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Abstract

Carrier Dynamics in Self-Organized Quantum Dots

by Gary Wang

Recent developments in the growth of self-organized quantum dots have provided
opportunity to investigate the physics of zero- dimensional quantum structure. In
this work, we investigate the carrier dynamics in the In(Ga)As/(A)GaAs self-
organized quantum dots using time-resolved photoluminescence and pump-and-
probe spectroscopy. Three areas of carry dynamics are studied: radiative
recombination, thermionic emission, and carrier relaxation. The measured radiative
lifetime is compared to the published results. A reduced radiative transition rate is
tound. This increase in the PL decay time can be attributed to the localization of the
exciton in the quanium dot. From the temperature dependent measurement, we find
that the reduction of quantum dot photoluminescence efficiency at high temperature
is attributed to the thermionic emission. The effect of thermionic emission process
can significantly modify the potential quantum dot device properties such as optical
gain and modulation bandwidth. From the transient absorption measurement, a fast
carrier relaxation rate is deduced. The measured carrier relaxation time is an order of
magnitude smaller than the theoretical prediction of the phonon bottleneck,
indicating other relaxation mechanism might be dominant in these quantum dots.
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Chapter One

Introduction

1.1 Motivations: Small and Fast

Understanding the properties of novel materials is crucial to the ability to
engineer the optoelectronic devices of the future. The rapid development of
compound semiconductor technology over the last decade has spawned interest in
the study of new materials to fuel the need for faster communication links and
smaller electronic devices. The expectations to meet these desires have led the
scientific community to search for the perfect quantum semiconductor materials on
the nanometer scale. Materials such as quantum dots are intrinsically small and fast:
small because of the inherent size that is required to observe the quantum effect, and
fast because electrons can traverse the reduced distance in a shorter time.

In a O-dimension (0D) quantum dot, the interaction of the electronic
wavefunction with the boundary of the surrounding material leads to the
quantization of the energy levels (Bastard, 1988). This situation is in sharp contrast
to conventional bulk semiconductors where carrier energy levels are
characteristically distributed in continuous bands and are insensitive to the size and
shape of material. As a consequence of the quantization effect, quantum dot
materials are expected to be characterized by a sharp linear optical absorption and a
narrower gain spectrum relative to conventional bulk (3D) or quantum well (2D)
material (Vahala, 1987). Unlike bulk material, the ability to tailor design the

physical parameters of the dots will allow us tc achieve greater engineering control
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over the material properties and make large improvement for future generations of

optoelectronic devices.
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Figure 1.1 Density of States (DOS) in 3D, 2D, 1D, and 0D structures.

The success of quantum well materials has enabled us to significantly
improve optoelectronic device performance today. This achievement is due partly to
the enhanced density of states (DOS) near the bottom of the conduction band and
the top of the valence band (Lee, 1992). The DOS is a material property which
quantifies the number of carriers that are permitted to occupy a given energy state of
semiconductor. Since most optoelectronic devices operate near the conduction band
minimum, the DOS of semiconductor material imposes an intrinsic limitation on the
number of carriers that are allowed to contribute to the device performance at one
time. In a semiconductor quantum well laser, the benefit of a sharpened DOS

allows a reduction of threshold current, an increase in the differential gain, an



improved temperature tolerance, and an enhancement of the modulation bandwidth3;
all of which are extremely desirable characteristics in an optical communication
system (Asada et al., 1986; Arakawa et al., 1982; Zory, 1993). In the OD quantum
dot material, this fundamental advantage is further amplified. Figure 1.1 shows the
sharpening of the DOS as the material structure’s dimension reduces. Limited only
by the packing density of the dots, quantum dot materials, unlike bulk and quantum
well materials where the DOS are finite at the ground state energy, can offer a larger
number of spatially separated states for carriers at a desired energy. Consequently,
if one can realize the ideal quantum dot laser with high packing density, significant
improvements over the performance of existing quantum well lasers can be
achieved.

Despite the high potential expectations for the quantum dot material, these
advantages are accompanied by physical limitations and intrinsic quantum
phenomenon. The operation of a quantum dot laser will require sufficient material
gain to compensate for the cavity loss. Due to the small volume nature of a dot, a
large number of quantum dots will be required to achieve the conditions necessary
for lasing. The difficulty attaining a high packing density of quantum dots with
uniform size still presents a major technological challenge (Mirin et al, 1996; Moritz
et al., 1996). Additionally, the confinement of the carriers in a quantum dot should
modify fundamental physical processes such as carrier-carrier scattering and
carrier-phonon coupling. These processes can ultimately govern the efficiency of

potential device applications. Benisty ez al. (1991) and Bockelmann ez al. (1991)
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1991)
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have pointed out that a reduction in the carrier-phonon scattering rate may be

expected in the OD quantum structure as shown in Figure 1.2, and that the
efficiency of the quantum dot devices can suffer from this consequence. These
theoretical intuitions should require further experimental confirmation. It is the
objective of this dissertation to study how these physical phenomenon are modified
in the quantum dots materials and how such consequences will affect the

performance of future optoelectronic devices.

1.2 Research on Quantum Dots

The major challenge in quantum dot research is to develop materials
characterized by nanometer-scale structure definition and of sufticiently high quality
so that the quantum dot effects are not obscured by surface and interface defects.
Many approaches utilizing different technologies have been attempted with limited
success and potential usefulness.

The nano-crystal precipitates grown from the liquid phase using chemical
precursors have been a popular and successful method for achieving quantum
confinement of electrons and holes (Ekimov, 1991). Crystals passivated in proper
glass complexes have demonstrated efficient photoluminescence, enhanced exciton
binding energy, and large non-linearity in optical absorption (Peyghambarian,
1989; Justus, 1991; Tokizaki, 1993: Caponemko et al., 1993). However, due to
the passive nature of glass, the integration of nano-crystal materials with the
existing solid state semiconductor device technology presents another uncertainty.

Because of the ease of integration with the established device research,

quantum dot material that utilizes the existing compound semiconductor

.






