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Chapter 1: General introduction

1-1 Research backgrounds

In recent years, the concepts of internet of things (IoT) and machine to machine
(M2M) have attracted extensive attentions. Over trillions of “things” and devices will be
connected to the internet and distributed into our everyday lives to improve the quality
of life by gathering information from human activities. Various types of information
such as temperature, humidity, illumination, pressure, motion, and stress need to be
gathered by wusing sensor nodes, which is composed of several sensors, a
micro-computer, an RF transmitter, and electrical power sources.

The recent progress of the reduction of power consumption for sensors,
microcomputers, and wireless communication has allowed development of sensor nodes
to realize IoT and M2M [1]. It is reported that the average electric power of
approximately 100 pW is sufficient to operate the sensor nodes under relatively high
data-rate [2-4]. Such electric power could be covered by an energy harvesting from the
environment [5,6]. The energy harvester is one of the keys to realize battery-less
autonomous sensor nodes for IoT and M2M.

In the ambient environment, various energy sources exist: light, mechanical,
and thermal, energies. The potential energy densities of these sources have a wide range
from pW/cm?® to mW/cm? [7]. Among them, the energy density of the sunlight is clearly
the highest. While the solar cell is a primal candidate for the power source, there are
many situations where the sunlight is not available. Power scavenged from thermal

energy is also attractive if the necessary thermal gradient is available. Since the



efficiency of thermoelectric generators is regularly low, greater than 10°C thermal
gradient is needed to produce sufficient output power for IoT and M2M. It is, however,
difficult to find large thermal gradient in the ambient environment. By comparing them,
mechanical vibrations are present in various objects with sufficiently high energy
density for the self-powered operation of the sensor nodes. The mechanical energy
source can be not only the operating movement of industrial structure and human
motion but also flow of fluid. They have the wide range of acceleration from 0.1s-10s
m/s> and frequency range from 1s-100s Hz [8]. These vibration energies are produced
steadily when the human activities are performed, therefore, mechanical vibrations are
available in most cases as a quite stable and reliable energy source [9-13].

Vibrational energy harvesters (VEHs) are classified in two categories: the
non-resonant and resonant type. For non-resonant type VEHs, force is directly applied
to the transducer. Therefore, the non-resonant type VEHs have characteristic of simple
structure and the efficiency is simply given by the electromechanical coupling factor
(K*). As the kinetic energy of the vibrating object is proportional to the mass and the
inverse of the square of the frequency, the non-resonant type VEHs are suitable for
objects with large mass and low vibrational frequencies such as human. It is expected to
obtain electrical power above 100uW even if K? of the harvester is as low as 1% [14-16].
In contrast, IoT and M2M need to deal with the movement of objects more extensively,
which has a frequency region of 10-200 Hz. As the input mechanical energy decreases
dramatically in this frequency region, the resonant type VEHs are employed to obtain
high conversion efficiency at the resonance [17].

VEHs have several mechanisms to convert mechanical energy into electrical



energy including electromagnetic, inverse magneto-striction, electrostatic, and
piezoelectric [18-21]. Their schematic figures and features are summarized in Table. 1.1.
Electromagnetic and inverse magneto-striction based VEHs require relatively large
device volume (>>1 cm?) because of the difficulty of the miniaturization of the coil and
proportional relationship between the output voltage and the device size [22,23].
However, electrostatic and piezoelectric VEHs typically have large output voltage due
to the large output impedance even if the structure is downsized. Since sensor nodes are
distributed in various places, compact design and stable performance of the VEHs are
hoped. Electrostatic VEHs has elaborate vibrational structure, and they are reported that
surface potential decay is severe in a moist environment since the surplus charges of
electret are neutralized by the ions in the water [24,25]. Thus, piezoelectric VEHs,
which is compatible with microelectromechanical systems (MEMS), are adopted in this
thesis [26-32]. To develop practical and high-performance VEHs, it is necessary to
comprehensively understand the mechanical and electrical domains, leads to vibrational
structure and the material science of piezoelectric films, respectively. In the following
sections, the recent progress of the VEHs and development of piezoelectric films are

introduced.



Table 1.1: Comparison of VEHs with different transduction mechanism.

Transduction Type

Advantages

Disadvantages

Electromagnetic

High output current
-Low output impedance

*Difficult to integrate
with MEMS fab.

process

*Poor performance
in micro-scale

Low output voltage

£ XX XX )
magnet strict.
maierial

- - - - stress/strain ----

-High efficiency
-Low output impedance

- Difficult to integrate
with MEMS fab.

process

* Anharmonic output

signal

Electrostatic

K . current
vibration <>
sto’gper ¢&=) Flectrode

stopper
7
electret [ OO OO O

electrode

-High output voltage
-Easy to miniaturize

*Mechanical constraints
needed

Elaborated design

*High output impedance

Low output current

i ic current
Piezoelectric €4®

electrode

piezoelectric

electrode

r==="="

- - - stress/strain - - - -

-High output voltage
-easy design
-Compatible with MEMS

*Poor E-M coupling of
thin-films
-High impedance

Most of the reported MEMS VEHs use a unimorph-typed cantilever with a
proof mass at the free end. The structure is simple and easy to design, fabricate, and
forecasts the electromechanical properties. However, the bandwidth is typically narrow
owing to the high quality factor. Since high quality factor is needed to obtain the large
electromechanical output, there is a trade-off between the output power and the
bandwidth. In some applications where the frequency of vibrational source fluctuates,

this structure is impractical. To overcome the limitation, some modified vibrational



structures are proposed.

Hajati et al. developed a doubly-clamped non-linear resonator at MEMS scale
with two fixed ends and a proof-mass in the middle, which achieved an ultra-wide
bandwidth of >20 % of peak frequency and large output power of 45 pW [33]. The
vibrational structure is designed to produce the stretching strain at large deformation
(>thickness of the beam), which shows a nonlinear stiffness. Since it can act as negative
feedback toward the change of resonance frequency, the wider frequency range and
large output property could be obtained.

Recently, Xu et al. proposed the Bi-stable nonlinear MEMS resonators with
buckled beam structure, employing residual stress in micro-fabricated thin films [34].
The Bi-stable oscillator has double-well restoring force potential [35]. When the large
amplitude is applied to the oscillator, the potential energy exceeds the barrier height of
well. The oscillator, therefore, exhibits significantly large electromechanical response
with wide bandwidth at relatively low-frequency range. Although the output power of
MEMS-scale prototype hasn’t been characterized yet, the bi-stable response could be
obtained at the macro-scale prototype and further progress are expected.

These vibrational structures can be promising one if they are easy to be
fabricated using the MEMS process. However, since the internal stress in the structure is
controlled precisely to realize the non-linear stiffness or bi-stable behavior, it needs
special manufacturing ability and costly and is impractical. Thus, although the
cantilever-type VEHs exhibit high quality factor, from the aspects of mass production, it
is one of the most compatible structure with MEMS process.

Renaud ef al. developed a model for VEHs and the cantilever-type VEHs with



high quality factor and high electromechanical properties exhibit two power peaks at
different resonant frequency [36]. This means MEMS cantilever-type VEHs with high
performance piezoelectric films can broad the bandwidth by the improving the
properties of piezoelectric films. This behavior is originated from fundamental resonant
and anti-resonant characteristics of piezoelectric transducers and is quite challenging
topics from the aspects of material science of piezoelectric thin films. Therefore, in this

thesis, cantilever-type vibrational structure is applied as a vibrational structure.

1-2 Piezoelectric Films

Piezoelectricity is a phenomenon, where mechanical energy is directly
converted into electrical energy and vice versa, and has been used in various
applications such as sensors, actuators, and transducers. The piezoelectric materials,
which have crystal structure without centrosymmetry, can generate the charge or
mechanical stress when a strain or an electric field is applied, respectively. These are
called as direct and converse piezoelectric effect, respectively.

Pb(Zr,Ti)Os (PZT) is the most studied and used ferroelectric thin films in the
field of piezoelectric MEMS. PZT exhibits electromechanical coupling coefficient of
piezoelectric film (kZ;) as high as 10 % owing to the large es1r [37,38]. Higher k2,
(=20 %) was reported on Pb-based relaxor thin films [39]. While Pb-based ferroelectric
films have outstanding electromechanical properties, the lead containing is the serious
drawback for IoT applications.

Piezoelectric VEHs using AIN thin films have also been reported by many

groups [40-42]. Microgen Systems have reported the output power of 100uW



(100pW mm™-G™) at a frequency of 120Hz and an acceleration of 0.1 G. Although the
es1,r of AIN films is much smaller than PZT, a relatively large k%, (=23 %) is
obtained because of the small e3;3 [43]. Moreover, it is recently reported that the
doping of Sc into AIN film enhance the k2%, (= 3.5%) by the structural phase
competition between the parent wurtzite and hexagonal phase of the alloy [44,45].

(K,Na)NbO;3; (KNN)-based ceramics are known as the promising lead-free
piezoelectric material [46]. Thus KNN thin films has also been studied. Kanno et al.
demonstrated the piezoelectric MEMS VEH with a (100)-orientated KNN thin film and
reported the electromechanical properties. The k2%, estimated from the power
generation properties is about 4.2 %, which is larger than AIN [47].

(Bi,K)TiOs based system has also attracted much attentions. The k3; of (100)
epitaxial (Bi,Na)TiO3-(Bi,K)TiO3-BaTiOs; (BNT-BKT-BT) was reported to be 0.75 %
[48]. Although the k3, is much lower than that of other films, the BNT-BKT-BT
ceramics exhibit large electromechanical properties (k2;=56 %) [49]. Further progress
in the enhancement of k3, can be expected.

The k3, of various piezoelectric films are summarized in Fig. 1.5. Although
the developments of piezoelectric films have been activated, the specific application is
not defined and the films are characterized using various methods as described below.
Therefore, the designing principle of piezoelectric films for VEHs is not established.
The k3, comparable to PZT haven’t also been reported yet in lead-free thin film.

This study focuses on BiFeOs; films as lead-free ferroelectric thin films for
MEMS VEHs owing to their high Curie temperature (T.=850 °C) and high remnant

polarization (P,=100 pC/cm?) [50]. The large polarization of BiFeO; originated from the



hybridization between the long-pair 6s orbital in the A site (Bi’") and the 2p orbital of
oxygen that is the same as that between Pb-O [51]. Furthermore, BiFeO; displays
G-type antiferromagnetic ordering at room temperature. Owing to the rhombohedral
symmetry, BiFeO; has eight distinct domain variants along the <I111> directions and
three distinct domain walls, which are the 71°, 109°, and 180° domain walls, along the
{100} and {101} plane at the boundary of each domain [52].

It has been reported that the domain-engineered (100) epitaxial BiFeO; films
has a large k%, (~10.2 %), comparable to the PZT films [53-55]. From above described
characteristics, this material can have a potential to compare to or surpass the
electromechanical properties of PZT films.

The motivation of this thesis is to investigate how to design the lead free
piezoelectric films with large k%,, comparable with PZT. Since the piezoelectric
response of ferroelectric films is quite complex, the research is focused on the
application of VEHs. Piezoresponse of ferroelectric films is originated from nanoscopic
dipole domain structure. According to the application, the required performance of
piezoelectric films should also be different. Thus, this research is progressed in
connecting the structural design of VEHs with the investigation of piezoelectric

properties at nanoscopic region.
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Fig. 1.1: Reported electromechanical coupling coefficient of thin films (k2;)

dependent on the relative permittivity.

Ferroelectric materials have significantly larger piezoelectricity than pure
piezoelectric materials owing to spontaneous polarization. Moreover, since the
ferroelectric materials have unique and complex domain structures, the piezoresponse
consists of two major contributions.

As intrinsic piezoresponse, the lattice deformation and the domain-engineered
configuration are well known. The former i1s a fundamental mechanism of
piezoresponse. The latter is the contribution via the electrical dipole rotation by the
crystallographic anisotropy of the ferroelectrics. Park er al. reported that the
piezoelectric coefficient of the domain-engineered (100) Pb(Zn;;3Nb,;3)O03-PbTiO;

single crystal was 25 times larger than the (111) single crystal and the



domain-engineered configuration was effective in enhancing the piezoresponse
significantly [56].

The piezoresponse, which arises at the vicinity of the domain walls, can also
contain the domain wall motion and stationary (or iced) domain wall contribution in
addition to the intrinsic contribution. The first originated form dipoles switching without
volume change in their unit cells [57]. The second is considered as the local-phase
transition between stable and metastable phases which occurs without domain wall
motion [58]. Especially, recent studies indicate that the stationary domain wall is
expected to be an effective method to enhance the piezoelectric properties [58-60].

In Pb-based films, two effects: domain-engineering and morphotropic phase
boundary (MPB) as the origins of the large k2, are reported. The (100) and (110) films
exhibit quite a large k3; (10%-20%) owing to the dipole rotation, in contrast to the
(111) film (k2, ~3.4 %) [38,61]. A large k2, is also observed at the MPB, a phase
boundary region between the tetragonal and rhombohedral structures. From the
experimental results of bulk ceramics, at the vicinity of MPB, it is known that
polarization rotation is activated owing to an intermediate monoclinic phase between
the rhombohedral and the tetragonal phase [62,63].

Hence the piezoresponse of the ferroelectric materials contains various
contributions from the intrinsic and extrinsic responses. To fabricate piezoelectric films
with large electromechanical properties, it is imperative to understand the magnitude of

each contribution to construct the designing principle.

10
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Fig. 1.2: Intrinsic and extrinsic contribution to piezoresponse.

To characterize the piezoresponse of ferroelectric films, various
characterization methods have been developed. The principle of the measurement is
based on 2 types: the direct piezoelectric effect or converse piezoelectric effect. The
representative setup is summarized in Fig. 1.4.

Dubois et al. reported a bending method for determining the effective
transverse piezoelectric stress coefficient (e3q,¢) of thin films in macroscopic regions
using the direct piezoelectric effect [64]. This method has been improved to a four-point
bending measurement, which can measure not onlyes; s, but also the effective
transverse piezoelectric strain coefficient (ds3 ) of thin films in macroscopic regions
[65]. In these methods, a piezoelectric film is bent to apply a stress and then the
electrical charge induced by the direct piezoelectric effect is collected.

Chun et al. developed a characterization method to measure ezq; from

11



converse piezoelectric by measuring the electrical-field induced displacement of the
cantilever with piezoelectric film [66]. Since it is easy to estimate e3;;, many
researchers have used it recently.

Piezoelectric force microscopy (PFM) is also widely utilized as the
characterization method for piezoelectricity, because it is useful in observing the domain
structure and the nanoscopic dz3 ¢ from the converse piezoelectric effect [67]. In PFM,
a conductive cantilever is attached onto a film and an electric filed is applied to the film.
The converse piezoresponse is detected by the motion of the cantilever motion using a
photo detector. Since the out-of-plane and in-plane signal can be detected individually,
domain structure can be visualized by mixing these signals.

Recently, some interesting experimental results have been reported. The
effective transverse piezoelectric coefficients |e3 1, f| of Pb(Zr, Ti)O3 film determined by
the direct and converse piezoelectric effect does not coincide [68]. This results is not
observed in AIN-type piezoelectric thin films [69]. Moreover, the quantitativity of PFM
has been argued because some contributions such as the electrostrictive and charging
effects is superimposed on the piezoelectric effect [70,71].

These problems prevent the effective development of the piezoelectric films for

the application of MEMS devices owing to the scientific knowledges are not connected.
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Fig. 1.3: Established setup for characterizing piezoresponse.

1-3 Objective and Outline of This Thesis

The objective of this thesis is to develop a lead-free piezoelectric thin film with
large k3, , comparable to PZT films, for VEHs. Comprehensive studies on
electromechanical properties, including macroscopic and nanoscopic region, of
piezoelectric thin films and VEHs were conducted.

This thesis consists of 5 chapters.

In chapter 2, the growth and piezoelectric properties of (100) oriented BiFeO;
films on the Si substrate were investigated. To control the orientation of the BiFeOs
films on the Si substrate, The LaNiOs is introduced as a seed layer on the Si substrate.

The LaNiOj thin films are prepared by sputtering using a homemade powder target. The

13



BiFeOs films are also crystalized on the prepared LaNiO3/Si0,/Si by the sol-gel method.
From the results of X-ray diffraction (XRD) analysis, the prepared LaNiO3 and BiFeOs;
thin films grew with the (100) texture orientation. The ferroelectric properties,
microscopic converse piezoelectric response, and macroscopic direct piezoresponse of
(100)-oriented BiFeO; thin films were investigated. It was found that the enhancement
of direct piezoresponse by the tensile stress applied to the BiFeO; films from LaNiO;
bottom electrodes.

In chapter 3, the electromechanical properties of MEMS VEHs using the
BiFeO; films are characterized. Unimorph cantilever-type VEHs are fabricated using Si
micro-electrical system technologies. The electrical and mechanical performance of
VEHs with BiFeOs; films are measured by the voltage, generated by the electrical charge
consumed at the applied load resistance, and the tip-displacement using
lock-in-amplifiers and the leaser-displacement meter. From the energy balance derived
from the Duffing equation and the Kirchhoff equation, the accurate electromechanical
coupling coefficients of the VEHs are also analyzed. By comparing the results of
numerical calculations with experimental results, the efficiency of the developed VEHs
is discussed. Moreover, the electromechanical properties of VEHs under random
oscillations are characterized. Environmental vibrations include random oscillations of
different frequencies and amplitudes. The contributions of spurious components to the
fabricated VEHs under random oscillation are analyzed. From the experimental and
calculation results, the required performance of piezoelectric films for VEHs was

concluded as the k3; ~10%.
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In chapter 4, the technique to observe the local direct piezoresponse of thin
films is proposed, called as direct piezoresponse microscopy (DPRM). It is needed to
enhance the electromechanical coupling property of the BiFeO; film for achieving
maximum performance of VEHs. Nanoscopic characterization of direct piezoresponse
can be one of the keys to clarify the required factor to enhance the property. To
investigate the microscopic direct piezoresponse, direct piezoresponse microscopy
(DPRM) is developed. In DPRM, the local mechanical compressive force from a
conductive cantilever, fixed at a constant deflection on the sample, is applied to a
sample by vibrating the sample stage. The measurement principle and the resolution of
DPRM are discussed. Furthermore, the contributions of the domain structures to the
direct piezoresponse are analyzed by DPRM. (111) BiFeOs film with single-domain
structure and (100) BiFeO; film with three variant domain walls are used. Since the
compressive mechanical force applied by DPRM is parallel to the dipole of the (111)
film, the induced piezoresponse should be due to the intrinsic contribution. However,
the direct piezoresponse of the (100) film can superimpose the extrinsic contribution to
the intrinsic contribution because the dipole direction is not parallel to the direction of
applied force and contains domain walls. By comparing these responses between the
macroscopic and microscopic regions, specific domain walls formed inside BiFeO;
films contributed to the piezoresponse significantly and it was found that the design of
lead-free ferroelectric films utilizing extrinsic contribution is needed to achieve the
large k3, comparable with PZT.

In chapter 5, the results and discussions throughout my doctoral thesis were

summarized.
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Chapter 2: Piezoelectric Properties of (100) Orientated
BiFeO; Thin Films on LaNiO;

2-1 Introduction
As described in Chapter 1, since the engineered-domain configuration can
enhance the piezoelectric properties of the BiFeOs epitaxial films, it can also be
expected that the Piezoelectric vibrational energy harvesters (VEHs) using the (100)
oriented BiFeO; films should have better performance than that using polycrystalline
BiFeOs; films [1-3].
In this chapter, the control of the growth orientation of BiFeO; films toward
(100) direction on Si substrate are addressed. Since the polycrystalline BiFeOs films on
metal electrode such as Pt, which is commonly used in MEMS devices, are obtained,
LaNiO; is employed as the bottom electrode and seed layer of BiFeO; films. LaNiOsis
a perovskite-type metal oxide with pseudocubic structure. It is known that LaNiO;
shows preferential (100) orientation on Si and other substrates [4,5]. The lattice
parameter is 3.84 A [6,7], which matches well with the perovskite-type ferroelectric thin
films [4,8,9]. The lattice misfit between BiFeO3; and LaNiOs is -3.1 % [10], which is
slightly larger than that between BiFeO; and SrRuOs.
Here, the growth and piezoelectric properties of (100) orientated BiFeOs; films
on Si substrate are investigated. The piezoelectric properties are manly characterized
using 3-1 mode, which is utilized in VEHs, and the electromechanical coupling

coefficient (k3,) is calculated using eq. (2.1)
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where esqf is transverse piezoelectric stress coefficient of piezoelectric films, v
Poisson’s ratio; E Young’s modulus of the cantilever; and &, and &, are the
permittivity of the vacuum and the relative permittivity of the piezoelectric film

respectively [11]. For the calculation of kZ,, the E and v of BiFeOsfilms were assumed

as 100 GPa and 0.3, respectively.

2-2 Experiment Procedure
2-2-1 Fabrication of LaNiO; powder target

LaNiO; thin films were deposited on the SiO,/(100)Si substrate by rf
magnetron sputtering. To fabricate a LaNiO; powder target, optimal calcination
temperature of LaNiOs; powder was investigated. Stoichiometric amounts of La,Os; and
NiO powder, which both have 99.99% purity, were weighted and mixed using ball mill
for 24 h. Then the powder was calcined at 850-1100 °C for 3 hours. From the result of
XRD profiles of prepared powders shown in Fig. 2.1, it is found that several co-oxide
phases, including LaNiO; (850 °C), LaNiO; and LasNi3Oy9, (900-1000 °C) and LaNiOs,
LasNi309, and LazNi,O7 (>1000 °C), could be obtained. The calcination temperature of
850 °C, therefore, was used to prepare LaNiOj; target. Since the reaction between La,O3
and NiO was not active, the calcination for 25 h is separated to three times (first: 5h,
second: 10h, third: 10h) to accelerate them. The powder was also treated by ball mill
after each calcination. The XRD profiles of LaNiO; powders obtained by the each

calcination are shown in Fig. 2.2(a). Although no-reacted NiO still remains in the
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powder prepared by third calcination, LaNiOs; powder with the yield of over 80% could
be obtained. Then the obtained powder was pressed into 4 inch Cu dish at mechanical
force of 4 tons for 30 min and then the LaNiO; sputtering target, shown in Fig. 2.2(b),

was fabricated. .

3000 — . - .
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Fig. 2.1: XRD profiles of LaNiO, powders prepared at from 850-1100 °C.
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Fig. 2.2 Prepared LaNiO, (a) powders, prepared at 850°C, and (b) the powder target.

2-2-2 Preparation of LaNiO; and BiFeO; Thin Films

The schematic illustration of rf-sputter utilized for the deposition of LaNiO;
film is depicted in Fig. 2.3. SiO,/(100)Si wafers were used as substrates and cleaned in
acetone and ethanol for 5 min sequentially in an ultrasonic bath. Sputtering was carried
out at an rf power of 50 W and a working pressure of 10~ Torr. A mixture of O, (30 %)

and Ar (70 %) was introduced into the deposition chamber during the growth.

Substrate])

Vacuumed

Ar-Oq Plasma

in

N

| Power Supply |

Fig. 2.3: Schematic illustration of the rf-sputter.
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BiFeO; films were prepared by the sol-gel method using a 0.2 mol BiFeO;
precursor solution (Kojundo Chemical Laboratory) on the prepared LaNiOs films. After
spin-coating at 3000 rpm for 30 s, the films were dried to remove organic solvent at 150
°C for 1 min. Then, the films were prebaked to decompose organic matter in the film at
300 °C for 3 min. This cycle was repeated 3 times. After that, the BiFeOs; thin films
were crystalized at 500 °C for 10 min. Moreover, these steps were repeated 3 times to
obtain 250+10nm-thick films. To measure the macroscopic electrical properties, the
circular Pt top electrodes (¢=0.1 - 0.4 mm) were deposited by using rf magnetron

sputtering at room temperature.

2-2-3 Structural and Electrical Characterization of LaNiO; and
BiFeO; Films

The crystal structure of the prepared films was characterized by high-resolution
X-ray diffraction (XRD) analysis and XRD reciprocal space mapping (RSM)
(Panalytical X-pert Pro). The resistivity of the LaNiOs thin films was measured by the
four-point probe method at RT. The microstructures and composition of the films were
characterized by field-emission scanning electron microscopy (FE-SEM; Hitachi
S-4500) with energy dispersive X-ray spectroscopy (EDX). The dielectric and
ferroelectric properties were measured using an LCR meter (Agilent 4284A) and a

Sawyer-Tower circuit, respectively.
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2-2-4 Observation of Domain Structure and Characterization of
Converse Piezoelectric  Properties using Piezoelectric Force

Microscopy

The surface morphologies and ferroelectric domain structure of the films were
observed by atomic force microscopy (AFM) and piezoelectric force microscopy (PFM)
techniques using a scanning probe microscopy (SPM; SII NanoNAvi). The schematic of
set-up for AFM/PFM is shown in Fig. 2.4. The mapping measurements of the
out-of-plane (OP) and in-plane (IP) piezoelectric responses were carried out by applying
an AC voltage of 1 V and 4 kHz. The electric field-strain curves were also measured on
single domain of the BiFeOj; films by applying a unipolar or bipolar AC voltage of 5 Hz.
The voltage was applied to the bottom electrode in the PFM measurement, while the
voltage was applied to the top electrode in other measurements. To avoid confusion, the
electric field toward the bottom electrode is defined as positive in this chapter. All the
PFM and strain curve measurements were carried out at the area without a top electrode.
The effective longitudinal piezoelectric coefficient d3; apm Was determined from the

incline of the strain curves.
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Fig. 2.4: Set-up for AFM/PFM measurement. When unipolar strain curve of a film is
measured. switch: S is turned on and the DC bias is added to the applied AC voltage.

2-2-4 Characterization of Direct Piezoelectric Properties using Wafer
Bending Technique

The direct piezoelectric responses of the BiFeOs; thin films were measured by
applying strain to the samples and collecting developed charges.[12] The set-up image
is shown in Fig. 2.5. The sample was attached on an Al plate (1x15x0.2 cm?). The strain
was applied periodiclly to the sample by bending the Al plate using an actuator. The
induced charge via the direct piezoelectric response was measured using a lock-in
amplifier (NF LI5640). The strain was measured using a strain gage

(KFG-02-120-C1-11L1M2R). The es; r coefficient was calculated using eq. (2.1)

Iy
G31f = 2rfS(1 —v)x,

2.2)

where the [, S, v, and x; and f are current induced by direct piezoelectric effect,
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area of top electrode, poison’s ratio, and strain and the frequency. All the films were
measured by applying the strain of 50u. The details of the measurement are described

elsewhere [13].

Actuator
<
Al plate<;\\ Function
Generator
Sample |
Lock-in Arﬁp.
N
| ~_1
\ AN
Charge
ool il P
—

Fig. 2.5: Set-up for measuring direct piezoelectric properties.

2-3 Results and discussion
2-3-1 Fundamental Properties of Prepared LaNiO; Films

Figure 2.6(a), (b) show the 20-m XRD patterns of the LaNiOs bottom electrode
deposited at 150-500 °C for 3h. As can be seen, all the films have preferential (100)
orientation. The diffraction peaks of the films also shift to lower angle with increase in
the crystallization temperature. The c-axis lattice constant of LaNiOs films is shown in

Fig 2.6(c). The as-deposited films have lattice constant from 3.92-3.96 A which is much
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larger than the reported lattice constant (3.84A). From the result of the analysis of the
composition ratio of La/Ni shown in Fig. 2.6(d), it is found that all the prepared films
have approximately La/Ni=1. These results indicate that the as-deposited films have a
large amount of defects such as oxygen deficiencies. The resistivity of prepared LaNiOs
films was also the order of 10* Q-cm except for that of the film deposited at 150 °C
shown in Fig. 2.7. Therefore, the films, deposited at = 300 °C, were used as electrode
and template for BiFeOs; films

In order to recover the vacancies, the films were annealed in O, atmosphere at
500-800 °C. The effects of the annealing on the lattice constant of the (100)-oriented
LaNiO; thin films were investigated by XRD. Figure 2.8(a) shows the 20-o profiles
around the 200 diffraction of the LaNiOjs thin films. The shifts of the diffraction peak to
a lower angle with increasing the annealing temperature indicate the decrease of the
lattice constant along the out-of-plane direction (d(loo)J-)- The lattice constants along the
in-plane direction (d(100)//) were also determined by XRD RSM. Figure 2.8(b) shows the
XRD RSM pattern of the as-deposited LaNiOs thin film. Similar patterns were obtained
on the annealed films. d(100)// of LaNiOj thin films was determined from the interplanar
spacing of (110) and d(jgg)L of the films. The dependence of d(jog)L and d(10¢), for the
LaNiO; films on the annealing temperature is shown in Fig. 2.8(c). djgp)L of the
as-deposited film is close to that of bulk BiFeO; (3.96 A). It decreases and approaches
that of bulk LaNiOj; (3.84 A) with increasing annealing temperature. In contrast, d(100)//
of all the films are almost the same. The volume of the unit cell of LaNiOs; was
decreased by annealing. The resistivity was 2.6x10~ Q-cm for the as-deposited film and

decreases to 7.7x10™* Q'cm with increasing the annealing temperature. The change of
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the volume of the unit cell and resistivity of LaNiO3 by the annealing can be explained

by the decrease of the oxygen deficiencies.
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2-3-2 Piezoelectric Properties of (100) Orientated BiFeO; Thin Films
The BiFeO; thin films were crystalized between 450 and 600 °C on the
(100)LaNiO3 deposited on /Si0,/ (100)Si at 300 °C and annealed at 700°C. The XRD
profiles of the films, which is shown in Fig. 2.9(a), indicated that the BiFeO; films show
(100) preferential orientation without any secondary phases or misoriented grains. On a
(111)Pt/T1/Si0,/Si substrate, a polycrystalline BiFeOs film is grown under the same
preparation condition. Figure 2.9(b) shows the XRD profiles around the (200)
diffraction peak of the BiFeO; films. The (200) diffraction peaks of all the films shift to
a higher angle compared with the bulk, which indicates that all the films have a smaller
lattice constant (3.92-3.93 A) than the bulk (3.96 A). The lattice constant increases with
increasing annealing temperature. It appears that a smaller lattice constant is attributed
by thermal strain because the thermal expansion coefficient of Si (0.3x107° K™) is

smaller than that of BiFeO3 (0.6x10™ K™).
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Fig. 2.9: XRD patterns of (a) LaNiO3/SiO,/Si substrate and (b) BiFeO; films,
crystallized by annealing at 450, 500, 550, and 600 °C, on the LaNiO3/SiO,/Si

substrates.
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The cross sections of the (100) oriented BiFeO3 films on (100)LaNiO3/SiO,/Si
were observed by FE-SEM. The micrographs are shown in Fig. 2.10. The BiFeOs films
annealed at 450 and 500 °C show a layered granular structure, which corresponds to the
annealing temperature. In contrast, the films deposited at 550 and 600 °C show a
columnar structure. The dielectric properties of the (100) oriented BiFeO; films are
shown in Fig. 2.11. The dielectric constant of the films annealed below 500 °C is about
100 and that of the films crystalized at 550 and 600 °C increases to 140. The increase in
the dielectric constant corresponds to the change of the microstructure of the BiFeOs
film, as shown in Fig. 3. The dielectric losses of all the films are 0.8-2.0% in the
frequency range from 1 kHz to 1 MHz. The film crystalized at 600 °C shows an

increase in the dielectric loss with decreasing frequency, which indicates that the film

has a larger leakage current than the other films.

BiFeO,

LaNiO,

Si sub.

Fig. 2.10: Cross section of the BiFeO; films crystallized at (a) 450, (b) 500, (¢) 550,
and (d) 600 °C.
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Fig. 2.11: Frequency dependence of (a) dielectric constant (g;) and (b) dielectric loss
(tand) of the (100) oriented BiFeO; crystallized by annealing at 450, 500, 550, and 600
°C.

The P-E hysteresis loops of the films shown in Fig. 2.12 indicate that all the
films have ferroelectricity. An AC voltage with a frequency of 100 kHz was used for the
measurement. The remanent polarization of the film crystallized at 600 °C is
significantly larger than the others. It appears that the shift of the P—E hysteresis loops
to the negative bias is originated from the asymmetric structure of the sample, because
the shift is not observed for the samples with the Pt/BiFeOs/Pt structure shown in Fig.
2.13.

The surface morphologies, and OP and IP piezoelectric responses were
observed using SPM, as shown in Fig. 2.14. The surface morphologies shown in the top
images indicate that the grain size increases with increasing the annealing temperature.
The mapping images of the OP piezoelectric response shown in the middle images

indicate that the downward domain is dominant in all the films, which is consistent with
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the shifts of P-E hysteresis loops. From the mapping images of the IP piezoelectric
response shown in bottom, it was found that the domain size also increases with
increasing annealing temperature. To investigate the relationship between the annealing
temperature and the piezoelectric properties, the electric field-strain curves were
measured by SPM. The results of the (100) oriented BiFeOs film crystallized at each
temperature are shown in Fig. 2.15(a). From the incline of the electric field-strain curves
in the negative electric field region, the ds; apm coefficient was calculated, as shown in
Fig. 2.15(a). The relationship between the annealing temperature and the d33arm
coefficient is shown in Fig. 2.15(b). The ds3 apm coefficient of the film crystalized at
450 °C is 428 pm/V. With increasing annealing temperature, the ds; apm coefficient
increases to 56+5 pm/V, which is slightly smaller than that of the epitaxial BiFeOs; films.
Since the ds3apm coefficient was determined from the piezoelectric resonance in a
microscopic region, the ds; apm coefficient is dominated by the intrinsic contribution.
Therefore, it appears that the increase in the d33apm coefficient with increasing
annealing temperature is mainly caused by the increase in the remnant polarization.

The e3¢ coefficients of the films, which is the most important parameter of the
piezoelectric films for Piezoelectric VEHs, were characterized. The measurement was
carried out without poling treatment, because the BiFeOs; films were self-polarized, as
shown in Figs. 2.12 and 2.14. The ej3; ¢ coefficients and k§1 derived from e3; rand & as a
function of the annealing temperature are shown in Fig. 2.16(a),(b). The es3; ¢ coefficient
increases with increasing annealing temperature. This behavior is similar to that of the
intrinsic ds3 apm coefficient. However, the increase in the es; r coefficient of the (100)

orientated films from the annealing temperature of 450 to 600 °C is more than twofold,
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which is larger than that of the ds3 arm coefficient (~50%). Since the e3¢ coefficient was
determined by the piezoelectric response from a macroscopic region, this result
indicates that the e3¢ coefficient is influenced by the microstructure of the film as well
as the intrinsic contribution, which relates to the ds; apm coefficient. As shown in Fig. 6,
the larger domain size is obtained at a higher crystalized temperature. Therefore, it is
suggested that the increase in the domain size increases the es; s coefficient, which is
different from the previous reports. It appears that the difference is caused by the
microstructure of the films. As shown in Fig. 6, the domain size is similar to or larger
than the grain size, which indicates that the most of the grains are single domain.
Therefore, it seems that the domain walls observed by the IP piezoelectric response
exist at the grain boundary. Under this condition, a small domain size has an adverse
effect on the e3¢ coefficient. The maximum es; r coefficient (-4.1 C/mz) is obtained at
the annealing temperature of 600 °C, which is 8.7 times larger than that of the
polycrystalline films (e3¢ = -0.47 C/m?) and comparable to that of the (100) epitaxial
films. The maximum k3, of the films is 6.3%, which is more than 54 times larger than

that of the polycrystalline films.
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Fig. 2.12: Ferroelectric hysteresis loops of the (100) oriented BiFeO; films crystallized
by annealing at 450, 500, 550, and 600 °C
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Fig. 2.13: Ferroelectric hysteresis loops of the (100) orientated (solid line) and

polycrystalline (dotted line) BiFeO, films
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Fig. 2.14: Surface morphologies (top) and OP and IP domain structures (middle and
bottom) of the (100) oriented BiFeOs films crystallized by annealing at (a) 450, (b)

500, (c) 550, and (d) 600 °C.
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Fig. 2.15: Inverse piezoelectric responses: (a) strain-voltage curves of the (100)
oriented BiFeOs; films crystallized by annealing at 450, 500, 550, and 600 °C, and (b)

ds3 arpm coefficient as a function of the annealing temperature.
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Fig. 2.16: Crystalized temperature dependences of (a) the e3; ¢ coefficient and (b) k2,
coefficient of (100 orientated (white) and polycrystalline (black) BiFeO; films.

2-3-2 Enhancement of Piezoresponse of (100) Orientated BiFeO; Films
by In-plane Tensile Stress

The BiFeOs films were also deposited on the as-deposited and annealed (100)
LaNiOs; films. The list of the samples is shown in Table 2.1. The XRD 20-o» profiles

shown in Fig. 2.17 indicate that the (100)-oriented BiFeOs films without secondary

phases or misoriented grains are obtained on the LaNiOs electrodes. The djo0), and

d(100y, of the BiFeOs films were determined in the same way as those of the LaNiO;
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electrodes. The results are shown in Fig. 2.18(a). No significant dependence of the

dq00), and do0y, on the annealing temperature of the LaNiO; electrodes is observed.
Figure 2.18(b) shows the lattice distortion (d100),/d(100)/) of the BiFeOj3 films calculated

from the d(100), and d(100s shown in Fig. 2.18(a). As can be seen, the crystal structures

of the BiFeO; films were distorted by the in-plane tensile stress. In addition, dj0), of
BiFeO; is larger than that of LaNiOj;, which indicates that the in-plane distortion is not
caused by the lattice misfit. Therefore, the distortion is caused by the thermal strain
induced by the difference inthe thermal expansion coefficients of (100)Si (0.3x10° K™

and BiFeO; (0.6x10” K™).

Table 2.1: Summary of the properties of the (100)-orientated BiFeOs; films.

sample A | sample B | sample C | sample D
LaNiOs
annealed at X 600 700 800
(°C)
distortion 0.989 0.988 0.988 0.990
Er 140 133 136 132
P, (uC/cm?) 27 26 27 27
dsz arm (pm/V) 46 58 63 64
€311 (C/m?) -2.4 -4.0 -3.1 -2.4
k3, (%) 3.0 8.5 3.7 2.3

42




1500 :

_ 0 syp| ™ Pt [0(100) BiFeO,
@ 0(100) LaNiO,
o 1000} |H ° .
£ O
7 (d)
‘.QC_J‘ 500+ A (c):
IS (b)
0 . A @
20 30 40 50 60
20 (deg.)

Fig. 2.17: XRD patterns of BiFeO; thin film deposited on (a) as-deposited LaNiOs
film and on the LaNiO; films annealed at (b) 600, (c) 700, and (d) 800 °C, which

correspond to samples A, B, C, and D, respectively.
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The electrical properties of the (100)-oriented BiFeO; thin films were
characterized. The frequency dependences of the dielectric constants and dielectric
losses were measured. The dielectric constants for all the films were about 130-140 at
20 Hz, which was independent of the annealing temperature of the LaNiOs; films, and
were constant against the frequency. The dielectric losses of all the films were about
1.0% at 100 kHz. The polarization-electric field (P-E) hysteresis loops of the films
measured at 100 kHz and room temperature are shown in Fig. 2.19. While no significant
dependence of the P-E loops on the d(100),/d(100)/ of the BiFeOs films is recognized, all
the P-E loops were shifted to negative bias. The saturated polarizations Psat and positive
remnant polarization +P, are 45 - 49 and 27 pC/cm?, respectively, which are almost

independent ofthe annealing temperature.
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Fig. 2.19: P-E hysteresis loops of samples A, B, C, and D.
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The surface morphologies, OP, and IP piezoelectric response of the BiFeOs;
films are shown in Fig. 2.20. The AcosO signals, where A is the amplitude of the
piezoelectric response and 0 is the phase of the piezoelectric response, are used for the
PFM images. All the films show the grain size of about 40-80 nm. OP PFM images
indicate that the spontaneous polarization of the BiFeOs films is self-polarized
downward, which corresponds to the shift of the P-E hysteresis loops. The IP PFM
images indicate that the domain sizes of samples A, B, C, and D were almost same.
Figure 2.21 shows the strain curves measured at SHz using SPM. The positive electric
field was applied to avoid the influence of the domain wall motion. However, slight
hysteresis behavior was observed for all the films. The d33 apm coefficients of samples A,
B, C, and D were 46, 58, 63, and 64 pm/V, respectively. The ds3apm coefficient
increases with increasing annealing temperature. Although ds; apm ideally corresponds
to the intrinsic piezoelectric response because of the microscopic measurement in a
particular domain, it is suggested that the ds3; apm coefficient is influenced by the
extrinsic contribution.

The e3¢ coefficient of BiFeOs; films, which is quite important for the
Piezoelectric VEH application, was characterized without poling treatment because the
BiFeO; films were self-polarized as described above. The e3; ¢ coefficients of samples A,
B, C, and D were -2.4, -4.0, -3.1, and -2.4 C/mz, respectively. Although the e3¢
coefficient does not depend on the annealing temperature, it was found that the e3¢
coefficient increases with decreasing d(100),/d(100» as shown in Fig. 2.22(a). The k3,
also shows similar behavior [Fig. 2.22(b)]. A summary of the results of the samples is

shown in Table 2.1. Liu et al. predicted theoretically that BiFeOs thin films distorted to
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the in-plane tensile direction have an orthorhombic-rhombohedral phase boundary [19].
Although further investigation is needed, it is possible that the increase of the es;r
coefficient is caused by the in-plane tensile strain as well as the in-plane compressive
strain [20]. The maximum e3; sand k3, are -4.0 C/m”* and 8.5%, respectively, which are

comparable to those of epitaxial BiFeOs.
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4 i . . e - o
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Fig. 2.20: Surface morphologies (top) and OP and IP domain structures (middle and
bottom) of samples A, B, C, and D.
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Fig. 2.21: Strain-electric field curves of samples A, B, C, and D.

41 (a) o}
—~ 3t o
£ o o©
S 2
< 1}
0
101 (b)
sl o}
< 6f
X
ng 4* O o
21 O
0

0.986 0.988 0.990 0.992
d(100)¢/d(100)//
Fig. 2.22: Dependences of (a) es;r coefficient and (b) k%l on daooyt /diooy, of the

BiFeO; films.

47



2-4 Conclusions

(100) oriented BiFeO; thin films were deposited by using LaNiO; bottom
electrodes, which have preferential (100) orientation, on Si substrates by sol-gel method.
From the cross section of the films, it was found that the growth configuration changes
from layered granular structure characterized by the sol-gel method to a columnar
structure with an increase in annealing temperature. All the prepared films have
downward spontaneous polarization in the virgin state and the grain and domain sizes
become larger with increasing annealing temperature. From the measurement of the
piezoelectric properties of these films, the es; s increase as the domain size is larger
than the grain size. It is concluded that the decrease of domain wall, which is clamped
by the grain boundary, causes the enhancement. The obtained maximum direct
piezoelectric properties, the e3;rand k2, of the (100) oriented BiFeOs film, which has
a columnar structure and the largest grain and domain sizes among the films, were also
-4.1 C/m* and 6.3%, respectively.

Furthermore, It was found that the e3¢ and k3; of the (100)-oriented BiFeO;
film increased with decreasing d(i00), /d100), of the BiFeOj3 thin films. The largest e3¢
and k%, were -4.0 C/m” and 8.5%, respectively, which are comparable to those of
epitaxial (100)BiFeOs; thin films (10 %).

These results indicate that the (100) orientation control of BiFeOs; on Sican
enhance the piezoelectric properties significantly and the domain and crystal structure

of the film influence the piezoelectric properties.
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Chapter 3: Fabrication and Characterization of
Electromechanical Transduction Properties of Piezoelectric
MEMS Vibrational Energy Harvester Using BiFeO;

Lead-Free Ferroelectric Films

3-1 Introduction

In previous Chapter, it was found that (100)-orientated BiFeO; films, grown on
Si substrate, exhibited large electromechanical coupling coefficient (kZ%;). The
maximum transverse piezoelectric stress confident and electromechanical coupling
coefficient of the (100)-orientated film was -4.0 C/m” and 8.5%, comparable with the
epitaxial BiFeO; films [1-5]. The fabrication of high performance piezoelectric VEHs
can be expected by using the BiFeOs films.

In this chapter, the piezoelectric VEHs with the BiFeOs films are fabricated
and the electromechanical transduction properties of the VEHs under various vibration
conditions are characterized. From the physical value obtained from the experimental
results, the required performances of piezoelectric films in the application of VEHs are

discussed.

3-2 Experiment Procedure
3-2-1 Fabrication of Piezoelectric MEMS VEHSs with BiFeO; Films

The structure of the fabricated piezoelectric MEMS VEHs of the present study
1s shown schematically in figure 3.1. It consists of a single cantilever structure, which is

composed of a supporting silicon membrane, LaNiO;/Pt/Ti bottom electrode, BFO
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piezoelectric film, Pt upper electrode, and Cu proof mass. A schematic of the MEMS
fabrication process of VEHs is shown in figure 3.2. The starting material was a
silicon-on-insulator (SOI) wafer with 5-um-thick Si, 1-um-thick SiO; (insulating layer),
and 650-um-thick Si-bulk. The structures of the VEHs were fabricated as follows; 1) An
SOI wafer was oxidized on both sides with a thickness of 0.5 pum. 2) Thin diaphragm
structures were formed using the anisotropic etching technique with TMAH (25 wt%,
90 °C) etchant. An important point here is to stop etching, saving a final diaphragm with
about 100-um-thick Si-bulk, so as to take care of process-handling in the post-process
flow. 3) We used LaNiOs/Pt/Ti films as bottom electrodes. The thicknesses of LaNiOs,
Pt, and Ti were 150, 200, and 20 nm, respectively. The Pt/Ti film was deposited on the
front surface by sputtering, and patterned using a lift-off technique to form the bottom
electrode. The LaNiO; film was deposited by sputtering, and patterned by wet-etching
with HCI etchant for 15s. 4) A piezoelectric BFO thin film was prepared by the sol-gel
method. The film was crystallized by annealing at 500 °C for 10 min in a rapid thermal
annealing furnace. The BFO film was patterned by etching with a etchant of
HF(50%):HCI:H,0=1:1:20 for 45s. 5) The Pt upper electrode with a thickness of 200
nm was formed by sputtering and a lift-off technique. 6) To form the cantilevers, the
Si0, and Si layers on the front surface around the cantilevers were removed completely
by BHF etchant and by reactive ion etching (RIE) with SF¢ reactive gas, respectively. 7)
The Si-bulk and insulator layer below the cantilever were all etched out by RIE with
SFe reactive gas and by BHF etchant, respectively. 8) A proof mass made of Cu was
attached at the free end of the cantilever. The proof mass was attached onto the tip of

Piezoelectric VEHs to control the resonant frequency to around 100 Hz.
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Fig. 3.1: Structure of piezoelectric VEHs.
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Fig. 3.2: Fabrication of a Piezoelectric VEH using the MEMS technique.

We could finally fabricate the piezoelectric VEHs with unimorph structure, as
shown in figure 3.3. In this chapter, 3 types of Piezoelectric VEHs with 350nm-thick
polycrystalline, 250nm-thick (100) orientated, and 450nm-thick (100) orientated
BiFeOs; films were prepared. The length, width, and thickness of the cantilevers were 3
mm, 0.4 mm, and 6 um, respectively. Therefore, the effective volume of the fabricated

Piezoelectric VEHs was 0.40x3.0x0.256 mm”.
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3-2-3 Measurement Set-Up for Characterizing the Electromechanical
Transduction Properties

The experimental setup with a vibrator for measuring the electromechanical
properties of the fabricated MEMS Piezoelectric VEHs is shown in figure 3.4.
Vibrations were applied to the VEHs toward the vertical direction using a shaker. We
applied several waves to the shaker to characterize the output power of the VEHs under
ideal and random vibrations. Figure 3.5 depicts profiles of these vibrational waves,
which have the following specifications: wave 1 (fundamental wave of 92.3 Hz), wave
2 (fundamental wave + sub-harmonic wave of 46.15 Hz), wave 3 (fundamental wave +
harmonic wave of 184.6 Hz), and wave 4 (fundamental wave + harmonic wave +
sub-harmonic wave). Each were prepared by a function generator (HP 33120A, Hewlett
Packard). The amplitude of each vibration was the same. The applied acceleration was
measured using an accelerometer (352A24, PCB Piezotronics, inc.). The displacement
of the cantilever was determined using a laser head LK-020 and laser displacement
sensor (LK-G5000, Keyence Corporation). To characterize the generated electrical
power of the VEH, a load resistance was connected to the BiFeO; film. The output
voltage across the load resistor was measured using a lock-in amplifier (L15640, NF

Corporation). These systems are controlled by LabVIEW.
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Fig. 3.5: Prepared random oscillation.

3-3 Results and Discussion
3-3-1 Output Power Under ldeal Vibration

The vibration frequency dependence of the normalized output voltage of the
piezoelectric VEHs using BiFeOs; film is shown in figure 3.6. The accelerations of the
applied vibrations were 0.009, 0.018 and 0.054 Gps. It can be seen that the Piezoelectric
VEHs have a resonance frequency around 91-95 Hz and that the normalized maximum
output voltage at the resonance frequency is independent of the acceleration. In contrast,
hysteresis behaviors were observed near the resonance frequency and the non-linear
resonance increased with increasing acceleration. It appears that the nonlinear resonance
of the piezoelectric VEHs mainly originates from the dumping effect of air and the
nonlinear elasticity of the cantilever [6] The maximum voltage of piezoelectric VEHs
with 350nm-thick polycrystalline, 250nm-thick (100) orientated, and 450nm-thick (100)
orientated films are 1.5, 2.7, and 8.7 V-G

The load resistance dependence of the output power density of the piezoelectric

VEHs with the BiFeOs films were characterized at each accelerations and the resonance
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frequency as shown in figure 3.7. The output power is the electrical power that is
dissipated in the load resistance, and normalized using G* and the effective area of the
VEH. The maximum normalized output power of the piezoelectric VEHs using
350nm-thick polycrystalline, 250nm-thick (100) orientated, and 450nm-thick (100)
orientated films are 0.70, 2.6, 10 uW-'mm™>G? at load resistances of impedance
marching, respectively. This result is comparable to or larger than those of the

best-performing VEHs using other piezoelectric films including Pb(Zr,Ti)O; films [7].
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Fig. 3.6: Normalized output voltage as a function of vibration frequency of
piezoelectric VEHs with (a) 350nm polycrystalline, (b) 250nm (100) orientated, and
(c) 450nm (100) orientated BiFeOs films.
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Fig. 3.7: Load resistance dependence of the normalized output power of piezoelectric

VEHs with (a) 350nm polycrystalline, (b) 250nm (100) orientated, and (c) 450nm
(100) orientated BiFeO, films.
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3-3-2 Characterization of the Electromechanical Transduction

Properties

To estimate the performance of fabricated VEHs quantitatively,

Electromechanical coupling coefficient of piezoelectric VEHs is regularly characterized

by,

2
wOC

K2 (3.1)

g
where, K? is electromechanical coupling coefficient of the structure and w,. and wg,
are open and short circuit [8]. However, frequency change of the fabricated VEHs at
open and short circuit could not be observed. On the other hand, the load resistance
dependence on output power and quality factor, calculated from frequency properties,
shows clearly changes at the vicinity of a IMQ of impedance matching as shown in

Fig.3.8. These indicate the energy transfer effectively around the point of impedance

matching. Another model was employed to estimate K?2.
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Fig. 3.8: Load resistance dependence on (a) normalized power and (b) quality factor of
piezoelectric VEHs with 450nm (100) orientated BiFeOs5 film.
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The lumped model of the VEHSs, including mechanical and electrical domains,
is given by Fig. 3.9 [9]. From this equivalent circuit, the governing equation, based on

Duffing equation and Kirchhoff equation, could be written as,

mi+cx—y)+k(x—y)+ks(x—y)=-0V (3.2)
. . .V

O0(x —y)=—i.—ip=C,V +R— (3.3)
i

where m, ¢, k;, ks, C, and R; are proof mass, damping coefficient, spring constant,
non-linear spring constant, capacitance of piezoelectric materials and applied load
resistance. V' is also generated voltage and x and y are the displacement of tip of

cantilever and the base. Form eq. (1) and (2), energy balance could be given by,

nV?
k XYrsin(—¢) — nwc,,(X? — 2XYcosp + Y?) = & (3.4)
1

0 is also given by using electromechanical coupling coefficient of the structure (K?)

62
2
K2 = e, (3.5)
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Fig. 3.9: Schematic figure of the MEMS VEHs and the equivalent circuit.

From the equation (3.4), experimental input energy (Ei), dissipated energy (Ed),

electrical generated energy (Ee), and Ei-Ed were calculated as shown in Fig. 3.10. Since
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the Ee and Ei-Ed is almost consistent, It indicates that the measurement results of
electromechanical properties of the VEHs is reasonable. The generated Efficiency,
where Ee is divided by Ei, and K? are calculated in Fig. 3.11. The efficiency has
maximum point and it indicates that the energy is transferred most effectively. In
contrast, K2shows almost constant value (0.32%). Equation 3.5 indicates that the k2,
is 4.3 %, is corresponding with that obtained from equation 2.1. To characterize the
performance of the VEHs, theoretical electromechanical properties of VEHs is
calculated as shown in Fig. 3.12. the calculation is performed using experimentally
obtained values, are assumed as m=0.64 mg, k;=0.21 N/m, k3;=0 N/m, Q=300,

C,=1.7 nF, and A=0.009Gqyys.
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Fig. 3.10: Energy as a function of load resistance of piezoelectric VEHs with 450nm
(100) orientated BiFeOs film.
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Fig. 3.11: Load resistance dependence on (a) efficiency and K? of piezoelectric VEHs
with 450nm (100) orientated BiFeO; film.

The calculation results show that the tip displacement decreases as it
approaches to the impedance matching or K? increases. This indicates that the
mechanical energy is absorbed by piezoelectric thin films. On the other hand, the output
power increases by a specific point with increasing K? at impedance matching and
then the value decreases at over the point. Similar response could be observed at
different load resistance. These behaviors expand like V-shape on Fig. 3.12. Too large
K? prevents the electrical power generation and shifts the impedance matching. These
results indicate that VEHs has optimal electromechanical coupling coefficient and the
value of MEMS scale piezoelectric VEHs is approximately K2 ~1.0 %. Since the
fabricated BiFeO; films and the VEHs have k3, =4.4 % and K? =0.32 % as shown in
Fig. 2.16 and Fig. 3.11, the piezoelectric thin films with k2, of approximately 10 %
have to be selected to obtain theoretical maximum output in energy harvesting

application .
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3-3-3 Electromechanical Transduction Properties under Random
Oscillations

The results described above sections were obtained using monochromatic
vibrational waves. However, environmental vibrations have random oscillations
comprising various frequencies and amplitudes. Here, to discuss the influence of the
spurious components on VEH performance, the displacement and output power of the
VEHs with 250nm-thick (100) orientated BiFeOs; film were characterized using
vibrations composed of the fundamental, harmonic, and sub-harmonic waves. Figure
3.13 shows the waveforms of the input vibrational acceleration and displacement of the
tip of the cantilever under waves 1-4 as shown in Fig. 3.5. Each displacement
waveform is different from that for acceleration under random vibrations and all the
waveforms look roughly sinusoidal. This indicates that only a single frequency

component is included in each wave. The results of fast Fourier transform analysis
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indicate that the VEH responds only to the resonance vibration of 92.3 Hz, which is the
resonant frequency of the VEHs. Nevertheless, the displacement amplitude under
random vibrations is smaller than that under an ideal vibration of the fundamental; the

maximum accelerations of waves 1—4 are similar.
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Fig. 3.13: Waveform of input acceleration and displacement under (a) wave 1, (b)

wave 2, (¢) wave 3, and (d) wave 4.

The waveforms of acceleration were also Fourier analysed. Figure 3.14 shows that the
ratios of the maximum acceleration of waves 2-4 with respect to wave 1. The
displacement calculated using the acceleration ratio and the maximum displacement at
wave 1 (0.232 mm) are 0.148, 0.167, and 0.128 mm for waves 2, 3, and 4, respectively,
which are smaller than the experimental results (0.188, 0.192, and 0.172 mm,
respectively). Similarly, the output power of each of the waves 14 also depends on the

acceleration ratio. The maximum output power normalised by the area of the cantilever
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was 1.2, 0.73, 0.77, and 0.62 nW-mm 2 for waves 1, 2, 3, and 4, respectively. The ratios
of the output power for waves 2—4 do not correspond to the acceleration ratio as shown

in Fig. 3.14.
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Fig. 3.14: The ratios of 92.3 Hz component on (a) acceleration and (b) output power

under random vibration.

To investigate the effect of spurious component on output power in detail, the
component of the output power at 92.3 Hz under wave 1-4 were characterized by the
lock in amplifier. The results are shown in Fig. 3.14. The output power is independent of
the wave. This indicates that the spurious component has no influence on the resonance
response. The curves shown Fig. 3.15 have two regimes. For lower accelerations, the
output power is proportional to the square of the acceleration. For higher accelerations,
above 0.01 G, the output power is saturated because of nonlinear resonance. The incline

of the curve at saturation gradually decreases with increasing acceleration. It appears
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that this nonlinearity causes a difference in the acceleration and power or displacement

ratio shown in Fig. 3.14.
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Fig. 3.15: Normalized output power as a function of acceleration of 92.3 Hz under (a)

wave 1, (b) wave 2, (¢) wave 3, and (d) wave 4.

3-4 Conclusions

Piezoelectric VEHs using MEMS technology were fabricated. To obtain better
performance, (100)-oriented BiFeOs; films on the (100)-oriented LaNiOs; bottom
electrode by the sol-gel method were prepared. The VEH with the low resonance
frequency of ~100 Hz showed a high output power density of 7.6 yWmm™>G™ at a 1MQ
load resistance. It exceeded or was comparable to those of the best performing VEHs
using other piezoelectric films. These results indicated that the (100)-oriented BFO film

is a good candidate material for piezoelectric VEHs. Furthermore, from the Duffing
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equation and Kirchhoff’s law based governing equations, k2,= 4.3% was determined.
Numerical calculated electromechanical properties showed the efficiency of
experimental results against theoretical maximum generated power was approximately
70%. To achieve maximum performance of the VEHs, it was found that about 10% of
k2, is required.

Several waves composed of the fundamental (92.3 Hz), harmonic (184.6 Hz),
and sub-harmonic (46.15 Hz) were also applied to the VEH to characterize
electromechanical properties under random oscillations. The waveforms of
displacement of the mass were independent of those of acceleration under ideal and
random vibration and were only composed of a single frequency component
corresponding to the resonance fundamental. In contrast, the displacement under
random vibrations was smaller than that under ideal vibrations. To uncover its origin,
the output power properties as a function of acceleration of the resonance frequency
under ideal and random vibrations were characterized. The results were independent of
the form of the vibration. This indicated that the decrease in displacement stems from
the nonlinear resonance of the VEH and that the resonance response depends only on

the fundamental component of the wave.
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Chapter 4: Nanoscale Probing of Direct Piezoelectric

Response of BiFeO3; Films by Scanning Probe Microscopy

4-1 Introduction

Chapter 2 indicates the control of not only growth orientation but also domain
structure of BiFeO; films is quite important to enhance the electromechanical coupling
properties (kZ;). Moreover, it is found that there is no significant relationship between
e31, determined by the direct piezoelectric response and d33arm) of BiFeO; films
(Appendix, Fig. Al). Although it was reported that d33arm) is easily influenced by
several contributions such as the electrostrictive and charging effects [1,2], it appears
that the direct piezoelectric response of BiFeO; films contains the domain wall
contribution. This is because ds3army is mainly dominated by the intrinsic contribution
whereas the e3; by the direct piezoelectric response contains all the piezoelectric
response. However, the direct evidence of domain wall contribution to the direct
piezoresponse could not be obtained.

To investigate the domain wall contribution on the direct piezoelectric response,
it needs to measure the direct piezoelectric response at the domain walls. Although
Genevrier et al. have reported that the measurement of direct piezoelectric response by
scanning probe microscopy, the spatial resolution and sensitivity are insufficient for this
purpose [3]. In this article, we demonstrate the observation of ferroelectric domain
structure of BiFeO; films at high resolution and quantitative measurement of the
effective longitudinal piezoelectric coefficient by using direct piezoelectric response

microscopy (DPRM). Then by combining the analysis of conventional PFM, we discuss
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the enhancement of the direct piezoelectric response at the domain walls and how to

obtain the k2, required for the application of VEHs, which is calculated in chapter 3.

4-2 Experiment Procedure
4-2-1 Set-up for Nanoscale Characterization of Direct Piezoresponse
(DPRM)

An SPM (SII NanoNAvi) was modified to observe the direct piezoresponse of
a nanoscopic region. A schematic illustration of DPRM is shown in Fig. 4.1. To apply a
modulated mechanical force to a sample, a piezoelectric actuator was placed on the
sample stage of the SPM. The sample was set on the actuator. A conductive AFM probe
was contacted to the sample surface and then the actuator was operated at a higher
frequency than the cutoff frequency of the low-pass filter within the feedback controller
of SPM, which avoided the cancellation of the applied force by the z-feedback control
and maintained a constant contact of the cantilever with the sample surface. The
schematic of the operation of DPRM is shown in Fig. 4.2. In DPRM, local modulated
compressive force is applied to a sample from the conductive cantilever by the vibration
of the actuator and then the induced direct piezoresponse is detected by using
lock-in-amplifier. The ferroelectric domain images are obtained by measuring direct

piezoresponse while scanning the specific area under constant force modulation.

69



Lock-in
Amp.
[
Sample N
Actuator Conv.

@ Vibration

Fig. 4.1: Direct piezoelectric response microscopy (DPRM) technique. Schematic

illustration of the experimental set-up for DPRM.

Fig. 4.2: Nanoscale moderated stress applied from cantilever by the vibration of
actuator. Schematic illustration of the operation of DPRM.

70



4-2-2 Detailed Measurement Method and Condition for Accurate
DPRM Measurement

Figure 4.3(a) shows the schematic diagram of DPRM on the peripheral of
contact area. When a conductive cantilever is attached to a film, a parasitic capacitance
of more than 10"% F, which is much higher than the sample capacitance (below 10™° F
in the case of BiFeO; film) is formed between the conductive cantilever beam and the
bottom electrode of the sample In DPRM, it is a critical problem because it leads to
underestimate the generated voltage by direct piezoelectric effect as shown in Fig.
4.3(b). On the other hand, it has little effect on the generated current. Therefore, to
avoid the effect of this parasitic capacitance, an I/V converter was used. The equivalent
of this measurement is shown in Fig. 4.3(c). R; and C; of the I/V converter were 1.0 MQ
and 3.3 pF, respectively. Ideally, the output current (/,) is proportional to the frequency
of the applied force, because the induced charge via the direct piezoelectric effect is
proportional to the force and the output current is given by the charge differentiation.
Given that the cutoff frequency of the I/V converter, which is 10 kHz as shown in Fig.
4.3(d), all the measurements were carried out at below 10 kHz. Besides since the 7, 1s
also proportional to the amplitude of the applied force, the cantilever with relatively
large bulk modulus was selected.

Based on the discussion above, the detailed condition of DPRM was
determined. In this thesis, a commercially available conductive Pt/Cr-coated AFM probe
(Budget Sensors: ElectriTap190) with a radius of 25 nm and spring constant of 48 N/m
was attached to a film sample. The sample was vibrated along the longitudinal axis by a

laminated piezoelectric actuator that was operated by an nf-function generator
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(WF1965). Periodic compressive strain was applied to the film at a frequency of 7.3
kHz. The charge induced via the direct piezoelectric response was measured using a
lock-in amplifier (NF LI5640). Ferroelectric domain images were obtained by
measuring the direct piezoresponse while scanning a specific area under constant force

modulation.
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Fig. 4.3: Piezoelectric current detection by the 1/V converter. a. Schematic diagram

of DPRM on the peripheral of contact area. b. Output voltage (dotted line) and current

(solid line), generated by direct piezoelectric effect, dependence of parasitic

capacitance formed between the cantilever beam and the sample. ¢c. Equivalent circuit

when a cantilever is attached to the surface of the sample. The induced piezoelectric

current is detected by the I/V converter. d. Dependence of frequency on gain.
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4-2-3 Finite Element Simulated Electromechanical Properties of
DPRM

In order to perform the accurate DPRM measurement, it is imperative to
understand how the local force is transmitted to the piezoelectric film. The output signal
of DPRM was analysed by the finite element method (Femtet, Murata Software Co.,
Ltd., Tokyo, Japan). In the simulations, a force (F) was applied from the AFM tip to the
piezoelectric film. Figure 4.4(a) shows the stress and surface deformation in the
out-of-plane direction. The analysis was carried out with an F of 1 uN; tip diameter (D)
of 20 nm; and thickness (%), Young's modulus (£) and ds3 of the piezoelectric film of
200 nm, 73 GPa, and 245 pm/V, respectively. The stress was distributed in the film, and
the surface around the tip was deformed. Figure 4.4(b) displays the relationship between
the induced charge (Q) via the direct piezoelectric response and F under the same
conditions as in Fig. 4.4(a). We found that Q increased linearly with F' and that the
proportional relationship was simply given by QO = ds3F despite the application of
uneven stress. Moreover, this relationship was almost valid under other conditions, as
illustrated in Fig. 4.4(c). In this analysis, D and 4 were varied from 20 to 100 nm and
from 20 to 500 nm, respectively. The charges were almost independent of D and 4,
which suggests that DPRM can achieve quantitative analysis regardless of the
measurement conditions and sample structure. Moreover, the direct piezoelectric
response was hardly influenced by other contributions such as the electrostrictive and
charging effects, because no electric field was applied in the measurement [1,2].
Therefore, DRPM should have the ability to measure the pure piezoelectric response of

ultrathin piezoelectric films, which is an advantage over conventional PFM.
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Fig. 4.4: Finite element analysis for DPRM. a, stress(left) and surface deformation
(right) along z direction. Dependence of the direct piezoelectric response via the
cantilever on b, applied mechanical force and c, thickness of the piezoelectric film and

the diameter of the SPM tip.

4-2-4 Preparation of Measurement Samples

The samples consisted of (100) and (111) BiFeO; epitaxial thin films grown on
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(100) SrRuO3/(100) SrTiOs and (111) SrRuOs/(111) SrTiO; substrates, respectively,
using pulsed laser deposition. X-ray reciprocal space mapping indicated that both films
had rhombohedral structure. The macroscopic remnant polarisation of (111) and (100)
films was 95 and 56 uC/cm?, respectively, and their e31 s values were —1.3 and —3.1

C/m?, respectively [4].

0 100 200 300 400 500 0 200 400
Electric Field (kV/cm) Electric Field (kV/cm)

Fig. 4.5: Ferroelectric and piezoelectric properties of BiFeOs3 films. a. Ferroelectric

properties. b. Piezoelectric properties. Blue and black lines and marks are the results of
(111) and (100) epitaxial BiFeOs; film.
4-3 Results and discussion
4-3-1 Demonstration of DPRM

Based on above described concepts, a prototype 1 of DPRM was prepared and
demonstrated. The schematic is illustrated in Fig. 4.6(a). In the prototype 1, the actuator,
pasted on a stage, was simply placed and fixed under a sample holder. (100) BiFeO;
epitaxial film was used as the measurement sample. Figure 4.6(b) shows the I,sin 8,
which I, is detected current, obtained by modulated force of 3 uN at the frequency of

6.4 kHz. As can be seen, the S/N is much low. Besides the calculated piezoelectric
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coefficient is too large (ds3y~1000) for ferroelectric thin films. Therefore, it is
considered that this detected signal is not piezoelectric response. Figure 4.7 shows the
detected current dependence of the applied voltage of the actuator. In Fig. 4.7 the
current was measured at the condition when the cantilever was attached to the sample
and there is 10pum distance between the tip of cantilever and the sample. As can be seen,
almost same current is detected at the both condition. From these results, it is concluded
that electromagnetic wave from the actuator cause these problems.

Thus, the Cu based electromagnetic interference shield was prepared and
attached to the actuator. The schematic illustration of the prototype 2 is shown in Fig.
4.8(a). The attached shield was made by hand. Figure 4.8(b) also shows the I,sin6.
Interestingly, the obtained image is quite different from the result of the prototype 1 (Fig.
4.7) and obvious domain image with high S/N could be obtained. The amplitude of
detected current was also reasonable. The details of the amplitude and quantitatively of

the detected piezoresponse are described below sections.
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Fig. 4.6: DPRM demonstration using prototype 1. a. Schematic of prototype 1. b.

the detected current mapping image.
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Fig. 4.7: Effect on electromagnetic wave from the actuator. Detected current
dependence of the applied modulated force at 6.4 kHz on two conditions: (a) the
cantilever is attached onto the sample surface and (b) there is 10um sample-tip

distance.
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Fig. 4.8: DPRM demonstration using prototype 2. a. Schematic of prototype 1. b.
the detected piezocurrent mapping image. The regions of red and blue show downward

and upward polarization domain, respectively.

Finally, the electromagnetic interference shield shown in Fig. 4.9 was designed
and prepared. To decay the effect on electromagnetic wave as much as possible, the

peripheral of the actuator is covered by the shield. The prototype 3 is be assembled by
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the one parts pasted to the top of actuator, which the bottom is pasted to another parts.
The sample holder was attached onto the assembled prototype 3 as shown in Fig. 4.10
and then it was placed on the SPM system. The peripheral of DPRM system was also

grounded completely.

Plan view

I ’ 2cm
[ ]

Fig. 4.9: Designed shield box for DPRM. The total size of prototype 3 is radius =
1.0 cm and height = 0.54 cm.
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Fig. 4.10: Assembled DPRM system. Photo of DPRM system.

4-3-2 Observation of Domain Structure Using Direct Piezoelectric
Effect

Figure 4.11(a) shows a topographic image obtained by DPRM for the (100)
BiFeO; film. Compressive force modulation of 1300 nN was applied. The topographic
DPRM image was almost identical to that of conventional SPM, which indicates that
the sinusoidally applied force did not influence the observation of topology and the
constant contact of the AFM probe with the sample was maintained. Figure 4.11(b)
depicts the corresponding phase image of DPRM, which maps the phase difference
between the applied force and direct piezoelectric response. The phase signals (6) of 90°
and —90° correspond to upward and downward domains, respectively. The domain
pattern was clearly observed by DPRM. The obtained pattern is almost identical to the
PFM phase image shown in Fig. 4.11(c). The histograms of the phase signals for DPRM
and PFM in Fig. 4.11(d) indicate that DPRM has almost same spatial resolution as that

of PFM. The phase difference of 180° between the upward and downward domains
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indicates that the signal originates primarily from the direct piezoelectric response. In
contrast to this result, Gruverman et al. reported that the polarisation switching was
induced by the application of the strain gradient generated by SPM tip [5]. Although the
measurement method was similar to that of DPRM, such phenomena were not observed,
as shown in Supplementary Fig. A3, in which direct piezoresponse mapping images
were obtained under force modulation of 600-2300 uN. It seems that the difference
between their experiment and DPRM is the electrical conditions of the AFM probe. In
DPRM, no electric field is applied to the film because the imaginary short circuit is
formed by the //V converter.

Figure 4.12(a) and (c) show the DPRM and PFM amplitude images,
respectively. These images indicate that the signal-to-noise ratio of DPRM was
comparable to that of PFM. While the domain patterns are almost the same in these two
images, the amplitude distributions differ. The domains with large direct piezoelectric
response indicated in Fig. 4.12(a) have small converse piezoelectric response in Fig.
4.12(c). Thus, the direct and converse piezoelectric responses have different active
regions. This result is consistent with a previous comparison of direct and converse

: 19
piezoresponses .
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Fig. 4.11: DPRM measurement of a (100) BiFeO; epitaxial film. a, Surface
morphology of the film. Phase images obtained by b, DPRM and ¢, PFM. d,
Frequency spectrum of the phase image obtained by DPRM (top) and PFM (bottom).
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Fig. 4.12: Comparison of mapping images obtained by DPRM and PFM. Absolute

a, DPRM and b, PFM mapping results. ¢, d Cross-sectional images on the lines
depicted in a and b, respectively.

4-2-3 Quantitative Analysis of Contribution of Domain structure on
Direct Piezoresponse of BiFeO3; Films

The contribution of the domain walls to the direct piezoelectric response of the
BiFeO; films was investigated by combining the PFM and DPRM measurements.
Figure 4.13(a) shows the domain structure of the (111) film measured by PFM. The
(111) film had a single domain structure with downward spontaneous polarisation;
domain walls were not observed. Figure 4.13(b) shows the domain structure of the (100)
film determined from the vertical and lateral PFM images. The details of the
determination are provided in Supplementary Fig. A3. The (100) film has a multidomain

structure composed of 71° and 109° domain walls. The DPRM images of the /,sin&
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signal of the (111) and (100) films are presented in Fig. 4.13(c) and (d), respectively.
The (111) film shows a homogeneous distribution of the signal, which is consistent with
the results shown in Fig. 4.13(a) and the quantitative analysis ability of DPRM
discussed above. In contrast, the (100) film exhibits a large distribution of the amplitude

of ,. To investigate the origin of this distribution in detail, e33 y was calculated using

EL,

€33 f = ds3E = 2nfkx (1)

where £ is the spring constant of the AFM probe and fand x are the operating frequency
and displacement of the actuator, respectively. The BiFeOs films were assumed to have
E =170 GPa. The cross sections of es; s distribution for the (111) and (100) films are
shown in Fig. 4.13(e) and (f), respectively. The areas inside the dashed black rectangles
in Fig. 4.13(a) and (b) were used for this calculation. From Fig. 4.13(e), the average es3 s
is calculated to be 2.7 C/m?, which corresponds to the intrinsic piezoelectric response of
the (111) film because this film has a single domain structure (denoted domain A). In
contrast, the (100) film has different es; s values depending on the domain, as shown in
Fig. 4.13(f). The domain surrounded by 109° domain walls (denoted domain B) has an
average e3s sof 5.7 C/m’. The domain with 71° domain walls (denoted domain C) has an
average ez s of 7.3 C/m?, which is 30% larger than that of domain B. The difference
between the es;, values of domain A and domain B originates from the domain
engineered configuration, because the BiFeO; films used in this study have
rhombohedral structure. The increase of es3 s in domain C of 1.6 C/m? indicates the
contribution of the 71° domain walls to the direct piezoelectric response. This

enhancement is not caused by the difference of the spontaneous polarisation direction,
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because domain D, which has the same spontaneous polarisation direction as that of
domain C and no 71° domain walls, has smaller e33 s than that of domain C. Moreover,
the 71° domain walls are tilted with respect to the film surface. It appears that this tilt
contributed to the increase of es3rin the peripheral area of the 71° domain walls. The
maximum es3 s was observed in the region where the 71° domain walls overlapped. This
also supports the domain wall contribution to the piezoresponse of domain-engineered
ferroelectrics reported by Wada and colleagues’. The enhancement of the direct
piezoelectric response at the 71° domain wall can be explained by the broadening of the
domain walls induced by the stimulus, as proposed by Rao and Wang [6,7].

Finally, the contribution of the 71° domain walls to the macroscopic direct
piezoelectric response characterised by es; ris discussed. For the (111) film, which has
only an intrinsic contribution, the ratio of e3; s (=—1.3 C/mz) to ez (=2.7 C/mz) is —2.1.
By applying this ratio to e3;s of domain B (5.7 C/m?), the estimated intrinsic
contribution of e3; of the (100) film is 2.7 C/m’. The difference between the measured
e3rr (=3.5 C/m?) and intrinsic contribution of e3rr1s —0.8 C/m?, which corresponds to
the contribution of the 71° domain walls. This value is consistent with that estimated
from the enhancement of e33 s caused by the contribution of the 71° domain walls, which
is 1.6 C/m”. Because the 71° domain walls are mainly formed between domains with the
spontaneous polarisation in the same out-of-plane direction, the 71° domain walls will
remain after the poling treatment and can contribute the enhancement of the direct
piezoelectric response. Although the domain wall contribution to the direct piezoelectric
response of the BiFeO; films is only 30% of the intrinsic contribution, it is important for

energy conversion applications such as energy harvesting, because the
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electromechanical coupling factor (k%) is proportional to the square of the piezoelectric
coefficient. It is estimated that almost half of k* originates from the domain wall

contribution.
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Fig. 4.13: Local piezoresponse of (111) (left side) and (100) BiFeO3 epitaxial films
(right side). a, b, Domain structure determined by the converse piezoelectric effect. c,
d, Direct piezoresponse mapping images. €, f, Average e33 cross-section at the area
surrounded by the black dotted line. blue, green, and orange regions in Fig. (f) show

the amplitude of the intrinsic, domain engineering, and domain wall contributions,

respectively.
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4-4 Conclusions

This work presents a technique to observe the ferroelectric domain structure by
direct piezoelectric effect and to characterize the effective longitudinal piezoelectric
coefficient quantitatively. It was found that the significant increase of the direct
piezoelectric response in the domains with 71° domain walls. This work should
stimulate the approach to enhance the piezoelectric properties by the modification of the

domain structure including the introduction of the domain walls.

Method

The current induced via the direct piezoresponse is described as I, sin(wt + 8), where I,
is the amplitude of the induced current, w is angular velocity, t is time and @ is phase. Therefore,

the electric displacement component (D) can be derived from

D; = fot%”sin(ant + 6)dt = — 2;’]’% cos(2nft + 0), (M.1)

where 4 is the contact area of the tip. Using the piezoelectric constitutive equations

D; = d;;T; + &} Ex (M.2)
= e;;S; + & Ex (M.3)
k=123 j=12,...6

where Sij is strain, &5, is the electrical permittivity under constant strain and Ej, is electric field,

es3 s can be written as

L
p
—_ P M.4
633'f 27TfAS33 ( )

The strain applied to the film was calculated by

kx

_ M.5
€33 AE ( )
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The equation used to calculate es; s (Equation (1)) was obtained from Equation (M.4) and (M.5).

The mapping measurement of PFM was carried out by applying an AC voltage of 1.0 V . The eight
equivalent directions for polarization vector in the (100) epitaxial film were visualised by rotating
the sample in —55° increments around the (010) plane and combination of the out-of-plane and

in-plane converse piezoelectric responses. The details are described in Supplementary Fig. A2.
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Appendix of Chapter 4

Macroscopic ezq Vs. Nanoscopic dss 4rm

The macroscopic e3;r and nanoscopic dszapy coefficients  were
characterized for BiFeO; oriented and epitaxial films'™ prepared at various conditions
and methods. Former is measured by substrate bending and collecting developed
charges method and the latter is determined from the strain curve obtained by PFM. The
results are summarized in Fig. A1. As can be seen, no significant relationship between

each piezoresponse is observed.

4| -

Ea | A

& @)
<2 | A Mo,
© &
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Intrinsic d;; 5y (PM/V)

Fig. Al: Intrinsic d33 4rmcoefficients dependence on macroscopic esq s
coefficient. Circle, square, and triangle mark show the data of (100) epitaxial, (111)
epitaxial, and (100) oriented BiFeO; films.

Determination of domain walls by CPRM

Piezoelectric force microscopy was used for determination of the types of the
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domain walls’. To distinguish four variants of the in-plane direction of the spontaneous
polarization, the angle between the direction of the cantilever beam and <100> of
BiFeO; was set at 55°. The schematic illustration of the measurement is shown in Fig.
A2(a). The out-of-plane and in-plane directions of the spontaneous polarization are
determined by the vertical and lateral PFM measurements, respectively, as shown in Fig.
A2(b) and A2(c). Figure A2(d) and A2(e) show the results of vertical and lateral PFM
measurements for the (100) BiFeO; epitaxial film. From these results, the directions of
the spontaneous polarization for each domain were determined as shown in Fig. A2(f).
From the relationship between the directions of the spontaneous polarization in the
adjacent domains, the type of the domain walls, which are 71°, 109°, and 180° domain

walls, were determined as shown in Fig. 4.13(b).
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Fig. A2: Domain wall detection by PFM. a, Schematic figure of dipole vectors in
unit-cell. The relationship between detected signals and depicted color in b, vertical
and c, lateral converse piezoresponse. The d, vertical and e, lateral domain pattern
image of (100) BiFeOs; epitaxial film obtained by PFM measurement. f, The visualized

lateral domain vector image of the film.

DPRM mapping images dependence on compressive force

DPRM measurements were carried out at the compressive mechanical force
modulation from 600 to 2300 nN. Figure A3a-h shows the morphology and the direct
piezoelectric response of the (100) BiFeOs film measured at various force. As can be
seen, all the mapping images have similar pattern. Although it appears that the es3f
coefficient decreases when the applied force is more than 1300 nN, the change of the

domain structure including the polarization switching is not observed.
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F|g A3 Change of the topography (upper side) and piezoresponse (bottom side)
of (100) BiFeOg epitaxial film on the increase of mechanical compressive force
modulation. The images at the force of a,c 600 nN, b,f, 1300nN, c¢,g, 1600 nN, and
d,h 2300 nN.
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Chapter 5: Summary

This thesis has been devoted to the study on “’Nanoscale Probing of Direct
Piezoelectric Properties and Vibration Energy Harvesting Application of BiFeO; Films ”.
The main results of this work can be summarized as follows.

In Chapter 2, to improve the piezoelectric properties of sol-gel-derived BiFeOs
films for MEMS VEHs application, (100) oriented films were prepared by using
LaNiO; bottom electrodes, which have preferential (100) orientation on Si substrates.
From the comparison between microstructure and direct piezoresponse at macroscopic
region, it was found that domain size and tensile stress, applied to the (100) orientated
BiFeO; films, enhanced the electromechanical properties of the BiFeO; films.

In Chapter 3, electromechanical properties of VEHs with the BiFeOs films
were characterized. By controlling the growth orientation of BiFeOs films, the output
power was enhanced significantly, compared to the VEHs using polycrystalline BiFeO3
films. From the results of numerical calculation using the physical values exerted from
the fundamental characterization of the VEHs, it was clarified that the performance of
the fabricated VEHs and the required k2, for the application of VEHs were 70% of the
theoretical limit and 10%. These results indicate that full potential of the VEHs can be
delivered by improving the electromechanical properties of BiFeO; films and it can be
comparable with the Pb(Zr,Ti)O; films.

In Chapter 4, Scanning probe microscopy based measurement technique for
observing domain structure and nanoscopic direct piezoresponse, utilizing direct

piezoelectric effect, was developed. Chapter 2 and 3 indicated that it was imperative to
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characterize the nanoscopic direct piezoresponse to enhance the k3, of BiFeOj; films
and achieve the maximum performance of the VEHs. From the DPRM mapping results,
it was found that DPRM could observe obvious domain structure, which is almost same
sensitivity with conventional piezoelectric response microscopy from converse
piezoelectric effect. Moreover, it found interesting experimental results that the direct
piezoresponse is enhanced at the vicinity of 71° domain wall and increase of the density
is effective to improve the direct piezoresponse. Combining the developed and
conventional microscopy technique, the amplitude of intrinsic, domain engineered
configuration, and domain wall contribution to the esq  of (100) BiFeO; epitaxial film
are up to -0.7 and -2, and >-0.8 C/m”. Although the domain wall contribution on the
direct piezoelectric response of the BiFeOs; films is only 30% of the intrinsic
contribution, it has significant role on the energy conversion application such as energy
harvesting, because the electoromechanical coupling factor (k?) is propositional to the
square of the piezoelectric coefficient. It can be estimated that almost half of k? is
originated form the domain wall contribution.

Throughout these works, some designing principle of ferroelectric films for the
application of VEHs could be established. In VEHs, k2%,=10% is sufficient to achieve
theoretical maximum electromechanical performance of the VEHs. Since direct
piezoresponse also contains intrinsic and extrinsic contribution, the control of domain
structure is important to obtain large kZ,, especially in chapter 4, it is appeared that the
nanoscopic direct piezoresponse is enhanced by the increase of 71° domain wall density.
Although further works is needed, domain wall density might be a factor to enhance the

direct piezoresponse as same as converse piezoresponse reported by Wada et al.
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These scientific knowledge is expected to lead the fabrication of lead-free piezoelectric

films with large kZ,, comparable with PZT, for VEHs.
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