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Electronic structure and bonding properties of titanium silicides
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We present aab initio full-potential linear muffin-tin orbital study of the structural and electronic properties
of seven compounds of the binary Ti-Si system. The calculations were done with the compounds in their
proposed stable structures, which #® Ti, D8g TisSi3, B27 TiSi, TiSi in distortedL1,, C49 TiSi, C54
TiSi,, andA4 Si. The calculated enthalpies of formation reproduce the observed sequence of stable structures
and agree reasonably well with the values deduced from experiments. The paper ends with an analysis of the
electronic structure and the bonding in the stable phases, which shows that the properties of the experimentally
observed stable phases differ considerably from those of the hypothetical unstable structures. Therefore, the
latter represent a poor model for the bonding in some of the stable Ti-Si compounds. We suggest that the
bonding in these structures has a complex character extending beyond simple Ti-Ti and Ti-Si pairwise inter-
actions.[S0163-182808)06707-]

I. INTRODUCTION the d band broadening contribution to the stability of the
lattice.
The extensive studyl6 of transition-metal silicides is re- This paper is organized as follows. Section Il reviews the

lated to their applications in silicon technology as Ohmiccrystal structures of the titanium silicides. Qaly initio cal-
contacts, low-resistivity interconnects, and Schottky barriersculations and the resulting equilibrium structural parameters
The refractory disilicidesRSi, (R in groups IV-VI) are es- Of the Ti-Si system are presented in Sec. lIl. Finally the
pecially attractive in such applications because of their highresults (_)f our examination of the electronic structure are pre-
temperature stability and their high electrical conductanceSented in Sec. IV.

The major interest has been in the group-VIIl disilicides

CoSi, and NiSk,. Unlike the refractory disilicides these form Il. THE BINARY SYSTEM Ti-Si

in high-symmetry structures, which has made an intense
study possible. Recently there has been a growing interest in
iron silicides®® mainly because the semiconducting stable The Ti-Si phase diagraft,exhibits the following ordered
phases-FeSi, can be used in optoelectronic devices. ThePhases: BSi, TisSk, TigSi, TisSis, TiSi, and TiS. This
refractory disilicide TiS}, in the C54 structure, is an excel- Paper does not treat the three phasegSii TigSi;, and

lent candidate for applications in intergrated circuit intercon- 5o due to the large number of atoms per unit cell. The
nection scheme¥, and is today the most commonly used investigated stable phases and their structural data are pre-

silicide in the 0.35um generation of circuits® Other crys- sented in Table 1. In the “site” column we give the Wyckoff

: o S ' . letters. The sum of multiplicities is the number of atoms per
talline titanium silicides are interesting because they are

corrosion-resistive compounds. The Ti-Si svstem has aISconventional unit cell. This should be divided by 1, 2, and 4
. . P ' y fo obtain the value for the primitive cell for space groups
received interest as an amorphous affdy.

. 1o ... Starting withP, C, andF, respectively. The “special posi-

The theoretical ,SIUd'é% Y have been focused on TiSi  iqn» js given in a fraction of the basis vectamultiplied
Some attempts, with the use of high-symmetry crystal strucy;it 1000 or 10 00@ A complete list of all other points in
tures, have been made to understand the electronic structuigs \wyckoff set is given elsewhef@.
in TiSi and Ti3Si.° Because of the crucial interplay between
structure and bonding we have instead studied the proposed
stable low-symmetry structures. This will give a better pic-
ture of the electronic structure and the bonding properties in  Throughout this paper we use tBérukturberichtiabel?
this system. A3, D8g, B27, C54, C49, A4 for Ti, TisSi;, TiSi in FeB

The understanding of the bonding in transition-metalstructure, TiSj in TiSi, structure, TiSj in ZrSi, structure,
silicides® can be found in terms of covalent hybridization of and Si phases, respectively. Where this is not possible, i.e.,
atomic states and the increase of tttebond length. When a  for the distortedL 1, propsed by Ageev and Samsonov, we
transition-metal element and a Si atom are brought togethetuse the notatiolAG. Figures 1-5 give projections for the
the metald states hybridize with the states forming a treated phases. In all figures the small circles are Si atoms
bonding hybrid that is more tightly bound than either of theand the large ones are Ti atoms. The shading of the circle
states from which it is formed. Not all of the states will indicates the height above the projection plane. From white
have the correct symmetry to form these bound hybrids, reto black this is 03, 3, and? of the lattice vector normal to
sulting in nonbonding states. The increase in ttebond  the plane. Throughout this section distances are based on the
length, caused by the insertion of the Si atoms, will decreasexperimental volume.

A. Stable phases

B. Geometry
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TABLE |. Structural dataRef. 26 for the treated TiSi phases.

Composition  Structure  Space group Site Special position Ryt Prototype
Ti A3 P63/mmc Ti 2a 0 0 0 2.64 Mg
TisSis D8 P6s/mcm Ti; 4d 333 667 000 @ 2.42 MySis

Ti, 69 240 000 250 2.30

Si 69 615 000 250 2.42

TiSi B27 Pnma Ti 4c 179 250 127 2.85 FeB
Si 4c 030 250 620 2.05

AG Pmn2 Tiy la 0 0 0 2.265 TiSi

Ti, 1b 000 500 000 217
Ti, 1c 500 000 500  2.30
Ti, 1d 500 500 500 255
Si, 29 000 766 625 2.27
Si, 2h 500 288 078 217

TiSi, C54 Fddd Ti 8a 0 0 0 2.43 TiS}
Si le 3365 0 0 2.39
C49 Cmcm Ti 4c 0000 1022 2500 2.65 Zri

Siy 4c 0000 4461 2500 2.00
Si, 4c 0000 7523 2500 2.00

Si A4 Ed3m Si 8a 125 125 125 2.22 Diamond

Figure 1 shows amb projection of the hexagonal struc-
ture D8g. From Table | we see th&@ 84 has Ti atoms in two
inequivalent sites (d and &3). In Fig. 1 these correspond to
the white and dark gray @ and the black and light gray
(69g) circles. Ti; has two Ti, first neighbors, six Si second
neighbors, and six i third neighbord d®=4.86 (=c/2),
d®=4.99,d®=5.97 a.u]. Ti, has two Si first neighbors,
three Si second neighbors, two,Tthird neighbors, four Tj
fourth neighbors, and four Tififth neighbors (1)=4.73,
d®=5.27,d®=5283,d*=5.91,d®=5.97 a.u. Si has
two Ti, first neighbors, four Tj second neighbors, three Ti
, third neighbors, and four Si fourth neighbord{=4.73,
d®=4.99,d®=527,d*=7.27 a.u.
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FIG. 1. ab projection and side view foD 8g.

Figure 2 shows th827 structure. Each Ti atom has seven
Si atoms in the range of 4.92-5.13 a.u. and six Ti atoms at
6.06 a.u. The Si atoms have two nearest Si atoms, with
d®=4.18, which is 95% of the distance A%, and eight Ti
atoms within the range 4.92-5.13 a.u.

Figure 3 shows the structure proposed by Ageev and
SamsonoV? The structure resembles thd , structure, with
the positions of the Si somewhat distorted.

The refractory disilicides form a variety of complicated,
low-symmetry structures. Despite their differences, they
share a common structural element, nearly hexagBis
layers®* TiSi, forms in two structures, the orthorhombic
structuresC54 andC49. A common feature of these struc-
tures is that each Ti atom is surrounded by ten Si atoms.

Figure 4 shows a projection of the conventional unit cell
onto theab plane forC54. This structure is face-centered
tetragonal. The layer structure is just ABCD stacking of
equivalent plane&heC11, is the AB stacking with the same
registry. Ti has four Si first neighbors, four Si second neigh-
bors, two Si third neighbors, and four Ti fourth neighbors
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FIG. 2. cb projection forB27.
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FIG. 3. cb projection forAG. FIG. 5. ab projection forC49.

(dM=4.83,d»=5.21,d®=5.26,d)=6.06 a.u. Si has The basis set for the second panel consistedsof3p, 3d

two Si first neighbors and two Ti second neighbot8™{  orbitals on the Ti sites ands33p orbitals on the Si sites. The

=4.79,d?=4.83 a.u. muffin-tin radii are given in Table I. These radii lead to
Figure 5 shows the other structure at 67% GA49. This  packing fractions of 0.72, 0.54, 0.66, 0.50, 0.56, 0.61, and

structure is just a two-layer stackindB’), but with differ-  0.34 for theA3, D8g, B27, TiSi in TiSi, C49, C54, andA4,

ent registry than that i€54. Each layer looks very similar to respectively. To decrease the volume of the interstitial region

that of C54, being just stretched along tleaxis. Each Ti in the diamond structure Si, empty spheres were included in

atom has four Si atoms as nearest neighbdf¥€4.98) and  the usual way. The quality of thie-point mesh in the cor-

ten Si atoms in the range 4.98-5.31 a.u. The nearest Ti-Tiected tetrahedron method is determined hik;

distance isd®=6.31. Si, has four first Sj neighbors and =|b;|/nkp;, wherenkp, is the number ok points alongp; .

two Ti second neighborsd{’=4.83,d?=5.09 a.u. Si, In a single calculation the number kfpoints along the dif-

has two first S} neighbors and four Ti second neighbors ferent basis vectors was chosen in such a way that

(dM=4.41,d®=4.98 a.u. =Ak,=Ak;. The same qualitk mesh was used in all cal-
Note that in the case dD8g the Ti-Ti nearest-neighbor culations to ensure maximum cancellation of numerical er-

distance is just 89% of that iA3. Assuming that theld rors and to obtain accurate energy differences. Calculations

interatomic matrix elements decrease as the fifth power oghow that the error in the total energy is less than 1

the distancé? they should be about 80% larger 85 than ~ mRy/atom with respect to thie-space integration error.

in A3. To be consistent, the minimum energies from the LMTO

program were used even though this underestimated the lat-

tice constant. Murnaghan’s equation of state was used to

determine bulk moduli and equilibrium volumes. The self-
For comparison calculations were done for some earlieconsistency loop was converged within 1 mRy/atom.

used hypothetical high-symmetry structures. These structures In our calculations we used experimental vaf§der all

were TgSi in L1,, TiSi in NaCl andL1,, TiSi, in C11,, internal parameters of the proposed stable structures. To ob-

and TiSg in L1,. tain the true theoretical equilibrium structure one should re-

lax the structure with respect to all its internal parameters. In

the Ti-Si system this is a horrible task when we have 2-4

coordinates and the/a and b/a dependence of the total
Our calculations were done with a full-potential version energy, but in the case of the hypothetical struc@id,, we

of the linear muffin-tin orbital(LMTO) method”?® with  have relaxed the structure with respect to tia ratio.

nonoverlapping spheres. The contributions from the intersti-

tial region were accounted for by expanding the products of

Hankel functions in a series of atom-centered Hankels of A. Density of states(DOS)

three different kinetic energies. The corrected tetrahedron |y Fig. 6 we present the total DOS for the treated Ti-Si

method® was used for Brillouin zone integration. Electronic stryctures. In the case of TiSour results agree well with

exchange and correlation contributions to the total energy

were obtained from the local-density functiotfatalculated 400

by Ceperley and Aldét and parametrized by Vosko, Wilk,
and Nusaiﬁz =or DSSM WMWM 1

Three LMTO envelopes were used with the tail energies ‘

—0.01, —1, and—2.3 Ry. In the first two of theses,p,d 2o B MWMM

orbitals were included and in the last one oslgndp were :

used. It was necessary to treat the i 8nd 3 states as 2001 AGM/’\M

semicore states, i.e., to do a so-called two-panel calculation. .
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FIG. 6. Total DOS for the different phases. From the top to the
FIG. 4. ab projection forC54. bottom:D8g, B27, AG, C49, andC54.

C. Hypothetical structures

Ill. CALCULATION METHOD
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g trons of Si have strong effect on the bonding in this system.
§ 00 . P LM"l"O TAG Y Using the data obtained from Murnaghan’s equation of state,
o ) LL o VY it is possible to calculate the entalphy as a function of the
é * Expt o pressure. At 50% Si we obtain the following transition se-
§ TN NaCl° / 1 quence: FeB.10 (35 GPa NaCl (195 GP3, where the num-

‘g AN // bers indicate the transition pressure.

& 400t le\“\ o

5 N\ L LClLe IV. THE Ti-Si BOND

> \ ¥

§ . D8 \*. - B27, o4 . ' The nature of the chemical blond in transitior)-metal sili-
- %0 200 400 0 800 1000 cides has been extensively studied both theoretitafyand

Si (conc. %) experimentally’ 1%13-15A fundamental distinction between

the bonding of Si and of many silicides is the absencepsf
hybridization in the silicides. Exceptions to this are CpSi

and NiSi, where thesp® hybrids form directed covalent
other calculationd?13The Fermi level is taken as the zero of Ponds with the metad orbitals/™°
energy. The DOS at the Fermi levels argin One way to distinguish between ionic and covalent char-
states/atom Ry] 13.2 (D8g), 2.80 (B27), 9.33 AG), 5.41  acter of the bonding in a compound is to examine the decom-
(C54), and 4.46 C49). For the two hypothetical structures posed DOS. If the bonding is strongly covalent, the states
at 50% Si the values are 4.02 and 5.35 for TiSi in NaCl and"om different sites are strongly mixed and one would except

L1,, respectively. We see from Fig. 6 that for all structurestn® decomposed DOS to be very similar on all sites. If the
exceptAG, the Fermi level lies in a dip of the DOS, which bonding is primarily ionic the decomposed DOS would be

reduces the band-structure energy, and often correlates witfg"y dissimilar on sites with different atoms. To deduce the
the structural stability. amount of hybridization in the DOS we decomposed the

DOS into ‘“site” contributions.
B.AH. B. andV Another way to characterize the degree of covalent bond-
R 0 ing is to calculate the charge density differendep(r),
We present here our calculated results for the equilibriunwhich is defined by the expression
volumeV,, bulk modulusBg, and the enthalpy of formation
AH, for the seven compounds in the Ti-Si system. Theoret-

1/32' iesultsxrefﬁrmtdr']t: Iov ulncor:e;:t(ra? f?r zr?]rf—r;:]om: Tort'o?\i wherepysiais the s_glf—f:onsiste_nt charge density o_btained at
th ftehas € Fe nenta af[_ltj_(:zHe € dOVOO empe ta(l; €. NOol§r calculated equilibrium lattice constant, apg,, is the
at the extensive quantit and Vo aré reported per uperposition of atomic charge density at the same lattice

aiom m;he pre7serr1]t pap?hr, I.€., dlylde%gy(tjhtehtotallnulmtb((ejr Otonstant. In regions of positive contribution, charge has piled
atoms. Figure /7 shows the experimentaind the calculate up and corresponds to “bonding” electrons, while regions

values for the enthalpy of formation, together with the hypo-Wi,[h negative contribution correspond to “antibonding”

tetical structures. Remarkable is the very high value for thestates The location of the maximumanp(r) relative to the
AG structure. From the size of this value it seems unreasc’nélectronegative atom indicates the degree of ionic bonding,

able that this structure would be stable. As mentioned abovg . -
> . r more loosely speaking the charge transfer from the cation
AG has the highest DOS at the Fermi lev&r 50% Sj, to the anion y sp 9 9

while B27 (the most stablehas the lowest value. The theo- In order to emphasize bonding characteristics, “valence”

retical equilibrium volumes are presented in Table Il. Theop, 40 gensity results presented here exclude the core and
values for the volumes are underestimated by a few percent, micore contributions

in all stable structures. In Table Il we give the bulk moduli
for the different stucture¥ It can be seen from Table Il that
addition of Ti to pure Si and addition of Si to pure Ti has a
large (63% and 26% correspondingleffect on the bulk
modulus, indicating that bottl electrons of Ti and elec-

FIG. 7. The calculated and experimental values for the enthalp
ies of formation.

Ap= Pcrystal™ Psup»

A. Bonding in C54

Figure 8 shows the decomposed DOS &54. At ener-
gies well below the Fermi level the dominant contribution is

TABLE Il. Calculated and experimental values for the equilibrium volumes and the bulk moduli.

Composition Structure Vo [(a.u)®/atom] B, (GPa
LMTO Expt. (Ref. 26 LMTO Expt. (Ref. 39

Ti A3 109.7 119.2 125.3 105.1
TisSi D8 98.2 103.6 157.4
TiSi B27 97.3 100.4 172.2

AG 104.9° 98.5
TiSi, C54 91.5 95.4 176.4 ~170

C49 92.9 101.0 153.9
Si A4 133.0 134.9 94.9 98.8
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FIG. 8. Decomposed DOS far54.

from the Si sites. From experiméfiit is known that we
have a concentration of $i states in the range of 0.15-0.5
Ry below theEg. In this region the Tid states become
important, and the two curves are covarying, suggesting the
crucial role of hybridization. Next, a quasigap opens up in
the Si density, which extends t00.2 Ry aboveEg . Above

this quasigap the Si density again starts to covary with the Ti
density. The Ti states have a peak centered at the quasigap,
but there is a major overlap with the two peaks of $i 3
character on each side of the quasigap. It has been $flown FIG. 10. Charge-density difference in the plane0.75c. The
that the quasigap has its origin in the Ti-Si interaction. Thisatoms are located in the center of each “figure.” Above: negative
hybridization pushes down states in energy, which results i'Eurves. Below: positive curves. The magitudes are 7, 5, 3, and 1
bonding states. Some of tiiestates are not allowed by sym- pijjielectrons(a.u)® for long-dashed, short-dashed, dotted, and
metry to form these bonding states, resulting in antibondingjot-dashed lines.

states above the quasigap.

Figure 10 showsa p for the[110] plane through the black
B. Bonding in D8g atoms in Fig. 1. For clarity the negative and positive contri-

From the decomposed DOS, presented in Fig. 9, threButions have been separated into two panels. The right pic-
conclusions can be drawft) The low-lying state is prefer- ture shows that charge has moved into the interstitial region

ably Si 3s. The low value from the Ti DOS in this energy in this plane. We also see that there is no direct bonding
range is probably due to the nonuniqueness of the site gdetween the Tj atoms. Instead one Si atom and two, Ti

composition.(2) Above the gap, at-0.5 Ry, all curves fol- atoms bond to the region in betweep. . .
b 2 gep y Figure 11 shows the charge density in a plane perpendicu-

low each other, suggesting hybridization. We also see thﬂt h : his ol h h X
there is a separation between the bonding and antibonding" {© theab plane. This plane goes through &, Etom and
S nearest Si neighbor. To the right of the central “column”

d regions. Such separation is a characteristic of > .
P g P h of Ti atoms there are two black Si atoms. Charge has moved

covalency?® (3) The two Ti curves stop following each . . ; ) .
into the interstitial region. In the lower picture, there is a

other. If bonding only occurred between symmetry inequiva-' ", b b Ti and Si that h ined
lent atoms the curves should covary. This indicates bondingeg'on' as above, between two Ti and one Sl that has gaine

between equivalent atoms. To support these ideas we havdarge- A difference is that the “orbitals™ in the lower pic-
calculated the charge density in different planes.
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FIG. 11. Charge-density difference in the plane that contains a
Ti, atom and its closest Si atom. The labels indicate the positions of
the atoms. Above: positive curves. Below: negative curves. The

FIG. 9. Decomposed DOS fd»8g. Ti, is sited at 4 and Ti magitudes are 7, 5, 3, and 1 millielectraiasii)® for long-dashed,
at 6g. short-dashed, dotted, and dot-dashed lines.
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ture point towards each other, indicating direct bonding bededuced from experiments. One of the proposed stable struc-
tween Ti; atoms. As mentioned above, tidel interatomic  tures turned out to be very unstable in our calculations. Due
matrix elements are about 80% lagerD8g than inA3. to the low symmetry, the possibility of a more complex
As in the case ofC54, there exist a quasigap in the Si bonding character arises. The charge density in these phases
density of states. The origin of the quasigap can be examinediffers considerably from that in the hypothetical unstable
through a calculation of the DOS of the hypothetical case oftructures. Therefore, the latter presents a poor model for the
Si in D8g without Ti atoms. These calculations do not showbonding in these phases. From the analysis of the bonding in
a quasigap in the DOS. From the disappearance of the quaghese phases it is clear that a two electron bond model can be
gap with the removal of the Ti-Si coupling we argue, as inexcluded and that there is hybridization betweers Sband
the case 054, that the quasigap in the Si density is a directand the 3 electrons. This hybridization is responsible for
result of hybridization of the Td states with the Sipband. the opening of a quasigap in the Si DOS.

V. SUMMARY
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