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Diffusion of a Ga adatom on the GaAs(001)‐c(4×4)‐heterodimer surface:
A first principles study
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The adsorption and diffusion behavior of a Ga adatom on the GaAs (001)‐c(4×4)-heterodimer surface were
studied by employing ab initio density functional theory (DFT) computations in the local density approxima-
tion. Structural and bonding features of the c(4×4)-heterodimer reconstruction surface were examined.
A comparison with the c(4×4)-ss reconstruction was performed. Minimum energy sites (MES) on the
c(4×4)-heterodimer surface were located by mapping the potential energy surface for a Ga adatom. Barriers
for diffusion of a Ga adatom between the neighboring MES were calculated by using top hopping- and
exchange-diffusion mechanisms. We proposed two unique diffusion pathways for a Ga adatom diffusing be-
tween the global minimums of two neighboring unit cells. Signature differences between electronic struc-
tures of top hopping- and exchange‐diffusion mechanisms were studied for relevant atoms. We observed a
higher diffusion barrier for exchange mechanism compared to top hopping.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Gallium arsenide (GaAs), a III–V group semiconductor, has useful
electronic and optical properties. Several applications from solar
cells, to light emitting diodes and other optoelectronic devices, make
GaAs a well studied material [1]. The GaAs(001) surface is the one of
the most frequently studied surfaces during growth by molecular
beam epitaxy (MBE). A great deal of work has been done, both theo-
retically and experimentally, to provide in depth understanding into
MBE growth on GaAs(001) [2]. This work has included surface mor-
phology, step-flow layer growth and island nucleation using a number
of experimental techniques, such as reflection high-energy electron-
diffraction (RHEED) intensity oscillations and scanning tunneling mi-
croscopy (STM) measurements, and theoretical modeling including
kinetic Monte Carlo (KMC) simulations. The template for growth is nor-
mally produced by growing a so-called buffer layer by MBE for which
the equilibrium surface reconstruction is generally accepted to be the
β2 (2×4) structure [2]. This has led to extensive work studying the
behavior of Ga adatoms on the β2 (2×4) surface reconstruction [3,4].
This work included mapping the β2 (2×4) potential energy surface
andMES and computing energy barriers required for diffusion between
neighboring MES [3]. Subsequent work on the β2 (2×4) surface, using
a new semi-empirical potential for GaAs, included investigation of
subsequent surface properties related to diffusion [4]. Our work differs

from those in Refs. [3,4] in two ways. (i) Both papers focus on the β2

(2×4) reconstruction of the GaAs(001) surface while our work is on
the c(4×4)-heterodimer surface. (ii) A second distinction comes from
the methods used. Ref. [3] applies DFT based methods and a grid of the
potential energy surface (PES) based on computations of MES on the β2

(2×4) surface while we used the nudged elastic band (NEB) method on
the c(4×4)-heterodimer surface. Computations in Ref. [4] are based on
semi-empirical potentials unlike our DFT based methods. There is no
DFT work on diffusion barriers for a Ga adatom diffusing on the
c(4×4)-heterodimer surface that is the focus of the present study.

Dimerization of surface atoms is a common theme observed in
several tetrahedrally coordinated semiconductor surfaces [3,5,6].
The GaAs(001) surface is no exception, with the As-rich c(4×4)-ss
reconstruction observed as the dominant surface during low temper-
ature molecular beam epitaxial growth. This structural model with
three As2 dimers per surface unit cell was established by Sauvage-
Simkin et al. [7] using grazing incidence X-ray diffraction and it was
found to be stable at As-rich conditions by first principles calculations
[8–11]. Recently Ohtake et al. [12] proposed a new structure model
for c(4×4) reconstruction with three Ga–As heterodimers per unit cell.
They proposed this model based on rocking-curve analysis of RHEED,
STM, and reflectance difference spectroscopy. This new heterodimer
(hd) structure was found to be consistent with element specific X-ray
diffraction [13]. This structure referred to henceforth as the GaAs(001)-
c(4×4)-hd reconstruction consists of alternating rows of three Ga–As
heterodimers followed by amissing dimer. The binding energies anddif-
fusion barriers for a Ga adatom are unknown for this recently discovered
GaAs(001)-c(4×4)-hd surface reconstruction.
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We present results of first principles calculations on the GaAs
(001)-c(4×4)-hd surface reconstruction using DFT. Some structural
differences between GaAs (001)-c(4×4)-ss and GaAs(001)-c(4×4)-
hd reconstructions are highlighted. In particular, we report the ener-
getics of Ga adatom diffusion on this reconstruction by top hopping
and exchange mechanisms. From these results we propose different
diffusion pathways for Ga adatom mass transport. Electronic struc-
ture differences in these different diffusion modes are investigated.

2. Computational method

The Vienna ab initio simulation package (VASP) [14–17] of codes
was used to perform our first principles total energy calculations
within the local density approximation (LDA) to DFT [18]. LDA yields
good relative bond energies for highly coordinated atoms (e.g. surface
energies and diffusion barriers on surfaces) [19]. The Ceperly–Alder
exchange-correlation functional was used along with the ultrasoft-
Vanderbilt type pseudo potentials [20] as supplied by Kresse et al.
[21]. For each calculation, k points were generated according to the
Monkhorst–Pack scheme [22] with a density equivalent to 32 k points
in the Brillouin zone of the (1×1) surface cell. The energy cutoff used
in expanding the single-particle wave functions was 150 eV. Tests
using a higher plane-wave energy cutoff (250 eV) indicated that a nu-
merical convergence better than ±5 meV was achieved, tests using a
larger k-point sampling (64 instead of 32 k points) indicated that a
numerical convergence better than ±2 meV was achieved. The mini-
mum energy for each configuration was obtained by fully relaxing all
atoms until a force convergence to less than 0.01 eV/Å was achieved.
Based on this we estimated the error in the difference between total
energies of different structures to be on the order of ±10 meV. Iden-
tical parameters were used to compute binding energies and diffusion
barriers on the GaAs (001)-c(4×4)-ss surface reconstruction [23]. For
a Ga adatom relaxing from 3 Å in the trenches, LePage et al. [11]
obtained results comparable with the results on the c(4×4)-ss sur-
face reconstruction [23]. Slight differences in numerical values may
be attributed to variations in our methods (e.g. LePage's supercell
was of half the area of our supercell). The value of the lattice constant
was found to be 5.60 Å for the absolute minimum in total energy.
It was within 0.9% of the experimental value of 5.65 Å [24]. The
Methfessel–Paxton scheme [25]was used to calculate the local density
of states (LDOS).

The diffusion barriers for the Ga adatom between two minimum
energy sites (MES) on the surface were calculated using the nudged
elastic band (NEB) method [26]. The NEB method works by per-
forming collective minimizations of a number of linearly interpolated
images of the Ga adatom between two MES. The configuration of the
surface with the Ga adatom corresponding to the highest energy,
along the diffusing path, is taken to be the transition point. The differ-
ence in energy between this transition point and initial MES is taken
as the diffusion barrier. Diffusion barriers via the exchange mecha-
nism between two MES involve a Ga adatom and a Ga atom in the
heterodimer. The Ga atom in the heterodimer is displaced by the Ga
adatom diffusing from an initial MES resulting in the Ga atom of the
heterodimer moving to the final MES.

3. Modeling approach

Modeling the GaAs (001)-c(4×4)-hd reconstruction was per-
formed by constructing a six layer slab cut out of bulk GaAs. Each
square layer was cut along the [1, 1, 0] and [−1, 1, 0] directions and
contained 16 atoms. The Ga–As heterodimers on the slab surface,
with [0, 0, 1] surface normal, were constructed by adding additional
Ga and As adatoms to the top As bulk layer. The dangling bonds of the
Ga layer on the bottom of the slab were passivated with a layer of hy-
drogen atoms. The hydrogen atoms were allowed to relax completely.
We determined from vacuum tests on the slab that a vacuum layer

thickness of 12 Å was required to eliminate the interactions between
super cells. The vacuum layer and the slab had a combined height of
26.17 Å. The final reconstructed c(4×4)-hd surface was obtained by
relaxing the top 4 layers of the slab. Our final reconstructed surface
was compared to that of Ohtake et al. [12] and found to be in excellent
agreement. Measurements of surface atom displacements from their
bulk positions were compared between our surface and that of Ohtake
and the small average difference of 0.04 Å per degree of freedom can
be attributed to the differences in our computed bulk GaAs bond length
of 2.43 Å and Ohtake's computed bulk length of 2.45 Å. Such differences
are expected from variations in the implementation of DFT methods.

TheMES on the c(4×4)-hd surfacewere calculated at sites obtained
from the potential energy surface (PES) of a Ga adatom mapped over
the irreducible part of c(4×4)-hd surface. We mapped the PES by
constructing a square 1 Å×1 Å uniform grid above the surface. A Ga
adatom was placed at each (X, Y) point on the grid at a distance of 3 Å
above the reference surface height. The reference surface height was
calculated by averaging the Z-coordinates of all neighboring surface
atoms. The Ga adatom was constrained in the X and Y directions and
allowed to relax unconstrained along the Z direction until the forces
converged. The top four layers of the slab were allowed to relax for all
the force convergence runs. The PES was interpolated from the relaxed
energies computed at these grid points. A smaller grid, with a spacing of
0.2 Å×0.2 Å, was constructed above low energy areas identified on the
PES to determine potential MES. Final MES were obtained by allowing
the Ga adatom to relax unconstrained above the potential MES points.
The diffusion barriers between nearest neighbor MES were calculated
by using NEB method.

4. Results and discussion

Structural differences between the GaAs (001)-c(4×4)-ss [23]
and GaAs(001)-c(4×4)-hd reconstructions are shown in Fig. 1. A
noticeable difference between the two reconstructions is the angle
the dimers (heterodimers) make with the [0, 0, 1] surface normal.
The Ga atoms in Ga–As heterodimers of the c(4×4)-hd reconstruc-
tion are nearly incorporated completely into the surface resulting in

Fig. 1. Top view of rows of As2 dimers on (a) GaAs (001)-c(4×4)-ss and Ga–As dimers
on (b) GaAs (001)-c(4×4)-hd reconstruction. Side views of the c(4×4)-ss and c(4×4)-
hd reconstructions are shown in (c) and (d) respectively to illustrate the heterodimer
tilt. The As2 dimers on the c(4×4)-ss surface reconstruction are parallel to each other
and lie perpendicular to the surface normal. The Ga–As dimers on c(4×4)-hd surface
tilt away from the mid‐dimer with the Ga atoms moving farther apart. Quantitative
structural differences between the reconstructions are given in Table 1.
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an extreme tilt of the heterodimers. The middle and edge Ga–As
heterodimers lie at an angle of 106.5° and 104.6° to the [0, 0, 1] sur-
face normal respectively, whereas the As2 middle and edge dimers
on c(4×4)-ss reconstruction are perpendicular to the normal. The
angle between the bonds formed by the Ga atom, labeled Ph and
the two As sub surface atoms, labeled Vh and Uh is 122.8°. The
angle between the bonds formed by the same Ga atom with the As
sub surface atom, Vh and the As heterodimer atom, Qh is 120.7°.
The angle between the bonds formed by the same Ga atom with the
As sub surface atom, Uh and the As heterodimer atom, Qh is 115.2°.
The average of these three angles is 119.5°. This is reminiscent of
graphite like planar bonding with sp2 hybridized electronic bonds,
with bond angles of 120° each [27]. This contrasts with the c(4×4)-
ss case, where an As atom replaces the Ga atom and the corresponding
angles are 110.4°, 103.5° and 103.9° respectively. The average of these
angles is 105.9°. This is closer to the ideal value (109.5°) for sp3

hybridized bonded bulk GaAs structure. Similar angles for both recon-
structions at Ga, As atoms of mid‐dimers, labeled Rh and Rc are given
in Table 1. Also calculated on the c(4×4)-hd reconstruction is a reduc-
tion in the bond lengths of edge (PQ) and middle (RS) dimers of 3.5%
and 3.9% respectively, compared to those in the c(4×4)-ss reconstruc-
tion. These quantitative differences are summarized in Table 1.

The MES for a Ga adatom on the c(4×4)-hd reconstruction are
shown in Fig. 2. We obtained a binding energy of 2.95 eV for the global
minimum energy site C2. The binding energies of all MES are shown in
Table 2. The presence of heterodimers on the surface forms hills along

[−1, 1, 0] direction. The surface region between these hills is referred
to as the trench. The C7 site, and equivalent C8 and C10 are located be-
tween the Ga–As heterodimers, on the hill. And all other MES appear
in the trench region. Our computed structures show differences
between the MES pattern of c(4×4)-hd reconstruction compared to
the c(4×4)-ss reconstruction [23]. Four different MES are present in
trench along the [−1, 1, 0] direction on the c(4×4)-hd reconstruction
compared to only two different MES along the same direction on
the c(4×4)-ss reconstruction. Furthermore, the three MES present in
trench along the [1, 1, 0] direction on the c(4×4)-hd reconstruction
have different energies. In contrast, two of the three MES along the
same direction on the c(4×4)-ss reconstruction have the same energy.
This difference can be explained by considering the symmetry of the
two surface reconstructions. The c(4×4)-ss surface reconstruction con-
tains a mirror plane that bisects the As2 dimer bonds along the [−1, 1,
0] direction. This mirror plane passes through the global minimum
site so the MES on either side of this site have the same energy. The
c(4×4)-hd reconstruction does not possess this symmetry. The sym-
metry is broken by the presence of the Ga–As heterodimer. As a result,
the MES labeled C1 and C3, on either side of the global minimum C2,
face different types of atoms. MES C1 and C3 are now adjacent to Ga
and As atoms respectively from the neighboring rows of heterodimers.

Diffusion barriers were calculated using the NEB method, as
explained in Section 2. These barriers for both regular and the exchange
mechanism are given in Table 3. The differences in diffusion barriers

Table 1
Structural diffreneces between GaAs (001)-c(4×4)-ss and GaAs (001)-c(4×4)-hd sur-
faces are shown. Atom labels are referred from Fig. 1. The last two rows give the angle
between the surface normal and the surface dimers.

Parameter c(4×4)-ss c(4×4)-hd
→
PQ
�
�
�

�
�
� 2.56 Å 2.47 Å

→
RS
�
�
�

�
�
� 2.53 Å 2.43 Å

110.4° 122.8°

103.5° 120.7°
103.9° 115.2°

103.3° 114.3°

104.2° 121.8°

104.2° 121.8°
[0, 0, 1] ^ (edge dimers) 90° 106.5°
[0, 0, 1] ^ (mid dimer) 90° 104.6°

Fig. 2.Minimum energy sites (MES), labeled Cnwhere n varies from 1 to 10, obtained by
relaxing a Ga adatom from 3 Å above the GaAs (001)-c(4×4)-hd surface reconstruction.

Table 2
Binding energies of Ga adatom relaxed from 3 Å above the
GaAs(001)-c(4×4)-hd surface. The binding energies are
given relative to the global minimum energy site C2
which has a binding energy of 2.95 eV.

Site Energy (eV)

C1 0.24
C2 0
C3 0.37
C4 (C9) 0.61
C5 0.63
C6 0.56
C7 (C8, C10) 0.78

Table 3
Diffusion barriers for Ga adatom on GaAs(001)-c(4×4)-hd surface. Diffu-
sion barriers for exchange mechanism are labeled with an E.

Diffusion pathway Diffusion barrier (eV)

C1–C2 0.04
C2–C1 0.28
C2–C3 0.42
C3–C2 0.06
C3–C4 0.30
C4–C3 0.06
C4–C5 0.05
C5–C4 0.02
C5–C6 0.02
C6–C5 0.09
C6–C1 0.12
C1–C6 0.45
C1–C8 0.76
C1–C8-E 1.19
C8–C1 0.21
C8–C1-E 0.64
C5–C8 0.51
C5–C8-E 0.80
C8–C5 0.36
C8–C5-E 0.65
C7–C10 (C10–C7) 0.35
C8–C9 0.21
C9–C8 0.37
C8–C2 0.43
C8–C2-E 0.81
C2–C8 1.21
C2–C8-E 1.60
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between neighboring MES (e.g. C1–C2 does not equal C2–C1) is
explained by considering the relative binding energies of the initial
and final MES, given in Table 2. The difference in energy between the
transition point and initial MES is taken as the diffusion barrier for the
first path, the difference in energy between the transition point and
final MES represents the diffusion barrier for the return path. From
the computed diffusion barrierswe propose two non‐collinear diffusion
paths, shown in Fig. 3, for a Ga adatom diffusing from the global mini-
mum (C2) to another C2 site in a neighboring unit cell. The first path,
(a), shown in Fig. 3 occurs only by hops fromMES in the trench. For dif-
fusion along the [0–1 0] direction, this occurs betweenMES C2–C3–C4–
C5–C6–C1–C2. For diffusion in the opposite direction, along the [0 1 0]
direction, this occurs in the reverse order. The limiting step in the
forward path is the 0.42 eV barrier between C2 and C3 along the [0–1
0] direction and 0.45 eV between C1 and C6 along [0 1 0]. The second
diffusing path, (b), occurs both in the trench and over the dimer rows.
For diffusion along the [−1 −1 0] direction this occurs between MES
C2–C3–C4–C8–C1–C2, for diffusion along [1 1 0], the MES order is
reversed. The limiting steps in these paths are the 0.42 eV barrier
between C2 and C3 along [−1 −1 0] and 0.76 eV between C1 and C8
along [1 1 0]. We report a higher diffusion barrier for the exchange
mechanism compared to the regular, top hoppingmechanism between
MES. This difference may be explained by the bonding configuration of

the Ga heterodimer atom involved in the exchange mechanism. The Ga
atom in the heterodimer, shown in Fig. 4(a), bondswith the twoAs sub‐
surface atoms and the As heterodimer atom. The resulting configuration
is close to being planar, similar to that in sp2 hybridization. The addi-
tional energy required for the exchange mechanism, may be explained
as the additional energy required by the incoming Ga adatom to break
the favorable sp2 like bonding configuration before replacing the Ga
heterodimer atom. We explored this feature further by examining the
electronic properties of relevant atoms involved in the exchange process.

We computed the LDOS, Fig. 5, for the exchange and top hopping
mechanisms for diffusion between MES C8 and C5. We plotted the
LDOS for the combined s and p orbitals of the Ga atom in heterodimer
at the transition site (highest energy point) for both top hopping
and exchange diffusion. For exchange diffusion, the Ga atom in the
heterodimer has fewer states available in the lower energy (−10.5 eV
to−12.5 eV) region and we observe a shift to the right in overall states
compared to top hopping, especially near the Fermi energy. The addi-
tional states at lower energies for top hopping correspond to the low
energy barrier for diffusion.

Fig. 3. Two non-collinear diffusion paths of a Ga adatom on the GaAs (001)-c(4×4)-hd surface. Path (a) occurs between MES C2–C3–C4–C5–C6–C1–C2. The limiting step in this
path is the 0.42 eV barrier between C2 and C3 along the [0–1 0] direction and 0.45 eV between C1 and C6 along [0 1 0]. Path (b) occurs between MES C2–C3–C4–C8–C1–C2. The
limiting step in this path is the 0.42 eV barrier between C2 and C3 along the [−1 −1 0] direction and 0.76 eV between C1 and C8 along [1 1 0].

Qh

Uh

Vh Ph
Qc

Pc

Vc
Uc

(a) (b)

Fig. 4. In the GaAs (001)-c(4×4)-hd reconstruction (a) the Ga atom of the heterodimer,
Ph (from Fig. 1) bondswith the two sub‐surface As atoms, Vh and Uh, and the As atom in
the heterodimer, Qh. The structure and angles are similar to those of a planar configura-
tion, as occurs in sp2 hybridization. In the GaAs (001)-c(4×4)-ss reconstruction (b) an
As atom replaces the Ga atom and the same bonds form a structure which appears to be
a tetrahedral configuration, as occurs in a sp3 hybridized bulk material.

Fig. 5. Local density of states for the Ga atom of the surface edge heterodimer (Ga–As)
at the highest energy point during top hopping and exchange diffusion of a Ga adatom
between minimum energy sites C8 and C5. We observe a shift in the density of states to
the right (in the range −2.5 eV to −1 eV) for the exchange mechanism correlated to a
higher diffusion barrier compared to that for top hopping.
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5. Summary

We have studied the energetics of a Ga adatom on the GaAs(001)-
c(4×4)-hd reconstruction using first principles calculations. We
calculated structural differences between the c(4×4)-ss and the
c(4×4)-hd reconstructions. MES for a Ga adatom on the c(4×4)-hd
surface were identified by computing the PES of the reconstruction.
Energy barriers for diffusion of Ga adatom between neighboring
MES were calculated for diffusion by way of top hopping and ex-
change mechanisms. We proposed two unique paths for diffusion of
Ga adatom between the global minimum sites of two neighboring
unit cells. We have found a correlation between the higher diffusion
energy barrier for exchange mechanism compared to top hopping
with differences in the LDOS of relevant atoms involved in the diffu-
sion process.
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