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CHAPTER |

INTRODUCTION

Lattice mismatch between GaAs and Ge is 0.1 % leading to the possibility of forming
defect-free heterostructure. Nevertheless, GaAsi s apol ar, III-Vc¢ ompound
semiconductor whereas Ge is a non-polar, IV elemental semiconductor. The polar/non-
polar heterointerface leads to anti-phase domains (APDs) in GaAs epitaxial layer grown
on Ge substrates. The APDs ean be eliminated by using miscut Ge substrate [1].

In this work, we repotttheeffect of APDs and the crystalline quality of GaAs/Ge
heterojunction grown by migration-enhanced molecular beam epitaxy (MEE) [2] where
group IIT and group V ¢lementsiare alternately supplied at different duration times. With
the suitable growth conditions, w ¢ could thgin the large GaAs crystal domains on Ge
substrates. A ¢ ombination ©of G aAs and. "Gem aterials i s applicable f or m any
optoelectronic d evices due to their ba ndgap-'pr'bperties, i.e. direct/indirect, wide/narrow
bandgaps and their electronic properties, 1.e. -é'iéc_tlyon mobility, carrier life times, etc.

GaAs on Ge is a good candidate for ta_ndem solar cells [3-5] in which GaAs part
absorbs s hort w avelengths a nd G e w orks for ther emaining | ong w avelengths as t he
bottom cell. Tandem solar cells, therefore, have wide s pectral r esponse with good cell
performance. Many III-V compound semiconductors on Ge solar cells are widely used in
space applications [6] and concentrated terrestrial systems [7].

Self-assembled nAs quantum dots (QDs) grownlon G'aAs substrate are used as
the active regiontof lasers [8-10] amplifiers [11,12], infrared de tectors [13,14], and in
other de vice:applications, [15,16].-Recently, [Dhawanet,al, [17] reposted the growth of
InAs quantum dots on germanium substrate by metal organic chemical vapor deposition
(MOCVD) and Knuuttila et al [18] reported the growth of non-uniformly distributed InAs
islands directly on G e s ubstrate w ithout any buf fer layer. In the growth of InAs Q Ds
directly on Ge substrate, the formation of anti-phase domains is avoided since the dot
formation occurs after a thin wetting layer is grown. Many defects will be in this thin

wetting layer. This may adversely influence the growth of good quality dots later.



Buffer layer assists in decreasing the surface defects of the substrate and help in
confining InAs QDs. However, the growth of uniformly distributed InAs QDs on
standard (001) Ge substrates using GaAs buffer layer is rarely reported. InAs QDs are
typically grown on miscut Ge substrates using GaAs buffer layer because APDs can be
reduced or even eliminated using miscut Ge substrates. Motivated by the fact that on-
axis Ge (001) substrates are cheaper and more widely used, we report the growth of InAs

s buffer layer and AlAs interfacial layer
r venting the cross diffusion of Ge, Ga

QDs on on-axis Ge (001) substrates usi

which proves to be effective as
and As atoms [19].

ﬂus’mﬂmwmm
ammmm AN Y



CHAPTERIII
THEORY

Due to the continued de velopment in nanotechnology, the novel s emiconductor
structures ar e f abricated with subnanometer accur acy and precisely controlled the
electronic and optical properties. This progress in nanoscale engineering, as well as an
improved unde rstanding of t he ph ysical phcsnomena at t he na nometer s cale, has
contributed to the rapid development of low-dimensional physics of semiconductor.

In this chapter, the basies concep‘; of quantum dot (QD) structure and anti-phase
domain ( APD) are reviewed. Quantum dot s a re na nostructure w hich contains a t iny
droplet of free el ectrons.#Theif typical di mensions ar ¢ be tween nanometers to a few
microns. Just as in an atom, the energy levels are quantized due to the confinement of
electrons. The 3D spatial confinement is ob%ewed in the quantum dots.

Anti-phase dom ain i§t he r egion TW:}lleJr_e t he at omic ar rangements ar e of t he
opposite to that of perfectlattice systemn. Péiar/non—polar hetero interface leads to anti-

phase domains in epitaxial layer.,Finally, p-n jmjgc_j_tion properties are briefly discussed.

gl T

2.1 L ow-Dimensional Nanostructures

When the carrier motions in a solid is limited in a'layer of a thickness of the order
of the carrier de Broglie wayelength, effect of size quantization emerges. The de Broglie
wavelength A "depends on the effective mass mi g of the carrier and on temperature T

2 h 1+22ynm @.1)

3t ¢
p O3k (Bhin VT

Where £ is Planck’s constant, p is carrier momentum, and kg is Boltzmann’s c onstant.
The mass of charged carriers in Eq. (2.1) is not the free electron mass but the effective
mass of the electron (or hole) in the crystal. As this mass can be much smaller than the

free electron mass, size quantization effects can be already pronounced at a thickness ten



to a hundred times larger than the lattice constant. The de Broglie wavelength for
electrons in I11-V semiconductor materials is in the order of 20 nm at 300 K.

When the size or dimension of a material is continuously from a macroscopic
size, such as a meter or a centimeter, to a very small size, the properties remain the same
at first, then small changes begin to occur, until finally when the size drops below 100
nm, dramatic changes in properties can occur. If one dimension is reduced to the
nanometer range while the other two dimensions remain large, then a structure known as
a quantum well is obtained. If two dimensions are.so reduced and one remains large, the
resulting structure is referred.to as a quantum-wire..The extreme case of this process of
size reduction in which all three dimensirons reach. the low nanometer range is called a
quantum dot. The word guanium is associated with these three types of nanostructures
because the changes in properties arise from the quantum-mechanical nature of physics in
the domain of the ultra-small /Fig. 2.1 shows a schematic comparison between a bulk
semiconductor, a waveguidg for visible lighxg a QD, and an atom.

1cm nmaad 10 nm 1A
: Wavelength de Broglie
Macroscopiq of light wavelength
Bulk :
semid it § Waveguide Quantum-dot Atom

Band structure m—— - o o | evels

Fig 2.1 A schematic comparison between a bulk semiconductor, a waveguide for visible
light, a QD, and an atom [20].

In the case of atom, the electronic structure is described by discrete energy levels,
while band theory is used in the case of bulk semiconductor. Since the structural size is

varied continuously, there exists an explanation between two cases (discrete levels and



continuum band structure). The density of state of bulk semiconductor and low-
dimensional nanostructure is shown in Fig. 2.2. The band offsets between the low-
dimensional nanostructures and the surrounding material provide the energy potential or
potential well in energy band to confine the carriers. Thus the carrier motion is limited in this
direction and allowed to move freely only in bulk dimension, which exists no potential well.
Electrons and holes in a quantum well can freely move in the x-y plane; those in a quantum
wire can only move in x direction. In a QD, zero-dimensional-nanostructure, the charge
carriers are completely localized. This 3-D confinement results in a quantization of the carrier

energy and in a variation of the earrier density ofstaies.

Bulk Quantum welis Quantum wires Quantum dots
L il
L 7 ik L2z EL,
| TIITIT| 7~
—3 K X
L.
o
» o %)
o ) ©)
o a a)
Energy Energy Energy

(a) (b) (d)

Fig 2.2 Schematic diagfam illustrating the representation 6f/ the electronic density of
states depending on dimensionality. (a) bulk, (b) quantum wells, (c) quantum
wires, and (d) QD.and their density.of states (D.O.S.) [21]. L is in macroscopic

scale (~cm), while ", L /Ll ,arelin nanoscale.
X y z

The ‘quantization: phenomenan “can /be described- by wave-like properties of
electrons, ‘'since any substance would exhibit its wave properties of which de Broglie
wave length can be calculated from eq. (2.1). Electrons are delocalized in a bulk
semiconductor. These electrons are referred to as free electrons, but perhaps unconfined
electrons would be a better word for them. This is because when the size of
semiconductor diminishes to the nanoscale, these electrons begin to experience the
effects of confinement, meaning that their motion becomes limited by the physical size of



the region or domain in which they move. The influence of electrostatic forces becomes
more pronounced, and the electrons become restricted by a potential barrier that must be
overcome before they can move more freely. More explicitly, the electrons become
sequestered in what is called a potential well, an enclosed region of negative energies. A
simple model that exhibits the principal characteristics of such a potential well is a square
well in which the boundary is very sharp or abrupt. Square wells can exist in one, two,
three, or higher dimensions.

Standard quantum-mechanical calculations show that for an infinitely deep square

potential well of width L, in.one dimension, the coerdinate x has the range of values

—%Lz <x< %LZ inside the.well, and the energies there are given by the expressions

T[ZEZ]
E, = 4 (2.2)
” [2mL§

= E, N7 L & (2.3)

which are plotted in Fig 2.3, whéte £, = 72h%/2mL? is the ground-state energy and the
quantum number n assumes the values » = 1,2, 3, .... The electrons that are presented
and fill up the energy:levels starting from the bottom, until all available electrons are in
place. An infinite square-well has an infinite number of energy levels, with ever-widening
spacing as the quantum®number » increases. If the well is finite, then its quantized
energies E, all lie below the-corresponding-infinite, well energies, and there are only a
limited number of them.

The electrons confined to the potential well move backaand forth along the
directionx, and the probability of finding.an electron at a particular valug of x is given by
the square of the wavefunction |, (x)|? for the particular level » where the electron is
located. There are even and odd wavefunctions ¢,,(x) that alternate for the levels in the
one-dimensional square well, and for the infinite square well the unnormalized

expressions are given by



¢, = cos(nmx/L,) n=1,3,5,... even parity (2.4)
@, =sin(nmx/L,) n=2,4,6,... odd parity (2.5)
A Voltage

n=3, E,

il s n=2, E2

——— m—m————— ———

| Lz

Fig 2.3 Schematic representation of the lowest three level of carrier’s energy quantization

in potential well'with'the width of Z, (comparable to de Broglie wavelength). The

picture shows examples of the threé_fl_gvyest-energy standing waves which can be
happened in potential well (solid Iirj{e) and the corresponding carrier’s energy
level of the de Broglie wavelength froﬂﬁh’e standing wave (dotted line), i.e. Eq,

E; and E3. The energy of each level is'_-_-gLven by E,,, = n?> t?h?/2ml2, where n

is an integer number of the level.

An effective-mass approximation can effectively ‘describe the electronic states of
bulk semiconductors, In semiconductor quantum wells, this approximation is widely used
for the calculation of-quantized energy levels [22]. lThe main assumption of the effective-
mass approximation is that the envelope wave function does not significantly vary in the unit
cell withta length scale“of subnanometers. Therefore, this assumption is valid in all low-
dimensional nanostructures. Assuming parabolic band dispersion, band-edge electron states

of semiconductors can be described by Schrodinger-like equation as

R,
[Zm* v+ vm] o) = Ep(x) (26)



where m* is the effective mass, h is reduced Planck’s constant, r = (x,y,z) is the carrier
position vector, ¥(r) is the confinement potential due to band offset, ¢ (r) is the envelope
wave function, and E is carrier energy.

From eq. (2.6), 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 £ and E + dE , of each quantum nanostructure) in case of bulk, quantum well
(QW), quantum wire (QWR) and QD can be written as follow [21],

Bulk semiconductors

E2k2
Epitie = E(K) = AT (2.7)
3
1 A 2% 2\ 1
Dy, () = E;E[ }—lz_] E2 (2.8)

where k = (k,,k,,k.) is the wave vector of carriefs and k?® = ki + k2 + k2
Quantum Well (OW)

Assuming that the confinement potential barrier forthe square QW has infinite

height, we obtain

E = E(K)'= 2 7/+'E —'—:i' kz + -jL-Z 2.9
ow (k) 2m* T omr \ !/ (Lz) (29)
Q hz l ow . ng .

where k7, = kZ + k3, O is the Heaviside’s unit step function, n, = 1, 2, 3,... and Lqy, is

the sum of the well and barrier regime thickness.



Quantum Wires

Assuming that the confinement potential barrier for the square quantum wires has
infinite height, we get

Eowr = E(K) = Pk +E, +E, = ne k% + el 2+<nzn)2 2.11
QWR - - Zm* ny ng - zm* L Ly LZ ( . )
A 1
Dowr(E) = —2220 Z (2.12)
Th

where k% = kg, ny, n, ='1, 273, Jand IV,; ds the area density of the quantum wires (the

number of quantum wirgs divicied by the quantum-wire region area in the y-z plane).

Quantum Dot

Assuming that the infinite confinement poté,’htial barrier in all direction, we obtain

(nLy;T)Z + (%)j (2.13)

n?{ m,m\?
EQDzEnx+Eny+EnZ=2m* (L ) ar
%

Dop (EY'= 2V, z S(E1EL 28y TE,) (2.14)

Ny, My, My

where ¢ is:the delta function, and N IS the volume density of QDs.

The change of density of states for the low-dimensional nanostructures
considerably affects the fundamental properties of the devices, which use these
nanostructures as an active layer [23]. The electronic properties for QD structure is
dramatically different from the bulk semiconductors because of the discrete energy levels

and delta peak density of states, which are in contrast to the continuous spectrum of the
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bulk. In case of QD structures, there are several theoretical and experimental proves that
semiconductor lasers consisting of QD structures have the lowest threshold current
density due to the delta-function-like density of states [24].

To utilize QDs as an active layer for semiconductor lasers, two particularly
important considerations must be included. Firstly, the density of QDs must be
sufficiently high to achieve the lasing condition (gain overcomes the loss). Secondly, the
QD size distribution should be narrow singe the optical gain spectra depend on the size
distribution. In other words, QDs should haverthe same size in order to decrease the
charge carriers needed for the population inversion condition. The maximum optical gain,

g™, for a QD laser can be writtenas [25]

b N2 2.15
Yo —= .
o g (2.15)

where Ne is the number of Statés per unit surface. For the ground level, Ne is equal to the
doubled surface density of the QD array, ND. Als the total spectrum broadening from all

excited QDs. From eq. (2.15), itis‘possible to increase the maximum optical gain by
increasing the QD density and/or reducing thers_iz,e.distribution of the QD ensemble.

In summary, we introduced the concept of low-dimensional nanostructures, i.e.
QWs, QWRs, and QDscompared with bulk semiconductors:“The general theoretical view

of the size and the electronic properties, 1.e., density of states was presented.
2.2 Self-Assembled Growth
The self-assembled growth is the QD [fabrication; technique,which is used in this

thesis work. The growth mode and growth conditions for this growth technique are

reviewed in order to provide some basic understanding of this growth method.
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2.2.1 Growth Modes

From the typical theory of crystal growth by molecular beam epitaxy, three modes
of crystal growth on the surface are possible [26]. If we denote the free energy of the
epilayer/vacuum interface by y,, that of the epilayer/substrate interface by y;, and that of

the substrate/vacuum interface by y;, the layer-by-layer growth mode is favoured if

Ay.= Ve T Vil7 ¥ 50 (2.16)
-

In this case, as epilayers are-nucleated, the free energy decreases initially before
achieving a steady-state valte for thicker films. Alternatively, if Ay > 0 the deposited
material would prefer tq.»-tdeer the subs1trate surface, then we obtain Frank Van der
Merwe growth mode or I_g.yér—by-layéi grolvth (Fig 2.4(b)). In this mode, the interaction
between the substrate aFId deposited ;tonﬁjs is stronger than that between neighboring
atoms. In contrast, if 0 < Ay, the 3D growtfi mode as Volmer Weber mode is observed
(Fig 2.4(a)), where the mteractlon betweeﬁ#substrate neighboring atoms exceeds the

overlayer substrate interactions. '"}-’_'.:--1_.u

- e<IML

Fig 2.4 Cross-section views of the three primary modes of thin film growth including (a)
Volmer-Weber (VW: island formation), (b) Frank-van der Merwe (FM: layer-by-
layer), and (c) Stranski-Krastanov (SK: layer-plus-island). Each mode is shown

for several different amounts of surface coverage, ©.
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In case of layer-plus-island or Stranski-Krastanov growth mode (Fig 2.4(c)), the
growth exhibits an intermediate case. After forming a few monolayers in layer-by-layer
growth mode, the islands are nucleated on top of this “intermediate” layer, which is
called the wetting layer (WL). The explanation on this growth mode is reviewed in the

next section.
2.2.2 Self-Assembled Growth in Stranski-Krastanov Mode

Stranski-Krastanov is.one of the three-primary modes by which thin films are
grown epitaxially at a crystal-surface or interface. Also known as layer-plus-island
growth, the SK mode follows a.iwe siep process. Initially, complete films of adsorbates,
up to several monolayers thiek, are grown in a layer-by-layer fashion on a crystal
substrate. Beyond a critical layer thickness, which depends on strain and the chemical
potential of the deposited film, growith contindes through the nucleation and coalescence
of adsorbate islands. 4

In this section, we"investigate: the _d_.etéil of Stranski-Krastanov growth mode,
which provides defect-free self-assembled 6&),-__3tructures. The illustration of the film
growth in this mode is shown in Fig 2.5. F,ir's_t,"a few monolayers of strained material
grow in layer-by-layer mode. During the growfh, elastic sirain energy, E(el) builds up due

to the lattice mismatch,which is given by [27].
E(el) = AetAt (2.17)

where A is the elastic modulus, € is the misfit, and 4 is surface area. The total energy for
the layet-hy-layer| growth ‘Increases as a function of the film ithickness ¢. Beyond the
critical thickness, the layer-by-layer growth is unfavorable, and so elastic strain
relaxation occurs. The local strain energy density of the SK-growth mode QD is
schematically represented in Fig 2.6. The nanoscale islands formed in this mode can be
used to confine carrier in three dimensions. The nanostructures formed in the Stranski-

Krastanov mode are called self-assembled QDs.
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Fig 2.5 SK growth shewing island fermation after obtaining a critical
thickness, /... Lines represent latticeé planes with thicker lines for the

substrate lattice and thinner lines for the growing film. Edge dislocations

are indicated inside'the dash circle.
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Fig 2.6 Schematic representation of the local strain energy density in and around the SK-

growth mode QD. The energy barrier has a maximum at the edge of the QD.

Although the QDs grown by this technique form into high-density arrays. There
are still some disadvantages of this technique. For example, the Stranski-Krastonov

growth mode QDs exhibit wide size distribution which respond to varying of energy level
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in the energy band. The representations of the energy level exhibited in the QD with
different size are shown in Fig 2.7. Also, the non-uniform strain distribution from lattice-
mismatched formation would effect on the band structure of QD [28]. Both are

undesirable for laser applications.

E.—

E,
(a) small @D & (b)large QD

Fig 2.7 Simple interpretation/of the energy level exhibited in the QD with different size.
The representationsin case of (a) small QD show the higher energy level than that
of large QD (b) due tothe carrier con;"ir;enpent properties. Electrons and holes in a
small size QD would. exhibit shoi_fte"r_ de Broglie wavelength of which

corresponding energy level is higher.
2.2.3 Migration-Enhanced Epitaxy (MEE)

Migration of surface adatoms along the surface is very important for growing high
quality layers and atomically flat heterojunctions, In the migration-enhanced epitaxy
(MEE) ofGaAs or AlGaAs, ‘migration of  Ga and Al atoms is enhanced even at low
substrate témperatures by evaporating them onto a clean GaAs surface under an As-free
or low As pressure atmosphere. Fig 2.8 shows schematic display of the migration process
of Ga atoms deposited on the vicinal surface. Thus, the high quality GaAs and AlGaAs
layers and flat heterojuntions have been grown by this method. Migration-enhanced
epitaxy has also proved useful in investigating atomic processes during the epitaxial
growth. Horikoshi et al. have proposed this growth method, which is characterized by
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alternately supplying Ga and/or Al and As to the substrate [29-31]. They have shown that
it greatly increase the Ga or Al surface diffusion by reducing the As supply, and thus it is
useful for growing high quality GaAs or AlGaAs layers even at low substrate
temperatures. So far, The MEE process has been investigated mainly by reflection high-
energy electron diffraction (RHEED) [29-31]. Yoshikazu et al. have analyzed the MEE
growth mechanism in real-space observation using in situ scanning electron microscopy
(SEM) [32].

o

¢ o
ig2.8 N . : S
R N o
’Qq ﬁu‘lnﬁrﬁeﬁﬁ‘ﬁeﬁ’ﬁtﬁﬁ'ﬁ" 010&%‘ JCG 1999).

The epitaxial growth is a process in which atoms randomly deposited on the

growing surface are properly arranged according to the equilibrium atomic configuration
on the substrate surface. Any departure from the perfect arrangement induces crystal
imperfections. Therefore, the lateral migration of deposited atoms along the surface is
very important for growing high quality layers. In molecular beam epitaxy (MBE), the
growth of GaAs is performed by the simultaneous deposition of the constituent atoms and
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molecules under As-stable conditions. Under these conditions, the growing surface is
covered with a large number of GaAs islands, because Ga atoms deposited on the
growing surface react with As to form small GaAs islands. These small islands hardly
move along the surface because of the stable chemical bonds between GaAs molecules in
the islands and As atoms in the underlying As plane. Even in this case, however, there is
an equilibrium density of isolated Ga atoms on the growing surface [33]. These isolated
Ga atoms are nucleated in such a way that As molecules are re-evaporated at the
periphery of the small islands because of ‘the. ingcreased surface energy caused by the
island formation. This process involves isolaied Ga atoms. In addition, deposited Ga
atoms have a finite lifetime before they réact with-As. These isolated Ga atoms are quite
mobile and easily migrate ie'thesmore stable sites. This process is essential to the growth
of high quality layers, butsrequires a substrate temperature high enough to guarantee re-
evaporation of As molecules at the periphér"g'/ of the islands. However, the deposition of
Ga atoms in an As-free atmosphere supplias a large number of mobile Ga atoms on the
growing surface. These Ga atoms are expegte__d to migrate along the surface even at
reduced temperatures, and £o find stable sites:,_or-i the surface [29]. Therefore, high quality
layers can be grown after the succeeding ;A-s—g_l_'_deposition even at very low substrate
temperatures. Migration-enhanced  epitaxy ZM_EE) is based on this principle [30].
Schematic of MEE progess is shown in Fig 29 in addition, the low temperature growth
by MEE opened a way'to construct new types of superlattice heterostructures between
different materials such' as GaAs/ZnSe superlattices [34] and (GaAs)x(Si2)x/GaAs
superlattices [35].
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2.2.4 Material Considerations

Self-assembled growth can be carried out in several semiconductor material
systems, e.g., In(Ga)As/GaAs, InP/InGaP, or SiGe/Si. The preliminary condition for the
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growth is that the QD material has a larger lattice constant and a smaller band gap
compared with the substrate material. Fig 2.10 shows the band energy as a function of
lattice constant for the Il1I-As material systems. For laser applications in optical
communication systems, GaAs is the most important substrate material. The self-
assembled growth of InAs on GaAs substrate can provide QDs, which emit light at 1.3
pm or longer wavelength. In this work, we will concentrate only on the InAs/GaAs
material system.

300 K

S 25; SARPZAIAs 105 €
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=20 )=
> 1.5 2
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d;:J 1.0E 15 (;6
Wos {25
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54 55 5B=—B57=8E 59 50 6.1

Lattice constant (A)

Fig 2.10 Lattice constant versus energy gap at room temperature for the I11-As
material system. The solid lineis for direct band gap material and the
dotted line is for'indirect band,gap material. From this figure we can see
that there is a possibility to realize QD structures which emit light at the
wavelength of, 13 um org .55 pm+(dashedylines):

2.3 Anti-Phase Domains (APDs)

Lattice mismatch between GaAs and Ge is 0.1 % leading to the possibility of
forming defect-free heterostructure. However, GaAs is a polar, IlI-V compound

semiconductor whereas Ge is a non-polar, IV elemental semiconductor. The polar/non-
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polar heterointerface leads to anti-phase domains (APDs) in GaAs epitaxial layer grown
on Ge substrates. The APDs can be eliminated using miscut Ge substrates [1].

[001]

O I
[0101 [100] Q Vv

Fig 2.11. Two possible orientations of the zine-blende crystal structure common to many
of the IlI-V.«Compound  semiconductors, including GaAs. Each distinct
orientation corresponds to @ 90° rotation of the lattice, or a switching of the

cation and anion sublattices.

Although the lattice mismatch does not play an important role in affecting the
quality of GaAs/Ge epitaxy, compound semiconductor grewth on elemental substrate
poses several unique challenges, including the effect of antiphase disorder [36]. Due to
the inequivalence of its two face-centered-cubie (fcc) sublattices, the zince-blende crystal
structure of GaAs and other HI-V" compounds, possessés| lower symmetry than the
diamond cubic structure. Therefore,- when GaAs is grown on a_Ge substrate, two

sublattice, orientations eccur, See Fig. 2.11; each ‘rotated 90~ with respect to the other,

corresponding to a switching of the cation and anion sublattices.

When both GaAs orientations are nucleated on a Ge substrate, distinct domains of
each sublattice, separated by antiphase boundaries (APBs) may penetrate well into the
GaAs epilayer as illustrated in Fig 2.12. Since APBs are comprised of planes of wrong
nearest-neighbor bonds, they are electrically active defects known to cause carrier

scattering and non-radiative recombination [37-38]. As a result, any effort to grow device
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quality GaAs/Ge must address the possibility of anti-phase disorder and the methods to

eliminate it.

0O Ga
® As

o Ge

[001]

[110]

Fig 2.12 A GaAs APB nucleated by the sublatt_i_ce displacement induced by a single
atomic-layer step lying on the (OOl),Qg surface. The bold dashed line marks the

wrong nearest-neighbor honds lying on the plane of the APB.

The effective mean to suppress antiphaée disorder requires control of the substrate
surface structure priorsto GaAs growth. The surface of (001) Ge, like that of Si, is
structurally characterized by dimer reconstructed terraces separated by steps [39-40].
Pairing or dimerization, of'adjacent fourfold goordinated Ge atoms exposed on the (001)
surface reduces the number of dangling bands per. atom from two to one and is therefore
energetically favorable. The presence.and distribution of steps running along the in-plane
<110> directions inticates any deviation of the surface from the exact. (001) orientation.
A two-domain (001) surface, illustrated in Fig. 2.13(a), features single or any odd-integer
number of atomic-layer steps, such that on alternating terraces, the exposed sublattice

domain shifts, rotating the dimer bonds by 90°.
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Fig 2.13 Double-domain (a) and single-domain (b) reconstructed surfaces of (001) Ge.
Note that the orieafation/of ‘dimer bonds (dashed lines) rotates 90° as the
sublattice switches on alternating t;;rraces of the two-domain surface, whereas
only one dimer orientation and one sublattice is evident on the single-domain
surface. 7 .

(001) Ge and Si substrates intentionally offcﬁi_tp_ [110] are widely believed to promote

single-domain GaAs growth. In contrast to fhé actual (001) surface, which features

irregular steps along theé <110> directions, a substrate offeut towards [110] introduces a

regular array of surface' terraces separated by single-steps running along the [1-10]

direction. As the offcut angle is increased,«the density of steps and width of surface

terraces decreases, a factor that may by itself promote early self-annihilation of APBs.

However, it has also been known for some time that at high temperatures under ultrahigh

vacuum’(UHV)" conditions, ' offcut. Ge andSi |(001) /surfaces Favor a single-domain

reconstruction which may extend to single-domain GaAs nucleation.[39-41] As shown in

Fig 2.13(b), this configuration consists of double atomic layer steps separating terraces of

the same exposed sublattice where all dimers lie parallel to the step edges. Although there

exist discrepancies in the literature regarding the exact mechanism of anti-phase disorder
suppression, in general, substrate offcut is expected to enhance surface transition Kinetics,
thereby diminishing the possibility of APB nucleation and propagation.
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Arsenic and arsenic precursors used in GaAs growth are known to interact with
Ge and Si surfaces and thus present an additional complication to the anti-phase problem
[42-45]. On reconstructed (001) Ge and Si surfaces, arsenic atoms readily adsorb and
dimerize in the place of substrate atoms. Each atom of an arsenic dimer features a lone
pair of electrons rather than a dangling bond, resulting in a net surface energy decrease.
The resulting arsenic passivated surface is highly inert and self-limited to a single
monolayer of coverage. However, it has been noted in numerous studies that arsenic
coverage results in considerable modification Qi the pre-existing substrate step structure,

with strong implications for single-domain GaAs growith.
2.4 p-n Junction

This section briefly”discusses about'p-n junction properties. A p—n junction is
formed by joining p-type and n-type semiconductors together in very close contact. The
term junction refers to the'boundary interface where the two regions of the semiconductor
meet. If they were constructed of two separate pieces this would introduce a grain
boundary, so p—n junctions are created in.a single crystal of semiconductor by doping, for
example by ion implantation, diffusion of dopants, or by epitaxy (growing a layer of
crystal doped with one type of dopant on top of a layer of crystal doped with another type
of dopant).

p-n junctions are elementary “building blocks” ‘of almost all semiconductor
electronic devices such as‘diedes, transistors;.solar cells, LEDs, and integrated circuits.
They are the active sites: where the electroni¢ action of the.device takes place. For
example, a common type of transistor,the bipolar junction transistar, consists of two p—n
junctions,in 'series, imthe“form n=p=n orp-n-p.

The p-n junction possesses some interesting properties which have useful
applications in modern electronics. A p-doped semiconductor is relatively conductive.
The same is true of an n-doped semiconductor, but the junction between them can
become depleted of charge carriers, and hence non-conductive, depending on the relative
voltages of the two semiconductor regions. By manipulating this non-conductive layer,

p—n junctions are commonly used as diodes: circuit elements that allow a flow of
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electricity in one direction but not in the other (opposite) direction. This property is
explained in terms of forward bias and reverse bias, where the term bias refers to an
application of electric voltage to the p-n junction. Properties of the p-n junction are
shown in Fig 2.14.
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CHAPTER I
EXPERIMENTAL DETAILS
3.1 Basics of Molecular Beam Epitaxy (MBE)

Molecular be am epitaxy is a pr 0gess for epitaxial growth via the interaction of
one or several molecular or atomic beams th_g(;odc rs on a surface of a heated crystalline
substrate unde r ul tra-high wvacuum ¢ onjitioﬁs-({fg;g Pa). MBE can achieve precise

control of  chemical ¢ on‘gia__osiﬁpns__:a nd dopi ngp. rofiles. S ingle-crystal, multilayer

structures with dimensiog‘pﬁ/ order of atomic layercan be grown by MBE. Thus, the

MBE enables the precise fabrication of semiconductor heterostructures having thin layers

from a fraction of a micron d 104 fnéﬂglayer. Fig 3.1 shows a schematic of typical

MBE system. The solid souice

erials ar$ placed in effusion cells to provide an angular
Ao AW

distribution of atoms or mole€ules in & beam, The system represents the ultimate in film
b # i A 4

deposition control, cleanli nd 1n situ T?}nical characterization capability. All of the

- ol
effusion ovens are mounted i an;gl;mhigh-?@ign chamber (~10® Pa). The temperature
of each oven is adjusted to give the desired Q?Taﬁ.@ggtion rate. The substrate holder rotates

continuously to improjé growth homogeneity.

) — -
\Z Y]
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| 3:5 rorntion ’ |
- S-gLn e
FE Chamber cooled
I o by liq N2

Transpart m&—-:[ > Effusion cells

Shutter

Fluorescent screen
(RHEED)

Fig 3.1 Arrangement of the sources and substrate in a typical MBE system.
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To grow GaAs, an overpressure of As is maintained, since the sticking coefficient
of Ga to GaAs is unity, whereas that for As is zero, unless there is a previously deposited
Ga layer.

Mean free path (cm)

bl

L e = 2
(£ St N e S 10 10"
Eresture (Torr)

Fig 3.2 Mean free path for'!nitrogen molecules at 300K.

According to Fig 3.2, the molecular b_é:efnl—_condition that the mean free path of the
particles should be larger than the geometrica}["s_irz;é of the chamber is easily fulfilled if the
total pressure does notiexceed 10° Torr. Als-o',_/fﬁé condition for growing a sufficiently
clean epilayer must be satisfied, e.g. requiring for the monolayer deposition times of the
beams 7, and the background residual vapor ¢ the relation #es < 10°¢,. For a typical
gallium flux of 10* atom-m?s™ and for a,growth rate in the order of 1 pm/h, the
conclusion is thatp,e < 107" Torr. Considering that the ‘sticking coefficient of gallium on
GaAs atoms in narmal operating conditions is approximately unity and that the sticking
coefficient afimost ¢fithe typical residuall gas speciestisinmuch-lessithan 1, the condition
above results to be not so strict, nevertheless ultra high vacuum (UHV) is required. Thus,
UHYV is the essential environment for MBE. Therefore, the rate of gas evolution from the
materials in the chamber has to be as low as possible. So pyrolytic boron nitride (PBN) is
chosen for the crucibles which give low rate of gas evolution and chemical stability up to

1400°C, molybdenum and tantalum are widely used for the shutters, the heaters and other

components, and only ultrapure materials are used as source. To reach UHV, a bake-out
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of the whole chamber at approximately 200°C for 24 hours is required any time after

having vented the system for maintenance. A cryogenic screening around the substrate
minimizes spurious fluxes of atoms and molecules from the walls of the chamber.
Despite this big technological problems, MBE systems permit the control of composition
and doping of the growing structure at monolayer level by changing the nature of the
incoming beam just by opening and closing mechanical shutters. The operation time of a
shutter of approximately 0.1 s is normally much shorter than the time needed to grow one
monolayer (typically 1-5 s). Careful variaiien-Qi-the temperatures of the cells via PID
controllers permits the control of the intepsity-of-the flux of every component or dopant
of better than 1 %. The UHW enwironment of the system is also ideal for many in situ
characterization tools, like'the RHEED (reflection high energy electron diffraction). The
oscillation of the RHEED signal exactly c_orresponds to the time needed to grow a
monolayer and the diffraciion pattern on the :RHEED window gives direct indication over
the state of the surface. '

MBE uses an evaporation. method in a vacuum system. An important parameter
for vacuum technology is the molecular impingement rate; that is, how many molecules
impinge on a unit area of the substrate per unit time. The impingement rate (@) is a

function of the molecular weight; temperature; and pressure. The rate can be expressed as

® = P(2mmkT)~/? (3.1a)
or
0 = 2.64 x 1020 (v%)% (3.1b)

Where P Is the pressure in Pa; m 1S the mass of ‘a molecule ‘in” kg,~% is Boltzmann’s
constant in J/K, T is the temperature in degrees Kelvin, and A is the molecular weight.

In this work, all samples were grown in a conventional RIBER 32P solid source
MBE machine. The MBE machine consists of three chambers, introduction chamber,
transfer chamber, and growth chamber. These are separated by isolation gate valves. For

introduction chamber, heaters are established for a heat treatment process of the substrate.



27

Introduction, transfer, and growth chamber are typically maintained in ultra-high vacuum
condition by titanium sublimation pumps and an ion pumps. The pressure inside these
chambers and beam flux pressure are measured by ion gauges. RHEED and quadrapole
mass spectrometer are used to obtain the real time information of growth process and

growth chamber conditions.
3.2 Reflection High Energy Electron Diffraction (RHEED)

Reflection high energy electron diffraciven (RHEED or R-HEED) is a technique
for surface structural analysiss A RHEED sysiem requires an electron gun,
electroluminescence detector scieen and a sample with a clean surface. The electron gun
generates a beam of electgons which strike the sample at very small angle relative to the
sample surface. Incident eleCtrons diffract from atoms at the surface of the sample, and a
small fraction of the diffragfed electrons interfere constructively at specific angles and
form regular patterns on.the detector, The electrons interfere according to the position of
atoms on the sample surface, so the diffraction -pattern at the detector is a function of the
sample surface. Fig 3.3 shows RHEED scherrlfé-t-io_._.

Because of its small penetration depth, owing to the interaction between incident
electrons and atoms, RHEED is primarily sensi-tive to the atomic structure of the first few
planes of a crystal lattice. Therefore, the diffraction from a structure periodic in only two
dimensions emphasizes the observed pattern, and the positions of the elastically scattered
beams can be computed from single-scattering expressions. Nevertheless, because the
elastic scattering“is comparable to the inelastic scattering,/ multiple scattering processes
are also crucial, and these must be included to achieve the correct intensity. The RHEED
geometry, ¢ an incideat«beam directed at a‘low angle‘to the surface =-has a very strong
effect on ‘both the diffraction and its interpretation. For example, atomic steps can
produce large changes in both the measured intensity and the shape of the diffracted
beams when the important atomic separations are parallel to the incident beam direction;
in contrast, the role of atomic structure in the diffracted intensity is primarily determined
by the atomic separations perpendicular to the beam direction. Both of these phenomena

result from the low glancing angle of incident. The extent of these sensitivities, the
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important of multiple scattering, the shape of the diffraction pattern, and the salient
features of calculation are all determined by a combination of the small glancing incident

angle and the conservation of parallel momentum.

[ )
Camara

Auorescent
electron hegm Sereen

10 ke'V (A OG5 AY

3.3 RHEED Pattern Observatiofn 2

The pattern position—can-—be—graphicaly-—determined by the Laue method —
intersection of Edwald sphere in reciprocal lattice space: A schematic representation of

the RHEED observation system in the MBE growth chartiber is shown in Fig 3.4. Since
the short de Broglieswavelength, of electron-allowsa shallow penetration depth into the
substrate, only atoms at'the sample ‘surface contribute to'the' RHEED pattern. Diffracted
electrons at the flat surface are imaged onto the sereen. Thereforé,‘the surface layer is
represented by'a reciprocal lattice space red perpendicular ta the real'surface. If the surface
has roughness in the order of an atomic scale, the surface layer in the reciprocal space will be
presented by three-dimensional point array. Therefore, we can interpret the RHEED pattern
as the reciprocal lattice representation of the sample surface, which reflects the surface

morphology on the atomic scale.
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Fig 3.4 Schematic diagram of RHEED geometry showing the incident electron
beam at an-angle ¢t0 the surface plane. The right part shows diffraction
pattern from the GaAs (001) (2x4) surface, in the [1-10] and [110]
azimuth.
The condition for imaging on the fluorescent screen is called the Laue diffraction
condition 7
tn—Kairr :=; i; (3.2)
where k;, and Ky are-the-wave-veciors—of-the-ifhcident and diffracted electrons,
respectively, and G is the reciprocal lattice vector. This condition corresponds to Bragg’s
law in the simple diffraction theory. The pattern position can be graphically determined
by the Laue methadrintersection-of Ewald-spherejin reciproeal lattice space.

3.4 RHEED Pattern Oscillation

RHEED intensity oscillation is a typical technique for growth rate determination.
This has been also used to calibrate beam fluxes corresponding to the growth rate. To
control chemical composition and the thickness of the quantum structures, the fluxes are

adjusted to the value corresponding to needed growth rate [26].
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The RHEED intensity of the pattern depends on the roughness of the surface.
Under the normal growth condition, the RHEED intensity changes according to the
fraction of surface coverage where the period of the pattern oscillation corresponds to the
growth of 1 monolayer (ML). The schematic representation of the RHEED intensity
oscillation is shown in Fig 3.5. In each period, the maximum reflectivity occurs at the
initial and final state when the smooth surface was completely grown and the minimum
reflectivity occurs at the intermediate state when the growing layer is approximately half
completed. With use of the period of oscillation signal, the growth rate of GaAs can be

calibrated. The experimental.data is shown inFig3.6.
-
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Fig 3.5 Schematic representation of RHEED intensity oscillations related to

formation of the first two complete monolayer of GaAs (001).
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Fig 3.6 RHEED/iniensity-oseillation during the growth of GaAs.

3.5 Atomic Force Microscopy (AFM) ' 4

i 4
4 * i

Atomic force microscopy (AFM) is;:a:;_;powerful technique for analyzing and

characterizing samples at microscope Ievel_:f,_l__t;,(_:@n be used on both conducting and

insulating samples. A_h_,;AFM measures the force between.the tip and the sample, rather

than the tunneling curfé_nt. A sharp tip is mounted on th‘éﬁend of the millimeter-sized
cantilever, as shown in Fig. 3.7. A force F exerted on the'tip by the sample deflects the
cantilever by Az:

F = CAz, (3.2)

where C fis the force constant of cantilever. The displacement of the cantilever is
measured as a function of tip position, often by using the back of the cantilever as a
reflector for a laser beam. Motion of the reflector changes the path of the laser beam,
which is detected using photodiode array; picometer-scale displacements can easily be
measured. Since a typical value of the force constant is C = 1 N/m, pN-scale force can be

transduced. Forces well below 1 fN have been measured under special circumstances.
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laser beam

Photodiode
detector

cantilever

Sample

pigzo-Eleetis
scanner

Fig 3.7 Schemati

cantilever

atomlc fforce microscope (AFM). Deflections of the

dd-by.a’ photodetector registering of the position of

a laser bea I flects osth,e top of the cantilever.

#, ', o .."."J“ i
The simplest mode of o eratlon iS-Cl }act maode, where the tip is dragged along in

contact with the surface and the qantllever ?éﬁ%p}lon is measured. This gives a measure

of the sample topography, but |t can dam@ﬁthe sample. Noncontact or intermittent-
BT e
contact imaging modesiare Iess |nva3|ve and they also cgh give information about the

—— o

long-range forces belween the sample and the tip. In thgsk techniques, the cantilever

oscillates just above the ¢ sgample due to an applied drlvmg J force of amplitude F,, near the
cantilever resonance frequency w,. Modeling. the cantilever as a driven simple harmonic

oscillator, the magnitude of the cantilever response at-a frequency w is given by

|z, [l= = 3.3
w & [(wz_wg)z-'_(%)z]l/z ( )

where Q, the quality factor of the oscillator, is the ratio of energy stored in the cantilever
to the energy dissipated per cycle, Note that on-resonance, w = w,, the response is Q

times larger than at low frequencies, making the detection of small forces possible.
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The parameters characterizing the oscillating cantilever are sensitive to any
forces, occurring between the tip and the sample. These forces can be Van der Waals,
electrostatic, magnetic, or many others. The interaction shifts the resonance frequency w,
and/or modifies Q. This change is recorded and used to construct an image. For example,
in tapping mode imaging, the tip ‘taps’ the surface during the closest approach of the

oscillation cycle, causing both a frequency shift and additional dissipation.

3.6 Photoluminescence (PL) Spectroscopy {{},
L

)
Photoluminescence (PL)-spectroscopy is employed to characterize the samples in

this work. The samplesM CIted A76-nm Ar’ laser. A schematic of the PL
experimental setup is ShO)/:e)I(g 3/8.-Fhe Iaser Peam was chopped and focused to the

sample by focal lens. e Ilght srgnal IS analyzed by monochromator with a

photomultiplier tube. A high-pas fllter |55used to filter the visible-light noise and the

reflected laser beam signal. the Tesolved Ilght IS detected by an InGaAs detector. A

chopper and the lock-in amplifier are ‘used tg;enhance the signal by the standard lock-in

technique. T -Z". iﬁ
r_’ j'l}._,—-
. Ml Pholomuliipier
| 476-nm Ar* laser ij
L] Y
Monochromater

Filler

Chopper)

[pital
o = | Multimeler

- Lock-in Amplifier

Fig 3.8 Schematic of PL experimental setup.
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The interpretation of PL data can simply be described as shown in Fig 3.9 and Fig
3.10. For the case of nanostructures with different size in Fig 3.9, the ground state PL
peak energy contains information about the size of the nanosturcture. The increase in
nanostructure size results in a lower number of 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 relatively compare the size of nanostructure.

For the shape of PL spectrum frem nanostructure array (Fig 3.10), there exists
broadening of the spectrum. This broadening,\Wwhich is measured in terms of a full width

at half maximum (FWHM) or PL linewidin; Is.related to the nanostructure size

distribution.
Ec LN\ .
——1odf—. ,
T am
Eg,étructure Eg,surroundlng
Ey - . W\ T
(a) small (b large

Fig 3.9 Simple interpretation-of the Pl data-obtained-from_a nanostructure. In case of
small-size nanosiructure (a) the PL peak energy position is higher compared with

large-size nanostructure (b).
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e Al ¢

PL o 8(E-Eqo) PL oc 2.8 (E-Eqp,)
7 ‘ 7 A linewidth
Eneray 4 Energy
(a) (b)

|
Fig 3.10 Simple interpretation of the PL spectrum obtained from the nanostructure. In (a)
the PL spectrum’is verynarrow du',fe to the delta-function like density of states;
and in (b) the average size corresfmnds to the PL peak energy position and the

PL line-width corrg8poNds 10 the size distribution of the array.

a2 A4

3.7 X-ray Diffraction Analysis (:XRD) T

| o el

X-ray diffracti'o:n‘tééhhﬁjﬁé’s'afe a family of non-destructive analytical techniques.
These techniques revearlr the Information about crystallographic structure, chemical
composition, and physicnal properties of materials and thin films. XRD techniques are
based on observing the scattered intensity of an X:ray beamhitting a sample as a function
of incident and scattered angle, polarization, and wavelength or energy.

Higharesoelution X-ray diffraction (HRXRD)istanother-effestiveimethod to study
crystal quality, "epitaxial ~ composition, = layer “thicknesses, ~and™ relaxations of
semiconductors. X-rays, having the photon energy of about 8 keV, penetrate into the
sample a depth of max 10 um. The technique is a non-destructive, fast method to
characterize the lattice structure. A schematic layout of the high-resolution diffractometer

with optics and specified angles is illustrated in Fig 3.11.
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Fig 3.11 Schematic layout of hioh resalution X-ray diffraction equipment including

relevant componenis and adjustable angles. The diffraction plane is coincident

with the paper surface.

The highly parallel and mohoehrome[:ti?g': beam enters the sample at an angle w, and

the Bragg diffraction angle 6 depends on the Js-p;a(;-ing between the lattice planes. In a two-
axis setup the signal is detected W|th an open; detector using a large acceptance angle of
about 1- for 26. However, because of the Iarge acceptance angle, the open detector is
unable to separate dlffuse scattering or small compositien deviations. By using an
analyser crystal in front of the detector, the acceptance angle can be reduced to 12 arc
seconds for the 26 angle [46}.. This setup, theitriple-axis configuration, also increases the
signal to noise ratio and enables resatution high enough for the reciprocal space mapping
of the samples. Reciprocal, or as presented here, angular space mapping is an effective

method te study samples ‘with tilts between the correspanding lattice planes.

3.8 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is a microscopy technique in which a
beam of electrons is transmitted through an ultra thin specimen, interacting with the

specimen as it passes through. An image is formed from the interaction of the electrons
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transmitted through the specimen; the image is magnified and focused onto an imaging
device, such as a fluorescent screen, on a layer of photographic film, or to be detected by
a sensor such as a CCD camera.

TEMSs are capable of imaging at a significantly higher resolution than light
microscopes, owing to the small de Broglie wavelength of electrons. This enables the
instrument's user to examine fine detail—even as small as a single column of atoms,
which is tens of thousands times smaller ;han the smallest resolvable object in a light
microscope. TEM forms a major analysis mg@dd in a range of scientific fields, in both
physical and biological sciences. TEMs find. ap"ﬁﬁeatlon in cancer research, virology,

materials science as well a__uouutlon an semlconductor research. The example of TEM

image is shown on Fig 3.;?/f

j’

[

Y
Fig 3.12 TEM image of & quantum dot on a gallium arsenide layer. On top is a glue layer

due to TEM préparatlon only [University of Sheff’eld].

3.9 Spectral Response Measur ement

The spectralyresponse is eanceptually similar to/the quantum efficiency. The
quantum efficiency gives the number of electrons output by the solar cell compared to the
number of photons incident on the device, while the spectral response is the ratio of the
current generated by the solar cell to the power incident on the solar cell. A spectral
response curve of silicon solar cells under glass is shown in Fig 3.13. At short
wavelengths below 400 nm the glass absorbs most of the light and the cell response is

very low. At intermediate wavelengths, the cell approaches the ideal. At long
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wavelengths, the response decreases to zero. Silicon is an indirect band gap
semiconductor therefore there is not a sharp cut off at the wavelength corresponding to
the band gap (Eq = 1.12 eV).

1
s 08 Ideal cell
< measured cell
@
[73] |
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Fig 3.13 The spectral rresponse;_-,o_f'a silicon solar cell under glass.

The ideal spectral response is limited_;t_'_[qng wavelengths by the inability of the
semiconductor to absorb photons with energiesrbelow the.band gap. This limit is the
same as that encountered in quantum efficiency curves. However, unlike the square shape
of QE curves, the spectral response decreases at small photon wavelengths. At these
wavelengths, each photonthas.a large energysand hence the ratio of photons to power is
reduced. Any energy.above the 'band gap energy IS not utilized by the solar cell and
instead goes to heating the solar cell..The inability to fully utilize the incident energy at
high energy, @nd the, inability to absorb [law energies’ of light represents a significant
power loss in solar cells consisting of a single p-n junction. In our work, spectral
response measurement setup is illustrated in Fig 3.14. A white light source (halogen
lamp) is chopped and is passed through 1000M SPEX monochromator for the selective
wavelengths. The selected wavelengths are scanned on the samples for their
photoconductive signals which are connected to a lock-in amplifier and to a computed

displaying the spectral response curves.
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Fig 314 Schematie (;f spectral response setup.

3.10 Sample Preparation ) J
In this work, all samples were fabri!g;a__teid by MBE technique using RIBER 32P

molecular-beam epitaxy-system.. ;fhe detailegi'_'_é_,gquences for sample preparation are as

follows. P T TRy

= o

1) Pre-heated—:brocess : a piece of (001) Ge sﬁbstrate was glued on a Mo
(Molybdenum) by using indium glue. The block with the substrate was
transferred to the<dntroduction chamber and heated to 450°C for 60 minutes in

orderto eliminate water (H,Q) and oxide from the substrate.

(2) De-oxidauon (removing-axide from Substrate surface) : ‘After.preheated process,
the sample (the substrate on Mo block) was transferred into the growth chamber.

0]
Then, the substrate temperature was increased to 620 C. This temperature was
maintained for 20 minutes in order to remove the native oxide from the surface.
RHEED pattern is shown in Fig 3.15.
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Fig 3.15 RHEED.paitern observed during the de-oxidation process.
\

(3) Growth of AlAsinterfacial layerby MEE technique : After the oxide removal
at 620°C, the substrate tempengture was decreased and a 30-nm AlAs was
grown at 350°C using MEE tedhnlque The AlAs growth rate was about 0.1
monolayers/second (0.1 ML/S) RHEED pattern during this process is shown

ald ..I' s
in Fig 3.16. .

Fig 3.16 Spotty RHEED pattern observed during MEE-AIAs growth.
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(4) Growth of GaAs by MEE technique : After AlAs layer was grown at 350°C,
GaAs layer was grown at this temperature by MEE technique. The cycle of
the MEE growth consisted of 2 s in which the As shutter was open (Ga
closed), 2 s in which the Ga shutter was open (As closed) and 1 s for
interrupted time (As and Ga closed). As, species with a flux of 4x10° Torr
and 0.1 ML/s GaAs growth rate were used throughout this process. The MEE
consisted of 100 monolayers (~+ 30 nm) of GaAs. RHEED pattern of 30 nm-
GaAs grown by MEE technique |g€bo}yn in Fig 3.17.

~

)

Fig BQ_éaﬂEmmmmnmﬁaAméan by MEE technique.
\Z Y

(5) A two step GaAs nucleation process : Firstly, the initial 100 nm of GaAs was
deposited at.350°C .under, Ass fltix, of 5x10° Torr.by using a slow GaAs
growth rate 6f'0.1'ML/s.-Secondly, the subsequent ‘growth was conducted at
this temperature with GaAs growth ratesof 0.5 ML/s under As, flux of 8x10°
Torr. GaAs thickness was varied at this.step. MEE and conventional growth
technique were used for this process. RHEED pattern of 1 um-GaAs is shown
in Fig 3.18.
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Fig 3.18 Streaky (2x4) RF

ED pattern of GaAs surface observed after the
formatio '

— il

(6) Self-assembled Ds | nugeailon process : After the two step GaAs

nucleation pr s flm*shed"ﬂ;he substrate temperature was ramped up to
L LY :‘_"‘ -l'

500°C and InAs QDs were gron with InAs coverage of 1.8 MLs. RHEED

Fig 3.19 RHEED pattern of InAs QDs grown on GaAs/AlAs/Ge substrate.
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(7) For photoluminescence (PL) measurements, the samples were capped with
GaAs, AlGaAs, and GaAs at 510°C with thicknesses of 50, 60, and 50 nm,

respectively.

AULINENTNEINS
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CHAPTER IV
RESULTS AND DISCUSSIONS

In t his ¢ hapter, t he e xperimental r esults of G aAs g rown on G e s ubstrates,
including s elf-assembled InAs qua ntum dot s on a nti-phase dom ains of GaAsonG e
substrates, are discussed. The APDs and | APBs of GaAs have been observed. We have
varied the thickness of GaAs. By using atomicsforce microscopy (AFM), the e ffects of
the GaAs thickness on the size of the APDs can-be investigated. The GaAs/p-Ge schottky
devices and p-n junction deyicesare fabficated. I=V characterictics of these devices are
revealed. TEM and XRD restltsdndicate the crystal imperfection of GaAs epitaxial layer,
i.e. di slocations a nd s tacking f aults: S-pectral r esponse of G aAs grown on A 1As/Ge
substrated i s 1 nvestigated P L« esults of G aAs grown on Ge s ubatrates ar e pr esented.
These indicate a tomic interdiffusion be tw;!én-G aAs layer and G e substrate. M oreover,
self-assembled InAs QDs grown on G & sﬁb_s_tr__ates are investigated by using AFM and

also PL measurement.
4.1 Surface Morphology : AFM
4.1.1 Anti-Phase Domains (APDs) Investigation

For s tructural ch araeterization, the surface m orphology of t he s amples af ter
crystallization under{Ass flux.(sequence (4) in section 3.8) was.investigated by tapping-
mode atomic force microscope (AFM) in air. The anti-phase domains (APDs) of GaAs
have been observed~A FM image of APD-GaAs grown on.p -Ge by conventional M BE
technique i's shown on Fig4.1. A s describe above, A PDs result from the i nteraction
between polar and non-polar compound semiconductor. From Fig 4.1, the APDs look like
am at texture. A 1so, t hese de fects i ntroduce p erformance reduction m echanisms a nd
significant s urface r oughness. The ef fect of i nitial G e s urface ex posure, in this cas e
between Gaand A s exposure, has be en investigated in the past using s everal growth

techniques, with apparently contradictory experimental results [47-48]. S.A. Ringel
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and R.M. Sieg have used both As and Ga to initiate the MEE, and have obtained defect-
free material using either approach [1]. Because Ga has self-terminating property, the
growth initiation via a Ga exposure requires calibration of the deposition rate to ensure a
single complete Ga monolayer is deposited. In contrast, As is self-terminating on Ge at
temperature of 350°C or higher, therefore precise As flux control is not required. The
nucleation without the MEE, i.e. nucleation by brief As exposure at 500°C followed by

opening the Ga shutter to initiate coeva ion, also produced nearly APD-free material.

However, the prolonged As ex erature was observed to degrade the

interface quality by generat APDs |s work, we have grown GaAs by

using both As and Ga prela / |mages of GaAs grown by MEE
with As and Ga prelayer owh.on Fig 4.2.

kT et
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to produce a smooth, che _
M. Sieg. The nucleation of j@ct%G surface (without any epitaxial Ge

growth) typically resulted in high defect
, oo v L
[1]. However, Ge cel.lf}ias not been installed in ﬁchme, therefore GaAs was
inevitably grown directly on the Ge substra
The growth of Gg«s on Ge s
the growth of GaAs on GaAs substrate. Thus the growth rate as well as the substrate

emperre crfh b B AT BT Ve e i

cover the entire Cﬂ surface with GaAs.epilayer. Thg growth |n|t|at|£g at low temperature

o s QU AR R4 40 i s

two step growth process [50]. A number of studies have been carried out to relate the

due to the uncontrolled initial surface

ver with aiﬁyer of GaAs is quite similar to

choice of initial temperature to the quality of the initial (buffer) epilayer [51-53]. Good
surface morphology can be achieved at low growth temperature of around 250°C.
However, the quality of the initial buffer layer is not good at this temperature. As the
initial temperature is increased, the surface morphology is degraded, tending towards

white cloudiness of the surface [54]. In our experiment, some samples exhibit this
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condition as shown in Fig 4.3. However with increase in temperature, the quality of
initial GaAs epilayer improves. When the second step of the two step growth process is
initiated, the higher growth temperature affects the initial buffer layer, i.e. the quality of
the initial buffer layer is improved by annealing effect because of subsequent high
temperature growth. This is due to the annealing of microtwins, but the threading

dislocations are generated in this process as studied by C. W. Nieh et al.

Fig 4.3 Image of white, i:loudiné’éé" surface resulting from e>?essive growth temperature.
T —J)
Y )
Substrate annealing at high temperature, coupled with the large offcut substrate,

results in a double-steﬁffed Ge surface as confirmed bf‘J. M. Zhou et al [55]. AFM
images of GaAs grewn on 6° offcut) Ge/Si substrate and, omp<Ge oriented substrate are
shown on Fig 4.4: From Fig 4.4, the depth of domain boundary of GaAs on p-Ge is little
smaller than.depth of.domain boundary.of GaAs, on 69.offcut Ge/Si substrate. Moreover,
if we considerthe! AFM“images on thelarger scalejthe surface'of the.sample in Fig 4.4
(d) tends to be smoother than the one in Fig 4.4 (c). In order to reduce cost and the fact
that oriented Ge (001) is practically used, we choose oriented Ge (001) substrate in our

experiment.
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Fig 4.4 AFM images of GaAs grown on 6° offcut Ge/Si substrate ((a) and (c)) and on
p-Ge oriented substrate ((b) and (d)). The total thickness of GaAs epilayer
is about 80 nm on both types of substrate.
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Fig 4.5 and 4.6 show the atomic force microscope (AFM) images of GaAs surface
with thicknesses of 500 nm and 1 pm on p-and n-Ge whereas Fig 4.7 shows their
corresponding structure. The AFM images show many of anti-phase domains (APDs)
which result in anti-phase boundaries (APBs). The average domain size of the samples in
the Fig 4.6 is larger than Fig 4.5 about 2 times and the depth of the domain boundaries is
in the range of 10-40 nm for both Fig 4.5 and 4.6. As a result, it can be seen that the
However, the GaAs thickness should be

domain size varies with the GaAs thic
optimized to providing the swt \\n W} a good TANDEM solar cell.

\: ,

N
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Fig 4.5 AFM images ofE)O nm-GaAs surface or p-Ge (aﬂnd n-Ge substrates (b).
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Fig4.7 Struq,ure of the sample%_p Fig 4.5 and 4.6.

AUYINYNINYNT

In order % improve the junctlon quality both anti-phase domains should be

1319 1441

introduction of large bandgap AlAs to the sample structure gives also heteroface which is

desirable for some other photonic devices like waveguides and emitting devices. It is
confirmed by AFM image as shown in Fig 4.8 that anti-phase domains still exist in AlAs
epitaxial layer grown on (001) Ge substrate. However, we have grown GaAs on AlAs
interfacial layer. AFM image of GaAs grown on AlAs/Ge is shown in Fig 4.9.



Fig 4.8 AFM image of A , ¢ grow IEE teehnique with AlAs thickness of
100 ML (=30 nm). 25

M 800 nm
ot .-I.I- ;1 (SM}

—
— e me -~ um w
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e T

30 nm (350°0)

Fig 4.9 AFM image of GaAs grown on AlAs/Ge and its corresponding structure.
Thickness of APD-GaAs layer is about 800 nm.
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4.1.2 Self-Assembled InAs QDs on APDs

QDs growth temperature and InAs coverage were fixed at 500°C and 1.8 MLs at
InAs growth rate of 0.01 ML/s. We use standard Stranski-Krastanov (SK) growth mode
in which In and As shutters are simultaneously opened so there is a wetting layer (WL).
Due to the high elastic potential energy, once certain critical thickness is achieved,
additional atoms group together to form the quantum dot to reduce this elastic energy.
The WL thickness is roughly 0.5 nm. Because of GaAs atoms placing on the wrong site
resulting in APDs, the strain field significantly.eccurs around these APBs. This
consequently impact on the \Wi-of InAs, Before the InAs WL was nucleated, there has
been the residual strain field inside GaAs, especially around the APBs. Thus, the WL
critical thickness formedson ARDs-GaAs Is probably smaller than the WL critical
thickness formed on GaAswithout APDs:. Flg 4.10 shows the AFM images of InAs QDs
grown on (a) 300-nm and (b) 700-nmx!:GaAs/AIAs/Ge. Histograms of QD height
distribution are also included in Fig 4.9. : 4

In SK growth mode, few mornolayeré_, of two- dimensional (2-D) growth appear
prior to QD formation. The eritical layer th_il-:-kn_'_ess at which this 2-D to 3-D transition
occurs depends on the lattice mismateh betwéén;the layer being deposited and the GaAs
buffer layer. For InAs layer on GaAs substraté, trhe critical layer thickness is around 1.6
MLs. As we increase/deposition thickness to 1.8 MLs which is above the critical
thickness, QDs formation was observed, as shown in Fig 4.10. Owing to anisotropic
property of QDs, elliptical sguantum dots eccur. Fig 4.11 shows the cross-sectional
profiles of QD.
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Fig 4.10 AFM images of QDs grown on different GaAs thickness of (a) 300 nm and (b)
700 nm. Its histogram of QD height distribution is on the right of each
AFM image. Their corresponding structure is also included in (c).
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% am;t the’ ﬂple ith GaAs thickness of 700 nm show
the size distribution of InAs ots’;haxfmg a
height of 64.8 nm + 10 %, 37.9 mj,T-F_S % nm + 1 %, respectively. Dot density,
4 10 wuh_ﬁisj@ickness of 300 and 700 nm

'109 cm’ 2, respective ngated dots align in a specific

i )} n show the size distribution of InAs
dots having a length of maj mrnor | average height of 76.4 nm + 10 %,

r;; of major axis, minor axis and average

determined from the AJFM |mages of Flg

are 4.8x10° cm™ and
direction. Especially, mﬁe case of large domain size, aslshown in the Fig 4.10 (b), most
of InAs quantum dots aligh inthe direction nermal to the boundary of APDs or APB and

2l to elongatel ugtdn) gt ibATIe Hoim&Ulif-he hijhcabt domain. Each domain

has only one speyflc crystallographig direction of‘,Lhe QDs elongation, as proved to be
[110] @cﬁ'ﬁyﬁu@pﬁ%cﬂﬁ il] Wﬂ@ Weﬁfﬂnaf %As zinc-blende
structure and the single-step surface of (001) Ge [59] affect the strain field inside GaAs
layer. Thus, QDs prefer to accumulate in the region possessing high strain field which is
the region near the APBs. This high strain field results from atoms placing on the wrong
site. However, QDs are always aligned along [110] but, the [110] changes between the
main phase and the other phase. The changing of domain orientation is the result of
double domain reconstructed surfaces of (001) Ge [59]. The single steps on (001) Ge
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without miscut lead to double domain reconstructed surfaces of (001) Ge and also affect
the GaAs domain orientation. The orientation of dimer bond of Ge atom on the single-
step surface rotates 90° in each domain. As a result, the orientation of GaAs sublattice in
each domain is also rotated by 90°. We can use this elongated QDs alignment as indicator
for crystallographic formation of each GaAs APDs. For clarity, the larger scale AFM
images of QDs grown on different GaAs thickness of 300 nm and 700 nm are shown in
Fig 4.12.

Fig 4.12 The larger scalé AFM images of rent GaAs thickness of (a)
300 nm and (b)BOO nm.

ool 35 I 1113
DGPTSR T e

Fig 4.13 shows the cross-sectional transmission electron microscope (TEM) images of 1
pm-GaAs film which contain threading dislocations and APDs. This is due to the
uncontrolled initial Ge surface as described by S.A. Ringel and R.M. Sieg [1]. These
images are representative of numerous regions which were sampled by TEM imaging.
The propagation of APDs, stacking faults, and dislocations start at the GaAs/Ge interface
but a lot of them terminate before reaching the surface.
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Dislocation

20 nm

e " 1

B a T
Fig 4.13 TEM images of 1 pm-GaAs on Ge substrate at various scale sizes.
4.3 Crystalline Quality=XRD

XRD' méthoth was ‘bisedin order to determine thé! crystaline. quality. Fig 4.14
shows the®XRD result of 1um-GaAs on 30 nm-AlAs/p-Ge substrate. As seen from this
figure, GaAs curve is superimposed on Ge curve. Moreover, there are no fringes from
this measured curve indicating imperfect crystal structure and low-quality interface
between GaAs epilayer and Ge substrate. This is due to many dislocations and APDs
inside the GaAs epilayer.
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el layer (30 nm), a 100 nm GaAs layer

o; | um G yers grown at 580°C. Schottky

Fig 4.15 Schematic structure of GaAs/Ge Schottky device.

The GaAs/p-Ge Schottky devices with GaAs thickness of 500 nm and 1 um
exhibit current-voltage (I-V) characteristics as shown in Fig 4.16. From Fig 4.16 (a) and
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(b), nearly symmetrical 1-V curve on both forward and reverse bias indicate that leaky
rectifying junctions exist. Expected Schottky junction at Au/GaAs interface leaks along
the anti-phase boundaries (APBs). One reasonable explanation for this phenomenon is
that when gold is evaporated to form a front contact, because of its high diffusion
coefficient, gold atoms can diffuse through the depth of the domain boundaries in GaAs

and reach p-Ge substrate therefore resulting in poor junction.

| mA/div.
0.5 V/div.

Fig 4.16 Current-voltage char ctertsﬁcs of -Ge Schottky devices with 500 nm (a)

and 1 um (b) GaAs epltaXI,alTayers -‘rJ.. =

4.4.2 Experimental Résuflt on n-GaAs/n- AIAs/p-

€

The Ohmic contac'%.structure IS shown in Fig 4.17. N. Chand et al. have proposed

o oo RN YT o o

interdiffusion between Ge and GaAs Therefore, in our work, the MEE-GaAs layer is

MACH . WIS A TURVN IR (p 0130
wide-rang rgy “spectrum. ntact to “n- an are made with

Au/Ge/Ni and In evaporation, respectively.
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AwGe/Ni Front Contact
n-GuAs 500 nm and 1 pm
- (580°C)
MEE n-GuAs 100 nm (500°C)
30 nm (350°C)

co.admgn while the third quadrant refers to reverse
-V, Itagerls e%oﬂt 0.7 V. The current flowing through them

ol

is initially small until a certai voltage ls.a,rg;a@md then the current begins to increase

rapidly to a large value in der,.o‘.f a mlmémpere III1’ we consider in the third quadrant

1—44

of both figures, the leakage curi*en’r can b n. As a result, this indicates that the

junction quality is little improved: Because*oi‘t#e—exmtence of APDs, as seen from Fig

4.9, the junction qual% s

1 mAdiy

10 uAdi
20 pASdiy o
} 0.5 Widiy

0% Vidiv

(a) (b)
Fig 4.18 Current-voltage characteristics of n-GaAs/n-AlAs/p-Ge p-n junction devices
with 500 nm (a) and 1 um (b) GaAs epitaxial layers.
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When the junction is illuminated, light or photon creates electron-hole pairs in p,
n, and depletion region. Carrier concentration n and p are then enhanced above their
equilibrium values, and the electron and hole quasi Fermi levels are split. 1-V
characteristic of device structure in Fig 4.17 with GaAs thickness of 500 nm under the
light illumination is shown in Fig 4.19. I-V curve in the dark is also included in Fig 4.19
for comparison. This figure represents t@f ird quadrant of the I-V curve in the Fig 4.18.
The light source is halogen Iamp As a ;/ vice responds to the light intensity by
changing the reverse current%rder of rﬁéﬁere Even though the quality of the

device is not sufficiently ; p smbLe*appLLg‘tlon for this device is photonic

applications, such as a ph

SiuAMy
0,240 /di¥

In ihe dark =

AlLOu

Fig 4.19 I-V characteristictinthe dark and under illumination of the sample in Fig 4.17

wit o4 o ’}}f"rﬂoﬁm INE ﬂ’ﬁ
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4.4.3 Experimental Result on InAs-QD p-n Junction

Fig 4 , '. - TﬁAS-QD p-n Junction.
= B

We have gro yer to charactize its electrical
property. The schematic strticture ofJJr)g!-\s.- lon is illustrated in Fig 4.20. The

APDs and dislocations still - st;-";flftms sam| le, n-AlAs blocking layer and 100 nm-

0.1 ML/s. GaAs buff-.e?élayer was also groWn 7 hnique at this temperature
with GaAs growth rate'of 0.5 ML/s. Th ture was then increased to
500°C in order to groanAs QDs
substrate temperature was'then increased t03520°C and InAs QDs were capped by n-

o, n-or b S QAU NHT SRS QB S 100 o, rspectty

-V characterlstlcqelf InAs QD p-n jungtion is showlrgn Fig 4.21. I-\égurve exhibits the p-

i QAT TR L1 YRR VBITER B i

as we can See from the high leakage current. Thus, the junction quality must be improved

erature. A}ter finishing this process, the

to provide better electrical performance.
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| mASdiv
0.5 V/div

4.5 Spectral Response C I |c§bf3-£§"éAson AlAS/Ge substrate
— A
&% VN 4 ‘
Nl
The structure”insFig 4.17 V\ié], GaAs thickness of 500 nm has been

characterized and described b speotral r@_&née he spectral response measuremeant
setup is illustrated in Fig 3 4;8p9ctral T e characteristic of GaAs on AlAs/Ge
substrate is shown in Fig 4.22. At ;h?)rt wavaj;egghs below 550 nm the sample absorbs

most of the incident llght and its response is very Ioinoﬁgver the sample responds to
wavelength ranging fsaofn 500 nm to 900 nm. ;ﬁ*ental results are needed to

explain its spectral respQ_rjse behavior.
quaiwaw%ﬂawna
RN TUNNIINYINE
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Fig 4.22 Spectral response charac%ristics of GaAs on AlAs/Ge substrate.

4.6 Photoluminescence (PL) Resﬁlté and DLsgusﬂons

PL results of GaAs grown on AIAslf_Cz_S_g_s‘ubstrate are shown in Fig 4.23 (a) and
(b) with different measurement c-onditions. F:ig- 4.23 (a) shows the PL spectra of 500-nm
GaAs grown on AIASIG;siJﬂbistir'aitéi with Varying excitation laser power. From this figure,
there is no spectral shift but only decreasing spectral peak intensity at 1.15 and 1.35 eV.
All spectra of GaAs on AlAs/Ge show three. different structures, one narrow band-to-
band (B2B) at an‘energy of 1.5 eV, a'broad inner-band-gap (IB) structure at an energy of
~1.1 eV as also observed by Brammertz et al. [60] and unidentified structure at an energy
of ~1.3 eV. 'Small  strain“inthe AlAs layer ‘causes strain in-GaAs qufter layer leading to
the B2B structure which leads to the separation into a light-hole and a heavy-hole peak.
The IB structure observed from PL spectra consists of two Gaussian peaks with energies
of 1.04 and 1.15 eV as shown in Fig 4.24. This result is consistent with Brammertz’s
result except for the peak at ~1.35 eV. The peak at 1.04 eV is due to a Gegs-Geas
complex, whereas the peak at 1.17 eV is attributed to the Gega-Vsa cOmplex [61]. One

reasonable explanation from this result is that AlAs compound semiconductor is an
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ineffectively blocking layer if Ge substrate is oriented. APDs could be formed inside the
AlAs structure, therefore Ge, Ga, As or even Al atoms can diffuse across AlAs/Ge
interface and reach GaAs buffer layer leading to Ge-based complexes formed within
GaAs buffer layer. More experimental results are needed to explain this phenomena and
to identify the spectral peak at ~1.35 eV. From Fig 4.23 (b), the PL peak is slightly red-
shifted at high temperatures. This is reasonable because when the sample temperature is
increased, existing splitting bands can merge, as predicted by Varshni equation [62]. PL
peak energy and FWHM of 4 curves, corresponding to Fig 4.24, with various temperature
and laser power are shown on.Table 4.1 and 4.2

Fig 4.25 shows the P result of INAs QDs grown on 300 nm GaAs buffer
layer with laser power of 20 mWW at 20 K. \We cannot observe any emission peaks of
InAs QDs in this PL specirtim.This PL-result is due to the defects in GaAs buffer layer.
Once electron in the QDs have been excifed', the distribution of electron is no longer in
equilibrium, and they “eventually: decay ixflto- lower states but, prior to reaching the
appropriate lower states; they are trapped*.b_y__APB which is formed closely to QDs
alignment resulting in non-radiativerrecom_b:,inétion process. Since APBs comprise the
planes of wrong nearest neighbor. bonds Wii-e—re,_'_.-Ga atoms and As atoms reverse their
positions crystallographically during the grb@h of polar material on the non-polar
substrate, they are electrically active defects k-noWn to cause carrier scattering and non-
radiative recombinatien’ [59, 37]. Quantum dot quality can<be improved by optimizing
growth conditions, such as InAs coverage and QDs growth temperature, which

consequently affect the imprevement of PL results.
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Phololuminescence (a.u.)

Photoluminescance (a.u.)
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and (b) substrate temperature.
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\\ fure and B2B are at the energy

L
: n), 41
Measured values 0 7 7 100 150
Curve 02 1.059 1.05¢ 1.060 0.989
PLPeak | Curve2 1158 | 1.188 1.195 1.171 1.099
energy (eV) M~ o ) ‘ 1.298 1.207
gﬁ 1 ]'1[ uﬁ 31.4457 =
Cun'a? 159.21 223.15 218.64 241.70 194.07 128.88
= 68 ™ 123.36
(e Slidsn | s 41 156 o 1847
| Curved 71.45 71.73 85.75 76.72 57.17 -

corresponding to Fig 4.24 at various
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Table 4.2 PL peak energy and FWHM of 4 curves, corresponding to Fig 4.24 with

various laser powers at 20 K.

Measured values Laser power (mW), 20 K

15 20 30 40
Curve ] 1.137 1.121 1.077 1.022
PLPeak cnergy | Curve2 1.170 1.186 1.186 1.158
(eV) Curve3 1.358 1.358 1.354 1.324
o _ 1.466
159.21
135.39

FWHM

(meV) 198.83
71.45

Photoluminescence (a.u.)

.

Fig4.25 PL resﬂ y nﬂ ;%Jg!o% mw (glA:LﬂeEyi: with laser power of
ARTREITI AN AN



CHAPTER V
CONCLUSIONS

This work presents the M BE growth of GaAs on G e substrates. By varying the
thickness of GaAs, different domain sizes of GaAs can be obtained. InAs QDs, grown on
APD-GaAs is also studied.

Firstly, a brief overview on the propesties of low-dimensional nanostructures was
given. As an example of the QD fabrication inlattice-mismatched system, self-assembled
growth int he S transki-Krastanew in odé w as briefly reviewed. Details of mig ration-
enhanced epitaxy that was.the technigque for growing high quality layer were described.
From ma terial considerations; the inf ormation of'the. ma terial s ystem inc luding
InAs/GaAs was di scussed: T hee xplanétian of a nti-phase dom ains, r esulting f rom
polar/non-polar p roperty, wias /revealed. T?he;pr operties of p -nj unction w ere s hortly
discussed. : 4

In s itu RHEED m ethod wrasr us'ed to de termine t he growth rates and monitor
surface structure during the growth of GaAs:'.-AL_As and nanostructures on Ge substrates.
The s urface m orphology a nd s tructural pr OpEI_"@e_SV o f the s amples w ith s elf-assembled
InAs qua ntum dot s w.ere i nvestigated b y exr s- il‘l;l atomic force microscope (AFM) an d
photoluminescence (PL)-measurement at various temperatures and power excitation. The
crystal qua lity and the_defects 1n the s amples were i nvestigated by X-ray di ffraction
(XRD) m ethod a nd t ransmission e lectron m.icroscopy ( TEM). T he ba sic of s pectral
response property was also shortly described.

The f abrication of G aAs on G e s ubstartes w as done b y m igration-enhanced
epitaxy (MEE) techmque using solid source molecularbeam epitaxy (MBE). The growth
processes, consists of 7 s teps : 1) pre-heated process, 2) de-oxidation (removing ox ide
from substrate surface), 3) growth of AlAs interfacial layer by MEE technique, 4) growth
of GaAs by MEE technique, 5) a two step GaAs nucleation process, 6) self-assembled
InAs QDs nucleation process, and 7) the capping process for PL measurement.

The GaAs thickness was varied in order to investigate the e ffects on t he GaAs

domain size. GaAs domain size varies with GaAs thickness. The XRD and TEM results
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indicate the crystal imperfections of GaAs grown on Ge substrates. However, most of
stacking faults and dislocations disappear before reaching the GaAs surface. The
GaAs/p-Ge schottky devices and p-n junction devices are fabricated. From -V
characteristics, some samples, responding to the light intensity, exhibit the
photodetector characteristic. According to the spectral response results, GaAs on
AlAs/Ge substrate responds to the light intensity having wavelength ranging from 500
nm to 900 nm. PL results of GaAs grown on AlAs/Ge substrate show three different
structures consisting of one narrow band-to-band (B2B) at an energy of 1.5 eV, a
broad inner-band-gap (IB) structure at an energy of ~1.1 eV, and unidentified
structure at an energy of ~1.3 e\/. More experimental results are needed to identify the
spectral peak at 1.3 eV.

For nanostructures,self-assembled InAs QDs are grown on Ge substrates using a
GaAs buffer layer and AlAS terfacial layer. The Effect of GaAs thickness on size,
height, and density of lwAs/QDs ‘on Ge substrates are investigated. Anisotropic
property affects the quantum dot:shape. InAs QDs grown on APDs-GaAs buffer layer
align in specific crystallographic directioﬁ for each domain. From I-V characteristics
of InAs QDs grown on GaAs/Ge substrat_glzs';- the sample exhibits the p-n junction
diode. The junction quality . must be.iimp_‘roved to provide better electrical
performance. In this work, PL result does not _sh-bw any emission peaks from InAs QDs

grown on Ge substrates.
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