
Pronounced light-matter coupling in
periodic semiconductor quantum wells

Item Type text; Dissertation-Reproduction (electronic)

Authors Prineas, John Paul

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:31:07

Link to Item http://hdl.handle.net/10150/284160

http://hdl.handle.net/10150/284160


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI films 

the text directly from the original or copy sutMnitted. Thus, some thesis and 

dissertation copies are in typewriter face, vvhile others may be from any type of 

computer printer. 

The quality of this reproduction is dependent upon ttw quality of the 

copy submitted. Broken or indistinct print, colored or poor quality illustrations 

and photographs, print bleedthrough, substandard margins, and improper 

alignment can adversely affect reproduction. 

in the unlikely event that the author dkJ not send UMI a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to t>e removed, a note will indicate the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-tiand comer and contirxjing 

from left to right in equal sections with small overiaps. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6' x 9" black and white 

photographic prints are available for any photographs or illustrations appearing 

in this copy for an additioruil charge. Contact UMI directiy to order. 

Bell & Howell Information and Learning 
300 North Zeeb Road, Ann Arix>r, Ml 48106-1346 USA 

800-521-0600 





PRONOUNCED LIGHT-MATTER COUPLING IN PERIODIC 

SEMICONDUCTOR QUANTUM WELLS 

by 

John P. Prineas 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PHYSICS 

In Partial FulfiUment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2 0 0 0 



UMI Number. 9972104 

UMI 
UMI Microfomi9972104 

Copyright 2000 by Bell & Howell Infomiation and Leaming Company. 
All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

Bell & Howell Information and Leaming Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Mi 48106-1346 



2 

THE UNIVERSITY OF ARIZONA ® 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that ve have 

John Prineas 
read the dissertation prepared by_ 

Pronounced Light-Matter Coupling in Periodic Semiconductor 

Quantum Wells 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Phllosoahv 

Hyatt M. Gibbs Date 

h Binder Date 

^/IG/c2L' 
Da€e 

Srinivas Manne Date 

t 4 / ^ 0 0  o  
William H. Wing \ Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

Dissertation Director Date 
P.udolph Binder (Co-Chair) / / (7 ~ / / 

Hyatt M. Gibbs (Co-Chair) J^ 

G, !P 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for 
an advanced degree at The University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission 
for extended quotation from or reproduction of this manuscript in whole or in 
part may be granted by the head of the major department or the Dean of the 
Graduate College when in his or her judgment the proposed use of the material is 
in the interests of scholarship. In all other instances, however, permission must be 
obtained from the author. 

SIGNED: 



4 

Acknowledgements 

I would like to thank and acknowledge the many people who contributed to this 

dissertation. First I thank my advisor Professor Hyatt Gibbs, as well as Professor 

Galina Khitrova, who gave me the chance to become involved in the interesting 

world of semiconductor optical physics. They collaborated on all this work, grew 

world record samples, and provided critical readings. Special thanks and acknowl

edgement go to Dr. Claudia Ell for her collaboration on all the work in this disser

tation, and for her mentorship and friendship. I also thank Dr. Martin Hiibner for 

his important contributions to parts of this dissertation, in particular the photolu

minescence investigations. The work done by fellow graduate students Eun Seong 

Lee and Peter Brick with me on the linear measurements and photoluminescence, 

as well as other projects, is much appreciated. I thank Dr. Jagdeep Shah for making 

me feel welcome during my three month stay at Bell Labs/Lucent Technologies, and 

for teaching me the secrets of spectral interferometry. And I thank and acknowl

edge Professor Stephan Koch and Dr. Bemd Grote for doing the theoretical part 

of the Rayleigh scattering investigation, and Stephan for contributions to several 

other aspects of this work. 

I would also like to thank some former graduate students not directly involved 

in this work. Dr. Ove Lyngnes provided helpful guidance to me when I first be

gan working in the lab, and answered the probably too many questions I asked 

him. I had fim playing football with Dr. Tom Nelson in the hallways, and we 

collaborated several times on investigations of cavity-quantum well normal mode 

coupling. Dr. Eric Lindmark's good sense of humor often lifted my spirits, and we 

investigated Erbium-doped quantum-well light sources together. 

The work in this dissertation would not have been possible without the finan

cial support given me by ASSERT, through Hyatt and Galina. I also thank the 

Graduate College of the University of Arizona for financially supporting me in the 

last year with a Dean's Doctoral Fellowship. 



5 

Finally, I thank all my family for their support and encouragement while 1 re

searched and wrote this dissertation. My parents have both shared in my successes 

and commiserated during the low points. I appreciate the interest my older brother 

Matt and his wife Kathy, and my younger sister Miranda and her husband Walt, 

have shown in my work. It was really nice to have my older sister Anna, my 

brother-in-law Mike, and nephews Ben and Andrew as neighbors during graduate 

school. Th^ provided a lot of support during the final weeks leading up to my 

defense. My family and I will miss them sorely when we leave Tucson. My wife's 

parents provided numerous adventurous and picturesque sunomer breaks from the 

Tucson heat at their home in Old Lyme, Conneticut. My sister-in-law Winnie came 

and cooked, washed, and looked after my family for a week after our son Theo was 

bom, enabling me to finish writing this dissertation before my committee left for 

the summer. My daughter Maude, and more recently my newborn son Theo have 

been a constant source of rejuvination. I am grateful to my wife Sarah for her 

love and support, and for her patience during the busy times. I also thank her for 

proofreading the final draft of my dissertation. 



6 

Dedication 

For Sarah 

and for our children, 

Maude and Theo 



7 

TABLE OF CONTENTS 

List of Figures 9 

Abstract 15 

List of Abbreviations 17 

1 Introduction and Motivation 18 
1.0.1 Historical Perspectives and Motivation 18 
1.0.2 Periodic Quantum Wells 23 

2 Background 24 
2.1 Introduction 24 
2.2 Optical Properties of Semiconductor Quantum Wells 24 

2.2.1 What is a Semiconductor Quantum Well? 24 
2.2.2 Optical Response 28 

2.2.2.1 Linear Response 28 
2.2.2.2 Contributions to Linear Exciton Linewidth .... 33 
2.2.2.3 Nonlinear Response 35 

2.3 Propagation of Light in Layered Semiconductors 37 
2.3.1 Linear Dispersion Theory 38 
2.3.2 TVansfer Matrix for Quantum Wells 41 

2.3.2.1 Using a Measured Quantum Well Response .... 42 
2.3.2.2 Using a Calculated Quantum Well Response ... 43 

2.4 Photoluminescence 46 

3 Linear Properties of Exciton-Polariton Eigenmodes in Light-
Coupled Ino.04Gao.96As/GaAs Semiconductor Multiple Quantum Well 
Periodic Structures 49 

3.1 Introduction 49 
3.2 Theoretical Background 51 

3.2.1 Eigenmodes in an MQW Structure with Arbitrary Periodicity 51 
3.2.2 Linear Dispersion Theory 52 
3.2.3 Bragg Resonance 55 

3.3 Experimental Method 56 
3.3.1 Samples 06 
3.3.2 Method 58 



8 

3.4 Experimental Results and Discussion 58 
3.4.1 MQW's with Bragg Spacing 58 

3.4.1.1 Dependence on the Number of Quantum Wells . . 58 
3.4.1.2 Origin of Superradiance 64 

3.4.2 MQW with Non-Bragg Spacings 67 
3.4.3 Anti-Bragg Periodicity 70 

3.5 Conclusion 74 

4 Exciton-Polariton Eigenmodes Evidenced in Nonresonant Photo-
luminescence Experiments 76 

5 Light Coupling Effects in Resonant Rayleigh Scattering from Pe
riodic Quantum Wells 84 

5.1 Introduction 84 
5.2 Historical Background 84 
5.3 Experimental Method 87 

5.3.1 The Spectral Interferometric Technique 87 
5.3.2 Joint Time-Frequency Analysis Using the Wigner and 

Pseudo-Wigner Function 90 
5.4 Theory 92 
5.5 Results 94 
5.6 Conclusion 101 

Appendix A. Calculation of The Wigner and Pseudo-Wigner Func
tion 103 

References 108 



9 

List of Figures 

1.1 (a) A schematic of a metal-axide-semiconductor field effect transis
tor (MOSFET). A voltage V put across the transistor determines 
whether or not a current can flow between the source and drain 
electrodes. Voltage above a certain threshold draws electrons in the 
semiconductor up to the insulator interface, creating a conductivity 
channel. Change of the voltage can make the transistor act as a 
switch (or amplifier), (b) Shows that the accumulation of electrons 
at the insulator-semiconductor interface bends the conduction and 
valence bands. A conduction channel is created when the conduction 
band is bent below the Fermi energy. In addition to their technolog
ical importance, the integer quantum Hall effect was first observed 
in a MOSFET 19 

1.2 A simplified schematic of a forward biased p-n junction, the first 
semiconductor laser. A voltage across the p-n junction forces elec
trons (gray region under the electron chemical potential /ie) and holes 
(white region under the hole chemical potential Hh) to both spatially 
occui^ the depletion layer, allowing population inversion and lasing. 20 

2.1 A close up of the energy band extrema of gallium arsenide at the 
gamma point, showing the conduction band (c), and heavy hole (hh), 
light hole (Ih), and split off valence bands 25 

2.2 Schematic of type I and type 11 quantum wells. In type I quantum 
wells, the band ofiisets of quantum well and barrier semiconductors 
are such that both the electron and hole are confined in the quantum 
well. In type n quantum wells only the electron is confined in the 
quantum ^rall, while the hole is actually expelled from the quantum 
well. The bound state energies and wavefunctions are shown for the 
electron and hole in the case of type I quantum wells. The potential 
looks inverted for the holes because they have negative effective mass 
(see curvature of the bands in Fig. 2.1) Selection rules only allow 
transitions between electron and hole states with the same n 26 

2.3 The solid line shows the 3D density of states (^), while the dashed 
line shows the 2D density of states j^0(e) 29 



10 

2.4 (a) Absorption coefficient a of one of our Ino.04Gao.96As quantum 
weUs. The Is electron(e)-heavy hole(hh) and the 2s e-hh transitions 
can be seen, as well as the Is e-light hole (Ih). Only one quantum 
well bound state (n = 1) exists due to the shallow quantum well 
potential, (b) a of one of our GaAs quantum wells. The Is e-hh 
and e-lh are visible. The first two bound states of the quantum well 
(n = 1, n = 2) can be seen 31 

2.5 (a) Nonlinear response of the absorption coefficient to an increas
ingly intense probe pulse, (b) Shows that the oscillator strength 
of the Is e-hh exciton resonance stays constant over a wide range 
of incident photon fluxes (and therefore carrier density) while the 
linewidth is strongly broadene. [35] 36 

2.6 Schematic showing incident and reflected light in the incident 
medium L, forward and backward propagating light in each layer, 
and only forward propagating light transmitted after the structure. 39 

2.7 (a) Solid line: absorption coefficient of the Is e-hh resonance in an 
Ino.04GaO.96A8 quantum well sample extracted from a transmission 
measurement. Dashed line: absorption coefficient extracted from 
a transmission calcuated with linear dispersion theory. The good 
agreement validates the approximations made, (b) Index obtained 
by a Kramers-Kronig transformation of (a) 43 

3.1 The calculated eigenmodes. (a) Calculated energy shifts (relative to 
the Is e-hh exciton Eg) of the first six modes on both sides of Bragg 
periodicity for an N=60 MQW. At Bragg the N QW's are uncoupled 
and degenerate. Away from Bragg spacing, the radiative coupling 
splits the N normal modes of the system into a "band" with two 
subbranches. (b) Shows the calculated radiative broadening of the 
first six modes around Bragg periodicity. At Bragg, N-1 modes are 
dark; only the "superradiant" mode is bright 53 

3.2 Measured and extracted absorption coefficient for the 
In0.04Ga0.g6As/ GaAs QW's in this study, used as input for LDT. 
Superimposed at the top are the calculated energetical position and 
widths of the eigenmodes from Fig. 3.1 for two QW periodicities, 
Bragg (dashed line) and 1.03(fara^s (solid lines) 54 

3.3 (a) 1^1^ distribution, proportional to intensity distribution, in a 60 
MQW structure at Bragg periodicity calciilated by LDT for = 
hcfEf The inset is a close up of a portion of (a) to clearly show 
that the field nodes occur at the QW's. (b) Same calculation as (a) 
except for 0.80 daratt periodicity. 55 



11 

3.4 Two experimental setups for measuring reflection and transmission. 
Setup (a), where the probe is first monochromatized in a scanning 
spectrometer, has the advantage of measuring the sample with an 
ultraweak probe (5 orders of magnitude smaller than in (b)), the nar
rowest possible spectral bandpass, i.e. probing with one wavelength 
at a time, variable spectral window, and in general produces the 
highest quality measurements. Setup (b), where the sample is mea
sured a broadband probe then afterwards spectrally analyzed and 
detected with a CCD, has a fixed spectral window, produces lower 
quality spectra, but has the very important advantage of being much 
fiaster (£actor of 1000) 59 

3.5 (a) Photonic bandgap buildup with N for 1,3, 10, 30, 60, and 100 
QW's with Bragg periodicity. The experimental measurements were 
done with an AR coating on the front and back. Exact Bragg pe
riodicity could not be obtained with the 100 MQW sample, hence 
the larger dip in reflection, (b) Square dots with error bars represent 
experimental HWHM linewidths for AR coated samples meastired in 
reflection. The solid line is generated from LDT for MQW samples 
in semi-infinite GaAs using the measured QW absorption coefficient. 
It is a straight line with slope Fq = 27 ± 2 /xeV, where Fo is the 
HWHM radiative width. The inset to (a) shows reflection from a 
30 MQW Bragg structure in the limit of vanishing exciton density, 
emphasizing that the "superradiance" phenomenon does not depend 
on exciton density. 61 

3.6 (a) Effect of air-semiconductor interface on the buildup of the pho
tonic bandgap in MQW's with N = 1, 10, 30, 60, and 100 with 
Bragg periodicity and Bragg cladding layers, and no AR coating, 
(b) Square dots with error bars represent experimental HWHM 
linewidths for samples with a Bragg cladding layer and no AR coat
ing measured in reflection. The solid line is generated from LDT for 
the experimental MQW structures. And the dotted line is a plot for 
MQW's with a Bragg cladding layer and no AR coating as predicted 
by Eq. 3.5, and using the value for FQ experimentally obtained from 
3.5(b) 62 

3.7 Shows the good agreement of experiment and LDT. (a) and (b) 
show the measured R, T, and A at Bragg periodicity (solid lines) and 
l.O3d0ra««i respectively, and corresponding R, T, and A calculated 

LDT (dashed lines) for N = 60 63 



12 

3.8 Evidence of the eigenmodes in R, T, and A. (a) Experimental 
absorption for a 60 MQW structure. The shade becomes darker 
for larger absorption, (b) Calculated energy shifts of the exciton-
polariton modes in a 60 MQW structure for comparison to experi
ment. The splitting observed experimentally agrees with the calcu
lated energetical positions of the modes. A minimum in absorption 
is seen to occur in (a) at Bragg periodicity, (c) and (d) show the 
log of the corresponding experimental transmission and reflection, 
respectively. Maximum in both transmission and reflection occur at 
Bragg. The shade becomes whiter for larger reflection and transmis
sion. (e) Shows the calculated damping rates of the eigenmodes for 
comparison to (d) 66 

3.9 Signatures of individual eigenmodes in reflection, (a) Normalized 
experimental reflection from a 100 MQW structure, showing a rich 
behavior of peaks and dips peeling off as a function of periodicity, 
(b) The first few calculated eigenmodes (solid lines) of the N = 100 
MQW, and energetical positions of dips (points) in the measured 
reflection in (a) 68 

3.10 Calculated reflection spectra of a 100 MQW at a period of 
1.0065 (&) And 1.013dara9« (b) for an oscillator strength pro
portional to Fq (solid) and twice as large (dashed). The inset shows 
the real parts of the eigenmodes. The arrows show the corresponding 
mode numbers 70 

3.11 Reflection peak linewidth as a fimction of the homogeneously broad
ened exciton linewidth for the sample characteristics of Baumberg 
et. al.[72], and Kavokin et. al.[71] 71 

3.12 The solid lines show the experimental absorption A, transmission 
T, and reflection R for an N = 10 anti-Bragg structure. The dotted 
lines show the LDT calculation 72 

3.13 The solid lines show the experimental absorption A, transmission 
T, and reflection R for an N = 30 anti-Bragg structure. The dotted 
lines show LDT. (a) is for an AR coated structure with an anti-Bragg 
cladding layer, while (b) is for the same sample but without an AR 
coating 73 

3.14 (a) Calculated absorption A, transmission T, and reflection R for 
an N=30 anti-Bragg structure with a perfect AR coating and a 5 
times narrower linewidth than our experimental samples as a guide 
for understanding, (b) Same calculation with an anti-Bragg cladding 
layer and no AR coating 74 



13 

4.1 Setup for Donresonant photoluminescence measurements. Thirty-
six meV (20 nm), 100 & pulses from a Ti:Sapphire laser are split 
into to two beams. One beam is sent to a pi^ shaper where it 
is spectrally narrowed to 2.7 meV (1.5 nm) wide, 1 ps pulses, and 
becomes the pump beam. It is timed to the quantum well contin
uum to create carriers which relax to the exciton resonance. The 
narrower spectral width avoids overlap with the exciton resonance 
and barrier absorption. The second beam is used for alignment. It is 
spatially overlapped on the sample with the pump, and then imaged 
to the CCD. When the alignment beam is blocked, photolumines
cence from the pump spot is automatically imaged onto the CCD 
array. Photoluminescence can be measured either in transmission or 
reflection geometry by moving the flip mirror up or down. Polarizer 
pairs are used to adjust the pump or alignment beam power 77 

4.2 Buildup of exciton-polariton splitting at non-Bragg periodicities, 
and inhibition of emission at Bragg. PL emitted normal to the sam
ples following continuum excitation for the N = 30, 60, and 100 
MQW samples 78 

4.3 Evidence of the exciton-polariton eigenmodes in PL and A. (a) Mea
sured PL intensity following continuimi excitation, and (b) measured 
true absorption for a 100 periodic quantum well sample, (c) Com
puted energies and (d) radiative broadening of the various eigen
modes with Fq = 27/i eV. . 80 

4.4 Angular dependence of PL from periodic MQW's. Spectrally in
tegrated PL intensity as a function of the MQW period d for 
^external = 0° and 60° 82 

5.1 Principle of spectral interferometry setup. An excitation pulse is 
scattered from the sample. A single speckle in the secondary emis
sion is isolated with an aperture. The speckle is mixed with a refer
ence pulse in a pinhole. Only the coherent secondary emission, i.e. 
the resonant Rayleigh scattering, interferes with the reference. The 
pinhole output is sent to a spectrometer an imaged to a CCD array, 
thus recording the amplitude and phase of the Rayleigh scattered 
light 89 

5.2 Polaritonic resonances evidenced in RRS. Peaks in the measured 
RRS spectrum as a fimction of periodicity (points) are compared 
with dips measured in the reflection spectrum (dashed line), and 
calculated eigenmode energies (solid line) 95 



14 

5.3 Experimental measurement showing in (a) the suppression of RRS 
(solid lines) at Bragg periodicity, and the growth of RRS peaks mov
ing to periodicities greater than Bragg in (b)-(d). The measured re
flection for a given periodicity is shown for comparison as a dotted 
line 96 

5.4 Radiative coupling effects in the experimental RRS spectra and their 
corresponding time dynamics. The first peak in the time spectra is 
due to non-resonant scattering of some of the excitation pulse by 
the sample surface, and thus marks the zero of the RRS. The middle 
RRS spectra shows the measured reflection spectrum (dotted) line 
for comparison. RRS peaks line up with reflection dips 97 

5.5 Theoretical RRS spectra and their corresponding time dynamics. 
The top RRS spectra shows the calculated reflection spectrum (dot
ted) line for comparison. RRS peaks line up with reflection dips. 
Note there is no surface scattered excitation pulse marking zero time 
as in the experimental case 98 

5.6 The pseudo-Wigner fimction for the measured RRS at periodicity 
1.012 dBrmt§ time-energy uncertainty parameters At = 2ps, and 
AE = 1.84meV. It clearly shows different modes have quite different 
radiative decay times 100 

5.7 Measured RRS spectrum and corresponding time dynamics at 
1.0061 dsrosy shows clearly polaritonic effects dominate disorder in 
determining the rise and decay. The first, broad mode rises and de
cays in the first couple ps. The beating from 2-3 ps is due to the 
rise and decay of small scattering off the 2s exciton. The second, 
narrow mode takes several seconds to rise and decay. This analysis 
is confirmed a pseudo-Wigner plot 101 

5.8 Measured RRS spectnun and time dynamics for N=30 QW's, and 
periodicity 1.012(fBr««f Clear eigenmode splitting and beating is 
observed even for N=30 MQW's 102 

A.l Schematic of the aliasing problem. The N/2  periodicity in A; of 
the Wigner function can cause unwanted harmonics to appear in the 
calculation 106 

A.2 Solution of aliasing problem. Double the range of E{uk) 106 



15 

Abstract 

The development of advanced technological methods for growth of semiconduc

tors, such as molecular beam epitaxy, have allowed growth of layered semiconductor 

structures with precision to a single atomic layer. One important structure is the 

semiconductor quantum well, consisting of a thin layer of a smaller bandgap semi

conductor grown between layers of thicker, larger bandgap semiconductor. Quan

tum wells are, for example, largely responsible for making the semiconductor laser 

a practical device. By increasing the binding energy of excitons (hydrogen-like, 

bound electron-hole pairs in semiconductors), and allowing them to couple to the 

continuum of vacuum photon modes, semiconductor quantum wells have made ex

citons the focus of numerous fimdamental optical studies. 

Stacks of periodically grown quantum wells, grown far enough apart such that 

electronic tunneling between quantum wells is unimportant, can still be coupled 

by light. N light-coupled quantum wells have N exciton-light, or exciton-polariton, 

eigenmodes, each characterized by a distinct energy and radiative lifetime depen

dent on the periodicity of the quantum wells. By adjusting the periodicity of the 

quantum wells and the material parameters, engineering of the light-matter inter

action of these one-dimensional mesoscopic crystals is possible. The interesting 

new properties of these structures open the possibility for new devices. 

Periodic multiple quantum wells with a period in the vicinity of half the exciton 

resonance wavelength are studied in linear measurements of reflection, transmission 

and absorption. The optical properties are dominated by the eigenmodes of the 

light-coupled quantum wells. At Bragg periodicity, where the oscillator strengths of 

all quantum well excitons are concentrated into one superradiant mode, a photonic 

band gap grows in amplitude and linearly in energy width with increasing number 

of quantum wells N. A corresponding N times increased radiative damping rate 

compared to a single quantum well is observed, originating from expulsion of the 

light character of the superradiant mode from the photonic bandgap structure. 
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The slope of linewidth versus N gives the radiative linewidth of the exciton. For 

periods away from Bragg condition, all normal modes become optically active, and 

are observed in reflection and absorption experiments. 

Because light-coupling alters the photon density of states, formation of the N 

exciton-polariton eigenmodes is also evidenced in photoluminescence after nonreso-

nant excitation into the free carrier continuum. The strongly modified light-matter 

interaction for photons in the photonic gap at Bragg periodicity is also manifest in 

the inhibited emission from the superradiant mode, a surprising result explained 

by a consideration of the linear properties. 

The temporal dynamics of Rayleigh scattering of a resonant excitation pulse 

from disordered semiconductor multiple quantum wells has many interesting as

pects, and has recently been the subject of much debate. The effect of light-coupling 

on resonant Rayleigh scattering from periodic semiconductor multiple quantimi well 

structures is investigated both experimentally and theoretically. Polaritonic effects 

are found to dominate the Rayleigh scattered light temporal dynamics due to the 

simultaneous coexistence of several eigenmodes with different energy and radiative 

decay times for a given periodicity. They give rise to polarization beating between 

modes and determine rise and decay times of the resonance Rayleigh scattered 

signals. 
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CHAPTER 1 

Introduction and Motivation 

1.0.1 Historical Perspectives and Motivation 

Semiconductor physics can be separated roughly into two eras, pre- and post-

1970. In the 1930*8 A.H. Wilson established silicon as an important semiconduc

tor when he applied Bloch energy band theory to show the defining role of energy 

gaps in crystalline solids. The late 1940's and 50's saw the invention of the sili

con bipolar transistor acting as a solid state amplifier at Bell Laboratories. The 

construction of a field-effect transistor in the 1960's, illustrated in Fig. 1.1, along 

with the realization by R. Noyce and J. Kilby that semiconductors could be used as 

resistors and capacitors, led to the construction of the integrated circuit, which has 

impacted modem society as much as any piece of science and technology [1]. In the 

late 1940's, electronics was dominated by vacuum tubes, a mature technology, and 

culminated with the construction of the ENIAC (the Electronic Numerical Integra

tor and Computer), the first electronic computer, in 1946. ENIAC weighed 60,000 

pounds, contained nearly 18,000 vacuum tubes, and could add 5000 numbers per 

second. Researchers at that time predicted the possibility of a vacuum tube com

puter the size of an automobile that consumed the same amount of power. After 

the advent of the integrated circuit, vacuum tube technology was eclipsed, and the 

way was paved for modem computers. Since the 1970's, the story of silicon has 

been the story of ever shrinking geometrical scales, with the number of transistors 

per integrated circuit chip increasing by a factor of four every three years, an obser

vation known as Moore's law. By 2020, geometrical scaling following Moore's law 

will require transistors in which less than one electron will be available to switch 

the transistor. So in the immediate future, semiconductor quantum physics holds 

the key to further advances in computing. [2] 
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Figure 1.1: (a) A schematic of a metal-oxide-semiconductor field effect transistor 
(MOSFET). A voltage V put across the transistor determines whether or not a 
current can flow between the source and drain electrodes. Voltage above a cer
tain threshold draws electrons in the semiconductor up to the insulator interface, 
creating a conductivity channel. Change of the voltage can make the transistor 
act as a switch (or amplifier), (b) Shows that the accumulation of electrons at 
the insulator-semiconductor interface bends the conduction and valence bands. A 
conduction channel is created when the conduction band is bent below the Fermi 
energy. In addition to their technological importance, the integer quantum Hall 
effect was first observed in a MOSFET. 

Semiconductors have not only revolutionized computing. Parallel to the devel

opment of electronic semiconductor devices, and no less spectacular, has been the 

development of devices utilizing the optical properties of semiconductors, in par

ticular the semiconductor laser. In 1961 N.G. Basov [3] introduced the concept of 

a semiconductor laser in a forward biased p-n junction, illustrated in Fig. 1.2. The 

first semiconductor laser was demonstrated in 1962, when three laboratories inde

pendently achieved lasing. Progress was slow after that for several reasons. For 

example, a new semiconductor technological infirastructure had to be developed. 

Silicon, which 1962 already had an advanced processing infrastructure, could 
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Figure 1.2: A simplified schematic of a forward biased p-n junction, the first semi
conductor laser. A voltage across the p-n jimction forces electrons (gray region 
under the electron chemical potential and holes (white region under the hole 
chemical potential hk) to both spatially occupy the depletion layer, allowing pop-
ulation inversion and lasing. 

not be used for semiconductor lasers. The optical decay of an electron across its 

bandgap is forbidden in first order because the transition is "indirect", or non-

momentum conserving (without the aid of, e.g., phonons). Only "direct," momen

tum conserving semiconductors such as gallium arsenside and aluminum gallium 

arsenide could be used. A second reason for slow progress was that lasing from a 

p-n junction was inefficient, possible only with high threshold currents at cryogenic 

temperatures. In the late 1960's, a breakthrough for semiconductor lasers was made 

with the introduction of semiconductor heterostructures, where semiconductors of 

different types are layered together in one structure. Heterostructure lasers, due 

to improved carrier and optical confinement, could operate at room temperatures. 

The 1970's marked the beginning of a new era of dimensions for semiconductors 

with the advent of the semiconductor quantum well. Semiconductor quantum wells 

were first proposed Esald and Tsu [4] at IBM in 1969, and first demonstrated 
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by Dingle, W^egman, and Henry [5] in 1974. These quasi-two-dimensional systems 

had new, unusual optical and electronic properties that had profound applications 

[6]. Semiconductor quantum wells vastly improved the performance of the semi

conductor laser, largely making it a practical device [7]. 

Important technological advances were made beginning in the 1970's in growth 

techniques of semiconductor heterostructures, and in the tools for investigation of 

their fundamental physical processes. Molecular beam epitaxy and metal organic 

chemical vapor deposition, invented in the late 1960's and refined during the 1970's 

and 1980*8, are techniques that allow the growth of semiconductor heterostructures 

one atomic layer at a time. These techniques, for ecample, make possible the growth 

of semiconductor quantum wells with interfaces precise to within one or two atomic 

monolayers. Advances in fabrication technology continue today. The invention of 

lasers capable of producing short optical pulses on femtosecond time scales in the 

late 1960's made possible investigation of ultrafast processes in semiconductors. 

Ultrafast spectroscopic techniques have revealed a wealth of new information about 

non-equilibrium, nonlinear, and transport properties of semiconductors, and will 

continue to be an important set of experimental tools [8]. 

Semiconductor lasers revolutionized the communication industry. Of all lasers, 

semiconductor lasers have the smallest dimensions (only a few cubic millimeters), 

the highest efficiency, the longest lifetime, and the unique ability to be switched on 

and off at gigahertz rates. Semiconductor lasers, used to digitally transmit infor

mation down optical fibers with light pulses, have largely replaced the transmission 

of electrical currents or even microwave signals down bulky, slow copper cables. 

Another important application for semiconductor lasers is use in optical memory 

devices such as compact discs. Continued research in semiconductor physics has 

led to further improvements in semiconductor lasers. 

The use of the optical properties of semiconductors to make practical devices 

is not limited to semiconductor lasers. For example, they have been used to make 

sensitive, high speed detectors, quantum well and Fabry-P^rot light modulators for 
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high speed communication, saturable Bragg reflectors for modelocking solid state 

lasers to produce short laser pulses and photovoltaic solar cells [1, 9]. 

Just as fundamental investigations of semiconductors led to the economic success 

of semiconductor devices, the economic success of semiconductor devices has driven 

the fimding of fundamental investigations of semiconductors, which has in turn led 

to improved and new devices, and so it goes. Recent research in semiconductors 

has been fertile ground for fundamental physics. For example, investigations of the 

electronic properties of semiconductors have resulted in two Nobel Prizes in the 

last fifteen years. In 1985 the Nobel Prize in Physics was awarded to Klaus von 

Klitzing for his discovery of the integer quantum Hall effect [10] in a field effect 

transistor. The Nobel Prize was awarded to D. C. Tsui and H. C. Stormer in 1998 

for the observation of the fractional quantum Hall effect [11] in similar systems, and 

to R. TAiighlin [12] for his theoretical explanation of the effect. Interesting funda

mental work has also been done on the optical properties of semiconductors. The 

development and success of a quantum many-body theory in explaining the optical 

and electronic properties of semiconductors is an impressive achievement. These 

theories have been quantitatively successful in explaining the linear and nonlinear 

properties of bulk semiconductors, quantum wells, and light-matter coupling of 

quantum wells embedded in microcavities (See e.g. [13] for a textbook discussion, 

or [14] for a recent review). Some interesting fundamental physical phenomena ob

served and explained with quantum many-body theory in semiconductors include 

the optical Stark effect [15, 16, 17, 18, 19, 20, 21], photon echo [22, 23], quantum 

beats [24, 25], Rabi flopping [26], and vacuiun-field Rabi splitting [14, 31] to name 

a few. Continued exciting theoretical, experimental, and technologically important 

topics lie near on the horizon of semiconductor physics. With continually improv

ing techniques for fabricating semiconductor nanostructures with dimensions lower 

than two, i.e., one-dimensional quantum wires and zero-dimensional quantum dots, 

fundamentally new regimes, new phenomena, and new vistas are opening up. 
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1.0.2 Periodic Quantiim Wells 

In this dissertation, I present experimental studies of pronounced light-matter 

coupling in periodic semiconductor quantum wells. Since the fimdamental work by 

PurceU [27], who recognized that the characteristics of an emitter/absorber could 

be altered by its environment, there has been continuous effort in tailoring the light-

matter interaction [28, 29]. The most prominent system is an absorber placed at 

the antinodes of a high finesse cavity, where "vacuimi Rabi splitting" of the normal 

modes has been observed for atomic [30] and semiconductor systems [14, 31). Com

parable modifications of the light-matter interaction can be achieved by a periodic 

arrangement of planes of resonant two level atoms in a one-dimensional optical lat

tice with a period close to an integer value of half the resonance wavelength. There 

has been continuous progress over the past years in arranging ultra cold atoms in 

periodic light shift potentials to form one-dimensional optical lattices, where the 

planes of the lattices consist of atoms. Once the specular reflectivity per plane 

becomes important over the diffusive scattering loss, multiple reflections and inter

ference should make phenomena like photonic band gaps and photon localization 

possible [32, 33]. Analogous modifications of the light-matter interaction can be 

achieved by planes of excitons (an exciton is a hydrogen-like quasi-particle consist

ing of a bound electron-hole pair, reviewed in Chapter 2) confined in semiconductor 

quantum wells of a periodic quantum well structure. 

In Chapter 2 I review relevant concepts such as the optical response of a single 

quantimi well, and survey basic tools for the description of the propagation of light 

through a layered system. In Chapter 3 I present a study of the linear optical 

properties such as reflection, transmission, and absorption of periodic quantum 

wells. In chapter 4 I look at photoluminescence (i.e., incoherent emission after 

nonresonant excitation). Finally in Chapter 5 I present secondary emission (i.e., 

light emitted in nonspecular directions such as photoluminescence and Raleigh 

scattering) from periodic quantum wells after resonant excitation. 
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CHAPTER 2 

Background 

2.1 Introduction 

In order to understand light-matter coupling in semiconductor multiple quantum 

well structures, at least a qualitative understanding of the linear optical response 

of a single quantum well is important. A background is given in the first part of 

this chapter. Also important, propagation of light through layered semiconductor 

heteroetructures is considered in the second part in some detail. Photoluminescence 

firom a quantum well is briefly discussed. 

2.2 Optical Properties of Semiconductor Quantiun Wells 

2.2.1 What is a Semiconductor Quantum Well? 

The i>eriodic arrangement of atoms in crystalline solids modifies the electronic 

structure of individual constituent atoms. If two identical atoms are brought close 

together, the coupling of outer shell electrons splits a corresponding atomic energy 

level into two. Similarly, for N identical atoms in a periodic lattice, an atomic 

energy level splits into N sublevels, forming an electronic energy band. Forbidden 

energy gaps form in the crystal when the de Broglie wavelength of the electrons is 

equal to the spacing of the atoms in the lattice, which in k-space is the boundary 

of the first Brillouin zone. The formation of electronic energy bands and gaps is 

a characteristic shared by all crystalline solids, including metals, semiconductors, 

and insulators. How the bands fill determines whether the crystal will behave as an 

insulator or metal. Semiconductors and insulators are characterized by a bandgap 

between valence and conduction band. In the ground state, the valence band is 

filled, and the conduction band is empty. Insulators have a large bandgap compared 

to semiconductors. In metals the lowest energy band is only partially filled, allowing 
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Figure 2.1: A close up of the energy band extrema of gallium arsenide at the gamma 
point, showing the conduction band (c), and heavy hole (hh), light hole (Ih), and 
split off valence bands. 

them to conduct an electrical current. Semiconductors can behave like metals, e.g. 

conduct an electrical current, when carriers are optically (or by electrical injection) 

excited from the valence band to the conduction band, resulting in partially filled 

bands; or they can behave like insulators when unexcited. 

The bandstructure of bulk gallium arsenide (GaAs), a III-V semiconductor com

pound important in semiconductor optics, is shown in Fig. 2.1. The band extrema 

lie at the F-point of the Brillouin zone, making GaAs a direct transition semi

conductor (i.e. the k-wavevector is unchanged in an optical transition). Indirect 

transition semiconductors (i.e. k-vector changes during an optical transition, re

quiring phonons to satisfy momentum conservation, making the transition unlikely) 

such as silicon and germanium have less importance in semiconductor optics. GaAs 
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Figure 2.2: Schematic of type I and type U quantum wells. In type I quantum 
wells, the band ofiMts of quantum well and barrier semiconductors are such that 
both the electron and hole are confined in the quantum well. In type 11 quantum 
wells only the electron is confined in the quantum well, while the hole is actually 
expelled from the quantum well. The bound state energies and wavefunctions are 
shown for the electron and hole in the case of type I quantum wells. The potential 
looks inverted for the holes because they have negative effective mass (see curvature 
of the bands in Fig. 2.1) Selection rules only allow transitions between electron and 
hole states with the same n. 

has an s-like conduction band, and three p-like valence bands. The valence bands 

are called the heavy hole, the light hole, and the split off band. The heavy and light 

hole get their names because the effective mass of a hole (electron) is proportional 

to the second derivative of the valence (conduction) band, i.e. the curvature of the 

energy bands. The larger radius of curvature of the heavy hole band compared to 

the light hole band around the band edges means its holes have a heavier effective 

mass. The "split off** band is split off due to spin-orbit coupling. 

A semiconductor quantum well is formed by growing a thin layer (»10 nm) 

of one type of semiconductor such as GaAs (bandgap 1.52 eV at 4K) between a 



27 

different type of semiconductor, such as aluminum arsenide (AlAs) (bandgap 2.91 

eV at 4K), with a larger bandgap. The larger gap semiconductor forms a potential 

barrier to the smaller gap semiconductor, creating a quantum well. If the band 

oS^ts of the two semiconductors are such that the conduction and valence bands 

of the smaller gap semiconductor lie energetically within the larger gap one, as 

shown in Fig. 2.2, then the quantum well is known as type I. In a type I quantum 

well, both the electron in the conduction band and the hole in the valence band are 

confined to the same layer. In type II quantum wells only the electron is confined in 

the quantum well, as shown in Fig. 2.2, while the hole is expelled from the quantum 

well. Type n quantum wells tend to have smaller dipole matrix elements due to 

the spatially indirect transition. The first few bound states of the quantum well are 

sketched in the figure. The remarkable and fortuitous match of the lattice constant 

(5.6 A) of semiconductors GaAs and AlAs makes possible to approach atomically 

sharp and clean interfaces. Further, aluminum and gallium can be mixed to produce 

a semiconductor AlxGai-xAs, where x is the concentration of aluminum, with a 

tunable Egop from about 1.52 to 2.91 eV at 4K. 

A series of quantum wells can be grown as a periodic lattice. If the quantum 

wells are grown close enough together to permit carriers to tunnel between them, 

they are called superlattices. Never content simply with what nature provides, 

scientists have used superlattices to engineer new one-dimensional crystals with 

electronic energy 'ininibands" that can be tailored by adjusting the periodicity of 

the quantum wells and material parameters. The interesting new transport prop

erties of these structures open the possibility for new devices. Superlattices have 

found potential applications as far infrared detectors. If the quantum wells are 

grown far enough apart such that they are electronically uncoupled, they are called 

multiple quantum wells. Until recently, multiple quamtum wells were assumed to 

be independent. Their optical response for example was thought to be N times the 

response of a single quantum well, where N is the number of quantum wells. As 

shown in this dissertation, multiple quantum wells are still coupled by multiple re

flections of light between them. Because the characteristic length scales separating 
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multiple quantum wells is on the order of optical wavelengths, the possibility exists 

of forming photonic crystals. 

2.2.2 Optical Response 

2.2.2.1 Linear Response 

The main features of the linear optical response of a semiconductor and a single 

semiconductor quantum well can be understood with a few basic considerations. 

First, taking only the band-to-band transition of an electron into account, only 

light with energy greater than the energy gap Eg between the bands is absorbed. 

Hence Eg is called the free carrier bandedge. The strength of free carrier absorption 

follows the density of final electronic states of the higher energy band. The density 

of states 9(e), e the energy, is defined as 

= 53(5(e-e/k), (2.1) 
k 

where ek is the energy of the band with wavenumber k, and 6{argument) is the 

Kronecker fimction. First the approximation is made of parabolic bands for bulk 

and quantum wells, respectively, 

where m^ff is the electron effective mass, and L is the width of the quantum well, 

and n = 1,2,3,... indexes the quantum well bound state. Equations 2.1 with 

expressions 2.2, 2.3 for the energy bands yields the 2D and 3D density of states: 

95I.W = (2-4) 

We) = (2.5) 

where ^{argument) is the Heavyside step function. While in the 3D case the 

density of states and hence the absorption increases like y/e, in 2D the absorption 

increases in steps. The 2D and 3D density of states are sketched in Fig. 2.3. 
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Figure 2.3: The solid line shows the 3D density of states ^30 (e), while the dashed 
line shows the 2D density of states 920 

The second consideration in the linear optical response is the attractive Coulomb 

interaction between the conduction band electron and the valence band hole. The 

Coulomb attraction binds the electron and hole in a hydrogen-like particle called 

an exciton. If the Bohr radius is large compared to a unit cell of the crystal, the 

exciton envelope function obeys a 2-particle Schroedinger equation, the Wannier 

equation: 

[-^v; - ̂ J«(r) = e,^(r), (2.6) 

where nv = memh/{me+mh) is the reduced mass (me and rrih here the electron and 

hole effective masses, respectively), Sr is the exciton energy defined with respect to 

the energy gap Eg, is the background dielectric constant, and 0(r) is the exciton 

envelope function. Note the lattice is incorporated into the Wannier equation 

through the effective masses of the electron and hole. The Wannier equation is 

mathematically identical to the hydrogen Schroedinger equation, and its solution 

can be found in standard textbooks. Here I only note that the Is exciton binding 

energy Eb is 

(2.7) 
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Eb is the exdton equivalent of the Rydberg energy En — — 13.6eV in the hydrogen 

atom. However, due to the much smaller reduced mass of the exciton compared 

to the hydrogen atom (in particular the small hole effective mass, on the order of 

the electron mass, compared to an atomic nuclear mass) and to the background 

dielectric constant, Eb is typically only a few meV. The smaller binding energy 

translates to a loosely bound particle with a very large Bohr radius aa-

OB = (2.8) 
TTlyC 

In bulk GaAs, Eb = A.2meV, and aa = 140 A. 

The Bohr radius sets the defining length scale for widths at which quantum 

confinement effects become important in a semiconductor quantum well. GaAs 

quantum wells are t}rpically 10 nm or less thick. The basic effect of a quantum 

well on the exciton is to squeeze the envelope wavefiinction in one dimension. The 

smaller spatial extent of the wavefiwction increases the exciton binding energy 

and oscillator strength. This increase is very important. For example, in bulk 

semiconductors at room temperature, the exciton is largely ionized and merges 

into the free carrier bandedge, making it difficult to resolve. The exciton is quite 

distinct from the free carrier bandedge in quantiim wells at room temperature. It 

is most narrow and distinct in quantum wells at low temperature. 

The above ingredients of density of states and Coulomb interactions are a suffi

cient basis to understand the main features of the absorption spectnmi of light by 

a semiconductor quantum well. Figure 2.4 shows measurements of the absorption 

coefficient I made on two different types of quantum wells grown by molecular beam 

epitaxy in our group. Here the absorption coefficient a, an intrinsic property of the 

quantum well, comes from 

/ = loe-'^ (2.9) 

a=-/n(^), (2.10) 

where I is the transmitted intensity, lo is the incident intensity, and L is the width of 

the absorbing layer. Strictly speaking this expression for the absorption coefficient 
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Figure 2.4: (a) Absorption coefficient a. of one of our In0.04Ga0.9cAs quantum wells. 
The Is electron(e)-heavy hole(hh) and the 2s e-hh transitions can be seen, as well 
as the Is e-light hole (Ih). Only one quantum well bound state (n = 1) exists due 
to the shallow quantum well potential, (b) a of one of our GaAs quantum wells. 
The Is e-hh and e-lh are visible. The first two bound states of the quantum well 
(n = 1, n = 2) can be seen. 
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is not correct because it does not take into account reflections from the interfaces 

in the sample. Nevertheless under the right conditions it is often a convenient 

apprcodmation of a. 

Fig. 2.4 shows the low temperature (4 Kelvin) absorption spectrum of an 8.5 

nm indium (In) (4 percent) gallium (96 percent) arsenide (Ino.MGao.86As) quantum 

well with GaAs barriers. A low concentration of indium atoms replace gallium 

atoms at random sites in the crystal. Since indium atoms are larger than gallium 

atoms, they introduce strain into the layer. The strain deforms the electronic bands 

of GaAs, shown in Fig. 2.1, such the heavy hole valence band and the conduction 

band form a type I quantum well, shown in Fig. 2.2, while the light hole valence 

band is split off from the heavy hole band, and forms a type II quantum well with 

the conduction band [34]. Note in Fig. 2.4 the Is and 2s heavy hole exciton states 

can be seen below the 2D bandedge. The 2D bandedge is approximately constant, 

as shown in Fig. 2.3 corresponding to the 2D density of states. Only the first step in 

the staircase absorption of the 2D density of states is evident for the In0.04Ga0.96As 

quantum well because the well is shallow enough that it only supports one bound 

state. Also seen at higher energies is the Is light hole exciton. 

Fig. 2.4 also shows the low temperature absorption coefficient of a 10 nm GaAs 

quantum well. Both the light hole and heavy hole transition in GaAs quantum 

wells are type I. The Is heavy hole and the Is light hole exciton resonances can 

be seen in the figure. Note the quantum well potential lifts the degeneracy of the 

heavy and light hole valence bands at k=0, shown in Fig. 2.1 for bulk, due to the 

quantum well potential. Further, the second step in the 2D density of states can 

be seen in Fig. 2.4 as well. 

A more quantitative calculation of the absorption coefficient can be done using 

perturbation theory. Here I give only the result. Details can be found in for example 

[9] or [13]. The absorption coefficient is proportional to the transition probability 

per unit volume. Such an approach gives the so-called Elliot formula: 

«(«) a| <t, |» f; I Mr = 0) I' Hhu - £„), (2.11) 
m=l 
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where dcp in the interband dipole matrix element, Em is the energy of the mth 

Coulomb bound state of the exciton, u is the angular frequency, and (pm is the mth 

Coulomb bound state of the exciton. Elliot's formula shows that the absorption 

coefficient is proportional to finding the electron and the hole in the same place 

r = Te — r* = 0. Only s-states have nonzero amplitude at r = 0. This explains why 

only »-state8 are observed in the absorption coefficient in Fig. 2.4. The oscillator 

strength of the transition depends upon dipole matrix element. Using the solutions 

to the Wannier Eq. (2.6) with confinement in one dimension, Eq. (2.11) can be 

further evaluated to Elliot's equation for the 2D limit: 

a"'<u) = V ^ i(tiu - E'" + — ) 

+e(/i« - £j,;)C(u)l (2.12) 

C(u) = i—p 
co,h(iz/^(nu - EIS)/BB) 

where are the 2D quantum well bound state energies n=l, 2, 3, . . . as 

shown in Fig. 2.3, Lg is the width of the quantum well, is the background index, 

c is the speed of light, and all other terms have been previously defined. The 

excitonic resonances appear in this equation (also in Eq. (2.11)) as a series of delta 

functions. The 2D Elliot formula also shows that the oscillator strength of the 

absorption decreases for higher exciton states like l/(m — 1/2)^. For example, in 

Fig. 2.4, only the m=l (s) and the m=2 (s) heavy hole exciton states are observable. 

The calculation produces an ionization continuum that follows the 2D density of 

states, calculated earlier, with the only difference the presence of the term C{u), 

called the Coulomb enhancement factor. As its name suggests, it is due to the 

still attractive Coulomb interaction of the e-h pairs in the ionization states, and 

manifests itself as a small bump on the edge of each "step." 

2.2.2.2 Contributions to Linear Exciton Linewidth 

Interestingly, the 2D Elliot formula shows that the linewidth of the excitonic 

absorption coefficient has zero width, whereas real samples as in Fig. 2.4 show 
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a finite width. The observed linewidth comes from two sources: homogeneous 

and inhomogeneous processes. The homogeneous width has two components, one 

radiative, and the other nonradiative. The radiative width is the inverse of the 

time an exciton lives before optically decajring. One interesting aspect of exdtonic 

radiative decay is that because an exciton is destroyed after it emits a photon, it 

cannot recoil lil» an atom. Hence conservation of momentum can prevent an exciton 

from radiatively decaying. The radiative decay of a quantum well exciton originates 

from the breaking of spatial symmetry at the quantum well interfaces, relaxing the 

requirement of momentum conservation, and allowing the exciton to couple to 

the continuum of vacuum photon modes in the direction normal to the quantum 

well [50, 87]. However momentimi must still be conserved for the component of 

momentum still in the plane of the ideal quantum well. The radiative width of an 

exciton, which can, for example, be calculated with Fermi's Golden Rule, is 

r„ = — I ^(r = 0) Pi d„ f . (2.13) 
cn  ̂

The radiative width enters into the Elliot formula by its relation to the dipole 

moment and = 0) , and hence defines the magnitude — but not the width — 

of the transition. 

The nonradiative component of the homogeneous width (i.e. decay of the exciton 

without the emission of a photon) comes from scattering of the excitonic polariza

tion with, for example, phonons and carriers. Hence the nonradiative width is 

strongly density and temperature dependent. The reason many fimdamental stud

ies are done at liquid helium temperatures and at low carrier densities is to have 

as clean and narrow a homogeneous exciton width as possible. 

Finally, the inhomogeneous broadening is due to disorder in the quantum well, 

such as variations of the quantum well width due to atomic monolayer fluctuations 

at the interfaces. Such fluctuations change the confinement energy, and give rise to 

a distribution of exciton energies. Most current-day quantum wells have predom

inantly inhomogeneously broadened exciton lines at low temperature and at low 

carrier densities. 
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2.2.2.3 Nonlinear Response 

The nonlinear optical response of semiconductors and semiconductor quantum 

wells is a complex topic involving many-body effects and has a large literature. 

In this background section I qualitatively describe only the gross features. In 

the linear regime, the medium response to light is independent of the light field, 

and can be calculated by considerations of the medium alone. In the nonlinear 

regime, the medium response depends on the intensity of the light field. There are 

two important nonlinear limits: quasi-equilibrium, and transient/coherent. In the 

transient/coherent limit, a short optical pulse creates a coherent polarization, i.e., 

a coherent polarization has a well defined phase with respect to the exciting pulse. 

Further, transient modifications of the medium can be due to the presence of an in

tense peak electric field from the short optical pulse. The transient/coherent repme 

includes effects such as the optical Stark effect, quantum beats, Bloch oscillations, 

and photon echo. The transient/coherent limit occurs on short time scales (< 200 

&). Absorption of intense light creates a high density of carriers. The carriers de

stroy the coherent polarization via scattering processes, and thennalize with each 

other fast (» 2 ps), and with the lattice slowly (lOO's of ps). Complete equilibrium 

is reached after the all the carriers and excitons decay. Carrier and exciton decay 

is a complex process that depends on several factors, such as whether the exciton 

resonance is resonantly or nonresonantly excited, the density of carriers and the 

lattice temperature, and other factors [8]. 

In the nonlinear regime, the excitonic resonance is destroyed, or "bleached." 

Fig. 2.5 shows the changing absorption coefficient of one of our Ino.04Gao.96 As semi

conductor quantum wells to an increasingly intense optical probe. At first, the 

exciton resonance broadens as the peak absorption decreases; however the oscil

lator strength, that is the integrated area under resonance, is preserved. The 

broadening is due to increasing electron-electron, electron-hole, and hole-hole scat

tering which increases the rate of optical decay. These processes do not lead to 

a reduction of the oscillator strength. At higher densities, free carriers begin to 
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Figure 2.5: (a) Nonlinear response of the absorption coefficient to an increasingly 
intense probe pulse, (b) Shows that the oscillator strength of the Is e-hh exciton 
resonance stays constant over a wide range of incident photon fluxes (and therefore 
carrier density) while the linewidth is strongly broadene. [35]. 

screen the Coulomb attraction between the electron and the hole. Further, all the 

energetically lowest lying states in the bands become filled up. Pauli's principle 

then dictates that fewer final states are available for interband transitions. Both 

of these latter two processes lead to a reduction of oscillator strength and eventu

ally to complete bleaching of the exciton resonance [14]. Also seen in Fig. 2.5 is 

bandgap renormalization, where the free carrier bandedge decreases in energy as 

a consequence of Fermi exchange effects and screening of the Coulomb potential. 

Continued pumping leads to population inversion and optical gain in the quantum 

well. 
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The microscopic theory of the nonlinear optical response of semiconductors is 

considerably more complex than the linear response. A Hamiltonian must be con

structed H = Hitinetie + Hcauiamb + fftight which takes into account motion of free 

carriers in the lattice of ions iHkinetic)t Coulomb interactions between electrons and 

holes {Hcomtamk) which leads to many body terms, and the interaction of a semi-

classical light field with the material (Hugm). Dynamical equations of motion for 

the system can be obtained using a Hamiltonian as above in the Heisenberg equa

tions of motion. In the lowest order where only two particle terms are considered 

(Hartree-Fock approximation), this approach gives the Semiconductor Bloch Equa

tions. Coulomb scattering is included within the screened Hartree-Fock theory in 

the second order Bom approximation. Such dynamical equations are only solvable 

with numerical calculations. These equations for example successfully account for 

the features seen in Fig. 2.5. Dynamical equations can also be constructed in

cluding higher order Coulomb correlations. Inclusion of these higher order terms 

have been shown to be necessary in explaining nonlinearities such as the AC Stark 

effect. While the Hartree-Fock approximation describes the exciton blue shift of 

the AC Stark effect for co-circularly polarized pump-probe (higher order 

Coulomb correlations are only a small correction), for opposite circularly 

polarized pump-probe the higher order Coulomb correlations are responsible for a 

red shift[18]. A detailed description of the many-body theory can be found in, for 

example, [13], or [14] for a recent overview. 

2.3 Propagation of Light in Layered Semiconductors 

While the previous section describes in qualitative terms the optical response of 

a single semiconductor quantum well, it offers no way to describe how light should 

be reflected, transmitted, or absorbed by a collective structure consisting of many 

semiconductor layers, e.g. multiple quantum wells, or "quarter-wave" stacks that 

make a dielectric mirror. Propagation of a linear light probe through a layered 

structure can in most cases be described by a transfer matrix approach based on 
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Maxwell's wave equations. Such an approach has been employed in the past to 

describe the linear response of thin films (see for example [36]), quantimi wells 

embedded in a microcavity (see for example [14, 31, 37, 38]) and periodic quantum 

wells (see for example [14,38,39,40,41]). Below, the derivation of such an approach 

is presented, because it is used extensively in this dissertation to obtain theoretical 

results for linear light propagation in periodic quantum well structures. 

2.3.1 Linear Dispersion Theory 

The wave equation for the linear propagation of light through a dielectric can 

be obtained from Maxwell's macroscopic equations. Assuming only transverse elec

tromagnetic waves (V • E(r, t) = 0), the wave equation in CGS units is 

( V ' - — =  ( 2 . 1 4 )  

Fourier transforming the equation into frequency space, the wave equation becomes: 

(V' + ^)E(2.W) = -^U'P(Z,«). (2.15) 

Now make the assumption that the dielectric constant of the medium is z indepen

dent, so that using the separation 

P(z,a;) = ^(c(w) - 1)E(2,W) (2.16) 

the wave equation 2.15 can be rewritten 

(V + ̂ £(u))E(j, w) = 0. (2.17) 

The solution to the homogeneous equation is 

E(z,t) = Eo(u;)e'« (2.18) 

To relate Eq. (2.18) to experimental quantities such as the absorption coefficient 

a{uj) and the index n(u), the solution to 2.17 is written 

E(z, t) = Eo(a;)e**('*'J'e-"(">'/^ (2.19) 
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Figure 2.6: Schematic showing incident and reflected light in the incident medium 
L, forward and backward propagating light in each layer, and only forward propa
gating light transmitted after the structure. 

The relation between the dielectric constant e(u;) can be drawn by comparing the 

exponents of E<p. (2.18), (2.19), and noting the e{u) is a complex quantity e{u) = 

€r{u}) + iei{ui). The relations obtained are then 

n(u) = + £(^5 (2.20) 

Consider the situation of an electromagnetic wave of the form 2.19 on a multi

layer structure as shown in Fig. 2.6. In the incident medium L there is a forward 

propagating incident wave and a backward reflected wave which give a total field 

B{z,Ui) = E/orwarrf(z,w) + E6«e*w«rd(«, w) Or 

El(z,U;) = (2.22) 
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where 9x,(cj) = 2'trnL{u)/is the wavenumber, and ottiui) is the absorption 

coefficient of medium L. In the medium R to the right of the first interface 

Eii(z,a;) = (2.23) 

where qR{ui) = 2)rnji(a;)/AMe, aniu) is the absorption coefficient of medium R, and 

ni and njt are the indices of the L and R medium, respectively. Maxwell's equations 

require at the interface I of two dielectric media that the component of the electric 

field E|| parallel to the interface must be continuous as well as its derivative d£/dz 

(see note [42] for alternate approach). These boundary conditions along with the 

fields in 2.22 and 2.23 can be written in matrix form: 

(2.24) = M 
L.{u) 

where 

(2.25) 

For a multilayer structure, a transfer matrix for the entire structure can be con

structed by multiplying matrices at each interface: 

(2.26) 

where is the matrix for the last interface, and Ms is the matrix for the Nth 

interface. If both sides of Eq. (2.24) are divided by the amplitude of the incident 

field then it can be written 

(2.27) 

where r{u) s and t(cj) = are the reflection and trans

mission coefficients, respectively. If the absorption and index (or equivalently the 

dielectric constant) of the L and R mediums is known, then Eq. (2.27) is a set of 

1 = M t{u) 

T(U) 0 
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two equations with two unknowns r and t. Then r and t can be solved in terms of 

the matrix elements of M 

where the indices of M give the row and column of M, respectively. The reflection 

R, transmission T, and absorption A by the structure can then be calculated 

In addition to calculating iZ(a;), T(a;), and A{u) for a multilayer structure, linear 

dispersion theory also permits a calculation of the field distribution in the structure. 

A knowledge of the field distribution can often lead to insight into understanding 

the optical response of the multilayer structure. The field distribution can be 

calculated for a given mode (i.e. particular u) by setting the transmitted wave 

R+ = 1 and R~ = 0 (i.e., no reflected wave in the exit medium) in Eq. (2.24). By 

working backward from the exit medium, i.e., multiplying by a matrix each time 

an interface is crossed, the coefficients for the forward and backward wave can be 

calculated in every layer of the structure. Hence the field can be calculated with 

Eq. (2.22) in every layer as well. 

2.3.2 Transfer Matrix for Quantum Wells 

As discussed in the last section, in order to construct the transfer matrix for 

the structure, the dielectric constant, or equivalently the absorption and index, 

must be known in every layer. The dielectric constant for a quantum well can 

either be calculated or under certain conditions measured. In this dissertation, 

both approaches have been used. 

(2.28) 

(2.29) 

Riu;) = |r(a,Ol' 

r (u ; )  =  l i ( a ; )p  

A(u;) = 1 - i2(u;) - r(w). 

(2.30) 

(2.31) 

(2.32) 
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2.3.2.1 Using a Measured Quantum Well Response 

In the measurement approach to calculating the transfer matrix for a quantimi 

well, a broadband optical probe is measured in transmission through a quantimi 

well sample. The absorption coefficient can then be approximately calculated with 

Beer's law, Eq. (2.10). The index can usually be approximated with a Kramers-

Kronig transformation, 

The absorption coefficient of the quantum well aqw can be broken up into a sum 

of the 2D quantum well absorption (Aagnr) + a background absorption (a^ 

is zero in the frequency range of the quantum well exciton and 2D continuum; it 

follows the 3D free carrier absorption for energies corresponding to excitation out 

of the well). Similarly the index can be broken into a background index nt plus a 

delta index ^nqw due to the quantum well absorption spectrum: 

For the Ino.o4Gao.9«As quantum wells, a(,{ui) and nb{ui) are the free carrier absorp

tion and index of bulk GaAs. Standard dispersive models for bulk GaAs can be 

obtained in the literature [43, 44, 45, 46]. On the other hand, Aagvi'Cu;} is mea

sured, and AnQifr(c<;) is determined from the Kramers-Kronig transformation. For 

the Kramers-Kronig transformation of the variety in Eq. (2.33), two important as

sumptions are made: ^ y/e^, which is true if, referring to Eq. (2.20), Cj << c,. 

It also assiimes that Angur << n^. See [9] for a detailed derivation. Once aqwiu) 

and nQwi(*>) &re known, the transfer matrix for the interfaces of the quantum well 

can be calculated from Eq. (2.25). 

Figure 2.7 (a) shows a Aoqw extracted from a transmission measurement of 

an In0.04Ga0.g6A8 using Beer's law 2.10 and the corresponding Anqw in 2.7 (b) 

calculated using Kramers-Kronig 2.33. As a test of the approximations used so 

Ao£(a;') 
(2.33) 

aqw{<Jj) — Qf6(w) + Aaqw{i^) (2.34) 

nqw((*j) — nb{u}) -I- AnQnr(u;). (2.35) 
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Figure 2.7: (a) Solid line: absorption coefficient of the Is e-hh resonance in an 
Ino.04GaO.96A8 quantum well sample extracted from a transmission measurement. 
Dashed line: absorption coefficient extracted from a transmission calcuated with 
linear dispersion theory. The good agreement validates the approximations made, 
(b) Index obtained fay a Kramers-Kronig transformation of (a). 

far, the extracted Aocqht and Angiv have been used in linear dispersion theory to 

calculate transmission through the same quantimi well structure. FYom the calcu

lated transmission, the absorption coefficient was extracted using Beer's law, and 

is plotted as a dashed line in Fig. 2.7(a). The good agreement between calculated 

and measured ^aqw shows the approximations used so far worked quite well. 

2.3.2.2 Using a Calculated Quantum Well Response 

In this section a transfer matrix for an idealized quantum well based on a cal

culated linear susceptibility x(^) is presented. The principal advantage of this 

more theoretical approach is that an analytical result can be derived for reflection, 
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transmission, and absorption from multiple quantum well structures for certain spe

cialized cases, lending additional insight into the multiple quantum well collective 

optical response. 

To begin, the quantum well is idealized to a 2D layer with zero width. In other 

words, it is treated as a specialized interface, and accordingly requires a new set of 

boundary conditions. So it is necessary to return to the wave equation Eq. (2.15). 

Similar to the separation of absorption and index into background plus quantum 

well parts as in the previous section, here the polarization is also separated into a 

background (P»(z,ci;)) plus quantum well response (PqivC'^iCi;)). The background 

polarization can be approximated as a nonabsorbing bulk material: 

P,(z.«) = i(t,(u)-l)E(z,«) (2.36) 

= (i.J(u.)-l)E(z,u;). (2.37) 

In the first step the background dielectric response is assumed to be z independent, 

and in the second step no absorption was assumed so that 715(0;) = £b((^) by E)q. 

(2.20). The z-dependence of the non-background quantum well polarization is 

proportional to the lowest quantum well subband wavefunction, 

= PGHR(W) I 0L,(Z) 1^ . (2.38) 

Since the quantum well is infinitesimally thin, | can be approximated as 

6{z — Zq), where zq is the quantum well position. So PQiitr(z,cj) can be written 

PQW^(^JW)  =  PQW((*I)S{Z — ZQ) (2.39) 

= XQH^(W)E(RO,U;)(5(Z-ZB), (2.40) 

where XQwil^) is the quantum well susceptibility. Here I switch from the dielectric 

response c((j) to the susceptibility because in the literature it is used more com

monly than the dielectric response. Substituting the sum of Eqs. (2.37) and (2.40) 

into wave Eq. (2.15), the result is 

= -^«*'^XGW'(W)E(2O, W)<5(2 - ZQ) (2.41) 
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Returning to Fig. 2.6, consider once again the waves in medium L and R. How

ever this time the interface I at 2 = zq is the infinitesimal quantum well layer. The 

wave equation Eq. (2.41) gives the following boundary conditions: 

Eii(zto,w) = BR^zcu) (2.42) 

(2.43) 
dz (P ' '  dz 

Using the general solutions in the mediums L and R Eqs. (2.22), (2.23) in the 

boiudary conditions (2.42), (2.43) but this time assuming the same nonabsorbing 

barrier material on both sides of the quantum well (i.e. QR = QL = the 

following result is obtained: 

1 

r(a;) 
= MQW 

t{u) 

0 

where 

and 

Af = 

y = 

_yg-2w*o 

—x2irujTih 
Xoiv(u;). 

(2.44) 

(2.45) 

(2.46) 

The quantum well can be further idealized by assuming the optical response to 

consist of a single Is exciton resonance with nonradiative homogeneous width F, 

and radiative homogeneous width Fq as defined in Eq. (2.13). A 2D Elliot formula 

such as Eq. (2.11) except solved for xi<^) instead of a{u), can be written for the Is 

exciton resonance 
cn6ro/27rw 

Xqw{U) = 

The equation for Y becomes 

h<jJ Elm + iT 

Y = 

(2.47) 

(2.48) 
hu — Eig + tF 

By multiplying matrices for successive quantum well interfaces, an analytical 

result for the reflection can be obtained (as described in Sec. 2.3.1) for a multiple 
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quantum well structure with N quantum wells spaced with dBragg = mXx/2n^ 

periodicity, where m is an integer (i.e. Bragg periodicity). The result [39] is 

Equation 2.49 describes a Lorentzian lineshape with amplitude that grows like 

and has a homogeneous linewidth 7 

7 = r + ^To. (2.50) 

This important result shows that the radiative linewidth of Bragg periodic quan

tum well structures is N times larger than that in a single quantum well. For 

these reasons the optical response in Bragg periodic quantum wells is described as 

"superradiant." 

2.4 Photoluminescence 

Because a portion of this dissertation presents a study of photoluminescence 

from multiple quantum well structures, the background section would not be com

plete without at least a short description of photoluminescence. Photoluminescence 

refers to the spontaneous decay of excited carriers and emission of photons, and 

is therefore incoherent with respect to the light that created the carriers. It is a 

subject full of many controversies and an active area of research [14, 47, 48]. In its 

simplest description [9], it is an inverse absorption process, and is proportional to 

the absorption convoluted with the carrier energy distribution: 

I{u) DC J A{hu - e)g{£)f{e)d£, (2.51) 

where /(a;) is the photoluminescence intensity, Aiui) is the absorption profile, e.g. of 

an exciton resonance, g(e) is the density of states, and /(e) is the Maxwell-Boltzman 

thermal distribution. It is therefore sometimes used to characterize semiconductor 

samples. A microscopic theory for photoluminescence (also referred to simply as 

luminescence) from semiconductors must include a quantized description of the 
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light field and an interacting photon-electron-hole picture. Such an approach has 

recently been developed, and the resulting set of dynamical equations are called 

the Semiconductor Luminescence Equations [49]. See [14] for a nice review of 

microscopic luminescence theory. 

Photoluminescence from a bulk semiconductor cannot occur without the pres

ence of surfaces and impurity sites; otherwise the excitation lives forever in the 

system as a superposition state of an exciton and a photon. The resulting exciton-

photon mode is a stationary state of the system and is called an exdton-polariton. 

Accordingly, exciton polarization lives a relatively long time in bulk. The breaking 

of spatial symmetry in the direction of growth in a quantum well relaxes momen-

timi conservation, and allows the excitonic polarization to couple to a continuum of 

external photon modes. The radiative decay of excitons at the bandedge ==• 0) 

can occur quite fast in quantum wells (on the order of lO's of ps). However, if 

^11 > kptmtan then the quantum well excitons also cannot emit. 

Since the recognition that spontaneous emission of an emitter can be altered 

by its environment [27, 28], many theoretical and experimental studies have inves

tigated control of spontaneous emission from atoms and quantum wells in a mi-

crocavity, an area known as Cavity Quantum Electrodynamics. The spontaneous 

emission rate is given by Fermi's Golden Rule, 

r oc |<  d -E>(2p (a ; )  (2 .52 )  

where p{uj) is the photon mode density per unit energy, and d and E are the dipole 

and electric field operator, respectively. Hence the spontaneous emission rate can 

be altered by changing the field strength or the photon density of states. In a 

microcavity, spontaneous decay is inhibited over a stopband of energies except at 

the cavity resonance, where it can be enhanced. This has important implications for 

practical devices such as vertical cavity surface emitting lasers, i.e. semiconductor 

quantum well lasers with a quantimi well in a microcavity, where inhibition of 

spontaneous emission at non-cavity resonance frequencies can cut losses and lower 

the threshold for lasing to occur. 
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In this dissertation, it will be shown that periodic multiple quantum wells can 

also control spontaneous emission by altering both the density of photon modes 

and the field strength at the quantimi wells. 
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CHAPTER 3 

Linear Properties of Exciton-Polariton Eigenmodes in 
Light-Coupled In0.04Ga0.96As/GaAs Semiconductor Multiple 

Quantum Well Periodic Structures 

3.1 Introduction 

A topic of basic interest to semiconductor and solid state physics is the study of 

the optical and electronic properties of layered and periodic structures. A wealth of 

high quality layered structures such as optical microcavities, quantum well (QW) 

embedded microcavities, superlattices, and multiple quantum well (MQW) nanos-

tnictures, has been made possible by the development of epitaxial growth tech

niques such as molecular beam epitaxy (MBE) in the last couple of decades. Such 

structures have been used to tailor the optical and electronic properties of semicon

ductors, and to investigate fimdamental physical phenomena. In this chapter the 

featiues of N light-coupled QW's, or exciton-polariton eigenmodes, in MQW struc

tures spaced with Bragg {dsroaa = Ax/2n6, dsragg the center-to-center QW spacing, 

n» the backgroimd index, Ax the wavelength corresponding to exciton energy) and 

non-Bragg periodicities are described in linear measurements. 

Building upon early works of radiative lifetime of excitons in QW's [50, 51, 52], 

Ivchenko et. al. [39] established the N times broadening of the radiative linewidth 

of the exciton-polariton mode at Bragg resonance, so called "superradiance". This 

was confirmed and extended further [40, 53, 54, 55, 56, 57, 58, 59]. The first 

observation of ''superradiance" in the time domain in Bragg MQW's, done in de

generate four wave mixing (DFWM) experiments on GaAs/AlzGai-xAs QW's by 

Hubner et al.[60, 61], showed an N times enhanced decay rate of the excitonic po

larization. The broadening was observed in the spectral domain in reflection in 

CdTe/CdxMni-xTe [62], and in CdTe/ZnxCdi-xTe [63]. A direct analogy to Bragg 

MQW's in atomic systems is the N times increase of the radiative damping rate 
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predicted in an optical lattice of atoms, formed by trapping atoms in a standing 

wave of light, and probed with a weak linear probe [33]. 

As shown in this chapter, in both situations, the fast decay, or spectral broad

ening, arises from the formation of a photonic bandgap from the index contrast, 

not the absorption, at the dipole planes spaced with Bragg periodicity. Light is 

forbidden in such a structure and is swept out with an enhanced decay rate. The 

effect is basically the same as light reflected from a dielectric distributed Bragg 

mirror and shows some similarities but also pronounced differences to collective 

C^perradiant") emission from atoms within a volume small compared to 

Some of the most interesting radiative coupling effects are observed with the 

QW period different from the Bragg condition. Separated by large enough barriers 

so that they are electronically uncoupled, the QW's are still coupled by light prop

agating in the MQW structure. Each QW is a complicated semiconductor crystal 

with quantum confinement in the growth direction and the potential for containing 

a very high density of excitons and carriers. Nonetheless, from a linear-regime, 

radiative-coupling viewpoint much can be learned by treating each QW as a single 

classical oscillator. Then N coupled oscillators result in N normal modes. For ideal 

QW's at exact Bragg spacing, only one mode, the "superradiant" mode, couples to 

the field. But away from Bragg spacing, all N modes couple to the field. Some are 

bright, that is with stronger radiative damping, and some are dark or subradiant, 

with reduced radiative damping, giving rise to an energy "band" with N sublevels. 

One particular period that has been investigated both theoretically and experi

mentally in the semiconductor case is anti-Bragg (d = ^x/4n^), where observation 

of an energetic splitting of the modes has been predicted [53, 57, 64] and obser

vations have been reported [60] in polarization beats via DFWM experiments. A 

splitting has also been reported at a Ax/6nt periodicity. [65] 

This study was begun by growing a series of MQW Bragg structures with a 

much larger range of N (up to 100) and with a much larger range of periods d than 

previously available. The structures were studied in reflection (R), transmission 
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(T), and absorption ^4 = 1 — iZ — Tin the linear regime. Growing MQW's with 

varying N gave us the opportunity to test the prediction of a linear growth of 

the radiative damping rate with increasing N in reflection for Bragg MQW's. It 

also presented a way to determine the radiative contribution to the total exciton 

linewidth, which is made up of homogeneous (both radiative and nonradiative), 

and inhomogeneous parts (see Sec. 2.2.2.2). By taking advantage of the wedge 

shape of the layers in our structures, we studied properties of the N eigenmodes 

as a function of QW periodicity, which all become coupled to the field away from 

Bragg periodicity to some degree, again in linear R, T, and A. These results can 

be successfully modeled linear dispersion theory. 

A technique to isolate the MQW response and remove the eifect of the cladding 

layer (shown to influence the radiative properties of the collective system [63]) is 

developed that entails anti-reflection (AR) coating the sample on both the front 

and back. 

3.2 Theoretical Background 

3.2.1 Eigenmodes in an MQW Structure with Arbitrary Periodicity 

Exciton-polariton modes were originally discussed by Hopfleld [66] by diagonal-

izing the Hamiltonian for a bulk crystal interacting with the quantized modes of 

the electromagnetic field. Furthermore, it was realized that the exciton-polaritons 

correspond to resonances in the transmitted intensity. These two approaches have 

given rise to two techniques used to solve for the exciton-polariton modes in an 

MQW [39, 40, 53, 54, 55, 56]. One approach solves for eigenmode energies and 

damping rates from resonances in some quantity charactenzing the excitons (ma

terial approach) [54] or as resonances in some quantity characterizing the light 

propagation through the medium (optical approach) [39, 40]. In this chapter we 

follow the optical approach: eigenmode energy and damping rates are solved by 

finding the complex poles in the transmission coefficient for the N periodic QW 
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structure, where the transmission coefficient for the structure is calculated using 

a transfer matrix approach (See Eq. (2.44) in the Background chapter). The real 

part gives the energy shift, and the imaginary part gives the damping. In special 

cases, such as at exact Bragg configuration, the transmission coefficient is an an

alytical expression, as discussed in Sec. 3.2.3 below; but in general, the complex 

poles must be solved numerically. The case of N = 60 is shown for a limited range 

of barrier thicknesses around the Bragg condition in Fig. 3.1. Figure 3.1a displays 

the eigenenergies of the modes referenced to the Is e-hh exciton energy Eg. At 

periodicities different from Bragg, the mode energies cluster around two branches, 

as can be seen in Fig. 3.1(a). Figure 3.1b shows the corresponding radiative widths 

of the modes, which are also a measure of the potential coupling to the optical field. 

At Bragg periodicity, it is seen that the coupling of all modes to the field goes to 

zero except for the one '^uperradiant" mode. For further clarity, the eigenenergies 

and corresponding widths for two different periodicities, Bragg and l-O^daraggt 

shown above the exciton spectrum in Fig. 3.2. 

3.2.2 Linear Dispersion Theory 

Linear dispersion theory (LDT) has been highly successful in modeling linear 

measurements in R and T for Bragg MQW's [38] and other coupled structures such 

as atomic [37] and quantum-well embedded microcavities [67]. In this chapter LDT 

is used to model the R, T, and A on- and off-Bragg resonance for our samples. 

LDT, based on a transfer matrix approach [36, 68], requires detailed knowledge 

of the absorption coefficient a. and the index n, corresponding to the complex 

dielectric response, in each layer (see Sec. 2.3.1 in the Background chapter). In 

contrast to Sec. 3.2.2 and 3.2.3, where an idealized excitonic susceptibility is used 

to calculate the eigenmodes and to derive the analytical expressions, respectively, 

here the material input is measured, spatially averaged over the probe diameter. 

The measured absorption coefficient of the e-hh exciton and its continuum and 

higher states for our samples is shown in Fig. 3.2. The absorption coefficient was 
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Figure 3.1: The calculated eigemnodes. (a) Calculated energy shifts (relative to 
the Is e-hh exciton E^) of the first six modes on both sides of Bragg periodicity for 
an N=60 MQW. At Bragg the N QW's are uncoupled and degenerate. Away from 
Bragg spacing, the radiative coupling splits the N normal modes of the system into 
a "band" with two subbranches. (b) Shows the calculated radiative broadening of 
the first six modes around Bragg periodicity. At Bragg, N-1 modes are dark; only 
the "superradiant" mode is bright. 

extracted frt>m a transmission measurement of the N=30 MQW at a periodicity of 

0.8 dartg, where radiative coupling effects are less pronounced, using Beer's law: 

a — jfln^ where a is the absorption coefficient, N the number of QW's, /q the 

incident intensity, and I the transmitted intensity. The index was obtained from 

the absorption coefficient using a Kramers-Kronig transformation. The background 

dielectric response was assumed to be the same as that of the GaAs barrier, a 

good approximation due to the low concentration of In in our Ino.(MGao.96As QW's. 

Further, making this assumption in LDT reproduces the measured T quite well. 

See [38] for a more detailed justification of this procedure (or see Sec. 2.3.2.1 in the 

Background chapter). 
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Figiire 3.2: Measured and extracted absorption coefficient for the Ino.04Gao.96As/ 
GaAs QW's in this study, used as input for LDT. Superimposed at the top are the 
calculated energetical position and widths of the eigenmodes from Fig. 3.1 for two 
QW periodicities, Bragg (dashed line) and l-OSderagg (solid lines). 

LDT can also be used to construct the electromagnetic field and spatial intensity 

distributions in layered structures, including the MQW's considered here. The 

intensity distribution in the steady state spectral domain for 60 QW's at A, is 

calculated for Bragg and off-Bragg periods in an AR coated sample in Fig. 3.3. 

Figure 3.3(a) shows that the QW's are located at the nodes of the field, in agreement 

with the result for an infinite number of QW's in [39]. In our case, due to the finite 

well width and structure length, there is some small overlap of the field and the 

QW's, causing the standing wave to slowly decay through the structure. Hence 

the coupling of the excitons to the electromagnetic field is decreased at the Bragg 

resonance. Away from the Bragg periodicity, the field quickly decays in the first 

part of the structure because the field cannot avoid the quantum wells and is thus 

quickly attenuated, as shown in Fig. 3.3(b). 
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Figure 3.3: (a) \E^ distribution, proportional to intensity distribution, in a 60 
MQW structure at Bragg periodicity calculated by LDT for Ax = hcjEx- The inset 
is a close up of a portion of (a) to clearly show that the field nodes occur at the 
QW's. (b) Same calculation as (a) except for Bragg periodicity. 

3.2.3 Bragg Resonance 

Beginning from an exciton susceptibility with a single pole and no disorder as 

an input to the LDT calculation, an analytical expression for the transmission and 

reflection coefficients can be derived for MQW's with exact Bragg periodicity (see 

Sec. 2.3.2.2 in the Background chapter for a detailed derivation). The analytical 

expression conveniently illustrates the dependence of the collective response of the 

system as a fimction of the number of QW's N [39]: 

TN^kd = t) = ^ (3-1) 

isikd - TT) = _ i(r + OTo) 
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where k = {u/c)n^ is the wavevector of light in the sample and is normal to the 

QW planes, n* is barrier refractive index, d is the QW period, F is the nonrar 

diative exciton damping rate of a single QW, Fq is the radiative damping rate of 

a single QW, and UJQ is the Is heavy-hole exciton resonant frequency. Thus in a 

Bragg MQW, there is a single pole in the reflection and transmission coefficients 

corresponding to a '^perradiant" mode with resonant frequency woi Lorentzian 

shape, and total damping rate 

7 = F + NTq (3.3) 

which has an N times enhanced radiative damping rate compared to a single quan

tum weU (SQW). 

The reflection amplitude for an MQW may be written 

R = roi + fNe^' (3.4) 
1 + 

where tqi is the reflection coefficient at the interface between vacuum and the 

outermost barrier layer, and <t>' is the phase change a wave imdergoes in travelling 

a distance /—tt/A;, where I is the thickness of the cladding layer. Hence the cladding 

layer masks the intrinsic radiative linewidth. In a Bragg MQW with the top layer of 

the same thickness as the barriers, or / = tt/A;, the reflection consists of a Lorentzian 

sitting on top of a background reflection |roi |^, with linewidth 

7 = F + (l-roi)iVFo (3.5) 

The above results are tested experimentally in this chapter. Evidence is also 

presented for the standing wave that forms in the structure such that the QW's are 

located at the nodes of the field, illustrated in Fig. 3.3. 

3.3 Experimental Method 

3.3.1 Samples 

AH samples were grown by MBE. The structures consist of 85-A Ino.(MGao.96As 

QW's with GaAs barriers grown on a semi-insulating GaAs substrate, and with 
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a top cladding layer equal to the barrier thickness. The In0.04Ga0.g6As QW's are 

particularly well suited to this study, because the background dielectric responses 

of both the barrier and the low indium concentration In0.04Ga0.96As QW's are 

the same, making it easier to concentrate on the pure excitonic effects. The strain 

introduced by the indium in the QW layer shifts the light hole energy far above that 

of the heavy hole, further idealizing experimental conditions. The Ino.04Gao.9QAs 

QW's also have the experimental advantage that the GaAs substrate is transparent 

in the energy range of the Is QW exdton, making the structures convenient to study 

in transmission. MQW's were grown with N=l, 3, 10, 30, 60, and 100 QW's. The 1, 

3, 10, 30, and 60 QW samples were grown under the same conditions close together 

in time. The 100 QW sample was grown some time later after some changes were 

made to the MBE machine, but was grown in the same way. 

Because the flux maxima were directed to the center of the rotating substrate, 

all layers in the structure become monotonically thinner as a function of radius 

from growth center. Moving along a radius, the period decreases while the QW 

exciton energy stays essentially constant. Although the QW becomes thinner, its 

exciton energy does not change much because it is determined in first order by 

the 3D bandgap, which is independent of QW thickness, and in second order by 

the confinement energy. Samples were grown so that Bragg periodicity typically 

occurred 1 to 2 cm from growth center, so then d could be swept through dBragg 

by moving the probe along a radius from growth center. 

A strip along a radius of the samples was given an AR coating on the front and 

back. The 1, 3, 10, 30, and 60 MQW samples were AR coated with a single quarter 

wave layer of material having index close to {nooAsY^^ by CVI Corporation, and 

the 100 MQW sample was AR coated in-house with a single quarter wave layer 

of HIO3 having also an index close to {ncaAtY^^- The AR coatings on bulk GaAs 

have a room temperature reflectivity of about 0.2 percent, and a low temperature 

reflectivity of about 0.75 percent from bulk GaAs. The role of the AR coating is to 

remove the influence of the cladding layer of the samples, as discussed in Sec. 3.4. 
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3.3.2 Method 

Measurements of the linear reflectivity and transmission were done with a broad

band, square-wave-driven LED, as illustrated in Fig. 3.4(a). Its output was first 

monochromatized with a 1.25 meter scanning Spex spectrometer to 0.35 A band

pass, to produce a very weak 100 pW monochromatic probe, which was imaged to 

a 50 /im diameter spot on the sample, with an f# of 12. The monochromatized 

probe was detected a fiber coupled Hamamatsu R943-02 photomultiplier tube, 

and amplified with a Stanford Research Ssrstems DSP 830 Lock-In Amplifier. The 

samples were cooled to 8 K by a helium closed cycle APD Cryogenics coldfinger. 

All measurements were done with the above set up except the measiirement of the 

reflection of the 100 MQW vs. detuning, which was done in an open cycle helium 

cold finger at 4 K, with weak lOO-fs pulses with average power 0.1 nW, focused to 

50 /im. The signal was resolved by a 32 cm Princeton Instruments (PI) spectrome

ter with a 0.6 A bandpass and detected by a PI liquid nitrogen cooled CCD array. 

The latter setup is illustrated in Fig. 3.4(b). 

3.4 Experimental Results and Discussion 

3.4.1 MQW's with Bragg Spacing 

3.4.1.1 Dependence on the Number of Quantum Wells 

The principal experimental result at Bragg periodicity is the growth of a pho

tonic bandgap in reflection, growing in amplitude and in linewidth with N, as can 

be seen in Figs. 3.5 and 3.6, the so-called "superradiant" response. Figure 3.5(b) 

conclusively shows that experimentally the linewidth in reflection for the collective 

system does indeed increase linearly with N, at least for AR coated structures, in 

accordance with Eq. (3.3). Thus Eq. (3.3) allows a convenient way to extract the 

radiative linewidth from the slope of linewidth vs. N, and the remaining contribu

tions to the linewidth from the intercept. Such an extraction yields a least squares 

value of 27 ± 2 /xeV for the half-width-half-maximum (HWHM) radiative width, 
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Figure 3.4: Two experimental setups for measuring reflection and transmission. 
Setup (a), where the probe is first monochromatized in a scanning spectrometer, 
has the advantage of measuring the sample with an ultraweak probe (5 orders of 
magnitude smaller than in (b)) , the narrowest possible spectral bandpass, i.e. 
probing with one wavelength at a time, variable spectral window, and in general 
produces the highest quality measurements. Setup (b), where the sample is mea
sured by a broadband probe then afterwards spectrally analyzed and detected with 
a CCD, has a fixed spectral window, produces lower quality spectra, but has the 
very important advantage of being much faster (factor of 1000). 
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and 0.32 ± 0.03 meV HWHM for the remaining nonradiative and inhomogeneous 

contributions of our Ino.04Gao.86As QW's. Fq can also be determined by precision 

reflection measurements from a single quantum weU as shown in [69]. However, the 

method in our work has much larger signals. The variation in the quantum wells 

of an MQW sample is expected to have very little effect on Fo, since it depends 

mostly on the well material and thickness. 

Figure 3.7(a) shows that LDT reproduces the measured R, T, and A at Bragg 

periodicity. LDT even reproduces the measured lineshapes. The asymmetry of the 

reflection lineshapes in Fig. 3.5(b) for large N, and deviation from a Lorentzian 

shape, is due to the influence of higher states such as the 2s and continuum states, 

whereas Eqs. 3.1-3.5 assimie a single exciton resonance approximation. We verified 

that the asynunetry for large N is reproduced by our theory even when an excitonic 

susceptibility with a homogenous Lorentzian lineshape is used, indicating that the 

asymmetry results from the contributions of the 2s and higher states and not from 

disorder. Finally, we have demonstrated that it is possible to determine the radia

tive contribution to the linewidth from the measured absorption coefficient alone 

using LDT as an extraction tool by generating a plot of linewidth versus N, and 

finding the slope. 

One difference between experiment and the theoretical assumptions used for 

Eqs. 3.1-3.5 is the presence of inhomogeneous broadening. From other measure

ments [70], it is known that the nonradiative contribution to the homogeneous 

width is not much larger than the radiative contribution obtained above; hence the 

linewidths are inhomogeneously broadened by a factor of roughly 5 in the case of 

our In0.04Ga0.g6As SQW. One of the theoretical assumptions in the analytical re

sults is that the lines were assumed to be homogeneously broadened. For the small 

absolute inhomogeneous broadening in these samples, it is a good approximation 

to simply lump the inhomogeneous broadening with the nonradiative homogenous 

broadening in Eq. (3.3), so that F = Fi„A -I- Tnonradiative- Inhomogeneous broad

ening basically causes the various oscillators to become slightly detuned from one 
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Figure 3.5: (a) Photonic bandgap buildup with N for 1,3, 10, 30, 60, and 100 QW's 
with Bragg periodicity. The experimental measurements were done with an AR 
coating on the &x>nt and back. Exact Bragg periodicity could not be obtained with 
the 100 MQW sample, hence the larger dip in reflection, (b) Square dots with error 
bars represent experimental HWHM linewidths for AR coated samples measured in 
reflection. The solid line is generated from LDT for MQW samples in semi-infinite 
GaAs using the measured QW absorption coefficient. It is a straight line with 
slope Fo =: 27 ± 2 where Fo is the HWHM radiative width. The inset to (a) 
shows reflection from a 30 MQW Bragg structure in the limit of vanishing exciton 
density, emphasizing that the "superradiance" phenomenon does not depend on 
exciton density. 
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Figure 3.6: (a) Effect of air-semiconductor interface on the buildup of the photonic 
bandgap in MQW's with N = 1, 10, 30, 60, and 100 with Bragg periodicity and 
Bragg cladding layers, and no AR coating, (b) Square dots with error bars represent 
experimental HWHM linewidths for samples with a Bragg cladding layer and no 
AR coating measured in reflection. The solid line is generated from LDT for the 
experimental MQW structures. And the dotted line is a plot for MQW's with a 
Bragg cladding layer and no AR coating as predicted by Eq. 3.5, and using the 
value for Fq experimentally obtained from 3.5(b). 

another. The inhomogenous broadening in these samples corresponds to averaging 

over periodicities with such minute differences from Bragg ([1.0000+-O.OOOljdarass 

as to be insignificant. Therefore the inhomogenous broadening acts only as the in

tercept to the linear dependence of linewidth on N, Eq. (3.3). Such a simplification 

would not be true if, for example, the inhomogenous broadening were much larger, 

or N was much higher, where the modes become more closely spaced for changing 

QW periodicity. In that case light could couple to the other modes, and coupling 

to the superradiant mode could be significantly decreased. One final note on the 
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Figure 3.7: Shows the good agreement of experiment and LDT. (a) and (b) show the 
measured R, T, and A at Bragg periodicity (solid lines) and 1.03dBragg, respectively, 
and corresponding R, T, and A calculated by LDT (dashed lines) for N = 60. 

subject of linewidths is that for MQW's with large N, the linewidths are by far 

predominantly radiatively broadened at Bragg periodicity, i.e., NFQ » Vinti. 

An ideal AR coating removes the effect of the cladding layer, and mimics an 

MQW structure embedded in semi-infinite GaAs. The principal evidence for this is 

that the amplitude, linewidth, and the lineshape of R, T, and A spectra generated 

by LDT afifiiiming the MQW was embedded in semi-infinite GaAs agree very well 

with the experimental R, T, and A measurements of the AR coated samples, as 

shown in Fig. 3.7. Besides isolating the pure MQW response, the AR coating may 

have the practical application of increasing the efficiency and contrast of a Bragg 

optical switch [61] by increasing the amoimt of light getting into the structure and 

decreasing the background reflection. 

Without an AR coating, the cladding layer plays an important role in influenc

ing the radiative damping [58, 63] seen in reflection measurements. For N=30, the 
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cladding increases the damping rate by a factor of as much as 1.5. A comparison 

of Figs. 3.5(b) and 3.6(b) shows the experimental difference in linewidth between 

samples with versus without an AR coating. In contrast to Eq. (3.5) (roi is negative 

for the Az/2nft cladding layer) and shown in Fig. 3.6(b) (dotted line), the depen

dence is not simply linear with an increased slope, but curved, and begins to level 

off for large N. LDT reproduces this behavior, also shown in Fig. 3.6(b) (solid line). 

The reason for this deviation is that the Ax/2nb cladding layer strongly increases 

the amplitude of the reflection, causing it to "saturate", i.e. R cannot increase 

above 1. Therefore the spectral shape of R must deviate from a Lorentzian, and 

become more square, as shown in Fig. 3.6(a). Such a "saturation" was also calcu

lated for atoms in an optical lattice [33]. Already by N = 30 QW's, the reflectivity 

is nearly 100 percent, while in an AR coated structure we expect N » 200 is needed 

to produce this effect. Reexamination of Fig. 3.6(b) shows that Eq. (3.5) in fact 

agrees with experiment and LDT for small N, before "saturation" is reached. 

3.4.1.2 Origin of Superradiance 

At Bragg spacing, the exciton-polariton is more light-like in character than 

at any other periodicity, and the exciton character is diminished. As shown in 

Fig. 3.3(a), the field is nearly zero at the QW's. Experimental evidence of the 

field distribution shown in Fig. 3.3(a) can be seen in transmission: in spite of the 

reflection reaching a maximum at Bragg periodicity in the 60 MQW structure, as 

shown experimentally in Fig. 3.8(d), the light transmitted by the structure is at a 

maximum at Bragg periodicity, as shown in Fig. 3.8(c). Compare Fig. 3.7(a) and 

(b) for an alternate representation of the data. The maxima in R and T at Bragg 

resonance correspond to a minimum in absorption, shown in Fig. 3.8(a). While the 

energy stored in the QW's is at a minimum, the energy stored in the electromagnetic 

field is at a maximum at Bragg resonance, as shown in Fig. 3.3, which shows the 

intensity distribution, in the same relative units for Bragg periodicity and O.Sdsras^ 

periodicity. The energy stored as light, found by integrating over the intensity 
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distribution in the structure (e.g. as in Fig. 3.3), is 20 times greater at dBragg than 

at l.OSdBrcfff and 60 times greater than at Q.^dBrags N=60 MQW. 

The linear increase in the radiative width with N can be understood from the 

point of view of light travelling in a Bragg periodic potential. Common to any 

situation of a wave travelling in a Bragg periodic potential, an energy gap forms at 

the boundary of the first Brillouin zone. For a light wave, a 'photonic bandgap" 

forms. Because propagating modes are forbidden in the bandgap, they experience 

large damping, and the light is reflected out of the structure with an N times 

enhanced decay rate. The large mode damping may be viewed as the source of the 

"superradiance." 

The '^perradiance" discussed here can be compared/contrasted with the 

atomic situation. The Bragg resonance in monolithic semiconductor MQW's is 

most analagous to the situation of reflection of a weak probe from an optical lattice 

of atoms [33]. In the atomic case, the atoms are arranged in a lattice by a nearly 

resonant optical standing wave, positioning them with Bragg spacing. Theory has 

shown for increasing N planes of atoms, a large broad reflection signal grows as a 

Lorentzian, eventually turning into a square stopband with a fixed bandwidth for 

further increase of N. It was noted that even if the imaginary part of the dielectric 

function is artificially set to zero in the theory, the stopband essentially remains; 

in other words, the response is essentially an index effect. Thus the form of su-

perradiance associated with photonic bandgaps is more closely associated with the 

large damping experienced by the photon. It would perhai>s be clearer to call the 

"superradiant" mode the *^hotonic bandgap" mode instead. 

The superradiant mode is quite different from atomic superfluorescence. 

Whereas superfluorescence times become shorter inversely with the number of ex

cited atoms, the photonic bandgap mode discussed here depends only on the num

ber of QW's and not on the excitation density within them (as long as the exciton 

susceptibility remains unchanged; but compare e.g. Refs. [58, 59] for intricate 

intensity dependent effects). For example, the N times broadening is unchanged 
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Figure 3.8: (a) Experimental absorption for a 60 MQW structure. The 
shade becomes darker for larger absorption, (b) Calculated energy 
shifts of the exciton-polariton modes in a 60 MQW structure for 
comparison to experiment. The splitting observed experimentally 
agrees with the calculated energetical positions of the modes. 
A minimum in absorption is seen to occur in (a) at Bragg periodicity, 
(c) and (d) show the log of the corresponding experimental 
transmission and reflection, respectively. Maximum in both 
transmission and reflection occur at Bragg. The shade becomes 
whiter for larger reflection and transmission, (e) Shows the 
calculated damping rates of the eigenmodes for comparison to (d). 
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as the intensity of the monochromatized probe is weakened from 10~^ W/cm^, to 

10~* W/cm', i.e. in the limit of vanishing exciton density, as shown in the inset of 

Fig. 3.5 for the 30 QW structure. Superradiance in MQW is a cooperative effect 

of quantum wells, not excitons. 

3.4.2 MQW with Non-Bragg Spacings 

Away from the Bragg resonance, the phenomena observable in MQW systems 

become even richer. While at Bragg resonance only the superradiant mode is op

tically active, for periods different from Bragg, all the N-1 modes become optically 

active to some degree. It is convenient to view the eigenenergies from the QW point 

of view: At Bragg resonance, the index contrast between the barriers and QW's 

sets up a light field that is almost zero at the QW's, and the N QW oscillators are 

barely coupled. The Bragg MQW then consists of N degenerate energy levels, as 

shown in Fig. 3.1(a), as one would expect for N uncoupled oscillators. For other 

periods, the radiative coupling splits the degenerate QW oscillators into N sub-

levels accumulating around two energy branches. Direct evidence of the formation 

of split energy branches of the eigenmodes of the interacting system can be seen in 

Fig. 3.8(a) in absorption. The modes in each branch cannot be resolved, but the 

branches themselves can. The splitting is more distinct on the thicker side than the 

thinner side of the QW structure probably due to the asymmetry of the absorption 

coefficient, shown in Fig. 3.2: the sharper edge on the low energy side, emphasized 

for periodicities thicker than Bragg, gives rise to sharper features of the collective 

system. 

In addition to absorption, signatures of the modes can also be seen in reflec

tion. For example, see Figs. 3.8(d) and 3.9. Figure 3.8(d) shows the reflection 

from a 60 MQW as a function of periodicity. Peaks and dips are seen peeling 

off for periods different from Bragg. As Bragg spacing is approached, the bright 

superradiant mode dominates the spectrum. Figure 3.9(a) shows a rather spec

tacular behavior in reflection from a 100 MQW structure as peaks and dips grow 
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Figure 3.9; (a) NoriDalized experimental reflection from a 100 MQW structure, 
showing a rich behavior of peaks and dips peeling off as a fiuiction of periodicity-
(b) The first few calculated eigenmodes (solid lines) ofthe N = 100 MQW, and 
energetical positions of dips (points) in the measured reflection in (a). 
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in the center of the spectrum and peel off for periods larger than Bragg as var

ious modes become optically active. However, some care should be given to the 

interpretation of the dips and peaks in reflection; there is not a simple one-to-one 

correspondence betweeen a peak or a dip to a particular mode. Fig. 3.9(b) shows 

a comparison of the energetical positions of the dips as a function of periodicity 

versus the calculated eigenenergies. When a dip first appears, its close correspon

dence with the calculated eigenenergy shows it is a clear signature of a particular 

eigenenergy. After the eigenenergy reaches its minimum value, the eigenenergy 

and the dip diverge, and the dip loses its eigenmode character. In general, peaks in 

reflection do not correspond to eigenmodes. Only the superradiant mode at Bragg 

condition can be identified as a peak. A numerical analysis using an ideal exdtonic 

susceptibility with a Lorentzian broadening of 0.21 meV HWHM supports these 

conclusions. For example. Fig. 3.10 shows the calculated reflection spectra for the 

period d — 1.0065 and d = 1.013 dBra^^i suid for two different SQW oscillator 

strengths. Since the energetic mode position, when scaled to To, is independent 

of the oscillator strength, only energetically overlaying reflection dips can be at

tributed to eigenmodes. Only these reflection dips agree energetically with peaks 

in the absorption (not shown here). Figure 3.10(a) and the inset in 3.10(b) show 

that as soon as the mode labeled 2 reaches its energetic minimum, the reflection dip 

starts to pull off to lower energies, so it is no longer a clear identification signature 

of an eigenmode energy. 

This analysis shows that it is difficult to interpret reflection data of periodic 

MQW's. For example, one cannot simply identify reflection peaks with "bright" 

modes (modes with a radiative damping larger than Fq) as was done in Ref. [71]. 

They [71, 72] found a narrowing of the reflection peak of a 5 QW sample compared 

to a SQW sample. They interpreted this behavior as a motional narrowing due to 

the underlying disorder. Figure 3.11 shows the calculated HWHM of the reflection 

peaks as a fimction of the homogeneously broadened SQW exciton linewidth, i.e., 

one can reproduce the narrowing of the reflection peaks without any disorder. 
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Figure 3.10: Calculated reflection spectra of a 100 MQW at a period of 1.0065 dsragg 
(a) and l.O13<^0ra«f (b) for an oscillator strength proportional to Fq (solid) and twice 
as large (dashed). The iziset shows the real parts of the eigenmodes. The arrows 
show the corresponding mode numbers. 

The mode energetic positions are best interpreted in absorption as shown in 

Fig. 3.8(a) and (b) for N=60 QW's. The peaks in absorption coincide with the 

calculated mode energies. The success of LDT in explaining the reflection at all 

periods, at Bragg and away from Bragg periodicity, seen in Fig. 3.7(a) and (b), is 

excellent as expected [38]. 

3.4.3 Anti-Bragg Periodicity 

In previous studies, a good deal of attention has been given to anti-Bragg peri

odicity d = Ax/4nt. Common to all periodicities except Bragg, all N coupled modes 

are optically active to varying degrees (i.e., several modes are brightest and domi

nate over the darker modes). Anti-Bragg was somewhat of a focus initially because 
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Figure 3.11: Reflection peak linewidth as a function of the homogeneously broad
ened exciton linewidth for the sample characteristics of Baumberg et. al.[72], and 
Kavoldn et. al.[71]. 

a splitting of the absorption was predicted for that periodicity, which stands in 

contrast to the special case of Bragg. But in fact, the splitting of the N modes into 

two branches occurs at almost all periods (except Bragg), as is shown clearly in the 

absorption measurements shown in Fig. 3.8(a) for a small range of periodicities. 

Anti-Bragg is unique only in that at (or near) that periodicity, light reflected 

from adjacent QW's destructively interferes. This makes anti-Bragg structures 

somewhat difficult to study from an experimental point of view because the re

flected light signal is exceedingly small. Figures 3.12 and 3.13(a) show experimental 

reflection, as well as transmission and absorption for N = 10 and 30, AR coated 

anti-Bragg structures, respectively. Superimposed is the calculation from LDT. A 

splitting is not resolved in absorption for either the experimental or the calculated 

spectra for these samples. Splitting is not resolved in LDT calculations using the 

measured absorption coefficient for anti-Bragg samples with N as high as 200. This 

is partly because the splitting decreases to its minimum value at d = X^/Ant,. This 

minimum in splitting reaches a constant value in the limit of large N, and becomes 
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Figure 3.12: The solid lines show the experimental absorption A, transmission T, 
and reflection R for an N = 10 anti-Bragg structure. The dotted lines show the 
LPT calculation. 

similar in character to the longitudinal-transverse splitting [53] of bulk. The mag

nitude, and therefore the resolvability, of the splitting at d = Ax/4nb depends more 

on the exciton linewidth than on the number of QW's N. 

The cladding layer on anti-Bragg structures can determine the absorption prop

erties. To get a clearer picture of what to expect, an anti-Bragg structure with 10 

QW's and 5 times narrower, nonradiatively broadened line of 0.1 meV, but approx

imately the same oscillator strength and therefore radiative width, was numerically 

calculated. The calculated homogeneously broadened excitonic siisceptibility was 

used as input into the LDT calculation as before. Figure 3.14(a) shows an anti-

Bragg structure with a perfect AR coating. For this situation, there is a single dip 

in T, a single peak in R, and a splitting in A. However, if the structure is not AR 

coated, the reflection becomes a dip, and the absorption does not show splitting, 

but a larger peak, as can be seen in Fig. 3.14(b). This emphasizes the importance 

of AR coating samples to remove the influence of the cladding layer, and to isolate 

the response of the MQW structure. It also shows that the resolvability of the 

splitting at anti-Bragg is quite sensitive to linewidth of the absorption coefficient. 
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Figure 3.13: The solid lines show the experimental absorption A, transmission T, 
and reflection R for an N = 30 anti-Bragg structure. The dotted lines show LDT. 
(a) is for an AR coated structure with an anti-Bragg cladding layer, while (b) is 
for the same sample but without an AR coating. 

The basic behavior of the structure is illustrated experimentally in Fig. 3.13 

for an N=30 MQW anti-Bragg structure with versus without an AR coating. It 

is seen that without the AR coating, the reflection is a dip; whereas with an AR 

coating, the reflection becomes a peak. The splitting in absorption can still not be 

resolved. LDT reproduces the behavior well, although the peaJc in the experimental 

reflection is larger than that in LDT. This is because the AR. coating in the LDT 

is perfect, whereas on the sample the surface still reflects about 0.75 %. Since the 

modeled peak in reflection is about 0.3 %, it can be assumed that the influence 

of the first interface has not been completely removed, and leads to the deviation 

between LDT and experiment. 

As a final note, in the N=:10 anti-Bragg structure, a small splitting, or shoulder, 

was observed in transmission not only for the N=10 sample shown here, but for 
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Figure 3.14: (a) Calculated absorption A, transmission T, and reflection R for 
an N=30 anti-Bragg structure with a perfect AR coating and a 5 times narrower 
linewidth than our experimental samples as a guide for understanding, (b) Same 
calculation with an anti-Bragg cladding layer and no AR coating. 

several others, although not for the N = 30. This shoulder in transmission was 

not reproduced by LDT, and is therefore speculated to be caused either by greater 

disorder in the anti-Bragg samples, or greater influence of the disorder. 

3.5 Conclusion 

Linear reflection, transmission, and absorption reproduce in detail the analyt

ical expressions, in particular the linear increase of radiative damping rate with 

increasing N of QW's, and the location of the intensity nodes at the QW's in Bragg 

MQW's. The exdton radiative lifetime was extracted from an experimental plot 

of linewidth vs. N, and even from the lineshape and magnitude of the absorption 

coefficient in conjunction with LDT to generate a plot of linewidth vs. N. Exactly 
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at Bragg periodicity, the light character is at a maximum, and the fast decay can 

be understood from the point of view of propagating modes of light being forbid

den in the photonic bandgap structure. Away from Bragg periodicity, the energy 

levels due to N radiatively coupled nearly identical QW's, split into two branches; 

these were observed in measurements of the absorption. Although difficult to in

terpret, reflection spectra showed rich signatures of the N normal modes becoming 

optically active. A splitting was not resolvable in absorption for the anti-Bragg 

structures used in this study. An AR coating was seen to be essential for removing 

the influence of the cladding layer and isolating the MQW optical response. 

Most of the work in this chapter is published in [41]. 
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CHAPTER 4 

Exciton-Polariton Eigenmodes Evidenced in Nonresonant 
Photoluminescence Experiments 

Radiative interwell coupling alters the photon density of states in MQW struc

tures, and so evidence of the eigenmode dispersion should be observable in pho

toluminescence (i.e. see. Eq. (2.52)). In this section, it is demonstrated that the 

N exdton-polariton eigenmodes in an N multiple quantum well structure (MQW), 

described in Chapter 3, can be observed in photoluminescence (PL) after nonres

onant excitation. The PL shows large eigenmode splitting up to 3.2 meV and a 

strong dependence of the emission amplitude on the quantum well (QW) period 

d. Up until this study, it has not been clear whether radiative interwell coupling 

should be observable at all in PL following "incoherent" excitation in the con

tinuum. Surprisingly the so called "superradiant" mode at Bragg resonance has 

a strongly suppressed emission intensity. This surprise can be explained with the 

lessons learned from the linear properties at Bragg periodicity described in Chapter 

3. 

The experimental setup for PL measurements is illustrated in Fig. 4.1. For 

pulsed PL excitation studies, the samples were mounted in an open cycle helium 

cryostat and kept at 4.2 K. All experiments were performed with linearly polarized 

pump light from an actively mode-locked Ti:Sapphire laser providing ps-pulses with 

a spectral width of 2.7 meV (1.5 nm). The samples were excited in the free carrier 

continuum of the QW's slightly above the light-hole exciton at 1.514 eV (819 nm) 

or at 1.499 eV (827 nm) with an average power of 50 /xW and a spot diameter 

of 50 fjoa. The excitation beam had an external angle of 10° with respect to the 

normal of the sample surface. Except for the angular dependent measurements, the 

emission was detected either in reflection or transmission geometry normal to the 

sample surface with a liquid nitrogen cooled CCD detector behind a spectrograph. 
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Figure 4.1: Setup for nonresonant photoluminescence measurements. Thirty-six 
meV (20 nm), 100 & pulses from a Ti:Sapphire laser are split into to two beams. 
One beam is sent to a pulse shaper where it is spectrally narrowed to 2.7 meV 
(1.5 nm) wide, 1 ps pulses, and becomes the pump beam. It is tuned to the 
quantum well continuum to create carriers which relax to the exciton resonance. 
The narrower spectral width avoids overlap with the exciton resonance and barrier 
absorption. The second beam is used for alignment. It is spatially overlapped on 
the sample with the pump, and then imaged to the CCD. When the alignment 
beam is blocked, photoluminescence from the pump spot is automatically imaged 
onto the CCD array. Photoluminescence can be measured either in transmission or 
reflection geometry by moving the flip mirror up or down. Polarizer pairs are used 
to adjust the pump or alignment beam power. 
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Figure 4.2: Buildup of exciton-polariton splitting at non-Bragg periodicities, and 
inhibition of emission at Bragg. PL emitted normal to the samples following con
tinuum excitation for the N = 30, 60, and 100 MQW samples. 
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Fig. 4.2 shows PL spectra of the vertical emission in transmission geometry for 

periodic quantum well structures with N = 30, 60, and 100 QW's. Spectra are 

taken from different positions on the samples corresponding to different periods as 

labeled in Fig. 4.2. The results in Fig. 4.2 show obviously that the PL spectra of 

MQW structures with N = 30 cannot be explained by the radiativly uncoupled 

incoherent emission of N individual QW's. While for N = 30 a close look is still 

necessary to identiiy the presence of period dependent changes in the PL spectra, 

radiative exdton coupling shows up as large radiative mode splitting, and shifting 

of the system resonance depending on d for N = 60 and 100. The radiative mode 

splitting for N = 100 at daratg ~ 0.98Ax/2n6 is 3.2 meV, i.e. much more than the 

underlying uncoupled inhomogeneous half-width-half-maximum exdton linewidth 

in our samples (approximately 0.3 meV). Here Ax refers to Is heavy-hole exciton 

resonance, and n* the background index. 

One striking feature of the PL from the periodic quantimi well structures be

comes evident by comparing the PL spectra for all N's at Bragg resonance with the 

reflectivity spectra in Fig. 3.5 in Chapter 3. The so called "superradiant" mode is a 

poor emitter! As surprising as this may be, it is consistent with the reflection data. 

As shown in Fig. 3.3, at Bragg resonance the electromagnetic field adjusts itself in 

such a way that the QW planes are located in the field nodes. The poor QW-field 

overlap results in poor dipole coupling (i.e. see Eq. (2.52) for spontaneous emission 

in Chapter 2) and therefore weak luminescence, analogous to inhibited spontaneous 

emission of QW's grown in the field nodes of a microcavity. Note, only the broad, 

weak background of the spectra at daragg originates from the "superradiant" mode 

while the remaining small and narrow peaks on top of it can be attributed to a 

residual coupling of the first subradiant modes to the light field. This residual cou

pling is not allowed in perfect structures with symmetric isolated resonances in the 

single wells, but it becomes possible if sample disorder (inhomogeneous broadening) 

or the coupling to higher exdton continuum states is relevant. 
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The PL peaks in Fig. 4.2 axe direct evidence for the eigenmodes of the radia-

tively coupled structure. Additional evidence comes from the comparison of the 

3D-contour plot of the period-dependent PL spectra for N=100, collected in re

flection geometry, in Fig. 4.3(a) with the modes in Fig. 4.3(c). The measured PL 

dependence on period d resembles quite obviously some of the main features of the 

mode dependence on d. A comparison of Fig. 4.3(a) and b show the PL closely 

resembles the absorption A = 1 - R - T , which also shows evidence of the mode 

dependence on d, consistent with the idea that PL and absorption are inverse pro

cesses (see Eq. (2.51)). The lack of emission around Bxagg resonance as well as the 

low absorption can be attributed to the superradiant mode in Fig. 4.3(c) (dashed 

line). On the other hand a pronounced, peaked emission is observed for already 

small positive detuning to dBragg which can be attributed to the accumulation of 

subradiant modes at this position. For larger periodicities the PL is always double 

peaked and coincides with the accumulation of the modes at the two main branches 

below and above the heavy hole exciton resonance in Fig. 4.3(c). The splitting in 

the vicinity of Bragg resonance increases with N, seen in Fig. 4.2. Away from Bragg 

resonance the splitting decreases to its minimum valve at d = Ax/4 approaching 

the longitudinal-transverse splitting [53] of bulk in the limit of large N. 

So far only the emission in the normal direction has been described. In sin

gle QW structures, the occupation of exciton states with finite in-plane momen

tum due to thennalization results in the emission into different directions given by 

cos{6) = ̂ 1 — {kx/k^Y, with the center of mass momentum and ko the photon 

momentum. To understand the angular dispersion of the coupled modes, depending 

on the amount of in-plane momentum, consider the relation d = dQCos{9), describ

ing the effective period of the structure into a direction with angle 6 relative to the 

growth direction. This means in first approximation that increasing kx corresponds 

to effectively tuning the structure towards smaller periods d, when the period at 

0 = 0 is do. This behavior is observed in angular dependent PL experiments, which 

have been performed on the N = 60 and 100 structures. For detection with increas

ing 0, the whole mode pattern dependence upon d simply shifts to positions with 
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Figure 4.4: Angular dependence of PL from periodic MQW's. Spectrally integrated 
PL intensity as a function of the MQW period d for dextemai = 0° and 60°. 

larger periods. For the N = 100 structure the experimental results for the time 

and spectrally integrated PL emitted in the vertical direction and Ogxtemai =• 60°, 

respectively, are shown in Fig. 4.4. It is obvious that the minimum emission at 

Bragg resonance shifts for $ = 60° to larger d(x) at a position where the normal 

emission almost has a maximum, demonstrating a rather directional emission for 

the system. 

The angular distribution of the PL can be iised to explain the asymmetry with 

respect to period d shown in Fig. 4.2. When d > dBragg, the emission is inhibited at 

angles away from normal a > 0 due to Bragg periodicity at those angles. Therefore 

more excitation is available to emit into the normal direction a = 0. For d < dartg, 

dBr»t§ realized at any angle. PL is efficiently emitted in all directions 

a > 0, leaving less to go out in the normal direction a = 0. 
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The modification of the photon density of states and field distribution in MQW's 

due to light-coupling allow evidence of the formation of N exciton-polariton eigen-

modes to be found in photoluminescence. In this study, photoluminescence as 

a function of periodicity in MQW structures is convincingly shown to follow the 

mode period dependence. The poor QW-field overlap found at Bragg resonance, 

observed in Chapter 3, manifests itself as inhibited spontaneous emission in non-

resonant photoluminescence experiments. 

Portions of this chapter are published in [89]. 
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CHAPTER 5 

Light Coupling Effects in Resonant Rayleigh Scattering 
from Periodic Quantum Wells 

5.1 Introduction 

Light emitted in directions different from the excitation and reflected beams, 

referred to generically as "secondary emission," has many intriguing aspects. Sec

ondary gfnimrinn from quantum wells after resonant excitation comprises a subtle 

interplay of quantum well (QW) disorder, photoluminescence, Rayleigh scattered 

light, and radiative coupling effects. In this chapter, the Rayleigh scattered com

ponent of the secondary emission from disordered multiple quantum well (MQW) 

structures is investigated experimentally and theoretically. In the past decade, 

much progress has been made on the investigation of Rayleigh scattering after 

resonant excitation (referred to as "resonant Rayleigh scattering" (RRS)) from 

quantum well exdtons, triggered in part by the improvement of experimental tech

niques. Many of the past studies of RRS have been done on multiple quantum well 

structures, and yet in all cases polaritonic effects were ignored or ruled out. In 

this chapter, we show that polaritonic effects can dominate the RRJS spectrum and 

temporal dynamics. 

5.2 Historical Background 

The resonant enhancement of Rayleigh scattered light in crystalline solids was 

first demonstrated frt)m the exdton resonance of GaAs/AlGaAs semiconductor 

quantum wells with continuous wave laser light [73] in 1982, leaving the temporal 

dynamics of the RRS an open question. In 1993 it was proposed that RRS time 

dynamics, in particular the characteristic decay time, could be used as a sensitive, 

linear experimental tool for measuring the homogeneous energy width of the exciton 
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resonance after excitation with a short optical pulse [74]. In 1995 the importance 

of disorder in the rise and decay dynamics of resonant Rayleigh scattering was 

revealed [75, 76]. Two controversies arose from this early work. 

RRS is only one component of the secondary emission. The other component is 

resonant photoluminescence (RPL). Because the time scales of RRS and RPL are 

similar, the two components are difficult to separate temporally. This was the first 

controversy [77, 78, 79, 80, 81, 82, 83, 84, 85). The attempts to separate RRS and 

RPL spawned the use of a wealth of interesting experimental techniques, described 

in depth in the literature [74, 77, 86, 78, 79, 80, 81]. One recent, effective method 

of separation, spectral interferometry, used also in this study, takes advantage of 

the different coherence properties of RPL and RRS. While RRS involves elastic 

scattering of light from the excitonic polarization and is therefore coherent with 

respect to the exciting pulse, RPL involves inelastic scattering, and thus bears no 

phase relation to the incident pulse. Since spectral interferometry measures both 

the amplitude and phase of the RRS, it allows study of either the RRS spectrum 

or the time dynamics with femtosecond resolution through a Fourier transform of 

the data. 

An MQW structure with disorder is affected by two symmetry breaking mecha

nisms. Due to the lack of translational invariance in the growth direction, i.e., the 

QW interfaces, momentum is not conserved in the growth direction, allowing QW 

excitons to couple to a continuum of vacuum photon modes, and providing an in

trinsic radiative decay channel [50, 87] (see Sec. 2.2.2.2 in the Background chapter). 

Radiative emission occurs only in the forward and backward direction in a quantum-

well system with no disorder due to the in-plane momentum conservation. Disorder 

breaks the in-plane translational invariance and therefore relaxes the in-plane mo

mentum conservation; the excitons can decay radiatively in non-specular directions 

leading to an RRS signal. Disorder can dominate homogeneous decay in controlling 

the decay of the time dynamics in quantum wells. The role of disorder in the time 

dynamics is the second controversial subject [75, 76, 77, 78, 79, 80, 82, 83, 84, 85]. 
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Early semiclassical models of the dependence of RRS temporal d3mamics on 

disorder [76] offered the following intuitive, though simplified, model for role of 

disorder in RRS dynamics. The disorder in the QW's distributes dipoles (i.e. 

excitons) over a continuous range of energies corresponding to the inhomogeneous 

broadening of the excitonic resonance. Arranged in the plane of the 2D quantum 

well, initially all the dipoles are excited in phase and therefore their emissions cancel 

in all directions except the forward and backward directions with respect to the 

exciting li^t pulse (for sufficient density of dipoles). As time goes on, the detuned 

oscillators go out of phase in a time of order of the inverse of the inhomogeneous 

width, causing incomplete cancellation of the emission in nonspecular directions, 

corresponding to the rise time of RRS. When the dipoles become completely out 

of phase, there is again destructive interference in all directions and the RRS is 

gone. Hence disorder can also control the decay of RRS. Recent theoretical work 

with a semiclassical model has shown that disorder, characterized by a correlation 

length giving the length scale of the disorder and the amplitude of the disorder 

fluctuations, can cause oscillations in the decay. Such oscillations might provide 

information about the underlying disorder [85]. 

In this paper we show both experimentally and theoretically that polahtonic ef

fects in multiple quantum well samples, which give rise to N exciton-polariton eigen-

modes as discussed in the previous chapters, can dominate over disorder, strongly 

influencing the rise and and determining the fast decay dynamics of the RRS. The 

strength of the coupling of a mode to the light field varies with periodicity. Several 

modes have sufficient oscillator strength to be observed simultaneously at a given 

periodicity. Consequently, they appear as distinct peaks in the coherent Rayleigh 

scattering spectrum and as polarization beating in time, as shown below. 
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5.3 Experimental Method 

5.3.1 The Spectral Interferometric Technique 

Spectral interferometry was used in this work to experimentally study RRS. 

This technique was first suggested as a tool to characterize ultra-weak coherent 

gigfiala [90], and only recently was applied to study RRS from semiconductors [79]. 

The method is based on heterodyne mixing of a known reference beam Ijigfiu) 

and an unknown signal beam /st^Cw). For these studies the unknown signal was 

the secondary emission, composed of an RRS component IRRS{U), and an RPL 

component IRPL{U). Only the coherent IRRS{U) interferes with the reference pulse, 

leading to the following heterodyne signal: 

+ 2^ItUts{'^)lRefil^)cOs{uT -i-<f>lUf(ui) — ~ 0Re/('*'))) (5-1) 

where r is the delay between the reference pulse and the secondary emission, <t>R{uj) 

is the phase of the reference pulse, and (i>RRs{u) is the phase of the RRS. Note the 

phase of the reference pulse cancels out because it is imprinted in the RRS. By 

recording separately the secondary emission Isigis*'), the reference pulse 

and the heterodyne signal Eq. (5.1), the following interferogram can be calculated 

from the measured data: 

//(w) = /ir(w) — Isia{(*j) — lRef{u) (5.2) 

= 2yJlRRS{u))Iiut{f^)C0S{(j3T - ̂JWi5('^))- (5.3) 

The time dynamics of the RRS can be found by Fourier transforming the interfer

ogram to get: 

-F~'^[//(a;)] = Emtsir — t) ® Efuf{t) 4- Emtsi^ — r) ® Eiuf{t), (5-4) 

where Enns{t) and Ejuf(t) are the complex fields associated with the RRS and 

reference pulse, and ® stands for convolution. Equation 5.4 gives the time dy

namics of RRS convoluted with the reference pulse, and also the mirror reflection 



88 

at negative times, which is simply discarded because it adds nothing new. If the 

dynamics at positive times are Fourier transformed back to frequency space, the 

RRS spectrum is obtained: 

where 0(t) is the Heaviside step function. Hence measurement of both the phase 

and amplitude information of the RRS in the interferogram allows Fourier trans

formation of the RRS between temporal and frequency space. 

A schematic of the spectral interferometric technique is provided in Fig. 5.1. 

The 130 fis pulsed output of a Ti:Sapphire laser is split into the reference and 

the excitation pulse. The excitation pulse is focused to a SO/zm diameter spot on 

samples held at 5 K in an open flow Helium cryostat. These experiments were done 

in a low excitation regime (estimated density of 3zl0^cm~^). The exciting pulse is 

incident on the sample at an angle of about 10 degrees, and secondary emission is 

collected in an approximately 10 degree half width cone about the reflected pulse. 

Coherent light scattered from a disordered QW forms a speckle pattern unique to 

the realization of disorder. The RRS spectrum and dynamics show some fluctuation 

from speckle to speckle. An individual speckle in the RRS is isolated by placing an 

iris with aperture characteristic of a speckle diameter in the path of the collected 

RRS. Hence RRS is collected in a particular direction with a particiilar solid angle, 

typically with a half angle of 0.25 degrees. The isolated speckle is focused into a 

50|xm pinhole (forming an image of the excitation spot on the sample) where it is 

mixed with the reference pulse. The pinhole is sent to a 2/3 meter spectrometer 

with a 110 eV (0.6 A) bandpass, and imaged onto a liquid nitrogen cooled CCD 

with 60 meV spectral window. The reliable measured temporal range is determined 

either the spectral bandpass AEBP of the spectrometer (gives HL2AEBP) or by 

the pixel step size of the CCD (gives /i/2AE^e<)i whichever gives smaller 

range. For these experiments the temporal range was determined by the spectral 

bandpass, giving a range of 20 ps (times longer than this can be measured but 

may be influenced by the limited spectral resolution). The temporal resolution is 

Eiutsiu) = 
F[e{t)F-^[It{u})]]exp{-iujT) 

(5.5) 
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Figure 5.1: Principle of spectral interferometry setup. An excitation pulse is scat
tered from the sample. A single speckle in the secondary emission is isolated with 
an aperture. The speckle is mixed with a reference pulse in a pinhole. Only the 
coherent secondary emission, i.e. the resonant Rayleigh scattering, interferes with 
the reference. The pinhole output is sent to a spectrometer an imaged to a CCD 
array, thus recording the amplitude and phase of the Rayleigh scattered light. 
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set either the spectral window of the CCD (= h/AE^etr»iwindi>w), or by the 

temporal width of the reference pulse, whichever is the weakest link. In this case 

the 130 & reference pulse sets the temporal resolution. 

5.3.2 Joint Time-F^«quency Analysis Using the Wigner and Pseudo-Wigner Func-

Because the spectral interferometric technique measures the complex electric 

field, it is possible to construct joint time-frequency probability distribution func

tions such as the Wigner and pseudo-Wigner function. The Wigner function was 

first introduced by E.P. Wigner (1932) as part of a phase-space formulation of 

quantum mechanics used to derive quantum correction terms to the Boltzmann 

formula [97]. A recent review of quantum phase-space distribution functions can 

be found in [96]. The original definition of the Wigner function W{q,p) gave a 

simultaneous probability distribution of the complex wavefunction ip{q, t) in terms 

of the coordinates q and the momenta p: 

where ^ is a complex wavefunction. The Wigner function for the joint time and 

energy probability can be written by replacing the wavefunction with the electric 

field, and the conjugate variables q and p with time t and frequency uj [94, 95]. 

The result is: 

tion 

W{q,p) = e-*^f^il) '{q-x/2)ri>{q + x/2)dx 
J — C O  

= f — s/2)\l}{p-^ s/2)dp (5.6) 
J^OO 

•+00 

(5.7) 

where 

R(t,r) = Er { t - T /2)E { t  +  T /2) 

R{u,n) = Er(u-Q/2)E{uj + Q/2) (5.8) 
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are time (frequency) dependent autocorrelation fimctions of the complex field. Note 

the Wigner function is just a Fourier transform of the time (frequency) dependent 

autocorrelation functions. 

Because the Heisenberg uncertainty relations do not allow momentum and posi

tion, or frequency and time to be known simultaneously, the Wigner function is not 

a true probability function. It can be negative if the segmentation of time and fre

quency for a given electric field results in a time and frequency resolution product 

which violates the Heisenberg uncertainty relation. A second undesirable property 

of the Wigner function is that it can lead to cross terms if the field consists of a 

group of distinct signals, e.g., 

Eit)=Ei{t) + E2it). (5.9) 

Then Wigner ftmction becomes 

W'si+BaC^iW) = -¥ WsiitjU) -h WEuEi{t,Ul), (5.10) 

where 

WE,^(t,uj)= r e-^[Ei{t+T/2)E;{t-T/2)-\-Elit+T/2)E^it-T/2)]dT (5.11) 
J—OO 

is the cross term of ^i(t) and £2(1). 

Both of the two above problems can be eliminated by convoluting the Wigner 

function with a time and frequency Gaussian function to create the pseudo-Wigner 

function [94]: 

1 r-*-oo 
PW{t, = ̂  I W{t',  uj)dtduj (5.12) 

ZTT J~OO 

where 

where AT and are the FWHM of the Gaussians in time and frequency and 

correspond to the time and frequency uncertainties, respectively. If AT and Af2 

are choeen so that they obey the uncertainty relations 

ATAfl > 0.89 X 27r, (5.14) 
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then it can be shown [94] that the pseudo-Wigner function is positive definite and 

corresponds to a true probability function. In addition, the cross terms in the 

Wigner function, such as Ek). (5.11), are smoothed out to zero by the Gaussian 

windowing fimction. 

The pseudo-Wigner function, defined in Eq. (5.12), was used to construct the 

joint time-firequency pseudo-Wigner function for complex electric fields measured 

by the spectral interferometric technique in this experimental study. Examples are 

givoi in the results section. A practical implementation for calculating the Wigner 

and pseudo-Wigner function making use of the fast Fourier transform algorithm 

(FFT) is given in Appendix A. 

5.4 Theory 

The theoretical analysis for these results, outlined below, were done by Dr. 

Bemd Grote and Professor Stephan Koch of the University of Marburg, Germany. 

A more detailed description of the approach can be found in [99]. A semiclassical 

approach is applied to the coupled dynamics of the QW excitons, described by 

microscopic material equations, and the optical field, governed by a classical wave 

equation, in order to achieve a self-consistent solution. In the presence of inter

face roughness or alloy fluctuations the confinement energy varies locally within 

the sample, acting as a disorder potential for the electrons and holes. As a conse

quence the in-plane momentum of an electron-hole pair is no longer conserved, thus 

requiring a nonlocal description. The formal solution of Maxwell's equation for an 

MQW geometry can be decomposed into forward (-(-) and backward (-) propagating 

waves with respect to the growth axis z and polarization directions perpendicular 

(s) and parallel (p) to the plane of incidence 

(5.15) 

yielding: 
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£<s/p^ 
— ^fi+14C/ 

T 5: x.(K,,K»(e; E"(K>,a,))ef,, e„ (5.16) 

for the transverse electrical field progating from barrier n to barrier n + 1 through 

the QW n. Here, K = ^(w/c)' — |K/ P is the projection of the wavevector on the 

growth axis, c, q) is the speed of light in the semiconductor material and vacuum, 

respectively, and £** is the optical field at the QW position Zn- The unit vectors of 

the polarization directions are defined with respect to the propagation direction 

K = (K/,±ic), accounts for the direction of the dipole matrix element of the 

hh-transitions that can be excited with the corresponding circular polarization. 

The nonlocal susceptibility Xn(K/,K^) describes the center of mass motion of 

excitonic states in a disordered potential and can be derived from a microscopic 

Hamiltonian. As a consequence of the final extension of the exciton the disorder 

potential is averaged by an overlap integral of the wavefunctions being involved in 

the correponding scattering process [91]. 

Since Eq. (5.16) defines an integral equation the propagation of the optical 

field in a MQW structure can be calculated by matrix operations on a discretized 

momentum space within a generalized transfer matrix appoach [92]. The disorder 

potential leading to non-vanishing off-diagonal elements of Xn(K/, K^) causes finite 

amplitude of field components with K/ ^ Ky^ after excitation with a plane wave 

with in-plane wavevector Kjp corresponding to the RRS signal at an angle sin(0) = 

\K,\/k. 

Due to the non self-averaging nature of RRS a specific configuration of disorder 

is created in order to calculate the nonlocal susceptibility. We use the method pro

posed in [93] to create a specific realization of disorder characterized by statistical 

parameters given by the correlation length Ac within a Gaussian correlation func

tion (l7(R/)C/^(Ry)) = a'exp(—|R/ — R^p/2/Ag) and variance of the potential 

fluctuations 
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5.5 Results 

As discussed in Chapter 3, a 100 MQW periodic quantum well sample has 

100 exdton-polariton modes. Each polaritonic eigemnode is characterized by its 

individual eigenenergy and radiative width, i.e., its radiative decay. The strength of 

the coupling of a mode to the light field varies with periodicity. Several modes have 

sufficient oscillator strength to be observed simultaneously at a given periodicity. 

Consequently, they appear as distinct peaks in the coherent Rayleigh scattering 

spectrum. Figure 5.2 shows a comparison of peaks in the RRS spectrum (points), 

dips in the reflection spectrum (dashed line), and calculated eigenmode energies 

(solid lines) for a limited range of periodicities (see Sec. 3.2.1 for details on the 

calculation of eigenmodes) from the 100 MQW sample. See Sec. 3.3.1 for details 

on the samples; note, however, samples in this study had no anti-reflection coating. 

The RRS peaks correspond exactly with the polaritonic resonances, i.e. dips, in 

the reflection spectrum. The dips and the RRS peak energies coincide with the 

eigenenergies of the system for periodicities not close to where a particular mode 

becomes superradiant. See Chapter 3 for an in depth analysis. 

At Bragg periodicity, all eigenmodes have zero radiative width except the super-

radiant mode, which has N times the single QW radiative width. The superradiant 

mode was found to strongly suppress RRS. For example, for the 100 MQW sample, 

the radiative FWHM of the superradiant mode is 6.0 meV, corresponding to a de

cay time of 0.1 p5. This decay time is shorter than the characteristic RRS rise time 

of these QW's (estimated to be 1-2 ps from measurements of a single quantum well 

of the same sort in the 100 MQW sample). Hence the polarization created by the 

exciting pulse largely decays in the forward direction before the RRS has a chance 

to rise in an off angle direction. Figure 5.3 illustrates the suppression of RRS at 

Bragg in a series of frames showing the RRS (solid line) versus the reflection (dashed 

line). In Fig. 5.3(a), only the superradiant mode has oscillator strength, and RRJS 

is suppressed. As the periodicity is slightly increased in (b), a dip in the reflection 

signals the second eigenmode gaining oscillator strength, and a small sharp peak 
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Figure 5.2: Polaritonic resonances evidenced in RRS. Peaks in the measured RRS 
spectrum as a fraction of periodicity (points) are compared with dips measured 
in the reflection spectrum (dashed line), and calculated eigenmode energies (solid 
line). 

begins to grow in the RRS. However scattering off the superradiant mode continues 

to be suppressed. This trend continues in (c). In (d), RRS dramatically scatters 

off the superradiant mode as well as the second mode. This is because as the peri

odicity changes from Bragg to larger periodicities, the superradiant mode steadily 

decreases in radiative decay rate (e.g. see Fig. 4.3(d)), and eventually RRS off the 

first mode is no longer suppressed. 

Figure 5.4 shows the RRS spectrum and the corresponding time dynamics for 

several periodicities. At 1-005 dsrasfi RRS is predominantly off the second mode, 

and is seen to have a 4-5 ps rise time till the peak, and a 4-5 ps 1/e decay time 

after the peak. The first peak is due to scattering of the excitation pulse off the 

sample surface, and indicates the "zero" of time. The beating at early times is due 

to weak scattering from the superradiant mode to the high energy side. Due to its 
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Figure 5.3: Experimental measurement showing in (a) the suppression of RRS (solid 
lines) at Bragg periodicity, and the growth of RRS peaks moving to periodicities 
greater than Bragg in (b)-(d). The measured reflection for a given periodicity is 
shown for comparison as a dotted line. 

large broadening it can hardly be seen in the spectrum but dominates the dynam

ics at early times. Note the superradiant mode rises and decays away before the 

second mode has finished rising, suggesting different modes have different rise and 

decay times. At larger periodicities, RRS scatters from several eigenmodes, shown 

in Fig. 5.4. At 1.010 and 1-012 dBra^^i scattering from several resonances 

with different radiative widths can clearly be seen in the RRS spectrum. The time 

dynamics show the corresponding beating at early times, when all the resonances 

are present, and then simply decay at later times, when only the long lived reso

nance is present. The two peaks at higher energies take on the character of two 

of the eigenmodes at periodicities 1.010 dsraM 1.012 dBra^- Particularly for 
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Figure 5.4: Radiative coupling effects in the experimental RRS spectra and their 
corresponding time dynamics. The first peak in the time spectra is due to non-
resonant scattering of some of the excitation pulse by the sample surface, and thus 
marks the zero of the RRS. The middle RRS spectra shows the measured reflection 
spectrum (dotted) line for comparison. RRS peaks line up with reflection dips. 

1.012 dBrmagi the beating seen in the RRS time dynamics shows the beating of the 

two eigenmodes. The linewidths of the eigenmodes at that periodicity correspond 

to their calculated radiative linewidths. Note at 1.010 daraga^ narrowest eigen-

mode has a FWHM as narrow as 0.24 meV which is far below the inhomogneous 

absorption FWHM of 0.56 meV. 

Our experimental findings can be well reproduced by the theory as can be seen 

from Fig. 5.5. In order to solve E!q. (5.16) numerically, only the lowest excitonic 

hh-transition is taken into account in computing the nonlocal susceptibility, that 

generally contains a sum over all initial and final states of the relative motion 

involved in a scattering process. While a speckle average can be applied to the 
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Figure 5.5: Theoretical RRS spectra and their corresponding time dynamics. The 
top RRS spectra shows the calculated reflection spectrum (dotted) line for com
parison. RRS peaks line up with reflection dips. Note there is no surface scattered 
excitation pulse marking zero time as in the experimental case. 
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susceptibility with respect to the azimuthal angle, a speckle pattern is still pre

served with respect to the polar direction. Moreover, since the coupling depends 

on |K/| and in particular the effective optical phase KZ^ — u/ccos {0) that deter

mines the mode structure, a systematic angle dependence occurs beneath random 

fluctuations. The disorder parameters used are a = QAbmeV, Ac = 3ao- Due to 

the asymmetry of the lineshape of a comparable AT = 30 MQW structure the cor

relation length has to be in the order of a Bohr-radius oq to yield an averaging 

effect by the relative motion, while the light coupling effects become stronger if 

the exciton is not laterally localized too strongly [98]. As in Fig. 5.4 the spectra 

and time resolved RRS signals show the coexistence of strongly broadened and 

subradiant modes. The comparison with the time resolved trace for a SQW for the 

same disorder parameters demonstrates the significance of the radiative coupling. 

Note in theoretical spectra there is no surface scattered excitation pulse marking 

the "zero" in time, as in the experimental case. 

The details of the observed beating of the RRS can be understood by looking at 

the Wigner and pseudo-Wigner functions constructed from the measured phase and 

amplitude information. Fig. 5.6 shows the pseudo-Wigner fimction for the measured 

RRS shown in Fig. 5.4 with time-energy imcertainty parameter At = 2p3, and 

AE =: 1.84meV. It reveals more clearly that narrower RRS peaks correspond to 

longer decay times. In the first few ps the beating is between the broad eigenmode 

at the hi^est energy, and the small shoulder, a weak eigenmode, to the low energy 

side of the narrow eigenmode. These two modes have short radiative lifetimes and 

hence dominate at early times. The narrower eigenmode has necessarily a longer 

rise time, and begins to beat with the eigenmode at higher energies from 3-5 ps, 

before the higher energy eigenmode dies out. After 5 ps , there is only the decay 

of the long-lived eigenmode. 

Figure 5.7 is a measured RRS spectrum and time dynamics that that nicely 

shows how different modes can have different djrnamics. The measurement is taken 

at 1.0061 and it shows scattering off the first two modes. The first mode 
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Figure 5.6: The peeudcvWigner function for the measured RRS at periodicity 
1.012 with time-energy uncertainty parameters At — 2ps, and — 
1.84meK. It clearly shows different modes have quite different radiative decav 
times. 

is very broad spectrally, and has a sharp rise and decay that all occur within the 

first couple of ps. The second mode takes several ps to rise and to decay, so there 

is actually no beating between the two—their dynamics are separated by different 

time scales. There is some small fast beating between 1.5 and 3.5 ps due to a small 

amount of scattering from the 28 exciton. This analysis is verified by the pseudo-^ 

Wigner plot. Figure 5.7 ni^y illustrates how different modes can have different 
rise and decays. 
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Figure 5.7: Measured RRS spectrum and corresponding time dynamics at 
1.0061 dBr«9f shows clearly polaritonic effects dominate disorder in determining 
the rise and decay. The first, broad mode rises and decays in the first couple ps. 
The beating from 2-3 ps is due to the rise and decay of small scattering off the 2s 
exciton. The second, narrow mode takes several seconds to rise and decay. This 
analysis is confirmed by a pseudo-Wigner plot. 

5.6 Conclusion 

The experimental RRS from the 100 MQW data clearly show that polaritonic 

effects can dominate disorder in controlling the time dynamics including the rise, 

decay, and beating of eigenmodes. While these data were collected in an MQW 

sample with large N QW's near Bragg periodicity, we note that pronounced splitting 

and beating of eigenmodes was also observed in an N = 30 MQW sample, shown 

in Fig. 5.8, demonstrating polaritonic effects can still dominate for much smaller 

N. 
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Figure 5.8: Measured RRS spectrum and time djrnamics for N=30 QW's, and 
periodicity 1.012dBr«99- Clear eigemnode splitting and beating is observed even for 
N=30 MQW's. 

Portions of this chapter have been submitted for publication [100]. 
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Appendix A 

Calculation of The Wigner and Pseudo-Wigner Function 

This appendix is meant to be a '*how to" description for the calculation of the 

Wigner and pseudo-Wigner functions from an experimentally measured complex 

field. The Wigner function is defined as 

= ^im J^e~'"*R{t,T)dT (A.l) 

where 

R{t, T )  = E{t + r/2)£r(t - r/2). {A.2) 

Since E{t) can only be measured at set of discrete time intervals and finite positive 

times, Eq. (A.1) must be put in a different form. Because the Wigner function 

has the form of a continuous Fourier transform suggests that it can be put into 

the form of a discrete Fourier transform, and evaluated with the fast Fourier trans

form algorithm. While direct calculation of a discrete Fourier transform with a 

sum over N points takes multiplications, the fast Fourier transform takes only 

(N/2) log2 N multiplications. If the Wigner function is an TV x TV array, then 

discrete Fourier transforms must be evaluated. For N = 2048 = 2*^^, use of the fast 

Fourier transform evaluates the Wigner fiintion with a factor of 3.6x10^ fewer steps 

than solving the discrete Fourier transform by brute force, a dramatic savings. 

The first step is to put the Wigner function in the form of a discrete Fourier 

transform, defined as: 

= (A.3) 
•'* /=0 

where 
2irk , „ , „ »r , uJk — ^ ,k — 0,1,2,...,N 1 

and discrete inverse Fourier transform 

/(«.) = E #'(«»)«-'""' (A.4) 
*=0 



104 

where 

Equation A.l can be rewritten in discrete form for positive times with the assump

tion that T is finite, which works well if R{t,T) is zero for times t greater than 

T: 

W{t , u j )  f  e - ' ^ R i t , T )  
J-T 

= re-^R{ t , T ) d T ^  f e^R'{t , T ) d T .  (A.5) 
JQ  JO  

Equation A.5 can be discretized using 

r T  ^  
f  f { T , u ) d T  Ar ^ /(Tn.Wfc), (A.6) 

''® n=0 

with 
T nT 2n, 

AT — ^, Tfi ^ , ut J* 

Equation A.5 can then be rewritten 

\ T , .2nnk.-,. . T / . 2T_ 
W(ti,Uk) = S e3cp{-t-—)R{ti,Tr,) + IT exp(i—j^)i2-(t,,r„) + —Real{R{tt,T^ 

fflsO Ti^O ^ 

= 2Real{— Y, exp(i-^)i2 («/, r„)) + —Re{R{U, TN)) 
f^ssO 

2T 
= 7TReal{FFT{Rr{U, r„))) + —R^al{R{U, TS)). (A 

where FFT stands for fast Fourier transform. 

Note the Wigner function in Eq. (A.7) is real as required. Equation A.7 is 

apparently a calculable form of the Wigner function, except it does not work for a 

function that oscillates as fast as E{t). In particular, Eq. (A.7) requires that terms 

such as 

H(t|,rn) = f?(ti + r„/2)JS;*(tj-r„/2) 

— \ f A HI 
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be calculated. However, if n is odd, and are not integers, and no mea

sured value of E exists. Because E{t) oscillates faster than the time step size T/N 

(time step in these experiments was 68 &, as dictated by spectral window of CCD 

and number of pixels; optical period for 830 nm light is approximately 2.8 ps), 

interpolation does not work to determine E between two points and tn + 1. The 

following trick works to get around this problem: change variables in Eq. (A.7) 

with 27^ = r so that E{T') from 0 to T/2, Ar' = T/2N, and u; = ^. 

The Wigner function then becomes 

I T  
W(t,, a,.) = 2TLUAL( F f r {LC(U, <))) + rj,)) (A.9) 

where 

«'«,,<) = £:(<,+<)£r(t,-<). (A.IO) 

E  is now only evaluated at measured points. 

One final problem remains. In making T  finite, and in writing the Wigner func

tion as a discrete Fourier transform, the Wigner function has been made periodic, 

e.g. 

=^{U,Uk+NI2)- (A-.ll) 

Such a periodicity can lead to what is commonly called an "aliasing" problem in 

which unwanted harmonics can creep into the calculation of the Wigner function. 

The aliasing problem is illustrated in Fig. A.l. The solution is to double the range 

in frequency space, as illustrated in Fig. A.2. To do this, Fourier transform E{t) 

back to frequency space to get E{uk)- Double the range of Uk over which E is 

defined, and set Eiut) to zero in the new range. Then Fourier transform back to 

get E{t), and calculate the Wigner function using Eq. (A.9). 

Once the Wigner fimction is calculated it can be checked by comparing E(uk) 

and which should be the same; and E{ti) and which 

should also be the same. 

The pseudo-Wigner fimction convolutes the Wigner function with a Gaussian in 

time and frequency in order to make in obey the time-energy uncertainty principle, 
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Figure A.1: Schematic of the aliasing problem. The N / 2  periodicity in of the 
Wigner function can cause unwanted harmonics to appear in the calculation. 

Figure A.2: Solution of aliasing problem. Double the range of E{uk). 
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and hence to make it positive definite. The pseudo-Wigner function is defined as: 

PW{i:,u') = Urn ^ r W{t,u)H{t jj')dt<Lj (A.12) 
T-*OO 27r J—T 

with 

27rATAn®*^^ AT^ ^ ^ 

For Gaussians, AT AO obey the uncertainty relation ATAf2 > 27r x 0.89. 

It is straightforward to write the pseudo-Wigner function as a discrete sum. The 

r e s u l t  i s :  S  I N  I  

pw(«i,ui) = -I i; E rnu.'^pmtm - - «i) (a.u) 
 ̂ p=0 m=0 

with 
r r / .  . . N _  1 - 6 6 '  l . e e ^ T W  1 . 6 6  V T ' X  

( 27rArAn®^^ iV2AT2 T^AQ^ 

The only time saving note to add here is that Eq. (A. 14) need only be summed 

over the range H is nonzero, not the range W is nonzero. 
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