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Elastically induced coexistence of surface reconstructions
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Scanning tunneling microscopy of Sb-capped GaAs shows the coexistence of different surface reconstruc-
tions. The majority of the surface consists of an a2(2X4) reconstruction typically observed for GaAs(001)
surfaces. At step edges, an a(4 X 3) reconstruction, common for GaSb(001), is observed. We argue that strain
couples the surface reconstruction to the film morphology. Density functional theory calculations show that the

(2 X 4) reconstruction is stabilized in GaSb films when the lattice parameter is constrained to that of GaAs, as
happens in the middle of a terrace, while the (4 X 3) reconstruction is stabilized when the lattice parameter is
allowed to relax toward that of GaSb at step edges. This result confirms the importance of elastic relaxation in

the coexistence of surface reconstructions.
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I. INTRODUCTION

Understanding surface reconstructions remains an impor-
tant, yet challenging endeavor in many materials systems
ranging from oxides to compound semiconductors. Recon-
structions have a significant influence on epitaxial film
growth, the resulting nano- and microscale structure, and on
properties such as catalysis.! Surface reconstructions form in
order to reduce the energy of a cleaved surface. The stability
of a reconstruction is determined by competition between the
chemical energy due to the formation of new covalent bonds,
the electrostatic energy associated with the rearrangement of
electrons within the bonds and dangling bonds of the surface,
and the strain energy introduced by displacing atoms from
their bulk lattice positions. In systems combining compo-
nents with different lattice parameters, strain can play addi-
tional roles.?

Strain gives rise to many well known growth phenomena.
Lattice mismatch strain, the strain that arises due to differ-
ences in the lattice parameter of the substrate and film,
greatly influences growth as large mismatch strains result in
a transition from two-dimensional (2D) to three-dimensional
(3D) growth for many systems including InAs/GaAs® and
GaSb/GaAs.* Localized atomic size mismatch strain, the
strain that arises due to differences in bond lengths in alloy
films, can lead to ordering,? phase separation in the form of
lateral composition modulation,®’ and changes in surface
reconstruction.? Based on theoretical calculations, it has been
proposed that lattice mismatch strain may also influence the
stability of surface reconstructions.® However, direct evi-
dence of this effect has been limited. An externally applied
strain has been shown to induce a preferred dimer orientation
in Si films,” and Ge heteroepitaxy on Si has been shown
to induce periodic missing dimer rows in the (2X1)
reconstruction'? though each of these results shows only a
small change in a stable reconstruction as a function of
strain, rather than a large change in reconstruction. Other
work on Ge heteroepitaxy on Si with a Sb surfactant layer
suggests that lattice strain induced by the inclusion of the Sb
induces an alternate reconstruction in thin films.!!
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This paper presents a study of thin films of Sb below
the critical thickness for 3D growth, deposited on
GaAs(001)-(2 X4) and immediately quenched, to examine
the atomistic growth mechanisms of strained GaSb. The re-
sulting films exhibit a mixed surface reconstruction consist-
ing of an a2(2X4) reconstruction, not commonly seen in
bulk GaSb, and an «(4 X 3) reconstruction, common to many
III-Sb systems. In agreement with the experimental data,
density functional theory (DFT) studies of surface recon-
struction stability as a function of strain show that when this
ultrathin GaSb layer is constrained to the GaAs lattice pa-
rameter, the a2(2 X 4) reconstruction possesses a lower free
energy relative to the a(4X3). However, at the terrace
edges, where the film may relax elastically, approaching that
of bulk GaSb, the a(4X3) is stabilized. This coupling be-
tween coexisting reconstructions and morphology provides
strong evidence for the dependence of surface reconstruction
on lattice mismatch strain.

II. METHODS AND RESULTS
A. Experimental methods

Samples were grown by molecular beam epitaxy using
solid source Ga and valved-cracker As and Sb sources.
Growth rates were calibrated using reflection high-energy
electron diffraction (RHEED) oscillations. The samples were
grown on GaAs(001) substrates that were prepared by heat-
ing between 620<T7<640 °C under an As, overpressure
until the surface oxide desorbed. The temperature was then
reduced to 7=600 °C, and a 0.5 um thick GaAs buffer layer
was grown at a rate Rg,=0.30 monolayers per second (ML/s)
under an As flux of Ry,=1.20 ML/s. Prior to Sb deposition,
the sample temperature was decreased to 7=525 °C while
still maintaining a (2 X 4) reconstruction. Sb films of various
thicknesses 0.25<h=<1.7 ML were grown at a Sb flux of
Rg,=0.36 ML/s. Since Sb is a group V element and the
growth takes place at high temperature, it is expected that the
Sb replaces As on the GaAs surface, forming ultrathin layers
of GaSb at these growth conditions. Despite the large lattice
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FIG. 1. (Color online) (a) Atomic resolution STM image of &
=1.7 ML Sb/GaAs grown at 7=525 °C and imaged at —4.3 V and
100 pA. Areas of a2(2X4) and a(4X3) are labeled. (b) Height
profile of the line in (a) with a2(2X4) and a(4X3) domains la-
beled. (c) Filled state image and (d) empty state image of h=0.8
ML Sb/GaAs grown at T=525 °C, taken at V;,,=*3.2V and
100 pA.

mismatch between GaSb and GaAs (7%), the resulting films
are planar according to both RHEED and scanning tunneling
microscopy (STM). This indicates that the critical thickness
for 3D island formation was not reached under these growth
conditions. At the conclusion of growth, the samples were
immediately quenched to 7=200 °C by cutting the power to
the sample heater, and were then removed from the chamber
to cool to room temperature. Samples were characterized in
vacuo by STM, with images taken at a tunneling current of
0.1 nA and a bias voltage of —3<<V<-4.5 for filled state
images or +2.5<<V<+3.5 for empty state images.

B. Experimental results

The surface structure of very thin layers of GaSb/GaAs is
predominately a (2X4) reconstruction. However, a second
reconstruction is also observed. Figure 1 shows atomic res-
olution STM images of a 1.7 ML film of Sb/GaAs [Fig. 1(a)]
with a corresponding height profile [Fig. 1(b)], and a dual
bias image pair of a 0.8 ML film of Sb/GaAs taken at
Viias==3.2 V for filled states [Fig. 1(c)] and V};,,;=+3.2V
for empty states [Fig. 1(d)]. Two surface reconstructions are
seen in the images. The majority of the surface is covered by
rows that are spaced 14.6 A apart, as seen in Fig. 1(b). This
row spacing is in good agreement with a 4a spacing, where
a=3.94 A is the in-plane lattice parameter, in agreement
with the observed (2 X4) RHEED pattern. The (2 X4) re-
construction is predominately «2(2X4), which has been
well described,'? with one As dimer in the trench and one As
dimer in the row. The (2 X4) reconstruction has not been
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FIG. 2. Schematic diagrams of the mixed surface reconstruction
showing the a(4 X 3) adjacent to an a2(2 X 4) from both the surface
(top) and side (bottom) views. The circle indicates the cation-cation
back bond in the a2(2 X 4) reconstruction. Ga, dark gray; As, black;
Sb, light gray. Some atoms were removed for clarity.

observed for bulk GaSb, but it has been studied for Sb-
capped GaAs both experimentally'*~'¢ and theoretically.!”-!3
The (2 X 4) reconstruction has also been studied as a stable
reconstruction of the As-rich GaAsSb alloy and has been
proposed as the mechanism for quadruple period ordering in
this system.!” Other work has analyzed the placement of an-
ions in the GaAsSb surface.”’ A second surface reconstruc-
tion is also observed in this image, primarily along step and
2D island edges. As seen in Fig. 1(b), this reconstruction has
a periodic row spacing of 11.2 A, corresponding to 3a spac-
ing, and is ~1.2 A higher or lower than the adjacent a2(2
X 4) reconstruction. Thus, there is nominally one atomic
layer height difference between this intermediate X3 recon-
struction and the a2(2X4) reconstructions. The 3a row
spacing together with the height differences suggests that this
reconstruction is a (4 X3) reconstruction commonly ob-
served on bulk GaSb.?!

The dual bias images [Figs. 1(c) and 1(d)] more specifi-
cally indicate the nature of the (4 X 3) reconstruction. The
relative intensity of the two different reconstructions changes
with changing bias voltage. The «2(2X4) is bright in the
filled state image and dark in the empty state image, consis-
tent with a surface structure that is comprised of As dimers.
The (4 X 3) reconstruction, on the other hand, is bright in
both the filled and empty state images. This suggests that the
surface structure is comprised of both cations (which are
bright under positive bias) and anions (which are bright un-
der negative bias). Therefore, it is likely that the (4 X 3) re-
construction observed here is, in fact, the a(4 X 3) recon-
struction, which is comprised of Ga-Sb heterodimers on the
surface.?!

A schematic of the mixed a2(2X4) and a(4 X 3) surface
reconstructions is displayed in Fig. 2. The a2(2 X 4) recon-
struction consists of bulk zinc blende structure terminated by
a plane of anions, which is covered by 2/3 ML of cations,

and an anion dimer, which forms a dimer row in the [110],
separated from adjacent rows by rows of trench anion
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dimers.!? The a(4 X 3) reconstruction consists of bulk zinc
blende structure terminated by a plane of anions covered
with four anion-cation heterodimers. These dimers also form
a row along the [110], with adjacent rows separated by anion
trench dimers. However, every fourth surface dimer is dis-
placed in the [110] by one bulk spacing unit, creating a sur-
face kink. The placement of anion-cation heterodimers on a
plane of anions introduces an antiphase defect through the
anion-anion bond. This model indicates that there should be
a height difference of one atomic layer between the a2(2
X 4) and a(4 X 3) reconstructions, consistent with the STM
height profile in Fig. 1(b). The disorder present in the STM
images of the a(4 X 3) regions can be explained by the fact
that the displaced heterodimer, or kink, may be positioned
anywhere within the unit cell.

The size of the 2D islands appears to have a strong influ-
ence on the appearance of the a2(2X4) reconstruction
within the islands. For 0.8 <h=<1.7 ML Sb/GaAs, small 2D
islands consist entirely of the a(4 X 3) reconstruction, as can
be seen in the small 2D islands in Figs. 1(c) and 1(d). As the
island size increases, the 2D islands transform to also include
patches of the a2(2X4) reconstruction, as is seen for the
large islands in Fig. 1(a). An analysis of many STM images
shows that the average island size at which the a2(2X4)
reconstruction appears is 30 = 10 nm?>.

C. Computational methods

The stable surface reconstruction and resulting surface
morphology are typically the result of several competing in-
teractions including displacement strain, surface charge neu-
trality, local chemistry, and chemical potential, all of which
are, at least indirectly, temperature dependent. In the case
described here, both the a2(2X4) and the a(4X3) recon-
structions exhibit charge neutrality and the correct local
chemistry. As they are grown on the same surface, and re-
main stable upon cooling, the chemical potential is also a
constant for these two reconstructions. However, the fact that
the a(4X3) reconstruction appears predominately at step
edges very strongly suggests that elastic strain relaxation im-
pacts the stability of the reconstructions present on the
surface for these very thin strained layers. DFT calculations
were used to test this hypothesis. Calculations were per-
formed using the Vienna ab initio simulation package”
using ultrasoft pseudopotentials>»** and the local density
approximation.?>?® Slabs consisted of four bulk layers of
GaSb, terminated on the top by the desired reconstruction
and on the bottom by pseudohydrogen to charge neutralize
the surface. Slabs were separated by at least 11 A of vacuum
to minimize interactions between the top and bottom sur-
faces, and were relaxed using a 6X3, 3X4, and 3X3
k-point mesh for the 2X4, 4X 3, and 4 X4 slabs, respec-
tively. The plane-wave energy cutoff was set at 203.1 eV for
all calculations, the electronic temperature was set to
0.025 eV, and slabs were relaxed until the total energy was
converged to better than 0.1 meV.

D. Computational results

The resulting surface energies of the a2 and B2(2 X 4),
the a and B(4 X 3), and the ¢(4 X 4) reconstructions of GaSb
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FIG. 3. (Color online) Phase diagram of GaSb at the (a) GaSb
and (b) GaAs lattice parameters.

are plotted as a function of Sb chemical potential in Fig. 3 at
both the GaSb [Fig. 3(a)] and GaAs [Fig. 3(b)] lattice param-
eters. Slabs of pure GaSb were chosen because the surface is
assumed to be pure GaSb due to the tendency of Sb to sur-
face segregate® and also by the fact that x-ray studies of
Sb-capped GaAs with a (2X4) reconstruction show that Sb
is limited to the surface.?’ The surface energies are calculated
using the method described by Wixom et al.?’ The x axis is
the chemical potential of Sb, ug,, relative to that of bulk
rhombohedral Sb, tsp ). The reconstruction with the low-
est energy at a given pg,— s 1S predicted to be the
stable reconstruction on the surface, with higher energy
curves energetically inaccessible. At the GaSb lattice param-
eter [Fig. 3(a)], the most stable reconstructions with decreas-
ing chemical potential (moving left along the x axis) are the
c(4x4), followed by the B(4 X 3), a(4X3), and a2(2X4).
This agrees with the calculations of Righi et al.,® which
show a (4 X 3) reconstruction for Sb-rich GaSb and a £2(2
X 4) reconstruction for Ga-rich GaSb. When the GaSb crys-
tal is constrained to the GaAs lattice parameter [Fig. 3(b)],
the stability of the different reconstructions changes dramati-
cally. The lines shift relative to each other to the point that
the a(4 X 3) reconstruction is never the lowest line for any
chemical potential, and is, thus, excluded as a stable recon-
struction at this lattice parameter. Instead, the stable recon-
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structions with decreasing chemical potential are the B(4
X 3), followed by the B2(2X4) and a2(2X4) reconstruc-
tions. This is due to changes in the relative energy of the
different reconstructions, which can be seen in the y-axis
intercept point. The changes in relative energy also result in
a change in the relative crossover points of the reconstruc-
tions. The transition from the (4 X 3) reconstructions to the
(2 X 4) reconstructions shifts to a higher chemical potential
by A/.Lszo.ZS eV.

The shift in stability of the surface reconstructions of
GaSb between the GaSb and GaAs lattice parameters is
demonstrated by the appearance of both the «2(2X4) and
a(4 X 3) reconstructions in the Sb/GaAs films, with the
a(4 X 3) appearing at step edges where elastic relaxation
occurs, and the a2(2 X 4) appearing in areas where the lattice
parameter is constrained, i.e., within large terraces or near
the center of large 2D islands. This mixed reconstruction
has not been previously reported, even for Sb-capped
GaAs,'#71629-32 Jikely due to different growth conditions of
those experiments, which often included extensive annealing
that would decrease the chemical potential, thus further sta-
bilizing the (2 X4). A strain induced shift in reconstruction
stability has been predicted by DFT® and suggested as the
mechanism behind the atomic structure which develops in
the Sb:Ge/Si(111) system.'! The work presented here, how-
ever, shows that a local variation in strain can produce a
coexistence of reconstructions on a single surface.

The mechanism by which the a2(2X4) surface recon-
struction in GaSb is stabilized may be understood by exam-
ining the details of the atomic arrangement within the indi-
vidual reconstructions. Near step edges, the Sb bond lengths
elastically relax toward that of bulk GaSb because they are
not laterally constrained by the substrate, and thus may take
on the bulk GaSb reconstruction, a(4 X 3). Away from step
edges, the layer is constrained by the substrate, thus inducing
the @2(2X4) reconstruction. This suggests that the a2(2
X 4) reconstruction can relieve the high compressive strain
better than the a(4 X 3), likely due to the fact that the a2(2
X 4) has a larger surface corrugation than the a(4 X 3). As
measured in Fig. 1(b), the peak to valley height of the
a2(2X4) is 3.1 A, while that of the a(4 X 3) is 1.8 A; both
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are in close agreement with simulation results. By consider-
ing other bond lengths and distances between atoms, the
mechanism by which the @2(2X4) relieves stress becomes
apparent. Simulation results show that the heterodimer in the
a(4 X 3) reconstruction cannot accommodate the compres-
sive strain induced by being constrained to the GaAs lattice
parameter. However, there is a mechanism by which this
strain may be relieved in the a2(2 X 4) reconstruction. This
reconstruction has a cation-cation back bond, which is
circled in Fig. 2. This bond is normally in tension. Reducing
the lattice parameter to that of GaAs reduces the tension in
this bond to compensate exactly for the compressive strain.
This explanation is consistent with the experimental obser-
vations of the dependence of the reconstruction on 2D island
size. Specifically, small 2D islands exhibit solely the «(4
X 3) reconstruction, while 2D islands greater than a critical
size exhibit the @2(2X4) in the center and a(4 X 3) at the
edges.

III. CONCLUSIONS

We have shown the existence of a mixed surface recon-
struction for thin layers of Sb on GaAs(001) and confirmed
the influence of strain in the appearance of this mixed recon-
struction. Initially, 2D islands of a(4 X 3) reconstruction
nucleate, and lattice mismatch strain forces a transformation
to a mixed reconstruction of a(4X3) and a2(2X4). The
coexistence of these two surface reconstructions on the same
sample under the same growth conditions demonstrates that
the a2(2X4) is thermodynamically induced by strain and
not due to either temperature or group V overpressure ef-
fects. Thus, strain opens an additional region of stability that
allows GaSb to form the a2(2 X 4) reconstruction.
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