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Structural and compositional dependences of the Schottky barrier
in Al/Ga;_,Al,As(100 and (110 junctions
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Institut de Physique Applidee Ecole Polytechnique Frale de Lausanne, CH-1015 Lausanne, Switzerland
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Based orab initio pseudopotential calculations, we have examined the equilibrium atomic geometries and
electronic structure of chemically abrupt epitaxial Al/GaAs and Al/GAl,As(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, AYGAI,As(100) and(110 junctions
exhibit compellingly similar barrier variations with alloy composition, which amount to the GaAs/@& As
band offset. The observed trend is explained on the atomic scale using a linear-response-theory approach.
[S0163-18299)07811-X

[. INTRODUCTION In the present study, we use first principles calculations to
clarify some of these contrasting behaviors for the prototype
Although metal/semiconductor interfaces have been studAl/Ga; _,Al,As system. The existence of good lattice match-
ied for several decades, the mechanisms of Schottky-barriémg between Al and Ga,Al,As, which gives rise to
formation are still far from being completely elucidated. guasiepitaxial Al/Ga_,Al,As(100) (Refs. 14—-1% and Al/
Until recently, most measurements of Schottky barriers inGaAs(110) contacts:’ allows first-principles investigations
metal/lll-V-semiconductor junctions indicated a relatively of fully developed metal/semiconductor interfaces. Previous
weak dependence of the barrier height on the metal type ab initio studies examined the electronic structure of epitax-
on interface-specific characteristics such as interface orientéal Al/GaAs junctions using as a starting atomic geometry a
tion or contact fabrication method. Models of Schottky- configuration derived from the juxtaposition of truncated
barrier formation were proposed that explained this behaviobulk structures aligned so that some of the metal-surface ions
based on various Fermi-level pinning mechanisms, such asccupy atomic sites in the continuation of the semiconductor
pinning by metal-induced gap statest an intrinsic charge lattice1®-?* These pioneering studies showed that substantial
neutrality level of the semiconductdf,or pinning by native changes in the Schottky barrier could be induced altering the
defect states at some extrinsic gap le¥&Moreover, a cor-  atomic structure of the interface. Systematic investigations of
relation between Schottky barriers and heterojunction banthe energetics and relative stability of different types of epi-
offsets was observed experimentally for a number oftaxial configurations are, however, much more scarce. Needs
systems. These included contacts to Ill-V alloys such aset al. examined the formation energies of various Al/
AllGa, ,Al,As, CoGa/Ga ,Al,As® Mo/Ga,_,Al,As, GaAs(110) epitaxial structures obtained by translating the
Au/Ga,_,Al,As,” and Au/ln _,GaAs, P, lattice matched metal overlayer parallel to the semiconductor surfgcehe
to GaAs® which exhibit Schottky barrier variations with results indicated that the lowest-energy structure differed
semiconductor alloy composition identical to that of the cor-from previous atomistic modéfs!® and that the Schottky
responding GaAs/Ga,Al,As or GaAs/In_,GaAs; P, barrier could change dramatically with the translation state.
band offsets. This behavior was also interpreted in terms of In  this paper, we focus on the epitaxial
band alignment controlled by pinning of bulk referenceAl/Ga;_,Al,As(100) and(110 junctions, and study the de-
levels!® pendence of the Schottky barrier height on the semiconduc-
In recent years, however, significant variations of thetor alloy composition as well as on the interface geometry.
Schottky barrier with metallization and/or with surface or To determine the epitaxial structures, we carried out a sys-
interface preparation were report€d®For instance, differ- tematic study of atomic relaxation and relative stability of
ences as large as 0.4 eV were found between the values vérious translation states for both the Al/GaA80 and
the Schottky barrier measured at Al/GaA40 contacts (110 junctions. For the polar Al/GaAd00 junctions, we
grown by metal cluster deposition and those measured ifound a unique equilibrium interfacial configuration for a
junctions grown by conventional deposition methétEven  given cation or anion termination of the semiconductor sur-
larger barrier changes, approaching 1 eV, were demonstratédce, consistent with previous atomistic models. For the Al/
in  Al/GaAs(100 junctions containing ultrathin Si GaAs(110 junctions, instead, we obtained a series of struc-
interlayers:® These recent developments reveal a muchures characterized by different interfacial bonds. In contrast
weaker electronic pinning than previously believed and emto previous worké? we find that these structures are all es-
phasize the role of the interface atomic structure in determinsentially degenerate in energy and give rise to relatively
ing the Schottky barrier height. similar Schottky barrier heights when the atomic structure at
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the interface is fully relaxed. Together, our results forequation from the self-consistent supercell charge density us-
Al/Ga, _,Al,As(100)- and (110-oriented junctions show ing the techniques of the planar and macroscopic averdges.
that although the absolute value of the Schottky barrier de- Our LDA values for the Schottky barriers are subject to
pends on the atomic structure and orientation of the intersomea posteriori corrections due t@i) many-body effects,
face, for a given orientation and equilibrium geometry of theii) spin-orbit interactions, andii) semicore-orbital effects.
interface, the variation of the barrier with semiconductor al-many-body corrections to the LDA band-edge enefgy

loy compositionx essentially follows the GaAs/Ga,Al,As  have been evaluated from self-energy calculations for GaAs

band offset. This behavior is explained on the atomic scalg, Refs. 22 and 31, and for AlAs in Ref. 31. Two different
by extending to metal/semiconductor interfaces a linear; alues were reported for GaAdES™S= (036 eV (Ref
5 . .

response-theory approach currently used to interpret ban ) and —0.17 eV (Ref. 31. The difference is due, most

offset trends at semiconductor heterojunctihs. likely, to the fact that different exchange-correlation func-
tionals were used in the two studies. We decided to use the
value of Ref. 22, which corresponds to the same exchange-
The calculations were performed within the local-densitycorrelation functional as employed in our study. The many-
approximation(LDA) to density-functional theor¢yDFT) us-  body correction for AlAs was included using the correction
ing Troullier-Martins pseudopotentidfsin the Kleinman- for GaAs, and the difference between the GaAs and AlAs
Bylander nonlocal fornd> We employed the exchange- corrections as evaluated in Ref. 31, i AES¥S— AEAAS
correlation functional by Ceperley and Aldé&. The =0.1 eV. The latter result is the commonly accepted value
electronic wave functions were expanded in a plane-WaV%r the many_body correction on the AlAs/GaAs valence-
basis set, which allows for a convenient momentum-spacgand offset(VBO).>® In principle, no self-energy correction
formulation?’ To describe the alloying on the cation sublat- s required for the Fermi energy of the me®§, which
tice in quxAles’ we used the virtual-crystal ghoyid be correctly described by the highest occupied eigen-
approximatio”® and we treated Ga,Al,As as lattice yaie within DFT In fact, similar LDA-DFT calculations

maiched to GaAs. _ _ _ performed with the same Al pseudopotential as in the present
The isolated metal/semiconductor interfaces were simugy,qy yield work functions for the three main surface orien-

lated using a slab geometry in supercells characterized byions of Al, which agree to within a few tenths of meV with

two integers,n+m, corresponding to the number of semi- gxherimene? In this paper, we therefore use g the bare
conductor and metal layers, respectively. Most of our calcuy pa.pFT result3*

lations were performed using a-F supercell for thg110 The spin-orbit splitting Aso of the semiconductor

orientation and a 187 supercell for th100) orientation.  y5jence-band edge, neglected in our scalar-relativistic calcu-
We employed, however, larger supercells to study the eﬁeol'éations, decreaseAE, by 1Aso. Using the experimental

of Ga— Al atomic substitutions performed near the interfacevame of Ago thisp yields a spin-orbit correction of

in Al/GaAS(lOO) and (110) junctionS(Sec. \Y] Q FOI’ S.UCh —~0.11 eV (_009 ev) on¢p for Al/GaAs (Al/A|AS) We
calculations we used a 35 supercell for thé110) junction  paye stydied in detail the effects of the semicore Ga 3

and a 23.'7 supercell fo_r the(lOO)_juncti(_)n. .A” supercell  gjactrons on the AllGaAs Schottky barrier in the case of a
computations were c_arrlgd out with a klnetl_c—energy C“tOﬁ(loo)-oriented junction(see the Appendix We show in the

of 16 Ry. For the Brillouin-zoné€BZ) integrations we used Appendix that the Ga @ effects can be considered aduaik
(6,6,2 and (6’.4’ 2 Monkhorst-chk(MP) grids for the correction, which raises the top of the valence band in GaAs
(100 and (110 interfaces, respectively. A Gaussian broad-j),, g 1 ev. We note that this correction also takes into ac-
ening scheme, with a full W'dth.at ha.llf maximum of 0.1 eV, o4t the increase in the GaAs equilibrium lattice parameter
was used to qeal W'th the parthl filling of the bar"ras“[.he due to the presence of the Gd glectrons, which accounts
relaxed atomic positions at th? interfaces were obtained b?'or 50% of the shift. The same increase in the AlAs lattice
total-energy minimization using the HeIImann—Feynmanparal,neter also decreasesg(AlAIAs) by 0.05 eV. In the

foriess.often done in band alignment prablems, we split thefollowing, we therefore treat the Gad3orbitals as core
Schottky barrier height into two parf&=° states, and use a rigid correction of0.10 eV on

dp(Al/GaAs) to take into account the GadZffects and a
$p=AE,TAV. (1) correction of —0.05 QV on qﬁp(AI/AIAs) to take |nto ac-
count the corresponding change in the AlAs lattice param-
The first partAE, is the difference between the Fermi level eter. The correctiongi) to (iii) described above are bulk
of the metalE; and the valence-band edge of the semicon-corrections, independent of the atomic structure and orienta-
ductorE, each measured with respect to fliledefined and tion of the interface. They sum up to a global correction of
set to zero in the bulk calculationaverage electrostatic po- +0.15 eV ong,(Al/GaAs) and+0.32 eV ong,(Al/AIAS).
tential in the corresponding crystal. We evaluatgel, from  For ¢,(Al/Ga; —,Al,As) with 0<x<1, we use a linear in-
two separate bulk band-structure calculations performed witlterpolation between these two values.
a 40-Ry cutoff, and using thél6, 16,16 and (8, 8,8 MP The estimated uncertainty on the absolute valuepgf
grids to sample the charge density of the metal and semicoriaking into account the various corrections +4s0.1 eV.
ductor, respectively. The second tetkV is the difference However, for the relative values of the Schottky barriers the
between the average electrostatic potentials in the two matestimated uncertainty is of the order of our numerical accu-
rials, far from the interface. This term contains all interface-racy, i.e.,~40 meV. Similarly, for the absolute value of our
specific contributions te,. AV was derived via Poisson’s computed formation energies, we estimate the uncertainty as

IIl. METHOD
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GaAs [001] Ao AL GaAs [001] Al [130] In our study, we used the theoretical equilibrium lattice
parameters ag,as=5.53 A, ay=3.97 A (a=3.91 A),
GaAs [010] gy \/ GaAs [170] Al[001] and the calculated elastic constan@;;=120 GPa, C,
= =70 GPa, andC,,=36 GPa. The experimental values are:

@ @ @

a%h =5.65 A, a®P=4.05 A, C®P=114 GPa, CZ¥=62
GPa, andC$i?=32 GPa®® The theoretical values of the Al

@ 4 elastic constants were determined from the stress/strain de-
o ! pendence using a 40-Ry cutoff and up~+&®000 irreducible
i 5 points in the BZ. The stresses were found to depend linearly
32(1) é T on strain for deformations up to 1.5%. The resulting lattice
4 @ P ; 3 constants of the AIL00 and (110 overlayers along the
: growth direction ara{®”=4.05 A anda{''9=4.04 A.
Al/GaAs (100) As-terminated Al/GaAs (110)

In order to fully specify the lattice alignment at the unre-
FIG. 1. Epitaxial geometries of the As-terminated Al laxed abrupt interfaces, additional information is needed on

GaAs(100) interface(left pane} and Al/GaAs(110) interface(right the relat!ve position of the f|r_st Al layer with respeq tc_) the
pane). Different translation state@S) are obtained by rigidly dis- last Semlco_ndu_ctor plane. Thls can be done by specifying t_he
placing the Al overlayer parallel to the semiconductor surface. The0rresponding interplanar distance as well as the translation
TS’s considered in this paper are indicated by numbers, which showtate (TS) parallel to the semiconductor surface of the Al
the projected position of an Al ion of the first metal layer on the layer. The interplanar distance at the interface determines—
semiconductor surface. The shaded area shows the irreducible zotgether withagaasanda, —the length of our supercell. The
of the translation states. The labels used for(t) TS's are the  five (100 and six(110 initial (unrelaxed TS's considered
same as in Ref. 22 and the arrows indicate, for each TS, the disn this paper and the irreducible wedges of the possitde)
placement of the Al slalfcentral layey relative to the GaAs slab and(110 TS's are shown in Fig. 1. For tH&00) orientation,
after relaxationsee text we considered both the As- and Ga-terminated G4A6)
surfaces. For the interplanar distance, we used the bulk
0.2 eV per surface atom, whereas the estimated accuracy @aAs(110) interplanar distance for the Al/GaA$10) junc-
the relative values of the formation energies for the variousions (2.0 A) and the average of the bulk Gaf€0 and
interface configurations is of the order of 0.01 eV per surfaceil (100 interplanar distances for the Al/Gaf&K00) junc-

atom. tions (1.7 A). These values are close to the optimal values of
the interfacial distance that we obtain from total energy cal-
OF EPITAXIAL Al/GaAs JUNCTIONS (110 junctions(for the TS1, TS2, and TS5 structuyeand
~1.8 A in the (100 junctions (for the As- and Ga-
A. Lattice alignment at abrupt (100 and (110 interfaces terminated TS1 structures
The Al and GaAs equilibrium lattice parameters verify
experimentally  within  1.3%—within 1.5% in our B. Atomic relaxation and relative stability
calculations—the epitaxial conditiorsi,=agaas/ V2. This of the translation states

means that an AIL0O0) overlayer may be grown epitaxially
on a GaAg100 substate with the Al fcc lattice rotated by an
45° about the[100] axis with respect to the GaAs cubic
lattice. In the case of a GaA%10 substrate, an epitaxial
structure may be obtained with an @10 overlayer rotated 1
by 90° about th¢110] axis with respect to the GaAs lattice. Ef:_( Etot— E N i
These two types of epitaxial structures have been observed 2 [
experimentally:>1” and atomistic models corresponding to _
abrupt junctions are presented in Fig. 1 for these two types ofN€T€Et is the total energy of the supercell, andand ;
interfaces. are the number of atoms and the chemical potential for each
Following macroscopic elasticity theory, the lattice mis- &l0MiC species in the supercell. The facto in Eq. (4)
match is accommodated, in such pseudomorphic structure@ccounts for thg fact that the supercell includes two equiva-
by a deformation of the Al overlayer along the growth direc- €Nt interfaces® The chemical potentialguy and gaas

tion, corresponding to a lattice constant given by = peat mas are given by the total energies of the corre-
sponding bulk materialstrained in the case of Aper unit

In Table I, we present the formation energies of the As-
d Ga-terminated Al/GaA400 interfaces for the five ini-
tial TS’s. The formation energ; is given by

: 4

Cyf a cell. Since the supercells with thi&00) orientation contain a
al0—g,(1-222 3 } (2)  different number of Ga and As atoms, the formation energy
Cuslan of their interfaces depends linearly on the isolated &sGa
chemical potential. The value of the A&a) chemical po-
INCEC I P C11+3Cyo— 2044/ﬂ B 3 tential and the relative stability of the As- and Ga-terminated
L Al C11+Cipt2Cyy | ap : interfaces are normally determined by the experimental con-

ditions. Here, as we are interested only in the relative stabil-
WhereanzaGaAS/\/E is the Al in-plane lattice constant and ity of the different(100) TS’s with a given cation or anion
Cj; are the Al elastic constants. surface termination, we arbitrarily set the value of the As
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TABLE I. Formation energy ;) per semiconductor surface atom apdype Schottky barrier height
(¢p) for the different translation staté3'S) of the unrelaxed Al/GaAgLl00 interface illustrated in Fig. 1.
Results are given for the As and Ga terminations of the Ga8@ surface. The last line gives the corre-
sponding values for the relaxed lowest energy configuration (J.330or the TS4 (TS} interface structures,
the reported value dE; is the average of the TS4 and T&¥mation energie$Ref. 36. A rigid correction
of +0.15 eV should be added to the LDA values of the Schottky barriers to take into account relativistic,
many-body and Ga @ effects on the GaAs valence-band edgee text

Translation E; (eV) PN (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, TS4 2.16 2.60 0.57, 0.72 0.46, 0.52
TS5 5.75 5.56 0.50 0.35
TS1 0.61 1.16 0.65 0.49

chemical potential tgu,ﬂ‘;'k, i.e., to the value in the As bulk- figuration close to the TS5 structure (T'95 Except for

metallic phase(a choice corresponding to As-rich condi- some local relaxation at the interface, most of the changes in
tions). Another choice would simply rigidly shift the forma- the TS’s can be described as a rigid displacement parallel to
tion energies of the As-terminated junctions with respect tdhe interface of the Al slab with respect to the GaAs siab.
those of the Ga-terminated junctions. The corresponding in-plane displacements for the different

Inspection of the formation energies in Table | and of theTS’s are indicated in Fig. 1. After relaxation, all of the TS’s
relative positions of thé100) TS’s in Fig. 1 indicates that are essentially degenerate in enetgge Table I\.
the only possible candidate forimetgstable interface struc- The relaxations of the TS4 and TS6 structures can be
ture is the TS1 geometry, both for the As- and Ga-terminatedinderstood relatively easily based on the projected interface
junctions. In both cases, the energy of the TS’s increasestructures in Fig. 1. In the TS4 configuration, one half of the
with increasing displacement of the overlayer with respect t@toms of the first Al layefAl-1) sit on top of the surface As
the TS1 configuratior{from TS1 to TS2 and to TS3, and atoms, while the other halfAl-1l ) are located on top of tet-
from TS1 to TS4 and TS5In the favorable TS1 configura- rahedral interstitial sites. This gives rise to ultrashort/extra
tion, the atoms of the first Al layer occupy substitutional siteslong interfacial bonds between the Al-I/Al-Il atoms and their
(Al-1) and tetrahedral interstitial sitédl-11) in the continu- As/Ga nearest neighbors. These unfavorable bonds are either
ation of the semiconductor zinc-blende latticgme Fig. 1 shorter than 2 A (As, Al-l) or longer than 3 A (Ga, Al-Il).
The full relaxation of the atomic positions at the TS1 inter- The relaxation to the TS1structure increases the length of
face (configuration TS1 in Table ) lowers the formation the former to 2.8 A, while reducing that of the latter to 2.74
energy by~0.2 eV for both terminations. This energy gain A . The situation is quite similar for the TS6 structure. In this
is related mainly to a buckling of the first Al layer, which case, the As and Ga atoms—and therefore the short and long
reflects the different types of bonding of the Al-l and Al-Il bonds—are interchanged with respect to the TS4 structure.
atoms to the semiconductor surface. The interplanar distancehe relaxation to the TS2structure increases the length of
between the Al-KAl-Il ) sublayer and the semiconductor sur- the short(Ga, Al-l) bonds to 2.46 A, while reducing that of
face decreasdincreasey due to the increased covaldme-  the long(As, Al-1l) bonds to 2.72 A.
tallic) character of the corresponding interfacial bonds. This
behavior and the equilibrium atomic geometries of the As-
and Ga-terminated interfaces are consistent with the resullg’, 'y 2110, interface described in Fig. 1. Results are given
of a previousab initio study by Dandrea and Duke, focusing for unrelaxed and relaxed interface structures. A rigid i

. gid correction of

On\;\r;e TS?‘ conggurqthl?ﬂ vsis of th s f +0.15 eV should be added to the LDA values of the Schottky
_VVe performed a similar analysis o the TS's for 140 barriers to take into account relativistic, many-body and Ga 3
orientation. The formation energies of thi&10) TS's are  fects on the GaAs valence-band edgee text

displayed in Table II. Although the irreducible wedge of the

TABLE Il. Formation energy ;) per GaAs pair ang-type
chottky barrier heights,) for the different translation stat¢$S)

TS's is larger than in the case of tli#00 orientation, the  Transiation E; (eV) PR (V)

range of the formation energies for the unrelaxed configurag;4e Unrelaxed  Relaxed Unrglaxed Relaxed
tions is significantly smaller. The three lowest energy con-

figurations (TS1, TS2, and TS5 in particular, have very TS1 1.79 1.24 0.67 0.27
similar formation energies. When the atomic structure is al-TS2 1.68 1.27 0.31 0.34
lowed to relax, drastic changes are observed in the epitaxidlS3 2.19 1.25 0.56 0.23
geometry. The TS1 and TS4 structures collapse on an intefrS4 3.00 1.24 0.56 0.26
mediate (TS1) configuration. Similarly, the TS2 and TS6 TS5 1.62 1.24 0.25 0.22
structures relax towards an intermediate (TS2onfigura- TS6 3.15 1.27 0.21 0.34

tion, while the TS3 and TS5 structures relax towards a con
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TS2' As atom, forms long metalliclike bonds with the two
neighboring Al-ll atoms across the interfa@€ég. 2). These
different types of bonding configurations for the As and the
Ga atoms tend to preserve the fcc atomic arrangement of the
first layer of Al

The TS8B structure is intermediate between the TShd
TS2' structures. In this case, two short bonds are established
across the interface, one from the As to the Al-I at(@m4
A) and one from the Ga to the Al-ll atort2.48 A). The
second-nearest Al neighbor of the ASa) atom is at a dis-
tance of 3.30 A (3.15 A), i.e., far beyond the Al-Al inter-
atomic distance in the metal. The formation energy of the
TS5 structure is identical to those of the TSand TS2
structures to within 30 meV per GaAs pair, which is less
thankgT per atom at room temperature. This is at the limit of
our accuracy, and the three structures should therefore be
considered as essentially degenerate in energy. Other TS'’s
intermediate between TSland TSZ2 in Fig. 1 are also ex-
pected to yield configurations with similarly low formation
energies. This situation is in contrast to the case of 10€)
junction, for which a unique equilibrium configuration was
obtained for a givertAs or Ga termination of the semicon-
ductor. The existence of quasidegenerate equilibrium interfa-
cial configurations for the nonpolal10 junction results
from a competition between the optimization of covalentlike
bonds between the anions of the semiconductor surface and
selected Al (Al-1) surface atoms, and mixed covalent/
metallic bonds between the cations and the (Aknd II)

FIG. 2. Radial distribution of neighboring ions around an As ion surface atoms.

(left pane) and around a Ga iofright panel of the semiconductor
surface at théa) TS1 and(b) TS2 Al/GaAs(110) interfaces. The
gray bars correspond to the startiigrelaxed configuration and

the black bars to the relaxed configuration.

There is a strong parallel between our results and conclu-
sions for the fully developed Al/GaA410 interface and
those obtained by Schmidt and Srivastava who studied one
monolayer of Al absorbed on the Gafs0 surface®®
These authors also found, fraa initio calculations, several

In Fig. 2, we show the radial distribution of ions around competing structures characterized by almost identical ad-

each As and Ga surface atom in the TS1 and TS2 structuresprption energies but different surface bonding configura-
before and after relaxation. In the T$IS2) structure, each tions. Two of their most favorable Al epitaxial configurations
surface AS(Ga) atom has 2 Al and 3 G&As) nearest neigh- (the As-dimer and Ga-dimer configurationsorrespond to
bors at a distance equal to the Ga-As bond length in GaAshe atomic arrangement of the Al-l and Al-ll ions in the
This represents a significant overcoordination with respect tdS1’ and TSZ structures. Schmidt and Srivastava obtained
the situation in bulk GaAsin terms of number of neighbors two other favorable high-symmetry structures: the epitaxially
as well as ionic charggsAfter relaxation of the TS1 struc- continued layer structuréECLS) and the irregular chain
ture, one of the Al nearest neighbors of the As at@he  structure(IRC). The atomic arrangement of the Al layer in
Al-Il atom) has moved away from the As to a distance thatlatter two configurations, however, is not compatible with
exceeds the Al-Al nearest-neighbor distance in the metakhat of an Al fcc lattice. In fact, with the constraint of a fully
This leads to a situation in which the As atom has almostleveloped epitaxial overlayer, we find that the ECLS and
recovered its bulk coordination. After relaxation of the TS2IRC interfacial configurations do not remain energetically
structure, one of the Al nearest neighbors of the Ga dtben  competitive>®
Al-I atom) has also moved away from the Ga. In this case, Needset al. have also examined the formation energies of
the corresponding Ga-Al separation is almost identical to thehe six Al/GaAg110 TS's illustrated in Fig. 1 using aab
Al-Al bonding distance in the bulk-metallic phase. Becauseinitio pseudopotential approaéhFor the unrelaxed configu-
of this additional “metalliclike” bond, the remainingshor)  rations, the energy ordering we obtain for the different TS’s
Ga-Al bond and especially the two in-plane As-Ga bondss the same as in their study, and the formation energies
weaken, as indicated by the corresponding increased borafree to within 0.2 eV. For the relaxed configurations, how-
lengths in Fig. 2. ever, our results are different. Needsal. found the TS5
The above relaxations tend to restore a “covalent” bond-structure to be the lowest-energy configuration, and reported
ing environment around each As surface atom in the 'TS1a formation-energy range of 0.5 eV per GaAs pair for the
structure, and establish a configuration with mixed covalentlifferent TS’s. Although the TS5 structure is also among our
and metalliclike Ga-Al interfacial bonds around each Ga surfowest energy configurations, our results show that the six
face atom in the TS2structure. In both cases, the remaining TS’s give rise to only three distindmetgstable configura-
semiconductor surface atom, i.e., the TS3a atom and the tions that are virtually degenerate in energy when fully re-
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laxed. These discrepancies are attributed to incomplete 16 14

. . . . Al/Ga, Al As (1 Al/Ga, Al As (110
atomic relaxation of some of the TS’s in the previous study, /Gay Al As (100) /Gay Al As (10)
which might be due to the low-energy cutdf Ry) that was

As-terminated

used for the relaxation. 12 1.0
> >

< 1.0 < 0.8
IV. SCHOTTKY BARRIERS Ol )
& &

hN

A. Dependence on interface geometry 038 ,G;I_xﬂx_temmated‘ 0.6 N
The Schottky barriers of the different Al/Ga&E0 and 06 A T 04 §
(110 TS’s are shown in Tables | and Il. In the polar Al/ , Al-terminated 02 L
GaAs(100 junctions, the Schottky barrier exhibits a non- 0 025 05 075 1 “0 025 05 075 1
negligible dependence on the semiconductor surface termi- x *

nation: <_ﬁp is systematically higher by 0.1 to .0.2 eV. atthe g 3 Alloy-composition  dependence  of  the
As-terminated interface than at the Ga-terminated interfac@ga, Al As (100) and(110 Schottky barrier heightp,, for

(see Table)l For the lowest-energy translation sta®eS1), ifferent interfacial atomic geometries. The symbols show the ex-
the p-type barrier of the As-terminated interface is 0.13 e€Vperimental data from Ref. 14[ ¢, 1(V)] and Ref. 40
higher than that of the Ga-terminated interface. Lattice relax;A, 1(v); O, c(v); O, IPE] for the (100 junctions, and from
ation at the interface changes the values of the two barriemef. 43 (¢ ), Ref. 44 (O), and Ref. 45 Q) for the (110) junctions.

by only a few tenths of an eV, and increases the barrier

difference to 0.16 eV. ported differences as large as 0.7 eV between the Schottky

We note that thé100) Schottky barrier is much less sen- barriers of the relaxed TS%.As mentioned before, we at-
sitive to atomic relaxation and to rigid translations of thetribute such discrepancies to the incomplete atomic relax-
metal overlayer than th@10) barrier. In the(100) junctions,  ation at some interfaces, in the previous study. The wide
e.g., in-plane displacements of the Al overlayer over distange of barrier heights found for the unrelaxed TS’s corre-
tances as large as 023 or even 0.3§;, from the reference spond to systems in which unphysical bonds exist at some
TS1 configuration (corresponding to the TS+ TS2, interfaces. Some bonds are much too short and some semi-
TS1— TS4, or TS1— TS5 translationmodify the Schottky  conductor atoms at the interface are overcoordinated. It is
barrier height by no more than 0.02 eV. In tfELO junc-  noteworthy that although our three independent relaxed in-
tion, instead, similar translations of the metal by @gftom  terface structures (TS1 TS2', and TSB) exhibit quite dif-
the low-energy TS5 configuratideorresponding, e.g., to the ferent bonds across the interface, they give rise to a range of
TS5— TS1 or TS5— TS4 translationcan change the bar- barrier heights whose width is comparable to that of the
rier height by as much as 0.4 eV. We attribute the weake(100 barriers. It should also be noticed, however, that the
sensitivity of the(100) barrier to changes in the interfacial barrier heights of these epitaxiall10) junctions are
geometry to the more metallic character of the pglE30 ~0.2 eV smaller than those of tH&00) junctions.
interface. In the TSX100 junctions, the local density of  The theoretical values ap, that we obtain for the abrupt
electronic states at the Fermi energy, in the region betweegpitaxial (110) interfaces range from 0.37 eV to 0.49 eV
the last semiconductor layer and the first metal layer, is abouincluding relativistic, many-body and Gad3corrections.

1.0 eV1Q™! (Q being the GaAs unit-cell volume These values are-0.1 eV lower than those typically ob-
whereas it is only 0.6 eV Q! in the TS5(110) junction.  tained from transport measurements in junctions with thick
Taking into account relativistic, many-body, and Gd 3 metal overlayers, wherg, ranges from 0.53 eV to 0.64 eV

corrections(Sec. 1), the theoretical values op, for the (Refs. 43-45, see Fig,)3For other junctions, such as those
equilibrium As- and Ga-terminated TSinterface structures produced by Al cluster deposition, a wider range of barrier
are 0.80 eV and 0.64 eV, respectively. Using the experimenheights(0.7 e€\) has been reporteld. It should be stressed,

tal band-gap value of 1.42 eV for GaAs at room temperaturehowever, that the experimental atomic-scale structure estab-
this yieldsn-type barriers of 0.62 eV and 0.78 eV for the As- lished at these interfaces is largely unknown.

and Ga-terminated interfaces, respectively. These values The ab initio calculations indicate that, unlike band off-
compare relatively well with the-type barriers determined sets at isovalent semiconductor heterojunctions that were
by transport measurements in Al/Ga@A90 junctions, showrf to depend, most generally, only on the bulk proper-
which generally range between 0.7 and 0.8'8¢2. Some ties of the materials forming the junction, the Schottky bar-
transport studies also indicated~a0.1 eV increase in the rier do depend, in general, on interface-specific features, and
n-type barrier for junctions fabricated on Ga-rich as com-in particular on the atomic geometry of the interface. The
pared to As-rich GaAs surfacés?! The increased-type  sensitivity to perturbations of the atomic geometry is espe-
barrier for the initial Ga-rich relative to the As-rich surfacescially striking in the case of the nonpol&t10) junctions,
have also been observed in photoemission experinfénts.and consistent with the results of other recent theoretical
The LDA values of thep-type barrier we obtain for the re- studies’®~2We also find, however, that atomic relaxation at
laxed TS1 interface structures are also consistent with théhe interface tends to reduce significantly the physical range
values computed by Dandrea and DdRe. of barrier heights established in epitaxial Al/GaA&0)

At the Al/GaAs(110 interface, lattice relaxation is found junctions. In particular, the range of 0.7 eV that was reported
to modify considerably the range of Schottky barrier heightsfrom previous calculatiofé for abrupt epitaxial Al
reducing its width from~0.5 eV to~0.1 eV (Table ). GaAs(110 junctions shrinks to less than 0.2 eV when the
This is in contrast with the results by Neeedsal. who re-  atomic structure at the interface is fully relaxed.
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B. Compositional dependence cluding one(or more AlAs bilayer(s) at the interface, the
deviation from the transitivity rule decreases to a few tenths
of meV, and the barrier variation with alloy composition
becomes similar to those found for the other interfaces

. . . Fig. 3). We note that somewhat similar results were also
TS5 and TS2 (110 junctions(which correspond to the low- obtained from full-potential linearized angmented-plane-

energy TS's with the smallest and largest Schottky barrie(/vave calculations for cation-terminated Al/G&NO0 junc-

heights. These calculations were performed using for theyios The Ga-Al exchange reaction was found to be exother-
AllGa, _xAl A junctions the same structural parameters agyic and the Schottky barriers of junctions including AIN
for the Al/GaAs junctions. Lattice relaxation at the Al/AlAs interlayers were found to exhibit only very small deviations

interface changes, by at most 50 meV. Even though the from the transitivity rule’*

absolute value ofp, is different for the different interface

atomic structures and orientations, the variation of the barrier C. Linear-response approach
with alloy composition is relatively similar for the various
interfaces considered in Fig. 3. This is consistent with theba

results of other computations performed for the As- L . ¢
terminated TS1100) and the TS110) interface<®® In Fig. offset in isovalent heterojunctions, such as GaAs/AlAs, de-

3, we also show the available experimental data on the aIIo;PendS only on the bulk properties of the semiconductor
y - . 3 . . . .
composition dependence of the AlGaAlAs (100) constituent€3 Here we will use a similar approach, focusing

: . \ on the properties of the charge density in the junctions, to
Schottky barr_ler. For the110 '”te”f@ce’ no exp_enm_ental explain the Schottky-barrier trends with semiconductor alloy
data are available yet for compositiors>0. Taking into

) . . composition and the link with heterojunction band offsets.
account the estimated theoretical uncertainty of 0.1 eV on Similarly to the Schottky barrier in Edd), the band off-

?nedalebxsa:)(:l?goﬁ:]l:gn?eﬁ?r, %??ﬁ:ifngﬂmﬂtﬁﬁteﬁiggtalfo et is conveniently split into two contributionAE, +AV.
y P 9 he first term is the band-structure term, which is equal to

general agreement is found between the theoretical and e difference between the valence-band-edge energies mea-

perimental trends. : ; S
. . - sured with respect to the average electrostatic potential in the
Al /il)fser';%nggﬁs'%?&?{]&)d:ﬁf:rrf‘gggglszrﬁ; ttr;]i '?rl; azﬁs’two semiconductors, and the second term is the electrostatic
' potential lineup at the interface. Since the band-structure

'Zwty_rule X\l/ghm_expgrlrgental unce:ctamtyc:) Zr;etdlféeéen\(;e terms are bulk quantities, and verify, by definition, the tran-
bp= Pp(AIAS) = pp(Gaas) ranges from 0.45 10 0.6 eV, gy ryle, the potential lineups are the main focus here.

and the band offset VBQGaAs/AIAS from 0.45 to 0.55 Within the LRT approack® a semiconductor heterojunc-

e\'i.h' In ]?ur ::al;:rzjlau;)ns,\}r]le ttrr?ns;a‘mv;ty ”.”e tls dv_?g;'gg to tion such as GaAs/AlAs is considered as a perturbation with
Wi 't'.“ a ewdefn tshoTn;?S (()erSe 1150 e.rmlr;a € - th respect to an appropriate bulk reference, which may be cho-
Junctions and for the an £110) junctions: the cor- sen as one of the two semiconductors, e.g., GaAs. The per-

responding LDA values foA ¢, range from 0.42to 0.49 eV, turbation that builds u :
: p the GaAs/AlAs interface amounts to
and the LDA value of the VBO is 0.49 eléee the Appen- replacing all Ga ions by Al ions on one side of the GaAs/

dix). The many-body, spin-orbit, and Gad orrection§ GaAs homojunction. The charge density induced by this per-
described in Sec. Il apply to bulk values, and do not affec‘turbation which is responsible for the lineup

the transitivity properties. In the case of the Cation'AV(GaAs/AlAs) is qi . .
. ! , - , is given, to the first order, by a superposi-
terminated(100) interface, we find a larger deviation from tion of charge densities induced by single GaAl atomic

the transitivity rule:~0.2 eV, which is related to the fact ( ; - ;
L : ! ” o or atomic-plang substitutions in bulk GaAs. The corre-
that this is the interface where the composition within theSponding potential lineup reads

semiconductor layer in contact with the metal changes the
most withx. LRT 2 7e?

It should be noted in this connection, and when compar- AV = — — J' Z?Ang, . (z)dz
ing with experiment, that a Ga-Al exchange reaction yielding
excess AlAs near the interface is known to take place in
Al/GaAs(100) junctions? In fact, from total-energy calcu- LRT 2 re? A
lations, we find that a substitution of the Ga atoms by Al Ty J r2Ang,(r)dr, (5)
atoms in the Ga plane adjacent to the interface lowers the
formation energy of the cation-terminatétD0 junction by  where L is the distance between two consecutive cations
0.7 eV for uas= 2% (upper bound of the As chemical po- planes in the junctiong refers to the interface orientation,
tentia). The same substitution increases the formation enf) is the volume of the bulk unit cell, and

ergy by less than 0.1 eV for the lower bound@fs (as  Anpu(r) [Anyu(z)] is the (planar-averaged charge-
= feans— Loaky.50 Such a substitution is therefore energeti- density induced by the single Ga Al (atomid atomic-
cally favorable in most of the physically allowed range of plane substitution in bulk GaAs. For the GaAs/AlAs system,
Mas- The Ga-Al exchange reaction, driven by the large heathe lineup calculated within LRT is identical, to within 0.02
of formation of AlAs, is expected to occur experimentally eV, to the result obtained from full self-consistent supercell
also in Al/Ga_,Al,As (100) junctions with 8x<1. calculations® The LRT result§Eq. (5)] show that the lineup
When the calculations of the Schottky barriers are performeds determined only by bulk quantities, and is the same for all

for cation-terminated Al/Ga ,Al,As (100) junctions in- interface orientations.

In Fig. 3, we show the calculated alloy-composition de-
pendence of the Al/Ga ,Al,As Schottky barrier height for
the Ga- and As-terminated TS100 junctions and for the

In the case of semiconductor heterojunctions, an approach
sed on linear-response thedRT) showed that the band




PRB 59 STRUCTURAL AND COMPOSITIONAL DEPENDENCES OF ... 8061

02l D GaAs [\ Al oV GaAs Al

0 | v \/’ \\/
! . -0.1 N

L 2) 2)

N
o ]

3)

Z.z 3) /\ A Z~1’ /ﬂ A}\
I \/ -0.1} \r\/

OGa ®@As @Al OAlAs ® GaAs ® Al

|
(=}
)

(=}
N

An(z) (-lel/Qgaas)
- = .
An(z) (-lel/Qgaas)
=)

|
(=}
[3°]

FIG. 4. Planar average of the valence-charge density induced by FIG. 5. Planar average of the valence-charge density induced by
Ga— Al single-plane substitutions in the Ga-terminated TS1 Al/ Ga— Al single-plane substitutions in the TS5 Al/Gafsl0) junc-
GaAs(100) junction. The plane-averaged charge density induced byion. The plane-averaged charge density induced by a
a Ga— AI(100) single-plane substitution in bulk GaAs is also Ga— Al(110) single-plane substitution in bulk GaAs is also
shown for comparisofidashed ling shown for comparisofdashed ling

In a similar way, we consider the Al/AlAs junction as a Within the plane adjacent to the metal, the other substitutions
perturbation with respect to the Al/GaAs junction. We thengive rise to charge profiledn;(z) very similar to the bulk
construct the charge density of the Al/AlAs interface, start-result. The presence of the metal can be seen to induce some
ing from the Al/GaAs interface, by adding a linear superpo-asymmetry in the response, which decreases rapidly iwith
sition of the charge-density responses to single—-GAl ~ Assuming thus a linear superposition of tha;(z) in the
atomic-plane substitutions in the semi-infinite semiconductofemiconductor region, the deviation from the transitivity rule
region. We note that an ideal linear superposition of the bulkS given by
semiconductor responséqy,,(z) in that region would in-
duce a change in the potential lineup across the interface
identical to AV(GaAs/AlAs) in Eg.(5), that would satisfy AVt = EI di. @)
the transitivity rule. The actual responge;(z), to the sub-
stitution of theith cation layer from the Al/GaAs interface Where
must coincide withAny,(z) for largei. The nonbulk con-
tribution, AV , to the potential lineup, which is responsible d; :4W92f zAni(z)dz 8
for the deviation from the transitivity rule

LRT

are the microscopic dipoles induced by the asymmetric
Pp(ATAIAS ) = ¢p(AllGaAs) = AEygo(AlAS/GaAs) An;(2) near the junction. In Table Ill, we reported the values
+ AV, (6) of AV and of the dipolesl; for the As- and Ga-terminated
(100 junctions and for the TSBL10) junction>? The dipoles
derives thus from the polarization of then;(z) near the d; vanish beyond the fourth cation plane from the interface.
interface. The results in Table Il show that this LRT approach ac-
In Figs. 4 and 5, we compare the responAsg(z) to the  counts for most of the deviation from the transitivity rule.
bulk responseAny,(z) for substitutions performed within The remaining difference is comparable to our numerical un-
the first three cation layers from the interface in the Ga-certainty.
terminated Al/GaA$100) junction and in the TS5 Al/ This atomic scale study allows one thus to understand, in
GaAs(110 junction. Except for the substitution performed terms of the microscopic properties of the charge density in

TABLE IIl. Dipoles d; (in eV) induced by Ga— Al single-layer substitutions performed within the first
few cation layers (i=1,...,4) from the metal in Al/GaA$100 and (110 junctions. The dipoles are
negligible beyond the fourth cation layexVy; is the deviation(in eV) from the transitivity rule as calcu-
lated from Eq.(6).

Interface Al/GaAs d; d, d; d, >d; AV g
(100 As-term. +0.05 —0.04 —0.01 0.00 0.00 0.00
(100 Ga-term. —0.09 —0.04 —0.03 0.00 —0.16 —0.18

(110 TS5 +0.01 —0.04 —0.03 —0.02 —0.08 —0.05
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the junctions, the observed correlation between band-offset TABLE IV. LDA values of the Al/GaAg100) p-type Schottky

and Schottky-barrier trends. The results show that the variaarrier height () and of the AlAs/GaA$100) valence-band offset
tion of the lineup with the alloy composition can be decom-AEygo for different treatments of the Gad3states, namely, as core
posed into two contributions. A fir§tdominany bulk contri- states with and without the nonlinear core correciioizc) and as
bution depends only on the semiconductor material, and igalence_states. Th<=T Schottky barrier _has been _calc_ulated for the
related to the charge-density building blocks emphasized m\s-_termlna_ted TS1 interface structure illustrated in Fig. 1. All en-
the LRT description of the band offsets. This contribution is€9I€s are in ev.

always present and leads to transitive properties of the band
discontinuities. The second contribution is interface related

aGaAs: 5.53 A aGaAs: 5.59 A

accounts for the deviation from the transitivity rule, and de-Ga o ‘ﬁEJLDA) AEvgo ¢EJLDA) AEveo

rives from local dipoles induced by changes in the semiconggre states 0.64 0.50 0.58 0.47
ductor composition within essentially the last semiconductoi- e states with nicc 0.62 0.53 0.56 0.50
layer in contact with the metal. For the Al/G3Al,AS SYs-  \/alence states 0.59 0.56 0.53 0.53

tem, this contribution was found to be relevant only in the
case of the cation-terminatéd00) junction. Moreover, we
showed that the Ga-Al exchange reaction, which is known to

take place experimentally in Al/GaAs junctions, tends to re-ity properties of the band discontinuities at the Al/GaAs,

duce this contribution. GaAs/AlAs, and Al/AlAs interfaces. Our calculations were
performed in two steps. The Gal3tates were first treated as
V. CONCLUSIONS frozen core orbitals, and we used a nonlinear core correction

. . i . for the exchange-correlation potentfavhich partially takes
Using anab initio approach, we examined the atomic andjnig account the effects of the Gad3lectrons. We then

electronic structures of chemically abrupt epitaxial A/GaAS c4yried out the full calculations, including also the relaxation
and Al/Gg _,Al,As (100) and(110) junctions, and investi- ot the semicore orbitals, by treating the Gd States as va-
gated the dependence of the corresponding Schottky barrigfnce states. The latter calculations were performed with
height on the interface geometry and semiconductor alloyr,qyiier-Martins pseudopotentials using a plane-wave-
composition. For the prototype Al/GaAs system, our Calcu'energy cutoff of 100 Ry. The computations of the GaAs/
lations showed a unique equilibrium epitaxial geometry ofp|ag (100 band offset were performed with a6 supercell
the polar(100)-oriented interface for a given cation or anion using a(6, 6,2 MP grid. The other computational details are

termination of the semiconductor surface. For the nonpolagg given in Sec. II. The results for the AliGaAs Schottky
(110 interface, instead, we obtained competing structure$)5rrier and GaAs/AlAs VBO are listed in Table IV.

with different interfacial bonds. This diversity results froma e separated the effect of the Gd Blectrons into two
competition between the optimization of covalentlike bonds.qontributions related to changes in the structural parameters
involving the anions of the semiconductor surface and sezng in the chemistrysee Table IV. The first effect takes
lected Al surface atoms, and metalliclike bonds involving thejn account the increase in the GaAs equilibrium lattice con-
cations and the Al S“fff’*ce atoms. . ) stant,ag,as, from 5.53 to 5.59 A, which occurs when the Ga
Our results concerning the_ electronic properties of thesgy glectrons are treated as valence electrons instead of core
systems showed that, depending on the atomic structures a@hcirons. Changing only the lattice parameter and keeping
orientation of the interface, the absolute value of theye G4 3 electrons in the coréor in the valencelowers the
Schottky barrier can change by as much as 0.4 eV. Howevehcaas Schottky barriersp, by 0.06 eV and the AIAs/
for a given equilibrium interfacial atomic geometry, the 5,a5 valence band offset b?/ 0.03 @¥sing the same lattice
Al/Ga; _,Al,As(100) and110) junctions exhibit similar bar- parameter for GaAs and AlAsThe same variation from
rier variations with semiconductor alloy composition 55315559 A in the AlAs lattice parameter would reduce
amounting to the GaAs/Ga,Al,As band offset. This trend the AI/AIAs Schottky barrier¢>§)"DA) from 1.14 eV to 1.09

IS not subs_tannal_ly affec'Fed by_dewatlons from th_e bulk Sto'eV, i.e., by 0.05 eV. These changes are consigtentithin
ichiometry in the interfacial region, and was explained on the

atomic scale by extending to metal/semiconductor interfaceOur numerical accuragywith the variations one would pre-
y 9 dict based on the volume change 3.2% and hydrostatic

gﬁl;rzsr—response approach employed in the study of ban oformation  potentials  of GaAs and  AIAS:

: A¢p(AllGaAs)=—0.04 eV, Ap,(Al/AIAs) =—0.05 eV,
and AV, go(GaAs/AlAs)=+0.01 eV. These variations are
therefore controlled essentially by the bulk properties of the

We would like to acknowledge support for this work by Sémiconductors. _ _ _
the Swiss National Science Foundation under Grant No. 20- The second effect corresponds to the inclusion, at fixed
47065.96. Computations were performed at EPFL in Laugeometry, of the Ga@states among the valence states. Per-
sanne and at the CSCS in Manno. forming this change afigaas=5.59 A (or 5.53 A lowers

the Schottky barriegp,(Al/GaAs) by 0.05 eV and increases

the band offsetAE,go(AlAs/GaAs) by almost the same
amount, i.e., 0.06 eV. This 0.06 eV increase in the AlAs/
In this appendix, we discuss the effect of the GheBec- GaAs VBO is exactly equal to the VBO we obtain at a GaAs/
trons on the Al/GaA$100 Schottky barrier and on the GaAs(100) homojunction in which the Ga®electrons are
GaAs/AlAs(100) band offset, and its impact on the transitiv- treated as core electrons on one side of the junction and as
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valence electrons on the other side of the junction. Theng a total correction of-0.1 eV, whereas in the case of the
chemical effect of the Ga @ electrons can be considered GaAs/AlAs VBO the structural contribution resulting from
thus as a bulklike correction that raises the GaAs valencethe AlAs volume change partially cancels out the GaAs-
band edge by about the same amount in all cases. related corrections, yielding a total change of only 0.03 eV.
Because of the bulklike nature of the above effects, thd-inally, we would like to note that the nonlinear-core correc-
Ga 3d-related corrections do not affect the transitivity prop- tion correctly reproduces the change from 5.53 to 5.59 A in
erties of the band discontinuities at the Al/GaAs, GaAs/AlAsthe GaAs lattice parameter and the related structural correc-
and Al/AlAs interfaces by more than our numerical uncer-tions on the band discontinuities, but accounts for only 50%

tainty, i.e., 0.04 eV. We note that for the Al/GaAs Schottky of the chemical correction on¢,(Al/GaAs) and on
barrier the structural and chemical corrections add up, yieldAE,go(GaAs/AlAs).
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