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We have used low-energy electron microscopy to study two-dimensional island ripening061) SBy
studying the behavior of individual islands compared to their surroundings, we are able to quantify the
step-edge attachment and terrace diffusion processes that are responsible for the ripening. By comparing the
time dependence of specific configurations of islands to simulations, we find correlations in the rate of change
of an island’s area with the sizes of neighboring islands, implying that the chemical potential of the adatom sea
is not uniform as classical theories of Ostwald ripening assume. From measurements of the time dependence of
each island, we chart out these nonuniformities and relate them to adatom diffusion coefficients.
[S0163-18296)01940-9

[. INTRODUCTION tom sea and the chemical potential of atoms in the island.
Previous low-energy electron microscofhEEM) studies

During epitaxial growth, islands of the growing material of step fluctuations on §01) (Ref. 3 have shown that ther-
nucleate if the distance between steps is sufficiently larganal step fluctuations on @01) are limited by attachment
The surface is out of equilibrium since the step edges of thand detachment kinetics. In this work we will show that the
islands cost free energy. When growth is terminated, atomevolution of island configurations during ripening, as well as
flow from steps with high curvature to steps with low curva- the dissolution of isolated islands, is also limited by attach-
ture: small islands shrink until they disappear, while largement and detachment kinetics, allowing for a consistent de-
islands grow at their expense. This coarsening process, calledription of these phenomena. Furthermore, expanding on
Ostwald ripenind, is a general feature of the late stages ofRef. 4, we will show that the previous quantitative measure-
phase separation. Understanding the ripening of islands iments of step-edge stiffnesses and the step edge mobility,
clearly a necessary first step in understanding the much morghich determine how fast steps move when out of equilib-
complex issues involved in epitaxial growth. rium with the adatom sea, yield predictions of island ripen-

In this paper we explore the ripening of two-dimensionaling and dissolution rates that are consistent with the LEEM
(2D) islands on S001).2 Our goal is to account quantita- observations of island ripening presented here.
tively for in situ observations of the evolution of the island  In general, one expects that how each island behaves will
configuration on an island-by-island basis. Understandingiepend on the detailed configuration of the surrounding is-
how each island behaves in response to its surroundings diends. Classical mean-field theorfesyhich make the as-
pends upon several factors. Atoms, probably in the form oumption that the adatom chemical potential surrounding
dimers on Sj001), detach from small islands, diffuse each island is the same and determined by the average island
through the adatom sea surrounding the islands, and eventsize, are exact only when diffusion becomes infinitely ¥ast
ally attach to larger islands. The net rate of attachment oor in the limit of an infinitesimally small fraction of the
detachment from each island depends on the chemical potesurface covered by islandsThe local correlations between
tials of the surrounding adatom sea, as well as the chemicélands that can cause the chemical potential of the adatom
potentials of the atoms in the islands and the barrier to atsea to become nonuniform and thus cause an island’s behav-
tachment and detachment. ior to depend on the details of its environment are the subject

There are two extreme possibilities for the behavior of theof quite a few theoretical studiés % However, most ex-
chemical potential of the adatom sea near an island edge. fferimental eviden&e for local correlations in Ostwald rip-
the random exchange between the adatom sea and the islamding comes indirectly, through broadening of the island-size
edge is sufficiently rapid, then the adatom sea immediatelgistribution compared to the mean-field distributions, or
surrounding each island will always be in thermal equilib-though interpretation of static island-size correlation
rium with the atoms in the island. The net flow of atoms functions? Here, by using LEEM to image the evolution of
towards or away from each island will then be completelyindividual islands, we can map out the chemical potential of
determined by diffusion in the chemical potential gradientsthe adatom sea and thereby explicitly show the presence of
of the surrounding adatom sea. On the other hand, if detaclcorrelations and quantitatively relate them to an adatom dif-
ment and attachment are slow compared to diffusion, thefusion constant.
the adatom chemical potential can be out of equilibrium with  The plan of this paper is as follows. First, the LEEM
the island edge and net detachment rates will be determineskperiment and how the data were analyzed are described in
by the difference between the chemical potential of the adaSec. Il. Next, in Sec. Ill, the time dependence of the average
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FIG. 1. LEEM images of ripening of single atomic layer height islands ¢f(8) at various times after the temperature was increased
to 670 °C:(a) 10 s,(b) 50 s,(c) 400 s, andd) 1300 s. Alternate dark and bright regions differ in height by one atomic l&/666 nm.
The field of view is 5.5um.

island size and the distribution of sizes is discussed. Thia disordered overlayer. The temperature was then rapidly
average behavior is shown to be consistent with step-edgacreased to, and stabilized at, 670 °C. The subsequent evo-
kinetics limited by step edge attachments. The behavior ofution of the surface morphology was observed by LEEM
isolated islands as they dissolve, presented in Secs. IV angkef. 13 and recorded on video tape. Figure 1 shows the
V, confirms this picture. In Sec. VI the observed step edggipening of the resulting island configuration at four different
kinetics is discussed in the light of previous LEEM and scan+jmes after the temperature reached 670 °C. The image con-
ning tunneling microscopfSTM) work. Detailed simula- 55t is due to thé2x 1) dimer reconstruction on the ®01)

tions of the time evolution of specific island configurations g ,itace. The dimer reconstruction rotates by 90° when the

are presented in Sec. VII. These establish that the ripening : : .
each island is determined by the sizes of neighboring islanc(i%'funcélce height changes by one atomic layer. In the dark field

ﬁnaging mode used in Fig. 1, terraces with one dimer orien-
rather than by the average sizes of all the islands, as in stan-.. L2 . . . i
dard mean-field theories. In Sec. VIII, LEEM data are use ation appear dark, while the perpendicular orientation ap

to map out the spatial dependence of the adatom chemic pars b_right. Thus the bright eIIi.pticaI islands are one atomic
potential, and the nearest neighbor model is shown to a ayer _hlgher thaq the surrounding dark terracg. In ;eparate
count for the variation. Section IX provides an explanationXPeriments at higher temperatures, the behavior of isolated

for the success of the nearest-neighbor model by taking difiSlands formed during the late stages of the ripening on simi-
fusion into account explicitly. larly sized terraces was studied. The results of these experi-

ments are summarized in Sec. IV.
To analyze the video sequences, we digitized the video at
a rate of one frame per second. Islands were marked by
The ripening experiment was performed on €81) sur-  converting each video frame into a binary black-and-white
face with a 5um-sized step-free region. Approximately 0.1 image by thresholding the images at an appropriate intensity
monolayer of Si was deposited at room temperature, creatingvel}* The area and center of mass of each island was then

Il. EXPERIMENT
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FIG. 2. Time dependence of the areas of a few of the islands. FIG. 3. Time dependence of the average island area during rip-

Large islands grow; small islands shrink. During the time periodening at 670 °C. The linear increase is consistent with detachment
covered by this figure, there are around 100 islands and the totg@mited kinetics.

island area decreases by only about 5%. The arrows indicate points

where islands of initially different sizes have evolved to islands of . . . Sihis li L
the same area or where the areas of islands of the same size hd@@eq for 3D _Ostwald ripening k_)y Wagn_ ﬂ_us_ linearity is
begun to diverge. consistent with step-edge motion that is limited by attach-

ment and detachment reaction kinetics at the step edge. It is
clearly inconsistent with theé?® time dependence that char-
2acterizes step motion which is solely limited by diffusion
away from the step edge.
That the ripening is reaction limited also has effects on
of island coalescence, the islands are all ellipses with al he'static. island ;ize distributiqn. Figure 4 show; the distri-
ution of island sizes at three times, compared with the long-

aspect ratio of~2.62 The (2x 1) dimer rows run along the . o ! . . :
long dimension of the ellipses. Except for islands near théume distributions predicted by mean-field theories of the rip-

bounding step edge, there is no measurable shift of the ceri'n9: As e_xpgcte_d from  scaling thgorf’éﬁ the .
ters of mass of the islands with time. The percentage area eixperlmental distribution does not change significantly with

the large terrace covered with islands drops from 7.4% afteggqseér\?ggo;gzi;’a?;é?'scsar%ei?gﬁ p?r?L:iL abtrcl)?de;rumi. Trr:?
50 at 670 °C to 5.7% after 400 s. In the few islands whére y P

. . . dicted by the 2D Lifshitz-Slyosov theory of purely diffusion-
X 1) domain boundaries occurred, the boundaries were X hited %pening. They arey however yverf/ sin¥i|ar to the

pelled by a slow consistent motion towards the ends of theﬂ]

computed. After the surface was at 670 °C for 10Fg.

1(a)], there were approximately 300 well-defined islands; 2
min later [Fig. 1(d)] there were 11. Except for rare cases
when the islands contain §21) domain boundaries because

ellipses. After 50 s at 670 °C, island coalescense was abse etachment-attachment limiting caggor convenience, the

; : iean-field expressions for this case are given in the Appen-
Figure 2 shows the time dependence of the area of afe\ﬁix.) Interpreting these distributions is complicated by the

of the islands, showing explicitly the ripening process. Sma"fact that the mean-field theory of diffusion-limited ripening

islands tend to shrink and large islands tend to grow, with th? only exact in the limit of the total island coverage becom-

largest islands growmg.the fast.est. Be_cause the t.otal |s|an| g small. Higher coverages cause a broadening of the size
area on the terrace during the time period of the figure only,.

changes by 0.4% of a monolayer, the shrinkage of the sma istribution, and thus distributions broader than the Lifshitz-

) ; . lyosov theory are often interpreted as a signature of the
islands is closely balanced by the growth of the large 'Slandsfai)llure of meaz-field theor§.In tﬁe light of Fig. 93 here we

As a first approxmatpn, how fast an island grows or shrink ke the broad distribution as a manifestation of attachment-
depends only on its size. However, a few clear examples Amited Kinetics

the failure of this approximation are pointed out in the figure:

islands with initially different areas evolve to islands of the

same size, indicating that islands with the same size have

different rates of chang®.As we will discuss later, these

differences can be attributed to particular variations in the To interpret the ripening more quantitatively, we begin by

configurations of neighboring islands. defining the step mobility and relating it to the decay of

isolated islands. If, as is the case fo((&i1), the behavior of

an island depends on the rate of attachment and detachment

at the step edge, then the total flux from each island edge will
We first discuss the time evolution of quantities averagede proportional to the difference betwegn the chemical

over the island configuration. Figure 3 shows the observegotential of the atoms composing the island, ang, the

time dependence of the average island area. To a good aphemical potential of the adatom sea surrounding that island.

proximation, it increases linearly with time. As first recog- Defining the step mobility " by the proportionality

IV. DECAY OF ISOLATED ISLANDS

[ll. THE DISTRIBUTION OF ISLAND SIZES
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150 ] FIG. 5. Time dependence of the area of large isolated islands at
3 r ! : ] various temperatures from 820 °C to 1010 °C. The points for 670
- L °C correspond to the average over ten islands as they are about to
1‘01_ p disappear during the ripening sequence of Fig. 1. As discussed in
_ : . the text, the linear decrease in area with time is characteristic of
0.5 . step-edge motion limited by step-edge detachment kinetics.
0.0 Ll L o . whereEA andEB are the step-edge stiffnesses for steps run-
2.5¢ T ' ] ning perpendicular to the major and minor axes of the ellip-
; F ] tical island shapes. When the island size is sufficiently small,
2.0 t 420 Sec;’ ] the adatom chemical potential can be neglected and the is-
r ] land area decreases linearly in time:
1.5 — ]
S 0 ] oA 2@l [BaBs(Ra R
2 ; _:__\/-_A Bl AL B 4.3
1.0¢ ] at kT 2 \Rg Ry
0_5:_ ] We have checked this relationship over a wide range of tem-
[ : peratures. Figure 5 shows the time dependence of large iso-
0.0bg- Lk , lated islands on a 4sm terrace from 820 °C to 1010 °C.
0 1 2 3 Also plotted for 670 °C is the decay of the average area of

p=r/<r> ten small islands. The linear behavior observed at all tem-
peratures is consistent with the attachment limited kinetics of
Eq. (4.3 and clearly inconsistent with th&”® dependence

redicted for purely diffusion-limited island dissolution. As
50 s, 100 s, and 420 s, compared with the predictions of mean-fiel P y

theories of Ostwald ripening. The dotted lines correspond to low- iscussed in Secs. V and VI, the slope of these lines is con-

O e sistent with the value of the step mobility needed to explain
coverage ripening limited by diffusion in the adatom sea surround- . . . .
e overall ripening rates, as well as the time scale of previ-

ing the islands. The solid line, which shows much better agreeme v ob d il .
with the data, is the distribution for attachment limited kinetiesg. ously observed capillary wave motion.
(A3)].

FIG. 4. Normalized experimental distributions of island sizes at

V. RELATIONSHIP BETWEEN ISOLATED ISLAND

constant,"*8the rate of change of island aréais given by DISSOLUTION AND OVERALL RIPENING RATES:
COMPARISON WITH MEAN-FIELD THEORY

oA CI The (experimentally determined rate of area decrease of
T ok T Had @D small islands fully determines via Eqet.1) and (4.3) how
any island will ripen, depending upon its size and the local
whereC is the island circumference andlis the area of an chemical potential of the adatom sea. To understand the time
adatom. For elliptical islands with semimajor and minor axesdependence of the ripening, we thus need to know what de-
of length Ry and Ry, C~2m\/(RZ+R2)/2. The Gibbs- terminesu,q. One might suppose, for example, that because
Thomson chemical potential of an elliptical island is of fast diffusion, the entire adatom sea is close to equilibrium
with the almost straight bounding steépe., u,+~0) and
smaller than the chemical potentials of all the islands on the
_ [BaBs_ |TBABE 4 terraces. Then, however, all of the islands would dissolve at
K=Y NRRg @ A (4.2 a similar rate[Eq. (4.3)]. This situation is in obvious dis-
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agreement with the experiment in which a significant number
of islands actually grow in size. The value pfy must be 8 ' ' ' '
higher and determined by the distribution of islands on the
terrace. In the Appendix it is shown that if one makes the
mean-field assumption that,q is uniform, then in the limit 6r o 0%
of a large number of islandg .4 is the chemical potential of Q o
an island with the average radius and the rate of increase in"c °
the average area is 1/3.6 of the single island dissolution rate. n; 4r 060 T
(The effect of the bounding step edge becomes small as the —
number of islands gets largeFitting the disappearance of v«
ten islands to a line vyields a dissolution rate of 2+ .
1.9+ 0.4x 10 nm?/s. From Fig. 3, the average island growth
rate is 0.5x 10° nm?/s. The ratio is 3.8 0.8, in fair agree-
ment with mean-field theory. In Sec. VII below we will 0 . . A ;
show, in spite of this agreement, that this mean-field theory, 0.000  0.010  0.020 0.030  0.040  0.050
which ignores the possibility of variations in the chemical q (nm™)
potential due to the correlations between the evolution of
neighboring islands and the effect of the proximity of the FiG. 6. Plot of the step mobility" as function of wave number
bounding step edge, fails to explain the time dependence of for S, step capillary waves at 860 °C, as determined by the data
individual islands in the configuration. and analysis presented in Ref. 3. The size of the error bar reflects
the statistical variation observed for different analyzed steps.

VI. STEP-EDGE MOBILITY . -
(If, on the other hand, the step fluctuations were limited by

A more complete picture of the kinetic processes governdiffusion in the adatom sea, thdn estimated in this way
ing the island dissolution can be obtained by using the disshould vanish linearly iy at smallg,?* which is definitely
solution rate in combination with our previous analysis ofnnot consistent with the daja.
thermal step fluctuations on (8D1).2 The islands are con- The particular value of the mobility, 410° nm%/s, de-
tinually exchanging adatoms with the adatom sea. Tfasis-  duced from Fig. 6 is interesting for two reasons. First, it
dom) exchange causes step positions to fluctuate. These flucerresponds to around 23 000 random dimer attachments and
tuations have been analyzed to obtain adatom exchangtetachments per secoffiper dimer along the step edge. For
rates’ As we will show quantitatively below, the random comparison, the observed dissolution rate for an island of
exchange rates deduced from this analysis are much greatarea 2< 10* nm? at 860 °C of 3.& 10° nm?/s corresponds
than the total island dissolution rates. This finding is signifi-to 32 dimer detachments per second per boundary dimer. As
cant because large exchange rates allow the step structuredtated above, the validity of Eq4.1) requires that the net
be in local equilibrium as the island edges move, which is anotion of the step edge is much smaller than the random
necessary condition for the validity of approaches based omotion?® At the ripening temperature of 670 °C, both rates
Eqg. (4.1). Also, and perhaps more importantly, since theare approximately 10 times slower. Because the random
magnitude of the bias in the exchange rate when the step Brownian motion of steps determines how fast a step con-
slightly out of equilibrium is determined by the mobility, figuration diffuses towards equilibrium though E4.1), the
which is deduced from the equilibrium rates, characterizingstep fluctuations can be used to predict the dissolution rate.
the large random exchange rate is essential for understandingsing the step stiffnesses ofEA:o_g kKT/nm and
how the steps move when they are out of equilibrium. '”'EB=0.13 kT/nm deduced in Ref. 3 and the above value of
deed, we will show that the previously measured randonj Eq. (4.3, we predict a dissolution rate of ¥Q0°
exchange rates are consistent with the observed island dissQr,2/5 compared with the observed X80° nm%s. This
lution rates. factor-of-2 agreemenfwhich is within the errors of deter-

_From theories of thermal step fluctuatidfighe step mo- mining ') is encouraging evidence that the picture presented
bility T" which appears in Eq(4.1), is approximately pare of the step mobility is corre®.

¥ 7, wherer is the time between random attachments or " riq e 7 compares the temperature dependence of the
detachments at an arbitrary position on the step edge. Analygen mopilities extracted from the step fluctuatfonith the

sis of the Langevin equation appropriate for attachmenty,pijities obtained from measuring the island dissolution
limited step fluctuatior®® reveals that the decay timg(d)  rates, Although there is a consistent factor-of-2 difference,
for a fluctuation with wave numbey is kT/T' 8% On the  the activation energy for both mobilities are within uncer-
other hand, the amplitude of thermal fluctuations due to €0tainties the same: 1.49.15 eV. Extrapo|ating the Arrhen-
uipartition of energy among the step capillary modes is injys plots down to 475 °C vyields a dimer exchange rate with
dependent of” and equal tkT/8g?. Thus the ratio of the the step edge of order one per second, consistent with STM
amplitude tor(q) should be equal td’, independent of;.  observation$®>~?8 The activation energy is consistent with
Figure 6 showdl’ estimated from this ratio at 860 °C for the 1.4-1.7 eV range extracted from STM step-edge attach-
variousq using the data and analysis of 1) step fluctua- ment rates observed at lower temperature by Kitamura
tions described in Ref. 3. These estimated ofire indeed et al,?’ consistent with the 1:80.3 eV quoted by Swartzen-
approximately independent gfand thus consistent with the truber and Schaéf although significantly larger than the
simple step attachment limited kinetics deduced from Fig. 6value 0.970.12 reported by Pearsat al2®
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102 — — FIG. 9. The first panel shows the abstract version of the experi-
E b mental configuration marked in Fig. 8. This configuration was
101 [ . . . ] propagated forward in time assuming that the chemical potential of
0.70 0.80 0.90 1.00 1.10 the adatom sea surrounding the islands is uniform and determined
1000K/T by the average island size.

Having established the need for a model that features a

fluctuation (circles, compared to the mobilities obtained from the high degree of nonuniformity in the chemical potential, we

island dissolution rate@triangles. The deduced activation energy turn tq the partlcglarly S|mple C‘?‘SG in which the chemlcgl
for both methods is 1.450.15 eV. potential at the site of a given island depends only on its

nearest-neighbor islands, determined by the Voronoi
constructiort® To determine this chemical potential, we first
model the currents between neighboring islands. To do this,
We now show that while mean-field theory can explainwe assume that the current between neighboring pairs of is-
very well the average behavior shown in Figs. 3 and 4, itands is proportional to the difference in the chemical poten-
fails in predicting the detailed time dependence of the actudials between them. The proportionality constant needs to be
configuration of islands. Some suggestion that mean-fiel§onsistent with the isolated island decay rate of E43)
theory fails has already been shown by the existence of inwhen one of the islands becomes small and be symmetrically
tersecting lines pointed out in Fig. 2, which show that growthdetermined by the geometry of both islands. To satisfy these
and dissolution rates do not depend only on island size agonstraints in our model the curredf; from islandi to
mean-field theory predicts. To show how serious these failnearest neighbor islandwas taken to be
ures are in determining the island configurations, we have
performed simulations where we take an experimental con- A :L CiC; ﬂ( )
figuration, propagate it forward in time, and compare the " wkT G+ Cj 2 s

FIG. 7. Arrhenius plot of the step mobilily obtained from step

VIl. SIMULATIONS OF ISLAND CONFIGURATIONS

(7.9

whereq; ; is the angle subtended by the edge of the Voronoi

. . : . . . %olygon bisecting the line between islandandj, yielding
different times, which will be compared with theory. Figure —a;; and therefore]; ;= —J;;. The current between

. . (69 j , ,
9 shows what happens when the experimental island areas&;Ch pair of islands is geometrically limited by the smaller

22 dS (ng) ngvssgifg :ggva\(ﬁtge:lr:j tgiuﬁgggngftg Efjﬁ:())rm circumference, which ensures that the current away from a
Mad €qual to the Gibbs-Thomson chemical potential of theSmall island reduces to that given by E(.3) because

average island radius at each time step in the simulatiori-1 %14 = 27 From the result fop.,q found below, the choice

ignoring the bounding step edge. The valuelofsed, 56 Ih Eq. (7.1) of the geometrical prefactor &;C;/(C; +C;)

3. . : . . : in Eq. (7.1) makes the effectiveu,q of a pair of isolated
?:rcr: rr< Zg'ﬁﬁgﬁi'trﬁfeg{gedgrgﬁ \t,cse sSIer:i%lEslspl)?gglg;ﬁzo\l\llji?r?rr]n?atl?anIands the same, so in some sense this choice attempts to

- . : minimize the variations inw,q4, as is required if the adatom
field theory: th_e islands near the center of terrace OIIS";‘ppeacﬁffusion coefficient is Ia?g;ae(j(ln Sec & we show that the
much more quickly than experiment. '

gradients inw,q predicted by this model are indeed reason-
able) However, this exact choice is not critical: replacing
CiC;/(Cj+C)) by the smaller ofZ; andC; turns out to have
only a slight effect on the simulation discussed below.
Weighting the current by the opening angle has the favorable
side effect of making the currents insensitive against abrupt
changes in the number of neighbors caused by only slight
changes in the island positions.

Using the fact that;J; j=dA;/dt, and by defininguq
for the model by Eq(4.1), Eq.(7.1) yields au 4 Ssurrounding
theith island of

50s 200s 750s

FIG. 8. Marked island configurations at three times. These con- Madi:w 'BA’BBE a; ; 2 , (7.2
figurations are compared with theory in Figs. 9 and 10. ’ 2T g it
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Figures 11c) and 11d) show the theoretical chemical po-
tentials obtained from the nearest-neighbor mogEd.
(7.2)]. The agreement with Figs. d and 11b) is good. As
in experiment, the chemical potential is smaller near the
bounding step edge. The consistently smaller chemical po-
tential near the bounding step edges causes islands near the
boundary to ripen sooner than those in the center. As a result,
islands near the center tend to be smaller than average. The
chemical potential gradient drives a current in the adatom sea
towards the bounding step edge. At 420 s the overall chemi-
cal potential is lower than at 100 s and the gradients towards
the step edge are smaller, consistent with the approach to
equilibrium.

Most of the observed variation of the chemical potential is
due to the presence of the bounding step edge: mean-field
theory would work better for a larger system, where more
islands are further from the boundary. However, the way the
system reacts to the bounding step edge shows clearly the
effect of nearest-neighbor island correlations.

To quantify the agreement between theory and experi-
ment, Fig. 12 plots the experimental chemical potentials
. against those predicted by averaging the Gibbs-Thomson

FIG. 10. The upper panel shows the currents between islandspemical potential of neighboring islands. For almost all of
determined by comparing the Gibbs-Thomson chemical potential of,q jgjands, the theoretical chemical potentials are within the

neighboring islands as described in the text. The width of the "neilncertainty of experimental results. The linear correlation
connecting the islands is proportional to the atomic current betweee

the islands. The subsequent panels show the time development tr]a?emmen? of this PlOt is 0.51. The prob_ak_)lllty of suc_;h a
arge value of the linear correlation coefficient occurring if
follows from these currents.

the experimental and theoretical chemical potentials were

_ . . . uncorrelated for the 97 analyzed islands is very small: ap-
wherer=R,Rg. Thus, in the model, for each neighboring proximately 106 31

pair of islands, there is a contribution to the chemical poten-
tial of the adatom sea that is proportional to the inverse of
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the mean radius of the pair, similar to the mean-field case. IX. ROLE OF TERRACE DIFFUSION
The total effective chemical potential is a weighted average , )
of these that conserves the total island area. By measuring the flux of adatoms towards the bounding

Using Eq.(7.2), the experimental configuration was again step edge, 'the observed chem'ical _potential gradients can be
propagated forward in time. In this simulation, the bounding“sed to estimate the adatom dlf_fUSlon constant. At 100 s the
step edge was taken to have zero chemical potential: confét€ Of de(Z:rease loss of total island area is approximately
bined with the weighting of the step edge, this choice repro?> 107 nm?/s, or 680 dimers/s. The bounding step edge has
duced the experimentally observed decrease in the total i€ €ngth of approximately 1530 nm, giving a flux densjty
land area. As Fig. 10 shows, we now get very goodtowards the step edge qf 0.4 d|mers/nm S. This flux is related
agreement with experiment. The ratio of dissolution to aver{0 the chemical potential gradients towards the step edge
age growth rate in this model was 5.0, slightly larger than thénroughj =DcoV uag/KT, wherec is the equilibrium ada-
experimental result. As a result, the valuelbfused in the tOM concentration m_the absen_ce of |s_Iands and step edges.
simulation was chosen to be slightly smali@r8/5) to match Estimating the chemical potential gradient towards the step

i 4
the experimentally observed rate of increase in average aregdge from Fig. 1(a) to be 10" meV/nm at 100 s and as-
suming thaD is approximately isotropié? this gives a value

of coD of 3x 10°/s. With the definition of the surface mass
self-diffusion constanD, ascyDw, this yields a value of
The failure of mean-field theory to explain the observedD,, of order 7x 10* nm?/s. This is in good agreement with
time dependence of ripening implies the existence of signifithe value ofD\~4.5x 10* nm?/s extrapolated from studies
cant local variations in the adatom chemical potential. Thesef the time evolution of periodic step arrays by Keeffe
variations can be directly obtained from the LEEM data:et al®
Given our confidence in the validity of E¢4.1), we can use If we assume that atoms are diffusing in units of dimers,
it to directly chart outu,q. Figure 11 shows the maps of then the value oDcy~3X 10°/s is approximately the num-
Mag at 100 and 420 s obtained by measurify ot for each  ber of collisions per second of dimers with the step edge.
island and solving Eq(4.1) for u.y. The differences be- The step mobility at 670 °C of’~56 nm*/s divided by
tween theu,q of neighboring islands is usually much less w®?=[+/2(0.38) nnj® is approximately the number of dimer
than the differences in the Gibbs-Thomson island chemicahttachments per second. So for every 900 collisions of a
potential, i.e., there is a discontinuity jm,4 at the island dimer with a step edge, there is approximately one change of
edges. This is consistent with the assumption of attachmenthe step edge. This large ratio is consistent with the step
limited step-edge kinetics. kinetics being attachment limited on small length scales. For

VIIl. CHEMICAL POTENTIAL MAPS
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a) Experiment at 100s b) Experiment at 420s

c) Theory at 100s d) Theory at 420s

0.1 0.2 0.3
Iy (meV)

FIG. 11. By measuring the change in area of islands as shown in Fig. 2 with time, the effective chemical potgofitie environment
of each island can be determined. These chemical potentials are charted in(paaeld (b). For small islands sizes, the rate becomes
insensitive to the chemical potential. These regions are marked in gray. Rareeis(d) show the chemical potential maps calculated using
the nearest-neighbor island model of Fig. 10 for the same two times.

sufficiently large islands, dissolution and ripening rates arestudied in the ripening experiment.

always expected to be diffusion limitéd.However, the Finite diffusion can limit the influence of islands far apart
crossover radids is R.=Dcyw?/T, which from the above from each other in two ways. For one, there is a finite diffu-
quoted values is around 500 nm, much larger than the islandsion length\/Dt associated with it. From the above estimate
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where(c) is the average adatom concentration determined

0.40 : ' : by the average island radius. In steady state this rate of
change in concentration must be balanced by terrace diffu-
— . sion, leading to a Helmholtz equation for the adatom concen-
T 0.30F o 0° 1 tration:
E b0 2
3 8 %7 % D
> 0.0} ° S0, BELo O . DVZ[c(r)—(c)]- z[c(r)—(c)]=0. (9.3
8 ° Q’% 0, oo g
% T
§ o010k | The screening length is given by
& /3 [1 <RA>+<RB> G Rc
0.00 ' - - &~ Var[2((Re)  Rw/]  J(Ra(Re)
0.00 010 020 030 0.40 (Ra)(Re)
experimental w,y (meV) 1 R

C
~5——, 9.4
9 J(RaXR
FIG. 12. Theoretical chemical potentials plotted against the ex- (Ra)(Re)

perimental measurements at 100 s. If the nearest-neighbor model WhereR is the crossover radius introduced above at which
'.:ig' 10 were perfe.Ct!y correct, the circles would lie on the StraightripeningC changes its character from attachment-detachment
line through the origin. limited to diffusion limited. If ¢ is equal toor less than d

. e then the nearest neighbors will effectively shield the diffu-
3
0f DCy, if Co were 10/, the diffusion length exceeds the g, fie|q of each island. Using the values bf deduced

size of the terrace in less than one second. Thus it seem . . . (R.Rg)
unlikely that a finite diffusion length effects the evolution of &bove, we find thak is approximately 10{RxRs). So the

. ) ) ; estimated values oD is small enough to account for the
the island configuration on the time scale of the iahb ; | h that rioen
experiment? nearest-nelig orhscreenlkr:g, yetOI arg(:] enou? t gt ripening

The other way that finite diffusion could localize the in- oceurs well into the attachment-detachment limited regime.

: : o . . . While we have discussed possible reasons for the success
teraction between islands is in conjunction with the screen-

ing of diffusion fields caused by neighbor islands acting asOf the nearest-neighbor model above, we will now introduce

sources and sinks of adatofit€. For infinitely fast diffusion a humerical simulation based on approximately solving the
. ) : ; . diffusion equation with attachment-detachment limited step-
this screening would be ineffective. In the following para-

graphs we will give an estimate for the effectiveness c)fedge kinetics. This simulation also reproduces the experi-

: . e ; mental results, demonstrating that these ingredients can fully
screening given the d|ffu_5|on_constant c_Jetermlned abovedescribe the ripening and lead to an effective nearest-
showing that this mechanism is the physical reason for the ~ ; . )

) . neighbor interaction for the given balance between attach-
nearest-neighbor correlation.

. : “ ment limited step-edge kinetics and diffusion. We assume
For our discussion, we assume a homogeneous “screen-:

. S 810 circular islands and isotropic diffusiofj —DVc). The un-
ing medium, " which averages the effect of an hexagonalknowns are the island arowth rates—dA /dt. Assumin
array of islands of siz&k, g and nearest-neighbor distance 9 ap=dA ot 9

T that the corresponding adatom fluxes originate from point
— 2

d, resulting in a coverage=(2a/ V3)(Ra)(Re)/d?. Now sources, the steady-state adatom concentration is given by

imagine a large-scale deviation of the adatom chemical po-

tential from it equilibrium value ofu,g=u(Rag). The is- 1
lands will become net sources or sinks of adatoms. The
. . . . c(r)y=cg(r)— 5——= in(jr—r;|/a), 9.
change in local concentration caused by the islands emitting (N=cs(r) 27er2 ain(| 1r2) ©9
or absorbing islands is the number of islands per unit area
times the rate of change of the number of atoms of the awith V?cg(r)=0 on the terrace. The attachment-detachment

erage island: rate equation must be satisfied for every island. Using
Mag=KTIn[c(r)/co]~=kT[c(r) —cql/cy Yields a linear equa-
Jc ( 1 9A ) P ( 1 9A ) 2 1 tion in q; for every island(The concentration at the edge of
—_—=—|— — == — = — . islandi was determined by evaluating its own logarithmic
at ® Ot m(Ra)(Re) @ It V3 d(g n term at|r —r;|=R;, the island’s radius, and all other terms at
: r=r.)

If cg(r) could be expressed as a linear functiorgpthe
adatom gas is ideal and dilute so that the chemical potentizﬂmblem. would r?duce to a large linear system tha_t .COUId be
solved in a straightforward way. Here, for simplicity, we

is r)=KT In[c(r)/co]~kT[co—c(r)]/cq, wherec(r) is ; o . .

thga;o;()eztial depe[ngjt)ancog of trEeOperguak])edo adatom (cgncentr' woke the boundary condition at the bounding step. First of

tion. Then Eq.(9.1) becomes all, the edge chemical potential can be taken to be zero ev-
' a4 erywhere on the bounding edge. Second, the contribution to

the adatom concentration due to the islands, the attachment
i \ﬁi 1 (Ra)*+(Rg) [e(r)— ()] (9.  current and thereforeg(r) can be assumed to be similar at
ot 2d? cow? 2 t ' ' all places on the bounding edge in a first approximation. This

To computedA/dt we use EQq.(4.1) and assume that the
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approximation, takingg(r) to be constant on the bounding resultis the same as for the 2D grain evolution model of Ref.

edge, makes it constant everywhere on the terrace because.

V2cg(r)=0. Start by slightly rewriting Eq.4.1), by introducing the
At the bounding edge, the attachment current must béritical island sizer .(t):

equal to the detachment current. Picking one location on the

edge(as stated above, all locations have similar currents and . dr B r

chemical potentiajswe get a boundary condition yielding rza_ r '

Cg as a linear expression ig;. Solving the linear system

gives the island growth rates, dependent on the given corwhere  B=(I'/kT) VBaBs(Ra/Rg+Rg/Ry)/2 and

figuration, temperature, step-edge stiffnes8gg, mobility ~ r=vRaRs. Now consider the probability distribution

I', and diffusion constanbDc,. The experimental evolution f(r,t) of islands of sizer at timet. There is a continuity

of the configuration is reproduced best witlhc,=3x10*  equation for this distribution: the rate of change of the num-

nm?/s, which is in good agreement with the values discusse@er of islands of a particular size must be balanced by how

above. The derived chemical potential map is virtually iden-quickly the radius of these islands are changing. Thus

tical to the chemical potential map from the nearest-neighbor

model. af(r,t)

at

P (A1)

J .
+E[rf(r,t)]=0. (A2)

We suppose that the sum of all of the island areas is con-
served(only an approximation in the present case, because of
We have been able to account for, in detail, the time evothe loss of atoms to the step edigat long times, the solu-
lution of a large number of islands by considering step-edgdion to Eq.(A2), given Eq.(Al), and the constraint of fixed

attachment kinetics and diffusion in the adatom sea. Thésland area i
time dependence of an individual island is attachment-

X. CONCLUSION

detachment limited, driven by the difference between the pl 2 \* -2 i <2
chemical potential of the island and the surrounding adatom f(r )= 2l2—p >, "Tr< (A3)
sea. The length scale over which the adatom sea equilibrates .

with the islands is, however, limited by diffusion, giving rise 0 ifp>2,

to strong nearest-neighbor correlations during the ripeningwherep(t)=r/r.(t). This distribution is compared with ex-
The values obtained for the isolated island dissolution rat@eriment in Fig. 4. Integrating over this distribution shows
and for the surface diffusion coefficient are in good agreethat the average radius is equarta This property was used
ment with previous studies of step capillary wave motion andn computing the value of . used in the simulations shown
the decay of surface gratings by surface diffusion, capturingn Fig. 10.[Another way of establishing the equality between
this variety of phenomena in a single, coherent framework.r . and(r) is to note that the sum of the rates of change of
each island ared, is zero. Then, from EqAl), =;0A/dt
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APPENDIX

Here we give the mean-field expressions for the time de- (A1) = WH—(A(O)). (A5)
pendence of the island size distribution for the detachment-
limited Ostwald ripening of 2D islands. The analogous ex-Thus, within mean-field theory, the rate of increase of the
pressions for diffusion-limited kinetics appear in Ref. 9. Theaverage area with time is1/3.6 of the rate of decrease of an
detailed derivation of the distribution is a slight modification individual small island. As discussed in the text, this is close
of arguments presented in Refs. 16 and 35 for 3D islands; th® the experimentally observed ratio.
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