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Oxygen activity dependence of the defect
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A model for the behaviour of donor-doped BaTiO; as a function of oxygen activity is
proposed. Thermogravimetric measurements show good agreement with the proposed
model. The results show that donor-doped BaTiQ; is stoichiometric with electronic
compensation of the donor at low oxygen activity, but with increasing oxygen activity,
compensation becomes ionic as excess oxygen is absorbed. The possible compensation

mechanisms are discussed,

1. Introduction

Several studies [1—10] have shown that at high
temperature BaTiO; exhibits n-type behaviour due
to oxygen deficiency. This behaviour is extended
over a wide range of partial oxygen pressures with-
in the low Pq_ region. At higher oxygen activities,
generally p-type behaviour predominates due to
acceptor-type defects. The defect structure in
these two characteristic regions has a clear impact
on the room temperature electrical properties of
BaTiO;. Equilibration in reducing atmospheres
[11] results in a dark-coloured n-type semiconduc-
tor, whereas equilibration in oxidizing atmospheres
[12] produces a light-coloured p-type insulator,
provided that the samples are quenched from high
temperature to room temperature. In reduced
BaTiO; conduction is attributed to a band-type
mechanism [13—15], rather than to the hopping
process, due to the presence of the so called
F-centres related to electrons trapped at oxygen
vacancy sites in the vicinity of two Ti** and four
Ba** ions.

The role of impurities on the defect structure
of BaTiO; has been recently emphasized by Chan
et al. [10], who concluded that with currently
available purities a net excess of acceptor-type
defects exists in amounts exceeding the concen-
trations of intrinsic jonic or electronic disorders
in BaTiO,. Intentional dopants of higher valent

jons at Ba®" or Ti** sites introduce additional
donor levels, thus increasing the n-type conduc-
tivity, whereas lower valent ions favour p-type
conduction, It is therefore expected that additions
of Gd*" or La®* on Ba®' sites and Nb>* or Sb** on
Ti** sites favour n-type behaviour whereas, Mg?*,
Ga®*, Fe®* or AI** on Ti* sites will enhance p-type
behaviour. Generally, selective substitution on
either Ba®" or Ti*" sites is feasible because of the
large difference in their respective ionic radii, thus
allowing the well-known ferroelectric compound
BaTiO; to be transformed into a conductor by
utilizing Verwey’s controlled valency model [16].
Acceptor dopants seem to have a relatively
small effect on the conductivity of BaTiO; because
of their large ionization energy [17] (2.2eV),
however, they can act as traps. For example, upon
cooling gallium-doped BaTiO; from 1300°C to
room temperature, the concentration of electrons
can be reduced appreciably by the acceptor dopant
so that even specimens prepared in reducing
atmosphere remain insulators. The effect of Al®*
appears to be an extension [18] of the behaviour
of undoped BaTiO;, in which an accidental net
excess of acceptors, already present, play an
important role. Aluminium was found to be at
best 30% effective in creating new acceptor levels.
However, acceptor doping with several iron group
elements up to the solubility limit of 2mol % has
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been investigated [19] and the results interpreted
in terms of oxygen vacancy compensation for
valence changes of the 3d dopant. The sites occu-
pied by Gd*>" depend on the Ba: Ti ratio [14, 20],
with the amount of Gd®" at Ba®* sites decreasing
as the Ba:Ti ratio increases from 0.994 to 1.015.
For La®*-doped BaTiOs, it is generally accepted
that La® occupies the Ba®" site and the excess
charge may be compensated either by electrons
which are assumed present in the titanium 3d
conduction band or by barium and/or titanium
site vacancies, although a small polaron hopping
model [21] has been proposed for minor additions
of lanthanum. Shirasaki etal. [22] suggest the
presence of barium and titanium vacancies in
lanthanum-doped BaTiO3. Jonker eral [23]
favour titanium vacancy compensation for the
donor dopant at lower temperatures, whereas at
higher temperature, under reducing conditions,
the excess charge is compensated by Ti** ions.
It has been further claimed [14] that some of the
La®* dopant may substitute Ti*" ions and act as
acceptors. This was found to be dependent on the
Ba:Ti ratio. It is therefore obvious that several
models and discrepancies exist for the behaviour
of lanthanum-doped BaTiO;. In this study a
defect structure model is proposed and verified
by analysis of thermogravimetric (TGA) data on
lanthanum-doped BaTiO; as a function of tem-
perature and oxygen activity.

2. Proposed model

It has been shown that TiO, is practically insoluble
in BaTiO; [24]. Therefore, instead of assuming
that a Schottky-type defect reaction prevails in
this system, the assumption is made that excess
TiO, is in equilibrium with the oxide as an exter-
nal phase. Using Kroger—Vink notation [25], the
reaction for the incorporation of excess TiO, into
BaTiO; can be written as follows:

TiO, 2 Tir; + 206 + Vg, + Vo @)

Assuming dilute solution, the mass action ex-
pression for Equation 1 is

[Veal[Vol = KiA4rig, 2

where Ar;p, is the activity of TiO,. Equation 2
will prevail over a wide Pg, range and will become
negligible only at both extremes of the oxygen
activity range. If this is considered a closed system,
the concentration of Vg, cannot change without
exsolving a second phase. Thus, [Vg,]=
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(K1Ari0,)/ [Vo] = constant throughout the single
phase region of BaTiOj;.

The reaction by which BaTiO; becomes non-
stoichiometric by the loss of oxygen can be
written as follows:

002 Vg + 2¢ +10,

3

(fully ionized defects are assumed throughout).
The equilibrium constant for this reaction is

K3 = [Vg] ”2}’(13/22 (4

The donor impurity (La®") is assumed to substi-
tute Ba®* on normal lattice sites, thus additional
charge carriers are introduced into the system.
This requires the following neutrality condition:

2[Vga] +n = 2[Vo] = [Lag,]  (5)

The dominant defects are dependent on the
oxygen activity, temperature and concentration
of dopant. The following cases are considered:

1. [Lag,] and non-stoichiometry smatl.

[Vea] = [Vo]

It follows, from Equation 4, that the electron
concentration becomes,

172
n = (K3 ) prva
- 0,

[Vol

2. {Lag,] is small and non-stoichiometry large.
The neutrality condition is then,

= constant

(6)

n = 2[Vel
and the oxygen vacancy concentration becomes,
K \1/3
Vo) = (T) pae Q
3. [Lag,] is large.
The neutrality condition is given by
> [V!/ ]
n = [LaBa] ?a
> [Vol
which yields from Equations 2 and 4
" K
[VBa] = [\—;‘;TIAT“): = constant,
and
" K, -
vyl = a 1/2 (8)
Vol = i, 12

Under reducing conditions, the donor is com-
pensated electronically by formation of Ti*,
whereas at high Pg , stoichiometric excess oxygen



is added to the system, resulting in formation of
barium-rich phases and Vg, in the host lattice,
thus the carrier concentration is given by

n = [Lag,] —2[Vga]

If one considers a structural accommodation in
an ordered fashion whereby layers of BaO of the
Ruddlesdon—Popper [26] type are formed (other
possible barium-rich phases, similar to those sug-
gested by Tilley [27] for the SrTiO; system, will
not affect the validity of the model), the defect
reaction is accordingly given by:

ot ot . r£>d
Bal_,y_xLayVBaley_Zlel_y+2xO3 + xBaO (_'d
oxid.

R, X
Ba,_, La, Tiy Ti;-, O + 502 ©)

where and x = moles
oxygen.
This reaction can be reduced to:

y =moles lanthanum,

d ,
BaO + 2Ti + V4, = Ba+2Ti +30,(10)
oxid.
Assuming that the activities can be approximated
by the corresponding mole fraction, the equi-
librium constant is given by:
_ [Ba] [Ti']?

10 —

1/2

[BaO][Ti]*[Vg,]

=y —x)(y —2x)
T X1 —y + 2x)

Pg? (11)

For computational purposes, Equation 11 can be
rearranged to yileld an expression for the excess
oxygen X,

x = (12)
(2—»)Kis + 4Pg}

The electrical conductivity o = eun, where the

carrier concentration n =y — 2x, is given by sub-

stitution in Equation 12,
eny (2 —y)Kis
O' =
(2—»)Kid' + 4Pg]

(13)

At low Pq, (electronic compensation) n = y, thus
o =euy and

2y
— P1/4
T ki
At high P, (Vg, compensation), x = y/2 and,
_ euy(2—y)Kig Po.*
4

(14)

(15)

Accordingly, as a result of donor doping, the
model predicts that the compensation changes
from electrons at low Pg and/or high donor
concentration to cation vacancies at high Pg,. A
schematic representation of the model can be
obtained from plots showing predominant defects
at various oxygen activities. Such plots can be
experimentally verified by weight change and con-
ductivity measurements as a function of oxygen
activity and temperature. In a recent publication
[28] the authors illustrated the importance of
these diagrams and the regions where the compen-
sation changes for both p-type and n-type oxides.
Analysis of thermogravimetric data and its corre-
lation to the model is the subject of this publi-
cation.

3. Experimental details

A series of lanthanum-doped BaTiO3 compositions
were prepared by the liquid mix process [29]. In
all cases stoichiometric A/B ratio was maintained,
ie. (Ba+ La)/Ti=1, as the lanthanum content
ranged from 0 to 15 at %.

Thermogravimetric measurements were con-
ducted in a system designed to detect weight
changes on a 50 to 80g sample to an accuracy of
+1mg (~107° moles) at 1200 to 1400°C in an
atmosphere of 107'' to 10°Pa oxygen. The
oxygen activity was maintained by flowing gas
mixtures of either Ny;O, or CO,/H,/N,. A cali-
brated ZrO, oxygen sensor was used to monitor
the oxygen partial pressure. The details of the
apparatus are given elsewhere [30].

4. Results and discussion

Reaction 9 predicts that lanthanum-doped BaTiO3
can gain excess oxygen beyond the stoichiometric
level through the formation of a second phase,
with the maximum amount of excess oxygen given
by Oy =%[Lag,]. Fig. 1 is a plot showing the
oxygen exchange as a function of Pg for 4at%
lanthanum-doped BaTiO; at 1247 to 1400°C.
Within this temperature range, stoichiometric
oxygen compositions are found only in the low
oxygen activity region ~107°Pa, whereas at
higher Pg , stoichiometric excess of oxygen is
incorporated into the BaTiO5 lattice, with the
accompanying formation of cationic defects.
These defects which are assumed to be Vg,, com-
pensate the donors. Under reducing conditions,
electronic compensation is expected through the
formation of Ti** as shown in Equation 10. The
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Figure 1 Plot of oxygen exchange against oxygen partial pressure for Ba, ¢;La, ¢, Ti0; at different temperatures.

solid lines in Fig. 1 were calculated from the equi-
librium constant expression of Equation 11. The
experimental points agree quite well with the
theoretical expression except at the most reducing
conditions where additional oxygen loss occurs
through the formation of native oxygen vacancies.

This model does not take this loss into account.
Fig. 1 further shows that the transition from ionic
to electronic compensation occurs at higher
oxygen activity as the temperature is increased,
as has previously been observed [28] in the
lanthanum-doped SrTiO; system.
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Figure 2 Plot of oxygen exchanges against Pg_ at 1241° C for different lanthanum contents in BaTiO,.
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Figure 3 Plot of moles excess oxygen absorbed as a func-
tion of lanthanum content at 1072 Pa.

The dependence of stoichiometric excess
oxygen on lanthanum content and Pg_ is shown in
Fig.2 at 1241°C. As can be observed as the
dopant concentration increases at any given Pg,,
the amount of excess oxygen also increases. This
is illustrated by Fig. 3 which is a plot of excess
oxygen, x, as a function of dopant content at
1241°C and 1073 Pa P . This linear behaviour
was observed throughout the range of temperatures
studied.

The relative defect concentration, as expressed
in Equation 4, and determined from TGA data, is
plotted in Fig.4 as a function of oxygen activity
at 1300° C, for several lanthanum contents. The
quarter power dependence on oxygen activity pre-
dicted by Equation 14 is followed fairly well in
the low Pg, region where electronic compensation

TABLE I Change in enthalpy of reaction (AH) as a
function of dopant

La,0, (at%)

AH (kI mol™)

2 440
4 370
10 355
15 225

is expected. As can be seen, the transition from
ionic to electronic compensation shifts to lower
Py, as the dopant concentration increases. The
influence of temperature is illustrated in Fig. 5,
which is a plot of the TGA data for the 4at%
lanthanum-doped BaTiOj. The slopes increase as
temperature decreases, as predicted by Equation
14. Arrhenius plots of the equilibrium constants
obtained from Fig.5 and Equation 14 yield the
enthalpy of reaction for reduction of lanthanum-
doped BaTiO; (Reaction 9). Fig. 6 illustrates such
a plot for 4at% lanthanum-doped BaTiOs and
Table I tabulates the data as a function of lan-
thanum content.

A continuous decrease in AH is observed as the
dopant content increases to 15at%. This is con-
trary to our earlier observation [28] on the
lanthanum-doped SrTiO; system where a single
value of AH was determined (with dopant content
up to 20at%). The change in AH observed in
BaTiO; as the dopant content increases might
be attributed to clustering or association of
defects. For example, the previously mentioned
Ruddleston—Popper shear planes that could be
introduced in the lanthanum-doped BaTiO,
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Figure 4 Relative defect concen-
tration against Pg, and lan-
thanum content at 1300° C.
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system due to stoichiometric excess of oxygen
uptake at high oxygen activity, may interact with
the A-site disorders of the perovskite BaTiO; in
a manner similar to that suggested by Catlow [31].
Another possibility is that the extrinsic cation
vacancies, introduced to compensate the donor
dopant, may associate in the form of a complex
with the donor. In this case the donor ion will
have a lattice defect in its vicinity through which
it may diffuse. The diffusion coefficient of the
donor will accordingly be directly proportional to
its concentration. Defect complexes in BaTiO;
have been suggested [9] whereby,

VBa + 2Lap, 2 (Va, Lag,) + Lag,  (16)
or

Vf’éa + 2La.Ba 2 (La.Ban Véaa La.Ba) (17)

-1.75} BaogeLd004Ti03
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X
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6.5 70
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Figure 6 Plot of equilibrium constant as a function of
temperature for 4 at % lanthanum-doped BaTiO,.

6.0
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The two member complex of Reaction 16 is more
likely to occur due to entropy considerations [32].
The reported [33] activation energy for diffusion
of barjum in BaTiO; is 333.2kJ mol™!. This value
is close to that measured here, which suggests
agreement with such a model. However, further
work is needed to identify positively the mech-
anism responsible for the change in AH. Also, it
should be noted that the proposed model may be
oversimplified and the dilute solution assumption
may not be completely justified. The model cer-
tainly fits most of the data, but the incorporation
of complexes as suggested above may yield a
better correlation.

5. Conclusions

The TGA data support the proposed defect struc-
ture model for donor doped BaTiO;. The donor
dopant is substituted by a Ti** - Ti®" transition at
low oxygen activity, whereas, at high oxygen
activity, stoichiometric excess of oxygen is incor-
porated into the system resulting in the possible
exsolution of a barium-rich phase which introduces
Asite vacancies in the perovskite lattice. The
enthalpy of the redox reaction is found to be com-
position dependent, which might be interpreted in
terms of clustering or association of defects.
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