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Abstract

In this dissertation, the magneto-optical properties of self-assembled type-lI quantum
rings and type-Il quantum dots are studied. These quantum structures.grown using molecular
beam epitaxy are .expected to possess ring-like carrier. wave functions and exhibit novel
magnetic responses, such as Aharnov-Bohm effect, i.e. the quantum interference of the carrier
wave function in magnetic .. fields. The magnetic energy shifts measured by
magneto-photoluminescence technique were used to probe the spatial wave function extent of
the carriers confined in these quantum structures. They revealed anomalous physical
phenomena compared with the conventional type-1 quantum dots. Several calculation models
were carried out and agree well with our experimental finding.

In single InAs/GaAs quantum rings, the biexciton showed a considerably larger
diamagnetic shift than the neutral exciton, implying the more extended biexciton wave
functions in the ring. We found that the structural imperfections of the quantum ring induces
two potential valleys inside the ring, and the exciton wave function tends to be localized in

one of the valleys. However, the biexciton wave function is able to spread over the ring due to



the hole-hole Coulomb repulsion. Our results suggest that the expected novel quantum
interference of neutral excitons in quantum rings will be destroyed by such wave function
localizations.

The magneto-photoluminescence measurements were performed on type-11 GaSb/GaAs
quantum dots in both Faraday and \Voigt configurations. When the magnetic field was applied
in a Faraday configuration, a typical diamagnetic blue shift was observed. However, when the
field was in a Woigt configuration, the QDs exhibited an anomalous magnetic red shift
together with a rapid increase of the PL intensity. We found that the magnetic field in the
\oigt configuration provides an-additional vertical .confinement and hence increases the
radiative electron-hole recombination rate. The resulting decrease of the steady-state hole
concentration in the. QDs gives-rise to the observed anomalous magnetic red shift.
Furthermore, since the electron-wave function was found to be distributed above and below
the QD, the electron wave function is not ring-like. This eliminates the probability of the
observation of the Aharnov-Bohm oscillation.

Type-1l GaAs/GaShb quantum .dots were fabricated by the natural tensile strain from
lattice mismatch. We analyzed the carrier wave function extent of the dots with different sizes
using the diamagnetic shift.results. With the increase of the energy (the reduction of the dot
size), the diamagnetic coefficient was found to rises quickly to a saturated value. This unusual
tendency is attributed to the gradual spreading of the electron wave function from the
qguantum dots to the wetting layer as the dots get smaller. This delocalization effect is
enhanced in this material system due to the tensile strain relaxation within the dots, which
raises the conduction band edge over that in the wetting layer.

As a result, in order to observe optical Aharnov-Bohm oscillation, two AlGaAs
confinement layers are placed above and below the GaSh/GaAs quantum dots. The electrons
are therefore pushed to surround the dots with ring-like wave functions. The simulation

results reveal the occurrence of the Aharnov-Bohm oscillation.
iv
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Chapter 1

Introduction

I11-V semiconductor heterostructures have been widely used in the field of the
optoelectronic devices and the high-speed devices due to the direct band gap structure and the
small electron effective mass. Practical device applications includes the light emitting diodes
(LEDs), laser diodes, photodetectors, heterojunction bipolar transistor (HBT), and high
electron mobility transistor (HEMT) [1, 2]. In the past decade, owing to the mature growth
techniques, the self-assembled zero-dimensional (0-D) quantum structures grown by
Stranski-Krastanov (S-K) mode were well developed for the application of the optoelectronics,
such as quantum dot (QD) lasers, QD infrared photodiodes (QDIP),.and QD memory devices.
Since the carriers confined in the-0-D quantum structures manifest-the atom-like structures,
they have been proven to be well suited for photonics-based quantum-information processing,
such as single photon emitters [3, 4] and quantum logic gates [5]. Besides, 0-D quantum
structures provide the opportunity to exhibit several novel physical phenomena. For example,
type-1 quantum rings (QRS) and type-1l1 QDs in magnetic fields are expected to exhibit the
experimental evidence of Aharonov-Bohm effect due to the quantum interference [6-9]. The
electronic structures and the magnetic responses of these novel 0-D quantum structures can be
investigated using magneto-photoluminescence measurements, which are used to probe the
exciton energy, the spatial excitonic wave function extent, the excitonic magnetic quantum
number, and the excitonic spin quantum number. In this dissertation, the magnetic-optical
properties of the self-assembled type-1 InAs/GaAs single QRs, type-11 GaSb/GaAs QDs, and
type-11 GaAs/GaSb QDs were studied. Several uncommon magnetic responses were observed.
We built up several theoretical calculation models to explain these unusual experimental

findings.



1.1 Self-assembled Zero-dimensional Quantum Structures

In the late 1980s, the fabrication of the 0-D quantum structures is via lithography and
etching process [10] or the etched strained layer on the surface [11] on the quantum well (QW)
structure. However, the interface defects induced by the etching process significantly degrade
the quantum efficiency of the small nanostructures and eliminate the possibility of the
electronic and optoelectronic device applications. In 1990s, the Stranski-Krastanov (S-K)
mode grown QDs are found to be defect-free with great optical properties. They are formed
spontaneously due to the natural compressive or tensile strain arising from the lattice
mismatch between the dot material and the substrate material. [12]. Therefore, since the early
1990s, much effort has been put into the study of the QD growth and characterization, such as
In(Ga)As/GaAs, InGaP/InP, and-GaSh/GaAs QD system.

In the 0-D quantum structures, the ‘carriers are constrained in all directions, and the
density of states is hence 5-function like as shown.in Fig. 1.1. The &-function like density of
states is the signature of the 0-D system: The electronic structure with discrete energy states is
similar to that of an atom. The discrete states are expected to bring the better device
performance, such as<the reduction of the threshold current of laser devices. Besides, the
temperature stability of the laser,i.e.the characteristic temperature Ty, can be improved as the
energy difference between different states is larger than the thermal fluctuation (26 meV at
room temperature). In order to achieve the 3-D quantization, the confinement length (dot size)
for each direction should be smaller than the bulk exciton radius (~10 nm for GaAs and ~30
nm for InAs). In this situation, the quantum confinement effect, rather than the
Coulomb-induced electron-hole correlations, becomes dominant. The quantum confinement
decreases the exciton radius (electron-hole spatial separation) and therefore enhances the

oscillator strength as well as the optical properties.
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FIG. 1.1. Density of states for carriers in quantum structures with different dimensionalities

[1.14].

The other advantage of the quantum structures is the flexibility. Via controlling the size,
shape, and material composition. ofthese self-assembled QDs, their electronic and optical
properties can be well designed for ‘various optoelectronic applications. In recent years, a
growth process involving partially capping and in-situ annealing has succeeded in
transforming InAs QDs into QRs [13]. The topologies of the QDs and the QRs are shown in
Fig 1.2. The QR structure is expected to show unique magnetic response, i.e., the well-known
Aharonov-Bohm effect, due to the quantum interference of the carrier’s wave function in the

ring-shaped geometry [14, 15].



FIG. 1.2. The topology of (a) INAs/GaAs QDs, (b) InAs/GaAs QRs in 1 um square image area

observed by atomic force microscope technique.



1.2 Heterostructures and Type-11 Quantum Dots

A heterostructure contains two different semiconductor materials. Ideally, the band
alignment near the heterojunction is only determined by the bandgap energy, the Fermi level,
and the electron affinity difference between the two materials. Three kinds of heterojunctions
are type-I, type-Il and type-Ill as shown in Fig. 1.3. However, the difference of the lattice
constant, i.e. the lattice mismatch, leads to the position-dependent strain distribution, and the
unexpected material segregation and the atomic intermixing near the interface causes the

composition variation. Both effects strongly influence the real band structure [16, 17].

Type-1 Type-I11 Type-111
FIG. 1.3. The schematic drawing of the band alignment of the type-I, type-Il and type-IlI

heterojunction.

The 0-D quantum structures discussed in this dissertation includes type-I InAs/GaAs
QDs and QRs, type-11 GaSh/GaAs QDs, and type-11 GaAs/GaSbh QDs. Their band structures
are drawn in Figure 1.4. For InAs/GaAs QDs, electrons and holes are confined in the dots and
contribute strong oscillator strength which is proportional to the wave function overlap of the

electron-hole pair. For type-11 GaSh/GaAs (GaAs/GaSh) QDs, holes (electrons) are strongly
5



localized in the dots, but electrons (holes) are confined to the matrix material next to the dot
due to the Coulomb interaction. The oscillator strength of the electron-hole pairs confined in
type-11 structures is therefore much weaker than that in type-I structures due to the spatial
separation between the electrons and the holes.

Recently, type-ll self-assembled QDs have attracted considerable interest for the
application of carrier storage [18], the spin storage device [19], and the wavelength-tunable
LED [20] owing to the spatial separation between the electrons and the holes. Besides, they
are also used for the exhibition of optical Aharonov-Bohm effect in magnetic fields [7, 8, 21]
due to the ring-shaped wave function of the carrier'which surrounds the dot. Since type-1 QR
and type-1l QD are expected to exhibit the experimental evidence of the novel optical
Aharonov-Bohm effect, we studied the optical magnetic properties of these quantum

structures.

InAs / GaAs GaSbh / GaAs GaAs/ GaSh

FIG. 1.4. The band alignment of InAs in GaAs matrix, GaSb in GaAs, and GaAs in GaSh.



1.3 Magnetic responses of Semiconductor Quantum Structures
1.3-1 Hamiltonian in magnetic fields
The Hamilton of a single electron confined in a quantum structure in the presence of an
uniform magnetic field B applied in z-direction is given by
H=-L[p—ed®] +V(F 1.1
=—[p—eA@®] +V(@ (L1)

, Where V() is the confining potential from band discontinuity, A is the magnetic vector

potential, m is the electron effective mass. The magnetic field is given by B=V x /T(F). By
adopting the symmetric gauge, i.e. /Tz%B(—y,X, 0), the Hamilton can be expanded as

H:H0+H2+HD,and

A2
H, =;’—m+V(F) (1.2)
ehB i0 e = =
HZ——%ﬁ——%L'B (1.3)
ZBZ ~
Hp = ——p* (1.4)

where L is the operator of the orbital angular momentum, and o isithe operator of the vector
projection of 7 onto the plane perpendicular to B. H, is the Hamilton at a zero magnetic
field. Hj is the orbital Zeeman effect term. For a azimuthally symmetric quantum structure,
such as a hydrogen atom, an ideal QD, and an ideal QRs, the electron wave function ,, , has
a perfect angular quantum number €. The energy shift due to this term is
AE,, = — <2 ¢B. (15)
2m
For the ground state with £ = 0, this term is neglected. For the excited states with £ # 0, this
leads to the orbital Zeeman splitting.
Hp, is the diamagnetic term. In classic physics, the change of the external magnetic flux
of a circuit induces an opposing magnetic field. This is called Lenz’s law. The opposing
magnetic moment m is proportional to the area of the circuit and the change of the external

B. Therefore, the magnetic potential energy U = —m - B is proportional to the area of wave
7



function and show a quadratic dependence on the external B. Since the direction of 77 and
B is opposite, the contribution of U must be positive, which leads to the diamagnetic effect
in most semiconductors.

For a weak magnetic field compared with the Coulomb interaction, Hp is considered as

a small perturbation of the system, and the diamagnetic shift in the exciton energy is given by

e?B?(p?)
8m

AE, = (1.6)
Therefore, the diamagnetic shift can be used to probe the wave function spatial extent in the
plane normal to the magnetic field. When the magnetic field gets strong enough, the cyclotron
energy dominates over the Coulomb energy and the confining energy from the band
discontinuity. The electron wave function is strongly altered by the magnetic field, and the

energy shift turns to be linearly dependent on the field. The linear dependence is well-known

as Landau quantization and is described as

dE —_eh
dB 2m

.7

In addition, spin angular'momentum also causes.an. energy splitting in magnetic fields,
i.e. spin Zeeman splitting, even for the ground-state electrons with orbital magnetic quantum
number of 0. With assumption of weak spin orbital coupling, another term H, is added to

the Hamilton:

=

H,g=—-g—S B (1.8)

Zmo
, where S is the operator of the spin angular momentum, g is the g factor. The energy shift

due to this term is
AE,s = —g = sB (1.9)
zs = meO :
Since m, is much larger than the effective mass in semiconductors, the spin Zeeman

splitting is much smaller than the orbital one if £ # 0. For InAs/GaAs quantum dots, the g

factor is about 2, and the spin Zeeman splitting is only around 0.8 meV at 14 Tesla. Since the



full width half maximum (FWHM) of the PL emission from QD ensemble is usually larger
than 20 meV, the spin Zeeman splitting is usually smeared out. However, this splitting is very
essential for single dot spectroscopy, where the QD PL lines have the FWHM of 50 peV,

which is limited by the system resolution.

1.3-2 Ideal magnetic responses of QDs and QRs

Now, we turn to the energy spectrum of the QDs and the QRs in varied magnetic fields.
Since the spin Zeeman term of the Hamilton is much smaller and is not able to reflect the
geometry and the dimension of the quantum structures, it is neglected in these calculations.

Considering a QD “with —a simplified 2-D  parabolic confining potential
Vix,y) = gmewg(xz + y?) as-shown in Fig 1.5(a) and 1.5(b), the eigen energy of a single
confined electron subject to this-potential is given by

Ene = hay 20 +121 + 1) + > the, (1.10)

where w, =fn—i is the cyclotron frequency and w; = [wp> +(%)2 is the hybridized
frequency. The energy:spectrum of the electron confined in‘a QD' is plotted in Fig. 1.5(c), and
this theoretical spectrum was observed.experimentally using the InGaAs/GaAs QD ensemble
induced by strain field [22]. In a zero magnetic field, the ground state has no degeneracy, the
first excited state has two degenerate states, the second excited state has three degenerate
states, and so on. The ground state (0,0) does not cross any other energy states in any

magnetic field.
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(a)

(0)

Energy

Magnetic field

FIG. 1.5. (a) A QD with magnetic field applied along the growth direction. (b) The parabolic
confining potential of the QD. (c) The energy spectra of the electron confined in the QD with
a 2-D parabolic confining potential. The quantum numbers of /(n,#) is marked for the energy

states.
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For an ideal ring with the radius of R, infinitely narrow width and height, and infinitely
large potential height as shown in Fig. 1.6(a), the electron are only allowed to move in the
direction 8. Based on the fact of the azimuthal symmetry, the electron wave function can be

expressed as 1, = A e'? and the eigen energy is

E, = Zmsz ({’ - (%)2 (1.11)
where ® = 2ntR? is the magnetic flux and @, = h/e is the flux quantum. The energy
spectrum of the electron confined in an ideal ring is plotted in Fig. 1.6(b). In zero magnetic
field, excepting the ground state, all excited states has two degenerate states. Most importantly,
the angular quantum number of the ground state increases by one at the specific magnetic

fields. This is because the wave function of a charged particle acquire a phase difference A¢g
determined by the magnetic flux_® through the area, which is given by

Ap = — (1.12)
When the phase difference changes from 0 to 2m, the ground state energy rises first and then
gets back to the lowest value of zero due to phase coherence, and the ground state angular
momentum also changes from O to 1. As a result, the ground state reveals an energy
oscillation with the magnetic field. This phenomenon-is-called Aharonov-Bohm oscillation.
This oscillation presents the experimental evidence of quantum interference.

In fact, the realistic QR has a width about R as plotted in Fig. 1.6(c). Hence, the electron
energy spectrum is modified and shown in Fig. 1.6(d) [14]. The energy oscillation becomes
less pronounced. Therefore, in order to clearly observe this Aharonov-Bohm oscillation, the
FWHM of the PL emission must be smaller than 1 meV. In other words, the magneto-PL

measurements performed on single QRs or single type-11 QDs is necessary.

11
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FIG. 1.6. (a) A ideal ring with the radius of R and infinitely narrow width and height. (b) The

energy spectra of the electron confined in the ideal ring. (¢) A QR with the rim radius of R. (d)

The energy spectra of the electron confined in the QR.
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1.3-3 Choices of gauge
In the calculation of the ground-state carrier wave functions, the orbital Zeeman term of
the Hamilton is usually neglected since their angular momentum should be zero. Therefore,

the magnetic shift of the ground state energy is only determined by the diamagnetic shift
e2B?(p?) . . . . ..
AE, = —m However, since p is the distance between the carrier and the origin, the

definition of the origin of the gauge play an important role on the results. As a result, we
choose the center of the carrier wave function, i.e. the expected value of the position of the
carrier, to be the origin. As shown in Fig. 1.7, for a QD, the origin is defined as the center of
the dot. For an asymmetric QR, the origin is moved to the higher side of the ring. Note that

the ground-state wave functionin an asymmetric QR is not azimuthally symmetric. Therefore,

the orbital Zeeman term H, = —?—j% must be taken into consideration.

In fact, when the orbital Zeeman term is considered, the results should become
independent on the choices of the gauge. This-is because the change.of the diamagnetic term
is cancelled out by-the change of orbital Zeeman term. \We compare the calculation results of
the QD for different'gauges as depicted in Fig. 1.8. In the figure, d represents the distance
between the origin of the gauge and the center of the dot. The magnetic shift gets larger as d
increases. This is because the calculation in this study is based on the finite element method.
The error of the calculation result gets larger when d increases. Besides, when the orbital
Zeeman term is not considered, the calculation result is plotted as the orange line in Fig.

1.8(b). The error is found to be considerably larger.
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FIG. 1.7. (a) The electron wave function at a zero magnetic field in a QD. (d) The electron
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wave function at a zero magnetic field in an asymmetric QR.
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1.4 Organization of This Dissertation

In this dissertation, we study the magneto-optical properties of several quantum
structures with ring-like carrier wave functions, such as the InAs/GaAs QRs, the GaSb/GaAs
QDs, and the GaAs/GaSb QDs. The experimental techniques used are described in chapter 2,
including MBE growth, material characterization methods, and magneto-photoluminescence
measurement techniques.

In chapter 3, the diamagnetic response of the ground-state neutral excitons and
biexcitons confined in single self-assembled QRs is investigated. The diamagnetic coefficient
of the biexcitons is considerably_ larger than that of the excitons. We found that the inherent
structural asymmetry and imperfection of the QR play.a crucial role in the distribution of X
and XX wave function. Our results-suggest that the phase coherence of neutral excitons, i.e.
the Aharonov-Bohm effect, in QRs is.smeared out due to the structural asymmetry.

In chapter 4, we report the magneto-photoluminescence measurement results on type-1l
self-assembled GaSh/GaAs quantum dots with the magnetic field applied in Faraday and
\oigt configurations.-When the magnetic field was in the Voigt configuration, an unusual red
shift in the emission peak accompanied with a rapid increase of the PL intensity was observed.
This anomalous red shift is attributed.to the reduction of the vertical e-h separation and the
resulting increase of the radiative e-h recombination rate in the magnetic fields applied in the
\oigt configuration.

In chapter 5, we study the magneto-optical properties of GaAs QDs in GaSb matrix. As
the size of the QDs is changed, an unusual correlation was found between the diamagnetic
coefficient and the emission energy. We attributed this phenomenon to the weak localization
of electrons within the small-sized QDs in the tensily-strained system.

In chapter 6, we model the magnetic response of the GaSh/GaAs QDs with AlGaAs
vertical confinement layers. Aharonov-Bohm oscillation is clearly observed in the calculation.

Finally, conclusions and a plan for future work are given in chapter 7.
16



Chapter 2

Experimental Techniques

In this chapter, the used experimental techniques in this study are briefly described. The
samples studied in this dissertation were all grown by the molecular beam epitaxy (MBE)
system. The structural properties of the semiconductor nanoscale objects in the samples were
characterized by the atomic force microscopy (AFM) or transmission electron microscopy
(TEM). The optical properties, the magnetic response, and the electronic structures were

investigated by the photoluminescence (PL), magneto-PL; and micro-PL (u-PL) techniques.

2.1 Molecular Beam Epitaxy

The molecular beam epitaxy (MBE) is a physical deposition-process in an ultra-high
vacuum (UHV) environment. The reactive molecules are able to directly strike the substrate
without any scattering because the mean free path of the molecules is‘longer than the distance
between the sources and the substrate. The deposition amountis therefore well controlled, and
the layer structures with precise thickness and abrupt interfaces can be achieved. The UHV
environment also minimizes the amount of the impurity and hence improves the epitaxy
quality. As a consequence, the MBE growth offers precise deposition amount and excellent

optical quality.

2.1-1 MBE system

The MBE system in our lab consists of two individual growth units: Varian and Veeco
Gen Il (solid-source based) system. Each system comprises three chambers: entry/exit
chamber, buffer chamber, and growth chamber as drawn in Fig 2.1. Two gate valves are used

to isolate these three chambers. In order to maintain UHV, all the pumping machines are oil
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free to reduce the contamination. A turbo-molecular pump cascaded by a scroll pump is used
for rough pumping. Besides, a cryo-pump, an ion-pump, and a titanium-sublimation pump
(TSP) are used in the growth chamber, an ion-pump and a TSP are used in the buffer chamber,
and a cryo-pump is used in the entry/exit chamber for UHV pumping. In addition, a
liquid-nitrogen-cooled cryo-panel is installed within the growth chamber to improve the

vacuum level during growth and eliminate the thermal cross-talk between different cells.

entry/exit
chamber
Cryo-pump
RHEED
gun | m—
sample holder :
) ion pump
& heated station trolley track
Cryo-pump
gatevalve
shutter —— heated .:I
& station
: ! ion pum
N N 1 i \
’/ trolley — transfer
assemble
effusion cells S &
~
heated I ~ :.]/
~
view port |:I: 7 4| :I]:
” :  —
” -
\ |

buffer chamber

RHEED residue gas
analyzer
LN, screen ly

cryo-panel growth chamber

FIG. 2.1. Drawing of the Veeco Gen Il MBE system in our lab.
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The Varian Gen-1l system is named as Lm-MBE and is used for arsenide-based I11-V
materials with high epitaxy quality. Eight effusion cells are equipped on the Lm growth
chamber. Two gallium (Ga) cells, one indium (In) cell and one aluminum (Al) cell are used
for group 111 sources. One arsenic (As) valved cracker cell and one arsenic Kunsden cell are
used for group V sources. Besides, one silicon (Si) cell and one beryllium (Be) cell are used
for n-type doping and p-type doping, respectively. The Veeco Gen-ll system is named as
Rn-MBE and provides the growth of antimony related I11-V materials. In addition to the
sources in Lm-MBE, one antimony (Sb) valve cracker cell for another group V source and

one tellurium (Te) cell for n-type doping in GaSh material are added in Rn-MBE.

2.1-2 In-situ analysis instruments

Two analysis instruments, the residue gas analyzer (RGA) and the reflection high-energy
electron diffraction (RHEED) monitor, are also equipped in each growth chamber. The RGA
is used to analyze the residue gas in the chamber for understanding the cleanness in the
chamber. The RGA also serves as a sensitive leakage detector by helium (He) gas leakage
detecting. The RHEED allows us to in-situ monitor the sample surface condition during the
epitaxy. The high energy electron beam with a-very small angle strikes the surface of the
sample, and the reflective beam builds "a ‘reconstruction structure on the screen. The
reconstruction structure represents the diffraction patterns and indicates the surface
morphology. For example, the clear streaky RHEED pattern indicates a clean oxide free
surface with excellent flatness as depicted in Fig 2.2 (a), and a spotty RHEED pattern
represents a 3-dimensional structure is formed, such as the quantum dots (QDs) as shown in

Fig. 2.2(b).
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FIG. 2.2. RHEED patterns of (a) GaAs epi-layer and (b) GaSb QDs on GaAs substrate.

2.1-3 Growth conditio
al material are determined
by the growth temperature : d th | E ati e V/1I1 BEP ratio is the
beam equivalent group 111 one. Generally,
the suitable grow or InAs, and 500 °C for
dot formation is 10~20

a %onide. To ensure the epitaxial quality and flatness of the
\""L‘muulﬂ esides, for 3-D quantum structures,

such as the InAs and GaSb self-assembled quantum dots (SAQDSs), the size, the composition,

GaSh. The typical V
for Ill-arsenic and 1~

epi-layers, the suitable gro

the strain distribution, and the sheet density of the QDs are highly dependent on these
parameters. In general, high growth temperature, low growth rate, and low V/IIl BEP ratio
enhance the mobility of deposited atoms on the sample surface, which increases the QD size
and reduces the QD density. The growth of the QDs with ultra-low dot density of < 1x10°

cm™ for single dot spectroscopy can be achieved on this growth condition.
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2.2 Structure Characterization

The geometry of the nanoscale objects is able to be analyzed by the atomic force
microscopy (AFM) and transmission electron microscopy (TEM) techniques. AFM is a fast
and non-destructive method for surface structure characterization due to the minimal sample
preparation. TEM is a powerful tool to observe the quantum structures embedded inside the
sample with extremely high resolution. Note that the dimension of the embedded structures is

somewhat different from that of the surface structures due to the strain from the capping layer.

2.2-1 Atomic force microscope

The AFM system mainly consists of a cantilever with a sharp tip on the end. The
cantilever is vibrated by a piezoelectric ceramic with the frequency close to its resonant
frequency. The van der Waals force between the AFM tip and the sample surface will dump
the oscillation of the cantilever. Since this force is sensitive to the distance between the AFM
tip and the sample surface, the surface topography can be detected by scanning the sample
and recording the oscillation amplitude.

The AFM is performed. for QDs (and QRs) by a Veeco D3100 commercial system in
tapping mode in our study. The QDs with the same growth condition as the embedded QDs is
grown on the sample surface for AFM measurement. The sheet density, geometry, size, and
the uniformity of the surface QDs can be obtained by the AFM. However, the size of the
surface QDs is expected to be different from the embedded QDs. For the common
compressively strained QD system, InAs QDs in GaAs matrix, the embedded QDs are
expected to be smaller than the surface QDs due to the compressive strain from the capping
layer. Besides, the AFM resolution is limited to around 2-10 nm by the AFM tip, which also

makes the AFM overestimate the size of the QDs.
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2.2-2 Transmission electron microscope

Unlike the AFM, the TEM technique needs complicated sample preparation procedure
which takes much time. However, TEM images directly represent the geometry of the
embedded quantum structures with high magnification. The resolution is determined by the
matter wavelength of the high energy electrons and is able to reach 1-2 A. The image
brightness is determined by the intensity of those electrons transmitted through the sample to
the detector. Dislocation, strain field, and heavy elements in the crystalline specimen cause
more electron scattering and lead to darker images in bright-field images. Therefore, the
variation of the strain, element mass, and the thickness leads to the contrast of the TEM
images.

In this study, the. TEM images-are taken by JEOL 2010F TEM system operated at 200
keV. The cross-sectional and plan-view specimens are prepared by mechanical polishing and
further thinning in‘a Gatan 691 ion mill along the [010] and [001] zone axis, respectively. The
thickness of the prepared samples should bea few tens to a few hundred nm to be transparent
for the electrons. The cross-sectional images reveal the geometric shapes of the QDs, and the

plan-view images are used to estimate the sheet density and the average diameter of the QDs.

2.3 Photoluminescence Spectroscopy

The photoluminescence (PL) spectroscopy is used to investigate the electronic band
structure and the crystal quality of our samples. Since all these 111-V semiconductor quantum
structures grown in our study are direct bandgap materials, the radiative recombination of
electron-hole pairs is efficient enough for PL measurement. The samples are excited by an
optical source with the photon energy hy larger than the bandgap of the barrier materials.
Electron-hole pairs (e-h pairs) are generated in the barriers. After a series of carrier
thermalization process (including diffusion, capture, and relaxation), the spontaneous

emission from the designed quantum structure occurs due to the radiative e-h recombination
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and is analyzed by a set of detection system (including a monochromator and an optical
detector).

In this study, three homemade PL systems are used for different aims. The conventional
PL is used for the preliminary characterization of a mass of samples. The micro-PL is able to
measure single QD or QR in magnetic fields up to 6 Tesla. The high-magnetic-field PL
supplies the magnetic field up to 14 Tesla for the magneto-optical study at high field. For each
system, the temperature of the measured samples can be cooled down to below 20 K in order

to enhance emission intensity and reduce the thermal noise.

2.3-1 Conventional photoluminescence setup

The conventional PL is-a-convenient tool to investigate the fundamental optical
properties of the semiconductor quantum structures, such. as the emission energy, the PL
intensity, the full width in half maximum (FWHM), the excitation power dependence, and the
temperature dependence.

For conventional PL measurement, a mass.of samples can be simultaneously mounted in
a helium close-cycled-cryostat, where the sample temperature can be controlled from 13K to
room temperature. As depicted in Fig.2.3, the excitation source for conventional PL is an
argon laser with wavelength of 514.5 nm. The luminescence of the sample is collected by a
couple of plano-convex lenses, dispersed by a 550 mm monochromator, and detected by a
thermal-electric cooled InGaAs (detection wavelength form 750 nm to 1750 nm) or an
wavelength extended InGaAsSb (from 1750 nm to 2600 nm) photodiode. Via modulating the
laser beams by a mechanical chopper, the emission signal is also modulated, and the lock-in
amplifier is used to enhance the signal with the same modulation frequency and greatly

improve the signal-to-noise ratio.
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FIG. 2.3. The conventional PL system setup.

2.3-2 Micro-photoluminescence setup

By a 100 times long-working-distance objective lens, the spot size of the excitation beam
can be focused down to only ~1.5 pum in this micro-PL system. The small spot size can
provide ultra-high excitation power density to observe the emissions of the high-lying excited
states in the QDs (or QRs). Besides, it allows the most important application, single QD
spectroscopy. Sharp emission peaks from the single 3-D confined quantum system (QD and
QR) can be observed in the single QD spectroscopy due to the delta-function-like density of

states. The PL line width of single dot is limited by the system resolution (~50 peV). By
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eliminating the nonhomogeneous broadening, the fine structure of a single QD can be clearly
distinguished and be further studied with magnetic fields applied parallel to the sample
growth direction.

For micro-PL measurement, few samples are simultaneously mounted in a helium flow
cryostat, where the sample temperature maintains at 10K. As depicted in Fig 2.4, the
excitation source is a He-Ne laser with wavelength of 633 nm, and the excitation beam is
focused by an objective lens. The luminescence of the sample is collimated by the same
objective, dispersed by a 750 mm monochromator, and detected by a silicon charged coupled
device camera (CCD) with the detection wavelength.from 400 nm to 1000 nm. This silicon
CCD contains 1024 x 256 pixels and is able to generate a spectrum without rotating the
grating. The lock-in techniqueis-unavailable for the CCD detection system.

In order to excite one QD only,.an aluminum metal shadow mask with arrays of 300 nm
diameter apertures is placed on the sample surface to isolate ather QDs. Moreover, a very low
dot areal density (about 1x10 — 1x10° cm™)-is also necessary to reduce the dot number inside
the aperture. Since this dot density is less than 1/10.of the usual density (about 1x10™ cm™),
the control of the growth condition (including the deposited‘amount of the dot material, the

growth temperature, and the growth rate).is very. eritical for the kind of QD formation.
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Fig. 2.4. The micro-PL system setup:
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2.3-3 High-magnetic-field photoluminescence setup

In atomic physics, the magnetic field is usually applied to observe and analyze the
splitting of the spectrum lines of atoms. The magnetic response reflects the orbital magnetic
quantum number, the spin magnetic quantum number, and the spatial distribution of the
excitonic wave function. Since the 0-D quantum dots and rings reveal the atom-like electronic
structures, the magneto-PL can be used to study the excitonic fine structure states and the
carrier wave function spatial extent of them.

For high-magnetic-field PL measurement, the sample is individually measured in an
Oxford variable temperature insert (VTI) system ‘with a base temperature about 1.4 K. A
superconducting magnet providesa tunable and uniform magnetic field of up to 14 Tesla. The
excitation source is. a 532--nm- Nd:yttrium aluminum garnet (YAG) laser or a
wavelength-tunable Ti-sapphire-laser-ranging from 700 te. 2000 nm. The latter is used for the
photoluminescence excitation (PLE) measurement. A fiber bundle is used to couple the

excitation source to excite the sample and collect the PL signal to the detection system.

Two designs of fiber bundles are shown as the'inset in Fig 2.5. The simple one, design A,
has a much larger laser spot size with diameter of around 4 mm and hence a much smaller
excitation density. With a 45° ‘/Au-plated mirror, the'magneto-PL can be performed in Voigt
configuration (the magnetic field is applied perpendicular to the growth direction) as shown in
the inset A-2. In order to improve the excitation power, another fiber bundle with a focusing
lens, design B, reduces the laser spot size to 0.5 mm. The 30" tilted incident laser beam also
minimizes the collection of laser beam to the detection system, which is important for the
PLE measurement. However, due to the complicated and fixed design, the magneto-PL

measurement in Voigt configuration is invalid for design B.
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FIG. 2.5. The high-magnetic-field PL system setup.
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Chapter 3
Impacts of Structural Asymmetry on the Magnetic Response of

Single Self-Assembled In(Ga)As Quantum Rings

In this chapter, the diamagnetic shifts of neutral excitons and biexcitons confined in single
self-assembled In(Ga)As/GaAs quantum rings are investigated. Unlike quantum dots,
guantum rings reveal a considerably large biexciton diamagnetic shift, about two times larger
than that of single excitons. Based on model calculations, we found that the inherent structural
asymmetry and imperfection, combined with the-inter-particle Coulomb interactions, is the
fundamental cause of the more extended biexciton-wave function in the quantum rings. The
exciton wave function tends to-be-localized "in one .of the potential valleys induced by
structural imperfections of the quantum ring due to_the strong localization of hole and the
electron-hole Coulomb attraction, resembling the behavior in single dots. Our results suggest
that the phase coherence of neutral excitons in _quantum rings will-be smeared out by such

wave function localizations.

3.1 Introduction

Charged particles confined to a nanoscopic quantum ring (QR) are expected to show
unique magnetic responses, i.e., the well-known Aharonov-Bohm (AB) effect, due to the
quantum interference of the carrier’s wave function in the ring-shaped geometry.
Experimental evidence of such a purely quantum mechanical effect has been observed in
metallic and semiconductor mesoscopic rings [23-26] and recently in nanoscopic QRS [27-29].
On the other hand, the exciton properties in ring-like nanostructures also gained a lot of
interest recently. Because an exciton is a charge-neutral composite, the AB effect is not

expected to occur unless the electron and hole can propagate coherently in different
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trajectories with a nonzero electric dipole moment [30]. Such a case appears naturally in
type-11 quantum dot (QD) systems [7, 8], where the electron and hole are spatially separated,
resembling the behavior of single charges. However, for nanoscopic rings, such as InGaAs
self-assembled QRs formed via partial capping of InAs QDs and subsequent annealing [13,
31], it is still an open question whether the excitonic AB effect can be observed when both the
electron and hole are confined in the rings. In fact, this issue is further complicated by the
inherent structural asymmetry and imperfections presented inevitably in self-assembled QRs.
Although it has been demonstrated both experimentally and theoretical that the phase
coherence of electron wave function in self-assembled. QRs could survive [29], the impacts of
inherent structural asymmetry and imperfection on the:magnetic response of neutral excitonic
species, such as excitons (X) and-biexcitons (XX) with the presence of Coulomb interactions,
have yet to be investigated.

In this work, we report the diamagnetic response of X and XX in single self-assembled
QRs. Unlike single QDs, the XX confined in single QRs shows a considerably larger
diamagnetic coefficient than the X..Guided by numerical model calculations, we found that
the inherent structural asymmetry and imperfection, combined with the inter-particle
Coulomb interactions, play.a crucial-role in the distribution of X and XX wave function in
self-assembled QRs. Our results suggest that the phase coherence of neutral excitons in QRS
will be smeared out by the wave function localization due to the structural asymmetry and

imperfections.
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3.2 Growth Condition

The InAs QRs were fabricated by Varian Gen-ll1 molecular beam epitaxy (MBE) on a
GaAs (001) substrate. Low density QDs were first grown by depositing two monolayers of
InAs at 520 °C under As; atmosphere as QR precursors. The growth rate for InAs QDs is as
low as 0.033um/hr to reduce the number of the dots. The substrate temperature was then
lowered to 500 °C. A thin GaAs layer of 1.7 nm was deposited to cover the QD sidewalls, and
a 50-sec growth interruption under As; flux was performed for a dewetting process which
expels the indium atoms from the center of the QDs to move outwards for the QR formation.
Finally, the GaAs barrier layer with I pm/hr growth rate was grown to complete the growth
process. Note that this high growth rate for GaAs:barrier was needed to minimize the
deformation of the morphology-of-the as grown structure. Figure 3.1 depicts the formation of

the QRs Further details can be found-in Ref. [13].
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FIG. 3.1. The schematic diagram of the QR formation.

3.3 Structural Characterization

Surface topography of uncapped QRs has been investigated by atomic force microscopy.
The area density of surface QRs is estimated to be about 1 x 10" cm™. As shown in Fig. 3.2,
the surface QR has a rim diameter of 35 nm, a height of ~1.3 nm and a center dip of about 2
nm. The realistic dimension of the embedded QRs is expected to be much smaller [32]. We

also found that the QR is anisotropic; the rim of the surface QR is higher along [1-10].
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FIG. 3.2. (a) and (b) The AFM image of the surface QR. (c) Topographical line scans along
the [110] and the [1-10] directions. (d) A schematic for the surface QR profile (solid line), the

precursor QD (dash line), and the indium-rich part of the embedded QR (gray part).
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3.4 Photoluminescence of QR Ensemble

The PL of QR ensemble was measured by a conventional PL system. The sample was
mounted in a helium close-cycled cryostat at the measurement temperature of 20K. The PL
was excited by a 514.5 nm argon laser, dispersed by a 550 mm monochromator and detected
by a thermal-electric cooled InGaAs photodiode. Further details are described in section 2.3-1.
The PL spectra of the QR ensemble and the precursor QD ensemble are plotted in Fig 3.3.
The emission energy of the QRs is found to be much higher than that of the precursor QDs
due to the reduction of the height and the intermixing between In and Ga atoms during
annealing. Besides, the FWHM of the ORs of 30 meV is smaller than that of the QDs of 42

meV. This is attributed to the better uniformity in the height of the rings after annealing.
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FIG. 3.3 PL spectra taken from the QR ensemble and from the QD ensemble.
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3.5 Single Ring Spectrum and Excitation Power Dependence

The single QR emissions were measured by a low-temperature micro-photoluminescence

(u-PL) setup combined with a 6 T superconducting magnet. The sample was mounted in a

helium flow cryostat at the measurement temperature of 10K. The PL was excited by a 633

nm He-Ne laser, dispersed by a 750 mm monochromator and detected by a silicon charge

coupled device (CCD) camera. An aluminum metal shadow mask with arrays of 300 nm

diameter apertures were used to isolate single QR emissions. Further details are described in

section 2.3-2. A comparison between the PL spectra for the QR ensemble and a single QR is

displayed in Fig. 3.4. The QR ensemble shows an emission peak at 1329 meV with a line

width of 26 meV due to size fluctuations. For the single QR, the spectrum is dominated by a

sharp emission line near 1320 meV-with a resolution limited line width of ~ 50 peV.

PL intensity ( arb. units )

' T T T
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T
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FIG. 3.4 PL spectra taken from the QR ensemble and from a representative single QR.
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Figure 3.5(a) shows the PL spectra taken from a representative single QR under different

excitation powers. Two ground-state emission lines associated with the recombination from

exciton (X) and biexciton (XX) states can be observed, which have been identified according

to linear and quadratic power dependence of intensity as shown in Fig. 3.5(b). The schematic

diagram of the recombination process of the X and XX emissions are depicted in Fig. 3.5(c).

The same measurement has been performed on a total of seven QRs. The emission energies of

X are in the range of 1320-1328 meV, while the biexciton binding energies (defined as

E, —E,y) are varying from 0.2 to 0.7 meV for different QRs.
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FIG. 3.5. (a) Power-dependent PL spectra of a single QR. (b) The integrated intensity of X

and XX lines as a function of the excitation power. (c) The recombination process of X and

XX emissions.



3.6 Level Splitting

We have investigated the exciton level splitting in those QRs. As shown in Fig. 3.6(a),
for X and XX emissions, the energy difference between the emission peaks measured using
horizontal and vertical linear-polarization filters are estimated to be smaller than 5 peV. This
is different from the case of the QDs, where a fine splitting of about 50ueV for the exciton
and the biexciton levels is clearly observed as shown in the Fig. 3.6(b). This exciton splitting
of QDs has been also reported in Ref. [33-36] and is attributed to the electron-hole exchange
interaction arising from the in-plane confinement potential anisotropy. Therefore, the
observed degeneracy of the exciton states in QRS suggests that the confinement potential of
QRs is much more isotropic than that of QDs. Since the self-assembled QRs have a geometric
azimuthal asymmetry [32], the more-isotropic confinement potential probably results from the
composition intermixing by the in-situ “annealing, which weakens the variation of the
confinement potential [36]. This characteristic. means InAs quantum rings are suitable for the
applications in quantum information which requires the emission of the entangled photon

pairs with undistinguished emission.energies.
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3.7 Magneto-photoluminescence

When an external magnetic field is applied along the growth direction, each of X and XX
lines splits into a cross circularly polarized doublet due to the spin Zeeman effect, as
presented in Fig. 3.7. Because the exciton state is the final state of the spin-singlet biexciton

state, both X and XX show an identical energy splitting of 131 ueV/T, corresponding t0 an
excitonic g-factor of | |=2.3, a reasonable value for the InAs nanostructures embedded in

GaAs matrix. The average energy of each Zeeman doublet shows a quadratic dependence
on B, i.e. the diamagnetic shift, which can be fitted to B2, where f is the diamagnetic
coefficient. The average diamagnetic coefficient of X for all the investigated QRs is fx= 6.8
ueV/T?. Interestingly, we found that the XX showsa considerably larger diamagnetic
coefficient with an average value of Byx= 14.8 ueV/T?, which is more than the double of the
Bx Vvalue. Table 3.1 presents the-exciton energy (Ex), the biexciton binding energy (Ex-Exx),
the diamagnetic coefficient of X (B,), the diamagnetic coefficient of XX (B,,), and the
excitonic g-factor (gex) of six single QRs.

The diamagnetic coefficient is proportional to the area of the excitonic wave function. Our
results suggest that the XX wave function is more extended than that of X in a QR. This is
different from the case of QDs [33, 34, 37, 38], where the diamagnetic response of XX is
usually similar to, or somewhat smaller than, that of X due to the different spatial extents of

the electron and hole wave functions and their responses to the applied B.
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QRI | QR2 | QR3 | QR4 | QRS | QR6
(A114) | (A144) | (A225) | (A245) | (A325) | (A634)

Ex(meV) 132557 1324.84 1327.65 1323.92 1325.85 1332.22
Ex-Exx(meV) -0.33 075 034 051 030 -025
Bx (neV/T2) 7.8 5.7 6.4 7.1 7.1 6.6
Bxx (neV/T?) 138 157 133 146 141 173

o -2.26 -2.43 -2.16 -2.11 -1.98 -2.53

Table 3.1. The exei -Exx), the diamagnetic

coefficient of X (B e excitonic g-factor (Qex)

of six single QRs.
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Here we argue that the more sensitive diamagnetic response of XX is a consequence of the
fact that self-assembled QRs do not have perfect azimuthal symmetry. It has been reported
that the structure of buried self-assembled QRs shows an asymmetric crater-like shape, with a
diameter substantially smaller than the ring-shaped islands on the surface of uncapped QR
structures. In addition, due to the preferential out diffusion of dot material along the [1-10]
direction, the embedded rim height is higher along the [110] direction, resulting in two
separate potential valleys along the [110] direction [39], resembling a pair of connected QDs.
The lack of rotational symmetry in the potential of embedded QRs is expected to have
significant impacts on the diamagnetic responses of X and XX. For a neutral X, the height
variation strongly localizes the hole inside one of the potential valleys due to the large
effective mass. Consequently,-the-electron will be bound to. the same valley by the
electron-hole Coulomb attraction.This ‘'means that the wave function extent of X is
determined mainly by the confinement of the potential valley and the Coulomb interaction.
Therefore, the diamagnetic response of X is-similar to an elliptic QD.

For a neutral XX confined in‘the QR, the two_holes may be separately localized in
different valleys due to the strong hole-hole Coulomb repulsion and the negligible coupling of
hole states between the two valleys.-Due to the-Coulomb attractions of the two separately
localized holes, the electron wave functions of XX are more likely to spread over the two
valleys and become more extended than that of X. Unlike X, the wave function extent XX is

determined mainly by the diameter of the embedded QRs.
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3.8 Simulation

In order to further attest our assertions, we performed calculations of the X and XX
states in our QRs based on structural information obtained from our AFM topography and the
proposed shape of embedded QRs reported in Ref. [32]. A one-band effective mass
Hamiltonian was used to calculate the single-particle states. The Coulomb interaction between
the electron and hole was then treated self-consistently. According to Ref. [32, 39], we model

the QR as a nanoscale crater with a rim radius of R=7 nm and an average rim height of

hy =2.5nm. The height of the crater is expected to be as a function of the radial coordinate

p.
(hw 2ho)-(1=(p R-Y 0 <R (3.1)
h(p)= PSR
(P)=ho+ [(p—R)/r0:|2+1
h(p)=hw+ hM_hoC ) p>R, (32)

[(p-R)/r. ] +1

where rp,=2nm rand [, =3.5nm. To simplify the calculations, the QR is modeled with an
azimuthal symmetric.geometry with an azimuthal asymmetric potential V,, (p,@) deduced
from the z-axis quantization energy variation arising from the ‘height anisotropy. The potential
is therefore simplified to MV, (p,9)=V,(p)cos2¢, where V,(p) is proportional to the
height anisotropy factor &, . Figure 8.8(b) and 3.8(c) depict the QR height profile and the
corresponding radial potential V() for the electron for an anisotropy factor of &, =0.15.
The corresponding maximum Vg is 19.5 meV and 9.8 meV at the rim for the electron and hole,
respectively. The band offset of conduction (valence) band is 300 meV (180 meV) from the
strained Ing;Gap3As/GaAs QDs [17]. The effective mass of electron (hole) is taken as 0.067
mo (0.5 my).

The calculated electron wave functions for the lowest energy states of X and XX are
plotted in Fig. 3.8(d) and 3.8(e), respectively. It can be seen that X is well confined in one

side of the QR with a less extended wave function. By contrast, the electron wave function of
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XX spreads over both sides of the QR. For the two equivalent potential valleys in a QR, it
may be expected that the exciton wave function is distributed symmetrically in both valleys.
However, the calculation reveals that the lowest energy state is the localized exciton in one
valley (i.e. either of the two) due to its stronger e-h Coulomb interaction. In other words, the
exciton Bohr radius (about 11 nm for InAs QR) is slightly smaller than the ring diameter,
which concentrates the exciton wave function into one side of the QR. The diamagnetic
response of X and XX can be further calculated by superimposing a magnetic confining
potential to the QR potential. By fitting the calculated energy shift to the quadratic energy
dependence SB? as depicted in Fig. 3.8(f), the diamagnetic coefficients of X and XX are
found to be By= 10.7 ueViT2and Byx= 23.0 ueV/T?, respectively. Although the model QR
shape may be different from the-actual shape of our QRS, our simulations demonstrate
unambiguously that the asymmietric potential indeed impacts the diamagnetic response of X

and XX, which agrees very well with our experimental finding.
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FIG. 3.8. (a) A schematic for the QR geometry with an anisotropy factor &, =0.15 used in

our model calculations. (b) and (c) are the height profile N(p) and the electron radial

potential V,(p) of the model QR. (d) and (e) are the calculated electron wave functions of
the lowest X and XX states. The dash circle represents the rim diameter of 14 nm. (f) The
emission energies of X and XX as a function of B. By and Bxx are found to be 10.7 ueV/T?

and 23.0 ueV/T? by fitting to E = SB2.
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3.9 Conclusion

In brief, the diamagnetic responses of excitons and biexcitons confined in single
self-assembled QRs have been investigated. Unlike single QDs, the biexciton confined in
single QRs shows a considerably larger diamagnetic coefficient than the exciton, implying the
more extended biexciton wave functions in the ring. The lack of perfect rotational symmetry
in the potential of embedded QRs due to the inherent structural asymmetry is the fundamental
cause of the more extended biexciton wave function. The strongly localized holes in potential
valleys of QRs leads to a localized exciton wave function due to the electron-hole Coulomb
attraction, while makes the biexciton wave function being able to spread over the ring due to
the hole-hole Coulomb repulsion: In other words, the.Coulomb interactions combined with
the reduced azimuthal symmetry-caused by inherent structural imperfection could destroy any
of the expected novel magnetic response that relies on the rotational symmetry of exciton and

biexciton wave functions confined in self-assembled QRs.
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Chapter 4
Anomalous Optical Magnetic Red Shift of Self-Assembled

GaSh/GaAs Quantum Dots

In this chapter, we report the magneto-photoluminescence measurement results on
type-11 self-assembled GaSbh/GaAs quantum dots with the magnetic field applied in Faraday
and Woigt configurations. The emission of the quantum dots exhibited a typical diamagnetic
blue shift when the magnetic field was applied.in.a Faraday configuration. However, when the
magnetic field was in the Moigt configuration, an unusual red shift in the emission peak
accompanied with a rapid increase of the PL-intensity was observed. Guided by numerical
calculations, the magnetic field-applied in the-Voigt configuration is found to provide an
additional vertical confinement to electrons and therefore substantially enhance the radiative
electron-hole recombination. The resulting decrease of the steady-state hole concentration
gives rise to the observed anomalous magnetic._red shift. Furthermore, the electron wave
function was found to be distributed above and below the QD,and the wave function was not
ring-like. This eliminates the -probability of the observation of the Aharonov-Bohm

oscillation.

4.1 Introduction

Type-Il self-assembled quantum dots (QDs), where the staggered band lineup spatially
separates the electrons and holes, have attracted considerable interests for the exhibition of
novel physical phenomena, such as optical Aharonov-Bohm effect in magnetic fields [7, 8,
21], and the potential application for carrier storage devices [18]. In the self-assembled GaSbh
QDs embedded in GaAs matrix, holes are strongly localized inside the QDs with a large

activation energy of about 450 meV [18], and the electrons are weakly bound in GaAs regions
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next to the GaSb QDs by the Coulomb attraction. The magneto-photoluminescence (PL)
measurements for this material system have been carried out in the past to investigate the
extent of the electron wave function. However, it was usually done in a Faraday configuration,
where only the lateral electron-hole (e-h) spatial separation was revealed [41-44]. Because of
the shape of the QDs, where the height is much smaller than the width, electrons are mostly
confined in GaAs regions above and below the QDs [21]. Therefore, the optical properties of
the excitons in these QDs have stronger dependence on the vertical e-h separation. This
separation, however, can only be studied with the magnetic field applied in the \oigt
configuration.

In this work, we compared the magneto-PL results of type-11 GaSb/GaAs QDs with the
magnetic field applied in both the-horizontal and the vertical directions. When the magnetic
field was applied in‘a Faraday configuration, the QD emission revealed a typical diamagnetic
blue shift along with a slightly decreased PL intensity. However, when the magnetic field was
in a Voigt configuration, an unusual red shift in the emission peak accompanied with a rapidly
increased intensity was observed. By means of numerical model calculations, this anomalous
optical magnetic respanse is.attributed to the reduction of the vertical e-h separation and the
resulting increase of the radiative e-h-recombination rate in the magnetic fields applied in the

\oigt configuration.

4.2 Growth Condition

The GaSb QD sample (Rn283) was fabricated on a GaAs (001) substrate by a Veeco
Gen-11 molecular beam epitaxy (MBE) system equipped with valve crackers of Sb, and As,
source. Nominal 3 monolayers (MLs) of GaSb were deposited at 500 °C to form
self-assembled QDs. The V/III flux ratio was about 5, and the growth rate was 0.2 ML/s. Here,
1 ML of GaSb means the number of GaSb molecules that is needed to form a continuous

GaSb layer pseudomorphically matched to GaAs. The GaSb QD layer was sandwiched
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between a 150 nm GaAs buffer layer and a 150 nm GaAs capping layer. After the growth of
the GaAs buffer layer, the As shutter was closed, the Sb shutter was opened, and the GaSb
film was immediately deposited. Following that, a 1 min interruption under Sb, flux was
performed. We used As, as the arsenic source instead of As; to avoid the intermixing between

Sb and As atoms during the growth process [45].

4.3 Structural Characterization

The surface topography of the uncapped QDs was measured by an atomic force
microscope (AFM) and is shown.in Fig. 4.1. The areal density of QDs was estimated to be
about 7 x 10° cm™ withthe average dot height of about 12'nm (+2 nm) and the base width
of about 55 nm (x8.nm). However, the realistic dimensions of the embedded QDs are

expected to be much:smaller due tothe overestimation of AFEM [46].

FIG. 4.1. AFM surface image of GaSb QD sample in 1 um square image area.
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4.4 Conventional PL and Excitation Power Dependence

Conventional PL and magneto-PL measurements were performed at 1.4 K with a 14
Tesla superconducting magnet. The sample was excited by Nd:yttrium aluminum garnet
(YAG) laser at 532 nm via an optical fiber. The laser spot size on the sample is around 0.4
cm?. The PL signal was collected by a fiber bundle, dispersed by a 320 mm monochromator,
and detected by an InGaAs photodiode.

Figure 4.2 presents the zero-field PL spectra for the GaSh/GaAs QD sample taken at
different pumping powers. The observed two prominent emission peaks are originated from
the WL with a peak energy around 1.28 eV and from the QD ensemble with a peak around 1.0
eV. When the excitation power increases, both the emission peaks reveal energy blue shifts in
proportion to the 1/3.power of excitation power density as seen in.the inset. This blue shift is
a signature of type-ll-structures-and-is attributed to the band bending, the capacitive Coulomb
charging, and the"excited state filling effects by the photoexcited holes as shown in Fig 4.3

[47, 48].
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FIG. 4.2 The zero-field PL spectra taken at different excitation powers. The inset depicts the

QD and the WL emission peak energies as a function of the 1/3 power of the excitation power

density.
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FIG. 4.3 The band lineups of the GaSb/GaAs QDs at different excitation powers. The higher
excitation power induces more photoexcited holes and the resulting increase of the exciton

energies.

51



4.5 Magneto-PL Measurements in a Faraday Configuration

The PL spectra have been measured with the magnetic field applied along the growth
direction (in a Faraday configuration). Figure 4.4 displays the emission peak energy shifts of
the QDs and the WL as a function of the magnetic field. At low fields, both QD and WL
emissions reveal a typical diamagnetic blue shift, which has a quadratic dependence on the
magnetic field. The diamagnetic coefficients of the WL emission measured at different
excitation powers are almost the same and are about two times those of the QD emission. The
much smaller diamagnetic coefficients of the QDs are associated to the increase of the
effective mass of the electrons near the QDs due to the strained GaAs lattice by the GaSb QDs
[40, 49]. At higher excitation power densities, the:GaSh QDs show a somewhat larger
diamagnetic shift. Similar results-were also observed in Ref. 4.7. Besides, as shown in the
inset, the integrated PL intensity of the WL increases with the magnetic field due to the
additional magnetic confinement to the electrons and the holes. However, the intensity of the
QD emission decreases with the field. The cause could be that the magnetic confinement also
suppresses the hole_relaxation from-the WL to.the QDs as shown.in Fig. 4.5, and hence the

carrier concentration in the QDs decreases with the magnetic field:
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FIG. 4.4 The peak energy shifts of the GaSb-QDs and the WL as a function of the magnetic
field at different excitation powers in a Faraday configuration. The arrow indicates the low
field region where the energy shift has a quadratic dependence on the magnetic field. The
inset reveals the integrated PL intensity normalized to that at a zero field of the GaSh QDs

and the WL versus the magnetic field.
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FIG. 4.5 The schematic diagram of carrier relaxation mechanism in.GaSb QDs. The magnetic

confinement to holes.is expected to suppress the hole relaxation from WL to QDs.

4.6 Magneto-PL Measurements in a Voigt Configuration

Figure 4.6 presents the PL spectra of the GaSb QDs measured at a laser pumping power
density of 20 mWcem™ in various magnetic fields applied along the in-plane direction (Voigt
configuration). An unusual PL red shift accompanied with a rapidly increased intensity is
clearly seen. The peak energy shifts of the QDs and the WL measured at different pumping
powers are plotted against the magnetic field in Fig. 4.7. Very different behaviors were
observed between the energy shifts from the QDs and the WL. The QD luminescence exhibits
a rapid red shift at low magnetic fields followed by a slow blue shift. The slow blue shift

indicates that the diamagnetic increase of the PL energy overcomes this red shift effect at high
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magnetic fields. On the other hand, the observed red shift of the WL is much smaller. This is
due to a larger diamagnetic effect caused by a smaller exciton effective mass in the WL. This
red shift effect gets stronger at lower pumping powers for both the QD and WL emissions. At
the lowest power density of 10 mWcm™, the maximum of the energy red shift of the QD
emission is found to be about -6.5 meV at a magnetic field of 7 Tesla. We marked this value
with an arrow in Fig. 4.7 to be the upper limit of this red shift effect. The anomalous effect
seems to have an onset point at low magnetic fields. Figure 4.8(a) shows the low field peak
energy at different pumping powers. The onset of the red shift appears to be at 1 Tesla and is
independent of the pumping power.

Figure 4.8(b) depicts‘the integrated intensity normalized to that at a zero field of the QD
and the WL emissions. The intensities of both emissions increase rapidly at low magnetic
fields and slow down at high fields. The intensity increase of the WL PL is larger than that of
the QD PL, probably due to the same reason as that in the Faraday configuration, i.e. the
suppression of the hole relaxation from the WL to the QDs by the magnetic field. Similar to
the PL red shift effect, this intensity enhancement is stronger at lower pumping powers for
both the QD and WL PL. For QDs, the onset point and the upper limit of the rapid intensity
increase are estimated to be'1 Tesla and.7 Tesla.respectively and marked with arrows in Fig.
4.8(b). Obviously, there is a correlation between the anomalous energy red shift and the

intensity enhancement in the presence of a magnetic field applied in the Voigt configuration.
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FIG. 4.6 The PL spectra of the GaSb QDs in magnetic fields.
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20, 40, 100, and 200 mWcm™. The arrows indicate the onset point and the upper limits of the
energy red shift.
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The integrated PL intensity normalized to that at a zero field of the GaSb QDs and the WL
versus the magnetic field. The arrows indicate the onset point and the upper limits of the

energy red shift and the rapid intensity increase effects.
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4.7 Simulation

In order to interpret the different magneto-optical responses observed in the GaSh QDs
in the Faraday and Voigt configurations, a theoretical analysis considering the electron-hole
Coulomb interaction in the presence of a magnetic field was carried out. A disk-shaped QD
with a layer of WL in a GaAs matrix was used in the calculation. The dot width was 40 nm,
the dot height was 8 nm, and the thickness of the WL was 1 nm. The composition of the dot
was assumed as GaAsy 3Sho 7 to account for the partial intermixing of As and Sb atoms during
growth [50]. The electron effective mass in the GaAs matrix was taken as 0.12 my owing to
the strain-induced enhancement [49]. Other parameters.used in the calculation were taken
from Ref. [16]. The magnetic response was calculated by superimposing a magnetic confining

potential to the Hamiltonian. This-confining potential energy canbe written as

e?Rgp*B?
8me'h

Ve(en) = (4.1)

where R is the projection of R onto the plane perpendicular to the magnetic field.

The calculated ground-state electron and hole wave functions at a zero magnetic field are
illustrated in Fig. 4.9. Holes are found to be localized inside the QD, and electrons are weakly
confined in GaAs regions above and below the QD by Coulomb attraction. When the
magnetic field is applied, the electron wave function is strongly altered due to the large Vg,
arising from the small effective mass and the large wave function extent. The magnetic force
acted on the electrons, which is the derivative of Vg, is marked in Fig. 4.9. It is found that
the magnetic field applied in a Voigt configuration can provide a vertical magnetic

confinement to the electrons and hence pushes them to the localized holes.
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FIG. 4.9. The calculated electron and hole wave functions at zero magnetic field. The QD and
the WL are placed in the center of the matrix to simplify the calculation. The green and blue

arrows indicate the direction of the magnetic force acted on electrons.
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The vertical e-h spatial separation is calculated as m (since the hole is localized in
the center of the dot, the origin) and is plotted versus the magnetic field in Fig. 4.10(a). Ny, is
the hole occupancy of the dot, which determines the magnitude of the Coulomb potential to
electrons. At a zero field, the increase of the holes leads to the stronger Coulomb attraction
and the resulting decrease of the e-h separation. As the magnetic field is applied in a Voigt
configuration, the electron is pushed to the holes by the vertical magnetic confinement, and
the vertical e-h separation is hence dramatically reduced. Note that the separation for different
N, is almost the same at the high field of 14 Tesla. This is because the confinement from the
magnetic potential for the electrons in high fields.is much stronger than that from the
Coulomb potential. However, in the Faraday configuration, the reduction of the e-h separation
is much weaker.

Figure 4.10(b) presents the exciton binding energy against the magnetic field. The
exciton energy is the Coulomb energy between an electron and a hole. However, the binding
energy change of the exciton in a Voigt configuration. is smaller than 2 meV even at 14 Tesla.
Moreover, the difference between the binding energy in a Faraday configuration and that in a
\oigt configuration is.smaller than 1.2 meV at 14 Tesla. The increase of the binding energy in
the magnetic field is much smaller than.the observed red shift of -6.5 meV in the experimental
finding.

The reduction of the e-h separation is expected to enhance the oscillator strength of the
radiative e-h recombination, which is proportional to the square of the wave function overlap
between electrons and holes. Figure 4.10(c) presents the oscillator strength normalized to that
at a zero field as a function of the magnetic field. As the magnetic field is applied in a Faraday
configuration, the oscillator strength is found to be slightly increased. On the other hand, as
the magnetic field applied in a Voigt configuration is larger than 1 Tesla, the oscillator
strength gets considerably enhanced. Now, we turn to the explanation of this anomalous

magnetic red shift. The power-dependent PL spectra indicate that the exciton energy has a
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strong dependence on the hole concentration. Since the magnetic field applied in the Voigt
configuration enhances the radiative e-h recombination, the holes are depleted by the optical
transition and the steady-state hole concentration is therefore decreased. The resulting
decrease of the exciton energy of the QDs gives rise to the observed magnetic PL red shift.
The calculated Coulomb charging energy for ground-state holes is about 9.3 meV (which is of
the same order of the experimental data for the GaSh QDs grown by metal-organic chemical
vapor deposition (MOCVD) of 13 meV [18]). Therefore, when the average hole number per
dot is decreased by about 0.7, the average exciton energy will red shift by 6.5 meV, which is
the maximum of the observed ‘red shift. Besides, the calculated oscillator strength
enhancement is much stronger for smaller N, . This is.because the higher hole occupancy of
the QDs strengthens. the ‘Coulomb- interaction and therefore weakens the effect of the
additional magnetic. confinement_to electrons. The simulation results agree with the
experimental finding shown in the Fig. 4.7 and 4.8(b), where the energy red shift and the PL

intensity enhancement get stronger at lower pumping power.
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4.8 Comparison with type-1 InAs QDs

The magneto-photoluminescence measurement in the Voigt configuration has been also
performed on type-1 InAs QDs, where both the electrons and the holes are confined inside the
dots. We compared the emission peak energy shifts of the type-11 GaSb QDs and the type-I
InAs QDs in magnetic fields measured at the pumping power of 10 mWcm™ as plotted in Fig
4.11(a). It is clearly seen that the InAs QDs show a typical diamagnetic shift. Besides, the
integrated intensities normalized to that at a zero field of the GaSb QDs and the InAs QDs are
depicted as a function of the field in Fig 4.11(b). The intensity of the InAs QDs is found to be
almost constant with the magnetic field. These results are due to the strong confinement for
the electrons from the conduction band offset in the InAs QDs, and hence the electron wave
function is insensitive to the additional magnetic confinement. As a result, only the type-1I
QDs exhibit the anomalous red shift and the strong intensity enhancement in the \oigt

configuration.
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4.9 Conclusion

In summary, we have studied the magneto-optical responses of type-Il self-assembled
GaSh/GaAs QDs in both Faraday and \oigt configurations. When the magnetic field is
applied in a Faraday configuration, a typical diamagnetic response is observed. However,
when the field is in a Voigt configuration, the QDs exhibit an anomalous magnetic red shift
(with a maximum of the red-shift of -6.5 meV) together with a rapid increase of the PL
intensity. Besides, both the red shift and the intensity enhancement are stronger at lower
excitation power. Based on simulation results, the magnetic field in the Voigt configuration is
found to provide an additional vertical confinement and push the weakly-bound electrons to
the localized holes. The ‘decrease of the e-h spatial. separation leads to the considerable
increase of the radiative e-h recombination rate. The resulting decrease of the steady-state
hole concentration“in the QDs gives rise to the decrease of the exciton energy and the
observed anomalous magnetic red shift. Besides, the simulation results also indicate that a
higher hole occupancy in the dots induces a stronger Coulomb interaction and therefore
weakens the effect of the additional magnetic. confinement, which explains the
power-dependence ofthis. anomalous red shift. Finally, since the electron wave function is
distributed above and below the QD,. the electron wave function is not ring-like. This

eliminates the probability of the observation of the Aharonov-Bohm oscillation.
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Chapter 5
Delocalization of Tensily-Strained GaAs Quantum Dots in GaSh

Matrix

In this chapter, we report the fabrication and optical properties of type-1l tensily-strained
GaAs self-assembled quantum dots grown on GaSb substrate by molecular beam epitaxy. By
depositing different GaAs amount, the dot sizes and the corresponding emission energies were
varied. The magneto-optical response of the quantum dots with different sizes is investigated
in magnetic fields up to 14 T. We analyzed the carrier wave function extent of different dots
using the diamagnetic shift results. It was found that, with the increase of the energy (the
reduction of the dot size), the diamagnetic coefficient first rises quickly and then saturates at
around 21 peV/T2. Based on a simple calculation model, thisunusual tendency is attributed to
that the electrons gradually spill out of the quantum dot to the wetting layer as the dots get
smaller. This delocalization effect is enhanced. in this material system due to the tensile strain
relaxation within the dots, which raises the conduction band edge over that in the wetting

layer.

5.1 Introduction

Type-Il self-assembled quantum dots (SAQDs) have attracted considerable interest for
the application of carrier storage [18], spin storage device [19], and the exhibition of optical
Aharonov-Bohm effect in magnetic fields [7, 8] owing to the spatial separation between the
electrons and holes. To date, most SAQD structures are fabricated by the natural compressive
strain due to the lattice mismatch between different materials, such as InAs/GaAs,
GaSh/GaAs, and InP/InGaP QDs. Recently, the tensily-strained GaAs/GaSb type-II

heterostructure with GaAs dots in GaSbh matrix has been reported. Since the lattice constant of

67



the GaAs material is smaller than that of GaSb with 7.3% lattice mismatch, the QD formation
is driven by the natural tensile strain. The mid-infrared optical response of the type-II
transition is able to be extended to a longer wavelength because of the band gap shrinkage
induced by tensile strain [51].

In this work, we studied the magneto-optical properties of GaAs QDs in GaSb matrix.
Because of the type-1l band alignment, electrons are localized in GaAs QDs while holes are
confined to the GaSb region next to GaAs by the Coulomb interaction. As the size of the QDs
is changed, an unusual correlation was found between the diamagnetic coefficient and the
emission energy. We attributed this'phenomenon to the weak localization of electrons within
the small-sized QDs in the tensily-strained system. A'theoretical model was proposed and the

calculated results agree very well-with the experimental findings.

5.2 Growth Condition

The GaAs QDs were grown on n+ GaSb (001) substrates by a Veeco Gen-I11 molecular
beam epitaxy (MBE) system with wvalve cracker sources of Shy and As, molecules. Three
samples with different amount of deposited GaAs for QD formation were prepared. They
were: (1) sample A with 2.0'-monolayers (ML) of GaAs, (2) sample B with 2.3 MLs of GaAs,
and (3) sample C with 2.5 ML of GaAs. The growth temperature was 500 °C, the V/Il1I beam
equivalent pressure (BEP) ratio for GaAs was 3, and the growth rate was 0.1 ML/s. Note that
the growth rate of 0.1 ML/s was taken from that of 0.086 ML/s for GaAs homoepitaxial
growth calibrated using RHEED oscillation since the lattice constant of the GaSb substrate is
larger than that of the homoepitaxial GaAs substrate used for growth rate calibration. To
improve the GaAs QD uniformity, the migration enhanced epitaxy (MEE) technique was used
for the QD growth. A 2 seconds growth interruption was used after every 0.5 ML of GaAs
was deposited. The GaAs QD layer was embedded in a 100 nm GaSh matrix, which was

sandwiched with two 20 nm Alg3Gag 7Sh barriers. These barriers were used to confine carriers
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and thus improve the PL intensity. Another GaAs QD layer with the same growth condition is
grown on the surface of the sample for atomic force microscopy studies.

Other two samples with different /111 BEP ratio are also prepared to study the influence
of the As BEP flux on the GaAs QD formation. They are sample D with V/I1l BEP ratio of 1.5

and sample E with /11l BEP ratio of 7 as shown in table 5.1.

15 nm GaSb

20 nm AlGaSh

50 nm GaSb

50 nm GaSb

20 nm AlGaSb

Te-doped (001)
GaSb substrate

4“‘...._

FIG. 5.1. The sample structure of the GaAs/GaSb QDs in our study.
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Sample deposition amount V/111 BEP ratio Growth rate (ML/s)

(ML5s)
A 2 3 0.1
B 2.3 3 0.1
C 2.5 3 0.1
D 2 1.5 0.1
E 2.5 7 0.1

Table 5.1 Growth condition of the GaAs layer on GaSh matrix

5.3 Structural Characterization

The atomic force microscope (AFM) is performed for the surface QDs by a Veeco
D3100 commercial-system in tapping mode. As shown in Fig. 5.2, sample A, B, and C show
similar surface topology with a large number of small islands. However, the size of these
islands is too small'to clearly observe their dimension due to the limitation of the resolution of
AFM. Besides, the strong intermixing between As and Sb atoms is expected to change the
morphology of the GaAs/GaSh<QDs, especially for the surface QDs since there is no
capping layer on the surface QD layer after QD growth to inhibit the movement of the
adatoms. Therefore, geometry and' the dimension of the embedded GaAs QDs are
characterized using transmission electron microscope.

In Fig. 5.2 (d), the AFM image of sample D with low V/III BEP ratio of 1.5 reveals no
GaAs QD formation. The insufficient As beam flux leads to the incompletion of the GaAs
deposition. In Fig. 5.2 (e), the AFM image of sample E with high V/I1I BEP ratio of 7 shows
several sub-micrometer scaled voids. The width of the voids is around 250 nm and the depth
is around 15 nm. These voids result from the arsenic-induced etching on the GaSb surface
during the GaAs growth [52] and the optical property of the QDs in this sample is hence

significantly decreased.
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FIG. 5.2. AFM surface images of (a) sample A, (b) sample B, (c) sample C, (d) sample D, and

(e) sample E with 1/4 pm square image area.
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The embedded GaAs QDs were characterized by a transmission electron microscope
(JEOL 2010F TEM) operated at 200 keV. The TEM specimens were prepared using
cross-section and plan-view thinning in a Gatan 691 ion mill. The TEM samples were
taken from sample A. The cross-sectional and plan-view images are presented in Fig. 5.3(a-b)
and 1(c), respectively. The dark areas arising from strain contrast revealed small-sized QDs.
From the images, the QDs were estimated to have an aspect ratio of 2.5:1 (width of 9 nm and
height of 3.6 nm) and the areal density of 3x10™ cm™. The size distribution was shown in the
inset of Fig. 5.3(c). The average base width of the dots was 6.7 nm, which is smaller than that
of the conventional compressively-strained QDs [53,.54]. Because of the small dot size, the

confined electron states were expected to be close to that of the wetting layer (WL).
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FIG. 5.3. Cross-section (a) TEM and (b) HRTEM images of GaAs QDs in GaSh matrix along
the [010]casp zOne axis. We estimated the average width of QDs as 6.7 nm from (c) the
plan-view image taken along [001]casp axis. The inset shows the distribution of the QD

diameter.

73



5.4 Conventional Photoluminescence and Excitation Power Dependence

Photoluminescence (PL) measurement was performed at 1.4 K in high magnetic fields
up to 14 Tesla in a Faraday configuration. The excitation source was a 532 nm Nd:Yag laser
coupled through an optical fiber with a focusing lens. The PL signal was collected with a fiber
bundle, dispersed by a 500 mm monochromator, and detected by a wavelength-extended
InGaAsSb detector. Further details are described in section 2.3-3 (design B).

Figure 5.4 shows the PL spectra of our samples along with that of the GaSbh substrate
taken as a reference. A broad emission centered at 0.73 eV is seen for all samples (even for
the reference sample, the red dotted line). Since this emission energy is below the GaSb band
gap of 0.812 eV, it is hence attributed to the impurities or defects within the GaSb substrate.
Sample D and sample E shows-only the GaSb substrate emission, which implies the poor
optical properties of GaAs QDs inthe two samples due to the inappropriate /111 BEP ratio.

The low energy emissions labeled as Al, B1, and C1 are from the central area of these
samples and are attributed to the' GaAs QDs. The lowest PL peak energy of 0.564 eV (~2.2
um) is from the largest QDs of sample C1 as a result of the largest amount of deposited GaAs.
The PL intensity of C1'is almost half that of Al due to the more separated electrons and holes
for larger type-1l dots. Note that the full width at-half'maximum (FWHM) is 33 meV here,
which is smaller than that in Ref. [51] of around 50 meV. The small FWHM indicates that a
more uniform QD size distribution, especially in height, is achieved probably by the MEE
method.

The dashed lines (labeled as A2 and C2) show the PL from the samples’ edge, where the
growth temperature is about 20 °C lower than that of the central area. The QDs formed in the
edge are therefore expected to be smaller. These emission peaks have the asymmetric shape
with a low energy band tail, which may be attributed to the QDs with less uniform size
distribution due to lower growth temperature. However, in the next section, the magneto-PL

measurement which probes the in-plane spatial extent of the carrier wave function reveals that
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the electron wave function in these two samples spills out of the GaAs QDs to the WLs. The

energy tail has also been found in other Sb-contained or N-contained quantum wells (QWSs)

and WLs [55-59], and is attributed to the localized states from alloy composition fluctuation,

well thickness irregularity, and other crystal imperfections [55, 60].
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FIG. 5.4. PL spectra of the three samples and the GaSb substrate. The solid lines, Al, B1, and

C1, are from the central area of these samples. The dashed lines, A2 and C2, are from the

samples’ edge.
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FIG. 5.5. Schematic figure showing free excitons emission ((FE)PL) occurring at Eg-Ex and
the band-tail localized excitons emission ((LE)PL) at an energy Eg-Ex- ¢ . The excitonic

density of states (DOS) is also presented.[60].

As the excitation power increases, all the emission peaks exhibit energy blue shifts,
except that from the GaSb substrate. A.representative series of power-dependent PL spectra
from sample Al are illustrated in Fig. 5.6. The blue shift is in proportional to the 1/3 power of
excitation power as seen in the inset, which is a clear signature of type-Il heterostructure. The
spatial separation between electrons and holes in the GaAs/GaSh heterostructures leads to the
long carrier recombination time and hence the dramatically increased carrier density with the
excitation power. The accumulated electrons confined inside the QDs or WLs fill the electron
high energy states and induce a triangular potential well in the GaSb next to GaAs and hence
raise the energies of holes. These so-called state filling and band bending effects give rise to

the energy blue shifts [47, 61].
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FIG. 5.6. Representative power-dependent PL spectra from Al. The excitation power density
is varied from 4W/cm2 to 80W/cm2. The inset shows the emission peak energy of GaAs QDs

plotted against the cubic root of the excitation power density.
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5.5 Magneto-photoluminescence

The PL spectra of GaAs QDs have been measured as a function of the magnetic field in a
Faraday configuration; those from Al and C1 are shown in Fig. 5.7. The PL intensity is
enhanced with the magnetic field (by about 40% at 14 Tesla) due to the additional
confinement of carriers from the magnetic field. The blue shift of energy peak, the
diamagnetic shift, has a quadratic dependence on the magnetic field. The diamagnetic shift

can be well described by the following simple equation when the field is relatively low:

_& e B €y B (5.1)
8m 8m,

AE = fB?

where B is the diamagnetic coefficient, pe (pn) IS the radius of the electron (hole) wave
function projected on.the plane-perpendicular to the magnetic field, m. (my) is the electron
(hole) effective mass: The diamagnetic coefficient of the larger QDs from C1 is 7.6 peV/T?
Interestingly, the smaller QDs from Al show a considerably larger diamagnetic coefficient of
17.3 peV/T?, which is more than double that of the larger QDs. This result suggests that the
carrier wave function of the smaller QDs is more extended than that of the larger QDs. This
behavior is unexpected for .regular sized QDs because the wave functions are generally
restricted to a smaller area.when the-dots _get smaller[62]. It should be mentioned that the
excitation power is kept very low at 1 W/em? for the magneto-PL study to reduce the state

filling and band bending effects.
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FIG. 5.7. The magneto-PL spectra from (a) Al and (b) C1. The emission peak energy is fitted

to the square of the magnetic field for (c) Al and (d) C1.
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We have performed the measurements on various locations of the three samples to study
the dependence of the diamagnetic coefficient as a function of the emission energy. The result
is plotted in Fig. 5.8. The solid symbols represent the emission peaks with symmetric shapes
which are assigned as QD optical transitions. On the other hand, the open symbols represent
the asymmetric emissions with low energy band tails. The diamagnetic coefficient first
increases quickly with the emission energy for the QD emissions and then saturates around 21
ueV/T? for those asymmetric emissions. This saturated stable diamagnetic coefficient
indicates that the in-plane spatial extent of the carrier wave function is almost independent of
the confinement potential. We therefore convincingly attribute those asymmetric emissions as
WL-related emissions. The diamagnetic shift of WL in a Faraday configuration depends on
the electron-hole separation..-For-type-l QWs with. infinite barriers, the electron-hole
separation decreases: as the well thickness is reduced due to the enhancement of their
Coulomb interaction [63]. However, the spatially separated electron-hole pair of type-II
structure causes the lateral separation less sensitive to the well thickness.

Now we turn to the QD emissions. We attribute the increase of the diamagnetic shift
with emission energy to two. specific properties of the GaAs/GaSb QDs: the tensily-strained
system and the small QD .dimension.. Unlike the"common compressively-strained system,
where the partial strain-relaxation and the larger height (compared with WL) make the QD
energy much lower than that of the WLs, the tensile-strain-relaxation within the GaAs/GaSb
QDs substantially raises the band gap energy and compensates the effect of the larger height
of the QD. The electron ground state of the QDs hence gets close to or even goes beyond that
of the WL, which is fully strained, as the QDs get smaller. As a consequence, the electrons
spread out of the QD to the WL, therefore causing an increased diamagnetic coefficient,

which eventually saturates at that of the WL.
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FIG. 5.8. The diamagnetic coefficient against the emission energy of sample A (black squares),
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here as the red solid line.
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5.6 Simulation

We have calculated the electron wave functions using one-band effective mass
Hamiltonian. The diameter of the lens-shaped QDs with an aspect ratio of 2.5:1 is varied from
4 nm to 28 nm. A WL of 1 nm thickness is placed below the QD. The composition of the QD,
the WL, and the matrix is taken as GaAsy gSho.2, GaAsy.45Shgss, and GaAsy1Shy g to account
for partial intermixing of As and Sh atoms during growth [50]. The parameters used in the
calculation are taken from ref. [16], and the calculated conduction and valence band edges of
the GaAsSb material pseudomorphically grown on GaSb substrate with and without strain
effect are shown in Fig. 5.9. Obviously, the tensile strain considerably reduces the band gap

and hence extends the emission wavelength.

Energy (eV)
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FIG. 5.9. Band edges of GaAsxSb(1.x) material pseudomorphically grown on GaSb substrate.

82



Besides, the WL and the pseudomorphically grown matrix are taken to be fully-strained
matching the lattice constant of GaSb [51], but the QD is assumed to be 25% strain relaxed.
The band diagram of a QD and the adjacent WL under full strain (dotted line) and with the
partially relaxed strain in the QD for light-hole state (solid line) and the heavy-hole state
(dashed line) is illustrated in Fig. 5.10. Due to the small dot size and large conduction band
offset (480 meV), the electrons are confined inside the dot at a high quantization energy. The
effective mass is therefore taken as high as 0.08 mg owing to the conduction band

nonparabolicity [64]. The diamagnetic response can be further calculated by superimposing a
magnetic confining potential to'the Hamiltonian ‘and then fitted to AE = AB* to find the

electron-contributed diamagnetic coefficient.

FIG. 5.10. The band diagram of a QD and the adjacent WL under full strain (dotted line) and
with the 20% relaxed strain in the QD for the light-hole state (solid line) and for heavy-hole

one (dashed line).
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Holes are confined to the Ga(As)Sb region near the QD in this type-Il system due to the
Coulomb attraction to electrons. However, the complicated strain distribution near the QD
(with compressive strain in the vicinity of the dot and tensile strain elsewhere) is expected to
distort the potential profile for holes and mix the light hole and heavy hole states. To simplify
the calculation, we assume that the hole wave function has the same radius as that of the
electron wave function, and the hole effective mass is taken to be 0.23 mg, which is the
average of the heavy hole and light hole effective mass of GaSb. Consequently, the
hole-contributed diamagnetic coefficient is about 1/3 of the electron-contributed one.

The calculated transition energy and the corresponding diamagnetic coefficient are
plotted in Fig. 5.11(a) against the diameter of the QD.-When the diameter of the QD is larger
than 11.5 nm, the diamagnetic-coefficient increases with the QD diameter as expected for
regular sized QDs.'However, asthe QD diameter gets smaller than 11.5 nm, the wave function
starts to spread into the WL, the transition energy is approaching to the WL emission energy,
and the corresponding diamagnetic response is significantly enhanced. Since the GaAs QDs in
GaSb matrix are usually very small [51] and all the dots used in this work are smaller than 11
nm, the rising trend of the diamagnetic coefficient iIs observed as the QDs get smaller. To
compare with the experimental data, the calculated diamagnetic coefficient is plotted (for the
small dots) as a function of the transition energy as the red solid lines in Fig. 5.8 and 5.11(b).
It agrees very well with the experimental data until the rising diamagnetic coefficient exceeds
that of the WL at 21 peV/T? the orange dashed line. In this situation, the electron-hole
Coulomb interaction starts to play an important role, and this simplified model becomes
invalid. In Fig. 5.11(b), by defining the QD and WL region as the inset, we calculate the
fraction of the electron localized in the QD and plot it as the green line. In the calculation, the
electron wave function dramatically spreads out of the QD to the WL as the diamagnetic

coefficient gets larger than 21 peV/T?, the experimental value of the WL.
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FIG. 5.11. (a) The calculated transition energy and the corresponding diamagnetic coefficient
with the diameter of the QD. (b) The diamagnetic coefficient and the fraction of the electron
localized in the QD region against the transition energy. The regions of QD and WL are

defined as illustrated in the inset.
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5.7 Conclusion

In summary, type-11 tensily-strained GaAs QDs in GaSb with mid-IR emission up to 2.2
um were grown by MBE and studied by magneto-PL for the first time. By comparing several
samples with different GaAs deposition amount, the diamagnetic coefficient was found to rise
quickly from 7.6 peV/T? to a saturated value of around 21 peV/T? with the emission energy.
This unusual behavior is due to the spreading of the electron wave function from the QD to
the WL as the dots get smaller. A theoretical calculation of the diamagnetic shift in this type-11
QD system considering the strain effect is performed and the results agree with the

experimental finding.
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Chapter 6
Aharonov-Bohm Oscillation of GaSbh/GaAs QDs with Vertical

Confinement

In this chapter, we report the simulation results of the magnetic response of type-ll
GaSh/GaAs quantum dots with AlGaAs vertical confinement layers placed above and below
the dot. The excitonic Aharonov-Bohm oscillation is clearly observed in the calculation. The
period and the amplitude of the oscillation are found to have a strong dependence on the
dimension of the dots. Smaller quantum dots with the diameter of 20 nm are found to be
suitable to exhibit the optical Aharonov-Bohm- effect due to-the larger amplitude and the
appropriate period of the oscillation.-The impact-of the dot size on'the Aharonov-Bohm effect

is studied for the first time.

6.1 Introduction

Aharonov-Bohm (AB) effect is found for the charged particles with ring-like wave
function as a purely quantum-mechanical effect showing the important role of the vector
potential. The ground-state energy oscillates with the magnetic flux @z = nr2B due to the
quantum interference of the ring-like carrier wave function. However, due to the electric
neutrality of an exciton, the optical AB effect is not expected to occur unless the electron and
the hole are spatially separated in different trajectories as mentioned in chapter 3. Therefore,
type-11 quantum dot (QD) systems with the spatially separated electron-hole pairs are suitable
to exhibit the optical AB oscillation. For type-11 GaSb/GaAs (GaAs/GaSh) QDs, the holes
(electrons) are localized inside the dot, and the electrons (holes) are weakly bound next to the
dot due to the Coulomb attraction as mentioned in chapter 4 and chapter 5. Since the

oscillation amplitude is inversely proportional to the effective mass of the carrier surrounding
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the QD [65], GaSbh/GaAs QDs are chosen to be the material system due to the smaller
effective mass of electrons. However, due to the shape of the QDs, where the height is much
smaller than the width, electrons are mostly confined in GaAs regions above and below the
QDs, and the AB effect is hence eliminated as mentioned in chapter 4.

In this chapter, we model and calculate the GaSh/GaAs QDs sandwiched by two AlGaAs
confinement layers above and below the dot. The electrons are found to be pushed to surround
the dot and hence possess ring-like wave functions. The excitonic AB oscillation is clearly
observed in the calculation. Besides, the smaller base width of the dot is found to leads to the
larger amplitude and the longer period of the oscillation. In order to enhance the oscillation
amplitude, smaller quantum dots with the diameter of:20 nm are found to be suitable for the

exhibition of the AB effect:

6.2 Calculation Model

We built up a three-dimensional finite element model using Hartree approximation to
calculate the magnetic response of the excitons confined in the GaSb QDs. A one-band
effective mass Hamiltonian considering the Coulomb interaction between the electrons and
holes was carried out in the presence-of the magnetic field. The simulation was performed on
two kinds of QD structures as illustrated‘in Fig 6.1. In structure A, GaSh QDs were embedded
in 100 nm thick GaAs matrix. In structure B, GaSb QDs were sandwiched by two 50 nm thick
Alo3Gag7As confinement layers. The AlgsGagsAs layers were used to confine the
photo-excited electron-hole pairs in order to increase the optical efficiency of the PL. Since
the carriers should be well confined by the AlysGagsAs layers, the boundaries in the
simulation were simply treated with Dirichlet boundary condition on the interfaces between
AlosGagsAs layers and GaAs (Al 3Gag 7As) layers.

The composition of the dot was assumed as GaAsysSbys to account for the partial

intermixing of As and Sh atoms. The material parameters used in this calculation were taken
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from Ref. [16]. The aspect ratio of the QD, i.e. the diameter to the height, was taken to be 5.
The diameter of the dot was varied from 10 nm to 40 nm. The hole occupancy of the dot is
assumed to be 1. The magnetic response was calculated by imposing the diamagnetic term

e?B? ~2 . ehB i0 . .
p~ and the orbital Zeeman term H, = ———— into the Hamilton.
m op

HD=

8m

(a) (b)
GaAs GaAs

Al, ;GaAs Al, sGaAs

GaAs “; Al, ,GaAs

GaAs Al, ;GaAs
Al, sGaAs

Al, -GaAs

GaAs GaAs

ffae®

FIG. 6.1. (a) Structure A with GaAsSb QDs embedded in GaAs matrix. (b) Structure B with

GaAsSbh QDs sandwiched by two Aly 3Gag 7As confinement layers.
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6.3 Additional Vertical Confinement

The calculation was first performed on structure A where the GaAsSb QDs are
embedded in 100 nm thick GaAs matrix. The QD is modeled as a nano-scale disk with the
diameter of 30 nm width and the height of 6 nm. The calculated ground-state electron wave
function at a zero magnetic field is illustrated in Fig. 6.2(a). Electrons are found to be
confined in GaAs regions mainly above and below the QD by Coulomb attraction. The
calculated electron energy differences from the zero-field ground-state energy are plotted
against the applied magnetic field in a Faraday configuration in Fig. 6.2(b). Since the electron
wave function is not ring like, the.ground-state energy .shows no oscillation with the magnetic
field. The ground-state and excited-state hole energies are plotted in Fig. 6.2(c). Since the
hole is confined inside the dot, the electronic structure of the hole is the typical energy
spectrum of the carrier confined in-a QD as shown in section 1.3-2. It is found that the
magnetic energy ‘shift of electrons is much larger than that of holes. This is because the
effective mass of electrons is about one-fifth that of holes and the horizontal electron wave

function extent is much larger than that of hole.
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FIG. 6.2. (a) The calculated ground-state electron wave function at a zero magnetic field in
structure A with the GaAsSb QDs embedded in GaAs. (b) The electron energy differences
from the zero-field ground-state energy against the applied magnetic field in a Faraday

configuration. (c) The hole energy differences against the field.
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In structure B, two Aly3Gag 7As vertical confinement layers are inserted above and below
the disk-shaped QDs. The electrons are expected to be pushed to surround the dot by the
vertical confining potential. The confining potential arises from the conduction band
discontinuity between GaAs and Aly3Gag7As and is about 240 meV. The dot height is 6 nm,
and the base width is 30 nm. The thickness of the GaAs active layer is 4 nm where the
electrons are expected to be confined. As depicted in Fig. 6.3(a) and Fig. 6.3(b), the electrons
are localized inside the GaAs layer and possess ring-like wave functions.

The calculated electron energy differences from the zero-field ground-state energy are
plotted against the applied magnetic field in a Faraday configuration in Fig. 6.4(a). The
ground-state energy is found to oscillate with the magnetic field. At the field of ~0.8 T, the
crossings between the state with-angular momentum 1 = 0 and-the the state with angular
momentum 1= —1 are clearly seen. The calculated ground-state exciton energy versus the
magnetic field is in'Fig. 6.4(b). The arrows represent the crossings which occur at 0.8 T, 2.4 T,

4.1T,5.9T, and so on. The ratio of the fields is about 1 : 3 : 5: 7. This is because the energies
f an ideal ri E —L(f—i)2 d-th ings should t th t
of an ideal ring are"Ep = -~ o, ) + and the crossings should occur at the magnetic

flux & =05d,, =15®,, ®=25d,, ®=35d,, and so on. Note that the
calculated amplitude of the oscillation. is around 150 peV. Therefore, the accuracy of the
measurement system should be ~15 peV. In other words, the investigation of the AB
oscillation has to be performed using single dot optical spectroscope where the line width of
the PL is ~50 peV. By fitting the PL peaks with Lorentzian functions, the optimum system

resolution could be achieved to ~2.5 peV [6].
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FIG. 6.3. The calculated ground-state electron wave function at a zero magnetic field in

structure B with the GaAsSb QDs with additional AIGaAs vertical confinement layers.
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6.4 The Impact of the Dot Dimension

2
Based on the calculation of the energies of an ideal ring E, =2mhR2 (f—i) =

h enR?B\? . Cy .. .
—— ({’— - ) , the amplitude of the AB oscillation is inversely proportional to the

carrier effective mass and the area of the carrier wave function. As a result, the smaller
effective mass and the smaller wave function extent R are able to generate the larger
amplitude. For GaSh/GaAs QDs with vertical confinement, the electrons surround the dot due
to Coulomb interaction and hence possess ring-like wave function. For smaller dots, the
electron wave function extent is expected to be reduced, which enhances the oscillation
amplitude. Moreover, the reduction of the wave function extent also leads to the decrease of
the magnetic flux through the ring-shaped wave function. Therefore, the higher magnetic field
is the necessity of the energy crossing for the electron wave function with smaller R.

In this section, the impact of the dimension of the QD on the excitonic AB oscillation is
investigated. The diameter of the QD is varied from 10 nm to 40 nm..The ground-state exciton
energy shifts of the different-sized QDs are plotted against iin Fig. 6.5. All of the
different-sized QDs clearly. reveal energy oscillation of the ground states with the magnetic
field. The arrows in the figure indicate the occurrence. of the crossing of the energy states with
different angular momentum. The largest QD with the diameter of 40 nm shows the shortest
oscillation period of ~1.3 T. However, the amplitude of the oscillation is only ~100 meV. For
the smallest QD with the diameter of 10 nm, the amplitude is about 350 meV, but the period
of ~12 T is too long to observe more than one oscillation in our measurement system. As a
result, the QD with the diameter of 20 nm is found to be suitable to exhibit the optical
Aharonov-Bohm effect due to the larger amplitude of ~230 meV and the appropriate period of

the oscillation of 3.8 T.
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FIG. 6.5. The ground-state exciton energy shifts of the different-sized QDs with the hole

occupancy of 1. The arrows indicate the occurrence of the crossing of the energy states with

different angular momentum.
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6.5 Conclusion

In this chapter, we model and calculate the GaSh/GaAs QDs sandwiched by two AlGaAs
confinement layers above and below the dot. The electrons are found to be pushed to surround
the dot and hence possess ring-like wave functions. The excitonic AB oscillation is clearly
observed in the calculation. Besides, as the base width of the dot gets smaller, the radius of the
ring-shaped electron wave function gets smaller. This leads to the larger amplitude and the
longer period of the oscillation. In order to increase the oscillation amplitude, smaller
quantum dots with the diameter of 20 nm are found to be suitable for the exhibition of the

Aharonov-Bohm effect.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions of the Present Studies

The magneto-photoluminescence measurements were performed on type-1 InAs/GaAs
quantum rings, GaSb/GaAs type-Il quantum dots, and GaAs/GaSb type-1l quantum dots.
These quantum structures were expected to possess ring-like carrier wave functions and
exhibit optical Aharonov-Bohm effect. For each system, several unusual magneto-optical
responses were observed. Thearetical calculations-were carried out and agreed well with these
experimental findings. < These results provided further understanding of the quantum
mechanics on these.novel systems. However, we also discovered several unexpected effects
destroying the ring-like wave function of them. Therefore, a new structure containing GaSb
quantum dots with-additional vertical confinement is designed for the exhibition of optical

Aharonov-Bohm aoscillation.

7.1.1 Geometric Anisotropy of InAs/GaAs Quantum Rings

The exciton confined in single 'InAs QRs. shows a considerably smaller diamagnetic
coefficient than the biexciton, indicating the less extended exciton wave functions in the ring.
This is attributed to the inherent structural asymmetry of the QRs, which was clearly observed
using atomic force spectroscope. The resulting lack of perfect rotational symmetry in the
potential of embedded QRs causes the strongly localized excitons in potential valleys of the
QRs. As a result, the inherent structural azimuthal asymmetry destroys the expected optical
Aharonov-Bohm effect since the quantum interference of the wave function relies on the

rotational symmetry of exciton wave functions confined in self-assembled QRs.
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7.1.2 Anomalous magnetic red shift of GaSb/GaAs Quantum Dots

When a magnetic field is applied in a \Voigt configuration, GaSb QDs exhibit an
anomalous magnetic red shift in the PL peak together with a rapid increase of the PL intensity.
Based on simulation results, holes are found to be localized inside the QD, and electrons are
weakly confined in GaAs regions above and below the QD by Coulomb attraction. The
magnetic field in the \oigt configuration is found to provide an additional vertical
confinement and push the weakly-bound electrons to the localized holes. The resulting
increase of the radiative e-h recombination rate gives rise to the observed anomalous magnetic
red shift. Since the electron wave function is distributed above and below the QD, the electron
wave function is not ring-like. - This eliminates the probability of the observation of the

Aharonov-Bohm oscillation.

7.1.3 Delocalization of Tensily-Strained GaAs/GaSb Quantum Dots

As the tensily-strained GaAs QDs get smaller, the diamagnetic coefficient was found to
rise quickly from 7.6 peV/T2 to a saturated value of around 21 peV/T2 In this QD system,
electrons are localized in GaAs QDs while holes are confined to the GaSb region next to
GaAs by the Coulomb interaction. This unusual-behavior is attributed to that the electrons
gradually spill out of the quantum dot to the wetting layer as the dots get smaller. This
delocalization effect is enhanced in this material system due to the tensile strain relaxation
within the dots, which raises the conduction band edge over that in the wetting layer. The lack
of the optical Aharonov-Bohm oscillation is attributed to the fact that hole wave function

prefer to distributed in the GaSb region above and below the dots.

7.1.4 Aharonov-Bohm Oscillation of GaSb QDs with Vertical Confinement
The simulation results of the magnetic response of type-lIl GaSh/GaAs quantum dots

with AlGaAs vertical confinement layers clearly reveal excitonic Aharonov-Bohm oscillation.
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The period and the amplitude of the oscillation are found to have a strong dependence on the
dimension of the dots. Smaller quantum dots with the diameter of 20 nm are found to be

suitable to exhibit the optical Aharonov-Bohm effect.

7.2 Future Work
7.2.1 Growth of Low-density GaAsSb/GaAs QDs with Additional Vertical Confinement

To exhibit the optical Aharonov-Bohm oscillation, the single dot spectroscopy has to be
performed on the GaAsSb QDs with additional vertical confining potential above and below
the QDs due to the small amplitude of the oscillation. As a result, the dot density should be
well controlled to be < 1x10° em™ However, the spatial separated e-h pairs in type-I|
structures leads to the low radiative recombination rate. The resulting weak PL emission
causes the difficulty of the measurement. The emission wavelength of the GaAsSh/GaAs QDs
is about 1200-1300 nm. This range is suitable for InGaAs photodiode array (with detection
wavelength range from 750 nm to 1750 nm). However, the signal-to-noise ratio of InGaAs
photodiode array is-only about 1/10 of that of silicon CCD. In order to obtain excellent
signal-to-noise ratio, the silicon CCD (with detection wavelength range from 400 nm to 1000
nm) is chosen to be the photo-detector.. Therefore; several growth techniques have to be used
to make the emission wavelength of ‘GaAsSb QDs shorter than 1000 nm. For example, the
increase of the Al content of the AlGaAs vertical confinement layers and the decrease of the
thickness of the GaAs active layer can raise the quantized energy of electrons. The PL
emission wavelength can be decreased to 1100 nm. Furthermore, thermal annealing on the
QD sample causes the intermixing of Sb and As atoms, which leads to the decrease of the Sb
content of the GaAsSb QDs. The resulting increase of the hole energy gives rise to the
increased excitonic energy.

To obtain the GaSbh QDs with low density, the deposition thickness of GaSh is controlled

just over the critical thickness of the QD formation. The critical thickness is determined when
100



the RHEED pattern turns spotty as mentioned in section 2.1-2. Besides, when the QD layer is
grown, the rotation of the sample holder is stopped to generate the gradient of deposition
amount. Besides, the growth temperature is ~500 °C, the growth rate of the QD is 0.2 um/hr,
and the V/III beam equivalent pressure (BEP) ratio for QD is 3. The Aly3Gag;As vertical
confinement layers are placed above and below the embedded QDs. The thickness of the
active GaAs layer is 4 nm. The AFM images of the surface QDs in different positions are
plotted in Fig. 7.1. The QDs located in position C have the low enough sheet density of ~7
x10® cm™ However, the dot diameter is ~90 nm due to the higher growth temperature in the
sample’s center. Although the real size of the embedded QDs is always smaller than the
surface QDs, the dimension of the embedded QDs is:still much larger than 20 nm which is
suitable dimension for the observation of AB oscillation. As a result, lower growth
temperature of 480°°C will be used-in the future for the smaller dot size.

The PL spectra of the QDs in different positions are plotted in Fig. 7.2(a). The emission
energy peaks of the QDs range from 1110 nm to 1180 nm. It is found that the QDs in position
C have the shortest emission peak of 1110 nm. Since the size of the QDs in position C is the
largest one, the short wavelength should be attributed to the higher As content arisen from the
severer intermixing between the As-and Sb_atoms due to the higher growth temperature.
However, all these emission peaks are longer than the wavelength limit of silicon CCD of
1000 nm.

In order to shorten the emission wavelength, rapid thermal annealing is treated on the
QDs in position C. The annealing is performed for 30 s at 650 °C, 700 °C, and 750 °C. The
PL spectra of the as-grown QDs and the QDs after thermal annealing are depicted in Fig.
7.2(b). The emission wavelength of the QDs after annealing at 700 °C is shorten to 960 nm
due to the atomic intermixing and the resulting higher As content of the dots. Note that the PL
emission is significantly weakened for the QDs after annealing at 750 °C. This represents that

the QDs are melted into the GaAs and AlGaAs regions at 750 °C.
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Ga beam flux

FIG. 7.1. The AFM images of the surface QDs in different positions. The area of each image
is 1 um?. The diameters of the QDs are ~50 nm, 70 nm, and 90 nm for position A, B, and C,

respectively.
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FIG. 7.2. (a) The PL spectra of the QDs in different positions. (b) The PL spectra of the

as-grown QDs and the QDs after thermal annealing. The annealing temperature is 650 °C, 700

°C, and 750°C.
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7.2.2 Single Dot Spectroscope Setup

In order to measure the PL emission from a single dot in the magnetic field applied up to
14 Tesla, a low-temperature high-magnetic-field single dot spectroscope setup is built up as
illustrated in Fig. 7.3. The whole stage and the low-temperature objective are made of
titanium to eliminate the thermal budget and the magnetic-field-induced vibration. The spot
size was estimated to be < 1.5 um. The sample mounted on the piezoelectric stage can be
coarsely moved by +2 mm and finely scaned by +20 um. The system is still under

optimization.

Silicon CCD
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Fig. 7.3 The setup of the low-temperature high-magnetic-field single dot optical spectroscope.
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