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Absence of a step-edge barrier on a polar semiconductor surface with reconstruction

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

~Received 9 December 1999!

Based on purely geometrical considerations, we point out that a polar semiconductor surface with recon-
struction does not satisfy the necessary condition for the existence of an Ehrlich-Schwoebel~ES! step-edge
barrier. We further show by the explicit Monte Carlo calculations that the kinetic surface roughening observed
on a GaAs~001! surface can be accounted for by the stability and complexity of the (234) reconstruction, and
hence an ES barrier is unnecessary to account for it. Finally, we point out that it is incorrect to use the
solid-on-solid~SOS! model with an ES barrier for surface growth studies or for atomistic growth simulations.
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I. INTRODUCTION

In developing optoelectronic devices, it is highly requir
to prepare a sample substrate with a very flat and smo
surface. This is especially true for the development o
quantum well in which two-dimensional~2D! electron gas
states are realized.1,2 Accordingly, the control of a kinetic
surface roughening in epitaxial growth is important from t
viewpoint of both science and engineering. In surface gro
kinetics, the relevance of a step-edge barrier, which is o
called an Ehrlich-Schwoebel~ES! barrier,3,4 to kinetic sur-
face roughening and mound formation is often emphasi
for both metal and semiconductor surfaces.5,6 In the presence
of an ES barrier, a diffusive adatom is supposed to stick
step edge from an ascending side, or it is reflected whe
approaches a step edge from a descending side. Becau
this asymmetry, an ES barrier has been said to give ris
mound formation or kinetic surface roughening, for whi
extensive computer simulations have been made by ass
ing a priori the presence of an ES barrier.7–15

However, since surface atomic structures and electro
properties differ from species to species, it is not at all cl
whether an ES barrier exists on a surface in a ubiquit
fashion. Rather, its appearance may strongly depend on s
particular surface properties. The purpose of this paper i
give a general argument to clarify the necessary condition
the presence of an ES barrier. Furthermore, we show by
explicit kinetic Monte Carlo~MC! simulations that an ES
barrier is unnecessary for the occurrence of kinetic surf
roughening or mound formation on a semiconductor surfa
This is particularly true for a III-V compound polar semico
ductor surface because it is unstable against reconstruct

This paper is organized as follows. We point out the
lationship between the diffusion anisotropy and the prese
of an ES barrier in Sec. II. In Sec. III we show by the expli
kinetic MC simulations that, even without an ES barri
kinetic surface roughening occurs if a surface exhibits n
trivial surface reconstruction. This result calls into quest
the validity of other simulation works. They are reexamin
in Sec. IV where we point out, among other things, that
solid-on-solid~SOS! model and an ES barrier are incompa
ible to each other. We further point out that even the defi
tion of a kinetic barrier often used for the simulations bas
PRB 620163-1829/2000/62~3!/1889~8!/$15.00
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on the SOS model with an ES barrier is incorrect. The lim
tation on the use of the SOS model is also discussed. Se
is devoted to a summary.

II. DIFFUSION ANISOTROPY AND A STEP-EDGE
BARRIER

We first point out that when the possible role of an atom
step in mound formation was considered by Schwoebel4 it
was certainly assumed that a step edge should separate
ideally flat and perfectly smooth terraces, on which no
fects of surface reconstructions were taken into account. T
is because the first real-space observation of the sur
atomic structure16 and the atomic steps17 were reported more
than a decade after his study on the role of a step edge. O
ideally flat and smooth terrace such as those Schwoebel
sidered, an adatom diffuses and either sticks to a step edg
collides with one or more adatoms to make a cluster, wh
may still be mobile on a very smooth terrace. This conditi
of an ideal surface is approximately satisfied on some of
stable metal surfaces, on which large mobile clusters as
as an empty zone in the spatial distribution of mobile ato
near a descending step edge have been observed by
field ion microscopy by Ehrlich and co-workers.18–23

It is important to note here that the condition of th
smoothness is satisfied approximately on a stable metal
face because of the presence of a delocalized surface
tronic state on it, whereas it is not generally satisfied o
semiconductor surface. Moreover, when a surface is no
smooth, growth occurs by the sticking of atoms not only to
step edge but also to defects or other surface sites origina
from less-smooth surface atomic structures.24,25 This prop-
erty is enhanced when a surface electronic state is hig
localized so that the diffusion of an adatom takes place
breaking bonds to atoms in the substrate to leave a dang
bond there and by rebonding with other atoms in the adjac
sites. This hopping diffusion is often seen on a semicond
tor surface,26–29 which usually adopts complicated atom
structures via reconstruction. Thus, a step edge is no long
special site for an adatom to stick to. This means that an
barrier may play some roles on a stable metal surface, bu
generally on a semiconductor surface.

This consideration is quite general, so that it applies
1889 ©2000 The American Physical Society
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1890 PRB 62MAKOTO ITOH AND TAKAHISA OHNO
any metal or semiconductor surfaces, irrespective of
presence or absence of an anisotropy in the diffusion of
atoms. For example, diffusion of surface atoms is isotro
on a Si~111! surface, which is known to reconstruct into th
very complicated dimer adatom stacking-fault~DAS!
structure.30 Since this structure is not at all atomically flat,
is naturally expected that an ES barrier plays, even if it
isted, little role on it. This is supported by the scanning tu
neling microscope~STM! observation that the complexity o
the DAS structure is sufficient to cause surfa
roughening.31–33

If the diffusion anisotropy exists, we can further proce
to make our argument more concrete. Namely, if an ada
diffuses anisotropically, we must also specify a path of
diffusion so as to define a step-edge barrier associated
it. Let us first consider a case in which this anisotropy
caused by a geometrical restriction, e.g., by the trench-a
hill structure which is often observed on~001! surfaces of
III-V materials. The trench-and-hill structure is schema
cally depicted in Fig. 1, for which we define the two perpe
dicular directions of diffusion. Correspondingly, we deno
the lattice constants in these directions bya1 anda2. In these
directions, moreover, we define the lengths of paths for
adatom to diffuse on the same atomic layer from one s
edge to another byw1 andw2, respectively. For definiteness
we assume the inequalityw1<w2 to hold, as they are indi-
cated in Fig. 1. Furthermore, we impose that the orientati
of these two perpendicular axesa1 and a2 are determined
such thatw1 takes the smallest possible value. Then, in or
for a step edge barrier to be defined, there must exist ato
sites adjacent to and away from an atomic step. For th
sites to exist, the inequalityw1@a1, or at least the inequality
w1.2a1, must be satisfied. Otherwise, no sites away fr
an atomic step can exist, so that, by its definition, an
barrier does not exist. In this case, an ES barrier is irrelev
even if it existed along a path in thew2 direction, since an
adatom on top of a hill can easily change its direction
diffusion from thea2 direction to thea1 direction, along
which an ES barrier is missing.

The typical example of this kind of surface structure is t
GaAs~001!-b2(234) reconstruction,34 which is depicted in

FIG. 1. A trench-and-hill structure, in which the diffusion of a
adatom is geometrically restricted. The two perpendicular directi
of diffusion for an adatom are indicated bya1 and a2, and the
corresponding lengths of paths for diffusion on the same ato
layer from one step edge to another are indicated byw1 and w2,
respectively.
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Fig. 2. In this structure,w1 is only 2a1 and, therefore, the
assumption to support the existence of an ES barrier does
hold on it, or on any other similar structures of III-V com
pound semiconductor surfaces of~001! orientations.

Accordingly, when a Ga adatom diffuses along a tren
in which it principally diffuses,35 to go down a step edge,
barrier hinders this motion since a Ga adatom can no lon
find an in-plane Ga atom in the adjacent site to be bonded
However, this is true not only for the path to go down a st
edge onto the lower terrace but also for the path to hop ou
a trench to go onto the top of an As-dimer hill of the sam
terrace. These paths are indicated by the arrows in Fig
Indeed, both theab initio36 and the molecular-dynamics37

~MD! calculations revealed that an ES barrier is not ass
ated with the diffusion of a Ga adatom for a descending p
down anA-step edge, which is parallel to the As-dimer ro
direction. Moreover, the MD calculation also showed th

s

ic

FIG. 2. Plan view of theb2(234) structure with the crystallo-
graphic directions indicated by the arrows in the lower part. T
dark and the bright disks represent As atoms and Ga atoms, res
tively, and their radii decrease according to their depths.

FIG. 3. Two possible diffusion paths for a Ga adatom to go
of a trench site, one to go down a step edge onto the lower terr
and the other to go onto the top of an As-dimer hill of the sa
terrace. The horizontal dot-dashed line denotes the border betw
the upper terrace and the lower one.
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PRB 62 1891ABSENCE OF A STEP-EDGE BARRIER ON A POLAR . . .
the barrier for the diffusion of a Ga adatom neara straight
B-step edge, which is perpendicular to an As dimer row,
0.25 eV.37 As expected, this value is very close to the diffe
ence of Ga diffusion barriers between the@110# direction
and the@ 1̄10# direction.36 In other words, the barriers to ho
out of a trench site nearly coincides with each other in th
calculations irrespective of the difference in the hopping
rections.

Here we note that this MD calculation was done in R
37 for a straightB-step edge but not for any other shapes
B steps, with which short segments ofA steps are inevitably
associated. In other words, for anyB steps other than a
straight one, a Ga adatom can migrate over a descen
B-step edge via a short segment of anA-step edge, so that a
ES barrier, even if it existed, plays little role for the diffusio
of a Ga adatom on a GaAs~001! surface. Or, equivalently, if
this barrier plays any roles for growth, a mound which
sults from this effect must have a long axis in the@110#
direction because the interlayer diffusion in the@ 1̄10# direc-
tion is hindered by the presence of an ES barrier. Howe
the results of the STM observations are opposed to this,
they show that mounds have long axes in the@ 1̄10#
direction.38

III. KINETIC SURFACE ROUGHENING CAUSED
BY SURFACE RECONSTRUCTION

In what follows, we show with an explicit example th
kinetic surface roughening does occur on a semicondu
surface even in the absence of an ES barrier if surface re
struction is properly taken into account in growth studi
Thus, we show that the absence of it does not result in
contradiction with any known phenomena.

To this aim, we carry out atomic-scale growth simulatio
without introducing any particular effects related to the pr
ence of a step edge, and demonstrate that this barrier is r
unnecessary to cause a kinetic surface roughening. To s
this, we employ the recently proposed two-species atom
scale kinetic growth model of GaAs~001! homoepitaxy.39,40

By using this model, we perform explicit kinetic MC simu
lations and calculate the kinetic roughness exponentb. For
this purpose, we first define the interface width5,6

w~L,t !5A 1

L2 (
r

@h~r ,t !2h̄~ t !#2, ~1!

whereL is the linear lattice size,t is the time,r is the spatial
coordinates of surface atoms, andh̄(t) is the average heigh
over the surface at a timet defined by h̄(t)
5(1/L2)( rh(r ,t). With the use ofw(L,t), the exponentb is
defined through the relation

w~L,t !;tb. ~2!

For the growth condition, we useT5580 °C for the substrate
temperature, whereas Ga atomic flux and As2 molecular flux
are set to bef Ga50.1 monolayer per second~ML/s! and
f As2

50.4 ML/s, respectively. With these conditions, we o

tained the very large valueb.0.86 in the range 2.8, ln t
,4.5, as seen in Fig. 4. During the same interval, t
value remains constant for the lattice size ranging fr
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40as340as to 120as3120as , as well as forf Ga between
0.05 and 0.20 ML/s when the atomic flux ratiof As2

/ f Ga58

is held fixed. Here,as50.40 nm is the surface lattice con
stant of GaAs~001!.

Thus, a finite value for the exponentb can be obtained
without introducing an ES barrier. The appearance of suc
large value ofb at the very early stages of a growth
naturally explained by the series of the snapshots in F
5~a!–5~d!, showing that a newly generated layer is more
vored for Ga adatoms to stick to than older ones. This is w
understood by the comparison with Figs. 6~a!–6~d!, which
show that for a small island just after nucleation to beco
wider than a single-dimer row, the nearby trenches of
substrate have to be filled. At the same time, the snapsho
a later era in Figs. 6~e!–6~k! show that the As-dimer rows o
four-dimer width are rather long lived before they split

FIG. 4. The log-log plot of the interface widthw(L,t) as a
function of a timet. The lattice size is 120as3120as .

FIG. 5. The series of the snapshots showing the onset of
kinetic surface roughening due to the stability of theb2~234! struc-
ture. The lattice size used for the calculation is 120as3120as .
f Ga50.1 ML/s andf As2

50.4 ML/s are used for the incident fluxes
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1892 PRB 62MAKOTO ITOH AND TAKAHISA OHNO
take theb2~234! structure. This means that such a wi
island is actually a preferential site for Ga adatoms to s
to, whereby a kinetic surface roughening naturally occurs.
course the appearance of antiphase boundaries at lower
face layers cooperatively promotes it with their poor reac
ity for the sticking of arsenic species. This is true becaus
is much more difficult to satisfy the geometrical stickin
condition of an As2 molecule than that of a Ga adatom. N
only due to this, but also because Coulomb repulsion wo
between adjacent As species, they are generally unstable
phase boundary of theb2(234) structure.

Recently, the qualitatively similar experimental results
the in situ observations of GaAs~001! homoepitaxy as our
simulations were reported by Tanahashiet al. by using the
scanning electron microscopy.41 It is worthwhile to note that
this phenomenon of kinetic surface roughening and mo
formation due to surface reconstruction is already known
occur on a Si~111! surface.31–33 In addition, in our calcula-
tions, this phenomenon is much more promoted than
served because local relaxations of atomic structures are
taken into account in our rigid lattice model. Thus, a new
created layer is more reactive to adatoms for sticking in

FIG. 6. Snapshots of the nucleation of theb2(234) structure
on the reconstructed substrate, recorded at every 0.1 s. Dark
bright disks denote As and Ga atoms, respectively. The incid
fluxes aref Ga50.1 ML/s andf As2

50.4 ML/s.
k
f
ur-
-
it

s
t a

d
o

b-
ot

e

model simulations than on a real surface, in exactly the sa
way as it occurred in the previous rigid lattice model sim
lations of Si~111! homoepitaxy.42 Therefore, the estimateb
50.86 should be regarded as an upper bound of the expo
b in the growth condition used. At the same time, we po
out that the values of the roughness exponents strongly
pend on growth conditions, because surface reconstruct
give additional temporal as well as spatial scales, so that
simple scaling argument cannot be applied to semicondu
surfaces when nontrivial reconstruction is involved in a s
nificant way. This is clearly seen in the recent STM obs
vations, in which it was revealed that the values of t
roughness exponents measured on GaAs~001! and InP~001!
depend on the III-V flux ratio.38

By now, we have argued and explicitly demonstrated
irrelevance of an ES barrier to the occurrence of kinetic s
face roughening on a semiconductor surface with reconst
tion. Even the shape anisotropy of mounds such as th
observed in GaAs~001! homoepitaxy9 may be well accounted
for by energetics due to facet reconstruction.43–46

A similar argument can be applied to conclude that
necessary condition for the existence of an ES barrier is
satisfied for the GaAs~111!-(232)A structure or the
GaAs~111!-(232)B structure, despite that a Ga adatom d
fuses isotropically on them. This is because these sur
structures consist of periodic Ga vacancies or As trimer47

so that again there are no sites away from a step edge th
Thus, in general, the necessary condition for the presenc
an ES barrier is not satisfied on a polar semiconductor
face when it reconstructs to adopt a regular stepped struc
so as not to charge it up by making a topmost surface la
composed only of one species.

IV. REEXAMINING OTHER WORKS

In contrast to our argument, some people have perform
simulation studies by assuming the relevance of an ES
rier to the mound formation and the kinetic surface rough
ing on a GaAs~001! surface9,10 as well as on an InAs~001!
surface,13 the slow recovery of a specular beam reflecti
high-energy electron diffraction~RHEED! intensity after in-
terrupting growth,8 and the reentrant layer-by-layer etchin
of a GaAs~001! surface when AsBr3 is used as an etchant.11

However, the kinetic MC calculations in these studies are
based on the one-species SOS model, which is defined no
the realistic zinc-blende structure but on the simple cu
lattice, so that it is not at all clear if such studies are cons
tent or not.

To examine this, we derive the range of applicability
the SOS model, in which the activation barrier is defined

E5Es1nEN , ~3!

whereEs is the contribution to the barrier from a substra
andn is the number of nearest neighbors~NN! on a surface,
from which an additional contribution is given proportion
to EN .

Here, we pay attention to the fact that the characteri
time scale for surface diffusiont is given in terms ofEs as
t5n21 exp(Es/kBT), with n the attempt frequency,kB the
Boltzmann’s constant, andT the substrate temperature. A
for n, n52kBT/h is used,48 whereh is the Planck’s constant

nd
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PRB 62 1893ABSENCE OF A STEP-EDGE BARRIER ON A POLAR . . .
Next, let us suppose that the model has the spatial r
lution Rs5jas . If j.1, the time resolution of the model i
reduced fromt to tSOS5j2t on a 2D system. In addition to
this, let us denote the deposition rate of Ga atoms byf Ga
monolayer per second~ML/s!. When a specular RHEED in
tensity oscillation is observed in the steady-state gro
mode, the time resolution for this observationtRHEED must
be an order of magnitude smaller than 1/f Ga, i.e., tRHEED
.0.1/f Ga. This is because a Ga flux is known to control t
growth rate of a GaAs~001! surface in a sufficiently large
arsenic overpressure, under which a steady-state gro
mode is realized.

Accordingly, as long astRHEED is larger thantSOS, one
can compare the oscillations between the SOS model ca
lations and the specular RHEED intensities. If we substit
f Ga50.47 ML/s, Es51.58 eV, andT>540 °C, which were
used in Refs. 48,49, into the above relations, we can ob
the estimates ofj. For definiteness, we derive the maximu
value of j which satisfies the inequalitytRHEED>tSOS, as
defined by

jm5AtRHEED

t
.A 0.1

t f Ga
. ~4!

If we substituteEs51.58 eV into the definition oft, we
obtaint51.8331024 s atT5540 °C andt56.0631025 s
at T5580 °C, respectively. Therefore, we obtainjm.34 at
T5540 °C andjm.59 atT5580 °C, respectively. If we fur-
ther substitute these values andas50.40 nm intoRs5jas ,
we obtainRs.13.6 nm atT5540 °C andRs.23.7 nm at
T5580 °C. Even when the fluxf Ga is increased,jm remains
very large, e.g., atT5540 °C, jm.23 for f Ga51.0 ML/s,
and jm.10 for f Ga55.0 ML/s, which correspond toRs
.9.3 nm andRs.4.2 nm, respectively. These results sho
that such coarse resolutions are sufficient to simulat
steady-state island growth mode. Hence, in spite of the
that a steady-state island growth mode was shown to be
simulated by the use of the SOS model,48 this does not guar-
antee that the SOS model has an atomic-scale spatial re
tion.

This further means that the good agreement was obta
in Ref. 48 because all the orientation dependencies of sur
growth kinetics are averaged out in this mode to leav
macroscopically relevant quantity only. To see this, let
recall thatEs51.5860.02 eV was obtained on vicinal su
faces by comparing the simulated and observed trans
temperaturesTt between a step flow growth mode atT.Tt
and an island growth mode atT,Tt .48,50More precisely,Tt
is the temperature where an oscillation of a specular RHE
intensity disappears. Based on the step density model,51 this
phenomenon has been interpreted to occur when Ga d
sion is sufficiently enhanced by the increase of the subst
temperature, so that Ga adatoms are enabled to reach a
edge by diffusing across a terrace. In other words,Tt is the
temperature where an island growth mode ceases when
substrate temperature is increased from below. Theref
this transition is a macroscopic phenomenon. According
an atomic scale accuracy is not required for the mode
fulfill this comparison, and thus,Es51.5860.02 eV is valid
only at a macroscopic scale in exactly the same manne
the diffusion coefficient,D5as

2/t, is a macroscopic quantity
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This is consistent with the fact thatEs51.5860.02 eV is
substantially larger than the ‘‘bare’’ valueED51.360.1 eV
obtained as the activation barrier for surface Ga diffusion51

In other words,Es is a renormalized quantity,52 and hence, to
useEs is equivalent to consider an ‘‘effective-field’’ theory
In Ref. 8, however, an ES barrier was introduced into
SOS model so as to obtain a good agreement not only for
steady-state island growth mode but also for the recov
process of a specular RHEED intensity after terminat
growth. In this study,Es51.54 eV was used, i.e., a differen
value thanEs51.5860.02 eV,48 but still significantly larger
than ED51.360.1 eV.51 However, since an ES barrier i
associated with the presence of an atomic step, which
structure literally at an atomic scale, the introduction of th
effect requires a model to possess atomic scale resolu
Therefore, it is inconsistent to use the renormalized valueEs
for such simulations together with the use of an ES barr
This inconsistency in trying to achieve the agreement
tween simulations and RHEED observations further in
cates that the SOS model is unable to simulate kinetic p
cesses of GaAs~001! at an atomic scale.

Even independently of any simulations, we can point o
the irrelevance of an ES barrier to the recovery process a
terminating growth of GaAs~001! homoepitaxy. Indeed, if an
ES barrier is really relevant to this process by any mea
one cannot make a well-ordered flat substrate or buffer lay
to prepare for growth experiments. This is because, acc
ing to this explanation, to carry out a long period of anne
ing on buffer layers necessarily results in the formation
three-dimensional structures. Therefore, an ES barrier ca
be relevant to a recovery process on it. In other words,
fact that one can experimentally make flat buffer layers
GaAs~001! already excludes the possibility for the existen
of an ES barrier.

It is important to note that, since an atomic scale accur
was not needed in obtainingEs51.5860.02 eV,48 this accu-
racy was not required either for the calculated step densit
probe the disappearance of an oscillation. In other wo
this result does not guarantee that a step density is releva
any atomic scale phenomena observed on GaAs~001!. In-
deed, we pointed out in our recent study that this is exa
the case for a GaAs~001!-(234) surface.53 Namely, even
though the time evolutions of a step density and a spec
RHEED intensity can be correlated with each other at a m
roscopic scale in the steady-state island growth mode, t
do not have any causal relations to each other. Since the
density model51 has been the basis of the kinetic MC sim
lations with the use of the SOS model, this result preclu
the physical relevance of the simulation studies such as
simulations on the step flow growth mode49 or the recovery
process.8 The only result which remains valid is the estima
of Es51.5860.02 eV,48 because the method which was u
lized to estimate it does not depend on the details of
atomic scale kinetics. We can see another example on
failure of the combined use of the SOS model and an
barrier in the simulations of kinetic surface roughening o
served in InAs~001! homoepitaxy.13 In this study, the simu-
lated interface widthw was found to reach the minimum
value at the layer thickness of about 5 ML, which is smal
than the experimentally obtained value of 0.6mm via atomic
force microscopy observation by as large as three order
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1894 PRB 62MAKOTO ITOH AND TAKAHISA OHNO
magnitude13 if the diffusive species of the model has a
atomic-scale bilayer thickness of a real InAs~001! surface.

Now that an ES barrier is shown to be irrelevant to kine
surface roughening, mound formation, or the recovery o
specular beam RHEED intensity after the interruption
growth, the only remaining experimental support for the e
istence of an ES barrier on GaAs~001! is the experimenta
discovery of the reentrant layer-by-layer etching by Kane
et al. with the use of AsBr3 as the etchant.11 Although simu-
lations were performed in Ref.11 to try to account for th
phenomenon by introducing an ES barrier to the SOS mo
this explanation is again incorrect. This is because the in
sion of an ES barrier inevitably induces a three-dimensio
morphology at low temperatures, as Fig. 2 of Ref. 11 u
doubtedly shows by the gradual decrease of the mean n
tive step densities calculated atT<500 °C. In deep contras
to these simulation results, the mean RHEED intensities
the oscillations obtained by their measurement at 380
<T<420 °C in Fig. 1 of Ref. 11, i.e., below the transitio
temperature of the reentrant layer-by-layer etching, are c
stants of time, indicating that this is entirely a 2D pheno
enon. Even Ritz, Kaneko, and Eberl stated explicitly th
above and below the range of the transition, the RHE
pattern is streaked over the duration of the measurement
that the etching process below 420 °C is reaction-rate l
ited, while it is supply-rate limited above 450 °C.54 There-
fore, it is clear by its definition that an ES barrier has noth
to do with these phenomena. Also, it is inadequate to use
SOS model to simulate the etching phenomenon becau
cannot deal with such chemical reactions due to its cr
simplicity.

Therefore, there are actually no true evidences to sup
the existence of an ES barrier on a GaAs~001! surface or on
an InAs~001! surface. Incidentally, an ES barrier was intr
duced into the SOS model in Refs. 6–15 as

t215n exp$2@Es1nEN1DmQ~Dm!EB#/kBT%, ~5!

wheren52kBT/h, and the definitions ofn and EN are the
same as those in Eq.~3!. In addition to them,EB denotes a
barrier associated with a step edge andDm is the difference
in the coordination numbers of the next-nearest-neigh
~NNN! sites in the plane beneath and above the hopp
atom before and after the hop.Q(x) is a step function, which
becomes 1 forx.0 and 0 otherwise.

However, according to the transition-state theory,
which the conventional kinetic theories are based, a kin
barrier must be given by the energy difference betwee
local minimum and a nearby saddle point of a potential s
facebeforea hop.55 Only with this definition, an Arrhenius
form is used to define a rate of a kinetic event. Althou
there is an option to use an energy difference between be
and after a hop,56 it is incorrect to apply one method to th
NN interactions and the other to the NNN interactions se
rately, because only the total activation barrier at each c
figuration must be used in MC calculations.57 Therefore, no
results obtained with the use of this ill-defined barrier can
correct.

Here, we note that an apparent resemblance betw
simulation results and any experimental data does not g
antee the validity of any assumed effects in simulations
they are not given any proper reasonings to exist, as
a
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Sarma and co-workers pointed out for the case of an
barrier by the explicit calculations.58 At least, one must keep
it in mind that it is indispensable to carry out order estim
tions before applying a model to any physical phenomena
as to examine its validity as well as its range of applicabil
to study them. However, no such statement can be foun
Refs. 6–15 in spite of the fact that, in these works, the sim
lation results based on the SOS model were directly co
pared with the results of the experimental observations.

In relation to this, let us further discuss whether the S
model itself can be used to study any atomic scale phen
ena. To answer this question, it is important to note that
SOS model is defined on the simple cubic lattice, which
actually not the crystallographic symmetry of any real ma
rials. The difference in the symmetry of an underlying latti
may not matter if the dynamical scaling theories and
kinetic universality hypothesis are valid as they are d
cussed, e.g., in Refs. 5,6. This literature, however, does
deal with any effects of surface reconstruction in deriving
scaling exponents. In contrast, both our result in Sec. III a
the experimental report by Lengel and co-workers38 provide
the evidence that the hypothesis of kinetic universality cl
is no longer valid when surface reconstruction is involved
the growth of a surface in the nontrivial manner. Moreov
since the kinetic barrier of the SOS model in Eq.~3! depends
only on the coordination number, it is too crude to reflect t
important properties of atomic scale interactions such as
strong orientation dependence of the atomic bonding o
semiconductor material or the delocalized nature of the e
tronic states of a metal surface. Although this model w
used to simulate growth of a Si~001! surface,59 the same
argument as we did to estimatej on GaAs~001! can be made
on Si~001!, too, to obtain a similar result. Thus, the SO
model cannot be used to study atomic scale growth phen
ena on the surface of a real material whenever a nontri
reconstruction is involved. On the contrary, if such an
tempt is made to compare results obtained by simulati
based on the SOS model with atomic scale observation
discrepancy will certainly appear. Indeed, we can see
example of such a discrepancy in Fig. 3 of Ref. 60, where
fine resolution STM images of Si~001! were directly com-
pared with the snapshots of the SOS model simulations w
out examining its spatial resolution. It is therefore not a b
surprise that the results obtained by using macroscopic e
tions and by the simulations with the SOS model were fou
to agree well with each other.61 This is because neither o
them are valid microscopically, as opposed to the purpos
Ref. 61 to provide a bridge between microscopic and m
roscopic length and time scales.

V. SUMMARY

We pointed out that a III-V compound polar semicondu
tor surface with reconstruction does not satisfy the neces
condition for the presence of an Ehrlich-Schwoebel~ES! bar-
rier. Instead, by carrying out a kinetic MC simulation
homoepitaxial growth on GaAs~001!, we calculated the ki-
netic roughness exponentb and obtainedb50.86 as its up-
per bound. In this simulation, we did not introduce any
fects specific to a step edge. Thus, the emergence of kin
surface roughening in homoepitaxial growth of GaAs~001!
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and other similar surfaces is shown to be accounted for
the stability and complexity of surface reconstruction and
need for a structural transformation from a stable structur
transient ones that a surface must experience during epit
growth. This is especially true at the initial stage of grow
from a well-ordered surface.

Moreover, we examined the range of applicability of t
widely used SOS model to show that, in general, it canno
used to study an atomic scale phenomenon on a solid su
whenever nontrivial surface reconstruction is involved in
This naturally calls into question the validity of kinetic M
simulations in which the SOS model and an ES barrier
used in combination to simulate the growth of GaAs~001! or
by
e
to
ial

h

e
be
ace
t.

re

InAs~001!. We pointed out that all these works are actua
incorrect; even the definition of the kinetic barrier used
these studies is incorrect. Thus, there are indeed no
dences, theoretically or experimentally, to support the e
tence of an ES barrier on a polar semiconductor surface w
reconstruction. On the contrary, there are theoretical stu
to show its absence at theA step of a GaAs~001! surface.
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