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The oxygen vacancy has been inferred to be the critical defect in HfO2, responsible for charge

trapping, gate threshold voltage instability, and Fermi level pinning for high work function gates, but

it has never been conclusively identified. Here, the electron spin resonance g tensor parameters of the

oxygen vacancy are calculated, using methods that do not over-estimate the delocalization of the

defect wave function, to be gxx¼ 1.918, gyy¼ 1.926, gzz¼ 1.944, and are consistent with an observed

spectrum. The defect undergoes a symmetry lowering polaron distortion to be localized mainly on a

single adjacent Hf ion. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4751110]

HfO2 has now replaced SiO2 as the gate dielectric in

metal oxide semiconductor field effect transistors (MOS-

FET).1 Further scaling of MOSFETs is likely to involve the

continued use of HfO2 plus thinning of the interfacial SiO2

layer2 rather than by using higher dielectric constant (K)

oxides. Any degradation of the HfO2 dielectric such as

charge trapping,3,4 bias stress instability,5,6 channel mobility

reduction,7 or band bending in the oxide next to a high work

function gate electrode8–11 has generally been attributed to

oxygen vacancies. Similarly, non-volatile memories are now

taking an increasing importance in modern portable electron-

ics, where the non-volatile resistive random access memory

(RRAM) is a leading candidate to superceded Flash memory

technology. RRAM devices, consisting of a high K oxide

between two electrodes, operate by the formation of a con-

ductive filament across the oxide. This filament is generally

believed to be a path of oxygen vacancies.12–15 Nevertheless,

in both types of device, the attribution to oxygen vacancies

is based on electrical data, optical spectra, and internal con-

sistency.4,6,11,13,15–18 There has been no fully accepted chem-

ical identification of the oxygen vacancy in HfO2 by, say,

electron spin resonance (ESR).19–21 This situation differs

from the oxygen vacancy in TiO2
22 and contrasts strongly

with the vast literature on the paramagnetic E0 and Pb centers

in SiO2.23,24 In this paper, we explain the problems with the

symmetry assignment of the oxygen vacancy in HfO2 in pre-

vious calculations and present a calculation of the ESR sig-

nature of the O vacancy using hybrid density functional

methods, to help aid this identification.

We first note the previous work on the attribution of deg-

radation effects in HfO2 to the O vacancy. Cartier et al.4 found

a strong correlation between the defect density seen by charge

pumping and the bias stress data. Guha11 argued that the

defect thermodynamics are consistent with assigning the

defect to an O vacancy based on a comparison with similar

oxides like SrTiO3. The observed energy levels of the defect

from charge trapping,3 charge pumping spectra,4 optical

absorption,16 and cathodo-luminescence spectra17 are all con-

sistent with the calculated energy levels.18 In ESR, Kang

et al.19 have observed various paramagnetic defects such as

the peroxyl radical in atomic layer deposited (ALD) HfO2.

Wright and Barklie20 observed a number of low symmetry

defects in HfO2 powders and thin films that they associated

with under-coordinated Hf3þ sites. Stesmans21 observed the

Pb center in HfO2 on Si, but this was associated with the SiO2

interlayer not the HfO2 itself. Meanwhile, there were previous

reports on paramagnetic defects in ZrO2 and Y-stabilized

ZrO2 that were associated with Zr3þ sites,25–27 but these were

in bulk or nanocrystalline material not of electronic grade.

The most notable feature is that the observed signatures

of Hf3þ or Zr3þ defects do not correspond to those predicted

by electronic structure calculations. The observed ESR sig-

nal usually has axial symmetry, with the charge localized on

a single adjacent Hf ion, whereas electronic structure calcu-

lations of the positively charged oxygen vacancy, Vþ, gener-

ally find that the unpaired spin is usually delocalized across

all adjacent Hf neighbors of the defect.28–33 This led to spec-

ulation that the defect could be a vacancy localized at a grain

boundary or interface, or be a divacancy.34

It turns out that this symmetry problem is a standard error

of density functional theory (DFT).35,36 DFT represents the

many-particle exchange-correlation energy as a function of

the electron density. However, DFT has the well-known error

that it under-estimates the semiconductor band gaps, and a

less well-known error of giving defect wavefunctions that are

too delocalized. Both effects are due to a lack of self-

interaction correction. A good example is that DFT finds that

the hole trapped at a substitutional AlSi site in quartz

(“smoky” quartz) is localized over all four oxygen neighbors,

whereas ESR shows that the hole is localized on just one oxy-

gen neighbor.35 Another example is that the hole localizes on

only one of the four O neighbors at the Zn vacancy in ZnO.37

A simple solution to this problem is to use hybrid func-

tionals such as Heyd, Scuseria, Ernzerhof (HSE),38 screened

exchange (sX),39 or PBE0 functionals. These functionals

mix a fraction of Hartree-Fock exchange into the DFT

exchange-correlation energy. This corrects the band gap and

the localization errors. Hybrid functionals have the advant-

age that they are generalized Kohn-Sham functionals in the

DFT sense, so that they can be used variationally for energy

minimization to calculate atomic geometries. This is critical,

because wavefunction localization is tied to the atomic ge-

ometry as in a polaron,36 so that if the geometry is wrong,

the wavefunction is also wrong.

We previously calculated the electronic structure of Vþ

by sX using the CASTEP plane wave code. This used 96
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atom supercells of monoclinic HfO2. The supercell structure

is relaxed at constant volume for each charge state. Charge

state and finite cell corrections are included as in Lany.40

The wavefunction of the Vþ shows the correct localization

on mainly a single adjacent Hf ion.41 However, CASTEP

does not presently give ESR parameters. Therefore, the cal-

culation was repeated for HfO2 clusters including a vacancy

using the ORCA local orbital code,42 which does provide

ESR parameters. ORCA does not yet include screened

exchange. We thus choose to use the BH and HLYP hybrid

functional,43 as this yields geometries and charge densities

that are in good agreement with those of sX.

We used the defect geometries from the sX supercells

embedded them in a supercell of ideal monoclinic HfO2 and

cut out two clusters containing 81 atoms for the 3-fold va-

cancy and 95 atoms for the 4-fold vacancy surrounding the

defect. The oxygen atoms at the cluster surface were then

passivated by hydrogen atoms to restore charge neutrality to

the cluster. The hydrogen atoms were described by an all-

electron double-zetaþ polarization (DZP) basis set,44 while

we employed a combination of split-valence triple-zeta

(TZV) basis sets,45 which are tailored to the Douglas-Kroll-

Hess scalar-relativistic Hamiltonian, and the polarization

functions from def2-split-valence triple-zetaþ polarization

(TZVP) basis sets for the hafnium and oxygen atoms.

The formation energy of the defects from the supercell

calculations is plotted in Fig. 1 as a function of the Fermi

energy for the 3-fold O vacancy (the 3-fold vacancy is

slightly more stable than the 4-fold vacancy.) We see that

the O vacancy has 5 possible charge states, two positive and

two negative. The neutral and positive states are expected

due to the electronegative character of missing O2� ion. The

V� state is very important and is the trapping level.18 On the

other hand, the Vþ and V2þ charge states are critical for the

band-bending problem.10

For the neutral vacancy, the adjacent Hf ions do not

relax much compared to their ideal positions. For Vþ and

V2þ, the adjacent Hf ions relax away from the vacancy site.

Previously, for Vþ in DFT, this relaxation was symmetric. In

that case, the unpaired electron of Vþ is equally spread over

the 3 or 4 nearest neighbors, as seen in the charge density in

Fig. 2.

In contrast, in sX, two of the three Hf ions of Vþ relax

further away from the vacancy site in a polaron distortion.

This localizes the electron mainly onto a single Hf site, as

seen in the charge density map in Figs. 3(a) and 3(b). This

gives a defect of near axial symmetry. This asymmetric

relaxation will only occur for the hybrid functionals or

Hartree-Fock itself; simple DFT always converges to the

symmetric case.

The principal values of the corresponding ESR g-tensor

from ORCA are given in Table I. The VO
þ causes a single

occupied defect level in the upper band gap. As expected for

an “electron-like” state, the calculated g-tensor values are

noticeably below the g-factor of a free electron, ge¼ 2.0023.

The polaronic distortion of the geometry around the defect

shows in the asymmetry of the principal value of the g-

tensor. Our g-tensors of both oxygen vacancies have ortho-

rhombic symmetry, with g1¼ 1.918, g2¼ 1.926, g3¼ 1.944

for the three-fold vacancy (VO3
þ), and g1¼ 1.929,

g2¼ 1.947, g3¼ 1.967 for the four-fold vacancy (VO4
þ).

These values are fairly similar to the g-tensors reported by

Munoz Ramo et al.33 in their B3LYP calculation.

There are three existing ESR experiments on HfO2. For

ALD HfO2 on Si, Kang and Lenahan22 detected two defects,

one a clear signature of the peroxyl radical. Also for ALD

HfO2 on Si, Stesmans24 detected the Pb defect, a Si dangling
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FIG. 1. Formation energy of the O vacancy vs. Fermi in HfO2 for lO¼ 0 eV

(O rich limit) in sX. The slopes of the lines are the charge states, and the

crossing points are the transition energies. Those around 4 eV are for 0/þ
and 0/2þ, those around 5.5 eV are 0/�.

FIG. 2. Symmetric A1 orbital of the (a)

three-fold coordinated and (b) four-fold

coordinated O vacancies in HfO2 as pre-

dicted by GGA calculations. In both

cases, the defect state is delocalized of

all Hf neighbors (blue balls). Oxygens

are red balls.
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bond on the Si side of the Si:HfO2 interface, but could find

no direct HfO2 signature. Barklie and Wright23 measured

ESR for powder samples of HfO2 and found a number of

lower symmetry defects. They attributed a defect of axial

symmetry to the oxygen vacancy or a related impurity. The

g-tensor components of gk¼ 1.938–1.941 and g?¼ 1.970

now fit well to our predictions for the oxygen vacancy and

those of Munos-Ramo et al.,33 but the axial symmetry is

inconsistent with our findings. We can track the origin of the

lacking axial symmetry to the defect wavefunction. While

most of the orbital is localized at one of the Hf atoms, tails

of lower density extend to the other Hf atoms around the va-

cancy. Clearly, not all of these Hf atoms contribute equally

to the defect state, particularly in the case of VO4
þ, thus

causing the orthorhombic symmetry of the g-tensor. On the

other hand, the g-tensor for VO3
þ almost axial-symmetric, g1

and g2 are quite similar, while g3 is considerably larger.

Our work also resolves the identification of defects in

the chemical similar ZrO2 where ESR usually finds the state

localized on a single Zr3þ ion.25,26 Similarly, for oxygen

vacancies on the surface of TiO2, the defect wavefunction

becomes localized on a single Ti3þ ion,22 and also in theory,

when the correct calculation method is used.46 Our work

could allow the role of oxygen vacancies in the switching

mechanism in HfO2 RRAM to be studied, by using the much

more sensitive electrically detected magnetic resonance

method.47

In summary, we have shown how a symmetry-lowering

distortion at the O vacancy in HfO2 leads to ESR g tensors

now in agreement with experiment. Interestingly, this repli-

cates the history of the E0 O vacancy center in SiO2, in which

a symmetry-lowering distortion48 was only identified 18

years after its discovery.49
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