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We have carried out a study of the dynamics of cluster formation during epitaxial growth and
recovery on vicinal surfaces. By considering all of the possible configurations for up to four-atom clus-
ters, we have been able to elucidate the role of different island types and shapes during the various stages
of growth. Inclusion of species with slow decay pathways is crucial for describing the recovery of the
surface morphology, since the breakup of stable configurations is the rate-determining step for the relax-
ation of the surface once the incoming flux has been turned off. We find that the recovery of the surface
can be divided into two stages: an initial rapid decay due to activity of atoms with one nearest neighbor,
and a subsequent slower stage is coupled up to third order to the breakup of the most stable species.

I. INTRODUCTION

Molecular-beam epitaxy (MBE) on vicinal surfaces
provides a rich arena for exploring the mechanisms of ep-
itaxial growth. Atoms that are deposited on the crystal
surface acquire a certain amount of kinetic energy from
the thermal vibrations of the substrate. This energy
affords the atoms a degree of mobility through the pro-
cess of diffusion. If the average time between the interar-
rival of atoms on the terraces is sufficiently large, then
the atoms have a higher probability of reaching the step
edge than of forming a nucleation center with other mi-
grating atoms. In this case, growth proceeds in a mode
that is called step advancement. Alternatively, if the in-
terarrival time of atoms from the incident beam is
sufficiently small, then the encounter probability of atoms
on the terraces is large, leading to atomic collisions that
form nucleation centers that act as traps for other mi-
grating atoms. Growth thereby proceeds by the forma-
tion, accretion, and coalescence of clusters. This physical
picture identifies"? the diffusion constant and the flux as
the important physical quantities for developing a sys-
tematic analytic formulation of epitaxial growth on vici-
nal surfaces.

The theory of Burton, Cabrera, and Frank (BCF),? and
corrections thereto,*”!° are the usual starting points for a
theoretical model for MBE on vicinal surfaces. The BCF
theory describes the near-equilibrium growth of crystals
on stepped surfaces. Since stepped surfaces, with a
misorientation of a few degrees, are frequently used as
substrates in MBE, there has been a renewed interest in
applying the BCF-type theories to MBE. The BCF
theory® is based on a diffusion equation for the adatom
concentration and is formulated subject to three assump-
tions: (i) the effect of the moving boundary can be
neglected, (ii) the concentration at the step edge is at

46

equilibrium, and (iii) there are no interactions or reac-
tions among the adatoms. These simplifying assumptions
allowed an analytical solution to be obtained for the step
velocity and for the growth rate to be calculated.

It has been recognized that the formation of clusters
under MBE conditions plays an important role in the
evolution of the surface.>>%!° Cluster formation was
originally modeled within the BCF framework by taking
into account only diatomic island formation? and, more
recently, by considering formation of islands with large
numbers of atoms.”!® These models have found success
in predicting the point of transition to the step propaga-
tion mode,* since the transition to growth by step ad-
vancement is taken as being the point at which cluster
formation can be ignored.

Fuenzalida!® calculated cluster distribution functions
in the steady-state limit without imposing an upper
bound on the size of the cluster considered. In this mod-
el, only attachment processes were considered; detach-
ment from neither clusters nor step edges was included,
so only growth under relatively high deposition rates
with no recovery could be treated. Nevertheless, this
work does generalize that of Ref. 2, where only diatomic
clusters are considered within this framework. This
works is also consistent with and complementary to that
in Ref. 9, in the qualitative profile of the cluster distribu-
tion function both in the region of step flow as well as in
a regime with significant cluster growth.

In previous studies,>® !° only one representative type of
each cluster of a particular size was considered. Howev-
er, for islands composed of three or more atoms, there
are several possible island shapes. Differently shaped is-
lands, even if composed of the same number of atoms,
would be expected to have different formation and break-
up rates because the active sites involved have different
barriers. This would not be expected to have a great
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effect during growth, as simulation studies indeed verify
Ref. 11. However, during the recovery period after ces-
sation of growth, the pathway toward equilibrium,'!!?
and the equilibrium state, itself, would be expected to be
strongly dependent upon including the shape-dependent
kinetic rates of the islands.

In this paper, the theory developed in Refs. 2 and 9 is
extended to take into account the different possible island
configurations in order to study the relative importance
of the various island shapes during growth. The forma-
tion of islands of up to four atoms is considered in detail,
since under the growth conditions we model here (i.e.,
near the step propagation mode), the formation of larger
clusters may be neglected.”!? The effects of step and is-
land breakup have also been included in this model, thus
rendering it valid for the study of the relaxation of the
surface upon cessation of the incident beam. We show
that consideration of the different island configurations is
particularly important in forming a realistic picture of
recovery of the surface. The relaxation of the surface is
found to be dominated by the decay of the most stable
cluster to which the decay of other island types is cou-
pled.

The outline of the paper is as follows. In Sec. II, we
will show how the original model used in Refs. 2 and 9
can be extended to consider detailed island formation and
decay for up to four-atom islands. The approach adopted
here is similar to that used in Refs. 2 and 9 in that a
reaction-rate formalism is used to identify the various
steps in the growth process as reactions among the per-
tinent species. This allows us to distinguish different
types of clusters by their lifetimes and their decay path-
ways. The main body of results is contained in Sec. III.
The results obtained from the numerical integration of
the model equations are discussed for growth and
recovery in terms of the density of different types of is-
lands under growth conditions where growth is dominat-
ed by step advancement. Our conclusions are summa-
rized in Sec. IV.

II. THE MODEL

As in earlier work,>° the growth model is built by iden-
tifying the kinetic processes taking place on the vicinal
surface, which are then described in terms of “reactions”
among the various “species.” The species include the
atoms from the molecular beam and the individual island
types, including single adatoms on the surface. Each pro-
cess in the growth is then described by a reaction that in-
volves the conversion of these species among one anoth-
er, with appropriate constants.

The processes occurring on the surface can be categor-
ized as follows: deposition of atoms from the beam,
diffusion of the adatoms on the surface, formation and
breakup of islands, and the attachment and detachment
of adatoms from the step edges. The evaporation of
atoms is neglected as, under typical growth conditions of
MBE, this process can be neglected. For example, the
lifetime of Si atoms on a Si surface has been estimated as
107s.!> We will use a notation where an island made up
of j atoms will be denoted by Y; and atoms from the in-
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coming beam will be denoted by 4. In particular, a free
atom on the surface is signified by Y,. The growth kinet-
ics can therefore be described by the following reaction
sequence:

k0 k/ 7
A—>2Y,, A+Y,—>Y;,,, Y, +Y;=Y;,, (1)
ql
for j=1,2,...,N, where atoms including only up to N

atoms are considered. The consistency of this restriction
will be discussed below. Reactions involving the species
A represent the deposition process. The first reaction de-
scribes the adsorption of single atoms from the beam
onto the substrate, with the creation of a free surface ada-
tom Y,. The rate of this reaction, k,, and those of the
other reactions in (1), will be discussed below. The
second reaction accounts for the deposition of arriving
atoms onto a site adjacent to either a substrate atom or
island, which leads to the formation of a diatomic island
or a larger island, respectively. The absence of desorp-
tion in our model means that the back reactions in these
first two reactions have been omitted. The forward direc-
tion of the third reaction accounts for the collision of a
migrating adatom with either another adatom or an is-
land to form an island with one additional atom. The
back reaction describes the detachment of an atom from
an island with the creation of a single adatom and an is-
land with one less atom. Attachment and detachment
processes involving more than a single atom have not
been included.

The reactions in (1) are quite general, but exclude two
important effects: the kinetic processes at the step edge
and the migration of the single adatoms. The first pro-
cess is included in the boundary conditions, which will be
specified below, while the second is included in construct-
ing the master equation for the joint probability distribu-
tion function for the Yj,14 as in Ref. 9. In constructing
the master equation, a coarse graining is performed
wherein the vicinal surface is divided into cells along the
direction of the steps. Thus, we will describe the
diffusion process as a cell-to-cell hopping, with the cells
having an infinite extent along the steps, so that we have
no spatial resolution along this direction. In effect, we
are performing an average of the concentrations of the Y;
along the step direction, so the central quantities are the
average concentrations of the species Y; in the ith cell at
time ¢, which is signified by n}(t). The equations of
motion for the n(¢) are obtained from the master equa-
tion as

dn’ , o
7=2D,jn‘1+R‘1(n'1,n’2) ,

- 2)
dnj _ i i
*d*t*— j(nl,nz,...,nN),

where j 2 2. The reaction contributions R ;, all of which
are local to the ith cell, are given by
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Hnini)=—=2r(n}P—kni+kod+2q,n5 ,
Ri(ni,nf_y,nj,nf )=ni(r,_inj_—r;n})

+k,_Anf_,—kn!
j—1 i.l 1 i J 3)

tq;nj+1—qn;,
j=2,...,N—1,

R;;/(”'l»”N_li,";v)Z’Nn‘l”qu+k1v—1n1iv—1_‘11v"1‘v »
where we have used the symbol A to signify the concen-
tration of 4 atoms. By taking the continuum limit of
these equations, we obtain a set of coupled nonlinear
diffusion equations for the quantities n j(x,t), where x is
the running coordinate along the terrace 0 <x < h:

an, ~

Tor 1(ny,ny),

on, 4)
at =R;(ny,n;_y,njn;iq) .

In writing the first of these equations, we have separated
out the contribution of the flux, which is denoted by J,
and the reaction contribution without this flux term is
now denoted by R,. The term including the adatom
diffusivity D accounts for the migration of the adatoms
on the surface. We take D to have the Arrhenius form

D=va’exp(—E, /kpT) , (5

where v is an adatom vibrational frequency on the order
of 10! s™1, g is the nearest-neighbor hopping distance,
E}, is the effective activation energy for diffusion of a
long adatom, kp is Boltzmann’s constant, and T is the

substrate temperature. The rate constants k; and r; were
derived in Refs. 2 and 9, with the result that
k; =Ja? m; , (6)

where m; is the number of sites around the species Y;
that will form a species Y; ., when filled. This quantity
clearly depends on the shape of the island, as will be dis-
cussed further below. For the r;, we obtained

ri=o jD , (7)
where o is the capture efficiency of a j-atom island,
which we take to be a constant of order unity.

Finally, it is convenient to move into a frame that
moves with the steps. Because we omit evaporation and
because we allow growth to occur only on a single layer
on any one terrace, after the deposition of a monolayer of
material, the steps have advanced one terrace length (on
average). Thus, by changing to a coordinate system that
moves with the velocity of the steps, we can monitor the
evolution of individual terraces rather than have terraces
move by. This has the additional beneficial effect of mak-
ing the concentrations of the various species constant in
the steady state. The velocity includes contributions
from both the flux of mobile atoms to the step edge as
well as the effect of incorporating immobile islands. The
time-dependent velocity v (¢) is given by’
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on,(x,t)

2—
v(t)a D O

N
v(t) 3 jnj(x,1) ] (8)

j=1 x=h

where h is the terrace length. The first term on the
right-hand side of (8) is the flux of mobile adatoms into
the step from above and below. There is no such term for
the island as they are assumed to be immobile. The
second term is the convective flux of material into the
step, i.e., the adatoms and the islands swept up by the
moving step. Thus, changing to the moving frame,
x —x —ut, Eq. (4) become

on; ’n
3t a (nl,nz) s o
an;

at v(t)—+R msn_png,n;gg) .

There are several features of the set of equations in (9)
that are worth noting. First, these equations take the
form of rate equations!’ with diffusion. The spatial
dependence in the solution of these equations caused by
the presence of the diffusion term is necessary because of
the spatial inhomogeneity induced by the finite terraces.
If the terrace length was extended to infinity, then this in-
homogeneity would disappear and the equations would
reduce to conventional rate equations. Second, Eq. (9)
are mean field in character in that there are no stochastic
terms from either the deposition flux or the diffusion, al-
though both sources of stochasticity are included in the
master equation.'* Comparisons between quantities cal-
culated w1thout these noise terms and averages over full
simulations'® show good qualitative agreement, so we do
not anticipate any gross inaccuracies by omitting these
terms in our study.

To solve (9) we require boundary conditions at the step
edges above and below the terrace edges. These are
determined by writing attachment and detachment reac-
tions for the adatoms above and below the step edges.
Details of the expressions used for the rates of attach-
ment and detachment are as given in Ref. 9; as before, we
assume that the reactions at attachment and detachment
from the step edge are symmetric and that, on average,
the step morphology remains the same throughout the
growth; otherwise an explicit two-dimensional treatment
would be required.

We now consider in more detail the expressions for the
island formation and breakup rates g;. Previously,’ only
one representative type of cluster of a particular size was
considered, with growth and decay rates being the same
for all species. For a detailed treatment of the cluster dy-
namics on the surface, one must recognize that for is-
lands with greater than two atoms, there are several pos-
sible island configurations. These are shown in Fig. 1 for
up to four-atom islands. We will denote the shape of is-
lands (straight, square, L shaped, Z shaped, etc.) with

J 23 with an additional letter subscript as shown in Fig.

1.

For island formation, whether through deposition of
an arriving atom onto a neighboring site or through col-
lision of a migrating adatom, we must now consider the
fact that different island shapes will have different proba-
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FIG. 1. Possible configurations for islands with up to four
atoms.

bilities of being formed. As in (6), k; (for j > 1) is related
to the number of sites around an island of j atoms that
will form a (j +1)-atom island when filled by a depositing
atom, a quantity we have denoted as m ;- Here, we calcu-
late m ; by counting the nearest neighbors of the cluster;
thus, m, =4, m, =6, etc. Thus, the total rate of the reac-
tion Y;+ 4 —Y; , by deposition at an incoming flux J is
given by Ja 2mjnj, as explained in (6). However, we must
weigh the formation of the different configurations of
Y; 1 by their probabilities of forming, which are given in
Fig. 2. Similarly, for island formation due to a collision
with a migration adatom, the total reaction rate for
Y;+Y,— Y, which, as before,>® we take to be propor-
tional to the diffusivity Dnn;, must also be weighted by
the number of positions around the cluster which will re-
sult in a particular Y, island shape when collision and
sticking occurs there.

Figure 3 shows the island breakup reactions for the
various island shapes for up to four-atom clusters. In ad-

21
YA,T

3L T
Y4,L

27
Y4.Z

FIG. 2. Reactions for formation of islands by adatom deposi-
tion showing the probabilities of forming different islands
shapes.
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FIG. 3. Reactions and rate constants for island breakup and
rearrangement, where v, is given in (9).

dition to allowing for the detachment of one atom to
form a free adatom and the next-largest island, the possi-
bility of island breakup liberating more than one adatom

must also be taken into account. For islands with four
atoms, deformation to form an island of the same size but

of a different configuration must also be included. The
breakup and deformation-rate constants are estimated by
combining the possibilities of each constituent atom
breaking away and hopping to an adjacent unfilled site.
We assume that nearest-neighbor hopping only is al-
lowed. Nucleation upon existing clusters is considered
too unlikely at the growth conditions considered here.
This assumption is implemented explicitly by preventing
constituent atoms diffusing onto other atoms contained
within clusters, rather than the step itself. An Arrhenius
expression is used to estimate the energy barrier to de-
tachment from the cluster. If the energy between two
nearest-neighbor atoms is E, then this yields

v,=vexp[ —(Ep+nEy)/kyT] (10)

for the frequency of an adatom with n bonds to the clus-
ter to detach itself and hop in one of the four neighbor
directions. To obtain the total decay rate of one species
to another, we must consider which hops of which con-
stituent atoms of the cluster will result in formation of
the product. For example, consider the case of a linear
cluster of three atoms, i.e., Y3 5, decomposing to an ada-
tom and a diatomic island. This can occur by the move-
ment of either of the two end atoms to any one of three of
its four neighboring sites. In both cases this involves the
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breaking of a single bond. Combining, we obtain
q(Y3,S_)Y2+ Yl )=2X%Xvexp[ _(ED +EN)/kBT]
=3v,. (11

Alternatively, the central atom in Y; g causes decay of
the island into three free adatoms by hops in two out of
four directions; thus,

q(YS,S—>3Y1)=%V2 . (12)

This reaction is much slower, since the adatom must
overcome a larger energy barrier of Ep +2Ey to break
away.

It is important to recognize that of all the islands con-
sidered, at least one decay pathway is proportional to v,
with the important exception of the square four-atom is-
land Y, g4, for which the decay pathways are all propor-
tional to v,. This is a consequence of its compact shape,
giving all constituent atoms two nearest neighbors. How-
ever, even for clusters containing more atoms, if a singly
bonded atom is not present, then there must be at least
four doubly bonded atoms as well as the triply bonded
and fully coordinated atoms. This means that regardless
of its size, any cluster must have a decay pathway pro-
portional to at least v,, and possibly v,. The decay of one
cluster into another is governed by these two rates, so the
simplified system we consider, which is applicable only to
the growth regime near step flow, also contains all the
relevant physical behavior of the more complex clusters.

The recovery stage of growth takes place when the
beam is switched off. The study of the recovery of the
surface involves omitting the terms due to the deposition
of atoms, these being the formation of adatoms by the
deposition of atoms onto the substrate and those terms
that represent the deposition of atoms onto sites adjacent
to adatoms or islands. This is done by removing the flux
term and setting m; to zero for all islands in (1).

III. RESULTS AND DISCUSSION

In order to discuss the results obtained from the mod-
eling of MBE growth, it is first necessary to define the
various stages of growth on a stepped surface, illustrated
in Fig. 4. The first stage, the transient period of growth,
occurs immediately after the beam is switched on. This
stage encompasses the initial buildup of material on the
surface (the period where the coverage rises rapidly) and
any subsequent period where the coverage may oscillate
before settling to its steady-state value. The second stage
of the growth is the steady-state period where the cover-
age and the step-edge velocity are both at constant none-
quilibrium values. The third stage of the growth is the
relaxation of the surface, in which the coverages of the
various species decay towards their equilibrium values,
the final stage being the equilibrium period where the
coverage remains constant.

The results of this model of MBE have shown some
surprising aspects about the role of different islands and
island shapes in the evolution of the stepped surface. It
becomes evident when studying the role of the islands in
the growth that different configurations will be of varying
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FIG. 4. Schematic of the various stages of surface growth
and recovery.

significance, and also that their importance will depend
not only on the growth conditions, but on the stage of the
growth. We now proceed to discuss the role of the
different island shapes in the early stages of the growth,
during steady-state growth, and during the relaxation of
the surface to equilibrium. Since the concentration of
each species n;(x,t) depends on the position on the ter-
race, we will consider the total coverage of the terrace
with a particular species as

a h
0,()=" [ "njn;(x,0dx (13)

where # is again the terrace length.

During the early stages of growth, just after the beam
is switched on, the emphasis is on the formation rates of
the different island species. Figure 5 shows the coverages
of various islands in the early period of growth at 700 K,
and it is apparent that the more readily formed island
configurations are responsible for most of the coverage in
the early stages of growth. As illustrated in Fig. 2, the
Y; ; islands are twice as likely as straight Y, s islands to
be formed from collisions of depositing of migrating
atoms with Y, islands, and they therefore dominate the
surface morphology. Similarly, for the four-atom islands,
in the early stages of growth the less easily formed
configurations such as the square Y, 5, are sparser on the
surface than the more readily formed Y,;. Also, the
larger islands have considerably longer transient times.

At steady state, the island breakup reactions (shown in
Fig. 3) become important and island decay must balance
its formation rate. Cluster stability now plays an impor-
tant role, and the more stable island configurations will
dominate. The steady-state concentrations of the three-
atom and four-atom clusters, including the relative
amounts of the different island shapes at 700 and 750 K,



10 350 KENNY, WILBY, MYERS-BEAGHTON, AND VVEDENSKY 46
Y3,L L‘
F— 700 K |
0.08 +
Yss E—
& 006 Yozt Yar+ Yis|
§ |
(0] z ]
%D O 004
$
()
% 0.02 +
(&)
Y4,Sq 3 P
Ys.s
x10'4
Y [
L | 750 K
32 o
I Y35
X 24t
[ |
o0 |
s | v ‘
| l l I l ' ' g 16 3L Y7+ Yo+ Yas
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 2 f 4Z7 T4TT 748
© ', YaL
0.8 ,
Time (s) |

FIG. 5. Early stages of surface growth at 7=700 K, J =1
monolayer/s, E,+1.3 eV, Ey=0.26 eV, with a terrace width of
h =18a.

are shown in Fig. 6. It is immediately apparent that as
the temperature increases, the concentration of the larger
clusters relative to that of the smaller ones decreases.
The fact that there is a temperature range where the cal-
culated concentrations decay with increasing size justifies
our original approach of using only a limited number of
clusters. However, there will be a temperature below
which the steady-state concentrations will increase rather
than decrease with cluster size, thus indicating that the
growth mode is far from step flow. In such cir-
cumstances the reactions of larger clusters cannot be ig-
nored and our simplifying assumptions will be inaccurate.
Considering different clusters of the same size we notice
that the more stable clusters dominate as the temperature
is increased. In the case of the four-atom clusters the rel-
ative fraction of Y, s, to that of the total concentration
dominates at 750 K, whereas at 700 K it is comparable to
all the other four-atom cluster concentrations.

The study of the role of islands in the relaxation of the
surface yielded the most interesting results. The process
of surface relaxation turns out to be a coupled reaction
between the various island configurations. Figure 7
shows the logarithm of the various cluster coverages as a
function of time, as the surface relaxes at a temperature
of 750 K. It is obvious that the concentration rapidly be-
comes much too small to have any physical significance
on the system. However, the overall behavior shows
some interesting features that should be a general effect
of the recovery process. In addition to this, the initial
stages of the recovery shown in the inset of Fig. 7 ex-
plains the double exponential form frequently used to an-
alyze the recovery profile as measured by reflection high-

3 4
j, atoms in island

FIG. 6. Steady-state coverages for three- and four-atom clus-
ters at 7=700 and 750 K with the same parameters and growth
conditions as for Fig. 5. Note the difference in scale; the results
at 750 K are magnified 25 times with respect to those at 700 K.

energy electron diffraction.!’~2°

It is apparent that the recovery can be divided into
several distinct stages. After the beam is switched off,
there is an initial transient period of relaxation, shown
more clearly in the inset. In this stage, the clusters decay
rapidly since the supply of adatoms from the beam lead-
ing to island formation has been cut off and excess ada-
toms on the surface are incorporated into the step edges.
The initial decay of the coverage is steep and falls as
exp(—fvt), where f is a fraction depending on the
shape of the cluster, as shown in Fig. 3, and v, is the de-
cay rate for detachment of atoms with one nearest-
neighbor bond, as given in (10). The.exception is the
Y, sq Which, as can be seen in Fig. 3, does not possess a
fast-decay pathway with a rate proportional to v,, and in-
stead decays at a rate proportional to v,.

At the end of the first stage of recovery, due to their
fast-decay pathway, the concentration of all cluster types
falls below that of y, 5o, which decays at the much slower
rate of exp(—2v,t). Once the concentrations of the ada-
toms and clusters have dropped below ng g , the decay of
the square four-atom clusters creates a supply of smaller
islands and adatoms, which may then recombine to form
larger clusters. Consequently, in the second stage of
recovery the decay rates of all the surface concentrations
of the various island types now become linked to the de-
cay of the clusters.

The coupling reactions linking the various decays are
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FIG. 7. Decay of the surface coverage of various island types
during relaxation of the surface at T=750 K with the same pa-
rameters and growth conditions as for Fig. 5. The inset graph
shows the first tenth of a second.

shown in Fig. 8. The vertical pathway shows the prod-
ucts formed by the slow decay of the square four-atom
clusters, and the horizontal pathways show some of the
recombination reactions. Since all of the reactions shown
in Fig. 8 will be fast compared to the initial breakup reac-
tion at a rate of 2v,, this is the rate-limiting step and the
decay of the other species will be coupled to this decay
reaction. The adatom and diatomic cluster concentra-
tions formed during this stage by the decomposition of

Yisq
29

—>Y4,L
Yoo + Y — ~ Y1

~ Y,
+ Yl

Y, +Y Yis Yis
Y + Y

FIG. 8. The coupled formation and decay reactions that
determine the surface evolution during relaxation.
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the four-atom squares at a rate drops as exp( —2v,t). As
such, this is the rate-determining step in the evolution of
the different species and therefore corresponds to their
decay rate. Figure 7 and 8 show that the clusters that
have a decay of exp(—4wv,t), such as Y; g, are formed by
two of the species found in the decay of the square four-
atom islands. Since the formation of rate of these larger
island is proportional to the concentrations of the reac-
tant, second-order coupling occurs and these species de-
cay at the faster rate of

[exp—(—2v2t)]2=exp(—4v2t) . (14)
Third-order coupling, i.e., a decay rate proportional to
[exp(—2v,t)>=exp(—6v,t) , (15)

occurs for the Y, s species in the second recovery stage,
as can be understood by following its reaction path in
Fig. 8. Thus, the breakup of the Y, s, islands follows a
chain, with second- and third-order coupling resulting
from the products of this chain forming other island
types as they decay.

The first and second stages are the domains where the
physically observable recovery takes place. As the first
stage is composed of several decay rates that are propor-
tional to v;, the overall effect is exponential decay with a
rate of the order of v;, but not any specific value. The
second stage is where most cluster decay with a rate 2v,,
and obviously the system has the same overall decay rate.
Those clusters that have a different rate are so much
lower in concentration that they cannot contribute any
significant effect. In the 750-K case we present, the same
can be said for the concentration of all cluster types once
they become linked to the Y, .. However, as the qualita-
tive behavior does not alter as the temperature is lowered
the original argument suffices, although it is redundant at
the current temperature.

There is a third stage of recovery, where the concentra-
tions are much too low to be important, but it is interest-
ing to note that it merely reinforces the link of the now-
universal 2v, decay rate. In this third stage, the adatom
concentration reaches its constant equilibrium concentra-
tion, which is determined by attachment and detachment
processes of the adatoms at the step edges. Since the ada-
tom concentration is now constant, this removes the
second- and third-order coupling in the decay and forma-
tion chain shown in Fig. 8, and the decay of all the side
products of the breakup of Y,s, follows the rate
exp(—2v,t). From this stage each cluster type continues
to decay at the same rate until it reaches its equilibrium
concentration.

The above results show that it is crucial to include
configurations with slow-decay pathways in models of the
surface recovery. Since the decay of all of the other clus-
ters couple to the slow decay of the stable species, the
surface takes much longer to relax than would be predict-
ed if only the fast-decay pathways were included, as was
done in previous work. This leads to longer expected
times for the settling of the surface morphology to its
equilibrium stage, and greater surface coverage during
the relaxation period.
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IV. CONCLUSIONS

It is evident from the discussion in Sec. III that certain
configurations with slow-decay pathways are very impor-
tant for describing relaxation processes. Consequently,
one might question our restriction of the island size to
only four atoms, since a rectangular six-atom island has a
slow-decay rate similar to that of a square four-atom is-
land (there is no possible stable shape for a five-atom clus-
ter, since at least one constituent atom will have only one
nearest-neighbor bond to the cluster). However, regard-
less of the size of the cluster its fastest decay rate can nev-
er be slower than v, and will link to smaller clusters in
much the same way as Y, g ; thus, the general behavior
will not be altered. In addition, the relative concentra-
tions of different size clusters is a strong function of the
growth conditions.”!” Near the step propagation mode,
the nucleation rate on the terraces is low, since most ada-
toms have sufficient mobility to incorporate into the step
edges, and thus the coverage of large islands is so small
that it is only necessary to consider clusters with a few
atoms. The larger the cluster the smaller its coverage; at
750 K and J =1 monolayer/s, the total adatom coverage
is several orders of magnitude bigger than the coverage of
the four-atom clusters. Thus, under these conditions it is
reasonable to neglect five-atom and higher-atom islands.’
We emphasize that the above model with four-atom is-
lands applies only to step-flow mode conditions; for mod-
eling of recovery at lower temperatures, it would be
necessary to include even larger islands.

To summarize our results, we have carried out a de-
tailed study of the dynamics of cluster formation during
MBE growth and recovery on stepped surfaces. The con-
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sideration of the various cluster configurations for up to
four-atom clusters provides a realistic model of growth
on stepped surfaces under certain conditions, namely,
near the step propagation mode where the total amount
of nucleation on the terraces is small. We have elucidat-
ed the role of different island types and shapes during the
various stages of growth. In the early stages, the less
stable species with the highest formation rates are most
important. During the recovery, stable configurations
with slow-decay pathways dominate the relaxation of the
surface. We have shown that the recovery of the surface
can be divided into stages. The first stage is the fast clus-
ter decay caused by the activity of atoms with one
nearest-neighbor bond, and the next stage is dominated
by the slower breakup of atoms with two nearest-
neighbor bonds with a cluster. Decay of all of the clus-
ters on the terraces in the second stage is coupled up to
third order to the breakup of the most stable species.
This finding supports earlier Monte Carlo simulations of
recovery kinetics,'>!® where it was also found that
recovery proceeds by an initially rapid response, followed
by a much slower process.
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FIG. 6. Steady-state coverages for three- and four-atom clus-
ters at T =700 and 750 K with the same parameters and growth
conditions as for Fig. 5. Note the difference in scale; the results
at 750 K are magnified 25 times with respect to those at 700 K.



