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Ballistic deposition model is a simple computational model described the growth
of thin film with void defect. To make it more realistic, a surface diffusion process is
added into the model. In this work, different interpretations of this process result in two
different models, a “conventional” model and a “realistic” model. To see the difference
between these models, the film's morphology, interface width and defect density are
studied. Simulation results show that the films from both models have smoother surfaces
with less void defect density when the substrate temperature is increased. However, high
substrate temperature leads to oscillations of the interface width curve in the conventional
model while the curve of the realistic model maintains a power law relation with growth
time. When studying the growth on patterned substrates, the realistic model was used.
Two types of substrate, a flat substrate and a periodic patterned substrate, were studied.
Persistence probability is a quantity that provides information on how much the pattern of
the substrate is kept after the growth process is complete. Here, we found that the
persistence probabilities of the films grown on both substrates decrease with the growth
time. If the time is fixed, the substrate temperature plays an important role in controlling
the film's pattern.. We found that there is only a narrow. window of temperature that the
film can maintain its original pattern longest. Also, we found that if the flat part of the

substrate is larger, the original pattern of the film can survive longer.

Department of Physics Student’s signature .} wa oy B iR

Field of study Physics Advisor’s signature .. f ‘{" . %Jf A

Academic year 2007



vi

Acknowledgements

After a long time, my thesis is finally completed. Here, I would like to express
my sincere gratitude to Asst. Prof. Dr. Patcha Chatraphorn for a chance to work in this
field. Thanks for all her suggestions and encouragement for creating the best work. I
would like to thank Asst. Prof. Dr. Sojiphong Chatraphorn for the facilities on high
efficiency computer and a well organized work station. His prompt response to any
problems in the station is highly appreciated. Furthermore, I would like to thank Asst.
Prof. Dr. Nattakorn Tubthong for his suggestion on programming. He always frees to
answer all questions regarding my program and also to debug my complicated code. I
would like to thank Asst. Prof. Dr. Sukkaneste Tungasmita for his idea about the
surface diffusion process that allows all surface particles to diffuse at a time. This idea
not only increases the thickness of my thesis, it also makes my work even more
worthwhile.

I would like to thank Assoc. Prof. Dr. Mayuree Natenapit, Asst. Prof. Dr.
Nakorn Pisarngittisakul, and Dr. Chatchat Srinitiwarawong for the time from their
busy schedules to be my thesis committee. Their comments on this thesis are also
greatly appreciated.

Thanks to Sitthidate Nanure for his advice on data structure and algorithm. They
helped me save a lot of simulation time and also make the idea of Dr. Sukkaneste
comes true. Thanks to all the staffs at my research unit and all my friends for every
comment and idea. These make my work more complete.

Thanks to all my family’s members who always provide me money, love, and
encouragement to reach my goal. Without them, it is very difficult for me to be on this
day. Thanks to everyone who have walked into my life. All experiences I have gained
challenge me to meet a new one. Finally, thanks to you the reader who has picked my
thesis. I hope that my work can meet your requirement.

This thesis is partially supported by the Office of Commission for Higher
Education-CU Graduate Thesis Grant, Graduate School, Chulalongkorn University.



Table of Contents

Page
ADSIIact (Thal) ..oveeiii i e v
Abstract (English) ......ooiiiii e \Y
ACKNOWIEAZEMENLS ..ottt vi
Table Of CONLENLS  ....ouenttt ittt e e e eaeeee s vii
List Of TabIEs  .o.viieeein i e e e e viil
List Of FIgUIES .oooneii et e e e e ix
Chapter

I INErOdUCHION . .eiii it ot ettt e et e et e 1
2 Theoretical ASPECES . .ii.ttiit ittt e e 3
2.1 BDmodel oo e 3

2.2 BD model with surface diffusion ... 5

2.3 QuantitieS OF INLEIEST ...ttt ittt 7
2.3.1  MOrpholOoZY ....iiiiit it e 7

2.3.2 Interface width ... ... oo 7

2.3.3  Defect densSity . o...oiiiiiiiii e 11

2.3.4 Persistence probability ..........o.oociii 11

3 Results and DISCUSSIONS  .....uuiiittit ettt e 13
3.1 BD model: Flat substrates ...........ci i 13
3.1.1 Original model .......cooeiiiiiiiiiii i 13
3.1.2.-BD model with surface diffusion ........co.coeveeiiiiiiiiii. 22

3.2 BD model: Patterned Substrates ...........oiiii i 35
321 Flat PALEIN  .ouuueeieieine et e vaet e aaereene e sttt eae e aeirene e snaenaeen 36

3.2.2  PeriodiC Pattern | .o i i et et et et e e e e e e 42

3.2.2.1 Morphologies ....ccccevuuiiiniiieiiii e 42

3.2.2.2 Persistence probabilities ........cccceeeeeiiiiiieiiinniin... 47

3.2.3 Conventional model vs. Realistic model ............................. 55

O 1) 1 Ted 15 S5 101§ Ot 62
REfErenCes ..o 64



viii

List of Tables

Table Page

2.1 Diffusion rates of surface particle ...............cooiiiiii 6

AONUUINYUINNS )
RN ITNINENAY



X

List of Figures

Figure Page
2.1 A schematic diagram described the rules of the BD model ..................... 4
2.2 Diffusion conditions of the BD model with surface diffusion .................. 8
3.1 The morphology of the BD film ..........c.cooiiiiiiiiiii e, 14
3.2 The surface morphologies of the BD film ...................oooiiiiiiin, 15
3.3 The W-tplotofthe BD film ..., 16
3.4 The W-t plots of the BD film grown on four different substrate sizes ........ 18
3.5 The plot of A(L) versus L* of the BD filMS eeeevvevvunneeeeeiieieeiieeeeeeeend 20
3.6 The D-tplots of the BDfilms ... 21
3.7 Morphologies of the films grown from the conventional and the realistic

model ...... 4 4 FE TEO SRR TR W 23
3.8 The D-T plots of the conventional and the realistic films ......................... 24
3.9 The W-t plots at various substrate temperatures from the conventional and

the realistic model ... 25
3.10 The W-T plots of the conventional and the realistic model ...................... 27
3.11 The W-t plots of the realistic films grown from different growth

e8] 10 L8 0] 1 T O RTPRPRPI 28
3.12 The D-t and the W-t plots of the realistic films grown at two substrate

L 100015 2L (TP 30
3.13 Morphologies of the conventional films (at 7= 650 K) and the realistic films

(at T =500 K) grown on various substrate SiZ€S .........ccccecvvvireeenneennenn. 31
3.14 The W-t plots of the realistic films grown on four different substrate sizes

when the substrate temperature is fixed at 7=550K ... 32
3.15 The plot of A(L) versus L” of the realistic films .................cccecceeeii... 34
3.16 A picture of the film etched to produce a periodic pattern ..................... 35
3.17 The P-t plots at various substrate temperatures of the films grown on the

flat substrate when 4H =1 ... i 37
3.18 Morphologies of the films grown on the flat substrate at two substrate

LS5 100 0] 1110 (N 38



Figure Page
3.19 The P-t plots at various substrate temperatures of the films grown on the

flat substrate when AH =3 ... .o i e 40
3.20 The P-T plots of the films grown on the flat substrate when 4H = 1 and

AH = 3 e 41
3.21 A schematic diagram showing a periodic patterned substrate ................. 42
3.22 A morphology of the film grown on the periodic patterned substrate ........ 43
3.23 A copied photo showing the SEM image of the Ru film ....................... 45
3.24 Morphologies of the films grown on the periodic patterned substrate at

various Substrate teMPETAtUTES ......ceuueeeneieniaeeneeeteenneeaneennenneenness 46
3.25 The P-t plots at various substrate temperatures of the films grown on the

periodic patterned SuUbSIrate ......oi.eoiiiiiiiiiiiiii e eeeeeieeeeeee 48
3.26 The P-T plots of the films grown on the flat and the periodic patterned

substrate .....o.... 0. R A LB TR N 50
3.27 The P-t plots at 7= 850 K of the films grown on two periodic patterned

substrates when Wy = W is fixed but Hgis varied .........ccoovveiiivnnnnnn... 51
3.28 The P-t plots at T = 850 K of the films grown on two periodic patterned

substrates when Hp is fixed but W= Wgisvaried ...........coooooviiiiiiinn... 53
3.29 The P-t plotsat 7'= 850 K of the films grown on three periodic patterned

substrates when Hp is fixed but Wg and Wg are varied ............cccoovneene. .. 54
3.30 The P-t plots at various substrate temperatures of the conventional films

grown on the flat substrate when AH =1 ... i, 56
3.31 The P-T plots of the conventional and the realistic films grown on the flat

substrate when AH =3 . L. L 57
3.32 The P-t plots at various substrate temperatures of the conventional films

grown on the periodic patterned substrate when AH =3 ....................... 59
3.33 Surface morphologies of the conventional and the realistic film grown on

the periodic patterned substrate at different growth time ....................... 60



Chapter 1

Introduction

Ballistic deposition (BD) model is a numerical model created by Vold in 1959
for the formation of sedimentary rocks [1]. In 1966, Sutherland modified the model to
make it more complete [2]. Since then, this model has become a well-known model
widely used in many other simulations such as the growth of porous media [3-5], the
adhesion of red blood cells on a collector [6], and the evolution of thin films with void
defect [7-10]. The only process simulated in this model is the deposition process.
Although the conditions designed for the BD model are quite simple, they are enough
to describe very low temperature vapor deposition thin film growth systems
effectively. This was confirmed from experimental films that yield similar results with
the BD films [11-15]. For this reason, the BD model is usually selected to be a based
model for studying many additional factors [16-19], including the substrate
temperature [20-21]. In experiments, the substrate temperature is increased to reduce
the void defect and to smooth the film surface [22-23]. However, physical processes
actually occurred on the film during growth are still not completely understood. To
study this, in 1994, Das Sarma et al. [20] added a surface diffusion process into the
BD model. In the surface diffusion process, surface particles can diffuse continuously
on the film with the diffusion rate that depends on the substrate temperature and the
coordination number of the diffusing particles. By using this modified model, they
found that [20] the change of simulated films agrees well with that of the
experimental films.

Nowadays, the growth on patterned substrates plays an: important role in
creating many atomic scale devices, e.g. quantum dots [24-27], quantum wires [28-
31], devices for Micro-Electro-Mechanical Systems (MEMS) [32-35] and resonators
of organic semiconductor lasers [36-39]. The crucial factor for these innovations is
that the film should maintain its original structure throughout the growth process.
However, this is quite difficult if the suitable conditions for the growth are not known.
To understand this, computational models have been used [40, 41]. Initially, most
research works concentrated on the effect of substrate temperature. Solid-on-solid

models, which are models that do not allow overhang, void defect and desorption,



were used [40-41] for this problem. Nevertheless, both the overhang and the void
defect are unavoidable problems in the growth at low temperature. They were
expected to have a large impact in maintaining the film’s pattern especially when the
film is grown on a patterned substrate. In this work, the ballistic deposition model
with surface diffusion was selected to study the growth of films on substrates with
predetermined structures. Flat structure and periodic structure were studied. The
film’s morphology and persistence probability were considered in order to see how
much the film can keep its original pattern at a specific time.

While using the model of Das Sarma et al. [20], it was found that the number
of particles that is allowed to diffuse when the diffusion time arrives has not yet been
specified. Therefore, two different interpretations of the surface diffusion process
were proposed here. The first interpretation is a “conventional” model [20-21, 42-47]
which allows only one surface particle to diffuse at a time, and the second
interpretation is a “realistic” model that allows diffusion of all surface particles. To
see how much this difference affects the growing film, their simulated results were
characterized. Morphology, interface width and defect density were the quantities of
interest.

This thesis is organized as follows. Chapter 2 provides background knowledge
and related theory about thin film growth simulation and its characterization
techniques. Results from our simulations together with the discussions are shown in
Chapter 3. Although the different interpretation of the surface diffusion process is not
the main goal of our study, its effect is also explored in both the growth on flat
substrates and the growth on periodic patterned substrates. In Chapter 4, which is the

final chapter of this work, the whole thesis will be concluded.



Chapter 2
Theoretical Aspects

In vapor deposition thin film growth, there are three principal processes that
occurred during the growth [48]. The first process is the deposition process. In this
process, a particle from a source is thermally evaporated and randomly moves to
create a film on the substrate. If the deposited particle has energy that is high enough
to break the bond(s) it has formed with its nearest-neighbor particle(s), it can travel on
the film surface. This “traveling™ is called the surface diffusion process. In the case
that the energy of the deposited particle is very high, the particles can be evaporated
from the film. It is called the desorption process. Since the type of particles in each
system is fixed throughout the growth, the associated parameters (e.g. the size of
particles and their binding energy) controlling the system energy are constant except
the system temperature [48]. In practice, this temperature is usually convected to the
film via the substrate. This means that adjusting the substrate temperature leads to
varying of the energy of the system [48]. Typically, this temperature is limited within
the range that the rate of the desorption process is very small in order to maintain the
film particles on the substrate. Thus, there are only two significant processes left: the
deposition process and the surface diffusion process. In order to understand these
processes, the BD model with surface diffusion is used in this work. In this chapter,
the original BD model will be introduced first. Then the surface diffusion process is
added to the original model. After that, the characterization techniques for the films

created from these models will be discussed.

2.1 BD model

The BD model [1-2, 8] is an epitaxy model that describes vapor deposition of low
temperature particles. These particles are assumed to be unit square lattices as shown
in figure 2.1. In this model, a particle is released from a source located over the
substrate at a randomly chosen column. The newly released particle drops vertically
along the trajectory until it reaches the film. The particle is incorporated as a part of

the film when it either reaches the top of the film surface (as atom A in figure 2.1) or
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Figure 2.1: A schematic diagram described the rules of the BD model



comes into contact with a side of a nearest-neighbor column (as atom B in figure 2.1).
After the incorporation, the next particle is then dropped. The latter incorporation
condition, sticking to the side of an existing column, can cause vacancies, also known
as void defect, in the growing film.

In programming, a periodic boundary condition is used to eliminate the edge
effect. Also, it should be mentioned here that the period of a random generator used in
the simulation must be large enough for the growth of each film. If the period of a
random generator is not long enough, it will cause the growth in anomaly mode [49-
50]. In order to prevent this problem, we use ran2 [51] as the random generator in our

work.

2.2 BD Model with surface diffusion

When a surface diffusion process is added in to the model, the deposited particles are
allowed to diffuse continuously on the film surface. Diffusion rate of each particle is

calculated by the Arrhenius expression [20-21, 42],

R=Ryexpl-Ep [kp T), (1)

where Ry = dkgT/h is the characteristic vibrational frequency, d is the dimension of the
substrate (d = 1 in this work), kz is the Boltzmann constant, 7 is the substrate
temperature and £ is the Plank constant. E, = Ey + nkE is the activation energy that
depends on the coordination number n of the diffusing particle. Ey is the ground state
energy and Ej is the binding energy per bond of the particle. In this work, these two
energies are constant. They are set to be Ey) =1.0 eV and E, = 0.3 eV [20-21, 48],
which are the energy of silicon (Si) [20-21, 48]. From equation (1) we can see that the
diffusion rate R depends on the substrate temperature 7" and the coordination number
n. Table 2.1 shows the values of R for various 7 and n. It is clear from table 2.1 that if
T is fixed, as it is in each simulation, R decreases quickly when n increases. For the
same value of n, when T increases, R also increases. If the diffusion rate R is high
enough, the surface particle can break its initial bond(s) and move to an unoccupied
site nearby where it can form at least one bond. Since a desorption (evaporation)

process is forbidden in this model, surface particles that may cause disconnection of a



Table 2.1: Diffusion rates of the surface particle which is a function of the nearest

neighbor interaction and the temperature of the substrate

T (K) Ri-1(s") R,-2(s™") Ru-3(s™")
500 8.20 x 10" 7.6 x 10™* 7.34 % 107
550 14.0 2.50 x 107 4.45 x 107
600 1.50 x 10 4.54 % 10" 1.37x 107
650 1.13 x 10° 5.32 2.51 x 107
700 6.37 x 10° 44.0 3.05 x 10™
750 2.87 x 10 2.77 x 10 2.67
800 1.08 x 10° 1.39 x 10° 17.9




particle or a group of particles from the film are considered immobile. Particles with n
= 4 are also not allowed to diffuse as they are not on the surface of the film. Examples
of these stationary particles are illustrated in figure 2.2.

In the diffusion process, the “conventional” model [20-21, 42-47] allows only
one particle to diffuse on the film at a time. That particle is selected by random from a
group of particles having the highest diffusion rate (i.e. the particles with the smallest
number of bonds). On the other hand, we propose a more “realistic” model that allows
diffusion of all eligible particles. When these particles with the highest R diffuse, the
growth time is hold until the last particle in this group completes its diffusion. To see
how much this difference in the diffusion procedure affects the growing film, the

simulated films from these models were characterized.

2.3 Quantities of interest

In order to understand the microscopic processes of the growing film in detail,
morphology, interface width, defect density, and persistence probability are quantities

that we analyzed.

2.3.1 Morphology

In general, the film morphology is the first quantity that is usually observed.
For films that are grown under the solid-on-solid conditions, the morphology is only
the surface of the film. It is the contour that links the highest particles in each column
of the film on the substrate. However, for the BD films, the area under the surface
should also be investigated. This is because the distribution of voids in the film
sometimes gives some useful information. So, the morphology of these films with

voids is the plot of all occupied sites on the substrate.

2.3.2 Interface width

To study how the morphology of the growing film changes in time, a
statistical quantity is employed. It is the time evolution of the surface roughness or the
interface width [48] of the film. Its definition is the root mean square height

fluctuation of the film surface:



Figure 2.2: The light color blocks represent stationary particles while the dark color
blocks are all eligible to diffuse. The arrows on each labeled dark block point to

positions where the particle can diffuse to.



W)= [t~ P) )

L

where H(x,t) is the height of column x at time 7, and the rectangular brackets <...>
represent the average over the substrate of size L. The interface width increases with

the growth time (¢) with a power law relation [48]
W(L)~iP . 3)

Here f is the growth exponent indicating how fast the roughness increases in time.
Typically, for the growth on small substrates, the correlation between the film’s
surfaces of neighboring columns can lead to the saturation of the interface roughness.
The saturated value of the interface roughness is sometimes called saturation width. It
is abbreviated as W,,. When plotting W-r curves of many systems with various L

together on the same axes, it is found that W,,, depends on L through [48]

W (L)~ L%. “4)

sat

o is the roughness exponent characterizing the roughness of the saturated interface.
Moreover, it is found that the crossover time (t.), which is the time that the width

changes from the growth region to the saturation region, also depends on L via [48]

t ~1I%. @)

X

7 is the dynamic exponent identifying the saturation time of the growing film. The

combination of these three relations yields [48]

(6)

7=

“.
B

This linear equation shows that when any two of the exponents are known, the third

can automatically be calculated. This means that only two exponents are enough to
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predict the growth behavior of the film. Since equation (6) is derived from
information at the critical point or the point that seemingly independent parameters ¢
and L are linked to each other (the saturation time in this case), the exponents a, S and
z are called critical exponents [48]. One advantage of these exponents is that they are
used to identify the universality class of the model [48].

For models that have the same set of critical exponents, they are grouped to be
in the same universality class [48]. This means that all the models that are in the same
universality class generate films with the same growth behavior [48]. For example,
the BD model which is a discrete model that describes the growth of porous thin films
has the exponents a = 1/2 and f = 1/3 [48]. Also, an Eden model which is another
discrete model that describes the growth of bacterial colonies has the same values of a
and f [48]. Therefore, both the BD model and the Eden model are in the same
universality class. Since this universality class is predicted by the Kardar Parisi and
Zhang (KPZ) theory, it is named the KPZ universality class [48, 52].

In 1985, Family and Vicsek observed that the shapes of W-t curves are very
similar for every scale of observation (for every L in this case). By employing the
scaling-invariance property [48], all the curves are rescaled. Here, W of each curve is

divided by L* and ¢ of the same curve is divided by L**

. When plotting rescaled
curves together on the same axes (the axes of (W/L”) and (t/L“/ﬁ)), it is found that
adjusting values of @ and f can overlap the curves to be on the same track. This brings

about the dynamic scaling relation [48, 53]

t
W(L1t)~ Laf[La/ﬂ J (7)

when f(y) is the scaling function. (f(y) ~ yﬂ for y << 1 and f(y) = constant for y >> 1.)
This relation is widely used in predicting the time evolution of the film roughness.

In many BD simulations, it has been shown that the value of f is often less
than the theoretical value of the KPZ universality class when L is small [54-55]. This
is due to the strong finite-size effect in the model [55]. However, when L increases,
the value of f is closed to the theoretical value. In order to obtain the asymptotic value
of B (), f versus L are plotted and the curve is extrapolated to L — co. Because the

curve from this plot is non-linear, in 2001 Aardo Reis proposed a scaling relation [54]
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B(L)= B + AL, (8)

when A is a constant and / is the correction to scaling in equation (7). The value of 4
can be adjusted to a suitable value; hence, the curve will be close to linear. Here, the
[-intercept shows f.. This method is also used here and more discussion on this will

be presented in Chapter 3.

2.3.3 Defect density

Since the number of void defect plays an important role in characterizing the
BD model, the defect density is another quantity that should be investigated in this

work. It is the ratio of number of unoccupied sites to the total sites of the film [20],

number of unoccupied sites

defect density = -
4 y number of total sites

€))

The interesting information is how the defect density changes with the growth time

and the substrate temperature.

2.3.4 Persistence probability

For the growth on patterned substrates, it is important to know how much the
pattern of the film can persist at a specific time. This can also be observed from the
film’s morphology. However, different observers may have different opinions about
the film’s pattern or even the same observer also has different idea if the decision
takes place at different time. This problem can be solved if a statistical quantity is
used instead of personal judgment. In 1997, Kallabis and Wolf proposed a probability
that shows the fraction of the film’s pattern that propagates through time ¢. It is called

persistence probability and is defined as [56]

t
P(t) = <s1;[1 5H(x,s),H(x,0)+s >L ’ 10)
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where H(x,s) is the height of the growing interface at the column x at time s, ¢ is the
Kronecker delta function (d;; = 1 when i = j and 0 otherwise), II is a production over
time s where s starts from the first layer (s = 1 ML) to the time ¢, and the angular
brackets <...>;, shows the average over the whole substrate of site L.

By definition, the persistence probability of the film can be maintained only
when the film surface can keep its original pattern perfectly at all-time. This is too
strict because it is found that, sometimes, although the persistence probability of the
film is totally eliminated, the overall outline of the initial pattern can still be seen. In
experiments, it is quite impossible to create a device with the ideal pattern. Many
works allow some “‘error’” within the film. Therefore, in 2005, Piankoranee proposed a

modified definition of the persistence probability [57]. It is

15
P, ()= < H 7y (s)> : (10)
s=1 L

where
1 if [H(x,0)+s]—AHSH(x,s)S[H(x,0)+s]+AH

Fap ()=
0 otherwise.

Although the formula looks more complicated, the physical meaning of this modified
probability is mostly the same as the original definition. The only difference between
these equations is at the term 4H which is the accepted error. By definition, if the film
height oscillates within this accepted range, the persistence probability of the film is
not affected. So, a suitable value of AH will make the persistence probability of the
film fits well with the film’s morphology.

Note here-that every -quantity mentioned- in this section, section 2.3, is
ensemble averaged. In the next chapter, all results are averaged at 100 rounds of

simulation.



Chapter 3

Results and Discussions

The presentation in this chapter is grouped into two main sections. The first
section concentrates on results of films that are grown on flat substrates while the

second section concentrates on results of films that are grown on patterned substrates.

3.1 BD Model: Flat substrates

In this first section, films generated from the original BD model and the BD model
with surface diffusion are studied. The main goal here is to investigate the model in
details and to see how various factors, such as the temperature, affect the grown films.

The two interpretations of surface diffusion are also compared in this section.

3.1.1 Original model

The film generated from the original BD model in this work contains a lot of
voids that are distributed uniformly inside the film. The morphology of our original
BD film is shown in figure 3.1. The time evolution of the interface roughness can also
be seen in figure 3.1—different shades indicate different time instant which is shown
in 12 MLs time interval. Note here that a unit of time is monolayer (ML) which is
defined as an interval that L particles are deposited on the one-dimensional substrate
of size L. In order to see the evolution of the surface morphologies more clearly, we
also show just the surfaces of this film at each time instant in figure 3.2.

The interface width of the BD films was plotted as a function of the growth
time in figure 3.3. From the graph; the curve can be separated into three main regions
according to the slopes. In the first region (r < 0.2 ML), the growth exponent £ is
approximately 0.50 which is in agreement with the value of f of a discrete model
without surface diffusion that allows no void (the random deposition model [48, 58]).
This is understandable because during this early time, the height of the growing film
is still very low so there is less chance for overhanging to occur. Hence, the film is
still more or less solid, in which there is no void. This explains why the growth

exponent in this region is consistent with that of the random deposition model. In the
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second region (10 <7 <500 MLs), the value of f falls to approximately 0.26 which is
the value of g for the original BD model [54-55]. This is the region when the void
defect is produced. In the last region (# > 3000 MLs), £ drops to approximately zero.
The roughness of the film becomes stable. This is a result of the expansion of the
inter-column correlation of the film [48]. When a branch of the film which is grown
from the same “root” spreads globally until it covers the entire film surface, the
interface roughness of the film saturates. This is why this region is called the
saturation region. The connection between each couple of regions, as known as the
crossover region, is the region where the growth behavior of the film changes from
one type to another [48]. In figure 3.3, there are two crossover regions. The first one is
the change from the solid film to the film with voids while another is the change when
the surface roughness of the film becomes saturated.

In figure 3.4, W-t curves from systems of various substrate sizes are shown on
the same plot. If we take a look at figure 3.4, we see that the crossover time that the
width becomes saturated depends on the size of the substrate (L). When L is small, the
expansion of the branch of the film can cover the whole film surface very quickly.
The saturation region can occur very fast; therefore, the saturation width is small. This
can be seen from the system with L = 100 sites in figure 3.4. If L is increased, the
branch of the film takes longer time to cover the whole film. The saturation region is
shifted farther. As a result, the saturation width is larger. In case that L goes to
infinity, the saturation region is shifted unlimited and we can no longer see it, as
shown in figure 3.4 for L = 100,000 sites.

Data collapse according to relation (7) mentioned in Chapter 2 is attempted. It
is found that the interface width from systems with various L in figure 3.4 can be
collapsed onto one line by setting the exponents to a = 0.42 and f = 0.30. The result is
shown in the inset of the figure 3.4. These exponents which belong to the Kardar,
Parisi and Zhang (KPZ) universality class are in agreement with those of the previous
works [48, 52].

When investigating the slopes of the graphs in the region that > 10 MLs, we
can see that the size of the substrate directly affects the value of f of the model. This
is because the smaller the values of L, the faster the crossover begins. Since the
bending of the curve at the crossover region decreases the slope of the curve, f
becomes smaller. Figure 3.4 shows that, at L = 100 sites, £ is approximately 0.25
which is far below the theoretical value of f = 1/3 [48, 52]; in contrast, S from the
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system with L = 100,000 sites represents the same value as the theory. These are also
in agreement with previous works [48, 52]. In order to estimate the asymptotic value
of 5, we plot S from various L as a function of L™ as discussed in Chapter 2. When 4 is
adjusted to be between 0.26 and 0.30, the curve is almost linear. This can be seen
from the value of 7* which is a parameter used to determine how straight the curve is.
(If ¥ = 1, the curve is perfectly straight.) Here, the extrapolated value of (8. in
relation (8) in Chapter 2) is closely the same as the theoretical value. This result is
similar to the result of Aardao Reis [54]. Figure 3.5 shows the best of our extrapolation
using 4 = 0.28. The asymptotic value of the growth exponent from figure 3.5 is S, =
0.33.

Another quantity that will be discussed is the void defect density. In figure 3.6,
the defect density is plotted as a function of the growth time. The results are from 2
systems: L = 900 sites (main plot) and L = 100 sites (inset). The results in figure 3.6
show that the defect density increases rapidly with respect to the growth time in the
range from 7 = 0.2 ML to = 20 MLs. This is in agreement with the change in the W-¢
curve (in figure 3.3) from the RD slope to the BD slope. When the time continues
longer, the D-t curves saturate at D(¢) = 0.54 for both systems. This means that the
film contains approximately 54% of voids inside. This can be seen in figure 3.1 that
the film thickness at r = 48 MLs is approximately 100 layers when it should be only
48 layers if the film is grown in the solid-on-solid mode. Previous results [20, 59]
show similar behavior. Since the size of the substrate affects the W-¢ plots, we check
to see if it also influences the D-t curves. From systems with L = 100 sites and L =
900 sites in figure 3.6, we do not see any difference. In fact, if we plot the two
systems on the same graph, the curves are exactly the same. So, it seems that the

substrate size does not have any effect on the behavior of the defect density.
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3.1.2 BD model with surface diffusion

Up to this point, we have gained some understanding in the original BD
model. Next, we will study the BD model with the surface diffusion process added.
As mentioned in Chapter 2, the different interpretation of this surface diffusion
process creates two different models which are the conventional model and the
realistic model. In this section, their results will be discussed together in order to show
the difference between these models. Interested quantities are still similar to those in
the previous section: morphology, defect density and interface width.

The simulations from both models show that increasing the substrate
temperature leads to the decrease of the void defect density. In figure 3.7, we show
our simulated films’ morphologies from both models after 50 MLs deposition. It is
clear that the “thickness™ of films simulated at low temperature is still the same as in
the case of original BD model because the surface diffusion process has not been
activated when the temperature is too low (7" = 600 K for the conventional model and
T = 500 K for the realistic model in figure 3.7). But when the temperature is
increased, thickness of the films decreases which means the number of voids
decreases as well. Here we can see that when the temperature is high enough (7' > 700
K for the conventional model and 7 > 600 K for the realistic model) the film thickness
is approximately 50 layers which is the number of layers deposited. This behavior is
seen in both models. However, it requires higher temperature for the vacancies in the
conventional film to be filled because the diffusion of only one particle in the
conventional model has much less impact than the diffusion of all surface particles in
the realistic model. For example, at 7 = 600 K, the morphology of the conventional
film still has a lot of voids while the morphology of the realistic film shows very few
voids inside. So when studying the void defect, both models can provide similar
results but at different growth temperatures. This can be confirmed by the overlap plot
of defect density versus temperature when the temperature scale is shifted, as shown
in figure 3.8. Furthermore, it is obvious from figure 3.7 that increasing the substrate
temperature can smooth the film surface. In order to discuss the smoothness/
roughness of the films in detail, the interface widths of both models are plotted versus
time in figure 3.9. It can be seen in figure 3.9 that when the temperature is low, the
curves are quite similar in both models. From the 600 K system of the conventional

model and the 500 K system of the realistic model, we can see that the slope in the
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second region is still the same as that of the original BD model. This is because, at
this level of temperature, the activities on the film are deposition with almost no
diffusion. When the temperature is increased, the interface width decreases along with
the decreasing of the void defect density. If the temperature is high enough (7 > 750
K in this case), the interface width plots of the conventional model show oscillation in
the early time because the diffusing particles have very long surface diffusion length
and the film is grown in layer-by-layer mode. This is in accordance with the
Reflection High Energy Electron Diffraction (RHEED) oscillation pattern seen in
experiments [60-61]. In contrast, the realistic model has not shown any oscillation in
the plots even for very high temperature (up to 7' =900 K). This is likely to be a result
of the diffusion of particles with n = 2 and 3 that always create new voids and prevent
the growth to be layer-by-layer. Hence the interface width for the realistic model
maintains the power law relations with the growth time for all values of substrate
temperature used in our study.

Another interesting point is shown in figure 3.10 which is the plot of the
interface width (at approximately 4 MLs) versus the substrate temperature. It can be
seen that when the temperature is increased, the width decreases in both models.
However, when the temperature is higher than 700 K, the interface roughness of the
realistic films is increased. This is another result arising from the diffusion of particles
with n = 2 and 3. Similar results were reported in the literatures for the simulation
works [43-44] and for the experimental work [62-65]. Since almost all diffusing
particles of the conventional model are particles with n = 1, this phenomena is not
seen in the conventional model. (The curve for the conventional model continues to
decrease and then becomes stable in figure 3.10.)

In order to confirm that the oscillation of W-z curves at high temperature of the
conventional model results from the diffusion of particle with n = 1 only, we checked
by freezing the diffusion of particles with n = 2 and 3 in the realistic model. Figure
3.11 shows the W-t plots of the realistic films when the diffusion conditions are
adjusted. Solid line (—) shows the plot of the system that allows every kind of
particles (particles with n = 1, 2 and 3) to diffuse on the film. Open square (0) shows
the plot of the system that frozen the diffusion of particles with » = 3 while open
circular (©) and open triangular (») plot show the change of systems that do not
allows both particles with n = 2 and particles with n = 3 to diffuse. The results in

figure 3.11 show that when the particles with n = 2 and n = 3 are frozen, the realistic
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curves also oscillate in the same manner as the conventional curves at high
temperature in figure 3.9 (A). If the substrate temperature is increased (from 7 = 850
K to 900 K in this case), the interface roughness plot of the film also decreases similar
to the conventional film. These results support our argument in the previous
paragraph. Moreover, with similar examination, we also found that the diffusion of
particles with n = 3 does not affect the kinetic roughness of the film even in the film
that i1s grown from the realistic model. This can be seen in figure 3.11 that the curve
that allows and does not allow the diffusion of particles with n = 3 to diffuse are lined
in the same track. This supports the hypothesis of Das Sarma and Temborenea in
creating Das Sarma and Temborenea model that the diffusion of particle with n = 3
does not impact the growth of the film [66]. Figure 3.12 shows the time evolution of
the defect densities in comparison with that of the interface widths. In this figure, we
see that the two quantities seem to affect each other in a sense that when the defect
density is increasing rapidly (1 <7< 10 MLs for 7=500 K and 1 <¢<50 MLs for T =
575 K) the W-t curve undergoes a crossover without a well-defined value for 5. When
the defect density becomes stable, the W-f plot shows a power law relation again. It
also seems that this transition region is stretched out over a longer time period in a
system with high substrate temperature.

Another difference in these two models can be found when the temperature of
the systems is fixed, but the substrate size L is varied. Figure 3.13, the film
morphologies of the conventional and the realistic model grown on different L are
compared. In this figure a conventional film with a larger L contains more voids than
the films with a smaller L. This is because larger substrate size means higher
deposition rate since the deposition rate is fixed that L particles are deposited per unit
time in this work. The diffusion rate of only one diffusing particle is, however,
independent of the substrate size. Consequently, ‘effects of diffusion compared with
effects of deposition are reduced for large L. This is in agreement with previous work
[67]. In contrast, from figure 3.13, the realistic model does not show any statistical
variation in the films when L is changed since the competition between the deposition
and the diffusion rate stays the same.

Finally, we also check to see if our results obey the dynamic scaling
hypothesis and the extrapolation relation, in relation (7) and relation (8) mentioned

earlier in Chapter 2. In figure 3.14, the W-¢ plots from simulations at 7 = 550 K with



30

05 7500 K ‘
22 = T575K I
S 04t ]
>
b L 4
2 03F =
“ _
)
~ 02F .
Ef) i ]
Q0 0.1F .
Q L o 4

0.0 - @ G O B QTR ’”"”‘),.v)w N (A) -

A TET] BT TR T T! AT T RSS! B SR |
0.01 0.1 1 10 100 1000
TIME (ML)
=
T
=
=
S
5
=
Z
e (B)
0.01 0.1 1 10 100 1000
TIME (ML)

Figure 3.12: The time evolution of the defect densities (A) and the interface widths

(B) of the realistic films grown on L = 900 sites at two different temperatures



31

REALISTIC MODEL

CONVENTIONAL MODEL
(T=650K) (T=550K)
100
0
~ 100
E A -4
.: e B LRE R
% X f L =900 sites
100
{I iy

Figure 3.13: Morphologies: A section of 300 lattice sites from the conventional model

(at T = 650 K) and the realistic model (at 7" = 500 K) from various substrate sizes

when ¢t = 50 MLs



32

[ o L3800 sites '
= 10F o L400 sites 4
§ - 2 L200 sites ]
o [ v _L-100 sites ]
= i 1
% i T T IIIII| IO T TTTTIT |
= 1F . 1 3
S ¢t a=042 |
~B ) =030 | ]
E o ﬁﬁﬁ IIIIII| | | IIIIII| | L1t -1
& R 0.1 1 10 |
s t/L”?

.1 MR | s ol M W ATT | Ll Ll Ll

0.01 0.1 1 10 100 1000 10000

TIME (ML)

Figure 3.14: The W-f plots of the realistic films grown on four different substrate sizes
when the temperature is fixed at 7 = 550 K INSET: The scaling plots of the same

systems



33

various L are shown. The W-¢ plots of these different system sizes are collapsed onto
one line by adjusting the exponents to a = 0.42 and £ = 0.30, as shown in the inset of
figure 3.14. This confirms that the BD model with a more realistic approach to the
diffusion process still obeys the scaling relation. Moreover, the exponents obtained
are still close to the Kardar-Parisi-Zang (KPZ) universality class just as the original
BD model. Also, when the temperature is increased to 7' = 600 K, the result still yields
a = 0.41 and p = 0.33 which are not significantly different from the values of a and f
at 7 = 550 K. This agrees with the discovery of Yan [59] that the surface diffusion
process does not affect the scaling properties of the BD model. Since the slopes of W-¢
plots in figure 3.14 is also affected from the saturation region as in the case of original
BD model, we also used relation (8) to extrapolate the asymptotic value of £ (f-).
Figure 3.15 shows the plot of f(L) versus L” of the films grown from the realistic
model. Our result shows that when £ is set to be between 0.39 and 0.44, the data plot
is quite linear. Here, S is approached the theoretical f (f = 1/3). This result is the
same for both the systems that fix 7'= 550 K and 7 = 600 K. However, we note that if
the substrate temperature is so high (higher than 700 K in our simulations) that the
voids are not created in the film, the value of f decreases down to f = 0.11-0.18 which
does not belong to the KPZ universality class. This is obvious because the film
contains no void so it is not grown according to the BD model anymore. This result is
the same for both the conventional model and the realistic model, as can be seen from
figure 3.9 (A) and (B). Also, it is in agreement with the results of Tamborenea and

Das Sarma [67].
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3.2 BD model: Patterned substrates

NRC, IME

Figure 3.16: A picture of the film etched to produce a periodic pattern. This picture is

available from http://www.oxfordplasma.de/process/inp_etch.htm[2008, March 3].

In this section, the ballistic deposition model with surface diffusion is used to simulate
films on a patterned substrate. An example of such substrate is shown in figure 3.16.
Since this work concentrate on one dimensional film surface, only the cross-section of
the substrate is used as our substrates. Here, we can see that if the substrate in figure
3.16 is cut, two types of pattern can be created. The first pattern is a flat pattern which
is the cut along the line of the “trail” and the second pattern is a periodic pattern from
the cut across the “trial”. The time evolution of the film structure was observed via the
film’s morphology and the persistence probability. As discussed in Chapter 2, the
modified definition of the persistence probability (equation (10) in Chapter 2) suits
better with the films’ morphologies so we chose this formula to use throughout this
work. To optimized the unnecessary part of the symbol, P(r) was used instead of P,(¢)
because the original definition (equation (9) in Chapter 2) is not used in our work.
Since the accepted error (4H) is adjustable, we start by choosing 4H = 1. From the
previous section, the different interpretation of the surface diffusion process leads to
two different models. However, it is much easier for the discussion in this section if
only one model was used. Therefore, the realistic model is selected. For the sake of
completeness, the conventional model was also studied. Its results are presented in the

last part of this section.
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3.2.1 Flat pattern

Flat patterned substrate, in fact, is the substrate without predetermined
structure. The details of films that are grown on this type of substrate, e.g. the film
morphology, interface width and defect density, have already discussed in the
previous section. In this section, the results of persistence probability will be
presented. Figure 3.17 shows the time evolution of the persistence probability, P(z), at
various substrate temperatures. Here, we can see that, when ¢ increases P(f) decreases
in every temperature systems. This is in agreement with the previous section that the
height of the film surface (as can be seen from the film morphologies in figure 3.7)
deviates from the theoretical value. This is due to the increase of the film roughness.
When considering the results of substrate temperature, we can see that increasing T
increases the value of P(z). However, if T is higher than 800 K, the P(r) value
decreases again. These results can be explained as the following. At low temperature
while the diffusion process has not been activated (T < 500 K), the persistence
probability decreases very quickly because at this temperature there are a lot of voids
buried inside the film and the height of the film becomes higher than the level it
should be. The pattern of the film is damaged rapidly. When the temperature is
increased, number of void defect is reduced and the pattern can survive for a longer
period of time. At 7 = 700 K, the diffusion rate of the surface particles is appropriate
for the vacancies to be filled and for the film surface to be smooth. The pattern of the
film can last longest. If the temperature is increased higher than this (e.g. 7 = 800 K),
the surface particles will diffuse too fast. This provides chances for a diffusing
particle to hop up another surface particle which is already at the upper bound of the
accepted range and.the persistence probability -of -that position becomes zero.
Although with the high diffusion rate, the particle at the top of the surface can usually
come down quickly, by definition, the persistence probability of that position can not
be restored. This is why the P-f curves in this temperature region (7" = 800 K) drop
faster than the curve at 7= 700 K, as seen in figure 3.17.

To confirm the explanation above, the morphologies of films grown at 7'= 700
K and 7 = 800 K are investigated. The results are shown in figure 3.18. From this
figure, the film surface from 7 = 800 K system is practically the same as the system
that 7= 700 K. This supports our argument that the persistence probability of the 800

K system is small because of the diffusing particles move too much and too fast, and
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not because the surface of the film is too rough. In order to double check our
argument, we increased the accepted error from 4H = 1 to 4H = 3. The results are
shown in figure 3.19. The P-t curves of all temperature systems become larger.
Moreover, for system with temperature high enough for the diffusion (7> 700 K), the
value of the persistence probability does not drop too far below the perfect value of
P(t) = 1. To see the difference between these values of AH easier, we plot the
persistence probability (at t = 50 MLs) as a function of substrate temperature in figure
3.20. In this figure, at low T (T < 550 K), there is no difference between the curve that
AH =1 and the curve that AH = 3. This is because the persistence probabilities of both
curves decrease down to zero before r = 50 MLs, as illustrated in figure 3.17 and
figure 3.19. When the temperature is higher than this, the persistence probabilities
decrease slower. So, we can see the difference. Here the P-T curve that A4H = 3 is
higher than the P-T curve that 4H = 1. The reason is when 4H = 3, the diffusion of
particles at the film surface is confined in the accepted range longer than the case that
AH = 1. If we take a look at the peak of the curves, we will see that the peak is shifted
from 7 =700 K to 7' = 800 K when we increase 4H. This can be explained as the
following. The roughness of the film can be grouped into two types [44]. The first one
is the kinetic roughness. It is the roughness that occurs from the random noise in the
deposition process. At low temperature, when the growth time increases, this
roughness is also increased. This is why it is named the kinetic roughness. The second
roughness is the thermal roughness. It is a result of the diffusion process of surface
particles. For example, if a surface particle of the perfectly smooth film hops up onto
its nearest-neighbor particle, the surface height at its pervious position will decrease
while that at its new position will increase. This results in the roughening of the film
surface. Since this process is driven by the temperature of the substrate, this parameter
is used to name this roughness. When the temperature of the substrate is increased
until the surface diffusion process dominates the deposition process, the roughness of
the film will be the thermal roughness. Although the thermal roughness destroys the
film pattern faster than the kinetic roughness when 4H is small (4H = 1 in this case)
because of the dynamic of the film surface, the amplitude of thermal roughness is
smaller than that of the kinetic roughness. Thus, when 4H is increased from AH =1 to
AH = 3, the P-t curve at T = 800 K is decreased slower than that at 7 = 700 K. Since
AH = 3 gives the P-t curve that is more consistent with the film morphologies, we

decided to use 4H = 3 for the rest of this work unless otherwise noted.
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3.2.2 Periodic pattern

For the growth on periodic patterned substrates, all growth conditions are set
to be the same as those of the flat patterned substrates except the structure of the
substrate which is a series of blocks as shown in figure 3.21. Here, we set both the
width of the blocks (Wp) and the width of the grooves (W) at 150 sites and the height
of these blocks (Hp) at 90 sites. The substrate size (L) still is 900 sites. The film

morphology and the persistence probability are quantities of interest in this part.

S

I I
< L >
I I

Figure 3.21: A schematic diagram showing a periodic patterned substrate

3.2.2.1 Morphologies

The morphologies of films grown on periodic patterned substrates are studied
here. Figure 3.22 shows the time evolution of the film grown at 7 = 500 K when the
growth time is paused at 1 = 90 MLs—different shades represent different time
interval which is 30 MLs. From this figure we found that, for the periodic patterned
substrate at very low substrate temperature (7 < 500 K), the original BD rules which
allow overhanging of deposited particles can affect the growing film immediately
after the growth process starts. This is in contrast with the flat substrate growth that
the effect can be seen after approximately 0.2 ML. The reason is if the first particle is
deposited at a position that its side touches the wall of a block on the substrate, it will
stop there and create a large space under it. Newly arrived particles can not go under
this particle and the space can not be filled anymore because the temperature is too
low for particles to diffuse. When the growth time continues longer, more particles
are deposited. The overhanging parts from the blocks expand wider like tree branches
until they cover the grooves. The growing films in the grooves are completely
covered; therefore, they stop growing. As a result, the thickness of films in these

grooves is non-uniform. In figure 3.22, we can see that the thickest part of the film in
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the groove is located at the middle part of the groove because this is the last part that
is covered. After the growing films on the blocks covered the grooves, the films will
be grown as if they are on a flat substrate. Our result agrees well with an experiment
by Karabacak and Lu [68]. In their experiment, Ruthenium (Ru) film is deposited on a
trench structure with the aspect ratio 2:1 (400 nm height and 200 nm width). The
scanning electron microscope (SEM) image of this film is shown in figure 3.23. It can
be seen from figure 3.23 that the experimentally grown film is very similar to the
morphology of our simulated film in figure 3.22. The films on the blocks expand like
the branch of tree, the film thickness in the grooves is non-uniform, and there are
large voids at the groove’s corners. The only difference between these films is that
there is a “side wall” growth in the experimentally grown film in figure 3.23 while
there is no such thing in the simulated film in figure 3.22. This is because the
deposition beam in the experiment makes an angle 6 with the substrate, but the model
used here assumes the beam of depositing particle is normal to the substrate.

In figure 3.24, morphologies of films grown to # = 50 MLs on the periodic
substrate at various substrate temperatures are shown. As we have discussed earlier,
when the temperature is increased, the surface particles can diffuse to fill the voids in
the film. With this diffusion process, the volume of the film is decreased. The
overhanging parts of the films on the blocks are smaller and it takes longer time for
the grooves to be covered. Therefore, the part of the film in these grooves can be
grown longer and the thickness of the film in the grooves is more uniform, as can be
seen in the figure. When T approaches 700 K, almost all the void defect is reduced.
The lateral growth rate decreases. The film’s morphology looks very similar to the
morphology of the substrate. If the temperature is higher than this (7= 850 K in the
figure), the average distance where the diffusing particle can diffuse to (the surface
diffusion length) is increased. The particles located on the top of the blocks can move
down to the grooves and tend to stay here for a long time. The reason is when these
particles (particles with n = 1) reach a site located at a corner between the wall of a
block and the plane of a groove, their bonding number increases to n = 2 and their
diffusion rate decreases. So, they take longer time for the next diffusion to occur and
it provides great opportunities for other diffusing particles to land on top and buries
them. When the time progresses longer, the number of particles that diffuse down to
the grooves becomes larger and the film thickness at the edges of the grooves

becomes larger as well. This is in contrast with the film thickness on the blocks,
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where the particles near the edge of the blocks hop down. So the heights of the film
near the edge of the blocks are less than the expected value. This is why the film’s
pattern is damaged rapidly. These effects are more obvious when 7' = 900 K. If the
temperature is still increased (e.g. at 7 = 1000 K in figure 3.24), the diffusion length
of the diffusing particles is very long (longer than the width of the blocks) and all
particles deposited on the block can diffuse down to the grooves at the instant that
they reached the film surface. When the growth time evolves to approximately half
the height of the substrate (r = 50 MLs for the cases in figure 3.24), the grooves of the
film will be filled completely. The film surface becomes flat. After that the film will
be grown as if it is on the flat substrate.

In conclusion, our results show that at low temperature the pattern is destroyed
quickly from the void defect. On the other hand, at high temperature, the diffusion
length of diffusing particles is too long and that destroy the pattern just as quick. From
the morphologies, it is clear that there is only a small range of temperature that is
suitable for growth on periodic patterned substrates. To be more quantitative, the

persistence probability is discussed in the next part.

3.2.2.2 Persistence probabilities

In figure 3.25 the persistence probabilities as a function of the growth time are
shown. When considering these persistence probabilities, we found that at 7 < 700 K
the change of the curves (in figure 3.25) is the same as that of the flat films (in figure
3.19) although. However, the films’ morphologies are different. The reason is, at this
temperature, the influence of void defect is much stronger than the influence of the
substrate’s structure. So, the film surface becomes thick faster than the accepted level
before the effect of overhang is shown. If the temperature is increased further, the
void defect decreases. The surface diffusion length is larger. The film surface is
leveled off according to the migration of the particles from the blocks to the grooves.
The film’s pattern is damaged; therefore, the persistence probability decreases. Since
the effect of initial structure is more powerful than that of thermal roughening. The
persistence probabilities of the periodic films decrease faster than that of the flat
films. This can be seen clearly from the curve of 7 = 850 K in figure 3.25 in

comparison with the curve of the same temperature in figure 3.19. The turning point
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at t approximately 40 MLs of the curve in figure 3.25 shows the time that the pattern
of films on the blocks is totally destroyed. Here, almost all patterns of the film are
demolished; the persistence probability decreases rapidly. In figure 3.25, we can also
see that increasing the substrate temperature moves the turning point up to an earlier
time. This is a result of the long surface diffusion length of the diffusing particles as
predicted by Piankoranee [41, 57].

In order to see the effect of the initial structure more clearly, the persistence
probabilities of both the flat and the periodic films are plotted as a function of the
substrate temperature. This is shown in figure 3.26. From this figure, the difference
can be observed starting from 7' = 700 K. The difference becomes more pronounce at
higher temperature (7 > 750 K). For the flat film, when T increases, the P-T curve
changes slightly; in contrast, the same curve of the periodic film decreases rapidly. If
we take a look at the peak of the graph of the periodic film, we will see that the peak
is at T = 700 K. Also, the peak of the graph of the flat film is at 7 = 800 K. These
confirm that, for the growth on any patterns of the substrate, there is only a very short
range of temperature that the film can maintain its original pattern for a long time.

To better understand in the effect of the original structure, we also studied the
growth on different pattern size. Here, we separate the variation into three cases. In
the first case, we set the width of the blocks (Wjp) equals to the width of the grooves
(We) which is equal to a constant, and then vary the height of the blocks (Hp). The
second case is fixing Hp, but varies Wp. Here Wj is still equal to Wg. Finally, in the
third case, all variables are set the same as the second case except that Wg # Wg. Since
the effect of the original structure can be seen more clearly when 7> 700 K and the
curve at T = 850 K suits the best with the change in this temperature region in our
study, we choose T = 850 K as the fixed temperature throughout our study in this part.
The substrate size is still kept at the same size as the previous part (L = 900 sites).

For the first case, Wp is fixed at 150 sizes but Hp is varied from 90 sites to 180
sites. Figure 3.27 shows the time evolution of the persistence probabilities of the film
grown on the substrate with Hp = 90 sites and another film grown on the substrate
with Hp = 150 sites. From this figure, we found that the reduction of the persistence
probabilities in both cases is nearly the same in the early growth time (the first 20
MLs). The reason for this is that the migrations of particles from the blocks that have

the same width in both cases are equal. So, the damaged parts are quite the same.
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However, if the time continues longer, it is shown that the pattern with higher Hg can
maintain its original structure longer. This is because the particles on the blocks take
longer time to diffuse down to the grooves. The pattern of films on the grooves is
destroyed slower.

In the second case, Hp is fixed at 90 sites but Wy (which is equal to W) is
increased from 75 sites to 150 sites. Figure 3.28 shows the plot of persistence
probability versus time of the films grown on the periodic patterned substrates which
have two different Wy. The first substrate has Wy = 75 sites while another substrate
has Wg = 150 sites. From this figure, the persistence probability of the film grown on
the substrate with larger Wp can stay at a large value for a long time, and longer than
the substrate with smaller Wp. This is because the particles on the blocks have larger
area to move on before they fall into the grooves. Therefore, the original pattern of
this kind of film can be kept better than the pattern of the film grown on the substrate
with smaller Wp.

In the third case, the height of the blocks is fixed at Hz = 90 sites and the
widths of the pattern, Wy and W, are varied. Figure 3.29 shows our results from three
sets of pattern’s widths: Wy = 225 sites / W = 75 sites, Wp = 15 sites / Wg = 150 sites
and W =75 sites / Wg = 225 sites. From this figure, we can see that the pattern with
either Wp or Wi equals to 225 sites can maintain the original structure longer than the
pattern with Wy = W = 150 sites. This is because the impact from the migration of
particles at the edge of the blocks destroys the film’s pattern at the middle parts of the
larger flat parts slower when either Wp or W is larger. As a result, the persistence
probabilities in these cases decrease slower. On the other hand, if the consideration
takes place only when Wy # Wi, we found that the change of the curves can be
separated into two regions. In the first region, the curve of the pattern which has Wg >
We can maintain its value longer. The reason for this is that when the diffusing
particles on the blocks diffuse down to-the narrow grooves, they will be confined in
small areas. The larger flat parts of the pattern which are outside the grooves are
affected slowly. Thus, the film surface can remain in the accepted range longer. In the
second region, the curve with W; > Wj decreases slower because the edge effect
impacts the middle part of the grooves slower than the middle part of the blocks. The
particles at the edge of the grooves, which has always n > 1, diffuse to the middle part
of the grooves slower than the migration of particles, which has always n = 1, from

the blocks to the grooves.
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3.2.3 Conventional model vs. Realistic model

In the growth on patterned substrates, the different interpretations of the
surface diffusion process are also considered. Figure 3.30 presents the plots of P(¢)
versus time of the conventional films grown on the flat substrate when the accepted
error is fixed at 4H = 1, but the substrate temperature is varied. From this figure, the
persistence probabilities of the conventional films show similar change as that of the
realistic films except at very high temperature (7 > 800 K for the conventional films
and 7 > 700 K for the realistic films). In this temperature region, instead of decrease,
the persistence probabilities of the conventional films increase with the temperature of
the substrate even when 4H = 1. This shows that the higher the temperature, the
smoother the conventional film surface. This is in agreement with the results
discussed earlier when the interface width of the films is studied. If 4H is increased to
AH = 3, the P-t curves are decreased slower, as in the case of the realistic film.

Figure 3.31 shows the plots of persistence probability as a function of
substrate temperature of the conventional and the realistic films grown on the flat
substrate when 4H = 3. From this figure, the difference between the models can be
seen more clearly especially at high temperature region. In this region, the realistic
curve decreases when the temperature is increased higher than 800 K while that of the
conventional model at equivalent temperature still remains stable. This is due to the
different surface diffusion rules as discussed in the W-¢ plots in figure 3.10.

When the conventional films are grown on the pattern that has Wz = W = 150
sites and Hp = 90 sites, we found that the films’ morphologies vary with the substrate
temperature like those of the realistic films. However, the temperature required for the
change 1s different. “At low temperature, when the film ‘still contains voids, the
conventional films require 100 K higher than the realistic films in order to get the
similar morphologies. This result is the same as the result of the films grown on the
flat substrate in figure 3.7. On the other hand, when 7"> 800 K (for the conventional
film), the temperature requirement is changed. Here, we found that the change from T’
= 1000 K to 7 = 1100 K of the conventional film is similar to the change from T =
850 K to T =900 K of the realistic film in figure 3.24. Here, the conventional film
requires 100 K for the change while the realistic film requires only 50 K. The reason
for this difference is that the overall diffusion of the conventional particles is smaller

than that of the realistic particles. Therefore, the conventional particles are distributed
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over the entire film surface slower than the realistic particles. This is why the
conventional film’s morphology requires higher temperature for this change. On the
contrary, for the change from 7 = 1100 K to 7 = 1150 K of the conventional film
which is relevant to the change from 7'= 900 K to 7 = 1000 K of the realistic film (in
figure 3.24), the conventional film requires lower temperature than the realistic film.
This is because, in this temperature region, the overall diffusion of the conventional
particles can compete with that of the realistic particles. Also, the realistic model
allows the diffusion of particles with » = 2 and n = 3 which tend to increase the
roughness of the film as shown in figure 3.10. Therefore, the conventional film’s
morphology is changed faster.

Figure 3.32 shows the P-t curves of the conventional films grown on the
periodic patterned substrate when AH = 3. When considering the results in this figure
in comparison with the same results of the realistic film in figure 3.25, we found that
if the film morphologies are similar, the P-7 curves of both films are nearly the same.
However, this does not include the case of conventional film at 7 = 1000 K and the
case of realistic film at 7' = 850 K. Although these film morphologies are similar at 7 =
50 MLs, their P-t curves are different. Here we can see that the P-T curve of the
conventional model has two breaking points while the P-T curve of the realistic model
has only one. This can be explained from figure 3.33 as the following. The first
breaking point of the conventional curve is a result of the destruction of the film’s
pattern on the blocks of the substrate. At this temperature, the diffusion length of the
surface particles is longer than the width of the blocks. When a particle is deposited
on the blocks, there will be two chances for the particle to diffuse. The first chance is
completing the film’s layer if that particle touches a kink site on the block of the
substrate. The second chance is diffusing down to'the groove of the substrate. Since,
in this temperature region, the conventional film is grown in the layer-by-layer growth
mode, the film surface is smooth at all time. Most particles that deposited on the
blocks are diffused down to the grooves suddenly they reached the film surface. Thus,
the pattern of the films on the blocks is grown very slower than the accepted range.
The persistence probabilities of the films on these blocks decrease rapidly. This is
why we can see the first breaking-point in the conventional curve. However, for the
particles that diffuse down to the grooves, they tend to stay at the grooves’ borders for

a long time. The film thickness at the middle parts of the grooves is destroyed slowly,
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slower than the destruction of the film thickness at the middle parts of the blocks. So,
the persistence probabilities of the films in these grooves decrease slower. This causes
the second breaking point in the conventional film’s curve. On the other hand, for the
realistic model, all surface particles can diffuse at a time. The diffusion of surface
particles is distributed over the entire film surface. The pattern of the films both on the
blocks and in the grooves of the substrate are destroyed in the same rate. This is why
we can see only one breaking point in the realistic curve at 7 = 850 K in figure 3.25.
Moreover, figure 3.33 also shows that, at + = 60 MLs, the conventional film’s
morphology on the blocks of the substrate can still keep the original structure of the
substrate although the persistence probability is totally reduced. In contrast, this can
not be seen in the realistic film. This is due to the different diffusion rules of the
models which make the conventional film grows in layer-by-layer mode in this
temperature region while the realistic film can not. At ¢ =180 MLs, the conventional
film’s morphology shows the expansion of the block size according to the heap of the
migrated particles. Here, the width of the blocks is increased, but the film surface at
these parts still smooth. This is in accordance with the results of Piankoranee [57]
because of the consistence of the diffusion rules, the diffusion of only one particle at a
time. On the contrary, we can not see this effect in the growth of the realistic film. If
the time processes longer, both the conventional film and the realistic film are grown
as they are on the flat patterned substrate. Since the change of the realistic film is
faster than the change of the conventional film, this effect can be seen faster as shown

in the realistic film’s morphology in figure 3.33 (at 7 = 180 MLs).



Chapter 4

Conclusions

The main purpose of this work is to study the growth of porous thin film on
substrates with predetermined structure. A ballistic deposition model with thermally
activated surface diffusion process was used in this study. During producing the
model, an ambiguity of the added process raised us two different interpretations
which result in two different models. The first model is the conventional model and
the second model is the realistic model. The comparative study between these two
models emphasizes that the surface diffusion process is a temperature dependence
process as it is predicted from the theory. Therefore, different conditions of this
process can be seen only when substrate temperature is high enough for surface
particles to diffuse. Here, we found that at moderate temperature the realistic model
requires lower temperature for vacancies to be filled. Also, the deposition rate of this
model does not depend on the size of the substrate which is in contrast with the
conventional model. At high temperature, the difference is clearer. The film surface of
the conventional model is grown in layer-by-layer fashion and it is very smooth for all
high temperature simulations. On the contrary, we do not find layer-by-layer growth
in the realistic model. As the temperature is increased, the film becomes smooth, but
when the temperature is increased further, the film becomes rough again.

When using the realistic model to study the growth on patterned substrates, we
found that the persistence probabilities of the films grown on both flat and periodic
substrates decrease with growth time. When the time is fixed, the substrate
temperature plays an important role in controlling the film’s pattern. Here, we found
that, at low temperature, the major effect destroying the film’s pattern during growth
is the void defect. This result is the same for the growth on both the flat and the
periodic substrates. On the other hand, if the temperature is high enough for surface
particles to diffuse, the main effect becomes the surface diffusion process. When the
temperature is increased, the persistence probability of the flat film increases and
tends to keep stable at higher temperature. In contrast, the persistence probability of

the periodic film decreases when the temperature is higher than the suitable level at
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which the diffusing particles have just completely filled the void and smoothed the
film surface. When the size of the periodic pattern is varied, we found that the pattern
with larger flat parts can maintain the original pattern longer. These results are similar
for both the growth from the conventional and the realistic model.

In order to get a more realistic prediction, we plan to expand our study to 2+1
dimensional growth mode, and also plan to use our models to study some extra factors
related to the growth, e.g. the Erlich-Shwobel barrier. Since the results from our two
different models match well with the experimental results at high temperature, we
also plan to combine the significant features of both the conventional model and the

realistic model into one new model.
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