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Abslmcl. A theoretical rrudy of the electronic structucs 01 the (I 11) surfaces of CoSi, and 
UiSi: 3nd their inirrlaces with SI ha, been carried OJI a i l h  p3ri1cular allention psid to the 
cxislenx of localied 113te) A Green iuncrion method h3s been m a  a r t h i n  the empirical 
tighi-binding approximation to calculate the bulk, surf3ce and interface densities of states 
olrhe,csamplcs.The (IlI)surfaceelenronicstructurrsolboththeS~.rerminatedd~s.licidcs 
arc qu3lirati~~ely similar. exch possessing 3 p3ir of localized > ta t a s  One of rhesc stales is 
associatcdu. i ihrhedan~l ingbondarrhe~urfacc(S~) .a~crandthe~rh~r~~~rhlhatar ihcf irst  
subsLrlace (Coor N i l  l3)er.  Formation sf an interhcc uith 5 1111j givesnx tolwo localired 
resonancr. statcs bclou the Fermi le ie l  in 00th  S .  Cos.? and Si NiSi:. etcn [hough their 
origns arc qCle d.ffcren1 because of the different alomic geometries at  the interfaces. 

1. Introduction 

The electronic properties of the interfaces of Nisi, and CoSi, with Si have been the 
subject of significant experimental and theoretical research over the past decade [l-91. 
When these disilicides are grown epitaxially on the (111) face of silicon. because of the 
smalllatticemismatch (0.4% forNiSi,, and 1.2% for CoSi,), virtually perfect interfaces 
are formed [I]. In our theoretical study, we have also ignored any complications that 
mayariseowingtolatticemismatchat theinterface. Anumberofgroups havestudiedthe 
interface electronic structure of these samples, using a variety of theoretical techniques 
(such as linear muffin-tin orbitals [4, 51, local-density approximation clusters [6], and 
several tight-binding schemes [7-9]) usually on a finite-sized system. 

In this paper we investigate the electronic structure of the interface of semi-infinite 
Si(ll1) with semi-infinite Nisi, and CoSi,, with particular emphasis on the existence of 
localized states. We have adopted the Slater-Koster (SK) [lo] tight-binding method to 
modeltheinfinitesolids,andhave thenusedtheGreenfunction(~~)methodofKalkstein 
and Soven (KS) [ll] to study the electronic structure of the clean surfaces and the 
interfaces. This approach has been widely used for a number of systems and has the 
major advantage that it allows one to see the origin of localized states, i.e. whether they 
are modified surface states or true interface states. This method also allows calculation 
of the densities of states (DOSS), both extended and localized, at an arbitrary layer of the 
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solid, from which one can study the decay of the localized states as one recedes into the 
bulk. Furthermore, we believe that by working with infinite and semi-infinite three- 
dimensional solids, we avoid certain problems that may arise when only a finite-sized 
cluster or supercell is used. 

K W Sulston and S M Bose 

2. Bulk electronic structure 

The bulk band structure of Nisi, has been studied theoretically by a number of methods 
17, 12-16], but investigations of CoSi, are relatively scarce [15-171. Experimentally, 
enough work has been done using photoemission spectroscopy [13,18-201, to identify 
the major features in the DOS, thus providing a check for the theoretical results. Here 
we calculate the bulk electronic structure of Nisil and COS2, using the SK tight-binding 
method, which has not been used previously for these systems, even though it has been 
widely used for a variety of other solids. This calculation serves as corroboration for the 
previous work and provides a basis for our study of the surface and interface properties 
of these compounds using the KS method. 

Nisi, and C O S 2  both possess the CaF2 crystal structwe, with lattice constants of 
5.406 8, and 5.363 8,. respectively. This structure can be characterized as a face-centred 
cubic lattice of M (-Ni. CO) atoms, with each tetrahedral site occupied by a Si atom. 
Thus, a unit cell consists of an M atom at (0, 0,O). connected to two Si atoms located at 
%Q (I, 1,1)/4. The most relevant orbitals are the 3d and 4s on M, and 3s and 3p on Si, 
giving a total of 14 orbitals per unit cell. 

In order to construct the tight-binding Hamiltonian, we first define Qn (r - R,) 
to be an orthogonalized atomic orbital, with quantum numbers symbolized by n, 
located on an atom at vector position R,. Then, orthonormal Bloch functions 
N-'!' &, exp(ik.R,)@,(r - R,) can be formed, so that it becomes possible to calculate 
thematrixelementsofthe Hamiltonian between variousatomicorbitals in thesame unit 
cell, for Bloch sums of the same k-value. We write these as 

ri/m = exp[ik.(R, - R,) E,,,, (1, U. 0) (1) 
RI 

where 

Qt (r) Hem ( r  - fai - uaj - oak) dr  (2) 

with 

R, - R, = [ai + uaj + vak (3) 

i, j and k being unit vectors along the x. y and z axes. In principle, the summation in (1) 
shouldbetakenoverallneighboursoftheatomatR, but,inpractice,it mustbetruncated 
to a finite number of neighbouring atoms. Here, we shall consider only interactions up 
to nearest neighbours for metal atoms and next-nearest neighbours for silicon atoms, 
which is found to be sufficient to produce the main features of the band structure. 
According to the SK procedure, the integrals in (2 )  are treated as disposable constants. 
Some of these integrals can be taken to be zero, because they represent distant inter- 
actions and some are related to other integrals by symmetry, leaving a relatively small 
number of independent parameters. 
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Table 1. Tight-binding parameters. 
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Value (eV) 

Parameter Nisil COS2 

3.291 
-3.761 
-3.96 
-7.1695 

0.191 5 
-0.978 

0.12475 
-0.71275 

0.382 25 
0.641 25 

-0.354 75 
0.1535 

-0.45 
- 1.075 25 

1.655 
2.885 75 

-1.22825 

Determination of the explicit form of the matrix elements (1) of the Hamiltonian 
H(k) ,  using the above prescription, is a lengthy but straightforward task. Once 
accomplished, however, it is a simple matter to diagonalize numerically the resulting 
14 x 14 Hamiltonian matrix H(k)  for any particular wavevector k, to obtain the cor- 
responding eigenvalues &(*) and eigenvectors Wb(k).  It must also be mentioned that, 
at the Brillouin zone (BZ) centre r = (0, 0,O) and face centre X = Zn(l,O, O)/a, most of 
the matrix elements of H ( k )  become zero, so that with a little effort, the eigenvalues of 
H ( k )  can be found analytically, in terms of the parameters (2). This point is very 
important, as it allows all but two of the parameters (2) to be selected so that most of 
the eigenvalues at r a n d  X match those of other calculations [14,16] or experiment [18, 
201. Specifically, assigning calculated values of the lower eigenvalues to the cor- 
responding analytic expressions leads to small sets of algebraic equations which are 
easily solved for the parameters. The two remaining parameters are chosen empirically 
so as to give a fairly reasonable reproduction of the eigenenergies at L = n(1,1, l)/a 
This is the usual method for generating the Hamiltonian in the empirical tight-binding 
approximation [21]. The sets of parameter values for Nisiz and CoSi2, evaluated by this 
procedure, are given in table 1, and the corresponding band structures are shown in 
figure 1. (Note that the diagonal parameter values have been uniformly shifted so that 
the Fermi level is the energy zero.) 

Comparison of the band structures in figure 1 with those obtained by other methods, 
especially linear combinations of Gaussian orbitals [14] and linear muffin-tin orbitals 
[16], shows a very good overall agreement. The valence bands tend to match up very 
well (especially along r - X), as would be expected, while the upper conduction bands 
are reproduced less satisfactorily, although this is quite common with tight-binding 
methods. 
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Figure 1. Calculated band structure E(k) for (a )  X 

It isnowamatterof applyingstandard techniquestocalculate the b u l k ~ o s  by means 
of the GF, which can be written as 

The matrix elements of (4) can be evaluated for any value of E and k by diagonalizing 
the 14 x 14 Hamiltonian matrix H ( k )  whose elements are given by (1). thus yielding a 
set of eigenvalues Eb and eigenvector coefficients (&, tpb) (for 6 = 1, . . . , 14). 

The total DOS p(E)  is then found by integrating (4) over the entire BZ, so that 

p ( E )  = - L I m [ T r  ,7 ( I d k G ( E ,  k))] 
BZ 

(5) 

where Tr denotes the trace and the sz is like that for a FCC lattice. The BZ integration in 
(5) is done numerically as a summation of values of G(E, k )  at particular k-points, with 
enough points being used to ensure convergence of the results. The calculated bulk DOSS 
for Nisiz and CoSiz are in general agreement with those calculated by other methods 
and with theavailableexperimental information. Thecalculated bulk  DOSS^^ thcrpoint 
are shown in figures 2 and 3. 

For application to surface and interface study, it is useful to construct the bulk GF 
G ( E .  n ,  n',  kll) in the mixed Wannier-Bloch representation following the methodof [22], 
where the wavefunctions are given by In, kll). n being the index representing the layer 
number, and kll the wavevector parallel to the surface. 

3. Surface electronic structure 

The general procedure for calculating the surface GF is to use a cleavage plane to slice 
the infinite crystal in half [22]. In order to compute the surface G F g ,  we adopt the Dyson 
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Figure 2. Bulk and surface DOSS of NiSi,(lll) at 
r for (U) a Si layer in the bulk. (b) the first surface 
(Si) layer (c) a Ni layer in the bulk and (d)  the 
second surface (Ni) layer. The bulk results are 
shown for easy comparison. The two new 
localized surface states are indicated by S.S .  

Figure3. Bulk and surface DOSS of CoSi,(lll) at 
r for (a) Si layer in the bulk, (b) the first surface 
(Si) layer, (c) a CO layer in the bulk and (d) the 
second surface (CO) layer. The bulk results are 
shown for easy comparison. The two new 
localized surface states are indicated by S.S. 

equation approach of KS, wherein g is related to the bulk GF G by 

g = G + GVg (6)  

V = h - H  (7) 

where the scattering potential V is 

with H and h the corresponding Hamiltonians for the bulk and semi-infinite systems, 
respectively. In the current model, V is assumed to incorporate only the breaking of the 
bonds across the cleavage plane (i.e. between layers n = 0 and n = -1). This feature 
can be represented mathematically by writing 

h(0, - 1) = h(-1,O) = 0 (8) 



7612 

i.e. 
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V(0, -1) = -H(O, -1) V(-l,O)= -H(-l,O). (9)  
In a more general model, V would also include the perturbation of the atoms in the 
surface layer ( n  = 0), owing to the formation of the surface. It is a straightforward but 
tedious procedure to calculate, in mixed-basis representation, the matrix elements of V 
required in (9). With these in hand, it is possible to calculate the surface GF g from the 
Dyson equation (6). For the scattering potential used here, (6) leads to the matrix 
equation 
g(n, n ' )  = G(n,  n ' )  

+ G(n, -l)V(-l,O)[l - G(0, -l)V(-l,O)]-' G(0,n')  ( f l ,  n' 3 0) 

(10) 
which is 14 X 14 for the disilicides. 

Once the relevant matrix elements of the bulk GF G and potential V have been 
calculated. it is a simple matter of matrix algebra to calculate the G F ~  for the cleaved 
crystalat anydesiredlayer fl,andthecorresponding~osforthat layer and fora particular 
kll is then given by 

p,(E,ku) = -1/n im {Tr [g(E,  n, n ,  ki)} .  (11) 
The (111) surface of MSiz (M Ni. CO) exhibits the hexagonal pattern of atoms 

typical of the (111) surface of a cubic crystal. Each plane parallel to the surface plane 
consists entirely of one type of atom, with each third layer composed of the metal 
constituent. Consequently, there are three possible terminations for the surface: 

(i) alayer of metal atoms, 
(ii) a single layer of Si, with a metal layer underneath, or 
(iii) a layer of Si with another layer of Si underneath. 

In order to create the known interface structures (see section 4), the termination that 
we must adopt is the second, so that the disilicide surface goes as Si-M-Si-Si-M 
, , .. Formation of this surface requires that a cleavage plane be passed between two 
adjacent silicon layers, which means the cutting of nearest-neighbour bonds between a 
surface-layer Si atom and an M atom across the cleavage plane, and between a second- 
layer M atom and a Si atom across the cleavage plane. Next-nearest-neighbour bonds 
between Si atoms in adjacent layers at the cleavage plane must also be cut. 

As the formation of the surface cuts two nearest-neighbour (M-Si) bonds per unit 
cell. we expect to see two bands of dangling-bond (surface) states appear in the DOS. For 
the other two possible terminations, four M-Si bonds per unit cell must be removed, so 
that four surface sfates should exist. We have calculated the surface DOSS for Nisiz and 
CoSi, and have found that these expectations are indeed borne out. In this paper, 
we have restricted ourselves to the r point (4 = 0). which suffices to show the main 
qualitative features of the surface. Graphs of these DOSS, for both the bulk samples at 
the Si and M layers, and for the first two surface layers of the semi-infinite samples, are 
shown in figures 2 and 3. 

For Nisi?, the bands show a total width of about 18 eV. The lowest-lyingstructures, 
from -15 to -7eV are basically the Si s and p orbitals, which are quite strongly 
hybridized. From -7 eV to around the Fermi level is primarily the domain of the Ni d 
bands, while above the Fermi level is an area of strong coupling between Si pstates and 
Ni d states. Note that introduction of the surface substantially modifies the bulk DOS. 
More importantly, two localized dangling-bond surface states appear in the band gaps. 
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One surface state is observed at -11.4eV (relative to the Fermi level), with greatest 
localization on the first Si layer, and this state is primarily Si-like in nature. The second 
stateoccurring at - 1.2 eVislocalizedon the second Nilayerandhasitsoriginsprincipally 
in the Ni d states. The surface electronic structure of CoSi, is fundamentally the same 
as for Nisi,, and the surface states are of similar nature, but at different energies. The 
lower state, originating from Si orbitals, is seen at -1 1.35 eV, while the higher state, of 
CO d character is at -0.49 eV. Note that in both cases the lower surface state localized 
on the surface Si layer loses its strength on the neighbouring M layer, whereas the upper 
surface state localized on the M layer is greatly reduced on the Si layer. 

A similar calculation for the surface electronic structure of Si( l l l ) ,  using the SK 
parameters of Chadi and Cohen [23], has also been performed and the results will be 
presented in a separate publication [24]. We use this surface GF (with the Chadi-Cohen 
parameters) for Si, in conjunction with that for MSi, introduced above, as our basis for 
the calculation of the interface G F f O l  Si/MSi2. 

4. Interface electronic structure 

We must now turn to the question of the atomic geometry at the silicon-disilicide (111) 
interface, which has been the subject of much discussion in the literature [Z, 3,5-7,9, 
25-27]. This problem can be thought of in terms of the coordination of the metal atoms 
nearest the interface. i.e. the number of nearest-neighbour silicon atoms possessed by 
one of these metal atoms. Three different models have been proposed, giving the metal 
atom fivefold, sevenfold and eightfold coordination. (Atoms in the bulk are eightfold 
coordinated.) For Si/NiSi2, the structure with sevenfold coordination (figure4(a)) now 
seems to be generally accepted while, for Si/CoSi,, eightfold coordination (figure 4(b)) 
currently has the strongest support. Indeed, recent independent calculations by Hamann 
[25] and by van den Hoek ef a/ [6], using different methods, have both shown that the 
sevenfold and eightfold models are the energetically favourable ones for Si/NiSi, and 
Si/CoSi,, respectively. Thus, we adopt thesemodels in thiswork. Foreachcoordination, 
two orientations of MSi2 relative to Si are possible: the so-called type A where the 
orientation of MSi, is identical with that of Si, and type B, where there is a 180" rotation 
about the axis normal to the Si surface. In the current work, we have examined the 
electronicstructureonlyat/q = O(lpoint). where typeSAandB have thesamestructure; 
so no distinctions can be made. The type A orientation is shown in figure 4. Because the 
lattice constants of the disilicides and Si are so close, they have been taken as equal. 

The GF% for the interfacial system can be found via the Dyson equation 

% =  g + gV% (12) 
where g embodies the surface GFS for Si(ll1) and MSi,(lll). with the energy levels 
shifted so as to align the calculated Fermi levels of the two crystals. Also in (lZ), T is the 
potential creating nearest-neighbour couplings between M and Si atoms on opposite 
sides of the interface. Calculation of the matrix elements of 9' and the subsequent 
solution for % are straightforward, and hence one can compute the DOS at any layer of 
the system. Indeed, for kll = 0, it turns out that the matrix elements ofV can be assumed 
equal to the corresponding bulk ones between Si-Si and Si-M, for the sevenfold and 
eightfold coordinations, respectively (see figure 4). Our numerical calculations have 
used an analytic continuation procedure [28] which computes the GF for real energies 
from that for complex energies, so that the densities of both extended and localized 
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0 0 Figure 4. (a) A planar view of the Si(l1l)- 

states are determined with less difficulty than by other methods, This approach allows 
us to examine the origins of any localized states; as we are ‘creating’ bonds between the 
twosurfaces, weexpect tosee theirdanglingbondstatesplayamajorrolein the bonding 
across the interface. Thus, at any layer in the lattice, we can calculate the local DOS for 
the infinite system and then study to what extent it differs from the DOS of the bulk 
material. Any problemsthat may ariseowing to the finitesize ofthesampleare therefore 
avoided. 

The DOSS of Si/NiSi2, for layers near the interface, are shown in figure 5 (with the 
Fermi level taken as the energy zero). A major feature in the DOS is the appearance of 
an interface resonance state at -6.94 eV, with localization primarily on the first layer of 
thesilicon(figure5(b)) and the first twolayersofNiSi2(figures5(c)and5(d)).Thisstate 
isformedfromthecombinationoftheSi-likesurfacestate(at -11.4 eV)and thesurface 
state of clean Si, so that the main coupling across the interface is of a p p  nature. The 
Ni-likesurfacestate, previously at -1.2 eV,isshifteddownwardsto becomearesonance 
stateat -4.1 eV,andplaysalesserrolein the bondingacross theinterface. The tall peak 
at -4.9 eV prominent in figures 5(c) and 5(d ) ,  is a Ni bulk d state, chiefly of x 2  - y’ 
symmetry, and does not participate in the interfacial couplings as it appears unchanged 
from figure 2(4. Other workers [ 5 ,  61 calculate the total DOS for finite supercells and 
report a single interface state near -2eV. It is hard to determine whether the two 
resonance states that we report here at the point are present in other calculations, 
because the integration of the DOS over the surface BZ may obliterate the resonance 
peaks. 

The DOSS of Si/CoSi2, for layers near the interface, are shown in figure 6(again with 
the energy zero at the Fermi level). As before, an interface resonance is seen, at energy 
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Figures. Interface DOssforSi/NiSi,in (u) , (b)  the 
firstovolayenofailicon,and(c),(d)thefinttwo 
layers of Nisi,. The localized resonance interface 
states are represented by r.s. 

cnriaY1cvV) 

Figure 6. Interface DOSS for Si/CoSi, in ( U ) ,  (b) 
the first two layen of silicon and (c) ,  (d) the first 
two layers of CoSi,. The localized resonance 
interface states are represented by r.s. 

-4.91 eV, butinthiscaseitsoriginiscompletelydifferent. Thisstateisformedfrom the 
disilicide surface state (of CO d nature), formerly at -0.49 eV, and the dangling-bond 
state of Si, to create a bond across the interface. There is also a strong contribution from 
a bulk CO xz - yz  state at -4.0 eV, so that there is a very strong Si p C o  d coupling at 
the interface. The localization of the interface state is greatest on the first layer of Si, 
and the second layer of CoSi2, corresponding to CO (see figures 6(b) and (c)). The Si- 
like surface state of the disilicide, originally found at -11.35 eV, is shifted downwards 
to become a resonance state at -14.3 eV, localized at the first layer of COS2 (figure 
6(c)), which is comprised of Si. The two resonance states reported here would appear 
to correspond to the two interface states calculated by Fujitani and Asano [4], one close 
to the Fermi surface and the other just below the valence band minimum. The difference 
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in the locations of these states may be due to the different natures of the approximations 
used in the two calculations. 

5. Summary 

In this paper, we have first calculated the band structures of Nisiz and CoSiz using 
the tight-binding SK method; the band structures are in substantial agreement with 
calculations usingother methods. We have then performedcalculationsofthe electronic 
structures of the (11 1) surfaces of semi-infinite Nisiz and CoSiz and their interfaces with 
semi-infinite Si( l l l ) ,  using the KS technique to find the surface and interface GFs from 
that for the bulk. This approach allowed us to find localized surface states of the 
disilicides, and to see how they are modified by the formation of the interface, For both 
disilicides, the relevant surface termination was found to give rise to a pair of dangling- 
bond surface states at the r point: one associated with the metal constituent, and the 
other with Si. This is a new finding since most other workers deal with the interface 
problem directly and do not calculate the surface DOS separately. 

Upon formation of the interface, the surface states seem to play very different roles 
in each system. In Si/NiSiz, the interface resonance is formed from surface states 
associated with Si on both sides of the interface. so that the dominant coupling is p p  in 
nature. In contrast, for Si/CoSi2, the Co-like surface state of the disilicide plays the 
major role in interface formation, so that p d  bonding is the most important. This 
difference in the bondings can be traced back to the different atomic geometries at the 
interface for the two systems (sevenfold versus eightfold coordination of the metal 
atoms). The Ni-like surface state of Nisi2 appears as a resonance state at a lower energy 
in Si/NiSi,. The Si-like surface state of CoSi, also appears as a resonance state at a lower 
energy in Si/CoSiz. The interface states reported by other workers occur at somewhat 
different energies. This discrepancy may be due to the difference in the natures of the 
approximations used. 
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