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Abstract

Over the past four decades, energy microsources based on piezoelectric energy harvesting have
been intensively studied for applications in autonomous sensor systems. The research is
triggered by the request for replacing standard lead-based piezoelectric ceramics with
environmentally friendly lead-free materials and potential deployment of energy-harvesting
microsystems in internet of things, internet of health, ‘place and leave’ sensors in infrastructures
and agriculture monitoring. Moreover, futher system miniaturization and co-integration of
functions are required in line with a desired possibility to increase the harvested power density
per material volume. Thus, further research efforts are necessary to develop more sustainable
materials/systems with high-performance. This paper gives a comprehensive overview on the
processing and functional testing the lead-free bulk materials and thin films and discusses their
potential in the applications in the stress- and strain-driven piezoelectric energy harvesting. This
includes the methodology of estimation of the substrate clamping and orientation/texture effects
in the thin films, and identification of orientations offering high figure of merit. The ability to
control film orientation of different lead-free materials is reviewed and the expected
piezoelectric performances are compared with the ones reported in literature.
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1. Introduction

Structural health monitoring, wearable and portable health-
care devices, widely distributed wireless sensors in smart agri-
culture, home and industry, smart automation, and transport
industry are all examples of application fields that would
largely benefit from self-sufficient energy technologies from
micro-energy harvesting solutions and/or from the drastic
reduction of energy consumption [1-5]. In the past decades,
information processing power and connectivity have been the
main limiting factors of information technology. Advances in
metal-oxide-semiconductor field-effect transistor (MOSFET)
and communication technologies have determined new applic-
ations and services. Recently, Internet-of-Things (IoT), Inter-
net of Health (IoH) and monitoring by distributed sensor net-
works have emerged. The key limiting factor in IoT devices
and their applications is energy autonomy. Energy harvesting
(EH) through, the collection of local environmental energy has
been developing rapidly since 2000 and many different energy
autonomous sensor systems have been already demonstrated
[2—-6]. With the advent of ultralow power microelectronics that
led to a drastic reduction in the consumption of electrical com-
ponents (going from 100’s of mW 40 years ago to a few uW
nowadays in idle mode), it is now possible to perform an elec-
tronic function with a very low amount of energy. This enabled
the functioning of structural health control [7-10] temper-
ature measurements [11] or wireless switches [12—14] with
very little amount of energy. More than 30 trillion sensors are
expected to be deployed worldwide in the near future [15].
Low-power MEMS sensors, based on Si technology,
became the devices of choice offering cost effective solutions
and high yield in automotive and aerospace industry. This
includes accelerometers, pressure sensors, microbolometers,
gyroscopes, communication filters, etc. Piezoelectric vibra-
tion energy harvesters (PiViEHs) for self-powered wireless
MEMS networks are particularly attractive due to the possibil-
ity of direct integration with electronic circuits & sensor nodes
[6, 16, 17]. Therefore, EH from vibrations, also called iner-
tial harvesting, has become a focus of interest during the past
years. Harvesting vibrations with piezoelectric devices were
thoroughly studied with bulk PbZr;_,Ti,O3 (PZT) materi-
als, and piezoelectric bulk composites. More recently, since
about ten years, the miniaturization of harvesters using MEMS
technology with thin piezoelectric films or nanocomposites
came into the focus of interest in order to power small sys-
tems such as wireless nodes. Initial studies were indeed car-
ried out at high-frequency vibrations in order to maximize the
harvested energy [18]. However, they required forced excita-
tion that is not readily available in the environment. Recent
research permitted reducing the operating frequencies from

several kHz to a range between 10 Hz and 300 Hz, where
vibrations are widely available in the environment (motions of
humans/animals, sea waves, automotive engines, etc), while
maintaining an interesting output power. The volume/size of
the cell is highly limited in the case of integrated sensors (typ-
ical volume of a sensor <1 cm?®) [19] including a sensing sys-
tem, an energy harvester with a MEMS transducer, energy
storage and electronics. If the sensor is wireless, it will include
the communication module, as well. The harvested power is
reduced by more than 10 times when the volume is reduced
by 10 times [20]. Miniaturization normally also leads to an
increase in frequency.

The state-of-the-art piezoelectric EH is enough to power
various wireless sensor networks. However, the functioning
of vibrational EH in most cases is limited to very specific
environmental conditions. In addition, the harvesters typically
include materials with toxic or rare elements in the transducers
and battery (Pb, Te, Bi, etc). Obtaining high power output from
piezoelectric harvesters in many applications requires a high
figure of merit (FoM). Hence this resulted in the preference
and common use of bulk PZT in piezoelectric harvesters. How-
ever, in future, PZT has to be replaced by lead-free materials,
even for thin films, to reduce any negative ecological impact
of lead-based transducers.

In order to enable the wide deployment of micro-energy
sources based on EH in IoTs, Distributed Sensor Manage-
ment, and the ‘place and leave’ sensors, further research
effort has to be done in development of more sustain-
able fabrication processes and eco-friendly materials and
systems with long life/durability, improved recyclability of
materials, ameliorated capacity of miniaturization devices
through heterogeneous cointegration of different functions,
as well as further decrease in power demand through
the increased transduction efficiency and generated power
density (PD).

At present, many different lead-free ferroelectric (e.g.
BaTiO; (BTO), K;_,Na,NbO; (KNN), etc) and non-
ferroelectric (AIN, ZnO) piezoelectric materials in the form of
films, nanostructures and ceramic/crystals bonded on wafers
are explored for the fabrication of PiViEHs [5]. The integ-
ration of lead-free piezoelectric films as transducers in the
EH applications is essential for the MEMS scale devices and
due to the required flexibility & robustness of the vibrational
energy scavengers. Unfortunately, the communities working
on the material synthesis and optimization, and on the integ-
rated systems and electronics have made limited concerted
efforts so that functional validation of new materials in device
structures remains elusive. Despite the environmental restric-
tions, EH systems are still frequently developed by using
on-shelf lead-based materials.



This paper gives a comprehensive overview of the sym-
metry and properties of lead-free materials and their potential
in the applications in vibrational energy harvesting. This
includes the comparison of the equivalent bulk materials, the
estimation of the substrate clamping effect in the thin film, and
identification of their highly coupled orientations. The ability
to control film orientation of different lead-free materials will
be summarized and their expected piezoelectric performance
will be compared with the ones reported in the literature.

2. Theoretical considerations

2.1. Piezoelectricity

The vibrational EH is based on the direct piezoelectric effect
relating a mechanical stress, 77, to a dielectric displacement
vector, D;,:

Di:dl‘JTj(izl_S and J = 1—6) (l)

In this paper, the capital letters, (I, J, L) are used for the
contracted coefficients in matrix notation, which can vary from
1 to 6. In a general case, d;; is a strain piezoelectric tensor (3
rank tensor with 18 independent coefficients:
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The constitutive equations can be defined in strain, S,—
charge, D, form as

S = SIEJTJ + dyEx
D; =dyT) +€[E; 3)

where s£ is the elastic compliance tensor (4" rank, 21 inde-
pendent coefficients) at constant electric field, E, and el—
permittivity tensor (2" rank, 6 independent coefficients) at
constant stress, T. These equations be also written in the form
of stress-charge

Ty = c};Sy + ewEx
D,' = e,'JSJ"-Eijj (4)

where cF is an elastic stiffness at constant field (4™ rank tensor
like the compliance one) and e is a stress piezoelectric tensor.
The stress and strain piezoelectric coefficients e and d are
related by

eiy = dircy. 5

There are three operational modes in piezoelectric
transduction:

e Longitudinal excitation (thickness mode)—the material is
deformed parallel to the electric field (or stress is parallel to
the dielectric displacement axis). This excitation is repres-
ented by dj; (i = I = 1,2,3) coefficient. In the case of ferro-
electric materials, if it is along the spontaneous polarization
direction, ds3 will be used.

e Transverse excitation (transverse mode)—the material is
excited with respect to the dielectric displacement, repres-
ented by d;; coefficient with i £J (i,J = 1,2,3).

e Shear excitation (shear mode)—the material is excited under
shear boundary conditions, so the relative piezoelectric coef-
ficient is d;y with i = 1,2,3 and J = 4,5,6.

2.2. Symmetry

According to Neumann’s principle, the symmetry of the mater-
ial structure reduces the number of independent components
of tensors describing the physical properties, which cannot be
less symmetric than the crystal structure. In crystallography,
the standard unit cells and their axes are placed with respect
to the principal symmetry elements and are specific to each
crystal system (see table 1 for more details). The relationship
between XYZ coordinates used for the tensors, and the stand-
ard crystallographic unit cell axis is summarized in table 1.

Ferroelectricity (switch of spontaneous polarization) can
be present only in the materials which have nonzero physical
properties presented by the first rank tensors (vector) like pyro-
electricity. It is important to stress that the symmetry reasoning
is obligatory but not sufficient condition for the presence of the
ferroelectric properties. The materials containing center of the
symmetry, improper rotation axis, cubic symmetry, or more
than one rotation axis do not present 1st rank tensor properties.
Only ten point groups present such properties: 1, m, 2, mm?2, 4,
4mm, 6, 6mm, 3, 3m. In the triclinic point group, 1, which does
not contain any symmetry all three vector (1% ransk tensor)
components (p1, p2,p3) are not zero. The symmetry elements
in the monoclinic symmetry are placed with respect to the b-
axis of the unit cell. Therefore, the m point group presents vec-
tor properties (p1, 0, p3) and 2 point group—(0, p,,0). Only p3
component is not zero for all other point groups with non-zero
1st rank properties which corresponds to the c-axis of the unit
cell, placed along unique rotational symmetry axis.

The centrosymmetric point groups and 432 point group are
not piezoelectric and not pyroelectric/ferroelectric. Although
20 point groups from 32 point groups present piezoelectric
properties, the most studied piezoelectric materials are repres-
ented only in few point groups: 3m (LiNbOj3 (LN), LiTaO3
(LT), BiFeO3; (BFO)), 32 (Quartz, Langasite(LGS)), 6mm
(AIN, ZnO), 4mm (BaTiO3; (BTO), KTa,Nb;_,03 (KTN,)
with 0.5 <x <0.6), mm2 (PZT-4 single crystal, KNbO3; (KN)).
The tensors describing piezoelectric, elastic and dielectric
properties of single-crystal materials represented by these
point groups are summarized in table 1. The point group 32
contains only two independent piezoelectric coefficients, 4mm
and 6mm-3, 3m—4, and mm2-5 independent coefficients.
Similar tendency on number of independent coefficients is
observed for the other rank tensors. The stress and strain
piezoelectric coefficients, compliance, stiffness, stress dielec-
tric constants of the key piezoelectric materials are given in
the Supplementary Material. The geometrical representation
of the permittivity, the piezoelectricity and the elastic stiffness
of LN, quartz, ZnO, KTNj s3, KN are given in the figure 1. The
permittivity of hexagonal, trigonal, and tetragonal materials
can be defined by only two independent coefficients and this



Table 1. Piezoelectric, elastic stiffness/compliance and permittivity tensors of single crystals with 3m, 32, 6mm, 4mm, and mm?2 point
groups. The relationship between key symmetry elements, unit cell axis and XYZ reference coordinate system, used for tensor description, is

indicated. Note that in the case of hexagonal and trigonal symmetries there is a difference between stiffness and compliance tensors as
indicated below [23].

3m

Standard hexagonal cell: ay, = by, ap = B = 90°, v, = 120°
and 3 ||c, m L (a, b)
XYZ coordinate system: x||a & z||c, & yL(x, z)

Piezoelectric tensor Permittivity tensor
0 0 0 0 d] 5 72d22 €11 0 0
7d22 d22 0 d15 0 0 0 €11 0
d31 dy dss 0 o 0 0 0 e
€16 = —€22

Stiffness and compliance tensors

c1 cn2 c;3 Cl4 0 0
co e c3 —cg O 0
ci3 13 C33 0 0 0
cy —cig 0 C44 0 0
0 0 0 0 C44 Cl4

0 0 0 0 Cl4 0.5 * (C11 7C12)

Se6 = 2(s11 — $12) & 556 = S65 = 2514

32

Standard hexagonal cell: a, = by, ap = B = 90°, v, = 120°
and 3 ||c, 2|| (a b) & 2|| [110]
XYZ coordinate system: x||a & z||c, & yL(x, z)

Piezoelectric tensor Permittivity tensor
d 11 —d1 1 0 d14 0 0 €11 0 0
0 0 0 0 7d14 —2d 11 0 €11 0
0 0 0 0 0 0 0 0 &3
€6 = —e1l

Stiffness and compliance tensors

ci1 o cn c;3 Cl4 0 0
cp e c3 —cg 0 0
c;3 €13 €33 0 0 0
cy —ciy O C44 0 0
0 0 0 0 C44 Cl4

0 0 0 0 Cl4 0.5(C11 7612)
Se6 = 2(s11 — $12) & 556 = 565 = 2514

6mm

Standard hexagonal cell: ay, = by, ap = B = 90°, v, = 120°
and 6 ||c,m L (g, b), m || (@, b)
XYZ coordinate system: x||la & z||c, & yL(x, z)

Piezoelectric tensor Permittivity tensor
0 0 0 0 ds O en 0 0
0 0 0 ds 0 0 0 en O
d3 1 d3| d33 0 0 0 0 0 €33

(Continued.)



Table 1. (Continued.)

Stiftness and compliance tensors

ci ¢z c3 0 0 0
C12 Cl1 C13 0 0 0
C13 C13 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 cu 0
0 0 0 0 0 0.5(ci1—ci2)

Se6 = 2(s11 — S12)

4mm

Standard tetragonal cell: a = b, a = 8 =y = 90°
And 4| c,m L (g, b), mL[110] & mL[110]
XYZ coordinate system: x || @, y || b, & z || ¢

Piezoelectric tensor Permittivity tensor

0 0 0 0 ds O en O 0
0 0 0 ds 0 0 0 en O
d31 d31 d33 0 0 0 0 0 £33

Stiffness and compliance tensors

ci c2 c3 0 0 O

cp c1 c3 0 0 O

C13 C13 C33 0 0 0

0 0 0 ¢ O 0

0 0 0 0 C44 0

0 0 0 0 0 Ce6
mm?2

Standard orthorhombic cell: « = 8 = v = 90°
and m_La, m_Lb, mlc, in general ¢ <a <b, but in ferroelectrics
always ¢ || polarization axis independently of lattice parameters
XYZ coordinate system: x || @, y || b, & z || ¢

Piezoelectric tensor

Permittivity tensor

0 0 0 0 ds O
0 0 0 dy 0 O
d31 dy  ds; 0O 0 0

€11 0 0
0 €22 0
0 0 £33

Stiffness and compliance tensors

i1 C12 €13

Cl2 € €23

C13 €23 €33
o o0 O
0o 0 O
0o o0 O

0 0 0
0 0 0
0 0 0
C44 0 0
0 C55 0
0 0 Ce6

results in highly symmetric geometrical representation (ellips-
oid). The orthorhombic symmetry is represented by three per-
mittivity coefficients and the double ellipsoid space distribu-
tion. The key symmetry elements can be easily identified in
the piezoelectric tensor geometrical representation. One can
note the difference between the elastic stiffness and compli-
ance representations in the space (figures 1 and 2, respect-
ively), related by

(6)

cysgr = 1.

One can also note some similarities in geometrical repres-
entations of the elastic compliance and piezoelectricity.

It is important to note that in the case of orthorhombic
KNbO3, two conventions are used to define the XYZ tensor
axis with respect to the unit cell axis: the crystallographic one
(defined in the table 1) and the optics one, in which X-axis
is aligned along b-axis and Y-axis—along a-axis (figure 3)
[21]. In this work, we use the crystallogarphic settings (x
| @ vy || b, & z || ¢) in which unit cell parameters are



Permittivity Stiffness

Piezoelectricity

Quartz (32)

ZnO (Gmm)

3

KTag 53Nbg 470 (4mm)
74

¢

KNbO, (mm2)

Figure 1. Geometrical representations of permittivity, &;;,
piezoelectric, dij, and elastic stiffness, ¢;x of LN, quartz, ZnO,
KTNoy 53 and KN representing different point groups.

KNbO; (mm2) KTag 53Nbg 470 (4mm)

Figure 2. Geometrical representations of elastic compliance, s,k of
LN, quartz, ZnO, KTNy 53 and KN representing different point
groups. refaire.

a=3974 A, b =5695A, and c = 5.72 A, and the c-axis
is parallel to the spontaneous polarization axis (figure 3). We
would like to stress that in many papers and x-ray diffraction
databases, it can be found the identification of othorhombic
unit cell axis according to the rule ¢ <a <b without taking

TZ Optics ’,1

Nb
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-~ optics

[01 O]pcy ol

[mols‘c .
)
X, 2" 5 605 A 39744

b-axis

Figure 3. Illustration of identifications of X, Y, and Z-axes of
orthorhombic KNbOj3 with respect to the a-, b-, and c-axes of
orthrorhombic unit cell, used in optics and in crystallography. The
realtionship between orthorhombic and pseudocubic (PC) unit cell
is illustrated, as well. Reprinted from [22], with the permission of
AIP Publishing.

Table 2. The equivalent planes of hexagonal, rhombohedral and
peeudocubic unit cells used for the trigonal crystal system.

Hexagonal Rhombohedral Pseudocubic
(012) (110) (100)
(104) & (110) (211) & (101) (110)
(006) & (202) (222) & (200) (111)
(116) & (122) (321) & (211) (210)
(018) (214) (300) (332), 310) & (211) 21D

into account the polarization axis and therefore the point group
is renamed m2m instead of mm?2, as spontaneous polarization
axis allowed by the symmetry only along the twofold sym-
metry axis.

In literature, nonstandard pseudocubic unit cells are fre-
quently used for the trigonal and orthorhombic symmetries.
In particular, the orientation of the perovskite material fam-
ilies based on (K,Na)(Nb,Ta)O3, BaTiO3, BiFeO3 and their
derivatives can be found frequently defined in pseudocubic
settings. As KTN and BTO family materials present trigonal-
orthorhombic-tetragonal-cubic phase transitions, the pseudoc-
ubic unit cell is used for all symmetries for convenience.
Although, the axis of both tetragonal and pesudocubic cells
coincide.

In the case of the trigonal crystal system, the standard unit
cell is hexagonal, although these materials do not present six-
fold symmetry. In addition to the pseudocubic cell, the thom-
bohedral cell is frequently used for the trigonal crystal class,
as well. The families of equivalent planes of the rhombohed-
ral, hexagonal and pseudocubic unit cells are summarized in
the table 2. The (0001) planes of hexagonal cell are parallel
to (111) pseudocubic and rhombohedral planes. The {100},
pseudocubic planes are parallel to the {OIIZ}H hexagonal
planes, and {110}, || {1120} .

In the case of the orthorhombic crystal system, the
orthorhombic g-axis (X-axis in tensor notation), [100],
councides with b-axis of pseudocubic cell (figure 3). The
pseudocubic a- and c-axes are rotated from b-and c-
orthorhombic ones by 45° around a-axis. We would like to



stress that if the optics settings are used the orthorhombic a-
axis is parallel to -Y tensor axis but it still coincides with b-axis
of pseudocubic cell.

If the physical properties of orthorhombic and trigon-
al/hexagonal materials are characterized/described in the
pseudo-cubic settings, all rank tensors, defined in standard set-
tings (table 1), have to be rotated by using these transformation
matrices:

1 0 0
0 ﬂ/z ‘ﬁz (7

0 —ﬁ/z ﬁ/z

1 0 0
and [ O cosp sing |, respectively ®)
0 —sing cos¢

where angle ¢ corresponds to the angle between (0001)y
and (OITZ)H planes of hexagonal cell (rotation around X-
axis in a right handed side from Z-axis). The rotated 3 rank
tensors for the mm2 and 3m point groups can be found in
the supplementary material. For example, in the case of 3m
point group, if the (100)pc oriented material in pseudocubic
settings (corresponding to (1012) plane of the hexagonal unit
cell) is characterized in thickness and transverse modes, the
related effective piezoelectric coefficients, dj; and dj; will be
a product of the several piezoelectric constants:

dj3 = cosi (dxcos’p + discospsing )
+ sing (d31c08’¢ + dazsin*p) and )

dj, = dysing + dsjcosp , respectively. 10)

In the case of the pseudocubic settings used for the
orthorhombic system, the di; and dj, will be defined as
follows

d}y = V2/2d51,dly = V2/2 (—doy +dsp +d33), (1)

And diy = V2/4 (dz +ds3 +doy) - (12)

For convenience, if the material is not oriented along stand-
ard X, Y and Z-axes, the tensors are transformed and the effect-
ive tensor coefficients are used, which are the products of
different coefficients. The crystals are rotated along different
axes to maximize their effective coefficients and to optimize
the device performance. The 3D representation of the effect-
ive dj, and dj; coefficients of LN, ZnO, KTNj 53 and KN are
given in figures 4 and 5, respectively. One can note that effi-
cient coefficients are highly dependent on the symmetry and
the direction/material orientation. The d33 and d5; coefficients
are compared to the maximum effective dj; and d}; coeffi-
cients of different materials in table 3. One can note that in the
case of 6mm and 4mm point groups the maximum effective
dj, and dj; coefficients correspond to Z orientation (c-axis)
and they are equal to the d3; and ds3 in standard settings. The

LiNbO; (3m) ZnO (6mm)

A e

‘Y X.

KTag 53Nbg 470 (4mm)

T & =

KNbO; (mm2)

T

Figure 4. 3D representation of the effective d3, coefficient of LN,
7Zn0O, KTNjs3 and KN in the XYZ coordinate system. The definition
of XYZ directions for different point groups can be found in the
table 1.

LiNbO, (3m)  ZnO (6mm)

P

Wy S
X KNbO; (mm2) KTa, 53Nbg 470 (4mm)

-

Figure 5. 3D representation of the effective dj; coefficient of LN,
Zn0O, KTNys3 and KN in the XYZ coordinate system. The definition
of XYZ directions for different point groups can be found in the
table 1.

dj, coefficient of KNbOj; can be increased by a factor of three
if the (011) plane orientation is considered instead of (001) in
the orthorhombic cell. The (011) plane in orthorhombic cell
is equivalent to (100) plane in the pseudocubic cell. The d33
of LN is only 6 pC N~!, but this coefficient can be maxim-
ized to 39.5 pC N~! if the (1012) orientation tilted by 4.8°
is considered. The maximum effective dj; of LN is attained
for the Y-cut ((1010) plane of hexagonal cell). Therefore, the
characterization or comparison of materials have to be done in
the standard settings to avoid any confusion and they should
include maximum effective coefficient comparison, as well.

2.3. Curie point groups and thin fims

The tensors, given in the table 1, are valid only for the
materials with single crystalline orientation. The presence of
growth domains, a texture or a polycrystallinity has to be taken
into account due to coexistence of several orientations. For
example, perfectly polycrystalline and textured (the orienta-
tion is defined only along a single axis) materials (figure 6)



Table 3. Comparison of d33 and d3; coefficients in standard settings with maximum efficient d4; and d5; coefficients obtained at specific
orientations of frequently studied piezoelectric materials representing different point groups. The closest crystallographic planes and
rotation angles (f—counterclockwise rotation around X-axis, ¢—counterclockwise rotation around Z-axis) corresponding to the maximum

performance are indicated, as well.

Point group Material ds3 max ds3 (pC Nfl) max K33 (%) ds1 max dz; (pC Nfl) max K31 (%)
3m LiNbO;3 6 39.5 38.4 —1 -21.0 10.2
0 =62° 0 =123° 0 =093° 0 =82°
¢ = 60° ¢ =120° ¢ = 240° ¢ = 180°
(1012) (1012) (1010) (1010)
+4.8° +3.7° +3° —8°
LiTaO3 8.2 14.6 15.2 —-3.2 -7.3 4.0
0 = 56° 6 =61° 0 = 106° 0=171°
¢ = 60° ¢ = 60° ¢ = 120° ¢ = 300°
(1012) (1012) (201) O11)
—-1° +3.8° +6.8 —1°
32 Quartz 0 -2,3 1.0 0 2.3 1.0
(2110) (2110)
oom PZT-4Ceram. 289 289 46.2 —123 —123 10.9
(001) 001)
4mm KTag 53Nbg 4703 132 132 47.6 —42 —42 10.9
(001) 001)
6mm AIN 5 5 7.3 -2 -2 1.2
(0001) (0001)
ZnO 124 12.4 16.0 -5 -5 2.6
(0001) (0001)
mm?2 KNbO;3 29.3 89.3 70.6 194 —194 194
0 =51° 0 = 46°
011) 011) (001)
+5.8° +0.8°

25

¢
%

¥

v L |
Polycrystalline Textured Epitaxial

Figure 6. Schematic illustration of polycrystalline, textured and
epitaxial materials.

will be described by the cooom and co/mm Curie groups,
respectively. In the case of the polycrystalline ferroelectric
materials, the polarization of different domains can be aligned
by applying an external electric field, usually applied above the
Curie temperature and kept during cooling down to room tem-
perature (RT). This electrical poling procedure allows obtain-
ing textured ferroelectric ceramics with single direction of the
polarization axis. The poled ceramics are described by sym-
metry of com Curie group (poled ceramics for example PZT-4
or KNN). The general descriptions of elasticity, permittivity
and piezoelectricity tensors of coocom, co/mm and com point
groups are summarized in the table 4.

In the case of the epitaxial thin films, the growth domains
may be present. In many cases, the effect of the growth
domains on the tensor representation of properties can be taken
into account by considering that the growth domains introduce

an additional symmetry element. For example if the (001)
orthorhombic thin film (point group mm?2) is grown epitaxially
on (001) cubic substrate, the film will contain at least four
growth domains rotated by 90° in the substrate plane. These
growth domains introduce a fourfold rotational symmetry axis
along [001] axis at microscale, which can be representation by
transformation matrix:

0 1
1 0 (13)
0 0

- o O

The fourfold axis transforms X axis (coefficient 1) to -
Y axis (- coefficient 2), ¥ (2) to X (1), and z-axis remains
unchanged (coefficient 3). Thus, after applying fourfold rota-
tional symmetry the piezoelectric tensor of mm2 point group
(see table 1) will transform as follows (note that for the trans-
formation we need to use tensor notation instead of matrix
notation):

d31 = d311 => d3nn = dxn
dyy = dzop => d311 = d3)
dyz = dyz3 => ds33 = ds3
dry = dpz =>dy13=ds
dis =dy13 =>dyp3 = doy

The symmetry implies that the initial tensor and the tensor
after symmetry application have to be equal. Therefore, the



Table 4. Piezoelectric, elastic stiffness and permittivity tensors of materials with cocom, co/mm and com point groups. The relationship
between key symmetry elements, unit cell axis and XYZ reference coordinate system, used for tensor description, is indicated. The
difference between compliance and stiffness tensors is indicated, as well.

XYZ coordinate system: no constraints

Piezoelectric tensor Permittivity tensor
0 0 0 0 0 0 en 0 O
0 0 0 0 0 0 0 e1 O
0 0 0 0 0 0 0 0 en

Stiffness and compliance tensors

cy ¢ cp 0 0 O

cz cn ¢ 0 0 O

C12 C12 Cl1 0 0 0

0 0 0 C44 0 0

0 0 0 0 C44 0

0 0 0 0 0 Cq4
44 = 2(s11 — $12)

, C44 = 0.5(C11 — 6‘12)

oco/mm

And oo ||le,m L ¢,m L (q b)

XYZ coordinate system: z || ¢
Piezoelectric tensor Permittivity tensor
0 0 0 0 0 0 en O 0
0 0 0 0 0 0 0 e1 O
0 0 0 0 0 0 0 0 &3
Stiffness and compliance tensors
cn ez a3 0 0 O
c cn oc3 0 0 O
cz c3 ¢z 0 0 O _
0 0 0 cu 0 0 |2G0= 0.5(c11 —c12)
0 0 0 0 C44 0
0 0 0 0 0 Ce6
S66 = 2(s11 — S12)
com
oo |le,m L (a b)
XYZ coordinate system: z || ¢
Piezoelectric tensor Permittivity tensor
0 0 0 0 d15 0 €11 0 0
0 0 0 ds 0 0 0 e1 O
d31 d31  ds3 0 0 0 0 0 £33

Stiffness and compliance tensors

cit ¢ c3 O 0 0

co cun c3 0 0 0

c3 c3 ¢33 0 0 O

0 0 0 C44 0 0

0 0 0 0 C44 0

0 0 0 0 0 Ce6
S66 = 2(s11 — $12)

, c66 = 0.5(c11 —c12)




fourfold symmetry axis along Z-axis results in d3; = d3, and
dis = dy4. The piezoelectric tensor of (001) orthorhombic film
with four growth domains rotated by 90° in the substrate plane
would be

0 0 0 0 ds O
0 0 0 ds 0 0 (14)
dyi d3 ds; 0 0 0

where d3; (d;s) of such film is theoretically an average value
of ds; and d31 (d;5 and d»4) of bulk material. It is important to
note that this tensor is valid only for the films without ferro-
electrics domains. If the ferroelectric domains are present, it
results in the inversion symmetry and the transformation of Z
axis (3) to —Z axis (—3), Y(2) to —Y(—2) and X(1) to —X(—1)
and consequently all the piezoelectric coefficients with oppos-
ite sign. If the material contains equal proportions of Z+ and
Z— domains, the piezoelectric properties and all other 3rd
and 1st rank tensor properties are zero. However, this propor-
tion is never perfectly 50% and therefore polydomain samples
still present weak piezoelectric properties. In the case of per-
fectly polycrystalline materials the 1 and 3 rank tensor prop-
erties including piezoelectric and pyroelectric ones are zero.
The films rarely are perfectly polycrytalline and in most cases
present preferential texture. In the films containing several ori-
entations, the coefficients have to be estimated for each present
orientation by tranforming the tensor and then, each coeffi-
cients is averaged for all orientations by taking into account of
the volume fractions of each orientation.

One can note that the properties of the same material in
the form of a single crystal, a thin film and ceramics will
not necessarily be presented by the same tensor description
and are highly dependent on the microstructure. For example,
the piezoelectric (d in pC N™!) tensor of BiFeO; can be
represented by:

e Single-domain single crystal or single crystalline (0001)
film (3m point group)

0 0 0 0 —62 43.6
218 =218 O —-62 0 0
=37 =37 -16 0 0 0

s)

e Poled ceramics, poled (0001) textured or containing growth
domains rotated in the substrate plane films ((111) pseudoc-
ubic orientation)

0 0 0 0 -62 0
0 0 0 62 0 0 (16)
37 -37 -16 0 0 0

e (0112) oriented single crystalline film ((100) pseudocubic
orientation)

0 0 0 0 29 —1258
—233 =305 34.0 1.9 0 0
—253 258 644 —-11.0 0 0

a7

e (0112) textured or epitaxial film with four in plane rotated
domains

0 0 0 0 24 0
0 0 0 24 0 0 (18)
256 -256 644 0O O O

e Polycrystalline films without preferred orientation would
have zero piezoelectric properties.

In the case of poled PZT ceramics or textured films (com
Curie group), there are possible only three operational modes:
longitudinal d33 mode, transverse d3; mode and bending-
type d3; mode, where 3—is a polarization direction. In the
case of the vibrational harvesting, using cantilevers, the 31
bending-type modes is considered, while in the static EH
by applied pressure—d33 thickness mode. Therefore, the thin
films and bulk piezoelectric materials are often compared in
limited ways in terms of piezoelectric coefficients d3; and d33.
As shown above in the case of BFO, d5; 3.7 pC N-!
and d33 = —16 pC N~!, however if the (0112) orientation
is considered these coefficients are considerably increased
(d5; 25.6 pC N~ ! and dj; = 64.4 pC N~"). This demon-
strates the importance of optimization of targeted coefficients
by adapting the single crystal or thin film orientation.

2.4. Electromechanical coupling factor and FoM

The piezoelectric coefficients are important parameters, but
they do not allow a definition of the electrical energy stored in
the material under the strain. For this purpose an electromech-
anical coupling factor, K 2 has to be used. K2 is defined by sev-
eral physical properties such as piezoelectricity, permittivity
and elasticity. The electro-mechanical coupling factor (nondi-
mensional coefficient) describes the piezoelectric material’s
ability to convert the stored mechanical energy into an elec-
tric work

K2 — Created electrical energy

~ Invested mechanical energy

19

The theoretical Ki of the material can be calculated for each
excitation djj mode:

2
d;;
E_T°
JICii

2

iJ —

(20)

The 3D geometrical representations of the electromech-
anical coupling and the different coefficients Ki of differ-
ent piezoelectric materials belonging to different symmetry
point groups are given in figure 7 and table 5. In the case
of 6mm (ZnO, AIN) and 4mm point groups (KTNys;3) the
highest electromechanical coupling is present along Z-axis,
which is defined by K3;. The quartz and LGS, representing
the trigonal 32 point group, have the highest electromechan-
ical efficiency along the X-axis corresponding to K?, factor.
Orthorhombic KNbO; represents the maximum coupling in
the {011} family planes with the main contribution of shear
K3, coefficient. The shear electromechanical coupling, repres-
ented by K3, and K3, coefficients, are also dominating in the
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Figure 7. 3D geometrical representation of the electromechanical
coupling of LiNbOs3, quartz, ZnO, KNbO3 and KTNs3.

Table 5. Electromechanical coupling coefficients K3 in standard
XYZ settings (see tables 1 and 4 for the relationships with unit cell
axis) of different piezoelectric materials belonging to different point
groups.

Point
group Material K3, K3, K3 K3 K, K, K5 K
32 Quartz 1.0 0.06
LGS 1.3 0.6
3m  LiNbOs3 102 29 01 0.1 372 372
LiTaO; 23 36 03 03 137 13.7
BiFeOs 158 136 07 0.7 36.0 36.0
6mm AIN 751 130 1.30 0.90 0.90
ZnO 158 130 1.30 39 39
ocom PZT-4? 465 107 107 49.0 49.0
4mm KTNs; 476 19 19 20.5 205
mm2 KNbO; 315 194 46 207 79.9

4 Poled ceramics.

trigonal 3m point group (LiNbO3, LiTaOs, BiFeO3). If the Z-
axis (c-axis) oriented materials are considered, only KNbO3-
KTaOj; family materials offer higher K%, than K3; = 46.5% of
PZT-4 ceramics (table 5). The effective K%; of KNbO;3 can be
further increased from 31.5% to 70.6% if the (011) orientation
is considered instead of (001) one (table 3).

The K%; of LiNbOj; can be optimized by rotating the crystal
orientation & tensor, (the 3D representation of K§3 of LiNbOj3
is given in figure 8) to find the optimal orientation as in [24].
The polarization is normally along Z-axis, and this leads to
using ds; with parallel plate electrodes, or ds3 with IDTs.
But in the case of LiNbOj3, we are considering single crys-
tal cuts that are rotated around X-axis. Generally, they are
defined using IEEE standard [25] notation as (YX1)/O, which
means that the piezoelectric plate has length (1) along X-axis,
width along Z-axis, and a surface normal is being parallel to
Y-axis. The rotation (©) is done around the X-axis starting
from the Y-axis. For LiNbO3, as shown in Nakamura’s work

zZ 72 .
* ' * ¥ K ‘. “X ’
X X X

LiNbO, (3

Figure 8. 3D representation of effective K3; and K3,
electromechanical coupling factors of LiNbO3. XYZ axes
correspond to the standard tensor setting for 3m point group
(see table 1).

¢ ()
Transverse Coupling - kQI

Figure 9. Optimization of effective transverse electromechanical
coupling K’»3 of LiNbO3 by rotating around axis X by angle © and
in the resulting plane XZ’ by angle ¢.

[26] the piezoelectric polarization can be projected along Y-
axis (i.e. rotated direction 2), while the length of the beam
can be oriented along both X- or Z’-axis (i.e. directions 1, 3,
respectively). Performing the rotation for the given angle in
this notation gives the commonly known Y-rotated cuts. Nev-
ertheless, in literature, sometime the reported orientation is
named 32 [27, 28] or 31 [29]. Furthermore, a full theoretical
study for Z-oriented LiNbOj3 is given by Yue and Yi-jiang in
[24], where the notation adopted was the regular one with the
investigation of K2, and K2;. In particular, LiNbO; presents
dielectric constant much lower than that of lead-based piezo-
electric materials, which is very interesting in terms of electro-
mechanical coupling. The high K%; (38.4%) can be attained
for the (0112) ; (or 33°Y in IEEE notation) oriented LiNbO3
(table 3).

In the case of transverse mode, the Z-axis oriented LiNbO3
has the lowest K%, from all the compared materials includ-
ing polyvinylidene fluoride (PVDF) (table 6). It was shown
in the section 2.2 and figures 7 and 8 that the highest piezo-
electric response of LiNbOj3 is not aligned with respect to the
unit cell a- and c-axis (X and Z-axis respectively). Similar per-
formance to PZT-4 (K3, = 10.2%, table 5) can be also obtained
in Y-oriented LiNbO; (effective K%{ = 10.2%, see table 3 and
figure 8). If K% for 137°Y LiNbQOj3 orientation is considered,
the transverse electromechanical coupling of LiNbOj3 can be
further enhanced to 27.7% (figure 9), which is higher than PZT
ceramics (table 6). The PMNT-PT and PZN-PT single crys-
tals can offer much higher transverse coupling than LiNbOj3
single crystals, but these crystals contain lead, they are very
expensive and are not produced in scale of wafers with large



Table 6. Comparison of transverse K3,, longitudinal K3; and corresponding FoMs of piezoelectric materials for strain driven energy
harvesters. The coefficients are given for the single-crystal materials with exception to ceramics of PZT-5H and PZT-5A, and polymer
PVDF. ¢ is the permittivity of the free space (8.85 pF m~1). If it is not specified, the direction 3 corresponds to the c-axis of the standard

unit cell (table 1) and the direction 1—a-axis.

Property 55 52 55 55 d3 d33 K3, K33 FoM;3, FoM3,
Units me N~! % pC N~! % kJem™3
AIN [31] 3.5 3.5 3.2 2.9 9.5 2 5.0 14 9.3 3.9 32.0
BaTiOs [32] 8.1 7.2 6.8 1.9 168 35 85.6 10.2 72.5 14.1 387.2
KNN-LT [33] 17.2 134 27 9.1 790 —163 354 22.2 66.4 16.5 73.1
KTNs;3 5.8 1.7 9.5 5.0 435 —42 132 7.9 47.6 14.8 95.8
KNbO;3 5.1 —-3.5 7.0 4.8 44 —19.5 29.3 19.1 31.5 46.4 65.7
(011)KNbO5* 12.5 —-0.3 12.5 3.7 95.2 —-57.5 86.3 314 70.6 1194 191.3
BFOsc [34-36] 7.8 49 6.1 5.3 29.1 —-3.7 —16 0.7 16.3 1.3 31.9
(1012)BFO 7.8 4.3 16.7 5.6 42.1 —253 64.4 22.1 66.7 51.6 119.7
(1014)BFO* 16.7 1.8 8.6 5.6 35.0 34.1 —-30.5 224 35.0 122.8 62.8
LiNbOj3 [37, 38] 5.8 5.2 5.1 5.0 28.9 —-1.0 8.3 0.07 2.8 0.13 11
LiNbO3 [38] (145" Y-cut) 6.9 4.4 67.7 —38.8 36.2 81.7
LiNbO; [38] (46" Y-cut)* 6.9 2.9 54.5 -279 23.4 80.8
PMN-0.33PT [39] 69 36.3 120 11 8200 1540 2820 47.6 91.3 13.1 87.7
PZN-0.08PT [40] 87 55.9 140 17.4 7700 1455 2890 36.0 87.5 6.4 50.2
PZT-5A [41] 16.4 14.5 18.8 9.5 1700 171 374 11.6 49.5 8.2 52.0
PZT-5H 159 12.9 20.7 10.6 3935 320 593 194 48.8 14.3 46.0
PVDF [42, 43] 239 234 472 461 13 23.9 -35 2.0 2.3 0.09 0.05
ZnO [44] 7.9 7.6 6.8 5.2 11 5.2 124 3.6 23.2 4.6 44.5

2 Transverse 32 coefficients are given instead of 31 ones, 52, instead of sy,

diameters (4—6 inches), which limits their implementation in
real applications, while LiNbO; crystals with big diameters
are grown by Czochralski technique and they can be diced in
any desired orientation.

K3, of c-axis oriented KNN-LT and KNbOj; reaches the K3,
of PZT-5H (19.4%, see tables 5 and 6). KNbOj3 has very high
shear K3, electromechanical coupling (table 5), therefore the
effective transverse coupling, K%é, can be further increased to
31.4% by rotation to the diagonal of the plane 23 (correspond-
ing to the coefficient 4 in matrix notation), which corresponds
to the (011) orthorhombic crystal plane and by applying the
stress along the new in-plane direction 2’ (perpendicular to
the X-axis). BiFeO3, belonging to the same point group as
LiNbOs, presents also highly anisotropic properties. The d31,
ds; and corresponding transverse couplings as a function of a
rotation angle, ©, around the X-axis are given in the figure 10.
One can note very different change of the d3; and dj, coeffi-
cients as a function of the rotational angle. The maximum dj,
value is attained at around © = 80°, which corresponds to 10°
tilted - Y-orientation (or (1010) planes). The d}, reaches max-
imum at ~ 52° (17° off the (1014) ,planes, which correspond
to © = 35°). The highest effective transverse electromechan-
ical coupling of lead-free materials is observed for the (011)
KNbO; single crystals, which reaches K%z, of 31% (table 6,
figure 10) and becomes comparable to that of lead-based PZN-
PT single-crystals.

Lead-based PMN-PT single crystals present the longit-
udinal K3; as high as 91.3%. The PZT ceramics show
also very high longitudinal electromechanical coupling (up
to 49.5%). Nevertheless, the lead-free materials such as
BaTiO3s, KNN-LT and (011) KNbOj3 can largely overpass the

performance of lead-based ceramics and KTN crystals show
comparable K%; to that of PZT (see table 6). The K3; of
LiNbO; is 2.8% and its optimized value reaches 38.4% for
51.6°Y-orientation, which remains below the highest perform-
ance of lead-based and lead-free materials. The K%é of BiFeO;
is maximized to 69% at the © = 117° as shown in the figure 10
(8° off the (1012) planes, which corresponds to © = 125°).
One can note an important difference between the longitud-
inal coupling of (1012) and (1014) planes of BiFeOj3 (66%
and 35%, respectively). Very similar angular dependence of
K3, is also observed for the LiNbOj3, belonging to the same
point group.

It is important to stress that the electromechanical coup-
ling of the device is defined not only by the coupling of
the piezoelectric material but also by the complete design of
the device (electrode material/thickness/placement, other non-
piezoelectric parts, etc) and in general, the K? of the device is
smaller that the theoretical material K.

There are inertial and kinematic types of piezoelectric har-
vesters, which are driven by stress and by strain, respectively.
The kinematic harvester performance is not dependent on the
frequency and quality factor of the materials and it is directly
linked to the deformation. The strain driven harvester FoMS is
given as a function of piezoelectric, compliance and dielectric
properties by
d

E DT
JISJi€ii

FoM$, = 21
where s, and 57, are elastic compliance coefficients at
constant field and dielectric displacement, respectively. In
general, the 59 can be expressed as



Table 7. Comparison of transverse K%ll and FOMT of piezoelectric materials for stress driven energy harvesters. The coefficients are given
for the single-crystal materials with exception to ceramics of PZT-5H and PZT-5A, and polymer PVDF. ¢y is the permittivity of the free
space (8.85 pF m™!). Q,, -mechanical quality factor. If it is not specified, the direction 3 corresponds to the c-axis of the standard unit cell

(table 1) and the direction 1—g-axis.

Property sh . ds el K3 FoMT
Units pm*N~! = pCN~! Cm™2 % kJ em™? Onm
AIN [31] 3.5 9.5 2 —0.58 1.4 4.0 10°
BaTiOs [32] 8.1 168 35 0.68 10.2 0.3 400
KNN-LT [33] 17.2 790 —163 —6.28 22.2 5.6 —
KTNjs3 5.8 435 —42 5.2 7.9 7.0
KNbO3 5.1 44 —19.5 —1.1 19.1 32
BiFeOs sc [34-36] 7.8 29.1* —-3.7* —2.28% 0.7 20.2
LiNbOs [37, 38] 5.8 28.9 -1.0 0.30 0.07 0.35 104
LiNbOs; (137 Y—cut)b 5.8 58 28.9 2.82 27.7 15.5 10*
PMN-0.33PT [39] 69 8200 1540 -39 47.6 0.2 >100
PZN-0.08PT [40] 87 7700 1455 —5.1 36.0 0.4 40
PZT-5A [41] 16.4 1700 171 —104 11.6 7.2 80
PZT-5H 15.9 3935 320 —16.6 19.4 7.9 75
PVDF [42, 43] 239 13 23.9 0.055 [49] 2.0 0.03 17.2
Zn0O [44] 7.9 11 —5.2 —-0.54 3.6 3.0 —
2 Calculated values.
b Transverse 23 coefficients are given instead of 31 ones.

sZ = s,E, — dyBudyy; (22) value as 387 kJ cm ™2 (higher by a factor of four than that of

where i, can be found from Bye; = 1.
In the case of 4mm, 6mm and 3m point groups, the s5; and
sP) coefficients can be calculated by

b _ & 45
833 =533 — 5%7 (23)
33
dZ
sP =5k — 6—%1 for4mm &6mm, 24)
33
&, &b
And P = 5%, — % - % for 3m point group. (25)
€33 &x

The FoMS values for transverse logitudinal modes of the
frequently used lead-based and lead-free materials are sum-
marized in table 6. The K,-zj, defined by equation (20), differs
from FoM® (equation (21)) just by a reciprocal value of s2,.
Moreover, the s2, coefficient presents close value to that of
sk, coefficient, which is already taken into account in the K7,
expression. Therefore, K,»ZJ and FoMiSJ present similar orient-
ation dependences (as an example, K, and FoM3, of BiFeO;
are compared in figure 10) and the materials with high elec-
tromechanical coupling factors also present a high FoMS.

In the case of strain-driven harvesters operating in trans-
verse mode, lead-free materials BaTiO3, KTN, KNN-LT offer
the same performance as lead-based PZT-5H and PMN-PT
(table 6), while KNbO3, (1012) and (1014) BiFeOs and 46°Y-
cut LiNbO; overpass in terms of FoM§, all these materials.

The longitudinal strain FoM of several lead-free materi-
als (BaTiOs, (011) KNbO3 and KTNj 53) goes beyond that of
lead-based materials. The FoM3, of BaTiOj; reaches as high

PMN-PT). The FoMS, values of 145°Y LiNbO; and (1012)
and (1014) BiFeOj also approaches the highest FoM expected
for the lead-based materials such as PMN-PT single-crystals.
Polymers have decent FoMs and very low stiffness. These fea-
tures are interesting for sensor applications or human body
motion energy harvesting, where robustness and flexibility
have priority over high coupling.

The inertial (vibrational or flexural) harvesters undergoing
an acceleration under applied stress and the maximum gener-
ated power can be described for 31 operational mode as

1/é 1—wv m
Poax = — 31) < ) () 2 a2 (26)
g (53T3 Y, W Qiortty

where Y}, is the Young modulus, v, -Poisson’s ratio, m-mass,
wp - resonance frequency, Q- total electrical and mechan-
ical quality factor, and ay- excitation accelaration [45]. The
Young modulus and Poisson’s ration of the substrate can be
used for the thin-film based transducers [45]. Their efficiency
is highly dependent on the excitation frequency, acceleration,
the natural frequency of the structure as well as the total qual-
ity factor. The mechanical part (Q,,) of the total quality factor
depends on the piezoelectric material and substrate mechan-
ical properties and the design of the heterostructure (thiknesses
of different materials, tip mass, clamping, etc).

The mechanical quality factors of the commonly used
piezoelectric single-crystal and ceramic materials are com-
pared in the table 7. One can note very high Q,, factors of AIN,
BaTiO; and LiNbOj3. However, much lower total Q values are
attained in the piezoelectric energy transducers. For example,
in the case of LiNbO3/Si based tranducers, the quality factor of
396 was reported, which is highly overpassing the values of the
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Figure 10. The piezoelectric coefficients d;;, the electromechanical
coupling factors K,«zjl, and strain figures of merit FoM?, (with i = 3
and J = 1-3) of trigonal BiFeO3 as a function angle O, rotated
around the X-axis (a-axis of the hexagonal unit cell). The positive
Z-axis (c-axis or spontaneous polarization axis) corresponds to

© = 0°, while -Y-axis (perpendicular to (1010) family planes)—to
0 =90°.

quality factors possible to attain by using lead-based materials
[46]. The quality factor can be further increased if the trans-
ducer is placed in the vacuum conditions as demonstrated Oy
of 810 for an AIN MEMS device [47]. Furthermore, the con-
tribution of the piezoelectric material to the generated power
by stress-driven harvester (equation (26)) can be described by
an FoM for 31 transverse mode (FoM3,):

2
€31
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33

FoM}, = 27)

o

The FoMT of different lead-based and lead-free piezoelec-
tric materials, estimated from the piezoelectric and permittiv-
ity coefficients available in the literature, is given in compar-
ison to K%]' values in table 7. The lead-based PMN-PT and
PZN-PT single crystals present the highest K%l values from
studied materials thanks to extremely high d3; coefficients, but
they show very low FoMT defined by e3; and extremely high
permittivity. The e’3; and corresponding FOM; present sim-
ilar orientation dependence as can be seen in the figure 11,

e;j puir (C/m?)

FoMl?;-, puik (Kdicm?)

FoMJ; rym (KJlcm®)

Figure 11. The piezoelectric coefficients e;; (bulk), and stress
figures of merit FOM, (with i = 3 and J = 1-2) of single
crystal(bulk) and clamped thin films of BiFeOs as a function angle
O, rotated around the X-axis (a-axis of the hexagonal unit cell). The
positive Z-axis (c-axis or spontaneous polarization axis)
corresponds to © = 0°, while -Y-axis (perpendicular to (TOIO)
family planes)—to © = 90°.

while the big discrepancy can be seen in the angular depend-
ences of K and FoM" (figures 10 and 11, respectively). For
example, the -Y-orientation of BiFeO; presents the K%]' close
to its maximum value (figure 10) and F0M3T | close to its min-
imum value (figure 11). Very high FOMT can be obtained for Z-
axis oriented BiFeOs. This indicates that FOMT (equation (27))
is more relevant factor than material K> (equation (20)) for
the comparison of the material performance in vibrational
energy transducers, evaluated in terms of generated power
(equation (26)). The F0M3T , of AIN, ZnO, KNbO3 and KNN-
LT are slightly smaller than that of PZT ceramics, while
KTNj.s3 show equivalent performance to PZT. The Z-axis ori-
ented LiNbO; has quite low F0M3T,l (0.35), which is compar-
able to that of BaTiO3 and lead-based single crystals. The
FOM% higher by a factor of two with respect to that of PZT
ceramics was obtained for the 137°Y oriented LiNbOj3. The
highest FoM3, is expected for the BiFeOs, but its piezoelec-
tric constants were only estimated theoretically and the exper-
imental measurements on this material are struggling due to
very high leakage currents. The case of the BiFeOs is another



example of a disagreement between K> and FoMT values:
K? is very low but FOMT is extremely high. According to
equation (5), the e3; of bulk trigonal material (also valid for
tetragonal and hexagonal ones) is

e3] = d3chl =ds; (Cfl + C§1) + d33C§1. (28)

Therefore, the comparison of different materials in terms
of their d3; for vibrational harvesting applications, frequently
used in literature, is not necessarily correct, as e3; is a product
of several piezoelectric and stiffness constants.

In the case of the vibrational energy harvesting, the bulk
piezoelectric materials are rarely used as they are very stiff and
it is difficult to get some energy at low acceleration levels. In
most of the cases the composite structures consist of piezoelec-
tric thick film (grown, bonded or glued) on nonpiezoelectric
substrate offering flexibility. Therefore, the film is clamped
and as indicated above the stiffness of the heterostructure is
mainly defined by the elastic properties of the substrate. There-
fore, in the case of the film/substrate composite structure, the
electromechanical coupling of film/substrate composite struc-
ture, KJ%, has to be described not by equation (20) but by the
relationship including substrate properties has to be used [48]

5-2(3), ()
film substrate

This K7 definition (equation (29)) as well as FoM'
expressed by equation (27) are in line with the generated
power expression given in equation (26). In the case of the
clamped films, the piezoelectric and dielectric coefficients
also are not equal to those of bulk materials. According to
Muralt’s definition [48], the e3; s, d33 5, and €33 of the (001)
oriented piezoelectric film with isotropic properties in the
substrate plane (valid for the trigonal, hexagonal and tetra-
gonal symmetries) and 73 = 0 can be derived from constitutive
equations:

2
€31

T
€33

I—Vb

T, (29)

Sy = 5Ty + 55T, + ds Es, (30)
Sy = s 1> + 55Ty +ds Es, (31)
S3 = s (T} + T») + ds3 Es, (32)
D3 =d3(Ty + 1) + e E5. (33)

Considering S| = S, =0 and T| = T, the e31, d33, and
€33,r are described by

dsi chy
e f= F ; E €1~ “f €33, (34)
ST 51 €33
E
€33 2S13
dyz = E d3z — IR (35)
33 1151
T T &5,
/=R T F e respectively (36)

In the case of the films with anisotropic properties in the
substrate plane, such as orthorhombic KNbOj3 or other growth
orientations than c-axis one of tetragonal, hexagonal or tri-
gonal films, the ds; # dxp, st # s5,, sty # 555 and Ty # Ty,
while s, and s{; remain equal to s%, and s%, respectively,
even after the tensor transformation due to symmetric nature
of the elasticity tensor. The corresponding constitutive eaqua-
tions will be

Sy = st Ty + 55T, + d3 Es, (37)
Sy = 55Ty + 55Ty + dyE5, (38)
S3 = sf3T] + s§3T2 + ds3E;3, 39)
D3 =dy Ty + dTs + €35 E;. (40)

Again, assuming that §; = S, = 0, the anisotropic thin film
coefficients with anisotropic properties in the substrate plane
12 can be be obtained

E E
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(43)
sE B — 2sE daydsy + sE &3
el =l — 2% 129314 1% (44)
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The piezoelectric and permittivity coefficients (estimated
by using equations (34)—(36)) of (001) oriented BiFeOs,
LiNbO3, LiTaOs, AIN, ZnO, PZT, KTNs;3, and BaTiOs thin
films are compared to those of bulk materials in the tables 8
and 9. The high-symmetry rotational axis along c-axis of tetra-
gonal and hexagonal materials (4mm and 6mm point groups),
makes that the piezoelectric, dielectric and elastic proper-
ties are little dependent on the orientation in the ab-plane.
In the case of c-axis oriented thin films with 3m point group
(LiNbOs3, BiFeO3, and LiTaO3), the presence of four growth
domains (rotated by 90° in the substrate plane) or the absence
of the defined orientation in the ab-plane (textured films)
would cancel dy; (e3,) and s14 (c14) coefficients and the coef-
ficients related to them by symmetry (as an example for d
and e see equation (16), resulting in tensor definitions like in
the 6mm and 4mm point groups (table 1). Finally, no change
is induced to the coefficients e31 s, da3 5, €1 Aequations (41)—
(44)) by the disorder in the ab plane of tetragonal, hexagonal
and trigonal c-axis oriented films. As shown above, it is not
the case in the orthorhombic materials and other growth ori-
entations than c-axis one of trigonal, hexagonal and tetragonal
materials. Therefore, the ez, and FoM], and the effect of the
orientation disorder in the substrate plane were estimated in
these cases, as well (table 9).



The level of the change of the thin film coefficients with
respect to those of the bulk materials is highly material
dependent and it varies from less than 1% up to more than
50% (tables 8 and 9). As expected [48], the d335 of films
is smaller than that of the bulk materials with exception to
(0001) BiFeOs, in which it is slightly increased with respect
to the bulk value. The 5§3:f is also smaller than that of the bulk
materials. The FoM3, of thin films tends to decrease in com-
parison to that of the bulk materials, as well (table 8). For
example, for the PZT it would change from 40.6 kJ cm—3
to the 12.1 kJ cm™2 (calculated using coefficient set given
in table 8). The FoM3; of lead-free (001) oriented BaTiO3,
KNTs3, and KNbOs5 thin films are 53.3 kJ cm 3, 46.7 kJ cm 2,
and 47.9 kJ cm~> respectively. Although, these values were
significantly reduced with respect to the bulk values (table 6),
they remain competitive even with the bulk PZT ceramics. The
thin films of ZnO and AIN with FoM3, =20.5kJ cm 3 are also
overpassing of FoM3, of PZT films. High FoM3; can be also
obtained in epitaxial or textured (1012) and (1014) BFO and
LiNbO; films. The highest FoM5; with value of 67 kJ cm ™
can be attained in (011) oriented KNbO3 films and this value
is very little dependent on the film in plane orientation. (101)
orientation of KNbOj3 presents very high permittivity (figure 1,
table 8) and this reduces drastically its FoM3;.

The e, ; coefficients and FOM" of piezoelectric thin films
are compared to those of bulk materials in the table 9. The
absolute value of e, , of tetragonal and hexagonal films is
increased with respect to the bulk value. The increase of
e31r due to the film clamping is observed also in the (001)
textured films (or containing four in-plane rotated growth
domains), independently of their symmetry and growth ori-
entation, which present highly isotropic symmetry of the plane
parallel to the substrate plane (point group com) as in the of
hexagonal and tetragonal symmetry (point groups 4mm and
6mm). In the case of these materials, the FOMT of thin films
is higher than that of bulk materials due to the increased e3; s
and reduced 1, s [48]. In single crystalline films with more
anisotropic symmetries than 4mm/6mm/oom such as trigonal
3m and orthorhombic mm2 point groups, the effect of the film
clamping on the e3;; coefficient can be positive or negative
ant it depends on the material and its orientation. The change
FoM3, and FoM3, of thin films and bulk BiFeO; as a function
of the out-of-plane orientation (3) in the YZ plane is illustrated
in the figure 11. The FoM" anisotropy in YZ plane of BiFeOs
films is completely different from that of the bulk BiFeOs (see
figure 11). For example, the maximum FoMT in the transverse
31 mode for the Y-oriented films and this value is at least twice
bigger than the maximum FoMj3, s> While in the bulk BiFeOs,
the maximum FoM3, is at © = 45° and its value is close to
the maximum FoM}j,. The maximum values of FoM), and
FoM3,are not observed at the same angles in both cases how-
ever, they have very close values at © = 130°, indicating that
proximity (1012) planes (© = 125°) are relatively isotropic in
terms of transverse excitation in the substrate plane.

One can also note highly anisotropic in-plane nature (a dif-
ference in e3; and e3, values) of the orthorhombic KNbOs,
while trigonal (1012) oriented LiNbO3/LiTaO3 & BiFeO3

Faiwg-ﬁ,m (kJ/cmj)

o

Figure 12. The stress figures of merit FoM} (with i = 3 and

J = 1-2) of clamped LiNbO3 thin films as a function angle O,
rotated around the X-axis (a-axis of the hexagonal unit cell). The
positive Z-axis (c-axis or spontaneous polarization axis)
corresponds to © = 0 °, while -Y-axis (perpendicular to

(1010) family planes)—to © = 90°.

films and single crystal properties are more isotropic in terms
of FoM" in the substrate plane (table 9). However, this is
valid just around this (1012) orientation, as can be seen in
figure 11. However, the absence of the in-plane orientation
reduces drastically the transverse FoM! of the other tex-
tured orientations than (1012) and (0001) BiFeOs; films due to
opposite signs of the e3; and e3, coefficients. The disorder of
the film orientation in the substrate plane (directions 1 and 2),
will average the related piezoelectric and elastic coefficients
(equations (41) and (42)) resulting in the averaged e3; s and
FOMT values with respect to the maximum ones of the single-
crystalline films.

Several times higher transverse FoM! can be obtained
in the case of piezoelectric thin films with respect to that
of the bulk materials (tables 7 and 9). In the case of the
single crystals, the highest values were predicted for the
137°Y-LiNbO5 and (0001) BiFeO; (FoM3, of 15.5 kJ cm ™3
and 20.2 kJ cm 3, respectively). Y-oriented single-crystalline
BiFeO; films would offer the FoMT in 31 trasnverse mode
of 73 kJ cm~3 and (1012) oriented films—26.4 kJ cm™3.
Although, the LiNbOj; belongs to the same point group as
BiFeOs, its transverse 32 mode shows similar performance
to that the 31 one and the (1012) oriented single-crystalline
or textured films are most promising in terms of FoMT
(26.6 kJ m~?). Fortunately, the textured growth or 90° in-
plane growth domains does not reduce these values and the
performance of such BiFeO; and LiNbO; films is expected
to be better by a factor of 2 than that of the textured (0001)
ZnO or AIN films and close to that of textured PZT films. In
order to avoid the reduction of the performance due to in-plane
orientation disorder, we need to look for the out-of-plane ori-
entations presenting highly isotropic in-plane properties such
as high e3; and e3; coefficients with close absolute values.
In the case of LiNbOj thin films, at around © = 125° (cor-
responds to (1012) orientation) FoM}, and FoM}, values are
the same (figure 12) and the e3;; and e3¢ are almost equal
(table 9). This makes, that the (1012) orientation of LiNbOj3
offers FoMT of around 26.6 kJ cm™? independently of its in-
plane orientation.



Table 8. Comparison of the F0M§3 for strain driven energy harvesters in 33 operational mode, d43, and '35 coefficients of frequently
studied piezoelectric bulk materials and thin films with trigonal, hexagonal (H), tetragonal (tetr), and orthorhombic (ortho) symmetry. The
coefficients of the textured films (not presenting ordered orientation in the substrate plane) or epitaxial films with four growth domains,

rotated around growth axis by 90° in the substrate plane were estimated (indicated by subscript ‘text’). The s’§3 and s'% are given, as well.

di3 dis, f 533E 535) FOM§3 bulk FOM§3J
Material and its orientation 3 pCN~! pm?N~! 53/3T/50 5?33‘):/50 kI em™3
Trigonal (0001) BiFeO3 —16 —-183 6.1 51 291 28.3 31.9 429
(1012) BiFeO3 64.4 29.2 167 56 421 27.2 120 37.8
(1012) BiFeOsyext 64.4 29.3 16,7 56 421 27.2 120 38.0
(1014) BiFeO3 -305 —188 8.6 56 350 252 62.8 33.8
(1014) BiFeOs3iext -305 254 8.6 56 350 338 62.8 449
(0001) LiNbO3 8.3 5.4 5.1 50 289 28.8 11 4.5
(1012) LiNbO3 -39.1 =251 69 44 695 54.8 80.7 42.1
(1012) LiNbO3 ex —39.1 —53 6.9 44 695 553 80.7 425
(0001) LiTaOs3 8.2 6.2 4.3 3.0 441 43.6 8.8 5.1
(1012) LiTaOs3 —-150 —12.1 41 35 429 394 41.0 29.0
(1012) LiTaO3ext —-150 —120 4.1 35 429 39.5 41.0 28.4
H (0001) AIN 5 3.9 32 29 95 9.1 32.0 20.5
(0001) ZnO 12.4 7.9 6.8 5.2 11 9.8 445 20.5
Tetr (001)PZTecr or text* 289 130 18.8 9.5 1300 883 40.6 12.1
(001)KTNs3 132 78.5 9.5 50 435 314.2 95.8 46.7
(001)KNN-LT 354 65.5 27 9.1 790 293 73.0 6.7
(001) BaTiOs 85.6 279 6.8 1.9 168 128 387.2 53.3
Ortho (001) KNbO3 29.3 224 7.0 48 44 352 65.7 47.9
(001) KNbO3 ext 29.3 24.9 7.0 48 44 42.6 65.7 49.0
(101) KNbO3 59.6 433 53 45 498 440.5 334 19.9
(101) KNbO3 ex¢ 59.6 44.2 5.3 45 498 470.2 334 19.4
(011) KNbO3 86.3 38.4 125 37 952 539 190.8 66.6
(011) KNDbO3 ext 86.3 38.6 125 37 952 54.1 190.8 67.1

2 cr stands for ceramics, PZTcr and (001) textured PZT films belong to com point group with tensor definitions equivalent to 4mm point group.

The highest FoM"; of the thin films is expected for the
KNbO; based materials reaching 58 kJ cm~> for the single
crystalline (011) KNbO5 with stress applied along Y-axis and
the single crystalline or textured KTNs;3. In the case of the tex-
tured (011) KNbOj3 this value is slightly reduced (54 kJ m~3).
High FoMgzxf (41kJ cm™3)is also predicted for the single crys-
talline (001) KNbOj films but FoMTf is low for the (001) tex-
tured films. These values are considerably higher that the cal-
culated one for the textured PZT films (28.8 kJ cm™?).

3. Piezoelectric materials for energy harvesting

In the previous section the perfomance of the piezoelectric
thin films was estimated theoretically from the physical con-
stants of the bulk materials (mainly single crystals) in terms
of the FoM of strain- and stress-driven piezoelectric energy
transducers. In this section, we will overview the experiment-
ally measured piezoelectric thin film properties, summarized
in the table 10, of the potential lead-free materials for the
piezoelectric EH applications as demonstrated in the tables 8
and 9. The piezoelectric coefficients of thin films measured
by piezoelectric force microscopy were not considered due to
their unreliability. Moreover, the bonded/glued thick films on
Si or metal substrates can be also fabricated from the ceram-
ics or single crystals by ion-slicing or polishing techniques.
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Bonding/polishing techniques become in particular interest-
ing when the piezoelectric films with the thicknesses of tens of
microns are needed. Therefore, the availability of high-quality
bulk materials is discussed, as well.

3.1. BaTiO3

BaTiOj3 ceramics is one of the very first piezoelectric material
to find its way in industrial applications of capacitors due to
its very high dielectric constant and piezoelectric transducers,
in which it was lately replaced by PZT ceramics [50, 51].
Single crystal BaTiO3 substrates (electrically poled, but con-
taining a/c domains) with several orientations ((100), (110),
(001) and (111)) are commercially available but with very lim-
ited dimensions of 10 mm x 10 mm x 1 mm [52-54]. The
single crystalline films were produced by ion slicing tech-
nique from BaTiOj single crystals [55]. However, the high
price and small dimensions of available single crystals limit
the practical applications of the BaTiOj; single crystals. There-
fore, BaTiOj3 thin films with highly controlled orientation and
properties open new perspectives for the BaTiO3 applications.
At present, BaTiO3 thin films are highly studied for elec-
tronics field effect transistors (FETs) and integrated photon-
ics due to its extremely high electro-optical coefficient [56].
This material has tetragonal Perovskite structure at RT (point



Table 9. Comparison of the FOMT for stress driven energy harvesters in 31/32 operational mode, e’3;, and £’33 coefficients of frequently
studied piezoelectric bulk materials and thin films with trigonal, hexagonal (H), tetragonal (tetra), and orthorhombic symmetry. In the case
of anisotropy in the substrate plane, the e3, coefficient and the related FoM %, are indicated. The coefficients of the textured films (not
presenting ordered orientation in the substrate plane) or epitaxial films with four growth domains, rotated around growth axis by 90° were

estimated, (indicated by subscript ‘text’).

e's e's1f FoM™ (uri FoM/
(e'3) (€'32) 31 (32) 31 (32)
Material and its orientation 3 Cm™? e'%/e0 e'n s/€0 kI cm™3
Trigonal (001) BiFeOs —-2.3 —0.95 29.1 28.3 20.2 3.6
(1012) BiFeO3 0.3 2.7 42.1 27.2 0.2 304
(00) 2.4) (V)] (24.9)
(1012) BiFeO3 text 0.15 2.6 42.1 27.2 0.1 27.5
(1014) BiFeOs —-2.6 1.9 35.0 25.2 21.1 15.8
(=0.3) (—1.3) 0.4) 7.1
(1014) BiFeO3 text —1.45 —1.1 35.0 33.8 7.0 3.5
(0001) LiNbO3 0.3 —-0.22 28.9 28.8 0.35 0.2
(IOTZ) LiNbO3 1.49 3.53 67.7 53.5 3.7 264
(1.86) (3.57) (5.8) (26.9)
(1012) LiNbO3 ext 1.68 3.55 67.7 53.5 5.8 26.6
(0001) LiTaO3 —0.22 —0.71 44.1 43.6 0.12 1.3
(1012) LiTaO3 1.7 —2.36 429 394 7.6 16.0
(0.96) (—1.91) 2.4) (10.4)
(1012) LiTaO3 text 1.21 —2.15 42.9 39.5 4.2 13.2
H (0001) AIN —0.6 —-0.9 9.5 9.1 4.0 10.3
(0001) ZnO —0.5 —1.1 11 9.8 3.0 13.1
Tetra (001)PZTcr or text® —52 —15.0 1300 883 2.4 28.8
(001)KTN5s3 —-5.2 —12.7 435 314.2 7.0 58.3
(001)KNN-LT —6.28 —13.5 790 293 5.6 70
(001) BaTiOs3 0.7 —-5.2 168 128 0.3 234
Orthorhombic (001) KNbO3 2.5 0.8 44 352 16 2.2
(-1.1) (=3.6) (3.2) 41.2)
(001) KNbO3 text 0.68 —1.3 44 42.6 1.2 4.4
(101) KNbO3 1.8 —-1.2 498 440.5 0.7 0.3
(=7.0) (—10.1) (11.1) (26.0)
(101) KNbO3 ext —-2.6 -5.5 498 470.2 1.5 7.4
(011) KNbO3 —0.8 —4.6 95.2 53.9 0.8 43.6
(—1.14) (—5.3) (1.5) (58.3)
(011) KNbO3 text —0.97 -5.1 95.2 54.1 1.2 54.4

2 cr stands for ceramics, PZTcr and (001) textured PZT films belong to com point group with tensor definitions equivalent to 4mm point group (table 4).

group 4mm). It is a ferroelectric material with the Curie tem-
perature (T¢) of 120 °C. In general, BaTiO3 properties are in
large part dependent on the proximity of the phase transitions,
composition and dopants concentration, while the properties
of the thin films are additionally affected by the presence of the
strain. In the case of the epitaxial BaTiOj3 thin films, the strain
highly affects the Curie temperature and it was demonstrated
that T¢c > 600 °C and a significant increase of remanent polar-
ization can be reached in the films under compressive biaxial
stress [57]. Tuning of the film local dielectric constant can be
directly achieved by modifying the Ba/Ti cation ratio and the
strain state. Local variation of the dielectric function in a film
is associated with the vicinity of the phase boundary between
the out-of-plane and in-plane orientations of the tetragonal
BaTiOj; films. The strain in the film is dependent not only on
the substrate used for the epitaxy, but also on the deposition
conditions such as deposition temperature or the partial oxy-
gen pressure used during film deposition [58]. Ti/Ba ratio is

not only influences the film crystallographic structure but it has
an effect on its physical properties, as well [59]. BaTiOj3 elec-
tric properties are strongly influenced by the oxygen vacancy
concentration. A better control of the oxygen flow during a
process can help to reduce leakage current and so maintain a
constant dielectric constant [60].

The A/B site doping or co-doping is a very convenient
method to modify the properties of BaTiO3 by a substitution
of the A-site with the rare-earth elements and the B-site with
transition metals. For example, in the case of the B-site, Fe
was found to significantly enhance the ferroelectric properties
of the BaTiOj3 thin film [61]. Moreover, the band gap is also
strongly affected by the doping amount of Fe and by the oxy-
gen vacancies [62]. In a similar way, the Ti substitution by
Mn has an impact on material symmetry with a change from
tetragonal to cubic one and it helps to reduce leakage current
[60]. The A-site doping by Ce and Eu was reported [63]. The
impact of the cerium doping on film capacitance and dielectric



loss was investigated, but as before for a high doping concen-
tration the change of symmetry from a ferroelectric phase to a
paraelectric phase was observed.

To improve the functional properties, BaTiO; was com-
bined with other materials, as well. The most used one for
this purpose was BiFeO; which has been incorporated with
pure or doped BaTiOs. This combination of the materials has
an impact on the structure, ferroelectric properties, piezoelec-
tric properties and the Curie temperature. For example, the
(1 — x)BiFeO3;—xBaTiO3;—Bi(Zny5Tip5)O3; ceramics shows
good piezoelectric performance even at high temperatures
(550 °C) [64]. High dielectric constants have also been
measured creating new perspectives for the fast charging-
discharging applications and the energy-storage capacitor
applications [65]. In less conventional way, BaTiO3 films have
been modified by octadecyl phosphonic acid and/or phos-
phonic acid to induce a significant band edge offset on the
surface [66]. BaTiO3 ceramics was recently used in the layered
structures with high porosity in order to increase the per-
formance of the strain-driven EH performance in thickness
mode 33 [67]. In the structures with layered porosity the
d'33 coefficient remains similar to that of the dense BaTiO;
while the permittivity is highly reduced by the presence of the
pores. This approach is not compatible with the stress-driven
harvesters, as d3; coefficient is highly reduced due to the
porosity.

As demonstrated in the section 2, (001) textured or epitaxial
BaTiOs3 thin films are in particular interesting for both strain-
and stress-driven energy harvesters. The (100) orientation of
BaTiO; presents the stress and strain FoMs by several orders
smaller than those of the (001) orientation due to extremely
high permittivity along a-axis (% =3600). BaTiOs3 thin film
growth by different physical and chemical methods (metal-
organic chemical vapor deposition (MOCVD) [68, 69], pulsed
laser deposition (PLD) [56, 58, 70] magnetron sputtering
[56, 71], molecular bean epitaxy (MBE) [56], atomic layer
deposition (ALD) [72, 73], sol-gel [74], activated reactive
evaporation [75], aqueous chemical solution deposition [76],
etc) was reported in the literature. The structural quality of
the films grown by ALD was very low as the films consisted
of a mixture of polycrystalline and amorphous parts [73]. At
RT, the tetragonality of BaTiOs is very low (a/c ration is
1.01), therefore the film orientation is highly dependent on
the state of the strain induced by a substrate. It is known
that the compressive strain favors the growth of c-axis ori-
ented BaTiO; films [57]. High-quality epitaxial (001) BaTiO3
films have been grown on single crystalline substrates ((100)
SrTiO3, (110) DyScO3, (110) GdScOs, Pt(001), etc) [56, 59,
70] while the a-axis oriented BaTiO3 has been obtained on
epitaxial (100) Pt on MgO [74] and (100) single crystalline
Pt [59]. There is also a possibility to grow (110) orientation
on (110) SrTiO3 and (110) single crystalline Pt [75]. How-
ever, as indicated above the (100) and (110) orientations do
not present a particular interest for the EH applications due to
their extremely high out-of-plane permittivity. The character-
ization of piezoelectric properties of BaTiO3 films were rarely
reported. In the case of the c-axis oriented BaTiO; films, the

conducting SrTiO3:Nb substrate was used for the piezoelec-
tric properties characterization (table 10) [77]. The reported
d=3 value as expected for the thin films was lower (50 pC N™!)
than the bulk one (85.6 pC N~!), but higher than the coefficient
estimated for the thin film (27.9 pC N~!) using equation (35)
(table 10).

The single-crystal substrates used for the epitaxial BaTiO3
are not viable in terms of size and price for the real EH applic-
ations. The films grown on the (111) textured Pt on SiO,/Si
or Si based substrates, compatible with piezoelectric trans-
duction applications, presented polycrystalline microstructure
independently on the deposition method used [73, 76, 78, 79]
Such polycrystalline films were poled and transferred on the
plastic substrates by wet etching of the Si substrate for the EH
applications (the ability to generate the PD of 7 mW cm ™3 was
reported) [80]. The textured LaNiOj3 buffer layer was intro-
duced to ameliorate the orientational quality of the films and
highly a-axis oriented films were obtained [81].

A considerable effort was done to ameliorate BaTiO3 thin
film structural properties on Si substrates by implementing a
template based on epitaxial SrTiOs thin films on Si grown by
MBE [56, 71, 94]. This template allows to grow epitaxially
c-axis oriented BaTiOj3 thin films. However, the strain relaxa-
tion occurs with the increase of the film thickness and c/a/c/a
domain structure forms [56]. The electro-optic and ferroelec-
tric properties were studied of BaTiO3/SrTiO3/Si films, but so
far little is known about their piezoelectric properties. More
recently, a (001)TiN/Si(100) template was used for the epi-
taxial BaTiO; film with in-plane and out-of-plane c-axis ori-
entation growth by means of PLD. However, the c-axis films
were highly defective [95].

3.2. ZnO and AIN

Non-ferroelectric piezoelectric materials such as ZnO and AIN
and their derivatives have much lower K3, and K3, factors
than PZT, but in the form of the thin films AIN and ZnO
offer higher FoM3, s than PZT films although FoM}, remains
lower than that of PZT (tables 8 and 9). The main advant-
age of the AIN and ZnO films is their fabrication maturity
and compatibility with conventional integrated circuit tech-
nology fabrication processes (Complementary Metal Oxide
Semiconductor—CMOS). They present hexagonal symmetry
and wurtzite structure (point group 6mm) giving as a result
similar configuration of the piezoelectric tensor as in PZT
ceramics and independence of the (0001) oriented film prop-
erties on the in-plane orientation. Moreover, (0001) orienta-
tion of AIN and ZnO corresponds to the dense planes and
the fast-growing direction. Therefore, (0001) textured films
can be obtained on many different substrates. (0001) textured
ZnO and AIN films are usually sputtered on several types of
substrates including bottom electrode/Si structures, and used
especially for shear and bulk acoustic resonators. The piezo-
electric properties of these films are well documented in the
literature, as well (table 10). The FoM3, s 0f (0001) textured
AIN on Pt/Si substrate is in a good agreement with the the-
oretical value [86]. In the case of epitaxial (0001) AIN films



Table 10. Comparison of the FOMT for stress driven energy harvesters in 31 operational mode, e’;; Hd ! i pand €33 s coefficients expected
theoretically and measured experimentally for piezoelectric thin films. The calculated values are indicated by ‘calc.’” and bold font). Note
that there is no difference in the calculated values for textured and epitaxial films of (001) oriented tetragonal materials such as KNN and
BaTiOs. (001) tetragonal orientation corresponds (001) orientation in pseudo-cubic system, as well.

e31 (da1) e3s (d3)  e1s (dis) FoM'3; ¢
Material Cm™2(pCN~hH 5§3,f/80 (freq.) kJcm™3
(0001)BiFeO3/(111) SrRuO3/(111)SrTiO3
Film calc. —1.0 (—18.3) 28.3 3.6
Film [82] —1.3 58 2.9
(1012) BiFeOs
Film calc. 2.6 (29.3) 27.2 27.5
SRO/STO [82] (4 growth domains) -3,5 122 (10 kHz) 10.0
Nb-STO [83] (4 growth domains) —43
LNO/Si0,/Si (textured) —4,3 [84] —3,6 [85]
(0001)AIN, AIScN on Pt/Si based substrates (textured)
AIN film calc. —0.9 3.9 9.1 10.3
AIN [86] -1.0 (3.4) 10.4 (10kHz) 9.6
Alpg6Sco.14N [87] -0.5 1.9 —0.26 13.3 1.9
AlpesSco 32N [87] —-0.7 2.8 —0.23 21.9 2.2
Epitaxial (0001)AIN and ZnO on C-sapphire
AIN [88] (=2.7) 5.5) (—4.1) 12
7ZnO [89] -0.5 1.2 —-0.5 8.5 2.9
ZnO film calc. —1.1 (7.9) 9.8 13.1
[001]pc epitaxial K;_,Na,NbO3 (KNN) on (001)Pt/(001)MgO
X = 0.5 KNN ceramics (51) (148) 496
X = 0.5 0.67KNN-0.33LT film calc. —13.5 (65.5) 293 70
x = 1 SrRuOj3 buffer [90] -0.9 270 0.3
x = 0.84 +(110)pc SRO buffer [90] —24 320 1.8
X =0.38[91] -3.6 185 7.0
[001]pc textured KNN, on (111)Pt/Ti/SiO,/(100)Si
X = 0.44 9% —-55 598 5.1
x = 0.55 polycr [92]. —14.4 (138) ~1100 18.9
+ (110)5c[93] (210) 832-892
Epitaxial (001)BaTiO3/(100)SrTiO3:Nb
Film (50) [77]
Film calc. —5.2 (27.9) 128 234

on C-sapphire, slightly increased values of the coefficients d3,
and d33 were measured [88] (table 10) with respect to those of
the bulk AIN (table 6), although the reduced d33 f was expected
for the thin film. The measured piezoelectric properties of epi-
taxial ZnO on C-sapphire are much lower than those expected
theoretically [89] (table 10).

Regarding energy harvesting, in [96], ZnO films were
implemented in piezoelectric MEMS vibration energy har-
vesters with two piezoelectric elements for higher output
performance (figure 13), where the energy harvester was fab-
ricated on a Si wafer by means of standard micro-machining
techniques. The resonance frequency was 1300.1 Hz, achiev-
ing 1.25 uW for 1 g acceleration level.
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The results are very promising for AIN film integration
in vibrational energy harvesting. One of the first successful
implementations of the material was by Marzencki et al [97]
where AIN was sputtered on a Si beam, achieving 0.8 ©W at
1495 Hz for 2 g acceleration level (figure 14(a)). Similar res-
ults were observed by Elfrink et al [98] where in vacuum con-
ditions an AIN MEMS device was capable to harvest 32 uW
at 1 g having a quality factor of 810 [47]. More recently Jia
and Seshia [99] obtained a peak this material, power output of
20.5 W at 0.28 g (@210 Hz) for an AIN-on-SOI cantilever
with 70% of its beam dedicated to housing a silicon and mass.
Alamin Dow et al [100] achieved 10 W at 0.75 g, further
reducing the resonance frequency of the cantilever (186 Hz).



Figure 13. SEM image of ZnO/Si piezoelectric cantilever (the
diffractogram indicates the (0001) orientation of ZnO film on (111)
Pt layer in the inset). Reprinted from [96], with the permission of
AIP Publishing.

Si quatrefoil-shaped proof mass

MEMS
generator

Figure 14. Pb-free energy harvesters: (a) AIN based silicon
cantilever; Reprinted from [97], Copyright (2008), with permission
from Elsevier. (b) nonlinear KNN quad-cantilever harvester. © 2014
IEEE. Reprinted, with permission, from [129].

Andosca et al [101] proposed an AIN MEMS device capable
of working at 58 Hz, which generated 63 uW at 0.7 g. One
of the highest power densities (2.5 mW cm™> g=?2) at res-
onant frequency of 149 Hz were attained by Jackson et al
[102]. Concerning AIN transducers on metal substrate, Cao
et al [103] deposited by sputtering AIN on stainless steel
and implemented a copper tip mass, obtaining 5.13 W at
69.8 Hz for 1 g acceleration. Moreover, it was observed that
doping AIN with Sc, increases piezoelectric properties and
electro-mechanical coupling [104, 105]. However, the meas-
ured FoM}, s of AIN doped Sc remains much lower thant that
of pure AIN (table 10). Recently AIScN was considered as
a transducer for vibrational energy harvesting, but not imple-
mented as such [106, 107]. Le VanMinh et al doped AIN with
MgZr [108], and fabricated a MEMS scale device with 792 Hz
resonance frequency, and harvesting 1.3 yWat 0.82 g.

3.8. Potassium and sodium niobates

The report on the preparation of KNbO3 dates back to Joly in
1877 [109]. The discovery of BaTiOs ferroelectric properties
in 1946 led to the investigation of other similar types of
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materials and their properties and the first report of KN ferro-
electric properties was done in 1949 by Mathias [110]. Mathias
et al managed to grow KNbOs single crystals with up to 1 cm
edge length using spontaneous nucleation and slow cooling
method [111]. Since it was too conductive in nature, the dielec-
tric property investigation could not be done but the ferroelec-
tric nature and phase transitions from orthorhombic to tetra-
gonal at 224 °C, and from tetragonal to cubic at 434 °C were
reported [111]. In 1954, the third transition to rhombohedral
at —10 °C was reported [112]. In the literature, top seeded
solution growth (TSSG) and Kyrpoulus methods are extens-
ively used to grow stoichiometric KNbOj crystals [113—115].
One of the largest KN single crystal obtained is in the range of
50 x50 x 15 mm? by the TSSG method [116]. The growth of
larger KN single crystals suffers from the incongruent melt-
ing behaviour at high temperatures [117] and the development
of fine cracks due to the phase transitions and formation of
domain structures in the system while cooling down [118]. The
commercially available dimensions of KN single crystals are
in the range of 10 x10 x3 mm? [119].

Growth of stochiometric KN thin films is challenging as
the K, O is volatile at high temperatures. Many works previ-
ously try to overcome this problem by trying to provide excess
potassium sources. Most of the previous works use single crys-
talline substrates MgO, SrTiO3, KTaO3, LaAlO3, and KTaO3
substrates to obtain highly oriented and epitaxial films and
the deposition techniques used include MOCVD, liquid phase
epitaxy, sol-gel, sputtering, hydrothermal growth, and PLD
[120-125]. The epitaxial relationships were established on
these substrates. Epitaxial or preferentially oriented and stoi-
chiometric KN films with (101) orientation are grown on (100)
oriented SrTiO; and MgO substrates using PLD [122, 126].
(101) orientation presents high permittivity along the growth
direction and the presence of four growth domains, rotated by
90° in the plane, imposed by the cubic substrates, reduce the
expected FoM}, s for KNbO; films to relatively low value of
7.4kJ cm~ (table 9). These cubic substrates impose the pres-
ence of growth domains, which results in the properties equi-
valent to the textured films (111) oriented films were obtained
on c-axis oriented LiNbOj substrates and polycrytalline ones
on C-sapphire [127]. The expected values for the FOM§1 sand
FoM3, s are close to those for the standard ZnO and AIN films
(table 8). Epitaxial KN film was also obtained using MOCVD
on SrTiO; and MgO substrates but post-deposition annealing
with a KNbO3/K3NbO4 powder mixture was needed to reach
the desired stoichiometry [128].

KN thin films on Si substrates show polycrystalline or even
amorphous growth [130-132]. KN film with b-axis orienta-
tion on Pt(111)/Ti/SiO,/Si grown by using the chemical solu-
tion deposition method was reported [133]. However, this
textured orientation would allow attaining only FOM; s of

0.15 kJ cm~* and FoM3; ; of 0.17 kJ cm™3. An attempt to
obtain homogenous KN film on Pt/Ti/Si0,/Si was successful
with the RF magnetron sputtering at RT followed by anneal-
ing at 800 °C for 90 min under the K,O atmosphere [121].
But the piezoelectric properties were only measured using
the piezoelectric force microscopy technique. KN thin films



were grown on TiN/SiO,/Si which were either amorphous or
amorphous with nanocrystals [121]. Most of the works focus
on the improvement of film quality and obtaining stoichiomet-
ric films rather than on the piezoelectric properties. To sum-
marize, the growth of KNbOj thin film growth need to be fur-
ther optimized to offer better control of film composition and
to find out a way to grow epitaxial or textured (011) orientation
on electrode/substrate heterostructures, which are of special
interest for both strain and stress driven harvesters (tables 8
and 9).

(K,Na)NbO3; (KNN) based ceramics has been extensively
studied in the literature as a potential candidate for PZT
replacement due to its high ds;3 and high Curie temperat-
ure. Wu et al have reviewed the different strategies used for
tuning the piezoelectric, dielectric and structural properties
including phase boundaries of KNN [134]. The early attempts
on the growth of crystals with compositions between (Kg s
Na (5)NbO3; and pure NaNbO3; were done by Shirane et al
[135] and the crystals obtained were of composition (Nagg
Ko.1)NbOs. It is reported that KNN crystals with compositions
close to K ¢ sNag sNbO3 can be obtained using the flux method
and solid-state crystal growth method but the maximum size
reported is in the range of 5 x 5 x 2 mm? [136—138]. But still,
there is no report on the complete set of piezoelectric, elastic,
and dielectric coefficient characterization of pure KNN single
crystals. It is difficult to fabricate good quality single crys-
tals with desired stoichiometry due to the volatilization of ele-
ments. Nevertheless, the complete set of the dielectric, elastic
and piezoelectric constants was reported for the (Li,Ta) mod-
ified KNN (KNN-LT) crystals with size of 9 x 9 x 11 mm?
grown by TSSG [33].

Developing high-quality KNN-based thin films is still
a challenge due to the complications in the fabrication
process because of its highly volatile constituents, sodium
and potassium oxides, and composition differing from stoi-
chiometry, and secondary phase formations [134]. Evapora-
tion of the alkali ions from the films causes the formation
of oxygen vacancies in the films, leading to a high leak-
age current in the films which deteriorates the ferroelec-
tric and piezoelectric properties of the films [139]. Papers
have reported highly oriented growth of KNN thin films on
Pt/Ti/Si0,/Si and Ptgylr,( substrates [140-142]. KNN films on
Si0,/(001)Si substrates showed amorphous nature at low tem-
peratures (~350 °C) but formed more crystalline films with
a preferred orientation of (001) at 450 °C-550 °C using RF
magnetron sputtering [143]. (001) oriented KNN films with
thickness of 3 ym were grown on (100)Pt/MgO(100) epitaxi-
ally and on (111)Pt/Ti/Si0,/(100)Si in a textured way by using
RF magnetron sputtering [91]. The high transverse piezoelec-
tric coefficients ez, (—3.6 and —5.5 C m~2, respectively)
were measured for these films. Although from the tensors
point of view, no difference is expected for the (001) tetra-
gonal textured and epitaxial films, the big difference in relat-
ive dielectric constant was found (158 and 598, respectively),
indicating permittivity dependence on the microstructure and
defects in the film. The corresponding calculated FoM3, swere
7.0 kJ cm™3 and 5.1 kJ cm™3 (table 10), which are by order
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of magnitude lower than that expected for the KNN-LT films
(table 10), but they are very similar to that of the single crys-
tals KNN-LT (5.6 kJ cm™3, table 7). Piezoelectric properties
were also reported for the KNN films with Na-rich compos-
itions on Pt/MgO substrates with additional buffer layer of
SrRuOj3 [90]. However, the FoMs of such films are less prom-
ising than that of the KNN films with K/Na ratio close to 1
(table 10). Shibata et al have demonstrated the d3; coefficient
and dielectric constant dependence on the K/Na ratio in the
films [92]. The d3; coefficient presents its maximum at Na
composition of 55% and the e3; ¢ could be maximized to as
high values as —14.4 C m~2 and leakage current could be
reduced by thermal post-treatment of KNN/Pt/Ti/Si0,/Si het-
erostructure, which densified the films and reduced the defect
concentration [92]. Although, these films were not perfectly
textured (rather polycrystalline), they presented one of the
highest FoMj}, s=189KkJ cm > measured for the lead-free
piezoelectric thin films (table 10). MEMS devices were fabric-
ated from the KNN/Pt/Ti/Si0,/Si heterostructures by means of
dry etching and it has been demonstrated that the microfabric-
ation does not affect the KNN piezoelectric properties [93].

(I — x)KTaO3—xKNbOj3 (KTN,) solid solutions with com-
positions x > 0.2 present with increasing temperature trigonal-
orthorhombic-tetragonal-cubic phase transitions [144]. The
trigonal (3m) /orthorhombic (mm?2)/tetragonal(4mm) phases
are ferroelectric and cubic one is paraelectric. The trans-
ition temperatures and the symmetry of the RT phase are
highly dependent on the Ta/Nb ratio [144]. The tetragonal-
cubic phase transition of KTNjes is at 10 °C and the
compositions with 0.50 <x <0.60 are tetragonal at RT,
while KTN with Nb-rich compositions are orthorhombic as
KNbO; [144]. Moreover, the phase transition temperatures
of clamped KTN thin films are modulated with respect to
those of bulk KTN [145]. In a proximity of tetragonal-cubic
phase transition, KTN is a very promising material with the
highest electro-optic, nonlinear optic and opto-mechanical
performance known for photonic applications thanks to a
very high relative permittivity (>50 000), a giant Pockels
effect (up to 104 pm V~1)) and very high Kerr coefficients
(>10"'% m? V~—2). Therefore, it was a considerable effort
to synthesize these materials in the form of the single crys-
tals. KTN crystal growth by means of the TSSG method and
temperature gradient transport technique has been reported
[146, 147]. NTT Science and Core Technology has claimed an
ability to grow KTN crystals up to a size of 40 x 40 x 30 mm?
and KTN films with controlled thicknesses of 5-10 um by
means of liquid epitaxy [148]. KTN crystals with dimensions
in a scale of 1 cm are available commercially.

As this material is not available in the form of large crys-
tals, its application in photonic devices are limited. Moreover,
as it was shown above tetragonal KTN in the form of thin
films is highly promising in terms of F0M3T s for the vibra-
tional EH applications. The main advantage of the (001) ori-
ented tetragonal phase over the orthorhombic one is its FoM3, s
insensibility to the in-plane orientation. KTN thin films with
different Ta/Nb ratio have been grown on MgO, KTaO;
and GaAs substrates [149-152]. The growth orientation of



KTN films on (100) MgO substrates is dependent on the
Ta/Nb composition. The films containing a higher Ta fraction
were oriented [010] cubic direction, while those with higher
Nb fraction orienting towards orthorhombic [101] direction
[151]. Cubic K 94Tag ¢gINbg 4905 films on GaAs show and R-
sapphire grow with orientation (100) [150]. The tetragonal
KTag5Nby 503 and KTag¢Nbg 403 on R plane sapphire show
preferential (100) orientation with minor orientations (110)
and (111) [153]. The a-axis orientation cannot offer high
FoM due to its extremely high permittivity (g1;/e9=1190).
The c-axis oriented KTag sNbgsO3 grows epitaxially on (001)
KTaO; and (001) MgO substrates [154]. Further efforts are
needed to obtain such tetragonal c-axis oriented films on bot-
tom electrode and substrates compatible with vibrational EH
applications.

Regarding the potassium and sodium niobate family, in
particular the implementation of KNN to energy harvesters
based on Si substrates resulted promising results. This fam-
ily of material belongs to the poled ceramics group, so has
similar symmetry as PZT. These piezoelectric ceramics are
developed using NaNbO; and K sNagsNbO;3. For instance,
Kanno et al [155] fabricated one of the first prototypes of
KNN vibrational energy harvesters by RF sputtering, achiev-
ing 1.1 pW at 1036 Hz (@1 g), and compared the results with
similar unimorph devices with PZT, having 1 ¢W output in
the same conditions. More recently, Shiraishi et al deposited
KNN by hydrothermal method on metal foils [156], obtaining
126 Hz resonance frequency and 7.7 W at 1.02 g, while Won
et al used chemical solution deposition, adding small concen-
tration of Mn to enhance the piezoelectric properties of the film
[157], obtaining a power output of 3.62 uW at 132 Hz (1 g).
Among the highest PD achieved with KNN there is the work
of Van Minh et al [129]. In this work, the device was fabricated
on silicon substrate with four tip masses in order to have large
frequency bandwidth and high-power output (figure 14(b)),
obtaining 0.73 puW at 1509 Hz (1.02 g). Nevertheless, due
to the challenges of optimization synthesis and processing of
upscaling to industrial level remains one of the most important
issues in its implementation.

3.4. LiNbO3 and LiTaO3

LiNbO; and LiTaOj3 single crystals are industrially produced
piezoelectric materials easily accessible, rare-earth and toxic-
element-free, cheap, available in the form of wafers (with dia-
meter up to 6 inches), widely exploited for developments of
acoustics and optical devices [158], and presenting similar
efficiency in EH as commonly used PZT. LiNbOj3 and LiTaO3
are ferroelectric materials that belongs to 3m point group at
RT. The major advantages of LiNbO3 and LiTaO3; over PZT
are: (a) extremely chemically inert and lead-free materials;
(b) very high Curie temperatures (>1150 °C and 600 °C-
700 °C, respectively) thus compatible with EH and actuation
at high temperatures (PZT limit <150 °C). The piezoelec-
tric transducers based on LiNbOj single crystals operating up
to 1000 °C have been reported by Baba er al [159]. High-
temperature strain-driven EH was demonstrated up to 500 °C
and the high-temperature limit has resulted from the failure of
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the mechanical set-up and not from the piezoelectric mater-
ial itself [160]. However, the LiNbO3 and LiTaO; applica-
tions in acoustics are limited to 300 °C by the increased losses
at high temperatures due to ionic conductivity. It is import-
ant to note that the requirements in terms of losses are much
lower in the case of EH applications and that at RT in the form
of single crystal LiNbO3 and LiTaO3; have very high-quality
factor and low dielectric losses (typically under 0.1%) [161].
As shown above the high efficiency of the piezoelectric trans-
duction based on LiNbO;3 can be attained in the crystal ori-
entations with an oblique c-axis. LiTaO3 presents much lower
strain- and stress-FoMs than those of LiNbOj3 due to its lower
piezoelectric coefficients (tables 8 and 9).

From the application point of view in the fields of integ-
rated photonics, high-frequency acoustic filters, and lead-free
MEMS piezoelectric transducers, LiNbO3; and LiTaO3 thin
films are of particular interest. Despite this high industrial
interest, the synthesis of the LiTaO3; and LiNbOj thin films
is far from being a routine due to difficulties to control and
to measure in precision the nonstoichiometry of volatile Li, O
[162] on which the physical properties are highly dependent, to
electrically pole the grown films, and to integrate with Si based
substrates [158]. LiNbO3 and LiTaO3 can be grown epitaxi-
ally with different orientations ((0001)/Z, (1010)/Y, (1120)/X,
(1012)/33°Y) on sapphire substrates [158]. They also grow
epitaxially on SrTiOs;, LaAlO3;, MgO, etc (see review by
Bartasyte ef al [129] for the epitaxial relationships). The films
on Si0,/Si are polycrystalline and interact chemically through
the Li,O diffusion to the substrate. The literature reports
LiNbO3/LiTaOs films on the bottom electrodes containing het-
erostructures or metal substrates are rare. Recently, 2—4 um
thick LiTaO; films on stainless steel substrates were fabric-
ated by means of sol-gel method and post thermal treatment
for the vibrational EH applications and the reported generated
PD by this heterostructure was 4-20 nW m~3 at acceleration
of 1.5 g [163]. The c-axis textured films can be grown on the
(111) Pt film electrodes. However, the c-axis oriented films
do not offer high electro-mechanical coupling and such films
cannot be competitive with the standard AIN or ZnO films
available at industrial level. Recently, (1012)/33°Y textured
growth of LiNbO3 by means of direct liquid injection chemical
vapor deposition (DLI-CVD) was achieved on textured (1012)
LaNiOj3 buffer layer on SiO,/Si based heterostructures [164].
As textured (1012) LaNiOs layers can be sputtered on any
substrate/heterostructure withstanding 500 °C, this approach
allows to grow highly coupled orientation LiNbOj3 films on
technology important heterostructures based on Si and Pt elec-
trodes. The challenge remaining to overcome is the electrical
poling of these films in order to attain single ferroelectric
domain state which would allow to attain high FoM}, s for the
textured LiNbOj3 films. Additional difficulty in growing thick
LiNbO3/LiTaOs thin films is their big thermal expansion in the
XY plane, which is higher by a factor of 10 than that of the Si
substrates. This results in the high tensile stresses and cracking
of the thick films on Si substrates.

To overcome these difficulties with the grown LiNbO; and
LiTaOs3 thin films and to respond to the industrial and aca-
demic demand, the top-down fabrication methods of thin films



from the bulk LiNbO3/LiTaO3; wafers were developed. The
main advantages of top-down methods are the single-crystal
and single-domain quality of films and the free-choice of the
film orientation (independent on the crystallographic planes
and the substrate) enabling the maximum possible FOMs pos-
sible. Moreover, even very thick films single-crystal films on
flexible Si, metal or polymer heterostructures, compatibles
with the energy harvesting/actuation applications can be fab-
ricated by polishing/bonding techniques [30, 165]. At present,
the ion-slicing and polishing/bonding techniques reached the
industrial maturity and such single-crystal films are available
from several enterprises (SOITEC, NANOLN, NGK, Paltrow
Technologies, etc).

In the past, EH demonstrations were investigated only by
using industrially available LiNbO3 wafers with a thickness
of 300-1000 A. The use of LiNbOj; as a transducer has been
considered in some papers using inverted domain bulk plates
or simple bulk single crystal. For instance, Funasaka et al
[166] fabricated a piezoelectric generator where an impact
hammer applied vibrations to LiNbO3 140°-Y crystal cut
beam and electrical energy was yielded from the vibrations,
obtaining 10 V in open circuit conditions and high reson-
ance frequency 5.17 kHz. Nakamura et al [26] identified
LiNbO; 137°-Y crystal cut, as the most suitable for bend-
ing actuation. This orientation presented piezoelectric strain
coefficient d’»3 =30 pC N-L very low dielectric constant

T
(¢ ) / o = 28.8), and thus high transverse electro-mechanical

coupling factor, K’ 53 = 26%. Unfortunately, this single crys-
tal orientation is still not commercially available (as indus-
trial demand of LiNbOj actuators and harvesters is still not
present), and can be purchased only as custom one. More
recently, Vidal et al [29] designed and tested a low-frequency
vibration energy harvester, using the same reversed domain
technology and obtaining a thick bimorph LiNbO; 128° Y-
cut patch (1 mm) bonded with epoxy on a metal substrate.
However, they achieved low resonance frequency 32 Hz and
high PD 9.2 mW g~2 with a very large resistive load 65 M2,
because of very poor capacitance (38 pF). Moreover, Bedekar
et al [167] have studied mechanical EH for high-temperature
applications, where Y-36° bulk single crystal LiNbO3 was
mechanically excited in thickness mode. Also, Kawamata and
Morita worked with LiNbOj3 (Y-36° crystal cut) in thickness
mode as stack actuator [168, 169], finding it suitable for a mul-
tilayered device.

In the case of micro-energy harvesters where lateral dimen-
sions are limited, thick wafers cannot be used due to issues
in impedance—matching with EH circuits as well as structural
compatibility with the substrate. Moreover, bulk LiNbOj3 crys-
tals are very brittle and only low displacement can be attained.
Therefore, LiNbO; film technology has to be implemented in
vibrational EH to overcome such issues and provide realistic
operations. Despite their promising properties, the application
of LiNbO; films in piezoelectric vibrational EH was started
to study very recently [46]. A considerable effort has been
made towards their integration in the conventional processing
of MEMS and EH devices. We have identified the optim-
ized orientation for our application among the commercially
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Figure 15. (YX1)/128° LiNbOj /brass harvester with tip mass: photo
of mounted cantilever set-up (left) and characterization of voltage
and displacement in open-circuit conditions (right) [30].

available LiNbO3; single crystal cuts, considering its electro-
mechanical properties as well as the possibility of integra-
tion in a suitable micro-fabrication process. A beam with a
tip mass, based on the 128°Y LiNbOj3 single-crystal film bon-
ded on silicon, was investigated for the vibrational EH at low
frequencies (150 Hz). Highly coupled devices (K> = 2.8%)
with high quality factor (Q = 396) have been demonstrated.
The measured PD 965 uW cm~2 g2, which is among the
highest reported values for vibrational harvesters based on
lead- and lead-free materials [46]. The vibrational microhar-
vesters based on thick LiNbOs films were successfully applied
for the wireless sensor nodes [170] and the e-gadgets [171].
The LiNbOs films were also integrated with the flexible metal
substrates to overcome the fragility issues of the silicon beams
[30, 164]. The (YX1)/128° LiNbO; /Brass harvester (figure 15)
with tip mass for an active area of 260 mm?, a resonance
frequency of 66 Hz, and an acceleration of 0.1 g, the PD is
equal to 612 W cm~2 g~2. Even though this value is smal-
ler than the silicon counterpart, if we consider the normalized
power densities, we achieved 9.22 yW ¢cm~2 g=2 Hz~! and
371 uW cm—3 g=2 Hz ™!, which is an improvement compared
to previous results on Si substrates (6.4 yW cm~2 g=2 Hz ™!
and 149 yW/cm~—3 g=2 Hz~"). Further works are undergoing
on the optimization and fabrication of bimorph structures to
further increase the harvested PD. The first integrated MEMS-
scale energy converters based on single-crystal LiNbO3 films
were reported last year [172]. LiNbO; MEMS cantilevers
under flexural deformation with acceleration of 2.5 g have
produced a PD of 1.9 nW-mm~3.g~2 at resonance frequency
of 4.1 kHz. These lead-free vibrational energy scavengers at
MEMS scale open new possibilities for the autonomous integ-
rated systems, miniaturized sensors and transducers.

3.5. BiFeOs

Bulk and thin films of BiFeO3 belonging to the point group as
LiNbO; and LiTaOj5 present a competitive FoM for the stress-
driven energy harvesters although, the thin films have to be ori-
ented with (1012) planes parallel to the surface (tables 7 and 9).
(1014) orientation with single-crystalline or textured qual-
ity shows also reasonable performance. In the case of strain-
driven harvesters, even textured (0001), (1012) and (1014)
(corresponding to (111)pc, (100)pc and (110)pc orientations
in pseudo-cubic cell, respectively) BiFeO3; show high poten-
tial for both 33 and 31 transduction modes (table 8).



Several papers report the growth of BiFeOj3 single crystals
from millimeter to centimeter size. Crystals are grown by melt-
ing BiO3 & Fe,03, and sometimes B,0j3 is added as a flux,
reducing the mixture liquidus [173, 174]. Works on Bi,O3 and
Fe,0; quality and in-depth knowledge Bi,O3;—Fe, O3 phase
diagram [175] lead to the improvement of the final BFO single
crystal quality. X-ray analysis have reported that growth dir-
ection in a flux is along the polar axis [0001]y of the structure
[176], indicating the dense planes and the fast growth orienta-
tion, which can be obtained in self-textured films. Laser-diode
heating floating-zone method enabled the growth of so far the
largest BiFeOs single crystals with a diameter of 4 mm and
a length up to 50 mm [177]. The advantage of this technique
is the possibility to reshape the single crystal and to adapt it
to the study of specific properties [178]. Finally, fluoride ion-
assisted hydrothermal method can be used to grow various size
of BFO micro-crystals. The produced nanoplates lateral size
range from 6.5 to 14,4 ym wide with a thickness which can be
tailored from 80 nm to 1,14 pm [179].

The A/B site single or co-doping are the most established
methods used to tune properties of BFO films or ceramics
[180, 181]. Light BFO doping with rare-earth elements [182]
or transition metals [183] have been used for the tuning of
multiferroic, ferroelectric, dielectric, magnetic and photovol-
taic properties [184—186]. Highly doped systems also present
a potential in an enhancement of the physical properties. As it
has been demonstrated for BiFeO3;-BaTiO3 system, the super-
ior concentration of doping elements may result in inhomo-
geneous solid solutions and the material may present multiple
phases [187]. Modifications induced by doping are not only
functional but also structural. In the case of fibers, the doping
helps to increase a specific surface area and a pore size and
to reduce a grain size [188]. The doping is the favorite tech-
niques to tune BFO properties due to its simplicity. However,
growth process conditions can also have a significant effect
on the physical and structural properties. For example, a pro-
cessing atmosphere and a gas ratio used in the fabrication of
ceramics or films can have an influence on the microstruc-
ture and the quantity of impurities as well as on the photovol-
taic properties [184, 189]. Superlattice structures have been
investigated as another way to combine material properties of
BFO and other functional materials. Most studied system is
BiFeO;-BaTiO; superlattices with the special interest for the
magnetoelectric coupling [190-192]. Tunability of ferroelec-
tricity and ferromagnetism have also been investigated in other
multilayers such as BiFeO3;-BiMnOs; [193], BiFeO3;—Fe;04
[194] and BiFeO3—La2/3Sr1/3Mn03 [195], as well.

As for LiNbOs3, the major advantage of BiFeO; for high
temperature applications is its very high Curie temperature
(830 °C). The Curie temperature can be tuned by doping
or by changing a stoichiometry. The dielectric behavior was
investigated over a wide range of temperature (from RT to at
least 350 °C) for doped and undoped BiFeO3[196], BiFeO3;—
BaTiOs [197, 198] or related ceramic systems [199, 200].
The permittivity as well as the dielectric loss increase with
the increase of the temperature. The BiFeO3;—PbTiO3 ceramic
shows an increase of conductivity up to 350 °C and change
of the permittivity and dielectric loss [201]. A temperature
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dependence of ds3 piezoelectric coefficient has been repor-
ted for the (1 — x)BiFeO3;—xBaTiO3 ceramics [202]. For the
ceramics with x = 0.265, the coefficient d33 increases up to
280 °C due to the increase of the dielectric constant and then
it decreases rapidly at higher temperatures due to thermal
depolarization. The maximum of ds; is observed at lower
temperatures for the higher x values. A study of Ca-doped
BiFeO3;—BaTiOj ceramics has found a similar behavior for the
electromechanical coupling. [187] In some modified BFO sys-
tems, a doping or a combination with lead-free material may
lead to ceramic properties with high thermal stability [203].
For example, LiNbO; doping gives the permittivity stability
in the 200 °C-500 °C temperature range [204]. Mg-doped
BiFeO;-BaTiO; ceramics presents a constant ds3 coefficient
up to 400 °C [205]. Few studies can be found on the temper-
ature dependence of BiFeOj3 film properties. The permittivity
increases with the increase of the temperature in the temper-
ature range from —193 °C to 27 °C [206] and then it remains
stable up to 400 °C [207].

The BFO thin film properties are also dependent on a strain
state which can be tuned by a lattice mismatch between BFO
and its substrate. The strain effect on the bandgap and the
ferroelectric properties has been demonstrated for the BFO
films on SrRuO; buffer layer using different substrates such
as LaAlOs (LAO), SrTiO3; (STO), MgO and TiN-buffered
Si substrates [208]. Compressive strain in the films can be
varied by chaging the thickness of a strain tuning layer or
of the BFO itself [209, 210]. Finally, the strain engineering
can be achieved via self-assembled nano composites, such as
BiFeO;-CoFe, 0y, in which the structural constraints between
two material enable a magneto-structural coupling between
antiferromagnetic BFO and ferrimagnetic CFO [211].

The final step needed for the improvement of the piezo-
electric properties of BiFeO; is the electrical poling in order
to control the polarization state. The polarization relaxation,
the polarization fatigue, and the polarization itself can have
influence on conduction currents in the material. A linear
dependence of the conduction current on the polarization was
measured [212]. Therefore, the poling can help to improve
not only the piezoelectric transduction efficiency but also the
photovoltaic efficiency in pure BiFeOs [213] or multi-doped
BFO systems [214] and so bring adapted solutions for either
EH or sensor applications [215]. In a similar way, the applic-
ation of magnetic field can be used to tune photoelectrochem-
ical behaviors [189].

Epitaxial growth of BiFeO; by different deposition tech-
niques (MOCVD, PLD or MBE) has been mainly studied by
using single crystal substrates, such as SrTiO3 with or without
SrRuOj; bottom electrode, and conductive Nb: SrTiO3 [180,
216-219]. The BFO film orientation in pseudo-cubic settings
matches the one of SrTiO3 ((100)pc, (110)pe and (111)pc, for
the corresponding hexagonal orientations see table 2). The epi-
taxial BFO growth was also obtained by means of spin-coating
[220], sputtering [208], and PLD [221]. The SrRuOs; (SRO)
is one of the most use bottom electrodes for deposition of
BFO doped and un-doped systems on single crystal substrates
or Si-based structures [222]. Independently of the deposition
technique (spin coating [220], sputtering [208] or by PLD



[221]), (100)pc and (111)pc epitaxial BFO growth have been
obtained on epitaxial SRO bottom electrodes, which orienta-
tion is determined by substrate orientation [189, 223-225].

Other structurally matching single-crystal substrates
(MgO, KTaOs3, LaAlO; and YSZ) [226] or in combination
with bottom electrodes have been used for the epitaxial BFO
growth, as well. Such epitaxial BFO films on cubic substrates
do not present potential for the stress-driven harvester applic-
ations due to incompatibility of the substrates and the four
growth domains in the substrate plane resulted from the cubic
symmetry of the substrate, which destroys the high FoM? val-
ues. The measured e3; piezoelectric coefficients of (111)pc and
(100)pc epitaxial BFO films on SRO/STO were —1.3 pC N~!
and —3.5 pC N~!, respectively [82]. Similar e3; value of
—4.3 pC N~! was also reported for the (100)pc films on
STO:NbD substrates [83]. The permittivity of these films was
higher than that calculated for BFO films (see table 10) and
the F oMg1 fof (100)pc films was as high as 10 kJ cm 3 (how-
ever, this does not overpass the performance of standard AIN
films).

Direct growth of BFO on Si has resulted in (100) oriented
and polycrystalline films obtained by spray pyrolysis [227]
and by laser-MBE [228], respectively. LaNiOj is a conduct-
ive perovskite which displays promising results as a bottom
electrode and a growth template for high quality BFO films on
Si. The studies show that both LaNiO3; and BiFeO; are pre-
pared by sol-gel process on Si based substrates. The polycrys-
talline BFO films with orientation (100)pc and (110)pc pref-
erential orientations on LaNiOs were synthesized by means
of sol-gel technique on Si substrates [229-231]. The e3; for
the textured (100)pc BFO films on LaNiO3/Si [84, 85] were
the same as those reported for the (110)pc epitaxial films
[82, 83] (table 10). Transparent conductive oxides, FTO or
ITO, coated on glass or quartz substrates were also served for
polycrystalline BFO depositions [232], and these structures
were used for the studies of photovoltaic properties [233, 234].
IrO; can be also used as bottom electrode and buffer layer for
the growth of polycrystalline BFO on Si as demonstrated by
MOCVD method [235]. Platinum bottom electrode on TiO,(or
Ti)/Si0,/Si has been used for depositions of polycrystalline
BFO by means of sol-gel and PLD [236-238]. Polycrystalline
BFO with preferential (100)pc orientation has been obtained
on (111) Pt by means of a chemical solution route [239]. More
recently, nanosheets of Ca;Nb3;O;9 have been successfully
used as a seed layer for highly oriented (100)pc BFO grown
on Si [240]. BiFeOs films directly deposited on metallic sub-
strates have not been intensively investigated. Nevertheless,
few attempts were reported: BFO with a preferential (110)pc
orientation deposited by PLD on flexible magnetic Ni tapes
[241] and polycrystalline films screen printed on noble metal
foils (Ag, Au and Pt) [242]. The thin film synthesis with high
quality texture on low-cost substrates such as metal ones still
need to be pushed forward. As discussed above, both textured
(100)pc and (110)pc films presents a particular interest for the
strain-driven energy harvesters while their performance will
limited in the stress-driven ones.
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Finally, despite its huge interest for EH very few devices
have been designed and tested [85, 243]. Thanks to the vari-
ous strategies explored, we have a broad understanding of the
material possibilities and huge flexibility to adapt the material
to the working environment of EH device [244]. Several works
report the structures for EH applications, based on BiFeO;
films on silicon or SrTiO3, deposited by means of magnet-
ron sputtering [85, 245], having 151.2 Hz resonance frequency
with 2.4 W power output at 0.3 g. Yoshimura et al achieved
98 Hz resonance for 2 nW power output (0.05 g) by imple-
menting BFO films on Si, grown by means of sol-gel method
[243, 246].

3.6. Quartz and langasites

Quartz is a trigonal material (point group 32) and its first
phase transition occurs at 573 °C from «-quartz to S-quartz
[247, 248] at atmospheric pressure. At about 900 °C -
quartz becomes fully HP-tridymite, which transforms at about
1475 °C into cristobalite. Finally, quartz melts at about
1750 °C. Quartz is not pyroelectric and not ferroelectric, thus,
it does not require electrical poling. The piezoelectric coeffi-
cients and permittivity of quartz are very low. Although, the
electromechanical coupling and strain and stress FoMs are
low (FoMj;, = 0.7 kJ cm™ & FoM5; = 1 kJ ecm™? for X-
cut quartz), the quartz is the 2nd most abundant mineral after
feldspaths. In the nature, crystal can measure several meters in
length. Commonly, the hydrothermal growth is used at indus-
trial scale (Neyco, Nano Quarz Wafer, Quartz unlimited) for
synthesis of high-quality quartz crystal with lateral dimen-
sions up to 300 mm [249-251]. The synthetic quartz crystals
present high-quality factors and high-thermal stability of prop-
erties and they are used in optics [252], the microelectronic
industry [253], and sensors/microbalances [254-259]). This
conventional autoclave method is time and energy consum-
ing (growth rate between 0.25 mm d='-0.35 mm d~' [260])
but natural quartz crystals are not used due to low quality,
limited transparency, inclusions/dislocations, etc [261]. Nev-
ertheless, such natural quartz crystals could be considered
for the environmentally-friendly and cheap piezoelectric EH
applications which require only small amounts of energy
or very low frequency of sensing. Thick quartz films could
be fabricated on metal substrates by bonding and polishing
technique.

Only a few groups work have been working on the growth
of quartz thin films in the last 20 years because it requires high
temperature to crystallize the films. It is really hard to grow
crystalline and epitaxial quartz on Si and converting amorph-
ous silica in quartz is a promising approach [262]. The diffi-
culty in converting silica into quartz is related to silica stability
and the really small difference in free energy of formation of
both materials [263]. Takahashi et al demonstrated [264—266]
demonstrate an epitaxial growth of (001) and (011) quartz
parallel on C- and A-sapphire by means of catalyst-enhanced
atmospheric pressure vapor phase epitaxy, respectively. For
this purpose, two quartz buffer layers (with thicknesses of



100 nm and 50 nm)) are used in order to maximize the qual-
ity of the final quartz film with thickness of 100 ym. An AT-
cut surface was obtained: the tilt from (011) face is obtained
by tuning the second buffer layer thickness. Quartz layers
with thicknesses up to 100 pum, obtained by means of vapor
phase epitaxy, are studied for the applications of bulk acoustic
wave devices for instance [266]. Quartz films can be grown
epitaxially on (100) Si by means of soft chemistry (sol-gel
method) thanks to the use of a catalyst (Sr and Ca are the
most used ones). The epitaxial relationship of Si (100)//alpha-
quartz (100) and Si (010)//alpha-quartz (010) were reported
[262, 267, 268]. Note that a minimum thickness of amorph-
ous silica is needed for the quartz nucleation. The monolithic
implementation of sub-micron epitaxial quartz films on Si in
sensors is under study [269].

Langasite family materials with general formula
A3;BC3D,0;4 (A—decahedral site, B—octahedral site, C and
D-tetrahedral site) are synthetic piezoelectric materials inter-
esting for the absence of Curie point and phase transition
up to their melting point (usually >1400 °C) and for their
non-pyroelectricity and non-ferroelectricity [270]. The most
studied material from this class is the langasite with the chem-
ical formula of La;GasSi014 (LGS), belonging to the same tri-
gonal point group 32 as quartz. Piezoelectric LGS has no phase
transition from RT to melting point at about 1470 °C where
Ga-bearing lanthanum silicate forms [271]. The conductivity
increases by several orders than La is partially replaced by Sr
in LGS [272, 273].

The synthesis of homogeneous LGS crystals is more dif-
ficult than that of quartz because of the mobility of gallium
oxide and oxygen nonstoichiometry. The window on phase
diagram enabling the formation of LGS is narrow [271, 274].
Thus, the crystallization of LGS is extremely dependent on the
composition of the melt and the migration gallium oxides at
high-temperatures make difficult to obtain homogenous crys-
tals with big dimensions. However, single crystal wafers with
diameters up to 100 mm, grown by Czochralski method, are
available in industry [275] (Phila Optics Inc. MSE supplies,
etc).

Electromechanical coupling factors and FoMs of LGS are
higher than those of quartz, but their values are still low. The
quality factor is high but lower than quartz. This is one of the
most used crystals for high temperature surface acoustic wave
(SAW) sensors due to its high-temperature piezoelectricity and
stability [276-280]. Thermal treatments up to 1000 °C for sev-
eral days did not induce any noticeable change in the LGS sur-
face morphology and SAW resonance behavior. Bedekar et al
[167], comparatively studied mechanical EH from single crys-
tal materials (YCOB, LGS, and LiNbO3) for high-temperature
applications, it was shown that although LGS and YCOB PD is
three orders of magnitude lower than that of PZT, the remains
the same at 600 °C as at RT.

There are few literature reports on the growth of LGS
films. (0001) oriented LGS films with thickness of 300 pm
on (111) MgAl,O4 substrates were grown in time of 30 min
by means of liquid phase epitaxy PbO:Bi,O3 flux [281]. (110)
oriented films with thickness of 1 yum on Si0,(200 nm)/Si
were obtained by means of sol-gel method followed by
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Figure 16. PVDF flexible energy harvesting: (a) polymeric chain
structure; (b) flexible energy harvester on paper from Won et al.
Reprinted from [283], with the permission of AIP Publishing.

crystallisation during post-growth annealing at 1300 °C [282].
PLD growth of LGS films with thicknesses up to 3 ym on LGS
and Si (with native oxide and oxidized one) substrates was
studied, as well [272]. In the case of Si substrates, the crys-
tallization after annealing was observed only on non-oxidized
substrates. High temperature is mandatory (over 1000 °C) for
good crystallinity of heteroepitaxial LGS layers (the homoep-
itaxial layers crystallize at lower temperatures) [281]. It seems
to be difficult to obtain a pure LGS phase (formation of gal-
lium oxide or lanthanum oxide) with only single orientation
[273].

3.7 PVDF

PVDF is a polymer material that has been used in EH due
to its flexibility and robustness. It becomes piezoelectric after
stretching during sintering, to induce a polar phase. Figure 16
represents how carbon atoms are forming a polymeric chain
with fluorine and hydrogen atoms. This chain can be poled
through electric field as in the case of ceramics. They are
used on flexible substrates like plastic polymers or on paper
(figure 16) [283]. They have small strain piezoelectric coeffi-
cient, but due to a small permittivity, the electro-mechanical
coupling is comparable to AIN or ZnO. In EH they can be
used in body-motion devices. Due to relatively easy manufac-
turing process, they can be used with a large surface and mass,
as in [42], where Song et al achieved 112.8 uW at 34.4 Hz
(0.5 g). However, the drawbacks of PVDF are the low figure
of merit and high sensitivity to temperature (maximum opera-
tional temperature is 150 °C). Rammohan ef al implemented a
multilayer and a multistep PVDF harvester, with partial active
cover of the beam, obtaining 4.53 uW at 33.3 Hz and 8.59 uW
at 30.7 Hz respectively, in same acceleration conditions (0.5 g)
[284].

4. Discussion and concluding remarks

To summarize, better performance of piezoelectric energy
transducers in comparison to those based on lead containing
materials can be obtained by using environmentally friendly
materials in the bulk or thin film form. In particular, 137°Y-
LiNbO; and BiFeOs; are interesting for the bulk stress-driven
transducers. The extremely high performance (overpassing
that of lead-based materials) is expected for the bulk trans-
ducers based on 137°Y-LiNbO3 not only due to very high



transverse FoM" value but also due to very high-quality factor.
In the thin-film based vibrational energy harvesters BiFeOj3
and LiNbO3sshow high-performance in the form of the single-
crystalline or textured (1012) oriented films. The hi ghest FoM T
values for the MEMS vibrational energy transducers can be
obtained by KNbOj3 based thin films such as (001) KTNj 3,
(001) KNN-LT and (011) KNbOs films, in which the high per-
formance is preserved also in the case of the textured films.

In the case of the strain-driven bulk harvesters, (011)
KNbO3, BiFeO; and LiNbOj3 show the best performance for
transverse mode, while (011) KNbO3, KTN and BaTiO; are
more adapted for the longitudinal one. Such transducers based
on lead-free piezoelectric thin films such as BiFeOs, BaTiO3,
LiNbO3 and KNbO; based materials also show very high per-
formance (much better than that of PZT films). Moreover, the
F0M§3J- of these materials is little dependent on the misori-
entation in the substrate plane allowing to expect such high
performance in textured films, as well.

However, the properties of grown films are not only by
the clamping of the substrate, but also frequently they are
not single-crystalline and may contain various types of struc-
tural defects (such as grain boundaries, growth domains, twins,
dislocations, nonstoichiometry, point defects, strain gradients,
etc). Therefore, the physical properties of the grown films
may significantly differ from of the bulk single-crystals and
those estimated by taking into account the substrate clamping
effect (equations (34)—(44)) as it was shown in the table 10.
Moreover, the grown ferroelectric films contain the ferroelec-
tric domains, which tend to average to zero the piezoelec-
tric tensor components therefore, these films require electrical
poling post-processing. As discussed above, the polycrystal-
line films do not present particular interest for the piezo-
electric transducers due to their low piezoelectric efficiency.
Moreover, the piezoelectric thin films have to be grown on
the cheap and big-scale substrates containing a bottom elec-
trode. The most commonly used substrates are Si due to its
compatibility with MEMS technology and metal foils due to
their robustness and flexibility. In order to be applied for the
piezoelectric energy harvesting, the piezoelectric thin films
have to offer a high FoM. As demonstrated above, the high
FoM requires the thin films with the controlled out-of-plane
orientation and in the case of highly anisotropic materials even
the defined in plane orientation. Taking into account that the
piezoelectric thin films have to be grown on the Si substrates
containing amorphous SiO, surface layer (native or deposited
for the electrical isolation from the semiconducting Si sub-
strate) or polycrystalline metal foils, the in-plane orientation
control becomes impossible. The epitaxial growth of ferro-
electric thin films was reported on the (100)SrTiO3/(100)Si
templates, in which amorphous SiO, was eliminated before
the epitaxial growth of SrTiO3; by molecular beam epitaxy
[56]. Nevertheless, the cubic in-plane symmetry of this tem-
plate induces four growth domains rotated by 90° in the sub-
strate plane in the anisotropic orientations of the films such as
for example (1012) orientation of trigonal materials. As men-
tioned above, the presence of these domains will result in the
averaging of the in-plane properties and the resulting coeffi-
cients will be equivalent to those of the textured films. The
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films with several orientations in the plane are suitable for the
strain driven harvesters operating in longitudinal mode as their
FoM is little dependent on the in-plane orientation (table 8).
Nevertheless, the high transverse FoMr can be attained in tex-
tured or epitaxial films with growth domains of (001) oriented
tetragonal films (KTN, KNN, BaTiO3), (011) orthorhombic
KNbO; and (1012) LiNbO5 and BiFeOs films (table 9). In gen-
eral, the material has to present the piezoelectric, dielectric and
elastic coefficients, implied in the FoM, little dependent on the
in-plane orientation.

The choice of the bottom electrode is mainly limited by the
deposition temperature of the piezoelectric thin film. Many
crystalline materials require relatively-high deposition tem-
peratures therefore, frequently used bottom electrodes for the
piezoelectric thin films are noble metals such as Pt and Ir,
or conducting oxides such as SrRuQOj3, LaNiOs, IrO;, RuO,,
etc (111) Pt and (1012) LaNiO; are also used for the growth
orientation templates, as they grow naturally textured with
these orientations on any substrate. Conducting SrTiO3:Nb
substrates enables epitaxial growth of many perovskite mater-
ials and characterization of their piezoelectric an dielectric
properties. However, these substrates are available only with
small dimensions and they are very expensive.

Additionally, the piezoelectric thin film thickness, required
for the harvesting or actuation applications, is in the
order of several microns, which adds additional diffi-
culty in an orientation control of the grown thin films.
Again, the top-down method—bonding/polishing of single
crystals or ceramics do not have this limitation and the
fabrication of thick films is much easier than the thin
films. Very high-output power (1.2 mW for system of six
beams), obtained from low frequency vibrations, was repor-
ted for the piezoelectric energy harvester based on bimorph
PZT/LaNiO3;/HfO,/Ni/HfO,/LaNiO3;/PZT structure thanks to
the high FoM of the optimized PZT layers with thicknesses of
5.4 pm [285].

The FoM is certainly important, but it only tells how much
electrical energy is stored in the piezoelectric material subject
to a strain. In reality the overall coupling coefficient (which
differs from that of the material defined above) including the
passive parts count as well. Moreover, the damping by piezo-
electric harvesting should be close to the other mechanical
losses of the system. Finally, the electrical impedance must be
matched to the charge collecting circuit. This means that the
harvester fabricated from the materials with high FoM would
not necessarily be of high performance if the design of mech-
anical and electrical parts is not adapted. Thus, EH from vibra-
tions and motions requires a total holistic approach from vibra-
tion or movement source, materials, MEMs to the electronic
circuit storing energy [6].

A summary of the state of the art of the Pb-free energy
harvesters in transverse mode is presented in table 11 and
figure 17. All materials are compared in terms of areal
PD normalized with respect to the operational/resonance
frequency(normalized power density, NPD). The growth of
tetragonal and hexagonal films with (001) out-of-plane orient-
ation is well mastered for KNN, AIN and ZnO in the state-of-
the-art. Therefore, it is not surprising that in the case of the



Table 11. Comparison of Pb-free piezoelectric harvesters in terms of areal power density (PD) and normalized with respect to the

operational/resonance frequency (NPD).

Areal PD Areal NPD
Material Power (uW) a(g) Freq. (Hz) (LW cm ™2 g’2) (LW cm ™2 g’2 Hz™ 1)
PZT [286] 423 1.5 143.5 348 243
PZT [287] 321 3 100.8 65 0.64
PZT [286] 9 0.15 72 1039 14.43
PZT-5H [288] 40 0.2 36 490 13.61
PMN-PT [289] 1850 32 102 361 3.54
PZN-PT [290] 430 0.3 37.5 6336 176.95
KNN [157] 3.62 1 132 72.4 0.55
AIN [101] 32 0.5 58 196 3.38
AIN [99] 20.5 0.28 210 (249)
ZnO [96] 1.3 1 1300 (3.0)
BFO [85] 24 0.3 151 —
BFO [83] 0.002 0.05 98 27.1
PVDF [284] 8.59 0.5 30.8 19 0.62
LN (YX1)/128’ 41.5 0.1 105.9 965 9.11
d A AN ® KNN vibrational energy harvesters. LiNbOj is available in a form
o~ 100+ m ZnO & LiNbO3 of single crystals with big dimensions and of reasonable price
Ry LN/Si-LF | ¥ PMN-PT ¥ PZN-PT (25%/6 inch wafer) and the single-crystal thick films with cus-
E i v _PZT *k PVDF tom orientation offering extremely high FoM were fabricated
= 104 NVY ¢ 4 by bonding-polishing on Si or metal substrates.
= - L 2 A v To summarize, lead-free materials are able to compete
%‘ & vvy ® LN/SIHE with lead-based ceramics in the EH applications. Generally
5 s v .‘/ speaking, wurtzites (ZnO and AIN) have lower FoMs, but
g e ’ A they present other advantages: biocompatibility, technological
3 A maturity, implementation with CMOS technology. Therefore,
o A these materials are in particular interesting for the MEMS
g 002 ° = scale devices. KNN films are gaining in the maturity of the
< T ‘ ¥ T growth process and it is another potential lead-free material for
10 100 1000 piezoelectric MEMS. LiNbO3 single-crystal films offer a low-
Frequency (Hz) cost solution of lead-free materials for low-frequency energy

Figure 17. Comparison of state-of-the-art harvesters for low and
high frequency applications. LiNbO3 devices displayed with the
following notation: LiNbO3 on silicon device for high frequency
application (LN/Si-HF); LiNbO3 on silicon device for low
frequency application (LN/Si-LF); LiNbO3 on brass substrate for
low frequency application (LN/Brass).

high-frequency energy harvesting, the more mature Pb-free
material so far is AIN films, which in terms of PD is show-
ing comparable results to Pb-based MEMS devices, especially
when packaged in vacuum conditions. One can note also a
good performance of KNN and ZnO films. The films of more
anisotropic materials such as BiFeOs, LiNbO3; and KNbO;
although theoretically presenting much higher FoM tha AIN
or ZnO, they need further developments not only to optimize
their physical properties but also attain the growth of orienta-
tions offering high FoM.

In the case of the low-frequency energy harvesting,
the lead-free based materials are dominating in the high-
performance devices (figure 17). Nevertheless, LiNbOj3 is
showing the same performance as PZT in low-frequency
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harvesting. The availability of lead-free and environmentally
friendly piezoelectric materials, offering high-performance,
opens new avenues for the mass-deployment of autonomous
and place-and-forget sensors (IoTs and IoHs) and the commu-
nication technologies.
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