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Abstract

Ba0.75Sr0.25TiO3 (BST) and PbZr0.68Fe0.14Nb0.14Ti0.04O3 (PZFNT) ceramic pellets were obtained by ceramic
technology and their structural, ferroelectric and pyroelectric properties were investigated. The relative density
of BST and PZFNT is about 93% and 90%, respectively, with an average grain size of 102µm and 6.45µm.
Both materials have similar room temperature dielectric constants (∼2000), but PZFNT shows higher remnant
polarization (∼15 µC/cm2) and better pyroelectric properties (∼1.69 · 10−4 C/m2K), which recommend it for
pyroelectric detectors, infrared radiation- and laser pulse energy-meters.
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I. Introduction

The interest for perovskite type oxide ceramics

(ABO3) such as lead zirconate titanate (PZT) or bar-

ium strontium titanate (BST) is increased due to their

ferro-, piezo- and pyro-electric performances. These

features endorse this type of materials for micro- and

optoelectronic applications, such as non-volatile mem-

ories (FRAMs), waveguides, IR detectors, etc. There

are many similarities, but also differences between BST

and PZT materials. Both BST and PZT have a polymor-

phic transformation from cubic (paraelectric) to tetrag-

onal (ferroelectric) phase, possessing the same type of

perovskite structure [1], but BST has two more poly-

morphic transitions, at lower temperatures, between the

ferroelectric phases. Moreover, these oxides have dis-

tinct macroscopic properties [2,3]: the transition tem-

perature and remnant polarization are much higher for

PZT compared to BST [4], while the dielectric constant

is usually higher for BST [5]. The aim of this work

was to investigate and compare the morpho-structural,

dielectric, ferroelectric and pyroelectric properties [5–

8] of very thin ceramic disc samples (250 µm thick-

ness), with a large diameter of 30 mm, in respect with

their possible applications in laser pulse energy mea-

surement [9]. Such functionalities require samples with
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a very small thickness to reduce the thermal inertia of

the detector, and large diameter to decrease the energy

density of the laser beam on the detector surface, thus

preventing its damaging. Such a large aspect ratio of the

ceramic pellets rises several challenging issues during

their processing and measurement, related to the pres-

ence of micro-cracks and pores that promote mechanical

failure and dielectric breakdown. Two specific composi-

tions were selected, namely Ba0.75Sr0.25TiO3 (BST) and

PbZr0.68Fe0.14Nb0.14Ti0.04O3 (PZFNT), knowing that

dopants in BST and PZT lead to lower transition tem-

peratures, thus to larger values for the pyroelectric coef-

ficient. One has also to mention that pyroelectric prop-

erties are usually investigated on samples of small area

[10], and only few studies were performed on large area

pyroelectric elements manufactured from ferroelectric

polymers [11,12]. In the present study these properties

are investigated on perovskite ceramic samples of large

area, comparable to those used in commercial energy

meters.

II. Experimental section

Lead zirconate titanate doped with iron and

niobium (PbZr0.68Fe0.14Nb0.14Ti0.04O3, PZFNT) and

Ba0.75Sr0.25TiO3 (BST) ceramics were prepared by the

solid state synthesis method. The starting reagents

for PZFNT were PbO (Merck, 99.7%), ZrO2 (Fluka,
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Figure 1. Flow diagram for the solid state processing of BST (a) and PZFNT (b) ceramics

99.8%), Nb2O5 (Fluka, 99.7%), iron trioxide Fe2O3

(Merck, 99.8%) and TiO2 (Fluka, 99.5%). In the

BST case, the raw materials were Ba(CO3)2, Sr(CO3)2

(Riedel de Haen, 99%) and TiO2 (Fluka 99.8%) in stoi-

chiometric ratios.

The starting oxide materials for both PZFNT and

BST were mechanically mixed with ethanol (Chimopar,

99.6%), in a RETSCH planetary ball mill, for homog-

enization, at 300 rpm for 2 h. The resulting slurry was

dried at 150 °C. The mixed powders were calcined at

900 °C for 2 h (PZFNT) and 1100 °C for 2 h (BST) and

then milled again for 4 h in the planetary ball mill. Ex-

cess lead oxide of 1.5 mol% was added to the calcined

powder of PZFNT before milling, to compensate for the

lead loss during sintering and to improve ceramic den-

sification by liquid phase formation.

The PZFNT and BST thin pellets with 30 mm di-

ameter were obtained by cold uniaxial pressing with

an equivalent force of 7 tones for PZT and 9 tones for

BST. The compacted pellets were sintered at 1200 °C

for 3 h (2 °C/min heating rate) in the case of PZFNT

and 1400 °C for 5 h (3 °C/min heating rate) in the case

of BST, resulting in the dense ceramic bodies. The bulk

densities determined by the Archimedes’ method were:

7.11 g/cm3 for PZFNT and 5.59 g/cm3 for BST. The

flow diagram for the processing of these ceramics is pre-

sented in Fig. 1.

The morphology of PZFNT and BST ceramics was

investigated with a Tescan Lyra 3XMU scanning elec-

tron microscope (SEM). The crystal structure was anal-

ysed by X-ray diffraction (XRD) using a Bruker D8 Ad-

vance equipment (powder setting). For electrical char-

acterization, 200µm Ni/Ag electrodes were deposited

on both faces of PZFNT and BST thin ceramics (with

thicknesses of 170µm and 250µm). The hysteresis mea-

surements of the polarization versus the electric field

were performed with a Precision LC II ferroelectric

tester from Radiant Technologies Inc. The pyroelectric

signal was recorded with a SR 830 DSP lock-in ampli-

fier, using a J-FET type impedance converter. The IR

source was a laser diode of 40 mW at 800 nm. The beam

was modulated electronically using a signal generator

from Tektronix, model AFG 3052C.

III. Results and discussion

The morphology of BST and PZFNT ceramics is il-

lustrated in SEM images presented in Figs. 2a and 2b,

respectively, showing a smooth, crack-free and dense

structure with small pores between grains. The average

grain size of 6.45µm in PZFNT, and 102µm in BST,

can be correlated with the high sintering temperature of

PZFNT and with the small strontium content of BST

[10,11].

The crystallinity of PZFNT and BST ceramics was

analysed by XRD measurements and indexed accord-

ing to ASTM standards (Fig. 3). In both cases, a sin-

gle phase structure was evidenced through sharp and in-

tense peaks corresponding solely to the orthorhombic

phase for PZNFT and the tetragonal phase for BST.
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Figure 2. Surface morphology of BST (a) and PZFNT ceramics (b) and cross-section SEM image of BST (c) and PZFNT (d)
ceramics

The ferroelectric properties of both materials were in-

vestigated by measuring the polarization P as a function

of the applied electric field E. The resulting total, non-

remnant and remnant hysteresis loops are depicted in

Figs. 4a and 4b. The usually measured hysteresis loops

represent the total polarization, including both remnant

and non-remnant components. The non-remnant polar-

ization reflects the contribution of the dielectric linear

capacitance with losses, but also of the dipoles which

are switched by the field and reverse after its removal.

The remnant polarization loop is given by the

switched dipoles which preserve their orientation even

Figure 3. XRD pattern of: a) BST and b) PZFNT ceramics
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Figure 4. Polarization vs electric field hysteresis loops of: a) BST and b) PZFNT ceramics

Figure 5. Evolution of P-E hysteresis loops with increasing the amplitude of the applied electric field on: a) BST
and b) PZFNT ceramics

after the field was removed. This approach of ferroelec-

tric characterization provides a more realistic evaluation

of the ferroelectric versus dielectric response.

The hysteresis loops of these materials are quite

different. The total polarization loop of BST is very

slim, typical for a relaxor ceramics [12,13] compared to

PZFNT loop, but shows a maximum polarization sim-

ilar to that of PZFNT. The value of remnant polariza-

tion is the main difference between the hysteresis loops

of these materials. BST has a remnant polarization of

6 µC/cm2 representing half of the corresponding value

of PZFNT. The coercive fields corresponding to rem-

nant hysteresis loops have about the same values of

10 kV/cm for both materials, while the coercive field

from the total polarization loop of BST is about 50%

lower than for PZFNT due to the non-remnant response.

The hysteresis loops of the total polarization mea-

sured for different values (from 20 to 50 kV/cm) of the

maximum electric field, are illustrated in Figs. 5a and

5b for BST and PZFNT, respectively.

As expected, the maximum polarization increases

(with 40%) with increasing the intensity of the applied

field, for both materials, without reaching saturation,

while preserving the shape of the loops. Instead, the

increase of the coercive field and remnant polarization

is less evident, mostly for BST. The maximum electric

field applied to BST was lower than for PZFNT because

of its lower dielectric breakdown strength, possibly re-

lated to higher grain size effects [14,15].

Another interesting feature of the ferroelectric re-

sponse is the effect of the polling process on the hys-

teresis loop of the total polarization, shown in Figs. 6a

and 6b for BST and PZFNT, respectively. These figures

display the hysteresis loops before (Fig. 6a) and after

polling with 32 kV/cm for BST and 44 kV/cm for PZT,

at room temperature for 15 min (Fig. 6b). The loops reg-

istered before and after polling were identical for BST,

but quite different for PZT. Thus, the maximum and

remnant polarization of PZFNT increased with 32% and

64% after polling, as a result of the enhanced domain

wall mobility and redistribution of the space charge dur-

ing polling with long lasting applied field compared to

the hysteresis loop measurement. Despite the shift of the

hysteresis loop on the horizontal axis, expected to occur

after polling, assigned to the internal field and result-

ing from the dipole alignment, this was not experimen-

tally observed in either of the two materials. This is the

consequence of a very low remnant polarization of BST

and of a small coercive field of PZFNT compared to the

maximum applied field.
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Figure 6. Hysteresis loops measured before and after polling for: a) BST and b) PZFNT ceramics

Figure 7. The temperature dependence of the dielectric
constant for BST and PZNFT (the dielectric constant

was estimated from the capacitance measured
at 1 kHz, in vacuum)

Capacitance measurements were registered at 1 kHz

in vacuum, on a broad temperature range from −200 °C

to 200 °C, in order to determine the dielectric constant

and to identify the phase transitions [16]. The tempera-

ture dependence of the dielectric constant is represented

in Fig. 7 for both materials. The peaks of BST dielec-

tric constant correspond to three phase transitions, two

of them between ferroelectric phases at lower temper-

atures, and the last one between ferroelectric and para-

electric phases, at the higher temperature. PZFNT has

no phase transition in this temperature range. Room

temperature dielectric constant is 1800 for BST and

1850 for PZFNT.

The temperatures of BST polymorphic transitions be-

tween rhombohedral (R), orthorhombic (O), tetragonal

(T) and cubic (C) phases and their corresponding di-

electric constants are summarized in Table 1. The shift

between these temperatures, measured during cooling

and heating decreases with increasing temperature, as

shown in Fig. 7. Phase transition temperatures and di-

electric constants are similar to those reported in the lit-

erature [16].

Pyroelectric materials with perovskite structure such

as BaTiO3 and Pb(Zr,Ti)O3 (PZT) have been widely

used for capacitor and actuator applications near room

temperature [19]. For the pyroelectric applications there

is only one significant parameter, the value of the total

pyroelectric coefficient, defined by the relation [16]:

pt = p + ε0

E∫

0

∂εs

∂T
dE (1)

The main effect is given by the temperature variation,

the second is the deformation of the pyroelectric ele-

ment and the third represents its thickness in the case of

uneven heating. The IR penetration length exceeds the

sample thickness at very low frequency and it is com-

parable to the thickness at higher frequency, so the py-

roelectric element can be considered uniformly heated.

The induced pyroelectric coefficient (second term) shall

be taken into account only in the presence of an electric

field applied to the pyroelectric element [16]. The ther-

mal diffusivities (α) of PZT and BST, which have values

of αPZT = 4.1 · 10−7 m2/s and αBS T = 10−6 m2/s, were

considered.

Typical signal of the pyroelectric detector working in

the voltage mode can be seen for both samples (Fig.

8), more significant and almost constant at low frequen-

cies, and with decreasing behaviour for high frequencies

[20,21].

Table 1. Phase transitions temperatures and dielectric constants for BST ceramics (measurements were performed at 1 kHz)

R-O O-T T-C

heating cooling heating cooling heating cooling

Temperature [K] 179 165 242 237 326.3 325.6

Dielectric constant 956 986 1728 1816 5380 6160
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Figure 8. Frequency dependence of the pyroelectric signal

The pyroelectric signal in the voltage mode of oper-

ation has the following dependence on the frequency of

the incident radiation [22,23]:

S (ω) =
ω · η · p · A · Pinc

GT ·Ge · (1 + ω2
· τ2

T
)1/2
· (1 + ω2

· τ2
e)1/2

(2)

where S is the pyroelectric signal, ω is the pulsation

of the IR incident radiation on the pyroelectric element

(ω = 2π f , with f being the chopping frequency of the

IR beam), Pinc is the incident power on the active el-

ement, η is the emissivity of the electrode exposed to

IR radiation, p is the pyroelectric coefficient, A is the

area of the sample, GT is the thermal conductance, Ge

is the electric conductance, τT is the thermal time con-

stant (τT = CT /GT , with CT being the thermal capacity

of the pyroelectric element) and τe is the electrical time

constant (τe = Ce/Ge, with Ce being the capacitance

of the pyroelectric element). At high frequencies, when

both (ω · τT )2 and (ω · τe)
2 are much larger than unity,

S ≈ 1/ω and the previous equation will reduce to [23]:

S (ω) =
η · p · A · Pinc

ω ·CT ·Ce

(3)

CT = ρ·c·A·d and Ce = A·ε0·εr/d, where ρ is the density,

c is the specific heat, ε0 is the vacuum permittivity, εr is

the static dielectric constant, and d is the thickness of

the ferroelectric ceramics (170µm for PZT and 250µm

for BST).

The voltage responsivity RV , has a similar depen-

dence on the frequency (Fig. 9) being defined as fol-

lows:

RV =
S

Pinc

(4)

Using equation (3) in equation (4) and replacing CT and

Ce with above formulas, one can obtain for the voltage

responsivity the following relation [20]:

RV =
p

ε0 · εr · ρ · c
·

η

ω · A
(5)

Figure 9. RV vs. 1/ω representation for PZNFT and BST
discs

The sample area is A = 1 cm2, and the emissivity η1 con-

sidering that the surface exposed to radiation is covered

with black absorber. In this relation, the first part, noted

M = p/ε0 · εr · ρ · c [24], represents the figure of merit

of the material and it can be estimated from the slope of

the RV = f (1/ω). The following figures of merit were

obtained for the two materials: PZT 3.98·10−3 m2/C and

3.25 · 10−3 m2/C for BST respectively.

The pyroelectric coefficients for PZNFT and BST ce-

ramics were calculated from the figure of merit, the

following values being used for εr and ρc for PZNFT

and BST, respectively: εr = 1850; 1800, and ρc =

2.6 · 106 J/m3K; 1.6 · 106 J/m3K. A two-time larger

value was obtained for PZNFT compared to BST: 1.69 ·

10−4 C/m2K and 0.82 · 10−4 C/m2K. These numbers are

comparable or slightly larger than those found in the lit-

erature both for BST [25–28] and for PZT [29,30].

IV. Conclusions

PbZr0.68Fe0.14Nb0.14Ti0.04O3 (PZFNT) and

Ba0.75Sr0.25TiO3 (BST) ceramics were obtained through

the solid-state reaction route. The XRD patterns con-

firm the presence of a single crystalline phase in both

materials. Surface and cross-section SEM images reveal

a compact structure with reduced porosity and free of

micro-cracks. The uniform distribution of the grain

dimensions was beneficial for pyroelectric characteri-

zations. Their dielectric, pyroelectric and ferroelectric

properties were determined on very thin ceramic discs

of 170 and 250 µm thickness and 30 mm diameter, in

order to prove their potential application in laser pulse

energy measurement. Both materials have similar room

temperature dielectric constants (∼2000), but PZFNT

shows higher remnant polarization (∼15 µ/cm2) and

better pyroelectric properties (∼ 1.69 · 10−4 C/m2K),

which recommend it for pyroelectric detectors, for

infrared radiation- and for laser pulse energy-meters.

These results represent a step in the development of

materials resistant to extreme working conditions, such

as laser beam monitoring, radiation and particle detec-
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tors. Improving detection performance is a continuous

challenge, and can be accomplished by increasing the

sensitivity of the devices by integrating the herein in-

vestigated elements.
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