DTD 5

Available online at www.sciencedirect.com

SCIENCE@DIRECT° Agf]%ofg;s
A
LSEVIER Sensors and Actuators A xxx (2005) XXX—Xxx PHYSICAL

www.elsevier.com/locate/sna

MEMS power generator with transverse mode thin film PZT
Y.B. Jeor?, R. Sood, J.-h. Jeon§, S.-G. Kimd:*

2 Varian Korea, KyungGi-Do, South Korea
b polychromix, Wilmington, MA, USA
¢ Thin Film Materials Research Center, Korea Institute of Science and Technology,
Seoul, South Korea
d Department of Mechanical Engineering, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA

Accepted 17 December 2004

Abstract

A thin film lead zirconate titanate, Pb(Zr, T)QPZT), MEMS power generating device is developed. It is designed to resonate at specific
frequencies from an external vibrational energy source, thereby creating electrical energy via the piezoelectric effect. Our cantilever device
is designed to have a flat structure with a proof mass added to the end. The Pt/Ti top electrode is patterned into an interdigitated shape on
top of the sol—gel-spin coated PZT thin film in order to employdfiiyamode of the piezoelectric transducer. Tthig mode design generates
20 times higher voltage than that of tdg mode design of the same beam dimension. The base-shaking experiments at the first resonant
frequency (13.9 kHz) generate charge proportional to the tip displacement of the cantilever with a linearity coefficient ofudil4pC/
170pm x 260pum PZT beam generategdV of continuous electrical power to a 5. Xbresistive load at 2.4 V dc. The corresponding energy
density is 0.74 mW h/c/) which compares favorably to the values of lithium ion batteries. We expect the next generation design with lower
resonant frequencies would harvest sufficient energy from the environmental vibration for wireless miniature sensor networks.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction solutions in wireless applications, eliminating the need for
bulkier, higher cost, chemical batteries or wirif2g-4].

Energy harvesting from the environment has been ac- Piezoelectric materials are perfect candidates for harvest-
tively explored using several methods such as solar power,ing power from ambient vibration sources because they can
electromagnetic fields, thermal gradients, fluid flow, energy efficiently convert mechanical strain to an electrical charge
produced by the human body, and the action of gravita- withoutany additional powgb,6]. Several bulk piezoelectric
tional fields[1]. Most of all, mechanical vibration is a po- generators have been developed usingohepiezoelectric
tential power source which is easily accessible through mi- mode[1,7,8]. But there has been no thin-film piezoelectric
croelectromechanical systems (MEMS) technology for con- generator developed at the scale of MEMS. High sensitiv-
version to electrical energy. The micropower energy scav- ity piezoelectric sensors have been developed recently with
enger would be ideal for tiny wireless sensors, which require the transverse mode PZT, which could generate high enough
self-supportive power for sensing and rf signal transfer. Re- open circuit voltagg9,10]. We find the use of the trans-
cent advances in low-power VLSI design have resulted in verse mode PZT for power generation is beneficial to over-
very small power requirements of only the 10-100".6¥. come the forward bias (0.2-0.3V) of the rectifying diodes
This scaling trend will enable micropower energy harvesting [11]. In this paper, we report a MEMS-based power gen-

erator employing the piezoelectric thin film with tlss
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2. Principle and design be made in the continuing research. In order to get as much
power as possible, we hypothesized, at the beginning that the

2.1. Seismic vibration of electromechanical damped device needed to be operated at high frequency and have a

mass high amplitude vibration source. According to Roundry et

al.[1], however, it should be noted that the displacement am-
The energy conversion from mechanical vibration into plitude and frequency are not independent in most ambient

electrical power can be described using the elemerkgofl vibrational sources. The displacement amplitude decreases
and formulated as a general model in ED.[1,12] rapidly as the frequency goes up; thattis;- 1/w,§ [1]. Con-

. . . sidering the characteristics of the source vibration, the power
mZo + (be + bm)zo + kzo = —mZ; 1)

decreases as frequency increases because the decreasing in-

wherez, is the device output (tip) displacementftie input put vibration amplitude dominates the increasing frequency
(base) displacement the lumped masém the mechanical contribution. It was also found that most of the available envi-
damping coefficientye the electrically induced damping co- ronmental vibrations were at low frequencies. This indicates
efficient, andk is the stifiness of the MEMS device. If the that, in order to harvest the most power from the ambient
system can be simplified as a linear spring damper System,vibrations, the PMPG should resonate at a lower frequency,

the power converted to the electrical system could be given Perhaps in the few hundred Hz. A next generation energy
by: harvesting device, therefore, should be designed to resonate

1 at low frequencies below several hundred Hz.

PMPG devices should be designed so that they mechan-2-2- Device structure
ically resonate at a frequency tuned to the ambient vibra- . ) ) .
tion source in order to generate maximum electrical power, Acantilever beam structure is designed to generate a strain
The scavengeable power decreases by half if the applied fre2" thg p|ezoeleptr|c thin film as the bea.m vibrates. There are
quency deviates 2% from the resonance frequency and almostWo Piezoelectric modesi¢, anddss), which are commonly
goes away ifthe frequency deviation is more than 5% from the US€d in piezoelectric transduceFsg. 2is a cross-sectional
resonant frequency. This is why PMPG devices are modeledVieW of these two piezoelectric mod¢$0] They are distin-
not as accelerometers, but as seismic devices. The resonartuished by whether the electric field direction is perpendic-
frequency is approximately given ag = /(k/m) by its stiff- ular to the input strain directiprdﬁl) or parallel to it ¢i33).
ness k) and massr). Thus, the resonant frequency of the E0S-(4) and(5) show the relation between the stresg (or
PMPG device needs to be tuned to the frequency of the am-Strainxs) and the electric field (or voltageVs;).

bient vibration by varying the beam dimensions and/or mass __ _ dai E:

; . ; ; Y x3 =d3E (4)
of the moving parts (i.e. layer thicknesses and the inclusion
of a proof mass, if necessary). E¢$) and(2) provide us Vai = 0xxg3iLi (5)

with the converted power at resonarjtg
wherexgz is the strain)\/3; the open circuit voltageds; (V/m)

3y2 _ aiz 3) andgsi (Vm/N) the piezoelectric constants, _ahids the dis-
tance between electrodes which could be eithieror L. The
ds; coefficient is directly proportional tgs; via the dielectric
coefficient €pzT) of the piezoelectric.
High sensitivity sensors withz3 type piezoelectric ele-
ments were developed by Bernstein et[8]10] In the ds3;

fact, the simplified forms (Eq$2) and(3)) for the converted mode casd., from Eq.(5) is limited to the thickness of the

power may not be accurate enough in a piezoelectric energy&zzlayen"z" |W h'ls st3 cantkt:e muchlltor:jger (?'t%;lupét) n
conversion system when the electrical to mechanical cou- €dss case. In addition, the magnitudes o andgss

pling is not sufficiently linear. More accurate models will qo_efflments are 2-2.5 times higher than d@@and%? coef-
ficients. Consequently, the generated open-circuit voltage of

a ds3 type device will be much higher (20 times or greater)

|P| = aw

wherea = mge/4§%, Y the displacement magnitude of the
input vibration, A the acceleration magnitude of the input
vibration, e and ¢t the electrical and total damping ratios
(note thatb=2mw¢ whereb=be + by and¢r =¢e+¢m). In

k Z 0
d,, mode d,, mode
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Fig. 1. Schematic of generic vibration converter. Fig. 2. Two modes of piezoelectric conversion from input mechanical stress.
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than that of thals; type generator of similar beam dimen- F
sions, which then can overcome the forward bias of diodes
(0.23V in our rectifying system) and enables the activation
of the rectifying circuit. Hence, thés3 mode is employed to
make the PZT micro cantilever device for power generation.

While thedz; mode have separate top and bottom elec-
trodes, thedszz mode eliminates the need for a bottom elec-
trode by employing an interdigitated top electrode. This also
reduces the number of photo masks needed iy iezo-
electric device compared with thil; device.

. f ) ) b1 200 y
3. Experimental R T
‘ - ‘

3.1. Fabrication process

Fig. 4. SEM of the fabricated PMPG device with bond pads.

A piezoelectric micropower generator (PMPG) wittza ) . . .
mode thin film lead zirconate titanate (also known as PzT) Tiand 200 nm Ptvia e-beam evaporation and patterned using
cantilever device is fabricated using three photo mask pro- & lift-0ff procedure with the second mask. The thick photo
cesses, as shown Fig. 3. The structure of the PMPG is a resist, SU-8, is spin-coated on top of the existing layers and
cantilever beam consists of a membrane layer §3if/or pa’Fterned with the th.ird mask to create a proof mass. For
SiNy), a diffusion barrier/buffer layer (zr§) for prevent- a final step of releasing cantlle\{e_r.structure, a wet etchmg
ing electrical charge diffusion from the piezoelectric layer, a Process such as KOH etch was initially used to bulk etch Si
piezoelectric thin film layer (PZT), a top interdigitated elec- substrate. But serious stictions were observed and the KOH
trode (PUTi), and an optional proof mass layer (SU-8). was found Fo attack the PZT Iayer. These problems are solved

The membrane layer is deposited on a (1 0 0) Siwafer. The PY employing Xek vapor etching process where the PZT
warpage of the cantilever beam often found severe after thel@Yer itself is used as an etch mask. Xefas a high etch
cantilever release. In order to balance the residual stress of the€lectivity between Siand the other layers and does not attack
composite cantilever beam, three different membrane layersPZT at all.[6] The PMPG device is fabricated as shown in
are deposited such as Quh thermal oxide, 0.4m PECVD Fig. 4.
oxide, and 0..um PECVD oxide with 0.4um SiNy. Each
PECVD oxide layer is post-annealed at 7&Dfor 30 min. 3.2. Cantilever bow control
SiNy layer of high elastic modulus (313 GPa) and tensile
stress (190 MPa) is selected to have a near flat cantilever af- For the cantilever fabrication, we first fabricate
ter the release. The 50 nm thick Zr@uyer is deposited via  PZT/ZrOy/thermal SiQ structure. But this results in very
a sol-gel spin-on process over the bottom membrane, therseverely curled cantilever beam, as showrrig. 5a. This
dried at 350C for 1 min, and annealed at 700 for 15 min. bow of cantilever beam is due to the non-uniform residual

The PZT solution has a composition of Pb/(Zr+Ti) of stress distribution across the thickness, i.e. tensile stress in
118/100 along with a Zr/Ti ratio of 52/48. The PZT solution the top PZT layer and compressive stress in the bottom ther-
is spun on the substrate at 500 rpm for 3 s and 1500 rpm formal SiG; layer. In order to reduce the bow of the cantilever
30s. The precursor gel film is pyrolyzed at 3%Dfor 5 min beam, we tried to optimize the residual stress and mechan-
on a hot plate. This deposition process cycle is repeated fourical properties of the membrane layer. This is because the
times to make a PZT layer of 0.48n thickness. The PZT  function of Zr& and SiQ layers are unique as buffer layers,
film is then annealed at 70@ for 15min. The PZT layer  so they are not exchangeable. The thermal,Srt@mbrane
and membrane layers are patterned via RIE with3BTlp layer is replaced with PECVD Si{and SiN. This selection
(30:10) gas chemistry for 70 min with the first etch mask. is based on the data ifable 1where the bow estimate is
The top interdigitated electrode is deposited next with 20 nm calculated by the beam theofy3—16] The residual stress

in Table lis estimated with Stoney’s modg!7] from a sub-
Interdigitated Electrode strate curvature which is measured by a laser interferometric
. i//pmf Mass profilometer for each layer deposition, as showrFig. 6.

SRR W - o Since the PZT layer is deposited repeatedly four times, the
3 Zr0O,
.\men;brane I I I I I I I I I

curvature is also measured for each subsequent deposition of
e—Si

+ +
| n

PZT. The bow estimates lead us to reduce the bow by the two
step approach as indicated kig. 7: changing the residual
stress of the bottom layer from compressive to tensile and
Fig. 3. Schematic oflsz mode piezoelectric device. increasing its elastic modulus.

[T,
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(b)

(@)

Fig. 5. SEM images of the stress-controlled cantilevers consisting of (a) PZI&i@(thermal), (b) PZT/ZrQ/SiO,(PECVD) and (c)
PZT/ZrG,/SiOx(PECVD)/SIN..

Table 1

Mechanical properties and residual stresses of films deposited for the cantilever structure

aa PZT112] PZT2 PZT3 PZT4 Zr@[13]  SiO [14] (thermal)  SiQ [14] (PECVD)  SiN[15]
Elastic modulus [GPa] 63 63 63 63 244 69 69 313
Poisson ratio 0.30 0.30 0.30 0.30 0.27 0.15 0.15 0.29
Residual stress [MPa] 630/610 —115/-125 75/65 113/105 400/350  —280/~330 35+15 210/170

PZT number indicates the order in which the PZT film was deposited on top of thel&yer.

Fig. 5o and c shows that our approach is appropriate. The filometer, assuming the profile is part of a circle. The mea-
first device, with thermal Sigbeing the bottom layerincom-  sured curvatures are 2700 (£250 nT1) and 1780 m?
pression stress of about300 MPa, has a severely curled (£85m 1) for PECVD SiG and SiN, bottom layers, respec-
cantilever as shown iRig. 5a. InFig. B, this bow is greatly tively. The measured values are alittle larger than predicted by
diminished by depositing Si¥via PECVD, by which the  the beam theory (1697 for PECVD SiG and 1339 m'!
compressive residual stress in the bottom layer is reduced tofor SiNy), but their tendency toward reducing bowing is well
a few tens of MPa. In the smaller elastic modulus regime, consistent. We think that the small deviation is due to the
however, even a small deviation from the target stress would presence of residual-stresses built in the electrode layers (Pt
result in a very large change of the cantilever curvature. Se-and Ti) and additional release of the cantilever resulting from
lecting a large elastic modulus actually gives us more robust- the undercut etching of the Si substrate.
ness in controlling the bow. For this reason, a Si&yer of
high elastic modulus (313 GPa) and tensile stress (190 MPa)3.3. Characterization
is selected as the membrane layer. A nearly flat cantilever
beam is obtained as shownHig. &. The PMPG device acts as an ac current generator in par-

The curvatures of bow-controlled specimens (like those in gjlel with a complex output impedance. When the PMPG
Fig. 2 and c) are measured by the laser interferometric pro- s mechanically vibrating at the resonant frequensgy, the

PZT thin film experiences a time-varying change in mechan-

T T T T T T T

T T T T
0.025 6000 7,7 Thermal oxide = 200 MPa
i ——-100 MPa
= — : —*— 0 MPa
= 0.020 E i —e— 100 MPa
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5 < ' ]
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E 0005 =
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Fig. 6. Variation of the accumulated curvature of Si wafer with multilayer Fig. 7. Dependence of bow curvature of cantilever beam on elastic moduli
deposition of PZT/ZrQ/SiO,/SiNy. and residual stresses of bottom layer.
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Fig. 8. Equivalent electrical model of the PMPG power system. é_ 24 48.5 kHz

2
. . . . [m]
ical stressg (t), alternating between tensile and compressive o | |
stress. This results in a time-varying generated charge within ™
the PZT layer, which is the source of the ac current. Taking _J
the first time derivative of the charge functioQ(t), gives o - -
the ac current sourcép(t). A rectifying circuit and electri- 0 25 50 75 100 125 150 175 200
cal storage capacitor are required for harvesting the electrical Frequency [kHz]
energy from each devic&ig. 9).

The fabricated device is packaged on a multiple pinned Fig. 9. Cantilever tip displacement with ac frequency.

ceramic packagé~{g. 4). Each device has two bond pads that

connect the device to the measurement electronics and theoppg atthatfrequency, 13.9 kHz. The magnitude of the base
external rectification circuitry, storage capacitor, and resistive displacement is varied by changing the shaker drive voltage.
load. The device is heated to 180 on a hot plate and poled  cantilever tip displacement and the corresponding closed-
at 90V dc for 30 min. The temperature is then cooled down ¢ircyit charge (measured by a closed-circuit charge ampli-
to a room temperature while maintaining the applied poling fier) are then measured against the input base displacement
voltage. _ o _ _ (Fig. 10. Here, base displacement is simply the displace-

The rectifying bridge circuit consists of four STMICro-  ment of the silicon substrate to which the micro cantilever is
electronic§ 1N5711 small-signal Schottky diodes and @ gttached. The tip displacement s amplified by approximately
10nF mylar storage capacitor. These diodes are chosemyg times over the base displacement during resonance. The
specifically because, compared to most discrete componentsg mount of charge developed on the IDT electrode is approx-
they have the smallest forward voltage drop (approximately jmately linear in proportion to the tip displacement. This is
0.2V). This allows for the largest possible dc voltage to de- pecayse the axial stress developed within the PZT layer also
yelop across the capacnance/load. The 10 nF mylar capacitoliycreases linearly with tip displacement. A maximum gener-
is chosen because it has a very low leakage current. ated charge of 13.2 pC is measured at a maximum tip dis-

placement of 2.56.m. The charge increases linearly with tip
] . displacement with a linearity coefficient of 4.14 p@d.

4. Results and discussion For the next set of base shaking experiments, the PMPG

o . o device is connected to a rectifying bridge circuit with a resis-
The polarization properties of the PZT thin films are mea-

sured using the Radiant Technolo§i¢T-66A High Voltage

Interface with TreR Model 601C in the form of #-V hys- W T T T T T Ty 5
teresis curve. The measured spontaneous polarizaign ( | © Tip Displacement n
remanent polarizatiorPf), coercive field, and dielectriccon- 4, ™ Closed-Circuit Charge 14 E
stant are 5Q.C/cn?, 20.Clen?, 38 kV/em, and 1206, re- Q w | =
spectively. O 10 H
In order to find out the resonance mode and tip displace- % - /,’ 13 %
ment, the PMPG is directly excited with23V ac volt- 5 °r A o 2
age source, scanning from 0 to 200kHz. At the same time, 5 | //‘ D . P 8
the cantilever tip displacement was measured by a laser vi- 5 o om0 —_— g
brometer.Fig. 9 reveals three resonant modes: 13.9, 21.9 § 4t L B..-'S' - 895 g
and 48.5kHz. The 13.9kHz mode is the uniform bending 3§ e 112
mode which has the largest tip displacement amplitude. The 2r /ﬂft"g S
48.5kHz is also a bending mode, but the beam bends both
upward and downward in a snake-like fashion (the second 0 5 10 15 20 25 30 35 40
harmonic), while the 21.9 kHz mode demonstrates a twisting Base Displacement (*10°), 5. [um]

type motion (torsional mode).
. Having d?termined the first mode resonance, a_piezoeleC'Fig. 10. Cantilever tip displacement and generated closed-circuit charge vs.
tric shaker is then used to apply ambient vibration to the base displacement.
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50 ——————1—— 17— 12 across the load (10.1f), and a maximum continuous elec-
45| —®— Powerdeliversd o Load 1 trical power of JuW is delivered to the 5.2 % load. The
ol n {10 corresponding energy density is 0.74 mW hfctiliniatur-
= g ized wireless sensors would enable a large scale sustainable
<§ 35 4058 § sensor network with the integrated energy harvesting devices
- 30 % demonstrated in this paper.
8 25} 106 o
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