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CHAPTER I

INTRODUCTION

1.1 Motivation

The techniques of self-assembled fabrication for nanostructures are highly
attractive for basic physics and device applications. Useful for opto-electronics, the
atom-like properties of quantum nanostructures stich as carrier confinement and energy
level quantization can lead to the emissionyof photon with a specific wavelength. For
decades, various fabricatien™ technigues for quanfum  nanostructures have been
developed. In particular, the Stsanski-Krastanov (SK) growth mode, one of the most
widely used methods forsfabrication, is dlij'vlen by the strain from lattice mismatch
between the substrate and the overlayer __,[Il]. However, the non-uniform strain
distribution in the lattice-miSmatched systefjn can affect the energy band structures,
undesirable for studies of the physics of semié?)_nductor nanostructures. Another growth
technique that has been applied to form nanos'fnhctures without strain is droplet epitaxy
technique [2-4]. This technique is simple and ia%ffble. The droplet epitaxy process is
simply based on the formation of-the group I1I 'e’leifﬁent droplets by depositing group III
atoms on a crystalline sutface, followed by a reaction with'a group V element for
crystallization into III-V_compound nanostructures. The lattice-matched system in
droplet formation can eliminate the strain energy and its effects on the energy-band
structures. Moreoyer, .it, does not. require, additional complicated. processing and has
potential to develop the"quantum nanostructures. Not only quantufia dots (QDs) but also
the complex nanostructures such as nanoholes [5,6};. quantum rings/(QRs) [2], and
quantum dot molecules (QDMs) [7] have been demonstrated by this technique.

Among them, QRs, or ring-shaped nanostructures, are a special class of
quantum-confinement structures. Just like QDs, QRs also have quantized energy levels
due to their carrier confinement, which makes them potentially applicable in opto-
electronics [8-10]. However, the QRs have attracted a lot of attention due to the
additional features such as the Aharonov-Bohm effect [11,12]. One predicted feature of
quantum rings is the magnetic properties which are related to the possibility of inducing

persistent currents [12]. The QRs have been demonstrated through several approaches



including thin GaAs layer capping of InAs QDs [13-18], post-growth annealing process
[1,19], SK growth [20,21], and droplet epitaxy [2,22-27]. Most of the QRs have been
demonstrated by forming a thin layer of GaAs on SK-grown InAs QDs (Lorke et al.
(2001); Granados et al. (2003); Kiravittaya et al. (2003); Schmidt et al. (2002);
Songmuang et al. (2003); Garc et al. (1997)). The formation mechanism is driven by
the reduction of the surface free energy around InAs QDs due to the deposition of a thin
GaAs layer. After the short annealing, a remarkable morphological change results in
QR formation.

While many of the approaches utilize the'conversion of QDs to QRs, the droplet
epitaxy technique can form QRS directly. In past years, there are experimental results
reported in literatures about QRS grown by droplet epitaxy [2,5,6,22-24,26,28]. Most
are the fabrication of GaAs QRs an GaAs/(Al)GaAs material systems. Mano et al.
(2005) and Lee et al. (2006)shave proposed the evolution of lattice-matched
GaAs/Aly3Gag7As QRs grown by droplet epitaxy. The growth simply starts with the
formation of Ga droplets-on Aly;Gag;As sur-facg: and then follows by crystallization in
Asy4. During the crystallization, Ga droplets iﬁlt_eract with As atoms and change to GaAs
QRs. The high structural and optica1 qualities,éf the QRs are confirmed. Furthermore,
Alonso-Gonzalez et al. (2007) demonstrated.‘iﬂe_Jfomation of InAs QDs in a low-
density template of GaAs/GaAs QRs fabricatefc_l,l;y droplet epitaxy. By capping the
template with 1.4 ML conventionralrlnAs, InAs.(lQ‘-I-)us'_arre restrictively formed only inside
the template QRs. With Tuse of this low-density strain-free témplate, the low-density
InAs QDs (~108 cm'z) can be realized. By the way, In(Ga)As/GaAs is another
interesting systems due to exhibited quantum confinement. Recently, there are several
literatures about InAs/GaAs QRS grown by droplet epitaxy. Noda et al. (2008) and Lee
et al. (2008) have“reported the fabrication of InAs QRs on GaAs (100) by droplet
epitaxy. Diameter andPensity,of:theyresalted QRS are /200400 nm and ~ 10° cm™,
respectively; Very low density and relatively large size of such QRs still be a limitation
of InAs/GaAs QR formation and undesirable for optical application. This is resulted
from a too long 2-dimentional surface migration length of In atoms and high
segregation effect of newly supplied adatoms. A solution to overcome the problems is
the growth at low temperature with an optimum crystallization [29]. Another solution is
to limit the migration length of In atoms on GaAs. Ga is also supplied together with the
deposition of In. Predictedly, the structural properties of crystallized InGaAs QRs are

different from pure-InAs QRs. Moreover, it’s clear that the QRs are originated from the



respective droplets, so changing of droplet forming condition subjects to vary the
properties of the crystallized QRs. Hence, a clear demonstration of the formation of
InGaAs QRs by droplet epitaxy is desirable.

In this dissertation, the formation of low-density InGaAs ring-like
nanostructures (QRs) on GaAs (100) by droplet epitaxy technique using MBE was
demonstrated. The evolution of morphology and the formation mechanism have been
investigated. The droplet-forming conditions have been varied by changing the growth
parameters including substrate temperature. during depositing InGa (T;), IngsGags
amount, and Indium-mole-fraction. The surfacesmeorphology of the QRs was analyzed
by using an atomic force microscope (AFM). The effects of the growth parameters on
the InGaAs ring-like nanostriictures grown by dioplet epitaxy were also investigated.
For photoluminescence (PL) imé€asurement, the InGaAs QRs were repeatedly grown
under several selected droplet-forming conditions with an additional 100-nm GaAs
capping layer. PL measurement was peiformed to characterize the optical properties of

the InGaAs QRs.

1.2 Objectives

This dissertation objective is to demonstfrate-_l the fabrication of InGaAs ring-like
nanostructures, so called'quantum rings (QRs).,. d_h- GaAs by droplet epitaxy technique
using molecular beam _epitaxy. The growth parameterS /including 1) substrate
temperature during the deposition (Ty), 2) deposited InosGags amount, and 3) Indium-
mole-fraction (x) of InyGa;_whave been varied. The effects of growth parameters on the
morphological properties of the InGaAs QRs (QR'size and density) have been analyzed
through the surface' morphology of the InGaAs QRs grown with different growth
conditions:"Alsaythe optical properties ofithe dnGaAs QRshave beerninvestigated from

PL spectra of the 100-nm-GaAs capped samples at 20-100 K.
1.3 Overview

This dissertation presents a detailed study of the fabrication of InGaAs ring-like
nanostructures by droplet epitaxy technique using molecular beam epitaxy (MBE). The
purpose is to analyze the effects of droplet forming parameters on the structural and

optical properties of the nanostructures.



The thesis is organized as follows: The basic concepts are reviewed in chapter
2. This also includes fabrication techniques for nanostructure formation. Chapter 3
gives the experimental details. Moreover, the information of the equipments used in
this work is briefly introduced. In chapter 4, the experimental results from the
fabrication of InGaAs QRs are presented. Also, the evolution of surface morphology by
RHEED observation and predicted QR-formation mechanism are represented. The

effects of substrate temperature during IngsGaps deposition, IngsGaps amount

deposited, and Indium-mole-fraction of T}plets on the morphological and optical

r. The studies are based on atomic
ine ) results. Finally, chapter 5

properties of InGaAs QRs are studi
force microscopy (AFM) and '

concludes this work.
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CHAPTER 11

RATIONALE, THEORY AND HYPOTHESIS

The basic concepts of quantum dot (QD) structure, which is a low-dimensional
semiconductor nanostructure, are reviewed in this chapter. A comparison of important
intrinsic properties of nanostructures is presented. The properties of quantum rings
(QRs), a type of quantum-confinement structures, are also reviewed to be useful for the
interpretation of nanostructure characteristics.

In another part of this chapter, self-assembled growth of the nanostructures is
presented based on epitaxial growth. Self-assembled growth modes are briefly
introduced to provide the'basies of nanostructure formation from strain-releasing in a
lattice mismatch system The nexi secti(;n, a review of droplet epitaxy which is the
lattice-matched method used to fabricate thne QRs in this research work is presented.

Migration-enhanced epitaxy (MEE) is also briefly introduced. Finally, the information

of the material system which'is used.to create the nanostructures is provided.
2.1 Quantum Nanostructures

The electronic properties for quantum dot (OD) stiuctures differ from the bulk
system. While the bulk has a continuous energy —band, the low-dimensional
nanostructures have diserete energy levels and delta-like"density of states due to the
carrier confinement, and, quantization, of .carrier energy. Hence QD is also called an

artificial atom for'its"quantized energy levelstlike a real atom.

2.1.1 Carrier confinement and energy level quantization

The band theory of crystals has been rigorously developed from the quantum
theory for atoms since the last century [30,31]. Figure 2.1 shows a schematic
comparison between a bulk semiconductor, a waveguide for visible light, a QD, and an
atom. From the quantum theory, we know that an atom has discrete energy levels.
Atoms together would become a solid with energy bands. The most relevant bands are

the conduction band and the valence band which are separated in energy by the band



gap. At T = 0 K, the conduction band is free of electrons while the valence band is full
with electron. At T > 0 K, these two bands are partially filled with electrons and holes
(carriers in device operations). Controlling the carrier motion in these two bands is the

subject of band gap engineering.
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D structure) and their density of states (D.0O.S.) [33]. L is in macroscopic

scale (~cm), while L,, L,, L., are in nanoscale.

Because the structural size is varied continuously, there exists a description
between the two cases (discrete levels and continuous band structure). The densities of
states of energy band structure of bulk semiconductor and low-dimensional

nanostructures are illustrated in figure 2.2 [33]. In the case of QD, since the low-



dimensional-shaped nanostructures provide the potential well resulted from difference
of energy band gap (E,) of 2 materials in the three directions, the carrier motions are
completely confined in this 3-D confinement structure and result in a delta function
density of states. The specific energy photons would be emitted when the
nanostructures are stimulated.

The quantization phenomenon can be described by wave-like properties of
confined electrons, since any substance would exhibit its related wave properties. In the
low-dimensional nanostructures, most of carriers are confined in one or more directions

and the length scale of confining direction is in the order of the de Broglie wavelength
(carrier wavelength). The de Broglic wavelength, Aq. Brogic, depends on the carrier

effective mass, m*, and temperatuie; 77 [34]:

h \ h
kdeBroglie: T T (21)

kS

4 3wk, T
where / is Planck’s constant, p is c_arrier mémer}tum, and kg is Boltzmann’s constant.
i
In a potential well, the confined car'ri"ef,gv are limited in their motion, so they
look-like stationary. The wave-like properti_e; of a stationary electron can be only de
Broglie wavelengths which create standing wave within the width of the potential well,
that is, the width of*the nanostructures. The discrete-values of carrier’s de Broglie
wavelengths would be _‘exhibited, and cause discrete_energy levels in such 3-D
confinement structures. Afschematic representation of the lowest three levels of carrier

energy quantization in'a;potential well is shown in figure 2.3.
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Figure 2.3 The lowest three levels of cartier's*energy quantization in a potential
well with a.width of L., (comparable to de Broglie wavelength). The
picture shews examples of v,lthe three lowest-energy standing waves (solid
line) whieh can happen in a potential well and the corresponding

carrier’s emergy level'o_f thfg'de Broglie wavelength from the standing

wave (dotted line), 1.€. Ey, I'_*;z and E3. The energy of each level is given

by E, =h’(r)" /2n L, whete n is an integer number.
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In semiconductor quantum structu&s"the effective-mass approximation is
widely used for the quantlzed erfergy level c*alcttfatlon as g function of the well width
[35]. The main assunrpﬁeﬂ—ef—ehe—effeemfe-mass—&ppfeﬁmatlon is that the envelope
wave function does not significantly vary in the unit cell with a length scale of
subnanometers, therefore this assumption is valid in all low-dimensional

nanostructures. ASsaming| patabolictband, dispersion, ithe band=edge electron states of

semiconductors can be described by a Schrodinger-like equation as

{— h -V’ +V(r)}F(r) =EF(r) (2.2)
2m

Here, m* is the effective mass; /# is the reduced Planck’s constant; r = (x,y,z) is the
carrier position vector; V(r) is the confinement potential due to band offset. F(r) is the
envelope wave function; and E is the carrier energy.

From eq. (2.2), by assuming the barrier potentials with infinite height, the

carrier energy E and density of states per unit volume (D.O.S.) (the number of states



between the energy E and E + dE, of each quantum nanostructure) in the case of QD
can be written as follows [33],

Assuming that the infinite confinement potential barrier in all direction, we get

[33]
h2 2 0 2 2
Ey =E, +E, +E, =—|| 28| 4] 22| 4| 22 (2.3)
o om | L L, L.
Dyo(E)=2N 4 /> 8(E~E, —E, —E,) (2.4)

where 0 is the delta functien; and.#yis the volume density of QD.
|

The change of densityrof'states for the low-dimensional nanostructures (figure
2.2) affects the fundamental properties of d;e{/ices, which use these nanostructures as an
active layer [36]. In thescase of QD stfuétures, there are several theoretical and
experimental proofs that semiconductor la:c;@rs; consisting of QD structures have the
lowest threshold current density dueito the déltaffunction—like density of states [37].

To utilize QDs as an aetive layer f;(ir-"genﬁconductor laser applications, the

maximum optical gain (g**") fora-QD laser sh(')uld ‘be considered [38];
g™ o NJ/A (2.5)

where N is the~fiumbes of-states per unit=surface; area and.A is the total spectrum
broadening from, all eéxcited” QDs. “From eq. (2.5);"it’s possible to increase g** by

increasing the QD density (to increase€ Ne) and/or réducing the QD S$ize distribution.
2.1.2 Double potential well

The coupling of double potential well is briefly discussed in “Quantum Wells,
Wires & Dots” (Paul Harrison, 2005), using an example of GaAs/Ga;.xAlyAs double
potential wells. The simplest example of the former would be the symmetric double
well of Figure 2.4. The potential function V(z) required for the numerical solution is

simply the conduction band edge as given in figure 2.4.
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Figure 2.4 Band profile of symmetric GaAs/Ga;.xAliAs double potential well [39].

Figure 2.5 displays the results of calculations of the lowest two energy states as
a function of the central barrier width for a double potential well with the Al barrier
concentration x = 0.2 and afixed well width /,, — 60 A. When the wells are separated
by a large distance, the ini€racuon betweelln the eigenstates localized within each well is
very small and the wells behave as t%yo independent single wells. However, as
illustrated in Figure 2.5, ag'the centra'll-l:)arriig; [y (corresponding to distance between two
wells) is decreased, the energy leyels inter@ct;r’ with one being forced to higher energies

and the other to lower energies.

100 ———

Energy E (ﬁieV-) ;

0 50 100 150
Barrier width [ (A)

Figure 2.5 Confinement energies of the lowest two states of a symmetric double

potential well as a function of the central barrier width [39].

In the case of the double potential well, a situation occurs with the electron
spins aligning in an anti-parallel arrangement in order to satisfy the Pauli’s exclusion

principle. Figure 2.6 displays the wave functions of the double well with a central



11

barrier width of 40 A. Clearly, they form a symmetric and anti-symmetric pair, with the

former being of lower energy.

200 + > 1

Energy (meV)

0 100 200300 400 500
Growth (z=)yaxis(A)

Figure 2.6 Wave functiogns of.the lowest two energy levels of the symmetric double

potential well'with a ¢entral barrier width of 40 A [39].

2.1.3 Ring-shaped nanestructures or qua',lfltp_m rings (QRs)
e

The ring-shaped nanostructures SO called quantum rings (QRs) are another type
of quantum-confinement stru€ture: lee QDs (;Rs have their energy level quantized
due to their confinement propertles Thle makes them potentially applicable in
electronics, optics, “and quantum 1nf0fiﬁ£fi_c>i1 processing [8-10]. However,
semiconductor quanthrﬁ rings have attracted a great deal Qf attention because of their
additional properties prédicted and demonstrated [40,41]. For example, the ring-
structures are a specialr class of quantum-confinement Vdue to the Aharonov-Bohm
effect, which isispecific to the topology of a ring [42]. Also, interesting are magnetic
properties of QRS, which are related to the possibility of inducing persistent current
inside thestrueture whem they are putjinto)aymagnetie field:

The persistent current of a quantum ring [43] can be*written in general as

oF
I(DP)=——, 2.6
(®) s (2.6)

where F is the free energy of the system and @ the magnetic flux piercing the ring. At
zero temperature, the free energy can be replaced with the ground state energy. The

energy of a ring and consequently also the persistent current is a periodic function of
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the flux. The effect of the magnetic field is to lower the energy states of high angular
momentum with respect of those at low angular momentum [43]. When the flux is

increased, the ground state energy will jump from one angular momentum to the next

causing the periodic behavior.
2.1.4 Material Considerations

Mostly, the preliminary condition, for the growth is that the nanostructure
material has a smaller band gap compared with the matrix material(s) to provide a
potential well in the energy band. Unlike the SK"growth mode, the material for the
nanostructure fabricated by droplet epitai}y does not necessarily have a larger or smaller
lattice constant since the method can be applied to lattice-matched system such as
AlGaAs/GaAs. Figure 2.7 shows the relatjonshlp between the band gap energy and the

lattice constant of III-As" material systems. There 1S a possibility to realize

nanostructures which emit lightat the Gvavaength of 1.3 um or 1.55 um (dashed lines).
4

For laser applications in optical eommunication systems, GaAs is the most

important substrate mategal. The self—assembled growth of InGaAs on a GaAs
id J Ji

substrate can provide the nanostructures whlgh emit light at 1.3 pum or longer

wavelength, depended on the ratlo of In and Ga, in. the InGaAs structures. In this work,

we shall concentrate only on the InGaAs/GaAs material sys’tem

Figure 2.7
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The relationship between lattice constant and energy gap at room
temperature for the III-As material system. The solid line: direct band

gap material, and the dotted line: indirect band gap material.
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2.2 Self-assembled growth

The self-assembled growth can realize nanostructures such as QDs. The growth
mode and growth conditions for self-assembled growth are briefly reviewed in order to
provide some basic understanding of the growth method. Droplet epitaxy is also

introduced as the fabrication technique used in this work.
2.2.1 Growth modes

To define the growth mode during thefilm"deposition, Ay (the change of total

2
energy of a surface before and afier deposition) is.considered:

A7:7F+7)‘S/F‘75 (2.7)

_—

where y is substrate surfage energy, 7, iéﬁ,filfm surface energy, and y,,. is interface
energy between the grown film and the subéii;_atq including the additional energy arising
from the strain between the film and the subét"ra'_[e.

If Ay >0, the deposited-material WST'lﬂH:"prefer to cover the substrate surface
since the interaction between the substrate ;a{ﬁ&*'deposited atoms is stronger than that
between neighboring atoims.this-is-Frank Van-dei-Merwe growth mode or layer-by-
layer growth (figure 2:8(a)). If Ay <0, the interaction between the substrate and
neighboring atoms exceeds the overlayer-substrate interaction, thus, the 3D Volmer

Weber growth modeiis abserved:(figure2:8(c)):
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Frank van der Merwe  Stranski Krastanow Volmer Weber
growth growth growth

— i F "

Figure 2.8 t growth modes of a film for
- Merwe (FM), (b) Stranski

ow a few monolayers in layer-

by-layer growth mode at t position ( Ay <0). However, due to the
strain between the grown fil lsthe substra ac rhulating with the deposited film
thickness, the islands are fdrmé%%ﬁ of the ‘intermediate layer (the wetting layer

e oilﬁ mode changes from 2D-growth

wode. This is layer-plus-isiand g th in Stranski-Krastanov
1any conventional QDs [45,46].

growth mode (Figure 2.‘;ﬁb))' use

Although this growth mode is not used to fabricate the nanostructures in this

= Q
work, the detaiﬁ ﬁ ij‘g WET Wﬂoﬁi ﬂvide the basics of QD
formation from lﬂ;tram—releasin'g m a lattice-mismatched system. The Stranski-

Krastan th. mode..i gﬁ‘ 03 ica agﬂ self-assembled
QD struarﬁn}iazg l)f 1:;: mﬁly :fs (Er::l smatch : gy > 7%).
First, a few monolayers of strained material grow in the layer-by-layer growth mode.
During the growth, the elastic strain energy builds up due to the lattice mismatch and
increasing film thickness [47]. The island formation is energetically favorable if
material beyond critical thickness is deposited, because the lattice can elastically relax

compressive strain and thus reducing strain energy, as shown in figure 2.9. Beyond the

critical thickness, the layer-by-layer growth is unfavorable so elastic strain relaxation
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occurs. The local strain energy density of the SK-growth mode QD is schematically

represented in figure 2.10.
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£3 Smaller lattice constant, |
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: ﬁr band gap
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Figure 2.9 Ilustrationswof isiand formation during epitaxial growth of a

semiconductor smaterial on the top of another semiconductor with a

smaller latfice gonstant
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Figure 2.10  Schematic representation of the local strain energy density in and around
the! SK-growth mode QD. The energy barrier has a maximum at the
edgeof the QD {471

Although the QDs grown by this technique form into high-density arrays.
There are still some disadvantages of this technique. First, the SK growth mode QDs
exhibit wide size distribution, varying the energy level in the energy band. Since,
carriers in a small size QD would exhibit shorter de Broglie wavelength of which
corresponding energy level is higher. The representations of the energy level exhibited

in the QD with different size are shown in Figure 2.11. Also, the non-uniform strain
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distribution from the lattice-mismatched formation would effect on the energy band

structure of QD [48]. Both are undesirable for the laser applications.

E.—

E,—

(a) small QD (b) large QD

Figure 2.11  Simple interpretation of the encrgy level exhibited in the QD with
different size«The" representations in case of (a) small QD show the
higher enecigy level than ' that of large QD, (b) due to the carrier

confinemengproperties.

2.2.2 Droplet Epitaxy

Droplet epitaxy is an alternative rlgii‘)iirgqach of self-organized nanostructure
fabrication which can be applied to both la.tf_'_cje‘:-matched [22,49-52] and mismatched
system. Unlike SK growth modé? rthe nanosffﬁ-c-zlir.es fabricated by droplet epitaxy are
originated directly frbm‘ strain-free group III-element dropléts formed on a crystalline
III-V surface instead of strain-releasing i a lattice-mismatched system. Therefore, the
strain-energy in the nangstructure and its effects on the energy-band structure are
reduced due to the lattice-matched-droplet ‘formation. Thus, high-quality strain-less
nanostructures can be fabricated by this technique, useful for the studies of
semiconductoit QR phiysics:

The droplet epitaxy process consists of 2 main steps. The illustration of the
nanostructure fabrication by droplet epitaxy is shown in figure 2.12. First, group III
metallic droplets are formed on a III-V compound substrate surface by depositing
group III atoms on the substrate under the absence of group V. The formation
mechanism of group III metallic droplets is explained by Volmer-Weber growth mode
[44], in which the bonding energy between incoming group III adatoms is much higher
than the bonding energy between the surface and the adatoms. Therefore, as soon as

incidenting III-V surface, liquid In and Ga coalesce and form hemispherical droplets
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(instead of layers). Second, the group III droplets are crystallized in group V molecular
beam to form III-V compound nanostructures.

Since the III-V nanostructures are originated from respective droplets, the
structural properties of the III-V compound nanostructures can be controlled by droplet
forming parameters, such as substrate temperatures and amount of group III-element
deposited. Since the droplet properties are still metallic, their morphology can be varied
by changing such parameters. The crystallization conditions also affect the
nanostructures.

However, there are limitations for the fabrication of InAs nanostructures on
GaAs by droplet epitaxy such as very low density (~107-10* QRs/cm?) and large size
(~200-400 nm) [3,24] due to a too long 7D migration length of In and high segregation
effect of the newly supplied.adatems. To overcome these problems, the growth should
be done at low temperature and tise &16 optimum crystallization conditions [29].
Another solution is to limitsthe/migration length of In atoms on a GaAs surface. Ga is
also supplied together with/the In._,de’posffio;’l [53] and form InGa droplets. InGaAs

¥
nanostructures are formedafter the crystallization.

“f

: <)
GroupMll-elesient J" )

LS = Gt'ta'up [ll-element droplets
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Figure 2.12° 'The illustration of the nanostructure fabricated by droplet epitaxy.

2.2.3 Migration-Enhanced Epitaxy (MEE)

Migration-enhanced epitaxy (MEE) of III-V compound semiconductors is
useful for growing high quality epitaxial layers even at low substrate temperature
(300°C-400°C). Unlike the conventional growth, the MEE growth proceeds in a layer-
by-layer manner, based on alternately supplying group III atoms and group V to III-V
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surface to obtain metal-stabilized surfaces, periodically. The shutter operation of MEE
is shown in figure 2.13. In the growth of III-V compound semiconductors, the surface
migration is effectively enhanced by supplying group III atoms to the growing surface
in the absence of group V. Since, when the number of group III atoms supplied to the
surface is much less than the number of surface sites, these atoms are quite mobile in
the surface and do not cohere with each other to the surface site number. As a result,
the lifetime of isolated group III atoms is greatly increased, resulting in these atoms

migrating in a large distance along the s r]ce, even at low temperature [44,54].

— v - Open

Group il | 4
- — —— Close

Group V

Figure 2.13  Shutter operatio Gﬁﬂ&c istic of migra ion-enhanced epitaxy (MEE).
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CHAPTER III
EXPERIMENTAL DETAILS

In this chapter, the sample fabrication processes by droplet epitaxy technique are
described in details. The growth equipment, molecular beam epitaxy (MBE), is
introduced. In situ reflection high-electron energy diffraction (RHEED) installed with
this MBE system is used to calibrate the growth rate and observe the evolution of
surface structure during the growth. Also, ex/situ characterizing-techniques including
atomic force microscopy (AEM) and photoluminescence (PL) spectroscopy are

introduced.
3.1 Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) is a popular technique for growing III-V
compound semiconductogs. With a clean ah_d ultra high vacuum (UHV) environment,
the molecular beams of the/constituent eleme'l;nt"s-, are ineident upon a heated crystalline
substrate and produce high-quality layers wifh"ygry abrupt interfaces. It also has good
control of thickness, doping, and compositibn: because of very low growth rate
(monolayer (ML)/s), and the precise control'(.)f -l;éam fluxes and growth conditions on
an atomic scale. Quantum devices with high efficiency, high speed and high
performance can be demonstrated. It can be said that MBE-grown quantum well
structures closely approximate the idealized square-well potential models used in solid

state theory.

In this research, a solid-soturce conventional RIBER 32P MBE machine
consisting) of ‘threey UHV, chamber modules, i.e:, introduction’ chamber, transfer
chamber, and growth chamber, is used to fabricate the samples. Three chambers are
separated by isolation gate valves. The pumping system including ion pumps, and
titanium sublimation pumps are installed to keep UHV condition. A figure of RIBER
32P MBE is shown in Figure 3.1. The pressure of each chamber is measured by an
ionization gauge. Epitaxial growth is done in the growth chamber cooled by liquid N to
keep base pressure below ~ 1 x 10" Torr. The manipulator with the substrate is rotated

continuously during the growth to provide a uniform flux profile on the substrate
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surface. The group IlI-elements (i.e. In, Ga, and Al) and group V-elements (i.e. Asy) are
contained in pyrolytic boron nitride (PBN) crucibles which are installed in a separated
effusion cells. Each cell is heated by its own heater the temperature of which is
controlled by feedback from a standard thermocouple to a computer. The molecular
beam flux of each element is controlled by a tantalum shutter in the front of each cell. A
schematic drawing of the modified III-V MBE growth chamber is shown in Figure 3.2.
The unique advantage of MBE from other techniques is to study and control the
growth process in situ. In partlcular ’r flection high energy electron diffraction
(RHEED) allows directly monitoring the S % tructure of the sample and the already
grown epilayer. The explana,g_k on RHE J___pmsented in the next section. In

addition, quadrapole massiﬂg‘,taesco y 1 also usedigu)artlcle analysis in the growth
chamber. 7/

Figure 3.1 The conventional RIBER 32P MBE.
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Figure 3.2 Schematic_drawing of the modified ITI-V. MBE growth chamber. The

chamber is.e00led by liquidLNz (the base pressure < 1x107" torr).

a &

3.2 Reflection High Energy Electron :Diffijlaetion (RHEED)

il

L

Reflection high energy electron '.qri.ffraction is an in situ technique for
characterizing thin films. It allows direct monil;ming of the surface structure of the
sample and already grown epilayer. It also alfq_\ys_ observation on the dynamics of the

growth. A schematic pépresentation of a RHEED system is shown in Figure 3.3. A high-

energy electron beam‘-(‘ll_S keV) intersects with the samplé;-Surface at a small angle (0
~1-3%). It is diffracted by 'the surface atoms, which function as a grating. The scattered
electrons interfere constructively and form @ pattern on the fluorescent screen. The
RHEED patternis captured with a high-performance"CCD camera and analyzed by the

data processing software installed in the computer.
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teo%ed by the Laue method —
S A schematic representation
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depth into the substrate, the

electron beam samples the t e diffracted electrons at the flat

surface are imaged onto the scr@pﬁ"ﬂh cfore, the surface layer is represented by a

et e St

reciprocal lattice spac}e‘lrod perpendicular to_th‘ﬁ [44]. If the surface has

roughness in the orde

an atomic scale, t the reciprocal space will

be presented by three-di ereforeﬂve can interpret the RHEED
pattern as the reciprocal lattiee representatiom of the sample surface, which reflects the
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Figure 3.4 Schematic diagram of RHEED geéometry of the incident electron beam at

an angle @ tothe surface pfane [447:

3.2.1 RHEED intensity oscillation \

i

The growth rates‘also/can be deterrrﬁfned by using RHEED intensity oscillations.
The intensity oscillations are used to calibr{ate group III beam fluxes corresponding to
the growth rate. To contwol the alloy composmon and the thickness of quantum
structures grown, the fluxes are adjusted to the value corresponding to needed growth
rate [44]. =

The RHEED 1ntens1ty on the pattern depends on the roughness of the surface.

Under the normal growth conditions, the RHEED 1ntens1ty, 1.e., surface roughness,
changes according to the fraction of surface coverage where a period of the pattern
oscillation corresponds to the growth of 1 monolayer (ML) A schematic representation
of the RHEED antensity oscillations is shownin.Figure 3.5. In each period, the
maximum reflectivity occurs at the initial and final state with a completed smooth
surface and the minimum reflectivity joccurs jat“the“intermediate stateswhen the grown
layer is approximately half completed. With use of the period of oscillation signal, the

growth rate of GaAs and others can be calibrated too.
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q ormation of the first two completed monolayer of GaAs (001) [44].

3.3 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a very powerful microscopic technique, a
demonstrated resolution of fractions of a nanometer. A schematic representation of an

AFM system is shown in Figure 3.6. The AFM scanning module consists of a cantilever
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with a sharp silicon or silicon nitride tip, the size of which is in the order of nanometers
at its end. The tip is brought into close proximity of a sample surface and scan through
out the selected area. Typically, the deflection is measured by a laser spot reflected from
the metal coated top of the cantilever into an array of photodiodes and digitally
processed. A schematic representation of AFM measuring modes is shown in Figure
3.7. In this work, the AFM is operated in the tapping mode to reduce the friction during

the measurement.

Detectorand
Feedbact /
Elec¥ o

Figure 3.6 > drawing of Atomic Force Microsc co )y (Drawn October 12,

Contact mode  Non-contact mode  tapping mode

Figure 3.7 The schematic representation of AFM measuring modes including

contact mode, non-contact mode and tapping mode.
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In this work, the AFM images are performed by using a SEIKO SPA 400-AFM.
The AFM is operated in the tapping mode in order to reduce the friction during the
measurement. The scan rate is about 1-2 Hz (line per second) and the scan size is

usually 1x1 - 5x5 umz with 512 data points per scan line.

3.4 Photoluminescence (PL) Measurement

Photoluminescence (PL) s ¢

optical properties of a sampk' ' escence. A schematic of the PL
experimental setup is shownwe 3 ﬂ Tha.ﬁamphﬁ-are excited by the 478-nm line
of an Ar" laser. The laser the sample by focal lens. The

visible-light noise and«the séflecied laser be signal. Then, the resolved light is
detected by a liquid-Nifroge 0] 4 t t\b“A chopper and a lock-in

InGais detector

Monochromator

UUATETA Y

‘"‘m rl Lens 1
N Sample
- "

Cryostat

|
% 2
=

Lock-in
e Amplifier

Figure 3.8 Schematic of the PL experimental setup
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The PL result can provide the luminescence properties of a nanostructure
system. In Figure 3.9, the ground state PL peak energy contains information about the
size of the nanosturcture. The nanostructure with a larger size would have a lower
quantized energy levels of both holes and electrons, which causes a lower PL peak
energy position. Therefore, this PL peak position can be used to compare the size of
nanostructures. In addition, the different size of nanostructures in an array can affect the
shape of the PL spectrum as shown in Figure 3.10. A broadening of the spectrum, which
is measured in terms of full width at half maximum (FWHM) or PL linewidth, is related
to the nanostructure size distribution. Moreovery a polarization-resolved PL spectrum
gives information on the nanostructure shapé eor nanostructure-system alignment in

different crystal directions.

Figure 3.9 A simple interpretation of the PL data from a nanostructure; (a) higher
PL peaK energy position from a small-size nanostructure and (b) lower

PL peak position from a large-size nanostructure.
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Single QD QD array

Figure 3.10
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In this workt.}}_e samples of Inﬁam bricated on GaAs (100)

substrates by drople itaxy usin nventional solid-source MBE
system. The growth C(Elitions aried for @)plet formation. A detailed
sequence for sample prepatation is as followsa.

A ULINYNINYINTG

(1) Pre-hei‘ling: A piece of epi-ready semj-gsulating (100) °G.JaAs substrate was
RN IPFRERN T TR navm et
“The block with the substrate was transferred to the introduction chamber and
heated to 450°C for 60 minutes in order to eliminate water vapor and oxide

from the substrate.

(2) Deoxidation: After pre-heating, the sample (the substrate mounted on a Mo
block) was transferred into the UHV growth chamber. The native oxide of

the GaAs substrate surface was removed by slowly ramping up to 600°C
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under an As4 flux of ~ 7x10° torr until a streaky RHEED showed a clear and

abrupt pattern as shown in Figure 3.11.

Figure 3.11  Streak R D patfern oi)ser&/ea during the de-oxidation process.
r 14

&l

g _-*)'—:4 L)
(3) Growth of the GaA, uffe‘rJI layer a’JBOO -nm thick undoped GaAs buffer layer
was grown at 580°C t(Lsmooth thf':_'siijli‘face The growth rate of GaAs was 1
monolayer/s (ML/s): A “clear strea‘ky‘ @2x4) I}HEED pattern was always

observed a-ft.gr-the-gx:omh-i;)f-a-buﬁfer_layep—”ﬁ j

(4) Formation Of'flllGa droplets: The growth conditions were varied in this step.
First, the Assflux-was turned, of f-and the-substrate temperature was lowered
to 530°C 'to eliminate exeess As“atoms'on the surface. Subsequently, the
substrate temperature was decreased““again to the “desired deposition
temperatures (T) in theabsence of Ass. Then, the process was paused until
the background pressure in the growth chamber was below 1 x 10™ Torr to

minimize the initial interaction between the InGa metal and background

arsenic during droplet formation.

(4.1) to investigate the effect of Ty and deposited IngsGaps amount on

InGaAs QRs, 2-5 ML Ing5Gag s (an equivalent amount of IngsGagsAs when
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Asy is supplied) was deposited at Ty = 120-300°C to form InGa droplets on
GaAs layer. The deposition rate of IngsGags was 1 ML/s.

(4.2) to investigate the effect of Indium-mole-fraction (x), 3 ML InGa; 4 (x
= 0.3 - 0.7) was deposited at T, = 150°C to form InGa droplets. The

deposition rate of InyGa;x was 1 ML/s.

(5) Crystallization: After deposition, the substrate temperature was slowly

300-nm GaAs buffer

ramped to 180°C within 11 min. Finally, the InGa droplets were exposed to
6-7x10°° torr of Asy flux at 180°C dor 5 min to crystallize the metallic
droplets into InGaAs QRs [5,23]. Note that crystallization was done at
180°C for all samples to prevent inter-diffusion of In atoms out of the
droplets. A schematie illustraticl'}n of the sample structure after crystallization
is shown in Figur€ 3412 (a). After the growth, the samples were taken out of
the MBE systemyand ex,anzline_c:f for their surface morphology ex situ by

: ),
atomic force microscopy (AFM:SEIKO SPA 4000) in tapping mode.

)

[ 310 ML Gaas layer 100-nm GaAs
Capping Layer

7 1 SOML GaAs [ayer mymen swwce: wan
4= NGaAS QRS — fuull_

_m_a_agyuﬁer layer

GahAs (100) 5ub5trai"e/_;-“

]
GaAs ( 19&}) subsirate

(a) (b)

Figure 3.12  Schematic 1illustrations of the sample structures grown in this work (a)

after exystallization in As.y and (b) after,capping withsa, 100-nm GaAs
capping layer." The “details“of growth' sequences ‘and growth conditions

for the InGaAs nanostructures are given in the text.

(6) GaAs capping (for PL measurement): another series of samples were grown

under the conditions of 2-5 ML Ing5Gag s deposition at Ts = 210°C with an
additional 100-nm GaAs capping layer grown by the two-step growth
method. After the entire growth sequences (1-5), the substrate temperature

was slowly increased to 300°C in As4 flux. Then, to prevent the deformation
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of uncapped droplet-originated InGaAs QRs, the capping layer growth
started with a 50-ML-thick GaAs grown by MEE at 300°C, by alternately
supplying 50 cycles of Ga for 2 seconds (0.5 ML/s), As for 2 seconds and
interrupting for 2 seconds [55,56]. Subsequently, the substrate temperature
was slowly increased again to 400°C in As4 flux and a 310-ML-thick GaAs
was grown at 400°C by the conventional growth method with a growth rate
of 0.5 ML/s. The sample structure with a 100-nm GaAs capping layer is
illustrated in Figure 3.12 (b).

AULINENINYINT
PAIATUAMINYAE



CHAPTER IV

RESULTS AND DISCUSSIONS

In this chapter, the experimental results of InGaAs QRs grown by droplet epitaxy
using MBE are shown. The droplet forming parameters, including the amount of
IngsGags deposited, the substrate temperature during deposition (Ts), and the Indium-
mole-fraction of InyGa;.x droplets are varied to study their effects on the InGaAs QR
properties. By using atomic force microscopy (AFM), the effects of each droplet forming
parameters on the size and density of the nanostructures are investigated. Finally, the
QRs have been re-fabricatedmnder selected droplet forming conditions with an additional
GaAs capping layer for phetoluminescence (PL) measurement. The optical properties of
the InGaAs QRs have begen investigated fro_m PL spectra of the capped InGaAs-QR
samples at 20-100 K. 4

4.1 Evolution of Surface Morphology

The evolution of surface morphology @dfihg growth was observed in situ by
RHEED and recorded via a cominercial CCD-éaniera. Figure 4.1(a) shows the RHEED
patterns of a GaAs buffer layer before IngsGags deposition. The (2x4) streaky patterns
indicate a flat surface of-the GaAs buffer layer. During O-1 minute after IngsGags is
deposited, the RHEED patterns dim and show no clear streak patterns, as shown in figure
4.1(b). This is attributed to the low .density .of InGa droplets formed on the surface.
During 1-7 minutes aftet Ing sGay 5 deposition, the patterns are streaky patterns, as shown
in figure 4.1(c). During 7-11 minutes after the deposition, the spottysRHEED patterns in
figure 4.1(d) are cleatly observed. From the time variation ©of the RHEED patterns, the
mechanism of surface reconstruction can be explained. We can suppose that migration of
In and Ga has occurred, causing the merging of neighboring droplets into larger droplets.
We also suppose that there is the partial crystallization of droplets. At 11 minutes after the
deposition, the crystallization under As4 flux of 6-7 x 10°® Torr BEP started. The RHEED
patterns of QRs which consisted of streaks and spots [57] are shown in figure 4.1(e),

indicating the formation of ring-like nanostructures.
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Figure 4.1

ter .yno.sgao-j deposition, (c) 1-7 minutes, (d) 7-11
minutes after iting‘_v‘3 W 1110 5Gags, and (e) Streaky and spotty
RHEED patterns after ﬁgpplylﬂgiészl ﬂux of 6-7 x 10°® Torr for 5 minutes,
indicating the orman(m of IHM‘S QRs The incident orientation of
electron beam is abngfgge [OFIF ﬁgd;[ﬂl-l ] direction.

| 5

| - — -
The final RHEEB{@atterns are different in the case fo*éD and QR. In the case of

during 0-1 minut

QD, the resulted RHEED pllttern originates from the produét- of transmission and chevron
pictures, schematically illustrateéd in Figure 4.2:On the other hand, in the case of QR, the
resulted RHEED| patten originates (from [the transmission/reflection image and the

reciprocal picture of the rotational structure, schematieally illustrated in,Figure 4.3 [57].
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Figure 4.2 Scatterings of grazing elec art QD. Upper part: the geometrical

¢ QD RHEED pattern originated

from the p ' Actic intensity from a crystal cluster and from

Figure 4.3 Scﬁ %sﬂ[ 53 iﬂ ﬁ Wﬁewm ﬂn% part: the geometrical

arrafigement of scatterm‘g on several crystal planes in QR or on two-
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transmission or reflection-like intensity and the scattering from rotational-

shaped nanostructure resulting in near same RHEED pattern [57].
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4.2 Surface morphology

The surface morphology of the crystallized samples was examined by tapping-
mode AFM. Low-density InGaAs ring-like nanostructures, so called quantum rings
(QRs), are observed. The QRs grown by droplet epitaxy technique have the density in the
range of 10’-10® cm™, which is low-density compared with SK grown QRs (of which
density is typically in the range of 10°-10"" c¢m™). From reports, the lowest densities of

QRs formed by the conversion of SK grown QDs are in the range of ~ 10°cm’™, which is

about the lower limit for SK QD for igure 4.4 shows 1000 x 1000 nm® 2D
top-view AFM images of InGaAs% ferent droplet-forming conditions
(varying Ts and IngsGags a e a)cra r diameter (nm), inner height

(nm), outer height (nm),
included. Note that dept
height. The effects of each

b 1‘ 8 ka‘j;ﬁzwfor each condition are also
s/ > different een inner height and outer
iscussed in the next sections.

:ﬁau,, deposition
0°C 270°C  300°C

- Y- SR
121.801.2010/88 1307081 40048 1552132020021 1618/ 4002001 safz/14 1819080030012 1TR0ITT AR 10

Corresponding thickness of In,,Ga,, amount

[QR: diamatarinm) § inner heightinm) | culer heightinm) / density| 107 cm 7}

Figure 4.4 1000 x 1000 nm? surface morphology of InGaAs ring-like nanostructures
grown on GaAs under different growth conditions, including Ty 120-300°C

and Ing 5Gag s amount corresponding to epitaxial layer thickness 2-5 ML.
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Figure 4.5 shows an example of 350 x 350 nm’ surface morphology and the
corresponding cross-sectional profiles along the [011] and [01-1] directions of a InGaAs
QR grown under the condition of 3ML IngsGags deposition and 210°C substrate
temperature. The nanostructures are not perfectly circular as seen by the elongation along
the [01-1] direction (elongation ratio ~ 1.03-1.28). The elongation is due to anisotropic
surface diffusion of group III atoms on GaAs (100) during the crystallization [58,59]. The
surface diffusion is much higher along the [01-1] (i.e. surface diffusion coefficient at [01-
1] is 4 times larger than that of [011]) dpe to the atomic corrugation of GaAs (100)
induced by the reconstructed dimmer rows. . avalid explanation for the elongation is
there seems to be a lot of mate‘ri_a-l_ 4ﬁused awa@m—l], also resulting in shallower
QRs. Moreover, the center @Rs is deeper fﬁﬁr—ﬂ’l’e substrate surface level due to

——
s into GaAs matrix after the deposition [5,24]. Note

drilling effect of metallic IM i

that the QR diameters, the oui

nd the inner heights are obtained from the cross-

sectional profiles of the QRs along the/[011] direction.

Figure 4.5 350 X 350 nm AFM i 1mage andts cross sectlon along [011] and [01-1] of
an IanAs QR grpwn|at 210°C w1th 3 ML Inl) 5Gbo 5 deposited.

The appearance of InGaAs rlng-structures can “be, s1mp1y descrlbed The formation

roughly compared to the expansion mechanism of typical liquid droplets. The process is

mechamsm bf InGLAs .rrng—shaped* n*anostructures ”fomL metalhc InGa droplets are
illustrated schematically in Figure 4.6. First, liquid-phase metallic InGa droplets are
formed after the deposition of In and Ga atoms on the GaAs substrate (figure 4.6(a)). Like
the liquid-phase droplets, the concentration gradient causes the diffusion of In and Ga
atoms in the droplets. It results in 2-dimensional expansion of the droplets. At the
moment, drilling effect of metallic droplets (along with interfacial intermixing process)

and partial crystallization occur (figure 4.6(b)). The drilling effect is an etching process at
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the interface between group III droplets and underneath III-V surface. At the interface
between InGa droplets and the GaAs buffer layer, As atoms (associated with Ga) can be
easily soaked into the droplets in order to equilibrate the energy between the GaAs matrix
and the droplets. Since As atoms can not exist within the liquid droplets, the As atoms
keeps travelling out of the droplets. Then, the As atoms either escape out of the droplets
or interact with In and Ga atoms in the droplets, especially at the periphery of the
droplets. Hence, InGaAs are formed at this zone, causing partially-crystallized InGa
hemispherical-shaped structures [2]. At the same time, InGa droplets keep intermixing
with underlying isolated Ga atoms (of which As was sucked out), forming metallic InGa
right below the droplets. Second. during the crystallization under As, flux, the metallic In
and Ga atoms from the dropléts diffuse and interact with As atoms supplied on the nearby
surface [4] and crystallized inte"TnGaAs (figure 4.6(c)). Again, As atoms can not exist
within the liquid droplets, so_the efficient crystallization is expected at the bottom edge of
the droplets [2,4,24]. As a result, InGaAs ring-shaped structures are formed surrounding

the periphery of the droplets [2].
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4.3 Effects of substrate temperature during Ing sGay s deposition: T; on InGaAs QRs

For the 1% series of samples, the nanostructures were formed under the condition of
2 ML IngsGag s deposition at Ty = 120, 150, 180, and 210°C and under the condition of 3
ML IngsGags deposition on at Ty = 120, 150, 180, 210, 240, 270, and 300°C. Their
morphological properties were examined. The dependence of the QR diameter and height

on T; is shown in Figure 4.7.

T

o

~ sl N otin, Ga, A

g A
TE

= .

E: B \ L] ]

E 5 '-x_l ‘,\.

™ L

8 N

n g ] hY

g "N

] L

= b ;

= .-

=B Tm
[] i i L i L i i b '_ " - e i i i 1 i 'l i i .

100 120 140 180 180 200 20 240 280 T g 1% im0 a6 ¥R M 3%
substrate temperature during dw@:_, Y] _.:',- - substrate temperature during deposition ("'C)
a J‘: : - 5 ’ g - - 5 - ol i . 5 5 - . - . - 5
In Ga  amousd degonied = g gl 1}

Ll o fequivaleat amoust of s_Da | "" ‘ e Al .

L
T L

=
1 ﬂuﬁiwg NeNS. |
| QW’]@Nﬂ‘ﬁm annaﬂ

a "
a0 1'0 m 'ﬂ'l:l !Il 330

=
o=
]
.l:
5
=
E
H

Quantum ring inner height (nm)

PR
rn ko) 30

substrate temperature during deposition C] substrate temperature dunng deposition f’r.'_'}

Figure 4.7 The dependence on substrate temperature (T) of InGaAs QR average size

(diameter, outer height and inner height) and density.

While increasing Ts, the QR average size (typical outer diameter and the height of
the QRs along [011]) increases but the density decreases. For example, when T, = 120°C
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under 3 ML Ing5Gag s amount condition, the density was 8.5 x 10® cm® with QR diameter
~ 121 nm, the outer height ~ 1.0 nm, and the inner height ~1.2 nm. When T = 300°C, the
density decreased to 0.9 x 10® ¢cm™ with diameter ~ 175 nm, the outer height ~ 4.6 nm,
and the inner height ~ 7.8 nm.

The explanation is that the relatively large size of InGaAs QRs is due to the
merging of neighbouring metallic InGa adatoms. The surface diffusion ability of metallic
In and Ga atoms is proportional to the substrate temperature. Thus, at higher substrate
temperature, the merging of InGa adatoms, is increased, resulting in greater quantity of
InGa in each droplet. After crystallization, fe\&gr/)jﬂt larger InGaAs QRs are formed, as

shown in Figure 4.8. Moreover, the increased surfaee diffusion ability also results in two-

dimensional expansion of InGa droplets at‘fligh temperafture. A schematic drawing of the

150-210°C 2-dimensional eX/iOﬂ' S il]uS‘Frated mn Figure 4.9.
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Figure 4.8 An illustration of different merging ranges of neighbouring metallic InGa

adatoms-at diffetent substrate temperatures, showing larger size but lower

density droplets at higher Ts.
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InGa droplet

150°C

GaAs Buffer Layer

InGa droplet
dh. 4 4

GaAs Buffer Layer 180°C

InGa droplet

GaAs Buffer Layear 210°C

Figure 4.9 A schematic drawing of 2jdimentional expansion of QRs at different
substrate temperature 150-210°C, showing wider expansion at higher Ts.
For 2 ML Ino,sGﬂa,; depositien, '_we find that the heights of InGaAs QRs
decreases at 180°C—210°C.},,KW ider expaﬁgioniné InGa droplets results in the decreasing of
such droplet heights due to thé limitof InGa a:';(n(’j'unt deposited.

In addition, the dependence oic Iné;iAs QR structural properties on T was
investigated using the statistiCs of QR. dlameters’ ;he outer heights, and the inner depths as
presented in Figure 4.10 [60]. Morphologlcal daJt of 50 QRs were collected for each Ts.
Most InGaAs QRs have larger diameters and thher helghts with increasing Ts. The

diameter mostly varies. between 155~200 nm and the outer helght of the rings varies

between 1.2~7.5 nm. Hovi/ever at Ty = 300°C, the diameter- Ehstrlbutlon spread out more
than the distribution at lower T,. We suppose that over-migration of InGa in the droplets
may occur at 300°C because ‘of the, high,surface. kingtics.. As, a_result, some In and Ga
atoms can migrate easieriin-afid-out ‘ef the droplets-and ‘mergé’ with other droplet(s),
causing the variation of droplet sizes before crystallization. Indefinitely, the InGa
composition of nanostructurés may not be entirely uniformidue to-the different surface
kinetics [61]. Most inner depth of InGaAs QRs are virtually the same for various Ts. The

inner depths varies between 0~6.5 nm.
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Figure 4.10  Dependence of InGaAs QR diameter, the outer height, and the inner depth
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1 rings were collected for each conditio The Ing5Gag s

amount is 3 ML with a constant deposition rate of 1 ML/s
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4.4 Effects of deposited IngsGags amount on InGaAs QRs

For the 2™ series of samples, the QRs were formed under the condition of 2, 3, 4,
and 5 ML IngsGay s deposition at 150°C and 210°C. The morphological properties of each
sample were examined for their density and size, as shown in figure 4.11. In the case of
150°C substrate, the QR density oscillates every 2 ML InjsGag s amount increasing. For
210°C, on the other hand, the ring density tends to saturate after 4 ML IngsGags

b

deposition. The QR diameter and the heig rease with increasing IngsGag s deposited

amount. However, at 210°C, the dian ter 3-4 ML Ing sGag s deposition.

Quantum ring density (10%em’)

Cuantum ring inner height (nm)

In_ Ga_, amount (ML) In,  Ga , amount (ML)

Figure 4.11 The dependence on deposited IngsGags amount of InGaAs QR size and
density.
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Considering the oscillations of QR density at T = 150°C, we suppose that there is
the merging of metallic droplets into a full-layer. The illustration is shown in Figure 4.12.
At the first 2-3 ML IngsGags deposited, the density of droplets increasing due to more
InGa amount deposited. After the first 3 ML, there are enough small metallic-droplets
covering full of the surface. The droplets then coalesce and form an InGa full-layer
instead of individual droplets. The newly arrived InGa adatoms would form additional
droplets above the layer. Hence, the density of the droplets has been renewed. For T =
210°C, on the other hand, the QR density increases during 2-4 ML and tends to saturate
after 4-5 ML. Since at the higher Ty (210°C), the droplets are 22% larger but much lower
density (70% lower than T, = 150°C) due to-higher surface energy and merging of
droplets [see chapter 4.3, effects of Tql. Therefore, more droplets are required to cover all
of the surface. Considering thessaturation of QR density, the full-layer takes place after
the first 4 ML IngsGao s deposited: Unlike 150°C, the droplets are so large that the upper
part of the droplets still remains aboye the full-layer when InGa is increased to 5 ML. The
newly arrived adatoms would add to the tapmost part of the droplets, resulting in a
saturation of droplet density. An illustration of éach step 18 shown in Figure 4.13. Also,
AFM images and corresponding €ross-section éf Tesulted QRs grown at 210°C with 2-5
ML IngsGag s deposited are shown in Figure 414_ '._J-_y

In the case of 210°C, the decrease of QK diameter during 3-4 ML is supposed to
be caused from accumulated strain; Since the helgilt of the droplets and the outer height
of their corresponding JfHiGaAs QRS after crystallization are. higher than those of the
150°C case, compressive strain energy is accumulated inside the III-V structures. The
relaxation then takes place atthe QR-lateral center where the height reaches critical value.
Considering hemispherical'shape of crystallized QR lateral, when the center of QR lateral
relaxes, their surrounding-edges are not relaxed as well (as thickness is not reach critical
value as the'center): This would limitsstrain! to werticallyirelax to'the topiof QR. Thus, the
vertical relaxation at center pulls the surrounding edge to the Center (of QR lateral) along

with increasing height. So, the base-size is forced to decrease with this process.
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3mL T 1 GaAs Buffer Layer
Additional InGa droplets deposited
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Figure 4.12 A schematic

Figure 4.13

amount, for T,

= |nGa partially merge together
but topmost remain.

GaAs Buffer Layer

A schematic model of the saturation of QR density for Ty = 210°C,
including the drawing of corresponding crystallized QR to briefly describe
diameter decreasing from the vertical-relaxation of the accumulating

strain. The details of each step are given in the text.
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4.5 Effects of In-mole-fr:Qtion of de } lﬂ}aAs QRs

The size ﬂ %&} ’] (i Eﬂ;%ﬁ]%ﬂﬂ@%lated to the In-mole-

fraction (x). Flgure .15 shows 500 x 590 nm” AFM i 1mages of the samples grown under

o ot V8 RSO S 8 i o

corresponding QR-diameter distributions for each condition. The size of QRs can be

clearly classified into 2 groups: subtle tiny-size QRs and obvious large-size QRs. With x
= 0.3 and 0.4 (high-Ga-content), most QRs are tiny-size with average diameters of 47 and
58 nm, respectively, while only a few large-QRs exist (average diameter are 72 nm and
78 nm). The density of the tiny-size QRs is much higher than the large-size QR’s, as
shown in Figure 4.16. However, while increasing x to between 0.5 and 0.7, the density of

tiny-size InGaAs QRs rapidly decreases and totally disappears. On the other hand, the
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density of normal-size QRs slightly increases. With x = 0.5 - 0.7 (high-In-content), almost
only low density large-size QRs are observed. Average QR diameters for x = 0.5, 0.6 and
0.7 are 131, 113 and 114 nm, respectively. The difference between the surface migration
lengths of In and Ga atoms [53] is responsible for the difference of QR size and density.
With increasing Indium content (x) beyond 0.5, the coalescence of liquid InGa droplets is
strongly affected by the surface migration ability of high-In-content droplets. As a result,
low density but bigger QRs are formed after crystallization. On the contrast, for x = 0.3 -

0.4, sticky high-Ga-content tiny droplet

uld form high density but tiny QRs after
crystallization. V
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Figure 4.15 500 x 500 nm> AFM images of the samples grown under the conditions of
3 ML In,Ga,x deposited (0.3<x<0.7) at Ty = 150°C, including the
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corresponding QR diameter distributions for each condition.
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4.6 Photoluminescence (PL

Another set of samples were gl;'own uiﬁl-'e: the droplet forming condition of 2-5

e e

ML IngsGags deposmon gt 210°C w1th an add1t10nal 100- nll'i GaAs capping layers. The

capping layer 1ncluded_§fML of GaAs layer grown by mﬁgratlon enhanced epitaxy
(MEE) at 300°C and 31QJML of GaAs layer grown by convent10nal MBE method at
400°C. The optical properties_ of the InGaAs QRs were analyzed by PL spectra of the
respective samples‘at 20 100 K.

For PL measurement, a 477 nm Ar" laser with power of 20-80 mW is used as the
excitation/Soufce 10 \characterizethe opticall properti€s, of /the: capped InGaAs QRs at 20-
100 K. PL emissions for 2 ML and 5 ML conditions are so low that we can not detect any
signal from the samples. For 2 ML deposition, the density of QRs (0.8 x 10°® cm™) is very
low compared to the other conditions, resulting in very low signal from the sample. For 5
ML deposition, the PL emission efficiency may be degraded due to the accumulation of
too much strain. Next, the PL spectra of the capped InGaAs QRs grown under the
conditions of 3 ML and 4 ML IngsGags droplets deposited on 210°C substrate are

examined under a reference measuring condition (exitation power = 40 mW, PL
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measuring temperature = 20 K), as shown in Figure 4.17. The PL intensities are relatively
low due to low density of the QRs (~ 1.6-5.4 x 10° cm™) and, probably, low-temperature
crystallization which results in non-perfectly crystallization of QRs. Under the reference
measuring condition, the PL spectra of the sample of 3 ML IngsGags droplet centers at
1017 nm (1.22 eV) with respective FWHM of 59 nm (77 meV). For the sample of 4 ML
IngsGayg s, the PL peak of 1007 nm (1.23 e V) with FWHM of 53 nm (65 meV) is detected.
The peak of the 4 ML sample centers at a little shorter wavelength, corresponding with
the relatively smaller size of 4 ML-condition QRs. Also, the PL intensity of the sample of
4 ML Ing5Gags is about 3 times higher than that of 3 ML sample, corresponding with the
higher QR density (~ 5.4 x 10% em” for 4 ML Gendition and 1.6 x 10® cm™® for 3 ML
condition). The slightly-broadening FWHI\‘;’I is due to 2 reasons; the size distribution of
QRs [as shown in section 4.3j"and the composition distribution. The composition of In
and Ga in InGaAs may not bé entirely uniflérm for all QRs due to randomly intermixing
between InGa atoms in droplefs and/isolated Ga atoms at GaAs buffer interface during the

interruption before crystallization [m_enfione,d in section 4.2]. As a result, In and Ga

A v,
composition are not exactly 0.5, r. 4
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Figure 4.17  The PL spectra of the capped InGaAs QRs grown under the conditions of
T, = 210°C with 3 ML and 4 ML In(sGa s droplets measured at reference

PL measuring condition (laser power = 40 mW, measured at 20 K).
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Excitation-power dependence photoluminescence

The PL spectra at 20 K of the samples as a function of excitation power are shown
in Figure 4.18. As the excitation intensity increases, the PL intensities increase due to the
increase of excess carriers by the excitation power. Also, the PL intensities increase
without shifting and broadening while increasing the excitation power. Considering the
discrete energy levels of the QR systems, only the ground-state peaks are observed (no
state-filling effect). Approximated from the ground-state PL peak position of 1.22-1.23
eV, Indium-content of the QRs can be ~ 0.31-0.50 according to the experimental ground-
state energies 1) of InAs/GaAs QDs with a poteatial well width < 4 nm, which is 1.01-
1.06 eV [62-65] and 2) of an In0,5Ga0,5As/GJaAs QDs. with well width of <4 nm, which is
1.17-1.23 eV [66,67].
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Figure 4.18  The PL 'sp_é_ctra at 20 K with 20-80 mW exc_;;tation power of the capped
InGaAs QRs grown under the conditions of Ts = 210°C with 3 ML and 4
ML Iny 5Gag s'droplets.

Temperature dependence photoluminescence

The'PL spectra, as‘a functionof measuring temperature are shown in Figure 4.19.
The PL intensities decrease while increasing PL. measuring temperature. The thermal
excitation results in less stability of the carriers in QRs [68] and decreases probability of
photon emission [69]. The equation used to fit with this result is the simple equation of

the activation energy of quantum wells (Farfard et al., 1996)

C
_Es
l+ae **

I(T) = 4.1



51

where C is constant, a is a fitting parameter, k is the Boltzmann’s constant, and 7 is the
measuring temperature. This equation indicates that PL intensity would decrease with
increasing temperature. Even the thermal energy are small compared to the activation
energy, there should be a certain part of carrier jump out of the nanostructures due to
thermal excitation. By the way, the linewidths are invariant to the temperature change,

confirming that thermal broadening is negligible.
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Figure 4.19  The PL spectra at 20:1()0 K of; ghe capped InGaAs QRs grown under the
ald ¥ K
conditions of Tk =_,.21_()°C witp--_ 3N ML and 4 ML IngsGaps droplets

(excitation power = 40 mW).

gl

For the sample Qf 3 ML Ing5Gag s, the PL peak is nqiﬁhifted while increasing the
measured temperature frorf; 20 K'to 100 K. It'indicates the’Strain—free QRs which create
no strain effects on the energy band structures..So, the carriers hardly shift to any energy
levels (strain-freeimay be.considered -as full relaxation of the thin-lateral 3 ML QRs,
while the thicker-lateral QRs of 4 ML can accumulate more strain-field inside). Besides,
the coupling properties supposedly support thelinvariant Of thePLSpectfa to measuring
temperaturein addition to QR strain-free properties [70]. As shown in Figure 4.20, each
of the anisotropic-lateral QRs may act like coupled-QD-pair. The QD diameter
approximated to the QR-lateral width (~ 30-40 nm) and the distance between the adjacent
QDs is ~ 40-50 nm at the center (not coupling) and < 10 nm at the ends (coupling).
Overlap of the electronic wave functions in these coupled-like QDs causes a small
splitting of energy state into two regenerated sub-levels [see section 2.1.2, also, Pauli’s

exclusion [71]]. Since, the splitting energy (AE) depends on inversion of distance between
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adjacent QDs (Ic.op), the energy of these two sub-levels is ~ Eq+AE, AE o« 1/lC.QD2
[39,72-75]. Thus, upon the increasing measuring temperature, the carriers can be
thermally-excited to the higher-energy sub-levels, compensating the decreasing bandgap
of Varshni’s Law [69]. By the way, the small splitting can not be clearly detected in the
excitation-power dependence PL due to relatively large FWHM.

Figure 420 3-D AFM image of a QR Wufﬁjt;he,-lﬂustratlon representing coupled-like
QD cor;;_e&pondmg with the amsotromc_laléals of the QR. The QD
diameter r§’ approximate to QR-lateral w1dth_1‘36 40 nm) and the distance
between thejadjacent QDs is ~ 40-50 nm at the center and < 10 nm at the

ends.

However, for the 4 ML sample, the PL peak is 30 meV ;red-shifted while
increasing the measured temperature frérﬁ 20 K to 100 K.| Although'the*main reason for
this shift is the temperature dependence of the bandgap (Varshni’s law [69]), the strain
field is also supposed to partially accumulate inside the crystallized thicker-lateral QRs
(higher outer height). The strain can complicate the energy band structures in which
excited carriers have less stability [48,76]. This increases the possibility of the carriers to
fall to the lower distorted energy levels and emit lower-energy photon with increasing

thermal excitation.
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Polarized photoluminescence

To characterize PL polarization, a linear polarization analyzer is used to obtain the
polarization-resolved spectra. The polarization plane is parallel to (100) plane. The
polarized PL spectra are shown in Figure 4.21. The crystal direction of [01-1] with a
maximum PL intensity is used as the reference of 0°. On 90° turn of the analyzer from 0°,
the intensity deceases to the minimum (called 90°, corresponding to [011] direction). The
intensity of the 90°-polarized spectrum (minimum) is 30% less than the 0°-polarized

spectrum (maximum). The polarized light is corresponding to the elongation along [01-1]
of the QRs, confirming the non-y y

”’/ or anisotropy of the QR structures
4

[2,24,60].
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CHAPTER V

CONCLUSIONS

This work presents the fabrication of InGaAs ring-like nanostructures by
droplet epitaxy using solid-source molecular beam epitaxy. The growth started with
the formation of InGa droplets on GaAs surface and followed by the crystallization of
the InGa droplets under Ass pressure to form InGaAs quantum rings. During the
growth, the evolution of surface structutes was monitored by in situ RHEED
observations. The formation'mechanism of InGaAs quantum rings from metallic InGa
droplets is investigated. After the crystallization, the surface morphology of the
samples was characterized by ex ssitul atomic force microscopy. Low-density of
10%cm” InGaAs quanitumetings’ have been observed. The quantum rings are not
perfectly circular due 10 anisouopy surface diffusion during the crystallization.

Furthermore, the/growth conditions have been varied by changing the droplet
forming parameters, i.e.; 1) ‘Substrate terf{péfature during IngsGags deposition, 2)
Ing sGag s amount deposited, and 3) In—moié}f(e}gtion of InyGa;x droplets. The effects
of each parameter on the morphological prqpé&ies of the InGaAs quantum rings are
investigated. i R

For the effects of substrafe temperature during the deposition, it is found that
increasing substrate temperature results in InGaAs quantum rings of a larger size but
lower density. Greater migration length of In and Ga atoms leads to 2-dimensional
expansion andscoaleseence! of InGa'/into-larger dropléts, “Fhus, larger but fewer
quantum rings are formed after the crystallization.

Regarding the effects-of InosGag sameunt;, increasing-the-deposited IngsGag s
amount also results in changing of ‘quantum ring“size ‘and density. At low substrate
temperature, the quantum ring size increases with increasing IngsGaps amount.
However, the quantum ring density oscillates with increasing IngsGays amount. The
oscillation is due to merging of numerous small droplets into a full layer instead of
individual droplets. At higher substrate temperature, on the other hand, the increment
of InpsGagp s amount results in quantum rings of a greater height, higher density but
smaller diameter. The decrease of diameter is supposed to be caused by accumulating

compressive strain inside the larger quantum rings and the partial relaxation.
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Varying indium-mole-fraction of InGa droplets strongly leads to a variation of
crystallized quantum rings. When indium content of InGa droplets is less than 0.5,
high density tiny-size quantum rings are obtained after the crystallization. Whereas,
when indium content is equal or more than 0.5, low density large-size quantum rings
are formed after the crystallization.

The photoluminescence measurement was also performed to characterize the
optical properties of the quantum rings. The InGaAs quantum rings were grown under
selected conditions of 2-5 ML IngsGags droplets deposition at 210°C substrate, with
additional 100-nm GaAs capping layers.s The capping layers were grown by
migration-enhanced epitaxy at lower growthe=temperature and followed by the
conventional method at higher temperéture. The optical properties of the quantum
rings were examined by photoliminescence spectra of the respective samples. The
photoluminescence intensitiessare relatively low due to low density of the quantum
rings. In particular, photoliiminescence emissions for 2 ML and 5 ML conditions are
too low due to very'low density of QRs and accumulating strain, respectively.
However, the photolumineseence emissi(;ns for 3 ML and 4 ML conditions can be
examined. The photolumineseence peak of; the 4 ML sample is centered at a little
shorter wavelength than that of the 3 ML s;.:n{p_lje_,:. This corresponds with the relatively
smaller size of 4 ML-condition gGuantum rfﬁgs The photoluminescence intensity of
the 4 ML condition “is aboutr 3 times highéf&ﬂah that of the 3 ML. This is due to
higher density quantiim rings in the 4 ML sample. MoreoVer, the full-width at half-
maximum is slightly broad due to quantum ring-size distribution and composition
distribution.

The phetoluminescence measuring patameters including excitation intensity,
measuring temperature, and polarization have been varied. As the excitation intensity
is raised, the photoluminescenceyintensities increase without shifting. The ground-
state energies of the InGaAs quantum ring systems are identified from the emission
peaks. When the measuring temperature increases, the photoluminescence intensities
decrease without thermal broadening. It is also observed that the photoluminescence
peaks of the 3 ML sample are not shifted. This can attribute to the strain-free quantum
rings which create no strain effect on the energy band structures. On the other hand,
the peaks of the 4 ML sample are red-shifted. This shift can attribute to the existence
of the strain field, which complicates the energy band structures and decreases the

stability of the carriers. This increases the possibility to emit the longer-wavelength
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photon with increasing the thermal excitation. Finally, the elongation of the quantum
rings is confirmed by the polarization resolved spectra. It is found that the polarized
spectra along the perpendicular crystal directions exhibit the maximum difference of

intensity. This corresponds to the anisotropy of the quantum rings.

Recommendations for further works
Due to the density of quantum rings grown by droplet epitaxy is relatively

low, it is difficult to clearly study the optical properties of the quantum rings grown

under some conditions. The multi-stack /th can increase the number of quantum
rings per unit volume. Ho er, ng shape in each stack should be
confirmed. Also, the rapid thermal annealing (RTA) a improve the crystal quality of

such low-temperature-crystailized quantum rings to obtain higher photoluminescence

intensity.

LA
V.

y
AULINENINYINT
AN TUNM NN Y



REFERENCE

[1] Lorke, A., Luyken, R.J., Garcia, J.M., and Petoff, P.M. Jpn. J. Appl. Phys. Part 1
40 (2001): 1857-1859.

[2] Mano, T., and Koguchi, N. J. Crystal Growth 278 (2005): 108-112.

[3] Lee, J.M., Kim, D.H., Hong, H., Woo J.C.; and Park S.J. J. Crystal Growth 212
(2000): 67-73.

.

[4] Mano, T., Watanabey K™, Tsukamoto, S., Fujioka; H., Oshima, M., and Koguchi,
N. J. Crystal Growthr209.(2000): 504-508.
|‘

[5] Wang, Zh.M., Liang,B.L., Sablon, KA., and Salamo, G.J. Appl. Phys. Lett. 90
(2007): 113120. |

[6] Wang, Zh.M., Holmes, K., Shultz, J.L., and Salamo, G.J. phys. stat. sol. 202

(2005): R85. dia

d Fy :IJ‘—I
[7] Jevasuwan, W., PanyakeQw_, S and R@t&_m_a_thammaphan, S. In-droplet-induced
formation of InP nanostructures by solid-sourée molecular beam epitaxy.

Microelectronic Engineering 84 (2007): 1548-1551.

[8] Warburton, R.J., et al. Nature 405 (2000): 926.

[9] Ivanov, M.V ., and Schmelcher, P. J. Phys.: Condens. Matter 18 (2006) : 2963.

[10] Lorkey A sLuvken, Ris:Govorev) A©Osvand Koettaus,-J,P-Phys. Rev. Lett. 84
(2000):2223.

[11] Aharonov, Y., Bohm, D. Phys.Rev. 115 (1959): 485-491.

[12] Kleemans, N.A.J.M., Bominaar-Silkens, LM.A., Fomin, V.M., Gladilin, V.N.,
Granados, D., Taboada, A.G., Garcia, J.M., Offermans, P., Zeitler, U.,
Christianen, P.C.M., Maan, J.C., Devreese, J.T., and Koenraad, P.M.
Physical Review Letters 99 (14) (2007): 146808-1/4.




58

[13] Offermans, P., et al. Appl. Phys. Lett. 87 (2005): 131902.

[14] Granados, D., and Garcia, J. M. J. Cryst. Growth 251 (2003): 213.

[15] Granados, D., and Garcy“a, J. M. Appl. Phys. Lett. 82 (2003): 2401.

[16] Kiravittaya, S., Songmuang, R., Jin-Phillipp, N. Y., Panyakeow, S., and Schmidt,
0. G. J. Cryst. Growth 251 (2003): 258.

[17] Schmidt, O. G., et al. IEEE J. Selected Topics in Quantum Electron 8 (2002):
1025.

[18] Songmuang, R., Kiravittaya, S., and Schmidt, ©.G. J. Cryst. Growth 249 (2003):
416.

|
[19] Garc, J. M., et al. AppLPhysi Lett. 71 (1997): 2014,

[20] Kobayashi, S., Jiangy C4 Kawazu,'-fl“.,i. and Sakaki, H. Jpn. J. Appl. Phys. 43
(2004): L662. “'

[21] Yu, L. W., Chen, K. J.,/Song/ ¥, Xu, JLi, W., Li, H. M., Wang, M., Li, X. F.,
and Huang, X. F. Advanced Materials 19 (2007): 1577.

~d

[22] Koguchi, N., Takahashi, S., and Chikyow, T. J. Crystal Growth 111 (1991): 688.

[23] Lee, J.H., Wang, Zh.-M., AbuWaar, Z.Y., Stromn, N.W., and Salamo, G.J.
Nanotechnology 17 (2006): 3973.

[24] Lee, J.H., Wang, Zh.M., Wate, M.E.; Wijesundara, K.C., Garrido, M., Stinaff,
E.A., and Salamo, G.J. Cryst. Growth Des. 8 (6) (2008)::945-1951.

[25] Mano, T., et al. Nano Lett. 5(2005): 425.

[26] Huang, S., Niu, Z., Fang, Z., Ni, H., Gong, Z., and Xia, J. Appl. Phys. Lett. 89
(2006): 031921.

[27] Watanabe, K., Koguchi, N., and Gotoh, Y. Jpn. J. Appl. Phys. 39 (1) (2000):
L79.




59

[28] Alonso-Gonzalez, P., Alen, B., Fuster, D., Gonzalez, Y., and Gonzalez, L. Appl.
Phys. Lett. 91 (2007): 163104.

[29] Kim, J.S., and Koguchi, N. Appl. Phys. Lett. 85 (2004): 5893.

[30] Yu, P.Y., and Cardona, M. Fundamentals of semiconductors: physics and

materials properties. 2" edition. Berlin: Springer-Verlag, 1999.

[31] Kittel, C. Introduction to solid state physics. 7™ ed. New York: Wiley, 1996.

[32] Bimberg, D., Grundmann, M.  aad o Ledentsov, N.N. Quantum dot

heterostructures. Chichester: Wiley; 1999

[33] Sugawara, M. TheoreticalsBases of the Optical Properties of Semiconductor
Quantum Nano-Struetures. In M. Sugawara (ed.), Semiconductors and

semimetals vol.60: Self=Assembled InGaAs/GaAs Quantum Dots, pp.1-116.

San Diego: A¢ademig¢ Press, 1999. 4

[34] Bhattacharya, P. Semiconductor oﬁtz):electronic devices. New Jessy: Prentice-
Hall Inc., 1994. 8
222244
[35] Bastard, G., and Brum, J.A. Electroni.c?_s_ta_tes in semiconductor heterostructures.

IEEE Jouriil of Quantum Eleétronics QE-224(1986): 1625-1644.

[36] Arakawa, Y., and Sakaki, H. Multidimensional quantum well laser and
temperature dependence of its threshold current. Appl. Phys. Lett. 40 (1982):
939.

[37] Asada, M.,"Miyamoto, Y., and Suematsu, Y. Gain and the threshold of three-
dunensionalquantum-box lasers: IEEE Journal of Quantunm Electronics QE-

22 (1986): 1915-1921.

[38] Zhukov, A.E., et al. 3.5 W continuous wave operation from quantum dot laser.

Materials Science and Engineering B 74 (2000): 70-74.

[39] Harrison, P. Quantum Wells, Wires & Dots. 2" edition. Chichester: Wiley, 2005.

[40] Bayer, M., Korkisinski, M., Hawrylak, P., Gutbrod, T., Michel, M., and Forchel,
A. Phys. Rev Lett. 90 (2003): 186801.




60

[41] Ribeiro, E., Govorov, A.O., Carvalho, W.Jr., and Medeiros-Ribeiro, G. Phys.
Rev. Lett. 92 (2004): 126402.

[42] Cheng, K.A., and Yang, C.H. Nanometer-size InAs/AISb quantum wires:
Fabrication and characterization of Aharonov—Bohm quantum rings. J. Appl.

Phys. 88 (9) (2000): 5272-5276.

[43] Manninen, M., Koskinen, P., Koskinen, M., Viefers, S., and Reimann, S.M.

Energy spectra and electron localization in quantum rings and dots [online].

2004. Available from: https:.//www.jyu.fi/fysikka/en/research/material/
clusters/download/matti-india.pdf {2040, October 20]

[44] Herman, M. A., and SittesyHoMolucular beam epitaxy fundamentals and current

status. Berlin: Spinges=Verlag, 1989.

[45] Leonard, D., Krishnamurthy, M Réaves, C.M., Denbaars, S.P., and Petroff,
P.M. Appl. Phys: Lett. 63 (1993}; 3203.

[46] Suraprapapich S., Panyakeow, S, and Tu, C.W. Appl. Phys. Lett. 90 (2007):
183112.

rsrda

[47] Seifert, W., et al. In-situ-growth of quahtum dot structures by the Stranski-
Krastanow: growth mode. Crystal Growth and Characterization 33 (1996):
423-471.

[48] O'Reilly, E.P. Valence band engineering in strained-layer structures.

Semic¢onductors Science and Technology 4 (1989): 121-137.

[49] Kokuchi, N., and Ishige, K. Jpn. J. Appl. Ph¥8: 32 (1993): 2052.

[50] Chikyow, T., and Koguchi, N. Jpn. J. Appl. Phys. 29 (1990): L.2093.

[51] Koguchi, N., Ishige, K., and Takahashi, S. J. Vac. Sci. & Technol. B11 (1993):
787.

[52] Chikyow, T., and Koguchi, N. Appl. Phys. Lett. 61 (1992): 2431.

[53] Mano, T., Watanabe, K., Tsukamoto, S., Fujioka, H., Oshima, M., and Koguchi,
N. Jpn. J. Appl. Phys. 38 (1999): L1009-L1011.




61

[54] Horikoshi, Y. Appl. Surface Science 65-66 (1993): 560-568.

[55] Horikoshi, Y., Kawashima, M., and Yamaguchi, H. Jpn. J. Appl. Phys. 27
(1988): 169.

[56] Horikoshi, Y., Kawashima, M., and Yamaguchi, H. Jpn. J. Appl. Phys. 25
(1986): L86S.

[57] Nemcsics, A., Heyn, Ch., Stemmann, A., Schramm, A., Welsch, H., and Hansen,
W. Materials Science and Engineering B 165 (2009): 118-121.

[58] Ito, T., and Shiraishi, K. Jpn. J. Appl. Phys..37:(1998): 4234.

[59] Ohta, K., Kojima, T., and Nakagawa, T. J. Crystal Growth 95 (1989): 71-74.

!
[60] Pankaow, N., Panyakeow /S. and Ratlanathammaphan, S. J. Crystal Growth 311

(2009): 183241835 Y

[61] Sablon, K.A., Wang, Z.M.; and Sélar-’no, G.J. Nanotechnology 19 (2008):
125609, s

Fhd

[62] Yamaguchi, K., Kaizu, T Yujobo, K., andSaito, Y. J. Crystal Growth 237-239
(2009): 1301-1306.

[63] Celibert, V., Tranvouez, E., Guillot, G., Bru-Chevallier, C., Grenouillet, L.,
Duvaut, P., Ballet, P., and Million, A. J. Crystal Growth 275 (1-2) (2005):
e2313-e2319.

[64] Lee, J.C., and Wu, Y.F. Intersublevel Relaxation Propertiesiof Self-Assembled
InAs/GaAs Quantum Dots Heterostructures. In: Dragica “Vasileska (ed.),

Cutting Egde Nanotechnology, pp. 305-322: Intech, 2010.

[65] Heitz, R., Born, H., Guffarth, F., Stier, O., Schliwa, A., Hoffman, A., and
Bimberg, D. Phys. Stat. Sol. (a) 190 (2) (2002): 499-504.

[66] Kalevich, V.K., and Tkachuch, M.N. Physics of the Solid State 41 (5) (1999):
789-792.




62

[67] Wahab, et al. Photoluminescence studies of IngsGagpsAs/GaAs quantum dots. In
Proceeding of Annual Fundamental Science Seminar 2006 (AFSS 2006), 6'-
7™ June 2006 at Universiti Teknologi Malaysia, Skudai, Malaysia, 2006.

[68] Marcinkevicius, S., and Leon, R. Phys. Rev. B 59 (1999): 4630-4633.

[69] Bhattacharya, P. Semiconductor Optoelectronic Devices. 2" edition. NJ: Prentice

Hall International Inc., 1996.

[70] Mazur, Y.I, et al. Carrier Transfer in the Arrays of Coupled Quantum Dots. In Z.
M. Wang (ed.), Self=Assembled Quantum Dots, pp.67-93. Springer, 2008.

J

[71] Gasiorowicz, S. Quantum Physics. 3" edition=Hoboken: Wiley, 2003.

[72] Levi, A.F.J. AppliedtQOuantum Mechanics. Cambridge: Cambridge University
Press, 2003.

_—

[73] Ben-Daniel, D.J., and Duke; C.B. ”Spéce charge effect on electron tunneling.
Phys. Rev. 152 (1966): 683,

)
F I

[74] Juang, C., Kuhn, K.J.,fand Darfing, R-B. Electric field effects in AlGaAs-GaAs

symmetric and asymmeéiric coqﬁ_éq quantum wells. IEEE Journal of

Quantum Electronics -97-(1991): 27.J »

i

[75] Jing, C., Fernande: L., and Frensley, W.R. An efficieﬁt method for the numerical
evaluation of Tesonant states. J. Appl. Phys. 76 (1994): 2881.

[76] Barker, J'A.,| Warburton, RJ.; and O’Reilly, E.P. Phys. Rev. B 69 (2004):
035327.



AULINENINYINT
IR TN TN



64

List of Publications

. Pankaow, N., Panyakeow, S., and Ratanathummaphan, S. Nanometer-scale
IngsGapsAs ring-like structure grown by droplet epitaxy. Advanced Materials
Research 31 (2008): 123-125.

Pankaow, N., Panyakeow, S., and Ratanathummaphan, S. Fabrication of
In0.5Ga0.5As ring-and-hole structure bysdroplet molecular beam epitaxy. Journal

of Crystal Growth 311 (2009): 1832-1835:

-

. Pankaow, N., Panyakeow,-S:, and Ratanathummaphan, S. InGaAs RING-
SHAPED NANOSTRUCTURES | GROWN BY DROPLET EPITAXY.

|
Compound Semiconducior Phofonics: Materials, Devices and Integration. (2010):

152-154.

_—

’;I ')
. Pankaow, N., Thainoi, S../Panyakeow, S., and Ratanathummaphan, S. Surface

morphology and photoluminéséence Q%j;r;GaAs guantum rings grown by droplet
add ¥ K
epitaxy with varying In0.5Ga0.5 drop,l«;t; yamount. Journal of Crystal Growth

(2011) (accepted, in press). _

. Pankaow, N., Pahyakeew,—%and-Ratanathummaphan, S. In,Ga;As/GaAs
Quantum Rings Grown by Droplet Epitaxy. AIP Procéedings of the International

Conference on Physics of Semiconductor (ICPS2010) (2011) (accepted, in press).




65

List of Presentations

. InGaAs/GaAs ring-like nanostructures grown by droplet using molecular beam
epitaxy,  Naraporn = Pankaow, Somsak Panyakeow and  Somchai
Ratanathummaphan, 19th International Conference on Indium Phosphide and
Related Materials (IPRM’07), Kunibiki Messe, Matsue, Japan, 14™-18" May,
2007.

. Nanometer-scale IngsGapsAs ring-likeStiucture grown by droplet epitaxy,
Naraporn Pankaow, Somsak Panyakeow and Somchai Ratanathummaphan, 4™

International Conference on Materials for Advanced Technologies (ICMAT

2007). Singapore International Convention & Exhibition Centre, Singapore, 1%-6™

July,2007.

. Fabrication of In0.5Ga0.5As ring—and—Hdle structure by droplet molecular beam
epitaxy, N. Pankaow, S: Panyakeow aﬂd.S,,- Ratanathummaphan, 15" International

Conference on Molécular Beam Epitaxy (MBE 2008), University of British

Columbia, Vancouver, Canata; 3-8 Aiigiiét, 2008.

. InGaAs RH\IG—SHAPED VNANOSTR.U-C-tl;URES GROWN BY DROPLET
EPITAXY, Nataporn Pankaow, Somsak | Panyakeow, Somchai
Ratanathammaphan, International Conference on Materials for Advanced
Technologies (ICMAT..2009), Suntec Centre, Singapore, 28t May - 3t June,
20009.

Surface morphology and photoluminescence ©f InGaAs quantum rings grown by
droplet | epitaxy ‘with| varying [InQ:5Ga0.5 dreplet | amount, :Naraporn Pankaow,
Supachok Thainoi, Somsak Panyakeow, Somchai Ratanathammaphan, &th

International Conference on Molecular Beam Epitaxy (MBE 2010), Berlin,
Germany, 22"-27" August, 2010.

. InyGa; <As/GaAs Quantum Rings Grown by Droplet Epitaxy, Naraporn Pankaow,

Somsak Panyakeow, Somchai Ratanathammaphan, International Conference on

Physics of Semiconductor (ICPS2010), Coex, Seoul, Korea, 25™-30" July, 2010.




66

VITAE

Naraporn Pankaow was born in Bangkok, Thailand on October 15th, 1983. She
graduated from Chulalongkorn University demonstration in March 2001. In June
2001, she entered Chulalongkorn University and received the Bachelor of
Engineering in field of Electrical Engineering with GPAX 3.35 in April 2005.

She continued her study in Octeber 2005, as a master student. She received the
]

Master degree of Engineering eering Program in May 2007 from
o
the Graduate School of Chulalongk furthered her study in October
\. —

2007, as a Ph.D. student. She financi sup ed by Chulalongkorn University

T

BT

AUEINENINYINS
AR TUNMIINGAY



	Cover (Thai)
	Cover (English)
	Accepted
	Abstract (Thai)
	Abstract (English)
	Acknowledgements
	Contents
	Chapter I  Introduction
	1.1 Motivation
	1.2 Objectives
	1.3 Overview

	Chapter II  Rationale, Theory and Hypothesis
	2.1 Quantum Nanostructures
	2.2 Self-assembled growth

	Chapter III  Experimental Details
	3.1 Molecular Beam Epitaxy
	3.2 Reflection High Energy Electron Diffraction (RHEED)
	3.3 Atomic Force Microscopy (AFM)
	3.4 Photoluminesce (PL) Measurement
	3.5 Experimental Procedures

	Chapter IV  Results and Discussions
	4.1 Evolution of Surface Morphology
	4.2 Surface morphology
	4.3 Effects of substrate temperature during In0.5Ga0.5 deposition: Ts on InGaAs QRs
	4.4 Effects of deposited In0.5Ga0.5 amount on InGaAs QRs
	4.5 Effects of In-mole-fraction of deposited InxGa1-x on InGaAs QRs 
	4.6 Photoluminescence (PL) measurement of InGaAs QRs

	Chapter V  Conclusions
	Recommendations for further works

	References
	Appendix
	Vita

	Button1: 


