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Ab initio studies of the CoSj(100)/Si(100) interface
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The Viennaab initio simulation package based on ultrasoft pseudopotentials is applied for the calculation of
(1X1) structures of the Cogi100)/Si(100) interface with sixfold, sevenfold, and eightfold coordinated Co
positions at the interface. For the approximation to density functional theory the generalized gradient approxi-
mation is chosen. Three different formulations of interface energies are considered with and without strain
energies. Relaxation of the atomic positions is very important for proper interface energies. All derived
interface energies vary only within 0.06 eV depending on the geometry of the interface which suggests that
kinetic effects are important for the epitaxial growth. A detailed analysis of local bonding effects is also
provided. The analysis of the electronic structure focuses on interface localized states in particular for the
eightfold coordinated type of interface showing directionally localized bonds and two bands of interface
localized states with strong dispersion. The derived decay lengths of the electronic density towards Si show a
similar dependence on Co coordination compared to that of previously stiidi#dinterfaces but are smaller
in general. Schottky barriers fprdoped Si are calculated by two different approaches. Comparison to experi-
ment yields that the eightfold coordinated interface is the only one reasonably close to the measured data.

I. INTRODUCTION B. Geometrical aspects

Since Si crystallizes in the diamond structure and GoSi
in the Cak structure, both systems have fcc sublattices. In
the[100] direction, the stacking of the fcc Bravais lattice is
AB. While in the diamond structure the two sublattices form
a stacking sequence 3i[-Si(A’)-Si(B)-Si(B") in CoSj, a

Extensive ab initio studies of the bufk and surface
propertieé® of CoSj, and the CoSi(111)/Si(111) interfack
were presented previously. Ce$s of interest for the design
of microelectronic devicésas pointed out in Refs. 1—4. Al-
though as reviewed in Ref. 6, for t{&11) orientation the . ol . g
conditions for epitaxial growth of CoSion Si are more fa- Seduence C&)-Si(A)Si(A")-Co(B)-Si(B)Si(B’) has to be
vorable, there is increasing interest on 160 interfaces PUiltl. The hyphens separate different layers and the primes
due to their electronic transport properties. Concerning th&istinguish different fcc sublattices of Si. The two Si sublat-
actual structure of 4100 interface several differing struc- tices form S} layers taking turns with Co layers. For our
tural models have been proposed, assuming addition&@lculations we used a supercell scheme for multilayers
dimerized Si layer$,(2x 1) overstructures with defefter ~ Where a block of CoSialternates with a block of Si without
strain-induced deformatiohThe aim of the present work is any vacuum layers. By construction there are then two inter-
to study the effects of the coordination of the atoms next tdaces inside the three-dimensional unit cell. For correctly de-
the interface on its energetics and electronic structure. Faiving interface properties, it is desirable to construct unit
this purpose (X 1) structures resulting in a sixfold, seven- cells in which both interfaces are equal by symmetry. For the
fold, and eightfold coordinated Co position were investi- Si block this can be achieved by a number of layers restricted

gated. to (4n+1), for CoSj the situation is more difficult, since by
cleaving the bulk material two different surfaces occur, one
Il. COMPUTATIONAL ASPECTS terminated by a Co layer the other by g-&yer. Therefore,
o for building slabs with two symmetry equivalent interfaces a
A. Ab initio method compromise has to be made, either by terminating the

For all the calculations the Viennab initio simulation = CoSh-block by a Si-layer with a single sublattice position on
packag&’vasp) was applied which was based on ultrasoft both sidedin this case the bulk-Cogistochiometry is pre-
pseudopotentials according to Vanderbiit? The numerical ~ served but the actual surface layer does not correspond to a
parameters and pseudopotentials were chosen in the sarbelk layer of (100 orientatior] or by terminating it by Si
way as in Refs. 1,3,4. The set kfpoints was constructed layers(in this case the Cogiblock does not have perfect
according to a specid-point techniqué3*® Choosing a 7 bulk stochiometry.

X 7% 1 grid resulted in 1 points in the irreducible part of Figure 1 shows views of the three different structural
the Brillouin zone, the same setting as used for studying théypes of the Co$(100)/Si(100) interfaces under study. As
CoSi, (100 surface® All calculations were performed within  in Ref. 4, Si positions of the Cogand Si block at the inter-
the framework of density functional theoffpFT) utilizing  face will be denoted by §{1) and Sil), respectively. For the
the generalized gradient approximati@GA) of Becke and  sake of simpler notations, CgSwill be abbreviated by C. In
PerdeW’ because of the excellent agreement with experigeneral, the layers are numbered byN)-for the Nth layer
mental data for butkand surfac&properties of CoSi away from the interface for both blocks. The CpBiock of

0163-1829/2000/63)/220911)/$15.00 PRB 62 2209 ©2000 The American Physical Society



2210 R. STADLER AND R. PODLOUCKY PRB 62

FIG. 1. Side view of the atomic arrangements for the structure types used to model th€l008iSi(100) interfacea) C6, (b) C7,(c)
Cs.

the first structurg¢Fig. 1(a)] is terminated by a Si layer built Structure C7[Fig. 1(b)] with sevenfold coordinated
from a single fcc sublattice. Then Qel) is undercoordi- Co(I-1) can be formed from C6 by shifting the Si-block so
nated surrounded by only six nearest neighbors and ththat Sil) has the same in-plane positions as (I€0,
Sic(1) sites continue the diamond structure of the Si block inwhereby Sil) becomes now overcoordinated by five nearest
an ideal way providing the remaining two of four nearestneighbors. It must be noted, though, that in this case the
neighbors for Si) in its tedrahedral coordination. We denote distance C@-1)-Si(l) is larger than that of b-1) to its two

this structure by C6 to account for the local coordination ofSic(1) and four Si(1-2) neighbors which will be discussed
the Cdl-1) sites. later in the section dealing with local bonding.
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Structure C8 is the result of terminating Ce®y a fully  and the other by a Co layer. This slab is rebuilt to a slab for
occupied Si layer [Fig. 1(c)], because Q&-1) atoms are which both surfaces are terminated now by Si layers belong-
now eightfold coordinated in the perfect Cg®iulk environ-  ing to one of the sublattices of Si. A value @&C)
ment. S{l), however, is now strongly overcoordinated with =0.25 eV was calculated by directly comparing the cohesive
six nearest neighbors. It should be noted, that due to the locanergies of the two differently terminated CeSlabs,
environment defined by the (&il) atoms there are now two
different nonequivalent ${I) positions which we denote by Ere C) = Fsu( C, Si term — Fg,( C,cleay )

Slcl(:gf\tﬁgdaiﬁg? Eélculations 5 Caulk units and 13 Si in which the cohesive energiésare now calculated for the
' f Il It rained CoSiblock. T_he two dlffergnt mterface_s C6 and C7
layers have been stacked together for all structures resu tl8§re then formed by different stacking of the Si block on top

in total numbers of 28 atoms per unit cell for C6, C7, and 3 . ; ) X . .
atoms for C8. The calculated?attice mismatch for Gasid of the Si-terminated Cogiblock according to Fig. 1 which
results in two different interface energies.

Si is small, namely 1.9% with respect to the Si substrate, . :
derived from the calculated equilibrium lattice constants of Finally in a third step, rebuilt blocks of CoSand Si are

: : ; : her forming a multilayer structure. The blocks now
5.350 A for CoSj and 5.454 A for Si, respectively. If the Si PUt 10g€t ning yer S ; :
spacing is chosen to be fixed, Ce8as to be stretched in the bind together with energ¥,ing(C/Si) which we define by

plane defined by the interface orientation. Assuming Stanthe difference of the cohesive energiEsof the interface
dard elastic behavior, CoStontracts in the direction per- system and the two separated slabs within the same overall

pendicular to this plane. Accordingly, a contraction of -3.9%unlt cel

was derived from bulk calculations for which the planar lat- _ : . ;

tice parameter for Cosiwas fixed to 5.454 A and the lattice Epind C/S) = Fin( C/S) = F o C, ST term = F o Si). 3)

vector perpendicular to th€l00 plane was varied until the

energy was minimized. The strain energy for one bulk GoSi[lt should be noted that in Eq2) of Ref. 4 R;,4(C/Si) was

unit in (100) orientation amounts to 0.018 eV. erroneously used, it should be replaced hy(€/Si)]. All
Atomic layer distances at the unrelaxed interface weresurface like slabs entering Ed&), (3) were created by either

chosen to be 2.36 A for the &i)-Si(l) spacing for all removing the Si block or the CoSblock from the multilayer

stuctures. lonic positions were allowed to relax for two Siinterface system. Because the unit cell is the same for all

layers and one Cosunit next to the interface. guantities—as argued in Ref. 4—the numerical accuracy is
comparable. If—as was done for calculatiBg,+—also the
IIl. RESULTS AND DISCUSSION unrelaxed surfaces used fbi,(C) andFg,{Si) are cho-
sen, then the interface energy should be independent of the
A. Interface energies state of relaxation of the free surfaces.
According to our studies of theL11) interface? interface For the definition of the interface energy for the C8 struc-

energies are derived by three different approactibsirom  ture, the expression
surface reference energies without the strain energy cost for EW ) )
CoSh, (2) same ag1) but strain added, antB) from bulk E{(C8) = Eping( C/Si) + EZ, C) + Egurf S + Efom(Shy)
cohesive energies. All interface energy values are defined per +E,{C,Sh) (4)
interface, the actually calculated results are divided by two ads >k
because of two symmetric interfaces in the constructed unfias to be used since now Ce$ terminated by Silayers
cell. on both surfaces corresponding to filled sites of the Si sub-
Since—as discussed in the previous section—two identitattice. For the construction of this structure from cleaved
cal surfaces of Cogicannot be formed just by cleaving the CoSi, a Si monolayer has to be formed and be adsorbed on
bulk phase in(100 orientation, the definition of mterface the Co-terminated surface. Formation enerBy,m(Si,)
energies is more complicated than for thiell]) case’ To =146 eV accounts for the cost to form such a

make the(100) termination of CoSi symmetric some re- Si,-monolayer from Si bulk being defined by
building of its surface layers have to be done which is dif-
ferent for C8 compared to C6, C7 interface structures. Esorm(Si2) = Fmond Sha) — 2F pui( Si). (5
For C6 and C7 structures, we defiB&) by
An adsorption energy 4 C,Sh)=—1.80 eV is gained by

E)(C6,C70=Epind(CISi)+E2,{C) + EgufSi) + Ered C). binding the Sj monolayer onto the Co-terminated surface as
(1) derived from

We consider three steps for the interface formations. First, E_,(C,Sh)=F¢,{C)—Fsu{C,cleay —Fond Sh). (6)

free surfaces are formed by cleaving bulk Go&nd Si re-

sulting in surface energies oE2, (C)=1.85 eV and The definitions of interface energies by Eg$) and (4)
E«u(Si)=2.05 e\?, correspondingly, for the unrelaxed sur- are independent of the strain energy of the Golsibck.
faces. Superscript 0 denotes unstrained gofhereas Si as Therefore, it serves as a well-defined quantity independent
the substrate is always unstrained according to Sec. Il B. In an the number of actual layers involved in the calculation
second step the energy contributiBpyC) has to be added (assuming that the blocks are sufficiently thick so that the
accounting for rebuilding a cleaved bulk CeSilab for interfaces do not interact significantlylf the strain of n
which one surface is originally terminated by an, &iyer  CoSj trilayers is taken into account then the interface energy
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TABLE I. Binding Ey,q and three types of interface energies  TABLE Il. Interface energies Ei(nlt) in Jm?  for
Ein¢ as discussed in text for unrelaxed and relaxed geometries d€oSi(100)/Si(100) and Cog{111)/Si(111). Rows refer to
CoSi(100)/Si(100) interfaces. Unrelaxed data are denoteghby nearest-neighbor coordination of Co at the interface, columns com-
E(V: free unstrained surfaces as refererf) : sum of E{Y) and  pare results for thg100) interface structure$C) studied in the

total strain energyE(>: derived from unstrained bulk cohesive present work to the data faqd11) interface types A4,B) given in

energies. All energy values in eV. Ref. 4. Total bulk like strain energyEg.{ C) for applied numbers
n of CoSp(100) and CoSi(111) bulk layers is given in parenthe-

C6 c7 Cc8 ses.

Ebind(no) —2.96 —-2.81 —-2.11 100-C 111-A 111-B

Epind —2.98 —-2.94 —-2.42

EM(no) 1.18 1.33 1.45 sixfold  1.25 (0.10,n=5)

EW 1.16 1.20 1.14 sevenfold 1.29 (0.10n=5) 0.56 (0.22,n=5) 0.61 (0.22,n=5)

Ei(nzt) 1.25 1.29 1.23 eightfold 1.23 (0.10,n=5) 0.49 (0.27,n=6) 0.53 (0.27,n=6)

ES 1.28 1.33 1.26

int

The interface energie€(Y in J/in? (Table 1) for
7) CoSh(100)/Si(100) are more than twice as large as for
CoSh(111)/Si(111) derived from Ref. 4, but in both studies
is derived(see Table)l energetic differences between different interface structures
A third definition is made in terms of bulk cohesive ener-are very small within a range of 0.06 J/rtor 0.06 eV} for
gies by the differences of cohesive energies of the interfacthe studied 100 and 0.12 J/rh (or 0.10 eV for (111) inter-

Ei(r?t) = Ei(nlt) +n Estrair{ C)

system,F;,, and the corresponding bulk valuBg, faces. Therefore, we conclude that independent from the
crystallographic orientation of a Cg35i interface the mi-
E{3=Fin(C/Si) — Fui( C) — Foui( Si). (8)  croscopic details of its structure are more likely to be deter-

mined by the kinetics of the growth process than by thermo-
For the bulk reference of Costhe cohesive energy corre- dynamical stability.
sponding to 5 CoSiunits is taken into account, for Si bulk it A critical numbern;; of strained CoSi layers may be
corresponded to 13 Si atoms for structures C6 and C7, andefined by
15 atoms for structure C8, respectively.

Table | presents interface and binding energies for the Ecrit= Epind( C/SD + NeritEstrain(C) =0 9

unrelaxed and relaxed Cg$100)/Si(100) ionic positions at - -
the interface. The interfa%f ene):rgie(s of)C6, C7p, and C8 z‘;lfteWhen the critical energyy; becomes positive. Then, the

. : o - . .énergy loss for straining all CosSunits in the cell compen-
relax!ng the atomic positions at the mterfac_e are rather SIMisates the energy gain due to formation of chemical bonds at
lar within a range of 0.07 eV. However, this is not true for

S . . : the interface. For structures C6, C7, and C8, this balance will
the binding energies, where structure C8 is energetically le

e reached fon;;~ 166, 163 and 134 which corresponds to
favorable by 0.7 eV for unrelaxed and by 0.5 eV for relaxedthiCknesses of 432, 425, and 356 A of strained GoBor

ionic positions. The much smaller binding energy for C8 can : . : o .
be understood from the fact that for C8 the (Cb) sites CoSh(111)/Si(111) interfaces the critical thicknesses are

already have their full coordination of 8 Si neighbors in thernUCh smaller with values around 150°Athe reason for this

. . . .« _can be found in the relation of strain energies per Gb8lk
ggnsdbs-block and thereforeing is built up only by Si-Si unit, which are twice as large for t{@11) than for the(100)

The gain in binding energy is outweighed by the Otherorientation, as well as in th_e binding energies which are
- . . . about 50% larger for th€100) interfaces.
contributions adding up to the interface energies, where for
structures C6, C7 the enerdy,.,=0.25 eV has to be in-
vested to form the Cogiblock, in contrast to C8 for which
energy is gained during the rebuilding process of the €oSi  Table Il presents the calculated interlayer distances after
block because the energy gain of negativig C,Sb) out-  relaxation of ionic positions for all three interface types. The
weighs the energy loss of positieg,,(Si,) by 0.34 eV. starting unrelaxed geometry is constructed from bulk dis-
Apart from numerical accuracy concerrs? and E{)  tances which for CoSiare calculated for the strained lattice.
should be equal and show indeed the same trends. Structure Structure C6 reveals only very small small relaxation ef-
type C8 is energetically the most favorable, followed by C6fects of interlayer spacings as reflected by the small relax-
and then C7, all energies within a small energy range of 0.0ation energy of 0.02 eV. The chosen bulk distance between
eV. For structure C7 the 3 Si neighbors of the(lb) sites at ~ Si(l) and Sg(1) layers remains unchanged. The only visible
the interface are all located in the same plane perpendiculaffect is a small reduction of the Co(I-1)§i-2) distance
to the interface, which results in a distortion compared towhich is a consequence of the undercoordination ofi-Cp
CoSj, bulk. It seems that this distortion is responsible for thetrying to shorten its distances to the remaining nearest neigh-
energetically less favorable position of C7. Very remarkably bors. Because of this contraction in the Colslibck spacings
structure C8 which becomes energetically most stable aftén the Si block are slightly expanded.
relaxation of the ionic positions, is distinctly least favorable  For structure C7, similar to C6 there is no change of the
when unrelaxed. A detailed analysis of relaxation effects inSi(l)-Sic(I) spacing, but now for C7 a considerable 18%
terms of local bonding will be presented in the next sectioncontraction of layer spacing &1)—Cad(l-1) occurs. To acco-

B. Interlayer spacing and local bonding



PRB 62 2213

AB INITIO STUDIES OF THE Co0Si{100)/Si(100) . . .

TABLE Ill. Bulk and relaxed interlayer spacings in A for the TABLE IV. Number of symmetry equivalent neighboléand
CoSh(100)/Si(100) interfaces. First line: relaxed interlayer spacingbond lengthsd in A for atomic positions next to interface. Bond
next to center of Si block; last line: relaxed interlayer spacing nexiengths given for relaxed geometries. Change due to relaxatisn
to center of CoSiblock. Si(l)-Sic(l) spacing directly at the inter- given in paranthesest elongation,— contraction.

face accentuated by horizontal lines. For C8, two different interface

spacings due to SIOA/SIC(I)B atoms(see text occur. N d(a)
C6 C7 C8
Spacing Bulk C6 C7 C8
Si(1-1) 2(Si))  2.36(+x0.0) 2.36(:0.0) 2.34(-0.02)
Si(l-2)-Si(l-1) 1.36 1.39 1.42 1.27 2(Si)  2.38(+0.02) 2.39¢-0.03)  2.36(-0.0)
Si(l-1)-Si(l) 1.36 1.40 141 1.33 1(Si) 2.98 (+0.25)
Si(1)-Sic(1) 1.36 1.36 1.43/1.65  sj() 2(S)  2.36(x0.0) 2.37(+0.01) 2.34(-0.02)
Sic(h-Ca(l-1) 131 1.31 111 1.33/1.12 2(S)  2.38(+0.02) 2.39¢+0.03)  2.40¢+0.04)
Co(I-1)-Si(I-2) 1.31 1.26 1.39 1.34 2(Si) 2.54(+0.18)
1(Co) 2.49(—0.18)

modate this contraction, the distances close to the Si bulBic()A  2(Co 2.33(+0.0) 2.22(-0.11) 2.34(-0.01)
layer as well as between Qdl) and Sg(I-2) are stretched. 2(Si)  2.36(+x0.0) 2.37(0.01) 2.4040.04)
Since this is by far the most significant relaxation for struc- 1(Si) 2.38(+0.02) 2.50(0.12) 2.67¢0.05)
ture C7, the major part of the relaxation energy of 0.13 eV 4(Si) 2.74(+0.01)
must be attributed to it. Sic()B  2(Co) 2.23(-0.10)

For structure C8 the relaxation energy reaches 0.31 eV. 2(Si) 2.54(+0.18)
The interperation of relaxation effects is more complicated 1(Si) 2.46(—0.16)
now because the two Si atoms of the(®i layer are not A(Si) 2.74(+0.01)
equivalent any more; they belong to two different fcc sublat- 1(Si) 2.98(+0.25)
tices. Whereas one type of @i layer atoms keeps its dis- Co(l-1)  4(Si) 2.30(—0.03) 2.38(-0.05) 2.35(0.02)
tance to Cd-1) almost unchanged and only moderately in- 2(Si)  2.33(x0.0) 2.22(-0.11) 2.23(0.10)
creases its spacing to the(ISilayer, the second type shows 2Si) 2.34(+0.01)
the same drastic §il)-Ca(l-1) spacing contraction as found 1(Si) 2.49(~0.18)

for C7 and also enlarges its distance to thig)$ayer by 21%.
Due to the overcoordination of @) it gets pushed towards
the Si block and therefore C8 is the only structure with Si
bulk spacings contracted rather than expanded. and Si(I-2). This effect is presumably a consequence of
Substantial stretching of interface bond lengths betwee@vercoordination of i) which now has 5 nearest neighbors
the two blocks was also measured by medium-energy iobut it might also be related to the $i)—-Sic(I-2) bonds
scattering® and explained by frustrated dimers at the inter-within the CoSj. Atoms in these two layers belong to the
face. Table IV summarizes bond lengths and coordinationswvo different fcc sublattices. It should be noticed that for
of neighboring atoms up to a distance of 3.0 A for atomsstructures C6, C7 the §i) atom loses five out of six nearest
next to the interface. Discussing unrelaxed bond lengths, i®i neighbors by the cleavage and rebuilding process of the
contrast to thg111) orientatioft for the (100) interfaces all CoSk-block as described in Sec. Il A.
eight Co-Si bonds within the CoSblock have the same For C8, the Si(l) layer is still intact with positions of
length but due to the strain forced by the lattice mismatch aréoth Si sublattices of Cogfilled. However, these sublattices
stretched by 0.01 to 2.33 A in comparison to the equilibriumare not symmetry equivalent anymore since one type of at-
bulk case. However, the six S8i, nearest neighbor bonds oms in the Si(l) layer has now additional nearest neighbors
connecting the two different Si sublattices—which gave ann the S{l-1) layer which is labeled by B to distinguish it
important contribution to the cleavage energy of pure GoSifrom that of the other sublattice type marked by A. The
(Ref. 3 and have an equilibrium length of 2.68 A—are now symmetry breaking of ${l)A and B atoms results in the
split into four bonds in the Silayer with a bond length of major relaxation effects for C8. The strong enlargement of
2.73 A and into two bonds perpendicular to t®0) plane  two Sic(1)B—Si(l) bonds by 0.18 A and one §1)B-Si(l-1)
with a bond length of 2.62 A . The Si block is assumed to beby 0.25 A is certainly the driving relaxation force, because
in its bulk equilibrium with four Si-Si nearest neighbor Si(l) atoms are overcoordinated with 6 nearest neighbors.
bonds per unit cell each of the length of 2.36 A . For interface bonds belonging to #i)A, however, the
For structures C6, C7 all four Si nearest neighbors ofstretching effect is much smaller with a maximum of
Sic(1) in the plane are missing since they belong to the othed.05 A according to Table IV. SB(I) atoms are also mov-
sublattice which does not exist for the diamond structure ofng closer to Cd-1) and Sg(I-2) neighbors by 0.10 and 0.16
Si. Structure C7 is distinguished by @d)- Si(l) bonds A, respectively, which is certainly a consequence of the re-
which are absent for C6. These bonds seem to be stronglulsive effects of the interface atoms of the Si block.
attractive since their length is reduced by 0.18 A and only In conclusion, the strongest relaxations were derived for
after relaxation their length becomes comparable to the bonstructure C8 for which repulsive effects betweefl)SiSi(l-
lengths between Gb1) and its other six Si nearest neigh- 1), and Si(I) atoms are the main driving force. Considerable
bors. For C7, another important effect is the considerableelaxations were also calculated for structure C7 for which
reduction of lengths of bonds connecting-@i to Ca(l-1) Co(l-1)-Si(l) bonds are strongly reduced. Structure C6
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FIG. 2. Bulk bands projected alof@00] orientation of CoSi (a) and Si(b), and energy bands for the C8 interface type Shaded area
in (c): sum of projected bands ¢ and(b). Interface states localized at positiong($) (Si interface site of CoSiblock): black circles; and

Si(l) (Si interface site of Si blogk grey circles. All other states: small dots. Further details for localization criterion see text. Fermi energy
defined by zero of energy in all cases.

shows only minor relaxation effects. It should be noted thati 1ar in directionAky y:
relaxation of ionic positions is very important for determin-
ing the atomic geometry and the interface energies as well

=X—=M the two lowest, narrow Si
bulk bands fit ideally into gaps of bulk CaSiThe lowest

narrow band is nearly degeneratel\ﬁtindicating localiza-
. tion in the z direction. As also discussed in Ref. 4 such a
C. Energy bands and interface states

' _ localized feature can be utilized to measure the potential shift
Figures 2a) and 2b) show the projected bulk bandstruc- along the interface normal due to the formation of an inter-

tures of CoSj and Si. The Fermi level in both casgsnd  face. This idea will also be exploited in the present study in
also in the true interface results in Figc is at zero en-  gec. 111 D.

ergy, assuming that the noninteracting systems are in ther- | contrast to theé111) projections, for(100) the conduc-
modynamical equilibrium. Further details are found in Ref.ijon band minimum of Si occurs now at two positionskin

4. For the(100) projection ciCon bands a large partial gap space, ak —T and at~1/6xXM —T in agreement with the

at -5 eV opens up around whereas for thg111) case a pylk calculations of Mattheis and Hamattit should be
similar but somewhat lower lying gap arises arokdThe  noted that for Si the calculated gap of about 0.5 eV is, as
principal gap is similar in shape and size in both cases. Ovemsual, about two times smaller than the experimental value
laying the CoSj and Si projected bands as done for thebecause standard density functional theory treats only the
shaded area of Fig.(@ most of the gaps disappear. In par- ground state properly and the Kohn-Sham eigenvalues have,
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FIG. 3. Energy bands of structure @&), C7 (b), and C8(c)
close to the principal gap. Further details see Fig. 2.

in principal, no physical meaning. Ballistic electron trans-

mission through the interface fordoped Si requires CoSi FIG. 4. Contour plots of charge density in tfie01] plane
conductions band states about 0.5 éMhich is approxi- through Sil) positions for states d#) 0.1X Akyy at 0.09 eV(band
mately the experimental Schottky barji@bove the conduc- ©f strong dispersionand (b) 0.325< Akyy at 1.18 eV(weak dis-
tion band minimum of S1%%° According to Figs. 23) and  Persion.

2(b) suitable CoSi states can be expectedlatAccording to
Ref. 19 three-dimensional bulk bands with proper symmetngap and the local coordination of Si at the interface is visible,
are available there and the conditions for electronic transpomamely, the higher the coordination the more interface states
are favorable as confirmed experimentdlly. or stronger localization occur. For interface type C6 only
Figure 4c) shows the energy bands for interface structurethree interface bands with a moderate negative dispersion
C8 mapped onto the overlayed bulk projected bands. OnlglongAkyy, are formed with a rather weak localization char-
results for C8 are presented because they reveal the most riglater. More band$up to 8 arise for C7 with the same or
and interesting interface features in comparison to C6 andomewhat stronger dispersion as C6.
C7. We define interface localized states when these states are por type C8, although the number of bands is about the
localized more than 20% in Spheres of radius 2.19 A CeNggme as for C7 new features occur: the lower State_(gae
tered at Sil) and Sic(l) positions, and they are marked by djstinctly more localizedblack dots at lower energy, gray
gray and black dots, correspondingly. The same definitiojots otherwispand two spectacular bands of strong positive
was used in thél11) interface study.For C8, an abundancy dispersion arise. The localized character of the corresponding
<£such interface localized bands occur in particular arounghgng forAkyy=0.3eV is so strong that it maintains its lo-
M, below the bulk projections and in the principal gap.calization even when going beyond the gap boundary and
Structure types C6 and C7 have much smaller number ofrossing through bulk conduction band states. This band re-
interface localized states when compared to C8 with its overflects directional bonds at the interface region. Within a
coordinated Si atoms in the interface. simple two-center tight-binding model the strong band dis-
The states of the deepest well separated two or threpersion must arise due to directionally localized bopds
bands[Fig. 2(c)] are well localized in the interface region allel to Akyy because then the Bloch factor exiKR;) has
within a range of about 5 A as derived from planar averagedhe strongest variation. We restrict the interactions to hop-
charge densities. For structure C6 no such localized low erpings between interface atoms(l$iand atoms $i-1) or
ergy states occur, and for structure C7 one band of stateSi(l)B above or below the 8i) layer, because there we find
localized at Si(I) appears lower in energy than the bulk directionally localized bonds as demonstrated by Figs. 4—6.
projection in directiomky, . Furthermore, for a dispersive band it is necessary that the
Figure 3 focusses on the energy bands in the principadummation ovej nearest neighbors does not cancel the hop-
gap. A correlation of the number of interface bands in theping integrals which requires certain symmetry properties



2216 R. STADLER AND R. PODLOUCKY PRB 62

FIG. 5. Contour plots of charge density in tfhi@01] plane /
through Sfl) positions for states d#) 0.1X Akyy at 0.60 eV(band
of weak dispersionand (b) 0.325<Akyy at 1.75 eV(strong dis- FIG. 6. Charge density contours for state at 082Ky at
persion. 1.75 eV in(a) a plane parallel to the interface through(®) atoms
and(b) a[100] plane through the atomic centers as shown.

from the orbitals involved. Inspection of Fig(l§ illustrates

that atomic orbitals centered at(j Si(l-1), and Sg(DB e present contour plots at 0<M Ky and 0.325 Akyy in
must be symmetric with respect to rotations around tthe(100) plane cutting through 8i) positions. The contours
z-axis through the corresponding atomic centers. It should bghow bonds which are well localized in a particular direc-
noted that the distance (B-Si(l) is a lattice vector, there- tjon, namely in the direction corresponding to the projection
fore the orientation of orbital lobes must be the same for bothys Si(1)-Sic(1)A in Fig. 4 and in the direction of projection
atoms. Orbitals of proper symmetry ape-like types for at-  of Si(l)-Sic(I)B in Fig. 5 rotated by 90°. The positions of
oms Sg(1)B and Sil-1), and s-like types for $i). the Sk atoms are also illustrated in Fig(.

Parallel to chosen directioftkyy in reciprocal space for  Comparing the states of the two localized bands at
the band structure, the directioRs in real space correspond (.1x Aky,,, the state at lower energig. 4@)] is of bond-
to the projections of distance vectd@®i(l)—Sic(I)B or ing character, the second stfég. 5a)] belonging to a band
Si(1)—Si(l—1) onto a (100 plane perpendicular to the of weak dispersion is rather antibonding in both main direc-
[001] direction (or z direction. However, due to the geo- tions of the plane. At 0.328 Aky ) the bonding character of
metrical construction there are two different interfaces in theboth states changes in orientation corresponding to the
unit cell, because one interface is rotated by 90° with respeathanges in the steepness of their dispersion. Now, the anti-
to the other maintaining overall inversion symmetry. As abonding state shown by Fig(l#) belongs to a band of weak
conseqgence, for the fixed directiakky,, also directional dispersion whereas the bonding state in Figdn) s part of
bonds in direction Si(l)Sic(I)A are collected which are ro- the strongly dispersing band. To complete the presentation of
tated by 90° compared to direction Si(l1)8)B. this state a cut through the Slayer is shown in Fig. @

For the discussion of the charge density contours it has teevealing directional bonding features pfike character for
be noted that because of the plane wave approach the cobeth type of Si atoms. The layerlike localization of this par-
tours do not show the correct nodal behavior in the vicinityticular state is strikingly depicted by Fig(l§ with distinctly
of the atomic centers. This is not important anyway for dis-p,-like features above gfl)B and Sil). The discussed mix-
cussing just the bonding features between the atoms. ture of rotated directed bonds is responsible for the interest-

_For the two localized bands close to Fermi energy startingng crossing behavior of bands at energies below 1 eV closer
at X [Fig. 3(c)] which coincide at about 0k, in Figs. 4,5 to X as shown in Fig. 3. It seems that the overcoordination of
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Si of the C8 interface tries to keep the distribution of addi- 2 156" T T T T
tional states, interface states, namely, away from both blocks 1-? i V]
of materials. This leads to the distinct bond localization as 05 L / Si q
discussed, which is certainly correlated to the saturation of ok / \
the dangling bonds of the @i00) surface. 0.5 R +
By summation over all states of the interface systems in T / 7
; ; : 15 / .
the energy window defined by the valence band maximum ) "/
. S . . -2 | \CoSiz; .
and conduction band minimum of Si we derive the charge 25 F \\_// 4

density pyics comprising all the metal induced gap states.

From the planar macroscopicallaveragegycs we derive = 1 o7 = 7
decay lengths. which describe the decay of metallic CgSi "§ o.g i / Si |
states into the Si block. The values»fare 1.50, 1.33, and 05 s R
2.78 A for structures C6, C7, and C8, respectively. For 1 R\ / g
CoSh(111)/Si(111) interfaces values of 3D.1 for seven- -1.5 |\ CoSiz/ -
fold and 4.4-0.5 A for eightfold coordinated structures 2 N ]
were obtained. From these results it can be realized that in- 15 |C8 o
dependent from the interface orientatipR,cs penetrates 1k / Si LA

deeper into the Si block if G&1) has its full bulk coordina-
tion but are decaying more rapidly if it is undercoordinated.
More strikingly the decay lengths @i, s are considerably
smaller for the(100 orientation than in thé111) case. This
finding indicates that the electrostatic potential at the inter-
face is qualitatively different for both orientations which will
be also demonstrated in the following section in terms of z[A]
macroscopic averages of the electrostatic potential and
Schottky barriers.

FIG. 7. Macroscopic average of the electrostatic potential ac-
cording to procedured) (dashed lingand(2) (solid line) (see texk
. for interface types C6, C7, and C8 versus spacing z in direction
D. Schottky barriers [100]. Potential is shifted by a constant so ttfiatVdz=0. Positive
In the present study, Schottky barrier heights are derivedalues of z: Si block, negative values: Co8lock). Vertical lines:
by two different approaches: the first is based on the lineugo layers(solid) and Si layerddashed
of averages of electrostatic potentiadlsand the second uti- ) ) 14
lizes the energy shift of localized Si bulk states due to the¥hich performs a rigorous twofold convolutiéh In gen-
presence of the interface. Both methods are outlined in detafif@l for the averaging we used the sum of electronic and
in Ref. 4 where they have been used for G¢S11)/Si(111) ionic_potentials because—as pointed out by Baroni
interfaces. et al?’—Poisson’s equation has to be solved for the total
Using the first approach the barrier heighy for p-doped charge,_electronlc as well as ionic Charge, in qrder to derive
semiconductors can be written?as a physically meaningful electrostatic potential. Figure 7
shows the results for all three structure types.
q>g":AEbU'k+ AV (10) The two averaging procedures yield rather similar results
_ _ _ ] ) i for the potential lineup. Differences occur in the interface
in which AEP"¥ is derived from differences of Fermi ener- region because of the small kinks generated by procedure
gies and average electrostatic potentials in separate bulk cqll)_ At the CoSj block center procedured) and (2) differ
CU|ati|‘k3nS- For the present work on th@00 interface py 0 06, 0.04, and 0.09 eV for C6, C7, and C8, respectively.
AE™¥ = 3.51 eV is obtained, which is slightly larger than For the(111) interfaces these differences were much larger,
the value of 3.26 eV fol(111) interfaces The difference namely, up to about 0.2 évbecause the two procedures
arises because we _de”VéfEbu'k from bulk calculations for yesyited in qualitatively different lineups in particular within
which CoS} is strained according to the lattice mismatchthe CoSj block. The much better agreement of the macro-
and the amount of strain depends on interface orientation. scopic averages fdf.00) interfaces is due to the fact that the
The potential lineupAV is the shift due to interface for- ayeraging periods imdirection are smaller fof100) than for
mation of the averaged electrostatic potentisly™ and  the (111) orientation by about a factor of two. The general
Vg™ for the metal and semiconductor phase, accordinglyshape of potential lineups for C6, C7 is distinctly different
and has to be derived from the actual interface calculationgrom the lineup for CgFig. 5): for C6, C7 a potential barrier
To evaluateAV now from electrostatic potentials a mac- arises at the interface because of charge pileup whereas for
roscopic averaging proceddtés used. To overcome the dif- C8 a potential rise is found deeper inside the Gdsock.
ficulties arising when the interface system consists of twoAlso the curvatures of lineups at the respective block centers
bulk blocks with nonmatching latticesin the present case, are fundamentally different reflecting the distinctly different
there are two different periods af namely, 5.241 A for charge tranfers from one block to the other.
CoSi, and 5.454 A for Siwe studied two different averag- Similar to all-electrorab initio methods utilizing strongly
ing procedures, as discussed in detail in Ref. 4. Procgdiire localized core states, for our pseudopotential approach states
which is a single average changing the per@dbruptly  strongly localized now in planes can serve as reference states
when moving from the Cogiblock to Si; and procedur€®)  for the change of potential. For this purpose the Si bulk like
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TABLE V. Potential LineupsAV and p-type Schottky barrier Certain model assumptio‘hsbelieve, that the interface
heights®, in eV. AVZ and ®}": derived from averaging proce- structure is a sevenfold coordinated one, although the de-
dure (1); AV® and ®3*: derived from averaging proceduf®);  tailed atomistic geometry of the interfaces studied in the
®°: derived from bulk localized Si8states;®5™ : sum of ®,  spectroscopy experiments is still unknown. Based on our ex-
and q_uasiparticle corrections of 0.31 eV. Further details, see textensiveab initio calculations of C0S$(100)/Si(100) inter-
Experimental values 0.38-0.42 @Refs.[25,26). faces we conclude that the eightfold coordinated structure C8
is the most likely one to be found in the experiments because

€6 cr c8 the calculatedb,, is in reasonable agreement to experiment.
AVL _361 —314 ~316 One should also keep in mind that it was energetically the
AV?2 367 ~318 ~334 most favorable in terms of interface energiedthough the
energy differences were quite small

Dot -0.10 0.37 0.26
a2 -0.16 0.33 0.17
Pl —015 0.24 0.19 IV. SUMMARY

b . . :
pQP.avl 0.15 0.64 0.48 We studied the energetical and electronic properties of the
PQP.av2 0.21 0.68 057 CoSh(100)/Si(100) interface depending on the coordination

o . . . .
(Dgp,.oc 016 055 050 of the atoms at the interface by means of state of thafart

initio calculations. Although the investigated sixfold, seven-
fold, and eightfold coordinated interface types have rather
state atM at about -7.5 e\[Fig. 2(b)] is well suited. The different local bonding environments which is reflected in
overall agreement of Schottky barrier heighibs, derived large relaxation effects the interface energigy after re-
from potential lineups and shifts by the three different ap-laxation are only differing within 0.06 eV according to Table
proaches is satisfyingsecond block in Table Wielding the | (or 1.8% of the sum of the surface energies of Ga8id
same trend: a distinctly negative value fbr, is found for Si). This is a strong indication that the growth process of the
C6, it is positive and largest for C7 with the value for C8 interface is governed by kinetic effects rather than by ther-
positive and in between. modynamical equilibrium. According to our calculations,
In order to compare calculated values ®f, to experi-  structure C8 has the lowest interface energy as derived from
mental results a correction has to be addeccounting for two  different approaches. In  contrast to the
excitations which are not properly described within groundCoSE(111)/Si(111) interface, for th€100) orientation a
state density functional theory. Following the arguments ofarge number of interface states can be found. A particular
Godbyet al?? an additive correction of 0.31 eV can be esti- interesting result is found for the C8 structure with eightfold
mated if Si is the semiconductor of the interface systemcoordinated Co atoms which shows two bands of directional
Because of this crude estimation of quasiparticle effects thbonds in the interface region. A strongly dispersive band
absolute values of the calculated Schottky barriers havarises which keeps its localized interface character across the
some further uncertainties presumably in the order of 0.1-gap and also in the conduction band energy regime. From the
0.2 eV. But since the differences &, for the three different comparison of the calculated Schottky barries to the experi-
structures are much larger than the estimated uncertainty, weental findings the C8 type interface seems to be the most
expect the calculated trend of barrrier height versus geometrgreferable one.
to be meaningful. From ballistic-electron-emission spectros-
copy (BEES measurements of Co$00)/Si(100) inter-
faces a value ofP,=0.38+0.03 eV (Refs. 23,24 was de-
rived. An increase tob,=0.42-0.03 eV (Ref. 24 was Work supported by the Austrian Science Foundation
ascribed to defects. The quasiparticle corrected V&II%PS' (FWF) under Project No. P10645-PHY. We thank also the
in Table V reveal that only structure C8 is consistent to theCenter for Computational Materials Scien@MS) for sup-
experimental value, Whereésgp" is are far too small for C6 port. Thanks also to K. Reuter, T. Meyer, and H. v niébfor
and far too large for C7. very helpful discussions.
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