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density and reduced resonance frequency 
have been explored, including advanced 
mechanical design, [ 5 ]  maximizing intrinsic 
piezoelectric materials properties, [ 6,7 ]  and 
using a fl exible passive layer. [ 8,9 ]  

 In the last decade, microelectrome-
chanical (MEMS) energy harvesters based 
on piezoelectric materials such as AlN and 
Pb(Zr,Ti)O 3  (PZT) have been studied for 
use in harvesting energy from small ampli-
tude, mechanical vibration. [ 10–12 ]  Improving 
the piezoelectric material for a piezoelectric 
energy harvester (PEH) can be pursued via 
an energy harvesting fi gure of merit (FoM). 
The maximum extractable electric power 
generated at the resonance frequency of a 
 e  31,f  mode cantilever structure is [ 13,14 ] 
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 where m is mass,  ω  is angular frequency, Y is Young’s mod-
ulus,  ε  0  is vacuum permittivity, and  a  is the acceleration. The 
in-plane piezoelectric coeffi cient ( e  31,f ) and the relative permit-
tivity ( ε  r ) control the energy harvesting FoM = ( e  31,f ) 2 / ε  r  when 
the mechanical energy is stored in the passive layer. The 
orientation of the PZT grains strongly infl uences the fi gure 
of merit. [ 7,15 ]  In particular, strongly (001) oriented PZT fi lms, 
which have a signifi cant fraction of the ferroelectric polariza-
tion directed out-of-plane, have large FoM. [ 16 ]  

 From the standpoint of improving the toughness and 
reliability of the piezoelectric energy harvester, a metal foil is 
preferable compared to Si, the typical substrate for MEMS. [ 17 ]  
Moreover, thin metal foils enable low resonance frequencies 
without etching, and are easily machined. Morimoto et al. [ 8 ]  
reported a cantilever piezoelectric energy harvester using epi-
taxial PZT thin fi lms transferred onto stainless steel that shows 
output power of 5.3 µW at 5.0 m s −2  and 126 Hz without a 
proof mass. In much the same way, (Na 0.5 K 0.5 )NbO 3  (NKN) 
piezoelectric thin fi lms coated on Ni-based metal foils were 
investigated for vibration energy harvesters. [ 18 ]  Another benefi t 
of using metal substrates for PEH is that copper and nickel 
have larger thermal expansion coeffi cients than many perovs-
kite fi lms. This produces compressive stresses in the tetragonal 
PZT fi lm on cooling, increasing the volume fraction of the 
out-of-plane polarization direction. [ 19 ]  Thus, high compressive 
stresses in {001} PZT fi lms give rise to an improved FoM for 
energy harvesting. [ 7,19–21 ]  

 Typical PEH designs use a fi xed-free cantilever beam con-
fi guration with or without a proof mass. While fi xed-free 
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  1.     Introduction 

 There are numerous applications where it would be desirable to 
track system responses over time, ranging from wearable sensor 
devices for health and fi tness, to emplaced wireless sensors for 
infrastructure and building monitoring. In most cases, such 
devices require periodic recharging or replacement of batteries. 
However, with the on-going introduction of low power elec-
tronics, opportunities are being opened to replace batteries with 
solar, thermal, and mechanical harvesters. Piezoelectric energy 
harvesters, can extract energy from human activities such as 
walking, breathing, and typing, or from motion of walls, air 
ducting, or bridges without limitations on the location and time 
of use (e.g., indoors or at night). [ 1,2 ]  However, mechanical energy 
harvesting is faced by challenges such as weak base excitations 
with low natural frequency (<10 Hz) [ 3,4 ]  and fragile structures 
that are susceptible to shock. To overcome these challenges, 
the piezoelectric energy harvester should have high effi ciency, 
be fl exible, and have a low resonance frequency with wide 
bandwidth. Numerous methods to improve the output power 
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cantilevers undergo larger strains compared to bridges, for 
the same input force, the strain distribution along the piezo-
electric beam is not uniform. [ 22 ]  Thus, it would be preferable 
to improve the effi ciency of the fi rst mode shape to maximize 
power by uniformly straining PZT fi lms while preventing over-
strain near the clamping points. Ma et al. [ 23 ]  proposed a piezo-
electric compliant mechanism (PCM) design for PEH that leads 
to a much more uniform strain distribution. Simulations for 
the compliant mechanical design suggested that this confi gu-
ration can reach 100% mode shape effi ciency by curving the 
beam into a perfect parabola, compared to 24% effi ciency for 
a cantilever beam. [ 23 ]  PZT fi lms on metal foils are well suited 
for this design. To achieve a high effi ciency piezoelectric energy 
harvester operated at a low resonance frequency and accelera-
tion level, this study focuses on using bimorph textured PZT 
fi lms on Ni foil in a PCM harvester. The PZT fi lms have stress-
tailored domain structures that provide effi cient electromechan-
ical conversion with high FoM. Bimorph piezoelectric energy 
harvesters using piezoelectric ceramics are well known, [ 24 ]  but 
there is little literature on implementing this idea in fi lms. 
Indeed, the deposition of PZT fi lm in a bimorph structure on a 
released structure on a Si substrate is very diffi cult using typical 
microfabrication processes. [ 2,25 ]  

 A PCM energy harvester consists of three parts, as shown 
schematically in  Figure    1  . First, the bimorph PZT beam elec-
troded on the major surfaces converts mechanical energy 

to electrical energy. A two part rigid frame is employed; the 
U-shaped frame elements are connected to the complaint 
hinges which ideally have zero stiffness, to make a single struc-
ture. A third compliant hinge, with a torsional spring stiffness 
 K  1 , connects the PZT beam to the rigid frame on the side with 
the proof mass. In the design of the PCM, the shape of the 
defl ected PZT beam length can be adjusted by the values of 
the spring constant  K  1  and equivalent mass as described else-
where. [ 23 ]  In this work, a PCM device was fabricated from {001} 
oriented PZT fi lms on Ni foils, epoxy plates for the rigid frame, 
and 75 µm thick polyethylene terephthalate (PET) fi lms with 
low stiffness for the compliant hinges. The output power of 
the fabricated PCM device was evaluated as a function of reso-
nance frequency, acceleration level, and load resistance. Addi-
tionally, the displacement distribution along the PZT beam was 
characterized. [ 23 ]  

    2.     Results and Discussion 

  2.1.     Fabrication of Piezoelectric Compliant Mechanism 
Energy Harvester 

 To demonstrate the PCM design energy harvester, (001) tex-
tured PZT thin fi lms on Ni foils were prepared on a sol-gel 
LaNiO 3  (LNO) seed layer coated on top of a HfO 2  buffer layer 
that served to suppress oxidation of the Ni foil during annealing 
in air, as shown schematically in  Figure    2  a. The buffer and seed 
layers were deposited on both sides of pretreated 25 µm thick 
Ni foils (Aldrich Aesar 99.99%) as described elsewhere. [ 19 ]  PZT 
layers were fabricated by rf magnetron sputtering using a 10% 
Pb excess and 1% Mn doped Pb(Zr 0.52 Ti 0.48 )O 3  target under the 
conditions shown in Table S1 of the Supporting Information. [ 26 ]  
Mn doping provided a lower dielectric permittivity following 
poling than could be achieved in undoped PZT as a result of an 
internal bias; this increased the FoM of the energy harvester. [ 7 ]  
To achieve (001) preferred orientation in PZT fi lms by room 
temperature sputtering, it is necessary to control nucleation 
and growth during crystallization. Ideally, heterogeneous nucle-
ation sites on (100) oriented LNO enable (001) oriented PZT 
fi lms. [ 19,27,28 ]  In practice, it was found that when amorphous 
PZT fi lms thicker than 0.5 µm were crystallized, surface nuclea-
tion was observed before completion of the growth of columnar 
grain at interface nucleation sites. [ 29 ]  Thus, in order to maintain 
orientation, 0.5 µm thick PZT layers were sputtered at room 
temperature and post-annealed by rapid thermal annealing 
(RTA) iteratively to reach the desired thickness (≈3 µm). Each 
0.5 µm PZT layer was grown on alternative sides of the Ni to 
keep the samples fl at during crystallization and suppress large 
curvature after crystallization due to thermal expansion mis-
match between PZT fi lms and Ni foil. [ 30,31 ]  Figure S1 of the 
Supporting Information shows pictures of typical unimorph 
and bimorph PZT fi lms on Ni foil. 

   Figure    3   shows the X-ray diffraction (XRD) patterns of upper 
and lower PZT fi lms on Ni. Strongly {001} textured PZT fi lms 
on both side of Ni foils were achieved without second phase, 
as was earlier reported for chemical solution deposited PZT 
thin fi lms on Ni foils. [ 19 ]  Based on the crystallinity of both PZT 
fi lm, low dielectric constant ( ε  r  ≈ 210) and large remanent 
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 Figure 1.    Schematic a) top and b) side views of PCM.
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polarization ≈40 µC cm −2  were observed for both PZT layers 
in Figure S5 of the Supporting Information. The low dielec-
tric constant is caused by large of c-domain population and 
pores [ 19,32 ]  and enhances the FoM of the PEH. This paper is 
the fi rst report of deposition of high fi gure of merit bimorph 
PZT fi lms on metal foils for piezoelectric energy harvesters. 
Table S2 of the Supporting Information shows parameters for 
each part of the PCM with material properties of the bimorph 
PZT fi lms and Ni substrate. Following optimization of param-
eters from the PCM model, rigid frames were laser cut from 
3 mm thick epoxy. The compliant hinges were made from 
75 µm thick PET with the addition of Kapton tape layers to 
reach the optimum stiffness  K  1 . Finally, parts were combined 
by cyanoacrylate glue. To connect the bimorph PZT beam to 
the center hinge, 1.5 mm of the beam was not covered with 
a Pt electrode in Figure  2 b. A 3 mm distance separated the 
two rigid frames; ideally this should have zero stiffness ( K  2 ). A 
photograph of the assembled device is given in Figure  2 c. The 
active area of the fabricated energy harvester is around 5.2 cm 2  
(blue box in Figure  2 c). The device was designed for 4.95 Hz 
resonance frequency; details on the modeling approach are 
provided elsewhere. [ 23 ]  

    2.2.     Performance of Piezoelectric Compliant Mechanism 
Energy Harvester 

 The performance of the PCM energy harvester was charac-
terized using a laser Doppler vibrometer (OFV-534 Compact 
Sensor head, Polytec), an electrodynamic shaker and LabVIEW 
data acquisition system (Figure S2a,b, Supporting Informa-
tion). [ 23 ]  The PCM was mounted hanging vertically to a shaker 
table as shown in Figure S2 of the Supporting Information. 
To measure the performance of the PCM device, the top elec-
trode of the upper and lower PZT layers were wired in series 
and connected to a resistor box to tune the load resistivity. 
The sinusoidal excitation base excitation was swept from 0 to 
30 Hz in order to understand the dynamic behavior, including 
the resonance frequency, the mechanical quality factor ( Q ), and 
damping ratio (ζ). A video showing device operation under 
resonant excitation is shown in Video S1 of the Supporting 
Information. 

  Figure    4   shows the theoretical and experimental power sen-
sitivity as a function of frequency. The measured fi rst reso-
nance frequency was ≈6.3 Hz, in reasonable agreement with 
the theoretical model. It is noted that although the model pre-
sumes zero stiffness for the hinges, the fi nite stiffness of the 
PET fi lm leads to some deviation between the measured and 
modeled resonance frequencies. The mechanical quality factor 
calculated using the half power method:  Q  =  f  r /( f  b  –  f  a ) (where  f  r  
is resonance frequency and  f  b  –  f  a  is the bandwidth at the half-
maximum amplitude was 24.5. [ 25 ]  The mechanical damping 
ratio, ζ = ( f  b  –  f  a )/2 f  r , was 2.07%. 

   Figure    5  a shows the voltage and power of the PCM device as 
function of the external load resistance ( R ) connected in par-
allel with the device and varying from 1000 Ω to 1000 kΩ to 
fi gure out optimum load resistance, for steady-state excitation 
at 6.3 Hz. The maximum voltages ( V  max  =  V  pk–pk /2) were meas-
ured as a function of load resistance to determine the optimum 
load resistance for maximum power transfer ( P  max  =  V  max  2 / R ). 
The modeled optimal load resistance ( R  opt ) was 239.6 kΩ at 
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 Figure 2.    a) Schematic of bimorph PZT fi lm stacks with LaNiO 3  and HfO 2  
layers on Ni. b) Schematic illustration of each part; bimorph PZT beam 
with top electrode, fl exible, and rigid frame with dimensions. c) Prototype 
PCM device integrated with bimorph PZT fi lm, PET hinge, and acrylic 
plates.

 Figure 3.    X-ray diffraction (XRD) scan of crystallized upper and lower 
1%Mn doped PZT(52/48) fi lms, respectively, by sputtering on LaNiO 3 /
HfO 2 /Ni/HfO 2 /LaNiO 3  substrate (PANalytical X’pert).
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0.045 g [g = 9.8 m s −2 ] for series connection. The experimental 
results gave an optimal load resistance around 330 kΩ; at this 
point the generated power reached a maximum of 113 µW and 
a peak-to-peak voltage of 12.2 V (red dot and line) for series 
connection at an acceleration level of 0.08 g. Figure  5 b shows 
the generated electric maximum power of PCM device versus 
acceleration. The experimental output power increases with 
increasing base excitation for amplitudes above 0.05 g. 

  On the other hand, the generated power signifi cantly dropped 
under 0.05 g. It is believed that the drop-off at low excitations 
is due to local curvature in the PZT-coated beam. As a result, a 
fi nite input force is required to excite the full length of the PZT 
beam. Even though PZT fi lms were coated on both sides of the 
Ni foil to compensate for stresses associated with thermal expan-
sion mismatch during cooling, it is challenging to fabricate 
perfectly fl at PZT beams without partial buckling. This local cur-
vature also degrades the resonant mode shape at higher acceler-
ation levels. It is also possible that the damping ratio increases. 

 The output voltage of the upper and lower PZT beams at an 
excitation level of 0.09 g is, respectively, shown in Figure  5 c. 
Under 0.09 g acceleration, the maximum output power gener-
ated from the upper and lower beams was around 85 µW at 
load resistances of 100 and 220 kΩ, respectively (see Figure  5 c). 
In principle, the output voltage could be scaled up when both 
layers are connected in series. However, the measured power 
output from both PZT layers ( P  max  = 141 µW) falls below the 
sum of the powers from the individual PZT layers. It is believed 
that small differences in thickness, dielectric permittivity, and/
or the volume of c-domains of the two PZT layers resulted in 
mismatched optimum load resistances, decreasing the output 
power slightly. [ 32 ]  

 As designed, the fi rst mode shape of the PCM is close to par-
abolic, enabling a uniform strain distribution along the beam 
direction. In  Figure    6  , the experimental fi rst mode shapes meas-
ured by for various excitation levels are plotted along with the 
theoretical fi rst mode shape of the PCM and a proof mass can-
tilever energy harvester. The displacement of the PCM device 
at each point along the beam from the clamped point to the tip 
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 Figure 4.    Dynamic power sensitivity as a function of frequency for PCM 
device (black line) and theory (red line) at the load resistance of 330 kΩ.

 Figure 5.    a) Maximum output voltage (red) and power (blue) as a func-
tion of external load resistance for PCM device (dots) and theory (lines). 
[Inset: Series poling confi guration for bimorph PZT layers. Arrows rep-
resent poling direction through PZT layers.] b) Maximum output power 
versus acceleration amplitude. c) Maximum output voltage and power for 
upper (blue triangle) and lower (red circle) PZT layers, respectively, as a 
function of external load resistance.
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of PZT beam was measured using a laser vibrometer. Flexible 
refl ective tape was fi xed to the PZT beam in order to detect the 
signals. It can be seen that the fi rst mode shape of the PCM at 
low acceleration levels is relatively close to a parabola, although 
signifi cant deviation is observed for higher acceleration levels. 
The origin of the nonuniform strain distribution of PCM device 
was also explored. Figure S3 of the Supporting Information 
shows the displacement responses along the PZT beam length. 

  We observed a linear/symmetric response to a sinusoidal 
input vibration as expected from a theoretical model having no 
initial asymmetrical deformation near the clamped end of the 
beam (x = 0.1); this is shown in Figure S3a of the Supporting 
Information. However, 30%–60% along the beam length, 
strongly nonlinear displacements were observed at 0.07 g. 
This was attributed to some initial beam curvature as marked 

by the green box in Figure S3b of the Supporting Information. 
Also, the bending response to resonance excitation is shown in 
Video S1 of the Supporting Information. 

 Table S3 of the Supporting Information shows the output 
power and power density (in µW cm −2  g −2 , where g is the accel-
eration) of PCM device at various acceleration levels compared 
with the modeled output at 0.05 g. The output power increased 
with the acceleration over the whole measured range, reaching 
a maximum power of 284 µW at 0.16 g. The power density 
decreased with increased acceleration level, due to degradation 
of the uniformity of strain distribution. For a maximum strain 
of 0.1% corresponding to the acceleration level of 0.1 g in the 
PZT, the maximum power of 149 µW from PCM device shows 
65% mode shape effi ciency compared to theoretical estimates. 
This is much higher than the effi ciency of normal cantilever 
with a proof mass. [ 23 ]  It is anticipated that up to 100% mode 
shape effi ciency could be achieved as initial curvature along 
PZT is eliminated beam along with clamping at the end of the 
PZT beam.  

  2.3.     Comparison of Piezoelectric Energy Harvester Performance 

 A comparison of the power density of various reported piezoe-
lectric energy harvesters is shown in  Table    1  . For the 3 µm thick 
bimorph PZT fi lm on Ni foil, under 0.05 g acceleration, the root 
mean square (RMS) power of the device is 51 µW at ≈6 Hz. 
This signifi cantly outperforms all of the MEMS devices using 
piezoelectric fi lms. This is the fi rst report that demonstrates 
both a low high resonance frequency and high power density, 
respectively, in a small structure. Furthermore, normalized to 
the resonance frequency, the power density exceeds all other 
reports, including the average of the two branches reported by 
Leadenham et al. for a strongly nonlinear harvester, which may 
be not allowed for small electronic devices. [ 33 ]  It is noted that the 
PCM devices using textured bimorph PZT beams demonstrate 

Adv. Funct. Mater. 2016, 26, 5940–5946

www.afm-journal.de
www.MaterialsViews.com

 Figure 6.    Normalized fi rst mode shape along the relative distance 
of experimental PCM device at various excitation amplitudes, theory 
(orange), and proof mass cantilever theory (gray).

  Table 1.    Comparison of recently reported resonant based piezoelectric energy harvesters. 

Reference Active material, mode Device area
[cm 2 ]

Acceleration
[g]

Frequency
[Hz]

Power rms 
[µW]

Power density
[µW cm −2  g −2 ]

Power density/ f  r 
[µW Hz −1  cm −2  g −2 ]

Shen [ 34 ] PZT fi lm sol-gel, d 31 0.0256 2 462.5 2.15 21 0.05

Morimoto [ 8 ] (001) PZT on stainless steel, d 31 0.925 0.5 126 5.3 22.9 0.18

Kim [ 35 ] Cymbal type w/high-g PZT ceramic 6.6 9.4 100 19500 33.4 0.334

Kim [ 18 ] NKN on Ni-rich foil, d 31 0.1 0.5 128 1.75 70 0.546

Andosca [ 36 ] Sputtered AlN d 31 0.653 1 58 64 98 1.69

Durou [ 37 ] Bulk PZT-5H thin-bonded, d 31 0.894 0.2 76 13.9 388.7 5.11

Zawada [ 38 ] PZT thick fi lm, d 31 0.75 0.102 205 3.78 481 2.35

Aktakka [ 39 ] Bonded and Thinned Bulk-PZT5A d 31 0.49 0.1 167 2.74 559.2 3.35

Ricart [ 40 ] 5.6 µm AlN, d 31 3.38 0.18 155 165 1507 9.72

Leadenham [ 33 ] M-shaped beam w/four piezoelectric patches 55.88 0.06 14.5 2610 a) 12974 895

     14 b) 70 4.83

Ma [ 23 ] Compliant design using PVDF 5.2 0.01 5.13 0.062 119.2 23.2

PSU compliant 3 + 3 µm bimorph PZT fi lm on Ni d 31 5.2 0.05 6 50 3887 617

    a) High-energy branch (up frequency sweep);  b) Low-energy branch (down frequency sweep).   
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excellent power density (≈3.9 mW cm −2  g −2 ) at 6 Hz relative to 
other reports due to the combination of advanced design and 
the excellent characteristics of bimorph PZT fi lms with a high 
fi gure of merit on Ni foil. 

     3.     Conclusions 

 In conclusion, a piezoelectric compliant mechanism mechan-
ical energy harvester providing comparatively uniform strain 
along the beam length was successfully fabricated using 
bimorph PZT fi lms on fl exible Ni foils. (001) textured 3 µm 
thick PZT fi lms were coated on both sides of Ni foil (PZT/
LaNiO 3 /HfO 2 /Ni/HfO 2 /LaNiO 3 /PZT) by rf-sputtering with 
post annealing. The bimorph PZT beam exhibits approxi-
mately twice the power output of a unimorph PZT layer and 
avoids large transverse curvature along the beam produced by 
thermal expansion mismatch. A 6 Hz PCM device utilizing 
a 2 cm × 1 cm PZT beam generated a maximum voltage and 
power of 7 V and 149 µW, respectively, at 0.1% strain limit at 
0.1 g acceleration level. Large power densities (3.9 mW cm −2  g −2 )
and higher mode shape effi ciencies (65%) relative to available 
reports on piezoelectric energy harvesters were shown.  

  4.     Experimental Section 
  Fabrication of the Buffer and Seed Layers on Ni Foil : For fabrication of 

bimorph PZT beams, the amorphous HfO 2  passivation layer was coated 
on both sides of the Ni simultaneously, by propping the Ni foil at an 
angle to the sample stage using glass spacers; atomic layer deposition 
was utilized at 200 °C for 300 cycles (0.95 Å per pulse). 0.2  M  LaNiO 3  
chemical solutions based on a 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 LaNiO 3  layer was crystallized by RTA at 700 °C 
in air; these processes were repeated fi ve times to fabricate a 100 nm 
thick (100) oriented LNO layer. The other side was coated with LaNiO 3  
following exactly the same procedure. 

  Prcoesse of Pt Electrode Coating and Hot Poling : Pt top electrodes 
(20 mm by 10 mm) were coated on both sides of the PZT fi lm via 
rf-sputtering (Kurt J. Lesker) and were patterned by a lift-off process. 
Alignment between the two electrodes was accomplished using a 
contact printer (Karl Suss MA/BA6). The dimensions of the PZT beam 
were made a little larger than the electrode size to avoid shorting from 
thermal or mechanical damage at the edge of beam induced by cutting 
the foil either with a laser or with scissors. It was found that cracks from 
the edge extended <200 µm into the beam. Finally, large-scale fl exible 
bimorph {001} oriented PZT beams (dimension of 21.5 mm × 11.5 mm) 
were fabricated. The Ni substrate that served as the middle electrode was 
exposed by scratching the oxide layers with a razor blade. A resurrection 
treatment as described by Johnson-Wilke et al. [ 41 ]  was used to remove 
or reduce any conducting pathways on these large area electrodes as 
shown in Figure  3 a. The upper and lower PZT layers were then poled 
in opposite directions [ 42,43 ]  using a high DC bias (3 × E c , or 47 V) for 
10 min at 150 °C. For poling, the bottom electrode (Ni substrate) was 
held at a positive voltage and the two Pt top electrodes were grounded. 
The opposing polarization directions between the two layers lead to an 
increase in the output voltage in series connection. [ 32 ]   

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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