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Nitrogen self-diffusion was measured in single crystalline nitrogen-doped yttria-stabilised zirconia (YZrON)
containing 10 mol% yttrium oxide. Samples containing two different nitrogen contents (5 and 6 mol% N on
the anion sublattice) were investigated as a function of temperature (650–1000 K) using implanted 15N as a
stable tracer. For a given temperature, the nitrogen diffusivity was nearly independent of the nitrogen content in
the nitrogen-doped yttria-stabilised zirconia, which can be only partially understood using defect chemistry.
The activation enthalpy of nitrogen diffusion was between 2 and 2.5 eV with a preexponential factor of the order
of 100 cm2 s�1, which corresponds to a migration entropy of 5 kB . The surface exchange reaction between
nitrogen and the oxonitride surface was investigated at 1073 K using 200 mbar gaseous 15N2 and was found
to be slow but considerable. Decreasing the oxygen content in the gas phase can enhance the nitrogen
incorporation into the oxonitrides.

Introduction

It is widely known that cubic stabilised zirconia can be
obtained by the addition of lower valent oxides like yttria or
calcia to zirconia (leading to YSZ or CSZ, respectively). These
materials exhibit a very high ionic conductivity due to their
inherently high concentration of oxygen vacancies, which are
formed because of the addition of the oxides (see eqn. (1),
for the incorporation of Y2O3).

1

Y2O3 þ 2ZrxZr þOx
O ! 2Y0

Zr þ V2�
O þ 2ZrO2 ð1Þ

An alternative way to increase the concentration of oxygen
vacancies on the anion lattice is the addition of higher valent
anions in the stabilised zirconias leading to metal–zirconium
(yttrium) oxonitrides, e.g. (Y,Zr)–(O,N), (Mg,Zr)–(O,N),
(Sc,Zr)–(O,N) or (Ca,Zr)–(O,N). It was recently shown that
the incorporation of a few mol% nitrogen into YSZ increases
the ionic conductivity by a factor of 3, more than would be
expected by using simple defect chemistry assuming that the
conductivity increase is directly related to an enhanced number
of anion vacancies formed according to eqn. (2),2,3

N2 þ 3Ox
O ! 2N0

O þ V2�
O þ 1

2 O2 ð2Þ

It is suspected that the increased ionic conductivity might be
at least partially due to an enhanced transport of nitrogen.
Furthermore, zirconium oxonitride has a very high mechanical
stability making it also a very attractive material for structural
applications.4 Unfortunately, the ionic conductivity seems to
decrease with time, which was attributed to an effect of order-
ing: doped zirconium oxonitrides show a strong tendency
to form long-range ordered rhombohedral phases, whose

structure is not fully understood. In scandia-stabilised zirconia
(ScSZ), a similar class of anion ordered rhombohedral phases
were observed, which reduced the oxygen conductivity signifi-
cantly,5 thus making it likely to observe a similar effect on
rhombohedral phases formed by nitrogen doping.
In a thermodynamics study, Molodetsky et al.6 have shown

that the nitrogen vacancy formation enthalpy in yttrium oxo-
nitride is 190 kJ mol�1, about twice the value of the oxygen
vacancy formation enthalpy in stabilised oxides.7 This difference
should be responsible for the formation of anion-ordered phases.
The nitrogen transport in oxonitrides itself has never been

characterised by direct methods. There are only a few indirect
investigations: using some qualitative estimations, Lerch8 sug-
gested from the nitrogen uptake kinetics into pure zirconia
that nitrogen diffusion might be 3 orders of magnitude slower
than oxygen diffusion at 1400 K (�10�9 cm2 s�1). Recently,
Deghenghi et al.9 and Chung et al.10 investigated the reaction
of polycrystalline tetragonal YSZ containing 3 mol% yttria
with nitrogen at elevated temperatures (1400 to 1600 �C). They
used local Raman spectroscopy and transmission optical
microscopy to investigate the migration of the moving reaction
front for the formation of the oxonitrides in a pure nitrogen
atmosphere. Assuming the uptake reaction to be limited by
the diffusion of nitrogen in the growing oxonitride layer, the
two groups found activation enthalpies for the nitrogen diffu-
sion of 1.76 eV with preexponential factors of 3.98� 10�3 cm2

s�1,9 or 1.92 eV and 7.5� 10�2 cm2 s�1,10 respectively.
In the present paper, we give results for the first direct mea-

surement of the nitrogen diffusion in single crystalline yttrium-
doped zirconium oxonitride of different nitrogen content using
the stable isotope 15N.

Experimental

Samples

Cubic single crystals (oriented along the [100] axis) containing
10 mol% Y2O3 (Zirmat, North Billerica, USA), were heated at
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temperatures of 1850 or 2000 �C for 2 h in a carbon furnace
under 1 bar of nitrogen atmosphere. After nitriding, the sam-
ples were black and opaque, with a partly pale yellow surface
due to the formation of a thin ZrN layer. The nitrided samples
were cut into slabs of appropriate size (ca. 10� 5� 0.5 mm3),
ground and polished with the alumina suspension Final2 (par-
ticle size: 500 nm). Thereafter, the samples were completely
black; all originally formed ZrN was removed. Single-crystal
XRD analysis confirmed that the samples still remained in a
single crystalline state. The bulk nitrogen content, as measured
using hot gas extraction, was 1.32 and 1.55 wt.%, respectively.
The conditions of the sample preparation and the nominal
nitrogen sample compositions are summarized in Table 1.
Both types of samples were then implanted with an ion dose

of 3 � 1016 cm�2 with 15N, starting from natural nitrogen gas.
The implantation energy was 30 keV, this corresponds to an
implantation depth of 40 nm, as calculated by using the TRIM
program,11 which was later confirmed by SIMS. After implan-
tation, samples were cut in small slices of about 5� 5� 0.5
mm3 and then used for diffusion anneals. For each diffusion
experiment, one newly prepared sample was used.

Nitrogen diffusion

Diffusion anneals were performed for appropriate times at
temperatures between 650 and 1200 K under vacuum in a
stainless-steel apparatus fitted with CF flanges and a quartz
tube (dynamically pumping: turbomolecular pump, base pres-
sure p< 10�7 mbar). The samples were kept outside the hot
zone of the furnace on a sample holder, which allows the mea-
surement of the sample temperature. To start the experiments,
the samples were moved quickly into the hot zone of the
furnace. The sample temperature was continuously monitored
during the experiments, and it was found that it took at least
2 min until the sample was at constant (equilibrium) tempera-
ture. After finishing the experiments, the sample was removed
from the hot zone of the furnace and it was observed that
the temperature dropped by 200� within less than 1 min, after
which time the nitrogen diffusion was practically stopped.
After completely cooling down the system, the turbomolecular
pump was stopped, and air was admitted to the furnace to
remove the samples; this procedure prevents oxidation of the
samples.
Furthermore, nitrogen surface exchange reaction experi-

ments were performed at 800 �C by heating the samples pre-
pared at 1850 �C and 2000 �C for 5 to 30 min in an
atmosphere of 15N2 , isotopically enriched to > 98% (Chemo-
trade, Leipzig/Germany; nominal oxygen content less than
0.1%). The samples were heated in the same apparatus as
described above under vacuum to 800 �C and were allowed
to equilibrate for some time. Thereafter, the valve to the turbo-
molecular pump was closed, and 200 mbar of 15N2 were added.
This procedure only induced a moderate change of the tem-
perature. After the experiment, the samples were transferred
to the cold part of the furnace, and after cooling down, the
nitrogen gas was recovered by freezing with liquid nitrogen.
In order to prevent reaction with the remaining oxygen,

samples were covered in powder beds made of carbon powder
or titanium powder, respectively, or were heated in the pure
15N2 atmosphere.
The depth distribution of the stable tracer 15N was measured

either using a Cameca IMS 3f or using the VG SIMS-Lab at
the École des Mines, Nancy. In the first case, the sample was
sputtered with 10 kV O� and positively charged particles were
measured, while in the latter case, the sample was sputtered
with 7 kV Arþ and negatively charged sputtered particles were
detected. Besides the masses of the nitrogen isotopes them-
selves (m/z ¼ 14 and 15 amu), the masses of the clusters
14/15N16O and 14/15N14N were also monitored (m/z ¼ 30
and 31 amu, or 28 and 29 amu), which were found to have
higher signal intensities than the base nitrogen isotopes on
both machines in both measurement modes. For the positive
SIMS mode, i.e. when positively charged secondary particles
were analysed, we found some serious interferences at the mass
30 between the signal arising from 14N16O with signals due to
silicon (30Si: natural abundance 3.1%; silicon ions have a very
high sensitivity in the positive SIMS mode) being present as a
tracer in the original and nitrided zirconia samples.
For the implanted samples, the fast nitrogen diffusion leads

to diffusion profiles that quickly flatten out since the amount of
diffusing nitrogen is limited by the amount of implanted 15N.
Since the heating-up time was at least 2 min, we were not able
to go much beyond 1000 K for the temperature of the diffusion
experiments and still get useable profiles.
Tracer diffusivities D were determined by fitting appropriate

solutions of Fick’s second law12 to the tracer isotope concen-
tration profile. Eqn. (3) was used to describe nitrogen diffusion
in the doped YZrON (see also a typical depth profile in Fig. 1):

cðx;tÞ ¼ Ið15NÞ
Ið14NÞ þ Ið15NÞ

¼ Q

2p DR2
P þ 2Dt

� �� �0:5 exp � x� RPð Þ2

2 DR2
P þ 2Dt

� �
 !

ð3Þ

Here, Q is the implanted dose of 15N, I(15N) and I(14N) are the
measured SIMS isotope or cluster intensities, RP is the implan-
tation depth and DRP is the width of the initial Gauss profile.
For the data evaluation of the annealed samples, the experi-
mental obtained values of DRP and RP were used, which were
slightly higher than the value expected from the TRIM simula-
tions (RP,TRIM ¼ 51 nm; DRP,TRIM ¼ 46 nm; the TRIM
calculations were performed assuming amorphous crystals).

Fig. 1 15N tracer diffusion profile for YZrON containing 1.55 wt.%
nitrogen. Diffusion conditions: 46 min at 859 K. The results of fits
according to eqn. (3) are also shown. At high sample depth, the natural
15N content of 0.367% is approached (dashed line). Also shown is the
result of a simulation using the program code TRIM11 (dotted curve).

Table 1 Sample preparation conditions and resulting nitrogen
content for the investigated samplesa

Sample

name

Annealing

time/h T/�C
N content

(wt.%)

N anion site

occupancy (%)a

YZrON-18 2 1850 1.32 5.3

YZrON-20 2 2000 1.55 6.1

a For calculating the N anion site occupancy, it was assumed that

nitrogen uptake was compensated with formation of oxygen vacancies

according to eqn. (2).
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Results and discussion

Nitrogen diffusion

Nitrogen diffusion profiles (Fig. 1) are well described by
eqn. (3) both in the initial (implanted) state as well as after dif-
fusion annealing. For evaluation of the SIMS profiles of the
diffused samples according to eqn. (3), we took the width
(DRP,SIMS ¼ 110 nm) and implantation depth (RP,SIMS ¼ 49
nm) from the experimental SIMS profile of the implanted sam-
ple. The implantation profiles in Fig. 1 shows a Gaussian
shape with a long tail at high profile depth, which is due to
ion channelling.13 At a sample depth above 1000 nm, the diffu-
sion profile approaches the natural isotopic abundance of 15N
(0.00367), proving that the mass signals chosen are purely
representative for the nitrogen isotopes and not affected by
impurities, like silicon or others.
The nitrogen diffusion coefficient has a constant slope when

plotting ln D(15N) vs. 1/T leading to an activation enthalpy of
about 2.1 eV and a preexponential value of 0.8 cm2 s�1 (Fig. 2
and eqn. (4).

Dð15NÞ ¼ 0:8� e2:1 eV=kT cm2 s�1 ð4Þ

The error in DH is �0.2 eV while the error in D0 corresponds
to ln D0 ¼ �0.22� 2.1.
These values of DH and D0 are the same for samples con-

taining different amounts of nitrogen. When comparing to an
extrapolation of the data reported in refs. 9 and 10 measured
at higher temperatures (between 1300 and 1500 �C) from the
investigation of the nitrogen uptake into tetragonal zirconia,
it is remarkable that the diffusivity values agree fairly well.
The activation enthalpy obtained in the present work is only
slightly higher than the values reported in the references.
Moreover, the diffusivities obtained here compared with the
oxygen and cation diffusion in YSZ without nitrogen, show
that the nitrogen diffusion is slower than the oxygen diffusion
by four orders of magnitude (see ref. 15 and similar values in
ref. 16) but still many orders of magnitude faster than cation
diffusion in stabilised zirconias.14

When comparing the nitrogen diffusion of samples contain-
ing 1.32 and 1.55 wt.% of nitrogen, the difference in nitrogen
diffusion is almost negligible, despite that the anion vacancy
content should be increased and also the conductivity is

increased significantly for these samples. According to eqn.
(1), one would have expected the nitrogen diffusion to be
increased with increasing nitrogen content. It is nevertheless
still not clear how the nitrogen is distributed in the oxonitride
phase: are the nitrogen anions really randomly distributed on
the anion lattice, or are they somehow ordered, e.g. in micro-
domains, as was suggested by Lerch.8 In this case, diffusion
experiments and conductivity experiments cannot be directly
compared since an electrical field might affect the stability of
the microdomains.
The activation entropy DS of diffusion, as derived from the

preexponential factor of 0.8 cm2 s�1, was calculated according
to eqn. (5):17

DS=kB ¼ ln
6D0

a2f n0
ð5Þ

Taking a ¼ 5.14 Å being the lattice constant of YZrON,18

f ¼ 0.65 being the correlation factor, and n0 ¼ 1.3 � 1013

s�1 being the Debye frequency,17 one gets a value of 5kB .
For migration along vacancies, one would expect a value of
3kB ; the obtained value of 5kB is, especially when considering
the relatively large experimental error in measuring D0 , still
in agreement with the assumption of a migration along free
vacancies. In particular, if there was a migration along clusters,
the activation entropy should be strongly affected. This means
that there is no strong evidence for the diffusion of nitrogen
to go along microdomains. The diffusion of nitrogen seems
to occur straight along the anion vacancy lattice.

Nitrogen surface exchange

The nitrogen surface exchange properties were studied at
800 �C under an atmosphere of 200 mbar 15N2 starting from
YZrON samples containing 1.55% nitrogen. After 30 min
annealing time, which corresponds to a bulk diffusion length
of 150 mm according to the Arrhenius fit given above in eqn.
(4), the samples were nearly transparent. Since it remains
unclear whether this is due to a loss of nitrogen or due to some
electronic effects, the exchange reactions have been repeated
by heating samples in a bed of carbon powder, in a bed of
titanium powder, and in a carbon crucible. Except for the
titanium powder, all samples were still transparent after the
experiment. After the measurements, the nitrogen content in
the samples was measured using SIMS and the total signal
for nitrogen was compared with calibrated samples. It was
found to be 0.6 to 0.7% for all samples, meaning that there
seems to be no significant loss of nitrogen. The samples have
taken up some 15N, as can be seen from Fig. 3, where the

Fig. 2 Arrhenius plot of experimental nitrogen diffusivities in nitro-
gen doped yttria stabilised zirconia. Also shown are values obtained
by extrapolation of the nitrogen uptake in YSZ (Deghenghi et al.,9

and Chung et al.10) and for the self-diffusion of O in YSZ (Kilo
et al.15) as well as one value of the self-diffusion in nitrided YSZ
(Wrba18). Straight line: result of a fit of our experimental data, leading
to an activation enthalpy of 2.1 eV and a preexponential factor of
0.8 cm2 s�1.

Fig. 3 Nitrogen surface exchange profiles for samples heated for 30
min at 800 �C.K: as received, X: annealed under nitrogen,N: annealed
under carbon powder, c: annealed in a titanium powder bed.
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concentration of 15N is significantly higher than the natural
abundance of nitrogen, but nevertheless, the amount is still
low. The highest nitrogen exchange was induced for the sample
heated in a titanium bed, inducing a low oxygen partial pres-
sure, the lowest for the sample heated in pure nitrogen. The
nitrogen surface exchange coefficient can be calculated using
eqn. (6).19

cðx; tÞ � c0 ¼ ðcg � c0Þ

� erfc
x

4Dtð Þ0:5
� exp hxþ h2D0t

� � 

� erfc
x

4Dtð Þ0:5
þ hðDtÞ0:5

 !!
ð6Þ

Here, c0 and cg are the natural abundance and the initial con-
centration of the tracer isotope, respectively (c0 ¼ 0.00367,
cg ¼ 0.98), k (k ¼ h/D) is the rate constant for the surface
exchange19 and t is the diffusion time.
Surface exchange coefficients k were calculated from eqn. (6)

by taking the surface concentrations of 15N, i.e. the value for
x ¼ 0 together with the diffusion coefficient from eqn. (4)
(and assumed to be independent of the oxygen partial pres-
sure). From a plot of the k values against the oxygen partial
pressures (assuming the equilibrium partial pressures of the
element/oxygen-systems, taken from ref. 20) in Fig. 4, the
exchange exponent n ¼ �0.034 can be deduced. For the oxy-
gen surface exchange in perovskites and ionic conductors,
values of the exchange exponent n between 0.3 and 0.8 have
been reported,21 and a theoretical dependency on the oxygen
vacancy concentration according to n� [V2�

O ]
2/3 has been pos-

tulated.22 The exchange exponent should be sensitive to the
concentration of free anion vacancies at the surface. The abso-
lute n value obtained here is much smaller than observed for
the oxygen exchange, but not equal to zero. A direct compar-
ison to the oxygen exchange is only possible for the equivalent
nitrogen exchange exponent, which needs to be measured, but
it seems to be the case that the surface exchange reactions of
nitrogen and oxygen on YZrON are not strongly correlated.
Since the value of n is negative, the two exchange reactions
are concurring reactions. Until now, the nitrogen surface
exchange reaction has not been investigated. For the oxygen
surface exchange in oxides, it is widely known that the
exchange reaction can be seriously enhanced or suppressed
on changing the atmosphere and the exchange conditions.22,23

It is generally found that the surface exchange is lowest for
nearly perfect surfaces, as can be obtained by freshly cleaved
single crystals.24 Adding some impurities into the gas, e.g.
water or carbon oxides, or starting with labelled oxygen-
containing gases enhanced the surface exchange as well, as

does the formation of some active layers on the surface.23

The surface exchange reaction can be also greatly enhanced
with physical methods like plasmas25 or ultraviolet light.26 It
can be expected that similar processes take place also for the
nitrogen surface exchange of nitrogen in nitrogen-containing
materials. Further work is needed to check experimentally
whether similar effects can be found here for the nitrogen
surface exchange reaction. Also, it needs to be checked if the
diffusion coefficients of both oxygen and nitrogen in YZrON
are nitrogen- and oxygen-partial-pressure dependent, and how
the dependencies are correlated with each other.

Oxidation state of zirconium

In the nitrogen gas exchange experiments, it was observed that
the colour of the samples changed from black to white but
there was still some remaining nitrogen. To check if the black
colour is due to a change in the state of zirconium or not, we
have measured XPS spectra of the nitrided and the graphite-
annealed samples. The most likely species would be Zr3þ, as
could be expected from the formation of ZrN, which would
even increase the concentration of anion (oxygen) vacancies
and the anion diffusivities:

2ZrxZr þOx
O ! 2Zr0Zr þ V2�

O þ 1
2 O2 ð7Þ

From the XPS spectrum (Fig. 5), one can observe that the
Zr3d region of the nitrided sample containing 1.32 wt.% nitro-
gen consists only of one oxidation state of zirconium; there
was no evidence of the formation of lower valent zirconium
which would give rise to another peak doublet that can be
found at a 0.8 to 1.0 eV lower binding energy for Zr3þ or at
even lower energies for Zr2þ and Zr0.27 After annealing in
graphite, the XPS spectrum of the Zr3d did not changed the
structure; it was possible to fit the spectrum still assuming
only the existence of one type of zirconium. This means that
the black colour of the YZrON crystals is not due to the for-
mation of lower valent zirconium. The formation of lower-
valent yttrium, e.g. Y2þ, is even less likely, since the reduction
of Y3þ is less favourable than the reduction of Zr4þ. The
yttrium 3d signal (not shown) did not change shape during
the heat treatments, too.

Summary

Nitrogen migration properties in nitrogen-containing cubic
yttria stabilised zirconia with different amounts of nitrogen

Fig. 4 Nitrogen surface exchange coefficient as a function of the
oxygen partial pressure.

Fig. 5 XPS spectrum of the sample containing 1.32 wt.% nitrogen, as
prepared and after annealing in nitrogen, along with a fit of the Zr3d
5/2 and Zr 3d 3/2 peak doublet showing the existence of only one
oxidation state of Zr in both cases.
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have been investigated by measuring the tracer diffusion of the
stable isotope 15N:
(1) Experimentally, the nitrogen diffusion was shown to be

independent of the nitrogen content for nitrided YSZ single
crystals containing 10 mol% yttria.
(2) The activation enthalpy of migration is around 2.1 eV,

which is slightly higher than the value observed for nitrogen
uptake into tetragonal zirconia.
(3) The nitrogen diffusion coefficients are slower by 4 orders

of magnitude than the oxygen diffusivities obtained for similar
pure, i.e. nitrogen-free YSZ.
(4) YZrON takes up nitrogen from the gas phase even at

800 �C, and the exchange reaction can be affected by the
ambient conditions.
(5) The oxygen partial pressure dependency of the surface

exchange coefficient k is small. k decreases with increasing
pO2 , suggesting concurring surface reactions for the oxygen
and nitrogen uptake from the gas phase.
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