
PHYSICAL REVIEW B 67, 125315 ~2003!
Intermetallic bonds and midgap interface states at epitaxial AlÕGaAs„001… junctions
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Using first-principles pseudopotential calculations, we have investigated the nature of the electronic states
with energies within the semiconductor band gap of abrupt, defect-free As-terminated Al/GaAs~001! junctions.
While bondinglike/antibondinglike semiconductor evanescent states occur near the valenceband/conduction-
band edges, the semiconductor midgap region is characterized by a different type of electronic states, not
accounted for by commonly accepted models. These states, which correspond to intermetallic bonds between
the outermost Ga cations of the semiconductor and Al atoms of the metal occur near the Fermi energy. They
are localized at the interface and are located around theJ point of the Brillouin zone. These new interface states
derive from an interaction between localized states of the Al~001! surface and bulk GaAs conduction-band
states, mediated by localized states of the unreconstructed As-terminated GaAs~001! surface.

DOI: 10.1103/PhysRevB.67.125315 PACS number~s!: 73.20.2r
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I. INTRODUCTION

Interfacial states with energy within the semiconduc
fundamental band gap are known to play a major role
determining the Schottky barrier and transport properties
metal/semiconductor junctions.1 Despite their importance
detailed theoretical investigations of these states, their
ture, and formation mechanisms have been carried out
few cases only. Recently, localized interfacial-gap sta
originating from frustrated bonds at metal/semiconduc
junctions have been predicted theoretically for several e
taxial silicide-silicon2 interfaces and for the Au/GaAs~001!
contact.3

In the case of epitaxially grown Al/GaxAl12xAs(001)
junctions, experimental studies of the Schottky barrier
pendence on hydrostatic pressure, temperature, and
compositionx, brought about the interesting idea that t
behavior of the Schottky barrier in these systems may
controlled by midgap interfacial states with a bondi
character.4,5 This, together with the fact thatab initio calcu-
lations for defect-free Al/GaxAl12xAs(001) junctions de-
scribe well the measured Schottky barrier trends,6 motivated
us to investigate the nature of midgap interfacial states
defect-free epitaxial Al/GaAs~001! junctions.

Until now, no intrinsic localized interface state with e
ergy within the semiconductor band gap has been predi
for Al/GaxAl12xAs junctions. Earlier studies3 have shown
that localized interface states occur several eV below
Fermi energy, in the lower portion of the valence band. U
ing a microscopic approach based onab initio calculations,
we show that localized interface states and resonances
different type occur near the Fermi energy in defect-free
itaxial, As-terminated Al/GaAs~001! junctions. These state
correspond to Al-Ga intermetallic bondinglike states th
form across the junction. We investigate the mechanism
sponsible for the formation of these interface states,
show that they are related to localized states of the isola
Al and GaAs surfaces.
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II. METHODOLOGY

The ab initio calculations are performed within th
density-functional-theory framework using the local-dens
approximation~LDA !. We employ a plane-wave basis s
and Troullier-Martins pseudopotentials7 in the Kleinman-
Bylander ~KB! nonlocal form.8 The pseudopotentials ar
generated from the ground-state configuration of the s
unpolarized atoms, using the following core cutoff radii:r s
5r p52.2a0 , r d5r f52.7a0 for As and Ga, andr s5r p5r d
52.2a0 for Al. We treat the Ga three-dimensional electro
as core electrons. For the KB form, we use as local com
nent thef potential for Ga and As, and thed potential for Al.

The Al/GaAs~001! interface is modeled using a slab g
ometry in a supercell9 containing 13 atomic layers of GaA
and 23 atomic layers of Al, i.e., a total of 59 atoms and 1
electrons. The Al fcc lattice is rotated by 45° about the@001#
growth axis with respect to the cubic lattice of GaAs in ord
to satisfy the epitaxial conditionaAl, i5aGaAs/A2, where
aGaAs and aAl, i are the GaAs-bulk-equilibrium and Al in
plane lattice constants, respectively. A similar epitaxial g
ometry was used previously to model Al/GaxAl12xAs(001)
junctions,6,10 and is known to correspond to experimenta
observed quasiepitaxial Al/GaAs~001! structures.11,12Experi-
mentally ~and also in theab initio calculations!, the bulk-
equilibrium lattice constant of Al is about 1% larger tha
aGaAs/A2. Following macroscopic elasticity theory~MET!,
the Al in-plane compressive strain is accommodated by a
expansion of the Al overlayer along the growth direction
pseudomorphic structures. In this study, we use the theo
cal value of the GaAs equilibrium lattice constantaGaAs
55.52 Å and, following MET, we useaAl,'54.06 Å for the
strained Al slab.

The atomic structure of the abrupt As-terminated interfa
considered in this work is illustrated in Fig. 1. This structu
corresponds to the lowest-energy configuration obtained
rigidly translating the Al slab relative to the GaAs slab a
parallel to its surface.10 The equilibrium interfacial distance
is d051.7 Å ~see Fig. 1!. At equilibrium, the volume of the
supercell isV056657a0

3. In the course of this study, we wil
©2003 The American Physical Society15-1
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also consider values of the interfacial distanced larger than
d0. In such calculations, the atomic structures of the Al a
GaAs slabs are kept frozen and only the interslab spacin
modified.

The symmetry point group of the Al/GaAs~001! interface
is C2v ,13 and the space group is symmorphic. The tw
dimensional~2D! Brillouin zone ~BZ! of the interface is
shown in Fig. 2, where, for comparison, we also show
BZ’s of the GaAs~001!, Al~001! c232 and Al~001! 131
surfaces. The latter one~one atom per unit cell! corresponds
to the common description of the Al~001! surface, while the
Al ~001! c232 configuration~two atoms per unit cell! is the
relevant one in our interface study. We note that the BZ
the supercell, which is used in this study to model the in
face, is three dimensional. However, its dimension along
kz axis is very small in view of the large size of the superc
in this direction. Therefore, the electronic structure in t
basal plane (kz50) of the 3D-BZ of the supercell provides
good description of the electronic structure in the whole B
In the supercell, the two As-terminated semiconductor s

FIG. 1. Atomic structure of the abrupt, As-terminated A
GaAs~001! interface. Thex and y axes are rotated by 45° with
respect to the conventional cubic axis of the semiconductor.
interfacial distanced measures the spacing between the As and
layers at the junction.

FIG. 2. Brillouin zone of the Al/GaAs~001! interface ~gray
square! and of the Al~001! 131 surface~dashed lines!. The gray
square is also the BZ of the isolated GaAs~001! and Al~001! c2
32 surfaces. The irreducible part of the supercell BZ in the ba
plane (kz50) is indicated by the dark triangle.
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faces are equivalent to each other through a reflection w
respect to the middle plane of the GaAs slab, followed b
90° rotation around the@001# axis (x→2y,y→x,z→2z).
This additional symmetry of the supercell, which does n
apply to an isolated interface, reduces the irreducible par
the supercell BZ in the basal plane to one half that of
2D-BZ of the isolated interface.

In order to display on a common energy scale the
GaAs~001! interface-band structure and the projected ba
structures~PBS! of bulk Al and GaAs, which are obtaine
from separate calculations, we evaluate the shifts of the
and GaAs electrostatic supercell potentials, relative to
mean value of the potential in the supercell, using the m
roscopic average technique.9 This approach provides mor
precise energy lineups than direct alignment of exposed
erence levels, e.g., ground-state or valence-band-edge
gies from different systems.

The supercell calculations are performed with a kinet
energy cutoff of 16 Ry for the plane-wave basis and usin
~6,6,2! Monkhorst-Pack14~MP! k-point grid. Bulk computa-
tions for Al and GaAs are performed using a four-atom
tragonal unit cell with a kinetic-energy cutoff of 40 Ry and
~16,16,16! MP grid. The Fermi energyEF of the metallic
systems is determined using a Gaussian electronic-l
broadening scheme15 with a standard deviation of 0.01 Ry
With these parameters, the numerical convergence of
electronic energies is;0.05 eV. The overall uncertainty o
the interface-state energies relative toEF , which is mainly
attributed to the neglect of many-body effects within t
LDA, is estimated as;0.1 eV.

III. RESULTS AND DISCUSSION

We have examined the probability density of electron
states with energy in the range@EF21.5 eV, EF11.5 eV].
For energies near the GaAs valence-band edge, i.e., abo
eV below the Fermi energy, we find semiconductor bondin
like evanescent states at the interface. Conversely, at ene
of about EF11 eV, i.e., near the conduction-band edg
semiconductor evanescent antibondinglike states occur.
behavior of such states is generally consistent with Terso
model description of the metal-induced gap states.16

In the midgap region, instead, the electronic states are
different nature. In Fig. 3, we display, in the basal pla
containing the interfacial Al and As atoms, the contour p
of the integrated probability density of all electronic stat
with energy in the range@EF20.25 eV,EF10.25 eV]. They
amount to 11.15 electrons per supercell. The probability d
sity assumes particularly large values near the interfacia
atom as well as near the Ga cation closest to the inter

e
l

al

FIG. 3. Contour plot, in the basal plane including interfacial G
As, and Al atoms, of the integrated probability density of all ele
tronic states with energy in the range@EF20.25 eV, EF

10.25 eV]. Contour spacing is 331023e/a0
3.
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~second semiconductor layer from the metal! indicating a
Ga-Al intermetallic bonding structure. The probability de
sity is also high on the As atom terminating the semicond
tor slab, where the contours are similar to those o
dangling-bond surface state. The behavior of the probab
density in the midgap region does not correspond to
expected for semiconductor bonding or antibonding sta
which are predicted by Tersoff’s model. Rather, it indica
the existence of interface states of a new type.

Investigation of the single-state contributions to the in
grated probability density shown in Fig. 3, which deriv
from different regions of the BZ, indicates that the interm
tallic bonding feature at the interface mostly comes fro
electronic states near theJ point of the BZ. Inspection of the
charge density of individual electronic states atJ reveals an
interface state with energyEF20.2 eV which is fully local-
ized at the junction. The contour plot of the probability de
sity of this state is displayed in Fig. 4. It shows an Al-G
intermetallic bonding structure which is clearly related to t
high-probability-density feature observed at the interfa
~see Fig. 3!. We note that the bond length of this structure
about 3 Å, which is quite remarkable since it is almos
factor 2 larger than the average interatomic bond length
covalent solids.

In Fig. 5, we show the Al/GaAs~001! interface band struc
ture calculated in the supercell (kz50), along the high sym-
metry linesG-J-K of the BZ. The electronic bands are di
played in an energy window covering the GaAs band g
The bulk PBS’s of GaAs and of Al~strained! are also shown
in this figure. The Al PBS fills up almost entirely the sem
conductor gap region, leaving only a small common gap n
the J point for energies in the range fromEF20.7 eV to

FIG. 4. Contour plot of the probability density of the localize
interface state at theJ point of the 2D-BZ. Same plane and conto
spacing as in Fig. 3.

FIG. 5. Electron band structure of the Al/GaAs~001! interface.
The solid point indicates the localized interface state atJ. The pro-
jected band structures of bulk GaAs~dark gray! and of epitaxially
strained bulk Al~light gray! on GaAs~001!are also indicated.
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EF21.3 eV. The localized interface state atJ occurs at a
higher energy, and is indicated by the solid point in Fig.
This state is clearly degenerate with electronic states of b
Al, and its localization is made possible only by a differe
symmetry from that of the surrounding bulk continuum. W
note that such a situation is actually known to occur in
case of the surface state of Al~001! for energies in the range
from EF20.5 eV toEF21 eV.17,18 In our case, we find that
as in the case of the Al~001! surface state,17,18 the localized
state atJ is even with respect to thesv reflection in thezx
plane~see Fig. 4!, whereas Al bulk states with similar ene
gies atJ are odd with respect tosv ~see Fig. 6!. Thus, simi-
larly to the case of the Al surface state, the Al/GaAs interfa
state cannot mix with electronic states of the Al bulk co
tinuum and remains localized. The above similarities,
gether with the As dangling-bond surface structure appea
in the probability density of Fig. 3, suggest that localiz
states of the isolated Al~001! and GaAs~001! surface might
be relevant for understanding the nature of the Al/GaAs~001!
interface state.

In order to better understand the metal and semicondu
surface contributions to the localized interface state, we h
studied the energies of the electronic states in the superce
a function of the interfacial distanced, from its equilibrium
value d0 up to the valued515a0, where the Al and GaAs
surfaces are essentially noninteracting. This allows us to

FIG. 6. Dispersion of the localized surface states of the epita
ally strained Al~001! surface along high-symmetry lines of the su
face BZ. The left~right!-hatched area shows the projection of ep
taxially strained Al bulk states which are even~odd! with respect to
the mirror plane parallel to the relevant high-symmetry line a
orthogonal to the surface.
5-3
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ambiguously identify the dominant metal and semiconduc
contributions as well as the interaction mechanism resp
sible for the formation of the interface state. As mention
before, the atomic configurations of the Al and GaAs sla
are kept frozen, while increasingd, i.e., for large values ofd
we obtain an artificial unreconstructed GaAs slab and
strained metallic Al slab with their~001! surfaces. As a first
step, we decided to study the electronic structure of s
frozen slab surfaces.

The surface of the strained Al~001! slab was studied using
a supercell including 41 layers of Al and nine equivale
vacuum layers. Such a thick Al slab was used to ensure n
ligible interactions between the two slab surfaces. T
Al ~001! surface state is indeed characterized by a very s
decay within the bulk material~decay length of;20 Å).18

The Al slab calculations were carried out with a 32-Ry cut
and using a~6,6,2! MP grid.

Figure 6 shows the PBS of the strained Al bulk along
G-J-M andG-X high-symmetry lines of the Al 131 surface
BZ. In this figure, we distinguish by different shadings t
states which are even or odd relative to the vertical mir
plane which is parallel to the relevant high-symmetry lin
i.e., thesv reflection alongG-J-M and asd reflection along
G-X. A stomach gap is present below the Fermi energy
Al bulk states with even symmetry. AtJ the gap extends
from EF21.2 eV to EF . In the stomach gap, we show th
dispersion of the Al~001! surface state with the same~even!
symmetry. Along theJ-M segment, the surface state b
comes degenerate with Al bulk states with odd symmetry.
it cannot interact with such states, the surface state rem
localized alongJ-M below the Fermi energy. We note that
J the energy of the localized state of the strained Al~001!
surface is aboutEF21.0 eV, i.e.,;0.8 eV smaller than the
energy of the Al/GaAs~001! interface state.

The isolated, As-terminated GaAs~001! slab is artificial
since the ideal, unreconstructed~001! surface of GaAs is
metallic and unstable19,20against surface reconstructions. F
this ideal system, we obtain dangling- and bridge-bond s
face states with energies within the semiconductor band
which are comparable to those obtained in previous wor21

The dangling-bond surface state atJ has the full (G1) sym-
metry ofC2v ,13 i.e., the same symmetry as the interface st
shown in Fig. 4, while the bridge-bond state has a differ
(G2) symmetry.

We have further examined the energy-band structure
the Al/GaAs~001! superlattice as a function of the interfaci
distanced. Figure 7 shows the energy as a function ofd of
the electronic states at theJ point, which are close to the
Fermi energy and haveG1 symmetry. The figure also indi
cates the calculated position of the conduction and vale
PBS edges of the semiconductor as well as the stomach
of Al bulk states with even symmetry atJ. Solid lines indi-
cate localized states, while dotted lines indicate resonan

For d515a0, we recover the surface states of the isolat
strained Al~001! surface and of the unreconstructed, A
terminated GaAs~001! surface. The dangling-bond surfac
state of the latter surface occurs atEF20.3 eV. Furthermore,
two localized Al surface states occur at aboutEF20.9 eV. It
has to be noted, that the tetragonal supercell correspond
12531
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an Al~001! c232 surface, with two atoms in the unit cel
and therefore two surface states occur. Due to the finite
of the Al slab, these surface states interact and their ener
split. This splitting is 0.15 eV~0.03 eV! for an Al slab con-
sisting of 23~41! layers.

Reducing the interfacial distance, the Al surface sta
interact with the dangling-bond surface state of the semic
ductor resulting in a level repulsion. As a consequence,
interfacial distances smaller than 9a0, Al/GaAs interface
states are a superposition of these two types of states.
creasing further the interfacial distance to aboutd57a0, the
lower interface states leave the stomach gap of the Al b
states with even symmetry, enter into the continuum, a
delocalize.

For interfacial distances less than 5.5a0, the upper inter-
face state raises in energy with respect to the Fermi ene
crosses the upper edge of the stomach gap of even bul
states, and enters the continuum. For interfacial distan
smaller thand53.5a0, the upper interface state lowers
energy, reenters the stomach gap, and relocalizes. The l
behavior is observed when the interface state is approac
the GaAs conduction PBS edge, whose energy decreases
notonously with respect toEF for d,6a0. The behavior of
the upper interface state for small values ofd, together with
the monotonic decrease of the GaAs conduction band, s
gests a repulsion of the interface state from the semicond
tor conduction-band edge atJ.

The above picture, including the level repulsion, is su
ported by a study of the changes taking place in the pr
ability density of the upper interface state as a function
interfacial distance. Figure 8 shows contour plots of t
probability density in the supercell basal plane for seve
values ofd as well as the corresponding macroscopic av
age of the probability density along the growth axis, whi
yields a measure of the localization at the interface.

For d>9a0 @see Fig. 8~a!#, we recover the probability

FIG. 7. Energy levels of the electron states of the Al/GaAs~001!
superlattice at theJ point of the Brillouin zone as a function o
interfacial separation between GaAs and Al slabs. Localized~solid!
and resonant~dashed! states withG1 symmetry are represented
Diamonds indicate calculated levels of the superlattice. Light g
areas indicate the band energies of bulk Al states withG1 symmetry.
Dark gray areas show bulk GaAs conduction- and valence-b
energies.
5-4
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density of the localized dangling-bond surface state
GaAs~001!. For d56a0 @Fig. 8~b!#, the interface state is a
superposition of the GaAs dangling-bond and Al surfa
states. Atd55a0 @Fig. 8~c!#, a Ga-related feature appea
with maximal probability density in the direction of the A
surface atom. The presence of this feature is ascribed to
interaction of the interface state with low-energy conductio
band states of GaAs atJ ~see below!. We note that the local-
ization of the interface state at the junction reduces con
erably at such intermediate distances (5a0 , 4.5a0) @Fig. 8~c,
d!#, when the interface state has left the stomach gap to e
the continuum of Al even states and to become a resona
The formation of the bondinglike structure between the o
ermost Ga cations of the semiconductor and the interfacia
atoms ford<3.75a0 @see Fig. 8~e!# gives rise to the domi-
nant feature of the localized interface state found ad
53.25a0 @Fig. 8~f!#.

The origin of the Ga-related feature was addressed
examining the probability density of the lowest GaAs co
duction states that contribute to the PBS atJ. In Fig. 9, we
show the probability density of the GaAs bulk state withG1
symmetry~in the bulk tetragonal cell!, which corresponds to
the minimum of the conduction PBS atJ. This state derives
from Bloch states of theL conduction-band minima of the
GaAs 3D-BZ, which are projected ontoJ in two dimensions.
The probability density of this state is large near the
atom, with a structure which is similar to that of the G
related feature involved in the formation of the Al-Ga inte
metallic bonding structure in Fig. 8. We conclude, thus, t

FIG. 8. Contour plot~left panel! and macroscopic planar ave

age %̄̄ ~right panel! of the probability density of the Al/GaAs~001!
interface state atJ for selected values of the interfacial distanced:
9a0~a!, 6a0~b!, 5a0~c!, 4.5a0~d!, 3.75a0~e!, and 3.25a0~f!. Contour

spacing is 131023e/a0
3. Units of %̄̄(z) are 131024e/a0.
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the decrease in energy of the interface state for smald,
which corresponds to the formation of the intermetal
bonding structure, derives from an interaction with the co
tinuum of GaAs bulk states near the conduction-band m
mum atL .

Calculations for the Al/GaAs~001! superlattice have also
been performed with pseudopotentials, whered electrons are
treated as valence electrons. The existence of the local
interface state atJ and its nature are fully confirmed by thes
results.

Presently, similar calculations are under way for the A
AlAs~001! system.22 The preliminary results indicate the ex
istence of interface resonance states in the semicondu
gap near theJ point of the BZ. The electronic structure o
AlAs is somewhat different from that of GaAs, in particula
the conduction-band edge atJ occurs at a higher energy. Du
to this, the repulsion near the equilibrium distance of t
upper interface state with conduction-band states is wea
and the interface state occurs at higher energy. In this c
the interface state is degenerate of bulk Al states with e
symmetry. Consequently, it is not localized, rather it is
strong resonance with similar charge-density distribution
the interface, which resembles that of the localized st
studied in this work. Therefore, the difference in semico
ductor polarity between GaAs and AlAs has thus quant
tive, but no qualitative influence on this phenomenon.

IV. SUMMARY AND OUTLOOK

By means of first-principles calculations, we have stud
the nature of the electronic states with energy within
semiconductor band gap at abrupt, As-terminated, epita
Al/GaAs~001! junctions. The results indicate the existence
electronic states near the Fermi energy which exhibit a h
probability density at the interface. In particular, we find
localized interface state at theJ point of the interface Bril-
louin zone. These states have an unexpected nature, na
an intermetallic, bondinglike character between outermos
atoms from the metal and Ga atoms from the second se
conductor layer across the interface.

The mechanism responsible for the formation of the
calized interface state atJ has been identified by studying th
electronic energies as a function of the interfacial distan
We have found that the interface state derives from an in

FIG. 9. Contour plot of the probability density of the bulk GaA
state withG1 symmetry which corresponds to the conduction-ba
minimum of the PBS atJ. This state derives from GaAs Bloc
states at theL conduction-band minima of the 3D-BZ. Contou
spacing is 3.531023e/a0

3.
5-5
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action between localized states of the isolated Al~001! sur-
face and GaAs bulk conduction band-edge states, medi
by dangling-bond surface states of the isolated, unrec
structed GaAs~001! surface. The interaction process iden
fied in this work is a robust mechanism, which may be e
pected to occur also in other systems. Indeed, prelimin
results for isomorphic Al/AlAs~001! indicate that similar in-
terface states exist within this system.

It remains to be verified if similar interface states relat
to preexisting surface states occur also in other systems,
for other polar interface orientations and for other materia
p

l. A
r-

pl
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The predicted localized interface states should be acces
to experimental measurements, e.g., spectroscopic inves
tions at low coverage or possibly scanning tunneling mic
scope techniques at cleaved samples.
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