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Effects of mobility of small islands on growth in molecular-beam epitaxy
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The effects of mobility of small islands on island growth in molecular-beam epitaxy are studied. It is shown
that mobility of small islands affects both the scaling and morphology of islands during growth. Three micro-
scopic models are considered, in which the critical island sizes*ardl, 2, and 3(such that islands of size
s<i* aremobile while islands of sizes=i* +1 areimmobile. Asi* increases, islands become more com-
pact, while the exponeng, which relates the island density to deposition rate, increases. The morphological
changes are quantified by using fractal analysis. It is shown that the fractal dimensions are rather insensitive to
changes ini*. However, the prefactors provide a quantitative measure of the changing morphologies.
[S0163-18297)04012-3

I. INTRODUCTION applies, wheré\ is the island densityf is the flux or depo-
sition rate, anch is the adatom diffusion coefficierihote
The growth of thin films in molecular-beam epitaxy in- that the hopping rate for an isolated adatom lisdtie to the
volves atom diffusion on the surface and nucleation of isfour possible directions for hoppingThe exponenty de-
lands, followed by aggregation and coalescence. The resulpends on microscopic properties such as the staffilipd
ing morphology is found to depend on the detailed nature ofnobility’’3® of small islands, isotropic vs anisotropic
microscopic diffusion processes on the substrate, as well adiffusion?®3% and the existence of magic islan¢isamely,
the deposition rate and substrate temperature. Scanning tuistands that are stable, while larger islands are unstable
neling microscopy(STM) has revealed a variety of mor- was found that for systems in which the smallest stable is-
phologies in the submonolayer regime. Compact islands afind is of sizé* + 1 (where islands of size<i* dissociatg
nearly square shape have been observed for homoepitaxial the asymptotic limit of slow deposition rate, for isotropic
growth on fc¢001) substrates such as (@D1) and diffusion, y=i*/(i* +2). Experimentally, it was found that
Cu(001)."? Fractal-like islands that resemble diffusion- y may depend on temperatuf®'3For example, for fc(©01)
limited aggregation (DLA) clusters have been observed in surfaces a transition froif =1 toi* =3 due to temperature
systems such as Au on RI001),* while Pt on Pt111) was increase was characterized, where the transition temperature
found to exhibit both fractal-like shapes and more compactis determined by the ratio between the aggregation and dis-
nearly triangular shape<. Experimental studies and theoret- sociation rates of dimers and triméfsThe island size dis-
ical work using Monte Carlo simulations have shown that thetribution was also studied and found to depend bnThese
submonolayer morphology depends on the rates of varioustudies revealed that scaling properties can be used to iden-
diffusion processes on the substrate. In particular, systemgfy microscopic processes at the atomic level and to estimate
that exhibit high atom mobility along island edgegpically  various activation energies that are difficult to measure. Ex-
on square substratesend to form compact islands. Low perimental measurements of some diffusion processes at the
edge mobility gives rise to islands with DLA-like shapes atomic level are possible using field ion microscopy. This
(typically on hexagonal substrajehese morphologies are technique was used to identify diffusion modes for small
important beyond the submonolayer since they affect theslands such as dimers and trimers on@€3) metal surfaces
multilayer growth mode of the film. The island morphology and to measure their diffusion coefficierts.
also affects the Schwoebel barfiéor an atom deposited on | this paper we consider the relation between the scaling
top of an island to hop down the step. When this barrier isand morphology of the growing islands and trace them to
large islands tend to nucleate on top of islands, resulting iproperties of the microscopic model. In particular, we exam-
three-dimensional growth mode, while a small barrier givesne the effect of thenobility of small islands on island mor-
rise to layer-by-layer growth. phology and scaling. To this end we introduce a class of
Scaling properties of island growth have been studied exthree microscopic models on a square substrate that differ in
perimentally using statistical analysis of STM data and hetheir diffusion properties. In model | only single atoms
lium beam scatteringi:** Theoretical studies have applied (monomersare mobilefwhich means that the energy barrier
rate equationS™?' as well as Monte Carlo(MC) for breaking a nearest-neighbdNN) or a next-nearest-
simulations?>~* It was found that for a broad class of sys- neighbor (NNN) bond is practically infinite In model Il
tems a short transient regime is followed by a quasi-steadyboth monomers and dimefslusters of two atomsare mo-
state where a scaling relation of the form bile, while in model lll monomers, dimers, and trimécfus-
ters of three atomsare mobile. An island is defined as a
cluster of adatoms connected by NN or NNN bonds. The
N,\,(i)y (1) island sizes is the number of atoms in the island. In this
4h paper we do not consider island instability, but only island
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mobility. Therefore, we define the critical island siZe as
the size for which all islands of size<i* are mobile, while
islands of sizes=i* +1 are immobile. Thus*=1, 2, and 0 1 2
3 for models |, II, and lll, respectively. Note that in the
models considered here islands are stable eves<faf in
the sense that there is no detachment of atoms from islands. ._
e

However, due to their mobility these small islands tend to 3
collide and merge into other islands.

The models we consider involve only loc8NN and
NNN) interactions such that the hopping rate for an atom in
each of the four possible directions is determined by the 4 5 6
occupancy in a neighborhood ofx3 sites around it. We
show that in this type of model there is a correlation between
mobility of small islands and edge mobility. In model I, once . .
an adatom attaches to an island edge as a NN it cannot move FIG. 1. Local environment of a hopping atom. Each one of the
and therefore edge mobility is completely suppressed. Modei€ven adjacent sitds=0, . ... 6 can beither occupied §=1) or
Il allows very limited edge mobility, while model 11l allows Unoccupied &=0), giving rise to =128 local enyironments
more moves, including hopping around a corner of an islandith activation energie&g, n=0, .. .,127, wheren=3,_,S2"

As the edge mobility increases islands become more com-

pact because it tends to suppress narrow fingers and allowghere v=10'2 s~ ! is the attempt frequenc{g is the en-
the atoms to find more stable positions with more nearest angrgy barrier,kg is the Boltzmann factor, and is the tem-
next-nearest neighbors. perature. The coverage after tirhés thenf=Ft (in ML).

The correlation between mobility of small islands and In our MC simulations moves are selected randomly from
edge mobility gives rise to a relation between the scalinghe list of all possible moves at the given time with the
properties determined by the critical island size and the morappropriate weights. The time is then advanced according to
phology that depends on the edge mobility. To quantify thisthe inverse of the sum of all rates. In the models used here
relation we first obtain the scaling exponepfor the three the energy barrieEg for hopping is determined by the local
models using both rate equations and MC simulations. Wenvironment in a X 3 square around the hopping atdRig.
then examine the island morphology for the three models and), where the occupancy of seven adjacent sites,

apply a fractal analysis using the box-counting algorithm ank=0, . . . ,6, istaken into account. Each one of these sites
mass dimension evaluatidh The box-counting function, in can be either occupiedS(=1) or vacant §=0), giving
the scaling regime, can be described by rise to 2=128 barriers. To index them we use the binary

5 representation where the energy barriers akgy,
Ng(l)=Agl ~7®, 2) n=0,...,127 andn=2ﬁ:08k2k. Using this indexing, we

wherel is the box sizeNg(l) is the number of boxes that introduce three models of nearest-neighbor hopping on the
contain at least one atong is the box-counting fractal surface(Fig. 2). In model I only monomers are mobile, in
dimension, and\; is the prefactor. We find that the fractal model 1l dimers are also mobile, and model IIl includes mo-
dimensionDy, is rather insensitive to the differences betweenbility of trimers as well. To simplify the analysis, our models
the models. The prefactdks, however, provides a quanti- include only one hopping rate, obtained by assigning the
tative measure of the different morphologies. Similar concluSame activation energyEg=0.5 e\V) to all the allowed
sions are obtained for the mass dimensiby and its pref- Moves and a very higfpractically infinitg energy barrier for
actorAy, . all moves_that are not allowed in the given model. The mpq-

The paper is organized as follows. The models are intro€ls are minimal in the sense that thgy include only_the mini-
duced in Sec. Il. Scaling properties of island growth andmal set of moves required to achieve the specified island
their dependence on the microscopic model are presented fRobility. Some more moves can be added without modifying
Sec. Ill. The morphologies are examined in Sec. IV, fol-i* (see Sec. Y. Note that in our models there is no addi-

lowed by a discussion in Sec. V and a summary in Sec. yitional barrier for hopping down a step, which is justified for
small islands and especially for fractal-like oriésAtoms

deposited on top of an island hop until they hit the edge and
hop down to be incorporated into the island. Nucleation of a
To study the scaling and morphology during islandsecond layer is thus suppressed. The models are used to per-
growth we introduce three models of diffusion on the squardorm a systematic study of the effects of mobility of small
lattice. Submonolayer thin-film growth during deposition in islands on the scaling and morphology of the growing is-
molecular-beam epitaxy is then studied using kinetic MClands. The three models are introduced below.
simulations In these simulations atoms are deposited ran-
domly on the square substrate at a fatggiven in monolay-

Il. MODELS

- . . A. Model |
ers(ML) per seconfland hop according to the microscopic _ _
model. The hopping ratk (in units of hops per secohdor In this model only monomers can moyEig. 2@)]. At-
a given atom to each unoccupi®N site is given by oms cannot move away from NN or NNN atoms, while they

can move towards a NNN atom, making it a NiMoves 4,
h=v exp(—Eg/kgT), (3) 64, and 68 in Fig. 2 The latter moves are included to en-
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FIG. 2. Moves included in the three models. Model | includes
only the moves ina). Model Il includes the moves ita) and (b),
while model Il includes all the moves i), (b), and(c). All the
allowed moves have the same activation endggy while the ac-
tivation energy for all other moves is practically infinite.

FIG. 3. Effect of allowing more moves on island morphology,
making islands more compacg) The effect of allowing moves 2
and 32 on the structure of a six-atom islarid) The effect of
allowing moves 3, 48, 6, and 96 on the structure of a four-atom

L . . island.
hance adatom association and the creation of islaiiNiste Isian

that in this model none of the allowed moves involve bond

. (r?)=4hg, s=1,2,3,4, where is the distance between the
breaking)

initial position of the center of mass of the cluster and its
position after timet, hg is the diffusion coefficient for a
B. Model I cluster of sizes, and() represents an average over the 1000
Here both monomers and dimers are mobile. In additiofuns. The diffusion coefficients for monomers, dimers, trim-
to the moves included in model | two new moves are adde@'s, and tetramers in each of the three models are shown in
[Fig. 2(b)]. Dimer mobility is now possible via a combina- Table I** Our expectations are confirmed, namely, that in
tion of a bond-breakingmove 2 or 32) and a bond-building Model | only monomers are mobile, in model Il dimers are
move (move 4 or 64). These additional moves introduceMobile as well, and in model Il also trimers are mobile.
more channels for island rearrangements, which lead to a
more compact island shapEig. 3a)]. Ill. SCALING PROPERTIES

The submonolayer growth is typically divided into three
C. Model il stages: the early stage is dominated by island nucleation fol-
In this model trimers are mobile too. Four moves arelowed by an aggregation-dominated stage until coalescence
added to those present in model (thoves 3, 6, 48, and Sets in. In the aggregation stage the density of stable islands
96), which are required for trimer mobilifyFig. 2)]. They N exhibits power-law behavior as a function of the ratio
also enhance the mobility of atoms on island edges and iRetween the deposition rate and the adatom hopping rate of
particular allow for an edge adatom to move around a cornethe formN~ (F/4h)?. The exponenty is determined by the
[Fig. 3b)]. Note, however, that edge mobility in this model microscopic processes that are activated on the surface dur-
is still highly limited. For example, an atom adjacent to aing growth. In the case where all clusters of sgzei* are
straight long edge is immobile even in model Il1. mobile, while larger clusters are immobile, the asymptotic

TABLE I. Diffusion coefficients of small islands as measured
from MC simulations of single islands for the three presented mod-
To confirm that the critical island size is indeed els atT=250 K. It is shown that*=1, 2, and 3 for models I, II,
i*=1,2,3 for models I, Il, and Ill, respectively, and to obtain and Ill, respectively.
the diffusion coefficients of mobile islands in each model we —— —
have done simulations of single cluster diffusion. To obtain Diffusion coefficients(hops/$
- . . L . Cluster

the statistics required for a precise determination of the dif-

D. Diffusion coefficients

fusion coefficients we performed 1000 runs for monomers size Model | Model I Model Ii
dimers, trimers, and tetrame(islands of four atomsin each 1 82+2 82+2 84+ 2
of the three models. Each run was carried out to time equal 2 0.0 211 21+1
to 0.6 s, which is about 200 times larger than the time scale 3 0.0 0.0 7705
for hopping at the given temperatur&= 250 K). The diffu- 4 0.0 0.0 0.0

sion coefficients were obtained from the relation
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value of y in the limit whereF/h—0 is given b)V TABLE II. Comparison ofy obtained from asymptotic analysis
and numerical integration of rate equations and from MC simula-

i * tions, for models I, I, and Ill. The numerical results for both the
rate equations and MC simulations were obtained at the same cov-
erage #=0.2 and for the same range of deposition rate
This result is exact if all mobile islands have the same dif-F=10"°—10"% ML/s at T=250 K.

fusion coefficient, namelyhs=h, s=1,...j*. Still, itis a
good approximation if all the diffusion coefficients are of the

T @

Rate equations

same order of magnitude and the ratios between them afdodel Asymptotic Numerical Simulation

mdgpzn_denr:.of the temperature, as is the case for the modgls 1/3=0.333 0.310.01 0.36-0.01

St“T'e t”:jt t'f] papelf' ties of island arowth with mo." 2/5=0.400 0.36-0.01 0.38-0.01
o study the scaling properties of island growth with mo- 3/7—0.430 0.3 001 041 0.01

bility of small islands, for experimentally relevant deposition
rates, we introduce a set of rate equations that describe the
time evolution of the densities of mobile and immobile is-
lands. In these equations, islands includghgtoms are mo-

We have examined Eqg5) in the aggregation regime
_ s AL ne - : using asymptotic analysis of the type described in Ref. 19. In
?"e for 1= Sg'h with d!ﬁUS]LO” co_lefflcllenms af”q immobile  this analysis Eqg(5) are written in dimensionless form using

= ~ ~ ~

or s=i +1._‘|; edgnsﬁyo moblelgands_o sigds given %o=12x, N=I2N, and i=t/t,, where|,=(4h/F)¥* and
by x5, 1=s<i”*, while the total density of immobile islands ,° —12 . .
S " ; . - t1=(4hF)~“< We then consider the aggregation stage
is given byN. Both densities are normalized per lattice site = ) PN N ,
and the lattice constant is taken to be 1. The rate equatioffd>1) assuming thaN>x,>--->x Since at this stage
take the form the density of mobile islands is approximately constant we
solve Egs. (5) in its dimensionless form forxs=0,
1<s<i*. This is done using the ansatz that-t***# and
N~t° wherea, B8, and & are constants to be determined
from the solution. Solving for the leading order in each equa-
tion, we find scaling relations for the densities of immobile
and mobile islands as a function Bf4h and §:*2

i *

kle—E 4(hy+h;)x;x;—4hx;N, (5a)
=1
P i*

Xs= Z}l 2(hy+hs_i)XiXs—i— Z:l 4(h+hg)XiXe— 4h XN,

X~ (F/an) (% +9/(@* +1) g=(2s-DI@*+1) | g1 j*
2<s<i* (5b) (72
i* i* NN(F/4h)i*/(2i*+1)01/(2i*+l)' (7b)

2(hi+hjxx;, (50

=1 j=i* 41—
where the density of immobile islandié is given by

0

N= D X. (6)

s=i*+1

For models I, 1l, and Il we findy=1/3, 2/5, and 3/7, re-
spectively. It is important to note that these results are only
asymptotically exact in the limiE/4h— 0. Numerical inte-
gration of the rate equations shows slow convergence to
these results as the deposition rate is lowered. In Table 1l we
present the values foy obtained from numerical integration

of Eq. (5) with diffusion coefficientsh; , taken from Table I,

The first term in Eq.(58) describes the deposition of new together with the asymptotic values.

atoms, while the first term in Eq5b) describes the building

To complement these results we have also examined the

of mobile islands by merging of two mobile islands of scaling of island densitiN vs deposition raté, using MC

smaller sizes. The second and third terms in Ega) and

simulations (Fig. 4). The island density obtained in these

(5b) describe the reduction in the number of mobile islandssimulations for the three models, as a function of deposition
of sizes due to their collision with other mobile and immo- rate, is shown in Fig. 4 for coverage 8f 0.2 and substrate
bile islands, respectively. Equatigfic) describes the rate of temperaturel =250 K. Each data point in this figure repre-
nucleation of immobile islands due to collision of two mo- sents an average over 100 runs and the lattice size is

bile islands.

250% 250 in all the runs. The values of for the three mod-

A rate equation representation of models I, II, and Ill canels, obtained from the MC results in Fig. 4, are summarized

be obtained from Egs(5) wheni*=1, 2, and 3, respec-
tively, and with the diffusion coefficients; given in Table I.

in Table Il. It is observed thay increases as* is increased
and this trend appears in all three columns of Table Il rep-

Note that the rate equations provide a mean-field descriptioresenting the asymptotic result, rate equations, and MC
ignoring spatial correlations. Moreover, since we concentratsimulations. This can be intuitively understood from the fol-
here on the effects of mobility of small islands, other pro-lowing qualitative argument. In the limit of very fast depo-
cesses such as atom detachment from islands, atoms deps#ion rate (say, F/4h=1) the effect of island mobility is
ited on top of islands, and coalescence are not included in theegligible and the island density is very large and nearly
equations. Also, for simplicity, the capture number is takenndependent ofi*. As F/4h is decreased the mobility of
as a constant. In general, it is found to depend on both theingle atoms and islands of size<i* gives rise to nucle-

island size and the coverage.

ation of fewer and larger islands. This process is enhanced as
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FIG. 4. Island densit\N (islands/sitg plotted vs deposition rate 2, g &)
F ML/s on a log-log scale for MC simulations of models®}, Il 05 F Q. X .
(O), and 1l (+) (withi* =1, 2, and 3, respectivelyat coverage of %‘(
0=0.2 and substrate temperatdre 250 K. The exponeny, given o
by the slope, increases &% is increased. The results for are 0.0 g L1 EIID
summarized in Table II. 00 05 1.0 1.5 2.0 2.5
i* increases since it adds more channels for collision and s/5

merging of islands. This results in a faster decreadd af a

fun?ﬁgnvgr;éghdf for rate-equation intearation at a finite FIG. 5. Scaled island size distribution vs scaled size (8r
Y 4 9 model I, (b) model II, and(c) model Ill. The deposition rates are

rate are found to be lower than the asymptotic value. The-_ ;53 \vi1/s (O), F=10"* ML/s (W), andF=10"° ML/s (X)
y values for MC simulations are higher than the correspond . he coverage ,i€=0.2. Note that £he peak narrows s in-
ing rate-equation values, which can be attributed to spatigl,qges.

correlations and coalescence, which are not taken into ac-

count in the rate equations. Wdlifproposed an alternative . ) . ) o
formula for the exponenty, which takes into account the  The scaling properties of the island size distribution have

fractal dimension of the islands denoted By. Adapted to  been studied both experimentdfiyand theoretically®>* 32
our case, it takes the form These studies indicated that the island size distribution
strongly depends on the stability and mobility of small is-

2i* lands and is modified in the case of magic islafid3he
(8)  scaled island size distributions for models 1, Il, and Ill are

YT 4 5D, a4 S| all )
presented in Figs. (8)-5(c). Heres is the average island

: o . . i iti -3
which coincides with Eq(4) for compact islands®;=2).  Size. For all three models the deposmor! ra.tes FarelO
Note that Eq.(8) implies thaty for fractal islands is larger 10 % and 10°° ML/s. We observe that as" increases the
than for compact islands with the sarite, giving rise to ~ Peaks rise more slowly on the left-hand sidenall s/s) due
lower densities of island¥. This is reasonable since fractal to the depletion of the mobile islands. They also fall off more
islands have a larger effective area per given mass. Thus théparply on the right-hand side and thus become narrower.
inhibit more efficiently new nucleation events, which resultsThis trend is qualitatively similar to previous results for the
in a smaller island density\. Since the numerical simula- case where small islands are unstable. Note that the peak
tions generate fractal-like islands while the rate equationfieight increases considerably Bsdecreases. This may be
assume pointlikéand thus compagislands this might pro- due to coalescence, which is found to become more pro-
vide a further explanation for the tendency of the MC expo-nounced as the deposition rate decreases. Coalescence causes
nents to be larger than the exponents obtained from numer to increase, pushing up the scaled island size distribution,
cal integration of the rate equations. which includes the factas?/ 6.
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(©

FIG. 6. Top view of the surface layer under growth conditions specified by models Il (b), and 1l (c) for deposition rate of
F=10"% ML/s, coveraged=0.2, and substrate temperatdre: 250 K. The deposited atoms and islands are represented by the dark color
and the exposed substrate is white. Lattice size>2Z80 sites.

IV. MORPHOLOGY boxes of linear sizd and counts the number of boxes
S(NB(I)> (averaged over a series or riitisat intersect the set

To examine the relation between mobility of small |slandd)f islands. The box-counting dimensi@n, is then given by

and island morphology we have performed extensive M
simulations of island growth using the three models de- _ _

scribed above. The morphology of the growing islands is 101{Ne(1)) =10G10As ~ Dslogud ©
shown in Fig. 6 for deposition raté=10"% coverage whereAg is a prefactor. The box-counting functidwg(l)
0#=0.2, andT =250 K. The morphology obtained for model for the three models is shown in Fig. 7 on a log-log scale.

| [Fig. 6(@] best resembles the shape of small DLA clustersThe fractal dimensions are presented in Table Il and the
grown on the square lattice, due to the suppressed edge mprefactors in Table IV. It is shown that although the three
bility. The islands of models Il and Il[Figs. €b) and Gc), models generate different looking morphologies, the box-
respectively exhibit wider arms and have more compactcounting dimensioDy for a given deposition rate and cov-
shapes due to edge mobility associated with the increasegtage is practically independent of the model. The box-
i*. To quantify these observations we have performed fractatounting dimensions are found to be typically lower than the
analysis of the island morphology using the box-countingDLA dimensionDp, 4,=1.72 and increase as the deposition
algorithm and mass dimension evaluation for the three modrate decreases. A significant difference between the models
els. In the box-counting technique one divides the lattice intas reflected in the coefficierg . It is shown(Table V) that
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——————r—rry ——r TABLE IV. Prefactor Ag in Eq. (9) for the three models for
?- 4 various deposition ratds, coveraged=0.2, andT =250 K. Entries
] are in units of 18 boxes. The prefactor is strongly dependent on the
model reflecting the morphological changes.

+0O

Model F=10"% (ML/s) F=107 (ML/s) F=10 8 (ML/s)

I 18.7+0.5 19.4:0.5 20.2£0.5
I 14.7+0.5 15.6:0.5 15.96-0.5
Il 10.9+0.5 11.9-0.5 12.0:0.5

logyg Ng({)

where the average is over a large number of islands. The
values of the mass dimensidd,, obtained for the three
models are summarized in Table V and the prefactgssn
4 Table VI. The mass dimension is found to be in the range
] between 1.83 and 1.91, significantly larger than the DLA
dimension. This larger dimension reflects the enhanced com-
pactness of the islands; however, its dependence on the
model is rather weak. The morphological differences are
strongly reflected in the coefficiert,,, which increases as
i* is increased. This trend &fy, results from the fact that as
1 i E— the islands become more compact the mass included in a
0 1 2 circle of radiusr around their center must increase. We con-
logyo ! clude that the scaling properties reflecteddip andD\, are
weakly dependent on the models, while the prefactogs
FIG. 7. Box counting function that counts the numbgy(l) of  andAy are strongly model dependent. In all the three mod-
occupied boxes vs box sideshown for the island morphology els we considered, edge mobility is limited and allows only
obtained from models 1®), Il (), and Ill (+) at deposition rate
F=10"" ML/s, coverage #=0.2, and substrate temperature
T=250 K. Note that the slopes are found to be the same for the
three models, indicating that the fractal dimendiin insensitive
to the small island mobilityTable Ill). However, the intercegtde-
termined by the prefactoAg) is different for the three models
(Table V).

asi* increases and islands become more compagtde-
creases by almost a factor of 2. It also decreases when depo-
sition rate is increasefWhich also results in more compact
islandg. The behavior oAz can be understood from the fact
that as islands become more compact each occupied box
tends to include more atom@&nd still it is counted only
once. Since the coverage is maintained the number of occu-
pied boxes must decrease.

Unlike the box-counting analysis, which is done on the
entire system, the mass dimension analysis is done on each
island separately. In this analysis one finds the center of mass
of the island and measures the total mass of the atoms
M(r) bounded by a circle of radiusaround it as a function

of r. The mass dimensioD, is then obtained fronFig. 8 é
logio(M(r))=10g10Aw + Dwlogsd, (10 0 —_—
TABLE lll. Box-counting dimensiorDg, for models I, II, and 0 ! 2
Il at three deposition ratels, coveraged=0.2, andT =250 K. The logq 7
dimensions are typically lower than the DLA dimension and are
only weakly dependent on the model. FIG. 8. MassM (r) within a circle of radiug around the center

of mass of an island usfor islands obtained from models (), Il
Model F=10"6(ML/s) F=10"7 (ML/s) F=108 (ML/s) (), and 1l (+) at deposition rateF=10"' ML/s, coverage
#=0.2, and substrate temperatuire- 250 K. The mass dimension

I 1.62+0.01 1.66:0.01 1.68-0.02 is given by the slope on the log-log scale. It is shown that the mass
Il 1.59+0.01 1.64:0.01 1.66-0.02 dimensionD,, is insensitive to the different morphologies obtained
1l 1.59+0.01 1.6720.01 1.72-0.02 from these modelgTable V). However, the prefactoA,, shows

significant differenceg¢Table VI).
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TABLE V. Mass dimensiorD),, for models I, I, and Ill at  (116) can be added to model Ill. These additional moves
various deposition rateB, coveraged=0.2, andT=250 K. The  have no significant effect on the scaling propertisgice
dimensions are Considerably hlgher than the DLA dimension, bl,l[* remains unchangé'd but they enhance edge mob|||ty,
only weakly dependent on the model. making the islands more compact. In particular, move 7
AP AP PP (112 allows atom mobility along straight island edges,
Model F=10""(ML/s) F=10""(ML/s) F=10"(ML/s)  \hich is not possible otherwise. However, we find that

| 1.84+0.02 1.89-0.02 1.83-0.02 highly compact islands of nearly square shape observed on
1 1.89+0.02 1.94-0.02 1.83-0.02 fcc(001) metal substrates such as(001) and N(00D) can-
I 1.91+0.02 1.96-0.02 1.88-0.02 not be obtained with models that include only one hopping

rate such as the models studied here. Such highly compact
islands are obtained only when the hopping rate for moves

local rearrangements of the structure. The prefadtotéch ~ along island edges such asT12) are much larger than other
are related to the curve intercept, i.e., to small sgabes  hopping rates in the system, including the hopping rate of the
sensitive to such changes. In contrast, the fractal dimensiorf§onomer:>*>**In contrast, systems in which atoms can de-
that are determined over a range of scales are rather insen&ich from island edges and reattach elsewhere exhibit rather
tive to the small-scale behavior. compact island shapes even when the detachment rate is con-

Note that in model I the diffusion is similar to the DLA Siderably smaller than the hopping rate of the monoffiét.
model. However, unlike DLA, atoms are added at a finite [N the models studied here diffusion occurs via the motion
rate, nucleating a finite density of islands. Also, these atom8f one atom at a time. Other diffusion mechanisms that in-
are deposited randomly from above rather than from boundvolve concerted motion of two atoms have also been ob-
aries located far away from the cluster as in DLA. ThereforeServed. In particular, the exchange move in which a substrate
some of the atoms fall betweéar on top of the arms of the ~atom is displaced by an adatom and pops out into a NNN site
island. For these atoms the aggregation process is not diffif the original adatom position. On surfaces such a9@J)
sion limited. The DLA limit can be approached only when (Ref. 45 and Pt001) (Ref. 46 it was found that the energy
both F/4h—0 and6#— 0. The first limit is required in order barrier for exchange is lower than for hopping, indicating
to keep islands far away from each other. The second limit i§hat this is the dominant diffusion mechanism on these sur-
required in order to ensure that the islands are very smaffces. In a different type of concerted move, two atoms move

compared to the area from which they draw atoms. together along the edge of an island. When the barrier for
such a move is lower than moves involving single atoms in

the island they may drive island diffusiéh.Recent STM
experiments indicate that for Ag0O1) even large islands may
The fractal analysis can provide useful information aboutdiffuse as a result of the high edge mobility in these
processes and rates in island growth systems. It is accessilsgstemg?®
experimentally and can be done using either STM Hata Models related to those studied in this paper appear in the
helium beam scatterirftf.In the latter case, one possibility is cluster-cluster aggregation problem, where DLA-like clusters
to obtain the fractal dimension of contours of constant elecaggregate at a finite density>° Jenseret al>* have recently
tron density of the monolayer from measurements of thestudied a model of island growth in which edge mobility is
specular peak intensity as a function of helium incidencesuppressed while islands of all sizes can move rigidiyd
energy. thusi* =) while their diffusion coefficients decay accord-
Note that the models studied here, in particular models ling to hg~1/sP. In this model the simple relation between
and lIl, are minimal in the sense that they include the mini-edge mobility and island mobility, which exists in the mod-
mal number of allowed moves for the giveéh. One can add els of local interactions studied here, is broken. Due to the
some more moves to each of these models without changirlgck of edge mobility islands maintain their DLA-like shape,
i*. For example, movea= 6 (96), 36 (66), and 70(100  while the exponenty, which depends op, is varied.
can be added to model Il. These moves are obtained by tak-
ing the moves shown in Fig.(B) and placing atoms at site
k=2 ork=6 or both(see Fig. 1. The moves appear in pairs
due to the horizontal mirror symmetry such that the move in  |n summary, we have performed a systematic study of the
parentheses is the mirror image of the one that precedes #ffect of mobility of small islands on the scaling and mor-
Similarly, movesn= 7 (112, 52 (67), 70 (100, and 71  phology in island growth on surfaces. The expongnvhich
describes the dependence of island density on deposition
TABLE VI. Prefactor Ay in Eq. (9) for the three models for rate was examined, for experimentally relevant deposition
various deposition rate, coverage¢=0.2, andT=250 K. The  rates using both numerical integration of the rate equations
p.refactor is strongly dependent on the model and sensitive to thgnd MC simulations. It was found that increases as the
different morphologies. critical island sizeé* is increased. This reflects the decrease
in island density, which results from the possibility of small
islands to move and merge. The asymptotic valug of the

V. DISCUSSION

VI. SUMMARY

Model F=10"°%(ML/s) F=10"7 (ML/s) F=10"8 (ML/s)

I 2.1+0.1 1.9-0.1 2.3+0.1 limit of slow deposition rate is given by=i*/(2i* +1).
I 2.5+0.1 2.0-0.1 2.9+0.1 However, convergence to this asymptotic value by decreas-
nm 3.3+0.1 3.1+0.1 3.5-0.1 ing the deposition rate turns out to be slow for MC simula-

tions and even for rate equations. In additignexhibits a
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rather slow dependence ¢h as it increases and is limited to morphology using the box counting and mass dimensions. In
the range 1/& y=<1/2. This indicates that using this scaling both cases it was found that the fractal dimension is rather
law to extract microscopic information on mobility of small insensitive to changes iit*; however, the morphological

islands from experimental results is hard and requires ve
precise measurement of

r'ghange is reflected in the value of the prefactors.

The island morphology was found to become more com-

pact asi* is increased. This reflects a general relation be-
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