CHAPTER 11

THEORIES AND PRINCIPLES

The concepts of low-dimensional nanostructures are reviewed in this chapter. The
principles of self-assembled growth technique and mechanism consisting of molecular
beam epitaxy growth mode, self-assembled growth in Stranski Krastanow mode and
droplet epitaxy technique are presented. Then, the theory of motivated application of this
work, quantum information processing is explained. Finally, the characteristics of
material used in this work, GaAs, 1 0sGao P and InP are presented.

2.1 Basic Concepts of Low-dimensional Nanostructures

Carriers, elementary charges or excitations (xcitons), in an unconfmed or bulk
semiconductor are free to move in every direction. With respect to the degree of freedom
of carrier movement, bulk is a three dimensional (3D) structure. When reducing
dimension one by one leading to a quantum well (QW) and a quantum wire (QWR)
structure, carriers can only move in a plane or two spatial dimensions (2D) and in one
direction (ID), respectively. While shirking another dimension trends to a quantum dot
(QD) structure which completely confines carrier in all three dimensions (OD). The
decreased dimensionality of the free-carrier motion results in the modification of carrier’s
density of states . . ., which is used to analyze the electronic structure. The. . .
gives a measure of the maximum number of carriers that can occupy in an energy range.
Depending on the dimensionality of the structure, figure 2.1 shows that the ., . .
changes from a continue distribution in bulk to a discrete one, delta-function-like, in a
QD. A QD is sometime so-called an artificial atom because the discrete energy levels
form quantum effects are similar to that of an atom.

In each low-dimensional nanostructure, carriers are spatially confined in one or
more directions. The length scale in confining direction has to be the order of the de
Broglie wavelength (carrier wavelength), XeBuiethat is a function of a carrier effective
mass, m*, and temperature, T as
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Figure 2.1 Schematic views and graphs of density of states (D.0.5.) in semiconductor
structures of decreasing dimensionality: bulk (3D), quantum well (2D),
quantum wire (ID), quantum dot (OD).
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where h is Planck’s constant (6.626176x1034 JHzJ, p is carrier momentum, and kil is
Boltzmann’s constant (1.380662x10°3JK")).

Many attempts have been made to calculate the energy levels of low-dimensional
nanostructures especially QD through complicated numerical models that include realistic
shapes and the effects of strain (Pryor, 1998; Stier et al., 1999; Wang et al., 1999; Yang et
al., 2000.). But to gain a qualitative understanding, energy levels and electronic states of
bulk semiconductors and all low-dimensional nanostructures are often discussed in terms
of the effective mass approximation (Chuang, 1995; Bimberg et al., 1999). The main
assumption of the effective-mass approximation is that the envelope wave function does
not significantly vary in the unit cell with a length scale of subnanometers (Wolfe et al,
1989; Bastard and Brum, 1986; Weisbuch and Vinter, 1991). Assuming parabolic band
dispersion, band-edge electron states of bulk semiconductors and all low-dimensional
nanostructures can be determined from the standing-wave solutions by the Schrodinger
equation as
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w here m is the carrier effective m ass, h is the reduced Planck’'s constant (h!zn,:
10545887x|0‘3AJs).r_(X,y,Z) is the carrier position vector, F(r).s the confinem ent

potential; F(r)ls the envelope wave function, and Eisthe carrier energy
From equation (2.2), by assum ing the confinem ent potential barrier w ith infinite

height, the carrier energy (E)in case ofbulk, QW , QW R and QD can be written as

£1, =£00 = (2:3)

£0 +En- (2'4)
Eow =£<k)=-Ay+£, +£, (2-5)
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k2: k] . The energies E|], EITO>, and Enj, wohich are functions of the potential

V(r)depend on the quantum numbers [, m,and « T hese energies can be determ ined by
solving equation (2.2) wsing either analytical m ethod (w ith som e approxim ations) or

num erical methods.
The D-O-S-per unit volum e (D(E)) w hich is the number of states betw een the

energy Eand E+ dE,ofeach structure is w ritten as (Suvugawara, 1999)
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is the Heaviside's unit step function, jVW(-is the area density of the Q W R s (the

f QW Rs divided by the Q W R region area in they'ZpIane),E is the delta

andNOisthevnIumedensilyuflheQD The D .0 .53 in equations (2.7)-(2.10)

atically shownn in figure 2.1 corresponding to their structures
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2 Size and m aterial-dependent em ission spectra of several surfactants coated
sem iconductor nanocrystal Q D s (N CQ D s) in a variety of sizes. The blue
spectral lines are em itted by CdSe N C QD s with diameters of 2.1, 2.4, 3.1, 3.6
and 4.6 nm (from right to left). T he green series is em itted by InP N CQ D s
w ith diam eters of 3.0, 3.5, and 4.6 nm The red series is em itted by InA s
N CQD s with diameters of 2.8, 3.6, 4.6, and 6.0 nm W ithin each color the
woavelength is fine tuned by controlling the size of the Q D s. The inset shows
schem atically the dependence of the fluorescence energy on the size of the
QD s. (Redrawn from H itchm an, 1993)
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From equations (2.6) and (2.10), the energy levels and the spacing of discrete
electron level of the Q Ds depend on the potential function, therefore they can b e
controlled by changing the depth of the potential or the size and shape of the Q D s T he
exam ple of the energy dependence in form o f the em itted w avelength on the QD size s

show n in figure 2.2

2.2 Strain Effect on Low-Dimensional Nanostructures

The self-assem bled Q D s are obtained by highly lattice m ism atched heteroepitaxy,

therefore, the understanding of the effects of strain on the m aterial properties is very

im portant. In the case of lattice-m atched epitaxy, the deposited m aterial has alm ost the
sam e lattice constant as that of the substrate m aterial. If the deposited m aterial has a
different lattice constant from the substrate, it induces stress and strain to the system

because of the Poisson effect. T he strain is classified into tw o types namely com pressive

and tensile. Figure 2.3 showss the structural aspects o f lattice-m atched and lattice -

m ism atched system

|attice-matched compressive tensile

S S

Figure 2.3 Schem atic representation of (a) unstrained layer, (b) com pressive strained

layer, and (c) tensile strained layer. The closed circles represent atom s of

the substrate m aterial and the open circles are atom s of the deposited
m aterial. In (b) and (c) the lattice constant of the deposited m aterial are
different from the epitaxial layer The arrows in (b) and (c) represent forces

(stresses) exerted on the epitaxial layer
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D uring c¢oherent grow th of the layers, the epitaxial atom s m atch the in-plance
lattice constant of the substrate m aterial, as schem atically show n in the lower panel of
figure 2.3 (b) and (c) This condition induces the biaxial stress and strain in the lateral

direction that is associated w ith the lattice m ism atch. T hese lateral direction stress and

strain also change the lattice constant of the deposited m aterial in grow th direction w hich
induces the stress and strain in this grow th direction continuvally. If the parallel lattice
constant of epitaxial layer is forced to shrink or a com press strain is apoplied, the
perpendicular lattice constant w ill grow Conversely, if the parallel lattice constant of
epitaxial layer is forced to expand under a tensile strain, the perpendicular lattice constant
woill shrink. The lattice m ism atchurmisfitslraln{)isgivenby(Bhaltacharya,lQQ?)

Al = ae-a, - (2.11)

w here aem the lattice constant of the deposited m aterial and aSis the lattice constant of

the substrate In case of the grow th ofa strained epitaxial film o f thickness de ith lattice
constant aenn the substrate of thickness dOwith lattice constant aS,where ae> as,lhe

parallel (a:ﬂ.) can be derived by

di+do (212

Ingenerald]» do,therefore
an:as:(|-*k (213)
andIheperpendinu\arlattineconstant{al)isdefinedas

<l ={\-crST )ae (214)

w ohere 0$T is a m aterial param eter w hich is given by



Gn. (2.15)

w here Clland ClZare elastic constants ofthe epitaxial layer

A ssum ing that the in-plane coordinate directions are X and y and the grow th

along z direction coinciding w ith the (001) crystallographic axis strained grow th

ccurs

enerates stress upon the X and y directions The stress com ponents in the X and y

irections are equal and force the lattice constants in both of the parallel directions (XX

and % ) to be equal. Therefore, the in-plane strain (//)isdefined as
—6% Yy (216

D uring coherent growth ofthe layers, no com pressive strain is generated upon the
epitaxial layer in the z direction, but the tensile strain in this direction w ill be still nonzero

Theperpendicular strain (£j_) and the strain in grow th direction (Z)are defined as

2V PR
L= Sz (2.17)
(I =veR)

w here Vle is Poisson’'s ratio w hich is given by

VPR = (2.18)
(c, +c12)

Therefore

N ote that: Poisson’'s ratio values are close to 1/3 for tetrahedral sem iconductors, so these

+»

sem iconductors have
The strain energy (Eg)perunitarea of overlayer of thickness d\on a substrate o f

infinite thickness is given by
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The effects o f strain on the band structure can be expressed in term s o f
deform ation potentials. The conduction band (CB ) is shifted uvpward for com pressive
strain and dow nw ard for tensile strain. From the deform ation potential theory (0 "R eilly,
1989), the CB m inim um is shifted w ith respectto average valence band (VB ). The heavy -
hole (HH ) and light-hole (LH ) bands, which are initially degenerated, decoupled and
shifted in opposite directions as depicted in the figure 2.4 Under biaxial com pression, the
com pression increases the mean band gap and splits the degeneracy ofthe V B m axim um
to an anisotropic V B structure. U nder biaxial tension, the m ean band gap reduces and the
V B splitting is reversed.

In the case of a strained gquantum well structure, the energy band diagram o f the
V B can be schem atically drawan as shownn in the lower part of figure 2.4 The actual
number ofgquantized energy levels ofoboth heavy holes and lightholes also depend on the
size ofthe structure and the m aterial param eters.

For the case o f self-assem bled QD structure, the strain distribution is more
com plicated due to the three-dim ensional nature of this structure. T his strain distribution
has been widely calculated by several groups (W ang and Zunger, 1999, B imberg et al.,
1999) based on various approaches such as using G reen’'s tensor (Faux and Pearson,
2000) However, the lack ofknow ledge in exact QD shape, size and com position hinders
the accurate prediction o f this effect. A n exam ple of numerical calculation for a
pyram idal Q D wusing finite difference scheme by B im berg et al. (1999) is given in figure
2.5

D eform ation potential theory s lim ited to coherent grow th of strained layer.
A n im portant concept in strained layer epitaxy s that of critical layer thickness. Critical
thickness arises because of a com petition betw een strain energy and chemical energy.
B elow the critical thickness, the m inim um energy state o f the bilayer system is achieved
by strain. A bove the critical thickness, the moinim um energy state is achieved by
form ation of dislocations. The critical thickness of the strained layer was first died by
Frank and van der M erwe in therm odynam ic equilibrium This value depends on several
param eters, notonly on m aterial properties butalso on growth conditions. The theoretical
and experim ental data on this subjectcan be found in several references (0 "R eilly, 1989,
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M orkog¢ etal.,, 1993; Tsao, 1993; Pim pinelli and V illain, 1998). The critical thickness (he)

as a function o f strain is defined

h, =

It is evident that the

approxim ated as he: allSwhich

critical thickness can b e

m inim ization considerations
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Figure 2.5 Strain distribution for a pyramidal Q D w ith a 45° facet angle in the (XZ)pIane

through the pyram id top ldentical isotropic elastic constants and CT = 1/3 are

taken throughout the structure. XX,EW, 29)(2“9 shownn; due to symm etry in

this plane, e)Sl,and &Qare zero. (B im berg etal., 1999)

2.3 Growth of Self-Assembled Quantum Dots

Q D s investigated in this study are prepared by a m olecular beam epitaxy (M B E)
system . W ithout the artificial patterning, self-assem bled Q D s are coherently trained and
their grow th is essentially free of defects and im purities In this work, the Stranski
K rastanow grow th and the droplet epitaxy technigue are utilized to grow self-assem bled
Q D s To realize a high quality structure, it is necessary to control the spontaneous
form ation of the QD arrays in the fabrication process including the physical m echanism
governing the ‘islands form ation, their shape, size, size distribution and the relative

2.3.1 Molecular Beam Epitaxy Growth Modes

The concept of self-assem bled Q D is based on the lattice m ism atch betw een

deposited layer and surface substrate. In this heétéroépitaxial grow th case, there are three
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Figure 2.6 Schem atic representations of the three crystal grow th m odes
(a) Layer-by-layeror Frank van der M erwe (FM ),
(b) Isltand or Volm er W eber (VW ),
(¢) Layer-plus-istand or Stranski K rastanow (SK))
possible m odes ofcrystals grow th on surface (M dichler, 2000; G ilm er and G rabow , 1987)
(a) Frank van der M erwe (FM ) or layer-by-layer growth, (b) V olm er W eber (VW ) or
island grow th and (c¢) Stranski K rastanow (SK ) or layer-plus-island growth. These m odes
are illustrated schem atically in figure 2.6
Each growth m ode w ill be adopted in a given system depends on the surface free
energy of the substrate/vacuum interface (ys) thatofthe film the epilayer/vacuum interface
(ye) and epilayer/substrate interface (yi). FM grow th m ode occurs w hen:
Ay = ye+ yi-ys<o (2.21)
The condition of FM grow th m ode is rigorously fulfilled only for hom oepitaxy (same
film m aterial as that of the substrate), where ys = ye and yi = 0 If the FM grow th m ode
condition dis not fulfilled, Ay > 0, three-dim ensional crystals form imm ediately on the
substrate (v w grow th m ode). H ere, rendering a uniform layer therm odynam ically
unstable against a break-up into regions w here the substrate is covered and those w here it
is uncovered Fora system o f Ay < 0 w ith a large lattice m ism atch betw een the substrate
and the film initial grow th is layer-by-layer butthe film is strained. A s the film grow s in
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grow s in thickness, it stores increasingly large strain energy. This strained epilayer

system can lower its total energy by form ing isolated thick islands in w hich the strain is

by interfacial m isfit dislocations, leading to SK grow th in these strained system s.

relaxed

SK growth mode occurs when there is a lattice m ism atch betw een the substrate and the

epilayer, causing the epilayer to be strained. G row th of dot-like self-assem bled islands is
a consequence ofthat.

In case of SK growth m ode, the growth proceeds in an interm ediate case. A fter
onolayers in FW grow th m ode, the dislands are formed on top of this

form ing a few m

“interm ediate” layer, w hich is generally called the w etting layer (W L ).

2.3.2 Self-Assembled Growth in Stranski-Krastanow Growth Mode

The illustration of island form ation in SK grow th m ode is showan in figure 2.7 In
this grow th condition, the first few m onolayers of the deposited m aterial form in to 20D
platelets w hich proceed in layer by Jlayer m ode until they m erge w ith each other to

com plete 20D epilayer. D uring the growth, elastic strain energy, "*elastic builds wuwup and

increases linearly due to the lattice m ism atch and the deposited volume (Seifert et al.,

1996):

Melastic = EStA: ZAdIA (2.22)

w here Estisstra\nenergyperunitareafrom equalion(2.20)whichhasArepresentsaslhe
elasticmodulus,£islheIanicemismatchlhatcandeterminebyequation(211)‘Aisthe
surfaceareaanddiis the film thickness. Beyond the critical thickness, the layer-by-layer
grow th is unfavorable, the strain energy outw eigh the surface energy the system has to
release the strain energy by changing the growth mode from 2D to 3D grow th m ode,

causing the island form ation (Slolovitz, 1989).

A lthough the Q D s growann by this technigue form into high density arrays and do

notneed any EXSItUprocessing,there are still som e disadvantages of this technigue For

example, we can notoprecisely control the locations ofthe Q D s even though many groups

have attem pted to achieve this goal (K ohmoto etal., 2002; Lee et al., 2000). The control

oflocation is very im portant for using Q D s in nanoelectronic applications.
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Figure 2.7 Schem atic representations of island form ation during epitaxial grow th of a
sem iconductor m aterial on top of another one woith a smoaller lattice

constant in Stranski-K rastanov grow th m ode

233 Thermodynamic and Kinetic Theories of Self-Assembled Quantum Dot
Formation in Equilibrium System

In general, the theoretical w ork on self- assem bly can be grouped into tw o classes.
First aspect explains the QD form ation by wusing energetic principles and equilibrium
therm odynamics (Shchukin etal.,, 1995, D aruka and Barbasi, 1997). Second, since some
properties of Q D form ation clearly exhibit nonequilibrium features, the dynam ic m odels
are invented to explain such a feature (D obb et al., 1997; Barbasi, 1997; M eixner et al.
(2001)) This section w ill descriptively present the island form ation m echanism in both

2.3.3.1 Thermodynamically Limited Growth

Therm odynamic theory of 3D coherently strained island grow th, was proposed by
Shechukin etal. (1995), explains the narrow size distribution of islands by considering the

energetic of an array of dislands. This model was supported by several groups (e.g
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Spencer and Tersoff, 1997; W ang et al., 2000; M edeiros-R ibeiro et al 1998) B ased on
energy m inim ization, highly strained coherent 3D islands equilibrate into ensem bles w ith
equilibrium size. The total energy ofa coherently strained 3D Q D or island, island, can be

w oritten as a sum o fthree contributions a

1 Misland — /"elastic "I" -Zsurf Eage (2.23)

A .
w ohere e|aSt|C|s the elastic strain energy‘Engis the surface energy of the island‘andzedge
is the island edge energy A ssum ing thatthe island has a pyram idal shape w ith a squared
base sizeL,lheenergyperunmvolumeuflhe Z-dependent term s can be expressed as

follow s (B im berg et al., 1999)

LY ev .. f

w here a is a control param eter w hich is a function of surface energy and elastic strain

energy of QD structure. The a value can be positive ornegative.Themand )are the
characteristic energy and the characteristic length of the pyram id, where a=20 respectively.
The relationship of island energy per unitvolume and base sizeLarepIuHed in figure 2.8
for different values ofthe control param eter a. The analysis from equation (2.21) reveals
that:

Ifa < 1,the ripening of islands is occurs and is a stable array. The optim um island

size (Zopt) corresponding to the absolute m inim um ofenergy, w here mmE(L): Z(zZ0pt) < 0
I f E(L)> 0, the ripening of islands corresponds to L—» OOEIherefore the islands

do not undergo ripening O nly an array of identical islands w ith optim um island size is a
stable array

If 1 < a < 2¢e¢'12 1.2, there is only a local m inim um o f the energy corresponding

to a m etastable array o f islands, w here E(L)>0
If a > 1.2, the localm inim um intheenergyE(L)disappears.

Forboth cases w here a > 1,there is a therm odynamic tendency tow ards ripening.

m corresponds to a single huge cluster, where all deposited m aterial

E]

This energy m ini

is collected (Shchukin and B im berg, 1999)
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Figure 2.8 Energy of an array of 30D coherently strained dislands per one atom versus

island size L. The control parameter a depends on the contribution from the

surface energy and the edge energy (B im berg etal., 1999)

T he m ore understanding of equilibrium m orphology o f the sy stem can be

achieved by taking into account the existence of the W L Ow ing to m ass conservation of

QD m aterial betw een the W L and Q D w ith neglecting desorption and interdiffusion, the

thickness of W L and the total volum e of all islands are not separately fixed The energy

energy of system . T his m odel

stored in the W L m ust take into account to m inim ize the

was introduced by D aruka and Barabdsi (1997). The total energy per unitcell (E)of[his

system is given by

E = Ew{Qi . QIEEIM{Q2)+{Q ~Qi~Q2)Em (2-25)

here the energy of the wetting layer is E\NI{Q'), £|S|and(£/\)|s the energy of 3D pyram ids

per atom w hich has a little different form com pared to that of the definition in eq (2.23)

Erip is energy o fripened island Qisthe M L -thickness ofm aterial that are deposited, Qlis

the M L -thickness form the wetting layer, Q2 ia the M L -thickness assem bled in 3D

coherently strained islands of a given pyramidal shape and volume, and the rest of the

m oaterial, w hich is equal to Q'Ql'QZM Ls, is assem bled in the ripened islands. (Shchukin

and B im berg, 1999; D aruka and B arabasi, 1997).
By m inim izing the energy in equation (2.25) w ith respect to Q\ and QZ, the

equilibrium phase diagram o fa lattice-m ism atched heétéroépitaxial system as a function of
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Figure 2.9 Equilibrium phase diagram of lattice-m ism atched hétéroépitaxial system as a
function of the total am ount of deposited m aterial and lattice m ism atch. T he
smoall panels on the top and the bottom illustrate the m orphology of the
surface in the six grow th m odes. The small em pty triangles indicate the
presence of stable islands, w hile the large shaded ones refer to ripened islands

(D aruka and B arabasi, 1997).

the lattice m ism atch eand o fthe total am ountofthe deposited m aterial Qcan be obtained.

The calculated phase diagram is showwn on figure 2.9 (D aruka and B arabasi, 1997; M erz
et , 1999; Barabasietal., 2000)
From the therm odynamic theories developed by Shcehukin et al. (1995) and

D aruka and B arabasi (1997), they conclude that the QD s are formed because they are

energetically m ore favorable than 2D growth and ripening. H owever, the therm odynamic

theories can notprovide several aspects during the growth of the QD s. For example, the

grow th of the Q D s is generally knowwn to depend on the grow th rate, which can not be

explained by the equilibrium theory. M oreover, the predicted tendency ofthe QD size on
the grow th tem perature from this theory can not be explained (M eixner et al., 2001).
Finally, the effects of the entropy, w hich is excluded in this consideration, should be

considered in order to explain the Q D size and the size distribution.
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2.3.32 Kinetically Controlled Growth

The kinetic theory of grow th is another theory which provides an effective
prediction o f the QD form ation mechanism T he kinetic approach can give an
understanding o fthe island form ation and grow th as a function of grow th param eters such
as grow th rate, grow th tem perature and substrate tem perature. Several kinetic m odels of
3D island form ation have been proposed (Chen and W ashburn, 1996). These m odels are
usually based on tim e-dependent calculations such as nucléation theory, kinetic M onte
Carlo sim ulation and m ean-field theory (Scholl and Bose, 1998; B arabasi, 1997; D obbs et
al., 1997). Such models take the m icroscopic processes on the crystal surface into account
such as deposition, diffusion, attachm ent to the disland and detachm ent from islands, fn
this section, the kinetically controlled grow th of Q D s in a qualitative way is described

The atom ic processes are described by the m ean-field theory that the deposited

atom s arrive at the surface and become adatom s Then, the number of adatom s increases

constantly during the initial grow th. The adatom s m igrate on the surface and collide w ith
one another and then nucleate into sm all 20D islands (platelet). T herm al fluctuations can
break up these sm all 2D dislands into adatom s again by reducing sizes less than a critical
value. D uring further m aterial deposition, 2D islands becom e larger due to the attachm ent
of new -com ing adatom s. If the 2D disland size exceeds the Iim iting value, the grow th of
these islands w ill change from the 2D to 3D growth mode. The adatom s can also attach to
or detach from the nucleated 30D islands at the rates determ ined by the related energy

contribution. By solving the m ean-field rate equations obtained from the atom ic processes

described above, the dependence o f the 3D island or QD density on the grow th

param eters such as tem perature and grow th rate can be accurately predicted (D obbs et al.,

1997). As a function of the grow th rate and substrate tem perature, the disland density

appears to be controlled by the 20D island nucléation that the density is an increasing

function of the grow th rate and a decreasing function of tem perature. The island density

increases rapidly atthe early stage ofthe deposition and then saturates. Further depositing

m aterial does not significantly effect to the island density but leads to the increasing of

the island size

A nother kinetic aspect, w hich can describe the lim ited size o f the Q D s, is the self-

lim iting G row th (Seifert et al., 1996; Chen and W ashburn, 1996, Jesson et al., 1998).

Figure 2.10 (a) show s a schem atic of the local strain energy density in and around a 30D
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Figure 2.10 (a) Schem atic representation of the local strain energy density in and

the QD . The energy barrier for the adatom 's diffusion to the QD

m axim um atthe edge ofthe QD (Seifert et al., 1996) and (b) The va

around
has a
riation

of the surface strain £8a>ong the system surface and a contour diagram

showing strain in the island (Chen and W ashburn, 1996)

island during the disland form ation (Seifert et al., 1996). The appearance in this energy
density due to the form ation of the 3D island affects the surface chem ical potential. T he
moinim um of the potential locates at the top of the island w here the m aterial partially
relaxes, w hile the m axim um is at the disland edge, w here the high com pressive strain

exists. The compressive strain at the island edge propagates dowan to the substrate,

increasing an inherentm isfitbetw een the substrate and the w etting layer around the
Therefore, the high potential barrier around the island provides a zone, where the
do not prefer to nucleate. Since the increase of the potential around the coherent
depends on the disland size, its form ation has a self-Iim iting effect on the grow th
coherent dislands. The surface strain approxim ated by wusing an analytic solutio

surface tangential strain £83Inng the system surface, the stress field in 20D m ooun
strained sem i-infinite substrate as a contouvr plot of absolute value of £nand are

in figure 2.10 (b) Chen and W ashburn (1996) also derived the grow th rate due
effect and found thatthe grow th rate decreases w hile the island size increases.
In additions, B arabasi (1997) proposed that for the large islands, the strain

at the disland edge becomes com parable to the bonding energy of the edyge

island.
islands
islands
o f the
noof a
d on a
shown
to this
energy
atom s,

enhancing the detachm ent of the atom s at the island edge and consequently causing
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Figure 2.11 Schem atic illustration of S K Q Ds form ation process (a) initial stage o f
woetting layer form ation (b)) the woetting layer (c) 2D to 3D islands
transition, (d) non-uniform 3D istands (e) self-regulation process and (f)

m o isfit dislocation form ation

radual island dissolution. The tw o m echanism s lead the size uniform ity. Further m aterial

eposition cause the grow th ofthe existislands. A s a consequence, the high strain energy

ccurs atthe edge ofthe larger isltand. T he form ation ofthe m isfit dislocation atthe island

edge is one way to relieve the strain energy of the system ; the energy barrier w ould

ecrease and enhance the directional m igration of adatom s to this island The strain relief

in the disland w ith dislocation decreases the energy barrier and then perm its the further
grow th o fthe island The process perm its the resum ption o fthe island grow th to reach the

second critical size The process of the Q D s form ation from these kinetic m odels can

sum m arize as the schem atic illustration from (a) to (f) show n in figure 2.11

2.34 Sel--Assembled Growth by Droplet Epitaxy Technique

The fabrication of Q D s by self-assem bling SK grow th m ode utilizing equilibrium
process has already been discusses as a basic know ledge for the grow th of Q D s
Contrasting to the SK growth mode, the dropletepitaxy technigue utilizes nonegquilibrium
process for fabricating guantum -confined nanostructures. T his technigue has m any
unique advantages including (i) the grow th can be perform ed at lower tem perature system
than the conventional grow th (ii) can be used both in lattice-m ism atched and in lattice-

m atched m aterial system (iii) this m ethod can fabricate not only Q D s but also Q R s and
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com plex nanostructures and (iv) the liguid nature o f the droplet tends to produce

islocation free and coherence nanostructures.

The droplet epitaxy technigue includes tw o basic processes (M ano, 2000; M ano

and Koguchi, 2005) as shownn in figure 2.12. First, group Il elem ents w ith a low m elting

point are applied on the surface under the absence of the group V element supplying,

creating liguid m etal droplets. The group Il metal droplets are form ed due to the bonding
energy between incom ing group Il atom s (adatom s) is m uch higher than thatobetw een the
surface and the adatom s. A fter that, the new ly formed Iliguid m etal droplets are then

converted into sem iconductors under the supply of group V flux w hich is so-called the

rystallization. T hese tw o processes are correlated to each other and hence determ ine the

final shape ofmnanostructures. D ue to the grow th rate atthe dropletperiphery is m ore than

that inside the droplet, the size and shape form ation of resultant nanostructures is based

on the initial dim ension o fthe droplets, the atom m igration and diffusion process, and the

group V flux dintensity condition during crystallization. I'f the group V flux intensity s

high enough to diffuse into the droplets and to cooperate at the droplet periphery at the

sam e tim e, the nanostructures w ill form to be the QD structure sim ilar to the initial
droplet. In the case of group \ flu x intensity is applied w ith low er pressure, the
nanostructures can form to be the quantum ring (Q R ) Ilike structure by the migration of
group Il atom s to higher grow th rate region.

semiconductor nanostructures

droplet !

'

| |droplet

High group V
ﬂt‘i;x irg1tengity

Low group V
flux intensity

. Slow arowth rate reaion
High growth rate region

(a) (b) (c)

Figure 2.12 Twwo basic processes of droplet epitaxy technigque: (a) deposition of the

group 11l elem ents to crate the dinitial droplets (b) crystallization w ith the

group \ flux to form th e sem iconductor nanostructures and (¢c) som e

possible form ing of sem iconductor nanostructures w ith different group V

flux intensity. (Redrawan from M ano etal., 2000)
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2.35 Thermodynamic and Kinetic Theories of Self-Assembled Ring-Shaped
Nanostructures in Non-Equilibrium System

Voery recently, the droplet epitaxy has been intensively investigated as an

important self-assem bly technigue of sem iconductor Q R s in the lattice-m atched system s

such as G aA s/A IG aA s (M ano, 2005) and th e lattice-m ism atched sy stem s such as
InG aA s/G aAs (M ano, 2000; Lee et al., 2009) The QR s self-assem bly upon droplet
epitaxy is a therm odynam ic nonequilibrium process. Liand Y ang (2009) have established

a therm odynamic m odel for the nucléation of Q R s and have developed a kinetic process

for the grow th m echanism s ofthe Q R s self-assem bly upon the dropletepitaxy as follow s

The droplet epitaxy grow th is far from the therm odynam ic equilibrium because

the crystallization tem perature of group VvV flux into droplets is usuvally not higher than

300 “c¢c wupon the dropletepitaxy Accordingly, any therm odynam ic approaches are lim ited

seriously to describe the droplet epitaxy. The growth is m ainly controlled by kinetic
factors The diffusions of atom s determ ine the final assem bled size and shape o f
nanostructures. G enerally, the diffusions ofatom s include the diffusion ofgroup Il atom s
aw ay from liguid droplets and the trapping of group V atom s by crystallizing w ith them

Therefore, they play key roles in the determ ination of the final shape of nanostructures.

The kinetic process of droplet w ith group V am bience is schem atically illustrated in
figure 2.13. T he evaporation ofgrouwp Il from the surface is neglected because ofthe low
vapor pressure ofgroup IIl. Therefore, the loss ofgroup Il atom s only is caused by group
Il crystallization w ith group V atom s. According to the diffusion of group Il atom s, the
substrate surface w ith droplets is divided into three regions: (i) the surface of droplet
(region 1), (ii) the diffusion region of group Il atom s (region 1)y, and (iii) the region
w ithowutdiffused group Il atom s (region I11). N ote thatthe diffused group IIl atom s aw ay
from the dropletcan crystallize w ith group V atom s only in the tw o places: region Il w ith

deposited group V atom s directly from the flux and the bowundary betw een the regions II

and Il w ith trapped group V atom s from the region 111l The size of the region I, I'C,
represents the diffusivity ofgroup Il atom s and the trapping ability ofgroup V atom s
D efinitely, the balance of tw o different diffusion processes of group Il atom s

determ ines the final shape of nanostructures such as dot or single ring The diffusion of

group V atom s into a droplet is a significant process, and the form ation of dot shape is

preferable to that of ring shape in the case of high group V flux supply However, the
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Figure 2.13 Schem atic illustration o f the kinetic process of group Il droplet w ith group
V. am bience. The arrows denote the direction of surface diffusions of group
V atom s (green points) and group Il atom s (red points) (R edrawnn from L
and Y ang, (2009)

diffusion of group V atom s on the surface of droplet and substrate can cause the

crystallization on the skirt of the droplet W hen the group V flux intensity is low , the

surface diffusion of group Il atom s becomes m ore significant, and the crystallization on

the skirt ofthe dropletresults in the form ation o fsingle ring shape

In this kinetic theory, the m ain study ofthe growth m echanism s focuses on single
ring structure, w hich is form ed in the case of the low group V flux intensity N eglecting
the diffusion ofgroup V atom s into droplets, consequently, the crystallization of group V
atom s and group Il atom s only happens in follow ing three regions: the skirt of group III
droplet (the boundary between regions I and 1), the diffusion region of group Il atom s
(region 1), and the boundary between regions Il and I[Il. The action of deposited group V
atom s can be divided into three conditions according to the deposited regions.

(i) W hen group V atom s are deposited on the surface of droplets, som e deposited
group V atom s diffuse on the surface of dropletand some deposited group V atom s arrive
atthe boundary ofgroup 111 dropletand then crystallize w ith group I1l atom s

(ii) A Il the deposited group V atom s in region Il can be considered to crystallize
w ith diffused group Il because there are enough diffused group Il atom s in the region.

(iii) W hen group V atom s are deposited on the surface of region IIl, group V
atom s can rebound or diffuse random Iy on the surface of substrate. T he diffused group V
atom s that arrive at the boundary between regions of Il and 11l can crystallize w ith the
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diffused group I atom s A ccordingly, there is a distinct borderline of single ring
nanostructures w hich m eans that the diffused group Il atom s are confined in a finite
region, group Il atom s cannot diffuse everyw here. Therefore, the concentration of group

It atom s at the boundary of the finite region is zero because there are no group III
diffused atom s atthe outside of the finite region

The kinetic diffusion is defined to be the random walk ofgroup Il atom s from the
high concentration droplet to the low concentration bowundary between regions Il and in
A ccording to the Fick’'s law ,the amountof diffused group in atoms(Nni)in the boundary

perunittim e can be w ritten as

Nm —Inho DinCo., (2.26)

in w hich hO is the thickness of monolayer, Co refers to the concentration of group [III

atnmsnnlhedrnplethnundary‘“”isatomic radiusn!grnupIIIalnms,rCistheIrapping
radiusufdrupletandDmrepresenls the diffusion coefficient of group Il atom s, w hich is
given by

Dm-Doju.., (2.27)

w ohere Dornls the prefactor, Emis the diffusion barrier energy, and kis the B oltzm ann
constanl,Tistem perature (K ). T he am ountofthe trapped group V atoms (Ny)hy diffused

G roup Il atom s from region LIl per unittim e can be given by

(LN :
Ny=2nrcaoR .. Fa-E d (2.28)
\voj kT

in w hich rCisthetrappingradiusnfdroplet‘at)is Ihespanebelweensurfaceswtes‘Vi, H)
are the therm al vibration frequencies for the upwardandIaleraldirentinns,Eaand Edare
the adsorption energy and the energy barrier for the hopping betw een surfacesites‘kis
th e Bultzmannnunstanl‘Tistemperature (K)andRisthe amountof im pacting group V

atom s on the substrate per unittim e w hich can be w ritten as



w here Pislhe intensity of group V flux and mislhe m ass ofan group V atom,kis the

B oltzm ann constant and Tis tem perature (K ). In order to satisfy the condition that all the

m igratory group I atom s from the droplet can crystallize w ith the trapped group V
atom s and the concentration of group Il atom s boundary between regions Il and Il is
zero, the am ount of the diffusing group Il atom s to the boundary should be the equal of

the am ountof the trapped group V adaloms,Nn]—Ny.Therefore,lhe size o f region Il (r()

can be attained as follow s:

ko, ® . NN exp( fo

1
\riu J <v

M

The amounts of product of crystallization, [111-V com pound sem iconductor, in
different regions determ ine the final shape of nanostructures (jVijyjm-v), and the total

am ountper unittime (M n-v)can be w ritten as

nrmp/vznka ((/iz A, atboundary pfregions I and I1I)
N (IIU-w =< (rCZ' fue v 20MKTDC (| B, in regions 1)

Znh(D:m.COInf— (/i-:c,atbuundaryufregionsllandIII) (2.31)

N V=NA)fii-v +N(B) IV +N(C) 11V o

Considering the equal between the consumed amount of group Il atom s and the

produced II1-V comopound sem iconductor during the crystallization process, the change in

volum e oldroplet(VdrOpiet)in a shorttim e (At)can be given by

"ot/ + At) —ycragt (0 ~ NIl (2.33)
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w here Vm/// is the m olar volum e of droplet and Na is the Avogadro constant T he
corresponding radius of droplet during the crystallization process can be calculated by the
geom etrical relation M aking clear the am ounts o f the produced Ir-v com pound
sem iconductor in differentregions and change in size ofdroplet during the crystallization
process, the shape evolution of nanostructure can be deduced from equations (2.30) and
(2.31). The change in heightofnanostructure (Ah)althepointnlr(lhedislancefrom the
center of droplet) in a Iim iIlimeAtandthefinalheight(h)atthepointnfrin the total

tim e o fcrystallization process tmcan be calculated as follow s:

NjA)li-y  MvAt [re(t+At)< 1< ro(t)]
NA rcr)-rcir +At)
(1Y YUV THIEE [m(t) < 1 < roft+Af)]

na ‘vlo o -frll2

" "J’('(;)(”f")\ivmt";vmi [ (t+A) < r< ()] )

AR(LD) ™ AR(r)

n this m odel, we do notconsider the substrate orientation. Thus the diffusions of

group Il atom s on the substrate surface in all directions are equivalent. The surface
distance between the calculated point and the boundary of droplet is only considered in
the horizontal distance. H ow ever, it can reveal the sim ple nonequlibrium kinetic process

of dropletepitaxy technigue for more understanding.

24 Quantum Information Processing

I'n the early 1990s Lent et al (1993) dem onstrated a guantum inform ation

processing configuration of a pair of tunneled electrons contained in a quantum -dot cell

that calls a quantum -dot cellular auvtom ata (Q CA ) cell. In the c¢lassical Q C A cell, the
electrons ow ing to electrostatic repulsion align along one o f the tw o diagonal
configurations thatcorrespond to theirm axim al spatial separation. The Q CA cell thus has

the ability to encode tw o states - tw o logic values (0 and 1). M oreover, Bajec et al
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(2006) also introduced the extended Q CA (EQCA ) cell by extending the Q CA cell w ith
four additional gquantum dots The classical Q C A cell is extended in the sense of an
enlarged range of its possible stable and usable states The sem i-classical m odeling
approach showed that the range of possible states can be increased from tw o to three,
giving the EQ C A cell the ability to encode the logic values (0, 1/2 and 1) by using a
special interpretation o f electron configurations in the EQ C A . This prim ary m otive is to
prom ote the idea of finally sw itching focus from pure m iniaturization and the top-down

concept to the bottom -up concept and start extending the currently available approaches

to allow for ‘richer’” processing and data storage capabilities w ithout a m ajor increase in
space requirem ents. T herefore it is a m otivation of this w ork to fabricate the ring-shaped

Q DM s for this application.
24.1 Quantum Cellular Automata

O ne nanostructure paradigm , proposed by Lent et al (1993), is Q uantum -dot

cellular autom ata (Q CA ), which em ploys arrays of coupled quantum dots to im plem ent

B oolean logic functions. The advantage of Q CA lies in the extrem ely high packing
densities possible due to the sm all size of the dots, the sim plified interconnection, and the
extrem ely low power-delay product. A basic Q CA cell consists of four guantum dots in a

square array coupled by tunnel barriers. Electrons are able to tunnel betw een the dots, but

cannot leave the cell. I'f tw o excess electrons are placed in the cell, Coulom &b repulsion

w ill force the electrons to dots on opposite comers. There are thus tw o energetically

equivalentground state polarizations, as shownn in figure 2.14, w hich can be labeled logic

“0" and “1”".Coulom bic interactions betw een the electrons cause the cell to exhibithighdly
bistable sw itching betw een these tw o polarizations Since the cells are capacitively
coupled to their neighbors, the ground state of the line is for all cells to have the same
polarization. W hen several cells are lined up to form a w ire and a given logic value
enforced to the dinput cell, it will propagate along the wire in a dom ino fashion until all

cells have reached the same configuration as show in figure 2.15. Since the form er m eans

that the logic value 0 or 1 enforced (input) on one end of the wire is propagated to its

otherend (output), the w ire is called ablnaryWIre.The mapping ofa combinational logic
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Figure 2.14 Layout of the four-dot Q C A

electron configurations

32

cell w

corresponding

ith

tw

to their m

0

electrons and the tw o distinct

axim um spatial separation,

w hich can be labeled logic “0" and *° ",
Figure 2.15 The binary wire; propagation ofenforced logical values 0 and 1 along a line
o f Q CA cells
7— 9 ll AND OR 0—« y
o 0000 1000 "o
0010 1011 M
Y 0100 1101 x 7§ L
Figure 2.16 The Q CA majority gate: AND , OR,and N O T.
problem onto a Q CA system can be accomplished by finding arrangements of Q C A cells
that im plem ent the basic logic functions AND , OR, and NOT as shown in figure 2.16
M em ory can also be im plem ented using Q C A cells, m aking general purpose com puting
possible The ability to transfer data and the functionally com plete set of logic functions
enables the construction ofany given sw itching structure



24.1 Extended Quantum Cellular Automata

The EQCA cell is an eight-dot Q CA cell w ith the structure presented in figure
2.16. The dots are evenly distributed in a circular fashion, and again separated by
tunneling barriers. D ue to the electrostatic repulsion sim ilar to the Q C A cell, the electrons
in EQ CA cell tend to align along ne of the configurations that correspond to their
m axim al spatial separation. T here are four distinct configurations w ith m axim al spatial
separation betw een electrons. For the diagonal configurations, the sam association as in
the classical Q C A case is used The configuration w ith electrons in dots 2 nd 4 Qs thus
associated w ith the logic value 0 and the configuration w ith electrons in dots and 3 w ith
the logic value 1 The vertical configuration (i.e electrons in dots 5 an 7)) nd the
horizontal configuration (i.e electrons in dots 6 and 8) are denoted as configurations ‘A '
and ‘B ' as presented in figure 2.17.
0 1
lB!

Figure 2.17 Layout ofthe eight-dot EQ CA cell with tw o electrons and the four distinct

electron configurations corresponding to their m axim um spatial separation,

w hich can be labeled logic “0",“1” and* [2".

B % A B’

lA’ ‘B,
Figure 2.18 The ternary wire; propagation of enforced configuration ‘A " o ‘B " along a

line o f EQ C A cells
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Figure 2.20 shows the relationship between band gap energy and the Jlattice constant of
ITr-v  m aterial system s. This w ork concentrates only on the InP /In0sGao sP /G aA s m aterial
sy stem

Phosphorus containing sem iconductors have obtained a great im port in the w orld
o f ultra-high speed devices and circuits. Since the early of 1990s, the studies of InP Q D s
are based gas-sources such gas-source M B E (6 S-M BE) and m etalorganic chem ical
vapour deposition (M O CV D). There are a few reports about solid-sources M BE (SS-
M B E) growth ofInP QD s due to the problem on the vapor pressure control ofphosphorus
and several problem s in including phosphides in the conventional M BE growth process.

A m ajor concern is the occurrence of phosphorous tetram ers (P4)which has a lower

sticking coefficient and condenses as w hite phosphorus having high vapor pressure,
inflam m ability and toxicity. T hese properties require additional technical m easures in
— --OAIP
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Figure 2.20 L attice constant versus energy gap at room tem perature for the 1I1-V s
m aterial system The solid line is for directband gap m aterial and the dotted
line is for indirectband gap m aterial



36

order to grow phosphorus in the vacuum environment of M BE system . Thus, in recent
years, growth of technigques using phosphine (PH3) has becom e standard for the
fabrication ofphosphides.However,PH3isnotidealeilher‘becauseil is highly toxic and
often introduces w ater vapor contam ination. T herefore, investigations into alternative
sources, either a less toxic liguid source cell such as teriary-butyl-phosphine or solid-

source, are required. T here are tw o m ethods have been obtained to generate for solid-

source phosphorus. O ne is value-cracker effusion cell The other is sublim ation o f
phosphorus from phosphines such as InP and G aP Initially the sublim ation cell w as
considered to unsuitable for epitaxial grow th of ternary and quaternary com pounds
because it produced not only P2bul also some amount of group Il m aterial. A fter

im proving, the pure phosphorous dim ers (PZ)molecuIarheam can be generated from a
decom position sowurce w ith a scavenger which traps the parasitic group Il flux. This cell
has only a very small am ount of white phosphorus accum ulates in the cham ber, therefore,
G aP decom position souvurce is used in this w ork asthePanurneinSS-M B E system . T his
sy stem has many advantages such as high operating tem perature («900-12000°C ), very
stable and reproducible BEP, high P2/P4 ratio (¢« 150), very low parasitic G a BEFP
(G a:P <10'3) (Jin-Phillipp and PhiHipp‘2000).Pr0pertiesuiInP‘Inu.SGan‘S’ and G aA s
sem iconductors at room tem perature that consider in this w ork are present in table 21
ALl of InP, Ino sG ao sP and G aA s semiconductors are zinc blende crystal structure as
shown in figure 2.21. From equation (2.11), the lattice m ism atch betw een InP and

Ino sG ao sP is 3.8 % w hile InosG aosP has lattice m atch w ith G aA s substrate.

Figure 2.21 The zinc blende crystal structure.
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Table 2.1 Properties uiInP‘Inu.5}a05 and G aA s sem iconductors atroom tem perature

(300 K ) (Jalali and Pearton, 1995).

Param eter Inp |nn_53305p G aA s

Crystal structure

Zinc blende Zinc blende Zinc blende
B and gap type direct direct direct
Eneruygap‘Eg(ev) 1.344 1.92 1.424
Lattice constant (A ) 5.8687 5.653 5.65325
Noumberofatom s (cm '3) 3.96-1022 4.46-1022 440 -1022
M elting point (°C) 1062 1265 1240
Effectivee\ectronmass,me 0.08 0 0.088 0 0.063 0
Effective hole m asses, I 0.6 0 0.7 0 0.51 0
Elasticnunstant‘c\l(xioﬂdynlcm2) 10 .11 12.040%6 11.879

Elastic co

stanLClZ(XlO]ldyn/cmZ) 5.6 1 5.8991 5.376

[100] Poisson ratio, lR 0.36 0.3355 0.31

[100]V0ung'smndu|us(Xlo]ldyn/cmZJ §.11 §.1631 §.59
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