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Abstract

This study fabricates capacitors with two-layer structure and different compositions, 0.8Pb(Fe,;3W;/3)03-0.2PbTiO3-MnO and
0.7Pb(Fe,/3sW,3)03-0.3PbTiO3-MnO, by using the conventional solid state oxide reaction method. By using the temperature
compensation effect and adjusting the thickness ratio of the two layers with different compositions, the temperature—dielectric peak
is enhanced and smoothed. The dielectric loss, space charge polarization and dc conduction are suppressed at the highest temperature
region. Furthermore, the Maxwell-Wagner model is used to fit and explain the dielectric behaviors. This study also provides suggestions
and discussion related to the effect of the interfacial region based on the experimental data and fitting results.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: Temperature Compensation; Maxwell-Wagner; Dielectric; Relaxor

1. Introduction

A typical relaxor ferroelectric (RFE) usually exhibits a
perovskite structure A(B;B»)Os, a high diclectric constant, a
broad temperature—dielectric peak and frequency dispersion
[1-5]. To obtain a higher dielectric constant and broader
temperature—dielectric peak, the binary and trinary systems are
usually synthesized with multiple compositions or by doping
some additives [6-14]. Although a broader temperature—
dielectric peak can be enhanced by multiple compositions,
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however temperature-independent dielectric peaks cannot yet
be realized because the diffused phase transitions correspond-
ing to the maximum values of the temperature—dielectric
constant are still existent for RFE materials.

Recently, the Maxwell-Wagner model has typically been
used to investigate the dielectric relaxation of multi-layer
structure with different composition mediums, such as the
surface-layer effect of internal barrier layer capacitors
[15-23], the superlattice effect of ferroelectric thin film
depositions [23-26], and the giant and temperature inde-
pendence of multiferroic and magnetoelectric materials
[23,27-29]. Furthermore, the microwave dielectric proper-
ties are also modified by the layered structure for bulk
devices [30,31]. According to the above reports, the
temperature-independent dielectric constant can be rea-
lized by using the Maxwell-Wagner effect for the two-layer
capacitors with different compositions. However, to date,
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Fig. 1. (a) Configuration, (b) schematic structure of Maxwell-Wagner
model, (c) equivalent circuit and (d) equivalent circuit with interfacial
region for the two-layers structure capacitors with different compositions.

few studies have discussed the relaxor characteristics of the
layered structure for bulk devices.

XPb(Fez/3W1/3)O3*(1 —X)PleO3 (XPFW—(I —X)PT) is
a typical binary RFE material. The temperatures T,
corresponding to the maximum value of the temperature—
dielectric constant, the dielectric properties and the lattice
structures can be changed by controlling the PbTiOj;
contents [6-9]. Furthermore, the broad temperature—
dielectric peak is enhanced and the dielectric loss is
suppressed by doping MnO additives [10]. In addition,
0.8PFW-0.2PT-0.15 wt% MnO (PFWTM-1) and 0.7PFW-
0.3PT-0.15 wt% MnO (PFWTM-2) can be fine sintered at
880 °C and their temperatures corresponding to the max-
imum value of the temperature—dielectric constant are
—16 °C and 33 °C, respectively, at 1 MHz [10]. In the
present work, the different compositions, PFWTM-1 and
PFWTM-2, are compacted into the disk of a two-layer
structure, as shown in Fig. 1(a), with different thickness
ratios. This study investigates the effects of the thickness
ratio and the temperature compensation on the low field
diclectric response. Moreover, we also discuss the
Maxwell-Wagner effects and provide suggestions in regard
to the interfacial region.

2. Experiment and ceramic preparation

Raw materials were mixed and milled using pure reagent
PbO, Fe,03, WO;, TiO, and MnO powders (99.5% purity).
The materials  0.8Pb(Fey;3W;/3)03-0.2PbTiO3-0.15 wt%
MnO and 07Pb(F€2/3W1/3)O3—03PleO3-O15 wt% MnO

were synthesized by calcining at 750 °C for 2 h. The calcined
powders were remilled in alcohol and dried again. After that,
the fine calcined powders were obtained and some different
preparative routes were followed as described below:

(1) single-layer structure: 0.8Pb(Fe,;W/3)03-0.2PbTiO;-
0.15wt% MnO calcined powders were pressed into
pellets of 12 mm in diameter and 0.5 mm thickness
(called PFWTM-l) 0.7Pb(F62/3W1/3)03—0.3PbTiO3-
0.15wt% MnO calcined powders were pressed into
pellets of 12 mm in diameter and 0.5 mm thickness
(called PFWTM-2).

(2) two-layer structure: 0.8Pb(Fe,3W/3)O03-0.2PbTiO;-
0.15wt% MnO (PFWTM-]) and 0.7Pb(FCZ/3W1/3)
05-0.3PbTiO5-0.15 wt% MnO (PFWTM-2) calcined
powders were compactly pressed into pellets of
12 mm in diameter with two-layer structure and differ-
ent thickness ratios as shown in Fig. 1(a) (called 1:1
PFWTM, 2:1 PFWTM and 3:1 PFWTM of which the
thickness ratios of PFWTM-1 and PFWTM-2 were
1:1, 2:1 and 3:1.). The thicknesses of PFWTM-1 and
PFWTM-2 are 0.5 mm and 0.5 mm for 1:1 PFWTM,
I mm and 0.5 mm for 2:1 PFWTM and 1.5 mm and
0.5 mm for 3:1 PFWTM, respectively.

These pressed pellets were sintered at the same sintering
temperature of 880 °C for 2h. In order to measure
the dielectric properties, silver paste was coated to form
electrodes on both sides of the sintered samples, and then
subsequently fired at 750 °C for 25 min. The dielectric
properties of the samples were measured using an impe-
dance analyzer (HP4294A) in a temperature-controllable
furnace. The phase relations for the sintered samples were
identified using an x-ray diffractometer with Siemens
D5000, operated at 40 kV/40 mA and room temperature
with Cu Ka radiation (4=0.154 nm). The microstructures
were observed using a scanning electron microscope SEM
(Hitachi S-3000 N microscope). The X-ray patterns and
the SEM images of the PFWTM-1 and PFWTM-2
ceramics had been discussed in the previous study and
shown pure perovskite structures and no pyrochlore phase
[32]. Furthermore, both sides of the 1:1 PFWTM, 2:1
PFWTM and 3:1 PFWTM samples show similar X-ray
patterns and SEM images. Since the PFWTM-1 and
PFWTM-2 samples have different compositions and
different shrinkages (10.65% and 10.81% for PFWTM-1
and PFWTM-2 separately), it is reasonably suggested that
the interfacial regions and cracks are existent for the
layered structure capacitor [30,31]. However, the boundary
of the PFWTM-1 and PFWTM-2 ceramics for the 1:1
PFWTM, 2:1 PFWTM and 3:1 PFWTM samples could
not be found by using XRD diffractometer since it is too
thin and cannot be identified from both sides of the two-
layer samples. Fig. 2 (a) and (b) show the profiled SEM
images with different magnifications for the two-layer
capacitors, 2:1 PFWTM. In Fig. 2, the boundaries and
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Fig. 2. The profiled SEM images with different magnifications (a) x 40 multiples (b) x 600 multiples for 2:1 PFWTM ceramics.
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Fig. 3. Dielectric constant and tangent loss as a function of temperature
single-layer structure [10].

cracks cannot be founded. These results are different with
the previous reports [30,31]. It is suggested that the composi-
tions and shrinkages are closed between PFWTM-1 and
PFWTM-2. However the boundaries and cracks cannot be
identified, we still believe that the interfacial regions exist at
the boundary.

3. Results and discussion

Fig. 3 shows the diclectric constant and the tangent loss
as a function of temperature at different frequencies for (a)
PFWTM-1 and (b) PFWTM-2 ceramics with single-layer
structure. In Fig. 3 (a) and (b), the temperature T,
corresponding to the maximum temperature—dielectric
constant is increased and the temperature—dielectric peak
is sharpened by increasing PbTiO3 contents since PbTiO;
has a high Curie temperature of 490 °C and a typical
ferroelectric property with a sharp phase transition [9,10].
Therefore, it is concluded that the characteristic of phase
transition is changed from a diffused SRO (short range
order) relaxor state to a sharp LRO (long range order)
ferroelectric state by increasing PbTiO; contents. The
details have been discussed in the previous studies [9,10].
In the paraelectric region of Fig. 3(a), the dielectric
constant is increased again and the tangent loss is
obviously enhanced by increasing the measured tempera-
ture at the highest temperature region (> 50 °C). Zhou
et al. suggested that the response mechanism is relative to
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different frequencies for (a) PFWTM-1 and (b) PFWTM-2 ceramics with

the space charge polarization and the electron hole [4,5].
When the frequency is increased, the phenomenon vanishes
since the relaxation time of these polarizations is too long
to follow the external field.

Fig. 4 shows the diclectric constant and the tangent loss as
a function of temperature for (a) 1:1 PFWTM, (b) 2:1
PFWTM and (c¢) 31:1 PFWTM ceramics with two-layer
structure capacitors at different frequencies. Inspecting the
experimental data of Fig. 4 (a), (b) and (c), two temperature—
dielectric peaks are shown with the dashed line. There are
consistent with the diffused phase transition temperatures
corresponding to the maximum dielectric constant of the
PFWTM-1 and PFWTM-2 ceramics. Furthermore, the
temperature—dielectric constant between two dashed line
(the temperature compensation range), as shown in Fig. 4,
are smoothed because the temperature compensation effect
of the PFWTM-1 and PFWTM-2 ceramics. In this tempera-
ture range, the temperature—dielectric constants are decreased
for one layer of the PFWTM-1 ceramics, and are increased
for another layer of the PFWTM-2 ceramics when the
measured temperatures are increased. In particular, the
temperature-independent dielectric peak is obtained at a
temperature range of —20°C-28 °C for the 2:1 PFWTM
two-layer structure, as shown in Fig. 4(b). Since the two-layer
structure capacitors shown in Fig. 4 are compacted with the
PFWTM-1 and PFWTM-2 ceramics, the dielectric properties
of the two-layer structure should exhibit the dielectric
properties of the PFWTM-1 and PFWTM-2 ceramics at
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Fig. 4. The experimental data and the fitting results of the dielectric constant and the tangent loss as a function of temperature at different frequencies for
(a) 1:1 PFWTM, (b) 2:1 PFWTM and (c) 3:1 PFWTM ceramics with two-layer structure.

the same time. Moreover, the dielectric properties of the
PFWTM-1 ceramics should be enhanced for the two-layer
structure capacitor when the thickness of PFWTM-1 cera-
mics is increased. In Fig. 3 (a) and (b), the temperature
corresponding to the maximum temperature—dielectric con-
stant of the PFWTM-1 ceramics is lower than that of the
PFWTM-2 ceramics, and the dielectric loss of the PEFEWTM-1
ceramics is higher than that of the PFWTM-2 ceramics at the
highest temperature ranges (> 50 °C). Therefore, for the
two-layer structure capacitors the temperature—dielectric
constant near the lower temperature-dielectric peak is
enhanced and the dielectric loss at the higher temperature
is increased when the thickness of PFWTM-1 ceramics is
increased, as shown in Fig. 4. In addition, it is unexpectedly
found that the dielectric constants are not only compensated
but also enhanced in the temperature compensation range
(between two dashed lines shown in Fig. 4 (a), (b) and (c).).
The enhanced effects are more obvious when the thicknesses
of the PFWTM-1 ceramics are increased. These peculiar and
interesting results are systematically discussed as below.

To further clarify the effect of the thickness for the two-
layer structure capacitors with different compositions on the
dielectric properties, the experimental data of Fig. 3 (a) and
(b) are used to fit by using the Maxwell-Wagner model with
different thickness ratios according to the structure and
equivalent circuit of the two-layer structure capacitors shown
in Fig. 1 (b) and (c). These equations are shown as [21-28]:
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where 8'1 and 8/1, (s/2 and 3;) are the real and imaginary parts of
the complex relative permittivity of PFWTM-1 (PFWTM-2)
ceramics. d; and d, are the thicknesses of PFWTM-1 and
PFWTM-2 ceramics. w and &, are the angular frequency and
the relative permittivity of free space. The fitting results of the
Maxwell-Wagner effect are shown in Fig. 4 (a), (b) and (c)
together with the experimental data. Comparing the fitting
results and the experimental data, the temperature—dielectric
constant is smoothed in the temperature compensation range
(between two dashed lines shown in Fig. 4) and is sharpened
at the lowest and highest temperature range according to the
thickness ratios of PFWTM-1 and PFWTM-2 ceramics. The
phenomena are consistent between the experimental data and
the fitting results shown in Fig. 4 (a), (b) and (c). Further-
more, the dielectric constant (experimental data) is enhanced
at all temperature ranges for all two-layer structure capaci-
tors. In particular, the enhanced effect of the dielectric
constant is more strengthened at the temperature compensa-
tion range by increasing the PFWTM-1 thickness. The
enhancements of the temperature—dielectric constant are
inconsistent with the fitting results using the Maxwell—
Wagner model shown in Fig. 4 (a), (b) and (c). Since the
two-layer structure capacitors are compacted with different
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composition and then sintered, it is inferred that the inter-
facial regions should exist at the boundary between the
PFWTM-1 and PFWTM-2 ceramics. Furthermore, the
thicknesses and compositions of the interfacial region should
be the same between the two-layer structure capacitors of the
1:1 PFWTM, 2:1 PFWTM and 3:1 PFWTM since these
samples are compacted with the same calcined powders,
PFWTM-1 and PFWTM-2, and sintered at the same
temperature (880 °C) for the same time (2 h). Therefore, the
enhanced effect of the dielectric constant can be attributed to
the interfacial region [23-26] and the equivalent circuit is
shown in Fig. 1(d). According to the previous reports [23-26],
the interfacial region has low resistivity and its resistivity is
decreased by increasing the temperature, in obeisance of the
Arrhenius law. Although the interfacial region can be used to
explain the enhanced effect of the dielectric constant, it
cannot explain why the enhanced degree is strengthened by
increasing the PFWTM-1 thickness, since the thicknesses and
compositions of the interfacial region should be the same for
the two-layer structure capacitors of the 1:1 PFWTM, 2:1
PFWTM and 3:1 PFWTM.

As mentioned above, the Maxwell-Wagner model with the
low resistivity interfacial region can explain the temperature-
independent dielectric peak and the enhancement of the
dielectric constant. In addition, this model always accompanies
a high dielectric loss because of the low resistivity interfacial
region [23-26]. Comparing the experimental data and the
fitting results of the temperature-tangent loss in Fig. 4, there is
no obvious difference at a low temperature range (< — 16 °C)
and the experimental data is slightly enhanced only at a low
frequency and at the temperature compensation range
(=16 °C to 33 °C). Furthermore, the experimental data is
suppressed at a high temperature range (> 33 °C). These
results are inconsistent with the low resistivity interfacial
region of the Maxwell-Wagner effect since this model always
accompanies a high dielectric loss [23-26].

In Fig. 3 (a), the dielectric loss and dielectric constant of the
PFWTM-1 ceramics are increased when the measured tem-
perature is increased at low frequencies and higher tempera-
ture (> 50 °C). According to the previous reports [4,5], these
phenomena are due to the space charge polarization and dc
conduction which are presented in the previous section. In
Fig. 4 (a), (b) and (c), these two-layer structure capacitors are
compacted with the PFWTM-1 and PFWTM-2 ceramics.
Therefore, the two-layer structure capacitors should exhibit the
dielectric properties of the PFWTM-1 and PFWTM-2 cera-
mics. Furthermore, the 3:1 PFWTM should exhibit more the
dielectric properties of the PFWTM-1 ceramics since the
thickness of the PFWTM-1 ceramics is the largest. In Fig. 4,
the dielectric loss is obviously increased when the measured
temperature is increased at the highest temperature range
(>50°C) for both the experimental data and the fitting
results. For the fitting results shown in Fig. 4 (a), (b) and
(c), the dielectric constant is obviously increased when the
measured temperature is increased at the lower frequency and
higher temperature (> 50 °C). For the experimental data of
the 3:1 PFWTM shown in Fig. 4 (c), the dielectric constant is

slightly increased when the measured temperature is increased
at the low frequencies and higher temperature (> 80 °C).
These phenomena show the dielectric properties of the
PFWTM-1 ceramics at the high temperature and are enhanced
by increasing the thickness of the PFWTM-1 ceramics at the
same time. According to the dielectric properties of the
PFWTM-1 ceramics and the response mechanism at the
highest temperature (> 50 °C) in Fig. 3(a), it is concluded
that the space charge polarization and the dc conduction also
show at the highest temperature range (> 50 °C) for the two-
layer structure capacitors shown in Fig. 4 (a), (b) and (c). The
experimental results are suppressed as compared the fitting
results. Therefore, it is concluded that the space charge
polarization and the dc conduction are suppressed at the
highest temperature range by the two-layer structure since the
phenomena of increased dielectric constant and loss with
increased temperature at the highest temperature are
suppressed.

4. Conclusions

In conclusion, this study investigated the low field
dielectric responses of the two-layer structure capacitors
with different compositions for the different thickness
ratios of the PFWTM-1 and PFWTM-2 ceramics. The
experimental data of the two-layer structure capacitors
compare the Maxwell-Wagner effect fitted with the experi-
mental data of the PFWTM-1 and PFWTM-2 ceramics
with single-layer structure. With the two-layer structure,
temperature-independent dielectric peaks are realized and
the dielectric constant is enhanced. Moreover, the dielec-
tric loss is obviously suppressed at the high temperature
range for the experimental data of the two-layer structure
capacitors. It is concluded that the space charge polariza-
tion and the dc conduction are reduced at the highest
temperature region for the two-layer structure capacitors.
The temperature-independent dielectric peak and the
enhanced dielectric constant can be explained by the
Maxwell-Wagner model with a low resistivity interfacial
region. However, until now, other phenomena could not
be adequately explained by a physical model. We will
continue with further research and quantitative analysis in
the future.
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