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Abstract

Dielectric and pyroelectric characteristics and changes of electric conductivity were investigated for Nb,Os-doped
Pb(Zr.9:Tig 03)O5 ceramics. The influence of this dopant on the ceramics microstructure was also studied. Correlation between the
investigated electric characteristics and grain structure was confirmed. Some progress in understanding the influence of Nb-dopant
was reached in this way. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It is well known that useful characteristics and para-
meters of Pb(Zr,_,,Ti,)O; ceramics (PZT) can be
obtained by suitable selection of Zr/Ti ratio and by
substitution of a small amount of isovalent or hetero-
valent elements for the Pb or Zr/Ti sublattices.' So far
a number of papers have dealt with the Zr-rich PZT-
type ceramics, showing orthorhombic antiferroelectric
(Ap) — low temperature rhombohedral ferroelectric
(Fr()) — high temperature rhombohedral ferroelectric
(FreuT)) — cubic paraelectric (Pc) phase sequence.* !
These ceramics, with Ti contents up to x=0.15, exhibit
useful dielectric and pyroelectric characteristics, suitable
for pyroelectric detectors, energy converters, imaging
systems, etc. In recent years the interest in studies of the
Zr-rich PZT-type ceramics has increased again owing to
these characteristics and to the emerging possibilities of
application.!>!415 Some of our recent papers also
centred on this kind of PZT and PLZT ceramics, and
in particular on those with Zr/Ti ratio from vicinity of
95/5'6:17 and 92/8.18-19

* Corresponding author. Tel.: +48-32-588211 ext 1134; fax:+48-
32-588-431.
E-mail address: uyjma@us.edu.pl (Z. Ujma).

As mentioned above, the useful properties of the
PZT-type ceramics, including the Zr-rich materials, can
be substantially improved by the substitution of selected
elements for the Pb or Zr/Ti sublattices. The La and Nb
additives are most often used for this purpose. An
abundant literature on the subject indicates that these
dopants influence temperatures of the structural phase
transitions between the phases of various types of the
electric order (FE, AFE and PE) and also dielectric,
pyroelectric, piezoelectric, electro-optic and other para-
meters. This in particular concerns the Nb doped Zr-
rich  Pb(Zr, Ti)O; ceramics*®7-11=1317 and  also
PbZr05.2%2! It was shown that the Nb,Os dopant con-
centration smaller than about 1 mol% is the most
favourable, from the properties and applications point
of view, whereas its higher content leads to deteriora-
tion of these properties. This effect was observed by
many authors but its full elucidation has not as yet been
achieved.

To reach some progress in the understanding of the
influence of Nb,Os added in the amount 0.2--1.5 mol%
to the base composition Pb(Zrg9,Tip0g)O3 we have
focused on investigations of the ceramics micro-
structure, dielectric and pyroelectric properties.

Changes of electric conductivity and Seebeck’s coeffi-
cient, caused by Nb-additives, were also investigated
and discussed.
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2. Ceramics preparation and their grain structure

The Pb(Zro_92Ti0A08)O3 ceramics with Nb205 content
0.2+1.5 mol% were prepared using the conventional
mixed-oxide processing technique. Stoichiometric
amounts of PbO, ZrO, and TiO, oxides, together with
the target amount of Nb,O5 additive were weighed and
mixed. Thermal synthesis of the pressed mixture was
carried out at 950°C for 3 h. Then the crushed, milled
and sieved materials were pressed again into cylindrical
pellets and sintered at 1100°C for 3 h. Each pellet was
placed inside a double crucible with some amount of
PbO and ZrO, oxides in order to preserve the pre-
determined composition, and to reduce PbO loss
caused by its sublimation. The latter procedure was
repeated before the final sintering, carried out at
1260°C for 12 h. The furnace was then cooled to room
temperature over a period of 12 h. The obtained cera-
mics, with 94-96% theoretical density and less than
1% weight loss, were semitransparent and of good
mechanical quality.

The grain structure and distribution of all the ele-
ments throughout the grains was examined by a scan-
ning electron microscope (SEM), JSM-5410 with an
energy dispersive X-ray spectrometer (EDS). The grain
size measurements were performed on fracture surface
of the ceramics. The images of microstructure of the
PZT-92/8 ceramics with Nb,Os content 0.2 and 1.2
mol% are shown in Fig. 1, as an example. The grain
sizes were 10—15 pum and 5-10 pm for the ceramics with
0.2 and 1.2 mol% of Nb,Os, respectively. The Nb,Os
addition produces slightly smaller grains with increasing
concentration. In the Nb,Os rich (=1 mol%) ceramics
the “nests” of very small (<1 pm) grains can be seen
(Fig. 1(b)). Their quantity was larger in the case of a
higher concentration of Nb,Os.

The EDS analysis indicated a homogeneous distribu-
tion of all the native elements of the ceramics within the
larger grains. The TEM-EDX measurement technique
was used to find differences in the composition of two
kinds of grains, shown in Fig. 1(b). The TEM-micro-
scope (Philips CM200, 200 kV and LaBg4 cathode) was
used for these measurements. They were carried out for
the mechanically crumbled ceramic samples. The sepa-
rated grains were sedimented onto the copper prepara-
tion grid of the microscope. The EDX analysis of the
larger and smaller grains from the ceramics with 1.2
mol% of Nb,Os, shown in Fig. 1(b), revealed a differ-
ence in their chemical composition. The fragments of
EDX spectrum for both larger and smaller grains are
shown in Fig. 2(a) and (b), respectively. It can be seen
that the smaller grains contain more Nb and con-
siderably less Zr in comparison with the larger grains.
Similar measurements, of the ceramics with 0.2 mol%
of Nb,Os, revealed an identical distribution of Nb and
Zr in grains of a different size.

3. Dielectric measurements

The cut and polished 0.6 mm thick samples, coated
with silver electrodes, were used for the measurements
of dielectric constant and loss tangent as a function of
temperature. An automatic measuring system was used
to measure and record numerically ¢ and tan § at several
frequencies of the measuring electric field. Exemplary
&(T) and tan §(7) characteristics, obtained at the mea-
suring field of frequency 1 kHz, for the PZT-92/8 cera-
mic modified by 0.2 mol% of Nb,Os, are shown in Fig.
3. Both &(T) and tan 8(7) curves reveal various anoma-
lies in the vicinities of temperatures corresponding to
AofFR(LT); FR(LT)fFR(HT) and FR(HT)7PC phase transi-
tion. They are relatively insignificant in case of the phase
transition between two ferroelectric phases and pecu-
liarly distinct at Curie temperature. The comparison of
&(T) curves, obtained for the ceramics of the base com-
position Pb(Zry¢,Tig0g)O3 modified by a various
amount of Nb,Os additive is shown in Fig. 4(a) and (b)
for the temperature ranges containing low and high
temperature phase transitions, respectively. One can see
that the values of ¢ in the vicinities of low-temperature

Fig. 1. SEM images of the fracture surface of PZT 92/8 +0.2 mol%
Nb,Os (a) and PZT 92/8 + 1.2 mol% Nb,Os (b) ceramics.
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Fig. 2. The EDX analysis of the larger (a) and smaller (b) grains from PZT 92/8 + 1.2 mol% Nb,Os ceramics.
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Fig. 3. Dielectric constant and loss factor as a function of temperature,
measured on heating at frequency 1 kHz for PZT 92/8+0.2 mol%
Nb,Os ceramics. The € vs temperature in the vicinities of the Ao—Fr1)
and Frqry—Fr@um phase transitions is shown in the inserted figure.

phase transitions rise with the increase in Nb,Os content
(Fig. 4(a)). The position of anomalies in the (7)) curves,
Corresponding to the AO_FR(LT) and FR(LT)_FR(HT)
phase transitions, is weakly dependent on the Nb

content, despite a noticeable increase of the Frt)—
FreT) phase transition temperatures (Fig. 5). A linear
decrease of the Fryr—Pc phase transition temperature
takes place with an increase of Nb content (Fig. 5). The
(values first rise notably and then less rapidly with increase
in Nb content (Fig. 4(b)). The maxima in &(7) curves
become strongly broadened and the values of ¢ decrease
abruptly when the Nb,Os content exceeds 1 mol%.

The examples of ¢(T) curves, obtained at various fre-
quencies of the measuring field, are shown in Fig. 6 for
the ceramics with various Nb,Os content. The &(7T)
characteristics are weakly frequency dependent in case
of the low Nb content. The same holds for the ceramics
with a larger content of Nb,Ojs in the temperature range
T <~275°C. In this case an additional, peculiarly broa-
dened, maxima in the (7)) curves occurs in the range of
higher temperatures, that is in the range of PE phase.

Remanent polarization (P,) was determined as a
function of temperature from the hysteresis loop mea-
surements. Hysteresis loops at 50 Hz and strength 10
kV/em were examined using the modified Sawyer—
Tower method. The temperature dependence of P, and
coercive field (E.) obtained for the Pb(Zrg9,Tig0g)O3
ceramics with various Nb,Os content, is shown in Fig.
7. The course of the P.(T) curves differs markedly for
the ceramics with Nb,Os content < 1 mol% from that
with > 1 mol%. All the investigated ceramics show a
remanent polarization of 16-22 puC/cm2 In case of
ceramics with Nb,Os content of 0.6-1 mol% the P,
value is somewhat larger. The P, rises slowly on heating
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above the Ag—FgrT) phase transition. The ceramics
with the smallest amount of Nb,Os show local minima
in the vicinity of the Fr1y~FruT) phase transition. All
the investigated ceramics show a relatively steep
decrease of P, in the vicinity of Curie temperature. The
coercive field decreases linearly on heating for all the
investigated ceramics with Nb,Os content 0.2-1.5
mol%. This field exceeds the value of measuring field at
temperatures from the range 10-60°C for the ceramics
with Nb,Os content 1.5 to 0.2 mol%, respectively.
These temperatures are lower than these one of the
Frery-Fraur phase transition and corresponding
anomalies in the P.(T) course. The course of the P.(7)
curves was obtained only approximately in the range of
lower temperatures (dashed lines). The course of the
P,(T) curves differ markedly in this temperature range,
when the measuring field is much higher. More detailed
data on the behaviour of P, vs temperature are shown in
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Fig. 4. Dielectric constant vs temperature in the vicinities of the

Ao—Fgrt) and Frary—Fre@) phase transitions (a) and Friam—Pc
phase transition (b) for PZT 92/8 + x mol% Nb,Os ceramics.

our earlier paper'® for the La-doped ceramics with Zr/
Ti ratio 92/8.

4. Pyroelectric measurements

In order to determine the pyroelectric coefficient, the
ceramic samples were first polarized by DC field of
strength 5 kV/cm applied for 10 min at a selected tem-
perature of 300°C and during subsequent cooling to
—50°C, under this field. The samples were then heated
with a constant rate of 5°C/min through all three phase
transitions, starting from the Ag—Fg( 1) and ending on
the Frur)y—Pc phase transition. The pyroelectric current
was recorded numerically as a function of temperature.

The example of pyroelectric current vs temperature
for the ceramic with 0.2 mol% Nb,Os is shown in Fig.
8. The recorded current shows pointed peaks at a tem-
perature, which can be identified with the Frmy~Freur)
and Frur)y—Pc phase transition temperatures.

The dependence of a pyroelectric coefficient y vs tem-
perature, obtained for the ceramics with various con-
tents of Nb,Os is shown in Fig. 9. The y(7T) curves,
shown in the Fig. 9(a) and (b) concerns the Fr1)y-
Freum and Frury~Pc phase transitions, respectively.
Both corresponding peaks in the y(T) curves are
strongly dependant on the Nb,Os content and they are
relatively sharp when this content does not exceed 1
mol%, whereas they are fairly broad in case of greater
content of this additive.
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Fig. 5. Variations of phase transition temperatures vs Nb,Os content.
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5. The influence of Nb,O5 additive on electric con-
ductivity and Seebeck coefficient

To study the influence of the substitution of Nb for
the Zr/Ti sublattice on the balance of electron-hole car-
riers the measurements of electric conductivity and the
Seebeck coefficient were carried out at temperatures
chosen from the wide range of the paraelectric phase
(250-500°C).The results obtained at T=450°C are
shown as an example in Fig. 10. One can notice that the
value of electric conductivity increases or decreases in
the ceramics with Nb content smaller or larger than ca.
0.8 mol%.

The thermoelectric studies were carried out at the
same temperature range in order to determine the type
of the electric conductivity. The experimental technique
employed was described in our earlier papers.>>?* The
obtained values of the Seebeck coefficient, as a function
of Nb,Os content, are shown in Fig. 10. As may be seen
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the Seebeck coefficient initially decreases due to the
influence of the Nb dopand, whereas for the content
larger than ca. 1.2 mol% it increases with increase in
Nb,Os content. The near zero values of the Seebeck
coefficient for the ceramics with 1-1.2 mol% Nb,Os
content indicate a compensated state of electron and
hole carriers.

6. Discussion

A review of results obtained confirm the strong influ-
ence of the Nb,Os dopant on the Frqry—FrmuT) and
Frur—Pc phase transition temperatures. Both dielec-
tric and pyroelectric measurements show an increase of
the FroryFram and a decrease of the Frurmy—Pc
phase transition temperatures with an increase in the
Nb,Os content. The Nb,Os addition broadens these
phase transitions, especially strongly when its content
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Fig. 6. Dielectric constant as a function of temperature, measured at various frequencies of measuring field, for PZT 92/8 ceramics with shown
Nb,Os content. The individual curves from the top to the bottom concern frequencies: 0.1; 0.2; 0.4; 0.8; 1; 2; 4; 10 and 20 kHz.
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exceedes ca. 1 mol%. The strongly broadened char-
acteristic of the Ag—Fgr 1) phase transition makes it
difficult to determine the influence of Nb,Os on this
transition. The dependence of the Ao—Fgrr) phase
transition temperature vs Nb,O5 content (Fig. 5) is only
approximate. It is worth noting that Nb,Os; dopant
content up to about 0.8 mol% results in a considerable
improvement of dielectric properties, whereas for its
greater content a negative effect is observed (Figs. 4, 6
and 7). It may be interesting to note that electric con-
ductivity and the Seebeck coefficient vs Nb,Os content,
behave in a reverse way in these two ranges of con-
centrations (Fig. 10).

The drastic differentiation in electric and pyroelectric
properties of the Nb-doped Pb(Zrg 9,Tig05)O3 ceramics
in the above mentioned two ranges in the Nb,Os
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Fig. 7. Remanent polarization and coercive field vs temperature,
obtained from hysteresis loop measurements for PZT 92/8 + x mol%
Nb,Os ceramics.

contents, also relates to their grain structure. The image
of the grain structure, shown in Fig. 1 reveals that
Nb,Os5 addition from < 1 mol% produces slightly big-
ger grains with increase in concentration and it yields a
rather uniform grain structure. The ceramics with larger
Nb,Os content show a drastically different grain struc-
ture, with two kinds of grains: the ones similar to those
seen in ceramics with smaller Nb,Os content, and the
new one, with grain size one order of magnitude smal-
ler. It seems that the ceramics with Nb,Os content
greater than ~ 1 mol% are a mixture of various phases.
Our TEM measurements revealed only larger Nb and
smaller Zr contents in grains of the smallest dimensions
(Figs. 1 and 2). These measurements do not seem suffi-
cient to check if the “nests” of small grains shown in
Fig. 1(b) represent grains of PbNb,Og, as suggested in
Ref. 12

The broadened character of all the structural phase
transitions also reveals the coexistence of the neigh-
bouring phases of various types of electric order (i.e.
AFE, FE and PE) in the vicinities of the phase transi-
tions, in the component Pb(Zr( ¢, Tig 03)O5 of perovskite
structure. This fact was proved by us in our earlier
papers by X-ray measurements of the undoped
Pb(Zry.9>Tig03)03'%!° and Nb-doped PbZrO; cera-
mics.?! We also proved that for the Nb-doped PbZrO;
ceramics the character of the Ag—Fr and Fr—P¢ phase
transition broadening is markedly different in the ranges
of Nb,Os content smaller and larger than about 1.2
mol%. %! The Ag-Fgr and Fr—P¢ phase transitions are
very strongly broadened in the range of larger Nb,Os
content and all the phases Ap, Fr and P¢ coexist in a
wide temperature range and the sample is monophase
within the Pc phase only at high temperatures. In
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Fig. 8. Changes of pyroelectric current in the vicinities of phase transitions for PZT 92/8+ 0.2 mol% Nb,Os.
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60 (~—r——r—T— 17— 71— 4.0x10$
T=450°C
50 |
-1 3.0x10-¢
40
- 3
X —~
=0 -1 20x108 £
2 (3]
1 g
8 b
20 |-
I -1 1.0x10-8
10 -
0 PR T B SEU SN U S L | 0.0
00 02 04 06 08 10 12 14 16

X% szos

Fig. 10. The Seebeck coefficient (¢) and electric conductivity (o),
obtained at 7=450°C, vs Nb,O5 content.

contrast to this case the phase transitions are distinctly
determinable and the Fr phase contents reaches 100%
at a certain temperature range in the case of smaller
Nb>Os content.

It has already been shown that the substitution of
Nb>* ions for Zr*"/Ti*" ions is the most likely phe-
nomena.’-'22! This process should be accompanied by
the effect of an increase of Pb-position vacancy con-
centration. Additional vacancies in the Pb and O sub-
lattices are caused by PbO sublimation. The presence of
Pb and O vacancies exerts a strong influence on the
balance of charge carriers transport process. As it is
known from earlier studies?' 23 the PbZrO; and Zr-rich
PZT ceramics exhibit electric conductivity of p-type
caused by predomination of Pb-vacancies which act as
acceptor centres. Analysis of the electric conductivity
and the Seebeck coefficient studies (Fig. 10) leads to the
conclusion that for low Nb-doped samples, i.e. when
Nb,Os <1 mol%, the Nb>* ions substituted for Zr**/
Ti*" play the role of donors. Initially this leads to an
increase of conductivity due to increase in concentration
of electron carriers and decrease of the positive Seebeck
coefficient owing to the compensation of already exist-
ing holes by electrons, originating from the donor
dopant.

The fact of the nearly full compensation of p-type
conductivity with the 1 mol% of Nb,Os-dopant acting
as donor (Fig. 10), occurs, proves that there exists a
relatively low concentration of Pb-vacancies, acting as
acceptors. Probably this is due to the technological
conditions which reduce the PbO sublimation during
sintering.

When Nb,Os content exceeds 0.8—1 mol% a further
change of electroconductivity and Seebeck coefficient is
observed, but then o decreases and « increases (Fig. 10).
Also drastic changes in dielectric and pyroelectric prop-
erties are observed in these samples (Figs. 4, 6, 7 and 9).
Maybe they represent a mixture of the main compound
of perovskite structure Pb(Zr,Ti)O3 and PbNb,O¢ of
different structure. As mentioned above the regions with
various types of electric ordering (Ao, FR(LT)s FR(HT)
and Pc) occur also in a wide temperature range. These
two kinds of heterogeneity, and the more complex grain
structure (Fig. 1), are likely to be responsible for the
observed changes in the electric (e, P,, o), thermoelectric
() and pyroelectric (y) properties and their temperature
characteristics.
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