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The nucleation and growth of compact two-dimensional islands having a regular shape and edges consisting
of atomically straight kink-free segments is studied analytically and with kinetic Monte Carlo (KMC) simu-
lations. In the analytical model the islands grow by a cyclic process of deposition of single atomic rows along
the island edges. Two ends of an incomplete row are the kink sites where adatoms incorporate into the crystal.
Adatoms attached to the island edge are able to migrate along the edge and detach back to the terrace before
reaching the kinks. Completion of the rows corresponds to a sequence of the magic island sizes. It is assumed
that a one-dimensional nucleus of the next atomic row (a pair of kinks) forms when two adatoms meet each
other at the edge of the magic island. It follows from the model that at certain growth conditions the island
density is independent of the deposition flux and increases with the increasing growth temperature. The
predictions of the analytical model are in good agreement with results of KMC simulations. Computer simu-
lations also show that the island size distribution gradually changes with the increasing detachment probability
from the monomodal distribution with a peak around the mean island size to a sequence of monotonously

decreasing peaks at magic sizes.
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I. INTRODUCTION

The nucleation and growth of two-dimensional (2D) is-
lands at the early stage of molecular beam epitaxy has been
studied intensively in the last decades due to its importance
for the epitaxial technology and also because this process
represents an interesting example of far-from-equilibrium
statistical physics [1-3]. Many experimental and theoretical
efforts have been made to relate the island density and island
size distribution with parameters of the underlying atomic
processes (see [4] for a recent review). Theories based on the
mean-field rate equation approach [5,6] appeared to be very
successful in describing behavior of the mean density of 2D
islands. Predictions of these theories are widely used for in-
terpretation of the experimental dependences of the 2D is-
land density on the deposition flux and substrate temperature
and for extraction of important microscopic parameters of
the growth process [7-11].

In a typical picture of atomic processes considered in the
nucleation models atoms are deposited on the surface at a
rate F and migrate on the surface with a temperature-
dependent diffusion coefficient D. Eventually a migrating
adatom either meets another adatom to form a dimer or at-
taches to an existing cluster of s =2 atoms (2D island). There
are two main approaches to take into account detachment of
atoms from the islands [12]. The first assumes the existence
of a critical nucleus of size i* such that beyond this size, i.e.,
at s>i", the islands are stable against decay and grow by
irreversible attachment of adatoms. On the contrary, the sub-
critical (s =i") clusters are assumed to be in quasiequilibrium
with the adatom gas, so that the Walton relation can be ap-
plied to express the density of the critical nuclei via the ada-
tom density, diffusion coefficient, and energy of dissociation
of the nucleus [13].
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The second approach permits detachment of atoms from
the islands of any size. It is noteworthy that the detachment
rate is usually assumed to be independent of the current is-
land configuration, although it may depend on the island size
[14—16]. The introduction of the size-dependent detachment
rate represents an important generalization of the nucleation
models; however, in certain cases not only the island size but
also the island structure has to be taken into account.

An important example in that respect is the nucleation and
growth of 2D islands on reconstructed surfaces. So, nucle-
ation of 2D islands on Si(111) and Si(001) surfaces is influ-
enced by the presence of the surface reconstruction and rep-
resents a multistage process which involves an intermediate
stage of formation of relatively stable nonepitaxial clusters
[17-19]. Moreover, the processes of adatom incorporation
into 2D islands may be more complicated than those consid-
ered in the traditional approach. For example, 2D Si and Ge
islands on the Si(111)-7 X7 surface typically develop a ki-
netically limited triangular shape and, at certain growth con-
ditions, have predominantly magic sizes of the squares of
integer numbers of half unit cells of the 7X7 structure
[20-22]. This indicates the row-by-row mechanism of the
island growth and slow rate of formation of kinks at the
island edge as compared to the rate of propagation of the
kink along the edge.

The formation of kinks at far-from-equilibrium conditions
occurs for the most part by the one-dimensional (1D) nucle-
ation mechanism [23-25] which presumes the meeting of
two or more adatoms at the step edge. The necessary condi-
tion for the rate of 1D nucleation to be slow is that an adatom
attached to the straight (without kinks) island edge with high
probability detaches back to the terrace [26]. On the contrary,
fast and irreversible propagation of kinks means that acts of
detachment of atoms from the island containing one or more
kinks at its edge are relatively rare. Evidently, the detach-
ment rate in this case depends crucially on the island con-
figuration.
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The growth of 2D islands with a configuration-dependent
detachment of atoms has been addressed by Mazzitello et al.
[27,28] subject to the case of chains of Si dimers represent-
ing quasi-1D Si islands on Si(001). They assumed that no
detachment of atoms is possible from islands with an even
number of atoms (the dimer at the end of the chain is stable)
whereas detachment of atoms from islands with an odd num-
ber of atoms (i.e., detachment of lonely atoms from the ends
of the chains) occurs with some probability. The results ob-
tained with the rate equation model of Refs. [27,28] clearly
demonstrate that dependences of the island density on the
temperature and deposition rate can be strongly influenced
by the incorporation mechanisms specific to the growth on
reconstructed surfaces and that they can be very different
from those predicted by the standard theories.

The growth of dimer chains is a particular case of the
growth of magic islands where the magic sizes are given by
a sequence of even numbers. However, the model developed
in Refs. [27,28] refers to so-called point-island models [4,29]
which do not take into account the influence of varying edge
length on the adatom attachment/detachment rates. While in
the case of the dimer chains the point-island approximation
seems to be reasonable (the length of the active segment of a
dimer chain remains constant during growth), generally, the
effect of the varying island perimeter should not be ne-
glected.

In the present paper we develop a simple model of growth
of spatially extended magic 2D islands in the case of com-
plete condensation of atoms arriving on the crystal surface
from the molecular beam. Our model predicts that in the
limit of large values of D/F and at sufficiently high rates of
detachment of adatoms from the edges of the magic islands
the island density N is independent of the deposition flux (in
accord with the results of Ref. [27]) and increases directly
proportional to the increasing detachment probability P (and
hence increases with the increasing growth temperature).
These scaling relations are shown to hold both in the case of
fast and slow migration of adatoms along the island edge.
The dependence N~ P obtained with our model is steeper
than the dependence N ~ P/ predicted for dimer chains [27]
which is due to the impact of the island size on the rate at
which an adatom escapes from the island after detachment.
The analytical predictions are in good qualitative agreement
with the results of kinetic Monte Carlo (KMC) simulations
with realistic model parameters. The KMC simulations also
demonstrate gradual transition with increasing P from the
monomodal distribution with a peak around the mean island
size to the series of peaks at magic sizes.

II. MODEL
A. Row-by-row growth mechanism

We will consider nucleation of 2D islands assuming that
the critical nucleus size i*=1; i.e., a pair of atoms form the
minimal stable 2D island. The islands are assumed to be
immobile and island coalescence is not taken into account.
Under these assumptions the density of adatoms, 7, and the
total density of islands, N, evolve according to the following
set of rate equations:
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FIG. 1. (Color online) (a) Atomic processes at the island edge
involved in the model: (1) attachment of an adatom to the straight
edge segment, (2) migration of the edge adatom along the island
edge segment and around the island corner, (3) detachment of the
edge adatom from the edge to the terrace, (4) nucleation of a 1D
island at one of the straight edge segments, and (5) adatom incor-
poration into the kink site at the end of the 1D island. (b) One cycle
of the row-by-row island growth.

dnl 2

—=F-20Dn7 -G, 1

di on (1)
dN 2
— =o0,Dn7, 2
di o1Pny (2)

where o is the adatom capture number and G is the net flux
of adatoms incorporating into the islands. Note that through-
out the paper all lengths are in atomic units. The equations
above are universal in the sense that very different kinetic
scenarios of the island growth can be modeled provided that
the appropriate expressions for the incorporation flux G are
available.

In the present work we concern the growth of magic 2D
islands, which keep their shape and grow by the row-by-row
mechanism sketched in Fig. 1(b). By this mechanism the
deposition of every new atomic row at the island edge occurs
in two stages. The first stage is the nucleation of a 1D island
at the straight (without kinks) segment of the edge of the 2D
island after the expectation time f¢,,.. Two ends of the 1D
island provide the kink sites where migrating adatoms may
incorporate into the crystal. Attachment of adatoms increases
the length of the 1D island, so, finally, it spreads over the
whole segment. This second stage of the new row formation
takes the mean time 7,,. It is essential that no other 1D is-
lands appear during the time 7,,. As the crystalline row along
the edge segment completes, the cycle of the 1D nucleation
and growth repeats again. Since the island shape is con-
served, completion of the rows corresponds to a sequence of
the magic island sizes m; (I=1,2,3,...). For instance, for
monolayer triangular islands on a triangular lattice, m;=(l
+1)(I+2)/2 and [ has a sense of the side length of the tri-
angle in atomic units.
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On the atomic scale the row-by-row growth of a 2D island
involves the following atomic processes depicted in Fig.
1(a): (1) attachment of adatoms to the straight edge seg-
ments; (2) migration of the edge adatoms along the island
edge segments and around the island corners; (3) detachment
of the edge adatoms from the edge to the terrace; (4) nucle-
ation of a 1D island at one of the straight edge segments; (5)
adatom incorporation into the kink sites at the ends of the 1D
island. For the sake of simplicity we assume hereafter that
the edge dimer is stable and represents the minimal 1D is-
land. In addition, no detachment of the atoms embedded into
the island edge is allowed and no atom can detach from the
corner sites and kink positions during the time of growth.

The incorporation flux G can be divided into two contri-
butions. The first one G,,, is the flux of adatoms incorporat-
ing into the “premagic” islands, i.e., islands smaller than the
minimal magic island. This contribution is of the order of the
island nucleation rate (ranf and it is typically small at the
steady-state regime of growth (see Sec. II D for details).

The second contribution Gy is the net flux of adatoms
incorporating into all other islands. To estimate Gy let us
note that the mean rate of adatom incorporation into a 2D
island during one cycle of the row-by-row growth, i.e., dur-
ing the island growth from one magic size m, to another m,, ,
is given by the number of consumed adatoms divided by the
cycle duration: (1, =m;)/ (£, +1,,,) [30]. Then in the case
of a slow rate of formation of kinks (z,,.,>1,,,), where the
majority of 2D islands are of the magic sizes, one gets

GZ = E (ml+1 - ml)wnuc,le]’ (3)
1

where Ny, is the density of magic islands of size m; and
Opyey=1/t,,.; is the rate of formation of the stable 1D
nucleus at the edge of the magic island of size m;.

B. Time scales

To calculate w,,.; we apply the time scale arguments
similar to that used in statistical theories of second-layer
nucleation [31,32] and atom recombination on interstellar
dust grains [33]. Similarly to the processes described in Refs.
[31-33] the 1D nucleation at the island edge considered in
the present paper is essentially a two-particle process be-
cause when the majority of 2D islands are of the magic sizes
the probability to find a lonely edge adatom or a kink is
small. Here the 1D nucleation proceeds in the fluctuation-
dominated regime [32] which may be described with the
theory of Refs. [31-33].

Following Refs. [31-33] we express the nucleation rate as
wnuc’,=wfan,PenC’,, where w;] is the frequency of attachment
of adatoms to the edge of the magic island, P, is the prob-
ability that an adatom attached to the edge will not leave the
island before arrival of the next adatom, and P,,.; is the
probability that two adatoms, once present at the edge simul-
taneously, will meet before one of them leaves the island.
The probability P; can be written down as [31,32]
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tres,l tres,l
Py = A VIR 4)
tres,l + tm[+1 tml+1

where 1, is the residence time of a lonely adatom at the
edge of the magic island and Atml+1 is the expectation time of
attachment of the next adatom to the “magic plus one atom”
island: A, =1/ @), ;.

Passing on to the estimation of the residence and attach-
ment times, one has to point out an important and nontrivial
difference between the consequences of detachment of an
adatom from the island edge and desorption of an adatom
from the surface of an interstellar dust grain [33] or descend-
ing of an adatom from the top of the 2D island [31,32]. In the
latter cases an adatom leaves the “reactive surface” forever
whereas an adatom detached from the island edge always has
chances to reattach. For this reason we put 7., to be the
inverse of the rate Y1 A which an adatom escapes from the
island of the size m, after detachment [14]: #,,,,=1/%,,,,, and
use the following expressions for the attachment frequencies:
w, =0, Dny and w, ,,=0,,,.Dn;, where o, is the island
capture number. This choice guarantees that calculating the
nucleation rate we are dealing with two different adatoms.

To proceed we, following Bales and Zangwill [14], put
the escape rate Y1 1O be the inverse of the island perimeter
(which scales as mp —m): Y1~ o-,nlw;qﬁ]/(mm—m,).
Note that the microscopic detachment rate R is here the
rate of detachment of a lonely adatom at the edge of the
magic island. This rate is independent of the island size and

may be described by a simple Arrhenius relation: w
~Ey/kT

r_nl+l
=w ~De , where E}, is the binding energy of an adatom
to the atomically straight edge of the island. Using these
definitions one obtains

(ml+1 - ml)o-ml+l(Dn1)2Penc,l

nhue,l = — (5)
w

w

It remains to calculate the encounter probability P, ;. Let us
denote the probability that two adatoms encounter at the
edge after the first attempt by P! . If the first attempt fails
the adatoms can try again until one of them escapes from the
island capture zone after detachment. Then the encountering

probability can be expressed as
Penc,l = P;nc,l + (1 - P;nc,l)P:nc,l’ (6)

where P:m,’l is the probability that the adatoms will meet
after the second, third, etc. attempts. The probability P:MJ
obeys the recurrent relation

P:nc,l = (] _pesc,m[)[Pglﬁnc,l + (] - P;nc,l)P:nc,l]’ (7)

where Pescm, is the probability that an adatom escapes from
the island capture zone after detachment [16], which can be
defined as Pesem= ymlﬂ/w,;l A=XO/ Fm], where sz is the
island perimeter and y is the geometrical factor order unity.
To estimate Pim,’ ; let us note that there exist two ways for
adatoms to encounter at the island edge. First, an adatom
arriving at the island edge can hit directly the edge sites

neighboring to the adatom arrived previously. The probabil-
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ity of this event is approximately 2/ sz' The second possi-
bility is that the adatoms meet in the course of migration
along the edge. A simple estimate of the relevant probability
can be obtained if we immobilize one of the migrating ada-
toms and assume that there is no additional barrier for round-
ing the island corners. Then the adatom encountering prob-
ability is equal to the probability that an adatom attached to
the step edge between two kinks separated by the distance
sz reaches one of the kinks before detachment. The latter
probability was estimated in Ref. [34] as f(qml)
~tanh(q,,)/q,,, where g,, is the ratio of the distance I',, to
the mean length of adatom migration along the edge. Taking
both possibilities into account one gets

2
Pi‘nc[ T -t (1 - 1"_>f(qm/) (8)

Then deriving P, , from Eq. (7) and substituting in Eq. (6)

one obtains

enc,l

1
Penc,l = ) (9)
L+ X0, 00,
where
1 _f(qm[)

" 2T flg) 10

In the case of fast edge migration I, < 1 and, consequently,
f(qm]) ~ 1. In this case, as expected, the encountering prob-
ability is close to unity. On the contrary, when the edge mi-
gration is slow ¢, >1 and f(g,)<1. Then P, ,~1/(1
+ X0/ 2). As can be seen, in the case of slow edge migration
the encountering probability can be considerably less than in
the case of fast edge migration. This has to result in the
decreased rate of capture of adatoms by 2D islands and, con-
sequently, in the increased density of the islands as compared
to the case of fast edge migration.

It is important that the capture number is a slowly varying
function of the island size [5]. At the same time the factor
Q,,, appearing in Eq. (9) varies from 0O (fast edge migration)
to 1/2 (no edge migration). Hence, the encountering prob-
ability is nearly independent of the island size. This is be-
cause the decrease (with the increasing island size) in the
probability for adatoms to encounter from the first attempt is
compensated by the increasing residence time of adatoms at
the edge and thus by the increasing chances to encounter
from the second, third, etc. attempts. As a consequence, the
scaling relations for adatom and island densities, derived fur-
ther in the text, appear to be the same both in the case of fast
and slow migration of adatoms along the island edge.

C. Scaling relations

Using Egs. (3), (5), and (9) one can write down the net
flux of adatoms incorporating into the islands of sizes equal
or greater than the minimal magic size m:
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(141 = 1) 0 01 (Dy)? T upSap(Dny)?

-~ 2 _ le~ —_NE’

=1 w )

(11)

where Ny = El>1Nm is the total density of islands of the sizes
equal or greater than my. S, and o, are the average size and
average capture number of such islands, respectively. Note
that except for the initial (transient) stage of growth contri-
bution of the premagic islands to the total island density
should be small. Therefore, Ny approximately equals the
density N of islands of all sizes and S,,Ns =S ,,N= 6, where
0 is the surface coverage. Then one can rewrite Eq. (11) as

Gs = 7o ,DP~'n6, (12)

where P=exp(—E,/kT) ~ w~/D is the detachment probabil-
ity [27] and 7 is a constant order unity.

At the steady-state regime of growth the nucleation flux
[the second term in the right part of Eq. (1)] is small as
compared to the incorporation flux G. At the same time G,,,,
should be much less than Gy; otherwise, the depositing ma-
terial will accumulate in the minimal magic islands without
further growth. Then one gets the steady-state rate equations

in the form

d
% ~ F - 90,,DP"'n20~0, (13)

dN

=o,D 14
dt 0'1"1 (14)

Assuming constant capture numbers in Eqgs. (13) and (14)
one comes to the following scaling relations:

D -1/2
ny~ (;) P2, (15)
N~P. (16)

It follows from Egs. (15) and (16) that in the limit of high
escape rates the island density is independent of the incom-
ing flux F and increases with the increasing growth tempera-
ture. Such an unusual behavior of N, was predicted earlier by
Mazzitello et al. [27] for the growth of the dimer chains. The
reason is that both the formation of the island nucleus and
the incorporation of adatoms into the island (into the chain)
are here the processes of the same (the second) order in
adatom density—two adatoms must find each other on the
terrace or at the edge of the magic island to form a stable
cluster. It is worth noting that a flux-independent island den-
sity was observed for Fe inclusions in Cu(100) [35] and pre-
dicted theoretically for the surfactant-mediated growth [36]
(here the increasing dependence N(T) is also possible; cf.
regime 2 in Ref. [36]). In these cases it is very probable that
the critical nucleus size is zero [35,36], so both the nucle-
ation and incorporation are the processes of the first order.

D. Limits of the model applicability

At this point it is worth recalling the assumptions we
made in the course of derivation of scaling relations (15) and
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(16) since they impose the limits of the model applicability.
It has been assumed that the growth proceeds in the steady-
state regime without accumulation of the deposited material
in the minimal magic islands. This is only possible if Gy

> ZUan%+Gpre. To estimate G, let us note that at the
steady state
dN
—2 = ¢,Dn = 5,Dn N, =~ 0, (17)
dt
dN,
;=av—1Dn1Nv—l_asDnlN.vz0’ (s:3...m1—1),
(18)

which means that Gp,€=DnlET=12_10'SNS~ (m=2)aDn?.
Then using Eq. (12) for Gs one gets P < 5o, 0/ (oym;) or, at
moderate values of m; (say, m; <10), P<6.

It has been further assumed that the magic 2D islands
dominate the island size distribution which is possible in our
model only at sufficiently large detachment rates. According
to the estimates of Sec. II B: #,0.1~ Y41/ [UmlamM(Dnl)z].
Then putting t,, ,~ (m,, —m,)/wfnl= (mpy1—my)/ (0, Dny) one
can write down the strong detachment condition ¢, ,>t,,,
in the form

Yt = (Mg = my) o, Dny. (19)

Recalling the expression for Ym+1 ONE Can see that inequality
(19) being attributed to the mean size islands implies P
>S,,n1=06n/N.

These restrictions combined with Egs. (15) and (16) yield

-1/3
6> P> (—) . (20)
F

A rough estimate shows that inequality (20) in fact impedes
realization of scaling relations (15) and (16) at typical
growth conditions. Indeed, to be sure that Eq. (20) is fulfilled
for, e.g., 6=0.1 and P in the range 1073=1073 one needs the
ratio D/F to be unrealistically large (~10%°). At more real-
istic values of D/F(=10"?) the strong detachment condition
is safely fulfilled only for sufficiently large values of P
=1072. But at such large P the steady-state condition is vio-
lated: the atoms of the deposited material gather in the mini-
mal magic islands and do not incorporate into the already
existing islands. So, at typical growth conditions N(P)
should be a nonlinear increasing function with the maximal
slope of the log-log plot less unity.

Other factors limiting applicability of Egs. (15) and (16)
come from the features of the growth process which are not
taken into account in the analytical model. Note that in con-
trast to the width of a dimer chain the perimeter of a 2D
island increases with time. The strong detachment condition
given by inequality (19) may break down for eventually ap-
pearing large 2D islands (much larger than the average island
size S,,=~ 6/N). Such islands can grow in the row-by-row
manner without losses of the edge adatoms.

Another important feature not taken into account in the
model is the coalescence of the islands. In the case of inten-
sive detachment this process becomes essential even at very
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small coverages because of more random spatial distribution
of the nuclei as compared to the case of irreversible growth.
Apart from decreasing island density the coalescence results
in the formation of macrokinks serving as the long-living
sinks for adatoms. These circumstances favor irreversible at-
tachment of adatoms thus weakening the dependence of the
island density on the detachment probability P and strength-
ening the dependence of the island density on the deposition
flux F.

In view of the model limitations, Eqs. (15) and (16)
should be considered as asymptotic scaling relations. How-
ever, as we demonstrate in the next section with KMC simu-
lations, they provide rather good reference to understand be-
havior of the magic island density at typical growth
conditions.

III. COMPARISON TO KMC

In this section we will check predictions of the analytical
model developed in Sec. II by comparing them with the re-
sults of KMC simulations. As a reference model (hereafter,
model I) we will use a standard KMC model of epitaxial
growth [37], with some minor extensions made to mimic
growth of triangular islands. In the model atoms are depos-
ited onto a triangular lattice with a frequency F and allowed
to perform random hops to nearest-neighbor sites with a
temperature-dependent hopping rate h,=v exp(—E,/kgT),
where E is the activation barrier for adatom diffusion on a
terrace and v is the attempt frequency. Whenever two ada-
toms are found in neighboring sites they form a stable dimer,
which can neither dissociate nor move. That is, the dimer is
considered to be the smallest 2D island in the model, which
corresponds to the critical cluster size i*=1 in terms of the
atomistic nucleation theory [5]. When a migrating adatom
encounters an island boundary, its behavior may depend on
the orientation of the particular edge segment. On a triangu-
lar lattice one may distinguish two sets of directions which
form up-pointing (type A) and down-pointing (type B) tri-
angles in Fig. 1(a). To force the formation of triangular is-
lands of only one type we used the following rules for the
hopping of adatoms at the island edges. An adatom attached
to the A-type step was allowed to migrate along the edge
with the rate h,=v exp(~E,/kgT), where E, is the activation
barrier for adatom migration along the island edge, and de-
tach from the edge with the rate h,,=v exp[—(E,+E})/kgT].
On the contrary, an atom attached to the B-type segment was
immediately immobilized and joined the crystal irreversibly.
Irreversible incorporation of an adatom also takes place in
our simulations when the atom attaches to the kink site or
meets another adatom at the island edge forming a stable
edge dimer.

The second model (model II) was a point-island model. In
this model each island irrespectively to the actual island size
is represented by a point on the surface. A counter of the
number of incorporated atoms is assigned to each point is-
land, which we will refer to as the size of a point island. An
atom attached to the point island of a magic size m; is al-
lowed to detach from the island with a rate &,,=v exp[—(E,
+E,)/kgT] which is equal to the detachment rate @, used
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FIG. 2. (Color online) Log-log plots of the island density vs the
detachment probability obtained for 7=700 K and F=0.2 ML/s.
The slopes of the fitting lines are 0.65+0.01 (model I; fast edge
migration), 0.61 £0.01 (model I; no edge migration), 0.55 = 0.005
(model II), and 0.68 = 0.01 (model III).

in the analytical model of Sec. II. An atom attached to a
point island of any nonmagic size cannot leave the island
anymore. By construction, the island boundary length is zero
in the point-island model, so that the adatom escape rate does
not depend on the island size in model II and islands cannot
coalesce.

To include the effect of a nonzero island boundary length
we applied an extended point-island model (model IIT),
which is based on the same rules as the point-island model,
except for the fact that adatom attachment to the island oc-
curs not at a single point but on an imaginary line that rep-
resents the position of the island edge as if the island would
be a regular triangle expanding from the nucleation point.
Similar to the point-island model the island coalescence is
not taken into account in the extended point model.

In all the simulations reported here the activation barrier
for adatom surface diffusion was E,=0.6 eV and the attempt
frequency was »=10"3 s~!. In simulations with the reference
model I, if not specially stated, the barriers for migration
along the island edge and for rounding the island corners
were set to the same value of 0.6 eV for simplicity. The
binding energy of an adatom to the step edge E;, was varied
from 0.1 to 0.8 eV. At a fixed temperature of 700 K this
corresponds to a variation in the detachment probability P in
the range 1.7 X 107-1.9 X 107!, The simulations have been
performed on a triangular lattice up to the deposit coverage
of 0.1 ML. The lattice size was in the range from 1000
X500 to 4000 X 2000 atoms. At the chosen simulation pa-
rameters this range of lattice sizes provides a good statistics
for the density of 2D islands. But to achieve statistically
reliable results for the density of adatoms simulations on
much larger lattices are needed which is too time consuming.
For this reason we report here only the simulation results
obtained for islands.

Figure 2 shows the island density N as a function of the
detachment probability P obtained with different KMC mod-
els at F=0.2 ML/s and T=700 K(D/F=~2.4X10°). As can
be seen from Fig. 2 the extended point model (model III)
yields the island densities which are much closer to the re-
sults obtained with the reference model I than the island
densities obtained with the point-island model (model II).
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This clearly demonstrates that there is a strong impact of the
island size on the adatom escape rate. The differences be-
tween the results of model I and model III are mostly due to
the island coalescence, which is present in simulations done
with the reference model but absent from the extended point
model. When detachment probability P is small, the islands
are well separated and at the early stage of growth the coa-
lescence events are rare. Therefore, the densities obtained
with those two models nearly coincide at small P. On the
contrary, at large P the correlations in the island positions are
lost, and in the simulations done with the reference model
intensive coalescence occurs already at the very early stages
of growth. This contributes to a higher island density ob-
tained with model III than with model I. It is also seen from
Fig. 2 that when the detachment probability becomes very
high (P>0.1) the dependences N(P) obtained with the
point-island model and extended point model converge. This
is because at such large P the steady-state condition P <6
(cf. Sec. II D) is violated and deposited atoms predominantly
accumulate in the islands of the minimal magic size, so the
difference between two models vanishes.

We also checked the impact of the edge migration on the
island density. For this aim, we run model I with the edge
migration barrier and corner rounding barrier being set to 10
eV, which, in fact, prohibits any edge migration and corner
rounding at 7=700 K. The points corresponding to this spe-
cial case of no edge migration are shown in Fig. 2 by circles.
As expected, the hindered edge migration results in a some-
what higher island density than in the case of fast edge mi-
gration at moderate values of the detachment probability P.
However, both at very high and very low detachment prob-
abilities the island density occurs to be insensitive to the
edge migration.

Scaling relation (16) derived in Sec. II predicts that the
island density should be directly proportional to the detach-
ment probability in the strong detachment regime: N~ P.
However, as can be seen from Fig. 2, the maximal slopes of
the plots obtained with model I and model III are smaller
than unity. For the point-island model, where the adatom
escape rate does not depend on the island size, our theory
predicts a somewhat weaker dependence N~ P>, But here,
again, computer simulations with model II give a value
smaller than 2/3 predicted by the analytical theory. We be-
lieve that the main reason for these discrepancies is that the
value of D/F at which the simulations were performed is not
large enough to fulfill the strong detachment condition. In-
deed, the simulations performed at ten times smaller deposi-
tion flux F=0.02 ML/s(D/F=2.4%10') give larger values
of the slopes: 0.7=0.01 (model I; fast edge migration),
0.66 = 0.01 (model I; no edge migration), 0.72 *0.01 (model
III), and 0.59 +0.01 (model II). Note that the value obtained
with model I in the case of fast edge migration of adatoms is
close to that in the absence of the edge migration. This sup-
ports the conclusion of Sec. III that the scaling relations
should be the same in the cases of fast and slow adatom
migration along the edge.

Figure 3 presents the scaled island size distributions ob-
tained with model I at F=0.2 ML/s, T=700 K, and three
different values of the step edge binding energy E;. The size
distribution obtained at E,=0.65 eV [Fig. 3(a)] resembles
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FIG. 3. (Color online) Scaled island size distributions obtained
for T=700 K, F=0.2 ML/s, and for the binding energy E,, of (a)
0.65 eV, (b) 0.5 eV, and (c) 0.3 eV. The scaling function of Amar
and Family [38] is shown in (a) by a solid line. The insets show
500 X 500 snapshots of the simulated surface.

the standard monomodal distribution with a peak around the
mean island size [38], but one can observe also some peaks
at magic sizes due to a nonzero probability of detachment at
E,=0.65 eV. With decreasing binding energy down to E,
=0.5 eV this multipeak distribution becomes much more
pronounced [Fig. 3(b)] though the total densities of magic
and nonmagic islands are comparable. Finally, at E,
=0.3 eV the density of nonmagic islands becomes negligible
and the island size distribution represents a well-defined se-
ries of peaks at magic sizes [Fig. 3(c)]. The height of the
peaks decreases monotonously with the increasing magic
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FIG. 4. (Color online) Log-log plots of the island density vs the
deposition flux obtained for 7=700 K and for three different values
of the binding energy.

size. Evidently, appearance of the “magic” peaks in the is-
land size distribution is caused by the increased rate of the
detachment of edge adatoms from the “magic plus one atom”
islands. The appearance of such a decaying island size dis-
tribution is in agreement with a criterion suggested by Albao
et al. [39]. According to Ref. [39] a large population of small
islands forms if the nucleation rate (the flux of adatoms into
the premagic islands) dominates the aggregation rate (the
flux of adatoms into the magic islands) at the crossover from
a transient (initial) regime to a steady-state regime. This is
exactly what we observed with KMC simulations at small
E,.

Figure 4 shows the log-log plots of the island density
versus the deposition flux obtained with model T at T
=700 K and at the same values of E, as in Fig. 3. As can be
seen the flux dependence can be well approximated by a
power function N~ FX. At E;,=0.65 eV the exponent y is
very close to the standard value 1/3 predicted for irreversible
adatom incorporation. But already at E£,=0.5 eV it drops to
0.21. At even smaller binding energy of 0.3 eV simulations
yield x=0.03; i.e., the island density becomes virtually in-
dependent of the deposition flux in excellent agreement with
predictions of the analytical theory of Sec. II for the strong
detachment limit.

In Fig. 5 we show the Arrhenius plots of the island den-
sities obtained with model I at #=0.2 ML/s and at the same
values of E, as in Figs. 3 and 4. As can be seen from Fig. 5
the decreasing temperature dependence characteristic for the
strong bonding of adatoms to the step edges (E,=0.65 eV)
is replaced by an increasing N(T) dependence at E,=0.5 and
0.3 eV. That is, the simulated temperature dependence of the
island density is in qualitative agreement with the analytical
theory.

IV. SUMMARY

In the present work we studied theoretically peculiarities
of nucleation and growth of compact 2D islands having a
regular shape and edges consisting of atomically straight
kink-free segments. Such islands tend to maintain their shape
and grow by a two-stage row-by-row mechanism which in-
volves (1) nucleation of a new atomic row (1D island) at the
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FIG. 5. (Color online) Arrhenius plot of the island density ob-
tained for F=0.2 ML/s and for three different values of the bind-
ing energy.

island edge and (2) spreading of the nucleated 1D island
along the edge. When the kink-free edge segments cannot
provide strong traps for migrating adatoms, the 1D nucle-
ation may be the limiting stage of the row-by-row island
growth. In this case of strong detachment of edge adatoms,
the islands on the surface have predominantly magic sizes
corresponding to the complete regular island shape.

The central result of our study is scaling relations (15) and
(16) for the adatom density and density of magic 2D islands
in the strong detachment limit. These expressions were ob-
tained assuming the simplest scenario of the 2D nucleation
through the formation of immobile stable dimers on the ter-
races (the critical nucleus size i*=1). It has been shown that
the derived scaling relations hold both in the case of fast and
slow migration of adatoms along the island edge. According
to Eq. (16) the density of magic islands N does not depend
on the deposition flux and increases with the increasing de-
tachment probability P and, therefore, increases with the in-
creasing growth temperature. These predictions are in quali-
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tative agreement with the results of an earlier study of
growth of dimer chains [27]. However, our model predicts a
steeper dependence of N on P(N~ P) as compared to the
results of Ref. [27] where the relation N~ P2 has been de-
rived. This difference is due to the impact of the island size
on the adatom escape rate which is absent from the point-
island model of Ref. [27].

Scaling relations (15) and (16) were obtained under rather
severe restrictions on the detachment probability P given by
inequality (20). In addition, intense coalescence of the is-
lands which takes place already at the early stage of deposi-
tion at high P was not taken into account in our analytical
model. To check the predictions of this model we have per-
formed KMC simulations of the magic island growth. Our
simulations have shown that, although Egs. (15) and (16) are
not exactly fulfilled in simulations with realistic model pa-
rameters, they can serve as a good reference to understand
behavior of the magic island density at typical growth con-
ditions.

The KMC simulations also showed that the island size
distribution gradually changes with the increasing P from the
monomodal distribution with a peak around the mean island
size to the well-defined series of peaks at magic sizes. It
demonstrates that the experimentally observed multipeak is-
land size distribution [20] is not necessarily related to the
presence of an additional barrier for adatom incorporation, as
it was assumed in earlier KMC simulations of the magic
island growth [20,21]. Instead, the adatom incorporation can
be hindered by a weak adatom bonding to the kink-free is-
land edges. The change in the island size distribution corre-
lates strongly with the transition to unusual dependences of
the island density on the temperature and deposition flux.
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