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Abstract

Aluminum nitride energy harvesters based on corrugated cantilever structures have been
proposed, designed and demonstrated by means of micromachining processes with high

energy conversion effectiveness. Corrugated cantilever design with a single piezoelectric layer
prevents the common problem of an energy cancellation issue in a piezoelectric cantilever, by
using a simple fabrication process similar to those in making the unimorph energy harvesters.
Furthermore, corrugated structure can have an energy conversion effectiveness comparable to
a conventional bimorph design. Experimentally, a prototype energy harvester with measured
resonance frequency of 2.56 kHz has been fabricated. Under an input acceleration of 0.25 G,

the amplitude of output voltage from the energy harvester has been recorded as 92 mV at a
load resistance of 0.86 M2 and the calculated output power is 4.9 nW. Furthermore, a
multifold device resonating at 853 Hz with output power of 0.17 «W under acceleration of

1 G has been recorded.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Alternative energy solutions to replace batteries from
sustainable power resources have attracted great interests in
recent years since the application of energy harvesters in
a variety of devices could provide long-term sustainability
[1]. In particular, micro- and nano-scale sensors typically
require low power to operate, and small-size energy harvesters
could be suitable power sources. For example, piezoelectric
energy harvesters have been proposed in remote sensing
systems by scavenging vibration energy from the surrounding
environments [2]. The piezoelectric effect has been selected
over other means of energy conversion such as electrostatic
or electromagnetic mechanisms because higher energy
conversion effectiveness can be achieved [3]. Schematically,
piezoelectric energy harvesters have the common design of a
cantilever beam structure with a proof mass driven by different
piezoelectric structural designs such as unimorph or bimorph
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configurations [4—6]. In the unimorph design, the strain energy
in the bottom base layer could not be easily converted into
electrical energy, since it could cancel out the energy generated
from the top piezoelectric layer. Possible energy generation
from the base layer is either left uncollected in the unimorph
design or collected by using the bimorph design. Therefore,
the energy harvesters based on the unimorph designs typically
have lower energy conversion effectiveness as compared with
those based on the bimorph designs. However, it is noted that
most micro energy harvesters fabricated by micromachining
technologies [7] have used the unimorph designs. The reason
is to avoid complicated manufacturing processes required for
bimorph designs. Clearly, it would be desirable to have micro
energy harvesters based on a simple micromachining process
with good energy conversion effectiveness.

Material properties also play an important role in energy
harvesters, since piezoelectric properties directly affect the
energy conversion effectiveness.  Different piezoelectric
materials have been utilized in energy harvesters, such as
PZT (piezoelectric lead zirconate titanate) in meso- [8, 9] and

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Schematic drawing of a single-piece piezoelectric cantilever with (a) rectangular-shaped cross section and (b) corrugated cross

section.

micro-scales [7, 10, 11], aluminum nitride (AIN) in micro-
scales [12], zinc oxide (ZnO) in nano-scale [13], and PVDF
(polyvinylidene fluoride) at the meso- [14] and nano-scales
[15]. Among these materials, PZT-based piezoelectric thin
films have high electro-mechanical coupling coefficients and
could produce the best energy conversion effectiveness for
energy harvesters [16]. However, good quality PZT thin
films require special and dedicated processes that are not
easily achievable in thin-film depositions. Since extensive
experiences on the fabrication of aluminum nitride micro-
structures have been established in our laboratory for RF-
MEMS components such as resonators [17] and filters [18],
piezoelectric aluminum nitride has been selected as the
piezoelectric demonstration material in this work.

Here a ‘corrugated’ structure is proposed to address the
aforementioned design/manufacturing issues for improved
energy conversion effectiveness in the field of piezoelectric
micro energy harvesters. Two specific advancements have
been accomplished in the design of piezoelectric energy
harvesters: (1) a simple manufacturing process similar to the
unimorph structure to reduce the manufacturing complexity;
and (2) utilization of both top and bottom layers for
piezoelectric energy generation similar to the bimorph designs
for enhanced energy conversion effectiveness. Furthermore,
aluminum nitride has been used as the piezoelectric material
for consistent production of energy generation. The design,
fabrication and testing of corrugated aluminum nitride energy
harvesters are presented in detail including analytical and
numerical simulation results and experimental validations for
high energy conversion effectiveness.

2. Concept and analysis

2.1. Corrugated beam design

Figure 1 shows two piezoelectric cantilever beams with
rectangular and corrugated cross sections, respectively. When
force is applied at the free end of the cantilever, the stored
strain energy above the neutral plane has the opposite sign to
that below the neutral plane. The polarization direction of the
piezoelectric layer is, in general, the same while using the same
deposition process. Therefore, the electric fields generated
due to the external force above and below the neutral plane
are in opposite directions, as shown by the yellow arrows in
the figures. If a beam contains only a single piezoelectric

Electrodes 1% Aluminum nitride

A corrugated beam

B.
Fixed end

Figure 2. Schematic drawing of a piezoelectric energy harvester
consisting of a cantilever supporting beam structure with a
corrugated cross section.

layer with a rectangular cross section as in figure 1(a), the
generated strain energy from the top and bottom piezoelectric
layers could cancel each other out. Unimorph and bimorph
designs have been utilized to prevent this cancellation effect.
Specifically, a non-piezoelectric layer is used as a base layer
in the unimorph design and a ‘thin middle electrode layer’ is
sandwiched between two piezoelectric layers in the bimorph
design. This work presents a new cantilever structural design
with corrugated cross section made of a single piezoelectric
layer as shown in figure 1(b). The total volume of the top
piezoelectric structure is designed to be the same as the bottom
one such that the neutral plane remains at the center. The
generated electric fields above and below the neutral plane have
opposite signs, but the generated energy from both the top and
the bottom piezoelectric layers can be collected independently
by proper electrode routings for better energy conversion
effectiveness without complicating the manufacturing
process.

Figure 2 shows the schematic drawing of the proposed
energy harvesters based on the micromachining process
consisting of a proof mass, a corrugated beam structure,
electrodes, and electrical connection wires. The proof mass
with a thickness of ¢ is under a force, W, induced by
acceleration (vibration) at a distance /; away from the end
of the cantilever. The length from the center of the proof
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Figure 3. (a) Schematic drawing of the cross section along AA’ in figure 2. (b) Modeling of the angled connecting parts as vertical

sidewalls with width w.

mass to the starting point of the cantilever is defined as /5.
The beam length is therefore (I — [;). The width of the
cantilever is defined as b and the neutral plane is designed
at the center of the beam. When a bending force is applied, the
electric power generated by this corrugated piezoelectric layer
can be extracted out from both top and bottom piezoelectric
layers independently through separated electrodes, without
encountering the aforementioned cancellation problem.
Furthermore, the corrugated design is reconfigurable as the
resonance frequency, the footprint of the cantilever, and the
size of the proof mass are all adjustable to match the specific
vibration sources and applications.

The schematic drawing of the cross section along
AA’ in figure 2 is illustrated in figure 3(a). During the
micromachining processes, the connecting parts between the
top and bottom piezoelectric layers could have a small angle
due to the etching process. In the theoretical modeling section,
they are modeled as vertical sidewalls for simplicity, as shown
in figure 3(), where d is the thickness of the connecting parts
between the bottom surface of the top piezoelectric layer and
the top surface of the bottom piezoelectric layer, 7. is the
thickness of the piezoelectric layer, and w is the sidewall
deposition thickness (which is equal to ¢z, if the deposition
is conformal). In this simplified model in figure 3(b), the
bottom piezoelectric layer has the width of b/2 and the two
top piezoelectric layers have the same width of b/4.

2.2. Moment of inertia

The energy conversion effectiveness of the piezoelectric device
is estimated as the ratio of the generated electrical energy to the
applied strain energy under a certain applied force. Since the
resonance frequency and the applied force are both functions
of external excitations, the energy conversion effectiveness
should be compared under the same resonance frequency,
applied force and device footprints based on the following
assumptions.

(1) The mechanical stiffness of the electrode layers is
neglected due to small thickness.

(2) Unimorph and bimorph designs are composed of different
materials including piezoelectric and elastic layers, but
their Young’s modulus is assumed to be the same
for structural comparison between different designs.
However, this assumption is generally not valid for
practical devices.

(3) Piezoelectric beams of different cross sections (unimorph,
bimorph and corrugated designs) are targeted to operate
under the same environmental vibration frequency. It
is assumed that they have the same proof mass, beam
length, Young’s modulus and deformation under the same
external excitation. Therefore, the moments of inertia of
these beams must have the same value.

The moment of inertia of the corrugated beam can be
adjusted by changing the corrugation depth while keeping
the same beam thickness. By neglecting the electrode
stiffness based on assumption 1, the moment of inertia of a
general corrugated structure with the distance of d shown in

figure 3(b) can be described as
<d +1, )2}
+
2

bt> b-t,

—+

24 2
If the distance d is set to be zero for better comparison with
other cases, the moment of inertia of this corrugated structure
becomes

wd?

6

Ieow = 2 x { (1)

bty

3 @)
where f, is the thickness of the piezoelectric layer without the
connecting structures between the top and bottom piezoelectric
layers. Based on assumption 3, the moment of inertia of all
designs should be the same such that equation (1) is equal to
equation (2) and the dimensions of the corrugated beam must
satisfy

I corr,0 =

3

%

4o + 6028 +3ap? +2yp° = 4,

where o = o B= %,y = %

For unimorph and bimorph designs, assumption 2 states
that Young’s modulus of the piezoelectric layer and the
possible elastic layer are set as the same for simplicity.
Figure 4(a) shows the cross-sectional view of a non-optimized
(tp:t, = 1:1) unimorph structure, where f,; is the total
thickness of the structure, and ¢, and . are the thicknesses
of the piezoelectric layer and the inactive bottom elastic layer,
respectively. Figure 4(b) shows a non-optimized bimorph
structure with the same thickness #, for the top and bottom
piezoelectric layers. In the unimorph design, the thickness of
the piezoelectric layer is half of the whole-beam thickness, that
is, t, = tuni/2 = 1. The moment of inertia of the unimorph
and bimorph structure can be expressed as

2bt}
T

“

Lini = I
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Figure 4. Cross sections of the conventional () unimorph and (b) bimorph energy harvester designs. A middle electrode is required in the
bimorph design to extract electric fields above and below the neutral plane and its thickness is neglected in the simplified model.
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Figure 5. Unit element of a general unimorph structure.

Based on assumption 3, the relationship between ¢, and #;, can
be defined by equalizing equations (2) and (4):

15 =215

&)

2.3. Capacitance energy in different structures

One can derive the generated capacitance energy by combining
the piezoelectric equation and the strain energy together in
the cantilever. Figure 5 is the schematic drawing of the unit
element of a general unimorph cantilever where M(x) is the
applied bending moment, z is the distance from the neutral
plane, T ., P, . and E, . are the stress, the polarization and
electric field at the location z, respectively, g(x) is the electric
charge, dS is the area of the electrode, , is the thickness of
piezoelectric layer, and 7. is the offset of piezoelectric layer
from the neutral plane. Since the polarization in a piezoelectric
material is linear to the applied stress, the polarization can be
expressed as

M(x)
Px,z = d3] Tx,z = d3]

z, (6)

uni
where I,,; is the moment of inertia and dz; is the transverse
piezoelectric coefficient. The electric displacement D, . can
be described as

)

where ¢ is the dielectric constant of the piezoelectric layer.
Since the electric displacement satisfies the Maxwell equation,

Dy .= P, +¢E,

the relation between the electric displacement and electric
charge in the area from the bottom electrode to the height
Z is written as

D, . dS = —q(x). ®)
Inserting equations (6) and (7) into equation (8) yields
M (x) q(x)
d +eE,, = ——fH. 9
SR ¢E, ; s )

Next, the electrode is assumed to cover the entire area
of the unit element and its stiffness is ignored based on
assumption 1. When the unit element is under an open
circuit, the total electric charges in the electrode are conserved.
Therefore, the integral of equation (9) must be equal to zero:

b 12 M b 12
/ / ds; (JC)Z+<‘3‘EX,Z dxdy = / / —@ dxdy =0.
0 JI Iuni 0 Jh ds

(10)

Now assuming that the electric field is uniformly distributed
in the electrodes and expressing the moment of inertia by the
applied force W and the beam dimensions, equation (10) can
be rewritten as

AWzl +1h)
28[uni '
Since E, ; is constant along the x-axis, integrating equation
(11) from the bottom (o) to the top (ffr + f,) of the
piezoelectric layer, one can derive the generated voltage for
the unimorph piezoelectric beam:

toft+t)p
Vuni =
Toff

ldy W

=-2177 ot + 1) — 13} (L + 1),

Since the surface area of the unimorph beam is b(l, — [;), the
capacitance energy can be expressed as

E,.=

z
A2

)

E,.dz

12)

Ui = +Co V2
uni 7 unit ¥ yni
leb(L —1) [ 1duyW 2 2 ?
— —— toft +1,)° — L +1 .
R 3ol {Gorr +1,)* = 15} (la + 1)

13)

From figure 5, we can write down the geometric relation of
Lunis Zes tp and Toff s

Tuni

funi =le +1p = 2(torr +1,) and t, = =5 toie.  (14)
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Therefore, inserting equation (14) into equation (13) yields
U — id321 Wzb(lz — 11)(12 + 11)2
V) el2,
fani \* { funi "
uni uni
(o) (15 m). > g —~——
. . . . .. g Bimorph
Taking the derivative of equation (15) over ., the optimized B S T =i
capacitance energy can be obtained when S é
< i T
i 5 0 (16) £ E e
) off = Y. ‘s e AIN
. . R R B T e iesounus
In other words, from equations (14) and (16), one can achieve o ===+ Unimorph
the maximum capacitance energy from a unimorph design g I g_pﬁmiz:dummorph
. . . . 1Mmor]
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The capacitance energy of a bimorph design, Uj;, is 00 L i L é L 3

simply two times that of Uy, based on assumption 3 as a
bimorph has two unimorph structures. As for the corrugated
design, one can compare the unit element of the corrugated
beam with the unimorph design, and replace the area of
electrode by b(1 — 2y)(l, — I1), tof by d/2 and 1, by
t., respectively, into equation (13) to derive the capacitance
energy in a corrugated structure:

Leb(1 —2y)(b — 1)

corr — 5 P
2 2 2
LdaW [ d d (L +1)) (17)
X - ~ C - ~ 9
4elon |\ 2 2 2T

which is a strong function of the distance d.

2.4. Normalized energy conversion effectiveness

The conversion effectiveness is defined by the ratio of the
capacitance energy to the input strain energy. Since the
moment of inertia and the mass are the same for all designs,
the input strain energy should be the same when the same
force is applied. Therefore, one can compare the energy
conversion effectiveness of these structures by just comparing
the capacitance energy instead. The normalized energy
conversion effectiveness of corrugated beam is therefore

Ucorr/ U input
U uni/ U input

Figure 6 shows the normalized conversion effectiveness of
the unimorph, bimorph and corrugated structures with respect
to B. The sidewall thickness, w, was set to be equal to the
AIN thickness f.. The optimized unimorph (z,:z, = 1:2) and
bimorph (#:2,:, = 1:1:1) designs have 19% higher energy
conversion effectiveness than their non-optimized cases. For
the corrugated design, § is optimized at around 1.2-1.5, but
starts to decrease afterward. Analytically, this is because the
dimension of the connecting parts, which were not covered
by electrodes, increases with §. However, the strain energy
stored in these parts was not converted to electrical energy
such that energy conversion effectiveness is reduced. When
B is optimized, the corrugated design could achieve similar
conversion effectiveness as the optimized bimorph structure.
The same trend was also verified by the finite element analysis

= 2a(a + B)*(1 —2y). (18)

B

Figure 6. Normalized energy conversion effectiveness versus
corrugation, B, which is defined as the ratio of the distance between
the top and bottom parts and the thickness of the piezoelectric layer.

as shown. The numerical analyses predict a slightly lower
energy conversion effectiveness for lower § values as the
numerical model does include the tilted angle of 45° for the
connecting parts, while the analytical model assumes vertical
sidewalls for simplicity.

3. Fabrication process

Figure 7 shows the fabrication process flow of the corrugated
beam energy harvester by means of silicon micromachining
processes. The whole process is similar to the fabrication of a
conventional unimorph energy harvester except one additional
silicon groove-etching step to construct the corrugated cross
section.

First, a groove was etched into the 680 pum thick silicon
wafer by RIE (reactive ion etching) in figure 7(a), followed
by a PECVD (plasma enhanced chemical vapor deposition)
for a 0.5 pum thick silicon dioxide layer as the insulation
and the etch-stop layer during the backside etching process.
Afterward, a 0.1 um thick Cr/Pt bottom electrode was
deposited by sputtering and patterned by a lift-off process.
Figure 7(b) applies after these steps.

Next, an in situ surface treatment of the bottom Pt
electrode under low-power RF environment is conducted prior
to AIN deposition to reduce the Pt surface roughness. A
2 pm thick piezoelectric AIN film was then deposited at 300 °C
using an ac reactive sputtering tool with a dual cathode S-Gun
magnetron from Tegal Corporation as shown in figure 7(c).
The columnar growth of AIN by this method is perpendicular
to the growth surface. However, if there are slopes or
sharp corners, the growth tends to have poor orientation and
step coverage. Figure 8 shows the SEM image of the AIN
deposition on the slope, where poor grain formation and voids
were observed especially in designs with large connecting
part thicknesses d. This problem could be alleviated with
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Figure 8. AIN defects/voids observed from deposition on a slope.

a smoother transitional design for the corrugated structures.
Since only the capacitance energy stored in the top and
bottom piezoelectric layers is calculated, these voids and
defects should not affect the energy conversion effectiveness
in the theoretical analyses. However, they could reduce the
device reliability and stiffness to affect the measured energy
conversion effectiveness.

After the AIN deposition, a 0.3 pum thick silicon dioxide
layer was deposited and patterned as a hard mask as shown
in figure 7(d) to etch AIN in 40°C TMAH for 10 min in
figure 7(e). After the AIN etch process, this silicon dioxide
hard mask was patterned to open the through window for the
top electrode as shown in figure 7( f). In our design, the silicon
dioxide layer around the corrugation area was also preserved
to prevent undesired contact of top and bottom electrodes via
the voids during the manufacturing process. The top electrode
made of Cr/Pt was deposited and patterned on the AIN and also
the through window to reach the bottom electrodes as shown in

Pt Electrodes Corrugated

AIN Cantilever

Fixed End

Figure 9. SEM image of an AIN corrugated beam energy harvester.

figure 7(g). Finally, the proof mass was released by backside
DRIE (deep reactive ion etching) silicon etching in figure 7(h).
Figure 9 shows an SEM image of the corrugated beam energy
harvester. The sidewall of the proof mass is not exactly vertical
due to the backside DRIE etching process and this process
could also cause slight under-cut (as shown in the photo) of
the proof mass. As a result, these effects could change the
volume of the proof mass and the length of the beam and shift
the resonance frequency of the structure. The piezoelectric
capacitance between top and bottom electrodes is established
across the 2 um thick AIN layer. Possible parasitic capacitance
between the bonding pads would need to go across a distance
of more than 1 mm in our prototype design. Therefore, the
impact of the possible parasitic capacitance from the bonding
pads is small and neglected.

Compared with the fabrication process of a unimorph
structure, the additional step for fabricating the corrugated
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Figure 10. Output voltages of proposed energy harvester under a
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and channel 2 to the bottom part. Results validate the opposite
direction of the generated electrical potential.
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Figure 11. Output power versus drive frequency measured from a
practical design utilizing a single-piece bottom electrode.

beam is the groove-etching step at the very beginning. This
step requires one extra mask and is relatively easy to process.

4. Measurement and discussion

Two types of electrical connections have been designed and
tested. The first one is the verification model, as illustrated
in figure 10, where the bottom electrodes are divided into
three parts to verify the polarity of the generated electric
fields above and below the neutral plane of the piezoelectric
layer. The second one is the practical model, as illustrated in
figure 11, where the bottom electrodes are connected as a
common potential to simplify the electrode routing and to
maximize the output voltage.

In the first proof-of-concept experiment, the goal was
to verify the basic concept of the corrugated design such
that output voltages generated from separated electrodes were

collected as shown in figure 10. The dimensions of the
silicon proof mass are b = 400, 2/; = 500 and r = 680 um.
The dimensions of the corrugated beam are b = 400 um
and (I, — I;) = 250 um with the distance between top and
bottom piezoelectric layers d = 2.4 um. In order to verify
the polarity of electric fields at each part of the piezoelectric
layer, channels 1 and 3 are connected to the top parts of
the corrugated AIN layer while channel 2 is connected to
the bottom part. This prototype device was aligned and
attached to a custom-made PCB (printed-circuit board), which
has one 5 x 5 mm? through hole to allow the free up and
down movement of the proof mass. Electrical connections
were connected via aluminum wire-bonds from the bonding
pads to the PCB. Mechanical excitation was manually applied
by using the human finger to excite the whole PCB such
that the excitation time, amplitude and shape were poorly
controlled. Nevertheless, one can clearly identify the relatively
same voltage outputs from channels 1 and 3 and the opposite
polarity of channel 2 in the voltage—time plot. Since the AIN
polarization is in the [00 1] direction, the symmetric voltage
readout from the top and the bottom of the corrugated beam
validated that the neutral plane locates around the middle as
designed and opposite generated electric fields can be extracted
from each piezoelectric area without the need of the inactive
base layer.

Next, a practical design with the same proof mass and
beam dimensions but with d = 4.68 um was mounted on a
vibration stage and the relationship between the output power
and drive frequency was plotted in figure 11. The resonance
frequency of this device was observed at 2.56 kHz. When
an input acceleration of 0.25 G was applied, the amplitude
of output voltage was recorded as 92 mV at a load resistance
of 0.86 MS2. Therefore, the calculated output power of this
device is 4.9 nW. The theoretical maximum output power P,
[19] from the vibration energy harvester can be expressed as

_ 2MY§e’Q

m — T ’
where M is the mass of the proof mass, Yy is the amplitude of
the input vibration, w is the angular velocity and Q is the quality
factor. With a Q of 576 obtained from figure 11 and M of 0.31
mg from the calculated volume and density of silicon, the
theoretical maximum power is 43 nW and 11.4% conversion
effectiveness of this device was calculated.

Analytically, the stiffness of the mass—beam model can
be derived by calculating the total strain energy of the system
and taking partial derivative with respect to the applied force
(Castigliano’s theorem) as

_ 3YIC()[‘I‘

-1

where Y is Young’s modulus of the corrugated beam and I o

is the moment of inertia as discussed in equation (1). The
resonance frequency is therefore

fe 1 /K

AN

where M is the mass of the proof mass and K is the stiffness

as presented in equation (20). By using equations (20) and

19)

(20)

ey
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Figure 12. A multifold design of the corrugated cross-section beam with a single-piece bottom electrode.

(21), the predicted resonance frequency of this device shown
in figure 11 is 2.50 kHz. The difference between the measured
and predicted resonance frequencies comes mainly from (1)
defects/voids in the connecting parts of the AIN corrugated
structure between the top and bottom layers, and (2) the over-
etching of silicon substrate during the silicon DRIE process.
Defects and voids could lower the stiffness of the beam as
well as the resonance frequency. The under-cut of proof mass
due to the over-etching process could reduce the size of the
proof mass and result in higher resonance frequency. On the
other hand, if the cantilever beam length is increased due to
over-etching of silicon, the resonance frequency of the device
should become lower. For the prototype device in figure 11,
the measured resonance frequency of the fabricated structure is
higher than the predicted value and this implies that the effect
of ‘reduction in proof mass’ is stronger than other effects in
favor of higher resonance frequency.

It is worth mentioning that the distance d affects not only
the conversion effectiveness but also the resonance frequency
of the energy harvester. Since the resonance frequency of
the device is proportional to the square root of the moment
of inertia, d is an important design parameter to determine the
resonance frequency without changing other dimensions of the
device. A device with the same footprint as demonstrated in
figure 11 but different d of 2.4 um has also been measured
and the resonance frequency is lowered to 1.55 kHz due
to the smaller d value. Voids and defects of AIN were
observed in some designs with steep slopes. Even with these
voids, the current prototype structures did not show any signs
of degradations or frequency shifts during the 60 min tests
operating around its resonance frequency.

In order to obtain higher output power, one can design
a corrugated beam with larger area or a multi-fold, large-
footprint corrugated cantilever as illustrated in figure 12.
Compared with the onefold device mentioned in figure 11,
the multifold design alleviates the stress issue in the width
direction. For the prototype design, the proof mass dimensions
are b = 2400, 2/; = 500 and ¢t = 680 um, and the AIN
corrugated beam dimensions are b = 2400, (I, — ;) = 500
and d = 4.68 um. The recorded output power is 0.17 uW
under an acceleration of 1 G. The resonance frequency was
measured at 853 Hz with an optimized load resistance of
1.1 MQ.  The nonlinear effect from this device has
been observed as shown in figure 13. The output power
from downward frequency sweep shows a lower resonance
frequency at 794 Hz with a higher output power up to 0.55 uW.
During the downward frequency sweep, the output power has
been observed to be constant under 0.5, 0.75 and 1 G inputs.
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Figure 13. Nonlinearity effects observed from multifold devices.
1-3 are up-sweeps and 46 are down-sweeps.

However, under 0.25 G acceleration input, the maximum
power reduced to about 0.25 ©W. One possible explanation
is that under higher acceleration inputs, the nonlinear spring
from the slanted connecting parts in the corrugated beam could
reach a saturated minimum value to have the same effective
value. This spring constant reduces while the bending force
is increased and reaches its minimum while the corrugated
beam flattens out. On the other hand, during the upward
frequency sweeps, the maximum output power increased as
the input acceleration magnitudes increased as shown. Further
studies on both analytical modeling and measurements are
necessary to provide better understanding of these nonlinear
effects. Nevertheless, these preliminary results validate the
basic concept of corrugated beam design by using a simple
manufacturing process with AIN as the piezoelectric material.

5. Conclusion

Corrugated MEMS piezoelectric energy harvesters have been
designed and fabricated with experimental validations and
characterizations. As presented, corrugated energy harvesters
have the advantages of a simple fabrication process similar to
the unimorph beam design to achieve high energy conversion
effectiveness comparable to the bimorph beam design. The
generated electric fields above and below the neutral plane
have been experimentally measured to have the opposite
polarities under a pulsed acceleration input and the generated
energy could be extracted independently without the common
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cancellation problem in a single piezoelectric beam design.
The distance d between the top and bottom piezoelectric layers
of the corrugated structure is an important design factor to
maximize the energy conversion effectiveness and to establish
a specific resonance frequency for the device. A prototype
multifold device resonating at 853 Hz with output power of
0.17 uW under the acceleration of 1 G has been recorded with
nonlinear output power with respect to the input acceleration
frequencies. It is believed that the slanted connecting parts
in the corrugated beam structure introduce nonlinear spring
effects. Although these devices have been fabricated on
the silicon substrate and tested in the benign environment,
superb material properties of AIN could provide an alternative
solution to scavenge vibration energy from harsh environments
for advanced microsensor systems.
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