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Preface

Ferroelectricity is a symptom of inevitable electrical polarization changes in materials with-

out external electric field interference. Ferroelectricity is a phenomenon exhibited by crystals

with a spontaneous polarization and hysteresis effects associated with dielectric changes

when an electric field is given.

This book is a compilation of articles provided by kind contributors:

1.
2.

Our introductory chapter focuses on ferroelectrics and its aplications.

Rongli Gao et al. study transverse photovoltaic effects as a function of sample di-
rections in-plane as well as the angle between the linearly polarized light and the
plane of the sample along X and Y directions. A sample was made, tetragonal Bi-
FeO3 film with a thickness of 30 nm, which was grown epitaxially on (001)-ori-
ented LaAlO3 substrate by using pulsed laser deposition (PLD).

Xin Chen et al. review the nonlinear optical effects that are bundled with ferro-
electric domain walls or whose properties can be significantly enhanced by the
presence of domain walls.

Alexander Skaliukh presents prevalent mathematical models of irreversible proc-
esses in polycrystalline ferroelectric materials when they are subjected to intense
electrical and mechanical influences

Amarilis Declet-Vega et al. report their studies on mechanical and dielectric prop-
erties of biocomposites containing strontium titanate particles.

Phan Trong Tue and Yuzuru Takamura contribute their work on lead zirconium
titanate films and devices made by a low-temperature solution-based process.
Bharat G. Baraskar et al. discuss the strategy to develop superior quality, high-
density microstructured BaTiO3 electroceramic material.

Liuxia Ruan et al. describe the preparation and device applications of ferroelectric
3-PVDEF films.

We have been researching ferroelectric materials since 2001, but there is still a blue ocean of

ferroelectric applications yet to be elaborated. It is and hopefully always will be a bright future.
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Introductory Chapter: Ferroelectrics Material
and Their Applications
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1. Ferroelectrics material

Ferroelectricity is a symptom of inevitable electrical polarisation changes in materials without
external electric field interference. Ferroelectricity is a phenomenon exhibited by crystals with
a spontaneous polarisation and hysteresis effects associated with dielectric changes when an
electric field is given. Our fascination with ferroelectricity is thanks to a beautiful article by
Itskovsky, in which he explains about kinetics of a ferroelectric phase transition in thin ferro-
electric layer (film) [1]. We have been researching about ferroelectrics materials since 2001 [2, 3].

There are several materials known for its ferroelectric properties. Barium titanate and barium
strontium titanate are the most well known [2-4]. Several others include tantalum oxide, lead
zirconium titanate, gallium nitride, lithium tantalate, aluminium, copper oxide and lithium
niobate [5-14].

Researchers often introduce dopant to enhance material’s ferroelectric characteristics.
Lanthanum is one of the most well-known materials to be used as dopant [10, 13, 15-18].
Ferric oxide is also most often used as dopant [8, 19-21]. Other dopants include gallium oxide,
tantalum oxide, niobium oxide and manganese [9, 14, 19, 22-24]. Furthermore, we are cur-
rently trying to enhance the ferroelectric effects using photonic crystals [25].

When researchers are growing ferroelectric thin films, they have used various concentrations,
starting from 0.25 to 2.5 mole [7, 23, 25-28]. Researchers applied the chemical solutions of vari-
ous substrates: the most often is p-type silicone [3, 11]. n-Type silicone, transparent conductive
oxide substrate and corning glass are also known to be used as ferroelectric substrates [2, 24-26].
We ourselves have prepared our ferroelectric materials mostly using chemical solution deposi-
tion methods and coupled with spin-coating methods, usually for 30 s, with rotational speed
of 2000-8000 rpm [3, 4, 6, 7, 11, 18, 19, 23, 27, 29]. Other preparation methods researchers have

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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used include pulsed laser ablation deposition (PLAD), DC magnetron unbalanced magnetron
sputtering (DC UBMS), solid solution methods, plasma-assisted metal-organic chemical vapour
deposition (PAMOCVD) and sol-gel method [2, 9, 14, 27, 30, 31].

Researchers usually anneal or heat the ferroelectric samples in furnace. We have tried low tem-
perature in rich oxygen chamber, at 200-280°C [23]. We mostly anneal our ferroelectric samples
in atmospheric chamber, at various temperatures from 350 to 950°C [5, 20, 24, 28, 32, 33]. We also
have varied the holding duration from 1 to 29 h [3, 7-9, 11, 17, 18, 20, 27, 29, 30, 34, 35]. The resul-
tant ferroelectric crystal shape is either hexagonal, tetragonal, or orthorhombic [6, 9, 12, 13, 36].

To learn more about the nature of our ferroelectrics, researchers have utilised several characterisa-
tion devices. They usually start with IV meter or current-voltage photovoltaic measurement and
LCR meter [3, 27, 33, 37]. They are also heavily utilising spectrophotometric devices, in an ultravio-
let to visible range, visible to near-infrared range and Fourier transformed infrared (FTIR) spectro-
photometry [2, 4, 10, 15, 18, 37]. To assess deep inside the ferroelectric crystal structure, researchers
have utilised particle size analyser, scanning electron microscopy, atomic force microscopy, dis-
persive energy X-ray and X-ray diffraction device (XRD) [3, 10, 14, 16, 23]. We are currently work-
ing on an implementation of ARIMA methods to enhance FTIR and XRD results [15, 16].

With those measurement devices, researchers could observe the ferroelectric electrical character-
istics such as voltage responsivity, electrical insulation/conductivity, energy gap, ellipsometric
measurement, value range, accuracy level, sensitivity, hysteresis, dielectric constant, time con-
stant and dielectric loss [2, 3, 6, 7, 10, 11, 18, 20, 36]. The researchers have also measure physical
characteristics such as gravimetric calculation, depth measurement, resolution, surface rough-
ness, structural properties and functional groups [4, 10, 23, 36]. Other than those parameters,
researchers also have measured spectral and applied characteristics such as refractive index,
photonic absorption, pyroelectric characteristics and solar cell efficiency [6, 9, 17, 25, 27, 30, 35].

2. Ferroelectrics material and their applications

Researchers have been developing various forms of sensors with various working principles.
The sensor is a simple device, which can measure how much and produce some form of the
output of mechanical, electrical and optical output. Today, developmental sensors use comput-
ing, communications and connectivity to the web, mobile smart devices and integration clouds
added to the sensor capabilities [38]. The development of censorship in the healthcare world
was initially widely used in hospitals, but now censorship is widely used by many patients both
in public places, individual homes that support their health management. Clarke and Lyons
first developed the concept of biosensing in 1962. The concept of glucose biosensor was success-
fully commercialised in 1975 by the instrument companies Yellow Springs and the American
National Standards Institute. Currently, medical industries are massively developing the bio-
sensor as a tool for AIDS testing and home pregnancy, allergy detection. Besides, biosensors are
now widely developed for environmental applications such as detection of bacteria, pesticides
and heavy metals in water samples [39]. The next sensor development is a MEMS-based sensor.
This sensor has a small size accurate, and industries can integrate this sensor into the device
ranging from sports hours, electronics, to cars. The U.S Government initiated an accelerated
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program in the development of MEMS-based sensors in 1990. The technique used was the
manufacture of semiconductors, accelerometers (ADXL50) was the first sensor to be sold com-
mercially in 1992 [40]. Currently, the evolution of sensors is strongly influenced by ICT tech-
nology, with integration with the microcontroller, wireless communications module and data
storage permanently. Industries have supported this technology by the development of sensor
systems with a standard architecture. Computing, storage and communication features are
used to present multiple sensors with connectivity. The development of the next sensor leads to
the sensor connection process to the smartphone or tablet, or connection with the web or cloud
storage [40]. So far, we have implemented our ferroelectric technology as automatic switch sen-
sor, infrared sensor, light sensor and temperature sensor, as well as solar or photovoltaic cells,
which made for IPB satellite design [5, 7, 11, 18, 19, 27, 32, 36]. There is still a blue ocean of
ferroelectric applications yet to be elaborated. It is and hopefully always a bright future.
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Abstract

Tetragonal BiFeO, films with the thickness of 30 nm were grown epitaxially on (001) ori-
ented LaAlQ, substrate by using pulsed laser deposition (PLD). The transverse photovol-
taic effects were studied as a function of the sample directions in-plane as well as the angle
between the linearly polarized light and the plane of the sample along X and Y directions.
The absorption onset and the direct band gap are ~2.25 and ~2.52 eV, respectively. The pho-
tocurrent depends not only on the sample directions in-plane but also on the angle between
the linearly polarized light and the plane of the sample along X and Y directions. The results
indicate that the bulk photovoltaic effect together with the depolarization field was ascribed
to this phenomenon. Detailed analysis presents that the polarization direction is along [110]
direction and this depolarization field induced photocurrent is equal to ~3.53 pA/cm?. The
BPV induced photocurrent can be approximate described as Jx = 2.23cos(20), such an angu-
lar dependence of photocurrent is produced as a consequence of asymmetric microscopic
processes of carriers such as excitation and recombination.

Keywords: transverse, photovoltaic effect, depolarization, tetragonal BiFeO,,
photocurrent

1. Introduction

Driven by the energy crisis all over the world, more and more researchers have begun to
investigate a broad spectrum of candidate materials for thin-film photovoltaic cells as a
renewable energy production [1-3]. Among them, ferroelectric photovoltaic effect has been
received considerable attention in the past few years because of its potential application in
optoelectronics, information storage and energy conversion [4, 5]. However, different mecha-
nisms have been proposed to explain experimental observations in the literature, such as the

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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depolarization field effect [6-8], interface effect [9], domain theories [10], or spin polarization
[11]. It is worth mentioning that bulk photovoltaic effect (BPVE) is another primary mecha-
nism, which was discovered in noncentrosymmetric ferroelectrics several decades ago. It is
often suggested that different from p-n junction based systems, BPVE does not require an
asymmetric interface, especially its photovoltage is not limited by the band gap of the mate-
rial, which can reach 10° V/cm or more and it is called anomalous photovoltaic effect [12-14].
All of the various ferroelectric materials, BiFeO, (BFO) is of particular interest because of
its robust ferroelectricity, room temperature coexistence of ferroelectric and antiferromag-
netic orders and the possible magnetoelectric couple effect. More important, the band gap of
BFO (~2.7 eV) is smaller than many other ferroelectric materials (more than 3 eV), making it
become a more suitable candidate materials for the next generational thin-film photovoltaic
cells. Apart from the fundamental research on its ferroelectric properties, the photovoltaic
effect of BFO has been reported in ceramics, nanowires, single crystals and highly oriented
films [15-17]. However, in all of these studies, BFO is a rhombohedrally distorted perovskite
[18] belonging to the R3¢ space group, each Fe* center is coordinated by six O* ions, although
the distortion along [111] yields a quasioctahedral arrangement [19]. Since its photovoltaic
tensor have a nonzero G,, component, photocurrent should exist in the direction perpen-
dicular to the ferroelectric polarization [20]. Recently, first-principles calculations predicted
that a metal stable tetragonal (T) phase with a giant axial ratio (~1.27) and an extremely large
spontaneous polarization of P ~ 150 pC/cm? can be achieved in BFO under a compressive
strain [19], which were confirmed by several experiments [21-23]. Besides, the first principles
theoretical calculations predict a smaller band gap in tetragonal BFO than in rhombohedral
one [19]. Therefore, it is a great importance to research the photovoltaic effects due to its
smaller band gap and more larger polarization as well as its special directions. In this letter,
we report on photovoltaic devices based on tetragonal BFO thin films that demonstrate bulk
photovoltaic effect and represent an interesting alternative material class for study of mecha-
nism of photovoltaic effect and in pursuit of energy related applications.

2. Experimental process

Tetragonal phase BiFeO, (T-BFO) films of ~30 nm thickness were fabricated epitaxially by
pulsed laser deposition (PLD) technique on (001)-oriented LaAlQO,. In this experimental pro-
cess, KrF excimer laser with the wavelength of 248 nm was used for deposition, the deposition
frequency is 3 Hz with an energy of about 240 m]. The substrate was kept at 650°C with
11 Pa of oxygen atmosphere. In the course of deposition, the substrate holder was still rotated
with the speed of 360°/min so that the thickness variation of the film can be reduced and the
uniform composition of the film can be obtained as much as possible. Followed the deposi-
tion, oxygen stoichiometric T-BFO films were in situ annealed in 500 Pa oxygen pressure and
cooled slowly down at 5°C/min to room temperatures to avoid the effect of deficient oxygen.
Structural characterization was performed using X-ray diffraction (XRD), using M/s Bruker
make D8-Discover system. Room temperature transmittance and reflectance spectra were col-
lected by using a Perkin-Elmer Lambda-900 spectrometer (with the energy of 0.41-6.53 eV).
For the conductive characteristics measurements, platinum electrodes of 200 um length and
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interelectrode distances of 20 um were fabricated by sputter deposition using conventional
photolithography and lift-off technique. The photoelectric effect was measured by illuminat-
ing the gap between the electrodes with a A 405 nm (E = 3.06 eV) laser (Newport LQA405-85E)
with a maximum power of 80 mW for the illumination, yielding the incident light power den-
sity on the sample surface up to 0.8 W/cm? and simultaneously measuring the photocurrent
using a high-input impedance electrometer (Keithley 6517).

3. Results and discussion

Figure 1(a) shows the results of the X-ray diffraction 626 scans of the T-BFO deposited on
(001) LAO substrates. Only peaks corresponding to (00!) reflections of BFO and those from
the substrate are seen, indicating the epitaxial growth of the films. The out-of-plane lattice
parameter c calculated from the (00l) peaks is estimated to be ~4.67 A, which is larger than that
of rhombohedral BFO reported [14-16]. The larger lattice parameter c of T-BFO means that it
is stabilized by a large compressive strain. The reciprocal-space map of BFO films indicates
that the in plane parameter of BFQ is very close to that of LAQ, i.e., a ~3.79 A and the BFO film
with an out-of-plane lattice parameter of 4.67 A were detected, indicating that the film is pure
tetragonal-like. This corresponds to c/a ~ 1.27 for BFO in the sample. Figure 1(b) shows the
topography of the corresponding film. The AFM image reveals a smooth surface morphology
with a surface roughness of ~0.5 nm. In order to research the polarization direction, the planar
Pt electrodes were patterned on the films to directly measure the in-plane P-E loops.

As shown schematically in Figure 1(c), the edge of the Pt electrode was aligned along the [100]
and [110] directions of the substrate, so as to ensure the electric field directions. The applied
electric field E was determined using E = V/d, where V is the voltage and d is the channel
width. Figure 1(d) shows the P-E hysteresis loop for the T-BFO films on LAO substrate when
E is along the [100] and [110] directions, respectively. One can clearly see that hysteresis loop
saturation in each direction is evident. The remnant polarization along the [100] and [110]
directions are 30 and 37 uC/cm? respectively, consistent with previous study [24]. This differ-
ent polarization in various directions should be attributed to the different polarization com-
ponent. Besides, the coercive field along [110] is larger than that of [100] directions, this may
be that the polarization in the [110] direction is more stable and domains wall pinning effect
and grain boundary along different directions. It is noteworthy that the coercive field (E )
along [110] is asymmetric in positive and negative position, which may be due to a residual
strain in the crystal or might be the different internal field in each interface. The in-plane
measure structure can be used to investigate the in-plane photovoltaic effect and strain effect
of ferroelectric and multiferroic films.

The transmission spectrum of the samples were displayed in Figure 2(a), the direct band
gap is extracted by a linear extrapolation of an (a.E)* ~ E plot to zero, as shown in inset of
Figure 2(a). It is clear that the band gap in tetragonal BiFeO, is 2.52 eV, which is 0.13 eV
smaller than that in rhombohedral BiFeO, (2.68 eV). This result is mainly consistent with
the results from the theoretical calculations [19]. We have performed detailed photoelectric
investigations on BFO epitaxial thin films with T-Phase to get a better insight into the actual
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Figure 1. (a) XRD spectrum of tetragonal phase BiFeO, films grown on LaAlQO, substrate. (b) The topography of the
corresponding film by AFM. (c) Schematic illustration of the sample geometry used for the P-E curve measurements. (d)
Field-dependent variation of P-E loops of the tetragonal BiFeO, films grown on LaAlO,, and the applied electric field is

along the [100] and [110] direction.

mechanism of ferroelectric photovoltaic effect. Pt in-plane electrodes with a gap of 20 um
were patterned by a standard photolithography process. The x axis is along the [100] direction
and y axes is parallel to the [010] direction while z is perpendicular to both the y and x axes,
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Figure 2. (a) Transmission spectrum of tetragonal BiFeO, films. Inset shows the direct band gap analysis. (b) Schematic
illustration of the sample geometry used for the photocurrent measurements of the epitaxial tetragonal BFO thin film
with in-plane electrodes. The angle between the polarizer transmission axis and the x axis is 0.

forming a right-hand coordinate system. The angle between the [100] direction (x axes) and
the direction of current (I ) flow is 6, as shown in Figure 2(b).

To measure the photovoltaic effect of T-BFO films, we illuminated the gap areas between
the top Pt electrodes, unwanted light illumination on the surfaces was avoided by covering
withblack tape. In the process of measuring the photovoltaic effect, the central electrode was
connected with the negative side of source meter (Keithley 6517) and the outer electrodes
were linked to the positive one. The photocurrent density | was determined using | =I/(d.t),
where [ is the measured short-circuit current voltage, d is the channel width and ¢ is the
film thickness, J iy denotes the current flows along [hkl] direction, as shown in Figure 2(b).
Figure 3(a) shows time dependence of photocurrent density, showing a good retention of
the photovoltaic effect, exhibiting no degradation when it was measured during several
on-and-off cycles. The photocurrent density | along [100] direction (], ~ 1.24 pA/cm?)
is always smaller than that of [110] direction Jping ~ 2-24 pA/em?), this distinct difference
may be a result of a larger depolarization field along [110] direction compared with [100]
direction due to the larger polarization along [110] direction, as shown in Figure 1(d). From
the P-E curves we can find that the polarization along (110) direction is larger than that
of (001) and (010) directions, therefore we suppose that the component of polarization in
the x-y plane should lie along the (110) direction. It was reported that photocurrent can be
tuned by the depolarization field, i.e., different polarization will induce unlike photocur-
rent. Because the polarization along (110) direction is larger than that of (001) and (010)
directions, thus, the depolarization filed along (110) direction is larger than that of (001)
and (010) directions and so does the photocurrent. This result presents a evident influence
of depolarization field on the transverse photovoltaic effects. To prove this viewpoint, we
have reversed the polarization along the [100] and [110] directions to check the polarization
dependence of photovoltaic effect. Both the photocurrent along [100] and [110] directions
decrease after polarization switching, as shown in Figure 3(b). This decreased photocur-
rent indicates that the photocurrent is at least composed of two parts, one is the contribu-
tion of depolarization field, another one will be discussed later.
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Figure 3. (a) Time dependence of short-circuit photocurrent for the BiFeO, samples with light on and off along [100] and [110]
directions with the film is polarized by positive voltages. The negative electrode connected with point “0”, i.e., the central
electrode and the positive electrode connected with other points, i.e., the outer electrodes. (b) Time dependence of short-
circuit photocurrent for the BiFeO, samples with light on and off along [100] and [110] directions with the film is polarized by
negative voltages. (c) The angular dependence of polarizations. (d) Photocurrent as a function of crystal orientation.

In order to elucidate the crystallographic direction and polarization dependence of photocur-
rent, we measured the PV current by changing the angle between the [100] direction and the
direction of current flow (x direction), i.e., measure the photocurrent and polarization along
different directions, as shown in Figure 3(c) and (d). We find that both the photocurrent and
polarization along different directions show fluctuation behavior, more importantly than
all of that, the absolute values of polarization along x and y axes are smaller than in other
directions, while the photocurrent is a local maximum (~2.2 pA/cm?) parallel or antiparallel
to [110] direction while the minimal value can be obtained when measured along [-110] or
[1-10] directions. These results suggest that the different values of photocurrent along dif-
ferent crystallographic direction can be attributed to the inequality depolarization field and
the minimum photocurrent occurs when it is perpendicular to the polarization directions.
However, we found that the angular dependence of polarizations shows obvious difference
from that of photocurrent, indicating that the photocurrent is not entirely decided by polar-
ization, which presents typical bulk effect.
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Therefore, our results mentioned above cannot be explained by the depolarization field
effect simply. Such a crystallographic direction dependence can be described in the frame-
work of the bulk photovoltaic (BPV) theory, where the photocurrent is produced as a
consequence of asymmetric microscopic processes such as excitation and recombination
of photon induced electrons and holes [25, 26]. According to this theory, the dependence
of the photocurrent on the polarization orientation of incident light can be expressed by
a bulk photovoltaic tensor. The BPV effect has been studied extensively, it is assumed
that the photocurrent in non-centrosymmetric ferroelectrics materials depends on the
orientation of the crystal with respect to the projections of the electric field of the linearly
polarized light onto the plane of the sample along X and Y directions [26], when the light
propagating along Z direction, the photocurrent generated along X and Y directions with
can be expressed by [26-28].

J. = —Ip,,sin20 and J, = 1B,,cos20 (1)

where I, ,, and 0 are the intensity of light, bulk photovoltaic tensor coefficient and the angle
between the plane of the linearly polarized light and X direction.

In order to prove the existence of the BPV in our films, we measured the photo current for
T-BFO films by changing the angle between the plane of the linearly polarized light and the
direction of current flow (x direction). The schematic diagram of the experimental configura-
tion was given in Figure 4(a). The photo current was measured with the negative electrode
connected with point “0”, i.e., the central electrode and the positive electrode connected with
outer electrodes. 0 is defined as the angle between the linearly polarized light and the plane
of the sample along x axes, i.e., the [100] direction. The photocurrent densities along and
perpendicular [110] direction were measured at different polarizer angles for the samples,
which is presented in Figure 4. It is clearly that the photocurrent exhibits definitive angular
dependency, however, the magnitude and signs of the photocurrent varied with directions,
i.e., the photocurrent is relatively smaller and the sign changes with angle when it perpen-
dicular the [110] direction (that is, along [-110] or [1-10] directions), while it is larger and it is
always a positive value since it is along [110] and [-1-10] directions. This result demonstrates
that excepted for the BPV, other factors such as interfacial barrier, domain walls, depolariza-
tion field, as well as a misalignment between the light direction and the sample surface can
contribute to the photocurrent. As a consequence, a constant current ], should be introduced
to Eq. (1), which can be expressed as:

J. = ], IB,,sin(26 + 6,) and ]y = ]yo +1p,,cos(260 + 6,) )

For the above four directions, the results can be fitted very well to a cosine function. The fitting
function is for the four directions as follows: ] ,,, =-2.21c0s(20 - 13°), ] , ,,, = ~2.26c0s(26 ~ 12°),
Jiioy = 7323 + 1.97c0s(20 — 9°), and | (1o = 3-51 + 2.13c0s(26 - 11°), respectively. It is worth
emphasizing again that the constant current ]| is near zero for the [-110] and [1-10] direc-
tions, i.e., perpendicular the polarization direction ([110] direction), which shows typical bulk

photovoltaic effect. However, the constant currents are -3.23 and 3.51 for [110] and [-1-10]
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Figure 4. (a) The schematic diagram of the experimental configuration. The photocurrent was measured with the
negative electrode connected with the central electrode and the positive electrode connected with the outer electrodes.
0 is defined as the angle between the linearly polarized light and the plane of the sample along x axes, i.e., the (100)
direction. Photocurrent measured at different angles, with the direction of the current flow along [-110] direction
(b), [1-10] direction (c), [110] direction (d) and [-1-10] direction (f). The solid line represents the fit with Eq. (2).
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directions, respectively. We argue that this different positive and negative constant current
can be attributed to the depolarization field effect, different direction of depolarization field
will lead to different photocurrent because the photocurrent is opposite to that of polarization
direction according to depolarization theory [13]. Nonetheless, we note that the compensated
angle 0 is near the same and is very closer to zero, this very small compensated angle may be
a result of the misalignment between the light beam direction and the normal to the sample
surface while the constant current ], parallel to the [110] and [-1-10] directions should have
been ascribed to the depolarization or the asymmetry interface barriers between the internal
electrode and outer electrode. Combined the results of Figures 3 and 4 with Figure 1(e), we
can deduce that although the polarization direction in the tetragonal phase BFO films lies
nearly the (001) direction, a fraction of the component of polarization direction on the sample
surface lies along the [110] direction. It should be emphasized that the photocurrent measured
perpendicular to [110] direction is perpendicular to the ferroelectric polarization, hence, the
results cannot be explained by the depolarization field. Moreover, The use of symmetric in-
plane Pt electrodes can exclude the photovoltaic effect from the interfacial energy barriers
mostly, and domain walls cannot explain the angular dependence of the photocurrent and
thus they can be excluded here.

Therefore, the photovoltaiceffectalong [-110] and [1-10] directions are both perpendicular to [110]
direction, whichisa productof BPV, yetitisa total effects combined depolarization and BPV effects
when the photocurrent measured parallel to [110] and [-1-10] directions. Based on above analy-
sis, depolarization field induced photocurrent is equal to the constant current J, (~3.53 HA/cm?).
The BPV induced photocurrent can be approximate described as Jx = 2.23cos(20), such an angular
dependence of photocurrent is produced as a consequence of asymmetric microscopic processes
of carriers such as excitation and recombination [5].

4. Conclusions

Tetragonal BiFeO, films with the thickness of 30 nm were grown epitaxially on (001) ori-
ented LaAlO, substrate by using pulsed laser deposition (PLD) and the photovoltaic effect
of tetragonal BiFeO, along different crystallographic direction with in plane symmetric
electrodes was investigated, the absorption onset and the direct band gap are ~2.25 and
~2.52 eV, respectively. The photocurrent exhibits definitive angular and direction depen-
dency, indicating obvious bulk photovoltaic effect and depolarization field effect. The
photocurrent depends not only on the sample directions in-plane but also on the angle
between the linearly polarized light and the plane of the sample along X and Y direc-
tions. The polarization direction is along [110] direction and the photocurrent induced by
this depolarization field is as large as ~3.53 pA/cm? while the BPV induced photocurrent
can be described as Jx = 2.23cos(20), such an angular dependence of photocurrent is pro-
duced as a consequence of asymmetric microscopic processes of carriers such as excitation
and recombination. These results indicate that the BPV and depolarization field effect in
tetragonal BiFeO, thin films could be further explored for the next generation of solar
photovoltaic applications.
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Abstract

Ferroelectric materials tend to form macroscopic domains of electric polarization. These
domains have different orientations and coexist in the medium being separated by
domain walls. In general, symmetry and structure of ferroelectric domain walls differ
from their parent materials and consequently lead to abundant physical properties. In this
book chapter, we review the nonlinear optical effects which are bundled with ferroelectric
domain walls or whose properties can be significantly enhanced by the presence of
domain walls. In particular, we have reviewed Google Scholar articles from 2008 to 2018
using the keywords “nonlinear Cerenkov radiation from ferroelectrics”. We show that the
spatially steep modulation of the second-order nonlinear optical coefficient across the
domain wall leads to strong emission of the Cerenkov second harmonic in bulk materials.
This feature also enables an effective nondestructive method for three-dimensional visu-
alization and diagnostics of ferroelectric domain structures with very high resolution and
high contrast.

Keywords: ferroelectric domain wall, second harmonic generation, nonlinear Cerenkov
radiation, nonlinear diffraction, optical imaging

1. Introduction

The ferroelectric phenomenon was discovered in 1921 by ]. Valasek during an investigation of
the anomalous dielectric properties of Rochelle salt, NaKC,H4Og - 4H,0 [1]. During the last
few decades, the group of ferroelectric materials has been extended to over 250 pure materials
and many more mixed crystal systems. They are intensively investigated because of a wide
range of actual and potential applications of ferroelectric in critical fields such as electronics,
nonvolatile memories, photonics, photovoltaics, etc. [2-8]. The ferroelectric materials generally
consist of small uniform regions in which the spontaneous polarization points to the same

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN



22

Ferroelectrics and Their Applications

direction, called ferroelectric domains. The interfaces separating different domains in a crystal
are called domain walls. For example, there are “180° walls” separating domains with oppo-
sitely orientated polarizations and “90° walls” separating regions with mutually perpendicular
polarizations. The ferroelectric domain walls have symmetry and structure different from their
parent materials and consequently possess many various physical properties including huge
conductivity and anomalous dielectric responses [4-7].

Lithium niobate (LiNbO3) is a ferroelectric crystal with important photonics applications
thanks to its excellent electro-optic, acousto-optic, and nonlinear optical properties. The crystal
supports two distinct orientations of the spontaneous polarization along its optical (z) axis, i.e.,
only 180° domains exist in LiNbOj crystals. Most importantly for nonlinear optical applica-
tions, the ferroelectric domains in LiNbOj crystal can be periodically aligned by using external
stimuli such as external electric field [9] or intense light field [10-13]. The alternative orienta-
tions of spontaneous polarization amounts to a spatial modulation of the second-order
nonlinear coefficient of the crystal, an essential condition of the so-called quasi-phase-matching
(QPM) technique, where the phase mismatch of a nonlinear optical process is compensated by
one of the resulting reciprocal lattice vectors induced by the nonlinearity modulation. In the
simplest case of second harmonic generation (SHG) in the medium, the quasi-phase-matching
condition (which is equivalent to conservation of the momentum of interacting waves) can be
expressed as k, — 2k, = G, where k, and k; represent wave vectors of the second harmonic and
fundamental waves, respectively. G is the magnitude of the reciprocal vector of the
nonlinearity grating.

It has been recently reported that efficient second-order nonlinear optical effects can also occur
in an extreme case where only a single-domain wall was involved [14-16]. In fact the steep
change of the second-order (x?) nonlinearity across the domain wall gives rise for the appear-
ance of the so-called nonlinear Cerenkov radiation, whose emission angle is defined by the
longitudinal phase-matching condition [17]. In case of frequency doubling via the Cerenkov
second harmonic generation (CSHG), the second harmonic signal is observed at the angle 8,
defined as kycosflz — 2k, =) [see Figure 1(a)]. The nonlinear Cerenkov interaction has been
intensively investigated recently to fully understand all aspects of this fundamental

(b)

Figure 1. (a) The phase-matching diagram of Cerenkov-type second harmonic generation, where the harmonic emission
angle is determined by the longitudinal phase-matching condition, i.e., .ﬁ.‘gﬂﬂﬁﬂp — 2k, = (). (b) Hlustration of an
experimental observation of the Cerenkov second harmonic generation at a single ferroelectric domain wall. FB, funda-
mental beam, and SH, second harmonic; represent the second-order nonlinear coefficient of the material [15].
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phenomenon and also because of a number of important actual and potential applications in
nonlinear optical microscopy [18, 19], ultrashort pulse characterization [20], high harmonic
generations [21], and functional materials analysis [22].

In this chapter we review the latest research achievements in both experimental and theoretical
studies of the nonlinear Cerenkov interactions that are closely associated with the existence of
ferroelectric domain walls. In particular, we discuss two situations, namely, the nonlinear
effects arising from a single ferroelectric domain wall and those coming from the multiple
domain walls. We solve nonlinear coupled equations for the second harmonic generation and
show how the efficiency of these nonlinear interactions depends on the structures of ferroelec-
tric domain patterns and conditions of fundamental wave. These results are important for
better understanding of second-order nonlinear optics and inspire optimizing the process for
practical applications.

2. Approach and methodology

The authors of this book chapter have been active in the field of nonlinear Cerenkov radiation
from domain-engineered ferroelectric crystals for many years. Their latest research outcomes
constitute the main body of this review. More details about these research works are available
in the authors’ publications, which have been correctly cited in the “References.” Meanwhile,
the authors have also reviewed other research groups’ Google Scholar articles on this topic and
have included some milestones in this chapter. These research progresses are organized into
two categories according to the number of ferroelectric domain walls involved in the interac-
tion, namely, the nonlinear Cerenkov radiations from a single-domain wall and those from
multiple walls. In each category, not only experimental research but also theoretical treatment
(using, e.g., the standard fast Fourier-transform-based beam propagation method) have been
presented.

3. Cerenkov-type second harmonic generation from a single ferroelectric
domain wall

The experimental generation of the Cerenkov second harmonic is schematically illustrated in
Figure 1(b). The fundamental beam (FB) generally propagates along a ferroelectric domain
wall. A pair of beams at doubled frequency, i.e., the second harmonic (SH), is observed in the
far field. Their emission angle agrees with that defined by the longitudinal phase-matching
condition, i.e., as #> = cos ™ { 2k,/k; ) = cos™ (m,/n.), where #. and 72 are refractive indices of the
fundamental and second harmonic waves, respectively. It is clear that the Cerenkov angle
depends strongly on material properties. It is worth noting that the efficiency of Cerenkov
harmonic generation in a single-domain (homogeneous x®) crystals is low and its experimen-
tal observations have been scarce. As we show below, the emission of Cerenkov signal can be
strongly enhanced by the presence of ferroelectric domain wall in the beam illuminated area.
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For a better understanding of the Cerenkov-type second harmonic generation at a single
ferroelectric domain walls, the nonlinear optical interactions from a material system consisting
of semi-infinite regions with different quadratic nonlinear responses y'* and ¥'#, as shown in
Figure 2(a), are treated both numerically and analytically. We assume the fundamental Gauss-
ian beam (wavelength X, and beam width w) propagates along the boundary separating both
media. To avoid any possible influence of the discontinuity in the linear polarization, the
refractive index of the system is assumed to be homogenous.

The interaction of the fundamental and second harmonic waves in the nonlinear optical
medium is described by the following system of coupled wave equations [23]:

aE, S e, .szmt:ﬂ?} e i — k)

e =g VIE i g Bl By, 1
9, _ i g _.;Mgzeim,--ma W
dz 2k T %ke? ! .

In these equations w4 and w, = 2w, are the fundamental and SH frequencies, respectively. We
assumed that the field can be decomposed into a superposition of these two frequencies, with
stationary envelopes and fast oscillating term:

E=E,(z,2)e"* 9 + E,(z,2)e"™ " 4 p.c. (2)

Here only the contributions from the diffraction and the quadratic nonlinearity are included,
and no transient behavior or interface enhanced linear and/or nonlinear effects are considered.

We numerically solve the Eq. (1) by using the standard fast-Fourier-transform-based beam
propagation method. We use the dispersion data of LiNbOj crystal [24] in simulations. In
Figure 3, we depict the far-field SH distributions versus the propagation distance, calculated
with the fundamental beam propagating along two types of x'* boundary in nonlinear media.
Figure 3(a) shows the SHG when the nonlinearity changes its sign across the boundary, i.e.,
¥ = - ¥ = y/?. The strong emission of Cerenkov SHG is observed around 28.6° for the

FB

N

Figure 2. Schematic of the simulation with second harmonic generation in optical media containing two layers of
different nonlinear optical responses: xm and im.
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Figure 3. Far-field intensity of the second harmonic generation in composite media with fundamental beam propagating

(a) along ferroelectric domain wall and (b) in a homogeneous leJ medium.

fundamental wavelength A, =1.2 um, in a good agreement with the calculated Cerenkov angle
for the LiNbOj; [24]. It is clearly seen that the Cerenkov signal grows monotonically with the
interaction distance, which is a typical feature of the longitudinally phase-matched nonlinear
interactions. This simulation represents the experimental generation of nonlinear Cerenkov
radiation on a single ferroelectric domain wall, across which the second-order nonlinear coeffi-
cient alters its sign. In Figure 3(b), we show the calculated SHG in a homogenous y'* medium,
ie. ™ =3"=y/* In this situation only the phase-mismatched, forward second harmonic
signal is present. There is no trace of noncollinear Cerenkov harmonic signal. Compared with
results shown in Figure 3(a), we confirm the presence of a sharp spatial variation of the ¥
nonlinearity forms a sufficient condition for efficient nonlinear Cerenkov radiation.

The behavior becomes even clearer if we analytically deal with the frequency conversion
process assuming the undepleted fundamental beam. In this case from Eq. (1), we can obtain
the following formula to describe the strength of the nonlinear Cerenkov signal [15]:

Esﬂoczf-xxm (z)E? (z,z)e™"dz. (3)

in which k. represents the transverse component of the Cerenkov second harmonic wave vector.
According to Eq. (3) the amplitude of the Cerenkov signal is defined by the Fourier transform of
the product of nonlinearity distribution function y**{z) and the spatial distribution of the
squared amplitude of the fundamental wave E{(z,z). Eq. (3) takes large value as long as its
kernel undergoes a fast spatial variation. There are two ways to satisfy this condition. The first is
to employ a spatial variation of the second-order nonlinearity ' in the transverse direction, e.g.,
propagating the fundamental wave along a ferroelectric domain wall [as shown in Figure 3(a)].
The other is to impose a strong spatial confinement to the fundamental beam, namely, to create
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a spatially confined EZ(z,z). This agrees with the presence of Cerenkov harmonic signal with
an assumption of the well-defined rectangular profile of the fundamental beam in [25]. Similar
effect was also reported in [26], which shows that a non-diffracting Bessel fundamental beam
can lead to nonlinear Cerenkov radiation in a homogeneous crystal.

3.1. Nonlinear diffraction from multiple ferroelectric domain walls

When the fundamental beam is wide enough to cover multiple ferroelectric domain walls, the
second harmonic shows more complicated far-field intensity distribution. In fact each domain
wall can contribute toward its own Cerenkov second harmonic, and these harmonics will
interfere with each other, leading to the so-called nonlinear diffraction [27]. As shown in
Figure 4(a), the second harmonic pattern in this case generally consists of two types of spots
[15]: (i) peripheral Cerenkov harmonic spots, situated relatively far from the fundamental
beam at both sides of the diffraction pattern (top and bottom pairs in the figure), and (ii)
central diffraction spots, grouped around the pump position, which is called nonlinear
Raman-Nath diffraction, because of its close analogy to the linear Raman-Nath diffraction
from a dielectric grating.

In fact Eq. (3) can still be used to calculate the Cerenkov second harmonic from multiple ferro-
electric domain walls, except that the y**' () is now a periodic function of spatial variable [28]. For
1D periodic domain pattern, the function x** {z) can be expressed as the following Fourier series:

XP@ = Y gee™ (4)

m=0,+1, +2

Here ;= 2x/A is the primary reciprocal lattice vector (A is the modulation period of '
grating), the coefficients g,, (m # (1) = 2sin (mmI)/mm and g, =20 — 1 with D being the duty
cycle defined by the ratio of the length of the positive domains to the period of the y'*
structure. Considering a fundamental Gaussian beam, ie., E,{z} =g =% (with a being
the beam width and x, denoting the central position of the beam), the integral in Eq. (3) can
be evaluated as

(a) (b)
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Figure 4. (a) Scheme of Cerenkov SH emission in a 1D periodically poled LiNbOs crystal. The right inset shows
experimentally recorded far-field second harmonic image. The SH spots at small angles (Ogy) represent the Raman-Nath
emission, while the spot at bigger angles O is the Cerenkov second harmonics [15]. (b) The phase-matching diagram of
the nonlinear Raman-Nath diffraction, which satisfies only the transverse phase-matching condition kysin gy = (-
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According to the definition of the Cerenkov second harmonic generation, the variation of the
fundamental wavelength leads to the harmonic emission at different angles, i.e. the spatial
frequency k. in Eq. (5) changes. As a result, the intensity of the Cerenkov second harmonic
signal varies as well considering the fact that different k. corresponds to different Fourier
coefficients gm. In Figure 5, we show the wavelength response, i.e., the value | Egy4| * of the
Cerenkov SH generated by the fundamental Gaussian wave with different beam widths (a).
When a wide fundamental beam is used, for instance, a2 = 60 um, the strength of the Cerenkov
signal is very sensitive to the wavelength, showing a series of intensity peaks [see Figure 5(a)].
The emission is quite strong at these peak wavelengths (e.g., at A; = 1.108 pm) but falls
dramatically at the others (e.g., at A; = 1.038 um). Such a sensitive dependence of the Cerenkov
second harmonic intensity on the fundamental wavelength is a typical characteristic of light
interference in the case of multiple domain walls. It is very interesting to see that, depending
on the value of beam width 4, the wavelength tuning shows weaker dependence on the
wavelength, namely, the less contribution from the interference effect. Finally when the width
of the fundamental beam becomes so narrow that it covers only a single-domain wall (e.g., a =
2 um), all second harmonic peaks disappear, and the Cerenkov intensity exhibits monotonic
dependence on wavelength.
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Figure 5. The spectral response of the Cerenkov SHG for different beam widths [28]. From (a) to (d), the beam widths of
the fundamental wave are 60, 10, 5, and 2 pm, respectively. The plots are normalized to their individual maximum value.
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In contrast to the Cerenkov emission defined by the fulfillment of the longitudinal phase-
matching condition, the other group of the second harmonic diffraction spots (central spots
located close to the pump in Figure 4(a)) only satisfies the transverse phase-matching (TPM)
conditions, i.e., sinfgy = mGy'ks, for the mth diffraction order, m = 1,2,3... The external angles
are then determined as follows:

sinfd, = mA/A, m=1,2,.., (6)

where }, is the SH wavelength. This is a generic condition that holds for any periodic y'
structure and does not depend on its refractive index.

The intensity of the nonlinear Raman-Nath second harmonic diffraction depends strongly on the
duty cycle of the ' grating [29]. In fact the impact of the duty cycle on the nonlinear Raman-Nath
diffraction is very similar to that in linear diffraction on dielectric grating. The duty cycle directly
determines the Fourier coefficient g in Eq. (4), so it will cause the variation of the efficiency of
nonlinear Raman-Nath diffraction. The detailed influence of duty cycle on the Raman-Nath dif-
fraction from a periodic{ A =9 um ) ferroelectric domain structure is shown in Figure 6. Agreeing
quite well with the equation of Fourier coefficient g,, {m # 0) = 2sin(mmD)/mm, the first-order
Raman-Nath harmonic diffraction (1 = 1) takes the maximum intensity at duty cycle D = 0.5, while
the second-order (i = 1) exhibits two equal maxima at D = 0.25 and 0.75, respectively.

We consider now the influence of the structure randomness of ferroelectric domain patterns on
the Raman-Nath harmonic diffraction. It is well known that the fabrication process of periodic
domain patterns in ferroelectric crystals often introduces some degree of randomness in other-
wise fully periodic domain structure. For the collinear quasi-phase-matching frequency con-
version processes, the randomness generally has a negative impact because it reduces
frequency conversion efficiency. The situation becomes more complicated when it comes to
the nonlinear Raman-Nath diffraction. As we show in Figure 7, the randomness of the domain
pattern not only affects the efficiency of nonlinear diffraction but also leads to appearance of
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Figure 6. The effect of duty cycle on the strengths of nonlinear Raman-Nath diffraction [29].
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Figure 7. The influence of structure randomness of the ferroelectric domain patterns on the nonlinear Raman-Nath
diffraction [29]. We take an average domain period A, = 9 m and consider four different degrees of structure random-
ness ranging from 0 to 60%. All emission strengths are normalized to that of the first-order Raman-Nath diffraction
without randomness, namely, RN1 in (a).

new emission peaks. We choose an average period A; =9 #m and consider that the domain
width fluctuates randomly around its mean value. We consider four different degrees of
randomness. From Figure 7(a)-(d), the randomness degree increases from 0 to 60%, which is
defined by & = Al/A; with Al representing the largest dispersion of the ferroelectric domain
width. In the figure, we show the normalized harmonic strengths with respect to that of the
first-order nonlinear Raman-Nath diffraction without any randomness, namely, o =0. As
shown in Figure 7(a), two intensity maxima, which correspond, respectively, to the first- and
second-order Raman-Nath resonances, appear for the perfect periodic structure. They are
marked as RN1 and RN2 in the figure, respectively. Increasing rr leads to the weakening of these
two emission peaks and at the same time appearance of a few new ones, marked with indices
N1, N2, and N3 in Figure 7(b)—(d). These new emitted signals become stronger and stronger
with rr, and finally their strengths can exceed those of the original emission resonances.

In Figure 8, we display the calculated dependence of the nonlinear Raman-Nath diffractions
on the interaction distance. As the Raman-Nath interactions suffer from the phase mismatch in
the longitudinal direction, their intensity oscillates with the interaction distance inside the
crystal. Obviously the smaller the phase mismatch, the longer the oscillation period. With the
parameters used in our calculation (fundamental wavelength %; = 1.545 #m, beam width
a =60 pm, duty cycle D = 0.35), the largest oscillation period takes place at the fifth-order
diffraction (m = 5).

29



30 Ferroelectrics and Their Applications

m=q ----- m=2 m=3 (*10)
(al m=4 m=5 m=6 (*10)
4.00E-008
< 3.00E-D0B
E
2
v 2.00E-D08 -
w0
1.00E-008
0.00E+000 L AT, AT . V" I
Y S0 100 150 200

Thickness of the sample (um)

Figure 8. Multi-order nonlinear Raman-Nath SHG as a function of crystal thickness (or interaction distance) [29].

4. Application of Cerenkov harmonic generation to 3D imaging of
ferroelectric domain patterns

High-quality visualization of ferroelectric domain structures plays a key role in understanding
material property and better control of domain inversion process. However, due to the equal-
ity of antiparallel 180° ferroelectric domains in linear optical properties, the common imaging
techniques do not apply to the detection of these domains. Currently the selective chemical
etching [30] based on the different etching rates of antiparallel domains in hydrofluoric acid is
still the most common method used for this purpose. Not only this is a destructive technique,
but moreover, it is ineffective in revealing the internal domain structures hidden deep inside
the crystals. To overcome some of these drawbacks, a large number of alternative approaches
have been adapted to imaging ferroelectric domains, such as advanced electron microscopy
[31] and piezo-forced microscopy [32]. However, most of these methods also fail in visualiza-
tion of deep internal domain structures, which can be diverse and more complex than those on
the surface [33]. For example, the inverted domains undergo sidewise expansion with depth
[34], transform to preferred shapes depending on the crystallographic symmetry [35, 36], and
sometimes merge to form a bigger structures [37]. The details about these domain formation
processes such as when, where, and how they occur are very little known due to the lack of
reliable techniques for three-dimensional visualization of domain patterns.

It has been shown in Section 2 that when a femtosecond laser beam is tightly focused to
produce a focus that is narrow enough to cover a single ferroelectric domain wall, a pair of
Cerenkov second harmonic beams will be generated. The Cerenkov signal disappears if the
laser beam is moved away from the domain wall. In this way, by recording the second
harmonic strengths at different positions inside the crystal, one can obtain a three-dimensional



Nonlinear Optical Effects at Ferroelectric Domain Walls
http://dx.doi.org/10.5772/intechopen.77238

image reflecting the spatial distribution of ferroelectric domain walls (and subsequently
domains) inside the crystal. This is a nondestructive imaging method and can offer sub-
micrometer resolution because of its nonlinear optical mechanism [18]. This is a 3D optical
method as it also enables one to reveal the details of inverted domains beneath the surface.

Figure 9 displays a schematic illustration of the nonlinear Cerenkov second harmonic imaging
system. The fundamental femtosecond laser beam is provided here by a titanium-sapphire laser
(Mai Tai, Spectra Physics, 80 MHz repetition rate and up to 12 n] pulse energy). It is known that
in the regime of a tightly focused fundamental beam, the Cerenkov process is insensitive to the
wavelength of the fundamental wave. Therefore, this imaging system can operate at a wide
range of wavelength limited only by the absorption edge of second harmonic and the total
reflection condition. The latter condition means the Cerenkov harmonic emission angle has to
be smaller than its total reflection angle so that the Cerenkov signals can get out from the sample
for detection. For traditional nonlinear optical ferroelectric materials, such as LiNbO; and LiTaO;
crystals, the Cerenkov angle becomes larger at shorter wavelength, so the fundamental wave-
length used for the visualization cannot be shorter than the critical wavelength.

The main part of this imaging system is a commercial laser scanning confocal microscope
(Zeiss, LSM 510 + Axiovert 200). The femtosecond laser beam is coupled into the confocal
microscope and then illuminates the sample after being tightly focused by an 10} objective
lens (Plan Apochromat, NA =1.46). A pair of galvanometric mirrors is used to adjust the focus
position in the X-Y plane, and a motorized stage is used to move the objective lens in the Z
direction. To collect and detect the emitted second harmonic signal, a condenser lens and a
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Figure 9. Schematic of the Cerenkov harmonic imaging system for visualization of ferroelectric domain patterns in a
nonlinear photonic crystal (NPC) [18].
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photomultiplier are employed, respectively. Short-pass filters are used to prevent the transmit-
ted fundamental beam from entering the detectors.

The advantages of this nonlinear Cerenkov imaging system include:

4.1. High contrast and high spatial resolution

A typical two-dimensional image of a ferroelectric domain structure obtained by the Cerenkov
second harmonic microscope is shown in Figure 10(a). The quasi-periodic domain patterns,
where the bright boundaries represent ferroelectric domain walls which facilitate stronger
Cerenkov harmonic emissions, were clearly seen. Obviously the Cerenkov second harmonic
microscope is capable of imaging ferroelectric domains with high contrast.

Figure 10(b) depicts the image of ferroelectric domain patterns obtained in an as-grown
Srg28Bag 72Nb,Og crystal, which process naturally random domain structures in two dimen-
sions. It is seen that the Cerenkov method offers an exceptional spatial resolution and even
domain boundaries separated by less than 250 nm can be easily resolved. This is below the
diffraction limit for the excitation laser wavelength of 820 nm, owing to the mechanism of
nonlinear optical interaction, i.e., the Cerenkov second harmonic signal can only be excited in
the very central part of the laser beam’s focus.

4.2. Applicability to a wide range of materials

The imaging principle of the Cerenkov SHG microscope lies in the sensitivity of the Cerenkov
emission on the existence of the spatial variation of the second-order nonlinearity y'® There-
fore, it can apply to any transparent materials with sharp y'* variations. For example, in our
experiment we have obtained high-quality images of ferroelectric domain patterns in LiNbO3,
LiTaO3, KTiOPOy, and St 2sBag 72Nb,Og crystals, as shown in Figure 11.

Figure 10. Domain structures imaged by Cerenkov SHG, taken with the focal plane of the fundamental beam located 10
mm inside the corresponding materials: (a) congruent LiNbO; with 2D quasi-periodic domain structure and (b) as-grown
Srolngaoijszé Crystal.
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(c) (d)

Figure 11. The Cerenkov SHG microscopy applies to a wide range of ferroelectric materials [18]. (a) Congruent LiNbO;
with 2D short-range-ordered domain structure [38]. (b) Stoichiometric LiTaO3 with 2D quasi-periodic domain structure
[39]. (c) KTiOPO, with 1D periodic domain structure [40]. (d) z-cut as-grown Srg»gBag72Nb,Og crystal with naturally
random domain structure at X-Y plane [41].

(a) (b)

Figure 12. Three-dimensional visualization of inverted ferroelectric domains inside congruent LiNbO; crystal by C-
erenkov-type second harmonic generation laser scanning microscopy. (a) Domain distribution in the nonlinear photonic
structure. (b) Transformation from the initially circular to hexagonally shaped domains. (c) Formation of a defect during
the domain growth. (d) Merging of two initially separated ferroelectric domains. The Image] software was used to create
these images.
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4.3. Capability for 3D imaging

As we described above, the scanning of laser focus in the X-Y plane enables us to obtain two-
dimensional images of ferroelectric domains. Then if we stack a series X-Y plane images
recorded at different depths inside the material, we can produce 3D images of domains. This
is an advantage that cannot be met by the traditional domain imaging techniques. In Figure 12
we show a number of 3D images of ferroelectric domain patterns, which are formed in a
congruent LiNbOb; crystal [38]. From these images we can see how the initially circular-
shaped domains transform to hexagons with depth [Figure 12(b)], how defects were formed
during the domain inversion process [Figure 12(c)], and how the neighboring domains merge
to form a bigger one [Figure 12(d)]. Revealing these details is essential for a full understanding
of domain inversion and growth processes. This is also very useful for improving the quality of
ferroelectric domain patterns, which is critical for a wide range of future applications.

5. Conclusion

We have investigated the nonlinear optical interactions that are strongly dependent on the
existence of ferroelectric domain walls, i.e., the spatial variation of the second-order nonlinear
coefficient ¥ In particular, we have discussed the so-called nonlinear Cerenkov radiation
focusing on two special cases including the signal generation from a single and multiple
ferroelectric domain wall(s). We have shown that the localized spatial change of nonlinearity
x' constitutes a sufficient condition for strong Cerenkov second harmonic generation. The
emitted Cerenkov signals arising from multiple walls can interfere with each other, resulting in
the strong dependence of the strength of the overall Cerenkov beams on the wavelengths.
Furthermore, the emission from regular periodic domain pattern gives rise to another type of
nonlinear interaction, namely, the nonlinear Raman-Nath diffraction. We have derived analyt-
ical formulas that govern the emission process and discussed factors that influence the strength
of the nonlinear diffraction, including the duty cycle, thickness of the crystal, randomness in
domain size, as well as the beam width and wavelength of the fundamental wave. We also
utilized the effect of Cerenkov second harmonic generation from a single-domain wall for
direct 3D imaging of the antiparallel domains in ferroelectric crystals with sub-diffraction limit
resolution. Our studies are important for a better understanding of nonlinear diffraction from
ferroelectric domain structures. The nonlinear optical microscopy forms a very powerful tool
that will further inspire the design and development of new and sophisticated ferroelectric
domain structures for advanced photonic applications.
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Abstract

This chapter presents the prevalent mathematical models of irreversible processes in
polycrystalline ferroelectric materials when they are subjected to intense electrical and
mechanical influences. The main purpose of such models is to describe the dielectric
hysteresis loops, with which the models of Rayleigh and Preisach coped well, though they
were developed almost a 100 years ago. Nevertheless, in order to describe the whole
gamut of material properties in irreversible polarization-depolarization processes, it was
required in the last three decades to develop new approaches and methods that take into
account the material structure and the physics of the process. In this chapter, we
attempted to collect the most common one-dimensional models, with a view to give a
brief description of the basics and approaches with the application of working formulas,
algorithms and graphs of numerical calculations. On one-dimensional models, the basics
of three-dimensional models are worked out, such as evolutionary laws, domains
switching criteria, generalizations from “hysteron” to the polarization surface, and so on,
so they are a necessary step in modeling. However, some of them proved to be so effective
that they obtained the right to independent existence, as happened with the Preisach
model, which found application in dynamic systems. This research is based on published
articles, monographs, proceedings of conferences, and scientific reports of individual
collectives published over the past 20-25 years.

Keywords: mathematical model, hysteresis, domains, polarization, strain, ferroelectric
materials, ceramics, constitutive relations

1. Introduction

Polycrystalline ferroelectric materials or ceramics are active materials that, by virtue of their
internal structure, have the ability to convert mechanical energy into electrical energy, and vice

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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versa. This means that by acting on the sample an electric field or mechanical stress, we observe a
response in the form of an electric displacement and the strain [1]. When the intensity of external
electric fields or a mechanical stresses are small, the deformations and electrical displacements
caused by them are also small. Such processes are called reversible; they say that there is a linear
response. The modeling of such response leads to the construction of constitutive relations in the
form of linear algebraic equations, which, like the generalized Hooke law, connect external and
internal parameters. We can say that the mathematical model of the behavior of such materials is
described by the linear algebraic operators in which the elements of elastic, piezoelectric and
dielectric constant tensors are found experimentally. The overwhelming majority of problems
concerning the calculation of the physical characteristics of transducers with polarized before
saturation piezoceramic elements are solved within the linear response of active materials. In this
case, the complete formulation of the problem includes the equations of motion, the equations of
electrostatics, geometric relationships, and the constitutive relations. The general solutions obey
the corresponding initial and boundary conditions. Such problems in the mathematical plan are
linear. In simple cases, they can be solved analytically, and in more complex cases, we have to use
numerical methods, for example, the finite element method.

The situation changes dramatically as soon as external loads reach thresholds, and their
intensity continues to increase. In this case, irreversible processes begin, expressed in the fact
that the response of the material will already be nonlinear. The consequence of this is that
under increasing loads we have some nonlinear equations, while for decreasing ones we have
other nonlinear equations. The constitutive relations become nonlinear and ambiguous. Math-
ematically, they can no longer be described by simple algebraic relations, but it is necessary to
use operator relations of hysteresis type.

Due to the small volume of the article, we confine ourselves of modeling irreversible
polarization-depolarization processes by an electric field and mechanical stresses under iso-
thermal processes. Irreversible processes associated with relaxation properties, with the influ-
ence of temperature, with the features of the influence of size the ferroelectric granules, the
dynamics of processes, and some others will not be considered here. The main circle of
questions will be connected with the analysis of existing mathematical models describing the
response of the material to external influences of high intensity for the isothermal process: we
will consider the principles of constructing the constitutive relations, analyze them, and for-
mulate some conclusions.

First, we note an interesting regularity: many irreversible processes have a similar response in
the sense that the relationships between external and internal parameters are mathematically
described by similar relationships. For example, in plasticity media, stresses cause elastic and
residual deformations; in ferromagnets, the magnetic field leads to induced and remnant
magnetization; in ferroelectrics, the electric field generates induced and residual polarization,
etc. In the case of cyclic processes, the responses are described by hysteresis dependences, as
shown in Figures 1-3. Therefore, it is not surprising that the mathematical methods being
developed for the study of certain processes are often used to describe others. Mathematical
modeling of nonlinear responses of polycrystalline ferroelectric materials plays a significant
role [2], therefore, the creation and use of such models is based on experimental data.
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Figure 1. Deformation hysteresis loop.
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The criterion for the correctness and adequacy of the work of any model is the acceptable
coincidence of the predicted data with experimental data. It should be noted that a qualitative
experiment is a very complex study, so most of them reflect only certain properties with simple
effects. We note only those works that reflect the electric and elastic response due to the action
of the electric field and mechanical stresses. Basically, these are the works where the properties
of ferroelectric ceramics of the perovskite type are investigated: for example, BaTiO3, or a
ceramics containing lead: PZT, PLZT 8/65/35. Interesting results [3] on the response of PLZT
8/65/35 on the effect of electric and mechanical fields and similar results [4-10] for complex
loads show that the loops of electrical and deformation hysteresis depend significantly on the
intensity of the operating fields. Uniaxial mechanical compressive stresses along the electric

Figure 2. Magnetic hysteresis loop.
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Figure 3. Dielectric hysteresis loop.

2. Some experimental data
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Figure 4. The effect of compressive mechanical stresses on the dielectric hysteresis loops.

field axis affect the ability of domains to rotate: the more intense the mechanical stresses, the
fewer domains are able switching along the electric field as it is shown in Figures 4 and 5.

The types of considered ceramic materials are full ferroelectrics-ferroelastics, so the response of
such materials to the effect of purely mechanical loads is of considerable interest. Some results of
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Figure 5. The effect of compressive mechanical stresses on “butterfly” dielectric hysteresis loops.
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Figure 6. Half-loop “stress-strain” in the case of axial compression.

such tests can be seen in Figures 6 and 7. From this it is easy to see that under purely mechanical
impacts, the “solid body” —“solid body” phase transition takes place, the material from isotropic
(anisotropic) becomes anisotropic, the elastic modules of the material (tangents to the curves)
change, residual strains appear that satisfy the property of incompressibility of the material
(compare the values of longitudinal and transverse strains).
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Figure 7. Half-loop “stress-transverse strain” in axial compression.
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We note one more interesting property in the response of the material, when small loops of
dielectric and strain hysteresis are investigated [9]. Small loops of dielectric and strain hyster-
esis due to the action of an electric field are shown in Figures 8 and 9. Small loops of strain
hysteresis due to the action of mechanical stresses are shown in Figures 10-11. Figure 10
reflects the stretching-compressing process, and Figure 11 reflects only pure compression followed
by an increase in intensity.

By behavior of small hysteresis loops, one can judge the change in the elastic, dielectric, and
piezoelectric modules of the material. In addition, one can see the property of incompressibility
of a material, by estimating the numerical values of strains at zero stresses. Summing up, we can
say that the main task of mathematical modeling of irreversible processes is the construction of
hysteresis operators taking into account the changing anisotropy of material properties.
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Figure 8. Small loops of dielectric hysteresis.
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Figure 9. Small loops of deformation hysteresis.
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Figure 11. Small loops “stress-strain” at axial compressing loads.

3. Simple models

To compare the efficiency of a particular model, it is needed to have graphic images in the form
of hysteresis loops. All the graphs given later were obtained in [2], where the algorithms are
also described.

3.1. The Rayleigh model

One of the first models describing hysteresis relationships was the Rayleigh model [11],
proposed in 1887 for magnetization processes of iron. Applying it to the polarization processes
of polycrystalline ferroelectric continuum, it is necessary to replace the magnetic field by
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electric field and magnetization by polarization. Mathematically, the branches of the dielectric
hysteresis are described by parabolic relationships:

aE?, initial polarization curve,
P=

aEmaE £ % (Efnax - Ez), descending and ascending branches,

2
m

where @ = p_/E; ., p,—spontaneous polarization, Ey.x—maximum value of the electric field,

and the hysteresis loop is shown in Figure 12.

Conclusion: a quadratic dependence between the electric field and polarization approximates
the dielectric hysteresis for small and medium intensity values of the electric field.

3.2. Evolutionary models

Investigating the nonlinear behavior of ferroelectric materials, the authors [12] assumed that
the dielectric displacement D is a function of the electric field E, the dipole moment p, and the
number of dipoles per unit volume N aligned in the direction of the electric displacement.
Thus, irreversible parameters p, N have been introduced into the model, and evolutionary
laws are formulated in order to identify them:

D=D(E,u,N);, N=g(EuN), g(0,uN)=0.

Under the assumption of linear functions entering into the previous relations and the linear
dependence of the dipole moment on the electric field

Figure 12. The Rayleigh model.
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D= (D)o + (DE)OE + (D#)o(tu — ) + (DN)O(N_NO);
N = (ge)oE + (8,), (1= to) + (8n)o(N =No)i  p(x) = poaE(1),

a formula for the electric displacement was obtained

D= (D), +&(0)E +j
0

dité(t —DE(n)dt,  E(H) = &) +ai(b).

The creep functions &(t), &(t) have an exponential form, and because of their cumbersome-
ness, they are not given here. Similar arguments are also made for the related problem, where
the mechanical stress and the electric displacement are presented in the form of similar integral
dependences with the same exponential creep functions. To determine the elastic and dielectric
properties [13] of the ceramic material PZT 65/35, a connection between the elastic and dielec-
tric constants and the speed of sound in polarized and unpolarized ceramics was established.
Similar studies can be found in [14-19].

Conclusion: irreversible parameters were introduced in implicit form, for the find of which
evolutionary laws were applied. The constitutive relations were obtained in the form of creep
integrals. The creep functions are constructed under the assumption of linear dependences for
functions entering into evolutionary dependencies. For the formulation of increasing and
falling branches of hysteresis, inequalities for functions describing the load and response of
the material were formulated.

3.3. Models of the theory of plasticity

In view of the similarity of the plasticity and polarization phenomena noted earlier, for quali-
tative description of the polarization effects, use the rheological models of the theory of
plasticity. At the basis of our subsequent actions lie analogues of mechanical and electrical
quantities: the generalized coordinate —the electric charge; generalized speed —current; coeffi-
cient of elastic compliance—capacity; the generalized force is the electromotive force. In the
transition to continuous media, forces are replaced by mechanical stresses, displacements by
strains, etc. As a result, one can write the following correspondence: ¢ < E, ¢ < P, where
E is the electric field; P is polarization; ¢ is mechanical stress; ¢ is strain. The elastic element is
associated with a capacitor and the element of dry friction is a bipolar zener diode (Figure 13).
The rheological formulas for a capacitor and a zener diode can conveniently be described
using differential inclusions [20] which can be represented by the following expressions:

1 .
E, = " P, EoerS(Py) (c,r>0 — const),

where the indices “e” and “0” indicate the induced and residual components, respectively, and
S(v) is a function of sets determined by the rule:
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{-1}, v<0;
S()=4¢ [-1,41], v=0;
{+1}, ©>0.

By connecting these elements in series (Figure 14a), according to the conditions
E=EL,+Ey, P=P,=Py we obtain a differential inclusion E€ 1 P+ rS(P) that determines
the “backlash” operator. If these elements are connected in parallel (Figure 14b), then from the
conditions E=E,=E;, P=P,+Py it is easy to derive a differential inclusion
PecE+S™! (£) that determines the “stop” operator [20]. Next, one can determine the Prager
polarization models by adding capacitors to the considered chains, as shown in Figures 15a,
15b. Not stopping the detailed description of the Prager model, we note only the case shown in
Figure 15b, which is described by the following rheological formula [2]:

(1 +2)P —qEes! <E_(11’/62)P>

If we collect a battery of one of the chains in parallel, we see that the resulting polarization for
such a connection is determined by summing the individual polarization components of each
chain, and the electric field is the same for any of them. Let the chains be distributed continuously
[2, 21, 22], then there is a distribution density function f(x) :  du(x) = f(x)dx and three families
of positive parameters a(x), p(x), r(x). For any x€X exist a generalized Prager operator

(E, {E(0) —aP’(x)€[-r,+]} |xEX) P, which is defined by the following system:

moniieln

Figure 13. Capacitor and bipolar zener diode elements.

e L
a b

Figure 14. Connected elements: a) in series; b) in parallel.

2 g

Figure 15. Prager polarization models: a) capacitor in parallel; b) capacitor in series.
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P(x) — B(x)EeS! (M) .

o) , P= lP(x)dy (x);
E(t) — aP(x,t)|,_o = E(0) —aP’(x) (VxeX).

Taking a battery of continuously distributed chains for a representative volume, we can
determine it polarization for any value of the electric field. It is possible to perform calculations
using the generalized Prager model if, in addition to the probability function of the distribu-
tion density, three functions a(x), B(x), r(x) are also given. We give one numerical exper-
iment [2], by selecting appropriately incoming in it functions. Let the electric field vary in time
according to the law of the sine. The probability density function is chosen as a function of the

normal Gaussian distribution:
1 (x — b)?

We will assume that the generalized Prager operator is generated by a battery of parallel
connected chains with functions of the following form:

1 2 — thlx|
a(x) Zm, Bx) =c(x), ca(x) :uT’
CZ(JC) = bz_Tthlxl’ r(x) = C1+Tth|x| (ﬂ,b,C _ COI’lSi’).

The result of the calculations is shown in Figure 16.

Figure 16. Generalized Prager model.
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Conclusion: varying the parameters of the Gaussian distribution, as well as the functions
included in the differential inclusions, it is possible to substantially change the shape of the
hysteresis loop. This circumstance gives confidence that by the selection of these parameters a
good coincidence of the modeled and experimental hysteresis loop in the one-dimensional case
can be achieved.

3.4. The Preisach model

This model was proposed in 1935 by Preisach [23]. The model is based on the concept of
hysteron [24, 25], which approximates the switching of 180° domain. Simulation of the polar-
ization of ceramics is associated with its representation as a set of a very large number of 180°
hysterons with the probability density function u(x,y):

” p(x,y)dxdy =1(x =E;, y=E,),

x20

defined on the plane {|x|<e, y > e}. The inhomogeneity of physical conditions in different
parts of the ceramics generates a large scatter of hysterons at coercive and internal fields, and
the switching of each domain is described by a rectangular hysteresis loop with its coercive
(E;) and internal (E;) fields (Figure 17). For each state in the positive half-plane, there is a
boundary separating the domains of two opposite directions. For an unpolarized state, it is the
abscissa axis (Figure 18). When an electric field of definite sign is applied, this boundary
moves due to the involvement of new hysterons in the switching process (Figure 19). If the
electric field changes the growth direction, then the direction of the boundary movement also
changes (Figure 20).

The distribution function in the vicinity of the coercive fields had to have a pronounced peak,
which allows approximating its using known distributions, for example Gauss, with subse-

P
Fs
-P,

Figure 17. Hysteron.
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Figure 18. Areas with nonzero density of hysterons for opposite directions of polarization.
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Figure 19. The motion of the separation boundary with increasing field.

quent determination of the parameters entering into it. There are also distribution functions in
the form of polynomials degree of intense and coercive fields [26-29]. For a convenient math-
ematical representation, we introduce the concept of an elementary dipole hysteresis operator
(Figure 21) or the “relay” operator [22] using the functions of sets. Suppose that for any fixed
pair a,fER  (a < B), any function E€C’[0, T}, and any of the values & = —1, or £ =+1a
function is defined p : [0,T] — {-1,+1}:
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Figure 20. The motion of the separation boundary with decreasing field.
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Figure 21. The definition of elementary dipole hysteresis operator.

p0), if G=0 -1, if E(0)<a
pes -1 if Gi#0, E(maxG)=a; p0)eq & if asE(0)<p
+1, if G #0, E(maxG) =p, 1, if E0)2p,

and G;—the set of singular time points, such that for ¢t & (0, T

Gi={te(0,f]: E(t)=a or B}.
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In view of the finiteness of the oscillations of any continuous function between « and p, it
follows that p(t) can have a limited number of jumps between {+1}, {—1}. This allows us to
determine the “relay” rate-independent operator

Vap i Clo, T x {=1,+1} — {~1,+1}.

The parameters «, f and x, y for the hysteron are related by the following linear relations:
a=y—x, p=y+x Using the “relay” operator and the distribution function of the
hysterons, the irreversible polarization can be determined by the integral:

PO = pL T 5) (70 ) (),

where p? —the maximum polarization value achievable in the polarization process of ceramic
by a homogeneous electric field. In addition, a notation y,_, ., = y 4 18 introduced here. It is

noteworthy that if we choose an equable distribution function

1/E2 at  (x,y) €Sy,
[J(x, y) — 0/ max ( y) .A
at  (x,Y)ESa;

where S)—the region on the half-plane of the variables x and y, indicated in Figure 18 by a
triangle, then by simple calculations of the integrals we easily find hysteresis dependences of
the Rayleigh method.

Various forms of loops of dielectric hysteresis can be found in [2]. For example, if we neglect
the correlation coefficient in the Gaussian distribution and use the symmetry condition for the
function with respect to the variable y, we obtain

(x,y) = LI “—a)’l 1 ex <_y2>
By = e P | 207 | Vamo, P\202)

To estimate the influence of the parameter a; on the behavior of the curves of the hysteresis loop,
we set Epay = 2 - 10° Vim or=0,=2- 10? V/m; and we will increase the parameter a; sequen-
tially, assuming a; = 0; 1-10% 2-10% 5-10% 7-10° V/m. The resulting hysteresis loops are
shown in Figure 22, where the cases a, b, ¢, d, and e correspond to the indicated values of the
parameter.

A Preisach model has become widely used not only in the description of magnetic and ferroelec-
tric hysteresis, but it is intensively used in calculating the damping coefficients of many dynam-
ical systems, including the dynamic of dipole switching [30-48]. Two-dimensional models were
also developed [49-56].

Conclusion: Preisach model in the simplest case “includes” the domain structure, but operates
only 180° domains. In the mathematical plan, the approximation of the real loop is carried out
by elementary rectangular hysteresis loops. A model is intended only for finding the residual
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/7/ s
A/L/ -

a i & 2 il

I —
7

Figure 22. Preisach model: effect of increasing the parameter a; on the form of hysteresis loops.

polarization. This model does not include mechanical stresses, which significantly reduces its
practical application.

3.5. Model of orientation switching

A representative volume is considered as a set of N domains oriented in space in an arbitrary
manner [57]. Here, not only 180°, but also 90° switching are considered. Let the applied electric
field has a tension E and each domain is characterized by vector of spontaneous polarization
p, and crystallographic axes a, a,, ¢ (Figure 23). By simple averaging one can determine the vector
of residual polarization and the tensor of strain:

Py =< ps >= N;(c)k, g =< & >= N; (c®c 2a®a 2b®b>k.
Denote the plane perpendicular to the vector ¢ through B, and the plane passing through the
vectors E and ¢ by A. We introduce the following angles: the angle y. between the direction of
the field and the axis ¢; the angle y, between the vector a and the field E; angle w between the
axis a and the line of intersection OK. It is obvious that the angles introduced are within

0<y.<m O0<ws<n/4 w<y,<m/2.

Let E., E., be the coercive fields of 180° and 90° switching, respectively. The main conditions
of 180° domains switching (turn) are

E Ecos
Ecosy.2E.; C](S)—Sy" — g—y" >0.

Ecosy, Ecosy, Ecosy,
il o W) S bl
Ee — L

For 90° domains switching, we have —;
ca

if y,<m/2 and Ecosy,2Eg;

ca

Ecosy, .
T TE. 20, 1f7/C > 7-(/2

A schematic representation of all domains axes ¢ before and after polarization can be seen in
Figure 24. Dielectric hysteresis loop are constructed for quasi-static processes, that is, for a
sequence of equilibrium states {E;}. With this goal, the process of loading by an electric field
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Figure 23. Determination of angles in the model of orientation switching.

E = E(t) is replaced by a sequence of values of the electric field E € {E;} : E; = E(t;), and for
each state E = E;, the domain switching conditions are checked, after which the residual
polarization and the residual strain are calculated by simple averaging.

As an example [2], a hysteresis loop (Figure 25) was calculated for the next set of parameters:
N =1273248; E,. =2-10° V/m; E;y = 3-10° V/m; Emax = 6 - 10° V/m, where E . —maximum
value of the electric field. It is interesting to note that a model makes it possible to determine

Figure 24. Schematic representation of domains axes ¢ before and after polarization.
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Eccf Eca

Figure 25. Model of orientation switching.

the value of the angle of cone in which the directions of all vectors of spontaneous polarization
are distributed after the removal of the electric field. With the abovementioned numerical
values of the parameters, we obtained: a = 129°; Py; = —0.18 - 10 *p,; Pp, = —0.79 - 10 °p,;
P03 = 081p5

Conclusion: in physical terms, this model is closer to the physics of the phenomenon of
polarization of polycrystalline ferroelectrics, but does not take into account the effect of neigh-
boring domains on each other during the polarization process. Because of this, the loop
acquires angular shapes and is not suitable for describing the differential properties of the
material. On the other hand, it allows us to find a value of the angle in which the directions of
all the spontaneous polarization vectors are located after reaching the saturation polarization.
Another drawback of the model is that it does not include mechanical stresses, which does not
allow us to investigate ferroelastic phenomena.

3.6. Energy model of switching

In this model, a representative volume is also considered, including a set of domains oriented
in space in an arbitrary manner [2] and a residual polarization vector is determined by
averaging. The main difference is in describing the orientation of domains and determining
the criteria for switching domains. For example, for a ferroelectric of the perovskite type, the
axes of the local system are introduced a, b, ¢, which are the axes of the crystallographic
system directed along the ribs of a rectangular parallelepiped, as shown in Figure 26. The local
system a, b, c with respect to a fixed system Ox;x;x3 is determined by three angles ¢, 1, w.
The application of an electric field or mechanical stresses of high intensity causes a process of
domain switching. However, the switching is consistent with the crystallographic axes of the
ferroelectrics and is possible only in certain directions (Figure 27). Each domain in the field of
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Figure 26. Determination of the angles of the transition from the local to the global coordinate system.

external loads (electric field and mechanical stresses) possesses some energy. When the loading
factors change, the energy of each of the domains will change. If a domain has to switch, then
that switching will be only in such direction where its energy minimal. The switching process
starts only if a difference of domain energy of current state and the state with the minimum
energy exceeds the threshold value [1, 58, 59]:

Ha x!

X3 X3

Jﬂl A,

Figure 27. Possible positions of the spontaneous polarization vector and deformation of the unit cell.
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—ps E+pi™ E—es:0+ef: 02U,

where E is the electric field vector; o is tensor of mechanical stresses; pg is vector of spontane-
ous polarization, &g is tensor of spontaneous strain, and U, is the threshold value of energy per
unit volume. The form of the dielectric hysteresis loop practically coincides with the previous
case; therefore, it is not given here.

Conclusion: the energy model of switching at physical essence takes into account the physical
phenomena of polarization of polycrystalline ferroelectrics but also does not take into account
the effect of neighboring domains on each other during the switching process. The dielectric
hysteresis loop has angular shapes and is not suitable for describing the differential properties
of a material. In addition, this model operates only with the residual parameters of polariza-
tion and strain and does not include induced components. However, this model has an
unquestionable advantage because it already includes a mechanical stresses, which allows us
to describe not only ferroelectric, but also ferroelastic phenomena.

3.7. The Giles-Atherton model

The model is based on the so-called “limiting” (or anhysteretic) curve, derived analytically on
the basis of Weiss theory and Boltzmann statistics [60-67]. If in the polycrystalline ferroelectric
material were no mechanisms for locking the walls of the domains, then after the removal of
the electric field, the polarization of the representative volume would be zero. With great
assumptions, one could say that such a material would behave like polar liquid, where the
electric field tries to align dipoles along one direction, and the thermal fields impede it: impacts
try to destroy the alignment pattern, and after removing the electric field, the thermal fields
neutralize the polarization. Of course, a different domain switching mechanism is observed in
polycrystalline ferroelectrics, but the switching model is borrowed from polar liquids.

To determine the dependence connecting the polarization of a representative volume with the
strength of the effective electric field [60] let the representative volume of the ferroelectric
material contain N domains with a spontaneous vector p,. For the averaging operation, a point
of reduction is chosen in space, and to each vector of spontaneous polarization is placed in
conformity a unit vector parallel to it. The resulting vector of polarization is found by deter-
mining the area of the unit sphere onto which the ends of the unit vectors are exit. In an
unpolarized state, all unit vectors are distributed uniformly over the entire surface, so that the
resulting polarization is zero.

Using the positions of the Weiss theory, we assume that the field of forces acting on the
ferroelectric domain is a sum of the electric field E and some “molecular field” proportional

to its polarization: Ef =E+ a Py, where « is a certain constant.

The potential energy of a domain that is similar to a dipole depends on the direction of its polariza-
tion vector and is expressed by the formula: U = —p, - EYV, where V —domain volume measure.

To determine the distribution of the domain axes in the presence of an effective field orienting
them, it is necessary to use the Boltzmann theorem of statistical mechanics. Under the conditions
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of thermodynamic equilibrium, the distribution law for domains in the presence of a conservative
electrostatic field differs from the law of their distribution in the absence of this field by a factor
exp(—U/k.T), where T is the absolute temperature, k, = 1.3807 - 1072 J /K is the Boltzmann
constant. Therefore, the averaging operation yields the maximum possible polarization

T T of . .

;o [ exp(EF) psinydy
n n d. . ’

Tde ] exp(Ekjﬁ)smtpdtp

In the one-dimensional theory, the direction of the electric field coincides with the direction of
the axis Oz of the Cartesian fixed coordinate system, and the residual polarization in this
direction is estimated. Taking into account this projection and calculating the integral, we
determine the maximum residual polarization P.. of the representative volume in the form of
a Langevin distribution:

E—f—(XPo a k*T
P.. = th — , = .
s [C ( a > E+01P0] ! r.V

In this model, a reversible (induced) part P, as well as the residual part Py of the polarization is
taken into account:

P=P,+P.

The reversible part is the state parameter. It can be defined as:

PE:C(P“_PO)/

where c is still an indeterminate factor. The irreversible part of the polarization is the parameter
of the process. Therefore, to determine it, we can use the evolutionary law, which can be
written in differentials:

1
dPy = — (P.. — Py)dEY,
0 k6< 0)

where 0 = sign(dE), and k is a positive constant, also subjecting to determination. Passing from
the effective to the applied field, we obtain an ordinary differential equation:

Py P.— Dy
dE kb —a(P.. —Dg)

To solve the equation, we need use numerical methods, for example, the fourth-order
Runge-Kutta method. When the electric field varies according to the harmonic law, we
obtain dielectric hysteresis loops. The model includes five parameters: p, «a, ¢ a k
which are found from the condition of coincidence of calculated and experimental data.
Numerous experiments were carried out in [2], and the effect of the model parameters on
the shape of loops was investigated. It is shown that the coefficient « is responsible for the
amplitude of the loop, the coefficient a—for its slope, the coefficient k for the loop area,
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the coefficient ¢ for the flatness of the loop. Varying the values of the coefficients, one can
achieve not only a qualitative but also a quantitative coincidence with the experimental
data. It is shown that it is possible to start up the procedure for determining the model
coefficients by the coincidence of the calculated values with the experimental data in the
set of points.

Some examples of numerical calculations in which the influence of the coefficient k on the form
of the hysteresis curves is studied are shown in Figures 28-30.

Conclusion: Giles-Atherton model deals with a huge number of distributed domains in a
representative volume. Using of Boltzmann statistics made it possible, first, to construct an
extremely possible polarization in the form of a Langevin distribution; second, to obtain the
density of distribution of domains as a function of exponential type; third, to use the switching
criterion. In this case, the switching is reduced to the energy rotations of the domains in
dependency of the intensity of the electric field. The model contains both a reversible and a
residual part of the polarization. The model contains a set of five parameters, which are chosen
from the condition of coincidence of the calculated large hysteresis loop and experimental
data. Due to shortcomings of the model, one can be attributed include a very rough approxi-
mation in the description of domain rotations in ferroelectrics, where this process is replaced
by the process of rotation of dipoles in polar liquids in the construction of limiting polarization.
This immediately affects when trying to build small hysteresis loops, where the results of
calculations lead to large discrepancies.

3.8. Modeling of ferroelastics

It is interesting to note that, despite its shortcomings, the Giles-Atherton model can be used to
describe deformation of ferroelastics [68]. Repeating the main contents of the previous model, we

Figure 28. The Giles-Atherton model: the smaller the coefficient k, the narrower the hysteresis loop.
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Figure 29. Model Giles-Atherton: with increasing coefficient k, the slope of the hysteresis loop changes.

Figure 30. The Giles-Atherton model: with increasing coefficient k, the amplitude of the hysteresis loop changes.

can introduce the limiting strain, which in the one-dimensional case of stretching-compression
reduces to calculating the probability integral of the imaginary argument:

1 .
| exp {Wtz]tzdt
€1

)
2

- N A , a=kT/e&V.
| exp {2[; tz} dt

-1

The total deformation consists of the reversible ¢, and irreversible ¢ parts: ¢ = ¢, + &9, and to
determine the irreversible part, we obtain an ordinary differential equation
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The large and small loops of strain hysteresis, calculated from this model, can be seen in
Figures 31, 32.

In [68, 69], two modifications were made for these models in order to obtain small hysteresis
loops. First, to the induced component of polarization and strain was added a summand pro-
portional to the loading field. Second, restrictions on the process of domain switching during the
construction of small cycles are introduced. The results of this modernization are shown in
Figures 33, 34. The obtained results are in good agreement with the experimental data shown
in Figures 8 and 11, not only qualitatively, but also quantitatively.

Conclusion: the dignities and drawbacks of the model for ferroelastics are the same as those of
the Giles-Atherton model.

Figure 31. Modeling of ferroelastics: large hysteresis loop.

Figure 32. Modeling of ferroelastics: small hysteresis loops.
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Figure 33. Improved Giles-Atherton model: small loops of dielectric hysteresis.

o
4 1
=
o
-100-
-50 - /
//
0 Al
0 1 2 3 -4 +10°

Figure 34. Improved Giles-Atherton model: small loops of deformation hysteresis.

4. Discussion

Each of the presented models performs the basic function related to the description of hyster-
esis dependencies. However, each of them is based on different prerequisites. Therefore, the
results of the work of a particular model differ from the corresponding experimental data. The
Rayleigh model gives a coincidence with the experimental data for small and medium fields.
The Preisach model is widely used in areas where the integral properties of hysteresis are
important. The model of orientation switching and model of the energy switching allow us to
determine the cone of the angles all domains for which the directions of the vectors of the
spontaneous polarization lined up inside this cone after the polarization to saturation, but the
hysteresis loops have angular shapes. The Giles-Atherton model, taking into account the
modernization, allows describing not only large but also small hysteresis loops.
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Advantages and disadvantages of each of the considered models were presented earlier. Each
of the models has a number of parameters that influence on the shape of the hysteresis loops.
To determine these parameters, it is necessary to compare the calculated and experimental
data. However, in the mathematical plan, this model belongs to the class of inverse problems
and has a number of specific difficulties.

To sum up, it can be noted that the one-dimensional models allow describing hysteresis
dependences of irreversible polarization processes. The more accurate the model is based
on the physics of the phenomenon, the more accurate the results of its work. For example,
those models that include lot of domains are more accurate in describing quantitative
dependencies. However, analysis shows that at the present moment a universal mathemati-
cal model of the polarization and deformation of polycrystalline ferroelectric materials has
not yet been developed, which would accurately reflect the data of the experimental depen-
dences. Many problems that are importance remain unresolved. Unresolved problems
include the following:

small loops of dielectric and strain hysteresis have been poorly investigated;

* existing models do not reflect functional dependencies on the effects of any loading
components with simultaneous exposure to electric fields and mechanical loads;

* the question of the validity of the application of the developed models to thin films
remains open;

¢ there are no studies of how the anisotropy of the material changes with the simultaneous
action of an electric field and mechanical stresses;

e very poorly represented models, which take into account the effect of neighboring
domains on current switching;

* there are practically no studies related to the analysis of the similarity and differences in the
existing models of Preisach, Rayleigh, Giles-Atherton, plasticity materials, except for [70, 71];

* in fact there is no mathematical analysis of the effect of model parameters on the final
result, there is no formulation of a minimum set of parameters;

*  very poorly represented models, which use the functions of the density of the distribution
of domains.

5. Conclusions

One-dimensional models that reflect the hysteretic properties of polycrystalline ferroelectric
media on the external effects of high-intensity electric and mechanical fields are considered. The
bases of construction of each model are disassembled. The fundamentals of the construction of
each of the well-known Rayleigh models, evolution models, models of plasticity theory, Preisach
models, models of orientation switching, energy switching models, the Giles-Atherton model are
analyzed and the results of their work in the form of hysteresis loops are presented. The main
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advantages and disadvantages of each model are noted; in particular, the differential and
integral properties of hysteresis dependences are marked. It is noted that each of the models
has a number of parameters, the choice of which affects the shape of the hysteresis loop.
However, in the mathematical sense, such a choice generates additional difficulties, which are
connected with the solution of inverse problems. Unresolved problems in the general problem of
modeling the polarization of polycrystalline ferroelectric materials are noted. A list of works is
given in which the main ideas and results of each of the earlier models are reflected.
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Abstract

In recent years, scientists advanced the study of bio-ferroelectric composites to develop
new environmentally friendly and inexpensive electronic elements such as capacitors,
actuators, and transistors. Accordingly, the present research relates to composites made
of chitosan-cellulose polymeric matrix and strontium titanate (STO) nanoparticles.
The variables considered include different percentages of cellulose (15 and 25 v%) and
strontium titanate nanoparticles (10 and 20 wt%). The electrical characterization of the
composites included measuring their dielectric constant, current density, and conduc-
tivity. The results suggest that the addition of STO nanoparticles raised the dielectric
constant while lowering the current density and the conductivity of the nanocompos-
ites. Moreover, although the cellulose addition increased the current density and the
conductivity of the composites, it lowered their dielectric constant. Also, the resulting
biocomposite capacitors could withstand up to 60 V without any detectable dielectric
breakdown. The other two properties measured were the ultimate tensile strength (UTS)
and the degradation temperature (Tdeg). Higher percentages of cellulose decreased the
UTS and the Tdeg of the chitosan-cellulose composites while the addition of cellulose
slightly raised these properties of the composites made of chitosan-cellulose and STO
nanoparticles. The results proved that these types of biocomposites are apt as capacitors
with adequate strength to withstand aggressive environments. This work was fully con-
ducted in the facilities of the Nanotechnology Center hosted by the University of Puerto
Rico — Mayagiiez, from December 2014 to January 2017.

Keywords: ferroelectric nanoparticles, dielectric constant, biopolymers, chitosan,
biocomposites, strontium titanate
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1. Introduction

Biopolymers have attained significant market potential due to their numerous applications
in diverse fields such as “bio-ceramic, bio-sensing, bio-encapsulation, and bio-inorganic
nanoparticles” [1]. The main motivation for studying these biopolymers rises from their
unique characteristics: bio-compatibility, low environmental impact, and nontoxicity
(for human use) [2, 3]. Since these materials are biodegradable, they can be recycled, which
translates into waste reduction and smaller recycling cost. An additional appealing feature is
the low fabrication cost of these biopolymers when compared to petroleum-based ones.

Researchers have been using these biopolymers as matrices for composites containing fer-
roelectric particles, i.e., BaTiO,, SrTiO,, CaTiO,, and PbTiO,. In particular, they have been
seeking for an alternative for processable high permittivity materials with high dielectric con-
stant, moderate dielectric strength, low dielectric loss, high electrical resistivity, among other
properties [4, 5]. These electrical characteristics made these composites particularly suitable
for capacitors, transistors, and actuators.

For instance, Neagu et al. studied dielectric properties of bio-composites made of chitosan
with different percentages of BaTiO, particles: 0, 1 and 10% [6]. Among the different fabrica-
tion methods available to produce the polymeric films, the authors selected the dry phase
inversion casting process. This research demonstrated that higher BaTiO, concentrations in
the polymeric matrix raised the dielectric constant while lowering the dielectric loss. This led
to a simple approach to create flexible electronic devices made of polymeric and ferroelectric
constituents.

Moreover, Elimat evaluated the electrical properties of composites made of epoxy with
various zinc oxide (ZnO) concentrations and reinforced with 1.0 wt% of conductive carbon
black nanoparticles to dissipate any potential electrostatic charges [7]. The results revealed
an increase in higher dielectric constant values as the temperature and the ZnO concen-
tration heightened. However, that dielectric constant diminished for higher frequencies,
namely from 0.1 to 1 MHz; this was attributed to the dipoles’” lack of time to align with the
electrical field. In addition, the authors demonstrated that higher concentrations of ZnO
nanoparticles increased the electrical conductivity of the composites. Such higher electri-
cal conductivity is due to the increase of the charge carriers’ density in the polymeric
matrix.

Petrov et al. studied the electrical properties of chitosan and hydroxyapatite (HA) bio-
composites. In their study, they implemented an innovative approach via a corona dis-
charge treatment to increase the charge surface of the polymeric matrix. The researchers
tested the dielectric permittivity of the composites using dielectric spectroscopy and by
employing a parallel plate capacitor for the electrical measurements. Their results evinced
no difference in dielectric permittivity between the composites made of 6 and 10 g/L of
chitosan solution. However, a notable difference was observed in the dielectric permittiv-
ity as a function of temperature and frequency. Although higher temperatures increased
the dielectric permittivity of the composites, such permittivity decreased at higher
frequencies [8].
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Hosokawa et al. fabricated composites made of chitosan and cellulose to study their mechani-
cal properties [9]. To fabricate the composites, chitosan was dissolved in a water/acetic acid
while cellulose fibers were diluted in an aqueous solution. Then, a small amount of chitosan
was added into the cellulose solution containing glycerol. The ensuing solution was mechani-
cally stirred and degassed before the drying process. Their results suggest that the tensile
strength decreased as the swelling degree increased in the composites. The authors attributed
this to the crosslinking between the carbonyl groups (C=0) and the carbonyl groups (C—-OH)
in the cellulose structure with the amine groups of the chitosan.

Another pertinent study was conducted by Ibrahim et al., who fabricated polyester-oil palm
ash composites [10]. The specimens were prepared at different volume fraction of oil palm ash
(0, 10, 20 and 30%) in unsaturated polyester matrix. All samples were mechanically character-
ized with a universal testing machine with a 10 kN load capacity, operated at a 5 mm/min
strain rate. The measured tensile strength of the composites decreased from 26.8 to 13 MPa
with the tensile modulus rising from 375 to 499 MPa as the content of nanofillers increased
from 0 to 30%. The smaller tensile strength was attributed to the interaction of the nanofiller
with the polymer matrix. Conversely, the fillers imparted greater stiffness to the composite.
In addition, when the authors analyzed the composites’ thermal properties, they discovered
that the particles enhanced the thermal stability of the composites from 293.55°C without oil
palm ash to 401.72°C with 30% oil palm ash.

Aware of such trend and in an effort to propose an alternative material suitable for capac-
itors, in the present research we engineered a composite with a chitosan-cellulose matrix,
reinforced with strontium titanate (SrTiO,) nanoparticles. The polymeric matrix provides
flexibility, which is adjustable with the relative amount of cellulose, while the SrTiO, (STO)
nanoparticles helped tune the dielectric constant, the current density, and the electrical con-
ductivity. The control of the capacitance dependency on the frequency would allow devices
to vary their capacitance depending on the application in which they would be deployed.
Hence, this work brings about a novel perspective on the tunable properties of the chitosan-
based composite for flexible electronics and bio-compatible properties.

2. Experimental procedure

The present research encompassed two stages. In the first one, the composites were syn-
thesized to produce enough material for the second stage. Upon this stage, the composites
underwent both mechanical and electrical characterization. This experimental section was
completed in the facilities of the Nanotechnology Center hosted by the University of Puerto
Rico — Mayagiiez, from August 2013 to August 2015.

2.1. Materials selection

All samples were fabricated using poly (D-glucosamine) deacetylated chitosan ((C.H,,O,N),

6 114
75% deacetylation, Sigma Aldrich), cellulose powder (cotton linens, Sigma Aldrich) and stron-

tium titanium oxide ((SrTiO,), 99 + %, Fisher). A chitosan solution was dissolved in acetic
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acid solution (CH,CO,H, 99.7 + %, Alfa Aesar) while 4-methylmorpholine N-oxide solvent
(CH,CO,H, 99.7 + %, Alfa Aesar) was needed to dissolve the cellulose powder. The fabrica-
tion of the composites consisted of two subsequent stages: (1) fabrication of chitosan-cellulose
films, and (2) synthesis of chitosan-cellulose composites containing SrTiO, nanoparticles.

2.2. Sample preparation

To prepare the specimens, one must considered their adequate size for the ensuing character-
ization. In particular, special care was taken to better the uniform distribution of the particles
in the matrix.

2.2.1. Biopolymeric films

The biopolymeric films consisted of a mixture of chitosan and cellulose, prepared by means of
the solution casting technique. To prepare the chitosan solution, a fixed concentration of the
polymer (1.5 v%) was dissolved in an acetic acid aqueous solution and mechanically stirred.
Furthermore, the cellulose solution was made by adding the polymer into a4-Methylmorpholine
N-oxide (NMMO) solvent, followed by mechanical stirring at 65°C to enhance the polymer
solubility. A fixed concentration of cellulose, i.e., 0.5 v%, was used for the preparation of the
composites. A higher concentration of cellulose would have raised the water content, which
could have been detrimental for the resulting electrical, mechanical, and thermal properties.

After the stock solutions of chitosan and cellulose were prepared separately, we readied smaller
stock solutions with different volume percentages of chitosan and cellulose: 85 v%Ch-15 v%Cel
and 75 v%Ch-25 v%Cel. After mixing the components, we mechanically stirred the solutions,
poured them into petri dishes, and let them dry in an oven at 40°C. Afterwards, we removed
the films from the petri dishes using a basic solution and dried them in an oven once again [7].

2.2.2. Bio-ferroelectric nanocomposites

The double layered bio-ferroelectric composites were fabricated layer-by-layer via the solu-
tion casting method. The first layer consisted of chitosan-cellulose bio-polymers and the
second layer consisted of the bio-polymers mixed with strontium titanate (STO) particles.
To fabricate the said first layer, small solutions of chitosan and cellulose (i.e., 85 v%Ch-15
v%Cel and 75 v%Ch-25 v%Cel) were synthesized and transferred in the petri dishes for the
dry process. The purpose of the second layer was to prevent the nanoparticles from settling
and passing through the still soft first polymeric film. Hence, for the second layer, the same
amount of small solutions was synthesized, this time with different STO amounts, i.e., 10 and
20 wt%; the goal was to analyze their effect in the electrical properties of the resulting bio-
composites. Thereafter, these solutions were transferred onto their corresponding first layer
of chitosan-cellulose followed by a second drying process to remove any residual water from
the polymeric matrix.

The dispersion of nanoparticles within a given matrix has always been an issue, as proven in
a prior research [11]. Therefore, to enhance such dispersion in the matrix we reduced the size
of the particles using a varioplanetary high energy ball mill. To find the optimal time in which
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we could reduce the particle size to the smallest possible, the particle size was determined at
different milling times using the Scherrer equation [12, 13]. Afterwards, the particle size was
computed at different milling times to select the most time-efficient operation, i.e.,, maximum
size reduction at minimal time. The overall technique had been successfully implemented to
reduce the size of compound particles in previously published works [14, 15].

2.3. Characterization
2.3.1. Structure analysis

All samples were characterized with a Rigaku ULTIMA III diffractometer operated at 40 kV
and 44 mA. The characterization of the composites was conducted at 25°C with a 20 step of
0.02° and a 1 s dwelling time. The target used was copper with a Kot wavelength of 0.154178 nm.

2.3.2. Electrical analysis

To measure the capacitance of the composites, we utilized a QuadTech 2200 automatic trans-
former system (with an AC supply). The frequency range was set from 1 to 10 kHz. Once the
capacitance readings as a function of the frequency were recorded, the dielectric constant was
determined for the biocomposites using Eq. (1).

K =4 (1)

where K is the dielectric constant; C, the capacitance of the dielectric material; A, the area of
the plates; d, the distance between the plates; and ¢ , the permittivity of vacuum [16].

To study dielectric breakdown in the composite, a GW INSTEK GPS-3303 DC power supply
provided the current passing through the material when the applied voltage changed from 5
to 60 V. A GW-INSTEK GDM-8246 power meter connected in series was used to register the
current values by following the guidelines of the ASTM D-149 standard [17]. According to this
standard, the current flow must be recorded at equal increments of voltage and after a specific
time. For our research, 5 V increments were applied to the dielectric material and then, after
10 s, the current flow was recorded at each of those increments. The current allowed us to
determine the conductivity of the dielectric material.

To construct the capacitor, an AJA ATC Orion magnetron sputtering unit permitted to apply a
titanium coating on both sides of the biocomposite film for 20 min at 200 W. All these capaci-
tors were characterized using a Caframo™ stirrer clamp made of cast zinc-aluminum alloy
and coated with epoxy as shown in Figure 1. The stirrer clamp also included a hold chuck
key to ensure a close circuit between the capacitor and the copper electrodes. One electrode
was placed at the base of the chuck key while another electrode was placed at the base of the
Calframo™ stirrer clamp. In addition, a small weight of 1.27 N was placed on top of the chuck
key to ensure proper contact between the capacitor and the electrodes. The ASTM D-150 stan-
dard provided guidelines to select the dimensions of the capacitors, i.e., 10 mm in length and
10 mm in width [18, 19].
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Figure 1. Calframo™ stirrer clamp utilized in the measurement of the dielectric properties.

2.3.3. Thermal analysis

A Mettler Toledo TGA/SDTA thermogravimetric / differential thermal analyzer (operated at
a 5°C/min. Temperature ramp from 25 to 500°C) allowed determining the degradation tem-
perature (T, ) of the composites in a nitrogen atmosphere. The samples were placed on a
weight scale, which detects the mass loss of the samples as a function of temperature. To
determine the said T, , the first derivate was applied to the heating rate curve obtained from

the thermal analyzer.

2.3.4. Mechanical characterization

The samples’ ultimate tensile strength was measured at room temperature (25°C) using a low
force Instron® model 5944 universal testing machine. The deformation velocity was set at
1 mm/min. Also, the dimensions of the samples followed the ASTM D-1708, which specifies a
22 mm gauge length, a 5 mm width, and a 5 mm radius fillet.

3. Results and discussion

3.1. SrTiO, Nanoparticles

Previous research showed that the particle size affects electrical, mechanical, and thermal
properties of similar composites [20]. As aforementioned, to improve the dispersion of the
particles in the polymeric matrix, the particle size was reduced using the high energy ball mill.
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Furthermore, reducing the size of the particles can create impurities upon ball milling and to
confirm that the crystalline structure of the strontium titanate remained without changes, the
powder was analyzed by x-ray diffraction. Figure 2 displays the resulting diffractogram that
matched with the expected STO pattern; the presence of impurities was not detected.

As aforementioned, from the diffractograms, Scherrer equation allowed estimating the par-
ticle size of the STO powder at different milling times. The equation takes into consideration
the width of the largest XRD peak in the diffractogram [21, 22], which in our case (Figure 2)
lies at © = 32.5°. The Miller indexes were identified by comparison with a prior publication by
Trepakov et al. [23].

Figure 3 presents the milling time effect on the particle size. Two stages can be observed in
the reduction (by fragmentation) of the particle size. The first stage occurs between 0 to 5 h
of milling and presents a rapid reduction in the particle size from 46 to 18 nm. The rapid
reduction in the particle size may be attributed to the fragmentation of large agglomerates
into individual aggregates and therefore, the fracture of aggregates into individual primary
particles and small aggregates [24]. In the second stage (5-20 h) of milling, the change in size
was negligible. This was attributed to the increasing agglomeration of the fractured particles
that impedes further fragmentation and, hence, size reduction; further, formation of surface
cracks between the small aggregates or at the surface of individual particles could also have
occurred [24].

As indicated previously, the relevance of adjusting the particle size lies on its effect on the
electrical and mechanical properties of the nanocomposites. According to the literature, the
nanoparticles agglomeration could adversely affect the electrical and mechanical properties
of the nanocomposites [21, 22]. As the particle size decreases, the dispersion of the nanopar-
ticles increases in the polymeric matrix and, therefore, improves the electrical and mechanical
properties.

Scanning electron microscopy (SEM) images in Figure 4 allow observing the dispersion of the
nanoparticles in the polymer matrix. At low magnification, the presence of STO aggregates
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Figure 2. X-ray diffraction pattern of STO after 10 h of milling and powder diffraction line pattern.
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Figure 3. Particle size of STO nanoparticles at different milling times.

Figure 4. Secondary electron images obtained from the biocomposite with 20 wt% STO particles: (a) low magnification;
(b) high magnification.

is apparent on the polymer surface. However, a significant dispersion of STO aggregates
becomes visible on the polymer surface at high magnification.

3.2. Electrical properties

The dielectric constant was computed from the experimental results by using the capacitance
equation for a parallel plate capacitor (Eq. (1)) at different frequencies. In a previous study, the
addition of cellulose was detrimental to the capacitance of the nanocomposites while larger
amounts of STO nanoparticles raised it [11]. Since the capacitance and the dielectric constant
are directly proportional, higher amount of cellulose decreased the dielectric constant while
the addition of the STO nanoparticles raised the dielectric constant of the nanocomposites
(Figure 5). In addition, the dielectric constant of the nanocomposites diminished at high fre-
quencies [25]. We expect that this finding will not only increase the capacity of energy storage
devices but also control their capacitance values at different frequencies.
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Figure 5. Calculated dielectric constant of the nanocomposites as a function of frequency.

As aforementioned, chitosan was dissolved in a water/acetic acid solution, enhancing the
interaction between cellulose and water molecules in the solution. Such molecular interac-
tions can be: (a) water molecules linked to cellulose hydroxyl (-OH) groups, or (b) water mol-
ecules confined between the polymer chains due to intermolecular hydrogen bonds. These
interactions heightened the water content in the nanocomposites and, hence, raised the cur-
rent flow through the capacitor [11, 26].

Moreover, higher amounts of STO nanoparticles increased the dielectric constant of the mate-
rial [11]. The main characteristic of these ferroelectric nanoparticles consists of their ability to
raise the material’s stored energy. However, these ferroelectric nanoparticles are difficult to
disperse in a polymeric matrix due to their high internal energy. It has also been reported that
particle size reduction, by expanding the polymer-particles interface, enhanced the electrical
properties of nanocomposites [11, 14].

Furthermore, the literature demonstrates how frequency alters the dipoles orientation of the
STO nanoparticles [4-7]. When those nanoparticles are aligned with the applied electrical
field, the dielectric material becomes polarized. However, the dipoles cannot remain aligned
to the electrical field at higher frequencies [11]. In as much as the dielectric constant dwindles
at those high frequencies, the polarization mechanism cannot contribute effectively to the
dielectric properties. This represents a limitation because for higher frequencies applications
this will cause decrease in the dielectric properties.

After analyzing the dielectric constant of the composites, we gaged the current density, i.e.,
charge transported through the cross-sectional area (Figure 6). Thus, we discovered that
the current density raised for higher amounts of cellulose in the composites, as well as for
voltages from 5 to 60 V. As explained previously, the water content of in the nanocompos-
ites swells with the addition of cellulose, resulting in higher current densities through the
dielectric material. Moreover, the STO nanoparticles addition improves the capacitor’s abil-
ity to store more energy by lowering the current flow through the dielectric material. As
shown in Figure 6, the current density for the composites with STO nanoparticles increased
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Figure 6. Effects of the applied electrical field, cellulose and STO nanoparticles content in the current density passing
through the capacitors.

slightly [27]. Additionally, due to the fact that for safety reasons our instrumentation could
only apply 60 V, we could not observe any breakdown in the composites up to that voltage.
Not finding that breakdown voltage proves to be one limitation of the present research that
could be overcome with a more energetic testing system. Yet, we strongly believe that the
capacitors could withstand higher voltages with the addition of STO nanoparticles.

Furthermore, the electrical conductivity of the dielectric material was computed from the
current density. For this calculation, a linear regression analysis was applied to the curves of
current density as a function of voltage. The slope of the curve represented the conductivity
divided by the thickness of the capacitor (c,). According to the results, higher content of cellu-
lose heightened the conductivity of the dielectric material while the addition of STO nanopar-
ticles lowered it (Figure 7). This is an important finding, since one can design capacitors by
tuning the levels of cellulose and STO particles present in the biocomposite which are also in
agreement with a recent study by Wang et al. [28].
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Figure 7. Effects of the cellulose and STO nanoparticles content in the electrical conductivity of the capacitors.
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3.3. Thermal and tensile analysis

In this section, the thermal and mechanical properties of the composites were studied as a
function of the cellulose percent, i.e., 15 and 25 v%, and the amount of strontium titanate
nanoparticles, i.e., 0, 10 and 20 wt%.

As presented previously, the degradation temperature of the nanocomposites was analyzed
via thermogravimetric analysis. Our results suggest that higher degradation temperature
resulted from increasing the amount of cellulose in the composites bearing STO nanoparticles,
which is opposite to the observed behavior for the composites without STO nanoparticles
(Figure 8). In other words, the higher stability of the STO phase prevents early degradation
(low T,,) of the biocomposites. This outcome suggests that higher levels of both cellulose and
STO could render these composites suitable for high temperature applications as in instru-
mentation operating in tropical regions.

In terms of mechanical behavior, the ultimate tensile strength (UTS) was determined using a
uniaxial testing machine, as mentioned before. Figure 9 reveals that higher UTS values were
obtained in composites bearing more cellulose: from 15 to 25 v% for the composites con-
taining STO nanoparticles, which is contrary to the behavior observed in composites with-
out nanoparticles. When the UTS values for the composites are compared, the UTS values
increased as the percentages of STO nanoparticles decreased from 20 to 0 wt%. We deem this
an important finding as it enables the design of devices that can withstand minor loads with-
out being mechanically ruptured upon service.

The addition of cellulose lowered slightly the T, - and UTS for the composites without STO
nanoparticles, an outcome attributed to the pH value of the solution. As shown in Table 1,
the pH value for the composites without STO nanoparticles increased from 4.78 to 5.08. At
higher pH values, the amino groups are protonated causing electrostatic repulsion between
the polymer’s chains [27]. Therefore, the electrostatic repulsions better the swelling degree
of the polymer, as the water content heightens in the polymer [29]. Because of this apparent

320
B20wt%sSTO
O10wt%STO
300 1 oQwt%STO
3 : -
= 280 -
o
260
240
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Figure 8. TGA analysis for composites made of 1.5v% chitosan/0.5v% cellulose considering 20, 10, and 0 wt% of
strontium titanate nanoparticles.
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Figure 9. Tensile analysis for composites made of 1.5 v% chitosan/0.5 v% cellulose considering 20, 10 and 0 wt% of STO
nanoparticles.

Percentage of cellulose (v%) Percentage of STO nanoparticles (wt%) pH value
15 0 478
15 10 478
15 20 5.00
25 0 5.08
25 10 5.08
25 20 5.20

Table 1. Measurements of pH value for the solutions containing different percentages of cellulose and STO nanoparticles.

shortcoming, when designing a device with these composites, one must consider this finding.
Further testing of these composites under high humidity environment could shed light on the
potential water absorption leading to swelling.

A different behavior was observed in the composites with STO nanoparticles where the T,
and UTS increased. The polymer-polymer interaction and the polymer-particle interaction
can be responsible of these results. The addition of STO nanoparticles could have furthered
the entanglement of the polymer’s chains and, consequently, the free volume. However, the
water present in these free spaces can be removed during the drying process because the mol-
ecules of water are not confined between the polymer’s chains.

In addition, the presence of more nanoparticles heightens the polymer-nanoparticles interfacial
energy, which could cause cracks through the nanoparticles in the polymeric matrix. Besides,
any agglomeration of nanoparticles can be detrimental for the polymer-nanoparticle interfa-
cial bonding. Such agglomerates can favor the presence of pores and nucleate microspaces
through the nanoparticles, raising the brittleness of the composites. All these are factors that
require further experimentation, which falls beyond the scope of the present research.
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Allin all, we were able to establish a characterization baseline that can serve as design platform
for capacitors intended to sustain high load at relatively elevated temperatures by adjusting
the cellulose level and nanoparticles content. In closing, we are confident that this research
would lead to the creation of organic and inexpensive tunable capacitors for RF applications
like antennas or MEMS-based tunable filters.

4. Conclusions

The present work aimed at studying the electrical, thermal, and mechanical properties of
composites made of chitosan, cellulose and strontium titanate nanoparticles. The composi-
tional variables considered encompassed: cellulose content (15 and 25 v%) and amount of
strontium titanate nanoparticles (10 and 20 wt%).

The chitosan-cellulose and polymer-nanoparticles composites were successfully fabricated
via sol gel casting method. Strontium titanate nanoparticles were dispersed in the polymeric
matrix using a double-layered technique. To achieve a better dispersion of the nanoparticles,
the particles size was reduced from 43 to 18 nm using the high ball mill technique. As a result,
a high dispersion of the nanoparticles in the polymeric matrix was achieved.

With respect to the measured electrical properties, the addition of the strontium titanate
nanoparticles raised the dielectric constant, capacitance, and electrical resistivity of the
composites, as expected from a dispersed dielectric material. Similarly, the addition of the
nanoparticles decreased the current density passing through the biocomposite. In addition,
the dielectric rupture of the composites was not observed up to a maximum applied voltage
of 60 V.

Furthermore, mechanical and thermal analysis tests of the composites revealed that the addi-
tion of cellulose adversely affected the ultimate tensile strength and the degradation tempera-
ture of the composites without strontium titanate due to the high content of water. However,
an opposing behavior was observed on the composites with strontium titanate nanoparticles,
in which higher content of cellulose raised both the ultimate tensile strength and the degrada-
tion temperature while the addition of titanate nanoparticles lowered it.
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Abstract

As the most important multifunctional oxide material, lead zirconium titanate (PZT)
has a diverse range of applications such as piezo actuators, ferroelectric nonvolatile
memories, sensors, and transducers due to its excellent structural and electrical prop-
erties. However, it generally requires a high annealing temperature (above 600°C) to
attain the desired properties, which hinders the integration of PZT with silicon-based
Complementary Metal Oxide Semiconductor (CMOS). Therefore, the fabrication of PZT
films by a chemical solution deposition (CSD) at temperatures compatible with Si-CMOS
technology or even with polymeric substrate for flexible electronics would be of high
technological interest. So far, different strategies to decrease the crystallization tempera-
ture of CSD-derived PZT films have been studied. This chapter presents a critical review
on the low-temperature solution-processed PZT films and devices, and addresses chal-
lenges for fundamental understanding and practical integration of multifunctional PZT
in devices. In the first part, recent advances in fabrication of CSD-derived PZT films at a
low temperature are thoroughly reviewed. The second part discusses various techniques
for patterning PZT into micro-nano-sized patterns. Lastly, some potential applications of
the low-temperature CSD-derived PZT films and devices are demonstrated.

Keywords: lead zirconium titanate (PZT), ferroelectric, ferroelectric nonvolatile
memory, piezoelectric actuator, solution process, low-temperature deposition

1. Introduction

Highly integrated nano-ferroelectric/piezoelectric devices with Si-CMOS technology require
a low-processing temperature (<450°C) of ferroelectric/piezoelectric films [1]. Among ferro-
electric/piezoelectric materials, lead zirconium titanate (PZT) [2] appears as the most promis-
ing candidate because of its excellent structural and electrical properties, in addition to its

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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relatively low processing temperature (~600°C) compared to organic, lead-free, and the other
inorganic materials [3, 4].

Many efforts have been done for lowering the process temperature of device-quality PZT
films to below 450°C such as the chemical vapor deposition [5], pulse laser deposition [6], and
sputtering [7]. However, most of these technologies are costly and complicated, which are not
suitable for practical applications. On the other hand, the chemical solution deposition (CSD)
technique offers many advantages such as simplicity, low-cost, large area deposition, and
feasibility of material compositional control. Many low-temperature CSD methods, including
tailoring precursor solution [8, 9], seeding the film [10], hydrothermal annealing [11], and bet-
ter lattice matching [12], have been investigated, but all provide insufficient film quality and
compromised properties. Hitherto, the relatively successful approaches have been microwave
annealing [13], localized heating by pulse laser [14], and ultraviolet-assisted annealing [15].
Nevertheless, microwave heating results in damage of CMOS circuits, while the costly pulse
laser processing is unfavorable for industrial application.

This chapter presents a critical review on the low-temperature solution-processed PZT films and
devices since last 15 years, and addresses challenges for fundamental understanding and practi-
cal integration of multifunctional PZT films in devices. Database collection was performed using
major searching engines such as ISI Web of Science (Thomson Reuters) and Google Scholar. In
the first part, recent advances in fabrication of CSD-derived PZT films at a low temperature
(<450°C) using chemical and physical approaches are thoroughly reviewed. The second part
discusses various techniques such as wet/dry-etching, lift-off, and imprinting for patterning PZT
into micro-nano-sized patterns. Lastly, some potential applications of the low-temperature CSD-
derived PZT films and devices for sensor/actuator and energy harvesting are demonstrated.

2. Recent progress of low-temperature PZT films fabricated by a
chemical solution deposition (CSD) method

2.1. Chemical pathway
2.1.1. Seeded diphasic sol-gel (SDSG) precursors

Itis evident from literatures that there have been few studies of the phase evolution of PZT films
at temperature normally considered suitable for pyrolysis (350-450°C) rather than crystalliza-
tion (600°C). The reaction pathway from nucleation to full growth of perovskite PZT phase plays
an important role in optimizing and lowering process-temperature of sol-gel derived films.

Tounderstand the mechanism of transformation from thenucleation to the growth of perovskite
PZT, microstructural development, crystallinity and electrical properties of low-temperature
pyrolyzed PZT films (<400°C) were systematically investigated. The films were prepared on
Pt-coated Si substrates by a sol-gel route, in which different concentrations of nanometric
PZT powders were dispersed in the sol (seeded precursor) [10, 16, 17]. It was found that the
formation of perovskite phase was facilitated by the seeds as a result of the reduced activation
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Figure 1. Temperature-time-texture diagram for the metastable PbPt, phase and perovskite PZT for the three-layer films
dried at 200°C [19].

energy [17]. The seeded PZT films showed a lesser (111)-preferential orientation, greater
nucleation density, and a better ferroelectricity. The formation of the metastable intermetallic
Pt Pb interlayer, between the film and the Pt electrode layer, was also observed. However,
the local random perovskite nucleation might result in the decreased (111) orientation of the
seeded films [18]. The obtained dielectric permittivity (€), remnant polarization (P ), and coer-
cive field (E) of the 430°C-pyrolyzed seed-PZT film were 500, 6.71 uC/cm? and 80 kV/cm,
respectively.

2.1.2. Formation of an early stage seeded PbPtx layer

Ithas been reported that an intermetallic PbPt, phase is formed in the early stages of pyrolysis for
PZT thin films deposited on a platinized substrate, which greatly influences on crystallization
temperature, microstructure, and electrical properties of resulting films [18, 19]. This metastable
phase forms at around 330°C and disappears as elevated heating (Figure 1). The pyrolysis and
annealing conditions as well as the film thickness determine the formation of this intermetallic
phase. These conditions impact on the reduction of Pb*" into Pb, which drives the formation of
the PbPt, phase. The perovskite nucleation was found on top of the intermetallic phase rather
than directly on Pt. This explains why the formation of PZT(111) phase is facilitated by the inter-
mediate ones (Figure 2) [20]. Due to very small lattice mismatch (0.4%) between the PbPt, and
PZT phases, the nucleation activation energy might be reduced. As a result, well (111)-oriented
perovskite PZT was able to be fabricated at 440—480°C. The PZT film exhibited a good quality
with a pyroelectric coefficient of 1.8 x 10~* Cm=> K" and a P, of 24 pC/cm? [20].

2.1.3. Solvothermal synthesis

Solvothermal synthesis is a method of crystallizing solution-derived materials under a high
pressure and at a temperature higher than boiling temperatures of used solvents. The method
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Figure 2. Dark-filed cross-section TEM for a film PZT/Pt/Ti/SiO,/Si after annealing at 440°C [20].

has been widely used for the synthesis and growth of various materials and thin films such
as metal oxides [21, 22].

The advantage of the solvothermal method is low reaction temperature, generally below
200°C. It is important to note that this temperature is lower than the Curie temperature of PZT
(~200-350°C), and more than 400°C below the reaction temperature required by the other meth-
ods. When PZT is used as a transducer, the output force is proportional to the applied volt-
age, which increases as the film thickness increases. In this regard, the hydrothermal method
is advantageous of making micrometer-thick film; consequently, it is a promising feature for
developing a microactuator driver. In addition, since the material is synthesized in solution, the
film is deposited on all surfaces of the substrate making it a three-dimensional (3D) structure.
Such a 3D structure is advantageous not only for actuators but also for FERAM applications.

The hydrothermal growth of polycrystalline PZT films on Ti-substrates in a two-step process
(nucleation and growth) showed that alkaline medium such as KOH was important for the
formation of the PZT solid solution [23, 24]. By slightly changing the reaction conditions, PZT
films could be grown in a single step [25].

Hetero-epitaxial growth of PZT films on (001) SrTiO, (STO) was achieved at 90-150°C
(Figure 3(a)) [26]. The growth proceeded with the formation of (100)-faceted islands and
their coalescence. Full coverage was obtained upon hydrothermal treatment at 150°C for
24 h. However, both the (001) and (100) orientations were detected. In addition, ferroelectric
properties were not able to be evaluated due to the lack of conductivity of the STO substrate
and the peel-off morphology of the film [27]. Later, these issues were resolved by adjusting
the position at which the substrate was suspended in the solution, and by the use a highly
conductive SrRuQ,; film as a bottom electrode [28]. The 2P and E_for PZT film on SrRuO,/STO
(001) were 17.1 pC/cm? and 36 kV/cm, respectively, and those of PZT on SrRuQO,/STO (111)
were 32.7 pC/cm? and 59 kV/cm, respectively (Figure 3(b)).

2.1.4. Excluding pyrochlore phase formation

It is well known that PZT pyrochlore phase is formed at 300—400°C. Once this stable phase
is developed, a high annealing temperature (>600°C) is required to transform it from the
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Figure 3. (a) Cross section of SEM image of the deposited PZT thin film on the SrRuO,//STO (100) substrate. (b) Hysteresis
curves for PZT thin films on SrRuOS//STO (100) [26].

pyrochlore to a perovskite structure. A simple method for the crystallization of solution-
processed PZT films at 400-450°C by intrinsic change in the crystallization path via circum-
venting the pyrochlore phase formation was reported [29]. The approach does not need any
modification of the precursors nor special facilities. Conventionally, the spin-coated films are
normally pyrolyzed at over 300°C for a complete removal of solvent and organic ingredients.
However, by this pyrolysis step, the pyrochlore phase is subsequently formed. In this work,
by lowering the pyrolysis temperature to a well-below pyrochlore temperature (i.e., 210°C),
it was able to retain a proper amount of carbon atoms in the gel film as shown in Figure 4(a).
The remaining carbon acted as a reagent to reduce Pb* to Pb° when heated up to 400°C in
subsequent annealing (Figure 4(b) and (c)). A significantly enhanced intensity of the PbPt_
peak for the 210°C-pyrolyzed sample compared to the others indicated that larger amount of
Pbe was produced (Figure 4(b) and (c)). In the presence of sufficient organic carbon, Pb*" was
reduced to Pb’ which spontaneously reacted with Pt to form the intermediate PbPt phase
at temperatures as low as 200°C. As a result, the lack of Pb* prevented the formation of this
intermediate phase (Figure 4(b) and (d)) that accounts for the high-temperature crystalliza-
tion of the perovskite phase in the conventional processes. The process was successfully dem-
onstrated on several representative electrode materials (Au, stacked Pt/RuO,, and RuQO,) in
addition to Pt.

2.2. Physical pathway
2.2.1. Ultraviolet-assisted annealing

Recently, ultraviolet (UV)-assisted annealing has been applied for fabrication of various func-
tional oxide thin films since the process is capable of facilitating organic decomposition and
condensation of oxide network. Consequently, high-quality oxide thin films can be realized
at a low temperature [30, 31].

Shimura et al. reported a low-temperature fabrication of PZT films using a thermal UV/O,
annealing process [15]. A spin-coated PZT gel film was placed on a heated stage (200°C) and
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Figure 4. Effects of pyrolysis temperature on carbon content, valence state of Pb, and phase composition before perovskite
crystallization. (a) SIMS analysis for carbon of the as-pyrolyzed samples. (b) XRD patterns for samples further heated to
400°C. (c) Percentages of reduced Pb. (d) XRD patterns for the as-pyrolyzed samples [29].

irradiated with UV light (185 and 254 nm) in O, ambient before crystallization (Figure 5). The
thermal UV irradiation facilitated the decomposition of organic components. At a proper tem-
perature, the organic residue such as carbon and hydrogen atoms created a reducing envi-
ronment within the gel film, which prevented the pyrochlore structure development. As a
result, the ferroelectric perovskite structure with (111)-preferential orientation was able to be
achieved at 450°C (Figure 6(a)). The P, E, and leakage current of the PZT film were 23.6 nC/
cm?, 109.6 kV/cm (Figure 6(b)), and 10° A/cm?, respectively [15]. Similarly, ferroelectric PZT
films were fabricated on LaNiO, electrode at a low temperature of 450-480°C by a method
assisted with UV irradiation [32]. The obtained film annealed at 480°C showed a P, of 21 uC/
cm? and leakage current of 9.71 x 1078 A/em? at 100 kV/cm, with good retention and high stabil-
ity of photocurrent.

In order to enhance absorption in the UV-range, UV-absorber additives are normally added
to precursor solutions such as “photoactive sol” (Ph) [33]. The dip-coated thin gel layer was
irradiated under the UV-light, followed by rapid thermal annealing in O, atmosphere.
Formation of highly reactive oxygen radical from ozonolysis facilitated the decomposition
of organic components via breaking of the alkyl group-O bonds, resulting in a subsequent
formation of the metal-O-metal bonds. As a result, ferroelectric perovskite structure can be
obtained at 400°C. Furthermore, incorporation of nanoseeds into the Ph sol (PhS) increased
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Figure 6. (a) XRD patterns and (b) hysteresis loop characteristics of PZT films prepared by conventional 600°C process
and 450°C process with and without the UV/O, treatment [15].

the number of nucleation sites in the resulting film, which produced a further reduction
of crystallization temperature [34]. The mechanism proposed for the low-temperature
processing of PhS-PZT thin films is described in Figure 7. Combination of the enhanced
UV-absorbance and internal nanocrystalline seeds led to a significant improvement in the
formation of the PZT perovskite structure at a low temperature, which originated from a
decrease of the Gibbs free energy barrier. The 350°C-PZT film deposited on a flexible PI
substrate with a thickness of 190 nm, showed value of P, ~ 15 pC/cm?. This value is close to
those reported for PZT films processed at temperature over 600°C, P, ~ 20 pC/cm?, and are
higher than those reported for organic ferroelectric films, P, ~ 10 uC/cm?, both on rigid Si
substrates.

2.2.2. Laser-assisted annealing

Laser annealing (LA) is an alternative technique for fast and low-temperature fabrication of
PZT films. This technique uses focused high-energy laser beam in continuous or pulse mode
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Figure 7. Mechanisms for the low-temperature processing of inorganic ferroelectric thin films using the activated PhS
solutions [34].

to scan the desired film’s areas to fuse and bond the powders into a layer of solid mass, and
has been used in manufacture of solar cells and power devices. The advantages of LA include
the flexibility in manufacturing composites with different geometries with assistance of com-
puter, controllable sintering thickness depending on the laser energy and scanning speed, low
influence on the substrate to create the possibility of processing PZT on low melting point
substrates. However, LA technique is not suitable for a large area PZT sample due to the
limitation of laser spot size (generally ~50 pm in diameter). Many researchers have attempted
to apply this technique to PZT crystallization since three decades ago. Bharadwaja et al. [14]
reported highly textured (001) and (111) Pb(Zr,,Ti,,,)O, thin films (300-350 nm thick) fab-
ricated via excimer laser annealing (248 nm KrF pulsed excimer laser) on (111)Pt/Ti/SiO,/Si
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Figure 8. Polarization hysteresis of laser annealed (a) (001) and (b) (111) PZT thin films. (c) Dielectric permittivity and
loss tangents and (d) piezoelectrice,; resultsasa function of poling field for laser annealed (001) and (111) textured PZT
thin films [14].

and (001)PbTiO,/Pt/ Ti/SiO,/Si substrates. It was shown that by minimizing nucleation energy
with suitable buffer layers, PZT films can be grown in preferred orientation at relatively low
temperatures (350-375°C) with good functional properties for thin-film MEMS applications
(Figure 8). Both (001) and (111) oriented PZT films exhibited relatively good ferroelectricity
with large P (31 and 24 uC/cm? for (001) and (111) PZT, respectively) and small E_(86 and
64 kV/cm for (001) and (111) PZT, respectively). The maximum e, p piezoelectric charge coef-
ficients are ~11 and 9 C/m? for (001) and (111) PZT thin films, respectively. However, in this
case, particular sputtered amorphous PZT films were needed.

Considering productivity, a semiconductor diode laser is preferred because of its low cost,
small size, and low energy consumption, compared with conventional solid state, CO, or
excimer lasers. Chen et al. recently reported a method that can be used to crystallize PZT
films derived from sol-gel solution on either Pt or Li-Nb-O-coated Si substrate by LA treat-
ment using a 980 nm continuous wave semiconductor laser [35, 36]. From dielectric constant
measurement, it is found that one LA process generates 45-nm-thick crystallized PZT layer.
The dielectric constant of the PZT film is about 1200, which is comparable to that of PZT films
prepared by conventional RTA technique. However, the substrate temperature required for
LA-crystallized PZT film by this method is relatively high (~500°C).
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2.2.3. Microwave-assisted annealing (MV)

Microwave is an electromagnetic wave with wavelength ranging between 1 and 1 mm and
frequency ranging from 1 to 300 GHz [37]. The difference between conventional furnace
thermal annealing and MV annealing is the mechanism of these two methods. The thermal
approach sinters samples by transferring heat through objects via thermal conduction. Thus,
the heating source of this technique is the furnace. However, the MV annealing is different.
The materials absorb the electromagnetic energy and transform it into heat to increase the
temperature. Therefore, the heating source is materials themselves.

Recently, the MV processing has been gaining great attention for various types of materi-
als including ceramics and metal-oxide thin films. Compared to the conventional thermal
annealing technique, the MV heating offers more thermal uniformity, lower annealing tem-
perature, shorter processing time with extremely high rate, and reduced grain growth [38].
MW-annealing techniques were applied for crystallization of PZT films at relatively low
temperatures (<500°C) [13, 39-42]. For instance, Wang et al. reported a crystallization study
of sol-gel Pb(Zr, . Ti ,,)O, films on platinized Si substrates, pyrolyzed at 400°C, and heated at
430-450°C for 30 min, using a single-mode 2.45 GHz microwave irradiation system in a mag-
netic field. Good ferroelectric response was obtained upon heating the films at/above 450°C
[13] (Figure 9). It was found that the MV-annealed PZT films first crystallized into an inter-
mediate pseudo-perovskite phase at 430°C, and then mostly crystallized into the perovskite
phase at 450°C. This phenomenon was not observed in PZT films prepared by conventional
thermal processing. The crystallization of amorphous PZT films by MV annealing is due to
the heat originated from the substrate together with direct MV irradiation onto the films.

Although, the densification of the MV-annealed films is much higher than the conventional
thermal process with the same temperature and duration, some fundamental issues limit wide
usage of the MV-annealed PZT films. That is because the PZT can only absorb waves with a
specific range of frequency, which limits the tools to high frequency (>25 GHz). However,
most commercialized MV tools are at approximately 2.4 GHz, which lead to low MV absorp-
tion of PZT. Therefore, either preheating is used or absorption aids are added to increase
the efficiency of sintering. For example, Sharma et al. added carbon powder in the PZT film
to enhance the absorption [43]. Additionally, because the heat is generated internally, the
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Figure 9. (a) SEM image of PZT film crystallized by MV at 450°C. (b) Hysteresis loops of PZT films crystallized by MV
at different temperatures [13].
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volume of material is determining the heat generation. For a nonuniform film, the heat would
generate nonuniformly and result in nonuniform property, and even cracks in the films.

2.2.4. Flash-lamp annealing

The photonic sintering is a technique that uses a broadband (UV to IR), short (<ms) and high-
intensity pulse generated from a xenon gas-filled flash-lamp to heat the films. The thermal bud-
get transferred to the film and substrate can be controlled by the pulse duration allowing PZT
sintering while minimizing substrate heating. This unique annealing technique enables a direct
formation of perovskite PZT film on low melting point substrates. Amorphous PZT films were
successfully transformed to perovskite phase by a flash lamp annealing technique (energy of
27 J/cm?) with a crystallization time of 1.2 ms at a substrate temperature of 350°C [44]. Granular
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Photonically Sintered

Figure 10. (a) Cross-sectional SEM image of photonically sintered PZT film on stainless steel substrate. (b) Low-frequency
hysteresis loop shows that photonically sintered (green) PZT film has superior remanent polarization (32.4 pC/cm?) than
the thermally sintered (red) film (17.1 pC/cm?) [45].
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PZT grains were observed on various kinds of electrodes (Pt, Ru, RuO,), which indicates that
crystal growth begins from the film surfaces. However, the small local sintering area (pm to mm
scale) precludes applications with large feature sizes.

Recently, Borkholder et al. demonstrated a new method of printing and sintering microscale
PZT films with low substrate temperature increase [45]. PZT ink was aerosol-jet printed on
either stainless steel or PET substrates. After drying at 200°C for 2 h in vacuum, the printed
PZT gel was photonically sintered using repetitive sub-ms pulses of high-intensity broad
spectrum light in an atmospheric environment. The highest measured substrate temperature
was 170°C. The obtained P and E_were 32.4 pC/cm? and 6.7 kV/cm, respectively (Figure 10).

3. Micro/nanoscale patterning of PZT films

3.1. Etching process

3.1.1. Physical dry etching

Dry-etching process with a high etch rate, high selectivity to electrode material, and vertical
etch profile is preferable for patterning PZT films. Recently, many researchers have studied
the etching of PZT films using halogen gases with various etching systems such as reactive
ion etching (RIE) [46, 47] and inductively coupled plasma (ICP) [48, 49]. The main problem
in the dry etching of PZT films is that the vapor pressures of the etch by-product (mainly
metal halogen compounds) are low. Furthermore, the metal halogen compounds have differ-
ent vapor pressures, which cause compositional variation in the multicomponent PZT films
[50]. The etching of PZT films has been studied more widely in chlorinated plasma than in
fluorinated plasma because of high vapor pressure of metal chlorides compared with fluoride
counterparts. Lee et al. [49] studied the dry-etching mechanism of PZT films in high-density
CF, and CL/CF, ICP. The etching of PZT films in CF,-based plasma is chemically assisted
sputter etching, and the dominant step of the overall etching process is either the formation
or the removal of the etch by-products, depending on the etching conditions. The etching of
PZT films in CL/CF, mixed plasma is mainly dominated by the formation of metal chlorides,
which depends on the concentration of the atomic Cl and the bombarding ion energy. The
PZT film showed a maximum etch rate in 90% Cl/(CL/CF,) plasma where the concentra-
tion of atomic Cl was maximum (Figure 11(a)). The amount of sidewall residue was greatly
reduced in CL/CF, mixed plasma compared with in CF, plasma. A more vertical etch profile
of PZT films was obtained by lowering the process pressure and increasing the substrate bias
voltage (Figure 11(b)). However, the plasma etch process degrades the structural and electri-
cal properties because of physical damage and chemical residue contamination. The physical
damage caused by the bombardment of energetic charged ions to the film surface, which
alters the near-surface region and changes its electrical properties. The surface contamination
by the etch by-products and penetration of mobile ions into the bulk may also degrade film’s
quality. Later, Kim et al. reported both a reduction in the etching damage to PZT films during
etching in a CL/CF, plasma with Ar or O, added and the recovery of etching damage by using
O, annealing [51].
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Figure 11. (a) The etching rate of PZT films as a function of CL/(Cl, + CF,) concentration. (b) Cross-sectional SEM image
of PZT pattern [49].

3.1.2. Chemical wet etching

Wet etching is an effectively alternative technique for PZT film’s patterning due to its high etch-
ing rate, low cost, and high selectivity. Since, PZT can be regarded as a compound of PbO, ZrO,
and TiO,, etchants containing several compositions are demanded for PZT thin film etching. In
recent years, many studies have been performed on wet etching of PZT films using mixtures
of various acids, following single-or two-step processes [39, 52-56]. However, problems such
as fast etch rate (>400 nm/min), severe undercut, and formation of higher etch residue were
encountered. Wang et al. introduced a two-step wet-etching process, using buffered HF acid
(BHF) in the first step, and 2HCI:H,O at 45°C in the second step, to etch PZT films [54]. However,
significant undercutting and brim damage were observed in the achieved pattern. Later, a novel
wet-etching process was proposed using 1BHF:2HCL:4NH,Cl:4H,0 solution as the etchant,
where NH, was used as an additive to decrease the undercutting of the obtained PZT pattern.
Using this technique, PZT patterns with acceptable undercutting (1.5:1) can be obtained.

Ezhilvalavan et al. proposed a wet-etch recipe using 25% [BOE:HCl:CH,COOH:HNO_NH,C
:EDTA ethylenediamine tetra acetate trihydrate]:75% H,O to pattern PZT films [39]. The etch
recipe provided a high etch rate (200 nm/min) and high selectivity with respect to photoresist,
limited undercutting (1.5:1, lateral:thickness), and effectively removed the residues on the
etched surfaces. Using this recipe, a high-quality patterned PZT film was obtained with a
large P, of 30 uC/cm? a E_of 150 kV/cm (Figure 12), fatigue-free characteristics, and a low
leakage current density of 10-° A/cm? at 200 x 10° kV/cm. Although various wet-etching pro-
cedures have been attempted, the details of the etching mechanism and residue stripping are
not properly explained, and more importantly, the ferroelectric/piezoelectric characteristics
of the etched PZT structures and its electrical reliability tests have not been studied in details.

3.2. Lift-off process

Compared to the etching technique, lift-off process is preferable since it has not suffered from
the physical and chemical damages caused by etch plasma. The pattern ability of PZT films
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Figure 12. Hysteresis loop of the 1-ym-thick PZT film patterned by a wet-etch process [39].

by lift-off process using thick photoresist [57], hydrophobic self-assembly-monolayer, or thin
ZnO film [58] as a sacrificial layer was already proved. However, the feature size was mostly
limited above 50 pm, and also PZT films exhibited random crystalline structure, large leakage
current, and rather poor ferroelectric properties. Recently, Tue et al. demonstrated sub-5 pm
pattern of sol-gel-derived PZT films with a thickness of 80-390 nm by a novel lift-off process
using solution-processed amorphous metal oxides as a sacrificial layer (Figure 13) [59]. The
process includes three steps as follows: (1) deposition and patterning of the sacrificial lift-off
layer (In-Zn-O), (2) PZT spin coating, and (3) etching of the sacrificial layer for PZT lift-off. It
was found that the amorphous In-Zn-O layer acted as a good barrier between the Pt substrate
and PZT film, inhibiting the crystallization of PZT film. In addition, the In-Zn-O film can be
easily removed by a wet etching leading to a clean and smooth surface. As a result, the lift-off
PZT film exhibited better ferroelectric properties, higher breakdown endurance, and more
well-defined shape compared with the wet-etched ones.

(6) ©

Figure 13. AFM image of fine PZT pattern: (a) 2D morphology, (b) 3D morphology, and (c) local surface morphology [59].
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Figure 14. Scheme for patterning of PZT thin film by ultraviolet (UV) light.

3.3. Direct UV-patterning

A general scheme for patterning of PZT thin film by a UV light is shown in Figure 14, which
is similar to a photoresist patterning process. An UV-sensitive PZT sol is first synthesized, and
then spin-coated on a substrate without thermal drying step. After that, the gel film is irradi-
ated under the UV light through a mask for photolysis step. The pattern on the mask will be
transferred to PZT film according to the exposed and unexposed area. After the photolysis,
the PZT film is placed in a nonionic surfactant solution to remove the unexposed area and is
sintered for crystallization.

Many studies have reported the use of UV light for direct patterning PZT thin films using photo-
sensitive PZT sol solutions [60-64]. Calzada et al. synthesized photo-sensitive PbTiO, solutions,
which have a maximum of absorption in UV between 200 and 300 nm [60]. Weihua et al obtained
an UV photosensitive PZT sol using chemical modification in acetylacetone [61]. Marson et al.
developed a highly concentrated solution for producing photo-patternable layers of PZT by dis-
solving an amorphous PZT powder into acrylic acid [62]. Although ferroelectric/piezoelectric
properties of PZT films patterned by the UV-light are comparable to those of conventional PZT
thin films, they normally require complicated modification of the precursor solution, and also
feature sizes of PZT patterns are relatively large (in the order of tens of micrometers).

3.4. Direct nanoimprinting lithography (NIL)

Since the first development in 1995, the nanoimprint lithography (NIL) has become one of
the advanced patterning methods for nanofabrication. The idea of NIL is to transfer patterns
by pressing a designed master mold into resist [65]. NIL overwhelms other lithographic
processes by its low cost, high throughput, and high resolution. Various kinds of functional
materials can be textured by NIL, and functional devices are obtained accordingly.

Li et al. reported pattern transfer of nanoscale ferroelectric PZT gratings on a platinized sub-
strate by a reversal NIL without any chemical etch processes [66]. PZT sol was spin coated onto
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Figure 15. PZT films nanoembossing process and results of embossed profiles. (a) A schematic diagram illustrating a
one-step embossing process to form a stagger shape in a PZT film with two different thicknesses and (b) AFM images of
embossed stagger like profiles of PZT film [67].

a template with an antistick layer. The template with PZT was then placed onto the substrate
and applied a pressure. After that, the substrate was separated from template directly. The
transferred sample was then crystallized by thermal annealing in air at 650°C for 15 min. The
patterned lines appeared to be reasonably straight and well ordered with few defects. The height
of the gratings was in the range between 125 and 250 nm depending on the template mold.

Shen et al applied a nanoembossing technique to form a stagger structure in PZT film [67].
Figure 15(a) illustrates the nanoembossing process of PZT film. Figure 15(b) displays the
embossed PZT film profiles measured by AFM; showing an embossed depth of about 160
on a 450-nm thick PZT film with well-quadrate-patterned profiles. After crystallization, the
PZT films exhibited a tetragonal structure with (111) preferred orientation. In addition, the
morphology of the embossed region remained stable. Chen group demonstrated a low-press,
low-temperature direct NIL method for patterning PZT films [68, 69]. In general, conven-
tional direct NIL utilizes ultrahigh pressure or temperature to form patterns on the film. The
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use of a sharp-tip mold combined with an underlying soft gel film may overcome issues of
the conventional NIL. This approach is more favorable because of its simplicity and reduced
temperature as well as imprinting pressure. Besides, imprinting on the gel film instead of on
the bulk film makes the NIL much easily to be carried out. It was also successfully demon-
strated that the NIL on the metal/ferroelectric bilayer structure would help to overcome the
flattened problem of pattern in a gel film. Moreover, the metal film prevents the mold from
directly contacting with the PZT gel. Therefore, no residual or contaminant will be observed
on the mold.

4. Applications of low-temperature-processed PZT films

Thanks to multifunctional properties, PZT films can be utilized for various applications in
sensor, actuator, nonvolatile memory, and energy harvesting as well. Once PZT films can be
deposited at a low temperature, which is compatible with Si technology, direct integration of
PZT films to other active control element, i.e., Si-CMOS, becomes possible. Further lowering
of PZT process temperature to be compatible with flexible substrates enables flexible PZT-
based electronics. This part briefly summarizes emerging applications of low-temperature
PZT films.

4.1. Piezoelectric actuator

A diaphragm-type piezo actuator was demonstrated using a low-temperature (450°C) solution-
processed PZT film [15]. Cross-sectional structure and SEM image of the fabricated actuator
is given in Figure 16(a) and (b). The observed experimental data agreed well with simulation
result in which the actuator displacement linearly increased as the increase of applied voltage
(Figure 16(c)). The maximum displacement was approximately 130 nm at 10 V. These results
verify that the low-temperature-processed PZT film can be applied for actuator applications.
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Figure 16. (a) Cross-sectional structure and (b) SEM image of the fabricated PZT actuator. (c¢) Comparison of the
displacement between experiment and simulation results [15].
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4.2, Piezoelectric energy harvester

Energy harvesting, which collects useful energy from wasted energy sources, is the most
promising technology to provide solutions for the shortage of a fossil fuel, various environ-
mental problems, and the improvement of energy efficiency in smart grids. Piezoelectric
energy harvesters have been actively studied due to their easy integration with MEMS and
integrated circuit technologies [70-74]. The cantilever type is the most typical structure of a
piezoelectric energy harvester, in which a piezoelectric material is deposited onto a rigid Si
cantilever, and a proof mass is located at the free end of the cantilever. The electricity can be
generated by a conversion of kinetic energy from the mechanically stimulated proof mass
via the piezoelectric material. However, the typical rigid-body-based cantilever type energy
harvester has a large resonance frequency due to its high spring constant. Thus, it is not for
harvesting energy from human activity or low-frequency ambient vibration. In this regard,
flexible PZT appears as a promising candidate for flexible energy harvesting applications.

Cho et al. presented a microfabricated flexible and curled PZT cantilever using d., piezoelec-
tric mode for vibration-based energy harvesting applications [70]. The proposed energy har-
vester consists of PI layer, PZT thin film, and interdigitated IrO_electrodes. The PZT thin film
on Pl layer showed 2P and 2E_of approximately 47.9 pC/cm* and 78.8 kV/cm, respectively. At
optimal conditions of resistive load (6.6 MQ) and resonant frequency (97.8 Hz), the fabricated
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Figure 17. Illustration of flexible PZT film-based NG [74].
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device was able to generate output voltage and power of 1.2 V and 117 nW, respectively.
Through the introduction of indium-tin-oxide (ITO) and polyethylene terephthalate (PET)
substrates to laser lift-off PZT-based energy harvester, a transparent flexible device (TFD)
was implemented [71]. The TFDs based on PZT films generated an AC-type output signal and
output power of 8.4 nW/cm?, at periodically bending and releasing motion.

Recently, single-cell hybrid nanogenerators (NGs) that can simultaneously harvest mechani-
cal and thermal energies have received great attention [72-74]. Jung group reported the
development of a hybrid piezoelectric-pyroelectric NG using PZT material to simultaneously
harvest mechanical and thermal energies from extreme resources [74]. By the combination of
perovskite LaNiO, and Ni-Cr metal foil as a bottom electrode and a flexible substrate, they
have successfully grown a PZT film with a large P, (28 pC/cm?), high piezoelectric constant
(140 pC/N), and high pyroelectric coefficient (50 nC/cm?K). The PZT-based NG was proven to
stably generate electric power in harsh environment, and at elevated temperatures (Figure 17).

The success of flexible piezoelectric energy harvesters lies in its packaging density, output
voltage and power, resonance bandwidth, lifetime, and cost. Among these, the two biggest
challenges are wider bandwidth and higher power density. Advances in novel piezoelectric
materials such as giant coefficient and lead-free piezoelectric as well as harvester structural
design are expected to bring us closer to battery-free autonomous systems.

5. Conclusion

This review on low-temperature processing of solution-derived PZT films summarized major
approaches to decrease the crystallization temperature below 450°C. The success would
mitigate the integration of PZT films in electronics devices and diminish a possible loss of
stoichiometry and consequent worsened functional properties due to either evaporation of
volatile species (lead-, alkali-oxides) or possible interface reactions. The approaches described
here include chemical and physical treatments for the precursor solutions, as-deposited, and
as-pyrolyzed films by solvothermal synthesis, UV-light treatment, laser, microwave, and
flash-lamp-assisted annealing. It reveals that design of functional precursor solutions, which
are photo-sensitive and possibly decomposable at a low temperature, is critical to the produc-
tion of high-quality PZT films.

Combination of low-temperature solution-processed PZT films with facile micro-/nano-
patterning techniques would open new opportunities for low-cost, large-area transparent,
flexible ferroelectric/piezoelectric devices such as nonvolatile memory, piezoelectric sensor/
actuator/transducer, and energy harvesters.
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Abstract

Densemicrostructure BaTiO; (BT) ceramic withc/a~1.0144and average grainsize~7.8 um
is developed by achieving the ferroelectric parameters Psat. = 24.13 pC/cm? and
Pr = 10.42 uC/cm? with lower coercive field of Ec = 2.047 kV/cm. For BT ceramic, the
“sprout” shape nature is observed for strain-electric field measurements with rem-
nant strain ~ 0.212%, converse piezoelectric constant ~376.35 pm/V and electrostric-
tive coefficient Q,,~ 0.03493 m*/C*. To tune the piezoelectric properties of BT ceramic,
the substitutions of Ca* and Sn*, Zr* are done for Ba® and Ti* sites respectively.
The Ba,,Ca,,Ti, Sn O, (x = 0.00, 0.025, 0.050, 0.075, and 0.1, BCST) system was stud-
ied with ferroelectric, piezoelectric and electrostrictive properties. The electrostrictive
coefficient (Q,,) ~ 0.0667 m*/C> was observed for x = 0.075 and it is higher than the
lead-based electrostrictive materials. Another (1-X) Ba,,.Ca, . Ti,,,Sn,,O, (BCST) -
(X) Ba, ,;Ca, ;s Ti; 1,21, <O, (BCZT), ceramics (x = 0.00, 0.25, 0.50, 0.75, and 1) is studied.
The BCST-BCZT ceramic system shows the increase of polymorphic phase transition
temperatures toward the room temperature by Ca*, Sn* and Zr* substitution. For
BCST-BCZT system the composition x = 0.75 exhibits the d.,, and Q,, values of 310
PC/N, 385 pm/V and 0.089 m*/C? respectively which is greater than BT ceramics.

Keywords: lead-free piezoelectric, BaTiO,, ferroelectric, curie temperature,
electrostrictive coefficient
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1. Introduction

Currently, most of the electronic devices and naval departments use the materials that are based
on interconversion of mechanical and electrical energies i.e. piezoelectric effect for actuator/
transducer/energy harvester applications. The examples of these devices include ink-jet print-
ers, fuel injection actuators in cars, transducers for ultrasonic imaging and therapy in medi-
cine, sensors and actuators for vibration control, and sonars. In many of devices, (PbZr, _ Ti O,,
PZT) based piezoelectric materials are mainly employed due to its excellent piezoelectric
properties viz. piezoelectric charge coefficient (d,, ~ 250-600 pC/N), electromechanical cou-
pling factor (Kp ~ > 0.50), mechanical quality factor (Q_ ~ 10-1000), high dielectric constant (e,
~>700), low dielectric loss (tand ~ < 1%) and high Curie temperatures (Tc ~ > 300°C). However,
lead oxide (PbO), main component of PZT, is highly toxic and its toxicity is further enhanced
due to its volatilization at higher temperature, particularly during calcination/ sintering and
thus causing environmental pollution. Today, with increasing level of electronic equipments
being manufactured, used and discarded, it has been well recognized that the level of hazard-
ous substances (in the environment) has been rising day- to- day life. Further, Pb causes severe
chronic poisoning and pain with long-term exposure (years-to-decades), even when accumu-
lated in small traces. Therefore, to reduce environmental damage during the waste disposal
of piezoelectric products as well as health hazard issues, many countries have adopted the
waste from electrical and electronic equipment (WEEE), restriction of hazardous substances
(RoHS) and end-of life vehicles (ELV) legislations coined by the European Union and banned
the use of Pb/ PbO based materials for electronic and automobile industries. Thus, there is an
open challenge to search and invent the lead-free piezoelectric ceramics and transfer them
into applications in place of PZT ceramics [1]. Among the lead-free piezoelectric ceramics,
perovskite-structured ferroelectrics such as BaTiO, [BT], (Bi,,Na, ,)TiO, [BNT], (Bi,,K,,)TiO,
[BKT], KNbO, [KN], (K,Na)NbO, [KNN], and their solid solutions have drawn great inter-
est of researchers. However, there are some general problems associated with these lead-free
piezoceramics such as lower Curie temperatures (T), or low depolarization temperatures (T)),
difficulties in poling treatments, low relative densities. For example, a) The processing of KNN
ceramic has some critical issues such as volatility of alkali-oxides, compositional inhomogene-
ity, poor densification, and phase stability; b) BaTiO, (BT) based piezoelectric shows stable
piezoelectric properties, but the main issue is of lower Curie temperature (T) ~ < 100°C and
lower coercive field which results in more temperature dependent properties and less polar-
ization stability as well as difficulties in poling treatments; ¢) BNT and BKT based ceramics
have suffered from its poor sinterability and hence densification.

Barium titanate, BaTiO, (BT) is the first polycrystalline ceramic ever discovered that exhib-
its the stable piezoelectric and dielectric properties; hence considered as a promising lead-
free ferroelectric ceramic with perovskite ABO, structure [2]. BT is one of the promising
ferroelectric materials specifically known for its wide range of applications from dielectric
capacitor to non-linear optic devices. For BT ceramic, below Curie temperature (120°C),
the vector of the spontaneous polarization points in the [001] direction (tetragonal phase),
below 5°C it reorients in the [011] (orthorhombic phase), and below -90°C in [111] direc-
tion (thombohedral phase) [3-5]. The present scenario of BT based electroceramics is to
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bring the polymorphic phase transition (PPT) i.e. Rhombohedral to orthorhombic (T} ) and
Orthorhombic to Tetragonal (T ) close to room temperature to achieve the phase coexis-
tence at 300 K and hence shows the enhanced piezoelectric properties [6]. For Zr*, Sn*, and
Hf* substitution at Ti* site in BaTiO, increases PPT temperatures from low temperatures
(0°C and -90°C) to room temperature [6]. Recently, high performance BT-based ceramics
such as (Ba,Ca)(Ti,Zr)O, (BCZT) and (Ba,Ca)(Ti,Sn)O, (BCST) prepared by substitution of
Ca” at A-site and Zr*/Sn*" at B-site showed the properties comparable to that of soft PZT
materials [7-12]. Furthermore, the substitution of Ca**at Ba* in BaTiO,-CaTiO, system (i.e. to
form Ba, Ca TiO, (BCT) ceramics) results in a slight increase in the Curie temperature (T )
and on the other hand suppresses the orthorhombic to tetragonal (T, ;) transition tempera-
ture. This is one of the important considerations in developing the temperature stability of
piezoelectric properties for various practical applications [13]. Many research groups have
reported the dielectric, diffused phase transition, ferroelectric and piezoelectric properties
of BCZT and BCST ceramics [6, 7, 13-22]. However, there is a need of detailed investiga-
tion of electrostrictive properties of BT based lead free electroceramics which are correlated
with the structure—property-composition having the phase coexistence of orthorhombic-
tetragonal (O-T), Rhombohedral-Orthorhombic (R-O) and Rhombohedral-Tetragonal (R-T)
lattice symmetries, at room temperature. Thus, in view of the above, we have investigated
the ferroelectric, piezoelectric and electrostrictive properties of Ca*, Sn* and Zr* modified
BaTiO, ceramics and tried to correlate the observed results with the phase coexistence of
noncentrosymmetric lattice symmetries achieved at room temperature.

2. Experimental details

2.1. Synthesis
2.1.1. BaTiO, (BT) synthesis

Barium titanate, BaTiO, polycrystalline electroceramic was synthesized by conventional solid-
state reaction method. Staring raw materials barium carbonate (BaCO,, > 99%) and titanium
dioxide (TiO,, > 99%) (from Sigma Aldrich) were weighted and mixed in stoichiometric pro-
portions and ball-milled for 15 h in the ethanol medium. After ball milling slurry were dried
at 100°C overnight and dried powder grounded well. Then the powder pressed into pellets
of 2 cm in diameter and 4-5 mm in thickness and calcined at 1260°C for 5 h. The calcined pel-
lets were crushed and grounded well to form the fine powder. Thereafter, pellets with 10 mm
diameter and 0.6-1 mm in thickness were prepared from calcined powder by using poly vinyl
alcohol (PVA) as a binder. Finally, the prepared pellets were sintered at 1300°C for 5 h.

2.1.2. Ba, Ca, Ti, Sn O, (BCST) synthesis

Ba,,Ca,,Ti, Sn O, (BCST) ceramics with x = 0.00, 0.025, 0.050, 0.075, 0.1 were prepared by
solid state reaction method. Stoichiometric amounts of AR grade raw materials of BaCO,
(99%), CaCO, (99%), TiO, (99%) and SnO, (99.9%) (all are from Sigma Aldrich) were mixed
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with the addition of ethanol, and dried, then calcined at 1130°C for 10 h. Thereafter, they were
remixed and pressed into pellets having 10 mm diameter and 0.6-1 mm in thickness and sin-
tered for two times first at 1260°C for 10 h and secondly at 1400°C for 5 h in an air atmosphere.
The post-calcination at 1260°C for 10 h was carried out to achieve proper diffusion to assist the
homogenization and avoid the phase segregation of CaTiO,.

2.1.3. (1-x) Ba, ,Ca, Ti, 51, ,O,-xBa, ,.Ca, Ti, Zr

0.0873

O, [(1-x)BCST-xBCZT] synthesis

0.08

The (1-x) Ba,,,Ca, . Ti,,,Sn, ,O,~*Ba,,,Ca, . Ti,,Zr, O, [(1-x)BCST-xBCZT] lead-free piezoelectric
ceramics with x=0, 0.25, 0.50, 0.75, 1 were prepared by mixed oxide solid state reaction. High purity
analytical grade BaCO,, CaCO,, TiO,, SnO,, and ZrO, (Hi Media; purity 299%) chemicals were
mixed in stoichiometric proportion and ball milled for 24 h using ethanol medium. Thereafter solu-
tions were dried and calcined at 1200°C for 10 h in air. Calcined powders were grounded well and
pressed into pellets of 1 cm in diameter and ~ 0.7-0.8 mm in thickness using 5 wt% polyvinyl alco-

hol (PVA) as a binder. After burning out PVA at 600°C the samples were sintered at 1350°C for 10 h.

All ferroelectric materials system investigated in this book chapter was prepared and char-
acterized for structural information at functional ceramics laboratory, Savitribai Phule Pune
University.

2.2. Characterizations

The phase formation, crystal lattice symmetry and microstructural features of the samples were
examined using the X-ray diffraction (XRD) with a CuKa radiation (A = 1.5406 A; D8 Advance,
Bruker Inc., Germany) and the scanning electron microscopy (JEOL-JSM 6306A, Japan). The rela-
tive density of sintered pellets was estimated from the ratio of the apparent density measured by
Archimedes’ principle and the theoretical density calculated using crystal cell parameters. For
electrical property measurements, silver paste was applied on both sides of the polished surfaces
of pellet and then the sample was cured at 200°C for overnight to dry out the moisture prior to
any measurements. Dielectric constant (¢ ) and loss tangent (tand) were measured as a function of
temperature from -100 to 150°C at 100 kHz using inductance-capacitance-resistance (LCR) meter
(HIOKI- 3532-50, Japan), connected to a computer-controlled furnace. Polarization (P) versus elec-
tric field (E) i.e. P-E hysteresis loops and the electric field induced strain i.e. 5-E curves for ceram-
ics were recorded at Ceramics and Composites Group, DMRL, Hyderabad on virgin (unpoled)
samples at an applied electric field of ~ 50-60 kV/cm at 0.1 Hz, using a ferroelectric test system
(TF Analyzer 2000 of M/s. aixAcct Systems, GmbH, Germany). The piezoelectric constant d; for
poled ceramics was measured using piezoelectric coefficient d, meter (YE2730A d,, meter, USA).

3. Results and discussion

3.1. High dense BaTiO, ceramic with their ferroelectric and piezoelectric properties

X-ray diffraction study confirmed the tetragonal crystal structure having c/a ~ 1.0144. The
dense microstructure was evidenced from morphological studies with an average grain size
~ 7.8 um as shown in Figure 1(a). Figure 1(b) shows the temperature dependent variation
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of the dielectric permittivity (¢) in the range of 25-160°C at fixed frequencies viz. 1, 25, 50,
75 and100 kHz for BT ceramic sintered at 1300°C. The phase transition from ferroelectric to
paraelectric was observed at Curie temperature (T, ~ 125°C) with ¢ = 5617 [23]. Figure 1(c)
shows the polarization-electric field (P-E) hysteresis loops for BaTiO, ceramic measured at
0.1 Hz and room temperature. Typical hysteresis loop confirms the ferroelectric nature of the
sample at room temperature. The hysteresis loop is well saturated and fully developed, indi-
cate that external field has enough energy to switch and rotate the ferroelectric domain of BT
ceramic. The saturation and remnant polarization, P_, = 24.13 uC/cm? and P, = 10.42 uC/cm?
was observed at the electric field strength of 57.14 kV/cm having lower coercive field of
E_ = 2.047 kV/cm. The reason for achieving improved ferroelectric properties in the pres-
ent work may be attributed to the high value of c/a ratio ~1.014 and dense microstructure
with average grain size 7.8 um. The lower Ec indicate that low energy loss during electric
field sweep having low energy barriers for polarization rotation i.e. soft ferroelectric nature.
Low energy barrier can greatly promote the polarization rotation and effectively enhance the
piezoelectric properties [3]. Figure 1(d) shows variation of polarization current density with
respect to applied electric field. Current density exhibits the peaking behavior for both posi-
tive and negative cycle of applied electric field. The peaking behavior is a characteristic feature
of the good ferroelectric ceramic having saturation polarization. Therefore, in present work
we are successful to obtain the high-quality BT ceramic having saturated polarization states
[23]. Thus, the observed ferroelectric properties are promising for ferroelectric memory device
applications with larger P_and P_having low E . The estimated value of electric dipole moment
for BT is 0.6689 x 10% C.cm by using Pr and lattice constant values.

Figure 1(e) shows the bipolar electric field induced strain curves measured for BT sample
at frequency of 0.1 Hz with respect to bipolar electric fields. Sample revealed the “sprout”
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Figure 1. (a-f). (a) X- ray diffraction pattern, inset SEM, (b) relative permittivity verses temperature, (c) P-E hysteresis
loop (d) J-E loop, (e) S-E loop, (f) S-P curve, of BaTiO, ceramics. (reprinted figure from ref. 23. Copyright (2016) by the
AIP publishing.).
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shape loop instead of “butterfly” loop which confirms the improved piezoelectric behavior
[4]. Which indicates that the BT ceramic is not showing negative strain behavior, therefore
here we should note that the enhancement of strain (S) is due to the sprout shape of bipolar
electric field induced strain curve [4]. For electric field E = 57.14 kV/cm, better value of rem-
nant strain 0.212% and higher value of the converse piezoelectric coefficient d*,; = 376 pm/V
were observed. Unfortunately, practical implementations of BT-based ceramics for commercial
actuator applications are still limited by their inferior electromechanical properties as compare
to those of their conventional PZT counterparts. In the present study, it is worth pointing out
that the strain reaches 0.212% at E =57.14 kV/cm which is a promising value for lead-free piezo-
electric ceramic. Large value of strain output of BaTiO, is accompanied by small strain hyster-
esis which enabling the materials to be a promising potential for actuator applications. It is well
known that domain switching and domain wall motion of BaTiO, ceramic could contribute to
field-induced strain as an extrinsic effect. Since the extrinsic contribution is sensitive to exter-
nal excitation, the large electric field in strain measurement may be responsible for a larger
d*,, = 376 pm/V [23]. Here for BaTiO; ceramic the strain-electric field hysteresis loop, which
resembles the “sprout” shape loop, is may be due to the three types of effects; one is the normal
converse piezoelectric effect of the lattice and other two are due to switching and movement of
domain walls of BaTiO, [24]. The electrostriction coefficients Q is a four-rank tensor property
that describes the relationship between polarization-induced strain (S) which proportional to
the square of polarization (P) and is given by S = QP? [25]. Figure 1(f) shows the variation of
strain with respect to polarization for BaTiO, ceramic; using this graph of strain vs. polarization
we can find value of electrostriction coefficient. The relationship between field-induced strain
S and polarization P satisfied equation; Q,, = (S,)/(P,)?, where Q,, is electrostrictive coefficient,
S, is the strain and P, is the polarization [4]. In our case for BaTiO, the observed value of the
electrostrictive coefficient was Q,, = 0.035 m*/C? this is larger than that of PZT (0.018-0.025 m*/
(?) based ceramic [4]. The high Q,, of the BT ceramic is an important factor accounting for their
high piezoelectric constant [4]. The high Q,, of the present BT ceramic means that it would be
valuable to investigate the possible electrostrictive applications of BT ceramic.

3.2. Tune the ferroelectric and piezoelectric properties of BaTiO, by Ca* and Sn*
substitution

The phase formation, microstructural aspects and dielectric properties for Ba ,Ca ,Ti,_
Sn O, (BCST) ceramics with x=0.00, 0.025, 0.05, 0.075 and 0.1 compositions are investigated
and concluded that the compositions with x = 0.00, 0.025 and 0.05 reveals the tetragonal
lattice symmetry P4mm, while the composition x = 0.075 shows the phase coexistence of
tetragonal and orthorhombic lattice symmetries i.e. P4mm + Amm2. However, the compo-
sition x = 0.10 shows the combination P4mm (60%) and cubic Pm3m (40%) (ICSD# 99736)
lattice symmetries which is called the pseudo-cubic (PC) lattice symmetry [26]. Thus, to
invoke the improved ferroelectric and piezoelectric behavior of the material system an
attempt to be made to achieve phase coexistence of noncentrosymmetric lattice symmetries
near room temperature. The average grain size of BCST ceramics is found to be decreased
from 8.56 to 2.36 pm with increasing Sn*" content from x = 0.00 to 0.1 [26]. This is due to
the lower grain-growth rates of slowly diffusing Sn*" due to its higher ionic radii compared
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to Ti*". Thus, incorporation of Sn* inhibits the grain growth of BaTiO, based electroceram-
ics. To evident the phase coexistence of noncentrosymmetric lattice symmetries near room
temperature the temperature dependent dielectric constant measurements were performed
in the range of —150 to 150°C . Based on the dielectric anomaly observed at different tem-
peratures with Sn*" content in BCST ceramics, a phase diagram has been constructed and
is shown in Figure 2. Thus, the observed dielectric results support the XRD results about
the phase coexistence of orthorhombic-tetragonal lattice symmetry for x = 0.075 of BCST
ceramics. All the BCST ceramics exhibits low dielectric loss (tand) < 4% in the measured
temperature range.

Figure 3 (a-e), shows the polarization-electric field (P-E) hysteresis loop and displace-
ment current density - electric field (J-E) curves measured with an applied electric field up
to 50-60 kV/cm at 0.1 Hz. Both the P-E and J-E measurements were performed on virgin
(unpoled) composition. All BCST ceramics exhibit a typical electric-field induced ferroelectric
polarization hysteresis loop, which confirms the ferroelectric nature of investigated samples.
In the present work, the compositions with x = 0.00 and 0.1 do not show the well-saturated
P-E hysteresis loops. Because to achieve the saturation state of polarization in electroceramics
is rather quite difficult due to the dielectric strength of the electroceramics which limits the
electric field value. Moreover, the saturation state of polarization as well as the proper values
of coercive field (E ) and remnant polarization (P ) can be reported by measuring the electric
field induced displacement current density that reveals the sharp peaking behavior during
positive and negative cycles [27, 28]. The presence of J-E peak corresponds to the E_value i.e.
a field responsible for domain switching for a saturated loop [27-29]. It is important to note
that, most of the time, the reported values of P, and E_values are estimated from the observed
P-E hysteresis loop which is not well saturated; thus, in principles they are not proper values
as they are measured from the pre-saturated P-E loops [27, 28]. Therefore, the peak value of
displacement current density (/) shown in Figure 3(a-e) for the forward and reverse cycles
indicate the presence of a cyclic and uniform in both the directions, a typical characteristic of
ferroelectric materials.

An observation made from Figure 3(a-e) reveals that the compositions with x = 0.00 and 0.1
does not exhibit the sharp peaking behavior hence they are said to be not the completely satu-
rated, whereas the compositions with x = 0.025, 0.05 and 0.075 show the sharp peaking behav-
ior of displacement current density. Thus, the compositions with x = 0.025, 0.05 and 0.075 are
said to be completely saturated with respect to an applied electric field. Another important
observation is made from Figure 3 that for compositions with x = 0.025, 0.05 and 0.075, both
the P-E and J-E curves are intersecting at a value of electric field which is approximately corre-
sponds to the coercive field E_. On the other hand, the compositions with x =0.00 and 0.1 does
not show any intersection of P-E and J-E plots. Furthermore, the compositions with x = 0.025,
0.05 and 0.075 exhibit the symmetric nature during positive and negative cycle of an applied
electric field i.e. there is no imprint behavior of polarization state. This means that the compo-
sitions with x = 0.025, 0.05 and 0.075 may be useful for piezoelectric Ac device i.e. vibrational
energy harvesting applications. The ferroelectric parameters namely remnant polarization
(P ), maximum polarization (P, )and coercive electric field (E ), with Sn** content is presented
in Figure 3(f). For x = 0.00 the observed valuesof P, P, and E_are 5.75 uC/cm?, 12.70 uC/cm?

119



120

Ferroelectrics and Their Applications

150

;

Temperature (°C)

Tetragonal

0.025 0.050

sn" content (mol)

0.075

Figure 2. Phase diagram for Ba,Ca ,Ti,_ Sn O, ceramics. (reprinted figure from ref. 26. Copyright (2017) by the American
ceramic society.).
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and 7.12 kV/cm, respectively. Here, the BCT showed high value of E which indicates that the
ferroelectric domains are stabilized and thus the larger electric field is required to reverse the
domains [13]. Further, as Sn*" content increases from x = 0.025 to 0.1, the observed E_values are
in the range, 5.77-4.34 kV/cm, which indicates that these ceramics are relatively easy to pole
and hence it may be possible to achieve better piezoelectric and electrostrictive properties.
The possible reason for decrease of E_ with Sn* is ascribed to the decrease of ¢/a ratio with Sn*
content, because the stress resulted from the domain switching gets reduced with decrease of
c/a ratio; hence the domain switches easily under a lower electric field [30]. With Sn* content
increases, the P increases up to 7.05 uC/cm? (for x = 0.05) and then decreases to 3.97 uC/cm?,
for x = 0.1. This increase of P values with increasing Sn* content is quite reliable, as it is
known that the Sn** are not ferroelectric active whereas Ti* are ferroelectric active [16, 17, 19].
Thus, the incorporation of Sn* into BaTiO, may dilute the ferroelectricity and suppresses the
piezoelectric/electrostrictive properties. However, in the present study, we have noticed the
increasing trend of P, with Sn* content up to x = 0.05 which could show the promising piezo-
electric/electrostrictive properties. The increase in P and P for x = 0.05 may be attributed
to the tetragonal crystal lattice symmetry retained in the composition. However, the com-
positions x = 0.075 and 0.1 exhibit the crystallographic phase coexistence of orthorhombic-
tetragonal and pseudo-cubic lattice symmetries respectively which gives rise to the instability
of ferroelectric domain and thus the P, and P, _decreases [31]. Furthermore, by using remnant
polarization and lattice constant values we have estimated the electric dipole moment for
BCST ceramics and are found to be (0.3618, 0.4119, 0.4460, 0.3542, 0.2464) x 10 C.cm namely
for x =0.00, 0.025,0.050,0.075 and 0.1 respectively.

The bipolar strain (S) versus electric field (E) behavior was investigated for all the BCST sam-
ples and is shown in Figure 4(a-e). They exhibit a typical butterfly loop, which is a feature
of piezoelectric system for biaxial field. It is well-known that the butterfly loop is observed
due to the normal converse piezoelectric effect of the lattice along with the switching and
movement of domain walls. Here, all the BCST ceramics show the hysteretic strain behavior
which may be associated with the domain reorientation. The converse piezoelectric constant
is defined asd;, =S /E , whereS isthe maximum strain at maximum electric field (E,);
accordingly, it is calculated and shown in Figure 4(f). A careful observation made on S-E
plots reveals that the butterfly shape for x = 0.00 is not symmetric for positive and negative
electric field cycle. This type of asymmetric strain behavior is not suitable for AC applications
where the electric field cycles get continuously changed and hence will not work properly
as desired. Therefore, an effort should be made to tailor the materials composition to get the
symmetric butterfly loop with as small as deviation in 4;, values for positive and negative
cycles. Interestingly, in the present work, we have observed that, with Sn* content increases,
the asymmetric butterfly observed for x = 0.00, tends to transform towards the symmetric
butterfly loop for x = 0.1 having small deviations in d;, values for positive and negative cycles.

The average value of d;, i.e. (4, is calculated and plotted as a function of Sn** content for
BCST ceramics as shown in Figure 4(f). It is observed that, as Sn*" content increases the ( a)
value increases linearly from 133 pm/V (for x = 0.00) to 199 pm/V (for x =0.075) and thereafter
decreases to 185 pm/V (for x = 0.1). The observed values of (d;,)  are lower compared to the

reported values for Sn* modified BaTiO,-CaTiO, and BaTiO, ceramics [10, 16-19, 32-34] but
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Figure 4. (a-f) (a-e) variation of bipolar electric field induced strain hysteresis loops measured at 0.1 Hz for BCST ceramics
(f) variation of effective piezoelectric coefficient(d", Jave. with respect to Sn* content in BCST ceramics. (reprinted figure
from ref. 26. Copyright (2017) by the American ceramic society.).

it is remarkable to understand the observed symmetric and asymmetric nature of S-E but-
terfly loop having smaller hysteresis area. Furthermore, it can be seen from Figure 4(a-e) that
the bipolar strain level increases from 0.097 at -56 kV/cm, 0.052% at +56 kV/cm (for x = 0.00)
to 0.12 at =56 kV/cm, 0.105% at +56 kV/cm (for x = 0.075). The observed values of strain 0.115
at 56 kV/cm and 0.1% at 56 kV/cm for x =0.075 and x = 0.05, respectively, are quite remarkable
and comparable to the lead-based piezoelectric materials [35]. Thus, the present BCST ceram-
ics with x = 0.05 and 0.075 possess the reasonably high strain level ~ 0.10 (with sprout shape
rather than the usual butterfly loop) and consistently smaller area of hysteresis loop, suitable
candidate for piezoelectric Ac devices [36]. The higher value of strain observed for x = 0.075
may be attributed to the ferroelectric orthorhombic-tetragonal phase coexistence at room
temperature as evidenced from XRD and dielectric measurements. The strain as well as (d.,),
values observed to be decreases for x = 0.1 and this may be because at this composition,
the system gets transformed from non-centrosymmetric to less symmetric crystal structure
i.e. pseudo-cubic structure as confirmed from XRD data. The results of electromechanical
investigations for BCST ceramics obtained at an applied electric field up to 50-60 kV/cm at a
frequency of 0.1 Hz. The strain curves follow the square of the polarization i.e. S-P? as shown
in Figure 5(a-e), and the corresponding averaged (Q,,) . value was calculated and shown in
Figure 5(f). The observed S-P? hysteresis loop suggests that the strain and polarization are
not in phase. The (Q,,),,. value of lead-based electrostrictive material, such as Pb(Mg, ,Nb, .)
O,-PbTiO,(PMN-PT), is reported to be about 0.017 m*/C* [37]. This means that the (Q,,)

ave
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values of BCST materials are notably larger than that of the lead-based and other known
lead-free electrostrictors [38-40]. Thus, the Sn* modified BCT ceramics with x = 0.05, 0.075
and 0.1 having (Q,,) .. ~ 0.0469, 0.0667 and 0.0543 m*/C?, respectively, exhibiting the non-lin-
ear strain-polarization relation, can be registered as a promising candidate for electrostrictive
actuator applications.

ave

3.3. Tune the ferroelectric and piezoelectric properties of BaTiO, by Ca*, Sn* and

Zr* substitution

Figure 6(a) shows the XRD patterns of the (1-x) Ba . Ca ,Ti ,Sn O, (BCST) - (X)
Ba,,.Ca, . Ti,,,Zr, O, (BCZT) i.e. (1-x) BCST-xBCZT ceramics with x = 0.00, 0.25, 0.50, 0.75,
and 1 measured at room temperature. All the ceramics possess the single-phase perovskite
structure, and no secondary phases are detected, showing the formation of a stable solid solu-
tion between BCST and BCZT. The standard diffraction peaks cited from the tetragonal (T)
BaTiO, (PDF#81-2205), the orthorhombic (O) (PDF#81-2200) and rhombohedral (R) (PDF#85-
0368) are indicated by vertical lines for comparison. Sample with x = 0.00, shows the phase
coexistence of O and T phases [34]. The diffraction peaks for 0.25 < x > 0.5 well matches with
PDF#81-2200, suggesting that the crystalline structure of samples is of orthorhombic sym-
metry. The composition x =1 reveals the rhombohedral phase according to PDF#85-0368. The
composition x = 0.75 showed the phase coexistence of orthorhombic and rhombohedral lattice
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Figure 5. (a-f) (a-e) strain-polarization loops measured at 0.1 Hz for BCST ceramics (f) variation of electrostrictive
coefficient(Q,,) ~with Sn* content in BCST ceramics. (reprinted figure from ref. 26. Copyright (2017) by the American

33" ave

ceramic society.).

123



124

Ferroelectrics and Their Applications

symmetries. The change in diffraction peak around 45° as shown in Figure 6(b) the gradual
transitions from orthorhombic to mixed phase to rhombohedral symmetry of the unit cell
at room temperature, due to the increase of x content that can be favorable to enhance the
piezoelectric properties. Figure 7 shows the temperature dependence of dielectric constant
(¢,) and dielectric loss (tand) of (1-x) BCST-xBCZT ceramics with different x, which measured
at 100 kHz between —100 and 180°C. Effect of change of composition on the ferroelectric phase
transitions are observed. As can be seen, (1-x) BCST-xBCZT ceramics exhibits three obvious
polymorphic phase transitions corresponding to the rhombohedral to orthorhombic (T ),
orthorhombic to tetragonal (T, ) and tetragonal to cubic (T) respectively. The Curie tem-
perature (T ) is about 74°C for x = 0.00 and displays linear increasing trend up to 106°C for
x =1.00 with increasing x. This observation indicates that the Curie temperature is higher for
the substitution of Ti* with Zr* than the substitution of Ti* with Sn*. It is observed that all
three transitions T, ,, T, and T_ shift to higher temperature with increase in BCZT content.
Interestingly this improves Curie temperature as well as at x = 0.75 the T, , observed at room
temperature, provides the phase coexistence. The multiphase coexistence boundary, which
has hardly any energy barrier for polarization rotation between different ferroelectric phases,
is in favor of both polarization rotation and extension contributing to enhancement of piezo-
electricity [41]. The observed results are in analogues to the structural analysis of (1-x) BCST-
XxBCZT ceramics. The dielectric constants are found in the order of 8269-9877 with lower
dielectric loss in the range of 0.033-0.046, also the room temperature dielectric constant values
are observed in the range of 1300-2700.
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Figure 6. (a-b) (a) combined x- ray diffraction pattern between 26 =20 to 80° and (b) enlarged x-ray diffraction pattern
between 260 = 42 to 48°.
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Figure 7. Temperature dependence of dielectric constant (¢)) and dielectric loss (tand) of (1-x) BCST-xBCZT ceramics
with x =0.00, 0.25, 0.50, 0.75, and 1.

The micrograph images for (1-x) BCST-xBCZT system is shown in Figure 8, well densified
and pore-free microstructure, consisting of irregular grains in which the large one is approxi-
mately 35 um and the small is only about 6 um with well-defined grain boundaries were
observed. Clear grain boundary observed for ceramics samples could enhance the density
and helps to improve the electrical properties of the BaTiO, based ceramics [42, 43]. All the
obtained ceramics are well sintered and acquires the relative densities in the range of 93-95%
with average grain size 19.4-25 um. Figure 9 shows the polarization versus electric field hys-
teresis loops of (1-x) BCST-xBCZT ceramics with different x content measured with an applied
electric field up to 3040 kV/cm at 0.1 Hz. All samples possess a typical ferroelectric polariza-
tion hysteresis loop with remnant polarization (P ), saturation polarization (P ) and coercive
field (E). The ferroelectric properties, i.e. the P_and the coercive field E_are observed in the
range of 4.7-6.6 pC/cm? and 2.6-3.6 kV/cm respectively. Remnant polarization increases with
increase in BCZT content. Sample with x = 0.75 shows superior value of remnant polarization
6.3 uC/cm? with lower value of Ec = 2.9 kV/cm this can be attributed to the dipole moments
of the compositions near the R-O phase coexistence being able to reorient dipoles more com-
pletely [34]. The decrease of E_reveals that, the sample become “softer” with increase of x
[10, 44]. The sample of “soft” indicates that the free energy profile for polarization rotation is
anisotropically flattened at the two phases and multiphase coexistence [10]. However, Lower
value of Ec indicates that the lower energy barriers are needed for polarization rotation. This
lower energy barrier can greatly facilitate the polarization rotation and effectively enhance
the piezoelectric properties [10, 44]. Figure 9 shows displacement current density-electric
field (J-E) curves measured for (1-x) BCST-xBCZT ceramics with an applied electric field
up to 30-40 kV/cm at 0.1 Hz. All samples show sharp-peaking behavior which reveals that
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Figure 8. (a-e) SEM micrographs of (1-x)BCST-xBCZT ceramic pellets sintered at 1350°C for 10 h (f) variation of average
grain size with respect to BCZT content.

samples are completely saturated with respect to applied electric field [26]. Furthermore, by
using remnant polarization and lattice constant values we have estimated the electric dipole
moment for (1-x) BCST-xBCZT ceramics and are found to be (0.3045, 0.3500, 0.3505, 0.4090,
0.4132) x 10¥ C.cm namely for x = 0.00, 0.25,0.50,0.75 and 1.0 respectively.

Figure 10 shows the bipolar field-induced strain (S-E) curves for (1-x) BCST-xBCZT ceram-
ics measured with an applied electric field up to 30-40 kV/cm at 0.1 Hz. All samples reveal
the butterfly shaped S-E loops that are typical feature of ferroelectric materials. A promi-
nent enhancement in the maximum positive strain response from 0.086% at x = 0.00 to
0.122% at x =0.75 is observed. In ferroelectric, electric field induced butterfly like hysteresis
strain loops are occurs fundamentally due to the intrinsic and extrinsic contribution [41].
By modifying the chemical composition of BaTiO, based masteries one can achieve phase
coexistence that facilitated the polarization rotation and enhance the intrinsic contribu-
tion (lattice strain) [10, 34, 41]. In ferroelectric materials the domain switching provides
the extrinsic contribution, it happens when ferroelectric materials change the spontane-
ous polarized state along the applied electric field direction. Therefore, the higher strain
S =0.122 observed for x = 0.75 is attributed to the R-O phase coexistence. However, the
extrinsic contribution is attributed to the lower value of E_ which supports to easy domain
switching and contributes to achieve the superior piezoelectric properties. Figure 10 shows
variation of direct piezoelectric coefficient (d,;) ~and converse piezoelectric coefficient
(d,,),, for (1I-x)BCST-xBCZT ceramics as a function of BCZT content. It can be observed
that both of d; and d }, curves possess a peak with increasing BCZT content. At x = 0.75, the
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Figure 9. Variation of polarization and displacement current density with applied electric field at 0.1 Hz for (1-x)BCST-
XBCZT ceramics.

11 m ADD
4
-d,
0121 300+ ~-d, L 380
[ELE
.HEE - S m ’ m%
g 0,06 - i -
B -
L 5
004 - k-] - 20
02 /
0004 240
240
00024
40 30 20 0 9 W0 W 30 40 B0 02 04 06 OB 10 12
Electric Field (kV/cm) ¥ content

Figure 10. Variation of bipolar electric field induced strain hysteresis loops measured at 0.1 Hz, variation of direct
piezoelectric coefficient (d,,)ave. and converse piezoelectric coefficient (d", Jave. for (1-x)BCST-xBCZT ceramics.

higher d,, and d',, of the (1-x) BCST-xBCZT ceramics are 310 pC/N and 385 pm/V respec-
tively with Q,; of 0.089 m*/C?. It is believed that the observed high piezoelectric properties
should be ascribed to the phase coexistence. The O-T phase coexistence causes instabil-
ity of the polarization state; therefore, the polarization direction can be easily rotated by
external stress or electric field, resulting in a high piezoelectricity [10, 34, 41]. Therefore,
to achieve high piezoelectric properties for lead free ceramics one has prepare samples
having PPT or MPB phase compositions. The 0.25BCST-0.75BCZT ceramic sample shows
the superior piezoelectric properties having moderate Curie temperature ~ 100°C can be
a potential lead-free piezoelectric material to further study to replace the toxic lead based
piezoelectric materials.
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4. Future scope and implications

The search of lead-free piezoelectric ceramics has significantly improved over the last two
decades. The deep research in ferroelectric materials can develop better ferroelectric and
electrostrictive ceramics. It is necessary to develop lead free ceramic materials having mor-
photropic phase boundary like PZT and improve the temperature dependence of piezoelec-
tric properties of lead free ceramics. Lower Curie temperature of BT based ceramics hinders
their use in practical applications. Improvement in this regime is most welcome in the future.
The improvement in piezoelectric properties of BT based ceramics has done in last few years
which are attractive for various applications; though need to improve other basic properties
such as Curie temperature and temperature dependent piezoelectric properties to acceler-
ate the use of BT based materials in piezoelectric applications. It is difficult to replace the
PZT by single lead free piezoelectric material. Therefore, need to develop different lead-free
materials which can fulfill the different challenges and can useful for various piezoelectric
applications. The BT based polycrystalline electroceramics possess inferior properties than BT
based single crystal materials. In future this gap can be fulfilled by textured piezoceramics.
The textured piezoelectric ceramics have potential to fulfill the gap between polycrystalline
and single crystal piezoelectric ceramics. In conventional polycrystalline ceramics grains are
randomly oriented while in the textured polycrystalline ceramics grain structure is oriented
along one of the crystallographic direction. Due to the orientation of grain structure in spe-
cific crystallographic direction, the textured piezoelectric materials give higher performance
characteristics close to single crystal materials. Also, as compare to single crystal materials
the textured polycrystalline ceramics do not suffer from fracture toughness issues. In future
textured BT based piezoelectric materials can become potential materials to replace the lead
based piezoelectric materials.

5. Conclusions

We have successfully developed the superior quality high dense microstructure BaTiO, (BT)
electroceramic material with c/a axial ratio of ~1.0144 having an average grain size ~7.8 um. The
BT exhibits the saturation and remnant polarization of P_, =24.13 uC/cm* and P =10.42 uC/cm?
respectively with lower coercive field of E_=2.047 kV/cm, which is good for ferroelectric memory
device applications. The concept of peaking characteristics of the polarization current density-
electric field measurement is introduced to evidences the saturation state of polarization for most
of the ferroelectric materials. The pure BT ceramics possesses the “sprout” shape nature instead
of typical “butterfly loop” for strain-electric field measurements with remnant strain ~ 0.212%,
converse piezoelectric constant ¢, ~376.35 pm/V and electrostrictive coefficient Q, .~ 0.03493 m*/C>.
The lead-free Ba ,Ca ,Ti,_ Sn O, (x =0.00, 0.025, 0.050, 0.075, and 0.1, abbreviated as BCST) elec-
troceramic system showed the maximum electrostrictive coefficient (Q,,) value of 0.0667 m*/C?
for x = 0.075 and it is higher than some of the significant lead based electrostrictive materials.
From BCST system the compositions x = 0.05 and 0.075 showed the notable electrostrictive
properties that may be useful for piezoelectric Ac device applications. For (1-x) BCST-xBCZT
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ceramics with x = 0.00, 0.25, 0.50, 0.75, and 1 we are successful to push the polymorphic phase
transition temperatures (PPT) close to room temperature by Ca*, Sn* and Zr* substitution for
BT system. For BCST-BCZT system the composition x = 0.75 exhibits the d,, 4; and Q,, values of
310 pC/N, 385 pm/V and 0.089 m*/C? respectively which is greater than BT ceramics. Thus, the
piezoelectric and ferroelectric properties of BT ceramic can significantly tune by Ca* and Sn*,
Zr* substitutions useful for electromechanical device application in future. Still there is a scope
for BT based ceramics with Ca?* and Sn*, Zr*" substitutions to achieve the morphotropic phase
boundary composition having giant piezoelectric properties.
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Abstract

Organic ferroelectric materials have unique characters comparing to their inorganic coun-
terparts in electronics because they show the advantages such as low cost, lightweight, small
thermal budget, flexible and nontoxic characteristics. The ferroelectric poly(vinylidene
fluoride) (PVDF) is mostly desired for memory devices due to its polar phase. To obtain
the ferroelectric memory devices for data storage, ultrathin PVDF films are required to
allow for low operation voltages with both small roughness and free of pin-holes. Micron-
meter thick films of ferroelectric phase PVDF can be easily achieved by many preparation
methods. But the nanofilms could be mainly fabricated by coating method and Langmuir—
Blodgett deposition technique. Meanwhile, according to the structure of devices, four
types of organic memory cells using ferroelectric phase PVDF films were introduced, such
as memory based on metal/organic semiconductor/metal ferroelectric tunnel junctions,
organic capacitors, field effect transistor and organic diodes. The research has been mainly
done in Zhang’s laboratory from September 2016 to explore the preparation and poten-
tial applications of ferroelectric PVDF films. In this chapter, we summarize several device
investigations and show the PVDF films have the promising memory applications.

Keywords: PVDF films, memory devices, spin coating, Langmuir-Blodgett method,
ferroelectric tunnel junctions, organic capacitors, field effect transistor, organic diodes

1. Introduction

Poly(vinylidene fluoride) (PVDF) exists five crystalline structures, a, ¢, 3, o, and y phases.
Both a and e phases are nonpolarized. The polar 8, d, and y phases are very interesting in

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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various applications [1, 2]. In particular, the B-phase PVDF (expressed in TTTT conformation)
is mostly desired for ferroelectric memories in the data storage fields. The dipole moments in
the molecule stem from the strongly electronegative fluorine atoms predominantly, inducing
the ferroelectricity of B-phase PVDEF [3, 4].

A number of methods have been proposed to prepare the PVDF films with the thickness up
to several microns such as electric poling, hygroscopic salts, mechanical stretching, epitaxy
with KBr, and solvent evaporation [5-7]. In contrast, the spin coating and Langmuir-Blodgett
deposition techniques are two main methods to obtain the ferroelectric $-phase PVDF films
with the thickness down to 300 nm or more less [8, 9]. Furthermore, spin coating can be used
to fabricate the large area uniform films from the industrial point of view [10]. Langmuir-
Blodgett (LB) deposition technique can prepare the ultra-thin PVDF films with the thickness
of several nanometers [11]. In this chapter, we firstly report the main results about the fab-
rications of B-phase PVDF films by spin coating method and Langmuir-Blodgett deposition
techniques. Then, the typical applications of B-phase PVDF films in several organic devices
are introduced.

2. Preparation

Microelectronic devices using -phase PVDF film generally require nanoscale thickness and
pin hole-free to avoid the electrical shorts [12]. Many works have been done to discuss the
preparation and application of PVDF thin films. The purpose of these studies is preparation
of smooth thin films or achieving a ferroelectric phase (3, 9, or y phase) [13-15].

The high coercive field is one drawback for PVDF and its copolymers used in the devices,
which determines the minimum electric field that needed to reverse the polarization state.
With the coercive fields of 50 MV/m and higher [16], the thickness of B-phase PVDF films
must be less than 100 nm to allow for low operation voltage. The early devices based on 3
phase PVDF [17], required an operation voltage up to 200 V, while the more recent reports
still need 30 V or more to operate [18-20]. The ultrathin films of P(VDE-TrFE) obtained by
Langmuir-Blodgett deposition on silicon wafers has produced one nanometer ferroelectric
films [21] and operation voltage less than 10 V for nonvolatile memory devices [22]. The
[B-phase PVDF nanofilms are mainly prepared by spin coating and LB deposition.

2.1. Spin coating

Spin coating is a desirable method to achieve the large area uniform nanofilms. However, the
surface of traditional spin coating PVDF film is too rough for the application in microelec-
tronics. The acquisition homogeneous and smooth PVDF nanofilms with small roughness
is a major breakthrough for spin coating and electron device [10, 23, 24]. Smooth PVDF
films have been obtained by humidity-controlled spin coating, dimethyl formamide (DMF),
N-methylpyrrolidone (NMP), dimethyl sulfoxide (DMSO), or dimethylacetamide (DMAc)
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used as polar solvents to dissolve PVDF [10, 12, 23]. The micrographs were obtained using
the JEOL JSM-IT100 of thin films SEM were under different relative humidity by spin coating
were evaluated, as shown in Figure 1 [25].

The percentage of 3-phase PVDF (%) in films fabricated by spin coating method is mainly
studied by Fourier transform infrared (FTIR) (BRUKER) spectroscopy and X-ray diffrac-
tion (XRD) (RIGAKU) techniques. It is found that the processing conditions such as solu-
tion concentration, spin rotation speed (rpm) and annealing temperature obviously affect
the percentage of (3-phase PVDF [26]. The value of 3% was calculated and the different
percentages for the corresponding films at different annealing temperatures were plotted
in Figure 2.

Meanwhile, Cardoso et al. successfully prepare thin PVDEF films with high f-phase content by
thermally annealing at 70°C [27]. A 160 nm thick PVDF film mainly consists of the ferroelec-
tric p phase was prepared by rapid thermal annealing and humidity controlled spin coating
method [10]. Ramasundaram et al. reported the fabrication of PVDF films dominantly with 3
phase using a heat-controlled setup of spin coating [9].

Figure 1. Scanning electron microscopy (SEM) micrographs of PVDF films prepared by spin coating with the relative
humidity at (a) 20%, (b) 40%, (c) 60%, and (d) 80% [25]. This research was conducted at Center of High Technology
Materials New Mexico in 2017.
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Figure 2. 3-phase dependence of 20% PVDF films on annealing temperatures [26]. This research was conducted at
Center of High Technology Materials New Mexico in 2017.
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Figure 3. (a) The 1 dependence of the XRD peak {3 (110) (200) of the PVDF LB film and a spin-coated PVDF film. (b)
Cross-sectional view to compare the molecular chain orientation of the LB PVDF film and spin-coated PVDF film.
The black bars are used to denote the PVDF molecular chains [8]. This research was conducted at Agency for Science,
Technology and Research of Singapore in 2012.
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2.2. Langmuir-Blodgett method

As an effective technique, LB deposition was usually used to fabricate nanoscale films, in
which the interaction of water with PVDF molecules is involved [8, 28]. This could deposit
PVDF films at room temperature on any substrate material because the films were grown
layer-by-layer [29].

The orientation of dipoles of the PVDF LB film was analyzed by the XRD peak intensity (3
(200) (110)) compared with a spin-coated PVDF film using an XRD system (D8-ADVANCE,
Bruker AXS GmbH, Karlsruhe, Germany) as shown in Figure 3a. It was found that LB deposi-
tion process can directly format {3 crystalline phase of PVDEF, with the molecular chains paral-
lel and the dipoles aligned perpendicular to the substrate. The results of {-scan XRD indicated
that the molecular chains in the LB films were parallel with the substrates, but chains in the
spin-coated film are randomly oriented, as schematically illustrated in Figure 3b [8].

Zhu et al. reported that the 5-35 layers PVDF nanofilms could be prepared by the LB method
at 20°C [30]. The dependence of root-mean square (RMS) surface roughness on the thickness of
PVDF nanofilms is shown in Figure 4. The high surface roughness of 35 and 81 nm thick films
is expected to be related to a sudden decrease of polarization. A Pr of 6.6 uC cm™? was acquired
for 81 nm thick PVDF homopolymer film with no post-treatment. They also firstly achieved
the ferroelectricity in a 12 nm thick PVDF film, indicating a potential low-voltage application
of PVDF nanofilms [11]. The thickness of each PVDF layer could be thin as 2 nm. Therefore,
an ultra-thin PVDF film can be expected through layer-by-layer growth using LB method.
Recently, the B-phase PVDF films was reported with the thickness around five nanometers [31].
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Figure 4. The dependence of root-mean square (RMS) surface roughness on different thickness of PVDF LB nanofilms.
The inset is an atomic force micropy image of PVDF film at 81 nm thickness [11]. This research was conducted at Tohoku
University of Japan in 2014.
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3. Application in organic memory devices

Inmodern society, more and more electronic products are studied in both inorganic and organic
electronics. Organic memory cells develop at a slow pace, but researches of organic memory
devices based on PVDF and its copolymers will become extremely important to develop the
future organic electronic products. In the case of copolymers including poly(vinylidene flu-
oride-trifluoroethylene) (P(VDE-TrFE)), the addition of one more fluorine atom provides the
delicate configuration balance and always results in the polar ferroelectric  structure [32].
However, PVDF possesses higher ferroelectric transition temperature and thermal stability
of remnant polarization in comparison with its copolymers [33, 34]. PVDF has a high Curie
temperature of 167°C compared to the P(VDF-TrFE) copolymers with Curie temperatures
from 60 to 100°C related with the TrFE content [10]. The higher Curie temperature of PVDF as
a ferroelectric layer potentially allows the higher temperature operation of polymer memory
than that of its copolymers. In addition, the copolymers are unlikely suitable for mass produc-
tion because their synthesis is extremely complicated and thus ineffective cost [35].

In the following report, four types of PVDF memory cells will be introduced according to the
structure of memory devices. They are ferroelectric tunnel junctions, organic capacitors, field
effect transistor and organic diodes [36, 37].

3.1. Ferroelectric tunnel junctions

The idea of ferroelectric tunnel junctions (FTJs) was derived from the observation of spin-
dependent tunneling phenomenon. FTJ is a device with two ferromagnetic metal layers sepa-
rated by insulating barrier [38]. Perovskite-type ABO, metal oxides (e.g., BaTiO, or KNbO,) are
widely known as ferroelectric materials for their excellent piezoelectric response and strong
polarization [39, 40]. However, their applications are limited by brittleness, heavy weight,
high cost, and large thermal budget [41]. The electric polarization of ferroelectric PVDF is
comparable to that of perovskite oxides. The use of organic ferroelectrics PVDF could solve
the problem of thermal budget because PVDF can be processed at 200°C or lower tempera-
ture [19]. Furthermore, PVDF films are very appealing due to their flexible, light weight, low
cost, and nontoxic characteristics [41-43]. PVDF thin films are very promising and used as
barriers in FTJs for these properties [44]. Ferroelectric tunnel barriers allow switching of the
tunneling conductance between two stable states because their spontaneous polarization can
be reversed under a bias voltage. This phenomenon is known as tunneling electro resistance
(TER). In the past years, extensive studies in theory have confirmed the possibility to fabricate
PVDF FT]Js [45-55]. By contrast, the progress in experimental investigations is not so good
owing to the challenges in the fabrication of PVDF ultra-thin films with high purity of fer-
roelectric active phase.

On the basis of first principles calculations, simultaneous TER and TMR effects and multiple
resistance states were demonstrated [51, 56, 57]. The TMR is defined as:

GP_GAP o,
TMR = 22 < 100% (1)

P AP
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where G, - G +G and G, - G +G are the junction conductance, when the magnetizations of
two electrodes are parallel and antiparallel, respectively.

The TER is defined as:

G_-G. .
TER = 2= *100% @)

- -

where G_ is the conductance for the PVDF polarization pointing to the left, and G_ the con-
ductance for the PVDF polarization pointing to the right, and horizontal arrows indicate the
polarization direction. The conductance of the Co/PVDF/O/Co(0001) MFT] was calculated
by Velev et al. using the first principles electronic structure [51]. The results are shown in
Table 1, where also the conductance of Co/PVDF/Co MFT] with clean interfaces is given for
comparison.

3.1.1. Au/PVDF/W tunnel junctions

Tian et al. report a robust room temperature TER of ~300% and ~1000% in organic FTJs using
ultrathin PVDF films (1 and 2 layers (Ls) with the thickness of 2.2 and 4.4 nm, respectively) [58].
Three-dimensional sketch of the PVDF FT]Js is shown in Figure 5a, and the junction sizes are
defined by the bottom electrode isolated by a SiO, matrix. The deposition of PVDF ultra-thin
films were performed prior to the deposition of micron-size Au as top electrodes. The typical
I-V characteristics of the PVDF FTJs are shown in Figure 5b. A Keithley 6430 sub-femtoampere
source meter with a remote preamplifier was used to perform the I-V measurements [58].

G (10~ el TMR
tt TN tl+ 11 (%)
CofFVDF/Co
—(=) 104.59 23556 471.23 —16.3
Co/PVDF O hepifCo
- 4.40 2.54 7.64 -46
, 2.74 211 10.04 —34.8
TER (%) 17.7 =137
CofPYVDEFON feeWCo
442 8.70 11.1 8.7
. 2.43 6.21 12.33 -17.0
TER (%) 0.0 -5.6

Table 1. Conductance per unit cell area, TER, and TMR for Co/PVDF/O/Co tunneling junction. 11 and || are used to
represent the conductance for parallel magnetization of the electrodes. 1| + | 1 is the total conductance for the antiparallel
magnetization. < and — are the left and right polarization orientation of PVDF, respectively [51]. This research was
conducted at University of Puerto Rico of USA in 2012.
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Figure 5. TER in submicron Au/PVDF/W tunnel junctions. (a) Three-dimensional sketch of PVDF FTJs. (b) I-V curves in
the 1 L and 2Ls PVDF FTJs. The arrows show the direction of the voltage sweeps [58]. This research was conducted at
Chinese Academy of Sciences in 2016.

The transport mechanisms and electro resistive effects in the FTJs with a 5 nm thick barrier
can be divided into Fowler-Nordheim tunneling, direct tunneling, and thermionic injection
currents [59]. The larger TER response for thicker barriers agrees with electrostatics models
based on a direct tunneling process [60, 61]. The devices show a room temperature TER effect
as high as 1000%, which will open a new route for low cost, silicon-compatible, or potentially
rollable organic devices.

3.1.2. La, Sr, MnO,/PVDF/Co structures

The observation of a large 300% TMR in La,Sr,,MnO,/Alq,/Co tunnel junctions is a particu-
larly interesting result, where the interfaces of ferromagnetic metal/organic hybrid play a key
role for spin injection in spintronics [62]. Liang et al. fabricated La, Sr,, MnO,(LSMO)/PVDF/
Co FTJ organic structures with PVDF as a tunneling barrier to study the ferroelectric control
of the spin-polarization of the spacer interfaces [57]. Figure 6a shows the device structure.
The surface morphology of PVDF barrier investigated by AFM (Asylum Research, MFP-3D,
USA) in Figure 6b reveals a smooth surface with 3.12 nm RMS roughness in the range of
1 x 1 pm® Amplitude hysteresis loops and representative local piezoresponse force micros-
copy (PFM) phase are shown in Figure 6c. Figure 6d shows the PFM phase image recorded
on the PVDF surface.

It has been demonstrated that tuning the ferroelectric polarization of PVDF can control the
spin-polarization of the PVDF/Co spinterface actively at low temperatures. Two polarization
states are possibly related to either F-C-H/Co or H-C-F/Co interface (see the inset of Figure 6e).
Figure 6e shows the magneto-response of the LSMO/PVDEF/Co device for two different
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Figure 6. Morphology and characterization of LSMO/PVDE/Co. (a) Schematics of the LSMO/PVDEF/Co device. (b) AFM
topography of the PVDF barrier surface. (c) Amplitude hysteresis loops and representative local PFM phase measured
on the PVDF surface. (d) PFM phase image recorded on the PVDF surface. (e) Tunneling magneto-resistance of the
device measured after +1.2 V and — 1.5 V polarized. The insert graphs denote four different resistance states associated
with the orientations of magnetization and polarization [57]. This research was conducted at CNRS-Université de
Lorraine of France in 2016.

ferroelectric polarizations under 10 mV at 10 K. The positive TMR will vanish with increasing
temperature up to 120 K. The negative TMR effect can survive over 250 K.

Ferroelectric PVDF was also introduced to control the magneto transport and the spin
transport through the spinterface of ferromagnet/organic is studied. A LSMO/PVDEF/
MgO (0.5 nm)/Co device shows a much higher junction resistance in comparison with the
devices without MgO layer indicating the insertion of MgO likely suppresses the diffusion
of Co top layer. There is no coupling for PVDF/Co spinterface with MgO insertion layer,
and the MgO/Co interface totally modifies the spin polarization [57]. The TMR sign with
the MgO insertion layer is consistent with the reports of Co/MgO/Co magnetic tunnel
junctions [63].

3.1.3. Fe,0,/AIO/PVDEF/Col/ Al stacking structure

Fe,O, is one potential electrode because of its high spin polarization efficiency (100%) and
high Curie temperature (~850 K) in theory [64, 65]. The PVDF spin devices with Fe,O,/AlO/
PVDE/Co/Al stacking structure shown in Figure 7a was successfully fabricated very recently
[31]. The magnetoresistance (MR) ratio at room temperature can achieve approximately 2.6%
for the FIJs with 3-layer PVDF barrier (~7 nm thick). In Figure 7b, it is noted that the MR
ratios increase with reducing measurement temperature. This is attributed to the reduction
in spin scattering. The standard four-probe method is used to measure MR curves. The I-V
curves were measured by A nanovoltmeter (model 2182A, Keithley Inst. Inc.) and an AC and
DC current source (model 6221, Keithley Inst. Inc.). In addition, the MR response decreases
with increasing PVDF layer numbers likely owing to the change of spin transport mechanism
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Figure 7. (a) Diagrammatic sketch of the Fe,O,/AlO/PVDF/Co/Al FTJs structure. The magnetic field along the long
direction of the Fe,O, strip was applied to measurement the magnetoresistance. (b) Magnetoresistance ratio dependence
on different measurement temperature and various layer PVDF for spin valves [31]. This research was conducted at
Northeastern University of China in 2017.

from tunneling to hopping transport. This study is valuable to realize the design of flexible
spin devices using PVDF barriers operated at room temperature.

3.2. Field effect transistor

Recently, ferroelectric field effect transistor (FeFET) device architectures have been formed by
using ferroelectric thin films as gate insulators because of the various advantages such as eas-
ily integrated structure, small cell sizes, low operating voltages, and nondestructive readout
capability [14, 36]. The high ON/OFF ratio at zero gate voltage must be ensured to distinguish
the different data recognition for nonvolatile ferroelectric memory. In generally, both ON and
OFF source-drain current are strongly dependent on the charge density of semi-conducting
layer, and the operating voltage of FeFET depends on the thickness and dielectric constant of
the gate dielectric [66].

The composition of organic transistor has three main components: three electrodes including
source, drain and gate; an active semiconductor layer; and a dielectric layer [37]. A FeFET was
successfully fabricated utilizing 100 nm thick PVDF/PMMA (80:20) films as a gate insulator
[14]. The capacitor with a 160 nm thick B-phase PVDF film exhibited the fairly large remanent
polarization (Pr) of 7 uC cm™ with the coercive voltage (V ) of 8 V corresponding to coercive
electric field (Ec) of ~50MV/m (as shown in Figure 8a). A typical ferroelectric hysteresis with
the drain current bistability at zero gate bias was shown in Figure 8b for a FeFET with the
PVDF as gate dielectric and Agilient technologies E5270B parameter analyzer was used to
characterize this transistor in a dark environment [10].

The Au/PVDE/SiO,/p-Si stack is successfully prepared by Gerber et al., and the various dimen-
sion Au gate electrodes were deposited by vacuum evaporation. The inset diagram denotes
the cross-section of the device in Figure 9. The FeFET exhibited excellent current-voltage char-
acteristics for the various gate voltage V. from 0 to +3.5 V [67]. The FeFET measurements
were accomplished using a semiconductor parameter analyzer in a shielded metal box at
room temperature.
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Figure 8. (a) Polarization vs. applied voltage (P-V) hysteresis loops of a PVDF film with thickness of 160 nm. (b) I -V
transfer curve of organic thin film transistors (OTFTs) with PVDF-PVP as the bilayer gate dielectric. The hysteresis
direction is denoted by arrows. The inset is the diagrammatic sketch of FeFET device structure [10]. This research was
conducted at Yonsei University of Korea in 2008.
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Figure 9. Source—drain current ISD curves depend on the gate voltage values for an Au/PVDF/SiO,/p-Si FeFET. Inset: The
cross-section of FeFET device [67]. This research was conducted at Research Center Jiilich of Germany in 2010.

The high performance TFT device with a PVDF/GOnP nanocomposite as insulator has been
found to have an ON/OFF current ratio of 10° and a field effect mobility of 1.1 cm? V' s, which
can make the OTFTs operated successfully at voltages below 2 V [68].

3.3. Organic capacitors

The metal/ferroelectric polymer/metal (MFM) capacitor is a basic ferroelectric polarization
storage component in memory storage devices, in which a ferroelectric polymer film is sand-
wiched between metal electrodes. Organic ferroelectric material PVDF has attracted much
interest recently for its applications in low operating voltage, nonvolatile memory storage
devices. Many researches are focused on MFM capacitors [69].
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The structure of ferroelectric device has been shown in Figure 10a, in which a PEDOT:PSS
layer as a hole-only (electron blocking) transport layer is inserted between the Al top electrode
and the PVDF LB nanofilm. The chemical structure of PEDOT:PSS is shown in Figure 10b.
Ferroelectricity was characterized at different voltage amplitudes (Figure 5c¢), which shows
asymmetric displacement-electric field hysteresis loops. The hysteresis loops were charac-
terized by a traditional Sawyer-Tower method. The Pr values depend on the electric field
(Figure 10d) [70]. The Pr values increase with the increasing electric field, which is accordance
with reference report [13]. The dipole moments of PVDF in the films are slightly oriented at a
low electric field, and the dipole moments are highly oriented at a high electric field, thereby
leading to the increase of Pr.

The asymmetric hysteresis loops for the capacitor with the PEDOT:PSS layer are different
from that of the Al/PVDF LB nanofilms/Al device, which shows symmetric hysteresis loops
[11]. Memory devices utilize the hysteresis by associating the positive remanent polariza-
tion (+Pr) and negative remanent polarization (—Pr) with a Boolean 1 and 0 [4]. Asadi et al.
reported a diode with a Ag/PVDF:P3HT/LiF/Au capacitor, which possesses asymmetric hole
accumulation properties under positive or negative polarization [22].

The low-density storage capability and slow switching speed are the major problems for most
organic memory devices [71-73]. The performance of these devices can be greatly enhan-
ced by several methods such as forming hybrid organic structures, [74] organic/inorganic
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Figure 10. (a) Layer structure of the PEDOT:PSS ferroelectric device, (b) The chemical structure of PEDOT:PSS, (c) The
hysteresis loops of the device at different applied voltage amplitudes, and (d) Pr values dependence of the electric field
[70]. This research was conducted at Tohoku University of Japan in 2015.
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composites, [75] or by dispersing nanomaterials [76]. The simple metal-insulator-metal
(MIM) structure is shown in Figure 11a, in which the insulator part composed of graphene
nano flakes (GR) embedded in PVDF layer was sandwiched between Platinum (Pt) top elec-
trode and ITO bottom electrode. The nonvolatile resistive memory switching was investi-
gated using this structure. The I-V characteristic curves under various compliance current
of 1, 10 and 100 pA are shown in Figure 11b. The I-V curves were measured by a Keithley
2401 in top-bottom configuration.

The I-V characteristics of the Hg/PVDF/Au device were obtained by DC voltage sweep pro-
gram (Figure 12a). The quick transition from high resistance state to low resistance state was
realized at the set voltage. The resistance versus voltage (R-V) curves are shown in Figure 12b.
A maximum resistance ratio of 25 may be practical for application in nonvolatile memory
devices [34]. Several phenomena in capacitor structures exist in the literature used to explain
the bistability using the filamentary conduction along with Schottky emission, trap charging
and discharging, space charge limited current and Poole-Frenkel emission [78]. The I-V cycles
were performed using a Keithley 238 SMU unit.

3.4. Organic diodes

The device structure of FeFETs would complicate the construction of a larger integrated mem-
ory technology. In addition, ferroelectric capacitors with relatively simple device structure
have a limited scaling capability. Ferroelectric diodes can combine the advantages of FeFETs
and capacitors. Therefore, there is an ongoing research activity in a diode structure to realize
the resistive switching [4].

The semilogarithmic forward and reverse I-V characteristics of the Au/n-InP and Au/PVDEF/n-
InP Schottky diodes are shown in Figure 13. The I-V was measured using a Keithley source
measuring unit 2400. The reverse leakage current of the Au/n-InP diode (6.809 x 10° A at-1 V)
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Figure 11. (a) Schematic diagram of the Pt/PVDF/GR/PVDEF/ITO memory device fabricated layer by layer. (b) Typical
I-V characteristic curves of the device under different compliance currents varying from 1 to 100 pA [77]. This research
was conducted at University of Puerto Rico of USA in 2014.
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Figure 12. (a) I-V curves of the Hg/PVDF/Au device (b) R-V curves of the Hg/PVDF/Au device [34]. This research was
conducted at Pondicherry University of India in 2017.

is higher than that of the Au/PVDF/n-InP diode (2.387 x 107 A at -1 V). This proves that the
PVDEF as an organic interlayer can improve the electrical characteristics of the Schottky diodes.
The diode parameters are confirmed from the forward bias I-V curves, which can be described
by the thermionic emission theory. The calculated barrier heights based on I-V measurements
are 0.57 eV for Au/n-InP and 0.73 eV for Au/PVDEF/n-InP. The increased barrier height indi-
cated that the PVDF films can influence the space charge region of n-InP [79]. The Au/PVDEF/
Si structure fabricated by Kim et al. showed good ferroelectric properties. The current density
and memory window width for the PVDF film were about 10° A/cm? and 1.8 V under a bias
voltage of 5V, respectively [80].

The interfacial electrical properties will become very poor due to the diffusion of constituent
atoms into the Si substrate, if a ferroelectric film is directly deposited on a Si substrate. In
order to solve this problem, a metal-ferroelectric-insulator-semiconductor (MFIS) structure is
formed with a buffer layer inserted between Si substrate and the ferroelectric film, as shown
in Figure 14 [81]. The MFIS diodes with low-voltage operation has attracted great interest
because they can be used as one-transistor type nonvolatile memories [20, 82, 83]. The MFIS
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Figure 13. The forward and reverse bias I-V characteristics of Au/PVDF/n-InP and the Au/n-InP Schottky diodes at room
temperature [79]. This research was conducted at Sri Venkateswara University of India in 2014.
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Figure 14. (a) Schematic drawings for the MFIS diodes and (b) The equivalent circuit of the MFIS structure [81]. This
research was conducted at Waseda University of Japan in 2016.

diodes seem to have solved the problems of the MFS structure, but the retention characteris-
tics of MFIS diodes are unreliable for commercialization in spite of considerable advancement
in data retention time in recent reports [84, 85].

The metal-insulator-metal diode is composed of the thin layers of an n-type polymer such
as PGSt as the dielectric material, and a p-type polymer such as PTMA, PVDEF. The retention
cycles of the ON and OFF states under open-circuit conditions persisted for more than 10*
times [86].
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4, Conclusion

Although there are still some crucial problems for PVDF applications, such as memory times,
density storage, low operating voltage and so on, these are being solved. With more and more
research done in this field, the more advanced fabrication method of PVDF films could be
developed, and ferroelectric 3-phase PVDF should have a promising future to build up the
information storage units.
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Edited by Husein Irzaman

Ferroelectricity is a symptom of inevitable electrical polarization changes in materials
without external electric field interference. Ferroelectricity is a phenomenon exhibited
by crystals with a spontaneous polarization and hysteresis effects associated with
dielectric changes when an electric field is given. Our fascination with ferroelectricity
is in recognition of a beautiful article by Itskovsky, in which he explains the kinetics
of a ferroelectric phase transition in a thin ferroelectric layer (film). We have been
researching ferroelectric materials since 2001. There are several materials known
for their ferroelectric properties. Barium titanate and barium strontium titanate are
the most well known. Several others include tantalum oxide, lead zirconium titanate,
gallium nitride, lithium tantalate, aluminium, copper oxide, and lithium niobate.
There is still a blue ocean of ferroelectric applications yet to be expounded. It is and

hopefully always will be a bright future.
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