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Abstract
Semiconductors and related low-dimensional nanostructures are extremely important in the modern world. They have been extensively studied and applied in
industry/military areas such as ultraviolet optoelectronics, light emitting diodes,
quantum-dot photodetectors and lasers. The knowledge of growth dynamics of semiconductor nanostructures by metalorganic chemical vapour deposition (MOCVD) is
very important then. MOCVD, which is widely applied in industry, is a kind of
chemical vapour deposition method of epitaxial growth for compound semiconductors. In this method, one or several of the precursors are metalorganics which contain
the required elements for the deposit materials. Theoretical studies of growth mechanism by MOCVD from a realistic reactor dimension down to atomic dimensions
can give fundamental guidelines to the experiment, optimize the growth conditions
and improve the quality of the semiconductor-nanostructure-based devices.
Two main types of study methods are applied in the present thesis in order to
understand the growth dynamics of semiconductor nanostructures at the atomic
level: (1) Kinetic Monte Carlo method which was adopted to simulate film growths
such as diamond, Si, GaAs and InP using the chemical vapor deposition method;
(2) Computational fluid dynamics method to study the distribution of species and
temperature in the reactor dimension. The strain energy is introduced by shortrange valence-force-field method in order to study the growth process of the hetero
epitaxy.
The Monte Carlo studies show that the GaN film grows on GaN substrate in a
two-dimensional step mode because there is no strain over the surface during homoepitaxial growth. However, the growth of self-assembled GaSb quantum dots
(QDs) on GaAs substrate follows strain-induced Stranski-Krastanov mode. The
formation of GaSb nanostructures such as nanostrips and nanorings could be determined by the geometries of the initial seeds on the surface. Furthermore, the
growth rate and aspect ratio of the GaSb QD are largely determined by the strain
field distribution on the growth surface.

4

Preface
The work presented in this thesis has been carried out at the Department of Theoretical Chemistry, School of Biotechnology, Royal Institute of Technology (KTH),
Stockholm, Sweden.
Paper I Kai Fu, Y. Fu, P. Han, Y. Zhang and R. Zhang, Kinetic Monte Carlo
study of metal organic chemical vapour deposition growth dynamics of GaN thin
film at microscopic level, J. Appl. Phys. 103, 103524, 2008.
Paper II Kai Fu and Y. Fu, Kinetic Monte Carlo study of metal organic chemical
vapour deposition growth mechanism of GaSb quantum dots, Appl. Phys. Lett. 93,
101906, 2008.
Paper III Kai Fu and Y. Fu, Growth dynamics of GaSb quantum dots in straininduced Stranski-Krastanov mode. 2008 Sino-Swedish Workshop on Novel Semiconductor Optoelectronic Materials and Devices, June 16-17, 2008, Gothenburg.
Paper IV Kai Fu and Y. Fu, Strain-induced Stranski-Krastanov three dimensional growth mode of GaSb quantum dot on GaAs substrate, Appl. Phys. Lett.
94, 181913, 2009.
Paper V X.-F. Yang, Kai Fu, W. Lu, W.-L. Xu, and Y. Fu, Strain effect in
determining the geometric shape of self-assembled quantum dot, J. Phys. D: Appl.
Phys. 42, 125414, 2009.
Paper VI Kai Fu and Y. Fu, Kinetic Monte Carlo study of stacked GaSb quantum dot MOCVD growth. Manuscript.

5

Comments on my contribution to the papers included
• I was responsible for all calculations and writing of papers I, II, III, IV, and
VI.
• I was responsible for discussion about the VFF-related calculations in paper
V.

6

Acknowledgments
First of all, I would like to express my intense gratitude to my supervisor Dr. Ying
Fu, who led me into the interesting research field of growth dynamics of nanostructures and helped me fulfill my PhD study. I am really impressed by his deep insight
to the nature of physics.
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Chapter 1
Introduction
The complexity for minimum component costs has increased at a rate of
roughly a factor of two per year ... Certainly over the short term this
rate can be expected to continue, if not to increase. Over the longer term,
the rate of increase is a bit more uncertain, although there is no reason
to believe it will not remain nearly constant for at least 10 years. That
means by 1975, the number of components per integrated circuit for minimum cost will be 65,000. I believe that such a large circuit can be built
on a single wafer.
Moore’s Law, Gordon E. Moore Electronics Magazine April 19, 1965

1.1

Brief introduction to semiconductor industry

The semiconductor industry is involved in design and fabrication of semiconductor
devices. It was formed in the 1960s and has become the most important part in the
industry field. The market share reached as high as 249 billion dollars in 2008 [1].
Due to such a development of the semiconductor industry, information technology
(IT) can be observed in all detailed aspects of people’s daily life. Computers, mobile
phones, internet... are most well known. The semiconductor industry does not only
bring us with IT that improves our daily life and helps us communicate with each
other in an easy way, it also changes many other traditional industries and also
agriculture. The improvement in measurement, analysis, calculation, and control
technology improves efficiency of work. This is also based on the semiconductor
9
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industry. On the other way, the progress and requirement of IT as well as other
business fields has been driving the further development of semiconductor industry
with an amazing speed. Gordon Earle Moore, the co-founder and Chairman Emeritus of Intel Corporation, proposed the famous Moore’s Law in 1965, which tells us
that the number of transistors that can be placed on a single chip will double about
every two years. The Moore’s Law has been continued for almost half a century till
now and will not be expected to stop in the next decade.
In general, silicon is the principal component of most semiconductor devices because
it remains a semiconductor at higher temperatures than the other semiconductors
like germanium. Other semiconductor materials are used nowadays as well. For
example, wide-bandgap semiconductors like SiC are expected to be used for high
temperature, high speed and high power devices due to its high electron mobility,
high breakdown electric field strength and good thermal conductivity [2]. II-VI
compound semiconductors have been widely used for growing colloidal nanocrystals
for fluorescent applications in biotechnology [3, 4] as well as application in radiation detectors [5]. III-V compounds including III-arsenides and III-nitrides have
been extensively applied for quantum dot (QD) laser, QD memory as well as lightemitting diodes (LEDs) [6]. For example, InAs/GaAs self-assembled QDs are now
the most favourable single photon source to be applied in the field of optical fiber
communication. Today, gallium nitride (GaN) based materials and devices are already commercialized in the forms of high-performance blue LEDs and long-lifetime
violet-laser diodes (LDs) [7, 8, 9]. They are one of the most promising materials
for fabricating optical devices in the visible short-wavelength and ultraviolet (UV)
regions [10].
Although semiconductors have been extensively and successfully applied from the
industry world to our daily life, there is still an enormous request to further improve
the qualities of semiconductor materials and the fabrication processes of the devices.
Semiconductor materials are usually grown by molecular beam epitaxy (MBE) and
chemical vapor deposition (CVD) method. MBE was invented in the late 1960s at
Bell Telephone Laboratories. The most important aspect of the MBE technique is
its slow deposition rate (typically less than 1000 nm per hour), which allows the
films to grow epitaxially. However, MBE requires high and even ultra-high vacuum
(∼ 10−8 Pa) and thus it is simply too expensive and slow and thus remains mainly
in laboratories, while the industry world can only accept cheap growing ways such
as the CVD method. CVD is a chemical process to produce high-purity, highperformance solid materials such as thin films and nanostructure QDs. In a typical
CVD process, the wafer is exposed to one or more volatile precursors, which react
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and/or decompose on the substrate surface to produce the deposit films or QDs, and
by-products are removed by gas flow through the reaction chamber. If metal-organic
source gases are used in the CVD process, then we call it metalorganic chemical vapor
deposition (MOCVD). For example, we usually adopt trimethylgallium (TMG) as
the precursors when growing GaN in the MOCVD reactor. The growth temperature
varies for different semiconductor materials growth. Indium nitride (InN) is usually
grown in the range of 460 ∼ 560 ◦ C while the growth temperature for GaN can reach
as high as 1050 ◦ C [11]. There exist diverse reactions including volume reaction and
surface reaction in the reactor.

1.2

Why theoretical studies

Vapor deposition is a very useful and important industrial process to grow thin films,
nanoscale particles and coatings for applications, especially in the microelectronics
field [12]. During thin film and/or nanoparticle growth, if we succeed in controlling
the key processes of the growth, we will be able to create a lot of new materials with
exceptional functions that we’ve never observed before such as giant magnetoresistance [13], tunable optical emission and absorption [14], high efficiency photovoltaic
conversion [15], and ultra-low thermal conductivity [16]. These discoveries lead to
the useful devices such as giant magnetoresistive sensors and magnetic memories
[17], LEDs, QD lasers, QD detectors, QD memories [18], thermal and chemical protection systems for components operating in hostile environments [19]. Furthermore,
vapor deposition is very important for industry in order to downscale microelectronic
circuitry into the nanoscale regime [20] to create functional thin films [21] and to
synthesize materials with high optical/electric efficiency [22]. QD arrays containing
magnetic atoms may even allow electron spin engineered materials to be devised,
potentially opening a route to quantum communications and computing [23].
Because of the complexity of vapor deposition, modeling and the use of in-situ
sensors are getting more and more important to achieve the required atomic-scale
control. The use of modeling techniques helps to reduce development time and
cost by avoiding many trial-and-error works and getting as close as possible to
the correct answer. “At the present level of reactor design and complexity, it is
impossible to design new systems without modeling. The trial and error approach is
too expensive,” said Alex Gurary, head of the metal-organic vapour phase epitaxy
(MOCVD) reactor development group at Emcore [24]. The multiscale modeling for
the vapour deposition process includes molecular dynamics (MD) [25], Monte Carlo

12
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Figure 1.1: Several simulation methods according to different simulated objects.

(MC) methods [26], computational fluid dynamics (CFD) [27] and so on, with the
simulated length scale from 10−14 to 102 m, and with the simulated time scale from
10−18 to 106 s.
Fig. (1.1) shows schematically the simulation methods according to different simulated objects from macroscopic to microscopic scales. In the scale of a real reactor
(0.1∼1 m) we can study the spatial distributions of temperature and concentrations
of species. Moreover we can observe the temporal development of the thickness of
the growing film. The entire growth process can last as long as several hours. For
semiconductor devices the length dimension usually reaches 0.1∼100 µm. It can
take about several minutes to grow one active layer (such as one gallium antimonide
(GaSb) QD layer in GaAs substrate). Correspondingly it takes about 1 second to
grow one monolayer (ML) in the active layer film.

Upper Route
(Adduct)
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Figure 1.2: GaN chemical reaction pathway consisting of upper (adduct) and lower
(decomposition) routes

1.3
1.3.1

Overview of my study subjects and results
GaN film growth

So far, a lot of growth models have been proposed in order to understand how the
semiconductor materials such as GaN are grown in the reactor. People try to identify
the principal pathways for better controlling GaN MOCVD growth.
It is agreed in general that there are two main pathways for GaN growth (Fig. 1.2).
One is the so called decomposition way: When Ga(CH3 )3 molecules come into the
reactor, they will decompose into small molecules like Ga(CH3 )2 , GaCH3 or even
Ga atoms. These intermediate molecules can participate in the final surface reaction on the wafer and grow into GaN bulk materials. The other way is called the
adduct way. In this case, the molecule Ga(CH3 )3 will first react with the molecule
NH3 which should be abundant in the reactor. The adduct Ga(CH3 )3 :NH3 will be
formed through the reaction and it will take an important role in the surface reaction and finally contribute to the GaN growth. With the well developed model for
GaN growth, a numerical calculation was done by CFD method (see discussion in
Chapters 5).
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GaSb QD growth

GaSb is used in a variety of electronic and optical device applications. It can be used
for infrared detectors, infrared LEDs and lasers and transistors, and thermophotovoltaic systems. [28] The growth of GaSb have been extensively explored by a large
number of groups. [29, 30, 31] GaSb was one of the first materials to be grown by
MOCVD. It is usually grown at relative low temperature (≤ 600 ◦ C) with a V/III
close to 1. The maximum growth temperature is limited by the low melting point of
GaSb (705 ◦ C [32]). The common growth precursors such as TMG ((CH3 )3 Ga) and
trimethylantimony (TMSb, (CH3 )3 Sb), is typically carried out over a range of temperatures in order to kinetically limit the decomposition of these source molecules.
This kinetically-limited growth behavior results in a growth rate and materials properties that are particularly dependent on local substrate temperature variations. [33]
On the other hand, the too low or too high V/III ratio could result in the appearance
of elemental indium or antimony on the surface. It is because of the rather low vapor
pressure of Sb at typical MOCVD growth temperatures of 500 ∼ 700 ◦ C, which may
be only 1/6 as low as that of arsenic and phosphorus. [34] Thus V/III ratio should
be carefully controlled in order to avoid the formation of unexpected phases such
as gallium droplets or antimony hillocks. Specifically, the optimized V/III ratio for
the qualified GaSb growth depends on the reactor design, growth conditions, and
sources used. Among several sources used for the growth of GaSb, the most common
sources, such as TMG, triethylgallium (TEG), TMSb and triethylantimony (TESb),
give the most consistent results in terms of high mobility and photoluminescence.
[35]
The dominant group V growth sources for As- and P-based materials are their respective hydrides. Antimony hydride (SbH3 ) is not suitable for use in MOCVD
because it is unstable at room temperature and reacts with storage vessels and reactor manifolds. [35] Alternative metal-organic precursors, such as TMSb and triethyl
antimony, are therefore employed. [35, 36] However, the use of an organic source can
impact the purity of the resulting film which is a disadvantage. At present, it is believed that the pathway for GaSb MOCVD growth is through pyrolysis of precursors
such as TMG/TEG and TMSb. At the final step of gas phase reaction, the provided
radicals monomethylgallium/monoethylgallium (MMG/MEG) and monomethylantimony (MMSb) is ready for the surface reactions. [33]

1.4. THESIS CONSTRUCTION

1.3.3
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Surface growth and strain field

The surface process during semiconductor materials is studied by kinetic Monte
Carlo (KMC) method. For the strain induced QD growth, the short-range valenceforce-field (VFF) approach is studied, developed and applied to calculate the local
strain energy. The growth of GaN film and GaSb QD is simulated by KMC method
(Chapters 4 and 6)
In a brief summary, I have studied the growth dynamics of semiconductor nanostrutures. The general strategy of the numerical study is: Spatial distributions of
temperature and concentrations of gas species are to be obtained from CFD calculations which are to be used in KMC to study the surface process on the wafer at
atomic levels. During the KMC simulation of nanostructure growth I have found
that the strain between the wafer and deposited materials is the key factor that
affects the growth mode and the shape of QDs.

1.4

Thesis construction

This thesis is organized in the following way: Chapter 2 introduces the unique
electronic and optical properties of semiconductor nanostructures based on which
builds the semiconductor industry. MOCVD growth method and three primary
growth modes of thin film are described in Chapter 3, while in chapter 4 I introduce
the chemical kinetics which is applied in my simulation to obtain reaction rates
which are directly coupled into CFD and MC simulations. The application of CFD
method is presented in Chapter 5 to simulate and understand the growth of the GaN
films. In chapter 6 I discuss three growth modes of materials on a hetero substrate
and the KMC method will be introduced and its application to film/QD growths
will be discussed.
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Chapter 2
Electronic and optical properties
Nanostructures refer to the structures of sizes ranging from 0.1 to 100 nm. Nanostructures, including clusters, semiconductor QDs, metal-insulator-metal structures
as well as semiconductor hetrostructures, have unique electromagnetic, optical and
chemical properties. Semiconductor nanostructures are the most promising materials to be applied in the industry world and human’s daily life. The semiconductor
nanostructures are expected to be applied in the many fields of photocatalyst, optical fiber communication, solar cells and sensors used for temperature, gases, light
as well as humidity.
At present, the development of semiconductor nanostructures is focused largely on
the following aspects. First, the study about universal laws of the properties of
nanostructures is being continued. Second, novel nano semiconductor compound
materials are under constant exploitation. Furthermore, for large scale applications
of products from the research laboratory to the industry world, it is required to
find methods of mass productions of semiconductor nanomaterials with precise size
control and clean surfaces.

2.1

Geometrical lattice structure of semiconductors

Semiconductor is a crystal material that has a resistivity value which is less than
the one of a conductor and more than an insulator. A crystal is defined by a regular
array of atoms/ions which repeat periodically in the space. Bravais lattice is used
to describe the lattice sites of atoms and can be defined as a regular periodic point
17
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z

R1

a

R2
y
R3

x

Figure 2.1: Face-centered cubic lattice and primitive translation vectors R1 , R2 , R3
given by Eq. (2.2)
position in the space:
Rn1 ,n2 ,n3 = n1 R1 + n2 R2 + n3 R3

(2.1)

where n1 , n2 , n3 are integers, and vectors R1 , R2 , R3 are primitive vectors. The
parallelepiped formed by R1 , R2 , R3 is called primitive cell with the volume Ω =
R1 · (R2 × R3 ). It has been shown that there are totally 14 different kinds of
three-dimensional (3D) lattices. In my research study, I concentrate on two of
them, namely the wurtzite and zinc blende structures. Before introducing these two
kinds of crystal structures I first briefly describe the face-centered cubic (fcc) and
hexagonal closed-packed (hcp) lattice structures. Refer to Fig. 2.1, the primitive
vectors of the fcc Bravais lattice are [37]
´
´
´
a³
a³
a³
R1 =
0, 1, 1
R2 =
1, 0, 1
R3 =
1, 1, 0
(2.2)
2
2
2
where a is the lattice constant. In the fcc structure, each atom has 12 nearest
neighbors (which is called coordination number) and each nearest neighbour is at a
√
distance of (a/ 2) to the central atom. The volume of the primitive cell is Ω = a3 /4
which is 1/4 of the volume of the conventional cubic cell.
The hcp structure, see Fig. 2.2, can be formed by two interpenetrating simple hexagonal Bravais lattices. The primitive vectors and the two basis vectors of the hcp
structure are [37]
√
³ 1 √3 ´
³
¡ 1 3 ¢
¢
R1 = a ,
, 0 R2 = a − ,
, 0 R3 = c 0, 0, 1
2 2
2 2
³ a c¢
d1 = (0, 0, 0)
d2 = 0, √ ,
(2.3)
3 2
the two atoms specified by d1 and d2 are occupied by the atoms of same type.
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z
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d1 R
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1

y

x

Figure 2.2: Crystal structure of hexagonal closed-packed lattice. The primitive
translation vectors R1 , R2 , R3 and the end points of vectors of the basis d1 and
d2 given in Eqs. (2.3) are shown.
z

a
y
d2
d1

x

Figure 2.3: Crystal structure of zinc blende lattice. The end points of vectors d1
and d2 of the basis in Eq. (2.4) are shown. The two sublattices are occupied by
different types of atoms.
Fig. 2.3 shows schematically the zinc blende structure which is formed by two sublattices occupied by two different types of atoms. This is the most common lattice
structure for III-V semiconductors such as GaAs (a = 5.65 Å), GaN (a = 4.52 Å),
GaSb (a = 6.12 Å), AlAs (a = 5.66 Å) and InAs (a = 6.04 Å). The primitive vectors
and the two vectors of the basis are [37]
´
´
´
a³
a³
a³
0, 1, 1 R2 =
1, 0, 1 R3 =
1, 1, 0
2
2
2
´
a³
1, 1, 1
d1 = (0, 0, 0)
d2 =
4

R1 =

(2.4)

The coordination
number is 4 and each atom is surrounded by four atoms at a
√
3
distance
a.
4
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z

R3

d4
d3
c
d2
d1
uc

x

R2
R1

y

a

Figure 2.4: Wurtzite structure. The primitive translation vectors R1 , R2 , R3 and
the end points of vectors of the basis d1 , d2 , d3 and d4 given by Eqs. (2.5) are
shown. Note the two atoms of the unit cell are in the circle. The orientations of
adjacent tetrahedra surrounding d3 and d4 are also shown.
Similarly, the wurtzite structure shown in Fig. 2.4 is formed by two interpenetrating
hcp lattices occupied by two different types of atoms. In the unit cell there are
totally four atoms of two different types. The primitive vectors and the two vectors
of the basis are [37]
³ 1 √3 ´
³ 1 √3 ´
R1 = a ,
,0
R2 = a − ,
,0
R3 = c(0, 0, 1)
2 2
³ a c
´
³ a2 c2´
d4 = 0, √ , + uc
d1 = (0, 0, 0) d2 = (0, 0, uc) d3 = 0, √ ,
3 2
3 2

(2.5)

where a and c are the lattice constants and u is dimensionless. d1 and d3 are
occupied by one type of atoms while d2 and d4 are occupied by the other type of
atoms. Each atom is surrounded by a tetrahedron of atoms of the other type.

2.2

Energy band theory of crystals

In a periodic crystal lattice structure, we have a periodic electronic potential V (r)
which can be expressed as [38]
V (r) = V (r + R)

(2.6)
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where R is an arbitrary lattice vector. One can write down the Schrödinger equation
for the electrons in such a periodic lattice structure as
·
¸
~2 2
−
∇ + V (r) Ψ(r) = EΨ(r)
(2.7)
2m0
where m0 is the mass of the free electron. Because of the periodicity of V (r), the
electron wave function has the following form
1
Ψnk (r) = √ unk (r)eik·r
N
unk (r) = unk (r + R)

(2.8)

which is normally referred as the Bloch theorem. Here N = Nx Ny Nz , Nx , Ny and
Nz are the number of unit cells along x, y and z direction, respectively. k is called
the electron wave vector and unk the periodic Bloch function.
The states of valence electrons in the isolated atoms are modified when the atoms
form a crystal. However we may express the wave functions of electrons in the
crystal by a linear combination of atomic orbitals, which is also the basis for the
tight-binding method [39, 40]. In this approach, we assume that the wave functions
of the electrons of the crystal atoms are very similar to the ones of the isolated
atom in free space. Interactions between different atomic sites are considered as
perturbations. There exist several kinds of interactions we must consider. The easy
way is that we only consider the interactions between the nearest neighbors. Most
compound semiconductor materials have zinc blende structures which have a cationanion pair occupying each lattice site. Moreover, for many semiconductor materials,
the electrons in the outmost shell can usually be described by s, px , py and pz types
of wave functions, i.e., totally four atomic orbitals. As mentioned before there are
usually two different kinds of atoms in each unit cell. The Bloch wave function is
written as
4 X
2
XX
(2.9)
Ψ(r) =
Cmj (k)Ψmj (r − rj − Ri )eik·Ri
Ri m=1 j=1

where Ri includes all of the unit cells, j = 1, 2 refer to the different atoms in the
unit cell and m corresponds to the 4 different atomic orbitals. By solving the secular
equation
|hΨm0 j 0 |H − E|Ψ(k, r)i| = 0
(2.10)
the energy band structure can be calculated for different values of k, which is normally referred to as the energy dispersion E = E(k). In addition to the tight-binding
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Figure 2.5: The first Brillouin zone for the wurtzite-type crystals.
approach, there are other methods. The k · p theory is one of the widely used approach to describe the energy band structures of III-V compound semiconductor
[41]. In the theory, the periodic function un,k satisfies the following Schrödingertype equation
Hk un,k = En,k un,k
(2.11)
where the Hamiltonian is
Hk =
and

³
k · p = kx
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+
+
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(2.12)

(2.13)

We can thus express the total Hamiltonian as the sum of two terms:
H = H0 + Hk0 , H0 =

p2
~2 k 2 ~k · p
+ V, Hk0 =
+
2m
2m
m

(2.14)

The “unperturbed Hamiltonian” is H0 , which equals the exact Hamiltonian at k = 0.
The perturbation is the term Hk0 . The analysis of this equation is called “k · p
perturbation theory”. The result of this analysis is an expression for En,k and un,k
in terms of the energies and wave functions when k = 0. Figure 2.5 shows the first
Brillouin zone of k for the energy band structure of the wurtzite GaN.

2.3

Band structures of III-V semiconductors

Here we pay our attention to the developments and application of III nitrides and
III-V QD.
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Figure 2.6: Energy band structure of wurtzite type GaN. Important minima of the
conduction band and maxima of the valence band. Valence band has 3 splitted
bands. This splitting results from spin-orbit interaction (Eso ) and from crystal
symmetry (Ecr ).
Similar to SiC, group III nitrides have a good mechanical strength. This minimizes
many problems concerning device degradation. The thermal conductivity of GaN
is good, quite similar to silicon, but less than SiC by more than a factor of 3 [42].
Aluminium nitride (AlN) has very good thermal conductivity properties. Ceramic
AlN has been successfully used as a wafer carrier to remove the heat generated in
the wafers in silicon microelectronics technology. Furthermore, AlN is thermally
stable in air (at normal pressure) up to at least 1500 ◦ C, and GaN above 1100 ◦ C.
Thus, they can be applied in the fields of high-temperature electronics. Due to their
remarkable chemical stability, they are also suitable in harsh chemical environments.
Group III nitrides of primary interest at present are the direct-bandgap AlN, GaN,
InN and their alloy systems. These materials span a wide range of bandgaps, from
6.2 eV of AlN [43] to 0.7 eV of InN [44]. Normally they are in the wurtzite phase,
but a cubic zinc blende phase also exists.
Fig. 2.6 shows the energy band structure of the wurtzite GaN. Γ9v is the energy
of the valence band top at the center of the Brillouin zone, i.e., [000] [45]. The
conduction band minimum Γ1c also locates at the zone center. Thus wurtzite GaN
is a direct bandgap material.
The conduction band of wurtzite GaN has a single minimum at the Γ point. It is
nearly isotropic having an effective electron mass m∗e of about 0.22. The valence
band top is split at the Γ point by the combined action of the crystal field and the
spin-orbit interaction. The splittings are quite small in GaN. This situation gives
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Figure 2.7: Band structure of wurtzite type AlN. The valence band has 3 splitted
bands. This splitting results from spin-orbit interaction (Eso ) and from crystal
symmetry (Ecr ).
rise to three upper valence bands within a narrow energy range of about 30 meV in
GaN. The value of the free exciton binding energy of GaN can reach as high as about
27 meV, which it is quite sufficient to induce a dominance of excitonic processes in
radiative recombination at room temperature.
The values of the band gap of AlN is 6.2 eV at room temperature. From theoretical
calculations it was suggested that the ordering of the top valence bands in AlN is
different from GaN, see Fig. 2.7, due to a negative value of the crystal field splitting
in AlN [45].
The variation of the band gap as a function of compositions in AlGaN and InGaN
alloys is of considerable interest, since these materials are widely used in many device
structures.
The interfaces of AlGaN/GaN are of type I, i.e. for a double heterostructure there
is direct confinement for both electrons and holes, as shown in Fig. 2.8. The
modulation-doped AlGaN/GaN structure has a great promise for high frequency
microwave power device applications [42]. The main advantage is a high carrier
concentration, about 1013 cm−2 , in the GaN channel. This is combined with a good
mobility for two-dimensional (2D) electrons, about 2000 cm2 /Vs at 300 K.
GaSb has a zinc blende structure with a band gap Eg = 0.726 eV [46]. Its conduction
band has a single minimum at the Γ point in the Brillouin zone. Thus GaSb is a
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Figure 2.8: Schematic band diagram of a type I heterostructure, relevant for the
AlGaN/GaN as well as the GaN/InGaN heterojunctions.

Energy
X valley
Γ valley

300 K Eg = 0.726 eV
EL = 0.81 eV
Ex = 1.03 eV
Eso= 0.8 eV
L valley

Ex
Eg
<100>

EL
<111>

0

Wave vector
Heavy holes

Eso
Light holes

Split-off band

Figure 2.9: Band structure of zinc blende type GaSb.
direct bandgap material. (Fig. 2.9)
GaSb/GaAs nanostructures have a type-II band alignment (Fig. 2.10) with a strong
hole localization (∼ 450 meV) within the GaSb and only a weak Coulomb attraction for electrons in the surrounding GaAs, leading to a spatial separation between
electrons and holes and thus a long exciton lifetime [47, 48].

2.4

Applications of III-V semiconductors

Figure 2.11 depicts the energy band gaps of wurtzite III-nitrogen material systems.
The alloy of interest for visible LEDs is Inx Ga1−x N, wherein increase of the InN mole
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Figure 2.10: Schematic diagram of type II band alignment for GaSb/GaAs heterojunction.

fraction decreases the emission band gap from x = 0 (GaN), at ∼3.4 eV (∼365 nm,
UV-A) [49] to, in principle, x ∼ 1, at ∼0.7 eV (∼1800 nm, infrared), maintaining
a direct-bandgap across the entire alloy composition range. Key breakthroughs in
the 1980s ushered in the modern era of GaN-based optoelectronic device development and led to the realization of high brightness blue and green LEDs and LDs
in the subsequent decade. Blue LEDs were the first nitride devices to reach the
market a few years ago. One large-volume future application would be to replace
incandescent lamps with nitride LEDs including white LEDs and color LEDs [7].
LEDs used in illumination reduce drastically the energy consumption. LEDs have
a further major application in display. The low power consumption, saturated colors, and high-speed switching characteristics make them extremely suitable for LCD
backlighting applications. The high luminance of LEDs promises the application in
front projection for business or personal use in the future. Mainstay applications
such as cell-phone backlighting, automotive exterior signaling, traffic signals, and
signage continue to grow the worldwide LED market [7].
Today GaN-based materials and devices are much commercialized for high-performance
blue LEDs and long-lifetime violet-LDs. LDs based on InGaN multiple quantum
wells promise operating lifetimes over 10000 h at room temperature [8]. There are
many applications of LDs. A very large area is optical storage media, where the
blue or UV laser has a definite advantage over the present red or infrared lasers
(DVD-ROM). Other advanced applications laser printing and 3D laser projection
technology. Optical detectors are also a common application for LDs [9].
Moreover, group III nitride semiconductors are believed to be one of the most promising materials for fabricating optical devices in the visible short-wavelength and UV
region [10].
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Figure 2.11: Energy band gap versus lattice constant for wurtzite and zinc blende
III-nitride semiconductor alloy systems employing Al, In, and Ga.

Since the III-nitrides have a direct band gap with a very short carrier (exciton)
lifetime, they may have application in the field of the very high frequencies, in
particular the microwave range. Some physical properties, such as an expected very
high maximum electron velocity, a high electron mobility, and a high breakdown field
indicate that power transistors of III-nitrides may be the solution for frequencies in
the range 10 GHz and higher [50]. Several different devices have been explored for
field-effect transistors (FETs) based on III-nitrides since the interested frequency
range is covered.
GaN-based devices of high-power and high-frequency give a promising application
to fabricate microwave radio-frequency power amplifiers and high-voltage switching
devices for power grids. A potential mass-market application for GaN-based radio
frequency (RF) transistors is as the microwave source for microwave ovens, replacing
the magnetrons currently used [51]. GaN transistors is maintained up to higher
temperatures than silicon transistors because of the large band gap. First GaN
metal/oxide semiconductor field-effect transistors were experimentally demonstrated
in 1993 and they are being actively developed [52].
The piezoelectricity and confined two dimensional electron gas (2DEG) (for example AlGaN/GaN-heterostructures) in combination with the optical and electronic
properties of group III nitride semiconductors allow the improvement of the functionality, reliability and sensitivity of classical sensor device schemes, and to build
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up integrated miniaturized systems with a high degree of processing control [53].
They have a major application in microelectromechanical systems (MEMS) and
nanoelectromechanical systems technology.
A QD is a nanocrystalline semiconductor whose excitons are confined in all three
spatial dimensions due to its nano size. As a result, it has properties that are
between those of bulk semiconductors and those of discrete molecules [54]. Being
zero dimensional, QDs have a sharper density of states than high-dimensional structures. QDs have generally a large light-matter interaction efficiency in comparison
with thin films due to the 3D confined density of states and the reduced nonradiation recombination rates [55]. As a result, they have superior optical properties,
and are being researched for use in diode lasers, amplifiers, and biological sensors.
The quantum confinements in large QDs are weaker than small QDs. Consequently,
the small QDs allow one to take advantage of deep quantum effects.
There is now increasing emphasis on using QDs using traditional III-V semiconductors such a InAs, InP and GaAs, the driving force for this tendency is the
possible development of devices such as lasers, LEDs, solar cells, single electron
tunneling systems for information devices [56]. The new generations of QDs have
far-reaching potential for the study of intracellular processes at the single-molecule
level, high-resolution cellular imaging, long-term in vivo observation of cell trafficking, tumor targeting, and diagnostics [57]. High-quality QDs are well suited for
optical encoding and multiplexing applications due to their broad excitation profiles
and narrow/symmetric emission spectra.
Self-assembled GaSb QDs on GaAs substrates are excellent materials for fabricating
long-wavelength active medium and infrared light sources [58]. GaSb has a zinc
blende structure with a band gap Eg = 0.726 eV. The type-II band alignment
for GaSb/GaAs nanostructures promises a long exciton lifetime. It was reported
recently that GaSb/GaAs QDs shows a write time of 14 ns and a sufficiently long
storage time (> 10 years) which make these QDs suitable as a future QD memory
[59].

2.5

Knowledge about III-V compound growth

As mentioned before, III-V compound semiconductors such as GaAs and InP are
important materials used in microelectronic and optoelectronic devices. Several
techniques are used for the preparation of thin films of these materials, including
MOCVD [60] and MBE [61]. The MOCVD method is often used for larger scale
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processes and widely applied in the industry. The typical reaction in MOCVD
process involves a group III trialkyl such as TMG, with AsH3 or PH3 at adequate
temperature (∼ 700 ◦ C)
TMG + AsH3 −→ GaAs + 3CH4

(2.15)

However, the conventional MOCVD could bring many kinds of troubles such as potential environmental, safety, and health hazards of handling pyrophoric and toxic
reagents under these conditions. It also suffers from stoichiometry control problems,
impurity incorporation and un-desired side reactions. Moreover, the high temperatures involved can promote interdiffusion of atomic layers which could prevent sharp
heterojunctions from being achieved. Attempts to grow superior films by modifications of the MOCVD process include low-pressure MOCVD [62], plasma-enhanced
MOCVD [63], and hybrid MBE MOCVD systems [64].
Theoretical studies have been performed about the reaction mechanisms of GaN
films based on CFD simulation [65, 66, 67], where activation energy barriers of
the gas-phase reactions and the surface reaction steps were calculated using quantum chemistry methods [68, 69]. MMG (GaCH3 ), MMG:NH3 (GaCH3 :NH3 ) and
TMG:NH3 (Ga(CH3 )3 :NH3 ) were assumed by Sengupta to be the principal radicals
in the gas phase for GaN film growth, which were the intermediate products during
the gas-phase reactions in the MOCVD reactor [65]. Mihopoulos et al. assumed
however that the principal radicals are “Ga-N” pseudo molecules in the vicinity of
the film surface [66]. It was further proposed that a Ga-containing molecular structure for a stable gas-phase GaN cyclic adduct was the major resource for Ga species
during the GaN gas-phase growth process [67]. Recently, Kusakabe et al. [70] and
Hirako et al. [71] combined the two models of Ref. [65, 66] in their CFD simulations
in order to further understand the growth dynamics of GaN films. All these works
include mostly the gas-phase reactions and the intermediate products in the gas
phase during the growth (see Fig. 1.2). Further works have added surface reactions
[27, 65, 72, 73, 74, 75].
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Chapter 3
Thin film and QD growth by
MOCVD
Metalorganic chemical vapour deposition (MOCVD) is a chemical vapour deposition method of epitaxial growth of materials, especially compound semiconductors.
Usually one of the reaction species containing the required chemical elements is an
organic compound or metal-organics and metal hydrides, which has a low boiling
temperature. Formation of the epitaxial layer occurs by final pyrolysis of the constituent chemicals at the substrate surface. The semiconductor’s growth takes place
not in a vacuum but with gas in the reactor at a moderate pressure (2 ∼ 100 kPa).
The III-V semiconductors (InN, GaN, GaAs etc), II-VI semiconductors (HgCdTe,
ZnO), IV semiconductors (SiC, SiGe) are usually grown by MOCVD. Today it has
become the dominant process for the manufacture of LDs, solar cells, and LEDs in
the industry world.

3.1

Basic principle of MOCVD growth

Today’s MOCVD GaN growth reactor was developed from the approach of Maruska
and Tietjen, which is capable of depositing films with AlN and InN [76]. Usually
there are two types of reactors, one is horizontal, Fig. 3.1(a), and the other vertical,
Fig. 3.1(b). For the horizontal reactor, the gas precursors blow into the reactor from
the left side, and the materials are deposited on the substrate in the middle of the
reactor. Usually the substrate has an inclination with respect to the horizontal flow
direction of input gases in order to make uniform semiconductor films with favorable
crystallinity. In the vertical reactor the precursors are blown into the reactor from
31
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Figure 3.1: Two main types of MOCVD reactors. (a) horizontal, and (b) vertical.
the upside inlet and the desired deposit takes place on the rotational wafer to ensure
the uniform deposited materials. In both reactors the waste gas and/or byproduct
of the CVD process are taken out by the carrier gas from the exhaust. Usually we
adopt TMG, trimethylaluminum (TMA) and trimethylindium (TMI) as group III
precursors. These precursors, most diluted with H2 , react with NH3 at a substrate
(such as SiC and sapphire) which is heated to roughly 1000 ◦ C. MOCVD reactors for
group-III nitride film growth incorporate laminar flow at high operating pressures
and feature separate inlets for the nitride precursors and the ammonia to minimize
predeposition reactions.
Figure 3.2 shows complex physical and chemical processes in the reactor. Initially
TMG and NH3 transport into the reactor and then come to gas-phase reaction
(TMG and NH3 ) in the reactor. Meanwhile the reactant was transported onto the
wafer surface. On the surface there are diffusion and desorption of adatoms and
radicals. Finally after surface reaction GaN was deposited onto the surface.

3.2

GaN and GaSb MOCVD growths

There are several disadvantageous factors that hinder the heteroepitaxial growth
of group III nitrides. The first one is the choice of the substrate. The ideal substrate should first have the same crystal type and less lattice mismatch/thermal
expansion coefficient. Furthermore, it should be thermal and chemical stable and
not have decomposition or reactions in the traditional growth temperature. Si, SiC,
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Figure 3.2: Major physical and chemical processes in the CVD reactor.
sapphire are all used as substrates for the heteroepitaxial growth of group III nitrides. The second disadvantage is the large equilibrium dissociation pressure of
N2 from the nitrides at commonly applied growth temperatures. The third one is
the poor cracking efficiency of ammonia. The total N-H bond energy is as large as
1171 kJ/mol which leads to the low decomposition rate of NH3 . Furthermore, it is
easy to have predeposition reaction between TMA, TMG, or TMI and ammonia in
the commonly employed MOCVD precursors. A combination of buffer layers, high
growth temperatures (∼ 700-1400 ◦ C), activated nitrogen species, large nitrogen
source overpressures and separated gas inlet technology have been used to overcome
these difficulties and obtain device quality films [77].
Growth of group III nitrides by MOCVD requires a minimum deposition temperature to provide sufficient mobility of surface species during growth to obtain epitaxial, single-crystalline growth of the group III nitrides. The conventional MOCVD
precursor adopted for GaN growth, TMG, begins pyrolyzing at 475 ◦ C. The oriented
(0001) polycrystalline GaN could be deposited at 500 ◦ C with ammonia and TMG.
However, in order to obtain single-crystalline high-quality GaN films on sapphire
the temperatures should be over 800 ◦ C. It was reported that the GaN films with
the best electrical and optical properties are grown at 1050 ◦ C. At substrate temperatures exceeding 1100 ◦ C the dissociation of GaN and the desorption of species
over the substrate dominate in the growth layer. Disadvantages associated with high
growth temperatures include introduction of thermal stresses in the films, accumu-
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Figure 3.3: Schematic view of the three growth modes of thin film: (a) VolmerWeber, (b) Frank-van der Merwe, and (c) Stranski-Krastanov.
lation of defects at the interface, dopant and impurity diffusion, poor compatibility
with existing integrated circuit technology and difficulty of indium alloy formation.
Variation of the V/III ratio (150-2500) is adopted in the GaN MOCVD growth.
With decreasing V/III ratio, an increasing growth rate and carbon incorporation is
found [78].
The growth of GaSb has been extensively studied by many research groups worldwide [29, 30, 31]. It was one of the first materials to be grown by MOCVD. It is
usually grown under ≤ 600 ◦ C with a V/III close to 1. The V/III ratio should be
controlled well otherwise elemental indium or antimony will appear on the surface.
The optimized V/III ratio for the high-quality GaSb growth depends largely on the
reactor design, growth conditions, and sources used. Among several sources used
for the growth of GaSb, the most common sources such as TMG, TEG, TMSb and
TESb give the best results in terms of high mobility and photoluminescence.

3.3

Nucleation and growth on hetero substrate

In the case of weak adhesion between the substrate and the depositing crystals only
3D nuclei are formed on the hetero substrate as predicted by Volmer and Weber
(reference). Depending on the lattice mismatch the 3D nuclei can be either more or
less internally strained. This mode of epitaxial crystal growth is known as VolmerWeber (VM) mechanism (Fig. 3.3(a)).
In the case of strong adhesion between the substrate and the depositing clusters and
relatively small crystallographic lattice mismatch, 2D adsorption or phase formation
may take place already at equilibrium and even at under saturations. 2D nuclei are
formed also at super saturations and the growth follows a layer-by-layer mode as
predicted by Frank and van der Merwe. This mode of epitaxial crystal growth is
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known as Frank-van der Merwe (FM) mechanism (Fig. 3.3(b)).
In the case of a strong adhesion between the substrate and the depositing clusters but
significant crystallographic lattice mismatch the layer-by-layer growth takes place
only during the deposition of the first few MLs. After that, the accumulated internal
strain energy due to the strong lattice mismatch compensates the attractive forces
with the substrate and internally strained 3D nuclei form on the top of the 2D
MLs. This mode of the epitaxial crystal growth is known as a Stranski-Krastanov
(SK) mechanism (Fig. 3.3(c)) named after I. N. Stranski and L. Krastanov who
considered such type of nucleation and crystal growth phenomena already in 1938.
In order to explore the growth mechanism of thin films, the chemical potentials of
the first few layers of deposited materials, µ, should be taken into considerations.
Here I used the model proposed by Markov, in which that chemical potentials of the
atoms µ(n) in the first few layers is expressed written as [79]
h
i
µ(n) = µ∞ + ϕa − ϕ0a (n) + εd (n) + εe (n)
(3.1)
where µ∞ is the bulk chemical potential of the deposited material, ϕa is the desorption energy of an atom from a wetting layer of the same material, ϕ0a (n) is the
desorption energy of an atom from the substrate, εd (n) and εe (n) are the energies
per atom of the misfit dislocations and the homogeneous strain. In general, the
values of ϕa , ϕ0a (n), εd (n), and εe (n) depend on the thickness of the deposited layers
and lattice misfit between the substrate and epitaxial films. In case of small strains,
i.e. εd,e (n) ¿ µ∞ , the growth mode of films could be simply decided as
• VW growth:

dµ
< 0,
dn

• FM growth:

dµ
> 0,
dn

• SK growth:

dµ
≶ 0,
dn

SK growth can be described by both of the inequalities involved in VW and FM
growth. While the initial film growth follows a FM mechanism, the strain energy
accumulates in the deposited layers. At a critical thickness, this strain induces a
sign change in the chemical potential, leading to a switch in the growth mode. Thus
it is energetically favorable for islands formation by the VW mechanism.
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Chapter 4
Chemical kinetics
Chemical kinetics, also known as reaction kinetics, is the study of rates of chemical
processes. Chemical kinetics includes investigations to the factors that influence the
reaction rates. Its content also includes the theory development which is used to
describe the reaction process and even predict them. Knowledge of reaction rates
has extensive practical applications, for example in design of industrial process, in
synthesis of compounds, in planetary atmospheres research and in deterioration of
foods.
In the following part I will give a discussion to understand what happens to the
molecules in a chemical reaction in a fundamental level. First I will begin with a
simple case in which the reaction happens between two molecules in a single reactive
encounter. The basic theories that can be used to predict the reaction products and
reaction rate will be further presented. These theories are applied to my research
work. (Chapters 5 and 6)

4.1

Rate of reaction

Chemical kinetics is the part of physical chemistry that studies reaction rates. The
concepts of chemical kinetics are applied in many scientific and engineering fields,
such as chemical engineering, enzymology and environmental engineering. The reaction rate for a reactant or product in a reaction is defined as how fast a reaction
takes place. For instance, the oxidation of iron under the atmosphere is a slow reaction which can take many years, but the combustion of alcohol in a fire is a reaction
that takes place in a second.
37
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Consider a typical chemical reaction:
a A + b B −→ c C + d D

(4.1)

The lowercase letters (a, b, c, and d) refer to stoichiometric coefficients, while the
capital letters represent the reactants (A and B) and the products (C and D). The
reaction rate v (also r or R) for a chemical reaction occurring in a closed system
under constant volume conditions, without a build-up of reaction intermediates, is
defined as:
1 d[A]
1 d[B]
1 d[C]
1 d[D]
v=−
=−
=
=
(4.2)
a dt
b dt
c dt
d dt
It is recommended that the unit of time should always be the second. In such a case
the rate of reaction equals to 1/c of the rate of increase of concentration of product
C and for reactant A by −1/a. Reaction rate usually has the units of mol·dm−3 ·s−1 .
For any system the full mass balance must be taken into account
Z V
dNA
FA0 − FA +
r dV =
dt
0

(4.3)

where FA0 is the amount of the substance A that comes into the system. FA is the
amount of A that comes out of the system. V is the volume of the system. r is the
reaction rate. NA is the amount of A in the system at any time. It describes the
accumulation of substance A in the system.
When applied to the simple case stated previously this equation reduces to:
v=

d[A]
dt

(4.4)

For a single reaction in a closed system of varying volume the so called rate of
conversion can be is used, in order to avoid handling concentrations. It is defined
as the derivative of the extent of reaction with respect to time.
µ
¶
˙ξ = dξ = 1 dni = 1 V dCi + Ci dV
(4.5)
dt
νi dt
νi
dt
dt
νi is the stoichiometric coefficient for substance i, V is the volume of reaction and
Ci is the concentration of substance i.
Reaction rates may also be defined on a basis that is not the volume of the reactor.
When a catalyst is used the reaction rate may be stated on a catalyst weight (mol ·
g−1 ·s−1 ) or surface area (mol·m−2 ·s−1 ) basis. If the catalyst site could be rigorously
counted by a specified method, the rate is given in units of s−1 and is called a turnover
frequency.
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Rate laws and rate constants

The experimental results indicate that rates depend on the concentrations of the
reactants involved in the reaction equation. A rate law is used to express the relation
between the rate and these concentrations. Some rate laws are simple and some are
complicated. A rate law could be determined by experimental data or may be
formulated by a theoretical study. Usually reactions have their rate laws in the
following form
r = k[A]x [B]y ...
(4.6)
where k is rate constant, feature of a given reaction. The powers x, y ... are numbers
that must be determined experimentally. x is the order with respect to A, and y is
the order of B. Note that, in general, x and y are not equal to the stoichiometric
coefficients a and b. The overall order is (x + y + ...). Orders are usually integers.
A first order reaction is a reaction whose rate depends on the reactant concentration
raised to the first power. A first order rate law describes the reaction rate when it
is proportional to the first power of [A].
r = k1st [A]

(4.7)

k1st is called a first order rate constant. The rate equation is thus called to be first
order in A. The units of k1st are found as time−1 which could be deduced by the
units of r and [A].
A second order reaction has the concentration raised to the power of 2, which could
be written as
r = k2nd [A]2
(4.8)
k2nd is called a second order rate constant. We call the rate equation second order
in A. The units of k2nd are found to be conc.−1 time−1 .

4.3

Factors affecting reaction rate

For any of the reactions, there may be a lot of factors that affect the rate of reaction,
such as concentration, temperature, solvent, pressure, electromagnetic radiation,
catalyst and so on. Here we pay our attention to the effect of temperature because
it is the most important factor in the thesis study. Rate constants are often found to
depend strongly on temperature. It is required to discuss with rate constant together
with temperature. In most case the reaction rate goes up with temperature, but it
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does not have to. Rate constants are found to have the relation with temperature
as follows [80]
¶
µ
Ea
k(T ) = Aexp −
(4.9)
RT
where the rate constant is written down as k(T ) to emphasize its dependence on
temperature. R is the gas constant (8.314 J·K−1 ·mol−1 ). The activation energy Ea ,
which is the minimum amount of energy required to initiate a chemical reaction, is
in unit of energy·mol−1 . Ea is usually expressed in kJ·mol−1 or kcal·mol−1 . A is the
pre-exponential factor and it is usually found to be independent on temperature.
Besides it must have the same dimensions and units as k.
Equation (4.9) is known as Arrhenius equation. It predicts that the rate constant
increases with temperature for a positive activation energy. This is the principal
origin of my study about the strain-field effect on the formation of the nanostructures
(such as QDs), see more in Chapter 6.

4.4

Theories about reaction rates

Chemical reactions are the process that involves electronic rearrangements and orbital interactions at a fundamental level. First of all, I will begin the discussion with
the electronic structure and bonding in molecules in the form of molecular orbital
theory.
A potential energy (PE) surface is generally used with Born-Oppenheimer approximation in quantum mechanics and statistical mechanics to model chemical reactions
and interactions in simple chemical and physical systems. This approximation implies that the total molecular wave function is written as a product of an electronic
wave function and a nuclear wave function. It allows us to separate electronic and
nuclear motion. Consider a system with M nuclei and N electrons in it. By including
only electrostatic interactions, the Hamiltonian of the system is given by
N
M
X
~2 2 X ~2 2
H=−
∇α −
∇i + V (r, R)
2M
2m
α
e
α=1
i=1

(4.10)

where Mα denotes the mass of nucleus α and me is the mass of electron. r and R
stand for the electronic coordinates {r1 , r2 , ..., rN } and nuclear coordinates {R1 , R2 , ..., RM }
respectively. σ = {σ1 , σ2 , ..., σN } are used for the electronic spin coordinates. All
electrostatic interactions are included in V (r, R). The Schrödinger equation is given
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by
HΨE (r, σ, R) = EΨE (r, σ, R)

(4.11)

In the Born-Oppenheimer approximation the wave function ΨE is written as
ΨE ≈ ΨB.O. = ψe (r, σ; R)φ(R)

(4.12)

The electronic wave function ψe is a solution of the electronic Schrödinger equation
"

#
N
X
~2 2
−
∇i + V (r, R) ψe (r, σ; R) = Ee (R)ψe (r, σ; R)
2m
e
i=1

(4.13)

Because the potential is dependent on the nuclear coordinates, the electronic wave
functions depends on R and the eigenvalue Ee is a function of the nuclear coordinates. Ee (R) is referred as PE surface. By substituting ΨE with ΨB.O. in Eq. (4.11),
and neglecting the coupling terms, we get the Schrödinger equation for the nuclear
wave function
" M
#
X ~2
−
∇2α + Ee (R) φ(R) = E B.O. φ(R)
(4.14)
2M
α
α=1
where E B.O. corresponds to the energy for the system within the Born-Oppenheimer
approximation. Because of the large ratio between electronic and nuclear masses,
we could separate the electronic motion from the nuclear part. Equation (4.14)
expresses that the nuclei move in an effective potential Ee (R) which is the electronic
energy which is dependent on the internuclear distances [81].
Consider a detailed case. First, when two molecules A and B move together and
begin to interact with each other, we could calculate the total energy of the system
at the beginning. The energy of the system changes when the two bodies approach
to each other because of the interaction between the two bodies by their molecule
orbitals. In this stage, we will reach the transition state. Finally, as the product molecules move apart, the energy gets close to the sum of the energies of the
products.
For all but the simplest molecules, such a surface is a function of a very large
number of distances and angles. It cannot simply be visualized as energy as a
function of the x- and y-coordinates; rather it is multidimensional. PE surface is
an important conception in order to understand reactions. The atoms are supposed
to move on PE surface during reaction process. They start out at one position
corresponding to reactants, move along reaction pathway over the surface as they
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rearrange themselves, and then reach a position corresponding to products. All the
stable molecules exist in PE minima including the products and reactants.
Since the reactants and products are in PE minima, extra energy has to be put in
order to go through the path between them. The amount of the extra energy will
depend on the practical reaction path. The reaction coordinate, i.e. the minimum
energy pathway from reactants to products, is the most favourable path of all the
possible reaction paths. The positions of all of the molecules in the reaction change
in a complex way when the molecules are moving along this pathway, so the “coordinate” is actually a combination of many motions. The reaction profile could be
plotted by the energy against the reaction coordinate. Transition state is the point
of highest energy on this pathway, where there exist partially made and partially
broken bonds for the involved molecules. We all know that at certain temperature
the energy is distributed amongst the molecules. Consider the case that it costs
extra energy Ea (which is the difference between the energy of reactants and the
transition state) to move from reactants to products via the pathway of minimum
energy barrier. Only part of the molecules will have enough energy to get through
the energy barrier. According to the Boltzmann distribution, this fraction is
µ
¶
Ea
exp −
(4.15)
RT
Since this fraction is an exponential function about the energy, the number of
molecules which have the required extra energy could be largely reduced by increasing Ea with a small amount (∼1 kJ·mol−1 ). Thus, very few molecules will choose
to take pathways of higher energy barrier because of the probability. Therefore we
can safely assume that all the reactants go to products via reaction coordinate for
all practical purposes.
The transition state is at a maximum along the path that leads from reactants to
products. When the molecule distorts along this path, there is no restoring force
and the transition state could then fall apart either to products or back to reactants.
The extra energy Ea mentioned above is usually called activation energy. For a
typical value of the activation energy of 50 kJ mol−1 , it means that only about 1
in 109 of the molecules which attempt to reach the transition state actually have
enough energy. Calculating the form of the potential energy surface is a challenging
task and research interest at present.
A critical factor in the strain-induced nanostructure growth (Chapter 3) is the local
strain energy distribution which determines the speed of the growth and the shape
of the nanostructure under investigation. Figure 4.1(a) shows the layer structure
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Local strain energy
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Figure 4.1: (a) Layer structure of an already buried GaSb QD in GaAs substrate.
(b) Local strain energy distribution.
of an already buried GaSb QD in the GaAs substrate, while Fig. 4.1(b) shows the
strain energy distribution on the surface on which a new GaSb QD is expected to
grow. Because of the low strain energy at the center, its local growth rate is high
so that a new GaSb QD will be grown on top of the already buried one (stacking
QDs, see more discussion in Paper IV).

4.5

Rate law with simple order

For a reaction of the form A → products, a first order rate law is in the form
d[A]
= k1st [A]1
dt

(4.16)

[A] = [A]0 exp(−k1st t)

(4.17)

r=−
so that we have

Here with k1st in unit s−1 . For a reaction of the form A → products, a second order
rate law is in the form
d[A]
r=−
= k2nd [A]2
(4.18)
dt
which gives the final form
1
1
= k2nd t +
(4.19)
[A]
[A]0
where we set [A] = [A]0 when t = 0. Note that k2nd is in unit of mol−1 ·m3 ·s−1 .
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Chapter 5
Computational fluid dynamics
method
The mathematical models presented here is to describe the complex interaction
between the gas-phase fluid dynamics and the heat and individual species transport
in MOCVD. The models consist of a set of partial differential equations (PDEs)
with appropriate boundary conditions, describing the fluid flow, the transport of
energy and species and the chemical reactions in the reactor. Several transport
properties of gas species and mixtures enter in these equations. Their values depend
on the temperature, pressure and composition of the gas mixture. The chemical
reactions in the gas-phase and at the substrate surface are described in a general
way that is applicable to many different semiconductor materials. Knowledge of the
specific chemical mechanisms and kinetics is necessary for the actual modeling of a
particular compound system.
Numerical methods are required to solve the nonlinear set of governing equations.
The equations are solved via the finite element method (FEM), which is a naturally suited approach to solving the coupled, nonlinear PDEs arising in fluid flow,
heat and mass transfer calculations. In the FEM procedure, a mesh is generated by
computational domain into many regularly shaped elements. Piecewise polynomials
represent the solution. By applying a Galerkin approximation, the PDEs governing
transport phenomena and reaction are converted in a set of coupled algebraic equations in the unknown node values of the polynomial approximation. The resulting
system of equations is then solved by using Newton’s method.
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5.1

Fundamental assumptions

First of all, we need to make some assumptions in order to simplify the physics of
the process and reduce the computation time to tractable levels. These assumptions
are generally justified for typical CVD conditions and essentially do not limit the
accuracy and pertinence of the model for CVD applications.
• Assumption: the gas mixture behaves as s continuum. This approach is appropriate because the Knudsen number, the ratio of the mean free path to the
length scale over which macroscopic changes in properties occur, is smaller
than 0.1 when operating under reduced or atmospheric pressures characteristic of most MOCVD systems. As a point of reference, the mean free path
length at 76 torr and 400◦ C is approximately 2.6 and 1.6 µm in H2 and N2
carrier gas, respectively.
• Assumption: the gases follow the ideal gas law. This is valid for the types of
gases and at the low pressure and high temperature used in CVD. The ideal
gas law provides the gas density dependence on temperature, that is needed
to capture gas expansion effects due to density changes caused by the large
temperature differences (about 600 ∼ 1000 K) between the hot substrate and
the cold walls.
• Assumption: the gas flow in the reactor is laminar. This is valid for the
Reynolds number range typically encountered in CVD. The Reynolds number
is a dimensionless number that gives a measure of the ratio of inertial forces
to viscous forces. Consequently, it quantifies the relative importance of these
two types of forces for given flow conditions. Typically, it takes values in the
range between 1 and 100. This range is much lower than the values at the
onset of turbulence in a reactor (approximately 2300 for pipe flow, and 1000
for free jet flow).
• Assumption: the gas density depends only on temperature. The very low
Mach numbers, i.e., the ratio of the gas velocity in the reactor to the speed of
sound, encountered in CVD justify this assumption.
• Furthermore, since the pressure drop in the CVD reactor is very small (' 10−6
atm), the pressure imposed at the reactor outlet is assumed to be a constant
and is used in the ideal gas law to calculate the density.
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• A steady-state formulation is used. This assumption is valid because the time
scale for deposition of thin semiconductor films (growth rate ∼ 1µm/hr) is
much longer than the time scale for convective and diffusive transport processes
in the gas which is on the order of seconds. Thus, transient terms can be safely
dropped from the modeling equations of steady-state deposition processes.
• Similarly, the thin film length scale on the order of microns is much smaller
than the characteristic length scale of gas flow in the reactor, and the time
evolution of the film profile can be neglected.
• The fluid flow and heat transfer are decoupled from the mass transfer.
• The reactant species and the reaction products are present in low concentrations in the orders of 10−5 mole fraction in a carrier gas, typically H2 or N2 .
Thus the properties of the gas mixture present in the reactor remain constant
and equal to those of the carrier gas. Even in the case of III-nitride deposition
(where comparable amounts of H2 or N2 and NH3 are used) the organometallic
precursors and the reaction products are still present in trace amounts. Since
negligible homogeneous NH3 decomposition occurs, the carrier gas can be assumed to be a constant-composition mixture of H2 (N2 ) and NH3 . Mixing rules
are used to compute the “effective” carrier gas transport properties (viscosity,
thermal conductivity, heat capacity) that are used in the fluid flow and heat
transfer calculations.
• Since the mass loss due to deposition is negligible, no source/drain terms are
present in the total mass conservation equation and it may then be decoupled
from the chemistry.
• The energy conservation equation can also be decoupled from the chemistry
since heat consumption or dissipation by gas-phase reactions can be neglected
due to the dilute nature of the reactants.

5.2

Navier-Stokes equations

In the numerical computational CFD, there are two basic laws,
• The conservation of fluid mass
• The change of momentum equals to the total impulse to the body.
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The two laws result in Navier-Stokes (NS) equations. Conservation of mass (mass
continuity equation) requires that the time rate of change of mass in a control volume
be balanced by the net mass flow into the same control volume,
∂ρ
∂ρ ∂(ρu) ∂(ρv) ∂(ρw)
+ ∇ · (ρV~ ) =
+
+
+
=0
∂t
∂t
∂x
∂y
∂z

(5.1)

where V~ is the flow velocity, ρ is the fluid density, u, v and w are the velocity components of x, y and z respectively. Conservation of momentum: The x-component
of the momentum equation is found by setting the rate of change of x-momentum
of the fluid particle equal to the total force in the x-direction on the element due to
surface stresses plus the rate of increase of x-momentum due to sources:
∂(ρu)
∂(−p + τxx ) ∂τyx ∂τzx
+ ∇ · (ρV~ u) =
+
+
+ SM x
∂t
∂x
∂y
∂z

(5.2)

Similar equations can be written for the y- and z-components of the momentum
equation:
∂(ρv)
+ ∇ · (ρV~ v) =
∂t
∂(ρw)
+ ∇ · (ρV~ w) =
∂t

∂τxy ∂(−p + τyy ) ∂τzy
+
+
+ SMy
∂x
∂y
∂z
∂τxz ∂τyz ∂(−p + τzz )
+
+
+ SM z
∂x
∂y
∂z

(5.3)

In these equations p is the static pressure, τij (i, j = x, y, z) is the viscous stress
tensor and SMx , SMy , SMz are source terms.
The above momentum equations contain as unknowns the viscous stress components
τij . A model must be provided to define the viscous stresses. In Newtonian flows
the viscous stresses are proportional to the deformation rates. The nine viscous
stress components (of which six are independent for isotropic fluids) can be related
to velocity gradients to produce the following shear stress terms:
∂v 2
∂u 2
− µ(∇ · V~ ) , τyy = 2µ
− µ(∇ · V~ )
∂x 3
∂y µ 3
¶
∂w 2
∂u
∂v
τzz = 2µ
− µ(∇ · V~ ) , τxy = τyx = µ
+
∂z µ 3
¶
µ ∂y ∂x ¶
∂u ∂w
∂v ∂w
τxz = τzx = µ
+
, τyz = τzy = µ
+
∂z
∂x
∂z
∂y
τxx = 2µ

(5.4)

Substitution of the above shear stress terms into the momentum equations yields
the NS equations:
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∂(ρu)
∂p
+ ∇ · (ρV~ u) = −
+ ∇ · (µ∇u) + SMx
∂t
∂x
∂(ρv)
∂p
+ ∇ · (ρV~ v) = −
+ ∇ · (µ∇v) + SMy
∂t
∂y
∂p
∂(ρw)
+ ∇ · (ρV~ w) = − + ∇ · (µ∇w) + SMz
∂t
∂z

5.3
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(5.5)

Brief introduction of CFD-ACE+

CFD-ACE+ is a set of computer programs for multi-physics computational analysis. The programs provide an integrated geometry and grid generation module,
a graphical user interface for preparing the model, a computational solver for performing the simulation, and an interactive visualization program for examining and
analyzing the simulation results. The standard CFD-ACE+ package includes the
following applications: [82]
CFD-GEOM geometry and grid generation, which provides geometric modeling
and structured and unstructured grid generation capability.
CFD-ACE-GUI graphical user interface
CFD-ACE-Solver advanced polyhedral solver
CFD-VIEW post processor, which provides visualization and analysis tools for
examining calculated results
Incompressible/Compressible
Steady/Unsteady
Turbulent Model
Laminar Flow, with a choice of non-Newtonian Rheology
Stationary and rotating frames of reference
Volume of Fluid (VOF) free surface modeling with surface tension
Porous media
Heat transfer including solid conduction
Surface-to-surface radiation
Chemical reaction models
Multi-component fluids
Coupling computing (structural, Electro-Physic ...)
MEMS
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Application: Thin film growth

We adopt Sengupta’s model [65] for the gas-phase reactions where the CFD method
of Ref. [75] is used to obtain detailed information about spatial distributions of
concentrations of radicals in the reactor where the abundant Ga species (MMG
and MMG:NH3 ) on the film surface are assumed to be the principal radicals for the
surface growth. The geometry of a vertical reactor is schematically shown in Fig. 5.1
[67]. Inflow gas contains TMG, NH3 and H2 , and the total flux is kept constant at
14 slm (L/min). The flux of TMG at the inlet is also kept constant at 30 sccm
(mL/min) at 300 K. NH3 /TMG (V/III) ratio will thus be modified when the flux of
NH3 is changed. The temperature of the susceptor, Ts , varies between 700 and 1500
K, since TMG begins pyrolyzing at 475 ◦ C and GaN begins to dissociate when the
substrate temperature exceeds 1100 ◦ C [77]. The V/III ratio is kept constant to be
2000 in this work, as commonly reported in literatures [83, 84, 85, 86]. Moreover,
low-pressure MOCVD (P ∼ 100 Torr) is normally adopted to grow GaN films [77].
The reactor pressure P in this work has also been kept constant (=100 Torr). Note
that rate constants are pressure dependent [65]. In the reactor system of Thomas
Swan, the relationship between volume flux f (in unit of sccm) and mole flux µ (in
unit of mol/min) in the inlet gas is given by
µ = αf

(5.6)

for TMG, α = 2.773 × 10−6 ; for NH3 and H2 , α = 4.051 × 10−5 , which we have
adopted in our numerical simulations.
For a standard reactor of Fig. 5.1 which specifies the reactor’s geometry and boundary conditions, the nominal growth conditions are Ts = 1373 K, P = 100 Torr, and
V/III=2000. The stream function, temperature, and spatial distribution of radicals in such a reactor, i.e., in the shadow area in Fig. 5.1(b), are shown in Fig. 5.2
obtained from the CFD simulation. Figure 5.2(b) shows that the temperature in
the middle of the reactor is the highest due to the exothermic reaction occurred in
the gas phase. When the susceptor is heated uniformly as assumed in the model,
dT /dx ≈ 0.0 in the vicinity of the upper surface of the wafer. Such a small temperature gradient is important for the uniformity of the film growth. The main Ga
species, i.e., MMG and MMG:NH3 in Figs. 5.2(c)(d), are generated in the middle of
the reactor in the gas phase. They are largely depleted on the wafer surface. Their
concentration gradients along the horizon directions are also small for uniform film
growth. Meanwhile, the by-product of surface reaction, CH4 in Fig. 5.2(e), appears
on the wafer surface.
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Figure 5.1: (a) Three-dimensional schematics of a standard MOCVD reactor. (b)
Two-dimensional structure of the MOCVD reactor adopted in the CFD simulation.
(Reprinted with permission from K. Fu, Y. Fu, P. Han, Y. Zhang and R. Zhang, J.
Appl. Phys. 103, 103524 (2008))

(a) Stream function
(blue=-8.498x10-5, red=1.346x10-4)

(b) Temperature
(blue=300, red=1370 K)

(d) MMG:NH3

(blue=0, red=1.087x10-3)

(e) CH4

(blue=0, red=0.001092)

(c) MMG
(blue=0, red=2.927x10-4)

Figure 5.2: (a) Stream function; (b) Temperature distribution; (c) MMG, (d)
MMG:NH3 , and (e) CH4 mass fraction in the gas phase. (Reprinted with permission from K. Fu, Y. Fu, P. Han, Y. Zhang and R. Zhang, J. Appl. Phys. 103,
103524 (2008))
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Figure 5.3: Simulated growth rate from CFD as a function of Ts . P = 100 Torr and
V/III=2000.
We can also obtain the growth rate of the GaN film as a function of growth temperature. It is found that the relationship between the growth rate and Ts in Fig. 5.3 can
be classified into three different districts [87]: (1) reaction-rate-controlled regime of
Ts < T1 (T1 ∼ 950 K) where the growth rate increases monotonically with Ts ; (2)
mass-transport-limited regime T1 < Ts < T2 (T2 ∼ 1300 K), where the growth rate
is more or less saturated; and (3) Ga-species-desorption-limited regime of Ts > T2
for which the growth rate decreases following the increase of Ts .

Chapter 6
Kinetic Monte Carlo method
The KMC method has been successfully developed to describe processes in electronic
devices microscopically. It has also been used to simulate many thin solid film
growths such as silicon by CVD, plasma-enhanced CVD and diamond by CVD.
Here we apply the KMC method to study the GaN and GaSb growth processes by
MOCVD.

6.1

Principles of KMC method

The preceding section describes a model for CVD that uses chemical kinetic data
as its input. A KMC algorithm is used to simulate the temporal evolution of the
growth surface based on these inputs. The MC scheme governs the changes in the
occupancies of the surface lattice sites to simulate the growth process based on the
chemical reactions and their kinetics. In order to conceptualize the KMC algorithm,
it is useful to consider a simple example. Imagine a random walker on a hexagonal
lattice in xy space, as shown in Fig. 6.1.

x2

x1
x3
Figure 6.1: A random walk at (a) center and (b) edge of a hexagonal lattice.
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Figure 6.2: Arrays of probabilities for the random motion. Motion if the +x1
direction is a) three and b) five times as possible as in the other directions.

If the walker is equally likely to move in any of the six directions on the surface, its
trajectory can be simulated by choosing one of the six directions at random, moving
the walker to the adjacent lattice site in the chosen direction, and repeating. Now
imagine that the motion in the positive +x1 direction is three times as likely as the
motions in the other five direction. One way to simulate the walker’s path in this
situation would be to pick a random number between 0 and 1, i.e., ξ ∈ (0, 1). If the
chosen value of ξ is between 0 and 1/8, the walker moves in the −x3 direction; if ξ is
between 1/8 and 1/4 then moves in +x2 , between 1/4 and 3/8 the move is in −x1 ,
+x3 when between 3/8 and 1/2, −x2 between 1/2 and 5/8 then move, and finally
+x1 between 5/8 and 1. This ensures that motion in the +x1 direction is three
times as likely as in the other directions. This same procedure can be visualized by
constructing an array of six elements whose lengths correspond to the probabilities of
the motion in each of the six directions. By choosing a location in the list at random
and moving the walker in the direction that corresponds to the chosen location, the
walker’s motion will obey the appropriate statistics. This is illustrated in Fig. 6.2(a)
which contains an array for which motion in the +x1 direction is three times as likely
as motion in the other directions. If a random position is chosen in the array in
Fig. 6.2(a), it will fall on the “−x1 direction” array element with a probability of
1/8, on “±x2 ” with probability 1/8, on “±x3 ” with probability 1/8, and on “+x1 ”
with probability 3/8, such that the motion in the +x1 direction is three times as
likely as in the other directions.
Thus the trajectory of the random walker can be simulated using the probabilities
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of the motion in each direction along with a simple MC algorithm. This algorithm
can easily be generalized to obtain the trajectory (spatial, temporal, configurational,
etc.) of a system using the probabilities of the events that can potentially occur at
each location, time or configuration. In the case of the random walker, the same
six events can occur at each lattice site, though the probabilities need not be the
same at each site. The set of possible events could also change depending on the
configuration. For example, the random walker might be allowed to move in one of
only three directions (at the edges of the hexagonal lattice as in Fig. 6.1(b), or there
might be special lattice sites for which motion in the +x1 (or some other) direction
is five times as likely as in the other directions. These possibilities can be handled
simply by allowing different selection criteria at each lattice site. Whenever the
walker landed on a lattice site for which the motion in the +x1 direction was three
times as likely as in the other direction, then an array like the one in Fig. 6.2(a)
would be used to choose the walker’s next move. When the walker landed on a
lattice site for which motion in the +x1 direction was five times as likely as in the
other directions, the array in Fig. 6.2(b) could be used. The number and relative
sizes of the array elements can be modified to account for virtually arbitrary changes
in the sets of possible evolutionary pathways at different configurations.
This approach can be applied to any problem wherein a discrete system (e.g., a
random walker on a lattice or the atoms on the surface of a growing film) evolves
according to a finite set of events (e.g., walks or reactions) whose probabilities are
known. Given the initial state of a system and the set of events by which the system
can evolve, the evolution of the system can be simulated. Consider a system in a
particular configuration such that M events, labeled i = 1, 2, 3, ..., M , can occur with
probabilities p1 , p2 , p3 , ..., pM . The evolution of the system is simulated by picking
one of the M events at random, such that the probability of choosing even i is pi ,
and then applying the corresponding change to the system’s configuration. This
event, denoted m, is selected by choosing a random number, ξ1 ∈ (0, 1), and picking
the event whose occurrence probability obeys the following equation:
m−1
X
i=0

pi ≤ ξ1 <

m
X

pi

(6.1)

i=0

where p0 = 0. This is the same procedure that was used to choose the direction
for the random walker, for which there were only six possible events (M = 6). In
the case where motion in the +x1 direction was three times as likely as motion in
the other directions, p1 = p2 = p3 = p4 = p5 = 1/8 and p6 = 3/8 where events
i = 1, 2, ..., 5 are motions in the −x1 , ±x2 , and ±x3 directions, respectively, and
i = 6 is motion in the +x1 direction.
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S3
S4
S5
S6
S7
S8

Gac CH3 −→ Gac + CH3
Gac CH3 + H −→ Gac + CH4
Gac CH3 + H(ad) −→ Gac + CH4
Nc + ∗ + Gac Nx Hz Gay (CH3 ) −→
Nc + Gac Nx−1 Hz Gay−1 (CH3 ) + Gac Nc

Nc Ga(CH3 ) −→ Nc + MMG

Gac NGa(CH3 ) −→ Gac N + MMG

Ga NHx + CH3 −→ Gac NHx−1 + CH4
c
NH3 (ad) −→ NH(ad) + 2H
NH(ad) −→ N(ad) + H
Gac N + MMG −→ Gac NGa(CH3 )

NH3 (ad) −→ NH3 (g)

Gac + NH3 −→ Gac NH3

Reaction Eq.

2.0 × 108

4.54 × 1013
4.94 × 1011
1.0 × 1016

1.115 × 1014

1.0 × 1014

1.23 × 1010
1.0 × 1012
1.0 × 1011
1.16 × 105

6.0 × 1014

3.354 × 107

A

0.0

0.0346
0.5
0.0

0.55

0.55

3.22
0.0
0.0
2.98

0.0

3.33

n

1.1072 × 104

4 × 104
0.0
5.051 × 103

5.4189 × 104

2.155 × 104

1.18 × 104
9.62 × 103
1.323 × 104
0.0

1.203 × 104

0.0

Ea /R

[66]

[65]
[75]
[75]

[65]

[65]

[65]
[88]
[88]
[65]

[88]

[65]

Ref.

Table 6.1: Reaction rates for MOCVD GaN thin-film growth. A is in units of mol, cm3 , and s. Gac represents the Ga
atom in the GaN crystal, Nc : N atom in GaN crystal, ∗: surface bi-radical. (See in Paper I)
Reaction
NH3 adsorption
NH3 desorption
(Ir catalyze)
H abstraction in NHx
NH3 decomposition (Ir)
NH decomposition (Ir)
MMG adsorption
MMG desorption
(at non − crystal site)
MMG desorption
(at crystal site)
CH3 desorption
H + CH3 (S)
H(ad) + CH3 (S)

S1

S9
S10
S11

Convert to crystal atoms

S2

S12
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Figure 6.3: Atomic rearrangements accompanying the 12 surface reactions listed in
Table 6.1. The first column is the reaction number and the dashed line indicates
the location of the film surface. (Reprinted with permission from K. Fu, Y. Fu, P.
Han, Y. Zhang and R. Zhang, J. Appl. Phys. 103, 103524 (2008))
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This same scheme can be used to describe the growth surface in a lattice based CVD
simulation. Here I first begin with the expression of surface reactions during GaN
film growth at microscopic level. All kinds of the reactions that could occur over the
surface in GaN MOCVD grwoth are provided in Table 6.1, including the adsorpation
and desorption of radicals and crystallization of atoms. A schematic representation
of atomic re-arrangements accompanying all relevant surface reactions is shown in
Fig. 6.3. The dashed lines indicate the location of the surface. The atomic rearrangements accompanying the reactions in the second column of Fig. 6.3 pertain to
the cases when that reactions take place on surface terraces, while at surface steps
in the third column. Given a set of reactions like the one in Table 6.1, all of the
chemical reactions that can occur at all sites on a surface in a given configuration
can be identified. Furthermore, the rate of each individual reaction can be determined (from Chapter 4). The probability of one particular reaction occurring at one
particular site is simply its rate divided by the sum of the rates of all the reactions
that are possible at all surface sites. Thus, given the M events (i.e., individual reactions at individual surface sites) that can occur on a surface, and their rates, the
evolution of the surface can be simulated by choosing one of the events, m, based
on a random number ξ1 ∈ (0, 1), according to
m−1
X
i=0
M
X

m
X

ri
≤ ξ1 <
ri

i=0

i=0
M
X

ri
(6.2)
ri

i=0

where ri is the rate (per-site in units of sec−1 ) of the reaction corresponding to
event i, and r0 = 0. This selection criterion ensures that one reaction occurs at
each simulation step, and that fast events (i.e., those with large rates) are more
likely to be chosen than slow events. Once event m is chosen and executed, the
procedure is repeated for the modified system using a new set of possible events
which correspond to the updated system configuration. Since the set of events are
possibly different as a function of the evolution time, the time increment, dt, is thus
not uniform throughout the simulation. It must account for the “reactivity” of the
surface at each simulation time step,
dt = −

ln(ξ2 )
M
X
ri

(6.3)

i=0

where ξ2 is a random number such that ξ2 ∈ (0, 1). When fast events are occurring
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…

t

Figure 6.4: Schematics of temporal sampling schemes in the N-fold way MC methods.

in the system, the denominator in Eq. (6.3) is large and the time scale is fine, while
for slow events, the time scale will be coarse. Thus the time scale automatically
accommodates the fastest events at each step.
This approach to simulate the temporal evolution of a discrete system is a variant
of the so-called N-fold way MC method. Equation (6.3) could be proved in the
following way. [89]
Consider a system that evolves in time along a chain of configurations. If the
number of events by which the system can evolve is finite and enumerable, instead of
conventional MC method, the system is examined only when an event occurs, and the
time increment is calculated at each simulation step. This is depicted schematically
in Fig. 6.4, and corresponds to the N-fold way approach. Although this technique
has clear advantages in almost any MC application wherein the number of possible
events is finite, it is particularly useful in situations where the events occur on very
different time scales and the fastest events are only possible in certain rare system
configurations. This is actually the case in GaN/GaSb MOCVD growth processes,
where very fast events only occur under certain circumstances.
In the MC scheme depicted in Fig. 6.4, the job is to determine the time increment
after the last event. The method is introduced step by step as follows. The probability that an event will occur during some infinitesimal time interval, dt, is simply
Πdt, where Π is the probability that an event will take place in a unit time interval. Thus, in other words, the probability that no event occurs during time dt is
(1 − Πdt). Let t = 0 be the time at which the last (i.e., the most recent) event
occurred. Let the probability that no event occurs in time ∆t (since the last event)
be written as P (∆t). The probability that no event occurs during time ∆t + dt,
P (∆t + dt) is equal to the probability that (1) no event occurs during ∆t and (2)
no event occurs during the following dt,

P (∆t + dt) = P (∆t)(1 − Πdt)

(6.4)
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Equation (6.4) can be written down in a differential form,
dP
= −P (∆t)Π
dt

(6.5)

P (∆t) = exp(−Π∆t)

(6.6)

which has the solution
since P (0) = 1. P (∆t) is assigned a random number, ξ2 (refer to Metropolis MC
algorithm), evenly distributed in the range (0,1). Substituting for P (∆t) and solving
for ∆t
ln(ξ2 )
∆t = −
(6.7)
Π
which can be compared directly to Eq. (6.3). This N-fold way approach is statistically equivalent to conventional MC schemes.
In the case of wurtzite GaN growth, the system is a wurtzite crystal surface, and
the events are surface chemical reactions that lead to the growth. Each event corresponds to an individual reaction at an individual site. For example, if a surface
contains 1000 sites and if five reactions can occur at each site, then there are 5000
possible events. The event selection criteria represented by Eq. (6.1) and (6.2) generate a Markov chain of Poisson processes that provides a meaningful stochastic
description of the temporal evolution of a system whose transition rates are known.
The time increment in Eq. (6.3) is a rigorous description of the elapsed time between
two states based on the sum of the rates for all transitions.
Here I begin with detailed explanation about how I do the simulation of GaN growth.
I assume that initially the wurtzite GaN substrate is terminated by a layer of NH3 ,
thus only three types of reactions from Table 6.2 are possible at the first simulation
step: NH3 desorption by reaction S2, the reaction S3 between NH3 and CH3 · and
NH3 decomposition by reaction S4. All the NH3 molecules (totally N molecules)
adsorbed on the surface can undergo either of these three reactions such that there
are 3N events that can occur on the initial surface. That is, either of three reactions
(S2, S3 and S4) can occur at any one of the N reactive sits (i.e., the chemisorbed
NH3 molecules). Thus, in the first simulation step, one of these 3N possible events
is chosen based on the rate associated with that event. As the surface evolves, the
collection of possible events and rates will change. A schematic example of the
procedure is shown in Fig. 6.5, which contains the first steps in the evolution of a
cluster of atoms on the surface. For the purposes of illustrating this example, let us
assume that the system in Fig. 6.5(a) can evolve according to the set of reactions
and fictitious rates in Table 6.2. Since NH3 is the only reactive species in Fig. 6.5(a),
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Table 6.2: Reactions and fictitious rates (arb unit) for the example in Fig. 6.3
reaction
reaction equation
rate
S1
NH3 adsorption
Gac + NH3 −→ Gac NH3
1
NH3 desorption
S2
NH3 (ad) −→ NH3 (g)
3
(Ir catalyze)
S3
H abstraction in NHx
Gac NHx + CH3 −→ Gac NHx−1 + CH4
2
S4
NH3 decomposition (Ir)
NH3 (ad) −→ NH(ad) + 2H
1
S5
NH decomposition (Ir)
NH(ad) −→ N(ad) + H
1
S6
MMG adsorption
Gac N + MMG −→ Gac NGa(CH3 )
1
MMG desorption
S7
Gac NGa(CH3 ) −→ Gac N + MMG
1
(at non − crystal site)
MMG desorption
S8
Nc Ga(CH3 ) −→ Nc + MMG
0.1
(at crystal site)
S9
CH3 desorption
Gac CH3 −→ Gac + CH3
2
S10
H + CH3 (S)
Gac CH3 + H −→ Gac + CH4
3
S11
H(ad) + CH3 (S)
Gac CH3 + H(ad) −→ Gac + CH4
1
Nc + ∗ + Gac Nx Hz Gay (CH3 ) −→
S12 Convert to crystal atoms
1
Nc + Gac Nx−1 Hz Gay−1 (CH3 ) + Gac Nc
there are only three types of reactions that can occur at the first simulation step:
S2, S3 and S4. Since there are just one surface sites in the GaN cluster as shown
in Fig. 6.5(a), there are seven events that can occur at the first simulation step:
desorption of NH3 , reaction with CH3 · (totally three events here), or decomposition
(totally three events here). For the latter two types of reactions, we consider that one
or two of the three H atoms at sites a, b and c can be taken away from the surface.
To choose one of the seven events, a list is constructed which contains a running
sum of the rates of each of these seven possible events, and each entry in the list is
normalized by the sum of the rates of all seven events, as shown in Fig. 6.5(a). Once
this list is constructed, a random number, ξ1 ∈ (0, 1) is generated and compared
with the numbers in the list of summed relative rates, and one of the seven events is
chosen according to Eq. (6.2). If, for example, the random number is ξ1 = 0.610, as
shown in Fig. 6.5(a), the H atom at site c is removed by reaction S3 with CH3 ·. This
modified the system such that the surface is now covered by NH2 · radical as shown
in Fig. 6.5(b). According to Table 6.2, the surface NH2 · can react by chemisorption
of GaCH3 (by reaction S6), or react with CH3 · (by reaction S3). Thus at the second
simulation step, any one of the three events is possible: adsorption of GaCH3 at
site a and remove of H atom at site b or c. The list of relative rates is updated to
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Figure 6.5: An example of KMC method applied to wurtzite GaN film growth in
the c-axis direction.

reflect the new configuration, as shown in Fig. 6.5(b), and one event is again chosen
as before. If ξ1 = 0.910 and the chemisorption of GaCH3 onto the surface radical is
chosen and executed, then new reactive species are introduced with new reactions
(like S7). The algorithm is repeated as before, and the configuration of adsorbed
species evolves accordingly. The same KMC procedure is applied along with the
growth model described above to much larger surfaces (i.e., thousands of surface
atoms ) to simulate the growth of GaN films on proper time and length scales.

6.2. GAN FILM GROWTH SIMULATED BY KMC METHOD

6.2

63

GaN film growth simulated by KMC method

The growth of a GaN thin film by MOCVD is simulated in a rigid hexagonal crystal
lattice. The orientation of the lattice is defined as x = [2̄110], y = [12̄10], and
z = [0001]. The film is allowed to grow along the z direction and periodic boundary
conditions are applied in the x and y directions. The size of the lattice involved
in the numerical simulation in the xy plane is 50d(2̄110) × 30d(12̄10) , where d(uvwt)
is the spacing between (uvwt) GaN lattice planes. Eight (0001) planes of perfect
GaN lattice are initially filled with Ga and N atoms to form a substrate of 4 MLs.
Furthermore, the initial substrate is terminated by a layer of NH3 .
With the spatial distributions of radicals in the reactor from CFD results (Chpater
5), we use the KMC method to study the microscopic processes of GaN film growth.
For the case of Ts = 1373 K, P = 100 Torr and V/III=2000, Fig. 6.6 shows the
evolution of the film surface morphology within the first second. In the early stage
of the deposition, (a), isolated islands dominate the surface structure. The islands
then grow up, (b), and eventually merge (c, d) to form one ML. New islands begin
to form on top of the new ML (e). Such a growth pattern is normally referred to as
the 2D growth mode.
The growth rate for different temperatures between 700 K and 1473 K (P = 100
Torr and V/III = 2000) is plotted in Fig. 6.7, which shows that the growth rate is
maximal at 1373 K.
Peaks and valleys in the growth rate are observed in Fig. 6.7. In nature, the instant
growth rate is partially dependent on the instant roughness mean square (RMS),
which is defined as
"
RMS =

N
X
i=1

2

(zi − C)

#1/2

.
N

N
.
X
, C=
zi N

(6.8)

i=1

to evaluate the roughness of the film surface. Here zi is the z coordinate of surface
atom i. N is the total number of surface atoms. It can be observed that between
1073 and 1373 K, the RMS changes periodically and regularly between 0.0 and 1.6
Å as a function of the growth coverage, i.e., the average thickness of the growth
film, as shown in Fig. 6.8. At these temperatures, the homoepitaxial film grows in
a 2D step mode. Such a 2D growth mode results in the fluctuations to RMS and
thus explains the growth rate fluctuations versus time as showed in Fig. 6.7.
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(a)

(b)

(c)

(d)

(e)

Figure 6.6: Typical atomic surface structure during GaN MOCVD growth. Ts =
1373 K, P = 100 Torr, and V/III=2000. Yellow (large)=Ga atom, blue (small)=N
atom. (a) 0.235 s, (b) 0.347 s, (c) 0.424 s, (d) 0.567 s, (e) 0.662 s. Notice that only
the top most two GaN atomic layers are presented as the initial substrate, while the
numerical calculation contains actually 8 atomic layers. (Reprinted with permission
from K. Fu, Y. Fu, P. Han, Y. Zhang and R. Zhang, J. Appl. Phys. 103, 103524
(2008))
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Figure 6.7: Growth rate as a function of deposition time for different Ts . P = 100
Torr and V/III=2000. (Reprinted with permission from K. Fu, Y. Fu, P. Han, Y.
Zhang and R. Zhang, J. Appl. Phys. 103, 103524 (2008))
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Figure 6.8: Variation of the RMS value as a function of film coverage at different
Ts . P = 100 Torr, and V/III=2000. (Reprinted with permission from K. Fu, Y. Fu,
P. Han, Y. Zhang and R. Zhang, J. Appl. Phys. 103, 103524 (2008))
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Figure 6.9: Microscopic strain field in zinc blende crystal lattice structure: the VFF
approach.

6.3

Valence-force-field approach

For small deformations, the elastic energy of an inter-atomic bond can be written
as a Taylor expansion in bond length variation and variations in the angles between
the bond and its nearest neighbour bonds, see Fig. 6.9 for the bond configuration in
the zinc blende crystal lattice structure. The bond between two atoms is denoted
by its bond length ri0 and spatial orientation Ωi0 at equilibrium, where i is the bond
index. When the spatial positions of the atoms change, so change the relevant bond
parameters to (ri , Ωi ).
By following the general notations of Ref. [90, 91, 92, 93], the elastic energy of one
inter-atomic bond can be written in the harmonic form
X
X
2
Ei = Kir δri2 + KiΩ ri0
δΩ2ij + Kirr δri
δrj
(6.9)
j

j

where j denotes the nearest neighbor bonds. δri is the variation of the length of
bond i, δΩij is the variation of the angle between bond i and j, ri0 is the length of
bond i in its relaxed format. The total elastic energy is the sum of all bond energies
X
Eelastic =
Ei
(6.10)
i

Numerical values of K’s for VFF bonds of zinc blende bulk materials are listed in
Table 6.3 obtained from elastic coefficients C11 , C12 , and C44 by equalizing the strain
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Table 6.3: Lattice constant a, elastic coefficients C’s [41, 94, 95] and K’s of
zincblende InAs, InP, GaAs, Si, and Ge bulk materials at 100 K. (See in Paper
V)
InAs
a [Å]
6.05
C11 [GPa]
83.29
C12 [GPa]
45.26
C44 [GPa]
39.59
Kr [GPaÅ] 170.13
KΩ [GPaÅ]
9.59
Krr [GPaÅ] 59.32

InP
5.86
101.1
56.1
45.6
198.57
10.99
71.14

GaAs
Ge
Si
5.65 5.657 5.432
122.1 128.9 165.7
56.6
48.3 63.9
60.0
67.1 79.6
215.09 212.4 256.1
15.41 18.9 23.1
74.85 73.2 93.2

energies of bulk materials under hydrostatic pressure and sheer stress, using the VFF
model and the continuum medium model (C’s [41, 94, 95]). More specifically, we
consider a bulk semiconductor under a hydrostatic pressure and a sheer stress along
the x direction. The bulk semiconductor is composed of N unit cells in x, y and
z direction so that its lengths are all N a and volume (N a)3 . Under a hydrostatic
pressure, the sizes of the semiconductor are modified by δx , δy and δz so that the
displacements of each atom are
u=

y
z
x
δx , v =
δy , w =
δz
Na
Na
Na

(6.11)

by which we can easily obtain the geometric modifications of inter-atomic bonds and
thus the total bond energy. On the other hand, the continuum medium approximation gives the strain field distribution
²xx =

δx
δy
δz
∂u
=
, ²yy =
, ²zz =
∂x
Na
Na
Na

(6.12)

due to the hydrostatic pressure. For zinc blende structures, the stress fields are
σxx = C11 ²xx + C12 ²yy + C12 ²zz
σyy = C21 ²xx + C11 ²yy + C12 ²zz
σzz = C21 ²xx + C12 ²yy + C11 ²zz

(6.13)

Other components of ² and σ are zero so that the strain energy is
Eelastic =

¤
1£
C11 (²2xx + ²2yy + ²2zz ) + 2C12 (²xx ²yy + ²xx ²zz + ²yy ²zz ) (N a)3
2

(6.14)
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For the sheer stress along the x direction of u = ztanθ, v = 0 and w = 0 for which
1
²xy = tanθ
2
1
(6.15)
σxy = C44 tanθ
2
1
Elastic = C44 tan2 θ(N a)3
8
We can further consider another sheer stress along the y direction so that we totally
have three independent linear equations for Kir , KiΩ , and Kirr . Note that K values
depend on the temperature of the material due to the temperature dependence of
the lattice constant. The dependence however is found to be very weak. The K
values listed in Table 6.3 are obtained for bulk materials at 100 K.

6.4

GaSb QD growth simulated by KMC method

In Paper II we study the growth dynamics of zinc blende GaSb QDs on GaAs
substrate in a horizontal MOCVD reactor. The reactor under investigation operates
at 100 mbar (75 Torr) and a total flow to the reactor of 15 slm [29, 33, 96]. The
growth temperature Ts is set to be 400 ∼ 650 ◦ C normally achieved by RF heating of
a graphite susceptor. TEG and TMSb are used as precursors and GaAs as substrate.
The TMSb/TEG ratio (V/III) is fixed at 6. The mole fraction of TEG is 4.33 × 10−5
at the inlet so that the partial pressure of TEG is PTEG = 0.433 Pa. The partial
pressure of TMSb is given by PTMSb = PTEG × V/III.
The orientation of the lattice is defined as x = [11̄0], y = [110], and z = [001]. The
size of the lattice involved in the numerical study in the xy plane is 50d(11̄0) ×30d(110) .
Here d(uvw) is the spacing between (uvw) GaAs lattice planes. Periodic boundary
conditions are applied in the xy plane to avoid possible edge effects. Eight (001)
atomic layers of perfect GaAs lattice are initiated as the substrate which is terminated by As atoms. Lattice mismatch between the epitaxial material and the
substrate is included. The strain field induced by the lattice mismatch between
the growing epitaxial GaSb material and the GaAs substrate is described by the
short-range VFF approach (Paper IV). A schematic representation of atomic rearrangements accompanying all relevant surface reactions is shown in Fig. 6.10.
The local-strain effect to the local adsorption rate is introduced in the following
manner
¶
µ
¶
µ
βEelastic
Ea
n
× α exp −
(6.16)
k 1,3 = AT exp −
RT
RT
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Figure 6.10: Atomic rearrangements accompanying the five surface reactions listed
in Table 6.1. (Reprinted with permission from K. Fu and Y. Fu, Appl. Phys. Lett.
93, 101906 (2008))
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Figure 6.11: (a) Temporal development of RMS as a function of average coverage.
(b) MR development. (Reprinted with permission from K. Fu and Y. Fu, Appl.
Phys. Lett. 93, 101906 (2008))

where Eelastic is the local surface elastic energy calculated by the VFF approach.
Here α = 100.0 and β = 0.0, 0.1, 0.2, and 0.3 are adopted to demonstrate the
growth dynamics. See Eq. (4.9) in Chapter 4.
Figure 6.11(a) shows the variation of the RMS during growth. A maximum roughness (MR) is defined as the vertical height between the highest and lowest bulk atoms
on the surface, which is presented in Fig. 6.11(b). The inflexion in Fig. 6.11(a) at a
surface coverage of ≈ 4 MLs reveals that there exists a growth mode transition. In
the case of β = 0.3, RMS starts to decrease after the coverage reaches 0.7 ML. The
situation happens again when the coverage reaches 2.7 MLs. Although there is no
significant decrease in RMS, RMS stops to increase and is kept almost constant for
a while. This is a typical indication of a 2D growth mode (FV growth) that RMS
turns to decrease for every 2 MLs, which is from the result of Paper I. On the
other hand, the continuing increase of both RMS and MR in the second period of
the growth (coverage > 4 MLs) indicates a 3D growth mode (VW growth). All these
growth phenomena are typical experimental features of the GaSb/GaAs MOCVD
SK growth reported in Ref. [97].
Figure 6.12(a) shows the surface contour at a growth time of t = 6.12 s when β = 0.3
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Figure 6.12: (a) Surface contour at t = 6.12 s. (b) Local surface contour. (c) Local
strain energy distribution. β = 0.3. (Reprinted with permission from K. Fu and Y.
Fu, Appl. Phys. Lett. 93, 101906 (2008))

and where MR=10 MLs. The lowest site on the surface remains at 5 MLs after a few
seconds of growth, which also indicates that the initial growth stage of the GaSb is in
the 2D mode. To see how QDs are formed under the influence of the strain field, we
focus on the highest surface plateau in Fig. 6.12(a) (black arrow) where the surface
morphology and the strain energy distribution are presented in Figs. 6.12(b)(c). The
highest point on the surface has the lowest strain energy, which is the direct result of
Eq. (6.16) where the adsorption rate of radicals depends on the local strain energy.
Radicals prefer to be adsorbed on the sites with low strain energy. The non-uniform
strain distribution over the growth surface results in the 3D growth.
If we set α = 1.0 × 1013 and β = 5.0 in Eq. (6.16) then we can explain how QDs are
grown on GaAs substrate effectively (Paper III).
The 3D growth is then initiated by a seed composed of 81 Ga atoms on the top Sb
layer (layer 10), which assumes two geometric forms, a square and a disk. Dotted
lines in Fig. 6.13(a) shows the 2D square seed whose boundaries are aligned along
[11̄0] and [110] and Fig. 6.13(b) along [100] and [010], respectively.
We first optimize the geometric structure of the GaAs substrate and the GaSb seed
system by minimizing the strain field using the VFF approach. Figures 6.13(a-
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Figure 6.13: Strain energy distribution (a-c) over the depositing surface and the
corresponding local surface contour (d-f) after growth for a while. (Reprinted with
permission from K. Fu and Y. Fu, Appl. Phys. Lett. 94, 181913 (2009))

c) show the strain energy distributions over the depositing surfaces of the three
optimized structures. The positive strain energy all over the surface ensures the rate
decrease with the strain increase in Eq.(6.16). Note the symmetry of the energy maps
about y-axis due to displacements of the Ga atoms along the x axis, which are shown
in Figs. 6.14(a-c). Figure 6.13(a) shows a strip pattern, whereas Figs. 6.13(b)(c)
show that at the centers of the 2D islands the strain energies are maximal. Atoms
in the vicinities of the boundaries displace more freely than those in the central
region, see for example, atom A and B in Fig. 6.14(b), whereas the displacements of
Ga atoms in the three different 2D seeds show a similar general pattern Fig. 6.14(a).
As shown in Figs. 6.14(a-c), the Ga atoms try to expand from the center along
the x axis, while the displacements along the y axis are significantly small. This is
caused by their bondings with the other two underneath Sb atoms in plane (110).
Movement along the y axis ([110]) will twist the lattice structure, thus increase the
strain energy, and therefore is not energy favorable.
The 3D GaSb QD growths from those three initial seeds of Figs. 6.13(a-c) are studied
by the KMC method. As shown in Fig. 6.13(d), the QD turns to be a strip-like form
along the y axis, compatible with the initial energy pattern in Fig. 6.13(a). QDs in
Fig. 6.13(d) and Fig. 6.13(f) are anisotropic. Their lengths along the [110] direction
extend from 15 to 25 Å while their widths along [11̄0] are fixed at about 5 Å. The
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Figure 6.14: The displacements of 81 Ga atoms in GaSb QD from the initial GaAs
crystal lattice frame after optimization. (a) The square whose boundary is along
[11̄0]. (b) The square whose boundary is along [100]. (c) The cycle. (Reprinted
with permission from K. Fu and Y. Fu, Appl. Phys. Lett. 94, 181913 (2009))
thickness of QDs is about 3 MLs. In a very detailed experimental analysis, Jiang
et al suggested that the length of strip-like QDs along [110] is from 60 to 100 nm,
and the one along [11̄0] fix at around 30 nm while layer thickness of GaSb is fixed
at 2.5 ML [98]. These geometric aspects agree very well with our theoretical results.
Note here we did our simulation on the seeds of 40 × 40 Å2 . Due to the limited
computational capacity, we cannot carry on our simulation at the experimental
scale. We can however envisage that such an aspect ratio holds as long as the strain
field is the principal driving force to the QD 3D formation. 2.5 - 3 ML thickness
corresponds to a strain energy relaxation. Because of the large displacements (see
Figs. 6.14), dislocations will be expected near the edge of the 3D nanostructure,
which will change the topology of the lattice structure in order to minimize the
total strain energy, thus leading to a 2D growth mode after the 3D growth.
Figure 6.13(e) shows a quantum ring (QR) of GaSb due to the large strain in the
center, which is remarkably different from the other two cases. The QR formation
was reported and the maximal height between the peak and valley of QR reaches 2
nm which agrees with the experiment results [99]. This also corresponds to about 3
ML thickness of QDs in Figs. 6.13(d)(f).

6.5

Explanation about my code

Input the physical and environmental constants (P , T , χi ) which are pressure, temperature and concentration of species.
Input the list of chemical reactions (including A, n and Ea ) and store in “Store-

74

CHAPTER 6. KINETIC MONTE CARLO METHOD

TypeRate”.
Assign topological positions (ijk) and space positions (xyz) for lattice sites. There
are 50 × 30 atoms in xy plane and totally 100 monolayer in the z direction.
Assign neighbors for each lattice site.
Initiate the substrate. Fill atoms into the monolayers in the basement of the structure. For GaN growth, terminate the surface with NH3 . Set time to zero.
For each lattice site, set the reaction rates if available.
For each simulation step, pick one reaction of certain site and do the event. After
that, update the configuration of the structure.
Next simulation step till end.
Function to do reaction event (including the module Adsorb, Desorb, GaLoop, and
SbLoop)
For each event, n in the event list
Add the rate of event n to totalReactionRate: totalReactionRate +=rn .
Next n.
Pick a random number, ξ1 ∈ (0, 1).
Update the simulation clock: t+ = dt = −ln(ξ1 )/totalReactionRate
Pick another random number, ξ2 ∈ (0, 1).
Find the event N if

N
−1
X
n=0

rn /totalReactionRate ≤ ξ2 <

N
X

rn /totalReactionRate

n=0

Record the reaction J and the site I, which correspond to event N .
If reaction J is MMG deposition at site I then AdsorbM M Ga(I).
Else if reaction J is NH3 deposition at site I then AdsorbN H3(I).
Else if reaction J is decomposition of NH3 at site I then DecomposeN Hx(I)
Else if reaction J is H etching at site I then AbstractH(I)
Else if reaction J is desorption of CH3 at site I then DesorbCH3(I)
Else if reaction J is desorption of NH3 at site I then DesorbN H3(I)
Else if reaction J is desorption of MMG at site I then DesorbM M Ga(I)
Else if reaction J is final deposition of GaN at site I then Loop(I).
For each lattice site, s, that was modified by the reaction at site I, remove all events
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for site I from the event list. Specifically if we add VFF module which could help
us calculate the local strain energy and optimize the configurations of the local
structure, the first neighbors or the second nearest neighbors of the site I will be
reorganized for their space positions.
Add all the reaction at site s into the event list
Next s
End functions to do reaction event.
Functions to judge types of reactions j available at site i.
If reaction j occur at site i, then
If reaction j is about MMG deposition at site i then:
if site i is filled with nitrogen, and at one of the three directions above there is an
empty site for MMG (there are three Ga atoms above connected with nitrogen).
Meanwhile at this direction the bond of the nitrogen is broken (not terminated by
H or other atoms), then Return(yes). Else Return(no).
Else if reaction j is NH3 deposition at site i then
if site i is filled with Ga, and above is an empty site for NH3 . Meanwhile at this
direction the bond of Ga is broken (not terminated by CH3 or other atoms), then
Return(yes). Else Return(no).
Else if reaction j is decomposition of NH3 or about H etching at site i then
if at least at one of the three directions above, the site i (filled with nitrogen) is
connected with H atom, then Return(yes). Else Return(no).
Else if reaction j is desorption of CH3 at site i then
if site i is filled with Ga, and above is a radical CH3 , then Return(yes). Else
Return(no).
Else if reaction j is desorption of NH3 at site i then
if site i is filled with NH3 , then Return(yes). Else Return(no).
Else if reaction j is desorption of MMG at site i then
if site i is filled with MMG, then Return(yes). Else Return(no).
Else if reaction j is about final deposition of GaN at site i then
if only at site i, the “hexagon” of GaN has a broken bond, which means other five
bonds are all connected, then Return(yes). Else Return(no).
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End functions to judge types of reactions.
Function AdsorbMMGa(I)
change site I from a radical to a Ga atom and meanwhile fill the lattice sites above
with CH3 and fill the other two empty neighbors with radicals.
End function
Function AdsorbNH3(I)
change site I from a radical to a N atom and meanwhile fill the three lattice sites
above with H atoms.
End function
Function DecomposeNHx(I)
For site I remove one of the neighbors which should be occupied by H atom.
End function
Function DesorbCH3(I)
remove CH3 at site I
End function
Function DesorbNH3(I)
remove N atom at site I and meanwhile remove the three H atoms above.
End function
Function DesorbMMGa(I)
remove Ga atom at site I and meanwhile remove CH3 above and the radicals at the
other two neighbors.
End function
Function Loop(I)
First find out the broken bond at site I and make it a bond. Then make all the atoms
in the hexagon be the crystal atoms which are totally different from the adsorbed
atoms.
End function

Chapter 7
Comments on included papers
• Paper 1: Kinetic Monte Carlo study of MOCVD growth dynamics of GaN thin
film at microscopic level
In this work, by combining the CFD and KMC methods, we present a multiscale modeling of fluid dynamics, thermodynamics, and MD to study the
chemical and physical growth process of GaN in a standard MOCVD reactor,
which shows a general agreement with experimental results. The dynamic
evolution of the epitaxial growth is studied using the basic framework of the
KMC method of Battaile. And the CFD simulation is based on the multiphysics solver CFD-ACE+. The theoretical model thus provides us with a
fundamental guideline for optimizing GaN MOCVD growth at the microscopic
level. It has been found that at a high temperature of Ts ≥ 1073 K, the homoepitaxial film grows in a 2D step mode. At the optimized temperature of
Ts = 1373 K, the film growth has a fast growth rate with a relatively low
nuclear density. The quality of the film is expected to be best at this growth
temperature, which agrees well with the experimental discoveries.
• Paper 2: Kinetic Monte Carlo study of metal organic chemical vapour deposition growth mechanism of GaSb quantum dots
In this paper, the growth dynamics of self-assembled GaSb QDs on GaAs substrate in the strain-induced SK mode was investigated using KMC method.
The strain field induced by the lattice mismatch between the growing epitaxial
GaSb material and the GaAs substrate is described by the short-range VFF
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approach. The strain was shown to be directly responsible for the QD formation and the transition of growth mode from 2D to 3D. The statistics of the
spatial separations between adjacent atomic layers along the z axis shows that
the strain energy along the z axis is partially released during the growth.
• Paper 3: Growth dynamics of GaSb quantum dots in strain-induced StranskiKrastanov mode
In this work, we studied the growth dynamics of GaSb QDs on GaAs substrate
by advanced quantum mechanics. The strain-aided formation of QDs in the
SK mode has been clearly revealed: Without taking into account the strain
field the growth of GaSb material on GaAs is in the 2D layer-by-layer mode.
The strain induced by the lattice mismatch between the epitaxial material
and the substrate is directly responsible for the QD formation which is energy
favourable.
• Paper 4: Strain-induced Stranski-Krastanov three-dimensional growth mode of
GaSb quantum dot on GaAs substrate
In this work, the growth dynamics of self-assembled GaSb QDs on GaAs substrate was investigated using KMC method. The strain induced by the lattice
mismatch between the epitaxial material and the substrate was shown to be
directly responsible for the three dimensional QD formation. I have studied
the relationship between the local strain energy and local displacement for the
atoms in the QD. Different geometries of the initial seeds on the surface which
are equally favorable from an energy point of view can result in different GaSb
nanostructures (nanostrips and nanoring).
• Paper 5: Strain effect in determining the geometric shape of self-assembled
quantum dot
The geometric shape of a self-assembled QD formed by the strain-induced
SK mode has been studied as a function of strain energy by the short-range
VFF approach. It has been shown by dynamic bond relaxation through strain
energy minimization that for the most commonly used InAs QD in GaAs and
InP matrices and Ge QD in Si matrix, a pyramidal shape is energy favoured
over an hemispherical shape when the QD is not capped due to the lattice
relaxation at the QD surface. When the QD becomes totally embedded in
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the background material, the elastic strain energy of a hemispherical InAs QD
is minimal. The results agree with experimental observations. We further
studied the coupling of strain fields of QDs in adjacent QD layers which shows
that QDs in multiply stacked QD layers can be aligned along the layer growth
direction in order to minimize the strain energy.
• Paper 6: Kinetic Monte Carlo study of stacked GaSb quantum dot MOCVD
growth
Strain-induced self assembly of stacking GaSb QDs in GaAs matrix by MOCVD
method has been studied by KMC method coupled with lattice-mismatch induced strain. Our study shows that on the surface of a GaAs substrate already
embedded with a buried GaSb QD, the growth of the top GaSb QD is largely
determined by the strain field distribution on the growth surface due to the
buried GaSb QD. When the distance from the buried GaSb QD to the growth
surface is small, the modulation in the strain energy distribution on the growth
surface is large, resulting in a 3D GaSb QD growth mode with a fast growth
rate and a large aspect ratio. When the distance is large, the surface growth
starts with a 2D layer-by-layer mode with a slow growth rate and a low aspect
ratio.
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