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Abstract

Density functional theory (DFT) calculations of @l®nic energy bands of ¢Hf; O, (x=0.5 and 0.75) are
investigated within the generalized gradient appnation (GGA) and taking into account relativistic
contributions. Nonlinear core corrections termsused. Our plotted band structures show that tlenea bands
are separated from the conduction bands by areictdirand gap of 4.14eV, from X fband direct band gap of
4.18eV at X for Cg;Hf(:0,. For Cgq sHfy:0,, the indirect band gap is 3.56eV from XIt@nd direct band gap
of 3.84eV atl'. Hence, the fundamental band gap in these allogsnalirect. We found a direct band gap of
5.90eV for Ce® at thel' point, in good agreement with experiment. We aalzulated lattice parameters of
5.28A and 5.37A for Ce sHfg50, and Cg,Hf( 40, respectively. Hf doping in ceria (CgQresults in reduced
band gap compared to pure ceria. From the denbgyates (DOS) plot, the band gap is formed predantly
from O2p and (Ce, Hf)5d states from valence andiaotion bands respectively. The calculated widedbgap
of the oxides show that they are active in ultrtiQUV) radiation and so can be applied as UV kéus.
Keywords: Density functional theory, Lattice parameter, Batdcture, Band gap, Density of states

INTRODUCTION

Due to reducing property and high oxygen storagacisy (OSC) of ceria, it is commonly used as alyat for
many chemical processes. Unfortunately, the appica of pure ceria are deficient at high tempematdnd so
to make ceria well applicable at broad range ofpteratures, dopants must be added to it. This eelsaite
characteristic properties. Researchers have shtwanh doping of hafnia (Hf) into the ceria latticeghiy
enhances the oxygen storage capacity (OSC), thestaaility and reducibility of the produced mixexide [1-
5]. CgHf;.,O, mixed oxides are used as catalysts in CO oxidd6hras three way catalyst (TWC) [7] and for
soot oxidation [8].

Ceria-hafnia mixed oxides are also useful becatifieedr oxygen storage/release properties [9-14{ fimd
applications in oxygen storage capacitors, nucteactors and thermal barrier coatingshas already been
shown thaCeHf;.,O, for x=0.5 and 0.75 crystallizes in the cubic fluerstructure [12-16].

As the size of Si@gate dielectric films used in complementary oxidengonductor (CMOS) devices is
reduced, the current leakage in the gate becongs [Hi7-19]. Hence, the need to replace the,Si@te
dielectrics with a high dielectric material whiclermits high gate capacitance without leakage curftdany
researches have been carried out in order to firstibestitute for future use [20-22]. Many high date
materials were discovered which can replace,S¥tong them is Cgif,.,O, [23].

The introduction of Hf gives rise to modificatiookelectronic structure of CeOUnfortunately, theoretical
informations about the electronic properties ofte,O. is very scarce. The aim of this present work isttaly
the electronic structures of the mixed oxides usiegsity functional theory (DFT) calculations.

The knowledge of the electronic structures of theseed oxides would aid in the design of gate oxide
microelectronics and energy related applicatiomh ss solid oxide fuels, gas-sensors and optics.

COMPUTATIONAL METHOD
The electronic properties of the mixed oxides amestigated using electronic structure calculatiased on the
generalized gradient approximation (GGA) within thensity functional theory (DFT) [24,25]. The exoba
correlation energy of the electrons is describedhin GGA. The GGA functional from Perdew, Burke and
Ernzerhof [26] is used to model the exchange amcelzdion energy of the electrons. Ultrasoft psqaatential
in the plane wave basis sets as implemented witleimuantum espresso package is used [27]. A plare
cutoff kinetic energy of 100Ry was chosen. Caléatet were performed on 12 atoms supercell of therifie
structures. A 6x6x6 k-point grid was used to obtimwell converged sampling of the Brillouin zonéeTk
integration over the Brillouin zone is performedngsthe Monkhorst and Pack mesh [28]. Scalar netit
calculation [29-31] is done and non-linear coreection terms are also included [32].

The electronic configurations for Ce, Hf and O @ee Xe 4t 5d' 6, Hf: Xe 4f*5d” 6 and O: He 2s2p".
For the constituent elements, the valence eleciofigurations used are: Ce56<, 5p°, 6p° and 5d, Hf- 5,
6<, 5p° and 5d, O- 2¢ and 28. The f-electron is treated as a localized coréesfBhe 3d excited state of
Oxygen is included.

The iteration process was repeated until the caled|total energy of the crystals converged to tlean
1mRyd. Convergency was achieved in nine iterationghe alloys and in seven iterations for GeO
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RESULTSAND DISCUSSION

We have used first principles calculation to inigege the electronic structures of ceria-hafniaxte®.5 and x=
0.75. Both alloys crystallize in the cubic fluordg&ructure as shown in Figure 1 and 2. For compansirpose,
we calculated the band gap of Ge@lithough many DFT calculations of the electraamcl structural properties
of CeQ have been performed [33-43]. Ceria is a lanthanixide with the cubic fluorite structure. Ceriaais
wide band gap material with valence and conduchiand built primarily from O2p states and Cebd state
respectively. Between these two bands lies a na@eff band. Experimentally, the O2p-Ce5d band gaout
6eV [44]. )

In this work, the lattice parameters of Ge@eg sHfysO, and Cg/Hf, 40, are calculated to be 5A1
5.28A and 5.3A respectively. The band energies at high symmetigtp for CgsHfs0, and Cg7sHfo 260,
from DFT-PBE calculations are given in Table 1 &d he valence band energy at each point is repieddy
E, while the conduction band energy is representedbyrhe valence band maximum and conduction band
minimum are represented with bold fonts. For eamymarison, the band gapsg(f CeQ, Ce sHfy0, and
Ce 7 Hfo2:0, are listed in Table 3. The band gap presentedtigden O2p and (Ce,Hf)5d states.

The electronic band structures of,@df, 0, and Cg,Hf( 50, are given in Figure 3 and 4 respectively.
For Ce sHfo50,, the direct band gap is 3.84eVIawhile the indirect band gap > I' is 3.56eV. Therefore, the
fundamental band gap of the alloy is indirect (886 For Cg,Hfy.:0,, the direct band gap is 4.18eV at X
while the indirect band gap which is also the fundatal band gap is 4.14eV from-% I is 3.56eV. From the
band structure plot, both mixed oxides are widedbgap insulators. They show good UV light absorptio
region. They could be used as photocatalysts. Lighkitng energy within the band gap energies ofetlwesdes
can be absorbed by them.

As we have taken 4f-orbitals in core part of Ce Hifidbasis set so f orbital bands are absent irsboavn
energy band. From DOS plots in Figure 5 and 6,@nbands of Cg¢if;.,O, (x=0.5 and 0.75) are divided into
five parts. The first energy band in the valencedbare mainly due to 2s states of O atom. The twextregions
contain the contribution of Ce-p and Hf-p orbita¢éspectively. The region just below the Fermi lekelis
predominately p states of O, with only a small cbuotion from d-Ce and d-Hf states. Above the Felenel,
the region is predominately d states of the me#étls a very small contribution of their s-statedial means
valence bands are formed mostly by oxygen p stateife conduction bands are formed majorly by Carand
Hafnium 5d states. Therefore, we conclude thabthelectrons of Ce, 5d electrons of Hf atoms andl@ptrons
of O atom play a major role in deciding the sizdand gap.

Figure 1: Ball and Stick representation of Figure 2: Ball and Stick representation of
CepsHfos0: Cep.7sHf0250:

Table 1: Band energies at high symmetry points in CeysHfo250,. The valence band maximum is set to
Zero.

Kpoints E(eV) E(eV)
L -0.57 4.35
r -0.20 4.14

X 0.00 4.18
w -0.32 4.32
K -0.32 4.34
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Table 2: Band energies at high symmetry pointsin CeysHfy50,. The valence band maximum is set to zero

kpoints E(eV) E.(eV)
L -0.61 4.20
r -0.28 3.56
X 0.00 4.22
wW -0.36 4.32
K -0.36 4.26
Table 3: Electronic band gap of CeO,, CeyzsHfp250, and CeysHfo 50,
System Direct eV) Indirect E(eV) Experimental EeV)
CeG 5.90 5.68 6 (direct)
Cey.7:Hf.2:0, 4.18 4.14 _
Cey:Hfp O, 3.84 3.56 —
|
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Figure 3: Electronic Band structure of CeysHfo50,. The vertical axisrepresentsthe energy in eV while the
horizontal axisrepresentsthe high symmetry points.
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Figure 4: Electronic Band structure of Cey7sHfp250,. The vertical axis represents the energy in €V while
the horizontal axisrepresentsthe high symmetry points.
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Figure5: Density of states of CeysHfo50,
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Figure 6: Density of states of Cey75Hf2505

CONCLUSION

In summary, using density functional theory, we éatudied the electronic properties of,g#f,0, and
Ce 7Hfo.:0, within GGA for exchange correlation potential. dddition to the electronic band structure, we
obtained the density of states.

Our calculations led to ground state electronicppries. We found that the fundamental band gaps of
CeHf1.4O, are indirect band gaps, from X I of 3.56eV and 4.14eV respectively. The calculatedct band
gap of Ce@ of 5.90eV, at th& points, is in agreement with the result of experiis. The calculated band gap
energy shows that the alloys can absorb in thet sterelength UV light and hence can find applicatio the
UV metal-insulator-semiconductor light emitting des and UV light blockers.

We expect the calculated band gap of the mixedesxid enable future comparisons with experimental
measurements, such as optical reflectivity.

The electronic properties of the alloys can be istlidising other methods for comparison purpose. The
obtained results can be used as a reference datadies of ceria-hafnia alloys with different xncentrations.
We consider that the results obtained are onlypadictive study, by expecting that our presentaesh will
induce more works on the mixed oxides.
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