Chapter III

Simulation Results and

Discussions

As described in t is based on WV growth on

one dimensional subs n1t1al time. In fact, the one-
dimensional substra 2| 1n experimental laboratories.
But the studies of ¢ still important. This is
because we can still gg \ cal properties of MBE growth
models while using lesgftinge o simulations. Besides, although not an MBE

growth, there exist somg Hétision I'interface roughening processes in real

phenomena such as the sndwflaked falling @n the car windshield, waves clashing
on the shoreline, etc. Here we ’ ch - teristic of the surface of the growing
e width W and find the
5 ;class of the WV model.

films, i.e. the morpholog
exponents (o, 3, ’g’f‘ ------------------ mp
Furthermore, we are ifitere the potential barrier (ES

barrier [6, 7, 8]) in W rgodel the WV-ES model The results from our simulations
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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
he fact that each site z of the surface
ated. The surface width W plot
versus time ¢ in Fig. 3.1(h).8 indefinitely in time. The slope

[T
of this plot is the growth exg 1.4). Here we have 8 = 0.5.

depositing 10 ML is very rough due

The growth exponent f; ' ation is in agreement with the exact solution

The WV model [3] is Ty simple diffusion rules but its

morphologies and scaling

the surface width of the W g

plée [2]. We begin by investigating
, we show the surface width W
plot as a function e *:;......_._._._._-._.‘._'_.._._,._._,t_,__. 360 lattice sites. We found

the growth expone N rks (2, 3, 26]. Since L is

i

very large, we do no l any saturation in this plot.
¢ v
The ro ﬁ ,ﬂﬁeﬂﬁ ﬂjﬂrﬂ eﬂ f saturated surface
width (W) ‘as,a on“of substrate size L."In"Fig. 3.3, we plot the saturated
M TARFATTIV KT Ja a1 a1 ps
from EN=/10 t i 0 11 t ﬁa e We T ﬂ‘exponent in
q

one-dimensional WV model to be a &~ 1.40. Then we calculated the third critical

exponent (the dynamical exponent) z by following Eq. (1.14), 2 = a/f. The
value of the dynamical exponent z of the WV model is z ~ 1.40/0.37 ~ 4. All
of the critical exponents (a, S, 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-

t (ML)

sition (RD) model after depositing 10 ML on a substrate of size L = 1000.
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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 — oc) for long enough time (¢ — oc) we can
see the crossover to the true asymptotic universality. In practical, however, due

to the limitation of computers, otic time cannot be reached. So from

results of the scaling expon it seems to lead to the conclusion

that the WV model belo l um@ass or the linear fourth order

equation as in Eq. y : | \
After we study*the ior, we investigate the surface morphologies
=B\
\

of this model. In Fi
ML deposition. Alt

owing interface after 10°
RD morphology (compare
the minimum and maxj nfhe tv ts)yit seems that the WV mor-
phology is still quitevro | ' : doves and elatlvely flat tops. Looking
closely at this morphologyfwe sét*that if'swe flip it upside down, the surface be-
comes very different from th(; 6 - h0logy. The new one under the h —
-h transformation will spiky peaks ‘W liosy valleys. In other words, the
up-down symmetr} Vm&‘r 3.4. This information

tells us that a linear equatio the right equation for the

WYV model. There must be some nonhnear terms in the equation as well. This

e Ff‘liﬂ"?“ﬂ'ﬂ“ﬂ TINYINT
] W"Iﬁﬁ‘ﬁ"ﬂm UA1AINYA Y

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 P;; 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 141 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 th

morphologies have deeper grooves and
shaper peaks in systems with stronger | easing Pp), as in Fig. 3.6. This
is due to the fact that ada hop down to the lower terraces
when Pp, is smaller, whick Lronge arrler in this situation. The
average size of each moua hen the barrier is stronger.
When the values of Pp 3 the morphologies of the
WV-ES model (Fig. 3f7) jge Tamical rough (no'mound formation) surfaces

as found in the originalV . 1i8imay be puzzling but it can be explained

no bias in the model and thie modef reduegeshackito the original WV model even
through Pp, Py < 1. This can. rfirmed Dy the W-¢ plot as shown in Fig. 3.8.
Of course, if we set-the 3 filtia ot it becomes difficult for atoms
to hop and the “i' 7777777777777 :,of gh, such as the system
with Py = Pp = 0.15 Fig. 3 et @: Pp = 0, we found that
morphology of this case.becomes the same, as the morphology from the RD model

[1] shown eaﬁ KJ ﬂ EJ W%1Wﬁfa}yﬂ>§ause when Py = Pp

= 0 atoms loséjall mobility and cannot diffuse at all.

ARG VI PG e o

gies arefmuch 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 = 10°, Py = 1.0 and Pp = 0.5. We found that in the early time the
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Figure 3.6: The morphologies of the WV-ES model when we vary the values of

Pp = 0.0 to 1.0 (from top to bottom) by fixed the value of P; = 1.0. We simulate
the systems of substrate size L = 1000 at time ¢ = 10 ML.
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growth exponent (denoted as 3 in the figure) is approximately the same as in the
original WV model, i.e. B; ~ 0.37. At longer time, however, the growth exponent
(denoted as f3;) increases to f, ~ 0.5. From Fig 3.10, the crossover time (t) of
the growth exponent is approximately at 10> ML. The crossover of 3 from B =~

0.37 to B & 0.5 can be explained in the following way. In the early time (t <

tc) the whole substrate is still co nnegte the correlation length £ follows the
equation £(t) oc t'/%. During \\ ir ' evelop and coarsen through the
diffusion process. By “codtsen e ounds combine and become

one big mound. We o detect the coarsening of

mounds that we wil

\\' r the crossover time (¢ >

tc), the coarsening p the unds almost stop growing

larerally because gro led up. The newly deposited
adatoms diffuse mostly . . d.and the mounds become
steeper. At this point, e : e interaction with other mounds
on the surface and the i " §limi éd Dy the size of the mound. The
“interaction” of mounds in th ~‘-’i f,} S éach small mounds are coarsen to
each other. It is as if in th -:_— t;=."j! e oS bstrate is separated into pieces
with almost no in eraction between these preces “Hinspanges the growth exponent
to increase and everitua USimodel. It is interesting to
note that this situation is independent of the strength™6f the ES barrier as long as
the barrier is ﬂ m difference is that ¢,
in a system ﬂﬁﬁba 1ﬁ'ﬂﬂ mn’rﬁbarrier system. This
is shown in Flg 3.11. In some ver§ weak barriemsystems, e. g. Pp and Pp
- o5 d B E MR A Fod bl barirs
strong (ﬂlough 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 8 ~ 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

Sometimes when we sed"the pholdBies Wecide either there is mound

formation on the surface ot “There 1S 2 toolithat can be used to make that
| = (h(x)h(x +r)),, intro-

e ation function, it implies

decision: the correlation
duced in Chapter 1.

(2, 22, 23] that theres# he surface.

For this thesis, 2\ - n unction of the RD model. In

Fig. 3.14, G(r) is zero for a ._' gall fluetuation. This means that there
") does not oscillate. When we

calculate correlatlon function fremn

-

del, Fig. 3.4, we do not find any

oscillation. This igshown in Fig. 3.15. Se - the WV mi iwphology (Fig. 3.4) is just
o e 9 :

o

€

dynamical rough st WV-ES systems, we have

shown earlier that w nd mounded morphologies when we fix the value of Py =

1.0 and vary values“ofP;,. In Fi he_values of Pp from 0.9 to
0.1 (where P, Fi % gﬂ gy )Ii we find oscillations
in the correlatlon function when Rp < 0.7, see Eigs. 3.16(a)-(i)adn Figs. 3.16(a)
and (Q W ’}ﬁy&&ﬁ vﬁm }J(ﬁﬂ@ wﬁa @IIEJIOH. 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 in the vertical direct'o >
decreases. Furthermore, "% - useyG (7)-to-detect the coarsening process by
plotting G(r) at diffe d radius calculated from the
first zero crossing i means the coarsening still
dominates in the grg verage mound radius does

not change in time, i rd, b remains constant as time increases, it

When we set the valge =7 ] 3 stems, the correlation function
do not show any oscillation as -Fig. 3% Since the adatom has equals chance
igF in the system. So there

1\t he cases of Py < Pp, we

Iy
s paffUEL RTINS
o RIS HB D IS A ot v

models T order to confirm whether these models belong to the EW universality

do not see any oscillﬂon e

class. As explained in Chapter 1, the particle diffusion current can help us de-
termine the existence of the EW term, V2h, 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 ¢ = 106 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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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 1075. From the tilt substrate systems, the

e negative or downhill as shown in Fig

ollow the EW universality class
asymptotically and it also implies ' tha mound formation on the WV
surface. Our works ag; :

1+1 WV model.

irm the downhill current in

lll@'ﬂl\\\“ 0 | o
wyf f% d\\ 110~ | +1075
WV-ES (Py 0._;,_._.h_ 08| +10* | £105

Table 3.1: The partlcle of the discrete growth models.

For WV-ES m

1 we 3ils r%ary the values of Pp. We
found that for Pp =

‘and 0.9, the net current is negative while for Pp < 0.8 the
net current is aﬁ;q at, at Pp = 1.0 and
0.9, the barriﬁu weagneﬂhe system sﬂ:]ownh | current associating
thh ? , in this case
WAL e K iaib e (1 e

barrier i 1s 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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In the case of Py = Pp, we find the downhill 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.

dimensions seem to matghfheinear fou ‘growth equation (Eq. (1.20)),
so the linear fourth ordg e .1 ntlnuum growth equation.
However, from the afistig of " ' : t e up-down symmetry is
broken [2, 3, 19] so# | ibe'the system and it seems
the nonlinear fourth @Fd presented in the continuum
_ he previous section shows a
downhill current for thé model whi apliés that the linear second order
term (the EW term, V2h) : ntinuum growth equation too. So
from all our resultg, he oW1 77.;'.' ribing the WV model in

1+1 dimensions shoule

ah _ u Vzh — uVh + /\z,gv"’(w);B T n(z, t). (3.1)

SR T{TS - T (T S

that belong to'the V44 and V2(Vh)? terms and the eventual crossover to the be-
hav1oq w %l@ WWIN% 5‘12’3 % ﬁﬂfﬁrﬂter resources
and tim@ 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 V2A term should be included in the equation with v, < 0 to reflect
the instability.
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