QWs is observed when the QWs are spaced by A/2 (A = exciton absorption peak 

wavelength) and destructive interference when the spacing is A/4. The nonlinear 

transmission of fs pulses trough a QVV sample is also studied. A broadening of 

the exciton transition with negligible loss of oscillator strength is observed. Semi

conductor microcavity samples with embedded quantum wells exhibiting normal 

mode coupling (NMC) are studied both in the linear and nonlinear regime, with 

ultrafast time resolution using upconversion. .A decrease in the modulation depth 

of the NMC oscillations and reflection dips with increasing incident photon flux 

without a change of NMC oscillation period and splitting are observed, consistent 

with a bleaching of the exciton transition without loss of oscillator strength. The 

eflfective mass of multiple QVV samples measured from the slope of Landau Levels 

of the QWs in magnetic field is measured for both photoluminescence (PL) and 

absorption spectra. For some samples, the absorption spectra show an effective 

mass consistent with the electron-hole effective mass while the PL spectra show an 

effective mass consistent with just the electron. This is explained by hole localiza

tion on monolayer island fluctuations on the QVV/barrier interfaces. The magnetic 

field is also used to measure Faraday rotation in semiconductor microcavities ex

hibiting NMC. A resonant Faraday rotation of 3" degrees is observed in reflection. 

Finally the nonlinear one-photon and two-photon absorption (TPA) properties of 

PYP are investigated. One-photon excitation results in a complete bleaching of 

the absorption peak. No TP.'X is observed, but an upper limit of 3.5T0~^^cm'' s 

molecule~'photon~^ for the TP.A cross section is found. 
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CHAPTER 1 

INTRODUCTION 

Since the invention of the laser (light amplification by stimulated emission of 

radiation) in the early 60s [1. 2, 3], it has proven to be one of the most important 

inventions of the century. It has provided an invaluable tool for scientific studies 

and found many applications ranging from semiconductor lasers in compact disc 

players to the large NOVA laser at Lawrence Livermore National Laboratories used 

for nuclear fusion experiments. 

The rapid development in the field of laser physics, has sparked great interest 

in the optical properties of different materials. Many applications are dependent 

on specific material properties such as a large nonlinear susceptibility or a large 

two-photon absorption (TPA) cross section. This has led to an intensive search for 

new materials with favorable optical properties and to studies aimed at improving 

the properties of existing materials. 

Semiconductor materials have proven to be some of the best materials for electro-

optic devices. Many applications have already been found such as semiconductor 

lasers, light emitting diodes, and optical detectors. One of the attractive features 

of semiconductors is the ability to engineer the optical properties of the material by 

crystal growth techniques, such as in quantum well and high quality microcavity 

structures. 

The main emphasis of the work presented in this dissertation is the study of 

optical properties of semiconductor quantum wells (QVVs) and microcavity struc

tures. .-Absorption spectra of IniGa(i_j.)As QVVs in the linear regime as well as in 

the nonlinear regime are presented in Chapter 2. Usually, the reflection from the 

QVV/barrier interfaces is neglected when absorption spectra of QVV structures are 

measured. However, for multiple QW samples with a periodic spacing of a multiple 

of A/2 between the QVVs, constructive interference of the reflected light from all 
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the QWs can make the combined reflection from the QVVs quite substantial. Since 

QVVs in vertical cavity surface emitting laser (VCSEL) structures are often spaced 

by an integer of /\/2. it is important to include the reflection from the QWs when 

analyzing the transmission and reflection in these structures. The study of two 

such periodically spaced QW samples is presented in Chapter 2. 

The interaction of QW excitons with the electromagnetic field modes in semi

conductor microcavities. is of great interest for applications like VCSELs and fast 

optical modulators. Recently, the nonperturbative regime (often called the strong 

coupling regime by the semiconductor community) of semiconductor microcavities 

has been a hot topic of research. This is partly due to the possible applications 

associated with the strong coupling between the QW excitons and the cavity mode, 

and also to the strong analogy to experiments in high finesse etalons with embed

ded atoms. In high finesse cavity-atom systems, quantum electrodynamic (QED) 

effects have been observed. This has led to the hope that field quantization ef

fects might also be observed in semiconductor microcavities. However, important 

differences exist between the high finesse cavity/atom system and the semiconduc

tor microcavity/exciton system. study of the emission dynamics of high quality 

semiconductor microcavities after excitation by fs pulses presented in Chapter 3. 

reports a new curious nonlinear behavior in the transition from the nonperturbative 

regime to lasing, but reaveals no QED effects The results are interpreted using a 

semiclassical theory describing the interaction of the cavity and the quantum well 

excitons. 

A major limitation for semiconductor nanostructures is the quality of the in

terfaces in the structure. .A.lthough advances in growth techniques have made it 

possible to grow QWs and microcavities of very high quality, interface fluctuations 

on a monolayer size scale are still a problem. study of the effective mass of the 

exciton in several QW samples is presented in Chapter 4. The effective mass is 

extracted from measuring the slope of the transition energy of exciton energy levels 
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versus magnetic field. A difference in the extracted effective masses found from ab

sorption and photoluminescence measurements in some of the samples is explained 

by the localization of holes on monolayer island fluctuations of the QVV/barrier 

interfaces. Since the hole localization is only energetically favorable for a certain 

range of island sizes, these measurements give a rough estimate for island sizes in 

the samples. 

In addition to providing a tool for determining the effective mass of excitons. 

a strong magnetic field applied to a QVV structure also lifts the degeneracy of the 

exciton spin states resulting in different optical properties for light with different 

circular polarizations. This leads to the well known Faraday rotation and magnetic 

circular dichroism (MCD) effects. Chapter 5 presents a study of Faraday rotation 

and MCD in a semiconductor microcavity. The multiple roundtrips of light in the 

microcavity lead to an enhancement of the Faraday rotation angle when the cavity 

mode is coupled to one of the exciton resonances. 

Optical properties of photoactive yellow protein (PYP) are presented in Chap

ter 6. .-Mthough this is a totally different material from the semiconductor materials 

studied in Chapters 2, 3. 4. and 5. the basic motivation for the work is the same: 

PYP is an interesting new material with possible applications in optical devices 

such as 3D optical data storage and optical limiting. Using the same optical char

acterization methods that are used for characterizing semiconductor samples, we 

have investigated the nonlinear properties of PYP and found it to undergo a strong 

bleaching of the ground state absorption peak when excited vvith one-photon ab

sorption of light. .An upper limit to the two-photon absorption (TP.A.) cross section 

of PYP is also found. This upper limit is unfortunately lower than what is needed 

for applications involving TPA processes. 

The details of the semiconductor samples studied in this work are given in 

•Appendix A, while the sample processing and preparation techniques are described 

in .Appendix B. 
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The research results presented in this dissertation are a contribution to the 

ongoing research aimed at learning more about the interaction of light with matter. 

Although this might be a small contribution in the large puzzle of light-matter 

interactions, future progress in the field depends upon the individual efforts of 

many. As such, this dissertation contributes to the process of progress. 
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CHAPTER 2 

OPTICAL PROPERTIES OF QUANTUM WELLS 

2.1 Introduction 

The advances in crystal growth techniques during the last decades have made 

growth of high quality semiconductor crystals possible. Several growth techniques 

exist that allow controlled crystal growth down to a thickness of a single atomic 

layer. This makes it possible to grow a thin layer of a semiconductor material 

sandwiched between layers of a semiconductor material with a larger bandgap (see 

Fig. 2.1) maintaining close to a perfect crystal lattice. .As shown in Fig. 2.1b. this 

layer forms a local trapping potential for the electrons and holes in the structure. If 

the thickness of the layer is on the same order as the e.xtent of the wavefunctions for 

the hole and electron, the allowed energy levels for the electrons and holes have to 

be found using quantum mechanical theory. In the growth direction, the problem 

reduces to the one dimensional quantum well (QVV) problem described in most 

introductory quantum mechanics textbooks[4]. 

By varying the thickness and bandgap difference of the QVV layer and the barrier 

material, the allowed energy levels can be tailored for a specific application. The 

quantization of the allowed energy levels also leads to a concentration of oscillator 

strength in the allowed energy levels. This makes QVVs very interesting for many 

applications in optical devices. One of the most promising is as gain medium 

in vertical cavity surface emitting lasers (VCSELs). QWs are therefore targets 

for intensive studies to learn more about their fundamental properties and for 

improving and tailoring their properties for applications. This is also the underlying 

motivation for the work presented here. 

Two semiconductor materials that are particularly well suited for QVV structures 

are the III-V materials .AlAs and Ga.As. .A fortunate feature of nature is that these 
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GaAs In,Ga,|.,^s GaAs 

f*'iguro 2.1: (a) Quantum well structure using In;r(>a(i_r)As for the QVV layer and 
(laAs as barrier material, (b) Conduction and valence band potentials for the 
structure shown in (a) showing the confinement potential for the electrons and 
holes in the QVV layer. 

two materials have almost identical lattice constants and can therefore easily be 

epita.xially grown on top of each other or combined as .\l^(Ja(i_j.)/\s. 

lnx(Ja(i_^)As can also be incorporated in GaAs/AlAs structures. However, the 

lattice constant of InAs is much larger than that of Ca.'Xs and .\l.As so that only 

a low concentration of In can be introduced without destroying the crystal lattice. 

Kven with low In concentration the resulting epitaxial layer remains strained. Fhis 

turns out to be an advantage: The strain introduced by the In lifts the degeneracy 

of the hhl and /111 valence bands. This shifts theel-/Iil transition to higher energy 

than the el-hhl transition. We can therefore study the el-hhl transition without 

the complication of interaction with the el-/hl transition, similar to the interaction 
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of an electromagnetic field with one optical transition in an atom neglecting all 

other transitions, i. e. two-level atom model. 

.'Ml the samples used in this work were grown using Molecular Beam Epitaxy 

(MBE). The details of the MBE growth and the samples are given in Appendix 

All measurements are performed at liquid He temperature. At this temper

ature, thermal carrier-phonon scattering effects are at a minimum, making the 

experimental results clearer and the theoretical modeling of the quantum wells less 

complicated. 

2.2 .Absorption and index of refraction of quantum wells 

The optical properties of semiconductor quantum wells are discussed in details 

in several textbooks [5, 6j. We will therefore only discuss the specific properties 

applicable to the samples used in this work. 

.A.11 the QVV samples investigated in this work consisted of lnxGa(i_j.).A.s QVVs 

with GaAs barriers grown on Ga.-\s substrates. These have several advantages over 

GaAs QWs with AliGaii.j-j.As barriers. Since the allowed levels in a lnj;Ga(i_j.)As 

QW are lower in energy than the bandedge of GaAs the transmission spectra of 

the QW can be studied without removing the substrate. In GaAs QWs with 

Alj:Ga(i_r)As barriers the substrate has to be removed by selective chemical etch

ing which can introduce stress and strain on the structure and degrade its optical 

properties. The sample is also very thin and therefore hard to handle after the 

substrate is removed. .A.s mentioned above, low In concentrations shifts the el-/hl 

transition away from the el-hhl transition making it a simpler system. Higher In 

concentration does, however, lead to broader linewidth of the excitonic transitions. 

Most of our QW samples therefore have a low In concentration. One additional nice 

feature of Inj-Ga(i_j.).A.s QWs is that the exciton transition energy falls in the mid

dle of the tuning range of modelocked fs Tirsapphire lasers which is very convenient 

for fs studies. 
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Figure 2.2: .A.bsorption spectra of sample NMC21 taken at 4K temperature. 

Fig. 2.2 shows the absorption spectrum of sample NMC2I at 4K temperature. 

We can see a strong el-hhl exciton transition below the continuum associated 

with the el-hhl band. The el-/hl transition is shifted, due to the strain, 15.3 meV 

above the el-hhl transition. The el-hhl linewidth is l.l meV which shows the high 

quality of our sample. The linewidth is, however, still dominated by inhomogeneous 

broadening. The absorption spectrum is measured using a white-light probe focused 

to about 50^m spot size on the sample and then detected by a optical multichannel 

analyzer (OMA) detector at the output port of a spectrometer. The absorption 

coefficient is taken cis 

q(u^) • L = In :2.r 



where Q;(uj) is the absorption coefficient at frequency ui, and /,(u;) and /((tj) are the 

incident and transmitted intensity, respectively, at frequency u. This expression is 

only valid if reflection losses can be ignored. This is usually a good approximation, 

but it can break down if the reflections from multiple QWs constructively interfere. 

This will be discussed in the next section. 

Since the real part and the imaginary part of the complex optical susceptibility 

are connected via the Kramers-Kroenig relations [7], one can find the index of 

refraction if one knows the absorption over all frequencies. The Kramers-Kroenig 

relations can also be written in a differential form: 

where Sn{uj )  is the change in index at frequency u)  due to absorption changes. 

Aq(u;'), at all frequencies uj ' . Pr stands for the principal value integral. This ex

pression is only exact if the absorption change is known for all frequencies. But 

it is often a good approximation to use the absorption changes in a certain fre

quency region of interest. This is due to the fact that even though the absorption 

changes are not known for all frequencies, the absorption changes far away from 

the frequency uj do not contribute much to the integral. It turns out to be a good 

approximation to take the absorption of InrGa(i_j.)As QWs as a change Aq(u;') to 

the absorption of the barrier material (GaAs). We can then calculate the index of 

refraction of the InrGa(i_^)As QWs in the frequency region of the el-/hl/el-hhl 

transitions QWs, ngw. as: 

where noaAs  's the background index of the bulk GaAs barriers and Qqw is the 

absorption coefficient associated with the QWs. A has to be large enough for 

(u, '  — A) to (u.' -I- A) to cover the spectral region around the exciton transition. 

Fig. 2.3 shows the index of refraction of sample NMC21 calculated from the 

absorption spectrum in Fig. 2.2. .^s expected, the index profile has the resonant "S'' 

shape associated with an optical transition. It is evident from the index spectrum 

riQwi'^) = ncaAs + - Pr (2.3) 
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Figure 2.3: Index of refraction of sample NMC21 calculated using the Kramers-

Kronig relations on the absorption spectra shown in Fig. 2.2. 

that the reflection from a QW layer has strong spectral features around the excitonic 

transitions. 

2.3 Periodically spaced quantum wells 

As explained in the previous section, the reflections associated with the QVV-

barrier material interfaces can usually be ignored when the absorption spectrum of a 

QVV structure is measured. However, under certain conditions this approximation 

is no longer valid. For example, the absorption linewidths of high quality QVV 

exciton transitions can appear larger than they really are if reflection losses are 

ignored. This is important for work trying to push the inhomogerious linewidth of 
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QWs closer to the homogeneously broadened limit. It is, however, negligible for 

most standard QVV characterizations. 

.An interesting case where the reflection from the QVV interfaces can not be 

ignored, is when the reflection of multiple QWs in a structure constructively inter

fere. This can be achieved if QWs are grown with a periodic spacing of a multiple 

number of A/2. This kind of QW structure is usually referred to as a Bragg struc

ture. The periodic spacing between QWs also leads to a phase coherence between 

radiation from different QWs that can result in a strong radiative coupling of the 

QWs. QWs in VCSEL structures are often spaced by multiples of A/'2, making 

radiative coupling potentially important. This radiative coupling has been investi

gated using four wave mixing (FWM) by Hiibner et. al.[8]. The QWs can also be 

spaced by A/4 (anti-Bragg structure), leading to destructive interference between 

the reflection from the different QWs. 

The first experimental study of the reflection spectra of multiple QW structures 

with a A/4 and A/2 QW spacing is reported in this work. .A. resonant behavior is 

observed as the spacing between the QWs are scanned through A/2 and A/4. 

Fig. 2.4 shows the normal incident reflection spectra of sample DBR2 (see ap

pendix A) as the spot on the sample is scanned along a radius from the growth 

center (solid lines). This sample was grown with a QW spacing slightly larger than 

A/2 at the growth center of the sample wafer so that the spacing goes through A/2 

as the reflection probe spot is scanned along a radius away from the growth center. 

.At r=21.6mm, we can see a clear resonance. The dotted lines in Fig. 2.4 show a 

fit to the measured reflection spectra calculated using a transfer matrix method 

and a thickness profile curve for the growth thickness as a function of radius on 

sample.' Far away from resonance, the reflection spectra have the shape of the 

index profile shown in Fig. 2.3. This is as expected since the reflection spectra 

when the QW spacing is far from resonance, should be similar to the single QW 

reflection spectrum which is proportional to the index difference between the bulk 

'Calculations performed by .John Prineas, Optical Sciences Center, University of .\rizona 
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Figure 2.4: Measured (solid lines) and calculated (dotted lines) normal incident re

flection spectra of sample DBR2 (A/2 spacing between the QWs) at 4K for different 

spots along a radius from the growth center of the sample wafer. 
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GaAs and the QVVs. The shape of the reflection spectrum on resonance is strongly 

dependent on the thickness of the top GaAs layer. Modeling shows that it can vary 

from a reflection peak like in Fig. 2.4 to an "S" shape, and even to a reflection dip. 

The sample was therefore grown with the same thickness of the top GaAs layer 

as the GaAs layers between the QVVs. This made it easier to model the sample 

structure. 

To measure the reflection spectra shown in Fig. 2.4, particular care had to be 

taken to avoid reflections from the back side of the sample substrate. This was 

achieved by polishing the back side of the sample at an angle (see appendi.x B). 

Fig. '2.5 shows the same results as in Fig. 2.4, but for sample DBRl, which has 

a A/4 spacing between the QVVs. We can see that at resonance, the amplitude of 

the feature in the reflection spectra has a minimum. This is due to the destructive 

interference of the reflection signal from the QWs on resonance. The calculated 

spectra (dotted lines) do not match the measured spectra as closely as for sample 

DBR'2. This is in general true for several A/4 samples studied. We have not been 

able to find an explanation for this discrepancy, and it will be a subject of future 

studies. 

The reflection spectra from DBRl and DBR2 illustrate the sensitivity to QW 

spacing if the spacing is close to a multiple of A/4. The interference of the reflection 

from the multiple QWs must be taken into account if the absorption spectrum of 

such a structure is to be found. More studies are needed to understand how the 

radiative coupling between the QVVs influences decay times in these structures and 

especially how this affects VCSEL structures with multiples of A/4 spacing between 

the QVVs. 

2.4 Nonlinear properties of quantum wells 

.A .S long as the degeneracy between the hhl and Ihl valence bands is lifted, 

an excitonic transition can often be modeled in the linear regime as an isolated 

transition. This is a good approximation for lnxGa(i_j:).'\s QWs where the el-/hl 
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Figure 2.5: Measured (solid lines) and calculated (dotted lines) normal incident re

flection spectra of sample DBRl (A/4 spacing between the QWs) at 4K for different 

spots along a radius from the growth center of the sample wafer. 
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transition is shifted away from the el-hhl transition due to strain. A semiclas-

sical model of the exciton as an isolated transition works well for describing the 

interaction of the exciton and an electromagnetic field in the linear regime. 

As the exciton density increases, a theoretical description of the excitonic sys

tem becomes much more complicated, making a comparison to an atomic system 

much harder. The number of atoms can be held fixed in nonlinear experiments on 

atomic systems. However, in excitonic systems, the exciton number is not conserved 

increasing the exciton density and making exciton-exciton interactions important 

in the nonlinear regime. Coulomb screening, exciton-exciton scattering, exciton-

phonon scattering, and phase space filling have to be taken into account, making 

the nonlinear dynamics in excitonic systems very complex. Possible uses of QVVs in 

opto-electronic devices such as VCSELs, edge emitters, modulators, and amplifiers, 

all depend on a fundamental knowledge of the nonlinear properties of QWs. 

For possible applications in ultrafast devices and for a understanding of the 

ultrafast processes involved in dephcising processes in a QW system, nonlinear 

studies of fs mode-locked laser pulse propagation through QVVs are needed. We 

have measured the absorption spectra of an InxGa(i_x).As sample for increasing 

excitation density for transmission of a single beam of fs pulses. 

•A. pulse train of fs pulses from a mode-locked fs Ti:sapphire laser is incident on 

the sample. The transmitted pulses are imaged onto a pinhole to select only the 

central part of the spot on the sample vvith uniform intensity. The signal is then 

sent to a regular spectrometer with a optical multichannel analyzer detector on 

the output port. Since the fs pulses work as both the excitation pulses and probe 

pulses, the absorption spectra is only measured during the duration of the fs pulses, 

and spatial and temporal overlap is automatically ensured. 

To avoid the absorption tail from the GaAs substrate bandedge, part of the 

sample was etched to remove the QWs. This part of the sample was used to find the 

reference spectra of the incoming pulse, automatically canceling the contribution 

from the GaAs substrate to the absorption spectrum. 



29 

Incident photon flax 

(x 10 photons/cm) 

el- lhl  

E 1.0 

1.485 1.490 1.495 

Energy (eV) 

1.500 1.505 

Figure 2.6; Transmission spectra of sample NMC31 at 4K measured by transmis

sion of fs pulses from a modelocked Tiisapphire. centered at the el-hhl transition, 

for increasing incident photon flux. The contribution from the GaAs substrate is 

canceleed by taking a reference spectrum through a part of the sample where the 

QVVs have been etched away. 
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Fig. 2.6 shows the transmission spectra (In [/,//(]) of sample NMC31 (see .-Vp-

pendix A for sample details) for increasing incident photon flux. The el-hhl tran

sition is bleached and broadened cls the incident photon flux is increased. There 

are several processes that contribute to the bleaching and broadening. Exciton-

exciton and exciton-phonon scattering processes increase the dephasing rate of the 

exciton, leading to an increased linewidth. Note that these scattering processes 

do not reduce the oscillator strength of the excitonic transitions. However, phase-

space filling and Coulomb screening reduce the oscillator strength. In addition, 

band gap renormailization moves the QVV bandedge to lower energy, closer to the 

exciton transition. .All these effects have to be taken into account when analyz

ing the data in Fig. 2.6. Theoretical calculations have shown that the scattering 

processes broaden the excitonic transition considerably without a reduction in os

cillator strength before the phase space filling and Coulomb screening reduce the 

oscillator strength[9, 10]. 

Fig. 2.7 shows the el-hhl linewidth and relative oscillator strength as a function 

of incident photon flux. The oscillator strength is proportional to the integral under 

the el-hhl absorption peak [11, 12] and has been found by fitting a Lorentzian to 

the el-hhl peaks in Fig. 2.7. We can see from the figure that the oscillator strength 

stays almost constant, while the linewidth broadens by a factor of 6. The slight 

increase seen in the oscillator strength is attributed to the contribution from the 

bandedge as the bandgap renormalization shifts it closer to the el-hhl peak. 

This broadening of the oscillator exciton transition without loss of oscillator 

strength caused by excitation induced dephasing, will be discussed further in Chap

ter 3. It plays a major role in explaining the nonlinear dynamics of VCSEL struc

tures exhibiting NMC. 
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Figure 2.7: FWHM linewidth (circles) and relative oscillator strength (triangles) 

of the el-hhl exciton transition in Fig. 2.6 as function of photon flux. The relative 

oscillator strength is found from calculating the area under a Lorentzian line fit to 

the el-hhl transition in Fig. 2.6. The linewidth is found from the same Lorentzian 

fits. The solid lines are drawn as guide to the eye. 
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CHAPTER 3 

NORMAL MODE COUPLING IN SEMICONDUCTOR 
MICROCAVITIES 

3.1 Introduction 

Epitaxially grown semiconductor microcavities are of great interest for many 

possible applications in optoelectronics. Examples include light modulators, light 

emitting diodes (LEDs), and vertical cavity surface emitting lasers (VCSELs). 

Since microcavities are grown epitaxially with crystal growth techniques like molec

ular beam epitaxy (MBE), many devices can be produced from a single sample 

wafer. It is also possible to produce closely packed arrays of devices and integrate 

electronics onto the same sample wafer. Combined with the very low threshold 

current of VCSELs. the future for epitaxially grown semiconductor microcavities 

in electro-optic devices seems brighter than ever. 

Future advances are all dependent on a good knowledge of the fundamental 

physics of semiconductor microcavities. This has been the motivation of the work 

presented here. Two areas of study seem particularly important; the study of epi

taxially grown interfaces and materials for possible improvement in growth tech

niques. and the study of the interaction of QVVs (which is usually the gain medium 

in semiconductor microcavities) and the electomagnetic field modes of the micro-

cavity. We have explored the interaction of QVV excitonic transitions with the field 

mode of a high quality semiconductor microcavity. 

3.2 Normal mode coupling 

The phenomenon of vacuum field Rabi splitting (VRS) in high-finesse cavities 

with a strong atom-photon interaction is a very interesting manifestation of the 

quantization of the electromagnetic field in a cavity and provides a nice example 
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of cavity quantum electrodynamics. The phenomenon has been predicted[13] and 

observed[14] for the atom/field interaction of a single atom in a high-finesse cavity in 

the strong coupling regime. The strong coupling regime is achieved when the single-

atom/cavity-mode coupling dominates over the irreversible decay mechanisms due 

to spontaneous emission and cavity losses. In other words, go >> K.f \n the strong 

coupling regime, where hgo is the single-atom vacuum Rabi splitting energy, k is 

the cavity mode linewidth, and 7 is the atomic spontaneous emission linewidth. 

This inequality can be realized in very high finesse cavities where the cavity mode 

is in resonance with an atomic energy level, and results in a Rabi splitting of 

the degenerate energy levels into a symmetric and an anti-symmetric state for the 

combined cavity-atom system. 

The atom-cavity system is in many ways ideal for studies of vacuum Rabi os

cillations since the interaction of electromagnetic fields with atoms is very well 

understood and can be described very nicely with cavity quantum electrodynam

ics theory. However, it is important to recognize that a semiclassical treatment of 

Maxwell-Bloch equations can be applied when the number of excited atoms is large 

compared to the number of cavity photons[15, 16]. If JIq = \/Ngo >> k, 7, the so-

called nonperturbative regime, VRS can be seen even though the strong-coupling 

condition, go >> k,7. is not satisfied. This results in a description analogous to 

normal-mode coupling (NMC) of classical oscillators. In this regime, the reflec

tion and transmission properties of the cavity can easily be explained by dispersion 

theory. 

Recently, NMC has also been observed in semiconductor microcavities with em

bedded quantum wells (QVVs)[17]. The nonperturbative regime (often called strong 

coupling regime in semiconductor NMC papers) can be achieved by tuning the cav

ity mode of the microcavity into resonance with the various excitonic resonances. 

Since the exciton-cavity mode coupling has to dominate over the irreversible decay 

mechanisms for NMC to be observed, the main requirements are that the exciton 
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Figure 3.1: Simple model for NMC in an optical cavity: The cavity is formed by two 

mirrors of reflectivity R spaced a length L apart. The room between the mirrors 

is filled by a medium of index of refraction n(uj) and absorption a{u;). 

and empty-cavity linewidths are small. iVMC in semiconductor cavities does, how

ever. have some important differences from the atom-cavity systems. The main 

difference is that nonlinear experiments can be performed on atom-cavity systems 

with a known fixed numbers of atoms, while in exciton-cavity systems the ex-

ction number is increasing with excitation. High density interactions are therefore 

unavoidable and exciton-exciton interactions becomes important at relatively low-

excitations. This makes a theoretical description of the nonlinear dynamics of 

the exciton-microcavity system much more complex than that of the atom-cavity 

system. 

3.3 Semiclassical theory of NMC in the linear regime 

In the linear regime, NMC can be explained using dispersion theory both for 

atom-cavity and exciton-microcavity systems[1.5, 16]. Fig. 3.1 illustrates a simple 



35 

model that explains most properties of NMC in the linear regime. Two mirrors of 

reflectivity R spaced a distance L apart form an optical cavity. The space between 

the mirrors is filled by a medium with index of refraction n(uj) and absorption 

a{u!). This is the standard optical etalon (see for example section 4.1 of [18]). The 

transmission and reflection spectra are given by 

r =  R  
_ g2ta(i^)g-o(u.)z, 2 

i - /^e2ia(u/)g-o(u/)£, (3 .1 )  

e — q(u/)L 
= T' (3.2) 

11 -

respectively, where T  =  I  —  R  and A(u;) = ^ n { u ) L .  

In a microcavity, the mirrors are made up of quarter-wave stacks. The whole 

structure is modeled best with a transfer matrix approach, but even the simple 

model described above gives a good qualitative description of NMC in microcav-

ities. The excitonic transition can be modeled with a Lorenzian lineshape. The 

absorption and index of refraction of a transition with a Lorentzian lineshape is 

given by (see for example [20]): 

«(-.') = ao- , (3.3) 
(^0 - + 7 

aoc 7(u;o-u;) 

luj (ujo — 

where cJq is the resonance frequency, ao is the absorption coefficient on resonance, 

and 7 is the absorption half width half maximum linewidth. Equations 3.1 and 

3.2 can be modified such that Q(UJ)L = CTQW{^')LQ\VNQW vvhere QQ\V{UI) and 

LQW are the absorption coefficient and thickness, respectively, of a single QVV. 

and Nqw is the number of QWs in the cavity. We also have to put A(u;) = 

^[rikL + nQ\v{^^)LQwi^Qw) where rib and L are the index and thickness, respec

tively, of the spacer material, and nQw{u) is the index of the QWs. 

Figure 3.2 shows the calculated reflection and transmission spectra using pa

rameters similar to sample NMC22: R = 99.6%, ao = 16.2/im~'. 7 = 0.31nm. 

•Vqiv = 2. and n^L + nqwi^'o)Lqw'^'q\v = 3Ao/2. The refractive index of the QWs 
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Figure 3.2: Calculated reflection (top curve) and transmission (bottom curve) spec

trum for a microcavity with parameters similar to sample NMC'22, based on a 

simple dielectric theory. 

introduces two new solutions of the Fabry-Perot equation, while the absorption of 

the QVVs kills the transmission/reflection at the empty cavity solution. The result is 

two reflection dips/transmission peaks, centered around the exciton/empty-cavity 

resonance. The NMC splitting in Fig. 3.2 is 6.6meV. This splitting depends on 

the oscillator strength of the QVV transition[19], which is proportional to qo7- The 

linewidth of the peaks is, however, dependent on the mirror reflectivity and ab

sorption linewidth. To get a large splitting to linewidth ratio, the exciton oscillator 

strength and mirror reflectivity need to be high, and the exciton linewidth small. 

This simple model can also be used to calculate the emission signal from a 

semiconductor microcavity exhibiting NMC after excitation by a fs pulse. .Assuming 
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the incident fs pulse has a Gaussian shape: 

E , ( z . t )  =  (3.5) 

where r is the 1/e half width of the pulse in time. This expression can be rewritten 

by Fourier transformations as: 

I r+oo 

E , { Z J )  =  - J =  /  A , { U )  •  e - ' < ( 3 . 6 )  
\/2tt j-OO 

where A , { U J )  =  . We can now find the reflection and transmission 

amplitude for each frequency component separately and then perform the integra

tion to find the total reflected and transmitted signal. Using equations 3.1 and 3.2 

w e  g e t  f o r  t h e  r e f l e c t e d  f i e l d ,  E r ,  a n d  t r a n s m i t t e d  f i e l d ,  E t -

1 , /•+00 1 p2lA(u/) „-o(u/)Lgvv 

E r [ z , t )  =  — \ / R  j  >l,(u-')- • .—T—rj dui (3.7) 
\/2^ 1 - /?e2ia(u/)go(w)iqvv 

J /• + OC 
£,(..<1 = ^(1 - A(w.), _ 13.81 

Figure 3.3 shows the calculated reflected (solid line) and transmitted (dotted 

line) emission intensity signal after excitation by a '200fs (r = lOOfs) pulse for a 

sample with parameters similar to sample NMC22. As expected, we can see a large 

reflection peak at zero time delay, corresponding to the reflected excitation pulse 

from the top mirror. .An exponential decay with a strong oscillation then follows. 

The oscillation period of 0.62ps corresponds to a splitting in frequency of 6.7meV in 

agreement with the splitting shown in Fig. 3.2. Note that the oscillation period for 

the field is twice as long as the oscillation period of the intensity. The transmission 

signal is low at zero time delay, but then increases and becomes identical to the 

reflected signal. This is expected since the cavity is symmetric after the initial 

reflected excitation pulse is gone. 

This simple model gives a good qualitative description of NMC in semiconduc

tor microcavities in the linear regime. However, as will be shown below, it does 

not agree quantitatively with the measured results. This is due to two major fac

tors. VV^e assumed that the mirrors are just a single layer of reflectivity R whereas 
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Figure 3.3: Calculated emission intensity from a sample with parameters similar 

to sample NMC22 after excitation by a 200fs pulse, using a simple cavity model. 

Solid line shows reflected intensity while dotted line shows transmitted intensity. 

the mirrors of the sample are constructed of many A/4 mirror layers. This makes 

the structure slightly more complicated since the cavity field extends into the mir

rors. Secondly, we have assumed that the QVVs absorption and index are evenly 

distributed throughout the spacer. But since the electromagnetic field mode in 

the actual cavity structure is a standing wave, the location of the QVVs matters. 

The largest interaction and thereby NMC coupling is achieved when the QVVs arc 

placed at the anti-nodes of the cavity. The field penetration also reduces the cou

pling. These effects can be modeled nicely with a transfer matrix approach[22, 23]. 
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The simple model described here can only be used in the linear regime where the 

index of refraction and absorption of the QVVs are independent of the electromag

netic field. As soon as nonlinear effects start to manifest themselves, the problem 

becomes very complicated due to the dynamic coupling of the excitons and the 

field. However, Jahnke et. al. [21] have solved the Maxwell's equations numerically 

with a macroscopic QVV polarization found from the semiconductor Bloch equa

tions including exciton-phonon and exciton-exciton scattering, Coulomb screening, 

and phase space filling. The calculated results fit the experimental data nicely. 

3.4 NMC in microcavities in the nonpertubative regime 

' Semiconductor microcavities in the nonperturbative regime are interesting for 

possible applications like efficient LEDs and low threshold lasers[24]. It is therefore 

important to understand the nonlinear regime of NMC in semiconductor microcav

ities. Linear[25] as well as nonlinear[26, 27] timeresolved measurements of NMC 

oscillations have lately been reported. These measurements have been performed 

on samples with a relatively low splitting to linewith ratio of the NMC peaks. We 

have recently studied the nonlinear saturation of excitonic normal-mode coupling 

on samples with a large splitting to linewidth ratio with cw excitation [9]. A broad

ening and reduction of the NMC peaks are observed without noticeable reduction 

in the NMC splitting until the peaks are almost totally washed out and the bare 

cavity peak opens up in the center. Calculations using quantum kinetic equations 

show that the excitonic dephasing, due to carrier-carrier and polarization scatter

ing, broaden and reduce the .NMC peaks before phase space filling and screening 

decrease the oscillator strength reducing the NMC splitting. 

On samples with a low splitting to linewidth ratio, it is hard to observe the 

region of exciton broadening without reduction of oscillator strength. Experiments 

show a reduction of the .NMC splitting accompanying the broadening of the NMC 

peaks[25]. The femtosecond time dynamics of the NMC splitting in semiconductor 

'Some of the work presented in ihLs section will be published elsewhere[21] 
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microcavities has also been investigated using pump-probe techniques for samples 

with a low splitting to linewidth ratio[26, 27]. A time dependent reduction of the 

NMC splitting with increasing excitation density is observed and explained with 

saturation of the exciton absorption. .A. simple rate equation description is used in 

those references to model the exciton population. 

3.4.1 Experimental setup 

The NMC splitting for all our semiconductor microcavities is on the order of 

a few nm. This translates into an oscillation period on the order of a ps for the 

transmitted and reflected signals after excitation by a fs pulse. The fastest optical 

detectors have a FWHM response time of about 50ps. .A streak camera has a 

time resolution of about lOps. This is too slow for time resolving the NMC signal. 

However, we can take advantage of a technique called upconversion to detect the 

NMC signal. 

Fig. 3.4 a shows the upconversion setup used in our measurements. .A. Spectra-

Physics Tsunami actively modelockcd Ti:Sapphire laser sends out a pulse train of 

transform limited Gaussian pvilses with a FWHM of about 50-100fs. The repetition 

rate of the pulses was 82MHz. Part of the pulse train is split off as a reference pulse. 

This reference goes to an optical delay line which has a stepper motor interfaced 

to a PC. The delay can be moved in steps of 0.2/im which corresponds to a delay 

of 0.67fs. The main portion of the pulse train from the la^er is focused at normal 

incidence onto the sample which is mounted in a liquid Helium cryostat and held 

at 4K temperature. The spot size on the sample was measured to be •58^m. The 

reflected signal from the sample was collected at normal incidence and then imaged 

onto a pinhole so that only the central part of the spot on the sample with uniform 

excitation intensity was collected. It was then focused onto a beta barium borate 

(BBO) crystal together with the reference coming from the delay line (see inset 

fig 3.4). The foci of the two beams are carefully overlapped on the BBO crystal. 

BBO crystals have a large second-harmonic/sum-frequency-generation efficiency. If 
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Figure 3.4; (a) rpconversioii setup used for measuring NMC oscillations with a 

fs time resolution, (b) {low the signal and reference beams are focused onto the 
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the BBO crystal is oriented properly for phase matching and the two beams are 

overlapped both spatially and temporally, a sum frequency signal is generated in 

the direction given by the half angle between the incoming beams (see Fig. 3.4 

b). This signal is sent through an aperture to eliminate the transmitted signal, 

reference beam, and their second harmonic signals. The transmitted signal and 

the reference signal can also be eliminated by a low wavelength pass filter (blue 

glass filter). The signal is then detected by a PMT sensitive at the sum frequency 

wavelength (RCA8575). The signal from the PMT is sent to a lock-in amplifier that 

is interfaced to the same PC as the delay line. The signal was chopped at about 

lOOHz with an optical chopper that provided the reference signal for the lock-in 

amplifier. 

The sum frequency generation signal detected by the PMT is proportional to 

the time correlation between the reference pulse and the signal from the sample, 

i.e. 

where I ,  and are the signal and reference intensities respectively and A is the 

delay of the reference pulse relative to the signal. Keeping A constant, the PMT 

will average over all the pulses and therefore does not need to have a fast time 

response. Now, by varying A by adjusting the delay line and recording the lock-in 

signal, we can scan out the temporal shape of the signal. The time resolution is 

now only limited by the pulse length of the reference pulse and step length of the 

delay line, and not the time response of the PMT. 

Since the signal reflected from the sample has a strong component correspond

ing to the reflected pulse from the front surface of the sample and then a weak 

exponentially decaying oscillation, a large dynamic range of detection is necessary. 

This is achieved by making the computer program change the sensitivity of the 

lock-in amplifier so that the signal is always of reasonable magnitude relative to 

the lock-in scale. In this way we were able to have a good signal to noise ratio over 

7 orders of magnitude. 

(3.9) 
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The experimental results reported in this work were obtained on two VCSEL 

structures named NMC22 and NMC28. The sample, dubbed NMC22, has a 3A/2 

GaAs spacer with a 14 period top / 16.5 period bottom GaAs/AlAs Bragg mirrors 

(R = 99.6%). while the sample dubbed NMC28 has a A GaAs spacer with a 10 pe

riod top / 12.5 period bottom Bragg mirrors (R = 97.5%). Two S-nm lno.03Gao.97As 

quantum wells were positioned at the central anti-nodes of the NMC22 cavity. Sam

ple NMC28 had a single 8-nm thick Ino.06Gao.94As at the central antinode of the 

cavity. 

The 8-nm low x In^Gaji-j.)As quantum wells are ideal for NMC studies; the 

In concentration is sufficiently large for the strain to shift the light-hole exciton 

peak about I3meV away from the heavy-hole peak so that the cavity can be tuned 

into resonance with one excitonic transition at a time. The In concentration is. 

however, so small that the exciton linewidth is only ImeV = 0.6nm at 4K. This small 

linewidth leads to a very large splitting to I'.newidth ratio and a record modulation 

depth for the observed NMC oscillations. The new nonlinear behavior reported 

here is also attributed to the narrow linewidth. 

•A. feature of MBE growth is a slight thickness variation across the growth sub

strate. The sample is thickest at the center of the sample wafer, when the MBE 

growth cells are aimed there, and then falls off radially outwards towards the edge 

of the wafer. This thickness variation leads to a shift of both the quantum well 

exciton resonance and the cavity Fabry-Perot resonance to higher energy as one 

moves from the center of the wafer radially outwards. The exciton shift is. how

ever, small for an 8-nm quantum well making it negligible compared to the shift of 

the cavity resonance. This fact was used to vary the detuning between the cavity 

resonance and the quantum well exciton resonance by moving radially across the 

sample wafer. 
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3.4.2 Results and discussion 

The time-resolved emission from the sample in the linear regime for equal re

flectivity dips (close to zero detuning) is shown in Fig. .3.5. The large signal at 

zero time corresponds to the reflected excitation pulse from the top mirror of the 

structure. .-Xn exponential decay then follows modulated by a strong oscillation 

with a period of 0.9ps. The spectrum of the reflected femtosecond exciting pulse 

is shown in the inset. An NMC splitting of 4.4meV is observed which agrees with 

the observed oscillation period of the upconversion intensity. 

= 0.8 

1.475 1.480 1.485 1.490 1.495 
Energy (eV) 

Y i  0.3 

2 3 4 

Time (ps) 

Figure 3.5: Time-resolved emission signal from sample NMC2'2 close to zero detun

ing in the linear regime. The signal is normalized to 1000 at t = Ops. The inset 

shows the spectrum of the reflected excitation pulse. 
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Figure 3.6: Timeresolved reflected signal from sample NMC'22 close to zero de

tuning after 100 fs pulse excitation with a photon flux of (± 20% uncertainty in 

absolute scale) 3.3-10^' (solid line), 2.7- 10^^(dotted line), and 5.3-10'^ photons/cm^ 

(dashed line). Corresponding spectra of the reflected signal are shown in the inset. 

The measured NMC emission intensity and reflection spectra agrees qualita

tively with the calculated emission and reflection spectra shown in Fig. 3.2 and 

Fig. 3.3. The main difference being the smaller oscillation period/larger splitting 

in the calculated results. This difference is attributed to approximations made in 

the theoretical model. 

Fig. 3.6 shows the measured time-resolved emission reflected from the sample 

(on a logarithmic scale) for different incident photon fluxes. The corresponding 

measured reflection spectra are shown in the inset. A rich dynamic behavior is 

observed: as the incident photon flux increases, the modulation depth of the NMC 
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oscillations decreases accompanied by a reduction and broadening of the dips in 

the reflection spectra. The oscillation period does, however, stay constant as the 

photon flux increases, consistent with the observed near constant splitting in the 

reflection spectra. Eventually, only an exponential decay remains with a weak long 

period oscillation. The original reflection dips have largely disappeared in this 

region and the bare cavity reflection dip has opened up. For even higher photon 

flux, all oscillations disappear as the exciton is completely bleached and only the 

exponential decay associated with the empty cavity ringdown remains. 

The long period oscillations at high incident photon flux are even more evident 

in the emission from sample NMC2S shown in Fig. 3.7(a). The nonlinear behavior 

is similar to that of sample NMC22; first a reduction of the modulation depth of 

the NMC oscillations occurs. .After the original oscillations are washed out, a long 

period oscillation is evident. Eventually, all oscillations disappear, and only an 

exponential decay remains. The reflection spectra shown in Fig. .3.7(b) are also 

similar to the ones for sample NMC22. However, while the original reflection dips 

disappear before the central peak appears on sample NMC22, the central peak is 

present before the original peaks disappear on sample NMC28. The three peaks 

are seen only in fs reflection spectra and not in cw reflection spectra. It is therefore 

likely that the three peaks do not coexist at the same time in the sample, but are 

a result of the time integration of the dynamic evolution of the QVV polarization 

after excitation by a fs pulse. 

The calculated reflected intensity for a semiconductor microcavity with param

eters similar to that of sample NMC22 after excitation by a lOOfs pulse, is shown 

in Fig. 3.S (Taken from [21]). The calculations show the same dynamic behavior 

as the measured results shown in P'ig. 3.6. The t=0 peak is broader in the mea

surements due to the time-resolution of our upconversion setup. This reduces the 

modulation depth and hides the feature at about 0.1 ps. The reflection spectra 

shown in the inset of Fig. 3.8 is calculated by taking the Fourier transform of the 

calculated emission. The calculated emission signal and reflection spectra are in 
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Figure 3.7: (a) Time-resolved emission signal from sample NMC28 measured with 

upconversion for incident photon fluxes 0.034, 0.14, 0.47, 1.4, 2.4, 9.4 xlO'^ photons 

cm~^ (increasing from lower curve). The curves have been normalized to 1 and then 

offset by 10 relative to the lowest intensity, (b) The corresponding time-integrated 

reflection spectra of the excitation pulse offset by 0.5 from the lowest photon flux 

curve. 
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Figure 3.8: Calculated emission spectra from a similar structure to sample NMC22 

after excitation by 100 fs pulses with Qh = O-OlEg (solid line), fl/? = I Eg (dotted 

line), and Qn = 2Eb (dashed line). The inset show the corresponding calculated 

reflection spectra. 

good agreement with the measurements performed on sample NMC22. So far, cal

culations for a structure with sample NMC28 parameters, have not reproduced the 

three peaks in the measured reflection spectra of NMC28. Due to the complexity of 

the numerical calculations, the parameter space of the structure has not yet been 

fully explored. 

The observed nonlinear dynamic behavior is consistent with our previously re

ported nonlinear cw pump/probe results on semiconductor NMC samples with a 

large splitting to linewidth ratio[9] and can be explained in the same way. As the 
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carrier density increases, carrier-carrier and polarization scattering increases the de-

phasing rate of the exciton, broadening the excitonic transition without decreasing 

the oscillator strength. The broadening increases the absorption at the wavelength 

of the reflection dips reducing the depth of and broadening the reflection dips. This 

translates in the time domain to a reduction of the modulation depth of the NMC 

oscillations. However, since the oscillator strength is conserved by scattering pro

cesses the NMC splitting and oscillation period stay constant. Phase space filling 

and Coulomb screening do eventually reduce the oscillator strength, but not until 

the NMC reflection dips and oscillations are almost completely gone. Then the bare 

cavity reflection abruptly appears as the broadening, oscillator strength reduction, 

and bandgap renormalization all combine to eliminate the NMC. 

The simple model described in the previous section can also be used to illustrate 

the broadening of the exciton without loss of oscillator strength. The oscillator 

strength for a Lorentzian line is proportional to foo. The reflection spectrum for a 

sample with parameters similar to sample NMC22 is shown in Fig. 3.9 for different 

exciton linewidths keeping the product 7Q0 constant. We can see that the original 

two reflection dips are reduced without much change in the splitting before the 

central cavity peak opens up, similar to the behavior of the measured reflection 

spectra as the incident photon flux increases. 

The explanation of our measurements is consistent with results obtained on 

multiple QVV samples reported in section 2.4, where the linewidth of the exciton 

transition broadens by a factor of 6 without any noticeable change in the oscillator 

strength ( Fig. 2.7). The nonlinear behavior for our NMC samples is different from 

previously reported results where the broad linewidths prevent the observation of 

the regime where the exciton broadens without reduction of the oscillator strength. 

3.4.3 Conclusions 

We have studied the nonlinear dynamics of excitonic NMC in a QW microcav-

ity on a fs time-scale. We observe that an increasing excitation density leads to 
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Figure 3.9: Calculated reflection spectra for a sample with parameters similar to 

sample NMC22, but with increasing linewidth. The linewidth is 1,2,3...20 times the 

original linewidth (7 = 0.31nm). The oscillator strength (oc 7Q0) is kept constant. 

a reduction of the modulation depth of the NMC oscillations and reflection dips. 

However, the oscillation period and NMC splitting stay almost constant. Numeri

cal calculations solving the time-dependent Maxwell s equations with a macroscopic 

QVV polarization found from generalized semiconductor Bloch equations including 

scattering and screening show good agreement with the experimental results. The 

nonlinear behavior is consistent with our previously reported cw pump/probe mea

surements and calculations on samples with a large splitting to linewidth ratio and 

explained by excitonic broadening without reduction of the oscillator strength due 

to scattering processes. Phase space filling and bandgap renormalization do not 
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reduce the oscillator strength and thereby the NMC oscillation period and split

ting until the NMC oscillations and reflection dips are almost completely gone. 

This explanation agrees with the findings reported in section 2.4 where the exci-

ton linewidth was found to increase by a factor 6 without any noticeable change 

in the oscillator strength. The results show the importance of including excitonic 

dephasing due to scattering processes in theoretical models describing NMC in 

semiconductor QVV microcavities in the nonlinear regime. 
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CHAPTER 4 

MAGNETO-OPTIC EFFECTS ON THE OPTICAL 
PROPERTIES OF QUANTUM WELLS 

4.1 Introduction 

Strong magnetic fields applied to semiconductor structures are interesting for 

studies of fundamental properties of quantum confined semiconductors. .Applying a 

strong magnetic field normal to the plane of QVVs results in 3D quantization of the 

exciton[28. 29]. These magnetoexcitons have many features similar to real quan

tum dots, and provide a way of studying properties of quantum dots in a system 

without defects and inhomogeneous broadening usually associated with quantum 

dots produced by growth and etching techniques[30. 31, 32, 33]. magnetic field 

can also be used to determine the effective mass of e.xcitons in QWs. A study of 

the excitonic effective mass of several different InrGa(i_r)As QVVs is presented in 

this chapter. One interesting feature of some of the samples is a difference in effec

tive masses for photoluminesence and absorption measurements. This is attributed 

to a localization of the holes on monolayer island fluctuations of the interfaces in 

photoluminescence measurements. 

4.2 Magnetic quantization in quantum wells; Landau levels 

Detailed studies of semiconductor properties in strong magnetic fields have been 

reported by others[28. 29]. short introduction to the theory of magnetic field 

quantization in QVVs is given here based on Ref. [34]. 
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The Schrodinger equation for an electron hole pair in a magnetic field, H, is 

given by: 

7̂ 0 = ''pe -  ̂ fp/i + x r;,) - (t> 
2mc V 2c / 2m/i V 2c / K:lre — rh| 

= Sep. (4.1) 

where rrie and m/, are mass, pe and p/, are momentum, and Te and rh are position 

vector of the electron and hole, respectively. Ignoring the center of mass motion of 

the electron hole pair and assuming a two dimensional model with axial symmetry, 

this equation can be rewritten as 

2m 

I  d  f  d \  

r </r i dr ) '̂  

i \ 
R [ r )  +  +  — R { r )  =  E R [ v ) ,  (4.2) 

\  K r  S f J . c - '  /  

where m is a magnetic quantum number, and /?(r) is the radial part of the wave 

function, fi is the reduced mass of the electron and hole. This equation is solved 

in Ref. [.34] using the VVKB method. For a vanishing magnetic field, the solution 

reduces to the exciton case where the bound state energy levels are given by 

(n +1/2)2 

In a strong magnetic field limit (vanishing Coulomb term) we get the so called 

Landau level case, where the electron/hole motion is quantified into energy levels 

given by 

E = { n -\- —-—I- — ) h . (4.4) 
\ - - / 

We can see that the energy levels are linear with the magnetic field, with a slope 

that is given by he/(ijc). The effective mass /i can therefore be determined ex

perimentally, by measuring the slope of the Landau level energies vs. magnetic 

field[36. 37]. 

4.3 Localization effect on the exciton cyclotron mass in quantum wells 

' The cyclotron mass of a free exciton is equal to the reduced mass of the 

electron-hole relative motion, (a = )• However, this is not true for a localized 
me+m/i ' 

'The work presented in this section will be submitted for publication elsewhere [35]. 
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exciton; if the localizing potential is substantial compared to the potential created 

by the magnetic field, the Stokes shift of the exciton line is weaker than for a free 

exciton. Up to now, there hcis not been a satisfactory understanding of the behavior 

of localized excitons in the presence of a magnetic field even though there have been 

a few experimental studies mostly in doped QWs.[36. 38] 

In this work magnetoabsorption and photoluminescence have been measured 

from a set of Inj:Ga(i_x)As/GaAs QVVs. The cyclotron mass is extracted from the 

high-field slope of the first Landau level in the "fan diagrams". For two of the 

samples. 4K5 and NMC15. localization results in an exciton cyclotron mass equal 

to the electron mass rrif. instead of the reduced mass pL. For these two samples the 

slopes differ strongly in absorption (governed by free excitons) and photolumines

cence (determined by localized excitons). For the other five samples the cyclotron 

mass in photoluminescence is the same as in magnetoabsorption and is equal to the 

reduced exciton mass within 15%. This is interpreted in terms of different radii of 

localization for electrons and holes in 4K5 and NMC15 whereas for the other five 

samples the exciton undergoes in-plane localization as a whole particle. 

.All of the samples contain InxGa(i_j,)As/GaAs multiple QW structures with 

spacing between wells large enough to neglect interaction of excitons in neighboring 

wells. The sample structures are summarized in Table 4.1 and details can be found 

in .A.ppendix .A.. 

Light absorption and photoluminescence spectra have been measured at 1.6K 

in the presence of a magnetic field up to r2T oriented perpendicular to the QW 

planes. For absorption measurements, whitelight from a tungsten lamp was focused 

through an optical fiber with a core diameter of lOO/zm. Short wavelength light 

was filtered out with a red glass filter (RG780) to avoid exitation of the QWs. The 

sample vvas mounted in a superconducting magnet cryostat with one end of the 

optical fiber stuck to the back side of the sample. The light transmitted through 

the sample was collimated with a lens and then sent out of the magnet cryostat 
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through an optical window. The spectrum of the transmitted signal Wcis measured 

with a spectrometer with an OMA detector on the output port. 

The photoluminesence spectra were measured in a similar setup. The white 

light was replaced with light from an argon laser (514.5nm). The laser light was 

modulated in 1/is pulses with a 1% duty factor to avoid thermal effects in the sam

ple. The photoluminesence resulting from the excitation by the argon laser light 

was collected through the sample substrate with the same setup cis for the absorp

tion measurements. The slope of the lowest Landau level peak energy dependence 

on the magnetic field was found to be insensitive to the pumping intensity over 

the range studied. This allows us to e.xclude many-particle effects on the exciton 

cyclotron mass and limit ourselves to consideration of a single exciton. 

Figure 4.1 shows the absorption and photoluminescence spectra of sample 4K5 

in r2T magnetic field. The various peaks are labeled with the help of the fan 

diagram of Fig. 4.2. Several conclusions can be drawn from this figure. The Landau-

level transitions are still very pronounced even at high excitation levels. Since 

their positions are relatively insensitive to the excitation level, many-body collision 

effects must not be affecting their energy differences. Clearly the energy differences 

are larger in absorption than in photoluminescence. These data were the first 

evidence that the exciton cyclotron mass in our samples is sometimes different in 

absorption than in photoluminescence. Figures 4.3-4.5 show "'fan diagrams" of 

the samples 4K5, GIBQVV. MOD 15, and NMC15 respectively. Solid lines show 

the data taken from absorption spectra, while dotted lines represent the data of 

photoluminescence measurements. One can see that the slopes of the lines in the 

"fan diagrams" obtained from magnetoabsorption spectra are nearly the same for 

the different samples, and correspond to the cyclotron mass jj. = (0.043±0.001 )mo. 

The measured values agree well with the calculated^ values as seen in Table 4.1. On 

the other hand, the slopes of rays in "'fan diagrams" taken from photoluminescence 

spectra are different for different samples: for GIBQVV and M0D15 they coincide 

"Masses calulated by A. Girndt 
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Figure 4.1: .Absorption spectrum (a) and photoluminescence (b) spectrum of sample 

4K5 in r2T magnetic field and at 4K temperature. The labeled peaks are the 

Landau levels of the heavy hole, where n is the quantum number associated with 

the magnetic field quantization. 
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Figure 4.2: Peak location in nnagnetoabsorption and photoluminescence spectra of 

4K5 sample. Solid and dashed lines are guides for eye to show data from absorption 

and photoluminescence spectra, respectively. The labels on each line give the slope 

in meV/T. 

with the slopes in absorption, while for 4K5 and iMMClo they are strongly different 

and correspond to a cyclotron mass equal to the effective mass of the electron. Table 

4.1 summarizes the cyclotron masses deduced from the measured slopes of the first 

Landau levels using data in the range 9T to 12T and compares them with the 

computed effective masses. 

The computed effective masses and the fluctuation of the gap energies are ex

tracted from band structure calculations[35]. Parabolic single-particle electron en

ergy dispersions have been assumed, with effective masses given by weighted av

erages determined by the quantum well composition. The hole effective masses 
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Figure 4.3: Peak location in magnetoabsorption and photoluminescence spectra 

of GIBQW sample. Solid and dashed lines are guides for eye to show data from 

absorption and photoluminescence spectra, respectively. The labels on each line 

give the slope in meV'/T. 

are extracted from a least squares fit of the lowest energy hole band with a poly

nomial quadratic in k. In computing the hole band structure, the mixing of the 

hole states due to quantum confinement is taken into account by solving the Lut-

tinger Hamiltonian, derived using the envelope approximation method.[39] Strain 

effects are treated according to the method of Bir and Pikus.[40] The input pa

rameters for the band structure calculations are the bulk effective masses, strain 

hydrostatic and deformation potentials, band gap and band offset energies, and 

lattice constants.[41, 42] 
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Figure 4.4; Peak location in magnetoabsorption and photoluminescence spectra 

of MOD 15 sample. Solid and dashed lines are guides for eye to show data from 

absorption and photoluminescence spectra, respectively. The labels on each line 

give the slope in meV'/T. 

In Figure 4.6 the calculated zero-field monolayer fluctuation energy is plotted 

versus the effective mass of the heavy hole for all of the samples. Note that all 

of the samples exhibiting equal slopes in absorption and photoluminescence fall 

to the bottom left, indicating that excitons with lighter hole masses and smaller 

monolayer energy differences are localized as a whole. If the hole mciss or the 

confining energy is large, the hole is localized and the effective mass of the relative 

motion becomes that of the electron. The one exception is GIBQW in which a 

60-s growth interruption between each GaAs barrier and InGaAs well results in 

large interface islands and localization of the exciton as a whole. The monolayer 
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Figure 4.5: Peak location in magnetoabsorption and photoluminescence spectra 

of NMCl-o sample. Solid and dashed lines are guides for eye to show data from 

absorption and photoluminescence spectra, respectively. The labels on each line 

give the slope in meV/T. 

fluctuation energy is computed as the difference in the hhl energy level for the 

well thickness listed in Table 4.1 and for that thickness increased by one monolayer 

thickness (0.3 nm). The well thicknesses listed in Table 4.1 are estimated from 

growth rates determined by RHEED oscillations or by fits to reflectance data taken 

on microcavities grown under the same conditions; the uncertainties are estimated 

to be 10% or less. The x values are taken from flux measurements and could be in 

error by as much as 20%. 

One can consider an overly simplified model in order to interpret these data 

further. Consider the exciton state which governs the photoluminescence spectra 
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Figure 4.6: Calculated zero-field monolayer fluctuation energy vs. eflfective mass of 

the heavy hole for all the samples in this study. 

Sample t(nm) X m^/y from abs. TTie/y from PL Calc. TTle Calc. mw, Calc. 
4K5 5.4 0.20 0.041 0.061 0.060 0.15 0.043 

GIBQW 5.0 0.15 0.043 0.044 0.062 0.23 0.049 
M0D15 10.5 0.26 0.030 0.028 0.057 0.098 0.036 
NMC15 7.3 0.09 0.046 0.063 0.064 0.31 0.053 
NMC25 8.3 0.10 0.042 0.045 0.063 0.27 0.051 
MOD22 9.9 0.29 0.039 0.045 0.056 0.092 0.035 
MOD23 6.7 0.27 0.041 0.045 0.060 0.10 0.038 

Table 4.1; Effective masses obtained from the experiments and calculated effective 

masses for all the samples studied in this work. All masses are in units of the free 

electron mass, x is the indium concentration and t is the thickness of the QWs. 
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in high quality quantum wells, i.e. the exciton localized at monolayer QVV width 

fluctuations. These fluctuations can be characterized by their amplitude, depen

dent on the QVV width and content of indium, and by their typical size, dependent 

on the interface formation regime. The samples must differ in these two parame

ters. GIBQW is expected to have much larger typical size of in-plane fluctuations, 

since the 60-s interruptions allow time for the small islands to relax and give their 

material to larger ones. Also the amplitude of potential fluctuations is lower in the 

samples with thicker wells. 

Two regimes of exciton localization can be considered; (i) center of mass local

ization (exciton is trapped as a whole particle with unchanged internal structure), 

and (ii) independent localization of electron and hole (internal free exciton struc

ture is broken). In regime (i), in which the exciton is localized as a whole particle, 

the electron-hole Coulomb interaction dominates, and in the magnetic field the 

localized exciton behaves like a free exciton. However, to see if the localization 

energy from monolayer island fluctuations is strong enough for achieving regime 

(i), it is nessesary to perform calculations of trapping potentials for the different 

sample parameters. 

.^.V. Kavokin et. al [35] have solved variationally the Schroedinger equation for 

an exciton localized at a circular island of one-monolayer QVV width fluctuation in 

the presence of a magnetic field 

I E + "•("•'I -' -I - fit = 0.  (4 .5)  
l.iS.l-'"' ' =-|r,-rj| J 

where me,a, rg,/,, pc,h. are the electron, hole mass, radius vector and momentum, 

respectively, .4 is the vector-potential. L'e./i is the three-dimensional potential con

sisting of both the QVV potential and in-plane potential fluctuation (island), c is 

the dielectric constant. Since the confinement potential in the growth direction 

of the QVV dominates over all in-plane potentials, one can separate trial functions 

into in-plane and normal-to-the-plane motion extracting electron (hole) envelopes 

The in-plane part of the trial function can be taken in two forms: (a) 

as a product of exciton center of mass wave function F(R) and wave function of 
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electron-hole in-plane relative motion f ( p ) ,  (b) as a product of electron and hole 

in-plane envelopes fdpe) and fhiph)- The trial functions are then 

=  W , ( z , ) W , { z , ) F i R ) f { p ) ,  (4.6) 

= m Z , ) m ^ k ) f e i p e ) m p h ) .  

Electron and hole normal-to-the-plane envelopes are found by solving a single-

particle rectangular QVV problem with finite barriers. Multiplying Eq. (1) by 

Wg{ze)Wh(zh) and integrating over ::e and z^, one obtains the Schroedinger equation 

for in-plane components of the exciton wave function. Having in mind that the 

accuracy of any calculation is limited by the fact that the real form of the island is 

unknown, the simplest trial functions, namely exponential for f{p) and Gaussians 

for F(R). feipe) and fhiph)^ are chosen. 

Results of the calculated exciton energy for samples 4K5. GIBQVV. M0D15, 

and iVMClo are shown in Fig. 4.7. for the zero-field case. In all cases, zero at the 

ordinate axis corresponds to the energy of a free exciton. Solid lines show the cal

culation with a trial function solid dots correspond to the calculation with a 

trial function One can see that in the limit of island radius—>0 for the model 

of an exciton localized as a whole particle (solid lines), the energy tends to the free 

exciton binding energy. With an increase of the radius of the island, the exciton 

energy increases in value approaching the amplitude of the fluctuation potential 

given by electron and hole confinement energy variation with one-monolayer fluc

tuation of the quantum well width. In the model of independently localized electron 

and hole (solid dot), the energy is a non-monotonic function of the radius of the 

island, .^t very small and very large islands the electron and hole are quite weakly 

localized so that the transverse binding energy vanishes as the matrix element of 

the Coulomb operator on single particle envelopes. However, at intermediate island 

sizes the binding energy is substantial. In the range of island sizes of 8-20 nm for 

4K5, 10-12 nm for GIBQVV. and perhaps 16-22 nm for NMC15, the independent 

electron and hole localization is preferential (Fig. 4.7 (a.b,d)). For M0D15 there is 

no such range, because the fluctuation potential is too weak. This model predicts 
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Figure 4.7: Energy of exciton in-plane localization plus exciton binding energy 

calculated in models of exciton localized as a whole particle (solid lines) and in

dependently localized electron and hole (solid dots). The calculation is done for 

samples 4K5 (a), GIBQVV (b), MODlo (c), and NMC15 (d). 
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that all of the remaining samples should prefer localization as a whole if the island 

sizes are in the right range. 

One can analyze these theoretical results in connection with the experimental 

data on exciton cyclotron masses. If in 4K5 there is an abundance of one-monolayer 

islands in the range 8-20 nm. we measure the photoluminescence spectrum of exci-

tons formed by electron and hole localized independently. The hole is more strongly 

localized due to its heavier mass, thus it is less sensitive to the magnetic field; that 

is likely the reason why only the electron cyclotron mass plays a role in the exci

ton "fan diagrams". In MOD 15. and for most of the other samples, the exciton 

is always localized as a whole particle; therefore, the electron-hole relative motion 

effective mass determines the slope. However, in GIBQW the independent local

ization of electron and hole is possible, in principle, but the concentration of such 

intermediate-size islands is small since this sample was grown with interruptions. 

Excitons in the larger islands, which are much more prevalent, are localized as a 

whole. The model results for NMC15 suggest that hole localization is preferred 

for rather narrow range of radii 17-23 nm as compared with 4K5, even though the 

photoluminescence slope clearly indicates that hole localization occurs. This is still 

consistent with our model, since it is sufficent to have only some islands of the right 

size within the diffusion range of the exciton. 

Of course, the characteristic sizes of islands of QVV width fluctuations obtained 

here are nothing but rough estimates. The accuracy of any theory is inevitably 

limited by lack of information on the real form of the fluctuation potential. One 

other limitation of this study is the many unknowns in the cystal growth that 

might influence the monolayer island sizes. Crystal growth temperature, indium 

concentration, growth interruptions, barrier thicknesses and QVV thicknesses are 

all factors that might influence the island sizes. This limits the usefulness of the 

localization calculations, since even if a sample has a range of island sizes for which 

independent localization is preferred, it is hard to predict if the island sizes are 
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in this range. However, on samples where the measurements show independent 

localization, the calculations can be used to estimate the island sizes. 

To summarize, we have found that the cyclotron masses of free and localized 

excitons in InxGa(i_j;)As/GaAs QVVs can be different. This has been shown from 

the analysis of "fan diagrams" taken from magnetoabsorption and magnetolumi-

nescence spectra. The reduced effective mass of electron-hole relative motion in 

the QW plane is responsible for the slopes in the absorption "fan diagrams" for 

all the samples, while the pure-electron effective mass governs photoluminescence 

spectra in two of our samples (4l\5 and NMC15). We suggest that in 4K5 (N'MC15) 

excitons localized at islands of one-monolayer QW width fluctuations dominate the 

photoluminescence. For island sizes in the range of 8-20 (16-22)nm we expect from 

variational calculations that the electron and hole are localized in a QW plane 

independently, with the heavy-hole localization radius being much less than the 

electron's. In this case, up to very high magnetic fields the exciton energy shift 

is governed by the electron effective mass. To check whether this model works, 

we have grown two other samples, where exciton in-plane localization conditions 

are different: (i) GIBQW with nearly the same geometry as 4K5 but grown with 

growth interruptions, (ii) M0D15 with wider QWs than in 4K5. In M0D15 the 

exciton was expected to be localized as a whole particle, so that its cyclotron mass 

remains the same as for a free exciton. independent of island size. The experiment 

shows equal slopes in absorption and photoluminescence for MOD 15 in agreement 

with theoretical expectations. In GIBQW the exciton was expected to be localized 

as a whole only if most of the islands are larger than 20 nm; equal slopes in ab

sorption and photoluminescence suggest that this is the case, consistent with the 

observation by others of large islands on growth-interrupted GaAs/AlGaAs QWs. 



67 

CHAPTER 5 

RESONANT FARADAY ROTATION IN A 
SEMICONDUCTOR MICROCAVITY 

' Although the first works on the magneto-optics of normal mode coupling in 

semiconductor microcavities have appeared very recently, a number of striking ef

fects have already been found including magnetic field induced vacuum Rabi split

ting, normal mode coupling to magnetoexcitons with high Landau indices, and 

increase of the cavity polariton splitting with magnetic field.[46. 47, 48, 49] Here 

we present the first experimental and theoretical study of the magnetic field effect 

on the polarization of light propagating in a normal-mode-coupling semiconductor 

microcavity. 

An interesting effect in QWs in strong magnetic fields, is the lifting of the de

generacy of the excitonic spin states, resulting in different absorption and index 

of refraction spectra for the two circular polarizations of light leading to Faraday 

rotation and magnetic circular dichroism. A study of a VCSEL structure exhibit

ing NMC in a strong magnetic field is presented in the last section of this chapter. 

The multiple round trips of the light can lead to an enhancement of the Faraday 

rotation of light propagating in the structure when the cavity resonance is tuned 

into resonance with one of the excitonic transitions. The resonant Faraday ro

tation in transmission has been studied recently for semimagnetic quantum well 

(QW) systems, where excitons have giant g-factors due to their exchange interac

tion with magnetic ions[50]. Detected rotation angles were on the order of tenths 

of degrees for a double-QW system, and are expected to be much smaller in similar 

nonmagnetic QWs. 

Tuning the cavity mode of a microcavity into resonance with a QW exciton tran

sition, the Faraday rotation of the light propagating in the microcavity is enhanced 

'The work presented in this section has been submitted for publication elsewhere [45]. 
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by multiple round-trips of the light between the two mirrors during the lifetime 

of the exciton-polariton mode. It is clear that in normal-incidence reflection, the 

Faraday effect on the total reflected light from the microcavity should be much 

weaker than the cavity-polariton mode rotation since in this case we do not detect 

the polarization of the cavity-polariton mode directly but see the result of the inter

ference of all reflected waves which have different polarizations (see Fig. 5.1). The 

dominant contribution is the wave reflected from the top mirror of the structure, 

which does not experience Faraday rotation. 

Due to the redistribution of the intensity between left- and right-circularly po

larized components of light, the reflected wave is elliptically polarized giving rise to 

magnetic circular dichroism (MCD). .Just as optical absorption and index of refrac

tion are intimately connected at an optical resonance. MCD and Faraday rotation 

are also connected[54. 55]. If we have incident linearly polarized light on a QVV; 

where q"^ / q and n'̂  / n are the absorption / index of refraction of a'̂  and g  

circularly polarized light, respectively. The Faraday rotation angle is given by 

where L is the thickness of the Q\V. So the Faraday rotation angle is proportional 

to the difference between the index of refraction for the two circular polarizations. 

Near an optical resonance, this is strongly dependent on u,'. The absorption dif

ference between the two circular polarizations close to a resonance also introduces 

ellipticity (MCD). The degree of ellipticity is given by 

(0 .1 )  

the transmitted field will be; 

0fr(<^) = j{n (u;) - n+(u;))L, (5.3) 

D m c d { ^ )  -
1 _ g-(c+(w)-a-(uj))l/2 2 

1 g-(a + (u/)-t> (u/))Z,/2 
(5.4) 
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Figure 5.1: Propagation of light inside a semiconductor microcavity with an em

bedded quantum well, (a) Multiple reflection of light between the mirrors governs 

the reflectivity of the entire structure, (b) Polarization of the interfering waves is 

different in the presence of a magnetic field. 
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The reflected polarization is purely rotated only for wavelengths where the ampli

tudes of the reflected circular polarization components are equal. 

Fig. 5.2(a) shows the absorption spectra for sample NMC'21 for the two different 

circular polarizations in 12T magnetic field. This sample has QVVs similar to the 

QWs in the VCSEL sample used for Faraday rotation measurements in this work. 

The splitting between the cr""" and a~ absorption spectra is small for the el-hhl 

transition (% O.lmeV), but large for the el-/hl (0.9 meV) and el-/h3 (2.5meV) 

transitions. Fig. 5.2(b) and (c) show the degree of circular polarization and Fara

day rotation angle, respectively, for transmission through a single QVV calculated 

from the absorption spectra in (a) using equations (5.3) and (5.4). The inde.x of 

refraction for the QW, wa.s calculated using Kramers-Kronig relations as described 

in Chapter 2. We can see that the Faraday rotation angle is maximum at the 

excitonic resonances marked by the vertical lines. The degree of circular polariza

tion is also zero at the resonances, since the absorption is equal for both circular 

polarization components at these points. The ellipticity is largest at the peaks of 

the absorption spectra. 

The reflectivity measurements have been modeled using a matrix technique com

bined with a non-local dielectric response theory to fit circularly polarized spectra 

of the semiconductor microcavity^ . Reflectivity in linear polarization and in linear 

cross-polarization have been found respectively as 

= + and /?x = J |r+ - r_f, (5.5) 

where r+ and r_ are the amplitude reflection coefficients in right- and left-circular 

polarizations, respectively. The Faraday rotation angle has been calculated as 

0 = (argr_ - argr4.)/2. (5.6) 

The e.xperimental Faraday rotation studies were performed on sample NMC22 

(see Appendix A for sample details). By moving across the sample, the cavity 

mode could be brought into resonance with various exciton transitions. Reflection 

-Calculation.s performed by . Kavokin et. al [45] 
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Figure 5.2; (a) Measured absorption spectra of sample NMC21 in r2T magnetic 

field for the two circular polarizations, (b) calculated degree of circular polarization 

and (c) Calculated Faraday rotation angle for transmission through a single QVV. 

The vertical lines show the el-hhl, el-/hl, and el-/h3 transitions. 
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Exciton state hujq h v o  h v  

el-hhl 1.4924 eV 1.4927 eV 72 ^eV 0.3 meV 

el-£hl 1.5028 eV 1.5038 eV 24 ^eV 0.2 meV 

el-£h3 1..508 eV 1.509 eV 17 ^eV 0.5 meV 

Table 5.1: QW exciton parameters in 11.25 T magnetic field used in the calcula-

tions. 

measurements were performed in Faraday geometry at T=l.8 K using a supercon

ducting magnet cryostat. The spectra were measured using an OMA on the output 

port of a spectrometer. 

Fig. 5.3 shows the microcavity reflection spectra in 11.25 T magnetic field de

tected in (T_ and <7+ circular polarizations, linear polarization, and linear cross-

polarization, i.e. detected in the linear polarization orthogonal to the polarization 

of the incident light. The cavity mode is coupled to the el-^hl exciton resonance 

which experiences an unusually large Zeeman splitting of 1.3 meV. One can see 

that the positions of the spectral dips are substantially different in cr_ and a+ 

polarizations which results in the appearance of a resonant signal in the linear 

cross-polarization. .Also seen is a series of strong dips corresponding to optically 

coupled bulk GaAs exciton-polariton states in the cavity and mirrors. The total 

thickness of GaAs layers in the cavity and Bragg mirrors is about 2 /im. whereas 

the total thickness of the two (In.Ga)As QWs in the cavity is only 16 nm. Nev

ertheless, the QVV resonant signal in linear cross-polarization, which is a measure 

of the Faraday effect, is half as large as the bulk exciton resonance, even though it 

has less than 1% of the path length. When we tune the cavity mode away from the 

QVV exciton resonance, the resonant signal in the linear cross-polarization vanishes. 

The dashed lines in Fig. 5.3 show theoretical fits of the spectra with the excitonic 

parameters listed in Table 5.1. Excellent agreement between theory and experiment 

allows us to obtain with good accuracy the Faraday rotation angle and the degree 

of circular polarization in reflection for linearly polarized incident light. Fig. 5.4a 
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Figure 5.3; Measured (solid) and calculated (dashed) microcavity reflection spectra 

in 11.25 T magnetic field when the cavity mode is tuned to the el-^hl exciton 

resonance, in cr_ and circular polarizations, linear polarization, and linear cross-

polarization. 
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shows the calculated Faraday rotation angle for one-way propagation through the 

central cavity layer with two embedded QWs. By comparison with Fig. 5.4b, 

one can see that coupling of the light-hole exciton resonance to the cavity mode 

drastically influences the spectral dependence of the Faraday rotation angle. The 

rotation angle is strongly increased at the cavity-polariton eigenmode frequencies. 

Fig. 5.4c show the calculated degree of circular polarization of the reflected light 

from the microcavity showing the intimate connection between Faraday rotation 

and MCD close to the optical resonances. 

The reflection spectra of Fig. 5.-3 show almost no resonant rotation at the heavy-

hole exciton resonance although a significant rotation takes place in one-way trans

mission through two QWs. This is because, in this case, the heavy-hole exciton is 

not coupled to the cavity mode, .so that its contribution to the reflection spectrum 

of the entire structure is very weak. In contrast, when the QVV heavy hole exciton 

is coupled to the cavity mode, a strong (about .3°) resonant rotation appears (see 

Fig. 5.5). In spite of the fact that the Zeeman splitting of the heavy hole exciton 

resonance is less than half the splitting of the el-£hl exciton, the el-hhl resonant 

Faraday rotation effect is stronger than theel-^hl effect. This is because the el-hhl 

oscillator strength is three times larger than that of el-£hl. 

In conclusion, semiconductor microcavities provide a resonant amplification of 

the Faraday effect due to multiple round-trips of light at the cavity-polariton eigen-

frequencies, and induce a redistribution of light intensity between cr_ and po

larized components. Experimentally, the resonant Faraday rotation has been mea

sured in linear cross-polarized reflection spectra of the microcavity with two embed

ded Ino.o3Gao.97.As/Ga.A.s QWs. Tuning the cavity mode to heavy- and light-hole 

exciton resonances in the QWs, we have observed resonant signals of the same order 

as at the bulk GaAs exciton resonance frequency even though the total thickness 

of GaAs layers in the spacer is two orders of magnitude larger than the thickness 

of the QWs. The magnitudes of the Faraday effect at the heavy- and light-hole 
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Figure 5.4: (a) Calculated Faraday rotation angle in single pass transmission 

through the central cavity layer, (b) Calculated Faraday rotation angle and (c) 
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exciton resonances appear to be nearly the same because the larger g-factor of the 

light hole almost compensates for the smaller oscillator strength. 
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CHAPTER 6 

ONE-PHOTON AND TWO-PHOTON PUMP-PROBE 
SPECTROSCOPY OF PHOTOACTIVE YELLOW 

PROTEIN 

6.1 Introduction 

' Photoactive yellow protein (PYP) was first isolated at the University of Arizona 

from the extremely halophilic purple phototrophic bacterium Ectothiorhodospira 

halophila[57]. Many of its properties are similar to that of bacteriorhodopsin which 

is of interest due to possible applications such as 3D optical data storage[5S, o9, 60]. 

PYP does, however, have several advantages over bacteriorodopsin; PYP is a 

smaller = 14,000) molecule than bacteriorhodopsin, and it is water-soluble 

while bacteriorodopsin is membrane bound. This makes it easier for structural 

analysis, which is important for possible engineering of the molecule. Several new-

variations of PYP have already been produced with slightly different optical prop

erties from the original version[61]. 

This motivated us to undertake the investigation of the nonlinear optical prop

erties of PYP for possible uses in nonlinear optical devices. First pump-probe 

measurements were performed using one-photon excitation. It was found that the 

absorption peak of PYP at 446nm is almost completely bleached under excitation 

by a cw argon laser at 458nm. The associated index change was calculated and 

found to be comparable to that of bacteriorhodopsin. A possible application in -30 

optical data std .igc is dependent on a two-photon process. Therefore two-photon 

excitation pump-probe spectroscopy was performed to determine the two-photon 

absorption (TPA) cross section of PYP. No TPA was observed, so only an upper 

limit for the TPA cross section was found. This limit is IC* smaller than the TPA 

'The work presented in this chapter has been submitted for publication elsewhere[56] 
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cross section reported for bacteriorhodopsin; consequently, PYP is unsuitable for 

applications involving TPA. 

The PYP samples used in this vvork were supplied by Savitha Devanathan. Terry 

Meyer, and Gordon Tollin from the Biochemistry Department at the University of 

Arizona. The PYP used in the experiments was extracted from E. halophila (strain 

BN9626) and purified according to Meyer[57]. 

6.2 Photocycle of photoactive yellow protein 

The photocycle of PYP is shown in figure 6.1. The protein undergoes a bleach 

and recovery cycle similar to that of sensory rhodopsin[62]. In its ground state 

(P) the protein has a visible absorption maximum at 446nm. .After absorption of a 

photon, it is excited to a short-lived electronic state (P'); there may be intermediate 

states with lifetimes shorter than Tips. The protein then undergoes an electronic 

transition and relaxes to the red-shifted Ii state in less than Ins. .A. third relaxation 

to the I2 state then follows with a lOO^s time constant. The protein remains in 

the I2 state until it undergoes a conformational change and returns to the ground 

state, P, with a time constant of 260ms. 

6.3 One-photon pump-probe spectroscopy 

6.3.1 Theory 

In a nonlinear one-photon pump-probe experiment using a cw pump, an equilib

rium builds up between molecules in the ground state P and the long lived excited 

state I2. The other states relax so fast that the populations in these states can be 

ignored. Since the I2 state has negligible absorption at 446nm. the population dif

ference of the ground state can be found by measuring the bleaching of the 446nm 

absorption peak. 

.Assuming an average pump intensity Iq for the probe cross-section through the 

length L of the PYP sample, the population densities .Vp and Ni^ of the P and 
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Figure 6.1: Schematic of the photocycle of PYP. 

the I2 states, respectively, are given by the rate equations: 

dnp _ (1 , .vi, 

dt huL t 

d n i ,  _ d n p  

dt dt  

+  ( 6 . 1 )  

( 6 . 2 )  

where tp is the absorptivity of PYP at the pump wavelength, lj is the optical 

frequency of the pump beam, and Id is the decay time between the excited state 

and the ground state. In steady state, we get: 

,v,. = ,6.3, 

The absorption coefficient of the ground state is given by 

a = .Vp£ (6.4) 

where e is the extinction coefficient (natural log base) of PYP. Using .Vi, +yVp = /Vp. 

where .Vp is the total concentration of molecules, and multiplying equation (6.3) 
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by t gives 

a o - «  =  1 —  ,  ( 6 . 0 )  
huiL 

where qq is the absorption coefficients of the ground state without excitation and Op 

is the absorption coefficient at the pump wavelength with excitation. This equation 

can now be solved numerically to find the absorption as function of pump intensity. 

6.3.2 Experimental setup 

The setup used in the one-photon-absorption measurements is shown in Fig. 6.2(a). 

The probe and pump light counterpropagated through a quartz sample cell, so that 

the pump beam could be eliminated from the probe beam. The 1/e pump beam 

radius was 1.9mm. and the probe radius was O.omm. The sample cell had a 10mm 

path length and contained a lO^M concentration PYP solution. The 458nm line 

of a cw argon laser was used as the pump. 

6.3.3 E.xperimental results and discussion 

The absorption spectra of the PYP sample for different pump powers are shown 

in Fig. 6.3(a). .A. complete bleaching of the 446nm absorption peak occurs as the 

pump power increases. The absorption completely recovers after the pump beam is 

turned off. The increase in absorption at 356nm indicates the population buildup 

of the I2 state. 

Fig. 6.3(b) shows the index change associated with the bleaching shown in 6.3(a). 

The index change is calculated from the absorption change using the Kramers-

Kronig relations[7]. The maximum index change was about 1.4-10"'' for our sam

ple. Due to the many similarities between the photocycle of PYP and bacte-

riorhodopsin, it is natural to compare the measured index to that reported for 

bacteriorhodopsin[63]. .A-lthough the reported measurements were done on a film 

of bacteriorhodopsin and not a solution, the index change per molar concentration 
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change can be compared for the two cases. An absorption change at the absorp

tion peak of about -1.6 OD and a maximum index change of 4-10"^ were reported 

for a 25/vm film of bacteriorhodopsin pumped with '20mVV/cm^. Using the ex

tinction coefficient of 52mM~'cm~' (10 base log) for bacteriorhodopsin[64], this 

corresponds to a molar concentration change of r2.3mM giving 0.33M~' for the 

index change per molar concentration change. In our measurements we had a max

imum absorption coefficient change of -0..53cm~'. The extinction coefficient of PYP 

is 4o.5mM~^cm~'[6o] (10 base log), giving a corresponding concentration change of 

5.06/LiM. The maximum index change was 1.4-10~®, giving an index change per mo

lar concentration change of 0.28M~^. almost as large as that of bacteriorhodopsin. 

This ratio is, as expected, independent of the pump intensity in our measurements. 



So 

Fig. 6.4 shows the measured absorption as a function of pump intensity. The 

theoretical curve is calculated using Qp = 0.77a found from the absorption spectra 

in figure 6.3(a). There is a good agreement between the calculated and measured 

absorption showing that our two level model works well in the cw regime. 

6.4 Two-photon pump-probe spectroscopy 

6.4.1 Theory 

.A. two-photon absorption (TP.A.) process involves the simultaneous absorption of 

two photons and excitation of the medium to an energy level with an energy equal 

to the sum of the photon energies. Since the probability of having two photons 

at the same spatial position goes like the square of the intensity. TPA excitation 

depends on the square of the pump power. Since TPA is less allowed than one-

photon absorption, a high pump intensity is therefore required to observe TP.\. 

Using the same cw approach as for the one-photon excitation is not practical, since 

high enough intensity can not be obtained cw; even if it could be, such a high 

intensity would lead to strong thermal effects. A quasi-cw excitation is, however, 

practical using a high-repetition-rate mode-locked Iciser and a cw probe beam at 

446nm. .As long as the repetition rate is high compared to the lifetime of the excited 

state, an accumulation of excitation will occur from all the pump pulses during the 

lifetime of the excited state, leading to an equilibrium buildup of population that 

can be probed cw. Ps or fs pulses can achieve high peak intensities ideal for TP.A, 

with negligible thermal effects. Thermal effects are negligible for ps or fs pulses. 

TPA excitation spectroscopy is treated in detail by Birge[66]. 

The number of photons absorbed via two-photon excitation at time t  during the 

time increment is given by 

( 6 . 6 )  

where 

.42 = 1 - exp[-F(n5(JAC/:] == F i t ) S S x C L  (6.7) 
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and 

(6 .8 )  
h u )  

Here F { t )  is the photon flux at time t .  S  \ s  the photon correlation parameter 

(S= 1 for coherent light), S\ is the two-photon absorptivity (cm"* sec molecule"' 

p h o t o n " ' ) ,  C  a n d  L  a r e  t h e  c o n c e n t r a t i o n  a n d  p a t h  l e n g t h ,  r e s p e c t i v e l y ,  a n d  P i t )  

is the laser power at time t. Assuming a Gaussian pulse shape spatially and tem

porally and integrating over time, one finds for the beam-center ground-state frac

tional population change Ai due to one single pulse: 

s s x e ^  
~ /7^ 2 4~7I ^ (6-9) 

V 2 7r7r'^ii>o 

where wo is the 1/e radius of the intensity of the beam, r is the I/e half width of 

the pulse intensity in time, and E is the total energy in one pulse given by 

E = —  (6.10) 
i ^ l  

where P^y is the average power of the mode-locked pulse train from the laser and 

is the repetition rate of the pulses. 

Since the repetition rate of the pulses is high compared to the excited state 

lifetime of PYP. we can write for the steady state relative population change of the 

ground state 

Ajj = XiUitd (6. II) 

where we have assumed no saturation effects on the ground-state population. Since 

the absorption at A = 446nm is linearly dependent on the ground-state population, 

the relative change in population A^^ is equal to the relative change of the ab

sorption. Equations (6.9) through (6.11) can be used to find 5\ by measuring the 

relative absorption change at A = 446nm. 

6.4.2 Experimental setup 

The setup used for the two-photon pump-probe experiment is shown in Fig. 6.2(b). 

Probe light from a xenon arc lamp was spatially filtered and then focused onto a 
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1mm path length quartz spectroscopic cell containing a 43/iM solution of PYP. 

200fs (r = lOOfs) pulses with an 82MHz repetition rate from a Spectra-Physics 

Tsunami mode-locked fs TirSapphire laser with a tunable wavelength from 820 to 

910nm were combined with the probe light through a beam splitter and then fo

cused onto the spectroscopic cell. The spot size of the pump was made larger than 

the probe spot size by focusing and recollimating the pump beam so that all of 

the probe beam was within the pump beam throughout the sample length. The 

spatial overlap of the pump and probe and the spot sizes were monitored on a CCD 

camera by imaging the focus of the beams in the sample cell onto the camera. The 

pump beam was blocked using blue glass bandpass filters, and the probe beam was 

sent through a spectrometer to an optical multi-array detector. Scattered pump 

light leaking through the bandpa.ss filter was subtracted by taking a background 

with the probe blocked but not the pump. The 1/e pump beam radius was mea

sured to be iOfim and the probe radius to be 15/im. Thermal convection, observed 

in the sample when high pump powers were applied, introduced some drift in the 

observed probe absorption spectrum and limited the determination of the smallest 

observable bleaching of the absorption to about 1%. 

6.4.3 Experimental results and discussion 

Fig. 6.5 shows the absorption spectrum measured with the TPA setup. It is 

evident from the figure that there is no observable bleaching of the absorption peak 

even for our highest average pump power of 10.6kVV/cm^ (>600 MVV/cm^ peak 

pulse intensity) at 890nm. From the figure it is clear that the bleaching could not 

exceed 1%; using equation (6.9) through (6.11) this results in an upper limit of the 

TP.A. cross section of PYP of 

5\ < 3.5 • 10"''^ cm"* s molecule"' photon'' (6-12) 

The pump wavelength was scanned in the whole tuning range from 820 to 910nm 

of the laser, but no observable bleaching was found. 
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440 460 

Wavelength (nm) 

Figure 6.5: Measured absorption for different pump powers showing no evidence of 

bleaching due to two-photon absorption. Pump wavelength is 890nm. 

6.5 Conclusion 

In summary. PYP experiences a strong nonlinear bleaching of the 446nm ab

sorption peak associated with the ground state absorption when excited via one-

photon 458nm absorption. The bleaching and the corresponding calculated index 

change are found to be very similar to reported values for bacteriorhodopsin. In 

contrast, we find no TP.A. in P\'P, whereas a relatively large TP.'\ cross section 

(3-10""'® cm"" s molecule"' photon"') has been reported for bacteriorhodopsin[67]. 

We are able to place an upper limit of 3.5-10"''^ cm"* s molecule"' photon"' for 

the TPA cross section of PYP, i. e. lO""* times that reported for bacteriorhodopsin. 

Thus PYP is not a good candidate for applications involving TP.\, such as a 3D 
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optical memory, but it may be useful for one-photon nonlinear applications where 

TPA is detrimental. 
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CHAPTER 7 

FUTURE RESEARCH OUTLOOKS 

The research work presented in this dissertation is a part of the continuing 

work to better understand light-matter interactions. Although many discoveries 

and advances have been made in the field, much is still yet to be explored and 

understood. Future experiments that can adress some questions that were left 

unanswered in this work are presented in this chapter. 

Understanding the dynamics of the interaction of QVV excitons with electromag

netic field in the nonlinear regime, will be very important for future applications 

of QVVs in electro-optic devices. The nonlinear broadening of the exciton absorp

tion peak presented in Chapter 2, showed that the excitonic transition can broaden 

without much loss of oscillator strength. This experiment was. however, done with 

a resonant excitation of the exciton transition. Future experiments will explore 

the absorption spectrum of the exciton transition using time-resolved pump/probe 

techniques, when the QVVs are excited nonresonantly. This will give more infor

mation about the relaxation and scattering processes in QWs. This work can also 

be expanded to include fs pulse propagation in Bragg and anti-Bragg multiple QVV 

samples. In these samples, the coupling between the QVVs could reveal new and 

previously unobserved nonlinear dynamics. 

The study nonlinear dynamics in semiconductor microcavities is closely con

nected to the dynamics of exciton broadening in QVV samples. The emission dy

namics of VCSEL samples exhibiting NMC, reported in Chapter .3, showed that 

the NMC oscillation period and splitting stay almost constant when the excitation 

density is increased. Eventually, the oscillations disappear and the bare cavity dip 

appears at the center frequency. However, for sample NMC28, the bare cavity dip 

was observed in the time integrated reflection spectra before the original NMC dips 

had vanished. So far. this has not been reproduced in numerical simulations and 
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will be the subject of future studies. More experiments on samples with different 

mirror reflectivity and number of QVVs might point out which factors are important 

in this behavior. 

The hole localization model presented in Chapter 4 can also be strengthened 

by studying more samples. If thick GaAs barriers are grown between the QWs 

in a multiple QVV sample, the crystal properties have time to recover before the 

next QVV is grown, resulting in an interface with larger island sizes. Varying the 

QVV spacing can therefore serve the purpose of shifting the size distribution of 

the monolayer islands, possibly shifting the size distribution through the range of 

preferential independent localization of electrons and holes. .A.lthough growing and 

characterizing a series of samples takes much work and resources, it is needed for 

further support of our localization model. 

PYP is a material that represent a new direction in the search for materials for 

optical applications. Developments in the field of biochemistry make it possible 

to modify the optical properties by mutation of the protein or by substitution of 

the chromophore. Characterizing the optical properties of all these variations of 

PYP will be necessary. New photoactive proteins are also likely to be discovered. 

Hopefully, some of these will have properties that will help improve optical devices. 
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Appendix A 

SAMPLE DESCRIPTIONS 

A.l MBE growth 

All the semiconductor samples investigated as part of this work were grown by 

molecular beam epitaxy (MBE) by Prof. Hyatt Gibbs and Prof. Galina Khitrova 

at the Optical Sciences Center. University of .Arizona. The MBE machine was a 

Riber model 32P machine with two aluminum cells, one arsenic cell, one gallium 

cell, and one indium cell. .Ml samples were grown on undoped [100] orientation 

GaAs substrates produced by Sumitomo. 

a.2 Samples 

A short description of each sample used in this work is given in the table; 
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SAMPLE SAMPLE TYPE SAMPLE DESCRIPTION 

4K5 QW sample 30 54A thick Ino.20Gao.80As QWs grown in clusters of 3 
with 140A GaAs barriers between the QWs, and 380A 
GaAs barriers between the clusters. The el-hhl exciton 
absorption peak is at 915nm (1.356eV)and has a 7.4nm 
(llmeV) FWHM at 4K. 

DBRl QW sample for 
DBR studies 

10 85A thick Ino .03Gao.97As QWs spaced A/4 appart with 
GaAs barriers. Top layer on last QW is same thickness 
as barriers between QWs. A 90sec growth interuption 
was introduced before each QW. The el-hhl exciton ab
sorption peak is at 834nm (1.488eV) and has a 0.56nm 
(l.OmeV) FWHM at 4K. 

DBR2 QW sample for 
DBR studies 

3 85A thick Ino.03Gao.97As QWs spaced A/2 appart with 
GaAs barriers. Top layer on last QW is same thickness 
as barriers between QWs. A 90sec growth interuption 
was introduced before each QW. The el-hhl exciton ab
sorption peak is at 836nm (1.484eV) and has a 0.56nm 
(l.OmeV) FWHM at 4K. 

GIBQW QW sample 30 50A thick Ino .15Gao.85As QWs grown in clusters of 3 
with I55A GaAs barriers between the QWs, and 372A 
GaAs barriers between the clusters. A 60s growth in
teruption was introduced before and after each QW. The 
el-hhl exciton absorption peak is at 868nm (1.430eV) 
and has a 6.5nm (10.7meV) FWHM at 4K. 

M0D15 QW sample 30 105A thick Ino.26Gao.74As QWs with 315A GaAs bar
riers. The el-hhl exciton absorption peak is at 962nm 
(1.290eV) and has a 9.4nm (12.6meV) FWHM at 4K. 

MOD22 QW sample 30 lOOA thick Ino,29Gao,7iAs QWs with 315A GaAs bar
riers. The el-hhl exciton absorption peak is at 911nm 
(1.362eV) and has a 3.3nm (4.9meV) FWHM at 4K. 

MOD23 QW sample 30 67.\ thick Ino .27Gao . 7 3 A s  QWs with 315A GaAs bar
riers. The el-hhl exciton absorption peak is at 911nm 
(1.362eV) and has a 4.7nm (7.0meV) FWHM at 4K. 
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SAMPLE SAMPLE TYPE SAMPLE DESCRIPTION 

NMC15 QW sample 20 80A thick Ino .09Gao.91 As QVVs with 920A GaAs bar
riers. The el-hhl exciton absorption peak is at 841nm 
(1.475eV) and has a l.Onm (1.7meV) FVVHM at 4K. 

NMC21 QVV sample 20 8OA thick Ino .03Gao.97As QVVs with 920A GaAs bar
riers. A 90sec growth interuption was introduced be
fore each QW. The el-hhl exciton absorption peak is at 
834nm (1.475eV) and has a 0.6nm (l.OmeV) FWHM at 
4K. 

NMC22 VCSEL sample 
for NMC studies 

14 periods top/ 16.5 periods bottom A/4 AlAs/GaAs mir
rors (99.6% reflectivity) with 3A/2 GaAs spacer. 2 QWs 
with same parameters as sample NMC21 are placed in 
the antinodes of the spacer. 

NMC28 VCSEL sample 
for NMC studies 

10 periods top/ 12.5 periods bottom A/4 .AlAs/GaAs mir
rors (97.7% reflectivity) with A GaAs spacer. 1 80A thick 
Ino.06Gao.94 As QW at the center of the spacer. 

NMC31 QW sample 20 8OA thick Ino .03Gao.97A3 QWs with 920A GaAs bzu--
riers. A 90sec growth interuption was introduced be
fore each QW. The el-hhl exciton absorption peak is at 
832nm (1.491eV) and heis a 0.45nm (O.SmeV) FWHM at 
4K. 

Table A.l: Sample description of all semiconductor samples used in this work. 
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Appendix B 

SAMPLE PREPARATION 

This appendix gives an overview of the sample preparation and processing tech

niques used in this work to prepare the semiconductor samples for optical charac

terization. Most of the techniques are standard techniques used in semiconductor 

sample processing, but several improvements have been made. It is hoped that 

the improvements and the comments given here will be of help to others that are 

involved in GaAs/AlxGa(i_x)As sample processing. 

B.l Sample cleaving 

When the sample wafer comes out of the MBE machine, it is too large for 

most optical characterization experiments and needs to be divided into smaller 

pieces. This is achieved by scribing the sample along a crystal plane orientation 

with a diamond tip. microscope slide is perfect to use as a ruler when scribing. 

The sample is then placed between two microscope slides such that the part of 

the sample on one side of the scribed line is sandwiched between the slides and 

the other is freely suspended. Care must be taken to remove dust formed by the 

scribing between the sample and the microscope slide, otherwise scratching of the 

sample surface may occur. The part of the sample freely suspended is now tapped 

with the tip of a cotton applicator or similar instrument. The sample will then 

break along the scribed line. This process can now be repeated to cut out the 

desired piece from the sample wafer. 

B.2 Polishing a sample for transmission measurements 

Indium solder is used to hold the GaAs substrate to the heater block in the 

MBE machine. When the sample is removed from the MBE machine, this solder 
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makes the backside of the sample ''messy". It is impossible to make transmission 

measurements on the sample until the solder is removed. Unfortunately, the indium 

interdifFuses into the GaAs substrate when heated in the MBE machine, and it can 

not be removed by simply etching it away. The sample therefore has to be sanded 

down until all the indium is gone and then polished to obtain a nice surface. 

After the sample has been cleaved into an appropriate size, it is mounted face 

down on a glass substrate using thermal adhesive (Crystalbond-o09, Aremco Prod

ucts, Inc.). Other adhesives can be used, but the thermal adhesive is easily removed 

by acetone or similar solvents and does not damage the sample surface. The glass 

substrate is then mounted on a holder that fits the polishing tool. This can be done 

with a lower temperature adhesive (wax) so that it can be removed later without 

loosening the sample from the glass substrate. If one wishes to polish the sample 

so that the back side is at an angle to the front surface so that interference in the 

sample can be avoided, a thin piece of glass can be inserted under one edge of the 

sample. The adhesive must then fill the whole space under the sample to avoid 

damage to the sample during sanding and polishing. 

The sample is now ready for polishing. .A. rough sanding with 600 grit sand

paper is applied first. This removes all the indium solder and makes the sample 

uniform. Ne.xt. the sample is polished on a polishing wheel using 3/im diamond 

grit. Finally, the sample is polished with 0.3^m diamond grit. This results in a 

nice surface with little scattering sufficient for most transmission measurements. 

Note that the sanding and polishing of the GaAs substrate has to be done in a 

fume-hood due to the health danger associated with arsenic compounds, .'\ppro-

priate gloves and face mask are also required. Wetting down the whole work area 

with water helps to reduce the Ga.As dust. 

B..3 Removal of Ga.As substrate 

It is not always enough to polish the back side of the GaAs substrate. If trans

mission features in a spectral region where GaAs absorbs are being investigated. 
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the substrate has to be removed from the sample. This can be done with selective 

etching techniques. Several etching solutions exist that etch GaAs at a much higher 

rate than AlAs[68, 69, 70, 71, 72]. One can take advantage of this and grow a AlAs 

or AlGaAs etch stop layer on top of the GaAs substrate before the sample structure 

is grown. The etching of the substrate stops on this layer before it damages the 

sample structure. 

To remove the substrate, the sample is mounted the same way as for polishing 

the sample. However, the sample is now sanded down using sand paper until it is 

about 30-50 /zm thick. The sample is then put in an etch circulator that contains a 

solution of 1 part concentrated ammonium-hydro.xide and 100 parts 30% peroxide 

solution. The time it takes for the samples to be etched down varies, but it is 

typically on the order of 15 minutes. The sample appears shiny like a mirror when 

the etch reaches the .-MAs stop layer. The sample is then rinsed with water and 

blown dry with compressed air. 

•After etching, the remaining sample structure is very thin (~l^m), and it is 

therefore hard to handle if it is removed from the glass substrate. It is often OK 

to leave the sample on the glass substrate for transmission measurements. This 

can, however, lead to some stress or strain on the sample if it is cooled down to 4K 

temperature due to the different thermal expansion coefficient of the sample, glass 

substrate, and adhesive[73. 74]. 

The sample can be removed from the glass substrate by wrapping it in lens tissue 

and soaking it in acetone overnight. Great care has to be taken in handling the 

sample. It is easiest to unwrap the tissue paper when it is submerged in acetone 

and then remove the glass substrate. The lens tissue can then be lifted out with 

the sample. .After the tissue dries, the sample will be loose on top of it. It can then 

be handled using air tweezers and for example mounted hanging from one corner. 

Note that removing the sample from the substrate usually results in pieces breaking 

off from the sample. Therefore this procedure should be avoided if it is possible to 

perform the measurement with the sample mounted on the glass substrate. 
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