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Structural and electronic properties of the Al-GaAs(110) interface
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Studies of both the structural and electronic properties of the Al-GaAs(110) interface are present-

ed. It is found that the generally accepted relaxed GaAs(110) surface geometry is energetically un-

favorable when the interface with Al is formed. The energy released from the interfacial back relax-

ation is more than 0.35 eV/(surface atom). Many of the salient features found here are consistent

with a previous calculation of the Al-GaAs interface using a jellium model for Al. The presence of
a high density of continuum states in the semiconductor energy gap is not sensitive to the interfacial
structures, but the details are structure dependent. Estimates of the decay length and density at the
Fermi level of the metal-induced gap states for the ideal interface are in good agreement with those
from the jelhum-model calculation. A new feature, absent in the jellium model, is the formation of
Al—As bonds, which substantially reduces the density of states near the top of the valence band.

I. INTRODUCTION

The basic mechanisms involved in the formation of
Schottky barriers at the metal and III-V compound semi-
conductor interface are not well understood. The com-
plexities of semiconductor surfaces and interfaces such as
surface relaxation, surface stoichiometry, lattice mismatch
and disordering, chemical reaction, interdiffusion, ex-
change of atoms, IIiresence of defects and metal-induced

gap states, etc. , ' ' make this problem a difficult one. It
is known that the Schottky-barrier heights for covalent
semiconductors are insensitive to the metal contact. ' An
early model explained the Fermi-level pinning in terms of
intrinsic semiconductor surface states. ' This model is
not generally applicable, since, for example, there are no
semiconductor surface states in the energy gaps of many
III-V and II-VI compounds after surface relaxations. '"
Other models have been developed and in particular
two will be considered here. The idea that local states
in the semiconductor energy gap will pin the Fermi level
is also an essential feature in these models, even though
the two schemes differ. One model is the defect model
where gap states are provided by the formation of interfa-
cial defects. Some recent work, however, indicates that
the density of defects necessary for Fermi level pinning
may be much higher than those known to exist at inter-
faces. ' ' The other model attributes the pinning of the
Fermi level to metal-induced gap states, but this ap-
proach has been questioned because of the simple treat-
ment of the surface structure, as well as the use of a jelli-
um model for the metal. "2's

Here, we report new results using GaAs as a prototype
semiconductor in contact with Al atoms. %'e believe that
this is the first ab initio pseudopotential calculation of the
interfacial relaxation of GaAs(110)-Al based on total ener-

gy calculations. The calculations show that the relaxed
surface is unstable when in contact with thick layers of
Al. A high density of continuum states in the gap on the
semiconductor side of the interface is found, whether the
surface is relaxed or ideal.

II. CALCULATIONS

Al-GaAs(110) is one of the few known interfaces in
which the lattice mismatch is small provided that the
Al(110) surface is rotated by 90'. Therefore, in our calcu-
lations, the GaAs lattice constant is fixed at the bulk
value and Al is compressed by about 1.3%. In reality this
could be the case for the growth of a thin film of Al on
the GaAs(110) surface.

The Al-GaAs(110) interface geometry with an ideal
GaAs(110) surface is shown in Fig. 1. The positions of
the Al atoms are chosen so that they remain in the fcc
structure and the bond length of Al—As is 2A5 A. This
value is taken from the work of Ihm et al. ' who found
that for half or one monolayer Al adsorption on the

, [110]

[001]

FIG. 1. A perspective view of the ideal Al-GaAs(110} inter-
face. The indices for the crystal directions refer to GaAs. The
sticks are drawn to connect each atom with all the neighboring

0
atoms within a distance of 2.83 A.

34 768 1986 The American Physical Society



STRUCTURAL AND ELECTRONIC PROPERTIES OF THE Al-. . .

GaAs(110) surface this bond length is insensitive to the
adsorption site and coverage to within O. l A. In Fig. 1,
the Al atoms labeled 1 are in tetrahedral positions with
respect to the first layer As atoms while those labeled 2
are at the same distance from the As atoms but not in
tetrahedral sites. The distance from Al atom 2 to the first
layer of Ga atom, lAi~„ is 2.83 A. Upon relaxation of
the GaAs(110) surface, both the Al fcc structure and the
bond length of Al—As are kept unchanged; however,

lz~~, is elongated to 3.36 A.
Our calculations employ the slab geometry'5 and each

supercell contains seven layers of GaAs and five layers of
Al atoms. For the relaxed GaAs surface, the surface As
atoms are displaced away from their ideal positions by
0.16 A. The supercell is —1.5% longer than the one used
for the ideal geometry. The relaxed surface structure
model used here for GaAs(110) was recently determined

by elastic low energy electron diffraction measurements. i

However, in the present calculation we fix the second
layer of GaAs atoms in their ideal positions so that the
center region of the GaAs slab is less affected by the sur-

face relaxation. Since the relaxation energy of the second
layer GaAs atoms is an order of magnitude smaller than
that of the first layer atoms, ' this approximation should
have a small effect on the total energy.

Although supercells with slightly different volumes are
used for the two different interface geometries, results for
the corresponding clean surface relaxation are consistent
with previous calculations. ' The relaxed free GaAs(110)
surface is energetically favorable and is 0.33 eV/(surface
atom) lower than the ideal surface. Uncertainties in the
differences of the total energies are estimated to be a few
percent and the determination of the Fermi levels is
within +0.1 eV.

The calculational scheme has been described in more
detail elsewhere. ' ' %e use norm-conserving pseudopo-
tentials, the momentum space formalism ' for the total
energy and the local-density approximation (I.DA) with
the Ceperley-Alder correlation energy functional. The
wave function is expanded in terms of plane waves up to 5

Ry in kinetic energy, corresponding to -620 plane
waves/cell.

III. RESULTS

case of the interface, the Al-1 atoms (Al atoms in the 1

positions) form sp hybrids with the surface As atoms
and prevent charge transfer from Ga to As atoms. Persis-
tance of GaAs(110) surface relaxation would push elec-
trons into higher energy bands and require extra energy.

In Figs. 2(a) and 2(b) and Figs. 3(a) and 3(b), the charge
contour plots in the (110) plane are shown for geometry I
and geometry II, respectively. Figures 2(a) and 3(a) show
the Ga-terminated planes and Figs. 2(b) and 3(b), the As-
terminated planes. Surface As atoms remain in
tetrahedrally bonded environments with Al-1 atoms. A
high density peak of the Al—As bond [Figs. 2(b) and 3(b)]

INTERFACE
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1 l lLS Q

(c) ~

There are some predictions that the relaxed GaAs(110)
surface is unstable for the early stages of Al adsorptions
(&1 monolayer). ' 'i However, quantitative calcula-
tions for the Al-GaAs(110) interface are not available. In
our thick layer approach, we find the Al interface with
the ideal GaAs(110) surface geometry (geometry I) is 0.35
eV/(surface atom) lower in energy than the Al interface
with a relaxed GaAs(110) surface geometry (geometry II).
The instability of the latter geometry can be qualitatively
understcxxI as being caused by the unfavorable formation
of sp hybrids on Ga sites. In the case of the clean
cleaved GaAs(110) surface, the formation of sp orbitals
pushes the cation surface states up and the anion states
down to open an energy gap. As a result, charge is
transferred froin Ga atoms to As atoms. However, in the

FIG. 2. Solid squares are gallium atoms, solid diamonds are
arsenic atoms, and aluminum atoms are denoted by solid circles.
Parts (a) and (b) are charge density contour plots in the (110)
plane for the ideal interface. Both Ga- and As-terminated sur-
face planes are shown. Contours are normalized to one electron
per supercell and the contour spacing is 0.2 (electrons/supercell).
Part (c) is a contour plot in the (001) plane @with contour spacing
of 0.1 (electrons/superce11).
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indicates strong bonding between the Al adlayers and the
substrate. Al-2 atoms (Al atoms in the 2 positions) do not
form appreciable bonds with the surface As atoms al-
though the distance is the same as the distance from sur-
face As atoms to Al-1 atoms.

The overlap of the wave functions for surface Ga atoms
and Al-2 atoms is large in geometry I [Fig. 2(c)] but is
much smaller in geometry II (not shown). The distance,

lAi~ ln geometry II is 19% longer than in geometry I.
In Fig. 2(c), we plot the charge density for geometry I in
the (001) plane which contains both the surface Ga atoms
and the Al-2 atoms. Each Ga atom is bonded to two Al
atoms. Although such bonding is weak compared to co-
valent bonding, its bond charge is as strong as the Al—Al
metallic bonding. Since Al has a cohesive energy of 3.39
eV/atomic' with 12 nearest neighbors in the fcc structure,
a crude estimate of the binding energy is about 0.6 eV per
"bond. " Therefore, the Al—Ga bonding energy is expect-
ed to be on the order of a few tenths of an electron volt
per bond. We tentatively attribute the energy released
from the interfacial back relaxation of 0.35 eV/(surface
atom) to the formation of the Al—Ga bond, although oth-
er mechanisms such as the changes in the interfacial di-
pole layer characterizing the charge transfer from the
metal to the semiconductor may also contribute. It is

plausible that the relaxation of the interface will proceed
in the opposite direction to the free (110) surface relaxa-
tion since the Ga—Al distances tend to be smaller. How-
ever, definite conclusions require a calculation of the
minimization of interface energy.

The electronic structure of the two interfaces reveals
another important aspect of this calculation. Metal-
induced gap (MIG) states exist for both geometry I and
geometry II. The density of states for the MIG states is
defined as

D (E)=S f f DLDog(Er)dz dSO(E, (Eg

where S is the interface area, Es is the energy gap, and
the integral over z is to be evaluated from the bulk region
of the semiconductor to the interface. The local density
of states DLDos(E, r) is shown in Fig. 4 for three different
regions for the ideal interface geometry. In Figs. 5(a) and
5(b), the density of MIG states as defined by Eq. (1) are
shown for both geometries. The density of MIG states is
high and is of the same order of magnitude as in the
jellium-model calculations. In the ideal interface calcula-
tion, the density of MIG states at the Fermi level
[EF=1.2 eV in Fig. 5(a)], D, (EF) is about 3X10'
states/(cm eV) compared to -4X10' states/(cm eV) in
the jellium model Fo.r geometry II, D, (EF)[EF-1.35
eV in Fig. 5(b)] is higher, because the surface Ga and Al-2
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FIG. 3. Charge density contour plots in the (110}plane for
the interface with a relaxed GaAs surface geometry. Parts (a}
and (b} are Ga- and As-terminated surface planes, respectively.
The contour spacing is 0.2 (electrons/supercell}.

FIG. 4. Local density of states for an ideal interface. It has
been normalized to unit volume. The dashed lines are the in-
tegrated local density of states. Region I is the Al region; region
II is the interfacial region defined as the region from the second
layer of GaAs atoms to the first layer of Al atoms; region III is
the GaAs bulk region. The densities of states have been Gauss-
ian broadened by 0.2 eV and the zero of energy is fixed at the
Fermi level.
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FIG. 5. Density of metal-induced gap states. (a) Geometry I.
{b)Geometry II as defined in text.

atoms are less bonded and correspondingly the occupied
band energy is higher. The Schottky barrier height for
geometry II is 0.15 eV smaBer than the value of geometry
I. A notable difference between the present results for the
ideal interface and the jellium-model calculation is that

the density of MIG states in the lower part of the energy

gap is smaller by a factor near 2. Compared to the jellium
calculation, substantial increases in the surface local den-

sity of states at much lower energy near —6.0 eV mea-
sured from the top of the valence band are found in Fig.
4. The charge density for states in the energy range from
the top of the valence band to the Fermi level shows
characteristics of Ga—Al bonding across the interface.
This indicates that the band energy of the As dangling
bond in the jellium-model calculation has been replaced
by the band energy of the As Al bond at much lower en-

ergies in the present calculation. A similar result was
found for the early stage of Al adsorption on the
GaAs(110) clean surface. i Even though the jelliuin
model does not provide a complete treatment for interfa-
cial bonding, the reduced density of MIG states is still
high enough to pin the Fermi level.

The decay of the charge density of the MIG states is il-

lustrated in Fig. 6. For geometry I, the decay is similar to
that obtained in the jellium model and the decay length is
2.96 A compared to the jellium value of 2.8 A. For the
interface with a relaxed GaAs surface, a peak appears at
about 2.75 A from the interface boundary [Fig. 6(b)]. The
extent of the wave functions for some MIG states near the
interface boundary in the ideal geometry has moved fur-
ther into the interior regions of GaAs in this relaxed
geometry. Hence, the effective length entered in calculat-
ing interface dipoles should be longer.
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IV. DISCUSSION
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FIG. 6. Charge distributions of the penetrating tails of the
MIG states in the GaAs gap averaged parallel to the interface.
The interface boundaries are defined as 0.71 A away from the
first layer of Al atoms towards the GaAS surface and are taken
as the right boundary of the plots. {The coordinate z is mea-
sured from the interface boundary to the semiconductor bulk. }
The value of 0.71 A is half of the distance between two adjacent
layers in the bulk Al crystal along the [110] direction. (a)
Geometry I. {b)Geometry II.

Our results for the electronic structure of the interface
confirm the presence of a high density of MIG states with
decay lengths similar to the jellium-model results. Hence
the interfacial dipole moment can vary over a large range.
Any model dealing with interfacial dipoles has to take
into account the evolution of the surface states into MIG
states which are not simple WKB tunneling states.

Although our calculation still employs simplified
structural models for the metal-semiconductor interface,
it is clear that the presence of MIG states is not very sen-
sitive to the interfacial geometry. For the two models we
studied, the local density of states anywhere inside the en-

ergy gap is high enough to pin the Fermi level. In con-
trast, the density of surface states in the gap is quite dif-
ferent for the two clean surfaces. The fact that the Fermi
level evolves at small metal coverages can be understood
as a result of both a slow buildup of MIG states and inter-
facial back relaxation, i.e., the removal of the GaAs(110)
surface relaxation. When the process stops, the Fermi lev-
el is pinned. The energy released in this process is high,
0.7 eV/(surface cell), and is possibly important for the
formation of Ga vacancies at the surface which is related
to the replacement of Ga atoms by Al atoms. We have
confined our discussions to the interfacial regions of a few
A. It is possible that defects introduced by the growth of
the interface extend over a larger scale of the order of
hundreds of A. The density required for Fermi level pin-
ning in this case is low compared to that of the MIG
states. Such a long-range pinning Inechanism does not
provide information about the interfacial region on a mi-
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croscopic level and it cannot explain why the Fermi level

is pinned at low metal coverages.
Because our calculation uses the local density approxi-

mation, it does not give a clearly defined result for the
calculated Schottky barrier height even though the calcu-
lated value is close to the experimental value of 0.8 eV.
The calculated energy gap in this study is 1.96 eV which
is larger than the converged I.DA result. It is, however,
interesting that the Fermi levels lie on the shoulder of the
density of MIG states which can be considered as the on-
set of conduction-band-derived MIG states. Tersoffs
model2' predicts that layer-by-layer charge neutrality of
the system will require the Fermi level to lie close to a
canonical energy level where MIG states change from
valence-band-derived states to conduction-band-derived
states. He argued that charge neutrality is maintained by

the metallic screening of the MIG states. However, the
electronic screening mechanism is not perfect as pointed
out earlier. A change in the semiconductor surface
structure can cause appreciable change of the barrier
height. On the other hand, charge neutrality also governs
interfacial relaxation and tends to reduce the interfacial
dipole as is seen in the present calculation. The interfacial
dipole for geometry I is smaller than its value in geometry
II with a net change of 0.03 in atomic units.
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