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Surface roughening in shadowing growth and etching in &1 dimensions
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Through numerical calculations and Monte Carlo simulations, we examine the roughening behavior of a
shadowing model, with lateral growth, for {21)-dimensional systems. The results show that the roughening
growth exponenB=1 for growth and3=0 for etching. For the Monte Carlo simulation of the growth model,
tall columns are formed, and the correlation length obgyét—1to)Y?, with 1/z=0.93+0.1. For the Monte
Carlo simulation of the etching model, we obtairz£0, and the height-height correlation functiét(r) is
proportional to log() for r<¢. The results are compared to previous computational studies of shadowing and
to experimental studies of sputter deposition.

I. INTRODUCTION The first term on the right-hand side of this equation is a
condensation-evaporation term. Thein Eq. (1) is the ex-

In deposition or etching processes, shadowing is often posure solid angle. The last term is a noise term. The numeri-
factor in the evolution of the interface. In such processescal calculations, on a 9696 lattice, of Yao and Guo show
uncollimated particles are incident on a substrate and, upofhat the interface widttw increases linearly with time and
contact with the substrate surface, either etch the surface @fat the column width grows as{o«t%33°00214 However,
are deposited on it. Shadowing implies that a given point ofjhejr model does not include the possibility of growth normal
the surface can receive fewer particles than other points, bgg the |ocal surface that occurs experimentally during sputter
cause nearby surface features block some of the INCOMINge position.
particles. This is illustrated in Fig. 1. This sort of process is In this paper, we examine a ¢21)-dimensional con-

believed to be important in sputter deposition _of thin films. tinuum model of shadowing with surface normal growth and
There have been several experimental studies of roughen-

ing in sputter deposited film's®. As can be seen in Table |, present a detailed Monte Carlo study of a discrete

a wide range of scaling exponents has been observed, and tF]%+ 1)-dimensional shadowing model, with inherent lateral

observed exponents seem to depend on the experimen&rIOWth’ similar to the (% 1)-dimensional model of Roland

conditions as well as the deposition species. For examplé}nd G“f_’l-l Qur results are Compared to publlished experi-
You et al. obtained a value of 0.40 for the growth exponentMental findings. We also examine the dynamic scaling be-
B and a value of 0.40 for the roughness exponentor havior of etching in the presence of shadowing.

sputter deposition of gold at 300 ¥wvhile Wanget al. found

that 8=0.42 anda=0.89+0.05 for sputter deposition of

molybdenum at room temperatb?rda_ee, Cahill, and Greene II. CONTINUUM MODEL OF SHADOWING

studied sputter deposition of silicon onto singular and miscut

silicon substrates at 300 °C and foupe=0.7+0.05 anda q Hert()a \(’j\'i useha_crc:n;inuum model iﬂ whichfthe sur.face is
—0.80+0.05 for the miscut substrates afie=0.6+0.05 and  described by a height functidn(r, t), wheret refers to time

«=0.85+0.05 for the singular substratdd.e Bellac, Ni- andr=(x,y). Further, we impose the period_ic condition that
klasson, and Granquist studied the scaling of chromium film@ X+ N.y+N,t)=h(x,y,t) for a system size ofNXN.

prepared by oblique sputter deposition at 300-330 K ancphadowing growth and etching can be considered a special
found B=0.98+0.1 anda~1* They also found that the Cas€ of the nonlocal model that we recently studred.

average column diametérobeyedoct®%8%14 For sputter
deposition of copper at 450 K, Eisenmenger-Sitteeal.
found that@=1/3 while Karr et al.found, for sputter depo-
sition of TiN at 750 °C, that3=0.25+0.07, and that the
average mound separation was proportionaPf5* %976

Both numerical calculations and Monte Carlo simulations
of shadowing have been carried out, but so far, most of the
theoretical studies have been performed in+11
dimensions™® This is due to the extreme difficulty of
studying nonlocal models, like shadowing, inrt2 dimen-
sions. Yao and Guo proposed a continuum equation for shad-
owing growth in 2+1 dimensiong?

oh FIG. 1. lllustration of the shadowing effect. The valley receives
= LV2h+RO(r LhY) + n(r.1). 1 fewer incoming particles than the peaks, because incoming particles
ot v (r.{hH)+n(r.t) D are blocked by the peaks.
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TABLE I. The observed exponents for several sputter deposition experiments. For comparison, theoret-
ical shadowing results are shown below the double line.

Film

structure/model Temperature/number

System/model type of dimensions a B p Reference
Au on 220 K 0.42 0.42 1
Si (11 300 K 0.40 0.40
Mo on Room 0.89+0.05 0.42 2
Si (111) temperature
Sion 3
Si (001):
Singular Epitaxial 300°C 0.85+0.05 0.6*+0.05
Miscut Epitaxial 300°C 0.80+0.05 0.7=0.05
Cr (oblique 300-330K 1 0.9&80.1 0.98:0.1 4
incidence
Cu on 450K 1/3 5
oxidized
Si (100
TiN (00D Epitaxial 750°C 0.250.07 0.25:0.07 6
on
MgO (001)
Shadowing growthContinuum 1 1 0.7 12
(without lateral
growth)
Shadowing Continuum 1 1 1 12
growth
(with lateral
growth)
Shadowing Monte Carlo 1 0.55-0.58 11
growth
Shadowing Continuum 2+1 1 0.33:£0.02 14
growth
Shadowing Continuum 2+1 1 This work
growth
Shadowing Continuum 2+1 0 This work
etching
Shadowing Monte Carlo 2+1 1 0.93t0.1 This work
growth
Shadowing Monte Carlo 2+1 0 0 0 This work
etching
oh ) - the particle sticks, it will either deposit on the surface or etch
S~ vV h—«V'h= V1+(Vh)? the surface, depending on whether the process is deposition
or etching. If the particle does not stick, then it will be re-
X[SoFo(r,t) +s.F(r,t)+---]1+ 7. (20  emitted and go elsewhere. The fluxragh-order particles at a

The first two terms on the right-hand side of this equation ar
the familiar smoothing mechanisms of condensation an
evaporation and surface diffusion, respectively. The last term
is the noise term, and the third term is a nonlinear term

corresponding to flux reemission. The fac®k/1+ (Vh)? is

present because the growth and etching are normal to the

local surface. Here, the+" sign corresponds to a growth
process and the <" sign refers to an etching process. In
this model, particles are labeled based on the number oftheref is the unit normal, at position, pointing out of the
times that they have collided with the surface. For examplesurface,i’ is the unit normal at position’, A, is a unit

an nth-order particle is a particle that has collidadimes
with the surface. If amth-order particle collides with the
surface, there is a probability;, of the particle sticking. If

ositionr on the surface i§,(r,t) and can be found by the

§quatior’15

Fn+1(f,t)=(1—3n)f Z(r,r" )Fq(r',1)

(ﬁrr"ﬁ)P(ﬁr’r ,ﬁ’)

(r_r/)2+(h_h/)2dA,! (3)

vector pointing fromr tor’, andf,, is a unit vector point-
ing fromr’ tor. HereP(f,.,, A’) is the probability per solid
angle that a reemitted particle will go off in the direction of
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Ay . Also, Z(r,r’,t) is equal to 1 unless there is no line of - incident particle
sight between the surface elements andr’ or (A, /-n) is (a) 1
negative, in which casg is zero.

Equation(2) can be used to describe many transport lim-
ited growth-etching processes. For example, we have re-
cently proposed that plasma etch-front roughening corre-
sponds to first-order reemissions,~0 ands;=1.° The
case of shadowing corresponds to zeroth-order reemission:
sp=1 ands,~0 for n>0. In this case, Eq.2) becomes

oh
= vV2h—kV4T soFo(r,t)V1+(Vh)2+ 5, (4

incident particle

with (b) |,

Fo(r,t):J jJ(&,d))-ﬁ(r)dQ

:f”fﬂmwxa,@-ﬁ(r)(sinﬁ)d@d‘f" ©
0 0

FIG. 2. lllustration of the Monte Carlo simulations fdg)
where @ is the local polar angle ang is the local azimuthal  growth and(b) etching.

angle. Also, J(6,¢)=R(0,¢)[siné(i cosd+]sin )

+Rcose], whereR(6, ¢) is the distribution of the incoming ticle (1) impacts the surface and etches the surface at the
flux. We can see thaF, contains information about the Point of impact(2). All particles (3) above the point of im-
shadowing effect of the surrounding surface features, as weRact move down one space.

as the nature of the incoming flux. Unlike Ed), our model

includes growth normal to the local surface. Solutions to Eq. IV. NUMERICAL CALCULATIONS

(2) are found by numerical integration. AND MONTE CARLO SIMULATIONS

For both the numerical calculations and Monte Carlo
lll. DISCRETE MODEL OF SHADOWING simulations, it is possible to extract quantitative information
bout the growth or etching process from the generated sur-

For the discrete model, the surface is again described by dces. A useful quantity is the interface widil defined by

height function h(r,t), where t refers to time andr
=(x,y). However, because the model we use is discpete, 2_ T2
y, andh can take on only integer values. Furthermore, be- wo=([h(r,)H =h(O]%), 0
causeh is single valued, this model does not allow for the whereF(t) is the average height of the surface at titrend
possibility of overhangs. Finally, we again impose the peri-(---) denotes an average over the entire surface. We assume
odic condition thah(x+ N,y+N,t)=h(x,y,t) for a system that
size of NXN.

A position in thex-y plane is chosen at random. This is wocth, ()
used as the initial in-plane position for a particle that will
etch or deposit on the surface. The initial height of the par
ticle is taken to be makj+1. A direction for the particle is
then chosen, and the particle proceeds in this direction until C(r):([h(r’+r)—F(t)][h(r’)—F(t)]>, (9)
it hits the surface. The distribution of directions is given by

wherer=|r|. Forr=0, C(r)=w?. Note that we have as-

where 8 is called the growth exponent. We define the auto-
‘correlation function as

dP cosd sumed that the surfaces are isotropic. From the autocorrela-
T (6) tion function, one can determine the correlation length
m defined by
Upon striking the surface, the particle sticks at the point of C(é)=w?e. (10)

impact. However, if the particle hits the side of a column, it

slides straight down until it hits the surface again, as showYVe assume that
in Fig. 2(@). This is exactly what happens in the model of 1z
Roland and Gud! In this way, overhangs are prevented. g (t=1o) ™, (1)

AlSO, grOWth normal to the local surface is ImpIICItIy ac- wherez is called the dynamic exponent at@”s the cross-

counted for in this model. For etChing, the simulation pro-over time. The he|ght_he|ght correlation functi(b-‘(r) is
ceeds as for growth except that, when a particle hits a colgefined by

umn, the height of the surface at the point of impact is
decreased by 1. This is shown in Figh2 an incident par- H(r)=([h(r+r’",t)—h(r’,t)]?), (12
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FIG. 4. Cross section of the surface of the ¥288 numerical
calculation att=40. The surface appears to contain tall, widely
separated columns.

(c)t=20 dr=4 ‘ in their (1+1)-dimensional simulations. Note, however,
that this morphology differs from the morphology seen in the
FIG. 3. Surface images for the 12828 numerical calculation continuum model; in the continuum model, the columns
of shadowing growth ata) t=4, (b) t=10, (c) t=20, and(d) t  \yere spread farther apatompared to the column sizthan
=40. Light areas indicate high, while dark areas indicate loWw. in the discrete model. The discrepancy is probably due to the
i fact that, in the discrete model, particles hitting the side of a
and we can get the roughness exponefitom the relation  cojymn were allowed to slide down the column. In Figh)5
the interface widthw is plotted as a function of growth time
2a < . . . .
H(r)oer for r<¢. (13 t. There is a clear linear dependence of the interface width on

We can also analyze the power spectrum density, defined Byme, which implies thap3=1. In Fig. 8, we plot the corre-
lation length ¢ and the column width! as a function of

1 ot 2 growth timet, respectively. The correlation length appears to
P(k,H)= EJ [h(r,t)—h(t)]e""dr| . (14 have a linear dependence on time, but does not intercept the
origin. Fitting the functionA(t—t,)*? to the data gave 2/
Itis then useful to look at the locatidg of the maximumin  =0.93+0.1. The average column width shows similar time

the circular average of the power spectrum. From this, wejependence, but it is much less clear whether this depen-
can find the average column width=2x/ky. We assume dence is linear or not.
that the average column width behaves as

{x(t=to)P. (19

120
A. Shadowing growth

@
<

The numerical calculations of the continuum equation
were performed on a 128128 lattice, and we set and k
equal to zero. In Fig. 3 we show the surface morphology for
the growth model at various times. The morphology consists
of tall columns, and the distance between neighboring col-
umns (of similar heighj is large compared to the column
size. To make this point more clear, we show, in Fig. 4, a
cross section of one of the surfaces. In Figr)5we plot the
interface widthw versus time. We see a clear linear depen-
dence ofw on t, just as observed by Yao and Guo in their
(2+1)-dimensional numerical calculatiolfs.Due to the
small system size, we could not get reliable values for the
dynamic exponent from the numerical calculations.

Because the Monte Carlo simulation is more efficient than
the numerical calculation, 10241024 simulations were run.
The surface morphology, at various times, for the growth
simulation, is shown in Fig. 6. In Fig. 7 we show the cross G, 5. (a) Interface width vs time for the 128128 numerical
sections of the surface morphology for various growth timescajculation of shadowing growth. The clear linear dependenee of
The cross-sectional morphology consists of columns thagn t implies thatg=1. (b) Interface width vs time for the 1024
grow taller and wider with increasing growth time. This is x 1024 shadowing growth simulation. The clear linear dependence
the same type of morphology observed by Roland and Guef w ont implies that3=1.
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FIG. 6. Surface images for the 1024024 Monte Carlo simu-
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lation of shadowing growth ata) t=2x10° particles, (b) t=4
X 10 particles, (c) t=1.2x 10° particles, andd) t=2x10° par-
ticles. Light areas indicate high while dark areas indicate low.
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FIG. 8. (a) Plot of correlation length¢ vs time for the 1024

The results that we obtain for the interface width are thex 1024 shadowing growth simulation. The solid line indicates the
same as the results obtained by Yao and Guo for the (Pest fit of the functionA(t—to)*#, which givesA=2.45<10"°,

phase of

(1+1)-dimensional discrete model of Yao, Roland, and

to=—4.25< 10, and 1#=0.93+0.1. (b) Plot of average column
thewidth £ vs time for the 102% 1024 shadowing growth simulation.

Guo? It seems clear that shadowing growth leads to a lineagral growth into account in their calculations. While lateral
dependence of the interface width on time, but the situatiogrowth does not seem to affect the behavior of the interface
for £ and ¢ is more complicated. Our values fgrare less width, it is reasonable to suspect that it would have a signifi-
reliable than our values faf, but if we assume that surfaces cant influence on the behavior of both the correlation length
at different times are statistically identical except for a scale2nd the average column width. Yao, Roland, and Guo found
change, then the exponeptshould be equal to 2/ We thatp=0.7/in 1+1 dimensions and thagi=1 in 1+1 di-
illustrate this point in Fig. 9 by showing the circularly aver- mensions with a lateral growth terif.

aged power spectra of the surfaces at different times, re- Our (2+1)-dimensional Monte Carlo results are quite
different from the (& 1)-dimensional Monte Carlo results

sealed by a factor af??(t—t,)%? vertically and by a factor

of (t—to) Y7 horizontally. The fact that the power spectra ©f Roland and Guo, in which they found thatranges be-

overlap indicates that, while the surface features get biggeeen 0.55 and 0.58, depending on the width of the angular
both vertically and horizontally, they do not otherwise distribution of the incoming fluxthe maximum angle of the

change very much. Yao and Guo found tipat 0.33+0.02

in 2+1 dimensiong? This differs significantly from our

flux fmax Was varied from 30° to 702! This supports the

value of 12=0.93+0.1, but Yao and Guo did not take lat- 12x10° T .
I o t=40,10
ol . 1=80,10° 1
2500 p 1.0x107 - ;; v =120
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FIG. 7. Cross sections of the surface of the 182924 shad-
owing growth simulation for various growth timest=4.0x 1%,
t=8.0x 10°, t=1.2x10°, t=1.6x10°, andt=2.0x 10°. The sur-
faces appear to consist of tall columns.

data.

FIG. 9. Rescaled circular averaged power spectra for the shad-
owing growth simulation fort=4.0x10%, t=8.0x10°, t=1.2
X 10°, t=1.6x 10°, andt=2.0x 10°. The inset shows the unscaled
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view that the scaling properties are not sensitive to the an-
gular distribution of the incoming flux. In our simulations,
we did not limit the angular distribution of the incoming flux
(corresponding t06,,x=90°). Our value for 1Z(=0.93
+0.1) is larger than the value q@f (between 0.55 and 0.58
obtained by Roland and Guo. The discrepancy could be due
to the difference in dimensionalit2+ 1 dimensions instead

of 1+1 dimensiong or it could be due to the presence of
other factors, such as surface diffusion or condensation and
evaporation, in the simulations of Roland and Guo.

Our results for shadowing growth agree quite well with
the experimental results of Bellac, Niklasson, and
Granqvist! However, in their experiment, the deposition was
at an oblique angle, while in our simulations, the flux came
from all directions. The growth exponents found by Lee,
Cabhill, and Greene, while significantly lower than the growth
exponent found in our simulations, are significantly larger R Lo BN :
than 1/2° This means that there must be a roughening (c)t=20 d)r=4
mechanism present besides noise. Smoothing effects, such aSFIG 10. Surface images for the 12828 numerical calculation
surface diffusion, could only lower the exponent, but shad—Of shadowing etching ata) t—4, (b) t= 10, (c) t20, and(d) 1

owing gives a growth exponent much greater than 1/2'=40. Light areas indicate high, while dark areas indicate loW.

Hence shadowing combined with a smoothing mechanism

could result in a growth exponent greater than 1/2, but Ies§ect stable growth with a growth expong8i0.5. That is,
than 1. shadowing is a smoothing mechanism for the case of etch-
The growth exponents found by Yoet al' and Wang ing.
et al? differ greatly from our value, but, again, smoothing ~For the numerical calculations of etching, a X288 lat-
effects could be present. Also, other factors, such as the afice was again used. The morphology for the numerical cal-
gular spread of the flux, will affect the exponents. The ex-culation is shown in Fig. 10. We can see that the surface
periment of Eisenmenger-Sittnet al® and the experiment changes very little over the range of times covered in the
of Karr et al® give the smallest exponents. In those experi-calculation. In Fig. 1(a), we plot the interface widthv ver-
ments, however, surface diffusion is probably the dominanuys timet in semilogarithmic scale. From the plot, we can
mechanism. see thatv increases initially because of the noise, but even-
Itis clear that a large discrepancy exists between the sputyally flattens out. This implies thg@=0.
ter deposition experiments and our model. However, for The surface morphology for the Monte Carlo etching

most cases, other processes, such as surface diffusion, ajignulation is shown in Fig. 12. The morphology, in this case,
also present. This can lead to a substantial lowering of the

observed exponents, thus explaining the discrepancy. One
might be tempted to assert that the shadowing effect should
always win out over linear effects such as surface diffusion.
While this might be true, the crossover time from diffusive to
shadowing behavior can, for sufficiently high surface diffu-
sion, be large enough to prevent shadowing behavior from
being observed. Further, it is far from clear how other pro-

Interface width w (arb. units)

cesses interact with a shadowing term. Another possibility is 0 16.1 'l'(')o ' 1(')1
that, in some of the experiments, the film might be polycrys- Lo Time ¢ (arb. units)
talline. For polycrystalline films, the grain formation process =70

will affect the growth. For such a case, it is reasonable to 208 ®)

expect that the scaling exponents would differ from the val- 3 06l

ues predicted by a pure shadowing model. R

B. Shadowing etching 05 "3 ] . 9
10 10 10 10 10

The basic idea of the shadowing effect in sputtering
growth is that the crest of the surface will receive more de-
posited atoms than the valley of the surface because the re- g, 11. (a) Semilogarithmic plot of interface width vs time for
ceiving solid angle at the crest is larger than that in the valihe 128<128 numerical calculation of shadowing etching. The fact
ley. Therefore the growth rate at the peak is faster than at th@atw saturates, for later times, indicates tiat 0. (b) Semiloga-
valley, which causes the growth instability. However, if onerithmic plot of interface width vs time for the 10241024 shadow-
applies this model to an etching process, suggesting thadg etching simulation. The linear dependencenobn t, for later
peaks have a faster etching rate than valleys, one would eximes, indicates thg8=0.

Time ¢ (particles)
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(@) t=1x108 particles  (b) £ = 2x10® particles

(c) t=6x10%particles  (d) ¢ = 1x10° particles FIG. 13. Height-height correlation functions for the shadowing
etching simulation fot=5.0x 107, t=1.0x 10%, andt=1.5x 1C%.
FIG. 12. Surface images for the 1024024 Monte Carlo simu-  For later times, the height-height correlation functions overlap the
lation of shadowing etching a®) t=1x1C® particles, (b) t=2 t=1.5x 10° height-height correlation function.
x 10P particles,(c) t=6x 10° particles, andd) t=1x 10° particles.
Light areas indicate high, while dark areas indicate loW. V. CONCLUSION

1.7 —

t=1.5x10®
1.6 t=1.0x10%
1=50x107

1.5 i

1.4} E

1.3

1 60
log(r)

Height-height correlation function H(r)

, ) We have presented the results of{2)-dimensional nu-
is rather unremarkable. For the etching process, the onlyarical calculations and Monte Carlo simulations of shad-

roughening mechanism pres_ent is noise. Initially, the .inter— wing growth and etching. The numerical calculations and
face roughens due to the noise. However, the shadowing efzqonte Carlo simulations of etching produce rough surfaces
fect eventually becomes important, and the surface changgfat roughen with a growth exponent close to zero. Both the
very little after that point. In Fig. 1(b), we plot, in semiloga- . Monte Carlo growth simulations and the numerical growth

rithmic scale, the interface width versus time. After the ini- .50 1ations produce surfaces that consist of tall columns and
tial noise regime, the interface width increases only Sl'ghtly’roughen with an exponent of unity, in agreement with (1

and we see a linear dependencenabn log@). This implies 1) gimensional Monte Carlo simulations of shadowing
that 8=0. In Fig. 13, we plot, in semilogarithmic scale, the growth and (1 1)- and (2+1)-dimensional numerical so-
height-height correlation functions for different times. Therelutions of continium shadowing models. The surface fea-
are two interesting fgatgre; of this plot. Firl(r) is linear  re coarsen laterally with an exponent close to unity, in
in log(r) for r<¢. This implies thate=0. Second, all later  ¢qnirast 1o other studies of shadowing growth that predict a
height-height correlation functionst2.0x 10°) amost  gmajler exponent. However, differences in dimensionality, or
overlap the last one shown. This confirms the fact #at qther more subtle differences in models such as the inclusion
=0 and also indicates thatZi 0. These exponents have not of |ateral growth in our model, can account for this discrep-
been observed experimentally. However, in cases whergncy The shadowing growth results do not appear to agree
shadowing etching might be present, such as plasma etchingjiih recent sputter deposition experiments. This is probably
the first order term in Eq(2) can also play an important qye to the presence of other factors besides shadowing in the
role.” _ o experiments. It is also possible that, in some of the experi-
Itis a common belief that etching is the reverse process ofyents, the shadowing effect is weakened. Thus it is clear that
growth. One can define an etching expongpinstead of the  gpytier deposition is not completely described by the shad-
growth exponen, if the same mechanism works for both oy ing effect. A more complete understanding of the role of
the etching and growth processes. Recently, we have dighadowing in sputter deposition could be accomplished by
cussed that all the well-known local growth-etching models,arying the deposition parameters in order to find the condi-

give B.=pB,, while for nonlocal growth-etching models, tjons under which shadowing becomes dominant.
Be# By .*> Our simulations have shown that for the shadow-

ing effect, growth givess,=1, while etching givess.=0. ACKNOWLEDGMENT
This is consistent with the nonlocal nature of the shadowing
model. This work was supported by the NSF.
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