
PHYSICAL REVIEW B 15 MARCH 1999-IIVOLUME 59, NUMBER 12
Structural and compositional dependences of the Schottky barrier
in Al/Ga12xAl xAs„100… and „110… junctions

J. Bardi, N. Binggeli, and A. Baldereschi
Institut de Physique Applique´e, École Polytechnique Fe´dérale de Lausanne, CH-1015 Lausanne, Switzerland

~Received 31 August 1998!

Based onab initio pseudopotential calculations, we have examined the equilibrium atomic geometries and
electronic structure of chemically abrupt epitaxial Al/GaAs and Al/Ga12xAl xAs(100) and~110! interfaces. In
particular, we investigated the change in the corresponding Schottky barrier height for different interface
atomic geometries and semiconductor alloy compositions. Our results indicate that different epitaxial geom-
etries and orientations of the interface can change the absolute value of the Schottky barrier by as much as 0.4
eV. However, for a given equilibrium geometry of the interface, Al/Ga12xAl xAs(100) and~110! junctions
exhibit compellingly similar barrier variations with alloy composition, which amount to the GaAs/Ga12xAl xAs
band offset. The observed trend is explained on the atomic scale using a linear-response-theory approach.
@S0163-1829~99!07811-X#
tu
rr
.
i

ly
e
n
y-
vio

an
o

as

h
or

s
ce

he
or

s

a
i
c
m
in

to
pe
h-

us
ax-
y a
ed
ions
tor
tial
the

s of
pi-
eds
l/

he

red

te.
l

-
uc-

try.
ys-
of

a
ur-
Al/
uc-
ast
s-
ely
at
I. INTRODUCTION

Although metal/semiconductor interfaces have been s
ied for several decades, the mechanisms of Schottky-ba
formation are still far from being completely elucidated1

Until recently, most measurements of Schottky barriers
metal/III-V-semiconductor junctions indicated a relative
weak dependence of the barrier height on the metal typ
on interface-specific characteristics such as interface orie
tion or contact fabrication method. Models of Schottk
barrier formation were proposed that explained this beha
based on various Fermi-level pinning mechanisms, such
pinning by metal-induced gap states2 at an intrinsic charge
neutrality level of the semiconductor,3,4 or pinning by native
defect states at some extrinsic gap level.5,6 Moreover, a cor-
relation between Schottky barriers and heterojunction b
offsets was observed experimentally for a number
systems.7 These included contacts to III-V alloys such
Al/Ga12xAl xAs, CoGa/Ga12xAl xAs,8 Mo/Ga12xAl xAs,
Au/Ga12xAl xAs,7 and Au/In12xGaxAs12yPy lattice matched
to GaAs,9 which exhibit Schottky barrier variations wit
semiconductor alloy composition identical to that of the c
responding GaAs/Ga12xAl xAs or GaAs/In12xGaxAs12yPy
band offsets. This behavior was also interpreted in term
band alignment controlled by pinning of bulk referen
levels.10

In recent years, however, significant variations of t
Schottky barrier with metallization and/or with surface
interface preparation were reported.11–13For instance, differ-
ences as large as 0.4 eV were found between the value
the Schottky barrier measured at Al/GaAs~110! contacts
grown by metal cluster deposition and those measured
junctions grown by conventional deposition methods.11 Even
larger barrier changes, approaching 1 eV, were demonstr
in Al/GaAs~100! junctions containing ultrathin S
interlayers.13 These recent developments reveal a mu
weaker electronic pinning than previously believed and e
phasize the role of the interface atomic structure in determ
ing the Schottky barrier height.
PRB 590163-1829/99/59~12!/8054~11!/$15.00
d-
ier

n

or
ta-

r
as

d
f

-

of

of

in

ted

h
-
-

In the present study, we use first principles calculations
clarify some of these contrasting behaviors for the prototy
Al/Ga12xAl xAs system. The existence of good lattice matc
ing between Al and Ga12xAl xAs, which gives rise to
quasiepitaxial Al/Ga12xAl xAs(100) ~Refs. 14–16! and Al/
GaAs~110! contacts,17 allows first-principles investigations
of fully developed metal/semiconductor interfaces. Previo
ab initio studies examined the electronic structure of epit
ial Al/GaAs junctions using as a starting atomic geometr
configuration derived from the juxtaposition of truncat
bulk structures aligned so that some of the metal-surface
occupy atomic sites in the continuation of the semiconduc
lattice.18–21These pioneering studies showed that substan
changes in the Schottky barrier could be induced altering
atomic structure of the interface. Systematic investigation
the energetics and relative stability of different types of e
taxial configurations are, however, much more scarce. Ne
et al. examined the formation energies of various A
GaAs~110! epitaxial structures obtained by translating t
metal overlayer parallel to the semiconductor surface.22 The
results indicated that the lowest-energy structure diffe
from previous atomistic models18,19 and that the Schottky
barrier could change dramatically with the translation sta

In this paper, we focus on the epitaxia
Al/Ga12xAl xAs(100) and~110! junctions, and study the de
pendence of the Schottky barrier height on the semicond
tor alloy composition as well as on the interface geome
To determine the epitaxial structures, we carried out a s
tematic study of atomic relaxation and relative stability
various translation states for both the Al/GaAs~100! and
~110! junctions. For the polar Al/GaAs~100! junctions, we
found a unique equilibrium interfacial configuration for
given cation or anion termination of the semiconductor s
face, consistent with previous atomistic models. For the
GaAs~110! junctions, instead, we obtained a series of str
tures characterized by different interfacial bonds. In contr
to previous work,22 we find that these structures are all e
sentially degenerate in energy and give rise to relativ
similar Schottky barrier heights when the atomic structure
8054 ©1999 The American Physical Society
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the interface is fully relaxed. Together, our results
Al/Ga12xAl xAs(100)- and ~110!-oriented junctions show
that although the absolute value of the Schottky barrier
pends on the atomic structure and orientation of the in
face, for a given orientation and equilibrium geometry of t
interface, the variation of the barrier with semiconductor
loy compositionx essentially follows the GaAs/Ga12xAl xAs
band offset. This behavior is explained on the atomic sc
by extending to metal/semiconductor interfaces a line
response-theory approach currently used to interpret b
offset trends at semiconductor heterojunctions.23

II. METHOD

The calculations were performed within the local-dens
approximation~LDA ! to density-functional theory~DFT! us-
ing Troullier-Martins pseudopotentials24 in the Kleinman-
Bylander nonlocal form.25 We employed the exchange
correlation functional by Ceperley and Alder.26 The
electronic wave functions were expanded in a plane-w
basis set, which allows for a convenient momentum-sp
formulation.27 To describe the alloying on the cation subla
tice in Ga12xAl xAs, we used the virtual-crysta
approximation28 and we treated Ga12xAl xAs as lattice
matched to GaAs.

The isolated metal/semiconductor interfaces were sim
lated using a slab geometry in supercells characterized
two integers,n1m, corresponding to the number of sem
conductor and metal layers, respectively. Most of our cal
lations were performed using a 917 supercell for the~110!
orientation and a 1317 supercell for the~100! orientation.
We employed, however, larger supercells to study the ef
of Ga→Al atomic substitutions performed near the interfa
in Al/GaAs~100! and ~110! junctions~Sec. IV C!. For such
calculations we used a 1517 supercell for the~110! junction
and a 2117 supercell for the~100! junction. All supercell
computations were carried out with a kinetic-energy cut
of 16 Ry. For the Brillouin-zone~BZ! integrations we used
~6, 6, 2! and ~6, 4, 2! Monkhorst-Pack~MP! grids for the
~100! and ~110! interfaces, respectively. A Gaussian broa
ening scheme, with a full width at half maximum of 0.1 e
was used to deal with the partial filling of the bands.29 The
relaxed atomic positions at the interfaces were obtained
total-energy minimization using the Hellmann-Feynm
forces.

As often done in band alignment problems, we split t
Schottky barrier height into two parts:23,30

fp5DEp1DV. ~1!

The first partDEp is the difference between the Fermi lev
of the metalEF and the valence-band edge of the semic
ductorEv each measured with respect to the~ill-defined and
set to zero in the bulk calculations! average electrostatic po
tential in the corresponding crystal. We evaluatedDEp from
two separate bulk band-structure calculations performed w
a 40-Ry cutoff, and using the~16, 16, 16! and ~8, 8, 8! MP
grids to sample the charge density of the metal and semi
ductor, respectively. The second termDV is the difference
between the average electrostatic potentials in the two m
rials, far from the interface. This term contains all interfac
specific contributions tofp . DV was derived via Poisson’
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equation from the self-consistent supercell charge density
ing the techniques of the planar and macroscopic averag23

Our LDA values for the Schottky barriers are subject
somea posteriori corrections due to~i! many-body effects,
~ii ! spin-orbit interactions, and~iii ! semicore-orbital effects
Many-body corrections to the LDA band-edge energyEv
have been evaluated from self-energy calculations for G
in Refs. 22 and 31, and for AlAs in Ref. 31. Two differe
values were reported for GaAs:DEv

GaAs520.36 eV ~Ref.
22! and 20.17 eV ~Ref. 31!. The difference is due, mos
likely, to the fact that different exchange-correlation fun
tionals were used in the two studies. We decided to use
value of Ref. 22, which corresponds to the same exchan
correlation functional as employed in our study. The man
body correction for AlAs was included using the correcti
for GaAs, and the difference between the GaAs and A
corrections as evaluated in Ref. 31, i.e.,DEv

GaAs2DEv
AlAs

50.1 eV. The latter result is the commonly accepted va
for the many-body correction on the AlAs/GaAs valenc
band offset~VBO!.23 In principle, no self-energy correction
is required for the Fermi energy of the metalEF , which
should be correctly described by the highest occupied eig
value within DFT.32 In fact, similar LDA-DFT calculations
performed with the same Al pseudopotential as in the pres
study yield work functions for the three main surface orie
tations of Al, which agree to within a few tenths of meV wit
experiment.33 In this paper, we therefore use forEF the bare
LDA-DFT result.34

The spin-orbit splitting DSO of the semiconductor
valence-band edge, neglected in our scalar-relativistic ca
lations, decreasesDEp by 1

3 DSO. Using the experimenta
value of DSO, this yields a spin-orbit correction o
20.11 eV (20.09 eV) onfp for Al/GaAs ~Al/AlAs !. We
have studied in detail the effects of the semicore Gad
electrons on the Al/GaAs Schottky barrier in the case o
~100!-oriented junction~see the Appendix!. We show in the
Appendix that the Ga 3d effects can be considered as abulk
correction, which raises the top of the valence band in Ga
by 0.1 eV. We note that this correction also takes into
count the increase in the GaAs equilibrium lattice parame
due to the presence of the Ga 3d electrons, which account
for 50% of the shift. The same increase in the AlAs latti
parameter also decreasesfp(Al/AlAs) by 0.05 eV. In the
following, we therefore treat the Ga 3d orbitals as core
states, and use a rigid correction of20.10 eV on
fp(Al/GaAs) to take into account the Ga 3d effects and a
correction of20.05 eV onfp(Al/AlAs) to take into ac-
count the corresponding change in the AlAs lattice para
eter. The corrections~i! to ~iii ! described above are bul
corrections, independent of the atomic structure and orie
tion of the interface. They sum up to a global correction
10.15 eV onfp(Al/GaAs) and10.32 eV onfp(Al/AlAs).
For fp(Al/Ga12xAl xAs) with 0,x,1, we use a linear in-
terpolation between these two values.

The estimated uncertainty on the absolute value offp
taking into account the various corrections is;0.1 eV.
However, for the relative values of the Schottky barriers
estimated uncertainty is of the order of our numerical ac
racy, i.e.,;40 meV. Similarly, for the absolute value of ou
computed formation energies, we estimate the uncertaint
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0.2 eV per surface atom, whereas the estimated accurac
the relative values of the formation energies for the vario
interface configurations is of the order of 0.01 eV per surfa
atom.

III. ENERGETICS AND STRUCTURAL PROPERTIES
OF EPITAXIAL Al/GaAs JUNCTIONS

A. Lattice alignment at abrupt „100… and „110… interfaces

The Al and GaAs equilibrium lattice parameters ver
experimentally within 1.3%—within 1.5% in ou
calculations—the epitaxial condition:aAl5aGaAs/A2. This
means that an Al~100! overlayer may be grown epitaxiall
on a GaAs~100! substate with the Al fcc lattice rotated b
45° about the@100# axis with respect to the GaAs cub
lattice. In the case of a GaAs~110! substrate, an epitaxia
structure may be obtained with an Al~110! overlayer rotated
by 90° about the@110# axis with respect to the GaAs lattice
These two types of epitaxial structures have been obse
experimentally,15,17 and atomistic models corresponding
abrupt junctions are presented in Fig. 1 for these two type
interfaces.

Following macroscopic elasticity theory, the lattice m
match is accommodated, in such pseudomorphic structu
by a deformation of the Al overlayer along the growth dire
tion, corresponding to a lattice constanta' given by

a'
~100!5aAlF122

C12

C11
S ai

aAl
21D G , ~2!

a'
~110!5aAlF12

C1113C1222C44

C111C1212C44
S ai

aAl
21D G , ~3!

whereai5aGaAs/A2 is the Al in-plane lattice constant an
Ci j are the Al elastic constants.

FIG. 1. Epitaxial geometries of the As-terminated A
GaAs~100! interface~left panel! and Al/GaAs~110! interface~right
panel!. Different translation states~TS! are obtained by rigidly dis-
placing the Al overlayer parallel to the semiconductor surface.
TS’s considered in this paper are indicated by numbers, which s
the projected position of an Al ion of the first metal layer on t
semiconductor surface. The shaded area shows the irreducible
of the translation states. The labels used for the~110! TS’s are the
same as in Ref. 22 and the arrows indicate, for each TS, the
placement of the Al slab~central layer! relative to the GaAs slab
after relaxation~see text!.
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In our study, we used the theoretical equilibrium latti
parameters aGaAs55.53 Å, aAl53.97 Å (ai53.91 Å ),
and the calculated elastic constants:C115120 GPa, C12
570 GPa, andC44536 GPa. The experimental values ar
aGaAs

exp 55.65 Å, aAl
exp54.05 Å, C11

exp5114 GPa, C12
exp562

GPa, andC44
exp532 GPa.35 The theoretical values of the A

elastic constants were determined from the stress/strain
pendence using a 40-Ry cutoff and up to;2000 irreducible
points in the BZ. The stresses were found to depend line
on strain for deformations up to 1.5%. The resulting latt
constants of the Al~100! and ~110! overlayers along the
growth direction area'

(100)54.05 Å anda'
(110)54.04 Å.

In order to fully specify the lattice alignment at the unr
laxed abrupt interfaces, additional information is needed
the relative position of the first Al layer with respect to th
last semiconductor plane. This can be done by specifying
corresponding interplanar distance as well as the transla
state ~TS! parallel to the semiconductor surface of the
layer. The interplanar distance at the interface determine
together withaGaAs anda'—the length of our supercell. The
five ~100! and six~110! initial ~unrelaxed! TS’s considered
in this paper and the irreducible wedges of the possible~100!
and~110! TS’s are shown in Fig. 1. For the~100! orientation,
we considered both the As- and Ga-terminated GaAs~100!
surfaces. For the interplanar distance, we used the b
GaAs~110! interplanar distance for the Al/GaAs~110! junc-
tions ~2.0 Å! and the average of the bulk GaAs~100! and
Al ~100! interplanar distances for the Al/GaAs~100! junc-
tions ~1.7 Å!. These values are close to the optimal values
the interfacial distance that we obtain from total energy c
culations for the lowest-energy TS’s, namely;2.1 Å in the
~110! junctions ~for the TS1, TS2, and TS5 structures! and
;1.8 Å in the ~100! junctions ~for the As- and Ga-
terminated TS1 structures!.

B. Atomic relaxation and relative stability
of the translation states

In Table I, we present the formation energies of the A
and Ga-terminated Al/GaAs~100! interfaces for the five ini-
tial TS’s. The formation energyEf is given by

Ef5
1

2S Etot2(
i

nim i D , ~4!

whereEtot is the total energy of the supercell, andni andm i
are the number of atoms and the chemical potential for e
atomic speciesi in the supercell. The factor12 in Eq. ~4!
accounts for the fact that the supercell includes two equ
lent interfaces.36 The chemical potentialsmAl and mGaAs
5mGa1mAs are given by the total energies of the corr
sponding bulk material~strained in the case of Al! per unit
cell. Since the supercells with the~100! orientation contain a
different number of Ga and As atoms, the formation ene
of their interfaces depends linearly on the isolated As~or Ga!
chemical potential. The value of the As~Ga! chemical po-
tential and the relative stability of the As- and Ga-termina
interfaces are normally determined by the experimental c
ditions. Here, as we are interested only in the relative sta
ity of the different~100! TS’s with a given cation or anion
surface termination, we arbitrarily set the value of the
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TABLE I. Formation energy (Ef) per semiconductor surface atom andp-type Schottky barrier heigh
(fp) for the different translation states~TS! of the unrelaxed Al/GaAs~100! interface illustrated in Fig. 1.
Results are given for the As and Ga terminations of the GaAs~100! surface. The last line gives the corre

sponding values for the relaxed lowest energy configuration (TS18). For the TS4 (TS4̄) interface structures,

the reported value ofEf is the average of the TS4 and TS4¯ formation energies~Ref. 36!. A rigid correction
of 10.15 eV should be added to the LDA values of the Schottky barriers to take into account relati
many-body and Ga 3d effects on the GaAs valence-band edge~see text!.

Translation Ef ~eV! fp
(LDA) ~eV!

state As-term. Ga-term. As-term. Ga-term.

TS1 0.78 1.20 0.64 0.51
TS2 1.08 1.63 0.65 0.52
TS3 1.48 2.13 0.65 0.52

TS4, TS4̄ 2.16 2.60 0.57, 0.72 0.46, 0.52

TS5 5.75 5.56 0.50 0.35

TS18 0.61 1.16 0.65 0.49
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chemical potential tomAs
bulk , i.e., to the value in the As bulk

metallic phase~a choice corresponding to As-rich cond
tions!. Another choice would simply rigidly shift the forma
tion energies of the As-terminated junctions with respec
those of the Ga-terminated junctions.

Inspection of the formation energies in Table I and of t
relative positions of the~100! TS’s in Fig. 1 indicates tha
the only possible candidate for a~meta!stable interface struc
ture is the TS1 geometry, both for the As- and Ga-termina
junctions. In both cases, the energy of the TS’s increa
with increasing displacement of the overlayer with respec
the TS1 configuration~from TS1 to TS2 and to TS3, an
from TS1 to TS4 and TS5!. In the favorable TS1 configura
tion, the atoms of the first Al layer occupy substitutional si
~Al-I ! and tetrahedral interstitial sites~Al-II ! in the continu-
ation of the semiconductor zinc-blende lattice~see Fig. 1!.
The full relaxation of the atomic positions at the TS1 inte
face ~configuration TS18 in Table I! lowers the formation
energy by;0.2 eV for both terminations. This energy ga
is related mainly to a buckling of the first Al layer, whic
reflects the different types of bonding of the Al-I and Al-
atoms to the semiconductor surface. The interplanar dista
between the Al-I~Al-II ! sublayer and the semiconductor su
face decreases~increases!, due to the increased covalent~me-
tallic! character of the corresponding interfacial bonds. T
behavior and the equilibrium atomic geometries of the A
and Ga-terminated interfaces are consistent with the res
of a previousab initio study by Dandrea and Duke, focusin
on the TS1 configuration.20

We performed a similar analysis of the TS’s for the~110!
orientation. The formation energies of the~110! TS’s are
displayed in Table II. Although the irreducible wedge of t
TS’s is larger than in the case of the~100! orientation, the
range of the formation energies for the unrelaxed configu
tions is significantly smaller. The three lowest energy co
figurations ~TS1, TS2, and TS5!, in particular, have very
similar formation energies. When the atomic structure is
lowed to relax, drastic changes are observed in the epita
geometry. The TS1 and TS4 structures collapse on an in
mediate (TS18) configuration. Similarly, the TS2 and TS
structures relax towards an intermediate (TS28) configura-
tion, while the TS3 and TS5 structures relax towards a c
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-
lts

a-
-
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figuration close to the TS5 structure (TS58). Except for
some local relaxation at the interface, most of the change
the TS’s can be described as a rigid displacement paralle
the interface of the Al slab with respect to the GaAs slab37

The corresponding in-plane displacements for the differ
TS’s are indicated in Fig. 1. After relaxation, all of the TS
are essentially degenerate in energy~see Table II!.

The relaxations of the TS4 and TS6 structures can
understood relatively easily based on the projected interf
structures in Fig. 1. In the TS4 configuration, one half of t
atoms of the first Al layer~Al-I ! sit on top of the surface As
atoms, while the other half~Al-II ! are located on top of tet
rahedral interstitial sites. This gives rise to ultrashort/ex
long interfacial bonds between the Al-I/Al-II atoms and the
As/Ga nearest neighbors. These unfavorable bonds are e
shorter than 2 Å ~As, Al-I! or longer than 3 Å ~Ga, Al-II!.
The relaxation to the TS18 structure increases the length
the former to 2.40 Å , while reducing that of the latter to 2.7
Å . The situation is quite similar for the TS6 structure. In th
case, the As and Ga atoms—and therefore the short and
bonds—are interchanged with respect to the TS4 struct
The relaxation to the TS28 structure increases the length
the short~Ga, Al-I! bonds to 2.46 Å, while reducing that o
the long~As, Al-II ! bonds to 2.72 Å.

TABLE II. Formation energy (Ef) per GaAs pair andp-type
Schottky barrier height (fp) for the different translation states~TS!
of the Al/GaAs~110! interface described in Fig. 1. Results are giv
for unrelaxed and relaxed interface structures. A rigid correction
10.15 eV should be added to the LDA values of the Schot
barriers to take into account relativistic, many-body and Gad
effects on the GaAs valence-band edge~see text!.

Translation Ef ~eV! fp
(LDA) ~eV!

state Unrelaxed Relaxed Unrelaxed Relaxe

TS1 1.79 1.24 0.67 0.27
TS2 1.68 1.27 0.31 0.34
TS3 2.19 1.25 0.56 0.23
TS4 3.00 1.24 0.56 0.26
TS5 1.62 1.24 0.25 0.22
TS6 3.15 1.27 0.21 0.34
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In Fig. 2, we show the radial distribution of ions aroun
each As and Ga surface atom in the TS1 and TS2 structu
before and after relaxation. In the TS1~TS2! structure, each
surface As~Ga! atom has 2 Al and 3 Ga~As! nearest neigh-
bors at a distance equal to the Ga-As bond length in Ga
This represents a significant overcoordination with respec
the situation in bulk GaAs~in terms of number of neighbor
as well as ionic charges!. After relaxation of the TS1 struc
ture, one of the Al nearest neighbors of the As atom~the
Al-II atom! has moved away from the As to a distance th
exceeds the Al-Al nearest-neighbor distance in the me
This leads to a situation in which the As atom has alm
recovered its bulk coordination. After relaxation of the TS
structure, one of the Al nearest neighbors of the Ga atom~the
Al-I atom! has also moved away from the Ga. In this ca
the corresponding Ga-Al separation is almost identical to
Al-Al bonding distance in the bulk-metallic phase. Becau
of this additional ‘‘metalliclike’’ bond, the remaining~short!
Ga-Al bond and especially the two in-plane As-Ga bon
weaken, as indicated by the corresponding increased b
lengths in Fig. 2.

The above relaxations tend to restore a ‘‘covalent’’ bon
ing environment around each As surface atom in the TS8
structure, and establish a configuration with mixed coval
and metalliclike Ga-Al interfacial bonds around each Ga s
face atom in the TS28 structure. In both cases, the remaini
semiconductor surface atom, i.e., the TS18 Ga atom and the

FIG. 2. Radial distribution of neighboring ions around an As i
~left panel! and around a Ga ion~right panel! of the semiconductor
surface at the~a! TS1 and~b! TS2 Al/GaAs~110! interfaces. The
gray bars correspond to the starting~unrelaxed! configuration and
the black bars to the relaxed configuration.
es,

s.
to

t
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t
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e
e
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t
r-

TS28 As atom, forms long metalliclike bonds with the tw
neighboring Al-II atoms across the interface~Fig. 2!. These
different types of bonding configurations for the As and t
Ga atoms tend to preserve the fcc atomic arrangement o
first layer of Al.

The TS58 structure is intermediate between the TS18 and
TS28 structures. In this case, two short bonds are establis
across the interface, one from the As to the Al-I atom~2.44
Å! and one from the Ga to the Al-II atom~2.48 Å!. The
second-nearest Al neighbor of the As~Ga! atom is at a dis-
tance of 3.30 Å ~3.15 Å!, i.e., far beyond the Al-Al inter-
atomic distance in the metal. The formation energy of
TS58 structure is identical to those of the TS18 and TS28
structures to within 30 meV per GaAs pair, which is le
thankBT per atom at room temperature. This is at the limit
our accuracy, and the three structures should therefore
considered as essentially degenerate in energy. Other
intermediate between TS18 and TS28 in Fig. 1 are also ex-
pected to yield configurations with similarly low formatio
energies. This situation is in contrast to the case of the~100!
junction, for which a unique equilibrium configuration wa
obtained for a given~As or Ga! termination of the semicon
ductor. The existence of quasidegenerate equilibrium inte
cial configurations for the nonpolar~110! junction results
from a competition between the optimization of covalentli
bonds between the anions of the semiconductor surface
selected Al ~Al-I ! surface atoms, and mixed covalen
metallic bonds between the cations and the Al~I and II!
surface atoms.

There is a strong parallel between our results and con
sions for the fully developed Al/GaAs~110! interface and
those obtained by Schmidt and Srivastava who studied
monolayer of Al absorbed on the GaAs~110! surface.38

These authors also found, fromab initio calculations, severa
competing structures characterized by almost identical
sorption energies but different surface bonding configu
tions. Two of their most favorable Al epitaxial configuration
~the As-dimer and Ga-dimer configurations! correspond to
the atomic arrangement of the Al-I and Al-II ions in th
TS18 and TS28 structures. Schmidt and Srivastava obtain
two other favorable high-symmetry structures: the epitaxia
continued layer structure~ECLS! and the irregular chain
structure~IRC!. The atomic arrangement of the Al layer i
latter two configurations, however, is not compatible w
that of an Al fcc lattice. In fact, with the constraint of a full
developed epitaxial overlayer, we find that the ECLS a
IRC interfacial configurations do not remain energetica
competitive.39

Needset al.have also examined the formation energies
the six Al/GaAs~110! TS’s illustrated in Fig. 1 using anab
initio pseudopotential approach.22 For the unrelaxed configu
rations, the energy ordering we obtain for the different TS
is the same as in their study, and the formation energ
agree to within 0.2 eV. For the relaxed configurations, ho
ever, our results are different. Needset al. found the TS5
structure to be the lowest-energy configuration, and repo
a formation-energy range of 0.5 eV per GaAs pair for t
different TS’s. Although the TS5 structure is also among o
lowest energy configurations, our results show that the
TS’s give rise to only three distinct~meta!stable configura-
tions that are virtually degenerate in energy when fully
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laxed. These discrepancies are attributed to incomp
atomic relaxation of some of the TS’s in the previous stu
which might be due to the low-energy cutoff~8 Ry! that was
used for the relaxation.

IV. SCHOTTKY BARRIERS

A. Dependence on interface geometry

The Schottky barriers of the different Al/GaAs~100! and
~110! TS’s are shown in Tables I and II. In the polar A
GaAs~100! junctions, the Schottky barrier exhibits a no
negligible dependence on the semiconductor surface te
nation: fp is systematically higher by 0.1 to 0.2 eV at th
As-terminated interface than at the Ga-terminated interf
~see Table I!. For the lowest-energy translation state~TS1!,
the p-type barrier of the As-terminated interface is 0.13 e
higher than that of the Ga-terminated interface. Lattice rel
ation at the interface changes the values of the two barr
by only a few tenths of an eV, and increases the bar
difference to 0.16 eV.

We note that the~100! Schottky barrier is much less sen
sitive to atomic relaxation and to rigid translations of t
metal overlayer than the~110! barrier. In the~100! junctions,
e.g., in-plane displacements of the Al overlayer over d
tances as large as 0.25ai , or even 0.35ai , from the reference
TS1 configuration ~corresponding to the TS1→ TS2,
TS1→ TS4, or TS1→ TS5 translation! modify the Schottky
barrier height by no more than 0.02 eV. In the~110! junc-
tion, instead, similar translations of the metal by 0.31ai from
the low-energy TS5 configuration~corresponding, e.g., to th
TS5→ TS1 or TS5→ TS4 translation! can change the bar
rier height by as much as 0.4 eV. We attribute the wea
sensitivity of the~100! barrier to changes in the interfacia
geometry to the more metallic character of the polar~100!
interface. In the TS1~100! junctions, the local density o
electronic states at the Fermi energy, in the region betw
the last semiconductor layer and the first metal layer, is ab
1.0 eV21 V21 (V being the GaAs unit-cell volume!,
whereas it is only 0.6 eV21 V21 in the TS5~110! junction.

Taking into account relativistic, many-body, and Ga 3d
corrections~Sec. II!, the theoretical values offp for the
equilibrium As- and Ga-terminated TS18 interface structures
are 0.80 eV and 0.64 eV, respectively. Using the experim
tal band-gap value of 1.42 eV for GaAs at room temperatu
this yieldsn-type barriers of 0.62 eV and 0.78 eV for the A
and Ga-terminated interfaces, respectively. These va
compare relatively well with then-type barriers determined
by transport measurements in Al/GaAs~100! junctions,
which generally range between 0.7 and 0.8 eV.14,40 Some
transport studies also indicated a;0.1 eV increase in the
n-type barrier for junctions fabricated on Ga-rich as co
pared to As-rich GaAs surfaces.15,41 The increasedn-type
barrier for the initial Ga-rich relative to the As-rich surfac
have also been observed in photoemission experimen42

The LDA values of thep-type barrier we obtain for the re
laxed TS1 interface structures are also consistent with
values computed by Dandrea and Duke.20

At the Al/GaAs~110! interface, lattice relaxation is foun
to modify considerably the range of Schottky barrier heigh
reducing its width from;0.5 eV to ;0.1 eV ~Table II!.
This is in contrast with the results by Needset al. who re-
te
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ported differences as large as 0.7 eV between the Scho
barriers of the relaxed TS’s.22 As mentioned before, we at
tribute such discrepancies to the incomplete atomic re
ation at some interfaces, in the previous study. The w
range of barrier heights found for the unrelaxed TS’s cor
spond to systems in which unphysical bonds exist at so
interfaces. Some bonds are much too short and some s
conductor atoms at the interface are overcoordinated. I
noteworthy that although our three independent relaxed
terface structures (TS18, TS28, and TS58) exhibit quite dif-
ferent bonds across the interface, they give rise to a rang
barrier heights whose width is comparable to that of
~100! barriers. It should also be noticed, however, that
barrier heights of these epitaxial~110! junctions are
;0.2 eV smaller than those of the~100! junctions.

The theoretical values offp that we obtain for the abrup
epitaxial ~110! interfaces range from 0.37 eV to 0.49 e
~including relativistic, many-body and Ga 3d corrections!.
These values are;0.1 eV lower than those typically ob
tained from transport measurements in junctions with th
metal overlayers, wherefp ranges from 0.53 eV to 0.64 eV
~Refs. 43–45, see Fig. 3!. For other junctions, such as thos
produced by Al cluster deposition, a wider range of barr
heights~0.7 eV! has been reported.11 It should be stressed
however, that the experimental atomic-scale structure es
lished at these interfaces is largely unknown.

The ab initio calculations indicate that, unlike band of
sets at isovalent semiconductor heterojunctions that w
shown23 to depend, most generally, only on the bulk prop
ties of the materials forming the junction, the Schottky b
rier do depend, in general, on interface-specific features,
in particular on the atomic geometry of the interface. T
sensitivity to perturbations of the atomic geometry is es
cially striking in the case of the nonpolar~110! junctions,
and consistent with the results of other recent theoret
studies.20–22We also find, however, that atomic relaxation
the interface tends to reduce significantly the physical ra
of barrier heights established in epitaxial Al/GaAs~110!
junctions. In particular, the range of 0.7 eV that was repor
from previous calculations22 for abrupt epitaxial Al/
GaAs~110! junctions shrinks to less than 0.2 eV when t
atomic structure at the interface is fully relaxed.

FIG. 3. Alloy-composition dependence of th
Al/Ga12xAl xAs (100) and~110! Schottky barrier heightfp for
different interfacial atomic geometries. The symbols show the
perimental data from Ref. 14@L, I (V)# and Ref. 40
@n, I (V); s, C(V); h, IPE# for the ~100! junctions, and from
Ref. 43 (L), Ref. 44 (h), and Ref. 45 (s) for the~110! junctions.
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B. Compositional dependence

In Fig. 3, we show the calculated alloy-composition d
pendence of the Al/Ga12xAl xAs Schottky barrier height for
the Ga- and As-terminated TS1~100! junctions and for the
TS5 and TS28 ~110! junctions~which correspond to the low
energy TS’s with the smallest and largest Schottky bar
heights!. These calculations were performed using for t
Al/Ga12xAl xAs junctions the same structural parameters
for the Al/GaAs junctions. Lattice relaxation at the Al/AlA
interface changesfp by at most 50 meV. Even though th
absolute value offp is different for the different interface
atomic structures and orientations, the variation of the bar
with alloy composition is relatively similar for the variou
interfaces considered in Fig. 3. This is consistent with
results of other computations performed for the A
terminated TS1~100! and the TS1~110! interfaces.46 In Fig.
3, we also show the available experimental data on the al
composition dependence of the Al/Ga12xAl xAs (100)
Schottky barrier. For the~110! interface, no experimenta
data are available yet for compositionsx.0. Taking into
account the estimated theoretical uncertainty of 0.1 eV
the absolute value offp , and the unknown structural detai
and exact stoichiometry of the experimental interfaces, g
general agreement is found between the theoretical and
perimental trends.

Experimentally, the band discontinuities at the Al/GaA
Al/AlAs, and GaAs/AlAs~100! interfaces verify the transi
tivity rule within experimental uncertainty: the differenc
Dfp5fp(AlAs) 2fp(GaAs) ranges from 0.45 to 0.6 eV
and the band offset VBO~GaAs/AlAs! from 0.45 to 0.55
eV.47 In our calculations, the transitivity rule is verified t
within a few tenths of meV for the As-terminated TS1~100!
junctions and for the TS5 and TS28 ~110! junctions: the cor-
responding LDA values forDfp range from 0.42 to 0.49 eV
and the LDA value of the VBO is 0.49 eV~see the Appen-
dix!. The many-body, spin-orbit, and Ga 3d corrections48

described in Sec. II apply to bulk values, and do not aff
the transitivity properties. In the case of the catio
terminated~100! interface, we find a larger deviation from
the transitivity rule:;0.2 eV, which is related to the fac
that this is the interface where the composition within t
semiconductor layer in contact with the metal changes
most withx.

It should be noted in this connection, and when comp
ing with experiment, that a Ga-Al exchange reaction yield
excess AlAs near the interface is known to take place
Al/GaAs~100! junctions.49 In fact, from total-energy calcu
lations, we find that a substitution of the Ga atoms by
atoms in the Ga plane adjacent to the interface lowers
formation energy of the cation-terminated~100! junction by
0.7 eV formAs5mAs

bulk ~upper bound of the As chemical po
tential!. The same substitution increases the formation
ergy by less than 0.1 eV for the lower bound ofmAs (mAs

5mGaAs2mGa
bulk).50 Such a substitution is therefore energe

cally favorable in most of the physically allowed range
mAs . The Ga-Al exchange reaction, driven by the large h
of formation of AlAs, is expected to occur experimenta
also in Al/Ga12xAl xAs (100) junctions with 0,x,1.
When the calculations of the Schottky barriers are perform
for cation-terminated Al/Ga12xAl xAs (100) junctions in-
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cluding one~or more! AlAs bilayer~s! at the interface, the
deviation from the transitivity rule decreases to a few ten
of meV, and the barrier variation with alloy compositio
becomes similar to those found for the other interfaces~see
Fig. 3!. We note that somewhat similar results were a
obtained from full-potential linearized angmented-plan
wave calculations for cation-terminated Al/GaN~100! junc-
tions. The Ga-Al exchange reaction was found to be exoth
mic, and the Schottky barriers of junctions including Al
interlayers were found to exhibit only very small deviatio
from the transitivity rule.51

C. Linear-response approach

In the case of semiconductor heterojunctions, an appro
based on linear-response theory~LRT! showed that the band
offset in isovalent heterojunctions, such as GaAs/AlAs,
pends only on the bulk properties of the semiconduc
constituents.23 Here we will use a similar approach, focusin
on the properties of the charge density in the junctions
explain the Schottky-barrier trends with semiconductor al
composition and the link with heterojunction band offsets

Similarly to the Schottky barrier in Eq.~1!, the band off-
set is conveniently split into two contributions:DEv1DV.
The first term is the band-structure term, which is equal
the difference between the valence-band-edge energies
sured with respect to the average electrostatic potential in
two semiconductors, and the second term is the electros
potential lineup at the interface. Since the band-struct
terms are bulk quantities, and verify, by definition, the tra
sitivity rule, the potential lineups are the main focus here

Within the LRT approach,23 a semiconductor heterojunc
tion such as GaAs/AlAs is considered as a perturbation w
respect to an appropriate bulk reference, which may be c
sen as one of the two semiconductors, e.g., GaAs. The
turbation that builds up the GaAs/AlAs interface amounts
replacing all Ga ions by Al ions on one side of the GaA
GaAs homojunction. The charge density induced by this p
turbation, which is responsible for the lineu
DV(GaAs/AlAs), is given, to the first order, by a superpo
tion of charge densities induced by single Ga→ Al atomic
~or atomic-plane! substitutions in bulk GaAs. The corre
sponding potential lineup reads

DV 5
LRT

2
2pe2

L
a E z2Dnbulk

a ~z!dz

5
LRT

2
2pe2

3V E r 2Dn̂bulk~r !dr , ~5!

where L is the distance between two consecutive catio
planes in the junction,a refers to the interface orientation
V is the volume of the bulk unit cell, and
Dnbulk̂(r ) @Dnbulk(z)# is the ~planar-averaged! charge-
density induced by the single Ga→ Al ~atomic! atomic-
plane substitution in bulk GaAs. For the GaAs/AlAs syste
the lineup calculated within LRT is identical, to within 0.0
eV, to the result obtained from full self-consistent superc
calculations.28 The LRT results@Eq. ~5!# show that the lineup
is determined only by bulk quantities, and is the same for
interface orientations.
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In a similar way, we consider the Al/AlAs junction as
perturbation with respect to the Al/GaAs junction. We th
construct the charge density of the Al/AlAs interface, sta
ing from the Al/GaAs interface, by adding a linear superp
sition of the charge-density responses to single Ga→ Al
atomic-plane substitutions in the semi-infinite semiconduc
region. We note that an ideal linear superposition of the b
semiconductor responsesDnbulk(z) in that region would in-
duce a change in the potential lineup across the inter
identical toDV(GaAs/AlAs) in Eq. ~5!, that would satisfy
the transitivity rule. The actual response,Dni(z), to the sub-
stitution of theith cation layer from the Al/GaAs interfac
must coincide withDnbulk(z) for large i. The nonbulk con-
tribution,DVdiff , to the potential lineup, which is responsib
for the deviation from the transitivity rule

fp~Al/AlAs !2fp~Al/GaAs!5DEVBO~AlAs/GaAs!

1DVdiff , ~6!

derives thus from the polarization of theDni(z) near the
interface.

In Figs. 4 and 5, we compare the responseDni(z) to the
bulk responseDnbulk(z) for substitutions performed within
the first three cation layers from the interface in the G
terminated Al/GaAs~100! junction and in the TS5 Al/
GaAs~110! junction. Except for the substitution performe

FIG. 4. Planar average of the valence-charge density induce
Ga→ Al single-plane substitutions in the Ga-terminated TS1
GaAs~100! junction. The plane-averaged charge density induced
a Ga→ Al (100) single-plane substitution in bulk GaAs is als
shown for comparison~dashed line!.
-
-

r
lk

ce

-

within the plane adjacent to the metal, the other substituti
give rise to charge profilesDni(z) very similar to the bulk
result. The presence of the metal can be seen to induce s
asymmetry in the response, which decreases rapidly witi.
Assuming thus a linear superposition of theDni(z) in the
semiconductor region, the deviation from the transitivity ru
is given by

DVdiff 5
LRT

(
i

di , ~7!

where

di54pe2E zDni~z!dz ~8!

are the microscopic dipoles induced by the asymme
Dni(z) near the junction. In Table III, we reported the valu
of DVdiff and of the dipolesdi for the As- and Ga-terminated
~100! junctions and for the TS5~110! junction.52 The dipoles
di vanish beyond the fourth cation plane from the interfa
The results in Table III show that this LRT approach a
counts for most of the deviation from the transitivity rul
The remaining difference is comparable to our numerical
certainty.

This atomic scale study allows one thus to understand
terms of the microscopic properties of the charge density

by
/
y

FIG. 5. Planar average of the valence-charge density induce
Ga→ Al single-plane substitutions in the TS5 Al/GaAs~110! junc-
tion. The plane-averaged charge density induced by
Ga→ Al (110) single-plane substitution in bulk GaAs is als
shown for comparison~dashed line!.
st
TABLE III. Dipoles di ~in eV! induced by Ga→ Al single-layer substitutions performed within the fir
few cation layersi ( i 51, . . . ,4) from the metal in Al/GaAs~100! and ~110! junctions. The dipoles are
negligible beyond the fourth cation layer.DVdiff is the deviation~in eV! from the transitivity rule as calcu-
lated from Eq.~6!.

Interface Al/GaAs d1 d2 d3 d4 ( idi DVdiff

~100! As-term. 10.05 20.04 20.01 0.00 0.00 0.00
~100! Ga-term. 20.09 20.04 20.03 0.00 20.16 20.18
~110! TS5 10.01 20.04 20.03 20.02 20.08 20.05
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the junctions, the observed correlation between band-of
and Schottky-barrier trends. The results show that the va
tion of the lineup with the alloy composition can be deco
posed into two contributions. A first~dominant! bulk contri-
bution depends only on the semiconductor material, an
related to the charge-density building blocks emphasize
the LRT description of the band offsets. This contribution
always present and leads to transitive properties of the b
discontinuities. The second contribution is interface relat
accounts for the deviation from the transitivity rule, and d
rives from local dipoles induced by changes in the semic
ductor composition within essentially the last semiconduc
layer in contact with the metal. For the Al/Ga12xAl xAs sys-
tem, this contribution was found to be relevant only in t
case of the cation-terminated~100! junction. Moreover, we
showed that the Ga-Al exchange reaction, which is known
take place experimentally in Al/GaAs junctions, tends to
duce this contribution.

V. CONCLUSIONS

Using anab initio approach, we examined the atomic a
electronic structures of chemically abrupt epitaxial Al/Ga
and Al/Ga12xAl xAs (100) and~110! junctions, and investi-
gated the dependence of the corresponding Schottky ba
height on the interface geometry and semiconductor a
composition. For the prototype Al/GaAs system, our cal
lations showed a unique equilibrium epitaxial geometry
the polar~100!-oriented interface for a given cation or anio
termination of the semiconductor surface. For the nonpo
~110! interface, instead, we obtained competing structu
with different interfacial bonds. This diversity results from
competition between the optimization of covalentlike bon
involving the anions of the semiconductor surface and
lected Al surface atoms, and metalliclike bonds involving t
cations and the Al surface atoms.

Our results concerning the electronic properties of th
systems showed that, depending on the atomic structures
orientation of the interface, the absolute value of t
Schottky barrier can change by as much as 0.4 eV. Howe
for a given equilibrium interfacial atomic geometry, th
Al/Ga12xAl xAs(100) and~110! junctions exhibit similar bar-
rier variations with semiconductor alloy compositionx,
amounting to the GaAs/Ga12xAl xAs band offset. This trend
is not substantially affected by deviations from the bulk s
ichiometry in the interfacial region, and was explained on
atomic scale by extending to metal/semiconductor interfa
a linear-response approach employed in the study of b
offsets.
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APPENDIX: ROLE OF THE Ga 3 d ELECTRONS

In this appendix, we discuss the effect of the Ga 3d elec-
trons on the Al/GaAs~100! Schottky barrier and on the
GaAs/AlAs~100! band offset, and its impact on the transiti
et
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ity properties of the band discontinuities at the Al/GaA
GaAs/AlAs, and Al/AlAs interfaces. Our calculations we
performed in two steps. The Ga 3d states were first treated a
frozen core orbitals, and we used a nonlinear core correc
for the exchange-correlation potential53 which partially takes
into account the effects of the Ga 3d electrons. We then
carried out the full calculations, including also the relaxati
of the semicore orbitals, by treating the Ga 3d states as va-
lence states. The latter calculations were performed w
Troullier-Martins pseudopotentials using a plane-wav
energy cutoff of 100 Ry. The computations of the GaA
AlAs ~100! band offset were performed with a 616 supercell
using a~6, 6, 2! MP grid. The other computational details a
as given in Sec. II. The results for the Al/GaAs Schott
barrier and GaAs/AlAs VBO are listed in Table IV.

We separated the effect of the Ga 3d electrons into two
contributions related to changes in the structural parame
and in the chemistry~see Table IV!. The first effect takes
into account the increase in the GaAs equilibrium lattice c
stant,aGaAs, from 5.53 to 5.59 Å, which occurs when the G
3d electrons are treated as valence electrons instead of
electrons. Changing only the lattice parameter and keep
the Ga 3d electrons in the core~or in the valence! lowers the
Al/GaAs Schottky barriersfp by 0.06 eV and the AlAs/
GaAs valence band offset by 0.03 eV~using the same lattice
parameter for GaAs and AlAs!. The same variation from
5.53 to 5.59 Å in the AlAs lattice parameter would redu
the Al/AlAs Schottky barrierfp

(LDA) from 1.14 eV to 1.09
eV, i.e., by 0.05 eV. These changes are consistent~to within
our numerical accuracy! with the variations one would pre
dict based on the volume change~13.2%! and hydrostatic
deformation potentials of GaAs and AlAs:54

Dfp(Al/GaAs)520.04 eV, Dfp(Al/AlAs) 520.05 eV,
and DVVBO(GaAs/AlAs)510.01 eV. These variations ar
therefore controlled essentially by the bulk properties of
semiconductors.

The second effect corresponds to the inclusion, at fix
geometry, of the Ga 3d states among the valence states. P
forming this change ataGaAs55.59 Å ~or 5.53 Å! lowers
the Schottky barrierfp(Al/GaAs) by 0.05 eV and increase
the band offsetDEVBO(AlAs/GaAs) by almost the same
amount, i.e., 0.06 eV. This 0.06 eV increase in the AlA
GaAs VBO is exactly equal to the VBO we obtain at a GaA
GaAs~100! homojunction in which the Ga 3d electrons are
treated as core electrons on one side of the junction an

TABLE IV. LDA values of the Al/GaAs~100! p-type Schottky
barrier height (fp) and of the AlAs/GaAs~100! valence-band offset
DEVBO for different treatments of the Ga 3d states, namely, as cor
states with and without the nonlinear core correction~nlcc! and as
valence states. The Schottky barrier has been calculated for
As-terminated TS1 interface structure illustrated in Fig. 1. All e
ergies are in eV.

aGaAs55.53 Å aGaAs55.59 Å
Ga 3d fp

(LDA) DEVBO fp
(LDA) DEVBO

Core states 0.64 0.50 0.58 0.47
Core states with nlcc 0.62 0.53 0.56 0.50
Valence states 0.59 0.56 0.53 0.53
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valence electrons on the other side of the junction. T
chemical effect of the Ga 3d electrons can be considere
thus as a bulklike correction that raises the GaAs valen
band edge by about the same amount in all cases.

Because of the bulklike nature of the above effects,
Ga 3d-related corrections do not affect the transitivity pro
erties of the band discontinuities at the Al/GaAs, GaAs/Al
and Al/AlAs interfaces by more than our numerical unc
tainty, i.e., 0.04 eV. We note that for the Al/GaAs Schott
barrier the structural and chemical corrections add up, yie
,
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ing a total correction of;0.1 eV, whereas in the case of th
GaAs/AlAs VBO the structural contribution resulting from
the AlAs volume change partially cancels out the GaA
related corrections, yielding a total change of only 0.03 e
Finally, we would like to note that the nonlinear-core corre
tion correctly reproduces the change from 5.53 to 5.59 Å
the GaAs lattice parameter and the related structural cor
tions on the band discontinuities, but accounts for only 5
of the chemical correction onfp(Al/GaAs) and on
DEVBO(GaAs/AlAs).
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