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Relevance of surface reconstruction to specular RHEED intensity on GaAs„001…
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By carrying out atomic-scale growth simulations of a GaAs(001)-b2(234) surface, we find that the density
of double As dimers evolves synchronously with the observed specular reflection high-energy electron-
diffraction ~RHEED! intensities in growth and after its interruption. At the same time, we find that a step
density does not even oscillate during growth. We further show that the structural transition of initial growing
islands from a non-~234! structure to theb2(234) structure found previously can be detectedin situ by
specular RHEED observation. The fast and slow recovery processes after growth interruption are identified,
respectively, as the incorporation of Ga adatoms to surface structures, and the phase ordering of various
domains consisting of theb2(234) structure. We also relate these results to a specular RHEED intensity with
the help ofab initio calculations.
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I. INTRODUCTION

Thin-film growth on a GaAs~001! surface, either ho-
moepitaxial or heteroepitaxial, has a great technological
portance when developing optoelectronic devices. To mo
tor the growth of such a film and to evaluate its quali
molecular-beam epitaxy~MBE! and reflection high-energy
electron diffraction ~RHEED! are often used in
combination.1 In particular, since the discovery of a specu
RHEED intensity oscillation,2–4 this phenomenon was exten
sively used to monitor growth and to estimate a growth r
as a function of a cation flux.5–7

In this study, we investigate the homoepitaxial growth
a GaAs~001! surface, on which it is known that there are fo
different kinds of 234 structures:a(234), b1(234),
b2(234), andg(234) structures.8 After several years’ de-
bate, theb2(234) structure was confirmed to be the mo
stable structure on GaAs~001!, while other metastable struc
tures are found to appear depending on the growth condit
used.8–10 Among the four 234 structures, the most stab
b2(234) structure and the metastableb1(234) structure
are depicted in Figs. 1~a! and 1~b!, respectively.

On the origin of a specular RHEED intensity oscillatio
conversely, there are still several controversial argumen11

Among them, one of the appealing ideas is that the ti
evolution of a step density gives rise to this oscillation.5 To
try to support this interpretation of the experimental resul5

many theoretical as well as experimental investigations h
been carried out. For instance, comparisons were made
tween the specular RHEED intensity oscillations obser
during growth of Si~001! or GaAs~001! and the calculated
step densities by kinetic Monte Carlo~MC! simulations with
the use of the one-species solid-on-solid~SOS! model.12–14

Furthermore, by using scanning tunneling microsco
~STM!, Sudijono and co-workers directly counted the ‘‘st
densities’’ after interrupting growth of the~001! and~111!A
surfaces of GaAs at several different deposition covera
followed by quenching them down to room temperature.15–17

In these experimental studies, quite a good agreement
obtained by using samples on which growth was interrup
when the surfaces were in the steady-state growth mod
PRB 620163-1829/2000/62~11!/7219~10!/$15.00
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high temperatures. However, the definition of a step den
used in the kinetic MC calculations12–14 and the counting in
the STM images15–17 is actually not the density of steps bu
that of terrace edges. For clarity, let us denote the dens
of atomic steps and terrace edges byrs andre , respectively.
Between them, the conventional definition of a ‘‘step de
sity’’ obviously corresponds tore , for which the approxi-
mate relationre.rs holds on Si~001!.18,19 However, since
an atomically flat polar semiconductor surface is unstab
this relation no longer holds on GaAs~001! or
GaAs~111!A.15–17 Instead, the relationrs@re actually holds

FIG. 1. Plan views of~a! the b2(234) structure and~b! the
b1(234) structure. The unit cells and the crystallographic dire
tions are indicated by the shaded rectangles and the arrows, re
tively. The dark and bright disks denote As and Ga atoms, res
tively, and their radii decrease according to their depths.
7219 ©2000 The American Physical Society
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7220 PRB 62MAKOTO ITOH AND TAKAHISA OHNO
on them. Therefore, if we denote a specular RHEED int
sity by I s , the relation that Sudijono and co-workers found
not represented byDI s}2Drs but by DI s}2Dre , where
DI s indicates the time evolution ofI s , and so on. Here again
DrsÞDre in general. More importantly, the relationDI s
}2Dre does not imply any causal relations betweenI s and
2re . Instead, it merely implies the existence of a posit
correlation between them.

In a conventional kinetic MC simulation of surfac
growth on GaAs~001!, the one-species SOS model on t
simple cubic lattice was used,13,14with the combined use of a
step density, which is actually neitherrs nor re . This is
because this model has no true atomic scale structures
hence, no snapshots generated with the use of it corres
to any real atomic structures on GaAs~001!. Therefore, it
indeed remains unclear if a step density is relevant to
time evolution ofI s . To examine this, we estimate the leng
scales of several physically relevant quantities used in
conventional explanations.6,13,14 Let us first denote the
de Broglie wavelength of an incident electron beam used
RHEED observation byl and an incident energy byE.
Then, sinceE is larger than 10 keV,l,0.13 Å, which is
shorter than the surface lattice constantas54.0 Å or a bi-
layer heighthbulk52.8 Å of a bulk GaAs~001!. This means
that a surface atomic structure, symbolically denoted byf (x)
as a function of atomic coordinatesx, is sufficiently smooth
when observed by using RHEED. Accordingly, a change o
surface structure by atomic-scale kinetics, such as growt
regarded as the local deformation off (x) to f (x)1d f (x). By
this change, the Fourier transformF(q) of f (x), with q a
momentum transfer between incident and diffracted elec
beams, is influenced, though in general there may beq
dependence in the sensitivity ofF(q). Accordingly, the fact
that fractional and other RHEED spot intensities have b
used to determine surface structures20–22means that a specu
lar RHEED intensity must also reflect a change off (x) de-
noting a surface atomic structure. In other words, to cla
that only a specular intensity depends upon a step densi
equivalent to claiming that a singularity exists inf (x) asso-
ciated with the presence of an atomic step. As we saw
fore, however, this is not the case whenE.10 keV. There-
fore, a step density and a specular RHEED intensity have
causal relations to each other, and, hence, it is incorrec
attribute the microscopic origin of a specular RHEED inte
sity oscillation to the time evolution of a step density.12–17

Incidentally, in the specular condition, a momentum trans
q reduces toq5uqun' , wheren' denotes a unit vector nor
mal to a surface. This suggests that, in this condition,F(q) is
particularly sensitive to the displacement of surface atom
the vertical direction.

Recently, growth simulation of a GaAs~001! surface in
homoepitaxy was carried out by using the two-species
netic growth model on the zinc-blende structure.23,24 In this
simulation, it was revealed that the surface reconstructio
really relevant to the nucleation and growth of homoepitax
islands on the b2(234)-reconstructed GaAs~001!
surface.23,24 In particular, it was revealed that an islan
grows by cyclically changing the width of the As dimer row
between 2 and 5 at its edge~see Sec. II and Fig. 3 below!.24

Furthermore, first principles calculations revealed that
displacement of surface atomic coordinates strongly dep
-
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on the details of the reconstruction.25–27 Thus the scattering
of electrons by a terrace edge, even if it occurs, is not
simple as has long been supposed.7,13,14In other words, it is
not at all clear if the relationDI s}2Dre really holds on a
growing surface.

To study the time evolution of a specular RHEED inte
sity in the homoepitaxial growth of a GaAs~001! surface on
truly atomic scales, we employ the two-species atomistic
netic growth model.23,24 By using this model, we calculate
the various surface-specific quantities in growth simulatio

This paper is organized as follows. In Sec. I, we critica
review simulation studies of GaAs~001! homoepitaxy based
on the SOS model and experimental studies based on
STM observations, and point out the incorrectness of the s
density model to account for the temporal evolution of
specular RHEED intensity. To show this, we use a m
realistic two-species kinetic growth model, which is intr
duced briefly in Sec. II, and demonstrate the failure of
step density model in Sec. III by explicit kinetic MC simu
lations. In Sec. IV, we demonstrate the growth simulatio
and show evidence that only one of two possible candida
can be relevant to the time evolution of a specular RHE
intensity by examining atomic-scale kinetics both duri
growth and after interrupting growth. In Sec. V, we carry o
ab initio calculations on the three different structures appe
ing in GaAs~001! homoepitaxy, and obtain surface atom
coordinates of these structures to relate our simulation res
with a specular RHEED intensity. In view of our results,
Sec. VI we critically discuss whether other studies are via
or not. Section VII is devoted to conclusion.

II. TWO-SPECIES GROWTH MODEL

To simulate atomic-scale growth kinetics of GaAs~001!
homoepitaxy, we use the recently proposed two-species
netic growth model on the zinc-blende structure.23,24 In this
model, both Ga atoms and As2 molecules are used as inc
dent species.

By carrying out simulations with this model and compa
ing the snapshots thus obtained with STM images, it w
found that the nucleation of an island having a non-(234)
structure appears on top of the As dimer hill of theb2(2
34) structure, and that this island grows via the structu
transformation to adopt the 234 structure.23,24 These pro-
cesses are seen in the series of the snapshots in Fig. 2, w
we can see that the atomic structure fluctuates very stro
when the island is going to adopt theb2(234) structure. By
ab initio calculations,28 it was found that the diffusion an
isotropy of a Ga adatom is enhanced in the@ 1̄10# direction
when it is in a trench site of the well-orderedb2(234)
structure. However, by simulating growth with th
model,23,24 it was found necessary that this enhancemen
the diffusion anisotropy should be turned over to the@110#
direction when a Ga adatom isnot in a well-ordered trench
site of the b2(234) structure.23,24 Correspondingly, the
strong fluctuation found in the transient structures in Fig. 2
caused by the agreement between the screened Coulom
pulsion between As dimers in the in-plane next-neare
neighbor sites in the@110# direction, and the diffusion an
isotropy of Ga atoms in the same direction. The importan
of this screened Coulomb repulsion for the stability of t
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PRB 62 7221RELEVANCE OF SURFACE RECONSTRUCTION TO . . .
b2(234) structure was pointed out by Northrup an
Froyen.29 The splitting process of a growing As dimer row
schematically depicted in Fig. 3. When an As dimer suff
from Coulomb repulsion from both right and left sides,
depicted in Figs. 3~d! and 3~e!, eventually it will desorb from
a surface. Since this process continues at the edge of a g
ing island, an As dimer row at such an edge changes
width cyclically between 2 and 5, as seen in Fig. 3.

III. FAILURE OF THE STEP-DENSITY MODEL

As we discussed in Sec. II, when an island grows,
atomic structure at its edge changes ceaselessly by chan
the width of an As dimer row there. If this change influenc
the interaction between an incident electron beam in RHE
observation and surface atoms at the edge of an island
step-density model becomes very unlikely. To make t
point clear, we demonstrate in this section that the time e
lution of a step density indeed looks totally different fro
that of the observed specular RHEED intensities.

In the simulation studies by the one-species SOS mo
the step densityrs was defined by counting the number
nearest-neighbor~NN! pairs having different heights as

rs5
1

N (
^x,x8&

~12dh(x),h(x8)!. ~1!

Hereh(x) denotes the height of a column of atoms, withx its
two-dimensional~2D! coordinates on the square lattice.N is
the 2D lattice size,d i , j is the Kronecker delta, and the sum
mation runs over all NN pairs.12–14Here the azimuthal angle
dependence used in Refs. 12 and 13 is not considered
cause it is unimportant to our study.

FIG. 2. Simulated process for nucleation and growth of an
land to adopt theb2(234) structure. These snapshots were cut
from the 120as3120as lattice. The incident fluxes aref Ga

50.10 ML/s andf As250.40 ML/s.
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Obviously, this definition can be applied to a one-spec
system but not to a two-species system, in which heights
both species must be separately specified. This means
we need an alternative definition to Eq.~1!, reducing to it
after a proper coarse-graining procedure. For this purp
we first define the presence of an atomic step as follo
Suppose there is a surface atom which lies in the topm
layer. If another topmost-layer atom exists in the in-pla
nearest neighborhood, and they both have the same he
then we say that an atomic step does not exist between th
Otherwise, we say that a step exists there. With this defi
tion of an atomic step, which is very general, we consid
two different definitions of the step densities. One is t
density of NN pairs having heights different from each oth
counted irrespective of the surface atomic species, and
other is counted when at least one of the surface ato
species is arsenic.

In Figs. 4~a! and 4~b! we show the results of simulations
These two densities are denoted byra andrb , respectively.
They evolve synchronously as functions of timet in conjunc-
tion with the time evolution of the density of Ga adatom
rGa, which is seen in Fig. 4~c!.

In the calculations, we usef Ga50.10 and f As250.40
monolayers~ML ! per second for the fluxes of Ga atoms a
As2 molecules, respectively. The lattice size is 120as
3120as , where the lattice spacing corresponds toas
54.0 Å on a real surface. Growth is started at a timet
50.0 s, and interrupted att520.0 s.

When growth is started att50.0 s, where no Ga adatom
exist, ra(0)5rb(0)50.5. This is a consequence of the fa
that the b2(234) structure consists of double As dime

FIG. 3. The splitting process of a growing As dimer row
schematically depicted. The dark and the bright disks denote As
Ga atoms, respectively. The arrows between As dimers in the
plane next-nearest-neighbor sites denote the screened Coulom
pulsion.
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7222 PRB 62MAKOTO ITOH AND TAKAHISA OHNO
rows and double As dimer vacancies. When Ga atoms
deposited, however,ra(t) increases, whilerb(t) decreases
More precisely, the relationsra(t).ra(0)1rGa(t) and
rb(t).rb(0)2rGa(t) are seen to hold, as naturally expect
because Ga adatoms are migrating on an As-terminated
face. Therefore, if surface atomic species are not dis
guished,ra and rGa change synchronously as functions
time. If they are distinguished, however, the increase of
adatoms results in the decrease of surface As species,
hence,rb decreases too.

The experimentally observed specular RHEED intensi
are seen in Figs. 5~a! and 5~b!. Between them, Fig. 5~a! was
observed by using As2 as the deposition source of arsen
whereas As4 was used in Fig. 5~b!. In these figures, the
gradual increase of the intensity after several periods of
cillation in each curve is due to the fact that growth w
interrupted there.

Since neither of the temporal evolutions of the step d
sities in Figs. 4~a! and 4~b! resemble the temporal changes
the experimentally observed specular RHEED intensities
Figs. 5~a! or 5~b!, the step density model is ruled out as t
causal origin of the temporal evolution of a specular RHE
intensity.

IV. GROWTH SIMULATION

In Sec. III, we saw the failure of the step density mod
We find that there are only two quantities which evolve ve
similarly to the experimentally observed specular RHEE
intensities. Of these two, one is the density of double
dimersrdAs , which is characteristic of theb2(234) struc-
ture, and the other is that of the threefold-coordinated
atoms supporting As dimers,rGa3. Although rdAs andrGa3

FIG. 4. Step density of a growing GaAs~001! surface derived by
calculating the density of steps defined by the NN pairs of surf
atoms having different heights counted~a! for all surface atomic
pairs irrespective of their species, and~b! when at least one of the
surface atomic species is arsenic. For comparison, we show th~c!
time evolution of the density of Ga adatoms. The calculation w
done on the 120as3120as lattice, and f Ga50.10 ML/s and f As2

50.40 ML/s were used.
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are identical to each other on the perfectly orderedb2(2
34) surface, and they even change synchronously, the
plitudes of their temporal variations differ by nearly a fact
of 2, as seen in Figs. 6~a! and 6~b!. To understand the origin
of this difference, suppose that an island is growing on
GaAs(001)-b2(234) surface. At the lower side of the edg
of an island, the trenches of theb2(234) structure is going
to be filled as it grows, and, hence, bothrdAs and rGa3 de-
crease by approximately the same amount. On the o
hand, threefold-coordinated Ga atoms always exist at the
per side of an edge, where an As dimer row changes
width by growth. Moreover, as an island grows and t
width of an As dimer at its edge becomes wider than tw
rdAs decreases, whilerGa3 remains little affected. Thus the
oscillation amplitude ofrdAs is nearly twice as large as tha
of rGa3.

The time evolution ofrdAs is examined in more detail in
Fig. 7~a!, which was obtained by the simulations on th
120as3120as lattice. f Ga50.10 ML/s and f As2
50.40 ML/s are used for the incident Ga and As2 fluxes. In
this figure, we can see that the initial rapid decrease exhi
the transition of the decreasing rate attA.1.0 s, which is
indicated by the symbolA. The decreasing rate ofrdAs is
very rapid whent,tA , but it becomes a little slower att
.tA . This phenomenon occurring atA is more clearly seen

e

s

FIG. 5. The experimentally observed specular RHEED inten
ties ~a! with As2 ~after Ref. 6! and ~b! with As4 ~after Ref. 35!.
After several periods of oscillations, the intensities increase ra
gradually when growth is interrupted.
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PRB 62 7223RELEVANCE OF SURFACE RECONSTRUCTION TO . . .
in Fig. 8~a!, in which the calculation is done on the 180as
3180as lattice and the same incident fluxes, i.e.f Ga
50.10 ML/s and f As250.40 ML/s are used as before
When these deposition fluxes are reduced tof Ga
50.05 ML/s andf As250.20 ML/s, while keeping their ra
tio fixed, we find thattA changes totA.1.6 s and not to
tA.2.0 s, as seen in Fig. 8~b!. This is because Ga adatom
are allowed to diffuse and reach islands more easily a
lower deposition rate and, hence, the structural transfor
tion is slightly more accelerated in this case.

This transitional behavior is also recognized in the tim
evolution of the experimentally observed specular RHE
intensities in the temperature range 570 °C<T<588 °C in

FIG. 6. Time evolutions of~a! the density of threefold-
coordinated Ga atoms supporting double As dimers, and~b! the
density of double As dimers. The calculation was done on
120as3120as lattice. The incident fluxes weref Ga50.10 ML/s
and f As250.40 ML/s.

FIG. 7. ~a! The time evolution of the density of double A
dimers, rdAs calculated on the 120as3120as lattice. f Ga

50.10 ML/s andf As250.40 ML/s. The change in the rapid de
crease is seen at aroundtA.1.0 s, where many initial non-(2
34) islands split to take theb2(234) structure simultaneously
~b! The time evolution of the density of Ga adatoms.
a
a-

Fig. 5~a!, as indicated by arrows for the data obtained aT
5588 and 580 °C. This feature is more clearly visible in F
5~b!, though they were obtained in the experiments by us
As4 instead of As2 for the arsenic flux in MBE growth. Ac-
cording to our simulation results, this change in the decre
ing rate of the specular RHEED intensity results from t
fact that when small islands appear on top of the we
orderedb2(234) substrate, they grow and tend to have
dimer rows with widths wider than 3; then many of the
split and adopt the b2(234) structure almost
simultaneously.23,24 This is because the barrier for the rat
limiting process of this splitting phenomenon is very larg
i.e., it is the barrier for the desorption of the As dimer in t
central site, denoted in gray in Fig. 9~a! with a value as large
as 2.22 eV, followed by the desorption of other As dimers
the same row, denoted in gray in Fig. 9~b! with a barrier of
1.88 eV. Hence, the splitting process proceeds rather slo
on many islands almost simultaneously, to become ma
scopically detectable by RHEED observation. In accorda
with the evolution of this surface morphology, the density
Ga adatomsrGa evolves, as seen in Fig. 7~b!, showing that

e

FIG. 8. The time evolution ofrdAs at the very early stage o
growth, calculated on the 180as3180as lattice. ~a! f Ga

50.10 ML/s and f As250.40 ML/s. tA.1.0 s. ~b! f Ga

50.05 ML/s andf As250.20 ML/s. tA.1.6 s.

FIG. 9. ~a! The desorption of an As dimer in the central site
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 the gray As dimers
1.88 eV.
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7224 PRB 62MAKOTO ITOH AND TAKAHISA OHNO
the initial linear increase of this density stops att.0.5 s due
to the nucleation of islands, and it begins to decrease u
time t reachestA , where the structural change of the islan
takes place. Then it increases again tillt.12.0 s after a
short period of a plateau at 1.0&t&2.0 s. The appearance o
this short plateau shows that the structural transformatio
adopt theb2(234) structure, and the growth of small is
lands immediately afterward, which we saw in Fig. 2, a
actually very efficient in incorporating Ga adatoms, where
the nearly constant increase ofrGa at 2.0&t&12.0 s indi-
cates that growth of islands having theb2(234) structure is
rather inefficient in this process.

In Fig. 7~a!, there is a fluctuation inrdAs at aroundt
.4 s indicated by the symbolB. This is simply caused by
the coalescence of islands, which appears so promine
because each coalescence phenomenon significantly a
the density of double As dimers when the system size
rather small. Therefore, this is a finite-size effect, which b
comes negligible when the system size is made larger. T
is because coalescence occurs at several different sites
pendently of each other. In deep contrast to this, the am
tude of the fluctuation associated with the structural trans
mation att.tA is independent of the system size because
structural change proceeds on many different islands alm
simultaneously.

In contrast to the fluctuation atB, the fast decrease ofrdAs
at D has a physical significance. Actually, when the depo
tion of Ga atoms is interrupted atC, diffusive Ga adatoms
are quickly incorporated into the edges of the pre-exist
islands, and transform the local structure from theb2(2
34) structure to theb1(234) structure, or even wider As
dimer row structures. Then, since the deposition of Ga ato
is already interrupted, there are not so many Ga atoms a
able to enable the quick splitting of wide As dimer rows
as to change it back to theb2(234) structure. Therefore
these As dimer rows stay wide for a substantially long per
of time, until phase ordering causes them to transform b
into theb2(234) structure.

This process is also seen in Fig. 10, which was obtai
with the fluxes of f Ga50.05 ML/s and f As250.20 ML/s,
and a lattice size of 180as3180as . In this calculation, to

FIG. 10. The time evolution ofrdAs for growth interrupted at
u51.0 ML. The Ga flux is 0.05 ML/s and the As2 flux is
0.20 ML/s. The lattice size is 180as3180as . The growth is inter-
rupted atA, and the density of double As dimers reaches the m
mum atB.
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avoid any multilayer effects, growth was interrupted atA,
i.e., t520.0 s, where the coverage reachedu51.0 ML.
Here, the coverageu is defined byu5t f Ga. After the inter-
ruption of growth atA, rdAs decreased until it reached th
minimum value atB. The snapshots atA andB are seen in
Figs. 11~a! and 11~b!, which were cut out from the 180as
3180as lattice, to show the change betweenA andB. In Fig.
11~b!, we see the appearance of several wide As dimer ro
at the central region. In RHEED experiments, this decreas
recognized in many of the specular RHEED intensity data
Ref. 13. At the same time, however, this feature is le
prominent in Fig. 6~a!. These results suggest that, when t
diffraction condition of a specular RHEED intensity o
GaAs~001! is adjusted to observe theb2(234) structure,
double As dimer rows are relevant to the specular RHE
intensity.

Though Figs. 6~a! and 6~b! do not show sufficiently large
recoveries after interrupting growth att520.0 s, this is due
to the fact that the rigid lattice model we used does not ad
local deformations of surface atomic coordinates off latt
sites, so that coalescence, in which a cooperative defor
tion of the coordinates of many surface atoms are pres
ably involved, cannot proceed quickly. Instead, these res
as well as Figs. 7~a! and 7~b! imply the origin of the experi-
mentally observed fast and slow recoveries of a spec
RHEED intensity after interrupting growth.5 That is, Figs.
7~a! and 7~b! indicate that the fast recovery is due to th
incorporation of Ga adatoms into existing islands or to s
edges surrounding voids to fill them in, and the slow reco
ery is due to the phase ordering during coalescence of v
ous islands consisting of theb2(234) structure.5 Indeed, if
the fast decrease ofrGa in Fig. 7~b! is characterized by the
exponential form2exp(2t/t), we obtain the characteristi
time t.2.5 s for the interval 20.0<t<22.0 s. This value is
very close tot1.2.360.2 s, which was obtained for th
fast recovery process of RHEED intensity observatio5

Therefore, our simulations account for the principal featu
of a specular RHEED intensity both during and after int
rupting growth.

In our model calculations, the density of Ga adato
reaches about 10–15 % of the surface area when the co
age u rangesu51 –2 ML, as seen in Fig. 7~b!. Most of
these adatoms are migrating in trenches during growth
locally taking ana(234) structure. Therefore, this is in
rough agreement with Morriset al.’s theoretical analyses30

of the reflection anisotropy spectroscopy~RAS!

i-

FIG. 11. A pair of the snapshots showing the morpholo
change immediately after interrupting growth.~a! and ~b! corre-
spond toA andB in Fig. 10, respectively.
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measurement,31 in which about 20% of theas-grownsurface
was found to consist of thea(234) structure32 to indicate
the high population of Ga adatoms during growth.33 This
further accounts for the fact that, when growth is interrupt
a specular RHEED intensity on a real GaAs~001! surface
decreases more prominently than those we obtained by s
lations, as seen in Figs. 7~a! and 10, because the amount
surplus Ga adatoms can be larger on a real surface than i
simulations.

Our results suggest that the density of double As dimer
relevant to a specular RHEED intensity when it is observ
with the growth condition adjusted to realize exclusively t
b2(234) structure. Thus it is shown that a surface reco
struction is really relevant to a specular RHEED intensity.
Sec. V, we compare our results with those obtained byab
initio calculations, and relate our simulation results to exp
mental observations.

V. AB INITIO CALCULATIONS

In Sec. IV, we showed several convincing results to e
dence the relevance of the density of double As dimers to
occurrence of electron diffraction in specular RHEED obs
vation. In order to further confirm this, we need to know
detail how surface atomic structures deform during grow
To this aim, we carry outab initio energy-minimization cal-
culations on three different structures—i.e., theb2(234)
structure, the b1(234) structure, and the 235
structure—by fixing the coordinates of the seventh-layer
atoms.34 The details of the calculation method was describ
elsewhere.25 Among these three structures, the first tw
structures are seen in Figs. 1~a! and 1~b!, respectively,
whereas the last one is depicted in Fig. 12. Despite that
metastable structures such as the quadruple As dimer ro
Fig. 3~c! always appears in kinetic MC simulations as ape
odic structures, we carry out calculations by assuming
periodicity of these structures. These results of theab initio
calculations are compiled in Tables I and II. In Table I,d and
w denote the bond lengths of the As dimers and their spa
in the @110# direction, respectively, whileDhAs-As denotes
the height difference between the As atoms in the first
seventh layers. Those seen in Table II are the height dif

FIG. 12. Plan views of the 235 structure. The hypothetical un
cell and the crystallographic directions are indicated by the sha
rectangle and the arrows, respectively. The dark and bright d
denote As and Ga atoms, respectively, and their radii decreas
cording to their depths. The distinction between the interior a
exterior As dimers is used in Table I.
,
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d
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ences between the second-layer Ga atoms and the sev
layer As atoms. In this table, the leftmost entities are those
the interior sites, and those in the exterior sites are displa
on the right side if they exist. As the second-layer Ga ato
at the outer edge of these structures tend to ad
sp2-rehybridized orbitals, they are inclined toward the int
rior of the As dimer block, and push As dimers on top
them slightly upwards. Due to this, in particular, As dime
at the exterior sites of bothb1(234) structure and 235
structures have larger heights than those in the interior s
of these structures@see Figs. 1~a!, 1~b!, and 12#. However,
there is a clear difference in the displacement of the inte
As dimers between these structures. That is, as exterio
dimers move upward, the interior one in theb1(234) struc-
ture moves somewhat upward as well. In contrast, the in
rior As dimers in the 235 structure do not move upwards i
association with the displacement of the exterior ones.
both cases, however, the height differences between the
terior and exterior ones are significantly large when they
compared withl(,0.13 Å). Contrary to these difference
in the atomic coordinates of the As dimers among these th
structures, the heights of the second-layer Ga atoms cha
moderately in a monotonic manner from interior sites to e
terior sites, as seen in Table II.

We note that although these results were obtained by
suming the periodicity of metastableb1(234) and (235)
structures, our results suggest that these structures do
satisfy the diffraction condition of an incident electron bea
used in RHEED observation when it is adjusted to obse
the b2(234) structure.

ed
ks
ac-
d

TABLE I. The results ofab initio calculations on the deforma
tion of surface atoms for theb2(234) structure, theb1(234)
structure, and the 235 structure. The dimer bond length and dim
spacing of the first layer As dimers are denoted byd andw, respec-
tively. The height difference between the As atoms in the first a
seventh layers is denoted byDhAs-As. For the definitions of the
interior and exterior As dimers, see Fig. 12. The similar distinct
of the As dimers is also applied to theb1(234) structure in Fig.
1~b!.

Structure As dimer d(Å) w(Å) DhAs2As (Å)

b2(234) 2.51 3.81 8.22
b1(234) interior 2.50 3.83 8.22

exterior 2.51 8.25
235 interior 2.45 3.96 8.14

exterior 2.52 3.86 8.28

TABLE II. The height differences between the second-layer
atoms and the seventh-layer As atoms are displayed in order
the interior site to the exterior site. The second column is used
the Ga atoms in the exterior sites of the 234 structures or those in
the middle sites of the 235 structure. The third column is used fo
the Ga atoms in the exterior sites of the 235 structure.

Structure interior (Å) second (Å) third (Å)

b2(234) 6.75 6.49
b1(234) 6.78 6.55
235 6.83 6.79 6.58
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VI. DISCUSSION

In this section, we discuss the physical significance of
results by comparing them with those obtained by other s
ies. In particular, we discuss whether other theoretical
well as experimental results are still viable or not.

By the kinetic MC simulations of GaAs~001! homoepit-
axy, we find that the time evolution of a specular RHEE
intensity cannot be accounted for by using the density
atomic steps. Instead, we find that a specular RHEED in
sity and the density of double As dimers evolve synch
nously. Comparison of the results between these kinetic
simulation andab initio calculations suggests that our resu
are valid when the diffraction condition of a specul
RHEED intensity is initially set to observe theb2(234)
structure.

In general, multiple-scattering effects make a finite co
tribution to a specular RHEED intensity. Even if such a p
cess is involved, the leading-order contribution to the ti
evolution of a specular RHEED intensity must be linear
the time evolution of surface atomic structures, and all ot
effects can have only subleading contributions to it. The
fore, our results provide evidence that the temporal evolu
of surface atomic structures is indeed relevant to the t
evolution of a specular RHEED intensity. These results
consistent with the experimental results obtained by Br
and co-workers,35,36,11who demonstrated that the phase sh
of the observed specular RHEED intensity oscillations c
be well accounted for by taking account of the fact that
reconstructed surface layer has a different thickness than
in the bulk structure. The relevance of this thickness diff
ence to experimental observations of the specular RHE
intensities was pointed out by Horio and Ichimiya.37,38 for
the first time. The importance of the relaxation of surfa
structure was also pointed out by McCoyet al. to achieve
good agreement between the dynamical RHEED calculat
and experimental data.39

In another theoretical dynamical diffraction study,40 while
it is stated that the geometry of the GaAs(001)-b2(234)
structure was assumed, deformation of surface atoms wa
considered. However, since this deformation constitute
very important part of the reconstruction, this treatment
obviously inconsistent.

In order to realize a slow recovery process after interru
ing growth, a step-edge barrier was introduced into the S
model so as to hinder a surface from flattening.41 However,
this cannot be correct because the SOS model does not
ses an atomic scale accuracy, so that its lower bound on
range of the applicability is much larger thanas54.0 Å
when applied to a GaAs~001! surface, while the introduction
of a step-edge barrier requires the model to possess
atomic scale accuracy. Therefore, it is inconsistent to in
duce a step-edge barrier into the SOS model for the purp
of studying growth on a GaAs~001! surface or on an
InAs~001! surface.16,41,42 In contrast, Heyn and co-worker
considered a two-species extension of the SOS model43,44

and derived the conclusion that the fast recovery proces
due to Ga species, whereas both species are involved in
slow recovery process. Thus, our results and theirs are
sistent with each other.

For the nucleation mechanism of islands in GaAs~001!
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homoepitaxy, Kratzeret al. recently proposed, based entire
on ab initio energy-minimization calculations,45 another sce-
nario than what we demonstrated in Sec. II. In their calcu
tions, they first supplied Ga atoms onto theb2(234) sub-
strate in the absence of As flux to let them settle down
preferential sites, i.e., trench sites; later, they supplied2
dimers onto this structure. With these results, they conclu
that the nucleation of islands takes place by at first filling
trench sites with Ga as well as As species to change
surface structure from theb2(234) structure to theb1(2
34) structure. According to their scenario, which is actua
the same as that proposed by Shiraishi and Ito several y
ago,46–49a considerable portion of a GaAs~001! surface must
change from ab2(234) structure to ab1(234) structure
soon after starting growth. On the other hand, the STM
ages obtained immediately after starting growth shows
stability of the b2(234) structure even near the growin
islands.23,50 Moreover, the surface structure observed
STM was confirmed repeatedly by several groups to con
of the b2(234) structure.20–22,51Therefore, this alternative
scenario does not correspond to the homoepitaxial growt
a GaAs~001!-(234) surface realized in the usual MB
growth conditions, in which, unlike theab initio calculation
studies in Refs. 45–49, both Ga and As species are supp
simultaneously onto a substrate surface atT.500 °C. In-
stead, the growth condition used in the scenario propose
Shiraishi and Ito and Kratzeret al. is much closer to that of
migration-enhanced epitaxy52 rather than to usual MBE. In
general, the structure of an MBE-grown GaAs~001! surface
strongly depends on the substrate temperature and the
flux ratio used in growth,8,22,50,53–55and theab initio calcu-
lations in Refs. 9 and 10 also suggest this dependence
the ab initio-based growth studies in Refs. 45–49 do n
capture these important properties.

For clarity, we show how a positive correlation appears
the time evolutions betweenI s and r̄e512re . To this end,
we denote the time evolving part ofI s by I s

(t) . On a growing
surface, suppose that there are various islands, or more
erally, domains, labeled byi ( i 51,2, . . . ),which consist of
particular surface structures labeled bya i . Suppose further
that each domain has an area with its density denoted
r i(a i), and its efficiency of electron diffraction is repre
sented by a coefficientc(a). With the use of these, our re
sults suggest that the principal contribution toI s

(t) comes
from the atomic structures of a growing surface, so thatI s

(t) is
approximately given byI s

(t).( ic(a i)r i(a i). On the other
hand, if we denote the density of surface defects such
point defects or phase boundaries byrd , the summation of
all densities amounts to unity,( ir i(a i)1re1rd51. There-
fore, when a particular surface structurea0 is uniquely se-
lected by an appropriate growth condition,I s

(t) reduces to
I s

(t).c(a0)( ir i(a0)5c(a0)(12re2rd), which further re-

duces toI s
(t).c(a0)(12re)5c(a0) r̄e only whenre@rd .

ThusI s
(t) andr̄e change synchronously only when the grow

condition is chosen to realize a particular surface reconst
tion uniquely so as to avoid a structural degeneracy, and
when the densities of phase boundaries and other sur
defects are negligibly small.15–17 However, since we saw in
Fig. 4 that step densities with two different definitions d
not oscillate during growth, this latter condition does n
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necessary hold on a growing surface at high temperat
Therefore, in order to reinterpret properly the STM images
Refs. 15–17, which were obtained by quenching the sam
surfaces down to room temperature after interrupting grow
we must take account of the facts that~1! the density of Ga
adatoms rapidly decreases after interrupting growth, i.e.,
ter terminating Ga deposition, as seen in Fig. 7~b!; and~2! in
general, stable structures are more favored as the temper
is decreased. Based on these assumptions, we conclud
the rather good agreement in the time evolutions betweenI s

(t)

and r̄e obtained in Refs. 15–17 resulted because the pro
of quenching after interrupting growth causes metasta
structures to transform into stable structures, so that the
equalityre@rd is enforced by these post-growth treatmen
In particular, since our result in Fig. 6~b! shows that the
density of Ga adatoms reaches as high as 15% att.20.0 s,
or equivalently, atu.2.0 ML, it is certainly possible tha
these atoms are incorporated into the surface structure,
locally rearrange them to decreaserd significantly during a
quenching process.

In contrast, when a surface has a structural degener
these twomacroscopicquantities generally do not correla
with each other. One example is the growth of the Ge~111!
surface, on which the specular RHEED intensity does
exhibit a simple sinusoidal oscillation with a gradually d
creasing amplitude at low temperatures. Instead, it show
double-periodic oscillation.56 Another example is the reen
trant layer-by-layer growth of a GaAs~111! surface, on
which the RHEED observation revealed the phase differe
between the oscillations at high-temperature Ga vacancy
construction and those at low-temperature As trim
reconstruction.57 As is clear from our argument, these ph
nomena are well accounted for by the structural chang
the surface reconstructions,58 and not by step densities.59 The
significant difference in the amplitude of the RHEED inte
sities between these two structures on GaAs~111! ~Ref. 57!
indicates that the displacement of surface atoms plays
important role in electron diffraction.

Then we must ask why the step-density model, combi
with the SOS model, agreed well with the specular RHE
intensities observed on Si~001!.12 In Refs. 12–14, compari
sons were made betweenI s

(t) and r̄s512rs , with rs given

in Eq. ~1!. Thus, in fact,r̄s5(1/N)(^x,x8&dh(x),h(x8)1const,
i.e., r̄s actually calculates the density of ordered areas
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which the possible appearance of phase boundaries as w
other surface defects is thoroughly neglected by the cr
simplification of the SOS model.60 Since dimer reconstruc
tion on Si~001! and Ge~001! is associated with atomic
displacement,61 an argument similar to that given in th
present study can also certainly be applied to these surfa

VII. CONCLUSION

By kinetic MC simulations, we found that the density
double As dimers on a surface evolves synchronously w
the observed time evolutions of specular RHEED intensi
in the homoepitaxial growth of a GaAs(001)-b2(234) sur-
face. The results of ourab initio calculations suggest tha
they evolve similarly when the diffraction condition is set
observe theb2(234) structure. They also suggest that it
crucial that surface atoms in the transient structures be
placed differently from those in theb2(234) structure. Fur-
thermore, we found that the fast and slow recoveries o
specular RHEED intensity after interrupting growth are d
to the incorporation of Ga adatoms and the phase orderin
the b2(234) structure, respectivly. In addition, we foun
that the density of atomic steps does not oscillate dur
growth, so that it does not have any relations to the ti
evolution of a specular RHEED intensity. Instead, the vir
ally positive correlation between them appears only after t
ing the average of the densities of surface reconstruct
over a large area on a quenched surface.
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