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ABSTRACT: Using density functional theory, we investigate the structural,
vibrational, and dielectric properties of titanium oxides and silicates, which have
attracted considerable attention in the framework of the quest for alternative high-«
materials. For the oxides, three crystalline phases of titanium dioxide are considered.
The first two are hypothetical; they are obtained by similarity with the cubic and
tetragonal structure of zirconia ZrO, or hafnia HfO,. The third is the rutile, a crystal
that occurs naturally. For the silicates, we analyze a hypothetical TiSiO, structure
constructed by analogy with crystalline ZrSiO, and HfSiO, (zircon and hafnon).
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F or the last 10 years, the Semiconductor Indus-
try Association (SIA) has been publishing
road maps for semiconductor technology [1]. These
basically affirm the desire of the industry to con-
tinue with Moore’s law [2], which is often stated as
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the doubling of transistor performance and quadru-
pling of the number of devices on a chip every three
years. This phenomenal progress has been achieved
through the scaling of the metal-oxide-semiconduc-
tor field-effect transistor (MOSFET) to smaller and
smaller physical dimensions [3].

The narrowest feature on present-day integrated
circuits is the gate oxide, the thin dielectric layer
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that forms the basis of field-effect device structures.
So far, silicon dioxide has been the dielectric of
choice. The SIA’s road map indicates that the equiv-
alent thickness' of the of the gate dielectric will
need to be 10 to 15 A by 2004. As a result of
increased power consumption, intrinsic device reli-
ability, and circuit instabilities associated with sili-
con dioxide of such a small thickness (about 5 sili-
con atoms across), an alternative high-permittivity
(high-k) gate dielectric with low leakage current
and at least equivalent capacitance, performance,
and reliability is required. Considerable research
has been dedicated to the study of potential dielec-
tric-gate material candidates.

Replacing the SiO, with a material having a dif-
ferent dielectric constant is not as simple as it may
seem. The material bulk and interface properties
must be comparable to those of silicon dioxide,
which are remarkably good. For instance, thermo-
dynamic stability with respect to silicon, stability
under thermal conditions relevant to microelec-
tronic fabrication, low diffusion coefficients, and
thermal expansion match are quite critical.

Recent research on high-« dielectrics has primar-
ily focused on metal oxides and their silicates [4].
Among these, the group IVb transition metals Ti,
Zr, and Hf have generated a substantial amount of
investigations [5]. In particular, titanium dioxide,
which is known to exhibit dielectric constants of
80-110 depending on the crystal structure, is a
prime candidate for gate dielectrics [5-8]. Recently,
titanium silicates have also been considered as a
potential alternative for SiO, [9-11].

The dielectric properties of these materials con-
stitute an issue of great practical relevance. In par-
ticular, it would be helpful to understand the rela-
tion between the permittivity and the underlying
microstructure. In this framework, first-principles
calculations can provide useful indications, given
that relatively little experimental data are available.
So far, first-principles studies of the dielectric prop-
erties of high-k materials [12-18] have focused on
Zr and Hf oxides and silicates. In particular, it was
shown that the chemical homology of zirconium
and hafnium leads to similar properties for their
oxides and silicates. The aim of the present study is

! For a given gate oxide with a dielectric constant (), the
term equivalent thickness (t.,) represents the theoretical thick-
ness of SiO, that would be required to achieve the same capac-
itance density as the dielectric. If k is substantially higher than
that of SiO, (k,,) a much smaller equivalent thickness will be
achieved even with a larger physical thickness (f,nys): teq =
Kox/ K tphys'

to extend these calculations to titanium-based ma-
terials. Although the chemistry of the 4d and 5d
elements (such as Zr and Hf) is very similar, it
should be considerably different for the 3d metals
(such as Ti).

Using density functional theory (DFT), we inves-
tigate various model crystalline structures of Ti ox-
ides and silicates. We compute the phonon frequen-
cies at the I' point of the Brillouin zone, the Born
effective charge tensors,” and the dielectric permit-
tivity tensors. As a side question, we also discuss
the similarities and the differences related to the
three group IVb metals: Ti, Zr, and Hf.

The article is organized as follows. After a brief
account of the technical details in Section I, we
describe our four crystalline model structures
(three oxides and one silicate) and study their struc-
tural properties in Section II. The Born effective
charge tensors are analyzed in detail in Section IIL
The phonon frequencies at the I" point of the Bril-
louin zone are presented in Section 1V, and the
dielectric permittivity tensors are discussed in Sec-
tion V. Finally, in Section VI, we summarize our
results and conclude.

I. Technical Details

All our calculations are performed using the
ABINIT package, developed by the authors and
collaborators [20]. The exchange-correlation energy
is evaluated within the local density approximation
(LDA) to DFT, using Perdew and Wang’s parame-
terization [21] of Ceperley—Alder electron-gas data
[22].

Only valence electrons are explicitly considered
using pseudopotentials to account for core-valence
interactions. We use norm-conserving pseudopo-
tentials [23, 24] with Ti (3s, 3p, 3d, 4s), Si (3s, 3p),
and O (2s, 2p) levels treated as valence states.

The wave functions are expanded in plane waves
up to a kinetic energy cutoff of 45 Ha. For each
phase, the Brillouin zone is sampled by a
Monkhorst-Pack [25] mesh of k—points.3 The chosen
kinetic energy cutoff and k-point sampling of the

% In quantum chemistry, the Born effective charge tensors are
usually known as “atomic polar tensors” (see, e.g., Ref. [19]).

3 For ¢-TiO,, t-TiO,, and TiSiO,, our mesh corresponds to a
4 X 4 X 4 grid in the conventional unit cell, leading to 10, 12, and
15 special k-points in the irreducible Brillouin zone, respectively.
For r-TiO,, we use a 4 X 4 X 6 grid that results in 9 special
k-points in the irreducible Brillouin zone.

794

VOL. 101, NO. 6



TITANIUM OXIDES AND SILICATES AS HIGH-K DIELECTRICS

Brillouin zone ensure convergence of all the calcu-
lated properties.

II. Structural Properties

To investigate the dielectric properties of the
titanium oxides and silicates, we examine a set of
crystalline structures, which are reproduced in Fig-
ure 1. To model the oxides, we first consider the
hypothetical cubic and tetragonal phases, c-TiO,
and t-TiO, respectively, obtained by analogy with
the corresponding phases of HfO, and ZrO,.

In the cubic phase, represented in Figure 1(a),
TiO, takes the fluorite structure (space group
Fm3m), which is fully characterized by a single
lattice constant a. The Ti atoms are in a face-cen-
tered-cubic (fcc) structure and the O atoms occupy
the tetrahedral interstitial sites associated with this
fcc lattice. The primitive unit cell contains one for-
mula unit of TiO,, whereas the conventional unit
cell has four of them.

The tetragonal phase (space group P4,/nmc) can
be viewed as a distortion of the cubic structure
obtained by displacing alternating pairs of O atoms
up and down by an amount Az along the z direc-
tion, as marked by the arrows in Figure 1(b), and by
applying a tetragonal strain. The resulting primi-
tive cell is doubled compared to the cubic phase,

(b) tTiOy

(a) ¢-TiO,

(c) r-TiO,

L

FIGURE 1. Ball and stick representation of our four
model structures of titanium oxides and silicates: (a)
cubic TiO,, (b) tetragonal TiO,, (c) rutile TiO,, and (d)
TiSiO,. The Ti, O, and Si atoms are colored in light,
medium, and dark grey, respectively.

including two formula units of TiO,. The conven-
tional unit cell, reproduced in Figure 1(b), has four
formula units of TiO,. The tetragonal structure is
completely specified by two lattice constants (2 and
c) and the dimensionless ratio d, = Az/c describing
the displacement of the O atoms. The cubic phase
can be considered as a special case of the tetragonal
structure with d, = 0 and c¢/a = 1 (if the primitive
cell is used for the tetragonal phase, c/a = \/Q).

We also investigate the rutile phase, r-TiO,,
which occurs naturally. The rutile structure (space
group P4,/mnm) has a tetragonal unit cell with two
formula units of TiO,. The Ti atoms occupy the
body-centered-cubic positions and the O atoms are
at(u,u,0),1—u,1—-u,0),1/2-u,1/2+u,1/2),
and (1/2 +u,1/2 — u, 1/2), as reported in Figure
1(c). The rutile structure is completely specified by
two lattice constants (z and c) and the internal pa-
rameter u related to the positions of O atoms.

The r-TiO, is found to be the most stable of these
three models. At variance, for Zr- and Hf-based
oxides, the tetragonal structure is the most stable. It
is interesting to note that in the rutile phase the M =
(Ti, Zr, Hf) atoms are sixfold coordinated, but in the
cubic and tetragonal phases they are eightfold co-
ordinated. This is a first clear difference between Ti
atoms, on the one hand, and Zr and Hf atoms, on
the other. It can be related to the smaller ionic
radius of Ti*" (0.61 [26]) compared to Zr*" and
Hf*" (0.72 and 0.71 A, respectively [26]).

To simulate the silicates, we consider the TiSiO,
crystal defined by similarity with hafnon and zir-
con. It has a conventional unit cell which is body-
centered tetragonal (space group [4,/amd) and con-
tains four formula units of TiSiO,, as illustrated in
Figure 1(d). A primitive cell containing only two
formula units of TiSiO, can also be defined. The
positions of the Ti and Si atoms are imposed by
symmetry: they are located at (0, 3/4, 1/8) and (0,
1/4, 3/8) on the 4a and 4b Wyckoff sites, respec-
tively. The O atoms occupy the 16th Wyckoff sites
(0, u, v), where u and v are internal parameters.

In terms of the bonding environment of the var-
ious atomic species, the four models are very dif-
ferent. In r-TiO,, the Ti atoms are sixfold coordi-
nated to O atoms that are threefold coordinated. In
TiSiO,, the Ti atoms are eightfold coordinated to O
atoms that are threefold coordinated. In ¢-TiO, and
t-TiO,, the Ti atoms are also eightfold coordinated
but the O atoms are fourfold coordinated.

The calculated structural parameters of c-TiO,,
t-TiO,, 1-TiO,, and TiSiO, are reported in Table I.

INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY 795
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TABLE |
Calculated structural parameters of c-TiO,, t-TiO,,
r-TiO,, and TiSiO,.

chemistry of 3d metals with respect to 4d and 5d
metals.

c-TiO, t-TiO, r-TiO, TiSiO,
Lattice constants
a 472 4.71 4,53 6.21
c 4.93 2.92 5.81
Volume
Vv 26.29 27.34 60.12 112.03
Internal
parameters
u 0.3033 0.0591
v 0.1892
d, 0.0701
Interatomic
distances
Ti—O 2.04 1.89 1.93 1.95
2.29 1.94 2.19
Length in A.

Our results for r-TiO, agree well with experiment
[27] and a previous DFT calculation [28].
Although it was found that the structural param-
eters for Zr- and Hf-based oxides and silicates are
very similar [18], the values for Ti-based materials
can differ by about 5-10% from the former two. The
largest difference is found in the tetragonal phase
the Ti—O distance is found to be 10 and 13%
smaller than the Zr—O and Hf—O distances, re-
spectively. This is another evidence of the different

III. Born Effective Charge Tensors

For insulators, the Born effective charge tensor
[19] Z; g, is defined as the proportionality coeffi-
cient relating, at linear order, the polarization per
unit cell, created along the direction 5, and the
displacement along the direction o of the atoms
belonging to the sublattice k, under the condition of
zero electric field. The same coefficient also de-
scribes the linear relation between the force on an
atom and the macroscopic electric field. The Born
effective charge tensors are connected to the mixed
second-order derivative of the energy with respect
to atomic displacements and macroscopic electric
field [29]. The Born effective charge tensors of Ti, 5i,
and O atoms for the four crystalline structures are
reported in Table II.

Because of the symmetry of the cubic phase, the
Born effective charge tensors of Ti and O atoms are
diagonal and isotropic. The value of Z* is anoma-
lously large for Ti atoms compared to the nominal
ionic charge Z = 4. This behavior has also been
observed in the case of ¢-ZrO, and c-HfO, [14, 15,
18]. A detailed analysis of the physics of Born ef-
fective charges in the case of perovskite ferroelec-
trics (like PbZrO;) ascribed this effect to a mixed
covalent-ionic bonding [30].

In the tetragonal structure, the symmetry im-
poses that the Born effective charge tensor of Ti

TABLE 1l
Calculated Born effective charge tensors for Ti, Si, and O atoms in c-TiO,, t-TiO,, r-TiO,, and TiSiO,.
Atom c-TiO, t-TiO, r-TiO, TiSiO,
+6.40 0 0 +6.63 0 +6.36  +1.00 0 +591 0 0
Ti 0 +6.40 0 0 +6.63 +1.00 +6.36 0 0 +591 0
0 0 +6.40 0 0 +4.42 0 0 +7.52 0 0 +4.01
+3.56 0 0
Si 0 435 0
0 0 +4.83
—3.20 0 0 —4.76 0 —-3.18 —1.81 0 —1.20 0 0
0 0 -3.20 0 0 —1.94 —1.81 -3.18 0 0 —-354 -0.11
0 0 —3.20 0 0 —2.21 0 0 —3.76 0 —045 -2.22

For c-TiO, and t-TiO,, the Born effective charge tensors for oxygen atoms are the same, whatever their location, whereas for r-TiO,
and TiSiO,, they depend on the positions of the O atoms. The tensors presented for r-TiO, and TiSiO, refer to O atoms located at
(u, u, 0) and (0, u, v), respectively. The Born effective charge tensors for the other oxygen atoms can be obtained using the symmetry

operations.
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atoms is diagonal and only has two independent
components: parallel (Z‘T) and perpendicular (Z7) to
the c axis. The tensor is very anisotropic: the value
of Z7 is 3% larger than the one calculated for the
cubic phase, whereas Zﬁ‘ is more than 30% smaller.
This is another manifestation of the different behav-
ior of Ti atoms compared to Zr and Hf atoms.
Indeed, in their tetragonal oxides, the Born effective
charge tensors of Zr and Hf atoms were found to be
quite isotropic [14, 15, 18]. The Born effective charge
tensor of the O atoms is also diagonal, but with
three independent components. It is even more
anisotropic than the tensor of Ti atoms: the ratio
between the largest and the smallest components is
about 2.5. This ratio is only 1.6 for t-ZrO, and 1.4 for
t-HfO,. Such a strong anisotropy of the Born effec-
tive charge tensor of O atoms has already been
observed in SiO,-stichovite [31] and TiO,-rutile
[28].

In the rutile structure, the Born effective charge
tensors of Ti or O atoms have only three indepen-
dent components: Z7,, Z5,, and ZZ.. Indeed, Z;, and
Z,, are equal to Z7, and Z7, respectively, and the
other components are zero. Our calculated Born
effective charge tensors agree well with those of a
previous DFT calculation [28]. When we take a
coordinate system whose axes are along the [110],
[110], and [001] directions, the tensors are diagonal-
ized. In this coordinate system, the principal values
are (+7.35, +5.36, +7.52) for Ti atoms and (—4.99,
—1.37, —3.76) for O atoms. In this latter case, the
ratio between the largest and the smallest compo-
nents is about 3.6. The anisotropy is even larger
than in the tetragonal phase.

In the TiSiO, structure, the local site symmetry of
Ti and Si atoms is rather high (4m2). The born
effective charge tensors of Ti and Si atoms are di-
agonal and have only two independent compo-
nents: parallel and perpendicular to the tetragonal
axis, Zfand Z7, respectively. The local site symme-
try of the O atoms has only a mirror plane. As a
consequence, the Born effective charge tensors of O
atoms are not diagonal and depend on five inde-
pendent quantities. We examine the tensor for the
O atom located at (0, u, v), which is reported in
Table II. The Born effective charge tensors of the
other oxygen atoms can be obtained using the sym-
metry operations. For this particular atom, the mir-
ror plane is perpendicular to x. Note that Z;. and
Z;} are different, but rather small, making the Born
effective charge tensor almost diagonal. To charac-
terize the anisotropy of this tensor, we select its
symmetric part and diagonalize it. The principal

values are (—1.20, —3.60, —2.16) and the principal
direction associated to the largest principal value
forms an angle of about 18° to the y axis.

On the one hand, the largest component of the
Born effective charge tensors and the strongest an-
isotropy are found in the rutile phase. On the other
hand, the TiSiO, phase is the one for which the
components of the Born effective charge tensors are
the closest to their nominal values. These differ-
ences can be related to the different bonding envi-
ronment in the various systems (see Section II).

IV. Phonon Frequencies at the
I' Point

The theoretical group analysis [32] predicts the
following irreducible representations of optical and
acoustical zone-center modes:

[etio, = FZg ® F. @ Fu
—— —— ——
Raman IR Acoustic

1-‘t—TiOz = fqlg @ 2B1g @ 3Eg @ AZu @ 2Eu

Raman IR
@ A2u @ Eu @ BZu
—
Acoustic Silent

[0, = A\lg ©) Blg ©) BZg ©) Eg @ Ay, @ 3E,

Raman IR

@ AZu @ Eu @ AZg @ 2Blu
H_J \ ;

Acoustic Silent

FTiSiO4 :\2A1g @ 4B1g @ B2g @ 5E§ @ \3A2u @ 4Eju

Raman IR

@ AZu @ Eu @ ?111 @ AZg @ Alu @ ZBZuJ

Acoustic Silent

Although the space group differ for t-TiO,, r-TiO,,
and TiSiO,, their point group (4/mmm) is the same.
Hence the same notations appear in the irreducible
representations of the zone-center modes.

Because of the nonvanishing components of the
Born effective charge tensors, the dipole-dipole in-
teraction must be properly included in the calcula-
tion of the interatomic force constants [29, 33, 34]. In
particular, the dipole-dipole contribution is found
to be responsible for the splitting at the I' point
between the longitudinal and transverse optic (LO

INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY 797
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TABLE 1l

Fundamental frequencies of c-TiO,, t-TiO,, r-TiO,,
and TiSiO, (in cm™~") with their symmetry
assignments. In t-TiO,, the E,, mode with an
imaginary frequency tends to break the symmetry
imposed in the calculation and implies an instability
of the structure.

Mode c-Ti0, tTiO, rTiO,  TiSiO,

Raman
A1) 381.6 636.2 383.2
A1) 1011.4
Bi,(1) 351.2 115.7 258.9
B14(2) 668.6 417.6
B14(3) 627.2
Bi4(4) 1047.2
Bag 844.1 262.9
E (1) 130.4 481.1 194.3
E,(2) 435.2 242 .4
E,(3) 730.6 430.1
Ey4) 544.3
E4(5) 9454
Fag 618.6

Infrared
A, (TO1) 429.0 204.3 318.7
A, (LO1) 678.0 779.1 482.4
Az, (TO2) 606.4
Ay, (LO2) 630.5
A, (TO3) 1000.3
A,, (LO3) 1106.1
E, (TO1) 116.0i 179.9 303.4
E, (LO1) 165.8 354.1 374.0
E, (TO2) 496.3 404.1 3741
E, (LO2) 850.1 448.2 4141
E, (TO3) 502.2 4331
E, (LO3) 824.7 496.8
E, (TO4) 876.7
E, (LO4) 1047.6
F,, (TO) 176.5
F,, (LO) 685.5

Silent
B,.(1) 125.7 124.7
Azg 419.3 250.1
Ay 418.3
B, 423.0
B,,(1) 660.1 547.3
B,.(2) 969.2

and TO, respectively) modes F,, in c-TiO,, E, (per-
pendicular to c) and A,, (parallel to ¢) in t-TiO,,
r-TiO,, TiSiO,.

The calculated phonon frequencies are reported
in Table III. Our results for r-TiO, differ by less than
2-3% from those of another first-principles calcula-

tion [28]. In t-TiO,, one E, mode has an imaginary
frequency. This corresponds to a negative curva-
ture of the total energy dependence on the atomic
positions, hence to a saddle point. This vibration
mode tends to break the symmetry imposed in the
calculation. Hence, the tetragonal structure is found
to be unstable.

The lowest infrared active modes are found for
the cubic and the rutile phases at about 180 cm !
(F;, mode in c¢-TiO,, and the first E,, mode in r-
TiO,). Comparatively, the lowest infrared mode in
TiSiO, presents a much higher frequency (about
300 cm ). This will have a direct effect on the
contributions to static permittivity tensors, as we
will discuss hereafter.

The atomic motions associated to the various
vibrational modes have been described in detail in
the literature. The interested reader will refer to
Refs. [35-37] for c¢-TiO, and t-TiO,, Ref. [30] for
r-TiO,, and Refs. [12, 38] for TiSiO,.

V. Dielectric Permittivity Tensors

The calculated values of €., and ¢, are reported in
Table IV. In the tetragonal phase, the instability
found for the E,, mode precludes the calculation of
€y. In the cubic phase, the electronic (e..) and static
(ep) permittivity tensors are diagonal and isotropic.
In the other three crystals, the tensors are still di-
agonal by symmetry, but have two independent
components € and €,, parallel and perpendicular
to the ¢ axis, respectively.

For a deeper analysis of the static dielectric ten-
sor, we can rely not only on the frequencies of the
IR-active modes, but also on the corresponding
eigendisplacements and Born effective charges. In-
deed, the static dielectric tensor can be decomposed
in the contributions of different modes as follows
(see Ref. [39]; we follow the notations of Ref. [29]):

. . 4 Siap
Egs(w) = €qp T E Aem,aﬁ =€ T (To 2 —, (1)

w m

m

where (), is the volume of the primitive unit cell.
S,uap 15 the mode-oscillator strength, related to the
eigendisplacements U, (k) and the Born effective
charge tensors by

Sm,aB = (E Z:,aa’u;(Ka’))< Z Z:,Bﬁ’um(K,B’)>‘

KB’

(2)
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TABLE IV
Electronic and static dielectric tensors of c-TiO,, t-TiO,, r-TiO,, and TiSiO,.*
t-TiO, r-TiO, TiSiO,
c-TiO, I L [ L I 1

€., 9.11 6.66 8.81 8.57 7.49 5.52 5.56
Ae, 128.36 116.16 81.65 9.90 11.54
Ae, 2.90 0.31 0.00
Aeg 5.23 1.01 0.46
Ae, 1.88
€ 137.47 124.74 96.28 16.73 19.44

* The static dielectric tensor for t-TiO, cannot be calculated because of the instability of the phase (see discussion in the text). In all
cases, the tensors are diagonal. For the cubic phase, it is also isotropic; for the other three phases, the tensors have different
components parallel () and perpendicular (L) to the ¢ axis. The contribution of each of the IR-active modes for c-TiO,, r-TiO,, and
TiSiO, are also indicated. In c-TiO,, the contribution originates from the F;, mode. In r-TiO, and TiSiO,, the phonon mode
contributions to €}, come from the A,,, modes, while the contributions to e} are related to the E, modes.

Displacements are normalized according to the con-
dition

> MU, («B)FU,(KB) = 8, (3)

KB

where M, is the mass of the ion k.

The contribution of the individual modes Ag,, to
the static dielectric constant are indicated in Table
IV (except for the t-TiO, phase), while the oscillator
strength tensors are reported in Table V. This tensor
is isotropic for the F;,, mode in the cubic phase. For
the other phases, it is necessary to distinguish the

TABLE V

Components of the oscillator strength tensor S,,, for
each of the IR-active modes for c-TiO,, t-TiO,,
r-TiO,, and TiSiO,.

c-TiO, t-TiO, r-TiO, Tisio,,
S, S, S, S,

A1) 11.18 32.33 12.53
A2 1.41
A,,(3) 12.49
E,() 6.20 17.62 13.22
E,( 20.91 3.17 0.00
E,(3) 7.12 1.08
E,(4) 18.05
F 11.69

-
<

The description of the tensor’s structures corresponding to
the various types of modes is given in the text.

The oscillator strengths are presented in 10°% au (1 au =
0.342036 m?/s?).

directions parallel and perpendicular to the tetrago-
nal axis for the A,, and E, modes. We indicate the
parallel-parallel component for the A,, mode, and
the perpendicular—perpendicular component for
the E, modes.

For each symmetry representation (A,, and E,),
the lowest and highest frequency modes exhibit the
largest oscillator strengths. Despite their similar os-
cillator strengths, the modes of lowest frequency
contribute much more to the static dielectric con-
stant than the modes of highest frequency, the fre-
quency factor in Eq. (1) playing a crucial role. That
is particularly true for the c-TiO, compared to c-
ZrO, and c-HfO,. In this case, the frequency of the
F,,, mode in the titanium oxide is more than 35%
smaller than in the other two oxides. This reduced
frequency as well as the increased Born effective
charge (see discussion in Section III) leads to a static
dielectric constant more than 4 times larger in c-
TiO,.

In TiSiO,, this effect is much less pronounced so
that €, is considerably smaller than in c-TiO, and
r-TiO,. For TiSiO,, we find theoretical values of
16.73 and 19.44 for € and €7, respectively. The only
available experimental data for Ti silicates have
been obtained for deposited amorphous films [10].
Values ranging from 11 to 16 are found. However,
these numbers should be taken with great caution
given the possible presence of interfacial oxides,
which contribute to reducing the dielectric constant
of the film. Regarding our theoretical values, it
should be noted that the LDA to density functional
theory tends to overestimate e, by about 10%,
meaning an overestimation of €, by 2 or 3%. Be-
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sides, it has been proposed recently that the anom-
alous part of the Born effective charges might be
exaggerated within LDA if self-interaction correc-
tions are not explicitly taken into account [40].
Hence the resulting contributions Ae,, are also over-
estimated. Globally, it can considered that the
agreement between our results and experiments is
quite reasonable.

It is also interesting to note that the static dielec-
tric constant is found to be larger in ¢-TiO, than in
r-TiO,, that is when Ti atoms are eightfold coordi-
nated rather than sixfold. On the contrary, for Zr
atoms, it has been found in a previous first-princi-
ples study [17] that ZrOg structural units contribute
the most to the static dielectric constant. Here,
when Ti atoms are eightfold coordinated, there ex-
ist a very soft mode (it can be so soft that the
structure becomes unstable in the case of the tet-
ragonal phase) that contributes to increasing €, very
significantly. This difference can again be related to
the smaller ionic radii for Ti*" as discussed in Sec-
tion IL

VI. Conclusion

Using DFT, we have investigated the structural,
dynamical, and dielectric properties of Ti oxides
and silicates, which are very promising high-« al-
ternatives to the conventional SiO, gate dielectric.
We have considered three crystalline oxides (the
hypothetical cubic and tetragonal phases built by
analogy with hafnia and zirconia phases, and the
naturally occurring rutile phase) and one crystalline
silicate similar to hafnon and zircon.

The structural properties of these different
phases have been calculated and discussed. The
rutile phase is found to be the most stable oxide at
variance with ZrO, and HfO, for which the tetrago-
nal phase is more stable. This different behavior can
be related to the smaller ionic radius of Ti*" com-
pared to Zr*" and Hf**.

The Born effective charge tensors have been an-
alyzed in detail showing anomalously large values
for Ti and O atoms compared to their nominal
values. In t-TiO, and r-TiO,, a strong anisotropy
was found in the Born effective charge tensors of O
atoms, indicating a mixed covalent-ionic bonding
between Ti and O.

The phonon frequencies at the center of the Bril-
louin zone have been computed. The cubic and the
rutile phases show an infrared-active mode with a
very low frequency. The The t-TiO, structure was

found to be unstable, with a vibration mode that
tends to break the symmetry imposed in the calcu-
lation.

The electronic and static dielectric permittivity
tensors have also been determined within pertur-
bation DFT. A detailed analysis of the contributions
of the different vibrational modes has been per-
formed (except for t-TiO,), including computation
of the oscillator strength tensors. Our analysis re-
veals that when Ti atoms are eightfold coordinated
to O atoms (like in ¢-TiO,) rather than sixfold (like
in r-Ti0,), a very soft mode significantly contrib-
utes to increasing the static dielectric constant. Try-
ing to stabilize this type of bonding environment
might be an interesting way to improve the dielec-
tric properties of high-k dielectrics.
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Erratum: Titanium Oxides and Silicates
as High-k Dielectrics: A First-
Principles Investigation
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In the caption of Table V, the conversion factor for the oscillator strengths is wrong: 1
au = 253.2638413 m>/s?. This correction does not affect the main results and
conclusions. We are sorry for any inconvenience this may have caused.
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