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models have been well- — " mited mobility cases. A slight
modification, adding b, msion length noise reduction
. technique, is (i 4+)iried in these models.
Since the aton&.# e growth temperature,
varying the diffjjion"i8 #y mijjas effects of the growth
temperature can e mveshgated Quantltles ol interest are morphology,
temporal ility and survival
probabili i ﬁfﬁ;gmu t ﬁu‘ﬁsﬁ% that the step flow

mode begiflk when the growth temperature is high enough so that the

° Wﬁﬁ%‘?ﬁﬂﬁﬂ' WIS BN pesiion o

at

the &ep edges and diffusion on the terraces. Both persistence and
survival probability distributions decrease with growth time. The
persistence exponent, which is the rate that the probability decreases, is
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Chapter |
Introduction

The surface study plays an important role for technology
development. Surface physics is crucial in computer chip manufacturing
processes (Stasevich and E g% y 7) Thin fiIm growth is a well-

of the chosen subsy e ¥

or vicinal (or stepZs . \

flat substrates mak- = \ ate mounds on the films
' surface however, is an

(Vilone, Castellano

efficient substrate WOWNy. Presently, there are
many research grou, | "Wrfaces (Constantin et al.,
2007; Balykov and ,"2006). In molecular beam
epitaxial growth, ¥ el used in fabrication of
semiconductor films. /ff ps=— === ‘Wample of electronic devices
grown on Mo stepped s 4 ovkin, 2005). Interaction and
dynamics of atoms Q=% ce as well as evolution of
morphologies sug:4 Jgstigated. It was found
that atoms depo: lf' i) incorporated to be a
part of the film fi ie Pi1afflsubstrates. This is why

stepped substrates ure W|dely used |n experm.\,nts and this is why we

chose to stud
Durln ﬂ ﬁsﬂa atoms depends on
ep di

the rate of t 03|t|on qu and the iffusion rate that varies with the

8%%%&%% A TR e

varies With the substrate temperature according to the Arrherius diffusion
rate (Ehrlich and Hudda, 1966; Schwoebel and Shipsey, 1966):

g categorlzed to either flat
are incorporated on the

R = v, exp(;i}} (1.1)
B



uaﬁ(miu'xmm

Figur %
microscopy. (Erwinrossen, 2008 : online) &,

’QW'W&\?ﬂ‘iﬁUNW]’J?’IEﬂﬂH



where v, is a typical atom vibration frequency, T is the substrate
temperature and E_ is the hopping barrier. The barrier E, includes a term
due to interaction with the substrate E, and interactions with each lateral
nearest neighbor atom E, :

E, = E,+nE, (1.2)

where n is the number of ' bor (Hamouda, Pimpinelli and
Phaneuf, 2008). When s igh, atoms diffuse with high

diffusion rate making ' # by comparison. From the
—

Arrherius diffusionrﬂ-/ befiee S atom at a site with large n

has small hopping rair 291 atoms get incorporated at
the step edge, whe Nl Crest neighbors, is much
Sess move slowly over the
Molayer (Stasevich and
Einstein, 2007). Avr g constant during the step-
flow growth procesS ("#f Vv ede) ~Xusion length increases with
growth temperature, #c Fr g2 88nel 8 contributes to better step-
flow during this epita g7 3 ssMNhen the step-flow growth
mode is stable, island forni== _, Jligible (Hong et al., 2005). The
grown thin films_loo SO iatain the “look™ of the initial
substrate with thig2 7

The diffusd L)d by the temporal
correlation functighj (Ko™ eC%). Jibe temporal correlation

function depends on, how step and terrace exchange atoms (Giesen-

Seibert et a : ﬁ i m udied from atomic
steps on cryﬁfﬁ%l:e 'I%an %ﬁiaﬁon function and
the persistend¥ probability distgibution are used to consider the diffusion
activipy ¢ (e ] - )y Persistence
probaﬁimtﬁﬁmﬁﬁfﬂawﬁ@aﬁmﬁ describe the
charactristic of step position. Survival probability distributions are
calculated in the growth processes. These probabilities can be used to
classify mode of thin film growth (Constantin et al., 2004). Step
fluctuation in nanostructure can be investigated via survival probability.
Through experimental methods in macroscopic scale using
scanning tunneling microscopy (STM) ), low energy electron microscopy
(LEEM) and reflection electron microscopy (REM), some understanding

of microscopic processes of step fluctuation are obtained (Giesen-Seibert
et al., 1993). From experimental results of Cu(l 1 79) surface using

terraces through

X



temperature between 310 K and 600 K, the log-log plots of the temporal
correlation function and time show that the correlation functions increase
with time with a power law relation. The data in this process cannot be
observed when the temperature is higher than 600 K (Giesen-Seibert et
al., 1995). This limit in experiments encourages simulation researchs. The
simulation technique can be used to explain and predict the results when
temperature increases. The SOS models can be used to describe specific
growth process of MBE (Schigigjgfal., 1999). Monte Carlo simulation
was used to simulate morniiss /

Thin films growne Sty éby MBE in step-flow growth
mode are studied in tho— \\{ u:é‘c—Sarma Tamborenea (also

- genea, 1991; Tamborenea
and Das Sarma, 199, A (Camily, 1986) to simulate
thin film. The subsr ¢ \ rving factor in this work.
The temperature justing the number of
time an atom can 7 N\ NI issue in this work is to
find growth condifior 0/ o ‘\{ ar structure as the initial
stepped surfaces. T # ludsZ S 3s studied with the mean-

i - “Athe temporal correlation
function. The persisien IS ZNadi v g probability distributions are
used to show evolutionf HE&e= - 1 CYscribe step motion.

The models that T 4 IS research are explained in
chapter 2. Chap¥y ir'.._ions of quantities of
interest. In chapps ,‘ ymputer simulation to
calculate and ana: ? . —>ults and discussion are
shown in chapter i) “inally, it ciapier o, we cdizlude the results that we
have achieved in thisgngrk.

ﬂUEl’J‘VIEWIﬁWEJ’]ﬂ‘i
ammnimum'swmaﬂ




Chapter 11
Theory

2.1 Models

There are many atomistig
studying thin film growth cae
models have different 28
different complicated s

odels introduced for the purpose of
rabasi and Stanley, 1995). These

/ #oated in order to investigate
= of aléthe growth process. In the
rules of the models, it implified and only one or
two aspects are inves:'s \ nesis, two such models are
chosen : the Das™: h Siodel  (Das Sarma and
Tamborenea, 1991 ¢ ' : , 1986). The DT model
Is a simple bond-cc een shown to reproduce
similar results as # m;uming MBE model in
basic growth condit; prenea, 1991). Here, it is
chosen as a modei & (=) %or vicinal substrates with
adjustable growth tei A28 mi % Whdel, on the other hand, is
known to produce velff . - o I two dimensional substrates
(Family, 1986). It is choser= = A;’ K to compare with the DT model
although the diffusiog % odel do not have a real
connection to Mig=: =242 under solid-on-solid
(SOS) constrain AV S4ancy and overhanging
are not allowed. I

“ﬁﬁﬁrﬁ*ﬂ"i‘i‘ﬂﬁ”ﬁ"ﬂ’m
@ﬁﬁﬁ“@?ﬂ%ﬁﬁﬂﬁ% HELRE sie on e

substrate. If it is deposited at a site with at least two bonds, it cannot
diffuse. If an atom has only one bond at the deposition site, it diffuses
randomly to one of its nearest neighbors in order to increase bonds.
Although the atoms diffuse to increase bonds, the final sites do not
necessary have the maximum bonds (Das Sarma and Tamborenea, 1991).
The DT diffusion rules are expressed in figure 2.1. The white space
shows the substrate and the gray boxes show diffusing atoms. Atom a
diffuses to the right because there is two bonds. Here, there is only one
bond




Figure 2.1 : Diag "- ithiiffusion rule of the DT

o ﬂuﬂqwﬂﬂswswnﬁ
ﬂma\mimummmaﬂ



at the left neighbor and at the deposition position. Atom b cannot diffuse
to any site because both neighbors provide only one bond each. Atom ¢
cannot diffuse to other positions because there are already two bonds at
its site. Atom d chooses randomly one site from the two neighbors. The
probabilities of diffusing to one of two neighbors are the same. After the
diffusing atom diffuses once, it is incorporated at the final site and stays
there permanently. The whole deposition/diffusion process is repeated
until the film is grown to the psa§ i p7 thickness.

site with the minirg aan diffuse following the
diffusion rule of the 4 Tigure 2.2. Atom a must
diffuse to the rig's - W neighbor site. Atom b
cannot diffuse to ng ne_Sey W the sites are at the same
level as the depositic g5 4 a4 & ¢ Cnooses to diffuse to the
left site following T4 510} Y )00ses the right site with
the minimum height. s : - %N rule, atoms can diffuse

2.2 Long Surface lef' J Noise Reduction Technique

(NRT)

L i ————
-

Y. :

The noise 1IN U= oughness in the grown
film. It can be decrised by Tioise reauction teclidique (NRT). The film is
much smoother wheng\RT is appliedgip the simulation process. There are
minor modi ﬂg mu&mmymdu 2000).
Normally, a% ﬂ T is based on
increased temperature in this work. If subsigate temperatge increases,

35?3%%&@@%%@&%@ L ARE ot

sites away from its deposition site (Das Sarma and Punyindu, 1997).
Diffusion length in this case is larger than normal. It is found that the

ETJ (Barabasi and Stanley, 1995), showing

B

diffusion length 1, o« expu

that I, increases with the substrate temperature T . It leads to reduced

noise and smoother films. Thin film growth on flat substrates reaches
layer-by-layer growth mode (Punyindu, 2000) and we speculate that
growth on stepped substrates will be in the step-flow growth mode.



Figure 2.2 : Dlagr of atorn

" ﬂuﬂqwﬂﬂswswnﬁ
ﬂma\mimummmaﬂ

nasionl With d Jsion rule of the Family



2.2.1 DT with NRT

Atom Dbehavior for increased temperature in this DT model is
adapted. Figure 2.3(a) shows the atoms diffuse the first time with the DT
diffusion rule for increased substrate temperature. Atom a cannot diffuse
again after the first diffusion because its bonds is already two. At the first
diffusion in figure 2.3(a), a’r'\ 1)) ;an diffuse to one of the nearest
neighbor site with the sagas! gies. The site that is randomly

-— g é‘nergy to break bond for long
diffusion length. It M= ane =====iqhhors. |f the temperature
IS increased, some 4 , —_— gond time following the

: , . b diffuses to the site as
a2, In the second diffusion,
atom b diffuses to e ffusion rule and correct
diffusion length. At 4 : WisSaure 2.3(a)-(b) following
DT diffusion rule g (SN N\ xhe' second time because it
already has three bg Bl N\

2.2.2 Family vit'
Figure 2.4(a) shows _,g;-— ,u godel with NRT. The growth at
elevated temperzijirg & 4(b) with the second
diffusion. Atom v‘ ising diffusion length.
Atom b can diffe - M= Jiffusion rule. Atom c
must diffuse to tid left I nguie <.4(0) forddonger diffusion length.
Obviously, atom d mgst diffuse to thgsite in figure 2.4(b).

ﬂ‘UEJ’JVIEWIﬁWEJ’]ﬂ‘i
amaﬂnimumaﬂmaa
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Figure 2.3 : The thin film growth process in step-flow growth mode
using the DT model; (a) The DT atoms diffuse at the first time and (b)
The DT atoms diffuse at the second time.
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Figure 2.4 : The thin film growth process in step-flow growth mode
using the Family model; (a) The Family atoms diffuse at the first time
and (b) The Family atoms diffuse at the second time.
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2.3 Step-Flow Growth Mode

In general, a substrate can be classified to either a flat surface or a
vicinal surface. The examples of substrate are shown in figures 2.5(a)-(c).

There is forming of flat surface in figure 2.5(a) that is rather
smooth. The surface has high symmetry orientation. When the interaction
energy increases, it becomes the surface as figure 2.5(b). The atomic level
can be observed on the Sl If there are proper long-ranged
hown in figure 2.5(c) (Jeong and

Williams, 1999) N /
The vicinal sur! Lhe te;_‘ace Is an efficient type of

substrates in MBE/' sUf o nall misorientation. This

surface declines froz degree. Figure 2.6 show

(Vilone et al., 2005 ##: A0 LI, a stepped surface which
consists of consece# a'g S8a™e up on top of another
terrace. The step ec #5 - lines of different surface
height. The heigh®di e <l '\ \eUstomic unit (Prestipino and
Tosatti, 2001; Stagdvi gl find S22 M\ For the ideal stepped
substrate, there is mo g JF #&s : 249, \ ’)01) Figure 2.6 shows the
ideal stepped surfacC. gherafasSsa kil sites in the initial stepped

surface or the ideal stefpefaadd -
same distance for each ter , A 73 stepped surface has one atomic
unit of height. ' ug~from steps and kink
formations as sh¥ _7 T_‘ #1p can be occurred for
the real vicinal sug=& 4 and 2.7.

The vicinal Lrfaces ac asearoomn in thdd-etical and experimental
study. The vicinal sugfages of Si(111),3re used experimentally in epitaxial
growth (Ha ﬁ %mﬂmaqnﬁmnbucken, it was
found that t ( 1& fe tep formation. The
Mo(112) and (112) surfacesgwere used fQ study surfagg relaxation and
stabil ﬁ?ﬁﬁ(m@mﬂ@ ’[ma Petrova and
Yakoa h most'p c adsorption
studying of oxygen (Petrova and Yakovkin, 2007).

The step-flow growth mode is chosen as a main consideration of
this thesis. This step-flow growth mode can be distinguished by
considering behavior of the step edges. The constant average terrace
width and the advancing step edges are characteristic of this mode. The

step edges must evolve in the vicinal direction. Thin films that are grown
in the step-flow growth mode have smooth terraces (Hong et al., 2005).

2 d'e parallel regular steps with
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(©)

Figure 2.5 : The examples of surface; (a) The flat surface,
(b) The surface in high energy and (c) The vicinal or stepped surface.
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S surface.

ulJLljjujunmu-‘

ammnmumaﬂmaﬂ

Figure 2.7 : Step and kink formation on the vicinal surface,
The grey boxes represent step formation and the back boxes represent
kink formation.
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Figure 2.8 shows top view of perfect growth in step-flow growth
mode. The perfect growth indicates that all the positions of step edge
move equally to vicinal direction. Figure 2.8(a) shows morphology at
initial (0 ML). One monolayer is the time where the film is grown exactly
likes the initial substrate. The step edges are parallel straight lines. Each
shade of step expresses different atomic height. The shade of color shows
4, 3, 2 and 1 atomic unit of height respectively from left side. At 0.5 ML
in figure 2.8(b) for perfect stepfhjv growth, the step edges are still
parallel straight. These lingss #half of each terrace with screw
iti : | éerfectly, top view of the step
Tlings c====*_rc 28(c) with 1 ML. The
b} t - es advance in step-flow

4\ \ saperfect step-flow growth
C 'll’e 2.9(b)-(c), these new
W '-.,. t.

Wstep edges as shown in

edges shows parallel]

growth process (Zh:
mode. For impertfect
edges are not stre«#ir 4
2.9(b)-(c). .
To grow thili i #£ Faa (LAt n.perature of the substrate
' ! Wd. If the temperature is
NI s have high hopping rate.
This means that the®at aadil ditgsion length. The atoms can
reach step edges. This 2 FIG% growth mode. By contrast,
if the temperature is low 237 4 an rate is large, the atoms have
low hopping ratT Rogch energy to break the
bonds formed W ere deposited. If the
diffusion length g 1 Mimon the terrace as can be
seen in figure 2.10 ;I igure Z.10 siows snap shcllbf graphene islands. The
island are occurred ig fhe thin film gggwth process in experimental work
(Coraux et qp (Elg‘ m mﬂ mm Straint in step-flow
growth. Thi h nd void defect are
not allowed h

amaﬁﬂimumwmaa
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0 ML

0.5 ML

1ML

mugi, ;
‘Ml I B
qmawimugfnwma gf°

Figure 2.8 : Top view morphology in step-flow growth with
perfect growth; (a) The initial stepped surface, (b) Film morphology at
0.5 ML and (c) Film morphology at 1 ML.
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0 ML

0.5 ML

1 ML

’ali_l!ljl% ‘
| ] L -
RN NGINBIA Y

Figure 2.9 : Top view morphology in step-flow growth with
imperfect growth; (a) The initial stepped surface, (b) Film morphology at
0.5 ML (d) Film morphology at 1 ML.



experigzgn%;@ﬁ.&ﬁﬁﬂﬂzﬁwﬁ% ﬁl the terrace from
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2.4 Quantities of Interests
2.4.1 Morphologies

Morphology is structure of film from growth process. The
morphology shows evolution of atoms in the growth process. When
conditions are adjusted, changed films can be seen clearly by
morphology. The morpholomec L)) are investigated will be presented in
chapter 4. In the chapter s\ #Hoth morphologies on flat and

" / lis work. For thin film growth
in step-flow growth .= mﬂlogles are important and

show clearer than g an. |0r "=’ Ne morphologies show
meaningful results ﬂ*' VNS areted.

The step dyhe; 4 =4 "Nignt on vicinal surface is
interesting for bot, 2t Qi [I"ntal researches. Spatio-
I = ie determined by Kkinetic

neWre (Szalma et al., 2006). The
alckion function for equilibrium
Q1). This correlation function
2 g time (Giesen, 2001).

(7 .ri
y =y, ) @

where x is ﬁu&% ngtﬂ@[%q En’]yﬂrﬁ y IS position that

parallel with Séep edge.

o BT S ey

ML (Jébng and Williams, 1999). The x coordinate expresses atoms of
same step. The x-axis shows direction of atoms that diffuse to the end of
step in vicinal direction. The y-axis shows equivalent direction. This y
coordinate is used to observe diffusion each step. On the other hand, type
of this function explains the fluctuation in direction of parallel to step
(Barbier et al., 1996). In usual case, y, and t, are set at zero (Giesen,

2001).

parameter. It is used ¢
step fluctuation is widefy ¢
case (Szalma, Selke ang: T
measures the digigng A
Definition of the' =

G(y.t)={IX(y.1+1)
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ccome ML

III_IFTWIf_ g|||fiﬂﬁ"'

Qﬁ?ﬁﬂﬂimuﬁﬂmﬂﬂﬂ

Figure 2.11 : Example of grown thin film ; a thin film grown at 0 ML is
shown as figure (@) and a thin film grown at 1 ML is shown as figure (b)
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The microscopic fluctuation can be studied with the spatial and the
temporal fluctuation. The correlation function is classified to the spatial
and the temporal correlation. The spatial correlation function is used to
measure step-step interaction and the kink formation energy. The space-
dependent correlation function is used to describe a step motion following
random walk. While the temporal correlation identifies the activity
energy and diffusion processes (Karim et. al., 2004).

Images of time were shovwikjth the temporal correlation function
(Giesen-Seibert et al., S\ ement along the edges with the
time dependent correla.’ - \ ‘nsidered (Goff et al., 1999).
The time-dependent g—= 32 ensemble average of the
mean square dlffere;/" ’fe; eq Wlon was fixed at different
time from the initiz . al. . 2007). The temporal
correlation function N .OWes time evolution of the
fluctuation of step«#ur, P ' o™ |., 2005; Dougherty et.

al., 2004), is definey

(2.2)

A single fixed position on &= = . and initial time or t, are set at

zero. In simple migrosgg® === @oora! correlation function
is expected 10 Ve o 5, 1999).
y I ‘

) —_—T 2.3

¢ LY
where n is t tﬁéﬂ n @'lﬂf ion processes. The
accurate meﬁm ﬂ gfnﬂ/v ﬁesses of the theory,
the experimerits and the real mgdels from computer simyjgtion.

o AT P s,

2.4.3 Persistence Probability Distribution

In stochastic process, there are probabilities to explain details more
than the correlation function (Constantin et al., 2007). These probabilities
provide complementary characteristic of dynamic. The probabilities are
used as statistical description in the stochastic system (Constantin et al.,
2007). The probabilities are the persistence probability distribution and
the survival probability distribution. The persistence and survival


http://prola.aps.org/search/field/author/Dougherty_D_B
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probabilities depend on time range. They are used to explain flowing of
atoms with the time in experiment, numerical and theory.

These probabilities can be classified to time-dependent and space-
dependent of persistence and survival probability, respectively
(Constantin et al., 2007).

The persistence probability is an interesting quantity that is studied
in this work. This persistence is called the temporal persistence
probability; P(xt). It is the psgf§'jtv that the step edge position does
not return to the initial posai /‘me. Definition of the temporal
persistence probablllt_«_ — 2 (Constantin et al., 2007)

-] (2.4)

where x is the pc;
reference position. T4€

the initial time.  #
The initial p;
probability. If the ref
can be arranged to nefo
The negative temporal
area. The deposited atom 55—
negative identityadiragili 2
persistence prolbg=

ref

\ it on the surface. x_ IS
N .. .
% " reference position. t, is

N\
,
L
3 2i%ence for calculating this
\ anizing the probability, it
te

U&ral persistence probability.
DMy is counted in the negative
:er than the reference. It goes to

ay, the negative temporal
Z+'e area. It is counted
when the atom !ﬁ- e. It stays in specific
range. Definition{fof Ticyaaremmame=5ositifll temporal persistence

probability distributign are

AUEINUNINLIDT oo
= ARIAIATUUMINIAY

P.(x,t)= Prob {x> x, (t, )} (2.6)

The persistence probability tends to decrease with time (Constantin
et al., 2007; Constantin et al., 2004; Dougherty et al., 2002). The
temporal persistence probability scales with time as

P(t)oct™ (2.7)
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where ¢, is the temporal persistence exponent. It is used to investigate

behavior of atoms in step-flow growth mode. The persistence exponent
shows probability of step edge to vicinal direction. It is divided to be
negative and positive temporal persistence exponent.

This temporal persistence probability varies with time to the power
of negative theta. The temporal persistence exponents are calculated both
exponents in this research. If theta is high, the persistence probability is
small. This case means that 2. Jry of atom flowing to the reference

/ I‘arge. Flowing probability of

Moreover, the s ce xpé be characterized into the
transient persistency ‘ ate persistence exponent
(Constantin et al g l ' 2002). These types of
persistence are clac gy , : dard. If time range for
probability distrit&tic 2R \ . \an saturation time, the

S . Ange is larger than the
saturation time, the "% # S%teady-state (Constantin et

The temporal sun ,'5#1"' A7/ S(x,t)) is defined from step
deviation of aveZkaf o L2 lines are shifted with
average values -yg i Jayer. The survival is
probability of stejjeGges s 't cross to the average
reference line in a o ne mterval (Constantln et ai 2007).

ﬂ U El ’J VEEH ﬁo‘ﬂx&lm Pl (28)
ﬁﬁmmmﬁa 10N ()40 1 T

line. THe reference of the survival probability follows to time being
average value of step (Constantin et al., 2007; Tao et al., 2007).

So the temporal survival probability should be vary with time, The
survival probability rather likes the persistence probability. The temporal
survival can be classified to negative and positive like the temporal
persistence. The negative and positive survival probability distributions
are

S (x,t)= Prob {x <% (t)} (2.9)
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S, (xt)= Prob {x> %, (t)} (2.10)

There is no temporal survival probability distribution exponent definition
(Constantin et al., 2004).

AULINENINYINS
ARIAIN TN TN



Chapter 111
Computational Simulation

In this work, stochastic process in thin film growth is studied via
computer simulations. The Monte Carlo technique is used in the
modeling process. The Monte Cgrlo technique is a type of simulation
used in statistical processes s\ nrocesses. It follows probabilistic
behavior. Random numbass - / ~technique (Landau and Paez,
1997). Usually, Mont o simwlaéuire large scale computing

facility (Giordano, W« )X, tO(‘ﬁ-f

Here, discrﬁy ( SSulated using Monte Carlo
algorithm created™ 0\ ¢ \ cluster consists of 10
computers. Each wg 3 O™z of speed and 4 GB of

In this chap At WRr™onditions are presented.

3.1 Computational Slmu NS
The ideal k2 '
in this research.
step is twenty atorm i} unis = =s
this research is fixed 9t 10° MLs.

Consigering # OeHedidt ition is employed in
the y-axis Wmlﬁ ﬁﬁr%g mgﬁﬁﬂﬁ boundary

condition is u8d in the x-axis Which is the tilt direction. Screw boundary

condit ‘ eli¢al s it} t. al., 2004),
IS mmﬁm;jrﬁﬁrﬁmﬁiﬁﬁﬁ)ﬂm t is adjusted
to be cdhsistent with the tilt. From figure 3.1, when an atom crosses
boundary A from left to right, it will be at position B. In the same
manner, if an atom moves across the boundary B in backward direction, it

will be placed at position A.

S/ lattice sites are used
/. The width of each
SR tingh) for every simulation in

From NRT, 1, « exp(;ETXj (Barabasi and Stanley, 1995), the

B
diffusion length varies with the substrate temperature. When the substrate
temperature is high, atom has more energy. The atom can break away
from its site and diffuses many times. This leads to a large diffusion
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Figure 31 Vicinal surfgge or stepped surface.
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length. Adjusting number of diffusions is the technique used to reflect the
change of the substrate temperature. Number of diffusions used here are
1, 100, 400 and 900 hops.

3.2 Calculation Methods

3.2.1 Temporal Correlation Function

D 2(a) shows the stepped

surface at 0 ML. Tl ;' o four step and the width
of each step is three g = TR 0 first and the second step
are shown in figdie 4 A x,(t=0)=6 respectively.

| the first and the second
W\ step edge positions are
x(t=1)=4 and x,(t*1 & N "Lositions are used in the
calculation of tempord « grel grai 28 cticl§ Mese functions are collected
after each monolayer #ep== 7 | "W:ps. Average value of the
temporal correlation functs==——===". steps and many substrates is
calculated. , I

3.2.2 Pers. A IDistribution

This section presents concepts of temporou persistence and survival
probabilities | sists of five steps.
Each step h ﬁhﬁm ﬁﬁcﬁw% as shown in figure
3.3. The shad¥s of color show height levels from high (light color) to low
(dark Eﬁ} & in figure 3.3
show’aoﬁfiﬁggtﬁ% ﬁﬁlﬂ@ Qﬁfgﬁe egative and
positivdl temporal persistence are considered from atoms that diffuse
within a specific range of 10 atomic units. If the diffusion length of the
atom is shorter than the reference range (approximately 10 atomic units),
the persistence will be negative. On the contrary, if the atom diffuses
further than the reference range (about 10 atomic units), the persistence
will be positive.

The reference lines for the calculation of the survival probability

distribution differ from the initial references. The references for the
survival probability distribution are averaged values following the time
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evolution of the film growth. They advance with time and diffusion
length.

AULINENINYINS
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(b)

Figure 3.2 : Example for the calculation
of the temporal correlation function.
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Chapter IV
Results and Discussion

In this chapter, we show our simulated films grown by the DT
model and the Family model on flat and stepped surface. Morphologies,
temporal correlation functigay! 4pnce probability distribution and

&d respectively.
=

In this part,«#fc #- gl format. The row of the

array represents nu I&%he column of the array
piae™ilm surface can be seen

cskolor the higher the film
surface.

Figure 4.1(a), ( nCW three dimensional plot of
morphologies of the DT filis — — tepped surface with 1, 100, 400
and 900 hops resnectiy Al 27 awth, diffusion length is one,
the film loses thig=: vS2Jis because the growth
does not follow & A figure 4.1(a), we can
see that the film s} jface™CT 8 BFIVU? JlILs has almost the same
height. It looks as If,the film is grown on flat substrate. For 100 hops
shown in fi ﬁﬁ )%‘%7 gins. The steps of
thin film ofﬁgﬂ) C Iﬁgﬁu d ;IjﬁF r 400 hops and 900
hops in figurd.1(c) and (d), att = 10* MLs and t = 10° MLs, we can see
step a iNA0f they AroWH. drob ility (n>100
hopsﬁtﬁﬂr&ﬁﬁrﬁmmmﬁmt llows step-flow

growth‘}node.

Figure 4.2 shows top view morphologies of the DT films grown on
stepped substrate. For the observed film grown with 1 hop at 1 ML in
figure 4.2(a), the steps are still formed. At 10° ML in Figure 4.2(a) does
not show clear steps but the film still inclines. At 10* and 10° MLs, the
films incline but we cannot see steps in figure 4.2(a). From this figure, we
can see the similar films as they are grown on flat substrate. For figure
4.2(b), deposited atom can diffuse 100 times before another atom is
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amaﬂﬂiﬁj"ﬁ%ﬁ”ﬁmmaﬂ

Growth time

Figure 4.1 : Three dimensional morphologies of the DT films
grown on stepped surface.
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released to the film. Thin film at 1 ML shows atom flow from step to step
according to color of steps. Although the straights of steps cannot be seen
clearly, the film can maintain the incline up to 10° MLs. The step-flow
growth mode begins from 100 hops in figure 4.2(b). The next
morphologies are the case of 400 hops. Here we can see the step clearly
throughout the growth. Step-flow growth mode is activated because of
temperature added to the growth process. Newly arrival atom can diffuse
to the end of the step. In this cas ik f #2film can keep the shape of substrate
better than those grown at_ e, For 900 hops in figure 4.2(d),
, i of steps to vicinal direction.
We set the temperaty I” ]h ﬂrowth process. Therefore,
atoms can diffuse £ ) ra ™ nd of steps. When time
increases, straight iz \ 2 explicitly. For 400 hops
and more, the morpr; slv for all ranges of growth

time. In vertical vie# SV sows thin films at same
time with different o 9 2s can be seen obviously
for all mobilities &'J o 1) i Steps of thin film are the

2. The atoms do not flow
NN ghest. More mobilities or
n “Xflse many times. There are
jest The views of morphologies
and the film looks very rough.
s ef stepped surface. The
=‘ t the same time. The
step-flow growth™e E'=>n 100 to 900 hops. At
10* MLs, the film 1 hop 10URSjust TIKe thin il on flat substrate at the
time in figure 4.3(a)¢The new step ggges of large mobilities at this time
are longer t mﬂqﬂﬂmem p-flow growth can
occur in Ia% Hiti s'flo tHdse at the previous
time. The hology of thin f#lm of 1 hopis the same gg,thin film that is
oo GAMRE] 141 g8 8 e e
Iarge% re ﬂ & e are longer
new step edges than usual.

Considering morphologies of the film in figure 4.3(a)-(d) from
small to large mobility in each column while the growth time is fixed.
The films that has large atomic mobilities are smoother than the film that
has at small atomic mobilities. Atoms can diffuse and fill the holes on the
films when it has large mobilities. They can find more proper position
than small mobilities. Subsequent growth processes in more time show

atom diffusion following diffusion rule of the model. From figure 4.3,
step flow growth mode does not happen certainly when the thin films are

more probabilities to flwiEas -T
at 10> MLs, for 1 hop, stP “J :
The atoms fill upsnd ' '
film rather likesT=



34

99.0 ham 99.0hm
79.2 7ozt
5o CET]
39.6 sasf
19.8 19.8
n . t
0.0 0.0h a s B 0]

00 198 396 594 792 990 00 198 396 5 L0g 198 396 594 To.2  §9.0 00 19.8 396 594 79.2 99.0

99.0 by 99.0p,

QQ.OF.
—

79.2) 79.2F

sga-" 594

o
3960 39.6[1

19.88 19.8
*

00bh Lt 0.0h

1
aar 00 198 396 594 T2 990

98.0 98.0 - guuneeey

7o.2 | 79.2} 7a.2f ¥

S84 - 50.4 g% S84
i

39.6 306 9.6

B
RS
19.8f e " 19

(i

n
594 792 ¢

19.8

0.0h 1
00 19.8 396

0.0h i
d 990 00 198 396 594 792 99.0

5. (d) 9960 = F]00~F'I)Q WA RS4 TFA2 8ar

1 ML 10?MLs 10*MLs 10°MLs

Growth time

Figure 4.2 : Top view of the DT films grown on stepped surface.
Figure 4.3 shows 3D Morphology from the DT films grown on flat
surface.
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Qﬁﬂﬁ\iﬂiﬁwﬁ"ﬁ""ﬂﬂﬂmﬂ

1ML 10?MLs 10*MLs 10°MLs

Growth time

Figure 4.3 : Three dimensional morphologies of the DT films
grown on flat surface.
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grown on the flat surfaces for all mobilities.

Figure 4.4(a)-(d) shows top view morphology of the DT films of 1,
100, 400 and 900 hops grown on flat surface. Here films do not grow in
step-flow growth mode. The thin films with large mobilities are smoother
than small mobilities. This can be seen from figure 4.4(d) that the thin
film at 900 hops has smoothest surface.

The three dimension morphologies grown on stepped surface with
the Family model from 1 to 9CQ. &k p5are shown in figure 4.5(a)-(d). Both
three dimension view (fiouats / nd top view (figure 4.6(a)-(d))
show flowing of atos e / 'of steps. Considering the
morphologies each mg argg _.n figure 4.5, step edge can

be seen clearly. Tryﬂe 0 for 1 hop from 102 to 10°

MLs are very rough. The film inclines but the
step edges cannot pbf hop. Obviously, step-flow
growth mode canr«#®t omatep-flow growth mode
cannot happened w/! 2 edges. To observe thin
wun starts at this mobility.
I st not identify definitely
St . % growth at 10° MLs. The
morphology at 100 o s caadietor §can distribute over the next

terraces. Typically, thefmdEses the atoms can diffuse is just a
half of step Wldth This I‘P , i,, 7 tep width increases wider than
the width of the / ngg-or 400 hops in figure

4.5(c) atoms canfsz
The maximum divSos -
with this mobilitid show Cicarer siep edgediithan 100 hops. When
considering morphobﬂas of 900 hgps in figure 4.5(d), the maximum

probability LEJO ﬂ ri step size. At this
point, new ﬂmn@tﬂ ’Tﬁl results are similar
as the growth” with 400 hops.gSubsequently, morpholqgjes at the same
e QT DI INABIYG S, e
time, %ﬁ rp at the next
time show atom arrangement better than previous time. This time is long
to notice step edges in growth process range. One different thing that is
observed from all mobilities is the indistinction of step edges for 1 hop.
At the first time, the different thing is the roughest surface on each terrace
at 1 hop. The terraces of each step for 1 hop are not smooth. For more
monolayer, at 1 hop flowing of step can be seen but step edges cannot be

seen certainly. At longer time, step edges of 400 and 900 hops are
smoother than 1 hop and 100 hops. To observe at final time, the

%] to the edges of steps.

=Cs. These morphologies
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Figure 4.4 : Top view of the DT films grown on flat surface.
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Ty ‘d) 900 hopg_ o
amaﬂﬂ;iglgw’%&”aE‘m

Figure 4.5 : Three dimensional morphologies of the Family films
grown on stepped surface.
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Figure 4.6 : Top view of the Family films grown on stepped
surface.
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morphologies are rather stable. Obviously, step-flow growth mode does
not appear in the growth of 1 hop. The mode can be seen for the growth
of at least 100 hops. One hundred hops or a half of step diffusion make
non-uniform step edges in the growth process. Four hundred hops make
the proper step-flow growth mode. Step-flow growth mode can happen
certainly at 900 hops. Figure 4.5 and figure 4.6 correspond to above
discussion.

4.2 Temporal Correlatiz s Z//
, -

. , o —
Relations ofV Pl ‘ﬁ..e of the DT model and the
Family model are -G ‘ 1i0%2 4.8, respectively. The

Ny

simple trend of the o= | %8N should be linear with
ok poral correlation for long
r&tion function saturates.
flow growth mode. The
Aol % 473-4.10 show log-log plot
of the temporal corr 2iagand Yt time of the DT and the
Family model respecti\ == r"8lines show that the functions
grow with time. To analye— —==.0pe of the curves we show the
exponents (i/n) of the tad= 24 2_function in table 4.1. These
results show incigs S>4ults correspond to the
growth process &4 Wdver activation energy
occurs at low terfjjeraidiis S5on gjray is higher in high
temperature. ,
Considari f , nents are transition
from low tﬁuﬁ rﬁﬂeﬁﬂw &fiﬁr he DT model are

characterized%in four cases which are the exponents of 1 hop, 100 hops,
400 hpRsa9d=90R hans e 1YRaeef AdAiG AraGesse be seen from
A P I Eis Brak s ey
atoms &e in low temperature so they have low energy. Atoms for 1 hop
cannot diffuse far from their incorporated sites. The sites are mostly at
step edges because of the diffusion rule of the DT model. To be on top of
atoms are shown by morphologies of 1 hop in figure 4.1(a) and 4.2(a).
The atoms start to flow in 100 hops case in expressing with figure 4.1(b)
and 4.2(b). Atoms in this case have enough energy to flow a little. They
can diffuse on terraces. They incorporate at new step edges. However

atoms cannot cross terraces, diffusion length is less than terrace width.
For higher energy case where an atom can diffuse approximately 400
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1000 O 0000000 & SN ¢ o
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Figure 4.7 . orrelation function of

the DT films grown,

1000(?&)
1000 3 » e « Lhop
100 - = 100 hops

4 400 hops

o ﬂ’lJEJ’WIEW]?WEI"Iﬂ‘i < 500 hops
ammﬂmwm B vy

1000 10000 100000

Figure 4.8 : Log-log plots of the temporal correlation function of
the Family films grown on stepped surfaces.
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Figure 4.10 : Log-log plots of the initial time temporal
function of the Family films grown on stepped surfaces.

correlation



43

Table 4.1 :

0 “ rrelation function of the
DT films and the F \

Number )(Sation function (1/n)
of hops Family model
1 0.88
100 0.62
400 0.85
900 0.91

AULINENINYINS
ARIAIN TN TN
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times, atoms have high energy. They can diffuse to another step edge
because diffusion length in this case is about step width. There is
probability for diffusion to another step. The largest diffusion length in
this work is 30 atomic units. In this case, atoms can diffuse to another
terrace. These meaning of atomic processes support applying temperature
in the growth processes. The step-flow growth mode can occurs in high
temperature. To consider exponents of the temporal correlation function
of the Family model, figure 4 1) vs trend of the temporal correlation
i 1< mic process when the films are
grown in previous timesme e iffusion rules of the Family

2 e po dhe temporal correlation of
tal le s, results are different from
4} aorphologies at the lowest
ngies at high temperature.
A 4.6(a) is the diffusion
edges. According to the
ICwest site ; therefore, it
looks as if there is r Wap of the Family model is
different from 1 hop : "N der the case of 100 hops,
diffusion length is a Hal (2N Atc s van flow and incorporate to
be a part of the film if adaas = m™is deposition site. Since the
diffusion of atom by this ey ,M : depend on the number of bonds,
all surface atoms=jap ' ' e gsesult from this process
can be seen in fi(fsz 15 case, atoms still find
the lowest sites. T, B=osion length. Atoms can
incorporate twenty Jiffusion iengus 1ar rom &l site of deposition. The
sites that they incorppiate are not neggssary at step edges. Figure 4.5(c)
and 4.6(c) Iﬁ (glmﬂmsj m'clf *hops show similar
behavior as 1 iffuse far to thirty
atomic units and they can incarporate at gqy sites IoweUhan its original
positi (}g;ﬂg mﬂﬁ Mﬁm ﬁgﬂzed into two
cases% hi that'o te re. Behavior
of atoms is rather same in high temperature. The atoms diffuse on the
terraces. For low temperature, atoms are on top of others at the step
edges. These results correspond to trend of the temporal correlation
function as shown in figure 4.10. There is rather same trend of 100-900
hops series.

the Family model arg
the DT model. Froris
temperature are quUIT Zf®

Family diffusion
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4.3 Persistence and Survival Probability Distribution

The persistence probabilities are calculated in both negative and
positive cases for all hops. Figure 4.11 shows the log-log plots of
negative and positive persistence probability versus time for all hops of
the DT model. Both positive and negative persistence probabilities for
every case decrease with time. Atoms have small probabilities that cannot
return to the references when ik j passes. From figure 4.11, slopes of
negative and positive persy gution are not far so the details
will be discussed When nmesai5 o

Survival proba===tri\ rtitéhown in figure 4.12. The
figure 4.12 is plots/ 2 ¢hd erwal probability versus
time in the growth . bilities of all mobilities
decrease with grow'! 4 positive. They are less
different both negu#

Figure 4.13 = 4 £ persistence and survival
probability distrib&tic g8 Il yrease rates of p(t) and s(t)
are approxrmately f, )sitive. The references or

. Jant. The DT atoms flow not
far so the references f ' = ) “are not far different from
average references of s).

Table 4.2 showszae¥ -'M _' tive and positive persistence
exponents when, s ok} from short to long
diffusion length. {87 i’} morphologies shown
in figure 4.1 or 4.24ALCH oy s Atoms diffuse to step
edges following ster;-flow growth mode. The stvp -flow growth occurs in
100-900 hops Both ﬁaatlve and pos#ive persistence exponents decline

itk

with more tu%j in table 4.2. The
probabilities fgr INg NeW S es are a er temperature These

resultﬁagﬁ ﬁﬁ %ﬁ ?ﬁg%a.t] ’a %Hf] a ;E}mstence and

time of the Family model. Both negative and positive persistence
decreases with growth time like persistence probabilities in the DT
model. Atoms have more probabilities to return the references with time.
Negative and positive persistence are not far each hop.

The survivals of all mobilities decrease almost both positive and
negative as shown in figure 4.16. This means that there are less
probabilities of step edge position being beyond the average reference
with growth time for all mobilities.
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Figure 4.11 : Log-log plots of negative vs. positive persistence
distribution of the DT films on stepped surfaces.
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Figure 4.12 : Log-log plot of negative vs. positive survival

distribution of the DT films on stepped surfaces.
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Figure 4.14 : Log-log plots of positive survival distribution vs.
persistence distribution of the DT films on stepped surfaces.
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Figure 4.15 : Log-log plots of negative vs. positive persistence

distribution of the Family films on stepped surfaces.
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Figure 4.16 : Log-log plots of negative vs. positive survival

distribution of the Family films on stepped surfaces.
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Figure 4.18 : Log-log plots of positive survival distribution vs.
persistence distribution of the Family films on stepped surfaces.
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Figure 4.17 and 4.18 show that persistence and survival
probabilities of the Family atoms. The survival probabilities decrease
faster than persistence probabilities. The references of survival are
average values of new step edges each time. The average references grow
with time. Atoms hardly escape from the evolution references. The
Family atoms diffuse further than the DT atoms.

The persistence probability exponents of the Family model are in
the table 4.2. These results cag i jrpscribed with figure 4.5 and 4.6. A
little flowing of atoms hangiX #0ily model since 1 hop but step
edges cannot be separatime S sue occurs in growth process
of the Family model == ofg L1eé_i.rule of the Family model,
number of bond is \¥ must incorporate at step
edges for 1 hop. It !2 ' shows the trend of both
positive and negat; | N |Iy model. Each curve
decreases when th«#ii: 26 % 4%\ NN increases as the curve
of the DT model, e Y L Eamonents are not the same.
They rapidly deci€as riows that the step-flow
growth mode can I mperature. These results
correspond to step edr L with high temperature.

Table 4.2 shows. of 2"DT and the Family model.
The exponents of the ¥ recse greatly with temperature.
Since diffusion rule of thz ) 4 @l atoms can flow any sites on
lower terrace. T Ritige to flow far from the
references. We (f ..5"‘ DT and the Family at
the same hop sinCéa =>yins). The DT diffusion
rule effects to inccldorated Siies o1 QoS The T atoms mostly deposit
on edges. Even if high temperaturg js applied, the DT atoms cannot

AT WET‘VI INEINT
ammnimum'swmaa
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Table 4.2 : Ngg weia! persistence exponents.

Family model
Number of hor
f gp+
1 9.26
100 5.57
400 , 3.45
900 7 i) .51 3.31

AULINENINYINS
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Chapter V
Conclusion

In summary, the growth of thin film on vicinal substrate is studied
using the 2+1 Das Sarma-Tamborenea model and the 2+1 Family model.
This growth process is a stcglppstic process that the Monte Carlo
technique can be used to sis ¢'ms. The goal of this study is to
see the influence of subgg . (//1 the step-flow growth mode.
Quantities of interest: .pl* IOL.--i'Inooral correlation function,
persistence probabilit sull/ivasssse ailities. The morphologies
show how the film s':2g . 22!0s us to understand some
atomic activities Gui' ) ) S 1 11€ atomic processes are
further investigate Az WAt function. The flow of
atoms at the step - - ersistence and survival
probabilities of the

From the shc

; c\mperature is elevated. The
step-flow growth ocfir y Fa W13 films because the Family
diffusion rules, even wifogdaess -5 jiu®ion technique, help generate
very smooth films. —

Calculatedsgors '&I~ i films grown on stepped
surfaces of both = ‘ with time. The type of
atomic process ti% "% and diffusion rule of
chosen model. Thillvalugs S erememe™C _t fots are used to predict
transition of atomic, process from low to high temperature. Atomic
processes o maﬂ:m H mﬂ d for both low and
high temper m m ‘ﬁe t the edges in low
temperature sﬁ'mulatlons and djffusion o%t‘oms on tr%yerraces in high

;gr:ﬁ&%ﬂmxﬁ ﬁw WG’II distribution

calculate persistence probability of thin films grown on stepped
surfaces is another objective of this work. Probabilities decrease with
time for all models. Atoms have more chance to return to the initial value
when time is large. The experimental results (Constantin et al., 2007)
confirm power law relation of the persistence probability distribution for
Al/Si(111) surface steps at 770, 870 and 970 K. Persistence probability
exponents for all models decrease with temperature or diffusion length.
Larger diffusion length leads to better “step-flow” growth. From the
experimental results (Dougherty et al., 2002), Si(111) at temperature
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between 770 and 970 K is used to find different exponents in different
physical mechanisms. The persistence exponents of the Family atoms
decrease greatly. The Family diffusion rule support atoms in diffusion
further than the DT atoms. Negative persistence exponents are not as far
as positive persistence exponent.  Negative and positive survival
probability distributions have the same trend. The persistence and
survival probability distributions are compared. The persistence
distributions decrease with tho g g2 rate as survival distributions in the
DT model because the DT 8\ #liffuse far away. For the Family

: —0 faster than the persistence
probabilities. The Fag s (@n 1_—far distance so the average
Tile 4 NS cross these average
' his point supports the

references more th
evolution of referenc:

The last ob; ‘ e onditions for step-flow
growth mode in th' 4, (o )\ urfaces by Monte Carlo
simulations. Thes& N ) W ..d to step-flow growth

0-900 hops. The number
N &%emperature. The substrate
Tolg mgth The step-flow growth
Ja half of terrace width and
‘ hen the diffusion length equals

temperature is addec™T
mode happens when tl#
more. The best step flow 1) 7
terrace width. If h' the terrace width, the
film is smootheifsz iv | P-flow growth mode.
The results corresiS’ ==e grown in this mode.
These results are Abnsistent wiaraicoretical 4 Jougherty et al., 2004;
Giesen, 2001) and expgrimental (Cogstantin et al., 2007; Giesen-Seibert

e 1995>emewemwmm
ammﬂimum'awmae
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