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Abstract. Metal-semiconductor (Schottky barrier) and semiconductor-semiconductor (heterojunction) interfaces show rectifying barrier heights and band offsets, which are two key
quantities required to optimize the performance of a device. A large number of models and
empirical theories have been put forward by various workers in the field during the last
50 years. But a proper understanding of the microscopic origin of these quantities is still
missing. In this article, our focus is mainly to present a unified framework for first principles
investigation of the electronic structure of epitaxial interfaces, in which one of the constituents
is a semiconductor. LMTO method is now a well established tool for self-consistent electronic
structure calculations of solids within LDA. Such calculations, when performed on supercell
geometries, are quite successful in predicting a wide range of interface specific electronic
properties accurately and elBciently. We describe here the basic formalism of this LMTOsupercell approach in its various levels of sophistication and apply it to investigate the
electronic structure of A- and B-type NiSi2/Si(lll) interface as a prototype metalsemiconductor system, and CaF2/Si(I I 1) interface as a prototype insulator-semiconductor
system. These are a few of the most ideal lattice matched epitaxial interfaces whose atomic
and electronic structures have been extensively studied using a wide range of experimental
probes. We give here a glimpse of these experimental results and discuss the success as well
as limitations of LDA calculations to achieve accuracies useful for the device physicists.
Keywords. Epitaxial interfaces; Schottky barrier; LMTO method; supercell approach;
electronic structure.
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I. Introductory survey
1.1 Overview of the problem
When two different solids are joined together, the junction or interface formed quite
often shows novel properties different from either of the bulk constituents. For
example, Braun (1874) realized more than 100 years ago that the contact between a
thin metal wire and a crystal shows a resistance dependent on the polarity of the
applied voltage. This rectification behaviour in a metal-semiconductor interface, as
we all know, plays a crucial role in semiconductor devices. Similarly when two
semiconductors having different band gaps form a heterojunction, there is a band
discontinuity (or offset) which dictates the transport properties of the interface. In
general, in any 'bicrystal' formed by joining two solids A and B, the electronic structure
is perturbed locally near the interface, while it reduces to that of the individual solids
a few layers away from the interface. One of the aims of this article is to present a
unified approach for microscopic understanding of the interface electronic structure
(Das 1989). The bulk electronic structure of solids is now well understood. Surfaces
are relatively more difficult to handle, as it is nontrivial to produce an atomically
clean surface and to characterize it properly. Nevertheless, with the advent of advanced
ultra-high vacuum facilities and a number of experimental techniques for probing the
atomic and electronic structure of surfaces, we are now more or less well equipped
to do surface research. The crystalline periodicity being lost in the direction normal
to the surface, special theoretical methods, like cluster method, slab method, matching
method, superlattice method etc. have been developed (Applebaum and Hamann
1976; Schliiter 1978; Pollman 1980).
Interface is rather distinct from both bulk and surface. It is a solid state discontinuity
that provides the matching of crystailographically and/or compositionally different
materials. It is a spatially extended phenomenon in a two dimensional plane, unlike
point defects, dislocations or grain boundaries. The distinction between a surface and
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an interface is somewhat subtle. Qualitatively, an interface may be looked upon as
an 'internal surface', i.e. a surface forming common boundary between two regions,
just as a surface can also be looked upon as an interface between a solid and vacuum.
In this new 'sandwitch' structure, the top overlayer may be as thick as the substrate
or as thin as only a few monolayers. Being 'buried', it cannot be 'seen' by the normal
bulk or surface sensitive probes, resulting in some inherent experimental difficulties.
A clean Si(111) surface, for example, shows certain unique features (Prutton 1983)
like say 7 x 7 reconstruction, which can be seen by a low energy electron diffraction
(LEED) experiment. The surface unit cell is actually quite complicated and is thought
to be best described by the dimer adatom stacking-fault (DAS) model developed by
Takayanagi et al (1985). As soon as a native oxide (SiO2 in this case) overlayer is
formed on the top, there is a drastic change in the atomic as well as electronic structure.
The Si/SiO2 interface formed shows unique interface state distribution, crucial for
metal-oxide-semiconductor (MOS) technology (Schulz 1983). SiO2 being an insulator
is used to isolate the gate electrode from the semiconductor in a MOS device. Even
though considerable experimental effort has gone to understand the physics of Si/SiO2
interface, there is no real base for interpretation, because on the atomic scale the
interfacial layer is non-uniform, rough and full of defects and disorder. By oriental
growth of an insulating material like say CaF2 (having nearly same dielectric properties
as SiO2) on the surface of a Si(111) single crystal, an atomically smooth epitaxial
interface (see section 6) can be formed, with well controlled and superior properties
(Schowalter and Fathauer 1989).
The term epitaxy (i.e. 'arrangement on'), coined by Royer (1928), means that one
particular crystallographic direction in the contact plane of the guest crystal is parallel
to some crystallographic direction in the contact plane of the host crystal. Such well
controlled (on nearly atomic scale) layer-by-layer growth has been made possible
with the advent of techniques like molecular beam epitaxy, MBE (Parker 1985; Chang
and Giessen 1985; Cho 1989; Ploog 1990; Joyce 1991) and metal-organic chemical
vapour deposition, MOCVD (Miller and Coleman 1988) during the last decade. MBE
or MOCVD grown interfaces have some unique features, like they are single
crystalline, so that host and guest crystal together can be described by a single space
group; they are clean, uniform, atomically abrupt and form intimate contact with
highly controlled thickness and composition; the atomic structure and coordination
number at the interface can be well specified and in some cases, even the relative
orientation of the two half crystals can be controlled. An important, but not essential,
factor relevant to epitaxial growth is the 'lattice matching', which means a periodic
translation symmetry of interface being compatible with the crystal structures on
both sides of that interface (Zur et al 1985). With Si, for example, there are some
metals, semiconductors and insulators which are lattice matched (see table 1) and in
fact, high quality epitaxial growth of all these materials on Si have been achieved.
Multiple epitaxial interfaces with alternate thin layers of two solids give rise to
artificially modulated structures like superlattices and quantum wells. The idea of
semiconductor superlattices first came from Esaki and Tsu (1970) and its practical
realization was achieved only after the advent of MBE (Ploog and Dohler 1983). The
ability to exercise independent and spatial control over both the semiconductor band
gap and the level of doping has made it possible to grow a whole new range of
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Table 1. Metals,semiconductorsand insulators,closelylattice matched
with silicon. The exact magnitude of the small lattice mismatch
(with respect to silicon)is given within brackets.

si

Metal

Semiconductor Insulator

NiSi2( - 0-4%) GaP( + 0.4%)
a = 5.431,~

CaF2(+ 0.6%)
CoSi2( 1.2%) ZnS(- 0.5%)
-

artificially tailored quantum well structures, which in turn gives rise to novel physical
properties (Kelly and Nicholas 1985). The flexibility of electronic properties of these
novel materials has given birth to a fashionable field today, known as band structure
engineering (Abram and Jaros 1989). A lot of empirical and first principles investigations
of the electronic structure of semiconductor superlattices have been attempted (Smith
and Mailhiot 1990). Lattice mismatched heterostructures can also be grown epitaxially
with essentially no misfit defect generation, provided the layers are sufficiently thin
so that the mismatch is accommodated by coherent strain in the individual layers.
The fact that strain need not be a nuisance, but can indeed offer new functionality,
has given rise to a relatively new field called strained layer superlattices (Pearsall
1991; Mailhiot and Smith 1990). A good deal of theoretical effort has been put (van
de Walle and Martin 1986; Hybertsen and Schliiter 1987) to investigate the interesting
and technologically important Si/Ge heterojunctio.n, having 4% lattice mis-match.
The increasing technological importance of multilayers and superlattices is apparent
from the large number of reviews and conference proceedings coming out (see for
example Dhez and Weisbuch 1990). A recent technical report on the fundamental issues
of epitaxial interfaces involving semiconductors, insulators and metals has been brought
out by the department of energy, council and materials science of the United States
(Bauer et al 1990). To understand the basic underlying physics, it is desirable to bring
the apparently complicated interface system to a theoretical grip, and for that we
must concentrate on a single epitaxial interface, rather than superlattices. In this.
article, we consider only such interfaces where one of the constituents is a semiconductor
viz. metal-semiconductor (M-S), semiconductor-semiconductor (S-S) and insulatorsemiconductor (I-S) interfaces (see Das 1989 for a brief survey). In particular, we
shall consider in this article, epitaxial systems with Si as a prototype covalent
semiconductor, CaF 2 as a prototype ionic insulator and NiSi 2 as a prototype metallic
silicide, all lattice matched with one another.
1.2 Experimental considerations
1.2.1 Interface atomic structure: Before attempting to do any kind of electronic
structure investigations, one should first of all know the geometrical structure of the
solid, both its symmetry and the details of the atomic positions. In fact, the atomic
and electronic structure are self-consistently intertwined. For bulk structure determination, the most common method is to observe the diffraction pattern when a beam of
X-rays or neutrons are scattered from the sample. In general, these methods are
relatively insensitive to surface atoms, because the scattering cross-sections are rather
weak and so the beams penetrate deep into the material. Atoms on clean and flat
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solid surfaces often 'relax' to change the top interlayer distances or 'reconstruct' to
seek new equilibrium positions that alter the symmetry and the long range order of
the surface (Prutton 1983). While relaxation retains the symmetry of the atomic
arrangement parallel to the surface, reconstruction modifies the symmetry near the
surface. A knowledge of the atomic identities and positions within the first few
monolayers (over which there is a deviation from the bulk lattice spacing, usually
called the 'selvedge' region) is crucial for any microscopic understanding of the
electronic structure and bonding mechanism of the surface. For surface structure
determination, it is customary to use experimental probes that strongly interact with
matter, resulting in small penetration depth. (Note: Strong interaction results in
multiple scattering, making data processing and interpretation more complicated for
surfaces). Also the probe should be capable of filtering away the signal from the bulk,
which contains such more (typically 107 more) number of atoms than the surface.
Even though LEED is probably the most extensively used tool for surface structure
determination (Pendry 1974) there are a large number of other techniques used by
surface scientists today as direct or indirect tools. These can be broadly categorized
as follows (the abbreviations used for the various techniques are fairly common by
now and hence are not elaborated here):
(a) Electron (and positron) diffractions, e.g. LEED, MEED, RHEED, LEPD (van
Hove and Tong 1979; Jona et al 1982)
(b) Atomic and molecular beam scattering (Vanselow and Howe 1984)
(c) Ion scattering or channeling (LEIS, MEIS, HEIS, RBS, etc.) (Taglauer and Heiland
1976; Saris 1982; van der Veen 1985)
(d) Surface extended X-ray adsorption fine structure (SEXAFS) (Citrin 1986)
(e) Various microscopies, e.g. HREM, FIM, STM, AFM (Miiller 1965; Spence 1980;
Behm et al 1990; Sarid 1991)
(f) Photoelectron diffraction (PD or ARPEFS) and Auger electron diffractions (AED)
(Margoninski 1986; Egelhoff 1990; Fadley 1990)
(g) Surface sensitive X-ray diffraction (at extreme glancing angle of incidence allowing
total external reflection) (Eisenberger and Marra 1981; Feidenhanse'l 1989).
All these methods have their advantages as well as limitations, which have been
discussed in detail in some of the recent literatures, and are beyond the scope of the
present article. The reader may refer to the book of Woodruff and Delchar (1986),
or some comprehensive review article e.g. one by van Hove et al (1989), apart from
a number of recent international conference proceedings e.g. edited by van Hove and
Tong (1985), van der Veen and van Hove (1986), de Wette (1988). Despite the intense
study of the structure of surfaces over recent years, thanks to the availability of intense
SR beams and the advancement of UHV technology, there remains a paucity of
information on the structural properties of interfaces. This is mainly because buried
interfaces are inaccessible to many of the above mentioned surface science techniques.
The methods that are available are restricted to techniques which are sufficiently
penetrating to reach an interface between two solids, and yet sensitive enough to
detect a few monolayers ofatoms over there. [The term 'monolayer' is used in reference
to the surface of the single crystal sustrate; For Si(111) surface, one monolayer is
equal to 7-8 x 1014 atoms/cm2]. These techniques are
(a) HREM (Tung et al 1983; (~ibson and Philips 1983; Batstone et al 1988; Gibson
and Batstone 1989)
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(b) RBS combined with ion channeling (MEIS, HEIS) (van der Veen 1985; van Loenen
et al 1985; Fisher 1988; Tromp and Reuter 1988)
(c) SEXAFS (Comin et at 1983; Chandesris et al 1988)
(d) X-ray standing wave (XSW) fluorescence (Vlieg et al 1986; Zegenhagen et al 1989;

Zegenhagen and Patel 1990; Denlinger 1991)
(e) Photoelectron diffraction (Kono et al 1986; Fadley 1990)
(f) X-ray scattering (Robinson et a11988; Macdonald 1990; Zabel and Robinson 1991)
(g) Ballistic electron emission microscopy (BEEM) (Stiles and Hamann 1988, 1991;
Hamann 1989; Hecht et al 1989).
As already pointed out, for electronic structure calculations, an essential prerequisite
is to know the exact atomic structure of the interface. Many of the above mentioned
techniques yield complementary information about the atomic structure, and quite
often supply some crucial parameters needed to set up the self-consistency problem
(as we shall see later). HREM, for example, provides a localized direct image of the
interfacial cross-section, but not much quantitative information. RBS also gives direct
space information, in contrast with XRD or PD which use reciprocal space. XSW
method (Batterman 1964; Materlik 1986; Authier 1989), on the other hand yields
precise result for the interfacial relaxation, bond length etc. The coordination number
of an interfacial atom is also obtained indirectly from XSW data analysis, but not as
directly as in SEXAFS. BEEM which is based on STM technology provides high
spatial resolution of interface properties. In addition, BEEM serves as a probe of
interface electronic structure and its energy resolution is, in principle, limited only
by thermal broadening. We shall see in §§ 5 and 6, the specific applications of the
above mentioned techniques for realistic epitaxial interfaces like NiSi2/Si(111) or
CaF2/Si(111).
1.2.2 Interface electronic structure: Experimental investigations of the electronic
structure of semiconductor interfaces have been extensively carried out using
spectroscopic, transport and optical techniques. Photoelectron spectroscopy is one
method which yields the band offset in a semiconductor heterojunction, or the
Schottky barrier in a M-S junction with an accuracy unmatched by any other
techniques, and so it is worthwhile discussing first the information obtainable from core
and valence band photoemission (Horn 1990; Margaritondo 1990; Williams 1991).
Here one essentially measures the angle integrated energy distribution curves (AIEDC)
i.e. the number of ejected photoelectrons collected over a large spherical angle per unit
time, as a function of its kinetic energy, keeping incident photon energy hta constant.
The curves produced by this mode correspond to the calculated density of states of the
electrons in the ground state of the system under investigation. The leading high energy
edge of the AIEDC curve (i.e. the electrons, emerging with the largest kinetic energies)
correspond to Ev + hco for a semiconductor and Er + he. for a metal, Ev and EF being
the valence band top and the Fermi level of the semiconductor and the metal
respectively. Since the escape depth of the photoelectron is at most ,,, 10-20 ~, the
photoemission experiment probes only the immediate vicinity of the surface, i.e. only
the extreme tip of the long range (,-, 1000 ,~) band bending. This surface sensitivity is
what is exploited to get band offset and Schottky barrier, both of which develop right
across a few monolayers at the interface.
In a typical photoemission experiment involving semiconductor surfaces, the broad
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valence band spectrum is measured along with the sharper peaked core levels of atoms
near the surface. The change in binding energy of a core level photoemission peak is
related to any change in the chemical environment of the atom from which the
photoelectrons emerge; this so-called 'chemical shift' is used to extract the charge
transfer between the two partners across the interface. The final state effects, i.e.
processes related to the photoemission process itself, are usually neglected, though one
must take it into account for estimating SBH (Karlsson et al 1991). The emitted electrons
cover a range of kinetic energies from zero to h w - Is, so that the ionization energy Is of
the semiconductor (or work function ~ u in the case of a metal) can he obtained from
the measurement of the maximum electron energy with respect to 'vacuum'.
Subtracting the fundamental band gap Eg from I~, one gets the electron affinity xs of the
semiconductor surface.
Deposition of a thin overlayer semiconductor B on the substrate semiconductor A,
causes simultaneous appearance of a double leading edge in the AIEDC, due to
presence of Ev's of both the semiconductors. Measuring energy separation between
these two, one can get the valence band offset AEv. This method, however, is not always
straightforward to apply, because the double edge may not.be resolved; even then AEv
can be obtained as follows: (a) measuring the shift A~ in the valence band edges of A
and of B/A and (b) correcting for the band bending modification eA Vb, which can be
readily estimated from the shift of a characteristic substrate bulk core level emission
line. The true valence band offset is thus AEv = A~ - eA Vb and the corresponding
conduction band offset is AEc = A E o - AEo.
When a metal overlayer is deposited on a semiconductor substrate, the band bending
is modified by the metal adatoms. The Schottky barrier height can be directly measured
using photoemission in a way similar to the case of heterojunction, with the exception
that the highest occupied level of the metal coincides with the reference level EF of the
spectrometer. By measuring the energy separation between the core level and the
valence band maximum, and following the band bending (eVb) as the overlayer reaches
the metallic stage, the p-type SBH ~Be = EF -- E~ may be determined. (The n-type SBH
is OB. = E0 - OBp). This approach can also be used to study the evolution of the barrier
height as a function of the thickness of the metal overlayer. Extensive experimental
work using synchrotron radiation, by the Stanford group and the IBM group have
resulted in bringing this field to maturity and the readers should consult reviews by the
pioneers (Lindau and Spicer 1980; Smith and Himpsel 1983; Himpsel 1983).
Amongst the other methods of determining band offset or barrier height, the electron
transport measurements using I-V and C-V are most common. However, there is lack
of unanimity in these electrical data, especially for Schottky barriers, and so one has to
fall back upon the microscopic photoemission data (Rhoderick and Williams 1988).
Himpsel et al (1986, 1991) applied polarization dependent near-edge
X-ray absorption, and demonstrated that the unoccupied interface states can be
detected. They exploited the fact that the interface atoms see a chemical environment
different from the bulk states, and therefore exhibit shifted core level and Auger electron
energies. From the polarization dependence, the orientation of the bond orbitals at the
interface is obtained. With the use of appropriate structural model, these orbitals can be
assigned to interface bonds and back-bonds. Thereby one obtains a microscopic
picture of the electronic structure at the interface.
Optical probes like Raman scattering, ellipsiometry etc. have been used to study
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interband transitions, deformation potentials, optical phonons etc in semiconductor
heterojunctions and superlattices. Linear and non-linear optical spectroscopies of
buried interfaces are becoming popular (McGilp 1990). In fact, Heinz et al (1989) have
successfully used the three-wave mixing spectroscopy for investigating the electronic
transitions in CaF2/Si(lll) interface. It relies on the second harmonic and sumfrequency generation from an interface, where the inversion symmetry is broken.
1.3 A band structure primer
The Hohenberg-Kohn-Sham (HKS) density functional (DF) description of the many
electron ground state (Hohenberg and Kohn 1964; Kohn andSham 1965) is the most
widely used tool today for the electronic structure calculation of solids. In this
approach, an interacting many body system is mapped into a virtual noninteracting
system, where the interaction energy of the real physical system is well approximated
by a self-consistent one electron potential. In practice, one uses a local density
approximation (LDA) to the exchange-correlation (XC) potential, and it reproduces
the cohesive, magnetic and other ground state properties quite successfully. The
various aspects of density functional theory may be seen in Lundqvist and March
(1983); Jones and Gunnarsson (1989); Kryachko and Ludena (1990), and the references
therein. The theory, however, has its limitations; for example quantities like
semiconductor band gaps, ionization potentials of atoms are always underestimated.
This is because, the one-electron eigenvalues of the Kohn-Sham (KS) equation do not
represent the quasiparticle excitation energies. It has, however, been shown (Sham and
Kohn 1966) that the highest occupied KS eigenvalues (e.g. Fermi level Er of a metal or
the valence band top Ev of a semiconductor), for an exact (and not LDA) XC potential,
equals the corresponding quasi-particle excitation energy.
Both pseudopotentials and all-electron methods have been used to solve the KS
equation for a large number of solids, including surfaces and interfaces. First principles
pseudopotentials with plane wave basis are extremely successful for sp-band materials
in particular (see Pickett 1989 for an exhaustive review). The only restriction is that the
pseudopotential should be sufficiently weak to allow expansion of the pseudo wave
functions in plane waves. This automatically eliminates a large class of materials from
consideration. For materials containing less broad bands, such as transition metals,
rare earths, actinides and many oxides and halides, the pseudopotential becomes quite
deep, making the use of plane wave basis set tedious and rather impractical. In order to
treat the s-, p-, d- and f-electrons on the same footing, it is necessary to use the full one
electron potential from all the electrons in presence of the nuclei. The various existing
band structure methods can be broadly categorized as (a) fixed basis methods like the
linear combinations of atomic orbitals (LCAO), Gaussian orbitals, or plane waves and
(b) partial wave methods like the Cellular, augmented plane wave (A PW) or KorringaKohn-Rohstoker (KKR) methods. The linearized band structure methods (Andersen
1975, 1984) introduced by Andersen in the mid-seventies, combine all the desirable
features of the classical methods using fixed basis functions with those of the partial
waves. The linear muffin-tin orbital (LMTO) method is the linearized version of KKR
and is closely related to its descendant, the augmented spherical wave (ASW) method
(Williams et al 1979). While LMTO method is highly efficient, conceptually transparent
and especially well suited for self- consistent calculations in large systems (like
interfaces dealt with in this article), it (at least the conventional version) lags behind in
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terms of accuracy, when compared to the linear augmented plane wave (LAPW)
method (Andersen 1975; Koelling and Arbman 1975; Hamann 1979; Wimmer et al
1981; Wei and Krakauer 1985; Mattheiss and Hamann 1986), which is the linearized
version of APW. Drawbacks of the LAPW set are that (i) it is restricted only to
translation symmetry and (ii) it needs 30-100 LAPW's per atom, which is significantly
more than 4-16 orbitals per atom needed in LMTO (or ASW). Note that a plane wave
pseudopotential calculation requires a much larger basis set ( ~ 300 plane waves) in
order to get comparable accuracy (Andersen et al 1987). Comparison of relative
accuracies of pseudopotential and LMTO techniques, when applied to metals and
semiconductors with and without d-electrons are available in the literature (McMahan
et al 1981; Moriarty and McMahan 1982; Bachelet and Christensen 1985; Andersen
et al 1989).
The versatility of LMTO method is obvious from the wide range of applications,
amongst which some of the important ones (by no means exhaustive) are (a) transition
metals and their oxides and other compounds (Andersen et al 1978, 1979, 1985; Jepsen
et al 1981; Gunnarsson et al 1989; Svanr,.; and Gunnarsson 1990; Paxton et al 1990)
(b) elemental and compound semiconductors (Gl6tzel et al 1980; McMahan and
Moriarty 1983; Lambrecht and Andersen 1986b; Cardona and Christensen 1987;
Christensen et a11987; Alouani et a11988), (c) impurities in crystals (Koenig and Daniel
1981; Gunnarsson et al 1983), (d) point defects in Si (Beeler et al 1985, 1987) (e) large
clusters of amorphous semiconductors (Bose et al 1988b), (f) random alloys
(Kudrnovsky et al 1987; Kudrnovsky and Drachal 1990), (g) amporphous solids
(Fujiwara 1984; Sob et al 1986), (h) metallic glasses (Bose et a11988a), (i) Quasi crystals
(Fujiwara 1989; Fujiwara and Yokokawa 1991) (j) surfaces (Jepsen et al 1982;
Fernando et al 1986) (k) interfaces (Lambrecht and Andersen 1986a; Bisi and Ossicini
1987; Christensen 1988; Lambrecht and Segall 1988, 1990; Lambrecht et al 1990; Bl6chl
et al 1989; Das et al 1989b; Fujitani and Asano 1989, 1990, van Schilfgaarde and
Newman 1990; Salehpour et al 1991) (g) high Tc superconductors (Zannen et al 1988;
Rodriguez et al 1990) etc. Self-consistent LMTO calculations, when performed on
supercell geometrices, are quite successful in predicting a wide range of interface
electronic properties. Some key quantities like band offset have been estimated quite
accurately, while others like schottky barrier height (SBH) are found to have
discrepancies with experiment. In § 2 we give a brief survey of the models proposed and
empirical as well as first principles calculations attempted to understand the origin of
band offset and SBH. Section 3 describes the LMTO method in various representations
and in particular its supercell implementation. Section 4 summarizes the results of bulk
electronic structures of Si and NiSie. Section 5 is devoted to the detailed results on
electronic structure of A- and B-type NiSi2/Si interfaces, as a prototype M-S interface;
the usefulness of LDA for estimating the SBH and its orientation dependence is
critically discussed. Section 6 covers the results on electronic structures of various
proposed models of CaFe/Si(lll ) interfaces, which can be taken as an ideal
representative for I-S interface. We end this review with some general remarks in § 7.

2. Schottky barrier height and band offset
Unlike a 'homojunction', which is the interface between differently doped versions
of the same semiconducting material, a 'heterojunetion' between two different
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Figure 1. Canonical energy band diagrams of abrupt interfaces between two semiconductors
(SCI and SC2) or between a metal (M) and a semiconductor (SC) t c, ~v, eg, and er are
respectively the CB minimum, VB maximum, semiconductor band gap and the equilibrium
Fermi level (or chemical potential) of the system.
(a) Shockley-Anderson model of heterojunction between two n-type semiconductor showing
the abrupt change in energy gap at the interface and the associated band bending; Aec and
A~ are the CB and VB offsets satisfying Ace + Aev--sgz- tg,; (b) Schottky-Mott model of
a rectifying contact between a metal and an n-type semiconductor with the associated
long-range band bending. ~bB. is the n-type barrier height, while 0so = e g - 0B. is the
corresponding p-type barrier height; (c) different types of band line-ups in semiconductor
heterojunctions, depending on the magnitudes and the relative energetic positions of two
band gaps on either side (see text for details).

semiconductors increases the design flexibility of a semiconductor device. The abrupt
change in the energy gap at the interface leads to discontinuities in the local conduction
band (CB) and valence band (VB) edges (known as band offsets), plus a gradual long
range ( ~ 103 to 104 ~ for typical doping concentrations) band bending, which is due to
space charge. Similarly in a M - S junction, the semiconductor band has to adjust to the
metal Fermi level by means of charge flow and a rectifying potential barrier is created,
which is known as the Schottky barrier (SB). Both M - S interface and S-S interface
have important device applications, and in both, the difficult problem experimentally
as well as theoretically, is to determine the line-up of the two band structures at the
interface. A summary of the most important parameters characterizing a
beterojunction and a M - S interface are given by the simplified energy band schemes
shown in figure 1(a) and 1(b).
The interface dipole which builds up at the junction due to charge transfer, extends
usually over atomic distances (r~ 10 A) from the interface. On this local scale, bands
may be assumed to be flat (i.e. band bending may be neglected). In a M - S junction, it is
the relative position of the Fermi level with respect to the CB minimum (for n-type
semiconductor) which decides the energy necessary to transport a metal electron
into the semiconductor, and hence the height of the rectifying barrier ~B,. Similarly
for a p-type semiconductor, the barrier height ~Bp is the difference between the Fermi
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level and the VB maximum. Oan and Osp together should add up to the value of the bulk
band gap of the semiconductor (viz. 1.1 eV for Si say). If On, is vanishingly small we get
an ohmic junction, without any rectification. A S-S junction, on the other hand may be
classified into four categories (Kroemer 1983) depending on the relative positions of the
bands of the two semiconductors on either side (figure 1(c)):
Type I: "Straddling" line up like GaAs/Gat _xAlxAs is the most common case, where
the difference in energy gap AEg = AEo + A Ev;
Type II: "Misaligned" or broken-gap line up e.g. GaSb/InAs, where the VB top in
GaSb is located above the CB bottom in InAs by an amount E~ ~ 0.1 _+ 0.05 eV;
Type III: "Staggered" line up like Inl_xGa~As/GaSbl_yAsy where electrons and
holes are confined in different semiconductors at their heterojunction;
Type IV: "Zero-gap" or semi-metallic line up, which is rather rare. One popular
example is HgTe/CdTe where HgTe is a zero-gap semiconductor (or a semimental)
because of the inversion of the relative positions of F 6 and F s edges. The F s light
hole band (VB) in CdTe becomes the F s CB in HgTe. These two bands have opposite
curvatures, but the same F a symmetry. This particular superlattice is of great technical
as well as basic interest (Voos 1987).
The main device physics problems in both types of interfaces are (a) the static energy
band structure and (b) electron transport within that structure. We shall concentrate on
the former aspect. A large number of models and empirical theories have been
proposed in the last few decades, to understand the origin of these two key parameters
viz. SBH and VBO. Unfortunately a simple convincing unified description of these
phenomena (in particular SBH) is still eluding us. This subject has become one of the
thrust areas in condensed matter physics, which is obvious from its extensive coverage
in .the literature in the form of books (e.g. Milnes and Feucht 1972; Capasso and
Margaritondo 1987; Rhoderick and Williams 1988), conferences proceedings (e.g.
edited by DiStefano and McGill 1974; Bauer 1983; Hiraki et a11989; Abram and Jaros
1989), review articles (Brillson 1982, 1989; Schliiter 1982; Pollman and Mazur 1983;
Williams 1982, 1989; M6nch 1983, 1990) and popular reviews (Bean 1986; Weaver
1986; Bauer and Margaritondo 1987) etc. In this section, we shall try to have a quick
survey of the past and present attempts to understand SBH and VBO.
2.1 Model theories
2.1.1 Schottkybarrierheioht: The first and most classical model ofa M - S interface was
proposed by Schottky (1939), who assumed that no electrons are transferred across the
junction, implying that there is no modification of electron states due to interface
formation. The barrier height is then just the difference between metal work function
Ot~ and the semiconductor electron affinity X, i.e.

¢.. = e M

-

x,

(I)

so that for an n-type semiconductor, if X, < OM, contact is rectifying, and otherwise
it is ohmic. Although (1) is usually attributed to Schottky, it has also stated implicitly by
Mott (1939) and hence it is sometimes referred to as Schottky-Mott model (see M6nch
(1986) for a historical anecdote). According to this model, the barrier height and
therefore the degree of rectification increases linearly with metal work function (reverse
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is true for p-type semiconductor, for which low metal work function gives high
rectification). However, it was found experimentally (see Rhoderick and Williams
1988 for a survey) that the barrier height for a particular semiconductor remains
constant to within ~ 0"2 eV, and the value is more or less independent of (a) the work
function of the metal deposited (b) the degree of doping of the semiconductor (c) the
crystallographic orientation (d) presence of oxygen monolayer at the interface etc.
The long and short of the story is that the simple minded Schottky-Mott model failed
in many cases!
Bardeen (1947) proposed that surface states (arising from the dangling bonds on a
free semiconductor surface) located energetically within the semiconductor band gap
E s are responsible for pinning the metal Fermi level; and it is this Fermi level pinning,
which results in a reduced range of barrier heights as compared to the metal work
functions, that would define this range in a simple Schottky picture. Based on the
quantum theory of semiconductor surfaces introduced by Tamm (1932) and Shockley
(1939), Bardeen obtained the barrier height
~ba. = Eg - ~bo
(2)
where ~b0 is the energetic position of the surface states with respect to the VB top. Thus,
charge can flow from the metal into these surface states and set up a microscopic
interface dipole, which compensates the difference between the m e t a and
semiconductor work-functions, provided the density of surface states is hi,':, (i.e. more
than one state per 100 surface atoms). For very low density of s-'iace states, the
interface dipole almost vanishes, and the Bardeen model mer~,~ with the original
Schottky-Mott model.
Heine (1965) showed, by using wave function matching theory, that localized
intrinsic surface states (filled or empty) cannot exist in the M - S junction because of the
coupling to a continuum of free electron like states on the metal side. Instead, he
proposed that the tail of the metal induced gap states (MIGS) penetrating into the
semiconductor (typical decay lengths of 3-10A) plays the role of Bardeen's surface
states and is responsible for Er pinning. About 10 years after Heine's original
suggestion, this M IGS concept was refined by Louie and Cohen (1976) who used for the
first time, semiempirical pseudopotential calculations on Si-AI interface. In order to
circumvent the complex geometry problem of matching two crystal lattices, AI was
replaced by a jellium model (i.e. a jellium core potential with r, = 2.07). The important
feature observed. ,'tom their layer projected density of states is the filling of the
semiconductor gap, as one approaches the interface, with a smooth and featureless
density of gap states or MIGS. This is in contrast with the free Si(l 11) surface, where
peaked structures appear due to dangling bond surface states. The charge profile of
these MIGS shows exponential decay into the semiconductor within ,,- 3 ~ from the
interface, and are considered to be responsible for Er pinning. Louie and Cohen (1976)
also inferred, less directly, the pinning strength i.e. the degree of dependence on the
metal work function, and found good agreement with experiment. These calculations
demonstrated that an idealized model M - S interface has properties that are very
similar to the real Schottky barriers systems, and put the Bardeen-Heine picture on a
quantitative footing.
Tejedor et al (1977) were able to further isolate the essential ingredient in Er pinning
by introducing the concept of charge neutrality level (CNL). The CNL ~b0 (not to be
confused with Bardeen's surface state) is defined as an energy level below which
interface charges at the semiconductor band gap are cancelled out by the lack of states
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in the semiconductor VB. The cancellation is local, in such a way that the whole charge
below ~o can be treated as entirely metallic. Thus the role of CNL of the semiconductor
at the interface is equivalent to the Fermi level E F of the metal (see Flores and Tejedor
1987) for a review on these ideas). Later Tersoff (1984a, 1985) refined this idea and
proposed a very simple technique for calculating the "neutrality point" from the bulk
semiconductor band structure without any adjustable parameter. The results shown in
table 2, are in good agreement with measured barrier heights at gold contact.
The weak dependence of ~b~pon metal work function ~m is only true for covalent
semiconductors with low band gap (as in table 2); but for more ionic semiconductors
like ZnS or CdS, having large band gap, ~bBpdepends much more strongly on the metal
electronegativity Zm. Now, in general, elements with high electronegativities tend to
form solids with large work functions, and a linear relationship
~,~ = AZm+ B

(3)

was proposed by Gordy and Thomas (1956) with A -~ 2.27. Many groups have made
use of electronegatively scale rather than work function in their attempt to understand
the variation of SBH (Rhoderick and Williams 1988). Kurtin et al (1969) had analysed a
large body of experimental data using the relationship.
~B. = S( X,. - ,~,) + C

(4)

where C is a constant and the parameter S was found for a range of semiconductors by
plotting an approximate linear relationship between ~B. and X,~- For a given
semiconductor,
S=

d~,~.
dxm

:

d~av
dx~

(5)

S ~ 0 for covalent semiconductors and ~ 1 for ionic semiconductors.
A possible explanation for the stronger dependence of SBH on the metal in io-;,.
semiconductors has been put forward by Louie et al (1977) in terms of MIGS. They
show that MIGS penetrate much shorter distance into the large band gap ionic
semiconductors like ZnS and ZnSe, compared to those in smaller gap materials like Si
and GaAs. Also they find the density ofgap states to be a factor of 3 smaller (and hence
S-factor significantly larger) in ZnS than in GaAs for example. Phillips (1974) ascribed
the pinning to interfacial dipoles arising from chemical bonds across the M-S junction,
and attempted to correlate the pinning position to interfacial heats of formation.
Tersoff (1985) on the other hand suggested that pinning mechanism is universal, with
the proviso that the degree of pinning should scale roughly as e~, the high frequency
bulk dielectric constant. That means a material with large e® i.e. a relatively small band
gap (as in the semiconductors listed in table 2) would demonstrate strong pinning.
1"able2. Chargeneutralitylevels(CNL's)for variouscovalent
semiconductors,as calculatedby (a) Tersoff(1984a, 1984b)and
(b) Cardona and Christenscn(1987) via their DME model.
CNL
(a)
(b)

Si

Ge GaP InP AlAs GaAs InAs GaSb

0-36 0-18 0-81 0-76 1"05 0.70 0-50 0.07
0.23 0"03 0-73 0"87 0-92 0"55 0"62 0.06
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Table 3. A Schematic history of Schottky barrier: models,
empirical theories and self-consistent calculations.
Year

Author(s)

Models and calculations

1939
1947
1965
1976
1977
1984
1974
1978
1981
1979
1982
1983
1987
1988
1987
1989
1990
1990

Schottky-Mott
Bardeen
Heine
Louie and Cohen
Tejedor et al
Tersoff
Phillips
Brillson
Freeouf and Woodall
Spicer et al
Dow and Allen
M6nch
Walukiewicz
Ludeke et al
Bisi and Ossicini
Das et al
Fujitani and Asano
van Schiifgaarde and
Newman
Pickett and Erwin
Ciraci et al

Work function difference
Surface state
Metal induced gap states
Metal induced gap states
CNL + MIGS
CNL + MIGS
Chemical bond
Chemical reaction
Effective work function
Defect pinning
Defect pinning
Defect pinning
Defect pinning
Defect pinning
LMTO-supercell
LMTO-supcrcell
LMTO-supercell
LMTO-superceil

1990
1991

LACO and LAPW-supercell
Nonlocal pseudopotential

Following Tersoff's argument, the parameter S is proportional to 8Z 1 and is a measure
of how effectively the interracial dipole is screened by the MIGS.
All the abovementioned model theories put forward by various people, from
Bardeen to Tersoff, as summarized in table 3, consider exclusively the features intrinsic
to any M - S interface, in order to account for the Fermi level pinning (position, strength
etc.) and hence the SBH. There is another school of thought who advocate the extrinsic
aspects of interface formation to be responsible for SBH. The most prominent amongst
these are the effective work function model (Freeouf and Woodall 1981), the interface
chemical bond models (Phillips 1974; Andrews and Phillips 1974; Brillson 1978),
various defect models (Spicer et al 1979, 1988; Dow and Allen 1982; Mrnch 1983;
Ludeke et al 1988; Walukiewicz 1987, 1988). All the defect models, for example,
essentially suggest that the deposition of the metal on the semiconductor induces defect
levels at the interface, which pin the metal Fermi energy. Its proponents site in its favour
a number of experimental evidences, mainly those based on surface sensitive
photoelectron spectroscopy of III-V semiconductors with low metal coverage
(Newman et al 1986). For a status report on this viewpoint one can see Freeouf(1983),
Sankey et al (1985) or Lindau and Kendelewicz (1986). Harrison (1985) first argued in
favour of defect pinning on the basis of his tight binding theory, but later modified his
views (Harrison and Tc,rsoff 1986) in favour of MIGS pinning. There have been a
number of attempts (Mrnch 1988; Chiang et ai 1988; Cao et a11989; Freeouf et al 1990)
to reconcile these two extreme viewpoints and to establish some kind of duality
between MIGS pinning and defect pinning.
While there is no reason to disbelieve the non-trivial role played by defects in SB
formation, it does not explain the well established pinning behaviour in defect-free
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interfaces, as has been succinctly put forward by Tersoff(1989). The MIGS based model
theories of SBH in a M-S interface do include effects of charge flow across the interface;
but they assume that the dipole formation can be derived from bulk electronic
properties of the constituents. These models contain no information about the detailed
atomic structure of the interface (i.e. interface geometry and orientation). Consequently
these types of theories predict SBH's which are independent of, say, the growth
direction of the interface. In order to study interface specific features, it is necessary to
do a full microscopic electronic structure calculation, taking actual atomic
arrangement into account. Fortunately, to a large extent the SB problem in M-S
junction has similarities with the band line-up problem in a semiconductor
heterojunction, which can be handled with greater ease. Reason is that the atomic
structure of an epitaxial S-S interface is relatively well known and secondly defects play
hardly any significant role in determining band offset. So it will be educative to look
into the theories of heterojunction first and see if we can draw some analogy with the SB
problem.
2.1.2 Band offset: The model theories of band offset in a semiconductor
heterojunction are to some extent reflection of the parallel developments in SB problem
in a M-S interface. After Shockley's (1951) original proposal, it was Anderson (1962)
who first analysed the canonical energy band model for heterojunction. The
characteristic feature of this Shockley-Anderson model (figure 1(a)) is that there is no
transfer of charge (just like the case of Schottky-Mott model in M-S interface) when the
junction is built up. So the electronic energy levels of both crystals are the same before
and after the junction formation. The conduction band offset is then given by the simple
'electron affinity difference rule'
AEc = Xl - Xz

(6)

where ;~j, i = 1, 2, are the electron affinity of the two semiconductors on either side. The
corresponding VBO is given by difference in the two photothresholds
AE~ = (Xl + ~,,) -

(X2 + Eo,).

(7)

Various models have been developed subsequently, which essentially calculated AE~
(or AEc) as a linear combination of two terms determined by the two semiconductor
constituents. These fall under the general category of 'linear models'. The simplest but
quite successful one is Harrison's (1977) 'natural line-up' model which simply relates the
bands ofthe two semicondcutors to a common absolute energy scale, assuming that no
additional dipole to be formed at the interface. Using an empirical tight binding
(LCAO) approach (Harrison 1980), the absolute value of the VB edge E~ was
calculated. The resulting offset
AEv(natural) = Ev (A) - E~(B)

(s)

was found to have accuracy not better than 0.2 to 0.3 eV on the average, which may be
partly due to the crudeness of the LCAO energy estimate. But the most serious lacuna
of this "canonical" line-up is the complete neglect of interface dipole, which was later
estimated by Harrison (1985) by careful treatment of the bonds crossing the interface,
but was found to be quite small compared to the discrepancy (between 'natural line-up'
value and experiment). Later, on the basis of Tersoffs (1984b) argument, the role of
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interface dipole was reevaluated, and indeed was found to be significantly large
(Harrison and Tersoff 1986).
Before elaborating on Tersoff's theory, we shall make a small digression and mention
about a parallel development by the Spanish group (Tejedor and Flores 1978; Flores
and Tejedor 1979). They proposed that analogous to MIGS in a M - S interface, a S-S
interface induces states in the gap of one or both semiconductors, called 'induced
density of interface states' (IDIS). The mere presence of these gap states is enough to
generate an interface dipole, which shifts the bands of the two semiconductors such that
these energies line-up across the interface. To be more explicit, if the CNL's i.e. ~{s
(already introduced in § 2.1.I) of the two semiconductors forming a heterojunction do
not coincide, an interface dipole D is induced by the tails of the wave function of one
semiconductor tunneling into the gap of the other; this induced dipole tends to align
both the CNL's. The expression for VBO under IDIS model is (Flores and Tejedor
1987; Flores et al 1987).
AEv ~ ~l - ~2 - S(X~ + Eol - ~1 - ;(2 - Eg~ + ~b2)

(9)

where the parameter S (already discussed in § 2.1) is related to the dielectric constant of
the semiconductor and is about 0.1-0.15 for group IV and III-V semiconductors. It
should however be noted that the IDIS model would yield different CNL's depending
on the interface conditions and accordingly 'intrinsic' and 'extrinsic' CNL's were
introduced (Flores et al 1989). The intrinsic level only appears in very idealized
conditions and is rather insensitive to the interface geometry and semiconductor face
orientation.
Another semiempirical model, closely related to the IDIS model is the 'dielectric
midgap energy' (DM E) model introduced by Cardona and Christensen (1987) in order
to evaluate the hydrostatic deformation potentials and band offsets. The CNL's
obtained from this model are given in table 2 for different tetrahedral semiconductors,
for comparison with Tersoff's result. Tersoff's theory (1984b) is also based on the
existence of gap states (MIGS or IDIS) and uses the concept of midgap level d'. He
proposed a theoretical rule to determine ~b (or Es as designated by Tersoff) from the
bulk semiconductor band structures, and it works remarkably well. Subsequently, to
explain the physical origin of EB and to throw additional insight into the mechanism,
two independent explanations were proposed, both based on semi-empirical tight
binding theory. The first one (Harrison and Tersoff 1986) related EB to the average sp 3
hybrid energies in the two semiconductors. The second one (Lefebvre et al 1987) related
EB to the average energy of the dangling-bond surface states. In this latter proposal, the
intrinsic states of the semiconductor become resonant states and, through conditions
imposed by the Friedel sum rule expressing charge neutrality, the average danglingbond energy of one semiconductor: aligns with that of the other (or with the metal Fermi
energy, in case of M - S interface). More recently improvements over the gap state
models have been proposed via self-consistent tight binding approaches (Flores et al
1987; Flores 1989; Priester et al 1986), which have an intermediate level of
sophistication between the semi-empirical model calculations and the fully selfconsistent local density calculations. A summary of the different models and theories of
band offsets is given in table 4.
Before closing our discussion on the so-called linear models for heterojunction band
offsets, it is worthwhile mentioning the various semi-quantitative offset rules, like the
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Table 4. A schematic history band offset: models, empirical theories
and self-consistentcalculations.
Year

Author (s)

Models and calculations

1951
1962
1977
1978
1984
1986
1987
1986
1987
1977
1978
1981
1986
1987
1987
1987
1987
1988
1987
1988
1988

Shockley
Anderson
Harrison
Tejedorand Flores
Tersoff
Harrison and T e r s o f f
Lefebvreet al
Priesteret al
Floreset al
Baraffet al
Pollmanand Pantelides
Kunc and Martin
Nakayama and Kamimura
Van de Walle and Martin
Wei and Zunger
Bylanderand Kleinman
Ciraciand Batra
Baldereschiet al
Massidaet al
Christensen
Lambrechtand S e g a l l

Electron affinity rule
Electron affinity rule
Natural line up
CNL + IDIS
CNL + IDIS
Semiempirical
TB
Semiempirical TB
Self-consistent TB
Self-consistent TB
Empirical pseudopotential
Empiricalpseudopotential
Empirical pseudopotential
Empiricalpseudopotential
Ab initio pseudopotential
Ab initio pseudopotential
Ab initio pseudopotential
Ab initio pseudopotential
Ab initio pseudopotential
LAPW-supercell
LMTO-supcrccll
LMTO-supercell

'electron affinity rule', which are encountered while scanning the literature. There arc:
(a) Common anion rule: F o r heterojunctions in which the anion a t o m is the same on
both sides (e.g. GaAs/AIAs, ZnTe/CdTe etc.), most of the energy gap discontinuity
occurs in the conduction band i.e. Aec is large, while Aev is very small (McCaldin et al
1976).
(b) Anion electronegativity rule: With increasing electronegativity of the anion, the
VB's tend to move to lower energy. This implies e.g. A~c (phosphides)<
Aec(arsenides) < Aec(antimonides).
(c) Reciprocity rule: For any two semiconductors A and B forming a heterojunction.

A~c(A/B) + A~(B/A) = 0
and the same relation is true for Aev also.
(d) Transitivity rule: If the band offsets of A/B and
that of C/A can be obtained from the relation
Ae¢(A/B) + Ae¢(B/C) +Ae¢ (C/A) = 0

(10)

B/C heterojunctions are known,
(11)

(e) Lattice matching rule: If all other criteria are same, the heterostructure with best
lattice matching is most likely to be stable.
These rules are quite often useful and are consistent with the predictions of the 'bulk
only models' like the C N L or the D M E models. But there are counter examples of
heterojunctions (like CdTe/HgTe, HgTe/InSb etc.) which have localized interface
states and m a n y of these rules then fail. For example, the failure of the c o m m o n anion
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rule has been discussed by Tersoff (1986); lack of reciprocity is often observed in
interface formation depending upon the order ofepitaxial growth (e.g. Si on GaAs or
GaAs on Si). Thus the abovementioned rules can at most be treated as qualitative, and
in any case cannot be expected to yield the quantitative accuracy (0.02 eV) in band
offset, required for the design of a device.
2.2 First principle calculations
2.2.1 Band offset: The transition from 'linear models' to 'local models' which takes into
account a realistic description of the local perturbation and charge redistribution
at the heterojunction, came with the self-consistent pseudopoential boundary
condition approach (see table 4) of Baraff et al (1977), which was followed by similar
calculations by Pollman and Pantelides (1978), Kunc and Martin (1981),
Nakayama and Kamimura (1986) and others. These early self-consistent calculations
used empirical ion-core pseudopotentials (see reviews by Cohen 1980 and Pollman
1980). Fully self-consistent supercell calculations in local density approximation,
without any adjustable parameters (ab initio) have been attempted only recently using
(a) nonlocal/norm-conserving pseudopotentials with or without d-states (van de Walle
and Martin 1987; Bylander and Knleinman 1987; Wei and Zunger 1987; Ciraci and
Batra 1987; Baldereschi et al 1988), (b) LAPW method (Massida et al 1987) and
(c) LMTO method (Christenscn 1988; Christensen et a11990; Lambrccht and Scgal11988;
Lambrecht et al 1990). As expected, the above mentioned ab initio methods are much
more complex and expensive to implement than the semi-empirical methods. But these
LDA results yield the ground state interface properties, in particular the VBO's fairly
accurately as demanded by the device physicists. Figure 2 shows the correlation
between the experimental VBO's and the self-consistent LMTO-ASA supercell
calculation (Christensen 1988) for a large number of lattice matched heterojunctions.
There seems to be fairly good agreement. A well-known lacuna of LDA calculations is
that, although parameter-free, they do not correctly predict the excited state properties
such as band gaps in semiconductors. For that, one has to invoke quasiparticle
calculations, which require knowledge of electron self-energy(see Hybertsen and Louie
1987 for a review). These calculations (known as 'GW approach') is quite involved and
elaborate. The only such heterojunction calculation attempted so far is on
GaAs/AIAs(001) system (Zhang et al 1988, 1989).
2.2.2 Schottky barrier height: Guided by the success of LDA to predict the band offsets
in semiconductor heterojunctions (figure 2), similar calculations have been attempted
on some ideal M-S interfaces and most of these (see table 3) are based on LMTO
supercell approach (Bisi and Ossicini 1987; Das et al 1988, 1989a, 1989b; Fujitani and
Asano 1988, 1990; van Schilfgaarde and Newman 1990). Recently, LAPW (Pickett and
Erwin 1990; Erwin and Pickett 1990) and pseudopotentia! (Ciraci et al 1991) methods
have also been used on some idealized M-S interfaces. The calculational procedures
though inherently accurate, yield mixed success. The atomic structure of M-S
interfaces, being relatively inaccessible spectroscopically, are not so well known as
those of lattice matched semiconductor heterojunctions. So, in order to resolve the
enigma of Schottky barrier, it is quite crucial to choose an appropriate system. Now,
the discussion in § 2.1 leads us to anything but a consensus as to what is the atomic level
process which leads to SB formation. Undoubtedly it is quite complex, with many
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Figure2. Correlationbetweenexperimentaland theoreticalresultsfor VBO'sAEv(in eV).The
theoreticalvaluesare obtained fromself-consistentLMTO-superc¢llcalculations(taken from
Christensen et al 1990). The spread on some of the experimental values is due either to
different group results or differentsample conditions of the same group.

processes like interdiffusion, chemical reaction, defect formation etc occurring
simultaneously. The relative importance of each depends on the method of preparation
of the contact, which determines the crystallographic and metallurgical structure of the
interface. Indeed there are many fundamental unsettled issues in explaining the SBH of
even an ideal M - S interface, and so in our theoretical treatment we purposely try to
avoid complicating the picture by introducing defects. In order to go to the grass-root
level, it is best to choose a system where the extraneous factors (mentioned above) at the
interface are absent and other perturbations like interface strain etc are minimum.
NiSiz/Si(111) interface is one such ideal system and so we shall discuss in this article its
electronic structure and SBH as a case study.

3. Theoretical treatment

3.1 Supercell approach
The theoretical methods for the calculation of the electronic structure of epitaxial
interfaces as well as superlattices may be divided into two broad categories (a) supercell
methods (b) boundary condition methods (Pollmann 1980; Smith and Mailhiot 1990).
In principle, these two approaches are equivalent and would yield identical results
for a given Hamiltonian. Operationally, however, they lead to different kinds of
calculations. In both methods, first principles as well as empirical implementations
are possible and have been performed with various degrees of sophistications. The
most appealing theoretical method is probably one based on a self-consistent Green's
function technique, for example, along the lines suggested by Lambrecht and Andersen
(1986a). But the supercell method is simpler and more straightforward, though
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Figure 3. 'Ball and stick' model of a supercell between two solids A and B having fcc and
diamond structures. This (5 + 8) supercell shown consist of 5 layers of A and B layers of B,
repeated along the direction perpendicular to the interface. Only half of the atoms being
inequivalent, the supercell is considered to have two identical buried interfaces symmetrically
located with respect to the central layer.

computationally heavier. As already noted in § 2.2. (also see tables 3 and 4), the
supercell technique, implemented in conjunction with some LDA band structure
method (like ab initio pseudopotential or LMTO or LAPW), has become quite
popular for attacking epitaxial interfaces. Here one performs a conventional band
structure calculation for an enlarged unit cell, containing n layers of solid A and m
layers of solid B, with the interface buried in between. Figure 3 shows one such
supercell containing n = 5 layers ofa fcc structured solid and n = 8 layers of a diamond
structured solid. This (5 + 8) supercell, being periodically repeated in a direction
normal to the interface, can be alternatively viewed as if there are two identical
interfaces with lower half equivalent to the upper half (see figure 3). Now, this repeat
period (n + m) should be large enough such that the perturbations caused by the
formation of the interface die down after crossing, layers of A and m layers of B
and attain the respective bulk values. This co-called 'size convergence' of the supercell,
as we shall see later, is an important criterion for extracting quantities like VBO (in
a semiconductor heterojunction) or SBH (in a M - S interface). In an empirical
description, the repeat period (i.e. supercell size) used are usually a few tens of molecular
layers. But for first principles descriptions using either plane wave, or augmented
plane wave or linear muffin-tin orbital basis, computational capacity has restricted
the supercell size to only a few molecular layers (usually less than 10 layers of each
constituent solid). Fortunately, for a number of epitaxial interfaces, such a layer
thickness is sufficient to be considered essentially semi-infinite from the point of view
of theoretical calculations; in other words, the central parts of the two half-crystals
do reach bulk-like potentials, apart from the spatially constant contribution originating
from the interface induced dipole. Self-consistent LMTO-supercell calculations based
on LDA have been successfully applied to a number of lattice matched epitaxial
interfaces in the recent past. The efficiency and accuracy of LMTO method have
prompted it to become one of the most powerful tools for first principles investigation
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of bulk solids. In the remaining part of this section, we describe, for the sake of
completeness of this review, an outline of the LMTO formalism as used today by
various practitioners. Readers who do not want to digress from the principal aim of
this article (by getting entangled into the mathematical details of LMTO method)
may simply go through the basic formalism of this method in § 3.2 and skip the
materials in the rest of the subsections. For more details about the LMTO
methodology, one should see the original papers and articles written by Andersen
(Andersen 1973, 1975, 1984; Mackintosh and Andersen 1980; Andersen and Jepsen
1977, 1984; Andersen et ai 1985, 1986, 1987). Skriver's book (1984) on 'LMTO method'
is the only available book which gives a lucid presentation of the intricate details of
this technique, bringing together many of the original ideas of Andersen, including
the materials of some of his unpublished lecture notes. This book also gives the listing
of an early version of the self-consistent LMTO program based on atomic sphere
approximation (essentially implementation of Andersen's 1975 paper). Since then, a
variety of improvements have been done by Andersen and his coworkers (viz. Jepsen,
Christensen, Gunnarsson, Bltichl, Methfessel, van Schilfgaarde and others).
3.2 Basic formalism of the LMTO method
In LMTO method, an energy independent basis set XRL(r)is derived from the energy
dependent partial waves in the form of muffin-tin orbitals (MTO's). The set must be
constructed such that it is (a) appropriate to the one-electron effective potential V(r)
of the solid, (b) as complete as possible in the entire space, and (c) continuous and
singly differentiable in all space. The so-called muffin-tin potential models the effective
potential V(r) in a solid. Constructing a sphere around each atomic site R, the potential
V(r) has the same functional form V(rr~) within each sphere. These spheres may be
either (a) touching MT spheres, in which case there is a remaining interstitial region
or (b) space filling (and hence slightly overlapping) atomic (Wigner Seitz) spheres, in
which case the interstitial region is eliminated. Both the muffin-tin approximation
(MTA) and the atomic sphere approximation (ASA) have been used in LMTO method,
depending on which is more suitable for the particular application concerned.
It is advantageous to derive the general LMTO formalism by partitioning space
into two regions viz. the MT spheres and the interstitial region; and later one can
invoke ASA by inflating the touching MT spheres to the overlapping atomic spheres
(and consequently dispensing with the interstitial component). Within the spheres,
the potential V(rR) =- V(Iral) is taken to be spherically symmetric, and the basis
function is expanded in terms of the partial waves ~bRL(E,ra) = ~al(E, rR) YL(~R). The
function ~bR~(E,rft) is obtained numerically by solving the radial SchriSdinger equation,
or in the relativistic cases Dirac-Pauli equation, and YL(~R)is the usual spherical
harmonics. We take ~bR~to be normalized to unity in its sphere i.e.

f o c~(E, r)r~dr= l

(12)

Iv the interstitialregion, the potential variation is negligible and is assumed to take
a constant value Vurz. Furthermore, in ASA, the kinetic energy x2---E- Fur z is
chosen to be zero. Consequently, the basis function X~L(r) in the interstitialregion is
a solution of the Laplace equation which is energy independent (as we shall see in
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§ 3.3). While treating transition and rare earth materials and their compounds, this
dual representation (i.e. two different descriptions inside and outside the spheres)
results in marked improvements over pseudopotential calculations using plane wave
basis set. Another significant step towards linearization is to augment the interstitial
envelope function by not only the radial solution but also its energy derivative
(Koelling and Arbman 1975; Andersen 1975). The advantage of using the energy
derivative as the second function is that the precision of the results can be improved
by bringing the energy of the radial solution closer to the eigenvalue, rather than
increasing the number of expansion functions. Now, if we expand ~bKt(E,rR) about
some fixed energy E = Ev, usually chosen at the centre of the energy interval of interest,
we get a well converged Taylor series,
~RI(E,

rR) =

~p~l(rR) + (E -- E,)(p~l(rR) + O ( E -- E,) 2.

(13)

Truncating after the term linear in energy, we get the so-called linear basis set which
describes fairly well the change in radial wave function throughout the atomic sphere.
Note that we have introduced above the following notations, which will henceforth
be used in this article viz. (i) an overhead 'dot' represents energy derivative, in contrast
to 'dash' which will be used for spatial derivative; (ii) omission of energy arguments
means that the quantity is evaluated at E = Ev; (iii) the new notation q~(r) is used
simply to underscore that it is an energy independent function (since it is evaluated
at a fixed energy E = Ev) corresponding to the energy dependent partial waves ~b(E, r);
thus ¢p(r) = ~b(E, r), and similarly ~(r) = ~(Ev, r). Note that the partial wave ~K~(E, r)
is already normalized, and so for a fixed energy Ev, there is no degree of freedom left
in ¢pRt(r). 0Rt(r) provides precisely this extra degree of freedom, so that an intra-sphere
linear combination of ~0 and ~0 may be matched in both amplitude and slope at the
sphere boundary r = s, with the interstitial function Xj. This is essential to satisfy the
continuity and differentiability of the basis orbital. Now, the standard mathematical
way to match a function 7.~(r) with the linear combination ~0(r) +/~0(r), is in terms
of Wronskian i.e.

zl(r ) ~ ~b(r) W{Z', ~P} - ¢p(r) W{Z', ~b}

w{o,~o}

(14)

Note that the Wronskian between any two functions a(r) and b(r) is always evaluated
at the sphere boundary r = s and can be expressed as
W { a , b} = s e [a(s)b'(s) - a'(s)b(s)] - sa(s)b(s) [D {b} - D {a} ]

(15)

where D is the logarithmic derivative function defined as
D {a} = ra'(r)/a(r)[, =~.

(16)

The Wronskian of ~ and ¢p may be obtained using Green's second identity
w{~,, ~p} = < q , I - v ~ + v~ - E, lO) = <q,~) = 1

(17)

which guarantees that the above matching can indeed be performed (denominator is
non-zero). By differentiating the normalization relation (12) of the partial wave w.r.t.
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energy and then setting E = E, we get

fotp.,(r)fpa,(r)r2dr=(tplfP)=O.

(18)

Now we implement the two simplifications introduced above viz. (a) Firstly, the
linearization of the partial wave expansion, allows us to write the augmented L M T O
basis orbital (in matrix notation) as
]Z) = [~o)H + ]~0)fl + tZ) ~

(I9a)

or in component form as

Zat(rR) -- ~ ['~0R,L,(rR)I-[R,L,,RL "k tPR,L,(rR)~'~R,L.RL'I + ZtRL(rR)

(19b)
R'L'
where H = - W{X j, ~b} and D = W{X i, tp}; [we shall see in § 3.5 that rl and f~ can be
expressed in terms of only two matrices 'o' and 'h' to be defined later, as H - 1 + oh
and f~ - hi.
(b) Secondly, the choice r2 = 0 in ASA is a good approximation for crystals with all
atoms in symmetry positions. In ASA one restricts the variational freedom in the
interstitial region by substituting the MT spheres with overlapping WS spheres, which
fill the electron containing parts of space, but do not overlap more than 30% into
any sphere i.e.

lsR + sR, -- dim <~0.3, for all R.

(20)

Experience shows that the radii should be chosen as close as possible to the equilibrium
radii of the elemental solids, so that the spheres end up being rather neutral. Now,
instead of integrating the atomic potential out as far as the MT sphere, we integrate
out a bit more up to the WS sphere. In this process we (apparently) include the region
of flat potential VMTzacross the annular volume flws - fluT, (i.e. the volume bounded
by the WS polyhedron and the inscribed MT sphere). An objection that can
immediately be raised about the ASA is that its so-called interstitial region bounded
between two concentric spheres is different in shape from the true interstitial region;
and in general, the two integrals over these two regions need not be same, even if the
potential is taken to be same everywhere. This geometry violation of the ASA can
be ignored for close-packed solids, because a small value of r 2 corresponds to a long
wavelength 2~/r on the scale of atomic cell. Nevertheless, it is possible to calculate
the exact difference between the integrals of the interstitial functions over the WS
polyhedron and the sphere, and this is called the "combined correction" term
(Andersen 1975). It not only corrects for the geometry violation of the ASA, but also
takes care of the L-truncation of the interstitial functions (Andersen et ai 1985). The
need to include combined correction becomes more pressing for relatively less
close-packed structures. For close-packed solids however, it produces only a third
order change in the final energy.
Once the basis function IX) is defined, the trial wave function of the solid can be
written as a linear superposition
~P(r) = ~ ~(RL(r)URL
R,L

(21)
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and the usual Euler-Lagrange variational principle yields the eigenvalue problem

( ~ - Ej(~)uj = 0, with u~u~ = J

(22)

where
J~'OR'L',RL= (XR'L'I(-- v 2 -I" V)IZRL)

(23a)

~R'L'.RL = (XR'L'IXRL)

(23b)

and
One particle density matrix rt = llRLoR,L, is a fundamental quantity needed in a density
based description of solids, and can be expressed in terms of uj and the Fermi function
f ( e ) as

11= ~ ujf(Ej)u;

(24)

J

The corresponding density operator is n = Ix>n<xl, whose expectation value gives
the charge density n(r) = (rln Ir) = ( r l z ) rt (ZI r). For crystalline solids, we can exploit
the translation symmetry and work in Bloch representation, in which the basis function
can be written as
~L(r)

= ~ exp(ik. T)XRL(r -- 7")
T

(25)

Here k is the Bloch vector, T is the lattice translation vector and R denotes position
in the primitive cell. In Bloch representation, the labels R and L will be replaced by
k and L; and the eigenvalue problem involving infinite matrices ~ and ~ may be
reduced from (23) to one involving finite matrices

Yrk~, = ( ~ lYflzh'> and dgkk.= (XklZk'>

(26)

The density operator can therefore be expressed in terms of the eigenvectors u~.~
through Brillouin zone integration via tetrahedron method (Jepsen and Andersen
1971, 1984; Andersen et al 1988; Bl6chl 1988; Methfessel and Paxton 1989) over all
Bloch states

n = E IZk) ULI f ( E k j ) u~.j(Z k'l
k,j

= ~ IXr) ~ [ukdf(E~.j) exp [ -- ik( T" - T)] u~4] (Xr' I.
(27)
T,T"
k,j
Once the density operator is known, charge density, density of states, total energy
and other ground state quantities can be evaluated, as will be discussed in § 3.6.
Before going to the details of the LMTO methodology in the subsequent sections,
we shall summarize the notable features of the method.
(i) It uses a minimal basis set i.e. one orbital per {Ira} values, making the size of the
secular matrix quite small, viz (lm,x + l) 2 (typically 9 for spd-band materials) times
the number of atoms per unit cell. This leads to high frequency and allows treatment
of large systems like supercells.
(ii) It treats all metals, semiconductors and insulators, irrespective of their positions
in the periodic table, on equal footing.
(iii) Within the so-called ASA, the band structure problem is approximated by a
boundary value problem. This results (as we shall see in subsequent section) in
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complete separation of the potential and structure dependence of the one electron
energies and wave functions, leading to the concept of canonical bands.
(iv) The so-called (¢p~b)augmentation procedure gives the wave function the correct
shape near the nuclei, making LMTO method reasonably accurate.
(v) The original, infinite-ranged LMTO basis set can be transformed exactly into a
new localized basis set, with varying degrees of localization in real space. This has
opened up the possibility of a first principles tight binding (TB) approach (Andersen
and Jepsen 1984; Andersen et al 1986; Bl6chl 1988), which is equally well applicable
to crystalline and amorphus systems. Because of the short ranged basis ofa TB-LMTO,
one can deploy it for topologically disordered systems, utilizing recursion technique
(Bose et al 1988a) or for substitutionally disordered alloys utilizing coherent potential
approximation (Kudrnovsky and Drachal 1990).
(vi) Even though, LMTO is defined in terms of MT potential, it can be extended to
include non-MT potentials too, A number of full-potential (FP) approaches have
been recently worked out (Weyrich 1988; Bl6chl 1988; Methfessel 1988; Price and
Cooper 1989), which do not suffer from any shape approximations in charge density
or potential. LMTO-FP is an important development as it allows calculations of
frozen phonons, forces etc.
The remaining part of this section is devoted to some relevant details of the LMTO
method in various levels of sophistications and under different representations. The
treatmer~t followed here are mainly based on Andersen et al (1985, 1986, 1987). The
notations used are somewhat different from that of Skriver (I984) and Andersen
(1984), and the inter-relationship between these two sets of notations are given in the
appendix of Bose et al (1988a). The readers may find some difficulty due to some
change of notations even between Andersen et al (1985) and Andersen et al (1987),
and this is clarified in the footnote 36 of Andersen et al (1987). In the following
treatment, however, we have tried our best to avoid any pitfall in notations.
3.3 T h e envelope function
In all linear methods, the basis orbitals are derived from the so-called envelope
functions, (Andersen 1975, 1984) by augmentation with partial waves within the atomic
spheres, centered at the atomic sites. These envelope functions can serve as basis
orbitals only in the regions away from atomic cores, called interstitial or 'tail' region,
where the potential is sufficiently flat and the kinetic energy x 2 = E - Vur z is rather
small. In general, x 2 being energy dependent, as in KKR method, the interstitial
solutions X~(x,r) of the Helmholtz wave equation
(V2 + x 2)xL(r, r) = 0

(28)

are energy dependent (via r). In order to avoid this energy dependence of the envelope
function, Andersen postulated (Andersen 1975) the following: 'Let us disregard the
constraint x 2 = E - VMTZand use a single characteristic x 2 value (energy independent),
so that there is restricted variational freedom in the interstitial region'. In conventional
solid state LMTO's, we use the ASA, where a single-x basis with x2= 0 is chosen.
Here we must mention that depending on the application, more than one characteristic
value of x, e.g. double-x and triple-K basis sets have been used recently by some of
the workers (Methfessel 1988; Methfessel et al 1989; Paxton et al 1990) in order to
make the basis function more and more complete in the interstitial region. This is
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especially needed when the spheres are allowed to touch (as in MTA) and not overlap
(as in ASA). In this work, we shall consider a single-x basis with x = 0, so that the
wave equation in the interstitial region boils down to a Laplace equation. The envelope
function then takes the form of a static multipole field
K°L(r")=

(~)-t-I

r, frR'~*" YL'(fa') S O

YLtf")= - - ~ , w ]

2(2--~1) WW..L

0
0
= - - E JR'L'(rR')SR'L',RL"

(29)

Here jo and K ° are respectively the regular and irregular solutions of the Laplace
equation. (Note that the factor [2(2l + 1)]-1 has been included in the definition of
j0, in order to make the coefficient matrix S ° Hermitian.) These expansion coefficients
SO,L, RL are the bare canonical structure constants which are energy independent
(unlike in the case of KKR). S°'s depend only on the atomic positions d = IR - R'I
and obey a power law decay given by
S ° . ~ = C**,u(d/w)-(z + r+ ~),

(30)

where l, l' = 0, 1, 2 stand for s, p, d while M = 0, 1, 2 correspond to a, n, 6 respectively
(Andersen et al 1978, 1985; Skriver 1984); Cwu is a complicated function (involving
the so-called Gaunt coefficients) of l, !' and M, and w is an arbitrary length scale
chosen to make the quantity dimensionless (it is usually chosen as the average WS
radius). The above one-centre expansion is valid for all rR. < l R - R'l, i.e. within a
sphere, passing through the nearest neighbour sites to R' (and hence is certainly valid
in the MT or WS sphere at R'). The on-site elements SOL. RL a r e taken to be zero.
The conventional set of L M T O envelopes extended in all spaces can be written (in
matrix notation) as (Andersen et al 1985)
IK°) ~ = I K ° ) - I J ° ) S

°+lKo) '

(31)

where IK°L ) is the 'envelope head', vanishing outside its 'home sphere' (i.e. the WS
cell under consideration centered at R); similarly IJ°L) which appears in the tail
expansion, vanishes outside the 'foreign sphere' (i.e. neighbouring WS cell centered
at R'). IK °)i is the interstitial contribution, which vanishes inside the spheres. As we
are using ASA, where interstitial region is eliminated, this term may be dropped for
the time being. But we may later include it for a general L M T O basis set.
Since the envelope function is going to be augmented not only inside the home
sphere at R, but also inside all other neighbouring spheres R', one might use Laplace
equation solutions, which are irregular also at neighbouring sites (Andersen and
Jepsen 1984; Andersen et al 1986). The multipole field at R may be screened by
surrounding it by multipoles at R', so that a very localized field is obtained. This is
the essence of the so-called localized or tight binding (TB) LMTO. Accordingly, let
us now introduce a general L M T O representation, which is characterized by the
"screening numbers" Q~L, and we shall define the quantities K~L, J~L and S~,L, RL
analogous to the corresponding unscreened (i.e. ~t = 0) quantities. The screened
envelope function K~I. has a 'head' (i.e. for r close to R) proportional to K°L as before
but a new 'tail' expansion -~L,J~,L,S~,L,,RL SO that
IK°) ~ = IK ° ) - I J ~ ) S *.

(32)
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j~L(rR)= Jol.(ra)_ QRIKaL(rR)
• o

(33)

Here,
is a modified function, where the amount - Q[l of the irregular solution K°L has
been added to the regular solution J° L of the Laplace equation. Inserting this definition
of J', we get
] K ' ) ~ = I K ° ) ( : + Q'S ~) - I J ° ) S ~

(34)

which will be a superposition of [K ° ) ~ , i.e.
[K') ~ = [K°)~(1 + Q'S')

(35)

provided the screened structure matrix S* satisfies the Dyson equation
S" = S°(1 + Q'S*) = SO+ S°Q'S"

(36)

or equivalently

S~=SO(I _Q, SO)-i =(Q,)-I[{(Q,)-I _ SO}- 1 _ Q~](Q~)- 1.

(37)

Thus the localized envelope function can be constructed for any set of Q"s for which
[(Q,)-1 _ SO] - ~ exists i.e. detl(Q')-t _ SO[ # 0. It has been found by trial and error
(Andersen and Jepsen 1984) that for best possible localization, the screened structure
matrix is exponentially decreasing viz.

S~r.= Aexp( - 27,d )

(38)

for all closely packed structures and the set of Q"s is unique (independent of R) viz.
0.3485, 0.05303 and 0.0107 for ! = 0, 1, 2 and 0 for ! > 2. Since the localized structure
constants decay rapidly for increasing IR - R' l, the Dyson equation can be calculated
for each atom R on a cluster of first and second neighbour atoms R'.
3.4 LM TO basis orbitals and tp - 0 auomentation
The envelope function IK ' ) ~ discussed in § 3.3 is canonical (i.e. independent of energy,
potential and scale) and can serve as basis orbitais only in the flat potential regions
away from the atomic cores. Let us now get the complete L M T O basis set in the
generalized ~ representation (the corresponding expressions for the conventional
representation can be easily obtained by putting • = 0). For that, we have to replace
the'head' IK" ) of the envelope inside its sphere by the so-called augmentation function

I~Rt(E ) ) N~l(E) + [S[t ) ~t(E)

(39)

where 4~Rt(E,rR) is the partial wave solution of the S.E. for the spherically symmetric
one electron potential VR(rR),e.g.
( - V2 + Va - E)IO(E)) = 0

(40)

( - 7 2 + vR - E)I~b(E)) = 14,(E)).

(41)

As ~bRl(E,r) is normalized within the MT sphere of radius sR, we shall equivalently
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write it (see § 3.5) with a superscript y viz. ~ ( E , r), emphasizing that it is orthogonal
to q~z(E, r), i.e.

( q~lt~ ~) -----(~bl ~ ) = fo~ ~R,(E, r)q~R,(E, r)r 2dr = 0.

(42)

Going back to the above augmentation function, we note that it also has a term
involving IJ°t), the regular solution of Laplace equation; in order to ensure
normalization of the entire functional we have introduced the so-called normalization
function N'(E). Finally, we come to the screened potential function P~(E), defined as
P~(E) = P°(E)[1 - Q~P°(E)]-t

(43)

where
P°(E) = 2(2l +

I)D~(E) + l + l
D,(E) - l

(44)

is the conventional potential function defined in terms of the logarithmic derivative
D~(E) of the partial wave ~ ( E , r) at r = s. Dr(E) is a monotonically decreasing function
of energy and consequently P°(E) is an ever increasing tangent like function (Skriver
1984). [P'(E)] - t is related very simply to [P°(E)]- t (exactly as [S " ] - 1 is related to
[So]-1) by the additive term viz. Q~ which is a diagonal matrix (Andersen et al 1985)
[P~(E)] - 1 + Q~ = [po(E)] - 1.

(45)

It can also be shown that/~'(E) is related to N~(E) as (Andersen et al 1986, 1987)
N~(E) = [~wP'(E)] 1/2.

(46)

The energy dependent normalizable muffin-tin orbital (MTO) can now be written
as (the r-dependence is implied and so dropped)

IZ~L(E)) ~ -----IdPR~(E)>N~z(E) +

~'IJ~'L'>[P~'I'(E)t~R'L'.aL

--

S[I'i,'.RL'].

(47)

Note that S~ is the only non-diagonal matrix here, while N ~ and P~ are both diagonal.
The condition that there exists a solution IS(E)) of S.E. for the entire solid at energy
E is that it should be possible to write it either as a one-centre expansion of the
partial waves viz. Y.R.LIdPR~(E))URL(E) or as a multicentre expansion of MTO's
XR.LIXiL(E)> ®Nit(E)- t UrtL(E).This duality is possible if the so-called tail-cancellation
condition (Andersen (1973)

R.L

[P~,t, (E)t~R'L'.RL -- S~'L'.RL'I N~l(E) - I URL(E) = 0

(48)

is satisfied for all R' and L'. This set of homogeneous linear equation has a non-trivial
solution if

detll~a,r(E)t~R,L,.aL

--

SR,L, RLI = 0

(49)

which is the K K R - A S A secular equation yielding the one electron energies Ej. The
corresponding wave functions ~bj(r) are given by the partial wave one centre expansion

~'R,L¢~RL(E, YR) URL(E).
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Like the partial wave ~Rz(E,r), the MTO Z~L(E,r) is also continuous and
differentiable. Only inside the sphere it depends on energy, while outside there is no
energy dependence (either in the Laplace equation solution or in the structure
constant). Hence the first energy derivative of X~ should vanish at the sphere boundary
(r = s) to first order around s. This implies (dropping the R and L subscripts for
convenience)

0 = ~(E, r)N'(E) + dptE, r)IQ~(E) + J~(r)P~(E)
= 6~(E, r)N~(E) + J~(r)[J~(E)

(50)

where
@~l(E, r) = din(E, r) + ~bR,(E,r)O~L(E)

(51)

is defined as the general energy derivative function which (unlike @ - @~) is not
orthogonal to ~b, instead it is related to the parameter o" as
(q~ld~> = o'(E)= I~'(E)/NqE).

(52)

From the relation (50) we can write

w _1(
.
/\/N'(E)~
.,
IJ'>=-l~b (E)>~j~
=l~b (E)>-~N E)

(53)

which implies

D[J ~] = D[t~'(E)]

i.e. W[dp'(E),J "] = 0 .

(54)

It is now possible to define the radial function IJ'(r)> in such a way that the energy
dependence of I~'(E, r)) ® vanishes to first order in (E - E,) where E, is an arbitrary
(R and l dependent) energy chosen at the center of the energy range of interest. The
general L M T O basis set can therefore be written as

IX'> ~ = I;~'(E,) >~ N'(E,) - ,
= 14,'(E,)>- IJ'>

IK'> i

[P'(E,)-Sq+N--ZC~0

= I~ ' ( e , ) > - I d'(E,)> p ~ ( ~ , ) [ P ' ( E , ) -

Sq +

IX'>'.

(55a)

Using the convention that an omitted energy argument means E = Ev and changing
the notation from ~ and q~ to the corresponding energy independent functions tp and
0, (introduced in § 3.2), one can write in component form

~(~L(rR) "-- tP~L(rt~) + )"~b~'L'(rR')h~'L',RL + Z~'I~

(55b)

or equivalently in matrix notation,
Iz~> °° = I~0~>+ 10~>h~ + IX'>'

(55c)

where we have defined the Hermitian matrix

h" = - e ' ( k ' ) -1 + ( k ' ) - I / 2 s ' ( P ' ) - 1/2
= Ec" - E,3 + E V / ~ ' S ' ~ ' ] .

(56)
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In this expression for h", the first term C" - E, is diagonal and ensures the boundary
condition at home sphere, while the second term x / ~ ' S ' , v / A " is the off-diagonal
term which ensures the boundary conditions at foreign spheres. The hopping term
factorizes into short ranged structure constant and potential parameter. We have
intoduced some standard potential parameters (Andersen et al 1985):
Band centre parameter:
Band width parameter:
Band distortion parameter:

C" = E, - P'(E,)/P(E,)
x/'A-" = 1/a6"(E~)

(57)
(58)

Q, = (po)- x _ (p,)- 1 _ (SO) - 1 _ (S')- x

(59)

In terms of these parameters, we can completely specify the co-efficient matrix h~,
which in fact turns out to be the first order (in E - E,) Hamiltonian within the ASA.
The expression (55c) for I f f ) °° may be regarded as the linear term of a Taylor series,
and hence the name linear M T O (LMTO). Here the expansion coefficients hi'L'.RL in
the expression for ] i f ) ~ and the orbital overlap o~L = (tPRL[tPIL) = ~L(E~),/[2-~RL(E~)]
are the only two independent adjustable quantities, which can be chosen in such a
way that the augmentations are continuous as well as differentiable at the sphere
boundary.
3.5 Hamiltonian and overlap
We have just seen that the diagonal matrix o ~ guarantees to give ~ ( - ~) the same
logarithmic derivative at the sphere boundary s R as the tail of the envelope function
Zl; and the Hermitian matrix h~ makes the augmentation of the envelope function Xi
continuous at the sphere boundary. Knowing these two quantities, we can derive the
expressions for Hamiltonian and overlap matrices using the following relations (in
matrix notation) which we have already seen in the previous sections viz.

14;~>=16) +14,)o •

(51)

IZ') = )~b) + I ~ ) h " + [ff)'.

(55c)

Combining these two we get
I f f ) = i t k ) ( J + o'h') + Idp')h" + I f f ) '

= )~,)n + I~'>fl + lz')'

(60)

which nothing but the relation (19) in the generalized 0t-representation. The notations
H = J + o'h ~ and fl = h~ were already introduced in §3.2. Here [$), 16> and [6 ~)
obey the following matrix identities (Andersen et al 1987)
<~b[q~>=dt; < ¢ [ 6 > = 0 ;

<~b[6") --- o";

<(b'ldp'>=p'=(o")2+p

(61)

where p is defined as

P,, = f :" (D2,(r)r2dr = - f ~ tP.,(r)ib.,(r)r2 dr
= -

(ORI(SR)/[3~O~I(SR) ]

(62)
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which turns out to be the 'small parameter' of a linear method (since ~b is quite small).
In terms of these quantities now the Hamiltonian and the overlap matrices can be
expressed as follows. The overlap is
t~ = ~(Z'IZ=) ~° = ( J + o ' h ' ) * ( J + o ' h ~) + h'*ph =+ '(Z'IZ=) '

(63a)

Starting from the S.E., we can write at E = E,
(-- V 2 .4- VR - E ~ ) I ~ ) = 0

(40a)

(-V2+

(41a)

Va-E~)[(o)=ltp)

so that the Hamiltonian
j~' = = ( Z = ] - V 2 + VaIZ~) ~° = ( ~ + o=h=)*h = + ( J + o'h=)*E~
+ h=tE~ph ~ + (X=''1[ - V 2 + V"~(r)] IZ~'')

(63b)

Here, V " ( r ) = V(r) - Y~a Va(ra) is the interstitial non-spherical part of the solid state
potential. The simplest way to get rid of the interstitial region is to invoke the ASA,
within which the last terms in the expressions (63) for d~~ and ~ = coming from the
interstitial region (called the combined correction terms, as already introduced in
§ 3.2), vanish, and one needs only two matrices viz o= and h= to describe the overlap
and Hamiitonian.
Now let us transform IX=)® to a new basis set IX) ~ (which will turn out to be the
orthogonal basis set) as follows
IX) ~ = IX=)®( of + o=h=) - ~ = Iq~) + I ( o ) h + IX)'

(64)

h = h=(,f + o=h=) - t = h = _ haoah a + h=o=h=oah • _ ...

(65)

IX) I = I X = ) i ( J + o~h=) - ~

(66)

where
and
In this new basis, the overlap and Hamiltonian expressions become simpler viz.
= =f + hph

.,~ = E , + h + h E , p h

(67)

and then one can proceed to solve the eigenvalue equation (23). Neglecting terms
second order in h, viz. hph and hYE~ph (both involving the small parameter p), we can
write
~2~ _ j

yg,t2~ _ Ev + h.

(68)

Two facts clearly emerge out of the above transformation viz.
(a) The new L M T O basis set Ix) ® is nearly orthogonal (to first order in h) and hence
can be called the orthogonal (or ? - ) representation. Note that unlike the corresponding
localized quantities which are represented with the superscript ~t, the superscripts y
in IXv) =, I;~Y)i, I¢~), ]0~) and h ~ are usually omitted; and in the present paper all
these quantities without the superscript ? will correspond to orthogonal representation.
The notable features of this ?-representation is that here I~0) and 10) are orthogonal
i.e. o - (q0[O) = 0 = )P(Ev) = 0; and P(E) = (E - C)/A to second order in (E - E0.
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(b) The Hermitian matrix h = ~fg(2)_ E~ itself is the second order Hamiltonian (with
the chosen constant energy reference E0. This reveals the most important feature of
the new basis set I~(>~, viz. that under this basis the K K R - A S A secular equation (49)
becomes equivalent to the L M T O - A S A eigenvalue equation
(if(2)

E~2)j)uj = 0.

(69)

In terms of the eigenvectors uj, one can express the wave functions as

~bj(r) = ])~>~uj = ['lq~> + ]~b>h -4-]Z>i-]uj
= CIq~> + ]q~>h]u~ + IZ=>ibj.

(70a)

where the new vector bj = (1 + oh)- ~uj = [1 - o(E~ - E,)]uj. in component form qJj
looks like

~lj(r) --

{(#R/(r) + ~gt(r)(E} 2) -- Ev) }

YL(t~R)URL.j + ~ )~RL(r)bRL,j
RL

= Z tPRt(E~ 2)' re) YL(~R)URL.j 4- ZZ~(r)bRL.j
RL
RL

(70b)

Thus the wave function turns out to be a one-centre expansion in terms of the radial
solution tPRt(Ej, rR) expanded in Taylor series to first order in (E 1 - E,). Note that
the second term on the RHS is purposely expressed in term of truncated envelope
function in a-representation, viz. Iz~>ibj, rather than the equivalent expression in
~-representation viz. ]X>'uj. Reason is that this term which is neglected in ASA is
important for the full non-spheridized densities in context of F P - L M T O .
The corresponding energy eigenvalues E}2)=uf.~acla(2)uj a r e correct to order
(E~-E~) 2. Here Ej is the exact solution of the full eigenvalue equation (23). An
expression for E~ correct to order ( E j - E~)a can be easily obtained by first order
perturbation theory

Ej = E 2) "q-U; Evp(g 2)- Ev)2uj 4-

V"<Z'Ix'>'b j
1 + uj p(E 2) - E,)Zuj + b i(X'lX >ibj

(71)

At this stage, a further simplification may be introduced viz. an effective two-centre
TB Hamiltonian ~f~(1)may be defined, by truncating the series representation of h to
first order in h ~

;,vd"" ~- E~ + h ' = C~ + V/-A"S~x/~.

(72)

Since S~ is short ranged, oW(~) itself is short ranged. Also this expression for oW(u does
not contain Q~ explicitly and hence is valid for any choice of Q% provided the
corresponding S~= S°/(1 - Q ~ S °) has no poles. With the proper choice of Q~, the
matrix elements of ,g(t) connecting atoms beyond the second shell of neighbours in
all close packed systems can be made to vanish. The resulting energy positions of the
features in the density of states are, however, corrent only to first order in (Ei - E,),
and gives reasonable energy bands in a range of half a rydberg around E,. Twice
this range can be covered if one uses oW(2) = Ev + h, because then all potential functions
are linear to second order in (Ej - Ev). Thus we now have three important observations,
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(a) Within the LMTO formalism, the effect of truncating the range of the Hamiltonian
is well defined and can be controlled.
(b) Understanding the electronic structure of complicated systems like alloys or
supercells is easier in terms of localized quantities. T B - L M T O therefore establishes
a direct link to ideas which are based on the simpler but less accurate empirical TB
methods (Harrison 1980).
(c) In localized basis, the computational effort in calculating Hamiltonian and overlap
matrices or the charge density, scales linearly with the number of atoms and is
independent of the number of k-points (Bl6chl 1988). This should be compared to a
typical cubic dependence on the number of atoms and a linear dependence on the
number of k-points in most other methods with extended orbitals. Thus for sufficiently
large number of atoms in the unit cell, the computer time required for T B - L M T O
calculation is dominated by matrix diagonalization.
3.6 Practical scheme for self-consistency
In the previous section we have seen how to set up the Hamiltonian and overlap
matrices in nearly orthogonal as well as localized representation, and also how to
solve for the eigenvalues and the wave functions. The solution of eigenvalue problem
can be significantly simplified in the ASA, which neglects (a) the interstitial region
(b) the non-spherical part of the potential and (c) the higher partial waves. In this
section we shall briefly point out how to achieve self-consistency in practice and
calculate quantities like density matrix, charge density, density of states, total energy,
etc.
In order to perform self-consistent calculation in the ASA, one merely needs the
electron density nR(r), spherically averaged in each sphere, and for this purpose, the
one-centre expansion (70b) for ~,~(r) is suffciently accurate. As already pointed out
in § (3.2), the density matrix is a key quantity to be evaluated in each iteration. It can
be expressed in terms of the projected density of states function
NR,(E) = Z uj~(E - E,)u) = ~ d ~ ( E - E ~ ) Z l U . L . j l 2
J

l

= •/(2n) 3 f d k f [ E - Ej(k)] ~1URL,~(k)I2.

(73)

The energy moments are

m~ =

dEN~I(E)(E- E,.RI)t

(74)

The spherically averaged valence electron charge density in sphere R is

n~(r) = (i/4/:) ~ [-m[°}cpat(r)2 + 2m[tt~cpRl(r)~bal(r)
l

+ m[~)((ORl(r)2 + (pat(r)(oRt(r))].

(75)

Note that here we have retained up to second order term in the Taylor series expansion
for the partial waves, in order to be consistent with the error of the energies and in
order to have the normalization exact (Andersen et al 1987). m~°~ determines the
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number of/-electrons, and m(1) and m (2) determine the radial redistribution of the
/-charge. For the correct choice of Ev, rn") should be zero. Here nR(r) is only the
valence electron charge density, to which one has to add the spherically symmetric
core electron (atomic) contribution, in order to obtain the total spheridized electron
density; let us call it nR(r) again• The output one-electron ASA potential in the sphere
at R is

VR(r) =

(76)

VspHER~+ VMAr,EL

where
E
f " 2n.(r')
2Z R
SPHERE= JO r-''~
[ Y"~47rr'2dr' -- r + g~(na(r))

(76a)

VU^DE1. = ~.,' 2qR" ~.,I R -- R' - TI - ~

(76b)

and
R'

7"

Here ZR is the nuclear charge and qR = Z a - Soana(r)r2dr #xc is the local density
exchange-correlation potential and we use in particular, the Barth-Hedin parametrization (yon Barth and Hedin 1972). Thus VSpaEREis the total intrasphere contribution
(both electron-electron and electron-nucleus) to the potential. VMAOEL is the electrostatic Madelung potential (due to the neighbouring spheres) spherically averaged
within the sphere. The moments m~$), charge density nR(r) and effective potential VR(r)
given by the expressions (74), (75) and (76) respectively, are the key quantities for
iterating to ASA self-consistency. In each iteration, after obtaining the charge density
and the potential one has to solve the radial Schr6dinger (or Dirac-Pauli) equation
again to obtain the basic quantities ~0at, 0at, ~bat and the potential parameters CRt,
ARt, QRt and PRt; and this cycle is to be repeated.
The normal practice is to use the "output" density from (75) and the "input" density
which is used to construct the effective potential in (76), in order to obtain a new
"input" density which is nearer to the self-consistent one (see Pickett 1989 for an
elaborate &scusslon of this procedure). In each iteration, a small change in the input
in may lead to a relatively large change in the output density n~', because
density nM
of the long range nature of the Coulomb interaction. So it is usually not possible to
use n~ t per se as the input density for the next iteration (n~ + t), since large unstable
charge oscillations arise; rather it is essential to mix input and output densities in an
appropriate proportion to obtain a new input density. The most widely used procedure
is linear mixing (see Dederichs and Zeiler 1983), for which
•

n~+l

.

/

+(l-~)n~=

+

(77)

where ~ is the mixing parameter (0 < a ~< 1) that moderates the large charge oscillations
and F [n] is the Kohn-Sham functional (Pickett 1989). Note that the above prescription
may equally well be applicable for mixing moments, which are the essential ingredients
of the density (equation (75)). Mixing potentials is also nearly equivalent to mixing
densities due to linearity of Poisson's equation. Several other more efficient iteraction
schemes, which transcend linear mixing, have been developed viz. 'Anderson mixing"
(Anderson 1964; Mattheiss and Hamann 1986; Bi6chi 1988), 'Broyden mixing'
(Broyden 1965; Srivastava 1984). An elaborate discussion of these formalisms is beyond
the scope of this article and the readers are referred to Bliigel (1988) and Pickett (1989).
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For interface electronic structure calculations with large supercells, the potential
contains long wavelength Fourier components which are particularly sensitive to
fluctuations of the density perpendicular to the interface plane. So a proper choice
of the mixing scheme is very crucial in order to economize the number of interfations.
A linear response based dielectric matrix scheme (Ho et al 1982) may serve a guideline
for this purpose. Once self-consistency is achieved, one may evaluate the ASA total
energy per unit cell of the electrons and the nuclei
(78)

E = T + )-'.Ua + UMADEL
R

where the ASA kinetic energy term (Andersen 1985)
T= ~,f(Ej)Ej(k)- ~
j,k

f?

(79)

Va(r)na(r)4~r2dr

the intra-sphere interaction energy term
UR=

(80)

nR(r) VspnEaE(r)4rtr2dr

and the inter-sphere Coulomb (or Madelung) energy term
UMAD~L= - E q a VU^DEL= E ' E q a q w E I R
R'

R R"

+ R - TI-I

(81)

T

Note that while evaluating the above integrals, we have used the spherically average
density nR(r) inside sR, instead of the true density n(r), and hence approximated the
long-ranged part of the electrostatic energy, by that of point charges, which makes
the absolute value of the ASA total energy (78) rather inaccurate. This is because of
the fact that ASA describes the polarizations of the electrons inside the atomic spheres
only in an approximate way (see § 3.7). Nevertheless, one can accurately describe
isotropic deformation, such as hydrostatic:pressure variation of the total energy.
Energy differences between two structures A and B, say the same transition metal in
fcc and hcp structures, can be obtained with good precision (see for example
Christensen 1987), exploiting the so-called 'Andersen-Pettifor force theorem'(Pettifor
1976; Mackintosh and Andersen 1980; Cohen and Heine 1980), which is particularly
useful when potentials in an atomic sphere can be shifted rigidly in a straightforward
manner, and when the electrostatic term in negligible or at least simple to calculate.
The other problem which arises commonly with ASA is when there is no natural way
of filling space with spheres. In such cases, overlap between some of the neighbouring
spheres become unacceptably large, causing large error in the ASA kinetic energy.
One may try to circumvent this problem by introducing the so-called empty spheres
in the interstitial region, but then comparison of total energies of two different
structures with different number and size of empty spheres is not straightforward.
The problem can be partly solved by adding to the ASA total energy, the so-called
Ewald correction (see the appendix of McMahan 1984), which replaces the point
charge electrostatics by that of point charges in a homogeneous background, whose
value, however, must be chosen suitably.
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3.7 From A S A to full potential
The conventional solid state LMTO method uses interstitial envelope function with
vanishing K.E. (/¢2 _ 0) and ignores the non-spherical parts of the charge density and
potetial. Within the ASA therefore it is not possible to calculate energy differences
by symmetry lowering displacements of atoms which are crucial for calculation of
frozen phonons and atomic forces (Nielsen and Martin 1985; Yu et al 1991), which
are obtainable from derivatives of very accurate total energy. It is necessecary to go
beyond ASA and use a full potential (FP) LMTO method, which is without any shape
approximation, in order to describe elastic constants, phonon frequencies, and
relaxations around defects. A compromise recipe between ASA and FP calculation
has been developed, which is known the ASA + U calculation. Here the electrostatic
energy U ofeq. (80) is evaluated using the proper density, rather than the ASA density.
This scheme uses intermediate charge-density fits with either plane waves or Hankel
functions and with this, the phase diagram of Si for example shows some improvements
(Andersen et al 1989). But for more accurate calculations, the full potential is a must.
Different LMTO-FP approaches have been used recently (Weyrich 1988; Bl6chl 1988;
Methfessel 1988; Price and Cooper 1989). A full-fledged discussion of these approaches
is beyond the scope of the present acticle, and the reader is referred to the original
papers. Here we just mention about two approaches by Bl6chl (1988) and by Methfessel
(1988). Bl6chl used localized orbitals (TB-LMTO) in order to make the method
applicable to larger systems with low symmetry (like supercells considered in this
article). The basis orbitals are divided into a smooth part and a rapidly varying part
localized inside the augmentation spheres. The smooth part of the orbitals as well as
those of charge density and the potential are represented on a mesh in real space,
while the heavily oscillating local parts are expanded into a rapidly converging
one-centre spherical harmonic expansions. The computational effort in calculating
Hamiltonian and overlap matrices or the charge density scales linear with the number
of atoms and is independent of the number of k-points. This should be compared to
a typical cubic dependence on the number of atoms and a linear dependence on the
number of k-points in most other methods with extended orbitals. This L M T O - F P
method has been used successfully to calculate not only structural energy differences
and phonon frequency in Si and but also to handle large supercells like NiSi2/Si
(Bl6chl 1988; Das et al 1989, 1989a, 1989b). As a by-product, it gives plots of valence
electron densities and densities of individual states which is extremely useful in the
analysis of chemical bonding (Dronskowski 1989).
Methfessel (1988) had a different line of attack; he used atom-centered LMTO's
with non-overlapping augmentation spheres and treated the interstitial region with
double and triple K-values (the augmentation functions ~ and ~b are the same for all
K-values). The variational freedom available in such a multiple-r set should make it
possible to avoid using orbitals on empty sites. This is of course at the cost of sacrificing
the minimal basis set feature of LMTO. In order to achieve 1 mRy/atom accuracy in
absolute convergence of say Si, one needs 3s3p2d-basis of 22 LMTO's/atom instead
of 18 LMTO's/atom used in standard LMTO-ASA calculation (Methfessel et ai i 989).
This approach has been successfully applied to get the structural and dynamical
properties of a number of systems (Methfessel et al 1989; Paxton et al 1990; Alouani
et al 1991).
Following the success of LDA to predict the static structural and cohesive properties
of solids, the interest in electronic structure calculations got diversified in the recent
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past, to include the dynamics as well as modelling of solids. Conventional molecular
dynamics (MD) (Gould and Tobochnik 1988) models the complex many-body
interatomic interactions through some empirical potential functions, whose parameters
are fitted to experimental data. Though widely used in practice (see for example
Chaplot 1986), such an approach does not display explicitly the dependence between
bonding, electronic properties and atomic dynamics. Ab initio molecular dynamics,
coupled with density functional (MD-DF) approach, proposed six years ago by Car
and Parrinello (1985), allows one to combine the advantages of a classical statistical
mechanics approach, necessary to obtain dynamical information, with the accuracy
of the state-of-the-art electronic structure calculations, while computing the interatomic
forces from the Kohn-Sham energy functional EKs[n(r)]. There are two minimization
problems to be solved. The total energy E must be minimized for each geometry and
one must find that geometry which has the lowest energy. This is achieved by viewing
E as a function of two independent sets of degrees of freedom viz. the nuclear coordinates
{RI} and the KS single particle orthonormal orbitals {~bi}. The Car-Parrineilo
method, described in a number of recent papers (see for example the NATO conference
proceedings edited by Car and Parrinello 1988), incorporates a number of innovative
ideas. Here one uses the 'iterative matrix diagonalization technique', in which the
processes (i) of obtaining self-consistency between the electronic wave functions and
the electronic potential and (ii) of relaxing the ionic system to equilibrium are
performed at the same time as calculating (iii) the eigenstates of the Hamiltonian.
This reduces the total computational time required, compared to conventional
methods in which these three processes are performed sequentially. Iterative matrix
diagonalization methods require each wave function to be multiplied by the
Hamiltonian at least once per iteration, and to enhance the computational speed,
part of this multiplication is performed in real space and part in reciprocal space.
Unfortunately most of these tricks are applicable in conjunction with pseudopotential
plane wave framework which is too costly for realistic systems of interest and prohibits
treatment of systems, where a frozen core is inappropriate and/or localized d- or
f-bonding features are important. So attempt is going on to use LMTO and LAPW
description of electronic wave function, in a M D - D F calculation. It is obvious that
LMTO-ASA will not work, because for a MD calculation, we cannot live with the
'spheridization' of potential and charge densities and also we cannot use the so-called
empty spheres for close-packing the unit cell. An essential prerequisite is to develop
an L M T O - F P method which can efficiently couple with the MD-DF. This is one
of the current hot areas in which the electronic structure theorists are working.

4. Bulk electronic structures

4.1 Si: a benchmark for covalent semiconductors
Apart from the fact that Si is the most widely acclaimed 'work horse' for electronic
device industry, it serves as a model for all the tetrahedrally bonded group IV,
group III-V and group II-VI semiconductors. Si can also serve as an ideal testing
ground for any first principles electronic structure calculation, because of the fact
that it manifests itself an various possible structures as a function of pressure. Also
reliable experimental data are available on a variety of structural and electronic
properties of Si. At ambient pressure, Si is in diamond structure and as pressure
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increases it undergoes a series of structural phase transitions as follows (Duclos et al
1987)
diamond

, fl-tin
110kb

, hp
140kb

,X
340kb

, hcp
400kb

, fcc
780kb

The phase denoted by 'X' is an intermediate phase, whose exact structure is
controversial, even though an orthorhombic structure was suggested by Olijnyk et al
(1984). Extensive electronic structure calculations have been reported on Si using ab
initio pseudopotential (Yin and Cohen 1982; Chang and Cohen 1984; Biswas and
Hamann 1985) as well as using LMTO method (Gl6tzei et al 1980; McMahan and
Moriarty 1983; McMahan 1984; Bl6chl 1988; Methfessel et al 1989), and the above
mentioned phases of Si, along with the transition pressures have been by and large
reproduced. In fact, McMahan and Moriarty (1983) predicted a further high pressure
transition from fcc to bcc in the pressure range 2"5 to 3"6 Mbar, which has not been
seen experimentally so far. It has been rigorously shown that L M T O - F P calculation
with triple-x basis (and not the conventional LMTO-ASA with x = 0) yield almost
all the static and dynamic properties of diamond-Si, as well as the pressure phase
diagram of Si, in close agreement with experiment and with pseudopotential
calculations. A summary of these results is given by Methfessel et al (1989).
In this section we summarize the results on diamond-Si, obtained from T B - L M T O
calculations (Bl6chl 1988). The concept of empty sphere, introduced by Keller (1971)
and used by Jarlborg and Freeman (1979) and by Gl6tzel et al (1980) for tetrahedrally
bonded semiconductors, has now become quite practical for handling almost any
open structured materials. The diamond structure, having a nonsymmorphic space
group O~,, is nothing but two interpenetrating fcc lattices with origins at (0,0,0) and
(14, 1/4, 1/4). It can be made close packed by introducing two E-spheres at (1/2, I/2, I/2)
and (3/4, 3/4, 3/4). Thus the cubic unit cell having a lattice constant a = 5"43 ~,, contains
four spheres, with average WS sphere radius say = 1"337,~. The sphere radii may be
chosen to be same for all the spheres, as this choice should not affect the final results,
provided the sphere-overlap (see eq. (20)) is modest.
The important parameters coming out of self-consistent LMTO-ASA band
calculations are summarized in table 5. The irreducible BZ (figure 4a) is divided into
47 k-points for tetrahedral integration (Bl6chl 1988). The E-spheres contain 0.786
electrons each, which is the deficit in the corresponding Si spheres. Thus the total
number of valence electrons in each Si-sphere is 3.214. The self-consistent ASA total
energy per Si atom (for band electrons only) is 8-16 Ry which is only slightly different
from the FP value. This result is obtained with s, p, and d partial waves on all spheres
and with combined correction switched on. Subtracting the total valence electron
energy for atomic Si 7.789 Ry (including the spin-polarization correction of 0-05 Ry)
(Lambrecht and Andersen 1986b), we get a cohesive energy of 5-13 eV, the corresponding
full potential value being 5.03 eV. GW calculation (Hybertsen and Louie 1987) yields
5.28 eV, while the experimental value is 4.63 eV.
In the chemical bond picture, the atomic orbitals form sp 3 hybridization--bonding
orbitals occupied by the valence electrons correspond to the VB, while antibonding
orbitals correspond to the VB. The band structure of Si along the high symmetry
directions of the Brillouin zone (BZ) is shown in figure 5. At the F-point i.e. the zone
centre, we see the s-band at about - 1 Ryd and a 3-fold degenerate p-band just below
the Fermi level. The third band i.e. the CB minimum is 2-fold degenerate with a direct
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Table 5. Bulk parameters of Si and NiSi2 used in and obtained from self-consistent L M T O
calculations (Bl6chl 1988; Das et al 1989a). All energies are in Rydbcrg unit.
Si
Lattice constant
Basis orbitals
No. of k-pts.

NiSi 2

- 5-43 ~
s, p, d
47

E~/Er
Madelung energy
Et=.,(ASA)
Etot.j(FP)

5"43 ~(0-46% expanded)
s, p, d
72

- 0"0761
- 0.8428
- 16"335
- 16"329

No. of valence electrons
Madelung potential
Electrostatic potential at r = s
Potential at the atom center

0.0654
- 1-2134
- 96"789
- 96"733

Si

E

3"214
0"5358
- 0"0869
74.4636

0.786
- 0-5358
0-0869
-0.1205

Ni
10.421
- 0-3799
- @0469
208"1950

Si

E

3'168
0-6604
0-0014
74.4574

1.243
- 0.9402
0.0440
-0-0959

,kz
ks

L~

(G)

(b)

Flgure,L Brillouin zones corresponding to (a) fcc lanice (space groupF~ ) with high symmetry
points F(0,0,0)' L(I/2,1/2,1/2)' W(I/2,1/4, 3/4), X(l/2,0/½), K(3/8, 3/8, 3/4) and U(5/8,1/4, 3/4);
the K and U points are equivalent because they are related by symmetry operations; (b) simple
hexagonal lattice (space group Fh) with high symmetry points F(0,0,0), M(0,1/2,0),
K ( - 1/3, 2/3,0)' A(0,0,1/2)' L(0,1/2,1/2) and H ( - 1/3, 2/3, 1/2). See Bradley and Cracknell
(1972) for details.

gap at F-point equal to 2.557 eV. The indirect gap (i.e. the difference between the CB
minimum at X-point and the VB maximum at F-point) is 0.6 eV, which is nearly half
of the experimental band gap of 1-1 eV. This band gap underestimation is a well-known
lacuna of LDA (see the review by Jones and Gunnarsson 1989); even for other
zincblende structure semiconductors, the calculated gap is ~ 50-100% smaller than
the experimental gap. In the present context of interfaces between two solids, one of
which at least is a semiconductor, we will be interested in the difference between the
highest occupied levels, on either side of the interface viz. the V B O , ~ v , - Ev, or the
p-type SBH EF -- E~. Experience shows that the valence band structure obtained from
LDA band calculations agree well with photoemission data, implying that VBO or
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Figure 5. Energy bands of diamond structured Si (a = 5'43~.), along high symmetry
directions (figure4a) obtained from self-consistentscalar relativistic LMTO-ASA calculation
with s, p, d orbital basis and Barth-Hedin parametrization of the XC potential. The indirect
(r .--,x) band gap of ~ 0'6 eV is consistent with other state of the art LDA calculations.
Table 6. The I-dependent shift in the 'band centre' parameter in order to open the band
gap in Si (see text for details); ~ m = Ca~(Adjusted)- Ca~(Original)= ACa~.
Orbital
ACI

Si-s

S-p

Si-d

0-01607

-0.00169

-0.00148

E-s
0-13761

E-p
0-03712

E-d
000223

SBH are expected to remain unaffected by the gap-problem'. Nevertheless one may
argue that the reduced LDA gap might affect the valence band tail causing an error
in the VBO and SBH estimate. So opening of the gap to the correct (experimental)
value is highly desirable. A full fledged quasi-particle calculation of the screened
electron-hole pair in the G W approximation (Hybertsen and Louie 1987) being too
elaborate to perform, some workers take recourse to the so-called 'scissor operator'
approach, Christensen (1984) had performed a modified self-consistent LDA calculation
for opening gap to the experimental value, by adding an external potential of the
form Vo(ro/r)exp(- ro/r) 2, with the parameters V0 and ro properly chosen for the real
atoms as well as the E-sites. The same prescription has been used later by Das et al
(1989b) in context of NiSi2/Si (111) interface. An almost delta-function like sharply
peaked /-dependent potential was applied to both the Si and E-spheres, in each
iteration self-consistently. In L M T O - A S A language this operation is tantamount to
shifting the band-centre potential parameters CR~ of Si and E-spheres the original (i.e.
before gap adjustment) values by the magnitude (given in table 6). The L M T O - A S A
band structure of Si after gap adjustment is shown in figure 6. The direct gap at
F-point becomes 2.71eV, while the indirect gap F-X becomes 1.1 eV, close to
experimental value! On comparing the detailed band dispersions with the original
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Figm'e 6. Energy bands of diamond Si after opening its band gap to the experimental value
of 1"1eV by application of external/-dependent potentials. Essentially the CB is pushed up
(compared to figure 5) at r, X and L points (see test for details).

unadjusted band structure (figure 5), it is observed that the effect of the gap-adjustment
procedure is essentially to 'lift up' the CB with respect to the VB at three symmetry
points viz. F, X and L, so that the experimental gap is approximately reproduced.
The total DOS shown in figure 7(a) is a superposition of the Si DOS (figure 7(b))
and the E-sphere DOS (figure 7(c)). What is to be noted is the nontrivial contribution
of the E-spheres to the total DOS. The well-known three-humped structure is clearly
seen to originate mainly from Si-s and Si-p states shown separately in figures 7(d)
and 7(e). The valence electron charge densities for Si in the (li0) plane (figure 8) were
obtained by solving the wave equation for potentials self-consistent in the ASA. It
was clearly demonstrated (Andersen et ai 1986) that the ASA charge density is almost
as accurate as those obtained from the best state of the art full-potential or first
principles pseudopotential calculation (Hamann 1979; Biswas and Hamann 1985). In
order to elucidate the character of the individual bands and the corresponding shapes
of the orbitals, we have plotted the projected charge densities (in the same 110 plane)
of the individual bands of Si at various high symmetry points of the BZ viz. F-point
(0,0,0) (figure 9), L-point (1/2, I/2, 1/2) (figure 10), W-point (1/2, 1/4,3/4) (figure I1)
and X-point (1/2,0, 1/2) (figure 12). For example, at F-point, the lowest band is s-like,
the second bands (3-fold degenerate) are p-like, while the third band which is the CB
minimum, is also having predominantly p-character. The actual numerical estimates
of/-characters of the different bands at the high symmetry points and from the
individual atoms (Si and E-spheres) in the unit cell have been calculated, but are not
given here for the sake of brevity. The same thing has been depicted pictorially in
the (li0) plane (figures 9 to 12) as one follows the individual states from the lowest
valence band to the lowest conduction band for each high symmetry k-point. These
figures are purposely included here since they do not exist in any published literature,
to the best of our knowledge.
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Figure 7. Total and partial density of states (DOS) and number ofstates (NOS) ofsilicon. The
x-axis is energy in Ry unit, while the y-axis is DOS in Ry-1 cell-t; the integrated NOS
shown on the right hand ),-axis denotes half the actual number of electrons. (a) total
of two Si and two-E-spheres i.e. 8 valence electrons per diamond unit cell (b) only one Si sphere
(c) only one E sphere (d) Sis partial DOS (e) Sip partial DOS.

As our interest in this article is to investigate the electronic properties of an interface
perpendicular to a specific direction, it will be necessary to utilize the two dimensional
band structures of the constituent materials, projected onto the interface plane. For
Si(111) based interfaces, for example, the (111) axis of the cubic unit cell of bulk Si
becomes the (001)- or c-axis of an hexagonal supercell (along which the various
Si-double layers are stacked), and only the band structure in the F - M - K plane of
the hexagonal BZ (figure 4(b)) becomes of interest. The tetrahedral bond length ~/3a/4
now becomes the interlayer separation in Si double layer. On stacking six such double
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Figure 8. Valence electron charge density contour plots of Si in (110) plane showing the
tetrahedral covalent bonds. The openness of the structure is apparent from the large interstitial
regions which are artificially packed by the so-called E-spheres in the LMTO calculations.
s, p, d orbitals are taken on all the atomic and empty sites. The electron distributions are
obtained by solving the one-electron Kohn-Sham equation with self-consistent ASA potential,
but without making the 'output' charge density spherically symmetric around the atomic sites
(see Andersen et al 1986). The lowest and highest contour values are 0.005 electrons/(a.u.)J
and 0"075 electrons/(a.u.)s respectively; the contour step is also 0-005 electrons/(a.u.) ~.

I

(b)

lo)

(c)
Figure 9. Valence electron charge density contour plots of the individual bands for Si at
['-point (0,0,0). The Fermi level for 4 electrons per diamond site is located at Er = - 0.0472 Ry.
The convention used here (as well as in the following three figures) is that energy (at the
fixed k-point) increases as one goes from (a) to (b) to (c) etc., the last one corresponding to
CB edge.
(a) state # I {F~), non-degenerate, E = -0.95Ry, s- character,
(b) state # 2 (F2s), 3-fold degenerate, E = --0-076Ry, p- character;
(c) state # 3 (F~s). 2-fold degenerate, E = + 0.112Ry, p- character;
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a

Figure 10.
(a) state #
(b) state #
(c) state #
(d) state #

(a)

(¢)

(b)

(61

Same as in figure 9 at L-point (1/2, 1/2, 1/2)
1, non-degenerate, E = -0-779Ry, s,p- character,
2, non-degenerate, E = -0"588Ry, s,p- character;
3, 2-fold degenerate, E = -0-161Ry, p- character;
4, non-degenerate, E = + 0-040Ry, s,p- character,

L /L S
(o)

(b}

(c)
Figure 11.
(a) state #
(b) state #
(c) state #

Same as in figure 9 at W-point (1/2,1/4,3/4)
1, 2-fold degenerate, E = - 0-636Ry, s- character,
2, 2-fold degenerate, E = -0"357Ry, p- character;
3, 2-fold degenerate, E -- + 0-239Ry, p- character;
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(b)

(o)

(¢)
Fllpa'e 12.
(a) state #
(b) stale ~
(c) state #

Same as in figure 9 at X-point (I/2,0, I/2)
I, 2-fold degenerate, E = - 0-048Ry, s,p- characler,
2, 2-fold degenerate, E -- -0-278Ry, p- character,
3, 2-fold degenerate, E = -O-032Ry, s,p- character;,
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Figure 13. Two dimensional band structure of bulk Si projected onto the FMK plane of
the hexagonal BZ (see figure 4b). For generating this figure, six equidistant planes between
r-point (0,0,0) and A-point (0,0,1/2) have been projected simultaneously onto the r M K
plane. One can clearly see the principal band gap, the 'stomach gap' and other partial gaps
at various regions of the BZ, when looked along a direction (in this case ['t, l, 1]) normal
to the interface.
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layers of Si, we can construct a supercell of length 6~3a, which will constitute 12 Si
and 12 E-spheres. The two dimensional (2D) projected band structure of such a
supercell is shown in figure 13, in the F ~ M --* K ~ F plane.
4.2 NiSiz: A unique metallic silicide
Transition metal (TM) disilicides (MSi 2) are attracting increased attention in recent
years, because of their practical applications in silicon-based microelectronic devices
as Schottky barriers and low resistivity interconnects. Though most of the disilicides
are metallic, there are a few like/~-FeSi z (Christensen 1990) or CrSi 2 (Mattheiss 1991)
which are semiconducting with band gaps typically in the range 0.I to 0.9 eV and
which have interest in their own right due to specialized applications in optoelectronic
devices. The metallic disilicides NiSi2 and CoSi2, in particular, are unique in the sense
that they grow epitaxially on Si (as will be discussed in § 5). They have the so-called
calcium fluorite structure (illustrated in figure 14) with a = 5"406~, and a O~ group.
Another proposed 'adamantane' structure is found to have about 1 to 1.5eV less
cohesive energy and hence is not stable (Lee et al 1985; Lambrecht et al 1987). In the
fluorite structure, each Ni is octahedrally surrounded by 8 Si atoms (figure 14(b)) at
a distance of 2.34 ~ and 12 Ni atoms at a distance of 3.82 ~. Each Si is tetradedrally
surrounded by 4 Ni atoms (figure 14(c)) at a distance of 2.34~ and 6 Si atoms at a
distance of 2.70 ~. With the subtraction of 4 sites (e.g. the four interior sites arranged
in a tetrahedron, marked with dotted circles in figure 14(a)) this unit cell would be
identical to that of Si. The Si atoms in NiSi2, in fact, retain the same tetrahedral
bond geometry found in pure Si and the Si-Ni nearest neighbour distance (2"34~)
is nearly the same as the bond length in bulk Si.
X-ray photoemission spectroscopy (XPS), bremsstrahlung isochromat spectroscopy
(BIS) and X-ray absorption spectroscopy (XAS) have been the most extensively used
tools for studying the electronic structure of TM silicides (Speier et al 1989; Weijs

001

"

I:

(b)

-

1.01

I
/
100

1o)

(c)

Fiilire 14. Fluorite structure of Niliz: (a) the unit cell is flcc with Ni atoms (open circles)
at (0,0,0) and Si atoms (filled circles) at (1/4,1/4,1/4) and (3/4,3/4,3/4~ for satisfying the
close packing criterion in an LMTO-ASA calculation, an extra E-sphere (not indicated in
the figure) is placed at (1/2, 1/2,1/2). (b) a Ni atom in this structure is 8-fold coordinated
with Si while (c) a Si atom is 4-fold coordinated with Ni.
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et al 1990). Theoretical analyses show (Rubloff 1983a, 1983b, 1985; Calandra et al

1984) the dominance of TM 3d states, which open up a 'quasi gap', or region of low
Si-sp DOS, separating and pushing weight to the bonding-antibonding regions above

and below the d-bands. Any change in the position of the d-band would move the
'gap' away from E v (Tersoff and Hamann 1983). LMTO-ASA calculation on NiSi2
was performed (Bl6chi 1988; Das et ai 1989a) with its lattice constant 0"46% expanded,
so that it matches with that of Si, as required for the NiSi2/Si supercell (see § 5). s, p
and d partial waves are taken on all Ni, Si as well as E spheres. Self-consistency was
achieved with 72 k-points in the irreducible BZ. The results are summarized in table 5.
The self-consistent values of the number of valence electrons in each sphere show
that 0.832 electrons are depleted from each of the two Si atoms in the unit cell. The
Ni sphere acquires 0.421 electrons, while the rest goes into E-sphere. It is to be noted
that Fujitani and Asano (1990) quotes somewhat different values of these occupancies
viz. electrons are depleted from both Si and Ni atoms, resulting in a larger charge
accumulation in the E-sphere. This is because they use different sphere radii for
different atoms, while the results of table 5 correspond to the same sphere radius (viz.
average WS radius) for all the atoms in the unit cell.
The total DOS of NiSi 2, along with the individual contributions from Ni, Si and
E-sphere, are shown in figure 15. Apart from the strong distortion in the range of
metal d-band, the NiSi 2 DOS shows a nearly free electron like sp-behaviour as was
earlier shown by Chabal et al (1982). In order to underscore the fact that NiSi2 may
be viewed roughly as a metallic simple cubic Si phase, which is stabilized by Ni atoms
center)ed in every alternate cube, we have done a calculation for hypothetical NiSi2
lattice without Ni atom; the resulting DOS (figure 16) clearly shows the featureless
free electron-like square root behaviour. The non-bonding (eg) peak due to Ni-d states
and the Ni-d (t2g)--Si-sp 3 bonding peak are the main structures in NiSi2 DOS, which
agree with the photoemission data (Franeiosi et al 1982). To summarize, the bonding
in NiSi2 is metallic but characterized by (a) a strong Si-S covalency mediated by Ni
(b) absence of ionic behaviour and (c) presence of a quasi-gap at Er (Tersoff and
Hamann 1983; Robertson 1985).
That there is a covalent character underlying the metallic behaviour of NiSi2 is
more obvious from the charge density contour plots in the (110) plane as shown in
figure 17. These contours are obtained (as mentioned in the earlier section for Si) by
solving the wave equation self consistently in the ASA. The main charge accumulation
is along the nearest neighbour Ni-Si directions and some small enhancement between
nearest neighbour Si-Si. There is also a remarkable absence of charge accumulation
between neighbouring Ni atoms which are nearly spherical due to their filled shell
(d 1°) configuration in NiSi2. The charge distribution around Si sites resembles that
of cubic Si in the sense that there is a charge build up along bonding direction and
depletion in the antibonding region. The ability of NiSi 2 to form sharp defect-free
interfaces with Si is therefore aided by the fact that the charge distribution around
an interface Si is nearly independent of the identity of its near neighbours (Chabal
et al 1982).
The band structure of NiSi 2 shown in figure ! 8 is in good agreement with previous
LAPW (Chabal et al 1982) and LMTO calculation (Lambrecht et al 1987). The details
of ~theband dispersion, however, differ. The best way to compare various calculations
is ~to monitor the F[ level in the band, which is closest to Er. This level is highly
sensitive to even small perturbations. In table 7, we summarize the values of Ee - F[
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Figure 16. DOS of a hypothetical NiSi2 structure without Ni atom shows a featureless
parabolic trend. This so-called simple cubic structure with two Si and two E spheres (SiESiE)
per unit cell behaves as a frce-electron-like metal.

Figure 17. Valence electron charge density plot of NiSi2. Contour values are same as that
of figure 9.

obtained from our LMTO calculations at various levels of sophistications and with
different lattice constants. On comparison with other LMTO calculations of Lambrecht
et al (1987) and Fujitani and Asano (1990), we find that the choice of the atomic
sphere radii and the number of basis orbitals (s, p, d or s, p, d,f) have non-trivial effect
on bands. However, our LMTO-FP result 16 mRy (for lattice constant 5.406/~) agrees
quite well with the FLAPW value 14.7 mRy obtained from FLAPW calculation
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Figure 18. L M T O - A S A band structure of NiSi, in fluorite structure (a = 5"406~,). Fermi
level EF (continuous horizontal line) is at 0-0763 Ry, while I"2 is only 7.7mRy above Er
(see table 7).
Table 7.

Comparison of EF -- F [ values obtained from different band calculations on NiSi,.

Calculation
LMTO
(Das et al 1989b)

LMTO
(Lambrecht* et al 1987)

LMTO
(Fujitani and A s a n o
1988, 1990)

LAPW

a
(~)

Sphere tad
(~)

ASA
FP
ASA
ASA + CC
FP

5.406
5.406
5"430
5.430
5.430

1"330
1"330
1"337
1.337
1.337

ASA
ASA

5"420
5"420

1"332
1"332

ASA + C C

5"420

1"332

ASA + C C +
SO
ASA
ASA + C C
ASA + C C

5"420

1"332

5.430
5"430
5"430

1.337
1'337
1.337

ASA
ASA

5"43
5"43

1.337
1'337

ASA
(NR)

5.406

ASA
(SR)

5"430

Ni: 1"222
Si: 1"337
E: 1"433
Ni: 1"222
Si: 1.337
E: 1.443

Type

--

5.40

--

Orbitals

s,p,d on all
s,p,d on all
s,p,d on all
s, p, d on all
s,p,d on all

E F -- 1"~
(eV)
-0.1
-0-22
0.01
0-48
0-36

s, p, d on all
s,p,d on Si, E
s,p,d,f on Ni
s,p,d on Si, E
s, p, d,f on Ni
s,p,d on Si, E
s, p, d , f on Ni
s,p,d on all
s, p, d on all
s, p, d on Si, E
s,p,d,f on Ni

- 0-07
0-67

s,p,d on all
s,p,d on Si, E
s,p,d,f on Ni

-0-13
0"50

s, p, d on all

0.17
0-17
0.01
- 0"50
0.30

0"05

s, p, d on all

0"23

--

0"20

*These numbers have been provided by Christensen after repeating some of the calculations mentioned
in this paper.
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Figure 19. Two dimensional band structure of NiSi2 similar to figure 13. The partial gap
around MK region of the BZ is of interest.
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(b)

(e)

(c)
Figure 20. Valence electron charge density contours of the individual bands of NiSi 2 at
l'-point (0, 0, 0) (as in figure 9).
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Figure 23. Valence electron charge density contours of the individual bands of NiSi, at

X-point (1/2,0,1/2) (as in figure 12).

(Chabal et al 1982). The two dimensional projected band structure in F - M - K plane
is shown in figure 19. It shows a prominent partial gap, similar to the 'stomach gap'
of Si, around the MK region of the BZ and we shall come back to it while discussing
NiSi2/Si interface. The charge densities of the individual bands at various high
symmetry points F, L, W and X are shown in figures 20 to 23, in the same spirit as
we had done in the case of Si (see §4.1).

5. N i S i 2 / S i ( I 11) interface

M - S interfaces formed by depositing simple metals like AI, Mg, and a whole range
of transition metals, noble metals and rare earths, on group IV, III-V and II-VI
semiconductors have been exhaustively studied using various macroscopic and
microscopic probes (Rossi 1987; Rhoderick and Williams 1988; Brillson 1989; M6nch
1990). Metal-silicon contacts, in particular, are important because many metals
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thermally diffuse into Si and react with it to form metal silicides (Rubloff 1983a, b,
1985; Murarka 1983; Calandra et al 1984; Cherief et al 1989; Derrien et al 1991).
Some of them form atomically abrupt interfaces with Si, as high resolution TEM
studies revealed. Besides, it removes impurities from the interface, leaving a clean
contact. Thus the two chief obstacles to understand SB formation, viz. the obscurity
of the atomic structure of the M - S interface and presence of defect states, can be
removed in a well-defined silicide/silicon interface. NiSi2 and CoSi2 which are cubic
silicides with lattice constants close to that of Si (see table 1), can be grown epitaxially
on Si(111) surface with a strict continuation of the lattice symmetry. Being abrupt
both in structure and composition, these are ideal systems from the point of view of
first principles calculation. Furthermore, there is unique interest in NiSi2/Si(111)
interface, which has been grown in two distinct structures, called type-A and type-B,
by carefully controlling the rate of deposition of N i a n d using what is known as
'template technique' (Tung et al 1983). Type-A silicide has the same orientation as
the Si substrate, and type-B silicide is rotated 180° about the Si(l 1I) axis (figure 24).
They differ only in second nearest neighbour coordination. A room temperature
deposit of less than 7 ~ Ni followed by annealing to 500°C results in a hetero-twinned
or B-type epitaxy, while deposits of 16-20 ~ give rise to non-twinned or A-type epitaxy
(thicker coverages are mixed A and B types). The full 'phase diagram' of NiSi 2 has
been determined by Bennett et al (1988). For an exhaustive review on the growth and
characterization of NiSi2 on Si, the reader is referred to Tung (1988). There are only
a few more examples of heteroepitaxial systems like say Ag/Si (111 ) interface (LeGoues
et al 1988) which grow in two different orientations. The type-A/B convention,
introduced by Tung et al (1982) in connection with epitaxial silicides, has since been
customarily adopted for all such systems which exhibit non-twinned and twinned
orientations.
What is most striking in silicide-silicon interfaces is the variation of SBH with

A-Type

B-Type

iSi2

iSi 2

$i

(a)

(b)

Figure 24. 'Bali and stick' model of the structures of NiSi~/Si (111) interfaces (a) A-type is
untwinned (b) B-type is twinned. Filled circles represent Ni a t o m s and open circles Si atom.
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Table 8. Schottkybarrier heights ~bB.= E, - EF (in eV) of epitaxial silicide/
silicon interfaces.

Experiment
Tung
(1984a,b)
Liehr et al
(1985)
Hanenstein
et al (1985)
yen K~nel
et al (198/)

NiSi2/Si (111)
A-type B-type NiSi2/Si(100)

CoSi2/Si(111)

0.65

0-79

0.48

0-64

0.78

0.78

--

--

0.62

0.77

--

--

0.62

0.75

--

0.75

silicide orientation. Significant difference between SBH's of silicides on Si(l 11) and
Si(100) has been observed by various experimental groups (see table 8). In particular,
for NiSi2/Si(lll), Tung (1984a, 1984b) originally observed that the SBH (On,) for
type-B orientation is considerably higher (0-79 eV) that for type-A orientation (0"64 eV).
Even though Liehr et al (1985) later observed equal barrier heights (0.78 eV) for all
orientations, posing a challenge to Tung's findings, subsequent experiments (Hanenstein
et al 1985; von K~inel et al 1987) essentially reproduced and confirmed Tung's results.
A possible explanation for this apparent discrepancy was given by Tung et al (1986),
to be a thermally induced, type-conversion (n-type to p-type) phenomenon near the
surface which results in a p - n junction in series with the SB. On the other hand,
the stacking fault induced relative dipole in the B-interface relative to the A-interface
has been advocated by Yeh (1989) to be the cause of this difference. Offhand it is
difficult to intuitively accept the fact that a difference of 0-14eV could arise out of
the apparently negligible structural change between A and B-type. The latest consensus
is that A-type and B-type NiSi2/Si(l 11) interfaces have indeed two different SBH's,
and this orientation dependence originates from some intrinstic mechanism, viz.
intrinsic (and not defect) pinning of the metal Fermi level in Si gap. [Note that there
are counter examples e.g. Au, AI or Cu contacts on GaAs (Brillson et al 1988) where
unpinned SB formation have been observed.] Theoretical explanation of such effects
cannot be given within the model theories, discussed in §2.1, for reasons already
explained. Self-consistent LDA calculations for the A- and B-type interfaces have
therefore been performed (Das et al 1988, 1989a, 1989b; Bl6chl 1988), in order to
elucidate their detailed electronic structure and also to excavate the possible physical
origin of their SBH difference.
5.1 Atomic structure o f the interface
Atomic structure of NiSi2/Si(l 11) interfaces have been investigated using various
interface sensitive experimental probes, discussed in § 1.1. LEED analysis has shown
that the sharp (7 x 7) pattern for the clean Si(111) surface gets converted to (l x 1)
pattern when NiSi 2 is deposited onto it (Yang et al 1983). This implies that there is
no reconstruction of Si(111) boundary after it is 'interfaced' with NiSi2, and the
periodicity parallel to the interface is same for both. In other words, this interface
structure is an ideal termination of the bulk. The HREM images of A-type and B-type
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Figure 25. High resolution cross-section TEM of (a) A-type and (b) B-type NiSi2/Si (111)
interface. The abruptness and exceptional uniformity and sharpness of the interfaces are
clearly visible (taken from Tung 1988).

NiSi2/Si(111) interfaces (figure 25) show exceptional uniformity and sharpness (Tung
1988). From various experimental and theoretical considerations, three possible
structural models have been suggested for epitaxial interfaces between metallic
disilicide and silicon, depending on the coordination number of the metal atoms in
the last silicide plane. These are 5-fold, 7-fold and 8-fold structures (figure 26), the
former being metal-terminated and the latter two silicon-terminated silicide surface.
Various experimental evidences like cross-section TEM lattice imaging (Cherns et al
1982; Gibson et al 1983; Gibson and Batstone 1989), high resolution RBS-cum-ionchanneling (van Loenen et al 1985) and XSW (Vlieg et al 1986; Zegenhagen et al
1989) rule out 5-or 8-fold coordinated structure in favour of the 7-fold structure for
NiSidSi(111) interfaces (both A- and B-type). For the closely related CoSidSi(111)
interface, however, the situation is reversed and the same experimental techniques
advocate 5-fold structure (Zegenhagen et al 1987; Fisher et al 1987; Fisher 1988), even
though 8-fold structure is also a strong competitor (Fischer et al 1988; Rossi et al
1989). Later, cluster calculations (van den Hock et al 1988a, 1988b) as well as total
energy calculations (Hamann 1988) confirm the 7-fold structure for NiSidSi(111) and
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(o)

(¢)

(b)

S-FOLD

8-FOt.O

?-FOLD

Figure 26. Possible structures for the epitaxial MSi2/Si (111) interfaces (M = Co, Ni)
(a) 5-fold(b) 7-foldand (c) 8-foldcoordination of the metal atom at the interface.All structures
shown are of A-type; bigger circles denote metal atom, while smaller ones are Si.
Table 9. Relaxations in A- and B-type NiSi2/Si (111) interfaces obtained from
various experiments.

Ideal
XSW (Vlieg
et al 1986)
XSW (Zegenhagen
et al 1989)
RBS (van Loenen
et al 1985)
XRI (Robinson
et al 1988)

Interface
orientation

dtr
(~)

-- Ad
(~)

dlF/d8

A-/B-type
A-type
B-type
A-type
B-type
B-type

3'52
3.48 + 0-05
3.41 ± 0-03
3.37 + 0'05
3.46 ± 0-03
3"46+ 0-08*

0
0-04 +_0-05
0-11 ± 0"03
0-15 ± 0-05
0-06 ± 003
0-06 + 008

9/8
1"110
1,088
1-075
1-104
I"106

B-type

3.44 ± 0-06*

0"08+ 0-06

1"10

* Calculated from &/
8-fold structure for CoSi2/Si(lll) structure. For NiSi2/Si(lll) interface, a slight
contraction in the bond length across the interface has been independently observed
by RBS-cum-ion-channeling (van Loenen et al 1985), XSW (Vlieg et ai 1986;
Zegenhagen et al 1989), and more recently by X-ray interference (Robinson et al 1988)
experiments. The magnitudes of contraction predicted by different experiments differ
slightly as seen from table 9. The XSW method, which is a particularly useful and
sensitive tool for probing the structure of buried epitaxial interface (see discussion in
§ 1.2.1) predict the correct coordination number (viz. 7) of the interface Ni atom and
the correct sign of relaxation, in conformity with SEXAFS data (Comin et al 1983);
but the exact magnitudes of the relaxations for A- and B-type interfaces, found by
Vlieg et al (1986)'are different from those of Zegenhagen et al (1989). These different
relaxations of A- and B-type interfaces have been produced as an argument (Rees
and Matthai 1989) to explain their different SBH's, which has later been refuted
(Bl6chl et ai 1991). In fact, in most of the theoretical analyses (Das et al 1989b; Fujitani
and Asafio 1990), the small (0.46~) lattice mismatch between Si and NiSi 2 has been
neglected and Si bulk lattice constant has been used for the entire superceli. In the
unrelaxed calculations, the Si-Si bond length across the interface is kept 2.35 ~ (the
bulk Si bond length) and the interface distance die is taken to be 3-52 A dictated by
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bulk bond length. In order to test the effect of relaxation (see § 5.7), however, an
average contraction of0"l/~ has been used (Das et al 1989a, 1989b; Blrchl et al 1991)
for both A- and B-types, which does not seem unreasonable within the prescribed
experimental error bars of table 9.
5.2 Details of calculation
Most of the LMTO-superceil calculations performed on NiSi2/Si(111) system (Bisi
and Ossicini 1987; Das et al 1988, 1989a, 1989b; Fujitani and Asano 1988, 1990) use
ASA; but a few FP calculations have also been performed (Das et al 1989b; Blibchl
et al 1991). The results reported in this section are obtained using TB representation
of the LMTO basis (discussed in § 3) in both levels of sophistications (i.e. ASA and
FP). The partial wave expansion used in the basis functions are truncated at Ir,a~ = 2
(i.e. s-, p- and d-partial waves) on all spheres including the E-spheres. As discussed in
§ 3.1, the supercells used contain two identical interfaces buried between n triple layers'
of NiSi 2 and m double layers of Si, so that each formula unit becomes (NiSi2)n(Si2) . ,
designated as (n + m) supercell. In order to ensure that ASA works well, it is advisable
to choose the numbers, positions and sizes of the atomic spheres approximately, at
the onset of any calculation. As already mentioned in § 4, one needs to include two
E-spheres per unit cell of Si2 and one E-sphere per unit cell of NiSi2, in order to
make them close-packed and also to restrict the overlap of the atomic spheres to the
permissible limit. At the interface, however, the packing criterion is not so straightforward. A guide for the choice of relative sphere sizes at the interface may be obtained
from the so-called 'Mattheiss plot' (Mattheiss 1964), which is nothing but the contour
plots of the atomic Hartree potentials superposed on the real structure of the interface.
Such plots for A- and B-type NiSi,/Si(111) interface (Das et al 1988; Bl/Schl 1988) are
shown in figure 27. For the A-interface, an overall bcc packing (i.e.... ABC ItABC...)
is appropriate with equal radius of all spheres, including the E-spheres in the interstitial
positions. The sphere radius is then s = 1.337 ~,. The 'Snoopy shaped' interstice at the
A-interface (figure 27(a)) is thus described by two neighbouring (111) layers of
E-spheres centered on the underlying bcc lattice. In the case of B-interface, the packing
changes at the interface to ...ABC I]ACB..., i.e. there is a stacking fault. As a consequence
the 'Snoopy' changes into a 'duck-shaped' interstitial region near the interface
(figure 27(b)). This can be described by condensing two layers of E-spheres (used in
A-type) into a single layer of large and small spheres (sl Is2 = 1.57); their z-coordinate
lies mid-way between the two silicon atoms at the interface. Including the E-spheres,
the formula unit corresponding to our supercells is (ESiNiSi)nE(ESiSiE)m.
Both A- and B-type supercells can be described by a hexagonal (centric) basis (space
group R3m), with the c-axis along (11 !) direction being the 3-fold rotation axis. The
size of the supercell must be chosen to be large enough such that the central NiSi2
and Si layers are bulk like in the sense that the potentials, apart from a spatially
constant (related to the 'dipole') contribution, agree with those of bulk NiSi 2 and Si.
Cell size convergence is especially crucial for SBH determination, as we shall see later
in this section. By 'trial and error' cell-size convergence test, it has been found (Das
et al 1989a, 1989b) that the (8 + 6) cell is optimum for the electronic structure and
SBH study of NiSi,/Si(111) system.
The Brillouin zone integrations in k-space are performed by means of the
tetrahedron method (Jepsen and Andersen 1971), implemented in its latest version
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(Q)

(b)
Figure 27. 'Mattheiss plot' of superposed atomic Hartree potentials in (110) plane for
(a) A-type NiSip/Si (111), which has a 'Snoopy" shaped interstice and (b) B-type NiSip/Si (111)
which has a 'duck' shaped interstice.

(Andersen et al 1988), which avoids misweighting (Jepsen and Andersen 1984) and
also corrects for errors caused by the linear approximation of the bands inside each
tetrahedron (Bl6chl 1988). The k-points are chosen on an equispaced mesh. For
supercells, the dimension in real space is so large in the z-direction, that the
corresponding BZ has almost negligble width and is effectively two dimensional.
Hence the BZ divisions are typically chosen such that each of the reciprocal lattice
vectors in the (11 l)-plane is divided into 8 parts, and one (or at most two) division
are used along the I-111] vector. A specific mesh is denoted as (8, 8, 1) for example,
whose distribution and weight in the F M K plane is shown in figure 28.
5.3 Results on electronic structure
The basic features of the electronic structure in the interface region are seen in the
LDOS functions. The LDOS's for A- and B-type interfaces, calculated using the
(8 + 6) supercell, are shown in figure 29. The definitions of the various layers are
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Figure 28. Position of the l0/c-points on the ['MK irreducible BZ, which correspond to
(8,8,1) mesh, i.e. $ x 8 divisions of the reciprocal lattice vectors in th interface plane. The
numbers within bracket refer to the weight of each k-point, necessaryfor the tetrahedron
integration (see Bl6chl 1988).
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Figure 29. Layer-projected density of states (LDOS) for the (a) A-type and (b) IS-type
interfaces, as obtained from self-consistent LMTO-ASA calculations on (8 + 6) supercells
with (8, 8, 2) k-mesh. The labelling of the layers follows from figure 27. The arrows indicate
the van Hove singularities of the interface bands (see text for other detailes of the DOS
features).

somewhat arbitrary. One cannot exactly specify the clear-cut demarcation line between
the two half-crystals at the interface. One may choose this line as midway between
the last Si of the interfacial NiSi 2 triple layer and the last Si of the interfacial Si 2
double layer. Only half of the total number of layers is included in figure 28, the other
half being equivalent by symmetry of the supercell. The LDOS's of A- and B-type
interfaces differ only slightly, and the following discussion applies quantitatively to
the A-type and qualitatively to both interface types.
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The LDOS of the bulk-like third Si 2 (i.e. ESiSiE) layer (figure. 29) clearly exhibits
the usual three-humped structure of bulk Si, as well as the LDA band gap, (as was
shown in figure 7 in § 4.1). In contrast, the first and to some extent the second Si2-LDOS
show metallic character due to the presence of MIGS. Fujitani and Asano (1988)
have actually plotted the MIGS charge in the atomic spheres in the Si-region, defined as
ni =

dE

f

d9rl~(r,E)12N(E).

(82)

The penetration depth of MIGS into Si observed by them is in conformity with the
results of Louie et al (1977). These are same for both A- and B-type interfaces, but
the integrated charge of A-type was found to be higher.
The LDOS's of the third and fourth NiSi 2 (i.e. ESiNiSi) layers are bulk-like and
match with the bulk NiSi2 band structure (as was shown in figure 15 in §4.2). The
predominantly Ni-d (t29) like bonding peak is located 5"3 eV below Er, the non-bonding
Ni-d (eg) peak is located 3.7 eV below E r, while the anti-bonding peak having mostly
Si character is very broad, and is centered ,,- 2 eV above Er. Turning now to the first
NiSi2 layer at the interface, we first of all see an upward energy shift of the non-bonding
peak by -,~ 1 eV with respect to the bulk-like layers; this is due to a shift of the
electrostatic potential while crossing the interface. Figure 30 shows the actual variation
of the intersphere potential in the Si sites of the entire supercell. It changes drastically
near the interface and is rapidly screened on either side. It is interesting to see that
the 'interface dipole' (i.e. the difference between the two asymptotic values of potentials
for Si and NiSi2) is 132mRy in A-type 142mRy in B-type; the 10mRy (i.e. 0.14eV)
difference is embrassingly close to the observed SBH difference!
The valence electron change density contours obtained from the self-consistent
supercell calculations for A- and B-type interfaces are shown in figure 31, which
clearly show the spa-sp 3 bonds on the Si side and the d(t2¢)-sp 3 bonds on the NiSi 2
side are almost as strong as the corresponding bulk bonds (see figures 8 and 17). The
coordination number of the Ni atom at the interface, reduces from 8 to 7, which is
reflected in the DOS (figure 29); one can see that the bonding and anti-bonding peaks
of the first NiSi2 layer have lost weight, and new weight has appeared under and at
the high enery side of the main d-peak. An obvious question which comes is, what
dictates stability of this interface, even though the bonding peak becomes weaker?
In order to prove this point, a calculation for the hypothetical 8-fold coordinated
A-type interface had been done (Das et al 1989a), and the resulting LDOS shows no
weakening of the Ni-d(t2g) to Si-sp 3 bonding and anti-bonding peaks at the interface
relative to the bulk. Instead of the Si-Si bonds present in the 7-fold coordinated
interface, there is Si(p2)-Ni(d) bond in the 8-fold structure. Since the former is stronger
than the latter, the 7-fold coordinated structure is favoured for NiSi2/Si interface.
This supports the picture given by van den Hock et al (1988a, 1988b) on the basis
of their cluster calculation and Mulliken orbital population analysis.
Finally the arrows in the LDOS's close to the interface (figure 29) point at van
Hove singularities, seen around 0.7 eV below Er, caused by an interface band. In
order to see the band dispersions of the interface states, one should plot the
two-dimensional band structures of the A- and B-interfaces projected onto the (111)
plane. In § 4 we have already seen how the projected bands of bulk Si (figure 13) and
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Figure 30. Variation of self-consistent Madelung potential on each atom (after subtracting
the corresponding bulk values given in table 5) across the (8 + 6) supercell for (a) A-type
and (b) B-type NiSi2/Si (11 I) interfaces. Only half of the cell is shown, the remaining half
being equivalent. Filled circles denote Si atoms, crosses denote Ni atoms and open circles
denote E-spheres. The difference between the two asymptotically fiat potentials on either
side of the interface gives the interface induced dipole, which are different in A- and B-type
(apart from the different nature of the huge oscillations right near the interface). The vertical
dotted line is an arbitrary demarcation line between the two half-crystals.
bulk NiSi 2 (figure 19) on the hexagonal BZ look like. By aligning the two sets of
bands (vertically hatched for NiSi 2 and horizontally hatched for Si) with respect to
the electrostatic dipole created due to interfacing, we get the so-called c o m m o n gaps
and the band edges along F M K F c o n t o u r (figure 32). The self-consistent supercell
calculations yield projected band structures, which show, for A- as well as for B-typ~
interfaces, a d o u b l y degenerate interface b a n d (figure 33) cutting right across the
centre of the c o m m o n gap near the s y m m e t r y line M K , and intersecting the Fermi
surface between F M and F K . It is this b a n d which gives rise to the van H o v e
singularities in the L O D S ' s discussed above.
Some subtle differences between the A-type and B-type interface states are seen in
figures 29(a) and (b) viz. the van H o v e singularity is more p r o n o u n c e d for B than A,
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Figure 31. Valence electron charge density in the (110) plane for
(b) B-interface. The contour values are the same as in figure 8.
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Figure 32. Superposition of the two-dimensional band structures of Si (figure 13) and NiSi,
(figure 19), showing the common gaps (white regions). The Si bands (shown schematically
by horizontally hatched lines) and the NiSi, bands (vertically hatched lines) are displaced
relative to each other by the interface induced dipole, so that the Fermi levels of the two
materials are equal. The curves shown with full lines around Er represent the band edges.

or equivalently in figures 33(a) and 33(b) the interface band dispersion is more 'flat'
for B than for A. The bands are partially filled in both cases, but the occupancies are
slightly different; self-consistent calculation shows that the A-interface band contains
1.333 electrons, and B-interface band contains. 1.309 electrons (per interface and
2D-zone). The charge distribution only of the interface bands (figure 34) clearly shows
more electrons percolating to the Si side in A-type, as compared to that in B-type.
This is reminiscent of the recent theoretical calculation of BEEM spectrum (Hamann
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2

A

(o)

B

•

(b)

Figure 34. The valence electron density in the (1]0) plane only of the interface states for
(a) A-type and (b) B-type NiSi2Si(l 11). The lower portion in each figure is Si and the upper
portion is NiSi2. The lowest contour value as well as the contour step are 0-0005
electrons/(a.u.) 3. More electrons are seen on the Si side for the A-interface.

1989; Stiles and Hamann 1991) of these two interfaces, which shows that the
transmission probability of electrons across the M - S junction is higher for A-type
than for B-type. Common to all the states in the interface band is a t~ anti-bonding
combination ofa d(3z 2 - I) orbital on the Ni atom near the interface (~ is perpendicular
to the interface) and an sp 3 orbital on the Si atom lying in the z-direction inside NiSi2
(see figure 31). In the opposite direction, where the Si atom is missing, this anti-bond
is dangling. This interface band should be observable in an angle resolved photoemission
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experiment performed in situ as a function of layer thickness. There have been very
few cases (see for example McLean and Himpsel 1989) in which such localized interface
states have been identified and their band dispersions measured experimentally.
In order to analyze the subtle difference between A- and B-type interface states in
more minute details, we have plotted the charge density contributions from K-point
and M-point separately (figure 35) and then gone a step ahead and projected them
further onto the individual atomic sites near the interface viz. ESiSiEIIESiNiSi
(figure 36). At K-point the interface state bonds to the first Si atom of the silicide,
whereas at M-point it bonds to the first Si atom of silicon. For A-type the K interface
state is essentially located in the interfacial layers, whereas the M interface state
extends over three layers (figures 35(a) and (b)). In the case of B-type, the situation
is reversed (figures 35(c) and (d)). Figure 37(a) shows at M-point, the minute difference
in the charges (only of the 96th and 97th bands corresponding to the interface state)
between the individual spheres of A-type and the corresponding sphere of B-type,
across the entire (8 + 6) supercell. On comparing this figure with figure 37(b), which
is the same quantity for K-point, we can see that the A-type has more charge
percolating from NiSi2 to Si at K-point than at M-point. The site projected interface
state densities show that for some of the layers, the charge densities of A-type k-point

~

q

(a)

(c)
Figure 35.

(b)

(d)

Same as figure 34, but projected onto K- and M-points of the BZ. (a) A-type
K-point (b) A-typeM-point(c) B-typeK-point (d) B-typeM-point. Contour values are same
as those of figure 34.
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(c!

Figure 36. Sameas figure 35 but in (100) plane and projected further onto the individual
atomic spheres in the vicinity of the interfaces. (a) A-type K-point (b) A-type M-point
(e) B-type K-point (d) B-type M-point. The contour valuesare same as those of figure 34.
(figure 36(a)) resemble those of B-type M-point (figure 36(d)), and similarly A-type
M-point (figure 36(b)) resembles B-type K-point (figure 36(c)). Now whether such
apparently minute differences mentioned above, can explain the 0.14 eV SBH difference
between A- and B-type interfaces, will be discussed in § 5.5.
5.4 LDA calculation of S B H
Even though a full-fledged density functional theory of SBH is yet to emerge
(Gunnarsson et al 1990), we shall give here an outline about how one can proceed
to evaluate this quantity from the 'Kohn-Sham' band structure. The details of this
approach may be found in Bl~chl et al (1991). Unlike the quasiparticle spectrum ~i,
the KS eigenvalue spectrum E~ ~r has no rigorous physical meaning, except for only
one energy viz. the highest occupied state (Sham and Kohn 1966; Godby et al 1986;
Jones and Gunnarsson 1989). This would apparently imply that the Fermi level er
of a metal and the VBM ~v of a semiconductor can be correctly predicted by the
corresponding KS eigenvalues Ee and Ev and hence correct value of the p-type SBH
in a M - S interface ~bn,= 8 r - tv. The catch in this argument is that Ev is not the
highest occupied state in a combined M - S system and so its extraction from D F T
is not so transparent.
Let us consider (Das et al 1989b, 1990) a thick slab with an interface between a
metal (to the left say) and an intrinsic semiconductor (to the right say), with spatially
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Figure 37. (A-B) difference in the interface state occupancies i.e. the difference in the number
of electrons on each atomic site (including the empty site) between A- and B-type (8 + 6)
supercells. (a) is for K-point and (b) is for M-point.

flat band (i.e. no band bending). It can be rigorously shown (Das et al 1989b) for such
a slab geometry, that the difference % - e~ between the exact quasiparticle energies
can be related to the corresponding difference E v - Ev between the DFT eigenvalues
via the relation
% - tv = E v - Ev + AVxc

(83)

A Vx, = v~¢(oo)-. v~¢(- ~ ).

(84)

where
This is because, in the vacuum outside the metal, the asymptotic behaviour of the
density (and hence the electrostatic potential 0) is characterized by the work function
~b(- oo) - er in many-body theory, and by ~ ( - oo) + V x c ( - ~ ) - E v in DFT. Hence
~v = EF - v ~ c ( - ~ ) (Das et al 1990). Similar considerations for the decay of the density
outside the semiconductor yields ~ = E v - Vxc(~). These two relations combined yield
the result (83). Here "oo" means a distance which is large compared to the atomic
spacing but small compared to the thickness of the semiconductor. Since the formation
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of SB takes place on a length scale of the order of atomic distances (which is much
less than the length scale for band bending), it is possible to exploit the above mentioned
slab geometry to derive the formula (83). Clearly for distances much larger than the
slab width, i.e. at ~ and - ~ , vxc vanishes in the LDA i.e. Avxv= 0, implying
~bs, = E r - Eo. In the exact DFT, however, Avx~ is not zero. It has been shown
(Gunnarsson et al 1990; Blrchl et al 1991) by a model calculation, that Avxc may
indeed be a nontrivial additional contribution to qSs. As of today, one can at best
calculate the SBH within LDA and that is precisely that has been attempted on
NiSi2/Si(ll 1) interfaces, by a number of groups (Bisi and Ossicini 1987; Das et al
1988, 1989a, 1989b; Hamann 1989; Fujitani and Asano 1988, 1990). All these
calculations use supercell geometry.
One important question which arises is how to extract E~ and E~ from a self-consistent
supercell calculation. This is very important, because only a correct prescription will
lead to accurate SBH. Various methods have been tried viz. (a)method of DOS
alignment (Bisi and Ossicini 1987), (b) wave function weight method (Fujitani and
Asano 1990), (c) frozen potential method (Das et al 1988, 1989a) (d) dipole method
(Das et al 1989a, 1989b) and (e) reference potential method (Das et al 1989b;
van Schilfgaarde and Newman 1990). We shall now briefly discuss these methods.
5.5 Different methods of extracting SBH
(a) Method of DOS alignment: Here the DOS of bulk semiconductor is superimposed
onto the LDOS of bulk-like Si layer calculated from the supercell, such that it gives
the best fit. The resulting VBM obtained is used in conjunction with the supercell
Fermi level to calculate ~B, (Bisi and Ossicini 1987). This method is rather crude and
cannot yield the desired accuracy of SBH.
(b) Wave function weight method: Here the supercell eigenvalues are used to calculate
SBH's by examining wave function weights in the semiconductor and the metal layers.
This method, used by Fujitani and Asano (1990) for the case of NiSi2/Si (111), yields
consistently higher values of E r - Ev, as seen by comparing their numbers in
tables 4 and 5.
(c) Frozen potential method: Here the one electron potentials of the metal and the
semiconductor bulk-like layers (i.e. the layers farthest from the interface) are cut from
the self-consistent bulk band calculations, which yield E r (for the metal) and E v (for
the semiconductor). This method is by now quite well established and has been used
to extract SBH (Das et al 1989a; Fujitani and Asano 1990) as well as band offsets
(van de Walle and Martin 1987; Christensen 1988)
(d) Dipole method: This method is based on a novel approach which relates the SBH
~bB,to a reference ~ o and an appropriately defined one d~mensional interface induced
charge distribution AQ. This method is very intuitive and has been successfully used
to extract SBH (Blrchl 1988; Das et al 1989a, 1989b; van Schilfgaarde and Newman
1990) and band offset (Lambrecht et al 1990). As the choice of the reference has caused
a lot of confusion in the past, we shall briefly point out the essence of this method.
A detailed discussion is given by Blrchl et al (1991).
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The concept of 'interface induced dipole' should be considered as a convenient
technical requisite rather than a quantity that can have a physical significance of its
own. It is formally defined as
D =

~ zAp(z)dz

(85)

where Ap(z) is the change in electron density caused by the formation of the interface,
averaged over a 2D cell at the position 'z' measured from the interface 'plane'. The
choice of this 'plane' is however ambiguous and that is why D does not have a direct
physical meaning. In spite of this it is possible to construct a procedure where the
ambiguities in D cancel and one is left with the physical quantity Ee- Ev.
Now let us define the 'reference mode'. A reference density p°(z) can be chosen,
consistent with certain zeroth order barrier height (or band offset in case of
heterojunction) ~b°, such that
Ap(z) = p(z) - p°(z) and ~b = ~b° - D.

(86)

In the present context, within ASA, there is a common reference potential by which
energy bands obtained from separate bulk calculations can be aligned. This provides
a convenient definition of ~b° as the 'natural barrier height'
~bo_
o
-- E F --

o

E v

(87)

i.e. the difference of the self-consistent bulk values in the LMTO-ASA energy scale
and 'z' consistent with this. Now p°(z) does not consist solely of the bulk charge
densities of the two solids, because 'cutting' the solids in an arbitrary way and 'gluing'
the two half solids together with frozen charge densities will automatically lead to a
macroscopic electric field (and hence a 'dipole') at the interface. In order to avoid
this and force Do (dipole of the reference model) to be zero, we must add a compensating
surface charge density to each of the two half crystals. The so-called 'fictitious surface
charge density' can be chosen such that the electric field emerging in the vacuum
from either half crystal is compensated to zero. For the point-charge densities and
potentials of the ASA, one may take the compensating surface density of the reference
model to be a planar-averged point charge distribution in the vacuum, positioned at
a distance 'z' such that the surface point-charge dipole is zero and the initial line-up
corresponds to zero dipole.
As an illustration of this reference model, the potential variation of the NiSi2/Si(111)
interface is shown schematically in figure 38. Before interface formation the NiSi 2
half-crystal and the Si 2 half crystal have their respective ASA point charges (as was
given in table 4), while the corresponding variation can be easily deduced by solving
the one-dimensional Poisson equation. Now if we follow a 'cut-and-glue' prescription
to form the interface a s . . . ESiNiSi II EESiSi .... the resulting 'fictitious surface charges'
Q~ for the semiconductor and Q~ for the metal are shown schematically in figure 38.
Their positions w.r.t, the respective surfaces viz. Zsc and zM are fixed such that there
is a zero net electric field in the entire 'sandwitch' structure. Once the reference model
is fixed, the presentation to obtain the dipole D and hence the SBH is straightforward
and will be discussed in § 5.6 for NiSiz/Si (111) interfaces.
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Figure 38. Schematic representation of the reference model required for SBH calculation
of NiSi=/Si interfaces using the 'dipole approach'. In the upper part we have shown, separately
for the metal and the semiconductor, the sphere averaged point charges and the corresponding
potentials obtained by solving the one-dimensional Poisson's equation. ~ , is the zeroth
order (or reference) offset given by the difference between the bulk Fermi level and the bulk
VB top (see eq. (87)). The lower part of the figure shows the fictitious surface charge Q~
placed at a distance z~ from the truncated metal surface and another fictitious surface charge
Q~ placed at a distance z, from the truncated semiconductor surface, such that the
'cut-and-glue' surface defined as ESiNiSill EESiSi has no net electric field. (se¢ text for
details).

(e) Reference potential method: This approach is needed when we deviate from ASA
and deploy full potential for the supercell electronic structure. In frozen potential
method, for example, cutting out potential corresponding to certain atomic layers is
mandatory and this is possible only in ASA. Even the dipole method is based on the
ASA layer averaged point charge concept. However, for all-electron band calculations,
without any shape approximation, as in the L M T O - F P method, one does not have
such well defined layers of atomic spheres. So an alternative prescription is followed
(Das et al 1989b; Bl~chi et al 1991) to monitor the variations of the representative
E r and E v on the metal and semiconductor side respectively. The average potential
V at the boundary of an atomic sphere may be chosen as a reference potential' which
is cell converged and has a smooth variation. (One is free to choose any other reference,
like say the potential at the centre of an atom (see table 5 for bulk Si and NiSi~
parameters). We first perform self-consistent L M T O - F P calculations for the bulk
constituents and see how much is the shift of E ° (or E °) from the potentials V° at
the sphere boundaries of Ni, Si and E (or Si and E). To this shift we now add the value
of' V' of the corresponding atom, obtained from a self-consistent supercell calculation;
so finally we get, for each atom (including E-spheres) on the metal side, a representative
EF = E ° + V - V° and for each atom on the semiconductor side, a representative
E v _- E,0 + V - V°. The variation of such EF/E ~ profile can be traced out as a function
of supercell layers, as will be shown in § 5.6 for the NiSi2/Si (111). This prescription
is quite general, in the sense that it can be applied equally well to both FP and ASA
calculations. The difference E F - E ~ , corresponding to the central layers on either
side, yields the SBH.
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5.6 Results on S B H
As mentioned earlier, one of the most important requirements for reliable estimation
of SBH is the cell size convergence. The most naive way to check it is to study the
spatial distribution of the electrons in the silicide and silicon layers across the supercell.
In the neighbourhood of the interface, there is a charge build up which dies down
on either side. For A- and B-type NiSi2/Si (I 11) interfaces, this variation of charges
associated with the individual atomic spheres across the interface is shown in figure 39,
after subtracting the bulk values (given in table 4). The charge redistribution is
self-consistently related to the interface induced dipole potential shift (figure 30) and
to the SBH (Das et al 1988). The spatial variation through the supercells of the
potentials as felt by the states at the Fermi level and the VBM may be seen from the
EF vs. Ev profile, derived from the frozen potential calculations. This is shown in
figure 40 for A-type supercell, from which we observe that the profile becomes
asymptotically horizontal if we consider at leat 8 layers of NiSi 2 and 6 layers of Si 2.
Hence (8 + 6) cell is of optimum size for SBH calculations in NiSi2/Si (111) interfaces
(Bl6chl 1988; Das et al 1988a). Using (8, 8, 1) mesh in k-space, the difference between
the asymptotic values of E r and Ev is found to be 0.12 eV. This is, however, not quite
the final value of ~ba, since it is necessary to correct for errors caused by the rather
coarse k-mesh used and a few other factors, to be discussed in the next section.
Figure 41(a) shows the same EF vs. E v profiles for A- and B-type interfaces obtained
using the alternative 'reference potential method' discussed in § 5.5. The basic difference
with the frozen potential profile is that here the representative Er/E ,, of the individual
atomic layers is plotted, while each point in the frozen potential curve may be looked
upon as 'grouping together' of the ESiNiSi layers on NiSi2 side and the EESiSi on
.2
A - type

.g

.',

Ni S i : ~

Si

<I
B - type

-.2

Atomic position (i)
Figure 39. Chargesofindividualatomicspheresacross(a) the A-interfaceand (b) B-interface.
The vertical dashed line shows the chosen demarcation line separating NiSi2 region from
the Si region. The valuesfor Ni (cross), Si (filledcircle)and empty (open circle)spheres are

plotted aftersubtractingfromthe supercelloccupation,the correspondingbulk values(table 5).
Only half of the (8 + 6) supercell is shown.
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Layers of Si and Ni atoms are labelled '5" and 'N', whereas layers of interstices (E) are left
unlabelled. The (8,8,2) k-mesh was used. The quantities displayed are: (a) EF/E~profiles,
obtained from ASA and FP calculations on (5 + 3) and (8 + 6) superceiis, using the 'reference
potential' approach. (b) charges and potentials calculated for the (8 + 6) superceli relative to
those of the reference model of figure 38 (as explained in the text). The fictitious surface
charges of the reference model are not shown (c) charges and potentials calculated for the
B-type minus those of the A-type. While calculating this difference, we have distributed the
charge on the fused E-layers at the B-interface onto the two E-layers of the A-interface
conserving the total charge and dipole moment.
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the Si side. The Ev - Ev value which comes out of the (8 + 6) cell is the same viz
0.12eV for A-type and ~ 0 for the B-type. So indeed we find a difference between Aand B-type SBH's, which agree with experiment!
Using the more intuitive dipole approach, discussed in the previous section, we
arrive at the same result for SB. With the ASA-scale, the Fermi level of bulk NiSi2
and the VBM of bulk Si (table 4) yields the zeroth order or 'reference' barrier height
~b°Bp = 1.92 eV. Next we need, for each truncated crystal of point charges, the fictitious
surface charges QSi and QNiSi2and also Zsi and 2NiSi2. Referring back to figure 38, the
planar average electrostatic potential V(z) for a given interface orientation, is a
piecewise linear function whose slope changes by the amount (Das et al 1989a; Blrchl
1988)
A V'(z) = - 8-~ ~ Q(z)

(88)

at the plane z = z~ which contain the point charges. The summation is over the point
charges in the plane and in the 2 D cell, with the area A. In the present case of point
on a bcc lattice and for the (111) orientation, there is only one point charge per 2D
cell; so A = 12.768 ~z and the spacing of the planes is c = 0.784 ~ [note cA = ~nsa].
In this case the one~-dimensional Poisson's equation (88) reduces to
- V(zi- t) + 2 V(zi) - V(zi+ 1) = ~-~Q(zi)

(89)

with 8nc/A ~0.81a.u. The values of the bulk point charge potentials V°(zi) can be
calculated from the corresponding bulk occupancies QO (given in table 4). For Si,
V ° ( S i ) = - V ° ( S i ) = - 4 . 3 6 5 and for NiSi2, V°(Ni)=0.028, V ° ( S i ) = - 2.310 and
V°(Si) = 4.529. Thus the average of V°(zi) over a period in the z-direction is zero. If
now the crystal is truncated, this zig-zag potential will continue in the vacuum as a
straight line, which usually has a finite slope (i.e. polar surface). In order to bend this
over to a horizontal line, one must add a plane of fictitious point charges to each of
the two truncated half-crystals (see figure 38). On NiSi 2 side, its magnitude is
(1/2)Q ° = 0.62 electrons located at a distance (c/2)(- Qs,)/QE
o o = 0.335c outside the last
Si-plane; on Si side its magnitude is QO = _ 0.786 electrons located at a distance 0.5c
outside the last E-plane. The joining of the two semi-infinite charge densities prepared
in this way gives the reference density and the superposition of the two point-charge
potentials gives the reference potential. The resulting reference (zeroth order) barrier
height ~0Bp produced is obviously the same for both A- and B-type interfaces.
In order to derive the dipole D of (86), we must subtract the reference density from
the self-consistent supercell density and perform the integration. The density difference,
in the ASA, are replaced by differences AQ(z) in point charges (i.e. electron numbers)
and are displayed in figure 41(b), along with the corresponding solutions A V(z) to
the one dimensional Poisson's equation. This AQ(z) and A V(z) profiles may be
compared respectively with the occupancy distribution (figure 39) and Madelung
potential distribution (figure 30), which were obtained directly from self-consistent
LMTO-supercell calculations. The induced point charge potential (figure 41(b)) is
seen to overshoot its asymptotic value D, by a fairly large amount, which is in
qualitative agreement with the findings of Harrison and Klepeis (1988) from model
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study. The dipole calculated from the formula
C

D =8 ~

(90)

iAQ(z,)

yields for the A-interface, D = 1.80eV and hence ~bse= 0.12eV, the same as we had
obtained earlier using frozen potential approach. This emphasizes the validity of the
SBH extraction prescriptions used, as well as the actual magnitude of the LDA barrier
height.
Treating B-type interface exactly on the same footing i.e. using (8 + 6) supercell,
(8,8, l) k-mesh etc. it is found (Das et al 1989b) that the charges AQ(z) per sphere
relative to that of the A-type, are only hundredths of an electron (figure 41(c)). The
potential difference AV(z) add up to generate a dipole difference of 0-14eV i.e. ~bsp
(B-type) is lower than ~bap(A-type) by 0.14eV, in agreement with experiment (Tung
1984a).
Table l0 summarizes the SBH ~ba~ obtained from various superccll calculations
along with the experimental result. Even though the results of Das et al (1989b) show
the correct A-B difference, the absolute values are ,-~ 0-4 eV off from experiment. We
shall come back later to the reason for this discrepancy. But first let us have a look at the
other calculations. Bisi and Ossicini used (5 + 3) supercells and found ~ba~to be higher
for B-type in contrast to experiment. This is believed to be primarily due to a (a) an
inefficient choice of the atomic spheres in the supercell (Bl6chl et al 1991) and (b) a
rather crude way of extracting SBH from LDOS. The results reported by Fujitani and
Asano (1990) using larger supercells, differ from their own earlier calculation (Fujitani
and Asano 1988). The earlier calculations were nonrclativistic, used the NiSi2 lattice
constant (5.406,~) for the entire supercell, and used the wave function matching method
for SBH extraction. The later calculations were scalar relativistic, used Si lattice
constant (5.43,~) for the entire supercell and used the frozen potential approach for
SBH estimation; and most important of all is that they improved their choice of
interfacial E-sphere radii to match with that of Das et al (1989b). These modifications
seem to jack up their A-B difference in SBH from 0.06 eV to 0.17 eV, and the later value
remains more or less same for the various supercell sizes used viz. (5 + 6), (8 + 9) and
(11 + 12).
Thus, as far as difference in SBH between A-type and B-type NiSi2/Si(l 11) interfaces
is concerned, LDA calculations of Das et al (1989b), as well as Fujitani and Asano
(1990) seem to support Tung's (1984) experimental finding. Das et al (1989b) also
argued that the partially occupied interface bands are responsible for this difference.
In order to underscore the screening at interface, self-consistent calculations were
Table 10. Values of Oa = E r - E ~ (in eV) for A- and B-type NiSi2/Si
interfaces obtained from differentLMTO calculatmns.
•

A-type
B-type

P

(111)

.

Bisi and
Ossicini
(1987)

Das et al
(1989)

(5+6)

(8+6)

(12+11)

(12+11)

Experiment
(Tung1984)

~0.0
0.3

0.14
~ 0'0

0-39
0-33

0.36
0.19

0.47
0-32

Fujitaniand Asano
(1988)
(1990)
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Figure 42. Screened interface state. This figure shows the profile of figure 41(c) minus a
profile calculated in a similar way, but without occupying the interface state.

performed for both A- and B-type interfaces without occupying the interface bands
(viz. band numbers 96 and 97 for the (8 + 6) supercell). In order to conserve the total
charge, some of the bands from above Er will come down and become occupied. Charge
flow from the metal will ensure EF value itself to remain fixed. The difference between
the self-consistent potentials with and without interface state reflects the effect of the
'screened interface state'. The potential profile (figure 42) for the B-A difference of the
screened interface states i.e. the profile of figure 41 (c) minus a similar profile calculated
without occupying the interface states, has nearly the same dipole ( - 0 . 1 2 eV) and
the same behaviour as figure 41(c), but with strongly reduced oscillations on the NiSi 2
side and over the first Si layers. The interface states are thus screened more efficiently in
the A-type than in the B-type. This may be related to the fact that the lines of [ 111 ]- and
[lll]-bonds running i n the [110] direction continue across the A-interface
(figure 31(a)), but breaks at the B-interface (figure 31(b)) (Bl6chl et al 1991).
5.7 SBH discrepancy: possible corrections
The absolute values of SBH's obtained by Das et al (1989b) are 0.4eV too low
compared to experiment. This discrepancy may be small on the scale of band width, but
significant on the scale of the Si gap. It is in fact comparable to the 0.6 eV error in the
LDA gap of Si. So the sensitive question which comes 'is this discrepancy in SBH also
due to the use of LDA?' Before coming to such conclusion, one must first ensure that the
numerical errors due to any artifact in the calculations are considerably smaller than
the magnitude of SBH. Otherwise appropriate correction term should be added. The
various sources of error may be broadly categorized as (a) lack of convergence in cell
size, k-mesh, basis set etc. (b) neglect of intratomic polarization effects in the ASA
(c) neglect of interface relaxation (d) LDA parametrization of XC potential, gap
underestimation, etc. A detailed discussion of all these points may be found in Bl6chl
(1988) and Bl6chl et al (1991). Here, we shall give only a brief overview of all these
corrections one by one.
(a) The first check is that of cell size convergence, which we have already mentioned in
§ 5-6. The Er vs Ev profiles obtained from frozen potential as well as dipole approach
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Figure 43. k-mesh convergence plot: (E F - Et,) VS, A', where A is the width of k-mesh in
the k II plane in arbitrary units. The dashed lines indicate choice of 8 × 8 divisions of the
reciprocal lattice vectors in the interface plane. Extrapolation to A 2 = 0 i.e. infinitesimal mesh
size yields an increase of ( E r - E~) by ~ 0'05 eV.

conclusively prove that (8 + 6) cell used is of optimum size for SBH estimation. Basis set
convergence i.e. finite-I truncation was examined (Das et al 1989a). Calculations
performed with s-, p- and d-orbitals on all atomic and empty sites yielded E ° a n d E °
(table 4), which are ~ 0-2eV lower than the ones performed with E-sphere d-orbitals
'downfolded', but included in the 3-center integrals and in the spherically averaged
charge density (Das et al 1989a). But the zeroth order offset Ev° - E ° as well as the
interface dipole remained unchanged, k-mesh convergence is crucial because the finite
grid spacing used in the BZ integrations may leave some 'hole pockets' in the Fermi
surface. In order to check this, self-consistent calculations for the (5 + 3) cell were
performed (Bl6chl 1988) for five different meshes from (5,5, 1) to (22,22, 1), and the
resulting ~ , , values are plotted as a function of A 2 where A is the width of the k I1mesh
(figure 43). Linear extrapolation to zero mesh width (i.e. infinitely dense (mesh) yields a
correction of 4 mRy i.e. 0.05 eV over the (8.8.1) results. Similarly the effect of increase
the k_L mesh from I to 2 divisions has also been checked. In fact it was found (Bl6chi
et al 1991) that a (12, 12,2) mesh changes the A-type SBH to 0.13 eV from the 0-12eV
value c~ht~ined with (8, 8, 1) mesh.
(b) L M T O - A S A ires proved its credibility by delivering accurate value of
heterojunction band offsets (figure 2). Still there may be some skepticism that the
neglect of intrasphere dipole contribution in a M - S interface (due to spherical
averaging of the potential inside the sphere in ASA) could lead to a nontrivial error.
Therefore L M T O - F P calculations have been performed on a smaller (5 + 3) cell and
its E r vs E, profile (figure 41(a)) is derived using the 'reference potential method'
(discussed in § 5.5). Although some details of the potential profile are changed near the
interface q~Bpremains same as the ASA result with the same cell size. Due to the fact that
L M T O - F P computations are very 'heavy' and complex, it has not been tried on the
(8 + 6) cell, but there is no reason to believe that the 0.4 eV discrepancy in the SBH
can be explained by going from ASA to FP.
(c) Interface relaxation has been neglected in most of the supercell calculations, and
bulk Si bond length is used throughout the cell. But as noted in § 5"1 and table 9, XSW
technique conclusively indicate an interface contraction of magnitude zd in
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NiSi2/Si(lll ) interfaces. Though such experiments correctly predict the relative
separation between the two half-crystals, they do not give direct information about the
details of the atomic positions at the relaxed interface. So, in order to investigate the
possible influence of interface contraction on ~bB~,we have (Das et al 1989b; B16chl et al
1991) 'squeezed' independently three different bond lengths (actually layer separations)
of the A-type supercell by 0.16/~ (which is only 4.5% ofdIF and is the maximum value of
Zd seen experimentally, Zegenhagen et al (1989). There is a concommitant reduction in
cell volume. The three different bond lengths squeezed are (i) Si-Si perpendicular bond
length at the interface (ii) perpendicular bond length between first and second Si-Ni-Si
layers and (iii) perpendicular bond length between first and second Si-Si layers. Each of
these three contractions resulted in a lowering of q~n~by 0.07 eV. For B-type interface
also, the experiments predict a contraction (Vlieg et al 1986; Zegenhagen et al 1989), but
its magnitude has an error bar of about 50%. There is no logical basis to assume that a
relaxed B-type calculation would yield any different result. This is in accordance with
SBH measurements performed under hydrostatic pressure (Werner 1989; Werner et al
1989), which yield the pressure co-efficients of A- and B-type NiSi2/Si(111) to be quite
small viz. - 0.77 meV/kbar and - 0-89 meV/kbar respectively; this means that for a 19/o
decrease of the lattice constant, eF - ev is lowered by ,~ 0.02 eV. Therefore, the 0.14 eV
difference in OB~between A- and B-type interfaces cannot be attributed to the different
relaxations of the two interfaces (Das et al 1989a, b; Bi/Schi 1991).
(d) Barth-Hedin parametrization (yon Barth and Hedin 1972) of XC potential, which
has been used in all the supercell calculations mentioned above, might have a
differential error introduced between the Si half crystal and the NiSi2 half crystal (due
to the widely different r S(or electron density values on two sides of the interface). The
most accurate and versatile XC potentials known are the numerical (Monte-Carlo)
electron gas results of Ceperley and Alder (1980), which was later parametrized (Vosko
et al 1980; Perdew and Zunger 1981). Figure 44 shows the variation of the different
LDA parametrization of the XC potentials (with Ceperley-Alder value as reference)
over the entire density range (0.3 < r~ < 5) of the M - S system. Comparing the BarthHedin and the Ceperley-Alder forms it has been found (Das et al 1988) that the
potentials on the silicide and Si sides are both shifted by the same amount and
consequently the values of 0n~ is not affected. Finally, to check if the LDA band gap
underestimation have any effect on tailing of the MIGS into Si and thereby cause an
error in the location of E r with respect to the VB edge, a modified superceU calculation
with gap correction (introduced in § 4.1) was performed (Das et ai 1989a; Bl~chl 1991).
The resulting change in 0n~ was, however, negligible ( < 0.01 eV).
5.8 Discussion and summary
In this section we have seen that the experimentally observed difference of 0.14 eV in the
SBH of A- and B-type NiSi2/Si(l 11) is reproduced by LMTO-supercell calculations.
This has been attributed to the different screening of the partially filled interface bands
which are of semi-dangling-bond character. The states decay at both sides and are
localized at the interface, showing the MIGS characteristics. A recent non-local
pseudopotential calculation (Ciraci et al 1991) on AI/Ge(001) interface also shows high
density of MIGS pinning the Fermi level, without invoking any extrinsic states such as
defect or impurity states. These authors have achieved lattice matching by rotating the
AI(001) slab by about 45 ° with respect to the ideal Ge(001) lattice and have also
incorporated the exact interface geometry by total energy minimization.
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Figure 44. Exchange-correlation energy of a homogeneous electron gas, relative to the
Ceparley-Alder value, in the density range corresponding to metals and semiconductors
(0.3 ~<r, ~<6). Various LDA parametrizations used are (a) slater X, (.x.) (Slater 1974) (b) only
exchange (+) (Slater 1974) (c) Wigner formula (D) (Wigner 1934) (d) Hedin-Lundqvist (©)
(Hedin and Lundqvist 1971) and (e) Barth-Hedin (*) (yon Barth and Hedin 1972).

The absolute values of OBp are however underestimated by both the calculations of
Das et al (1989b) and of Fujitani and Asano (1990), though by different magnitudes.
After detailed analysis, Das et al (1989b) found that the discrepancy of 0.04 eV remains
even after accounting for all the possible errors in their LDA calculation, and they
attributed it to a highly nonlocal correction AVxc to the LDA-SBH. This is a very
important conclusion and should be substantiated by further LDA calculations on
other M-S interface systems. Recently two groups have performed similar LDA
supercell calculations one on 'ideal metal'/GaAs(110) interface (van Schilfgaarde and
Newman 1990) and the other on Ni/diamond interface (Pickett and Erwin 1990). Both
the calculations underestimate the (p-type) SBH, as seen in table 11. van Schiifgaarde
and Newman (1990) have done LMTO supercell calculations similar to that ofDas et al
(1989b). They have chosen cubic metals viz. Cr, Fe, Ag, Au, Ga and Cd, which have very
different kinds of bonding. There are forced to lattice match with GaAs by adjusting the
lattice constants in the plane parallel to the interface, at the cost of the concommitant
tetragonal distortion perpendicular to the plane. The fermi level pinning positions
above the valence band top, ranged between 0.3 and 1 eV. The calculated values of SBH
do not match with experiments. For Fe, Cr, Ag and Au, the calculated values are
underestimated by a magnitude ranging from 0.24 to 0.42eV, similar to the
observation of Das et al (I 989b) in the case of NiSi2/Si(111) interfaces. For AI, Ga, and
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Cd, all of which are essentially simple metals with similar free-electron like energy
bands, the calculated SBH's are found to be rather large. T h u s the d-electron metals
seem to play a special role in dictating the charge transfer and hence the interface
dipole, which are crucial for the determination of the SBH. Flores (1991) observed that
~bsp's of van Schilfgaarde and N e w m a n fluctuates a r o u n d 0.7 eV which is n o t h i n g but
the 'intrinsic' C N L of GaAs, and the fluctuation which depends on the metal-atom
properties and its absorption site at the s e m i c o n d u c t o r interface, van Schilfgaarde and
N e w m a n (1991) however refute Flores's a r g u m e n t saying that their calculated ~ba,,'s
span a wide range of ,-,0.7eV (larger than what an intrinsic pinning can tolerate),
regardless of whether the a d a t o m is b o n d e d to G a or As. In fact they find that a m e t a l G a b o n d yields ~bs's which are systematically lower by 0.2-0.7 eV, as c o m p a r e d to
those for m e t a l - A s bond. While we are yet to ascertain the relative importance of
intrinsic of extrinsic pinning, it is clear that the L D A - S B H has discrepancy with
experiment.
Pickett and Erwin (I 990) have performed LA P W calculations on 3(Ni)/4(diamond)
and 5(Ni)/8(diamond) supercells, and optimized the interlayer separations from total
energy minimization criterion. The T4 structure (in-hollow configuration) for both
(11!) and (100) interfaces yield SBH's of nearly l eV, while the top-site structure
(tetrahedral configuration) results in a vanishingly small S B H (implying o h m i c
Table 11. Calculated and experimental SBH's 0a,= EF - E,. (in eV) for several
epitaxial M-S junctions (a) NiSi2/Si (1 ! !) (Das et al 1989b) (b) 'ideal metar/GaAs
(111) (van Schilfgaarde and Newman 1990) (c) diamond/Ni (001) (Pickett and
Erwin 1990). The photothresholds of the semiconductors and the work functions
of the metals used are also shown. ~b°, is the bulk offset, used as the reference
barrier height, to which the self-consistent dipole D is added in order to get the
OBp (see text for details).
Semiconductor

Photothreshold
(eV)

Si (I 11)

4.85

GaAs(l I l)

5-45 +

0.30

Diamond
(001)

5'5

Work

Bulk diff.

SBH

fn.

ok°n,= E°r - ~

gPa,

gPa,

Metal

(eV)

(eV)

(eV)

(eV)

NiSi2
(A-type)
NiSi2
(B-type)

--

Fe
Cr
Ag
Au
Ga
AI
Cd
Ni
top-site
Ni
T4 site

0"14

Exptl.

0"52

1"92
--

~ 0.0

4.5
4.5
4-26
5"I
4'2
4"28
4-22

0"52
1.84
- 0-38
0"04
0'81
0'91
2-07

5-15

--

0"34
0-36
0"39
0-29
0-94
1.05
1-07

0"38
ff75
0"78
0-56
0"53
-0"63
--

< 0.1
0"9

1-3"
2"2

*This is the range of values of SBH obtained for AI, Au and Ba films deposited
on diamond. No experimental SBH value for Ni or diamond is available (for
details see Pickett and Erwin 1990).
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electrical contact!). Even though no experimental results are available on Ni/diamond
interface, interfaces of Al, Au and Ba on diamond all show experimental SBH's to be a
substantial fraction of the band gap of the semiconductor.
From the results quoted in table 11, it may be concluded that the LDA values of
Ev - Ev consistently differ from the corresponding experimental values by a few tenths
of an eV. After a detailed analysis, we are inclined to ascribe this discrepancy to the use
of LDA itself(Das et a11989b). It was argued in § 5.4, that the non-local contribution of
Avxc should be added to the E F - Ev calculated from LDA, in order to get the true SBH.
Godby et al (1990) have recently commented that the interface with the vacuum is
irrelevant for Schottky barrier and that v~c goes to zero at infinity. However, using a
simple model calculation based on a one-dimensional Hubbard-like chain
(Gunnarsson et ai 1990; Bl6chl et al 1991), it has been rigorously shown that Avx~ is
crucial to determine the SBH. As of now, it is not possible to do an exact estimation of
Av~c. But it may be interesting to examine how such a potential may affect the
eigenvalue difference E r - E~. If we assume that the finite value of Av~cis mainly caused
by a variation of the exchange-correlation potential in the region of the metal-semiconductor interface, we can mimic its effect on the eigenvalue difference by adding a
potential step at the interface in the self-consistent calculations. Shifting the potentials
on the semiconductor side by AVo, one finds that the self-consistent value of E F - E~
increases by A V = AV0/geff, where ectt is the effective dielectric constant of the
supercell. Taking A Vo = 0.4 eV (the magnitude of the discrepancy in SBH), for A-type
NiSiffSi (111) interface, it is found A V = 0.02 eV (Bl6chl et al 1991 ), implying e c , .,. 20
i.e. the potential step is screened very heavily within layers close to the interface, van
Schilfgaarde and Newman (1991) found ¢cff as high as 120 for transition metals Cr and
Fe, and e,rf -~ 30 for the rest of the metals studied. All these e,ff values are significantly
larger than the dielectric constants of the corresponding semiconductors (Si or GaAs).
Thus due to such efficient screening, the applied potential difference is not expected to
modify the barrier height by changing E v - E~, but it enters with its full 'unscreened'
weight via Av~.

6. Ca FffSi (! 11 ) interface
Epitaxial C a F z / S i ( l l l ) is a prototype system for the study of I-S interfaces.
Technological interest in such interfaces centres around the possibilities of threedimensional integration and dielectric isolation. As mentioned in § 1, the insulating
oxide layer used to isolate the gate electrode from the semiconductor in a MOS device
is usually 'rough', resulting in a degradation of the carrier mobility. An epitaxial
insulator on the other hand can be atomically smooth as demonstrated in the case of
CaF 2 on Si (100) or (111) (see reviews by Schowalter and Fathauer 1986, 1989). Such
devices, referred to as MEISFET (metal epitaxial insulator field effect transistor) are
particularly sensitive to interracial perfection. Knowledge of the interfacial atomic
structure, coupled with an understanding of how it affects the electrical properties of
the interface, will make possible the optimization of the device performance (Bean and
Schowalter 1988). From a more fundamental standpoint, the CaF2/Si(I 11) interface
having a lattice mismatch of only 0.6% (see table 1) offers an excellent opportunity to
allow first principles investigation of the electronic structure and bonding between a
polar and a non-polar material. Over a range of a few ~ across the interface, the
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character of the bonding changes from the ionic C a - F bonds in the insulator to
covalent Si-Si bonds in the semiconductor. The experimental growth conditions like
substrate temperature, interface stoichiometry also play a significant role in determing
the exact interface geometry (Bachrach et a11990; Zegenhagen and Patel 1990), which
in turn will affect the band alignment.
6.1 Experimental studies

The high quality of CaF 2 epilayers on Si(lll) have been examined by a variety of
experimental tools like RBS (Asano and Ishiwara 1983), RHEED (Schowalter et al
1985; Barakai et al 1986) HREM (Ponce et a11986; Batstone et a11988), MEIS (Tromp
and Reuter 1988) and XSW (Zegenhagen and Patel 1990; Denlinger et al 1991).
Electronic structure of this interface has been investigated using high resolution corelevel and Auger-electron spectroscopy (Rieger et al 1986), polarization dependent near
edge X-ray absorption (Himpsel et al 1986, 1991), in-situ photoemission with
synchrotron radiation (McLean and Himpsel 1989), and also using the novel threewave mixing spectroscopy (Heinz et al 1989). These experiments indicate the presence
of a pair of interface bands which will be elaborated in the next section. The various
structural models of CaF2/Si(I 11) interface proposed (see Satpathy and Martin 1989)
can be differentiated experimentally by considering the interface chemical shift in the
core level spectra (Bachrach et al 1990). At higher growth temperature (~ 700°C), the
interfacial fluorine layer is preferentially removed (Olmstead et al 1987) due to
dissociation of the CaF 2 molecule. This is supported by the recent MEIS experiment
(Tromp and Reuter 1988) which shows Ca" F _~ 1 : 1 at the interface. Now there are three
possible models having Ca-Si bond at interface with no interfacial fluorine atom
(figure 45) viz. (a) Ca atoms on top of the first Si layer, called top-site structure and (b)
Ca atoms in 3-fold site on top of the second Si layer, called 7", structure and (c) Ca atom
in the 3-fold hollow site on top of the 4th Si layer, called H3 structure. Incidentally, all of
these models are of type-B, which is the experimentally observed orientation. The topsite structure is favoured by HREM results of some workers (Batstone et al 1978,
Batstone and Phillips 1988), which has been contradicted by some other workers
(Tromp et ai 1988). The 7"4 structure is suggested by Tromp and Reuter (1988) from
their M EIS experiment, while XSW experiment (Zegenhagen and Patei 1990) indicates
the presence of both T4 and H 3 structures at high growth temperature. The Ca-Si bond
length at the interface is between 2 and 2.3~ in the top-site structure and between 3.06
and 3.09 ~ in the 7"4 or H 3 structure, the latter being comparable to the Ca-Si bond
length in CaSi2/Si interface (Morar and Wittmer 1988). Total energy calculations on
bulk CaSi 2 have recently been done (Fahy and Hamann 1990) to show that both 7"4and
H3 sites for Ca are equally likely (energy difference ~<0.01 eV per formula unit). One
might extend the analogy to the case of CaF2 on Si, and expect Ca atom to occupy both
7"4 and H 3 sites. All these evidences indicate that the atomic structure of CaF2/Si(I I 1)
interface may, in fact, depend on the experimental growth conditions.
6.2 Supercell calculations
First principle calculations of CaF2/Si(11 I) system have been attempted in the recent
past (Satpathy and Martin 1989; Fujitani and Asano 1989; Salehpour et al 1991), with
the aim to investigate the electronic structure for a self-consistently adjusted atomic
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(ca)

(b)

Top-site

2"4

(c)

Figure 45. Possible structures of the CaF,/Si (111) epitaxial interface. All three models
represent a Ca-terminated interface with B-type orientation. The top-site structure has the
interface Ca atom sitting on the top of the first-layer Si; Ca here is 5-fold coordinated. In
the T4 structure the Ca atom occurs in the 3-fold hollow site on top of the second layer Si,
while in the H3 structure it occupies the hollow-site on top of the fourth layer Si. A dashed
line between two atoms indicates one atom to be directly above the other.
arrangement of the interface. The following issues have been addressed, viz. (a) the
interface geometry which yields the minimum energy configuration, (b) band offset as a
yardstick for determining the interface stoichiometry and (c) band dispersion of
localized interface states. LMTO-supercell calculations have been performed
(Salehpour et a11991) on various model structures (Figure 45), with 5 layers each of Si2
and C a F 2 (only the interfacial F-layer is removed). The supercell formula unit is thus
5(Si2)/2(CaF) 3(CaF2), which is found to be size converged. The 0"6~o lattice mismatch
between Si and CaF2 is ignored and the Si lattice constant (5.43 ,~) is used. s-, p- and dorbitals are used in the basis function of all atoms. Si(3s23p2), Ca(4s 2) and F(2p 5)
electrons have been treated as valence electrons and the rest as core. N o w Ca-3p and
F-2s being rather shallow core levels, 'ghost bands' may appear in L M T O calculation
with single panel, unless the corresponding Ev's are fixed. The bulk band structure of
C a F 2 shows a valence band width of ~ 3 eV and an indirect band gap (X-point to
F-point) of 7-2 eV. This L D A gap is only 6 0 ~ of the experimental band gap (12-1 eV) of
C a F 2. The total number of valence electrons in each atomic spheres of bulk C a F 2 are as
follows: 5.61 electrons in each Si sphere, 0.45 electrons in the Ca sphere and 0.33
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electrons in the E-sphere. In the supercells constructed, the separation between the Si
and Ca layers at the interface is taken to be 2"34 ~ as suggested by experiments. As in the
case of NiSi2/Si(l 11), empty spheres are used to ensure close packing. The positions
and radii of the two empty spheres used in each interface region were chosen so as to
achieve maximal space filling and minimal overlap between the spheres. The charges on
the two E-spheres at the interface are listed in table 12 for each of the 3 models
(Salehpour et al 1991). The deviation of net charges in various atomic spheres from their
corresponding bulk values is shown in figure 46 for all the three different structures.
Table 12,. Band offsets, separation between interface bands, and
the interfacial E-sphere radii and occupancies for three proposed
models of CaF2/Si (111) interface.
Top-site

T4

H3

Expt.*

VBO (eV)
Interface
band width

6.2 + 0-5 5"5:1:0.5 5"7 + 0"5 7"3 - 8'5
1.0
1"5
I-0
2.4

Radius of
E-sphere # 1
Radius of
E-sphere # 2
Valence electron on
E-sphere # 1
Valence electron on
E-sph # 2

1-336

1.336

0-91

1-336

1.14

1"353

0-49

0-73

0-24

0-87

0"62

0-78

* Olmstead et al 1987
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Figure46. Difference of the total valence electron numbers in the (5 + 5) supercells from the
corresponding bulk values (table 12). The arrows indicate atom positions while the rest are
empty spheres. The points corresponding to the two empty spheres at the interface are not
shown.
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Fipre 4"/. Calculated and measured two-dimensional energy bands of CaF2/$i (111)
interface. All the three model calculations (figures (a) to (c)) show a pair of interface bands,
one occupied and the other empty. Figure (d) is the angle resolved photoelectron spectrum
(taken from McLean and Himpsel 1989) showing dispersion of the two interface states v ~
bonding state (filled circles, interpolated by a sinusoidal solid line) and antibonding state
(estimated dispersion shown by dashed line, passing through the single data at F-point). The
projected bulk bands are given by hatched areas.

The projected band structures in the two dimensional BZ at the interface plane is
shown in figure 47(a) to (c) for the three different structures. The cross-hatched lines
indicate schematically the projected bulk bands of Si. The bottom of the CaF,
conduction bands is indicated by dashed line. A pair of interface bands, one occupied
and the other empty, has been observed for each of the interface models. The energetic
position and dispersion of the interface bands in the gap regions (Salehpour et al 1991)
are match qualitatively with the result of Fujitani and Asano (1989), who had used
bigger supercells. While the unoccupied band at the center of the interface BZ occurs
inside the gap region forming a truly localized state at the interface, the occupied band
occurs 0.1 to 0.2 eV (the exact magnitude depending on the interface model) below the
VB maximum. The dispersion of the interface bands is in general agreement with the in
situ ARPES result of McLean and Himssel (1989) (figure 47(d)). The energy separation
between the pair of interface states at the l- point (table 12) is found to be 1-0 eV for the
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top site and the H3 models, and 1.5eV for the T4 model (Salehpour et al 1991); the
corresponding experimental value is 2.4eV, as reflected in the strong peak in the
resonant three-wave mixing signals (Heinz et al 1989). This peak at 2-4 eV is assigned to
the transition at interface band gap i.e. from the unoccupied to the occupied interface
state. In a localized picture, the interface states may be considered as arising from
hybridization of Si(3p) dangling bond and perturbed Ca + (4s) orbitals at the interface
for Ca atoms at high-symmetry sites. The bonding combination lies approximately 1 eV
below Er (supported by the ARPES measurement of McLean and Himpsel 1989), while
the antibonding combination should be positioned ~ I eV above Er (Heinz et a11989).
The discrepancy of I eV in the interface band-gap between calculated and experiment
could again be attributed to LDA band-gap underestimation.
The valence electron charge densities obtained from self-consistent superceli ASA
potentials are plotted in figure 48 for the top-site and the T4 structures. It is observed
that the interfacial Ca atom has more electrons in the top-site structure than in the 7"4
structure. Just a layer away from the interface on either side, the Si-Si covalent bond, as

(Q)

[b}

Top.site

T4

Figure 48. Valenceelectrondensitycontours in the (110) plane for (a) top-site and (b) T,
structure of CaF2/$i (111) interface.The lowest contour, as wellas the contourstep is 0.005
electrons/(a.u.) ~.
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well as the C a - F ionic bond are found to be similar to those of the corresponding bulk
materials. In the T4 structure, there is no sign of a clear bond charge between the
interfacial Ca atom and the Si atoms; this resembles the bulk CaSi 2 contours obtained
by Fahy and Hamann (1990). The interface Si has three electrons in back bonds to bulk
Si and one in CaSi2 like bonding. That the T4 structure has an interface bonding very
similar to bulk CaSi2, is supported by photoemission studies (Franciosi et al 1985). In
the top-site structure, the bonding between the interfacial Ca and Si atom is slightly
ionic, as conjectured by Batstone et al (1988).
Band offset between CaF 2 and Si might serve as another yardstick to determine the
correct interface geometry. The supercell 5(Si2)/2(CaF)3(CaF2) mentioned above is
alright for this purpose. The calculated VBO's (given in table 12) differ somewhat from
the results of Fujitani and Asano (1989), who obtain 5.3 eV as the VBO for the top-site
structure and 5.9 eV for the T4 structure. This discrepancy may be due to the use of
different supercell sizes by the two groups. The experimentally determined valence
band offset varies between 7.0eV and 8-5 eV (Olmstcad et a11987). The calculated band
offset values may increase if we include (a) the correction due to LDA band-gap
underestimation and (b) the interface relaxation. But still the fact remains that on the
basis of band-offset calculation alone, one cannot discard any of the above mentioned
intei'fac~emodels. In order to resolve this issue, it will be interesting to pursue a L M T O FP total energy calculation, which is difficult, expensive and yet to be performed.

7. Concluding remarks
In this article we have presented the LMTO-supercell approach for first principles
investigation ofepitaxial solid-solid interfaces, which form a natural ground for strong
interaction amongst basic condensed matter physicists, device physicists and material
scientists. We have restricted ourselves to ideal lattice matched interfaces with
semiconductor as one of the constituents. Our aim is to understand the microscopic
origin of the formation of Schottky barrier and band offset which are two key quantities
for semiconductor devices. In particular, A- and B-type NiSi2/Si(111) interfaces have
received maximum attention from theorists as well as experimentalists because they are
the most ideal interfaces available and they show a unique orientation dependence of
SBH, which could not be understood on the basis of model theories. First principle
electronic structure calculations reproduce the experimentally observed difference of
0-14 eV and reveal its origin to be a partially occupied interface state. But the absolute
values of p-type SBH are in general underestimated in LDA calculations. This is
because, the highly nonlocal correction factor AV~c,originating from the difference in
the exchange-correlation potential on either side, cannot be accounted for within LDA.
In semiconductor superlattices, because of the existence of similar kind of states on
either side of the interface, there is a significant cancellation of errors and so the band
offset values come out more or less accurately from the supercell calculations. In any
case, this limitation of LDA does not tarnish its image, because it is right now the only
practical tool which can deliver the microscopic details concerning the electronic
structure, atomic arrangement, chemical bonding etc. of the interface.
We have left aside several other types of interfaces and multilayers which do not
involve semiconductors, but are very interesting in materials science. For example
metallic superlattices form a distinct class whose transport, magnetic and
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superconducting properties are now being extensively studied (Jin and Ketterson
1989). The dielectric constants of both the constituents in a metal-metal contact being
infinite, no long range dipole can exist in the system; the two Fermi levels only should
align in order to ensure local charge neutrality. Supercell electronic structure
calculations have been performed on Nb/Zr muitilayer system, for example (Leuken
et al 1990) using localized spherical wave (similar to ASW) approach. The other family
is constituted by the metal/ceramic and ceramic/ceramic interfaces, multilayers and
composites, which are mainly of interest to metallurgists because of their high-tech
applications in materials science. Here the interface geometry, chemistry and bonding
play important roles in determining the electrical and mechanical properties of the
systems. The electronic structure theorists got interested in this because the nature of
bonding is very interesting and yet unknown. First principles supercell calculations
have been performed using LMTO methods, by Bl6chl et al (1989). Lambrecht (1991),
Lambrecht and Segal (1989, 1990), Sch6nberger and Andersen (1991), and using
LA PW method by Li and Freeman (199 l). Further exciting physics is expected to come
out of these growing number of interface systems. A strong interaction between
theorists and experimentalists in this field of novel artificial interfaces will extend the
boundaries of the present day solid state physics.
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