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Abstract

Optical properties of InGaAs/GaAs strained-layer-superlattices (SLSs) grown
along [001] and [111] crystallographic axes were investigated. Significant differences
in the spectra for the SLSs oriented in the two directions were observed. Mag-
netoreflectivity spectra showed features whose magnetic field dependence demon-
strated their excitonic origin. For the [111]-grown samples, doublet structures were
observed in the reflectivity spectra, whose energy separation are correlated with
Landau-level-confinement-subband coupling experiments in a tilted magnetic field.
The ground state exciton feature from the [111}-grown sample is significantly lower
in energy than that from the sample with nominally identical parameters but grown
along [001]. PL spectra from the [111] sample showed dramatic pumping power de-
pendent emission energies. Our results provide direct evidence for the theoretically

predicted large built-in piezoelectric fields in the {111]-grown SLSs.

Another part of this thesis consists of magneto-optical studies of diluted mag-
netic semiconductor (DMS) systems. The DMS system exhibits extraordinarily
large spin splittings of the band edges arising from the strong exchange interactions
between band carriers and the localized magnetic moments, as examined in CdFeSe
and ZnFeSe materials. This property offers the possibility of magnetically tuning
the quantum confinement potentials in a quantum-well structure consisting of DMS
layers. Quantum-well structures of ZnFeSe/ZnSe were studied in this thesis, aim-
‘ing to investigate such effects. Strongly asymmetric spin splitting of the excitonic
components and dramatic intensity variations with magnetic field were observed.
In a magnetic field, the small, zero-field valence band offset is overwhelmed by the
spin-splitting of holes in the ZnFeSe layers. This results in a field-induced spin-
dependent type-I/type-II band alignment and a consequent spatial separation of
holes with different spin. The asymmetric behavior of the two components associ-
ated with the spin segregation of holes provides an accurate measure of the valence

band offset in this unique system.
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GENERAL INTRODUCTION

I. General Introduction

Over the past forty years, history has witnessed immense development and un-
derstanding in the field of semiconductor physics and in the use of semiconductor
materials for electronic and optoelectronic applications. This includes the invention
of the bipolar transistor® in the late 1940’s with the indirect gap elemental semicon-
ductor, Ge; the most succesful example in semiconductor device applications with
Si MOS field-effect transistors® developed in the 1960s and 1970s as amplifying and
switching devices used in integrated circuits; and the development of light-emitting
diodes (LED’s) with the direct gap compound semiconductors, such as GaAs, as the
optical source.? The development of band structure theories for crystalline solids
provides the basis for the fundamental understanding of the electronic properties of

semiconductors and helps in the design and realization of semiconductor devices.

At each stage of progress, the introduction of new semiconductor materials and
structures as well as growth techniques has allowed the observation of new physi-
cal effects and led to significant advances in semiconductor applications. In recent
years, there has been great interest in the study of electronic properties in quasi-
two-dimensional semiconductor systems,® such as in Si inversion layer of a metal-
oxide-semiconductor field-effect-transistors (MOSFET’s) and in GaAs-AlGaAs het-
erostructures or quantum wells. These studies have led to numerous important
scientific discoveries in fundamental physics and technological applications with
reduced dimensionality of electronic systems. The Quantum Hall effect,* the frac-
tional quantum Hall effect® and the invention of quantum well lasers? are all ex-
amples of new physical phenomena and new technologies associated with quantum-

confined electronic systems.
Rapid advances in crystal growth techniques such as Molecular Beam Epitaxy
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CHAPTER I

(MBE) and Organometallic Chemical Vapor Deposition (OMCVD) have made it
possible to fabricate high-quality epitaxial semiconductor sytems, including het-
erostructures, multiple quantum wells and superlattices. These systems provide
excellent enviornment to study the physics of charge carriers with reduced dimen-
sionality. Among all the quantum well and superlattice structures, systems made
of GaAs-AlGaAs multiple layers were the first to be fabricated and the most thor-
oughly studied,® partly because of the near lattice-match between the two types of

constituent layers.

Interest in artificial superlattices was first initiated from the proposals of Esaki
and Tsu” to produce a one-dimentional periodic potential by a periodic variation
of either impurities (doping-superlattice) or alloy compositions (compositional su-
perlattice) in semiconductors, with the period shorter than the electron mean free
path. In compositional superlattice systems, the discontinuity in the band gaps of
the two layers results in variations of band edge offsets in both conduction and va-
lence bands, and leads to quantum confinement effects along the growth direction.
When the coupling between neighboring layers is negligible (thick barrier limit) the
superlattice becomes a repeated system of isolated quantum wells. These systems
(quantum wells and superlattices) in semiconductor multiple layers are the first real-
izations of the one-dimensional rectangular potential wells dealt in any introductory

quantum mechanics book.

Quantum size effects in such well-controlled thin layers yield discrete energy
levels along the growth direction resulting in a two-dimensional subband structure
with unrestricted in-plane motion. In 1974 two basic experiments were carried out:
Esaki and Chang® reported the oscillatory behavior of the perpendicular differential
conductance due to resonant electron tunelling across potential barriers, and the
optical measurements of Dingle et.al® showed directly the quantization of energy
levels in quantum wells, the well-known elementary example of quantization in
quantum mechanics textbooks. Studies of ultrathin semiconductor layers (both

electronic and optical properties) have since then proceeded at an explosive rate.!%:!!
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GENERAL INTRODUCTION

Optical properties of direct gap semiconductors near the fundamental absorption
edge at low temperatures are governed by excitonic effects.’? Within the framework
of the effective mass approximation, the electron-hole system is described in a Hy-
drogen atom-like fashion with a binding energy R, = e*p*/ 2¢’h? and a Bohr radius
ap = eh’/e?u*. Here p* is the proper electron-hole reduced mass and e is the di-
electric constant of the medium. Typical values of these parameters in the case of
GaAs are: Ry= 4.2 meV, gg ~ 150A. In a quantum well structure with well width
comparable to or thinner than the bulk exciton diameter, 2ag, strong modifications
are expected to the excitonic properties. The electrons and holes are effectively
confined within the quantum-well layer, and the exciton can not propagate in the
confined direction. One consequence of this quantum confinement is an increase in
exciton binding energy.'®"** In two-dimensional limit, the exciton binding energy is
expected to be four times of that in the bulk.!®> Experimentally, optical measure-
ments on GaAs/AlGaAs quantum well structures exhibit excitonic transitions with
larger binding energies than the bulk.!®** In particular, strong excitonic emission
at room temperature has been observed, offering the opportunity of making room

temperature quantum well lasers.?®:17

Effects of external perturbations (electric fields, magnetic fields, or both) on
the electronic and optical properties of quantum well structures have also been
studied extensively both theoretically and experimentally. In short, applicaltion of
an electric field along the growth direction “tilts” the rectangular potential wells into
trapezoidal shape and therefore modifies the confining energies of the carriers. The
application of a magnetic field normal to the plane further quantizes the available
two-dimensional degrees of freedom into “Landau” orbits, making the continuum

two-dimensional energy states into discrete Landau levels.

Various optical spectroscopies are powerful means for the investigation of the
electronic energy band structure of solids. The energy band structure, the confine-
ment energies of electrons in quantum well structures, have been very extensively

studied by optical techniques.?®*1*'® Among them, mangeto-optical techniques are
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CHAPTER 1

one of the most extensively employed methods to study the electronic and optical
properties of quantum well systems,'® partly due to the informative and rather rich
spectra associated with the quantized two-dimensional Landau levels. The behav-
ior of the observed features in a magnetic field are very valuable in identifying the

origin of the transitions.

Recently, the interest in lattice-mismatched quantum wells and susperlattices
(strained-layer-superlattices) has brought the promise of new material combinations
and flexibilities in materials selection, which opens new possibilities for band struc-

ture engineering and applications.!97%!

The capability of semiconductor growth
techniques has made such studies feasible. Apart from all the advantages present
in the lattice-matched quantum well structures, strained-layer quantum wells also
offer a physical system for the study of strain effects on the electronic and optical
properties. Strained-layer-superlattices grown along < 001 > directions have been
studied extensively over the last few years, however, systems grown along other
directions have only recently been investigated. Theoretical considerations of Mail-
hiot and Smith?? predict that compound semiconductor strained-layer-superlattices
along < 111 > directions have rather novel electrical and optical effects because of
the presence of strain-induced piezoelectric fields in the strained layers. The ob-

servation or the probing of the predicted electric fields in real structures and their

effects on electronic and optical properties are therefore necessary.

During the last decade, another development in semiconductor physics is the in-
troduction of a new type of compound semiconductor material, the diluted magnetic
semiconductors or semimagnetic semiconductors.?*~?* They are semiconducting II-
VI alloys made by substituting a fraction of the group-II ions by transition metal
jons. The most extensively studied materials of this type are the Mn-based II-VI
compounds, in which a fraction of the group-1I sublattice is replaced at random by
Mn.28-25 The increasing interest in this field can be attributed to the broad variety
of fascinating problems offered by the study of these alloys. On one hand, they

are semiconductors. The ternary nature of these compounds allows the controlled
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GENERAL INTRODUCTION

variation in their band parameters and lattice constants, thus offering the possi-
bility of epitaxially grown superlattices and heterostructures. On the other hand,
they exhibit rich magnetic propperties and phases. The antiferromagnetic exchange
interactions among the randomly distributed Mn-ions provide an ideal system for
the study of disordered magnetism and result in rich magnetic phases with variation
of magnetic ion concentration. The most unique property of this system is that it
offers an interface between semiconducting properties with those of magnetic ones,
through the exchange interactions between band carriers (semiconducting) and the
localized magnetic moments (magnetic) arising from the substitutional magnetic
ions. This leads to unusual magneto-optical phenomena such as as extremely large

Zeeman spin-splittings of the band carriers and giant Faraday rotations.

In this project, interband optical and magneto-optical experiments (photolumi-
nescence and reflectivity) in the visible and near infrared region were performed
in studying the electronic band structures of two different systems: strained-layer-
superlattices and diluted magnetic semiconductors in bulk forms or heterostruc-
tures. Effects of quantum confinement, strain and magnetic field on the band
structures of InGaAs/GaAs strained-layer-sperlattices grown along < 001 > and
< 111 > directions were investigated, aiming at probing the presence of the pre-
dicted strain-induced piezoelectric fields in < 111 >-grown SLS’s. Parity-breaking
interband transitions were observed in the < 111 >-grown SLS’s, indicating the

existence of such strong electric fields.

New diluted magnetic semiconductors with Fe as the magnetic element (Fe-based
DMS’s?6:27) were studied though the use of optical techniques in magnetic fields.
The materials studied include bulk CdFeSe, ZnFeSe epilayers and ZnSe/ZnFeSe
quantum-well structures composed of ZnSe and ZnFeSe layers. The exchange inter-
actions between mobile band carriers (conduction band electrons and valence band
holes) and the localized magnetic moments arising from the partially filled d-shell
of FeT*-ions were obtained for the system. Their magnetic properties were investi-

gated through interband optical transition techniques. These Fe-based DMS mate-

5






