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Atomic-scale Monte Carlo study of step-flow growth modes on GaAs„001…-„2Ã4…

Makoto Itoh* and Takahisa Ohno
National Research Institute for Metals, 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan

~Received 8 June 2000; revised manuscript received 8 September 2000; published 1 March 2001!

The step-flow growth modes of the GaAs(001)-b2(234) structure growing by molecular-beam homoepi-
taxy are studied by the Monte Carlo simulation method using a two-species kinetic growth model. Our results

show that a terrace edge parallel to the@ 1̄10# direction does not grow in a coherent manner but by the growth
of rather short segments of As dimer rows. For terrace edges perpendicular to this direction, we find that the
growth morphology depends strongly on the relative phase of the (234) structure between an upper terrace
and a lower one. More precisely, when they are out of phase with each other in the@110# direction, growth
proceeds principally by kink propagation in this direction, whereas, if they are in phase with each other, an As
dimer row grows on top of the As dimer rows of the lower terrace, followed by growth in the directions
perpendicular to it, resulting in the creation of a peninsula.

DOI: 10.1103/PhysRevB.63.125301 PACS number~s!: 68.55.2a, 68.03.Fg, 68.35.Fx, 02.70.Rr
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I. INTRODUCTION

Recently, the important role of surface reconstruction
been increasingly realized not only in crystal growth but a
in the development of optoelectronic devices.1–22To develop
such devices, extensive use has been made of III-V c
pound semiconductors, among which the GaAs(001)-b2(2
34) structure is the best known surface reconstruction.23 To
monitor its growth in molecular-beam epitaxy~MBE!,24 the
oscillation phenomenon25 of the specular intensityI s in re-
flection high-energy electron diffraction~RHEED! is often
used because of its geometrical advantage.26 Studying the
time evolution of this intensity, Neaveet al. found the dis-
appearance of this oscillation when the substrate tempera
was increased.27 They interpreted this phenomenon as
growth mode transition between an island growth mode
low temperature and a step-flow growth mode at high te
perature, noting that the diffusion length of adatoms is
hanced by an increase of temperature, so that these a
can reach a nearby step edge more easily at h
temperature.27

Following this study, Shitaraet al. carried out kinetic
Monte Carlo ~KMC! simulations28–30 by using the one-
species solid-on-solid~SOS! model and compared the ob
servedI s with the simulated step densities at various grow
conditions.31–33 They first compared the growth mode tra
sition in simulations and experiments on surfaces tilted fr
the @001# direction toward the@010# direction (C surfaces!,
and obtained the effective diffusion barrierEs51.58
60.02 eV for the MBE growth conditions in which the (
34) structure is maintained.31,32 In these studies, they se
lected theC surfaces so as to reduce the effect of anisotro
in the growth kinetics. By using RHEED, they further o
served the growth mode transition on theA andB surfaces,
which are tilted from the@001# direction toward the@110#
and the@ 1̄10# direction, respectively, and found that the tra
sition takes place at a higher temperature on theA surfaces
than on the B surfaces for all growth conditions the
examined.33 By comparing these results with simulation
they concluded that the sticking coefficient in the SOS mo
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is larger in the@ 1̄10# direction (B step! than in the@010#
direction (A step!.

However, we must point out that they succeeded in
taining Es51.5860.02 eV because the growth mode tran
tion is rather insensitive to the atomic-scale growth kinet
on aC surface only. Moreover, one must pay attention to
fact that the (234) structure, or, more precisely, theb2(2
34) structure, is As terminated, as depicted in Fig.
whereas the principal diffusive species on it is Ga.27,34 Even
more importantly, there is a difference in the number of
adatoms necessary for step-flow grow to occur, as we
see in Figs. 3~a! and 3~b! below. Therefore, even if simila
comparisons with simulations to those on theC surfaces31,32

are made onA or B surfaces, one cannot correctly identi
the origin of the difference in step-flow growth modes b
tween them. In spite of these facts, Shitaraet al.ascribed the
difference in growth modes between them to anisotropy
the sticking coefficients of the constituent of the one-spec
SOS model.33 However, this is an entirely model-depende
result, which has no generality. Indeed, there are some co
terexamples, in which the diffusion around the corner of
island35–37 or along a step38,39 plays a crucial role in the
anisotropic growth of epitaxial islands.

FIG. 1. Plan view of theb2(234) structure with the crystallo-
graphic directions indicated by the arrows. The dark and bri
disks represent As atoms and Ga atoms, respectively, and their
decrease according to their depths.
©2001 The American Physical Society01-1
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Furthermore, since the SOS model is constructed on
simple cubic lattice, the simulated step density always
creases upon starting growth, and decreases after its inte
tion, irrespective of the vicinal orientation of the surfac
Therefore, if the simulated step density obtained by using
SOS model gives the correct account of the time evolution
I s , it must evolve similarly on the surfaces of any vicin
orientations. However, we can see in Figs. 1–3 of Ref.
that I s observed onA surfaces evolves completely different
from I s on B or C surfaces. It is clear from this that th
simulation part of Ref. 33 does not provide the correct
count of its experimental part.

Thus we must use a more realistic model than the S
model to study the step-flow growth modes of
GaAs(001)-b2(234) reconstructed surface with differen
vicinal orientations. For this purpose, we use the two-spe
model8–10 and carry out growth simulations ofA andB steps
as the first step toward a full and correct understanding of
step-flow growth modes on the vicinal surfaces
GaAs~001!. This is a natural choice to this end since both
and As species play important roles in the atomic-sc
growth kinetics of GaAs~001!.1–12,40–43

A C step can of course be defined macroscopically a
surface on which the mean orientations of terrace edges
aligned in the^010& directions. Microscopically, however
this definition has a very large variety, since these directi
are not the symmetry axes of theb2(234) unit cell, and
hence we do not consider it here. Moreover, since the gro
kinetics depends on the surface atomic structure,1–12 we re-
strict ourselves to studying the step-flow growth of t
GaAs(001)-b2(234) reconstruction, which appears as t
stable reconstruction in the temperature rangeT5580
620 °C. Thus, we chooseT5580 °C as the temperature o
the substrate in our simulations.

This paper is organized as follows. In Sec. II, we rep
our simulation results of the step-flow growth modes ofA
andB surfaces at an atomic scale. In contrast to the conv
tional understanding, we find that anA surface does not grow
coherently. Instead, it grows as rather short segments o
dimer rows. For aB surface, we find that of the phase di
ference in theb2(234) structure between an upper terra
and a lower one plays a significant role in the morphology
the growing terrace edge. Since we have pointed out
failure of the SOS model to simulate the growth of anA
surface, we need to show that our simulation results are c
sistent with RHEED experiments. This is done in Sec.
with some qualitative arguments. We discuss our result
Sec. IV. Section V is devoted to the conclusions.

II. GROWTH SIMULATION OF TERRACE EDGES

By using the two-species model, we simulate growth oA
andB steps, or more precisely the terrace edges of the
responding surfaces. This model has been used to sim
the nucleation and growth of islands on GaAs~001! and
InAs~001! in homoepitaxy.8–10Only the interaction diagram
of the As part are shown in Figs. 2~a!–2~e!, in which Figs.
2~a! and 2~b! are attractive, and the rest are all repulsive44

Among them, the interaction depicted in Fig. 2~d! causes the
12530
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structural transition of a growing island from a non-(234)
structure to theb2(234) structure.8–10 Specifically, we use
the same growth conditions as we used in the simulation
an island growth mode on GaAs~001!, i.e., we set the sub
strate temperature to beT5580 °C, and the Ga and As2
fluxes to be 0.1 and 0.4 monolayers per second~ML/s!, re-
spectively. We chose these growth conditions partly beca
the b2(234) reconstruction is stable atT.580 °C, as we
stated above, and partly because the interaction param
of the model were determined solely by comparing the sim
lation results with scanning tunneling microscope~STM!
images8–10 obtained by growth at this temperature. In the
comparisons, special attention was paid to the aspect rat
the growing two-dimensional~2D! islands between the direc
tions parallel and perpendicular to the As dimer rows of
b2(234) structure.45

Furthermore, we set the diffusion anisotropy of a Ga a
tom g to be 3–5 times as large in the@ 1̄10# direction as in
the @110# direction when it is in the trench site of a wel
orderedb2(234) structure.27,34 If this condition is not met,
the diffusion anisotropy of a Ga adatom is reversed to
three times as large in the@110# direction as in the@ 1̄10#
direction. It is this change of the diffusion anisotropy th
enables the occurrence of a structural transition from a n
(234) structure to the b2(234) structure rather
quickly.8–10 Although we choose the anisotropy of the diffu
sion of a Ga adatom in the@ 1̄10# direction in the range
between 3 and 5, this is because we carry out simulation
a finite size lattice, where a very large anisotropy mer
results in a cycle of diffusion across the lattice. According
we find that the computation time increases asg is made
larger. Fortunately, in practice, we find that simulation r

FIG. 2. As part of the interactions. The back bonding ene
contribution to the activation barrier is 1.65 eV per atom, which
increased by the attractive interactions in~a! and~b! by ~a! 1.00 eV
and~b! 0.63 eV, and decreased by the repulsive ones in~c–e! by ~c!
0.15 eV,~d! 1.21 eV, and~e! 0.25 eV.
1-2
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sults do not differ significantly when 3<g,10, though we
must keep in mind thatg can have a much larger value tha
those we used in our simulations since the diffusion bar
of a Ga adatom is smaller in the@ 1̄10# direction than in the
@110# direction by about 0.3 eV on theb2(234) structure
in the absence of other adsorbate species.34

Here we note that, in principle, the same growth mec
nism that was found to work in the island growth mode m
work in the step-flow growth mode, too. This means furth
that we must not introduce any interactions specific to a
race edge, because, at an atomic scale, there is no differ
between the edges of an island and those of a terrace. Th
particularly important in our simulation study since a
Ehrlich-Schwoebel barrier46–49 does not exist on the recon
structed GaAs(001)-b2(234) surface.12

Before going into detail, we note two important properti
in our simulations of the step-flow growth modes
GaAs~001!. The first concerns the Ga kinetics, in which on
two Ga adatoms are needed for the growth of anA step to
begin, while four of them are required for aB step, as Figs.
3~a! and 3~b! clearly show. The second property is that, w
the growth conditions stated above, we found nucleation
growth of islands to occur in all our simulations irrespecti
of the orientations of the steps. Obviously, this result d
agrees with Shitaraet al.’s experiments, in which no oscilla
tion of specular RHEED intensity was observed onB sur-
faces atT.580 °C.33 We will discuss this problem later in
Sec. IV.

Now we investigate the step-flow growth modes at
atomic scale. For this purpose, we first simulate growth
straightA steps, and next examine the effect of phase diff
ences in theb2(234) structures between an upper terra
and a lower one at various straightB steps. The growth simu
lations are carried out on a 2D lattice with periodic bound
conditions ~PBC’s!. The lattice sizeL3L is chosen to be
200as3200as for the A steps in Sec. II A and 120as
3120as for the B steps in Sec. II B, whereas54.0 Å de-
notes the surface lattice constant of the GaAs~001! surface.
We use a larger 2D lattice to simulate the growth ofA steps
because it is not easy for a Ga adatom to reach a straigA
step forg.1. Therefore, we need to use a large enough

FIG. 3. In order to accommodate an As dimer,~a! an A step
needs two Ga adatoms, but~b! a B step needs four of them, as th
shaded areas indicate.
12530
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lattice to allow sufficiently long diffusion of the Ga adatom
In contrast, no such need exists in simulating the growth o
B step sinceg.1 means that a Ga adatom can easily arr
at it.

If we used multiterraces in the same way as did Shit
et al.33 for the study of the step-flow growth modes, w
should also use helical boundary conditions~HBC’s! instead
of PBC’s because the model is constructed on the z
blende structure. However, the use of HBC’s may result
the introduction of unexpected effects in the diffusion of G
adatoms. Therefore, instead of using a set of stairs as we
the HBC’s, we use a narrow strip of the terrace that is o
bilayer higher than the substrate, place this strip across
central part of the substrate, and set its width to beW
510as . Furthermore, all ends of the substrate and strip
connected by the PBC’s whenever the ends reach the bo
aries of the 2D lattice.

With this choice, the corresponding angle of misorien
tion of a vicinal surface is given byu5tan21@2d/(L2W)#,
whered52.8 Å is the bilayer height of the GaAs~001! sur-
face. Hence,u'0.73° for L5120as , which is used for the
simulations of theB steps in Sec. II B, whereasu takes an
even smaller value forL5200as which is used in Sec. II A,
as we noted before. Since these values ofu are smaller than
the misorientation angles used in the RHEED observati
of real GaAs~001! surfaces,31–33 the sizes of the 2D lattices
we used as the lower terraces are sufficiently large as
avoid artifacts caused by interstep interactions beyond
boundaries of the lattice, and to obtain reliable results fr
the simulations. As for the direct step-step interactions acr
a strip, we examined this effect by changingW, and found
that the snapshots do not change significantly forW
>10as .

A. A steps

In this section, we simulate the growth of straightA steps,
and, to this end, we use a narrow strip having straightA steps
on both sides as the initial condition@see Fig. 4~a!#. We use
a 200as3200as lattice and chooseg53 for the diffusion
anisotropy. Note that only the central parts of the snapsh
are shown below.

In general, when a pair of Ga atoms arrives at the low
side of anA step via diffusion, an As2 molecule may stick
onto them and locally change theb2(234) structure into
theb1(234) structure. When this process continues and
width of this structure exceeds the threshold for the structu
transition from a non-(234) structure to theb2(234)
structure found in simulations of the island growth mode,8–10

a similar transition occurs at theA step edge. More precisely
although an As dimer at the terrace edge of anA surface
usually desorbs from there due to the Coulomb repulsio50

corresponding to the interaction diagrams depicted in F
2~d!–2~e!, the splitting of a wide As dimer row may occu
with a small but finite rate, as seen in Figs. 4~b!–4~d!. Then,
once it occurs, a wide As dimer row splits successively alo
itself when its width exceeds the threshold. However, sin
the diffusion anisotropy of Ga adatoms is enhanced in

@ 1̄10# direction, it is actually difficult for sufficiently many
Ga adatoms to reach a straightA step in a short period o
1-3
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time. Accordingly, this splitting phenomenon occurs ra
domly at various sites for short segments and, hence,
length of this local structure is found to be rather limited,
to about ten As dimers in the@ 1̄10# direction, as seen in Fig

FIG. 4. A series of snapshots showing the simulated growth
strip having straightA steps on both sides at every 0.5 s. The
snapshots are taken from the central area of a 200as3200as lattice.
Ga and As2 fluxes are 0.1 ML/s and 0.4 ML/s, respectively, a
g53 is used for the diffusion anisotropy of the Ga adatom.~a!
Initial configuration, i.e., the growth timet50.0 s. A narrow strip is
placed across a 200as3200as lattice at its central part.~b! t
50.5 s. The As dimer rows at the terrace edges become wid
short segments.~c! t51.0 s. The As dimer rows become wider.~d!
t51.5 s. Wide As dimers are splitting in short segments. At
same time, an island has appeared on the left side.~e! t52.0 s. The
b2(234) structure is recovered inside the terrace. Another isl
has appeared in the bottom left side.~f! t52.5 s. The process from
~b! to ~d! repeats.~g! t53.0 s. Theb2(234) structure is recovered
inside the terrace again.~h! t53.5 s. The islands on the left side a
merged into the terrace edge.~i! t54.0 s.~j! t54.5 s.~k! t55.0 s.
~l! t55.5 s. The terrace edges become less ordered on both s
12530
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4~d!. Later, these short segments merge together to cons
rows of As dimers again, as seen in Fig. 4~e!, where the
b2(234) structure is recovered inside the terrace. Mo
over, Figs. 4~e!–4~f! show that this process repeats itself
growth proceeds. At the same time, islands are found
nucleate even very close to anA step edge, as seen in the le
side of Figs. 4~d! and 4~e!. This is a consequence of the fa
that the diffusion anisotropy of a Ga adatom is enhanced
the @ 1̄10# direction. At later stages, these islands coale
with the growing terrace edge, as seen in Figs. 4~g!–4~k!. In
the last snapshot in Fig. 4~l!, the terrace edges look rathe
disordered on both sides, in spite of the fact that coalesce
between islands and a terrace occurred only on the left
of it and not on the right side.

B. B steps

Because of the periodicities of theb2(234) reconstruc-
tion, there are 16 principal patterns in the phase shifts of
b2(234) structure between an upper terrace and a lo
one along a straightB step. This can be easily understood
follows. First, taking account of the mirror symmetry of th
b2(234) structure in the@110# direction, there are two pos
sible phase shifts between two adjacent terraces in this d
tion according to the relative phases of the atomic structu
between these terraces. Similarly, there are two poss
phase shifts between these terraces in the@ 1̄10# direction.
Furthermore, on each terrace, the phase difference betw
the As dimer rows on top of an As dimer hill of theb2(2
34) structure and those at a trench site can have two a
native possibilities. Thus, there are totally 24516 possible
patterns in the phase difference at aB step edge. In this
counting, for simplicity, we neglected possible unusu
bonding of arsenic species near a terrace edge.

Among them, however, we consider the four princip
cases shown in Figs. 5~a!–5~d!. For a guide to the eyes, th

a
e

in

e

d

s.

FIG. 5. Four possible phase differences in theb2(234) struc-
tures between an upper terrace and a lower one to make aB step.

Two terraces are in phase with each other in the@ 1̄10# direction in
~a! and ~b!, and in phase with each other in the@110# direction in
~a! and ~c!. We call theB steps in~a–d! B1, B2, B3, andB4,
respectively.
1-4
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As dimer bonds in the trench sites of the upper terraces
those on the As dimer hills of the lower terraces are depic
in these figures by balls and sticks, which emphasize
phase differences in the As dimer rows between the
terraces. Although there are 12 other possibilities for
phase difference on a real surface, we do not consider t
here since there is no difference in the model between
backbonding energies of a Ga adatom on the atop site o
As dimer and on the interdimer site of two As dimers ad

cent to each other in the@ 1̄10# direction. Henceforth, we
focus on the four types seen in Figs. 5~a!–5~d!.

Between the possible directions of the phase shift

@ 1̄10# and @110#, let us first examine the shift in the@110#
direction. In this case, in order for the As dimer rows in t
upper terraces of Figs. 5~b! and 5~d! to grow in the@ 1̄10#
direction, the trenches in the lower terraces must be filled
first because the double As dimer rows in the upper terr
lie above the trenches of the lower terrace. In Figs. 5~a! and
5~c!, in contrast, at least single As dimer rows can grow fro
the upper terraces in the@ 1̄10# direction without filling in the
trenches of the lower terraces. Thus, it is anticipated that
terrace edges in Figs. 5~a! and 5~c! have higher step-flow
growth rates than those in Figs. 5~b! and 5~d!. Likewise,
according as two adjacent terraces are in phase with e
other, there may appear some kind of differences in
growth morphology among these four patterns.

In contrast, the distinction between Figs. 5~a! and 5~b!
and 5~c! and 5~d! lies in the fact that, for the upper terraces
Figs. 5~c! and 5~d! to grow, the trenches adjacent to th
terrace edge on the lower terrace side must be filled with n
As2 dimers out of phase with the double As dimer rows
the lower terraces. Since this process is inevitably associ
with the repulsive interaction in Fig. 2~c! in addition to those
in Figs. 2~d! and 2~e!, the step-flow growth modes in Figs
5~c! and 5~d! must be less efficient than those in Figs. 5~a!
and 5~b!.

Hereafter, we call the steps in Figs. 5~a!–5~d! B1, B2,
B3, andB4, respectively. The simulations are carried out
120as3120as lattices, on which narrow strips having th
long axes in the@110# direction are placed, and snapshots a
recorded to study the growth of steps on such strips. As
the diffusion anisotropy, we useg55 for these simulations

First, we show the growth of aB1 step in Figs. 6~a!–6~d!,
which are a series of snapshots obtained by the growth s
lation with Fig. 5~a! as the initial condition. We can see i
Fig. 6~a! that Ga adatoms can easily reach the lower side
the terrace edge due to their diffusion anisotropy. Acco
ingly, since one of the As dimers of the double As dim
rows on the upper terrace resides on top of the As dim
rows of the lower terrace, this As dimer row can grow rath
easily as a single As dimer row, followed by the filling in o
the adjacent trench sites, as seen in Fig. 6~b!. From these
local protrusions into the lower terrace, step-flow grow
proceeds both by continuing growth along As dimer rows
the lower terrace and by extending the tails of these pro
sions in the perpendicular directions, as seen in Figs.~c!
and 6~d!. The b2(234) structure is recovered when th
wide As dimer rows split at the end of these protrusions.
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these snapshots, the growth time varies betweent50.5 s in
Fig. 6~a! and t52.0 s in Fig. 6~d! with the fixed interval of
Dt50.5 s.

Next, we simulate the growth of aB2 step. As Fig. 7~a!
shows, Ga adatoms can easily reach the lower side of
terrace edge in the same manner as we saw in Fig. 6~a!.
However, in contrast to the growth of aB1 step, in order for
the growth of aB2 step to proceed in the@ 1̄10# direction, the
trench sites on the lower terrace must be filled in first a
hence, growth by the elongation of As dimer rows from t
edge of the upper terrace becomes very inefficient. Acco
ingly, growth proceeds only in the directions perpendicu
to As dimer rows via kink propagation, as seen in Figs. 7~b!–
7~d!. These snapshots were recorded with the same inter
of time as before.

The growth of aB3 step proceeds quite similarly to tha
of a B1 step, as seen in Figs. 8~a!–8~c!. However, due to the
phase difference in the@ 1̄10# direction between the uppe
terrace and the lower one, there appear many point defe
as we can see on the lower terrace by comparing Fig. 8~d! to
Fig. 6~d!. These defects obstruct the tails of the protrudi

FIG. 6. A series of snapshots showing the simulated growth
the B1 terrace edge in Fig. 5~a!. Ga and As2 fluxes are 0.1 ML/s
and 0.4 ML/s, respectively. The lattice size is 120as3120as , and
g55 is used.~a! t50.5 s. Ga adatoms reach the lower side of t
terrace edge.~b! t51.0 s. When single As dimer rows grow on to
of the As dimer hills of the lower terrace, adjacent trenches
filled, and growth in the perpendicular direction also proceeds.~c!
t51.5 s. The As dimer rows at the ends of the protrusions beco
wide. ~d! t52.0 s. The wide As dimer rows split and theb2(2
34) structure is recovered.
1-5
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peninsulas from extending over wide areas along the ter
edge, so that they do not become very wide. The interval
the recorded growth times in Figs. 8~a!–8~d! are the same a
those in Figs. 6~a!–6~d!.

In contrast, the growth of aB4 step does not look so
different from that of aB2 step, as seen in Figs. 9~a!–9~d!.
This is principally because dimer row growth in the@ 1̄10#
direction scarely occurs in either case and, furthermore,
growth of aB4 step does not proceed entirely at a terra
edge unless point defects caused by the phase differen
the@ 1̄10# direction are filled in by deposited materials. He
the time scale is twice as large as those in other snaps
i.e., t51.0 s in Fig. 6~a! and t54.0 s in Fig. 6~d! with the
interval of Dt51.0 s.

Our results have shown that the effect of the phase dif
ences forB steps is more prominent for a phase shift in t

@110# direction than in the@ 1̄10# direction. At the same
time, they suggest that there is a difference in growth r
among these four kinds ofB steps, i.e., the growth rat
should decrease in the order fromB1 to B4 via eitherB2 or
B3. Although the snapshots in Figs. 6–9 do not clearly sh
this tendency, this is because islands are growing away f
the terrace edges in all cases, so that the total amoun
deposited materials and the apparent growth rates are
linearly related with each other. Despite this, we can see

FIG. 7. A series of snapshots showing the simulated growth
the B2 terrace edge in Fig. 5~b!. Ga and As2 fluxes are 0.1 ML/s
and 0.4 ML/s, respectively. The lattice size is 120as3120as , and
g53 is used. Growth takes place by the propagation of kink str
tures in the direction perpendicular to the As dimer rows.~a! t
50.5 s.~b! t51.0 s.~c! t51.5 s.~d! t52.0 s.
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tendency in some of the snapshots at later stages of gro
For example, we can see in Fig. 10 that aB4 terrace edge,
which is straight at first, has changed to aB2 terrace edge a
each end, whereas it has changed to theB1 type in the cen-
tral part. Obviously, these phenomena occurred becauseB4
terrace edge is less efficient in growth than theB1 or B2
type.

III. COMPARISON WITH RHEED EXPERIMENTS

As we pointed out in Sec. I, the time evolution of specu
RHEED intensity on anA surface, especially its behavio
immediately after starting growth, cannot be accounted
by growth simulations based on the SOS model.33 Therefore,
we need to examine if this evolution can be reproduced
our simulations. To accomplish this task, it is necessary
increase the density of terrace edges so as to enhanc
effect in the simulation results. To this aim, we use a co
figuration of two-level terraces of strips placed on a 120as
3120as lattice, in which the lower and upper strips are giv
sizes of 80as3120as and 40as3120as , respectively. With
this configuration used as the initial condition, we carried o
growth simulations by choosingg55 and g51, and ob-
tained the time evolutions of the number densities of dou

f

-

FIG. 8. A series of snapshots showing the simulated growth
the B3 terrace edge in Fig. 5~c!. Ga and As2 fluxes are 0.1 ML/s
and 0.4 ML/s, respectively. The lattice size is 120as3120as , and
g53 is used. The width of a growing As dimer row is restricted
the presence of surface defects caused by the phase shift in

@ 1̄10# direction. ~a! t50.5 s. ~b! t51.0 s. ~c! t51.5 s. ~d! t
52.0 s.
1-6
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As dimersrdAs , as this feature characterizes theb2(234)
structure as well as thea(234) structure. Moreover,rdAs is
found to evolve synchronously with the specular RHEE
intensity on a singular GaAs~001! surface, as we reporte
previously,11 so that it is important to examine ifrdAs

FIG. 9. A series of snapshots showing the simulated growth
the B4 terrace edge in Fig. 5~d!. Ga and As2 fluxes are 0.1 ML/s
and 0.4 ML/s, respectively. The lattice size is 120as3120as , and
g53 is used. Growth via kink propagation is enabled only wh
surface defects are filled in.~a! t51.0 s.~b! t52.0 s.~c! t53.0 s.
~d! t54.0 s.~e! t55.0 s.
12530
evolves synchronously with the specular RHEED intens
on anA surface also.

Figures 11~a! and 11~b! show the evolutions ofrdAs for
g55 andg51, respectively. As Fig. 11~a! shows,rdAs os-
cillates quickly wheng55 is used. This is because the stic
to-split growth mechanism repeats on anA surface, and an
As dimer row at a terrace edge changes its width cyclica
as we saw in Fig. 4. In contrast, this oscillation becomes l
prominent wheng51 is used, as seen in Fig. 11~b!. On anA
surface, generally the island growth mode is more likely th
the step-flow growth mode for large values ofg. With our
particular configuration, however, a small value ofg such as
g51 results in the nucleation of islands on top of the upp
strip because Ga adatoms can migrate onto the top of it f
both sides and may create an island when they collide w
each other. In both cases,rdAs decreases rapidly after star
ing growth and reaches its first minimum at the covera
Qc.0.1 ML, where the coverageQc is defined by the prod-
uct of Ga flux and growth timet. After reaching this mini-
mum, rdAs increases quickly and reaches its first maximu
at Qc.0.2 ML. Similar features were observed in the spec
lar RHEED intensities onA surfaces, as seen in Figs 1–3

f

FIG. 11. Time evolutions of the densities of double As dime
obtained by simulations on a 120as3120as lattice, on which the
first and second strips of 80as3120as and 40as3120as are
stacked. Ga and As2 fluxes are 0.1 ML/s and 0.4 ML/s, respectivel
~a! g55 and~b! g51.
e

FIG. 10. A snapshot showing

the transformation of a terrac
edge fromB4 to B2 at both ends
and toB1 in the central part.
1-7
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Ref. 33. However, on these real surfaces,g has a much large
value than those we used in our simulations, as we no
earlier. Because of this, nucleation and growth of islands
more enhanced on a realA surface than in our simulations
This is consistent with the fact that only one strong peak
be seen in Fig. 11~b! and in the specular RHEED intensitie
observed onA surfaces.33

IV. DISCUSSION

In Sec. II, we saw that, for anA step to grow, only a pair
of Ga adatoms need be located by the lower side of a ter
edge so as to accommodate an As2 molecule, whereas four o
them are necessary for aB step to accomplish this task, a
the shaded areas in Figs. 3~a! and 3~b! clearly show. Thus,
from the viewpoint of Ga kinetics, step-flow growth on aB
surface is not favored because the probability for aB step to
acquire four Ga adatoms is certainly much smaller than
for anA step to capture only two of them. In our simulation
this disadvantage of growth in the@ 1̄10# direction is over-
come by the strong fluctuation of the atomic structures
growing islands. More precisely, when Ga adatoms are no
the trench sites of the well-orderedb2(234) structure, the
diffusion anisotropy of these atoms is enhanced in the di
tion perpendicular to an As dimer row,8–10 so that there ap-
pears a strong fluctuation in island morphology, which
sults from the competition between this diffusion anisotro
of Ga adatoms and the Coulomb repulsion between sur
As species acting principally in the@110# direction. It is
actually this fluctuation that enables an island to adopt
b2(234) structure rather quickly.8–10On aB surface with a
straight step edge, however, this fluctuation is strongly s
pressed, as we saw in Sec. II B. Therefore, partly becaus
this suppression of the fluctuation and partly because of
small probability of capturing four Ga adatoms, the grow
of a straightB step is generally very inefficient compare
with that of an island. Moreover, we have shown by t
KMC simulations that the morphology of a growingB step
depends strongly on the phase difference in theb2(234)
structures between an upper terrace and a lower one. A
same time, the capture of Ga adatoms by anA step is inef-
ficient, too, due to the diffusion anisotropy of Ga adato
which is enhanced in the@ 1̄10# direction. Thus, a step-flow
growth mode is generally a very inefficient process whe
is compared to an island growth mode.

In Sec. II A, we saw that growth of anA step begins with
the growth of rather short segments of As dimer rows. Af
a sufficiently long period of time, these segments sometim
merge into an As dimer row again, and the straight hill-an
trench structure of theb2(234) reconstruction is often re
covered. However, this is not always the case, as see
Figs. 4~j!–4~l!, where we can find the remains of the sho
segments, which appeared to grow nearly independentl
each other. Thus, our results showed that the growth o
straight A step proceeds, not in a coherent manner as
suggested by simulation studies based on the SOS mod33

but by the splitting of rather short segments of an As dim
row. Recall that this phenomenon is caused principally
the diffusion anisotropy of Ga adatoms, which is usua
12530
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enhanced in the direction parallel to the trenches of
b2(234) structure. Indeed, when Ga adatoms are allow
to diffuse isotropically, they can reach the terrace edges o
A surface much more easily, so that growth can proc
more smoothly by the occurrence of the stick-to-split grow
mechanism in a rather coherent fashion. As is clear from
results, surface reconstruction, particularly its geome
plays a crucial role in the growth of a semiconductor surfa
at an atomic scale, especially when the surface is in the s
flow growth mode. However, this important property cann
be taken into account in the one-species SOS model33 or its
simple two-species extension.51–53 In particular, it is incor-
rect to attribute the anisotropic growth morphology
GaAs~001! to the sticking anisotropy of the diffusive specie
because this is an artifact of the SOS model.33,54

Recently, we showed by the combined use of KMC sim
lations andab initio calculations that the specular RHEE
intensity on a GaAs(001)-b2(234) surface evolves syn
chronously with the density of double As dimers, and n
with the step density, during growth and after i
interruption.11 We showed by our simulation results in Fig
11~a! and 11~b! that the special features found in evolutio
of the specular RHEED intensities onA surfaces, as seen i
Figs. 1–3 of Ref. 33, can be accounted for by the stick-
split growth mechanism, due to which As dimer rows at anA
step edge change their widths cyclically between 2 and 4
seen in Fig. 4. This accounts for the clear difference in
initial stages of the evolution of the observed specu
RHEED intensities betweenA surfaces andB or C surfaces
at T.580 °C.33 To further achieve good agreement betwe
simulations and specular RHEED intensities on anA surface,
we must carefully take account of the possible change in
nucleation rate of islands on it due to the displacement
atomic structures associated with the change of width of
As dimer row at anA step edge.11 Note that, even if this
effect causes a considerable change in the morphology
growing surface, it should be strictly distinguished from t
Ehrlich-Schwoebel effect,46–49 because the latter is not re
lated to the local structural change of a surface reconst
tion.

From RHEED observations, Shitaraet al.noted a delay of
the first maxima of specular RHEED intensities on vicin
surfaces.33,55They ascribed this phenomenon to the prese
of ‘‘incorporation barriers’’EI , and obtained their values a
4.2 eV, 1.4 eV, and 2.1 eV, respectively, for theA, B, andC
surfaces with the misorientation angle of 2 °. In the mod
we used, the values of the largest and second largest bar
are Ea52.22 eV andEb51.88 eV, which are associate
with the desorption processes of the gray As dimers in F
12~a! and 12~b!, respectively. Compared with them,EI

A

54.2 eV~Refs. 33,55! seems too large. Therefore, it is qui
possible that these delays are not caused by single-atom
molecular kinetics, but by some composite kinetic proces
that are not directly related to the incorporation of the dep
ited materials on an atomic step. This is also suggested
the strong dependence of the measured values ofEI on the
growth conditions used.56

A recent STM observation revealed the presence of
clusters on the lower sides of theB steps.57–60The existence
1-8
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of these clusters indicates that aB step is inefficient at incor-
porating Ga adatoms for growth when compared with
rate of their diffusion. Therefore, taking proper account
the effect of these Ga clusters may enable us to determine
appropriate vicinal orientation for realizing a step-flo
growth mode in MBE growth experiments. Indeed, compa
son of our results with the STM images57–60 suggests that if
one uses anA surface a considerable number of Ga adato
diffuse along the trenches of theb2(234) structure without
reaching a terrace edge, and eventually they may creat
lands when they collide with each other.61 When aB surface
is used, on the contrary, Ga adatoms reach aB step and make
clusters at the lower side of it.57,58 Moreover, the growth of
straight B steps is found by our simulation studies to
unstable. This implies, therefore, that the appropriate vic
orientation for stable step-flow growth mode is not the@110#
or @ 1̄10# direction. Rather, it may exist somewhere betwe
them.

The shapes of the terrace edges we obtained by
growth simulations look very similar to the recently report
STM images.57–60 We used growth conditions in which th
substrate temperature isT5580 °C, and the Ga and As2
fluxes are 0.1 ML/s and 0.4 ML/s, respectively, i.e., t
As2-to-Ga flux ratio is 4. In these conditions, theA surface
was found by RHEED observations to exhibit an isla
growth mode while theB surface has a step-flow growt
mode.33 By contrast, all of our simulations showed not on
the growth of each terrace but also that of islands. In t
sense, our results apparently disagree with the RHEED
servations.

This discrepancy results partly from the fact that t
angles of misorientationu used in experiments are muc
larger than those used in our simulations. In fact, whenB
surface of much smaller vicinal orientation is used, islan
have been observed even after annealing.61 At the same time,
it may also partly result result from the fact that our mod
does not take account of the possible appearance of Ga
ters on the lower side of aB step. This is because the pre
ence of such Ga clusters implies that the incorporation of

FIG. 12. ~a! The desorption of an As dimer from the central s
of the five-wide dimer row. The desorption barrier of the gray
dimer is 2.22 eV.~b! The splitting process that follows the desor
tion depicted in~a!. The desorption barrier of each gray As dimer
1.88 eV.
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adatoms into aB step may not be an efficient process co
pared with their diffusion. Therefore, if this surplus of ad
toms is consumed by making clusters, they can stay ne
step edge, and may locally increase the effective chem
potential of Ga there, so that the growth rate of aB step may
be increased. If this is not the case, on the contrary, they
diffuse away from there and make islands somewhere
because, according to our simulations, this process is m
efficient than step-flow growth. The former may occur on
real surface, on which the latter can also take place if
terrace width is very large, but only the latter can occur
our simulations, in which no effects related to the existen
of Ga clusters are taken into account. In order to hav
quantitative estimate of the role of Ga clusters in the grow
of a B surface, we need to know the binding energy of a
atom to a cluster, and also its dependency on the cluster
This may be accomplished byab initio density functional or
empirical molecular dynamics calculations.

Finally, we mention the presence of a discrepancy
tween our model and the results ofab initio density func-
tional calculations. To determine the parameters of
model, quantitative comparisons were made of the morph
ogy of growing 2D islands between simulations and the ST
images,8–10,45as we mentioned in Sec. II. In this process, t
precise site dependence of the binding energy of a Ga
tom was not considered, yet very good agreement was
tained in comparison of the island size distributions betwe
simulations and experiments in the precoalescence reg
i.e., at Qc,0.2 ML.9,10 However, ab initio density func-
tional calculations have revealed that the binding energy
Ga adatom does depend on whether it is bonded onto
atop site of an As dimer pair or onto the interdimer site.7,34

This implies that the empirical parameters we used in
simulations may correspond to the approximate values
tained by taking averages over such distinct sites.63–66 In-
deed, there is even criticism of the use of empirical para
eters to carry out KMC simulations.62 However, the facts
that we could obtain good agreement in the island size
tributions between simulations and experiments9,10 and also
that we could identify the origin of the evolution of th
specular RHEED intensity on a growing GaAs(001)-b2(2
34) surface and in the recovery process after
interruption11 indicate that the evolution of surface morpho
ogy is rather insensitive to such precise site dependenc
the binding energies of the Ga adatom. Instead, our res
suggest that the molecular and surface dimer kinetics of
species are much more important. However, further stud
are needed, in both theory and experiment, to examine if
simulations are good approximations for step-flow grow
too, or whether the surface morphology is significantly
tered when the precise site dependence of the binding e
gies of the Ga adatom is taken into account.

V. CONCLUSION

We have used a two-species kinetic growth model of
GaAs(001)-b2(234) reconstruction to study step-flow
growth modes ofA and B steps at an atomic scale. We r
vealed that growth of anA step proceeds by creating rath
1-9
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hort segments of As dimer rows due to the diffusion anis
opy of Ga adatoms. Although these segments are usu
ound to merge later, this does not mean that the growth
n A step proceeds coherently over a long distance alon
s dimer row. On aB step, we found that the phase diffe
nce of theb2(234) structure between an upper terrace a
lower one plays a crucial role in determining the morph

gy of the growing terrace edge. When two terraces ar
hase with each other in the@110# direction, an As dimer
ow grows on top of an As dimer row of the lower terrac
ollowed by the growth of this As dimer row in the direction
erpendicular to it, and consequently there appears a pe
ula consisting of theb2(234) structure. On the contrary, i
he two terraces are out of phase with each other in the@110#
irection, growth proceeds via kink propagation in the dir

ion perpendicular to the As dimer rows. In contrast to th
wo cases, the phase difference between two terraces in
1̄10# direction results in the appearance of many surf
f
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defects. Since this is disadvantageous, we found that s
terraces usually transform into in-phase terraces dur
growth.

Our results showed that growth does not proceed atA or B
steps efficiently or coherently. This suggests that the app
priate vicinal orientation for a stable step-flow growth mo
exists in a direction somewhere between@ 1̄10# and @110#.

Finally, the simulated growth of theA steps was com-
pared with the results of specular RHEED intensity obser
tions, to find qualitative agreement.
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