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INFLUENCE OF LITHIUM ON STRUCTURAL PROPERTIES OF LEAD ZIRCONIUM TITANATE (PZT)

Lead Zirconium Titanate (PZT) is a potential piezoelectric material for sensor and transducer applications due to its out-
standing piezoelectric coupling near the morphotropic phase boundary (MPB). This is because PZT can switch between tetragonal
and rhombohedral phases. PZT is still considered to be one of the piezoelectric materials that has received the greatest amount of
attention from researchers and is used the most frequently. Modification with Lithium will improve the piezoelectric properties.
In this study, the structural properties and morphological studies of Lead zirconium titanate and Lead zirconium titanate with Lithium
modification have been evaluated. Various Scherrer’s models and other models, such as the Williamson-Hall model and Size-strain
plots model, were used to display the observed fluctuations in crystallite size. Morphological analysis was used to determine the
particle size. Graphs showing the distribution of particle sizes were drawn.
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1. Introduction

Lead zirconium titanate (PZT) is regarded as a promising
piezoelectric material for sensor and transducer applications due
to its remarkable piezoelectric coupling at compositions around
the morphotropic phase boundary (MPB) between the tetragonal
and rhombohedral phases. PZT is still regarded as one of the
most extensively researched and commonly utilized piezoelectric
materials. PZT-based materials for a wide range of applications,
including transducers, sensors, and dielectric ceramics for ca-
pacitors, especially in the area of nonvolatile memory [1-12].
There are numerous energy harvesting devices available today,
including conventional solar cells, electromagnetic, electrostatic,
triboelectric, and piezoelectric micro-generators [13]. Variable
PZT system compositions with various Zr/Ti ratios may be
adopted according to the individual requirements for differ-
ent applications. From an application standpoint, the physical
characteristics of PZT have been improved by the addition of
different iso-valent, sub-valent (donor type), and super-valent
(acceptor type) impurities. PZT is a complex perovskite ABO;
having various ion replacements at the A and B sites. However,
few studies have been undertaken to characterize the effects of
doping at the A-site. The primary goal of such compositional
changes is to increase its piezoelectric characteristics, mechanical
quality factor, and, in certain circumstances, high Curie tempera-

ture [14]. Li modification increases piezoelectric properties [ 15].
The materials were synthesized using the traditional mixed-oxide
technique. X-ray diffraction was used to examine the phase purity
and crystal structure, and scanning electron microscopy was
used to examine the Surface morphology microstructure of the
sintered ceramics. In the current study, we reported the structural
changes of Lead zirconium titanate with Lithium doping.

2. Experimental

In this work, we have prepared pure PbZr ¢Ti, 405 (PZT) and
Pby_LisZrg¢Tip.403, where X = 0.03 (Pbgg7Li.06Z10.6Ti0.403)
(PLZT) ceramics were prepared by conventional solid-state
synthesis. To investigate the influence of Lithium, pure PZT
ceramic powders doped with Lithium in A-site. In this case,
we have doped Li at x = 0.03 by 2 times, Pb*? ions replaced
by 2 times of Li" and is associated with charge compensation
[16]. The considered precursors PbO (99%), ZrO, (99%), TiO,
(99%) and Li,CO5 (99%) in the stoichiometric ratio. And mixed
by hand grinding in a mortar and pestle for one hour. Further
grinding continued for 7 to 8 hours in the acetone medium.
This powder mixture was placed in an alumina crucible and
calcined at 900°C for 3 hours. Determined the phase by X-ray
diffraction (XRD) analysis. Powder X-ray diffraction performed
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between 26 = 10 degrees to 80 degrees. Made 8§ mm pellets
by applying around 6-7ton pressure to obtain dense ceramics
and sintered at 1050°C for 2 hours. UV-Vis-NIR spectra were
performed in between the range 200 cm ! to 800 cm ™! by using
Perkin Elmer, USA. Model: Lamda-950.

3. Results and discussions

The calcined sample is investigated by the BRUKER XRD
to verify the phase purity. The X-ray diffraction is performed
between 26 = 10 to 80 degrees. And XRD lines were found
to be highly sharp and single, i.e., no splitting of lines was
detected, which indicates that the materials maintained greater
homogeneity and crystallization. It’s been documented in the

literature [7,8].
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Fig. 1. XRD patterns of PZT and PLZT

The pattern clearly shows the rhombohedral phase. The
formation of the phase, either tetragonal or rhombohedral,
depends on the sintering temperature [17]. The presence of sec-
ondary phases associated with Lithium was not found. Rietveld
refinement further confirms the phase and space group by the
refinement (Fig. 2).
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Fig. 2. Rietveld refinement of PZT and PLZT

Lattice parameters and all the obtained output data tabulate
from Rietveld refinement. 4kl values were noted (TABLE 1) and
compared to the standard rhombohedral /4] values. Obtained chi2
values as 1.8 and 1.6 for PZT and PLZT respectively. Goodness
of Fitis 1.3 for both compositions. With Li doping, a decrement
in lattice constants was observed. This is because the ionic ra-
dius of Lithium 0.76 A is smaller than that of Lead 1.19 A. We
expected to have higher lattice constants, but we found lower
lattice constants in the sample due to lattice shrinkage.

TABLE 1
Different parameters were obtained from Rietveld’s refinement
of PZT and PLZT
Sample Name Space Lattice parameters | Chi? | GOF
group
a=5.7615,a=90°
PbZr0A6Ti0_4O3 R3c b= 57615, B =90° 1.8 1.3
c=14.2116, y=120°
a=5.7591, a=90°
Pbgo7Lig 062106119403 | R3¢ | b=5.7591,=90° | 1.6 | 1.3
c=14.2090, y = 120°

3.1. Determination of crystallite size and strain
3.1.1. Scherrer models
3.1.1.1. Scherrer average model

This approach is named after Swiss scientist Paul Hermann
Scherrer. Specifically used to determine the size of crystallites
in powder form. In the case of XRD analysis by peak width,
which is caused by the instrument’s amplification, there will be
an increase in crystallite size and micro-strain as well, owing to
dislocations [18,19]. The correction of experimental broadening
with respect to the corresponding peak will be

(M

The crystallite size can be calculated by using Scherrer’s
Equation. Where D is the crystallite size, K is the shape factor
which is 0.89, 1 is the wavelength 1.5406A, 0 is the Bragg’s
diffraction angle, and f is the full width at half maximum

(FWHM).

2 — (P2 2
IB corrected — (ﬁ calculated) - (ﬁ experimental)

KA
= (2)
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TABLE 2

Crystallite size PZT and Li-modified PZT
S. No Sample Crystallite size D ( nm)

1 . PbZr0‘6TiOA4O3 34
2. Pby 97Lig 062106 Ti0 403 41

The average crystallite size D is calculated from the Scher-
rer formula (TABLE 2). The size could be varied with respect to



the method we opted for. Lithium modification resulted in larger
crystallites (41 nm vs 34 nm in pure PZT). The further crystallite
size was calculated from Sherrer straight line model and another
Sherrer model, a straight line passing the origin.

3.1.1.2. Scherrer straight-line model

This is a straight-line model that allows for the simultane-
ous use of all or selected peaks. In this instance, all peaks were
taken into account, and according to the Scherrer equation, plots
of cos® against 1/f (inverse radian unit) for each sample are
shown in the Fig., respectively.

kA 1
cosfd=—— 3
D (3)

B
kA
From the Eq. (3), the slope of the plot equals to o The crystal-

lite size values obtained from the slope of the linear fit (Fig. 3)
are not valid for naturally occurring nanocrystals since these
sizes should all be less than 100 nm. In this instance, this may
not apply to bulk samples, but the predicted crystallite sizes of
171 nm and 228 nm for PZT and PLZT, respectively, are bigger
than anticipated [20-22].

When the least squares approach is used to fit the data ac-
cording to the Scherrer equation, it is assumed that the y-intercept
has no physical significance. To rectify the application of the
Scherrer equation, it is suggested that the linear plot passes
through the origin.

3.1.1.3. Straight-line passing the origin
in the Scherrer method

In this investigation, a novel model was established. The
below Equation was evaluated in order to compel the linear
plot to pass through the origin and achieve an acceptable slope
for computations. All points from the Fig. 3 were retrieved in
this Equation as a plot of y against x points. This is a modifica-
tion derived from this work for the simultaneous application of
the Scherrer equation to all peaks [18].
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Fig. 3. Scherrer’s straight-line model plots for PZT and PLZT
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After calculating slope values as 0.003701, and 0.003043
for PZT and PLZT, the crystallite size is determined as 37 nm
and 45 nm, respectively.

TABLE 3
(X, Y) points taken from Fig. 3
PbZr ¢Tiy.40; Pby.g7Li,96Zry.6Tig.4O03
X Y X Y
355.4174 0.98205 450.7043 0.98212
300.0015 0.96361 368.6157 0.9637
264.4941 0.94492 317.7785 0.94505
238.3927 0.92591 281.513 0.92616
217.1199 0.90646 259.108 0.90735
199.7002 0.88629 231.5617 0.88636
171.9794 0.84468 194.1914 0.84509
160.9373 0.82448 180.4461 0.82519
150.2923 0.80205 167.3646 0.80242

3.1.1.4. Modified scherrer method
or Monshi-Scherrer method

Monshi et al. [21] presented the following formula after
modifying the Scherrer equation.

kA 1
lnﬂ—ln[3j+ln(cosej (5)

By adding least squares to the linear plot, the Monshi-
Scherrer approach simplified computation and reduced errors.
This route has a condition that the slope must be close to one.
The intercept then provides the most precise crystal size. Since
(Bcos®) cannot be held constant, the Scherrer equation pre-
dicts that nanocrystalline size will rise when d-hkl decreases
and 26 increases. Also, the Modified Scherrer equation has the
potential benefit of reducing the errors to produce a more pre-
cise estimate of crystallite size from all or part of the different
peaks [20,21].
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To estimate the crystallite size by the Monshi Scherrer
method, the plot of In(1/cos#) and In(f) is plotted on the X
and Y axes, respectively. This plot’s linear fit can be compared
to the straight-line Equation (y = mx + ¢), which resulted in the
below equations,

kA
In| — |=int t 6
(D) intercep (6)

Considering exponential (e), both sides

kA

(%) et o KA et
e — ell’l ercep then — eln ercep

kA

Crystallite size can be written as D = ———.
emtercept

Obtained crystallite size and intercepts indexed in the plots
(Fig. 4). This Equation has the benefit of reducing the total ab-
solute error values, Z(iA Inpg )2, and providing a single line
across the points with a single value of intercept [18-20]. The
intercepts of y obtained are —5.83554 and —6.06294 for PZT
and PZT modified with Lithium, respectively. Crystallite size
calculated is 46 nm and 58 nm for PZT and PZT modified with
Lithium, respectively.
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Fig. 4. Modified Scherrer’s equation model plots for PZT and PLZT
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Fig. 5. Williamson-Hall model plots (W-H plots) for PZT and PLZT

3.2. Williamson-hall method
3.2.1. UDM (Uniform Deformation Model)

Crystallite size is the major factor that influences the XRD
pattern. On the other hand, two more important parameters that
we should consider as influencing factors of the diffraction
pattern are lattice strain and lattice defects. In most cases, we
can observe this scenario. This method is a simplified integral
breath method. The line broadening in this method is isotropic
[18-19,23-24]. As aresult, it is clear that diffraction domains are
also isotropic. Strain-induced can be calculated, and it is

&= B
4tan @

(7

Where ¢ is strain-induced, £ is full width at half maximum.

Let us consider that the particle size and strain contribute
to line broadening, and they do not depend on each other also,
both have a Cauchy-like profile, then we can write line breadth
observed is

ﬂcosez%+4tan€ ®)

From W-H plots, the y-intercept extrapolation gives crystallite
size, and the slope provides the strain with induced.
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Crystallite size from W-H plot (Fig. 5) is 86 nm and 85 nm,
which is approximately equal. Strain induced is 0.00152 and
0.00085.

3.3. Size-strain plots

Williamson -Hall method is always contemplating diffrac-
tion angle as a function of peak broadening. If we are still looking
for more peak profile models of XRD, SSP will be the better
one for isotropic functions. As we discussed earlier, there must
be a micro-strain contribution as the diffraction domains were
isotropic. Size strain plot (SSP) is the method which considers
the peak profile as a function of both Lorentz and Gaussian.
Size broadening and strain broadening of XRD peak profiles
are designated as Lorentz and Gaussian functions, respec-
tively.

/Bhkl = ﬂLor@ntz + ﬁGaussian (9)

The above expression represents total peak broadening as
a function of both Lorentz and Gaussian.

In general, for the low quality of XRD data, peaks will be
overlapped at higher diffracting angles (26). As a result, accuracy
and precision will be very lower. So, the Size Strain Plot focused
on the lower angle reflections, which definitely provides better
results for isotropic broadening [21,22].

2
(dyia Baa c08 9)2 :k%(dzhklﬂhkl COSH)JF% (10)
Where £ is the constant, which is dependent on shape.

By the linear fit (Fig. 6) of the graph between a2, S cosé
and (d; By cos?)? along the X and Y axis, respectively, we can
get a slope which gives average crystallite size and also intrinsic
strain from the intercept.

The crystallite size is increased with Lithium modification.
The straight-line Equation from the above graph represents the
‘m’ and y-intercepts. The intercepts obtained are 0.000025, and
0.000021 for PZT and PLZT, respectively indicates intrinsic
strain.
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Fig. 6. Linear fit of Size-strain plots of PZT and PLZT
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TABLE 4
Size and strain from SSP of pure PZT and PLZT
S. No Sample Crystallite size D Intrinsic strain
(nm)
1. PbZr0_6Ti0_4O3 54 0.000025
2. Pb0.97Li0.OGZYO46Ti0A4O3 72 0.000021

3.4. Scanning electron microscopy

Morphological studies investigated by FESEM and the par-
ticle size increased after the lithium modification. In this study,
particle size was calculated using Image j software.

It is found that the particle size obtained for PZT is 0.75 pm
and for PLZT is 1.13 um. Due to the excess doping of lithium
in place of lead which is associated with charge compensation,
could be the reason to obtain increased particle size in doped
material than the pure one. The Energy Dispersive Spectrum
(EDS) was obtained and shown in Fig. 9. Atomic percentage
and weight percentage are presented in the TABLE 5.

TABLE 5
Elemental data of pure PZT and PLZT

PbZrTiy.40; Pby.97Lip.06Z10.6Ti0.4O03

Element name Weight % | Atomic % | Weight % | Atomic %
Oxygen (O) 32.97 81.01 25.95 75.08
Titanium (Ti) 4.76 3.90 5.73 5.54
Zirconium (Zr) 13.54 5.83 14.51 7.36
Lead (Pb) 48.74 9.25 53.80 12.02

3.5. Optical bandgap calculation tauc plots

UV-Vis-NIR was performed in between the range of 200 nm
to 800 nm to measure the band gap. Fig. 10 shows graph between
absorbance and wavenumber. Measured indirect band gap by
using the Tauc relation [25].

When a photon of energy, /v, falls on the material, the opti-
cal band gap energy of PZT ceramics is computed by consider-
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ing a directly allowed electronic transition between the highest
occupied state of the valence band and the lowest unoccupied
state of the conduction band [26]. Therefore, the absorption co-
efficient & is related to the optical band gap energy according
to the Equation

(ahv)’ o (hv - Eg) (11)
Where a is the coefficient of absorption and hv is the energy of
the photon. Observed blue shift at 225 nm for Lithium dopant,
whereas pure has peak at 227 nm which further leads to Burstein
moss shift [27]. There is a blueshift occurred in between 223 nm



to 228 nm mentioned in Fig. 11. This phenomenon occurs as
a result of an excess of dopant. When the doping concentration
increases, the charge-carriers that occupy the conduction band
provide a bandgap Eg that is generally smaller than that of the
pure material. If the doping concentration increases, the charge-
carriers occupy the fermi level, and if the concentration increases
further, they begin to move above the fermi level, the band gap
is denoted AE, and the band gap can be denoted as apparent
bandgap E,,, = Eg + AE.

In this particular research article, we did not perform the
experiment with low concentrations but directly 2 times of x
where x is 0.03, which means 2x = 0.06. This explanation did not
mention in the paper because we did not perform the experiment
at low concentration levels. This could be easier if we would
have performed experiment at x = 0.03.

TABLE 6
Energy band gap comparison
S. No Sample Name Band Gap (eV)
1. PbZr0‘6TiOA4O3 4.6
2. Pby97L1g,06Z10.6Ti9.403 4.7

For PLZT, the optical bandgap calculated is 4.7 ¢V which
is higher than pure PZT, consisting of 4.6 eV.

— PbZry(Tig 0,
Pby g7Lig 06 Zrg,4Tig4O5

Absorbance (a.u)

20 240 260 280

Wavelength (nm)

Absorbance (a.u)

200 300 400 500 600 700 800
Wavelength (nm)
Fig. 11. UV spectrum of PZT and PLZT
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4. Conclusion

The structural and morphological properties of lead zirco-
nium titanate and lead zirconium titanate with lithium alteration
have been studied. The observed changes in crystallite size were
displayed using several Scherrer's models and other models such as
the Williamson-Hall model and Size-strain plots model. Modified
Scherrer's Equation estimates the precise crystallite size without
errors for nano and bulk crystallites. When compared to other
models, Williamson-Hall plots provide precise crystallite size in
bulk. Morphological studies revealed that the particle size rises as
Lithium in lead zirconium titanate is modified. The optical band-
gap was investigated, and it was likewise enlarged with Lithium
alteration. i.e., from 4.6 eV to 4.7eV. As a result, this Lithium modi-
fied PZT may improve both piezoelectric and optical properties.
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