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Abstract

Impedance spectroscopy is used to estimate the bulk conductivity, oy, of hexagonal (6H)-Ba(Tig 94Gag.06)O2.97 ceramics in air, N,
and 5%H,/95%N, between 400 and 1000 °C. Isothermal plots of log o1, vs log pO, in the temperature range between 700 and
1000 °C show the presence of a p—n transition with slopes of ~—1/4 and +1/4 in the n- and p-type regions indicating that the
conductivity obeys the ‘extrinsic’ model proposed by Smyth and co-workers for undoped and acceptor-doped cubic BaTiOs-based
materials [J. Am. Ceram. Soc. 64 (1981) 556; J. Am. Ceram. Soc. 65 (1982) 167]. The activation energy E, for oxidation in the p-type
region to produce free holes is similar for 6H-Ba(Tig 94Gag 06)0.97 and cubic BaTiOs-based ceramics with an estimated value from
op data of ~0.8 eV. The band gap for 6H-Ba(Tig 94Gag 06)O02.97 ceramics is ~3.2 eV.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Barium titanates have long been recognised as good
dielectric materials and are commonplace in the elec-
troceramics market. For example, tetragonal BaTiOj (t-
BaTiOs) is a ferroelectric material that can exhibit
exceptionally large permittivity values, ca. 10,000 at the
tetragonal to cubic (c-BaTiO;3) phase transition making
it an important dielectric material for ceramic capaci-
tors. The defect chemistry of undoped c-BaTiO; has
been investigated by several techniques including the
dependence of the electrical conductivity, o, on oxygen
partial pressure, pO,, at temperatures >600 °C.! With
increasing pO,, o changes from being n-type to p-type
at ~107'-10' Pa and three distinct regions are
observed. At very low pO, in the n-type region, o is
proportional to pO3 /¢ (region I), at intermediate pO,
the conductivity is proportional to pO5'/* (region II)
and at high pO, in the p-type region, ¢ is proportional
to pO5 /4 (region III). There is a conductivity minimum
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between the n- and p-type regions which shifts to higher
pO, with increasing temperature.

Chan et al.! have modelled the conductivity beha-
viour of undoped c-BaTiO; ceramics in terms of the so-
called ‘extrinsic’ model where the p-type behaviour
below ~1000 °C and pO,>10° Pa is attributed pri-
marily to the presence of unavoidable aliovalent impu-
rities (such as Al from the reagent grade TiO,) of
valence < +4 on the Ti-sites. These defects are often
called acceptor impurities and are charge compensated
by a corresponding number of oxygen vacancies, Vo **
in the BaTiOj; lattice. According to this model, the full
condition of charge neutrality is

[AT+n=2[V,"]+p (M

where [A’] is the summation of all acceptor states pre-
sent and n and p are the concentration of electrons, [e']
and holes, [h*]. At low pO, in the n-type region, the
following reduction reaction dominates

08 = 1/20,+ V™" +2¢ (2)

with a mass-action expression

[Vo " In* = K,pO; '/* 3)

0955-2219/03/$ - see front matter © 2003 Elsevier Science Ltd. All rights reserved.

doi:10.1016/S0955-2219(02)00448-X


http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.elsevier.com/locate/jeurceramsoc/a4.3d
mailto:d.c.sinclair@sheffield.ac.uk

1912 M.J. Rampling et al. | Journal of the European Ceramic Society 23 (2003) 1911-1917

where K, is the mass action constant for the reduction
reaction. In region I, at low pO, the charge neutrality
condition is

n~2[Vy"] “)

and substitution of (4) into (3) shows n and therefore
conductivity to be proportional to pO5 /. In region II,
the charge neutrality condition is

[AT~2[Vy"] %)

and substitution of (5) into (3) shows n and therefore
conductivity to be proportional to pO35 /4.

At high pO, in the p-type region, the following oxi-
dation reaction occurs

Vo +1/20, = Of +2h (6)
with a mass-action expression
p2 = K, [Vo --]p021/2 (7)

where K, is the mass action constant for the oxidation
reaction. In region III, the charge neutrality condition is
given in Eq. (5) and combining (5) and (7) shows p and
therefore conductivity to be proportional to pO; /4
(providing only a minor fraction of the impurity-related
Vo~ is filled). The availability of Vo~ created by the
acceptor-type impurities provides an easy mechanism to
account for the unexpected p-type behaviour in
undoped c-BaTiO;.!

In this model, intrinsic behaviour is observed only in
region I; the conductivity behaviour in regions II and
III is dominated by [A’]. The oxidation and reduction
regimes are separated by a conductivity minimum, oy,
that corresponds to a p—n transition and represents the
intrinsic conductivity associated with thermal genera-
tion of charge carriers across the band gap, according to
the equation

nil = ¢ +h° ®)

where nil is the thermodynamic standard state, defined
as the ‘perfect’ crystal with all electrons in the lowest
available energy state.! The mass action expression for
this reaction is

np = Kj )

where K is the mass action expression for this ionisation
reaction.

This model has led to values of 0.92 eV for the
enthalpy of oxidation to form free holes [Eq. (6)], 5.96
eV for the enthalpy of reduction [Eq. (2)] and a band
gap of ~3.14 eV (Eq. (8)]. Two additional features have
been incorporated to this model to account for devia-
tions from experimental observations. First, the con-
ductivity in the vicinity of the p—n transition is higher
than expected and is insensitive to pO,. This has been
attributed to ionic conduction associated with Vg-.
Second, the derived acceptor content in lightly-Al-

doped samples is less than expected? and shows a slight
decrease with decreasing temperature. This has been
attributed to trapping of the holes by the acceptors at
lower temperatures, according to the reaction

A +h = AX (10)

The enthalpy of oxidation associated to form trapped
holes has been determined to be —0.15 eV,? indicating
that the concentration of trapped holes decreases with
increasing temperature. The increase in p-type con-
ductivity with increasing temperature is therefore
attributed to increasing ionisation of a decreasing
population of trapped holes.

BaTiO; has various polymorphs, all of which are
based on the perovskite structure (ABOs3); however, due
to its high permittivity, ferroelectric t-BaTiOs-based
materials have received the most attention. Surprisingly,
very little is known about the electrical properties and
defect chemistry of the high temperature hexagonal
(6H) polymorph which is stable above 1460 °C in
undoped BaTiO3.? In part this is due to undoped hex-
agonal BaTiO; being metastable at room temperature.
The 6H-BaTiOs structure which has been reported as
space group P6;/mmc is shown in Fig. 1 and can be
described in terms of close packed BaO; layers, with a
[cch], sequence, i.e. [Ba(2)O(2);Ba(2)0(2);Ba(1)0O(1)s],.4
Atoms Ti(1) and Ti(2) occupy corner- and face-sharing
octahedra respectively, with rather short Ti(2)-Ti(2)
distances in the face sharing Ti,Og octahedra.

Recently we have been investigating chemical doping
of BaTiO; to obtain the hexagonal (6H) polymorph at
room temperature. Here we present results of an impe-
dance spectroscopy study on Ga-doped BaTiOj cera-
mics that exhibit the 6H-BaTiO; structure at room
temperature. The conductivity has been studied over the
range ~400-1000 °C between 1072° <pO, < 10* Pa and
the results are compared with those for undoped c-

Ba(2)0(2); — > S
Ba(1)0(1)y —> @
Ba(2)0(2)s —> e
Ba(2)0(2)s — > \J/
Ba(1)0(1)s —> @

Ba(2)0(2)s — > ju

Fig. 1. The crystal structure of 6H-BaTiO;. Black and white symbols
represent Ba(1) and Ba(2), respectively, light and dark shaded octahe-
dra represent Ti(1)Og and Ti(2)Og, respectively. For clarity O>~ ions
are not shown.
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BaTiO3 ceramics based on the ‘extrinsic’ model devel-
oped by Smyth and co-workers.!»?

2. Experimental

Appropriate quantities of BaCO;, TiO, and Ga,0;3
(Aldrich, all +99.99 pure) were weighed (5-8 g) to give
a formula BaTig94Gag 00,97 and intimately mixed in
acetone in an agate mortar and pestle until dry. The
mixed powder was placed on a Pt boat and fired in air.
Firing schedules were 1000 °C for 2 h to decarbonate,
and 1350 °C for 3 days, with daily regrinding in acetone
in an agate mortar and pestle.

X-ray diffraction (XRD) using a Hagg-Guinier cam-
era with Cu K,; radiation of wavelength 1.5418 A was
used to follow the progress of the reaction and as a first
indicator of phase purity. Lattice parameters were cal-
culated using data obtained from a Stoe Stadi P dif-
fractometer which was calibrated using an external Si
standard. Pellets were prepared by uniaxial pressing of
powders to 300 MPa in an 8 mm stainless steel die. The
green bodies were sintered on Pt foil overnight at
1350 °C in air. Pellet densities were calculated using
pellet mass and dimensions and were expressed as a
percentage of the theoretical X-ray density.

Microstructural properties such as grain size distribu-
tion and morphology were determined using a Camscan
(MK2, Oxford Instruments) electron microscope oper-
ating at 20 kV. Samples were in the form of fractured
pellets. These were mounted on an Al stub and gold
coated to avoid charging under the beam.

Pellets for impedance measurements were prepared as
above. Electrodes were fabricated from Pt organopaste
and Pt foil; electroded pellets were fired to 1000 °C for
an hour to remove organics to harden the Pt paste and
to attach the Pt foil to the pellet faces. Two terminal
impedance measurements were performed in a con-
trolled-atmosphere furnace equipped with a type-B
thermocouple and a Yttria-stabilised ZrO, (YSZ) sensor
with Pt electrodes attached to an external voltmeter; the
YSZ sensor was placed adjacent (<1 cm) to the sample
to avoid inaccurate pO, readings as a result of oxygen
fugacity fronts between the sensor and sample.> Mea-
surements were first performed over the temperature
range ~400-1000 °C in air, then N, and finally in
5%H,/95%N, across the frequency range 20 Hz-1
MHz using an HP4192 impedance analyser with an
applied voltage of 100 mV. On changing the atmosphere
from air to N», or from N, to 5%H,/95%N, the sample
was equilibrated at 1000 °C. After equilibrium had been
attained at 1000 °C (~12-15 h to obtain a constant dc
conductivity), measurements were performed down to
~400 °C in steps of ~50 °C. Below ~400 °C the sam-
ples were too resistive (>10® Q) to measure using the
impedance analyser. After a cooling and heating cycle in

5%H»/95%N, had been completed, data were collected
at temperatures of 1000, 900, 800 and 700 °C over a
range of pO, regimes by first equilibrating the furnace in
reducing atmosphere (5%H5/95%N,) then switching off
the reducing gas and allowing a slow leak of O, into the
furnace, thereby allowing isothermal measurements to
be taken in the approximate ranges pO, <10~% Pa and
> 10? Pa. Within these temperature-dependent pO, lim-
its (the lambda gap), impedance data could not be col-
lected at accurately determined pO, values with our
experimental set-up as a result of the well-documented
saturation effect associated with YSZ potentiometric
sensors in this intermediate pO, range.>

3. Results

The X-ray diffraction pattern for Ba(Tig.oq4.
Gag 06)07.97 powder is shown in Fig. 2 and fully indexed
on the hexagonal cell reported in ICDS file 34-129. The
lattice parameters were a=5.7244(3) and ¢=13.9949(7)
A and ¥'=397.16(3) A* compared with a=5.72481(11)
and ¢=13.9673(3) A and V'=396.4(4) A3 for undoped
6H-BaTiOs. The solid solution limits and refinements of
powder X-ray and Neutron diffraction data for the sin-
gle-phase 6H-Ba(Ti;_,Ga,)O;_,/, solid solution will be
discussed in detail elsewhere.®

Pellet densities were estimated to be ~85% of the
theoretical X-ray density and SEM micrographs of the
ceramic microstructure revealed the presence of open
porosity with an average grain size between 3 and 5 pm,
as shown in Fig. 3.

The impedance response of the ceramics could be
modelled on an equivalent circuit consisting of two
parallel RC elements connected in series and con-
ductivity values were extracted from impedance com-
plex plane plots, Z*. Typical data are shown in Fig. 4
and consist of two arcs with approximate capacitances
(calculated from wRC=1 at their maxima) of ~10
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Fig. 2. X-ray diffractogram of 6H-BaTig 94Gag.0602.97.
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pFem~! and ~20 nFecm~!. The first value (associated
with the large, higher-frequency arc) is a typical bulk
value whereas the second capacitance (associated with
the small, lower-frequency arc) is a typical grain
boundary value. Hence, the bulk resistance, R, was
taken as the intercept of the higher frequency arc on the
real, Z', axis and the bulk conductivity, o, =1/Ry,. Z”
and M” spectroscopic plots (where M*=jwC,Z* and
j=+/—1 and Cy is the vacuum capacitance of the cell)
both showed the presence of a single Debye-like peak
with a similar value of w,x, Fig. 5. Spectroscopic plots
of M” data are dominated by small capacitances and
therefore highlight the bulk response, whereas spectro-
scopic plots of Z” data highlight the most resistive ele-
ment in the ceramic.” Plots such as Fig. 5 confirm the
high frequency arc in Z* plots to be the bulk response
and also confirm the dc resistance of the pellets to be
dominated by the bulk component. (At all temperatures
measured the grain boundary resistance was ~2 orders
of magnitude smaller than the bulk resistance)
Arrhenius plots of oy, for samples measured in air, N,
and 5%H,/95%N, are shown in Fig. 6. Changing the
atmosphere from air (pO,~ 10* Pa) to N, (pO,~10 Pa)
shows a decrease in conductivity indicative of p-type

Fig. 3. SEM micrograph of a fracture surface of a 6H-BaTig o,
Gag 060597 ceramic.
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Fig. 4. Z* plot at 454 °C. Selected frequencies (in Hz) are shown by
filled circles on a log scale, e.g. 6=10° Hz.

conductivity, whereas there is a substantial increase in
the conductivity for ceramics equilibrated in 5%H,/
95%N, (pO,~ 1072 Pa at 1000 °C), indicative of n-type
conduction. The activation energy associated with the
bulk conductivity is similar in air and N, with a value of
~0.80(2) eV, whereas in the n-type region it is higher
with a value of ~1.11(3) eV. It should be noted, how-
ever, that the results obtained in the n-type region are
not at a fixed pO, as it is well documented that pO,

depends strongly on temperature for H,/N, gas
compositions.
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Fig. 5. Combined Z” and M" spectroscopic plot at 454 °C.
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Fig. 6. Arrhenius plot of oy, in air, N, and 5%H>/95%N,.
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Fig. 7. Log oy, vs log pO, for 700-900 °C for 6H-BaTij 94Gag 0602.97 ceramics (filled symbols). Open symbols are data from Ref. [1] for undoped

¢c-BaTiO; at 900 °C.

The pO, dependence of o1, was studied in more detail
by performing isothermal oxidation runs from the low
pO, associated with the 5%H;/95%N, atmosphere at
temperatures between 700 and 1000 °C. The results
show n-type behaviour for o, with a slope of ~—1/4 at
low pO; and p-type behaviour at high pO, with a slope
of ~+1/4, Fig. 7. Least square fits to the data for the
various temperatures and regions are summarised in
Table 1. For comparison, conductivity values for
undoped c-BaTiO; ceramics at 900 °C from the work of
Smyth and co-workers! are included in Fig. 7. Unfor-
tunately our experimental set-up does not permit reli-
able values of pO, to be obtained in the intermediate
region of pO, associated with the p—n transition. Accu-
rate values for the minimum in o, 0 min, could not be
established directly by experiment; however, they were
estimated by the intersection of straight line extrapola-
tions of the data from the n- and p-type regions, Fig. 7.
An Arrhenius plot of extrapolated oy, min values against
temperature for 6H-Ba(Tig94Gag6)05097 ceramics is
shown in Fig. 8, along with oy, i, data for undoped c-
BaTiO; ceramics.!*® The slopes of the plots are similar
with an E, value of ~1.60 eV.

Table 1

Slope values from Fig. 7

Temperature/°C n p

700 —0.24(3) +0.25(3)
800 —0.23(3) +0.25(3)
900 —0.22(3) +0.23(3)
1000 —0.22(3) +0.23(3)

4. Discussion

Ga3* has an ionic radius of 0.62 A which is close to
the value of 0.605 A reported for Ti**.° The room
temperature stabilisation of the hexagonal polymorph,
Fig. 2 is therefore presumably related to the presence of
oxygen vacancies in the structure as opposed to a small
size effect associated with Ga3* substitution. Detailed
structural characterisation will be reported elsewhere.®
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Fig. 8. Arrhenius plot of oy min for 6H-BaTij94Gag 060297 ceramics
(filled symbols). Open symbols (squares and triangles) are data from
Ref. [1,8] for undoped c-BaTiOs, respectively.
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However, Reitveld refinement of powder neutron dif-
fraction data show replacement of Ti by Ga to be
accompanied by the formation of O(1) oxygen vacancies
in the h-Ba(1)O(1); layers which separate pairs of occu-
pied face-sharing octahedra, Ti(2),O9. There is no evi-
dence of O(2) vacancies associated with corner sharing
TiO¢ octahedra. The small increase in unit cell volume
and c/a ratio from 2.439 to 2.444 for 6H-Ba(Tigo4.
Gag6)0297 compared to undoped 6H-BaTiO; is
attributed primarily to increased cation-cation repulsion
between the face-sharing octahdera as there is less
shielding between the cations from O(1) ions, Fig. 1.

It is well known that dense BaTiOs-based ceramics
require long equilibration periods with the gas ambient
below 1000 °C to obtain ‘equilibrium’ conductivity
values.! In an attempt to circumvent this problem and
improve the equilibration characteristics the ceramic
microstructure of the 6H-Ba(Tig94Gag6)0-97 pellets
was deliberately engineered to produce bodies of low
pellet density and small average grain size, as shown in
Fig. 3. Conductivity studies in air of dense ceramics
(~95% of the theoretical density) showed similar values
to that presented here for pellets with ~85% of the
theoretical X-ray density demonstrating that porosity
did not have a deleterious effect on the magnitude of the
bulk conductivity. Results of isothermal oxidation
experiments from reducing atmospheres on dense pel-
lets; however, showed the conductivity in the n-type
region to have a pO, dependence <—1/6, suggesting
that equilibration of dense ceramics with the gas ambi-
ent was incomplete for our experimental set-up. This
justifies the use of porous ceramics to study the high
temperature conductivity behaviour of 6H-BaTig o4
Gay 060797 ceramics as a function of pO,.

Impedance spectroscopy showed the conductivity of
the ceramics to be dominated by the bulk component
over the measured T-pO, range, Figs. 4 and 5. This is in
contrast to undoped c-BaTiO; ceramics where the grain
boundary component can dominate the impedance
response, especially in the p-type region at temperatures
<850 °C.'° The absence of a resistive grain boundary
component in dense (~95% of the theoretical X-ray
density) 6H-Ba(Tig 94Gag 96)O0>.97 ceramics (not shown)
suggests that grain boundary impedances are not asso-
ciated simply with pellet density and that a rather com-
plex interplay between ceramic and electrical
microstructure exists for cubic and hexagonal BaTiOs-
based materials. Arrhenius plots of the bulk con-
ductivity for porous 6H-Ba(Tiy94Gag 06)O2.97 ceramics
in air, N, and 5%H,/95%Ar shown in Fig. 6 indicate
the presence of a change in conduction mechanism from
p-type to n-type behaviour at a pO, intermediate
between flowing N, and 5%H,/95%N,. On the
assumption that the bulk conductivity is proportional to
the carrier concentration, E, in the p-type region is
similar for air and N, and the value of ~0.80 eV is in

reasonable agreement with that reported for undoped c-
BaTiO;. Although this treatment does not take into
account hole mobility, this value of ~0.80 eV for the
production of free holes, Eq. (6), is in reasonable
agreement with the value of 0.92 ¢V obtained from cal-
culations by Smyth et al from conductivity data on
undoped' and Al-doped c-BaTiOj; ceramics.?

Fig. 7 confirms the presence of a p—n transition in 6H-
Ba(Tip.94Gag.06)02.97 ceramics and the observed slopes
of —1/4 and +1/4 for the isothermal log oy, vs log pO,
plots indicate extrinsic behaviour over the measured T
and pO, ranges, with the electroneutrality condition
2[Vo+]=[Ga’]. Given the large concentration of accep-
tor states present, extrinsic behaviour is expected and
the results are qualitatively consistent with the defect
model proposed by Smyth et al. for undoped and Al-
doped c-BaTiO;.!> As expected, the p—n transition is
suppressed to lower pO, compared to undoped
c-BaTiO; ceramics due to the higher acceptor-state
content in the Ga-doped samples; however, the
Ga-doped samples have slightly lower conductivity in
the p-type region, Fig. 7.

Smyth et al. have shown that the band gap, E¢, can be
estimated from an Arrhenius plot of oy min, as E;=2E,.
They reported a value of Eg~3.2 eV for undoped and
Al-doped c-BaTiO;. Fig. 8 shows their data and also
data from Seuter® along with the extrapolated values of
Ob.min 10T 6H-Ba(Tig.04Tig,06)O2.97 ceramics: all the data
sets give similar E,’s of ~1.6 eV. This leads to the con-
clusion that the band gap in 6H-BaTij¢4Gag 0602.97-
based ceramics is ~3.2 eV and is similar to that of
c-BaTiOs-based ceramics.

5. Conclusions

Single-phase powder and ceramics of Ba(Tigoq4.
Gag 06)0,.97 that crystallise in the 6H-BaTiOj5 structure
can be prepared from the mixed oxide route in air at
1350 °C. Stabilisation of the 6H structure is attributed
to the presence of oxygen vacancies in the Ba(1)O(1)s;.
layers between the face sharing Ti,O9 octahedra as
opposed to a difference in cation size associated with
partial replacement of Ti*" with Ga®" ions. Impedance
spectroscopy shows the resistance of 6H-Ba(Tig 4.
Gag96)0597 ceramics to be dominated by the bulk
component. This is in contrast to c-BaTiOs-based cera-
mics where the resistance is normally dominated by a
resistive grain boundary component, especially for
measurements conducted in air.!'°

logoy, vs log pO, data confirm the presence of a p—n
transition in 6H-Ba(Tig 94Gag.06)05.97 ceramics. Slopes
of ~—1/4 and +1/4 are obtained in the n- and p-type
regions, respectively, and are consistent with that
expected from the ‘extrinsic’ defect model proposed by
Smyth and co-workers for acceptor doped c-BaTiO3.2 A
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change to a slope of —1/6 at very low pO, is not
observed for the 6H-Ba(Tig94Gag6)0s97 ceramics,
presumably due to the large concentration of Ga’™
ions. The activation energy E, for oxidation in the p-
type region to produce free holes is similar in 6H-
Ba(Tig 94Gag 06)O0-.97 and c-BaTiOs-based ceramics with
an estimated value from bulk conductivity measure-
ments of ~0.8 eV. An Arrhenius plot of estimated
Ob,min values for 6H—Ba(Ti0,94Ga0.06)02.97 ceramics
reveals a band gap of ~3.2 eV, a value similar to that
obtained for c-BaTiOs-based materials. To our knowl-
edge, this is the first estimation of the band gap for a
6H-BaTiOs-based material.
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