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Recently, there are many studies on kinetic surface roughening in Molecular
Beam Epitaxy (MBE) growth. Wolf-Villain (WV) model is proposed as a simple
limited mobility model to study ideal MBE growth. In this model, adatom is
deposited at a randomly chosen site on a one dimensional substrate. The adatom
then diffuses instantaneously within a finite diffusion length and it tries to max-
imize its coordination numbers or its bondings. We study statistical properties
of the morphology and surface width (the root mean square height fluctuation)
of thin films grown according to this model. The morphology is kinetically rough
surface with no mound formation. The surface width gives a growth exponent [ &
0.37 and a roughness exponent a &~ 1.40. These exponents are used to identify the
universality class of the WV model. In real MBE growth, there exists a potential
barrier known as an Ehrlich-Schwoebel (ES) barrier. The ES barrier is a step-edge
potential barrier for the adatom diffusing over a step edge from upper to lower
terraces. We study the effect of the ES barrier on the WV model. It has been
found that the morphology is rough with mound formation on the surface. The
growth exponent in this situation increases with the value of 5 approaching 0.5.
To confirm these results, the particle diffusion current and the correlation func-
tion are also studied. We find the uphill current and the oscillation of correlation
function. These results confirm that the ES barrier is a cause of mound formation

on the surface in our study.
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Chapter 1

Introduction and Theory

Recently, there are widely interests and studies on the kinetic surface rough-
ening growth [1, 2, 3, 4, 5]. Especially, the molecular beam epitaxy (MBE) [1]
thin film growth, i.e. the epitaxial growth by using MBE technique. This tech-
nique receives much interest from both experimentalists and theorists [1, 2] due
to the fact that it produces very smooth films. The MBE is also a very important
technique used in thin film industrials to grow high quality films. Because the
rough surfaces have poor contact properties and unusable for electronic devices,
scientists try to understand the behavior of the MBE growth and find a way to

describe the kinetic surface roughening growth process.

In this thesis, we use computer simulations to study kinetic nonequilibrium
surface roughening growth systems. The computer simulation is a convenient tool
to use and it is easy to control or neglect some parameters such as substrate
temperature or bonding energy depending on the aim of each study. There are
many discrete growth models [1, 3, 4, 5] used to describe MBE growth processes
via computer simulations. Among these many discrete growth models, we are
most interested in the model that have diffusion rules which followed the ideal
low temperature MBE growth and solid-on-solid (SOS) constraints (not allowing
desorption, overhanging and bulk vacancies formation in the growing films). This
model is known as the Wolf-Villain (WV) model [3] which will be described in

more detail in the next chapter.

In real MBE growth, there is a step-edge potential barrier known as the
Ehrlich-Schwoebel (ES) barrier [6, 7, 8]. The ES barrier prevents an atom from
diffusing down to the lower terrace from the upper terrace (more details in section
2.2). We are interested in studying effects of the ES barrier in WV model. So
we add the ES barrier into the WV model by modifying the model diffusion rule.



Then we find the effect of ES barrier on the WV model and compare with the

original WV model.

To understand the kinetics properties we must have some background as the
tools to study and understand the model. In this chapter, we will introduce some
background on scaling hypothesis. This approach has become a standard tool to
describe the kinetic surface roughening after Family and Vicsek [9] formulated a
scaling law for the ballistic deposition (BD) model in 1985. Moreover, the concept
of universality class, continuum growth equations, particle diffusion current, and

correlation function are also introduced here as follow:

1.1 Scaling

In order to understand the kinetic surface roughening behavior in MBE growth,
we study a quantity which can be used to describe the grown film quantitatively.
That quantity is the surface width, W, which is the root mean square height
fluctuation. It is a standard deviation of the interface height h(x,t) which is a

function of the substrate size L and time ¢, and it is defined as [1]

N

S lh(a,t) ~ O, (1)

r=1

W(L,1)

where h(x,t) is the height at the site 2 and at time ¢ above the flat substrate. h

is the average height of the surface defined as

B(t) = %Zh(x,t). (1.2)

r=1

In the growth process, if the deposited particles arrive on the substrate at a

constant rate, the average height of the surface increases linearly with time as
h(t) o t. (1.3)

If we plot the time evolution of the surface width in log-log scale, see Fig. 1.1,

the surface width has two regimes separated by the time ¢, which is called the



crossover time. In the first region (where t < t.) we see that the surface width

increases as a power law with time
W(L,t) oc t?, (1.4)

where 3 is the growth exponent. The growth exponent [ characterizes the time-
dependent dynamics of the roughening process in ¢ < t. regime. As seen in Fig.
1.1, the surface width W does not increase indefinitely. After the crossover time
t., W saturates. If we plot the width of systems with different substrate size L =
20, 30, 40, 60 respectively, see Fig. 1.2, we find that the saturation value of the
surface width, W, increases as the substrate size L increases and it also depends

on a power law

Woa(L) x L°, (1.5)

where « is called the roughness exponent. The roughness exponent « characterizes
the roughness of the surface at ¢t > t. regime. Moreover, the crossover time of the
systems also increases as the substrate size increases, see Fig. 1.2. The crossover

time actually depends on the substrate size L as the power law of L as
te ox L?, (1.6)

where z is called the dynamical exponent. We can combine the above relations,

Eq. (1.4) and Eq. (1.5), into a single relation as [1]
WL 1) o L4 (1/T7) (1.7)

where this relation is the scaling relation for W. The function f(t/L?) is called
the scaling function. The scaling function has two regimes. The first regime, for
the small value of ¢t/L? (t/L* < 1, implying t < L? or t < t..) the scaling function

increases as a power law as
F(t/L7) o (t/L7)". (1.8)

The second regime is when ¢t — oo (¢/L? > 1, imply t > L* or t > t.). This is

the saturation regime and we have

f(t/L?) x constant, (1.9)
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The first one denoted as Region I, the surface

width increases with time as a power law. The second regime, Region II, is the

saturation regime that start after the crossover time %..
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for this limit.

The crossover time t. is at the boundary between these two regimes, so it
satisfies both Eq. (1.4) and Eq. (1.5). From this, if we approach the crossover
time ¢, from the left hand side we find

W(t.) o t?, (1.10)

corresponding to Eq. (1.4). On the other hand, if we approach ¢. from the right
hand side we find
W (t.) o< L%, (1.11)

corresponding to Eq. (1.5). From these two relations we can write
9 o L. (1.12)
Substitute t. from Eq. (1.6) we obtained
(L*)? o L, (1.13)

which yields
z=a/p. (1.14)

Eq. (1.14) links the three exponents «, (3, z. This means there are only two
independent exponents. This relation is valid for growth processes which follow
the scaling relation Eq. (1.7). All of these critical exponents («, (3, z) define the
universality class of a system, as will be discussed in more details in the next

section.

1.2 Universality Class

The universality class of a growth system is defined by the set of critical exponents
(roughness exponent «, growth exponent 3, and dynamical exponent z). It is used
to characterize the asymptotic (at long time, t — 0o, and long distance, x — 00)
properties of the kinetic roughening in epitaxial growth. In general, we need only

two exponents, i.e. a and 3, to define the universality class of a system because



the other exponent (z) can be represented in the form of o and 8 as z = «/f,
Eq. (1.14). There are only a few known universality classes describing asymptotic
growth properties in many nonequilibrium surface growth models. There are four
types [10] of universality classes for kinetic surface roughening in epitaxial growth.
1. Kardar-Parisi-Zhang (KPZ) universality

The growth process will belong to the Kardar-Parisi-Zhang (KPZ) universality
class [11] if the process allows desorption, overhang, and bulk vacancies in the
growing films. The critical exponents are known [11, 12] in 141 dimensions (one
dimensional substrate) to be a = 1/2, § = 1/3, and z = 3/2. In 241 dimensions
(two dimensional substrate), the critical exponents are known approximately by
numerical simulations to be o ~ 0.39, § = 0.24, and z ~ 1.61.

2. Edwards-Wilkinson (EW) universality

The Edwards-Wilkinson (EW) universality [13] describes a growth system with
no overhang, no vacancy and no desorption in the process. This type of growth is
a conserve growth which is under the SOS conditions. Atoms try to diffuse down
to lower terraces during EW growth. The critical exponents are exactly known in
both 141 and 241 dimensions [1, 10] with o = 1/2(0), 5 = 1/4(0), and z = 2(2) in
14+1(2+41) dimensions. In 2+1 dimensions, the exponents o = = 0 predicts very
smooth surfaces. The EW universality class describes the smoothest morphology
in both 141 and 2+1 dimensions because the values of the roughness exponent
() and the growth exponent () are the smallest values possible.

3. Mullins-Herring (MH) universality

The Mullins-Herring (MH) universality [14, 15] also describes a system under SOS
constraints. The critical exponents in 14+1(2+1) dimensions are [10] o = 3/2(1),
= 3/8(1/4), and z = 4(4). The exponents « and § in MH universality are the
largest values among these four universality classes. They imply that the growth
morphology has the most kinetic surface roughness. The dynamical exponent z =
4 is a very large value. So it takes a long time for the surface width to saturate.
4. Molecular Beam Epitaxy (MBE) universality

The critical exponents for the MBE universality class are known by calculation

[16], « = 1(2/3), f = 1/3(1/5), and z = 3(10/3) in d = 1+1(2+1) dimensions.



1.3 Continuum Growth Equations

To understand the kinetic surface roughening phenomena, we want to make a con-
nection between results obtained from the discrete growth model simulations and
the continuum growth equation of motion which is used to describe the growing in-
terfaces on the coarse-grained scale. In the continuum growth equation approach,
we want to find the equation for the time derivative of the surface height h(x,t)
which can be written in the form [1]

Oh(x,t)

5 = G(h,z,t) +n(z,t), (1.15)

where G(h, z,t) is a general function that depends on the interface height (h(z,t)),
position (x), and time (¢) and n(x,t) is the fluctuations due to the random depo-
sition process. To derive the stochastic growth equation of motion, all terms must
follow symmetry principles [1, 12] of the problem:

1. Invariance under translation in time.

The growth equation must be invariant under the translation ¢ — ¢ + &t because
it must not depend on where we define the origin of time. So terms that depend
explicitly on ¢ cannot be included and the survived terms are the time derivative of
h, Oh/0t, and its higher order terms because they are invariant under translation
in time.

2. Invariance along the growth direction.

The growth equation must be invariant under the translation h — h 4+ dh because
it must be independent of where we define the level h = 0. So terms that depend
explicitly on A cannot be included and the survived terms are the combinations
of Vh, V2h, ..., V"h terms.

3. Invariance along the direction perpendicular to the growth direction.
The growth equation must be invariant under the translation © — x + dx because
it should be independent of the actual value of the position x on the substrate
(where we assume that the substrate is homogeneous). So there cannot be any

terms that depend explicitly on z.



4. Invariance under rotation and inversion symmetry about the growth
direction.

The growth equation must be invariant under the transformation x — -z. This
symmetry eliminates the odd order derivative Vh, V(Vh)?, ... terms from the

growth equation. The survived terms are (Vh)?, V2h and their combination terms.

The general form of the stochastic continuum equation after we eliminate

all terms that violate any symmetry listed above is [1, 12]:

Oh(zx,t)

i = VAtV etk Ve (V2R) (VB 4o (V) (VR (e, 1), (1.16)

where n, k, j are positive integer numbers.

Because we are interested in the asymptotic properties of the interfaces, the
higher order terms are less important when comparing with the lower orders terms.
We can rewrite Eq. (1.16) in the most general form for conserved epitaxial growth

including all terms up to the fourth order as [2, 10, 17]:

h
% = 1, V?h — vV h 4+ M\ VE(VA)? + A3 V(VR) + (2, t). (1.17)

Note that h represents the height fluctuation around the average surface height, h
= h - h, rather than the actual height itself. This is because we do not include a
term representing the deposition flux in the equation. From the renormalization
point of view, the most relevance term in Eq. (1.17) is V?h if v # 0 [18]. This term
is known as the Edward-Wilkinson (EW) term [13] and lead to the EW asymptotic
universality class that we discussed in the previous section. The stochastic growth

equation that includes only the EW term is

% = 1, V2h + n(x,t), (1.18)

and it is generally called the EW equation [13]. If v, = 0, the growth Eq. (1.17)
can still leads to the EW universality class because it was found [17, 18, 19] that
the A\;3V(Vh)? term is the higher order form of the EW term whenever \;3 # 0.

The extension of the EW equation to include the nonlinear second order

term is proposed by Kardar, Parisi and Zhang [11]

h
% = 1, V2h + X\o(Vh)? + n(z, 1), (1.19)
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where we called Kardar-Parisi-Zhang (KPZ) equation [11] and this equation lead
to the KPZ universality class that describes nonconserved growth process. In
general, this equation is used to describe the asymptotic behavior of nonconserved

MBE growth that allows desorption, overhanging, and bulk vacancies in a growing

film.

In the case when v, = \;3 = 0, the most relevance term is the V?(Vh)? term

and the growth Eq. (1.17) become

oh
ol —uV*'h + A V*(Vh)? + n(,t). (1.20)

This is the nonlinear fourth order growth equation, which is used to describe
the MBE growth [1, 2] and is called the MBE growth equation. This equation
leads to the MBE universality class. The linear form of Eq. (1.20) is called the

Mullins-Herring surface diffusion equation [2, 10, 14, 15, 19] which is in the form

g—’; — Vb 4z, ), (1.21)

This equation leads to the MH universality class.
The results of the theoretically calculated asymptotic exponents [19] from

Eq. (1.18) through Eq. (1.21) which corresponds with the four asymptotic uni-

versality classes are listed in Table 1.1.

Dimensions 1+1 241

Exponent Q z I6] a z o]
V2h 1/2| 2 | 1/4 ] 0(log) 2 0(log)
(Vh)? 1/213/2]1/3 | ~04 |~ 167 |~0.24
V*h 3/2 4 |3/8] 1 4 1/4
V2(Vh)? 1| 3 |1/3] 2/3 | 10/3 1/5

Table 1.1: The theoretical asymptotic exponents in d = 141 and d = 241 dimen-

sions for various continuum growth equations.
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1.4 Particle Diffusion Current

For our nonequilibrium growth model, we consider the model as a conserved
growth model. It implies that in our growth process there are mass and vol-
ume conservation. Consequently, the surface fluctuation of the growing films can

be described by the continuity, coarse-grained equation as [2]

oh
o =~V ), (1.22)

where .J is a conserved particle diffusion current which is parallel to the horizontal
average surface height direction [2, 20]. Comparing Eq. (1.22) to Eq. (1.17), the
particle diffusion current, including terms up to the fourth order, is written in the

form

J = —15Vh — A\i3(VR)? + V[, V2h — Moo (V). (1.23)

The particle diffusion current, .J, in this equation is a function of the derivatives
of h and a leading term is the Vh term which is the local inclination. The current

can be measured directly by the study of growth on tilted substrates [20].

To measure the particle current, we simplify the current in Eq. (1.23) and

keep only the most relevance term as
J = —1Vh, (1.24)

where 15 is the EW coefficient. The growth process is started on a tilted substrate.
By “tilted substrate”, it means the substrate has a non-zero inclination tan # and

the substrate height at any position = and initial time ¢t = 0 is set to be
h(z) =z - tan 6, (1.25)

for growth on one dimensional substrate (where the standard initial condition is
h(xz) = 0) as shown in Fig. 1.3. We count the numbers of diffusing atoms during
growth process simulations. If an atom hops in the uphill(downhill) direction
(represented by black arrow in Fig. 1.3), it contributes to a positive(negative)
current which is shown by the red(green) arrow in Fig. 1.3(b). For atoms that

do not move (stick at the deposited site) after the deposition, the current from
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these atoms are zero. After the growth process is completed, we calculate the net

current from the following equation:

Jang = %ﬂ (1.26)

where Juyg, |Ju| and |J4| are the net current, the total uphill current and the
downhill current in the system respectively. n is the total number of the deposited
atoms. Then we consider the net current J,,, as follows. If the net current is
positive the system is said to have an wuphill current but if the net current is
negative the system has a downhill current. Krug et al. [20] suggested that this
is a powerful method to determine the true asymptotic behavior of model by
determining if the EW term (V2h) should be included in the continuum equation
describing the model. Sign of the coefficient v in Eq. (1.17) can also be determined
by this method. For a system with an uphill current, j > 0 (implying v, < 0),
we have an unstable surface with mound formation or instabilities where as in a
system with a downhill current, j < 0 (implying v5 > 0), the surface is stable
and belongs to the EW asymptotic universality class. But there is a limit to this
method because there are growth models that this method does not work. One
example is the Das Sarma-Tamborenia (DT) model [4, 5] that has an average zero
particle diffusion current [2] which implies 5 = 0 in the model. For the case of
vy = 0, we cannot find the true asymptotic universality class of these models by
using this method. In a model with zero current, we can only conclude that the

EW term is not in the continuum equation describing the model [2]

1.5 Correlation Function

In the study of thin film growth, sometimes it is difficult to distinguish a mounded
surface morphology from a dynamically rough one. A useful tool that can help us
distinguish between mound formation and dynamically rough is the calculation of

the height-height correlation function [2, 21, 22]

G(r) = (h(x)h(x + 1))s, (1.27)
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where h is the deviation of the surface height from the average height and r = |r|

is the distance between two sites on the substrate.

If we calculate the height-height correlation function G(r) and find an oscil-
lation of G(r) as a function of r, see Fig. 1.4, it implies [2, 21, 22] regular mound
formation on the surface. If there is no oscillation, it implies no mound formation
on the surface. Moreover, we can obtain an average mound height (H) from a

G(r) versus r plot through the definition [2, 23]
H(t) = /G(r =0). (1.28)

Conventionally, the smallest distance r which makes G(r) = 0, i.e. the distance
of the first zero crossing of G(r), is taken to be an average mound radius. The

average mound radius, R, scales with growth time as [2, 23]
R(t) o t", (1.29)

where n ~ z7' ( = /a) is the coarsening exponent which describes how the

individual mound size increases in time.

1.6 Overview of the Thesis

In this chapter, we introduced the theoretical background needed for the study
of far from equilibrium computational models for MBE growth. The Wolf-Villain
(WV) model [3] is a simple model that we are interested in this study. It is a model
with an instantaneous diffusion process. We are also interested in the effect of the
step-edge potential barrier, known as the Ehrlich-Schwoebel (ES) barrier [6, 7] in
the WV model. The details description of the model is presented in Chapter 2.

The results of our simulations in 14+1 dimensions of both WV model and
WYV model with ES barrier are presented in Chapter 3. The results of the particle
current and correlation functions are also shown here. The conclusions of our work
are presented in Chapter 4. In this last chapter, the true asymptotic universality

class of the WV model is also discussed.
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et

Figure 1.3: (a) The tilted substrate with the slope tanf. (b) The method to
contributes the particle diffusion current to uphill (red arrow) and downhill (green

arrow) directions.
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Figure 1.4: The height-height correlation function G(r) shows the oscillations as

a function of r. It implies mound formation on the surface (the blue line, the red

dash and the dotted lines). But if there is no oscillations (the black short dash

line), it implies no mound formation on the surface. Inset: The morphologies of

the systems that use to calculate G(r).



Chapter 11

Models

Due to the increase of interest in the kinetic surface roughening growth, there
are many works that try to create atomistic (discrete) nonequilibrium models to
describe the growth problem and also determine essential properties and asymp-
totic behavior of the problem. Our work started with the simplest model known
as the Random Deposition (RD) model. Then we deal with a more complicated
model, i.e. the Wolf-Villain (WV) model [3]. The WV model is a simple model
with the dynamical diffusion/relaxation process which we are interested and focus

on in our work.

Besides studying the model, we are also interested in studying mechanisms
that make the surface rough during the diffusion/relaxation process. One of these
mechanisms is a potential barrier that prevents diffusing adatoms from hopping
down to lower terraces. This barrier is known as the Ehrlich-Schwoebel (ES)
barrier [6, 7, 8]. We add the ES barrier into the WV model by modifying the
diffusion rules of the original WV model in order to study effects of the ES barrier
on the WV model. The computational method and the diffusion rules of the

models are discussed in this chapter.

2.1 Discrete Growth Models

All models we study in this work are discrete, nonequilibrium and limited mobility
growth models. We assume that the models obey ideal low temperature MBE
growth conditions. This mean they are under the solid-on-solid (SOS) constraints
(no desorption, no overhanging and no bulk vacancies formation on the growing
surface). All of the deposited adatoms must become part of the growing film. The

models are dynamical and the diffusion/relaxation process is instantaneous. In all
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models studied here, the deposition of an adatom is on a randomly chosen site on a
one dimensional flat substrate (d = 141). An adatom diffuses instantaneously to a
selected final site and sticks there permanently (no longer move). The diffusion of
a diffusing adatom is in accordance with a set of well-defined rules characterizing
each model. It was found [2, 19] that the diffusion length ¢ does not have much
effect on the asymptotic behavior of the growth system, so here ¢ is fixed to be
unity, i.e. nearest neighbor diffusion only. In our simulations, the time ¢ is defined
through the deposition rate. In our study, one second equals to an average growth
of 1 monolayer (ML) which means the deposition rate is 1 ML per second. All our
simulations are done with the periodic boundary condition on the substrate, i.e.
if an adatom is deposited on the site x = L (L is the substrate size) and wants
to diffuse to the site x = L + 1 then the diffusing adatom will diffuse to the site
x = 1 instead. This periodic boundary condition prevents finite size effects in
the simulations. Processes of our simulations are summarized in the flow chart as

shown in Fig. 2.1.

2.1.1 Random Deposition Model

The Random Deposition (RD) model is the simplest model among many growth
models. An adatom is dropped randomly above a one dimensional flat substrate
and then sticks instantaneously on the deposited site with no diffusion, see Fig 2.2.
This means the lateral correlation length is £ = 0 for RD model. In the simulation
algorithm, we choose a random site z on a flat substrate size L and increase its
height h(x) by one. So the surface height of the RD model grows independently
and the surface of the growing film is uncorrelated. Since the surface height are
uncorrelated, the growth front can be describe by a Poisson distribution [1] and
we can find the exact solution [1] for the growth exponent 5 to be 0.5. The RD
model allows the surface width to grow indefinitely with time, thus the result is
no saturation in W. In this case, the roughness exponent « is not defined (that
is @ — oo for the RD model from Eq. (1.5)). From Eq. (1.14), the dynamical

exponent z is also not defined in this model.
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2.1.2 Wolf-Villain Model

Wolf-Villian (WV) model [3] is a simple model for kinetic surface roughening
growth. It follows the MBE growth conditions and also under the SOS constraints.
In the WV model, after an adatom is deposited on a randomly chosen site on
a one dimensional flat substrate (d = 1+41), it diffuses instantaneously. In the
diffusion process, the atom looks for a site within its diffusion length ¢ (for our
study we set ¢ = 1) that offers the strongest bindings. In another word, an
adatom tries to increase its coordination number to the maximum value, see Fig
2.3. After an adatom finds its selected final site, it moves to that site and sticks
there permanently. Then the next adatom is deposited and repeats the diffusion

mechanism.

In the computational algorithm, we choose the site  randomly and then
check the number of bonding at the nearest neighboring sites,  + 1, comparing
with the number of bonding at the deposited site. If one of the nearest neighbor
sites has higher number of bondings than at the deposited site, we increase the
height at that site by one. If both nearest neighbors have higher bonding, the one
with the highest coordination number is selected. If neither neighbor has larger
number of bonding, we increase the height at x by one. Finally, if the number of
bondings at both nearest neighboring sites (both x + 1 sites) are the same and
it is more than at the deposited site, one of these sites is chosen by random (by

using the random generator algorithm [24]).

2.2 Ehrlich-Schwoebel Barrier

While an adatom diffuses on the surface after being deposited on the surface, it
may encounter an additional barrier called a surface diffusion bias [2, 20, 25]. A
well known diffusion bias which leads to instability in the growing surface is the
Ehrlich-Schwoebel (ES) barrier [6, 7, 8]. The ES barrier is a step edge potential

barrier for an adatom diffusing over a step edge from upper to lower terraces, as
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........................................................................

Figure 2.2: The Random Deposition (RD) model. The atoms are dropped ran-
domly (the dash boxes) on top of the interface with no diffusion (the blue boxes).

N .
g

e

Figure 2.3: The diffusion rule of Wolf-Villain (WV) model. An adatom is deposited
on a randomly chosen site on a one dimensional substrate (d = 1+1) and it diffuses

instantaneously to increases its coordination number or its bondings.
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.—— Unstable Site

Figure 2.4: The Ehrlich-Schwoebel (ES) barrier. (a) An adatom at site A diffuses
down to site B. (b) Adatom at site A must pass through an unstable site C before
it arrives at site B. (¢) A potential energy plot at the sites in the figures (a) and

(b).
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in Fig. 2.4. Since the ES barrier makes an atom more likely to attach itself to the
upper terrace than the lower one, it leads to mound or pyramid type structures
formation on the surface [2, 21, 22]. The mechanism of the ES barrier can be
explained [1, 7, 25] as followed: While an adatom is diffusing from the upper to
the lower terraces e.g. atom from site A going down to site B in Fig 2.4, it must
pass through an unstable site C. At this site, there is only one bound with its next
nearest neighboring site and so the atom will be very unstable at site C. This is
equivalent to saying that the atom will have higher energy at site C compare to
at other sites. An atom that does not have enough energy will not be able to go

through site C in order to hop down to the lower terrace.

2.3 WYV Model with ES Barrier

In our study, we are interested in studying effects of the ES barrier which leads to
mound formation on the surface in the WV model. One of the reasons is because
WYV model is a good candidate [3] for studying ideal MBE growth systems and we
want to understand effects of the ES barrier on the MBE growth process. Another
reason is because the WV with ES barrier system possesses a conflict in the model
itself. On one hand, we have the WV model which is known [3] to belong to the
EW universality class. That means the system is stable with a downhill particle
diffusion current [20]. On the other hand, the ES barrier is known to induce
instability in a growth system [6, 7] and the particle current is uphill [20]. It is,
therefore, an interesting question what type of behavior the WV model with the
addition of the ES barrier will have.

In this section, we create a nonequilibrium atomistic growth model for ideal
MBE growth under a surface diffusion bias (ES barrier) by implementing the ES
barrier into the original WV model [3]. To add the ES barrier into the original
WYV model, we modified the diffusion rule of the original WV model. In Fig. 2.5,
we show the modified WV model where we called WV-ES model. The diffusion
rule of the WV-ES model are as follows:



23

1. An atom is deposited on a randomly chosen site (x) with the average rate of 1
ML per second.

2. The deposited atom looks for a better site according to the original WV diffusion
rule.

3. The actual diffusion process is controlled by probabilities Py and Pp in such
a way that if the atom want to diffuse to the upper(lower) terrace, it faces the
probability Py(Pp). If it cannot diffuse due to the probability, it sticks at the

original deposition site.

The probabilities Py and Pp are restricted by 0 < Py, Pp < 1. When Py (p,
= 0, no diffusion to the upper(lower) terrace is allowed. When Py (py = 1, there is
no barrier in diffusion to the upper(lower) terraces. The ES barrier is implemented
in our model by taking Pp < Py which makes it more likely for the adatom to
attach to the upper terrace than the lower terrace. The strength of an ES barrier
is controlled by the ratio Py/Pp. If we set Pp = Py = 1, our model is back to
the original WV model [3]. The results of our numerical simulations, both for the

WV and the WV-ES model, will be discussed in the next chapter.
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Figure 2.5: The diffusion rule of the WV-ES model. The adatom diffuses under
the surface diffusion bias and it is controlled by the probabilities Py and Pp. The
ES barrier is implemented in the WV-ES model by taking the value of Pp < Py.



Chapter 111

Simulation Results and

Discussions

As described in the previous chapter, our study is based on WV growth on
one dimensional substrate (d = 141) which is flat at initial time. In fact, the one-
dimensional substrate growth has never been seen [2] in experimental laboratories.
But the studies of one dimensional growth systems are still important. This is
because we can still gain some insight in the dynamical properties of MBE growth
models while using less time in the simulations. Besides, although not an MBE
growth, there exist some one dimensional interface roughening processes in real
phenomena such as the snowflakes falling on the car windshield, waves clashing
on the shoreline, etc. Here we study characteristic of the surface of the growing
films, i.e. the morphology. Then we calculate the surface width W and find the
exponents («, 3, z) to identify the asymptotic universality class of the WV model.
Furthermore, we are interested in studying the effect of the potential barrier (ES
barrier [6, 7, 8]) in WV model, the WV-ES model. The results from our simulations

are shown and discussed in this chapter.

3.1 Morphologies and Scaling Exponents

In this section, we begin with our results of the simplest model (the RD model)
and then focus on results of the more complicated WV model and WV-ES model

later.
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3.1.1 Random Deposition Model

The RD model [1] is the simplest model under the SOS constraints. In the RD
model, there is no diffusion at all. The morphology and the surface width of
the RD model are shown in Fig. 3.1. In Fig. 3.1(a), the morphology after
depositing 106 ML is very rough due to the fact that each site x of the surface
grows independently and the surface is uncorrelated. The surface width W plot
versus time ¢ in Fig. 3.1(b) shows that 1V increases indefinitely in time. The slope
of this plot is the growth exponent according to Eq. (1.4). Here we have 5 = 0.5.
The growth exponent from our simulation is in agreement with the exact solution

calculated in the literature [1].

3.1.2 Wolf-Villain Model

The WV model [3] is a discrete model with very simple diffusion rules but its
morphologies and scaling properties are not simple [2]. We begin by investigating
the surface width of the WV model. In Fig. 3.2, we show the surface width W
plot as a function of time ¢ for a system with L = 20,000 lattice sites. We found
the growth exponent 3 & 0.37, agreeing with previous works [2, 3, 26]. Since L is

very large, we do not see any saturation in this plot.

The roughness exponent « is obtained from the plot of saturated surface
width (Wy,,) as a function of substrate size L. In Fig. 3.3, we plot the saturated
width (W) at time ¢ = 107 ML versus the size of the substrate L, with L varying
from L = 10 to L = 100. We obtained the value of the roughness exponent in
one-dimensional WV model to be av & 1.40. Then we calculated the third critical
exponent (the dynamical exponent) z by following Eq. (1.14), z = a/3. The
value of the dynamical exponent z of the WV model is z ~ 1.40/0.37 ~ 4. All
of the critical exponents («, [, z) we obtained agree well with previous work
[3] and these values correspond to the Mullins-Herring (MH) universality [14, 15]
listed in Table 1.1. However, we note that many works [20, 26, 27, 28, 29] have

shown that this is only a crossover behavior of the WV model. Krug et al. [20]
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Figure 3.1: (a) The morphology and (b) the surface width of the Random Depo-
sition (RD) model after depositing 10° ML on a substrate of size L = 1000.
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Figure 3.2: The surface width W of the WV model plot versus time ¢ in log-log
scale from the system of substrate size L = 20,000 at time ¢ = 10> ML. We obtain

the growth exponent § = 0.37 from the slope of this plot.
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Figure 3.3: The saturate width (Ws,) of the WV model plot as a function of
substrate size L. We simulate the systems of the substrate size L = 10 to L = 100
at time t = 10" ML. The slope of this plot is the roughness exponent a ~ 1.40.
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ML.
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suggested that the true asymptotic universality class of the WV model should be
the Edward-Wilkinson (EW) universality class [13]. They prove it by using the
particle diffusion current calculation [20] (we will discuss this in section 3.3). In
principle, if we can grow large films (L — oo) for long enough time (¢ — 0o) we can
see the crossover to the true asymptotic universality. In practical, however, due
to the limitation of computers, that asymptotic time cannot be reached. So from
results of the scaling exponents («, 3, z) alone, it seems to lead to the conclusion
that the WV model belong to the MH universality class or the linear fourth order

equation as in Eq. (1.21).

After we study the scaling behavior, we investigate the surface morphologies
of this model. In Fig 3.4, we show a snapshot of the growing interface after 10°
ML deposition. Although this is not as rough as the RD morphology (compare
the minimum and maximum scales on the two plots), it seems that the WV mor-
phology is still quite rough with deep grooves and relatively flat tops. Looking
closely at this morphology we see that if we flip it upside down, the surface be-
comes very different from the original morphology. The new one under the h —
-h transformation will have spiky peaks with shallow valleys. In other words, the
up-down symmetry in the system is broken [2, 3, 19] in Fig. 3.4. This information
tells us that a linear equation, such as Eq. (1.21), is not the right equation for the
WYV model. There must be some nonlinear terms in the equation as well. This

issue will be addressed in section 3.4.

3.1.3 WV-ES Model

From the original WV model [3], we applied the effect of an ES barrier [6, 7, 8]
to the original WV model by defining two probabilities Py and Pp for adatoms
attached to an upper and a lower terraces, as described in the previous chapter.
The effect of the ES barrier can be seen when we set Pp < Py (0 < Pp < Py
< 1). In Fig 3.5 we show the time evolution of the 1+1 dimensional simulated
morphology of the WV-ES model with Py = 1.0 and Pp = 0.5. The mound

formation on the surface comes from the effect of an ES barrier that deposited
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adatoms cannot come down from upper to lower terraces. The mounding in the
growth morphology starts after approximately 10* ML as can be seen in Fig. 3.5.

These mound formation on the surface is sometimes referred to as an instability
[2].

When we fixed Py = 1.0 and vary the strength of the barrier by varying the
probability Pp, we found that the surface morphologies have deeper grooves and
shaper peaks in systems with stronger barrier (decreasing Pp), as in Fig. 3.6. This
is due to the fact that adatoms have less chance to hop down to the lower terraces
when Pp is smaller, which corresponds to stronger barrier in this situation. The
average size of each mound also seems to be smaller when the barrier is stronger.
When the values of Pp and Py are equal, we found that the morphologies of the
WV-ES model (Fig. 3.7) become dynamical rough (no mound formation) surfaces
as found in the original WV model. This may be puzzling but it can be explained
that when adatoms have equal chance to hop to upper or lower terraces, there is
no bias in the model and the model reduces back to the original WV model even
through Pp, Py < 1. This can be confirmed by the W-t plot as shown in Fig. 3.8.
Of course, if we set the probabilities to be too small, it becomes difficult for atoms
to hop and the morphologies in these cases are more rough, such as the system
with Py = Pp = 0.1 in Fig. 3.7. And when we set P, = Pp = 0, we found that
morphology of this case becomes the same as the morphology from the RD model
[1] shown earlier in Fig. 3.1, which is totally predictable because when Py = Pp

= 0 atoms lose all mobility and cannot diffuse at all.

The last situation is when we set Pp > Py, it was found that the morpholo-
gies are much smoother than the original WV model. This is shown in Fig. 3.9.
This case corresponds with the negative ES barrier [30] which induces very smooth
surface because most of the adatoms hop down to lower terraces and fill up the

grooves.

To study the scaling behavior of the WV-ES model, we show in Fig. 3.10
the surface width W plot as a function of time ¢ in log-log scale from a system

with L = 103, Py = 1.0 and Pp = 0.5. We found that in the early time the
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Figure 3.5: The mound evolutions of the WV-ES model in 1+1 dimensions from

the systems of substrate size L = 1000 at time ¢t = 10? - 10° ML from bottom to

top. The systems are simulated with Py = 1.0 and Pp = 0.5.



34

0 200 400 600 800 1000
L | | L

Pp,=0.1
A
3(/ |
i P,=0.2
X
= Pp,=0.3
{
P,=0.6
P,=0.7

T T~ Y VT | Pp =08
T T Py = 09
N~ T ~—p, = 1.0

T T T T T T T T T
0 200 400 600 800 1000
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the systems of substrate size L = 1000 at time ¢ = 10° ML.
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We simulate the systems of substrate size L = 1000 at time ¢ = 10% ML.
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growth exponent (denoted as f; in the figure) is approximately the same as in the
original WV model, i.e. 8; &~ 0.37. At longer time, however, the growth exponent
(denoted as f35) increases to 2 ~ 0.5. From Fig 3.10, the crossover time (t.) of
the growth exponent is approximately at 10> ML. The crossover of 3 from 3 ~
0.37 to B = 0.5 can be explained in the following way. In the early time (t <
t.) the whole substrate is still connected and the correlation length & follows the
equation &(t) o t'/%. During this time, mounds develop and coarsen through the
diffusion process. By “coarsen” we mean a few small mounds combine and become
one big mound. We can use the correlation function to detect the coarsening of
mounds that we will explain in the next section. After the crossover time (¢t >
t.), the coarsening process drastically drops and the mounds almost stop growing
laterally because grooves become too deep to be filled up. The newly deposited
adatoms diffuse mostly on top of each existing mound and the mounds become
steeper. At this point, each mound has very little interaction with other mounds
on the surface and the correlation length is limited by the size of the mound. The
“interaction” of mounds in this situation means each small mounds are coarsen to
each other. It is as if in the ¢t > t, regime the substrate is separated into pieces
with almost no interaction between these pieces. This causes the growth exponent
to increase and eventually 5 — 0.5 just like in the RD model. It is interesting to
note that this situation is independent of the strength of the ES barrier as long as
the barrier is strong enough to induce mound formation. The difference is that ¢.
in a system with strong barrier is smaller than ¢, in a weaker barrier system. This
is shown in Fig. 3.11. In some very weak barrier systems, e.g. Pp = 0.7 and Pp
= 0.9, we do not see the crossover to  ~ 0.5. It is possible that the barrier is not
strong enough to induce mound and there is no such crossover, or there are some
mound formation but ¢, is larger than 10® ML in these cases. This is difficult to
judge from the morphologies in Fig. 3.6 but it will be clearer when we discuss the

correlation function in the next section.

Note that the value of § ~ 0.5 in WV-ES model is the same value as we
found in the RD model but our WV-ES model behaves very differently from the
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RD model (except for the trivial case when Py = Pp = 0). In Fig. 3.12, we
show that the saturation steady state exists in WV-ES model and the roughness
exponent «, although very large, is still a finite value as shown in Fig. 3.13, while

« is infinite in the RD model.

3.2 Correlation Function

Sometimes when we see the morphologies we cannot decide either there is mound
formation on the surface or not. There is a tool that can be used to make that
decision: the correlation function [2, 21, 22, 23], G(r) = (h(x)h(x + 1)), intro-
duced in Chapter 1. If we find an oscillation in the correlation function, it implies

[2, 22, 23] that there are regular mound formation on the surface.

For this thesis, we start from the correlation function of the RD model. In
Fig. 3.14, G(r) is zero for all r with a small fluctuation. This means that there
is no mound formation on the surface because G(r) does not oscillate. When we
calculate correlation function from the WV model, Fig. 3.4, we do not find any
oscillation. This is shown in Fig. 3.15. So the WV morphology (Fig. 3.4) is just
dynamical rough surface not a mounded surface. In the WV-ES systems, we have
shown earlier that we find mounded morphologies when we fix the value of Py =
1.0 and vary the values of Pp. In Fig. 3.16, we vary the values of Pp from 0.9 to
0.1 (where Pp = 1.0 corresponds to the original WV model), we find oscillations
in the correlation function when Pp < 0.7, see Figs. 3.16(a)-(i). In Figs. 3.16(a)
and (b), G(r) for systems with Pp > 0.8 do not show any oscillation. We can
deduce that there is no mound formation on the surfaces with large Pp (weak
barriers). Note that the morphology of the system of Pp = 0.8 in Fig. 3.6 shows
that mounds start forming however G(r) plot for this system does not show any
oscillation. This probably because the mounds seen in Fig. 3.6 when Pp = 0.8

are not regular enough since the barrier is not strong enough for G(r) to oscillate.

Mounds properties can also be studied from the function G(r). The average

mound height is calculated from /G(r = 0) and the average mound radius is the
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distance of the first zero crossion of G(r) as described in Chapter 1. From Fig.
3.16 we can see that the average mound height increases when Pp decreases while
the average mound radius decreases when Pp decreases. This can be explained
that the effect of a small value of Pp or a stronger barrier is to reduce the chance
for a new adatom to hop down. Therefore, when a new adatom is deposited on
top of each mound, it can diffuse only on each mound. The mound grows almost
only in the vertical direction and becomes steeper with deeper grooves when Pp
decreases. Furthermore, we can use G(r) to detect the coarsening process by
plotting G(r) at different times. If the average mound radius calculated from the
first zero crossing increases as the time increases, that means the coarsening still
dominates in the growth process. However, when the average mound radius does
not change in time, in another word, it remains constant as time increases, it

means the coarsening process does not dominate in the growth process any more.

When we set the value of Py = Pp for all systems, the correlation function
do not show any oscillation as in Fig. 3.17. Since the adatom has equals chance
to hop in both directions, this is equivalent to no barrier in the system. So there
is no mound formation on the surface in this case. In the cases of Py < Pp, we

do not see any oscillation either, see Fig. 3.18.

3.3 Particle Diffusion Current

In this section, we study the particle diffusion current [20] in the WV and WV-ES
models in order to confirm whether these models belong to the EW universality
class. As explained in Chapter 1, the particle diffusion current can help us de-
termine the existence of the EW term, V?2h, in the continuum growth equation

describing dynamic of the growth system.

Our results are summarized in Table 3.1 from a system of substrate size L
= 10% and time ¢t = 10® ML. The first result is the RD model. Since adatoms in

this model are not allowed to diffuse, the particle current in this model is absolute
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strate size L = 1000 at time ¢t = 10°® ML.
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zero, as shown in Fig 3.19. In the WV model, however, adatoms diffuse on the
substrate and it is difficult to define “zero” current because the data fluctuates. To
solve this problem, we study the WV model on a flat, i.e. untilt, substrate. The
current obtained in this case is shown in Fig. 3.20. So we define “zero” current
to be in the range between 5.0 x 107°. From the tilt substrate systems, the
net current of the WV model is found to be negative or downhill as shown in Fig
3.21. This result confirms that WV model should follow the EW universality class
asymptotically and it also implies that there is no mound formation on the WV
surface. Our works agree with others [2, 20] that confirm the downhill current in

14+1 WV model.

Model current J at tan 6 equals to

2 1 0.5 0

RD 0 0 0 0
\WAY -1073 | <1073 | -107* | £107°
WV-ES (Pp = 0.5) | +1073 | +107* | +10™* | £107°

Table 3.1: The particle diffusion current J of the discrete growth models.

For WV-ES model, we fixed Py = 1.0 and then vary the values of Pp. We
found that for Pp = 1.0 and 0.9, the net current is negative while for Pp < 0.8 the
net current is positive as shown in Fig 3.22. This indicates that, at P, = 1.0 and
0.9, the barrier is too weak to effect the system so the downhill current associating
with the WV model has more influence on the system. The surface in this case
is dynamical rough without mound formation. However, when P, < 0.8 the ES
barrier is strong and the uphill current associating with the ES barrier has more
influence. In these cases we start to obtain mound formation on the surface (see
Fig. 3.6 for the corresponding morphologies). But in the case of Pp = 0.8, we
find the conflict between the correlation study and the particle current result, see
Fig. 3.16 and Fig. 3.22. This may be because Pp = 0.8 is the boundary between
mound formation surface and dynamical rough surface. So this value of Pp shows

the conflict from the particle diffusion current and the correlation function.
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Figure 3.20: The particle diffusion current of the WV model with untilt substrate
where we obtain the average zero current, +5.0 x 107°. This result comes from

the system of substrate size L = 1000 and tanf = 0.5.
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Figure 3.21: The particle diffusion current of the WV model with varying tan 6.
We vary tanf = 0.1, 0.5, 1.0, and 2.0 from top to bottom. Here L = 1000.
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In the case of Py = Pp, we find the downbhill current in every values of Pp as
shown in Fig. 3.23. These current results agree with all our results (morphologies
and surface width) and confirm that when Py = Pp the system behaves in the

same way as the original WV model.

3.4 Growth Equation

Since all three exponents («, 3, z) from our simulation, the WV model in 1+1
dimensions seem to match the linear fourth order growth equation (Eq. (1.20)),
so the linear fourth order term, V*h, must be in the continuum growth equation.
However, from the characteristic of the morphology, the up-down symmetry is
broken [2, 3, 19] so a linear equation cannot describe the system and it seems
the nonlinear fourth order term (V?(Vh)?) is also presented in the continuum
growth equation. Our particle diffusion current in the previous section shows a
downhill current for the WV model which implies that the linear second order
term (the EW term, V?h) must be in the continuum growth equation too. So
from all our results, the continuum growth equation describing the WV model in

141 dimensions should be in the form of

h
g—t =1, V?h — vV h + Ao V*(VR)® + n(z,1). (3.1)

With this equation, the WV simulation results should show statistical properties
that belong to the V*h and V?(Vh)? terms and the eventual crossover to the be-
havior of the V2h term asymptotically. But due to the limit of computer resources
and time constraints, we cannot carry out our simulations long enough to see this
crossover. All our simulations still produce the critical exponents which belong to
the MH equation, V*h, as shown in Table 1.1. The only evidence of the V2h term

is the downhill particle current in the previous section.

When we add the ES barrier into the WV model, all of our WV-ES model
results do not agree with any universality class discussed in Chapter 1. The

morphologies show mounds (or instability), the surface width has a crossover to
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B — 0.5, and the particle current is uphill. It is difficult to form a continuum
equation to describe unstable growth like the WV-ES case. The only thing we can
say is that the V2h term should be included in the equation with v < 0 to reflect
the instability.



Chapter IV

Conclusions

In our works, the results obtained from simple nonequilibrium growth model
which is used to study the ideal molecular beam epitaxy (MBE) growth. Our
study is based on 141 dimensional growth and under the solid-on-solid (SOS)
constraints. The Wolf-Villain (WV) model [3] is the main model that we are
interested in for the study of MBE growth. In real MBE growth, the existence of
a potential barrier, known as the ES barrier [6, 7, 8], is seen experimentally. The
barrier prevents an adatom from diffusing down to the lower terrace. Our main

interest is to study the effects of the ES barrier on the WV model.

For the WV model, we start with the study of scaling properties. We find
the growth exponent g = 0.37, the roughness exponent o ~ 1.40 and the dy-
namical exponent z = «/f ~ 4. These results agree with the Mullins-Herring
(MH) universality class [14, 15]. However, the true asymptotic universality class
of the WV model is the Edward-Wilkinson (EW) universality class [13]. In our
simulations, we cannot reach the asymptotic time and find the asymptotic scaling
properties of the WV model because of the limitation of our computer facilities.
The downhill particle diffusion current is obtained for the WV model and confirms

the EW behavior.

After we apply the ES barrier into the WV model (WV-ES model) by modify
its diffusion rule. The ES barrier induces mound formation on the surface. In this
situation, we confirm mound formation by using the particle diffusion current and
the correlation function. The particle current is uphill and the correlation function
oscillates from the WV-ES model. For the scaling properties of the WV-ES model,
the growth exponent (3) in early time (¢ < t, ~ 10*> ML) approaches the same 3
as obtained from the original WV model. After ¢t > t., § increases and approaches
0.5. This behavior does not depend on the strength of the ES barrier, which is
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defined by the ratio of Py /Pp, as long as it is strong enough to induce mound.
We find that when Pp > 0.9, the barrier is too weak and the effect of downhill
current of the original WV model still influence the system and there is no mound
formation. When Pp = 1.0, it corresponds with the original WV model. When Pp
< 0.7 the particle diffusion current shows the uphill current and the correlation
function oscillates. This implies that there are mound formation on the surface
and their results are corresponding to each other. But when Pp = 0.8, there is a
conflict between correlation function and the particle diffusion current. This may
be due to at this value of Pp is the boundary between mound formation surface
and dynamical rough surface. So at this value of Pp, it shows the confliction
between these tools. Furthermore, the average mound height increases when the
strength of the ES barrier increases (Pp decreases) while the average mound radius

decreases when the barrier becomes stronger.

From our results, the continuum growth equation of the WV model in 1+1

dimensions is

oh
E = V2v2h - V4V4h + )\22v2(Vh)2 + 77(!15, t) (4:].)

We should note here that the uphill current and the oscillatory correlation function
can help us to detect mounds, but they cannot help us determine the cause of
the mounded surface. Because there are other possible causes for mounds too
[16, 31, 32]. So when seeing mounded surfaces, we should not rush to conclude
that the ES barrier is the cause. But for our study, we can deduce that mound
formations on the surface come from the effect of the ES barrier. In another word,

the ES barrier is the cause of mound formation on the surface in our study.

For future work, we can make the model more realistic by studying growth
on two dimensional substrates. Furthermore, we may relax the SOS constraints
from the model. The effects of the substrate temperature can make each adatom
hops more than once in the simulation. It will be very complicated if we apply
all effects above into the model, and it will require more simulation time. But the

modified model will be more realistic than the original WV model studied here.
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