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a b s t r a c t

The band structure, dielectric constants and linear optical properties of the cubic, tetragonal and mono-
clinic HfO2 were calculated within density functional methods. The calculation were performed with both
standard and hybrid density functionals which accurately reproduce the experimental band gaps. Elec-
tronic structures of hafnia polymorphs with oxygen vacancies were investigated. It was found out, that
oxygen vacancy can be both electron and hole trap in HfO2.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

Hafnia (HfO2) is a wide band gap material, with a high dielectric
constant, which has wide applications in optical and protective coat-
ing technology. HfO2 is the promising material to replace SiO2 as gate
isolator in metal-oxide semiconductor devices [1,2]. These applica-
tions require knowledge of its electronic and optical properties. A
number of first-principles studies have been dedicated to HfO2.
Because monoclinic (m-) HfO2 is stable at room temperature its
properties are more investigated than properties of tetragonal (t-)
or cubic (c-) HfO2. Moreover, most of early electronic structure cal-
culations of hafnia were based on standard density-functional
theory (DFT) methods, which suffer from well-known band-gap
underestimation problem.

Oxygen vacancies are dominating intrinsic defects in the bulk of
many high-k oxides including HfO2 and are also thought to be pre-
sented in high concentrations in thin films [1]. However, in spite of
numerous experimental studies, the role of oxygen vacancies in
HfO2 is still circumstantial. For instance, the measured defect en-
ergy levels differ considerably among the various experiments.

2. Methods

We have performed calculations in the framework of DFT using
the ab initio simulation code QUANTUM-ESPRESSO. We have
exploited both the exchange–correlation potential of the general-
ized gradient approximation (GGA) as approximated by the
Burke–Perdew and hybrid functional HSE. The valence electronic
eigenfunctions were obtained from an expansion in plane waves,
while the core electrons were replaced by the norm-conserving
pseudopotentials. To study dielectric permittivity, linear response

methods based on DFT were employed to obtain Born effective
charges and infrared active phonon modes at zone center. Then
the static dielectric tensor can be calculated as follows:

e0
ab ¼ e1ab þ

4p
M0V

X

k

~z�ka~z�kb

x2
k

:

Here the ~Z�ka are mode effective charges, M0 is a reference mass that
is taken to be 1 amu, xk is the frequency of the k IR-active phonon
mode, V is the volume of the unit cell.

The periodic supercell approach was used for the simulation of
the oxygen vacancy. Oxygen vacancies in c-, t- and m-HfO2 were
created in 81, 108 and 96 atoms supercells respectively, with the
following atomic positions relaxation. The charge localization
energies were estimated as difference between perfect and defect
supercell electron/hole affinities, as follows:

Dee=h ¼ ðEq¼�1=þ1
perfect � Eq¼0

perfectÞ � ðE
q¼�1=þ1
defect � Eq¼0

defectÞ:

3. Results

The calculated fully relaxed crystal structures of c-, t- and
m-HfO2 agree very well with experimental data available in litera-
ture. The band gaps of hafnia polymorphs calculated within stan-
dard and hybrid DFT are compared to experimental values in
Table 1. It is seen, that hybrid DFT gives energy gaps that better
agree with experimental values. Fig. 1 demonstrates the band
structures of c-, t- and m-HfO2 calculated within hybrid DFT.

The carrier effective masses and the complex dielectric function
were obtained from the band structure. Table 2 presents calculated
values of band effective masses of electrons and holes in hafnia
polymorphs. In c- and t-HfO2 both – light and heavy electrons
and holes are presented, whereas m-HfO2 shows only heavy charge
carriers. The electron effective masses are shown to be several
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times heavier than the electron tunneling effective mass in amor-
phous HfO2 [3].

Figs. 2 and 3 show the averaged imaginary and real parts of the
complex dielectric function of HfO2 polymorphs calculated using
the hybrid DFT. The origins of the different peaks in the calculated
dielectric functions can be deduced in terms of interband transi-
tions. The calculated imaginary and real dielectric functions for
cubic HfO2 are in good agreement with the experimental data
reported in [4] for energies in range 4.5–9.5 eV using UV ellipsom-
etry spectroscopy.

The calculated electronic ðe1Þ and lattice ðelattÞ dielectric
permittivity constants are presented in Table 3. Lattice dielectric
permittivities were calculated only in standard DFT approach.
The static dielectric tensor is diagonal and isotropic in the cubic
phase. Due to the tetragonal symmetry of t-HfO2, this tensor is also
diagonal, but it has two independent components exx ¼ eyy and ezz.
The m-HfO2 has four independent components of permittivity
tensor: exx; eyy; ezz and exz. It is seen, that the calculated dielectric
constants vary widely from phase to phase. The t-HfO2 has the
highest dielectric constants relative to other phases. The results
agree with previous calculated data [6,7]. As there are few experi-
mental investigations of dielectric properties of crystalline hafnia,
comparison of calculated dielectric constants with experimental
values may not be possible.

The calculated partial density of states (PDOS) spectra for hafnia
polymorphs demonstrate that neutral oxygen vacancy create one
gap state into the band gap which is doubly occupied (Fig. 4). This
level lies above the valence band edge at 2.5 eV in standard DFT
and at 3.2 eV in hybrid DFT calculations. It should be noted that
another theoretical researches which give improved band gaps
show wide range of neutral oxygen vacancy level position: 2.9 eV

Table 1
Band gaps of HfO2 polymorphs obtained in this work compared to the experimental
data.

c-HfO2 t-HfO2 m-HfO2

DFT (eV) 3.4 4.0 3.6
Hybrid DFT (eV) 5.5 6.1 5.6
Experiment (eV) 5.8[4] – 5.68[5]

Fig. 1. Band structures along the high-symmetry lines of the Brillouin Zone of cubic
(a), tetragonal (b) and monoclinic (c) HfO2 calculated with hybrid DFT.

Table 2
The effective electron m�e and hole m�h masses and corresponding Brillouin zone
directions for HfO2 polymorphs. The numbers in parentheses correspond to mass
values obtained from hybrid DFT calculations.

c-HfO2 t-HfO2 m-HfO2

m�e
m0

0.8 (1.0) U-L
1.9 (2.5) U-X
0.5 (0.6) U-X

0.6 (0.8) U-M
1.9 (0.9) U-Z

1.1 (1.3) B-A
1.7 (2.1) B-D

m�h
m0

0.3 (0.4) X-U
3.1 (2.7) X-W

0.8 (0.6) A-Z
3.6 (2.6) A-M

1.6 (2.3) U-Z
1.8 (1.7) U-Y

Fig. 2. Calculated with hybrid DFT imaginary part of the dielectric function for
cubic (bold line), tetragonal (dash line) and monoclinic (dot line) HfO2.

Fig. 3. Calculated with hybrid DFT real part of the dielectric function for cubic (bold
line), tetragonal (dash line) and monoclinic (dot line) HfO2.

Table 3
Calculated the optical and static dielectric constants of HfO2 polymorphs. The
numbers in parentheses correspond to values obtained from hybrid DFT calculations.

c-HfO2 t-HfO2 m-HfO2

e1 elatt e1 elatt e1 elatt

?; k xx, yy, zz

DFT 5.1 20.4 5.1
4.7

42.0
11.2

4.9
4.7
4.5

6.4
12.0
6.6

Hybrid DFT 3.3 – 3.3
3.2

– 3.2
3.1
3.0

–

Ref. [6] 5.37 20.8 5.13
5.39

14.87
27.42

– –

Ref. [7] – 23.9 – 92.3
10.7

– 13.1
10.8
7.53
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[8], 3.1 eV [9] and 3.8 eV [10] above the hafnia valence band top.
The second vacancy state is also found in the density of states at
about 6 eV in Fig. 4, essentially at the conduction band.

The calculated ELS spectrum (i.e. �Im1=e) of m-HfO2 supercell
with oxygen vacancy shows a wide absorption peak at
2.5–4.0 eV, which is attributed to an oxygen vacancy (Fig. 5). This
result is compared with experimental absorption peak that exists

in the range 4.5–5.0 eV in absorption spectra ðahvnÞ1=2 for poly-
crystalline HfO2 [11]. The discrepancy is required the following
investigations.

The charge localization energies on oxygen vacancy in hafnia
polymorphs were calculated within simple DFT. It was obtained
that electron and hole capture on oxygen vacancy is energetically
favorable process. The energy gain for electron capture is 0.1 eV,
0.2 eV, 0.1 eV, whereas energy gain for hole capture is 2.7 eV,
2.7 eV, 2.6 eV for c-, t- and m-HfO2 respectively. That results indi-
cate that neutral oxygen vacancy in hafnia produces shallow donor
energy level, but this fact disagrees with previous investigations
[12]. It could be explained that DFT gave incorrect description of
excited states in solids. Nevertheless our results afford ground
for conclusion that oxygen vacancy in hafnia can play role of
charge localization center.

4. Conclusions

The electronic and optical properties of c-, t- and m-HfO2 were
calculated within standard and hybrid DFT. The band structures,
dielectric constants and optical properties are in reasonable agree-
ment with previous simulations and available experimental re-
sults. The calculated effective electron and hole masses, and
dielectric constants can be used in various analyses and carrier
transport simulations. I was found, that oxygen vacancy can be
both – electron and hole trap in HfO2 and thus is possible to give
a contribution in hafnia films conductivity.
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Fig. 4. Calculated with hybrid DFT partial density of states of adjacent Hf and O ion
at the O vacancy in m-HfO2.

Fig. 5. Calculated with hybrid DFT ELS spectra for m-HfO2 with oxygen vacancy
(solid line) in compared with perfect structure (dashed line).
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