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Atomic structure of Ga and As atoms on GaAs(110)
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Atomic structures of Ga and As atoms on GaAs(110) were examined employing a first-principles pseu-
dopotential method. Both Ga and As atoms reside in the center of a triangle consisting of a surface Ga
and two surface As atoms in the single-atom chemisorbed state. Adsorption energies for Ga and As
atoms are 3.1 and 3.5 eV, respectively. Energy barrier heights of Ga and As atoms for the migration
along the path through the interstitial channel were found to be 0.6 and 1.0 eV, respectively. Simula-
tions on the deposition of two atoms reveal that a pair formation is stable against separate single-atom

chemisorptions.

Most electronic properties of metal-semiconductor in-
terfaces are determined at submonolayer coverages of
metals. The key to understanding electronic properties of
the interface is based on the determination of its atomic
structure at various coverages. At submonolayer cover-
ages, the atomic structure substantially depends on bond-
ing characteristics between the metallic atom and the
semiconductor, bulk properties of the metal, and the mo-
bility of the metal on the semiconductor surface. Most
simple-metal depositions on semiconductors lead to the
formation of clusters and/or islands because of the strong
interaction among metal atoms on the surface and their
high mobility on the surface at a range of growth temper-
atures.!~® The growth mechanism of metallic thin films
on semiconductors has not been well established yet.
GaAs(110) is one of the most studied semiconductor in-
terfaces whose properties are well acknowledged.!'™!’
Since it has no surface states within the band gap, various
metal adsorptions have been studied to understand the
Fermi-level pinning. Metal adsorptions on the surface in-
duce Fermi-level pinning at submonolayer coverages.
Cluster formation and interdiffusion of metals atoms
would result in the pinning.

In this work, the energetics and structures of Ga and
As atoms on GaAs(110) at 1 and 4 monolayer coverages
were examined employing the first-principles pseudopo-
tential method. The chemisorption site of Ga and As
atoms on the surface was found to be the same. Their
barrier heights for surface migration are relatively small.
The strong interaction between adatoms via the substrate
results in pair formation as two atoms are adsorbed on it.

The calculations were carried out using the Car-
Parrinello method.'® The modified Bachelet pseudopo-
tentials by Stumpf, Gonze, and Scheffler were employed
to deal with Ga and As atoms.!” The nonlocal s and p
pseudopotentials were included using the Kleinman-
Bylander procedure.’® Plane waves with kinetic energies
less than 14 Ry were included in expressing the wave
functions. The exchange and correlation contributions to
the total energy were calculated employing Ceperley-
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Alder exchange-correlation potentials.?! Sampling at the
" point was used for the integration in momentum space.
The surface was modeled by six layers of GaAs, a layer of
adatom, and four layers of vacuum. Figure 1 shows the
size of our supercell. The supercell consists of four sur-
face unit cells. We optimized the various configurations
through the relaxation of the two top layers and an ada-
tom layer. Previous studies showed that this kind of
modeling and calculations well predicted the energetics
and structures of deposition of Al on the surface and the
structure and dynamics of the surface vacancies.'>?2

The following three important sites for chemisorption
were taken into account: (i) the center site between a sur-
face Ga atom and two surface As atoms (site a of Fig. 1),
(ii) the center site between two surface Ga atoms and a
surface As atom (site b of Fig. 1), and (iii) the bridge site
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FIG. 1. The supercell used in the present calculations. The
open and solid circles denote As and Ga atoms, respectively.
The sites indicate the position of adatoms as described in the
text.
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between a surface Ga atom and a surface As atom (site s
of Fig. 1). The binding energies were found to be 3.1, 2.7,
and 2.5 eV for sites a, b, and s, respectively. The binding
energy is the difference of the total energy of the surface
with the adsorbed atom and the total energies of the
clean surface and the single atom in the supercell. The
spin polarization effect was included in the calculation
for a single atom. The favored site of a Ga atom on
GaAs(110) is the site a of Fig. 1. The chemisorption site
is the same for Al and Ga while the binding energy of Al
is larger than that of Ga by 0.3 eV.!> The bond lengths
between the chemisorbed Ga atom and the nearest-
neighbor atoms are 2.62, 2.59, and 2.51 A. The bond
lengths between the Ga adatom and surface As atoms are
slightly larger than that between the adatom and the sur-
face Ga atom. The surface buckling of the substrate is
well retained even though the height difference decreases
from 0.60 to 0.54 A after the adsorption. The surface Ga
atom bonded to the adatom has a height difference of 0.3
A compared with other surface Ga atoms whereas the
surface As atoms locate at the same height. The adsorp-
tion of an As atom on GaAs(110) was tested. The three
important chemisorption sites were taken into account.
The binding energies were found to be 3.5, 2.5, and 3.4
eV for sites a, b, and s of Fig. 1, respectively. The site a
of Fig. 1 is preferred to the site b. The energy difference
between sites ¢ and b is only 0.1 eV whereas the
difference in the case of both Ga and Alis 0.4 eV. At the
site a, the bond lengths of the As adatom with surface
atoms are 2.54, 2.56, and 2.53 A. The height difference
between surface Ga and As atoms was found to be 0.53
A. The surface Ga atom bonded to the adatom has a
height difference of 0.4 A compared with other surface
Ga atoms. The surface As atoms locate at the same
height. Ge and Na atoms prefer the sites b and a, respec-
tively.* '8 The preference for the site b of Ge is due to its
strong covalency compared with other metallic atoms.

A barrier height calculation is required in order to un-
derstand the migration of an adatom on the surface.
There are several migration paths on the surface. Early
calculations showed that the path through the interstitial
channel has the lowest barrier height in metal
diffusion.!®?* Furthermore, the most stable adsorption
site exists in this path. A total-energy calculation was
performed along the path a —s-—b. The ‘“adiabatic tra-
jectory” method was employed because a site-by-site
total-energy calculation is expensive.?* In this simula-
tion, an adatom moves with a constant directional veloci-
ty. Other components of the velocity of the adatom and
the velocities of other atoms were calculated using ab ini-
tio forces. Since the constant directional velocity of the
adatom is very slow, other atoms can follow and find
their relaxed positions. Our simulation showed that the
site s of Fig. 1 is the saddle point in the migration of both
Ga and As atoms. Barrier heights of Ga and As migra-
tion along the path were found to be 0.6 and 1.0 eV, re-
spectively. The barrier height of Al is 0.75 eV.!* This in-
dicates that a Ga atom diffuses faster than an Al atom
and an Al atom migrates more easily than an As atom.
The heights are smaller than 1.4 eV of Ge.!* This implies
that bonding of Ga and As atoms is relatively weak com-
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pared with that of Ge. The small barrier height of Ga
atoms assumes a fast diffusion along the path even at
room temperature. Migration across the Ga-As chain re-
quires much higher activation energy. The barrier
heights along the direction a —e of Fig. 1 are 1.9 and 1.8
eV for Ga and As, respectively. The larger barrier height
of Ga is due to the formation of Ga-Ga bonding between
the adsorbed Ga and the surface Ga atoms during the mi-
gration.

A depositing atom impinges on the surface and resides
at the most favorable chemisorption site a of Fig. 1. The
atom migrates along the surface and meets another ada-
tom. Then the atoms interact and the interaction results
in a new local atomic structure. Provided that the in-
teraction between adatoms is weak, the adatoms spread
out through the surface. Otherwise, the adatoms aggre-
gate and form two-dimensional (2D) and/or three-
dimensional (3D) structures on the surface. Since the in-
teraction between adatoms considered in this work is not
weak, aggregating structures of adatoms are expected. In
this work, adsorption of two atoms on GaAs(110) was
taken account of as a paradigm. Energetically the ada-
toms would favor a combination of sites as shown in Fig.
1.

Simulation of adsorption of two atoms requires a sub-
stantial effort. In this work possible combinations of two
adsorption sites were considered to find the stable atomic
structure. The chosen combinations are shown in Tables
I, II, and III. Binding energies in adsorption of two Ga
atoms are summarized in Table I. The adsorption at sites
a and A as shown in Fig. 1 has the highest cohesive ener-
gy. The adsorption sites are the same as those of two Al
atoms.!* The structure is similar to that observed in
scanning tunneling microscopy study of Sm on
GaAs(110) but is different from that of Au on
GaAs(110).>3 Sites a and h are equivalent under transla-
tional symmetry, The distance between the adatoms in
the pair is 6.87 A. The adatoms should interact through
the substrate. The height difference between surface Ga
and As atoms is 0.4 A. It indicates that the buckling be-
comes weak as the amount of deposited atoms increases.
The surface As atoms reside at almost the same heights
but the surface Ga atoms have a height difference of 0.55
A. The cohesive energy per atom in this paper is larger
than the single-Ga-chemisorption energy. It indicates

TABLE 1. Binding energy per atom at various adsorption
sites when two Ga atoms are deposited on a GaAs(110) sub-
strate.

Binding energy per atom

Sites (eV)
a b 3.19
a c 2.86
a d 3.44
a e 3.27
a h 3.76
b d 2.66
b f 3.31
b g 2.67
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TABLE II. Binding energy per atom at various adsorption
sites when two As atoms are deposited on a GaAs(110) sub-
strate.

Binding energy per atom

Sites (eV)
a b 3.54
a c 3.44
a d 3.88
a e 3.29
a h 3.49
b d 3.39
b f 3.14
b g 3.40

that Ga atoms favor an aggregation on the surface. Since
the barrier height of surface migration is small, pair for-
mation can be developed at relatively low temperatures.
Adsorption of two As atoms shows a different energetics
from that of two Ga atoms. The binding energies are
summarized in Table II. The most favored sites were
found to be the sites a and d of Fig. 1. The cohesive ener-
gy per As atom in this pair structure is larger than the
single-As-chemisorption energy. It indicates that As
atoms favor pair formation. The distance between the As
atoms in the stable pair is 6.08 A. The structure reveals
that the height difference between the surface Ga and As
atoms is 0.37 A. The energy gain in pair formation is due
to the interaction through the substrate. Finally, the
structure and energetics of one Ga atom and one As atom
on the surface were examined. The binding energies are
summarized in Table III. The preferred sites are the sites
a and h of Fig. 1. The binding energy shows that pair
formation is favored. Since the binding energy is greater
than those of the stable Ga and As pairs, the combined
structure of two elements is stable against separate pairs
consisting of the same atoms. The distance between the
Ga and As atoms in the pair is 6.95 A. The height
difference of the surface Ga and As atom is 0.36 A. The
adsorbed As atom resides 0.53 A above the adsorbed Ga
atom. Tables I, II, and III reveal that the site depen-
dence of cohesive energy in the Ga pair is relatively sub-
stantial compared with those of other paris. It is due to
the relatively large difference between the adsorption en-
ergies of Ga atoms at sites a and b.

TABLE III. Binding energy per atom at various adsorption
sites when both a Ga and an As atom are simultaneously depos-
ited on a GaAs(110) substrate.

Sites Binding energy per atom

eV)
3.54
3.65
3.66
3.34
3.75
3.53
3.92
3.49
3.38
3.30
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The substantial difference in binding energies of Ga ad-
sorption and two-Ga adsorption and the small barrier
height for surface migration indicate that deposited Ga
atoms diffuse well on the surface, strongly interact, and
form aggregating structures on it. It implies that the
deposition of Ga atoms on the surface results in the for-
mation of clusters and/or islands in the initial stage of
growth. However, since the binding energy of solid Ga is
smaller than the chemisorption energy, the deposited
atoms would favor islands rather than 3D clusters. A
previous experimental study found that the desorption of
Ga on GaAs(110) leads to island formation in the initial
stage of growth.” The deposition of As atoms on the sur-
face would produce very similar results to that of Ga
deposition since Ga and As have similar adsorption prop-
erties. Since As has a larger barrier for migration and a
smaller difference between the binding energies of one-As
adsorption and two-As adsorption, island formation at
low coverages would require relatively high growth tem-
peratures. Simulation results could provide some infor-
mation on the homoepitaxial growth of GaAs on
GaAs(110). The binding energy of the Ga-As pair is
greater than those of Ga and As pairs. This indicates
that codeposition of Ga and As atoms on GaAs(110) lead
to some aggregating structures consisting of both Ga and
As atoms rather than complexes of aggregating clusters
and/or islands consisting of the same atoms. The large
difference between mobilities of Ga and As atoms on the
surface can produce a structural inhomogeneity during
the formation of aggregating structures.

In molecular-beam epitaxial (MBE) growth, a beam of
As, and/or As, molecules is used rather than one of sin-
gle As atoms because the single As atom is unstable
against the formation of As, and As, molecules. Accord-
ing to our calculations, the binding energies per atom in
As, and As, molecules are 3.1 and 3.3 eV, respectively.
Usually local-density-functional calculations overestimate
the binding energy. The energy gain per atom is only 0.4
eV when an As, molecular is adsorbed on the surface.
The Ga dimer has a relatively small binding energy per
atom. Since it is 0.8 eV, the single Ga atom can survive
during the process of MBE. The large difference in ener-
gy gains of Ga and As, adsorptions indicates that sub-
stantial amounts of As, are needed in the MBE process
compared with those of Ga and the vaporization of As
from the surface is faster than that of Ga.

In summary, first-principles total-energy calculations
have been performed to study Ga and As depositions on a
GaAs(110) substrate. Both Ga and As atoms favor the
same chemisorption site, the center of a triangle consist-
ing of one surface Ga atom and two surface As atoms.
Chemisorption energies of Ga and As atoms on the sur-
face are 3.1 and 3.5 eV, respectively. The migration ener-
gy barriers of Ga and As atoms along the path through
the interstitial channel on the surface were estimated to
be 0.6 and 1.0 eV, respectively. Deposition of two atoms
showed that pair formation is favored. The surface buck-
ling decreases as the amount of deposited atoms in-
creases. Simulations also revealed that the growth of
GaAs on the surface would favor an aggregating struc-
ture.
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