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Anomalous coarsening process of voids, steps, and denuded zones on a Si„111…737 surface

Y. Manassen,* N. Ramesh Rao,* I. Mukhopadhyay,* E. Ter-Ovanesyan, and Z. Olami
Department of Chemical Physics, The Weizmann Institute of Science, Rehovol 76100, Israel

~Received 31 July 1998!

Annealing a silicon surface covered with a submonolayer ofa-Si at 600 °C gives a surface with voids that
undergo a ripening process. If the uncovered surface has steps, the deposition of the growing and diffusing
voids at this high temperature on the step creates a coarsening of the step. The coalescence of the voids with
the step creates a denuded zone~in which the density of voids is below the average! both at the upper and the
lower terraces. It is shown here that both the exact morphology and the scaling of the step width on one hand,
and the density of voids near the step on the other hand, can be analyzed quantitatively. The scaling relations
of the step width, the dynamic scaling of the voids, the denuded zones, and the scaling of the diffusion constant
with size are shown to be interconnected. Using all these relations, it is possible to get a complete picture of
all the characteristics of this anomalous diffusive coarsening phenomenon. So we prove that the void coars-
ening process is dominated by void diffusion and coalescence and that void diffusion is dominated by bound-
ary vacancy diffusion. Thus the diffusive models of coarsening„described in the mean field by Lifshitz-
Slyozov@I. M. Lifshitz and V. V. Slyozov, J. Phys. Chem. Solids19, 35 ~1961!; C. Wagner, Z. Elektrochem.
65, 581 ~1961!#… are nonrelevant in this case.@S1063-651X~99!02503-9#

PACS number~s!: 68.35.Fx, 61.16.Ch, 61.46.1w, 82.65.Dp
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I. INTRODUCTION

The growth of the scale of dynamical structures is
effect which is common to the evolution of surfaces, crac
and islands in condensed matter and nonlinear physics. U
ally such processes are induced by driving forces of vari
kinds, such as flux of particles, atomic diffusion, extern
forces, or chemical potentials. The morphology of the str
tures formed by such processes can be analyzed in deta
provide quantitative information on these stochastic kine
processes. A real-space picture of such structures is of g
advantage for the study of those mechanisms.

The invention of the scanning probe microscopy~SPM!
techniques@3–5# with atomic resolution stimulated a gre
revolution in the field of surface science. The exact inform
tion on the positions of the atoms in the surface was use
verify surface structures which were observed from diffra
tion techniques. In complicated structures, this complem
tary information was essential. In the case of partly dis
dered surface structures, the information from SPM ima
is not complementary, but is unique. No alternative te
nique can provide detailed and local information on t
structure and the dynamics of steps, defects, islands, vac
islands~voids!, locally disordered regions of the surface, a
other structural features of the surface that lack translatio
periodicity. For example, one can study the process
growth and coarsening of islands and voids on crystal
surfaces and follow the island/void dynamics and coarsen
in detail.

Several scanning tunneling microscope~STM! studies on
disordered structural features were performed. For exam
the STM tip was used to convert a fullerene molecule to
amorphous carbon phase, which was found to be turbos

*Present address: Department of Physics, Ben-Gurion Unive
of the Negev, P.O. Box 653, Beer Sheva 84105, Israel.
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graphite according to the pair distribution function@6#. In a
different work, the pair distribution functions were used
reach conclusions regarding the crystallization of amorph
silicon on Si(111)737 @7#. A slightly different example is
the STM studies which characterized the disordered struc
of elecrodeposited columnar gold films~a two-dimensional
interface! @8# and a step in Si~001! under continuous deposi
tion of silicon ~a one-dimensional interface!. In both cases,
the interface correlations could provide much information
the kinetics of roughening. Another example is STM of de
dritic islands@9#. The fractal dimension of these islands w
found to be as expected from islands grown as a resul
collisions with atoms that perform a random walk accordi
to the diffusion-limited aggregation model~DLA !.

In this work we focus on the phenomenon of the ripeni
of voids. There are several mechanisms for coarsening,
the growth of the characteristic scale of domains of a min
ity phase within a majority phase. The most common one
known as Ostwald ripening@10#. It results from the tendency
of islands to reduce the surface tension at their boundarie
growing, and is driven by diffusion of atoms between t
islands. Examples of this type of coarsening are phase s
rations in a solid solution or in a solid liquid mixture, mo
phological changes in a solid such as the growth of pore
a porous solid~sintering!, and separation of two immiscible
liquids both in three and in two dimensions. All these pr
cesses coarsen according to this mechanism. The basic
planation of this phenomenon is given by a simple me
field theory@1,2#. Extensions of this theory were success
in explaining the measured spatial correlations, deviati
from circular shapes, and other features of the ripening p
cess that could not be explained with the mean-field the
@11#. Two-dimensional measurements of coarsening us
STM, where Ostwald ripening was observed, were repor
in @12#.

Coarsening of islands or voids on two-dimensional s
faces can be a realization of such Ostwald ripening. Ho

ity
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PRE 59 2665ANOMALOUS COARSENING PROCESS OF VOIDS, . . .
ever, processes such as island/void coagulation resu
from islands/voids diffusion might be the dominant coars
ing mechanism@13#. In this case the growth of islands/void
will occur mainly by coagulation of smaller ones. In su
cases, the void/island diffusion constant which can be rela
to the cluster radiusR, asD;R2 l , will cause a coarsening
process that depends on time asR5tb, whereb5(21 l )21

@14#. The exponentl is dependent on the mechanism of d
fusion: If the void movement is caused by adatom emiss
and absorption~evaporation condensation!, the effect of a
single diffusive event on the shift of the cluster center
mass isdRcm;1/R ~which is the ratio between the radius
the missing atom and the cluster area!. Hence the diffusion
constant should beD;R21. However, if diffusion is related
to diffusion of atoms along the void boundary, moving ato
will remain in the cluster. A movement of an atom along t
boundary will move the center of mass by a smaller amou
Since the movement is orthogonal to the direction to
center of mass, we will getdRcm;1/R23 and D;R23

@14,15#. STM measurement of the diffusion of large tw
dimensional Ag clusters on Ag~100! @16# confirmed that in
this case, the scaling of the diffusion constant with the s
of the cluster is in agreement with the evaporatio
condensation mechanism. On the other hand, measurem
on coarsening of islands on metallic surfaces yield expon
which are closer to the diffusion along island boundar
@17#.

In our case we discuss void motion. The diffusion co
stant of vacancies is expected to be much smaller than th
adatoms at a particular temperature. In Si(111)737 surface,
the activation energy for silicon adatom diffusion is 1.3 e
@18# while for vacancy diffusion it is 3 eV@19#. Since the
diffusion of a single vacancy is so much slower, there i
larger chance to observe coarsening through void migra
and coalescence. We have shown in@13#, both by looking at
the morphology of many voids and by looking at the tim
evolution of the pair correlation function of the position
the voids, that they are attracted to each other and grow
coagulation. Nevertheless, it was still not clear to what ext
the coagulations are dominant in the coarsening process

If such a situation occurs, then during the annealing p
cess voids will diffuse toward the step and coalesce with
As a result of such a process, we will be left with a denud
zone with fewer voids around the step. One can use
width to get an estimate for the scale of all the diffusi
scaling exponents of the clusters. We got much better res
here than in the previous paper@13# for those values. One
can also understand in some detail the difference between
upper and lower terrace relative to a step and the change
the void densities there. One can also study the effect of
of voids on the steps. The changing size of the voids w
tend to create a more complicated scaling relation in the
correlations.

We experiment with a Si(111)737 surface with incom-
plete coverage that includes steps with an average distan
about 200 nm between them. Voids were formed on the
races between the steps. When the sample is annealed
following changes occur in the surface. The first one is
growth of the voids, which was already discussed in@13# and
on which we will elaborate further as we continue in th
paper. The second change is a dramatic growth in the
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width, which is the fluctuation of the step coordinates fro
the straight mean direction. In Si(111)737, which is pre-
pared at elevated temperatures, the steps are usually str

and oriented in the (1,1,̄0) direction @20#, although some-
times unit-cell-sized kinks can be observed@21#. Generally,
one can detect almost no step width in such systems. A t
exceptional feature is the existence of a denuded zone
voids near the step. This denuded zone grows in time and
some nonsymmetric aspects in its structure.

All these three features are consistent with a phenome
logical description of diffusion of clusters in our system a
rate which is dependent on the size and the coalescenc
these clusters with each other or with the step. We show
this paper how all the experimental details fit together.

Furthermore, using this information we can show th
coarsening in this problem is dominated by diffusion-driv
processes, and the dominant coarsening mechanism is
lescence.

We start our discussion in Sec. II with a description of t
experiment and the measurement of step correlations
their basic explanation. In Sec. III we analyze the width
the denuded zone and derive the relevant growth expon
from it. In Sec. IV the shape correlations are explained th
retically and discussed from the experimental point of vie
In Sec. V the denuded zone densities are analyzed in m
detail, and in the final section we make final conclusio
about this problem.

II. THE EXPERIMENT

Several STM studies on vacancy islands were perform
@22–24#. Our experiments were performed with a custo
made STM with a level motion demagnifier@25#. It begins
with a Si(111)737 surface on which amorphous silicon
deposited at room temperature to an extent that forms a
erage of 94%. After annealing the surface, 94% of it is co
ered by a crystalline layer while 6% is voids in this crysta
line layer. In the beginning of the process, there are m
randomly distributed small voids, which undergo a coars
ing process as the sample is annealed. Figure 1 show
image of an experiment in which the sample was annea
for 8 min to 600 °C. Most of the surface is in the 737
reconstruction, but it includes 535 reconstruction domains
probably due to the release of strain in the surface as a re
of the presence of the voids. Four voids with variable sha
and sizes are seen. A step edge is seen in the upper left
of the image. Several grain boundaries~marked by the ar-
rows! connect the voids.

All these structural features may complicate the coars
ing dynamics. Grain boundary diffusion can affect the coa
ening, in a similar way to what happens in the process
sintering @26–28#. Grain boundaries may act as diffusio
sinks or diffusion pipes. In addition, the grains undergo
independent coarsening process. An additional complica
may arise due to the presence of different reconstruction
the surface. For example, in Fig. 1 there is a domain wit
535 reconstruction between three voids. It is clear that
reduced stability of this reconstruction will affect the coa
ening dynamics. In this case, these voids will attract e
other, just because of the presence of the 535 domain be-
tween them. The 535 boundary of the void will emit more
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2666 PRE 59Y. MANASSEN et al.
adatoms into the void than the 737 boundary. As a result
the void will migrate in the direction of the 535 boundary.
In our ongoing theoretical discussion, we ignore these p
sible complications.

The steps that were observed in the experiments are m
rougher than the steps normally observed in the Si(1
737 surface. Moreover, it was easy to notice that the st
also become wider and more correlated as time goes on
order to quantify the step coarsening, we have made a q
titative analysis of the roughness of the steps. In Fig. 2
show an image which was observed after annealing a sam
of 0.94 coverage ofa-Si on Si(111)737 in 600 °C for 60
min. The image shows two terraces with many voids in e
one ~but more voids in the upper one!. Also, the step looks
much rougher than a normal step in Si(111)737. The accu-
rate coordinates of the step can be measured and the re
are plotted in the graph below the image ash(x,t), whereh
is the height andx is a coordinate in the mean direction
the interface. Using such a result, we can analyze the
width and correlations. Interface correlations are defined

c~y!5^@h~x!2h~x1y!#2&5y2x, ~1!

where thê & sign is an average onx andx is the roughness
exponent. Figure 3 shows the curves calculated from step
three times. An average of several steps is required in o
to get meaningful data. The roughness curves for annea
times at 600 °C of 1, 30, and 60 min are shown from top
bottom, respectively. A clear biexponential behavior is o
served. The roughness exponents for the lower scale are
served below a certain crossover scalex5Lco, and is x
50.860.05. The values of the average void radius, for a
nealing times 1, 30, and 60 min, are 9, 11.5, and 13.5
respectively, while the corresponding crossover scales
5.8, 10.5, and 15 nm, respectively. The roughness expo

FIG. 1. An STM image of a Si(111)737 substrate after depo
sition of amorphous silicon at room temperature followed by
nealing to 600 °C for 8 min. Area is 80380 nm2.
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in larger scales isx50.560.02, which is the classical expo
nent for one-dimensional deposition of particles~voids in our
case! @29,30#.

III. INTERFACE DYNAMICS AND DENUDED ZONE

The only reasonable explanation for the connection
tween the coarsening of voids and the scaling of the rou
ness of the steps is that the lower scale is related to a d
sition of voids on the step. So the range with the hi
exponent is related to the morphology of the voids and
standard scaling is on higher scales where a usual roug
ing process is activated. This is also in accord with the f
that the characteristic cutoff scale is very close to the aver
void scale.

As discussed earlier in the context of void coarsen
@13#, voids diffuse in this system and can hit the step a
roughen it. A hit from the upper terrace direction create
crater in the step which will relax in time. However, when
void will hit from the lower terrace direction, a differen
scenario will occur. Since the dominant dynamical effect
adatom release, adatoms from the step will move into
void, destroying it and again creating a crater in the step~not
exactly in the same shape but in the same scale!. In both
cases the step velocity will be in the direction of the upp
terrace.

So the basic dynamics on the interface is the addition

-

FIG. 2. An STM image of crystallized amorphous silicon aft
an annealing period of 60 min at 600 °C. The area is 1
3180 nm2. The multiple voidsA andB are marked in the images
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PRE 59 2667ANOMALOUS COARSENING PROCESS OF VOIDS, . . .
voids. These voids hit the interface with a rate which is d
fined mainly by void diffusion and growth. Consider first
dynamical process in which voids of uniform sizeR hit a
step. Below the scaleR one would observe the scaling of th
voids which is linear at low values. At larger scales o
would observe a global scaling belonging to the equation
controls the interface dynamics@29#. In these scales the
roughening exponent isx50.5. Furthermore, if there is a
distribution of sizes inR, the lower part will be modified. A
growth in the characteristic size of the hitting voidsR;tb

will shift the crossoverLCO between the scalings to highe
values ofy.

Obviously the diffusion of voids towards the interfac
will create denuded zones in the upper and lower terra
The rate at which voids hit the step is related to the growth
those denuded domains. For the sake of the scaling argu
that is given here, we will assume that both scale asxd
;td. Since the integrated missing void area is proportio
to xd , the rate of hitting of voids on the step is

FIG. 3. Roughening curves from the steps in the images
served after annealing of 1, 30, and 60 min, respectively. The n
ber of steps which were used for the calculation in these times
7, 4, and 7, respectively.
-
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A~ t !5tc;td21. ~2!

The physically reasonable model for void diffusion wou
be thatc is related to the cluster diffusion exponent. IfD
;R2 l , the diffusion constant scales in time asD;t2 lb,
whereb5(21 l )21 @14#. The denuded zone is the voidles
area in which most of the voids have already reached
step. It has a characteristic scalexd , in the upper and lower
terrace, which is determined by the simple diffusion equat

xd
25D~ t !, ~3!

so one gets

d50.5~12 lb!. ~4!

As stressed before, the void current exponent is prop
tional tod21, so we getc520.5(11 lb). c is negative and
c,20.5 ~c520.5 is the result of a simple diffusive model!.
Note that sinceb is related tol, the exponent depends onl
on l. So, in principle, by measuring the width of the denud
zones one can estimate the values ofl andb.

We now come back to the experiment to find those sca
The void area near the step was measured as a functio
time and distance. We have separated the area in the u
and the lower terraces to stripes parallel to the steps, e
stripe having a width of 20 nm, and we calculated the to
area of voids in this stripe. The bin size of 20 nm is
optimal compromise between the better spatial resolu
and the smaller relative errors. The error in the experim
was estimated as follows: Since the density of voids~Fig. 4!
is defined as the ratio between the area of the voids wi
each stripe and the total area of the stripe,rv5Av /Atot
;Nvā/Atot , whereNv is the number of voids in the stripe an
ā is the average void area, the error inrv is estimated as
drv;(Nv)0.5/Nv . The results are shown in Fig. 4 for thre
annealing times. It is important to remark that the errors
from the step are larger. This is due to the fact that the st
appear diagonal in our images, andAtot of stripes far from
the steps is, on the average, smaller. This is a result of
fact that the maximum scan range in our microscope is
3360 nm2.

There are some exceptional features in these results.
first is that we see a clear widening of the area without voi
but it is nonlinear in time. The second is the asymmetry
the distribution of voids in the upper and in the lower terra
near the step. This asymmetry is manifested in two effe
The first is a much larger width of the denuded zone in
lower terrace, and the second is a completely voidless a
near the step in the lower terrace. These structural feat
will be studied in detail in Sec. V of this paper.

We first discuss the denuded zone growth exponent. M
suring the width of the denuded area in the three times~Fig.
4!, we get the estimatexd;t0.260.03. Using Eq.~4! we get

l 53.060.4. ~5!

We can use this value to calculate the void growth expon

b50.260.03, ~6!

and this coarsening is controlled by coalescence. The a
racy of this estimate is limited because of the fact that fact

-
-

as
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in the text.

2668 PRE 59Y. MANASSEN et al.
FIG. 4. Density of voids in the upper~left! and the lower~right! terraces as a function of the distance from the steps analyzed in F
This is expressed as a fraction of the area that is covered with voids. The errors in these values were determined as described
ike
l

a
iv
ar
on
e

ve
id
s
s

ics

g
io
te
a

ul

e-
us

r-

r-

s
ale
s
al-
between relative widths in different times should scale l
the time ratios to the power ofd. This is a rather smal
number for reasonable experimental times.

As we speculated in the previous paper, indeed the co
ening process in this system is not the standard diffus
Ostwald ripening. This is clearly seen by the nonstand
diffusive exponent, which scales like the periphery diffusi
exponent~D;R23 @14–16#!. So the coarsening in our cas
is driven by a diffusive coalescence mechanism.

IV. ANALYSIS OF INTERFACE DYNAMICS
AND CORRELATIONS

We wish to consider a 1D step which is driven by additi
noise, which is supposed to represent the hitting of vo
with the predefined rates. Since the average void size goe
in time, we can assume that the noise correlation increa
accordingly. We will assume the simplest step dynam
which is the Edward Wilkinson dynamics~EW! @29#,

dh~x,t !

dt
5n

d2h~x,t !

dx2
1h~x,t !. ~7!

The noise termh(x,t) is supposed to represent the hittin
of voids on the step. This noise term contains informat
about the void growth and the rate of the hitting of the s
by the voids. At a certain time the probability to have a hit
a site ist2c2b. To get the site correlations one has to m
tiply by R2, so

^h~r !h~r !&5tb2c. ~8!
rs-
e
d

s
up
es
,

n
p
t
-

The correlation at a scale larger than some maximal tim
dependent cluster sizeR vanishes. Since the average radi
grows, we can assume.

^„h~r !h~r 8!…2&;tb2cf „~r 2r 8/R!…, ~9!

where for r 2r 8.R the correlation decays to zero. Gene
ally, one can expandf (r )512r 2 for small r. Since the EW
equation is linear, it is convenient to write this type of co
relation in Fourier space:

^h~k!h~k8!&5tb2cd~k1k8!g~kR!. ~10!

We get the general expression

^hk
2&5exp~k2T!E

0

T

exp~2k2t !tb2cg„kR~ t !…dt. ~11!

If b,0.5 ~as in our case!, there are three dynamical region
in this problem: The first one is in scales above a large-sc
cutoff, which is trivially defined in the EW equation a
1/k0;R05T0.5. In this range one would get a constant sc
ing,

^hk
2&5Tb2c11. ~12!

The width andC(y) will be proportional to this number.
In an intermediate region 2p/R(t),ki,k0 . The result

of the hk integration is simply

^hk
2&5tb2c11/k2. ~13!
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The final region where 1/k,Rc is more complicated. To ana
lyze it, we assume that the final correlationg(r /Rc) is domi-
nant there. By fitting the scale atkc to the scale in the pre
vious equation, we get

C~y!5T1/22cy2 ~14!

if f „(r 2r 8)/R…21;(r 2r 8)2.
We performed a simulation of the EW equations with

assumption ofc50, b50.2, and measured the correlatio
function C(y,t) as a function of time and position. Indee
one observes three dynamical domains as are indeed fou
the experiment.

From these results one can see that whenb2c11,0,
there will be a decay of the total width. A second obvio
critical value isc50.5. Above this value the correlations
the scaleRc will decay. So if the model becomes noncons
vative, the total step scaling can even decrease as is in
observed in simulations.

This indicates the existence of a critical exponent wh
the width will start going down. One can consider mod
with different dynamics and different relaxation rules lik
the Kardar-Parisi-Zhang~KPZ! equation. In those cases w
expect that the critical exponents will be smaller.

A. The experimental correlations

We refer again to the measurement of the correlation
the experiment. We have three experimental points fr
which we can derive a set of values for the coarsening.
choose the following scales and estimate their relevant ex
nents: First,W1 , the width at the scalex51.0; second, the
scaleLCO; and third, the scaleWCO at the crossover scale
We now give their values at the times given in the preced
section. We find that

W1;t0.010.1, ~15!

LCO;t0.260.1, ~16!

WCO;t0.1560.15. ~17!

We should note that our ability to get more precise value
limited due to the small amount of voids that hit the inte
face.

An analysis ofc using the denuded zone values@using Eq.
~2! and the values ofd we derived from the experiment#
yields c520.7560.05. This indicates according to th
equation of the EW predictions thatWCO

2 ;t2b2c11. So the
prediction is within our very limited experimental accurac
The same thing applies to the scaling exponents ofW1 and
LCO.

V. THE GROWTH OF THE DENUDED ZONES

To understand the evolution in time of the denuded zo
and the steps, let us discuss the equations of motion for
voids in the upper terrace and in the lower one. For the s
of this discussion we will assume a completely diffusi
mechanism with no cluster growth. We define a void a
densityr(y,t) as the average void area in distancey from the
in

-
ed
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in

e
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g

is

.

s
he
ke

a

step. In the upper terrace we get a diffusion equation for
void density,

ṙu5Dru,yy , ~18!

where ‘‘y’’ is a sign for differentiation, while in the lower
terrace we will get

ṙ l5Dr l ,yy , ~19!

where we assign the signu,l for the upper and lower terraces
and theD’s should be the same. For the sake of this disc
sion, which is focused on the understanding of the zo
asymmetry, we ignore the radius dependence ofD. The
boundary conditions for both void densities are

r~ys!50.0, ~20!

whereys is the moving position of the boundary, and

r~6`!5r0 . ~21!

Removal of atoms from the step results in a step veloc
which can be estimated as

vs5D@ru~ys!2r l~ys!#y , ~22!

whereys is the step position,ys5y01*vsdt. The interface
moves in the direction of the upper terrace. The asymme
between the lower and upper terrace is obvious, so it is c
that the lower terrace should be wider. Since the interf
can only move because of voids that hit it, in long timesvs
5t20.5 since the width of the deluded zone cannot grow in
faster rate thant1/2.

One can solve these equations. In Fig. 5 we present
results of a simulation. One can clearly observe that the
sults are similar to the experimental results. The width in
upper terrace region@the place wherer(x)50.5# is half of
the width in the lower terrace region, as is observed in
experiment. We think that this result lends strong suppor
our analysis.

FIG. 5. We show a result of a simulation using the equations
the void density without interaction. In the figure we show t
density in the upper~left part! and the bottom~right! terraces as a
function of time at five consecutive times~t52i , i 51,5!, where
D51.0 andr(`)51 for the models. The fraction between the fir
width and the second is close to 2.
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To understand the dip in the density in the lower terra
one has to consider another effect: the dynamics of the s
The merging of voids with the step creates a lot of si
where adatoms can easily be emitted. So the step emits
toms as it relaxes. The details of this process can be q
elaborated since the detailed dynamics and interaction o
step are complicated.

We make a mean-field assumption that the step emits
toms in an amount which is proportional to its velocit
These adatoms can be absorbed again in voids near the
or diffuse away. The mean-field effect of absorption in vo
is a smaller density of matter of voids. Rewriting the pre
ous equations, we have an additional adatom densityra(y,t)
in the lower terrace. The equations of motion in the low
terrace are~the equations in the upper terrace are the sam!

ṙa5Dara,yy2Arar l ~23!

and forr l it is

ṙ l5Dr l ,yy2Arar l . ~24!

The boundary conditions for the void densities are the sa
as before, and forra it is ra(`)50 andra(ys)y5Cvs . We
have two additional interaction constants. The first is
adatom diffusion constantDa and the second isA. In prin-
ciple, A can depend on both densities and diffusion co
stants. Since we cannot estimateA very well, we will just
assume some value forA and Da and show how the distri-
bution is modified.

To capture some of the ingredients of the experiment,
assume thatDa54D and A520.0. The resulting densitie
are given in Fig. 6. A first almost trivial result is that w
observe a flattening of the lower density. A second resu
that in time as distances become larger, the densities
verge into the densities of the model without interactions.
estimate of a detailed picture of interaction and a more
tailed theoretical analysis of the two previous models will
given elsewhere.
ev
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VI. CONCLUSIONS

In this paper we showed that one can understand
coarsening of voids on a Si surface at 600 °C in a very
tailed manner. The first point that we made here is that
using the measurement of the denuded zone, one can
sure the scaling exponents of the diffusion constants and
growth of voids. As guessed in@13#, voids indeed diffuse
and coalesce and we were able to prove that this coarse
is dominated by this with a reasonable accuracy.

Furthermore, we were able to explain the shape of
denuded zone density by a simple model of interaction
tween voids and the step and we were even able to exp
more complications using interactions with adatoms. T
step morphology is defined by hits of the voids.
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FIG. 6. Denuded zones with an interaction with adatoms.
give only the lower terrace. The flattening of the curve at ea
times is clearly seen. This feature disappears at long times.
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