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Origin of step formation on the GaAs„311… surface
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GaAs~311! surfaces grown by molecular beam epitaxy are investigated byin situ ultrahigh-vacuum scanning
tunnelling microscopy. The observation of an atomically flat Ga(231)-reconstructed GaAs~311! surface and
its transformation to a 831-reconstructed GaAs~311! surface leads to an improved understanding of the
processes involved in the step formation. The high density of steps observed on the 831-reconstructed

GaAs~311! surface along the@ 2̄33# direction originates from the change of surface atomic density required to
accommodate the surface transition from the Ga(231) surface to the 831 surface. This understanding is
further supported by the observation of independent step formation.
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Self-assembled nanostructures, made by depositing a
monolayers of one semiconductor material onto another w
a significant lattice mismatch, have been the focus of m
research. The potential of these nanostructures1,2 is particu-
larly noted by recent achievements with quantum dot las
and detectors, although their performance have been ra
limited by their lack of uniformity of both size and shape.
particular, the current lack of uniformity typically associat
with self-assembled growth has resulted in a rather la
broadening in the density of states, presenting a forma
obstacle for the application of nanostructures. The difficu
in obtaining uniformity has, in turn, sparked recent interes
the growth on high index surfaces, with an interest in p
terning growth. In addition, not only are investigations
such surfaces meaningful for the application of nanostr
tures, they simultaneously provide a significant opportun
to gain a greater understanding of the GaAs surface3–7 in
order to uncover its unique electrical and optical proper
for advanced optoelectronic devices.8–14

An example of the importance of surfaces with hi
Miller indices, such as the~311! GaAs surface, to the forma
tion of nanostructures is their significant role in determini
their shape15–18 and size uniformity.19,20 Along these lines,
the ~311! surface~reportedly the first stable high index GaA
surface3–5! was recently used as a template to form high
uniform quantum dot arrays.21,22These exciting observation
led to the possibility of using other high index surfaces, a
consequently to the more fundamental question of when
why high index surfaces are stable. In order to underst
the origin of high index surfaces, it is necessary to stu
them directly. Such an understanding may led to the ab
to control and select the morphology of surfaces.

In this investigation a surface phase, with atomically fl
Ga(231) reconstructed wide terraces, is observed under
rich conditions, and its transformation into many narrow
31-reconstructed terraces separated by randomly nucle
steps along the@ 2̄33# direction is studied. These steps, inte
esting in their own right, can have a strong impact on
physical properties of GaAs~311!-based structures, such a
the optical polarization and electric transport anisotropy.
example, by assembling these steps, a one-dimensional q
tum structure was observed and further combined with p
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tern growth to provide uniform quantum dots.23,24Our inves-
tigation demonstrates that these steps are formed
accommodate the change of the surface atom density
quired by the Ga(231) to 831 phase transition.

Experiments were carried out in a combined Riber m
lecular beam epitaxy/Omicron scanning tunneling mic
scope~STM! ultrahigh-vacuum system. For the experime
described here, epireadyn-type GaAs substrates with bot
sides polished were used for comparative studies of
~311!A and ~311!B surfaces.25 In this paper, however, we
focus on the~311!B surface, which is located about halfwa
in between the As-terminated~111!B and Ga-terminated
~100! surface orientations, although a similar step behav
was observed on the~311!A surface. A 1-mm-thick GaAs
buffer layer is grown by molecular beam epitaxy at 580
with a growth rate of 1.0 ML100/S (1 ML10052.83 Å) and
an As4 /Ga beam equivalent ratio of 20. Reflection hig
energy electron diffraction~RHEED! was usedin situ to
monitor the growth process. A (131)-like RHEED pattern
was observed during growth, which was denoted as G
31) before.5 This pattern was kept stable by closing the G
and As shutters at the same time, and quickly removing
sample to the transfer module and cooling it down there
of the residual As4 background influence. The sample w
then transferred to the STM chamber without breaking ult
highvacuum conditions. The base pressure of the tran
module and the STM chamber are around 2310210Torr.
Filled-state STM images were collected at sample volta
of 2–3 V and tunnelling currents of about 0.1 nA.

The resulting surface topography is shown in Fig. 1~a!.
More than 100-nm-wide atomic-flat terraces are separate
1-ML311-height (1 ML31151.7 Å) steps. This surface mor
phology is comparable in quality with the GaAs~100! sur-
face, and consistent with the observed excellent RHEED
cillations on GaAs~311!B. The high-resolution STM image
of Fig. 1~b! reveals a reconstruction of the GaAs~311!B sur-
face, 231. The basic unit cell as outlined in Fig. 1~b! is 8
313.3 Å2. The period along@011̄# is 8 Å, double the face-
centered ideal substrate unit, although RHEED shows a
fusive 13 pattern. 231 is the smallest unit cell for
GaAs~311! located between~100! and ~111!, concerning the
atomic dimerization of GaAs~100! surfaces and the energ
©2002 The American Physical Society13-1
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minimizing of 232-reconstructed GaAs~111! surfaces. The
tilted bright bump within the 231 unit cell shows the asym
metry of GaAs~311! surface along@ 2̄33#. The reconstruction
is denoted as Ga(231) here to distinguish it from anothe
GaAs~311!B (231) phase observed at high As4 pressures
and low substrate temperatures,26,27 denoted as As(231)
here.

Figure 2 displays the GaAs~311!B static surface phas
diagram determined from RHEED observations as the fu
tion of the substrate temperature and the As4 beam equiva-
lent pressure. As mentioned above, the 131-like RHEED
pattern observed during growth was kept stable after que
ing the sample. This indicates that the Ga(231) reconstruc-
tion observed on the quenched surface is maintained du
the growth and can be stabilized after growth. As shown
Fig. 1~b!, the Ga(231)-reconstructed surface is laterally di
ordered on an atomic scale, which leads to the observed
fusive 131-like RHEED pattern. However, a
831-reconstructed surface was created after growth by c
ing the Ga shutter and terminating growth. After a 5-m
annealing period at the growth temperature of 580 °C un
As4 pressure, the 831 RHEED pattern becomes we

FIG. 1. ~a! 6003600 nm2 STM image showing the wide fla
Ga(231)-reconstructed terraces.~b! Atomic resolution STM image
of a Ga(231) reconstruction. The reconstruction Ga(231) unit
cell is indicated.
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ordered.5 The resulting 831 surface morphology was stab
lized by turning off the power to the substrate heater a
gradually reducing the As4 background by fine controlling
the As valve. The sample was then transferred under u
high vacuum to the STM chamber. A typical STM image
shown in Fig. 3~a!. The observed GaAs~311! surface is char-
acterized by narrow 831-reconstructed terraces with a hig
density of straight, 1-ML311-height steps along the@ 2̄33#

direction. The bright and dark rows running along the@ 2̄33#
direction with a 3.2-nm period result from the corrugation
the 831 reconstruction, which is well resolved in Fig. 2~b!.
Its unit cell of 32313.3 Å2 is outlined. The corrugation
height is 3.4 Å, 2 ML311, resolved with three clear gra
levels. This corrugated surface with ridges along@ 2̄33# is
believed to reduce the surface atom mobility along the@011̄#
direction.

The physics for the origin of the steps along@ 2̄33# direc-
tion on the 831-reconstructed GaAs~311! surface is not cur-
rently understood. However, the transformation of the Ga
31)-reconstructed surface to an (831) reconstructed sur
face makes it possible to elucidate this question. The terr
widths separated by these steps are measured over 12 im
similar to Fig. 3~a!, but covering different areas. In order t
quantify the observation, the resulting images are scan
row by row approximately every 80 nm in the@011̄# direc-
tion to avoid correlation effects. The terrace widths are c
brated using the 83 reconstruction, which is 3.2 nm wide
The terrace width distribution for up and down steps w
evaluated separately and show only insignificant differenc
As a result only the overall terrace width statistical distrib
tion over 639 terraces is shown in Fig. 4. On average, ther
one step along@ 2̄33# per 13.2 nm. By comparing Figs. 1~a!

and 3~a!, it is clear that most of the steps along@ 2̄33# on the
831-reconstructed surface are formed during the phase t
sition from Ga(231) to 831.

The idea of a phase transition driving step formation w
implied by Van Vechten some 25 years ago.28 The basis of

FIG. 2. GaAs~311!B surface phase diagram. The surface reco
structions are plotted vs both the substrate temperature and the4

beam equivalent pressure.
3-2
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this idea is that a change in surface reconstruction can a
a source of material for an increase in the step density.
important observation is that different surface reconstr
tions require a different density of surface atoms. Con
quently, by considering the surface reconstruction shown
Figs. 1~b! and 3~b!, we observe that a huge mass transp
during the phase transition between Ga(231) and 831 is
necessary. The change of surface atom density must be
complished for the 831-reconstructed surface to form if it i
starting from the Ga(231)-reconstructed surface. One po
sible way is to use the surface steps of t
Ga(231)-reconstructed surface as the source of the m
change. In this scenario the mass transport involves l
distance surface diffusion29 while the existing steps on th
Ga(231)-reconstructed surface provide the needed edg
absorb or released atoms by moving backward or forwa
Another scenario, one more consistent with our observati
is illustrated in Fig. 5. Here, the released atoms in go
from Ga(231) to 831 are accommodated by forming ne
steps thereby increasing, rather dramatically, the step den
That is, the reconstruction would randomly nucleate, a
consequently released atoms migrate across the prev

FIG. 3. ~a! 3003300-nm2 STM image showing the high densit

of steps along@ 2̄33# on an 831-reconstructed surface.~b! Atomic
resolution STM image of an 831 reconstruction. The reconstruc
tion 831 unit cell is indicated.
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Ga(231)-reconstructed surface. If the existing steps can
accommodate the released atoms, due to the long dist
surface migration, additional steps must nucleate. In
case, the step formation is closely related to the nucleatio
the 831 reconstruction, even though it is difficult to sa
which step is correlated to which nucleation event. Since
nucleation process is random, the step formation is expe
to be independent from each other. For independently form
steps, the resulting terrace width distributionPn is given
by,30

Pn5P1~12P1!n21. ~1!

whereP1 is the probability to find a step at a 3.2 nm unit an
n is the terrace width divided by 3.2 nm. The value ofP1 is
determined from the measured number of steps divided
the total length of terrace widths, which is 0.243. The so
line in Fig. 4 shows a good fit to the experimental data.
our knowledge, our result is the first report of an exponen
terrace width distribution. While interesting in its own righ
the significance here is that it supports the independent
formation model. The terrace width distribution has be
widely studied to reveal the interaction between steps ba
on thermodynamic equilibrium models.31–34 All other re-
ported terrace distributions fit a peaked function because
step interaction or entopic repulsion.

FIG. 4. Terrace width distribution of an 831-reconstructed sur-
face. Circles are experimental results, and solid lines are calcul
by assuming an independent step formation.

FIG. 5. Schematic drawing of the step formation due to
transition from the surface phase~a! to ~b! to accommodate the
change of the surface atom density.
3-3
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To form the steps by the above mechanism, it appears
only one prerequisite has to be fulfilled:the two stable sur-
face reconstructions involved in the phase transition hav
different density of surface atoms. That is indeed the case fo
most of the surface reconstructions.35–37As a result, the step
formation induced by the phase transition is expected to b
very common phenomenon. However, it is important to n
that to experimentally observe the formation of steps by
phase transition, another requirement must be fulfilled.
particular, the surface diffusion mobility must be limite
Otherwise, the existing step edges would propagate and
sult in a smooth large terrace ripening. In the case of
GaAs~311! surface, the 831 reconstruction nucleates in tw

dimensions still but propagates mainly along the@ 2̄33# di-
rection as indicated by the resulting surface morpholo

Hence, the very limited surface atom mobility along@011̄# is
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very important to guarantee the observation of the format
of the steps along@ 2̄33#.

In summary, this letter reports the observation of a Ga
31)-reconstructed GaAs~311! surface. This is one of only a
few stable, high index GaAs surfaces, for which the struct
is clearly resolved. The surface is very flat on an atom
scale. The evolution of the surface morphology induced
the surface phase transition from a Ga(231)-reconstructed
GaAs~311! surface to a 831-reconstructed GaAs~311! sur-
face, was studied using STM and RHEED. The atomica
flat Ga(231)-reconstructed wide terrace is transformed in
many narrow 831-reconstructed terraces separated by r
domly nucleated steps along the@ 2̄33# direction. These steps
are formed to accommodate the change of the surface a
density required by the phase transition. Finally, the terr
width distribution is observed to follow an exponential pro
ability. This observation supports the independent step
mation model.
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