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High−k Oxides − High−k Oxides − MotivationMotivation

Gate Electrode

Gate Oxide

Source Drain

MOSFET

 Wide applications in areas such as optics, protective
coatings, fuel cells and oxygen sensors.

 Recent interest due to potential for replacement
of silica as gate oxide in MOSFET, allowing
continued device scaling.
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Hafnia and ZirconiaHafnia and Zirconia

 Hafnia (HfO
2
) and Zirconia (ZrO

2
) demonstrate good thermal stability

in contact with silicon, and a good balance between band gap and 
dielectric constant. 

MethodMethod

 

 2 kpoints,cutoff 500 eV − Converged total energy to meV.

 Forces on atoms relaxed to less than 0.05 eV/Å.

 Supercell − 2x2x2 monoclinic primitive unit cell with 96±1
atoms. Defect images separated by greater than 10 Å.

 Ultrasoft pseudopotentials − Zr/Hf (s1d3), O(s2p4).

 Spin Polarized DFT with GGA (VASP).

 Calculations on the three bulk phases gave excellent agreement
with experimental structure and energy hierarchy. [1,2]

 Incorporation energy calculated as:

where E
O

2

 is the energy of an oxygen molecule

in the triplet state.
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Atomic Oxygen InterstitialsAtomic Oxygen Interstitials

 Interstitial bonds with lower coordinated triple
bonded lattice oxygen. Incorporation energy from O2 

source is  +1.6 eV (−1.3 eV for atomic oxygen source).
Incorporation at more cramped tetragonal lattice
oxygen costs +2.3 eV (−0.6 eV). 

 After a strong defect and lattice relaxation charge
localizes on defect pair, increasing distance and
ionicity.
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Molecular Oxygen InterstitialsMolecular Oxygen Interstitials
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 Incorporation at triple site costs +4.2 eV
(+5.8 eV at tetragonal site). This is double
the value for silica [3].

StructureStructure

 Monoclinic hafnia/zirconia characterized by 3− and
4−coordinated oxygen sites, and significant
co−valent bonding between Hf/Zr and O.
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Oxygen VacanciesOxygen Vacancies
 Creation of oxygen vacancy causes very small

diplacements of surrounding 4 Hf ions − two
electrons remain in the vacancy.

 Vacancy formation
energy for 3−/ 4−coord.
sites is similar ~ 9.3 eV.
 
 Neutral Frenkel pair

formation energy is 8.0 eV.
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 Ionization of 2nd e− leads to further
relaxation to compensate
the absence of electrons at the oxygen site.

 Ionization leaves one electron 
localized in the vacancy. Relaxation of
Hf ions is an order of magnitude larger.

Oxide

Cation VacanciesCation Vacancies
 Formation energy of metal vacancy in the oxide

depends strongly on the reference state:
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Oxygen DiffusionOxygen Diffusion

 Initial  Transition  Exchange

O0 0.8 eV

O− 0.3 eV

 In cubic crystals, ions diffuse via an
exchange rather than via an interstitial
mechanism.

 In hafnia/zirconia calculations suggest an exchange
diffusion mechanism is energetically favoured, and predict
that the smallest barrier is for O− diffusion.
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 Electron Affinity

Eaff= Eq   − Eq−1 + kdefectdefect

 V+ and V2+ are deep traps with large cross−section.

 V0 is a potential shallow trap (DFT delocalization).

 O0, O−, O2 and O2− are deep traps  with small cross−section.
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 Reactions demonstrate clearly the preference of 
oxygen to exist in an atomic charged state, which
is supported by isotope exchange observed in
experiments.

SummarySummary

 Qualitatively identical results for hafnia and zirconia.

 Barriers predict that atomic oxygen would diffuse
as O− via an exchange mechanism.

 Defect levels predict the possibility of electron transfer
from silicon to defects in the oxide.
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 Performance of oxide films as gate dielectrics will
be affected by defects and experiments suggest that
as−grown films are non−stoichiometric.


