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A critical review: the impact of electrical poling
on the longitudinal piezoelectric strain coefficient

Sanskruti Smaranika Dani,? Alekhika Tripathy,® Nagamalleswara Rao Alluri,°°
Saravanakumar Balasubramaniam? and Ananthakumar Ramadoss () *2°

Piezoelectric materials play an essential role in the advancement of micro- and nanoelectronics
equipment. The piezoelectric properties of the materials rely upon the degree of polarization that results
from the poling mechanism. The present study put forward the improvement of piezoelectric
performance by optimizing the poling parameters in piezoelectric materials. Microstructural optimization
of flexible piezoelectric-based material is one possible technique to improve the electrical responses of
the piezoelectric nanogenerator. In particular, the correlation between the poling conditions and the
longitudinal figure of merit (ds3) of various materials (lead-based, lead-free and polymers and their
composites) provides an effective analysis to supplement the available literature. This report examines
the latest research progress in different poling techniques and their consequences for achieving the
required beta-phase of a polyvinylidene fluoride (PVDF) film with a higher electrical output. Finally, novel
poling techniques, the current challenges, and prospects are highlighted and critically discussed,
currently which is relatively untouched research field for the scientific community. We believe that this
review affords systematic guidelines for poling techniques that can significantly contribute to
subsequent piezoelectric nanogenerator (PENG) research.

“ Laboratory for Advanced Research in Polymeric Materials (LARPM), School for Advanced Research in Petrochemicals (SARP), Central Institute of Petrochemicals
Engineering & Technology (CIPET), Patia, Bhubaneswar-751024, Odisha, India. E-mail: ananth@larpm.in; Fax: +91-674-2740463; Tel: +91-674-2740173
b Materials Research and Technology Department, Luxembourg Institute of Science and Technology, 41 rue du Brill, L-4422 Belvaux, Luxembourg

¢ Inter-Institutional Research Group Uni.lu-LIST on Ferroic Materials, 41 rue du Brill, L-4422 Belvaux, Luxembourg
“ School for Advanced Research in Polymers: Advanced Research School for Technology & Product Simulation, Central Institute of Petrochemicals Engineering & Technology,

Guindy, Chennai-600032, India

Sanskruti Smaranika Dani

Sanskruti Smaranika Dani received
her MSc Degree in Physics from
Veer Surendra Sai University of
Technology, Burla. She is a
research scholar at the Laboratory
for Advanced Research in Polymeric
Materials (LARPM), Central Insti-
tute of Petrochemicals Engineer-
ing and Technology (CIPET),
Bhubaneswar, Odisha, India. She
has worked as a project assistant the Department of Physics, Utkal
at the Institute of Physics, University, Bhubaneswar, Odisha,
Bhubaneswar.  Her  research Alekhika Tripathy India. She has worked as a project
interests include the synthesis of assistant at the Institute of Physics,

Alekhika Tripathy received her
MSc Degree in Physics from North
Orissa University. She is currently
a PhD scholar at the Laboratory for
Advanced Research in Polymeric
Materials (LARPM), Central Insti-
tute of Petrochemicals Engineer-
ing and Technology (CIPET),
Bhubaneswar, Odisha, India. She
is enrolled as a PhD candidate in

lead-free ceramic nanoparticles and composites for piezoelectric ~ Bhubaneswar. Her research interests include the synthesis of lead-free

energy-harvesting applications.

ceramic nanoparticles and composites for piezoelectric and
flexoelectric energy-harvesting applications. Her research interests
also lie in the broad areas of energy-storage devices (supercapacitors).

8886 | Mater. Adv, 2022, 3, 8886-8921 © 2022 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0002-6616-7693
http://crossmark.crossref.org/dialog/?doi=10.1039/d2ma00559j&domain=pdf&date_stamp=2022-10-29
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ma00559j
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA003024

Open Access Article. Published on 05 rujna 2022. Downloaded on 19.4.2026. 9:24:40.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

1. Introduction

With the growing utilization of high-performance piezoelectric
materials, researchers are continuously trying to improve
device activity in a variety of ways such as changing the piezo-
electric properties,"” adjusting the device configuration,® and
utilizing electrical networks for energy storage and harves-
ting.** In addition, scientists have continued to improve the
piezoelectric performance by modifying the chemical configu-
ration, crystallographic direction, and domain engineering.®
Not withstanding all of the techniques, optimization of the
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poling parameters”® is one of the most beneficial and reason-
able methods from a practical application perspective. Crystal-
line phase of material with noncentrosymmetric property,
poling procedures are thought to be strongly related to the
piezoelectric, ferroelectric effects. Moreover, enhancement of
the piezoelectric properties, primarily the longitudinal piezo-
electric strain coefficient (ds3), by adjusting the poling para-
meters is a vast area of interest.”'® Perovskite single crystals
(piezoelectric/ferroelectric) have no polarization tendency until
the domain alignment is switched through the poling technique.
The influence of ferroelectric poling on the material response is
initially explored to investigate the d;; rate of soft lead zirconate
titanate (PZT), via optimizing the poling conditions.

The most feasible way to achieve stable polarization is to
minimize exposure of the polar dielectric near to the curie
temperature (T.), poled greater than the coercive field. For few
compositions (PLZT, (Biy sNa, 5)TiO3-BaTiOz, PAbm phase), the
poling field below the coercive field.""'>?*° This is because
excessive poling (strong field) for a long duration tends to
over-pole the sample. This may cause electrical breakdown
and physical imperfections like cracks and pores in the speci-
men, resulting in loss of the electrical characteristics. Mechan-
ical stress and electric fields facilitate the ferroelastic and
ferroelectric transition, respectively, which successfully pole
the systems at low electric fields with minimal built-in offset
polarisation for electromechanical poling.'® Long-term poling
can result in a biased electric field and offset polarisation in
samples, owing to the entrapment of mobile charge carriers
across the grains and at grain-grain interfaces.'

To generate piezoelectric behaviour in piezoelectric materials,
the poling procedure is very important.'”> In a normal situation,
the piezoelectric material is formed of tiny electric dipoles with
random arrangements, resulting in a total dipole moment of zero.
By applying mechanical pressure, structural deformation occurs,
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and the material will exhibit very little polarization and thus
minimal piezoelectric output. For a better performance of the
piezoelectric material-based devices, dipoles need to be aligned
in a particular field direction. The process of inducing dipoles
to align in a specific direction is recognized as the poling
process. Domain switching or polarization is achieved using
different poling techniques, mainly through the application of
a strong electric field, such as in direct-current electrical poling
(DC poling), alternating-current poling (AC poling), or corona-
discharge methods.'®"” During the poling process, domain
alignment takes place in the field direction, resulting in a huge
net polarisation and the capture of mobile free charge carriers
(oxygen vacancies). This results in a more stable structure with
fewer local heterogeneities. At the end of the poling process,
cations may serve as defect centres for the reduction of trapped
free charge carriers, which contributes to a well-saturated
polarization-electric field (P-E) loop. The optimal poling para-
meters of various piezoelectric materials are thoroughly inves-
tigated by the researchers across the globe and used as a
powerful, essential tool for enlightening the intrinsic piezo-
electric behaviour of material.'® For instance, a higher d;; value
of ~630 pC N™' is obtained in barium zirconium titanate-
barium calcium titanate (0.5Ba(Zr,,Tig5)03-0.5(Bag ,Cag3)-
TiO;) ceramics via optimizing the poling-condition states like
the poling field and temperature.” In addition, the d;; value of
potassium sodium niobate-lithium niobate (0.93(KosNags)-
NbO;-0.07LiNbO;) ceramics was improved from 210 to
274 pC N' through the selection of a preferable poling
temperature® (nearer to the phase-transition temperature).
By summarizing the above facts and theory, it can be resolved
that targeting the optimum poling conditions is the most
successful approach for enhancing the piezoelectricity.

The fundamental mechanism of piezoelectricity is the trans-
formation of mechanical strain into electrical energy which is
interconnected through piezoelectric strain coefficients. The
effectiveness and efficiency of piezoelectric-material-based
devices are largely dependent on the different piezoelectric
strain coefficients: dys, d3;, and ds;;, which are the shear,
transverse, and longitudinal piezoelectric strain coefficients,
respectively. The majority of investigations have found that the
mechanism of action for piezoelectric materials is the trans-
verse (d3;) mode.'®™" In contrast to the transverse mode, other
piezoelectric strain coefficients such as the shear (d;5) and
longitudinal (ds3) coefficients have been investigated to
improve the output performance. A detailed study has been
performed by Calid et al.** to observe the influence of these
three operating modes on the device performance basis. It has
been proved that the poling direction in d3; and ds, is the same,
but the strain is generated in two separate directions. On the
other hand, in d;s, the poling process can be performed across
the length of the element. Due to this variation in the piezo-
electric stain coefficient values, noticeable changes are observed
in the output values during application.>*** Based on the
functionality of these three modes (ds,, d3; and d;5) a compara-
tive study has been carried out by the researchers.?® Kiran et al.
found that the maximum values of the shear, transverse, and
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longitudinal piezoelectric strain coefficients for polycrystalline
materials based on theoretical models were 407, —320, and
697 pC N1, respectively.”>® However, the experimental values
of the longitudinal coefficient are greater than those of the
theoretical model.>® In general, the ds; value is double that of
the dj, value; therefore, in d;; mode the device generates a
higher performance. On the other hand, electrode distance
constraints limit the output voltage of the device in d3; mode.
Contrary to this, in d;; mode, the sample displays an inferior
capacitance, and the voltage output may be regulated by
modifying the electrode arrangement. Whereas the higher
shear strain coefficient value is observed but quite typical to
achieve it.>***" Abundant research has been carried out based
on fabrication and configuration procedures for device perfor-
mance in the d;; mode.***® In particular, for the commercial
poling process, there is a primary concern with ds; in the view
of the device performance.>® A comprehensive examination of
the impact of the poling parameters on the dz; values could
enable the more accurate adjustment of d;; and other poling-
influenced features.

This review covers the importance of the poling process and
the theory behind it, as well as different kinds of poling
technique, discusses the various factors that affect the poling
process, analyses the variation of d;; values for both PZT-based
and lead-free barium titanate (BT), bismuth sodium titanate
(BNT), and potassium sodium niobate (KNN) based piezo-
electric materials, polymers and composites for the poling
process, and the increased values of d3; due to different poling
conditions, which in turn improve the yield of piezoelectric
nanogenerators (PENGs). The purpose of this study is to gain a
deeper comprehension of the poling process and its impact
on the electrical properties for creating superior engineered
materials. The electromechanical behaviour of the material
dramatically changes in accordance with the poling circum-
stances. These findings put forward new ways of developing
materials and technologies that have a greater capacity, perfor-
mance, and lower deterioration due to electrical fields and
mechanical stress. The possible microstructural roots of this
type of behaviour are also examined.

2. Piezoelectricity and polarization
process

Piezoelectricity was initially revealed by the Curie brothers,
Jacques and Pierre, in the year 1880, by experimenting on
natural crystal-like quartz.®® The prefix ‘piezo’ is taken from
Greek name ‘piezein’, which means to press, so piezoelectricity
is the process of generating electric charge via the application
of pressure onto such materials. A non-centrosymmetric mate-
rial has no points of inversion, and this is the main require-
ment of a piezoelectric material. So, the phenomenon of the
piezoelectric effect is shown only by non-centrosymmetric
materials. These materials have an outstanding beauty because
of their inherent properties of electric polarization, which occur
via the application of applied stress, and, simultaneously, they

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Direct and reverse piezoelectric effect.

can also generate an induced strain via the application of an
electric field, which is known as reverse piezoelectricity.*®
Direct piezoelectricity is used in sensing devices, whereas the
reverse piezoelectric effect can be employed in actuators. Fig. 1
shows the mechanisms of the direct and reverse piezoelectric
effects.

These two effects (the direct and reverse piezoelectric effects)
are expressed in terms of two equations as given below:*¢

S; = Sg]} + dk,'Ek (1]
D; = epEy + dyT; (2)

In eqn (1) and (2), the subscripts i, j, and k*° denote the
three-dimensional magnitudes. T'and S are the tensors of stress
and strain, respectively, that are generated by electromechani-
cal effects. E and D represent the applied electric field and the
electric displacement vector, respectively. The parameter d is
the piezoelectric strain coefficient; S” is the elastic compliance
estimate at a fixed electric field (E) and &* is the dielectric
constant or relative permittivity.>® The coefficients of piezo-
electricity are represented with double subscripts (for example,
d3;), where the 1% subscript denotes the produced charge or the
electrical field of the supplied voltage, and the 2™ subscript
denotes the strain/mechanical stress direction.

Ferroelectrics belong to a subclass of piezoelectric materials
that display spontaneous polarization because of their inherent
non-centrosymmetric configuration. Permanent electric dipoles
are responsible for spontaneous polarization in ferroelectric
materials. These materials are included in the class of polar
piezoelectrics, for example, PVDF, polarized PZT, polyvinylidene
fluoride-trifluoroethylene (P(VDF-TrFE)), barium titanate (BaTiO3),
etc. Thus, all ferroelectrics are piezoelectric, although the reverse
is incorrect.

Some examples of piezoelectric materials are provided here:

e Naturally available piezoelectric materials are cellulose,
human bone, tendon, collagen, etc.

e Naturally occurring piezoelectric crystals are Rochelle’s
salt (NaKC,4H,0,-4H,0), topaz, quartz (SiO,), etc.

e Ceramics, such as potassium niobate (KNbO;), BaTiO;,
PZT, bismuth ferrite (BiFeO3), etc.

e Polymers, such as cellulose and derivatives, polylactic acid
(PLA), and PVDF.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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e Inorganic nanoparticles-polymer composites, such as
polyimides-PZT, cellulose-BaTiO;, polyvinylidene fluoride-zinc
oxide (PVDF-ZnO), etc.

3. Effect of poling and piezoelectric
strain coefficients

Piezoelectric polycrystalline materials have anisotropic pro-
perties, so their electromechanical properties differ along the
direction of excitation. These materials are composed of tiny
crystallites, and each crystallite again consists of microscopic
regions that have dipole orientations in the same direction,
called ‘domains’, and they are typically created to reduce the
system’s free energy. A domain wall is a boundary between two
domains. But each domain in the crystallite has different
arrangements of dipoles from each other. So, the overall effect
of randomly oriented dipoles cancels out, and the material is
depolarized. For polarization of a material, it is therefore
important to arrange the dipoles more or less in a particular
path. This is achieved via the poling procedure, and the track
along which all the dipoles are aligned is known as the poling
direction. For initiation of the poling process for any piezo-
electric material, a higher electric field is essential along with a
suitable temperature for alignment of the randomly oriented
dipoles that creates permanent polarization. Fig. 2A shows the
randomly oriented dipoles before poling, the aligned dipoles
after poling and the nearly aligned dipoles after the field has
been removed. Once the material is polarized, it cannot be
depolarized until a reverse field is applied. After the poling
process, the dipoles are nearly aligned. At zero field, most of the
dipoles conserve their aligned configuration, so the material is
permanently polarized, and this state of a nearly aligned
process is called remanent polarization (P.).*” Fig. 2B describes
the P-E hysteresis loop due to the polarization of ferroelectric
materials. It has been observed that a lower value of remanent
polarization demands an improved energy-storage capacity.*®
During the polarization process of a material, deformation
takes place permanently and the deformation (elongation or
compression) depends on the poling direction. Mechanical
stress (tension or compression) is responsible for the change
in dipole positions in the piezoelectric materials that leads to
generation of positive (+ve) and negative (—ve) surface charges
across the top or bottom of the material. Fig. 2C explains the
direct and converse piezoelectric effect. If stress is applied
along the poling-voltage direction, compression occurs and
the sample becomes broader (towards the diameter) creating
a voltage of equal polarity to that of the poling voltage
(Fig. 2C(a)). On the other hand, elongation along the poling-
voltage direction generates an opposite polarity voltage com-
pared with the poling voltage (Fig. 2C(b)). This is the direct
piezoelectric effect, which converts mechanical stress into
electrical energy, and the device can be used as a sensor."°
The sample extends lengthwise and shrinks towards its
diameter if the applied voltage direction is along its poling
direction (Fig. 2C(c)). On the other hand, if an opposite polarity

Mater. Adv., 2022, 3, 8886-8921 | 8889
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(A) Domain alignment mechanisms before, during, and after the poling process; reproduced with consent from ref. 39. Copyright 2021, Springer

Nature. (B) Polarisation—electric field hysteresis curve, and (C) piezoelectric material work as a sensor and actuator in various fields.

voltage is applied in the poling direction, then the material will
be deformed, becoming shorter and wider (Fig. 2C(d)). When
the device is exposed to an alternating voltage, then expansion
and compression take place in the material periodically with
reference to the applied voltage frequency. In this mode the
piezoelectric specimen acts as an actuator,*’ i.e., the electrical
energy is transferred into mechanical energy. Thus, the amount
of voltage or stress produced in a sensor or actuator device is
directly proportional to the intrinsic properties of the piezo-
electric material and the direction of the applied force/voltage
during the poling process. The initial polarisation will be
damaged if too high a voltage is applied in the depoling
direction (partially or fully depolarized). Alternatively, the elec-
tric dipoles could be partially or entirely flipped 180°, triggering
the specimen to depole in the opposite direction. The coercive
field is the highest depoling field that a material is able to
endure before depolarization.

Under operational conditions, piezoelectric materials are
adjusted in such a manner that anyone piezoelectric coefficient
(d15/d31/d33) will dominate the yield of the device. As mentioned
in the Introduction, the d;; mode (stress and voltage act in the
‘3’ direction) is practically more favourable compared with
other modes d3; and d;s, indicating that the poling orientation
is always in the 3 direction. Materials that are easily distorted to
create greater strains and have substantial electromechanical
coupling coefficients are ideal for energy-harvesting applications.
Furthermore, energy-harvesting devices based on human mechan-
ical movement require low-frequency operation conditions
(~1 Hz), like breathing, walking or other body movements.
In this process, the elastic energy (W), which is conserved in the

8890 | Mater. Adv,, 2022, 3, 8886-8921

material, can be denoted by the maximal stress or strain:*°

1 172
W=SxTxV=z=V. 3
2 2Y 3)
In eqn (3), Vis the volume, Y is the Young’s modulus, and S and
T are strain and stress tensors, respectively. The applied stress
on the piezoelectric material produces electrical energy (£,) as
given by’®

1 15522
EPZEXDXEX V:zd ol

Y. (4)

In eqn (4) E and D are vectors of the electric and displacement
fields, respectively. Again, the electromechanical coupling fac-
tor (k (eqn (5))) (the efficiency of energy conversion) that is given
using eqn (3) and (4) is

E, ds’

2*—:
ka Ye’ (5)

For energy-harvesting applications, the piezoelectric mate-
rial will be chosen in such a manner that the material exhibits
the highest d;; constant, which will impart the maximum
energy-conversion efficiency.

4. Poling and ferroelectric hysteresis
loop

Ferroelectric domain-wall switching via the poling process is
the most important phenomenon in ferroelectrics, which

occurs because of the application of an electric field E.*>*?
This domain-wall switching is responsible for the formation of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Polarization process of ferroelectric materials: (a) schematic of the polarization—electric field (P—E) hysteresis loop; and (b) and (c) represent
the ferroelectric strain—electric field (S—E) butterfly hysteresis loop of the Pb(Zrg 45Tio 55)O3 film; reproduced with the permission from.*6 Copyright, 2005
Elsevier. (B) S—E butterfly loop of PZT (PbZr;_,Ti,O3) thin films for different doping concentrations x = 0.47, 0.49, and 0.50 with different plane
orientations: (a) PZT47 (100), PZT49(100), PZT50(100), (b) PZT47(110), PZT47(100), Pt (111), and (c) PZT47 (110); reproduced with permission from ref. 47.
Copyright 2017, AIP publisher.

the ferroelectric hysteresis loop shown in Fig. 3A(a). In ferro- In contrast to the P-E loop, domain switching by polariza-
electric materials when a small amount of AC electric field is tion leads to the strain-electric field (S-E) hysteresis loop,
applied, the polarization (P) rises in proportion to E as per the which is also known as the butterfly loop due to its butterfly-
relation P; = y;E;, which corresponds to the AB section of the like configuration. This S-E loop is mainly created because of
loop. In this section, E is not strong enough for the increment the converse piezo effect, domain switching, and domain-wall
of the AB part. A further increase in E forces a switch of the movement. Fig. 3A(b, c) represents the symmetric diagram of
domains in the applied E direction, and as a result a sharp the S-E butterfly loop. In the S-E loop at point A, the induced
increase in polarization occurs (BC segment). Finally, at strain is zero when the applied electric field is zero. By applying
point C, all domains are aligned and the ferroelectric reverts a strong E along the spontaneous polarization direction, the
to a linear dielectric, as represented by the segment CD. When material expands due to the generation of stress and traces the
the field is weakened, some of the domains are switched back, strain path ABC as per the equation:***>

but some polarization still exists in the absence of E (Pg, ie.,
the remanent polarization region). In order to regain the
depolarization state, a reverse E is needed (point F). For zero- where d;; and Sj; are the piezoelectric strain coefficient and the
polarization, E must be reversed at point F. An additional rise of  strain-field, respectively. At point C, maximum expansion
the reverse E leads to a new arrangement of the dipoles, leading occurs (parallel to P;) after which the E tends to decrease and
to the saturation region (point G). To complete the cycle, E has the strain curve follows the same path but in a reverse direction
to be reversed and diminished. The coercive electric field, from C to A. After reaching point 4, the strain becomes zero
abbreviated as E., is the field required to achieve a zero- again. E deviates its path and is no longer parallel to P;. With an
polarization state. For most ferroelectric ceramics and crystals, increase in E of opposite polarity (the negative direction), the
the magnitude of E. is in the range of 10-100 kV ecm™'. For an  material continues to contract at point A in accordance with
ideal hysteresis loop (P-E), both the positive-negative coercive eqn (6). The E is strong enough at point D to switch the
field and the remanent polarization must be identical. polarization direction, and after completion of this switching

S = dyE; (6)

© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 8886-8921 | 8891
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mechanism at point E, the strain again becomes positive.
A further increment of E in the negative direction increases
the strain up to point F, and then returns to point A because a
decrement in E takes place in relation to eqn (6). Polarization
reversal and an abrupt variation of the strain occurs at point G.
Ideally, this repetition process gives rise to a beautiful butterfly
linear strain-electric field (S-E) loop, suggesting that the strain
is completely piezoelectric in nature excluding the D and G
switching points. From this S-E butterfly loop, we can easily
obtain the piezoelectric strain coefficient ‘d’ using eqn (6),
which is thermodynamically similar for both direct and con-
verse piezoelectric effects. In fact, the S-E butterfly loop is
much more complex, as illustrated for a PZT thin film*® in
Fig. 3A(c) and 3B(a—c).

Cornelius et al. explained the polarization response of the
P-E hysteresis loop, and the S-E butterfly loop of self-poled PZT
thin films deposited on Pt/TiO,/Si0,/Si substrates.”” ds; was
obtained from the butterfly curves as shown in Fig. 3(B). It was
observed that the effective piezoelectric strain coefficient
(dssefr) varied with the substrate used for the same field
(E = £119 kv cm ™). For the positive field £, = 119 kV cm ™,
the values of ds; are 137, 180, and 140 pm V', and for the
negative field (—119 kV em™") the dj; values are 164, 189, and
223 pm V' along the'® direction for the PZT (PbZr;_,Ti,O;)
composition (x = 0.47, 0.49, and 0.50), respectively.

5. Poling techniques

There are different methods of poling, such as (i) DC electrode
poling, (ii) corona discharge poling, and (iii) AC electrode
poling. The most used poling processes are DC electrode poling
and corona discharge poling, and AC electrode poling has been
introduced recently. In the following section, we elaborately
discuss each poling process, its merits and its demerits.

5.1. DC electrode poling

Electrode poling®® is a direct current poling method. It is
a relatively simple method and is older than other methods
(such as corona poling and AC poling). Electrospinning®® or
sputtering deposition®® methods are used to deposit the top
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and bottom metal electrodes on piezoelectric material. Alter-
natively, the piezoelectric sample is mechanically sandwiched
between the top and bottom copper (or aluminium) foil/tape
electrodes or brush coating of conductive silver paste on
top and bottom of piezoelectric sample. A very close contact
between the electrodes and the piezoelectric material is needed
to enhance the polarization of the diploes. For thermal
excitation, the material should be heated using a hot plate.
Temperature is the primary factor in the poling process, and a
preferable temperature will be very effective for enhancing
the piezoelectric strain coefficient (ds3). Electrode poling is
commonly carried out using an isolating medium, such as a
silicone oil bath/inert atmosphere, to insulate the material
from excessive electric discharge, which also helps to maintain
a constant temperature. So, the initial step is to immerse
the electrodes in the oil bath and gradually increase the
temperature near to the Curie point of the material as specified;
this is because above the Curie temperature the activity of the
material will be degraded (ds; value decreases). Furthermore,
the DC voltage is gradually increased until the electric field
(5-1000 kv ecm™")*®'73 across the sample matches the indi-
cated saturation polarisation values. This voltage is maintained
for a brief time period. The sample is then cooled to room
temperature slowly under a constant E, and the high voltage
source is finally turned off. Subsequently, the d;; value of the
poled sample is analysed using a piezometer. Fig. 4(a) shows
the DC electrode poling technique of the sample.

5.2. Corona discharge poling

The traditional DC technique for poling piezoelectric samples
has several drawbacks. In this procedure, the electrodes must
be coated on the top and bottom portion of the specimen, and
poling is applicable for tiny samples. Corona poling requires
metallization on a single side of the piezoelectric material and
does not need a further vacuum environment. However, the
corona discharge uses the breakdown of dry air or an inert
gas*®*1** to polarise the piezoelectric material, which means
that it is far more complicated than electrode poling. Localized
breakdown occurs at frail points, such as pinholes, which short-
circuits the electrodes, preventing additional polarization.

(a) (b)

Corona needle

Q0
Dryair or R 2

g

OB cicosainuais

____Electrode

Fig. 4 Poling techniques: (a) Direct-current electrode poling process. (b) Corona discharge poling process. (c) Alternating-current electrode poling

process.
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This process has been used to manufacture large-area film
samples with great success.> In the corona poling process,
charges from the corona point (a needle) will be dispersed over
the bare part of the sample surface (which is not covered by
the electrode) producing an electric field between the sample
surfaces. An electrostatic kilovoltmeter’> or a comparison
method>® can be used to assess the sample’s surface potential.
There is no short-circuiting of the sample in the weaker regions
because there are no electrodes. As a result, it is a more
improved technique. The corona discharge approach could be
used to pole large-area samples and integrate them into a
continuous process for industrial production.

Unlike electrode poling, the corona poling process is an
indirect method of poling. Fig. 4(b) illustrates the corona
discharge process. In corona poling, a pin-point conduction
pointer (a needle) is exposed with a higher voltage ~8-20 kV,
ionizing the gas molecules near the tip. A metallic grid that is
operated at a lower voltage of 0.2-3 kV and is present just below
the needle is responsible for controlling the accelerated ionized
particles that move towards the piezoelectric material. The
number of dropped charges on the material surface is con-
trolled via the grid location and the applied voltage through
control of the supplied E. An electrode covers the bottom
surface of the material, which is in touch with a hot substrate
(hot plate) to supply heat for controlling the poling process.’”
For all materials, the poling temperature should not exceed
300 °C for both methods (electrode poling and corona discharge).

5.3. Alternating current poling (ACP)

Yamashita et al.*®*°%7%7° recently developed an ACP approach,
demonstrating a cost-effective and time-saving domain-
engineering scheme that attracted the scientific community.
Because of its excellent efficiency, minimal cost, and time
savings, ACP technology is becoming increasingly popular.
The dielectric and piezoelectric characteristics of ferroelectric
crystals are thought to be intimately connected to the ferro-
electric phase and the poling direction.®® As a result, the effect
of ACP may also be related to the poling direction and crystal
symmetry. Furthermore, the improvement of piezoelectric char-
acteristics after ACP is attributed to the change in domain
arrangement. The impact of the domain-wall motion is typically
regarded as an external contribution, which is unknown.

AC poling is similar to DC electrode poling, with the only
difference being that in DC poling a high direct voltage is
applied, and in ACP a high alternating voltage is applied. ACP
also leads to full polarization of the sample.’’ Like the DC
electrode poling method, the sample is placed between the
electrodes inside an oil bath and a very high alternating voltage
is supplied. After poling, the material is cooled, and d3; and
another required parameter measurement are performed.
In Fig. 4(c), a schematic of the AC electrode poling technique
of the active material is represented.

It has been claimed that ACP is a far more appropriate
method than DC poling. ACP has resulted in the enhanced
piezoelectric activity of PMN-PT crystals and increased ds;3
values of up to 40%.° However, the processes of the ACP

© 2022 The Author(s). Published by the Royal Society of Chemistry
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technique are not well understood. Many scientists have
proposed theories about the principles of ACP. Chang et al.
proposed that the monoclinic phase (MP) accounts for the
better piezoelectric performance.®® Luo et al. employed domain
enlargement theory to analyse the domain structure alteration
process.” Qiu et al. proposed a novel theory in which the
piezoelectric performance is improved by polar nano regions
(PNRs) or a localized configuration.®* He et al. later examined
the Pb[(Mg1/3NDb/3)0.52(Yb1/2NDb1/2)0.15Ti0.33]03 (PMN-PYbN-PT)
structure and concluded that an extremely organized domain
configuration is responsible for the excellent piezoelectricity.®®
According to Qiu et al., the improvement in the piezoelectric
capability is connected to the decline of the 71° domain wall.®®

Luo et al. investigated the effect of high-temperature ACP on
PIMN-0.30PT single crystals (prepared using the continuous-
feeding Bridgman (CF BM) process with different temperatures
and poling fields ranging from 70 to 130 °C and 2 to
6 kV s cmfl) and observed exceptional higher d;; values of
7000 pC N~ (29% greater than with DC poling) along with
higher free dielectric permittivity (e33”/¢o) and coupling factor
(k33) values under the optimized poling conditions of 90 °C at
4 kV s cm™, respectively.®” Recently, Su et al. made a com-
parative study of square- and sine-waveform ACP of (001)
oriented PMN-28 PT single crystals at 80 °C and at high voltage
(5 kVims cm™ ') to solve the problem of spurious-mode vibra-
tions (SMV) and to obtain the optimized poling conditions for
enhanced piezoelectricity and restoration of the altered elec-
trical impedance spectrum that was realized due to the ACP
process in single crystals.®® The majority of ACP investigations
are based on relaxor PT materials with a lower value of E., such
as lead magnesium niobate-lead titanate-based materials
(PMN-PT and PIN-PMN-PT), with little attention given to
relaxor PT crystals with higher 7. and E. characteristics.

In addition to the above poling techniques (DC electro
poling, corona discharge and ACP) discussed earlier, polariza-
tion may be achieved using alternative methods,®® for example,
other processes such as electron beam poling,”® mechanical
drawing,”" electrospinning,”> and additive manufacturing.”®
However, these are not effective on a large scale and for all piezo-
electric materials.”*”> Liu et al. describe different poling methods
for the scalable manufacturing of the highly efficient electroactive
PVDF polymer’*”® as well as their merits and downsides.

6. Factors affecting the poling process

Domains arise for lowering the electrostatic energy of the
depoling field when a piezoelectric material transforms from
the para- to the ferro-electric state.*>””””® Domain aligning
occurs in polycrystalline ceramics through applying a high
DC field (the poling field strength) that must be higher’® than
E, for a particular temperature range (the poling temperature).
Higher temperatures accelerate the domain movement, result-
ing in the realignment of spontaneous polarisation within every
grain, leading to a net polarization in the same poled direction.
As a result, one of the most essential variables in increasing the

Mater. Adv,, 2022, 3, 8886-8921 | 8893
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Fig. 5

(A) Variation of the ds3 value along with the electromechanical coupling factor (ko) with respect to the (a) poling field, (b) poling temperature, and

(c) poling time at 25 °C, respectively; reprinted with permission from ref. 29. Copyright 2015, Springer. (B) Fluctuation of the ds3 value along with the
planar (kp) and thickness (k) electromechanical coupling factor of KNLN6 ceramics with respect to the (a) poling field, (b) poling temperature, and

(c) poling time; reproduced with permission from ref. 83. Copyright 2007

piezoelectric characteristics is the poling process (poling
conditions).

The degree of alignment of the dipoles depends on several
factors in the poling process, such as the uniformity and value of
the applied temperature, the field strength, the dimensions of the
materials, the time duration and consistency of the applied electric
field as well as its frequency,®*® the manufacturing procedure, the
filler content or doping concentration, the porosity and the
percentage of impurities.>”®" During the poling process, mechan-
ical stress also has an impact on the domain-wall movement.>”*>
Among the above-mentioned numerous factors, the applied field
strength, operating temperature and poling time are the most
effective parameters that will affect the piezoelectric strain coeffi-
cient value. So, the primary focus is on these three parameters,
which will affect the d;; value and device application based on its
performance. Some examples are discussed below.

Kumar et al.> investigated the optimum poling conditions
and their influence on d3; and the electromechanical coupling
factor (k) of mechanically synthesized lead-lanthanum-zirco-
nate-titanate (PLZT 8/60/40) ceramics. This work helped to
discover the maximum ds; of 750 pC N, using the optimized
poling conditions of an electric field of >5 kV em™", with a
poling temperature (of 75-125 °C) for 30 min. Du et al®?
synthesized the lead-free ceramic KNN and examined the
impact of the poling conditions on its properties. The experi-
mental results showed that d;; and k;, increased with the poling
field, temperature, and poling period, where the optimized
values for pure KNN are 40 kV cm ™, 140 °C, and 20-25 min,
respectively. Chandrakala et al.®® studied the optimized the
poling parameters of the synthesized lead-free CeO,-doped
barium calcium zirconate titanate (BCZT-0.08 wt% CeO,) sys-
tem to obtain an improved piezoelectric outcome. Under these
tuned conditions (50 °C, 3E,, and 30 min), respective maximum

8894 | Mater. Adv, 2022, 3, 8886-8921
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d33 and k; values nearly equal to 670 pC N~' and 60% were
achieved. Fig. 5(A and B) represent the various investigations
performed on longitudinal piezoelectric coefficients based on
the poling conditions.

Recently a significant contribution was made by Tao et al.
through comparing the poling conditions and d;; values of
PVDF films fabricated via the fused filament fabrication (FFF)
of commercial PVDF film. It was observed that the optimized
poling conditions, stretching ratio (R), and dz; values of the
FFF PVDF film were 30 V um™*, 80 °C and 30 min, 4, and
7.29 pC N1, respectively, which are lower compared with the
commercial PVDF film d;; value of 28 pC N~ *. The enhanced
performance of the commercial PVDF film is due to its higher
poling field (50 V um ™) and stretching ratio (R > 4). However,
the printed PVDF film has ~10-100 times higher d;; and
Fp (65%) values, in contrast to previously specified PVDF
reports.®> % Different practical applications, such as pressure
sensors, frequency detectors and wind energy harvesting, were
also demonstrated using the printed PVDF film.*® Fig. 6 illus-
trates the optimization of the poling conditions and stretching
ratios through a comparison of the FFF-method-fabricated
PVDF film and a commercial hot-pressed PVDF film.

Tao et al. studied the strong dependency of the poling
temperature on heavy-metal-doped KNNS-B(RE)NH ceramics
and also reported better piezoelectric properties (dz; = 420-
440 pC N~ ") in a broad poling-temperature range of 35-120 °C.
The fabricated device was poled using both DC and AC poling
conditions of ~30-120 °C, 3-4 kV cm ™' and 10 min, and the
domain behaviour was also investigated by varying the poling
temperature (7, = 35-120 °C) and field (2-8 V) with an optimized
heavy metal Dy content (x = 0-0.25). It was observed that with
x = 0.25, T, = 55-80 °C and a field of 4 V, complete domain
orientation occurs.®® Fig. 7 demonstrates the dependence of domain

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(d) FTIR spectra of printed PVDF films with different stretching ratios (R = 1, 2, 3, and 4); (e) Fg and dsz values of PVDF films before printing (filament) and
after poling the printed PVDF films (R = 1, 2, 3, and 4) and; (f) stretch ratios and comparison of printed and commercial PVDF film Fg values before and
after poling; reproduced from ref. 88 with permission from the Royal Society of Chemistry.

orientation and T}, as well as the variation of the piezoelectric
properties with the heavy metal content and poling conditions.
Although a variety of compounds, including lead-based and
lead-free compounds,”®°° have been investigated, more research is
still required, notably in terms of the poling effect, its circum-
stances, and property optimization, to contest lead-based materials.

7. Poling influence on lead-based
ceramics, lead-free ceramics, polymers
and composite materials

7.1. Lead-based piezoelectric materials

PZT is an inorganic material with the formula Pb[Zr,Ti; ,]O3
(0 < x < 1). It belongs to the perovskite family (ABO;), which

© 2022 The Author(s). Published by the Royal Society of Chemistry

demonstrate strong piezoelectricity. PZT was first reported
around 1952 by scientists of the Tokyo Institute of Technology.
PZT materials outperform previously identified metal oxide-based
piezo-materials such as BaTiO; in terms of their operating tem-
perature and sensitivity. In contrast to metal oxide-based barium
titanate, PbZr,5,Ti; 4503 has a higher operational temperature
and sensitivity, making it one of the most commonly utilized
piezoelectric materials in the world. PZT and lead titanate (PT)
are ceramics that are used extensively in sensor and transducer
applications because their characteristics can be modified
through doping with various dopant.’®'%*'% Most of the
commercial products produced by PZT ceramics consist of a
solid solution of PbTiO3/PbZrO; compositions. In the doping
process, a modest quantity of dopant is added to the piezo-
electric ceramic to modify its characteristics. The substitution

Mater. Adv,, 2022, 3, 8886-8921 | 8895
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(A) Compositional and temperature difference of dsz, kp, and & (a) fluctuation of dss and k, values with heavy metal content (x = 0-0.55);

(b) variation of & with composition (x = 0-0.25) and T,= —150 to 200 °C; and (c) and (d) variation of dsz with T, with DC (c) and AC (d) poling with x

(0-0.25). (B) (a) Dependence of dsz with T, for KNN-based materials, (b) plots of dzz with respect to T, for various KNN-based ceramics,

90,91 and

(c) schematic of domain behaviour with poling temperature and field; reproduced with the permission from ref. 89. Copyright Wiley publications.

of dopants such as Ti**/zr** and La** or Bi*" with Pb*'in PZT
ceramics leads to a decrease in the ageing effect and coercive
fields but an increase in the piezoelectric coupling factor,
dielectric constant, and loss, respectively. These are also known
as ‘soft ferroelectrics’ since they are generated by adding
dopants with a higher valence. By contrast, dopants with a
low valence are used in ‘hard’ ferroelectrics. Hard ferroelectric
materials have a low dielectric loss and electrical resistivity,
along with a greater coercive force, a reduced dielectric con-
stant, and poling is often more challenging.”>'** Fig. 8 illus-
trates the PZT-based piezoelectric nanogenerator (PENG) and
its diverse applications.

8896 | Mater. Adv, 2022, 3, 8886-8921

Prewitt et al'®® poled commercial PZT ceramics with a
poling field and temperature range of 0-20 kv cm ' and
25-175 °C, respectively, for a constant poling period of 5 min
using a silicone oil bath. The measured d; value ranged from
0 to 413 pC N, indicating a powerful correlation between ds;
and the poling parameters (temperature and E values). The
effect of the poling time (15, 30, 45, 60 and 90 min) on the PZT
ceramic was studied by Chaipanich et al. through poling the
samples in an insulating medium at a 130 °C poling tempera-
ture and a field strength of 10 kV cm™".'® The specimen that
was poled for 45 min showed a higher ds; (28 pC N™') com-
pared with materials polarized for 15 or 90 min (16 pC N~ " and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) Functioning of a PZT nanogenerator (NG): (a) schematic of a flexible PZT NG; (b) blue, green, and red fluorescent regions indicate the intact
nucleus, live and dead smooth muscle cells, respectively, of rat cells placed on the surface of the NG; (c) comparative study of cell growth on culture
plates and the device; and (d) and (e) incorporation of the NG into a bovine heart (d) and the respective output voltage (e); reproduced with permission
from ref. 133. Copyright 2014, National Academy of Sciences. (f) Diagrammatic representation of the implantable thin-film based i-PENG PZT; and
(9) measured voltage output of swine chest after anaesthesia; reprinted with permission from ref. 134. Copyright 2015 Springer Nature. (B) PZT-based
PENG demonstration as a biosensor to detect the activity of a human arm: (a) verification of the PENG performance using an oscilloscope; and (b) and (c)
generated voltage (b) and current (c) output developed by the bending and releasing movement; adapted with permission from ref. 135. Copyright 2020,
American Chemical Society. (C) Self-powered system using PZT-NH, NPs based flexible PENG: (a) device layers; (b) magnified scheme represents the
particle to polymer interaction; (c) cross-sectional image of film and its particle to polymer interaction; (d) optical image of PZT-NH, NPs based PENG
device and its flexibility; reprinted with permission from ref. 136. Copyright 2018, Royal Society of Chemistry. (D) Working of a large-area PZT thin-film
PENG prepared on a flexible substrate using a laser lift-off (LLO) method: (a) 3.5 x 3.5 cm PZT thin-film NG; (b) generated current signals via (i) forward
and (i) inverse finger-bending process; (c) array of 105 blue LEDs in series during finger bending; and (d) glowing of LEDs in a dark room when the thin
film is released from the bending position; reproduced with permission from ref. 137. Copyright 2014, Wiley-VCH.

22 pC N, respectively). Thus, 45 min was considered as the
optimum poling time; also at this critical time (45 min),

Marsilius et al. analysed two PZT samples (commercial
grade), ie., the soft-doped PZT 151 ceramic with a coercive

the electromechanical coupling coefficient (k, = 19.87%) was
the highest.

Shifeng et al.'®” poled a composite of PZT and sulphoalu-
minate cement with different PZT concentrations of 60, 70, 80
and 85 wt%. An increase in the d;; value occurred with an
increase in the poling field strength (E) for poling time of
20 min at 120 °C, but above a 40 kv em ™! electric field the
d;; value decreased for the same poling parameters.

© 2022 The Author(s). Published by the Royal Society of Chemistry

field of 10 kv em™","*® and the hard-doped PZT 181 ceramic
with a coercive field of 18 kV em™*.**° Prepared samples were
poled using nine different procedures in the temperature range
of 150-45 °C with a poling field strength of 20-30 kv cm ™ *. The
highest d3; value of ~517 pC N~ ' was shown by soft-doped PZT
151 compared with the hard-doped PZT 181 samples (270 pC N~ ).

Guo et al. investigated the piezoelectric and dielectric
behaviour of (001) and (011) oriented single-crystals of

Mater. Adv., 2022, 3, 8886-8921 | 8897
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Pb(Mg,,3Nb,,3)O5-PbTiO; near the metastable orthorhombic
ferroelectric phase (FE,) region and demonstrated that, using
a poling field of 10 kv ecm ™', extraordinarily high d,; values
of up to 2500 pC N~ ' can be reached, due to the irreversible
polarization from the monoclinic phase space group C,, (M,)
to space group P, (Mc).'® Bian et al. fabricated the BT-based
0.55Pb(Ni; /3Nb,/3)03-0.15PbZr0;-0.3PbTiO; (PNN-PZT-XxBT)
highly orientated[001]c textured ceramic using a templet
grain growth method and achieved higher piezoelectric prop-
erties (d3; = 1210 pC N~ ', d; = 1773pm V- ! at 5 kv em™") and a
figure of merit (g33 x ds3 =21.92 x 10~ "> m*> N~ ") that are greater
(13%, 54%, and 68%, respectively) than for the PNN-PZT compo-
site without BT."*°

Guo et al.'® investigated two piezoelectric materials PMNT
and PZNT. Three compositions were examined as per the phase
transition behaviour and properties of the crystal, and the
samples (containing distinct PT contents) were poled at differ-
ent field strengths of 20-30 kV cm™' using a silicone oil
insulating medium, and the d;; values investigated. It was
observed that ds; increased to 1550 pC N~ ' with a poling field
of 10 kV em™", and a sharp increment of ds; 2500 pC N "
occurred with a field of 30 kv em™". Table 1 summarizes the
poling conditions (field strength, temperature, time, and thick-
ness) as well as the d3; or dj; values of the poled lead-based
materials. On the basis of the Table 1 data, we have prepared a
schematic graph (Fig. 9).
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7.2. Lead-free piezoelectric materials

In the early 2000s, the main challenge with piezoceramics was
the use of lead-based compounds, which needed to be replaced
with lead-free compounds. Environmental rules, such as the
Waste Electrical and Electronic Equipment (WEEE) regulations
and restrictions on some harmful toxins via the Restriction of
Hazardous Substances (RoHS) directive, prohibited the use of
lead-based materials. However, due to their strong piezoelectric
capabilities, lead-based materials have a large commercial
share in piezoelectric-related applications. Several research
organizations have attempted to create lead-free piezoelectric
materials as a substitute for lead-based ceramics. Numerous
lead-free ceramics have already been discovered that have
improved electromechanical characteristics. These materials,
however, have the disadvantage of a weak depolarizing
temperature, during which their piezoelectricity begins to
deteriorate. The most efficient method for producing controlled-
textured-based lead-based piezoelectric ceramics are the tem-
plated grain growth (TGG) method. TGG was used to boost the
piezoelectricity of textured lead-free ceramics. As demonstrated by
Saito et al,'®”'%%'% their non-toxic textured ceramic excellent
strain compared with marketable lead-based materials, and it
also showed high reliability at an optimized temperature range.
Many textured lead-free materials, such as (Bi,Na)TiO; (BNT)'%/%
and (K,Na)NbO; (KNN),"”® have been produced that show
enhanced dj; values along with a good output performance.

Table 1 Lea