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We examine the capture of diffusing Ag adatoms by arrays of two-dimensional Ag islands subsequent to
deposition on A¢LOO at room temperature. This is achieved by a combination of scanning tunneling micros-
copy experiments, kinetic Monte Carlo simulations, and diffusion equation analyses. The dependence of the
capture rates on Ag-island size is shown to reflect larger island-free regions surrounding the larger islands, i.e.,
a strong correlation between island sizes and separations. This feature, and the influence of the local environ-
ment of the islands on capture, are elucidated by introducing suitable tessellations of the surface into “capture
zones” for each island. We show that a Voronoi-type tessellation based on the distance from the island edges
accurately reflects adatom capture. However, a tessellation exactly describing adatom capture is only obtained
from a solution of the steady-state equation describing adatom deposition, diffusion, and capture by an array of
islands distributed as in experiment. The stochastic nature of adatom capture is also quantified by analysis of
the dependence on the deposition location of the probability for diffusing adatoms to be captured by a specific
island. The experimental island size dependence of adatom capture is found to be entirely consistent with that
obtained from a “canonical” model for the irreversible nucleation and growth of square islands.
[S0163-182609)14003-1

I. INTRODUCTION In Sec. Il, we describe key features of the experimental

setup, and of the observed Ag-island distributions. By way of

The control of distributions of epitaxial islands on metal background, a brief review of the basic concepts of adatom
surfaces requires a basic understanding of the processes mepture during deposition is provided in Sec. lll. Then, in
diating their creation and relaxation. This includes a detailedsec. |v, we describe our Monte Carlo simulation procedure
description of the nucleation and growth of two-dimensionalg,, analysis of atom capture in both experiment and in our

islands during deposition for a range of film growth ... nical model. The behavior of the capture numbers,
conditions, a key component of which is the capture of dif- . ) .
nd their dependence on the size and local environment of

fusing adatoms by individual islands. Such an understandinf . . . .
of capture also directly impacts on the development of rate-ﬁ“e islands, are discussed in Secs. V and VI. A characteriza-

equation analyses for the evolution of populations of islanddion of the stochastic nature of capture is provided in Sec.
of various size$;® as this relies on an appropriate specifica-VIl- In Sec. VIII, we compare the above results with capture
tion of the island size dependence of the adatom capturkehavior in recent experimental studies of the growth of two-
rates. dimensional Cu/Co islands on R001), and the growth of

In this paper, we present an analysis of the nature o¥acancy pits during etching of ®01) surfaces with molecu-
diffusion-mediated capture of adatoms by near-square Ag idar oxygen. These studies underline the power of our analy-
lands during deposition on A$00) at room temperature. ses to characterize various aspects of capture. Finally, we

Here island formation and adatom capture are known to beummarize our main results, and outline ongoing studies, in
effectively irreversiblé. We find dramatic deviations from Sec. IX.

mean-field predictions. Larger islands have larger capture

rates, reflecting the existence of larger empty regions sur-

rounding su_ch islanc_js. _\Ne_quantify_these featL_Jres fo_r experi- || ExPERIMENTAL SETUP AND OBSERVATIONS

mental Ag-island d|str|but|(_)ns, using bo_th simulations of OF ISLAND DISTRIBUTIONS

capture of randomly deposited and diffusing atoms, as well

as deterministic diffusion equation analyses. Both a geomet- Silver was deposited from a resistively heated liquid-
ric interpretation and an analysis of the stochastic nature ofitrogen-shrouded source onto an (Ag0) crystal held at
adatom capture behavior are provided. Throughout, we conroom temperature in an ultrahigh-vacuum chamtveith a
pare the experimentally observed capture behavior with prebase pressure of%610 *'-2x1071°Torr). The chamber is
dictions from a “benchmark” simulation study of irrevers- equipped with an Omicron room temperature scanning tun-
ible formation of near-square islan@dshere we can obtain neling microscopdSTM). STM images used in the capture
essentially perfect statistics analyses were obtained under low-resolution conditions, ap-
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short separations<<L,,. This feature derives from a similar
depletion in the adatom density near islands, which reduces

the island nucleation probability near islands. Note fii@t)
would be affected both by island diffusidand subsequent
coalescengeand by any Ostwald ripening of these islands
after deposition.

Previous studies of the variation of the island density,
N,y, with deposition fluxF, have shown that island forma-
tion is effectively irreversible in this system at room
temperaturd. These studies have also shown that the diffu-
sion of dimers and other small clusters does not significantly
affect the island formation process. These observations mo-
tivate and justify our comparison below of adatom capture
for experimental island distributions with capture for a ca-
nonical model of irreversible island formation.

Ill. BASIC THEORETICAL CONCEPTS: ADATOM
CAPTURE DURING DEPOSITION

Here we briefly review the key concepts in the theory of
adatom capture by growing islands during deposition, and
indicate the relationship between adatom capture rates and

= 08 the island size distribution. The mean rate of capture of dif-
Wz, 06k fusing adatoms by islands of sisgwhich have a variety of
local environments defines the “capture numberd for
0.4 aggregation with islands of that size. In other words,
gives the propensity for islands of sigd¢o capture diffusing
0.2

adatoms. More precisely, the rate of decrease in the number
density, Ng, of islands of sizes, due to aggregation with
0o 10 20 30 diffusing adatoms, of densitjN; and hop rateh, equals
r (nm) Ragg(s)=hasN1Ns. 'The total capture rate of adatoms by
islands then satisfiesR qq= 2 s- 1RagdS) =hoaN1Nay,

FIG. 1. (8) 150x 200-nn? STM image(taken 29 min after depo- WhereNg,=Zs-1N; is the average island density, and,
sition) of a typical distribution of near-square islands of Ag on ==s>10sNs/Ny, is the average capture number for all is-
Ag(100), obtained at 295 K. The flux waB~6.25< 10 ?>ML/s,  lands.
and ~0.125 ML. (b) Rotationally averaged and normalized pair-  Typically, o5 have been analyzed at a mean-fighdF)
distribution function for island centers. Specificallyr&N ,,N(r)dr level? where the local environment of an island is assumed
gives the expected number of islands with centers between a digo be independent of its size and shdp&The MF o; were
tancer andr +dr from that of an arbitrarily chosen island. shown to scale like the island perimetes® for large com-

pact islandS. However, recent kinetic Monte Carlo simula-

propriate for minimizing tip effects, and for obtaining the tion studiesi’'? and experimental measurements of adatom
number density, positions, and sizes of islands over broadapture for Cu/Co islands on RID01),'? showed that this
terrace regionétypically about 2000 A wide Uncertainty in  MF form is qualitativelyincorrect. The exaair scales qua-
such estimates of the pOSitionS and sizes of the islands Comgﬁinea”y with |arges] reﬂecting the feature that |arger is-
mainly from uncertainty in determining the positions of the jands tend to have larger island-free regions surrounding
“frizzy” island edges in the STM images. The first images them!'*? These same features are observed below in our
were typically obtained 15—-45 min after deposition, so somestudy for Ag/Ag100).
|OSS Of the Sma”est iS|andS iS I|ke|y to occur before STM The dependence Qfs ons iS of particu'ar importance as
imaging. Coverages, in ML, were determined directly fromit controls the form of the island size distributiéhFor the
the STM images. irreversible formation of immobile islands during deposition,

Figure ¥a) shows a typical distribution of two- relevant for Ag/Ag100) epitaxy at room temperature, the

dimensional Ag islands on Ag00), obtained at room tem- number densities of diffusing adatons;, and islands of
perature, with a deposition fluk~6.25< 10 2 ML/s. The sizes, Ng, satisfy

coverage isf~0.125ML, and the island density ibl,,

~6.8x10 3/nnm?, so the average island separationLig,

~12nm, and the average island sizesjs~220 atoms. The dN, /dt=F(1— ) — 2Ragf 1) — >, Ragd'S) D
observed island shapes are essentially equilibrated, as ex- s>t

pected, since edge diffusion is very fast compared to terracgng

diffusion® Figure 1b) shows the standard pair-distribution

functionN(r) for the separation of island centéréwith its dNg~q /dt=F(Qs_1Ng 1= Q¢Ng) + Rygd S—1) —Rygd S).
characteristic strong depletion in the density of island pairs at 2
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Here t is time, andF is the deposition rate, s@=Ft
=24-1SN; gives the coverage. The terf();Ng describes
“direct capture” by deposition on top of, or adjacent to, an
island of sizes. The termsR,y{ ) describe changes in the
adatom and island populations due to aggregation of diffus-
ing adatoms with islands of various sizes. These equations
are often reduced by summing ov&r 1 to obtain

dN; /dt~F(1— 6) —hoaN;N,,

and

dN,,/dt=ho;(N;)?, (3) s/s
so in the steady-state regime one hal;~F FIG. 2. Island size dependence @f/o,,, from simulations of

(1;0)/“}03"'\13")' island size. ~ /N h luti irreversible nucleation and growth of square islarids 0.2 ML;
or a large average island siz,~ 6/Nqy, the solution light gray line:h/F=10%; dark gray lineh/F =10%), and for island

of Eq. (2) has the forrf’ distributions matching those obtained on two(2@0) single crys-
N~ ﬁ(sa\,)‘zf(s/sa\,), @) tals: X, 205 islands from Fig. ®); O, 81 islands from Fig. &).
wheré! matching experiment. In fact, arrays formed in two separate
experiments are used below. Here, we chdu$econsistent
X — , — with the experimental fluxi-~0.01-0.1 ML/s, and the val-
F(x)= f(O)exp[ fo dyl(2o=1)=C/ (Y IIC(Y) ~wy]}, ues ofh estimated previously from analysis of the flux and
(5) temperature dependence of the average island dénaity.
room temperature, one fintis=3x 10°/s. Data obtained for
with '=d/dy, [ofdy=[gyfdy=1, and f(0)>0. This the Ag islands at the border of the STM images are dis-
analysis assumes that the capture numbers can be written ¢garded.
the scaling form

C. Technical details
0sl0a/~C(8/sy), (6)

To determines, one needs only to monitor the aggrega-
tion ratesR,q{s) for islands of sizes, by monitoring the
growth of the islands over a small coverage increméit,
—0. This can be done by introducing a countdr(6),

where C and w=d[In(s,)]/d[In(6)] are independent ob.
Thus, the form ofC (and the value ofv) determine the form
of f. In particular, the degree to whicB(x) increases for

H 11
large x controls whether or not(x) diverges at some. which is incremented by unity each time a diffusing adatom

Note thatw~2/3 for point islands, wherbl,,~ 6*%,° but for __is captured by any island of sizeln terms ofM, one hat
islands of finite extent the enhanced tendency for saturation

of'Na7\, with 6 increases the effective value of toward Ragd S)=[M4( 6+ 86)—M(6)1/(L256), as 66—0
unity. (7)
IV. KINETIC MONTE CARLO SIMULATION for a lattice of L? sites. Then, one hasoy
ANALYSIS OF ADATOM CAPTURE = Rag‘_{s_)/(h N;NS), whereN; and N_S are obtained in .the
. . same simulations. The problem with this approach is that
A. Adatom capture in a canonical model convergence of the results 48— 0 is slow, so one needs an

In our canonical modélatoms are deposited randomly, at intensive computer effort to obtain acceptable statistics. It is
rateF per site, on a square array of adsorption sites, and thefuch more efficient to monitor aggregation rates for “fro-
hop to adjacent sites with rate Diffusing adatoms which 2€n” island Q|str|but|ons(|.e.,_Wlthout actu_qlly incrementing
meet other adatoms irreversibly nucleate new islands. Thod@€ island sizes under continued depOSI'FIdTJI.ThIS is the
which meet existing islands irreversibly aggregate with thedeneral approach we take below. Quantities are typically av-
islands. We enforce the near-square shape of the islands §j2ged over hundreds to thousands of runs. .
always incorporating the aggregating atom at the kink site on N the simulations, we can also monitor the complete his-
the island edge. This mimics rapid diffusion at island edgestrY of every deposited atom, under continued deposition. In
and efficient island shape equilibration, as applies tdhiS way, we can assess the probability that the atom is cap-
metal100 homoepitaxy. Simulation results are presented fO,_tured by a sp_ecmc island as a funct|0n_ of the _Iocatlon Wh_ere
this model starting with an empty lattice, for appropriaté it was deposned_. These analyses.are instructive for elucidat-
and fixed lowd, choosing periodic boundary conditions for "9 the stochastic nature of diffusion-mediated capture.
1000x 1000 site(or largey lattices.

V. RESULTS FOR THE ISLAND SIZE
B. Adatom capture in experiment DEPENDENCE OF CAPTURE

Analyses of adatom capture by experimental Ag-island Figure 2 compares the form of the calculated o, ver-
arrays start instead with a distribution of near-square islandsus s/s,, for two distinct experimental distributions of Ag
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constructing suitable partitions or tessellations of the entire
surface into cells which surround each island. The basic ex-
pectation is that each island primarily captures adatoms de-
posited in its own cell or “capture zone.” So diffusion-
mediated capture rates should be at least roughly in
proportion to the areas of the part of these cells which is not
covered by the island. To quantify this approach, weAgt
denote the mean area of the cells for islands of sjzand

A.=A,—s denote the meanncoveredarea(both measured

in units of lattice sites The uncovered cell areTélav, aver-
aged over all islands, then satisfies

FIG. 3. Scaled island size distribution at 0.2 ML, from simula- A=Y (As—S)Ng/Ny~(1—6)/Nyy, (8
tions of irreversible nucleation and growth of square islands, using s>1
h/F=10° (black line. The gray line was obtained from numerical
integration of Eq(5), using an analytic fit of the simulation data for sinceX..;ANs=1 (the tesselation covers the surfacand

Cin Fig. 2, andw~0.87. S .~ 1SNs~ 6 for typical N;<N,,. Below, afterA,, we indi-

. : ) cate the corresponding tesselation in parentheses.
islands on Ag100), and for our canonical model of irrevers-

ible nucleation and growth of square islands. Experimental
and model results are entirely consistent. In both cases, one A. Voronoi cells

finds a weak “plateau” in the capture numbers belsw The simplest and most conventional tessellation is a

~S,y, followed by a quasilinear increase of with increas-  y/oronoj construction based on the positions of the centers
ing s, for larger islands. These results are consistent with thest masg of the islands. The construction is straightforward:
form of the island size distributioh!**based on relatiof6)  for each island. the Voronoi cel/C) is the convex polygo-

and an effective value ab~0.87; see Fig. 3. Simulations 5 region defined by the intersection of the perpendicular
also show that the scaling functiosandf are indeed inde- pisecting lines to the lines joining the center of the island to

pendent of¢ in the range of coverages of interest here. FOrihe centers of its nearest-neighbor islaHtiBoints within a

comparison with the above results ieg versuss, in Appen-  v/oronoi cell are thus closer to the center of the associated
dix A we present corresponding results for various speciajsjand than to those of other islands. For previous applica-
island distributions. _ _ tions to surface deposition, see Refs. 10-12 and 15. The
In addition, for both experiment and our canonical model,y/oronoi tessellation for the experimental Ag-island distribu-

we obtained the “direct” capt'ure r'1umbeﬁsS for islands of  tion in Fig. 5a) is shown in Fig. §). Typically, one finds
size s. These are shown in Fig. 4. The data can Detat larger islands also have larger Voronoi cells. Figues 6
fitted  with tﬂf form (1/q,~(0.8+0.02)(8/Sa) +(0-2  gp515 that the variation dAy(VC) with s is similar to the
£0.02){s/s,) *, which includes island area<g) and pe- variation of the capture numbets;; cf. Fig. 2. Differences

rimeter (xs'?) contributions to direct capturéhere Q ~
=3 Q(N /?l pturén & betweenos and A((VC) are more pronounced for smaller
s>125siNg av)-

islands, a feature that we elucidate below.

VI. GEOMETRIC PICTURE OF ADATOM CAPTURE

. B. Edge cells
Here we develop a geometric picture of adatom capture

which elucidates the dramatic influence of the local environ- It is reasonable to speculate that a Voronoi-type tessella-
ment of the islands; see also Appendix B. One starts bg«ion based on the edges of the islands, rather than on their
centers, would more naturally reflect diffusion-mediated ada-
tom capture. Each cell of such a tessellation, called here an
edge cell(EC), contains the points on the surface which are
closer to the edge of the associated island than to the edges
of other islands. Figure(6) shows EC'’s for the experimental
distribution in Fig. %a). The greatest differences between EC
and VC areas occurs when neighboring islands have very
different sizes. Simple inspection reveals that small islands
which are close neighbors of large islands have significantly
larger VC's relative to EC’s; see the diagram in Fig. 7.

/ (Nearby large islands have correspondingly smaller VC’s
okl . . . . relative to EC’s) Figure @b) shows that the island size de-

s/s pendence of the EC area&y(EC), for islands of sizes, es-
sentially recover the behavior of tle! In fact, we find that

FIG. 4. Island size dependence @f/(),,. Lines and symbols for our canonical model, one hag/o 4= a[A((EC)/A4]
were chosen as in Fig. 2. + B, with «=1.0+0.1 and3=0.0*=0.1.




PRB 59 ADATOM CAPTURE BY ARRAYS OF TWO-DIMENSIONA. . .. 3129

FIG. 6. Island size dependence ) A{(VC)/A,, and (b)
A(EC)/A,,, for square-island distributions obtained from simula-
tions (gray lines, color coded as in Fig),2and from experiment
(symbols chosen as in Fig).2

over the DC for a specific island, and application of Gauss’
theorem, show that its area is indeedeixact proportionto

the capture rates for aggregation with that island. Explicitly,
one has

FIG. 5. (a) 75x50-nnf STM image(taken 42 min after depo- 0~ jj (F+DV?N,)dApc
sition) of a small portion of a Ag island distribution obtained at 295 DC
K, with F=1.2x 102 ML/s and §~0.12 ML. (b) VC's, (c) EC's,
and(d) DC'’s (thick solid lines and contours oN; (thin solid lines = FADC— DJ (VN;-n)dl, (10
for the island distribution ina). The dashed lines inside each DC perimeter
bound subcells for individual edge capture.
whereApc is the uncovered area of the DC, andhe unit
C. Diffusion cells vector normal to the island perimeter. Thus, using @d)

Of course, neither VC’s nor EC’s can precisely describednd the steady-state re_lation ﬁdﬁ_, one obtains for the cap-
adatom capture, being purely geometric constructions. Howiureé numberopc of the island of interest the result
ever, anexactdescription can be obtained from the solution
of the steady-state diffusion equati¢see also Appendix C
and Ref. 12

ANy (r,t)/at=F + DV2N,(r,t)~0, 9)

for the densityN,(r,t), at positionr and timet, of deposited
adatoms which diffuse to and are irreversibly captured at
island edges. We thus sHt =0 at island edges. In E¢9),

D«h is the adatom diffusion coefficient. We use a con-
tinuum formalism since discrete lattice effects are negligible
for sufficiently large island sizes and separations, as applies
here. Given the solution of E¢9) for a specific island dis-
tribution, one assigns each point on the surface to a specific
island by following the lines of diffusive flux from that point

to an island. The result is a tessellation of the surface into FIG. 7. Schematic of a configuration where nearby islands have
what we call diffusion cell§DC’s), across the boundaries of very different size, producing significantly different VC- and EC-
which there is nqne? diffusive flux. Integration of Eq(9) cell distributions especially for the smaller islands.
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FIG. 9. The same as Fig. 8 for island 2 in Figap

FIG. 8. Simulation results for capture by island 1 in Figa)5 . . .
(& “Fuzzy” capture sets: Dots are the landing sites of adatomss(a) and 9a), dots are assigned to an island if atoms that

captured by the island during a certain time interal. Spatial landed on those sites, during a certain time interval, were

distribution of adatom capture probabilities. Successive black-and¢@ptured by that island. Note tifazzinesf these sets of
white bandgaway from the islanddistinguish sites which differ in ~ dots, especially far from the island.
P by 0.1, except for the last two pairs of bands which differ by 0.05  FOr a more precise characterization, one can consider the
and 0.025, respectively. Axis labels are in nm. probability P that a diffusing adatom is captured by a spe-
cific island, for various starting locations of the adatoms on
the surface. The above simulations can also be used to de-
opc=(1Ny) [ (VNg-n)dl termineP, and such results are shown in Fig&)8and 9b).
perimeter It is appropriate to note that an analytic formalism can also
—(1_p -1 A ST be developed to determine tis. Specifically, in the con-
=(1=0)"oaNaApc=oaAoc/ Aay. D fnuum limit, P satisfies the Laplace equati®fP=0, with
The DC’s for the experimental island distribution in Fig. P=1 at the perimeter of the specified island, &0 at the
5(a) are shown in Fig. &l). It is possible to decompose the perimeter of all other island$.Contours ofP from the nu-
DC'’s further into subcells corresponding to capture by indi-merical solution of this equation, shown in Fig. 10 for the
vidual island edges, as illustrated in Figdh so that flux two islands selected above, are in perfect agreement with
lines in each subcell flow to the appropriate edfg@he ar-  simulation results. Both analyses reveal a nontrivial spatial
eas of these subcells are éxact proportionto the capture
numbers for individual edges.
As noted in Sec. lll, the variation afg with sis qualita-
tively distinctfrom that predicted by MF theoriés? where
the environment of islands is assumed to be independent of
their size. To elucidate the exact form, we note that the first
islands which nucleate tend to have larger “capture areas,”
i.e., larger surrounding island-free areas, than newer islands,
and consequently grow largdiSee Appendix D for further
details on island age issupThe weak “plateau” ino for
s<s,, then arises as newer islands grow and effectively
transfer(smalle)y capture areas from smaller to larger island
sizes.

105}

VIl. STOCHASTIC ASPECTS OF ADATOM CAPTURE 95

It is important to emphasize that, since adatom diffusion
is stochastic in nature, atoms deposited within a DCrente 85
definitely captured by the associated island. That is, the prob- . :
ability that an atom is captured by an island is not unity 60 70 0
inside its DC and zero outside; rather it decreases smoothly FiG. 10. Contours oP for (a) island 1, andb) island 2 in Fig.
to zero away from the island edgeThis feature is illus-  5(g), from the numerical solution of the Laplace equatifn=1 at
trated with simulation results in Figs. 8 and 9, for two Ag the edge of the specific island, afd=0 at the edge of all other
islands(labeled “1” and “2” in Fig. 5) which have distinct islands.P decreases by 0.025 for each successive contour line away
local environments, and thus different capture rates. In Figsrom the edge of the islands. Axis labels are in nm.
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deposition at 50 °C and subsequent flash annealing to 350 °C.
This is followed by exposure to Cu at room temperature.
STM contrast between Cu and Co regions reveals that most
Cu attached to the perimeter of the Co islands, forming
“rings.” Due to limited restructuring, the Cu rings around
the Co islands have nonuniform widths, indicating larger
growth rates in directions facing wider empty regions.

From the amount of Cu in the rings, we measured
versuss. Results in Ref. 12 show the same basic form as that
in Fig. 2, i.e., a plateau below~s,,, followed by a quasi-
linear increase inrg with s, for larges. This form is also
reproduced by simulations tailored for this syst&éResults
for overall and edge-specific capture probabilifi@salogous
to Figs. 8—12 are completely consistent with the observed
anisotropic structure of the Cu rings around the Co isldAds.

FIG. 11. Simulation(dotg and steady-state diffusion equation B. Growth of pits on Si(001) surfaces etched with Q
(contour lineg results forPgqqe, for island 1 in Fig. %a). In each Low-energy electron microscogiEEM) studies of high-
frame, Peyqe= 1 0On the specifi¢north, south, east or westdge of  temperature etching of nominally flat(801) terraces with
the island, andP.4qe= 0 on all other edges of this and other islands. molecular oxygen have allowed real-timia, situ measure-
ments of the environment dependence of the growth rates of
variation of capture probabilities, with the complex structuretwo-dimensional etch pit€ This growth is controlled by
of the P contours reflecting the local arrangement of nearbydiffusion and aggregation of vacancies, which are created at
islands. random locations during etching, analogous to the random
One can also consider probabiliti®gqgyefor capture at a  deposition and subsequent diffusion of adatoms in the above
specific island edge. Analytically, one hﬁéPedgez 0, with  growth studies.
Pedge=1 just on that edge. Figures 11 and 12 compare con- As for metal islands, one finds large variations in pit
tours of Pgyqe With the corresponding fuzzy simulation sets growth rates, pits with fewer neighbors growing faster.
of the two islands selected above. Clearly, edges facing empfariation in pit shapes, evident in the dafareflects the
tier surrounding areas capture more diffusing adatoms. Welirection dependence of vacancy capture, combined with
note that information orP.q4cis especially useful in studies limited diffusion at the edge of large pits. These observations
where significant kinetic limitations exist for atoms at islandsuggest that pit growth is dominated by the rate at which
edges to diffuse around the corners between edges, as thiffusing vacancies arrive at the edge of individual pits. In-

process controls equilibration of the island shape. deed, data for the pit sizes versus time, monitored with
LEEM at video rates, show that the pit growth rates directly
VI SIMILAR CAPTURE BEHAVIOR reflect their local environment Simulation results for a dis-
' tribution of pits and steps matching experiment are in excel-
IN OTHER SYSTEMS . .
lent agreement with the measured growth rates and instanta-
A. Capture of Cu atoms by Co islands on R000J) neous island sizes. ldentical results are obtained based on the
8
The dependence of Cu adatom capture on the size of CB% areas.

islands on R(D001) was recently examined with STR,in
what was the first experiment tailored to address this issue. IX. CONCLUSIONS
In the experiment, a nonrandom distribution of near-

hexagonal islands of Co on RIDO is first produced by Co In summary, we have presented a comprehensive analysis

of the island size and environment dependence of the capture
of Ag adatoms by arrays of near-square Ag islands during
deposition on A¢L00) at room temperature. Results show
that such diffusion-mediated capture reflects strong correla-
tion between the size of an island and the area of the empty
region surrounding the island. In simple geometric terms, the
capture rate is accurately described by the area of cells in a
Voronoi-type tessellation based on the edges of islands,
rather than on their centers of mass. This detailed character-
ization of adatom capture is crucial for an understanding of
the form of the island size distribution, as well as for assess-
ing the growth of individual islands.

The above presentation does not completely explain the
precise form selected for the size dependence of adatom cap-
ture for irreversible formation of compact islands. Our cur-
rent efforts in developing a theoretical framework to clarify
FIG. 12. The same as Fig. 11 for island 2 in Figa)5 this issue indicate that this form depends crucially on the
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05 1 15 2 FIG. 14. Simulation results for the growth rates of islands 1 and
s/sav 2 in Fig. Ha), for (a) the original experimental distributior{)

when the island positions are switched, @odand(d) when one of
FIG. 13. Special island distributions and their capture numbersthe islands is removed. Ife), A6 is the additional coverage. In

(a) and(b) Periodically distributed islands, random island siZeg.  (a)—(d), axes labels are in nm.
and (c) Randomly distributed islands, random island siZesand
(f) Randomly distributed islands, sizes determined during growthFigure 13a) shows a configuration of islands arranged in a
Statistics were obtained on 108Q000 site lattices. square arrayso VC's are equal for all islanglswith sizes,

and thus EC areas, selected randomly, subject to an upper
initial stages of island nucleation. Also, it is known that the cutoff to avoid coalescence. That is, the environment of the
form of the island size distribution is sensitive to the detailsislands does not depend on their size. One therefore recovers
of island shapdincluding ramificatio®® or anisotrop¥®), to  MF-like behavio? for the o; see Fig. 18).
significant diffusion of dimers and other small clust€rso (i) Randomly distributed islands; random island sizes.
the onset of reversibility in island formatidrf?> and to an-  Figure 13c) shows a configuration of islands placed at ran-
isotropy in terrace diffusioft?> Thus we are examining the dom positions, with sizes also selected randomly subject to
extent to which this sensitivity reflects underlying changes iran upper cutoff as iri) (which here does not prevent coa-

the form of the size dependence of adatom capture. lescence as clustering typically occurs in randomly selected
positions; we treat overlapping islands as individual islainds
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APPENDIX A: ADATOM CAPTURE BY SPECIAL APPENDIX B: TAILORED STUDIES
ISLAND DISTRIBUTIONS OF THE ENVIRONMENTAL DEPENDENCE

L . . OF ADATOM CAPTURE
It is instructive to consider adatom capture by arrays of

islands with specified size and separation distributions. We To assess the environment dependence of the island
focus on the behavior of the for three cases: growth rates directly, we monitored the growth of islands 1
(i) Periodically distributed islands; random island sizes. and 2 in Fig. %a) during deposition of an additional 0.2 ML,
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FIG. 15. Contour ofN, for positions along the line betwedh FIG. 16. (@) The size dependence of the island agg, from

andQ in Fig. 5a). Shown are results from simulatiofSIM) and simulations of irreversible nucleation and growth of square islands.

from the numerical solution of the steady-state diffusion equatiorPa@ aré fom/F:105—1CPlgnq 6=0.2ML. (b) Scaling ofrs with

(DIF). sl/s,y, wheres,,~0.4(h/F)*" (in units of lattice sites Specifically,
Sa~40, 84, 180, and 390, fdr/F=1CF, 10/, 1¢F, and 18, respec-

and then examined the effect of simple modifications in the“vely'

surroundings of the islands on their growth rates. Figurgne gimyations(under continued deposition for improved

14(2) shows that, in the original distribution, island 1 grows gatisticg. In the simulations, an array monitors the probabil-

~1.8 times faster than island 2, consistent with the results ”i’ty of finding a diffusing adatom at any site on the surface.

Fig. 2, namely,o;» /.- ~2. Switching the island posi- - g re 15 shows a cross section Nf(r) obtained for the
tions, as in Fig. 1), increases the growth rate of island 2, A4 jsand distribution in Fig. &). Results from simulations

but lowers that. of island 1. Capture rates mcrease_mgmﬁand the diffusion equation analysis agree in detail.
cantly for both islands when the other is absent, as in Figs.

14(c) and 14d). APPENDIX D: ISLAND AGE VERSUS SIZE
APPENDIX C: STEADY-STATE BEHAVIOR For irreversible nucleation a_nd growth of square islands,
OF THE ADATOM DENSITY we recorded the age of every island, and calculated the av-
erager for each island size. Simulation results in Fig. 16,
We compared the steady-state form Mf(r) obtained for deposition of 0.2 ML, show that, on average, smaller
from the numerical solution of the diffusion equation in Eq. islands(with s<s,,) are actually oldefdue to their smaller
(9) with the corresponding behavior obtained directly from capturé than one might anticipate.

1C. Ginther, S. Guther, E. Kopatzki, R. Q. Hwang, J. Sche, J. Bartelt, Surf. Sci284, L437(1993; J. Vac. Sci. Technol. A2,
Vrijmoeth, and R. J. Behm, Ber. Bunsenges. Phys. CHgn. 1200(1994.
522 (1993; R. Q. Hwang and M. C. Bartelt, Chem. Re%7, M. C. Bartelt and J. W. Evans, Surf. S€98, 421(1993; and in
1063 (1997; G. Rosenfeld, B. Poelsema, and G. Comsa, in Common Themes and Mechanisms of Epitaxial Growtited

Growth and Properties of Ultrathin Epitaxial Layeredited by by P. Fuoss, J. Tsao, D. W. Kisker, A. Zangwill, and T. Kuech,
D. A. King and D. P. Woodruff, Chemical Physics of Solid MRS Symposia Proceedings No. 3@2aterials Research Soci-
Surfaces, Vol. 8(Elsevier, Amsterdam, 1998 Chap. 3; H. ety, Pittsburgh, 1993p. 255; J. W. Evans and M. C. Bartelt, in
Brune, Surf. Sci. Rep31, 121(1998. Morphological Organization in Epitaxial Growth and Remagyval
2M. Smoluchowski, Phys. 717, 557 (1916); 17, 585(1916. edited by Z. Zhang and M. G. LagalliVorld Scientific, Sin-
3Kinetics of Aggregation and Gelatipedited by F. Family and D. gapore, 1998
P. LandauNorth-Holland, Amsterdam, 1984 8H. Brune, H. Rdler, C. Boragno, and K. Kern, Phys. Rev. Lett.
4L. Bardotti, C. R. Stoldt, C. J. Jenks, M. C. Bartelt, J. W. Evans, 73, 1955 (1994; M. Bott, M. Hohage, M. Morgenstern, T.
and P. A. Thiel, Phys. Rev. B7, 12 544(1998; L. Bardotti, M. Michely, and G. Comsabid. 76, 1304(1996.
C. Bartelt, C. J. Jenks, C. R. Stoldt, J.-M. Wen, C.-M. Zhang, P. °s. Stoyanov, Curr. Top. Mater. S@, 421 (1979; S. Stoyanov
A. Thiel, and J. W. Evans, Langmuir4, 1487 (1998; C.-M. and D. Kashchievibid. 7, 69 (1981); G. S. Bales and D. C.
Zhang, M. C. Bartelt, J.-M. Wen, C. J. Jenks, J. W. Evans, and Chrzan, Phys. Rev. B0, 6057(1994.
P. A. Thiel, Surf. Sci406, 178(1998. 103, A. Venables and D. J. Ball, Proc. R. Soc. London, SeB28
SA. F. Voter, Proc. SPIEB21, 6819 (1986; B. D. Yu and M. 331(1972); J. A. Venables, Philos. Ma@7, 697 (1973.
Scheffler, Phys. Rev. B5, 13 916(1997. 11\, C. Bartelt and J. W. Evans, Phys. Rev5B R17 359(1996;
5M. C. Bartelt and J. W. Evans, Phys. Rev4B, 12 675(1992); and in Structure and Evolution of Surfaceedited by R. C.
M. C. Bartelt, M. C. Tringides, and J. W. Evarilsid. 47, 13 891 Cammarata, E. H. Chason, T. L. Einstein, and E. D. Williams,
(1993; and inEvolution of Surface and Thin Film Microstruc- MRS Symposia Proceedings No. 4@@aterials Research Soci-

ture, edited by H. A. Atwater, E. Chason, M. H. Grabow, and M. ety, Pittsburgh, 1997 p. 247.
G. Lagally, MRS Symposia Proceedings No. Z8Materials Re-  '2M. C. Bartelt, A. K. Schmid, J. W. Evans, and R. Q. Hwang,
search Society, Pittsburgh, 1998 363; J. W. Evans and M. C. Phys. Rev. Lett81, 1901(1998; M. C. Bartelt, J. W. Evans, A.



3134 BARTELT, STOLDT, JENKS, THIEL, AND EVANS PRB 59

K. Schmid, and R. Q. Hwang, iNechanisms and Principles of Phys. Rev. Lett81, 4676(1998; Surf. Rev. Lett.(to be pub-
Epitaxial Growth in Metallic Systemedited by L. T. Wille, C. lished.

P. Burmester, K. Terakura, G. Comsa, and E. D. Williams, MRS!®J. G. Amar and F. Family, ifractal Aspects of Materialsdited
Symposia Proceedings No. 528laterials Research Society, by F. Family, P. Meakin, B. Sapoval, and R. Wool, MRS Sym-

Pittsburgh, 1998 posia Proceedings No. 3@Katerials Research Society, Pitts-
13C. R. Stoldt, A. M. Cadilhe, M. C. Bartelt, C. J. Jenks, P. A. burgh, 1995.
Thiel, and J. W. Evans, Prog. Surf. S@io be published 20\, M. R. Evans and J. Nogantunpublishedl
!“See, e.g., F. P. Preparata and M. |. Shan@snputational Ge- 21, Bartelt, S. Guther, E. Kopatzki, R. J. Behm, and J. W.
ometry: An Introductior(Springer-Verlag, Berlin, 1985 Evans, Phys. Rev. B3, 4099 (1996; L. Kuipers and R. E.

15p. A. Mulheran and J. A. Blackman, Philos. Mag. Lét2, 55
(1999; Phys. Rev. B53, 10 261(1996.

163, W. Evans, Phys. Rev. A0, 2868(1989.

7M. C. Bartelt and J. W. Evans, Surf. S@14 L829 (1994; H.
Roder, K. Bromann, H. Brune, and K. Kern, Phys. Rev. L&,

3217(1995; M. Hohage, M. Bott, M. Morgenstern, Z. Zhang, ,, . h
T. Michely, and G. Comsabid. 76, 2366(1996; H. Brune, H. T. R. Linderoth, J. J. Mortensen, K. W. Jacobsen, E. Leegsgaard,

Holger, K. Bromann, K. Kern, J. Jacobsen, P. Stolze, K. Jacob- |. Stensgard, and F. Besenbacher, Phys. Rev. T&t87(1996;
sen, and J. Kiskov, Surf. Sci349, L115 (1996. J. J. Mortensen, T. R. Linderoth, K. W. Jacobsen, E. Laegsgaard,

183, B, Hannon, M. C. Bartelt, N. C. Bartelt, and G. L. Kellogg, |- Stensgard, and F. Besenbacher, Surf. &80 290(1998.

Palmer,ibid. 53, R7646(1996.
223. A. Stroscio and D. T. Pierce, Phys. Rev4® 8522(1994; C.
Ratsch, P. Smilauer, A. Zangwill, and D. D. Vvedensky, Surf.
Sci. 329 L599 (1995; J. G. Amar and F. Family, Phys. Rev.
Lett. 74, 2066 (1995.



