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The dynamic scaling of the island-size distribution in submonolayer epitaxial growth and its
dependence on the critical island sizds studied using a realistic model of epitaxial growth for
i =0,1,2, and 3. An analytic expression for the scaled island-size distribution as a functiois of
also proposed. Our results agree well with experiments gifré{@00) deposition and on Feu(100)
deposition. Crossover scaling forms for the variation of the island density and critical island size as a
function of temperature and deposition rate are also presented.

PACS numbers: 68.55.—a, 61.43.Hv, 82.20.Mj

Understanding the physics of epitaxial growth has been In this Letter, we study the dynamic scaling of
a long-standing problem in surface physics and materialthe island-size distribution and its dependence on the
science. Recently considerable theoretical [L—11] and eeritical island size using extensive Monte Carlo simula-
perimental [12—22] efforts have been made to understantions of a realistic model of epitaxial growth. We also
the kinetic processes which control the nucleation and sulderive an analytic expression for the scaled island-size
sequent growth of submonolayer islands in both homoepidistribution as a function of which agrees well with
taxial [12—17] and heteroepitaxial [18—22] systems. Inour simulation results as well as with experiments on
these experiments, atoms are deposited onto a substrate/Fe(100) deposition at low and high temperatures and
where they diffuse and aggregate to form a distributioron F&/Cu(100) deposition at room temperature. Finally,
of islands of different sizes. One fundamental conceptve present a quantitative expression for the variations of
that has emerged from these studies is that of a criticahe island density and critical island size with temperature
island sizei corresponding t@ne lesghan the number of and deposition rate and demonstrate that our crossover
atoms needed to form the smallest stable island. For exscaling results can be used to determine the transition
ample (see Fig. 1), depending on the bond energies, tentemperature for the change in the critical island size
perature, and deposition rate, one may have a situation ims well as the activation energy for nearest-neighbor
which monomers diffuse but dimers are stafile= 1), or  attachment in F&-e(100).
in which a trimer is the smallest stable islatid= 2), or According to the dynamic scaling assumption [23], the
in which the smallest stable island size corresponds to sland-size distributiowv,(6), corresponding to the density
tetramer(i = 3). Standard rate equation theory [1,2] pre- per site of islands containing atoms at coveragé, can
dicts that for a given critical island sizethe island density be written in the general scaling form [3,6,8]
N inthe precoalescence regime scaley'as R ¥/, where Ny(0) = S 2fi(s/S), (1)

R = D/F is the ratio of the (monomer) diffusion rafe . .
to the éeposition flur and vflhere)(,- = )i/(i +2). The wheres(e) =2, sN,(0)/ ZF Ny(6) |s_the average island
exponenty; has been measured in a variety of experiment§ qur(; %Tgsfvo\c’h?(re) (’;he_s;:gllrl(g)fu dnCtl—q?(u)oi?gs:zSti(t;g?
and used to determine the critical island size as well as thg >SJo filw)du = ] filwudu =1. ytica
activation energy, for diffusion expression forf;(u) is based, in part, on the observation
Recent experiments by Stroscio and Pierce [16], an ] that _for the_ case of _fractal !sland_s \.N'th.z Lin
e scaling regime, the island-size distribution scaling

by Chambliss and Johnson [22] have shown that th X . ; .
distribution of island sizes also depends sensitively o unction f1(u) has approximately linear behavior for small

the critical island size. Theoretical studies using both
rate equations [6,11] as well as simulations of point-island
models [6] where islands are assumed to be pointlike (i.e.,
have no spatial extent) have been carried out. However, ® *—e
calculations of the island-size distribution based on these
models do not agree with experiments. In addition,
while simulations of the island-size distribution for more FIG. 1. Diagram showing stable island configurations for
realistic models (mainly fori = 1) have recently been different critical island sizes =0 to 3. The casez = 1

. . X ._ corresponds ta = 1 on any lattice, whilez = 2 corresponds
carrlgd C_)Ut [7_1_1]' no systematic study O,f_the |Sland-S|;qO i =2 and 3 on triangular and square lattices, respectively.
distribution and its dependence on the critical cluster size|so shown is the case= 0, which corresponds to freezing of
i has so far been performed. monomers.

i=0 i=1 i=2 i=3
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u, with both the lower limit of the linear region and ''(']'I"".""I""l""l“II
£1(0) approaching zero with increasimyy F and coverage

[8,24]. Fori > 1 we expect smaller islands to have a 3
lower density andf;(u) to go to zero faster than the first .

power. We therefore assume that for generah the 2
asymptotic largeD/F limit, the island-size distribution )
behave asi’ for small u. Assuming a form with an z"

exponential cutoff and a peak at= 1 corresponding
to the average island size, this leads to the following
approximate general scaling form foe 1:

fi(u) _ C[uie—ia,‘u‘/”f, (Za)
where the constants; anda; satisfy the expressions 3
LG+ 2ai] . ., _ (iay)i e B
TS A A G A R 5
which are determined from the sum rules f@r(u). Z“‘
We note that this form is quite different from the size
distribution obtained from solution of the point-island rate
equations in the larg® /F limit [6,7,25],
1 i+ 1\ i +2
f"(”)_m<l_i+2”> N g
(3a) on
- —_
filw) =0, u> 52 (3b) e
i+ 1 zw

In addition to the difference in the smallbehavior, our
analytical form (2) has a peak at= 1 for all i, whereas
in (3) the distribution diverges at= (i + 2)/(i + 1).

In order to determine the scaled island-size distribution
as a function of critical sizeé, we carried out extensive s/S
simulations of a simple but realistic model of epitaxial rig, 2. comparison of our simulation results (open symbols),
growth. In our model, atoms are randomly deposited omnalytic form Eq. (2) (solid line), and experimental results for
a lattice at a rateF per site per unit time. Monomers Fe/Fe(100) (filled symbols) for the island-size distribution scal-
that have been deposited on the substrate or on top df;%JlltJQC;'r%angsg) fo(; 11' 5 i" @it&r‘]”d 3-0(321' 2110-8 S'%g'aggg

.. . . _ . = 0.1—-U. ry = LU, = - ’

an ex!stlng island dlf[uESi tTJy nearest r_1e|ghb0r _hops at ée = 0-10* Experimental data [16] are far = (20—207) °C.
rate given byD = Doye™"«/t", whereE, is the activation 4y, — 5" simulation results are fo# = 0.1-0.4,R = 107 —
energy. Similarly, a surface atom with<n <z in- 105, andr, = 0.003-1. Filled diamonds are the experimen-
plane nearest neighbors can hop with activation energial results at7’ = 250°C. (c) i = 3. Simulation results on

E, so that the relative diffusion rate is given by = @ square lattice fom = 0.06-0.3 with R =5 x 10° — 10",
D,/D = e SE/kT \where AE, = E, — E In order to " = 1074—2.5 X 107, andr, = 0—1072. Experimental results
n n n ars

. . ; are forT = 301 °C (diamonds) and” = 356 °C (circles). Inset
study the effects of island relaxation on island morphologys,ows picture of island from simulations at= 0.06 for the

we have also included an additional activation energyaser = 5 x 10°, r, = 10~* with r, = 0 andN = 6.7 X 1075.
E.(1, = e 2E/ksT) corresponding to enhanced diffusion
of atoms with one nearest neighbor along the edge of an
island. To systematically study the effect of the critical1 corresponding to deposition with irreversible nearest-
island size on the island-size distribution we assume thaeighbor attachment. The open squares and circles corre-
atoms withz or more neighbors are not allowed to detachspond to simulations without edge diffusion, which leads
from an existing island. This implies that in our model, theto fractal islands, while the open diamonds correspond to
critical island size depends on both the underlying lattice simulations of compact islands with finite edge diffusion.
and z (see Fig. 1). By varying: and studying various Also shown is our analytical form (2) fgf; («), along with
lattices as well as varying the relevant activation energiesgxperimental results for F&e(100) deposition in the tem-
we studied the island-size distribution and morphology fomperature range 2@ —-207°C for which the critical island
i=0,1,2,and 3. size is believed to be 1 [15]. As can be seen, there is
Figure 2(a) shows our results for the island-size distrivery good agreement between our simulation results and
bution scaling function for the case= 1, obtained from our analytical form, as well as with the Aee(100) experi-
simulations on a square [8] and triangular lattice withk mental results. We note, however, that there exists a weak
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dependence of the island-size distribution scaling funcform stable islands at a rate givenRy = r,D, wherer, =

tion on the island morphology for small[24], since for ¢ 2£/k7 depends on the extra activation eneryy, =
fractal islandsf;(0) goes to zero with increasin@/F, E, — E, beyond that for normal diffusion. Inaddition, any
while for compact islandg,; (0) remains finite at low cover- monomers that become nearest neighbors of an embedded
age. However, with increasing coverage the compact dissland are immediately added irreversibly to the embedded
tribution appears to approach the fractal distribution andsland. Figure 3 shows our results for the island-size
our analytical form. distribution scaling function for this case fey = 1073 —

The casei = 2 was simulated on a triangular lattice 107> and® = 0.06 — 0.3 andD/F = 10°. The island-size
with the restriction that any atom with two or more nearestistribution scaling functiory, is essentially independent
neighbors is irreversibly “frozen” (i.e; = 2). Figure of the embedding probability ratie, as well asD/F
2(b) shows our simulation results are in good agreemerfor large D/F over all coverage. As expected from our
with our analytic form (2) fori = 2. A log-log plot conjecture for the small- behavior of f;(«), the island-
of the data [24] for smallz has slope2.05 + 0.05, in  size distribution scaling function in this case is nonzero at
agreement with our conjecture for the smalbehavior « = 0. In addition, the scaling function looks quite similar
of f,(u). The filled diamonds shown in Fig. 2(b) are to that obtained in the experiment. However, there does
experimental results for F&e(100) at an intermediate not seem to be a simple analytic form fay(u).
temperatureT = 250 °C which demonstrate that with  Finally, we made a systematic study of the variation
increasing temperature the critical island size crosses ovexf the island densityv and critical island size with
to a higher value. temperature, which is important in the interpretation of

The case = 3 has been suggested as the critical clusteexperiments. For fixed values of the critical island size
size for F¢Fe(100) deposition at elevated temperature®ur simulation resultsy = 0, y; = 0.33, y» = 0.5, and
[16], since at these temperatures the probability for any; = 0.58) are in good agreement with the rate-equation
atom with one nearest neighbor to detach from an islang@redictiony; = i/(i + 2). By varyingr; andR = D/F,
becomes significant while the probability for an atomwhich is equivalent to varying the temperature, we studied
with two nearest neighbors to detach is negligible. Inthe crossover fromi = 1 to i = 2 on a triangular lattice
this case the minimal stable configuration is a tetrameand fromi = 1toi = 3 on a square lattice. For example,
(see Fig. 1) and we studied a similar model fo=2  for simulations on a square lattice with largeand finite
but on a square lattice. As can be seen in Fig. 2(c)r; and island densities in the range of those observed for
the simulation results (both with and without enhancedre/Fe(100) at high temperatures, we fiNd~ R~ %
edge diffusion) cover a wide range of coverages, as wellith y; = 0.6 corresponding toi = 3. However, for
as values ofb/F and ry, including 6 = 0.07 for which ~ smallerr or very smallr;, we find a crossover tg, = %
the island-size distribution was measured foyFF&(100).  corresponding toi = 1. Our results for the crossover
There is, again, very good agreement between all ouin the critical island size from = j to i = k can be
simulation results and the analytical form (2) as wellsummarized by the general scaling form for the island
as the experiments. This confirms that= 3 is the density as a function of, andR:
critical island size for F&-e(100) deposition [16] in
the temperature range 380-356°C. In addition, a
log-log plot of our simulation results for smail [24]
gives f3(u) ~ u*, with x = 2.9, in good agreement with
our conjecture for the small-behavior of f3(u). The 0.8 T
inset in Fig. 2(c) shows a typical picture of the islands La
formed at an island density close to that observed in the
experiments.

In addition toi = 1 to 3, we also considered the case

N(ri,R) = R X f(r"R), 4

0.6

Fe atoms spontaneously embed into the substrate and
form stable islands leading to a critical island size- .
0. As shown by Chambliss and Johnson, using a rate- N T
equation approach, this implieg, = 0 (i.e., the island 1 2 3 4
density is independent ab/F), in agreement with the s/S

pred'lctlon Xi = i,/(i +_ 2)'_ To ;lmulate this Case, We iz, 3. |Island-size distribution scaling functiofy(x) from
studied a model in which (in addition to the usual diffusionsimulations on a square lattice far=0 with r, = 10~
with hopping rateD), monomers spontaneously freeze and(triangles), 10 (circles), andl0~> (diamonds) withR = 10°.
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i = 0 which corresponds to the spontaneous nucleation o -
or freezing of monomers. This may occur due to the D oal
presence of surfactants or impurities on the surface [14] e L
and has also been experimentally observed in the case FA
of Fe on Cu(100) deposition [22]. In this case isolated 02
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wheref ;. (u) ~ const foru < 1, andf(u) ~ w¥~x for ~ computational facilities of the Cherry L. Emerson Center
u > 1. We findx; = 1.5 andx;; = 1.25. Using the for Computational Science at Emory University.
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