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Ostwald ripening or coarsening is a term which describes the growth of large domains at the
expanse of small ones in the final stages of any phase separation process. Several theories were
developed in order to explain this process. All of them are based on the Lifshitz, Slyozov, and
Wagner(LSW) model which predicts an increase in the average radius of dom@ins t¥/3and a
reduction of the number density of domains as a function of g o t~1. The LSW model
assumes static and circular domains, which are distributed at random. These assumptions were
found to be incorrect by many experiments. And more advanced theories were necessary to explain
these observations. In our work, we study the coarsening of voids formed (A BHSiX 7 surface

covered by 0.8 bilayer¢BL). Besides the expected increase in the diameter of voids and the
decrease in the number density, very strong attractions and rapid motion of voids towards each other
were clearly observed. The result of the attraction between the voids is coagulation of voids and an
increase in the spatial correlations between voids, as the coarsening process progresses, as we
indeed observed. This is contradictory to the “ideal gas” picture which is the basis of the LSW
model. Basically, this can be explained by a concentration gradient which develops between two
voids of different size and the growth of voids in the direction of the larger concentration. However,
this model cannot explain the large diffusional motions observed in our experiments. It is proposed
that an amplification mechanism exists, whereby the arrival of a diffusing vacancy to the boundary
of the void causes the release of several adatoms from the boundary. This process causes a much
larger motion than expected by a single vacancy absorption. This picture, which is consistent with
the structure of the steps, demonstrates how the microscopic details might have a significant affect
on the global coarsening process. 1®97 American Vacuum Sociefa0734-211X97)04203-(

[. INTRODUCTION case, is entirely valid in describing coarsening of a porous
solid.

A phase separation process begins with nucleation and is 1y, dimensional coarsening is also observed in an ex-

followed by growth of small droplets of one phase d|sperseqremely large number of systems. A typical example is the

n thg second one. At Igter stages,. the process is usual oarsening of solid domains surrounded by a metal in a thin
diffusion controlled and is characterized by the growth offilm 8 coarsening of a monomolecular film made from a mix-
large domains at the expanse of small ones. This process is ' 9

known as Ostwald ripenifgor coarsening. It is dominated ture of t\go immiscible Iliquid phases of two amphiphiic
by the diffusion of material from smaller domains to larger MOlecules, and the ordering of an adsorbed layer on a me-

ones. The driving force for the growth is the size dependentallic surface® Several scanning probe microscopy studies
stability of the domains. which are related to coarsening were perforried?

Such coarsening processes had been observed in many The basic theory of Ostwald ripening was developed by
different systems. Examples for it in three dimensions are theifshitz, Slyozov® and Wagnef (LSW). According to this
aging of a binary alloand the phase separation of a solid-theory, there is a time dependent critical domain size
liquid mixture, formed by heating a solid alloy above the r*(t), which is the boundary between shrinking and growing
solidus temperatur%éAno'Fher example is the coarsening of domains. Domains smaller thart (t) will shrink and do-
diblock copolyme_ré: A diblock copolymer is a linear chain  ains larger tham* (t) will grow. According to this theory,
moIeCI_JIe consisting of two s_ubchams Iabele_d a and b. Ar*(t) = T(t), wherer is the average domain radius. The av-
repulsion between a and b will lead to a partial phase S€P%rage radius grows in time as: t*, wherea=0.33. Namely,
ration and to the formation of microdomains. Another case . . : e

the average domain volume increases linearly with time.

which is relevant to this work is the process of sintefifg. .. ) o o
After the formation of the porous solid, most of the pores are,Slnce the total fraction of thg ma}terlal in the mmonty phase
gradually diminishing and finally disappear or migrate to thelS constant, the number of minority phase domains decreases

surface. The driving force here, also, is the tendency of th@ccording taN(t) = t™* (in three dimensions

solid to minimize the curvature of the surface of the pore. ~ The LSW theory is a mean field theory dependent on a
A porous solid is usually characterized by a small amounsingle parametec,, which is the(mean field concentration

of pores in the solid. In this case, the minority phases are thef the diffusing atom or moleculéor vacancies, in the case

pores and the diffusion is a diffusion of vacancigather of poreg. The small domains have a larger concentration

than atoms or moleculgsThis picture, also relevant in our 9/r (wherey is the surface tensigrthanc,, at their interface.
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As a result, atoms diffuse away from smaller domains intoneighboring domains. The motion is induced by diffusional
the large ones. Smaller domains will disappear while largeiteractions. These interactions between the coarsening par-
ones will grow. Over the course of time,, will diminish  ticles are long range, due to the slow decay in the diffusion
andr will grow. Though the LSW theory captures the es-field of a single domain.
sential ingredients of the coarsening dynamics, it has ques- A final assumption in the LSW theorvhich is also en-
tionable assumptions and thus might be regarded as a godiely incorrect in our caseis the assumption that the only
starting mean field theory for other, more realistic theoriesway of transporting particles between domains is by interdo-
First, it is clear that the mean field assumptions will breakmain particle diffusion. However, in many cases, where there
very rapidly when the fraction of the minority phase is notis a finite fraction of the minority phase, a significant prob-
negligible. It is obvious that a small domain which is a sup-ability for collision and coagulation of the domains is ob-
ply of diffusing atoms to the neighboring ones, will make served. Phenomenological theories that include effects of co-
them larger, since the local concentration is larger than ~ agulation(not in the LSW casewere developed’ leading,
The opposite is also true: A large domain will help in making again, to a symmetrization and broadening of the distribution
its neighbors smaller. Thus the growth of a domain cannot béunction of the radii of the domains.
determined only by the global averagg, but rather by the At this point, it is important to emphasize that the ripen-
local concentration, which is dependent on the local arranged Process is not always diffusion controlled. In cases where
ment of the domains. A larger than the average domain magttachment or detachment mto_the domain is a rate determin-
diminish if surrounded by other large ones. A smaller than/Nd Process, a power law o is expected for the average
average domain may grow if surrounded by other small onegiomain radius rather thatrt® (Ref. 23. In this case, all the
This leads to an expected size anticorrelation which idiffusion re'lateo'l processes that are mentioned above will not
contradictory to one of the basic LSW assumptions, namel{(f€ct the ripening dynamics. _
that the domains are distributed randomly. Many theoretical N this article, a scanning tunnel microscai@T M) study
works were performed in order to take this anticorrelationOf wo d_lmenS|o!"|aI coarsening of "_0'0_‘5_ on AWY7x7
effect into account, both in three and two dimensibiT€® surface is described. The process is initiated on a surface
These improved theories show that th& power law for the Wit.h a-Iarge number  of randoml_y d.istributed small voids
increase of the averagand critica) radius of the domain is which is prep.a}red 4% the crystall_lzatlpn of a submonolayer
still valid, both in three and two dimensions. However, theamorphous silicot"* Vacancy diffusion generates a two

distribution function is modified. While the LSW distribution (rjr:re];r?tns'[lr?;aslarriallzaitsloﬁecgt: dsg];igggugi:/oeﬁestso. g]cctzgllae?;(t%eike
is not symmetric, the distributions observed from these theo- ' >amp y e
. . vacancy migration. At room temperature, the diffusion of
ries are broader and more symmetric. J o - .
) . . vacancies is negligible and the process is frozen, so we can
Two other questionable assumptions of the LSW theory is . ; .
: " , . use the relatively slow STM technique to observe images
that the domain positions are fixed in space, and that the

. . hich represent the process at the end of each heating pe-
have a perfect circular shape. Experiments, and also a mote | P P gp

advanced theory, show that this is not necessarly tften Thus we can get detailed information of the two dimen-

the systems studied, nonspherical shapes of the domams‘sional coarsening process of the voids. This enables us to

were observed though the interfacial energy is completel)é)bserve how many of the assumptions of the naive mean
isotropic. This is a result of diffusional interactions betweenfield coarsening theory fail in this system. We observe void

the domains. A simulation which allows the domains 10, e ment, coagulation, and correlations between clusters
change shape as a result of a nonuniform concentration of th£nd nonspherical void shapes. We suggest microscopic and

interface showed that deviations from a spherical shape a@obal mechanisms which are probably responsible for those
possible. When this deviation is strong, there will be a strong¢acts.

tendency to return to a circular shape. Thus there is a strong
size affect here since the driving force for reaction is propor-

tional to y/r. So a large domain will stay at a nonspherical
shape for a longer time than smaller domains, which will
have a larger tendency to remain circular.

An even larger deviation from the basic LSW assump- The experiments were performed with a custom built
tions was observed for the assumption of a fixed, time indeSTM with a manual lever demagnifier, and custom built
pendent position of the domains. It was found that the stronglectronics and computer software. The¢13il)7x7 sample
diffusional interactions can induce significant motion of thewas degreased by rinsing in trichloroethylene, with subse-
center of masses of the domains. The reduced interdomaiuent rinsing in acetone, methanol, and deionized water. Af-
distances will cause the development of time dependerter overnight degassing, the samples were cleaned by few
correlations*! short annealings to 1100 °C. The duration of the annealing

The origin of this motion, also observed at a relativelywas about 10 s, to keep the pressure in the'4Torr range.
small fraction of the minority phase is, bluntly, the growth of Annealing to 900 °C for 5 min was followed by a slow cool-
the domain at one side, and the shrinking at the other side, asg (1-2 °C/g and low-energy electron diffractioLEED)

a result of nonuniform diffusion fluxes due to the presence ofnspection to verify the quality of theX7 reconstruction.

Il. EXPERIMENT
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Fic. 2. A STM image of a S111)7X7 substrate after deposition of 0.8 BL
of silicon at room temperature, followed by annealing to 600 °C for 8 min.
Fic. 1. A STM image of a $il11) substrate after deposition of 0.8 BL of Area: 56X56 nnt.

silicon followed by annealing to 460 °C for 10 min. Note that there is a step

in the lower right side of the image. The darker voids there, are in a lower

terrace. Area: 6860 nnt.

This is an example of the starting configuration of the
surface from which the coarsening process begins. The two
A thin amorphous silicon film was deposited on the phasegthe voids and the upper bilayeare still not sepa-
Si(11)7x7 surface from an electron beam evaporator. Theaated, and are mixed to a large extent. The voids have a very
film thickness in the experiments reported here was 0.8 Blirregular shape which has a large circumference to area ratio,
(1.6 ML). The thickness and the deposition résbout 0.1 and therefore, have also a lar¢@D) surface tension. The
BL/s) were controlled by a quartz crystal monitor. After eachsurfaces, both the covered parts and the uncovered ones,
period of heating(usually to 600}, the STM was used to have many vacancies, thus, the initial concentration of these
image the surface. The temperature was measured with afiffusing elements is high. The surface structure consists of
infrared pyrometer which was calibrat@d situ with a ther-  many different reconstructions, distributed at random. There-
mocouple. The thermocouple, mounted on a small lineafore, in the initial stages of the experiments, the diffusion
feedthrough in the STM chamber, was pressed on the sampb®nstant of vacancies is isotropic. As will be shown later,
during the temperature measurement. The accuracy of th&nce the coarsening process occurs parallel with ordering of
temperature measurement is estimated to be 50 °C. All imthe surface, at later stages, some anisotropy is introduced in
ages were obtained wita 2 V sample bias and a tunneling the diffusion process.
current of 1 nA. The STM measurements were performed at After annealing of this sample to 600 °C for 8 min, the
room temperature. Waiting one hour after each heating pestructure of an observed surface looks completely different
riod was necessary to let the sample and the sample holdéFig. 2). First, the voids have an almost circular shape, and
cool enough, such that no thermal drift was observed durindpave a small circumference to area ratio. In regions where
scanning. the voids are not circular, a straight boundary along the cor-
ner holes is observed. Second the surface looks much more
ordered and a much smaller amount of vacancies are seen in
lll. RESULTS the image. The surface reconstruction is largely>&7 su-
After deposition of 0.8 BL of silicon on a 8i11) surface, perlattice, and only a small part of it, near the void, has a
STM imaging revealed a structureless surface without an¥%x5 structure. This means, that now the diffusion constant is
sign of the X7 reconstruction. After further annealing the no longer isotropic, and the diffusion is preferred in direc-
sample to 480 °C, a surface covered with small islands contions parallel to the X7 corner holes. A grain boundary
nected into a continuous network was observed. Numerougnarked by the white arromis seen in the image to connect
voids of very irregular shape are visible in the layer. Figure lbetween the void and a nearby step. A grain boundary net-
shows a crystallized layer with many types of surface reconwork that connects between the different voids was found in
structions: The(3x3), (5X5), (7X7), (9X9), (2X2), and many images. It should be recalled that this process is a two
(\/§>< \/§)R30 reconstructions were all observed in the im-dimensional realization of the process of sintering. In sinter-
ages. Also, the atomic structure of the uncovered part of theng, the(3D) grain boundaries were shown to play a signifi-
surface was converted from thex7 reconstruction to the cant role in the process as diffusion sinks and diffusion
mixed structure characteristic to the crystallized layer. pipes! This is so, since the bulk solid, the diffusion constant
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is much larger along the grain boundary then anywhere else.

In the surface, this effect is probably less dominant, but
the fact that grain boundaries are, indeed, visible between
many voids, shows that they have some role in the observed
anisotropy which will be discussed later.

An additional important fact is the existence of steps.
Their presence complicates the analysis of the results. In
order to observe meaningful data, it is necessary to minimize
the number of steps as much as possible by using a surface as
close as possible to the idedl1l) plane. In addition, it is
necessary to ignore the voids that are too close to the step. It
was shown in a previous publicatfohon a more vicinal
surface that the initial step edge is completely straight, while
as the coarsening process progresses, the step edge loses it
straight shape, and starts to coarsen during the process. The [ 5% &
structure around the step also provides some important infor- &
mation regarding the mechanism of diffusion on the surface.

There are two basic atomic mechanisms of transport in ' gy
this system. One possibility, which was mentioned already is . ¥ ’ 2 n;.‘ < .
the diffusion of vacancies between the voids. The second y - '&_ . £, 1‘.'»"
possibility is the diffusion of adatoms: These adatoms are 0 nm
released first from the step and diffuse on the surface— =
between the voids. In contrast to the diffusion of adatomSFlG. 3. Four STM images of steps, reflecting the asymmetry of voids distri-
diffusion of vacancies between neighboring sites requiresution in the upper and the lower terrace.
overcoming the barriers to diffusion that exist due to the
presence of neighboring atoms in tekemeadlayer. There-
fore, the activation energy for ;urface diffusion of adatoms "%f voids. Then a set of annealings to 600 °C was performed.
lower than for vacancy migration. So one would expect this . . .

) . STM imaging was performed after annealing fer0, 1, 5,
mechanism to be dominant near a step. 1&, 30, and 60 min. Following each STM measurement, the

The observed Images at t_he steps show that the secoy mple was annealed further. Two things are prominently
transport mechan!sm IS domlnan-t n(.aar-the- steps. I.n all thsisible in the observed images. The first is that the voids
step edges, there is an asymmetrlc distribution of v0|ds: I:Olﬁwove and the second is that they attract each other and co-
examples are shown in Fig. 3. In all the steps seen in the., 1a1e Figure 4 displays 12 voids which are just before
figure, the upper terrace has several voids, while a COMP3pagulation(a, d, and ) or immediately after coagulatioft,
rable area in the lower terrace has no voids. This is a result cg and §. In addition, we observe several voids which are
the dominance of the adatom release from the steps. Thgeany a result of coagulation of several small voids together
adatoms which are released from the step move into thg ; and K. These and other multiple voids seen in the im-
voids near the step and cause their disappearance. ages can be formed only as a result of a coagulation of sev-

One should note that the basic mechanism in this processga| moving voids which are attracted to each other. The
is a random walk of the adatoms on the surface. Since thgrder of the voids(a, b, ..) increases with annealing times.
probability to return to the step and to be absorbed on ifrhe first three voids are observed after annealing for 1 min,
again is large, a strong density gradient will be created neagng the last four voids after annealing for 1 h. The increase
the steps so the coarsening process far away from the edgesjze, associated with the coarsening process, is also seen in
will not be affected. these multiple voids.

We note that this adatom emission and adsorption is @ The void radii distributions are shown in Fig. 5. Each
main mechanism for the roughening of the step during thejistribution contains information about 200 voids. The void
process. A more detailed description will be given elseradii for the distribution was estimated in the following way:
where. One should note that a release of an adatom from thene contrast of the image was enhanced such that the void
boundaries of the void to the surface is a process with @ppears black, and the upper layer appears white. Counting
much higher energy threshold than a simple release from he total number of black pixels gives the area. From this, the
step. The main transport mechanism in the void coarsening isverage void diameter was estimated, assuming a circular
either vacancy diffusion or adatom jumps. Both processeshape. As was mentioned previously, voids close to the steps
are much slower than the release from the step. were not taken into account. Despite the fluctuations, it is

In one case, a set of six experiments was performed on theossible to see that the average void diameter increases with
same sample. An amorphous layer of a thickness of 0.8 Bltime, the width of the distribution is increased also, and that
was deposited on a @il1)7Xx7 surface. The surface was the skewness of the distribution is exactly opposite to that of
annealed to 550 °C for 1 min to create an initial distributionthe ideal LSW distributiorinamely, it is negative There are
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Fic. 6. (a) The increase in the average void radius taken from the distribu-
tion functions in Fig. 5 as a function of time fitted 3 (b) The sum of the
distribution functions in Fig. 5 after scaling each distribution according to its
average valuésolid line). For comparison, the theoretical LSW distribution
function (taken from Ref. 2Yis also showridashed ling (c) The number of
density of voids as a function of time.

the source of the huge voids found in the images, as can be
seen in the tail of the later distributions.

Fic. 4. Twelve STM images of voids in a(@il1) 7x7 surface. Each image To provide a somewhat clearer picture, we compared the
is 80x80 nnt. observed results with the power law known to govern the
coarsening process. In Fig(ah, the average void size is
plotted against®33 Though the data is consistent with a

. '33 . .
more voids smaller than the mean than larger than the meaROWer law behavior of %, the dynamical range is too small,
This is due to the coagulation phenomenon. Two large voidénd the accuracy of the determlnatlon of the average radius is
may coagulate and create an even larger one. This is A0t €nough to give an accurate estimate of the power law
mechanism used to reduce the number of voids larger thafft=0-3+0.1. The small dynamic range and the fluctuations

the mean. which does not exist in the ideal case. This is alst the determination of the average void size are insufficient
' even to rule out &2 growth law expected for a ripening

process where attachment and a detachment from the void

edges is the rate limiting process. However assuming a dif-

- i i - fusion controlled process, we can get better information on
o195 r LLL_ the distribution function. In order to do so, it is necessary to
add the information observed from the distribution function

0.15}F r’_L\_“L_ ' i shown in Fig. 5. The theory predicts that the distribution
: s - function obeys a scaling law. Namely that if the average

radius grows with some power law(t)=axt¢, then, the
value of the distribution function at an arbitrany is
P(r,t,)=P(axt3). Thus, the distribution at later times,

o15p r'h may be observed from an earlier distribution function just by

015

stretching thex axis by an amount determined by the power
. law.

By scaling the six distribution functions in Fig. 5 with
respect to their average, it is possible to observe them in one
scale, and to add them together. The summed scaled normal-

© 1o 2 30 4 50 ized distribution function is shown in Fig(16).
Void size (nm) The asymmetric characteristics of the distribution with the
Fic. 5. Time evolution of the void size distribution in a 0.8 BL silicon layer long tail dlscusse.d earlier, is clearly d|st|ngmshable. It.
at annealing to 600 °C. The annealing times were 0, 1, 5, 15, 30, and 60 miahould be emphasized that here the small dynamic range is
for the distribution functions from the top to the bottom, respectively. an advantage. Changing the scaling exponent does not sig-

Ql5-
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FiG. 7. (a) The pair correlation functiong(r), g4(r), andg,(r) of the centers of the voids before the 600 °C annedliefy column), after annealing to 600 °C
for 5 min (middle column, and for 30 min(right column. Each function represents correlations betweetd0 voids. The distances are given in units of
rir.

nificantly change the width of the distribution or its shape.exist between the voids. To check whether this impression is
The sum of relative errorgthe difference between the real correct, we have calculated the pair correlation function of
distribution functiongFig. 5) scaled to the average, and the the voids:
distribution function shown in Fig. (6)] does not change
much whene is changed. We conclude, therefore, that this 1
function is a reasonable approximation for the distribution g9(r)= Zwrdrp0<n(r)>’
function of the radii of the voids in our experiment. How-
ever, one must be aware of the fact that the distribution funcwhere p, is the average number density of voids and
tions might not be in their steady state scaling forms, agn(r)) is the average of the number of pairs of voids, to be
discussed later. found within a distance betweerandr + dr. The results are
The increase of the average void radii, is approximatelyshown in Fig. 7. The first, second, and third functions are
50% during the experiments. Therefore, the average area oélated to annealing periods of 0, 5, and 30 min, respectively.
the void should increase by a factor of (£52.25. In order  In order to eliminate the effect of the increase of the average
to keep the total area of the void constant, the number ofoid radius on the pair correlation functions, all distances are
voids (per unit area must be reduced by the same factor.taken relative to the average void radius. The first pair cor-
Figure Gc) shows, that this is indeed the case, and the averelation function and to a lesser extent the second one, re-
age number of void¢per 180 nri+the area of most of the veals no spatial correlation between the voided they are
images was reduced from~21 to ~9. This confirms a randomly distributed in the surface, like a ga¥he third
priory, that our ignorance of voids close to the step wadunction reveals a correlation which was developed between
sufficient. Otherwise the number of voids per area wouldthe voids. The attraction forces between the voids caused an
have been decreased byore than 2.25. The observations increase in the number of voids which are close to each
reported here, are due to the coarsening process of the voidsther. It should be recalled, that close voids may coagulate
alone. (Fig. 4 The coagulated voids were counted as one void. The
In principle, coagulation may occur, if voids in a non- pair correlation function in Fig. 7 represents only those pairs
negligible fraction diffuse independently without interaction that did not coagulate yet. To conclude, these functions
(random walk, 14 just because of collisions. However, due prove that indeed, significant attraction forces exist between
to the large number of coagulated and nonspherical voids ithe voids and the voids, in response, migrate towards each
the images, we got the impression that some attraction forcesther. The correlations do not reach a steady state!
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Another piece of valuable information about the coarsen-
ing is the directional correlations which exist between the
voids. This can inform us about the relative weight of the
different diffusion mechanisms which might exist between
the voids. On one hand, the diffusion constant is not isotro- g=mlt=1
pic on the S{111)7X7 surface. However, the cross section 0
for isotropic diffusion is larger, since all directions are avail-
able. On the other hand, the diffusion along the corner holes
(or the grain boundarigss faster, but the number of avail-
able channels for diffusion is far smaller.

To calculate the directional correlations, we have calcu-
lated the function

]
o

£=0 1 1=%) ¢
£

¢=27 7N = — g

1
g(r,ﬂ)=m<n(r,0)>,

where g(r, 6) is the probability of finding two voids in be-

tweenr andr+dr and # and #+d#6. In order to get the Fic. 8. The bipolar coordinates system used for the description of the 2D
clearest picture frong(r,#), we applied the following inte- coarsening problem.

gration:g,(r) = fg(r,6)cog 3(6 — 6,), whered, is the di-

rection of the &7 unit vectors. This gives enhanced weigh-

ing to pairs of voids whose centers are connected by a VeClqfe centers. To solve the problem, one has to solve the static

in th? direction of the corner holes in the<7 surface. In g jon problem for the scalar diffusion fielg with the
addition, we calculateg,(r) = [g(r, 8)cos 3(6 — 6,), where boundary conditions:

0, = 6, + 30° is in between the directions of th7 super-

lattice.g, andg, are shown in the second and third rows in Y Y

Fig. 7, respectively. S ¢fz_a'
Several things are distinguishable by compargigand ) _ .

g,. Some correlations do exist already after annealing for 8vnere is the surface tension. One can calculate the veloci-

min. However, hardly any difference is distinguishable be-i€S On the interfacez, = nV ¢, wheren is the normal unit

tweeng; andg,. Namely at this stage, the diffusion is still vector to the mterface.. T_o know the t_otal attraction, one has

isotropic. This makes sense, due to the fact that the smalldP integrate this velocity in the domain boundary.

fraction of the surface is in thex77 reconstruction. In later |t IS convenient to use a bipolar coordinate system

stages of the process, as the surface is converted into thé1€re

7X7 structure, the anisotropy becomes clearer, and after 30 a sinh( %) . a cosh¢)

min, g; shows a much larger correlation thgp. This indi- X=——F—~————~ any=————~———-—-.

cates that indeed, in this stage, the coarsening process occurs cosf )~ coté) cosfl )~ coté)

partly along the directions of the corner holes, either on thdn this coordinate systemy, =const are curves along circular

surface or in grain boundaries. trajectories with radius (see Fig. 8. It is easy to show that
Although at* ripening process could not be ruled out by

[42 2

our measurements of the average void size, it is more prob- __ 272 _ d+vd™—r
. : ; ! a=+d*-r? and exp27,)= .
able due to the developing spatial correlations, and their an- d—+dZ—r2

isotropy, that the ripening process is controlled by diffusion. s ) _ _ )
The equatiorV<¢ = 0 is separable in the bipolar coordi-

nates. The problem becomes a problem of two Iimalsand

V. THEORETICAL CONSIDERATIONS 7:, With potentials¢; and ¢,. The obvious solution is

It was suggestéd that one characteristic of the diffusion b=yt (1~ ¢2)( — )
dominated theory of movement, is attracti@r repulsion 2 N, ™ ", 1)
between neighboring domains. It was shown that the two 3D S ) ) .
domains attract each other, in the physical scenario. In two /e note that infinity in(x,y) maps into the point0,m) in
dimensions, the situation is a little more complicated, sincén€ bipolar coordinate frame. The only possible solution with
unlike the 3D case, one cannot adjust arbitrary boundary?© flow to infinity, which is the physical condition, is our
conditions in infinity. However, one can clearly observe thaf€Sult. T resolve other possibilities, one needs to fix bound-
in two dimensions, the interaction is much stronger. To dg®Y_conditions properly which we cannot do in this case.
this, we now present a corresponding calculation in two di- 1he gradient on they, plane becomes
mensions. _ . _ a b1— o

We calculate the interaction between two circular do- VvV, ¢= ,
mains with radii ofr; andr, and a distance of®between 1" coshwy, —cosé ,— 1,
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To find the total velocity, one has to integraéfep over  similar type of arguments might be also made in relation to
the domain boundaries. We perform the integration only foradatom jump mechanism.
d>r. In this case¢ becomes the same as(the integral In summary, we observed a coarsening process of voids.
angle and We observe that unlike simple diffusion dominated pro-

cesses, usually described by LSW type of models, a strong
a ¢i1— o, cos 6 . . S . .
= f 6. domain mobility and attraction is observed in the experi-
27Tr17;rl— 7r, cosh 7y, —COS 0 ment.

We reason that a possible mechanism for the strong void
mobility and attraction is boundary destabilization by va-
cancy migration.
oL (1 1—1/ry) 5t This picture is consistent with our experimental observa-

ot 27[log(r,/d)+log(r,/d)] d - tion. It is an interesting example for the importance of mi-

The velocities are in the same directions, i.e., the Iargé:rOSCOIOIC details in the global dynamics of coarsening.
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Using the equations foa and exg27,), we get the aver-
age velocities:
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