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In the present study, the effect of processing parameters like annealing temperature, excess of lead (Pb)
content, and film thickness on the crystallographic orientation, dielectric and ferroelectric properties of
PLZT (Pb/La/Zr/Ti: 92/8/52/48) films are investigated. For the investigation, PLZT films were prepared on
Pt/Ti/SiO2/Si substrate by chemical solution deposition method and annealed at different temperatures
(600, 625, 650, 675, and 700 �C). Diverse growth orientation was observed for different annealing tem-
peratures that gave rise to modified electrical properties in the PLZT films. Comparative studies on
processing temperature exhibited improved ferroelectric properties in 650 �C annealed PLZT film, which is
attributed to its crystallinity (Full width at half maximum, FWHM101 = 0.49�) and texture coefficient
(c = 0.832). Excess Pb content (3 wt.%) yielded improved ferroelectric properties in PLZT film with
a � 10% increment in domain switching. The PLZT film with 3 wt.% Pb-excess content showed an ASTM
class 5B adhesion on Pt/Ti/SiO2/Si substrate, a nano-hardness value of 7894.43 MPa, and a Young�s
modulus value of 143.05 GPa. To further study the effect of process control parameters on PLZT film,
variation of thicknesses (492, 768, and 1500 nm) was studied for 3 wt.% Pb-excess film. The study showed
considerable domain switching (switching current = 58.10 lA at 40 kV/cm), improved dielectric constant
(� 2750), higher polarization (Pmax = 71.4 lC/cm2) at a low electric field 334 kV/cm and low leakage
current for 1500 nm thick PLZT film. A total energy storage density of � 26 J/cm3 at 1020 kV/cm and
tunability of 68.46% at � 200 kV/cm was achieved for PLZT film with 3 wt.% excess Pb.
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1. Introduction

The lead-based ferroelectric systems have superior dielec-
tric, piezoelectric, and energy storage properties (Ref 1-26).
Among those, the lanthanum-modified lead zirconate titanate
(PLZT) (Pb1�xLax)(Zr1�yTiy)O3 systems have been extensively
studied in recent years for microelectronics, microelectrome-
chanical systems (MEMS), pulsed power capacitors, electro-
optic applications, ferroelectric non-volatile memories (NV-
FeRAMs), high density dynamic random access memories,
infrared pyroelectric detectors, decoupling capacitors,
microsensors, etc., due to their exceptional dielectric, piezo-
electric, and electro-optic characteristics (Ref 1, 27-31). The
elementary operation of these ferroelectric devices is solely
based on their polarization switching in response to external

factors such as temperature, stress, and electric field (Ref 32).
These switching studies are essential to understand the
functionality of every ferroelectric system. For instance, the
primary determinant of read/write operations in NV-FeRAMs is
polarization switching (Ref 33).

Designing ferroelectric devices for specific applications
requires careful consideration of process temperature (Ref 34)
since it influences the ferroelectricity of the system. The study
on the perovskite CH3NH3PbI3 film by F. Wang et al. reports
altered crystallinity and crystal size, causing different domain
behaviors at different annealing temperatures (Ref 35). In the
HfO2:SiO2 thin films, a significant process temperature depen-
dence of the remnant polarization, breakdown field, and
leakage current densities was reported (Ref 36). In addition, a
decrease and an increase in the remnant polarization and the
coercive electric field, respectively, were observed in sol–gel
deposited BFO thin films with increasing annealing tempera-
ture (550–650 �C) (Ref 37). Previous other studies have also
shown that the presence of excess lead (Pb) content and
annealing temperature can greatly change the electrical char-
acteristics by changing the microstructural properties such as
nucleation, perovskite growth, crystalline orientation, grain
size, and shape of PLZT films (Ref 27, 38-43). Additionally,
numerous researches confirm that the properties of films change
with their thickness as well (Ref 30, 44-51). The phenomeno-
logical theory has been used to conceptually explain the
switching kinetics in ferroelectrics (Ref 52-54). These kinetics
have then been experimentally explored by measuring switch-
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ing current transients or by analyzing domain motions (Ref 55-
57).

Although the ferroelectric properties of PLZT system are
well known, no literature reports the combined effect of various
processing parameters on the crystallographic orientation
causing the variation in dielectric and ferroelectric properties
of PLZT films. As the Pb volatilization and/or Pb diffusion into
the bottom substrate during the heat treatment disrupts the
stoichiometry of the system and results in the formation of non-
ferroelectric pyrochlore phase (Ref 38, 39, 41), the processing
temperature is lowered/adjusted to minimize the Pb volatility
(Ref 39). Furthermore, definite amount of Pb-excess contents
are also added to the precursor solution to maintain its
stoichiometry (Ref 40). Considering the above facts, the effect
of process control parameters (like Pb-excess content in the
composition, annealing temperature and thickness of the film)
on physical (structure, microstructure, mechanical) and func-
tional properties (ferroelectric properties and domain switching)
of PLZT film (La/Zr/Ti = 8/52/48) is investigated thoroughly in
the present study. The PLZT composition chosen for the study
is the best composition reported by many for dielectric and
ferroelectric properties (Ref 58-61). There are various film
deposition techniques available for PLZT films; this paper
reports the process control parameters associated with Chem-
ical Solution Deposition (CSD) of the film considering its
advantages of cost effectiveness, excellent control over stoi-
chiometry and non-availability of such reports.

2. Experiments

The precursor solution for the PLZT composition of
molecular formula (Pb0.92La0.08) (Zr0.52Ti0.48)O3 (PLZT) was
prepared chemically as reported earlier with different Pb-excess
content (0, 1, 2, 3, and 5 wt.%) (Ref 29, 62). The precursor
solution was then spin-coated on Pt (111)/Ti/SiO2/Si substrates
at an rpm of 6500 for 30 s, followed by two-step pyrolysis at
500 and 650 �C to remove the organics. In spite of the fact that
Pt-coated Si substrates have more fatigue properties than oxide
electrodes, Pt/Ti/SiO2/Si substrates were used in the study due
to their high electrical conductivity, high chemical resistance,
and wafer scalability (Ref 63). The spinning and pyrolysis
process was repeated until the desired thickness is achieved.
Three different thicknesses (492, 768, and 1500 nm) were
prepared to study the thickness effect on the microstructure and
electrical properties of the PLZT film. All the PLZT films of
different Pb-excess contents were annealed at 600, 625, 650,
675, and 700 �C, for 30 min in the air atmosphere. The PLZT
films with 0, 1, 2, 3, and 5 wt.% Pb-excess contents are named
PLZT0, PLZT1, PLZT2, PLZT3, and PLZT5, respectively.
Electrode layer (Ag) at the top of the film was deposited in a
circular dot pattern of 0.3 mm diameter using a physical mask
while thermal vapor deposition. A typical schematic represen-
tation of the thin film stack is given in Fig. 1. The XRD (X-
pert, Copper_ka, k = 1.54 Å) of the thin film samples were
taken to investigate the phase formation and crystal structure.
The microstructure of the films was studied through FESEM
(SEM, Carl Zeiss supra 40 VP with Gemini column) images
and thickness was measured by Dektak XT surface profilome-
ter. The dielectric, piezoelectric and ferroelectric property
measurements were carried out using thin-film analyzer
(aixACCT FE 2000).

Once the process parameters are optimized for the improved
ferroelectric properties, the mechanical properties of the film
were also studied by nano-hardness test and cross-hatch
adhesion test. Nano-hardness measurements of PLZT film
(1500 nm thick) was carried out using a diamond indenter in
NHT S/N: 04-00,114 instrument. The data acquired under
linear loading mode, with a maximum applied load of 3.00mN.
The provided loading and unloading rate was 6.00 mN/min
with a pause time of 2 s. Five indents were made on each
samples to measure the average hardness and Young�s modulus
values. For the ASTM D3359 adhesion test, a cross-hatch cutter
(Elcometer 107) having 11 metal blades of 1 mm apart was
chosen. Even cuts of 1 mm apart were made on the samples by
scraping the cutter through the samples with sufficient pressure,
ensuring the cutting edge hits the substrate. The film was then
softly brushed to remove the possible detached flakes. Addi-
tional cuts were made at 90� to the previous cuts, followed by
soft brushing. A pressure-sensitive tape was then placed over
the engraved grid region, ensuring not to entrap air under the
tape. The tape was then smoothly rubbed using fingers to
establish uniform and firm contact between the tape and
coating. The tape was then removed at an angle of 180� and the
grid area is inspected under an optical microscope (Unitron) at
5X magnification.

3. Experimental Results

3.1 XRD Pattern Analysis

Figure 2(a)-(e) shows the low glancing angle (1 �C) XRD h-
2h scans of the PLZT films having different Pb-excess content
and annealed at different temperatures. All the PLZT films
exhibited the tetragonal perovskite phase of PLZT crystal with
no secondary phase and are in good agreement with the JCPDS
card no: 00-046-0504. To compare the growth orientation in
each films, the texture coefficient (c) is calculated using the
equation below (Ref 64, 65).

c ¼ Ihkl=I0 hkl

1=N
PN

1
Ihkl=I0 hkl

� � ðEq 1Þ

where Ihkl represents the intensity of XRD peak measured from
the plot, I0 hkl represents the standard intensity value of PLZT
powder sample, taken from JCPDS card number 00-046-0504
for particular (hkl) plane, and N represents the number of

Fig. 1 Schematic representation of the metal/ferroelectric/metal
stack structure of PLZT films under investigation
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diffraction peaks. The calculated texture coefficient value of
each film is compared with their corresponding full-width half
maximum (FWHM) value in Fig. 3(a)-(e).

From the above figures, it is observed that the films annealed
at 650 �C shows higher c value and lower FWHM which is
desirable for directional orientation and better crystallinity (Ref
66-68). In PLZT film with no Pb-excess content, the c value
increased with increase in annealing temperature indicating
maximum orientation along (101) direction, when the film is
annealed at 650 �C (Fig. 3a). The 650 �C annealed PLZT0 film
is the best because of its low full-width-half-maximum
(FWHM = 0.49�) and high texture coefficient (c = 0.83)
values. All the PLZT1 films show low c values, between 0.1
and 0.2 (Fig. 3b). It implies lack in particular orientation, which
is desired. This leads to the lower functional properties of these
films. Furthermore, all PLZT1 films showed high FWHM
values. Hence, this set of films were not considered for further
study. The PLZT2 films (Fig. 3c) show low FWHM and high c.
But due to the presence of the extra peak (at 2h = � 52�), the
XRD pattern does not match with the reported literature.
Therefore, this set of films were discarded from further studies.
From Fig. 3(d), it is verified that the 650 and 700 �C annealed
PLZT3 films show low FWHM and high c values. Therefore,
these film samples were further studied for electrical property
measurements. For PLZT5 films, the 700 �C annealed film
shows highest c and lowest FWHM value (Fig. 3e). But due to
the presence of the extra peak (at 2h = � 52�), the XRD
pattern does not match with the reported literature. The same

extra peak is also observed for 625, and 675 �C annealed films.
Among this batch, the 650 �C annealed film was considered for
further electrical studies due to its higher c and low FWHM
values compared to 600 �C annealed film.

The XRD spectra are further studied to calculate the
intensity ratio of (111) peak to the maximum intensity peak
(101) in PLZT0, PLZT3, and PLZT5 films, using the following
expression:

I

Imax
¼

I 111ð Þ
I 101ð Þ

� �

� 100% ðEq 2Þ

The I/Imax ratio for (111) peak in PLZT0 films annealed at
600, 650, and 700 �C is 25, 16.5, 18.5%, respectively. This
shows that the growth is more uniform towards (101) direction
in PLZT0 film annealed at 650 �C and is consistent with the
highly crystalline nature of the film obtained from the XRD
results. However, as the Pb-excess content is raised to 5 wt.%
(PLZT5_650), the I/Imax ratio for (111) peak is increased
to � 52%, indicating mixed orientation. Such a mixed orien-
tation in PLZT5_650 film can adversely affect the electrical
properties (Ref 50, 69). To gain a deeper understanding on the
crystallographic orientation of the films, Rietveld refinement is
carried out using the tetragonal phase of P4mm space group
(CIF file no: 1521044). The obtained lattice parameters are
listed in Table 1. No peak shift is observed in the XRD patterns
of prepared PLZT films. Here, the residual stress is insignificant
on the films as they are much thicker (� 1500 nm) than the
critical thickness (Ref 70).

Fig. 2 XRD patterns of PLZT films, annealed at different temperatures (a) PLZT0, (b) PLZT1, (c) PLZT2, (d) PLZT3, and (e) PLZT5 films
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3.2 FESEM Image Analysis

The surface morphology of PLZT_650, PLZT3_650, and
PLZT5_650 films was investigated using FESEM (Fig. 4a-c).
All films exhibited a dense crack-free microstructure. The film
thickness obtained from cross-sectional view is 1.5 lm for the
cumulative layers (Fig. 4d). Further, the grain size and
percentage of porosity of all the films were calculated using
ImageJ software from the FESEM images and plotted against
the Pb-excess content (Fig. 4e). The least percentage of
porosity is observed in the PLZT3_650 film and might have
contributed to the improvement in ferroelectric properties (Ref
27, 42, 43, 71).

3.3 Hysteresis Loops

Figure 5a represents the room temperature bipolar PE loops
(frequency 100 Hz) of PLZT0 films annealed at different
temperatures. PLZT0_650 film shows maximum polarization
(Pmax) 65.8 lC/cm2 at 334 kV/cm. This is in good agreement
with the enhanced crystallinity of the film verified using the
XRD results (Fig. 3a). Similar enhancement in the polarization
value is noted in PLZT3 film, when annealed at 650 �C
(Fig. 5b). Therefore, PE-loop parameters of different Pb-excess
films annealed at 650 �C are studied (Fig. 5c). In addition, the
effect of annealing temperature, Pb-content, and thickness on
the coercive field (Ec), remnant polarization (Pr), maximum
polarization (Pmax), and hysteresis loss (Wloss) are shown in
Fig. 6.

Fig. 3 FWHM & texture coefficient of PLZT film as calculated from XRD pattern (Fig. 1) (a) PLZT0, (b) PLZT1, (c) PLZT2, (d) PLZT3, and
(e) PLZT5 film, and (k) lattice parameter & c/a ratio of PLZT films plotted against excess Pb content

Table 1 Rietveld refinement parameters of PLZT films

Pb-excess,
wt.% Annealing temperature, �C

Lattice parameters

Bragg R
factor Rp Rwp Rexp Chi2a, A� c, A� c/a ratio

Volume
(A�)3

0 600 4.049880 4.108425 1.01446 66.7384 32.1 80 66.7 644 0.0107
650 4.057312 4.097206 1.00983 67.447 28.1 54.1 52.9 740 0.0050
700 4.032500 4.07690 1.01101 66.294 0 . . . 0

3 600 4.066554 4.018905 0.98828 66.460 42.3 87.9 73.4 595 0.0152
650 4.062856 4.076957 1.00347 67.298 41.4 74.9 65.3 702 0.0086
700 4.046700 4.040900 0.99857 66.173 32.8 64.7 61.3 698 0.0077

5 600 4.068207 4.113394 1.01110 68.078 33.8 52.9 53.6 679 0.0062
650 4.050038 4.092078 1.01038 67.122 30.2 61.8 60.3 555 0.0118
700 4.017084 4.060714 1.01086 65.528 28.4 53 54.5 689 0.0063
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Fig. 4 FESEM images of (a) PLZT0_650, (b) PLZT3_650, and (c) PLZT5_650 film. Figure 3(d) is the cross-sectional view of PLZT3_650,
and (e) plots the grain size and porosity of the PLZT films with Pb-excess content
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Figure 6(a) and (b) depicts the Pr, Pmax, Ec, and Wloss of
PLZT0 film as a function of annealing temperature. The PLZT0
film annealed at 650 �C showed optimum Pmax value, lower Ec,
and reduced Wloss. The reduced Ec value in the film indicates
better domain switching at lower electric fields. The Pmax value
reduction in the film annealed at 700 �C is due to the reduced
crystalline quality of the film, as verified in the XRD analysis.
In fact, the enhanced Pmax in PLZT0__650 film arises from the
highly crystalline nature, which is consistent with the XRD
results (Fig. 3a). The PLZT0_650 film, which exhibited the
best ferroelectric properties, is then compared with other Pb-
excess films (PLZT3_650 & PLZT5_650) to find the optimum
composition (Fig. 6c, d). This comparison shows a higher Pmax

of 71.4 lC/cm2 for PLZT3_650 film, which is attributed to the
improved density and crystallinity of this film, as discussed
before (Fig. 4e, 3d). It is reported that higher density increases
the volume fraction of polarization domains (Ref 72). The
variation of Pr value with different Pb-excess content (Fig. 6c)
may also be associated with c/a ratio variation (Fig. 3f) (Ref
73). Furthermore, there is a gradual reduction in the Ec values
as the Pb content increases. This can be attributed to the
backfield effects that act on domain walls during domain
switching (Ref 74). In an externally applied electric field, the
backfields may work against the switching of domains. In

contrast, the backfield favors domain switching in the absence
of an external electric field. This can be further explained with
the help of surface morphology. The grain size in the films
increases with an increase in Pb-excess content and, thereby,
reduces both grain boundary density and domain wall density
(Ref 75-77). Consequently, backfield intensity reduces. This, in
turn, creates a weaker clamping effect on domain walls (Ref 78,
79). Therefore, the ferroelectric/ferroelastic domain wall
switching becomes easier with the increase in grain size in an
applied electric field, yielding low Ec values (Ref 75). Since
PLZT3_650 film showed improved ferroelectric performance
with the variation of process control parameters like annealing
temperature and excess Pb, the effect of film thickness was
finally studied for same the film on its ferroelectric properties.
The improvement in polarization value is observed with
increased film thickness with the reduction in Ec and Wloss

value in the film (Fig. 6e, f), which is desired for a device
quality film.

3.4 Room Temperature Switching Current Plot

Figure 7(a) shows the switching current-electric field (I-E)
plots of PLZT films. The absence of four switching peaks in the
I-E plot suggests the high ferroelectric nature of PLZT films

Fig. 5 Effect of process parameters on the room temperature PE hysteresis loops of PLZT films; (a) annealing temperature on PLZT0, and (b)
PLZT3 films, (c) effect of Pb-excess, and (d) effect of thickness
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and is in good agreement with the P-E studies. The I-E plot
further confirms the Ec values acquired from PE-loops. That is,
at lower electric fields, the developed current is due to the
dielectric response of the film. However, as the applied electric
field increases, the current value peaks due to domain
switching. The current contribution due to domain switching
becomes prominent when the domain starts switching after
crossing the threshold field. So the electric field corresponding

to the maximum switching current in the I-E plot is the film�s
coercive field (Ec) (Ref 80).

Relatively sharp and intense peaks are obtained for
PLZT0_650 film (switching current = 51.5 lA at 45 kV/cm,
Fig. 6a). Similar trend is observed in PLZT3 film, showing
highest switching current when annealed at 650 �C (Fig. 7b).
Among different Pb-excess samples, the sharpest and highly
intense switching current peak is obtained for PLZT3_650 film
(switching current = 58.10 lA at 40 kV/cm, Fig. 7c). It

Fig. 6 Effect of process parameters on ferroelectric properties polarization (Pr, Pmax) coercive field (Ec), and hysteresis loss (Wloss) of PLZT: (a,
b) effect of annealing temperature (c, d) effect of Pb-excess (e, f) effect of thickness
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indicates the highest domain switching at a slightly lower
electric field in PLZT3_650 film, with � 10% increment in its
switching current value (Fig. 7e). This optimum film is
prepared in different thickness and their switching current
properties are plotted in Fig. 7d. The 768 nm thick PLZT film
showed improved domain switching, at a slightly higher
electric field of 70 kV/cm.

3.5 Room Temperature CV Plots

The room temperature C-V plots of PLZT films, measured at
an applied voltage of 30 Vand an input frequency of 1 kHz, are
given in Fig. 8. The corresponding capacitance and dielectric
constant values are tabulated in Table 2. The slight difference
observed between the two peaks of each film is due to the
difference in the top (Ag) and bottom (Pt) electrodes.

The room temperature capacitance value of the films
initially increases with an increase in Pb-excess content
(Fig. 8c). It corresponds to a very high dielectric value
of � 2750 in the PLZT3_650 film, which is significantly
higher than the previously reported values in other PLZT films
(Ref 8, 58, 80-90). This can be correlated with its increased
density, larger grain size, and lower percentage of porosity. As
the Pb-excess content is further increased to 5 wt.%
(PLZT5_650), the capacitance value is reduced. This variation
in the capacitance (and dielectric constant) value depending on
the Pb-content is associated with the microstructural changes in
the film. Along with a higher percentage of porosity in this film,
the domain switching current is also verified to be lower in
PLZT5_650 film (Sect. 3.4, Fig. 7c). It indicates higher
aggregation of point defects at the grain boundaries/domain
boundaries, causing domain wall pinning (Ref 91-94). Conse-

quently, the domain wall mobility reduces and correspondingly
deteriorates the domain switching current. This pinning of
domain walls by point defects causes low permittivity with
increasing grain size (Ref 75).

The CV plots of different thickness PLZT films are shown in
Fig. 8(d). The zero bias field dielectric constant values of 1500,
768, and 492 nm thick films are � 2750, � 1680, and
1065, respectively. A similar decrease in dielectric constant
value with decreasing film thickness is reported elsewhere (Ref
44, 47, 51, 95). Previous studies suggest that the decrease in the
dielectric constant with the decrease in film thickness is due to
the formation of a thin layer with a lower dielectric constant,
caused by a concentration of space charge carriers such as
oxygen vacancies and/or an imperfection induced during film
growth, near the film/electrode interfaces (Ref 47-49, 96, 97).
However, the current study does not confirm the presence of
such a lower dielectric constant layer at the interface. The
optimum film, PLZT3_650, showed a dielectric tunability value
of 68.46% at an electric field of � 200 kV/cm when calculated
using the equation below.

s ¼ 1� ðer Eð Þ=er 0ð Þð Þ � 100% ðEq 3Þ

where s is the tunability, er(E) is the dielectric constant at an
electric field, and er(0) is the dielectric constant at zero field.

3.6 Room Temperature Leakage Current Plots

The leakage current density of PLZT films increases
gradually with the applied voltage. The lowest leakage current
density is obtained in PLZT0_650 film (Fig. 9a). Similarly, the
650 �C annealed PLZT3 film shows the lowest leakage current
compared to the PLZT3 films annealed at other temperatures

Fig. 7 Effect of process parameters on switching current in PLZT films; (a) annealing temperature on PLZT0, and (b) PLZT3 films, (c) effect
of thickness, and (d) normalized switching current with Pb-excess content
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(Fig. 9b). The comparatively lower leakage current in the
PLZT3_650 film (Fig. 9c) is attributed to its reduced porosity
(Ref 98–101). In addition, as verified from FESEM images, the
PLZT3_650 film has a slightly larger grain size than the
PLZT0_650 film. Therefore, the grain boundary density is less
in PLZT3_650 film. As a result, defect aggregation at the
boundaries is less in PLZT3_650 compared to the PLZT0_ 650
film. This results in less percolating pathways for leakage
current. Hence the leakage current is less in the PLZT3_650
film at lower applied voltages (Ref 102–105). Figure 9(d)
confirms the reduction in the leakage current density with film

thickness. This thickness-dependent arrest in leakage current is
responsible for high polarization values in thicker films.

3.7 Room Temperature Energy Storage Plots

The room temperature energy storage density plots of PLZT
films are given in Fig. 10. The recoverable energy storage
density (Wrec), total energy storage density (Wtotal), and energy
storage efficiency (g) of the system are calculated using the
below equations.

Fig. 8 Effect of process parameters on the capacitance in PLZT film; (a) annealing temperature on PLZT0, and (b) PLZT3 film, (c) effect of
Pb-excess, and (d) effect of thickness

Table 2 Room temperature capacitance and dielectric constant value of PLZT films at zero bias field

Sl. no Sample Pb-excess, wt.% Annealing temperature, �C Thickness, nm Capacitance, nF Dielectric CONSTANT

1 PLZT_600 0 600 1500 0.958 2297.23
2 PLZT_650 0 650 1500 1.01 2425.92
3 PLZT_700 0 700 1500 1.07 2565.80
4 PLZT3_600 3 600 1500 0.98 2365
5 PLZT3_650 3 650 1500 1.14 2748.20
6 PLZT3_700 3 700 1500 1.16 2790
7 PLZT5_650 5 650 1500 1.02 2467.38
8 PLZT3 3 650 768 1.36 1680
9 PLZT3 3 650 492 1.73 1065
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Wrec ¼ r
Pmax

Pr

EdP ðEq 4Þ

Wtotal ¼ r
Pmax

0

EdP ðEq 5Þ

g ¼ ðWrec=WtotalÞ � 100% ðEq 6Þ

where E is the applied electric field. The above calculations are
based on the polarization response of the metal/ferroelectric/
metal system when an input voltage of 50 V is applied. The
annealing temperature study confirmed a maximum Wrec value
(4.47 J/cm3 under an electric field of � 330 kV/cm) in
PLZT0_650 film (Fig. 10a). This can be attributed to the
improved crystalline quality and enhanced polarization in the
film, which is verified through XRD and hysteresis loop
analysis. Figure 10(b) verifies the highest energy storage
density in 650 �C annealed PLZT3 film. Figure 10(c) compares
the energy storage values of 650 �C annealed PLZT films with
different Pb-excess contents. An improved Wtotal (9.45 J/cm3)
and Wrec (4.84 J/cm3) value is observed in the PLZT3_650
film, with the same electric field (� 330 kV/cm). This is caused
by the dense microstructure of PLZT3_650 film, which resulted

in lower leakage current density and improved polarization
values, as discussed in Sects. 3.2, 3.3, and 3.6.

From Fig. 10(d), it is verified that the energy storage
properties improve as the film thickness reduces. It is due to the
higher values of the electric field experienced by thinner films.
The highest value of Wtotal and Wrec obtained are � 26 J/cm3

and � 10.50 J/cm3, respectively, for 492-nm-thick PLZT film
under an applied field of � 1020 kV/cm.

3.8 Nano-Hardness Test

The nano-indentation test results for the PLZT3 film,
annealed at 650 �C are given in Fig. 11 and Table 3. Figure 11
shows the force versus penetration depth plot, obtained from
nano-indentation test.

A high Young�s modulus value of 143.054 GPa is achieved
for PLZT3 film, which is attributed to its good microstructural
properties, as discussed in Sect. 3.2 (Fig. 4e).

3.9 Cross-Hatch Adhesion Test

The optical microscope image of cross-hatch adhesion test
result revealed totally smooth cutting edges with zero detached
square lattices (Fig. 12). It demonstrates the 5B class adherence
of the PLZT3 film on Pt/Ti/SiO2/Si substrate.

Fig. 9 Effect of process parameters on the room temperature leakage current density in PLZT film; (a) effect of annealing temperature on
PLZT0 and (b) PLZT3 film, (c) effect of Pb-excess, and (d) effect of thickness
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4. Conclusions

Effect of process parameters (annealing temperature, Pb-
excess content, and film thickness) on structure, microstructure,
dielectric and ferroelectric properties of PLZT film, prepared by
chemical solution deposition was investigated in the present
study. At first, the effect of annealing temperature (600, 625,
650, 675, and 700 �C) and Pb-excess (0, 1, 2, 3, and 5 wt.%)
content in the structural properties of PLZT films were studied.
Results showed high crystallinity and orientation for 650 �C
annealed films, which resulted in improved ferroelectric
properties like better domain switching, low leakage current
densities, and improved energy storage densities compared to
the other PLZT films annealed at 600, 625, 675, and 700 �C.
The 3 wt.% Pb-excess composition (PLZT3_650 film) yielded
the highest domain switching (� 10% increment), low leakage
current density, high dielectric constant (� 2750), and im-
proved energy storage density (Wtotal = 0.9.45 J/cm3 under

Fig. 10 Effect of process parameters on the room temperature energy storage densities in PLZT film; (a) annealing temperature on PLZT0 and
(b) PLZT3 film, (c) effect of Pb-excess, and (d) effect of thickness

Fig. 11 Normal force vs. penetration depth plot of PLZT3 film

Table 3 Nano-indentation measurement results of PLZT films

Film Pb-excess, wt.% Annealing temperature, �C Hardness, MPa Young�s modulus, GPa

PLZT3 3 650 7894.430 143.054
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330 kV/cm). In addition, the film exhibited strong polarization
(Pmax = 71.4 lC/cm2 at 334 kV/cm) as a result of its improved
microstructural density and larger volume fraction of polariza-
tion domains. The optimum film, PLZT3_650 showed a
hardness value of 7894.43 MPa, Young�s modulus value of
143.05GPa, and an ASTM class 5B adhesion on the substrate.
Finally, the thickness study (492 nm, 768 nm, and 1500 nm)
on the optimum composition PLZT3_650 showed better
ferroelectric and dielectric properties due to the reduction
in leakage current. The maximum energy storage density
(Wtotal = � 26 J/cm3 at 1020 kV/cm) was obtained for
PLZT3_650 film.
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