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Ab initio density functional theory calculations, based on pseudopotentials and the plane wave formalism,
have been pursued to examine the equilibrium geometry, bonding and electronic structure of the previously
studied GaAs�114�A-�2�2�1� surface and in addition a newly proposed GaAs�114�B-�2�2�1� surface. Both
stoichiometric surfaces are characterized by three prominent surface features �dimers, tetramers, and rebonded
atoms�. Several surface states are found in and around the bulk band gap and are interpreted by simulated STM
images as well as k-point analysis.
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I. INTRODUCTION

High index semiconductor surfaces are technologically
important and fundamentally interesting to study. Such high
index surfaces show the potential of supporting overlayer
growth of quantum wires1 and quantum dots,2 which are use-
ful in device applications. Even the growth of quantum dot
structures on host low index surfaces have displayed the ex-
istence of high index facets leading to the proposal that high
index surfaces may indeed be atomically flat and stable.3

Indeed the existence of stable GaAs�113�, GaAs�114�, and
GaAs�2 5 11� surfaces have been observed from molecular
beam epitaxy �MBE� grown samples.4 Generally to support
the growth of atomic size devices the substrate surface is
required to be flat, with a low surface energy. It has been
previously reported that GaAs�114� indeed fulfills these
requirements.5 However, if any real progress is to be made in
device growth optimization, not only is a detailed atomic
geometry required, but also the electronic properties associ-
ated with these surfaces.

The morphology of high index surfaces is intimately cor-
related with the angle of orientation away from the densely-
packed lower index planes. For nonpolar high index surfaces
such as Si�114�, large angular offsets produce grooved,
sawtooth-like surfaces, whereas small angles lead to vicinal
surfaces made up of �001� terraces separated by occasional
steps.6 For surfaces with an orientation greater than 5° away
from the low index �001� surface, as is the case with �114�
surfaces, a large proportion of the resulting �001� terraces
possess dimers orientated parallel to the step edges �B-type
terraces�. Between the primary growth and cleavage planes
of Si �i.e., the �100� and �111� planes respectively�, numerous
different surfaces may be formed, with varying degrees of
stability.7 The existence of plausible stable high index sur-
faces between �001� and �111� planes for polar semiconduc-
tors, e.g., GaAs�114�, cannot be easily inferred from the
above understanding of high index silicon surfaces. This is
primarily due to two possible terminations �cationic and an-
ionic� for polar surfaces. The �110� natural cleavage plane is
nonpolar, but does not lie between the �001� and the �111�
surfaces.

The GaAs�114� surface is inclined 19.5° from the �001�
plane in the direction of the �111� plane and comprises �001�-
type terraces separated by double layer �DL� steps.7 For both

nonpolar as well as polar semiconductors, surface geometry
from the �001� to �117� planes can generally be described in
terms of �001�-type terraces separated by double layer steps.
The stress and dangling bond density of surfaces between
�001� to �117� planes is reduced by the formation of reb-
onded atoms at step edges. A schematic representation of the
�114� and �117� planes along these lines is given in Fig. 1.
The surface energy can be further reduced by the inclusion of
nonrebonded atoms also at the step edges on the surfaces
between �117� and �114� inclusive. It is this combination of
rebonded and nonrebonded atoms at step edges that leads to
a highly stable surface geometry for both polar and nonpolar
semiconductor surfaces.8,9 The GaAs�114� surface exhibits
what has been termed an �2�2�1� reconstruction, whose
structure has been proposed and verified with STM imaging
by Márquez et al.8 Further work by Márquez et al.11 has
provided theoretically determined relaxed atomic geometries
of the �2�2�4� and �2�2�4� reconstructions of
GaAs�114�A.

As illustrated in Fig. 2, the basic constituents of this sur-
face reconstruction are dimer formation and same-species re-

bonding. Along �1̄10� a B-type dimer is formed by the atoms
labeled A. Atoms C form another B-type dimer in the same
direction �termed tetramer bridge�. A tetramer is formed be-
tween atoms C and D and the bonds between atoms C and D
could be considered as A-type dimers �termed tetramer

FIG. 1. A schematic representation of a few planes from �001�
through to �111� for a tetrahedrally bonded crystalline material.
Single and double width �001� terraces are indicated by the numbers
1 and 2, respectively. DL represents a double layer step. Other
symbols are explained in the text.
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arms�. The formation of dimers is in close analogy with the
�2�1� reconstruction of nonpolar �001� surfaces, whereby
the A-type �B-type� dimers are perpendicular �parallel� to the
step edge. The formation of dimers lowers the surface energy
by decreasing the number of unsaturated dangling bonds.
The atoms labeled B are rebonded atoms. The surface energy
is further decreased when these atoms saturate some of their
dangling bonds and increase their coordination number. This
rebonding occurs at the step edge, following the proposal
made by Chadi.10 The surface unit cell thus exhibits a series
of DL, B-type �001� terraces separated by rebonded and non-
rebonded steps. This is schematically illustrated in Fig. 1.

The GaAs�114� surface is stoichiometric, i.e., within the
surface layer there are an equal number of cationic and an-
ionic species. This leads to two plausible stable surface re-
constructions: the previously reported GaAs�114�A-�2�2
�1� structure8,11 and, following the labeling convention, a
new GaAs�114�B-�2�2�1� surface. The terminology for the
�114�A and �114�B surfaces is rather similar to that used for
the �111�A and �111�B surfaces. The �111�A / �111�B surface
is terminated at the cationic or anionic atomic layer. Consis-
tent with this terminology we will refer to the
�114�A / �114�B surface if it is characterized with cation or
anion step-mediating atoms �i.e., rebonded �B� and nonreb-
onded �D� atoms� as well as anion-anion or cation-cation
dimer �A and C� atoms, as schematically illustrated in Fig. 2.

To the best of our knowledge, there are no previously
published results for the GaAs�114�B-�2�2�1� surface or
for the detailed electronic structure �i.e., E versus k disper-
sion curves� of either GaAs�114�A-�2�2�1� or
GaAs�114�B-�2�2�1� surfaces. This work presents a study
of the surface geometry, electronic structure, and simulated
STM images for these surfaces. In addition, the bonding na-
ture of the surface orbitals are provided and discussed. We
compare our atomic geometry with that of Márquez et al.8,11

for the A surface and provide a more detailed discussion of
simulated STM images of both the A and B surfaces at vari-
ous positive and negative biases.

II. METHODOLOGY

The results of all calculations presented in this paper are
based on density functional theory within the local density
approximation. The parametrized Perdew and Zunger12 form

of the Ceperley-Alder13 electron correlation scheme was
used, and electron-ion interactions were described by the
norm-conserving pseudopotentials of Troullier and
Martins.14 The relaxation of atomic and electronic degrees of
freedom was achieved by solving the dynamic Kohn-Sham
equations by a Car-Parrinello–like approach within a plane
wave basis set.15,16

The surface was modeled in a periodic slab geometry, the
unit cells having the natural periodicity of the surface and an
invoked artificial periodicity normal to the surface. Twelve
layers of bulk GaAs with an equivalent 12 layers of vacuum
were modeled. The “active” surface was investigated while
the opposite face of the slab was passivated with fractionally
charged hydrogen �1.25e and 0.75e for Ga and As dangling
bonds, respectively�. One layer of atoms, adjacent to the pas-
sivating �hydrogen� atoms, was kept frozen in the bulk posi-
tion and all other atoms were allowed to relax into their
minimum energy configuration. The surface geometry and
electronic structure was obtained using a 12 Ryd kinetic en-
ergy cut-off. Test runs at 8, 10, 12, and 14 Ryd cutoffs re-
vealed that the structural and electronic parameters were well
converged at the 12 Ryd value. The theoretical bulk lattice
constant of 5.62 Å was used in the surface calculations. Four
special k points were used throughout for the sampling of the
irreducible part of the Brillouin zone.17

III. RESULTS

A. Atomic structure

The structural relaxation of the GaAs�114�-�2�1� sur-
faces are characterized by three main features, as shown in
Fig. 2. These are: a dimer �A�; rebonded atoms �B�; and a
tetramer �C and D�. Both the GaAs�114�A-�2�2�1� and
GaAs�114�B-�2�2�1� surfaces display these three features,
although with different orientations according to the surface
termination. These three surface components characterize the
�114� surfaces of zinc blende as well as diamond-structure
semiconductors.7,9,18 The feature A on the GaAs�114� sur-
faces is similar to those present on the GaAs�001� surfaces.
The same-species rebonded atoms �B� arise from one of the
two inequivalent DL step edges within the unit cell. Upon
reconstruction each rebonded atom saturates one of its two
dangling bonds with an adjacent dangling bond over a step
edge. The relaxation of each of these three features on
GaAs�114� is expected to show some differences from the
corresponding features on Si�114�. First, while the tilt of the
A dimer on Si�114� results from charge transfer from one
component to the other, there is no asymmetric tilting of this
feature on GaAs�114� as the dangling bond on both dimer
components are either fully saturated or fully empty. Sec-
ondly, a tetramer arm being comprised of two different
atomic species on GaAs�114� is likely to experience a charge
transfer from the cation to the anion analogous to the physics
of the III-V�110� surfaces. Thus the relative heights of the C
and D components of the tetramer are expected to be differ-
ent depending on the orientation of the GaAs�114� surface.
Consistent with the above stated relaxation mechanisms, and
contrary to the Si�114�-�2�1� surface,9 upon relaxation,

FIG. 2. �Color online� A schematic representation of a top view
of the supercell used in our calculations modeling the GaAs�114�
-�2�2�1� surfaces. d1 and d2 represent dimers formed along the

�1̄10� direction, r and t label rebonded and nonrebonded step edge
bonds.
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only one distinct local structural minimum was located for
the GaAs�114�A-�2�2�1� and GaAs�114�B-�2�2�1� sur-
faces.

The theoretical investigation by Márquez et al. has con-
cluded that the GaAs�114�A-�2�2�1� surface has a stable
configuration. From our total energy calculations both sur-
faces were found to be of similar energy. Only a small en-
ergy difference was found between them, of 3 meV/Å2 in
favor of the GaAs�114�A surface. This suggests the both the
A and B surfaces are equally stable. Thus a detailed investi-
gation of the atomic geometries of both surfaces would be
appropriate. Our calculated structural parameters have been
interpreted in Table I for both A and B surfaces with respect
to the ideal bulk configuration. This also allows a direct com-
parison between the results obtained for the A surface by
Márquez et al.11 and the results presented here. The informa-
tion in Table I can also be of use to compare with any future
experimental analysis of x ray standing wave studies. It can
be seen that in general our results for the A surface are in
very good agreement with those of Márquez et al. Specifi-
cally both results agree excellently on the displacement of
dimer components from their bulk positions, each of which
contracts by 18% towards the other. This result agrees with
the well observed phenomenon of dimer formation on the
�100� surface of polar and nonpolar semiconductors. The B
surface shows atomic displacements similar to the A surface,
but with different magnitudes due to different chemical spe-
cies involved.

The results presented in Table II have been interpreted
from Table I in a more physically appealing form character-
izing the relaxed surfaces as shown in Figs. 3 and 4. For the
�114�A surface, the As dimer lengths d1 and d2 are found to
be very similar, approximately 2.50 Å. This length is also
very close to the As dimer length on the GaAs�001�
surface.19 For the �114�B surface, the Ga dimer lengths d1

and d2 are also very similar, approximately 2.47 Å. This
dimer length is, again, very similar to the Ga dimer length on

the GaAs�001� surface.20 These results suggest that surface
dimer lengths tend to be conserved quantities, supporting a
previous hypothesis.21 The maximum difference for a given
dimer bond length on the �114� and the �001� surfaces is 1%.
The near equality of dimer lengths on the �001� and �114�
surfaces suggests that there is a mechanism for stress relief
on the �114� surface along the direction perpendicular to the
dimer line. The surface Ga atoms lie closer to their substrate
neighbors in accordance with their desire to form a planar
sp2 bonding configuration. This is clearly seen in Table II
where angles �R and �NR on the A surface, and angles �D
and �TD on the B surface, are much larger than the tetrahe-
dral angle. On the other hand, the surface As atoms lie far-

TABLE I. The average displacements of the features A, B, C,
and D from their ideal bulk positions along the directions indicated
in Figs. 3 and 4, expressed in angstroms. The values given in pa-
renthesis are those calculated in Ref. 11. For the dimer features A

and C the value shown ����1̄10��� is the displacement from the bulk
towards its bonding partner.

��221� ���1̄10�� ��114�

GaAs�114�A-�2�2�1�
Dimer-A 0.25 �0.23� 0.73 �0.72� 0.28 �0.26�

Rebonded atom-B 1.10 �1.19� 0.00 �0.03� −0.72 �−0.73�
Tetramer dimer-C 0.13 �0.15� 0.74 �0.73� 0.17 �0.19�

Nonrebonded atom-D 0.47 �0.50� 0.12 �0.13� −0.37 �−0.33�

GaAs�114�B-�2�2�1�
Dimer-A 0.54 0.72 −0.31

Rebonded atom-B 0.93 0.00 −0.10

Tetramer dimer-C 0.21 0.75 −0.49

Nonrebonded atom-D 0.11 0.00 0.30

TABLE II. Calculated values of the key structural parameters
shown in Figs. 3 and 4 for the GaAs�114�A-�2�2�1� and
GaAs�114�B-�2�2�1� surfaces. �D, �TD, �NR, and �R are the ver-
tical heights �above subsurface atom S� for the dimer, tetramer-
dimer, nonrebonded, and rebonded atoms, respectively. The angles

displayed are the �221̄� plane projected angles in degrees and the
bond lengths are in Å.

Structural
parameter GaAs�114�A-�2�2�1� GaAs�114�B-�2�2�1�

�D 1.42 0.81

�D 96.0 133.8

d1 2.50 2.48

�TD 1.99 1.30

�TD 91.4 147.4

d2 2.49 2.46

�NR 0.79 1.43

�NR 172.4 95.0

t 2.33 2.25

�R 1.09 1.69

�R 147.8 102.4

r 2.57 2.54

FIG. 3. �Color online� A schematic representation of the side
profile of the GaAs�114�A-�2�2�1� surface used in our calcula-
tions. A: dimer atoms; B: rebonded atoms; and C and D form a
tetramer �C: dimer atoms; D: nonrebonded step atoms�. Other sym-
bols are explained within the text.
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ther from their substrate neighbors with their desire to form a
pyramidal s2p3 bonding configuration. This is clearly seen
Table II where angles �D and �TD on the A surface, and
angles �R and �NR on the B surface, are much smaller than
the tetrahedral angle.

The bonds r, formed by the rebonded atoms, undergo a
5% and 1% increase for the GaAs�114�A and GaAs�114�B
surfaces, respectively, when compared to the same-species
dimer length. These extended bonds are caused by the
strained nature of the rebonding near the step edge. The
larger increase in bond length for the Ga-Ga bond on the
GaAs�114�A surface originates from the withdrawal of some
charge by the adjacent As dimer. The As-As bond on the
GaAs�114�B surface conserves its length �within 1%� by at-
tracting charge from the neighboring Ga dimer.

The other step mediating bonds t are formed between
each dimerlike tetramer atoms C and its adjacent nonreb-
onded tetramer atoms D. For both A and B surfaces these are
always mixed species �Ga and As�. Being perpendicular to
the step edge, these tetramer arms are some 6% and 9%
shorter when compared to the same species bond lengths
stated above for the A and B surfaces, respectively. These
heterodimer Ga-As bond lengths on the �114� surfaces are
also shorter than the mixed-species surface back-bond length
on the gallium-rich GaAs�001� surface,20 which in turn are
both shorter than the bulk Ga-As bulk bond length. This
bond constriction may be explained to arise from the elec-
trostatic force driving the more electronegative As atom
away from the bulk. The percentage decrease in the tetramer
arm length t is similar to the shortening of the surface bond
length on III-N�110� surfaces, but more significant than on
the �110� surface of non-nitride semiconductors �see, e.g.,
Ref. 22�. The longer and shorter r and t bonds perpendicular
to the B-type dimer line on the �114� surface provide a
clearer signature of a stress relief mechanism. Consistent
with the electrostatic arguments presented above, Table II
also shows that the angle subtended at the surface Ga atom is
larger than the angle at the surface As atoms.

B. Electronic structure

The electronic structures, obtained within the LDA, are
shown in Figs. 5 and 6 for the GaAs�114�A and GaAs�114�B

surfaces, respectively. It is well known that the application of
the LDA results in an underestimation of the band gap in a
semiconductor. However, a quasiparticle calculation �not
presented here� is expected to result in a similar level of band
gap opening for both the GaAs�114�A and GaAs�114�B sur-
faces. In this section we will discuss the LDA results. Our
calculations suggest that the electronic structure of both sur-
faces exhibits a rich spectrum of surface bands within and
around the GaAs bulk band gap. Generally, these localized
surface electronic bands display relatively little dispersion.

For the GaAs�114�A-�2�2�1� surface there are two oc-
cupied surface bands �both lie below the bulk valence band
edge� and two unoccupied surface bands �one lying partly
below the bulk conduction band edge and the other wholly
above�. The band gap between the highest occupied surface

state V1 at X̄ and the lowest unoccupied surface state C1 at Ȳ
is approximately 1.4 eV. The highest occupied state �V1� is
derived from the pz orbitals localized at atoms on both As
dimers on the top surface layer �i.e., at atoms A and C in Fig.

FIG. 4. �Color online� A schematic representation of the side
profile of the GaAs�114�B-�2�2�1� surface. The labeling conven-
tion is taken from Fig. 3 and is also explained in the text. FIG. 5. �Color online� Calculated band structure for the

GaAs�114�A-�2�2�1� surface. The surface bands are shown as
heavy solid �occupied� and dashed �unoccupied� lines against the
�2�1�-projected bulk structure for GaAs�114�. The energy zero is
set at the bulk valence band edge.

FIG. 6. �Color online� Calculated band structure for the
GaAs�114�B-�2�2�1� surface. The surface bands are shown as
heavy solid �occupied� and dashed �unoccupied� lines against the
�2�1�-projected bulk structure for GaAs�114�. The energy zero is
set at the bulk valence band edge.
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3�. The second highest occupied surface state V2 is only lo-
calized around the M̄-point and also originates from the pz
orbitals on the two As dimers. The lowest unoccupied state
�C1� is always predominantly localized on the rebonding
atom with a small contribution from the tetramer. The orbital
nature of this state at the rebonded atom is pz, while the
smaller contribution from the tetramer is sp2 in nature and is
found to exist within the plane formed by the tetramer dimer
and the nonrebonded step edge atoms �i.e., the plane contain-
ing atoms C and D in Fig. 3�. The band C2 shows the same
properties as exhibited by C1.

With one occupied surface band �lying below the bulk
valence band edge� and four unoccupied surface bands �3
lying partly wholly below the bulk conduction band edge and
one other wholly above�, the GaAs�114�B-�2�2�1� surface
also presents a dense array of surface localized bands within
the GaAs bulk band gap. An energy separation of 1.0 eV
divides an indirect band gap between the highest occupied

state at X̄ and the lowest unoccupied state at �̄. The band V1

at X̄ and M̄ is characterized by pz orbitals of the surface-
plane As species �see Fig. 4, atoms B and D�. This electronic
feature reconfirms the structural result presented earlier in
that although the bulk termination of the GaAs�114�B sur-
face has the Ga species of the tetramer dimer as its highest
lying surface atoms, upon relaxation it is the more electrone-
gative As species �atoms B and D� that become the highest-
lying on the surface. The unoccupied bands C1, C2, and C3
are located wholly below the conduction band edge and
show comparatively little dispersion along the symmetry di-
rections. C4 also manifests itself as a flat band, but it lies
totally above the conduction band edge. The bands C1, C2,
and C3 are a resultant of the electron depleted Ga dimer
orbitals �depleted due to the electrostatic drawing of charge
to neighboring As atoms� and empty states localized on the
rebonding atoms B in Fig. 4. The band C4 is localized pri-
marily upon both the Ga dimers with a significantly less
rebonding contribution.

We have simulated constant-current STM images, within
the Tersoff-Hamann formalism,23 which computes contours
of constant local density of states in the surface region within
a voltage bias with respect to the Fermi energy. Details of
our numerical scheme can be found in Miotto et al.24 The
results for the occupied and the unoccupied states for the
GaAs�114�A-�2�2�1� and GaAs�114�B-�2�2�1� surfaces
have been presented in Figs. 7, 8, and 9. In order to facilitate
a clear discussion of the voltage dependence of the STM
images we have presented several simulations at various bi-
ases.

The occupied-state images for the GaAs�114�A surface
have been calculated at biases −2.5, −2.0, and −1.5 eV rela-
tive to the Fermi level. It can be seen that with decreasing
bias towards the Fermi level the brightness of both dimers,
i.e., the dimer associated with the tetramer and the nonstep
edge dimer, becomes less pronounced. This effect is also
seen for the rebonding atoms and the rebonding back-bond
atoms �the mediating atoms between the tetramer and the
rebonding atoms�. Our images bear some agreement, and yet
there are some discrepancies, with the experimental and
simulated STM images �for a bias of −2.5 eV� obtained by

Márquez et al.11 The STM images in the work by Márquez et
al. shows a large contribution from just the As dimer atoms
in the tetramer, with a smaller yield from the other surface
features. In contrast, our results indicate an almost equal
brightness for both the dimers, consistent with detailed
k-point analysis of the bands V1 and V2 discussed above. The
almost equal contribution from the two inequivalent placed
surface dimers within the unit cell is not surprising. The
dangling bonds of the two dimers are fully occupied and
have given rise to two closely positioned states V1 and V2. A
similar situation has also been observed for the energy states
originating from the 1st and 3rd layer As dimers on the
GaAs�001�-�2�2�4� surface.19 The simulated STM image
for the unoccupied states for the GaAs�114�A-�2�2�1� sur-
face is also presented in Fig. 7 at a bias of +1.0 eV. It con-
sists mainly of states associated with the dangling bonds at
the Ga rebonding atoms with a small contribution from the
Ga atoms of the tetramer. The observations for the occupied
and un-occupied states to correspond to the surface As and
Ga atoms, respectively, are consistent with the electron
counting rule, whereby As draws more electrical charge to-
wards itself, whilst Ga prefers to donate charge.

The simulated STM images for the GaAs�114�B-�2�2
�1� surface is provided in Figs. 8 and 9. The occupied sur-
face states for GaAs�114�B-�2�2�1� shown in Fig. 8 has
been calculated for a few biases �−2.5, −2.0, −1.5, and
−1.0 eV� relative to the Fermi level. The images exhibit

FIG. 7. �Color online� Simulated occupied and unoccupied state
images of the GaAs�114�A-�2�2�1� surface. The occupied states
are reported with biases of −2.5, −2.0, and −1.5 eV relative to the
Fermi level. The unoccupied image corresponds to a bias of
+1.0 eV.
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strong features related to the As species upon the surface
belonging to the rebonding atoms and the tetramer: these
features are most intense between the biases of −2.0 and
−1.5 eV. The unoccupied surface states for this surface are
exhibited in Fig. 9 and show mainly Ga connected features
from the empty dangling bonds of the dimer features A and
C, at various biases �+0.5, +1.0, and +1.5 eV�. However,
there is a small contribution from the As rebonding atoms
�feature B� up to +1.0 eV from the Fermi level, but this
begins to decrease with increasing bias. This indicates that
compared to the rebonding features, the dimer features pro-
duce a relatively large number of states with more of these
contributing with increase in bias sampling.

IV. CONCLUSION

In conclusion, this paper has presented results of ab initio
calculations of the geometry, electronic structure and simu-

lated STM images of the reconstructed GaAs�114�A-�2�2
�1� and GaAs�114�B-�2�2�1� surfaces. These high index
surfaces appear to reconstruct in a manner to support the
electrostatic favoring of higher lying surface As atoms with
approximately 3 meV/Å2 between the two surfaces in favor
of the GaAs�114�A-�2�2�1� surface. Our structural features
for the A surface are in good agreement with those presented
by Márquez et al., thus justifying the results presented here
for the newly proposed B surface. Both surfaces are charac-
terized by a number of localized states in and around the
bulk band gap region. The surface band gap is 1.4 eV and 1.0
eV for the GaAs�114�A and GaAs�114�B surfaces, respec-
tively. The characteristics these surface states have been ex-
plained by examining simulated STM images and k-point
analysis. It is concluded that for both of the GaAs�114�A
-�2�2�1� and GaAs�114�B-�2�2�1� surfaces it is mainly
the As species that give rise to the occupied surface states,
whereas it is the Ga atoms that are responsible for the unoc-
cupied states. An experimental investigation of the electronic
states on the GaAs�114�B-�2�2�1� surface would be desir-
able.
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