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Intermetallic bonds and midgap interface states at epitaxial MGaAs(001) junctions
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Using first-principles pseudopotential calculations, we have investigated the nature of the electronic states
with energies within the semiconductor band gap of abrupt, defect-free As-terminated Al0B&AaNctions.
While bondinglike/antibondinglike semiconductor evanescent states occur near the valenceband/conduction-
band edges, the semiconductor midgap region is characterized by a different type of electronic states, not
accounted for by commonly accepted models. These states, which correspond to intermetallic bonds between
the outermost Ga cations of the semiconductor and Al atoms of the metal occur near the Fermi energy. They
are localized at the interface and are located around i@nt of the Brillouin zone. These new interface states
derive from an interaction between localized states of tH®@®) surface and bulk GaAs conduction-band
states, mediated by localized states of the unreconstructed As-terminate(OGBhAsirface.
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I. INTRODUCTION IIl. METHODOLOGY

The ab initio calculations are performed within the
Interfacial states with energy within the semiconductordensity-functional-theory framework using the local-density
fundamental band gap are known to play a major role imapproximation(LDA). We employ a plane-wave basis set
determining the Schottky barrier and transport properties ond Troullier-Martins pseudopotentialsn the Kleinman-
metal/semiconductor junctioisDespite their importance, Bylander (KB) nonlocal form® The pseudopotentials are
detailed theoretical investigations of these states, their nagenerated from the ground-state configuration of the spin
ture, and formation mechanisms have been carried out in @anpolarized atoms, using the following core cutoff radi:
few cases only. Recently, localized interfacial-gap states=r,=2.2aq, rq=ry=2.7a, for As and Ga, ands=r =rqy
originating from frustrated bonds at metal/semiconductor=2.2a, for Al. We treat the Ga three-dimensional electrons
junctions have been predicted theoretically for several epias core electrons. For the KB form, we use as local compo-
taxial silicide-silicorf interfaces and for the Au/Gaf@01)  nent thef potential for Ga and As, and thiepotential for Al
contact The Al/GaA<001l) interface is modeled using a slab ge-
In the case of epitaxially grown Al/GAI, ,As(001) oOmetry ina §upercélcontaining 13 atomic layers of GaAs
junctions, experimental studies of the Schottky barrier de@nd 23 atomic layers of Al i.e., a total of 59 atoms and 191
pendence on hydrostatic pressure, temperature, and all§/€ctrons. The Al fcc lattice is rotated by 45° about fi@e1]
compositionx, brought about the interesting idea that the 9"0Wth axis with respect to the cubic lattice of GaAs in order
behavior of the Schottky barrier in these systems may b& Satisfy the epitaxial conditiory, | =acans/ V2, where

controlled by midgap interfacial states with a bonding@caas @nd sy are the GaAs-bulk-equilibrium and Al in-
charactef:5 This, together with the fact thatb initio calcu- plane lattice constants, respectively. A similar epitaxial ge-

lations for defect-free Al/G&l,_,As(001) junctions de- ometry was used previously to model Ali@a, _As(001)

scribe well the measured Schottky barrier trehdsotivated j(;J t?:;?/gf;igg%;;;gm /g) acmorr]gssp:?unctiutr%gf?zeéigimalIy
gsftotl?vesUgite _tf;(;lr;gturzoolf T“'dgt.ap interfacial states Ir}nentally (and also in theab initio calculationg, the bulk-
eSﬁt;I rrelgvfpég)?r?trinsicallg(caliz) égniﬁtlg:‘;.ce state with en equilibrium lattice constant of Al is about 1% larger than
) : o /2. Following macroscopic elasticity theo(MET),
ergy within the semiconductor band gap has been predictegC®> V2 g P y (BAET)

. ) . ia e Al in-plane compressive strain is accommodated by a 2%
for AllGa,Al,_,As junctions. Earlier studi€shave shown oyhansion of the Al overlayer along the growth direction in

that localized interface states occur several eV below th’fs‘)seudomorphic structures. In this study, we use the theoreti-
Fermi energy, in the lower portion of the valence band. Us¢g| value of the GaAs equilibrium lattice constaaas

ing a microscopic approach based ain initio calculations, -5 52 A and, following MET, we usay, , =4.06 A for the

we show that localized interface states and resonances ofgained Al slab. ’

different type occur near the Fermi energy in defect-free ep- The atomic structure of the abrupt As-terminated interface
itaxial, As-terminated Al/GaA®01) junctions. These states considered in this work is illustrated in Fig. 1. This structure
correspond to Al-Ga intermetallic bondinglike states thatcorresponds to the lowest-energy configuration obtained by
form across the junction. We investigate the mechanism rerigidly translating the Al slab relative to the GaAs slab and
sponsible for the formation of these interface states, angarallel to its surfacé’ The equilibrium interfacial distance
show that they are related to localized states of the isolatet$ dy=1.7 A (see Fig. 1 At equilibrium, the volume of the

Al and GaAs surfaces. supercell is),=66573. In the course of this study, we will
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FIG. 3. Contour plot, in the basal plane including interfacial Ga,
As, and Al atoms, of the integrated probability density of all elec-

FIG. 1. Atomic structure of the abrupt, As-terminated Al/ foNiC states with energy in thfe?’ ranEEFfO.ZS ev, Ee
GaA<00) interface. Thex andy axes are rotated by 45° with T 0-25 €V]. Contour spacing is>810" e/a.
respect to the conventional cubic axis of the semiconductor. The
interfacial distancel measures the spacing between the As and Alfaces are equivalent to each other through a reflection with
layers at the junction. respect to the middle plane of the GaAs slab, followed by a

90° rotation around th€001] axis X— —Yy,y—X,z— —2).
This additional symmetry of the supercell, which does not
do. In such calculations, the atomic structures of the Al and®PPlY 10 an isolated interface, reduces the irreducible part of

GaAs slabs are kept frozen and only the interslab spacing &€ Supercell BZ in the basal plane to one half that of the
modified. 2D-BZ of the isolated interface.

The symmetry point group of the Al/Gaf01) interface In order to display on a common energy scale the Al/
is C,,,*> and the space group is symmorphic. The two-CaAd00]) interface-band structure and the projected band
v . ) .

dimensional (2D) Brillouin zone (BZ) of the interface is Structures(PBS of bulk Al'and GaAs, which are obtained
shown in Fig. 2, where, for comparison, we also show thdrom separate calculations, we evaluate the shifts of the Al

BZ's of the GaA€001), AI(00]) c2x2 and AI00T) 1x 1 and GaAs electrostatic supercell potentials, relative to the

surfaces. The latter orlene atom per unit cellcorresponds Mean value of the potential in the supercell, using the mac-
to the common description of the @01) surface, while the ~0SCOPIC average technigtieThis approach provides more

Al(001) c2x 2 configuration(two atoms per unit cellis the precise energy lineups than direct alignment of exposed ref-

relevant one in our interface study. We note that the BZ offf€"¢€ levels, e.g., ground-state or valence-band-edge ener-

the supercell, which is used in this study to model the inter9i€S from different systems.

face, is three dimensional. However, its dimension along the 1 N€ supef;ceflllcéaII:({:uI:ltloEs alre performebd with %k'n.et'c'
k, axis is very small in view of the large size of the supercell€N€M9Y cutoft o y for the plane-wave basis and using a

in this direction. Therefore, the electronic structure in the(6’6'2 Monkhorst-PacK(MP) k-point grid. Bulk computa-

basal planeK,=0) of the 3D-BZ of the supercell provides a tions fo: Alland"Ga}ﬁs akrg performed usmgf,]f affjr)gr'—?atomdte—
good description of the electronic structure in the whole gz tragonal unit cell with a kinetic-energy cutoft o yanda

In the supercell, the two As-terminated semiconductor sur£16’16’16_'vIP grid. _The Fermi energr .Of the metal_llc
systems is determined using a Gaussian electronic-level

broadening schenf®with a standard deviation of 0.01 Ry.
k With these parameters, the numerical convergence of the
A . . . .
electronic energies is-0.05 eV. The overall uncertainty on
Al IRN the interface-state energies relativeBp, which is mainly
attributed to the neglect of many-body effects within the
LDA, is estimated as-0.1 eV.

also consider values of the interfacial distanckarger than

III. RESULTS AND DISCUSSION

We have examined the probability density of electronic
states with energy in the rang&-—1.5 eV, E+1.5 eV].

For energies near the GaAs valence-band edge, i.e., about 1
eV below the Fermi energy, we find semiconductor bonding-
like evanescent states at the interface. Conversely, at energies
of about Ec+1 eV, i.e., near the conduction-band edge,
semiconductor evanescent antibondinglike states occur. The
behavior of such states is generally consistent with Tersoff’s
model description of the metal-induced gap states.

In the midgap region, instead, the electronic states are of a
different nature. In Fig. 3, we display, in the basal plane
containing the interfacial Al and As atoms, the contour plot

FIG. 2. Brillouin zone of the Al/GaA®0l) interface (gray ~ Of the integrated probability density of all electronic states
squarg and of the A{001) 1x 1 surface(dashed lines The gray ~ With energy in the ranggEr—0.25 eV,Ex+0.25 eV]. They
square is also the BZ of the isolated G&@G1) and A001) c2 ~ amountto 11.15 electrons per supercell. The probability den-
X 2 surfaces. The irreducible part of the supercell BZ in the basabity assumes particularly large values near the interfacial Al
plane k,=0) is indicated by the dark triangle. atom as well as near the Ga cation closest to the interface
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FIG. 4. Contour plot of the probability density of the localized
interface state at th& point of the 2D-BZ. Same plane and contour
spacing as in Fig. 3.

(second semiconductor layer from the mgtaldicating a

Ga-Al intermetallic bonding structure. The probability den-

sity is also high on the As atom terminating the semiconduc-

tor slab, where the contours are similar to those of a %
dangling-bond surface state. The behavior of the probability
density in the midgap region does not correspond to that™
expected for semiconductor bonding or antibonding states,
which are predicted by Tersoff's model. Rather, it indicates
the existence of interface states of a new type.

Investigation of the single-state contributions to the inte-
grated probability density shown in Fig. 3, which derives
from different regions of the BZ, indicates that the interme-
tallic bonding feature at the interface mostly comes from
electronic states near tlepoint of the BZ. Inspection of the
charge density of individual electronic stateslaeveals an
interface state with energir—0.2 eV which is fully local- : :
ized at the junction. The contour plot of the probability den- ~ ~™ J F X
sity of this state is displayed in Fig. 4. It shows an Al-Ga
intermetallic bonding structure which is clearly related to the FIG. 6. Dispersion of the localized surface states of the epitaxi-
high-probability-density feature observed at the interfacedlly strained A{001) surface along high-symmetry lines of the sur-
(see Fig. 3 We note that the bond length of this structure isface BZ. The leftright-hatched area shows the projection of epi-
about 3 A, which is quite remarkable since it is almost ataxially strained Al bulk states which are ev@dd) with respeF:t to
factor 2 larger than the average interatomic bond length ithe mirror plane parallel to the relevant high-symmetry line and
covalent solids. orthogonal to the surface.

In Fig. 5, we show the Al/GaA®01) interface band struc-
ture calculated in the Supercekz(: 0), a|0ng the h|gh sym- Er—1.3 eV. The localized interface state Atoccurs at a
metry linesI'-J-K of the BZ. The electronic bands are dis- higher energy, and is indicated by the solid point in Fig. 5.
played in an energy window covering the GaAs band gapThis state is clearly degenerate with electronic states of bulk
The bulk PBS's of GaAs and of Atrained are also shown Al, and its localization is made possible only by a different
in this figure. The Al PBS fills up almost entirely the semi- symmetry from that of the surrounding bulk continuum. We
conductor gap region, leaving only a small common gap neaote that such a situation is actually known to occur in the
the J point for energies in the range frol-—0.7 eV to  case of the surface state of(B01) for energies in the range
from Er—0.5 eV toE—1 eV.1"®In our case, we find that,
as in the case of the K01) surface staté”*®the localized
state at] is even with respect to the, reflection in thezx
— N plane(see Fig. 4, whereas Al bulk states with similar ener-
= —— _ : gies atJ are odd with respect to, (see Fig. & Thus, simi-

: larly to the case of the Al surface state, the Al/GaAs interface
state cannot mix with electronic states of the Al bulk con-
tinuum and remains localized. The above similarities, to-
gether with the As dangling-bond surface structure appearing
in the probability density of Fig. 3, suggest that localized
states of the isolated /001) and GaA§001) surface might

be relevant for understanding the nature of the Al/GaA3%
interface state.

In order to better understand the metal and semiconductor
surface contributions to the localized interface state, we have

FIG. 5. Electron band structure of the Al/G#A61) interface.  Studied the energies of the electronic states in the supercell as
The solid point indicates the localized interface staté.athe pro- @ function of the interfacial distanad from its equilibrium
jected band structures of bulk GaAdark gray and of epitaxially ~ valuedy up to the valued=15a,, where the Al and GaAs
strained bulk Al(light gray) on GaA$00l)are also indicated. surfaces are essentially noninteracting. This allows us to un-
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ambiguously identify the dominant metal and semiconductor '
contributions as well as the interaction mechanism respon-
sible for the formation of the interface state. As mentioned
before, the atomic configurations of the Al and GaAs slabs s
are kept frozen, while increasirdj i.e., for large values of o ° g @

1.0 Al states with 1

T',-symmetry

we obtain an artificial unreconstructed GaAs slab and a2 Eepe T E;
strained metallic Al slab with theif001) surfaces. As a first 2 s 7832

step, we decided to study the electronic structure of such&

frozen slab surfaces. 10 /’*”“ IS,
The surface of the strained @021) slab was studied using et
a supercell including 41 layers of Al and nine equivalent '3
vacuum layers. Such a thick Al slab was used to ensure neg- 53
ligible interactions between the two slab surfaces. The —d 4 6 s 10 12 14
Al(001) surface state is indeed characterized by a very slow Interfacial distance d [a..]
decay within the bulk materialdecay length of~20 A).*® FIG. 7. Energy levels of the electron states of the Al/G@A3)
The Al slab calculations were carried out with a 32-Ry cutoff superlattice at the) point of the Brillouin zone as a function of
and using &6,6,2 MP grid. interfacial separation between GaAs and Al slabs. Local{zetid)
Figure 6 shows the PBS of the strained Al bulk along theand resonantdashed states withI'; symmetry are represented.
I'-J3-M andI'-X high-symmetry lines of the Al X1 surface  Diamonds indicate calculated levels of the superlattice. Light gray
BZ. In this figure, we distinguish by different shadings the areas indicate the band energies of bulk Al states Witsymmetry.
states which are even or odd relative to the vertical mirroDark gray areas show bulk GaAs conduction- and valence-band
plane which is parallel to the relevant high-symmetry line,energies.
i.e., theo, reflection alond™-J-M and ao reflection along
G-X. A stomach gap is present below the Fermi energy foran Al(001) c2x2 surface, with two atoms in the unit cell,
Al bulk states with even symmetry. Al the gap extends and therefore two surface states occur. Due to the finite size
from Er—1.2 eV toEg. In the stomach gap, we show the of the Al slab, these surface states interact and their energies
dispersion of the ADO1) surface state with the sanfever)  split. This splitting is 0.15 €\(0.03 eV} for an Al slab con-
symmetry. Along theJ-M segment, the surface state be- sisting of 23(41) layers.
comes degenerate with Al bulk states with odd symmetry. As Reducing the interfacial distance, the Al surface states
it cannot interact with such states, the surface state remainsteract with the dangling-bond surface state of the semicon-
localized alongl-M below the Fermi energy. We note that at ductor resulting in a level repulsion. As a consequence, for
J the energy of the localized state of the strained08l) interfacial distances smaller thara§ Al/GaAs interface
surface is abouEr—1.0 eV, i.e.,~0.8 eV smaller than the states are a superposition of these two types of states. De-
energy of the Al/GaA®01) interface state. creasing further the interfacial distance to abds&t7a,, the
The isolated, As-terminated Gal@®91) slab is artificial lower interface states leave the stomach gap of the Al bulk
since the ideal, unreconstructéd0l) surface of GaAs is states with even symmetry, enter into the continuum, and
metallic and unstabl&?°against surface reconstructions. For delocalize.
this ideal system, we obtain dangling- and bridge-bond sur- For interfacial distances less than &5 the upper inter-
face states with energies within the semiconductor band gaface state raises in energy with respect to the Fermi energy,
which are comparable to those obtained in previous wbrk. crosses the upper edge of the stomach gap of even bulk Al
The dangling-bond surface stateJahas the full {";) sym-  states, and enters the continuum. For interfacial distances
metry ofC,, ,*3i.e., the same symmetry as the interface statsmaller thand=3.5a,, the upper interface state lowers in
shown in Fig. 4, while the bridge-bond state has a differentenergy, reenters the stomach gap, and relocalizes. The latter
(T'y) symmetry. behavior is observed when the interface state is approaching
We have further examined the energy-band structure ofhe GaAs conduction PBS edge, whose energy decreases mo-
the Al/GaAg001) superlattice as a function of the interfacial notonously with respect t& for d<6a,. The behavior of
distanced. Figure 7 shows the energy as a functiondodf  the upper interface state for small valuesdptogether with
the electronic states at thkpoint, which are close to the the monotonic decrease of the GaAs conduction band, sug-
Fermi energy and havE,; symmetry. The figure also indi- gests a repulsion of the interface state from the semiconduc-
cates the calculated position of the conduction and valencer conduction-band edge at
PBS edges of the semiconductor as well as the stomach gap The above picture, including the level repulsion, is sup-
of Al bulk states with even symmetry 8t Solid lines indi- ported by a study of the changes taking place in the prob-
cate localized states, while dotted lines indicate resonancesbility density of the upper interface state as a function of
Ford=15a,, we recover the surface states of the isolatedjnterfacial distance. Figure 8 shows contour plots of the
strained A{001) surface and of the unreconstructed, As-probability density in the supercell basal plane for several
terminated GaA®01) surface. The dangling-bond surface values ofd as well as the corresponding macroscopic aver-
state of the latter surface occursigt— 0.3 eV. Furthermore, age of the probability density along the growth axis, which
two localized Al surface states occur at abBgt-0.9 eV. It  yields a measure of the localization at the interface.
has to be noted, that the tetragonal supercell corresponds to For d=9a, [see Fig. 8], we recover the probability

°

-2.0
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FIG. 9. Contour plot of the probability density of the bulk GaAs
state withl'; symmetry which corresponds to the conduction-band
minimum of the PBS atl. This state derives from GaAs Bloch
states at the. conduction-band minima of the 3D-BZ. Contour
spacing is 3.% 10 %e/aj.

p@)

P2

5 7 Ay © . the_ decrease in energy of the int_erface state for sm,all_
6 0 o - which corresponds to the formation of the intermetallic
\ % |~ = bonding structure, derives from an interaction with the con-

men © oe—oe—o—o o< tinuum of GaAs bulk states near the conduction-band mini-

mum atL.

Calculations for the Al/GaA®01) superlattice have also
been performed with pseudopotentials, wheedectrons are
treated as valence electrons. The existence of the localized
FIG. 8. Contour plotleft pane) and macroscopic planar aver- interface state at and its nature are fully confirmed by these

= o , results.
ageo (right pane) of the probability density of the Al/GaA801) . .
interface state al for selected values of the interfacial distarite Presently, similar calculations are under way for the Al/

9a,(a), 6ag(b), 5ay(c), 4.50(d), 3.75(e), and 3.28,(f). Contour  AAS(00D) s_ysternz.2 The preliminary results indicate the ex-
= istence of interface resonance states in the semiconductor

gap near the) point of the BZ. The electronic structure of
AlAs is somewhat different from that of GaAs, in particular,
density of the localized dangling-bond surface state othe conduction-band edge hbccurs at a higher energy. Due
GaAg001). For d=6a, [Fig. 8b)], the interface state is a to this, the repulsion near the equilibrium distance of the
superposition of the GaAs dangling-bond and Al surfaceupper interface state with conduction-band states is weaker
states. Atd=5a, [Fig. 8c)], a Ga-related feature appears and the interface state occurs at higher energy. In this case,
with maximal probability density in the direction of the Al the interface state is degenerate of bulk Al states with even
surface atom. The presence of this feature is ascribed to tteymmetry. Consequently, it is not localized, rather it is a
interaction of the interface state with low-energy conduction-strong resonance with similar charge-density distribution at
band states of GaAs dt(see below. We note that the local- the interface, which resembles that of the localized state
ization of the interface state at the junction reduces considstudied in this work. Therefore, the difference in semicon-
erably at such intermediate distances{54.5,) [Fig. 8.c,  ductor polarity between GaAs and AlAs has thus quantita-
d)], when the interface state has left the stomach gap to entéive, but no qualitative influence on this phenomenon.

the continuum of Al even states and to become a resonance.
The formation of the bondinglike structure between the out-
ermost Ga cations of the semiconductor and the interfacial Al

p(2)

spacing is % 10 3e/a3. Units of o(z) are 1x 10 *e/a,.

IV. SUMMARY AND OUTLOOK

atoms ford=3.75, [see Fig. 8)] gives rise to the domi- By means of first-principles calculations, we have studied
nant feature of the localized interface state founddat the nature of the electronic states with energy within the
=3.28, [Fig. 8f)]. semiconductor band gap at abrupt, As-terminated, epitaxial

The origin of the Ga-related feature was addressed byl/GaAs(001) junctions. The results indicate the existence of
examining the probability density of the lowest GaAs con-electronic states near the Fermi energy which exhibit a high
duction states that contribute to the PBSJatn Fig. 9, we  probability density at the interface. In particular, we find a
show the probability density of the GaAs bulk state with  localized interface state at tiepoint of the interface Bril-
symmetry(in the bulk tetragonal cell which corresponds to louin zone. These states have an unexpected nature, namely,
the minimum of the conduction PBS &t This state derives an intermetallic, bondinglike character between outermost Al
from Bloch states of thé conduction-band minima of the atoms from the metal and Ga atoms from the second semi-
GaAs 3D-BZz, which are projected ondan two dimensions.  conductor layer across the interface.

The probability density of this state is large near the Ga The mechanism responsible for the formation of the lo-
atom, with a structure which is similar to that of the Ga- calized interface state dthas been identified by studying the

related feature involved in the formation of the Al-Ga inter- electronic energies as a function of the interfacial distance.
metallic bonding structure in Fig. 8. We conclude, thus, thatWe have found that the interface state derives from an inter-
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action between localized states of the isolate(DBl) sur-  The predicted localized interface states should be accessible
face and GaAs bulk conduction band-edge states, mediatéd experimental measurements, e.g., spectroscopic investiga-
by dangling-bond surface states of the isolated, unrecortions at low coverage or possibly scanning tunneling micro-
structed GaA®O01) surface. The interaction process identi- scope techniques at cleaved samples.

fied in this work is a robust mechanism, which may be ex-

pected to occur also in other systems. Indeed, preliminary ACKNOWLEDGMENTS
results for isomorphic AI/AIA€0]) indicate that similar in-
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