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The misorientation direction dependence of the transition from growth by the formation and coales-
cence of two-dimensional clusters to growth by step advancement has been examined systematically with

reflection high-energy electron-diffraction (RHEED) measurements during molecular-beam epitaxy on
GaAs(001). Accompanying simulations of a solid-on-solid model have reproduced qualitatively all of the
dominant features of the measured RHEED through comparisons based upon the step densities of the
simulated surfaces. We have reported earlier that the Ga flux and misorientation-angle dependence of
RHEED on vicinal GaAs(001) surfaces misoriented towards the [010]direction can be both qualitatively
and quantitatively reproduced by a suitably parametrized solid-on-solid model. Here, we have modified
the model to account for the anisotropy in the surface kinetics expected for surfaces misoriented along
the [110]and [110]directions. Two distinct origins of this anisotropy have been considered, both sepa-
rately and together: one that is based only on the nearest-neighbor environment and one that is based on
attempt frequencies for migration, which is independent of the nearest-neighbor environment. Both
effects can contribute to the anisotropy of the diffusion constant and to the temperature at which growth
becomes dominated by step advancement, but the growth-front morphologies differ considerably in the
two cases. Although diffraction effects have impeded direct quantitative comparisons between measured
RHEED and simulated step density on these surfaces, qualitative conclusions can still be made and
simulated morphologies can be compared with scanning tunneling microscopy. Our comparisons sug-
gest that the origin of the anisotropic growth-mode transition stems mainly from anisotropic incorpora-
tion kinetics, modeled by the nearest-neighbor environment, rather than anisotropic adatom mobility.
Moreover, even if the mobility is anisotropic, the favored direction is orthogonal to that reported by
others.

I. INTRODUCTION

Investigations of the growth on vicinal surfaces of III-
V compound semiconductors by molecular-beam epitaxy
(MBE) have shown that at sufficiently high temperatures
growth occurs primarily by step advancement, with only
slight remnants of two-dimensional clusters on the ter-
races. ' This suggests the possibility of growing quantum
wires directly without the use of lithography and, in
principle, reduces interface roughness. It has, in fact,
been reported that quantum wires grown by MBE on vi-
cinal GaAs(001) surfaces misoriented toward the [110]
direction (subsequently denoted as the "A" surface) have
shown strong periodic modulations in transmission elec-
tron microscopy and diffraction, while those grown on
(001} surfaces misoriented towards [110] (the "B" sur-
face) have not.

Virtually all III-V semiconductors have the zinc-blende
structure, which means that the step structure will de-
pend on the direction of misorientation of the vicinal sur-
face. Scanning tunneling microscope (STM) images have
shown that there are appreciable differences between
steps on A and B surfaces. On the former, the step edge
is smooth in the sense that there are relatively few kink
sites, but on the latter the step edge is very rough.

Several studies of the temperature dependence of
reflection high-energy electron-diffraction (RHEED) in-
tensity oscillations on vicinal GaAs(001) substrates have
shown that the transition temperature ( T, ) between two-
dimensional nucleation and step advancement depends on
the misorientation direction. In general, for the same
growth conditions (fluxes, angle of misorientation, etc.},
T, is higher on A surfaces than B surfaces, with that for
the "C"surface (misoriented toward the [010] direction)
occurring between them.

There are two surface kinetic processes that can exhibit
anisotropy: the migration of adatoms (cations) on the
terraces and the incorporation at the step edge through
attachment and detachment rates. From RHEED mea-
surements Ohta, Kojima, and Nakagawa concluded that
the surface diffusion constant was four times greater in
the [110]direction than the [110]. Kawabe and Sugaya
observed that the growth rate was much larger in the
[110] than the orthogonal [110] direction, which they
also attributed to anisotropic diffusion. These con-
clusions were based on the assumptions that step struc-
tures were identical and step edges were perfect sinks, al-
though other authors ' have suggested that anisotropic
step structures could influence the results. If steps act as
perfect sinks for adatoms (no detachment occurs), faster
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migration rates will lead to higher incorporation rates, al-
though this may not be the case if detachment does
occur, particularly if the anisotropy in the detachment
rates acts in competition to the anisotropy in the mobility.
It is, however, impossible to identify the origin of the an-
isotropy by measuring only T„since the growth-mode
transition can be induced both by the surface migration
of adatoms and also their incorporation at steps. The in-
formation that can be obtained from T, is a convolution
of both effects.

A potential solution of this problem is to compare
RHEED intensity oscillations with Monte Carlo simula-
tions of a growth model. This approach offers several
benefits in attempting to identify the origins of the anisot-
ropy resulting from different misorientations. First, the
effect of each source of anisotropy can be introduced in-
dependently and to varying degrees to determine the role
each has on the growth kinetics. Simulations are an ideal
tool for investigating interacting processes that can act
either in concert or in opposition. Second, based upon
earlier comparisons between RHEED measurements and
simulations, ' a parametrization of the model that repro-
duces quantitatively the trends in T, and even many
features of the specular intensity evolution is an indica-
tion that the dominant kinetic processes have been in-
cluded in the model. Thus, in making such comparisons,
we are not limited to a narrow regime of substrate tem-
peratures and fluxes near T„sowe can investigate the
approach to T, as a function of growth conditions.
Third, the effect of introducing refinements to the basic
model through additional processes, e.g., bias in hopping
up or down steps, can be easily addressed. Thus, the sta-
bility of the predictions of the model to perturbations can
be addressed, i.e., is any agreement between simulations
and measurements fortuitous?

In this paper we report the results of systematic
RHEED measurements of the growth-mode transition
and surface morphology on A, B, and C GaAs(001) sur-
faces. Accompanying simulations of a solid-on-solid
model of MBE are also presented and used to analyze the
measurements in the spirit of our earlier work. ' Each of
the two sources of anisotropy, adatom migration, and in-
corporation at steps, is first introduced separately to
determine the individual effects of these processes upon
the features of the growth. Although the anisotropy of
each of these processes can cause changes in T„only an
anisotropy in the incorporation rates reproduces the an-
isotropy in the step morphologies observed in STM mea-
surements. This fact, supported by direct comparisons
with RHEED measurements, allows us to conclude that
the dominant source of the anisotropy is due to the incor-
poration kinetics at step edges. We cannot rule out a
contribution from the anisotropy in the adatom migra-
tion, but even if present, the favored direction is orthogo-
nal to that suggested in Refs. 6 and 9.

The outline of this paper is as follows. The experimen-
tal methods are outlined in Sec. II and the experimental
results presented in Sec. III. As in our study of growth
on the C surface of GaAs(001), particular attention has
been paid to the diffraction conditions used in making the
RHEED measurements, and in maintaining the growth

conditions as constant as possible. Both of these pro-
cedures have been made in order to satisfy as far as possi-
ble the basic assumptions of the solid-on-solid model.
The model used for the simulations is described in Sec.
IV. Several modifications of the model used in Ref. 10
have been introduced to characterize the anisotropy in
the incorporation and adatom mobility. The physical
motivation for our choices are discussed in Sec. IV. The
analysis of the RHEED measurements using simulations
of our model are carried out in Sec. V, including the
determination of the model parameters and direct com-
parisons with the RHEED specular intensity oscillations.
Section VI sets out our conclusions.

II. EXPERIMENTAL METHODS

All measurements were carried out in a purposely built
MBE system described previously. " Etch-free n +

GaAs(001) substrates (supplied by Sumitomo Electric)
misoriented by 2+0.05' and 3+0.05' towards [110],
1+0.05', 2+0.05', and 3+0.05' toward [010], and
1+0.05' and 2+0.05' towards [110]were used to, avoid
problems associated with wet etching. After in situ
removal of the oxide film by heating to 630'C under an
incident As2 flux a buffer layer at least 1000 A thick was
grown at 550'C to provide a damage-free, reconstructed
surface.

Ga fluxes were determined from the period of RHEED
oscillations during growth at a substrate temperature of
560'C and those of As2 from arsenic-induced RHEED
oscillations at approximately 530'C, ' in both cases on
singular surfaces (0+0.05 ), using the same beam az-
imuth as for the vicinal surfaces. The oscillation period
in this system is very stable and there are no fluctuations
associated with shutter operations. The measured As2
flux (more correctly the incorporation rate) is, however,
strongly dependent on substrate temperature and the
quoted values are subject to this limitation.

The electron-beam energy was 14 keV with an incident
(polar) angle of approximately 1', as calculated from the
angular separation between the straight-through and
specular beams. This value was chosen to minimize com-
plications from Kikuchi crossings on the 00 rod. "' The
specular beam intensity was measured with a photon-
counting system and all shutter operations were comput-
er controlled. The experiments were carried out for a
growth and recovery sequence consisting of the deposi-
tion of four monolayers followed by a recovery period of
equal duration. We began measurements at high temper-
atures and moved to lower temperatures to avoid any re-
sidual clusters formed by nucleation at the lower temper-
atures.

Since it is essential for the incident beam to be parallel
to the step edges, the azimuth must be varied for the
different directions of misorientation. This, however, has
an effect on the phase of the oscillations. ' For example,
if we define the phase as the time to the first oscillation
maximum normalized by the steady-state period on the
singular surface, the values obtained at a substrate tem-
perature of approximately 590' along the indicated direc-
tions are [010]= 1.00, [110]=0.90, and [110]= 1.08.
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These ratios depend only weakly upon the temperature.
Since the phase shift of the oscillations is related to the
Kikuchi-like features' and because we are unable to
evaluate the validity of the direct comparison with simu-
lations until we can estimate the contribution from the
Kikuchi-like features, we cannot carry out the same type
of quantitative comparisons between RHEED measure-
ments and simulations for the A and B surfaces as we did
in Ref. 10 for the C surface. Even if we change the in-
cident angle for each azimuth to avoid this phase shift,
we have to separate the incident polar-angle-dependent
contribution from the incident azimuthal dependence.
Additionally, in the [110] azimuth, the surface recon-
struction must have a strong interaction with the specu-
lar intensity because fractional-order rods exist close to
the 00 rod. Therefore, the comparisons between simula-
tions and experiments in Sec. V will be carried out only at
a qualitative level.

III. EXPERIMENTAL RESULTS

The miso rientation direction dependence of the
growth-mode transition for surfaces misoriented by 2' is
shown in Fig. 1, from which it is clear that
T, ( A ) & T, (C) & T, (B), in agreement with previous work.
The waveform of the oscillations also shows a misorienta-
tion direction dependence, e.g., the rate of damping is
very fast on the B surface, where typically only one oscil-
lation is discernible, even at the lowest temperatures.
There is also an apparent anomaly with regard to the on-
set of oscillations on the A surface. At low temperatures
there is an initial decrease of intensity, as expected, but
which at higher temperatures changes to an initial inten-
sity increase. This, however, is related to the surface
reconstruction" because there is a fourfold reconstruc-
tion in the [110]azimuth and the effect disappears when
the azimuth is changed to a few degrees away from an ex-
act [110]. We have reported separately' that the oscilla-
tion period gradually increases as T, is approached from
below (measured as the delay to the first maximum with
respect to that measured on a singular surface with iden-
tical growth conditions) and this behavior is apparent in
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FIG. 2. The Ga flux dependence of the RHEED specular in-

tensity near the transition from growth by nucleation of islands
to growth by step advancement on an A surface misoriented by
30

all of the data reported here.
The effects of Ga flux and angle of misorientation are

the same for all three directions of misorientation and the
results are shown in Figs. 2-4. The Ga flux dependence
of T, on an A surface misoriented by 3' and a B surface
misoriented by 1' are shown in Figs. 2 and 3, respectively,
while Fig. 4 shows the Ga flux dependence for a
misorientation of 2' in all three directions. In general, an
increase in terrace length (smaller misorientation) in-
creases T, as does an increase in Ga flux, i.e., any in-
crease in the encounter probability of Ga adatoms in-
creases T, .

The influence of the arsenic flux is, however, more
complicated. ' For a constant Ga flux, increasing the ar-
senic flux on B and C surfaces leads to a decrease of T„
while on an A surface there is a corresponding increase.
Results for A and B surfaces are shown in Fig. 5. The
factors that can cause an increase in T, all lead to an in-
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FIG. 1. The growth-mode transition on a vicinal GaAs(001)
surface misoriented by 2' towards [110], [010], and [110]. The
Ga flux is set at 0.31 ML/s and the As/Ga ratio is approximate-
ly 2.5. Monolayer deposition increments of Ga are indicated by
dashed lines.
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FIG. 3. The Ga flux dependence of the RHEED specular in-
tensity near the transition from growth by nucleation of islands
to growth by step advancement on B surface misoriented by 1 .
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slight change in the adatom mobility. The comparisons
with simulations reported below confirm these initial
findings.

IV. GROWTH MODEL

0.5
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FIG. 4. Arrhenius plot showing the Ga flux and
misorientation-direction dependence of the growth-mode transi-
tion temperature T, on A, B, and C surfaces misoriented by 2'.

crease in the probability that migrating Ga adatoms in-
teract on the terraces to form incipient clusters. This can
be either a direct effect, such as an increase of the Ga flux
or a decrease in the rnisorientation angle, as discussed
above, or indirect, such as a decrease in the adatorn mo-
bility or an increase in the adatom concentration on the
terraces due to an increase in the detachment rate from
step edges. To reduce T„wehave either to enhance Ga
migration, inhibit island formation, or enhance Ga incor-
poration into the staircase steps. However, since the ter-
races on A and 8 surfaces are equivalent GaAs(001) sur-
faces away from the step edges, the island formation is
the same on these surfaces. Therefore, the As flux must
influence either Ga adatom migration, Ga incorporation
at steps, or both of these processes. In fact, in our earlier
work on the C surface, ' a preliminary study of the effect
of varying the Asz flux was seen to be primarily a change
in the incorporation rates, with only a comparatively

We apply a model previously used in Monte Carlo
simulation studies of growth kinetics on vicinal sur-
faces. ' The substrate is modeled as a simple cubic lat-
tice, in which neither vacancies nor overhangs are permit-
ted. ' The model focuses upon the cation kinetics, as un-
der sufficiently arsenic-rich conditions the Ga-As& (or
As4) reaction kinetics are not rate-limiting steps' for the
growth. Thus, the effect of the As reaction and migration
kinetics are assumed to affect the growth only quantita-
tively, i.e., in a manner that can be absorbed into changes
in the migration parameters. Similarly, the presence of
any surface reconstruction is subsumed in effective migra-
tion parameters, i.e., no explicit account of the surface
reconstruction is required if the reconstruction does not
change. In the work reported here the 2X4 reconstruc-
tion was maintained for all growth conditions.

Two processes are included in the description of the
growth: random deposition of atoms onto the substrate
and surface migration. Growth is initiated by the ran-
dom deposition of atoms onto the lattice at a rate Ja per
site, where J is the flux and a is the nearest-neighbor dis-
tance (so a is the area per site). Surface migration rates
are expressed by an Arrhenius expression for the
nearest-neighbor hopping rate,

k(E, T) =koexp( Ejktt T),—

where ko is the vibrational frequency of a surface atom, T
is the substrate temperature, E is the energy barrier to
hopping, and k~ is Boltzmann's constant.

The parameters in the model are contained entirely
within Eq. (1). For a model with lateral interactions and
nearest-neighbor hopping both being isotropic, ko can be
estimated by treating the vibrations of adatoms as classi-
cal harmonic oscillators and applying the equipartition to
obtain ko =2ktt Tlh for the vibrational frequency, where
h is Planck's constant. The barrier is taken to be
comprised of two terms, one due to the substrate alone,
Es, and a contribution Ez from each lateral nearest
neighbor. This model was parametrized in Ref. 10 for
the C surface with an As/Ga ratio of approximately 2.5,
with the results
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FIG. 5. The As flux and misorientation direction dependence
of the growth-mode transition on A and B surfaces.

It must be stressed that the numerical values of Es and

Ez depend upon factors not explicitly included, most
notably, the As/Ga ratio and the surface reconstruction.

To make even qualitative comparisons with RHEED
measurements on A and B surfaces, this model must be
modified to include the influence of the anisotropy on the
migration and incorporation of adatoms. This anisotropy
is due both to the crystal structure of GaAs (zinc-blende
structure) and anisotropic 2 X 4 reconstruction on
GaAs(001). We distinguish between two types of effects:
one that originates in the nearest-neighbor environment
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and one that is applied in the same way to all atoms and
is independent of the nearest-neighbor environment. In
the former case, we focus on the hopping barrier E in Eq.
(1) and in the latter on the attempt frequency ko. Even
though our model does not include a 2X4 unit cell ex-
plicitly, the surface morphologies produced by our simu-
lation can show at least the qualitative features of the an-
isotropy.

To introduce anisotropy into the lateral interactions,
the hopping barrier is modified in the following manner:

E Es+nE[»0]+nE[»o] ~

where m and n are the number of nearest neighbors in the
[110]and [110]directions, respectively, i.e., m, n =0, 1,2,
and E[»0] and E[»0] are the contributions to the
diffusion barrier of each nearest neighbor along these
directions. For GaAs(001), the anisotropy depends upon
the misorientation directions, since there are two types of
Ga—As—Ga bonds. Along the [110] direction, Ga
atoms have bonds with As atoms in lower layers, but
along the [110]direction, with As atoms in upper layers.
This suggests that E[»0] is greater than E[»0]. When

step edges are involved, on the A surface each Ga forms
only three As bonds because one of the upper As atoms is
free, while on the B surface each Ga makes four As bonds
(Fig. 6). As-As dimerization on a 2 X4 reconstructed sur-
face may also make an additional energy contribution in
the [110]direction. In other words, it is more difficult to
detach Ga atoms from As-terminated steps than from
Ga-terminated steps. In the simulations reported below,
we have therefore taken E(»0) )E(»ol, and have

parametrized the migration barriers in terms of the aver-
age EN and the ratio hE of the two lateral barriers,

Anisotropy in adatom migration can be attributed to
either or both of the anisotropies in the frequency prefac-
tor and the barriers to hopping. The difference between
these lies primarily in the temperature dependence, with
the prefactor providing a much weaker change with tem-
perature than the effect of the barrier anisotropy. Based
upon an Einstein model of diffusion, Ohta, Kojima, and
Nakagawa conclude that the anisotropy is confined to
the prefactor, since the activation energies obtained
where the same for the A and B surfaces. Although con-
clusions based upon measurements of T, alone must be
interpreted with great care, we will consider initially an-
isotropies in the attempt frequency only. We suppose
that the vibrational frequencies k[»0] and k[»o], along
the [110]and [110]directions, are unequal. Thus, while
in the case of isotropic adatom migration the direction of
hopping is chosen randomly and with equal probability
for all nearest-neighbor sites, for anisotropic vibrational
frequencies, the direction of the chosen site is weighted in
favor of the direction with the greater frequency.

Since the transition temperature on the A surface is
higher than that on the B surface, the adatom must mi-
grate along the [110] direction faster than the [110]
direction if the step edges act as isotropic sinks. A possi-
ble origin of anisotropic hopping of single adatoms is sur-
face reconstruction (Fig. 6), but the favored hopping
direction must depend on the state of Ga adatoms. If Ga
adatoms are physisorbed on the surface, the [110]direc-
tion is favored. Since the As dimer bonds are along
[110],Ga atoms rarely encounter the As diiner bonds be-
cause there are channels in that direction, especially at
the missing As-As dimers on a 2X4 reconstructed sur-
face. ' If the Ga adatoms are chemisorbed it is more
difficult to break up As-As dimers in the [110]direction
than to hop to neighboring sites along the [110]direction.
This is to be compared with the case of Si(001) 2X1,
where it is likely that the surface diffusion is faster along
the dimers in the underlying layer. ' ' In analogy with
our parametrization in (4), we introduce the average vi-
brational frequency ko and the ratio hk,

k[»o]
ko —Ik +k(iio) ]& (5)

[»0]

A surface (Ga terminated)

[110]

The measurements reported by Ohta, Kojima, and Naka-
gawa suggest that hk =4.

The simulations are monitored by following the evolu-
tion of the step density, S(P), projected along a given
direction specified by the azimuthal angle P (/=0 in the
[110]direction):

S(P)=L 'g [[1—5(h, i, h, +, )]cosP

B surface (As terminated)

[110]

FIG. 6. Schematic illustration of the GaAs(001) 2X4 recon-
struction and the different step structures.

+ [1—5(h; „h,- +, ) ]sing],
where 5(i,j ) is the Kronecker delta, h; is the height of
the column of atoms at the lattice site (i,j ), and L is the
number of sites on the lattice. Since the incident
RHEED beam is directed perpendicular to the misorien-
tation direction, we have monitored S(—,'m ) for the A sur-
face, S(0) for the 8 surface, and S(—,'n ) for the C surface.

In our previous work, we demonstrated that with a
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FIG. 7. Direct comparison between the measured RHEED
oscillations and the simulated surface step density evolutions on
the Csurface. (a) 6&=1 and 6k=1, (b) 6~=2 and 6k=1, and
(c) EE=1 and b, 1, =2.

judicious choice of diffraction conditions the step density
provides an excellent representation of the evolution of
specular RHEED intensities for a variety of Ga fluxes
and misorientation angles on the C surface. ' Figure 7(a)
shows a direct comparison between the measured
RHEED oscillations and the simulated step density for
an isotropic model on a C surface. The comparison for a
given Cxa Aux and misorientation was made by rescaling
the step density by the same factor for different tempera-
tures. Specific quantitative features that are reproduced
by the step density are approximately the same relative
change of amplitude as function of temperature, includ-
ing the initial decrease in the intensity at the start of
growth as a function of temperature, the amplitude of the
oscillations at low temperatures, and the steady-state in-
tensities at high temperatures. In addition, there are
several important qualitative similarities between the step
density and the RHEED measurements, including the
gradual disappearance of the oscillations with increasing
temperature, the decaying envelope of the oscillations,
the shapes of the oscillations, and the longer delay with
increasing temperature of the first maximum of the oscil-
lations.

V. COMPARISONS BETWEEN SIMULATIONS
AND EXPERIMENTS

To determine which combination of the two possible
processes produces the observed anisotropy, we first in-
troduced them separately into the simulations. For
bz) 1 [hz=2 in Fig. 8(a)] and 6k =1, which corre-
sponds to attachment anisotropy, T, is higher on the A
surface than the B, while the oscillations damp with time
more rapidly on the latter. For b, k ) 1 [b,k=2 in Fig.
8(b)] and b,z = 1, corresponding to migration anisotropy,
T, is again higher on the 3 surface and for both models
the delay to the first oscillation maximum with increasing
temperature is greater on the B than the A surface. All
of the observed differences become more pronounced as
hE and 6k increase.

To a first approximation, the anisotropies on the C sur-
face can be considered as being an average of those on A
and B surfaces. This assertion was used in Ref. 10 to sim-
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plify the number of free parameters in the growth model.
To provide some justification for this, we have compared
measured oscillations and simulated step densities for
BE=1, b,„=1 [Fig. 7(a)], DE=2, b,„=1 [Fig. 7(b)], and
b,z =1, b, k =2 [Fig. 7(c)]. From the comparisons in Fig.
7 it is clear that the general similarities between the simu-
lations and the measurements are not significantly
different, although there might be a small improvement
in the prediction of the increasing period as T, is ap-
proached from below for both types of anisotropy.

The difference between the two possible origins of an-
isotropy becomes clear when the surface step densities
projected onto the two orthogonal (110) directions on a
C surface are compared. For hE & 1, the step density in
the [110] direction is greater than in the [110], which
corresponds to an elongation of islands on the terraces.
For 6k & 1, however, and even up to Ak =10, there is no
change in relative step densities. We can therefore con-
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elude that while both hk and b,z can change T„onlyEE
can influence island shape. We have illustrated this (Fig.
10) by a simulation of surface morphology on A and B
surfaces after recovery, using identical growth conditions
for hz=2 and 6k =2. With the former, step edges are

very different on A and B surfaces, while there is very lit-

tle difference with the latter. If we compare these results
with STM observations, it is quite clear that there is very
close qualitative similarity with the simulated morpholo-

gies for hz=2, in that step edges are much rougher on

the B surface than the A.
The way in which the growth-mode transition is in-

duced by each effect (b,z &1 or b, k &1) is explained

schematically in Fig. 11. For hE & 1, islands formed on
the terrace are elongated along [110],which means that
on A surfaces (steps parallel to [110]),the islands do not
coalesce with the steps until near monolayer completion
and cluster formation can continue until the mobility of
single adatoms becomes very high. On B surfaces, how-
ever, islands can coalesce with steps well before mono-
layer completion, which effectively reduces the terrace
width since steps elongate normal to their edges, thereby
suppressing island formation. Oscillations therefore
damp rapidly on B surface and T, is always higher on A

than B surfaces.
If 5k &1, the final conclusions are the same, but we

have to postulate a different mechanism for the growth-
mode transition. In this case, adatoms can more easily
reach step edges on B surfaces, so that again T, is lower
there. Morphological anisotropy could be introduced in
this way only if the steps acted as perfect sinks for ad-
atoms, but we have shown in a separate publication' that
this is not so, which implies that migration anisotropy
alone cannot account for all of the observations.

Finally, we introduced both possible causes of anisotro-

py simultaneously into the simulations to investigate
their interaction. For EE =2 and hk =2, the difference in

T, is enhanced, but there is no change in the island mor-
phology with respect to AE =2 and 6k = 1, providing fur-
ther evidence that the morphology is determined primari-
ly by hE. An interesting effect is observed for hz=2,
6k =0.5, where on the C surface the result is identical to
LE=2 and 6k =2 because the two different step direc-
tions exist together, but on A and B surfaces the effect is
different, as illustrated in Fig. 12. This figure shows the
simulated growth mode on all three surfaces for EE=2
and 6k=0.5. Since AE&1 increases T„while 4k &1
reduces it, differences in T, between the three surfaces
are reduced, but the first oscillation on the B surface is
enhanced. The effect is to produce a result very similar
to that obtained experimentally (Fig. 2), provided the
diffraction effects associated with the A surface, which
we have already discussed, are ignored.

The anisotropy of the delay to the first maximum in
the RHEED intensity oscillations provides additional ex-
perimental evidence to support the concept of nearest-
neighbor bonding energy anisotropy. We have reported
separately' a systematic study of this phenomenon,
which showed that the delay is a measure of that fraction
of the incident Aux which is directly incorporated into
the staircase steps below T, . Figure 13 shows an Ar-
rhenius plot of this incorporation rate, which illustrates
that direct adatom incorporation is faster into B steps
than A steps at the same temperature, but the activation
energy for A step incorporation is very much higher than
for B steps. The clear implication is that the origin of the
anisotropic growth-mode transition is strongly associated
with nearest-neighbor barrier-energy considerations.

VI. CONCLUSIONS

The misorientation-direction dependence of the transi-
tion from growth by the formation and coalescence of
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FIG. 10. Simulated surface morphology on A and B surfaces at the highest temperature in Fig. 8 with EE=2 and 6k =1 (top
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two-dimensional clusters to growth by step advancement
on vicinal GaAs(001) has been studied by comparing
RHEED measurements with Monte Carlo growth simu-
lations. There are two possible origins of this anisotropy:
the anisotropic mobility of single adatoms and the aniso-
tropic incorporation of adatoms into the steps. To inves-
tigate what effect each would have on the growth-mode
transition and morphology, we introduced the anisotro-
pies into our growth model both separately and simul-
taneously.

Because of diffraction effects, we were unable to make
the types of direct comparisons between the step density
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FIG. 11. Schematic illustration of the different mechanisms
of the growth-mode transition. Az&1 and 6k=1 (left) and

6& =1 and b, k & 1 (right).
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and the RHEED intensity during growth as we did in our
earlier work. ' Had we been able to do so, the features of
the RHEED data as the substrate temperature ap-
proaches T, would have allowed a more detailed exam-
ination of the origins of the anisotropy, particularly
whether there is a barrier component to adatom anisotro-
py, which has a different temperature dependence than
the frequency anisotropy. Nevertheless, by appealing to
surface morphologies produced by the two models and to
measurements of the step propagation rate, ' we were
able to identify characteristic differences between the two
anisotropies.

Although the transition temperature can be changed
by both processes, the magnitude of the misorientation-
direction dependence of T, does place bounds on the ex-
tent of the anisotropy due to each process. Thus, aniso-
tropic morphological features such as step roughness and
elongated islands are only reproduced by anisotropic in-
corporation kinetics. The step propagation rate, as mea-
sured by the first maximum delay in RHEED oscillations,
on the other hand, strongly supports anisotropic incor-
poration into steps, because it identifies the attachment
and detachment processes at the step edges as being rate
determining for the incorporation of adatoms into the
growth front. ' This conclusion was also reached by

Zandvliet et al. based on RHEED measurements and
Monte Carlo simulations for vicinal Si(001). We can
therefore safely conclude from our investigation that
morphological anisotropy derives principally from the
anisotropy of nearest-neighbor bonds rather than the mi-
grational anisotropy of single adatoms. This does not of
course rule out the possibility of anisotropic migration,
but if it exists the higher mobility direction is likely to be
orthogonal to that reported by Ohta, Kojima, and Naka-
gawa on the basis of T, measurements alone. If there is
a rapid direction it is parallel to the As-As dimer rows
(along the [110]direction in Fig. 6) and Ga adatoms will
be chemisorbed on surface As atoms. This is such as to
reduce the anisotropy by bonding effects.
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