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We have investigatedb initio the existence of localized states and resonances in abrupt GaAs/Si/GaAs
(110- and(100)-oriented heterostructures incorporating one or two monolaféks) of Si, as well as in the
fully developed Si/GaAs(110 heterojunction. In(100)-oriented structures, we find both valence- and
conduction-band related near-band edge states localized at the Si/GaAs interfac¢l10)thgstems, instead,
interface states occur deeper in the valence band, the highest valence-related resonances being about 1 eV
below the GaAs valence-band maximum. Using their characteristic bonding properties and atomic characters,
we are able to follow the evolution of the localized states and resonances from the fully developed Si/GaAs
binary junction to the ternary GaAs/Si/GaA%10 systems incorporating two or one NH. of Si. This
approach also allows us to show the link between the interface states @fltheand (100 systems. Finally,
the conditions for the existence of localized states at the Si/GaR® interface are discussed based on a
Koster-Slater model developed for the interface-state problem.
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[. INTRODUCTION theoretical study of the interface states has been performed
so far on the Si/GaAs heterojunction. Moreover, a complete
In recent years, a large amount of theoretical and experiinderstanding of the mechanisms that control the formation
mental work has been concentrated on heterostructures corof the interface states and the conditions of their existence is
posed of ultrathin layers of a given group-IV material depos-still lacking. As far as the problem of electronic states in-
ited at UI-V/III-V or [I-VI/I-VI homojunctions or duced by heterovalent interlayers is concerned, to our knowl-
heterojunctiond. Interest in these systems has been stimuedge, studies in this area have been limited to semiempirical
lated by the possibility of tuning the band discontinuity in tight-binding investigations on the Ge interlayers in GaAs
heterojunctions, or inducing a band discontinuity in homo-and of the Si and GaAs interlayers in 1l-VI
junctions, thus allowing more flexibility in designing semiconductor&?-1¢ Tight-binding calculations, however,
devices? In particular, model calculatioAsupported byab  neglect charge effects associated with the heterovalent nature
initio computation$ have indicated that Si inserted as a bi- of the interlayet*®and have yielded conflicting resulise-
layer at a GaAs/AlAs (100 heterojunction or at a pending on the parameters used the presence of localized
GaAs/GaAs(100 homojunction, can act as a microscopic states within the gap of polar systems, such as the Ge/GaAs
capacitor and induce substantial changes in the band disco(t00) heterojunction*13
tinuities. Although the interlayer morphology is still difficult In the present work, we systematically investigabeini-
to control>® similar band-offset modifications have also tio the localized states and resonances induced by thin layers
been reported experimentally:® An issue, however, which of Si in GaAs(110 and (100 homojunctions, as well as in
has remained largely unexplored concerning such engineerede fully developed Si/GaA$110) heterojunction. Our re-
interfaces is that of the electronic states induced by the insults reveal interesting connections between the formation of
terlayer. For any practical application, it is indeed importantlocalized states and resonances in heterostructures possessing
to know whether the interlayer will induce localized inter- different orientations and for interlayers of different thick-
face states within the band gap that may degrade the transesses. A model is also presented, which provides insight
port and optical properties of the junction. into the mechanisms of interface-state formation; it explicitly
The theoretical investigation of electronic states localizedinks the existence of the heterojunction interface states to
at interfaces between heterovalent materials has a long hisome essential bulk band-structure features of the constituent
tory, including the pioneering work of Baraéft al,'* on the  materials and some interface-specific bonding param&ters.
Ge/GaAs(100 interface. Several different heterojunctions Since the abrupt polar Si/GaA400 interface is charged
have been investigated with special emphasis on thand therefore gives rise to a macroscopic electric field which
interface-state probleft " However, to our knowledge, no complicates the study—and renders the fully developed,
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TABLE I. The theoretical equilibrium lattice parameter and localized states, which decay exponentially in the bulk ma-
elastic constants of Si used in this work. The experimental valueserials, or resonances. Localized states are normally found in

are reported in square brackétsom Ref. 23. common gaps of the projected band structyRBS’S of the
bulk material?® while resonances are degenerate with Bloch
C11 C12 Cas states of one or both bulks. It is therefore convenient to rep-
(a.u) (Mban) (Mbar) (Mban) resent the interface states on a common energy scale with the
Si 10.24 162 056 0.73 PBS’s of the bulk materials. The alignment of the bulk band

structures is performed using the calculated valence-band
offset (VBO) obtained with the technique outlined in Ref.

27. The supercell interface-state spectrum is then aligned
with respect to the top valence-band edge of one of the bulk

unstablé—we start by examining the interface-state Spec_materials, using the .calculatgd .Shift of the macr_oscopic-
averagé’-?8 electrostatic potential in the corresponding bulk

trum of the nonpolar Si/GaA&L10) heterojunction. We then i )
study the electronic states induced by one and two m0n0|a);_eg|on of the supercell relative to the mean value of the elec-

ers(MLs) of Si in the GaAs(110) homojunction and by two trostatic potential in the supercell. .
Si MLs in the GaAs(100 homojunction. We discuss the In the case of th€110-oriented structures, atomic relax-

relationship between these states and their interface Counté'?'Eion is found to have a relati\{ely minor influence on 'ghe
parts and the conditions that govern the existence of locallterface-state spectra. The ch0|ce of Fhe average bulk St and
ized interface states. GaAs MET spacings for the Si-GaAs interlayer distance is a

good starting point for these structures; the error with respect
to the relaxed interlayer distance is less than 1%. Atomic
relaxation normally has two effects. It changésthe band

The interface states and interlayer-induced states are stu@ffset, i.e., the relative position of the bulk PBS’s iidl the
ied, assuming coherently strained Si layers on a GaAs sulielative position of the interface states with respect to the
strate. The theoretical framework is density functional theoryoulk PBS. The first effect vanisheby symmetry for the
(DFT) in the local density approximatiofLDA), using the ~GaAs/Si/GaAs(110) heterostructures and is negligible for
Ceperley-Alder exchange-correlation functiokalwe use the Si/GaAs(110 heterojunction(AV~0.02 e\). The de-
scalar relativistic Troullier-Martins pseudopotentflim the  Vviations (i), instead, can be as large as 0.1 eV for the
Kleinman-Bylander nonlocal fort The valence electronic Si/GaAs(110 heterojunction. However, this is of the same
states are expanded on a plane-wave basis set, using the &tider of magnitude as the many-body and spin-orbit effécts
percell technique to model the heterojunctions and heterdg?ot included in our calculations. Therefore, for thEL0)
structures. Our supercells include 12 monolay@ksatoms  structures we will consider in the following the ideal unre-
for the (110-oriented structures and 16 monolayété at- laxed geometries only.
oms for the (100) structures. The supercell calculations are ~ Larger relaxation effects are found, instead, in the0-
performed with a kinetic-energy cutoff of 20 Ry and a oriented GaAs/2 Si MLs/GaAs heterostructure. The As-Si
(6,6,2 Monkhorst-Packk-point mest?? For the bulk calcu- (Ga-Si interplanar distance increasédecreasgsby 7.5%
lations we use a 40-Ry cutoff and(@,6,6 mesh. The calcu- (0.5% and the Si-Si interlayer spacing decreases by 2.4%,
lated equilibrium lattice constants of bulk GaAs and Si arewith respect to the unrelaxed MET geometry. This results
10.47 a.u. and 10.24 a.u., respectively. The resulting latticéh changes of several tenths of an eV in the energy position
mismatch is~2%, to be compared with the experimental of the localized states and resonances of the
value of ~3.5%22 The theoretical values of the elastic con- GaAs/2 Si MLs/GaAg100) heterojunction. In the follow-
stants of Si are given in Table I; they compare well with theing, all results presented for the GaAs/2 Si MLs/GaAs
experimental value&lso reported in the tabl@nd with pre- (100 system will refer to the fully relaxed geometry.
vious calculationg? Using the calculated values of the elas- We also checked the effect of the supercell size using a
tic constants, and based on macroscopic elasticity theor§2-atom cell for the Si/GaAg110) heterojunction. We found
(MET),?® the theoretical lattice constant of Si on GaAs alongvariations in the energy position of the electronic states of at
the growth direction is 10.13 a.(110.08 a.u} for the (110- most 0.05 eV. We can therefore conclude that the energy
oriented[(100-oriented structures. In the present work, for position of the electronic states in o(00 and (110 het-
the starting (unrelaxedl Si/GaAs heterojunction and the erostructures is given with an overall uncertainty of the order
GaAs/Si/GaAs heterostructures, we use the MET result fopf 0.1 eV.
the Si- Si interlayer spacing and, for the Si-GaAs interplanar
distance at the inte_rface_, we use the average between the lll. Si/GaAs (110) INTERFACE STATES
MET interlayer spacings in the two bulks.

The supercell electronic states are classified according to Following the procedure outlined in the previous section,
their degrees of localization at the interfa@e at the inter- we calculate the interface states of the Si/GaAs0) het-
layer location and their atomiclike natures. We consider for erojunction. The result is displayed in Fig. 1, where we have
the interface-state spectrum only those states whose probepresented the dispersion of the states along the principal
ability density has a much higher value at the inversion layetines of the irreducible wedge of the two-dimensional Bril-
than in the bulk regions. Such states may be either trulyouin zone(2DBZ) together with the two bulk PBS's. The

[10.27 [1.66] [0.64] [0.80]

abrupt (100 heterojunction thermodynamically

II. AB INITIO METHOD
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FIG. 1. Dispersion of the interface statéhick lineg of the
Si/GaAs (110 heterojunction relative to the PBS of the Si and
GaAs bulk materialdgray). The dashed line is a resonant state
localized on the first Si bilayer from the interfatsee texk 03l

02k
calculated VBO of the Si/GaA&110 heterojunction(with- 0.1F
out spin-orbit and self-energy correctionsed for the align- 00
ment of the bulk PBS’s is 0.14 eVSi highe). The high-

symmetry points of the 2DBZ arE=(0,0), X:(GE,O), M

:(\5,1), andX’=(0,1), in units of w/a (a is the GaAs lat-
tice constant

The isolated (110 interface has aoy, reflection
symmetry® [z is the growth direction angl is the direction
perpendicular to the Si-Si or Ga-As nearest-neighbor zigzags
chains in the(110) atomic planes However, since we have
two interfaces per supercell, an additioifittitious) reflec- o2l
tion symmetry induces nondegenerate pairs of symmetrico®
and antisymmetri¢by reflection states in the quasi 2DBZ of . s
the supercellthe symmetry group of the supercell G,). . FIG. 2. Contour plot of the probability densipy(in e/suplerceu .
With the supercell employed, though, the energy differenced” the (110) plane and_ the_planar average c_)f the probability density
between the above pairs is about 50 meV throughout th@ along the[110] direction of selected interface states of the

Brillouin zone (BZ), thus indicating a small interaction be- Si/GaAs(110 heterojunction(a) As-deriveds state atX'. (b) Si-
tween the two interfaces. deriveds state afX'. (c) Si- and As-deriveg state afX’. (d) Si- and
Beginning from the lowest energies, we find a completeGa-derivedp state aiX’. (€) Si- and Ga-derived-p states aM. (e')
band of localized states beloer at the edge 9¢fthe bulk  The contour plot of thée) state in the S{110) plane adjacent to the
PBS of thes valence band of GaAs; the probability density interface[dashed line in thée) plot]. The probability density of the
of the state at thg’ point of the 2DBZ is shown in Fig.(2). above stat_es in atomic planes other than the ones considered is a
These state€Sy. in Fig. 1) derive from thes states of the As  Small fraction of the one shown.
atoms adjacent to the interface. The localization of these
states results from the more attractive ionic potential of SiSi bilayer from the interfac€Ss; states, dashed line in Fig.
relative to Ga, which lowers the energy of the Astates at 1). These states are in the energy region of the Si PBS only,
the interface with respect to those in the bulk GaAs. This isand they show a small coupling with the Si continuum. An
consistent with the relative strengths of the atomic potentialgnspection of the probability density of these states, shown in
which obey the inequality GaSi<As, and lead to the fol- Fig. 2b), indicates that they derive predominantly from the
lowing expected attractiveness of the potential in the interfaatomics states of the Si atoms in the second and first layer
cial bonding regions: Si-GaSi-Si< Ga-As< Si-As. We from the interface. The authors of Ref. 12 have found analo-
note that similar localize8,, states were reported by Pickett gous resonant states in the case of the Ge/GaAg inter-
and coworker¥ for the Ge/GaAg110) interface. face.
Moving upwards in energy we find a second band of The band in the -7 to —4 eV energy range along the
states which have a maximum probability density on the firsiX-M line corresponds to the states related to the Si and Ga
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FIG. 3. Contour plot of the probability density
of two Si/GaAs(110) interface states in two dif-
ferent (110 planes containing Ga and As atoms
(a) and Si atomgb) at the interface and the cor-
responding planar averagg) along the[110] di-
rection. Both states are at the¢ point of the
zone. The dashed lines indicate the position of the
planes where the contour plots were drawn.
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atoms at the interfac@ve call themSg;.g, state$. The prob-  the fact that thePs; s (Pgand States are lowethighey in

ability density of one of these statesMtis displayed in two ~ energy than th@s; ¢, (Psi.a¢) states can be explained by the
different planes, perpendicular and parallel to the interfaceinore attractive ionic potential of Si as compared to Ga.

in Figs. 4e) and 4¢'), respectively. Such states contain a

larges component and also a nonnegligilpeontribution of IV. STATES INDUCED BY ONE Si (110)

the Si and Ga atoms at the interface, and they exhibit a MONOLAYER IN GaAs

strong antibonding character. They are pushed away from the

Si-Ga bonding region into the more attractive Si-Si and L€t us return to theg; states and also to tH; g, states
Ga-As antibonding regions. We note that at the Ge/GaASf th_e Si/GaAs(110 heterojunction. Their formatlon and
(110 interface, the corresponding states were found to hav8tomic character can be better understood if only a few lay-
a dominant contribution from the Ga atdfwhich is not the  €rs of Si are introduced in the bulk GaAs. Indeed, the bulk

case here. We attribute this mainly to strain. Strain pushe§BS of Siis no longer present, which enhances the localiza-
the Sis states upwards in energy, giving rise to a strongefion of some of the Si-induced states. We note that some of

interaction with the Ga states, and hence to a more signifil® States of the Si/GaAs interface are bound to be present
cant contribution of the group-IV atom to the antibondinglike &/S0 in the ultrathin layer limit. In particular, all As and Ga-

interface state[This will become more clear from the study derived states cannot disappear, since they essentially origi-
of the ultrathin Si(110) layers in the following sectionk. nate from GaAs band-edge features. We will see here and in

The states of the next two bands that extend in thdh€ next section that actually most of the interface states of
XM-X! region (Ps.a, andPg;.c,) originate from thep states the fully developed Sl/_Ge_lAs{llO) heterojunction can be
of the Si atoms at the interface and from thatates of the traced _down to the ML limit. .

In Fig. 4 we have plotted the states induced by one ML of

interface As and Ga atoms, respectividge Figs. &) and . : . .
2(d)], which form bonding orbitals across the interface. ForSI in the GaAs(110) homojunction, together with the GaAs

the localization of thePg;_5¢ States, the same considerations .
as for theS, states are valid. As far as thi&. g, States are [ Gas 1 Si ML

concerned, we note that due to the repulsive ionic potential - , 3
in the Si-Ga bonding regiofwith respect to the potential in ' NQA&\ 5l
the Ga-As or Si-Si regionsthese states are pushed at the 0.0 d
edge of(or at a higher energy thathe GaAs PBS. -i\ _“_112::
The remaining two types of statéBg,.as and Pg;g; in —20F Y Pl
Fig. 1) are fOL_lnd onl_y in the nelgh_borhood_ of tI_X—i- point S _aok Q:/ T Psias
and have their maximum probability density either on the 2 < | 3 SPg A
GaAs (110 plane(Pga.a9 Or on the Si(110 plane (Ps;.s) B _60F ‘ L1 Sqice
adjacent to the interfadsee Fig. 3. These states correspond 2 e — Sai
essentially to the As-GéSi-Si) p, bonding orbitals within -8.0F L T Sca
the nearest-neighbor zigzag chains of (140 plane. We _100:/— \/: Ssi
note that theX’ point corresponds to a zone-edievector ' T | A
perpendicular to the chains. In a tight-binding descrip#on, -120F —’:—_\ 7
this gives rise to a phase in the Bloch functions that leaves / I~ s,
the sign of thep, orbitals of the second nearest-neighbor —14-01—. 3 T

atoms in the chain unchanged, but reverses the sign of the
atomiclike orbitals in adjacent chains within tfELO plane.

This leads to an antibonding configuration between the FIG. 4. Dispersion of the localized states and resonaftbék
chains, but allows the formation of thg nearest-neighbor lines) induced by one ML of S{110) in GaAs relative to the GaAs
bonding orbitals within the chain, as seen in Fig. 3. Finally,bulk PBS.

= =l
>
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FIG. 5. Contour plot of the probability density
pin the(TlO) plane and the planar average of the
probability density(p) along the[110] direction
of selected states of the GaAs/1 Si ML/GaAs
(110 heterostructurela) As-deriveds state aX’.

(b) Si-deriveds state aixX’. (c) Ga-deriveds state
atT. (d) Si- and As-derive state atx’. (e) Si-
and Ga-deriveg state a’. The probability den-
sity of the above states in atomic planes other
than the ones considered is a small fraction of the
one shown.
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PBS. The layer-induced states are calculatek,a0. How-  with the Si— As substitutions. We note that because these
ever, the miniband width along, is negligible given the localized states have their probability density mostly on the
thickness of the GaAs slab employed in the present studyanion sites, within the SiL10) layer at the interface, they are
We align the supercell states with the bulk GaAs PBS, usingjualitatively different from the Si bulk states present at simi-
the calculated shift of the macroscopic average of the eledar energies in Fig. 1. The states derive from Si atomic orbit-
trostatic potential in GaAs relative to its mean value in theals with identical weight on the two Si sublattice sites. The
supercell. The group symmetry @, and the space group is former states can thus give rise to Fano resonances when
symmorphic. Thus, all points and lines in the 2DBZ belongthey interact with the continuum of bulk Si states, in the fully
to one-dimensional irreducible representations, and no addfeveloped Si/GaAg110 heterojunction. The interaction
tional degeneracy is introduced by time-reversal symmetry.generates bonding features between the Si atoms sitting on
An S band is still present in Fig. 4 at approximately the anion sites in the layer closest to GaAs and the Si atoms
same energy as in the interface case. This band derives frofi{ting on cation sites in the neighboring layer on the Si side.
the s states of the As atoms adjacent to the Si layer that formd his, in turn, pushes the probability density of g state
the symmetric states under thg, reflection[see Fig. 5a)]. _towa_rds the second Si layer, in the fully developed hetero-
The antisymmetric counterpart is found as a broad resonanddnction- _ _
(not shown in Fig. %in the PBS of the bulls valence band __ In _the neighborhood of theM point, along the

of GaAs. Conversely, a Si-relatexiband appears at about I'-X-M-X' path in Fig. 4, theSg; state couples with the sym-

-9 eV atl', whose dispersion from toX’, toM, and toX is  Metric state we labele@s, The latter state derives mainly
similar to that of theSg; interface state. Again, this band from thes states of the Ga atoms adjacent to the Si ldyt.
corresponds to symmetric states with respeciofa The  probability density atl” is shown in Fig. §c).] Consistent

probability density of one of these state®; at X') is dis-  With the ordering expected from the correspondsrevels in
played in Fig. %b). The probability density is predominantly the isolated atoms, the energy positions of the localiged
on the Si atoms sitting on the anion sites in the continuatiorstates of As, Si, and Ga are found in ascending order. The
of the zinc blende lattice, but it also reveals some bondingtate labeled;, observed aM, is the antisymmetric coun-
character with the nearest-neighbor Ga and Si atoms. Conerpart of theSs;, state[see Fig. &c)], while the symmetric
sidering the Si layer as a perturbation to bulk G&A¥ S g, state, found in the lower part of the GaAs stomach gap,
these states separate from the GaAmnd and move up in has mixed Si and Ga (with somep) atomic charactefsee
energy, because of the repulsive on-site potential associatddg. 6b)].
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0.0

FIG. 6. Left: Contour plot of the probability
densityp in the (110) plane and the planar aver-
age of the probability densitfp) along the[110]
direction of three states of the
GaAs/1 Si ML/GaAs (110 heterostructure.
Right: Contour plot of the same states in the
(110 plane indicated by the dashed linéa)
sp-Si and p-As derived state aK’. (b) Si- and
\ Ga-deriveds state atM. (c) Ga-deriveds state at
M. The probability density of the above states in
atomic planes other than the ones considered is a
small fraction of the one shown.

0.5
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Another statgalso symmetric under the,, reflection is  andPg; g states are symmetric states, which also derive from
observed in the lower part of the GaAs stomach gap, butheir interface counterpartsee Figs. 7 and)3
only near theX’ point (SPs;.»0). The latter state is not present Finally, we find a well localized C*Ol’ldUCtiOI’l state in part
in the fully developed Si/GaA£&110) heterojunction, and it of the GaAs fundamental band gé®;; »s in Fig. 4) which
originates mainly from the states of the As atoms adjacent does not exist in the fully developed Si/Gafsl0) hetero-
to the Si layer and thep hybrids of the neighboring Si atoms junction. The latter state is an antibonding Si-As state with a
[see Fig. €a)]. The Pg;.as (Psi.ca) State derives from the an- strongsp’-hybrid character from the Si atoms occupying the
tisymmetric combination of thBg;. s (Psi.c2) interface states cation sites within thé€110) layer[see Fig. Tc)]. This state is
on each side of the Si layésee Figs. 5 and)2The Pg,.as  €ssentially a quantum-well state in its early stage formation.

1.0
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03
0.0

Ga Ga Si Ga Ga Ga Ga Si Ga Ga Ga Ga Si Ga Ga
As As Si As As As As Si As As As As Si As As

1.0
08L
05+
03+
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FIG. 7. Contour plot of the probability densipyin the (110) plane, indicated by the dashed line, and the planar aveyagaiong the

[110] direction of three states of the GaAs/1 Si ML/GaA40 heterostructure. All states are at tképoint of the zone. The dashed lines
indicate the position of the planes where the contour plots have been drawn.
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At larger Si intralayer thicknesses, the localization of this [ Gaas 2SiML
state, at specifi& points of the 2DBZ, will be due to the ; ]
conduction band offset of Si in GaA&e., the quantum-well 20 4 \ ]

7< :. Szi-As

potential, within an effective-mass descriptiohe Sg; ac
state is present within the GaAs band gap in a large portion
of the 2DBZ. Yet, we recall that the GaAs and Si band gaps 20
are affected by an error within the LDA-DFT approach,
which may affect also the existence of tBg . state. The
calculated GaAs LDA(direch gap is 0.9 eV, while the ex-
perimental valu® is 1.52 eV(+0.62 eV correctio)y and the

Si LDA gap is about 0.5 eV, which is to be compared to the
experimental valu@ of 1.17 eV (+0.67 eV correction The
gap corrections, however, turn out to be similar for Si and 100
GaAs; also, the corrections are expected to be rather rigid ] 4
shifts throughout the BZ. We therefore do not expect drastic -12.0 F > -
changes in the alignment of the Si and GaAs conduction ' N s,
bands. To have an estimate of the conduction offset control- -14-01—, =
ling the localization of the most boung . states, we
should compare th¥ (indirec) gap of GaAs(its calculated
value is 1.4 eV and its experimental vaidies 2.18 eVf with FIG. 8. Dispersion of the localized and resonant states induced
the corresponding gap of Si. Taking into account the 0.14 e\by two MLs of Si (110 in GaAs relative to the GaAs bulk PBS.
VBO, we thus conclude that the states n&amre bound by  Solid lines are the symmetriby oy, reflection states. The dashed-

a conduction offset of about 0.87 eV, to be compared to thélotted lines represent the corresponding antisymmetric states.
theoretical offset of 0.76 eV. This gives us confidence in the

existence of theS; s States also in the actual quasiparticle thicker Si layers. We note that &, and SPs; s States are

S_ Poaas

T Psias

B SSi-Ga

Energy (eV)
&
2

 ~—_
T 4 Psica
\_\\\ “/—} Pgisi
pe——
—"

interface spectrum. no longer present already at two Si ML coverage. Yet, we
find a well localizedS;; ¢ state in a relatively large portion

V. STATES INDUCED BY TWO Si (110) of the 2DBZ. This state is localized in regions of the 2DBZ,

MONOLAYERS IN GaAs which more closely correspond to the regions exhibiting a

) . large Si/GaAs conduction band offset, as compared to the
We end this study of nonpoldd10-oriented structures ,ng ML case. Following the considerations given for the one

with the case of two MLs of Si in GaAs. This case is inter- \y case. this indicates that we are in a situation in which the
mediate between the fully developed interface and the singlg, antum-well potential is nearly established, with a potential

Si impurity-sheet perturbation. The point group symmetry ofgrangth that is becoming similar to the conduction-band off-
the two Si MLs in GaAs contains the reflection operationsget petween Si and GaAs.

gy, Oxy, and a twofold rotation around theaxis. The point

group is Gy, and th? 3pace group is nonsymmorphic with VI. STATES INDUCED BY A Si (100) BILAYER IN GaAs
fractional translatio3, 3,0) (in lattice unitg. Since our cal- '

culations do not take into account the nonscalar spin-orbit The situation is more complicated fgd00)- than for

interaction, no additional degeneracy is imposed along the110)-oriented heterovalent heterostructures, because of the
I'-X andT-X' lines by time-reversal symmetry. We thus ex- polarity of the[100] growth direction. We mentioned in the
pect, along these lines, pairs of symmetric and antisymmetritntroduction that the fully developed abrupt Si/Ga@90)
states for each atomic-orbital-derived state. Conversely, thieeterojunction is thermodynamically unstable, as it is mac-
representations of the groupsXfandX’ belong to the two-  "oscopically charged. Similarly, an abrupt @00 mono-
dimensional irreducible representatigg and the represen- layer n GaAs is also macroscopically cha_lrged apd thermo-
. — ) " ~dynamically unstable. An abrupt $100 bilayer, instead,
tation of M belongs to the two-dimensional representationgives rise to a dipole, which is the lowest-order multipole
Ms of C,,, for which an additional degeneracy is present. which does not generate a long-range electric field and is
We plot in Fig. 8 the states induced by two MLs of Si in hence, in principle, energetically acceptable. The dipole layer
bulk GaAs. We align the localized states and resonances withlso corresponds to the highest-order multipole which can
the GaAs PBS only, as in the one ML case. In Fig. 8, weinduce a change in the band alignment, and it is therefore of
distinguish the symmetrifoy oy, reflection from the anti-  possible interest for interfacial band engineering. Here we
symmetric states, which have a small probability density bethus focus on the bilayer case. Some caution, however, is in
tween the adjacent Si layers. Comparing the results for therder when comparing theory to experiment. Although pho-
two Si MLs with those obtained for the one Si ML and the toemission and internal photoemission studies have reported
fully developed interface, we see that the connection besome changes in the band alignment in the presence of the Si
tween the states of the one ML and of the interface is madterlayers/~® this effect was found to saturate at Si cover-
by the symmetric and antisymmetric states of the two MLages of about a one-half ML and to decrease in amplitude at
structure, which eventually become degenerate for théigher coverages. This has been interpresesdan indication
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I Gaas [ ] Gaas? by the small valence-conduction-band overlap &tas there-
B i fore a negligible influence on the band alignméithe com-
. puted potential lineu@dV agrees within 0.1 eV with the pre-
diction of the linear-response model of Ref) Zhe point
group symmetry of the isolated bilayer in GaAgdg,. Since
we have two Si bilayers in the supercell, rotated#A2 one
with respect to the other around the twofaaxis, a higher
D,q symmetry is present in the superlattice. The irreducible
] part of the 2DBZ of our calculation is thus one-half of that of
] SP,. the isolated bilayer, and each point in the irreducible BZ
: includes states of both bilayers. However, no additional de-
:‘PAS-Si generacy is induced by time-reversal symmetry. The bands
Lsp are shown along the high-symmetry lines connecting
] o I'=(0,0), J=(3,3) andK=(0,1) (in units of 2r/a, wherea
is the GaAs lattice constant
Beginning from the lowest energies, we recover the As-
relateds-state band. In the present case, pairs of localized
states separated hyV appear, which correspond to As on
] the upper-energy and Iower—enerfjis‘g’\S in Fig. 10@)] sides
‘T of the heterostructure. We observe three different types of
localized Sis-like states in the S{100) bilayer structure; one
3 SAs derives mainly from Si atoms sitting on the Ga sitg$, see
Fig. 10c)], the second one is associated mostly with Si at-
oms on the As sitepS{;, see Fig. 1@)], and the third one
K involves Si atoms from both cation and anion sit8s._g; in
Fig. 10b)] and shows strong Si-Si bonding features. The
FIG. 9. Dispersion of the localized and resonant stéeek  first two types of states are found essentially around the zone

lines) induced by two MLs of Si in thé100 GaAs homojunction edgeK point, whereas thes.q; states are observed in the

relative to the PBS of the GaAs bulks, Ga/ssd GaA§, which are .
shifted one with respect to the other by the dipole potential induced®Mmaining part of the 2DBZ. T@Eharacter of g states

by the Si interlayer. The dashed line indicates the state corresponghanges progressively along theK direction, and matches
ing to the Sg, state of the GaAs/1 Si ML/GaA&l10 homojunc-  the character of th%i and %i states ak.

tion (see text The Ga-related localizeds state of the (110
GaAs/1 Si ML/GaAs heterostructure is found as a reso-
nance in the present cagtashed line in Fig. @ Conversely,

e find well localized states which derive from interacting

2f

0 % SSias
e

>

~ Psisi

Energy (eV)

‘:> Ssisi

=
—
Al
=l

of significant deviations from a Si bilayer distribution above
a one-half ML, due to atomic interdiffusion. It should be
stressed, however, that the positions of the Si atoms are un: : i .
known in any case, and it is only speculatively that one may; asand Sip States[SPGa'Si In Fig. l](a)]. We. also find an
assume a dipole layer distribution, even at low coverage Wg Pas-s State, which results from the interaction between As
! . . _.. Sp hybrids and Sip orbitals[SP,.g; in Fig. 11(b)]. The in-
thus consider the simplest possible case of two MLs of Si in ! ;
an abrupt bilayer configuration, and we will end this sectionplane(llo) Pea-asinterface state is no longer present, as one

with some considerations on the trends one may expect forp|ght have expected, since the planes of the Ga-As zigzag

bilayers with lower Si nominal concentration. Although two gth;g]sinzgazog fgl?;%egg'acﬂﬁ‘; teor ;?aetemct)?irefifeec.i i (Il@@”!ﬁ:si
MLs of Si in a bilayer geometry is a structure which has not ! ' y :

been produced experimentally so far, the study of this systerﬁggg'%ﬁﬂ[senee;%;a\gér\:\éi r;(c)jteetg?ttgzdgg&ssstatgloanp-
is interesting in itself to establish a relationship between thd€ars 0 _ y A 9 i T 9
interface states of th€110) and (100) heterostructures. We the I'-J line. The state originating from_ the mte_ractlon be-
also want to show that intrinsic scattering centers can exist ifWeen thep states of As and P, s;in Fig. 12a)] is found
the (100 systems, even in an abrupt, defect-free heterostrumear the zone-edgé point and is a resonance in the G8As
ture. PBS.

In Fig. 9, we show the dispersion of the states induced by Finally, we also report two states which are present in the
two MLs of Si in the(100 GaAs homojunction. The PBS's main PBS gapapart from the metallic region ne#. The
of the two GaAs bulks on each side of the juncti@aAs', first one is a Ga-Si bonding state resulting from the interac-
GaAéj) are r|g|d|y shifted one with reSpeCt to the other by tion between th@ states of Ga and $PGa-Si see F|g 1&:)]
1.15 eV, which is the calculated VBO of the relaxed heterO'at the GaA¥%/Si junction_ The second one is a Si-As anti-
structure. In the LDA framework, the system is metallic nearponding state deriving from thep? hybrids of the Si andto
I'. However, this would not be the case if the experimentah lesser extenbof the As atom:{S*Si_AS, see Fig. 1&)] at the
gap of GaAs had been used. We note that the zone center h8§ GaA$ junction. Both states, and in particular thg,_s;

a very small weight in the BZ integratiorteur grid actually  state, exhibit a relatively weak dispersion along Fhd line,
does not include th& point). The charge transfer generated leading to an enhanced DOS near the Gavalence-band
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FIG. 10. Contour plot of the probability den-
sity p in the (110 plane and the planar average
(p) along the[100] direction of some states in the

GaAs/2 Si MLs/ GaAs(lOOl heterostructure(a)
GaAd As-deriveds state at]._(b) Si-Si-deriveds
state with lowest energy at (c) Si%deriveds

state atK. (d) Sid-deriveds state atk. The prob-
ability density for the above states in atomic
planes other than the ones considered is a small
fraction of the one shown.

Ga
SPGa-Si
p
As Ga

0.

041

0.2F

0.0

As Ga Si

FIG. 11. Left: Contour plot of the probability densigyin the
(110 plane and the planar averag® along the[100] direction of
two states in the(100) GaAs/2 Si MLs/GaAs heterostructure.
Right: Contour plot of the same states in {i©0 plane indicated
by the dashed line(a) s-Ga- and p-Si-derived state atl. (b)

sp-As- and Si-derived state &. The probability density for the

As Ga

edge(Pga.s) and the GaAbconduction-band edgeSg; »0).
In the presence of only one of the two G&ASI .and
Si/GaA¢ interfaces, we expect the resultimg, s Or S as

states to bewithin the GaAs optical gap nedr. This is
confirmed byab initio computations we performed for re-
lated engineered systems, namely the abrupt
Al/6 Si MLs/GaAs (100 metal-semiconductor structures
with either an As- or a Ga-GaA&L00 termination at the
polar Si/GaAs interfac The dispersion of the correspond-
ing Sg;.as andPg,_s;States is shown in Fig. 13, along the high
symmetry direction of the 2DBZ, together with the probabil-
ity density of these states. Although the As- and Ga-
terminated Al/6 Si MLs/GaAs(100 metal-semiconductor
structures incorporate only one of the two types of charged
Si/GaAs(100) interfaces each, they exhibit no macroscopic
electric fields in the bulk semiconduct@aAs—because of
the presence of the metal—and display either a GaAs
energy-shifted bulk(in the As-terminated junctionor a
GaAs' energy-shifted bulkin the Ga-terminated junction
Also, the thickness of the $six Si monolayers pseudomor-
phically strained to GaAsensures negligible interaction be-
tween the continuum of the Al bulk states, on one side of the
interlayer, and the resonas; ». or Pg..s; Si/ GaAs interface
states, on the other side of the interlayer. In these conditions,
the As-terminated Ga-terminatef junction gives rise(see
Fig. 13 to a band of theS;, ¢ (Pga.s) Si/GaAs interface
states which has a dispersion similar to that of Fig. 9 within

the GaAs PBS’s band gap, but with an energy athich is
well within the gap, namely,~0.2 eV below (~0.5 eV
above the conduction-bandvalence-band edge of the
GaAs PBS.

The S, s and Pg,.s; States that we find at the abrupt As-
terminated and Ga-terminated Si/Ga@90) interfaces, re-

above states in atomic planes other than the ones considered isspectively, are th€100) analogs of th&; o andPg; g, States
small fraction of the one shown.

that we observed in the nonpolar GaAs/Si/GdA$0) het-
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As

PAS-Si -
0.8 @ — 08 FIG. 12. Contour plot of the probability den-
32 P gz sity p in the (110 plane and the planar average
02 ozl (p) along the[100] direction of some states in the
0.0 - . . 0.0 (100 GaAs/2 Si MLs/GaAs heterostructuri)

GaAd As- and gi’-derivedp state atJ. (b) Si-
derivedp state at]. (c) GaAs' Ga- and Si-derived
p state atJ. (d) Si%-derived antibondingp state

at J. The probability density for the above states
in atomic planes other than the ones considered is
a small fraction of the one shown.

0.6 -

P 1 04} 1

1 ez ,-\/\/\/
0.0 % . . .

erostructures. However, contrary to the case of the globallyhat, in both cases, the conduction resonance gives rise to a
neutral Si/GaAs (110 junction, at the As-terminated stronger DOS feature than the valence resonance, due to the
Si/GaAs (100 interface, the attractive potential created bylower density of the bulk states present near the conduction
the globally positive excess ionic charge of the As-Si donordge. The conduction resonance may be responsible for a
bonds is sufficiently strong to pull down tH&, ,, conduc-  peculiar feature observed in internal photoemission experi-
tion states within the GaAs fundamental gap. Similarly, thements by dell'Ortoet al3® The associated increased DOS
potential created by the globally negative ionic charge of theyt I is indeed detectable, in principle, by transport
Ga-Si acceptor bonds is able to push up thg s States  measurement®

from the valence band into the GaAs gap. Hence,Shg,

(Pga-ad States become potential scattering centers at the po-

lar As-terminated(Ga-terminatel Si/GaAs (100) hetero- VIl. KOSTER-SLATER MODEL
junction. FOR THE INTERFACE-STATE PROBLEM

As mentioned before, Si may be confined in a bilayer e o jnitio calculations of the preceding sections have

geon;]e':][y only at Eom'nﬁl cofveragles Ipwer t.han (()jr eﬂualhto %rovided us with the energy position and atomiclike charac-
one-half ML. We have therefore also investigated what hapge, ot yarious states localized at the Si/GaAs interface. How-

pens (o theSs; , and Pg,.g; States when the Si coverage is o e it js not simple to extract from the full-fledged initio

reduced to a one-half ML. We consider two different ordered.;q jations a general understanding of the mechanisms of
GaAs/Si/GaAd2x 2) interlayer atomic configurations Cor- jnerface-state formation. For example, it is evident from Fig.

responding each to one-SiGa and one Si-As atomic Sub- 1 {hat except for thS,, states which form a complete band
stltutlon_per(2><_2) surface—unlt ce!l W|th|q the GaAs_ bilayer. along the high-symmetry lines, the other states appear only
In the first configuration, the pair of Si atoms sits on theyiong specific lines or near specific points of the 2DBZ. This
adjacent Ga-As sites, so that each Si atom has three As @f 5 common feature observed for many different interfaces
three Ga nearest neighbors and one Si nearest neigttior sty died in the literature. In this section, we thus try to ratio-
figuration A), whereas in the second configuration each Shgize the above results based on a more general, yet simpli-
atom has four As or four Ga nearest neighbors, and no Sjeq description that contains the main physical ingredients
nearest neighbolconfigurationB).! . . of the problem. Specifically, one would like such a model to
In both A and B configurations, we find that th&;; »s  include the effects ofi) the strength and sign of the local
(Pga-s) states associated with the Si-ASi-Ga donor(ac-  potential at the interface generated by the different chemical
ceptod bonds become resonanced afThe energy positions nature of the interface atomic constituen{s) the band
of the resonances depend somewhat on the Si arrangemestructures of the two bulk materials, ariii) the macro-
The Sg. . resonance is located at +0.2 eV from the scopic lineup of the two bulk band structures across the in-
conduction-band edge in the configuration and at +0.1 eV terface. We report below a simple analytical criterion for the
from the same edge in tH& configuration. ThePg,.gireso-  existence of the interface states, which explicitly relates the
nance remains, instead, a near-band-edge resortatbén existence of these states (9, (i), and(iii). A derivation of
0.1 eV from the valence-band edga both cases. We note the analytical form of this criterion, which is mathematically
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4

/AR A

0 5 10
(b) z A z A

FIG. 13. Resonant Si/GaAs interface states in the abrupt Al/6 Si MLs/GaB§ junctions with As-terminatedleft) and Ga-
terminatedright) GaAs(100) at the Si/GaA<100) interface.(a) Dispersion of the interface states along the high symmetry directions of the
2DBZ (solid line); the gray area corresponds to the projected bulk band structure of GaAs. The zero of energy corresponds to the GaAs
valence band maximuntb) Probability density of the resonant states atlthgoint. The contour plots are shown (@10 planes, including
the As-Si-As(left) and Ga- Si-Gdright) bonds at the Si/GaAs interface. Soldbtted circles and lines indicate atoms and bonds which
are in(out) of the plane. The planar average of the density is shown below the contour plots.

2

simple and physically transparent, is also presented. A de- GQ 0
tailed and rigorous quantum-mechanical derivation, together Go= B |
. L . . o 0 Gg
with the explicit expressions for the microscopic interface-

specific terms, is given in Ref. 18. ) A B , . —
An interface can be regarded as a perturbation of th&ith Go and G, the Green's functions of the Hamiltonians

bonding structures of two different bulk materidlslso, ~Ho and Hg, respectively. A perturbatiot (which will be
since for stable interfaces the perturbation involved is neutrafPecified belowis then introducedl) acts on this system
and short ranged, we may formulate the problem in terms ofNd in particular couples and B, and yields an interface
few perturbed layers, and thus derive a criterion similar to/B (plus two free surfacgsThe total Hamiltonian describ-
the one Koster and Slater introduced for deep impurities ifnd the perturbed system i$=H,+U. A basis set of Wannier
semiconductord! Following the authors of Ref. 13, we con- functions is assumed in the following discussion. Specifi-
struct the interface as a perturbation of two bulk semiconcally, asU preserves the periodicity in planes parallel to the

ductorsA andB. We write the unperturbed Hamiltonian as interface, the basis functions at a giérpoint in the 2DBZ
consists of localized-layer Wannier functidfisn A and B,

HA 0 obtained from the Bloch functions of the corresponding bulk
Ho= ( 0 B), (1)  Wwith wave-vector projection in the 2DBZ equal ko
0 Ho The construction of the interface, and thus of the pertur-

bation U, is schematized in Fig. 14. We consider the
whereHé and HS‘ are the Hamiltonians of the two bulk pe- Si/GaAs(110 interface, and assume for simplicity that the
riodic crystals, with standard periodic boundary conditionsinteractions are described by tight-binding nearest-neighbor
over N layers. The corresponding one-particle Green’s funcHamiltonians. To keep the expressions as simple as possible,
tion of the system is we also refer in the following to one bangg)(K,k,) for
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o Ga
O as Al
e Uga-si
Y (‘ .
S
. (U{A‘—.S' . FIG. 14. Schematic description of the

interface-creation procedure discussed in the text.

each bulk semiconductor. The generalization to the multi- g 1 1
band case is straightforwat8A layer of atoms of materiah Gp = NE E - ea(K.k) — AEypo(A/B)’ (7)
(e.g., GaAs and a layer of atoms of materiBl (Si) are first ke B\ VBO

removed on each side of the interface in bulk spa@ndB,  \yhere AE,zo(A/B) is the VBO of theA/B interface. The
respectively. This procedure is analogous to the creation of,gition (5) tends to the usual Koster-Slater relation, 1
free surfaces and can be performed in practice by changingueozoy for deep impuritieU being the potential pertur-
the on-site parameteXé, andVg, which eventually are 16t go pation induced by the impurity in the host describedGy

to infinity.** Then, the interactions between the atoms of thgypen only one semiconductor and the on-site interactions are
left-hand sideA and right-hand sid® surfaces(Si-Ga and retained. Given the linear relatio,(E)=/deD(s)/(E-¢),

S.i'AS) are switched on across thg interface. These ,imeracbetween the Green'’s function of a bulk and the correspond-
tions are repre'sented 'by th? off-dlagonal tefdyg, which . ing electronic density of statg®0S), D(g), we find from
are nearest-neighbor tight-binding matrix elements couplln%q (5) that, for a given set of parameteits,, Ug, andU ,p)

fche two in_terface layers. Fi_nall_y , the charge tfa”SfEf at th he existence of bound states and resonances deper(@s on
interface, i.e., the perturbation induced by the interface relafhe strength of the DOS of each bulk band with respect to the
tive to a superposition of bulk crystal potentials, is added a

on-site diagonal matrix elemenits, andUg for the semicon- orresponding on-site parameté;(lB) and(ii) the amplitude
ductor interface layers and B, respectively. Since these ©f theproductof the DOS of the two bulk bands with respect

: . " .
perturbations are measured with respect to the average eld. the interface coupling parametefsg|™*. Localized states

trostatic potential of the corresponding bulks, the lineup isT'@ @ppear above and/or below the bulk bands, according

introduced in the Green's functions of the bulks. If we as-NOt only to the strength of the on-site teridg andUs at the
erface, but also to theelative strengthof these terms and

sume that the removal procedure described above has bet & coupling termdJ,s, In fact, whenU,=Ug=0, Upg can
iXi AB- ’ A—VYB™ Vs YAB
performed, the only relevant block of the mattikis push states both abowd below the bulk bands. It should
be noted, however, that when the band offset is nonvanish-
[ Ua Uns ; ; i ; i )
U _< . ) (3 ing, even in a one dlmens_lonal model, th_e on-site perturba
U Us tions generated by the interface may induce resonances
rather than bound states. This is in contrast to the case of
where all elements are scalars in the one-band model. Thgeep impurities, where a state is always bound in one dimen-
condition for having bound states can then be derived frongion (for local potentials

the determinantal equatich, With the help of Eq.(5), we can now try to identify the
regions and points of the 2DBZ where interface states are
defl - Gy(E)U] =0, (4) most likely to appear. In view of the relationship between
Green’s function and the DOS, we examine the DOS of both
and reads Si and GaAs bulks, for a given point of tH@10) 2DBZ,

integrated along a line ik space parallel to the growth di-
_ A_ B_ 2_ ARB _ rection. The result is plotted in Fig. 15 for the four high-
1-UaGo = UeGo ~ (lUael” - UaUe)GoGo = 0. (5) symmetry points of thé110) 2DBZ. The DOS is calculated
dJsing tetragonalproperly strainefisupercells of four atoms
oriented along thé€110) direction for both bulks. For each
point in the 2DBZ we sample the 10 direction with 26k
points distributed on a uniform grid. A Gaussian broadening

If the zero of energy is fixed at the top of the valence ban
ea(K,ky), the Green’s functions are

GA= 12 1 (6) of 0.1 eV is used. We employ the same procedure as in the
°"N Kk E- ea(K,ky)’ previous section to align the DOS of the two bulks.
The s-band DOS of GaAs is a sharp feature, well sepa-
and rated from the Si bands &, M, andX’. The localizedSyg
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FIG. 15. Wave-vector resolved density of statB©S) of bulk Si and GaAs for the four high-symmetry points of {140 2DBZ and
integrated along a line ik space parallel to thel10] crystallographic direction. The two DOS are aligned using the calculated valence band
offset of 0.14 eV at the Si/GaAd 10) interface. The volume of normalization is thf GaAs unit-celllolumg The degeneracies of the Si
(_GaAs) valence-band DOS features, given in order of increasing energy, @rellatT’, 2, 2(1, 1, 2 atX andM, and 1, 1, X1, 1, 2 at
X',

state is induced thus by an on-site perturbation. Thg to the attractive character of th&,s and Ug matrix
on-site potential is attractivi¥,due to the attractive potential element&® and to the finite value of the band offset. The
of the nearest Si atoms, and it is responsible for the existenasaff-diagonal termU g thus has not enough strength to push a
of this state. TheSg;_ g, States originate mainly from both the state in the gap; we note that the situation changes, instead,
Si and GaAs peaks located at about -6 eV and -7 eV in that the polar, negatively charged Ga-terminated Si/GaAs
X andM DOS spectra, respectively. These edges are assodil00 interface, where the repulsive potential induced by the
ated with Si(GaAs electronic states that contain an impor- Négative charge pushes tRg, g, state within the GaAs band
tants component, together with a nonnegligitgecontribu- ~ 9ap. Similar considerations apply to other abrupt interfaces

tion, from the Si(Ga) atoms. The on-sitts, andUg; matrix  studied in the literatur&;°<"giving us confidence in the
elements of adjacent Ga and Si atoms are repulSiiow- ~ soundness of the above model description. We also note that

ever, contrary to the case of the Astates, the Si and GaAs estimates for the interface-bonding parameters may be ob-
edges are separated by less than 1 eV, antUtagerm also tained from relatively simple models, such as the tight-

contributes to the formation of thg;; 5, states. Atl" andY’, binding approach of Ref. 13.
instead, no comparable DOS features are detected at similar
energigS- VIIl. SUMMARY AND CONCLUSIONS

At X’, two pronounced and strongly overlapping Si and

T . Using anab initio pseudopotential approach, we have
GaAs DOS features are visible, with band edges at abo.usttudied the states induced by thin Si interlayers in abrupt

;ih?ﬂ e\tloiﬂgp__l e\;thge Iowset;tgggaens d iﬁre‘trlljbm:r %rr?edsot[g"GaAs_/Si/ G_aAs(llO) a_nd (100) heterostructures. We have

y Si-As Ga-As bp also investigated the interface states of the fully developed
the Psi.si and Psi.g, states. However, only thés.,s and g0 ng (110 heterojunction and resonant Si/Ga/ikd0)
Psi.ca States can be followed along the 2DBZ up to e jnterface states occurring within the GaAs band gap in
point. The strong overlap near the band edges makes thq/e Sj MLs/GaAs (100 heterojunctions. We have exam-
contribution of theU 5 term important, as evidenced by the jned the bonding properties and atomic character of these
mixed Si-GaAs nature of the resulting interface states. Thesgyrious states and their possible connections.
states are localized by the attractirepulsive ionic poten- The results reveal interesting common features between
tial in the Si-As(Si-Ga bonding regiort® At the I" point,  localized states and resonances in structures with different
no bound state is present in the fundamental gap. This is dusterface orientations and, for a given orientation, between
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states localized by one or two Si monolayers and the interstateg Eq. (5)] has been derived, which allows us to predict
face states of the fully developed Si/GaAs junction. Bythe existence and/or energy of interface states from the DOS
studying the evolution of the resonances and localized statesructure of the constituent materials and from some interface
with the Si interlayer thickness, we were able to explain thebonding parameter$.With this model, we were able to ex-
origin of Si-related resonant interface states occurring in thelain the different types of localized states obtained from the
fully developed Si/GaA$110) junction. Theab initio results  ab initio calculations for the GaAs/Si interface and their
also indicated that most of the localized states of theoccurrence within specific regions of the Brillouin zone and
Si/GaAs (110 interface persist up to two and even oneenergy spectrum. More generally, this model is expected to
monolayer Si interlayer coverage. Moreover, the most strikbe useful to predict trends due to changes in the interface

ing valence-near-bandconduction-near-bandedge states atomic structurée.g., due to atomic intermixifi§) or in the

found in the GaAs/2 Si MLs/GaA$100) heterostructure

electronic band structure of the bulk materigdsg., due to

were also shown to originate from the localized As-Sialloying or different polytype¥).

donor-bond(Ga- Si acceptor-bondstates of the fully devel-
oped As-terminatedGa-terminategl Si/GaAs (100 inter-
face.

In order to gain further insight into the mechanism of the
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