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Abstract

The conductivity behavior of nitrogen-doped zirconia is compared with that of zirconia doped with lower-valent cations and discussed

in the framework of defect–defect interactions. While nominally introducing the same number of vacancies as yttrium, nitrogen dopants

introduced in the anion sublattice of zirconia lead to substantially different defect kinetics and energetics. Compared to the equivalent

yttrium doping nitrogen doping in the Y–Zr–O–N system substantially increases the activation energy and correspondingly decreases the

conductivity at temperatures below 500 �C in the vacancy range below 4mol%. The comparison of N-doped zirconia and zirconia

systems doped with size-matched cation stabilizers, such as Sc, Yb and Y, shows that elastically driven vacancy–vacancy ordering

interactions can phenomenologically account for the temperature- and composition-dependence. It is striking that materials with

superior high-temperature conductivities due to weak dopant–vacancy interactions undergo severe deterioration at low temperature due

to the strong vacancy-ordering. The analysis also explains qualitatively similar effects of Y co-doping in Yb-, Sc-, and N-doped zirconia.

Small amount of Y in N-doped zirconia as well as in Sc-doped zirconia appears to hinder the formation of the long-range ordered phase

and thus enhance the conductivity substantially.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

When dissolved in the zirconia matrix aliovalent anions
such as nitrogen introduce oxygen vacancies similarly as
well-known cation dopants Y, Ca, Sc, etc., and ‘stabilize’
zirconia in the tetragonal or cubic phase, in which the
vacancy distribution is grossly random. Within the last
decade N-containing zirconia has been drawing renewed
attention [1–5] while prior studies date back to the sixties
[6–9]. Most notable in recent studies was the finding that in
the presence of a small amount of Y (2 or 3mol% Y2O3Þ

N successfully stabilizes zirconia in tetragonal and cubic
phases even at low temperatures [1,2,4,5,10,11], while N-
doping alone results in the formation of ordered-vacancy
phases in rhombohedral or primitive trigonal structures
below 1000 �C [12,13].
e front matter r 2005 Elsevier Inc. All rights reserved.
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While N- and Y-incorporation generate identical num-
bers of vacancies according to

Y2O3 þ 2Zr�Zr þO�O ! 2Y0Zr þ V��O þ 2ZrO2;

N2 þ 3O�O ! 2N0O þ V��O þ
3
2
O2, ð1Þ

dopant ions in anion sublattice N0O and cation sublattice
Y0Zr are expected to lead to substantially different
consequences in defect thermodynamics and kinetics. One
point is that fluorite structure offers a much higher
diffusivity for the nitride ion ðN3�) than for the cation
stabilizers [4,14]. In addition, interactions between N3� and
the other anion species ðO2�, V��OÞ and between N3� and
cationic species ðZr4þ, Y3þÞ should be taken account of.
Structural investigations in Y–Zr–O–N system have not
been reported until recently [15,16] and further progress is
still awaited to atomistically explain the conductivity
effects discussed in this work.
In the present contribution the N effects on the

conductivity of zirconia will be revisited based on recent
results of the authors [17–19]. In view of lack of detailed
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Fig. 1. Fluorite structure indicating displacements of six neighboring

oxygen ions in [1 0 0] direction around an oxygen vacancy ðVOÞ, one

oversized dopant ion (M) neighboring a vacancy, and a [1 1 1] vacancy

pair.
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structural and modelling work, we attempt to understand
the behavior phenomenologically by comparison with the
effects of conventional cation stabilizers. Surprisingly, even
for much discussed cation-stabilized zirconia solid solutions,
despite decades of studies, the description of the nature of
defect interactions seems conflicting and confusing. Only
recently some significant progress was achieved [20–24].

2. Defect interactions in Zirconia

Zirconia-based solid electrolytes involve a large number
of vacancies ðb1mol%Þ and unsurprisingly the transport
characteristics have been considered in terms of defect
interactions. Dopant–vacancy interactions resulting in
associates and clusters as a consequence of electrostatic
attraction between point charges are the most commonly
employed explanation accounting for (i) an increased low-
temperature activation energy as observed for Y- or
Sc-doped zirconia and (ii) an increased activation energy
and a decrease conductivity at high dopant levels as
observed in all cases. Moreover, the inferior conductivity of
CaO2ZrO2 system with divalent dopants (of effective
charge �2), when compared to Y2O32ZrO2 with trivalent
dopants (of effective charge �1), has been ascribed to the
stronger Coulombic interaction [25,26].

On the other hand, the conductivity variation with the
dopant size among different trivalent dopants of Y, Yb and
Sc suggested the importance of elastic interaction [27,28],
which is also supported by recent theoretical calculations
[20–22,29,30]. The ‘size-matched’ or slightly larger Sc dopant
has the least dopant–vacancy interaction and thus leads to
the so far highest ionic conductivity among zirconia-based
solid electrolytes, followed by the oversized Yb and Y
dopants. Moreover, the finding that oversized Y and Ca ions
avoid the nearest-neighboring sites to the vacancies
[23,31–34] cannot be explained by simple electrostatic
(attractive) interactions between dopants and vacancies.

The elastic origin of the defect interactions can be
described by the lattice relaxations induced by an anion
vacancy in the crystal structure of zirconia. As shown in
Fig. 1 six neighboring oxygen ions are pulled towards a
vacancy along [1 0 0] direction (and the four neighboring
cations are pushed out along [1 1 1] direction), in fact,
driven by the electrostatics. These displacements of ions
have been evidenced theoretically [20,29,30] as well as
indicated in experimental studies [23,35–37]. The lattice
relaxation is not limited to the nearest neighborhood of a
vacancy but is of long range [20,23,29]. The repulsive
interactions between vacancies and oversized dopants arise
since the oversized dopants as nearest neighbors to the
vacancies (as indicated in Fig. 1) hinder the relaxation of
the oxygen lattice.

Less intelligible may be the ordering of vacancies along
[1 1 1] direction [23,30,35,36]. Recent theoretical calcula-
tions [21,22] suggested that in Y- or Sc-doped zirconia
‘elastically’ attractive vacancy–vacancy interactions favor-
ing a vacancy ordering (in spite of the Coulombic
repulsion) are even stronger than ‘elastically’ repulsive
dopant–vacancy interaction. This has been related to the
formation of Zr3M4O12 ðM ¼ Y;ScÞ with [1 1 1] vacancy
pairs (as indicated in Fig. 1) in short-range or in long-
range. The energetic preference of vacancy pairs, even
when the vacancies can be further apart on purely
electrostatic grounds, is described as an attractive deloca-
lized elastic interaction [22]. In Y- or Sc-doped system the
electrostatic interactions of simple point-charge electro-
statics are shown to be essentially similar to the complex
quantum-mechanical ‘electronic’ interactions of the ‘un-
relaxed’ lattice, indicating little influence of electronic
parameters like polarizability, electronegativity, etc. [22].
Vacancy ordered structures consisting of so-called Bevan

clusters or [1 1 1] vacancy pairs, as observed in Y- or Sc-
doped zirconia, are the pronounced feature in nitrogen-
containing zirconia [3,7,13,38]. The b-type phases ðb;b0; b00,
etc.) in nitrogen-doped zirconia can be described as
arrangements of Bevan clusters containing [1 1 1] vacancy
pair and perfect fluorite unit [7,9,13,38–40]. An indication
of N/O ordering was also found in the b0-phase in the
Mg–Zr–O–N system [41]. A recent study [15] revealed large
regions of tetragonal long-range order in a Y–Zr–O–N
single crystal sample with a total vacancy concentration of
�6mol% (of which 1:1mol% stem from Y-doping), which
conversely indicates concentrated vacancies in the cubic
region of the crystal due to a stronger vacancy-ordering
interaction resulting from N-doping. The detailed impact
of the N polarizablity and the covalency of the Zr–N bond
is yet to be clarified.

3. Conductivity behavior of Y–Zr–O–N system

Fig. 2 shows the bulk conductivity of Y–Zr–O–N
ceramics obtained by impedance spectroscopy [17–19].
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The samples for the upper three groups of graphs (each
with three plots) were obtained by direct nitridation of the
oxides (Y–Zr–O), which had been prepared by a solu-
tion–precipitation method. The details of the sample
preparation can be found in Ref. [18]. The sample
composition can be formulated as YyZr1�yO2�y=2�3n=2Nn

with the total vacancy concentrations ðV totalÞ being ðyþ
nÞ=4� 100mol% according to Eq. (1).

Bottom plots in Fig. 2 represent the data of a 2Y-TZP
specimen ðY0:04Zr0:96O1:98V0:02Þ prepared from commercial
powder (TZ-2Y, Tosoh, Japan) (in solid squares) and
nitrided 2Y-TZP (in open squares) [17]. The N content of
the nitrided 2Y-TZP specimen is a rough estimate in
reference to similarly prepared specimens [19]. The two
lines at the bottom represent the conductivity variation of
the N-graded specimens measured by microcontact im-
pedance spectroscopy [19]. The N stoichiometry ðnÞ varies
from 0 to �0:03 ðT set ¼ 350 �CÞ and from 0:03 and �0:04
ðT set ¼ 450 �CÞ, respectively. The shift indicates from the
T set of the hot plate in the microcontact measurements to
the supposed correct specimen temperatures based on the
measurements using macro-sized electrodes.
In Fig. 2 Arrhenius fits are represented by lines. The
arrows indicate two different temperatures regimes in
which, as typically observed for Y- or Sc-doped zirconia,
the activation energy at low-temperature regime is higher
than that at high temperature. The nitrided 2Y-TZP
specimen exhibits an opposite curvature (indicated by
asterisk), i.e. a transition to a higher high-temperature
slope around 600 �C, which may indicate a step-wise
transition to a high-temperature regime as seen in strongly
scandia-doped zirconia ð49mol% Sc2O3Þ. The measure-
ment was however limited to �700 �C. The effect of dopant
concentrations and compositions on the activation energy
is shown in Fig. 3 for the Y–N quasi-binary system. The
activation energy values (of the low-temperature regime)
are given for different total vacancy concentrations, i.e.
V total ¼ ðyþ nÞ=4� 100mol% and plotted as a function of
nitrogen contribution. The results then reveal that the
activation energy increases with V total up to 4mol% and,
for given V total, with the nitrogen fraction.
Fig. 4 displays conductivity isotherms corresponding to

Fig. 2. The isotherms in solid symbols, separately displayed
in Fig. 5(a), represent the dependence on the Y amount in
purely Y-doped zirconia: the maximum conductivity is
observed at around 4mol% vacancies (or 8mol% of Y2O3)
with maximum becoming less pronounced with decreasing
temperature. Figs. 5(b)–(d) show the effects of N addition
to the zirconia ceramics already containing fixed Y
amounts as 8, 6, and 4mol% Y2O3, respectively. At
1043 �C all the isotherms almost coincide with each other
but an enhanced conductivity in N-containing specimens,
compared to those with Y only (in solid symbols), is
indicated (see Fig. 4). The isotherms at 727 �C are the same
regardless of dopant composition. Apparently N and Y
behave identically. At lower temperatures ð496 �C; 394 �CÞ,
however, N addition strongly decreases conductivity
compared to the equivalent amount of Y, which is more
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pronounced in the compositions with lower Y content. In
the case of 4mol% Y2O3, Fig. 5(d), the opposite effects of
N addition at high temperature and at low temperature are
clearly shown. The strong conductivity decrease with
decreasing temperature in N-rich compositions is equiva-
lently shown by their high activation energy values, e.g.
1.42 eV for Y0:08N0:086 composition (Fig. 3).

Two line graphs in the vacancy range between 1 and
2mol% in Fig. 4, magnified in Fig. 6, represent the effect of
N addition in zirconia containing 2mol% Y2O3 (2Y-TZP).
The isotherms are obtained from the conductivity profiles
on the N-graded zirconia measured by microcontact
impedance spectroscopy [19] and the nitrogen concentra-
tion profiles measured by Auger electron spectroscopy [4].
The growth of large-grained nitrided surface layers
consisted of tetragonal dispersoids and cubic phase matrix
(i.e. partially stabilized zirconia (PSZ)) into the sintered
2Y-TZP pellets followed a parabolic rate law driven by N
flux [4]. In Fig. 6, the dotted region corresponds to the
concentration step at the growth front bordering the TZP
and PSZ region. While in the TZP region a slight variation
with nitrogen concentration was indicated, a strong
conductivity decrease with nitrogen concentration in the
PSZ material was clearly observed. The extreme conduc-
tivity decrease with N addition is consistent with the
tendency shown by the upper curves in Fig. 4 and can be
attributed to the smaller Y content of the specimen and to
the lower measurement temperatures. It should be
noted that the present observation concerns the zirconia
with low dopant levels between 1 and 4mol% vacancies,
while the conductivity decrease with dopant levels in
Y-doped zirconia has been mainly referring to the high
dopant concentrations beyond maximum conductivity
composition of 4mol% vacancies in the cubic phase
region.
Fig. 7 represents the conductivity isotherms of the Y–N

binary system for a constant total vacancy concentration of
4mol% (cf. Fig. 5). While at high temperatures above
700 �C the conductivity does not depend much on the
dopant compositions, it strongly decreases with increasing
N contribution at low temperatures. The conductivity
increase with N fraction expected at higher temperature is
schematically represented by the Thigh isotherm, while a
lower temperature ðT lowÞ isotherm represents a more
drastic conductivity deterioration with increasing N frac-
tion. Further aspects of Fig. 7 will be addressed in the next
section.

4. Comparison with other zirconia systems

To understand the conduction mechanism in the
Y–Zr–O–N materials described above, the situation in
other zirconia systems with conventional cation stabilizers
will be briefly examined. Fig. 8 represents schematically the
temperature and dopant-concentration dependence of
conductivity in CaO2ZrO2 (a), Y2O32ZrO2 (b) and
Sc2O32ZrO2 (c). The temperature dependence of three
compositions ðC1oC2oC3Þ (left) and the concentration
dependence at three temperatures ðT1oT2oT3Þ (right) are
displayed.
The CaO2ZrO2 system [42–46] exhibits an Arrhenius

behavior over a wide temperature range from 300 �C up to
�1100 �C. Conductivity bends or stepwise transitions occur
at about 1100 �C, which was attributed to an order–
disorder transition [42,46]. Diffraction studies indicated a
decrease of the diffuse scattering and an increase of the
oxygen temperature factor around the transition tempera-
ture [47,48], but the nature of this transition seems not
clarified yet. The maximum conductivity composition of
�13mol% of CaO (13CSZ), which corresponds to the
minimum amount of CaO necessary to stabilize the cubic
phase ðcÞ, hardly changes with temperature and the
maxima tend to be more pronounced with decreasing
temperature. While the increasing activation energy at
high dopant levels was attributed to the increasing
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defect interactions immobilizing oxygen ions, the poor
conductivities for low dopant concentrations were ascribed
to the presence of monoclinic phase ðmÞ [42].
Fig. 8(b) schematically displays the behavior of the
Y2O32ZrO2 system, our experimental results of which are
shown in the previous section. A qualitative difference
from the behavior of CaO2ZrO2 system should be noted
here. The maximum at �8mol% Y2O3 (8YSZ), which is
close to the cubic/tetragonal ðtÞ boundary, becomes less
pronounced mainly because materials with low dopant
concentrations ðo8mol%Þ exhibit relatively high conduc-
tivities at lower temperatures. A constant or even decreas-
ing conductivity with increasing dopant concentration in
this range (similar to the effects of N addition shown in
Figs. 5(d) and 6) has been observed [49,50]. The difference
in the conductivity behaviors between CaO2ZrO2 and
Y2O32ZrO2 seems not to be simply attributable to the
stronger electrostatic interaction in the former, as often
supposed [25,26], but suggests qualitatively different defect
interactions, defect structures, and superstructures
[23,47,51].
The characteristic conductivity bends in Y2O32ZrO2

have been commonly attributed to the association/
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dissociation of dopant–vacancy complexes. A neutron
diffraction study [52] observed the disappearance of the
diffuse scattering peaks above the bending temperature and
suggested disordering in the micro-domains of correlated
vacancy–dopant clusters, rather than breakup of the
isolated dopant–vacancy complexes. Another diffraction
study showed that the isolated clusters of [1 1 1] vacancy
pairs with extensive relaxation fields become mobile at
T4�1000K [23]. We infer that the phenomena represent
an order–disorder transition of vacancy clusters, similarly
as in Sc2O32ZrO2 shown in Fig. 8(c) [28,53–56]. The
Sc2O32ZrO2 system with a scandia content less than
9mol%, exhibits conductivity bends around 650 �C, very
much like Y2O32ZrO2 system. For high dopant levels
ð49mol%Þ, step-wise transitions accompanied by a
cubic–rhombohedral transition occur in Sc2O32ZrO2,
while smeared-out transitions are observed in
Y2O32ZrO2 (see C3 curves in Fig. 8(b) and (c)). For the
structure of the low-temperature rhombohedral phase
observed between 9 and 15mol% Sc2O3, a recent study
[57] suggested a [210]-type vacancy correlation. Regardless
of the details, however, vacancy-ordered phases are
considered to be responsible for the conductivity deteriora-
tion in Sc2O32ZrO2 system. It is suggested that the
conductivity bends in low Sc2O3 compositions as well as
those in Y2O32ZrO2 system, all occurring at similar
temperatures around 650 �C, should be ascribed to the
same nature of interactions, i.e. vacancy-ordering, as for
the high dopant levels, rather than introducing a different
interaction type of a dopant–vacancy association for the
low dopant levels.
Formation of [1 1 1] vacancy pairs and micro-domains of

the ordered phase in Y2O32ZrO2 system has been experi-
mentally observed [23,35–37], the energetic preference of
which is also supported by theoretical calculations [21,22,
30]. Although most of the studies refer to fully stabilized
zirconia with Y2O349mol% [23,35–37,58] the structural
characteristics appear to be smoothly extrapolatable to
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compositions with lower Y2O3 content, in which tetra-
gonally distorted regions with relatively few vacancies
increases and the degree of vacancy correlation decreases
gradually [48,59,60]. The superior low-temperature con-
ductivity of low Y2O3 compositions can thus be ascribed to
the lesser clustering of vacancies and probably partly to the
high mobility in the tetragonal structure [37,48,58].
Smoothly converging lattice parameters of the tetragonal
phase with increasing dopant concentrations [61] are
also consistent with the gradual change in defect structure
and transport properties across the t=c phase boundary in
Y2O32ZrO2 system. Appreciable interaction effects
at the dopant levels of �1mol% and above are not
surprising since they are certainly well above the dilute
limit. In fact, no simple correlation between dopant
concentrations and the conductivity behavior can be found
in the higher dopant range ð44mol%Þ, which is not
unexpected.

The smoother conductivity bends without a macroscopic
phase transition in the Y2O32ZrO2 system should be
ascribed to the constrained vacancy ordering process.
Zr3Y4O12 is the only known ordered phase in
Y2O32ZrO2, which can be obtained only after prolonged
annealing [62]. In contrast, Sc2O32ZrO2 exhibits various
vacancy-ordered phases [39]. While no cation ordering is
found in the ordered Sc2O32ZrO2 phases [57,63], which
may be consistent with the negligible dopant–vacancy
interaction, the oversized Y ions are preferentially dis-
placed from the nearest-neighbor position to the vacancy
due to the repulsive elastic interactions. Thus long-range
vacancy ordering around 650 �C is hindered by the
distribution of immobile cations in Y2O32ZrO2, while
that in Sc2O32ZrO2 occurs irrespective of the cation
distribution. It should be noted that the dopants with
intermediate ionic radii between Sc and Y, such as Yb and
Er, behave intermediately as regards conductivity
[27,28,64] and phase characteristics [39,63], suggesting a
common interaction mechanism in this series of dopants.
In fact, Y appears to be the largest sized dopant exhibiting
a pronounced vacancy-ordering interaction. For the larger
trivalent dopants such as Gd, Eu, Sm, and Nd, a
qualitatively different interaction mode is indicated by
the formation of pyrochlore-type ordered phase, M2Zr2O7

[39].
Above the vacancy order–disorder transition tempera-

ture of �650 �C, or when the vacancies are randomly
distributed, the dopant–vacancy interaction determined by
size-mismatch is responsible for the superior conductivity
of Sc to Yb and Y, i.e. sSc4sYb4sY [27,28,64]. At low
temperatures, on the other hand, depending on the dopant
amount, the conductivity trend can be opposite to that at
high temperature, sScosYbosY, as a consequence of the
stronger vacancy ordering in the system with the weaker
dopant–vacancy interaction. Apparently conflicting co-
doping effects in the binary systems of Y–Sc [65–68] or
Y–Yb [69,70] can be understood when the two temperature
regimes with opposite composition dependencies are
considered. Fig. 7 for Y–N binary system then qualitatively
describes the Y–Yb and Y–Sc binary systems as well.
The Y–Ca system [26,44,71] may be considered to

behave similarly, as Ca substitution was shown to decrease
the conductivity below 1000 �C with the tendency becom-
ing stronger with lower temperature, and above 1000 �C a
conductivity increase with Ca addition is expected [26]. It
should be noted, however, that the total vacancy concen-
trations vary when the mixtures of 8mol% Y2O32ZrO2

and 12mol% CaO2ZrO2 are compared [26]. For composi-
tions with fixed total vacancy concentrations a non-
monotonic composition dependence was observed at
350 �C [71]. The behavior appears to be related to the
different stabilizing effects and the different types of defect
interactions between the two dopants as discussed above.
The co-doping effects in Y–Ca–Zr–O system are appar-
ently more involved [44] than in Y–Sc–Zr–O and
Y–Yb–Zr–O systems.
In Fig. 7 the dotted curves represents a drastic ionic

conductivity decrease expected for zirconia containing N
only, since vacancy-ordered phases and monoclinic phase
form below 1000 �C. However, as long as a small amount
of Y stabilizes the tetragonal and cubic phase with more or
less randomly distributed vacancies [1,2,4,5,10,11], a
gradual conductivity change is expected. The only available
literature data of b-phase Zr7O8N4 (conductivity of 5:4�
10�10O�1 cm�1 at 400 �C and activation energy of 1.77 eV)
[72] points towards strong interactions in the ordered phase
of N-containing zirconia. (Ref. [72] suggested that the
material is semiconducting, which seems to be further
clarified.) Interestingly, a similar behavior has been
recently reported for the Y–Sc system [67]: while zirconia
with 11mol% Sc2O3 exhibits a very low conductivity due
to the formation of vacancy-ordered rhombohedral phases,
substitution of only 1mol% Y2O3 stabilizes zirconia in the
cubic phase and thus results in a substantially enhanced
conductivity.

5. Conclusion

The comparison of conductivity behaviors of zirconia
doped with nitrogen and conventional cation stabilizers
leads to the following conclusion: for N-doped zirconia as
well as zirconia with size-matched cation stabilizers, such
as Sc, Yb and Y, the elastically driven vacancy–vacancy
ordering interaction phenomenologically accounts for the
temperature- and composition-dependence. It is empha-
sized that for the dopant range in which high-temperature
conductivity may still increase with dopant concentration,
at low temperatures below the vacancy order–disorder
transition, the conductivity deteriorates with dopant
concentration due to strong defect interactions. It is also
shown that materials with size-matched dopants exhibit
superior high-temperature conductivity due to weak
dopant–vacancy interactions, but, as the vacancy ordering
process is consequently favorable as well, undergo a
pronounced conductivity deterioration at low tempera-
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tures. The analysis explains the qualitatively similar mixed-
dopant effects in Y–Yb and Y–Sc-co-doped system as well
as in Y–N system. The addition of a small amount of Y in
N-doped zirconia or in Sc-doped zirconia can hinder the
formation of long-range ordered phases and thus enhance
the conductivity substantially.
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