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Influence of donor co-doping by niobium or fluorine on the
conductivity of Mn doped and Mg doped PZT ceramics
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Abstract

In this study, ac and dc conductivity measurements were performed under ambient atmosphere on doped lead zirconate titanate (PZT)
ceramics in order to investigate the defect chemistry by identifying the predominant charge carriers. The considered compositions were
acceptor (1% mol Mn or Mg) and donor (Nb or F) co-doped PZTs with [Donor] = 1 or 2% mol.

The influence of donor concentration on the conductivity was determined. From the conduction activation energy values calculated in the
temperature range 200–700◦C, the principal contributing charge carriers are doubly-ionized oxygenVÖ and lead vacanciesVPb. For Mg doped
PZTs, neither Nb nor F co-doping strongly reduce both conductivity levels and the dominant conducting speciesVÖ. For Mn doped materials,
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oth donor co-dopants niobium and fluorine reduce the conductivity but do not have the same effect on the conduction mechan
emperature. With 2% Nb doping, the dominant conducting species areVÖ whereas electrical conduction is controlled by electrons from
econd-ionization of oxygen vacancies with 2% F doping. The difference of oxygen vacancies content in (Mn, F) and (Mn, Nb)
ZTs may be at the origin of the two distinct conducting species and of the different conductivity levels.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Lead zirconate titanate ceramics of general formula
b(ZrxTi1−x)O3 (abbreviated PZT) are well-known piezo-
lectric materials. During the last fifteen years,1 a new family
f co-doped PZT ceramics has been developed with an accep-

or dopant in B site and fluorine as a donor dopant. Fluorine
as a valence of−1 and an ionic radius (0.133 nm) equal

o that of O2−. These PZTs exhibit both high piezo activity
nd high mechanical quality factor; in fact, the characteristics
trongly depend on the valence of the acceptor which is Mg
r Mn. Recently,2 it has been demonstrated that (Mn, F) co-
oped PZTs and (Mn, Nb) co-doped PZTs present quite simi-

ar room temperature piezo characteristics for a same content
f donor dopant. This result is expected by considering that
oth Nb5+ and F− ions bring the same amount of positive ex-

ra charges to the lattice since they replace constitutive ions of
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valence +4 (Zr4+/Ti4+) and valence−2 (O2−) respectively
However, the doping mechanism may be different with
site donor or anionic site donor dopants. Hence, the pur
of this study is to investigate through electrical conducti
measurements the compensation mechanism which en
electro-neutrality in acceptor (Mn or Mg) and donor (Nb o
co-doped PZTs. It is well known that electrical conducti
is often used to determine the defect chemistry and do
mechanism in oxide-based materials. As a matter of
the possible conducting carriers may be distinguished b
conduction activation energy values given in the literatu

2. Experimental procedure

The PZT powder was prepared by coprecipitation
aqueous solution of oxalic acid. Experimental details
given elsewhere.3 Fluorine was added to the precursors p
der obtained after coprecipitation through PbF2 powder.1

The chosen base composition was Pb0.89(Ba, Sr)0.11
(Zr0.52Ti0.48)O3 doped with 1% mol Mg or Mn and/o
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.03.087
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1–2% mol F or Nb. Cationic dopants were added to the so-
lution before coprecipitation as acetates (Mn, Mg) and oxy-
clhoride (NbOCl5). The resulting powders were pressed into
discs and the green pellets were sintered at 1230◦C.

For the electrical measurements, disc-shaped ceramics
(16 mm diameter, 2 mm thickness) were electroded with sil-
ver paste fired at 700◦C. Conductivity measurements were
made using complex impedance spectroscopy4 in the tem-
perature range 200–700◦C. The temperature was read with
an accuracy of±0.5◦C. Impedance data (realZ′ and imagi-
naryZ′′ components) were collected at a constant temperature
using an impedance analyzer (HP 4194 A) in the frequency
range of 100 Hz to 1 MHz with an applied voltage of 1 V. Bulk
dc resistance values were extracted from complex plane plots
(Z′′ versusZ′) or spectroscopic plots (Z′′ versus log (f)). When
the temperature was too low to give rise to a semicircle inZ*

plots and to a Debye peak inZ′′ (f) plots, bulk dc resistance
was measured with a Keithley-617 electrometer. The optical
absorption of some PZT compositions was measured with
UV/Vis spectrometer Lambda 35 (Perkin Elmer).

3. Results and discussion

3.1. Conductivity of Mg doped PZTs

of
( ely.
W ation,
e ence
a ase a
l

for
c
o is
a e
t uc-
t -
t like
W n to

F ped
P

be the most mobile ionic species in the perovskite lattice. So,
it can be concluded that between 200◦C and 700◦C the con-
ducting species in (Mg, F) and (Mg, Nb) specimens areVÖ.
These anionic defects appear to charge compensate the elec-
trical unbalance caused by acceptor dopant Mg2+ although
it could be theoretically compensated by the extra positive
charges brought by 2% mol F− and Nb5+ without the need
of oxygen vacancies. However, it is clear that both F and Nb
co-doping in Mg doped PZTs have not a strong influence on
the conductivity level of the ceramics.

3.2. Conductivity of (Mn, Nb) co-doped PZTs

Fig. 2 shows the Arrhenius dependence of bulk conduc-
tivity data of (Mn, Nb) PZTs. It clearly appears that Nb co-
doping makes the conductivity decrease monotonously and
to a greater extent than for Mg doped PZTs. Besides, different
temperature-dependent behaviours are observed: the Arrhe-
nius plot of only Mn doped PZT presents one slope (i.e. acti-
vation energy) between 200 and 700◦C whereas (Mn, 1% Nb)
and (Mn, 2% Nb) PZTs exhibit one and two slope changes
respectively, which means that different conduction mech-
anisms are activated depending on the temperature range.
Fig. 2 also gives the activation energy values of (Mn, Nb)
PZTs.
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Fig. 1 shows the Arrhenius plots of bulk conductivity
Mg, F) and (Mg, Nb) co-doped PZT ceramics respectiv

hatever the type of donor dopant used and its concentr
very PZT exhibit roughly the same temperature depend
nd donor co-doping makes conductivity values decre

ittle for a given temperature.
For (Mg, F) PZTs, the calculated activation energies

onduction lie in the range 1.05–1.18 eV (Ea = 1.05 eV for
nly Mg-doped PZT). Concerning (Mg, Nb) PZTs, Ea
bout 1.05–1.25 eV. These ranges ofEa values is very clos

o the activation energy value (1–1.1 eV) of the ionic cond
ivity by doubly-ionized oxygen vacanciesVÖ in perovskite
ype ferroelectric oxides reported by many authors,

aser5 and Raymond.6 Besides, these defects are know

ig. 1. Arrhenius plot of the conductivity of (Mg, F) and (Mg, Nb) co-do
ZTs. Only one straight line has been drawn to keep the figure clear.
The activation energies for conduction are ab
.93–1.18 eV (Ea = 1.18 eV for only Mn-doped PZT) in th

ow temperature region (200–∼330◦C). So, the conductivit
s attributed to the doubly-ionized oxygen vacancy hopp
ven for the heavily donor doped PZT (1% Mn, 2% Nb).
resence ofVÖ is expected in only Mn doped PZT to ens
lectro-neutrality because Mn is predominantly in vale
3.2 However, the presence of such defects is not obvio
1% Mn, 1% Nb) specimen because the default of pos
harges induced by one Mn3+ ion could be theoretically com
ensated by one donor Nb5+ ion. These defects are also un
ected in (1% Mn, 2% Nb) PZT which is electrically neu

hanks to every Mn ions in valence +2 or to lead vacancie
act, recent electron paramagnetic resonance measure

Fig. 2. Arrhenius plot of the conductivity of (Mn, Nb) co-doped PZT
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have revealed that even after Nb co-doping, Mn2+ and Mn4+

exist at very low concentration, so Mn3+ still predominates
(E. Boucher, personal communication). Whatever, the present
experiment shows that a small amount of oxygen vacancies is
maintained in (Mn, Nb) co-doped PZTs. In the moderate tem-
perature region (∼330–500◦C) where the low temperature
limit corresponds to the first slope change in the Arrhenius
plot for (Mn, 1% Nb) and (Mn, 2% Nb) PZT, these PZTs ex-
hibit the same activation energy (1.47–1.48 eV). This value
is assigned to a mixed conduction mechanism by doubly-
ionized oxygen vacancies and lead vacanciesVPb diffusion.
Although Pb vacancies are quenched defects at low tempera-
ture which are difficult to activate, they become mobile above
300◦C and the magnitude ofEa (∼1.5 eV) indicates that they
contribute to the conduction in addition to the oxygen vacancy
conduction. In the heavily donor doped PZT (1% Mn, 2%
Nb), there are more Pb vacancies than the other PZTs of the
series. Thus, in the high temperature regime (above∼500◦C,
i.e. second slope change in the Arrhenius plot) Pb vacancies
become predominant conducting ionic species with a corre-
spondingEa value of 2.02 eV, which is in good agreement
with the value of 1.95 eV found by Pelaiz Barranco et al in
heavily La doped PZT.7

3.3. Conductivity of (Mn, F) co-doped PZTs
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data not shown). This value has already been reported by Ang
et al.8 for the electrical conduction of Bi doped SrTiO3 ce-
ramics between 77 and 327◦C under air. These authors con-
sidered that the conduction carriers were electrons from the
second ionization of oxygen vacancies generated, accord-
ing the following equation with a corresponding energy of
Ed = 1.4 eV:

VȮ → VÖ + e′. (1)

Thus, we could reasonably suggest that electrons control
the conductivity process in the (Mn, 2% F) PZT at low tem-
perature. In the high temperature region, mixed conduction
governed by both doubly ionized oxygen and lead vacancies
appear for 1% F and 2% F co-doped PZTs (Ea ∼1.66 eV).
Surprisingly, the 2% F co-doped sample does not exhibit an
intermediate temperature range in which conductivity is en-
sured only byVÖ (with an Ea close to 1 eV), whereas these
defects are certainly present from Eq.(1).

3.4. Optical absorption measurements

Room temperature (RT) optical absorption measurements
have been performed to determine if different ionization
states of oxygen vacancies could be confirmed in the doped
PZTs.Fig. 4shows the optical spectra of only Mg, only Mn,
( s.

peak
c
a nd-
i n-
e oxy-
g n,
2 ped
P that
s -
o (Mg,
2 en
v RT
o l re-
s g,
d onor

PZTs.
The arrhenius plots of conductivity of (Mn, F) PZTs
hown inFig. 3. As for Nb co-doping, F co-doping reduc
he conductivity level of Mn doped PZTs but to a less ex
or a given donor content, especially for 2% mol F. The c
cteristics of the conductivity process for the different (
) samples are also given in the figure.

Conductivity due toVÖ is observed for (1% Mn, 1%
) specimen (Ea = 1.08 eV) in the low temperature regi
00–330◦C. As for (1% Mn, 1% Nb) PZT, one Mn3+ ion
ould be compensated by one F− anion but oxygen vacanci
re still present. A lower activation energy is found for (M
% F) co-doped (Ea = 0.65 eV) between 200 and 390◦C. This

s also the case for the PZT co-doped with 3% F (Ea = 0.70 eV,

Fig. 3. Arrhenius plot of the conductivity of (Mn, F) co-doped PZTs
Mg, 2% F), (Mn, 2% Nb) and (Mn, 2% F) co-doped PZT
For every PZTs, two broad peaks are observed, one

orresponding approximately to the band gap (Eg ∼3.2 eV)
nd the second peak at∼1.3 eV, energy value close to seco

onization energy ofVO. This peak is attributed to the e
rgy level associated with two electrons trapped at an
en vacancy.8 It is clear that it is more intensive for the M
% Nb and 2% F co-doped PZTs than for donor undo
ZTs or (Mg, 2% Nb or F) co-doped. This indicates
ingly-ionized oxygen vacancies arerelativelymore numer
us in these samples than in donor undoped PZTs or
% Nb or F) co-doped in which the main part of oxyg
acancies is already doubly-ionized at RT. Finally, the
ptical results are in good agreement with the electrica
ponse attributed toVÖ in only acceptor doped and (M
onor) co-doped specimens, it also confirms that high d

Fig. 4. Room temperature optical absorption spectra of some doped
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doping thermally stabilizes singly-ionizedVÖ in (Mn, donor)
co-doped. However, the difference of conductivity process at
low temperature between (Mn, 2% Nb) and (Mn, 2% F) PZTs
remains unclear. In fact, (Mn, 2% Nb) PZT should exhibit the
same temperature-dependent behaviour as (Mn, 2% F), but
it does not. It is believed this is due to the oxygen vacancy
content less important in Nb co-doped PZT. This assumption
would be confirmed by the higher resistivity of (Mn, 2% Nb)
in the whole studied temperature range.

4. Conclusions

In this paper, conductivity measurements have been per-
formed in the temperature range 200–700◦C on (Mg or Mn,
Nb or F) co-doped PZTs. The principal objective was to de-
termine the defect chemistry in these ceramics thanks to the
identification of the possible charge carriers through activa-
tion energies. The study revealed that:

- For Mg doped PZT, neither Nb nor F co-doping strongly
influence both conductivity levels and the dominant con-
ducting species which areVÖ.

- For Mn doped PZT, both Nb and F co-doping reduce
the conductivity significantly. However, F co-doped PZTs
are more conducting than Nb co-doped ones and differ-

ed. A
Ts
d
n of

2% F

co-doped PZT. At high temperature, whatever the donor,
VÖ andVPb vacancies remain the dominant charge carriers
which diffusion in the lattice by hopping controls the con-
duction. Finally, whatever the pair of co-dopants used, an
ionic compensation mechanism by vacancies always oc-
curs even if it is found that Nb co-doping reduces the oxy-
gen vacancies content.
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