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In this work, multi-layer ceramics (MLC) are fabricated for vibrational energy
harvesting using 0.5mol.% CuO added  0.69Pb(Zr¢ 47Tig 53)O03-
0.31Pb(Zng 4Nig ¢)1/3Nbs/303 (0.5CPZT-PZNN). 0.5CPZT-PZNN has a high
transduction coefficient of 20,367 m*N with a high Curie temperature of
300°C. The effect of the number of layers (n-layers =1, 3, 5 and 7) on the
active power density is systematically investigated. MLC-based piezoelectric
energy harvesting (PEH) can increase the active power output by approxi-
mately 2.5 times as compared to bulk PEH (n = 1). For the bulk ceramic, PEH
active power density is found to be 21 mW/cm?® , whereas maximum active
power density is obtained for n = 5 (49.7 mW/cm?®). However, upon increasing
layers (n = 7), active power density is decreased due to high capacitance. The
result shows that the MLC-based PEH can increase output current/voltage
and decrease the matching resistive load. In addition, effect of the load
resistance on the voltage, current and active power density is also discussed.
Finally, a comparison of various piezoelectric material based power output in
MLC-system has been also presented.
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INTRODUCTION

Energy harvesting from wasted/unused power
sources is being currently studied by numerous
researchers for various applications including
industrial and automobile machines, human activ-
ity, structures and environmental sources.'® In this
direction, energy recovery/conversion from environ-
mental  vibration/motion-based systems has
attracted great interest.”~1° This is because it can
be used for remote/wireless and micro-electro-me-
chanical systems (MEMS) applications as an alter-
natives power source.'! In this context, three most
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popular ways for mechanical-to-electric energy con-
version are (1) piezoelectric, (2) electromagnetic and
(8) electrostatic transductions.”'?7*® Out of these,
piezoelectric energy harvesters are commonly used
for wireless and MEMS based devices. Therefore,
during the last decade, a number of researchers
have suggested various designs and methods such
as: bimorph, cymbal type, stacked layers, function-
ally graded material (FGM), piezoelectric active
fiber composites (AFCs), flexible piezoelectric poly-
mer composite and multilayer ceramics (MLC), to
improve the piezoelectric energy harvesting (PEH)
capacity.'®3° Regardless of these developments,
there are still numerous challenges that must be
addressed for the wireless application based PEH
system. These include low power density, fatigue, a
fabrication process and cost effectiveness.?® A
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major factor hindering the implementation of PEH
in practical applications is low power density. Thus,
several types of PEH have low power density due to
high matching impedance in spite of their high
output voltage.

The electrical energy from the PEH can be
extracted in two ways: delivering the generated
electrical energy across a resistive load, and storing
the energy into a capacitor/battery. However, these
are challenging issues for PEH study, which has
caused researchers to pay more attention to
addressing energy delivery and storage working at
resonance modes.?>*! Recently, several researchers
are working to solve this problem.?*?%31-33 SQong
et al.?? fabricated MLC-based PEH which consisted
of lower impedance matching and higher current
density. However, they only reported directly mea-
sured output voltage of the harvester and calculated
current and power, which indicates that the
reported power is apparent power instead of active
power. However, apparent power is not a true
indicator of performance for real time applications.
Therefore, direct measurement of active power for
the MLC-PEH systems and a detailed discussion is
necessary. Another important parameter for the
PEH is to have a higher transduction coeffi-

cient, which can be defined as®* Transduction
2

coefficient = djj x gj; :% where dj;, g; and & are
ij

piezoelectric charge constant, piezoelectric voltage
constant and dielectric constant, respectively. For a
material to be a good PEH candidate it should have
a high piezoelectric constant and low dielectric
constant. In our previous study, 0.5CPZT-PZNN
ceramics were observed to have a very high trans-
duction coefficient of around 20,367 m?/N.%® There-
fore, in the present work, we fabricated multi-layer
0.5CPZT-PZNN ceramics and investigated the PEH
characteristic. We also studied the effect of the
number of stacked layers. Additionally, a compar-
ison of the power density has been made with other
important PEH materials.

EXPERIMENTAL PROCEDURE

A 0.5mol.% CuO sample  containing
O.69Pb(ZI‘0_47Ti0.53)03-0.31Pb(Zn0.4Ni0_6)1/3Nb2/303
(0.5CPZT-PZNN) ceramic powder was prepared and
n-layer stacked MLC harvesters were fabricated.
The detailed description of ceramic powder prepa-
ration and MLC fabrication were reported in previ-
ous work.®® Figure la shows a schematic
representation with detailed dimensions of pre-
pared MLC. The phase formation of 0.5CPZT-PZNN
ceramics was investigated by x-ray diffraction
(XRD: Rigaku D/max-RC, Tokyo, dJapan). The
microstructures and compositions of the specimens
were investigated by scanning electron microscopy
(SEM: Hitachi S-4300, Osaka, Japan) and energy-
dispersive x-ray spectroscopy (EDX: EMAX, Horiba,
Kyoto, Japan). The flat face of the bulk ceramic

sample was ground and a silver electrode was
sputtered on both surfaces. Then, the temperature
dependent dielectric measurement (HP 4284A;
Hewlett Packard Corporation, Palo Alto, CA, USA)
was performed from 50°C to 300°C with a heating
rate of 5°C/min. The bulk ceramics and MLC layers
were poled in silicone oil at 120°C for 60 min under
the direct current (DC) field of 3.0 kV/mm. Further,
for the fabrication of MLC cantilever harvesters,
layers were attached to a steel leaf spring substrate
using epoxy (353ND; Epoxy Technology, Billerica,
MA, USA) as shown in Fig. 1b. Figure 1b shows the
schematic diagram of single layer cantilever (n = 1
represent the bulk ceramics). Figure 1c shows the
top views and side view of three-layer MLC. In the
three-layer MLC, each side, 2 mm in length, is not
an electrode to avoid a short circuit; therefore, the
length of the electrode is 15 mm and width is
2.9 mm, while the thickness of each electrode layer
is ~ 3.2—4 um. Similarly, electrode configuration is
also used for five-layer and seven-layer MLC.
External vibration was applied using an artificial
exciter (Type 4809; Brucel & Kjer, Bremen, Ger-
many), and the vibration acceleration was 1.0 g
(g = 9.8 m/s?). The output voltage, current and
electric power were directly measured using a
microwattmeter (HP 5347A; Hewlett Packard Cor-
poration, Palo Alto, CA, USA) at various electric
load resistances and external vibration frequencies.

RESULTS AND DISCUSSION

Figure 2 shows the XRD patterns of 0.5CPZT-
PZNN ceramics sintered at 900°C for 4 h. All the
XRD peaks are indexed using the JCPDS file no. 86-
1712, which is consistent with the literature.®® It
shows homogeneous perovskite phase formation
without any secondary phase, indicated by absence
of any extra peaks. 0.5CPZT-PZNN ceramics pos-
sess a well-known rhombohedral structure with a
lattice parameter of a=b=c=4.045 A and
a = 89.8°.%% A detailed discussion on the XRD anal-
ysis has been previously reported.® Therefore, the
present work is limited to confirming the phase
formation of the composition under study. It is
already established that the 0.5CPZT-PZNN ceram-
ics have a high transduction coefficient (20,367 m?/
N) at room temperature.®® Therefore, similar rhom-
bohedral structure is also employed in the present
work.

In order to further investigate the material,
temperature dependence of dielectric constant and
loss were measured. Figure 3a and b displays the
dielectric constants (¢) and loss versus temperature
plot at various frequency (100-100 kHz). Inset of
Fig. 3 represents the enlarged view of (1) dielectric
constant near room temperature to 200°C, (2)
dielectric constant and (3) dielectric loss in the
vicinity of Curie temperature (7). Dielectric plots
suggest normal ferroelectric behavior with one
anomaly near T, of 300°C. This higher T is needed



6966

(a) (7-layer)  (5-layer)  (3-layer)

0.4 mm 0.38 m 0.37 mm
1 -

l—>{
Side view I II m
— -
0.2 em

A |
(]
Cd
>
rd

g = =

<@ <@ <

) ) =

(o)} a —
Top view

r Y Y
k> k= k>

0.2 cm 0.2 cm 0.29 cm

Patel, Seo, and Nahm

(b) 110 mm
Smm_ 2 mm
Eorer [
2|
(o]
- H 1
15.5 mnrl0 m :20 mm i
= . 15.5 mm . %
E__ . i
<3
< Fixed
(¢) 02cm

> < Top view

I 92
! Side view

I

1.7 cm
Ag electrode
thickness ~3.2-4 pm
I Ceramic thickness ~120 pm
for 3 layer

Fig. 1. Schematics for the (a) n-layers 0.5CPZT-PZNN MLC, (b) cantilever-type bulk piezoelectric harvester and (c) three-layer 0.5CPZT-PZNN

MLC.

101
110

Intensity (arb. unit)

112
211

001
100
111
002
200

n kftf\%f]\

20 30 40 50 60
20 (degree)
Fig. 2. XRD patterns of sintered 0.5CPZT-PZNN ceramics.

for PEH because when mechanical loss is generated,
the temperature of harvester could increase during
the real time application. Moreover, 0.5CPZT-PZNN
ceramics show low dielectric loss value (< 1.0%).
Therefore, 0.5CPZT-PZNN ceramics have an addi-
tional advantage pertaining to the PEH system.
Further, T shifted towards the higher temperature
side with increasing frequency (inset of Fig. 3a)
while ¢ at T, decreased, which is typlcal behavior of
ferroelectnc relaxor  material.® Generally,
0.5CPZT-PZNN consists of mixed ferroelectric
phases such as rhombohedral, tetragonal and
pseudo-cubic because their solid solution lies

between normal ferroelectric PZT and typical
relaxor PZNN.?® Hence, one can expect that
0.5CPZT-PZNN ceramics have a relaxor-like ferro-
electric behavior.

Figure 4a shows the SEM image of the MLC
(n =3) 0.5CPZT-PZNN ceramics as-fabricated at
900°C using a Ag electrode. The enlarged view at
the interface of the Ag electrode and 0.5CPZT-
PZNN ceramic layer is represented in Fig. 4b. ML.C
are well-developed with dense micro-structure and
the thickness of one layer is approximately 120 um,
whereas the electrode thickness is ~ 3.2—4 um. For
further investigation of diffusion, EDX line scan-
ning was conducted across the Ag electrode and the
0.5CPZT-PZNN ceramic layers as shown in Fig. 4c.
Ag peaks are not observed in the EDX spectrum of
the ceramics region. Similarly, Pb, Zr, Ti, Ni and Nb
ions spectra are not observed in the Ag electrode
region. Hence, it can be said that the diffusion
between the Ag electrode and the 0.5CPZT-PZNN
ceramic layer has not occurred during fabrication.
The SEM and EDX results suggest that MLC have
been very well fabricated without any diffusion
between electrode and ceramics.

Figure 5 shows the output (a) electric field, (b)
current and (c) power density for n-layer (n = 1, 3, 5
and 7) MLC harvesters with respect to operating
frequency at certain load resistance. All the n-layer
(n=1, 3, 5 and 7) harvesters have a similar
resonance frequency (~ 80 Hz) because the size,
shape and Young’s modulus of harvesters are the
same as reported in experimental procedures. Here,
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temperature.

it is important to note that the Young’s modulus of
PEH harvesters are assumed to be the same as steel
leaf spring substrate because the multi-layer cera-
mic has a tiny volume portion as compared to the
base layer. Therefore, the Young’s modulus of PEHs
are independent of the number of layers of multi-
layer ceramics. Generally, it is established that in
the PEH-system, maximum output electric field,
current density and power density can be obtained
at the resonance frequency owing to maximum
harvester displacement.! Hence, it is important to
note that cantilevers were designed in such a way
that they can operate using an ambient frequency of
approximately 80 Hz and can be used for self-
powering devices. The bulk harvester (n = 1) shows
a high electric field with low current density.
However, if n is more than 1 (MLC harvester), the
electric field is decreased while the current density
is increased with increments in n. A theoretical
model is introduced by Kong et al.*® to address
electrical load matching issues for complex load and/
or impedances. However, the theoretical estimated

resistive impedance matching could not become
practice and the efficiency drops sharply outside
the frequency range. In practice, the trial and error
method to find the maximum electrical power
delivered across the resistive load for PEH study
is commonly used because it has the following
advantages: (1) inexpensive, (2) simple and practi-
cable, (3) a maximum power can be obtained with a
matched resistive load, and (4) the value obtained is
significantly larger than that stored in a super-
capacitor/battery.?>31:3® Therefore, this method is
also used in the present work. Hence, to see the
effect of load resistance and number of layers, the
frequency is fixed at 80 Hz. The output voltage,
current and power density of n-layer MLC (n = 1, 3,
5 and 7) harvesters has been presented in Fig. 5d, e,
and f, respectively, as a function of load resistance
corresponding to resonance frequency.

The output electric field increases as the load
resistance increases. On the other hand, current
densities decrease with increase in load resistance.
It can be due to the rise of total resistance in electric
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circuit. In the bulk harvester (n = 1) the maximum
output power density is obtained as 21.0 mW/cm?
across a 1 MQ load resistance. As the load resis-
tance further increase (> 1 MQ), power density
decreases. Therefore, the output power of the piezo-
electric harvester strongly depends on the load
resistance and it attains maximum values when
the load impedance equals the source impedance. As
the number of layers increase, the load resistances
for impedance matching are dramatically reduced
see Fig. 5g. This behavior of ML.C can be understood
by the im}gedance matching model as reported by
Song et al.*” The total impedance of the harvester is
decreased with increment of capacitor value as R =

sy<c Where R, f and C are total impedance,

frequency and capacitance of piezoelectric material,
respectively. In MLC, capacitance is proportional to
number of stacked layers, n. Therefore, the total
impedance of MLC harvesters is much smaller than
that of a bulk harvester. Hence, the maximum
output power density can be obtained at lower
values of load resistance. Additionally, this low
impedance matching affects the small electric field

output and high current density because total
resistance of the whole circuit is reduced, as
depicted in Fig. 5h and i, respectively. Figure 5g,
h, i, and j shows the matching impedance, electric
field, current density and maximum power density
of n-layer MLC harvesters with respect to the
number of stacked layers (n), respectively. As n
increases, the matching impedance of MLC har-
vesters continuously decreases. Hence, the electric
field decreases while the current density increases
with increment in n. Therefore, MLC harvesters
have better performance as compared to bulk
harvesters.

Furthermore, the output power density of MLC
harvesters is independent of the number of stacked
layers and displays lower matching impedance,
which results in higher current density.?”> However,
the present work shows that the output power
densities of MLC harvesters are also enhanced with
increment in n, even though products of output
electric field and current density of all the samples
are similar. This could be explained by the active
and reactive power of the piezoelectric harvester. In
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Fig. 5. The output (a) electric field, (b) current density and (c) power density versus operating frequency of n-layer MLC (at each matching
impedance). The output (d) electric field, (e) current density and (f) power density as a function of load resistance at each resonant frequency for
n-layer MLC. The (g) matching impedance, output (h) electric field, (i) current density and (j) power density with respect to the number of stacked

layers.

general, the apparent power is known as the
production of output voltage and current and it
consists of active and reactive power.?” In the case
of an alternative power source, the circuit has a
reactance factor which is same as inductor. This
makes the phase difference between voltage and
current. As a result, some part of current (Sign term
of current) is orthogonal with the voltage and this
part cannot contribute to work on the load resis-
tance.?” This un-contributed work means reactive
power. Therefore, only active power must be con-
sidered an exact electric power generated by the
piezoelectric harvester. The bulk piezoelectric har-
vester shows large impedance, which means that it
has a large reactance. Thus, their active power is
very low even though their apparent power is the
same as MLC harvesters. In this case, MLC har-
vesters have small impedance due to their high
capacitance. Hence, their reactance could be sup-
pressed and their active power could be enhanced by
increasing the number of layers. Therefore, MLC
harvesters show not only high current density, but
also a large amount of output power density as
compared to bulk harvesters. However, as n is
increased beyond five, the active power density
slightly decreases. For a seven-layer stacked MLC,
the capacitance is very high as compared to others.
When the capacitance of MLC is too high, internally
stored energy in MLC varies as E =CV?. In this

case, generated electric energy is almost consumed
inside the ceramics and the active power density is
decreased. Therefore, the maximum output power
density of 49.7 mW/cm with low matching impe-
dance (39 kQ), low electric field (175 4 V/em) and
high current density (0.32 mA/cm?) is obtained
when n is 5. The measured capacitance of three-
layer MLC is ~ 0.5 nF/mm?. From this value, the
capacitance of each MLC-PEH can be calculated
The capac1tance for a sm§le layer (Cs) and multi-
layer (Cy) is defined as

Cs = srsoé and Cy = srson,é = sreon2é (1)
ts tMm L
where ¢ and ¢, are the permittivity of vacuum and
relative permittivity of the piezoelectric material, A
is the electrode area of the single layer, tg is the
thickness of the single layer, ¢y is the thickness of
each layer in MLC, which is equal to the tg,
L(L = nty) is the total thickness on the MLC
piezoelectric layer. This shows that the Cy is n?
times the Cg for the same overall size; the MLC has
high energy storage capability. However,n? times
Cs relation isn’t applicable for the current work as
the thickness of the MLC layer is different in each
case. The present work focused on keeping reso-
nance frequency (~ 80 Hz) the same, hence total
volume (size, shape) stayed constant instead of the
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Table I. Energy harvesting characters of several reported MLC harvesters

Power (mW) Dimensions (cm) Frequency (Hz) Force (g) Power density (mW/cm®) References
l w h

100 3.5 1.0 0.02 143 240 Ref. 32

0.903 3.5 0.7 0.032 20 0.43 15.5 Ref. 28

0.347 3.04 0.7 0.7 1204 2258 Ref. 23

39 - 290 0.1 100 795 60 Ref. 21

0.083 2.2 2.3 0.015 64.2 0.29 Ref. 41

1.1 2.9 0.2 0.038 80 1 49.7 This work

*Symbol type.

layer thickness. The capacitance values of bulk CONCLUSIONS

PEH, three-layer, five-layer and seven-layer MLC-
PEHs are ~ 0.6 nF, ~ 9 nF, ~ 25 nF and ~ 50 nF,
respectively. However, the capacitance is also
estimated by an AC-component exhibiting reac-
tance equitation as C = 1/(2n x fxR), which is
found as ~ 2 nF, ~ 28 nF, ~ 51 nF, ~ 95 nF for
of bulk PEH, three-layer, five-layer and seven-
layer MLC-PEHs, respectively. In addition, the
capacitance of bulk and three-layer MLC is calcu-
lated by the electrode size and dielectric constant
as ~ 2.7nF and ~ 14 nF, which is comparable to
the directly measured capacitance. The detailed
discussion on these measurement method are
discussed by Jonassen®® Generally, the powers of
0.9 mW and 0.09 mW are necessary for operating
and deep sleep state for commercial RF transcei-
ver, respectively. Therefore, using one MLC-PEH
device in this paper, at least one RF transceiver
can be operated, which means that MLC-PEH
device are very suitable for a micropower source of
a ubiquitous sensor network.

Finally, Table I lists the energy harvesting char-
acteristics comparison of various piezoelectric ML.C
with their operating parameters and dimen-
sions.?%?82940 The direct comparison of energy
harvesting character is difficult because each har-
vester is operated under different conditions: such
as operating mode, force and frequency. Neverthe-
less, the output power in this work shows the
remarkable value. Moreover, our energy harvester
has high output current density as well as power
density, as discussed. This is because of as increas-
ing the number of layers, total impedance of PEH
are decreases which leads to high output current
density. Therefore, it can be considered that MLC
harvesters using 0.5CPZT-PZNN ceramics are suit-
able candidates for future power source of sensor
network, wireless and self-powering devices.

Energy harvesting potential of CuO added
0.69Pb(Zr0.47TiO.53)03-0.31Pb(Zn0,4NiO,6)1/3Nb2/303
(0.5CPZT-PZNN)-based multi-layer ceramics (MLC)
was investigated. The n-layer (n =1, 3, 5 and 7)
MLC were successfully fabricated without any
diffusion between ceramic layer and Ag electrode.
In the bulk ceramic (n = 1), the energy harvester
matches the impedance with high load resistance,
which displayed a very high output electric field of
499.2 V/em and low current density of 0.14 mA/m?>.
However, in the case of MLC, the opposite behavior is
observed due to increase in capacitances with increas-
ing number of stacked layer n. Thus, the matching
impedance and output electric field were decreased
while output current density was increased with
respect to n. Especially, the output power densities of
MLC harvesters also increased with increasing n
even though production of electric fields and current
densities of all specimens were similar. This behavior
might be related to active electric power. However,
when n = 7, this active power density was decreased
due to the higher capacitance. Therefore, five-layer
0.5CPZT-PZNN MLC harvesters exhibited a high
output power density of 49.7 mW/cm? at 80.6 Hz with
a high output current density of 0.32 mA/cm?. The
results indicate that the proposed approach can be a
good candidate for power source of wireless and
MEMS-based electric devices. The results show the
potential of PEH for use in power harvesting appli-
cations and estimating the amount of energy stored
in capacitor with time required to recharge a specific
capacity battery.
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