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First-principles theory within the supercell approach has been employed to investigate Al doping and intrin-
sic defects in monoclinic and cubic zirconia. The effect of oxygen chemical potential and Fermi level on the
formation energy and on the defect concentration have been taken into account. The formation of oxygen
vacancies is found to be energetically more favorable in the cubic than in the monoclinic phase under the same
oxygen chemical potential and Fermi energy. In both phases, substitutional Al decays from neutral charge state
into the charge state −1, with the transition energy just above to the top of the valence band. Our findings
indicate that by confining the Fermi energy to the region between the middle of the band gap and the bottom
of the conduction band, high Al solubility could be achieved, although formation of Al is likely followed by the
formation of interstitial oxygen. Furthermore, the concentration of Al with charge state −1 along with the
equilibrium Fermi energy have been calculated in a self-consistent procedure. Here, the possible compensating
defects with the relevant charge states have been considered. The obtained concentrations of Al and oxygen
vacancies follow the experimental trend but underestimates experimental data. When the formation of defect
clusters, composed by two substitutional Al and one oxygen vacancy, are considered, good quantitative agree-
ment with experimental values of both Al and oxygen vacancy concentration is achieved. The results suggest
that defect clusters will be formed as a result of Al doping in cubic phase of ZrO2, whereas the concentration
of defect clusters is negligible in the monoclinic phase, both in accordance with experiment.
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I. INTRODUCTION

Among others, zirconia �ZrO2� is a promising candidate
as a gate dielectric material in metal-oxide-semiconductor
transistors and is one of the most popular electrolytes for use
in fuel cells.1,2 Furthermore, its excellent mechanical proper-
ties makes ZrO2 suitable in protective coating applications.
The monoclinic phase of ZrO2 is stable in the temperature
range from room temperature up to about 1150 °C, when the
tetragonal phase is formed. At around 2370 °C the system
undergoes a phase transformation to the cubic phase, which
is stable up to the melting point at 2680 °C. Common oxides
used to stabilize tetragonal and cubic phases of ZrO2 are
MgO, Y2O3, CaO, and Ce2O3. It has been generally recog-
nized that the doping with cations, displaying lower valence
than Zr, introduces oxygen vacancies into the crystal lattice
and that the cubic phase has a high degree of oxygen under
stoichiometry �61–66.7 at. % O�, compared to the nearly
stoichiometric monoclinic phase.3 In addition, the molar vol-
ume of ZrO2 increases from cubic to tetragonal and mono-
clinic phase, leading to so-called transformation toughening.
This toughening behavior is useful in cutting tool applica-
tions, where oxides are used as coatings on cemented
carbides.4

Al2O3 has since long served as one of the most important
coating materials on metal cutting tools.5 Composites of
Al2O3 and ZrO2 display large versatility due to formation of
different phases and variation in microstructure. Trace addi-
tion of Al2O3 into ZrO2 and composite formation of Al2O3
and ZrO2 show increased hardness and fracture toughness

with respect to single phases.6 Moreover, Zr has shown to
have a strong effect on texture and growth of coatings of
Al2O3 and Al has proved significant effect on the phase com-
position and growth of ZrO2.5,7 It is not well known whether
the properties of these composites are related to the com-
bined properties of the pure phases �the composite� or to
effects of solubility of Zr into Al2O3 and/or of Al into ZrO2.
In the monoclinic phase of ZrO2, a recent thermodynamic
study shows no solubility of Al,8 whereas another study
found a small solubility of 0.7�0.3 mol %.9 In the tetrago-
nal phase, however, solubilities generally range from 7 to
8.7 mol %.10 By synthesizing a solid solution of Al2O3 and
ZrO2 from solution instead of from mixing of powders, the
solid solution of Al in tetragonal phase can be considerably
higher. Solubilities of Al into tetragonal ZrO2 of up to
10 mol %, forming the crystalline so-called t� phase, with
c /a ratio �1 and even above 10% forming t� phase with
c /a=1 have been achieved by this method.11 With similar
methods, Stefanic et al.12 have achieved up to 50 mol % of
Al in the t� phase.

Current experimental data does not provide a detailed fun-
damental understanding of the Al solubility in ZrO2. In order
to fill this gap of knowledge, atomistic modeling is a suitable
approach. Despite the great technological importance of this
system, no theoretical studies by first-principles theory have
been carried out, neither to understand the solubility of Al in
ZrO2 nor to investigate the intrinsic defects in the high-
temperature phases of ZrO2. To the best of our knowledge,
only the formation of intrinsic defects in monoclinic phase of
ZrO2 has been subject of study for first-principle theory.1,2,13
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It should be pointed out that these theoretical studies have
provided valuable complementary information to experimen-
tal findings. Our aim is to access the energetics of Al doping
and intrinsic defect formation in different phases of ZrO2.
More specifically, we have investigated the solid solution of
Al at interstitial and substitutional positions and the forma-
tion of O and Zr vacancies and interstitials in the monoclinic
and cubic phase of ZrO2 by the means of first-principles
theory.

The paper is structured as follows: first, the results for the
pristine systems are presented and the formalism of defect
formation energy and the necessary corrections for defect-
defect interactions and density-functional theory �DFT�
band-gap �BG� underestimation are introduced. Second, the
defect sites and coordination are briefly discussed. Thereafter
we present formation energies of the relevant neutral and
charged defects. The self-consistent Fermi energy �FE� of
both defect-containing phases, at different experimental con-
ditions, is calculated and from this we derive the equilibrium
Al and oxygen vacancy concentration. Finally, the interac-
tion between defects is investigated and two routes to in-
crease Al solubility are presented.

II. COMPUTATIONAL METHOD

The calculations were performed within the framework of
the generalized gradient approximation �GGA�14 to density-
functional theory by using the projected augmented wave
�PAW� method15 and the GGA-PW91 functional,16 as imple-
mented in the Vienna ab initio simulation package �VASP�.
The PAW potentials included the valence states 4s24p64d25s2

for Zr, 2s22p4 for O, and 3s23p1 for Al. To overcome energy
barriers, molecular-dynamics simulations using the VASP

code were performed at 573 K for some of the investigated
defects. For the defect-free structures, we used k-point grids
resulting in 13 and 36 k-points in the irreducible Brillouin
zone �IBZ� for the cubic and monoclinic ZrO2, respectively.
We have used a cutoff energy of 750 eV in both cases, re-
sulting in a well converged total energy �less than 10 meV�.
We have also performed calculations on the hexagonal phase
of Al2O3, � alumina, using a 30-atom-sized cell. Here we
have used a k points mesh resulting in 34 k points in the IBZ
and an energy cutoff of 750 eV. From the pristine unit cells
of ZrO2, we have built up 2�2�2 supercells containing 96
atoms for monoclinic phase �p21c� and 81 atoms for cubic

phase �Fm3̄m�.17 Here, we have used an energy cutoff of 520
eV, resulting in a total-energy convergence of less than 60
meV and a 2�2�2 k-point grid for the three phases of
ZrO2. This was found sufficient since the total-energy differ-
ence between the 2�2�2 and 4�4�4 grids was less than
1 meV. We investigated the formation energy convergence
with supercell size, by considering 1 Al atom at a substitu-
tional position in two sizes of supercells, 96 and 12 atoms of
monoclinic phase of ZrO2. These sizes correspond to concen-
trations of 1 and 8 at. %. The difference in defect formation
energy between the two systems was only 40 meV, indicating
that the 96 atoms supercell is large enough to achieve con-
verged formation energies. As reference systems, hcp Zr, fcc
Al, and molecular oxygen has been used. The convergence of

k points and cutoff of hcp Zr and fcc Al was carefully
checked, resulting in a cutoff of 520 eV and 52 k points in
the IBZ of hcp Zr. For fcc Al, the energy cutoff was chosen
to be 600 eV and 28 k points in the IBZ, which was enough
to converge the total energy to less than 10 meV. All struc-
tures were optimized without using any symmetry constraint.
Spin-polarized calculations were performed for all defect-
containing supercells. For all cases, but the Zr vacancy, the
magnetic moment turned to 0�B after relaxation of the su-
percell, indicating that all other defects are nonmagnetic.

To investigate the formation of intrinsic and extrinsic de-
fects, we have employed a formalism where the formation
energy is defined as13,18,19

�Hf�Dq,EF,�� = �ET�Dq� − ET�H�� − �
�

n����
elem + ����

+ q��EF + EV� . �1�

The first two terms, ET�Dq� and ET�H�, are the total energies
of the supercells with and without defect, respectively. In the
third term, n� is the number of atoms added �n��0� or re-
moved �n��0� to create the defect while ��=��

elem+��� is
the chemical potential of the reservoir containing � atoms
���Zr, O, and Al�. In order to keep thermodynamic equi-
librium between the components, Zr and O, and the target
compound of our study, ZrO2, the relation 2��O+��Zr
=�Hf�ZrO2� should be satisfied, where �Hf�ZrO2� is the cal-
culated formation energy of zirconia. Thus, the atomic
chemical potentials can be chosen between the limits of
O-rich �Zr-poor, ��O=0 and ��Zr=�Hf�ZrO2�� and O-poor
�Zr-rich, ��Zr=0 and ��O= 1

2�Hf�ZrO2�� conditions. These
atomic chemical potentials are variables in this formalism,
controlled by the experimental conditions. The chemical po-
tential of Al could, in principle, change from minus infinity
�which represents total absence of this atomic species in the
growth environment� up to that of solid Al metal. However,
Al may react with O to form Al-O compounds, which work
as solubility-limiting phases. Therefore, one should control
the Al chemical potential in order to avoid precipitation of
undesired phases. In this work, we have used the constraint
��Al	

1
2 ��Hf�Al2O3�−3��O�. The last term in Eq. �1� ac-

counts for a change in the defect charge state. Here, q is the
charge state of the defect �for neutral defects, q=0� and EF
=�EF+EV is the Fermi energy referenced to the valence-
band maximum �VBM� of the defect-free supercell, EV.

We will now describe the corrections to the formation
energy, which were performed in this work. The Fermi en-
ergy was referenced to the VBM calculated in the defect-free
supercell and a potential alignment correction term was
added for a few test cases. There are alternate ways to cal-
culate this correction term.18–20 We used the method of align-
ing the eigenvalues of the localized O 2s states of an oxygen
far away from the defect in the defect supercell with the O 2s
states of an oxygen at the same position in the intrinsic sys-
tem. We have found that the alignment was small enough
��0.2 eV� to have no effect on the charge state transitions
and it was then not further used. The unphysical charge im-
age interactions were corrected by the method of Makov-
Payne �MP�.21 Since charged defects were studied in this
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work, the size of the band gap is of great importance. To
correct for the DFT underestimation of the fundamental band
gap, we shifted the conduction band �CB� upward in energy
by �Eg in order to match the experimental band gap of 5.83
eV �6.1 eV� for monoclinic �cubic� phase.22 We have used
�Eg=3.34�2.42� eV for the monoclinic �cubic� structure.
Then, we assume that shallow donor states shift linearly with
the expansion of the band gap and estimate the shift of �Hf

of these donors by an amount given by �EDq
=n�Eg, where n

is the number of donors states. The accuracy of this approach
will depend on how large the many-body contribution to the
total energy is. For further information on the above-
mentioned corrections to the supercell approach we recom-
mend the articles of Van de Walle19 and Persson.18

III. RESULTS

A. Pristine systems

The formation energies of monoclinic and cubic ZrO2 as
well as of hexagonal Al2O3 were calculated by taking the
ground-state elemental metals and O2 total energies as refer-
ence for which we have found the values of −10.43, −10.23,
and −15.82 eV per formula unit �f.u.�, respectively. These
values are in reasonable agreement with the corresponding
experimental values of −11.68, −11.26, and −17.44 eV per
f.u. for the monoclinic, cubic ZrO2, and hexagonal Al2O3,
respectively,8 and in good agreement with other theoretical
works, where the energy difference between monoclinic and
cubic phase is calculated in Ref. 2 to the value of −0.17 eV
per f.u. and the formation energy of monoclinic phase is
calculated in Ref. 13 to the value of −10.662 eV per f.u. The
difference in formation energy between our calculated value
for ZrO2 and that of Zheng et al. is most likely due to the
calculation of the binding energy of the oxygen molecule.
Our calculated binding energy of 5.12 eV for the O2 mol-
ecule compares well to the experimental value of 5.17 eV.23

The calculated cell parameters are in good agreement with
experimental data, as seen in Table I. The structures of pris-
tine monoclinic and cubic phase of ZrO2 and of hexagonal
phase of Al2O3 are shown in Fig. 1.

B. Defect sites

The size of ionic Al is very small �Pauling ionic radius 50
pm for Al3+�, as compared to ionic Zr �Pauling ionic radius
80 pm for Zr4+�, thus it is important to consider interstitial
positions besides substitutional doping. Furthermore, experi-
ments support the existence of interstitial Al at high
concentrations.11,12 Therefore, calculations were performed
for interstitial Al, and for completeness, also for interstitial
Zr and O in both phases of ZrO2. The positions of these
interstitials and of the substitutional defects in monoclinic
zirconia are displayed in Fig. 2. In monoclinic ZrO2, we
found an oxygen interstitial, initially situated at a position
with the fractional coordinates �0.10 0.92 0.80�, forming a
“dumbbell” pair with a nearest-neighbor fourfold Zr-
coordinated lattice oxygen after relaxation. The O-O bond
distance between the interstitial and the fourfold Zr-
coordinated lattice oxygen was found to be 1.5 Å �Fig. 3�.
This oxygen interstitial is identical to the one binding to a
fourfold Zr-coordinated lattice oxygen �denoted as O4�,

TABLE I. Cell parameters and volume for intrinsic ZrO2 and
Al2O3.

a
�Å�

b
�Å�

c
�Å�

V
�Å3 / f.u.�

Monoclinic ZrO2 5.208 5.285 5.389 36.619

Ref. 23 5.1454 5.2075 5.3107 36.85

Ref. 17 5.234 5.238 5.396 36.22

Cubic ZrO2 5.146 5.146 5.146 34.06

Ref. 24 5.164 5.164 5.164 34.44

Ref. 25 5.086 5.086 5.086 32.89

Hexagonal Al2O3 4.787 4.787 13.071 43.23

Ref. 26 4.7620 4.7620 12.986

Ref. 27 4.763 4.763 13.003

FIG. 1. �Color online� The structures of �a� monoclinic phase,
�b� cubic phase of ZrO2, and �c� hexagonal phase �corundum struc-
ture of Al2O3�. Oxygens are displayed as large, red atoms, zirco-
nium as small green atoms, and aluminum as small blue atoms.

FIG. 2. �Color online� An illustration of the investigated defects
in monoclinic phase of ZrO2: �a� oxygen vacancy, �b� Zr vacancy,
�c� oxygen interstitial, �d� Zr/Al interstitial, and �e� Al substitu-
tional. Oxygens are displayed as large, red atoms, zirconium as
small, green atoms, and aluminum as small, blue atoms. Interstitials
are rendered and vacancies are dashed. The initial positions of the
Zr/Al and O4 interstitial are displayed as bold labels at the defect
sites.
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found by Foster et. al.1,2 We also considered the oxygen
interstitial being nearest neighbor to the threefold Zr-
coordinated lattice oxygen, denoted as O3 by Foster et al.1,2

We then displaced the oxygen interstitial, closer to the
threefold-coordinated lattice oxygen, at the position with
fractional coordinates �0.08 0.91 0.02�. At 0 K, we have not
found any stable energy minimum when relaxing without
any symmetry constraints. Therefore, molecular-dynamics
simulations at 573 K were performed in order to overcome
energy barriers. After thermalizing at this temperature, we
quenched to 0 K and achieved an energy minimum. This
energy is slightly lower �20 meV� than the energy of the
fourfold interstitial but we do not observe the significant dif-
ference in energy between the two interstitials as is observed
by Foster et al.1,2 This conflicting result might be due to a
strong dependence on initial position of the oxygen intersti-
tial. Since the radius of the oxygen interstitial is quite large
there might be high kinetic barriers, limiting diffusion from
one site to another.

For the formation of oxygen vacancies there are two po-
sitions in the monoclinic structure where oxygen is either
threefold or fourfold coordinated �VO3 and VO4�. We have
investigated the energetics of both defect sites and found that
the threefold-coordinated vacancy was lower in energy, using
the GGA-PW91 functional. Foster et al.1,2 use the GGA-
PW91 functional and states that the main properties of the
three- and four-coordinated oxygen vacancy are very similar
and therefore they only discuss the fourfold vacancy. Fur-
thermore, Zheng et al. uses the GGA-PBE functional and
calculates the formation energy and charge state transitions
of VO3 and VO4, finding VO4 slightly lower in energy, 0.11 eV.
In order to investigate the effect of the choice of functional,
we tried using the Perdew, Burke and Ernzerhof
�GGA-PBE�23 functional, calculating the total energy of VO3
and VO4. We found very good agreement with Zheng et al.,13

with an energy difference between VO3 and VO4 of 0.11 eV.
Thus, we conclude that the choice of functional does have a
significant effect on the stability of the intrinsic defects in
ZrO2. Since the GGA-PW91 provides the lowest formation
energies for both the neutral VO3, VZr, and O4 in comparison
with the available literature, we have chosen this functional
throughout this work. The cation and oxygen vacancy posi-
tion in cubic phase of ZrO2 are both unique and can thus
readily be determined. The lowest energy cation interstitial
position was found to be octahedrally coordinated at the po-
sition with fractional coordinates � 1

2
1
4

1
2 �. In similarity with

the monoclinic phase, the oxygen interstitial in cubic phase

also forms a bond with a fourfold Zr-coordinated lattice oxy-
gen, at a O-O bond distance of 1.49 Å. The interstitial cation
position in cubic phase is at exactly � 1

2
1
2

1
2 �, coordinated

with six oxygens.

C. Defect formation energies

Now we turn to the analysis of the most relevant neutral
and charged defects. Here, two different oxygen chemical
potentials, oxygen-poor �O-poor� and oxygen-rich �O-rich�
conditions were investigated. In Table II, we display the for-
mation energies at EF=EV of the following defects in differ-
ent charge states in monoclinic and cubic phase of ZrO2:Al
substitutional �AlZr� and interstitial �Ali�; Zr interstitial �Zri�
and vacancy �VZr�; and O interstitial �O3 and O4� and va-
cancy �VO3 and VO4�. An illustration of these defects in the
cubic phase of ZrO2 are displayed in Fig. 3. AlZr

0 displays the
lowest formation energy under O-rich conditions �the forma-
tion energy is decreased to about half of its value� while Ali

0

is favored under O-poor conditions, this follows from the
constraint to avoid Al2O3 formation. Ali

0 is high in energy
compared to AlZr

0 and the formation energy of AlZr and Ali is
higher in energy in cubic phase than in monoclinic phase.
Our results for oxygen-related defects in the monoclinic
phase are in good agreement with those of Refs. 1, 2, and 13.
Our formation energies of the neutral and charged O4 are
lower than that of Foster et al., whereas the formation energy
of neutral O3 is higher than their values. We find an O3
formation energy of 1.99 eV, whereas Zheng and Foster et
al.1,2,13 find values of 1.31 and 1.4 eV, respectively. In cubic
phase, O4 is higher in energy than in monoclinic phase. This
is most probably due to the higher density of the cubic struc-
ture as compared to the monoclinic, limiting mobility of the
oxygen ion. O4

0 has lower formation energy under O-rich
conditions �2.02 eV�, Foster et al. find a value of 2.2 eV,
whereas VO3

0 displays the lowest formation energy of all neu-
tral defects, 0.82 eV for monoclinic and 0.23 eV for cubic
phase, under O-poor conditions. Zheng et al. find a value of
0.93 eV for monoclinic phase at the same conditions. This
low formation energy of VO3 corroborates with the experi-
mentally observed under stoichiometry in cubic ZrO2.28 At
oxygen-rich conditions our calculated formation energy of
VO3 is lower than both those of Zheng and Foster et al. Later
in this paper, we will show that despite the low VO3

0 forma-
tion energy in monoclinic phase, the equilibrium concentra-
tion of VO3

0 will still be low in the temperature range where
monoclinic phase is stable. VZr

0 is favored under O-rich con-

FIG. 3. �Color online� Coordination of the fourfold oxygen interstitial in monoclinic ZrO2 �a� before and �b� after relaxation. Oxygens are
displayed as large, red atoms and zirconium as small, green atoms.
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ditions, which follows from the conditions of thermody-
namic equilibrium with ZrO2. Zri

0 will display the highest
equilibrium concentration under O-poor conditions in ZrO2
but is higher in energy compared to the other intrinsic de-
fects, as is VZr

0 .
The formation energies of the intrinsic defects, as well as

Al interstitial and substitutional dopants as a function of
Fermi energy are presented in Figs. 4�a�–4�d�. We display
only the lowest energy charge state at a given Fermi energy.
In dashed lines, the uncorrected formation energies for VO3
are shown in order to compare with Refs. 1, 2, and 13. The
corrected formation energies of all investigated defects are
shown in solid lines. We focus our interest on the Al- and
O-related defects and do not take Zr interstitials or vacancies
into account since they are the highest in energy of all intrin-
sic defects. Let us first describe the result for the intrinsic
defects in monoclinic phase, Figs. 4�a� and 4�b�. Without
corrections, VO3 displays two transitions, �+2 �0� and
�0 �−2�, at FEs of 2.50 and 3.91 eV, respectively. The picture
changes dramatically as the band-gap correction is added,
shifting the negative charge states as well as the neutral state

to higher energies, thus increasing the stability range of VO3
+2 .

Our corrected VO3 stability ranges differ from those of Zheng
et al.13 This is due to two facts. First, Zheng et al.13 have not
performed a band-gap correction. This is clear since our re-
sults are identical to theirs up to the neutral stability region.
Second, they have not considered negative charge states.
Several authors have suggested that oxygen vacancies can
occur in negative charged states.2,29 Nevertheless, the nega-
tive charge states will be too high in energy to be stable if the
band-gap correction is applied. In cubic phase, Figs. 4�c� and
4�d�, the VO3 displays two transitions �+2 �0� and �0 �−2� at
FEs of 3.27 and 3.67 eV, respectively. In similarity with
monoclinic phase, the charge states of VO3 are shifted to
higher energies as we apply the band-gap correction. Our
results for O4 in monoclinic phase are in close agreement
with the results for O3 of Zheng et al.13 �where only the
charge state transitions of the three-coordinated interstitial
are displayed�, with one transition �0 �−2� at a FE of 1.44 eV,
turning to negative values at around a FE of 5.20 �2.40� eV
under oxygen-poor �oxygen-rich� conditions. In cubic phase
Oi displays the transition �0 �−2� at a FE of 1.40 eV and turns

TABLE II. Formation energies at EF=EV for the various defects in ZrO2. Units are in eV/defect. Data are
without any corrections. In parentheses are data from Ref. 13 and in brackets are data from Ref. 2.

Defect Charge on defect Kroger-Vink notation

Monoclinic ZrO2 Cubic ZrO2

��O=0 ��Zr=0 ��O=0 ��Zr=0

VO3
0 0 VO3

X 5.88�6.26�, �8.90� 0.66�0.93�
VO3

−1 −1 VO3
· 10.23 5.02

VO3
−2 −2 VO3

·· 13.72 8.51

VO3
+1 +1 VO3� 3.96�3.54� −1.26�−1.79�

VO3
+2 +2 VO3� 0.88�0.54� −4.33�−4.79�

VO4
0 0 VO4

X 6.63�6.15�, �8.88� 1.42�0.82� 5.35 0.23

VO4
−1 −1 VO4

· 9.43 4.32

VO4
−2 −2 VO4

·· 12.69 7.57

VO4
+1 +1 VO4� 3.04 −2.08

VO4
+2 +2 VO4� −1.19 −6.30

VZr
0 0 VZr

X 5.74�5.78� 16.16�16.44� 3.65 13.88

O3
0 0 O3

X 1.99�1.31� 7.20�6.64�
O4

0 0 O4
X 2.02�2.2� 7.23 2.49 7.61

O4
−1 −1 O4

· 3.73�3.9� 9.04 4.17 9.38

O4
−2 −2 O4

·· 4.43�5.3� 10.03 4.53 10.02

O4
+1 +1 O4� 1.73 7.05 2.67 7.88

O4
+2 +2 O4� 1.67 7.27 2.74 7.85

Zri
0 0 Zri

X 14.32�14.28� 3.89�3.61� 12.74 2.51

AlZr
0 0 Ali

X 1.64 4.25 3.38 5.94

AlZr
−1 −1 Ali

· 1.70 4.31 3.48 6.04

AlZr
−2 −2 Ali

·· 6.24 8.85 6.71 9.27

AlZr
−3 −3 Ali

··· 9.76 12.36 9.87 12.43

Ali
0 0 Ali

X 10.93 3.11 14.10 6.43

Ali
+1 +1 Ali� 8.57 0.68 12.02 4.35

Ali
+2 +2 Ali� 6.51 −1.23 8.26 0.59

Ali
+3 +3 Ali� 4.94 −2.88 6.14 −1.53
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into negative formation energies at a FE of 5.19 �2.46� eV. In
Fig. 5, the density of states �DOS� of monoclinic ZrO2, con-
taining O4 defects is shown. As can be seen from DOS, nei-
ther one of the O4 charge states in monoclinic phase interact
with the CB. The same is observed in cubic phase �not
shown here�.

Now, we discuss the Al substitutional and interstitial de-
fects. As can be observed in Figs. 4�a�–4�d�, AlZr undergoes
one transition �0 �−1� at a FE of 0.16 �0.20� eV in monoclinic
�cubic phase� and the formation energy in monoclinic phase
turns to negative values at a FE of 4.4 �1.8� eV at O-poor
�O-rich� conditions. In cubic phase, the formation energy
turns to negative values at a FE of 6.0 �3.6� eV at O-poor
�O-rich� conditions. From this we may conclude that AlZr
tends to form negative charge states within the major part of
the band gap and further, the AlZr

−1 charge state requires com-
pensation by positive charge carriers �holes or defects with

positive charge states�. The formation of AlZr
−1 could increase

Al solubility if there are enough defects or carriers of oppo-
site charge available to maintain charge neutrality. The con-
cept of charge neutrality will be discussed in the following
section. Under O-rich conditions, AlZr displays significantly
lower formation energy than under O-poor conditions. Ali
undergoes three electronic transitions in monoclinic phase,
viz., �+3 �+2�, �+2 �+1�, and �+1 �0� at FEs of 4.5, 5.0, and
5.7 eV, respectively. In cubic phase AlZr undergoes transi-
tions �+3 �+2� and �+2 �0� at FEs of 4.0 and 5.2 eV, respec-
tively. Correcting for DFT band-gap underestimation has a
similar effect on Ali as on VO3, displacing the charge state to
considerably higher formation energy and higher Fermi en-
ergy. The uncorrected and corrected formation energies as a
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FIG. 6. �Color online� Formation energies as a function of Fermi
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poor conditions.
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function of Fermi energy for Ali in cubic ZrO2 are displayed
in Fig. 6.

From the results of Fig. 4, one can notice that the forma-
tion energy of AlZr can be significantly decreased if the
Fermi energy is confined in the region between the middle of
the band gap and the bottom of the CB. This could be done
by, for instance, introducing a codopant, which compensates
for the electron deficiency, which is induced as Al replaces
Zr. This codopant should be an extrinsic donor with an ef-
fective charge larger than that of Zr, then confining the Fermi
energy close to the conduction band. At around this Fermi
energy, the energy of AlZr

−1 is low and can even attain nega-
tive values. It should be pointed out that O4

−2 is also low in
energy when the Fermi energy is close to the conduction
band and might compensate for the introduced codopant, de-
creasing AlZr

−1 concentration. Furthermore, if we expect O3
−2

to be lower in energy than O4
−2, as found by Refs. 1, 2, and

13, then the region close to the conduction band, where oxy-
gen interstitials will form spontaneously will be extended. It
is then probable that then concentration of AlZr

−1 will be some-
what reduced due to compensation of VO3

+2 by O3
−2. A limiting

factor is that the codopant may unintentionally alter not only
the electronic but also, for instance, the structural or thermo-
dynamic properties of ZrO2.

Another possible route to increased Al solubility, which
applies to ZrO2 coatings, could be to grow ZrO2 on a sub-
strate or growth layer with a suitable band offset with respect
to ZrO2. The position of the VBM of the substrate or growth
layer then determines the electron chemical potential of the
ZrO2 coating, lowering the Al formation energy without the
need of VO compensation. In Figs. 4�a� and 4�b�, the VBM of
Si with respect to monoclinic ZrO2 is displayed as a dotted
line. Growing ZrO2 on a Si growth layer is likely to confine
EF to energies higher than about 3 eV, a region where AlZr

−1

will be low in energy. Moreover, a change in the substrate/
growth layer may not only change the electronic structure of
ZrO2 but may also have an effect on its crystallinity and
microstructure, and should therefore be chosen with care.

D. Equilibrium defect concentration and Fermi energy

We have calculated the equilibrium defect concentration
by using the occupation probability according to the Boltz-
mann factor, such as

c�Dq,EF,�,T� = Ne�−�Hf�D
q,EF,��/kBT�, �2�

where c is the concentration of defects, N is the concentra-
tion of possible defect sites, �Hf is the formation energy, �
is the atomic chemical potential, EF is the Fermi energy or
electronic chemical potential, T is the temperature during the
crystal-growth process, and kB is the Boltzmann constant. As
discussed above, the atomic chemical potential reflects the
crystal-growth conditions and is a variable in this formalism.
However, the electronic chemical potential is not a free vari-
able but depends on the concentration of charge defects and
free carriers through the charge neutrality condition, which is
written as

�
i

N

ciqi + n + p = 0, �3�

where ci is the concentration of defects with charge states qi,
n is the concentration of electrons, and p is the concentration
of holes. Since, reversibly, ci, n, and p depends on EF, the
problem of finding EF, ci, n, and p was solved
self-consistently.18 We have calculated n and p from the
Fermi-Dirac distribution function, approximated by fFD
=e��E−EF�/kBT �+ for holes and − for electrons�, where E is
either the electron or hole energy state. The density of states
of the electrons and holes have been calculated through an
effective mass-like approximation. The effective masses of
electrons and holes were me /m0=1.295 and mh /m0=0.32,
respectively.30 Since, the spread in theoretical data for the
effective hole and electron masses is large, we performed
benchmark tests to see how the self-consistent Fermi energy
is changed by an arbitrary change in these values. A change
of up to 50% in electron and/or hole mass does not have any
significant influence on the self-consistent Fermi energy
��fourth digit�. This is due to the low concentration of car-
riers �around 106 cm−3�, common for large band-gap semi-
conductors or insulators such as ZrO2.

In Fig. 4, the self-consistently calculated Fermi energies
�EF

SC� at 1100 K are marked by vertical dashed lines. In
monoclinic phase, at oxygen-poor conditions, EF

SC is pinned
very close to the cross point of the AlZr

−1 and VO3
+2 formation

energy curves since charge neutrality can be maintained by
compensation between these two defects. In cubic phase,
also O4

−2 intersects around this point, compensating for some
of the formed VO3

+2 and again, EF
SC will be pinned here. At

oxygen-rich conditions, the intersections of the AlZr
−1 and VO3

+2

formation energies are quite close to the valence band, mak-
ing formation of holes increasingly likely. Since, the distance
from the calculated EF

SC to the VBM is �kBT at oxygen-rich
conditions, the used approximation of the Fermi-Dirac distri-
bution function is not valid in this case and we will hereafter
only discuss oxygen-poor conditions. The calculated concen-
tration of AlZr

−1 at EF
SC and 1100 was 5.6�1016 cm−3 in

monoclinic phase and 3.2�1014 cm−3 in cubic phase. This
concentration is negligible, corresponding to an atomic per-
centage of Al in ZrO2 to less than 1�10−5 at. % in mono-
clinic phase. Indeed, there is little evidence of Al solubility at
the given temperature, both at equilibrium and nonequilib-
rium conditions.7,8 However, the trend does not follow ex-
periment, where the concentration of Al in monoclinic ZrO2
is considerably lower than that in the high-temperature
phases of ZrO2. We found an oxygen vacancy concentration
of 2.8�1016 cm−3 in monoclinic phase and of 1.3
�1014 cm−3 in cubic phase. Here as well, the under stoichi-
ometry of oxygen is more pronounced in monoclinic phase
than in cubic phase of ZrO2, which is in contradiction with
experimental results. This discrepancy can be explained by
the fact that at 1100 K, the cubic phase is not stable under
equilibrium conditions and instead, we should consider the
relevant temperatures of the stability region of each phase.
Thus, we calculated EF ci, n, and p self-consistently at the
maximum temperature where each phase is still stable, i.e., at
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1420 and 2950 K for monoclinic and cubic phases, respec-
tively. The maximum concentrations of Al were then 2.7
�1018 cm−3 in monoclinic phase and 3.4�1020 cm−3 in cu-
bic phase. The correct experimental trend is now captured,
where the concentration of Al in cubic phase is two orders of
magnitude higher than that in monoclinic phase, although the
absolute values are still too low compared to experimental
values; less than 0.0003 at. % in monoclinic phase and less
than 0.04 at. % in cubic phase. The corresponding concen-
tration of VO3

+2 is 1.3�1018 cm−3 in monoclinic phase and
2.3�1020 cm−3 in cubic phase. This gives an oxygen con-
tent of about 66.6 at. % in cubic ZrO2 at oxygen-poor con-
ditions. This oxygen vacancy concentration is in the lower
limit of experimental findings, where the oxygen content is
reported as 61.0–66.7 at. %.8

E. Defect interactions

So far AlZr
−1 has been found to have the lowest formation

energy of all Al-related defects. We have further concluded
that AlZr

−1 will be compensated by VO3
+2 and since charge neu-

trality must be kept, the concentration of VO3
+2 will be half that

of the AlZr concentration. Therefore, we have decided to
study the stability of isolated AlZr and VO3 against the for-
mation of AlZr in the vicinity of VO3. In order to do that, in
addition to the already investigated model systems, we have
constructed supercells containing two neutral Al substitu-
tional defects and one O vacancy. First, we have investigated
the nature of interaction between these defects by calculating
the self-consistent total energy for three different configura-
tions. In the first, both AlZr defects were nearest neighbors of
VO3. In the second, AlZr were nearest neighbors of each other
while VO3 was at a distant position. Third, none of the de-
fects were nearest neighbors but at positions as far away as
possible, considering the periodicity of the chosen supercell.
The first configuration was found to have the lowest energy,
leading to the conclusion that AlZr and VO3 display attractive
interaction. In fact, the Al-VO3-Al defect cluster is also the
next most favorable among the neutral defects, after VO3,
with average formation energies of only 0.89 eV �mono-
clinic� and 0.52 eV �cubic� per defect.

The concentration of AlZr, assuming that Al-VO3-Al defect
clusters form, was calculated at different experimental con-
ditions by the use of Eq. �2�, from the formation energy of
the defect cluster. The number of possible defect clusters
sites, NC=

NZr-Zr

2 �NZr�NO, were determined by combinato-
rial analysis for the monoclinic and cubic supercells, respec-
tively. Here, NZr-Zr is the Zr-Zr coordination, NZr is the num-
ber of Zr sites, and NO is the number of common oxygen
neighbors to the two AlZr. In order to eliminate double count-
ing, the Zr-Zr coordination is divided by 2.

The concentrations of AlZr, as Al-VO3-Al defect clusters
form, as a function of temperature in monoclinic and cubic
phases are shown in Fig. 7. In the same graph, the concen-
trations of single AlZr

−1 in both phases, calculated self-
consistently at a set of temperatures are displayed as sym-
bols. The calculated maximum concentration of AlZr,
coordinated in the Al-VO3-Al defect cluster in cubic phase at
2950 K, is now enhanced by two orders of magnitude, to

4.0�1022 cm−3 ��5 at. %�, well within experimental
values.8 The concentration of VO3 will be half the concentra-
tion of Al, 2.0�1022 cm−3. This gives an oxygen content of
�64 at. %, in excellent agreement with experiment.8 In
monoclinic phase, the maximum concentration of Al as
Al-VO3-Al clusters are allowed to form is negligible at 1420
K, 4.0�1015 cm−3. We conclude that if AlZr is accompanied
by VO3, forming Al-VO3-Al defect clusters, the experimental
concentrations of both defects and in both phases are very
well represented by our calculated values.

IV. CONCLUSIONS

First-principles theory, using the supercell approach, has
been employed to investigate the energetics of Al and intrin-
sic defects in the monoclinic and cubic phases of ZrO2. We
find that VO3

0 is the most stable isolated neutral defect and
that AlZr

0 will be lower in formation energy than Ali
0. Among

the intrinsic defects, Zri
0 and VZr

0 are the highest in energy.
We have performed corrections for defect-defect interactions
and for the DFT underestimation of the band gap. From the
analysis of the defect formation energy as a function of
Fermi energy, we find that the charge transition states of O4
and VO3, without band-gap correction, are in close agreement
with the results available from literature, as are the formation
energies of the neutral defects. As the Fermi energy is in-
creased, AlZr

0 decays into the AlZr
−1 charge state, which will be

compensated by VO3
+2 . From this we find that the formation

energy of AlZr can be significantly decreased if the Fermi
energy is confined in the region between the middle of the
band gap and the bottom of the CB. This could be done, for
instance, by introducing codopants or growing ZrO2 on a
substrate or growth layer with a suitable band offset. By
calculating the self-consistent Fermi energy of each system

FIG. 7. �Color online� The equilibrium concentration of Al in
the Al-VO-Al defect cluster as a function of temperature in mono-
clinic�cubic� phase of ZrO2 is displayed by a solid red �dashed
black� line. The symbols represent the self-consistently calculated
equilibrium concentration of AlZr

−1 in monoclinic and cubic phase at
a few different temperatures. The red squares correspond to AlZr

−1

concentration in monoclinic phase and the black triangles corre-
spond to the AlZr

−1 concentration in cubic phase.
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and at different temperatures, we could estimate the equilib-
rium concentrations of all relevant defects. At the self-
consistently calculated Fermi energy, AlZr

−1 and VO3
+2 have the

highest concentration. The calculated maximum equilibrium
concentration of AlZr

−1 captures the correct experimental trend
but underestimates experimental data, as does the concentra-
tion of VO3

+2 . The interaction between AlZr
−1 and VO3

+2 was con-
sidered by modeling both defects in the same supercell in the
concentrations required by the condition of charge neutrality.
We show that the formation energy of Al-VO3-Al defect clus-
ters from AlZr

0 and VO3
0 is the second lowest among the neu-

tral defects. The calculated concentrations of AlZr
0 and VO3

0 ,
as Al-VO3-Al defect clusters are assumed to form, are in very
good quantitative agreement with the concentrations of Al
and oxygen vacancies found in experiment. Our results sug-
gest that defect clusters will form as a result of Al doping in

cubic phase of ZrO2, whereas the concentration of defect
clusters is negligible in the monoclinic phase, both in accor-
dance with experiment.31
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