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Understanding the mechanisms of generation of oxygen vacancies in monoclinic ðmÞ-HfO2 is important
for improving and controlling its performance as an oxide layer in transistor gate stacks and in resistive
random-access memory (RRAM) devices. We use ab initio calculations to investigate the mechanism of
formation of Frenkel pairs of oxygen vacancies and interstitial ions in m-HfO2 under electron-injection
conditions. The results demonstrate that the formation of stable pairs of neutral oxygen vacancies and
interstitial oxygen ions assisted by extra electrons is thermodynamically feasible and requires overcoming
activation barriers of less than 1.3 eV at preexisting O vacancies. A preexisting oxygen vacancy can act as
an electron trap and facilitate the formation of an O vacancy and O interstitial ion pair nearby. The resulting
O divacancy is stabilized by weak attraction between neutral vacancies, further lowering the formation
energy of the defect pair. The binding energy per vacancy in larger oxygen-vacancy aggregates increases as
the aggregate grows, facilitating the formation of defect pairs next to larger vacancy aggregates. These
results are useful for understanding the mechanisms of oxide degradation and electroforming in RRAM
cells, which can proceed through creation of new O vacancies in the vicinity of preexisting vacancies
complementing vacancy aggregation via diffusion processes.
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I. INTRODUCTION

Dielectric films control electric fields and carrier dis-
tributions in the active regions of electronic devices, such as
transistors (in their metal-oxide-semiconductor gate-stack
structures) and determine the performance of capacitors
and memories. The reliability of such devices is strongly
affected by the parasitic electron transport through the film
[1–3]. Such transport can self-accelerate leading to further
degradation of dielectric and eventually to its breakdown
[4–9]. Monoclinic ðmÞ-HfO2 stands out among many
binary oxides employed or investigated as transistor gate
dielectrics and materials in the resistive nonvolatile
memories (RRAMs) due to demonstrated exceptionally
good characteristics and mature process technology [10].
Degradation processes caused by electron transport during
device operation in HfO2 stacks are thought to be caused by
both preexisting and newly generated defects, such as
oxygen vacancies (see, e.g., Refs. [10–12] and references
therein). In particular, electroforming operation in the
HfO2-based RRAM cells has been studied extensively
[13–17] and has been shown to lead to oxygen-vacancy
generation [17–19]. Accumulation of these vacancies can
lead to the eventual formation of a conductive filament (CF)
through the dielectric, which can sustain a large electron
current.
The experimental and theoretical results demonstrate

that CF formation in m-HfO2 can proceed via aggregation

of O vacancies at grain boundaries [13,20–22]. However,
the calculated barriers for vacancy diffusion in the bulk of
m-HfO2 are quite high: 2.38 and 0.69 eV for neutral and
doubly positively charged vacancies, respectively [23], for
this process to be efficient. On the other hand, diffusion of
interstitial oxygen atoms and ions in m-HfO2 is fast, with
activation barriers of the order of 0.5 eV [24]. Therefore, an
alternative or complementary scenario can be that oxygen-
deficient regions are formed as a result of formation of
pairs of Frenkel defects (FDs)—O vacancies and O
interstitial atoms or ions near preexisting vacancies accom-
panied by O interstitial out-diffusion rather than O-vacancy
diffusion and aggregation. However, the formation energy
of a three-coordinated (3C) and four-coordinated (4C)
neutral O vacancy is high, 6.6 and 6.5 eV, respectively
[25], and the FD pair formation energy is even higher for
charged defects. The question is which factors could aid the
generation of additional oxygen vacancies, and what is the
mechanism of this process?
It is often assumed that new oxygen vacancy or ion pairs

are generated in oxide as a result of stress application where
strong electric field weakens Hf—O bonds [14,26]. We
investigate whether this process can be aided by electron
injection into oxide, particularly at preexisting O vacancies.
In metal-insulator-metal RRAM structures, the Fermi level
is determined by metal electrodes (TiN, Pt), and, at positive
bias, an electron injection from electrodes into the oxide
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can proceed via defect states in the gap or Fowler-
Nordheim tunneling. It is well established that positively
charged and even neutral oxygen vacancies inm-HfO2 have
large affinities to electrons from the conduction band, and
neutral vacancies can trap up to two extra electrons,
forming negatively charged vacancies [27,28]. It has been
shown theoretically that shallow electron polarons can be
also formed in m-HfO2 [29]. In both cases, extra electrons
are localized on Hf ions. We study the thermodynamic
stability of FD pairs in m-HfO2 assuming that up to two
electrons are injected into the simulation cell from a metal
electrode and demonstrate that these extra electrons can
weaken Hf—O bonds and reduce energies and barriers for
formation of FD pairs.
The results demonstrate that stable oxygen vacancies and

charged interstitial oxygen ions can be generated in
m-HfO2 under conditions of electron injection even at
zero bias. Extra electrons neutralize a positively charged
V2þ oxygen vacancy, thus, preventing its recombination
with the O2− interstitial oxygen in the FD pair. The O2−
interstitial ion can then diffuse away with a (0.5–0.7)-eV
activation barrier. The barrier of 2.0 eV to Frenkel pair
formation by this mechanism is shown to be lowered down
to 1.25 eV by forming a defect pair next to a preexisting
neutral oxygen vacancy. Bias application may further lower
the barriers for FD pair formation.

II. METHODS OF CALCULATION

Density-functional-theory (DFT) calculations are carried
out using the projector-augmented-wave method as imple-
mented in the Vienna ab initio simulation package [30,31]
and using the Perdew-Wang 91 generalized gradient
approximation (GGA) functional [32,33]. To optimize
the geometries of the Frenkel pairs a (322–324)-atom,
3 × 3 × 3 supercell of monoclinic HfO2 is used. All
calculations are carried out in the Γ point. Defect geom-
etries are relaxed using the conjugate-gradient algorithm to
attain forces on ions of less than 0.06 eVÅ−1. The
electronic structure of the FD pair is calculated using the
hybrid functional HSE06 [34]. Because of the computa-
tional cost of these calculations, a smaller 96-atom,
2 × 2 × 2 supercell is used.
Defect formation barriers and barriers to diffusion

are calculated using the nudged-elastic-band (NEB)
method using eight images and a spring constant of
−5.0 eVÅ−2 [35].
Defect-formation energies EforðDÞ are calculated using

EforðDÞ ¼ Eq
D − ðEq

ref � nEOÞ; ð1Þ

where Eq
D is the total energy of the relaxed defective

supercell, Eq
ref is the energy of the reference cell, n is the

number of oxygen atoms added to or removed from
the reference cell by production of the defect, and EO is

the energy of half an oxygen molecule calculated in an
asymmetric unit cell; q is the charge of the periodic cell in
the calculation. The Fermi-level position is assumed to be
such that extra electrons can be injected into the HfO2

conduction band, and the formation energy is calculated
with respect to perfect cells with no, one, or two electrons at
the bottom of the conduction band.
The most stable phase of hafnia is monoclinic and

has alternating layers of 3C and 4C oxygen ions. We
obtain lattice parameters of the fully optimized structure
(a¼ 5.136 Å, b¼ 5.193 Å, c¼ 5.317 Å, and γ ¼ 99.63°
with PW91 and a ¼ 5.098 Å, b ¼ 5.159 Å, c ¼ 5.268 Å,
and γ ¼ 99.39° with HSE06) to within 1% of experiment.
A Lany-Zunger correction based on an anisotropic
point charge is also applied to remove the spurious
interactions between the charged defects and their periodic
images [36,37].

III. RESULTS OF CALCULATIONS

A. Diffusion of interstitial O ions

Before considering FD pairs, we reevaluate the results of
previous calculations of O atom and ion diffusion in
m-HfO2 performed using the GGA PW91 density func-
tional [24]. We use a much bigger 325-atom periodic cell
and extend the number of possible diffusion directions in
the lattice with respect to Ref. [24]. Interstitial oxygen
formation energies are also calculated using the hybrid
HSE06 functional in a 96-atom periodic cell.
The formation energies and O—O nearest-neighbor

(NN) distances of neutral interstitial O atoms in m-HfO2

calculated using these two functionals are shown in Table I.
Three charge states of oxygen interstitial can be found
within the 3C oxygen sublattice dependent on the Fermi-
level position [38]. The O—O NN distance increases
depending on the charge state of the interstitial ion. In
the neutral case, the oxygen ions are close, with an O—O
distance of 1.5 Å. This is about 0.3 Å longer than in a free
O2 molecule. At high-Fermi-level position, the interstitial
oxygen can trap one or two extra electrons and moves
farther away from the lattice oxygen as the bond order is
reduced. In the singly charged state, the O—O distance
increases to 2.01 Å. In the doubly charged state, the
interstitial oxygen becomes a closed-shell ion and has

TABLE I. Formation energies (eV) and nearest-neighbor O—O
distances (Å) of interstitial O atoms in m-HfO2 calculated using
the GGA [38] and hybrid density-functional HSE06 in a 96-atom
periodic cell.

PW91 HSE06

Efor;D dO—O Efor;D dO—O

3C 1.69 1.50 2.00 1.48
4C 2.56 1.50 2.76 1.41
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the same Mulliken charge as the lattice oxygens, so it
separates until it is around 2.4 Å away from both its oxygen
NNs. The O—O distance can, therefore, be used as a good
indicator of the charge state of the interstitial ion.
Within the 4C oxygen sublattice, only the neutral oxygen

interstitial is stable. This neutral 4C interstitial oxygen, like
in the 3C case, has a distance with the nearest lattice O of
about 1.5 Å. The 4C O−

int and O2−
int are unstable, and any

attempt to optimize their structures results in the oxygen
ions moving into 3C charged interstitial positions. This is
due to the closer packing of the O ions in the 4C sublattice,
meaning that when the electron localizes on the interstitial
oxygen ion and the O—O bond lengthens, there is not
sufficient space for the larger interstitial ion to relax into
within that sublattice.
The diffusion barriers of the neutral, singly, and doubly

negatively charged oxygen interstitials are calculated using
GGA in the 325-atom periodic cell and a NEB method. The
barrier energies are 0.87, 0.37 and 0.51 eV for the O0

int, O
−
int,

and O2−
int , respectively. Despite using a larger unit cell, the

results are in excellent agreement with Foster et al. [24] and
follow the same interstitialcy mechanism. To check the
effect of using a hybrid functional, O2−

int diffusion within the
3C sublattice is also calculated using HSE06 where we find
a very similar barrier energy of 0.49 eV.
In each case, the barrier point occurs when the interstitial

oxygen is almost equidistant between the lattice oxygen
ions in the diffusion pathway. The neutral interstitial has the
highest barrier for diffusion and involves the breaking and
remaking of the O—O bond. In the 1− case, the electron is
fully localized onto the interstitial ion. The interstitial can
then move away from its oxygen nearest neighbor than in
the neutral case, and the O—O bond is lengthened.
In the 2− case, the interstitial ion maintains an even

distance of around 2.4 Å with the nearest oxygen neighbors
throughout the diffusion process. Because of the larger
Coulomb interaction introduced by the second electron, the
lattice displacements around the ion are slightly larger than
in the singly charged case, which accounts for the 0.1-eV
rise in the barrier energy with respect to the 1− case.
The diffusion barrier for O0

int moving between the 3C and
4C sublattices is also calculated at 1.43 eV. The neutral
oxygen follows a similar pathway to the 3C case above;
however, the distortions through the closer packed 4C
sublattice are larger.

B. Formation of nearest-neighbor FD pair

We first consider the FD pair formation in the perfect
m-HfO2 lattice using a neutral 324-atom periodic cell and
GGA. Starting with the stable O interstitial atom structures,
we remove oxygen atoms from different nearest-neighbor
oxygen sites to form a NN FD pair. The Fermi-level
position in these calculations is at the top of the HfO2

valence band. Vacancy positions in both the 3C and 4C
sublattice are considered. However, since the charged

interstitial is unstable in the 4C sublattice, only interstitial
positions in the 3C sublattice are considered. The results of
FD calculations are summarized in Table II.
Removing an O atom creates a neutral O vacancy, which

donates two electrons to the interstitial O atom creating a
pair of charged defects, e.g., ½V2þ

3 þ O2−
int �. Therefore, in

every case the nearest-neighbor FD pairs recombine restor-
ing the perfect lattice caused by a strong Coulomb
attraction between the two defects.
We then assume that the Fermi level is at the bottom of

the HfO2 conduction band, and extra electrons are injected
in m-HfO2 from an electrode and propagate in the con-
duction band or form polarons. Thermally activated for-
mation of FD pairs can take place as a result of thermal
fluctuations and displacement of an O ion from its site into
interstitial position [39]. When one extra electron is
trapped, a V1þ vacancy is formed. However, the NN FD
pair ½V1þ

3 þ O2−
int � is unstable and recombines. Adding two

extra electrons to the system, however, creates a stable NN
FD pair because the vacancy is now neutralized by the extra
electrons. Therefore, there is no Coulomb attraction
between the vacancy and the interstitial O ion, and they
remain stable. The distance between the interstitial O and
the nearest-neighbor O ions is 2.45 Å, indicating that this
is O2−

int .
The formation energy for the ½V0

3 þ O2−
int � pair calculated

as the energy difference between the perfect periodic cell
with two extra electrons in the conduction band and the
final FD pair state is particularly low at 1.19 eV. This low
energy results from the energy gained through localizing
the two electrons from the HfO2 conduction band into
the positively charged oxygen vacancy. However, the
½V0

4 þ O2−
int � formation energy is 0.97 eV higher, indicating

that the structure of the defect must have a significant
impact on the overall formation energy.
The density of states of the FD pair calculated

using HSE06 shows an interstitial state 0.1 eV above the

TABLE II. Formation energies and adiabatic barriers for for-
mation and recombination of FD pairs (eV). Efor;D corresponds to
NN FD pair formation energy, Ebar;f corresponds to the barrier
energy for FD pair formation, and Ebar;r the barrier energy for
recombination.

nelec Defect Efor;D Ebar;f Ebar;r

0 V3 þ Oint Unstable
1 ½V3 þ Oint�− Unstable
2 V0

3 þ O2−
int 1.19 1.96 0.77

2 V0
4 þ O2−

int 2.16 2.64 0.48
0 2V3 þ Oint Unstable
1 ½2V3 þ Oint�− Unstable
2 ½2V3�0 þ O2−

int 0.96 1.25 0.29
3 ½2V3�− þ O2−

int 0.71 1.23 0.52
4 ½2V3�2− þ O2−

int 0.29 1.12 0.83
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valence-band maximum (VBM) and a vacancy state 3.0 and
3.2 eVabove the VBM for the 3C and 4C neutral vacancies,
respectively, in good agreement with previous calculations
[28,38,40]. Formation energies for 4C and 3C NN FD pairs
calculated using HSE06 in a 96-atom cell are by about
0.3 eV lower than those calculated using GGA. This
reflects the fact that the HfO2 band gap calculated using
HSE06 is wider, and the defect level is lower with respect to
the bottom of the conduction band.
The barriers for formation of these defect pairs are

calculated using GGA and the NEB method in a 324-atom
cell (see Table II). The barrier for the 3C FD pair is
significantly lower than for the 4C FD pair. The barriers for
formation and recombination of the NN FD pair are shown
in Fig. 1. The recombination barrier for the ½V0

3 þ O2−
int � pair

is about 0.8 eV, which is much higher than the O2−
int

diffusion barrier of 0.5 eV, suggesting that the defects
can efficiently separate via O2−

int diffusion.
The mechanism of formation of this FD pair corresponds

to two electrons effectively assisting thermal fluctuations of
the O ion [39] and pushing it out of its site into the
interstitial position and occupying the vacancy, thus,
gaining extra energy with respect to their energy at the
bottom of the conduction band. However, the rate of such
process in the perfect lattice is low as it requires a correlated
action of two electrons, i.e., high current density. Therefore,
we consider whether a similar process can take place at a
preexisting O vacancy, which can trap two extra electrons
and, thus, significantly increase the cross section of such
reaction.

C. Formation of FD pair next to a preexisting vacancy

In order to check whether preexisting oxygen vacancies
can facilitate the formation of new vacancies, we calculate
the formation energy of a NN FD pair consisting of two O
vacancies and one interstitial O ion. Beginning with a stable
NN FD pair, a second vacancy is created near the existing
vacancy. This process is outlined in Fig. 2 and can be
described as follows.

First, we consider a neutral O vacancy in the 323-atom
unit cell using the PW91 functional and add two extra
electrons. These electrons are delocalized in the conduction
band of HfO2 and do not form a doubly negatively charged
O vacancy because the CB is artificially low in the GGA.
This state is the starting point, and the energetic reference
for further calculations, just as the ideal lattice with
two extra electrons is the reference in the NN FD pair
calculations.
We then form a second O vacancy near the preexisting

one and a nearest-neighbor interstitial O ion by removing
an O atom. As in the single-vacancy case above, if none or
only one electron are added to the system, an O2−

int forms,
leaving behind positively charged vacancies. The Coulomb
interaction between these charged defects is so large that
they recombine during the geometry optimization.
However, if two extra electrons are added, the two
vacancies are neutralized, and the O2−

int ion cannot recom-
bine, creating a stable system of two neutral O vacancies
and an interstitial O2−

int ion. The cost of forming a
½V0

3 þ O2−
int � pair next to an existing neutral vacancy is only

0.96 eV. Furthermore, the barrier for the formation of this
defect system is calculated to be 1.25 eV, 0.71 eV lower
than that for the formation of the NN FD pair from the ideal
lattice (see Table II and Fig. 1).
Therefore, the formation of the FD is significantly more

likely to occur near a preexisting oxygen vacancy under
electron-injection conditions. As one can see in Table II, the
addition of more electrons to the cell leads to creation of a
charged divacancy and charged interstitial and further
lowers the formation energy and the barrier to formation
of this defect system.

FIG. 1. Barriers of formation for the HfO2 NN FD pair,
divacancy NN FD pair, and charged divacancy NN FD pairs.

FIG. 2. (a),(b) Formation of a single NN FD pair. (c),(d) For-
mation of a divacancy NN FD pair in the presence of a preexisting
vacancy (large green balls, Hf; small red balls, O; blue squares,
vacancy; highlighted red ball, O2−

int ).

SAMUEL R. BRADLEY et al. PHYS. REV. APPLIED 4, 064008 (2015)

064008-4



The barrier profiles for several charge states are sum-
marized in Fig. 1. One can see that the recombination
barriers for charged FD pairs are also increasing, reflecting
their repulsion. The system of two vacancies and an
interstitial O ion is too large to be calculated in the
96-atom cell. Therefore, we are unable to perform
HSE06 calculations for this system but can assume that
the defect formation energies can be lowered by at least
0.3 eV, as described above.
The results presented above demonstrate an initial trend

in forming clusters of O vacancies and charged Oint ions at
the periphery of the vacancy cluster facilitated by electron
injection into the system. The formation energies of these
defects are lowered by the additional gain due to the
attraction of O vacancies. The binding energies of neutral
vacancy aggregates consisting of two, three, and four
vacancies have been calculated in Ref. [25]. Generally,
these binding energies are found to be small at about 0.2 eV
per vacancy, suggesting that there is no strong thermody-
namic drive for vacancies to aggregate, but once aggregates
are formed, they are reasonably stable. The most stable
aggregates have vacancy configurations which form the
largest possible void within the bulk m-HfO2 crystal. This
void creates the deepest well for the neutralizing electrons
to localize and lowers the overall energy. Importantly, the
binding energy per vacancy increases as the aggregate
grows, showing that the larger aggregates are more stable.
This agrees well with a proposed CF-formation mecha-
nism, which speeds up as the filament grows. Negative
divacancies are found to be stable with small binding
energies with respect to the neutral cases [25]. This
suggests that the formation of an oxygen-deficient region
under electron-injection conditions is plausible since
vacancy aggregates produced will be stable.

IV. CONCLUSIONS

We use DFT calculations to consider a mechanism by
which oxygen vacancies and interstitial ions are formed in
m-HfO2 aided by electron injection. The results demon-
strate that such a process is thermodynamically possible in
the perfect lattice and near preexisting O vacancies and
requires overcoming activation barriers feasible at the
temperatures of RRAM electroforming. The preexisting
vacancy acts as an electron trap, and the divacancy that
forms is stable, further lowering the formation energy of the
defect. Furthermore, since the binding energy per vacancy
in oxygen-vacancy aggregates increases as the aggregate
grows, it is likely that the formation of a NN FD pair next to
a larger vacancy aggregate will require even lower for-
mation energy.
Figure 2 shows the proposed vacancy-formation proc-

esses. This mechanism requires a concerted action of two
electrons. The probability of such process is not high for
low electron current densities but increases as the current
density increases [41,42]. The fact that this mechanism

produces charged O ions is in agreement with voltage-
driven ion migration in bipolar devices. Charged interstitial
ions are likely to be the fastest diffusing oxygen defect in
HfO2, especially under high positive bias and electron-
injection conditions. Such a bias favors neutral and
negatively charged vacancies which have diffusion barriers
in excess of 2.4 eV [23]. This suggests that effective CF
formation in RRAM cells can proceed through creation of
new O vacancies in the vicinity of preexisting vacancies,
complementary to an aggregation via diffusion processes.
More generally, the results of this work show that the

formation of FD pairs in oxides can be aided by electrons in
the conduction band. These carriers can be produced by
irradiation or tunneling from an electrode. Understanding
the electronic mechanisms of defect creation in materials
under irradiation and carrier injection is crucial for a wide
range of technological applications. Injected electrons can
play a significant role in the formation of O-vacancy
aggregates and stable oxygen interstitials.
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