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Exact island-size distributions for submonolayer deposition:
Influence of correlations between island size and separation
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We determine the exact scaling form of the size distribution of islands created via homogeneous nucleation
and growth during submonolayer deposition. This scaling form is shown to be controlled by the dependence on
size of the propensity for islands to capture diffusing adatoms. This size dependence is determined directly
from simulations. It is distinct from mean-field predictions, reflecting strong correlations between island size
and separatior{.S0163-182¢06)52648-2

Homogeneous nucleation and growth of islands during In this paper, we present the first exact analysis of the
the initial submonolayer stage of film growth has been studshape of the island size distribution for irreversible nucle-

ied intensively for decadésThe field has broad technologi- 2tion and growth, in the scaling regime of Idwor highT.

cal importance since these submonolayer structures can jpur result differs qualitatively from MF predictio S, as

: ell as from other speculated forms based on simulation
f'“ef?ce th? morpholpgy and _prope_rt|es of the res’mtang/tudies‘? We show that this shape is determined by an unex-
multilayer film. Quantities of primary interest are the mean

island density, and the shape of the island size distributio .Oefézd t(ij ?gf: g?f?l?;ﬁ 02 dsaf(?r;tshe'l'ﬁirsozieznesg)éfsefr?(rjelzﬂgg?ssob-
The latter has been the focus of several recent theoretical P 9 ) P

and experimentif studies. Appropriate interpretation of tained directly from simulations. It is quite distinct from the
b - APPTop P commonly accepted behavior based on self-consistent MF

their behavior for various deposition conditions can provide ' 1 . X

o : : calculations:* and has not been previously characterized or

insight into the nature of the nucleation process, and allow, ", . .

. elucidated. We show that it reflects a strong correlation be-
extraction of key system parameters. X . : ; \

" . o . tween island size and separation which automatically devel-

The traditional theoretical analysis is provided by mean-

' ; . X ops during deposition. This size dependence is further eluci-
field (MF) rate equations.This approa_ch denves_from work dated using ideas from stochastic geometry to characterize
of Smoluchowsk?, and has been applied extensively to ana-

lyze not just nucleation and growth, but various otherthe nucl_eation and aggrggat_ion processes. Finally, our results
o ! - iy ; or the island size distribution are related to experimental
diffusion-mediated processes including coagulation an indings
chemical reactiont: Generally, the MF approach ignores " rirst ‘e describe explicitly the basic stepsrireversible
certain spatial correlations, or equivalently particle ”Umberhomogeneous nucleation and growth, and present a rate
fluctuat?ons, in the system. In the classic MF treatments Ofequation formalism which goes beyond the traditional MF
nucleation and growth.as well as recent refinemerifsthe analysis. In this process, atoms are deposited randomly on a
crucial MF assumption is that tHecal environmenbdf each  eriodic array of adsorption sites at réeer site, and there-
island isindependenbf its size (and shape The MF rate  aier hop to adjacent sites at rdte Subsequently, adatoms
equations for the densiti, of diffusing adatoms, and the gjther meet other adatoms, irreversibly nucleating islands, or
densitiesN; of islands of various sizes>1 (or for the av-  aggregate irreversibly with existing islands. The rate at
erage island densiti,,= 2. ,Ns) quantify their variation \yhich diffusing adatoms aggregate with islands of size
with control parameter&eposition flux- and substrate tem- \\ritten asR,d S) =haNiN;, defining o, as the “capture
peratureT), and are traditionally used to analyze experimen-,,mber” for igslands of sizs. Then the evolution oR with

tal data. o time t is described by the rate equatioft$. Ref. 1)
These MF predictions can be tested by “exact” Monte

Carlo §|mulat|ons for appropriate lattice-gas models of leldt%F—ZRagg(l)—z RagdS)»

nucleation and growth. A large number of such recent s>1

studie$~® have demonstrated that the MF predictions applyand

for the scaling ofN,, and N;, although refinement of the dN./dt~R. (s—1)—R..(s) for s>1 1
simplest theory may be needed in the regime where islang, . > aod )~ Rag®) ' @)
formation is reversiblé%However, there appears to be a
fundamental discrepancybetween the exact island size dis- _ . . . 3
tribution and MF predictions, which hasot been resolved inggpg{?(sslssgluwhn:re of Eq(l) of the fornt® N,
previously. This impacts upon the intepretation of recent ~~& a _
STM studies’® which provide precise island size distribu- jdxf(x):J' dx xfix)=1
tions. 0 0 '

at 6==,.,SN;=Ft gives the coverage, and,,
=(6—N;)/N,~6/N,, gives the average island size. One
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It is instructive to reduce Ed1) to the approximate pair

dN; /dt~F —ho NNy,

and
dN,,/dt~Raed 1) =ho(Ny)?, 2)

where o= 24 10sNgs/Ng,. From theN,; equation, one an-
ticipates an initial transient regime of increasihg~Ft,
followed by asteady state regimesheredN, /dt=~0, soF
~ho,N{N,,. The latter steady-state relation, when substi-
tuted into the N,, equation, yields d,)%(Na)?dNy,
~(h/F) 'o,d6, which can be integrated to determine the
behavior ofN,,, given the form ofo,, (and o).

With the simplest assumption that;= o, is constant,
one obtaindN,,~ #°(h/F) X, with =x=3. A more sophis-
ticated approach by Bales and ChrzafBC) is to determine
the o self-consistently from diffusion equations for adatom
capture at a specific island of sigeThis approach is viable
only with the simplifying MF assumption that the environ-
ment of each islandi.e., the distribution of surrounding is-
landg is independentf its size(and shape BC show that
the resultingos depend primarily on the ratio of the linear
island size to the mean island separation, and increases
weakly with s. For compact islands one has o
=D(6sls,), where D(y)~yY? for y>1, reflecting
perimeter-mediated capture, sar,~ [odx D(6x)f(X)
=o,/(60). This modifies the abové dependence oN,, to
incorporate the observed saturation, but does not change the
scaling W't_h h/F. However, as noted above, predlctlons of FIG. 1. Island distributions, with size labels, and associated
b_Oth the 'Slm'plest and the BC_ MF treatmemS. for the ISIanq/oronoi tessellations, from simulations with'F=10° (top) and
size distribution daot agree with exact behavid?. 10'° (bottom, at 6=0.2 ML. Panels are 120120 sties.

| POINT-ISLAND MODEL Il. CAPTURE NUMBER BEHAVIOR

We now show that the origin of this discrepancy is due to N our simulations, we also directly obtain the, (and
a dominant contribution to the dependence af from cor- ~ related quantitigsfor the first time. This can be done by
relations between island size and separation. To cleanly isdftroducing a counteM; which is incremented by 1 each
late this contribution from the above mentioned MBepen-  time a diffusing adatom is captured by an 'S|f‘1”d_gf Sz
dence in the BC treatment, we consider a simplified modef" LXL site lattice. One hasR,fs)~At "L [M(t
for irreversible nucleation and growfrHere islands occupy A1) —Ms(t)], for sufficiently smallFAt, and thus obtains
a single site, but carry a label which indicates their size, and@’s= Ragd S)/(NN1Ns). However, due to slow convergence
which is updated after each aggregation evsee Ref. 2 asAt—0, it is more efficient to use an approach in which
We emphasize that this model not only captures the essence
of nucleation and growth, but it is especially useful here as

MF capture numbers for point islands are clearigepen- (b)
dentof s (o= 0, for all s)! 0

Figure 1 shows typical simulation results for distributions & 1-0f o
of islands, together with the associated Voronoi tessellations” & 11008
(see below Previous analysé$ have shown that the mean & 110(;6
island density scales as,,~ 6 “(h/F) X, wherew~3. The 0.5
effective y (=0.3 whenh/F=10°) increases slowly td, as
h/F—. The scaled island size distribution, shown in Fig. 0.0 ) )
2(b), should be contrasted with MF predictions in Figa)2 0 1 2 0 1 2
We also emphasize that the shape of the size distribution is S/Say /S,y
almost completely time invariaftThe increase oN,, with FIG. 2. Scaled island size distributions fbfF =10°- 10, at

¢ for point islands differs from the saturation behavior ob-.2 ML: (a) MF results(o=constant with asymptotic form(thick
served for compact islandg? but the island size distribu- Jine); (b) “exact” simulation resuits; the asymptotic forrtthick
tions are very similar forf<0.2 ML where island coales- line) is obtained from Eq(4) using the fit ofC() shown in Fig.
cence is insignificart® 3.
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Now, if all atoms depositing within a cell aggregate with the
associated island, theR,q{s)~FANs, so it follows that
oslo,~As/A,. Instead, analysis of our data reveals a qua-
silinear form, os/o,~(1—a)(As/A,) + @, for all h/F,
where «=0.30+0.03. It then follows that C(x)~(1
—a)B(X) + «, and consequently tha(0)~0.88 is below
unity, as isC(0).

The above results provide a geometric interpretation of
the relationos/o,,~C(s/s,), but do not fully explain its
form. To this end, we note that, in the absence of nucleation
of new islands, time invariance @f./o,, demand¥ either

FIG. 3. Simulation results forta) os/o,,; (b) As/A, versus  MF-type s-independentog, or that og/o,,~=5/S,. Thus,
s/sq, at 6=0.2 MI, for h/F=10°(0), 10/(0), 1*(A), 10°(x),  continuous nucleation throughout the process must play a
whereo,,~0.93, 0.78, 0.64, 0.43, arg},~25, 49, 98, 200, respec- key role in selecting the observed distinct form ©x).
tively. The thick solid line in(a) is a simple fit ofC(x). The de-  Since nucleation of new dimers must “fit” between existing
crease ofo, with h/F (and a weak increase with) is explained  slands, this process creates areas for new dimers which are
from a 2D random walk analysis of aggregafiamowing thato, smaller tharA,, [as is demonstrated by the inequaly0)
~alin(z Ny ). <1]. This tends to producA, increasing withs at the onset

of deposition, but as the process continues, islands grow due
one switches off the island nucleation and growita., one  to aggregation, and areas for smaller islands are “trans-
stops incrementing the island size countertsthe desired),  ferred” to bigger islands. This equalizes areas for smaller
and monitors aggregation rates under continued depostftion.islands toA,=B(0)A,,, producing the plateau i€(x). Se-
Figure 3a) shows such results fars/o,, versuss/s,,, at 0.2 lection of the quasilinear portion &(x), with C'(x)<1, is
ML, for h/F=10°—10°. These reveal a MF-type plateau for more subtle, but it is strongly influenced by preferred nucle-
S<S,,, but a dramatic deviation frosrindependent MF be- ation in the larger cells associated with the larger islands.
havior for s>s,,. The form o¢/o,~C(s/s,) is almost One can also characterize the invariance «f/ o,
completely time invariant for fixett/F (results not shown  =C(s/s,) and A;/A,,=B(s/s,) with increasingh/F (at
and converges to a nontrivial scaling limit, &$F—oo. fixed 6) from a different perspective. A¥/F increases, both
Since [5dx f(x)C(x)=1, and C(x) is nondecreasing, the the average island separatidg,=N,, 2, and sizes,, in-
plateau value of£(x<1)=~0.92 is below unity. crease. However, if one rescales island sizes by, 14and all

This behavior can be elucidated if one characterizes thénear dimensions by 14, a “similarity ansatz” implies that
stochastic distribution of islands via the associated Voronothe resulting island distributions are indistinguishable. This
tessellation of the surfacé.Each cell of such a tessellation ansatz produces not only the well-known scalifgof Ng
corresponds to the region of the surface closer to an islandiith s/s,,, but also that of thers and As.
than to any other island; see Fig. 1. If one assumes, as sug-
gested in previous WOTJK:,lS’l6 that most atoms deposited IIl. ISLAND SIZE DISTRIBUTION ANALYSIS
within a cell will aggregate with the associated island, then
there should be a strong correlation between cell areas and To analyze the asymptotic island size distribution for
aggregation rates. For the “simple” process loéteroge- larges,, it is most convenient to adopt a “quasihydrody-
neousnucleation about randomly distributed seeds, this renamic approach’(cf. Ref. 1. Here one treatgs=s/s,, as a
sults in an obvious direct relationship between the cell aregontinuous parameter in analyzing the equatiaiid;/dt
distribution (which is knowna priori) and the resulting is- ~RagfS—1)—Rgeds), for s>1. Then, using Ng
land size distributiod®® The same has been suggested for~ 6s,, 2f(x), the right-hand side of this equation becomes
homogeneousiucleationt® but in fact here these distribu-
tions are qualitatively different, the nontrivial relationship dNs/dt=F(sa) ?[(1-2w)f(x)—wxf'(x)], (33

between them being determined below. — 2
; X . where  w=d(Ins,)/d(Int)=1—d(InN,,)/d(Int)~1—w=~%,
It is, however, valuable t@uantify the correlation be- and s =d/dx. Converting discrete differences to derivatives,

tween cell areas and aggrggation rates, and to exploit thiﬁvoking the scaling forms for botNg andag, and using the
results to elucidate the crucial non-MFdependence of the steady-state conditiof,~ho,N;N.. the left-hand side be-

capture numbers in our model. We &t denote the mean comes

area of cells associated with islands of s&eThen, since

t_his tessellation covers the plane, th_e average cell area satis;thd(Ust)/dS% —F(83) " COO)f (x)+C' () F(X)].
fies Ay= 2~ 1AsNs /N, = 1IN, In Fig. 3b), we show re- (3b)
sults forA¢/A,, versuss/s,,, obtained from tessellating the

simulated island distributions at 0.2 ML fon/F=10°  Above, we have used the independenc€(f andf() on 6.
—10°. The formA4/A,,=B(sls,,) looks similar to the re- Equating Eqs(3a) and(3b), and integrating fof (x) yields
sults forog in Fig. 3@). Thiss dependence ok, can also be  our main result,

described as a correlation between island size and

separatiort! For a more precise comparison @f and A, F(x)=F(0)ex JXdy[(zm—1)—C'(Y)]/[C(Y)_Wy] _
0

s/s,, S/Sqy

we first note that, from the steady-state relation, the aggre-
gation rate can be rewritten &, S)~FA,(0s/04)Ns. 4)
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The key determinant of the behavior 6fx) is whether significantly, reflecting the distinct asymptotic forms. For
C(x) decreases belowsx~2x/3, while C'(x) is below typical F~1 ML/min, island formation is irreversible for
2w—1. If so, thenf(x) displays a singularity ak=x.,, Fe/F€100) homoepitaxy at least up to 450 K where
whereC(x..)=wX... This is the case in the MF treatment h/F~10%, and for Ag/Ad100) homoepitax§ up to 310 K
(C=1) wherefx[1-wx] ?" V" for x<w !, andf whereh/F~10°. Experimental size distributions for such
=0 for x>w 1. In contrast, it is clear from Fig.(a) that h/F are fit reasonably by “exact” point- or square-island
the exact behavior is distinf: f(x) does not diverge, but simulation resultd;? but not by the much more sharply
achieves a finite maximum at=x,(>1), whereC’(x,) peaked MF result
=2w — 1. Figure Zb) shows thef (x) obtained from Eq(4)
using the form foiC(x) shown in Fig. 8a). Note that Eq(4) V. SUMMARY
implies thatf(0)>0, in contrast to recent suggestichis

value of ~0.35 being determined by the normalization of ~We have provided, through E¢) together with simula-
f(x). tion results forC(x), a precise characterization of the exact

scaling form of the island size distribution for irreversible
IV. COMPACT ISLANDS nucleation and growth during deposition. Our analysis natu-
rally extends toreversibleisland formation with prescribed
As noted above, the same discrepancy between MF anglitical size i>1 (where only islands of sizes>i are
exact behavior of (x) exists for irreversible nucleation and stablé, or to models with significant diffusion of small
growth of compact island$*® (even with the BCo). This  clusters® In particular, Eq(4) holds, but withe the form of
is not surprising, given Eqi4). The slowly increasing BC C(x) and thusf(x) dependent om, and on certain details of
form, C(x)~x"?, for largex, and an effectivew closer to  cluster mobility. A MF divergence irf is avoided due to a
unity due to saturation oN,, still leads to an artificial significant increase ofC(x) with x, and one retains
singularity*® in f(x). This discrepancy prompted us to obtain f(0)>0 contrasting previous clainfsRecently, we became
“exact” simulation results foro for a model of irreversible aware of work! on homogeneous nucleation that relates is-
nucleation and growth of square islaridé/e found that the |and growth rates to Voronoi cell areas, as suggested
form of C(x) is again controlled by island size-separation previously>*>'6 However, Ref. 21 did not identify the key
correlations, and is in fact remarkably similar to point-islandsize dependence of the capture numbers, or relate this to the
behavior(even for§~0.2 ML where the mean linear island island size distribution, and thus made incorrect predictions
dimension is 45% of,,). Its form is in marked contrast to for the latter.
the BC prediction. However, the BC approach does accu-

rately predictNaV, which is determined byr; and g, . ' ACKNOWLEDGMENTS
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