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Abstract

Cu’* and Er** doped BaZr \sTi, 9sO; (BZT) ceramics were prepared using the solid-state reaction method,
where amount of CuO + Er,0; was fixed at 2 wt.% and different CuO : Er,O; molar ratios (i.e. 1:1, 1:2, 1:3,
2:1 and 3:1) were used. The influence of Cu** and Er’* doping on crystal structure and dielectric properties
of the samples sintered at 1300 °C was investigated. X-ray diffraction analysis confirmed the formation of a
single-phase material and tetragonal crystal structure with P4mm symmetry. Microstructural analysis con-
ducted with a scanning electron microscope revealed well-defined and uniformly distributed grains across the
surface of the sintered samples and reduction of grain size and density with doping. The highest energy stor-
age density of 40.51 mJjcm® with an energy efficiency of 78.8% was obtained in the sample with CuO : Er,0,
molar ratio of 2:1. The doped BZT ceramics have high dielectric constant and significantly lower tangent loss
in comparison to the undoped BZT. The dielectric data confirm the non-Debye behaviour for all the samples.
Impedance spectroscopy and electrical modulus analysis indicated that conduction in the materials was influ-
enced by both the grains and grain boundaries. The AC conductivity is described by the Jonscher’s universal
power law, whereas DC conductivity follows a dependency based on the Arrhenius’s theory. The results re-
vealed a conduction mechanism characterized by non-overlapping small Polaron tunnelling up to 340 °C and
a transition to correlated barrier hopping conduction above 340 °C within the selected temperature range for
all the samples. According to the Arrhenius fitting of DC conductivity the activation energy of the undoped
BaZr, ,sTi, ¢50; sample is 0.168 ¢V and decrease with doping to 0.138 and 0.131 eV for the sample with lower

Cu?* contents (CuO : Er,0; molar ratios of 1:2 and 1:3, respectively).
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I. Introduction teristics, including a moderate dielectric constant and
low dielectric dissipation factor, which make it well-
suited for applications in ceramic capacitors and RAMs
[8-12]. BaZr Ti, O, system displays composition-
dependent polymorphic phase transitions [13—15]. As
the percentage of Zr increases in BaZr Ti,_,O;, the poly-
morphic phase transitions, including rhombohedral to
orthorhombic, orthorhombic to tetragonal, and tetrag-
onal to cubic, converge on each other. This leads to a
shift from ferroelectric to paraelectric at lower temper-
atures and other transitions shifting to higher tempera-
 Corresponding author: tel: +91 9466962130 tures. Interestingly, the.se transitioqs. occur near ambient
temperature for a specific composition of BaZr Ti, O,

Lead-free ceramics with a perovskite structure
(ABO;), such as NBT, KNN, BNT and barium titanate,
have attracted considerable attention due to environ-
mental concerns [1-7]. These ceramics find wide ap-
plications in electronics, including RAMs, actuators
and MLCCs. Particularly, barium zirconium titanate
(BaZr Ti, ,O;), known for its customizable electrical
and optical characteristics, has intrigued researchers.
The material demonstrates favourable electrical charac-
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with x = 0.15 [16,17]. After an extensive literature re-
view, we have come across encouraging results regard-
ing BaZr ,sTi, o505 in terms of its piezoelectric, elec-
trostrictive strain, ferroelectric and luminous properties
[18-21].

The incorporation of rare earth ions (Re*") into the
BaZr Ti, O, system has attracted considerable atten-
tion in research circles owing to their remarkable elec-
trical characteristics [22—-24]. These Re** ions can in-
fluence lattice symmetry and grain size, which are cru-
cial factors in studying electrical properties [25-33].
Some researchers have explored the doping of BaTiO;
with Er** [30,34,35]. Among various rare earth ions,
Er** doping introduces multifunctional properties to the
system [30]. Furthermore, electrical measurements re-
vealed that in Er’* based BaTiO; conduction mecha-
nism is either an NSPT (Non-overlapping Small Po-
laron Tunnelling) or a CBH (Correlated Barrier Hop-
ping) model [30]. Similarly, the effect of Cu-doping on
BaTiO;-based ceramics has been studied several times
[33-36]. Studies showed that Cu increases electric con-
ductivity of BaZr Ti, ,O; and exhibits a temperature-
dependent relaxation phenomenon. In a nutshell, Er** or
Cu?* doped barium titanate exhibits changes in the mi-
crostructure and improves electrical, magnetic and opti-
cal properties.

It is important to underline that BaZr Ti, O, material

dielectric and impedance behaviour of BaZr s Ti, ¢sO;

ceramics doped with Eu®* and Cu®* ions has been the
focus of our research.

II. Experimental

Eu’* and Cu®* doped BaZr, (sTi, sO; powders were
synthesized using a solid-state reaction method and
Ba,CO,, ZrO, and TiO, (Sigma Aldrich) powders in
stoichiometric proportions. The initial step involved
mixing the raw powders in a mortar and pestle for dura-
tion of 6 h. The mixture was then calcined at 1100 °C
for 5h in a high-temperature furnace. The calcined
BaZr 1sTi; ysO; powder was combined with varying
molar ratios of CuO to Er,O,, and the amount of
CuO + Er,0, was fixed at 2 wt.%. The resulting mix-
tures were further ground in a mortar and pestle for
2h. The CuO : Er,0, molar ratios were adjusted to
1:1, 1:2, 1:3, 2:1 and 3:1. The dopant content and ab-
breviations used throughout the manuscript are given
in Table 1. To form cylindrical pellets, 2.5 wt.% PVA
binder was added to the mixed powders and hydraulic
pellet pressing was performed at uniaxial pressure of
100 MPa. Subsequently, the obtained pellets were sin-
tered at 1300 °C for 6 h. Throughout the manuscript, the

Table 1. Abbreviations and dopant content

with Er,O; and CuO addition has not been explored yet. Abbreviation CuO + Er,0;  CuO to Er,0,
Therefore, to improve electrical characteristics, we used amount [wt.%]  molar ratio
Er’* and Cu®* ions in various molar ratios to substitute BZT 0 -
in BaZr, )sTi; 9505 (BZT) ceramics with total CuO + CE 2 1:1
Er,O; amount of 2 wt.% [37]. It is assumed that small CE2 2 1:2
Cu?* ion will substitute Ti*" at B-site, however larger CE3 2 1:3
Er’* can be introduced preferable on both A-site but 2CE 2 2:1
could be also at B-site. The structural, microstructural, 3CE 2 3:1
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Figure 1. XRD patterns of BZT, CE, CE2, CE3, 2CE and 3CE ceramics (a) and the Lorentzian fit of the reflected peak
at 45.32° (b)
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Figure 2. The refined XRD patterns for sintered ceramics: a) BZT, b) CE, ¢) CE2, d) CE3, e¢) 2CE and f) 3CE

sintered samples will be also referred to by their respec-
tive names for simplicity.

To analyse the initial phase of the samples, XRD data
were collected on Rigaku Miniflex-II with Cu-K radia-
tion. The microstructures of the ceramics were exam-
ined using a FESEM (JEOL JSM-7610FPlus), while
density measurements were performed using the Den-
ver Instrument SI-234. FTIR spectra were measured us-
ing a spectrometer from Perkin Elmer. Furthermore, the
ferroelectric properties were investigated using a P-E
loop tracer. The measurement of dielectric properties
and complex impedance were measured using a Novo
control Alpha A Impedance Analyser.

II1I. Results and discussion

3.1. Structural analysis

XRD patterns of the sintered BZT, CE, CE2, CE3,
2CE and 3CE samples are displayed in Fig. 1a. Prelim-
inary visual analysis of the diffractograms revealed that
the XRD peak at 38.7° is a singlet and the 45.3° peak is
doublet in nature (Fig. 1b). This suggests the presence
of a distorted perovskite with a tetragonal-like struc-
ture, considering that the undoped BZT sample pos-
sesses tetragonal crystal structure [38]. To further inves-
tigate the crystal structure, the Rietveld refinement anal-
ysis was conducted using the tetragonal structure model
with the P4mm phase group. The refined XRD patterns
of all the samples are presented in Fig. 2. The Rietveld
analysis revealed that all samples exhibit a good fit to
the tetragonal phase with P4mm symmetry. The refined
parameters for each sample are presented in Table 2.
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The refined XRD parameters provide important in-
sights into the crystal structure of the doped samples.
The presence of the tetragonal phase with P4mm sym-
metry suggests successful doping and incorporation of
the desired elements into the perovskite lattice. The ob-
served variations in lattice constants further confirm the
effect of doping elements on the crystal structure, em-
phasizing the role of atomic size differences in deter-
mining these changes.

There is a minor peak shift observed with increasing
erbium and copper content. This shift can be attributed
to the mismatch in ionic radii of the doping elements.
The larger size of Cu®** (73 pm) and Er** (89 pm) ions
compared to Ti*" (56 pm) at the B site induces lattice
expansion [39], as evidenced by the observed changes
in lattice parameters (a and c¢) documented in Table 2.
The unit cell dimensions (a, b, ¢) and angle 8 show
slight variations among the samples, but they remain rel-
atively close in value. This suggests that the doping does
not significantly alter the overall crystal lattice. How-
ever, the variation in parameters with an increase in Er
concentration (the samples CE2 and CE3) is more pro-
nounced than for the samples with higher Cu content
(the samples 2CE and 3CE). The volume of the unit cell
remains almost consistent across the samples, indicat-
ing similar unit cell sizes, but somewhat higher cell vol-
ume has the samples with higher Er content (the sam-
ples CE2 and CE3). The c/a ratio, which represents the
elongation along the c-axis, shows a slight elongation in
all the samples. It has been observed (Table 2) that the
value of y? is less than 5 for each sample. This indicates
that experimental and theoretical data have a very strong
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Table 2. The refined parameters, including the calculated average grain size (D) and experimental density (p) for the sintered

samples
Sample BZT CE CE2 CE3 2CE 3CE
Space Group Pdmm Pdmm Pdmm Pdmm Pdmm Pdmm
(tetragonal) (tetragonal) (tetragonal) (tetragonal) (tetragonal) (tetragonal)
a[A] 4.0022 4.0026 4.0035 4.0064 4.0013 4.0015
b [A] 4.0022 4.0026 4.0035 4.0064 4.0013 4.0015
c[A] 4.0297 4.0300 4.0325 4.0355 4.0304 4.0308
B1°] 90 90 90 90 90 90
v [A3] 64.54 64.56 64.63 64.77 64.52 64.54
cla 1.0069 1.0068 1.0072 1.0073 1.0073 1.0073
D [um] 36.1 16.7 11.9 13.6 12.4 10.6
p [g/em?] 6.60 6.56 6.53 6.49 6.58 6.55
R, 5.0 5.09 5.43 5.61 6.11 5.89
x° 4.1 4.23 4.69 4.38 4.10 3.89

correlation. The characteristic XRD peaks shown in Fig.  ments leading to the precipitation of larger Er/Cu ions
1b were deconvoluted using the Lorentzian multi-peak  at the grain boundary. It seems that Er'* exhibited a
fit, employing the phase information acquired from Ri-  more pronounced influence on the grain size compared
etveld refinement. A good agreement with the experi-  to Cu®*. This can be attributed to the difference in va-
mentally obtained XRD data indicates the presence of a  lence state of Er and Cu as well as ionic radii of Er**
pure phase. and Ba®* as compared to Cu** and Ti** (Er’* = 89 pm,
Ba’** = 161 pm, Cu** = 73pm, Ti** = 56 pm). Further-
more, the density values of the samples exhibited good
The micrographs captured from FESEM (Fig. 3) re-  correlation with the observed grain size values, i.e. the
veal a gradual reduction in grain size in the doped sam-  greater the grain size, the higher is the density. Thus,
ples. To quantitatively determine the grain size, the Im-  the samples exhibiting relatively larger grain size have
age] software was employed and the obtained data was  higher density.
visualized through histogram plots (insets in Fig. 3). .
Fitting by the Gaussian function was used to calculate 3.3. FTIR analysis

3.2. Microstructure characterization

the average grain sizes. These data together with exper- The characterization of functional groups in the sam-
imental density values of the sintered ceramics are tab-  ples was conducted using the Fourier transform infrared
ulated in Table 2. (FTIR) technique. Several distinguishable bands, that

The data indicate that the growth of grains is limited, ~ provide valuable information about the sample com-
which could be attributed to the presence of doping ele- ~ position, are clearly seen in the spectra (Fig. 4). The

Figure 3. FESEM micrographs of samples: a) BZT, b) CE, c¢) CE2, d) CE3, e) 2CE and f) 3CE
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Figure 4. FTIR results for sintered samples

broad band observed at 3369 cm™! is related to expan-
sion of the O—H bond [40,41]. Another significant fea-
ture detected in the FTIR spectra is the presence of a
band at 1635cm™!, which can be assigned to the Cu—
O bond [40]. The vibrations associated with the Zr—O,
Ti—-O, Er—O and Cu-O bonds contribute to a distinct
band ranging from 500 to 490cm™! [40,42]. A promi-
nent peak observed around 500 cm™! is of particular in-
terest and is consistently present in all samples. This
peak is indication of tetragonal structure of the doped
BaZr s Ti, ¢sO5. Its consistent appearance across dif-
ferent samples strengthens the hypothesis that the de-
sired tetragonal structure has been successfully obtained

20k

[43,44]. This observation confirms that the FTIR results
align with the structural information provided by XRD.

3.4. Dielectric properties

Figures 5 and 6 depict a typical frequency-dependent
variation of the relative dielectric constant (¢’) and di-
electric loss (tan ¢) for various samples. The pattern of
fluctuation demonstrates that " and tan ¢ both drop as
frequency rises, characteristic behaviour of dielectric
or ferroelectric materials. The samples demonstrate the
presence of multiple polarizations at room temperature,
encompassing electronic, ionic, dipolar and interfacial
polarizations. These diverse polarizations contribute to
the elevated value of & at low frequencies [45]. On the
other hand, at higher frequencies only electronic polar-
ization dominates, leading to lower values of &’. More-
over, with the variation in composition, there is only a
small difference in all the samples. In comparison to
the BZT ceramics, a small increase of the Curie tem-
perature as well as a slight increase in diffusivity is ob-
served in the Er/Cu doped samples (Fig. 5). The doped
BZT ceramics exhibit also increased dielectric constant
and a significant reduction in tangent loss. This phe-
nomenon can be attributed to the substitution of ions
with larger ionic radii, such as Er** (89 pm) and Cu*
(78 pm) on the Ti** (63 pm) site. This substitution re-
stricts the movement of ions, resulting in a reduced sen-
sitivity to temperature variations. This distribution of
local Curie points and microscopic heterogeneity con-
tributes to the observed diffusivity in &’ versus tempera-
ture plots, as depicted in Figs. 5d,e,f.
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Figure 5. £’ vs. temperature profile for samples: a) BZT, b) CE, c¢) CE2, d) CE3, e) 2CE and f) 3CE
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Figure 6. tand vs. temperature profile for samples: a)BZT, b) CE, ¢) CE2, d) CE3, e¢) 2CE and f) 3CE

3.5. Ferroelectric properties

Figure 7 illustrates the hysteresis loops of the sin-
tered ceramics at ambient temperature. The ferroelec-
tric polarization observed in the material is attributed
to the hybridization of titanium and oxygen ions in the
3d and 2p states [46,47]. In the case of the doped BZT
ceramics, P-E loop displays unsaturated loops. This be-
haviour could also indicate the existence of a magnetic
phase in the composite. Similar characteristics were re-
ported by Kumar et al. [48]. Additionally, the number of
grain boundaries increases as the grain size decreases,
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Figure 7. The hysteresis loops for each sample at room
temperature

which influences the ferroelectric properties. The polar-
ization can be affected by the depolarizing field caused
by the accumulation of space charge on grain bound-
aries, which prevents polarization charge on grain sur-
face [49]. Ceramics with larger grain sizes tend to ex-
hibit higher residual polarization P, and lower coercive
field E¢ values [50]. The variable oxidation state of Cu
introduces electronic heterogeneity, which affects con-
ductivity, oxygen concentration and polarization of the
material [50]. Notably, all doped samples demonstrated
a gradual increase in residual polarization and coercive
field compared to the BZT ceramics (Table 3).

The polarization values of the modified BZT materi-
als experience a significant increase due to Er**/Cu**
doping, which causes a charge imbalance. The CE2
sample exhibits the lowest polarization value of
2.21uC/cm?, closely to the BZT sample with P, =
2.13uC/cm? (Table 3). The 2CE sample demonstrates
the highest maximum polarization of 4.94 uC/cm? and
the lowest coercive field value of 1.64kV/cm among all
doped samples, indicating its ability to switch polarity
with less applied electric field, which aligns with values
reported in the literature for BZT-based materials.

The energy storage density was determined using the
following equation:

Prax

szE-dP (1)

Py
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Table 3. Remnant polarization, coercive fields, energy density and efficiency for all the samples

Sample Polarization Coercive field Energy density Efficiency, &

[uC/cm?] [kV/cm] [mJ/cm?] [%]
BZT 2.13 1.17 6.709 39.4
CE 3.32 3.08 12.87 32.1
CE2 2.21 2.24 18.68 39.7
CE3 3.65 2.62 13.57 65.9
2CE 4.94 1.64 40.51 78.8
3CE 3.29 2.20 16.39 39.9

where E represents the applied electric field, P, de-
notes maximum polarization and P, signifies the rem-
nant polarization. Table 3 also presents the calculated
energy storage efficiency (£). The storage efficiency (&)
in case of the 2CE sample exhibits the highest storage
efficiency, reaching an impressive 78.8%. This indicates
its ability to efficiently store and release energy. The
CE3 sample also demonstrates high efficiency with a
storage efficiency of 65.9%.

These results show the enhanced polarization prop-
erties of the modified BZT ceramics, highlighting the
sample 2CE standing out as a promising option for high-
energy applications. The obtained results contribute to
the understanding and potential of optimizing ferroelec-
tric materials for various technological advancements.

3.6. Complex impedance analysis

Figure 8§ illustrates how the actual impedance compo-
nent (Z') varies with frequency at various temperatures
(between 300 and 400°C). At low frequencies, Z’ is
large and decreases with increasing frequency, exhibit-
ing the characteristic NTCR (negative temperature coef-
ficient of resistance) [51]. Based on the decreasing ten-
dency of Z’ with rising temperature and frequency val-

ues, AC conductivity may rise with temperature [52,53].
The decrease in Z’ at all temperatures indicates the dis-
charge of space charge in the high-frequency region and
areduction in the material’s barrier properties. This phe-
nomenon weakens the impedance and allows for easier
charge flow through the material [54,55].

Figure 9 shows the change of Z” (imaginary part of
impedance) versus frequency at different temperatures.
As temperature and frequency rise, the magnitude of Z”
drops, implying that the material’s resistive properties
have degraded. The noticeable broadening of the peaks
with increasing temperature suggests that the electrical
relaxation phenomenon in the material is influenced by
changes in temperature. Immobile species or electrons
can produce relaxations at low temperatures, whereas
vacancies or defects can induce relaxation at high tem-
peratures [51,52,56]. Moreover, the disappearance of
space-charge polarisation could cause the convergence
of all curves at higher frequencies [57,58]. The observed
peaks in the imaginary component (Z””) of impedance,
corresponding to different frequencies, in the doped
BaZr, (s Ti, 4505 (BZT) ceramics can be understood by
considering the complex impedance response of the ma-
terial. These peaks and their shifting heights towards
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Figure 8. The real component (Z’) of impedance with respect to frequency for samples: a) BZT, b) CE, ¢) CE2, d) CE3, e) 2CE

and f) 3CE
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Figure 9. The imaginary component (Z"’) of impedance with respect to frequency for samples: a) BZT, b) CE, c¢) CE2, d) CE3,
e) 2CE and f) 3CE

higher frequencies can be attributed to the impact of
Er’* and Cu®* dopants on the electrical and structural
properties of the BZT ceramic. The doping changes the
crystal lattice of a ceramic material such as BZT by in-
troducing defects, which can create localized electronic
states and influence the movement of charge carriers.
At certain frequencies, corresponding to the char-
acteristic relaxation times of the defects, the move-
ment of charge carriers becomes impeded or restricted,
leading to increased resistance and enhanced imaginary
impedance. This causes appearance of a peak in the Z”

curve. The shifting of peak heights towards higher fre-
quencies can be attributed to the modification of the
dopant concentrations. Different molar ratios of CuO to
Er,0; introduce varying defect densities and distribu-
tion within the BZT ceramics. This affects the energy
barrier heights and relaxation times associated with the
charge carrier movement. By altering the dopant ratios,
the concentration and nature of the introduced defects
change, leading to a shifting of the peak heights towards
higher frequencies. This indicates that the dopants’ mo-
lar ratio and their impact on the defect structure of BZT

2.0x10% . 300°C . 300°C . 300°C
L (a) L 320°C (b) + 320°C (© + 320°C
* 340°C * 340°C * 340°C
1.5x10% 4 360°C | 2x10%4 360°C | 4,0x10° 360°C
« 380°C | _ « 380°C| . + 380°C
400°C | W 400°C w 400°C
e 1.0x10°% 4 Fitting Fitting Fitting
1x10*1 2,0x10°
5.0x10°
0.01 0 0.0
10° 10° 10* 10° 10° 10* 10° 10* 10° 10° 10* 10° 10* 10° 10°
Frequency (Hz) Frequency (Hz) Frequency (Hz)
3.0x10°
= 300°C = 300°C 3 = 300°C
5x10° |
. (d) P 4x10° (e) + 320°C (f) + 3200
2.5x10° 1 o 340°C
360°C | 4x10°
2.0x10° -wixm’- * 380°C
400°C | «3x10° 4
o - 1g? Fitting| @
5 1 x10° 4
¢ 2x10° 4
3 4
1.0x10 1x10°4 1x10° 1
5.0x10% o 04
10* 10° 10* 10° 10° 10* 10° 10! 10° 10° 10? 10° 10* 10° 10°
Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure 10. The profile of Z” vs Z’ (the Nyquist plot) for samples: a) BZT, b) CE, ¢) CE2, d) CE3, e) 2CE and f) 3CE

36



A.S. Lather et al. / Processing and Application of Ceramics 18 [1] (2024) 2944

play a crucial role in determining the impedance re-
sponse and the position of the peaks in the Z” compo-
nent.

Figure 10 shows Z” vs. Z’ profile (the Nyquist plots)
and frequency domain fitting results at different temper-
atures ranging from 300 to 400 °C. The presence of a
semicircle with its centre below the real axis indicates
non-Debye behaviour, which can be explained by vari-
ous parameters such as atomic defect distribution, grain
orientation, grain boundaries, and stress-strain mecha-
nisms [51]. Moreover, the material demonstrates a neg-
ative temperature coefficient of resistance (NTCR) be-
haviour, where the radius decreases as the temperature
rises. The impedance curves, predominantly influenced
by grain and grain boundary conduction, are typically
simulated using the ZView software with a perfect ana-
logue circuit [52,59]. The network consists of several
components [60,61], i.e. the corresponding equivalent
circuit is shown in inset of Fig. 10a. The grain cir-
cuit is composed of parallel resistance (R,) and capac-
itance (CPE,), while the grain boundaries consist of
parallel Ry, and CPE,, pairs. However, the constant
phase component (CPE) deviates from the ideal De-
bye model scenario. CPE’s impedance is determined by
Zepe = 1/(iw)’CPE, where S is less than or equal to 1.
The equation for an equivalent circuit is Z* = Z' + iZ":

7 = Ry + Reb )
= 2 2
1+ (g Re - Co) 1+ (wgp - Rep - Cep)
" _ We - Rg i Cg Wep - Rgb . Cgb (3)

T 1+ (we Ry Co)? 1+ (Wb Rep » Cop)?

where (w, - Ry - Cy) and (wygy, - Ryp - Cyp) represent the
frequency, resistance and capacitance at the peaks of the

semicircles for both the grain and grain boundaries re-
spectively. While the circular arc sections on the Z’ axis
are used to determine resistance, the following formulas
are used to compute capacitance:

C, = 4
§ w, - R, “)

1
Cop = ———— (5)
gt a)gb . Rgb

Fitting results (given in Supporting Information® in
Table S1), showed that with increasing temperature
grain boundary resistivity (R,;) becomes greater than
grain resistivity (R,), implying that the conducting com-
ponent in the samples is passing through the grains.
In addition, the resistance of both grain (R,) and grain
boundary (R,,) decreases as temperature increases for
all samples. The samples CE3 and 2CE consistently
demonstrate higher resistance values, while the CE2 and
CE3 samples show a more significant reduction in resis-
tance with increasing temperature, indicating enhanced
charge carrier mobility.

3.7. Dielectric dispersion

Figures 11 and 12 show the variation of the real (&)
and imaginary (¢”) components of permittivity at vary-
ing temperatures (300-400 °C) over a frequency range
of 10>-10%Hz. Both &’ and &” have significant values
in the low-frequency range, decreasing sharply in lower
frequency and gradually in regions of higher frequen-
cies. This behaviour can be explained by dipolar relax-
ation, where various types of polarizations, such as elec-
tronic, dipolar, interfacial and ionic polarisations, con-
tribute to the overall polarization of dielectric materials

2.0x10% = 300°C = 300°C = 300°C
\ (a) s 320°C (b) 4 320°C (C) 4 320°C
* 340°C * 340°C * 340°C
1.5x10°%1 360°C 2x10% 360°C 4x10° 360°C
* 380°C « 380°C * 380°C
400°C 400°C | 400°C
W 1.0x10*4 — Fitting| Ty —— Fitting| @ —— Fitting
1x10* 2x10°4
5.0x10°
0.0 04 Soes > 0.0
10* 10° 10* 10° 10° 10* 10° 10* 10° 10° 10* 10° 10* 10° 10°
Frequency (Hz) Frequency (Hz) Frequency (Hz)
3.0x10°
m 300°C = 300°C = 300°C
x10°
: (d) 4x10°- (e) s 320°C s10° ® s 320°C
2.5%x10° 1 * 340°C * 340°C
4x10° 1 360°C
2.0x10% 3x10°4 * 380°C
w 3x10° 400°C
- - —— Fittin;
w 3 3 W 4
1.5%10° x10°4
2x10 I%10°
3 4
1.0x10 1x10°4 1x10° |
2 4
5.0x10 0. 04
10° 10° 10* 10° 10° 10* 10° 10! 10° 10° 10? 10° 10* 10° 10°

Frequency (Hz)

Frequency (Hz)

Frequency (Hz)

Figure 11. The real part of dielectric constant (&’) versus frequency at different temperature for samples: a) BZT, b) CE,
¢) CE2, d) CE3, e) 2CE and f) 3CE
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Figure 12. The imaginary part of dielectric constant (¢”) vs. frequency at different temperature for samples: a) BZT, b) CE,
¢) CE2, d) CE3, e) 2CE and f) 3CE

[62]. All samples have good responses to low-frequency
generated electric fields, resulting in high total polarisa-
tion and hence high &’ and &” values. Despite this, at
higher frequencies, certain polarizations do not change
per time-dependent electric fields. Therefore, such ori-
entations have low &’ and &” values because they do not
impact the material’s net polarization. With the increase
in temperature from 300 to 400 °C, there is an observed
rise in the dielectric constant value within the lower fre-
quency range. Figure 11 clearly illustrates that the &
initially increases with the molar concentration of the
dopant and then decreases. This change is more promi-
nent in the case of a higher Er/Cu molar ratio. The ab-
normal grain size in the different compositions may be
responsible for increased dielectric properties. That is,
charge carrier transport improves with increasing tem-
perature. In the frequency range under investigation, the
addition of Er and Cu dopants in the BZT matrix in-
hibits the high-frequency relaxation process. This leads
to a shift of the relaxation frequency towards higher val-
ues and results in a static dielectric constant across a
wide frequency range, spanning from 10* Hz to 10 Hz.
This behaviour can be attributed to the limited ability of
electric dipoles to quickly respond to rapidly changing
electric fields. This leads to increased friction between
the dipoles, which may be explained by the presence of
different types of polarization within these samples [63—
65]. As the value of dielectric constant determines the
capacity of a capacitor to store energy when a voltage is
applied, the static nature of dielectric constants under a
specific frequency window favours the constant amount
of energy storage within this frequency range [66].

To understand dielectric relaxation in samples, the
Cole-Cole relaxation model was applied [67]. The di-
electric data confirm the non-Debye behaviour for all
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the samples, but more information is given in Support-
ing Information (Table S2).

3.8. Electric modulus analysis

One significant advantage of the modulus analysis
method is its ability to predict the contributions of
grain and grain boundaries, particularly at high tem-
peratures, which is unlikely to be achieved using com-
plex impedance graphs. This allows for a more compre-
hensive understanding of the material’s behaviour under
different conditions.

The evaluation of dielectric relaxation processes in
low-capacitance samples often involves the use of the
elastic modulus. This approach allows for the evalu-
ation of the dielectric response exhibited by insulat-
ing materials. The complex modulus, consisting of the
real part (M) and imaginary part (M"'), is especially
valuable in studying relaxation phenomena in ceramics
[68]. Additionally, this approach enables the analysis of
both grain and grain boundaries, particularly at elevated
temperatures, a task that is challenging with complex
impedance graphs. The formula for the complex modu-
lus is given as:

M (w) = M'(w) + iM" (w) (6)

The plots of the electric modulus (M”) versus fre-
quency presented in Fig. 13 demonstrate interesting
temperature-dependent trends. As the temperature in-
creases, the M’ values continuously shift towards higher
frequencies and approach zero in the low-frequency
range. This behaviour indicates that induced electric
fields have no impact on charge carrier movement since
there is no restoring force [57,69]. This observation sug-
gests that charge carriers in the material exhibit short-
range mobility during the conduction phenomenon [57].
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Figure 13. The real part of electrical modulus (M’) vs frequency at different temperature for samples: a) BZT, b) CE, ¢) CE2,
d) CE3, e¢) 2CE and f) 3CE

Figure 14 displays the relationship between the imag-
inary component of the electrical modulus (M"’) and fre-
quency at different temperatures. With increasing tem-
perature, the peak of M” shifts towards higher fre-
quencies. This indicates that the sample exhibits elec-
trical conduction hopping, which can be attributed to
the mixed oxidation state of Ba** and Er**. The widen-
ing of the asymmetrical modulus peak suggests a non-
Debye relaxation type [69,70]. Furthermore, with in-
creasing frequency, the shifting of the peak position in-
dicates a transition from long-range to short-range mo-
relaxation process. To fit the experimental

bility in the
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data, Bergmann’s modified Kohlrausch-Williams-Watts
(KWW) equation was employed [71,72]:

M/l

where M, .

1"
M .

C(l-a)+ 2

1+a

a
[ a Wimnax + ( ) ]
w Winax

represents the maximum value of M”, Wy

(7)

w

is the frequency at which the peak appears and « is fit
parameter. As shown in Fig. 15, the experimental data
exhibits a reasonable agreement with the fitted theoreti-
cal data (see Supporting Information Table S2). Trends
of « illustrate that the non-linear coefficient decreases
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Figure 14. The imaginary part of electrical modulus (M") vs. frequency at different temperature for samples: a) BZT, b) CE,
¢) CE2, d) CE3, e) 2CE and f) 3CE
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Figure 15. AC conductivity vs. frequency profile at different temperatures for samples: a) BZT, b) CE, c¢) CE2, d) CE3, ¢) 2CE
and f) 3CE

with an increase in molar concentration of Er, indicating
an enhancement in the stretched dielectric phenomenon
due to a reduction in space charge polarization.
Overall, the complex modulus analysis provides valu-
able insights into the dielectric properties and relax-
ation dynamics of the examined ceramics. These find-
ings contribute to a deeper understanding of the mate-
rial’s behaviour and can guide the design and optimiza-
tion of dielectric materials for various applications.

3.9. Conductivity assessment

Figure 15 illustrates the correlation between elec-
trical conductivity and frequency across a temperature
range of 300 to 400°C. The AC electrical conductiv-
ity (0 4¢) can be calculated using the following equation
[73]:

(®)

which involves the frequency (w), the permittivity of the
material (g), and the vacuum permittivity (gy). The in-
vestigation of frequency response on AC conductivity
was carried out using Jonscher’s universal power law,
which is stated as [74]:

Oac =2m-w--& -tand

O'ACZO'Dc-l‘A'a)” (9)
where A represents a characteristic parameter and n
is the temperature and frequency-dependent exponent
with values ranging from O to 1. A value of n closer to 0
indicates perfect ionic crystals, while a value of n closer
to 1 signifies a Debye dielectric dipolar material. Also,
A denotes the power of polarization, and n represents
interactions between the surrounding lattice and mobile
ions [75-77].

Figure 15 shows separate regions of plateau and dis-
persion. The conductivity plateau region is found to be
independent of frequency, indicating DC conductivity,

while the dispersion region, which occurs at higher fre-
quencies, exhibits AC conductivity. The frequency at
which the electrical conductivity of the ceramic abruptly
rises with temperature is referred to as the hopping fre-
quency. As depicted in Fig. 15, the AC conductivity val-
ues demonstrate an upward trend with the increasing
Er/Cu molar ratio. This is because the impedance data
showed an increase in oxygen vacancies:

2Bag," +30," — 2Vy,” +3V,* +Ba,CO (10)
Er,0; — 2Erg,” +2 V™ + Oy (11)
CuO; —> Cuy” +2 V™ + 0, (12)

Figure 15 also includes a fit line (red line) obtained
using the Jonscher’s power law, providing a good sim-
ulation of the conduction process. The determination
of the conduction mechanism can be facilitated by
analysing the values of n. Figure 16 depicts the tempera-
ture dependence of n for all samples, aiding in the iden-

1.0
0.9
= 0.8+
0.7
0.6 T T r T T T
300 320 340 360 380 400
Temperature (°C)

Figure 16. Trend of the exponent n for all the samples
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tification of the conduction mechanism. The decrease
in n with increasing temperature indicates the applica-
tion of the correlated barrier hopping (CBH) model. In
the case of the overlapping large polaron tunnel (OLPT)
conduction model, the exponent # initially decreases as
the temperature rises, reaches a minimum value, and
then increases with further temperature increase. The
quantum mechanical tunnelling (QMT) model main-
tains a constant n value of 0.8, irrespective of tempera-
ture [78]. On the other hand, the small non-overlapping
polaron tunnelling (NSPT) model exhibits an increas-
ing n value with temperature. Figure 16 shows that n in-
creases with temperature in the 300 to 340 °C range and
then decreases up to 400 °C. This pattern suggests that
the NSPT model best explains conduction in the 300 to
340 °C range, while all samples follow the CBH model
beyond that temperature range.

Values of opc and n derived from the fitting of o 4¢
with the Jonscher’s power law are given in Table S3
(Supporting Information). The conductivity increases
with temperature. The undoped BZT ceramics demon-
strates higher conductivity values compared to the other
samples across all temperature ranges. The ceramics
with higher Cu content (the samples, CE, 2CE, and
3CE) exhibit increasing conductivity values in compar-
ison to other doped BZT ceramics. Linear fitting of
log(opc) to 1000/T, the activation energy values can
be determined, as illustrated in Fig. 17. The calculated
activation energy for the different samples is within the
range of 0.131eV to 0.169 eV indicating the energy re-
quired for charge carriers to move through the material.
The observed values of n close to 1 (Table S3 Support-
ing Information) suggest that ionic conduction domi-
nates in the BaZr; s Ti, sO; system. This aligns with
the composition of the material, which consists of metal
cations and oxygen anions, allowing for the migration
of ions and the conduction of electric current.

1l = BZT
-10 CE )
¢ CE2
CE3 = Eg,. =0.168¢V
1l * 2CE |g,=0138eV
-1 3CE
- Fitting
2 E(y = 0.148¢V
% Eyy = 0.131¢
= _124
E,c = 0.16
-134
Eycp = 0.164¢
2.1 2.4 2.7 3 33

1000/T (°CY)

Figure 17. The linear fitting of logo ¢ vs. 1000/T

IV. Conclusions

Cu®* and Er** doped BaZr, ;s Ti, o505 ceramics were
prepared using the solid-state reaction method, where
amount of CuO + Er,0; was fixed at 2 wt.% and dif-

ferent CuO : Er,0O; molar ratios (i.e. 1:1, 1:2, 1:3, 2:1
and 3:1) were used. Phase composition was determined
using XRD and FTIR analyses and a single phase tetrag-
onal structure with P4mm symmetry was confirmed for
all sintered samples. The Cu®*/Er’* doping resulted in
a reduction in grain size and density also caused the
increase of dielectric constant and a significant reduc-
tion in tangent loss. The dielectric data confirm the non-
Debye nature of all the samples. The highest energy
storage density of 40.51mJ/cm?® with an energy effi-
ciency of 78.8% was obtained in the sample with CuO
: Br,O, molar ratio of 2:1. Impedance spectroscopy and
electrical modulus studies have demonstrated the con-
tribution of both grains and grain boundaries to con-
duction. The two types of conduction mechanisms have
proven to be present in the systems under the selected
temperature range for all the samples. The Arrhenius
fitting of DC conductivity gave the values of activation
energies in the range of 0.131eV to 0.169 eV of the pre-
pared samples.
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