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ABSTRACT

Semiconductor microcavities have emerged to present abundant opportunities
for both device applications and basic quantum optics studies. Here we investigate
several aspects of the cw and ultrafast optical response of semiconductor quantum
well microcavities.

The interaction of a high-finesse semiconductor microcavity mode with a quan-
tum well (QW) exciton leads to normal mode coupling (NMC), where a periodic
energy exchange develops between exciton and photon states, appearing as a double
peak in the cavity transmission spectrum and a beating in the time resolved signal.
The nonlinear saturation of the excitonic NMC leads to a reduction of the modula-
tion depth of the NMC oscillations and corresponding transmission peaks with little
change in oscillation period or NMC splitting. This behavior arises from excitonic
broadening due to carrier-carrier and polarization scattering without reduction of
the oscillator strength.

The nonlinear NMC microcavity luminescence exhibits three excitation regimes,
from reversible normal mode coupling, through an intermediate double-peaked
emission regime, to lasing. The nonlinear photoluminescence spectrum is governed
by density-dependent changes in both the bare QW emission and in the microcavity
transmission. The temporal evolution of the microcavity emission is analogous to
the density-dependent behavior, and can be attributed to a time-dependent carrier
density which results from a combination of carrier cooling and photon emission.

A strong magnetic field applied perpendicular to the plane of 2 QW confines
electrons and holes to Landau orbits in the QW plane, transforming the QW into
a quantum dot (QD) whose radius shrinks with increasing magnetic field strength.
This strong magnetic confinement enhances the normal mode coupling strength in
the microcavity via an increase in exciton oscillator strength. The time-resolved

stimulated emission of a QW microcavity which has been transformed to a QD
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laser by magnetic confinement reveals a fast relaxation which is uninhibited by the
magnetic field, indicating the absence of a phonon bottleneck.

As a novel manifestation of cavity-modified emission, we demonstrate synchro-
nization of the stimulated emission of a microcavity laser to the electron spin preces-
sion in a magnetic field, achieved by modulating the optical gain for the circularly
polarized emission via the Larmor precession. The oscillating laser emission is
locked to the completely internal electron spin precession clock, and the GHz oscil-
lation frequencies depend only on the magnetic field strength and the QW material

parameters.
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CHAPTER 1
INTRODUCTION

In the nearly 40 years that have passed since the inception of the laser [1], this
extraordinary device has permeated almost all aspects of our society. Lasers have
found their way not only into our research laboratories, but also into our factories,
our homes, and our hospitals. Lasers have brought about technological and medical
advances previously only dreamed of, and lasers continue to push the frontiers of
our computing and communications networks.

The most recent evolutionary step in this saga is the semiconductor microcavity
laser. These tiniest of all lasers have already proved themselves in varied arenas.
Their small size and planar structure permit them to be fabricated in large numbers
on a single semiconductor wafer, and integrated with other semiconductor electron-
ics. Their special optical properties, including a single longitudinal mode, circular
beam profile, emission directionality, low threshold, and high speed response make
them strong contenders for a myriad of applications [2].

At the heart of these possibilities lies a fundamental understanding of semicon-
ductor microcavity physics. Knowledge of the basic physical and optical proper-
ties of these small structures provides the foundation upon which all else is built.
Armed with this knowledge, we can improve semiconductor microcavities in ways
that lead to better devices and new applications. This dissertation contributes to
the building of that foundation.

Let us begin by making acquaintances. A typical semiconductor microcavity is
shown in Fig.1.1. This specific microcavity design is also called a vertical cavity
surface emitting laser (VCSEL). The mirrors, cavity spacer, and active medium are
grown on top of a GaAs wafer as a completely integrated layered structure using
molecular beam epitaxy (MBE). It has a cavity spacer length on the order of the

light emission wavelength, and mirrors made of distributed Bragg reflectors (quarter
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Figure 1.1: Schematic of a semiconductor quantum well microcavity structure.

wave stacks) of alternating high (GaAs) and low (AlAs) refractive index material.
The active medium consists of quantum wells (QWs) placed at the antinodes of the
intracavity field. The large number of mirror layers provides a high reflectivity band
whose width is governed by the index difference between the high and low index
layers, while the short cavity length ensures that only a single longitudinal mode
exists within the mirror stop band and the gain region of the QWs (see Fig.1.2).
The entire structure is less than 10 gum from top to bottom. Thanks to the planar
growth, hundreds of microcavity “posts” can be etched into the surface, creating

at once a large array of individual lasers all on the same wafer.
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Figure 1.2: Calculated reflectivity spectrum for a 3A/2 microcavity with the cavity
resonance at A = 905nm. The spacer is GaAs, and the top and bottom mirrors
consist of 25 and 27.5 period GaAs/AlAs quarter wave layers, respectively.

Current efforts to enhance semiconductor microcavity laser performance con-
centrate primarily on improved materials. However, we must remember that the
emission properties of these semiconductor materials depend intimately on the
electromagnetic environment to which they are coupled. A large portion of the
work presented in this dissertation focuses on using microcavities to enhance light
emission properties by controlling optical modes. In particular, we investigate the
interaction between a solid state emitter (specifically, a QW exciton), and the reso-
nant photon mode of a semiconductor microcavity. Under the right conditions, the
coupling of the exciton to the cavity photon mode becomes so strong that a peri-
odic energy exchange develops between exciton and photon states. This so-called
“normal mode coupling” (NMC) has unleashed a wealth of possibilities for both

fundamental and practical studies of quantum optics in semiconductors [3, 4].
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Chapter 2 provides an introduction to the basic concepts of NMC in semicon-
ductor microcavities. While the phenomenon has been only recently observed in
semiconductors [3], the nonperturbative regime of cavity quantum electrodynamics
(QED) has been studied extensively in atomic systems [5]. We can learn a great
deal about our semiconductor microcavity from its atomic counterpart. However,
atoms and excitons are inherently different creatures, and although they exhibit
many similarities in the nonperturbative regime, there are also important differ-
ences. These differences lead to some interesting new physical effects, particularly
under high excitation conditions, which will be the focus of chapter3. One of the
primary practical motivations for studying NMC in semiconductor microcavities is
to use the strong coupling between exciton and cavity modes to enhance emission
into the cavity mode over other transversely propagating modes, leading to the
possibility of an ultra-low threshold laser. In order to realize this potential, it is
necessary to understand the processes taking place in the transition from NMC to
lasing. This is the topic of chapter4.

Microcavity laser performance can also be enhanced at the material level. The
main physical design concept here is to achieve a reduction in electronic phase
space using low dimensional structures such as quantum wells (QWs) [6]. A QW is
a thin layer of material whose thickness is smaller than the excitonic Bohr radius
of the bulk material, typically on the order of 10nm (see Fig.1.3). The QW is
sandwiched between two layers of a barrier material which has a larger bandgap
energy, so that electrons and holes are confined in one dimension. This reduced
dimensionality leads to a modification of the density of states, which increases at
the location of the quantum confined energy levels. If we then tune our microcavity
laser frequency to one of these energy levels, we observe an enhanced laser emis-
sion. Indeed, great advances have been made in semiconductor lasers over the past
decade by the introduction of QWs as gain media, resulting in lasers with higher
inversion, lower lasing threshold, and higher quantum efficiency. The ultimate goal
in quantum confined systems is the quasi-zero-dimensional quantum dot (QD). A

QD is similar to a QW, except that it is confined in all three dimensions, giving it a
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Figure 1.3: (a) Quantum well structure using In,Ga;_,As for the QW layer and
GaAs as the barrier material. (b) Conduction and valence band potentials for the
structure of (a) showing the confinement potential for the electrons and holes in

the QW layer [7].

delta-function-like density of states which could lead to even greater enhancement
of laser emission at the allowed energy levels. QDs have been fabricated by a vari-
ety of techniques, including microcrystallites embedded in glass, etched dots, and
self-organized dots formed by interface islands in MBE growth. These “real” QQDs
typically suffer from inhomogeneous size distributions and surface defects. In chap-
ter 5, we describe how we can use a strong magnetic field to transform a QW into
a pseudo-QD whose dot radius shrinks as we increase the magnetic field strength.
This creates an ideal, quasi-zero-dimensional QD with few surface defects. Then

in chapter 6, we use this strong magnetic confinement to enhance the normal mode



coupling strength via an increase in exciton oscillator strength, and show that the
magnetic field can actually propel weakly allowed states into the nonperturbative
regime. Chapter7 investigates the time-resolved stimulated emission properties
of a QW microcavity which has been transformed to a QD laser by strong mag-
netic confinement. The results evidence a fast relaxation which is uninhibited by
the magnetic field, indicating the absence of a phonon bottleneck, and providing
continued hope towards the success of the QD laser.

One particularly promising application of semiconductor microcavity devices is
in optical computing and communications. This effort requires large amounts of
information to be transferred at very high data rates. Towards this end, it is es-
sential to examine the ultrafast optical response of semiconductor microcavities.
The advent of ultrafast laser systems combined with ultrafast spectroscopy tech-
niques such as pump-probe, sum-frequency generation, and streak camera detection
enable us to study semiconductor material processes which occur on femtosecond
time scales [8]. Here we explore several aspects of the ultrafast optical response
of semiconductor microcavities in the context of normal mode coupling aad mag-
netic field effects. In chapters2 and 3 we measure normal mode oscillations after
pulsed excitation, resulting from the periodic energy exchange between exciton and
cavity modes in a semiconductor microcavity in the nonperturbative regime. The
light emission oscillates at THz frequencies which depend on the exciton oscillator
strength and the number of QWs in the microcavity. As a novel manifestation of
cavity-modified emission, in chapter 8 we demonstrate synchronization of the stim-
ulated emission of a microcavity laser to the electron spin precession in a magnetic
field, achieved by modulating the optical gain for the circularly polarized emission
via the Larmor precession. This yields an oscillating laser emission at GHz fre-
quencies which is locked to the completely internal electron spin precession clock,
and depends only on the magnetic field strength and the QW material parameters.

Both results suggest possibilities for ultrafast optical oscillators.



CHAPTER 2

NORMAL MODE COUPLING IN
SEMICONDUCTOR MICROCAVITIES

2.1 Introduction

The strong coupling regime of cavity quantum electrodynamics [4, 5] is particu-
larly interesting because it is in this regime that one can best take advantage of the
coherent energy transfer between emitter and cavity modes to favor emission into
the cavity mode over the other transversely propagating modes. To achieve the
strong coupling regime, the emitter-cavity mode interaction must dominate over
irreversible decay mechanisms due to spontaneous emission and cavity losses. In
other words, the strong coupling regime is reached when €y > (x,v), where Qg is
the vacuum Rabi splitting energy, « is the cavity mode linewidth, and = is the emit-
ter spontaneous emission linewidth. This condition can be achieved in high finesse
cavities where the cavity mode is in resonance with an atomic energy level, and
results in a vacuum Rabi splitting of the degenerate energy levels into symmetric
and anti-symmetric states for the combined cavity-atom system [9, 10].

A semiconductor, with its continuum of electronic states, may at first seem an
imposing system for the observation of the vacuum Rabi splitting. We can, how-
ever, take advantage of the Coulomb interaction between electron-hole pairs which
leads to discrete exciton bound states below the continuum band edge. Exciton-
polaritons, or coupled exciton-photon modes, are observed in bulk semiconductors
when the exciton is brought into resonance with an electromagnetic field mode
[11]. To observe the Rabi splitting, the semiconductor must be placed in a cav-
ity where the excitons are coupled to a single cavity photon mode. This can be
done, in practice, in a semiconductor microcavity [3, 12]. The coupling strength

may be increased even further by taking advantage of semiconductors with reduced



dimensionality, which exhibit significant enhancement of excitonic absorption fea-
tures due to the quantization of the electron envelope wavefunctions [6]. For this
reason, a quantum well (QW) placed at the center of a semiconductor microcavity
provides an ideal coupled system. Indeed, the first observations of the vacuum Rabi
splitting in a QW semiconductor microcavity [3, 12] and subsequent time-resolved
Rabi oscillation measurements [13, 14, 15, 16] unleashed a wealth of possibilities
for both fundamental and practical studies of quantum optics in semiconductors.

Although the phenomenon of vacuum Rabi coupling in semiconductor microcav-
ities exhibits many similarities to that in atomic systems, there are also important
differences. These differences lead to some interesting new physical effects, par-
ticularly in the nonlinear regime, which will be the focus of chapter3. A strict
definition of strong coupling requires that 0y = ¢ > (k,v), where g is the dipole
coupling strength for a single emitter. This limit was studied extensively for atomic
systems in the microwave domain [17, 18, 19, 20, 21], and has also recently been
achieved for atomic systems in the optical domain [10]. In a semiconductor micro-
cavity, the number of excitons is typically very large compared to the number of
cavity photons. The term “strong coupling” is often loosely applied to the case in
which Qo = VNg > (k,7), where N is the total number of emitters. In lieu of
strong coupling, we more appropriately describe this scenario as the nonperturbative
regime [22], in which the coupled exciton-photon system contains a large number of
emitters whose combined coupling strength results in the measured vacuum Rabi
splitting. In this case, the system can be described in the linear regime using
a semiclassical treatment of Maxwell-Bloch equations [23, 24]. This results in a
description analogous to normal-mode-coupling (NMC) of classical oscillators, and
the microcavity reflection and transmission properties can be modeled by dispersion
theory [23, 24].

At present, NMC experiments in semiconductor microcavities are analogous to
the early many-atom quantum optics experiments [22] and are far [25] from the

quantum statistical limit previously predicted [9] and only recently achieved [10]



in the atomic experiments. The work presented in this thesis concentrates on the
semiclassical regime involving many thousands of excitations. The results differ
interestingly from the atomic case because of the very different nature of exciton
nonlinearities. In contrast to atomic systems, the fermionic character and the
mutual Coulomb interaction of electrons and holes forming the exciton lead to
nonlinear effects already at relatively low carrier densities. Dephasing mechanisms
between electrons and holes also play a critical role in the nonlinear behavior of the
coupled modes 25, 26], as will be discussed in chapter 3. The present chapter serves
as an introduction to the basic concepts of normal mode coupling in semiconductor

microcavities in the linear regime.

2.2 Microcavity structure and experimental setup

A single QW microcavity sample (see Fig.1.1) was used in most of the mea-
surements discussed in this thesis. His name is NMC22, and he began as a small
GaAs wafer in a dark MBE chamber. But under the loving care of his parents, he
quickly grew to become a strong young semiconductor microcavity with tall sym-
metric 99.6 % reflectivity mirrors consisting of 14 and 16.5 period Bragg reflectors
made of alternating GaAs and AlAs quarter wave layers. And he had a good 31/2
GaAs spacer between his mirror stacks. But most importantly, he had two 8 nm
Ing04Gag96As QWs placed equally spaced from his cavity center to be at the antin-
odes of his intracavity field. And what fine quantum wells they were! These QWs
are ideal for NMC, because the 4% In concentration is large enough to separate the
heavy hole and light hole by 15meV, allowing coupling of the cavity resonance to
the well-isolated heavy hole exciton transition. Yet the In concentration is small
enough to achieve an exciton linewidth of only 1 meV. At NMC22’s growth center,
his cavity resonance energy was designed to be below his exciton band edge. This
allowed his cavity resonance to be tuned by moving radially outward across the

sample. In other words, his cavity resonance energy increased monotonically with



radial distance, while his exciton shift with sample position was comparatively neg-
ligible for his QW thickness. Hence by moving across the sample, his cavity mode
could be brought into resonance with various exciton transitions. And, oh, was he
happy when he was normal mode coupling! NMC22 had proud parents who showed
him to all their friends. And when he became older, he traveled the world, and
basked in the admiration of all who met him. He eventually achieved great fame,

and was sought by all who knew his name. But he never forgot from where he

came.

Quantum well absorption spectra were measured using a white light probe beam
transmitted through a 46 um core diameter fiber that was placed directly on the
front of the sample. Transmission was measured through the GaAs substrate. The
microcavity reflectivity measurements were performed by focusing the probe beam
directly onto the sample with a 50 um spot size. The samples were held at 4K

temperature in the center of a liquid helium cryostat.

2.3 Normal mode coupling in the linear regime

Fig.2.1 illustrates the basic features of NMC in semiconductor microcavities.
The absorption spectrum of a reference sample containing 20x 8 nm Ingo4GaggsAs
QWs with 92nm GaAs barriers is shown in Fig.2.1(a). We observe a pronounced
heavy hole exciton absorption peak, which is 15meV below the light hole exci-
ton due to strain, and has a FWHM linewidth of 1 meV. The exciton oscillator
strength is proportional to the integral under this absorption curve. Fig.2.1(b)
shows the reflectivity spectrum of a 99.94% reflectivity microcavity containing two
of the Ingp4GaggsAs QWs, when the cavity mode is tuned to the exciton reso-
nance [27]. In the absence of excitonic absorption, the cavity resonance would
appear approximately half way between the two reflection dips. In the presence of
the exciton, however, the strong coupling between the exciton and cavity photon
modes results in a normal mode splitting of 4.66 meV. Note that the splitting is

small compared to the 15 meV separation between the heavy and light hole exciton
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Figure 2.1: (a) Absorption spectrum of the 1s heavy hole exciton transition from
an 8nm IngosGaggsAs MQW sample at 4K. (b) Reflection spectrum at 4 K from
a 99.94 % reflectivity microcavity containing two of the QWs from (a).

transitions, permitting well-isolated lines. This splitting depends on the exciton
oscillator strength, the number of QWs in the microcavity, and the effective cavity
length. More specifically, the normal mode splitting Qg is given by 2pE, (A = 1),
where p is the dipole transition matrix element and Egp = m is the elec-
tric field per photon, w, being the cavity resonance frequency and V, the cavity
mode volume. For a single QW placed at the center of a A-microcavity, Q¢ can
be expressed as Qg = [2c[o/\/e(Lc + Lpar)]'/? (28], where [y is the exciton ra-
diative damping rate, €. is the cavity spacer dielectric constant, L. is the length of
the central layer of the microcavity, and Lpggr is the characteristic length of the

distributed Bragg reflectors. The exciton radiative damping rate can be written in
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terms of the oscillator strength per unit area per QW (%) as [ = 7re2(fA£) €.mc
[28], where m is the free electron mass and the electromagnetic field dependence
of the splitting is contained in f.. Enhanced excitonic absorption will therefore
increase the coupling strength between the exciton and the cavity photon mode.
We note that the QW area A times the effective cavity length L. + Lpggr is an
approximation to the true cavity mode volume V..

The linewidths of the coupled modes in Fig. 2.1(b) are much narrower than that
of the inhomogenously broadened exciton absorption in Fig.2.1(a). This results
from the fact that the coupled linewidths on resonance are determined approxi-
mately by the average of the homogeneous exciton and cavity linewidths, (k +7)/2,
which are much narrower than the inhomogeneous exciton absorption in this sam-
ple. The low-energy dip has a FWHM linewidth of 0.28 meV, while the high-energy
dip has a linewidth of 0.45 meV. We will see in chapter 6 that this linewidth asym-
metry exists even when the continuum is quantized into energy levels which are
far-removed from the exciton resonance by applying a large magnetic field. One
hypothesis for this linewidth asymmetry is that it may result from a partial relax-
ation of the in-plane momentum conservation rules [29]. Another speculation is
that the difference may be due to coupling with higher energy optically forbidden
states, mixed into the wave-function by the disorder potential {30]. The coupled
system is in the nonperturbative regime as long as the normal mode splitting o is
much greater than these linewidths. The splitting to linewidth ratios of 17 for the
low energy mode and 10 for the high energy mode are the largest values reported

to date, and attest to the excellent sample quality.

2.4 Cavity-exciton anticrossing

Fig. 2.2 shows a series of reflectance spectra for the NMC22 microcavity as the

cavity resonance is tuned through the exciton resonance [31]. We observe an an-

ticrossing curve with a minimum splitting of 4.53 meV on resonance. Away from
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Figure 2.2: Reflectance spectra of the NMC22 QW microcavity as the cavity mode
is tuned through the exciton resonance.

resonance, the measured splitting is given approximately by 82 = Q2 + A2, where

Qo is the minimum splitting and A is the detuning.

2.5 Linear dispersion theory

The coupled exciton-microcavity photon system can be modeled using a simple
linear dispersion theory [23, 24]. In the following treatment, we solve Maxwell’s
equations in the structure by a transfer matrix method [32], in which we compute
the electric and magnetic fields at each interface as we propagate through the struc-
ture. As in the experiment, the change in the microcavity spacer length governs

the energy detuning between photon and exciton modes. In chapter 3, we will show
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that the same dispersion theory method can be used to model the NMC behavior
in the nonlinear regime from the measured nonlinear absorption spectra [27].
In the basis of electric and magnetic field amplitudes, the transfer matrix across

the j** layer of a multilayered structure has the simple form [33]

. “n;l; —i2-sin(¥%n;l;
T:i_—: COS(CnJ J) n, (c JJ) , (2.1)
—in]' sin(-‘:__’-njlj) COS(%TLJ'[J')

where n; and [; are the corresponding complex refractive indices and layer thick-
nesses, respectively. Knowing the transfer matrix of each layer, the matrix product
T = f'l'f’zi"JTN gives tke transfer matrix of the total system containing N lay-
ers. The reflection coefficient of the structure can be expressed via the elements of

matrix T as

_ tu + tiz — (t21 + t22n,) z (2.2)
tin + fi2ns + t21 + t22n, -
where n, is the refractive index of the substrate. In order to calculate the QW
microcavity spectrum, we must know the complex refractive index and thickness of
each layer. The complex refractive indices for the Al,Ga;_.As mirror and spacer
layers are obtained from an empirical model [34]. In the QW layers, we determine
the complex index from the measured absorption spectrum in the vicinity of the
exciton resonance, as shown in Fig. 2.3(a). The measured exciton absorption yields
the imaginary part of the refractive index, while the real part is computed from a
Kramers-Kronig transformation of the absorption spectrum, as shown in Fig. 2.3(b)
[35]:
An(w) = £ P / ABalw) (2.3)

o — wz
The computed An is then added to the background index of GaAs to approximate
the total index of the QW layer. This method yields approximate solutions for the
transmission spectra in the linear regime, as shown in Fig. 2.3(c).
Note that the transmission peak energies in Fig.2.3(c) correspond to the in-
tersection of the QW index curve with the straight cavity load line in Fig. 2.3(b).

The cavity load line is the solution of the cavity mode equation 2n(A)d = mA
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Figure 2.3: (a) Absorption spectrum of the 1s heavy hole exciton transition from
an 8 nm Ingo4GaggsAs QW, (b) Index change per QW computed from a Kramers-
Kronig transformation of (a), and (c) Microcavity transmission spectrum computed
by the transfer matrix calculation. The straight line in (b) shows the solution of
the cavity mode equation, 2rn(A)d = mA, for the QW index ngw(A) (see Eq. 2.4).

for the QW index. The quantity nd is the sum of the QW contribution plus the
microcavity spacer contribution: nd = ngowdgow + nsds.
Now solving the cavity mode equation for ngw(A), we find

raw () = A7) - ns(%). (2.4)

The LHS of Eq. 2.4 is the QW index curve, while the RHS is the straight cavity load
line shown in Fig.2.3(b). This equation has three solutions for the allowed trans-
mission peak energies, which correspond to the three crossing points in Fig. 2.3(b).
However, the high exciton absorption at line center destroys the transmission at
the central-frequency solution. This leaves the two sideband solutions giving the

characteristic NMC two-peaked transmission spectrum.
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Figure 2.4: Schematic diagram of the optical x? frequency upconversion technique
for measuring the time-resolved normal mode oscillations.

2.6 Normal mode oscillations

The normal mode splitting in the frequency domain corresponds to a beating in
the time domain, resulting from the periodic energy exchange between the excitons
and the cavity field. We measure these normal mode oscillations by a standard
upconversion technique [36], as shown schematically in Fig. 2.4. The microcavity is
excited on resonance and at normal incidence with 100 fs pulses from a mode-locked
Ti:Sapphire laser with 82 MHz repetition rate. Light reflected from the microcavity
is also collected at normal incidence and time-resolved by cross-correlating the
reflected signal with a reference pulse via optical x? sum-frequency generation in a

BBO crystal. The signal is detected using a PMT with lock-in amplifier.



34

20
@ 2
E iz
. 5 2
-5 15 3 3
s 3 &
2 -
g -4 44 meV
E or 06 Lt ! ! L 1
P 1475 1480 1485 1490 1495
k=] Energy (eV)
g
g 05r
[=]
2
o)

0.0

0 1 2 3 4 S 6

Time (ps)

Figure 2.5: Time-resolved emission from the NMC22 microcavity in the linear
regime, with the cavity mode tuned to the exciton resonance. The inset shows the
spectrum of the reflected excitation pulse.

The time-resolved microcavity emission in the linear regime and close to zero
detuning is shown in Fig. 2.5 [26]). The large signal at ¢ = 0 is due to the excitation
pulse reflected from the top mirror of the structure. We then observe pronounced
normal mode oscillations with a constant period of 0.9 ps. On resonance, each of the
two NMC eigenmodes is an equal admixture of exciton and cavity. The oscillations
can then be interpreted as a periodic energy exchange between the excitons and
the cavity field. The oscillations decay exponentially with a rate determined by
the average of the cavity photon and exciton decay rates, (x ++)/2. The spectrum
of the reflected femtosecond exciting pulse (see inset of Fig.2.5) shows two dips
at the NMC peaks. The 4.4 meV splitting is consistent with the 0.9 ps measured

oscillation period (1 = 27 /().
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2.7 Conclusion

This chapter has served as an introduction to the basic concepts of normal mode
coupling (NMC) in semiconductor QW microcavities. We have seen that the in-
teraction of a high-finesse cavity mode with a QW exciton leads to NMC, where
the degenerate resonances of the cavity and the exciton are replaced by new states
similar to the exciton polariton. These “cavity polariton” states appear as a dou-
ble peak in the cavity reflection and transmission spectra, and the periodic energy
exchange between the excitons and the cavity field leads to a beating in the time
resolved signals. The nonperturbative regime in semiconductor microcavities is not
only ideal for studies of light-matter interactions, it is also interesting for possible
applications like efficient LEDs, low threshold lasers, and optical terahertz oscil-
lators [4]. In the linear regime, NMC can be described in terms of a dispersion
theory for a given excitonic absorption. Due to the pronounced index change in
the vicinity of the exciton resonance, the cavity mode equation requiring an in-
tegral number of wavelengths between the two mirrors can be satisfied at three
different frequencies. However, the high exciton absorption at line center destroys
the transmission at the central-frequency solution, leaving the two sideband so-
lutions which give the characteristic NMC two-peaked transmission spectrum. In
contrast to atomic systems, the very different nature of electrons and holes form-
ing the exciton lead to nonlinear effects already at relatively low carrier densities.
Finally, NMC experiments in semiconductor microcavitiés are still far from the
single-atom, single-photon quantum limit recently achieved in atomic systems. Al-
though the quantum-statistical limit might result in novel semiconductor devices,
it will require structures with higher finesse and smaller volumes. In chapters 3,
4, and 6, we will investigate several features of NMC in semiconductor microcavi-
ties in the nonperturbative regime, including the nonlinear behavior of the coupled
exciton-cavity photon system, the transition from NMC to lasing, and magnetic

field enhancement of the coupling strength.
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CHAPTER 3

NORMAL MODE COUPLING IN THE
NONLINEAR REGIME

3.1 Introduction

! In the preceding chapter we introduced the basic features of normal mode cou-
pling (NMC) in semiconductor microcavities, and discussed important differences
between semiconductor and atomic systems. These differences become particularly
important in the nonlinear regime, where dephasing mechanisms between electrons
and holes play a crucial role in the nonlinear behavior of the coupled modes. This
chapter is devoted to the study of NMC in the nonlinear regime, by both cw pump-
probe transmission and ultrafast normal mode oscillation measurements.

Often, nonlinear saturation experiments with bulk or QW excitons cannot reveal
whether bleaching of the excitonic resonances is due to a reduction of the oscillator
strength or due to resonance broadening. As we show in this chapter, NMC in
microcavities can help to distinguish between both effects. The width of the NMC
splitting depends only on the oscillator strength whereas the width of the individual
NMC peaks is influenced by excitonic broadening.

Our primary finding is that, with increasing excitation, we observe a broadening
and reduction of the NMC peaks in the cavity transmission spectra with very little
reduction in the NMC splitting. The corresponding time-resolved experiment shows
a reduction of the modulation depth of the NMC oscillations without any change in
the oscillation period. This behavior directly reveals the nature of the exciton sat-
uration. Phenomenological and microscopic transfer-matrix treatments show that

the nonlinear behavior occurs because exciton broadening with little reduction in

Parts of the work presented in this chapter have been published elsewhere[25, 26, 27, 37, 38,
39, 40, 41, 42
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oscillator strength is the dominant nonlinearity at low densities for the narrow-
linewidth QW excitons studied in these experiments. The microscopic calculations
show that excitonic dephasing due to carrier-carrier and polarization scattering
broadens the excitonic resonances (and correspondingly the NMC peaks) before
phase space filling and screening decrease the exciton oscillator strength. When
the exciton resonance in the QW absorption vanishes, the bare cavity resonance
replaces the NMC doublet, indicating the transition from the reversible nonper-
tubative regime to the irreversible perturbative weak-coupling regime. Earlier ex-
periments on samples with a low splitting to linewidth ratio have been performed
using cw [43] as well as femtosecond [44, 45] pump-probe excitation. Those ex-
periments showed no change in splitting for low densities followed by an abrupt
collapse with loss of oscillator strength. But the large inhomogeneous broadening
present in those samples prevented observation of the nonlinear transmission and

reflection with little change in splitting as demonstrated here.

3.2 Nonlinear microcavity transmission

We begin by examining cw pump-probe measurements of exciton saturation and
nonlinear transmission in the NMC22 microcavity [25]. The microcavity structure
was described in section 2.2. The sample was excited above the mirror stopband at
787 nm with a cw Ti:Sapphire laser, and the nonlinear transmission was measured
by a weak LED probe. The striking feature of the data is the loss of NMC trans-
mission with negligible change in splitting. Fig.3.1(a) shows that as the exciton
is saturated by band-to-band pumping, at first there is little change in oscillator
strength (integrated absorption) but considerable broadening. The increase in ab-
sorption at detuned frequencies does not occur in power broadening of an atomic
transition but does occur due to collision broadening. The nonlinear behavior
here is different from Refs. [43, 44] because the inhomogeneous broadening here is

much smaller than the NMC splitting so that the homogeneous broadening can
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Figure 3.1: CW probe transmission spectra with increasing pumping at 787 nm
above the microcavity stop band for (a) exciton absorption of 20 QWs like the two
in the microcavity and (b) microcavity NMC. Since absolute densities are not mea-
sured, curves in (a) and (b) cannot be compared directly; however, Kramers-Kronig
transfer-matrix microcavity calculations using the nonlinear data in (a) show that
2' corresponds closely to 2 and 3’ to 3. Noise from photoluminescence prevented
determining the probe transmission when the exciton is completely saturated cor-
responding to 4’. Stronger pumping in (b) results in lasing at a wavelength close
to the 4’ peak. The 20-QW data in (a) were shifted by 4 meV to the position of
the 2-QW peak in the microcavity as deduced from the data of (b).
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have such a dramatic effect on the two transmission peaks before loss of oscilla-
tor strength. This broadening increases the absorption at the wavelengths of the
two peaks thereby decreasing their transmission as shown in Fig.3.1(b). When
the exciton is completely saturated, the transmission of the almost-empty cavity
opens up close to the midpoint (the usual weak-coupling laser limit). Fig.3.1(b)
was taken with the pump wavelength at the first reflection minimum above the
stopband. The same reduction in transmission without reduction in splitting is
seen when the pump wavelength is coincident with either of the original peaks or

midway between them; of course, the power dependence is different for each of the

wavelengths.

3.3 Nonlinear dispersion theory

To understand this nonlinear behavior in more detail, we first return to our semi-
classical description of section 2.5, in which the exciton absorption is measured out-
side of the microcavity and then used in a transfer matrix calculation to determine
the transmission spectra. Fig.3.2 (a) shows the measured nonlinear QW absorption
spectra in the vicinity of the exciton resonance for increasing pump powers, while
Fig.3.2(b) shows the resultant index change computed from a Kramers-Kronig
transformation of (a). As in section2.5, we then insert the measured nonlinear
exciton absorption spectra and computed index change into our transfer matrix
calculation to determine the nonlinear behavior of the coupled system. Fig. 3.2 (c)
shows the computed nonlinear transmission spectra, which exhibit the same fea-
tures as observed in the measured transmission spectra of Fig. 3.1 (b). At low carrier
densities, the exciton absorption is low at the two off-resonance NMC transmission
peaks, so their transmissions are high. As the carrier density increases, the dom-
inant change in the exciton absorption is broadening. This broadening increases
the absorption at the location of the two NMC peaks, which, in turn, lowers their
transmissions. Hence we see a decrease in the NMC transmission, but no change

in splitting because the oscillator strength remains constant.
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Figure 3.2: (a) Exciton absorption in a 20-QW sample measured using transmis-
sion of a weak cw probe and (b) the resultant index change via Kramers-Krénig
transformation (c) The transfer-matrix calculated transmission using (a) and (b)
corresponds well to the experimentally measured nonlinear transmission in Fig. 3.1.
The dashed line in (b) shows the solution of the cavity mode equation.
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The coupled equations are evaluated using parameters for the NMC22 micro-
cavity structure. The calculated nonlinear exciton absorption (imaginary part of
the QW optical susceptibility) and corresponding NMC microcavity transmission
are shown in Figs. 3.3 (a) and (b), respectively. For increasing bleaching of the ls-
exciton resonance with increasing carrier density we find a strong reduction of the
NMC peak heights with only a small reduction of the NMC splitting. The increasing
width of the individual NMC peaks indicates the strong broadening of the exciton
resonance, as seen in Fig. 3.3 (a), whereas the small reduction of the splitting clearly
reveals the minor reduction of the exciton oscillator strength within a large density
range. With increasing density the renormalized band edge approaches the ener-
getically stable 1s exciton resonance. The rather abrupt replacement of the normal
mode doublet by a single transmission peak occurs when the cavity resonance be-
comes degenerate with the band edge. This corresponds to the transition from
the nonperturbative (strong-coupling) regime to the perturbative (weak-coupling)
regime, since the damping of the continuum states strongly exceeds the dipole cou-
pling. The microscopic theory identifies the physical origin of the broadening to
be dephasing by carrier-carrier and polarization scattering [25]. Due to the narrow
exciton linewidth of these QWs, the broadening is already apparent at low carrier
densities, where loss of oscillator strength due to phase space filling and screening

have not yet come into play.

3.5 Nonlinear normal mode oscillations

The underlying mechanisms which result in a broadening and reduction of the
NMC peaks in the cavity transmission spectra with very little change in the NMC
splitting can also be observed in the time domain. The corresponding time-resolved
experiment shows a reduction of the modulation depth of the NMC oscillations
without any change in the oscillation period. In this section, we study the nonlin-

ear response of the NMC22 microcavity to a single intense femtosecond laser pulse.
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Figure 3.4: Time-resolved reflected signal from sample NMC22 close to zero detun-
ing, following 100fs pulsed excitation, and for increasing photon flux. The inset
shows the oscillation decay rate versus photon flux.

Time-resolved measurements are performed using the upconversion technique de-
scribed in section2.6. We recall from section 2.6 that the time-resolved emission
from the sample in the linear regime exhibits normal mode oscillations with record
modulation depth and a period of 0.9 ps (see Fig. 2.5).

With increasing excitation, (see Fig.3.4), the oscillations decay more rapidly,
but the oscillation frequency remains nearly constant. This is the time-resolved
equivalent of the cw reduced transmission without a reduction in splitting. In
this intermediate excitation regime, the decay rate plotted in the inset of Fig.3.4

increases linearly with excitation density as a result of the exciton broadening.
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Figure 3.5: Time-resolved reflected signal from sample NMC22 close to zero detun-
ing following 100fs pulsed excitation with a photon flux of 4.8x 10! (solid line),
3.8x10' (dotted line), and 7.6x10'® (dashed line) photons/cm?. Corresponding
spectra of the reflected signal are shown in the inset.

Fig. 3.5 shows the measured time-resolved emission reflected from the sample
(on a logarithmic scale) for different incident pulse intensities, now going to much
higher densities than shown previously in Fig.3.4. The corresponding measured
reflection spectra are shown in the inset. A rich dynamic behavior is observed:
As the incident pulse intensity increases, the modulation depth of the NMC oscil-
lations decreases accompanied by a reduction and broadening of the dips in the
reflection spectra. However, the oscillation period stays approximately constant as
the pulse intensity increases, consistent with the observed near constant splitting in
the reflection spectra. Nonlinear effects strongly influence the interaction-induced
decay of the time-resolved signal. When the pulse intensity is increased from a low
to an intermediate value (solid line and dotted line in Fig. 3.5, respectively) the
decay becomes faster. For a very large pulse intensity (dashed line in Fig. 3.5), the
NMC oscillations are strongly damped out due to fast exciton saturation and the

decay is slowed down again.
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In the linear regime, the system dynamics can be described by Fourier trans-
forming the incoming pulse and then applying the transfer matrix method for each
of its frequency components. The exciton only enters through its linear time-
independent susceptibility. However, this linear model is not applicable for the
intense pulse propagation studied here. The strong excitation generates nonlinear
excitonic effects that have to be treated self-consistently with the nonlinear pulse
propagation problem.

To analyze the experimental observation, we apply a theory developed by F.
Jahnke et al. [46], in which they directly solve the time-dependent Maxwell’s equa-
tions where the source term contains the macroscopic QW polarization Pgw (t). In
a Bloch basis with the in-plane carrier momentumk, we use Pqw (t) = &5 Ty dZ, Wi (t)+c.c.
where d, is the dipole matrix element. The coherently driven excitonic polariza-
tion Wy (t) together with the occupation probability f™(t) for electrons and holes

follow from generalized semiconductor Bloch equations
L 0 . .
i —eil0) - e::(t)] B(t) — [1- 0~ fo)] 2l

=1 [Fk(t)q’k(t) + —L1_2 > [‘k.k‘(t)q’k'(t)} y (3.1)
kl

iR fe(t) + Ou(Wg(8) - Q)
=i {SP 0 - O] - SR + S0} (3.2)

The LHS of Eqgs. 3.1 and 3.2 correspond to the well-known Hartree-Fock equa-
tions with phase-space filling nonlinearities, the renormalized Rabi-energy €y (which
contains the cavity field at the QW position), and the renormalized free-particle
energies €x. The RHS of Egs.3.1 and 3.2 account for correlation contributions.
Within the second Born approximation, correlations lead to carrier and polariza-
tion scattering as well as screening contributions to the Hartree-Fock self-energies.
The complex rates I'y and [k x describe dephasing of the excitonic polarization

and the corresponding energy renormalization whereas Ly contains the influence
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Figure 3.6: Calculated emission spectra from a structure similar to sample NMC22
after excitation by 100fs pulses with Qg = 0.01 Eg (solid line), Qg = 1Ep (dotted
line), and Qr = 2Ep (dashed line). The inset shows the corresponding calculated
reflection spectra.

of carrier and polarization interaction on the occupation probabilities. The theory
microscopically describes nonlinear saturation of coherently driven excitons due to
band-gap renormalization, dephasing, and reduction of oscillator strength. In the
nonlinear regime, the field dynamics have to be solved directly from time-dependent
Maxwell’s equations together with Egs. 3.1 and 3.2. The full light-propagation prob-
lem in the microcavity is described using Maxwell’s boundary conditions for the
multi-layer system.

The calculated reflected emission intensity for the NMC22 microcavity is shown
in Fig.3.6. We obtain the same dynamical behavior as the measured results shown
in Fig.3.5. 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
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the feature at about 0.1 ps. The reflection spectra shown in the inset of Fig. 3.6 are
calculated by taking the Fourier transform of the calculated emission.

As the carrier density increases, carrier and polarization scattering increases
the dephasing rate of the exciton, broadening the excitonic transition without de-
creasing the oscillator strength. The broadening increases the absorption at the
wavelengths of the reflection dips thus reducing the depth of and broadening the
reflection dips. This translates in the time domain to a reduction of the mod-
ulation 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 os-
cillator strength, but not until the NMC reflection dips and oscillations are almost
completely gone. Then the bare cavity reflection dip appears signaling the transi-

tion to the weak coupling regime.

3.6 Conclusion

In this chapter, we have studied the nonlinear saturation of the excitonic NMC
in a QW microcavity by cw pump-probe and femtosecond normal mode oscillation
measurements. We observe that an increasing excitation density leads to a reduc-
tion of the modulation depth of the NMC oscillations and corresponding transmis-
sion peaks. However, the oscillation period and NMC splitting stay almost constant.
These features are fully reproduced by semiclassical transfer matrix calculations in
which the QW nonlinearity is described phenomenologically by the measured bare-
QW nonlinear absorption or by a first-principles many-body microscopic theory.
The microscopic theory reveals the underlying mechanism of the nonlinear NMC
behavior to be excitonic broadening due to carrier-carrier and polarization scat-
tering without reduction of the oscillator strength. For carrier densities leading to
exciton saturation we observe the transition from the nonperturbative (strong cou-
pling) regime with periodic energy exchange between the cavity-like and excitonic

states to the perturbative (weak coupling) regime of cavity enhanced emission.
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CHAPTER 4

NONLINEAR MICROCAVITY LUMINESCENCE:
FROM NORMAL MODE COUPLING TO LASING

4.1 Introduction

! One of the primary motivations for studying normal mode coupling (NMC) in
semiconductor microcavities, as mentioned in chapter 2, is to use the strong cou-
pling between exciton and cavity modes to enhance emission into the cavity mode
over other transversely propagating modes, leading to the possibility of an ultra-low
threshold laser. In order to realize this potential, it is necessary to understand the
processes taking place in the transition from NMC to lasing.

Photoluminescence from NMC microcavities has been previously studied to de-
termine the linear dispersion curve by angularly resolved detection [50] and the
nonlinear response as a function of excitation density [43]. Detailed comparisons
between exciton-polariton luminescence emitted perpendicular to the microcavity
mirrors and bare exciton luminescence emitted from the edge of the sample have
also revealed cavity pulling effects and thermalization properties [51].

In this chapter, we investigate microcavity luminescence from the reversible
emission regime of NMC all the way to the irreversible lasing regime. The lumi-
nescence exhibits an interesting carrier density-dependent behavior which is also
sensitive to cavity-exciton detuning. When the cavity photon mode is tuned above
the exciton resonance energy, the lower-energy luminescence peak dominates at low
densities, while the upper-energy luminescence peak dominates at high densities.
At intermediate densities, we observe a crossing of the two peak intensities. This
crossing occurs at a carrier density less than a factor of two below that for lasing

threshold and roughly equal to the density at which NMC vanishes in transmission.

Parts of the work presented in this chapter have been published elsewhere[27, 47, 48, 49]
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Hence we identify three excitation regimes, characterized by NMC, double-peaked
emission, and lasing, for low, intermediate, and high densities, respectively. The
nonlinear luminescence behavior arises from density-dependent changes in both the
bare QW emission and in the microcavity transmission. The temporal evolution
of the microcavity emission also exhibits a crossing of the upper and lower energy
peak intensities in time. This is attributed to a time-dependent carrier density
which results from a combination of carrier cooling and photon emission, on a time
scale of several hundred ps. The results are in excellent agreement with a fully
quantum mechanical theory for the interacting system of photons and Coulomb

correlated electrons and holes.

4.2 Microcavity luminescence: from NMC to lasing

For these experiments we used the NMC22 QW microcavity described in sec-
tion 2.2. The sample was held at 4 K temperature and excited in a reflection mini-
mum at 780 nm, above the mirror stop band, by 100fs pulses from a mode-locked
Ti:Sapphire laser with 82 MHz repetition rate. The 835nm microcavity emission
was dispersed in a 0.75m spectrometer with a 0.027 nm spectral resolution and
detected by a CCD array with optical multichannel analyzer. The time-resolved
measurements of section 4.8 were performed at 15K temperature using 2ps laser
pulses. The microcavity emission was dispersed in a 0.32 m spectrometer and then
detected by a synchroscan streak camera with spectral and temporal resolutions of
0.5nm and 7 ps, respectively.

Our low-excitation photoluminescence (PL) spectra at 4 K reveal two coupled
modes with an on-resonance splitting of 4.1 meV. Cavity-exciton detunings were
determined from A = 1/§2 — O3, where § is the measured splitting with detuning,

and Qg is the on-resonance splitting.



(a)

2

8

Intensity (arb. units)
8
B
€
=]
v
Peak Height (arb. units)

SmW X282 50
0.5 mW ! g X2712
0 L L L L
1.47 1.48 1.49 0 5 10 15 20 25
Energy (eV) Power (mW)

Figure 4.1: (a) QW microcavity luminescence spectra for increasing pump powers.
The cavity mode is tuned 4.24 meV above the exciton resonance. (b) Peak lumi-
nescence intensity versus pump power from the spectra of (a). Upper-energy peak:
circles. Lower-energy peak: squares.

Fig. 4.1 (a) shows the microcavity luminescence spectra and (b) upper and lower-
energy peak intensities for increasing pump powers when the cavity is tuned 4.24 meV
above the exciton resonance. At low excitation, we observe two NMC peaks in PL
with the lower-energy peak dominating since it is favored by the thermal distri-
bution. With increasing excitation, the upper-energy peak increases rapidly while
the lower-energy peak tends to saturate. The peak heights are interchanged near
a pump power of 14 mW. Finally, at high excitation, we observe lasing from the

detuned cavity mode.
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4.3 Microscopic theory

To analyze the interesting nonlinear behavior of the microcavity luminescence,
we apply a fully quantum mechanical microscopic theory developed by M. Kira et
al. {48, 49]. The field is quantized by introducing boson operators b, for each field
mode having a wave vector q. The carrier system is treated at a microscopic level to
describe properly, e.g. the many-body Coulomb effects [6]. The luminescence prop-
erties are determined from the equations of motion for expectation values (b;bq:)
and (b;f’k) where P is the microscopic polarization of the matter.

The microscopic theory shows that (b};f’k) is directly driven by spontaneous

emission involving recombination of an electron hole pair
Qse(k, ) = peu (k) S B - (4.1)

Besides the product of electron and hole occupations f{f{!, the rate of spontaneous
emission depends on the dipole matrix element x,(k) and on the field strength at
the QW position (E,[,-term). The resulting equations are evaluated numerically

using the parameters of the NMC22 microcavity.

4.4 Nonlinear transmission versus luminescence

We can gain some insight into the nonlinear PL behavior of Fig. 4.1 by comparing
the simultaneous measurement of transmission and PL as a function of cw excitation
intensity, as shown in Fig.4.2(a). These measurements, performed by D. V. Wick,
use a cw Ti:Sapphire pump and a weak LED probe to measure the microcavity
transmission and PL under identical excitation conditions [27]. At low densities,
we observe two pronounced peaks in both transmission and PL. Here, NMC is fully
effective, and the lower-energy PL peak dominates since it is favored by the thermal
distribution. With increasing excitation, the exciton broadens due to carrier-carrier
and polarization scattering, as discussed in chapter3. This exciton broadening
modifies the photon density of states. For positive cavity photon-exciton detunings,

the upper-energy transmission peak shifts to lower energy with little change in the
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Figure 4.2: (a) Nonlinear cw pump-probe transmission and corresponding PL for a
cavity-exciton detuning of =~+1.9 meV. (b) Calculated transmission and PL based
on the microscopic theory for a cavity-exciton detuning of +1.6 meV.



peak transmission, while the lower-energy peak transmission goes to zero. Hence
at high densities, we observe a single transmission peak which is part way between
the two low-density NMC peaks. The bare QW PL distribution also broadens with
increasing excitation, as a result of state filling. This effect increases the number of
available emitters at the upper-peak energy, resulting in the growth of the upper-
energy PL peak with increasing density. The crossing of the PL peaks therefore
arises from density-dependent changes in both the bare QW emission and in the
microcavity transmission, and is not a signature of NMC. Accordingly, we identify
three excitation regimes: the NMC regime at low densities, the ‘double peaked
emission’ (DPE) regime at intermediate densities, and the lasing regime at high
densities. The DPE region is distinguished from NMC, since DPE can already
result for a classical emitter in a cavity with the cavity resonance detuned from
the emission frequency, and does not require strong coupling between emitter and
cavity modes. The results of the microscopic theory shown in Fig.4.2(b) are in

excellent agreement with the data.

4.5 Three excitation regimes

The three excitation regimes are illustated clearly in Fig.4.3, which shows the
measured upper and lower-energy peak intensities on a logarithmic scale. The
NMC region is observed for pump powers below 10 mW, where the lower-energy
peak dominates and two peaks are observed in the corresponding transmission
spectra. DPE occurs approximately between 10 and 25 mW. The upper-energy peak
intensity increases exponentially throughout the DPE region, eventually crossing
the lower-energy peak. The lasing threshold is reached near 26 mW, defined where
lasing occurs from the detuned bare cavity mode which lies between the linear
NMC peaks. The transition from NMC to DPE takes place roughly where the
peak heights cross in Fig. 4.3, and less than a factor of 2 below the lasing threshold.
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Figure 4.3: QW microcavity emission peak intensity versus excitation for a cavity-
exciton detuning of +4.24 meV, showing three excitation regions: normal mode
coupling (NMC), double peaked emission (DPE), and lasing. Upper-energy peak:
circles. Lower-energy peak: squares. The solid lines are a guide to the eye.
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Figure 4.4: Measured (a-c) and calculated (d-f) QW microcavity emission peak
intensity versus excitation for different cavity-exciton detunings. Upper-energy
peak: circles, solid lines. Lower-energy peak: squares, dashed lines.

4.6 Cavity-exciton detuning

We have so far considered the nonlinear microcavity PL when the cavity mode
is tuned above the exciton resonance. In this section we show that the PL be-
havior is, in fact, strongly detuning dependent. The measured (Figs. 4.4 (a-c)) and
computed (Figs. 4.4 (d-f)) upper and lower-energy PL peak heights are plotted for
three representative cavity-exciton detunings in Fig.4.4. For low carrier densities,
the lower-energy peak dominates whereas for higher carrier densities, the behavior
is strongly detuning dependent. When the cavity mode is tuned below the exciton

resonance (Figs. 4.4 (a,d)), we observe a strong increase of the lower-energy peak,






lower-energy peak, whereas the energetic position of the lower-energy peak remains
nearly constant. As in Fig.4.4, the upper-energy peak vanishes for negative de-
tuning at higher excitation levels. For positive detunings, the energetic splitting
between both peaks decreases before it reaches a basically constant value which is
determined by the cavity-exciton detuning A. This point corresponds to the DPE
region, where we observe the crossing of the peak intensities in Fig.4.4. The upper

peak energy shifts very little from this crossover point to lasing.

4.7 Electron-hole system: Fermionic or Bosonic?

An exciton is a bound state of two Fermions and can thus be expected to be
approximately a Boson at low densities [6]. The increase in the upper-energy peak
microcavity emission discussed in the preceding sections has lead to the speculation
that Boson-like final state stimulation causes a sort of condensation into the upper
polariton eigenstate. The proposed “exciton-polariton Boser” is essentially a Bose-
Einstein condensate of excitons, in which stimulated generation of k = 0 excitons
results from phonon scattering [52, 53].

To check if the exchange of peak height can be understood in a Bosonic ap-
proximation for the electron-hole system, we evaluate the expectation value of the
commutator between two exciton operators B = )", wo(k)vick and B as a func-
tion of carrier density [6]. #o(k) is the Fourier transform of the ls exciton wave
function, and cf v are the creation operators for electrons in the conduction band
and holes in the valence band, respectively. This commutator equals unity as long
as the excitons can be treated as Bosons, which is the case at very low densities.
Fig. 4.6 shows the measured (a) and calculated (b) PL peak heights versus excita-
tion density for a cavity-exciton detuning of +2.83 meV. The Boson commutator is
also plotted in Fig.4.6(b). We see that for the elevated carrier densities at which
the NMC peaks cross (1 — 2 x 10! cm™2), the commutator varies between 0.7 and
0.4 i.e. far below the ideal Bosonic value of 1. Hence, we conclude that the crossover

behavior cannot be attributed to Bosonic properties of electron-hole pairs.
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Figure 4.6: Measured (a) and calculated (b) QW microcavity emission peak energies
versus excitation for a cavity-exciton detuning of +2.83 meV. The thick black line
in (b) shows the computed Boson commutator, corresponding to the right y-axis.
Upper-energy peak: circles, solid lines. Lower-energy peak: squares, dashed lines.

In support of this conclusion, we present a second argument against the Boser
theory, based on the gain condition for lasing, as follows: Pauli exclusion requires
that a given k state be occupied by only two carriers of opposite spin. The electron
and hole occupation probabilities ff and f# provide a measure of this state filling.
When fg and f are large, the system is no longer Bosonic due to many-particle
interactions. A Bosonic system therefore requires f + f! to be small, i.e. much
less than 1. Lasing, in contrast, is reached when f{ + f > 1, indicating gain. We
observe a peak intensity crossing in Fig.4.3 near 14mW, less than a factor of 2
below the 26 mW lasing threshold, where the total occupation probability is clearly
larger than allowed in a Bosonic system. We therefore conclude that the system

exhibiting DPE is not Bosonic.
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4.8 Time-resolved microcavity luminescence

Armed with this insight into the nature of the microcavity PL and its density
and detuning dependence, we now turn to examine the temporal evolution of the
luminescence. Fig. 4.7 shows the temporal evolution of the microcavity lumines-
cence spectra following 2 ps pulsed excitation above the microcavity stopband, for
a cavity-exciton detuning of +2.39 meV. Figs. 4.7 (a-c) show spectral cuts at dif-
ferent times, while Figs. 4.7 (d-f) show the upper and lower-energy peak intensities
versus time. At low excitation densities (Figs. 4.7(a,d)), we observe little change in
the upper peak emission versus time, and an increase in the lower peak emission
as carrier cooling takes place on time scales of several hundred ps. At high densi-
ties (Figs. 4.7 (c,f)), on the other hand, the temporal evolution of the upper-energy
peak emission begins to reveal signatures of the laser emission dynamics. Partic-
ularly interesting behavior occurs at a pump intensity of 135 W/cm?, as shown in
Figs.4.7(b,e). The PL peak crossing observed in the previous sections as a function
of density now occurs twice in time for a single excitation density. At early times
(t < 20ps), the carriers have not yet cooled, so the lower-energy peak emission
dominates. Just as an increase in cw pumping caused the upper-energy peak to
overtake the lower one, in the time-resolved spectra cooling results in the upper
one overtaking the lower at about 50 ps. As emission occurs the carrier density dies
away, and then the crossover plays out in reverse as shown in Fig.4.7 (e¢). Good
agreement is obtained with a microscopic theory except that the measured cool-
ing times are approximately a factor of ten longer than calculated because of an
effective phonon bottleneck as found by K. Leo et al.

The double PL peak crossing in time is even more pronounced in a magnetic field
of 14 Tesla. Figure4.8 shows the time-resolved emission under 14 Tesla magnetic
field, where we observe striking evidence of the double peak crossover in time due
to the time-dependent carrier density arising from a combination of carrier cooling

and photon emission.
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Figure 4.7: Temporal evolution of microcavity luminescence following 2 ps exci-
tation above the mirror stopband for pump intensities of (a,d) 15 W/cm?, (b,e)
135 W/cm?, and (c,f) 300 W/cm?. (a) shows spectral cuts at times (bottom to
top) 219, 443, and 662ps, (b) at times 219, 443, 518, 662, and 886 ps, and (c)
at times 219, 443, 662, and 886 ps. (d-f) show the upper-energy (solid line) and
lower-energy (dashed line) peak intensities versus time. The cavity mode is tuned
2.39 meV above the exciton resonance.
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Figure 4.8: Temporal evolution of the microcavity luminescence in a 14 Tesla mag-
netic field, with a pump intensity of 200 W/cm?. The cavity mode is 1.05meV
above the exciton resonance.
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4.9 Conclusion

This chapter has investigated the luminescence properties of a QW microcav-
ity from reversible normal mode coupling, through an intermediate double-peaked
emission regime, and all the way to lasing. The nonlinear PL spectrum is governed
by density-dependent changes in both the bare QW emission and in the microcavity
transmission. A full quantum treatment for the coupled light many-body carrier
system in a semiconductor microcavity is in excellent agreement with the experi-
mental results, and proves that the observed crossover behavior in the microcavity
PL cannot be attributed to Bosonic properties of electron-hole pairs. The tempo-
ral evolution of the microcavity emission also exhibits a crossing of the upper and
lower energy peak intensities in time. This is attributed to a time-dependent carrier

density which results from a combination of carrier cooling and photon emission.
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CHAPTER 5
OPTICAL PROPERTIES OF MAGNETO-EXCITONS

5.1 Introduction

Semiconductors in magnetic fields exhibit a number of interesting optical prop-
erties. In the following chapters, we will exploit these features of magneto-excitons
to investigate novel effects in semiconductor microcavities. This chapter serves as
an introduction to the basic optical properties of QWs in a magnetic field applied
perpendicular to the QW plane. The magnetic field subjects the photon-generated
electron-hole pairs to a transverse quadratic confining potential, which has two
important effects. First, this confinement squeezes the electron and hole wavefunc-
tions, resulting in an enhanced wavefunction overlap, and therefore an increased
exciton oscillator strength [54, 55, 56]. At magnetic fields for which the cyclotron
energy becomes larger than the exciton binding energy, the oscillator strength in-
creases linearly with field. In chapter 6, we take advantage of the increased exciton
oscillator strength to enhance normal mode coupling in a QW microcavity, bringing
weakly allowed exciton transitions into the strong coupling regime. Secondly, the
confinement results in quantized magneto-exciton states. These states appear in
the linear absorption spectrum as a series of isolated peaks, which are character-
istic of a quasi-zero-dimensional system [57, 58, 59]. The magnetic field strength
controls the magneto-exciton radius, and so by increasing the field, it is possible
to study the transition from a quasi-two-dimensional to a quasi-zero-dimensional
magneto-exciton. This allows us to investigate the optical properties of strongly
confined semiconductors in an ideal system with few surface defects, as compared
to etched or self-organized quantum dots. We use this effect in chapter 7 to study
the time-resolved stimulated emission properties of a QW microcavity which has

been transformed to a quantum dot laser by a large magnetic field.
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Figure 5.1: Schematic diagram showing magnetic field confinement of electrons and
holes to Landau orbits in the QW plane.

5.2 Landau level quantization

A magnetic field applied perpendicular to the QW plane exerts a force on the
electrons and holes, which confines them to Landau orbits in the QW plane, as
depicted schematically in Fig. 5.1. This confinement results in quantized magneto-
exciton states. We can understand the magnetic quantization by considering the
relative-motion Schrodinger equation for a 2D electron-hole pair with zero center-
of-mass momentum. The electrons and holes are interacting with each other via

the Coulomb field and with an external magnetic field as follows [57, 58, 59]:

( +eBx )2+ ! ( eer)2 e’ ¢
2m. P 2¢ r 2my, P 2c €T (r)

E¢(r), (5.1)

He(r)

i

It

where r is the electron-hole separation and m. and m; are the electron and hole
effective masses. Optical transitions occur at the electron-hole pair energies £ with

a transition probability proportional to [#(r = 0)|? [60]. The electron-hole relative



motion is determined by an effective interaction which consists of two terms:

82 6232T2
Vegs(r) = —+
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where 4 is the electron-hole reduced mass and ¢ is the background dielectric con-
stant. The first term is the usual —1/r Coulomb attraction, while the second term
is imposed by the magnetic field and varies like r?. In zero magnetic field, the
solution to Eq. 5.1 reduces to the exciton case where the bound state energy levels
are given by

1
£, = -—Es, (5.3)

where n is the principal quantum number, n =1, 2,3, .., and

Eg =2 (5.4)

is the exciton binding energy [6]. In the high magnetic field limit, we can neglect
the Coulomb term in Eq. 5.1, and we find that the electron-hole motion is quantized

into energy levels given by
1
Em = hw,(m + -2-), (5.3)

where m is the Landau level index, m =0, 1,2, .., and
hw. = heB/[puc (5.6)

is the cyclotron energy, which gives the spacing between Landau levels. We there-
fore see that at high enough magnetic fields, the energy levels vary linearly with

magnetic field, with a slope of
he 1
“Z(m+ ) (5.7)

5.3 Magneto-absorption spectra

Absorption spectra of a sample containing 20 x 8nm IngosGaggeAs QWs are
shown in Fig.5.2 for increasing magnetic field strengths. The absorption spectra

were measured using an unpolarized white light probe beam transmitted through
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Figure 5.2: Absorption spectra of 20 x 8nm InggsGaggsAs QWs for increasing
magnetic field strengths. The curves are vertically offset by 0.8.

a 46 um core diameter fiber that was placed directly on the front of the sample.
Transmission was measured through the GaAs substrate. The samples were held
in Faraday geometry (magnetic field perpendicular to the QW plane) at 1.6 K
temperature in the center of a liquid helium-cooled superconducting magnet, with
magnetic fields of up to 12 Tesla. The zero-field spectrum shows the electron 1s
heavy hole (elhhl) exciton absorption peak at 1.486 eV, the continuum band edge
at 1.492 eV, and the electron 1s light hole (el¢hl) exciton at 1.501 eV. With in-
creasing magnetic field strength, the continuum is quantized into a series of discrete
Landau levels, and we see mutiple absorption peaks emerge from the zero-field con-

tinuum. Also clearly observable is a diamagnetic shift of the exciton to higher
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Figure 5.3: Magneto-absorption fan diagram of 20 x 8nm IngosGagssAs QWs.
Absorption peak energies versus magnetic field reveal the various Landau level
transitions.

energies. The ls exciton transitions shift weakly with field, while the higher tran-
sitions shift more strongly.

Fig. 5.3 shows the fan diagram of absorption peak energies versus magnetic field
from the spectra of Fig.5.2. At low magnetic fields, the electron-hole Coulomb
interaction is dominant over the magnetic field quantization, and the exciton wave-
function is perturbed very little. Hence we observe only a weak dependence of the
peak energies on magnetic field. When the cyclotron energy hw, of electron-hole
pairs becomes larger than the exciton binding energy Ep, a Landau fan evolves,
with the slopes of the lines determined by Eq.5.7 (neglecting nonparabolicity of

the electron effective mass).
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Figure 5.4: Relative oscillator strength of the elhhl exciton transition vs. magnetic
field. The circles represent measured values computed from integrating the elhhl
absorption peaks of Fig. 5.2, while the solid line is the theoretical prediction based
on the variational calculation.

5.4 Exciton oscillator strength

We compute the integrated absorption probability of the various exciton states
as a measure of oscillator strength [54, 55]: f. o< [ P,(E)dE, where the integral
is over the exciton linewidth and P, is the absorption probabilty for one QW,
P, =1—eLIN N being the number of QWs. From this calculation, we find
that f, increases almost linearly with magnetic field by a factor of 1.64 from zero
to 11.25 Tesla. This increase is manifested not only as an increase in the peak ab-
sorption, but also as an increase in the exciton linewidth. The oscillator strength
enhancement is a result of the field-induced shrinkage of the exciton relative motion
wavefunction, which enhances the electron-hole overlap. Wavefunction shrinkage
in real space corresponds to an expansion in k-space, resulting in more available

collision states. Hence the oscillator strength increase is manifested not only as an
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increase in the peak absorption, but also as a broadening of the exciton linewidth.
Note that the broadening is also larger than the Zeeman splitting, as will be dis-
cussed in chapter 6.

The radiative damping rate ['q, which is a measure of exciton oscillator strength,
can also be calculated from first principles by a variational solution of the magneto-

exciton problem in a QW. The radiative damping rate is given by [56]

wo a:}; 2 bulk
Fo = -——ng—z-[e'thT ) (5.8)
[+ GL

where ap and w}%* are the exciton Bohr radius and longitudinal-transverse split-

ting in bulk GaAs (we used ap = 140A and hw?¥* = 0.08meV), and a, and I, are
the magnetic field-dependent in-plane exciton Bohr radius and overlap integral of
electron and hole envelopes, respectively. These can be found by a self-consistent
variational calculation described in [61]. This variational calculation will be dis-
cussed in more detail in section6.7.

The relative oscillator strength f.(B)/f.(0) is plotted versus magnetic field
strength B in Fig.5.4. The solid line shows the results of the variational cal-
culation described above {61, 62], which takes into account the shrinkage of the
in-plane electron-hole relative motion wavefunction under magnetic confinement.
One can see reasonable agreement between theory and experiment. At low field
strengths, we see almost no increase in f, from 0 to 0.75 Tesla. When the magnetic
field quantization begins to dominate over the electron-hole Coulomb interaction,
we observe the expected linear increase in f, with increasing magnetic field. The
deviation of the theoretical curve from the data at high fields can be attributed
to some uncertainty in the heavy hole in-plane mass, which is subjected to strong
heavy hole - light hole mixing and strain effects. This will be discussed in more

detail in section 6.7.
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5.5 Conclusion

In this chapter we have discussed the basic optical properties of QW magneto-
excitons. We have shown that a magnetic field applied perpendicular to the QW
plane confines the electrons and holes to Landau orbits in the QW plane, resulting
in quantized magneto-exciton states and increased exciton oscillator strength due
to squeezing of the electron and hole wavefunctions. In chapters6 and 7 we exploit

these features of magnetoexcitons to study interesting new microcavity physics.
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CHAPTER 6

MAGNETIC FIELD ENHANCEMENT OF
NORMAL MODE COUPLING

6.1 Introduction

! In the previous chapter, we have seen that semiconductors in strong magnetic
fields exhibit enhanced dipole moments due to reduced dimensionality imposed by
the magnetic confinement [57, 58, 59]. In this chapter, we present an experimen-
tal and theoretical study of the influence of strong magnetic confinement on an
exciton coupled to the resonant mode of a semiconductor microcavity. It has re-
cently been shown that a strong magnetic field applied to a semiconductor QW
microcavity increases the normal mode splitting, bringing Landau level transitions
into the nonperturbative regime [66, 67]. Here time-resolved reflectivity of the
magneto-exciton-polariton system is used to demonstrate that an applied magnetic
field leads to faster normal mode oscillations. The essential physics behind these
observations, namely magnetic-field enhancement of the exciton oscillator strength,
proportional to the square of the coupling strength, is confirmed by direct measure-
ment of the relative oscillator strength from magneto-absorption data, combined
with normal mode splitting and time-resolved oscillation measurements. The fun-
damental result is that the magnetic field increases the exciton-polariton splitting
and time-resolved oscillation frequency by enhancing the exciton oscillator strength.
The normal mode splitting is presented in direct relation to the QW absorption
at different magnetic field strengths, which allows direct experimental verification
of the square-root dependence of the splitting on oscillator strength. The QW
magneto-absorption spectra reveal a normally forbidden e1¢h3 exciton transition

that is weakly allowed in our IngsGag9eAs QWs due to the very flat valence band,

Parts of the work presented in this chapter have been published elsewhere[63, 64, 65]
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which enhances the overlap between electron and hole wavefunctions with different
quantum numbers. The elfh3 oscillator strength becomes so strong in high mag-
netic fields that this weak exciton transition is propelled into the nonperturbative
regime. This phenomenon is manifested as a three-oscillator coupling in strong
magnetic fields, where only a two-oscillator coupling is observed in zero field. In a
theoretical analysis performed by A.V. Kavokin, the magnetic-field-dependent ex-
citon oscillator strength is computed using a variational calculation, already briefly
described in section 5.4, which accounts for the field-induced shrinkage of the ex-
citon envelope wavefunctions. The calculated oscillator strength is then inserted
into the transfer matrix calculation described in section 2.5 to yield the theoret-

ical microcavity reflectance spectra. The theoretical calculations are in excellent

agreement with the data.

6.2 Microcavity structure and experimental setup

The NMC22 QW microcavity described in section 2.2 was used for the measure-
ments discussed in this chapter. QW absorption and microcavity reflectance spectra
were measured by the method described in section 2.2, and the time-resolved nor-
mal mode oscillations were measured using the upconversion technique described
in section 2.6. As stated in the previous chapter, the samples were held in Faraday
geometry (magnetic field perpendicular to the QW plane and to the direction of
excitation) at 1.6 K temperature in the center of a liquid helium-cooled supercon-
ducting magnet, with magnetic fields of up to 12 Tesla. The QW absorption and
microcavity reflection measurements of sections 6.6 and 6.8 were performed using

circularly polarized light with polarizations ¢* and o~.
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6.3 Heavy-hole exciton/microcavity anticrossings and normal mode oscillations

Anticrossing curves for the elhhl exciton coupled to the cavity mode are shown
in Fig.6.1(a) for zero field (circles) and 11.25 Tesla (diamonds). At zero detuning,
the high-field peak energies are larger than the zero-field values due to the diamag-
netic shift of the exciton. On resonance, g increases from 4.53 meV at zero field to
6.18 meV at 11.25 Tesla. The time-resolved normal mode oscillations of Fig.6.1(b)
corroborate the cw data. The oscillation period at zero field is 0.9 ps in accordance
with the 4.6 meV splitting observed in the reflected pulse spectrum shown in the
inset. We observe a factor of 1.24 increase in the normal mode oscillation frequency
at B = 11.25 Tesla, close to that expected from the measured oscillator strength
increase discussed in section 5.4 and the cw results. The oscillations show record
depth of modulation due to the high sample quality, and decay exponentially at a

rate characterized by spontaneous emission and cavity loss rates.

6.4 Theoretical model

The theoretical model follows an approach developed in [62], which is based on
the exact solution of Maxwell’s equations in the structure by the transfer matrix
method [32] of section 2.5, used in conjunction with a non-local dielectric response
theory. This theory provides exact solutions for the reflectance spectra in the linear
regime. In order to calculate the cavity spectrum, we have to determine three
excitonic characteristics, namely the resonance frequency and the nonradiative and
radiative damping rates. In section2.5, we showed that the exciton dispersion
could be treated approximately by inserting the measured absorption data and
corresponding Kramers-Kroénig transformation into the transfer matrix calculation.
In this chapter, we use a first-principles treatment, in which the transfer matrix

across the QW layer is described by

R 1 0
Tow = —i2ngly | | (6.1)
wg—w—1i[
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Figure 6.1: (a) Anticrossing diagram, showing exciton-polariton peak energies ver-
sus detuning position. The lines are a guide to the eye. (b) Time resolved normal
mode oscillations at B = 0 Tesla (lower curve) and B = 11.25 Tesla (upper curve,
vertically offset by 1.5). The data are normalized to the reflected pump peak in-
tensity at time zero and magnified by 1000. The inset shows the reflected pulse
spectrum at B = 0 Tesla.



where np is the background refractive index in the barriers, wp is the exciton
resonance frequency, and [,[' are the radiative and nonradiative damping rates,
respectively. The parameters wg and I" are obtained from the QW absorption spec-
tra of Fig.5.2 as the energy position and half-width of the corresponding exciton
peak. We calculate [y from first principles by a variational solution of the magneto-
exciton problem in a QW, as described in section 5.4. The variational calculation for
our particular QW structure will be described in more detail in section 6.7. These
excitonic parameters are then inserted into the complete transfer matrix calcula-
tion of section 2.5 to yield the microcavity reflectance spectra, and the predicted
anticrossing curves and normal mode splittings are obtained from the reflection dip

energies.

6.5 Magnetic field dependence of oscillator strength and normal mode coupling

Fig. 6.2 shows the relationship between exciton oscillator strength and normal
mode splitting. The relative oscillator strength f.(B)/f.(0) is computed from inte-
grating the elhh1 absorption peaks of Fig. 5.2, as previously discussed in section 5.4,
and is plotted versus magnetic field strength B in Fig.6.2(a). The solid line shows
the results of the variational calculation described above {61, 62]. The exciton ra-
diative damping obtained from the variational calculation is [y = 0.04 meV at zero
field, which corresponds to Qo(0) = 4.6 meV. Here we have doubled the oscillator
strength in the calculation of {)y to account for the two QWs in our microcavity.

Fig.6.2(b) shows the on-resonance normal mode splitting as a function of mag-
netic field. At each field strength, resonance was determined by choosing the posi-
tion with the most symmetric reflectivity minima. Note that this criterion results
in some error in obtaining the actual minimum splitting due to the influence of
the continuum absorption. From the square-root dependence of the splitting on
exciton oscillator strength, we have the relationship Q(B) = QO(O)W.
Taking the calculated first value 4(0) = 4.6 meV, the open circles show the ex-
pected result from the experimentally measured function f.(B)/f.(0) (Fig.6.2(a)),
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Figure 6.2: (a) Relative oscillator strength of the elhhl exciton transition versus
magnetic field. The circles represent measured values computed from integrat-
ing the elhhl absorption peaks of Fig.5.2, while the solid line is the theoretical
prediction based on the variational calculation. (b) Normal mode splitting ver-
sus magnetic field, showing measured values (squares), expected values calculated
from the data points of Fig.6.2(a) (open circles), and the theoretical prediction
(solid line). (c) Measured normal mode oscillation period versus magnetic field
(diamonds) and theory (solid line).
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while the solid line comes from the theoretical dependence in Fig.6.2(a). Linear
dispersion theory {23] for an atomic transition of peak absorption coefficient a and
linewidth & gives Qo & v/ad, which is consistent with Qg o \/f—a(m here.

The time-resolved normal mode oscillation period versus magnetic field is plotted
in Fig.6.2(c). The data agree well with the theory (solid line), taken from the
theoretical prediction of Fig. 6.2(b), calculating the oscillation period as 7 = 27 /.

6.6 Circularly polarized magneto-absorption spectra

Until now we have considered only coupling of the cavity mode to the ethhl
exciton transition. As shown in the absorption spectra of Fig.5.2, energy level
quantization by the magnetic field provides a large number of quantized states
over which the cavity mode can be tuned. We can, in fact, tune the cavity mode
over a series of excited transitions attributed to both heavy hole and light hole
excitons. To identify these levels in the presence of a strong magnetic field, we
measured the absorption spectrum using a circularly polarized probe beam. Fig.6.3
shows the Ingg4GaggosAs MQW absorption spectra in zero field (lower curve) and
in 11.25 Tesla (upper curves) for % (solid line) and o~ (dashed line) circularly
polarized light. The spectra show, from left to right, the elhhl, el¢hl, and elth3
exciton transitions, where ¢h3 refers to the light hole energy subband with quantum
number n = 3. One can see that the e1¢h3 transition makes a sizeable contribution
to the absorption spectra, which is quite unexpected given its negligible oscillator
strength in conventional quantum wells.

We propose that the el¢h3 transition is weakly allowed in our IngosGaggsAs
QWs due to the very flat valence band, which enhances the overlap between electron
and hole wavefunctions with different quantum numbers [61]. The el¢h3 exciton
oscillator strength is very weak at zero field, but becomes significantly enhanced un-
der magnetic confinement. The reasons behind these observations will be described

in detail in the next section.
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Figure 6.3: Ing04GagesAs/GaAs MQW absorption spectra in B = 0 Tesla (lower
curve) and B = 11.25 Tesla (upper curves) for o (solid line) and o~ (dashed line)
circularly polarized light. The dotted lines show the approximate GaAs substrate
contribution. Upper curves are vertically offset by 1.25.

Note that the slopes of the absorption peak energy versus magnetic field for the
elfhl and el?h3 states are the same, which makes us conclude that both states
remain at the zero Landau level. In 11.25 Tesla, the elhhl exciton exhibits a
Zeeman splitting of only 0.1 meV, while the el¢hl exciton splits by 0.86 meV, and
the el¢h3 exciton by 2.6 meV, resulting from the fact that the g-factors of the light

hole excitons are much greater than those of the heavy hole exciton.
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6.7 Quaatum wells with zero valence band offset: drastic enhancement of forbid-

den excitonic trapsitions

In this section we analyze the appearance of the large e1¢h3 exciton transition in
the magneto-absorption spectra of Fig.6.3. Heterostructures with a valence band
offset close to zero, such as our Ingo4GagosAs/GaAs QWs, represent an interme-
diate type of exciton confinement between bulk 3D excitons and 2D excitons in
conventional QWs. Our IngosGaossAs/GaAs QW excitons exhibit a type I - type
II transition, for which the light hole potential is nearly flat with a small deviation
towards type II [68]. In both the 3D and 2D limiting cases, exciton states with
different quantum numbers for electrons and holes are forbidden or have very weak
oscillator strengths. This is because the overlap integral is quite small between
electron and hole wavefunctions with different numbers of zeros [69, 70]. In this
section we show that, in contrast with the pure 2D and 3D cases, QWs with a
zero valence band offset exhibit large oscillator strengths for states with different
electron and hole quantum numbers. These oscillator strengths can, in fact, be of
the same order as that of the exciton ground state. The reason is that the usual
selection rules for a 2D or 3D exciton completely fail when the exciton is formed
by the combination of a 2D electron and a 3D hole. In the following we prove
this statement for the elh3 state, which is expected to have the highest oscillator
strength of all such transitions [71].

In our analysis we use the “Coulomb well” model introduced in [61, 72]. This
model fully takes into account the “Coulomb well” effect, i.e. additional hole con-
finement in the adiabatic Coulomb potential created by electrons normal to the
plane direction, which is of great importance in the vicinity of a type [ - type
II transition. Valence band offset values were calulated from the Bir and Pikus
Hamiltonian [73]. We obtained the heavy-hole band offset Vi, = 30 meV, and the
light-hole band offset Vi, = -3 meV, so that the band offset is type I for a heavy hole
and type Il for a light hole. We neglect heavy hole-light hole mixing since our QWs
are substantially strained and the heavy hole and light hole are well separated. We
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assume that the exciton wave function can be factorized as
Ueze(re,Th) = Uc(ze)Uh(zh)f(P)a (6.2)

where U.(z.) and Ux(z4) are the electron and hole envelope functions with z being
normal to the QW plane, and f(p) is the electron-hole relative motion wavefunc-
tion. The exciton Schrodinger equation can be transformed into a system of three
equations for both the envelope functions and the relative motion wavefunctions
connected via the Coulombic terms, which we then solve self-consistently. For a
weakly confined hole, the electron Coulomb potential in the z-direction dominates
over the QW potential. In order to obtain the hole spectrum analytically we ap-

proximate this Coulomb well potential by a function
Vi(zn) = —Vo(cosh az;)?, (6.3)

and then mix the eigenfunctions of the potential (Eq.6.3) with the QW potential in
the first order of the perturbation theory. The parameters V5 and « are dependent
on f(p), which is our only trial function taken in the form
21

flo) =\ 2 e, (6.4)
where a, is the variational parameter. In the present approach the binding energy,
oscillator strength, and radiative lifetime of higher order exciton states can easily
be found as a function of the magnetic field B. In particular, the exciton radiative
damping rate [y, a quantity proportional to the oscillator strength, can be expressed

as

_ wowrryEBed [ o
Co(B) = == p=B1 [ d=U.()Ua(z, BT, (6.5)

where wrT and ag are the longitudinal-transverse splitting and Bohr radius of the
bulk exciton, respectively, wo is the exciton resonance frequency, and g is the
background dielectric constant. The electron effective masses and hole Luttinger
parameters used in the calculations are listed in Table6.1.

Fig. 6.4 (a) shows the calculated elfhl and elfh3 exciton radiative dampings as

a function of magnetic field. The radiative dampings (and corresponding oscillator
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Figure 6.4: (a) el¢hl (top curve) and el¢h3 (bottom curve) exciton radiative damp-
ings ['g versus magnetic field strength calculated using the variational method. (b)
Calculated electron (el) and light hole (¢hl, ¢h3) envelope wavefunctions in the
QW are shown by the solid lines. Dashed lines corresponding to the y-axis energy
scale show the QW potential (upper dashed curve) and the Coulomb well potential
for a light hole (lower dashed curve).
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Table 6.1: Electron effective mass m, and hole Luttinger parameters v;, 7, assumed
for GaAs and InggsGaggsAs

GaAs Ing04Gag.geAs
m, 0.067mg 0.064mg
n 6.85 7.0
Y 2.1 2.4

strengths) for both states increase strongly with magnetic field. This effect has
previously been observed in QWSs [56] and interpreted in terms of field induced
squeezing of the electron-hole relative motion wavefunction. In our case, the en-
hancement of the exciton oscillator strength with increasing magnetic field is also
caused by additional localization of the hole wavefunction in the Coulomb well,
which becomes deeper as the field increases and the Bohr radius a, decreases. The
remarkable fact is that in strong fields the oscillator strength of the e1¢h3 transition
is so high that it even exceeds the oscillator strength of the el¢hl exciton in zero
field, as seen in Fig. 6.4.

The physical mechanism behind the drastic increase in the el¢h3 oscillator
strength is illustrated in Fig.6.4(b), which shows the calculated el, ¢hl and ¢h3
envelope wave functions normal to the QW plane in 11.25 Tesla (solid lines). Also
shown are the QW potential (upper dashed curve) and the Coulomb well potential
(lower dashed curve) created by the electron for the light hole. In conventional QWs
the elfh3 exciton oscillator strength is almost zero because of the tiny electron-
hole overlap integral; the hole wavefunction changes its sign twice so that its neg-
ative and positive contributions to the overlap integral compensate each other. In
QWs with zero valence band offset, the ¢h3 wavefunction is weakly confined in
the Coulomb well, so its zeros are far away from the QW potential. The electron
overlaps only the central part of the hole wavefunction which results in substantial

values of the overlap integral and oscillator strength.
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6.8 Light hole exciton anticrossings

Tuning of the cavity mode across the el¢hl and el¢h3 excitons is shown in the
anticrossing curves of Fig. 6.5. The data are plotted as circles, while the theoretical
values (see below) are displayed as diamonds. Fig.6.5(a) shows the anticrossing
curve at zero magnetic field when the cavity is tuned to the elfhl exciton at
1.505eV, with a minimum splitting of about 2meV at zero detuning. This is
roughly half the measured splitting for coupling to the elhhl exciton. Accordingly,
we measure f, .1nh1/ feerent = 4, from the integrated absorption spectra of Fig.6.3.
In this calculation, we subtracted the background absorption due to the GaAs
substrate.

One can see that there is no apparent coupling to the e1¢h3 exciton at zero field.
The strong coupling threshold in a QW microcavity is reached when [28]

he(l — R)

32n L.y ’ (66)

ﬁ.Fo = ECE

where R is the mirror reflectivity, n. is the refractive index in the cavity spacer,
and L.y is the effective cavity length. In our case E. =~ 8ueV, which means that in
zero field the oscillator strength of the el¢h3 exciton is too small to observe NMC.
This is seen from the weak absorption line in the spectrum of Fig.6.3. Indeed,
Fig.6.4(a) shows that the el¢h3 exciton oscillator strength is only half the el¢hl
value at zero field. The criterion for NMC between the el1¢h3 exciton and the cavity
mode is not satisfied, so that no polariton splitting is observed.

On the other hand, in 11.25 Tesla the NMC threshold is definitely crossed for
the el¢h3 transition, so that double anticrossings of the optical mode with el¢hl
and elf¢h3 excitons are seen in both circular polarizations. Figs.6.5(b,c) show
anticrossing curves in B = 11.25Tesla for ¢t and o~ circularly polarized light,
respectively. As the cavity is tuned to higher energies, it couples first to the el¢hl
exciton at 1.505eV, and then to the el¢h3 exciton at 1.510eV. Note the qualitative
change in the shape of the anticrossing curves from the zero-field case. After the

cavity mode is tuned across the elfhl exciton, it then begins to couple to the
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next available state, the el¢h3 exciton, and changes its course significantly. As
one can see from Fig.6.4(a), in B = 11.25Tesla, the oscillator strength for the
el¢h3 transition is increased by a factor of 3 compared to the zero field value. The
strong-coupling regime is definitely reached with the magnetic field increase. This
is the first experimental observation of the nonperturbative regime for a higher
order exciton state of a QW.

The observed double anticrossings result from coupling between two exciton
resonances via the photon mode. In this case, the direct comparison of polariton
splittings with the measured and calculated oscillator strengths has no meaning.
The shape of the anticrossing curves, however, is still governed by the oscilla-
tor strengths of the participating exciton transitions. The diamonds in Fig.6.5
show the energies of the dips in the theoretical reflectance spectra, calculated by
the transfer matrix method. The radiative damping rates have been taken from
Fig.6.4. Tuning of the photon mode across the exciton resonances was achieved
by varying the microcavity spacer length in the model structure. Thus, we tuned
the bare optical mode in the model from 1.496eV to 1.508€V in Fig.6.5(a), from
1.497eV to 1.511eV in Fig.6.5(b), and from 1.500eV to 1.514eV in Fig.6.5(c).
For comparison between theory and experiment in Fig.6.5 it has been assumed
that the spacer length depends linearly on the position at the sample, which is
a reasonable approximation over this small tuning range. One can see that the
single anticrossing in zero field and the double anticrossings in 11.25 Tesla are well
reproduced by the theory. The theoretical splittings do, however, exceed the exper-
imental ones at certain positions, which probably indicates the limited accuracy of
the one-parameter variational theory in this case. Note that the different forms of
the double anticrossings for ot and o~ polarizations are connected with different
splittings between the elfhl and el¢h3 excitons caused by different hole g-factors
[74]. Three-oscillator coupling has also been observed in semiconductor microcavi-
ties with two different QWs, where the heavy-hole excitons from the two QWs are
coupled via the photon mode [75]. The double anticrossings presented here nicely

demonstrate how the magnetic confinement brings the el/h3 transition into the



nonperturbative regime, leading to a three-oscillator coupling that is not observed

at low fields.

6.9 Conclusion

In this chapter, we have investigated the influence of strong magnetic confine-
ment on an exciton coupled to the resonant mode of a semiconductor microcavity.
Cavity mode coupling to a variety of discrete exciton resonances was described
in direct relation to the QW magneto-absorption spectra. We showed that the
magnetic-field-enhanced normal mode splitting and time-resolved oscillation fre-
quency obey the predicted square-root dependence on the exciton oscillator strength
computed directly from the integrated absorption spectra. The QW magneto-
absorption spectra reveal a normally forbidden el¢h3 exciton transition having an
oscillator strength which is two orders of magnitude larger than would be expected
in a conventional QW. This transition is weakly allowed in our IngosGaggsAs QWs
due to the very flat valence band, which enhances the overlap between electron and
hole wavefunctions with different quantum numbers. The el1¢h3 oscillator strength
becomes so strong in 11.25 Tesla that this weak exciton transition is propelled into
the nonperturbative regime. This phenomenon was observed as three-oscillator
coupling in strong magnetic fields, where only two-oscillator coupling was observed
in zero field. The data are in excellent agreement with a theoretical model which
deduces magnetic field-dependent oscillator strengths and corresponding reflectance

spectra from a variational calculation combined with a transfer matrix method.



o
3

CHAPTER 7

EMISSION DYNAMICS OF A MAGNETOEXCITON
QUANTUM DOT MICROCAVITY LASER

7.1 Introduction

! Great advances have been made in semiconductor lasers over the past decade
by the introduction of quantum wells (QWs) as gain media, resulting in lasers
with higher inversion, lower lasing threshold, and higher quantum efficiency. The
ultimate goal in quantum confined systems is the quasi-zero-dimensional quantum
dot (QD), whose delta-function-like density of states could make great inroads
towards the improvement of semiconductor lasers. [78] Lasing has recently been
demonstrated from self-formed InGaAs (79, 80] and InP [81] QDs.

In order to realize the full potential of QDs as gain media, it is essential to under-
stand their relaxation dynamics. Carrier relaxation in bulk semiconductors occurs
primarily through longitudinal optical (LO) phonon emission. In QDs, strong three-
dimensional quantum confinement creates a large separation between the quantum
confined energy levels. When the level separation is either larger or smaller than
one LO phonon energy (hwro), carriers relax via multiple LO and acoustic phonon
emission, which could possibly result in relaxation times as long as nanoseconds
[82, 83]. In a semiconductor laser, a fast relaxation process is crucial in order to
populate the upper lasing level and sustain a population inversion. Hence a phonon
bottleneck could pose a severe limitation to the success of the QD laser.

Recent measurements on GaAs [84] and InGaAs (85, 86] QDs have supported
the proposed phonon bottleneck. Other experiments on InGaAs [87, 88], InAs [89],
InP [90], CdSe [91, 92], and GaAs [93] QDs evidence fast relaxation. A recent study

of [nP QDs demonstrates a slower relaxation if only acoustical phonon emission is

Parts of the work presented in this chapter have been published elsewhere[76, 77]
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possible, but still exhibits relaxation rates which are much faster than theoretically
predicted [94]. Some suggested explanations for fast relaxation in these systems
include coupling to deep-level traps or interface states [95, 96]. Other explanations
rely on intrinsic mechanisms in ideal QDs such as rapid relaxation via multiphonon
processes [97], Auger recombination [98, 99], and electron-hole interactions [100].
Bockelmann et al. have shown that Coulomb scattering is an important relaxation
mechanism in QDs with closely spaced energy levels [93].

A QW in a strong perpendicular magnetic field provides an ideal, quasi-zero-
dimensional system with few surface defects. The magnetic field quantizes the
continuum into discrete Landau levels whose spacings are nearly equidistant and
governed by the magnetic field strength, as discussed in chapter5 [59]. When a
QW microcavity laser is subjected to a strong magnetic field, the rate at which the
upper lasing level is populated will be governed by relaxation rates between Landau
levels. If a phonon bottleneck were to exist in this system, we would expect to see
a significant increase in the rise time required to reach maximum laser emission
at high magnetic fields, following femtosecond excitation to a high energy level.
Previous studies of QW lasers in high magnetic fields have shown reduced spectral
linewidth [101], reduced temperature sensitivity (78, 102], and increased threshold
current [102].

In this chapter, we investigate whether the proposed phonon bottleneck will
inhibit relaxation in a magnetoexciton QD microcavity laser. We measure the
time-resolved stimulated emission from a QW microcavity in magnetic fields up to
12 Tesla. We find that the rise time required to reach maximum emission depends
strongly on excitation conditions, but is not influenced by magnetic field. This
is direct evidence that the quasi-three-dimensional quantum confinement does not
inhibit a fast relaxation. Since the magnetoexciton QD is an ideal system with

few surface defects, the absence of a phonon bottleneck must arise from intrinsic

effects.
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7.2 Magneto-absorption and luminescence spectra

The magnetoabsorption spectra of Fig. 7.1(a) were measured on a multiple QW
reference sample containing ten clusters of three 5.5 nm Ing18Gags2As QWs with
15.5nm GaAs barriers, and separated by 37.2nm GaAs layers. The Ing ;sGag.g2As
QWs have the advantage that the strain pushes the light hole transition to higher
energy, 73 meV above the heavy hole transition. When a large magnetic field is
applied in Faraday geometry, we observe pronounced Landau levels and a region
of very low absorption between the lowest magnetoexciton transition and the first
Landau transition. Furthermore, the photoluminesence spectra of Fig. 7.1 (b) show
well-separated Landau levels at 12 Tesla, even at extremely high carrier densities.
The lasing threshold occurs near 2 x 10'® cm~3, corresponding to the lowest carrier
densities in the data of Fig. 7.1(b). Also note that there is no energy shift of the
Landau level peaks with increasing excitation. The continuum luminescence does
not drop completely to zero between Landau levels, which could be attributed either
to overlap between different hole Landau levels, or to electron level broadening.
(Note that the Landau level spacing in photoluminescence is considerably smaller
than in absorption, which we attribute to a change in the reduced mass caused by
hole localization at islands formed on the QW interface [103].) There is, however,
significant quantization at these high densities. This situation should be near-ideal
for seeing a slower relaxation due to quantization-induced inhibition of phonon
emission.

The Landau level spacing is given by the cyclotron energy Aw. = heB/uc, where
B is the magnetic field and u is the reduced mass. From plotting the fan diagram
of absorption peak energies versus magnetic field (Fig.7.2), we have found the
cyclotron energy to be hw,[meV]=x 2.25B [Tesla| (inset of Fig. 7.2). Hence the
Landau level splittings at 4, 8 and 12 Tesla magnetic fields are 9, 18, and 27meV,
respectively. These splittings are smaller than hwpo (36 meV in GaAs), and so we
would expect any phonon relaxation between Landau levels to occur via acoustic

phonon emission.



90

2.4"(3) n=0 n=3
[ n=1 n=2 —
20 3
b ©
-11 8’)
- ‘ . (72}
= 1.6 0 ' (g

C

2 1.2 B84 ‘ 5
Q (@]
5 ]
0 6.0 o
< 08 45 5
o
0.4 B30 e

PL Intensity (arb. units)

o w
v T
.\S
?
[ I
) 3 J
{ i
THHETH
g% ¢
+&
Aysue(q Jenses Buiseesou)

1.40 1.45 1.50
Energy (eV)

Figure 7.1: (a) Absorption spectra of 5.5 nm Ing;5Gags2As/GaAs MQWs for in-
creasing magnetic fields. The curves are vertically offset by 0.2. (b) Photolumi-
nescence spectra at 12 Tesla magnetic field for increasing carrier densities, showing
pronounced Landau levels even at high densities. The sample was excited at 514
nm.
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Figure 7.2: Absorption fan diagram, showing absorption peak energies versus mag-
netic field corresponding to the various Landau level transitions. The inset shows
the Landau level spacing versus magnetic field, from which we deduce a cyclotron
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7.3 Experimental setup

The microcavity laser was grown by MBE on a GaAs substrate and consists of
a 1A GaAs spacer at 920 nm sandwiched between 14 and 22.5 period GaAs/AlAs
Bragg mirrors, with mirror reflectivities of 99.45% and 99.94%, respectively. Three
QWs identical to those in the reference sample were placed at the cavity center.
The cavity spacer thickness decreases with radial distance, allowing the cavity mode
to be tuned to the minimum threshold energy by moving the pump beam across

the sample.



The sample was held at 15 K temperature and excited in a reflectivity minimum
150 meV above the exciton resonance (approximately four times fwpg) by 2ps
pulses from a mode-locked Ti:Sapphire laser with 80 MHz repetition rate. The
microcavity emission was dispersed in a 0.32 m spectrometer and then detected by
a synchroscan streak camera. The spectral and temporal resolution are 1 meV and
7 ps, respectively.

Since the emission dynamics depend strongly on the cavity mode energy [104,
105], the cavity mode was always tuned to the minimum threshold position, which
corresponds to the peak of the gain spectrum. This position varies with magnetic
field due to the diamagnetic shift of the exciton. The lasing dynamics depend even
more strongly on carrier density, which also changes with magnetic field due to the
change in absorption at the excitation energy. This absorption change causes the
minimum threshold excitation power to increase with increasing magnetic field. In
order to achieve a constant carrier density, we adjusted the excitation power at

each magnetic field to maintain a constant total integrated emission.

7.4 Laser emission dynamics

Figure 7.3 shows the 920nm laser emission following 2ps excitation at zero
magnetic field and for increasing pump intensities, from just above threshold at
1.2kW/cm?, to well above threshold at 1.9kW /cm?. After the initial excitation,
there is a rise time to maximum emission on the order of 40-70 ps due to car-
rier relaxation and the subsequent build-up of the upper lasing level population.
This build-up is followed by fast stimulated emission, and the eventual transition
into spontaneous emission. The inset shows a sharp decrease in rise time with in-
creasing excitation, which can be attributed to increased carrier-carrier scattering.
The emission decay time also decreases with increasing excitation due to a faster

stimulated emission rate.
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Figure 7.3: Time evolution of 920 nm emission from an Ing18Gags2As microcavity
laser in zero magnetic field, after 2 ps pulsed excitation and for increasing pump
intensities. The inset shows the rise time to maximum emission versus pump in-

tensity.
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Figure 7.4: Time evolution of laser emission at 0 Tesla (solid line) and 4 Tesla
(dashed line), for a constant carrier density, showing identical emission dynamics.
The inset shows the change in the rise time to maximum emission (with respect to
0 Tesla) versus magnetic field.

Figure 7.4 demonstrates identical emission dynamics at magnetic fields of 0 Tesla
and 4 Tesla for a constant carrier density, and with the cavity mode tuned at each
magnetic field to the minimum threshold position. The change in the rise time to
maximum emission versus magnetic field is plotted in the inset. Even at magnetic
fields as high as 12 Tesla, where the magnetoabsorption spectra exhibit deep and
well-separated Landau levels with a splitting of 27 meV, there is no increase in the
rise time. These results were consistent over a wide range of excitation intensities,
from just at threshold to several orders of magnitude above threshold. They indi-
cate that, within our 7 ps time resolution, there is no slowing down of the carrier

relaxation due to the quasi-three-dimensional quantum confinement.
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One special property of Landau quantization is the approximately equal dis-
tance between Landau levels (neglecting nonparabolicity of the electron effective
mass). Time-resolved measurements of electron relaxation between Landau levels
in bulk GaAs have shown that the equal spacing leads to a very efficient Auger
relaxation [106]. Coulomb scattering via an Auger mechanism should also lead
to rapid relaxation in QDs, particularly at high carrier densities [93]. The fast
rise times presented here therefore indicate a possible advantage in designing QDs
with equidistant energy levels by using a parabolic confinement potential. Relax-
ation via scattering with holes, which have closely spaced energy levels, might be
another important contribution to the fast relaxation. The combined relaxation
of electrons, holes, and LO phonons could all lead to the fast rise of stimulated

emission in these experiments.

7.5 Conclusion

In this chapter we have measured the time-resolved stimulated emission prop-
erties of an Ing 18Gags,As QW microcavity which has been transformed to a QD
laser by a large magnetic field. We observe a strong dependence of the emission
dynamics on excitation intensity and cavity resonance energy, but no dependence
on magnetic field. Since the rise time to maximum emission is determined by the
carrier relaxation rate, the results show that the carrier relaxation is uninhibited by
the strong magnetic confinement. The magnetoexciton QD is an ideal system with
few surface defects. Hence the absence of a phonon bottleneck must arise from
intrinsic relaxation mechanisms, such as Auger recombination or other Coulomb
scattering. These findings may also indicate a particular advantage in designing
quantum dots with equidistant energy levels, where Auger relaxation is expected
to be highly efficient. Finally, the results offer continued hope towards the success

of the QD laser.
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CHAPTER 8

LOCKING OF THE STIMULATED EMISSION OF A
MICROCAVITY LASER TO THE ELECTRON SPIN
PRECESSION CLOCK

8.1 Introduction

! In previous chapters we have investigated a number of aspects of cavity-
modified emission, particularly in the nonperturbative regime, where we observe
reversible normal mode oscillations. In this chapter we report on a novel manifesta-
tion of cavity-modified photon emission which takes advantage of the electron spin,
an entity which is usually neglected in semiconductor laser systems. The electron
spin is particularly interesting due to its relatively long coherence time in semi-
conductors. Dephasing times between electrons and holes in semiconductors are
very short, typically less than 10 ps. As a result, coherent effects can be observed
only on short time scales, and only at relatively low densities, due to the effects of
excitation-induced dephasing. The electron spin relaxation time, which describes
the decay of the spin polarization, is comparatively long, on the order of 500 ps. In
this work, we access this long spin coherence time by transfering the spin coherence
to the oscillating field of a microcavity laser.

Recently, spin quantum beats have been detected in the time-resolved photolu-
minescence of GaAs quantum wells (QWs) by applying a magnetic field in Voigt
geometry where the field is directed perpendicularly and the optical excitation is
incident antiparallel to the growth axis of the semiconductor sample [111]. This
technique proved to be useful in studying the magnetic moment and the Landé
g factor of the conduction band electrons in semiconductors and semiconductor

nanostructures [112].

!Parts of the work presented in this chapter have been published elsewhere[107, 108, 109, 110]
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In this chapter we experimentally demonstrate and theoretically analyze a new
phenomenon: Circularly polarized optical excitation of a semiconductor microcav-
ity in a magnetic field in Voigt geometry leads to a pulsation of the laser emission
intensity and polarization. We show that the optical gain modulation is caused
by the Larmor precession of the electron spins, and the frequency and circular po-
larization of the laser pulses are solely determined by the electron spin quantum
beats. This is a novel example of how laser emission is governed by electron spin
dynamics.

Besides the synchronization of the stimulated emission to the electron spin pre-
cession, the presented experiment is a tool to transfer electron spin coherence to the
oscillation dynamics of an optical field. We demonstrate pulse repetition rates of
22 GHz with a modulation depth of 96% in the total laser emission, and modulation
depth larger than 99% in the circularly polarized laser emission. Faster oscillations
are possible since the frequency depends only on the magnetic field strength and

the absolute value of the electron g factor in the semiconductor material [113].

8.2 Spin quantum beats in semiconductors

It is well known that electrons have two spin states with magnetic quantum
numbers s, = :t%, and that these spin states are connected with a magnetic mo-
ment:

m §
L =g, 8.1
where the electron Landé g factor is a material parameter which connects the

magnetic moment £ in units of the Bohr magneton up with the spin § in units
of h. If we now apply an external magnetic field, the interaction of the magnetic

moment with the magnetic field leads to two split energy levels

- 1
E=-ji-B= *39.188, (8:2)

which depend on the orientations of the spins with respect to the magnetic field,

as depicted in Fig. 8.1 (a).
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Figure 8.2: Optical selection rules in a semiconductor such as GaAs.

must be fulfilled. Absorption of a ¢~ photon can therefore create spin up electrons
in a transition with the heavy hole, or spin down electrons in a transition with the
light hole. If the heavy hole and light hole are excited simultaneously, which is the
case for a bulk semiconductor or for excitation into the continuum of a QW, then
one might expect that we cannot create a preferential spin orientation, because the
heavy hole and light hole transitions would yield equal populations of spin up and
spin down electrons in the conduction band. However, here we take advantage of the
fact that the transition probability for the heavy hole is three times larger than that
for the light hole, and so an initial spin polarization P = %ﬁ = g—;—;— = 50% could
be ideally created in the conduction band following circularly polarized excitation.
Also note that in a QW, where the heavy hole and light hole are energetically

separated, one could, ideally, create 100% spin polarization in the conduction band

by exciting directly into the heavy hole transition.
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Figure 8.3: (a) Larmor precession of the electron spin about an applied magnetic
field. (b) The electron spin component in the detection direction rotates around
the magnetic field.

After the creation of some preferential spin orientation perpendicular to the
magnetic field in the conduction band, the spins will begin to precess around the
magnetic field. We can understand this spin precession in the following classical
picture: The magnetic field attempts to rotate the magnetic moment (Eq.8.1) to
the position corresponding to the lowest interaction energy (Eq.8.2), which is when
the spin orientation is parallel to the magnetic field. This creates a torque D =
g X é, which adds a small component, A3, to the spin angular momentum, as
depicted in Fig.8.3(a). From the geometry, |5]sin  is the component of the spin
which is perpendicular to the magnetic field. If we now add the additional angular
momentum A3 due to the torque, then the vector in the plane begins to rotate. The

frequency of this rotation is the Larmor precession frequency, and can be derived

by first writing the additional angular momentum as

|AS] = Radius - Angle = |5]sinca - ¢ (8.3)



101

Differentiating both sides of Eq.8.3 with respect to time yields

A . d
lz::l = |§] sin a?i? (8.4)

Next we use the definitions ll-jl = J%—’;l and wy, = % to write the Larmor precession

frequency as .
ix B
wp = 7> 8] (8.5)

[5]sin a
Finally, substitution of Eq. 8.1 into Eq. 8.5 yields

wp = 2‘%’33 (8.6)

The component of the spin in the observation direction will therefore rotate
around the magnetic field at the Larmor frequency, which depends solely on the
magnetic field strength and the g factor, as shown in Fig.8.3(b). Spin up elec-
trons correspond to preferential emission of ¢t light, while spin down electrons
correspond to emission of o~ light. This simple classical picture predicts emission
with a periodically changing circular polarization, which oscillates at the Larmor
frequency.

Next we examine the quantum mechanical picture, in order to show that the
oscillating emission corresponds to quantum beats between the spin split levels. In
the quantum mechanical description, we solve the Schrédinger equation for the spin

in a magnetic field, with the Hamiltonian given by the interaction energy (Eq. 8.2):
(—ﬁ- B) x = Ex (8.7)

The magnetic field is in the Z direction, B = (B:,0,0), as shown in Fig. 8.4 (a). The
solution of Eq. 8.7 yields two eigenstates for spin up (+) and down (—) electrons in

the Z direction:

xi(t) = —I—Xfe:‘:‘(“L/z)‘ (8.8)

V2

[n Voigt geometry, we excite a spin state which is perpendicular to the magnetic
field. The excited state, x.(t), can be written as a coherent superposition of the
two eigenstates:

1 — i —i
X: ()= - (xzet St + xFe " F) (8.9)
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Figure 8.6: (a,b,c) Time-resolved spontaneous emission of the reference sample
and (d,e,f) time-resolved stimulated emission of the microcavity laser in a 2 Tesla
magnetic field. The top row of figures shows the 0% and the middle row the o~
components. The bottom row shows the total emission which is detected without

analyzer.

8.4 Synchronization of stimulated emission to the electron spin precession

To clearly demonstrate the dramatic enhancement of the light modulation due
to spin precession in the microcavity, we compare the stimulated emission of our
microcavity system (Figs. 8.6(d,e,f)) to that of a QW reference sample without
microcavity (Figs. 8.6(a,b,c)). Figures8.6(a) and 8.6 (b) show the temporally and
polarization resolved spontaneous emission from the QW reference sample for o*
and o~ circular polarization, while Figs.8.6(d) and 8.6 (e) depict the two corre-
sponding circularly polarized components of the stimulated microcavity emission
at a comparable carrier density, respectively. Striking differences can be seen in the

shape and modulation depth of the oscillations. While the modulation depth of the
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reference sample without cavity is only 27%, it exceeds 99% for the microcavity
laser emission.

Even more striking are the differences in the total emission, where both o+ and
o~ light are measured. Whereas no beating is observed in the spontaneous emis-
sion of the reference QW (Fig. 8.6 (c)), the stimulated emission of the microcavity
(Fig. 8.6 (f)) shows a strong beating with 96% modulation depth and doubled os-
cillation frequency of 22 GHz, with respect to the circularly analyzed emission in
Figs.8.6 (d) and 8.6 (e).

The modulation depth in spontaneous emission is limited by the degree of spin
polarization, which is not 100% but is reduced by i) the incomplete initial po-
larization caused by the relative oscillator strengths of the heavy and light hole
transitions, i) a very fast initial electron-hole spin relaxation, iii) electron spin re-
laxation via trapping in the QWs, and iv) electron energy relaxation. The holes
do not contribute to this polarization beating, since the expectation value of the
heavy hole angular momentum in the observation direction vanishes in this geom-
etry [114].

The laser oscillation dynamics can be traced back to the dynamics of the two
different carrier distribution functions for spin-up and spin-down electrons, which
are originally generated by the circularly polarized excitation of the sample in the
presence of a magnetic field in Voigt geometry. As a consequence, for sufficiently
high carrier densities, two different gain curves for o* and o~ light are formed at
time t = 0, as depicted schematically in Fig.8.7. Just after excitation, only o*
polarized light exceeds the losses at the emission energy and is therefore strongly
amplified. Emission of o~ light is, at this time, only of a spontaneous nature. We
consequently observe a maximum in Figs. 8.6 (d),(f), and a minimum in Fig. 8.6 (e).
After a quarter precession period (¢ = T'/4), both spin states are populated equally
and the corresponding gain curves drop below threshold (Fig.8.7(2)). Lasing is
switched off and we observe spontaneous emission which is half ¢* and half o~

polarized. In this situation the total microcavity emission of Fig. 8.6 (f) reaches
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Figure 8.7: Schematic gain spectra (1) at excitation (¢ = 0), (2) after a quarter
Larmor precession period (¢t = T'/4), and (3) after a half Larmor precession period
(t = T/2). The upper diagram depicts the spin precession about the magnetic field,
and the corresponding time-resolved emission intensity.



a minimum. After a half Larmor precession period (t = T/2), the laser exceeds
threshold for only o~ light, while o* light is emitted spontaneously (Fig.8.7(3)).
At this point a maximum appears in Figs. 8.6 (e),(f), while Fig.8.6 (d) exhibits a
minimum.

The total laser emission therefore puises with twice the Larmor frequency and
alternating circular polarization. It is locked to the completely internal spin preces-
sion, which depends only on the magnetic field and the electron g factor. For the
latter we deduce, with a 2 Tesla magnetic field and a 22 GHz modulation frequency
of the total emission, a value of g = —0.411, which is close to the electron g factor
of bulk GaAs [112]. This was expected for our InGaAs QWs, which contain only
4% Indium. Since spin precession is caused by a coherent superposition of two spin
states, the presented experiment is a novel tool to transfer spin coherence to the

laser emission of a semicoductor microcavity.

8.5 Density and frequency dependence

The modulation depth in the total emission depends strongly on the excitation
power, since the oscillations arise from a modulation of the optical gain. Fig. 8.8
demonstrates the influence of excitation power on the total microcavity laser emis-
sion. We see that in the experiments with low excitation power, the laser remains
below threshold at all times and no modulation is observed. Higher excitation
leads to an increased maximum gain for ¢* and o~ light and to a larger stimulated
part in the total emission. Oscillations begin to appear on top of a spontaneous
emission background. The modulation depth grows with increasing excitation, due
to the growing relative strength of the stimulated emission. A modulation depth
of 96% is reached at an excitation power of 35mW. For even higher excitation,
the modulation depth decreases again, indicating incomplete switch-off of the total
laser emission between consecutive pulses. In this high excitation regime, nonequi-

librium carrier effects become important, which are under current investigation.
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Figure 8.8: Time-resolved total laser emission for increasing excitation densities at
a magnetic field of 2 Tesla.
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Figure 8.9: Time-resolved total laser emission for increasing magnetic fields, show-
ing the influence of the microcavity dynamics at higher oscillation frequencies. The
excitation conditions are varying for the three magnetic field strengths.

The modulation depth of the total emission also depends on oscillation fre-
quency, as determined by the magnetic field strength. Fig.8.9 shows the time-
resolved total laser emission for increasing magnetic fields. The oscillation period
decreases from 21.6 ps at 4 Tesla to 7.6 ps at 12 Tesla. At these high oscillation fre-
quencies, the modulation depth decreases because the microcavity emission can no
longer follow the fast electron spin precession. The emission rate can be increased
by using lower reflectivity mirrors to obtain a shorter photon lifetime. The mea-
sured photon lifetime in these experiments is 2ps. The emission rate can also be

increased with a larger confinement factor of the optical field inside the microcavity.
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Figure 8.10: Schematic diagram of the three-level laser system described by the
rate equation model.

8.6 Theory

8.6.1 Rate equation model

To analyze the transfer of spin coherence to the coherent emission of the mi-
crocavity laser, we use a phenomenological rate equation model developed by S.
Hallstein et al. [108] which describes the time evolution of the three-level system
shown schematically in Fig.8.10. Pumping with photon energy Ave, creates a
population n... in the highest energy level. This population decays into the upper
lasing level according to d—"jt‘-ﬁ = —f‘_—;ﬁ, where 7p,p is the decay time from the high-
est level into the upper lasing level. The upper lasing level contains a population
n =n* +n~, where n* and n~ are the populations of spin up and spin down elec-
trons, respectively. This population is depleted due to spontaneous and stimulated

emission, which results in a photon density S = S* 4+ S~, where S* and S~ are

the photon densities of o* and o~ light, respectively.
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The time evolution of the electron and photon densities is described by:

c(li_;z = T:::: —vg:—z (n"" - nt,) (1 -~ 65+) S*—vgj—i (n‘ - Tl:,-) (1 -65’) S~ ~ Bn?

(8.11)
dS* _r dg . +) g+ S* + )
— =T (n* —ne) (1 -5%) S - +BBnn (8.12)
dS~ dg ; _ N\ o ST -

— = Fvgz;l- (n - nt,.) (1 ~-e§ ) 5™ - ;; + [#Bnn (8.13)

where v, is the group velocity, fﬁ is the differential gain, n, is the transparency
density, € is the saturation coefficient, B is the spontaneous emission coefficient,
B is the spontaneous emission factor, I' is the optical confinement factor, and 7,4
is the photon lifetime inside the microcavity. The spin up and spin down elec-
tron populations nt in the upper lasing level oscillate at the Larmor precession
frequency, according to:

1P WL, 1FP . (wL )}
E 2 2 (==
n —n{ 5 cos (2 t) + 5 sin 5 t (8.14)

The spin polarization P = %;—t decays exponentially with a decay time 7,pin,
which is on the order of 800 ps for this sample: % =-£,

Using material and excitation parameters typical for the experimental system
[115], we obtain the time-resolved laser emission curves shown in Fig.8.11 for the
two different circular polarizations and the total laser emission. The rate equation
model is in excellent agreement with the experimental results. The model also
describes the density dependence of the total laser emission, as shown in Fig.8.12,
where we observe the marked increase in modulation depth with increasing density.
In Fig.8.13, we return to study the effects of oscillation frequency in the context
of the rate model. Here the model reveals the effects of the microcavity dynamics
described previously, where the modulation depth decreases with increasing mag-
netic field due to the inability of the microcavity emission to follow the fast Larmor

precession. The microcavity emission dynamics are primarily determined by the

photon lifetime 7, and the optical confinement factor T'.
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Figure 8.11: Results of the rate equation model (a,b,c} with parameters corre-
sponding to the experimental system of (d,e,f) at a pump power of 35mW. The
left column of figures shows the ot and the middle column the ¢~ components.
The right column shows the total unpolarized emission.
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Figure 8.12: Results of the rate equation model (a,b,c) with parameters corre-
sponding to the experimental sytem of (d,e,f) for the total microcavity emission
at three different pump powers: (a,d) 2mW, (b,e) 15mW, and (c,f) 35mW. The
model shows the strongly density-dependent modulation depth as observed in the

experiment.
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Figure 8.13: Results of the rate equation model (a,b,c) with ratios of the densi-
ties corresponding to the experimental system of (d,e,f) for the total microcavity
emission at three different magnetic fields: (a,d) 4 Tesla, (b,e) 8 Tesla, and (c,f)
12 Tesla. The model shows the field dependence of the modulation depth due to
the limiting microcavity dynamics, as observed in the experiment.
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8.6.2 Microscopic model

We have also modeled the oscillating microcavity laser emission using a micro-
scopic theory for the coupled electron states in Voigt geometry, developed by C.
Schneider et al. [107]. The non-equilibrium theory is based on a two-band model,
which includes the coupling of the parabolic electron and hole bands via the dipole
interaction. The projection of the total angular momentum on the z-axis can take
the values m, = £1/2 for the electron bands, denoted by (ex). For the hole bands
it is sufficient to include the m; = +3/2 states, denoted by (h+). On one hand,
the optical excitation with o*-polarized light drives the interband polarization, Py,
which depends on the in-plane momentum k and couples the (e—) and (h—) bands.
On the other hand, the magnetic dipole interaction couples (e+) and (e—) bands via
a k-dependent “Larmor polarization™ . In a fashion analogous to the derivation
of the semiconductor Bloch equations (SBE) [6], we obtain screened Hartree-Fock
equations for the distribution functions in the bands, fi/ B for the interband po-
larizations, P, and for the polarization between the (ex) bands, 1. The SBE for
Py are not altered, in comparison to the case without a magnetic field [6], but the
time-evolution equation for the distribution functions is augmented by a B-field
dependent term

/00| = 2Imlgiu(i)] (8.15)
with the renormalized Larmor frequency hfdp (k) = wi/2 — Yk Ve ¥ (k'), where V

is the Coulomb potential. For the Larmor polarization we obtain

-2 () = (k) — (i) [ (k) — ()], (8.16)

where the free polarization rotation is due to the Coulomb interaction:

he* = =30 Ve [fﬁ(k’) - fi(k’)] The fast relaxation of hole spins and the
thermalization of electrons and holes are taken into account in a k-dependent
rate-equation approximation. We use a single plasmon-pole approximation for the

plasma screening at high densities. The microcavity laser is modeled by rate equa-
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Figure 8.14: Results of the microscopic theory (d,e,f) with parameters correspond-
ing to the experimental conditions of (a,b,c) at a pump power of 35 mW. The top
row of figures shows the g% and the middle row the o~ components. The bottom
row shows the total emission without analyzer.

tions for the intensities of the o+ and o~ emission. The gain is computed from the
non-equilibrium distribution functions by a matrix inversion technique [6].

Using material and excitation parameters typical for the experimental system
[116], we obtain the time-resolved laser emission curves shown in Fig.8.14. Theory

and experiment are in excellent agreement.



8.7 Conclusion

In this chapter we have demonstrated that light emission from a QW under the
influence of a magnetic field is strongly modified by a semiconductor microcav-
ity. The stimulated emission is synchronized to the stable electron spin precession
about the magnetic field axis. The transfer of electron spin coherence to the optical
field yields a pulsed total emission with twice the Larmor frequency and alternating
circular polarization. Both a phenomenological rate equation model and a full mi-
croscopic theory for the spin-split states in the framework of novel semiconductor
Bloch equations are in excellent agreement with the data. The rate equation model
reveals interesting effects when the oscillation frequency approaches the microcavity
emission rate. Future experiments will examine these effects in more detail using
the upconversion technique for ultrafast time resolution and comparing microcavi-
ties with different mirror reflectivities. The microscopic theory further indicates the
possibility of interesting non-equilibrium many-body effects in the spin-precession
clock system, such as a carrier temperature which oscillates with the Larmor pre-

cession. These are topics for future consideration.
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CHAPTER 9
CONCLUSION AND OUTLOOK

Semiconductor microcavities have emerged as new champions on the laser fron-
tier, spurred by rapid advances in semiconductor growth and fabrication technology.
These tiny devices offer not only a wealth of possible applications, but also an in-
strument for improving our basic understanding of the interplay between light and
matter.

The interaction of a high-finesse semiconductor microcavity mode with a quan-
tum well (QW) exciton leads to normal mode coupling (NMC), where the degen-
erate resonances of the cavity and the exciton are replaced by new states similar
to the exciton polariton. These “cavity polariton” states appear as a double peak
in the cavity transmission spectra, and the periodic energy exchange between the
excitons and the cavity field leads to a beating in the time resolved signal. In con-
trast to atomic systems, the very different nature of electrons and holes forming
the exciton result in nonlinear effects already at relatively low carrier densities.
The nonlinear saturation of the excitonic NMC leads to a reduction of the mod-
ulation depth of the NMC oscillations and corresponding transmission peaks with
little change in oscillation period or NMC splitting. The underlying mechanism
of this nonlinear NMC behavior is excitonic broadening due to carrier-carrier and
polarization scattering without reduction of the oscillator strength.

The specific nature of the excitation-induced dephasing which leads to this ex-
citonic broadening is an interesting topic for future work. In particular, the com-
parison should be made between coherent and incoherent excitation conditions. In
the coherent case, we measure the transmission of the pulse which creates the exci-
tation. In the incoherent case, we measure the transmission of a probe pulse some
time after the excitation has been created by a pump pulse. These two experiments

are expected to reveal differences in the exciton broadening which, in conjunction



119

with the full microscopic theory, can help to elucidate the underlying dephasing
mechanisms.

The nonlinear NMC microcavity luminescence exhibits three excitation regimes,
from reversible normal mode coupling, through an intermediate double-peaked
emission regime, to lasing. The nonlinear PL spectrum is governed by density-
dependent changes in both the bare QW emission and in the microcavity trans-
mission. A full quantum theory proves that the observed crossover behavior in the
microcavity PL cannot be attributed to Bosonic properties of electron-hole pairs.
The temporal evolution of the microcavity emission also exhibits a crossing of the
upper and lower energy peak intensities in time, attributed to a time-dependent
carrier density which results from a combination of carrier cooling and photon emis-
sion. At present, the cooling processes responsible for this temporal behavior are
understood only at a cursory level, and remain a topic for future study.

NMC experiments in semiconductor microcavities are still far from the single-
atom, single-photon quantum limit recently achieved in atomic systems. The ability
to reach such a limit could open the possibility of achieving novel quantum elec-
tronics concepts, such as quantum gates and entangled states, in an all-solid-state
system. Towards this end, we will require semiconductor devices with higher finesse
and smaller volumes. In principle, the microcavity finesse can be made as large as
desired by simply increasing the number of mirror layers. In practice, MBE growth
rate fluctuations result in mirrors that are not perfect quarter wave layers through
the entire structure, which in turn degrades the finesse. The finesse also suffers
from imperfections at the interfaces. The current record-narrow cavity resonance
of 0.844 = 120ueV FWHM was achieved under extremely stable growth conditions
[117].

On the material side, monolayer and alloy fluctuations in the QW result in
inhomogeneous broadening. It is desirable to look “under” this inhomogeneous
distribution to reveal features of the single exciton lines. One technique is to probe

single monolayer fluctuations of the QW, which behave as individual quantum
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dots (QDs) with linewidths as narrow as 30 ueV [118]. The high spatial resolution
required to observe these individual resonances can be attained using masking [118],
microscopy [84, 119], or near-field [120] techniques. Such studies would also provide
a better understanding of what causes this inhomogeneous broadening, in an effort
to reduce it.

A strong magnetic field applied perpendicular to the plane of a QW confines
electrons and holes to Landau orbits in the QW plane, transforming the QW into
a pseudo-QD whose dot radius shrinks with increasing magnetic field strength. We
have used this strong magnetic confinement to enhance the normal mode coupling
strength in the microcavity via an increase in exciton oscillator strength, and shown
that the magnetic field can actually propel weakly allowed states into the NMC
regime. We have also investigated the time-resolved stimulated emission properties
of a QW microcavity which has been transformed to a QD laser by strong magnetic
confinement. The results evidence a fast relaxation which is uninhibited by the
magnetic field, indicating the absence of a phonon bottleneck. Lasing has recently
been demonstrated from self-formed InGaAs (79, 80] and InP [81] QDs. These
“real” QD lasers offer a rich array of topics for future study and comparison with
QW lasers, including laser threshold, temperature effects, and lasing dynamics.

The stimulated emission of a microcavity laser has been synchronized to the
electron spin precession in a magnetic field, achieved by modulating the optical
gain for the circularly polarized emission via the Larmor precession. The oscillating
laser emission is locked to the completely internal electron spin precession clock,
and the GHz oscillation frequencies depend only on the magnetic field strength and
the QW material parameters. A rate equation model which is in good agreement
with the data reveals interesting effects when the oscillation frequency approaches
the microcavity emission rate. These effects should be examined experimentally
by comparing the fast oscillation dynamics in microcavities with different mirror
reflectivities. Future work should also explore possibilities for using this novel

phenomenon to create a device such as a fast optical switch or oscillator.
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