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Abstract. The defect chemistry and charge transport properties of doped and undoped SrBi2Ta2O9 (SBT) were

studied by making 4-point dc equilibrium electrical conductivity, thermopower, ionic transport number, X-ray

diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) measurements. Results of high temperature

equilibrium dc conductivity, thermoelectric power, and transport number measurements as a function of oxygen

activity in the temperature range 650±725�C revealed that undoped SBT displays a broad centrally located plateau

of ionic conductivity with an activation energy of mobility of 0.94 eV and a prominent upturn at high oxygen

activity, caused by p-type conductivity. The effects of acceptor and donor dopants are consistent with a 1±2% net

acceptor excess in the undoped compound. It has been observed that there is substantial (several percent) cation

place exchange between the Sr2� and Bi3� in SBT. It is proposed that the net acceptor excess in undoped SBT

consists of disordered Sr2� substituting for Bi3� in the ¯uorite-like bismuth oxide layers which are locally

compensated by oxygen vacancies. The formation of the net donor excess by disordered Bi3� substituting for Sr2�

in the perovskite-like layers does not manifest itself as n-type conductivity behavior, because the band gap is large

and the mobility is highly thermally activated. The superior intrinsic ferroelectric fatigue endurance of SBT is

attributed to the lack of mobile charged defects in the perovkite-like layers which create the ferroelectric response

of the compound. The metallic bismuth presence on the surface of undoped SBT, as revealed by qualitative XPS

measurements, is believed to result from long exposure to the highly reducing conditions in the XPS system.

Keywords: SBT, ferroelectric fatigue endurance, defect chemistry, cation place exchange, local charge

compensation

1. Introduction

Nonvolatile thin ®lm memory applications of

SrBi2Ta2O9 (SBT) are of increasing interest to the

scienti®c community [1]. The detrimental in¯uence of

oxygen vacancies and electronic defects on the

ferroelectric properties of perovskite compounds are

known [2±5]. The defect chemistry and charge

transport properties of SBT, which has a superior

intrinsic ferroelectric fatigue endurance, are of

interest, for they may bring new insight into the

relationship between defect chemistry and ferro-

electric fatigue, and lead to the discovery of new

phenomena in the layered bismuth oxides.

2. Experimental

SBT samples were prepared by the mixed oxide

technique, using a modi®ed version of Subbarao's

recipe [6]. The starting powders used for processing

the ceramic samples are given in Table 1.

The ball-milled mixture of starting powders were

calcined in a Pt crucible at 1100�C for 1 h in air in

order to form SBT. Hydrostatically pressed samples

were sintered at 1200�C for 30 min in a double
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crucible arrangement, embedded in calcined SBT

packing powder.

XRD measurements were made with a Philips

APD 1700 automated powder diffractometer system

using Cu a1 radiation.

High temperature equilibrium electrical conduc-

tivity measurements were made by the standard 4-

point dc technique using Pt electrodes in a ¯owing gas

stream composed of Ar-O2 mixtures or CO2 depleted

of O2 by means of an electrochemical oxygen pump

using CaO-doped ZrO2. In order to minimize Bi2O3

loss during the conductivity measurements, a small

amount of undoped SBT powder, which presumably

would provide a protective Bi2O3 atmosphere, was

placed under an alumina cover near the sample. The

oxygen activity near the sample was measured with a

yttria-doped zirconia electrochemical sensor. The

electrical noise level in the samples was very high

all through the P(O2)
range in which conductivity

measurements were made.

Thermoelectric power measurements were made

using a heat pulse technique, similiar to that

developed by [7]. A sintered undoped SBT sample

was equilibriated at 650�C in a ¯owing O2 stream.

One end of the sample was heated by passing an ac

current through a heater Pt wire for less than two

minutes, creating a temperature difference of about

35�C across the two ends of the sample. Such a large

temperature difference was created across the sample

so that clear readings could be obtained during the

cooling stage of the experiment despite the very high

electrical noise level that existed in SBT. The

thermoelectric voltage developed and the voltage

signal proportional to the temperature difference

across the sample were measured as a function of

time, as the temperature gradient decreased.

Oxygen concentration cells were used in order to

measure the ionic transport number ti of sintered

undoped SBT discs. Sintered yttria-doped zirconia

discs were used as the reference electrolyte. Pt nets,

with a Pt lead wire tied to each, were attached to the

opposing faces of SBT and yttria-doped zirconia

discs. The faces were then lightly painted with Pt

paste in order to form porous electrodes. The same

oxygen activity P(O2)
interval was applied across the

thickness of both SBT and reference discs for each ti
measurement. Softened glass seals were used to

prevent the gas on one side of the discs from leaking

to the other side at the elevated temperature of 645�C
at which the experiment was run. The four different

oxygen activity intervals in which the measurements

were made are given in Table 2.

Table 1. The purity and supplier of each starting powder used in the synthesis of undoped and doped SBT

Compound Supplier Purity

SrCO3 Johnson Matthey Company, Inc. 99.99%

Bi2O3 Johnson Matthey Company, Inc. 99.9998% Puratronic

Bi2O3 Morton Thiokol, Inc. Ultrapure

Ta2O5 Johnson Matthey Company, Inc. 99.993% Puratronic

Ta2O5 Johnson Matthey Company, Inc. 99.9%

La2O3 Johnson Matthey Company, Inc. 99.99%

TiO2 Johnson Matthey Company, Inc. 99.995% Puratronic

Table 2. Oxygen activity intervals used in making the ionic transport number measurements

Side A Side B log Pavg(O2)

Data No. (atm.) (atm.) (atm.)

1 Air O2

log PA
(O

2
) � ÿ 0:68 log PB

(O
2
)� 0:02 ÿ 0.20

2 Air Ar-O2 mixture

log PA
(O

2
)� ÿ 0:68 log PB

(O
2
)� ÿ 1:84 ÿ 0.95

3 Ar-O2 mixture Ar

log PA
(O

2
) &ÿ 1:84 log PB

(O
2
)� ÿ 4:03 ÿ 2.14

4 Ar Ar

log PA
(O

2
) &ÿ 4 log PB

(O
2
)� ÿ 4:02 ÿ 4.01
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Log Pavg(O2)
is de®ned as log Pavg(O2)

: log��PA
(O2)
�

PB
(O2)
�=2�, where PA

(O2) and PB
(O2)

are the oxygen partial

pressures on the two faces A and B of the discs,

respectively. When the same oxygen activity interval

is imposed on both of the SBT and reference discs, the

approximate ionic transport number ti for undoped

SBT can be obtained by taking the ratio of emfs

generated across SBT and the reference electrolyte.

XPS measurements have been performed with a

Scienta ESCA-300 system using Al Ka radiation in

order to monitor the state of bismuth both on the

surface and on a freshly-formed fracture surface

created in the ultra-high vacuum chamber to represent

the interior of SBT.

3. Results and Discussion

The crystal structure of SBT, which was originally

considered to be face-centered-orthorhombic with

space group Fmmm [8], has recently been re®ned to be

A-centered-orthorhombic with space group A21am
[9]. This re®ned symmetry preserves the originally

accepted two-layer structure of SBT, which is formed

by the alternating ¯uorite-like (Bi2O2)2� and the

perovskite-like (SrTa2O7)2ÿ layers. We have con-

®rmed the structure of our calcined undoped SBT

powders by fully indexing the observed peaks of the

XRD spectrum according to A21am symmetry.

The results of the 4-probe dc high temperature

equilibrium conductivity measurements that were

performed on undoped SBT samples can be seen in

Fig. 1.

The conductivity curves generally have slight

upturns at the extreme ends of the oxygen activity

range and a centrally located broad plateau. This is

reminescent of the P(O2)
independent conductivity

behavior of an oxygen vacancy concentration

compensating a net acceptor excess as in ZrO2 and

CeO2 doped with CaO [10].

The measurements were not carried out below

about 10ÿ 10 atm., because electrical noise abruptly

increased above its already high value.

Ionic transport number measurements were used to

determine any possible transition in the identity of the

charge carriers making the largest contribution to

conductivity as the oxygen activity is reduced from

that of pure oxygen. The results of the approximate

ionic transport number measurements in Fig. 2

demonstrate that the ionic contribution to the total

conductivity is large and increases as P(O2)
is reduced

to the region where the conductivity becomes

independent of oxygen activity.

The identity of the charge carriers making the

largest contribution to total conductivity in the high

oxygen activity region, where a prominent upturn

occurs, is of interest. Thermopower measurements

were made, using a heat pulse technique, in order to

determine the identity of the charge carriers in pure

oxygen, assuming they are electronic. Figure 3

represents the emf developed across the SBT sample

as a function of the voltage signal proportional to the

temperature gradient imposed. The positive sense of

the slope of the curve demonstrates that the electronic

Fig. 1. Equilibrium Conductivity of undoped SBT as a function

of P(O2)
for T � 650�C and T � 725�C.

Fig. 2. The ionic transport number of undoped SBT as a function

of the logarithm of the arithmetic average of the values of the

oxygen activities that exist on each side of the sample at about

645�C.
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carriers are holes. This is to be expected for an

acceptor-doped oxide, for as the oxygen vacancies are

partially ®lled in an oxidizing ambient, each of the

incoming oxygen atoms captures two electrons from

the lattice, creating two holes.

The results are consistent with the behavior of a

material with a net acceptor excess whose equilibrium

defect diagram is reproduced in Fig. 4 for a generic

oxide MO [10]. The conductivity plateaus in Fig. 1

can be attributed to the horizontal line that represents

the oxygen vacancy concentration V��O compensating

a constant concentration of net acceptor excess �A0�
which can be described by the approximate charge

neutrality expression

�A0�& 2�V��O � �1�

Further evidence to support the hypothesis that

undoped SBT displays acceptor excess behavior, and

an approximate quantitative estimate of the acceptor

concentration can be obtained by performing 4-point

dc conductivity measurements on acceptor-doped

�Ti0Ta� and donor-doped �La�Sr� SBT. It can be seen

in Fig. 5 that at dopant levels of 1%, the curves have

the general qualitative features which are consistent

with Fig. 4.

The upturns at the high and low P(O2)
ends of the

curves in Fig. 5 can be related to the increasing

concentration of holes h� with a log-log slope � 1
4

as a

result of partial ®lling of oxygen vacancies V��O , and

electrons e0 with a log-log slope ÿ 1
4

due to reduction

of the lattice, respectively. This behavior is illustrated

in Fig. 4.

In order to understand the dependence of electron

and hole concentrations on P(O2)
and temperature, one

has to ®rst consider the oxidation reaction where an

oxygen vacancy is ®lled by an incoming oxygen atom

which creates two holes by capturing two electrons

from the lattice. This corresponds to the reaction

1

2
O2 � V��O $ OO � 2h� �2�

whose mass action expression is written as

p2�OO�
�V��O �P(O2)

1=2
� Kox exp�ÿDHox=kT� �3�

where k, T, p, OO, Kox, and DHox represent

Boltzmann's constant, temperature, the hole concen-

tration in the valence band, an oxygen ion located at

Fig. 3. The Seebeck voltage as a function of DT across the two

ends of an undoped SBT sample for T� 650�C and log P(O
2
)� 0

(atm.). The positive slope indicates p-type conductivity.

Fig. 4. Equilibrium defect diagram for an acceptor-doped metal

oxide, assuming no electron or hole traps (adapted from [10]).

Fig. 5. The equilibrium conductivities of 1% acceptor-doped

(Ti0Ta), undoped, and 1% donor-doped (Bi�Sr) SBT at 725�C.
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its regular site in the lattice, the pre-exponential

multiplier, and the enthalpy of oxidation, respectively.

Equations (1) and (3) can be combined in order to

solve for p which is given as

p � Kox�A0�
2�OO�

� �1=2

P
1=4

�O2� exp�ÿDHox=2kT�

�4�
which produces the log-log dependence of p on P

(O2)

with the slope of � 1
4
. The intrinsic ionization process,

in which electrons from the valence band are excited

into the conduction band, may be expressed by the

familiar expression

nil$ e0 � h� �5�
whose associated mass action expression is written as

np � Ki exp�ÿEg=kT� �6�
where n, Ki, and Eg are the electron concentration in

the conduction band, pre-exponential multiplier and

the band gap, respectively. Combining Eqs. (4) and (6)

in order to solve for n gives

n � 2 K2
i �OO�

Kox �A0�
� �1=2

P
1=4

�O2�

exp

�ÿÿEg ÿ DHox=2
�

kT

�
�7�

The signi®cant emergence of electrons in Fig. 5 with

log-log dependence of n on P
(O2)

with the approximate

slope ÿ 1
4

in 1% donor-doped �La�Sr) SBT can be

explained by the linear decrease of �V��O � with

decreasing net acceptor excess �A0� and the increase

of n with the relation n! �A0�ÿ1=2
as given by

Eqs. (1) and (7), respectively.

The conductivity of oxygen vacancies can be

generally represented by 2e �V��O �m�T�, where e is the

electronic charge and m�T�, the mobility of oxygen

vacancies, is assumed to be only a function of

temperature T. The conductivity corresponding to

the plateau of undoped SBT can be expressed as

e�A0�m�T� where the approximate charge neutrality

expression 2�V��O �&�A0� is utilized. Ionic mobility can

be given by the expression, mo=T exp�ÿHm=kT�,
where Hm and mo are the activation energy of ionic

mobility and mobility pre-exponential multiplier,

respectively. Then the ionic conductivity sV��
O

due to

a constant concentration of oxygen vacancies

compensating a net acceptor excess can be given as

sV��
O
� moe�A0�

T
exp�ÿHm=kT� �8�

Results of further 4-point dc conductivity measure-

ments made only in the P(O2)
independent plateau at

various temperatures in order to determine the thermal

dependence of conductivity can be seen in Fig. 6. An

Arrhenius plot of TsV��
O

for log P(O2)� ÿ 6:8 (atm.) is

seen in Fig. 7. The activation energy of motion is

obtained as 0.94 eV which is a typical value for

oxygen vacancies in perovskites and in the general

range for other metal oxides.

SBT with an added donor content of 1% retains the

apparent acceptor-doped behavior of undoped SBT,

although at a reduced level. An approximate

magnitude of the net acceptor excess in undoped

SBT can be estimated by comparing the conductivity

values corresponding to the plateaus in Fig. 5.

If it is assumed that the net acceptor dopant

concentration in 1% acceptor-doped SBT and 1%

donor-doped SBT can be given as �A0� � 0:01 and

�A0� ÿ 0:01, respectively, then the isothermal con-

ductivities of acceptor-doped, undoped and donor-

doped SBT in the plateau region can be related to

each other as: sA : sU : sD � ��A0� � 0:01� : ��A0�� :
��A0� ÿ 0:01�. sA; sU and sD are the conductivities of

acceptor-doped, undoped and donor-doped SBT,

respectively.

Using the conductivity values from Fig. 5, one

determines �A0� as being between 1% and 2%.

Acceptor doping due to unintentional presence of

Fig. 6. The equilibrium conductivity of undoped SBT at lower

oxygen activities for values of temperature at 25�C intervals

between 650�C and 725�C.
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impurities is common, but at levels two orders of

magnitude lower [17,18].

The large value of the concentration of acceptor

centers ��A0�&1ÿ 2%� found in undoped SBT needs

to be justi®ed. The magnitude of the concentration,

the purity of starting powders (given in Table 1), and

the reproducibility of experiments with samples

processed from different batches of calcined powders

suggest that processing-related accidental presence of

impurities is not the source of the acceptor centers. On

the other hand, detailed structural studies of layered

bismuth oxides recently made by [9] and [19] have

indicated that there is signi®cant place exchange,

several percent, between the Sr2� and Bi3� ions,

creating donor centers Bi�Sr in the perovskite-like

layers and acceptor centers Sr0Bi in the bismuth oxide

layers. In a different material with a homogeneous

unit cell that does not have a layered structure, such

place exchange should be completely self-compen-

sating and not require the presence of any other

compensating defects. On the other hand, it is

important to note that our experimental ®ndings

presented thus far in this paper have created a

dilemma which can be de®ned as the combination

of three independent observations:

1. SBT has an intrinsic superior ferroelectric fatigue

endurance [20];

2. High oxygen vacancy concentrations have been

linked to poor fatigue performance in perovskite

ferroelectrics [2±5];

3. Our defect chemistry results indicate that there is a

very large concentration, about 1%, of oxygen

vacancies in SBT.

In order to elucidate this dilemma, we postulate

that each layer of the structure of SBT acts as a distinct

sub-system with its own defect chemistry. Thus for the

bismuth oxide layers, the acceptor centers Sr0Bi created

by the cation place exchange are partially compen-

sated by positively-charged defects within those

layers, e.g., �V��O ] . Similarly for the perovskite-like

layers, the donor centers Bi�Sr created by the place

exchange are partially compensated by negatively-

charged defects within those layers. Some part of the

Sr0Bi and Bi�Sr concentrations may be self-compen-

sating across the boundaries of the two adjacent

layers. The ferroelectric response of SBT is localized

in the perovskite-like layers [9,16,19]. One can then

postulate that the observed ionic conductivity is due to

oxygen vacancies con®ned within the acceptor-doped

bismuth oxide layers, where they cannot interfere

with the ferroelectric response of the perovskite-

like layers. Because the perovskite-like layers are

effectively donor-doped, the oxygen vacancy con-

centration within those layers will be strongly

suppressed. It is the separation of the structure of

SBT into two parallel sub-systems that allows the

presence of a high concentration of oxygen vacancies

in a material that shows exceptional resistance to

ferroelectric fatigue.

It is of interest to depict the cation place exchange,

which occurs while the compound is being processed,

with incorporation reactions. A comparison of the

equilibrium conductivity experiments performed on

SBT (Fig. 1) and SBN [12] with the KroÈger-Vink

diagrams of acceptor-doped oxides and donor-doped

oxides [10], respectively, indicate that the Sr0Bi and

Bi�Sr centers should be compensated by ionic defects at

high oxygen activities (the SBT and SBN samples are

processed in air). Therefore, the incorporation

reactions that produce compensating ionic point

defects are preferred. The cation place exchange

process can be described by two alternative sets of

incorporation reactions that create compensating ionic

point defects. One set would involve the exchange of

two units of SrO with one unit of Bi2O3 between the

adjacent layers and would ideally ®ll the cation sites

vacated by the units involved (2SrO$ Bi2O3):

Bi2O3ÿÿÿÿÿÿÿÿ?
2SrO� �

2Bi�Sr � 2OO � O00I �9�

2SrOÿÿÿÿÿÿÿÿ?Bi2O3� �
2Sr0Bi � 2OO � V��O �10�

The other alternative set of reactions involves an

Fig. 7. An Arrhenius plot of of log(sT) for undoped SBT at log

P(O
2
)� ÿ 6:8 (atm.).
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exchange of three units of SrO with one unit of Bi2O3

which would ideally ®ll the anion sites vacated by the

units involved �3SrO$ Bi2O3�:

Bi2O3ÿÿÿÿÿÿÿÿ?
3SrO� �

2Bi�Sr � 3OO � V00Sr �11�

3SrOÿÿÿÿÿÿÿÿ?Bi2O3� �
2Sr0Bi � 3OO � Sr��I �12�

3SrO� BiBi � 3=2OOÿÿÿÿÿÿÿÿ?
Bi2O3� �

3Sr0Bi

�3OO � 3=2V��O � 1=2Bi2O3 �13�
The oxygen interstitial O00I is not a favorable defect in

the perovskite layers, therefore, the ®rst set of reactions

represented by Eqs. (9) and (10) are considered to be

unlikely. On the other hand, the reactions represented

by Eqs. (12) and (13) are two possible ways of

incorporating 3 units of SrO into the bismuth oxide

layers. Equation (12) is an unlikely reaction because

Sr��I is not a favorable defect. This leaves us with Eqs.

(11) and (13) in the second set of reactions which

involve the favorable ionic vacancies V00Sr and V��O .

Moreover, Eq. (13) suggests the formation of a Bi2O3

phase which will be discussed shortly. Equation (11)

justi®es the approximate charge neutrality expression

that is valid in the perovskite-like layers for the high

oxygen activity region in which SBT is processed:

Bi�Sr� �&2 V00Sr� � �14�
Equation (13), whose corresponding approximate

charge neutrality expression can be written as

Sr0Bi� �&2 V��O� � �15�
is valid in the bismuth oxide layers. The cation place

exchange described by Eqs. (11) and (13) can be

depicted by the cartoon in Fig. 8. The six disordered

Sr ions, Sr0Bi, are locally compensated by three oxygen

vacancies V��O in the bismuth oxide layer. On the other

hand, four of the six displaced Bi ions Bi�Sr are locally

compensated by two Sr vacancies V00Sr in the

perovskite-like layer. As indicated by Eq. (13), the

other two Bi and three O atoms can only be

accommodated on the surfaces or grain boundaries

in order to form Bi2O3.

A strong evidence for a bismuth-rich phase

deposited on the surfaces has recently been provided

by Ono et al. [21] who used glow discharge optical

emission spectrometry (GDS) in order to obtain

elemental depth pro®les. The results indicated that

the Bi concentration was higher at the surface than in

the interior of the solution-deposited SBT ®lms,

whereas Sr and Ta concentrations were found to be

uniform.

In addition, we see scattered, yellow-colored stains

on the surface of our sintered SBT. They have a glassy

appearance as if they had been melted. Qualitative

Energy-Dispersive Spectroscopy (EDS) measure-

ments indicate that these stains are slightly bismuth-

rich relative to other areas of the surface.

The results of band structural studies performed by

[14] and spectroscopic studies by [13], although not in

good agreement with each other, indicate that SBT

has a relatively large band gap. Diffraction studies by

[19] have revealed that place exchange occurs

between Bi3� and Sr2� in the alternating layers. It is

suggested by Eqs. (13) and (15) that Sr0Bi� � is partially

compensated by oxygen vacancies in the ¯uorite-like

bismuth oxide layers. We can then substitute Sr0Bi� � for

A0� � in Eq. (1). Consequently, the conductivity

Fig. 8. A cartoon which depicts local charge compensation of

cation place exchange by defect formations in the two different

layers of the crystal structure of SBT and consequent deposition

of Bi2O3 at surfaces.
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behavior of SBT can be attributed to p-type

conductivity at high oxygen activities and oxygen

vacancy transport at lower values of P(O2), both of

which occur in the bismuth oxide layers that have a

net 1±2% acceptor excess, Sr0Bi� �, and a large band

gap. On the other hand, Eqs. (11) and (14) suggest that

the Bi�Sr� � concentration, which is partially compen-

sated at high oxygen activities by 2 V00Sr� �, creates a net

donor excess in the perovskite-like layers. Strontium

vacancies, which are practically immobile, would be

replaced by an electron concentration created as a

result of the reduction reaction at lower oxygen

activities, but the mobility of electrons in the

perovskite-like layers of SBT is also very low [12].

Therefore, the total conductivity of SBT is dominated

by oxygen vacancies, transported in the bismuth oxide

layers, whose energetic cost of conductivity, as

expressed by Eq. (8), is merely due to the energy of

activation of mobility (0.94 eV).

It was reported by Ono et al. [11,21] that XPS

studies revealed the existence of metallic bismuth on

the surface of solution-deposited SBT thin ®lms. It

can be seen in Fig. 9a that our own XPS studies

performed on the surface of bulk SBT con®rm the

existence of metallic bismuth. It can be seen in Fig. 9b

that XPS measurements made on a fresh fracture

surface of a sintered SBT specimen broken in the

ultra-high vacuum chamber, display no evidence of

metallic bismuth. The extremely reducing conditions

comprised by the combined effects of ultra-high

vacuum and high-energy particle/photon beams that a

sample is exposed to in SEM/TEM/XPS experiments

appear to be creating the metallic bismuth that is

observed on the surface of stoichiometric samples.

The difference between the spectra in Figs. 9a and 9b

may be explained by the longer period of time that the

sample surface is exposed to the ultra-high vacuum

and Al Ka radiation than the shorter duration that a

freshly prepared fracture surface spends under those

conditions.

This justi®cation of metallic bismuth presence is

supported by the results of our XPS measurements (to

be presented in a different publication) performed on

the freshly-prepared fracture surface of an undoped

SrBi2Nb2O9 sample, where a strong signal emanating

from metallic bismuth core levels (4f states) was

obtained from the fracture surface after it was exposed

overnight to the ultra-high vacuum, Al Ka, and 5 eV

electron ¯ood gun in the XPS system, even though

initial XPS measurements on the same fracture surface,

prior to this exposure to the extremely reducing

conditions, displayed no metallic bismuth presence.

Furthermore, based on the local charge compensa-

tion model proposed above, the p-type conductivity

observed at high oxygen activities in Fig. 1 and the

KroÈger-Vink model shown in Fig. 4 suggest that the

bismuth oxide layers are exposed to an oxidizing

atmosphere while they are being calcined/sintered in

air; therefore, formation of metallic bismuth from a

starting powder of Bi2O3 in the initial mixture is not

likely. The particular processing conditions that exist

during the alkoxide-based solution deposition of SBT

thin ®lms may be enhancing the formation of metallic

bismuth observed by [11,21]. The concentration

gradient of hydrogen which indicates a signi®cantly

larger presence at the surface of the SBT ®lms,

Fig. 9b. Core level XPS signal from Bi3� 4f(ox) on a freshly-

formed fracture-surface of SBT.

Fig. 9a. Core level XPS signal from Bi3� 4f(ox) and metallic Bi

4f(me) states on the surface of SBT.
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paralleling the concentration pro®le of bismuth,

suggests that hydrogen could be playing a role as a

reducing agent in the formation of metallic bismuth

from the Bi2O3 deposited on the surfaces or grain

boundaries.

4. Conclusions

1a. The equilibrium electrical conductivity of SBT is

dominated by ionic defects ( presumably oxygen

vacancies) at low oxygen activities and holes at

high oxygen activities.

1b. This conductivity behavior for undoped SBT is

consistent with that of an oxide that has 1±2% net

acceptor excess, compensated by oxygen vacan-

cies, and low electronic conductivity.

2a. We postulate that the observed conductivity

behavior is restricted to the bismuth oxide

layers, where there is a large net acceptor

excess which is attributed to the Sr0Bi centers

that are formed as a result of place exchange

between Sr2� and Bi3� ions.

2b. We postulate that the Sr0Bi centers are locally

compensated in the bismuth oxide layers which

act as distinct sub-systems whose defect chem-

istry behavior is typical of an acceptor-doped

metal oxide.

3. Similarly, we postulate that the perovskite-like

layers, which have a large net donor excess due to

the Bi�Sr centers created by the cation place

exchange process, act as distinct sub-systems

whose defect chemistry behavior is typical of a

donor-doped metal oxide.

4. The concentration and mobility of electrons are

expected to be low in the perovskite-like layers.

Thus the total conductivity of SBT is dominated

by the better conducting layers which are the

bismuth oxide layers.

5. The explanation for the superior intrinsic ferro-

electric fatigue endurance of SBT can be

constructed in the following steps:

(i) In perovskite compounds electronic charge

trapped at the ferroelectric domain bound-

aries pin the domain walls and suppress the

switchable polarization of the domains. The

trapped charge can become stabilized if there

are oxygen vacancies nearby.

(ii) Perovskite layers of SBT create the ferro-

electric response [9,16,19].

(iii) The electron mobility in the perovskite-like

layers of SBT is very low. Electrons do not

easily drift under applied electric ®elds and

thus do not accumulate at the domain

boundaries.

(iv) Oxygen vacancies, which do not enter the

perovskite-like layers containing a large

concentration of donor centers Bi�Sr, are

mostly con®ned to the bismuth oxide

layers. If an oxygen vacancy moved from

the bismuth oxide layer to the perovskite-like

layer, accompanying new defects would

have to be created in order to balance the

change in each layer; this would have an

enthalpic cost.

(v) The large concentration 1±2% of donor

centers Bi�Sr in the perovskite-like layers of

SBT suppress the in¯uence of any naturally

occurring acceptor impurities which other-

wise could be compensated by detrimental

oxygen vacancies in the perovskite-like

layers.

(vi) Therefore, the perovskite-like layers, which

create the ferroelectric response of SBT, are

free of mobile defects that would otherwise

accumulate under applied electric ®elds at the

domain walls and interfere with their motion.

6. It is suggested that the observation of the presence

of metallic bismuth in the XPS measurements is an

experimental artifact created by the extremely

reducing conditions that exist in the XPS system.
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