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Atomic-scale Monte Carlo study of step-flow growth modes on GaA®01)-(2X4)
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The step-flow growth modes of the GaAs(0Q32{2x 4) 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 [@0] 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 thed(2structure between an upper terrace
and a lower one. More precisely, when they are out of phase with each other[ibliBjedirection, 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 nuniber68.55—a, 68.03.Fg, 68.35.Fx, 02.70.Rr

. INTRODUCTION is larger in the[TlO] direction B step than in the[010]
direction (A step.

Recently, the important role of surface reconstruction has However, we must point out that they succeeded in ob-
been increasingly realized not only in crystal growth but alsogjning E;= 1.58+0.02 eV because the growth mode transi-
in the development of optoelectronic device&: To develop  tion is rather insensitive to the atomic-scale growth kinetics
such devices, extensive use has been made of Ill-V comyn aC surface only. Moreover, one must pay attention to the
pound semiconductors, among which the GaAs(082)2  fact that the (2 4) structure, or, more precisely, tHg2 (2
X 4) structure is the best known surface reconstructioro X 4) structure, is As terminated, as depicted in Fig. 1,
monitor its growth in molecular-beam epitaIBE),* the  \yhereas the principal diffusive species on it is && Even
oscillation phenomendh of the specular intensity in re-  more importantly, there is a difference in the number of Ga
flection high-energy electron diffractioRHEED) is often  adatoms necessary for step-flow grow to occur, as we will
used because of its geometrical advantdgstudying the  see in Figs. @) and 3b) below. Therefore, even if similar
time evolution of this intensity, Neavet al. found the dis- Comparisons with simulations to those on msurface§1v32
appearance of this oscillation when the substrate temperatutge made orA or B surfaces, one cannot correctly identify
was increased They interpreted this phenomenon as athe origin of the difference in step-flow growth modes be-
growth mode transition between an island growth mode atween them. In spite of these facts, Shitatal. ascribed the
low temperature and a step-flow growth mode at high temdifference in growth modes between them to anisotropy in
perature, noting that the diffusion length of adatoms is enthe sticking coefficients of the constituent of the one-species
hanced by an increase of temperature, so that these ator8©S modef® However, this is an entirely model-dependent
can reach a nearby step edge more easily at highesult, which has no generality. Indeed, there are some coun-
temperaturé’ terexamples, in which the diffusion around the corner of an

Following this study, Shitaraet al. carried out kinetic island®~*" or along a stefy*° plays a crucial role in the
Monte Carlo (KMC) simulationé®%° by using the one- anisotropic growth of epitaxial islands.
species solid-on-solidSOS model and compared the ob-
servedl ; with the simulated step densities at various growth
conditions® 33 They first compared the growth mode tran-
sition in simulations and experiments on surfaces tilted from
the [ 001] direction toward thg¢ 010] direction (C surface$,
and obtained the effective diffusion barrides=1.58
+0.02 eV for the MBE growth conditions in which the (2
X 4) structure is maintaineth:®? In these studies, they se-
lected theC surfaces so as to reduce the effect of anisotropy
in the growth kinetics. By using RHEED, they further ob-
served the growth mode transition on tAeand B surfaces,
which are tilted from thg 001] direction toward thd 110]
and thg 110] direction, respectively, and found that the tran-
sition takes place at a higher temperature onAhgurfaces FIG. 1. Plan view of the82(2x 4) structure with the crystallo-
than on theB surfaces for all growth conditions they graphic directions indicated by the arrows. The dark and bright
examined®® By comparing these results with simulations, disks represent As atoms and Ga atoms, respectively, and their radii
they concluded that the sticking coefficient in the SOS modetiecrease according to their depths.
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Furthermore, since the SOS model is constructed on the
simple cubic lattice, the simulated step density always in-
creases upon starting growth, and decreases after its interrup-
tion, irrespective of the vicinal orientation of the surface.
Therefore, if the simulated step density obtained by using the
SOS model gives the correct account of the time evolution of
Is, it must evolve similarly on the surfaces of any vicinal
orientations. However, we can see in Figs. 1-3 of Ref. 33
thatl s observed oA surfaces evolves completely differently
from I on B or C surfaces. It is clear from this that the
simulation part of Ref. 33 does not provide the correct ac-
count of its experimental part.

Thus we must use a more realistic model than the SOS
model to study the step-flow growth modes of a
GaAs(001)B2(2x4) reconstructed surface with different
vicinal orientations. For this purpose, we use the two-species
modef~1%and carry out growth simulations #fandB steps
as the first step toward a full and correct understanding of the
step-flow growth modes on the vicinal surfaces of
GaAq001). This is a natural choice to this end since both Ga
and As species play important roles in the atomic-scale ) ] )
growth kinetics of GaA@01 1-12,40-43 FI_G. 2 As part of.the_ |nteraqt|oqs. The back bonding e_nergy

A C step can of course be defined macroscopically as aontrlbutlon to the actlv_atlo_n barrle_r is ;.65 eV per atom, which is
surface on which the mean orientations of terrace edges afacTéased by the attractive interactiong(@and(b) by (a) 1.00 eV
aligned in the{(010) directions. Microscopically, however, gnld;b) 0.63 eV, and decreased by the repulsive onds-® by (c)

. o . . . . 15 eV,(d) 1.21 eV, ande) 0.25 eV.
this definition has a very large variety, since these directions
are not the symmetry axes of thg2(2X4) unit cell, and
hence we do not consider it here. Moreover, since the growt
kinetics depends on the surface atomic structttéye re-
strict ourselves to studying the step-flow growth of the
GaAs(001)B2(2x4) reconstruction, which appears as the
stable reconstruction in the temperature range 580

®) P

°®
©)

ﬁtructural transition of a growing island from a nonx2)
structure to thed2(2x 4) structuré~° Specifically, we use
the same growth conditions as we used in the simulations of
an island growth mode on Gaf®)), i.e., we set the sub-
strate temperature to b&€=580°C, and the Ga and As
+20°C. Thus, we choos&=580°C as the temperature of quxes to be 0.1 and 0.4 monolayers per ;ec(Mti/s), re-
; ) . spectively. We chose these growth conditions partly because
the substrate in our simulations. the B2(2X4) reconstruction is stable dt=580°C, as we
This paper is organized as follows. In Sec. I, we r(aportstatgd above, and partly because the in_teractior; arameters
our simulation results of the step-flow growth modesAof ' partly | on paran
of the model were determined solely by comparing the simu-

andB surfaces at an atomic scale. In contrast to the ConVer . rasults with scanning tunnelin microscof@TM)
tional understanding, we find that &surface does not grow . 10 . 9 'ng
image§~1° obtained by growth at this temperature. In these

coherently. Instead, it grows as rather short segments of Ac?om arisons, special attention was paid to the aspect ratio of
dimer rows. For &B surface, we find that of the phase dif- P  SP P P

ference in theB2(2Xx4) structure between an upper terracet.he growing two—dlmenS|ona2D) islands betvyeen the direc-
L . ions parallel and perpendicular to the As dimer rows of the
and a lower one plays a significant role in the morphology ofI

5
the growing terrace edge. Since we have pointed out tth(ZXA') structure’ e .
failure of the SOS model to simulate the growth of An Furthermore, we set the diffusion anisotropy of a Ga ada-
surface, we need to show that our simulation results are cofom g to be 3-5 times as large in tf&10] direction as in
sistent with RHEED experiments. This is done in Sec. I11the [110] direction when it is in the trench site of a well-
with some qualitative arguments. We discuss our results i@rdereds2(2x4) structuré.’**f this condition is not met,
Sec. IV. Section V is devoted to the conclusions. the diffusion anisotropy of a Ga adatom is reversed to be
three times as large in tHel10] direction as in thg 110]
direction. It is this change of the diffusion anisotropy that
enables the occurrence of a structural transition from a non-

By using the two-species model, we simulate growtthof (2X4) structure to the B2(2Xx4) structure rather
and B steps, or more precisely the terrace edges of the coiduickly.®~*° Although we choose the anisotropy of the diffu-
responding surfaces. This model has been used to simulaggon of a Ga adatom in thgl10] direction in the range
the nucleation and growth of islands on G&@&l) and between 3 and 5, this is because we carry out simulations on
InAs(001) in homoepitaxy?~*°Only the interaction diagrams a finite size lattice, where a very large anisotropy merely
of the As part are shown in Figs(82—2(e), in which Figs. results in a cycle of diffusion across the lattice. Accordingly,
2(a) and 2b) are attractive, and the rest are all repuldiVe. we find that the computation time increasesgas made
Among them, the interaction depicted in FigdPcauses the larger. Fortunately, in practice, we find that simulation re-

1. GROWTH SIMULATION OF TERRACE EDGES
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lattice to allow sufficiently long diffusion of the Ga adatom.
In contrast, no such need exists in simulating the growth of a
B step sinceg>1 means that a Ga adatom can easily arrive
at it.

If we used multiterraces in the same way as did Shitara
et al®® for the study of the step-flow growth modes, we
should also use helical boundary conditigh8C’s) instead
of PBC’s because the model is constructed on the zinc-
blende structure. However, the use of HBC’s may result in
the introduction of unexpected effects in the diffusion of Ga
adatoms. Therefore, instead of using a set of stairs as well as
the HBC'’s, we use a narrow strip of the terrace that is one
bilayer higher than the substrate, place this strip across the
central part of the substrate, and set its width to We

FIG. 3. In order to accommodate an As dimé) an A step  =10ag. Furthermore, all ends of the substrate and strip are
needs two Ga adatoms, bil) a B step needs four of them, as the connected by the PBC’s whenever the ends reach the bound-
shaded areas indicate. aries of the 2D lattice.

With this choice, the corresponding angle of misorienta-

sults do not differ significantly when8g< 10, though we ~tion of a vicinal surface is given by=tan *[2d/(L —W)],
must keep in mind thag can have a much larger value than Whered=2.8 A is the bilayer height of the Ga{G01) sur-
those we used in our simulations since the diffusion barriefce. Hencef~0.73° forL =120as, which is used for the
of a Ga adatom is smaller in tfid10] direction than in the ~Simulations of theB steps in Sec. Il B, whereas takes an

[110] direction by about 0.3 eV on the2(2x 4) structure even smaller value folr:_=20051S which is used in Sec. Il A,

in the absence of other adsorbate speﬁes. as we not_ed be_fore. Since these_ valueg afe smaller than_
Here we note that, in principle, the same growth mechatNe misorientation angles used in the RHEED observations

nism that was found t’o work in thé island growth mode mustmc real GaA$00]) surfaces,*the sizes of the 2D lattices

work in the step-flow growth mode, too. This means further'Ve used as the lower terraces are sufficiently large as to

that we must not introduce any interactions specific to aterf’wOid ar.tifacts causeq by interstep interagtions beyond the

race edge, because, at an atomic scale, there is no differen 8un_dar|es_ of the lattice, af_‘d to obtain rel_lable re_s“'ts from

between the edges of an island and those of a terrace. This e simulations. As for the direct step-step interactions across
a strip, we examined this effect by changiwg and found

particularly important in our simulation study since an A
Ehrlich-Schwoebel barri&t*° does not exist on the recon- t>h?t0athe snapshots do not change significantly to
=10a,.

structed GaAs(001B2(2x4) surface?

Before going into detail, we note two important properties
in our simulations of the step-flow growth modes on
GaAg001). The first concerns the Ga kinetics, in which only  In this section, we simulate the growth of straighsteps,
two Ga adatoms are needed for the growth offastep to ~ and, to this end, we use a narrow strip having strafgsteps
begin, while four of them are required forBastep, as Figs. ©n both sides as the initial conditi¢ee Fig. 43)]. We use
3(a) and 3b) clearly show. The second property is that, with @ 20@sx 2008 lattice and choosg=3 for the diffusion
the growth conditions stated above, we found nucleation ananisotropy. Note that only the central parts of the snapshots
growth of islands to occur in all our simulations irrespectiveare shown below.
of the orientations of the steps. Obviously, this result dis- In general, when a pair of Ga atoms arrives at the lower
agrees with Shitarat al’s experiments, in which no oscilla- Side of anA step via diffusion, an Asmolecule may stick
tion of specular RHEED intensity was observed Brsur- ~ onto them and locally change thg2(2Xx4) structure into
faces atT=580°C3® We will discuss this problem later in the31(2X4) structure. When this process continues and the
Sec. IV. width of this structure exceeds the threshold for the structural

Now we investigate the step-flow growth modes at antransition from a non-(X4) structure to theg2(2x4)
atomic scale. For this purpose, we first simulate growth oftructure found in simulations of the island growth m&de,
straightA steps, and next examine the effect of phase differa similar transition occurs at thestep edge. More precisely,
ences in thg82(2x4) structures between an upper terracealthough an As dimer at the terrace edge of Amsurface
and a lower one at various straighisteps. The growth simu- usually desorbs from there due to the Coulomb repu?gion
lations are carried out on a 2D lattice with periodic boundarycorresponding to the interaction diagrams depicted in Figs.
conditions (PBC’s). The lattice sizeL XL is chosen to be 2(d)—2(e), the splitting of a wide As dimer row may occur
200a,X 2008 for the A steps in Sec. IIA and 12Q  Wwith a small but finite rate, as seen in Figsb4-4(d). Then,

X 1208, for the B steps in Sec. Il B, whera,=4.0 A de- once it occurs, a wide As dimer row splits successively along
notes the surface lattice constant of the G&A4) surface. itself when its width exceeds the threshold. However, since
We use a larger 2D lattice to simulate the growthAcdteps  the diffusion anisotropy of Ga adatoms is enhanced in the
because it is not easy for a Ga adatom to reach a straight [ 110] direction, it is actually difficult for sufficiently many
step forg>1. Therefore, we need to use a large enough 20Ga adatoms to reach a straightstep in a short period of

A. A steps
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FIG. 5. Four possible phase differences in B#&(2Xx 4) struc-
tures between an upper terrace and a lower one to mdkstap.
Two terraces are in phase with each other in[th#0] direction in
(a) and (b), and in phase with each other in th&€10] direction in
(@ and (c). We call theB steps in(a—d B1, B2, B3, andB4,
respectively.

4(d). Later, these short segments merge together to construct
rows of As dimers again, as seen in Fige}4 where the
B2(2X4) structure is recovered inside the terrace. More-
over, Figs. 4e)—4(f) show that this process repeats itself as
growth proceeds. At the same time, islands are found to
nucleate even very close to &rstep edge, as seen in the left
side of Figs. 4d) and 4e). This is a consequence of the fact
that the diffusion anisotropy of a Ga adatom is enhanced in

the [110] direction. At later stages, these islands coalesce
with the growing terrace edge, as seen in Figg)44(k). In

the last snapshot in Fig.(4, the terrace edges look rather
disordered on both sides, in spite of the fact that coalescence
between islands and a terrace occurred only on the left side
of it and not on the right side.

FIG. 4. A series of snapshots showing the simulated growth of a
strip having straightA steps on both sides at every 0.5 s. These B. B steps

snapshots are taken from the central area of @20@00a lattice. L
Ga and As fluxes are 0.1 ML/s and 0.4 ML/s, respectively, and Because of the periodicities of g2 (2x 4) reconstruc-

g=3 is used for the diffusion anisotropy of the Ga adatd®. tion, there are 16 principal patterns in the phase shifts of the
Initial configuration, i.e., the growth time=0.0 s. A narrow stripis  82(2X4) structure between an upper terrace and a lower
placed across a 2@Qx200a lattice at its central part(b) t ~ On€ along a straigh step. This can be easily understood as
—0.5s. The As dimer rows at the terrace edges become wide ifPllows. First, taking account of the mirror symmetry of the

short segmentgc) t=1.0 s. The As dimer rows become widé) ~ 52(2X4) structure in th¢110] direction, there are two pos-
t=1.5s. Wide As dimers are splitting in short segments. At theSible phase shifts between two adjacent terraces in this direc-

same time, an island has appeared on the left é®lé=2.0 s. The  tion according to the relative phases of the atomic structures
B2(2x4) structure is recovered inside the terrace. Another islandbetween these terraces. Similarly, there are two possible

has appeared in the bottom left sidB.t=2.5 s. The process from phase shifts between these terraces in[EﬁaO] direction.

(b) to (d) repeats(g) t=3.0 s. Thes2(2x 4) structure is recovered  Fyrthermore, on each terrace, the phase difference between
inside the terrace agaith) t=3.5 s. The islands on the left side are the As dimer rows on top of an As dimer hill of the2(2
merged into the terrace edg@). t=4.0s.()) t=4.5s.(k) t=5.0S. 4y grycture and those at a trench site can have two alter-
(I) t=5.5 s. The terrace edges become less ordered on both S'def"fative possibilities. Thus, there are totall§:216 possible

) ) ) o patterns in the phase difference atBastep edge. In this
time. Accordingly, this splitting phenomenon occurs ran-counting, for simplicity, we neglected possible unusual
domly at various sites for short segments and, hence, thgonding of arsenic species near a terrace edge.

length of this local structure is found to be rather limited, up  Among them, however, we consider the four principal
to about ten As dimers in thel 10] direction, as seen in Fig. cases shown in Figs(&-5(d). For a guide to the eyes, the
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As dimer bonds in the trench sites of the upper terraces and
those on the As dimer hills of the lower terraces are depicted
in these figures by balls and sticks, which emphasize the
phase differences in the As dimer rows between the two
terraces. Although there are 12 other possibilities for the
phase difference on a real surface, we do not consider them
here since there is no difference in the model between the
backbonding energies of a Ga adatom on the atop site of an
As dimer and on the interdimer site of two As dimers adja-

cent to each other in th@TlO] direction. Henceforth, we
focus on the four types seen in Figgap-5(d).
Between the possible directions of the phase shift in

[TlO] and[110], let us first examine the shift in tHel10]
direction. In this case, in order for the As dimer rows in the

upper terraces of Figs.(» and 3d) to grow in the[110]
direction, the trenches in the lower terraces must be filled in
first because the double As dimer rows in the upper terrace
lie above the trenches of the lower terrace. In Figs) &nd
5(c), in contrast, at least single As dimer rows can grow from

the upper terraces in th& 10] direction without filling in the
trenches of the lower terraces. Thus, it is anticipated that the
terrace edges in Figs.(& and Hc) have higher step-flow
growth rates than those in Figs(bb and 3d). Likewise,
according as two adjacent terraces are in phase with each
other, there may appear some kind of differences in the
growth morphology among these four patterns.

In contrast, the distinction between Figgaband 5b) FIG. 6. A series of snapshots showing the simulated growth of
and 5c) and 5d) lies in the fact that, for the upper terraces in the B1 terrace edge in Fig.(8. Ga and As fluxes are 0.1 ML/s
Figs. 5c) and 5d) to grow, the trenches adjacent to the and 0.4 ML/s, respectively. The lattice size is 428 120a, and
terrace edge on the lower terrace side must be filled with newy=5 is used(a) t=0.5 s. Ga adatoms reach the lower side of the
As, dimers out of phase with the double As dimer rows ofterrace edgeb) t=1.0 s. When single As dimer rows grow on top
the lower terraces. Since this process is inevitably associatedd the As dimer hills of the lower terrace, adjacent trenches are
with the repulsive interaction in Fig(® in addition to those filled, and growth in the perpendicular direction also proceéds.
in Figs. 2d) and Ze), the step-flow growth modes in Figs. t=. 1.5 s. The As dimer rows at thelends of the protrusions become
5(c) and Fd) must be less efficient than those in Figéa)s Wide. (d) t=2.0's. The wide As dimer rows split and th&2(2
and §b). X 4) structure is recovered.

Hereafter, we call the steps in Figsab-5(d) B1, B2, . . .
B3, andB4, respectively. The simulations are carried out Onthese snapshots, the _gr0\_/vth t|me_var|es betvuee@.S s In
120a,X 1208, lattices, on which narrow strips having the Fig. 6(8) andt=2.0 s in Fig. &d) with the fixed interval of
long axes in th¢110] direction are placed, and snapshots areAt:o'5 S .
recorded to study the growth of steps on such strips. As for Next, we simulate the grOV\_/th of B2 step. As F'g.' @)
the diffusion anisotropy, we usg=>5 for these simulations. shows, Ga ad_atoms can easlly reach the Iower. S'd(.e of the

First, we show the growth of B1 step in Figs. G)—6(d), terrace ed_ge in the same manner as we saw in Ha). 6
which are a series of snapshots obtained by the growth Simd—jowever, in contrast to the growth OfBﬂ_Step’ in order for
lation with Fig. 5a) as the initial condition. We can see in the growth of 8B2 step to proceed in tHe 10] direction, the
Fig. 6(@) that Ga adatoms can easily reach the lower side ofrench sites on the lower terrace must be filled in first and,
the terrace edge due to their diffusion anisotropy. Accordhence, growth by the elongation of As dimer rows from the
ingly, since one of the As dimers of the double As dimeredge of the upper terrace becomes very inefficient. Accord-
rows on the upper terrace resides on top of the As dimeingly, growth proceeds only in the directions perpendicular
rows of the lower terrace, this As dimer row can grow rathert0 As dimer rows via kink propagation, as seen in Figbh)#
easily as a single As dimer row, followed by the filling in of 7(d). These snapshots were recorded with the same intervals
the adjacent trench sites, as seen in Figp).6From these Of time as before.
local protrusions into the lower terrace, step-flow growth The growth of aB3 step proceeds quite similarly to that
proceeds both by continuing growth along As dimer rows ofof aB1 step, as seen in Figs(a@-8(c). However, due to the
the lower terrace and by extending the tails of these protruphase difference in thel10] direction between the upper
sions in the perpendicular directions, as seen in Fi¢s. 6 terrace and the lower one, there appear many point defects,
and Gd). The B2(2x4) structure is recovered when the as we can see on the lower terrace by comparing Fd).t8
wide As dimer rows split at the end of these protrusions. InFig. 6(d). These defects obstruct the tails of the protruding
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FIG. 7. A series of snapshots showing the simulated growth of FIG. 8. A series of snapshots showing the simulated growth of
the B2 terrace edge in Fig.(B). Ga and As fluxes are 0.1 ML/s  the B3 terrace edge in Fig.(§). Ga and As fluxes are 0.1 ML/s
and 0.4 ML/s, respectively. The lattice size is &28120a;, and  and 0.4 ML/s, respectively. The lattice size is 420 120a,, and
g=3 is used. Growth takes place by the propagation of kink strucg=3 is used. The width of a growing As dimer row is restricted by
tures in the direction perpendicular to the As dimer rova.t the presence of surface defects caused by the phase shift in the

=05s.(b)t=1.0s.(c) t=15s.(d) t=2.0s. [110] direction. (8) t=0.5s. (b) t=1.0s. () t=15s. (d) t

. . . =20s
peninsulas from extending over wide areas along the terrace
edge, so that they do not become very wide. The intervals of

. P tendency in some of the snapshots at later stages of growth.
the recorded growth times in Figs&—-8(d) are the same as T
those in Figs. )—6(d). For example, we can see in Fig. 10 thaB4 terrace edge,

In contrast, the growth of 84 step does not look so which is straight at first, has changed t82 terrace edge at

- L each end, whereas it has changed toBHhetype in the cen-
d|ffer§nt ff""_’ that of a2 step, as seen in F|gs_(69—g(d). tral part. Obviously, these phenomena occurred becaBge a
This is principally because dimer row growth in th£10]

I oo terrace edge is less efficient in growth than &8 or B2
direction scarely occurs in either case and, furthermore, th?ype
growth of aB4 step does not proceed entirely at a terrace

edge_unless point defects caused by the phase difference in
the[110] direction are filled in by deposited materials. Here,

the time scale is twice as large as those in other snapshots, As we pointed out in Sec. |, the time evolution of specular
i.e.,t=1.0sin Fig. 6a) andt=4.0 s in Fig. 6d) with the  RHEED intensity on arA surface, especially its behavior
interval of At=1.0s. immediately after starting growth, cannot be accounted for
Our results have shown that the effect of the phase differpy growth simulations based on the SOS moddiherefore,
ences forB steps is more prominent for a phase shift in thewe need to examine if this evolution can be reproduced by
[110] direction than in the 110] direction. At the same our simulations. To accomplish this task, it is necessary to
time, they suggest that there is a difference in growth raténcrease the density of terrace edges so as to enhance its
among these four kinds oB steps, i.e., the growth rate effect in the simulation results. To this aim, we use a con-
should decrease in the order frd1i to B4 via eitherB2 or  figuration of two-level terraces of strips placed on a 420
B3. Although the snapshots in Figs. 6—9 do not clearly showx 120ag lattice, in which the lower and upper strips are given
this tendency, this is because islands are growing away froraizes of 8@4x 1208, and 4@sX 120ag, respectively. With
the terrace edges in all cases, so that the total amounts dfis configuration used as the initial condition, we carried out
deposited materials and the apparent growth rates are ngtowth simulations by choosing=5 andg=1, and ob-
linearly related with each other. Despite this, we can see thitained the time evolutions of the number densities of double

IIl. COMPARISON WITH RHEED EXPERIMENTS
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FIG. 11. Time evolutions of the densities of double As dimers
obtained by simulations on a 120< 120a, lattice, on which the
first and second strips of 89x120a; and 4@ X 1208, are
stacked. Ga and Adluxes are 0.1 ML/s and 0.4 ML/s, respectively.
(@ g=5 and(b) g=1.

evolves synchronously with the specular RHEED intensity
on anA surface also.

Figures 11a) and 11b) show the evolutions opyas for
g=>5 andg=1, respectively. As Fig. 1&) shows,pgas 0S-
cillates quickly wherg=5 is used. This is because the stick-
to-split growth mechanism repeats on Arsurface, and an
As dimer row at a terrace edge changes its width cyclically,
as we saw in Fig. 4. In contrast, this oscillation becomes less
prominent wherg=1 is used, as seen in Fig. (]. On anA
surface, generally the island growth mode is more likely than

FIG. 9. A series of snapshots showing the simulated growth Ofthe step-flow growth mode for large values @fWith our

the B4 terrace edge in Fig.(8). Ga and As fluxes are 0.1 ML/s
and 0.4 ML/s, respectively. The lattice size is 428120a,, and
g=3 is used. Growth via kink propagation is enabled only when
surface defects are filled it@) t=1.0 s.(b) t=2.0 s.(c) t=3.0 s.
(d)t=4.0s.(e) t=5.0 s.

As dimerspgas, as this feature characterizes tG2(2x4)
structure as well as the(2x4) structure. Moreovelpg,s IS
found to evolve synchronously with the specular RHEED
intensity on a singular GaAB01) surface, as we reported
previously!! so that it is important to examine ipyas

M

g
g
e
28 B

particular configuration, however, a small valueggduch as
g=1 results in the nucleation of islands on top of the upper
strip because Ga adatoms can migrate onto the top of it from
both sides and may create an island when they collide with
each other. In both cases,,s decreases rapidly after start-
ing growth and reaches its first minimum at the coverage
0.=0.1 ML, where the coverag®. is defined by the prod-
uct of Ga flux and growth timé. After reaching this mini-
mum, pyas iNCreases quickly and reaches its first maximum
at®.=0.2 ML. Similar features were observed in the specu-
lar RHEED intensities o\ surfaces, as seen in Figs 1-3 of

FIG. 10. A snapshot showing
the transformation of a terrace
edge fromB4 to B2 at both ends
and toB1 in the central part.
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Ref. 33. However, on these real surfagghas a much larger enhanced in the direction parallel to the trenches of the
value than those we used in our simulations, as we note@2(2x4) structure. Indeed, when Ga adatoms are allowed
earlier. Because of this, nucleation and growth of islands areo diffuse isotropically, they can reach the terrace edges of an
more enhanced on a realsurface than in our simulations. A surface much more easily, so that growth can proceed
This is consistent with the fact that only one strong peak caimnore smoothly by the occurrence of the stick-to-split growth

be seen in Fig. 1(b) and in the specular RHEED intensities mechanism in a rather coherent fashion. As is clear from our

observed orA surfaces? results, surface reconstruction, particularly its geometry,
plays a crucial role in the growth of a semiconductor surface
IV. DISCUSSION at an atomic scale, especially when the surface is in the step-

flow growth mode. However, this important property cannot

In Sec. Il, we saw that, for aA step to grow, only a pair  pe taken into account in the one-species SOS mddelits
of Ga adatoms need be located by the lower side of a terracsqmme two-species extensi6h:> In particular, it is incor-

edge so as to accommodate an A®lecule, whereas four of ect o attribute the anisotropic growth morphology of
them are necessary foréstep to accomplish this task, as Gaaq001) to the sticking anisotropy of the diffusive species,
the shaded areas in FigsaBand 3b) clearly show. Thus,  hecause this is an artifact of the SOS modér
from the viewpoint of Ga kinetics, step-flow growth orBa Recently, we showed by the combined use of KMC simu-
surface is not favored because the probability f@ step 10 |4tions andab initio calculations that the specular RHEED
acquire four Ga adatoms is certainly much smal_ler tha_n th%tensiw on a GaAs(001p2(2x4) surface evolves syn-
for anA step to capture only two oflhem. In our simulations, chronously with the density of double As dimers, and not
this disadvantage of growth in tHe.10] direction is over- with the step density, during growth and after its
come by the strong fluctuation of the atomic structures orinterruption!! We showed by our simulation results in Figs.
growing islands. More precisely, when Ga adatoms are notini(a) and 11b) that the special features found in evolution
the trench sites of the well-orderggR(2x 4) structure, the of the specular RHEED intensities @nsurfaces, as seen in
diffusion anisotropy of these atoms is enhanced in the direcFigs. 1-3 of Ref. 33, can be accounted for by the stick-to-
tion perpendicular to an As dimer rdi:°so that there ap- split growth mechanism, due to which As dimer rows aan
pears a strong fluctuation in island morphology, which re-step edge change their widths cyclically between 2 and 4, as
sults from the competition between this diffusion anisotropyseen in Fig. 4. This accounts for the clear difference in the
of Ga adatoms and the Coulomb repulsion between surfadgitial stages of the evolution of the observed specular
As species acting principally in thg110] direction. It is RHEED intensities betweeA surfaces an® or C surfaces
actually this fluctuation that enables an island to adopt theit T=580 °C33 To further achieve good agreement between
B2(2x 4) structure rather quickl§-*°On aB surface with a  simulations and specular RHEED intensities orAssurface,
straight step edge, however, this fluctuation is strongly supwe must carefully take account of the possible change in the
pressed, as we saw in Sec. Il B. Therefore, partly because ofucleation rate of islands on it due to the displacement of
this suppression of the fluctuation and partly because of thatomic structures associated with the change of width of an
small probability of capturing four Ga adatoms, the growthAs dimer row at anA step edgé! Note that, even if this
of a straightB step is generally very inefficient compared effect causes a considerable change in the morphology of a
with that of an island. Moreover, we have shown by thegrowing surface, it should be strictly distinguished from the
KMC simulations that the morphology of a growigystep  Ehrlich-Schwoebel effeé~° because the latter is not re-
depends strongly on the phase difference in #282x4) lated to the local structural change of a surface reconstruc-
structures between an upper terrace and a lower one. At thon.
same time, the capture of Ga adatoms byAastep is inef- From RHEED observations, Shitagaal. noted a delay of
ficient, too, due to the diffusion anisotropy of Ga adatomsthe first maxima of specular RHEED intensities on vicinal
which is enhanced in thgL10] direction. Thus, a step-flow surfaces®>>They ascribed this phenomenon to the presence
growth mode is generally a very inefficient process when itof “incorporation barriers”E,, and obtained their values as
is compared to an island growth mode. 42eV,14eV, and 2.1 eV, respectively, for theB, andC

In Sec. Il A, we saw that growth of aA step begins with  surfaces with the misorientation angle of 2 °. In the model
the growth of rather short segments of As dimer rows. Afterwe used, the values of the largest and second largest barriers
a sufficiently long period of time, these segments sometimegre E,=2.22 eV andE,=1.88 eV, which are associated
merge into an As dimer row again, and the straight hill-andwith the desorption processes of the gray As dimers in Figs.
trench structure of th@2(2x 4) reconstruction is often re- 12(a) and 12Zb), respectively. Compared with thenE,f*
covered. However, this is not always the case, as seen in4.2 eV (Refs. 33,55 seems too large. Therefore, it is quite
Figs. 4j)—4(l), where we can find the remains of the shortpossible that these delays are not caused by single-atomic or
segments, which appeared to grow nearly independently aholecular kinetics, but by some composite kinetic processes
each other. Thus, our results showed that the growth of ¢hat are not directly related to the incorporation of the depos-
straight A step proceeds, not in a coherent manner as waed materials on an atomic step. This is also suggested by
suggested by simulation studies based on the SOS ribdelthe strong dependence of the measured valuds, o the
but by the splitting of rather short segments of an As dimeigrowth conditions usetf
row. Recall that this phenomenon is caused principally by A recent STM observation revealed the presence of Ga
the diffusion anisotropy of Ga adatoms, which is usuallyclusters on the lower sides of tiBesteps>’ ~®°The existence
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m m adatoms into @8 step may not be an efficient process com-
pared with their diffusion. Therefore, if this surplus of ada-
toms is consumed by making clusters, they can stay near a
mj i{m{z step edge, and may locally increase the effective chemical

potential of Ga there, so that the growth rate & step may

:{:{:m: — ZI:{: :::{: be increased. If this is not the case, on the contrary, they will

diffuse away from there and make islands somewhere else

m m because, according to our simulations, this process is more

efficient than step-flow growth. The former may occur on a

mj real surface, on which the latter can also take place if the
m terrace width is very large, but only the latter can occur in

our simulations, in which no effects related to the existence

@) (b) of Ga clusters are taken into account. In order to have a

guantitative estimate of the role of Ga clusters in the growth
of a B surface, we need to know the binding energy of a Ga

dimer is 2.22 eV(b) The splitting process that follows the desorp- atom to a cluster, and also its dependency on the cluster size.

tion depicted in@). The desorption barrier of each gray As dimer is This_may be accomplished.t@b initio dgnsity functional or
1.88 eV. empirical molecular dynamics calculations.

Finally, we mention the presence of a discrepancy be-

tween our model and the results ab initio density func-
of these clusters indicates thaBastep is inefficient at incor- tional calculations. To determine the parameters of the
porating Ga adatoms for growth when compared with thenodel, quantitative comparisons were made of the morphol-
rate of their diffusion. Therefore, taking proper account ofogy of growing 2D islands between simulations and the STM
the effect of these Ga clusters may enable us to determine thigages, '°*°as we mentioned in Sec. II. In this process, the
appropriate vicinal orientation for realizing a step-flow precise site dependence of the binding energy of a Ga ada-
growth mode in MBE growth experiments. Indeed, compari-tom was not considered, yet very good agreement was ob-
son of our results with the STM imag¥és®®suggests that if tained in comparison of the island size distributions between
one uses aw surface a considerable number of Ga adatomsimulations and experiments in the precoalescence regime,
diffuse along the trenches of ti#2(2x 4) structure without  i.e., at ®,<0.2 ML.>'® However, ab initio density func-
reaching a terrace edge, and eventually they may create i§onal calculations have revealed that the binding energy of a
lands when they collide with each otféWhen aB surface  Ga adatom does depend on whether it is bonded onto the
is used, on the contrary, Ga adatoms reaBrstep and make atop site of an As dimer pair or onto the interdimer $it.
clusters at the lower side of i:°® Moreover, the growth of ~This implies that the empirical parameters we used in our
straight B steps is found by our simulation studies to besimulations may correspond to the approximate values ob-
unstable. This implies, therefore, that the appropriate vicinalained by taking averages over such distinct site® In-
orientation for stable step-flow growth mode is not fi¢0]  deed, there is even criticism of the use of empirical param-

or [110] direction. Rather, it may exist somewhere betweerft€rs to carry out KMC simulatiorf. However, the facts
them. that we could obtain good agreement in the island size dis-

The shapes of the terrace edges we obtained by odfibutions between simulations and experiméntsand also
growth simulations look very similar to the recently reportedthat we could identify the origin of the evolution of the
STM images’~%°We used growth conditions in which the SPecular RHEED intensity on a growing GaAs(0Qa3(2
substrate temperature §=580°C, and the Ga and As X4) surface and in the recovery process after its
fluixes are 0.1 ML/s and 0.4 ML/s, respectively, i.e. theinterruptior}l indicate that the evolution of surface morphol-
As,-to-Ga flux ratio is 4. In these conditions, thesurface ~ ©9Y is rather insensitive to such precise site dependence of
was found by RHEED observations to exhibit an islangthe binding energies of the Ga adatom. Instead, our results
growth mode while theB surface has a step-flow growth SU9gest that the molecular and surface dimer kinetics of As
mode®3 By contrast, all of our simulations showed not only species are much more important. However, further studies
the growth of each terrace but also that of islands. In thi§'€ needed, in both theory and experiment, to examine if our

sense, our results apparently disagree with the RHEED op!mulations are good approximations for step-flow growth
servations. too, or whether the surface morphology is significantly al-

This discrepancy results partly from the fact that thet‘?red when the precise site dependence of the binding ener-

angles of misorientatiord used in experiments are much 9i€s of the Ga adatom is taken into account.

larger than those used in our simulations. In fact, whéh a

surface of much smaller vicinal orientation is used, _islands V. CONCLUSION

have been observed even after annediinit the same time,

it may also partly result result from the fact that our model We have used a two-species kinetic growth model of the
does not take account of the possible appearance of Ga clu§aAs(001)B2(2x4) reconstruction to study step-flow
ters on the lower side of B step. This is because the pres- growth modes ofA and B steps at an atomic scale. We re-
ence of such Ga clusters implies that the incorporation of Gaealed that growth of ai step proceeds by creating rather

FIG. 12. (a) The desorption of an As dimer from the central site
of the five-wide dimer row. The desorption barrier of the gray As
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short segments of As dimer rows due to the diffusion anisotdefects. Since this is disadvantageous, we found that such
ropy of Ga adatoms. Although these segments are usuallgrraces usually transform into in-phase terraces during
found to merge later, this does not mean that the growth o§rowth.

an A step proceeds coherently over a long distance along an Our results showed that growth does not proceedl@tB

As dimer row. On &B step, we found that the phase differ- steps efficiently or coherently. This suggests that the appro-
ence of the32(2x 4) structure between an upper terrace andPriate vicinal orientation for a stable step-flow growth mode
a lower one plays a crucial role in determining the morphol-exists in a direction somewhere betwegdri0] and[110].

ogy of the growing terrace edge. When two terraces are in Finally, the simulated growth of thé steps was com-

phase with each other in tH&10] direction, an As dimer

pared with the results of specular RHEED intensity observa-

row grows on top of an As dimer row of the lower terrace, tions, to find qualitative agreement.

followed by the growth of this As dimer row in the directions
perpendicular to it, and consequently there appears a penin-

sula consisting of th@2(2x 4) structure. On the contrary, if
the two terraces are out of phase with each other i 116€)
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