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Abstract

The effects of cationic substitution of niobium for titanium in (Ba0.80Sr0.20)TiO3 composition on the structural and dielectric properties as well

as on the electrical conductivity and Seebeck effect were investigated. X-ray diffraction study at room temperature and the real (e0) and imaginary

(e00) parts of permittivity measurements in a wide temperature (from �200 to 450 8C) and frequency (0.1–100 kHz) range were carried out. The

analysis of the results of electric conductivity and Seebeck coefficient leads to the conclusion that Nb5+ ions, reducing the conductivity of about two

orders, are playing role of donors. The correlation between electric characteristics and niobium concentration was confirmed and the evolution

from normal ferroelectrics with diffuse phase transition to relaxor ferroelectrics has been found.
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1. Introduction

Lead-free ferroelectric BaTiO3–SrTiO3 solid solutions

(BST), intensively studied in recent years [1–8], are of great

interest for many practical applications. Due to their out-

standing pyroelectric coefficient, large values of the real part of

permittivity, low loss tangent and high dielectric breakdown

strength, BST ceramics have recently been identified as one of

the most promising candidate material for an infrared thermal

imaging device called uncooled infrared focal plane arrays

[9,10]. In addition, the strong dependence of permittivity on

electric field in connection with low dielectric losses makes

them attractive for application in tunable microwave devices

such as filters, varactors, delay lines and phase shifters, which

are essential elements in communication and radar systems

[11,12].

Ferroelectric and dielectric properties of BST ceramics

strongly depend on the sintering conditions, grain size,

porosity, doping amount and structural defects. In our earlier

paper [13], the results of the influence of the sintering

conditions on the grain structure, phase transitions and
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dielectric properties of (Ba0.80Sr0.20)TiO3 (BST 80/20) cera-

mics have been reported. It has been shown [13] that an

appropriate selection of sintering conditions, and in particular

sintering time, leads to the increase of grain size, density of

ceramics and to considerable higher values of the real part of

permittivity and the remanent polarization. It was also found

that an increase of sintering time changes all the parameters

describing the phase transitions. These parameters as well as

dielectric properties may also be modified by the substitution of

selected elements for A or B atoms of the ABO3 perovskite

structure. The strong influence of the heterovalent A site

dopants such as Bi3+ on the grain structure and electric

properties of BST 80/20 ceramics was reported in [14,15].

In the present paper we report the results of experimental

study concerning influence of Nb2O5 dopant on the grain

structure, phase transitions and dielectric properties of BST 80/

20 ceramics. It seems that the B site substitutions [16] such as

Nb5+ [17,18] are more interesting dopants from the funda-

mental as well as from the technological points of view.

2. Experimental

The BST ceramics of the composition Ba/Sr = 80/20, pure

and doped by 0.5–10 mol% Nb2O5 were prepared using the

conventional mixed-oxide sintering technique. Stoichiometric
d.
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Fig. 1. SEM images of the fracture surface of BST 80/20 + 0.5 mol% Nb2O5 (a)

and BST 80/20 + 5 mol% Nb2O5 (b) ceramics.
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amounts of BaCO3, SrCO3, TiO2 and Nb2O5 oxides were

weighed and mixed. The content of Nb2O5 was varied from 0 to

10 mol% (i.e. the concentration of Nb in ceramic samples was

running from 0 to 20 at%). Thermal synthesis of the pressed

mixture was carried out at TS = 925 8C for tS = 4 h. Then the

crushed, milled and sieved materials were pressed again into

cylindrical pellets and sintered at TS = 1250 8C for tS = 4 h. The

latter procedure was repeated before the final sintering, carried

out at TS = 1460 8C for tS = 7 h. The Nb additive to the basic

composition BST 80/20 improves its sinterability and causes

the reduction of porosity. The obtained ceramics with 89–97%

theoretical density had good mechanical quality. The bulk

density, evaluated by the Archimedes displacement method

with distilled water, increased with increasing Nb concentration

from 4.90 to 5.92 g/cm3, for x = 0.5 and 10 mol% Nb2O5,

respectively.

The grain structure and distribution of all the elements

throughout the grains was examined by a scanning 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 samples

were broken at ambient atmosphere, then covered with gold and

placed in the vacuum (10�5 Torr) chamber of the electron

microscope. The EDS analysis was performed with ISIS-300

SEMQuant program for individual grains of the studied

ceramics.

The X-ray diffraction measurements (XRD) were carried out

at room temperature on all ceramic samples using Huber

diffractometer (Seemann–Bohlin geometry) with monochro-

matic Cu-Ka1 radiation (30 kV, 30 mA). The angle scale of

received diffraction diagrams was scaled to 2u (Bragg–

Brentano geometry) by Au standard (JCPDS number 12-

0403). The diagrams were measured from 208 to 1008 in 2u with

0.058 steps. The calculations were performed using the

software for treatment of powder X-ray diffraction data

DHN_PDS. In order to receive exact locations, intensities

and widths of diffraction lines, the experimental data were fitted

to theoretical functions. The attempts of fitting by Gaussian

(G), Lorenzian (L), modified Lorenzian (ML) and intermediate

Lorenzian (IL) were made. The IL profile showed the best

agreement with experimental data and this profile was taken to

fit all segments of diagram including diffraction lines. The data

received in this manner were used to calculate the unit cell

parameters.

The computerized automatic system based on an impedance

analyzer HP4192A was used to measure the temperature

dependencies of real (e0) and imaginary (e00) parts of

permittivity at several frequencies in the range 0.1–100 kHz

of the measuring field. The characteristics e0(T) and e00(T) were

obtained in successive heating–cooling cycles with a constant

rate of 2.5 8C/min.

Remanent polarization (Pr) was determined as a function of

temperature from the hysteresis loop measurements. Hysteresis

loops at 50 Hz and strength 10 kV/cm were examined using the

modified Sawyer–Tower method.

Additional measurements of dc electric conductivity and the

Seebeck coefficient versus temperature were carried out in the
range of 250–450 8C in order to obtain a better explanation of

the influence of the Nb dopant on the dielectric characteristics.

Weak dc field 10 V/cm was applied to measure the electric

conductivity.

All of the ceramic samples were polished before electrical

studies to have parallel surfaces and thickness about 0.6 mm,

for dielectric and dc conductivity measurements, 0.3 mm for

observation of spontaneous polarization, and about 1 mm for

the Seebeck coefficient measurements. The samples were

coated with silver electrodes using a silver paste without a

thermal treatment, and cured at 400 8C for 10 min for deaging

prior to measurements. Part of the frozen defects, formed

during the sintering process, recombined and the tensions

caused by mechanical treatment are partially removed.

3. Results and discussion

3.1. SEM study

The images of microstructure of the BST 80/20 ceramics

with Nb2O5 content 0.5 and 5 mol% are shown in Fig. 1, as an

example. The average grain sizes were 6.2 and 1.6 mm for the

ceramics with 0.5 and 5 mol% of Nb2O5, respectively. The

average grain size of undoped ceramics was larger than 30 mm

[13]. The Nb2O5 addition produces slightly smaller grains with

increasing concentration.



Fig. 2. EDS analysis obtained for one of the grains for BST 80/20 + 5 mol%

Nb2O5 ceramics.

Fig. 4. Average cell parameter versus Nb2O5 content for BST 80/20 ceramics.
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The EDS analysis, performed for individual grains of the

studied ceramics, shows a fairly homogenous distribution of all

elements of compound throughout the grains. Moreover, the

quantitative microanalysis performed with the implementation

of SEMQuant programs elaborated by Oxford Instruments,

showed a proper stoichiometry of all samples. The example of

EDS analysis, obtained for one of the grains of BST 80/

20 + 5 mol% Nb2O5 ceramics is shown in Fig. 2.

3.2. X-ray measurements

XRD patterns show that the crystal structures exhibit

tetragonal symmetry at room temperature for undoped and

containing 0.5–1 mol% Nb2O5 BST 80/20 ceramics. When

Nb2O5 content is larger than 1 mol% the crystal structure

exhibits cubic symmetry at room temperature. In all of the

studied ceramics a single phase, isostructural perovskite solid

solutions, is observed. The example of XRD patterns of

undoped BST 80/20 ceramics and with 1 and 10 mol%

Nb2O5 content obtained at room temperature is shown in

Fig. 3.

Unit cell parameters were calculated for all doped BST 80/

20 ceramics with what that allowed to determine the average

unite cell parameters ā ¼ V1=3 (where V is a unit cell volume).

In Fig. 4 a dependence of ā on Nb2O5 concentration is

presented. One can notice that the unit cell volume increases

with an increase in dopant concentration which seems to
Fig. 3. Parts of the diffraction patterns obtained at the room temperature for

undoped BST 80/20 ceramics (a) and doped 1 mol% (b) and 10 mol% (c)

Nb2O5.
confirm the supposition that Ti4+ ions in solid solutions are

substituted by Nb5+ ions with larger ionic radius.

An additional confirmation of this supposition may be

found in comparison of experimentally determined and

theoretically calculated (1 1 1) and (2 0 0) spectral lines

intensities. Line intensities were compared for a cubic phase

because of the simplicity of calculations. For ceramics with

x = 2, 5 and 10 mol% of Nb2O5 that possessed the regular

structure at room temperature, the relative intensities of (2 0 0)

and (1 1 1) lines were determined for two possible cases of Nb

substitution into the initial compound and namely into an A or

B sublattice. The ratios of calculated intensities (I2 0 0/I1 1 1) in

dependence on Nb2O5 concentration in both cases are

presented in Fig. 5. In case of Nb substitution into B sublattice

the calculated I2 0 0/I1 1 1 ratio depends on dopant concentra-

tion (curve (a) in Fig. 5), whereas in the second case, i.e. when

it was considered that Nb ions substitute the A sublattice, the

calculated line intensity ratio does not depend on dopant

concentration (curve (b) in Fig. 5). The experimentally

determined (2 0 0) and (1 1 1) lines intensity ratio depends

on Nb concentration (curve (c) in Fig. 5) and therefore confirms

the first model.
Fig. 5. Calculated (a and b) and experimentally obtained (c) spectral lines

intensity ratio for BST 80/20 + x mol% Nb2O5 ceramics.



Fig. 6. Real part of permittivity as a function of temperature measured on heating at frequency of measuring field 1 kHz for BST 80/20 ceramics with various Nb2O5

content.

Fig. 7. Variations of phase transition temperatures versus Nb2O5 content.
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3.3. Dielectric properties and phase diagram

The comparison of the e0(T) curves, measured on heating at

frequency 1 kHz, for undoped and Nb-modified BST 80/20

ceramics is shown in Fig. 6. It can be seen that for Nb2O5

content smaller than 2 mol%, the e0(T) curves reveal anomalies

in the vicinity of temperatures corresponding to the orthor-

hombic–tetragonal (FO–FT) and tetragonal–cubic (FT–PC)

phase transitions (Fig. 6(a)). An anomaly in the vicinity of

temperatures corresponding to the rhombohedral–orthorhom-

bic (FR–FO) phase transition, for ceramics with 1.5 and

2 mol% Nb2O5, is visible only in de0/dT(T) dependences. The

temperature intervals between the three phase transitions

become narrower when Nb concentration increases. The three

anomalies in e0(T) curves associated with the structural phase

transitions eventually merge into a broad peak for the largest

niobium concentrations, i.e. 5 and 10 mol% (Fig. 6(b)). Based

on the dielectric measurements, a phase diagram of BST 80/

20 + x mol% Nb2O5 ceramics was plotted (Fig. 7). The TFR�FO

phase transition temperature for undoped BST 80/20 ceramics

shown in this figure is quoted according to [6].

The dielectric response shows a strongly diffused character

of the ferroelectric–paraelectric phase transition (DPT) for all

investigated ceramics. Fig. 8 depicts the reciprocal e0 versus

temperature for the BST 80/20 + x mol% Nb2O5 ceramics. It

can be seen that the Curie–Weiss law, 1/e0 = C/(T � To) (where

C is the Curie–Weiss constant and To is the Curie–Weiss

temperature), is observed in the paraelectric phase only at

temperatures much higher than Tm corresponding to broadened

maximum in the e0(T) curves, i.e. above TC–W temperature. In

the temperature range between Tm and TC–W the temperature

dependence of real part of permittivity obeys the empirical

expression which describes DPT as follows:

1

e0
� 1

e0max

¼ C0ðT � TmÞg (1)
where g is the diffuseness exponent and 1 � g � 2. The deter-

mined parameter g versus Nb content is shown in Fig. 9. It can

be noted that the value of exponent g depends strongly on the

Nb2O5 content. Other characteristic parameters determined and

calculated from 100 kHz dielectric response for undoped and

Nb-doped BST 80/20 ceramics are listed in Table 1.

The temperature dependencies of the real part of permittivity

at various frequencies in the range 0.1–100 kHz of the

measuring field for the undoped and Nb-doped ceramics show

two kinds of dispersion. The first is connected with the diffuse

phase transition occurring in the range of Tm. Both Tm and e0max



Fig. 8. Inverse of the 100 kHz real part of permittivity versus temperature for undoped BST 80/20 ceramics (a) and doped 1.5 mol% (b) and 5 mol% (c) Nb2O5.
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depend on the frequency of the measuring field. This fact is

more distinct for Nb-modified ceramics. The degree of

frequency dispersion can be described by the value of De0max

defined as the difference between the e0max measured at 0.1 kHz

and that measured at 100 kHz, and DTm, defined in the similar

manner (Fig. 10). It is noteworthy that the value of DTm

increases strongly from 0.5 8C for the undoped to 8 and 10 8C
for 5 and 10 mol% Nb2O5-modified BST 80/20 ceramics,

respectively.

For highly Nb-modified (5 and 10 mol%) BST 80/20

ceramics, the e0( f) and e00( f) characteristics exhibit behavior

typical for ferroelectric relaxors (Fig. 11) [19,20]. The relaxor

characteristics can be explained in terms of the breakdown of

long-range ferroelectric interactions by defects and/or impu-

rities, thus preventing the evolution of the normal long-range

ferroelectric order and favoring the formation of a state with

short-range polar ordering. Randomly distributed charged

defects and/or defect clusters create random electric fields on

atomic length scales [21]. These random fields suppress the
ferroelectricity of BST solid solutions, resulting in the relaxor

behavior of Nb-doped BST ceramics.

The second kind of dispersion occurs at temperatures higher

than 200 8C, i.e. in the paraelectric phase. It is more visible for

lower frequency and gradually disappears when the frequency

excesses 10 kHz. Such behavior was found for many ferro-

electrics with the perovskite-type structure [22,23], as well as

for undoped BST 80/20 ceramics [13]. The insertion of the Nb

dopant to ceramics caused gradual decay of this dispersion in

the region of the paraelectric phase.

The temperature dependencies of the remanent polarization

(Pr) obtained on heating for BST 80/20 ceramics with various

Nb2O5 contents, are shown in Fig. 12. The course of the Pr(T)

curves differs significantly from those observed in the vicinity

of the normal ferroelectric phase transition, particularly in a

wide temperature range in the neighborhood of Tm, corre-

sponding to the maxima in e0(T) curves (ferroelectric–

paraelectric phase transition) (Fig. 12). In the case of undoped

BST ceramics the maximum value of Pr is small (Pr � 8 mC/



Fig. 9. Diffuseness exponent g versus Nb2O5 content.

Fig. 10. Degree of frequency dispersion of DTm = Tm (100 kHz)–Tm (0.1 kHz)

and De0max = e0max (0.1 kHz)–e0max (100 kHz) as a function of Nb2O5 content.
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cm2) at room temperature and gradually decreases with

niobium concentration to ca. 4 mC/cm2 for x = 2 mol% Nb2O5.

3.4. Electric conductivity and Seebeck coefficient

The influence of the substitution of Nb5+ for Ti4+ sublattice

on the balance of electron–hole carriers was studied using the

measurements of dc electric conductivity (s) and the Seebeck
Fig. 11. Real (a) and imaginary (b) parts of permittivity as a function of temperatu

Nb2O5 ceramics. The loss factor versus temperature is also shown in (a). The ind
coefficient (a) in the wide range of paraelectric phase (200–

450 8C). In order to establish the type of electric conductivity,

thermoelectric studies were carried out and the Seebeck

coefficient was determined. The experimental technique

employed was described in our earlier paper [24]. The results

of measurements of the dc conductivity and the Seebeck

coefficient as a function of Nb2O5 obtained at T = 400 8C are

shown as example in Fig. 13.

The addition of Nb2O5 to BST 80/20 ceramics and the

substitution of Nb5+ ions for Ti4+ ions causes a change of the

values of electric conductivity and its character from the p-type

into n-type. This should be accompanied by the effect of an

increase of A2+ position vacancy concentration in ABO3
re measured at various frequencies of measuring field for BST 80/20 + 5 mol%

ividual curves concern frequencies: 0.1, 1, 10, 20 and 100 kHz.



Fig. 12. Remanent polarization versus temperature determined on heating from

hysteresis loop measurements at field of 10 kV/cm for BST 80/20 ceramics with

various Nb2O5 content.

Fig. 13. Seebeck coefficient (a) and electric conductivity (s) obtained at

400 8C versus Nb2O5 content.
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perovskite structure. The presence of A2+ and O2� vacancies

exerts a strong influence on the balance of the charge carriers

transport process. Undoped ceramics exhibit p-type of electric

conductivity which is caused by predomination of A2+

vacancies acting as acceptor centres. Analysis of the results

of electric conductivity and Seebeck coefficient studies

presented above also leads to the conclusion that Nb5+ ions

substitution for Ti4+ plays part of donors in the investigated

samples. This leads to decrease of conductivity of about two

orders of magnitude, comparing to undoped BST ceramics, due

to the compensation of already existing holes by electrons from

donor dopant, with simultaneous change in type of electric

conductivity from p-type to n-type.
Table 1

Characteristic parameters determined and calculated from e0(T) measurements

at 100 kHz for undoped (x = 0) and Nb2O5-modified (x = 0.5–10) BST 80/20

ceramics

x (mol%) Tm (8C) To (8C) TC–W (8C) C � 105 (8C)

0 48.14 46.20 96.90 1.06

0.5 43.5 61.82 119.7 1.32

1 26.24 41.30 115.5 1.07

1.5 17.7 23.04 106.3 1.01

2 3.4 11.50 100.1 1.16

5 �97.7 �57.84 36.5 1.10

10 �169.5 �155.5 �44.85 0.67
4. Conclusions

The obtained experimental data show that Nb dopant

strongly modify the sinterability, grain structure, tempera-

tures of phase transitions and all the investigated character-

istics of BST 80/20 ceramics. The increase of the Nb

concentration leads to the decrease of grain size, the increase

of density and the improvement of the quality of the

investigated ceramics. The temperature intervals between the

three consecutive ferroelectric transitions become narrower as

Nb5+ ions are substituted for Ti4+ ions in the B-site sublattice

of BST 80/20 ceramics and as the results of this, three peaks

associated with the structural phase transitions coalesce,

exhibiting a broad dielectric response for Nb2O5 content

higher than 2 mol%. Moreover, highly Nb-modified (x = 5

and 10 mol%) ceramics exhibit the features of ferroelectric

relaxors, i.e. the e0max significantly decreases and the Tm shifts

towards higher temperatures with an increase in frequency of

measuring field. Additional anomalies in e0(T) curves in the

low frequency range, present in the paraelectric phase for the

undoped ceramics, are eliminated by the Nb dopant which

also reduces the dc conductivity by about two orders of

magnitude.
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