INFORMATION TO USERS
This manuscript has t)een reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.
The quality of this reproduction is dependent upon ttM quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bieedthrough, 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, ttiese will be noted. Also, if unauthorized
copyright material had to be 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-hand comer and continuing
from left to right in equal sections with small overiaps.
Photographs included in the original manuscript have been reproduced
xerographically in tills

copy.

Higher quality 6' x 9" black and white

photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directty to order.

Bell & Howell Information and Learning
300 North ZMb Road. Ann Arbor, Ml 48106-1346 USA
800-521-0600

OPTICS OF SEMICONDUCTOR MICROCAVITIES

by
Sahnggi Park

A Dissertation Submitted to the Facuky of the
DEPARTMENT OF PHYSICS
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
In the Graduate College
THE UNIVERSITY OF ARIZONA

1999

UMI Number. 9960267

®

UMI

UMI Microfomi9960267
Copyright 2000 by Bell & Howell Infomiation and Learning Company.
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

Bell & Howell Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346

2
THE UNIVERSITY OF ARIZONA «
GRADUATE COLLEGE

As members of the Final Examination Committee, we certify that we have
read the dissertation prepared by
entitled

Sahnggi Park

Optics of Semiconductor Microcavities

and recommend that it be accepted as fulfilling the dissertation
requirement for the Degree of

Doctor of Philosophy

Hyatt .}/[_ Gibbs

Date

William S. Bickel

Date

.

NlflrV" lb I

William H. Win?^

\

Date

nholi^'^7
Donald R. Huffman

Date

Galina Khitrova

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.

}^C
Dissertation Director

lllnh"^
T

Dissertation Co-Director

^

Date ,

Date

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 acknowledgement 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

ACKNOWLEDGMENTS
It is my pleasure to take this opportunity to express my deepest appreciation for ail of
the individuals who have contributed to my Ph. D career. First of all, I would like to
thank Professor Hyatt Gibbs for giving me the opportunity to do the highest quality
research work and for providing me with the financial support via a research
assistantship. His intelligence and enthusiasm have led my research to successful results.
1 believe that his scholarly attitude will contribute significantly to my life as a scientist. I
would also like to thank Professor Galina Khitrova for providing me a theoretical
guidance for this research and excellent discussions in her classes.
I also want to express a deep appreciation to Claudia Ell for excellent discussions
about theoretical problems and 1 will not forget her help enhancing the quality of this
thesis. My closest colleague, John Prineas, has always been a good friend to discuss
problems about our research or about any other topic. I also thank previous students, Ove
Lyngnes, Thomas R. Nelson, Jr. and a visiting scholar, Valerii S. Zapasskii for their kind
help to learn the details of experiments. I also appreciate the Physics Department for
giving me an opportunity to study in the US by providing a financial support via a
teaching assistantship for first 3 years.
Finally I would like to thank my parents and brothers in Korea who always prayed for
my success and kept me in their deepest hearts. Inexpressible thankfiilness, and love of
mine go to my wife, Kyungeun Kim and my kids, Hyeryun and Hyunjong who have
taken all kinds of hardships coming from the unaccustomed life in the US.

5

TABLE OF CONTENTS

LIST OF FIGURES

7

LIST OF TABLES

lo

LIST OF ABBREVIATIONS

ii

ABSTRACT

13

1 INTRODUCTION

14

2 THEORETICAL ASPECTS OF SPONTANEOUS
EMISSION

19

2.1 Introduction

19

2.2 Quantum mechanics of spontaneous emission rate

21

2.3 Introduction to the guided waves for slab wave guides

27

3 EXPERIMENTS ON CONTROLLED SPONTANEOUS
EMISSION IN SEMICONDUCTOR MICROCAVITIES

37

3.1 Introduction

37

3.2 Experimental setup and sample structures

40

3.3 Experimental results and discussion

50

3.4 PL angular distribution and quantum efficiency measurements

S3

3.5 The comparison with the theoretical calculation

60

3.6 Conclusion

62

TABLE OF CONTENTS - continued
4 THEORETICAL EXPLANATIONS OF NMC
4.1 Introduction
4.2 Quantum description of photons and atoms or excitons
4.3 Classical description: Linear dispersion theory

5 EXPERIMENTS OF NONPERTURBATIVE QUANTUMWELL/LIGHT INTERACTION IN A SEMICONDUCTOR
MICROCAVITY
5.1 Introduction
5.2 Linear properties of NMC
5.3 Structural disorder effects on NMC lineshapes
5.4 Time-resolved measurements of NMC

6 SUMMARY AND FUTURE RESEARCH OUTLOOK
APPENDIX: THE MICROSCOPIC THEORY OF THE
SPONTANEOUS EMISSION RATE
REFERENCES

7

LIST OF FIGURES
1.1 Atypical VCSEL structure

15

2.1 Dielectric slab waveguide

28

2.2 (a) Perfectly conducting walls with a dielectric medium inside. Waves
are guided by repeated reflections from the walls, (b) Graphical relation
of the parameters k,q,fi

29

2.3 Propagation constant |3 versus wave number k for low-order TE and
TM modes guided by perfectly conducting walls [22]

31

2.4 Graphical solutions which give guided modes for a symmetric dielectric
slab waveguide. Each intersection in the pd-qd plane of the concentric
circles with the conresponding tcm curves corresponds to a guided mode
[23,24]

34

3.1 Sample structure ofESECSM3; IX. cavity consisting of22/28.5 pairs of
top/bottom mirrors, Alo.3Gao.7As spacer and lOOnm bulk GaAs

41

3.2 Measured reflectivity of ESECSM3 at room temperature and computer
modeling using a transfer matrix approach. An Au mirror was used as
reference reflectivity

43

3.3 Arrangement for pumping and detecting PL. A prism glued on the top of
the sample permits the observation of PL that is free from multiple-layer
interference; without the prism, it undergoes total internal reflection and
goes into guided modes

44

3.4 The 110 K PL spectrum including both the emission by the cavity mode and
emission at steep angles through the prism

46

3.5 Experimental setup for steep-angie PL lifetime measurements undistorted by
reabsorption by the GaAs layer

48

3.6 PL decay times as a fiinction of pump power at 110 K. (a) Decay times of
steep-angle PL for two different reflectivities of the bottom mirror, «78%
and 99.9%. (b) Corresponding decay times of the cavity-mode PL emitted
through the bottom mirror for the same mirror reflectivities

51

3.7 Angular distribution of PL intensity emitted through the top mirror at room

8

temperature (no prism), (a) Without and (b) with integration over the annuius
shown in the inset

54

3.8 Angular distribution of the PL intensity integrated over an annuius

S6

3.9 The calculated spectral position of the cavity peak with respect to the bulk
GaAs PL measured at room temperature for (a) 0 = 0° and (b) 0 = 70°

57

3.10 Nficroscopically computed electron-hole recombination rates Yeii(N) for
microcavities as used herein with different number N of quarterwave pairs
in the bottom mirror. The top mirror has 22 pairs. A carrier density of
2xl0" cm"'is assumed

60

3.11 Electron-hole recombination rate as a fiinction of the number of layers
in the top mirror of Yokoyama et al. [26], showing very little cavity-QED
enhancement

61

4.1 Energy level diagrams for the coupled system of atoms and photons in a
cavity for (a) Single-atom case and (b) m-atom case

68

4.2 A cavity consisting of two planar mirrors. The optical susceptibility Xres((o)
of Lorentz oscillators leads to refractive index n((a) and absorption a(a)) of
the medium

71

4.3 Absorption coefficient (a) and refractive index (b) of a Lorentz oscillator

72

4.4 Graphical solution for the peak positions of a Fabry-Perot resonator (a) for a
constant refractive index nb, and (b) for a Lorentz oscillator index n(A«)

75

4.5 Numerically calculated reflection, transmission and absorption curves of a
Fabry-Perot resonator containing Lorentz oscillators

76

5.1 Experimental setup for linear and cw nonlinear measurements ofNMC

80

5.2 Absorption spectrum ofNMC21 at lOK

83

5.3 (a) Reflection spectra from sample NMC22 as the cavity is tuned from
higher to lower energy through the exciton resonance.
Corresponding
anti-crossing diagram as a function of position on the sample

84

5.4 Reflection and Transmission spectra at minimum splitting of NMC22. Two
peaks are quite asymmetric in both amplitude and linewidth, in contrast
to the prediction by the theory of symmetric optical susceptibility

85

5.5 (a) Absorption and (b) refractive index spectrum as a function of energy
for sample DBR13
5.6 Comparison of calculated (solid line) and measured (symbols) NMC
linewidths for sample NMC66 as a Unction of detuning. The inset shows
theNMC66 reflectivity spectrum for minimum splitting
5.7 Comparison of calculated (solid line) and measured (symbols) NMC
linewidths for sample NMC65 as a Unction of the detuning
5.8 Comparison of measured and calculated NMC linewidths [63]. The circles
denote the lower branch and the triangles denote the upper branch for the
dataofRef [59]
5.9 Upconversion setup to measure NMC oscillations with «100 fs time
resolution
5.10 Time-resolved emission signal reflected from sample NMC22 in the linear
regime. The inset shows the spectrum of the reflected signal
5.11 Time resolved reflected signal (normalized to 1 at t = 0 ps) close to zero
detuning after 100 fs pulse excitation with a photon flux of (± 20%
uncertainty in absolute scale) 4.8x10^^ (solid line), 3.8x10^^ (dotted line),
and 7.6xl0'^ photons/cm^ (dashed line). Corresponding spectra of the
reflected signal are shown in the inset
5.12 Calculated emission spectra from a structure similar to sample NMC22
after excitation by 100 fs pulses with Or= 0.01£b (solid line), nR= 1£b
(dotted line), and
2Eb (dashed line). The inset shows the corresponding
calculated refleaion spectra

LIST OF TABLES

3.1 Quantum efBciency of high reflectivity sample at different temperatures
S.1 Characteristics of samples described in the text of the NMC chapters

11

List of Abbreviations

PL;

Photoluminescence

NMC;

Normal Mode Coupling

CD;

Compact Disk

VCSEL;

Vertical Cavity Surface Emitting Laser

QED;

Quantum Electrodynamics

LED;

Light Emitting Diode

FWHM

Full Width at Half Maximum

DBR:

Distributed Bragg Reflector

ESERCSM;

Enhanced Spontaneous Emission Rate of Carriers in a Semiconductor
Microcavity

AOM;

Acousto-Optic-Modulator

TAC:

Time to Amplitude Converter

MCP-PMT;

Micro-Channel Plate Photomultiplier Tube

ADC;

Analog to Digital Converter

MCA;

Multi-Channel Analyzer

Q£;

Quantum Efficiency

QW;

Quantum Well

LDT;

Linear Dispersion Theory

HWHM;

Half Width at Half Maximum

MBE;

Molecular Beam Epitaxy

12

OMA:

Optical Multi-channel Analyzer

BBO:

Beta Barium Borate

HH:

Heavy Hole

LH:

Light Hole

13

ABSTRACT
In this work the interactions of carriers, electrons and holes, and photons in a
semiconductor microcavity are studied in the perturbative and the nonperturbative
regimes. In the perturbative regime, modification of the spontaneous emission rate of
carriers by a semiconductor microcavity is investigated with 100-nm-thick bulk GaAs.
Reabsorption makes the cavity-mode photoluminescence (PL) decay much faster than the
square of the carrier density. Here reabsorption distortion is avoided by collecting PL that
escapes the microcavity directly without multiple reflections using a ZnSe prism glued to
the top mirror. Removal of most of the bottom mirror decreases the true carrier decay rate
by only «2S%, showing that the large enhancements deduced from cavity-mode PL are
incorrect. A fully quantum mechanical computation including guided modes corroborates
this conclusion. The prism technique could be used to study carrier dynamics and
competition between guided and cavity modes in microcavities below and near threshold.
In the nonperturbative regime, normal mode coupling (NMC) between the quantumwell excitonic susceptibility and photons is studied. In cw linear experiments, the effects
of varying cavity fmesse and exciton absorption linewidth and line shape and their
contributions to the linewidth of NMC peaks are investigated and compared with the
experiments. It is shown that all of the observed experimental features can be explained
by a linear dispersion theory model that incorporates the experimental excitonic
absorption spectrum of the quantum well. Some nonlinear features of NMC obtained
from time-resolved measurements are also studied and discussed.
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CHAPTER 1
INTRODUCTION

Since the invention of the laser in the early 1960s, a whole host of new areas of
technology have appeared made possible by a powerful coherent light beam. Lasers have
entered many areas of our lives especially since the development of semiconductor lasers;
the laser printer, the bar-code scanner, and the CD player are all the result of
optoelectronic developments. Then, in 1970, the discovery of fiber optic cables with little
light attenuation led to the so-called information revolution. Even now other progress in
integrated optics is underway that may revolutionize the computing industry [1]. The
fastest electronic signals through coaxial cables are in the range of fi'equencies up to I
GHz. Even microwave and satellite communications utilize signals with frequencies of
up to only a few tens of GHz. Optical fiber cables, on the other hand, transmit light in the
frequency range of 10^ GHz which means that, potentially, up to 10^ times more
information could be sent through an optical fiber than through a coaxial cable [1].
Semiconductor optoelectronic devices such as light modulators, light emitting diodes,
diode lasers, and vertical cavity surface emitting lasers (VCSELs) are at the heart of the
ecponential growth of optoelectronics. Especially VCSELs developed in the late 1980s
have great advantages over traditional horizontal edge emitting lasers (see Fig.1.1). They
emit typically from round or square areas that are about 10 ^m wide, so that the output
beams are highly symmetrical in contrast to those of edge-emitting devices. Divergence
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Figure 1.1: Atypical VCSEL structure.

angles as small as T to 10° allow some 90% of the outputs to be coupled into optical
fibers using microlenses integrated onto the device surface. In addition to the
symmetrical beam profile, low threshold currents, and good temperature stability, a major
attraction of surface emission is the ability to fabricate monolithic one- and twodimensional arrays of many elements. In practice it is possible to grow many thousands
of VCSELs simultaneously on a 3 inch wafer and, equally importantly in relation to
manufacturing costs, to test these and measure the optical and electrical properties in situ

[2].
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In the work presented in this dissertation the main emphasis is on the study of optical
properties of semiconductor bulk, quantum wells, and VCSELs. The first two chapters
deal with perturbative interaction between photons and electron-hole pairs in a
semiconductor microcavity, while the other two chapters deal with nonperturbative
interactions between them. In the perturbative regime, spontaneous emission is enhanced
or inhibited due to a modification of the photon density of states, and it is irreversible;
photons leave the cavity and don't return. Atomic cavity-quantum electrodynamics
(cavity-QED) predicts that the decay rate is increased as Fdv * FoQX^A'^, where Q =
(o/Aomv and V is the cavity-mode volume. The spontaneous emission rate has been
increased by a factor of 500 in the microwave regime using three-dimensional cavities
[3]. By decreasing V fiirther (mostly by decreasing the cavity length), one can reach the
nonperturbative regime; a photon is emitted and absorbed by atoms several times. This is
reversible spontaneous emission, and one can observe vacuum Rabi oscillations and
vacuum Rabi splitting (normal-mode coupling) [4,5].
Semiconductor cavity QED is understood less well, because of the complexities of
planar semiconductor microcavities. First, exciting into the continuum and producing
electron-hole pairs is very different fi'om exciting resonantly and producing excitons.
Second, there is growing theoretical evidence that electrons and holes generated by
continuum excitation recombine without forming excitons; a PL peak at the exciton
resonance does not imply more than one exciton [6]. Third, electron-hole spontaneous
emission in bulk material relies on sur&ces, unpurities, or carrier collisions to conserve
momentum, so it is relatively slow («1 ns). In contrast, the radiative lifetime of a
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quantum-well exciton is typically 10-20 ps for resonant excitation; a photon can carry
away all of the in-plane center-of-mass momentum [7,8]. Since observed PL decay times
for nonresonant excitation are much longer than the fast exciton radiative lifetime for
resonant excitation, a correct treatment of PL must follow electron and hole distributions
and not use a fixed-dipole approximation. Cooling to quasi-equilibrium electron and hole
distributions need not be computed, since it is much faster than electron-hole radiative
recombination at below-transparency carrier densities. In the nonperturbative regime [9]
reversible spontaneous emission oscillations occur only if the system is excited
resonantly. Nonresonant excitation resuhs only in electron-hole recombination, mostly
into guided modes. At present the nonperturbative regime with nonresonant excitation is
much better understood in semiconductors than the perturbative regime [10].
Fundamental quantum mechanical aspects of spontaneous emission are shown in
chapter 2 where Fermi's golden rule, Purcell's factor and the relation between
homogeneous linewidth and spontaneous emission lifetime are described in the first
section. In the following section, guided waves for dielectric slab waveguides are
introduced because guided waves play a significant role in explaining the enhanced
spontaneous emission in semiconductor microcavities. The appendix describes the theory
that computes spontaneous emission with nonresonant pumping [11]. It has been used
successfully in "Boser" calculations [12] and here. It is confirmed that a relatively large
firaction of the spontaneously emitted light is channeled into the guided modes and thus
not available for emission in the normal direction.
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Chapter 3 describes experimental resuhs showing that the large enhancement of the
cavity-mode PL decay rate with increased mirror quarterwave pairs is not a cavity-QED
effect but a shuttering action of the nonlinear cavity as the absorption recovers.
Measurements with a prism permitting observation of PL into the guided modes made it
possible to unravel the origin of the mystery.
Chapter 4 gives two different approaches to explain normal mode coupling resulting
from the nonperturbative interaction between photons and atoms or excitons. The cavityQED approach introduces a Hamiltonian containing a dipole interaction term. By
diagonalizing the Hamiltonian, one obtains two split states, so called "dressed states"
from the degenerate photon and exciton states. Another approach is the linear dispersion
theory where the input optical susceptibility is obtained by an experiment. Then the
transfer matrix calculation appropriate for describing the light propagation through the
microcavity structure produces two transmission and reflection peaks representing NMC.
Chapter S shows experimental observations of NMC in the linear regime. Section S.2
shows typical linear features of NMC and the experimental setup to measure them.
Section 5.3 discusses the structural disorder effects on linear NMC curves. Asymmetric
line shapes and linewidths are discussed in detail. The last section contains time-resolved
femtosecond spectroscopy applied to the NMC where the periodic oscillation of the
excited energy between photon and exciton states is shown. A brief description of
nonlinear effects follows in the last section. The final chapter contains the overall
summary of this thesis and fiiture research outlook.
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CHAPTER 2
THEORETICAL ASPECTS OF SPONTANEOUS EMISSION

2.1 Introduction

Since the spontaneous emission rate was introduced by Einstein in 1917, it has
become a crucial concept together with stimulated emission and absorption to explain the
physical and optical properties of carrier decay [13], In 1946, Purcell suggested that the
spontaneous emission rate of nuclear magnetic moment transitions at radio frequencies
can be strongly modified by the surroundings, much like a resonant electrical circuit
around the atom [14], Since his outstanding prediction, there have been many
experimental and theoretical works investigating controlled spontaneous emission of
atoms, rare-earth ions, dye molecules, semiconductors, etc. In cavity-QED, spontaneous
emission is viewed as a decay process of an excited atom, stimulated by vacuum field

r

fluctuations. The decay rate is given by Fermi's golden rule, <x:\< d-E >\^p(q^-, dandE
are the electric dipole operator of an atom and the electric field operator at the position of
the atom, respectively, and pfa) is the photon mode density per unit energy. Thus the
decay rate can be altered either by changing the electric field at the location of the
emitter, or by changing the mode density [14-16]. Li a cavity both the mode density and
the vacuum field strength are different from those in free space, leading to an enhanced or
inhibited decay rate.
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However, the fixed-dipole theory typically applicable to atoms cannot describe cavity
enhancement effects in semiconductors due to many other relevant phenomena such as
rapid momentum-changing carrier-carrier scattering within an electron-hole plasma. It is
well known that a semiconductor laser can have a very high efficiency even though the
wavelength region over which there is gain is much broader than the cavity linewidth. As
stimulated emission tries to bum a spectral hole to saturate the gain locally, very rapid
carrier-carrier collisions fill in the hole by scattering in carriers having other momenta.
The situation is again different when the carrier density is so low that there is no gain at
all, as might be the case for very low-power LEDs. In [17], it was theoretically shown
that if the principal decay channel of one or more modes is enhanced by the cavity, then
carrier-carrier scattering ensures that the carrier decay is enhanced by the cavity. In that
case a microcavity enhancement much larger than for fixed dipoles could occur. In this
chapter, the fundamental quantum mechanical description of spontaneous emission is
presented. In section 2.2, Fermi's golden rule and Purcell's enhancement factor of
spontaneous emission are derived within elementary quantum mechanics. In section 2.2
guided waves are discussed, which are extremely important for the dynamic properties of
photoluminescence in planar microcavities.
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2.2 Quantum mechanics of the spontaneous emission rate.

In the perturbative regime, an incident photon irreversibly interacts with electrons in
atoms, being a source of time dependent perturbation. If the perturbation is small, then
the well-known time dependent perturbation theory can be applied [13],
Let us assume that the time dependent small perturbation is given by V(t), and Ho is
the time independent part of the Hamiltonian which determines the eigenstates \n>. Then
the Hamiltonian and the time dependent solution can be written as
H=Ho+V(t).

(2.1)

'^(0 = ^a/t)\n>e "

(2.2)

n

where E„ is an eigenvalue of Ho, and \an(t)\^ gives the probability to find the electron in
the state \n> at a time t. The problem to find the transition probability from a state |/> at
/ = 0 to a state |/i> is then to calculate the amplitude a„(t) as a function of time. By
following the procedure shown in any quantum mechanical textbook [13,18,19], we have
+^J[<n|m i
+

1V i f )\ m x m \ r ( 0 1 / >

+• • •

For a periodic harmonic perturbation V(t) the second term, the first order perturbation,
leads to Fermi's golden rule [13,18]. Transforming V(1')
V(t') = V'e^"',

(2.4)
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to a time independem operator V' a straightforward calculation gives the first order
perturbation term of equation (2.3)
|a.'*(()P=*~|<«|r|i>|=5(£,-£,±»ffl),

&xl»»E.

(2.5)

n

Now the transition probability per unit time from a state |i> to a state |ra> is given from
the equation above for sufGciently long time t» A/E as
p.=Y^n\r\l>fS(E,-E,±M .

(2.6)

For physical systems where the final or the initial state belongs to an almost continuous
group of states, one has to determine the total probability of the transition to all states n
which have almost the same energy and matrix elements <n\V'\i>. To obtain this
probability, we must sum p„i over all states n and average over the initial states / having
identical matrix elements <n\V'\i>. If we denote the number of final states of a given
kind per unit interval of energy E„ by p(En} = dN/dE„, we obtain the total transition
probability per unit time as
p. = J P.ME.W. =^|< « In;• >1=

x>(£.)

(2.7)

with E„=E,±ha), which is called Fermi's golden rule.
The total transition probability, Pm, represents not the spontaneous emission rate but
the stimulated emission and absorption rate because the transition is stimulated by the
applied field Ve^'^, while the spontaneous emission rate is the transition probability per
unit time with no applied field. The probability, Pm, in equation (2.7) becomes zero if the
applied field is absent. How then can we get the spontaneous emission rate?
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In QED in which the electromagnetic field is quantized and is described by creation
and annihilation operators, the matrix element of the dipole interaction has the form
[13,20],
|<n|

|a>|= (m, +1),

(2.8)

where the initial and the final states are represented as,
U"> =l«>a»«l •••'"/•••>.

\n>=\b>^\--mi +l->,

and the electric field is given as,
£(J,0 =

(2.9)

The first term of electric field, (2.9), determines the (stimulated) absorption of light while
the second term contributes to the stimulated and spontaneous emission as shown in
equation (2.8). The first term, mi, in equation (2.8) gives the probability of stimulated
absorption and emission while the second term, I, gives the probability of spontaneous
emission. In other words QED explains the spontaneous emission of light as the emission
of light stimulated by the vacuum field which is an electromagnetic field in the ground
state, till = 0.
Di 1917, Einstein introduced the concepts of spontaneous and stimulated emission of
light in his explanation of black body radiation without using a QED formulation [2,13].
For an atom in a blackbody which is in thermal equilibrium with the atom, the probability
for an electron of the atom being in the energy state E„ can be expressed by a Boltzmann
distribution fimction as
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Pn-Ci'^,

(2.10)

where C is a constant.
In thermal equilibrium, the transition probability from a state |i> to a state \ri> is equal
to the transition probability in the reverse direction. In other words, the stimulated
absorption rate from a state \n> to a state |/> is the same as the sum of the stimulated and
spontaneous emission rates from the state \i> to the state |ra> which can be expressed
mathematically as,
{A+Cu)N{i) = BuN{n).

(2.11)

The coefficient A is the transition probability due to spontaneous emission from a higher
energy state |i> to a lower energy state \n>. The coefficient C is the transition probability
of the stimulated emission divided by the energy density of the elearomagnetic radiation
from |i> to \n>. The coefficient B is the transition probability of the absorption divided
by the energy density of the electromagnetic radiation from \n> to |/>. u(o^ is the energy
density of the electromagnetic radiation. N(i) and N(n) are the numbers of atoms in the
states |i> and \n>, respectively.
jV(i)
Using the relation,—— = e
Nin)

, and Planck's formula,

(2.12)

we easily obtain the relationships between the Einstein coefficients.
B =C

(2.13)
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. ha^ _ 8;rv^ . _
A = —-B=—^hvB.
IK
C

(2.14)

In other words, Einstein showed that Planck's formula could be obtained by assuming
appropriate relations among the transition probability coefficients. Equation (2.14) gives
the relation between spontaneous and stimulated emission rates.
In 1946 Purcell showed that the spontaneous emission rate could be enhanced by a
factor / = 3QX^/47^V when the nuclear magnetic moment is resonant to an electrical
circuit, where V is the volume of the resonator and Q = X/dX is the quality factor [14]. As
he described in his paper, the factor 8jn^/c?, valid for the blackbody radiation, no longer
gives correctly the number of radiation oscillators per unit volume per unit frequency
range. There is now one oscillator in the volume V and in the frequency range v/Q
associated with the circuit. So Purceli's enhancement fiictor is obtained from the ratio
between QlvV and

Ic^ except for a numerical factor.

In microcavities, the spontaneous emission rates are changed not only by the
modification of the mode density but also by the modification of the intensity of the
vacuum field. The latter is dependent on the mode volume and where the dipole is
positioned in the field standing wave as shown in equation (2.9).
Spontaneous emission contributes to the broadening of the spectral width of the
emitted light. This linewidth contribution may be easily estimated by Heisenberg's
uncertainty principle, Ao » 1/t. The formal relation which was developed by Weisskopf
and Wigner in 1930 will also be helpful to understand the line shape of the PL spectrum
[13,16]. For a small perturbation given by
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F(0 = e'^V'e^"',

(2.15)

where 77 has a small positive value which will be set to zero after the denvation, the direct
calculation of the transition amplitude using equation (2.3) gives
-1^ = — <1 F f>+— y —
!—!—!
+ •••
a,(0
m(^o-E„±ne)-\-ihTj

(2.16)

where it is assumed that the electron is in a state |/> initially and a is the time derivative.
If we assume that

has the form, a/(0 =

, then the real part of e leads to an

energy shift £< -> £} + Re(s),
Re(£) =</1 r I/> + y ll^LiniZll + ... witho = 0,
mo^o

(2.17)

determined by the first and the second order solutions of time independent perturbation
theory. The imaginary part leads to
-^Im(B) = ^ ^\<m\V'\i>\'^ 6iE„ -£, ±hto)
n

^

(2.18)

which is the total transition probability from a state |}> to all other states as can be seen
by comparison with equation (2.6). /"is called the decay width. Now the coefficient ai(t)
can be written as
a,(t) = e

and

-<Re(e)t -rt
*

ziL
\ai{t)\^=e* ,

(2.19)

(2.20)
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and the relation between life time and decay width z =

becomes obvious. Fourier

transformation shows that the corresponding lineshape is Lorentzian
1

(2.21)

4
with a full width at half-maximum (FWHM) /"[IS], If we define the decay width as T =
then the spectral width and the lifetime have the relation A0 = l/x.

2.3 Introduction to the guided waves for slab waveguides.

In planar semiconductor microcavities, most of the light emitted from the active
medium inside leaks out as guided modes or leaky wave [21], In this section the
fundamental equations describing guided modes are introduced for three simple
structures. The basic structure is shown in Fig. 2.1. First, regions 1 and 3 are treated as
perfectly conducting walls, where edge effects and problems associated with non-infmite
conductivity (skin depth) are neglected. Region 2 is filled with a homogeneous isotropic
dielectric medium described by a real dielectric permittivity e and magnetic permeability
^0- Second all three regions are filled with a dielectric media. Region 1 and 3 have the
same refractive index which is smaller than the refractive index of region 2 (ni = na < nj).
Third is the most general case where all three indices are different (ni < na < n^).
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s^^ssi

Region 3, ns

Figure 2.1: Dielectric slab waveguide

In general the waveguide problem is solved by finding solutions of Maxwell
equations with appropriate boundary conditions [22,23], But it can also be treated with
geometrical ray optics of light propagating by repeated reflections from the dielectric
inter&ces or mirror sur&ces. It can be shown [22] that this geometrical ray approach
gives the same results as the rigorous electromagnetic theory. Here, the first case of
perfectly conducting surfaces is treated with ray optics which gives a better feeling, while
the other cases are treated by solving Maxwell's wave equation with appropriate
boundary conditions.
As shown in Fig. 2.2, the ray of light propagates by repeated reflections at the surface
of each mirror in turn, ^d the ray path between reflections takes the form of straight line
segments since the medium is uniform and isotropic. The light is assumed to be a plane
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wave whose electromagnetic field is perpendicular to the propagation direction. There are
two polarizations, where TE or S polarization has the electric vector perpendicular to the
plane of incidence, along the y-axis here, and TM or P polarization has the electric vector
parallel to the plane of incidence, along the x-y plane here. The analysis is similar in both
cases. TE polarization is considered here.

j r f d

x=0
3
(a)

(b)

Figure 2.2: (a) Perfectly conducting walls with a dielectric medium inside. Waves are
guided by repeated reflections from the walls, (b) Graphical relation of the parameters k,

With k =

and ko = 2jt/ko where Xo is the wavelength in free space, the electric

field is given by [21]
Incident ray:

(2.22)

Reflected ray:

(2.23)

Totalray:

=£oe'"°"'*'"'2isin(Jfaecos0).

(2.24)

A decomposition of the propagation vector into the longitudinal wavenumber

and the

transverse wavenumber q gives the relations.
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P = ksm0
q=kzoi0
q^=k^-p\
As can be seen in Fig 2.2, the transverse wave number q has to satisfy certain conditions
that allow only discrete modes. Discreteness of q brings discreteness of /?, too. To have
resonant modes of the electric field inside the walls, the sum of all the phase shifts which
occur in going from one boundary to the other and back again must add to an integral
multiple of 2jir. If the phase shift on reflection is denoted by 5, then 5 =-it from equation
(2.22) and (2.23) at x = 0. The transverse phase change in traversing the guide twice is
given as

cosO. Hence, adding up the phase shifts at each wall, the transverse phase

resonance condition becomes,
= lN7t,

or

(N=0,l,2, ...)

2dq = (N+l)n.

The quantization condition on the longitudinal propagation constant P is given as,
f

i

'

•

(2.25)

This equation gives a characteristic waveguide plot of P versus k for the lowest order
modes of the two-dimensional conduction-wall guide as shown in Fig. 2.3.
The analysis for the TM modes follows the same course as that for TE modes, with
the boundary conditions now leading to a phase shift

= 0 or 2it. Ail the results

derived here still hold for the TM case. As shown in Fig. 2.3, there are cut-off values oik
corresponding to = 0 for TE and TM modes.
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TE,
TM,

TE.

k

Figure 2.3; Propagation constant P versus wave number k for low-order TE and TM
modes guided by perfectly conducting walls [22],

For frequencies below the cut-of^ ft becomes imaginary and the wave is evanescent.
The cut-ofif values kc are given by
k,

2d

or 2d n^ =(Ar+l)^.
' ^
' 2

For the lowest order N = 0, any electromagnetic wave having a wavelength larger than
twice the thickness of the dielectric slab can not be guided in the slab. A semiconductor
microcavity consists of two dielectric DBR mirrors. The waves guided by these two DBR
mirrors should have the same form as derived above because DBR mirrors also have the
same kind of resonant condition such as integral multiple of 2ic.
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Now we consider slab dielectric waveguides as shown in Fig. 2.1 with refractive
indices ni = ns < n2 as mentioned before. £i general a mode of a dielectric waveguide at a
frequency o is a solution of the wave equation [22,23,24].
V'J?(r)+kin'' (r)E(r) = 0.

(2.26)

The solutions are subject to the continuity of the tangential components of E and H at the
dielectric interfaces. Here we also consider the TE mode in the same geometry as shown
in Fig. 2.1. Then the electric field parallel to the y-axis has no spatial variation along the
y direction, so that it has the form

It has to satisfy the wave equation (2.26) at three different regions /:
+

=

i=I.2.3

(2.27)

Analyzing this equation, we can see that the confined or guided modes are allowed only
for

kdns <

k(/i2- The condition, kcfii, ksits < fi gives the solution of equation

(2.27) decaying exponentially in the regions 1 and 3 as an evanescent field, while the
condition,

< k(fi2 gives sinusoidal solutions in region 2 propagating along the z-

direction as guided modes.
For the coordinate system shown in Fig. 2.1 the waveguide is symmetric to the plane
jc = 0 so the solution must be either even or odd in x. The ansatz for the even modes is
taken in the form
\x\^d

(2.28.a)
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Ey = Bcos(qx)e

|jc|

(2.28.b)

where p is a positive real constant to be determined and q is transverse wave number as
before. The corresponding magnetic field components in each region can be obtained
from the relations
^=

(2.29)

The boundary condition requires that the tangential field components Ey and Hz are
continuous across the interfaces x ^ ± d . The continuity o i E y d X x = ± d leading i o A = B
cos(qd), and that of^z, pA = qB sm(qd), result in
pd = qdtan(qd) .

(2.30)

Since the ansatz (2.28) must satisfy the wave equation (2.27), we have another relation,
+ (qdf = (n2^-ni^)ko^(f,
where

(31)

= ko'n^-^ and ^ = ko^ni^+p^ have been used. The propagation constants p

and g of a given mode need to satisfy, simultaneously, both equations above. A
straightforward graphical solution is shown in Fig. 2.4, given by the intersections in the
pd-qd plane of the circles with the corresponding tan curves. Each intersection with p>0
corresponds to a confined mode. The propagation constant 3 of a given mode can be
obtained, once p and q are given. In Fig. 2.4 there are also shown the solutions of the odd
fiinctions of the TE modes. The continuity condition for the odd solutions leads to the
relationpd = -qdcot(qd) in place of equation (2.30).
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Figure 2.4; Graptiical solutions which give guided modes for a symmetric dielectric slab
waveguide. Each intersection in the pd-qd plane of the concentric circles with the
corresponding tan curves corresponds to a guided mode [23,24].

As the frequency increases gradually from zero, the radius, R = ((n2-ni')ko<f/'^ of
the circle also increases since ko = o/c. Thus, each circle represents only one frequency.
The first /ion-curve gives the lowest order mode, TEi, for each frequency. The second, a
cot-curve, gives the second order mode, TEs. for the frequency. If we consider the circle
which has three intersections, the first mode, TEi, falls in the region 0 < qid < it/2 while
the second mode, TE2, falls in the region n/2<q^<n and the third mode in ;r < qid <
3it/2. Li general the mth (TE or TNQ mode satisfies
(2.32)
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The first mode has no cut-off frequency while all the other modes can exist only above a
cuf-q^frequency. The cut-off wavelength of the second mode, TE2, and higher modes is
given as
2d^nl-n^

m=2,3, . . .

(2.33)

If we compare this result with cut-ofiT wavelengths of the perfectly conducting walls, the
equation is the same except for the index factor and the mode order. Electromagnetic
waves with a wavelength larger than twice the width of the waveguide multiplied by the
index factor cannot have the second mode in the waveguide and so on. In an asymmetric
waveguide (ni ^ ns) the first mode also has a cut-off frequency as shown below. As
shown in Fig. 2.4 the first mode has a larger value of p than the second mode, which
implies that the first mode is more tightly confined than the second.
For the general asymmetric slab waveguide, (nj > na > ni), guided modes are
determined by a set of equations which can be derived by either the geometrical way or
solving Maxwell equations [22]. For a TE polarization we have [22]

<i
= ^-n^ko
tuiildq - Nn) =

<l -pr

(N=0.J,2. ...).

(2.34)

Numerical techniques are generally used to solve the above equations. Since confined or
guided modes are possible only when the condition, ujIcq

^ niko is satisfied, the cut-
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off condition is given hy P = kmi. Substituting the corresponding expressions for p, q, r
into equation (2.34), the cut-off frequency for Mh TE mode is given

We can see that this equation reduces to equation (2.33) for nj = nj.
In conclusion some factors can be used to reduce leaky light into guided modes for
designing a planar semiconductor microcavity [25,26]. Our (and a typical) semiconductor
microcavity consists of two high reflecting DBR mirrors separated by an integer multiple
of7J2 (see Fig. 3.1). As we have seen in our first example describing waves guided by
perfectly conducting walls, one cannot avoid guided modes for a wavelength X/2 < d
where d is the cavity length. However, the amount of guided modes might be reduced to
some degree if the refractive index of the spacer material is smaller than the refractive
index of mirror layers. As shown in Fig. 2.3, a \/2-cavity has an advantage over a Xcavity to reduce guided waves because the mode density of guided modes is reduced by a
factor of 2. A X/2-cavity allows only the lowest order TEo mode while a X-cavity allows
two modes, TEo and TEi, emitted by a bulk or QW semiconductor light source whose
spectral band width is narrower than the mode separation in general. However, our full
microscopic calculation shows that guided waves are still a dominate drain source of
emitted light also for a low index Xy2-cavity. There are claims that guided modes can be
reduced by putting the quantum well or quantum dot near an antinode position of a high
index X/2-cavity [25]. There, antinodes are located close to the inter&ces between spacer
and mirrors in DBR microcavity structure [25].
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CHAPTERS
EXPERIMENTS ON CONTROLLED SPONTANEOUS
EMISSION IN SEMICONDUCTOR MICROCVITIES
3.1 Introduction.

The control of spontaneous emission by a semiconductor microcavity has been
studied with various emitters: bulk, quantum wells, quantum dots. Strong microcavity
modifications of the angular distribution and spectral shape of the emission of lowdensity cold excitons was reported by Yamamoto et al. [27]. HufTaker et al. [28]
observed similar controlled-spontaneous-emission alterations of the angular distribution
at room temperature. Tanaka et al. [29] observed a 36% enhancement in the emission
rate following continuum excitation of a single 10-nm GaAs quantum well inside a
microcavity at 30 K. Using InGaAlAs quantum dots, Graham et al. [2S] found a »30%
faster decay following continuum excitation when the cavity peak was lower in energy,
compared with higher in energy, than the exciton resonance. Both [25] and [29] claim
agreement with oriented atomic dipole theory. As stated in the previous chapter, the
fixed-dipole theory cannot describe cavity enhancement effects in semiconductors where
carrier-carrier scattering makes it possible for the enhancement of carrier decay rate by
the cavity to be much larger than for fixed dipoles. [29] is at low temperature and low
density so there are no carriers. In 1990, Yokoyama et al. [26] performed experiments
on three 6.S-nm GaAs quantum wells in a low-index "kJl spacer grown on top of an R =
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0.98 twenty-pair ALAs/AlGaAs bottom mirror, observing PL with and without an R =
0.9 seven-layer ZnS/Si02 dielectric top mirror. They found that the initial decay rate
following picosecond excitation to a density just below transparency at 300 K was a
factor of two faster for quantum wells inside a microcavity than for quantum wells with
no microcavity.
In 1996, Jin et al. [17] reported an order of magnitude enhancement of the
spontaneous emission rate at 300 K for a 100-nm-thick layer of bulk GaAs embedded in
the center of a microcavity. Rather similar resuhs were reported in [30]. However, in a
high-reflectivity microcavity as studied in [17,30] and here, reabsorption of cavity-mode
PL and the large density of states of guided modes [31] cause the dominant decay
channel to be guided modes. Since the cavity does not enhance radiative recombination
into guided modes, there is little enhancement of the carrier decay rate. The mistake in
[17], and presumably in [30], was assuming that the cavity-mode PL decay is the same
as the decay of fefh, the product of the electron and hole distribution functions. As
discussed below reabsorption within the emitting GaAs layer in effect closes a shutter on
the cavity-mode PL, making its decay much faster than that of ^fh.
The experiment here shows that it is almost impossible to deduce the carrier decay
curve directly from the decay of the cavity-mode PL in a high-reflectivity microcavity
following short-pulse excitation [32]. This is because the emitting-layer absorption
increases as the carriers decay, drastically reducing the fraction of the cavity-mode PL
that escapes. As this absorption increases with time, the probability of reabsorption of
the cavity-mode PL also increases, so the probability that cavity-mode PL escapes
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decreases. Clearly the chance that reabsorbed PL is re-emitted into the cavity mode is
just as small as for the direct PL. Thus, when measuring PL dynamics in the cavity
mode, we actually detect the intensity of the PL transmitted through a filter with a
strongly density and thus time-dependent transmission.
The pronounced effect of reabsorption can be estimated using the formula for the
transmission TFP (ratio of transmitted intensity to the incident intensity) of a Fabry-Perot
interferometer at a transmission peak: Tpp = T^exp(-aL)/[l - Rexp(-otL)]^. Here T = I R, where T and R are the mirror intensity transmission and reflection coefficients, and
a(t) is the time-dependent absorption coefficient of our 100-nm GaAs active layer. If the
initial excitation density corresponds to transparency, a(0) = 0 and TFP(0) = 1. When the
carriers have all disappeared, a(Qo)L « (1 ^un'')(O.I |im) = 0.1 and

TFP(®)

= 1.5x10"^.

This means that PL at the final stages of the decay is "shuttered" by three orders of
magnitude compared with that in the beginning of the decay. Thus, the cavity-mode PL
decays much faster than it would without this shuttering. This analysis is, of course,
oversimplified; to get a quantitative description of shuttering and cavity enhancement
effects including the shift of the cavity peak, our German collaborators use a quantum
theory where both spontaneous emission and reabsorption of photons are described
microscopically.
The crucial role of guided modes in reducing the enhancement of the spontaneous
emission rate in a planar microcavity was shown and emphasized by Lin et al. [31] and
further illustrated by Abram et al. [33]. Reabsorption is an important consideration in the
design of a resonant cavity light emitting diode [34]. De Neve et al. [35] modeled the
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light emission of a parallel-oriented dipole accounting for guided modes and quantumwell reabsorption. Even using only a single quantum well, they found that the minor
reflectivities needed to be less than 90% for good out coupling. They obtained an
external quantum efficiency of »4% using «92% mirrors. By using very large diameter
(1.5 mm) microcavities that guarantee that the guided mode light is reabsorbed and
recycled they reached an external quantum efficiency of 20% [36],
In this work reabsorption distortion is avoided by collecting PL escaping through the
top mirror without multiple reflections by using a ZnSe prism. For high-quantumefficiency emission, clearly reabsorption must be avoided. In a resonant-cavity light
emitting diode this is accomplished by keeping the active layer thin and the mirror
reflectivity low. In a VCSEL this is accomplished by increasing the carrier density until
the absorption is replaced by gain. The present technique permits one to observe the true
carrier decay in a high-reflectivity cavity even when reabsorption is important. Thus it
may be useful to study carrier dynamics and competition between guided-mode and
cavity-mode emission in VCSELs below and around threshold.

3.2 Experimental setup and sample structures

We studied a semiconductor microcavity with a lOO-nm-thick layer of bulk GaAs as
shown in Fig. 3.1. The microcavity structure, grown on a GaAs substrate by MBE,
consists of a 1-A. AlojGao.TAs spacer between 22 pairs of top and 28.5 pairs of bottom
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Figure 3.1; Sample structure of ESECSM3; IX cavity consisting of 22/28.S pairs of
top/bottom mirrors, AlojGao.7As spacer and 100 nm bulk GaAs.
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distributed Bragg reflector (DBR) mirrors. Each low-index quarterwave mirror layer
consists of 71.9 nm AlAs, and each high-index layer consists of a 12-period
GaAs/AlGaAs superlattice whose effective index and A1 composition are 3.46 and
19.5%, respectively. The reflectivity of both top and bottom mirrors is «99.9%. The
layer of bulk GaAs is located at the antinode position of the standing wave whose
wavelength is close to the wavelength at which the PL of bulk GaAs peaks at room
temperature. The measured reflectivity of the cavity at room temperature is shown in
Fig. 3.2 as a solid line. The cavity resonance at room temperature appears at 866.5 nm
for the piece measured. The effective index and A1 composition of the quarterwave
superlattice layer are deduced from a theoretical fit (dashed curve) using a transfer
matrix approach.
As shown in Fig. 3.3, a ZnSe prism with refractive index 2.89 and a bottom angle of
28'' is glued to the top mirror of the semiconductor microcavity. At large internal angles,
the mirror stop band shifts above the energies of the bulk GaAs PL emission, since the
wavelength for maximum transmission of a Fabry-Perot interferometer depends directly
upon cos6 where 6 is the angle of observation relative to normal incidence. Thus the PL
emitted at steep angles can escape through the second reflection dip below the mirror
stop band. Without the prism, PL emitted at such steep angles undergoes total internal
reflections and propagates along the direction parallel to the cavity plane as guided
modes as has been shown in chapter 2. [37,38] use a related technique.
The pump beam is incident on the microcavity with a small angle of T in the prism,
so the scattering loss of the pump pulse at the glue layer between the surfaces of the
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Figure 3.3; Arrangement for pumping and detecting PL. A prism glued on the top of the
sample permits the observation of PL that is free from multiple-layer interference;
without the prism, it undergoes total internal reflection and goes into guided modes.
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prism and the top mirror is almost negligible. The wavelength of the pump pulse is tuned
to the second reflection dip above the mirror stop band, i.e., &r above the GaAs band
edge. The lifetimes for two dififerent reflectivities of the top mirror are measured at
approximately the same point, eliminating errors due to a possible positional dependence
of the lifetime.
The collection lens is large enough to collect not only the PL emitted at steep angles
but also cavity-mode PL emitted along the direction normal to the cavity plane as shown
in Fig. 3.4 where both emissions contribute to the spectrum. The cavity peak is tuned to
the lower energy side of the bulk GaAs PL to minimize reabsorption for cavity-mode
light. This is done by first reducing the lattice temperature to 110 K and then decreasing
the thickness of the spacer by scanning along the sample. For steep-angle PL decay
measurements, the cavity-mode PL is blocked before it reaches the spectrometer.
After the ZnSe prism is glued to a 2-mm-square piece of the sample using crystal
bond, the GaAs substrate is etched away. Then a series of measurements is performed
with the fiill bottom mirror intact. Before the second series of measurements, all but «S
of the 28.S pairs of the bottom mirror are etched away chemically. The reflectivity of the
remaining bottom mirror is computed to be «78% near the cavity peak wavelength. The
etch process is not as simple as for typical GaAs/AlAs DBR mirrors, because the highindex mirror layer consists of a GaAs/AlGaAs superlattice and the etch-rate selectivity
between the superiattice and the AlAs layer is poor. Here, the etch rate for 1 period was
calibrated accurately by etching test pieces repeatedly. The continuous flow of I part
NH4OH in 1000 parts 30% H2O3 for 2 minutes etches away both the superlattice layer
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Figure 3.4; The 110 K PL spectrum including both the emission by the cavity mode and
emission at steep angles through the prism.

and most of the AlAs layer. The remaining AlAs layer is etched by flowing 1 part 49%
HF in 1000 parts H2O for 20 seconds. The etching rate is quite dependent on the
temperature of the etchant; both etchants were used at room temperature.
As shown in Fig. 3.5, measurements of the PL decay curve are performed using a
time-correlated single-photon-counting technique. The pump source is a mode-locked

47

Ti:sapphire laser (Tsunami). The pump wavelength, pulse length, and repetition rate are
783 nm, wlOO fs, and 82 MHz, respectively. The spot size of our pump beam is
measured to be «12 ^m FWHM in free space. An acousto-optic modulator (AOM) is
used to avoid thermal heating that causes a spectral shift of the emitted PL and decaytime distortion. The AOM gates on the pump pulses for 1 ^s every 33 |is. A beam
splitter separates the pump pulse into two beams. One beam is detected by a fast
avalanche silicon photodiode whose output signal is amplified by a fast preamplifier,
discriminated, delayed, and used as a stop signal for a time-to-amplitude converter
(TAG). The other beam excites carriers in the sample. PL from the sample is filtered by
a spectrometer (with output slit width wide enough to accept the entire PL spearum) and
detected by a fast microchannel plate photomultiplier tube (MCP-PMT). The output
signal of the latter, after amplification and discrimination, goes to the TAG as a start
signal. A multichannel analyzer and personal computer accumulate points to form a
histogram of detected photons versus time. The time resolution of the system is about
200 ps. The counting rate is kept below 10'* per second which is much smaller than the
pulse repetition rate (approximately 2.5x10^ per second after AOM gating). Since much
less than one photon per pulse is detected on average, the PL kinetics is not distorted.
The MGP-PMT (HamamatsuiU809U-Sl) used in this setup is a very sensitive, fast and
low-noise detector which consists of a million of very thin conductive glass capillaries
(12 ^m in diameter and 0.48 inch in length for standard) fused together and slices in the
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shape of a thin plate. Each capillary, or channel, arrayed in the direction of the plate
thickness, works as an independent secondary electron multiplier, thus forming a twodimensional secondary electron multiplier as a whole. It also has a high detection
efiQciency.
The TAC (EG&G ORTEC 4S7) provides an output pulse with an amplitude
proportional to the time interval between a start and subsequent stop pulse input. This
conversion signal is generated only after a start signal has initiated the conversion
process and a stop signal has been received within the selected time range, SO ns in this
experiment. Any start signal that is not accompanied by a stop signal within the selected
range does not produce an output signal. The internal busy signal prevents interference
from any subsequent start input pulses until the TAC produces an output signal or is
reset due to the elapse of the time range. It has high time resolution, less than 10 ps. The
MCA consists of an analog to digital converter (ADC), a histogram memory and a visual
display of the histogram recorded in the memory. The ADC measures the maximum
amplitude of an analog pulse and converts that value to a digital number. This digital
output is a proportional representation of the analog amplitude at the ADC input. For
sequentially arriving pulses, the digital outputs from the ADC are fed to a dedicated
memory, and sorted into a histogram to record the number of events counted in each
pulse height interval. This histogram represents the spectrum of the input pulse heights.
When the output of a TAC is connected to the ADC input, the histogram represents the
time spectrum measured by the TAC. Overall time resolution of the system is
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determined by the instrument that has the poorest time resolution. Here, it is the Delay
unit which has a delay accuracy of ±100 ps.

3.3 Experimental results and discussion.

Our experimental results are summarized in Fig. 3.6. The decay times for the steepangle PL emitted through the prism are shown in Fig. 3.6(a) where the two curves
correspond to 28.5 and »S periods of the bottom mirror. Removing all but five periods
of the bottom mirror increases the PL decay time by »2S%.
The PL decay time was extracted fi'om the measured PL decay curve by a linear
function fit; ln(I) = ln(Io) - t/x. The two curves were measured at the same spatial
position with an accuracy of about 10 ^m. At first the decay times decrease rapidly with
increased pump power, but then they stabilize and change quite slowly. (The cavity with
only a five-period bottom mirror does not lase within our pump power range.) This
insensitivity to the pump power is observed only with the steep-angle PL (emitted into
directions that feed guided modes when the prism is absent). This indicates that carriers
do not emit preferentially into cavity modes in the vicinity of lasing threshold.
Fig. 3.6(b) shows that the decay times of cavity-mode PL emitted through the
bottom mirror, following normal-incidence pumping also through the bottom mirror, are
significantly shorter than those for steep-angle PL in Fig. 3.6(a). The decay times
measured with the bottom mirror complete are roughly 2.S times shorter than those with
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steep-angle PL for two different reflectivities of the bottom mirror, »78% and 99.9%. (b)
Corresponding decay times of the cavity-mode PL emitted through the bottom mirror for
the same mirror reflectivities.
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a five-period bottom mirror. They are shorter than those in Fig. 3.6(a) for both mirror
reflectivities.
Another difference is that a typical steep-angle PL decay curve, shown in the inset of
Fig. 3.6(a), is very close to a single exponential, while that for the cavity-mode PL, inset
of Fig. 3.6(b), is clearly nonexponential. Both insets are plotted in semilogarithmic
scales, and the solid lines are linear-function fits.
The much faster decay of the cavity-mode PL can be attributed to the decreasing rate
of photon escape from the cavity because of reabsorption by the GaAs layer whose
absorption returns as the carrier density decays. Thus the cavity-mode PL can decay
much faster than the square of the carrier density, as expected for radiative
recombination of carriers in thermal equilibrium. Note that when reabsorption
distortions are avoided there remains a small 25% enhancement of the decay rate as
shown in Fig. 3.6(a). We expect no reabsorption distortion for the steep emission since
the single-pass absorption is at most 10%, much less than the steep-angle transmission.
The theory described below shows that this 25% increase is not a cavity-QED effect but
faster emission into guided modes as mirror pairs are added.
When the cavity peak is located at higher energies than in Fig. 3.4, we obtained
shorter cavity-mode PL decay times than in Fig. 3.6(b). These conditions and results are
in agreement with Jin et al. [17], whose sample design was used to grow the sample
studied here. Comparison of the high-refleaivity cases in Figs. 3.6(a) and 3.6(b) shows a
decay time difference of more than a factor of two at low excitation intensities. This
indicates that reabsorption shortens the cavity-mode decay time even for very low
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excitation intensities. It is now clear that the large cavity enhancement of the carrier
decay rate reported in [17] is incorrect because the reabsorption-distorted cavity-mode
PL decay was incorrectly assumed to follow fefb. So far as we can ascertain, the same
mistake was made in [30]. Further evidences for the importance of reabsorption in this
high-reflectivity microcavity operated below lasing threshold are; the low top-emission
quantum efficiency, discussed below; the time dependence of the cavity finesse; the
angular dependence of the cavity-mode decay time; the wavelength dependence of the
PL decay time; and the longer decay time for emission out a cleaved edge, in agreement
with the steep-angle decay.
The very strong effect of a small amount of absorption upon PL due to reabsorption
of photons emitted normal to the layers into a cavity mode was especially emphasized
by Stanley et al. [39], In analyzing a Fabry-Perot interferometer containing a saturable
absorber, Spiller [40] found that when the single-pass absorption increases to become
comparable with the mirror transmission the interferometer's transmission drops
drastically. Elimination of reabsorption by operating just below transparency is very
difficult here because the unexcited single-pass absorption is so high (10%) and the
mirror transmission is so low (<0.S%).

3.4 PL angular distribution and quantum efficiency measurements

Fig. 3.7 shows the angular distribution of the PL emitted through the top mirror at
room tonperature. The measurements were performed on another piece of the same
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Figure 3.7: Angular distribution of PL intensity emitted through the top mirror at room
temperaftire (no prism), (a) Without and (b) with integration over the annulus shown in
theins^.

55

micTocavity sample described above; neither mirror was etched. For the measurements
shown in Fig. 3.7 (a) and (b), the emission was collected within a solid angle »7icx 10'^ sr
and focused into a single-mode fiber. Both the collection lens and the fiber were
mounted on a rotating base that pivots about the position of the sample, thus emission
into any angle within the plane of rotation (perpendicular to the microcavity plane)
could be measured. The fiber throughput was focused into a scanning spectrometer
followed by a PMT and lock-in-amp. The pump source was a cw Ti.sapphire laser.
Fig. 3.7(a) shows the spectrally resolved emission into an external angle 6 for a
carrier density of «10^' cm"'. Varying the carrier density from «10^^ cm"' up to lasing
threshold changes only the absolute magnitude of the data and not the relative size or
spectral shape. Even with the pump power above lasing threshold, the spectral shape of
the spontaneous emission at angles far from normal does not change. As 6 increases
from 0°, the amplitude of the emission peak decreases due to the decreasing finesse of
the off-normal "cavity" and the changing overlap between the cavity resonance and the
bulk GaAs PL spectrum.
Fig. 3.7(b) shows the integrated intensity of emission over the annulus that is created
by rotating the solid angle subtended by the collection lens around the normal direction
to the cavity. This numerical integration procedure allows us to directly compare the
total intensity emitted in the normal direction to that coming out at larger angles. It
shows that the intensity at the cavity resonance peaks at about 18°, dropping in half at
about S° and 40°. See Fig. 3.8.
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Figure 3.8: Angular distribution of the PL intensity integrated over an annulus.

At large angles, a second PL peak appears at longer wavelength. This occurs when
the edge of the stop band shifts so high in energy with increased 6 that the first reflection
minimum below the stop band overlaps the PL spectrum. Fig. 3.9 shows the relative
position of the cavity peak with respea to the PL spectrum of bulk GaAs at room
temperature (a) for 6=0° and (b) for 6 = 70°. The angular distribution data were similar
for two other samples with top (bottom) mirror reflectivities of 91% (96%) and 64%

57

cavty peak

3
(0

q.
(0

CD

90% at 873.8 nm

ESECSM3. 70

3
m
q.
(A
<

(0

o
"3
.o

800

825

850

875

900

925

950

Wavelength (nm)

Figure 3.9; The calculated spectral position of the cavity peak with respect to the bulk
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(85%), although the emission peaks were broader due to the lower finesses of the
cavities.
As another evidence of reabsorptional distortion, a quantum efficiency (Q£)
measurement shows that those lower-reflectivity samples emit much higher PL
intensities and have larger top-emission quantum efficiencies (3.5% for 91%(96%) and
2.9% for 64%(85%) of top(bottom) reflectivity) than the high-reflectivity sample above
(« 1%). They show little if any enhancement of the carrier decay rate. The QE is
determined by

QE=

where

Pu

is the measured power emitted in the

forward direction at frequency Q),e and Pabs is the absorbed power at frequency ohbi- The
emitted power is collected within a cone angle of about 70° out of the top of the
microcavity. The absorbed power is calculated from

Pabs = Pine (I -R-T),

where P,„c is

the incident power, and R and T are the measured reflectance and transmittance
respectively. We have assumed that scattering losses and absorption in layers other than
the active bulk-GaAs layer are insignificant. In addition to the reabsorption which tends
to lower the QE out the top of the microcavity, the low QE for the high reflectivity
sample is partially due to the increased losses into the guided modes. Emission into
these modes propagates in the plane of the bulk-GaAs layer and is either reabsorbed, lost
to the substrate, or emitted out the edge [41]. The QE for the different detunings
between the bulk-GaAs emission band (36 nm in FWHM) and the cavity peak for the
high reflectivity sample is shown in table 3.1, where the detuning was accomplished by
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Temperature

110K

QE(^elowlasing
threshold)

0.43%

QE(at lasing
threshold)

no lasing

148K

1.27%

3.7%

170K

1.12%

2.12%

201K

0.98%

1.89%

219K

0.41%

1.44%

228K

0.431%

0.99%

Room
Temperature

0.076%

0.956%

Table 3.1: Quantum efficiency of higli reflectivity sample at different temperatures.
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Figure 3.10: Microscopically computed electron-hole recombination rates yeh(N) for
microcavities as used herein with different number N of quarterwave pairs in the bottom
mirror. The top mirror has 22 pairs. A carrier density of 2xl0" cm'^ is assumed.

changing sample temperature. At room temperature, the cavity peak is detuned about 10
nm to shorter wavelength while the cavity peak is detuned about 20 nm to longer
wavelength at 110 K, compared to the peak wavelength of the bulk emission band.

3.S The comparison with the theoretical calculation.

By using the theory introduced in the appendix, our collaborators, M. Kira et al. have
computed the recombination rate of each carrier density distribution Yeh for a cavity
similar to the experimental system such that the number of quarterwave pairs on the
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Figure 3.11: Electron-hole recombination rate as a function of the number of layers in
the top mirror of Yokoyama et al. [26], showing very little cavity-QED enhancement.

substrate mirror is varied from 5 to 28.5. The results in Fig. 3.10 show that ydt grows
monotonically as a fiinction of the number of pairs. According to the excitation
conditions used in the experiment, they have used a carrier density /io= 2x 10^^ cm'^ such
that the system is below the lasing threshold [11]. In this density range, the enhancement
of Ydi depends only weakly on rta. For this excitation density, the cavity with 28.S pairs
enhances the recombination rates 25% compared to the 5 pair case as a consequence of a
faster decay into guided modes. This result agrees with the experimental analysis
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perfonned through the prism. Thus, we conclude that the actual recombination times can
be determined accurately using the prism method, since the emission into a sufficient
fraction of the guided modes is detected.
They have applied this theory to analyze the case of Yokoyama et al. [26]. Since
they used three quantum wells in a low-index 7J2 spacer, reabsorption and guided-mode
emission are much smaller than for [17,30], giving hope that they saw a real cavity-QED
enhancement. As we have shown in chapter 2, guided modes are unavoidable in a planar
semiconductor microcavity. Thus, in their sample as well, guided modes govern the e-h
recombination; their &ctor of two enhancement is again found to be caused by
stimulated reabsorption which is strong when the PL is detected in the normal direaion.
Their flill mirror enhances the rate by only 3%, because of the small refractive index of
ZnS (2.2)andSi02(1.5) in the top mirror; see Fig. 3.11.

3.6 Conclusion

By comparing emission into steep-angle modes with the help of a prism with cavitymode emission, we have shown that reabsorption makes the cavity-mode PL decay
much &ster. The large change in the decay rate of cavity-mode PL in a high-reflectivity
microcavity is not a cavity-QED enhancement as previously claimed but is the
consequence of reabsorption. The 25% decrease in the steep-angle PL decay rate when
the substrate and all but five of the bottom mirror pairs are removed can be attributed to
a change in the coupling into guided modes but not to cavity-QED. Lateral confinement
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to suppress guided modes seems to be the only way to force spontaneous emission into a
single cavity mode [42,43,44]. It was shown in [45] that lateral optical confinement
indeed can result in a spontaneous emission rate enhancement by a factor up to 5.
The angular distribution measurements of the spectrally resolved emission shows
that the spectral shapes and the relative cavity-peak intensities for different angles have
the expected dependencies, decreasing in intensity and increasing in spectral width as
angle increases. The angular distribution of the spectrally integrated emission shows that
the intensity at the cavity resonance peaks at about 18°, dropping in half at about S°and
40°. Both the spectrally resolved and integrated measurements give no direct indications
of an enhanced spontaneous emission for three different mirror reflectivities, which is in
accordance with the results of the direct lifetime measurements.
The quantum efRciency measurement shows that the high reflectivity mirrors,
otherwise necessary to maximize the spontaneous emission decay rate, result in lower
total emission in the forward direction. Losses due to the shifting stop band, leaky
guided modes, and reabsorption become more pronounced with higher finesse and limit
the usefiil output in the forward direction [41],
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CHAPTER 4
THEORETICAL EXPLANATIONS OF NMC

4.1 Introduction

In the nonpertubative regime where the linewidths of exciton absorption and cavity
photon are small compared to the coupling constant of the interaction between exciton
and photon in a cavity, one gets excitonic normal mode coupling (NMC) which has two
transmission peaks and two reflections dips. NMC is often related to vacuum-field Rabi
splitting of atoms or to a polariton describing light-propagation in a dielectric medium.
Two different theoretical approaches to the explanations of NMC are presented in
this chapter. The first approach will be a quantum description of the atom and photons
first outlined and known as the Jaynes-Cummings model [46,47] in which both the atom
and photons are described by quantum mechanical operators in second quantization.
This is followed by a semi-classical description known as linear dispersion theory (LDT)
where atoms or exitons are treated as dipole oscillators and the light propagation is
treated classically by solving Maxwell's equations through appropriate boundary
conditions. LDT can predict fundamental aspects of experimental NMC measurements
in semiconductors, such as the number of peaks, peak positions, splitting, linewidths,
and detuning behaviors of NMC peaks, etc. LDT can even be used to describe nonlinear
effects as has been demonstrated in Jahnke et al. [48]. They calculated the excitonic
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susceptibility microscopically taking into account nonlinear modifications due to carriercarrier scattering, Coulomb-screening and phase space filling. The detailed treatment of
this theoiy is beyond the scope of this work.

4.2 Quantum description of photons and atoms or excitons

The interaction of a single two-level atom and a photon leads to the Hamitonian

+ ha^a^a + hSl^ (a V_ + acr^)

(4.1)

where Aoo is the transition energy between the excited and the ground state and ftoc is
the cavity resonance energy. The operatorsa_, and c, aa on the atomic states,
which are defined as o+ = |exgl, o. = |gxe|, and a, = (j e >< e j +1 g >< g |) / 2.

and

a_ act as the atomic raising and lowering operators and obey the anti-commutation
relation

= 1, appropriate forFermions. The operators a' and a are creation

and annihilation operators acting on the photon state |n> and obey the conmiutation
relation [a\ a ]. = 1, appropriate for Bosons. The first and the second terms are the noninteracting atomic and photonic Hamiltonians which give the uncoupled atomic and
photon states, |i> with i= e or g and |n> respectively.
The third term in equation (4.1) gives the coupling between atomic and photon states
via the dipole interaction

=-d-E.

vacuum Rabi frequency, is defined as

The coupling constant, also known as the
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(4.2)
The dipole moment operator is given by rf = qr(\gxe\-\-\exg\)and the electric
field operator in equation (2.9) is rewritten as E(R) = .jHaJeJ^(j^{R)a+h.c.)
where f(R) is the electric field mode function and Vcav is electric field mode volume in
the cavity.
In the absence of the interaction term and for a given number of the excitation
manifold^ in the system, the eigenstates are just the "bare" product states, \e, n> and |^,
n+l>, where n+1 = N. The interaction term causes new eigenstates, the "dressed states"
wliich can be written as symmetric and anti-symmetric combinations of the bare states,

+,N>= -cos6^l e, n> + sinOul g, n+I>,
\-,N>= sin^l e, n> + cos^\ g, n+J>.

(4.3)

with ^defined as tan20^ =-(2fioVw+T)/A, where A = Oc-o)o is the atom-cavity
detuning. The corresponding eigenenergies are given by,

±I ^l4D.l(n + l)+ A^ .

^±,N =(» +

(4.4)

As can be seen, the energy splitting between the two levels depends not only on the
vacuum Rabi frequency Ch, but also upon the cavity-atom detuning A and the number of
excitations in the manifold. This splitting, often called the generalized Rabi splitting, is
written as
(4.5)
2
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The energy diagrams for zero detuning are shown in Fig. 4.1 with (a) for single atom
case and (b) for m atom case. The energy diagram of the single atom case displays an
equally spaced manifold of two split states, whose energy splitting varies according to
equation (4.5). The fact that each manifold of excited states contains two eigenstates is
directly related to the number of ways the energy can be shared in the system. For the
manifold N, one can either have all of the energy in the N = n+J photon states (\g,
n+y>) or in one excited atom and n photon states ({e. n>). In the linear regime one
measures the transition between the ground state and the first manifold, resulting in a
double-peaked spectrum. On the other hand, for higher excitations (nonlinear regime)
the second or higher manifolds are involved in the transition, so that one may expect a
number of discrete peaks in the measured spectrum. Evidence for such nonlinear
transitions for a single atom in a cavity have been observed by Brune, et al. in 1996
using Rydberg Rb atoms in a high-finesse superconducting resonator [49].
Now imagine the situation for two atoms coupled identically to the cavity field. For
the manifold N = I there are once again two ways of sharing energy; an excited atom or
a cavity mode photon. For N = 2, however, the situation becomes different. The
presence of the extra atom now means an additional option; both atoms in the ground
state and two photons, or an excited atom and one photon, or two excited atoms and zero
photons. For AT > 2, there will always remain, then, three possible states. Similarly, for
3 atoms, one reaches a possibility of 4 different states of energy distribution for N ^ 3 .
Without going through the details, it has been shown [5,50,51] that the manifold level
splitting in the m-atom case increases by a factorVm over the single atom splitting
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Figure 4.1; Energy level diagrams for the coupled system of atoms and photons in
cavity for (a) Single-atom case and (b) w-atom case.

as shown in Fig. 4.1(b). Strictly speaking, this is only true when all atoms couple in
identical fashion to the cavity. Generally, this is not the case as the positions of the
atoms within the cavity and the particular cavity configuration lead to different coupling
strengths for different atoms (recall the spatial dependence of Ho). In such cases, one
must then calculate an averaged Rabi frequency by integrating the spatial distribution of
the atoms with the intracavity field distribution.
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For the idealized multi-atom case of Fig. 4.1(b), where the number of atoms m is
much larger than the number of excitations N in the system, the addition of a finite
number of excitations to the system only serves to minutely change the dipole-induced
splittings of states in adjacent manifolds. Thus the resultant nonlinear optical spectrum
arising from transitions between such manifolds is essentially a double-peaked one. This
gives a resulting spectrum similar to that of the linear single-atom case, but with an
enhanced peak splitting of

.

To include the effects of various decay processes, one would then use master
equation techniques to couple to appropriate reservoirs. Although such a treatment is
beyond the scope of this work, the resuhs are worth mentioning, particularly as they are
directly related to the transition linewidths of the coupled-system eigenstates. Typically,
one assigns a value k to represent cavity mode decay losses, and y to represent the
atomic damping rate. Examining just the transitions from the first excitation manifold to
the ground state, the decay rates of the coupled-system eigenstates can then be shown to
take on the values [SO,S1].
, = y cos^ 0^+Ksva^0^

r_ J = y sin ^ + /c cos^

(4.6)

This shows how the NMC linewidths of the coupled system vary with detuning for an
atom-cavity system. On resonance, the states are seen to be equal admixtures of "cavity"
and "atom" and the damping rates of both states are simply given by the average
=(y+K)/2 .Insi case far from resonance like A » fio, we see r+,i« icand

r.,i »y.
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This shows that the state |+, 1> (|-, 1>) is more cavity-like (atom-like), and hence
displays essentially an atomic (cavity) linewidth.
It is worth noting that all of the current semiconductor microcavities show features
of the many atom case which can also be explained by the classical treatment of light
propagation, linear dispersion theory, as shown in the next section. Strong coupling
between an exciton and a photon is a true quantum phenomenon that occurs in the
quantum statistical limit; it remains a challenging goal in semiconductor cavity-QED.

4.3 Classical description; Linear dispersion theory

A different approach to the description of the NMC spectrum has been offered by
Zhu et al. [52], It is based on the classical dispersion theory applied to the Fabry-Perot
etalon containing a resonance medium whose optical susceptibility can be described by a
Lorentz oscillator. As shown before, a semiconductor microcavity is more complicated.
But to show the basic properties and dependencies we start with the cavity shown in Fig.
4.3 here. Parts of this section follow [10] and [53]. The cavity is assumed to be filled
uniformly with a homogeneous material. The optical susceptibility Xres(o)) of the medium
is related to the refractive index (n((i))« Rex(o))) and to the absorption coefficient (a(ci))
oc Imx((ii>)). For a Lorentz oscillator it is given by
=I
T
na-ncOg +i/
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I.(ca)

I,(G))

Figure 4.2: A cavity consisting of two planar mirrors. The optical susceptibility XresC©)
of Lorentz oscillators leads to refractive index n((o) and absorption a(m) of the medium.

where a and eja = eoi, are the angular frequencies of the electromagnetic field and the
oscillator resonance, G is proportional to the oscillator strength depending on the dipole
moment and the density of oscillators, and y is the homogeneous HWHM (half width
half maximum) linewidth. In the semiclassical description, the susceptibility enters
Maxwell's wave equation,
2

AE(r,fi))+—j-PCr,©) = 0
c

(4.8)

through the polarization, P(r,oa^ = ^(o)E(r,a)) and the dielectric functions e((o )= Sb +
47tXr*/<4> where c is the speed of light in vacuum. In addition to the resonant
contribution of the oscillator, a background dielectric constant £2, takes into account all
nonresonant contributions that are characteristic for a semiconductor. The plane-wave
solution propagating in direction normal to the cavity plane
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Figure 4.3; Absorption coefficient (a) and refractive index (b) of a Lorentz oscillator.

=

(4.9)

where K = q + ia, connects ATto the dielectric function or a complex refractive index fl
according to c^K^(e^ = a^sfa^ = a^n^(Q)). The wavenumber and the decay constant of
the wave propagating in the medium are obtained as q(a^ = <xRen{cD)/c, a(a^ =
aimn{a>)/c, respectively. Hence, the linear wave propagation in a homogeneous
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medium can be described in terms of a renormalized refractive index n(a^ = Re fifa^
and an intensity absorption coefficient a(a)) = 2a(a^^, shown in Fig. 4.3. Due to the
homogeneous broadening y introduced in equation (4.7), the shape of the absorption
coefficient is symmetric and Lorentzian. Putting the medium between two ideal mirrors
with a reflectivity

a transmission

and no losses (R„+ T„= J), the interference of

many repeated reflections between the two mirrors results in the Fabry-Perot formula for
the reflection and the transmission
exp(-a(G))Z / cos0)

_

^

/I

OI\2 . >101^:^2 ir

(l-R'y+4R'sm^^(a))/2

^

'

AR^sin^ ^(q))/2
(l-R'y +4R'sm^^(a))l2

In these equations, R= R„ exp(-a£./cosd), where $ is the internal angle of incidence
with respect to normal. a(m)L describes the light absorption and ^<4 = 2n(a^q(a^L is
the phase shift caused by one optical round trip of the light. For the empty cavity, the
basic properties of the Fabry-Perot cavity are determined by the background refractive
index nt, and the cavity length L. The expansion with respect to a small variation around
the cavity resonance leads to a Lorentzian shape of the transmission and reflection
peaks. The energetic HWHM is found to be
K=

he \-R
7=2n,L

where a small but finite background absorption

.. ...

(4.12)

has been introduced, a characteristic

common to current day semiconductor microcavities. Equation (4.12) illustrates that
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both the transmission through the mirrors and the background absorption act as a loss
mechanism for the light. For the calculations we used /?« = 0.9989, Ob == LSxlff^ ran\
nb=3.6J6, L = 230 run resulting in a transmission HWHM linewidth of k= 0.175 meV =
0.097 ran. The oscillator HWHM linewidth of Fig. 4.3 is y = 0.25 meV. These values are
typical for a number of recent experiments on semiconductor microcavities.
Now for the cavity filled with Lorentz oscillators, transmission and reflection
features can be found by substituting the a(G>) obtained from the optical susceptibility
into equations (4.10) and (4.11). Before we plot curves obtained numerically, it is
instructive to find the peak positions by a graphical method. Cavity resonance peaks
appear when the round trip phase shift is an integer muhiple of 2ii,

=

2(2m(<o)L/X(^ = 27d (1=1,2,3, ...), or
«(Ao) = ^ . 1=1,2,3,...

(4.13)

where Xo = c l\. The left-hand side of this equation is just the refractive index of the
Lorentz oscillator whose spectral shape has the form shown in Fig. 4.3(b) near the
resonance frequency. The right-hand side is simply a straight line having a slope I/2L.
See Fig. 4.4. A constant refractive index, characteristic for an empty cavity, on the lefthand side results in a single intersection giving the single longitudinal mode of the
cavity shown in Fig. 4.3(a). In contrast, the dispersive shape of the oscillator index
exhibits three intersections as depicted in Fig. 4.3(b). The very high absorption of the
oscillator medium at the central solution results in very low transmission, while the other
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Figure 4.4; Graphical solution for the peak positions of a Fabry-Perot resonator (a) for a
constant refractive index nb, and (b) for a Lorentz oscillator index n(>^).

two solutions give the wavelength of the two NMC peaks.
Numerically calculated curves using equations (4.10) and (4.11) are shown in Fig.
4.5, where the absorption curve was obtained by the equation, A = 1 - R-T. The two
peaks are approximately Lorentzian in shape and occur at the frequencies a ^ cok ± no/2
[5,51,52].
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Figure 4.5; Numerically calculated reflection, transmission and absorption curves of a
Fabry-Perot resonator containing Lorentz oscillators.

ftflo = 4'^h<afilnl-{y-Kf

(4.4)

is the Rabi energy and G = ntcaoy loh relates the splitting to the peak absorption
coefficient oo. Since oscillator strength is proportional to the density of the oscillators,
the NMC splitting depends on the oscillator strength and inversely on the square root of
the cavity length. The basic properties are: i) Dip and peak equality occurs at zero
detuning, i.e., A(n, = ^ok, where ^Ok is the bare cavity resonance energy, ii) The width of
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each of the two peaks is <5 = A = (K^y)/2, as a consequence of the convolution of two
Lorentzian shapes. NMC is observed only if the splitting exceeds each of the
contributing linewidths. When /3b » y>

the splittings seen in/?, T, and A are almost

the same. But it is possible to choose other parameters where they differ greatly [54,55].
A semiconductor microcavity consisting of two DBR mirrors is a much more
complicated system. The transfer matrix method is a powerful technique for treating the
propagation of light through many layers of different refractive indices (and possibly
absorptions). It can be used to compute the reflectivity and transmission of light incident
on a multiple-layer structure. In the next chapter it is shown that NMC transmission and
reflection peaks are fit nicely by the linear dispersion theory approach, using a QW
susceptibility obtained empirically, i. e., the bare QW was used to measure the excition
absorption spectrum. The corresponding refractive index was obtained by using the
Kramers-Kronig relation. In this way, we can obtain phenomenological explanations of
many NMC features. It is worth to note that this semiclassical theory, in which the
electromagnetic field is treated as a wave, can be applied when the number of oscillators
is large compared to the number of cavity photons, i. e., when statistically averaged
features of the oscillators dominate over the features of a single atom or exciton.
It should be noted that the optical susceptibility x((>>) is implicitly assumed to be
independent of the incident light intensity. That is why it is called linear dispersion
theory. However, if a nonlinear steady state x((Q) can be measured or calculated within a
microscopic theory, LDT and also the Fabry-Perot formula can still be used as has been
shown in Jahnke, et al [48].
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CHAPTERS
EXPERIMENTS OF NONPERTURBATIVE QUANTUMWELL/LIGHT INTERACTION IN A SEMICONDUCTOR
MICROCAVITY

S.l Introduction.

The optical properties of semiconductors and semiconductor structures have been the
subject of intense experimental and theoretical investigations during recent decades.
Consequently, many of the basic physical properties are understood very well, helping
the development and optimization of commercial devices such as light emitting diodes
(LED), and semiconductor lasers. A recent example is the novel VCSEL structure where
thin layers of semiconductor materials inside high fmesse microcavities function as very
efficient miniature laser system. Since microcavities are grown epitaxially with crystal
growth techniques like molecular beam epitaxcy (MBE), many devices can be produced
from a single sample wafer. It is also possible to produce closely packed arrays of devices
and integrate electronics onto the same sample wafer.
Interestingly enough, this VCSEL structure shows very interesting light-matter
coupling effects already under low excitation conditions where the excitons dominate the
optical properties. As shown in the previous sections, if the line widths of the exciton
resonance and the cavity resonance are small enough, less than the exciton-cavity
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coupling constant, then the interaction between the exciton resonance and cavity mode
leads to interesting phenomena. Examples are two well-resolved peaks in reflection and
transmission spectra and the periodic oscillation of excited energy between the excitonic
polarization and the light field. As the carrier density increases in the resonance medium,
plenty of nonlinear features appear [10,56]. Our high quality samples show an interesting
feature, reduced NMC transmission without change in splitting, that had not been
observed by other groups. But the detailed discussion of nonlinear features of NMC is
beyond the scope of this work. Most of this chapter shows experimental observations of
NMC in the linear regime. Section 5.2 shows typical linear features of NMC and an
experimental setup to measure them. The section 5.3 discusses structural disorder effects
on linear NMC curves. Asymmetric line shapes and linewidths are discussed in detail.
The last section shows time-resolved femtosecond spectroscopy applied to the NMC
measurements where the periodic oscillation of the excited energy between photon and
exciton states is shown. A brief description of nonlinear effects follows in the last section.

5.2 Linear properties of NMC

Experiments exploring linear optical properties of NMC are presented in this section.
The experimental setup is shown in Fig. 5.1. Parts of this section are taken fi-om works
done by our colleagues, T. R. Nelson, D. V. Wick et al. [41,57]. Although a Ti-Sapphire
laser was used for cw pump-probe measurements, most of the measurements here are
weak-probe reflectivity and transmission measurements. As a probe source, a white light
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Figure S.l; Experimental setup for linear and cw nonlinear measurements of NMC.

81

source or

was used. The white light source is a tungsten-halogen bulb from an

Oriel 60020 lamp, spatially filtered through a small pinhole (<1S0 |am). Since the white
light source has a very broad spectrum, the short wavelength part of the spectrum can
filter into the NMC microcavity samples beyond the reflectivity stopband and create
unwanted carriers. To avoid this problem, one often uses a color filter to cut off this short
wavelength part. Much more intense spectral power density can be obtained by utilizing
an OptekOPF370A infrared light-emitting diode as a broadband probe source. This diode
has its maximum emission peak at 850 nm, and has a FWHM of «50 nm, suitable for our
region of interest. Intense spectral power allowed us to use lO-^m pinhole spatial filter.
In pump probe measurement, the pump source is a Coherent 899 cw Ti:Sapphire ring
cavity laser. This laser is tunable, using the mid-range mirror set, over the wavelength
range 770 nm to 907 nm, allowing to easily pump resonantly (near 835 nm) or
nonresonantly into the microcavity reflection minima, typically around 780 nm. Unless
otherwise noted, the TiiSapphire laser was incident at

relative to the normal (probe

beam direction) of the sample in order to minimize detection of scattered pump light.
For detection of the weak probe signals, lock-in detection methods are most often
employed. Here, the broadband probe is square-wave modulated (either by mechanical or
electrical means), and detected using a Spex 1.5-m scanning spectrometer in conjunction
vAih^Hamamatsu R943'02 photomultiplier tube, usually operated at 1.8 to 2.0 kV. The
particular lock-in amplifier used was a Stanford Research Systems SR530 dual-channel
analog lock-in amplifier. For detection of the generally much stronger luminescence
signals, the collected light was instead directed to a Jarrell-Ash 3-grating spectrometer
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coupled to an EG\&G Princeton 1451 linear detector array and optical multichannel
analyzer. For low temperature measurements, the samples are mounted in an Air
Products Heli-Tran liquid helium transfer line cryostat, the sample chamber of which is
evacuated to pressures around 10-15 mTorr by means of a mechanical roughing pump
and small diffusion pump. Samples could generally be cooled to »I0 K, as measured by a
temperature diode mounted in close proximity to the sample.
Fig. 5.2 shows the absorption spectrum of bare QW sample NMC21 which has 20
QWs, 8-nm thick each ( see table 5.1 at the end of this section). In this spectrum we see
the 75resonance at 1.486 eV, with a total linewidth of »1.0 meV, and slightly higher
up in energy the 2s HH (E = 1.4924 eV) followed by the is

(E = 1.5014 eV)

absorption peaks. Here, the strain caused by the InAs and GaAs lattice mismatch has
shifted the LH peak far enough away from the HH peak to allow the study of coupling to
essentially a single oscillator resonance. All peaks are sufficiently lower in energy than
the bulk GaAs absorption band edge at »1.514 eV at 10 K, permitting transmission
studies without having to etch away the substrate.
Fig. 5.3(a) shows typical NMC reflection spectra for several different detunings. The
detuning was accomplished by the thickness variation of the sample along the radial
direction from the growth center. NMC22 was used for these measurements (See table
5.1 for sample characteristics). The spectra have been offset by 0.3 for clarity. Fig. 5.3(b)
shows the resulting "anti-crossing" diagram, created by tracking the positions of the
NMC peaks with the position of the probe spot on the sample. This anti-crossing
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Figure 5.2: Absorption spectrum ofNMC21 at lOK.

84

•f

1.470

1.475

1.480

1.485

1.490

1.495

Energy (eV)
? I 'WS
^ 1.484

t:

—

r

-—

1.480
478
1.476
1.474
0

12

3

Positicn CXI Sample (mm)

Figure S.3; (a) Reflection spectra from sample NMC22 as the cavity is tuned from higher
to lower energy through the exciton resonance, (b) Corresponding anti-crossing diagram
as a function of position on the sample.

85

e
o

03

0.25

'

;

0.20

>

S
o

0.15

0.10
0.05

O.M

i
•

1.475

1 1 1 1

1
J

1.480

i
.1 I I 1 1 1 1
1.485

1.480

Energy (eV)

Figure S.4; Reflection and Transmission spectra at minimum splitting of NMC22. Two
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by the theory of symmetric optical susceptibility.

behavior results due to lifting the degeneracy of the uncoupled cavity and exciton
resonances via dipole coupling as discussed in the previous chapter.
Linear and nonlinear experimental measurements have shovm us that not only the
linewidths, but also the NMC peak positions and amplitudes are sensitive functions of the
local variations of the index of refraction and absorption coefficient. This is made even
clearer in Fig. S.4, where the measured reflection and transmission spectra at mimnnm
splitting are presented. Note the asymmetry in amplitudes and linewidths of the two dips
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or peaks. It is clear that the upper energy resonance is broader, and of lower amplitude
than the lower one. Indeed, one has to tune the cavity to slightly higher energy in order to
yield spectra showing equal amplitude dips or peaks. This asymmetry is further discussed
in the following section with the relation to structural disorder.

5.3 Structural disorder effects on NMC lineshapes

Structural disorder has been found to influence the free excitonic response in quantum
wells (QW's) due to its strongly quantum confinement-dependent transition energies. The
growth of semiconductor nanostructures through molecular beam epitaxy (MBE) offers
many advantages in growing monolithic structures of mirrors, spacers, and the optically
active QW's with well-defined spatial arrangement. However, imperfections in growth
always occur and such static structural disorder on a mesoscopic length scale is an
unavoidable feature of semiconductor microstructures. Such disorder leads to strongly
inhomogeneously broadened excitonic response, and an asymmetric lineshape. In this
section we deal with the problem how disorder influences the polaritonic response in a
QW-embedded microcavity. Parts of this section follow [S3] published with the help of
C. Ell, J. Prineas, et al.
Fig. S.S shows a measured QW absorption spectrum and its corresponding refractive
index obtained by a Kramers-Kronig transformation. Because it is measured, it contains
all the information about the averaged disorder. Note the differences compared to Fig. 4.4
(a) and (b). Boih, the disorder-averaged absorption coefficient and the corresponding
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Figure 5.5; (a) Absorption and (b) refractive index spectrum as a function of energy for
sample DBR13.

refractive index are now asymmetric in shape. The absorption coefficient falls off rapidly
on the low-energy side compared to a Lorentzian shape, while the high-energy side falls
off more slowly due to the influence of disorder, and also due to the higher excitonic
states. The change of the refractive index is basically caused by the higher excitonic
states on the high-energy side, but it is locally modified by disorder as well.
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Figure 5.6: Comparison of calculated (solid line) and measured (symbols) NMC
linewidths for sample NMC66 as a function of detuning. The inset shows the NMC66
reflectivity spectrum for minimum splitting.

The inset of Fig. S.6 shows the reflection spectrum of a semiconductor microcavity.
Like the reflection spectrum shown in Fig. S.4, it also exhibits typical features deviating
from the atomic like case having a symmetric lineshape, namely: i) unequal depths of the
dips for zero detuning; ii) unequal linewidths of the dips, where the linewidth of the
lower branch is often smaller than the upper one; iii) smaller linewidths of the dips than
the arithmetic mean of the bare cavity and disorder-averaged exciton linewidth. Those
findings have been puzzles for a while [59,60]. The first and second features lead to a

fundamental, interesting question: Does structural disorder act differently in a common
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Figure 5.7; Comparison of calculated (solid line) and measured (symbols) NMC
linewidths for sample NMC65 as a function of the detuning.

quantum well structure compared to those which have in addition a strong light-matter
interaction like e.g. a microcavity, as claimed in [59,60]?
A microscopic treatment of the interplay of structural disorder, the attractive
Coulomb interaction of the electron-hole pairs and the radiative coupling effects on the
optical response of real structures would give the answer. But such a fully self-consistent
theory lies far beyond the present day computer capabilities; at present, only a treatment
including a number of approximations can be done [61]. However, important information
can be gained by well-controlled experimental studies. Using a measured disorder
averaged excitonic susceptibility within a linear dispersion theory separates disorder
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efifects from the consistently coupled problem. A comparison to experimental fmdings
that include all effects should give the answer to the question whether light-coupling
effects are indeed able to modify the influence of structural disorder on the excitonic
quasi-particles within their quantum wells. For this purpose we grew a series of
extremely high quality quantum well structures with and without Bragg mirrors. Then we
measured the optical response of those structures, e.g. the reflectivity spectra. Since this
is an experiment, all microscopic efifects are included consistently. We also measure the
transmission spectrum of our reference quantum well sample and use those resuhs to
extract the disorder averaged excitonic response. Using this effective susceptibility in a
linear dispersion theory, we calculated the reflectivity spectrum of the microcavity.
All samples studied were grown under the same growth conditions and in rapid
succession. The active material contains some number of

85 A In.04Ga.96As quantum

wells with GaAs barriers. The DBR mirrors are made of GaAs/AlAs quarterwave stacks.
The reference QW structure, called DBR13, consists of 30 quantum wells, separated by
barrier thickness such that the ^2 Bragg condition occurs somewhere on the sample. See
table S.l in the end of this section for sample structures.
Experimental measurements were done with the samples cooled down to

10 K. The

disorder averaged absorption coefiQcient AoQftr used in the linear dispersion theory was
measured on the sample DBR13 (see Fig. 5.7) with ~ 0.9 A (O.J7

meV) bandpass. Accgur

was calculated from experimental transmission data
Aao«.=—ln(^)

NL

1/

(5.1)
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where Nis the number of quantum wells, L = 55

is the thickness of a quantum well, h

is the measured incident light intensity, and It is the measured transmitted intensity. The
absorption coefiicient of the substrate with very low carbon doping was subtracted. To
avoid pronounced constructive radiative coupling effects, the measurement was
performed for a quantum well spacing of 0.85 X/2 far from the Bragg condition. Because
at this detuning accelerated radiative decay due to constructive interference is negligible,
Beer's law can be used to determine approximately the absorption coefiTicient.
The linewidths of the normal-mode coupling resonances in the microcavities were
determined by measuring the reflectivity spectra. Different detunings were achieved by
scanning the cavity line through resonance with the almost fixed exciton absorption line
by moving about 2 mm over the surface on the samples, away from the growth center.
The measurements were done in the linear regime by probing a 30 |im spot on the sample
with a beam half cone angle of 4.4°. A small spot size and incident angle is needed in
order to minimize averaging over different exciton-cavity detunings in accurate linewidth
measurements. The broadening S,pect due to the spectrometer bandpass has been taken
into account by plotted ~ C^mias ~ Sjptct)
In order to analyze the experimental findings we used the absorption coefGcients
accurately determined far detuned from the Bragg resonance, shown in Fig. S.S as an
input into a linear dispersion theory calculation. Such an approach requires knowledge of
the refractive index n and the absorption coefGcient a. For mirror and spacer layers we
took a A^ependent refractive index [62], while for the active quantum well layers we
calculated the dispersion using
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a(aj) = a^^ia))+aaq^(o))
n(oj) =

( f f l ) + ( f f l )

with the measured absorption coefficient

Aoqw.

(5.2)

ocbuuc is the background absorption

coefficient of the GaAs spacer and mirror material. The resulting index change due to the
quantum well exciton, see Fig. S.S(b) results from the Kramers-Kronig relations. In order
to reproduce the measured cavity linewidths we performed a spot averaging and
introduced a small amount of background absorption for the mirror and spacer layers.
Using the LDT approach with a disorder averaged excitonic susceptibility as input for
analysis violates deliberately the self-consistency of the interplay of exciton, disorder and
radiative coupling effects. It implies a separation of light-matter coupling from an already
disorder-averaged optical response.
As a test we compare the calculated and measured FWHM linewidths of the
microcavity samples. As can be seen in Fig. 5.6 and Fig 5.7, the agreement is excellent
for samples under investigation. Note that NMC66 exhibits a record splitting to linewidth
ratio of 20.6. In addition, we used the same procedure to calculate the reflectivity of the
quantum-well embedded microcavity of Whittaker et al. [59], The results are shown in
Fig. 5.8. An extraction of the absorption coefficient Fig. 5.8(a) was necessary within an
uncertainty. However, the linewidth of the lower NMC branch has been found not
sensitive to this approach.
The good agreement between measurements and LDT shows that LDT works very
well for currently studied samples. There are no new properties of the composite system
unexpected from the properties of the QW and the empty microcavity put together in
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LDT, in contrast to the claims of [59,60], We found the linewidths of the two NMC
branches to be very sensitive to small local changes in the excitonic absorption
coefficient and refractive index in the vicinity of the NMC peaks. The disorder induced
asymmetric absorption tails and corresponding refractive index change govern the
behavior of the reflection dips, explaining the first two features; i) Dip equality occurs at
a detuning Aoh > h(Skx, where the ^citonic absorption tails are equal at the dip positions,
ii) The dip linewidths ^ and 4 are determined mostly by the locally different slopes of
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the refractive index, resulting in ^

^ The third feature is explained as following. If the

total linewidth y* is much broader than the homogeneous width y, the NMC linewidths
can be much less than (Sc +

in feet, for Do » YA,Se, it approaches (Sc + Y)/2. TO

illustrate this, we use a susceptibility averaged with a Gaussian distribution that results in
a HWHM linewidth of Yet = 151 meV. For

= 5 meV,

= Si = 0.46 meV is clearly

less than (Sc + yc(^/2 = 0.82 meV. For M3o= 17.6 meV, 5, = <5 approaches (Se + Y)/2.
The interplay between the bare cavity and exciton linewidths causes the different
behavior seen in Figs. 5.6-5.8. The low mirror reflectivity sample NMC65 (Fig. 5.7))
represents an example where the bare cavity linewidth Yc = 3.7 meV is much larger than
the exciton linewidth Yex = 0.56 meV. The larger symmetric cavity linewidth causes the
very symmetric behavior seen in Fig. 5.7. Excitonic asymmetries are unimportant. Fig.
5.8 show the case where Ya = 2.65 meV\% much larger than the bare cavity width Yc = 1.2
meV. The strongly broadened absorption line in Fig. 5.8(a) determines the NMC
linewidth behavior. The intermediate case is represented by the sample NMC66, NMC64
shown in Fig. 5.6. They show almost no dependence on the exciton-cavity detuning,
because the cavity and exciton linewidths are almost equal; thus the NMC Unewidths are
almost independent of their relative contributions. The large increase of the upper branch
linewidth for large detunings Aok > /tokx is related to an additional coupling to the 2s
exciton resonance. This supports the importance of the spectrally local changes of
absorption and refractive index on the NMC Unewidths. Further support comes from
nonlinear studies [48] where excitation-induced dephasing broadens the eccitonic
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absorption coefficient increasing the absorption A and decreasing the transmission

T

at

the two NMC peaks. In table 5.1, sample structures used in the ecperiments are shown
with some linewidth parameters. These samples are also used in the time resolved
measurements in the next section.

Sample
Name

Sample
type

NMC21

20QWs

NMC31

20QWs

DBR13

30 QWs

NMC22

NMC65

NMC66

Sample characteristis
8nm thck IiVijnGai^.s QW with 92nm
GaAs banicrs. Ea=834nm(1.475cV) with
0.6nni (l.OmcV) FWHM at4IC. 90 s
growth interuption before each QW
8nm thick Iii,AGa,j,As QW with 92 nm
GaAs barriers. EM=832nni( l.49leV) with
0.45nm(0.8meV)FWHMat4K. 90 s
growth interution before each QW
Xy2space Bragg structure. S.Snm
Inn^Ga^^As QW. E„=1.492eV with
0.56meVFWHMat lOK

VCSEL

14/16.S period top/bottom AIAs/GaAs
DBR mirn}rs.3X/2 spacer and 2 QWswith
same parametersas NMC21 sitting on the
antinodes. >i£2^=4.62meV, K=0.5meV
5,=0.81 meV 8, =0.3lmeV at minimum
splitting

VCSEL

8/lO.S period top/bottom AlAs/GaAs
DBR mirrors (94.S%R) 3>-/2spacer and 1
QW in antino^ with tte same parameters
asDBR13. An=3.68meV, i^.OmeV,
5,=1.44meV, 6,=1.76meV atmin. splitting

VCSEL

14/16.5 period top/bottom AIAs/GaAs
DBR mirrors (99.6%R) llA/Z^acerand
10 QWswith one in antinode
*Q=6.388meV, K=0.24meV,
6,=0.36meV, 8,=0.28mcV at min. splitting

Table S.1: Characteristics of samples described in the text of the NMC chapters.
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S.3 Time-resolved measurements of NMC
Since the development of sub-picosecond mode-locked lasers, ultrafast spectroscopy
has been used extensively to study the dynamics of optical and physical properties of
semiconductor nanostructures. Excitons play a very important role in the optical
properties of semiconductors and especially in semiconductor QWs. Studying the
dynamics of exciton formation, relaxation, scattering and recombination opened the new
physics in the field of semiconductor sub-micron structures using ultrafast spectroscopy
like four wave mixing, time resolved pump-probe spectroscopy, and time-resolved
transmission, reflection and luminescence spectroscopy, etc [64], Ultrafast femto-second
signals coming from these spectroscopes can be recorded and resolved only by the
upconversion technique in the present technology. In this section some results of timeresolved measurements on NMC are presented by using the up-conversion technique
which has ~lOO-fs time resolution here. Parts of this section are taken from works done
by my colleagues, Ove Lyngnes and Jill D. Berger [56,65,66],
Fig. 5.9 shows the experimental setup for time resolved measurements using
upconversion technique. A Spectra-Physics Tsunami actively mode-locked Ti:Sapphire
laser sends out a pulse train of transform limited pulses with a FWHM of about 50-100
fs. The repetition rate of the pulses was 82 MHz. Part of the pulse train is split off as a
reference pulse. This reference goes to an optical delay line which has a stepper motor
interfaced to a PC. The delay can be moved in steps of 0.2 ^m which corresponds to a
delay of 0.67 fs. The main portion of the pulse train from the laser is focused at normal

Figure 5.9: Upconversion setup to measure NMC oscillations with »100 fs time
resolution.
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incidence onto the sample which is mounted in a liquid Helium cryostat and held at 4K
temperature. The reflected signal from the sample was collected at normal incidence and
then imaged onto a pinhole so that only the central part of the spot on the sample with
uniform excitation intensity was collected. It was then focused onto a beta barium borate
(BBO) crystal together with the reference coming from the delay line. The foci of the two
beams are carefrilly overlapped on the BBO crystal. BBO crystals have a large secondharmonic and sum-frequency-generation efficiency. If the BBO crystal is oriented
properly for phase matching and the two beams overlap both spatially and temporally, a
sum frequency signal is generated in the direction given by the half angle between the
incoming beams (see Fig. S.9). This signal is sent through an aperture to eliminate the
transmitted signal, reference beam, and their second harmonic signals. The transmitted
signal and the reference signal can also be eliminated by a low wavelength pass filter
(blue glass filter). The signal is then detected by a PMT sensitive at the sum frequency
wavelength (RCA8S7S). The signal from the PMT is sent to a lock-in amplifier that is
interfaced to the same PC as the delay line. The signal was chopped at about 300Hz with
an optical chopper that provided the reference signal for the lock-in amplifier.
In this work time resolved measurements were done on sample NMC22 (see table S.l
in the previous section). The embedded 8-nm low x InxGai.xAs quantum wells in the
samples are ideal for NMC studies; the In concentration is sufficiently large for the strain
to shift the light-hole exciton peak about 13meV away from the heavy-hole peak. Thus
the cavity can be tuned into resonance with one excitonic transition at a time.
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Figure S.IO: Time-resolved emission signal reflected from sample NMC22 in the linear
regime. The inset shows the spectrum of the reflected signal.

The In concentration is, however, so small that the exciton linewidth is only 1 meV = 0.6
nm at 4K. This small linewidth leads to a very large splitting to linewidth ratio and a
record modulation depth for the observed NMC oscillations. The new nonlinear behavior
reported here is also attributed to the narrow linewidth.
Fig. S.IO shows the time-resolved emission from the sample in the linear regime for
near equal reflectivity dips. The initial big signal at zero time is the excitation pulse
reflected from the top mirror of the sample. An exponential decay then follows
modulated by a strong oscillation with a period of 0.9 ps. The spectrum of the reflected
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Figure S.ll: Time resolved reflected signal (normalized to 1 at t = 0 ps) close to zero
detuning after 100 fs pulse excitation with a photon flux of (± 20% uncertainty in
absolute scale) 4.8xl0" (solid line), 3.8xl0" (dotted line), and 7.6x10^^ photons/cm^
(dashed line). Corresponding spectra of the reflected signal are shown in the inset.

femtosecond exciting pulse is shown in the inset. An NMC splitting of 4.4 meV is
observed which agrees with the observed oscillation period of the upconversion intensity.
Fig. S.ll shows the measured time-resolved emission reflected from the sample (on a
logarithmic scale) for different incident pulse intensities. The corresponding measured
reflection spectra are shown in the inset. A rich dynamic behavior is observed; as the
incident photon flux increases, the modulation depth of the NMC oscillations decreases
accompanied by a reduction and broadening of the dips in the reflection spectra.
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Figure 5.12; Calculated emission spectra from a structure similar to sample NMC22 after
excitation by 100 fs pulses with nR= 0.0 IEb (solid line), flR= IEb (dotted line), and fiR=
2Eb (dashed line). The inset shows the corresponding calculated reflection spectra.

However, the oscillation period does stay constant as the photon flux increases, consistent
with the observed near constant splitting in the reflection spectra. Eventually, only an
exponential decay remains with a weak long period oscillation. The original reflection
dips have largely disappeared in this region and the bare cavity reflection dip has opened
up. For even higher photon flux, all oscillations disappear as the exciton is completely
bleached and only the exponential decay associated with the empty cavity ringdown
remains.
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The theoretical prediction calculated by our collaborators, F. Jahnke, et al. is shown
in Fig. 5.12 with parameters corresponding to the experiment. They obtain the same
dynamic behavior as the measured results, see in Fig. S.ll. The t = 0 peak is broader in
the measurements due to the time resolution of our upconversion setup. This reduces the
modulation depth and hides the feature at about 0.1 ps. The reflection spectra shown in
the inset of Fig. 5.12 are calculated by taking the Fourier transform of the calculated
emission.
My colleagues, T. R. Nelson, D. V. Wick, and E. K. Lindmark et al. measured cw
pump probe transmission spectra showing similar cw results; reduced NMC transmission
without change in splitting until both transmission peaks collapses into one central peak.
These nonlinear behaviors of the cw and time resolved NMC spectra are explained as
follows.
As the carrier density increases, carrier and polarization scattering increase the
dephasing rate of the exciton and broaden the excitonic transition without changing the
oscillator strength. The broadening increases the absorption at the wavelength of the
reflection dips thus reducing their depth and increasing their width. This translates in the
time domain to a reduction of the modulation depth of the NMC oscillations. However,
since the oscillator strength is conserved by scattering processes, the NMC splitting and
oscillation period stay constant. Phase space filling and Coulomb screening do eventually
reduce the oscillator strength, but not until the NMC reflection dips and oscillations are
almost completely gone. Then the bare cavity reflection dip appears signaling the
transition to the weak coupling regime.
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CHAPTER 6
SUMMARY AND FUTURE RESEARCH OUTLOOK

The research presented in this work is a part of ongoing active research about
interactions between carriers, electrons and holes, and photons in semiconductor
microcavities. The first part of the thesis deals with cavity effects on the lifetime of
carriers in the perturbative regime and the second part deals with normal mode coupling
between excitons and photons in the nonperturbative regime.
In the experiments measuring carrier lifetimes in the perturbative regime, we have
shown that reabsorption makes the cavity-mode PL decay much faster than the carrier
decay. This reabsorptional distortion is experimentally confirmed by comparing emission
into steep-angle modes with the help of a prism with cavity-mode emission. The large
change in the decay rate of cavity-mode PL in a high-reflectivity microcavity is not a
cavity-QED enhancement as previously claimed but is the consequence of reabsorption.
The 25% decrease in the steep-angle PL decay rate when the substrate and all but five of
the bottom mirror pairs are removed can be attributed to a change in the coupling into
guided modes but not to cavity-QED. Our experimental findings have been confirmed by
a theoretical computation of the electron-hole emission in a laterally confmed
microcavity.
In the experiments performed in the nonperturbative regime we showed some linear
and nonlinear features of NMC measured in cw or time-resolved conditions. As a
structural disorder effect, we found that a measured disorder-averaged excitonic
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susceptibility within a linear dispersion theory works as a successful approximation. The
most striking features of the NMC linewidths, therefore their deviations from the
expected atomic like behavior, are fiilly understood and can be explained by the
asymmetry of the disorder-averaged quantum well absorption lineshape.
In the time-resolved measurement, we observed that an increasing excitation density
leads to a reduction of the modulation depth of the NMC oscillations and reflection dips.
However, the oscillation period and NMC splitting stay almost constant. The theoretical
prediction calculated by our collaborators shows that, as the carrier density increases,
carrier and polarization scattering broadens the excitonic transition without decreasing
the oscillator strength. This resuhs in an increase of the absorption at the wavelength of
the NMC peaks thus decreasing the NMC peak amplitudes and increasing the NMC peak
linewidths without changing the splitting or the oscillation period.
Future research on a large enhancement of the carrier decay rate in semiconductor
microcavities requires the lateral confinement of the cavity. To suppress guided modes is
the only way to force spontaneous emission into a single cavity mode. Another challenge
in the nonpertubative regime will be to observe the strong coupling between exciton and
photon where a single exciton interacts with a single photon in a semiconductor
microcavity. Li the field of experimental atomic cavity-QED, it had been an important
goal for some time to observe the true quantum effects for the single atom strong
coupling regime until it was seen by Brune, et al in 1996. In semiconductor cavity-QED
this goal becomes a challenging task for the future.
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APPENDIX
THE MICROSCOPIC THEORY OF THE SPONTANEOUS
EMISSION RATE

In this section the semiconductor luminescence equations of Kira et al. [6,10-12] are
used to investigate the spontaneous emission in a microcavity. Since the 100-nm bulk
sample used in our experiments is still narrow compared to the light wavelength near
8S0nm for GaAs, the cavity enhancement effects are relatively insensitive to the
thickness of the active material. Thus, we analyze the enhancement changes in a quantum
well (QW) system, which considerably simplifies the microscopic investigations.
Our quantum theory of the interacting photon electron-hole system describes the
quantum statistical features of the light by a boson operator

for each independent field

mode tt,a(r) identified with a wave vector q and polarization direction e^. For notational
simplicity, we include the polarization index with q. The quantum properties of the
carrier system are determined by Fermion operators £k and />k for the conduction band
electron and valence band hole, respectively, having the in-plane momentum k [10],
For the incoherent excitation conditions used in the experiments, the light emission
follows from the radiative recombination of incoherent electron-hole pairs leading to PL.
The resulting emission and recombination properties can be determined from the
dynamics of the photon number

) > where qu is the photon momentum in the
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QW plane, together with the electron occupation
/k =

and the hole occupation

to the light-matter interaction, these expectation values are coupled via
describing the amplitude of photon assisted electron-hole pair

recombination. The Heisenberg equations of motion for these quantities form the
semiconductor luminescence equations,

f

y

;

=

.

( A . 3 )

Ml
(A.4)

where

is kinetic energy of the electron-hole pair with the Coulomb renormalization,

(0^ is the frequency of the field mode. We have evaluated the higher order correlation
frinctions using a Hartree-Fock scheme and introduced a dephasing rate y which is
obtained from a separate calculation of correlation contributions in the second Bom
approximation [44]. The effective mode strength at the QW position is given by
Fq =E^jg(z)u^Cz)dz with the QW confinement function g(z) and the vacuum field
amplitude

. Equation (A.1) is driven by a spontaneous emission term.
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Qf

,

(A.5)

where dcv is the dipole matrix element. The electron-hole recombination is also altered by
a renormalized stimulated process described by
^ll.q
where the first two terms are the unrenormalized stimulated contributions. Here p defines
the strength of the photon-assisted polarization

and r^,.^is the

quantum well Coulomb matrix element.
The recombination rate of each carrier density distribution is solved by evolving
equations (A.1) and (A.2) to steady state. The corresponding recombination rate y«a is
obtained from equation (A.3) and (A.4).

where s is the cross sectional area of the QW and no is the carrier density. To evaluate yek
we have to first determine the mode functions corresponding to each q. For the structure
used, the modal strength of the guided modes, propagating only inside the substrate or
inside the cavity, highly exceeds the weight of modes which can propagate outside the
cavity system. Thus, the recombination times are dominated by the PL into the guided
modes.
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