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under moderate Sb pressures or higher growth temperatures [18
21], and the (2 � 8) reconstruction which is stable under high Sb
pressures or lower growth temperatures [22,23]. While the struc
ture of the (2 � 4) is known [23], that of the (2 � 8) remains uncer
tain. In this paper, the structures of several proposed (2 � 8)
reconstructions are examined and compared to experimental re
sults. The stability of these models are examined computationally
as a function of lattice mismatch strain for these thin, coherently
strained GaSb/GaAs films.

Experimental results and discussion

The (2 � 8) reconstruction appears for very thin layers of GaSb
on GaAs grown under Sb rich conditions. It is typically obtained
by saturating a GaAs surface with Sb [22 24]. In typical experi
ments, the GaAs surface is exposed to a high flux of Sb inside a
molecular beam epitaxy (MBE) chamber so that the reflection high
energy electron diffraction (RHEED) pattern changes from the
(2 � 4) reconstruction, to an incommensurate (1 � 3) pattern (not
reported by all groups), then to a (2 � 8) reconstruction (for further
experimental details please see [24]). The Sb replaces the As on the
surface through a process called anion exchange [25], resulting in a
GaSb film a few monolayers thick. Beyond this thickness, the films
are saturated and little to no additional Sb incorporates into the
surface [24]. Cooling this surface in the absence of an Sb overpres
sure, the reconstruction quickly reverts to (2 � 4) according to
RHEED, though STM shows that the surface actually contains both
a2(2 � 4) and a(4 � 3) surface reconstruction domains [24]. Cool
ing this surface under an Sb overpressure results in a stabilization
of the (2 � 8) reconstruction. The reversion to the mixed surface
reconstruction under no Sb flux suggests desorption of Sb from
the (2 � 8) reconstructed surface because the Group V species are
quite volatile. These observations are consistent with the notion
that the (2 � 8) reconstruction contains excess Sb [22 24].

Fig. 1 shows an STM image of a (2 � 8) reconstruction of Sb/
GaAs grown by molecular beam epitaxy using solid source Ga
and valved cracker As and Sb sources. The GaAs surface was pre
pared as described previously [24]. The film was grown at
T � 525 �C and RSb = 0.36ML/s. The Sb2 flux was then reduced to
RSb = 0.15ML/s and the sample was rapidly cooled to T = 200 �C
and transferred in vacuo to be characterized using STM. The
(2 � 8) reconstruction consists of straight rows of atoms along
the ½1 �10� direction. These rows are spaced regularly along the
[1 1 0] at 32 Å, as can be seen in Fig. 1c, corresponding to a period
icity of eight times the bulk in plane lattice parameter a0, where a0

is between the GaAs and GaSb lattice parameters. A linescan across
the reconstruction rows shows very little structural detail, only an
approximately sinusoidal variation in apparent height. Further
structural definition was not possible given the difficulty in keep
ing a stable image at the higher voltages required for these GaSb
samples. There is a slight amount of disorder on the surface where
the rows diverge and recombine, which is likely due to the fact that
the sample was quenched without additional annealing. Similar
disorder appears in the STM images by Whitman et al. [22] though
not in those by Laukannen et al. [23]. This suggests the disorder
may be thermally unstable and anneal out under long Sb
exposures.

Computational results and discussion

In this paper, we examine four possible (2 � 8) structures. Each
of the structures obeys the ECR and terminates in a double anion
layer, as suggested by experimental observations. The first struc
ture was initially proposed for the InSb (2 � 8) reconstruction
[26], and is referred to here as the a(2 � 8) (Fig. 2a). This structure
consists of a backbone of Sb dimers along the ½1 �10� (two dimers
per unit cell) in the topmost Sb layer. This layer sits atop a second
Sb layer, which has an additional four anion dimers along the
[1 1 0] which orient parallel to the ½1 �10�. A final anion dimer sits
in the trench between adjacent unit cells. We term this structure
the a(2 � 8) because it contains a single unit cell of the a2(2 � 4)
reconstruction common to III As systems (outlined in Fig. 2a left).
The a(2 � 8) reconstruction may be easily constructed from a base
structure of two a2(2 � 4) cells by adding 2 Ga and 8 Sb atoms
above the central trench dimer. A simulated filled state STM image
is shown in the center of Fig. 2a, and was generated using the
method proposed by Tersoff et al. [27]. A single (2 � 8) unit cell
is outlined in the simulated STM image. This STM image shows
the almost constant value of the electron density along the anion
backbone along the ½1 �10� and a periodic increase and decrease
along the [1 1 0]. This variation also appears in a linescan in the
[1 1 0], determined from averaging the z height at all ½1 �10� posi
tions within the unit cell (Fig. 2a right). The original data is shown
in the dotted line, and the result is smoothed using a Steinman
function and applying a geometric weighting of the nearest 10%
of data points to get the solid line. This smoothed function more
accurately simulates a rounded STM tip and results in an almost
sinusoidal change in apparent height. The second structure, the
b(2 � 8), (Fig. 2b) is similar, except that it is built from the III As
b2(2 � 4) reconstruction that contains two Sb surface dimers (out

Fig. 1. (a) STM image (V = �4.07 V, I = 100 pA) of 2.0ML Sb/GaAs cooled under Sb flux to form the (2 � 8) reconstruction. (b) High resolution portion of the image in (a). (c) A
line scan across the line indicated in (b). (For interpretation of the references to colors in this figure, the reader is referred to the web version of this paper.)



lined in Fig. 2b left) and exhibits a similar simulated STM image
and line scan. The addition of an extra Sb surface dimer to the hor
izontal results in wider rows along the [1 1 0] changing the line
scan shape to a cycloid. The third structure was proposed by Lau
kkanen et al. [23] as a possible structure for the GaSb (2 � 8)
reconstruction. Because this structure also contains the b2(2 � 4)
unit cell as a basis structure, we term it the b2(2 � 8) reconstruc
tion. The b2(2 � 8) only has a single Sb dimer in the topmost sur
face layer, which requires the introduction of Sb atoms into anti
sites in the topmost cation layer to maintain charge neutrality.
The simulated STM image differs from that of the b(2 � 8) in that
it shows a periodic change in intensity along the ½1 �10� due to
the presence of the single anion dimer per unit cell. The [1 1 0] line
scan is very similar to that in Fig. 2b, but lower in amplitude due to
averaging over the periodically missing anion dimer. The final
structure is a modification of that proposed by Whitman et al.
[22] as a possible structure for the GaSb (2 � 8) reconstruction

and is shown in Fig. 2d. This structure, herein termed as the
c(2 � 8), resembles that of the b2(2 � 8), containing the same
missing dimer along the ½1 �10� that requires two Sb anti sites. This
structure does not have a trench dimer; instead, the trench is filled
with an additional pair of Ga atoms and As dimer. The results is an
other III As unit cell on the left of the Sb dimer chain ½1 �10� back
bone, the b(2 � 4) unit cell [28] (outlined Fig. 2d left) which is a
three dimer structure, and a two dimer structure on the right side
of the reconstruction. This configuration admits the possibility for
disorder within the structure as the three dimer and two dimer
structures can change sides in adjacent until cells resulting in the
topmost Sb dimer backbone shifting positions between adjacent
unit cells. The simulated STM of the c(2 � 8) structure is similar
to that of the c2(2 � 8) without a gap for the trench dimer, and
the resulting linescan is shallow in depth between adjacent unit
cells due to the lack of the trench and takes on a shallow centroid
shape.

Fig. 2. Proposed structures for the GaSb/GaAs-(2 � 8) reconstruction. (a) a(2 � 8), (b) b(2 � 8), (c) b2(2 � 8), and (d) c(2 � 8). On the left are the atomic structures (note:
some atoms removed for clarity). In the middle are simulated filled state (negative bias) STM images (ticks = 10 Å). On the right are line scans of the simulated STM images
with the original data (dotted line) and a smoothed line (solid line) calculated using a Steinman function and applying a geometric weighting of the nearest 10% of data points
(x-ticks = 10 Å and y-ticks = 1 Å). (For interpretation of the references to colors in this figure, the reader is referred to the web version of this paper.)



Qualitative similarities between the experimental and simu
lated STM images suggest that that a(2 � 8) reconstruction is a
promising candidate for the atomic structure of the experimentally
obtained (2 � 8) reconstruction. Both the a(2 � 8) and b(2 � 8)
structures exhibit straight rows of intensity along the ½1�10�, in
agreement with the straight row of intensity seen in Fig. 1a, along
the dimer backbone. However, examination of the linescan in
Fig. 1c shows a very sinusoidal character with almost even widths
of the peak and valley. The b(2 � 8) reconstruction shows a broader
peak with a narrow valley, while the a(2 � 8) shows a linescan
which closely resembles a sinusoid, suggesting the a(2 � 8) struc
turally agrees with experimental results.

The relative stabilities of these four possible (2 � 8) structures
were examined using Density Functional Theory (DFT). Calcula
tions were performed as described previously [9] examining the
surface reconstructions imposed upon a periodically repeating
slab structure. k point meshes were 6 � 3, 3 � 4, 3 � 3, and
6 � 2 for the 2 � 4, 4 � 3, 4 � 4, and 2 � 8 slabs, respectively.
The surface energies of the four potential (2 � 8) reconstructions
are plotted against those of other common anion rich surface
reconstructions of pure, relaxed GaAs, including the (2 � 4) fam
ily of reconstructions, and pure, relaxed GaSb, which exhibits the
(4 � 3) family of reconstructions. GaSb slabs were used in all en
ergy calculations because the surface is assumed to be pure GaSb
due to the tendency of Sb to surface segregate [1]. The results are
shown in Fig. 3a c for pure GaSb slabs relaxed at the GaSb, InP,
and GaAs lattice parameters respectively. The grand canonical
surface free energies were determined by relaxing each structure,
then relating the surface energy to the surface stoichiometry and
Sb chemical potential according to the method described by Wix
om et al. [29]. The resulting energy values are plotted along the
y axis in eV vs. the chemical potential of Sb relative to that of
bulk, rhombohedral Sb, lSb lSb(bulk) on the x axis. The lowest
curve at any given chemical potential is the thermodynamically
stable reconstruction, with higher energy reconstructions ener
getically inaccessible. The x axis boundaries are determined by
the bulk energy of rhombohedral Sb and the calculated formation
energy of GaSb, which is 0.3 eV per GaSb unit. This value is
slightly smaller than experimentally reported values [30], how
ever, the predicted stable reconstructions at the GaSb and GaAs
lattice parameters agree qualitatively with the experimental
results.

GaSb surface reconstructions were examined at three different
lattice parameters in order to determine how stability changes as
a function of strain. The three lattice parameters examined are:
(1) GaSb, as a control state because the surface structure of GaSb
at the GaSb lattice parameter is relatively well understood [31],
(2) InP, an intermediate lattice parameter chosen to examine the
stability of the surface reconstructions changes as a function of
compressive strain, and (3) GaAs, as this is nominally the lattice
parameter of the film in the experiments. Fig. 3a shows that for
GaSb at the GaSb lattice parameter, the stable reconstructions with
increasing lSb are the a(4 � 3), b(4 � 3) and c(4 � 4). The a(4 � 3)
and b(4 � 3) reconstructions are experimentally observed and are
generally accepted to be the stable surface reconstructions for pure
unstrained GaSb at typical growth conditions. However, under very
Sb rich conditions a third reconstruction is experimentally ob
served, either a c(2 � 10) or c(2 � 5) reconstruction [32]. There is
little consensus on the atomistic details of the c(2 � 10)/c(2 � 5)
reconstruction, and recent X ray experiments rule out all of the
proposed structures [32]. For this reason, we have used the
c(4 � 4) reconstruction as a proxy for the c(2 � 5)/c(2 � 10) recon
struction in our energy calculations. This substitution was chosen
because the c(4 � 4) is reported in the AlSb system [31], which
has the same surface reconstructions as GaSb under most growth
conditions. Our DFT calculations show that the c(4 � 4) is stable

only at the highest values of lSb at the GaSb lattice parameter, con
sistent with expectations.

Fig. 3. Energy vs. lSb–lSb(bulk) at the (a) GaSb, (b) InP, and (c) GaAs lattice
parameters, respectively. The lowest line on any graph is the stable reconstruction
at that chemical potential. (For interpretation of the references to colors in this
figure, the reader is referred to the web version of this paper.)



When the lattice parameter is constrained to the smaller InP
lattice parameter, the relative stability of the different surface
reconstructions changes as each surface atomic configuration
accommodates the compressive strain differently. At the InP lattice
parameter, the stable reconstructions with increasing lSb are the
a2(2 � 4), b2(2 � 4), a(4 � 3) and b(4 � 3). The c(4 � 4) proxy
has increased in energy such that it is no longer stable at any
chemical potential. The a(4 � 3) and b(4 � 3) remain stable, how
ever, not over as large a chemical potential range. The b(2 � 8)
reconstruction decreases in energy relative to the (4 � 3) recon
structions and approaches stability at the intersection of the
a(4 � 3) and b(4 � 3) lines.

This shift in stability of the various surface reconstructions con
tinues as the lattice parameter is further reduced to that of GaAs
(Fig. 3c) where the stable reconstructions with increasing Sb are
the a2(2 � 4), a(2 � 8), b(2 � 8), and b(4 � 3) reconstructions.
The DFT results show the stability of the (4 � 3) reconstructions
is all but eliminated with the b(4 � 3) stable only at very high val
ues of lSb, and the (2 � 4) and (2 � 8) reconstructions are the sta
ble reconstructions at most chemical potentials. This agrees with
experimental results which demonstrate the stability of the
(2 � 4), (2 � 8) and (4 � 3) [18,19,22,23,31,33].

At the GaAs lattice parameter, it is evident that the stable GaSb/
GaAs (2 � 8) reconstruction is the a(2 � 8) or b(2 � 8). Interest
ingly, the b(2 � 8) has a lower energy than the a(2 � 8) at the
InP lattice parameter, but the a(2 � 8) decreases much more rap
idly in energy as the lattice constant is reduced further to become
stable at the GaAs lattice parameter. This may be due to the highly
tensile cation cation bond present in this structure. Thus, as the
lattice parameter is reduced, the amount of strain within this cat
ion cation bond is reduced, dramatically lowering the energy of
the structure. The low energy of the a(2 � 8) and b(2 � 8) recon
structions relative to other reconstructions may be due to the pres
ence of surface Sb dimers in both the [1 1 0] and ½1 �10� directions,
which may allow the 7% mismatch strain of the surface to be re
lieved along both directions.

These results also show that the proposed b2(2 � 8) and
c(2 � 8) reconstructions are never in thermodynamic equilibrium,
as they are always >25 meV per unit area higher than the stable
reconstruction at any lSb at any lattice parameter. The c(2 � 8) is
always greater in energy than the b2(2 � 8), which is consistent
with III As calculations that show the b(2 � 4) higher in energy
than the b2(2 � 4) reconstruction. The higher energies of the b2
and c(2 � 8) reconstructions are likely due to the Sb anti sites in
these structures. Experimentally, it is possible that anti sites may
form given that both Sb and Ga are required but only Sb is supplied
in the growth flux. Despite this, our results suggest that no anti
sites form in these experiments as the STM results are consistent
only with the a(2 � 8) and b(2 � 8) which show no intensity
change along the dimer chains in the ½1 �10� direction.

Conclusions

These DFT calculations show that the a(2 � 8) and b(2 � 8) are
the stable reconstructions of thin layers of GaSb at the GaAs lattice
parameter, in agreement with the experimental STM images. The
b2(2 � 8) and c(2 � 8) are never stabilized due to the high energy
of the anti site defect. The low energy of the a(2 � 8) and b(2 � 8)

reconstructions relative to other reconstructions may be due to the
presence of Sb dimers oriented perpendicularly which may relieve
the 7% lattice mismatch strain more thoroughly. These reconstruc
tions are easily formed from the GaAs buffer layer (2 � 4) recon
struction of the underlying GaAs buffer layer by simply filling in
the trench between two adjacent cells with two cations and eight
anions, suggesting an easy kinetic pathway by which to form these
reconstructions.
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