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Abstract

The nonlinear optical response of low-temperature (LT) grown GaAs were studied
using four-wave mixing techniques. Through measurements of the four-wave mixing
response as a function of pulse delay and photon energy, a strong optical response
was identified associated with the fundamental band gap exciton. These experiments
therefore demonstrated the importance of the exciton in understanding the ultrafast
nonlinear optical response of LT-GaAs despite the absence of any evidence of the
exciton in past linear absorption studies in this material. Measurement of the four-
wave mixing response as a function of pulse delay and the polarization states of the
two excitation pulses shows that the dominant contribution to the exciton signal is
tied to excitation-induced dephasing. Four-wave mixing experiments in which the
sample is exposed to an additional laser pulse indicate that the exciton signal may be
strongly diminished due to a combination of screening and a reduction in the total
dephasing time. The short temporal duration of the above effect provides evidence
of an ultrashort (< 100 fs) electron trapping time in this system tied to arsenic
related defects introduced during low-temperature growth. These findings are of
importance to the understanding of the optical properties of LT-GaAs and will aid

in the development of optoelectronic devices using this material system.
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Chapter 1

Introduction

1.1 Overview

The relaxation processes of charge carriers (electrons and holes) in semiconductors
play a central role in electronic and optoelectronic devices made from these materials.
The photoconductivity of a material is an important parameter in the development of
photodetectors, and describes the change in conductivity of a material when exposed
to optical radiation. The conductivity of a material can also be controlled with the
application of an electric field, which is the basic concept of the field-effect transistor.
These devices are made from a sandwich of different semiconductor layers, which are
arranged in such a fashion that precise application of an electric potential can lead to
rapid changes in the conductivity, making these devices appealing for applications in
fast electrical switching and signal amplification. The transport properties of a ma-
terial (e.g. conductivity) which dictate device performance, are ultimately governed
by the various scattering processes present, such as interactions between carriers, be-
tween carriers and crystal vibrations (phonons), and between carriers and defects.
The timescales these processes occur on are very short, and are only accessible using
ultrafast optical techniques. The generation of very short light pulses on the order of
femtoseconds has permitted the detailed investigation of these rapid processes, and
has uncovered the underlying mechanisms responsible for transport and relaxation of
charge carriers.

One of the most well-characterized semiconductor materials for the above appli-
cations is GaAs, which can be grown in atomically flat layers using a technique called
molecular beam epitaxy. During the early 1990’s, it was shown that if GaAs is grown
at a lower temperature than usual (about 200°C in comparison to 600°C), the material
properties are modified considerably [1, 2, 3]. These modified properties make this
so-called low-temperature grown GaAs (LT-GaAs) attractive for applications such as

ultrafast photodetectors because LT-GaAs-based devices exhibit larger bandwidths
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(derived from shorter response times), and smaller dark currents (derived from lower
mobility) than conventional semiconductor platforms. In addition to photodetection,
ultrafast (sub-ps) electrical pulses can be generated using LT-GaAs based photocon-
ductors, making this material appealing for application to THz photonics applications
[4].

During growth, the lower substrate temperature reduces the surface mobility of
the Ga and As atoms such that when another layer of atoms is deposited on the crys-
tal, As can be trapped in nonstoichiometric bonding configurations, such as replacing
a Ga atom in the lattice or occupying a vacant crystal location. Large densities of
unintended As incorporation (i.e., defects) are present in LT-GaAs because, in con-
junction with nonstoichiometric bonding, large arsenic overpressures (As:Ga > 1)
are required to generate high quality crystalline GaAs. In as-grown LT-GaAs, the
majority of these defects are introduced as point defects and clusters. These defects
introduce trapping centres than can rapidly capture an optically-injected electron (on
a time scale of a picosecond or less, much faster than the electron-hole recombination
time in clean GaAs, which is appoximately 1 ns). The associated fast response time is
attractive for all-optical switching [5], fast photodetectors [6, 7, 8], and THz sources
and detectors [4]. These defects also increase the resistivity of LT-GaAs compared to
GaAs. This is attractive for photodetector applications, because the high resistivity
leads to smaller dark currents, resulting in smaller noise currents and a corresponding
higher signal-to-noise. The possibility of such applications has led to a comprehen-
sive research effort aimed at understanding the fundamental properties of LT-GaAs
[5, 7,9, 10, 11, 1, 12, 13, 14, 15, 16, 17]. The nature of the primary defect (ELs) has
been studied using IR absorption [11, 13], Hall-effect techniques [11], and photoca-
pacitance measurements [10], and the influence of local potential fluctuations in this
material tied to these defects has been studied both experimentally [10, 15] and the-
oretically [9]. Among these studies, linear and ultrafast nonlinear optical techniques
have played a central role [5, 10, 11, 1, 12, 13, 14, 18, 19, 20]. The influence of defects
on the trapping and recombination times has been investigated using incoherent ul-
trafast pump probe techniques [5, 14]. It has also recently been shown that growth
at low temperature permits the incorporation of magnetic dopants such as Mn [21],

leading to magnetic properties of interest for new magneto sensitive electronic and
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optoelectronic devices (so-called spintronic devices) [22]. This discovery has moti-
vated more recent studies into the influence and nature of defects on the electronic
and optoelectronic properties of low-temperature grown semiconductors [23, 24, 25].

Despite the above studies, little is known about the coherent response of LT-
GaAs. Four-wave mixing techniques allow one to measure the timescale for decay
of coherence of optically-injected electron-hole pairs. Since the dephasing process is
mediated by the strongest (i.e. fastest) scattering events, these techniques provide
the most direct approach to measuring the time scale of these scattering processes.
The first four-wave mixing experiment on LT-GaAs was recently reported [16]. Al-
though the focus of this work was the influence of Mn on the electronic structure
and dephasing time in LT-GaMnAs, reference measurements on a sample without
Mn revealed a discrete state at the energy of the exciton in GaAs. An exciton is a
bound state of an electron-hole pair that has an energy a few meV below the band
gap due to the Coulombic binding energy. No such excitonic feature is observed in
linear absorption experiments on LT-GaAs [19], so this observation of such a feature
using the nonlinear technique of four-wave mixing is intriguing. Since the nonlinear
band edge response of LT-GaAs is the basis for applications to THz sources and all
optical switching, and since the excitonic response is of fundamental importance to
the overall optical properties of this material, experiments that elucidate the nature
of the excitonic response in LT-GaAs are required.

In this thesis work, the coherent dynamics of the fundamental exciton in a low
temperature grown I1I-V semiconductor (GaAs) has been experimentally investigated.
Four-wave mixing experiments performed over a wide range of excitation conditions
have revealed the effects of many-body interactions on the fundamental exciton in
LT-GaAs. Several tailored experiments have been performed that directly target key
features tied to many-body effects. A series of prepulse and polarization studies have
directly uncovered the importance of excitation-induced dephasing, which is shown to
lead to the dominant contribution to the four-wave mixing signal at the exciton. The
insight provided by the results presented in this thesis will aid in the understanding of
the coherent response of fundamental excitons in LT-GaAs and other low-temperature

grown semiconductors (e.g. GaNAsSb [6], InGaAs [26], and InP [27]).



1.2 Influence of Disorder on the Optical Properties of LT-GaAs

The optical properties of a semiconductor are determined by the electronic band
structure. Prior to discussing the optical properties of LT-GaAs, it is instructive to
consider the band structure of high-temperature grown GaAs. The full band structure
of GaAs is shown in Fig. 1.1(a). The highest energy point in the valence band and the
lowest energy point in the conduction band occur at the same point in the Brillouin
zone, referred to as the I' point (Fig. 1.1(b)). These are separated by the band gap
energy, corresponding to an energy range in which no electronic states exist. For
optoelectronic device applications, the focus is on energetic transitions near the band
gap. A simplified band edge diagram for GaAs is shown in Fig. 1.1(c), indicating
three doubly-spin degenerate valence bands (heavy-hole (HH), light-hole (LH), and
spin-orbit split-off (SO)) and a single doubly-spin degenerate conduction band (C).
At 10 K, the energy gap in GaAs is 1.519 eV [28]. GaAs is classified as a direct
band gap semiconductor because the critical points of all four bands are vertically
aligned at the I' point in the band structure. The HH and LH bands are energetically
indistinguishable at the I' point but the SO band is 0.34 eV lower due to spin-orbit
coupling.

Studying optical transitions in semiconductors can reveal information about the
electronic structure as well as the dynamic evolution of electronic excitations following
optical excitation. Optically-induced transitions can occur if an incident photon has
sufficient energy to promote an electron from the valence to conduction band. When
such a optical transition occurs, an electron vacancy (hole) is created in the valence
band that is coupled to the excited electron in the conduction band via the attractive
Coulomb potential between the electron and hole. This attractive potential leads
to the formation of a charge-neutral quasiparticle called an ezciton that behaves
similarly to a hydrogen atom, with corresponding discrete bound states with energies
smaller than the band gap due to the Coulomb binding energy. Because an exciton
corresponds to a Coulomb-coupled electron-hole pair, each valence band has its own
exciton associated with it. The heavy hole and light hole excitons are approximately
degenerate in bulk GaAs and are collectively referred to as the fundamental gap
exciton. It is represented by the level indicated by an X in Fig. 1.1(c) and 1.1(d). In
bulk GaAs, the fundamental exciton has a binding energy of 4 meV.
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Figure 1.1: (a) Full band structure of GaAs calculated using a pseudopotential tech-
nique (adapted from [29]). (b) The corresponding k points in the band structure
shown in the Brillouin zone (adapted from [29]). (c) A simplified diagram of the
band structure that is highlighted by the black box in (a). (d) The band structure
near the band edge in LT-GaAs. Low-temperature growth leads to the addition of the
defect states Asg, and band-tailing states. The former corresponds to a deep donor
band, represented by the shaded rectangle. The latter is represented pictorially as
flat lines near the conduction and valence bands. The bands are labeled as follows:
Asga, - Arsenic defect band, C-Conduction band, HH - Heavy-hole valence band, LH
- Light-hole valence band, SO - Spin-Orbit Split-Off, X - fundamental exciton.

The band structure of LT-GaAs is considerably more complicated than that of
GaAs due to the presence of defects introduced during low-temperature growth. Low-
temperature grown GaAs epilayers are typically grown using molecular-beam epitaxy
(MBE) with the substrate held at 200—300°C. In contrast, high quality GaAs epilayers
are typically grown at 600°C. The band structure near the edge of the conduction and
valence band in LT-GaAs is shown in Fig. 1.1(d). During low-temperature growth,
point defects are introduced into the GaAs host crystal that greatly influence the
conduction properties of electrons. Excess arsenic can be incorporated by replacing

a Ga atom with an As atom, leading to the creation of Asg, antisites. Because As
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is a type V atom, which has five bonding electrons, when it replaces the type III
atom Ga, two electrons are left over from bonding and can contribute to conduction
leading to additional energy states that are located close to the middle of the GaAs
band gap. Because the Asg, can contribute, or donate two electrons to conduction,
the Asg, defect is called a double-donor. For low defect concentrations, the Asga
has two nondegenerate energy levels at 0.52 eV and 0.75 eV above the valence band
that correspond to the neutral and positive ionization states of the As atom. At very
high concentrations typical in LT-GaAs (> 10! cm™3) [30], the associated localized
wavefunctions of these mid-gap donor states can overlap spatially, leading to the
formation of bands that are energetically centred approximately at 0.5 eV above
the valence band edge. The associated bands are represented by the grey bar in
Fig. 1.1(d). Additionally, arsenic can be introduced as interstitials; an As atom can
occupy a site where there was originally no atom. A cluster of As atoms can also form,
corresponding to a group of tightly spaced point defects. In LT-GaAs these defects
are spread throughout the crystal and cause local potential fluctuations that lead
to smearing of the valence and conduction bands via the creation of localized states
near the edges of the conduction and valence bands inside the band gap [14, 31].
These localized states, or band tails, are represented by a series of lines near the
edges of the conduction and valence band in Fig. 1.1(d). Defects are problematic in
optical studies because they can lead to additional transitions that can obscure the
absorption spectrum tied to band to band transitions, including transitions between
the Asg, impurity band and the conduction band and between band tail states in
the valence and conduction bands. As discussed in detail in Chapter 2, in stark
contrast to GaAs, linear optical experiments on LT-GaAs [14, 16, 19] do not display
an excitonic signature, and there are strong contributions to absorption below the

band gap, obscuring the band edge.

1.3 Four Wave-Mixing Techniques (FWM)

The optical technique used in this thesis is degenerate two-pulse FWM. A schematic
representation of the geometry of a FWM experiment is shown in Fig. 1.2. In such
an experiment, two excitation pulses with the same center frequency (derived from

a single laser source) characterized by wavevectors El and Eg and electric fields F,
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and Eg, are used to excite electron-hole pairs in a semiconductor sample. In the
simplest case, the electric fields of the two pulses are linearly-polarized in the same
direction, e.g. in the Y direction, as indicated in Fig. 1.2. Interference between the
two electric fields at the sample creates a spatial modulation of the total intensity in
the X direction, resulting in a corresponding modulation in the density of electron-
hole pairs excited by the pair of pulses. The index of refraction for light resonant with
these excited transitions is modified by the presence of these excited carriers, and so
the two pulses together create what can be physically viewed as an optical grating,
also referred to as a carrier density grating or population grating. A portion of E, can
be diffracted by this grating, resulting in emission in the direction 2122 — k; that can
be directly measured using a highly-sensitive photodetector. This process is referred
to as self-diffraction since E, participates in both writing the grating and diffracting
from it. The detected signal results from a third-order nonlinear interaction in the
semiconductor (i.e. a x® process, as described in Chapter 2). In particular, one
photon from each pulse participates in writing the grating, and diffraction of a third
photon from the second pulse then leads to a polarization density in the sample that
emits an output wave along QEQ — El. This output wave constitutes the fourth field

involved in the process, leading to the name four-wave mixing.

— T —

A

E,

A

Ep

Figure 1.2: A schematic representation of a typical two-pulse four-wave mixing ex-
periment is shown. Due to an interference of the two electric fields along directions
kl and kg, third electrlc ﬁeld along kz is self-diffracted off of this interference, and
projected along the 2ky — Ky direction.
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It is possible to induce a FWM signal when the pulses E, and E, are not over-
lapped in time. If Eg arrives at a time delay 7 relative to Fjl, then EE can still interfere
with the remaining polarization induced by E, and diffract from the resulting optical
grating, creating the four-wave mixing signal. This process, however, only occurs
to the extent that the polarization from pulse E, remains coherent (i.e. that the
excited electron-hole pairs still oscillate in phase with the original excitation pulse).
As a result, measurement of the FWM signal as a function of the time delay between
the two pulses can provide a measurement of the dephasing time (or 75 time, as
distinct from the population relaxation time T}) for the optical transitions resonant
with the laser pulse. These coherent carrier dynamics are isolated from the incoher-
ent (population-related) dynamics by spatial selection along 2ky — El, unlike in an
incoherent pump-probe experiment such as differential transmission.

The creation of a carrier-density grating for the case in which both E, and E, are
polarized in the Y direction results from the direct interference of the two electric
fields (or for nonzero time delay interference of the pulse E, with the polarization
induced by El) since all of El, E, and the induced polarization are polarized in the
Y direction. The nature of the carrier density grating differs when El and 52 are
orthogonally polarized (e.g. E, = BE,Y and E, = EQX) To understand the result
of such an excitation process, one must consider the optical selection rules of the
semiconductor. Since the heavy-hole to conduction band transitions are three times
stronger than light-hole to conduction band transitions [32], attention will be focused
on transitions involving the heavy hole band. The selection rules in this case are
depicted in Fig. 1.3(a) and Fig. 1.3(b). Here |£1/2) and |£3/2) indicate the projec-
tion of the total angular momentum on the growth direction of the semiconductor

structure, and
1 - ~
1y = —=(X£1Y 1.1
i \/5( ) (1.1)

indicates the vector orientation of the matrix element of the dipole operator. The
inner product of the dipole moment vectors in Eq. 1.1 with the light polarization
vector determines the transition rate for the associated two-level system. In partic-
ular, the selection rules for HH-C transitions in Fig. 1.3(b) indicate that right (left)
circularly-polarized light excites electrons and holes that are spin-down (spin-up).

Since linearly-polarized light is composed of an equal superposition of left and right
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circularly-polarized components, linearly-polarized light excites both spin transitions
equally. Each spin population has associated with it a particular spatial dependence
(across the sample, in the X direction). In a four-wave mixing experiment, excitation
using collinearly-polarized pulses (i.e. E, = E,Y and E, = EQ?) leads to spin pop-
ulation gratings that are in phase along the X direction, as depicted in Fig. 1.3 (c),
leading to a grating in the total (spin averaged) carrier density; however, for the case
E, = E;Y and E} = EQX, the two spin population gratings are out of phase along X,
leading to the situation depicted in Fig. 1.3(d). In this case, the total (spin-averaged)
population is independent of X (i.e. there is no grating in the total spin-averaged
carrier density) despite the existence of a spatial variation in the net spin polarization
of the optically-excited carriers (i.e., a spin grating). In either excitation polarization
geometry (\Aﬂ? and YX for the polarizations of E, and E’;), the four-wave mixing sig-
nal is composed of equal contributions to the total four-wave mixing signal from each
spin transition (i.e. self-diffraction of the associated circularly-polarized component
of pulse E, from the spin population grating it participated in writing). As a result
for a simple electric-field diffraction signal, as described above, the magnitude of the
total signal is the same for the YY and YX configurations. As discussed below, for
many-body related signals, this is not always the case.

There are three measurement configurations in a FWM experiment: (i) time-
integrated four-wave mixing (TI-FWM); (ii) spectrally-resolved four-wave mixing
(SR-FWM); and time-resolved four-wave mixing (TR-FWM). In a TI-FWM exper-
iment, the FWM emission is detected directly using a photodetector (typically a
high-speed photomultiplier tube (PMT)). The PMT is far too slow to resolve the de-
cay of the FWM emission in time, and as a result, it is used to make a measurement

of the average signal at each value of the interpulse delay, reflecting the integral of
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Figure 1.3: (a) Table showing the matrix elements of the electric dipole operator

between heavy-hole and conduction band states. fi+ = \/Li (X + z\?) where Z is the

growth direction of the heterostructure. (b) Optical selection rules resulting from
(a) o+ (0—) indicating transitions induced by right (left) circularly-polarized light.
(c),(d) An illustration of the spatial distribution of the excited population across a
thin slice of the sample in the X direction. ny,+ and n,_ correspond to the excited
populations of the o+ and o— exciton transitions given in (b). For co-polarized
beams (c), a constructive superposition of the two density gratings occurs. However,
in (d) a uniform total (spin-averaged) carrier density is created (dashed line).
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the FWM over many pulses from the laser source (i.e. an integral over time). (A
high-speed PMT is useful for experimental schemes in which the interpulse delay is
scanned rapidly: The detector must be fast enough to follow the variation of the
time-averaged FWM signal with pulse delay in this case.) In a SR-FWM experiment,
the FWM emission is passed through a monochromator before being detected by the
PMT detector. This results in a measurement of the amplitude of the component
of the FWM signal at each photon energy. In a TR-FWM experiment, the FWM
emission is measured as a function of time t directly (rather than pulse delay) using a
second copy of the laser pulse (acting as a gate pulse) through sum frequency gener-
ation between the gate pulse and the FWM emission. These different configurations
provide distinct yet complementary information. For example, SR-FWM is especially
useful when exciting a region in the electronic band structure with a structured op-
tical joint density of states, as is the case, for example, in the vicinity of an exciton
transition. The nonlinearity of the four-wave mixing signal amplifies this structure in
the density of states because the signal is proportional to the dipole moment to the
eighth power. TR-FWM provides a means to distinguish between a homogeneously-
and inhomogeneously-broadened optical transition, which are shown in Fig. 1.4(a)
and (b). The former case corresponds to a spectrally-isolated two-level system (e.g.
an exciton), while the latter case corresponds to a collection of closely-spaced transi-
tions forming a quasi-continuum (e.g. the interband transitions in a semiconductor).
The TR-FWM signal differs significantly in the two cases, as shown in Fig. 1.4. If the
transition is homogeneously broadened, the resulting signal will promptly decay after
arrival of Fs, a process referred to as free polarization decay. For an inhomogeneously-
broadened transition, the FWM signal will occur at a time after E, corresponding to
the relative delay between E, and E,. This is frequently referred to as a photon-echo,
and is caused by interference of the free-polarization decay contributions from transi-
tions at different energies. A theoretical treatment of the four-wave mixing response
for both a homogeneously-broadened and inhomogeneously-broadened two-level sys-
tem was provided by Yajima and Taira [33] based on a density matrix formalism

involving the optical Bloch equations (OBE) (described in more detail in Sec. 2.5).
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Figure 1.4: (a): A two-level system depicting a collection of discrete resonances
with the same transition energy referred to as a homogeneously-broadened transition.
(b): A two-level system exhibiting inhomogeneous broadening, corresponding to a
distribution of closely-spaced transition energies. (c): Four-wave mixing signal versus
time for a homogeneously broadened system. (d): Four-wave mixing signal versus
time for an inhomogenously broadened system. The two optical pulses E, and E,
are represented as vertical red lines at times ¢; and t5. The curves in (c¢) and (d)
correspond to the analytical model in [33].

1.4 Four-wave mixing signal contributions arising from many-body

effects

Additional light may be detected in the 2ky — ky direction that does not correspond
to the simple optical diffraction process described above, but instead is caused by
Coulomb-mediated many-body effects. In particular, for the free polarization decay
and photon-echo FWM signals described above for non-interacting two-level systems,
the electric field of the second pulse is diffracted by the carrier density grating; how-
ever, it is also possible for the polarization induced by the second pulse to diffract
from the grating provided that there are interactions within the system of electrons
and holes. This can occur via what is called the Lorentz local field (LF), by which

a given optical transition experiences both the applied field due to the optical pulse
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and an additional polarization field due to the combined effect of all other excited
electron-hole pairs in the system. In addition, the polarization induced by pulse E5
can couple to the carrier density grating via a scattering interaction referred to as
excitation-induced dephasing (EID). This latter contribution is tied to the dependence
of the total dephasing rate on the carrier density.

Contributions to the FWM signal that originate from many-body effects are re-
ferred to as interaction-induced nonlinearities. Because interactions within the semi-
conductor environment are so strong, these many-body FWM signals are often much
stronger than the corresponding non-interacting signals. Their measured dependence
on the optical polarization of the exciting laser pulses, photon energy, and interpulse
delay can differ significantly from the non-interacting signals described in the pre-
ceding section, and as such these interaction-induced nonlinearities can be identified
by performing experiments under a range of excitation conditions. It is also possi-
ble to exploit screening as a means to selectively turn-off these interactions, further
clarifying the origin of the nonlinear signal. Due to the sensitivity of the four-wave
mixing signal to many-body effects, a considerable amount of information can be ob-
tained about interactions within the semiconductor through a successful analysis of
the self-diffracted FWM signal. Since such interactions have a critical influence on the
carrier transport and optical properties in semiconductor devices, FWM techniques
have been used extensively to study traditional semiconductors, such as GaAs, InP
and Ge [34, 35, 36].

As background for this thesis work, in which FWM techniques are applied to low-
temperature grown GaAs, the body of literature concerning the application of FWM

experiments in traditional GaAs is described in the next section.

1.5 FWM Studies of the Exciton in Traditional Semiconductors:

Previous Work

A wealth of information concerning the optical response of the fundamental exciton
in traditional semiconductors (i.e., those grown at high temperatures, resulting in a
low density of defects) has been gained through the application of FWM techniques
to these materials. As discussed in the preceding section, due to the strong interac-

tions between excited electron-hole pairs within the semiconductor, the FWM signals
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observed have been found to be strongly dominated by interaction-induced nonlineari-
ties, providing a platform for gaining insight into these effects. This body of literature
falls into two categories depending on which optical transitions are resonant with the
exciting laser pulses: (i) experiments carried out under conditions in which primarily
excitons are excited; and (ii) experiments in which excitons are excited together with
a broad bandwidth of unbound electron-hole pairs above the band gap. In the former
case, the center frequency of the laser pulses is tuned below the band gap so that only
the tail of the pulse spectrum is used to excite the exciton transition. In the latter
case, the center frequency of the laser pulse is tuned above the band gap, overlapping
the continuum of unbound electron-hole pair transitions in addition to the exciton
resonance. The body of literature concerning the simpler case of (primarily) exciton
excitation is summarized in Sec. 1.5.1. When the interband continuum is excited
together with the exciton, there exists a complex interplay between contributions to
the FWM signal arising from many-body effects and interference resulting from the
range of transition energies involved. The associated experiments are highlighted in
Sec. 1.5.2. This thesis work concerns studies of the band edge optical response in
LT-GaAs under conditions of both exciton and continuum excitation. It is shown
that many-body effects greatly influence the dynamics of the exciton, so it is prudent

to understand these effects in traditional semiconductors prior to interpreting results
in LT-GaAs.

1.5.1 Measurements of the Exciton FWM Response

For a system of excitons, which corresponds to a homogeneously-broadened transition
in the semiconductor, the fact that interaction-induced nonlinearities (i.e. four-wave
mixing signals originating from many-body effects) strongly dominate the four-wave
mixing response was clear from many early experiments [37, 38, 39, 40, 41, 42, 43].
Notable observations that deviate from the simple non-interacting four-wave mixing
signals described in Sec. 1.3 include: (i) the measurement of a TI-FWM signal
at negative time delay [37, 38]; (ii) the observation in TR-FWM of a slow rise of
the signal after the arrival of the second pulse [39, 44]; and (iii) a stronger signal
amplitude for parallel polarizations in the two excitation pulses (Y\?) than for the

perpendicular polarization geometry (SA()A() [40, 41, 42, 43, 44]. For a non-interacting
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two-level system, no signal exists in TI-FWM experiments for negative delay since
the signal along 2ky — k1 corresponds to diffraction of the electric field of the second
pulse from the population grating caused by both E, and E, and the first pulse must
arrive first to generate such a signal. Furthermore, a TR-FWM signal associated with
a non-interacting homogeneously-broadened transition is prompt, i.e. it peaks at the
time of the arrival of pulse E, (Fig. 1.4(c)). The TI-FWM signal in the noninteracting
case also has the same signal strength for parallel and perpendicular polarizations in
the excitation pulses since the two spin transitions contribute equally to the four-wave
mixing signal.

All of the above observations that deviate from the simple case of a collection of
non-interacting two-level systems were ultimately explained by taking into account
excitation-induced dephasing (EID) [45], corresponding to a dependence of the exciton
dephasing rate on the total density of optically-excited excitons. The simplest model

of this dependence is linear, resulting in a dephasing rate given by

1
— = I'N 1.2
T Yo + (1.2)

where 7y is the dephasing rate tied to coupling of the exciton to phonons and defects,
N is the total exciton population density. A population density dependence of T3
arises from the Coulomb interaction between excitons, which results in exciton-exciton
collisions that correspond to phase-breaking scattering events. A density dependence
of T, was observed for low excitation densities by Schultheis et al. [46] and later by
Honold et al., [47]. As described in detail in Sec. 2.6, EID leads to an additional
contribution to the four-wave mixing signal because the polarization induced by pulse
E, can couple to an exciton population density grating via the coefficient I' in Eq. 1.2
(called the EID coefficient), and thereby diffract from such a grating. The resulting
signal contributes together with the free-polarization decay response to the FWM
signal. An EID signal is nonzero in TI-FWM experiments for negative pulse delay
provided that the polarization from pulse E, persists when pulse E, arrives, since it
is the polarization induced by E, that diffracts rather than E, itself, in agreement
with the observations of Wegener et al. [37] and Leo et al. [38]. An EID signal is
also characterized by a slow rise of the signal in real time, with a peak that occurs
close to the dephasing time 75, in agreement with the observations of Kim et al. [39]

and Cundiff et al. [44]. The most distinctive feature of an EID signal contribution
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(in contrast to a free-polarization decay response) is that the signal is only present
for excitation pulses with parallel polarizations (X_}\?) This is because the exciton-
exciton scattering process is independent of the spin orientations of the electrons and
holes within the exciton. The lack of a dependence of the scattering rate on spin is
reflected by the fact that N in Eq. 1.2 is the total exciton density including both spin
polarizations; i.e. that I" has the same value for both polarizations. Since no grating
in the total carrier density exists in the YX configuration (as discussed in Sec. 1.3), no
EID signal is generated, leaving only the free-polarization decay contribution. A much
stronger signal for parallel pulse polarizations in comparison to that for perpendicular
pulse polarizations has been observed by several groups [40, 44, 45|, indicating that
an EID signal dominates the FWM signal for parallel pulse polarizations. In the
polarization-dependent experiments by Cundiff et al. [44], the TR-FWM signal was
also measured for both parallel and perpendicular pulse polarizations. The much
smaller signal observed for perpendicular pulse polarizations was found to be prompt,
in agreement with a simple free-polarization decay response. This conclusively showed
that a different type of many-body related signal tied to local field effects, which like
the free-polarization decay signal is expected to have a similar strength for parallel
and perpendicular pulse polarizations, does not contribute significantly, in contrast
to EID.

Since an EID signal in a four-wave mixing experiment is caused by Coulomb-
mediated exciton-exciton scattering, the size of such a signal will be affected by
screening. In particular, for a large enough carrier density N, the linear relation-
ship in Eq. 1.2 breaks down because the probability of scattering between excitons is
reduced by screening when a sufficiently large density of excitons is present. In Eq.
1.2, this can be taken into account by allowing I' to decrease with increasing exciton
density. This effect was observed by Wang et al. [41], who showed that the FWM
signal strengths for YY and YX become closer to each other for a sufficiently large
excitation density. It is possible to explore the effects of screening by exposing the
sample to an extra excitation pulse before the primary pulses E, and E,. This extra
pulse is called a prepulse, and creates a pre-existing population of excitons prior to
the excitons excited by El and EQ. These extra excitons do not contribute to the

population grating generated by El and EQ and, as a result, the only influence of these
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preinjected excitons on the magnitude of the FWM signal is through: (i) screening
of the EID coefficient I' in Eq.1.2; (ii) screening of the dipole moment of the exciton;
and (iii) an increase in the total dephasing rate. Prepulse experiments were carried
out by Schulthesis et al. [46] and Honold et al. [47], who showed that the dephasing
rate was proportional to exciton density in the low excitation regime but that the
EID coefficient I' is reduced by screening by pre-injected excitons when a sufficiently

high density of these excitons is introduced by the prepulse.

1.5.2 FWM Experiments For Simultaneous Excitation of Excitons and

Unbound Electron-Hole Pairs

It was apparent from more recent experiments [16, 17, 48, 34, 49, 35, 50, 51, 52,
53, 54, 55, 36] that the nature of the FWM response at the exciton changes consid-
erably when a broadband optical pulse is used to excite the exciton together with
unbound electron-hole pairs (i.e. interband transitions above the band gap). Under
these conditions, the unbound electron-hole pairs (also referred to as continuum exci-
tations) contribute to the overall FWM response. Since these continuum transitions
form an inhomogeneously broadened two-level system, the four-wave mixing response
constitutes a photon echo. In addition to this continuum photon-echo response, the
dominant four-wave mixing signal at the exciton tied to excitation-induced dephasing
is strongly modified when free carriers are excited together with the exciton. This
change in the characteristics of the exciton EID FWM response arises because: (i)
the rate of scattering between the excitons and free carriers is larger than the rate of
scattering between excitons [46, 47]; and (ii) the exciton-carrier scattering interaction
is insensitive to the energy of the free carriers involved [52]. As a result, the EID re-
sponse at the exciton is considerably larger when continuum transitions are excited.
Because scattering between the exciton and the continuum dominates the FWM re-
sponse of the exciton under these conditions, the associated signal at the exciton is
often referred to as the continuum contribution (CC). Such an exciton EID response
has been observed in four-wave mixing experiments under broadband excitation in
GaAs [16, 17, 48, 34, 49, 51, 53, 54, 55], Ge [35, 50], and InP [36]. The most notable
difference between a CC response and the EID signal observed when only excitons

are excited is that the CC signal is only nonzero for a narrow range of pulse delays
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around zero delay. This feature results from destructive interference of EID signal
contributions from continuum transitions at different energies [54]. When the band-
width of the continuum transitions excited by the laser pulse is comparable to the
pulse bandwidth, the exciton CC signal becomes as narrow (versus pulse delay) as the
pulse autocorrelation; i.e. the excitonic feature is pulse-width limited versus delay.
These features only became clear when initial TI-FWM four-wave mixing experiments
[46, 47] were extended to TR-FWM [39, 56] and SR-FWM [49, 35, 50, 52, 53] con-
figurations, so that the characteristics of the FWM response of the continuum and
exciton could be separately measured. A comprehensive theoretical description of the

CC was provided by El Sayed et al. [54].
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Figure 1.5: Shown are the combined results of a SR-FWM experiment in bulk Ge
by Rappen et al.[35, 50]. The pulse conditions used for each case are shown above
the SR-FWM results. SR-FWM data presented for sub-gap and above gap excitation
are shown in (a) and (b). The dependence of the SR-FWM signal on polarization is
shown for linearly co-polarized beams in (c¢) and cross-polarized beams in (d). (a),(b)
adapted with permission from [35]. (c), (d) adapted with permission from [50].
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The four-wave mixing experiments by Rappen et al. [35, 50] illustrate the domi-
nant features of the FWM response when excitons are excited together with a broad
bandwidth of unbound electron hole pairs. The results of these experiments are
shown in Fig. 1.5. For excitation below the direct band gap, a sharp peak at the
excitonic resonance reflects the strong nonlinear response of the exciton, as shown
in Fig. 1.5(a). Excitation well above the bandgap (Fig. 1.5(b)) leads to two peaks
in the nonlinear spectra that correspond to diffracted signals from excited exciton
and continuum states. Strikingly, in Fig. 1.5(b) an exciton signal is present even
though there is minimal overlap of the exciton resonance with the pulse bandwidth.
Furthermore, in contrast to the non-interacting two-level model, the TI-FWM ex-
citon signal decays much more rapidly in Fig. 1.5(b) than the continuum response.
These features are consistent with the expected properties of an EID signal caused by
exciton scattering with carriers excited in the interband continuum (i.e., the CC re-
sponse described above). In a successive publication by Rappen et al. et al. [50], the
polarization-dependence of the EID FWM response was investigated. In Fig. 1.5(c)
and Fig. 1.5(d) are the results of these experiments for linearly co- and cross-polarized
configurations. The results for co-polarized pulses display the unique signatures of
EID, and are similar to Fig. 1.5(b). In stark contrast to the results in Fig. 1.5(b) and
Fig. 1.5(c), the TI-FWM signal at the exciton resonance is absent for cross-polarized
beams (shown in Fig. 1.5(d)). This observation revealed the strong EID-related con-
tributions to the exciton FWM response (i.e., that the CC signal dominates for the
exciton), and highlighted the importance of many-body effects in determining the

coherent dynamics of the exciton.

1.6 Outline of the thesis

In Chapter 2, the linear and nonlinear optical properties of a semiconductor in the
context of a two-level system model are discussed. Chapter 3 contains an overview
of the experimental apparatus and techniques used to obtain the data contained
within this thesis, as well as the methods used for preparation of the GaAs and LT-
GaAs samples for optical experimentation. The experimental results are presented
and discussed in Chapter 4. Polarization-dependent measurements are presented

for a FWM experiment carried out with co- and cross-polarized configurations. The
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presented results also include a series of experiments incorporating an optical prepulse
with varying prepulse delay and power. Finally, in Chapter 5 a summary of the major
conclusions reached in this thesis work is provided, along with recommendations for

future investigation in these materials.



Chapter 2

Background Information

2.1 Chapter Overview

This chapter contains a summary of each of the key background concepts required to
interpret the experimental results in this thesis work. The first part of the chapter
contains a discussion of the electronic and linear optical properties of semiconductors,
considering first an idealized semiconductor in Sec. 2.2 appropriate for GaAs grown at
elevated temperatures. The influence of defects tied to excess As in low-temperature-
grown GaAs modifies the absorption spectrum. These modifications are described
in Sec. 2.3. Although the linear optical response (i.e., the absorption spectrum)
provides valuable information, the use of short pulses provides access to the dynamic
response of a semiconductor. A general discussion of the dynamics following optical
excitation is provided in Sec. 2.4. Sec. 2.5 contains the salient parts of a derivation
of a four-wave mixing signal for a non-interacting model, following Yajima et al. [33].
A phenomenological treatment of excitation-induced dephasing is described in sec-
tion 2.6, illustrating the mechanism by which excitation-induced dephasing leads to
a signal in addition to the noninteracting free-polarization decay response. The de-
velopment in Sec. 2.6 is based on the findings in El Sayed et al. [54] and Wang et
al. [41]. Finally, an approximate model of the four-wave mixing signal for the ex-
perimental conditions considered in this thesis work (simultaneous excitation of the
exciton and continuum) is presented in Sec. 2.7, following the development in Allan
et al. [57]. The predicted characteristics of the four-wave mixing signal in Sec. 2.7

are used to interpret the results of this thesis work in Chapter 4.

2.2 Linear Optical Properties of Semiconductors

The motion of an electron in a semiconductor is described by to the solutions to

the Schrodinger equation with a periodic potential corresponding to the repeated
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arrangement of screened ion cores. The resulting wavefunctions are called Bloch
functions and are given by:

o, p () eFT k=0, 4%, 24 =gy, (2.1)

which is a product of a plane wave envelope function that describes the wavefunction
of free-electrons, and a cell function u, (%) that describes the atomic orbitals of
atoms in the semiconductor, where v indicates the band (v = hh,lh,so,c) and L
is the dimension of the semiconductor. The cell functions for a given band have a
character (s, p, etc.) that reflects the corresponding bonding or antibonding orbital of
the GaAs molecule at each lattice site of the crystal. In particular, the cell functions
near zone centre (i.e., near k = 0, at the I point in Fig. 1.1(a) and (b)) resemble s
and p hydrogenic orbitals for the conduction and three highest energy valence bands,
respectively.

To obtain a general understanding of optical transitions in a semiconductor, it is
instructive to simplify the electronic band structure by considering a two-level model
consisting of only the heavy-hole valence band and the conduction band. Carriers
in the conduction band will be referred to as electrons, and in the valence band as
electron-vacancies, or holes. Furthermore, the dispersion relationship for these bands
is assumed to be parabolic, a description that is accurate for states near zone centre.
In this case, the energy of a carrier in either the conduction (EC,E> or the valence band

(e, 7) is given by:

EC’E — h2 k2 + Eg € - — _h2k2 (22)

2m v,k 2my
Where m} (m}) represents the effective mass of an electron (hole) in the conduction
(valence) band, and E, is the energy gap at k = 0. The effective mass of the carriers
differs from the electron mass in vacuum due to coupling of the electron with the
lattice of ion cores in the crystal.
Optical interband transitions in semiconductors can occur if the photon energy
hw, where h is Planck’s constant, and w is the angular frequency of the photon,

is sufficient to excite an electron from an occupied valence band state

v,lZ> across
c, IZ> At T = 0 K, only vertical

transitions in k space are permitted because a photon has negligible momentum when

the gap into an unoccupied conduction band state

compared to the range of wavevectors used to describe the electron band structure of
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Figure 2.1: In an absorption process, a photon with energy hw can excite an electron
from the valence (V) to the conduction band (C). The energy of the photon dictates
which momentum states can be involved in electronic transitions.

a semiconductor. As a result, optical excitation results in vertical transitions between

the valence and conduction bands, and for each electron wavevector 12, the associated

o F),

Each such two-level system is an electron-hole pair and represents an optical dipole

states

v, IZ> represent an effective two-level system within the semiconductor.

with a natural frequency w; and dipole moment ;. This resonance frequency will
be larger the higher above the band gap that the electron-hole pair is excited. In
addition, according to Fermi’s golden rule, energy must be conserved in an optical
transition. These two constraints result in the following relationship between the
magnitude of the wavevector k of the electron and hole involved in the transition and
the photon energy:

_2m,

k= = (hwy — E) (2.3)

where m, represents the reduced mass of an electron hole pair, where 1/m, is given

by the sum of the reciprocal effective masses of each carrier. This relationship is
illustrated in Fig. 2.1. The total number of transitions that are coupled to an optical
laser field is reflected by the frequency spectrum of the laser source and the density
of conduction states and valence states involved in the process [58]. Taking this into

account, the optical joint density of states for allowed interband transitions in a direct
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band gap semiconductor is given by:

plw) = (h — B hw > E,

mh? (2.4)
=0 hw < E,

The absorption spectrum can reveal the coupling strength of light to matter which
is a direct reflection of the electronic band structure. The linear absorption spectrum
obtained in this way is given by:

1/2
(hw — Eg) /
(hw)?

where H (hw — E,) is the Heaviside step function, and is responsible for the onset of

a(w) x H (hw — E,) (2.5)

absorption above E,. As shown by Eqn. 2.5, this absorption is proportional to the
square root of the energy of the electron-hole pair (i.e., the difference between the
photon energy and the band gap). Equation 2.5 is plotted in Fig. 2.2 (dashed curve)
taking into account the band gap of GaAs at 10 K (1.519 eV) [28].

1.6

Experiment
14 { | — — Equation (2.5) =

1.2 +

1.0
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Figure 2.2: The absorption spectrum for interband transitions in GaAs from Eqn. 2.5
(dashed curve) is compared with an experimentally measured absorption spectrum
(solid curve). The Coulomb interaction between the electron and hole leads to the
formation of excitons and a corresponding sharp absorption peak below the band
gap. In addition, the electron-hole interaction leads to Sommerfeld enhancement of
the continuum absorption near the band edge, reflected in the experimental data.

The Coulomb interaction between free-carriers has thus far been ignored, but in

real systems it can lead to very interesting and important phenomena. The solid
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curve in Fig. 2.2 shows the measured absorption curve for bulk GaAs at 10 K.
In contrast to the predicted result for interband transitions without the Coulomb
interaction (Eqn. 2.5; dashed curve in Fig. 2.2), a sharp peak is visible below the band
gap, together with an enhanced absorption above (but near) the band gap relative
to the dashed curve. The attractive Coulomb interaction leads to the formation
of hydrogenic bound states of electron-hole pairs, i.e., excitons, that dominate the
linear optical response in direct band gap semiconductors near the band gap [59]. For
linear absorption measurements in bulk GaAs, the fundamental exciton appears as a
sharp bump below the band gap. Because the exciton binding energy in bulk GaAs
is very small (4.8 meV) and there are various scattering processes for excitons in a
real semiconductor at finite temperatures (e.g. phonons, defects) that broaden the
associated optical transition, higher energy bound exciton states are not separately
visible in Fig. 2.2. In addition to the formation of bound exciton states, the attractive
electron-hole interaction enhances the optical dipole moment i, for unbound electron-
hole pair transitions above the band gap. This effect is referred to as Sommerfeld
enhancement [58], and is responsible for the strong absorption near the band edge in

the experimental data in Fig. 2.2.

2.3 Optical Properties of Low-Temperature-Grown GaAs

The description provided in the preceding section applies to the interband optical re-
sponse of high purity semiconductors (e.g. GaAs), which have a clean band structure
(i.e., a low density of defects) due to decades of perfected growth techniques. As
discussed in Sec. 1.2, in disordered semiconductors such as low-temperature grown
GaAs, the presence of defects leads to additional states in the electronic band struc-
ture that complicate the optical response. In particular, excess As leads to a deep
donor band tied to Asg, impurities near the middle of the band gap as well as lo-
calized states near the edge of the valence and conduction bands, as shown in Fig.

2.3(b).
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Figure 2.3: (a) A plot of the linear absorption for as-grown LT-GaAs (solid line) and
GaAs (dashed line). The smooth linear absorption profile of LT-GaAs is characteristic
of the high density of defects present that cause smearing of the band edge. (b) A
simple band structure diagram of LT-GaAs at the band edge is shown, illustrating
the possible transitions that contribute at energies near the band gap. (c) Linear
absorption spectrum of GaAs (black circles) and LT-GaAs (blue triangles) taken at
10K. The plot in (a) has been adapted with permission from [19], as well as the data
reproduced in (c) from [16].

The additional defect levels present in LT-GaAs significantly alter the optical
response when compared to traditonal high-temperature-grown GaAs. The measured
linear absorption at 300 K in LT-GaAs by Streb et al. [19] is shown in figure 2.3(a).
The corresponding absorption spectrum in the GaAs and LT-GaAs samples in this
thesis work at 10 K is shown in Fig. 2.3(c). The most notable difference between
the linear absorption in LT-GaAs and GaAs is the appearance of strong absorption
below the band gap in LT-GaAs. In particular, the sharp band edge in GaAs is

replaced in LT-GaAs by a featureless tail. There are two primary contributions to
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absorption in LT-GaAs for energies below the fundamental bandgap of GaAs: (i)
transitions involving band tail states; and (ii) transitions from the occupied donor
impurity band to states high in the conduction band. These allowed transitions are
indicated by vertical arrows in Fig. 2.3(b), together with an arrow indicating the
usual interband transition. (Note: The contribution from transitions between states
deep in the valence band and unoccupied As(, states is insignificant because of the
small optical cross section for such transitions at cryogenic temperatures [10].) The
most significant difference between the absorption spectrum for GaAs and LT-GaAs
for the purpose of the present work is the absence of a sharp spectral peak near the
band gap at low temperature associated with the exciton in LT-GaAs. This absence
has been attributed to large broadening due to potential fluctuations, strong internal

field inhomogeneities, and the ultrashort carrier lifetime [14].

2.4 Overview of Relaxation Processes Following Optical Excitation by a

Pulsed Laser

The above discussion was focused on the linear absorption spectrum, which is typically
measured using a weak continuous-wave optical source such as a lamp or attenuated
laser. Insight into the dynamics of an electron-hole pair following optical excitation
can be gained by instead using a short optical pulse to inject electron-hole pairs and
ultrafast spectroscopy techniques to monitor the resulting dynamic evolution. A short
optical pulse may be used to inject an ensemble of such electron-hole pairs into the
semiconductor, where the number of electron-hole pairs in a given range of energies is
dictated by both the optical joint density of states and the pulse spectrum. An opti-
cally excited electron-hole pair will undergo a complex cascade of relaxation processes
before the electrons ultimately recombine with the holes, signaling a return to thermal
equilibrium. Before any scattering processes occur involving either electrons or holes,
the quantum state describing the electron-hole pairs has a well-defined phase that is
dictated by the phase of the coherent optical pulse used to excite the system. These
phase-coherent electron-hole pairs have associated with them a macroscopic polar-
ization density that persists until scattering processes cause the phase of individual
excitons within the ensemble to abruptly change to a random value. The macro-

scopic polarization associated with the ensemble of excitons decays as the individual
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excitons undergo phase-breaking scattering processes until eventually no coherence
remains and the macroscopic polarization is zero. The decay time associated with this
process is called the T5 time. The time between initial excitation by the optical pulse
and the decay of the polarization is referred to as the coherent regime. The phase
breaking scattering processes that contribute to loss of coherence include scattering
of carriers with phonons, defects, or other carriers.

The same scattering processes that contribute to loss of coherence will cause the
nearly monoenergetic electron-hole pairs to transform into a thermal distribution
described by the Fermi-Dirac distribution function. The initial temperature of this
distribution will be dictated by the excess energy of the electron-hole pair, ¢.e. the
photon energy minus the band gap. Emission and absorption of phonons by these
carriers will cause the carrier temperature to equalize with the lattice temperature.
Ultimately the electrons and holes will recombine, bringing the system back to thermal
equilibrium. The timescale associated with decay of the population of electron-hole
pairs is called the T} time.

In a four-wave mixing experiment, one detects the light emitted from a particular
spatial component of the coherent macroscopic polarization density excited on the
transitions in the semiconductor that are resonant with the laser pulse. The four-
wave mixing signal represents an optical excitation process that is third order in
the light interaction, and the associated spatial component emits radiation along
2E2 — El, where El and EQ are the wavevectors for pulses ]1:1 and E;. This four-wave
mixing signal can be calculated using the optical Bloch equations by performing an
order expansion in powers of the electric fields E, and E, taking into account their
propagation directions [54, 60, 57]. This analysis is presented in the sections below,
first for a simple two-level system (e.g. an exciton) to illustrate the origins of various
signal contributions. This two-level model analysis is first presented considering only
the non-interacting terms (Sec. 2.5) and subsequently including additional coupling
terms referred to as excitation-induced dephasing (Sec. 2.6). EID is shown to lead
to an additional source of diffraction (i.e., an additional four-wave mixing signal).
Finally, in Sec. 2.7, the experimental conditions relevant to this thesis work are
considered, in which a wide bandwidth of continuum transitions is excited together

with the exciton.
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2.5 Four-Wave Mixing for a Two-Level System without Interactions

The OBE’s for a non-interacting two-level system are given in the rotating wave

approximation by:

(g + ) na(t) = = (3) (mB(R Op0) = (OB (1))

' . 2.6
{4 44} pa(t) = (=) (E(R, t)) (1= 2n,(t)). (2.6)

where E = E (ﬁ, t)2 is the electric field of the laser pulse at R, Ity is the £ component

of the dipole moment, v = TLQ, where T is the dephasing time of the coherence p,(t),

Y= %1 is the population relaxation time, n,(t) is the probability at time ¢ that the
exciton is populated (i.e., the state occupation) and p,(t) describes the coherence on
the exciton transition. The polarization excited on the exciton transition denoted by

P,(t) is related to the coherence p,(t) by:

Po(t) = papa(t) (2.7)

The rotating wave approximation is appropriate when the laser pulse is resonant
or near resonant with the optical transitions in the system, as is the case for the
experiments considered in this thesis work. The rotating wave approximation has
been implemented in Eqn. 2.6 by setting the reference frequency equal to the exciton
resonance frequency.

In a four-wave mixing experiment, the total laser field is the sum of pulses propa-
gating in the El and IZQ directions. Considering both El and E; to be polarized in Y
direction, the total laser field is given by:

- =

E(t) = BE\(t)e™ B 4+ By(t — 7)e* By (2.8)
where 7 is the interpulse delay. Due to the dependence of the laser field on fi, the
excitation of the system (described by the occupation n, and the coherence p,) will

also depend on R. We can take this into account by writing:

pa(t) = pg(gl)(t)eigl'ﬁ —i—p;ﬁl)(t)e“;?ﬁ +pgc3)(t>ei(2E1—E2)~ﬁ —|—p§;3)(t)ei(2g2_’;1)'ﬁ

L Lo 2.9
ng(t) = n{? () + n;(;;Q)(t)ei(kl*kQ)'R + 2 (t)eilkz=Fk1)-R (2:9)

Here, only terms up to third order in the light-matter interaction have been retained

and the superscripts together indicate the order in the light matter interaction as well
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as the spatial component reflected by the exponential factor. (For instance, the four-
wave mixing signal emitted by the polarization in the 2ky — Ky direction is determined
by p§‘3).) We let N, (t) be the total excited population density of excitons, which is
given by the product of the number density of excitons times the occupation n,(t) such
that the exciton concentration in an intensity maximum is equal to the experimentally
measured concentration (i.e. N, has units of cm™, whereas the occupation is unitless
with a value between 0 and 1). In this case, N, (t) will also have a spatial dependence,

determined by the spatial dependence of the occupation given by:
N,(t) = NO(@#) + NO ()eiFr—F) R | N(-2)(4)eilRe—Fi) R (2.10)

Here N (t) is the average exciton density, and NP (t) describes the population
grating resulting from E; and F,. The polarization resulting from the coherence in
Eqn. 2.9 (i.e. using Eqn. 2.7) is a source of electromagnetic radiation governed by
Maxwell’s equations. For example, Pél)(t) emits light in the direction ks (collinear
with the excitation pulse Fj) and Py (t) emits light in the direction 2ks — k1. In
a four-wave mixing experiment, selective positioning of the photodetector allows for
the isolation of the spatial component 2122 — lgl of the light emission after incidence
with pulses E; and F5. One can calculate the four-wave mixing signal by inserting
Eqn. 2.9 into the OBE’s in Eqn. 2.6 and matching different spatial components of n,
and p, with their respective driving terms. This results in the following differential

equation for the component pgc_?’):

{% + v}p;—f” (t) =2 <Z%’E) Bs(t — m)n{ 2 (t) (2.11)
Eqn. 2.11 shows that pg‘?’) (t) is driven by the second order occupation n(_Q), and the
second pulse (). The term ni? (t) describes the grating in the exciton occupation
(proportional to the population grating) and the driving term on the right side of
Eqn. 2.11 corresponds to diffraction of Es from the carrier density grating induced

by both E, and E,. The equation describing the dynamics of ni? (t) is given by:

{% + 71} ny 2 (1) = (%) (Ba(t+7)pl* (1) + Ef (HpS V(1)) (2.12)

ni? (t) is driven by coherent coupling (i.e. interference via the light interaction) pulse

E, with the linear polarization p’ (¢) established by pulse £, and the interference of
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pulse E, with the linear polarization pg(fl)(t) established by pulse E,. In particular,

the polarization pg_l)(t) is governed by:

{% + v}pé‘”(t) = (Wf) Ey(t — ) (2.13)

It is clear from the above development that: (i) the four-wave mixing signal arises
at third order in the light interaction; and (ii) the four-wave mixing signal resulting
from diffraction of pulse E, from the carrier density grating. The latter result is the
reason for the name “two pulse self-diffraction four-wave mixing”.

Analytical solutions to the above set of equations can be found if the pulse en-
velopes of E, and F, are taken to be described by Dirac functions. This approximation
is valid when the relaxation processes are much longer lived than the pulse duration.
For semiconductors, which have rapid dephasing rates, this approximation is not ac-
curate; however this approach is nevertheless useful for building intuition. In this

case, we can write:
El(t) = 615<t) Eg(t - T) = 525(t — ’7') (214)
and the solution for p;3(t) is:
(-3) 22’#2 2k _—t
Py (t) = 5 c2f1e TH(T)H(t —T) (2.15)
In a four-wave mixing experiment, pgf‘g)(t) is either measured as a function of time

(TR-FWM), or as a function of interpulse delay (TI-FWM). The TR-FWM signal
may be obtained from Eqn. 2.15 using:

_ 2
Str(t) o |papl ™ (7,1)] (2.16)
which gives:
Str(t) =26e " H(T)H(t — 7) (2.17)
where £ = & 213%”1‘85‘215%. The TI-FWM signal may then be found using:

STI(T) = /_oo dtSTR(t) (218)

which gives (from [33]):
Sti(7) = 26e T H (T) (2.19)
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The result in Eqn. 2.19 shows that no signal is predicted for negative delay, which is
expected since diffraction of pulse E, off of an optical grating generated by E, and E,
will not occur unless pulse E, arrives before pulse E,. Eqn. 2.19 also indicates that
for positive interpulse delays, the generated coherence peaks at the arrival time of Eg
and exponentially decays as a function of delay at a rate 2. ~ is the dephasing rate
and describes the lifetime of the generated coherence in the system due to pulses E,
and E,. Such a signal describing an isolated two-level system (i.e., a transition that
is homogeneously broadened [60]) in the absence of interactions is commonly referred
to as free-polarization decay (FPD).

We can also use the above results when considering an inhomogeneously broadened
transition, which corresponds to a series of closely spaced transitions with a range of
resonance frequencies, such as for the interband transitions above the band gap. In
this case, contributions from these different transitions must be added together. Here
we use the electron wave vector to indicate a particular transition energy above band
gap via Eqn. 2.3, in which case the TR-FWM signal is found from:

2

Srr(t) oc > mpy 2 (r,1) (2.20)
k

where p,(;?’) (7,t) is the coherence on a particular two-level system at k. The summa-

tion in Eqn. 2.20 has the important consequence that the TR-FWM signal is detected
after pulse Fjg, at a time corresponding to approximately twice the interpulse delay
relative to the arrival time of pulse E,. Such a signal is commonly referred to as
a photon-echo, and has been observed for interband transitions above the band gap
[16, 17]. The time integrated response obtained using Eqn. 2.18 for the interband

transitions exhibits prompt decay originating at mutual zero delay, as given by (from

[33]): p— (1+¢((5w7)> (2.21)
TI\T) X € ﬁ .

where dw is the inhomogeneous bandwidth of resonantly excited continuum states,
and ¢ is the error function. Comparison of Eqn. 2.21 with Eqn. 2.19 shows that
the rate of decay is different for an isolated two level system and a continuum of
transitions: In the latter case, the TI-FWM signal decays at twice the rate of homo-

geneously broadened ones.



33

2.6 Influence of Excitation-Induced Dephasing on Two-Level System

Dynamics

Excitation-induced dephasing is a Coulomb-mediated process by which the electron-
hole pair undergoes a phase-breaking scattering process with another carrier. Exciton-
carrier scattering is a many-body effect that goes beyond the optical Bloch equations.
A rigorous treatment of the optical response of the semiconductor would involve ap-
plying the semiconductor Bloch equations, which include other processes such as local
field effects. It has been shown through both theoretical analysis [54] and experiments
over a wide range of conditions [36, 57, 35, 50] that the influence of EID is the domi-
nant many-body effect governing the FWM response of semiconductors. In this case,
the effects of EID can be accounted for in the OBEs by phenomenologically including

a density-dependent dephasing rate, i.e.,

1
— =4+ TN, (2.22)
T

where 7, is the dephasing rate of excitons in the absence of an excited population,
and reflects the dephasing mechanisms such as scattering of carriers by phonons and
defects. The parameter I' in the second term quantifies the strength of exciton-exciton
(or exciton-carrier) scattering. Although the phenomenological treatment of EID in
Eqn. 2.22 lacks the rigor of microscopic scattering theories, it has been shown to
account for many of the observed features in experimental observations [55].

To understand how EID can lead to a four-wave mixing signal in addition to
the non-interacting signal discussed in the preceding section, we consider the EID-
modified equation describing the spatial component p;(v_s) for the exciton in the YY

geometry:

{% +v+ PN;O)@)}pg—?)) (t) =2 (%) ng—Q) (t)EQ(t—I—T) _Vp;—l)(t)NgE—m (t) (223)

Unlike Eqn. 2.11, there are two driving terms on the right side of Eqn. 2.23. The

(=2)

first corresponds to diffraction of pulse E, from the occupation grating n, ~/, and

is the non-interacting signal considered in the preceding section. The second term

corresponds to the diffraction of the polarization pg(c_l)(t) induced by pulse E, from

the grating in the total carrier density N 2 = an_m (t), where the summation is

over all optically-excited transitions, which could include both exciton and continuum
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transitions in general. If we restrict our attention to only the isolated two-level system
at the exciton, then we can let NS 2 (t) = Nn{ () where N is the experimentally
measured concentration of excitons. In this case, the solution for d-function pulses

for pS~? (t) (from [45]) is:

-3 P03 _ 0
P00 = et om N

H(r)H(t — 1) [2 + N (1 - e‘”l(t_T))} (2.24)
+H(—T)H(t)%32(vo+FN(0>)T (1—emt)

where the TR-FWM signal may be found from Eqn. 2.16. Eqn. 2.24 indicates that the
four-wave mixing signal including EID is composed of two contributions: (i) The first
term in Eqn. 2.24 is the general solution for a non-interacting model leading to free-
polarization decay; and (ii) the second and third terms arise from EID effects, where
the first corresponds to the EID signal for positive delay and the second gives the EID
signal for negative delay. This EID signal is proportional to the EID coefficient I'. The
characteristic features of such a many-body signal are: (i) a slow rise of the signal in t,
characterized by the factor (1 — exp (—v1(t — 7))); and (ii) the appearance of a signal
for negative time delay. As discussed in Sec. 1.5, experiments in I1I-V semiconductors
over a wide range of excitation conditions indicate that the additional signal caused
by EID is large compared to the free polarization decay signal for excitons due to
the strength of exciton-exciton collisions. One can readily show [45, 54] that for an
inhomogeneously-broadened transition (such as the interband transitions above the
band gap) that the EID signal is weak compared to the photon-echo (non-interacting)
response due to destructive interference between contributions to the signal from
electron-hole pair transitions at different energies. In particular, as pointed out by El
Sayed et al. [54], EID only contributes significantly at a discontinuity in the density
of states (such as at an exciton) due to destructive interference. For this reason,
the photon-echo response in Eqn. 2.21 provides a reasonable model for the four-wave
mixing response in the continuum.

It is also important to note that the exciton-carrier and exciton-exciton scattering
processes, which are mediated by the Coulomb interaction, are not dependent on the
spin-state of the carrier involved. In order to properly include EID effects, one would
have to include a separate set of OBE’s for each optical transition including spin (see

Fig. 1.3(b)), and the dephasing rate would contain the total density (including both
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spin populations). For example, in the above development, the grating in the total

exciton population would be given by:

NE2 =Y " Nl (2.25)

where the index s runs over the two optically active exciton spin states, and n,6(—2)
is the occupation grating for the exciton population with spin s.

For parallel polarized excitation pulses, the population Ny and grating ng(ﬁ_m are
equal for both spin states (s = s1, s2), and the above development is accurate; however
as shown in Fig. 1.3(d), if the excitation pulses are orthogonally polarized, the spin

gratings are out of phase such that

(<2) _ (-2)

nto al — Tys1 + ni(E;22) =0 (226>

In this case, no FID signal occurs for orthogonally polarized pulses. In contrast, the
free polarization decay (non-interacting) signal remains since this signal corresponds
(= )

to diffraction of pulse E, from each of the gratings ng ? and niﬁ separately, rather

than their sum.

2.7 Four-Wave Mixing under Conditions of Simultaneous Excitation of

Excitons and Continuum Transitions

For excitation with a wide-band optical pulse, it is possible to excite excitons and
continuum interband transitions simultaneously. In such a case, one must apply the
optical Bloch equations to each transition separately, and add up the contributions
from all transitions to the total polarization and use this to calculate the four-wave
mixing signal. For general laser tuning conditions, the situation is quite complex
because the occupations and coherences associated with different two-level systems
(with different transition energies) are coupled to each other through the EID cou-
pling. An approximate analytic treatment is possible when the excitation pulses are
tuned above the band gap, such that only the low-energy tail of the pulse spectrum
overlaps with the exciton. In this case, the total population of electron-hole pairs

excited in the continuum is much larger than the total population of excitons, i.e.,

Ni(t) o< > mi(t) > g (t). (2.27)
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In this case, the occupation of the exciton can be taken to be zero for all time, so
that only the equation for p, needs to be solved. In addition, since EID does not
contribute significantly to the four-wave mixing signal in the continuum, as discussed
in the preceding section, a density-dependent dephasing rate need only be included
for the exciton transition. In this case, one can solve the optical Bloch equations for
the continuum transitions separately from the exciton transition. The equation of
motion for the polarization at the exciton is then given by:

d Ufdy
=~ == 2.2
{dt + vy + %ﬁ}pm h (t) (2.28)

where

Ve =" +TN (2.29)

and N = ) rng is the total population of carriers excited in the continuum only
since n, = 0. The EID signal at the exciton then corresponds to diffraction of the
exciton polarizationpg(c_l) induced by pulse E, from the total population grating in
the continuum N2 = Dok néﬁ). EID in this case leads to a coupling of the exciton
polarization to carriers at all energies within the continuum; i.e., the EID process is
insensitive to the energy of the electron-hole pair. (The energy-independent nature of
the EID coupling process was verified experimentally using partially non-degenerate
four-wave mixing experiments by Cundiff et al. [52].)

The fact that the EID signal at the exciton is caused by diffraction from a pop-
ulation grating composed of electron-hole pairs excited on the continuum has an
important consequence for the dependence of this signal on interpulse delay: In par-
ticular, the continuum population grating is only nonvanishing at zero delay, with the
consequence that the exciton four-wave mixing due to EID is also only nonzero at zero
delay. To see why this is true, we consider (following Allan et al. [57]), the solution to
the optical Bloch equations for the continuum transitions for the population grating

at a given transition :
ng 2 (8) = prersse P BT W T (H(n)H (E—7) + H(=T)H () (2.30)

where hwy is the transition energy of the electron-hole pair at 12, E, is the binding
energy of the exciton, puy is the dipole moment of the continuum transition and -, is

the (density-independent) dephasing rate of the electron-hole pair. Since v and gy
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are approximately constant for transitions near the band gap, the result of summing

Eqn. 2.30 over k will produce a negligible result unless 7 = 0, i.e.,
N =Y i = pdere H(t — 7)8(7) (2.31)
i

In this case, one obtains the following:

P (t) o« N2 —“%52 te= N E (1) (2.32)

The most distinctive feature of this EID signal at the exciton is the appearance of
d(7). For excitation pulses with a finite duration, the above shows that an exciton
four-wave mixing signal associated with EID is pulse-width limited versus delay. This
is in stark contrast with free polarization decay contributions, which would decay with
delay at a rate determined by the dephasing rate. The Fourier transform of Eqn. 2.32
is a squared Lorentzian with a width determined by the total dephasing rate, . in
the presence of the continuum population (N(® is the spatially uniform component).
This is in contrast with a Lorentzian spectrum, as expected for a non-interacting
model. In addition to the exciton EID signal in Eqn. 2.32, a photon-echo response is
predicted, given by the non-interacting result (Eqn. 2.21). In this case, the total four-
wave mixing signal is the sum of the exciton EID signal and the continuum photon
echo response.

The exciton and continuum signal contributions can be separately measured using
spectrally-resolved four-wave mixing techniques. The associated signal may be found

from:
2

Ssr(r.w) = > ppl 2 (7, w) + papl ) (7, w) (2.33)

k
where p,i_g) (1,w) and oY (7, w) are the Fourier transforms of of p,(c_?’) (7,t) and oY (1,1)
respectively. The signal at the exciton is a squared Lorentzian, while the continuum
produces a broadband signal with a spectral width determined by the bandwidth of
the excitation pulses. The exciton response is pulse width limited versus pulse delay,
as discussed in above, while the continuum response peaks at positive delay deter-
mined by both 74 and dw [33]. These predictions are in agreement with the results of
Rappen et al. (Fig. 1.5) in GaAs.
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The above discussion neglected the spin states of the electrons and holes involved
in the optical transitons. As discussed in Sec. 2.6, the exciton EID signal vanishes
for orthogonally-polarized pulses since no grating in the total population exists in
this geometry. (For the case considered here, the grating results from carriers in
the continuum, and the total grating vanishes at each E) We can use this strong
polarization dependence for the exciton EID signal to interpret the experimental
results in this thesis work for the four-wave mixing signal at the exciton. For the
continuum contribution and orthogonally-polarized pulses, an overall drop in signal
is expected due to the smaller magnitude of the Xg?\)(XY dielectric susceptibility tensor
compared to Xg’)YYY’ however the qualitative features of the signal are not expected to
be otherwise affected [35]. This result is in agreement with the experiments of Rappen
et al. in GaAs, and will aid in the interpretation of the experimental results in this
thesis on LT-GaAs since a relative drop of the exciton signal in comparison to the
continuum response when changing from parallel to perpendicular pulse polarization

is an indication that EID is contributing at the exciton.



Chapter 3

Apparatus and Experimental Techniques

3.1 Overview

In this thesis work, the experimental technique of degenerate two-pulse four-wave mix-
ing was used to investigate the charge carrier dynamics in GaAs and low-temperature
grown GaAs samples. The main challenge in acquiring a FWM signal is that the
signal is very weak, and commonly masked by noise from scattered light from the
two excitation pulses. The alignment of the experimental setup, and the techniques
used to obtain the high signal-to-noise ratio (SNR) in the results presented in thesis
are described in this chapter. The samples under investigation are described in detail
in Sec. 3.2 including the procedure for preparing these samples for optical transmis-
sion studies. A diagram of the apparatus employed for both pulse measurement and
optimization and four-wave mixing experiments is shown schematically in Fig. 3.1.
This apparatus was constructed by a former member of our research group (Murat
Yildirim) and subsequently modified by the author to enable prepulse experiments
as well as measurements of the spectrally-resolved FWM signal as a function of the
polarization state of the excitation pulses. Optical pulses of approximately 30 fs
duration were used in the four-wave mixing experiments in this thesis work. These
pulses were achieved using pulse compression techniques and were measured using
zero-background autocorrelation techniques. The setup, alignment, and theoretical
basis for these techniques are described in Sec. 3.3. The design and method of a pre-
pulse experiment, including the incorporation of polarization optics into a traditional

two-pulse four-wave mixing setup, are discussed in section 3.4.
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Ti:Sapphire

HWP

Figure 3.1: A schematic diagram of the four-wave mixing apparatus used in this thesis
work. The labels refer to: BBO: Beta-barium borate crystal, BS: Beam splitter, C:
cryostat, F: Neutral density filter, HWP: Half-wave plate, PC: Pulse compressor,
PMT: Photomultiplier tube, S: Polarized beam splitting cube, SF: Spatial filter, T'S:
Linear translation stage, WS: Woofer speaker. The three beams incident on the
sample are: Thick solid line: Eg, Thin solid line: El, Dashed thick line: Prepulse.
The thick blue line exiting the sample corresponds to the four-wave mixing signal
in the 2]22 — ki direction. The pulse duration is measured (and spatial overlap is
optimized) by inserting mirror M to redirect the excitation beams to an equivalent
focus containing a BBO crystal.



41

3.2 Samples

Under investigation in this thesis were two GaAs thin film samples, one grown at
250°C and the second grown at 600°C. The samples were grown using molecular
beam epitaxy by Jacek Furdyna’s group at the University of Notre Dame. On a
GaAs (001) substrate, a 100 nm buffer layer of GaAs was deposited, followed by
175 nm of Alp3Gag7As, and then 750 nm of GaAs, representing the thin film on
which four-wave mixing experiments were performed. For the sample grown at high-
temperature, the entire structure was grown with the GaAs substrate held at 600 °C.
For the low-temperature grown GaAs sample, prior to deposition of the final 750 nm
of GaAs, the growth temperature was reduced from 600 °C to 250 °C.

To prepare the samples for optical transmission experiments, the heterostructures
were glued sample-side down to a 500 pm thick sapphire window using a UV-curing
optical adhesive (Norland 61), which is transparent in the wavelength range of inter-
est (750 - 850 nm). The multilayer structure of LT-GaAs is shown in Fig. 3.2(a).
The window and heterostructure, which from this point on will be referred to as the
sample, were exposed to a mercury lamp overnight (from the sapphire side) to cure
the adhesive (Electro-Lite 10 mW /cm? #82469). After curing, the samples were ad-
hered sapphire side down to aluminum pucks using mounting wax (Buehler Mounting
Wax #408150) to allow the samples to be placed in the mechanical polisher. The
polishing unit has six puck slots to mount samples, however, it was deemed that the
safest approach was to polish one sample at a time with the other five slots con-
taining sacrificial GaAs wafers of similar cross-sectional area as the sample. Each of
these sacrificial GaAs wafer segments was bonded to sapphire windows as well as to
aluminum pucks using the same method as for the sample. Approximately 300 pm
of the GaAs substrate was removed in 40 pym increments using the polishing system.
Each such increment involved 45 s exposure of the substrate to 900 pym grit sand
paper at a pressure of 20 N, while flushing with nanopure water. The remainder of
the substrate was removed via chemical etching, resulting in the structure shown in
Fig. 3.2(c). The etchant solution was composed of 30% Hy05 and 6.28 M citric acid
in a 5:1 volumetric ratio, as indicated by the etchant recipe provided by Eric J. Loren
at the University of lowa. Aqueous citric acid was prepared a day prior to etching by

dissolving 60.34 g of anhydrous citric acid in 50 mL of nanopure water. The samples
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were immersed in the etchant, alongside a magnetic stirrer to keep the solution well
mixed during the etching process. This resulted in uniform etching of the substrate
at a rate of 20 ym/hour. The etching process was halted once the visible appearance
of the sample transitioned from a dull grey to a mirror-like surface, indicating that
the stop etch layer had been reached. (The mirror like finish reflects the nominally
monolayer flat interface between the GaAs buffer layer and the Aly3Gag.7As stop etch
layer produced by MBE growth.) The sample was subsequently removed from the
etchant, and rinsed with nanopure water followed by spectroscopic grade methanol

to remove any remaining etchant.

(a) ALO,Window (b) ALO,Window (0) ALO,Window
|750 nm |750 nm |750 nm
| 200 um
500 um

Figure 3.2: The sample at various stages of preparation. The as-grown sample is
mounted sample-side down to the sapphire window using optical adhesive, as shown
in (a). Mechanical polishing is used to remove approximately 300 pum of the GaAs
substrate, as illustrated in (b). In (c), chemical etching removes the remainder of the
substrate leaving only the sample and a thin stop etch layer.

Samples were mounted on a brass coldfinger tip inside a liquid helium flow cryostat
(ST-300) that was evacuated to 107¢ Torr prior to and during cryogenic cooling of
the sample. The results in this thesis were all collected with the sample held at 10 K
as it gave a good performance compromise between the limit of our cryogenic source
(cold gaseous He) and the PID temperature controller responsible for maintaining
uniform sample temperature.

The linear absorpton spectrum of the GaAs and LT-GaAs samples is shown in
Fig. 3.3. The presented data was collected by a past member of our research group,
and subsequently published in Yildirim et al. [16]. Linear transmission measurements
on both samples were performed using a continuous-wave white-light source (Ocean
Optics LS-1) with the samples held at 10 K in a liquid He flow cryostat. In GaAs, the
sharp spectral feature located at 1.515 eV corresponds to the fundamental exciton.

The sharp onset of absorption for energies above 1.50 eV reflects the clean band
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structure in this high quality sample. In stark contrast, the LT-GaAs sample displays
significant sub-gap absorption and a gradual transition through the band edge. This
sub-gap absorption has been associated with strong defect-related contributions that

are described in more detail in Sec. 2.3.

G
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Figure 3.3: Linear absorption spectrum of GaAs (black circles) and LT-GaAs (blue
triangles) taken at 10 K. Modified with permission from [16].

3.3 Pulse Measurement and Optimization

3.3.1 Zero-Background Autocorrelation Techniques

To investigate the fast temporal evolution of charge carriers in a semiconductor, very
short pulses of light are required. The source of ultrafast pulses in this thesis is a
Nd:YO, (Coherent Verdi V-18) pumped Ti:Sapphire oscillator (Coherent Mira). The
technique of mode-locking is used in the Mira to generate these short pulses, in which
the phases of the resonant modes of the laser cavity are equalized through a process
called Kerr lens mode-locking. The wide bandwidth of the excited Ti:Sapphire gain
medium results in a wide band of cavity modes which results in intense ultrashort
Gaussian-shaped pulses of light. Zero-background autocorrelation techniques were
used to measure and optimize the pulse duration, to optimize spatial overlap in the

four-wave mixing experiments, and to determine the path lengths of the excitation
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beams corresponding to zero delay. Autocorrelation techniques were used to deter-
mine the widths of the ultrashort optical pulses used in these experiments because
conventional electronics (e.g. photodetectors) are too slow to directly measure optical
pulse widths on these short timescales. When two optical pulses of identical frequency
with wavevectors El and Eg are spatially- and temporally-overlapped in a nonlinear
crystal (such as a BBO), additional light at double the frequency can be generated
in the phase-matched direction El + EQ. This is called second-harmonic generation.
Detection of the time-envelope of this emission as a function of interpulse delay can
reveal information about the pulses used in its generation. Because this is a second-
order process, the nonlinear crystal must possess a ¥ component in the nonlinear
susceptibility tensor. For two optical pulses separated by delay 7 and intensities given
as I1(t), Iy(t—7), the generated second harmonic signal (i.e., autocorrelation) is given

as the cross-correlation of the two pulse intensity envelopes:

S (7) = /_ T () Ly(t — 1) (3.1)

For two Gaussian-shaped pulses with FWHM w, the autocorrelation signal envelope
is also Gaussian with a FWHM of v/2w, allowing the laser pulse duration to be
determined from the measured width of the autocorrelation. When El and Eg are
in different directions, (as is the case described here), the resulting autocorrelation
is called the zero background autocorrelation because the second harmonic signals
propagating collinearly with each of k1 and ks (due to E, and E, alone) are separated
spatially from the cross correlation in Eqn. 3.1. In this work, a BBO crystal was used,
which is birefringent meaning that it possesses a distinct index of refraction for light
polarized parallel and perpendicular to a particular crystal direction (called the optical
axis). The BBO crystal was cut so that the orientation of the optical axis is optimum
for type I phase matching at 800 nm for normal incidence on the crystal. In this
case, the fundamental beams (i.e., By and E,) are “ordinary rays” (polarized in the
plane perpendicular to the optical axis) and the second harmonic is an “extraordinary
ray” (polarized parallel to the optical axis), often referred to as “oo-e¢” (or type I)
phase matching. The thickness of the crystal is 100 um, representing a compromise
between the intensity of the generated second harmonic light and minimization of

pulse distortion in the crystal due to group velocity dispersion.
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The autocorrelation is detected by directing the excitation beams used for four-
wave mixing to an equivalent focus using mirror M, as shown in Fig. 3.1. The align-
ment of the autocorrelation therefore coincides with the alignment of the four-wave
mixing setup itself. In an optical setup, the direction of the beam is critical. Day-
to-day alignment was maintained using a set of irises and mirrors at the entrance
to the optical setup. By iteratively adjusting each mirror to align the beam spot
on the corresponding iris, the beam direction can be roughly aligned between ex-
perimental days. The laser was then passed through a pulse compressor (labelled
P.C. in Fig. 3.1), consisting of two prisms. The operation and alignment of the pulse
compressor is described below. Two excitation beams, El and Eg are created by
splitting the beam after the pulse compressor, and setting up two optical delay lines.
The rapid-scan approach was used in these experiments, in which a retroreflector is
mounted on the cone of a speaker, allowing the optical path length of E, to be rapidly
varied by driving the speaker with a suitable current waveform. In this case, both the
TI-FWM signal and the autocorrelation may be collected over a range of time delays
using a digital oscilloscope to average multiple scans and to record the resulting au-
tocorrelation. For four-wave mixing experiments, this approach is ideal for studying
samples with fast dephasing rates due to the limited range of delays accessible to the
speaker motion. The woofer speaker was mounted vertically so that any transverse
motion of the retroreflector (which can lead to lateral translation of the optical beam
during the motion of the speaker) is minimized.

It is essential that the motion of the retroreflector mounted on the speaker be
as linear in time as possible over the range of delays the TI-FWM signal (and au-
tocorrelation) is measured. The motion of the speaker head as a function of time is
harmonic, but at a point midway between the displacement extrema, the motion is
approximately linear. To change the mutual delay between the two beams so that
zero delay occurs in the linear region of the speaker motion, the optical path length
of E; was varied using a fixed optical delay line, which consists of a pair of mirrors
mounted to a micrometre-controlled linear translation stage. In creating a fixed opti-
cal delay line, it is essential to ensure that the axis of motion of the translation stage
is parallel to the incoming beam, as otherwise the beam will translate spatially as

the micrometer is adjusted, preventing spatial overlap to be maintained as the pulse
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delay is scanning. This is ensured by aligning both the incoming beam and the stage
with the grid of holes on the optical table. In order to verify accurate alignment,
the second-harmonic crystal is replaced by a pinhole and the transmitted power is
monitored as the delay is scanned.

Spatial and temporal overlap of the two excitation pulses is required to generate
sum-frequency light (and perform an autocorrelation). In order to obtain spatial
overlap, parallel alignment of the two optical paths is required so that on insertion
of a focusing lens, the two beams are focused to the same point in space. The
beam height (with respect to the optical table) and separation was made constant at
three different positions on the optical table using a custom alignment tool (shown in
Fig. 3.4(b)) The alignment positions are shown as the blue rectangles in the diagram
in Fig. 3.4(a). Once the E; and E, beams are made as close to parallel as possible
using this approach, a focusing lens is inserted prior to alignment position 2 which
focuses the two beams onto the nonlinear crystal. The autocorrelation signal is then
located by first ensuring that the BBO crystal is at the correct position along the
mean propagation direction of the laser beams. This is verified by using a lens tissue
to view the converging beams associated with El and EZ just before and just after the
crystal. A high-pass filter is placed immediately after the crystal to block the pump
beams so that the sum-frequency light can be observed on a white card just beyond
the filter. The ultimate goal was to observe three blue second-harmonic spots on the
card, are along each of the two pump beams propagation directions (i.e., along El and
EQ) and one in the centre (El + I;Q) The two blue spots collinear with E, and E, are
the result of sum frequency generation of each beam with itself and the centre spot
(along ky + k;) is the desired autocorrelation signal. One must optimize the phase
matching angle of the crystal to maximize the intensity of the centre spot. The crystal
holder has two axes of rotation that may be adjusted to maximize the generation of
the autocorrelation: (i) the angle perpendicular to the normal to the crystals, and (ii)
the angle of the crystal face about the incoming light polarization (\A( or vertical in the
case considered here). The angle in (i) is slowly-varying and can easily be optimized
using the second harmonic from the outer two spots. The angle in (ii) (i.e., about
\?) is the critical angle for phase matching. To determine this angle, one must take

into account the fact that El and Eg have different powers. The optimal angle of the
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crystal about Y for the centre (EI + IZQ) beam may be estimated by ensuring that the
intensity of each of the outer two spots is half of its corresponding maximum (i.e.,
with respect to angle). The corresponding angle is half way in between, allowing it to
be approximately located. Once the angle and position of the crystal is set, the delay
in E; is scanned using the optical delay stage in the E, path until the autocorrelation
signal between E, and E, is visible as a third blue spot located halfway between the
other two spots on the white card. The signal, once located, is maximized using: (i)
the crystal translation along the mean propagation directions of the two beams; (ii)
fine adjustment of the two crystal angles; and (iii) fine adjustment of the incident

direction of Fi, ensuring maximum spatial overlap.

__________ | ¢
N ﬁi}TIj

Figure 3.4: (a) A schematic diagram of the portion of the four-wave mixing appa-
ratus used for measurement of the pulse autocorrelation. Parallel alignment of the
two excitation beams was performed by placing an alignment tool at three different
locations in the optical setup, as indicated by the numbered blue squares. (b) The
tool used in the alignment procedure.

3.3.2 Optimization of Pulse Duration using a Pulse Compressor

In transient four-wave mixing studies, the temporal resolution of the experiment is
limited by the temporal width of the pulses. When a laser pulse interacts with an op-
tical element (e.g. lens), different frequency components of the pulse can accumulate
differing amounts of phase, which leads to a temporal reshaping of the pulse. This is
referred to as group velocity dispersion (GVD), and in normal media this value is pos-
itive, resulting in lower frequency components traveling faster than higher frequency
components, and consequently temporal broadening of the pulse. A pulse compressor

compensates by introducing negative GVD. A schematic diagram of a prism pulse
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compressor similar to the one in Fig. 3.1 is shown in Fig. 3.5, highlighting the basic
operation. A pulse that has been subjected to optical elements with positive GVD
is illustrated by the spectrum-coloured oval entering the pulse compressor at posi-
tion 1 in Fig. 3.5. The wavelength-dependence of the index of refraction leads to a
frequency-dependent angle of refraction. By arranging a set of prisms as illustrated
in Fig. 3.5, the path lengths of individual frequency components can be adjusted,
so that upon exit of the compressor different frequency components are realigned as
shown by the second oval at position 2 in Fig. 3.5. Utilizing the approach described
by Fork et al. [61], the amount of GVD introduced by this setup is given by:

GVDpe & (;;) [—4(51 + 1) {2 (3—2)2} +4 (%) (2D)] (3.2)

where [y + [ is the interprism separation, n is the index of refraction of the prism

material, and D is the 1/e* width of the spatial profile of the laser beam at the first

prism. Coarse adjustment of the amount of GVD is performed by translating the
second prism, thus changing the interprism distance l; + 5 in Eqn. 3.2. Fine adjust-
ment of the GVD is realized by translating the second prism parallel to the symmetry
axis, as shown by the double arrow in Fig. 3.5. The optimum amount of negative
GVD is obtained when the pulse width, and correspondingly the autocorrelation trace
width, is a minimum. For the results presented in this thesis work, pulses of 29 fs
were achieved using 74.0 meV bandwidth Gaussian pulses. The autocorrelation and
spectrum traces used to measure these values are shown in Fig. 3.6(a) and Fig. 3.6(b)

respectively.

3.4 Two-Pulse Four-Wave Mixing

As discussed in Sec. 1.3, in a four-wave mixing experiment two pulses of the same
centre frequency with wavevectors /21 and Eg are used to excite electron-hole pairs
in a semiconductor, which are monitored by detecting the self-diffracted polariza-
tion emitted in the ZEQ - /;:1 direction. The same setup used for pulse measurement
is used for four-wave mixing experiments, as discussed above. When performing a
four-wave mixing experiment, one begins by locating and optimizing the size of the
pulse autocorrelation, as described in Sec. 3.3. On establishment and optimization

of the autocorrelation, the pick-off mirror used to reroute the beams to the nonlinear
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N
2 A ' 1
Figure 3.5: A schematic diagram of a pulse compressor containing prisms P; and
P, in a folded geometry. The compressor is used to compensate positive GVD by
introducing a uniform wavelength dependent time-delay to each component. Prism

P can be moved into the beam path using a micrometre-controlled translation stage,
as indicated by the double-ended arrow.

crystal is removed so that the beams are now focused onto the sample in the cryo-
stat. Strong sample inhomogeneities require that the beam position on the sample be
scanned while simultaneously observing and optimizing the four-wave mixing emis-
sion. A three-dimensional translation stage mounted to the cryostat permitted both
transverse and on-axis translation of the sample with micrometre precision.
Spectrally-resolved four-wave mixing experiments were conducted in this thesis
work. To perform SR-FWM the diffracted beam in the 2l;2 - /Zl direction is collimated
and then tightly focused into the entrance slit of a monochromator (Oriel Cornerstone
260). A Czerny-Turner type monochromator was used in these experiments and its
operation is described in the following: The entrance slit of the monochromator acts
as a point source. Light transmitted through the exit slit is collected by a parabolic
focusing mirror and collimated onto a diffraction grating. Individual wavelength
components of the light source are diffracted, so that after refocusing with a second
parabolic mirror, different wavelength components are spatially separated and isolated
by an exit slit. The grating type and slit-widths used in these experiments have
yielded a spectral resolution of £1 nm as obtained through calibration with a Helium-

Neon laser. To perform the calibration, a CW helium-neon laser was focused into



50

)

<0} (a) 101 (b)

2 5

% 0.8 $ 0.8

= =

o 061 G 06 1

5 41 fs g 38 nm

€ 04 1 — 0.4 1

£

T 0.2 - 02

Q

(]

& 0.0 : : 0.0 L : : : ‘
-100 -50 0 50 100 760 780 800 820 840

Pulse Delay (fs) Wavelength (nm)

Figure 3.6: (a) Measured pulse autocorrelation. A Gaussian fit to the autocorrelation
trace yielded a FWHM of 41 fs, corresponding to a pulse duration of 29 fs; (b) The
laser pulse spectrum collected just outside the laser source. For the experiments
conducted in this thesis, the laser was centred at 1.553 eV, with a bandwidth of
74.0 meV. The low-energy tail of the pulse does not go to zero due to the laser
source.

the monochromator by coupling the helium-neon beam into the FWM beam path
using a pair of irises. The helium-neon laser source used produces narrow (spectrally)
emission with a centre wavelength at 632.8 nm. The wavelength of light emerging from
the monochromator is determined by the angle of the diffraction grating (oriented in
the Y direction). The relationship between angle and output wavelength is set by
the monochromator controller, for which on selection of a specific wavelength the
diffraction grating is rotated and ideally that wavelength is projected through the
exit slit on the output of the monochromator. If an offset in the grating angle exists,
this will be reflected by an offset in the selected wavelength. The offset is minimized
by rotating the monochromator, and then scanning the wavelength in the expected
range while observing the emission on a white card placed beyond the output coupler.
The emission has a Gaussian profile as a function of wavelength and so the peak is
difficult to determine accurately with the naked eye. Instead, the centre wavelength
is determined by finding the wavelengths for which the signal vanishes and taking the
midpoint. In addition to the first order diffracted peak, the second order peak was
also used to provide an additional level of calibration.

The power of the FWM signal is very weak and for the samples investigated in this
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thesis work, peak powers of 216 nW for GaAs and 1 nW for LT-GaAs were measured,
both of which are significantly weaker than the measured transmitted power of 10-15
mW in the E5 path. In order to detect the weak FWM signal, a photomultiplier tube
(PMT) was used because of its high photosenstivity in the near-IR wavelength range.
The operation of a PMT is based on two principles: the photoelectric effect; a photon
with sufficient kinetic energy to overcome a materials work function can emit ex-
cited electrons, and secondary emission; mobile electrons can collide with a material,
causing emission of additional electrons. In a photomultiplier tube, a photocathode
material generates electrons on incidence with photons, and these electrons are ac-
celerated between a series of charged plates, such that an electron cascade process
occurs leading to strong amplification of the initially weak optical signal.

The response time of the detection system (photomultiplier tube) is limited by the
intrinsic capacitance in the coaxial cable used to connect the PMT to the oscilloscope,
and the input on the oscilloscope itself. A capacitance compensation circuit, designed
by Kimberley Hall and constructed by Murat Yilidirim, was utilized on the output
terminal of the PMT to compensate for the capacitance in the cables. A circuit

diagram of this device is shown in Fig. 3.7.
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Figure 3.7: A circuit diagram of the compensation circuit used to correct for the
response of the PMT. Taken with permission from [62].

Optimization of the signal-to-noise ratio is very important in FWM experiments
because the signal is commonly masked in noise from E; and Ey by strong scattered
light and imperfect laser phase fronts. Noise from scattered light can mostly be re-

moved with proper alignment and careful sample position, but the latter requires
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spatial filtering techniques. In an ideal optical experiment, the laser pulse would re-
semble the lowest order (TEMyg) Gaussian beam, which is characterized by a uniform
(approximately spherical) phase front. Due to imperfections and clipping on optical
elements, distortion of the phase fronts can occur. A spatial filter can be used to
remove these unwanted features, which has been implemented in the optical setup.
In a spatial filter, light is focused using a lens onto a plane, which radially separates
different spatial frequency components of light. A spatial filter (pinhole) placed in
this plane can block higher-order TEM,,, modes, since such modes contain larger
transverse wavevector components than the TEMy, mode. In this case, on passing
to the second lens for recollimation, the beam is a good approximation to a TEMqy
Gaussian beam. The diameter of the pinhole is selected based on the Gaussian spot
size of the TEMgy beam; the spot size is determined by the size of the beam entering
the arrangement, and the focal power of the lens [63]. It is critical that the spatial
filter is located exactly at the beam waist so that clipping of the beam is avoided. In
order to verify accurate alignment, the spatial filter is scanned transversely through
the optical path while observing the Airy-ring pattern on a white card just past the
filter. Uniform, even rings indicate that the pinhole is located on the optical axis. To
verify the spatial-filter is at the correct position along the optical axis, the filter is it-
eratively translated along the optical axis while checking the abruptness to which the
beam is sliced when the pinhole is translated horizontally at each position. The ideal
position is reach when the beam spot is most sensitive to changes in the horizontal
pinhole position. At this ideal position, the beam after the spatial filter resembles a
smooth large sized spot.

In addition to the standard two-pulse four-wave mixing experiments, a third opti-
cal pulse (E;P) coincident on the same location on the sample can be used to preinject
a population of excited carriers prior to arrival of El and Eg. A schematic diagram
of this arrangement is illustrated in Fig. 3.8. These are commonly referred to as pre-
pulse experiments, and can reveal important many-body related contributions to the
nonlinear response. In order to perform prepulse experiments, a third optical delay
line was added into the pre-existing four-wave mixing setup. As shown in Fig. 3.1,
the prepulse line is sourced from a non-polarizing plate beam splitter. A micrometre-

controlled linear translation stage was used to precisely control the delay of this third
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Figure 3.8: A schematic illustration of a two-pulse four-wave-mixing geometry with a
prepulse. The two investigatory pulses E1 and E2 are are separated by an interpulse
delay 7. At a time 7pp before (or after) arrival of E, and Eg, a spectrally-identical
prepulse Epp injects a population of free-carriers into the system. The prepulse does
not affect the phase-matching condition for two-pulse FWM, and so the diffracted
macroscopic polarization still lies in the 2!% — El direction.

line, and its construction and alignment are identical to that for the fixed delay line in
the path of pulse E, described in Sec. 3.3. To achieve spatial overlap of the prepulse
with the two FWM investigatory beams, an autocorrelation between EQ and E;p is
performed that parallels the procedure outlined in Sec. 3.3. In a prepulse experiment,
the prepulse does not contribute to grating formation and so phase-matching condi-
tions imposed on El and EQ are not applicable to Epp. To achieve perfect spatial
overlap with E, and Eg, the prepulse was scanned into position by adjusting the final
mirror and maximizing the strength of the mutual autocorrelation. To prevent any
undesirable coherent contributions to the FWM signal, the wavevector of the prepulse
is different than El, I;Q, and QEQ - El.

Accurate control of the excited carrier density is necessary to determine the effects
of screening and EID in these systems. The amount of absorption was determined
from the measured power in each beam before and after the sample position and
the reflected power off of the cryostat windows and sample. The pulse fluence was
calculated from the measured spot size, repetition rate, and centre wavelength of the
optical source. The excited carrier density was estimated based on the thickness of
the sample, the spot size of the laser beam at the sample location, and the power

absorbed in the sample.
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The laser source is horizontally polarized, which is rotated to vertical polarization
using a periscope located after the pulse compressor (just prior to filter F in Fig. 3.1).
For the polarization-dependent studies, two polarization configurations of E, and E,
were investigated: parallel linear and perpendicular linear polarizations. Due to the
polarization-selection rules outlined in Hu et al. [40], the polarization state of the
FWM emission matches that of El, such that to ease analysis of the collected results,
the polarization-state of E, was modified using a half-wave plate placed in the E,
optical delay line. A half wave plate is a birefringent optical element with a thickness
designed to impose a phase shift between polarization components aligned parallel
to and perpendicular to the optical axis. In this case, the emerging light will also
be linearly-polarized, but at a different angle as set by the orientation of the optical
axis of the half wave plate relative to the incident light polarization. It was verified
that for arbitrary half-wave plate angle the setup alignment was preserved, so that

refraction does not result in significant beam steering.



Chapter 4

Results and Discussion

4.1 Overview

The results of a four-wave mixing experiment performed on GaAs and low-temperature
grown (LT) GaAs are presented in this chapter. These experiments were performed
under a range of experimental conditions in order to characterize the optical response
of the exciton in LT-GaAs and to elucidate the contribution of many-body effects to
the four-wave mixing response. In particular, polarization dependent SR-FWM was
performed for linearly co-polarized and cross-polarized pulse geometries to illuminate
the effect of EID on the excitonic FWM response. The influence of excess electron-
hole pairs on the optical response was also examined by exposing the sample to an
extra optical pulse prior to the arrival of the two excitation pulses used to generate
the FWM signal. These prepulse experiments involved measurement of the change in
the signal characteristics as a function of both the power in the prepulse beam and
the time of arrival of the prepulse relative to the FWM excitation pulses.

As revealed through this thesis work, a sharp spectral feature is visible at the
fundamental exciton in LT-GaAs, in contrast to linear spectroscopy experiments.
Unique signatures of many-body related effects were also observed and are shown to be
responsible for the excitonic response. These results are supported by similar observed
trends in GaAs, which are well-documented in the literature as being attributed to
excitation-induced-dephasing (EID). All of the experimental results presented in this
chapter, with the exception of the linear absorption measurements, were obtained
by the author. The analysis and interpretation of the results were conducted by the

author.

4.2 Experimental Results

The linear absorption spectrum for both samples and the pulse spectrum used in

95



o6

the four-wave-mixing experiments are plotted in Figure 4.1. The linear absorption
spectrum is included here with permission from a prior publication [16], and was
obtained by extracting the absorption coefficient from transmission experiments using
a self-consistent model incorporating Fabry Perot effects. The peak at 1.515 eV
in the data for GaAs coincides with the fundamental exciton energy at 10 K [28].
Due to the low density of defects, a sharp band edge is also observed below the
exciton in GaAs. The linear absorption spectrum in LT-GaAs is characterized by a
smooth featureless response due to the strong contributions to absorption involving
defects in this material, as seen previously [19]. In particular, optical transitions
between the Asg, mid gap donor band (which is partially occupied with electrons) and
the conduction band as well as transitions involving the band tail states contribute
strongly to absorption below the band gap (see Fig. 2.3). No exciton response is
observed in the linear absorption spectrum for LT-GaAs, consistent with previous
work [19]. (Note: the small bump in the data for both samples at approximately
1.49 eV is an artifact of the imperfect cancellations of Fabry Perot oscillations.)

For four-wave mixing experiments, the mode-locked laser source is tuned 35 meV
above the band gap of GaAs. Due to the wide 74 meV bandwidth of the femtosecond
optical pulses used, this tuning condition is expected to provide a strong response
in the interband continuum in both samples. This condition will permit the relative
importance of the exciton and continuum signals in GaAs and LT-GaAs to be as-
sessed, and was used for all experimental results presented in this thesis. All of the
experiments were also performed with the same average power in the two excitation
pulses used to generate the FWM signal, corresponding to 53 mW for E, and 14 mW

for El measured at the sample location.

4.2.1 Spectrally-Resolved Four-Wave Mixing

The four-wave-mixing spectral profile at zero delay between pulses El and EQ is
plotted for both GaAs and LT-GaAs in figure 4.2(a), together with the spectrum of the
laser pulses. For these data, E; and E, were collinearly polarized in the Y direction.
The signals have been normalized to the peak values to allow the characteristics
of the optical response to be compared between the two samples. (The total four-

wave mixing signal is much smaller in LT-GaAs than in GaAs: 1 nW for LT-GaAs,
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Figure 4.1: Linear absorption spectrum of GaAs and LT-GaAs at 10 K. The dashed
red line shows the laser spectrum for the FWM data presented in this chapter. Mod-
ified with permission from [16].

compared to 216 nW for GaAs.) The FWM spectrum in GaAs (indicated by black
circles) has a sharp peak located at 1.515 eV, which corresponds to the energy of the
fundamental exciton at 10 K [28]. There is also a weaker signal at higher energies
that may be ascribed to the four-wave mixing response of the interband continuum
transitions above the band gap. The shape of the FWM spectrum in LT-GaAs is
qualitatively similar to the results for GaAs, with a peak at the exciton energy and
a shoulder at higher energies associated with the optical response of the interband
continuum. The exciton peak is broader and the continuum response is larger relative
to the exciton in LT-GaAs in comparison to the results in GaAs.

The general features of the nonlinear optical response of GaAs in figure 4.2 are
similar to the results of Rappen et al. [35, 50]. For the four-wave mixing response in
LT-GaAs, two aspects are surprising: (i) No signal contributes below the band gap
of GaAs despite the presence of pump pulse intensity for lower photon energies (i.e.,
there is a sharp band edge in the nonlinear response, as in the case of GaAs); and (ii)
there is a prominent peak at the energy of the exciton. Both of these observations are
in stark contrast to the linear optical response of LT-GaAs in Fig. 4.1. In SR-FWM

experiments on low-temperature grown GaMnAs, the former has been explained by a
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reduced dipole moment associated with transitions between the Asg, impurity band
and the conduction band in comparison to the interband transitions [16]. Since the
four-wave mixing signal is proportional to the magnitude of the dipole moment to the
power 8, the larger dipole moment of the interband transitions (and therefore also
the exciton) in comparison to the transitions involving the impurity band causes the
interband transitions to dominate the four-wave mixing response. The observation
of an optical response at the exciton in LT-GaAs is interesting, given its absence in
the linear absorption spectrum. As shown through the course of this thesis work, the
ability to observe the exciton in four-wave mixing experiments is a consequence of

the sensitivity of the signal characteristics to many-body effects.
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Figure 4.2: (a) The FWM spectrum at zero pulse delay for GaAs (circles) and LT-
GaAs (triangles) shown together with the excitation pulse spectrum (red curve). (b)
Spectrally-resolved four-wave mixing measurement on GaAs and (c) LT-GaAs.

4.2.2 Dependence of FWM results on Interpulse Delay

The SR-FWM results for collinearly Y polarized pulses are shown as a function of
time delay for GaAs in Fig. 4.2(b). As discussed in the preceding section, the signal
consists of a sharp peak at the exciton and a weaker, spectrally-broad contribution
associated with the interband continuum at higher photon energies. The dependence
of the signal on pulse delay indicates that the exciton peak is only present for pulse

delays in the region of overlap between the two excitation pulses (i.e., around zero
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delay). In contrast, the continuum response peaks at positive time delay and subse-
quently decays. The primary characteristic of both the exciton and continuum FWM
signals in Fig. 4.2(b) have been observed in FWM experiments on GaAs under sim-
ilar excitation conditions by Rappen et al. [35] and Lohner et al. [56]. The delay
dependence of the SR-FWM results for LT-GaAs are shown in Fig. 4.2(c). The sig-
nal to noise ratio is lower for the data in Fig. 4.2(c) compared to Fig. 4.2(b) due
to the smaller overall signal in LT-GaAs, but the primary signal characteristics are
nevertheless clear. As in the case of GaAs, the peak at the exciton only persists for
a narrow range of pulse delays around zero delay. The response associated with the
interband continuum in LT-GaAs peaks at positive time delays, although it decays
faster in LT-GaAs than in GaAs. For both GaAs and LT-GaAs, the contour plots in
Fig. 4.2(b) and Fig. 4.2(c) allow the exciton and continuum responses to be more
easily distinguished in comparison to an examination of the four-wave mixing spec-
trum at a single value of the interpulse delay. In particular, the exciton peaks at zero
delay, in contrast to the continuum response, which peaks at positive delay values in

both samples.

4.2.3 Comparison of Signal Characteristics for Colinear and

Cross-Linear Polarization Geometries

Four-wave mixing experiments were performed for two polarization states for the two
excitation pulses E, and Ej: (i) parallel linear polarizations (the YY configuration de-
scribed in Sec. 1.5.1); and (i) perpendicular linear polarizations (YX). As discussed
in Sec 1.5.1, a comparison of the FWM results in these two polarization geometries
provides information about the importance of EID in determining the four-wave mix-
ing response since EID-related four-wave mixing signals are suppressed in the YX
geometry [54, 41, 45, 40]. For these experiments, the linear polarization of pulse
E, was rotated using a half-wave plate while the linear polarization of E; remained
fixed. In this case, the polarization of the FWM signal will remain unchanged as it is
dictated by pulse El due to the symmetry of the third order dielectric susceptibility
tensor [40]. Changing the polarization state of pulse E, instead of pulse E, therefore
avoids difficulties associated with polarization-dependence in the detection apparatus

since the signal is always polarized in the Y direction.
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The SR-FWM results for GaAs in Fig. 4.2(b) are presented again in Fig. 4.3(a)
together with the results in the cross-polarization geometry in Fig. 4.3(b). Fig. 4.3(c)
shows a comparison of spectra at a time delay of 20 fs for the two polarization con-
figurations. The most notable change in the FWM signal characteristics is a reduced
signal contribution from the exciton in comparison to the continuum response. The
overall SR-FWM signal is approximately 15 times smaller for cross-polarized excita-
tion. (The four-wave mixing spectrum in the YX geometry in Fig. 4.3(c) has therefore
been scaled by a factor of 5.08 to aid in comparison in the relative size of the ex-
citon and continuum responses for the YY and YX polarization geometries.) From
the contour plot in Fig. 4.3(b), it is clear that the remaining exciton signal for the
cross-polarized geometry is still peaked at zero delay, and persists only for the region
of temporal overlap of the two excitation pulses. A reduction in the strength of the
exciton signal relative to the continuum signal with the rotation of the linear polar-
ization of one of the excitation pulses was also observed by Rappen et al. [35, 50] and
interpreted in terms of a diminished EID signal contribution in the cross-polarization
geometry, as discussed in more detail in Sec. 4.3. The smaller overall signal for YX
excitation is also in agreement with previous experiments on GaAs [35, 41, 45].

For experiments on LT-GaAs, the SR-FWM results in the YY and YX polarization
configurations are shown in Fig. 4.4(a) and Fig. 4.4(b) respectively, together with
cuts through these contour plots at -10 fs delay in Fig. 4.4(c). A delay of -10 fs was
chosen for this spectral cut to reflect the earlier peak position and more rapid decay
of the continuum response in LT-GaAs. The different shape of the contour lines in
Fig. 4.4(a) and Fig. 4.4(b) indicates that the qualitative features of the nonlinear
optical response in LT-GaAs are modified considerably by rotating the polarization
state of pulse E,. In particular, the peak at zero delay associated with the exciton
in Fig. 4.4(a) is absent in Fig. 4.4(b), leaving only a broad spectral feature that
peaks at positive time delays for all photon energies. This suggests that the optical
response of the exciton is diminished to zero in LT-GaAs for the YX polarization
geometry, in contrast to GaAs where a small exciton peak remains for cross-polarized
pulses. For LT-GaAs, the overall signal is reduced in the YX configuration relative
to the YY configuration, but not by as large a factor as in GaAs (approximately 5.5
times). (The spectral cut at -10 fs in Fig. 4.4(c) was scaled by a factor of 3.6 to allow
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comparison of the overall difference in the spectral shape of the signal for the two
polarization configurations.) The four-wave mixing spectrum in LT-GaAs for the YX
polarization geometry is still peaked at the exciton energy, but the spectral shape
has transformed into a single peak encompassing photon energies within the excited
continuum transitions, in contrast to GaAs in which a distinct exciton peak remains

for YX .
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Figure 4.3: SR-FWM results for GaAs for the two polarization geometries investigated
in this thesis. For (a) co-polarized pulses and (b) cross-polarized pulses. (c) An energy
slice at 7 = 20 fs reveals the strong enhancement at the exciton resonance for the
co-polarized configuration in comparison to cross-polarized case. The results of the
cross-polarized case have been magnified 5.08 times for clarity.
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The results of the cross-polarized case have been



63

4.2.4 Influence of an Optical Prepulse on the Four-Wave Mixing

Response

Experiments were also performed in the presence of an additional optical excitation
pulse (a prepulse), which permits the influence of excess electron-hole pairs on the
nature of the four-wave mixing response to be determined. For these experiments, a
third optical delay line was utilized to control the relative delay between the prepulse
(E pp) and the two excitation pulses used to generate the four-wave mixing signal (El
and 52) In particular, this second delay line controls the path length of E pp relative
to 52, while the delay line in the path of pulse E, is used to control the delay between
pulses El and EQ. For these experiments, all three excitation beams were polarized in
the Y direction. The average power in the El and 52 beams are the same as for the
experiments described in the preceding sections. The average power in the prepulse
beam is varied, as described below.

The SR-FWM results for GaAs under excitation with a prepulse are shown in
Fig. 4.5. For these experiments, the average power in the prepulse beam was 52 mW.
For the results in Fig. 4.5(a), Epp arrived at the sample 600 fs after pulse E’;, as
indicated in the diagram in the inset, while for the data in Fig. 4.5(b), the prepulse
was coincident with E;. The data in Fig. 4.5(a) and Fig. 4.5(b) are shown on the
same contour scale so that the quantitative changes in the signal characteristics with
exposure to the prepulse may be assessed. In Fig. 4.5(a), the SR-FWM signal is
indistinguishable from the results in Fig. 4.3(a), indicating that the prepulse has no
effect on the four-wave mixing response when it arrives 600 fs after E,. Asa result,
the excess carriers injected by Epp have no influence on the optical response when
they are injected with a delay of 600 fs. The absence of a prepulse-related change
in the signal characteristics at 600 fs delay also indicates that sample heating effects
associated with the additional prepulse beam are negligible. In contrast, when the
prepulse is coincident with E; (Fig. 4.5(b)), the exciton peak is strongly reduced.
Fig. 4.5(c) shows the four-wave mixing spectrum for the two cases of prepulse delay
for a delay of 20 fs between E; and E,, as in Fig. 4.3(c). The data in Fig. 4.5(c)
have not been scaled for either the case of the delayed or coincident prepulse. The
exciton is reduced by a factor of 3 by the prepulse, while the continuum response

only drops by approximately 10%. Prepulse experiments were carried out in GaAs
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quantum wells by Schultheis et al.[46] and Honold et al. [47]. In these experiments,
the four-wave mixing signal was not spectrally-resolved, preventing an independent
assessment of the influence of the excess carriers injected by the prepulse on the
exciton and continuum signals. The results in Fig. 4.5 indicate that the primary
effect of these excess carriers in GaAs is to reduce the exciton four-wave mixing
signal.

The results of SR-FWM measurements in LT-GaAs for excitation by a prepulse
that is delayed by 600 fs with respect to E, is shown in Fig. 4.6(a) and for coin-
cident Epp and E; in Fig. 4.6(b). The four-wave mixing spectra corresponding to
these contour plots for a delay of -10 fs between E; and E, is shown in Fig. 4.6(c).
The data are shown on the same scale for both the contour plots in Fig. 4.6(a) and
Fig. 4.6(b) as well as the spectra in Fig. 4.6(c). In Fig. 4.6(c), the continuum signal is
slightly larger relative to the exciton when compared with the results without a pre-
pulse (Fig. 4.4(c)), but the overall signal characteristics are similar in the two cases,
indicating that carriers injected 600 fs after El do not modify the nonlinear response
substantially. In contrast, when the prepulse is coincident with E; (Fig. 4.6(b)),
the excess carriers injected by the prepulse transform the SR-FWM response in a
dramatic way: The exciton response peaked at zero delay in Fig. 4.6(a) is completely
absent in Fig. 4.6(b). In addition, for coincident Epp and E|, the optical response
for photon energies within the interband continuum is larger in the presence of these
excess carriers than for excitation 600 fs after E,. The overall signal characteristics
in LT-GaAs for coincident prepulse excitation in Fig. 4.6(a) are qualitatively similar
to the results for cross linear polarized excitation in Fig. 4.4(b), consisting of a signal
peaked at positive delay encompassing photon energies within the excited continuum

transitions.
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Figure 4.5: SR-FWM results for GaAs for two prepulse conditions investigated in
this thesis. For a (a) prepulse delayed 600 fs and (b) at zero delay with respect to
mutual zero delay. (c) An energy slice at 7 = 20fs is shown to highlight the change
in TI-FWM signal at the excitonic resonance.
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Figure 4.6: SR-FWM results for LT-GaAs for two prepulse conditions investigated in
this thesis. For a (a) prepulse delayed 600 fs and (b) at zero delay with respect to
mutual zero delay. (c) An energy slice at 7 = —10fs highlights the dramatic change
in the TI-FWM line shape with the addition of the prepulse.
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4.2.5 Variation of Exciton and Continuum Response with Prepulse

Excitation Conditions

In order to further elucidate the influence of the prepulse on the four-wave mixing
signal in GaAs and LT-GaAs, experiments were performed as a function of the power
in the prepulse beam and the time delay between Epp and E;. For these experiments,
the signal was detected at the centre of the exciton peak (1.515 eV) or at a transition
energy within the interband continuum (1.553 eV). The dependence of the exciton
response in GaAs on the power in the prepulse beam is shown in Fig. 4.7(a). The
strength of the TI-FWM signal monotonically decays as a function of increasing
prepulse power for the full range of powers (0 - 52 mW) used in the experiments.
The peak signal versus delay between E, and E, at each prepulse power is shown in
Fig. 4.7(c), also indicating a monotonic decay with increasing prepulse power. Each
data point has been averaged over a 2 fs interval, centred at the delay corresponding
to the peak signal. The TI-FWM signal as a function of the delay between E, and E,
versus prepulse power for the continuum is shown in Fig. 4.7(b) and the corresponding
peak continuum response is shown versus prepulse power in Fig. 4.7(d). The strength
of the continuum response exhibits a much smaller decay with increasing prepulse
power than the exciton, and the trend is approximately linear within the signal to
noise. The decay of the four-wave mixing signal at both the exciton and the continuum
energies is consistent with the results in Fig. 4.5, showing the influence of the prepulse
on the full four-wave mixing spectrum.

The prepulse power results for LT-GaAs at the exciton are shown in Fig. 4.8(a)
and Fig. 4.8(c). The magnitude of the four-wave mixing signal at the exciton decays
with increasing prepulse power in Fig. 4.8(c), as in the results for GaAs in Fig. 4.7(c),
however the total decay range is smaller (about 30% in LT-GaAs compared to 70%
in GaAs). The dependence of the continuum response at 1.533 eV on prepulse power
in LT-GaAs is shown in Fig. 4.8(b) and Fig. 4.8(d). In contrast with the results
in Fig. 4.7(d) for GaAs, in Fig. 4.8(d), an enhancement in the continuum response
with increasing prepulse power is observed in LT-GaAs. The signal at 1.515 eV is
characterized by a large continuum signal component. This is apparent from the
observation of a temporal shift in the peak of the signal to larger time delays with

increasing prepulse power (Fig. 4.8(a)).
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Figure 4.7: Results for GaAs for varying prepulse power. For a range of prepulse
powers, the FWM emission as a function of pulse delay was collected at two energies
probed in this thesis work. The TI-FWM contour as a function of prepulse power is
depicted in (a) for the exciton, and (b) for the continuum. The peak value versus
pulse delay corresponds to the data in (a) and (b) and is plotted in (c¢) and (d)

respectively.
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The prepulse delay dependence of the four-wave mixing response in GaAs is shown
in Fig. 4.9(a) and (c) for the exciton (1.515 ¢V) and in Fig. 4.9(b) and (d) for the
continuum (1.533 eV). As in the case of the power-dependent experiments described
above, for each data point in Fig. 4.9(c) and (d), the signal amplitude was averaged
over a 2 fs interval centred at the delay corresponding to the peak of the signal. The
grey bars in Fig. 4.9 indicate the region of temporal overlap between El and Epp.
The cross correlation between these pulses is also shown as the solid black curve.
The signal at the exciton in GaAs is most strongly diminished within the region of
pulse overlap. When the prepulse arrives before El (i.e., for negative prepulse delay),
the exciton signal strength is independent of prepulse delay. For positive prepulse
delay (i.e., when the prepulse arrives after El), the signal increases with increasing
prepulse delay, saturating at 600 fs. When the prepulse is incident 600 fs after E’L it
has no impact on the four-wave mixing signal, as discussed in the preceding section.
In contrast to the exciton response in Fig. 4.9(c), the continuum four-wave mixing
signal is only weakly dependent on prepulse delay, reflecting the small influence of the
prepulse on the continuum signal in Fig. 4.5(a). Within the signal to noise ratio, the
small decrease in the continuum signal associated with the prepulse appears to occur
abruptly at zero prepulse delay, and with relatively constant signal strength within
the positive and negative regions away from zero delay.

The dependence of the four-wave mixing response in LT-GaAs on prepulse delay
differs significantly from that in GaAs, as shown in Fig. 4.10. The prepulse delay
dependence at the exciton is shown in Fig. 4.10(a) and Fig. 4.10(c). As in the case
of GaAs, the exciton is most strongly suppressed in the region of zero prepulse delay;
however, the exciton is unaffected by the prepulse for delays outside the region of
pulse overlap. This is in contrast to the situation in GaAs, where the exciton four-
wave mixing signal was reduced for the full range of negative prepulse delays. For the
continuum response, shown in Fig. 4.10(b) and Fig. 4.10(d), the four-wave mixing
signal is enhanced by the prepulse, as discussed in the preceding section. From Fig.
4.10(d), we see that it is enhanced only in the region of pulse overlap. Within the
signal to noise ratio, the continuum response is not affected significantly for positive
or negative prepulse delays, in contrast to the situation in GaAs in Fig. 4.9(d), where

the slight decrease in the continuum response persists for the full range of negative
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prepulse delays investigated.
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Figure 4.9: Results for GaAs for varying prepulse delay with respect to mutual zero
delay. For a range of prepulse delays, FWM emission as a function of pulse delay was
collected at the two energies probed in this thesis work. The TI-FWM contour as a
function of prepulse delay is plotted in (a) for the exciton, and (b) for the continuum.
The peak value as a function of prepulse delay for both of these contours are plotted
in (c) and (d) respectively. The solid black line is the autocorrelation of £, and Ej,
and the gray shaded area is the region of pulse overlap. The solid red and dashed
blue lines represent fits to two models of the FWM response considered in this thesis
work.
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Figure 4.10: Results for LT-GaAs for varying prepulse delay with respect to mutual
zero delay. For a range of prepulse delays, FWM emission as a function of pulse delay
was collected at the two energies probed in this thesis work. The TI-FWM contour as
a function of prepulse delay is plotted in (a) for the exciton, and (b) for the continuum.
The peak value as a function of prepulse delay for both of these contours are plotted
in (c) and (d) respectively. The solid black line is the autocorrelation of £, and Ej,
and the gray shaded area is the region of pulse overlap.



73

4.3 Discussion

4.3.1 Observation of the Exciton in LT-GaAs

The discrete response observed in LT-GaAs in the experiments described in the pre-
ceding section has been identified as the fundamental exciton because this feature
appears at the exciton energy in GaAs. The observation of the exciton is surprising
because the linear absorption spectrum shows no evidence of an exciton, even at low
temperature. There have been a variety of speculations as to why the exciton is ab-
sent in linear spectroscopy [14]. For example, the large density of defects in LT-GaAs
is expected to modify the description of elementary excitations since carriers in the
material will exhibit a varying degree of localization due to binding to defects and
defect complexes. Bound excitons would exhibit varying transition energies as a re-
sult of the differing environments for excitons in different positions in the material,
resulting in a smearing out of the exciton resonance. There are built-in electric fields
inside the material associated with defects that would shift the transition energy by a
varying extent. The lifetime of free electrons in LT-GaAs has been shown to be very
short (~1 ps), attributed to fast trapping to the Asg, impurity band [14]. This short
lifetime would broaden the exciton resonance. There is also a strong linear absorption
associated with transitions between the Asg, impurity band and the conduction band.
Such transitions have an energetic onset near the middle of the band gap and increase
in density with increasing photon energy due to the increasing density of states in the
conduction band. Carriers within the Asg, mid-gap impurity band may contribute
to screening of the attractive Coulomb interaction responsible for formation of the
exciton. The effectiveness of these trapped electrons for screening (in particular in
comparison to the influence of delocalized electrons and holes in band states) is not
known. Nevertheless, only an explanation based on screening can account for the
complete lack of any feature in the absorption tied to the exciton, suggesting that the
electron-hole Coulomb interaction may be neglected in models of the optical response
of LT-GaAs. This thesis work illustrates that these Coulomb effects cannot, in fact,
be neglected since the exciton is visible in the nonlinear optical response. This find-
ing has important implications for the description of ultrafast optical switches and

detectors fabricated from LT-GaAs, since for such devices, absorption is well-within
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the nonlinear regime. This result is also of value in the interpretation of past ultrafast
pump probe measurements of carrier recovery and recombination times in this system

1, 14].

4.3.2 Excitation-Induced Dephasing Dominates Exciton Signal in

LT-GaAs

The characteristic feature of the exciton response in both GaAs and LT-GaAs is that
it is pulse-width limited versus the delay between E; and E, despite being spectrally
narrow in energy. These observations cannot be accounted for using a simple descrip-
tion based on free polarization decay since, in that case, the rate of decay versus pulse
delay and the spectral linewidth are inversely related, both being determined by the
dephasing rate. As described in Sec. 1.5.2, the emergence of an understanding of the
optical response at the exciton for conditions in which both excitons and continuum
transitions are simultaneously excited took a number of experiments over a span of
several years, together with a variety of theoretical models describing many-body ef-
fects to varying degrees of complexity. The correct description ultimately emerged
[54] in terms of excitation-induced dephasing, by which the dephasing rate of the
exciton is linearly dependent on the total density of excited electron-hole pairs. Such
a feature is pulse width limited versus delay due to destructive interference between
contributions to the signal arising from scattering with carriers in the continuum
with different energies. Due to this interference, an EID signal is only significant for
transition energies at which there exists a rapid change in the optical joint density of
states, such as at an exciton. EID therefore does not contribute for energies within the
interband continuum above the band gap. As a result, the response of the continuum
is characteristic of a simple photon-echo since it represents a two-level system with
a continuous range of transition energies. As shown by Yajima and Taira et al.[33],
for such a photon-echo response, the four-wave mixing signal peaks at positive time
delay and decays at a rate determined by the dephasing time of carriers in the con-
tinuum. These predictions account well for the optical response of the continuum
transitions observed in this thesis in both GaAs and LT-GaAs. The observation of a
pulse width-limited response at the exciton in LT-GaAs indicates that, as in GaAs,

the nonlinear response at the exciton is mediated by EID.
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As discussed in Sec 1.5.1, the EID contribution to the four-wave mixing signal at
the exciton is a very sensitive function of the relative orientation of the polarization
states of the excitation beams. The polarization-dependent experiments carried out
in this thesis work have therefore allowed the effects of EID on the nonlinear optical
response of the exciton in LT-GaAs to be further investigated. The strong EID-
related signal contribution at the exciton in experiments with in the YY polarization
configuration are predicted to vanish when cross linearly-polarized excitation (the
YX geometry) is used [40], in agreement with past experiments in GaAs [41, 45] as
well as the experiments on GaAs in this thesis work. The exciton response is not
reduced to zero for cross-linear polarization in GaAs, as seen in Fig. 4.3(c). Since the
residual exciton response retains the pulse-width limited character, it is still consistent
with an EID response. This residual signal may be due to imperfections in the
polarization states of the laser beams due to the limited accuracy of retardation in
the wave plate used in these experiments. (Using a Wallaston prism, the estimated
X : Y polarization ratio for E, is 15:1.) In LT-GaAs, the exciton is also reduced
in the cross linear polarization configuration, as seen in Fig. 4.4. This is consistent
with the identification of EID as the source of the four-wave mixing signal at the
exciton in LT-GaAs. As discussed in the preceding section, the exciton in LT-GaAs
is diminished more strongly for cross linear polarization than in GaAs. This is likely
due to the smaller size of the EID signal in LT-GaAs tied to a shorter dephasing time,

as discussed in the next section.

4.3.3 Dephasing Dynamics in LT-GaAs

The exciton peak is smaller in magnitude relative to the continuum response in LT-
GaAs than in GaAs. In a time-integrated four-wave mixing experiment, the total am-
plitude of the signal provides one measure of the dephasing time within the material
under study because the longer the dephasing time the longer in time the four-wave
mixing signal persists. As a result, a larger dephasing time corresponds to a larger
total (time-averaged) power in the four-wave mixing signal beam. The lower exciton
response in LT-GaAs compared to GaAs can therefore be traced back to a shorter
dephasing time. This is consistent with the broader width of the exciton peak versus

photon energy in LT-GaAs than in GaAs. The continuum peak also decays faster



76

versus time delay in LT-GaAs than in GaAs. The dephasing process in the continuum
states was studied by Yildirim et al. in LT-GaAs and LT-GaMnAs [17] and has been
attributed to carrier-carrier scattering. In particular, the rate of scattering is larger
in LT-GaAs than in GaAs because the total optically-excited carrier density is larger
for a given average power for LT-GaAs due to the large strength of absorption below
the band gap. Possible origins of the larger dephasing rate for excitons in LT-GaAs
are described below. The smaller overall signal in LT-GaAs compared to GaAs is due
in part to the higher rate of dephasing in LT-GaAs. Additionally, inhomogeneities in
the thin film caused by defects represents a source of scattering of the incident light
for LT-GaAs, and the presence of defects redistributes the optical joint density states,
increasing the density of transitions tied to defects at the expense of the interband
transitions. Both of these effects contribute to a reduced four-wave mixing signal in
LT-GaAs compared to GaAs.

Since the EID-mediated signal at the exciton is pulse width limited versus the time
delay between E: and Fjg, the delay dependence carries no useful information about
the dephasing time of the exciton, as discussed above. Instead, the dephasing rate of
the exciton may be determined from the measured linewidth of the four-wave mixing
peak. The EID signal has a spectral line shape described by a squared Lorentzian
[54]. In order to extract T, the four-wave mixing spectrum for co-polarized excita-
tion at the exciton zero delay was fit to a squared Lorentzian for both GaAs and
LT-GaAs, while for the purpose of extracting 75 for the exciton, the continuum re-
sponse was modeled by a Gaussian peak with a full-width half-maximum equal to the
pulse bandwidth (74 meV) multiplied by a Heaviside step function at 1.519 eV and
1.510 eV to reflect the band gap in GaAs and LT-GaAs respectively. The lower band
gap energy in LT-GaAs in comparison to GaAs can be explained by the four-wave
mixing response from bandtail states. These fits are shown in Fig. 4.11 and yielded
dephasing times of 250 fs and 135 fs for GaAs and LT-GaAs, respectively. The shorter
T, time obtained in LT-GaAs could be attributed to additional dephasing brought on
by two different scattering mechanisms: (i) carrier-carrier scattering, reflecting the
larger total electron-hole pair density excited in LT-GaAs for the same average power;
and (ii) scattering of the exciton with As-related defects. In experiments by Yildirim

et al., carrier-carrier scattering was found to strongly dominate the dephasing process
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Figure 4.11: (a) TI-FWM signal slice at zero delay for GaAs. (b) TI-FWM signal

slice at zero delay for LT-GaAs. The red line is a fit using a Gaussian and a squared
Lorentzian.

for continuum transitions; however, the exciton dephasing process could still be in-
fluenced by defects since exciton-carrier and exciton-exciton scattering processes are
much weaker than carrier-carrier scattering [17]. In order to determine which of these
two processes dominates dephasing at the exciton, one could carry out SR-FWM ex-
periments in GaAs and LT-GaAs for conditions of equal excited carrier density. In
this case, a greater rate of dephasing for LT-GaAs would signal the dominant influ-
ence of defects. Such an experiment is not feasible, however, because the signal to
noise ratio in LT-GaAs does not permit a low enough carrier density to be used in
experiments on LT-GaAs and higher average powers have been found in experiments
on GaAs to lead to significant sample heating (observed via a shift in the exciton
transition energy from the known value). Alternatively, one may perform measure-
ments of the spectral linewidth of the exciton signal as a function of prepulse power.
In such a case, a linear dependence of Ty with power would indicate the dominant
role of exciton-carrier scattering. Such experiments would be a useful extension to

the present work.
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4.3.4 Prepulse Power Dependence

In order to understand the dependence of the four-wave mixing results in both GaAs
and LT-GaAs on the power in the prepulse beam, we must take into account the
influence of an excess distribution of electron-hole pairs on the four-wave mixing
signal. There are two primary physical effects to consider: (i) the extra carriers
modify the total dephasing rate; and (ii) these carriers may contribute to screening
of the Coulomb interaction within the system. Neglecting the prepulse carriers for
the moment, and considering only the exciton response for the conditions of our
experiment, the time-integrated signal (found by integrating the norm square of Eqn.
2.32 over time after multiplying by p,, as carried out in [57]) is given by:

(1/4)(CNTD)2(302) /12
(o + TN ©)3

STI(T) X (41)

which is a function of pulse delay via a factor §(7) in N=2). The denominator contains
the total dephasing rate to the power 3, indicating that a larger carrier density will
decrease the signal at the exciton. The signal also contains the EID coefficient (I'), in
both the numerator and denominator. It is also proportional to the dipole moment
of the exciton to the 4" power(N (=2 contains y} as well.) Prepulse injected carrier
will reduce 7y in the above formula, reducing the total signal via a reduction in the
dephasing time. Screening will also reduce (in principle) I and/or p,, since each of
these parameters is tied to the Coulomb interaction (u, is the dipole moment of the
exciton). Evidence for screening of the EID coefficient has been seen in InP [57] and
GaAs [41]. In those experiments, the carrier densities were ~ 5 x 106 cm™ in Allan
et al. [57] and ~ 5 x 10 cm™® in Wang et al. [41]. Using the power transmitted
through the samples, the injected carrier densities in our experiments are 5 x 10
em 3 (2 x 106 ¢cm™3) in HT-GaAs (LT-GaAs) due to E; and Ej, and a similar
density of additional carriers due to the prepulse. These densities are comparable to
those used in these earlier experiments, and so some degree of screening of the EID
coefficient is expected. Screening of the dipole moment of the exciton should occur
when the intercarrier separation is comparable to the exciton Bohr radius [57], which
is 9.5 nm in GaAs [47]. For our extracted densities, the intercarrier separation is
59 nm (35 nm) in HT-GaAs (LT-GaAs). Since these values exceed the exciton Bohr

radius by a considerable amount, it is likely that screening of the EID coefficient is
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more important than screening of the exciton dipole moment for the conditions of
our experiment. In any event, it is clear that both screening of the EID coefficient
and the increase in dephasing rate caused by the prepulse carriers should decrease the
optical response at the exciton in both HT-GaAs and LT-GaAs in agreement with
the results in Fig. 4.5 and Fig. 4.6. Fits to the signal at the exciton using Eqn. 4.1 for
both GaAs and LT-GaAs were carried out neglecting the influence of screening of the
EID coefficient. These fits appear as the solid curves in Fig. 4.7(c) and Fig. 4.7(c).
The good agreement suggests that the dephasing time dependence on prepulse power
may dominate over that tied to screening, however a nonzero influence of screening
cannot be ruled out given the available information. The nonzero residual exciton in
HT-GaAs in Fig. 4.5 compared to 4.6 is likely due to the larger dephasing time in HT-
GaAs, as discussed in Sec. 4.3.3. This also accounts for the monotonic decay in the
magnitude of the exciton response in both HT-GaAs and LT-GaAs with increasing
prepulse power. The small shift to positive delay of the four-wave mixing response
of the exciton energy in LT-GaAs with increasing prepulse power (Fig. 4.8) is due
to the larger importance of the continuum response in LT-GaAs in comparison to
the exciton: As the exciton response is diminished, the continuum signal begins to
dominate, which peaks at positive time delay. This also explains why a fit to Eqn. 4.1
was only possible for powers below 40 mW since the exciton contribution to the total
signal becomes negligible above 40 mW.

The influence of the prepulse on the magnitude of the continuum response differs
qualitatively in LT-GaAs and HT-GaAs. As discussed in the preceding section, the
continuum response in HT-GaAs is reduced in the presence of the prepulse, although
by a small amount (~ 10%) whereas in LT-GaAs it is enhanced. The decrease in
HT-GaAs could be explained by screening of the Sommerfeld enhancement of the
band edge, but the opposite trend in LT-GaAs is more difficult to account for. In
experiments at the exciton tied to the spin-orbit split-off valence band, screening was
also found to enhance the continuum response for energies above the exciton [36]. This
was explained in terms of destructive interference of the EID emission at the exciton
with the continuum photon-echo, an explanation that was supported by corresponding

theoretical calculations. A similar interference effect may be occurring in LT-GaAs,
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causing the continuum signal to recover once the exciton signal is removed. In HT-
GaAs, the larger dephasing time prevents the exciton from being fully eliminated
through screening. In this case, the reduction in destructive interference competes
with screening of the Sommerfeld effect, with the latter process (weakly) dominating
in HT-GaAs.

4.3.5 Prepulse Delay Dependence

In order to understand the dependence of the four-wave mixing signal on the time de-
lay of the prepulse, one also must take into account the effects of the prepulse-injected
carrier distribution on the EID coefficient (due to screening) and the total dephasing
rate. In order to model these two processes, Eqn. 4.1 was modified such that, at the
time of arrival of the prepulse, both the dephasing rate and the magnitude of the EID
coefficient are abruptly reduced. In the model, the relative importance of these two
processes can be independently controlled. The resulting modified polarization was
used to evaluate the time-integrated signal strength as a function of prepulse delay.
The result of a fit to this model for the signal in GaAs is shown in Fig. 4.9(c) by the
blue dashed curve (labeled Model 1). For this fit, the dephasing times were taken
such that o = 1/200fs and v = 1/189fs and the EID coefficient is reduced by a factor
of 0.4 with the presence of the prepulse. A corresponding fit was also made to these
data using the noninteracting model in Eqn. 2.15 in which only the dephasing time
was modified by the prepulse (solid red curve in Fig. 4.9(c), with vy = 1/270fs, la-
beled Model 2). Both models provide reasonable qualitative agreement, although the
influence of the prepulse on the EID coefficient leads to a qualitative dependence on
prepulse delay. In particular, the signal is constant for negative prepulse delays, but
leads to an increase in the signal for positive prepulse delays. This interdependence
makes it impossible to assess the relative importance of sceening and the density-
dependence of the dephasing rate. Interestingly, the noninteracting model provides
the best overall agreement. The deviation in the model including EID was traced
back to the linear t dependence, which leads to an underestimate of the signal for
small positive prepulse delays. This discrepancy may be tied to the simplicity of the
EID model in Eqn. 4.1, which treats exciton-carrier scattering phenomenologically

[55] and possibly the need to treat the buildup of screening dynamically [64].



81

In LT-GaAs, the carrier lifetime is extremely short as observed in pump probe
experiments by several groups [1, 14, 65, 66, 67, 68]. This short carrier lifetime must
be taken into account when considering the influence of the prepulse on the four-
wave mixing response for different values of the prepulse delay. The observation of
the maximum influence of the prepulse when the prepulse coincides with pulses E,
and Ez is expected because in this case all of the carriers injected by the prepulse are
contributing to screening as well as to a reduction of the exciton dephasing time. How-
ever, for nonzero prepulse delay (either positive or negative) the carriers are rapidly
trapped by defects, preventing these carriers from having a significant influence on
the magnitude of the exciton response. This is consistent with the results in Fig.
4.10(b), which shows a reduced exciton signal only near zero prepulse delay. Rapid
trapping of carriers also restricts the influence of the prepulse on the continuum re-
sponse to delays in the vicinity of zero prepulse delay, consistent with the results in
Fig. 4.10(d). The electron trapping time has been observed in the range of 100 -
250 fs in LT-GaAs [1, 14, 65, 66, 67, 68] and has been found to be highly sensitive
to the growth conditions, as these conditions affect the density and type of trap sites
[1, 14, 65, 66, 67, 68]. These four-wave mixing results, which indicate a recovery of
screening in < 100 fs, suggests an even faster carrier trapping time. A useful exten-
sion to the present work would be to carry out differential transmission experiments
on our LT-GaAs sample, as such experiments would provide an independent measure-
ment of the electron trapping time. This would help to solidify the interpretation of
the prepulse delay dependence of the four-wave mixing signal in LT-GaAs presented

here.



Chapter 5

Conclusion

5.1 Overview

In this thesis work, the coherent dynamics of the fundamental exciton in low-temperature
grown GaAs has been investigated using spectrally-resolved two-pulse four-wave mix-
ing techniques. Four-wave mixing is a powerful experimental technique because it is
sensitive to Coulomb-mediated many-body interactions that can modify the nonlin-
ear optical response. It has been shown through a series of tailored experiments that
excitation induced dephasing (EID) is the dominant contribution to the nonlinear ex-
citon response in LT-GaAs. This conclusion was made possible through comparison
to results in GaAs conducted using the same experiments and excitation conditions.
The experiments in this thesis are in qualitative agreement with the two level model
from Allan et al. [57] incorporating EID in the context of short pulse excitation above

the band gap. The conclusions reached are presented in this chapter.

5.2 Summary: Conclusions of this Thesis Work

Spectrally-resolved (time-integrated) four-wave mixing has revealed that the exci-
ton dynamics in LT-GaAs are heavily influenced by Coulomb-mediated many-body
effects. In particular, the rapid decay of the SR-FWM signal versus delay on a
timescale set by the width of the pulse autocorrelation is indicative of a many body
effect referred to as excitation-induced dephasing, which leads to a broadband cou-
pling between the exciton and unbound electron-hole pairs excited in the interband
continuum. The resulting EID signal at the exciton, often called the continuum con-
tribution, is shown to dominate the optical response at the exciton in LT-GaAs under
the conditions of the experiments reported in this thesis work. (In particular in which
the laser pulse is tuned above the band gap, resulting in the excitation of primarily

continuum states.) For linearly co-polarized excitation, the fast decay of the exciton
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FWM signal as a function of interpulse delay is a signature of such a continuum con-
tribution. Contributions to the total population grating in the interband continuum
stemming from a distribution of continuum transitions with different energies interfere
constructively at zero interpulse delay, which leads to the observed large spectrally
and temporally narrow signal at zero delay. The results presented here also permitted
the extraction of the dephasing time of the exciton in LT-GaAs of T, = 135 fs from
the spectral width of the exciton response. This 75 time is shorter than the value of
250 fs in GaAs.

The identification of the exciton FWM signal as caused by EID is consistent with
the experiments investigating the dependence of the signal on the polarization states
of the two excitation pulses. In particular, for cross-polarized excitation, the signal
at the exciton is completely suppressed in LT-GaAs. The dramatic drop in signal can
be explained by the formation of a grating in the total carrier density only for linearly
co-polarized pulses. In contrast, for linearly cross-polarized pulses, no such grating is
formed since the grating associated with oppositely spin-polarized carriers is m out of
phase, leading to no signal associated with EID. The lack of free-polarization decay
in LT-GaAs that is observed in GaAs under the same conditions indicates that EID
is much more influential in dictating the exciton response in LT-GaAs than in GaAs.

This thesis work was motivated by the lack of understanding of the coherent
dynamics of the fundamental exciton in LT-GaAs and the recent FWM observation of
a large nonlinear signal at the exciton resonance [16]. Incorporation of excess arsenic
during low-temperature growth alters the electronic and optical properties of GaAs,
such that linear optical techniques have been unsuccessful to resolve the spectral
signature of the fundamental exciton. This has been attributed to the large presence
of defects incorporated during low-temperature growth, which lead to strong defect-
related contributions in the linear absorption that mask the exciton response. This
thesis work establishes the importance of the exciton in understanding the nonlinear
optical response of LT-GaAs. These findings will be important to the development
and optimization of optoelectronic devices using LT-GaAs since such devices exploit
the ultrafast nonlinear response.

A series of prepulse experiments were performed to investigate the influence of

excess optically-excited carriers on the four-wave mixing response. The experimental
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results have uncovered the sensitivity of the exciton FWM signal to the presence of
these additional carriers through both screening and an increased dephasing rate.
The strength of the TI-FWM signal is reduced by an increase in the dephasing rate
as well as by screening of the exciton-carrier scattering rate. Due to these effects, the
exciton FWM signal in LT-GaAs was diminished in the presence of excess carriers,
being reduced to zero (within the signal to noise ratio) for a preinjected carrier density
of 2.5 x 10'% cm™3. This elimination of the exciton FWM signal due to the prepulse
was found to persist only for a narrow range of prepulse delays around zero delay.
This was explained in terms of a rapid (< 100 fs) electron trapping time in LT-GaAs,
in agreement with previous studies of trapping dynamics in LT-GaAs. In contrast to
the situation in GaAs, in which the density dependence of the overall reduction in the
dephasing rate was found to govern the prepulse delay dependence. In LT-GaAs, the
relative importance of screening and a reduction in the total dephasing rate cannot

be assessed due to the short electron trapping time in this material.

5.3 Future Work

Useful extensions to this thesis work include measurements of the exciton linewidth as
a function of prepulse power, and measurements of the electron trapping time in the
samples studied in this work. The former measurements will permit the identification
of the relative importance of exciton-carrier scattering and scattering with defects in
determining the total exciton dephasing rate in LT-GaAs. The latter experiments
would support the interpretation of the prepulse delay dependence at the exciton
four-wave mixing response. These experiments may also be extended to other defect-
laden semiconductors,including GaMnAs or other diluted magnetic semiconductors,

such as LT-InP or LT-InGaAs.
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