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Dynamical universality classes of vapor deposition models with evaporation
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Growth models for vapor depositions in which evaporation and deposition can occur, both at a randomly
chosen column and at its nearest neighbor colufNiSCs), 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.[S1063-651%99)16410-9

PACS numbgs): 05.40-a, 05.70.Ln, 68.35.Fx, 81.10.Bk

Recently there has been great interest in surfaced=1. The generalization to higher dimensions could easily
roughening phenomena of various growth models because &k established. In our model, the chemical potentiabf the
the possible relevance to physical phenomena such as crystapor is preassigned and is never changed during growth.
growths, vapor depositions, etc,2]. In many cases, such This assumption is believed to describe the thermal equilib-
surfaces possess a self-affine property. To understand thi&im of the vapor at a certain temperature. We have studied
physical properties of such surfaces, the surface widthwo kinds of models in which the evaporation-deposition
W(L,t) has been intensively studied. The scaling ansatz foprocesses at the randomly chosen column or at its nearest
W(L,t) with the linear size of substrateis neighbor columngNNCs) are determined by the chemical
potential differences. The local chemical potential of the sur-
W(L )= L“f(é), 0 face is defined by local curvature of the surf§®¢
w(x)=—-V2h(x)=2h(x)—h(x+1)—h(x—1). (2
where the scaling functioh(x) — const forx>1, andf(x)
~xB (B=alz) for x<1 [1-3]. There have been many the-  The first modelA mode) is defined as what followgsee
oretical efforts to relate various growth models to continuumFig. 1@]. Select a columnx randomly and calculate the
growth equationg1,2. One of the most famous growth chemical potentialg(x) andu(x+1) using Eq.(2). Deter-
equations is the Kardar—Parisi-ZhafPZ) equation[4]. ~ mine the minimumuy,n(x’) and maximumy,a{x") among
The models which belong to the KPZ universality class ardhe wx(x) and u(x=1). Here, X', X" e{X,Xxx1}. If mpay
characterized by nonconserved dynanfiss On the other >umin=p,, then decrease the interface height at colutfin
hand, the growth models in which the number of droppedds h(x")—h(x")—1 (evaporation process If wmin<u,
particles to the surfaces is conserved have been studied béen increase the height at columh ash(x’)—h(x")+1
cause of the possible relevance to the molecular-beantdeposition process If wmax=pumin=4y, choose randomly
epitaxial(MBE) growths[6—15]. In these conserved models, one of the columns among and x+1, and do either the
the main growth processes are depositions and surface relagteposition or evaporation process randomly at the chosen
ations. However, in the real growths, such as chemical vapagolumn.
depositiongCVDs), and even in MBE growths, there could ~ The second modelB mode) is defined as followgsee
be evaporation processgg]. Even though there have been Fig. 1(b)]. Select a columrx randomly and calculate the
some growth models which consider evaporation processeghemical potentiaj(x). If w(x)>u, , decrease the height
[12,14,18, there have been few studies that use the reafit x as h(x)—h(x)—1 (evaporation procegs If wu(x)
growth models to explain the surface roughenings of the va<u,, calculate the chemical potentialgiy=2[h(x)
por depositions in which the evaporation processes should b& 1]—h(x+1)—h(x—1), x.=2[h(x+1)+1]—h(x+2)
as important as the depositions and surface relaxations. Theh(x), and u_=2[h(x—1)+1]—-h(x—2)—h(x). If
motivation of this paper is, therefore, to establish the moreu(x) <u, and uq is the minimum amongey and u-, then
realistic growth models in which the evaporation processe&(x)—h(x)+1 (deposition process at the chosen column
are treated as equal to the depositions and surface relak- u(x)<w, and w. is the minimum among.y and - ,
ations, and to study the critical properties of such growththenh(x=1)—h(x*=1)+ 1 (deposition process at an NNC
models. of the chosen columnlf [ w,=u(x)], take the random ac-
Now we would like to describe our models in detail. We tion between deposition and evaporatiorxat
have constructed our models only in the substrate dimension The essential difference between thanodel and theB
model is the following. In théd model, the randomly chosen
column and its NNCs are treated equally. Therefore, a par-
*Electronic address: ykimnms.kyunghee.ac.kr ticle is evaporated or deposited not only at the randomly
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FIG. 2. In-In plot of the surface widthW(L,t)] against the
Monte Carlo growth timet() for A model forL =1024. Inset shows
W(L,»)’s for L=16,32,64,128. For, >0, the obtained exponents
from the data arg8~0.37 anda~1.45.

FIG. 1. Possible growth processes (@ A model and(b) B
model foru,=1. | denotes the randomly selected colurh,de-
notes the evaporation site, and dark sites correspond to the grow
site. Casdl)’s represent the evaporations and césgs represent
depositions at a nearest neighbor column.

~t#. For the case of., =0, the local chemical potential of
chosen column but at NNC. If an NNC is chosen for depo-the initial substrate is in equilibrium with the chemical po-
sition, then the growth process is essentially the same as thential of the vapor. So there should be no room for making
surface relaxations in the Wolf-VillailWV) model[9] and  the surface rough. But for,>0, the interface should be-
the Lai—-Das SarmdLD) model [17]. Whereas in theB  come rough to reach the equilibrium with the vapor. The
model, the growth process occurring at an NNC is onlyinset of Fig. 2 shows the dependence/flL,t =) onL for
deposition, and deposition at the NNC is determined by the =16,32,64,128 whem,=10. From the relationV~L¢,
chemical potential differences between the chosen columie obtaineda=1.45+0.01. These values g8 and a with
and the NNC. The growth processes at NNCs inBheodel 4, >0 are close toB=3/8, a=3/2, which are the exact
is also the same as the surface relaxations in the Wolfvalues for the surface roughenings described by the Mullins—
Villain (WV) model[9] and the Lai—Das Sarm&D) model  Herring (MH) equation[8], i.e., Eq.(3) with v,>0, v,=0,
[17]. and (---)=0. Villain has introduced a similar model with
These growth models are expected to follow the equatioRvaporation processé44]. In the Villain model a particle
sh can be evaporated or deposited only at a randomly chosen
9 2 column and there are no growth processes at NNCs. The
ot AV} 70, ® surface development in the Villain model is well-known to
) N ) follow the Edwards—WilkinsoEW) equation[6], i.e., Eq.
whereF is the local deposition current and is expected to bq3) with »,>0, v,=0 and (- -)=0, regardless of the value
a functiona_l of the surface curvatufh(x,t). The possible «, . In contrast, the equal treatment of the randomly cho-
form for F'is sen column and its NNCs in th& model can make the
effective surface relaxationsee Fig. 1a)]. Such effective
HVZh}=v,V%h—v,V*h surface relaxations ensure that themodels belong to the
+ (nonlinear terms of V2h+ - - - ). (4) MH universality class ifu,>0.
Now let us discuss the simulation results for Bienodel.

The critical properties of the suggested models have beelm Fig. 3, the initial behavior o¥V(L,t) as a function of time
studied through the various simulations. In our simulationsf on the substrate size=1024 is displayed. From the data
we have used periodic boundary conditions and started witfor x,=0 and 1, we obtaine@=0.24*+0.01. This value is
the flat substratgh(x)=0]. All results have been averaged very close tog=1/4 for the EW equation. But the data for
over 100 independent runs. First, we will discuss the simuu, =10 give 8=0.37+0.01. Inset(a) of Fig. 3 shows the
lation results for theA model. Figure 2 shows the measured measureg3’s of the B model as a function of, . As shown
W(L,t)’s for the A model on the substrate sike=1024. For in the inset,8 increases rapidly fron8=0.24 and saturates
m,=0, we can see thal/ saturates immediately after starting to 8=0.37 aroundu, =3. Inset(b) of Fig. 3 showsW(L,t
the growth. In contrast, we have obtain@e- 0.37+=0.01 for =o)’s. From the data foru,=0, we obtaineda=0.49
m,>0 from the data shown in Fig. 2 and the relati?h ~ =0.01 (dashed ling and from the data fog, =10 we ob-
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FIG. 4. Plot of J(m) againstm for B models. The measured

FIG. 3. In-In plot of the surface widtfiw(L,t)] against the negative currents fog, = 2,3 indicate thav,+0 [see Eq(5)]. The
Monte Carlo growth timet{) for theB model forL=1024. Insefa)  data foru, =10 show no tilt-dependent negative current.
shows the plot of obtainegs’s against u, . Inset (b) shows
W(L,*)’s for u,=0 and foru,=10. The obtained exponents are
B~0.24 for u,=0,1 andB~0.37 for u,=10. Obtaineda’s from
the data in insetb) are @~0.49 for u,=0 and a~1.47 for u,
=10, respectively.

dependency. These results support the assertion thds the
models withu, <3 belong to the EW universality class and
seem to support the assertion that those with>3 belong

to the MH universality class. More recently, a useful scaling

tained @=1.47+0.01 (solid line). These results also imply relation for the height step widtfi9)]

that theB models with lower values of, belong to the EW
universality class, whereas those with higher valueg.pf
(my>3) seem to belong to the MH universality class.

The EW term in the Villain model should be from the
evaporation-deposition procesgéd] at the chosen column. LR S B B B BN B L LN B B
Since our models also have the evaporation-deposition pro
cesses at the chosen column, it is natural to suspect a slov ~__F o090 fs,
crossover to the EW universality class as in the WV model .
[9,10]. In order to test the existence of the similar crossover, '
we have used the method suggested by Ketigl.[18]. The 10k
coefficient v, in Eq. (4) can be determined by the tilt- 075
dependent currert(m) through the relatio18] N
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G(Lt;L)=([h(x,t) —h(x+1)]% (6)
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wherem is the average slope of the substrate. If our models
have the EW term withv,(>0), then there must be negative
tilt-dependent current as in the WV moddl8]. We mea-
sured eachl(m) by taking 6.4< 10 processes on the sub- 2F a
strate sizd.=1024. We have found no meaningful negative a
J(m)’s in the Amodel. This result supports the assertion that
the A model belongs to the MH universality class regardless
of the w, value if u,>0. The measured data &m) for the

B model are displayed in Fig. 4. As shown in Fig. 4, for
small u,(=2,3) we have found the negative currefils] FIG. 5. Plot of G(1t;L) againstL in the steady-state regime.
which depend on the slope. From the data in Fig. 4 and |nset shows the data of tHemodel with u, = 2. For theA model,
Eq. (5) we obtainedv,~0.4 for u,=2 andv,~0.1 for u,  the behavior ofG(1t;L) follows Eq. (8) for both u,=2 and x,
=3. But the measured(m)’s for u,>3 did not seem to =10. For theB model, the behavior od&(1;L) follows Eq.(7) for
show clear negative values and did not clearly show any tilju, =2 and follows Eq(8) for w,= 10.
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was used to test the existence of the EW term in the W\tome from the simulations on finite-sized substrates. As long

model.G(1t;L) is known to scale as as the evaporation is possible only at the chosen site, an EW
term as well as a MH term should exist in tBenodel for all
const—1/L fort>L? values ofu, . In the simulation on the finite-sized substrates,
G(1t;L)~ const. fort<? (") it could therefore be possible that the EW term may become
less important than the MH term j&, is increased. How-
for the models of the EW universality class, and as ever, in the strict long time and in the largelimit, there
4 could exist no transition between the MH and EW universal-
G(lt'L)~[ L fort>L ® ity classes in thé model regardless of, value. _
. t¥4 fort<L? Now we would like to discuss the key processes which

discriminate the models that belong to the EW universality
for the models of the MH universality class. As shown in class from those that belong to the MH universality class. If
Fig. 5, the data of5(1t;L) for the A model follow Eq.(8)  the growth processes at the chosen column are more effec-
for both u,=2 andu,=10. This result also supports the tive than the growth processes at NN@se effective surface
theory that thed model with an arbitrary value qf, belongs relaxations [14], the growth of interface should follow the
to the MH universality class. But the data for tBemodel = EW equation. In contrast, if the growth processes at NNCs
with u, =2 follow Eg.(7) and those withu, =10 follow Eq.  are more dominant than those at the chosen column, then the
(8). This result also supports the assertion that m&deith  growth model should belong to the MH universality class
small u,(<3) belongs to the EW universality class, but[2]. To see these theoretical expectations clearly in our mod-
model B with u,(>3) seems to belong to the MH univer- els, we measured the ratiB(«,) of the number of the
sality class. Even though measurements of the tilt-dependegrowth processes at NNCs occurring in the steady-state re-
currents and height step widths suggested the absence of thene to those of the evaporation-deposition processes at the
EW term in modelB with larger u,, the suggestion has chosen site. The ratiB(u,) can be defined as

[number of growth processes at NNCs

R(my)= [ number of deposition and evaporation processes at the chosen ¢olumn ©

We measuredR(u,) from 6.4x10° processes on the sub- class foru,>3, andB models withu, <3 have been shown
strate size.=1024. As shown in Fig. 6, measur&{u,)’s  to belong to the EW universality class. The measurements of
for the A models do not change as, (>0) is varied. The  R(y,) for bothA andB models have shown good agreement

measuredR(u,)’s of model A indicate that the number of with the conclusions drawn from measurements 2.
growth processes at NNCs is much greater than that of

evaporation-deposition processes at the chosen column and . R —
theR(u,) hardly changes ift,(>0) is varied. These results o o
support that the growth processes at NNCs are more domi

nant than the evaporation-deposition processes at the chose
column. This fact is the essential origin fér models with
uy,(>0) that belong to the MH universality class. In tBe o
model, the measureB(u,) shows somewhat complex be- " S
havior. The value oR(w,) increases ag., increases when
n,=3. In this range ofu, , the evaporation-deposition pro-
cesses at the chosen column are still effective, and thes< 12} 4
effective evaporation-deposition processes mBkmodels =~
with u,,<3 belong to the EW universality class. However,
for u,>3, R(u,) saturates to nearly the same value as that 9} 4
of the A model and do not change as, increases. So, for
>3, the growth processes at NNCs become more effective

16 !

and theB models seem to belong to the MH universality sl O Amodel ]
class. O B model

In summary, we have studied two models for vapor depo-
sitions in which evaporation-deposition processes can occu N N N S N
both at a randomly chosen column and at its NNCs. The 2 4 6 8 10

measurements of surface width, tilt-dependent current, anc
height step width for thé model have shown tha models

for u,>0 belong to the MH universality class. In contraBt, FIG. 6. Plot ofR(u,) against theu, in the steady-state regime.
models have been shown to belong to the MH universalityFor the definition ofR(u,) see Eq.(9).

Hy
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From these results we can conclude the following facts. Ithe chosen column are effective, then the corresponding
the growth processes at NNCs are more dominant than theodels belong to the EW universality class.
evaporation-deposition processes at the chosen column, then

the corresponding models belong to the MH universality ~This work was supported in part by the Korean Science
class. In contrast, if the evaporation-deposition processes afd Engineering Foundatidi@rant No. 98-07-02-05-01)3
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