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Abstract. Equilibrium dc conductivity and thermopower measurements at 650–800◦C on undoped and 1%
acceptor-doped SrBi2Nb2O9, SBN, indicate that the n-type conductivity is similar to that of a simple transition
metal oxide that contains 1–2% donor excess. The donor content is attributed to the presence of Bi+3 on Sr+2 sites
in the perovskite-like layers of the structure. These centers arise from cation place exchange between these ions
in the alternating layers of the crystal. This exchange is apparently not completely self-compensating, and there
is local charge compensation in each layer. While the equilibrium conductivity of SrBi2Ta2O9, SBT, is dominated
by ionic conduction in the Bi layers, in SBN conduction by electrons in the perovskite-like layers prevails. The
difference in behavior is attributed to the expected smaller band gap of the niobate. The electron mobility in SBN is
extremely small, of the order of 10−5 cm2/v · sec at 750◦C, and is highly activated with an activation energy of about
1.6 eV. The resulting low mobility at ambient temperatures is proposed as the basis for the observed resistance to
ferroelectric fatigue. Reports of metallic Bi on the surface of SBT and SBN by XPS analysis are shown to result
from the highly reducing atmosphere of the XPS apparatus.
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Introduction

The use of ferroelectric thin films as memory ele-
ments on computer chips is being actively studied
and, in some cases, has reached the marketplace. The
memory is stored as the polarization direction which
can be switched by the application of a dc field. For
some ferroelectrics, such as the PZT-based materials,
the amount of switchable charge may degrade after
106–108 switching cycles. This can reach the point that
the polarization direction can no longer be determined,
a phenomenon known as ferroelectric fatigue. On the
other hand, the Bi-layer ferroelectrics, or Aurivillius
phases, have been found to be highly resistant to fa-
tigue [1]. These compounds have layered structures,
with Bi-containing layers alternating with perovskite-
like layers. The favored composition so far for memory

∗Current address: Intel Corp., 5000 W. Chandler Blvd., CH5-159,
Chandler AZ 85226-3699, USA.
†To whom all correspondence should be addressed. E-mail:
dms4@lehigh.edu

elements is SrBi2M2O9, with M = Ta or Nb. It has been
shown that defects play an important role in ferroelec-
tric fatigue [2–5], so it is of interest to determine what
aspects of the defect chemistry of these compounds
contribute to their stability.

In the compounds SrBi2Ta2O9 (SBT) and
SrBi2Nb2O9 (SBN), Bi2O+2

2 layers with a fluorite-like
structure alternate with SrM2O−2

7 layers having a
perovskite-like structure. Detailed structural studies
have shown that there is extensive cation place
exchange between the Bi+3 and Sr+2 sites [6, 7]. This
exchange, which is of the order of several percent,
results in the presence of Sr′Bi acceptor centers in the
Bi-layer, and Bi•

Sr donor centers in the perovskite-like
layers. In an isotropic structure such place exchange
should be self-compensating, and no other defects
would be required for charge balance. However, we
have previously proposed that self-compensation
is not wholly effective in these layered structures,
and that there is a significant amount of charge
compensation within each layer [8, 9]. Thus Sr′Bi
acceptor centers in the Bi layer can be partially



192 Palanduz and Smyth

compensated by oxygen vacancies, V••

O, or holes, h•,
while the Bi•

Sr donor centers in the perovskite layers
can be partially compensated by cation vacancies,
V′′

Sr, or electrons, e′. The electrical conductivity in
randomly oriented polycrystalline samples will then
be dominated by the better conducting layer. In this
model, each type of structural layer has a relatively
independent defect chemistry. In an earlier study
of the equilibrium electrical conductivity of SBT,
we observed a broad plateau of ionic conductivity
independent of the oxygen activity [9]. This was
attributed to oxygen vacancy conduction in the Bi
layers. This paper describes a similar study of SBN.
The general chemical behavior of Ta+5 and Nb+5 is
extremely similar, because they have the same ionic
charge, and, because of the lanthanide contraction,
almost identical ionic radii. In spite of this, and despite
the isostructural nature of SBT and SBN, it will be
seen that the defect chemistry of SBN is surprisingly
different from that of SBT.

Experimental

SBN samples were prepared from appropriate amounts
of SrCO3, Bi2O3, and Nb2O5, using a modified version
of Subbarao’s technique [10]. SBN powders were cal-
cined in a Pt crucible at 1050◦C for one hour while
embedded in calcined SBN packing powder in a dou-
ble crucible arrangement. Phase identification was con-
firmed by X-ray diffraction using a Philips APD 1700
automated diffractometer with Cu Kα radiation.

High temperature equilibrium electrical conductiv-
ity measurements were made by the standard 4-point
dc technique using Pt electrodes in a flowing gas stream
composed of Ar-O2 mixtures, or CO2 depleted of oxy-
gen by means of an electrochemical oxygen pump
based on acceptor-doped ZrO2. In order to minimize
Bi2O3 loss during the conductivity measurements, a
small amount of undoped SBN powder was placed un-
der an alumina cover near the sample in order to pro-
vide a protective Bi2O3 atmosphere. The oxygen activ-
ity near the sample was measured with a yttria-doped
zirconia sensor.

Constant composition oxygen activity measure-
ments were made by equilibrating an undoped SBN
sample in a small alumina cell that could be hermet-
ically sealed with deformable glass gaskets [11]. The
volume of enclosed gas was small enough so that the
oxygen activity could be changed substantially with-

out significant variation in the defect concentrations in
the sample. The system was initially brought to equi-
librium at 730◦C and log P(O2) = −1.8 (atm.), and
then sealed by exerting pressure on the softened glass
gaskets. A stabilized zirconia lid served as a sensor to
monitor the equilibrium oxygen activity as the temper-
ature was varied between 730 and 670◦C.

Thermoelectric power measurements were made
by a heat pulse method, similar to that developed by
Eklund and Mabatah [12]. A sintered, undoped SBN
sample was equilibrated in a flowing Ar-O2 mixture
with log P(O2) = −3.1 (atm.) at 25◦ intervals in a
temperature range between 650 and 800◦C. An ac cur-
rent was passed through a Pt heater wire at one end
of the sample for 55–90 seconds, creating tempera-
ture differences between 53 and 80◦C between the two
ends. After the heater had been turned off for 15–20
seconds, thermopower data were collected for approx-
imately 150 seconds. The large temperature difference
allowed clear readings to be obtained in spite of the high
electrical noise level observed in that range of oxygen
activity. The thermoelectric emf and the thermocouple
reading across the sample, which is proportional to the
temperature difference, were measured as the gradient
gradually diminished.

XPS measurements were performed with a Scienta
ESCA-300 system using Al Kα radiation in order to
monitor the state of bismuth on the surface of SBN and
on a freshly-formed fracture surface created in the high
vacuum chamber.

Experimental Results

The 4-probe, dc equilibrium electrical conductivity of
undoped, polycrystalline SBN as a function of oxygen
activity at temperatures between 700 and 775◦C is
shown in Fig. 1. The behavior is surprisingly differ-
ent from that of SBT [9]. In the latter, there is a broad
conductivity plateau, independent of oxygen activity,
which proved to be ionic in nature. There were only
slight upturns at the highest and lowest oxygen activ-
ities, which were attributed to hole conduction due to
partial filling of oxygen vacancies at high activities,
and to electron conduction due to loss of oxygen at
low activities. Thus SBT is exhibiting classic acceptor-
doped behavior, such as that seen in acceptor-doped
zirconia or ceria. There are four different aspects to the
behavior of SBN. In Region I, starting at 1 atm. and pro-
ceeding with decreasing oxygen activities, there is first
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Fig. 1. The equilibrium conductivity curves for undoped SBN for values of temperature between 725◦C and 775◦C at 25◦C intervals. The data
points forming the conductivity “jump” are not equilibrium values, but were obtained during the transition, which typically lasted for about
8 hours for an isotherm.

a rising conductivity with a log-log slope of −1/4. This
is followed by Region II, a flat plateau, that leads to an
abrupt increase in conductivity, Region II′. There is fi-
nally a gradual increase in conductivity with a partially
developed dependence on the oxygen activity, Region
III. The measurements were checked for reproducibil-
ity and reversibility by periodic return to a reference
condition, usually in pure oxygen. For oxygen activi-
ties lower than those for which data are shown in Fig. 1,
the reference conductivities could not be reproduced,
and this is believed to be caused by some kind of de-
composition of the sample. These conditions were then
avoided in subsequent measurements. Even when sam-
ples were held for extended times in the plateau region,
near the abrupt rise in conductivity, similar evidence for
irreversible change was observed. For that reason the
data in Fig. 1 were obtained with minimal equilibration
times in the region of low oxygen activity. These irre-
versibilities may be related to volatilization of Bi2O3.
The electrical noise level in undoped SBN is high at
high oxygen activities, although less than that observed
in SBT [9]. The noise decreases with decreasing P(O2),
until it virtually disappears at the abrupt conductivity
rise.

The validity of the data shown in Fig. 1 must be ad-
dressed. Recent experimental results obtained by Fer-
reira et al. for 5 and 10% Nb-doped SrTiO3 are qualita-
tively very similar to those shown in Fig. 1, including
the abrupt jump in conductivity and the lower region
of indeterminate slope [13]. However, those authors
propose that both the plateau region and the abrupt
jump are experimental artifacts related to the behav-
ior of their oxygen activity sensor. They ignore the
data in those regions and interpolate a linear connec-
tion between the regions of highest and lowest oxygen
activities, Regions I and III. As a result of our experi-
ence with similar zirconia-based oxygen sensors over
the past 30 years, we must respectfully disagree. Many
different compounds have been studied and each was
found to have its own characteristic and reproducible
behavior over this central range of oxygen activities.
The very different behavior of SBT and SBN is a good
example. If the behavior were related to an experimen-
tal artifact, the nature of the sample should not mat-
ter. Thus we shall proceed with the supposition that
the data as shown in Fig. 1 are a valid representation
of the equilibrium conductivity of undoped SBN. Re-
cent work on La-doped SrTiO3 showed conductivity
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Fig. 2. Equilibrium defect diagram for a donor-doped metal oxide, assuming no electronic traps.

profiles very similar to those shown in Fig. 1 [14], and
equilibrium conductivity measurements on thin films of
SrTiO3 have also given similar results [15, 16]. These
similarities support our conclusion that undoped SBN
is behaving like a donor-doped oxide, as will be dis-
cussed.

The following discussion will focus on Regions I
and II , the regions with log-log slope of −1/4 and
the plateau, respectively. These regions are typical of
donor-doped oxides as shown by the Kröger-Vink di-
agram of the hypothetical donor-doped oxide MO,
Fig. 2 [17]. The abrupt rise in conductivity at lower
oxygen activities cannot be accounted for by conven-
tional defect chemistry. We will speculate later on the
possible cause of this phenomenon. Data in the re-
gion of oxygen activities below the jump do not con-
tain enough information in themselves to support an
interpretation.

Qualitative thermoforce measurements were made
at 775◦C in both Region I {[log P(O2)/atm.] = −3.1}
and Region II {[log P(O2)/atm.] = −6.5}. The re-
sults, which can be seen in Fig. 3(a) and (b), were
very similar. The linearity shows that the thermoforce
is independent of the temperature gradient, and the

negative slopes indicate that the conductivity is n-type
in both regions. This is consistent with donor-doped
behavior.

In order to minimize the apparent decomposition of
SBN at low oxygen activities, a set of equilibrium con-
ductivity measurements of undoped SBN were made
between 625 and 750◦C with minimal exposure to the
more reducing atmospheres, as shown in Fig. 4. For
Region I, an Arrhenius plot of σTP(O2)1/4 was made
for log [P(O2)/atm.] values near −3.1, Fig. 5. In Region
II an Arrhenius plot of σ T was made for values at log
[P(O2)/atm.] = −7.0, Fig. 6. The resulting activation
energies of conduction are 1.81 eV in Region I and
1.63 eV in Region II.

The equilibrium conductivity of SBN acceptor-
doped by replacing 1% of the Ta+5 with Ti+4, Ti′Ta,
is compared with that of undoped SBN in Fig. 7. The
level of conductivity has been reduced from that of un-
doped SBN by a factor of 2–3, but the general shape
is unchanged. Thus the added 1% acceptor content has
not been sufficient to change the conductivity to an
acceptor-doped behavior. This suggests that the un-
doped SBN already has a donor content of the order
of 1–2%.
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(a)

(b)

Fig. 3. (a) and (b) The Seebeck voltage as a function of �T for an undoped SBN sample at 775◦C and log[P(O2)/atm.] = −3.1, and at 775◦C
and log[P(O2)/atm.] = −6.5, respectively.

Discussion

The crystal structures of SBN and SBT were orig-
inally considered to be face-centered-orthorhombic
with space group Fmmm [10]. More recent studies have

determined that the structures are actually A-centered-
orthorhombic with space group A21am [6, 7]. However,
this new assignment preserves the originally accepted
two-layered structure, which is formed by alternat-
ing fluorite-like Bi2O+2

2 and perovskite-like SrNb2O−2
7
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Fig. 4. The partial equilibrium conductivity curves for undoped SBN for values of temperature between 625◦C and 750◦C at 25◦C intervals.
The lowermost oxygen activities were avoided in order to increase the life time of the sample.

Fig. 5. The Arrhenius plot of log[σTP(O2)1/4/atm.] for the conductivity isotherms of undoped SBN in Fig. 4 at log[P(O2)/atm.] = −3.1.
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Fig. 6. The Arrhenius plot of log[σ T /atm.] for the top four conductivity isotherms of undoped SBN in Fig. 4 at log[P(O2)/atm.] = − 7.

Fig. 7. The equilibrium conductivity of undoped and 1% acceptor-doped (Ti•Ta) SBN at 700◦C.

layers. The detailed structural studies of both SBN
and SBT indicate that there is substantial place ex-
change between Sr+2 and Bi+3 in the structures. This
exchange amounts to several percent. This results in

the presence of Sr′Bi in the Bi-layers, and Bi•

Sr in the
perovskite layers. Such shuffling of cations within an
isotropic structure would be self-compensating with-
out need for the presence of other charge-compensating
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defects. However, we have proposed that in these lay-
ered structures the self-compensation is not fully effec-
tive, and that there is then some charge-compensation
on a local basis. As a result, the Bi2O+2

2 layers have a
net excess acceptor content that can be compensated
by oxygen vacancies (V••

O) or holes (h•), while the per-
ovskite layers have a net excess donor content com-
pensated by cation vacancies (V′′

Sr) or electrons (e′). In
randomly oriented polycrystalline samples, the elec-
trical conductivity should be dominated by the better
conducting layer. In SBT it was proposed that the ob-
served P(O2)-independent ionic conductivity is due to
compensating oxygen vacancies in the Bi-layers. Dop-
ing studies indicated that the excess acceptor content,
Sr′Bi, in these layers is about 1–2%.

It was previously concluded that the most likely
mechanism for the cation place exchange was by ex-
changing 3 units of SrO for 1 unit of Bi2O3 [9]. Thus
in the perovskite layer,

Bi2O3
(3SrO)−→ 2Bi•

Sr + 3Oo + V′′
Sr (1)

while in the Bi layer,

3SrO + BiBi + 3/2Oo

(Bi2O3)−→ 3Sr′Bi + 3Oo + 3/2V••

o + 1/2Bi2O3 (2)

We believe that scattered, yellow-colored stains ob-
served on the surface of the samples represent the Bi2O3

Fig. 8. Equilibrium defect diagram for a donor-doped metal oxide
with deep electron traps. The approximate expression for charge
neutrality is the same in Regions A and B, 2[V′′

Sr] = [D•].

exsolved by the latter reaction. These stains have a
glassy appearance as if they had been melted, and EDS
measurements indicate that they are slightly Bi-rich
relative to other areas on the surface. Thus the Sr+2

in the Bi layers are partially compensated by oxygen
vacancies, while the Bi+3 in the perovskite layers are
partially compensated by cation vacancies or electrons.
It was proposed that the equilibrium conductivity of
SBT was primarily due to oxygen vacancy conduction
in the Bi layers. We now suggest that the equilibrium
conductivity of SBN is dominated by conduction by
electrons in the perovskite layer. A possible reason for
these different behaviors will be discussed later.

The equilibrium conductivity of SBN in Regions I
and II will now be analyzed in terms of n-type conduc-
tion in a donor-doped oxide, the perovskite layers in this
case. The discussion is also pertinent to the results ob-
tained for highly donor-doped bulk samples of SrTiO3

[13, 14], and suggests that the defect chemistry of thin
films of SrTiO3 is dominated by n-type conductivity
due to an unidentified source of a large concentration
of donor-centers [15, 16]. A Kröger-Vink diagram for
a generic donor-doped oxide MO is shown in Fig. 2
[17], for the case that trapping of the charge carriers
can be neglected. However, the high values obtained
for the activation energies of conduction in Regions I
and II suggest that the electrons may be deeply trapped
so that only a small fraction of them are ionized into
a conducting state. The Kröger-Vink diagram for this
situation is shown in Fig. 8. There is still a plateau
region, Region C, and a region with log-log slope of
−1/4, Region A, as in the case without trapping, but
they are now separated by a region, Region B, with a
log-log slope of −1/6. We do not see such a distinct re-
gion, but it could be obscured in the transition between
slopes. It is necessary to derive these slopes in order to
judge the viability of the trapping model.

Region A in Fig. 8 corresponds to the case of com-
pensation of the donor centers by an ionic defect, which
we will assume to be the strontium vacancy, V′′

Sr

[Bi•

Sr] ≈ 2[V′′
Sr] (3)

It is also assumed that most of the electrons are trapped
such that

[Bi•

Sr] >
[
BixSr

]
> n (4)

The reduction reaction can then be viewed as the con-
sumption of Sr vacancies and the creation of electrons,



Defect Chemistry and Charge Transport in SrBi2Nb2O9 199

which are mostly trapped by the donor centers

V′′
Sr + 2Bi•

Sr + Oo ↔ 1/2O2 + 2BixSr (5)

This reaction has the mass-action expression

[
BixSr

]2

[Bi•

Sr]
2[V′′

Sr]
= KredP(O2)−1/2 (6)

There is then an ionization reaction for the trapped
electrons

BixSr ↔ Bi•

Sr + e′ (7)

With the mass-action expression

[Bi•

Sr]n[
BixSr

] = K D (8)

The two equilibrium reactions can be combined to give
the reduction reaction to form free electrons, with its
corresponding mass-action expression

V′′
Sr + Oo ↔ 1/2O2 + 2e′ (9)

n2[
V′′

Sr

] = K ′
nP(O2)−1/2 (10)

In Region A, combination of Eqs. (3) and (10) gives
for the free electron concentration

n ≈
(

K ′
n[Bi•

Sr]

2

)1/2

P(O2)−1/4 (11)

and for the trapped electron concentration Eqs. (3), (8),
and (11) give

[
BixSr

] ≈
(

Kred

2

)1/2

[Bi•

Sr]
3/2P(O2)−1/4 (12)

The predicted log-log slope of −1/4 corresponds to the
observed dependence of the conductivities at the high-
est oxygen activities. The trapped electron concentra-
tion runs parallel to the free electron concentration, but
at a higher level.

In Region B, the trapped electron concentration has
reached the level of the total donor concentration and
almost all donors have trapped an electron to become
a neutral donor species. Charge neutrality is still con-
trolled by Eq. (3), and there is the added condition that

the neutral donor concentration is invariant with oxy-
gen activity

[
BixSr

] ≈ c (13)

Combination of Eqs. (3), (6), and (13) gives

2[V′′
Sr] ≈ [Bi•

Sr] ≈
(

2c2

Kred

)1/3

P(O2)1/6 (14)

and substituting this into Eq. (8) gives

n ≈ c1/3 K D

(
Kred

2

)1/3

P(O2)−1/6 (15)

[Bi•

Sr] and n now converge to a new condition of charge
neutrality in Region C, the plateau region.

n ≈ [Bi•

Sr] (16)

From Eqs. (6), (8), (13), and (16), the cation vacancy
concentration is given by

[V′′
Sr] ≈ cP(O2)1/2

Kred K D
(17)

The oxygen vacancy concentrations shown in Fig. 8
assume that there is some kind of a Schottky-like rela-
tionship between the cation and anion vacancies. This is
obviously too simplistic for such a complex compound.
This point has been discussed in detail by Moos and
Härdtl in their extensive study of donor-doped SrTiO3

[18]. For the present model, the oxygen vacancy con-
centration rises with reduction to the level of [D •] and
displaces it from the approximation to charge neutrality
to give

n ≈ 2[V••

o] (18)

The reduction reaction and its mass-action expression

Oo ↔ 1/2O2 + V••

o + 2e′ (19)

[V••

o]n2 = KnP(O2)−1/2 (20)

now dominate the behavior in Region D. Combination
of Eqs. (18) and (20) give the familiar relatonship

n ≈ (2Kn)1/3P(O2)−1/6 (21)

It will be shown in a later publication that for SBN,
the log-log slope in Region D is indeed consistent with
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the predicted value of −1/6, but it is displaced upward
from the ideal case shown in Fig. 8 by the vertical jump
in conductivity.

In Region B, [Bi•

Sr] and n converge with reduction
with log-log slopes of +1/6 and −1/6, respectively. It
is apparent that the width of Region B depends on the
separation between n and [BixSr] in Region A. From
Eq. (8) their ratio is given by

n[
BixSr

] = K D

[Bi•

Sr]
(22)

where [Bi•

Sr] is fixed and K D is largely determined by
the ionization energy for the trapped electrons. If all of
the observed activation energy of conductivity of about
1.6 eV were due to the ionization energy, and if [Bi•

Sr] is
taken to be of the order of 0.01, then the ratio n/[BixSr]
at 700◦C is approximately 10−6. This would require
that Region B have a width of 18 orders of magnitude
of oxygen activity. That is obviously not the case. The
data indicate that this width can be no more than a very
few orders of magnitude so that the −1/6 slope does
not emerge clearly from the transition between regions.
Thus very little of the observed activation energy of
conductivity can be attributed to the ionization energy
for trapped electrons. If the electron concentration in
Region II is not thermally activated, then the only al-
ternative would seem to be that the electron mobility is
very highly activated.

Our conclusion then is that the equilibrium conduc-
tivity of undoped SBN is an n-type conductivity due to
the donor centers, Bi•

Sr, in the perovskite layers, and that
the electrons are mostly not trapped and have highly ac-
tivated mobilities. This means that Region B in Fig. 8
has negligible width, and that the behavior of undoped
SBN is better represented by Fig. 2. According to this
model, the electron and donor concentrations are equal
in the plateau region, Region II, and the electron mobil-
ity can thus be calculated from the donor concentration
and the conductivity. The donor concentration appears
to be about 1%, or 1.5 × 1020 cm−3, so the mobility
at 750◦ is of the order of 10−5 cm2/v · sec with an ac-
tivation energy of 1.6 eV. Note that this interpretation
implies that SBN is a conventional insulator with a sig-
nificant band gap. Indeed a band gap of 4.2 eV has been
measured in SBT by UV photoemission spectroscopy
[19].

It is seen in Figs. 4 and 7 that for undoped SBN
at the lower temperatures, the data points taken at
P(O2) = 1 atm. are higher than would be expected from

an extrapolation of the log-log slope of −1/4. In other
words the slope is becoming more shallow. In fact, for
the 1% acceptor-doped sample in Fig. 7, a shallow min-
imum appears and the slope changes to positive values
as 1 atm. is approached. The minimum corresponds ap-
proximately to the condition n = p shown in Fig. 2.
It is indeed expected to move to lower values of P(O2)
with increasing acceptor content. The shallow shape of
the minima may well be due to the P(O2)-independent,
parallel ionic conduction in the Bi-layers.

In Region I the electrons are formed by the reduction
reaction, Eq. (9), and their concentration is given by Eq.
(11). The concentration is proportional to K ′1/2

n , and
given the usual form for a mass-action constant, K =
K ′ exp(−H/kT ), is thus proportional to exp(H ′

n/2kT ),
where H ′

n is the enthalpy of Eq. (9). The conductivity
should then be proportional to exp(H ′

n/2 + Hm)/kT ,
where Hm is the assumed activation energy for the
electron mobility. In the plateau region, the electron
concentration is fixed by the donor concentration, so
that the conductivity should be proportional only to
exp(Hm/kT ). The measured value for Hm is 1.63 eV,
while that for H ′

n/2+ Hm is 1.81 eV. From this it is seen
that H ′

n = 0.36 eV, a rather small number. It is possi-
ble to measure H ′

n directly, by means of a technique
previously described [11]. Rearrangement of Eq. (11)
gives

P(O2) ≈
(

[BiSr]2

4n4

)
K ′2

n (23)

Thus the measurement of the equilibrium oxygen
activity as a function of temperature will give the en-
thalpy of the reduction reaction if the expression in
parentheses can be kept constant. We call this a con-
stant defect measurement. The experiment is designed
so that the alumina measurement cell is nearly filled
with the sample; the goal is to have the maximum mass
of sample in equilibrium with a minimum volume of
gas phase. One end of the cell is hermetically sealed
with an alumina disk by means of a glass ring that soft-
ens in the experimental temperature range. The other
end is similarly sealed with a doped zirconia disk that
has been electroded with platinum on both sides. A
platinum wire is brought out from the inner electrode
through the softened glass gasket. After the desired
oxygen activity has been established inside the cell,
the cell is sealed by exerting pressure on the softened
glass rings. One can then measure the emf of the oxygen
concentration cell developed across the electrolyte disk
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Fig. 9. The Arrhenius plot of log[P(O2)/atm.] for a constant composition oxygen activity measurement for undoped SBN in a sealed cell.

by the different activities inside and outside the cell.
Thus the oxygen activity in equilibrium with the sam-
ple can be measured over some range of temperature.
With the large sample mass, and small gas volume,
the amount of oxygen that must enter or leave the sam-
ple to create the new equilibrium activity in the gas
phase is small compared to the defect concentration,
thus fulfilling the necessary conditions to obtain the
enthalpy of reduction. Such an Arrhenius plot is shown
in Fig. 9 for activities corresponding to Region I. The
enthalpy of reduction is determined to be 0.07 eV, even
smaller than the value derived above. Examination of
Fig. 4 shows that the plateau region is never actually
horizontal at the lower temperatures, and there is thus
the potential for uncertainty in the precise value of Hm .
Thus the agreement between the two determinations
is satisfactory within the accuracy of the data. In any
case, the enthalpy of reduction is quite small, and this
is consistent with the similarity of the temperature de-
pendencies in Regions I and II.

The Difference Between SBT and SBN

Why do these very similar, isostructural compounds
behave so differently? In SBT we see primarily ionic
conductivity that we attribute to oxygen vacancy con-

duction in the Bi-layer due to the acceptor center con-
tent. In SBN we see n-type electronic conductivity that
we attribute to the donor center content of the per-
ovskite layers. The level of ionic conductivity should
be largely determined by the acceptor concentration
in the Bi layers, which seems to be about 1–2%. The
level of electronic conductivity is set by the general
magnitude of electronic disorder, as indicated by the
band gap. As seen in Fig. 2, the electronic disorder
can be viewed as starting at the point where n = p,
where both are proportional to exp(−Eo

g/2kT ). The
n-type conductivity increases with decreasing P(O2)
below the location of n = p, while p-type conductiv-
ity increases with increasing P(O2) above the location
of n = p. Thus the smaller the band gap, the higher
the overall level of electronic conductivity. The ma-
jor chemical difference between Nb+5 and Ta+5 is that
the former is more easily reduced, and there is much
more chemistry of the lower oxidation states of Nb.
Compounds of Nb+5 are then expected to have smaller
band gaps than their Ta+5 analogs. This explains
why in SBN the electronic conductivity in the per-
ovskite layers overpowers the ionic conduction in the
Bi layers.

The equilibrium conductivity of SrBi2NbTaO9,
SBNT, is shown in Fig. 10. The behavior is qualita-
tively like that of SBN, but at a lower conductivity
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Fig. 10. The equilibrium conductivity of SBNT, SBN and SBT at 700◦C.

level. The band gap of SBNT would be expected to lie
between those of SBN and SBT. Thus one expects to
see a lower level of n-type conductivity in SBNT than
in SBN, and that is indeed the case.

The Rate of Equilibration

The equilibration rates of donor-doped BaTiO3 and
SrTiO3 are notoriously slow [13, 14, 19]. This is be-
cause the oxygen vacancy concentration, on which the
equilibration process depends, has been reduced to very
low levels. Indeed in both the work on Nb-doped [13]
and on La-doped [14] SrTiO3, the samples were delib-
erately made very porous to reduce the equilibration
times by three orders of magnitude at the measurement
temperature range of 725–1000◦C. Yet in SBN we ob-
tained quite reasonable equilibration times in our sin-
tered samples at 650 to 775◦C. This can be explained by
the structure and self-doping of SBN. The donor-doped
perovskite layers are sandwiched between acceptor-
doped Bi layers in which oxygen is very mobile. These
layers serve as pipelines for the oxygen, which, then has
to diffuse only a few angstroms into the donor-doped
perovskite layers.

The Jump in Conductivity

The most striking aspect of the equilibrium con-
ductivity of SBN, and of recent studies of
donor-doped SrTiO3 [13, 14] and thin film SrTiO3 and
(Ba1−x Srx )TiO3 [15, 16], is the abrupt jump in conduc-
tivity, Region II′, between Regions II and III. Such a
sharp rise in conductivity cannot be accommodated by
conventional defect chemistry. For P(O2) values lower
than that at the jump, the conductivity reverts to more
normal behavior, and it will be shown in a subsequent
publication that it is best described as having a log-log
slope of −1/6, and this has been readily observed in the
thin films of the much more stable compound SrTiO3

[16]. A log-log slope of −1/6 is characteristic of highly
reduced behavior, Eq. (21). We have concluded that the
electrons in SBN are strongly localized, and conduct
by a highly activated mobility with an activation en-
ergy of about 1.6 eV. From Fig. 1 it is seen that the
temperature dependence in Region III, below the jump
in conductivity, is much less than in the plateau region,
Region II. In the latter it was concluded that the tem-
perature dependence was due to the activation energy
of the electron mobility. This suggests that the conduc-
tivity jump represents the partial release of a highly
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Fig. 11. The cartoon for the proposed model for the conductivity jump.

restricted mobility. In fact, a decrease in the activation
energy of mobility from 1.6 to 1.4 eV is enough to ac-
count for the jump in conductivity. Below the jump,
the behavior reverts to normal and the temperature de-
pendence should be related to exp(�Hn/3+ H ′

m)/kT ),
where �Hn is the enthalpy of the intrinsic reduction re-
action, Eq. (19), and H′

m is a reduced activation energy
of mobility. In this picture, the equilibrium conduc-
tivity of SBN is that of a conventional donor-doped
oxide, except that the electron mobility in Region III
is much greater than in Regions I and II. In the latter,
it was concluded that the temperature dependence was
due to the activation energy of the electron mobility.
We suggest that the jump results from a partial release
from this restricted mobility, and that this release oc-
curs close to where the oxygen vacancy concentration
becomes comparable with the donor concentration. The
relatively slow climb of the conductivity, which goes
on for about 8 h until it saturates, suggests a process
involving an atomic rearrangement. This does not ap-
pear to be due to a structural change, since the X-ray
diffraction patterns for samples quenched from above
and below the conductivity jump are the same. Thus
any such rearrangement must be highly localized. Ac-

cording to this model, which is given schematically
in Fig. 11, the behavior of the n-type conductivity in
SBN is equivalent to that of any simple, donor-doped
oxide, except that the electron mobility in Region III is
much greater than in Regions I and II. The logarithm
of conductivity, log σ , is equal to log enµ, where, the
electronic charge, electron concentration, and electron
mobility, are denoted as e, n, and µ, respectively. Since
it is possible to write the expression, log σ = log en +
log µ, a change in the mobility will be reflected as a
shift in the value of the logarithm of the conductivity.
Figure 11 depicts this model in a schematic way.

The Presence of Metallic Bi on the Surface

The presence of metallic Bi on the surface of SBT, as
determined by XPS, has been reported by Ono et al.
[21, 22]. We reported previously that while an XPS
signal for metallic Bi was present on original surfaces
of SBT, no such signal was observed for a fresh fracture
surface created in the XPS apparatus [9]. It was con-
cluded that the metallic Bi was created by the highly
reducing atmosphere and the electron flood gun, in the
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Fig. 12. Core level XPS signal from Bi3+ 4f (ox) on a freshly formed fracture surface of SBN.

XPS apparatus, and was not present on the samples
equilibrated in air or oxygen. That is consistent with
the thermodynamic instability of Bi in oxidizing at-
mospheres. We have now obtained similar results with
SBN, in Figs. 12 and 13, with the added observation
that while no signal for metallic Bi was observed on
a fresh fracture surface, the signal did appear after the
fracture surface had been exposed overnight to the XPS
atmosphere.

Ferroelectric Fatigue

We have attributed the resistance to ferroelectric fa-
tigue in SBT to the absence of mobile charge carri-
ers in the perovskite layer, which is the location of
the ferroelectric response in SBT and SBN [9]. There
are no carriers sufficiently mobile to migrate to do-
main boundaries and pin their motion. This concept
is strongly supported by the properties of SBN re-
ported here. The electron mobility in the perovskite
layers is very low and highly activated with an ac-
tivation energy of 1.6 eV. This means that they will
be extremely immobile at component use tempera-
tures. The electrons in the perovskite layers of SBT

behave similarly, as will be shown in a subsequent
publication.

Summary

The defect chemistry of SBN and SBT is dominated
by cation place exchange between Sr+2 and Bi+3. In
these layered structures this place exchange is not fully
self-compensating, as would be expected in an isotropic
structure. Thus the Bi-layer has an excess acceptor con-
tent of about 1–2%, due to Sr′Bi, which is compensated
by oxygen vacancies. The perovskite layer has an ex-
cess donor content of about 1–2%, due to Bi•

Sr, which is
compensated by cation vacancies or electrons, depend-
ing on the oxygen activity. In SBT, the equilibrium con-
ductivity is dominated by ionic conduction due to the
oxygen vacancies in the Bi-layer. In SBN, the conduc-
tion is n-type due to electrons in the perovskite layer.
In Regions I and II, the behavior is conventional except
that the electron mobility is small, of the order of 10−5

cm2/v · sec at 750◦C, and has an activation energy of
1.6 eV. Below Region II, there is an abrupt jump in
the conductivity with further reduction, and this can-
not be explained by conventional defect chemistry. It
is suggested that it results from a partial release from
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Fig. 13. Core level XPS signal from Bi3+ 4f (ox) and metallic Bi 4f (me) states from the fracture surface of Fig. 13, after it was exposed overnight
to ultra-high vacuum, Al Kα, and 5 eV electron flood gun.

the very low electron mobilities that prevail at higher
oxygen activities. Below the jump it appears that the
behavior reverts to that of a normal, highly reduced
transition metal oxide with a typical electron mobil-
ity. The strikingly different behavior of SBT and SBN
is attributed to the expected lower band gap in SBN.
This is anticipated because of the greater reducibility of
Nb+5 compared with Ta+5. The band gap sets the scale
of the electronic contribution to the equilibrium con-
ductivity, and the concentrations of electrons in the per-
ovskite layers of SBN are enough to dominate the ionic
conduction in the Bi-layers. The unusually rapid equi-
libration of donor-doped behavior in SBN is attributed
to the high mobility of oxygen in the acceptor-doped
Bi-layers. These serve as rapid pipelines for oxygen
throughout the structure, and the donor-doped equili-
bration depends only on diffusion into the perovskite
layers perpendicular to the plane of the layers.
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