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Abstract:

The use of doping lead zirconate titanate (PZT) derived from ceramics with copper (Cu) has
been extensively researched because of its considerable effect on the physicochemical
properties of the materials. This paper analyzes recent advances in understanding the effects of
Cu doping on PZT material, focusing on structural changes, electrical characteristics, and
dielectric behavior. Pbi.xCuxZros52Tio4803 nanocomposites were synthesized by the sol-gel
method. The XRD analysis and Rietveld refinement showed the formation of either mixed-
phase tetragonal and rhombohedral structures via R3m and P4mm space groups. SEM
micrographs revealed irregular, dense grains, with the average grain size decreasing as the Cu
rate increased. The dielectric constant as a function of temperature presents dielectric resonance
phenomena. We also studied the activation energy and Cole-Cole curves. The characteristic
pattern of the impedance spectra shows semicircular arcs that change with increasing
temperature, in addition to a negative thermal coefficient of resistivity (NTCR) for x=0.00 up
to x=0.05 and a positive thermal coefficient of resistivity (PTCR) for x=0.075 in ceramics. The
activation energy increases with relatively higher Cu levels.

Keywords: PZT, ceramics, impedance spectra, activation energy, Cole-Cole, PTCR, NTCR
Introduction

In today's electronics and communications technologies, creating new materials with
improved electrical and dielectric properties is essential for many applications. In practice, lead
zirconate titanate (PZT)- based ceramics are prominent in materials research and engineering
because of their excellent piezoelectric, ferroelectric, and dielectric properties[1][2]. These
ceramics are widely used in sensors, micro-motors, actuators, ultrasonic cleaning, transducers,
and capacitors[3], [4], [5], [6]. This material has been developed in different forms: thin films,
nanorods, nanoparticles, and nanotubes [7][8][9], [10], [11]. At the Zr/Ti = 0.52/0.48 ratio, the
PZT phase diagram is defined by a near-right morphotropic phase boundary (MPB). In this
region, the MPB is defined by the combination of two distinct crystallographic phases (typically
rhombohedral and tetragonal) [12], [13]. PZT has a very high piezoelectric response and is also
distinguished by excellent dielectric properties at this phase boundary, stable over a wide range
of temperatures[14][15]. To further improve the performance of PZT composites, researchers
have made various modifications using different dopants (donor and acceptor), which exist as



two cationic forms and an ionic oxygen site. They can affect the microstructure, phase
composition, and, consequently, the electrical and dielectric characteristics of ceramics. The
incorporation of transition metals (Mg, Mn, Fe,...) into the PZT system is being investigated
across several publications[16][17][18]. Nitu Kumari et al. synthesized Pb(Zro.52Ti0.48)1-xFexOs3
through the conventional solid-state route using various Fe*" doping concentrations and
analyzed their properties[19]. The X-ray diffraction patterns in this study show a tetragonal
crystal structure and a decrease in tetragonality and unit cell size with increasing dopant
concentration. SEM micrographs indicate that doping concentration (x >0.05) induces a
decrease in grain size. Prasenjit Prasad Sukul et al. previously investigated PbZrTiO3; ceramics
doped with Er**/Yb>". They demonstrated how the sensitivity curve's dependence on energy
spacing suggests that changing one of these will rapidly alter the sensitivity's properties[20].
Benya Cherdhirunkorn and colleagues utilized the mixed oxide processing method to produce
Co-doped PZT ceramics. They demonstrated that XRD analyses confirm that implanted N* ions
can cause deformities in structure and/or changes in the favored orientation due to a change in
the ferroelastic domain in the near-surface area, and the dielectric characteristics exhibited
decreases in both relative permittivity[21]. The structural and electrical properties of the Er*-
doped PZT 52/48 have been studied by Jaime Alberto Sanchez Cacere et al. Electrical
evaluation of the ceramics showed a peculiar ferroelectric-paraelectric phase transition at a
predicted temperature of 390°C, and the typical grain size declined with increasing erbium
content.[22]. With the sol-gel process, M. Prabu et al. created PZT (52/48) electroceramics and
examined their structural and electrical characteristics. The study illustrates the uneven
distribution of particles caused by granulation-induced aggregated particles on the surface. The
researchers established the activation energy of the sample to be 0.210 eV by analyzing the
Arrhenius diagram of direct current conductivity compared against the reciprocal of absolute
temperature [23]. In our studies, we focus mainly on the microstructural, electrical, and
dielectric property characterizations of Cu-doped PZT-based ceramics with the formula Pb;.
xCuxZr0.52Ti0.4803 (PCxZT), investigating how the Cu dopant affects their properties. The main
objectives of this study are, firstly, to synthesize Cu-modified PZT ceramics and to assess the
electrical properties, most notably the conductivity and impedance spectroscopy. Additionally,
to evaluate dielectric properties such as the permittivity of dielectric materials as a function of
temperature. Processes of energy activation in these modified ceramics are also discovered and
examined in order to discover the mechanisms underlying their improved performance. The
ceramics' microstructure and phase evolution will be investigated using characterisation
techniques including conventional X-ray diffraction (XRD), Raman analysis, and scanning
electron microscopy (SEM). The aforementioned electrical properties and conductivity
measurements will be carried out to analyze the effect of doping with Cu on the charge transfer
mechanisms of the ceramics. Impedance spectroscopy will provide insight into the electrical
response over a range of frequencies and will help clarify factors such as grain boundary
impacts and polarization dynamics. Dielectric properties, including permittivity, will be
thoroughly examined in order to comprehend the effect of Cu doping on the potential of
ceramics to maintain and release electrical energy.

Materials and methods

The reagents were obtained via the sol-gel technique utilizing lead acetate [Pb
(C2H302)2.3H20], zirconium acetate [Zr (CH3CO»)4], titanium alkoxide [Ti (OCH(CH3)2)4],
and copper acetate [Cu (CH3COz),. H2O] as initial precursors. All produced powders were



mixed stoichiometrically according to the formula Pb1.xCux(Zro.52Ti0.48)O3, with x =0.00, 0.025,
0.05, and 0.075. The resulting substance underwent milling and calcination processes at 700°C
for 4 hours. The heated PCxZT-based powders were combined with water that was distilled and
polyvinyl alcohol (PVA), dried in a drying oven to form pellets of approximately 12 mm in
diameter and 1 mm in thickness, and then sintered at 1100°C for 4 h. The phases of preparation
are delineated in the literature relevant to our work [18], [24], [25].

Results and discussion
XRD Studies:

Figure 1 shows X-ray diffraction diffractograms of PCxZT samples (x = 0.00, 0.025, 0.05, and
0.075) taken at ambient temperature after calcination at 700 °C for four hours. Each specimen
is composed of a pure perovskite phase. Based on the results, the pure and doped samples
confirmed that the data align with the rhombohedral and tetragonal structures associated with
the R3m and P4mm space groups, respectively [25]. The formation of these two phases is
caused by the morphological phase boundary (MPB) of lead zirconate titanate [i.e., Pb
(Zro.52T10.48)O3[26][27]. XRD diagrams reveal an expansion of the peaks, which suggests the
presence of nanoparticles in the nanometer range. The size of the crystallite of the
nanocrystalline PCxZT powders annealed at 700°C was calculated using the Scherrer equation.
Size of crystallite = kA/BcosO which k is the proportionality constant (Scherrer constant), which
is typically determined as 0.9; A is the wavelength of the X-ray and is 1.54060 A; 0 is half of
the angle (20) of diffraction; and P is the widened value of the (110) line at its entire width of
half maximum (FWHM) in radians. Figure 2 shows the variation in crystallite size calculated
for different PCxZT compositions. We chose the most resolved peak (110), which lies
approximately at the angle 20=31. Based on this figure, the shift in grain size relative to the
percentage of Cu doping is non-linear. The size of the crystallite relatively decreases with
increasing copper doping level, demonstrating that the addition of Cu causes the grain size in
the PZT material to decrease. These changes may be a result of the effect of the dopant (copper)
on the dynamics of grain formation. They could also be linked to effects on the microstructure
of the material, affecting its mechanical and electrical properties. In the literature, the same
results have already been reported[16][20][28].
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Figure 1: Powder X-ray diffraction patterns of PCxZT samples calcined at 700 °C
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Figure 2: Evolution of crystallite size of PCxZT powders with Cu content
Raman Spectroscopy

Figure 3 shows the room-temperature Raman spectra of the PCxZT powders for x =0.00, 0.025,
0.05, and 0.075, covering the 100-1000 cm™ range. In the undoped sample (x = 0.00), eight
bands stand out clearly: 203, 274, 331, 507, 552, 597, 717, and 775 cm™. Group theory predicts
3A1 + B1 + 5E modes for this structure, and all of them show up here, assigned to E(2TO),
E+B1, A1(2TO), E(3TO), E(4TO), A1(3TO), E(4LO), and A1(3LO), in that order. The E+B1
mode is worth noting; its presence points to tetragonal and rhombohedral symmetries coexisting
in the lattice [29]. Near 507 cm ™ sits the E(TO3) mode, which comes from symmetric O-Ti-O
stretching inside the [TiOs] octahedra[30][12]. For the reference sample, these values align well
with those reported by Buixaderas et al. [31] and Deluca et al.[12] Once copper enters the
picture, the same bands are still there; nothing disappears, but their intensities shift depending
on how much Cu was added. Take the A1(T20) mode: it strengthens as x increases, indicating



more tetragonal phase formation. This mode also drifts toward lower wavenumbers as X rises
from 0.00 to 0.075, and past that point the shift picks up pace. E(3TO) and A1(3TO) move
around too, depending on copper content. Put together, these spectral changes track the
structural disruption caused when Cu?" ions swap in for Pb*", Zr*', or Ti*, matching what the
XRD data already showed, and consistent with prior literature [32].
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Figure 3: Room-temperature Raman spectra for PCxZT ceramics

The software “Peakfit” is used to adjust the Raman spectra, as shown in Figure 4. The central
position and the half-width calculated at half-maximum of the different Raman bands are
outlined in Table 1. Based on these observations, all the Raman frequencies of the PCxZT
powders are shifted with the C content. In reality, the modes shift to higher frequencies. The
change may be due to replacement of a light atom (Cu (63.54)) by a heavy atom (Ti (47.86)) or
substitution of a heavy atom (Cu (63.54)) by a light atom (Pb (207.2) or Zr (91.22)).
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Figure 4: Fitting RAMAN spectra using Peakfit software for PCxZT ceramics

Table 1: Positions and width at half-height of the active Raman bands for PCxZT powders

Modes x=0.00 x=0.025 x=0.05 x=0.075
189.92 194.79 197.76 199.39
E(T20) F=59 F=94 F=119 F=119
264.63 281.81 279.89 279.98
E+B1 F=83 F=51 F=59 F=61
322.71 331.81 327.37 326.85
A1(T20) F=37 F=40 F=45 F=44
597.27 604.15 599.77 600.54
A1(T30) F=42 F=51 F=50 F=47
756.76 759.38 761.22 765.3
A1(L30) F=166 F=138 F=138 F=134

SEM studies: To study product morphology and particle size, conventional scanning electron
microscopy images of PCxZT samples were collected and shown in Figure 5. The micrograph
of the PCxZT ceramics reveals irregular and dense grains with the presence of small spherical
grains. All ceramics show varying distributions of grain size. The Cu doping of PZT material
influences a consequently the mean grain size of the ceramics. The variation in the grain size
of PCXZT ceramics formed at 1100°C/4h as a function of Cu level is illustrated in Table 2. The
grain size of the substance ranges from 3.76 um to 3.71 um with the increasing content of Cu
from 0% to 7.5%. However, the overall trend appears to be a gradual reduction in grain size
with increasing Cu content. The observed differences in grain size at different levels of Cu may
indicate changes in the grain nucleation density. In addition, there is a significant relationship
between the material's mechanical characteristics and the grain size[33]. By reducing the
displacement of dislocations and increasing resistance to mechanical strain, smaller grains may
strengthen the material[34].
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Figure 5: SEM of PCxZT ceramics for different values of x =0, 0.025, 0.05 and 0.075

Table 2: Average grain size of PCxZT ceramics sintered for four hours at 1100°C

Value of x Average
grain size
(nm)
0.00 3.76
0.025 3.72
0.05 3.79
0.075 3.71

Dielectric Properties

Temperature-dependent dielectric constant (&)

Figure 6 illustrates the variations in the dielectric constant of the examined ceramics as
a function of temperature at elevated frequencies (f >1 MHz). For all ceramics, the values of
dielectric permittivity were observed to rise initially with elevated temperature, reach a zenith
at the maximum dielectric constant (€max) at the optimum temperature (Tm), and then decline.
Conversely, all formulations demonstrated a decrease in the dielectric constant with rising
frequency. The majority of polar dielectrics have this characteristic[35]. In addition, the
maximum dielectric constant moves in the direction of lower temperatures as the frequency
increases, which is an indication of the phenomenon referred to as dielectric resonance[18§],
[33], [36]. The observed phenomenon is believed to result from the temporal interactions
between a fluctuating external electromagnetic field and the electric charges within a dielectric



substance. The variations of Tm and emax at frequencies demonstrated that all frequencies
exhibit identical characteristics. The peak dielectric constant swiftly diminishes, exhibiting
fluctuations with increased Cu concentration. This is possibly attributable to the replacement of
Pb and the replacement of Cu for Ti/Zr.
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Figure 6: Dielectric Constant as a Function of Temperature for PCxZT Ceramics at Various
Frequencies

Dielectric losses: Dielectric losses of PCxZT ceramics as a function of temperature at various
frequencies are displayed in Figure 7. Numerous temperature-dependent and frequency-
dependent anomalies may be seen in the curves. At temperatures below 300°C for pure PZT
and 350°C for doped samples, the variation exhibits nearly constant dielectric losses. Then, they
rise quickly as the temperature rises until it reaches a maximum value, following which they
fall quickly and become almost constant. The rise in dielectric capabilities could be caused by
a process of charge carrier dispersal or relaxation at low frequencies[37]. The maximum
dielectric losses increase toward lower temperatures as frequency rises. The PZT behaves
similarly for sample sizes with the other values of x. On the other hand, electrical losses are
highly frequency-dependent; they rise at some frequencies and decrease at others.
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Figure 7: Variation of dielectric loss with temperature for PCXxZT ceramics
Electrical Properties

Impedance analysis: Figure 8 shows the complex impedance spectra Z'(Z'") measured at
different temperatures for PCxZT ceramics. Cole-Cole plots show a single semicircular arc
whose diameter grows with increasing temperature. The single arc suggests that grain
contributions are the main cause of the electrical response. Conduction activities within the
grains are therefore fundamentally connected to the electrical phenomena seen throughout the
whole temperature range under investigation. The radius of the semi-circular arc decreases with
increasing temperature for x=0.00, x=0.025, and x=0.05, and increases for x=0.075. An upward
trend in radius suggests positive thermal resistivity coefficient (PTCR) behavior, whereas a
decrease in radius suggests negative thermal resistivity coefficient (NTCR) behavior in the
ceramics[38], [39], [40]. Additionally, the center of the arcs of these compounds lies on the x-
axis, suggesting a Debye-type relaxation[41][42].
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Figure 8 :Cole-Cole Z"(Z") diagram for PCxZT ceramics

Activation energy

Figure 9 illustrates how PCxZT ceramics' conductivity varies with the inverse of temperature.
The temperature function's properties indicate that electrical conduction in the material is a
temperature-activated process. Since the dependence of logo at 100 kHz on 10%/T is linear, we
can calculate the activation energy (E.) for PCxZT ceramics with various Cu contents using the
Arrhenius relationship below:

Gac = ooexp (-Ea/KsT)

oo 1s the pre-exponential factor, T is the material's temperature, Kg is Boltzmann's constant, and
Ea is the activation energy, which can be calculated using the following procedure to trace the
log Gac vs 10%/T and estimate the height corresponding to the conductivity curve using the
following formula :

Ea=(2.303 * 1000 * m. KB) /e
Alternatively, e is the electron's charge, and m is the slope value.

The activation energy values for PCxZT ceramics are plotted against Cu concentrations in Table
3. It is apparent that the activation energy increases with increasing Cu content. These samples



have low activation energies, which could be a result of carriers bouncing between disordered
localized states[32]. Oxygen vacancies are considered as moving carriers in perovskite-type
ferroelectric materials, and their ionization produces conducting electrons that can be readily
thermally activated[23], [43]. The information above renders it abundantly evident that oxygen
vacancies are the cause of charge carrier conduction at high temperatures[44]. The Kroger-Vink
reaction is accompanied by charge compensation, and oxygen vacancies due to oxygen loss are
typically produced during sintering, which causes the increase in conductivity with
temperature[45]: They belong to the "n" type because Oox — 1/202 + V0x may leave behind
free electrons.

'5:2 T T T T '1:5
541
56 | —m—x=0.00 .
—Fit 20
58 [
§-60r 18
(] L]
62} o1
o o
Ssal 13
'Gsﬁ B -3,0 -
68 |
70}
L L L L L L L -3,5 N 1 N 1 N 1 N 1 N 1 N L N
30 35 40 45 A 50 55 60 65 20 25 30 35 40 45 50 55
1000/ T (K™7) 10000MKY
T T T T T T T T T -1,4 T T T T T T T T T
20} —m—x=0.075
Fit ]
16}
_ 25}
2 3,0 S8y
o™vYr o
s 9 i
35} 20r |
_4,0 L 1 1 1 1 _2,2 1 L L 1 1
2,0 2,5 3,0 35 4,0 45 5,0 2,50 2,75 3,00 3,25 3,50
1000/T(K-1) 1000/T(IK-1)

Figure 9: Activation energy (Ea) of PCxZT ceramics obtained by fitting the Arrhenius
equation

Table 3: The change in activation energy (Ea) for PCxZT ceramics at 100 kHz

Values of x Activation energy
x=0.00 0.11
x=0.025 0.11
x=0.05 0.149
x=0.075 0.145




AC conductivity studies

All samples were analyzed for AC conductivity (cac) to examine their dielectric properties. The
following equation was used to calculate AC conductivity from the dielectric constant and loss
factor.

Cac(®) = weoetand = 27 £ gog;r tan o

in which wo is the angular frequency, & is the dielectric constant, o = 8.845 x 107'2 F/m is the
permittivity of free space, tand is the dielectric loss, and cac(®) is the a.c. conductivity as a
function of frequency. The DC conductivity variation of PCxZT ceramics as a function of
frequency can be seen in Figure 10. As the image shows, conductivity increases steadily with
frequency, followed by a rapid exponential rise. However, this growing effect happens
significantly more quickly at all temperatures when using high-frequency data. Strong energy
barriers at low frequencies could also be responsible for the rapid increase in conductivity at all
temperatures, which corresponds to the drop in the dielectric constant[46]. An increase in
frequency, however, corresponds to an increase in conductivity, as a greater number of lightly
barrier charge carriers can respond easily to the applied frequency[47]. By comparing the
graphs, the conductivity of PCXZT compounds increases as the Cu content increases. This
increase can be explained by the difference between the radii of the Cu and Pb atoms in the
PCxXZT crystal lattices, which reduces the (resistive) barrier property[48][49]. In addition, it is
also clear that the conductivity increases with increasing temperature, which suggests the
negative temperature resistance coefficient (NTCR) behavior [50].
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Figure 10: Conductivity versus frequency at different temperatures for PCxZT ceramics
Conclusion

PCxZT ceramics with x = 0.00, 0.025, 0.05, and 0.075 were prepared through the sol-
gel route. X-ray diffraction confirms a perovskite structure combining rhombohedral and
tetragonal phases. Crystallite size decreases progressively with increasing copper content.
Microstructural observations near the morphotropic phase boundary show dense grains with
irregular shapes. On the electrical side, dielectric measurements reveal a resonance
phenomenon at high frequencies across the series. Impedance spectroscopy points to Debye-
type relaxation. The activation energy rises with increasing Cu content, which likely reflects a
change in the dominant conduction mechanism. Finally, electrical conductivity shifts toward a
frequency-independent region as temperature increases, and this conductivity is enhanced
overall with higher copper content.
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