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Dynamical universality classes of vapor deposition models with evaporation

S. H. Yook and Yup Kim*
Department of Physics and Research Institute for Basic Sciences, Kyung-Hee University, Seoul 130-701, Korea

~Received 7 April 1999!

Growth models for vapor depositions in which evaporation and deposition can occur, both at a randomly
chosen column and at its nearest neighbor columns~NNCs!, are studied by Monte Carlo simulations. The
growth processes in these models are determined by comparing local chemical potentials of the chosen column
and its NNCs to the chemical potential of vapor. The universality classes and the characteristics of the models
are studied by the scaling ansatz of kinetic roughening and by measurements of tilt-dependent currents and
height step widths. Through measurements of the ratio of number of growth processes at NNCs to those at the
chosen column, the key processes which are relevant to the determination of the universality class are also
studied.@S1063-651X~99!16410-9#

PACS number~s!: 05.40.2a, 05.70.Ln, 68.35.Fx, 81.10.Bk
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Recently there has been great interest in surfa
roughening phenomena of various growth models becaus
the possible relevance to physical phenomena such as cr
growths, vapor depositions, etc.@1,2#. In many cases, suc
surfaces possess a self-affine property. To understand
physical properties of such surfaces, the surface w
W(L,t) has been intensively studied. The scaling ansatz
W(L,t) with the linear size of substrateL is

W~L,t !5La f S t

LzD , ~1!

where the scaling functionf (x)→const forx@1, and f (x)
;xb (b5a/z) for x!1 @1–3#. There have been many the
oretical efforts to relate various growth models to continu
growth equations@1,2#. One of the most famous growt
equations is the Kardar–Parisi–Zhang~KPZ! equation@4#.
The models which belong to the KPZ universality class
characterized by nonconserved dynamics@5#. On the other
hand, the growth models in which the number of dropp
particles to the surfaces is conserved have been studied
cause of the possible relevance to the molecular-be
epitaxial~MBE! growths@6–15#. In these conserved model
the main growth processes are depositions and surface r
ations. However, in the real growths, such as chemical va
depositions~CVDs!, and even in MBE growths, there cou
be evaporation processes@2#. Even though there have bee
some growth models which consider evaporation proce
@12,14,16#, there have been few studies that use the r
growth models to explain the surface roughenings of the
por depositions in which the evaporation processes shoul
as important as the depositions and surface relaxations.
motivation of this paper is, therefore, to establish the m
realistic growth models in which the evaporation proces
are treated as equal to the depositions and surface re
ations, and to study the critical properties of such grow
models.

Now we would like to describe our models in detail. W
have constructed our models only in the substrate dimen
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d51. The generalization to higher dimensions could eas
be established. In our model, the chemical potentialmv of the
vapor is preassigned and is never changed during gro
This assumption is believed to describe the thermal equ
rium of the vapor at a certain temperature. We have stud
two kinds of models in which the evaporation-depositi
processes at the randomly chosen column or at its nea
neighbor columns~NNCs! are determined by the chemica
potential differences. The local chemical potential of the s
face is defined by local curvature of the surface@9#

m~x!52¹2h~x!52h~x!2h~x11!2h~x21!. ~2!

The first model~A model! is defined as what follows@see
Fig. 1~a!#. Select a columnx randomly and calculate the
chemical potentialsm(x) andm(x61) using Eq.~2!. Deter-
mine the minimummmin(x8) and maximummmax(x9) among
the m(x) and m(x61). Here, x8,x9P$x,x61%. If mmax
.mmin>mv , then decrease the interface height at columnx9
as h(x9)→h(x9)21 ~evaporation process!. If mmin,mv ,
then increase the height at columnx8 as h(x8)→h(x8)11
~deposition process!. If mmax5mmin5mv , choose randomly
one of the columns amongx and x61, and do either the
deposition or evaporation process randomly at the cho
column.

The second model~B model! is defined as follows@see
Fig. 1~b!#. Select a columnx randomly and calculate the
chemical potentialm(x). If m(x).mv , decrease the heigh
at x as h(x)→h(x)21 ~evaporation process!. If m(x)
,mv , calculate the chemical potentialsm052@h(x)
11#2h(x11)2h(x21), m152@h(x11)11#2h(x12)
2h(x), and m252@h(x21)11#2h(x22)2h(x). If
m(x),mv andm0 is the minimum amongm0 andm6 , then
h(x)→h(x)11 ~deposition process at the chosen colum!.
If m(x),mv and m6 is the minimum amongm0 and m6 ,
thenh(x61)→h(x61)11 ~deposition process at an NNC
of the chosen column!. If @mv5m(x)#, take the random ac
tion between deposition and evaporation atx.

The essential difference between theA model and theB
model is the following. In theA model, the randomly chose
column and its NNCs are treated equally. Therefore, a p
ticle is evaporated or deposited not only at the random
3837 © 1999 The American Physical Society
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3838 PRE 60S. H. YOOK AND YUP KIM
chosen column but at NNC. If an NNC is chosen for dep
sition, then the growth process is essentially the same as
surface relaxations in the Wolf–Villain~WV! model@9# and
the Lai–Das Sarma~LD! model @17#. Whereas in theB
model, the growth process occurring at an NNC is o
deposition, and deposition at the NNC is determined by
chemical potential differences between the chosen colu
and the NNC. The growth processes at NNCs in theB model
is also the same as the surface relaxations in the Wo
Villain ~WV! model@9# and the Lai–Das Sarma~LD! model
@17#.

These growth models are expected to follow the equa

]h

]t
5F$¹2h~x,t !%1h~x,t !, ~3!

whereF is the local deposition current and is expected to
a functional of the surface curvature¹2h(x,t). The possible
form for F is

F$¹2h%5n2¹2h2n4¹4h

1~nonlinear terms of¹2h1••• !. ~4!

The critical properties of the suggested models have b
studied through the various simulations. In our simulatio
we have used periodic boundary conditions and started
the flat substrate@h(x)50#. All results have been average
over 100 independent runs. First, we will discuss the sim
lation results for theA model. Figure 2 shows the measur
W(L,t)’s for theA model on the substrate sizeL51024. For
mv50, we can see thatW saturates immediately after startin
the growth. In contrast, we have obtainedb50.3760.01 for
mv.0 from the data shown in Fig. 2 and the relationW

FIG. 1. Possible growth processes in~a! A model and~b! B
model formv51. ↓ denotes the randomly selected column,↖ de-
notes the evaporation site, and dark sites correspond to the gr
site. Case~I!’s represent the evaporations and case~II !’s represent
depositions at a nearest neighbor column.
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;tb. For the case ofmv50, the local chemical potential o
the initial substrate is in equilibrium with the chemical p
tential of the vapor. So there should be no room for mak
the surface rough. But formv.0, the interface should be
come rough to reach the equilibrium with the vapor. T
inset of Fig. 2 shows the dependence ofW(L,t5`) on L for
L516,32,64,128 whenmv510. From the relationW;La,
we obtaineda51.4560.01. These values ofb anda with
mv.0 are close tob53/8, a53/2, which are the exac
values for the surface roughenings described by the Mullin
Herring ~MH! equation@8#, i.e., Eq.~3! with n4.0, n250,
and (•••)50. Villain has introduced a similar model with
evaporation processes@14#. In the Villain model a particle
can be evaporated or deposited only at a randomly cho
column and there are no growth processes at NNCs.
surface development in the Villain model is well-known
follow the Edwards–Wilkinson~EW! equation@6#, i.e., Eq.
~3! with n2.0, n450 and (•••)50, regardless of the value
of mv . In contrast, the equal treatment of the randomly ch
sen column and its NNCs in theA model can make the
effective surface relaxations@see Fig. 1~a!#. Such effective
surface relaxations ensure that theA models belong to the
MH universality class ifmv.0.

Now let us discuss the simulation results for theB model.
In Fig. 3, the initial behavior ofW(L,t) as a function of time
t on the substrate sizeL51024 is displayed. From the dat
for mv50 and 1, we obtainedb50.2460.01. This value is
very close tob51/4 for the EW equation. But the data fo
mv510 give b50.3760.01. Inset~a! of Fig. 3 shows the
measuredb ’s of theB model as a function ofmv . As shown
in the inset,b increases rapidly fromb50.24 and saturates
to b50.37 aroundmv53. Inset~b! of Fig. 3 showsW(L,t
5`)’s. From the data formv50, we obtaineda50.49
60.01 ~dashed line!, and from the data formv510 we ob-

th

FIG. 2. ln-ln plot of the surface width@W(L,t)# against the
Monte Carlo growth time (t) for A model forL51024. Inset shows
W(L,`)’s for L516,32,64,128. Formv.0, the obtained exponent
from the data areb'0.37 anda'1.45.
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taineda51.4760.01 ~solid line!. These results also imply
that theB models with lower values ofmv belong to the EW
universality class, whereas those with higher values ofmv
(mv.3) seem to belong to the MH universality class.

The EW term in the Villain model should be from th
evaporation-deposition processes@14# at the chosen column
Since our models also have the evaporation-deposition
cesses at the chosen column, it is natural to suspect a
crossover to the EW universality class as in the WV mo
@9,10#. In order to test the existence of the similar crossov
we have used the method suggested by Kruget al. @18#. The
coefficient n2 in Eq. ~4! can be determined by the tilt
dependent currentJ(m) through the relation@18#

n252
]J~m!

]m U
m50

, ~5!

wherem is the average slope of the substrate. If our mod
have the EW term withn2(.0), then there must be negativ
tilt-dependent current as in the WV model@18#. We mea-
sured eachJ(m) by taking 6.43108 processes on the sub
strate sizeL51024. We have found no meaningful negati
J(m)’s in theA model. This result supports the assertion th
the A model belongs to the MH universality class regardle
of themv value if mv.0. The measured data ofJ(m) for the
B model are displayed in Fig. 4. As shown in Fig. 4, f
small mv(52,3) we have found the negative currents@18#
which depend on the slopem. From the data in Fig. 4 and
Eq. ~5! we obtainedn2'0.4 for mv52 andn2'0.1 for mv
53. But the measuredJ(m)’s for mv.3 did not seem to
show clear negative values and did not clearly show any

FIG. 3. ln-ln plot of the surface width@W(L,t)# against the
Monte Carlo growth time (t) for theB model forL51024. Inset~a!
shows the plot of obtainedb ’s against mv . Inset ~b! shows
W(L,`)’s for mv50 and formv510. The obtained exponents a
b'0.24 for mv50,1 andb'0.37 for mv510. Obtaineda ’s from
the data in inset~b! are a'0.49 for mv50 and a'1.47 for mv
510, respectively.
o-
ow
l

r,

ls

t
s

lt

dependency. These results support the assertion that tB
models withmv<3 belong to the EW universality class an
seem to support the assertion that those withmv.3 belong
to the MH universality class. More recently, a useful scali
relation for the height step width@19#

G~1,t;L ![^@h~x,t !2h~x11,t !#2& ~6!

FIG. 5. Plot ofG(1,t;L) againstL in the steady-state regime
Inset shows the data of theB model withmv52. For theA model,
the behavior ofG(1,t;L) follows Eq. ~8! for both mv52 andmv
510. For theB model, the behavior ofG(1,t;L) follows Eq.~7! for
mv52 and follows Eq.~8! for mv510.

FIG. 4. Plot of J(m) againstm for B models. The measured
negative currents formv52,3 indicate thatn2Þ0 @see Eq.~5!#. The
data formv510 show no tilt-dependent negative current.
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3840 PRE 60S. H. YOOK AND YUP KIM
was used to test the existence of the EW term in the W
model.G(1,t;L) is known to scale as

G~1,t;L !;H const.21/L for t@L2

const. fort!L2, ~7!

for the models of the EW universality class, and as

G~1,t;L !;H L for t@L4

t1/4 for t!L4, ~8!

for the models of the MH universality class. As shown
Fig. 5, the data ofG(1,t;L) for the A model follow Eq.~8!
for both mv52 and mv510. This result also supports th
theory that theA model with an arbitrary value ofmv belongs
to the MH universality class. But the data for theB model
with mv52 follow Eq. ~7! and those withmv510 follow Eq.
~8!. This result also supports the assertion that modelB with
small mv(,3) belongs to the EW universality class, b
model B with mv(.3) seems to belong to the MH unive
sality class. Even though measurements of the tilt-depen
currents and height step widths suggested the absence o
EW term in modelB with larger mv , the suggestion ha
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come from the simulations on finite-sized substrates. As lo
as the evaporation is possible only at the chosen site, an
term as well as a MH term should exist in theB model for all
values ofmv . In the simulation on the finite-sized substrate
it could therefore be possible that the EW term may beco
less important than the MH term ifmv is increased. How-
ever, in the strict long time and in the largeL limit, there
could exist no transition between the MH and EW univers
ity classes in theB model regardless ofmv value.

Now we would like to discuss the key processes wh
discriminate the models that belong to the EW universa
class from those that belong to the MH universality class
the growth processes at the chosen column are more e
tive than the growth processes at NNCs~the effective surface
relaxations! @14#, the growth of interface should follow the
EW equation. In contrast, if the growth processes at NN
are more dominant than those at the chosen column, then
growth model should belong to the MH universality cla
@2#. To see these theoretical expectations clearly in our m
els, we measured the ratioR(mv) of the number of the
growth processes at NNCs occurring in the steady-state
gime to those of the evaporation-deposition processes a
chosen site. The ratioR(mv) can be defined as
R~mv!5
@number of growth processes at NNCs#

@number of deposition and evaporation processes at the chosen column#
. ~9!
s of
nt

.

We measuredR(mv) from 6.43108 processes on the sub
strate sizeL51024. As shown in Fig. 6, measuredR(mv)’s
for the A models do not change asmv ~.0! is varied. The
measuredR(mv)’s of model A indicate that the number o
growth processes at NNCs is much greater than tha
evaporation-deposition processes at the chosen column
theR(mv) hardly changes ifmv(.0) is varied. These result
support that the growth processes at NNCs are more do
nant than the evaporation-deposition processes at the ch
column. This fact is the essential origin forA models with
mv(.0) that belong to the MH universality class. In theB
model, the measuredR(mv) shows somewhat complex be
havior. The value ofR(mv) increases asmv increases when
mv<3. In this range ofmv , the evaporation-deposition pro
cesses at the chosen column are still effective, and th
effective evaporation-deposition processes makeB models
with mv,3 belong to the EW universality class. Howeve
for mv.3, R(mv) saturates to nearly the same value as t
of the A model and do not change asmv increases. So, fo
mv.3, the growth processes at NNCs become more effec
and theB models seem to belong to the MH universal
class.

In summary, we have studied two models for vapor de
sitions in which evaporation-deposition processes can o
both at a randomly chosen column and at its NNCs. T
measurements of surface width, tilt-dependent current,
height step width for theA model have shown thatA models
for mv.0 belong to the MH universality class. In contrast,B
models have been shown to belong to the MH universa
of
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class formv.3, andB models withmv<3 have been shown
to belong to the EW universality class. The measurement
R(mv) for bothA andB models have shown good agreeme
with the conclusions drawn from measurements ofb ’s.

FIG. 6. Plot ofR(mv) against themv in the steady-state regime
For the definition ofR(mv) see Eq.~9!.
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From these results we can conclude the following facts
the growth processes at NNCs are more dominant than
evaporation-deposition processes at the chosen column,
the corresponding models belong to the MH universa
class. In contrast, if the evaporation-deposition processe
,

e
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en

y
at

the chosen column are effective, then the correspond
models belong to the EW universality class.
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