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• “..everything that living things do can be understood in terms of 
the jigglings and wigglings of atoms..”

(Addison-Wesley, Reading MA)
p. 59. (1991)

atomic motion at 300K
(http://wolf.ifj.edu.pl/phonon)
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Infrared spectroscopy
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• IR light over a broad frequencies is passed through a sample.
• The matter absorbs the light only for some specific frequencies 

corresponding to the vibrational modes of the system and which 
fulfill some selection rules (the IR-active modes).

IR spectrum of a functionalized CNT
[S. Kumar et al., J. Nanotechno. Onl., 112 (2006)]
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Raman spectroscopy

• A sample is illuminated with a monochromatic light.
• The light interacts with some specific vibrational modes of the 

system, which fulfill selection rules (Raman-active modes).
• The energy of the laser photons (and hence, the frequency of the 

light) may be shifted up or down.
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Raman spectrum of CNTs
[M. Dresselhaus et al., An. Acad. Bras. Ciênc. 78, 423 (2006)]



• Quantum treatment for electrons →  Kohn-Sham equation

• Classical treatment for nuclei →  Newton equation
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Born-Oppenheimer approximation
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Harmonic approximation
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• The matrix of interatomic force constants (IFCs) is defined as

• Its Fourier transform (using translational invariance)

allows one to compute phonon frequencies and eigenvectors as 
solutions of the following generalized eigenvalue problem:
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Phonons
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Example: Diamond

8

Theory vs. Experiment
[X. Gonze, GMR, and R. Caracas, Z. Kristallogr. 220, 458 (2000)]



• For a perturbation characterized by a small parameter λ, all the 
quantities (X=H, Etot, εi, ψi) are written as a perturbation series:

• Hypothesis:

known at all orders, as well as

X(λ) = X(0) + λX(1) + λ2X(2) + λ3X(3) + · · ·

with X(n) =
1
n!

dnX

dλn

����
λ=0

Vext(λ) = V (0)
ext + λV (1)

ext + λ2V (2)
ext + · · ·
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Density-functional perturbation theory
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• Hellman-Feynman theorem → energy:

• Sternheimer equation → wavefunctions:

where Pc is the projector upon the conductions bands
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First order derivatives
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• Only 1st order wavefunctions are needed to get 2nd order in energy

• Actually, 1st order wavefunctions suffice to get 3rd order energy
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Second and third order derivatives
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• More generally, the nth order wavefunctions give access to the 
(2n)th and (2n+1)th order energy [“2n+1” theorem]

• Similar expressions for mixed derivatives (related to two 
different perturbations j1 and  j2):

• The extremal principle is lost but the expression is stationary:
★ the error is proportional to the product of errors made in the 1st 

order quantities for the first and second perturbations;
★ if these errors are small, their product will be much smaller;
★ however, the sign of the error is undetermined, unlike for the 

variational expressions.
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Higher order and mixed derivatives
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Types of perturbation

• Possible perturbations include: atomic displacements, expansion 
or contraction of the primitive cell, homogeneous external field 
(electric or magnetic), alchemical change, ...
• Related derivatives of the total energy (Eel + Eion)

★ 1st order: forces, stress, dipole moment, ...
★ 2nd order: dynamical matrix, elastic constants, dielectric 

 susceptibility, Born effective charge tensors, 
 piezoelectricity, internal strains

★ 3rd order: non-linear dielectric susceptibility, phonon-phonon
 interaction, Grüneisen parameters, ...

• Further properties can be obtained by integration over phononic 
degrees of freedom (e.g., entropy, thermal expansion, ...)

13
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Electronic dielectric permittivity tensor

• The dielectric permittivity tensor is the coefficient of 
proportionality between the macroscopic displacement field and 
the macroscopic electric field, in the linear regime:

• At high frequencies of the applied field, the dielectric 
permittivity tensor only includes a contribution from the 
electronic polarization:
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• It is defined as the proportionality coefficient relating at linear 
order, the polarization per unit cell, created along the direction α, 
and the displacement along the direction α’ of the atoms 
belonging to the sublattice κ:

• It also describes the linear relation between the force in the 
direction α’ on an atom κ and the macroscopic electric field
• Both can be connected to the mixed 2nd order derivative of the 

energy with respect to uκα’ and Eα

• Sum rule:
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Born effective charge tensor
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Static dielectric permittivity tensor

• The mode oscillator strength tensor is defined as

• The macroscopic static (low-frequency) dielectric permittivity 
tensor is calculated by adding the ionic contribution to the 
electronic dielectric permittivity tensor:
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LO-TO splitting

• The macroscopic electric field that accompanies the collective 
atomic displacements at q → 0  can be treated separately:

where the nonanalytical, direction-dependent term is:

• The transverse modes are common to both C ̃ matrices but the 
longitudinal ones may be different, the frequencies are related by
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ETSF vibrational spectroscopy beamline
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Quest for high-k materials
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Moore’s law
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MOS transistor
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L ≈ 40-50 tL (nm) t (nm)
2000 100-150 1.5-2.0
2008 45 1.0
2015 25 0.5

Insulator

Dielectric layer

Channel

Silicon Substrate

Source
Grid

Drain

Insulator



• SiO2 is now reaching its limits:

★ tunnel current through the grid oxide
★ degradation and rupture
★ penetration of dopants through the grid oxide
★ increased presence of defects
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The problem...
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... and the solution

• Use dielectrics with high-permittivity (high-κ):
for the same equivalent thickness (teq),
the physical thickness (t) can be increased
when the permittivity (κ) is higher
   ⇒ tunnel current decreases
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Not such a simple change...

25
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The most promising candidates

• Group IVb oxides and silicates:
(MO2)x(SiO2)1-x with M=(Hf, Zr, Ti)
★ amorphous compounds stable in contact with the Si substrate

★ ϵ0 can be modulated with the quantity of M=(Hf, Zr, Ti) 
incorporated

26
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The most promising candidates

30 Million transistors fit on the head of a pin. Using an entirely new 
transistor formula, the processor incorporate 410 million transistors for 
each dual core chip, and 820 million for each quad core chip.

27



• Space group Fm3̅ m

(fluorite)

• 1 formula unit of MO2

• M 8-fold coordinated

• O 4-fold coordinated 

KITP programme on Excitations in Condensed Matter, Santa Barbara (CA), 20 November 2009

Crystalline oxides and silicates

c-MO2 (cubic) t-MO2 (tetragonal) m-MO2 (monoclinic)

• Space group I41/amd

(baddeleyite)

• 4 formula unit of MO2

• M 7-fold coordinated

• O 4-fold coordinated

• O 3-fold coordinated

• Space group P42/nmc

• 2 formula unit of MO2

• M 8-fold coordinated

• O 4-fold coordinated

28
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Crystalline oxides and silicates

o1-MO2 o2-MO2

• Space group Pbca

• 8 formula unit of MO2

• M 7-fold coordinated

• O 4-fold coordinated

• O 3-fold coordinated 

• Space group Pnma

(cotunnite)

• 4 formula unit of MO2

• M 9-fold coordinated

• O 4-fold coordinated

• O 5-fold coordinated

(orthorhombic)

MSiO4

• Space group I41/amd

(zircon)

• 4 formula unit of MSiO4

• M 8-fold coordinated

• Si 4-fold coordinated

• O 3-fold coordinated

29
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Comparison with experiments

• ϵ∞ is overestimated by 10-15% due to the well-known band-gap 
problem of DFT-LDA
• ϵ0 is overestimated because the Born effective charges are 

overemphasized by DFT-LDA
[A. Filipetti & N.A. Spaldin, PRB 68, 045111 (2003)]

30

� ⊥
�∞ �0 �∞ �0

t-MO2 Hf 5.1 20.0 (16-20) 5.4 32.8 (16-20)
Zr 5.3 (5) 20.3 (35-40) 5.7 (5) 48.1 (35-40)

MSiO4 Hf 4.1 10.7 (11-25) 3.9 10.6 (11-25)
Zr 4.3 (4) 11.5 (11) 4.1 (4) 12.0 (11)

ϵ∞ ϵ0 ϵ∞ ϵ0
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... and with other theoretical works

[1. X. Zhao & D. Vanderbilt, PRB 65, 233106 (2002)]
[2. X. Zhao & D. Vanderbilt, PRB 65, 075105 (2002)]

!cubic
latt !! 23.9 0 0

0 23.9 0

0 0 23.9
" ,

! tetra
latt !! 92.3 0 0

0 92.3 0

0 0 10.7
" ,

!mono
latt !! 13.1 0 1.82

0 10.8 0

1.82 0 7.53
" .

"The corresponding matrix elements of !mono
latt in the GGA

tend to be larger than the LDA results by #18%.$ When
compared with ZrO2, the off-diagonal elements of !mono

latt are
roughly doubled, while the diagonal elements become
smaller. Most surprisingly, the x-y components of ! tetra

latt be-
come more than twice as large as for ZrO2, while the z com-
ponent decreases by #28%. We find the isotropic !cubic

latt to be
23.9, somewhat smaller than the value of 31.8 for ZrO2.
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A direct comparison of these dielectric tensors with ex-
periment is not feasible since there are few experimental
measurements, especially on the cubic and tetragonal phases.
On the other hand, most measurements of which we are

aware have been carried out on thin films "presumed to be
monoclinic$, and the reported dielectric constants span a
wide range of 16–45.3,18,19 Assuming an isotropic !%#5,4
we obtained orientationally averaged static dielectric con-
stants of 29, 70, and 16 "18 in GGA$ for the cubic, tetrago-
nal, and monoclinic HfO2 phases, respectively. Our results
then agree reasonably well with the more recent results in
Ref. 19 "thin film #1700 Å) and Ref. 3 "ultrathin film
"100 Å) which report !0 to be 16 and 20 respectively. The
surprisingly high !0 measured in other experiments could
possibly be explained by the presence of t-HfO2, which is
known to be a metastable phase and which might be stabi-
lized by film stress or grain-size effects.12,19,20

In summary, we have investigated here the Born effective
charge tensors, zone-centered phonons, and the lattice con-
tributions to the static dielectric tensors for the three HfO2
phases. It is found that the cubic and tetragonal phases have
much larger dielectric response than the monoclinic phase,
with an even stronger anisotropy in t-HfO2 than in t-ZrO2.
The overall dielectric constants for c-HfO2 and m-HfO2 are
found to become smaller, while t-HfO2 has a much greater
dielectric constant, than the corresponding values in ZrO2.
Moreover, our Raman results can be used in resolving the
puzzles associated with the Raman spectrum for m-HfO2.

This work has been supported by NSF Grant No. DMR-
99-81193. We wish to thank E. Garfunkel for useful discus-
sions.
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c-MO2 t-MO2 m-MO2

� ⊥ avg. xx yy zz xz avg.
�∞ Hf 5.37 5.13 5.39 5.30 5.10 5.12 4.80 0.18 5.30

Zr 5.74 5.28 5.74 5.59 5.41 5.49 5.05 0.20 5.59
�0 Hf 26.2 20.0 32.8 28.5 18.9 17.1 14.0 0.88 16.7

Zr 33.6 20.3 48.1 38.9 21.6 19.8 15.5 1.11 19.0
�latt Hf 20.8 14.9 27.4 23.2 13.8 12.0 9.15 0.70 11.4

Ref. [1] 23.9 10.7 92.3 65.1 13.1 10.8 7.53 1.82 10.5
Zr 27.9 15.0 42.4 33.3 16.2 14.3 10.5 0.91 13.4
Ref. [2] 31.8 14.9 41.6 32.7 16.7 15.6 11.7 0.98 14.7
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• Experimental results:

Crystalline alloys Hf x Zr1-x O2

Hafnium zirconate gate dielectric for advanced gate stack applications
R. I. Hegde,a! D. H. Triyoso, S. B. Samavedam, and B. E. White, Jr.
Austin Silicon Technology Solutions (ASTS), Freescale Semiconductor Inc.,
3501 Ed Bluestein Boulevard, Austin, Texas 78721

!Received 31 October 2006; accepted 5 February 2007; published online 13 April 2007"

We report on the development of a hafnium zirconate !HfZrO4" alloy gate dielectric for advanced
gate stack applications. The HfZrO4 and hafnium dioxide !HfO2" films were formed by atomic layer
deposition using metal halides and heavy water as precursors. The HfZrO4 material properties were
examined and compared with those of HfO2 by a wide variety of analytical methods. The dielectric
properties, device performance, and reliability of HfZrO4 were investigated by fabricating
HfZrO4/tantalum carbide !TaxCy" metal-oxide-semiconductor field effect transistor. The HfZrO4
dielectric film has smaller band gap, smaller and more uniform grains, less charge traps, and more
uniform film quality than HfO2. The HfZrO4 dielectric films exhibited good thermal stability with
silicon. Compared to HfO2, the HfZrO4 gate dielectric showed lower capacitance equivalent
thickness value, higher transconductance, less charge trapping, higher drive current, lower threshold
voltage !Vt", reduced capacitance-voltage !C-V" hysteresis, lower interface state density, superior
wafer level thickness uniformity, and longer positive bias temperature instability lifetime.
Incorporation of zirconium dioxide !ZrO2" into HfO2 enhances the dielectric constant !k" of the
resulting HfZrO4 which is associated with structural phase transformation from mainly monoclinic
to tetragonal. The tetragonal phase increases the k value of HfZrO4 dielectric to a large value as
predicted. The improved device characteristics are attributed to less oxygen vacancy in the fine
grained microstructure of HfZrO4 films. © 2007 American Institute of Physics.
#DOI: 10.1063/1.2716399$

I. INTRODUCTION

State-of-the-art complementary metal-oxide-
semiconductor !CMOS" technology requires gate dielectric
layers with higher dielectric constant !high k" than SiO2 or
SiON as projected in the International Technology Roadmap
for Semiconductors.1 Many high-k materials were investi-
gated to replace SiO2-based options.2–19 The high-k gate di-
electrics such as HfO2 and ZrO2 have been investigated ex-
tensively as possible alternatives to SiO2-based options due
to their relatively higher dielectric constants, larger band gap,
and larger conduction band offsets to silicon.9–11,20–27 An-
other factor for selection of HfO2 as gate dielectric is its
thermodynamic stability in contact with silicon. However,
metal-oxide-semiconductor field effect transistors !MOS-
FETs" with HfO2 gate dielectric compared to SiO2 suffer
from Vt instability, lower carrier mobility, and degraded re-
liability.

HfO2 and ZrO2 have very similar physical and chemical
properties.28 They are completely miscible in the solid solu-
tion as shown in Fig. 1. Separating the two from each other
can be difficult. The correlation between dielectric properties
and lattice structures of HfO2 and ZrO2 has been studied
through simulation.29–31 Authors performed first-principles
density functional theory calculations on all crystal phases of
HfO2 and ZrO2, where it was reported that the dielectric
response and band gap of the material are strongly phase
dependent. The tetragonal phase for both HfO2 and ZrO2 has

the highest dielectric constant !k%30–40", while the mono-
clinic phase has the lowest dielectric constant !k%20".

In this article, we report on the development of
HfO2–ZrO2 alloy referred to as “HfZrO4” gate dielectric for
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tion of tunneling current in Fig. 4!c" is tighter over the mea-
sured area indicating more uniform film quality for the
HfZrO4 dielectrics. The weak spots were mainly seen at
grain boundary or triple points for HfZrO4, while they are
more random for the HfO2 dielectrics #see Fig. 4!a"$.

Comparison of spectroscopic ellipsometry data of
HfZrO4 with those HfO2 and ZrO2 !not shown" reveals that
the alloy dielectric has similar optical properties, but the
band gap is reduced by %0.4 eV.10 The onset of absorption
occurs %0.8 eV lower in ZrO2 than that of HfO2. The alloy
dielectric has a band gap between those of pure compounds.

B. Transistor characteristics

The transistor characteristics of HfO2 and HfZrO4 gate
dielectrics were investigated using NMOSFET with a device
dimension of channel width/length ratio of 10!10 "m2. The
cross-sectional TEM micrographs of HfO2 and HfZrO4
MOSFETs in Fig. 5 show that both dielectrics are polycrys-
talline with similar bulk dielectric thickness !25–26 Å" and
interfacial oxide thickness !%6 Å". Importantly, no interac-
tion between either dielectric and Si channel was observed
after the 1000 °C activation anneals. Thus, these HfZrOx
dielectrics showed good thermal stability with Si.

Figure 6!a" shows well-behaved NMOSFET C-V char-
acteristics of HfZrO4 and HfO2 for the target 30 Å physical
thickness. Compared to HfO2, the HfZrO4 has a lower
CETinv value. The lower CETinv value is due to the higher k
of the HfZrO4 compared to that of HfO2 as shown in Fig.
6!b". The lower CETinv value is consistent with the higher k
value estimated for HfZrO4 compared to HfO2 !see below".
This is also consistent with recent literature reports, where a
k value of %30 was reported for ZrO2.22

Significantly, no measurable C-V hysteresis was ob-
served for the HfZrO4 compared to HfO2 in Fig. 7, indicating
fewer bulk traps in the alloy dielectric. The hysteresis was
less than 20 mV for the target 30 Å HfO2 films. This is con-
sistent with the C-AFM results which showed fewer weak
spots. The HfZrO4 dielectric demonstrated superior wafer
level thickness uniformity compared to HfO2 !see Table II".
We attribute the improved uniformity to the higher nucle-
ation rate for HfZrO4 depositions.

Figure 8 plots gate leakage current density !Jg" as a
function of CETinv. As shown, the gate leakage for the
HfZrO4 devices is over four orders of magnitude lower than
that of silicon oxynitride. Compared to HfO2, slightly higher
gate leakage current was observed for the HfZrO4 devices.
This is due to the smaller band gap and lower conduction
band offset for the HfZrO4 than those of HfO2.10 With the
same CETinv, the HfZrO4 gate leakage is still orders of mag-
nitude lower than the requirements of the 45 nm node. Thus,
the HfZrO4 dielectric is an attractive candidate for high per-
formance and for low standby power applications.

As shown in Table II, the Vt values are lower and the Vt
distribution across the wafers is tighter for the HfZrO4 de-

FIG. 5. XTEM micrographs of HfZrO4 and HfO2.

FIG. 6. !a" NMOSFET C-V for HfZrO4 and HfO2 !W /L=10!10 "m2" and
!b" dielectric constant of HfZrO4 from equivalent oxide thickness !EOT" vs
physical thickness.

FIG. 7. Hysteresis characteristics of HfO2 and HfZrO4 NMOSFET !W /L
=10!10 "m2".
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XRD for HfO2
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Crystalline alloys Hf x Zr1-x O2

• Theoretical results
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• How does the dielectric constant ϵ0 vary with the M=(Hf, Zr, Ti) 
concentration x in Mx Si1-x   O2 amorphous silicates?

• How does the dielectric constant ϵ0 depend on the underlying 
atomic structure? 

Amorphous silicates
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Coordination model (I)

• Calculations of optical (ϵ∞) and static (ϵ0) dielectric constants 
for a series of Zr silicates crystalline models
• Microscopic scheme relating ϵ to structural units (SUs) 

centered on Si and Zr atoms through characteristic parameters: a 
polarizability α, a dynamical charge Z, and a force constant C 
which depend on the coordination of the central atom (Si or Zr):

★ α decreases with coordination (for Si and Zr)
★ no such regular trend for Z and C : ZrO6 SUs max.

SiO4 SiO6 ZrO4 ZrO6 ZrO8
α 19.68 16.14 37.37 35.35 32.69
Z 4.29 4.92 5.66 7.16 6.73
C 0.360 0.218 0.420 0.082 0.115
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• The model was validated by comparing the results of the model 
with those of first-principles calculations for the set of crystalline 
systems as well as for an amorphous model: (Δϵ = ϵ0 – ϵ∞) 

Δ
ϵ

ϵ∞

KITP programme on Excitations in Condensed Matter, Santa Barbara (CA), 20 November 2009

Coordination model (II)

Not used to
fit Zi and Ci

Not used
to fit αi 
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Comparison with experiments

• The dielectric constants ϵ∞ and ϵ0 can be estimated for Zrx Si1-x   

O2 amorphous silicates (with x known) with some additional 
information about the cationic coordination:

• For ϵ∞ → excellent agreement with available experimental data
• For ϵ0 →  supra-linear behavior with a sufficient amount of ZrO6 

 but limited effect compared to early experiments

– Si atoms 4-fold like in SiO2

– Zr atoms: quadratic 
distribution between ZrO4, 
ZrO6 , ZrO8

↪upper curve: only ZrO6

↪lower curve: without ZrO6

Dielectric properties of TM oxides and silicates: the contribution of DFT 22

Figure 3. Dielectric constants (�∞ and �0) as a function of composition x for

amorphous (ZrO2)x(SiO2)1−x. The hatched region corresponds to results derived from

the model scheme and reflects the indetermination of the number of ZrO6 units. The

upper curve delimiting the band corresponds to structures entirely composed of ZrO6

units, while the lower curve represents a smooth transition from a structure composed

of ZrO4 units at x = 0 to one composed of ZrO8 units at x = 0.5, without the

occurrence of any ZrO6 unit. The References for the experimental data are: � [74],

• [72], ◦ [73], �� [68, 69], [75], � [76], and � [49].

in terms of SUs. It is important to note the following two points. On the one hand, the

three parameters of Zr-centered SUs all contribute to enhancing the dielectric constants

over those of Si-centered ones of corresponding coordination+. This is clearly at the

origin of the increase of �∞ and �0 with increasing Zr concentration. Second, while the

polarizability αi of a given SU (Si- or Zr-centered) steadily decreases with increasing

coordination, such a regular behavior is not observed for the parameters Zi and Ci

determining ∆�. On the other hand , Zi and Ci concurrently vary to enhance the

contribution of ZrO6 units, which are the SUs giving the largest contribution to ∆� in

amorphous Zr silicates.

Using the scheme given by Equations (8), (9), (10) and (12), it is now possible to

estimate �∞ and �0 for amorphous (ZrO2)x(SiO2)1−x as a function of Zr composition

(0 < x < 0.5). Using measured densities for Zr silicates [74], �∞ can be easily calculated

as a function of x [8]. In this case, the effect of Zr coordination is negligible since

the various Zr-centered units have close α values compared to SiO4 (Table 7). As

plotted in Figure 3, the theoretical values [8] agree very well with available experimental

data [73, 74].

In order to apply the scheme for ∆�, additional information on the cationic

coordination is required. The Si atoms are assumed to be fourfold coordinated [8]. The

+ In Table 7, the value of C for SiO4 apparently leads to a higher contribution to ∆� than that for

ZrO4. This is an artifact of the approach used to determine the Zi and Ci.

early expts.
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tive, depending on the growth process, internal segregation
may coexist in equilibrium with the silicate. Moreover, at
the HfO2=silicon interface, thanks to the stabilizing effect
of SiO2 layers via strain relaxation, silicates may form that
have low Hf content and are isostructural with SiO2.

The complex structural history of these compounds as a
function of composition is reflected into dramatic changes
of the behavior of !0!x", as shown in Fig. 1(b), and also in
detectable variations of the optical !1!x", which, however,
cover a much narrower range (from #2:5 to #5). In the Si-
rich region, the changes relative to the SiO2 value for !0 are
minimal. Clustering (internal segregation) induces a slight
enhancement as shown for x $ 0:25, as a consequence of a
further breaking of symmetry, which affects the coupling
of the rocking modes of mixed Si-O-Hf units. This effect
provides an explanation for the steady modest increase
observed in Refs. [7,18] in the Si-rich regime, but certainly
not for the strong enhancement observed in some cases for
x < 0:20 [8]. Contrary to the arguments of Ref. [9], Hf
atoms with CN $ 4 do not induce sizable variations of
polarizability. On the other hand, unlike the assumptions of
Ref. [25], our extensive simulations provide evidence of a
substantial presence of HfO6 units (coexisting with SiO4
units) only in high-energy high-density disordered struc-
tures for which a sizable increase of !0 is indeed found [see
x $ 0:25 in Fig. 1(b)]. These same comments apply to Zr
silicates and are consistent with the unusually low Zr CN
(<6) pointed out in early experimental structural studies of
glasses of the !ZrO2"x!SiO2"1%x system, at least up to x $
0:20 [30]. One could then interpret the anomalously high
values measured both for Hf and Zr silicates as a sign of the
presence of microdomains, that could enucleate during
growth, having local structures other than the silicalike
ones.

In the window of stability of the hafnonlike structures
(0:4 & x & 0:6), !0 is fairly constant around the x $ 0:5
value (from #11 to #13). Lower measurements indicate
the presence of silicalike domains [see red symbol in
Fig. 1(b) at x $ 0:4], which can be expected near the
border between the two structural regimes. Because of
the predominant contribution of the ionic polarizability to
!0, the different polymorphs of hafnia exhibit very differ-
ent values [18(m), 20(o), 31(c), 41(t)]. In the Hf-rich
regime (x $ 0:75) the tendency of Si to disrupt the host
network in a way that is rather independent of the specific
HfO2 matrix, is reflected in a much reduced range of !0
[Fig. 1(b)]. Internal segregation is more effective here and
weakens the dielectric screening via a global depletion of
the dipole matrix elements in the 100–300 cm%1 region.
This mechanism accounts for the behavior observed in
Ref. [21], while the much lower values measured in
Ref. [7] may signal the presence of silicalike structures
that could be stabilized during growth on the (observed)
preexisting SiO2 layers. Indeed, replacing 60% of the Si
atoms on a silica matrix makes the structure collapse but
results in high-energy (!F & 0:5 eV) disordered configu-
rations with relatively low density and Si in its typical CN

but Hf in 5- (mainly) and sixfold coordination; correspond-
ingly !0 rises only up to & 8 [see Fig. 1(b)]. On the other
hand, the persistence of !0 & 12 in other samples (see, e.g.,
Refs. [10(b),32]) suggests the formation of hafnon as likely
product of internal segregation.

Our ab initio results allow us to evaluate the models
proposed so far to account for the variation of the dielectric
constant of ternary high-k dielectrics: (i) We have applied
the CN-dependent model of Ref. [25], in which, in analogy
with the electronic polarizability, also the lattice term was
decomposed into local and additive contributions associ-
ated with the different CN units present in the alloy [33].
The effective charges Z2 and the ‘‘inverse force constant’’
C%1 are written as sums over these units with weights given
by their relative concentrations. Our calculations reveal
that although the former approximation is a good one,
the latter is not appropriate and leads to a significant over-
estimate of the dielectric constant [Fig. 3(a)] in the Hf-rich
region. (ii) The important role of atomic CN discounts the
validity of simple explanations solely in terms of the
atomic density (see Ref. [24]), as dramatically shown in
Fig. 3(b). (iii) The virtual crystal approximation [34] offers
a reasonable description of the limit of random positional
disorder only for x < 0:3, namely, in the range where the
structure is preserved, and (iv) a stack of silica and hafnia
layers with relative thickness proportional to the relative
concentration cannot represent the opposite limit of posi-
tional order.

In conclusion, the dependence of the static dielectric
constant of the HfSiO system on composition is intrinsi-
cally nontrivial because of its complex structural evolution,
characterized by the tendency of Si to preserve tetrahedral
bonding and the versatility of Hf to accommodate to lower
CN (4 and 6) than in the crystalline phases. Therefore, this
case must be regarded as an outstanding example of the
link between atomic structure and dielectric response. The
scatter of data measured on different samples can be inter-
preted consistently with our results and indicates the pres-
ence of domains with different local structure, depending
on the growth process. In the Si-rich regime (x < 0:3), Hf
substitution maintains the structure of the silica matrix, and
thus has only a minor influence on its vibrational spectrum
and dielectric constant. This finding has very important

 

FIG. 3. Dielectric constant: (a) Comparison of our ab initio
calculations !0 and the CN-dependent model of Ref. [25].
(b) Missing correlation with the average molecular volume.
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...with other theoretical works
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We present an extensive ab initio study of the structural and dielectric properties of hafnium silicates
HfxSi1!xO2 that accounts for the observed anomalous dependence on composition of the static dielectric
constant in the entire x range. The results reveal that this complex behavior reflects that of the structural
development with x, from silica to hafnia, and clarify how different growth processes can also lead to
scattered sets of data. Several simple models proposed thus far to explain part of the experimental data are
shown to be inadequate. It is argued that silicate layers with low hafnium content form at the HfO2=Si
interface and play a crucial role in preserving high electron mobility in the channel.
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In the search for an alternative to SiO2 as gate dielectric
of CMOS devices [1], challenging fundamental issues
continue to emerge that are related to the physical proper-
ties of the novel candidate oxides, their derivatives, and
interfaces. Hafnium dioxide (HfO2) is the one candidate
that seems to better respond to the simultaneous require-
ments of high permittivity and thermal stability, and that
can be integrated in a gate stack with high mobility [2].
However, a microscopic understanding of the ‘‘interac-
tion’’ of the oxide with silicon is still missing. This tran-
spires in all investigations of the interfaces, and is
remarkably apparent in the study of hafnium silicates
(HfSiO), which have received considerable attention since
the pioneering work of Wilk et al. [3]. Their interfacial
properties with silicon have long been shown to be superior
to those of HfO2 [4], and nitridation has recently been
proposed as the means to increase their performance to
the point that HfSiON materials were selected for the new
generation of low-power MOSFETs [5] and as components
of memory devices [6]. However, critical issues are still
open, primarily regarding the observed ‘‘odd’’ behavior of
their dielectric constant as a function of concentration,
their atomic distribution, and their stability against decom-
position and segregation, which, as we will show in this
Letter, are all interrelated.

The anomalous variation of the dielectric constant !0
with composition was first pointed out after systematic
measurements were made in the entire range from silica
to hafnia [7]. It becomes even more intriguing when one
realizes that several contradictory experimental data are
published for both Si-rich and Hf-rich samples [8]. This
odd situation is shown in Fig. 1(a). In particular, earlier
measurements indicating that a relatively low content
(10%–20%) of either Hf or Zr was sufficient to enhance
the dielectric constant of silica from "4 to "10 were not
confirmed by later experiments [7,8], which also cast doubt
on arguments providing an explanation of such an effect
[9]. Moreover, a number of controversial results were
lately reported regarding the thermal stability of HfSiO
thin films grown on a silicon substrate [10], and the for-

mation of silicate interfacial layers after HfO2 deposition
on silicon has been questioned [11].

In this Letter, significant progress is made towards un-
folding the above questions on the ground of extensive
ab initio simulations of the HfxSi1!xO2 substitutional al-
loys and subsequent computations of the dielectric con-
stant performed for the entire range of compositions. The
observed anomalous x dependence of !0 is revealed to be
the consequence of major structural changes that the sili-
cates undergo, and the scatter of data produced in different
experiments is rationalized. The unprecedented large scale
of the structural models studied here enables a more real-
istic approach, a deeper understanding of these complex
materials, and an accurate evaluation of previous simple
arguments and paradigms. Moreover, on the basis of our
findings we argue that the formation of silicate layers at the
HfO2=Si interface might play a key role in preserving high
electron mobility in the channel [12].

Our study relies on density-functional theory (DFT)
implemented in the plane-wave-pseudopotential scheme
[13], on the harmonic approximation for the vibrational
spectra, and on the linear-response theory [14] for the
dielectric constant. Beyond the binaries [15,16], a similar
scheme has so far been applied only to the midcomposition
crystalline compound hafnon [17] and fits well with ex-
perimental findings [7,18–22]. Otherwise, only calcula-
tions of small clusters are available [23,24] and model
approaches to the dielectric properties of the related Zr-
silicates [25]. Indeed a reliable simulation of these alloys is
challenging because they are generally noncrystalline and
a distribution of different local environments is expected
on the basis of the vast dissimilarity of coordination (CN)
in the component binaries. Moreover, being derived from a
limited database referring to CN # 7 or 8 only, the avail-
able classical potentials for the description of the Hf(Zr)O
and Hf(Zr)Si interactions (see, e.g., [25]) are biased, which
precludes the auxiliary use of classical MD. Therefore we
adopted the following strategy: (i) several lattices were
considered for the initial atomic distributions (six tetrago-
nal, one monoclinic [26]), which were further allowed to
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tive, depending on the growth process, internal segregation
may coexist in equilibrium with the silicate. Moreover, at
the HfO2=silicon interface, thanks to the stabilizing effect
of SiO2 layers via strain relaxation, silicates may form that
have low Hf content and are isostructural with SiO2.

The complex structural history of these compounds as a
function of composition is reflected into dramatic changes
of the behavior of !0!x", as shown in Fig. 1(b), and also in
detectable variations of the optical !1!x", which, however,
cover a much narrower range (from #2:5 to #5). In the Si-
rich region, the changes relative to the SiO2 value for !0 are
minimal. Clustering (internal segregation) induces a slight
enhancement as shown for x $ 0:25, as a consequence of a
further breaking of symmetry, which affects the coupling
of the rocking modes of mixed Si-O-Hf units. This effect
provides an explanation for the steady modest increase
observed in Refs. [7,18] in the Si-rich regime, but certainly
not for the strong enhancement observed in some cases for
x < 0:20 [8]. Contrary to the arguments of Ref. [9], Hf
atoms with CN $ 4 do not induce sizable variations of
polarizability. On the other hand, unlike the assumptions of
Ref. [25], our extensive simulations provide evidence of a
substantial presence of HfO6 units (coexisting with SiO4
units) only in high-energy high-density disordered struc-
tures for which a sizable increase of !0 is indeed found [see
x $ 0:25 in Fig. 1(b)]. These same comments apply to Zr
silicates and are consistent with the unusually low Zr CN
(<6) pointed out in early experimental structural studies of
glasses of the !ZrO2"x!SiO2"1%x system, at least up to x $
0:20 [30]. One could then interpret the anomalously high
values measured both for Hf and Zr silicates as a sign of the
presence of microdomains, that could enucleate during
growth, having local structures other than the silicalike
ones.

In the window of stability of the hafnonlike structures
(0:4 & x & 0:6), !0 is fairly constant around the x $ 0:5
value (from #11 to #13). Lower measurements indicate
the presence of silicalike domains [see red symbol in
Fig. 1(b) at x $ 0:4], which can be expected near the
border between the two structural regimes. Because of
the predominant contribution of the ionic polarizability to
!0, the different polymorphs of hafnia exhibit very differ-
ent values [18(m), 20(o), 31(c), 41(t)]. In the Hf-rich
regime (x $ 0:75) the tendency of Si to disrupt the host
network in a way that is rather independent of the specific
HfO2 matrix, is reflected in a much reduced range of !0
[Fig. 1(b)]. Internal segregation is more effective here and
weakens the dielectric screening via a global depletion of
the dipole matrix elements in the 100–300 cm%1 region.
This mechanism accounts for the behavior observed in
Ref. [21], while the much lower values measured in
Ref. [7] may signal the presence of silicalike structures
that could be stabilized during growth on the (observed)
preexisting SiO2 layers. Indeed, replacing 60% of the Si
atoms on a silica matrix makes the structure collapse but
results in high-energy (!F & 0:5 eV) disordered configu-
rations with relatively low density and Si in its typical CN

but Hf in 5- (mainly) and sixfold coordination; correspond-
ingly !0 rises only up to & 8 [see Fig. 1(b)]. On the other
hand, the persistence of !0 & 12 in other samples (see, e.g.,
Refs. [10(b),32]) suggests the formation of hafnon as likely
product of internal segregation.

Our ab initio results allow us to evaluate the models
proposed so far to account for the variation of the dielectric
constant of ternary high-k dielectrics: (i) We have applied
the CN-dependent model of Ref. [25], in which, in analogy
with the electronic polarizability, also the lattice term was
decomposed into local and additive contributions associ-
ated with the different CN units present in the alloy [33].
The effective charges Z2 and the ‘‘inverse force constant’’
C%1 are written as sums over these units with weights given
by their relative concentrations. Our calculations reveal
that although the former approximation is a good one,
the latter is not appropriate and leads to a significant over-
estimate of the dielectric constant [Fig. 3(a)] in the Hf-rich
region. (ii) The important role of atomic CN discounts the
validity of simple explanations solely in terms of the
atomic density (see Ref. [24]), as dramatically shown in
Fig. 3(b). (iii) The virtual crystal approximation [34] offers
a reasonable description of the limit of random positional
disorder only for x < 0:3, namely, in the range where the
structure is preserved, and (iv) a stack of silica and hafnia
layers with relative thickness proportional to the relative
concentration cannot represent the opposite limit of posi-
tional order.

In conclusion, the dependence of the static dielectric
constant of the HfSiO system on composition is intrinsi-
cally nontrivial because of its complex structural evolution,
characterized by the tendency of Si to preserve tetrahedral
bonding and the versatility of Hf to accommodate to lower
CN (4 and 6) than in the crystalline phases. Therefore, this
case must be regarded as an outstanding example of the
link between atomic structure and dielectric response. The
scatter of data measured on different samples can be inter-
preted consistently with our results and indicates the pres-
ence of domains with different local structure, depending
on the growth process. In the Si-rich regime (x < 0:3), Hf
substitution maintains the structure of the silica matrix, and
thus has only a minor influence on its vibrational spectrum
and dielectric constant. This finding has very important

 

FIG. 3. Dielectric constant: (a) Comparison of our ab initio
calculations !0 and the CN-dependent model of Ref. [25].
(b) Missing correlation with the average molecular volume.
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50 amorphous structures
with 192-324 atoms
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... and within group IVb

• The enhancement of the dielectric permittivities are:
★ larger for Ti-centered SUs than for Hf- and Zr-centered ones
★ larger for MO6 SUs than MO8 ones

• For Ti amorphous silicates, the dielectric permittivities should be 
considerably larger than for Hf and Zr amorphous silicates

★ for Ti, the MO6 SUs tend to be more stable (as in rutile) than the 
MO8 ones whereas, for Hf and Zr, the MO8 SUs prevail

★ all the characteristic parameters of Ti-centered SUs produce a 
larger enhancement than Hf and Zr ones.

HfO6 ZrO6 TiO6 HfO8 ZrO8 TiO8
α 35.28 34.54 33.49 32.21 31.66 32.87
Z 7.19 7.45 8.59 6.77 6.95 7.70
C 0.128 0.105 0.044 0.163 0.142 0.078
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Quest for superhard materials
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Possible crystalline phases of C3N4

β-C3N4

(B=427 GPa)

Defect Zinc Blende-C3N4

(B=425 GPa)
[A.Y. Liu & M.L. Cohen,
 Science 245, 841 (1989)]

[A.Y. Liu & R.M. Wentzcovitch,
  Phys. Rev. B 50, 10362 (1994)]
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Possible crystalline phases of C3N4

α-C3N4

(B=425 GPa)

Cubic-C3N4

(B=496 GPa)
[Y.J. Guo & W.A. Goddard,
  Chem. Phys. Lett. 237, 72 (1995)]

[D.M. Teter & R.J. Hemley,
 Science 271, 53 (1996)]
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Possible crystalline phases of C3N4

Graphitic-C3N4

(B=51 GPa)

44

[A.Y. Liu & R.M. Wentzcovitch,
  Phys. Rev. B 50, 10362 (1994)]



• Problem: spectrum unknown a priori
★ work by analogy with Si3N4

★ definition of a scaling factor (Hooke’s law):
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Experimental synthesis?
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ρ =
νSi3N4

νC3N4

=

�
BSi3N4dSiNuSi3N4

BC3N4dCNuC3N4

= 1.43− 1.47

bulk 
modulus

interatomic
distance

reduced
mass

[M. Wixom, J. Am. Ceram. Soc. 73, 1973 (1990)]
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Vibrational properties

46

β−Si3N4β−Si3N4 β−C3N4 ρ
Expt. Th.

E2g(1)
Ag(1)
E1g(1)
E2g(2)
Ag(2)
E2g(3)
Ag(3)
E1g(2)
E2g(4)
Ag(4)
E2g(5)

185 180 305 1.69
208 201 442 2.20
230 223 412 1.85
452 447 717 1.60
— 460 637 1.39

620 614 890 1.45
733 729 1078 1.48
866 863 1197 1.39
930 927 1148 1.24
940 936 1290 1.38

1048 1042 1377 1.32

the model works fine for stretching modes but
very poorly for bending modes (low frequency)



• the three lowest frequency modes are
very pronounced → spectral signature :
★ Si3N4 :

 185 208 230 (cm–1)
★ C3N4 :

→   using scaling factor 
 266 300 327 (cm–1)
→   from first-principles
 305 442 412 (cm–1)

• this raises serious doubts about the
possible identification of β-C3N4

phase in several experiments
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Vibrational properties
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Dielectric properties
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ε∞ ε0

α−C3N4

β−C3N4

Defect Zinc Blende

Cubic
Graphitic

(5.03 5.03 4.91) (7.01 7.01 6.90)

(5.15 5.15 4.73) (7.81 7.81 6.13)

5.21 7.37

5.59 8.37
(6.15  6.15 2.84) (8.82 10.34 2.92)

• Experimentally, ε∞≈5.5 for a-CNx (x=25%)

• Highest values → for the in-plane components of
 the systems with sp2-bonded C atoms
• For the systems with sp3-bonded C atoms:

highest value → for the cubic phase
 (i.e. the one with the highest bulk modulus)
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Born effective charge tensors

• For the systems with sp3-bonded C atoms:
the tensors are quite isotropic: Z*(C)≈+2.3  and  Z*(N)≈ -1 .7
• For the systems with sp2-bonded C atoms:

the tensors are very anisotropic
★ in-plane components are bigger (up to +4 for C and –3 for N)
★ very small values perpendicularly to the plane
★ the N atoms that are threefold coordinated present an 

homogeneous in-plane value; while those that are twofold 
coordinated present two well separated values

• The signs of the Born effective charges reflect the difference in 
electronegativity between C and N atoms
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