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Abstract

In this work, Eu Bi, Sr,CaCu,O4 s (Where x = 0, 0.3, 0.5) samples were prepared by solid-state reaction
method and sintered at 950 °C for 24 h. The structural characterizations were done by X-ray diffraction,
X-ray fluorescence, scanning electron microscope and Fourier transformed infrared spectroscopy. The ther-
mal stability of the samples was also analysed by thermogravimetric TG and DTA measurements. It was
shown that Eu, sBi, Sr,CaCu,O s sample exhibited high dielectric constant and low dielectric loss rela-
tive to BiSr,CaCu,Q s material. Thus, the dielectric loss was lowered by heavy rare earth metal substitution
on Bi-Sr-Ca-Cu-0O ceramics while the dielectric constant still remained high. Temperature-dependent complex
electrical modulus spectra obtained between 296 and 433 K also revealed the temperature-activated relaxation
process in the materials which can be attributed to the Maxwell-Wagner type polarization effect. Ultimately,
it was suggested that the Eu, ;Bi, sSr,CaCu,O s ceramics may have a promising potential for applications
which require high dielectric constant with a low dielectric loss.

Keywords: solid state synthesis, Eu substituted BiSr,CaCu,Oy s, dielectric properties, impedance
spectroscopy

I. Introduction ZrSiO, are also commonly used interlayer dielectric
. . . . materials in high-density microelectronic packaging
_High-performance dielectric mat,enals, %(nown a8 [2,3]. Additionally, many heavy metal oxides, such as
high dielectric .constar.lt mat.erlals (e = 10. ), are ex- Zr0,, HfO,, Al,O;, (Ba,Sr)TiO;, Ce0,, Y,0;, La,0,,
pected to play increasingly important roles in the next Ta,Og and TiO,, have been proposed as promising al-
generation of electronics and large scale integrated mi- o rnatives to Si0, in the next generation integrated cir-
croelectron.ics technology. In recent years, a.great MUM-= " cyits. These materials are either oxides of 4d and 5d
ber of studies have focused on the production of new,  ansition metals or rare earth elements [4]. From this
high quality and high-k gate dielectrics on semiconduc- point of view, a partially heavy rare earth element (eu-
tors surface. Silicon dioxide (Si0,) is the most used di- 1.y substituted Bi-based copper oxide layered ma-
electric gate material m.electromcs, I?Ut the thermally o015 were developed for achieving better insulating
grown SiO, has many disadvantages in microelectron- properties for microelectronic technology.
ics, such as thermodynamically and electrically unstable As it is known, Bi-based copper oxide layered materi-
high-quality. interface state dpnsity [.1]. In this context, 14 have exotic properties. For example, Bi, Sr,CaCu, Oy
the preparation of new matenals, which both extend the - ang Bi,Sr,Ca,Cu 0, exhibit superconductivity below
imits of silicon dioxide and have better electrical insu- o ritical transition temperatures of 85K and 110K,
latio.n. properties, has beqome incr.easingly importaqt. respectively [5]. Additionally, they are good insulat-
Silicone-based ceramic materials, such as HfSiO,, ing materials at room temperature. Their magnetic
and electrical properties between liquid helium and
room temperatures have been investigated in details
by many researchers. However, the dielectric proper-

*Corresponding authors: tel: +90 212 3834293,
e-mail: zgozdemir@ gmail.com

323


https://doi.org/10.2298/PAC1904323O

Z.G. Ozdemir et al. | Processing and Application of Ceramics 13 [4] (2019) 323-332

ties of BiSr,CaCu,QOq s, belonging to the same fam-
ily, have not been examined until now. In this study,
we have focused on the related Bi-based copper ox-
ide layered ceramic perovskite material and the im-
provement of its dielectric properties. For this purpose
europium, i.e. heavy rare earth element, partially sub-
stituted BiSr,CaCu,O, s materials have been prepared
for the first time. While pure BiSr,CaCu,O, s mate-
rial has high dielectric constant and very high dielec-
tric loss, europium substituted BiSr,CaCu, O s ceram-
ics have higher dielectric constant and lower dielectric
loss relative to pure BiSr,CaCu, Oy s.

II. Experimental

2.1. Preparation of Eu,Bi;.+Sr2CaCuy0g s ceramics

Eu,05 (99.99%), Bi,0; (99.99%), SrO (99.99%),
CaO (99.99%) and CuO (99.99%) powders were used
as precursors and supplied from Sigma Aldrich. The
pure BiSr,CaCu,O, 5 was synthesized by conventional
solid-state reaction method summarized in Fig. 1. The
starting precursor powders (Bi,0;, SrO, CaO and CuO)
were mixed in appropriate stoichiometric ratios which
give BiSr,CaCu, O 5 and then ground in an agate mor-
tar for 2h. The resultant powder was pressed into a
pellet under the pressure of approximately 10° Pa. The
pellet was placed in Al,O; crucible and heated at a
rate of 1°C/min to 950°C for 24h in an atmospheric
environment. The sample was ground for 15min to
obtain fine powder mixture which was again pressed
into a pellet. Finally, the pellet was sintered at 950 °C
for 24h in an atmospheric environment. Similar pro-
cedure was used for preparation of Eu substituted Bi-
based materials. The Eu substituted Bi-based ceramics
(Eu, Bi, Sr,CaCu,O ; where x = 0.3 and 0.5) were pre-
pared by mixing Eu,O,, Bi,0,, SrO, CaO and CuO
powders in appropriate stoichiometric ratios. The mix-
tures were ground in an agate mortar for 2h and then
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sintered at 950 °C

for24 h

the Eu substituted Bi-based samples were obtained by
using the same process given in Fig. 1.

2.2. Characterization techniques

The Fourier-transformed infrared (FTIR) spectra of
the samples were measured by NICOLET iS10 FTIR
spectrometer (Thermo Fisher Scientific, USA) operated
in transmission mode with the spectral region from 4000
to 500cm™.

Chemical analyses of the pure BiSr,CaCu,O, 5 and
Eu substituted BiSr,CaCu,O, s powders were deter-
mined by X-ray fluorescence (XRF) measurements per-
formed with the equipment model X-123SDD from
Amptek, which carries an Au-target X-ray tube (30kV,
100 uA). The system consists of an X-ray tube, a sample
holder and a silicon drift detector at a scattering angle
of 90°. Microstructure of the samples was observed by
scanning electron microscope (SEM, Zeiss-EVO® LS
10 model). Additionally, the mass densities of the sam-
ples were calculated via the Archimedes’ principle by
using ethyl alcohol as an immersion liquid.

The thermal stabilities of the samples were anal-
ysed by SII Nanotechnology Exstar 6000 TG/DTA6300
thermogravimetric-differential thermal analyser (TG-
DTA) with programmed heating at 1 °C/min from 25 to
820 °C under the nitrogen atmosphere.

X-ray powder diffraction (XRD) pattern for each
sample was obtained by Rigaku model XRD device
(at 40kV, 40mA) using CuK,, (1.54 A) radiation in the
range 20 = 20—65° at room temperature. The XRD pat-
terns of the samples were analysed by MDI Jade 6.5
program.

2.3. Impedance measurements

Impedance measurements were performed by NOVO
Control Broadband Dielectric/Impedance analysers
with Quatro Cryosystem in the frequency range be-
tween 1 Hz—40 MHz within the temperature interval of
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Figure 1. The samples preparation steps
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296-433 K. The measurements were carried out with
a two-point probe technique. The samples, prepared in
the form of a pellet with 1.0cm in diameter and 1.4—
1.8 mm thickness, were placed between two gold elec-
trodes whose surfaces totally overlap the faces of the
samples. The diameter of the electrode was 2.0 cm and
the active electrode area was 6.283cm?. The results
were also transferred to a computer with GPIB data ca-
ble and simultaneously recorded by the computer.

II1I. Results and discussion

3.1. Structural characterization

FTIR spectra of the samples heated at 950 °C are
given in Fig. 2. The band at 1444 cm’! may be due to
bending vibrations from O-H groups and the band at
1041 cm™ can be assigned to Sr—-O-Sr stretching vibra-
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Figure 2. FTIR spectra of the powders (heated at 950 °C):
a) BiSr,CaCu, 0 5, b) Eu, ;Bi, ,Sr,CaCu;0 ;s and
¢) Eu, ;Bi, ;Sr,CaCu;0 5
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tions. Therefore, the IR spectra confirmed the formation
of SrO with hydroxyl groups due to the presence of sur-
face water and did not exhibit bands corresponding to
organic residues [6]. The band at 855cm’! represented
Bi—O symmetrical stretching vibration in BiO; units
[7] and 575cm™ was interpreted as vibrations of Bi—
O bonds in the distorted BiO, polyhedra [8]. The char-
acteristic band at 624cm™! showed the bending vibra-
tions of the CuO crystal lattice [9]. The band observed
at 586 cm™' showed the presence of Ca=0 group in the
samples [10]. The characteristic band of Eu,O; vibra-
tions generally appears at 470 cm™ [11]. Since the spec-
tral measurement region of the spectrometer does not
cover the wave numbers smaller than 500 cm!, the char-
acteristic Eu,O, vibration band has not been observed
in Fig. 2. However, the presence of Eu in the material
has been confirmed by XRF results (Fig. 3). On the
other hand, as the Eu substitution increases, the inten-
sity of the band related to the Bi—O symmetrical stretch-
ing vibration observed at 855 cm™!' decreases. Addition-
ally, a weak shoulder at 865 cm™ has been observed in
the FTIR spectrum of the Eu, sBi, ;Sr,CaCu;O; 5. The
shoulder at the vicinity of 865 cm! is related to the vi-
brations of strongly distorted [BiO4] octahedral units
[12-14].

As shown in Fig. 3, the fluorescent peaks of Ca, Cu,
Bi, and Sr were observed for BiSr,CaCu,O, s sample
between 3.692 and 15.836keV. In addition to these flu-
orescent peaks, partially Eu substituted samples exhib-
ited two peaks at 5.846 and 6.456keV that correspond
to Eu. Moreover, as the europium content in the sam-
ples increased, the height of the peaks increased. The
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Figure 3. XRF results of the powders (heated at 950 °C): a) BiSr,CaCu, O s, b) Eu;Bi, ;Sr,CaCu;0; s and
¢) Eu, sBi, ;Sr,CaCu;0 5
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Table 1. Chemical composition of the samples

Sample BiSr,CaCu, Oy 5 Eu0‘3Bi0‘7SrZCa-Cu3O6‘5 Eu, sBi, sSr,CaCu; 0 5
Concentration [wt.%]
Eu 0 7.14 12.12
Bi 31.89 22.92 16.67
Sr 26.74 27.46 27.95
Ca 6.12 6.28 6.39
Cu 19.39 19.91 20.27
O 15.86 16.29 16.58

200 nm

200 nm

—

Figure 4. The SEM micrographs of the sintered samples: a) BiSr,CaCu, O 5, b) Eu, ;Bi, ,Sr,CaCu;0, ; and
¢) Eu, ;Bi, ;Sr,CaCu;0 5 (insets show the surface of the powders)
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Figure 5. TG/DTA curves of the powders (heated at 950 °C): a) BiSr,CaCu,O s, b) Eu,;Bi, ;Sr,CaCu;0 5 and
¢) Eu, sBi, ;Sr,CaCu;0 5

increase in the height of the peak confirmed the increas-
ing Eu substitution in the samples. The chemical com-
positions of the samples were also given in Table 1.
The SEM micrographs of the sintered samples were
shown in Fig. 4. Homogenous morphology and al-
most equal grain size distribution were observed for
BiSr,CaCu,Os. As the europium substitution in-
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creases in the material, the grain size distribution be-
comes inhomogeneous. Additionally, the well-faceted
grain boundaries can be seen in Fig. 4. The insets
in Fig. 4 also show the SEM micrographs of the
powder samples. All samples have a layered struc-
ture which is made up of plates with different shapes
whose average size is between 1-5 um. BiSr,CaCu,Oq 5
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Figure 6. XRD patterns of the powders (heated at 950 °C): a) BiSr,CaCu, O s, b) Eu,;Bi, ;Sr,CaCu;0, ;s and
¢) Eu, 5Bi, ;Sr,CaCu;0 5

also shows the mica-like ceramic structure which is
consistent with the mica-like layered building blocks
structure characteristic for bismuth-containing ceram-
ics [15]. The well-faceted grain boundaries can be seen
in Fig. 4. Moreover, as shown in Fig. 4c, europium
substitution in the pure BiSr,CaCu,O s system causes
a pentagonal shaped layered structure. The mass den-
sities of the BiSr,CaCu,O s, Eu;Bi,,Sr,CaCu;Oq 5
and Eu,, sBi; ;Sr,CaCu, O . samples were determined
as 4.96, 3.95 and 3.90 g/cm”, respectively.

The total weight losses of the samples after the heat-
ing process up to 820 °C were given in Fig. 5. Accord-
ing to TG analysis, as the amount of Eu increases in
the material, the total weight loss decreases from 4.37%
to 3.51%. In this context, Eu substitution increased the
thermal stability of the Bi-Sr-Ca-Cu-O in the related
temperature interval. On the other hand, while one step
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pattern of thermal degradation was observed for the
BiSr,CaCu, O 5 sample, two-steps pattern was deter-
mined for the Eu substituted BiSr,CaCu, O s.

The XRD patterns and the Miller indices of the
crystal planes’ reflections were shown in Fig. 6. Ad-
ditionally, an impurity phase associated with CuO
has been indexed by star symbol in the XRD pat-
terns. As shown in Fig. 6, similar to other Bi-
based phases such as (Bi,Pb)Sr,(Y,Ca)Cu,0,_ [16]
and (T1,Bi)Sr,(Ca,Y)Cu,O, [17], it was found that
BiSr,CaCu, O 5 and the Eu-substituted samples crystal-
lize in tetragonal structure. Additionally, the diffraction
peaks shifted towards higher 26 angles with increasing
Eu substitution. The similar peak shift was also reported
for the Eu substituted Bi, ¢Pb,sSr, Eu Ca,,Cu,,0,
(where 0 < x < 0.5) [18] and Bag(Bi,_ Eu )yB;y0,;4
(where 0 < x < 1) [19] materials.
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3.2. Dielectric properties

The complex dielectric function £* is defined by:

g =¢&-jeg’ @)
where & and &” are the real and imaginary components
of the complex dielectric function, respectively. While
the real part of £* represents the charge storage ability
of the dielectric material, the imaginary component of
&" determines the dielectric loss.

The frequency dependencies of the real and imagi-
nary parts of the complex dielectric function of the sam-
ples at room temperature were given in Figs. 7a and 7b,
respectively. As shown in Fig. 7a, &’ value increased
with increasing heavy rare earth element (i.e. Eu) con-
centration. On the other hand, dielectric loss (&) value
decreased considerably with increasing europium con-
tent in the material (Fig. 7b). It was determined that
while the real part of the complex dielectric function is
increased 3.8 times for x = 0.5 Eu substitution, dielectric
loss is decreased 32 times at room temperature. From
this point of view, the highest charge storage ability with
the lowest dielectric loss at room temperature was ob-
tained for Eu,, sBi,, sSr,CaCu, O 5 ceramics. In this con-
text, it was suggested that Eu, sBi, ;Sr,CaCu, Oy 5 ce-
ramics may be used as a good insulating material for
capacitor applications.

(a) )
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A
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g versus frequency curves of the samples given in
Fig. 7b showed similar behaviour with increasing fre-
quency. The most important feature of the material is
the decrease of the dielectric loss by 100 times with sub-
stituting europium in the BiSr,CaCu,O s system. Ac-
cording to Feng et al. [23] the decrease in the dielec-
tric loss in “ILBC dielectric material” can be associated
with the increase of conductivity in the (Eu/Bi)-Sr-Ca-
Cu-O grain/subgrain. In this context, europium substi-
tution achieved to increase the resistivity of the insulat-
ing barriers in the materials which leads to the increase
of grain boundary resistance at low frequency. This pre-
diction was also confirmed by complex impedance mea-
surements.

3.3. Electrical modulus properties

To distinguish localized dielectric relaxation process
from long range conductivity, complex dielectric and
electrical modulus graphics of the samples were also
compared.

As it is known, complex electrical modulus, M*, is
defined as:

M =M - jM// — (s*)—l (2)
The frequency dependences of the real and imaginary
components of the complex electrical modulus of the
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Figure 7. The frequency dependence of: a) the real and b) imaginary components of the complex dielectric function of the
samples at room temperature
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samples are given in Fig. 8a and 8b, respectively. The
frequency dependences of the real part of the com-
plex electrical modulus of the samples displayed fre-
quency independent behaviour from low frequencies to
mid-frequencies with zero value and showed increas-
ing behaviour at high frequencies. Approximately zero
value of M’ at low frequencies also verified the removal
of electrode polarization effect and indicated the con-
duction phenomena due to the long-range mobility of
charge carriers in the material [26,27].

On the other hand, M” showed frequency indepen-
dent plateau for the low frequencies, then increased with
the increase of frequency, displayed a peak and finally
it decreased with frequency. In addition, the asymmet-
ric modulus peak appearing in M"” versus frequency
curve shifted towards the lower frequencies with in-
creasing europium substitution. The shift of modulus
peak to the lower frequencies due to the increased eu-
ropium substitution represented the range of frequen-
cies in which the ions are capable of moving at long
distances by performing hopping from one site to the
neighbouring ones [28,29]. In addition, pure conduction
process manifests itself as an occurrence of a peak only
in M” = f(w) spectra. On the other hand, localized di-
electric relaxation process is characterized by the ap-
pearance of peaks in both &’ = f(w) and M” = f(w)
spectra [30-32]. In this context, the comparison of Figs.
7b and 8b revealed that the samples exhibited pure con-
duction process.

In general, the Cole-Cole plot in complex electrical
modulus plane is more effective for determining the
contribution from grains and grain boundaries. Due to
this reason, the Cole-Cole plots in complex electrical
modulus plane of the samples have also been investi-
gated (Fig. 9). As it is seen, the complex electric modu-
lus spectra of the samples did not constitute a complete
semicircle. Instead of complete semicircles, the samples
displayed deformed arcs whose centres were positioned
below the real axis. This behaviour of the Cole-Cole
plots also indicated the non-Debye type of relaxation
process. Moreover, while pure BiSr,CaCu,O; s dis-
played strong grain effect due to the observation of ap-
proximately single deformed semicircle, europium sub-
stituted BiSr,CaCu,O, s samples displayed both grain
and grain boundary effects at the high and low frequen-
cies, respectively.

The temperature dependence of M” versus fre-
quency curves were given in Figs. 10a, 10b and 10c
for the BiSr,CaCu,O s, Eu,;Bi,,Sr,CaCu;0(; and
Eu, sBi, sSr,CaCu, Oy s, respectively. It was clearly ob-
served that M peak shifts to the high-frequency region
with increasing temperature from 293 K to 433 K for all
samples. This characteristic behaviour of M" versus fre-
quency curves implied the temperature-activated relax-
ation process which can be attributed to the Maxwell-
Wagner type polarization effect. The Maxwell-Wagner
type polarization of the samples was also suggested in
the dielectric results section. It indicates that the grain
boundaries have a crucial influence on the dielectric
properties of the material investigated [33,34].

Temperature dependence of the relaxation time (7)
was investigated by determining relaxation frequencies
(f;) at which the maximum M" is observed. Relaxation
time was calculated by the relation 7 = 1/2xf,.. The acti-
vation energies of the samples were calculated from the
slope of the Arrhenius plot of relaxation time given in
Fig. 10d.

The Arrhenius equation is described by:

E,
T:TQ-exp(kBT) 3)

where E, represents the activation energy, 7y is the mean
relaxation time and kg is the Boltzmann constant. As
shown in Fig. 10d, activation energy increased with in-
creasing Eu substitution. The increase in activation en-
ergy can be attributed to the fact that the conduction pro-
cess is getting harder by Eu substitution which results
in obtaining better insulating material with a higher &
value.

3.4. Impedance spectra of the samples

In Fig. 11, the frequency dependences of the real and
imaginary component of the impedance together with
the Cole-Cole plots were shown.

7' = f(w) curves of the samples exhibited three dif-
ferent behaviours with increasing frequency (Fig. 11a):
approximately frequency independent plateau, decreas-
ing Z’ with increasing frequency and approach to the
lowest value of Z’ at high-frequency region. The de-
crease of Z’ values with increasing frequency can be in-
terpreted as an enhancement of the mobility of charge

—=— BiSr,CaCu,0,
—— Eu,,Bi, ,Sr,CaCu,0,

03707772 276.5|

+— Eu, Bi, Sr,CaCu,0,

0570572 27 6.5

Figure 9. The Cole-Cole plots in complex electrical modulus plane for the samples
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Table 2. Equivalent circuit fitting parameters of the impedance

BiSr,CaCu,O4 s  Eug4Bi;,Sr,CaCu,O4 s EuygsBijSr,CaCu,0O s
R, [Q] 2.518 x 10* 2.605 x 10° 1.622 x 10°
Ry, [Q] 4.065 x 10* 4.164 x 10° 2.441 % 10°
CPE, 2.179x 10711 1.527 x 1071 1.412x 1071
CPE,  3.434x 1071 3.266 x 1011 2.508 x 10~1

carriers. In addition, merging of the same Z’ values at
high frequency for all samples indicated the existence
of space charge polarization in the material [35]. On
the other hand, it was determined that Z’ values at low
and mid-frequency region considerably increases with
europium substitution. This means that Eu substitution
increases grain boundary resistance which results in the
increase of the real part complex dielectric function. The
similar results were reported for CaTiO, and ZrO, dop-
ing in CaCuTiO, , ceramics [36,37].

As shown in Fig. 11b, the absolute value of the imag-
inary component of complex impedance function of all
samples showed an increasing behaviour with increas-
ing frequency up to the certain frequency, then started
to decrease and reached its minimum value. The criti-
cal frequency at which maximum Z” is observed shifted
from 164.14 kHz to 4.06 kHz with increasing europium
substitution in BiSr,CaCu, O s.

The Cole-Cole plots, shown in Fig. 11c, have a de-
pressed semicircular arc which can be fitted by consid-
ering both the grain and grain boundary contributions.
The depressed semicircle also implies the non-Debye
type of relaxation in the samples. While the low and
mid-frequency arcs correspond to the grain boundary
effect, the high-frequency one is due to the grain con-
tribution. As it is illustrated in Fig. 11c, the equivalent
circuit of the samples can be modelled by considering
both contributions with a serial combination of two par-
allel combinations of a resistor and constant phase el-
ement (CPE). In our situation, the curves were fitted
with parallel resistances (R) and constant phase ele-
ments (CPEs) instead of parallelly connected R and C
elements since CPE is used to evaluate the Non-Debye
type relaxation. In the equivalent circuit, one parallelly
connected R and CPE pair corresponds to the grain ef-
fect, the other one represents the grain boundary effect.
The related equivalent circuit parameters were given in
Table 2. The presented data confirmed that the grain
boundaries are more resistive and capacitive than the
grains for each sample. On the other hand, it was also
determined that as the Eu substitution increases, R, and
Ry, values increase while C, and Cy;, values decrease.

IV. Conclusions

In this work, europium substituted BiSr,CaCu,O 5
ceramic samples were synthesized for the first time. The
pure and europium substituted BiSr,CaCu,O, 5 sam-
ples, sintered at 950 °C for 24 h, were characterized in
terms of their chemical compositions, microstructures
and morphologies. Dielectric properties were investi-
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gated between 1Hz and 40 MHz varying from room
temperature to 433 K. Dielectric measurements revealed
that Eu sBij, ;Sr,CaCu,;O4 5 sample exhibits a higher
dielectric constant and lower dielectric loss relative to
BiSr,CaCu,Og 5. In this context, partial europium sub-
stitution into BiSr,CaCu, Oy 5 system was suggested as
an effective dopant for obtaining better dielectric mate-
rial with the lower dielectric loss. The results have also
been confirmed by analysis of the temperature depen-
dent complex electrical modulus of the samples. The
temperature dependence of the relaxation time anal-
ysis pointed out that partially europium substitution
increased the activation energies which resulted in a
harder conduction process in the material that causes
to obtain a high dielectric constant material. Ultimately,
Eu,, sBi, Sr,CaCu, O, 5 material may have a promising
potential for capacitor applications which require high
dielectric constant with the low dielectric loss.
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