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Reabsorption effect and spatial ordering in island ripening
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A model for detachment-limited island ripening is analyzed in terms of a reabsoiaigmedophagous

effect where islands releasing monomers can reabsorb their own offspring. When the effect is artificially turned

off, ripened island arrays are spatially disordered and the island growth rates and size distribution are easily
understood in terms of a classic mean field theory. With the pedophagous effect included, the arrays develop a
spatial ordering consistent with experimental studies. The ordering is quantified through a correlation between

island size and the number of nearby neighbors, yielding modified mean field island growth rates and a

much-improved expression for the island size distribution. It is suggested that the spatial ordering and our

explanation are widely applicable to ripening systems.
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Nanostructure evolution and its scaling properties are topates unequivocally from the Hillert theory in the same man-
ics of great interest, motivated by the obvious technologicaher. The cause of this is the aforementioned spatial ordering
advances made in this field. Much work has focused on thand its correlation with island size. Utilizing the correlation
growth and ripening of two-dimensional island structuresleads us to an improved geometric mean field theory that
(see the review by Zinke-Allmand.]) due to its relevance to yields a better prediction for the scaling island size distribu-
crystalline systemg2]. It has recently been realized that the tion.
ripening of islands leads to spatial as well as size ordering In our Monte Carlo simulations we study the ripening of
[3], where the island arrays self-organize into a scaleimmobile circular two-dimensional islands using a square
invariant state that does not depend sensitively on the initianesh to represent the substrate. On each step of the simula-
island distribution. Why this phenomenon occurs is a basition, one monomer is released from a randomly chosen is-
yet challenging question for statistical physics of nonequilib-land and diffused upon the lattice until it impinges upon any
rium systems. island, whereupon it is absorbed. Island sizes and their foot-

Most theoretical work on island ripening has concernedprints on the mesh are updated accordingly by assuming that
the case of diffusion-limited growtii4—7]. However, for the islands keep perfect circular shape, so that edge-atom
many systems of interest to nanotechnology the ripening isobility is fast on the scale of monomer release. In this way
limited by the interfacial kinetics of monomer attachment/the simulation models detachment-limited ripening where
detachment at the island edgés-10]. Once free from its the emission rate is independent of island size, so that the
parent, a monomer rapidly diffuses to be reabsorbed by araverage area grows linearly in tini8,9]. As discussed be-
other (or the parentisland. In this paper we study a Monte low, we do not believe that this simple choice of model pro-
Carlo simulation of island ripening limited by monomer de- foundly affects the conclusions we reach.
tachment rates. We find that the system evolves to a scaling Typical results of the Monte Carlo simulation are shown
state where the spatial ordering is comparable to that discova Fig. 1(a), where the islands have been ripened until the
ered by Carlow and Zinke-AllmanfB]. We show that this number density is reduced by an order of magnitude. By this
ordering is an unexpected consequence of the pedophagostsge the simulation has reached the scale-invariant state,
effect, where parent islands reabsorb their own offspringvhere statistical properties such as the distribution of island
monomers. We also quantify the spatial ordering through asizes measured relative to the mean do not change over time.
intuitive correlation between an island’s size and its numbeit is immediately apparent that the island array has developed
of first-shell neighbors. This correlation then leads us to ara degree of spatial order. This spatial order is quantified in
improved understanding of the scaling island size distributerms of first and second nearest-neighbor separation distri-
tion that evolves in the system. butions in Fig. 2, for direct comparisons with the empirical

In their study of two-dimensional island ripening on fits used by Carlow and Zinke-Allmang to characterize their
Si(001) Bartelt, Theis, and Tromp derived the island sizeexperimental result$3]. The agreement for first nearest-
distribution from a straightforward mean field theory whereneighbor separations is good, and the deviation in the second
an island captures monomers at a rate proportional to iteearest-neighbor separations is similar to that in the original
diamete9]. This model is in fact the same as that solved bydata of Carlow and Zinke-Allmani@]. This suggests that the
Hillert for grain growth in two dimensionil1], based on the spatial ordering is a ubiquitous phenomenon of ripening that
classic Lifshitz-Slyozov theory for Ostwald ripeniigZ2]. is not sensitive to the atomistic details of the system. Indeed,
Bartelt, Theis, and Tromp’s limited island size data seem tanodifying the simulation to make the monomer release rate
follow the Hillert distribution reasonably well, although size dependerispecifically, proportional to island size or its
there is evidence that the experimental data do not conformquare rogtproduces the same spatial order. In addition, it is
to the theoretical large-size cutoff and peak position. In ourlso easy to test whether the spatial ordering depends on the
simulations it is found that the island size distribution devi-starting configuration of the islands. The simulation shown in
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age. We always find that the island arrays evolve to the same
_ _ ) scale-invariant statistically self-similar state.
FIG. 1. Snapshots of ripened islands fay normal PE simula-

tion and(b) NPE simulation of island ripening. Substrate coverage

is 10% in both cases. Ifa) a Voronoi-type network for the island

How does the spatial order arise? Consider the early
edges has been superposed.

stages of a simulation with randomness in both island size
and position. The immediate environment of an island is in-
dependent of its size, and is surrounded by other, monomer-
emitting islands in a mean field manner. Growth should then
Fig. 1(a) started with islands formed in a simulation of island proceed as described by the Hillert model where the average
nucleation and growth during vapor deposit[d3]. We have

_ _ _ : _ growth rate of islands with the same radius is proportional to
also run the simulation starting with perfect order, i.e., reguthat radius[9,11] (see below. However the island size dis-

lar arrays of equisized islands; with randomly positioned andribution that evolves in the simulations clearly disagrees
randomly sized islands; and from different substrate coverwith the Hillert model as shown in Fig. 3. Thus the environ-

ment of the ripened islands does depend on size; the envi-
25¢ ronment is perturbed over time by the very presence of the
o Normal Simulation i i
2 (a) — Gaussian Fit [3] |sland_ Its.elf' . . . - . .
5 * NPE Simulation This idea is easily tested using a modified simulation
§1~5- - = Random Distribution where the pedophagous effect is artificially switched off. An
g 1} island is now allowed to absorb monomers from neighbors,
""0.5_ ” but it cannot absorb its own offspring. In this way islands are
L7 , ey preserved in an approximately size-independent environ-
0 0.5 1 5 Py~ A ment. Results of this modified, nonpedophagous effect
(NPE) simulation are shown in Fig.(h). Starting from the
25 same configuration as in Fig(d, we see that the ripened
0 ©) o Normal Simulation islands display little or no spatial ordering. As a conse-
5 *_ﬁglésgli?ugtiﬂ guence, many of the islands overlap, although they are still
£15 ; ialarfi i
g considered as separate islarids., no coalescence occurs in
§ 1 this artificial mode) for clarity in the following discussion.
05 The absence of pronounced spatial order is confirmed in the
i f. X K B
0 05 1

) nearest-neighbor separation distributions shown in Fig. 2.
15 2 25 3 The origins of the spatial ordering can now be understood.
Scaled distance In Fig. 2(a) the modified NPE simulation has a small-scaled
FIG. 2. (a) First and(b) second nearest-neighbor separation dis-

size peak, and in consequence the main peak of the distribu-
tributions from the normal PE and NPE simulations, compared tdi0n IS shifted to larger scaled size. The small-size peak

the empirical Gaussian fits to experimental data of Carlow an®®hOWs how very near neighbors are extremely stable, with
Zinke-Allmang[3]. In () the distribution for a random scattering of One island feeding off the other regardless of size, and this
points in a plane is shown for comparison. Thirty runs have beeri€ature is also present in NPE simulations with the size-

used to get the simulation data in this and the following figures,dependent monomer release rates mentioned above. How-
each starting with 3000 islands on a 1600000 lattice at 10%

ever, in the normal pedophagous effé¢eE) simulation the
substrate coverage and ripened until 300 islands remain.

larger island of a closely spaced pair will grow at the ex-
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pense of the smaller. This is because the islands are in con 1.5
petition with one another for all monomers including their
own offspring, and the larger island shadows the smalle *
much more effectively. This shadowing is removed when the
pedophagous effect is switched off, proving that in the nor-
mal PE simulation spatial order develops through the rapic§ 1t
local ripening of closely spaced pairs. This mechanism ha:2
been conjectured in the literature befdeg14|, and direct
local ripening is the basis for understanding the detailed evo
lution of individual islands in both interface and diffusion
limited ripening[8,15]. However, the NPE simulation shows
unequivocally the key role that local effects play in the es- *_Eﬁgmaf'Fist‘m“'a“m
tablishment ofoverall spatial ordering.

Given its spatial disorder, it is to be expected that the
Hillert model will accurately describe the island size distri-
bution that evolves in the NPE simulations. In Bartelt, Theis, ¢ . 2 . 2 )
and Tromp’s approacf®] that yields the Hillert model, is- 0 2 umber of firstshel ngghbo,s 8 10
lands evolve through emitting at a constant rate and captur-
ing monomers in proportion to their scaled radius, so that FIG. 4. Correlation between averaged island size and edge-cell
islands larger than the mean size grow and those small@hape in the normal PE simulation. Standard errors are equal to or

Average scaled
*

o
3}
T

shrink: less than the size of the symbols.
ds r and that the number of first-shell neighbors is proportional to
a:(ﬂ_t)_l) (1) island radius. This correlation is tested in Fig. 4, and it is

apparent that a strong relationship of the type predicted ex-

Here timet is scaled by the monomer release ratis, island ists.

radius,T(t) is its average that grows a¥2 ands=r? is This correlation can be used to improve upon the Hillert

the island size. The solution of the continuity equation with™0del for normal PE island ripening. As shown above, in the
the growth rate equatiofl) yields the scaling island size random spatial environment of the NPE simulation, islands

distribution[11] grow and shrink accprding to Eq). This is qonfirmeq in
ig. 5@ demonstrating that the basic premise that islands
Fig. 5@) d trating that the b p that island
u/ 2 \4 —2u capture diffusing monomers in proportion to their diameters
fou) = Sla—y ex >-ul u<2 5 is correct. The growth law for normal PE ripening can now
()= 2 be modified in light of the above. Since the number of first-
0, u=2,
. . . o A * th
where u=r/r is the scaled island radius. Equati¢®) is 2 o gmkage s
displayed alongside the size distribution measured in the g} @ |—rate=1 2R
. . . . . ’ - - gradient 1 _&i"‘; *
NPE simulations in Fig. 3 and extremely good agreement is, X
observed. In contrast, the island size distribution from the& 1 ° ;E;siﬁi-%ﬁ Co800loelne st
normal PE simulation clearly violates the cutoffiat 2 and o5k x X5
is peaked at a lower scaled si&. _,,’5"
The failure of the Hillert model to provide an adequate  0=== s L s —
.. . . . . L. 0 0.5 1 1.5 2
description of the normal PE simulation’s island size distri- Scaled Radius
bution implies a size-dependent dimension to its spatial ordel «
[16]. Large islands grow more rapidly than the Hillert model | *  growth x ox X
h h . 10F (b} | o shrinkage .
suggests because they tend 'to ave more ne@byirst- 8 — rate = 0.71 T
shell neighbors than smaller islands, and therefore are ex-g - - gradient = 0.71 N L *‘
posed to more monomer emitters than the smaller ones. Wi« . L xS TR Xk
can approximate the number of first-shell neighbors using a SR, x*
\Voronoi-type construction as shown in Fig.(al The 2p

o
N
s

Voronoi-type edge cell for each island is the region of sub- 6 — — 12
strate closer to that island’s edge than to any other absorbiny Scaled Area

edge in the island arrgyl3]. The number of first-shell neigh- FIG. 5. Growth and shrink rates f¢a) NPE simulation andb)

bors is the same as the number of sides on the edge Cefigrmal PE simulation as a function of scaled island radius and area,
Since, in this model, islands grow at the expense of theifegpectively. Data are acquired by monitoring monomer histories
neighbors(monomers are very unlikely to diffuse past first- while freezing island sizes at the end of the simulationg&jrthe
shell neighbors to more distant absorbgthe local density rates are compared to those of the Hillert model(dnthe average

of material remains constant. This implies that the area of thenonomer release rat8.71) is the average of the data points shown,
edge cell associated with an island is proportional to its sizeand the growth rate data fit well to the gradient 0.71 as in(By.
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shell donors is proportional to radius, in combination withsize. However, note that both E@) and the simulation data
the capture cross-section rule we have have a long large-size tail that clearly violates the Hillert
) model cutoff atu=2, and both have peak position at scaled
d_s:C(r__ 1) =c i_ 1. 3 radiusu~0.8. These features are also apparent in Bartelt and
dt T S co-worker’s experimental dafs,9].

Herec is the corrected emitter rate that allows for monomer In summary, we have investigated detachment-limited rip-

. ) ening of two-dimensional islands using Monte Carlo simula-
reabsorption by the parent islarithe pedophagous effect tions. We have shown that the spatial order that emerges in
We assume that is size independent; mean field arguments Com . patic 9

e ripening island arrays is a ubiquitous phenomenon, and

reveal only a slow dependence of the monomer escape pro[E N £ th h p h
ability on island radius. The growth and shrink rates for the"at it iS @ consequence of the pedophagous effect that en-

normal PE simulation are shown in Fig(t, and compare SUres the dissolution of_small isl_and_s that are close neigh_bors
well to the form suggested in E¢8) with c=0.71, implying t[O large ones. The spatial ordering is destroygd upon_swnc_:h-
that on average 71% of monomers released actually escafitd off the pedophagous effect leading to an island size dis-
from their parents. This model has the very simple solutiorifibution described well by a simple geometric mean field

exp(~5/s) for the scaled island size distribution. In terms of theory that is the same as Hillert's model for two-
the scaled island radius it is dimensional grain growth. In the normal PE simulation the

spatial order has a size-dependent dimension whereby large
islands have more first-shell neighbors from whom they cap-
: (4) ture monomers. This leads to a simple, intuitive explanation
of the island size distribution’s deviation from the Hillert
Equation (4) is compared to the normal PE simulation model. Finally we note that our explanation of spatial order-
data in Fig. 3 and reasonable agreement is found. The devigag and its impact on the island size distribution is quite
tion between the data and Ed) at small radius in Fig. 3 is distinct from recent work where strain effects are used to
due to the failure of Eq(3) and its approximations at small induce spatial or size orderird7,18.
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