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Using density-functional theory, we investigate the structural, vibrational, and dielectric properties of Hf and
Zr oxides and silicates which have drawn considerable attention as alternative high-k materials. For the
silicates, we consider hafnon HfSiO4 and zircon ZrSiO4; while for the oxides, we study the cubic and tetrag-
onal phases of HfO2 and ZrO2. Special emphasis is put on the analysis of the differences and similarities
between Hf and Zr in these materials. In particular, we discuss the Born effective charge tensors, the phonon
frequencies at theG point of the Brillouin zone, and the dielectric permittivity tensors. Our study reveals
very similar properties of Hf and Zr compounds, which are essentially related to the chemical homology of
Hf and Zr.
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I. INTRODUCTION

The narrowest feature on present-day integrated circui
the gate oxide, the thin dielectric layer that forms the basi
field-effect device structures. So far, silicon dioxide has b
the dielectric of choice. The Semiconductor Industry As
ciation’s ~SIA’s! International Technology Roadmap fo
Semiconductors indicates that the equivalent thickness o
gate dielectric will need to be 1.0 nm to 1.5 nm by 2004. D
to increased power consumption, intrinsic device reliabil
and circuit instabilities associated with silicon dioxide
such a small thickness~about five silicon atoms across!, an
alternative high-permittivity~high-e) gate dielectric with low
leakage current and at least equivalent capacitance, pe
mance, and reliability is required. Considerable research
forts have been dedicated to the study of potential dielec
gate materials.

Various metal oxides and their silicates have be
considered.1 A substantial amount of investigation has go
into the group Hf and Zr silicates and oxides,1,2 since these
materials in the form of amorphous films are thermodyna
cally stable in direct contact with Si up to high temperatu
Their dielectric properties constitute an issue of great pra
cal relevance. In particular, it is highly desirable to develo
better understanding of how the permittivity is related to
underlying microstructure.

This has stimulated a series of first-principles studies3–8
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First, the crystalline Zr silicate, namely zircon, wa
investigated.3 Next, the tetragonal phase of ZrO2 was
considered4 and compared to the cubic phase, which h
been studied previously for other reasons.9,10 The study of
the monoclinic phase of ZrO2 ~Ref. 5! completed nicely the
analysis of crystalline Zr oxides. The corresponding work
crystalline Hf oxides was also the object of a thorou
study.6 Then, the behavior of each oxide at the interface w
Si was investigated7 through a hypothetical tetragonal S
epitaxial crystalline phase obtained by imposing the in-pla
lattice constant of Si and adjusting the axial ratio and inter
coordinates. Finally, amorphous Zr silicates were analyze
detail8 and a microscopic scheme that relates the dielec
constants to the local bonding of Si and Zr atoms was p
posed.

In principle, Hf and Zr oxides and silicates are expect
to have similar physical and chemical properties due to
chemical homology of Hf and Zr: their atomic radii, ioni
radii, and electronegativity values are almost identical.11 For
instance, in the case of ZrSiO4 and HfSiO4, the similarities
are such that there is complete miscibility between the t
crystalline systems.12 From this standpoint, the dielectri
constants of tetragonal HfO2, recently calculated in Ref. 6
are somewhat surprising. Indeed, the static dielectric c
stant of HfO2 in a direction perpendicular to the tetragon
axis was found6 to be more than twice as large as that
ZrO2.4,5 Furthermore, this particular dielectric constant
©2004 The American Physical Society01-1
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tetragonal HfO2 is also much larger than those of the cub
and monoclinic phases of HfO2.6

A deeper analysis of this surprising result might provi
very useful information on how to increase the dielect
constant, which is a key issue in the framework of the qu
for an alternative high-permittivity gate dielectric. This r
quires investigating the various contributions to the sta
dielectric constants which depend on the frequencies of
IR modes and their oscillator strength tensors~which are in
turn related to the Born effective charge tensors and
atomic eigendisplacements!.

Therefore, we set out for a comprehensive compari
between the dielectric properties of Hf and Zr silicates a
oxides within density-functional theory~DFT!. Since results
for zircon and Zr oxides have already been obtain
previously,3,4 we here extend our calculations to Hf-relat
compounds: hafnon, cubic HfO2, and tetragonal HfO2. Al-
though the results for HfO2 are already available in th
literature,6 we here reobtained their dielectric constan
within our theoretical framework to ensure that the compa
son is carried out between results obtained with the sa
technical ingredients. Overall, our results indicate a stro
similarity between compounds based on hafnium and zir
nium. The value of the static dielectric constant of tetrago
HfO2 in a direction perpendicular to tetragonal axis is fou
to be roughly two thirds of that of tetragonal zirconia, i.
our resultsdo not confirmthe unusually large value calcu
lated in Ref. 6. The discrepancies between the two calc
tions are traced back to the relevant infrared frequency
Born effective charges.

The present paper is organized as follows. After a b
description of the technical details in Sec. II, we compare
results of our calculations for various properties of Hf and
crystalline silicates in Sec. III. Section III A is dedicated
the study of the structural properties of hafnon and zircon
Sec. III B, we investigate the electronic properties of the
materials and present the electronic density of states. In
III C, the Born effective charge tensors are analyzed in
tail. The phonon frequencies at theG point of the Brillouin
zone are discussed in Sec. III D, while the dielectric perm
tivity tensors for the two silicates are compared in Sec. III
Section IV is devoted to the cubic and tetragonal phase
ZrO2 and HfO2. Our results are presented in parallel wi
those of Refs. 5 and 6. We discuss the structural parame
of these compounds in Sec. IV A, the Born effective cha
tensors in Sec. IV B, and the phonon frequencies at thG
point of the Brillouin zone in Sec. IV C. The respective d
electric permittivity tensors are analyzed in detail in S
IV D. Finally, in Sec. V, we summarize our results and co
clude.

II. TECHNICAL DETAILS

All our calculations are performed using theABINIT pack-
age, developed by the authors and collaborators.13 The
exchange-correlation energy is evaluated within the loc
density approximation~LDA ! to DFT, using Perdew-Wang’s
parametrization14 of Ceperley-Alder electron-gas data.15

Only valence electrons are explicitly considered us
18430
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pseudopotentials to account for core-valence interactions
use norm-conserving pseudopotentials16,17 with Hf(5s, 5p,
5d, 6s), Zr(4s, 4p, 4d, 5s), Si(3s, 3p), and O(2s, 2p)
levels treated as valence states. The pseudopotentials
generated using the following atomic valence configuratio
Hf(5s25p65d26s2), Zr(4s24p64d25s0), Si(3s23p2), and
O(2s22p4). In the case of Hf, we take core radii of 1.5
2.85, 2.45, 3.50 a.u. for describing angular waves froms to f.
The corresponding values for the Zr pseudopotential~up to
the d wave! are 1.75, 1.55, and 1.70 a.u. For the Si pseu
potential, the same cutoff radius of 2.00 a.u. is used for
three lowest angular-momentum waves. For the O pseudo
tential, we use a cutoff radius of 1.50 a.u. for boths and p
waves. We adopted a separable form for t
pseudopotentials18 treating the following angular-momentum
waves as local:f for Hf, d for Zr, d for Si, andp for O.

The wave functions are expanded in plane waves up
kinetic-energy cutoff of 30 Ha. The chosen kinetic-ener
cutoff andk-point sampling of the Brillouin-zone ensure co
vergence of all the calculated properties.

III. CRYSTALLINE SILICATES

A. Structural properties

Hafnon and zircon have a conventional unit cell which
body-centered tetragonal~space groupI41 /amd, No. 141!
and contains four formula units ofMSiO4 with M5~Hf, Zr!,
as illustrated by the dashed lines in Fig. 1~a!. A primitive cell
containing only two formula units ofMSiO4 can also be
defined, as indicated by the heavy lines in Fig. 1~a!.

The structure of hafnon and zircon may be viewed
consisting of (SiO4)42 anions and M41 cations with
M5~Hf, Zr!, as illustrated by the gray tetrahedra and t
black spheres in Fig. 1~a!. This is consistent with the large
bond length~about 25%! of the M-O compared to the Si-O
bond. The experimental data describing the structure
hafnon12 and zircon19 are reported in Table I.

Alternatively, as presented in Fig. 1~b!, a different view
may be adopted in which HfSiO4 and ZrSiO4 consist of al-
ternating~discrete! SiO4 tetrahedra andMO8 units, sharing
edges to form chains parallel to thec direction. Note that in

FIG. 1. Structure of hafnon and zircon.~a! The individual SiO4

units are represented schematically by the gray tetrahedra, w
M5~Hf, Zr! atoms are indicated by black spheres. The two sets
dashed lines and heavy lines outline the body-centered-tetrag
unit cell and the primitive cell, respectively.~b! Besides the SiO4
units, theMO8 triangular dodecahedra with theM atoms in their
center are also drawn.
1-2
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theseMO8 units four O atoms are closer to theM atom than
the four other ones~about 6% difference in theM-O bond
length, see Table I!.

The positions of theM5~Hf, Zr! and Si atoms are im
posed by symmetry: they are located at~0, 3

4 , 1
8 ) and ~0, 1

4 ,
3
8 ) on the 4a and 4b Wyckoff sites, respectively. The O
atoms occupy the 16h Wyckoff sites~0, u, v), whereu andv
are internal parameters.

Table I summarizes our results obtained after relaxation
the lattice constants and the internal cell parameters.
calculated lattice constantsa and c, as well as the interna
parametersu and v are found to be in excellent agreeme
with their corresponding experimental values.12,19 Inter-
atomic distances and angles are within one or two percen
the experimental values. This accuracy is largely sufficien
address in a meaningful way the dynamical and dielec
properties.

B. Electronic structure

In Fig. 2, we present the calculated electronic density
states~DOS! for hafnon and zircon. The complete electron
band structure for ZrSiO4 along several directions in th
Brillouin zone can be found elsewhere.3 For HfSiO4, the

TABLE I. Structural parameters of HfSiO4 and ZrSiO4. The
length unit is the Angstrom. The theoretical results for ZrSiO4 are
those of Ref. 3. The experimental data are taken from Ref. 12
HfSiO4, and from Ref. 19 for ZrSiO4.

HfSiO4 ZrSiO4

Theor. Expt. Theor. Expt.

a 6.61 6.57 6.54 6.61
c 5.97 5.96 5.92 6.00
u 0.0672 0.0655 0.0645 0.0646
v 0.1964 0.1948 0.1945 0.1967
Volume 130.42 128.63 126.60 131.08
d~Si-O! 1.62 1.61 1.61 1.62
d~M-O! 2.14 2.10 2.10 2.13

2.27 2.24 2.24 2.27
/~O-Si-O! 97° 97° 97° 97°

116° 117° 116° 116°
18430
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electronic band structure is very similar apart from the po
tion of the Hf 5s and 5p bands, as explained below.

We clearly distinguish four groups in the DOS of the v
lence bands, of which the three lowest ones are rather pe
~small dispersion of the bands!, indicative of a weak hybrid-
ization. The DOS of hafnon~zircon! exhibits a very sharp
peak at260.2 eV (247.1 eV) attributed to the Hf 5s ~Zr
4s) states, corresponding to two flat bands in the ba
structure.3 The peak at229.8 eV for hafnon (225.5 eV for
zircon! is related to the Hf 5p ~Zr 4p) states: it includes six
electrons per unit cell. The O 2s peak~8 electrons per unit
cell! is located between218.0 and216 eV for both hafnon
and zircon.

By contrast, the fourth group~24 electrons per unit cell!
has a much wider spread of 8 eV. These states have ma
an O 2p character with some mixing of Si andM5~Hf, Zr!
orbitals. This mixed covalent-ionic bonding of HfSiO4 and
ZrSiO4, appearing in this group of valence bands, should
kept in mind when interpreting the Born effective char
tensors.

C. Born effective charge tensors

The Born effective charge tensors ofM5~Hf, Zr!, Si, and
O atoms are reported in Table II. The local site symmetry

r

FIG. 2. Electronic density of states~DOS! for HfSiO4 and
ZrSiO4.
the
al
TABLE II. Nonvanishing components of the calculated Born effective charge tensors forM5~Hf, Zr!, Si,
and O atoms in HfSiO4 and ZrSiO4. For theM5~Hf, Zr! and Si atoms, the tensors are diagonal and only
principal elements are given. For the O atom located at~0, u, v), the full tensor is reported and the princip
values of its symmetric part are indicated between brackets.

Atom HfSiO4 ZrSiO4
a

M (15.2815.2814.68) (15.4115.4114.63)
Si (13.1813.1814.35) (13.2513.2514.42)
O S21.15 0 0

0 23.08 20.19

0 20.35 22.26
D S 21.15 0 0

0 23.17 20.16

0 20.34 22.25
D

[ 21.15 23.16 22.18] [21.15 23.23 22.19]

aFrom Ref. 3.
1-3
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M5~Hf, Zr! and Si atoms is rather high (4m̄2). The Born
effective charge tensors ofM5~Hf, Zr! and Si atoms are
diagonal and have only two independent components: pa
lel and perpendicular to the tetragonal axis,Zi* and Z'

* ,
respectively. In contrast, the local site symmetry of the
atoms has only a mirror plane. As a consequence, the B
effective charge tensors of O atoms are not diagonal,
depend on five independent quantities. The tensor reporte
Table II is for the O atom located at~0, u, v). For the other
oxygen atoms, the Born effective charge tensors can be
tained using the symmetry operations. Qualitatively,
Born effective charge tensors are very similar for HfSi4
and ZrSiO4. Therefore, the analysis proposed in Ref. 3
zircon also holds for hafnon. On the one hand, import
deviations are observed from the nominal ionic charg
@14 for M5~Hf, Zr! and Si,22 for O# indicating a mixed
covalent-ionic bonding,20 as already suggested by theM-O
2p hybridization discussed in Sec. III B. On the other han
the Born effective charge tensors for O atoms are very
isotropic with one component of magnitude much sma
than 2 and much smaller than the two other ones, as alre
observed for SiO2-stishovite21 and TiO2-rutile.22

More quantitatively, we note thatZ'
* is about 3% smaller

for hafnium in HfSiO4 than for zirconium in ZrSiO4. The
Born effective charge of Si atoms for directions perpendi
lar to the tetragonal axis shows a very similar behavior: i
about 2% smaller in hafnon than in zircon. For the Bo
effective charge in the direction parallel to thec axis, we find
for Si atoms the same trend as for perpendicular directio
but the opposite one forM5~Hf, Zr! atoms, the Born effec-
tive charges for Hf in hafnon being about 1% higher than
Zr in zircon. On the contrary, the Born effective charges o
atoms are very similar in HfSiO4 and ZrSiO4. A significant
difference is only observed for the second principal val
which is 2% smaller in hafnon than in zircon.

D. Phonon frequencies at theG point

We here address the phonon frequencies at theG point of
the Brillouin zone for hafnon and zircon. The theoretic
group analysis predicts the following irreducible represen
tions of optical and acoustical zone-center modes:

Because of the nonvanishing components of the Born
fective charge tensors, the dipole-dipole interaction mus
properly included in the calculation of the interatomic for
constants.23–25 In particular, the dipole-dipole contribution i
found to be responsible for the splitting between the lon
tudinal optic~LO! and transverse optic~TO! modesEu and
A2u at theG point.

In Table III, the calculated phonon frequencies are co
pared with experimental values. For hafnon, experime
data are only available for Raman modes, in the form of t
18430
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sets of measurements.26,27Since the agreement with both se
of data is excellent, we here only report the most rec
data.27 For zircon, both Raman and IR active modes ha
been studied experimentally,28 the IR data being confirmed
by more recent experiments.29,30

Overall, the agreement between theory and experimen
excellent, with a rms absolute deviation of 4.1 cm21 for
HfSiO4 (9.4 cm21 for ZrSiO4), and a rms relative deviation
of 4.2% ~2.5%!. We obtain four Raman active modes th
could not be detected experimentally: two for hafnon„at
530 cm21 @Eg(4)# and 923 cm21 @Eg(5)#… and two for zir-
con „at 632 cm21 @B1g(3)# and 923 cm21 @Eg(5)#….

It is quite interesting to compare the phonon frequenc
calculated for HfSiO4 and ZrSiO4 ~see Table III!. There are

TABLE III. Fundamental frequencies of HfSiO4 and ZrSiO4 ~in
cm21) with their symmetry assignments. The theoretical results
ZrSiO4 are those of Ref. 3. The experimental values are taken f
Ref. 27 for HfSiO4 ~Raman modes only!, and from Ref. 28 for
ZrSiO4.

Mode HfSiO4 ZrSiO4

Theor. Expt. Theor. Expt.

Raman
A1g~1! 462 450 442 439
A1g~2! 970 984 971 974
B1g~1! 162 157 225 214
B1g~2! 395 401 397 393
B1g~3! 638 620 632
B1g~4! 1016 1020 1017 1008
B2g 247 267 252 266
Eg~1! 161 148 194 201
Eg~2! 204 212 225 225
Eg~3! 369 351 375 357
Eg~4! 530 536 547
Eg~5! 923 923
Infrared
A2u ~TO1! 312 348 338
A2u ~LO1! 423 476 480
A2u ~TO2! 598 601 608
A2u ~LO2! 656 646 647
A2u ~TO3! 983 980 989
A2u ~LO3! 1095 1096 1108
Eu ~TO1! 252 285 287
Eu ~LO1! 313 341 352
Eu ~TO2! 395 383 389
Eu ~LO2! 409 420 419
Eu ~TO3! 420 422 430
Eu ~LO3! 461 466 471
Eu ~TO4! 873 867 885
Eu ~LO4! 1023 1029 1035
Silent
B1u 107 120
A2g 233 242
A1u 383 392
B2u~1! 573 566
B2u~2! 945 943
1-4



e
f

g
b
o
rc
um
ra
tu

%
r

he
e
ex

fe
ar

o

d

e

t
iu
e

o

in
tive
es-

rg-

ec-
ned

to
e-
s
e.
ni-

for
t

r-

s of

the
the

nts

n-
on-

the

e
a

f
d
s is
rge
.

FIRST-PRINCIPLES INVESTIGATION OF HIGH-k . . . PHYSICAL REVIEW B69, 184301 ~2004!
several possible origins for the variations that are observ
structural changes~e.g., the volume!, variation of the mass o
the metal ion~ratio Hf/Zr51.96!, and differences in inter-
atomic force constants. Given the small structural chan
reported in Table I, we suspect that their effect should
very small. In order to check this, we compute the phon
frequencies for hafnon assuming that the interatomic fo
constants are the same as those for zircon, while the vol
is allowed to vary. This analysis shows that the structu
changes play a very minor role, in agreement with our in
ition. The effect of the mass ratio is clear for theB1g~1!
mode in which theM5~Hf, Zr! atoms move significantly
more than O atoms: the frequency increases by about 28
ZrSiO4. On the contrary, the frequencies should not va
much from HfSiO4 to ZrSiO4 for modes in which the
M5~Hf, Zr! atoms are not involved@i.e., all the silent
modes,A1g~1! and ~2!, and B2g], as well as for those in
which the O atoms move significantly more than t
M5~Hf, Zr! atoms. In most of these cases, this is inde
what is observed. However, there are a few significant
ceptions: for instance, theB1u mode for which the frequency
increases by about 11%. These are cases in which the ef
due to differences in the interatomic force constants
dominant.

E. Dielectric permittivity tensors

Due to the tetragonal symmetry of the hafnon and zirc
crystals, the electronic (e`) and static (e0) permittivity ten-
sors have two independent componentse i and e' , parallel
and perpendicular to thec axis, respectively. The calculate
values ofe` ande0 are reported in Table IV.

For zircon, the theoretical values are larger than the
perimental ones by about 10%,3 as often found in the LDA to
density-functional theory. For hafnon, we were not able
find accurate measurements in the literature. For hafn
silicates, values ranging from 11 to 25 have be
reported.1,2,31

The static dielectric tensor can be decomposed in the c
tributions of different modes as follows~see Ref. 32; we
follow the notations of Ref. 23!:

TABLE IV. Electronic and static dielectric tensors of HfSiO4

and ZrSiO4. The contributions of individual phonon modes to th
static dielectric tensor are indicated. The tensors are diagonal
have different components parallel (i) and perpendicular (') to the
c axis. The phonon mode contributions toe0

i come from the three
IR-activeA2u modes, while the contributions toe0

' come from the
four IR-activeEu modes.

HfSiO4 ZrSiO4
a

i ' i '

e` 4.11 3.88 4.26 4.06
De1 4.93 4.38 5.90 5.16
De2 0.81 0.75 0.52 1.31
De3 0.80 0.35 0.85 0.05
De4 1.27 1.38
e0 10.65 10.63 11.53 11.96

aFrom Ref. 3.
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whereV0 is the volume of the primitive unit cell andSm,ab
the mode-oscillator strength, which can be expressed
terms of the eigendisplacements and the Born effec
charge tensors. We refer to Refs. 3 and 4 for explicit expr
sions. The contribution of the individual modesDem to the
static dielectric constant are indicated in Table IV. The la
est contribution comes from the lowest-frequency mode.

We further analyze the decomposition of the static diel
tric tensor using the mode-effective charge vectors, defi
explicitly in Refs. 3 and 4. Each of these vectors is related
the global polarization resulting from the atomic displac
ments of a given phonon modem. The nonzero component
indicate the directions in which the mode is infrared activ
In Table V, we present for each IR-active mode, the mag
tude of the corresponding mode-effective charge vector~this
vector is parallel and perpendicular to the tetragonal axis
A2u and Eu modes, respectively!, as well as the relevan
component of the oscillator strength tensor~the parallel-
parallel component forA2u modes, and the perpendicula
perpendicular component forEu modes!.

The oscillator strengths and the mode-effective charge
HfSiO4 are smaller than those of ZrSiO4 @except for the
A2u~2! and Eu~3! modes#. The origin of this difference can
be traced back to the Born effective charges and
eigendisplacements. Indeed, as discussed in Sec. III C,
Born effective charges ofM5~Hf, Zr! and Si atoms are
smaller in HfSiO4 than in ZrSiO4. Moreover, due to their
heavier weight, the Hf atoms show smaller displaceme
than the Zr atoms.

Returning to the contributions to the static dielectric co
stant reported in Table IV, we observe that most of the c
tributions for HfSiO4 are smaller than those for ZrSiO4 @ex-
cept those of theA2u~2! andEu~3! modes#. The contributions
to e0 are affected by both the phonon frequencies and

nd

TABLE V. Components of mode-effective charge vectorsZm*
and oscillator strength tensorSm for each of the IR-active modes o
HfSiO4 and ZrSiO4. The description of the reported vector an
tensor components corresponding to the two types of mode
given in the text. The components of the mode-effective cha
vectors are given in units ofueu, wheree is the electronic charge
The oscillator strengths are given in 1024 a.u (1 a.u.
50.342036 m3/s2).

HfSiO4 ZrSiO4
a

Zm* Sm Zm* Sm

A2u~1! 6.85 7.39 7.68 10.06
A2u~2! 3.78 4.24 2.76 2.64
A2u~3! 6.60 11.22 6.71 11.50
Eu~1! 5.93 4.05 6.79 5.91
Eu~2! 2.94 1.70 3.51 2.71
Eu~3! 1.69 0.91 0.28 0.12
Eu~4! 7.21 14.02 7.37 14.69

aFrom Ref. 3.
1-5
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oscillator strengths. For instance, for theEu~2! modes, not
only the oscillator strengths of zircon are larger than those
hafnon, but also the relevant frequencies are lower in zir
than in hafnon, both trends contributing to increasing
dielectric constant. In other cases, when the frequen
show an opposite trend, the two effects compensate in p
For instance, for theA2u~1! mode, the oscillator strengthSm
in hafnon is 30% smaller than in zircon, but the correspo
ing contribution toe0 is only 20% smaller, since the assoc
ated frequency is about 10% larger. Finally, for theA2u~2!
and Eu~3! modes, the frequencies are very similar~these
modes essentially involve displacements of the Si atoms
some of the O atoms! and therefore the oscillator streng
governs the trend of the contributions to the static dielec
constant~larger in hafnon than in zircon!.

Note that if the two materials had the same Born effect
charge tensors and interatomic force constants, the sum
the various contributions toe0 should be identical.33 In par-
ticular, the differences of the masses~which in turn influence
the frequencies as discussed in Sec. III D! do not affect the
overall static dielectric constant. Hence, the slightly high
static dielectric constant for zircon can be attributed to
slightly higher Born effective charges and lower interatom
force constants.

IV. CRYSTALLINE OXIDES

A. Structural properties

In the cubic phase, HfO2 and ZrO2 take the fluorite struc-
ture ~space groupFm3̄m), which is fully characterized by a
single lattice constanta. The M5~Hf, Zr! atoms are in a
face-centered-cubic structure and the O atoms occupy
tetrahedral interstitial sites associated with this fcc latti
The unit cell contains one formula unit ofMO2 with
M5~Hf, Zr!. The tetragonal phase~space groupP42 /nmc)
can be viewed as a distortion of the cubic structure obtai
by displacing alternating pairs of O atoms up and down
an amountDz along thez direction, and by applying a te
tragonal strain. The resulting primitive cell is doubled co
pared to the cubic phase, including two formula units
MO2. The tetragonal structure is completely specified
two lattice constants (a and c) and the dimensionless rati
dz5Dz/c describing the displacement of the O atoms. T
cubic phase can be considered as a special case of the te
onal structure withdz50 andc/a51 ~if the primitive cell is
used for the tetragonal phase,c/a5A2).

In Table VI, our calculated structural parameters for t
cubic and tetragonal phases of HfO2 and ZrO2 are compared
with the experimental values.34,35 The agreement is very
good: the errors on the lattice constants and the volumes
smaller than 2%, as is typical for LDA calculations. O
structural parameters also agree very well with the theor
cal values found in Refs. 5 and 6.

B. Born effective charge tensors

In Table VII, we report the nonvanishing components
the calculated Born effective charge tensors ofM5~Hf, Zr!
and O atoms in the cubic and tetragonal phases of hafnia
18430
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zirconia. Due to the symmetry of the cubic phase, the B
effective charge tensors ofM5~Hf, Zr! and O atoms are
diagonal and isotropic. The value ofZ* is anomalously large
for M5~Hf, Zr! atoms compared to the nominal ionic char
Z514, indicating a mixed covalent-ionic bonding. In th
tetragonal structure, the symmetry imposes that the Born
fective charge tensor ofM5~Hf, Zr! atoms is diagonal and
has only two independent components: parallel (Zi* ) and
perpendicular (Z'

* ) to thec axis. The value ofZ'
* is identical

to the one calculated for the cubic phase, whileZi* is 6% and
10% smaller for HfO2 and ZrO2, respectively. The Born ef-
fective charge tensor of the O atoms is also diagonal,
with three independent components. It is quite anisotro
compared to the cubic phase.

It is interesting to note that the Born effective charges
c-HfO2 are about 3% smaller~in absolute value! than those
of c-ZrO2. The comparison between theZ* values oft-HfO2
andt-ZrO2 also deserves attention. In directions perpendi
lar to thec axis, the Born effective charges of theM5~Hf,
Zr! atoms compare in the same way as for the cubic ph
while the comparison for the Born effective charges of

TABLE VI. Structural parameters for the cubic~C! and tetrag-
onal~T! phases of HfO2 and ZrO2. The length unit is the Angstrom
The theoretical results for ZrO2 are those of Ref. 4. The experimen
tal results for HfO2 are taken from Ref. 35, while those for ZrO2 are
obtained by extrapolation to zero temperature using the ther
expansion data of Ref. 34.

HfO2 ZrO2
a

Theor. Expt. Theor. Expt.

C
a 5.11 5.08 5.01 5.09

Volume 33.36 32.77 31.44 32.97
d(M -O! 2.21 2.20 2.17 2.20

T
a 5.11 5.15 5.02 5.05
c 5.17 5.29 5.09 5.18
dz 0.0310 0.0400 0.0574

Volume 33.75 35.08 32.07 33.04
d(M -O! 2.13 2.07 2.05

2.32 2.31 2.39

TABLE VII. Nonvanishing components of the calculated Bo
effective charge tensors ofM5~Hf, Zr! and O atoms in the cubic
~C! and tetragonal~T! phases of HfO2 and ZrO2. Only the diagonal
elements are given, since the off-diagonal ones vanish by symm

Atom HfO2 ZrO2

C
M (15.5815.5815.58) (15.7415.7415.74)
O (22.7922.7922.79) (22.8722.8722.87)

T
M (15.5715.5715.24) (15.7415.7415.15)
O (23.2222.3522.62) (23.5122.2422.57)

aFrom Ref. 4.
1-6
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atoms shows an anisotropy int-ZrO2 stronger than that in
t-HfO2 by about 30%~the values ofZ'

* for t-HfO2 are com-
prised between those oft-ZrO2). In the direction parallel to
the c axis, the Born effective charges int-HfO2 are larger
than int-ZrO2 by about 2%, showing an opposite trend wi
respect to the comparison for the cubic phase. The slig
different behavior between hafnia and zirconia can be rela
to the differences between the inner electronic shells of
and Zr, which lead to different polarizabilities.

Our calculated values for the various components of
Born effective charge tensors of ZrO2 are essentially the
same as those of Ref. 5. On the contrary, our results for H2
may differ by as much as 5% from those of Ref. 6, whi
starts being significant and will affect the static dielect
constants~cf. Sec. IV D!.

C. Phonon frequencies at theG point

The theoretical group analysis predicts the following ir
ducible representations of optical and acoustical zone-ce
modes for the cubic phase:

and for the tetragonal phase:

Due to the nonvanishing components of the Born effect
charge tensors, the dipole-dipole interaction leads to
splitting at theG point between the longitudinal and tran
verse optic~LO and TO, respectively! modesF1u in the cu-
bic phase, andEu ~perpendicular to thec axis! andA2u ~par-
allel to c axis! in the tetragonal phase.

Our calculated phonon frequencies and symmetry ass
ments ~see the discussion in Ref. 4! are reported in Table
VIII, where they are compared with those presented in R
5 and 6.

It is very interesting to compare the phonon frequenc
calculated for HfO2 and ZrO2 ~see Table VIII!. In Sec. III D,
we have pointed out three possible origins for the variati
of the frequencies in Hf and Zr based oxides: the structu
changes, the Hf/Zr mass ratio~equal to 1.96!, and the differ-
ences in interatomic force constants. By performing a sim
analysis as for HfSiO4 versus ZrSiO4, we find that the struc-
tural changes play a very minor role, in agreement with
intuition resulting from the very small variations observed
their structural parameters. As for the role of the mass ra
it can clearly be evidenced in the modes in which t
M5~Hf, Zr! atoms move significantly more than O atom
the B1g~1! and Eg~1! modes of the tetragonal phase f
which the frequencies vary by about 35%. On the contra
the modes in which theM5~Hf, Zr! atoms are not involved
~i.e., F2g in the cubic phase, andA1g andB2u in the tetrag-
onal phase!, as well as those in which the O atoms mo
significantly more than theM5~Hf, Zr! atoms@i.e., F1u in
the cubic phase, andB1g~2!, Eg~2! and ~3!, A2u , andEu~1!
and ~2! in the tetragonal phase#, should have frequencie
18430
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very similar for HfO2 and ZrO2. This is indeed what is ob-
served in most of the cases. However, in a few cases,
differences in the interatomic force constants dominate, le
ing to noticeable changes in the frequencies. For instance
the A1g andEu~1! modes in the tetragonal phase, variatio
of 19% and 17% are obtained, respectively.

Our calculated frequencies for zirconia are in good agr
ment with those of Ref. 5. The agreement is excellent for
tetragonal phase~less than 3% difference! and quite reason-
able in the cubic phase~about 10% discrepancy for theF1u).
On the contrary, for hafnia, the matching with Ref. 6 is a
most perfect for the cubic phase~less than 1% difference!,
while, for the tetragonal phase, very important differenc
occur in some cases. In particular, for theEu~1! mode, we
find a value 37% larger than in Ref. 6. These differenc
will lead to important discrepancies in the static dielect
constant because the frequency appears as a square fac
Eq. ~1! ~cf. Sec. IV D!.

D. Dielectric permittivity tensors

In the cubic phase, the electronic (e`) and static (e0)
permittivity tensors are diagonal and isotropic. In the tetra
onal crystal, these tensors are still diagonal by symmetry,
have two independent componentse i and e' , parallel and

TABLE VIII. Fundamental frequencies of the cubic~C! and
tetragonal~T! phases of HfO2 and ZrO2 ~in cm21) with their sym-
metry assignments. For hafnia, our results for the TO infra
modes are compared with those of Ref. 6; for zirconia, the comp
son is between the results of Refs. 4 and 5.

Mode HfO2 ZrO2

This work Ref. 6 Ref. 4 Ref. 5

C
Raman

F2g 579 596
Infrared

F1u ~TO! 285 286 280 258
F1u ~LO! 630 677

T
Raman

A1g 218 259
B1g~1! 244 331
B1g~2! 582 607
Eg~1! 110 147
Eg~2! 479 474
Eg~3! 640 659

Infrared
A2u ~TO! 315 384 339 334
A2u ~LO! 621 664
Eu ~TO1! 185 117 153 154
Eu ~LO1! 292 271
Eu ~TO2! 428 536 449 437
Eu ~LO2! 669 734

Silent
B2u 665 673
1-7
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perpendicular to thec axis, respectively. In Table IX, the
calculated values ofe` ande0 are reported for the cubic an
the tetragonal phases of hafnia and zirconia. In the tetrag
phase, thee` tensor is only slightly anisotropic with abou
5% and 10% difference between the parallel and perpend
lar values fort-HfO2 and t-ZrO2, respectively. On the con
trary, thee0 tensor is highly anisotropic: the value ofe0 in
the direction parallel to thec axis is 1.6 and 2.4 times smalle
than that in the perpendicular direction fort-HfO2 and
t-ZrO2, respectively. While the values ofe` for the cubic
and tetragonal phases are very close, those ofe0 differ sig-
nificantly.

The contribution of the individual modesDem to the static
dielectric constants, as defined in Eq.~1!, are presented in
Table IX, where the cases of hafnia and zirconia can
compared. The comparison is extended in Table X, where
reported, for each IR-active mode, the relevant componen
the oscillator strength tensor. This tensor is isotropic for
F1u mode in the cubic phase, while, for the tetragonal pha
we indicate the parallel-parallel component for theA2u
mode, and the perpendicular-perpendicular component
the Eu modes. We also give the magnitude of the mod
effective charge vector, which is parallel and perpendicu
to the tetragonal axis forA2u and Eu modes, respectively
while it has an arbitrary orientation for theF1u mode. The
atomic motions associated to these vibrational modes h
been described in detail in the literature.36–38

In Table X, it can be observed that the oscillator streng
and the mode-effective charges of HfO2 are smaller than
those of ZrO2. This can be related to the behavior of th
Born effective charges and the eigendisplacements, the
quantities determining the oscillator strengthsSm,ab .3,4 On
the one hand, as discussed in Sec. IV B, the Born effec

TABLE IX. Electronic and static dielectric tensors for the cub
~C! and tetragonal~T! phases of HfO2 and ZrO2. The contributions
of the different phonon modes to the static dielectric tensor are
indicated, the corresponding results of Ref. 6 for hafnia and of R
5 for zirconia are reported between parentheses. For the cubic p
the tensors are diagonal and isotropic. The phonon mode cont
tion to e0

i comes from the IR-activeF1u mode. For the tetragona
phase, the tensors are also diagonal but they have different co
nents parallel (i) and perpendicular (') to thec axis. The phonon
mode contribution toe0

i comes from the IR-activeA2u mode, while
the contributions toe0

' come from the two IR-activeEu modes.

HfO2 ZrO2
a

C
e` 5.37 5.74
De 20.80 ~23.9! 27.87 ~31.8!
e0 26.17 33.61

T
i ' i '

e` 5.13 5.39 5.28 5.74
De1 14.87 ~10.7! 22.34 ~88.9! 15.03 ~14.9! 35.48 ~34.3!
De2 5.08 ~3.4! 6.91 ~7.3!
e0 20.00 32.81 20.31 48.13

aFrom Ref. 4.
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charges are globally smaller in HfO2 than in ZrO2. On the
other hand, the Hf atoms show smaller displacements t
the Zr atoms due to their heavier mass~see Sec. IV C!.

If one now considers the contributions to the static diel
tric constant reported in Table IX, it clearly appears that
contributions for HfO2 are smaller than those for ZrO2.
However, despite the fact that in all cases the oscilla
strengths are smaller for hafnia than for zirconia, two diff
ent situations can be distinguished depending on the be
ior of the phonon frequencies. On one hand, for theEu~1!
mode, the frequency for HfO2 is larger than for ZrO2. In this
case, the contribution for ZrO2 is noticeably larger~about
60%! than for HfO2. For theF1u mode in the cubic phase
the situation is very similar though the frequency does
change very much. On the other hand, for theA2u mode, the
frequency changes in the opposite way. As a result, the
crease by 6% of the oscillator strengths is almost comple
compensated by the raise of 7% in the frequency: in the e
there only remains a 1% difference between the contributi
for HfO2 and ZrO2. For theEu~2! mode, the raise of 5% in
the frequency only slightly attenuates the 15% increase
the oscillator strengths.

Globally, the differences in the static dielectric consta
for zirconia and hafnia can be related to the Born effect
charge tensors and the interatomic force constants, as
cussed at the end of Sec. III E. On the one hand, for the cu
phase and for the perpendicular component in the tetrag
phase, the two effects combine and lead to a large increas
the static dielectric constants in ZrO2. The latter is essen
tially due to lower interatomic force constants, since the
fective charges are higher by only 3%. On the other hand,
the parallel component of the tetragonal phase, the lowe
of the interatomic force constants in zirconia is compensa
by a reduction by 2% of the effective charges.

For comparison, we also reported in Tables IX and
corresponding results obtained in Refs. 5 and 6. While
results for ZrO2 are in reasonable agreement with the resu
of Ref. 5, we find noticeable differences with respect to R
6 for the contributions to the static dielectric constants

so
f.
se,
u-

o-

TABLE X. Components of mode-effective charge vectorsZm*
and oscillator strength tensorSm for each of the IR-active modes o
the cubic ~C! and tetragonal~T! phases of HfO2 and ZrO2. The
description of the reported vector and tensor components co
sponding to the different modes is given in the text. For the os
lator strengths, the results of Ref. 6 for hafnia and of Ref. 5
zirconia are also indicated between parentheses~Ref. 39!. Same
units as in Table V.

HfO2 ZrO2
a

Zm* Sm Zm* Sm

C
F1u 5.82 6.31 ~6.88! 6.42 7.65 ~7.51!

T
A2u 7.71 11.10 ~11.53! 8.14 12.28 ~12.02!

Eu~1! 5.75 5.76 ~8.71! 5.95 5.91 ~5.82!
Eu~2! 5.91 7.03 ~7.00! 6.99 9.95 ~10.00!

aFrom Ref. 4.
1-8



he
on
r
th
ur
ce
rg

ry
it

-
ur
hn
F
m
ri-
er
o

th
o

in

Z

r
re

r
a

g

d the
sys-
m.
rop-
een
have

-
ter.
on
en
ith
ra-

tio-
dif-
the

ts
ibu-
d,

os-
lly

er-

s
en
ned,
of
ow
ec-

tric

for
ere
l
ic

FIRST-PRINCIPLES INVESTIGATION OF HIGH-k . . . PHYSICAL REVIEW B69, 184301 ~2004!
HfO2. The most impressive variation is observed for t
Eu~1! mode in the tetragonal phase which gives the first c
tribution to e0

' . We find a value about four times smalle
than in Ref. 6. This discrepancy can be traced back to
relevant vibrational frequency which is 37% higher in o
work ~see Sec. IV C! and, to a lesser extent, to the differen
in the corresponding component of the Born effective cha
tensor which we find to be 5% smaller~see Sec. IV B!. In
terms of the oscillator strength tensors~Table X!, the com-
parison is very similar. The agreement with Ref. 5 is ve
good for zirconia while there are significant divergences w
Ref. 6 for hafnia. Again, the largest difference~33%! is
found for theEu~1! mode of the tetragonal phase. It is diffi
cult to identify the origin for the differences between o
results and those in Refs. 5 and 6, since very distinct tec
cal ingredients have been used in the two calculations.
instance, our approach is based on a perturbational fra
work involving norm-conserving pseudopotentials. At va
ance, the results in Refs. 5 and 6 were obtained with a B
phase formulation for the polarization, applied to an ultras
pseudopotential scheme.

V. CONCLUSION

Using density-functional theory, we have investigated
structural, electronic, dynamical, and dielectric properties
Hf and Zr silicates and oxides, which are the most promis
high-k alternatives to the conventional SiO2 gate dielectric.
We have considered the two crystalline silicates~hafnon and
zircon!, and the cubic and tetragonal phases of the Hf and
oxides.

In all the investigated systems, the parameters of the
laxed atomic structures are found to be in very good ag
ment with experimental ones~when available!. An important
anisotropy has been evidenced in the Born effective cha
tensors. For some directions, these effective charges
found to be larger than the nominal ionic charge, indicatin
mixed covalent-ionic bonding betweenM5~Hf, Zr! and O
llo

A
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atoms, and between Si and O atoms. We have discusse
effective charges focusing on the changes between the
tems containing hafnium and those containing zirconiu
For the silicates, we have also analyzed the electronic p
erties; in particular, the electronic density of states has b
presented. The states at the top of the valence band
been found to be mainly of O 2p character with some mixing
of Si andM5~Hf, Zr! orbitals. This confirms that the bond
ing in these compounds is of mixed covalent-ionic charac

For both of the silicates and of the oxides, the phon
frequencies at the center of the Brillouin zone have be
computed and found to be in very good agreement w
available experimental data. Differences between the vib
tional frequencies of Hf and Zr compounds have been ra
nalized in terms of changes in the structural parameters,
ference in mass between Hf and Zr, and variations in
interatomic force constants.

The electronic and static dielectric permittivity constan
have been computed, and a detailed analysis of the contr
tions of individual vibrational modes has been performe
including the computation of mode-effective charges and
cillator strengths. Our results do not confirm the unusua
high value for the static dielectric constant in directions p
pendicular to the tetragonal axis for tetragonal HfO2, as
found in a recent calculation.6 The static dielectric constant
calculated in this work indicate an overall similarity betwe
Hf and Zr compounds as far as the trends are concer
which is essentially due to the chemical homology
hafnium and zirconium. The Zr compounds generally sh
higher static dielectric constants, due to higher Born eff
tive charges and lower interatomic force constants.

Using the microscopic scheme which relates the dielec
constants to the underlying microstructure,8 we can extrapo-
late from our results that the same conclusions hold
amorphous Hf and Zr oxides and silicates. In summary, th
does not seem to be a specific geometry~e.g., the tetragona
phase! that would contribute to increasing the dielectr
constant.
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Erratum: First-principles investigation of high- k dielectrics: Comparison between the silicates
and oxides of hafnium and zirconium

[Phys. Rev. B 69, 184301 (2004)]
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(Received 28 June 2004; published 17 September 2004)
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In Table III, the theoretical frequency for theA2usTO1d mode of HfSiO4 is 321 cm−1. In the caption of Table V, the
conversion factor for the oscillator strengths is wrong: 1 a.u.=253.2638413 m3/s2.

These corrections do not affect the main results and conclusions.

PHYSICAL REVIEW B 70, 099903(E) (2004)

1098-0121/2004/70(9)/099903(1)/$22.50 ©2004 The American Physical Society70 099903-1


