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ABSTRACT

Piezoelectric energy harvesting from ambient vibrations offers an environmentally friendly approach to powering distributed sensors for the
Internet of Things. This paper gives a direct comparison of Pb(Zr,Ti)O3 (PZT)- and (K,Na)NbO; (KNN)-based harvesters using a compli-
ant mechanism harvester design for resonant frequencies of 20, 40, and 70 Hz. At 70 Hz, the measured power densities for PZT- and KNN-
based devices are 1139 and 31 gW/mm?>, respectively, for unimorph structures on nickel foils of 25 and 50 um in thickness. The power
density ratios scale proportionally to the material energy harvesting figures of merit. Energy harvesting with the compliant mechanism
design is twice as efficient when compared to harvesting with a simple cantilever beam.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0037731

I. INTRODUCTION

The increasing number of interconnected objects constituting
the Internet of Things (IoT) needs to be powered to function.’
Periodic battery changes for widely distributed networks of sensors
are challenging; therefore, more sustainable approaches using alter-
native energy sources are of interest. Wind and solar power are
intermittent and are not available in all locations. In some of these
places, however, mechanical energy from ambient vibrations is
predictable and available.” For example, heating, ventilation and
air-conditioning (HVAC) vents in office buildings resonate at
60 Hz with peak accelerations from 0.2 to 1.5 m/s>.” These mechan-
ical vibrations can be transformed into electrical energy with high-
power density harvesters using the direct piezoelectric effect.

Many groups have investigated piezoelectric harvesting of elec-
trical power from vibrations at different frequency ranges, at different
scales from MEMS to macroscopic beams, with resonant or non-
resonant structures, with various geometries from simple cantilever
beams to more complex structures enabling more uniform strain dis-
tribution with lead-based and lead-free active materials.™*

The highest output power range is achieved using PZT-based
ceramics.”” Bulk ceramic active materials have large thicknesses
and, therefore, large bending stiffness, which results in high res-
onant frequencies. Due to their brittle character, ceramics do not
withstand large strains. In order to design a harvester for low
resonant frequencies, a long beam length, large proof mass, or
low bending stiffness of the beam is required. The bending stiff-
ness is proportional to the area moment of inertia and the mate-
rials Young’s modulus. Thus, for low frequency harvesting, small
structures made of micromachined structures on silicon, thin
flexible substrates, such as metallic films, or low stiffness sub-
strates, such as Mylar, are of interest. Jeon et al. worked on a
microelectromechanical system (MEMS) energy harvester device
using the PZT film with d;; mode harvesting providing power of
1uW at 13.9kHz.° Shen et al. also reported an MEMS-based
harvester; however, they achieved lower resonant frequency.
The output power of the harvester was 0.34uW at 183.8 Hz
under 0.75G (G =9.81 m/s?).” Won et al. utilized a small beam
cross section (a stress-engineered 1 um thick PZT thin film on a
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25 um-thin Ni-Cr based austenitic steel metal foil) in a small-
scale harvester without any complex MEMS or etching. This
device provided 5.6 uW with a peak voltage of 690 mV at 127 Hz
under 05G acceleration (G =9.81 m/s*).® More recently, Godard
et al. used the approach of low stiffness polymer substrate to
decrease the resonant frequency. The active material was multi-
layered screen-printed P(VDF-TrFE). Their transducer was able
to harvest 0.97 mW at 33 Hz under a large acceleration of 5.8 G.”

More efficient transducer designs can increase the power
output of piezoelectric harvesters. This entails ensuring that the
piezoelectric material is effectively strained up to the maximum
strain tolerated by the piezoelectric material. PZT thin films on
nickel substrates withstand strain levels up to 0.5% depending on
the thickness and microstructure,'’ whereas PVDF films on Mylar
are able to withstand strains up to 1%-2%.” The strain homogene-
ity plays a crucial role in the amount of power generated. The
strain distribution in a simple cantilever beam decreases linearly
from the clamped end toward the beam tip, where it is close to
zero. Therefore, the root of the cantilever generates more power
than the portion close to the beam tip. Thus, a simple cantilever
beam produces only 20%-24% of the power that would be gener-
ated if an equivalent volume of piezoelectric material was strained
uniformly throughout its length.” Designs that make the strain dis-
tribution within the piezoelectric material both uniform and com-
paratively high are more efficient.'™"" Yeo et al. developed
piezoelectric energy harvesters that combined a high performance
Mn doped Pb(Zr,Ti)O3 (Mn-PZT) 3 um active layer deposited on
25 um nickel foil'* with the 65% mode shape efficiency of the com-
pliant mechanism design proposed by Ma et al'' The reported
output power at 6 Hz under 0.05 G was 50 uW. This corresponds to
an energy density as high as 9.75 yW/cm?."*

oGiven the potential widespread distribution of mechanical
energy harvesters in the environment for powering IoT applica-
tions and new legislation limiting lead usage due to its high
neurotoxicity,””~'” there is a need for developing high-quality
and competitive lead-free piezoelectric layers. Moreover, high
output power piezoelectric lead-free materials could open new
possibilities for medical applications due to better biocompatibil-
ity."®"” Poly(vinylidene fluoride)-based (PVDF) piezoelectric
polymers are interesting because they are lead-free, compatible
with a variety of possible substrates, and widely commercially
available; however, their main drawbacks are low power density
and difficulty in impedance matching. On the other hand, lead-
free ceramics show higher power densities. Biocompatibility and
high-power density are necessary for applications such as
implantable energy harvesters.”

TABLE I. KNN-based energy harvesters.
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(K,Na)NbO; (KNN) is one of the most promising lead-free
ceramic with a PZT-competitive piezoelectric coefficient, high-
power density, and biocompatibility.”'~*° Although KNN is a suit-
able candidate, it often has higher leakage currents*’ due to hygro-
scopic secondary phases originating from nonstoichiometry related
to alkali loss during deposition.”® Leakage currents can be opti-
mized by adjusting deposition conditions, alkali excess, or
doping.””*>*" Zheng et al. reported that a 1 mol. % Mn doped bulk
KNN integrated into a cantilever beam resonating at 90 Hz har-
vested 16 uW at 1 G acceleration. The corresponding volume power
density was 0.32uW/mm®.”" Thin film KNN has also been used
for energy harvesting. Mn doped sol-gel deposited (100) oriented
KNN is reported to exhibit an es; ¢ equal to —8.5 C/m?. With a rela-
tive permittivity (e€,) of 788, this film shows a figure of merit

62
(FoM = ;—‘f) as high as 0.09 C*/m*.>* Kanno et al. used a sputter

deposited KNN integrated into a harvester resonating at 1036 Hz,
which generated 1.1 uW at 1G. The corresponding power density
was 6.5 uW/mm®.”> Won et al. reported a KNN MEMS energy har-
vester that resonated at 132 Hz; under an acceleration of 1 G, it pro-
duced 3.62 uW of power with a peak voltage of 520 mV."” In 2015,
Kim et al. designed harvesters utilizing a KNN film deposited on
the Si substrate and transferred to a flexible polyimide substrate,
which resonated at low frequencies from 3 to 15 Hz. Such harvest-
ers provided a maximum power of 0.076 uW, corresponding to
2.9 uW/mm?>.”* Tsujiura et al. reported an energy harvester based
on 2.2 um thick KNN deposited on austenitic stainless steel SS304.
The harvester has a cantilever beam geometry, operates at 393 Hz
and delivers 130 mV and 3.2uW of maximum power under an
acceleration of 10m/s’. The corresponding power density is
38.7uW/mm’. A summary of energy harvesters using KNN active
layers is given in Table I.

The aim of this study is to design efficient harvesters using the
compliant mechanism design with resonance frequencies under
100 Hz using lead-based and lead-free piezoelectric layers. This was
approached by designing efficient compliant mechanism harvesters
with resonant frequencies of 20, 40, and 70 Hz. Important parame-
ters that insure the quasi-quadratic mode shape are discussed. Both
lead-based and lead-free piezoelectric active layers are integrated
into the harvesters, and their voltage and power output are mea-
sured for the same resonant frequencies. The resulting harvester
performance and efficiency are discussed.

Material Form Frequency (Hz) Voltage (V) Power (uW) Power density (uW/mm?) Reference
1% Mn KNN Bulk 90 7 16 0.32 Zheng et al.”!
KNN 3um film 1036 0.1 1.1 6.5 Kanno et al.”
0.5% Mn KNN 1 um film 132 0.5 3.6 1.8 Won et al.”?
KNN 310 nm film 3-15 1.9 0.076 2.9 Kim et al.”*
KNN 2.2 um film 393 0.13 3.2 38.7 Tsujiura et al.”
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Il. EXPERIMENTAL PROCEDURE

Piezoelectric films were deposited on 25 and 50um thick
99.9% pure nickel foil substrates purchased from Sigma Aldrich
and 99.98% foil from Hpulcas. Prior to deposition, the Ni foils
were manually polished using alumina powders of 3, 1, 0.3, and
0.05 um average particle sizes, successively. The foils were ultrasoni-
cally cleaned with DI water and isopropanol between each polish-
ing step. The foils were then annealed at 900 °C for 1h in an N/
H, reducing conditions at atmospheric pressure to eliminate NiO.
The gas settings were 136 sccm of wet nitrogen, 354 sccm of dry
nitrogen, and 200 sccm of a mixture of 5% hydrogen/95% nitrogen.
Then, 30 nm of HfO, was deposited on both sides of the foils using
atomic layer deposition with the ALD System 150LE tool from
Kurt J. Lesker. Deposition was performed at 200 °C using water as
the oxidant.

LaNiO; (LNO) bottom electrodes were then sputtered from
an LNO ceramic target in a Lesker CMS-18 tool to facilitate prepa-
ration of [100] oriented piezoelectric layers such as Pb(Zr,Ti)05.""
Deposition was performed under 31.4 sccm of argon and 10.4 sccm
of oxygen at a chamber pressure of 12 mTorr, a target power of
90 W, and a substrate temperature of 275°C. The LNO bottom
electrode for the PZT sample was deposited by a sol-gel method.
0.2M LNO chemical solutions based on lanthanum (III) nitrate
hexahydrate and nickel (II) acetate tetrahydrate precursors and 2-
methoxyethanol (2MOE) solvent were spin coated on one side of
the Ni foil at a time and pyrolyzed on a hot plate in air. Each
LaNiOj; layer was crystallized in rapid thermal annealing furnace
for 1 min at 700 °C in air; these processes were repeated five times
to fabricate a 100 nm-thick [100]-oriented LNO layer.

The 1mol. % Mn doped PZT solution preparation and the
unimorph 1um thick film deposition process on 25um thick
nickel foil are similar to that described elsewhere.” 0.5 mol. % Mn
doped K, sNay sNbO; (KNN) thin films were prepared by the sol-
gel chemical solution deposition (CSD) method with solution syn-
thesis according to route A, as described in Kovacova et al.”’ The
precursor solutions were spun on Ni foils at 3000 rpm for 30s.
After spinning, the samples were dried at 200°C for 2 min and
pyrolyzed at 300 °C for 3 min on hot plates. All samples were crys-
tallized at 750 °C for 5min in air in a rapid thermal annealing
(RTA) furnace. The deposition steps were repeated until the desired
thickness of 1 um was achieved.

The resulting films were characterized for their structure and
microstructure. High-resolution micrographs of the surface and
cross section of the PZT and KNN films were obtained using field
emission scanning electron microscopy (Zeiss Merlin) at a 5kV
accelerating voltage. X-ray diffraction patterns for each film
were collected with either an Empyrean PANalytical laboratory dif-
fractometer or a Malvern Panalytical XPert Pro MPD in
Bragg-Brentano geometry. The 20 range was set from 10° to 70°.

A lift off procedure was used to pattern top electrodes for elec-
trical measurements. LOR 5 and SPR 2013 positive photoresists
were spun onto the sample surfaces and patterned by contact pho-
tolithography; features were patterned with diameters of 200, 400,
600, and 1000 um for es; ¢ direct piezoelectric coefficient measure-
ments and 3x6mm?® and 2x4mm® for energy harvesters. A
100 nm-thick Pt layer was deposited by RF sputtering in Kurt
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Lesker CMS-18 sputtering tool. After a standard lift off process, Pt
top electrodes were post-annealed in RTA at 500 °C for 1 min in air
to improve the interface adhesion between the Pt electrodes and
the PZT and KNN films.

Electrical measurements were made to assess the low and high
field dielectric responses of the films. The films’ relative permittiv-
ity and dielectric loss were measured using an LCR meter (Hewlett
Packard 4284A, Palo Alto, USA) from 50 Hz to 500 kHz with a
30 mV AC signal. A Multiferroic Test System (Radiant Technology,
Inc., Albuquerque, NM) was used to perform high field measure-
ments of polarization vs electric field hysteresis loops (P-E loop) at
1 kHz and 400 kV/cm.

The e3¢ piezoelectric coefficient was measured using an
in-house wafer flexure tool.”” For this purpose, Ni foils with piezo-
electric films were superglued onto a 6-in. silicon carrier wafer.
Then, strain gauges were glued on top of the samples. Before mea-
surements were taken, electrodes were poled at three times the
coercive field at 150°C for PZT as described elsewhere.”® KNN
samples were poled at temperatures ranging from RT up to 150 °C.
Initial e;; ¢ enabled to find optimum poling conditions for energy
harvesting measurements. The best values were at three times the
coercive field at 85°C. Samples were strained at 5.23 u-strains at
4 Hz to obtain the e;; ¢ coefficients.

Piezoelectric films with large electrodes were integrated into
harvesters using the compliant mechanism design described by Ma
et al.'"”® The compliant design consists of a piezoelectric beam, a
fixed frame, and a moving frame carrying the seismic mass [see
Fig. 1(a)]. The fixed and moving parts of the frame attach with the
K hinges; the beam attaches to the moving part of the frame with
the K; hinge. As reported elsewhere, the K, hinge stiffness is
responsible for enabling a uniform strain distribution in the piezo-
electric layer.'" The frame is laser cut from 1.5mm-thin acrylic
plates, the K, hinge is made of Mylar, and the K; hinge is fabri-
cated with Kapton tape layers. In order to dimension the harvester
for a particular resonant frequency, the equivalent mass and subse-
quently the proof mass value have to be determined. Harvester
frames with proof masses were dimensioned in order to obtain res-
onant frequencies of 20, 40, and 70 Hz. A shaker table (F3,
Wilcoxon) was used as a vibration source. The sinusoidal excitation
frequency and base excitation level were controlled using a
lock-in-amplifier (SRS830, Stanford Research Systems). An acceler-
ometer (352C65, PCB Piezotronics) with a sensitivity of 100 mV
per G was mounted on the shaker to verify the vibration frequency
and measure acceleration level. A resistor box was used to alter the
load resistance to determine the optimum value showing
maximum output power. During vibration of the shaker, the
mechanical input (operating frequency and excitation level) and
the output voltage developed by the harvester were monitored on
an oscilloscope (TDS3054C, Tektronix).

Laser vibrometer measurements were performed for two
reasons. First, the K; hinge stiffness connecting the beam and the
moving part of the frame of the harvester must be optimized in
order to achieve good strain homogeneity across the beam length.
For this purpose, displacement values were measured at different
points on the beam. Second, laser measurements determined the
maximum acceleration allowed to avoid exceeding the strain limit
of the material. The energy harvester design in this work has a
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FIG. 1. Schematic (a) and image (b) of the harvester dimensioned for a reso-
nance frequency of 40 Hz. Blue squares on the schematic represent reflective
tape positions for displacement measurements. The beam displacement and
strain values at three positions on the beam (c) under acceleration of 0.93 G
with five layers of tape for K4 hinge stiffness.

mechanical quality factor exceeding 5, which means that its lifetime
is limited by mechanical failure.”” In order to ensure mechanical
resistance to fatigue of the piezoelectric beam, a safety factor k is
used to determine the tensile strain limit Sy, from the breakdown
strain Sy,

Sim =" 1)

Coleman et al. recently reported tensile and compressive
strain boundaries for the PZT film on Ni foils above which
mechanical failure occurs. The breakdown tensile strain was
0.5%.' For this work, the safety factor was set to 5, resulting in the
maximum allowed strain equal to 0.1%. Since the strain is largest at
the beam clamping point, the acceleration was adjusted to attain

0.1% strain in that region.

lll. DIMENSIONING PROCESS

The beam dimensions were chosen based on the electrode size
available for KNN films. Since KNN has a higher leakage current
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density than PZT, different electrode sizes were utilized for harvest-
ing. After initial testing, electrode sizes of 3x6mm® and
2 x 4 mm? were chosen. The beam size was set to 4.5 x 8 mm? for
all beams. The L; link length was set to 4.5 mm.

PZT and KNN films were deposited on buffered 25-um thick
nickel foils. KNN, however, developed surface features of 50-um
size resulting from the substrate deformation with an increasing
number of annealing steps at 750 °C, as shown in Fig. 2 of the
supplementary material. Therefore, KNN was also deposited on
50-um thick foils, resulting in a better surface quality.

The resonance frequencies were set to 20, 40, and 70 Hz for
25-um thick foils and 40 and 70 Hz for 50-um thick nickel foils.
The K hinge stiffness, the equivalent mass Mg, and seismic mass
values M were calculated using''

V21 (clw)* + EI2|oy |

1= (1 + /)0y — 2Lib(j + e2b — ePLb — j2(Hj)Lb)|” ()
’\/Elllﬁ (lo) + ERloy| + (1 + 1)K202‘

Meg = V202 B |0, | ' )

o1 = (@ + M) 4 (14 Y 5)

Gy = (¢ + eY = (14 eI, (©)

2 2
M, = M(l1 ;rlz) + (ll) : @)
1 1

Note that /; stands for the base link length, ¢, is the strain rate
damping coefficient, I is the equivalent area moment of inertia, EI
is the bending stiffness, @ is the resonant frequency, L is the beam
length, I, is the proof mass link length, m is the beam mass, and ]
is the rotary inertia. For calculations, the value of L, link length
was 1.5 mm, and K, was set to 0 as it would be in ideal conditions.

Resonance frequencies were verified with the characteristic
Eq. (8) of the compliant system,”’

K; + K;
1; 2 (cosAsinhA — sinAcoshA)
1

KL
— ﬁ(l — cosAsinl) + A

21 B
+ 2% TI sinAsinhA — A3 L—lz (cosAsinhA + sinAcoshA)

2

M, EIl
+ 2 ﬁ(l — cosAcoshA) — e L13 (14cosAcoshA)
1

M, EIP
x A° —LL (cosAsinhA — sindcoshA) = 0, (8)
mK1L4

where A, are the eigenvalues of the system. A, are related to the res-
onant frequencies , as follows:
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TABLE II. Equivalent masses, K; hinge stiffness, and seismic masses for transducers as a function of beam thicknesses and targeted resonance frequencies.

Beam thickness (um) 25 50
Resonance frequencies (Hz) 20 40 70 40 70
Equivalent masses (g) 0.536 0.132 0.041 1.059 0.343
K; hinge stiffness (N m/rad) 0.001 38 0.001 42 0.001 51 0.0109 0.0111
Seismic masses (g) 0.282 0.079 0.022 0.548 0.185
summarizes the maximum allowed acceleration corresponding to
+/ma} 0.1% strain for harvesters resonating at different frequencies
Ar = Ly —F. 9 ) .
EI according to these measurements. These values are in good agree-

The first mode resonant frequency is determined from 4; and
corresponds to ;.

Table II summarizes the transducer dimensions. All harvesters
had the same dimensions, as shown in Fig. 1(a). The dimensions of
the harvester with a 25-um thick substrate and resonating at 40 Hz
are shown in Fig. 1(b).

The calculated values of the K; hinge stiffness were used as a
starting point. Two approaches were then explored to experimen-
tally adjust the hinge stiffness. First, the hinges were adjusted by
adding layers of Kapton tape to achieve a quadratic mode shape.
This was done by monitoring the voltage output as a function of
the number of Kapton layers utilized as the maximum voltage for a
given acceleration level is achieved when the strain distribution is
uniform. However, this approach does not produce quantitative
information on either the strain distribution or the maximum
strain values as a function of acceleration. Therefore, a second
approach was adopted by measuring displacement at different
points along the beam with a laser vibrometer and calculating the
corresponding strain levels using Euler-Bernoulli beam theory, as
shown in Fig. 1(a). The points measured along the beam are repre-
sented as blue squares in Fig. 1(a). The stiffness of the K; hinge
was chosen to minimize the strain variation along the beam and it
was calculated from experimental values of displacement. The
acceleration level of the shaker was adjusted carefully so as to not
exceed a maximum strain of 0.1% at 2 mm from the beam clamp.
Figure 1(c) shows the beam deflection profile (red curve) and the
strain distribution (blue boxes) along the beam for 25um thick
beam harvester resonating at 40 Hz. The strain distribution was
adjusted via the K, hinge stiffness; the maximum strain near the
beam clamp was adjusted for the acceleration level. Reflective tape
was glued to the beam surface to ensure a high-quality signal from
specific locations on the beam surface.

Acceleration is related to the peak displacement and frequency
for a sinusoidal motion as

27D

A >
G

(10)

where A is the acceleration, f is the frequency, D is the maximum
displacement, and G is the acceleration of gravity. Thus, to achieve
the same beam displacement and the same strain level, the accelera-
tion needs to increase to the power two with frequency. Table III

ment with theory.

IV. PZT AND KNN THIN FILMS

Figure 2 shows cross sections of PZT (a) and KNN (b) layers
on Ni foils. The microstructure of both films is dense and colum-
nar. Surface micrographs of the PZT and KNN thin films are
shown, respectively, in Figs. 1(a) and 1(b) of the supplementary
material. The grain sizes of the PZT and KNN films are 110 +45
and 228 +74nm, respectively. It was found that KNN on the
25 um thick Ni foil shows enhanced surface buckling after repeated
RTA at 750°C. A representative field emission scanning electron
microscope (FESEM) image is shown in Fig. 2 of the supplemen-
tary material. In contrast, KNN deposited on the 50 um thick Ni
foil resulted in a better surface quality.

The XRD pattern of the {100} oriented PZT is shown else-
where.”® The XRD pattern for the KNN film is shown in Fig. 3 of
the supplementary material. KNN films are polycrystalline with a
{100} Lotgering factor of 0.42 and 0.18 for KNN deposited on 25
and 50um thick nickel foils, respectively, using PDF file
01-085-2526"" and the integrated areas of KNN diffraction peaks
fitted using the Pseudo-Voigt function.

Figure 3 shows the dielectric properties of KNN and PZT
deposited on the Ni foil. At 50 Hz, the relative permittivity of KNN
and PZT is 630 and 390, respectively. The dielectric loss of KNN
and PZT are 5% and 2%, respectively. The remanent polarization
of KNN was 18,uC/cm2, and the coercive field was 97 kV/cm
(Fig. 4 in the supplementary material). The remanent polarization
of PZT was 38 uC/cm?, and the coercive field was 50 kV/cm.*®

Measurements of the direct piezoelectric coefficient es; ¢ were
performed on poled PZT and KNN. e3; ¢ was equal to —12.0 and
—2.6 C/m?, respectively, for PZT and KNN. The energy harvesting
FoM was, thus, 0.37 and 0.01 C*/m* for these PZT and KNN films,
respectively.

TABLE |Il. Acceleration levels as function of beam thicknesses and resonant
frequencies.

Beam thickness (um) 25 50
Resonance frequencies (Hz) 20 40 70 40 70
Theoretical acceleration (G) 02 08 245 0.36 1.1

Experimental acceleration (G) 0.3 09 25 04 1.5
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FIG. 2. FESEM images of the cross section of PZT (a) and KNN (b) deposited
on Ni foils.

V. POWER MEASUREMENTS

The piezoelectric beams were then integrated into compliant
design harvesters dimensioned for resonance frequencies of 20, 40,
and 70 Hz. Figure 4 shows peak-to-peak voltage and maximum
power output for harvesters using PZT layers. The actual measured
resonance frequencies of the harvesters were 23, 42, and 70 Hz. The
discrepancies between dimensioned and measured resonance fre-
quencies are likely due to differences in assembly steps or in har-
vester clamping conditions. The surface area of electrodes was
3x 6 mm? The maximum peak-to-peak voltage was between 1.9
and 2.2 V, and the maximum power output after impedance match-
ing was 4.8, 13, and 20.5 4W for 23, 42, and 70 Hz resonating har-
vesters, respectively. An example of the frequency and acceleration
sweep for a 42 Hz resonating harvester is shown in Fig. 5 in the
supplementary material. The mechanical quality factor of the
device was 12.1, and the mechanical damping was equal to 4.1%.
For harvesters having a mechanical quality factor larger than 5, the
mechanical fatigue and strain limitations dominate the power
density. Precautions such as the safety factor were taken in order to
prevent mechanical failure.”

Power outputs from harvesting can be converted into areal
power densities by dividing the output power with the electrode
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FIG. 3. Relative permittivity and dielectric loss of KNN and PZT films.

surface area. Corresponding areal power densities for PZT-based
harvesters are 26.7, 72.2, and 113.9 uW/cm? for 23, 42, and 70 Hz,
respectively. In practice, this means that a unimorph harvester with
1cm? of 1um thick PZT active layer would provide 113.9 uW of
power at 70 Hz. In terms of volume power density, PZT-based har-
vesters produce 267, 722, and 1139 yW/mm?® for 23, 42, and 70 Hz,
respectively.

A harvester with a 3 x 6 mm? KNN electrode on the 25-um
thick Ni foil substrate resonating at 40 Hz was measured. The
peak-to-peak voltage was 230 mV, the maximum output power of
the harvester was 0.2uW, and the corresponding areal power
output density was equal to 1.1 #W/cm?. These values are shown in
Fig. 6 in the supplementary material. A one to one comparison of
1pm thick PZT and KNN piezoelectric layer deposited on the
25-um thick Ni foil with the same active areas resonating at 42 and
40 Hz under the same acceleration show that PZT produces 9 times
more voltage and 65 times more power. The PZT and KNN power
output ratio is nearly twice as large as the ratio of FoM correspond-
ing to PZT and KNN, which is equal to 33.6. This suggests that
besides the material itself, there is another phenomenon that
decreases the power output of KNN. Figure 2 in the supplementary
material shows buckling with a characteristic 50-um dimension on
the surface of KNN film deposited on a 25um thick Ni substrate.
Note that the dimensions of these patterns correspond to the size
of nickel grains. It can be hypothesized that such patterns cause
local strain level fluctuations leading to underperformance in
KNN-based harvesters.

The power outputs of harvesters with KNN deposited on
50-um thick Ni foils were measured to verify if the power difference
was due to the material or due to the surface buckling of KNN on a
25-um Ni foil. Figure 5 shows the peak-to-peak voltage and the
maximum power output for harvesters with 1 um thick KNN with
active are of 2 x 4mm® on 50 um Ni foils integrated into compliant
mechanism harvesters resonating at 40 and 70 Hz under 0.1% strain
adjusted using a laser vibrometer. The maximum peak-to-peak vol-
tages for 40 and 70 Hz are 350 and 375mV, respectively. The
maximum powers at optimal load resistance for 40 and 70 Hz are
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FIG. 4. Peak-to-peak voltage and maximum power for PZT-based energy harvesters with the 25 um thick Ni foil substrate at 23 (a), 42 (b), and 70 Hz (c).

0.15 and 0.25 uW, respectively. The corresponding areal power densi-
ties are 1.9 and 3.1 uW/cmz, and volume power densities are 19 and
31 uW/mm’, respectively. In order to produce 100uW of output
power, a 3-um thick bimorph KNN beam with an active area of
5.4 cm” on both sides would be needed.

An example of a frequency sweep of the harvester with KNN
on 50um Ni foils resonating at 40 Hz is shown in Fig. 7 in the
supplementary material. The mechanical quality factor is equal to
9.6, and the mechanical damping is 5.2%.

Table IV compares the areal power density of PZT- and
KNN-based harvesters. The ratio of experimental power outputs of
PZT and KNN on 50-um thick substrate is 38.5 and 36.4 for 40 and
70 Hz, respectively. These values are close to the theoretical value of
the ratio of FoM for PZT and KNN, which is 33.6. This result con-
firms the hypothesis that surface buckling of the KNN/25um thick
Ni foil harvesters decreases harvesting performances.

The experimental power density outputs for PZT and KNN
were then compared to the theoretical values. Harvesting efficiency
is defined as the ratio between theoretical and experimental power
outputs. The theoretical power output was calculated for PZT and
KNN harvesters using

(SlimEpd31,f)2wahpw
2e3, ’

(11)

P max, theory =

where Ep stands for Young’s modulus of the piezoelectric layer, ds;
is the effective piezoelectric coefficient, L stands for the beam

length, b,, is the beam width, hp is the thickness of the piezoelectric
layer, o is the resonant frequency, and &3, is the relative permittivity
under zero strain.

Figure 6 plots the theoretical and experimental maximum
power output for PZT and KNN. Theoretical power is calculated
assuming that the whole piezoelectric layer is uniformly strained at
0.1%. From the experimental strain measurements on a PZT-based
harvester resonating at 40 Hz [Fig. 1(c)], it is shown that after opti-
mization, the strain level at the beam tip is 58% of the strain level
near the beam clamp. Therefore, strain non-uniformity has a direct
consequence on the power output. The experimental power output
is equal to 48% of the theoretical power output. Note that the effi-
ciency of a simple cantilever beam is only 20.5%. The use of the
compliant design increases harvesting efficiency to 48%; these
values are smaller than the 64% efficiency values reported by Ma
et al'' and Yeo et al."* for a larger, lower frequency design. The
origin of the efficiency difference might be due to the miniaturiza-
tion of the compliant design used in this study.

The prototypes in this study utilize reasonable quality KNN
films integrated into harvesters using the compliant mechanism
design that increases the overall efficiency of harvesting. Moreover,
the devices are designed for resonant frequencies below 120 Hz,
which is the frequency range of interest for the IoT. Indeed, several
KNN films reported in the literature show higher FoM; 0.09 C*/m*
in Shibata et al.”' and 0.035 C*/m* in Tsujiura et al.” The FoM of
the KNN in this work is 0.01 C*/m®. The strength of the material
here is that on nickel foils, the dielectric losses remain under 6 % at
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FIG. 5. Peak-to-peak voltage and maximum power for KNN-based energy har-
vesters with the 50 um thick Ni foil substrate resonating at 40 and 70 Hz.

<120 Hz. In contrast, the KNN integrated on steel reported by
Tsujiura et al. shows dielectric losses of 56%. High dielectric losses
correspond to high charge leakage across the piezoelectric, which is
detrimental to the output power. Thus, the KNN films discussed
here show the lowest dielectric loss reported of the KNN film inte-
grated on foils.

In addition, these experiments show that the compliant mech-
anism design increases the output power by a factor of 2.4 in com-
parison to the simple cantilever beam. This study experimentally
confirms the interest of the compliant design harvester for broad
frequency range up to 70 Hz.

TABLE IV. Maximum experimental areal power output densities for harvesters with
PZT and KNN active layers.

Active material PZT KNN
Substrate thickness (um) 25 25 50
Resonance frequency (Hz) 23 42 70 40 40 70
Power areal density (uW/cm®) 267 722 1139 11 19 3.1
Power density (uW/mm?) 267 722 1139 11 19 31
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FIG. 6. (a) Theoretical limit (blue) and experimental (red) maximum power
output at optimal load resistance for PZT for electrode area of 3 x 6 mm2. (b)
Theoretical limit (blue) and experimental (red) maximum power output at optimal
load resistance for KNN for an electrode area of 2 x 4 mmZ. Theoretical power
limit for KNN for 3 x 6 mm? electrode area for KNN (black).

The average grain size of the PZT film is smaller than the
average grain size of the KNN film; however, these values are in the
range of typical grain sizes for these materials reported in the
literature.” ~™** Tt has been shown previously that increased grain
size in PZT leads to improved dielectric and piezoelectric proper-
ties."”"” For KNN films, it is often difficult to decouple changes in
grain size from changes in leakage at the grain boundaries.”* The
KNN films used in this study were chosen to show low dielectric
losses.

The Lotgering factor enables assessment of the texture of crys-
talline materials. This factor is equal to 1 for perfectly oriented and
0 for randomly oriented materials. It has been previously reported that
preferred orientation has a direct impact on the piezoelectric coeffi-
cients in PZT and KNN thin films.**™** [100]-oriented KNN have
been reported to exhibit es; ¢ in the range from —10 to —14 C/m>*!
The KNN film in this study has a Lotgering factor of 0.18 and 0.42
for [100]-orientation, which corresponds to the modest level of pre-
ferred orientation. Larger piezoelectric coefficients resulting in larger
power outputs are expected in KNN films with Lotgering factors close
to 1 for [100]-orientation.
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VI. CONCLUSION

This paper compares harvesters designed for the same reso-
nant frequencies using 1-um thick PZT and KNN active layers
deposited on Ni foil substrates. The compliant design was utilized
to enhance efficiency. The maximal harvesting efficiency was 48%,
twice as large as that of the simple cantilever beam design.
Dimensioning and parameter adjustments responsible for a nearly
quadratic mode shape were found to be important in maximizing
power output. 1 um PZT patterned with 3 x 6 mm? electrode, depos-
ited on 25-um Ni foil provided a volume power density as high as
1139 uW/mm?® at 70 Hz. In the same strain and frequency condi-
tions, the measured power density of 1 um KNN was 31 gW/mm?>.
The difference in power densities of PZT and KNN was likely due
to differences in material performance because the results are pro-
portional to the FoM. Thus, it is projected that higher quality,
better-oriented KNN would begin to close the gap in power
density between PZT- and KNN-based harvesters. To further
increase the efficiency of the design, one can imagine coupling the
compliant design with an in-plane wedge shaped beam design. The
in-plane wedge shape increases the bending stiffness at the beam
clamping area, which would be useful in homogenizing the strain
levels along the beam length.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional structural char-
acterization and additional baseline electrical properties of KNN
films. Output voltage vs frequency and acceleration characterization
for PZT- and KNN-based harvesters are also reported.
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