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Piezoelectricbased Multi-Scale Multi-Environment

Energy Harvesting

Hyun-Cheol Song
ABSTRACT

Energyharvesting is a technology for generating electrical power from ambient or wasted
energy. Ithas been investigated extensively as a means of powering small electronic devices.
The recent proliferation of devices with uHiawv power consumptioin devices such aRF
transmitters, sensqraind integrated chipset$ has created new opportunities fanergy
harvestersThereis a varietyof ambient energies such as vibration, thermal, solar, stray current,
etc.Depending on energy sources, different kinds of energy conversion mechanism should be
employed For energy harvesters to become practicaly #nergy conversion efficiency must
improve. This efficiency depends upon advances in two areas: the system or structural design
of the energy harvester, and the properties of the materials employed in energy conversion.
This dissertation explores devptoents in both areas. In the first area, the role ofpamoro-,
and bulk structure of thenergyconversion materials were investigatédthe second area,
piezoelectric energy harvesters and a magtieomoelectric generator are treated from the
perspective of system design.

In the area of materials developmd?ip,TiO; (PTO)nanostructureconsisting ohanofibes
and threedimensional (3-D) nanosructure arrays werehydrothermally synthested The
growth mechanism ofthe PTO nanofibes and 3D nanos$ructures were investigated
experimentally and theoreticallffhe PTOnanostructure were composed of oriented PTO
crystals with high tetragonality; these arrays could be promising candidates for nanogenerators.

Different designs for energy harvesters werplored as a means of improving energy
conversion efficiency. Piezoelectric energy harvesters were designed and congtnucted
applications witha low frequency vibrational energy and fapplications witha broadband
energy spectrunA spiral MEMS pioelectric energy harvester design was fabricated using a
silicon MEMS process and demonstrated to extract high power densltygdbw resonance
frequencies and low acceleration conditions. For a broadband energy harvester, a magnetically
coupled arrapf osci |l |l ators was designed and buil't
resonance frequency with considerably improved output power.

A new design concept for thermal energy harvesting that employs a mégeetmelectric
generator (MTG) design wgroposed. The MT@xploitsa thermallyinducedsecondorder
phase transitioin a soft magnetic materialear theCurie temperatuteThe MTG harvested
electric power from oscillations of the soft magnet between hot and cold sources. For the MTG
design, gitable soft magnetic materials were selected and developed usig$ibasVinOs-
Nio.eClb.2Zno 2Fe0O4 magnetic composites. TMTG wasfabricated from a PVDF cantilever
and a gadolinium Gd) soft magnetic material. The feasibility of the design for hsting
energy fromthewaste heat was demonstrated by attaching an MTG array to a computer CPU
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GENERAL AUDIENCE ABSTRACT

Energyharvesting is a technology for generating electrical power from ambient or wasted
energy. Ithas been investigated extensively as a means of powering small electronic devices.
The recent proliferation of devices with uHiawv power consumptioin devices such aRF
transmitters, sensqraind integrated chipset$ has created new opportunities fanergy
harvestersThereis a varietyof ambient energies such as vibration, thermal, solar, stray current,
etc.Depending on energy sources, different kinds of energy conversion mechanism should be
employed For energy harvesters to become practicaly #nergy conversion efficiency must
improve. This efficiency depends upon advances in two areas: the system or structural design
of the energy harvestand the properties of the materials employed in energy conversion. This
dissertation explores dev@iments in both areas. In the first area, the role of namicro.,
and bulk structure of thenergyconversion materials were investigatédthe second area,
vibration energy harvests using piezoelectric materialgnechanical to electrical energy
conversionpndthermoelectric generatempbying magetic phase transiticare treated from
the pespective of system design.
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Li st of Figures

Figure 1.1.Schematic illustration of energy harvesting.

Figure 1.2 Energyconversion steps for the mutource energy harvesting: vibrations, thar
energy, and stray magnetic field convert into mechanical energy which is transformed to
electrical energy by piezoelectric materials.

Figure 1.3 Energy transition flow in piezoelectric energy harvesting
Figure 1.4.Direction index of electromechanal constants in poled piezoelectric ceramics.

Figure 1.5.Perovskite PZT unit cell. (a) PZT unit cell in the symmetric cubic state above the
Curie temperature. (b) Tetragonally distorted unit cell below the Curie temperature.

Figure 1.6.Piezoelectric dmains in piezoelectric materials. (a) Randomly oriented domains,
(b) domains during and (c) after poling process.

Figure 1.7. Frequency dependent output power of typical vibration energy harvester. The
maximum output power can be achieved at resonaagedncy.

Fi g&r Ha) Schematic il lustratioanamnfofif &lerisc atni
substrationswietdh |l maytirl. e ( Di)OSurface SEM i mage
(c) Surface SSEMeidmda@aeg eof ohdtQiCoOfGodarl S nmiermd ted
Vertically:zgamowmwhi bPebrTi &rRuatyisl e Tihyd®thebnsmlt r at e
synthesis.

Figure 2.2.Vertically grown PbTi@nanofiber arrays otine considerably large area of D
substrate in (a) 1,000 and (b)®@mesma gni f i cati on.

Figure 2.3. (a) 3D atomic structures of interface of Ti@®110) Rutile and PbTi©(001)

surfaces. (b) Schematic illustration ofptane atomic structure betwe@i Okuie and (001yto

surfaces which are in parallel. Along therizontal direction, six Ti atoms in (A O)yro-type

planes match seven Ti atoms],  Okuile -type planes. Similarly, along the vertical direction,

four Ti atoms, (1 Okprotype planes correspond to five Ti atoms ifll 1 Okuile-type planes.

Blue or light blue ball: Ti;redgfi nk bal | : O; yellow ball: Pb.

Figar4ga) XRD pa#tTéermsabefrait®, afd@&anld€d 00b ) 4 5 (
TiQ h adiagram with temperature and pressure (Reproduced with permission, 2000,
Springer).

grrBurface SEM .smaged agkersi on Ti °pJ| atke) an|
C and Wc)X o80A 0 minutes.znabEM irmage g rMTdfwnP DT
b ates arfQ | (&) aaB 8 Q°CIf) J o48B®OA 0 hrgidmr wtt ense r bnya |
n 2 hour s. | nset ssnamoreds.magni fi ed

e,a
25



Figure 2.6. Surface SEM images of Ti@eed layers on Ti foils annealed at (a) 450(b) 650
°C and (c) 800C for 10 minutes.

Figure 2.7. EDS analisys tan at (a) PbTi@nanorods and (b) bottom region

Figure 2.8. TEM images and XRD patterns of PbEi@anofibers hydrothermally grown on
TiO2/Ti substrate at 228C for 12 hours. (a) and (b) TEM images of individual PkTiO
nanofiber. (c) HRTEM image and SARkattern (inset) of outside edge of PbT¥ier. (d)
XRD patterns of PbTi©nanofibers grown on Ti substrate with Rutile 7&2eding.

Figure 2.9. Raman spectra ¢?bTiO; nanofibers at room temperature. InséR@&nan spectra
of PbTiGs nanofibers in theicinity of Curie temperature (40C, 450°C and 500C).

FigBrla) Schematic description of hydrotherm
in hydrothermal synthesis.

Fi gwr2Schematic il lTustration -df memsilb Tir ©wt h
nanostructarmbena(aigks@ib81)y aSeTi Ob) Nucl eati or
Tiat om irs [1G0Jeamd [010] direction of 00 1) 3 SSu s tOr ad ieme n(sci)o na |
nanosheet ga»iwgd hosfal )i @rdoa wielmsal 2anosheets

equi l i brium. 3dd)medhBENM dam@@gestofucturesl iwikda. al
|l nset shows a magnified SEM i mage.

Fi gBr®3di mensi osnaaln oBk Tiu@ t thrad cwietdh pata®s ns sy
(001) 3surbTsitd ate. (a) 15,000, (b) 30,000, (c)
Figur4ebB®Bn@nostructures hydrothermally synthe
(111) orizenbedr 8r @68 O Surface atomiangdt (dgtyrn
orient gsdubSrtTriaG es. 1 wunit cell thickness of ¢
atomic cryst-ahds®rmetnagedofSr Ti O

Fi glr®.a) , (b) Hod®yhcirny sftiallnisi fisen b ¢ O O de)de Sat M n7&dall
°C for 5 min. (cd,j meadkxi ldimsalnofstiieie@a | n2ét twipwd OR ) on
Sr hiSObstrate.

Fi g@reéRD patter g nfeors itohrealn oth®eie® s on E100) o
substrates

Fi gBr®&DX anal pdi miemd i diwaa n oksbhTeieQ s on (3001) o
substrates confirming thedidtfaisdino nweatsr yo bosfe r
anal ysi s.

Fi gBr&.aaman scatteridngnessRlc Tlem@mosftr @3ct ure a
t e mpuerrea(tdooadr i at i on of Raman spectrum with tem

Figwsr®.a) -€feosbsonal T EM memag e nifa@d m oPsbhTeieG s o n

ori ent esdu bSsrtTri &t e s . Il nset i s TEM-rienstogleun o T E®nNn o
(HRTEM) i mage of thesubsérbhaerabhdd Wodh.OSIrAs &
SAED pattern taken from the area indicated |



the interface. For Dbetter voilsoirbeidl.i t(yd) tShcea ninl
(STEM) el emental mappid&rdfin@Pebr faancde Sre giinont.h e

FigBrle0a) Schematic descri ptNibdop ®d ;sPuFaVE t@rnaatl ey
with (001) orientation waseusgeh)fAmpmehadeean
from piezoelectric rleastpomsdg3DR mkie® stramtulesc
oriendepedNbhsSulIstoOr at es. (d) Combined sizgnal 0
3D nanostructur es,oelha cthr ico nbd @anramso sitrhrew dft elPrrel.i

Figure 4.1. Schematic design of spiral MEMS energy harvester.

Figure 4.2. Schematic fabrication procedure for piezoelectric MEMS energy harvester with
spiral structure. (i) Multilayer deposition, (ii) Top elexxle patterning, (iii) PZT etching, (iv)
Bottom electrode patterning, (v) Front side DRIE etching and (vi) Back side DRIE etching and
releasing structure.

Figure 43. ( Ctsesds i onal and (b)) surface SEM i mag
fabrmcat i opir al MEMS energy harvester. The s
top electrodes.

Figure44.Sur f ace topographic i mage of the PZT fi

Figure45 (a)}yr a diffraction pattterins -E()be)hgkdIPareisz

curve of the PZT thin fil m.
Figure 46.OQu-0fp | ane PFM i mages of the PZT fil m: (a
Figure 4.7. Ou t The <c¢clamped | ongitudinaldgzeifardti v

calcul atedatealpilecoegi edg) rmict hc oveaf rfii actiieonnt off a
the PZT t h omthetpirdl cantilgvero w n

Fi gdr®EM i mages of (a) fronts edtdiegn (df) ndmnhbhre
(d) back side pbpfenbeggphantVestati| S8vmeul at ed
junction and (f) round shape junction in the

FigdrExperi meniml|lfdrestthesedpiral MEMS energy |

Figure 4.10.(a) Frequency dependence of odtpaak voltages with the variation of number

of turns of the spiral energy harvester. The harvesters were excited by 224 .2#sg)
acceleration. (Inset) Optical pictures of the fabricated spiral energy harvester with number of
turns; (i) 2 turns, (iiB turns, (iii) 4 turns, (iv) 5 turns, (v) 6 turns and (vi) 7 turns.

Figure 4.11. 2D live scan images obtained by laser viborometer of the (a) first and (b) second
vibration modes and FEM simulated images of (c) first and (d) second vibration modes for the
3 turns of spiral MEMS energy harvester. (Inset) Simulated stress distributions in the first and
second modes.
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Figure 4.12. (a) Natural frequencies of the spiral energy harvesters with variation of number
of turns. (b) Output power and voltage of theifns spiral energy harvester with variation of
external electrical load.

Figure 5.1. (a) Schematic description of vibration and stray magnetic field dual phase energy
harvester. (b) Schematic layout of the MaCoPEHA. The picture shows fabricated cantilever
energy harvester array. (c) Expected output voltage of the MaCoPEHA with respect to
cantilever beam positions. (d) Schematic diagram of the cantilever energy harvester consisting
of 2-2 composite structure of metal shims and piezoelectric ceramic layadar to improve

the strength and output power. (e) Configuration of coupled magnetic proof masses that have
same polarity and repulsive force.

Figure 52. Testing setup for vi bration <character
di mensi onaretleaser vi bro

Figure 5.3. Frequency spectrums of opemcuit output voltage of individual harvesters in the
MaCoPEHA at (a) 0.01 V, (b) 0.02 V, and (c) 0,03 V burst chirp signals applied to shaker. The
output voltages were normalized by applied acceleratianT{tgg MaCoPEHA hamultiple-
resonance frequencies and a broadband frequency spectrum. With increaseydlidte

voltage to the shaker (acceleration, g), the bandwidths increase, and the resonance frequencies
of each harvester slightly shift due to thegmented magnetic interaction between adjacent
beams.

Figure 5.4. Generated opeaircuit output voltages of the MaCoPEHA with 1 g acceleration at

(a) 52.5 Hz, (b) 60.5 Hz, (c) 70 Hz and (d) 78 Hz. Pictures show coupled vibration mode shapes
measured by #htwo-dimensional laser vibrometer at each frequency. The phase deviation of
the generated voltage signal and the coupled mode shape of the MaCoPEHA vary depending
upon the interaction of beams at different frequencies.

Figure 5.5. Frequency dependent té#ed DC voltages of the MaCoPEHA through a full

bridge rectifier under (a) 1ginusoidav i br at i on and (b) 500 €T mag.!
of the frequencies were stepped. Inset pictures are the vibration and the magnetic field testing
setups, repectively. Helmholtz coils was used to generate the nihgnetic field. The
summation of the generated total output voltage of each beam energy harvester under (c) 1 g

vi bration and (d) 500 ¢ Texhibitednukiresorancépeakdad . The
broadband characteristics under batirations and magnetic fields conditions.

Figure 5.6. (a) Experimental setup for energy harvesting from pump vibrations. (b) Frequency
analysis of pump vibration using an accelerometer. The fundamental vibratipreficy is

29.5 Hz and the second and the third harmonic frequencies are 59 Hz and 118 Hz, respectively.

(c) Generated opetircuit voltage measured via a fldtidge rectifier. The MaCoPEA

responds to the second harmonic frequency of 59 Hz. (d) Measteedal impedance of the

beam #2 in the MaCoPEHA. (e) Output voltage and power of the beam #2 in MaCoPEHA with
various load resistors under 1 g acceleration at 60Hz. The impedance matching resistance is
290 kq at 59 Hz and i deainb(c)c(fRectified outplt eoltages a s ur e
of the MaCoPEHA connected with optimum load resistances under the pump vibration.

Figure 5.7. (a) Experimental setup for the stray magnetic field energy harvesting from the
power cable of an electric kettle. (b) i&eated opewircuit voltage of the MaCoPEHA from

Xii



a power cable of an electric kettle. (c) Rectified output voltage of individual energy harvesters
in the MaCoPEHA across the optimum load resistance of each beam.

Figure 5.8. ( a) Experi menuiabr asteitaurp &moer gtyhehar vestin
engi ne. The MaCoPEHA with 4 beams was mount
Gener at-eidr cowpieth vol tages of the MaCoPEHA with
As alternatingohhetbagresepandehgrhéam in res
according to the frequency. The MaCoPEHA sho
to generate the sufficient power regardl ess

Fig6r®chemattoretofel dagmetco Ther mal Generator

Fi g6rZ®.i eclobl ed (FClepempemat mag mneMn @iant i tome o f
0. X@®. 30 strontium content range with appl
magnetization vs. &lppmlyisecrmagrsedcba MfeBatl dl at M
various temperatures.

Fi g6.r3d-H hysteresisSMuaw ¢dh ofarbiati on of Sr co
inset shows zoomed view of hysteresis curves

Fi g6r48EM and EDS mapping imd3@ewtob NGCZWt méog
Composites sintered by conventional firing s

Fi gbr5SSEM Fd®dlded (FC)lpeaeacpat atmargemex) zwt i 6n
LSMODx wt. % NCZF magnetic composites sintered
for 2hours) in the 0 O x O 30 NCZF content r

Fi g6reeRD pattep@s Z0ReOf a) dGNoig . Man @ ) ( @l S MO
1%NCZF, witHh)SMDUMNCZF, awdoL(SeMBAMEANCZF magnet i
composites sitretpersededuyltewq 1075 AC => 1025 AC(

FigaGrlewstep si ntNCrZzerd (WM BM@agneti ¢ composite
(b) EBSD i mage, (c) EDS mapping i mage for Fe
for Mn el ement and (e) EDS mapping i mage for

Figurg&a) Topographic and (b) M$&tMe pnagyinrett @ rce ¢ hl
NCZF (wWi®) 3fa gcroenpios i t e

Fi g6r®he-TMcurves of mixdadkppswdhdreraermdd mawmnet i
LSMACZF (wi®) 36omposition.

FigérleQa) ThehyMteresistepr ¢eé s tNe(FzZeFd WavBN B 0
magnetic compobentef wempewatunte. l nset is zo
(b) MThehyMteresis curve of galdoluirnvieussm o(fGdgd ff.
variation of temperature.

Fi guwr Bla) MTG operugpt ifor ttelsd scftt (nba)gnkBit ma@r p
piezoelectric cantiNCewe r( Wg)8BmMs owfitt h malLgShveQ i ¢
devel oped in this study.
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Fi gwreBenerated output vol tagheCzZbFy (MM 30si nc
magnetic comiosiempevnmad C/6EPr adi ent (O

Fi g6.rleBher mal condsicep vs iy tNeOfZeFd W8N B Magneti c
composites as function of temperature.

Figuér®i mul ated design of magnetic circuits w
magnetic enedggylt dranatUsmlyyokpol ed magnetic cir
Hal b

circuit, and (c) ach configuration.
FigUWrZmpirically generated magnetic force cu
applied external H fietd)58nd8ACempedatardetwr
Figur3e () Schematic representation of devi ce
(b) The three geometrically tunabipadpai ameime
spacing (A Yco¢ akd ossippac umg ( B) , andodekgiodna g |
magnet spacing (C).

Figwr4Si mul ation result f @r5 thg et ohmectkr i gcead o Iti nni i
switching temperature of 15.3AC and col d swi

Figur¥®odelutougrpaphics showing evolution of 1t

Figwr@&.ransi ent t her mal FEA results for a d;
temper at urdeesf i anredd welilti cal switching tempera
t her malr ecsansttaacntce within the system.

Figdrferansient Fabrication process of MTG. (:
is of fabricated device I mage with heat sin
operating through isticomdoocureri mdraise d$ofatnsm
cooling and heating.

Figur& The vouttmwte signal from single cantil
forward and reverse connection.
Figudrd®deasured temper at urseisdeoana addhmnelh gruertf aicre sMTol

Figurldbl.ectrical out pu(fd)Optrurvbltage af anmorph cantilevéd T G
based MTG under thermal gradient oP@0(b) Extended output voltage during heating and
cooling. The insets show snapshots of positions offsofbmagnetic material. (c) Measured
temperatures on the surfaces of eside and heside. (d) Average output voltage and
vibration frequency of MTG as a function of distance betweenmaady net -andecol d

Fi giurlalar Ki ng mec hanals m manldy daysar@odgnetivd St&e, (b)

first phase transition during cooling, (c) ferromagnetic state, and (d) the second phase transition
during heating. The insets show piezoelectric potential distributions of PVDF cantilever
calculated bfC OMSIO Mul ti physics software.
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Figwre®3napshwoskiofg mec
paramagnetic state, (b)
the second phase transi

ni sm of uni mor ph ¢
he first phase tran
on during heating.

Fiug® 1Bl.ectri cal o ut pu Dmicalamades pf actually fabodatedMa) G s .
bimorph cantilever based MTG and (b) MTG arrays composed of bimorph cantilevers. (c)
Output voltages of unimorph and bimorph cantilever based MTG, and arrays ia serie
connection. (d) Output voltage and vibration frequency of MTG arrays in parallel connection.
(e) The output voltage and current density, and (f) the output power of the unimorph and
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Figure 7.15. Demonstrations ofnie MTG as a sustainable power source and heat recovery
system.(a) Photograph and (b) enlarged image of three commercial green LEDs driven by
MTG arrays. (c) Photograph of a hard magnet attached to the CPU inside desktop and measured
temperature on the CRd) Photograph of two commercial green LEDs driven by bimorph
cantilever based MTGe) Snapshots of MTG attached to CPU inside desktop farsaiface
temperatures on CPU with MTG and without MTG.
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1. Chapter 1: Introduction to Energy Harvesting

1.1 Introduction

Recent advancetkechnologiesin low power consumptiorsensors, RF transmitters and
CMOS circuitry have led to focused research effort on essisifain power system. In particular,
the energy harvesting technologgan generate the useful electrical energy from the dumped
ambient energi.e. engine vibratiorhuman activityboiler pipe heat, indoor light, stray current
surrounding power cord etc. has been extensively investigatadneans of powerirggnall
electionic devicesuch as wireless sensor nodes as described tineHid..

The standalonwireless sensor by the energy harvesting is attractive due teftesive as
removing the cost of batteries and the labor required to install complex wiring as tiak-as
effective as saving time to replace and maintain the batteries. Sometimes, the replacement of
battery or power wiring are almost impossible hazardous, harsh and large terrain
environments when we considtdrat a large number of sensors aygicaly installed in
ubiquitous sensor networks (USN). Therefore, in such cases, develogsitg ganerators that
can convert any available environmental energy at that location into electrical energy is more
reasonabl¢l] Moreover, the energy harvesting garovide a breakthrough famplantable
sensors and artificial electronic organs such as pace maker, glucose sensor for diabetes,
artificial retina, cochleaetc.as avoiding repeat surgery for changing batteries.

Energy harvesting technology can provideatteryless solution by power generating from
unused environmental energy sources suchahines, humalody, vehicles.andstructures,
all of which could be an excellent source of capturing small power without affecting the source
itself. Furthermoreenergy harvesting can offer alternative solution for severe environmental
conditions hard to use battery such as very high or low temperature environment of dessert,

deep in the sea, apalar regionsThe energy harvestir@an be simply classifieglccordng to



sizein two categoriedi) energy harvesting famallelectronic devices using busikze devices,
and(ii) energy harvesting fddSN using Microelectromechanical syste(MEMS). The bulk
energy harvester can providamain or additional electricqwer to operate small electronic
devices. The MEMS energy harvester can give a new opportunity for systechip
integration with low power consumption sensors and microprocessor, which can provide

capability to interact with vast range of platform le@dto new and enhanced functionality

Ambient Energy Converted to
Useful Electrical Energy

Power harvesting

Wearable electronics

Figure 1.1. Schematic illustration of energy harvesting.

In past decadesseveral energy harvesting approaches have been proposed using solar,
thermoelectric, electromagnetgpacitive piezoelectricand mageto-electricscheme$1-3]
Depending on energy sources, different type of energy conversion mechanism should be
utilized. Typically, the direction energy conversion mechanism from ambient energy source
into electrical energy is employed because it is maffieient than the mulistep energy
conversion. For examples, thermal gradient for thermoelectric (Seebeck) effect, mechanical

stress for piezoelectric effect, light for photovoltaic effect, and stray electromagnetic wave for



electromagnetic induction gerally are exploited fatheelectric energy conversion. However,

in some cases, the muftiep energyransformation could be more attractive option duthéo

limitation of environmental conditiansuch that thefigure of merits,ZT values, of the

thermeelectric materials at low temperature are very poor for thermal energy haré¥ting.
Mechanical energy can be converted into electrical energy using piezoelectric,

electromagnetic andlectrostatic transducerdmong them, the piezoelectric transducers a

the most attractivelue to their high energy densiymd conversion efficiency. Furthermore,

the piezoelectric energy conversiofiers morefollowing advantages(1) scaling of devices

for miniaturization because the energy density of piezoelectrierrabst remains high with

reducingsize (2) temperature stability at low and high temperature48y implementation

by simple structure, and (4) easy applicatiorhigh frequency In this work, to overcome

limitations of the direction energy convensiof thermoelectric and electromagnetic induction

effects, different forms of energies of vibration, thermal gradient, and stray magnetic field were

transformed to the mechanical energy and then the electrical energy were obtained from the

mechanical eneggthrough the piezoelectric materials as shown inufgdL.2. For the

mechanical energy conversion from the thermal gradient and the stray magnetic field, the

thermally inducedecond order phase transitionsoft magnetic material and the coupling of

magnets and magnetic fields were exploited, respectively. Based on the piezoelectric energy

harvester, different types of vibration, therpzald stray magnetic field energy harvesters were

developed and investigatatidifferent scales dbulk, micro and nam



. Conversion to Mechanical Energy
Ambient Energy Mechanical Energy Harvesting

Vibrati
Mecha

Therm
Mecha

pelectric

Stray
Magnetic
Field

Magnetic f
Mechan

Figure 1.2 Energy conversion steps for the mu#iource energy harvesting: vibrations,
thermal energy, and stray magnetic field convert into mechanical energy which is transformed

to electrical energy by piezoelectric materials

The ultimate goal aheenergy harvesting research is improving totalenergy conversion
efficiencyfrom the ambient energyo the electricalpower in order to generate the maximum
power from limited energy. ergy transition flow inthe typical piezoelectric energy
harvesting is showrschematically in Figuré.2. There arghree primaryenergy couplingsr
energytransitionsteps m thepiezoelectric energy harvestiag outlined in this schemati@)
Mechanicalto-mechanical energy coupling in trappithg mechanicaAC stress from ambient
mechanical source, (b) mechanttalelectrical energy coupling iconverting the mechanical
into the electrical energy by itect piezoelectric conversion, and (c) electrimaélectrical
energy coupling iprocessing and storing tigenerated electrical energho increase the total
energy conversion efficiency, each steps of energy couplings should be improteel lasdes
occurring at each steglould be reduced. First step of the energy coupling is closely influenced

by the harvster structure how efficiently extract the external mechanical seggending



upon the frequency and amplitude of the mechanical stress, one can design the required
transducer, its dimensions, and vibration mode. In particular, the natural frequeth®y of
energy harvester is the most important factor on designing the transducehsindaation
amplitude of a system at resonance is significantly larger than thatrasoffanceThus, the
natural frequency of the energy harvesthouldbe tuned inaccordance with the ambient
vibration frequency to become a resonance and maximize output power. The megbanical
electrical coupling is solely related to tlemergy conversion media from mechanical to
electrical energy (piezoelectric material). The magte of the electromechanical coupling
factor kp) of the piezoelectric material can directly affect to ¢hergy conversion efficiency

of this sted5-8]. For improving the mechanictt-electrical couplingtheproper piezoelectric
material selection isecessary. The final step of energy conversion is the eledtriedéctrical
coupling. The generated electrical energy fritra piezoelectric material have AC form as
presented in Figre 1.3need to be rectified for powering electronic devices or sidratteries.

The diodes consursea certain amount of electrical energy during the rectifying process. In
addition, the electrical loss can occur due to the impedance mismatch betwesrertne
harvestingsystem andheload. To improve the electricatio-electrical coupling, thereforghe
electrical losxonsumedn theelectricalcircuit should be reducetiroughdevelopinghelow

loss rectifying circuit and impedance matchingavoid the curremneflection from the load.

This dissertationmainly focugs onimproving the mechanicab-mechanical and the
mechanicato-electrical energy couplings as devising thavel structure of piezoelectric
transducers and developing the piezoelectric materials. The impedance matching between the
piezoelectric energlgarvester and the load was also employed in all energy harvesting studies

for enhancing the electrictb-electrical coupling.



Mechanical to Mechanical \=Mechanical'to Electrical™\  Electrical to Electrical
Energy Coupling Energy Coupling A Energy Coupling

Loss in Harvester
Loss in Materials Electrical loss

Structural modification Materials properties Impedance matching

Natural frequency matching Circuitloss

Figure 1.3 Energy transition flow in piezoelectric energy harvesting

1.2 Fundamentalsof PiezoelectricEnergy Harvesting

1.2.1 Fundamentals of Piezoelectricity

Piezoelectricity is the property of certain crystals to generate an electric potential in response
to applied mechanical stress. There are two different kinds of phenomena commonly observed
which are termed as direahd the converse piezoelectric effects. When the mechanical stress
is applied to a piezoelectric material, an electric charge proportional to the applied stress is
produced. Thigefers to the direct piezoelectric effect. Conversely, when electric Beld i
applied to the same material, strain or displacement is produced proportional to the magnitude
of electric field. This is called as converse piezoelectric effect. The following two constitutive

equations are used to describe the piezoelectric effect:
O Q, -OorO0 Q% -0 (1.2)

'Y i, QOorY ®°WY QO (1.2)



Here in these two constitutivequationgO is the electrical displacemefiY,is mechanical
strain,, is mechanical stres§) is the electric fieldg; is the elastic stiffness coefficiers;,is

the elastic compliacecoefficient, and is the permittivity. The superscript used in the equation
shows the constant parameter usig@nd e;j are piezoelectric coefficients which are third rank
tensors.

Piezoelectric ceramics are anisotropic in nature implying that electromechanical
properties exhibit maximum along specific crystallographic direction. The properties are
commonly described using two subscsifreduced order tensor notatiomhich indicate the
direction of the electrical and mechanical parametégure 1.4 shows the directiandexes
of constants in rectangular crystallographic system. The principal properties along X, Y and Z
axes are described using 1, 2 and 3 notations, respectively. The shear constants are represented
by 4, 5 and 6 respectiwelFor example, in case of piezoelectric charge condtanthe first
indexMd i ndicates that el ectrodes ailndexfficer pend
indicates that the applied stress or induced strain is along direction 1. A superscripmnindex o
the electromechanical constant is used to represent the constant condition under which
measurements were conducted. For examplease of compliancé, , EG i ndi cates tF

compliance was measured under constant electric field or with electrodes connected together.
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Figure 1.4. Directionindexof electromechanical constants in poled piezoelectric ceramics.

Non-centrosymmetricity is requement for observing the piezoelectric effaod most of
the high performancpiezoelectriamaterials are ferroelectric perovskites as shown in Figure
15. The leading representative of the perovskite piezoelectric ceramics, Pb(Z(H20),
has many pasble variations depending upon the doping and solid solution. As shown in Figure
4 (a), PZT unit cell has a symmetric cubic structure above the Curie temperature (paraelectric),
however, belovthatit transforms into asymmetric tetragonal structure (axprately Zr/Ti
ratio < 1, where Zr+Ti=1) as schematically depicted in FiguBe(b). Thus, PZT unit cell

shows spontaneous polarization because of the shift in the positiesitef &om.
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Figure 1.5. Perovskite PZT unit cell. (a) PZT unit cell in thersnetric cubic state above the

Curie temperature. (b) Tetragonally distorted unit cell below the Curie temperature.

Neighboring dipoles formed in the distorted perovskite unit cell align together to form
domains. Typically, polycrystalline piezoelectrieramics have randomly oriented domain
distribution as shown in Figurk6 (a), thus, overall net polarization of material is negligible.
Because of the ferroelectric nature of the material, domains can be permanently aligned by
applying strong electric fid. This process is called poling (see Figdré.(b)) and is normally
performed at an elevated temperature slightly below Curie point to facilitate the domain wall
motion. During poling process, most of the domains are aligned along applied eledtric fiel
direction and neighboring domains exhibit new dimensions through nucleation and growth.
After poling process, most of the dipoles retain their alignment imparting the piezoelectric

material a remanent polarization (see Figuré(c)).



@ ©

Figure 1.6. Piezoelectric domains in piezoelectric materials. (a) Randomly oriented domains,

(b) domains during and (c) after poling process.

Besides piezoelectric ceramicletearepiezoelectric polymer materials which have semi
crystalline structure for examplgmlyvinylidene fluoride (PVDF), polyamidefaryleneC
liquid crystal polymersPVDFTrFE block copolymer and etc. The operation principle of these
piezoelectric polymers are similar to piezoelectric ceramic materials. Thecsestalline
polymers havamicroscopic crystalsnside matrix which are also polarized and function as
dipoles as described Figure 1.6. The microcrystals are distributed within an amorphous matrix.
To obtain effective piezoelectricity of such materials, there should be reorienteditiate
crystals and keep them in one orientation through electrical poling or mechanical stretch
process. There is another type of piezoelectric materials knowoidexd charged polymers
(VCP, sometimes called ferroelectret or piezoelectret) that cointaimal gas voids. When
the polymer surfaces surrounding the void are charged by electrical polintpgr tke space
charges are created inside matrix and the VCP behaves like piezoelectric material. These
polymers have very highsglvalues of severaéns of thousands pC/N in some cases. However,

these piezoelectric polymsehaveserious life time and ageing probleniie VCP is easily

1C



neutralized irextremelymoist environmenand the surface charge canrbpidly decayed in

high temperature

1.2.2.Transfer Function for Energy Harvester
The simple vibration energy harvester can be modeled as a sec@ngdspringmass system.
The characteristics of the energy harvester can be described by damping constant and natural
frequency of the system. A cdetrer beam structure with piezoelectric plate and proof mass
is equivalent to a lumped spring mass system of a vibrating rigid body. Thus, the governing

equation of motion of a lumped spring mass system can be written as:

83— 03— Tmo 4 O— (1.3)

which can be transformed using Laplace transform as following:

ad &l OGAMi O i & 2o (1.4

where® i is the Laplacdéransformof the acceleratiorp 0 , given as:

wo — (1.5

Therefore, théransfer function of the energy harvester can be expressed as:

— b ) P , (1.6)

wherel WQ§ is quality factor of system and is resonancérequencyof the energy
harvester. The natural frequenaf the spring mass system and energy harvester can be given

as:

11



T - 1.7

whereK andM are the transverse stiffnessleeffective mass, respectively. The stiffnikssan
be calculated from loading condition. In case of simple cantilever beam structure, the stiffness

can be expressed as:

v cOJ@ (1.8)

whereE is modulus of elasticityl, is the moment of inertia, and L is the length of beam. The
moment of inertia for a rectangular crasction iSO  — @Q, whereb andh are the width

and thickness of the beamtmansverse direction, respectively.

1.23. FrequencyDependence oDutput Power

The vibration displacement of energy harvester can be maximized in resonance. The
harvester will convert mechanical to electric energy most effectively when the applied
vibration frequency is closer to the fixed natural frequency of the device. As shown in Figure
1.7, a few percent of mismatched frequency with resonance results in a dramatic decrease of
output power. Therefore, tuning or adjusting frequetwyan external vibrdon sourceis
essentialin orderto improve energy conveion efficiency. From Equation 1.the natural
frequency of the energy harvesisrclosely related to dimension and effective mass. The
natural frequency of the energy harvessarsuallyadjustel by changing theveight of proof
mass. However, the bandwidth at resonance frequemsypally narrow and thus needs some
additional mechanism to effectively capture ambient vibrations which usually represent a wide

spectrum of frequencies time varyirg vibration spectra.

12
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Figure 1.7. Frequency dependeoutput power of typical vibration energy harvester. The

maximum output power can be achieved at resonance frequency.

1.2.4.Vibration Kinematics

Vibration is common ambient energy source that camobad in household appliances
(refrigerators, microwave ovens, washing machines etc.), large civil structures (buildings,
bridges etc.), industrial plant (refineries), automobiles and many other common locations.
Table 1 shows some of the common sourcesnachanical energy that can be harnessed

through piezoelectrics. Tabl2 quantifies the vibration energy available in some of these

environmentg9, 10]

Table 1 Sources of energy available in the surrounding which are/can be tapped for generating
electicity.

Human body Vehicles Structures Industrial Environment
Breathing, blood Alrcr_aft, vav, Bridges, roads, Motors, Wind, lar,
X helicopter, COmpressors, temperature
pressure, exhalation . tunnels, farm . : .
body heat automoblles, house Structures chillers, pumps, gradient, daily
trains fans temperature

Walking, arm
motion, finger
motion, jogging,
swimming, eating,
talking

Tires, tracks,
peddles, brakes,
shock absorbers

turbines

Controkswitch,
hvac systems,
' ducts, cleaners, etc

Conveyors, cutting
g and deing,
vibrating mach.

Ocean currents,
acoustic waves, en
waves, rf signal

13



Table 2. Peak acceleration and frequency of common strucfiresl?]

Vibration Source Peak acceleration (m/§ Frequency (Hz)
Base of a 5 HP-axis machine tool 10 70
Notebod computer while CD is
_ 0.6 75
being read
Clothes dryer 3.5 120
Second story floor of a wood frami
_ o 0.2 100
office building
Railway 1.078i 1.568 12-16
Truck 1.96-3.43 8-15
Ship 0.98i 2.45 12-13

The general model of a vibration energy leater is a typical masgpringdamper system.
Maximum power is achieved when the excitation frequenitsyequal to the natural frequency
uwh. Maximum extractable electrical power in terms of mechanical dampingsragtectrical

damping ratiae, proof massnand acceleratioA becomes,

Y O (1.9)

CA
Q
o

Several conclusions can be drawn from the observation of EqUa8ifk8] The extractable
power from the beam is inversely proportional to resonance frequency atl adixeeration,
A; therefore the energy harvester should be designed at lowest possible frequency to achieve
highest power if we do not consider that frequencies of external vibration sources are normally
fixed in real applications. The extractable powsralso proportional to the square of
acceleration[14], which limits the energy available for conversion with dgwibrations
whatever the specific design is chosen. It can also be seen that power is proportional to the

proof mass, so a large proof massiways desirable for energy harvesting. Finally, the term

14



composed of the mechanical and electrical damping ratio implies that the maximum power is

achieved when thelectrical damping matches the mechanical damisp.When the

electrical damping is el to mechanical damping ( - ), the maximum electrical power
IS given as:
2 2
Py (1) = = T
16wz, 16z, (1.10)

where the acceleration amplitudeand proof mass deflectionare related by the relationship
given as:

A=Y (111)

Equation (110) represents the theoretical maximum of extractable power, which can be
dissipated in the electrical load. This is actually a limiting factor for all linear resonator based
energy harvesters if the piezoelmagimgtfactor.dt | ayer
has been reported that a nonlinear resonator based energy harvester can circumvent this limit
and is able to generate much higher power than the mechanical damping, which will be
discussed in the later section. Another parameter akstten design of thin film harvesters is
given by the generalized electromechanical coupling (GEMC) faefoi8] The GEMC factor

is obtained from the equation:

Q — (1.12)

where¥ shortand ¥ openare the angular resonance frequencies of the associated short and open

circuits, respectively. The GEMC represents the power generation performance of the vibration

15



harvesters, and this value can theeaetically derived from the mechanical properties,

thickness ratio, and electromechanical coupling factors of piezoelectric thirfXhns.

1.25. ImpedanceMatching

Likewise thenaturalfrequencymatching with an external vibration source, the impedance
of the piezoelectric generator should be matched to that of an extetat in order to
maximize the power extraction. Usualbn electrical impedance matching circuit is placed
between the piezoelectric generator and externakleadh asa rechargeble batteryand
supercapacitorThus, the matching network should be lossless and requires that the input
impedanceshouldbe matched tohe output impedance. Equation 1sk®ws the mechanical

input impedance of the energy source generated by the piezmatarvester.

L — (1.13

whereo is vibration frequency of energy harvest@sjs capacitaceof piezoelectric materials.
The impedance matching circuit can be consisted of load resistorsardaece with the

impedance of the piezoelectric geator calculated by Equation 1.13
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2. Chapt &r owt h of PBIl £§NDaored feickh ar

Arrays on Rutile Seed Crystal

2. 1. | ntroducti on

Over the past few decades, atimensional (1D) piezoelectric nanomaterials including
nanorods[13], nanotubes[4], nanobelts[5] and nanofibers[6] have been studied extensively
because ofheir unique physical and chemical properties such as a large surface,area[7]
excellent charge transport[89], high electremechanical couplifd0] and superior
ferroelectric properti¢dl]. Onedimensional nanostructures have high aspect ratio and
anisotopic geometry that can provide higher sensitivity as compared to planar
configurationd12] Further, onalimensional piezoelectric nanostructures are promising
candidates for nonvolatile mem¢t3, 14] pressure sens¢i®, 1518], actuatorfl9], bio-
interfaced mechanical prod@®] and nanogeneratof®1-27] In this paper, we report one
dimensional epitaxial piezoelectric nanofiber arrays grown through a rutile template and
provide their growth mechanism.

Among the piezoelectritctngaédo@atnernioaMisr,e s es
extensively studied materi al over the past
nanowire can be grown with preferred direct
hexagonal Wurtzite st rcutertiucr ed)o nisdtvaenmeO~( A6t e
pm/ V) is | ow compared to typical Hi28haesl, ectr
there Iis desire to fabricate the piezoelectr
and exhibitilregthiigh ppiogzaoti es f 3,0 nP bc(omp,oTsii)tC
Pb( Mg siIRb)THOBaTiKON&®tOc. Among these different

mat eri ai3(sRTMAbThaxs some appealing characteris
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3 vertically aligned piezoelectric nanostrtr
nhancedcméchanel ectrical energy conversion
evices such as nanogenerators and sensor s.
ingle crystal PTO asareas tcr ycstt arl ess htadsd owoajth. beie
Here, we report the epitaxial growth of ver
ubstrate coatosckewi ttlayarrutHilgéd TQuaadnoli Bemgy

riented along the [100] @PITXO0)ioreiseretdend agie®@
sing a | ow temperature hydrother mal synt hes
|l ectrolytic polishigey Fe®Odoclystsplian, comadi a
ontroll ed condiitgrmends. PTT@ enareagftiiltear | grradys w
rown over a | @rTge faorieda soufbstthreat®i.O The <cryst

mor phol ogy of the PTO nanofibers were confir
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mi croscopyan(dHRTcEBM)ni ng el ectron microscopy (
study of the growth mechani ssneed IPadapYenainsfpmb

crystallographic matcabhomgcbstuwbtaocaePTODyaoadmpu

2. ExXperi ment al

2. 2ELectrolytic Polishing Ti Foil

Titanium foils (99.99% pure, Sigaldrich) were mechanically polished to a mirror finish
and ultrasonically cleaned in Mic@0 clean solution, sequentially rinsed with acetone,
isopropanol, and methanmlior to electrolytic polishing. Titanium anode and platinum cathode
sheets 1 cm x 1 cm in size were electropolished at ~1 °C in an agitated solution of glacial acetic
acid /perchloric acid (9/1 volume ratio) at 55 V for roughly 2 f4i41. The polished Tsurface

was examined with SEM to assess the topography of the electropolished foil surface.

2. 2. 22SekidOLayer Growth

The 2FiedDe | solution for the seed | ayer was
prodel#éigouteL36D titanium i sopr oMloknideh) 9Wa 9 9
with 2.53 mL of ethaboédéf 2nMaHEGlkpaohuti omnal(
Al drich) was added to 2.53 mL of ethanol . Th
titanium isopropoxide solution under 500 rprm
by using @n HTHHE e . 2 Thseeglepr epat atdi dnOwas spir
mechanically polished Ti platled &AtC 6®GO0 10p m
Ti®i |l ms were annealed at 450 AC, 650 AC and
was carried in air at atmospheric pressure i

of the annealed fil mg LE&Er d 56X09g miamaeld XWRIiDt tf BF B &

21



2. 2. 3. 3NPabnToifQ ber Growth by Hydrothermal Synth
Chemical grade @) abuatnyl | teiatdgrmacttee atu@& e Bb (@l
reactants and potassium hydroxide |l | K@QHnylwa
alcohol ) (PVA) and Poly(acrylic acid) (PAA) w
one di mensionabHTowwas &issitllyed(®i th a hig
rpm stirring for 10 min.i NeatOthi ® awmmahbi ans
precipitate was filtered and washed with di
ammonium ions and et édanpi tda EdpewdBsed( @)t h 50 n
to a 0.1M concentertatiicom momngphwasoda dPdbedNiCoon t hi s
solution with vigorous stirring. Pellets of

Finally, the polymer components, 0.02g PVA ¢

stirred fa@arhmore.thagdr @t her mal synthesis was
with a 23 ml vol ume Tefl on vessel (Pazxzr I ns;
seed | ayer was vertically suspended in the s
filled with 20 ml of hydrothermal solution,

|l ow temperature furnace at 225 AC for 12 h
synthesized specimens were washhedp usreivteyr adt hte
(99. 9%) and dried in the air. The fabricated

XRD (Bruker D8 advance), FESEM (LEO 1550), H

2. 3. Results and Discussi on

2. 3PhTiNANnost rouRuUtuirle&e®id®
A schematic of the sequence of the fabrica:

Figadrle (a). We started with a titanium foil
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mechani cal and el ectr oliytnince ngo loifs hPiTnOg nfaonro ftit
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Ssubstrateseuendd elraylTeérQ The didefpeernednitn gg roani ns escitzi
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actual ofr aBim@ s zwas approximately from 20 nm
grain sections as i ndi2clat(ed) .b yWsnthin gsed besrtyrodi s®©,
nanofi bers were synt HPesfiaredlhyhdo wwslelr Tmad il we &
PbTid@@nse nanofiber array wete(dptdynednads$
seeding. The mean diasnmetoem ran dvelren gnera saifr eRIb T
SEM i mage and wad mfadeng RoOdb e me@mmpreacd 0 vel y.
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Electrolytic polishing Ti TiO, seed layer growth PbTiO; nanowire growth

(a)

Hydrothermal

Spin coating

=

(b) ‘ 200,000 x . 20,000, x

Fi g&r Xa) Schematic il lustratiommaoafofibbrscamn
substrati @n.OGwietdh lmyteirl. e (b)) Surface SEM i mage
(c) Surface SSEMeidmda@eg eof ohi Qi°C ffodarl Smnmiermd ted
Verticallysgaowhi bPebrTi &rRuatyisl e TiTi Qubstrate

synt Bhes

Figure 2.2. Vertically grown PbTiQ nanofiber arrays omhe considerably large area of
TiO2/Ti substrate in (a) 1,000 and (b) 500 times magnification.

From our experimental results, the seed layer of pl&ys important role in growth of single
crystal PTO nanofibers in case of solutibased synthesis. Generally, the template has very
similar crystal structure as the phase being targeted. In case gfho®@ever, the atomic

structure is quite different from the PTO perovskite, and thus we toeasdlerstand why the
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TiO2 template layer can provide an epitaxial growth for PTO nanofiber. Firstly, in order to
investigate the growth mechanism, we carried edin®ensional crystal structure matching
between interface of PTO and Gi@omic surfaces usy computational simulation. In case of
TiO crystal structure, a rutile phase was selected owing to the most similarity with PTO
perovskite structure among several polymorphic2lp@ases. Through simulation @ndom
orientation relationships between ®&nd rutile TiQ stucrues, the best matching orienation
were found to be: (0 0 dyiie// (0 -1 Oproand (1 0-1)ruile// (1 1 Opro. However, (110)
orientation is mostly prefered growth direction in typical condtions bet¢haeseirface entropy

of the (110) surface is known to be much smaller than those of the (001) and (101) surfaces
((10-1) and (101) have same surface entrofiyje calculated surface energy values of (110),
(100) and (101) are 2.61 Jn3.69 J/mand 4.33 J/ respectively47] Taking into account

the consideration that (110) facet is the most stable surface, we fixed rutilerieation as
(110) facets. The atomic structures otédminated rutile Ti@(110) and Titerminated PTO
(001) surfaces which are the most plausiblerface in a lattice match are presented in Figure
2.3 (a). The togpview of interface between rutile T§d110) and Titerminated PTO (001)
surfaces are depicted in Figl#8 (b). The blue and red balls are titanium and oxygen atoms
in the rutile TiQ and the light blue and pink balls are titanium and oxygen atoms in the PTO,
respectively. Along the horizontal direction, six Ti atoms in (@ Oprtotype planes
approximately matched seven Ti atoms-InX Okutie-type planes. Similarly, along the vesic
direction, four Ti atoms in (6L Okpro-type planes correspond to five Ti atoms #k 1 Okutile

type planes. While a PTO thin film on ruitle ©i@® constrained laterally due to the lattice
misfits during growth, a nanofiber can relieve the stragrgynthrough lateral relaxatiga8]

Thus, we can expect that one dimensional PTO nanofibers can be grown dislfreatgingle

crystals more readily than two dimenstional PTO thin films. The lattice ma@heaninated
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Ti sites inrutile TiO can playimportant role in nucleation that drives the epitaxial growth of
the [001] orientation of PTO nanofibers.

At elevated temperature and pressure of hydrothermal conditi@suclei of crystalline
PTO can be formed at the lattice matched site on the M. by precipitation of the solute

ions according to following reaction:

HPbO5 (aqueous) + Ti(OH);;_y(aqueous) — PbTiO5; + 2H,0

The PTO crystalline nuclei grow and gradually evolve to a facet nanocrystal with cube shape.
The dissolved ions fprecipitate on surfaces of the nanocrystal grown in alttice except a
conjoined facet. When the nanocrystal reaches a certain diameter and thickness, the growth of
PTO crystal is temporarily hindered by adsorption of surfactants (PVA/PAA) on the surface
by hydrogen boding. The surfactant encapsulation of exp(@)1) facet which has the lowest
surface energy can be broken in order to create chemical bonding with growth components,
while the other facets are hindered by steric surfactant due to surface energy differences.
Because of big difference of growth eatvith respect to orientations, the nanocrystals on
nucleation sites can be elongated and lead to nanofiber growth. Additionally, the presence of
dipole in the growth components is able to facilitate one dimensional growth in [001] dipole
direction by dipt¢e induced attractiongl9] The nanofiber growth is accomplished by reduction

of the concentration of the growth components until equilibrium is reached.
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Figure 2.3. (a) 3D atomic structures of interface of TiQL110) Rutile and PbTi©(001)
surfaces(b) Schematic illustration of #plane atomic structure betwe@i Okuile and (0013to
surfaces which are in parallel. Along the horizontal direction, six Ti atoms-inQPro -type
planes match seven Ti atomsl, { Okuiie -type planes. Similarlyalong the vertical direction,
four Ti atoms, (01 Oprotype planes correspond to five Ti atoms-ih 1 Okuile-type planes.
Blue or light blue ball: Ti; red of pink ball: O; yellow ball: Pb.

To validate the simulation results for lattice matchinthefrutile (110) TiQand (001) PTO,
we fabricated PTO nanofibers with varying pighases by changing annealing temperature.
Figure 6.4 (a) shows the-bay diffraction (XRD) patterns of Ti©seed layers on Ti foil after
annealing at different temperatufde TiO; films were fabricated via s@el chemical solution
technique and annealed at 4%0 650°C and 80C°C for 10 min, respectively. To prevent
excess oxidation of the Ti foil substrate under;I3€ed layer, the specimens were also quickly
cooled b room temperature in air atmosphere by taking them out of the furnace as soon as the
annealing process was over. Rutile Tpgbase was formed above 6®Dannealing temperature
as shown in XRD pattern in Figug4 (a). With increasing annealing temperattrom 650
°C to 800°C, the intensity of the XRD peak was considerably increased which is related to the

crystallinity of rutile TiQ film. As shown in Figure.4 (a). the (110) orientation peak is the
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most dominant which indicates that the Ti®m on Ti foil annealed at 800C has a (110)
preferred orientation and 96% texturing along this orientation (calculated by peak instensity
comparison). This corresonds to previously reported results that (110) facet is the most stable
for a rutile TiQ.[50, 51] The TiG film annealed at 458C for 10 min did not show any other
perceptible XRD peaks except the Ti substrate peaks. This might be because annealing time is
too short to form the anatase phase at low temperature. The XRD results well correspond with

theknown TiQ: phase diagram with respect to temperature and pressure as shown in Figure

2.4 (b).
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Surface scanning electron microscopy images of Figur€a), (b) and (c) show the TiO
seed layer deposited on the mechanically polished Ti foils annealed & ,480°C and 800
°C for 10 min, respectively. The Ti@lm annealed at 458C shows no tangible grains which
is consistent with the XRD data of Figut® (a). The average grain size of the Fillns was
determined from a magnified SEM images (FigRi& (a), (b) and (c)) and found to be 50 ~

200 nm at 650C and 200 ~ 500 nm at 80C, respectively. Despite same material and
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annealing condition, the different mean grain size was observed according to the sections
indicated by white arrows in Figure 4b. With increasing annealing temperature G 80@

grain size of TiQwas significantly increased and abnormal grain growth was also observed as
indicated by white circles in Figug6 (c). Figure2.5 (d), (e) and (f) show surface SEM images

of PTO nanofibers grown on Figu&5 (a), (b) and (c) Ti@temphtes by hydrothermal
reaction at 225C for 12 hours. As expected, Tihase formed at low temperature did not
achieve one dimensional PTO nanostructure. On the other hand, the hydrothermal growth using
the rutile TiQ seed layers formed above 6%Dresited in a busHike PbTiGs nanostructures

as shown in Figurg.5 (e) and (f). A relatively rough surface and abnormal grain growth of the
TiO2 layer without electrolytic polishing resulted in the formation of the Hikeh
nanostructures instead of vertigaaligned. Inset figures of Figur2.5 (e) and (f) show
magnified SEM images of the buke PbTiOs; nanostructures with the rutile TiGeed layers
annealed at 656C and 800°C, respectively. The length and density of the bushes further
increased withncreasing annealing temperature of 7&ed. Each nanofiber has rectangular
crosssectional shape. The nanofiber at 86®mf TiO, seeding showed a larger mean diameter

of ~ 400nm than that of 801C TiO2 seeding of ~ 250 nm. The close packed nucleaitas
obstruct the planar direction growth of nanofiber and have smaller diameter. Thus, dense
PbTiG: nano bushes would have smaller diameter of nanofiber. From the XRD patterns for
TiO2 seed layer and SEM image for Pb¥i@nofibers, we can clearly confirthat only rutile

TiO2 seed layer would serve as suitable seed to guide the growth of thesPam@Dods.
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Figure 2.6. Surface SEM images of Ti&eedayers on Ti foils annealed at (a) 43D, (b)
650°C and (c) 800C for 10 minutes.

Further morphol ogical and structur al char a
performed using transmissi o@ 8el(ea)t mawsd mihte)r o0s
typical TEM i mages of PTO nanofibers with 20
observation. AX 8sifia@awn ~i fchkigumai vi dual PTO
fringes al ong growi ng directiod dndl oncoat g o

Il nterestingly, the dark | ine was observed in
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This contrast |ine could be a ferroel&dtffric
This ferroelectricnagaemaihmti & htehd® TOt mamgpf e bie
characteristics. The TEM results confirmed t
its entire | ength and grows along the [100]
pattern oDanohieb®TOAMTray®i bnas$i @eBpi(cdt)e.d Tihne FX
patterns2 8n( &) gaxbkbibit very sharp diffractioc
wel | crystallized. Al of the diffr &attieon p
structure of PTO which was i n exaet0lOy2.adrhda en
confirmed that the fabricated PTO nanowire a8
the trace of any second phade.i2gl18r eavéédictaino v e
that the nanofibers are s:pbiaslki omber hcghl yees
i mage 1 B 8Fi(gcur eshows the <clear lattice frin
nanowires are strucrnwstadl lyi azed f oTrhmenaoed sdevresitdadr
of 3.87 | is inspgcieegeat wheéeht eheagonal (1
electron diffracti2a® ($SAEDnspadlt shmn WETFQ@J erae
crysalaliinnreed dbrtom nanoW®i & e( a)e,givwmi dm un agmbrieguo

single crystalline nature of the nanowires.

a. Spectrum 1 (Nanorods)

(o} 55.3
Ti 22.76
Pb 22.21

b. Spectrum 2 (Bottom)

(o) 59.48
K 2.23
Ti 19.76
Pb 18.53

\ ) > -
“um J Electron image 1

Figure 2.7. EDS analisys taken at (a) PbE&i@anorods and (b) bottom region
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Figure 2.8. TEM images and XRD patterns of PbEi@anofibers hydrothermally grown on
TiO2/Ti substrate at 228C for 12 hours. (a) and (b) TEM images of individual PTiO
nanofiber. (c) HRTEM image and SAED pattern (inset) of outside edge of PhH&D. (d)

XRD patterns of PbTi®nanofibers grown on Tiubstrate with Rutile Ti@seeding.

For further survey of vibrational modes in
was performed at various temperature. The R
recorded at ro®m hiesmmpeir a2t Bk Rpman@bdes of the PTO
nanofibers were indexed based on the earlier study of Burns and58¢athe frequency of
Raman lines in the nanofiber agrees well with the previously reported typical spectra of the
tetragonal PTO phag$B5, 56]At room temperatur e, PTO have t

point group synctneenttreyr aonpdt itchael zpohnoen,o nssi xa rEe, garr
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onesBmmetry, al | of which are Raman active.
observed. #whinc h itnhhancfibetsare polar at room temperatuiieh e
Raman spectra of PTO nanofibers with variation of temperature fromiCl@® 500°C are

shown in inset ofF i g @.r 9. As |1 ncr e atbei Ragan tinesndpvenshdt tandr e |,
significanly broadened comparing of the room temperature spectrum. RC45e intensity

of the Raman lines dramatically reduced and almost vanished 8C50®e result indicates

the tetragonato-cubic phase transition (Ferroelectteeparaelectric) wa occured between

450 °C ~ 500°C which is in accordance with previous Raman study and typical Curie
temperature of PT@R7] It is concluded that this ferroelectric transition is clearly evidence of

ferroelectric behavior of the PTO nanofiber.
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Figure 2.9. Ramarspectra oPbTiO; nanofibers at room temperature. InséR@nanspectra

of PbTiGs nanofibers in the vicinity of Curie temperature (400450°C and 500C).
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2. 4. Summary

Il n summary, vertically alignedeesn ngd morcgtyrsa
on metal Ti Subsdaeditreg. viRr amtadarystTalQutdeur f ac e
TiO2(110) and PTO (001) surfaces are the best fitting interfacesiXfie atoms in (G1 Opro
and four Ti atoms in (61 OkTo planes are @iched with seven Ti atoms iFL(1 Okutie and
five Ti atoms in {1 1 Okuie-type planes, respectively. The lattice matched plane could be a
nucleation site to induce an epitaxial nanofiber growth. Furthermorextpeeer i me nt al re
confirmythati oeempbhaeeTc®n give rise to the

and the (110) or;ioént dtei anosaf s wthil lee f Ric@t c a

growth of PTO nanofibers. We havesnaovweisrteisgart
experimentally and theoretically, which has
real application of piezoelectric nanofibers
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3. Chaptdmt-mf aobkl-2slseSed Dy of

Piezoelectric Single Crystall

3. 1. | ntroducti on

The past few decades have seen rising interest in thedimmeasional (2D) nanostructures
because of their unique characteristics, such as large surfafH,anevel coupled behavior
[2] and better physical/chemical properties resulting from nano scale ¢#e&jt.he 3D
nanostructures are attracting interest for applications in sensors, nano templates, electronic
materials, transistors, catalysts anttdry electrodes. There are two main methodologies for
fabricating 3D nanostructures, namely, soéimplate assisted growth and ssdsembly. The
softtemplate assisted fabrication process f& Banostructures has advantages of scalability
and precisenicrostructure contrdl7-9] However, it is difficult to fabricate high quality-[3
nanostructures, especially single crystal structures, usingtesoflate assisted methods
because of limitations in developing recipes and in separating the fabricaiedrss from
the templatg¢10-13] Selfassembly provides a practical pathway towards overcoming these
limitations and realizing -B single crystalline nanostructures while enabling the control of
growth orientatiorjl, 13-17] Here, we provide a breakthrdugn this direction by exploiting
interface driven growth that assists in relaxing the interfacial strain through shape modulation
resulting piezoelectric-B nanostructures.

Piezoelectric @ nanostructures provide additional advantages that arise frem th
anisotropic functional properties, that makes them promising for applications in
nanogenerators, sensors and nonvolatile mefi&21] Among various known piezoelectric
materials, PbTi®@(PTO) has some appealing characteristics such as a low agnof riéie

dielectric constant, a high voltage constant (g), and a high Curie temperaturé©f29023]
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Also, PTO has high tetragonality (c:a ratio of 1.063) which can provide a low ratio for the
planarto-thickness coupling factq24] Photocatalytic karacteristics of PTO for the
production of @ and R by splitting water have been explored recef2B] However,
synthesis of PTO -B nanostructures has been challenging and few successes have been
reported. PTO exhibits high intrinsic strain during aaglfrom high temperature to room
temperature, which normally fractures the ceramic material. Overcoming this issue, in the
synthesis of the PTO nanostructures, without compromising the electromechanical properties,
is highly desired but has been fundanaéiptdifficult. In this paper, we report a novel interface
controlled growth to achieve functionallB nanostructures and provide the fundamental
understanding of the growth process. The (001) oriented PTO single crystal arrays with well
defined geometridashapes were grown on (001) SrEi@STO) substrates through a
hydrothermal synthesis process. The growth mechanism ofEh®BO nanostructures was
found to be governed by the atomic interface between the PTO and underlying STO substrate.
The crystallinty, orientation, and morphology of[3 PTO nanostructures were investigated
using high resolution transmission electron microscopy (HRTEM), Raman spectroscopy and
energydispersive Xray spectroscopy (EDX). The piezoelectric behavior of tig BTO

nanostucture was demonstrated using piezo response force microscopy (PFM).

3. 2. Experi ment al

33 2FabricatidmmemsTloméEan®dTi Oct ur e

Reagent graddetrabutyl Titanate (€H90)4Ti (97%, SigmaAldrich) and Lead Nitrate
Pb(NG)2 (99.5%, SigmaAldrich) were used as reactants and potassium hydroxide (KOH) was
employed as a mineralizer. Poly(vinyl alcohol) (PVA) and Poly(acrylic acid) (PAA) were

added as a polymer surfactant to facilitate -tlimensional growth. First, ¢ElsO)4Ti was
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distilled with a high purity ethanol under 200 rpm stirring for 10 min. Next, this solution was
precipitated in a 0.1 M ammonia solution. The precipitate was filtered and washed with distilled
D.I. water 10 times in order to remove ammonium ions and ethanol. The Tigy@idipitate

was redispersed with 50 ml D.I. water to 0.1M concentration and a stoichiometric amount of
Pb(NG). was added to this aqueous solution with vigorous stirring. Pellets of KOH were
slowly introduced to a 2M concentration. Finally, the polym@mponents, 0.02g PVA and

0.4g PAA, were added to the solution and stirred for more than 12 hours. Hydrothermal
synthesis was performed in a stainless steel autoclave with a 23 ml volume Teflon vessel (Parr
Instrument Company, Model 4746) as shown in Fegal (b). SrTiQ substrates with
orientations corresponding to (001), (110) and (111) surface planes were prepared and cleaned
ultrasonically in high purity acetone (99.9%) and ethanol (99.9%) in sequence. A3 SITiO
substrate coated with a Ti@m through a solgel process was prepared for comparison with

the bare, oriented STO substrates. The; B@-gel solution was prepared using a previously
reported proceg26] The TiG: solgel solution was spin coated on a (001) Sel0abstrate at

6000 rpm for 3Gs. After drying at 120 °C for 10 min, the Ti@Ims were annealed at 700 °C

for 5 min. The agprepared SrTi@ substrates ((001), (110), (111) and Titpated (001)
SrTiOs)) were vertically suspended in the solution from a homemade Teflon holder as
descrbed Figure Sa. The Teflon vessel was filled with 20 ml of hydrothermal solution, sealed

in a stainless steel autoclave and placed in a low temperature furnace at 200 °C for 12 hours.
After cooling to room temperature, the synthesized specimens were veasieeal times with

D.I. water and high purity ethanol (99.9%) and dried in air. The fabricaf2gi2zoelectric

PbTiGs nanostructures were characterized by XRD (Bruker D8 advance), FESEM (LEO 1550),
HRTEM (FEI Titan 300), Raman spectroscopy (JY HoribdRam HR8068U) and PFM

(Bruker).
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Figdr¥.a) Schematic description of hydr ot her
used in hydrothermal synthesis.

3. 3. Results and Discussi on

3 3PhTsNBmaNnostruct wsebshr &t €s0

STO has the same atal structure as PTO and a comparabbnd b axis lattice parameter,
which makes it a suitable substrate with least lattice mismatch. -Thadabaxis lattice
constants of PTO (3.904 A) have almost no mismatch with the corresponding axes of STO
(3.905A), which favors epitaxial PTO growth in the [001] direction on (001) STO substrates.
Representative SEM images eDB8nanostructured PTO crystals grown using a hydrothermal
synthesis process on (001) STO substrate are shown in Figure 1le. The growdlrprece
schematically illustrated in Figui22 (a) ~ (d). The inset in Figurg2 (e) is the magnified
image of 3D PTO nanostructures. The PTO namygstals are arranged in a thh@dienensional
array with a crosatched pattern that suggestfotl rotaional symmetry. The individual
PTO grains correspond to tvemensional (D) PTO nanosheets that are periodically aligned
in a crosshatched pattern. The2 nanosheets have a rectangularpiat@r p hol ogy wi t h
length and width and 50nm thickness ahd plate are aligned along the [100] and [010]

directions of the (001) STO substrate. As shown in Fi§itde), the average spacing of the
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PTO grains is approximately 1gm, and i1s rou
some cases, the largeargecting plates enclose a group of smaller plates, which are caused by

the geometric constraint imposed by large plates on the subsequent growth of smaller plates.

A fraction of the 2D nanosheets grew at a®ngle to the dominant alignment directiordan
intersected each other at right angles as shown in the magnified image inFFAfejeinset.

Figure 3.3 (a) demonstrates the3 PTO nanostructure has a uniform distribution over a

relatively large area of the STO substrate.

(@)

(d)

a

Fi gBr2Schemaltlicstrati on of t hdi me oskitbdTe abhle c h a
nanostructaermbena(eaiksfib81)y aseTi Ob) Nucl eati or
Tiat om irs [1G0Jeamd [010] direction of 00 1) 3 SSu lirs tOr ad ieme n(sci)o na |
nanosheeht adaocaivgs osf POYiI Grda wniem so fon2 | nanoshe:
equi l i brium. 3dad)medhBEM dam@@logestofuct ur esl iwikdah. al
Il nset shows a magnified SEM i mage.
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Fi gB8r®di mensi odmaln oBd Tib@ thmeé swietd patterns sy
(001) 3surbTsitd ate. (a) 15,000, (b) 30,000, (c)

In order to investigate the growth mechanism of tHe BTO nanostructure, different
orientations of STO substrates weredisinder the same hydrothermal synthesis conditions.
Figure3.4 (a), (b) and (c) show the PTO nanostructures fabricated on (001), (110) and (111)
oriented STO substrates, respectively. Remarkably, the orientation of the STO substrate clearly
modulates th®TO morphology (Figur8.4 (a), (b) and (c)), asB nanostructures with cross
hatched patterns were formed on (001) STO substrate, while linearly aligned nanostructures
were formed on (110) and triangular pattern (indicated by red lines in RBgurE)) was
produced on (111) oriented STO substrates. The PTO nanostructures on (001) STO were
fabricated along the [100] and [010] directions, while in the case of (110) STO and (111) STO

substrates, the nanostructures formed along the [100] direction of§T0DaNd at 3Vangle
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from [100] and [010] of (111) STO, respectively. An explanation for the growth tendency of
PTO grains is shown through schematic surface atomic structure of STO substrate8(#igure
(d), (e) and (f)) obtained via a rotation of thedamental STO crystal structure (Figaé

(9)). If we assume that the STO (001), (110) and (111) surfaces -@etefiminated, the
alignment direction of the PTO nanostructure is closely related to the Ti atom configurations
in the substrate surface (Segure3.4 (d), (e) and (f)). The atomic structure of (001), (110)
and (111) surfaces of the STO substrate has symmetry similar to the nanostructured
arrangement of PTO crystals: squarefdil rotational symmetry), linear {#ld), and
triangular (3fold), respectively. Ti cations and O anions occupy corresponding sites in the STO
and PTO lattices and they have similar symmetry and bonding environments. For this reason,
Ti and Q terminated surfaces of an STO substrate are likely to be effective nucktfor

PTO nanostructure growth. The similarity in the symmetry of the nanostructures in Egure

(@), (b), and (c) with the symmetry of the arrangement of Ti and O in the STO substrate surfaces
in Figure3.2 d), (e) and(f) suggesthis explanatioms plausible, and Ti and/or O atoms in the
STO surface greatly influence the shape and direction of growing PTO crystals. Thus, we
suggest the shape evolution and distribution-Bf BTO nanostructures are directly related to

the Ti and O arrangementsthre surface of the STO substrate.
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and (d). The pragencenoitaleiheenr dd OoanDy 3 lad dhtes 0
than the hi®hhpnosheritzsedf3 PTO f304 medTwins brae
confirms that the geometric arrangement of T

role in the directional growth of PTO nanost
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of the 3D PTO nanostructures with crekatched pattern was analyzed using energy
dispersive Xray spectscopy (EDS) mapping and is presented in Figlire These results
clearly show the Pb and Ti atomic distribution in 2D nanosheets. Given the approximately 1.0
pm depth of the EDS probe, the dark irteystal regions between individual PTO nanosheets
canarise from the STO substrate or thin PTO film. The atomic ratio in F8jdreas obtained

from a large area of the image and iagsistent with PbTi@and SrTiQ stoichiometry.

1 Vg ig ¥ SrTiO;
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Tab3Erequencies of RamanD nmbdkisO obtsrucvteudr e N

temperatur e.

Mo d e This wor Single cr Textured
(Ref28) (Ref292)
E(1LO) 130 128
A 1TO) 158 148.5 147
A 1LO) 194
E(2TO) 224 218.5 212
E+B1 289.5 289 288
A 2TO) 340 359. 5 340
E(2LO) +A1l( 440 440.5 4 442
E(3TO) 507.5 505 503
A 3TO) 622 647 621
E(3LO) 686 687 728
Ai( 3L O) 772.5 795

To furtherconfirm the crystal structure of the PTO nanostructures on a (001) oriented STO
substrate, we conducted microstructure analysis using transmission electron microscopy (TEM)
and scanning transmission electron microscopy (STEM). Fgj@r&) shows TEM inges of
a crosssection through the PTO nanostructure grown on the (001) oriented STO substrate. The
short PTO crystal in Figurg9 (a) is approximately 130 nm high and 240 nm wide. The PTO
nanostructures are not continuous on the STO substrate, ratfeeatbeaps individual PTO
crystals and the crystals have different thicknesses (See Bi§ui@) and inset). The growth
shape of individual crystals was found to vary as evident from the regular rectangular shape
depicted in Figur8.9 (a) and a more ndom shape in the inset of Figi® (a). The two white
arrows in the upper left of the figure indicate the location 8ffdBoelectric domains. Figure
3.9 (b) and (c) show higresolution TEM (HRTEM) images of the interface between STO
substrate and RO nanostructure. The lattice fringes of PTO nanostructure and the underlying
STO substrate are in a cubebe epitaxial relationship with the [001] PTO growth direction
oriented perpendicular to the (001) substrate surface. The TEM results confirm that the
individual PTO nanosheets are single crystal that grow along the [001] direction with respect

to STO substrate. This result is also in well agreement with the (001) textured XRD pattern of
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the PTOnanostructures depicted in Figudé. The selected are&eetron diffraction (SAED)
pattern was taken from the area indicated by the red square in Bigb3. The fundamental
diffraction spots split into pairs; one half for PTO and the other for STO phase because of the
slightly different lattice parameters the two phases (See the inset of Figdife (b)). The
brighter diffraction spots match well with the lattice spacing of PTO and the weaker spots are
consistent with the lattice spacing of STO substrate. Fi§#e(c) shows the magnified
HRTEM image otthe interface of the PTO nanostructure and the STO substrate. The spacing
of the PTO plane, 3.917 A, almost coincides with the 3.905A lattice spacing of (110) plane in
STO, with only 0.3 % lattice mismatch. Based on dkspacing values measured from the
diffraction pattern, the PTO nanostructure has higher tetragonality (c:a ratio of 1.070) than
typical bulk crystals of (c:a = 1.063); which is expected to result in higher polarization and
Curie temperaturf24, 33] The result of the increased tetragonaiktyn line with the Raman

blue shift and increased phase transition temperaturdddPBO nanostructures. As shown in
Figure3.9 (d), the line scan concentration profile across the interface obtained from STEM

shows that Pb and Sr are strictly confinedhte PTO and STO crystals, respectively.
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Figdr®.a) -€eossonal T EM memad o nirfaadr oRsbhTeieQ s o n

orient esdubSsrtTriadt e s . Il nset i s TEM-riensaogleu toifo na nTok
(HRTEM) i mage boeft wieheens LSIrsTé rOa & e amas Pdet O | nse
SAED pattern taken from the area indicated |
the interface. For better visibility, t he TI

(STEM) @&l enmpmt ang of Pbs naiin@rerifracteh e eRyb ©IinO

In order to measure the piezoelectric property of PTO nanostructures, an electrically
conducting (001) oriented, 0.5 wt.% Mped STO substrate was used in the hydrothermal

synthesis as illusated in Figure3.10 (a). The local piezoelectric response of the PTO
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nanostructure was collected using piezoelectric response microscopy (PFM) under DC bias
sweep from-12 to 12 V. The phase signal indicates that the PTO nanostructure exhibits
unambiguous180° ferroelectric domain switching behavior (Figu8elO (b)). From the
amplitude and piezoelectric response signals, it was found that the PTO nanostructure has a
strong piezoelectric response (Fig&0 (c) and (d)), which is evidence of an outstagdi

longitudinal piezoelectric coefficient.
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3D nanostructur es, whi ch conf dnrammso stthreu cfteurrreo. e
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3. 4. Symmar

Noved RTO nanostructures with aligned patte
a hydrothermal synthesis process. Di fferent

the STO substrate orientation;cr(edfdddyrh, (L10kp,;
and triangul ar patterns, respectivel y. The

consistent with that of Ti atomic configurat
Substrate was coated |wiitnkp ral iot®h itno fh yl dm ootfh eproni
the resulting PTO nanostructures wkRrBTO@ando
nanostructures were single crystal pl ates of
Raman shift aseratfwmetnear otfhd epgmpase transit
thde® PPTO nanostructure hasCa Cairng e¢leenpteriac al
(001) ori entdeodp edd. 55 TWX .s% bkt r at e, t h® PITO©zoel
nanoséer wasurconf i-DmPd@O Mmhereet Buctures with |
ferroelectric and piezoelectric properties

nanogenerators, and high sensitivity strain
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4., Chaptleow Frequency MEMS Ene

4, 1 . |l ntroducti on

Recent a®RFanaogeasnsimin {teemgs, teeMpeor@s Ure sensor
sensoBnW),anddht egr at edmichrn ppred ce (sSojggv.e 56 0 a p Wg «
t he possi bi lambyipeorite d e d e mg pLIQf @ e \s ii daetgtaebnitei on h
been pmatdurteo this possimikrogclodye]ddmbajstr at
el ectrdmMa3gnandl mechatwi chadr vels&|Egseci al | vy, er
harvestmeghdmioanmali sviabhntataicansse due to it ubi
such as machines, transportatrcbantealdé hturmamnal.
energy conversion mechani sms: piezoelectric,
Among t hese meeceshcaanlies,msp,i eazto emieccrtor i ¢ ener gy he
investigated becausé @efonfaiegbhi eheeffomeehan]
simplicity in ihnhtZ3glration with silicon

I n order to achi eve ebirrcencitp,i nttheeg rearte rogny whar
have microscale di mension and tehewiftahbriirnctad g rc
circuits based on silicon. To maximize the
energy harvester shoul d be operated at res
piezoelectrics i s s-i g 0OMhacamda bayr d mat ghte c e d t h
vi brational] 1.6hergatus at h&reguenktgvef beam fo

mode can bel 2X]pressed as

whemg s the equigval emé equsisy allenst tshper ilnegn gctohn
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beabni s the bending Misffthegesnasfi t heeMpmalimengt
wei ght of proof mass. From this expression
cantil ever beam is inversely proportional t
stiffness of t heb abseceahSME y @i gyl hai Vestoear s he
frequency, typically in the range 5100 amad -~
stiff sil[&ea6n 2dblowegee, natur al frequenci e
vi bration sour ctelsanmrz2®06 panatl wrye |ltelses nat ur al
energy harvester to | ower frequencies, the
effective I ength but smaller dimension along
The generated output apewer@ffif gschttepeneéetct oo

piezoel ectriTchemagteenreiraaltsed out put power from

uni morph cantilever can pe7determined from t
0 ® O YT @4 2)

an d
o) 4. 3)

W r'BieczpiBzo S xyy fdJadekthe volume of the piezo
strain, excitation freqguency ( Hz)p,0lédlngc tarname
applied stress directionel gndFdosll E) dali)t,o(pec¢
we can see that the generated el ectkji whpotver

is entirely related to characteristics of p

poling ands adiprldcetdi ocsnt reefs t hedkwiat zmeelcaant tbiec cin
in the same materi al. For exampl e, a uni morp
because applied stress direction i s egpgdradendi
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By wusing Il nterdigitated electrodes (1 DE)

| ongi tudi nal 33 dsnvoadleu.e desn earbad uty ,t wadvetli uree si 1 a
the same piezoelectric matrenr iiafl .t hHo wgeevneerr,a tiet
device with IDE is | arger than that of para
results in smahlthlecpapercuwhmepteesdmatlt | eolget
design of | ow dahiughlpdwequeearyi ayny MEMS pi ez
The structure was fabricated by 4d4iolwi marnt uMBiWM
frequency in few millimeter square di mension
cantiletvere sasushMown Im &idereto control t he

energy harvester we provide relationship of

Figure4.1.Sc h e ndaetsiicgn of spir al MEMS energy harve

4. 2 . Experi ment al

4. 2. 1. Mul til ayer Deposition of Fil ms
The srhiarpeel MEMS cantil evers -omeneuf aborcéased)
withlkkml1l9Dil i con ¢nevbiucrei elda yoexri,dml dialyieaqgn aman 8l0&®

process startdd Pwi/tTh / PeAfidlsims/ iPmmi StohOe SOl  waf e
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Fi gaar2e After thermally growing the oxide | ay
wafer, a Pt (150 nm) /[ Ti-gi500undngp bttt ®an ey etch @
The Fiuwad as a buffer | ayer for better adhe!:
el ectrode. sPtp®O( PBTYredolsol uti on was prepared
experiment wiitnhyol upty r P oll y[(@MBr) @ he a®diTt s@olt evh s
mul tiple times on the platinized SOl wafer &
t hi ckneesns. offhel .f8 | m wa-stepheartredtment at d80 &ng 35&@C t wo

for 10 minutes peprocess on a hot plate in order to remove solvents and organics. Every third

layer was annealed at 6080 for 10 minutes by rapid thermal annealing. Lag®iyl Grin) /

Ti (50 nm) thin films were sequentially depos
vacuum to formThdemitopoet reectr ode.and cryst al
wer e det er mi needmibsys iuosni nsgc aan ofirivegl cdelpec { F&1S EM)

ray diffractometer (XRD). The polarization a
were measured using 6 Badi pntezde alemploagye |

(PFM), respectively.

4. 2 . 2. ME MS Hraobcrescsat i on

Foll owing the multthiel cyert idewegi tsitcructur e wi
using typical surf ace alnhde bduehtika imo end imiaccersi g i n
i 8l | usthrgwea Kibrjshte, SOl wanfudrt iwiatyhert HeDIl. hs was
wat er and t he n°C.dibehwafdriwastceatkd am bothXréndand back sides by
thick photoresist (AZ 9260, Microchemicals GmbH) and patternece T Pt é ITe cwa P d e
etchegdactive i o estholwinndg B( FbEmwédti ghi Mg sol ut

foPrzTi Waysr epamieixnlhfgs and HCI aqueous solutions
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1 : &t :r Bom t[l@pheer aettucrhei ng process was perfor
fil ms-piretppedastchant at room ta&spielrlat sitreatwe d h
4. ) (1 i) . The etch rate Twaes bafdproaanidrdastuerlfya cte
oxi de | ayer were al so patdedd(niew) kBisdg @ R) E as
thie@ nsi |l i con device | ayer and bruera cetdi voex iidoen | es
( DRI E) and RIE to define the thickineaslsal y,f t
Figar@@(vi)s,urtfhaece oxi dal wham dWweaited \cthreedwd meo m
backside using DRlak ttid ervealnedassteo utEhben nRRZAT si | i ¢
at the center of Whbkbaea sprhahgcwasi temptlt et ed,
removed b¥alkadietddonkevi ces were dicéda dwyoildse
electrical short and to achieve complete pol
field, a corona pol3nglegsrem wael eaxpfoBt ¥
of the spiral energy harvester at 1 cm di st
generation was characterizeddbébi Rr anthr dift gon
oscill oscope (Tektronix TDS754). fThdeoemputy
harvesters were measured by varying resisti.\

the oscilg)osTlheevi(AMati on characteristics of

anal yzed using a scanni MgO)aser vibrometer (
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B Silicon

- - - W sio,
(vi) PyTi
PZT

Figure42.Schematic fabrication procedure for pi
spinralctstre. (i) Multilayer deposition, (i)
Bottom electrode patterning, (v) Front side

releasing structure.

4., 3es®Rl ts and Discussi on

4. 3. 1. CQChzeroabor Telri nl M

For MEM& piezoelectric energy harvester, one
a quality piezoelectric film on a si-inhcbn su
pl atinized sil itgeedn mEdbIb odavfearal By de@losi ti on al
were conducted inside clean room in order toc
cracks and 4dAd8féaf)sandi gbkeshowsandet opossr fa
of em ZT (52/14n8s). tAsi s MMo®n( an, FilgerBZT fil m

structure as a resul-tt of the nucl eation on
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surface SEM i magée,3 acGbshowas nakkemuafter Pt/
chcek t he reacndweed ohamagens on the PZT-fil m a
free morphol ogy. The grain boundaries are n
however the grain size can be est iomartaepdhitco

atomic force microscopy4d @GAPM) i mage shown in

(a) (P

Pt/Ti electrode

AccV Spot Magn Det WD 1 100nm
15.0 kV 3.0 200000x SE 10.1 KIST

Figure 43. & Cssesds i onal and (b) surfaced SIEfM tiheag
fabrication of spiral MEMS energy harvester.

top electrodes.

10.0 nm

-10.0 nm

Figure44.Sur f ace topographic image of the PZT fi

67



Figdrbe (a) shawsdithfeDaXcspeat ( XRof the- PZT t
phase PZT with perovskite crystal structur .
mor phol ogly5 Fbguslkows-eltdet mpidd) afrhiyizsetdeirEls i s | 0«
PZT thin film onendy Isgprnveadt eMEMST hBgn raenndn a n t
spontaneousP)pobharithaet iPPZNT (te@i dmrid | 5CO/.&me 36 .
respectively. The coercive electric field is
deposited PZhTowf i Himpghewi |ldl exctric power t hr ol

prop¢r3ilijes
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Figure 4.5. (a) X-r adyi f f rpaacttt(ebPha b ar i zealtd cotnr i“cgh.y $ teé de g iPs

cur vtehPed™ t hin f il m.

To understand the ferroelectric behavior é
piezoresponse force mi chHiogsdicrep)yn d(sRhHoMYs wahse eomy
ofpl ane PFM pahngpsle taurde i mages acquired from °
MEMS energy harvester, respedcdi (al)y. Idn fflee
contrast correspondg 32pTha ffermntexpiobiatszat

ampl iasudehown 4i 6 Ebpur evhi ch sugge®otpd anhbe p
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orientation of the polarization vector and
verify this, the effecti Wepil otnlge waAT nfeiblsmpir e d
using piezoresponse| 3.2]rTchee ntiycpriocsaclo phey s(tPeFrMe)s i
measuring the piezo response by small ac si
given i4n7 Fi Dluedeswealsu & oaufnd ~t9o/ kpem/dvd rg hreegat i ve
i's well known that thin film piezoelectric
val ues because of the clamivaguef oécpiezotelhe

films can beowahgulkdfdualtdl]on (ol |

Qr Q ¢Q — (44)

whesigesi, @&nadre the mechanical compl i é&ncces hef t
transpvieerzsoeel ectr i Yawcaerfef itchhee nfounagnddss modul us
ratio of the substdgaakeueretpebitsvBPEYy. thhe fe
from ceramics dat 85i.n Jhitee vcicratweasl lesHt tlewbe ees depi

Figsarfe and exhibited the maxi mum value at 15!

60.00mV

-180.00° - 60.00mV

Figure46.Ou-0fp |l ane PFM i mage(sa)ofpi tt hete PZAd f{b)m: Phe
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Figure 47. QOuThe <c¢cl amped |l ongitudinal afsff eandve
calcul ated real | ongi tdu)d i wmiatlh \pareizaoteil ®rctafi ca
the PZT thin film gewen. on the spiral <cant

43 . &v.al uati on of MEMS Energy Harvester
Fi ga41r8e shows SEM i mages of fabricated. &piral
(a) and (d), we can see a clearly déeBitad c:

shows t hwe ofr otnhte vfiaebr i cated two turns of t he

cantilever structure, the bending stress wil
region with clamping substrate. Thwembaped, w
notch in order to release the stress and pr

Fig#ar8e (a). This was veridi8ed ehy amBEM (sfi) mwslhaotw
stress distributslhape d fijnsrtctraposgpn d¢ arl o WEAMS e n
respectively. As indicda8efle)nandd(Upt Tthecse
rel axedshapedunpndnctions than sharp ones. The
spiral MEMS eern ewagsy nmaagrnvédef8ite(db )i.n Ami gauwcrceur at el y
sidewall of the silicon substrate was achiev

in the Bosch process. However, a relatively
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due to the uneven recession of the soft mask
onto the sidewalls. The use of hard masking
kind of surface roughne[s}7 pMeo lxlaemmowistem vl 4 ma
gagthveen the PZT | ayer and Pt/ Si substrate w
during i sedtcrhamigc wetwever, it did not affect
and bottom electrodes.

Fig4ar8 (c) shewsttbeatcresew of the diaphrag
harvest erf.r eTeh ea ncdk ahckmogeneous interface of P
be seen in this figure which ensureé¢es ekeell
piezoel ectriemt Hiagylemes sThei I11i0con substrate of
achieved throughout toed chi ssglorpagm dSuCa twoa ftehr
DRI'E etching4.p8& o(ck)s ss.hawsgutrree back side i mag
spiMBMS harvester with a silicon proof mass
dry etching of silicon substrate. The figure
proof mass. The di ametenr anr@dbrilEmn Xhreesssp eodt it \he
The weight of t he dsetlercnoinn epd otodf bea sbgp paraanxnignea t
density of single crykghAm Tshiel isaane su lzset ramtde
masses were fabricheedntandgpiapal i MEMSoenaéit gyi

in this study.
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1 Det WD F———— 500 ym

SE 10.1 KIST

Fi gdr@EM | magdfeso mtf bgti addlreed edgect{oh of omembr
(d) bactkhsegsi dal oetrmenrtgyl elveemuéat ed stressp di stri
junction and (f) round shape junction in the

The dynamic behavior of the fabricated spir
using the vibrd&tiigdindehebtndisha&kest emower ampl
generator and oscill oscope. The harvester we
and then attached on top of the shaker whos:s

accelerometer. The devi(cOe s25wegr)e aecxcaeilheeraa tridgodn
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same acceleration under changing vibration

harvesters were measured by digital oscillos

Oscilloscope

Electric circuit
\'..l"
Ld

FigdrExperi meniml|lfdrestthesegpiral MEMS energy

Fi g4 rlsoh otwrse qfuency dependence of output volt:

of the spiral energy harvester. The open cir
by oscilloscope Vaneddit e wRMS realouade@d for fur
gperated output voltage gradually increased
decrease with increasing number of turns. Th

in the energy harvesters was sfl itguhrtnlsy aisn csrheo
Figure4.10 (i) ~ (vi) images, however at higher number of turn the vibration mode became

mixedWi t h increasing number of turns in spira
vi bration modes such that bteodBigughlh@Eetdnt s t o
showstheo pt i c al i mages of the fabricated spiral

turns, respectively. The access-bpadsesdodntopt
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mounting hol der amancdl ecnmect e€ed rtcuidt 10o@ar d. ash
overall di mensions of devices &r eThae pa otxii v t
and volume of the piezoelectriccardeddyl hmmy

respectively
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Figdrlga) Frequency dependence of output pea
of turns of the spiral energy har?(eds t2ér .g)Th
acceleration. (I'nset) Ompiteinagla I aprivcetsutreers woift ht F
tur@ma ;t inihstturns, (iii) 4 turns, (iv) 5 turn:

Fi garled~((de)hows the measured and simulated vi
of spiral MEMS enedlgy (baraedt ¢ c3. aFegthe me:
vi bration mode shapes of the spiral MEMS ha
respectivel y. The first resonance Vvibration
di spl acement .e ®Blpe raée nthear vefsttelm on which the
the maxi mum di spl acement amplitude. This cl

cancellation by polarity difference in the p
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modeemobsd at 348Hz shows a fl apping shape wi
di spl acement amplitude instead of center. Th
power by the voltage cancell atioeal datorm ¢ hel d
having different polarity duywrihg()e.ndTmhgs mott
vi bration mode should be avoided or the el e
separated to prevent t re twolftuargteh eaa nared |l yazt e
characteristics of the MEMS harvester, t he
using COMSOL Mul tiphysidckl s(ionul and ohd)t o®h o ws
mode shapes of t he foidrest cond esgpoanrdd n\gi kroatriec
of 139Hz and 356Hz, respectively. Both simul
matched to the experismdit dla)r asavl t( b9 howmei mn
4. 11 (c) sHowsresmubaseéeri butions of the firs
concentrated at the emerging curvature rathe
in an inside edge is much | argern tdfant Hehage o
resonance mode ar e Il s(d)s hiomwsheti.n NWdgturef st |
mode is concentratedr eogn otnlse afmida ptphien gb ebnedn dnigr
clamping point has a | ageat esd rcewtsp uthamoweire ios

to the applied stress to piezoelectric el eme

(a)
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FigdrleD. | ive scan i mages obtained by | aser \
vi bration modes and FEM simul ated i mages of
3 turns of spiral MEMS energy hartwvkstfirrst | a

second modes.

Figarl@a) shewshange in natural frequency wi
the spiral MEMS energy harvester. The FEM s
al most matched to t hsl iegxhptelryi nkinft fad r errets uM & lsu e
and experiment could be attributed to the f a
As can be sedet2f(ain, Ft bereesonance frequenc
harvesters wereageaddwaltlhy ichcreasing number

frequency of 48 Ht uwsgs radh iMEWSd einrertghye har ve

of the | owest natur al frequency reported in
mi | | isnrgewaerre di mensi on. One can further reduc¢
harvester by increasing the weight of t he ¢

harvester can be expressiHdy itnhe eemsi roif cdlhef in

f = 5553127 4. 5)

wheNies number of turns i hi MEMSt emealr gfyr dqau ey res vt

45) waaioweéd from a parabolic fit®@ihayg (od) .FETV
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natur al frequency of spiral energy harvester
of turns. Foldl)gwi miye ematawui @ain flrequemcyeof t
adjusted through wvariation in number of turn
Figdrle2 (b) shows the output power and vol't
resonance frequency of 68 Hz when the five t
at acceleration of 0.25 g. The maxi mum outpu
|l oad resistance of about 40 kY. This value
the piezoelectric materials i n trheey MEdUSs ihtay \
MEMS harvester was normalized by accelerati:
nor mali zed area and volumetric energy densit
5. 04%dwW/ miy’AMz and FeV@2mWMHMA O rievsepleyct The compa
the resonance frequency and normali zed energ

harvesters arde Thewenengyalbesities of the

active area, vol ume,esoquarce dfr egqaucalcer atni om
experiment al conditions. The spiral MEMS e ne
resonance frequency which is within useable

power densityedas Thlrowmpiirml TMEIMS energy haryv
acceleration of O0.25g and generated enough g

mi croprfozes3Jor s
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4. 4 . Summary

Insummary, we have demonstrated the fabrica
an ¢dlotwr ar esonance frequency andfihlinghwiptohwelr . 8
thickness was deposited on a platinized SOI
piezoelectric properties. The spiral canti |
fabricated by the iIndiuscnryr coenpsaa.tilbm eomdenr of
behavior of the energy harvester, the vibrat
and second resonance were characterized by s

The natur al fprierqaule nMEMS f h arhvee sst er gradually

number of turns and the | owest resonance fre
seven turns. Depending on the number of turn
of t hMEMPBiIi hatvester was tunable to | ow frequ

out put power of 23.3 ssWiwaasl oMEMS nheadr viens ttehre
and at its resonance frequency of 68 Hz. Th

energy harvester could provide solution for

80



References

[1]

[ 2]

[ 3]

[4]

[3]

[6]

[ 7]

[ 8]

[ 9]

10

[11

S. Jeong, Z-Y. FSiom, YD. L8 aadw, -lamtde dr. atSegd v-
nwW CMOS temperature sensor forSollat power

Circuits, I\EEIE. JO4Us nald6 903,, 2pPl4.1682

G. Chen, H. Ghaed, R. Haque, M. Wi eckowsk
Seok, and K. -nWilsled ,me't-&au tcaenmaensoguys wi r el es s
pressure moe&LRor." pp. 31

H. Okada, T. 't oh, and T. Masuda,-l bevel o

power wireless sensor node i-In20h0.al th moni
B. Dang, and T. Kay a, AA Low Power Wirel
Mi c$®os 2,04 2

S. Hanson,-SM.LiSeokZ. YFoo, D. Kim, Y. Lee,
Bl aauw, -vd At a@ev processor for sensing app
mod&obSitdat e Circuitsp4dd EEE. AJGUBr 52510 90 f

Y. Lee, S. Bang, | . Lee, Y. Kim, G. Kim, N
and D. Blaauw, &%t Moketd atedsimmgDPlkatform
| ntDére Communi c aMo dwanl abBrde rMuYSOHSiItrdvteas it CHmPYC O
| EEE Joupbhal 48f,2d43,120AB8. 229

G. Kim, Y. Lee, -2. Koo, B. Ramplkeop, MY. H.
Lee, and Y. K-s mal EAwimr el emet emagi ng syste
detection andngn2r gypy.hdr ves

Y:s . Kuo, P. Pannut o, G. Ki m, Z . Foo, | . L
Lee, "MBus: A 17.5 pJ/bit/ chi pscpadret asbel nes oi
pp. 1

Q. Zhou, nA. JSu<Lhhmaa g, J. Dong, A. Zet t |l ,

integrated MEMS microheaters Semrsoulst ran dl
Actuators vl .PR2&E c 01 56.7

M. Bal ouchestani, and-p8&we Krabd en awni ,r efl Eefsfse

systems with 8 nWistandby power.

EMG sensor desi-gompresese®as voosid. o gl,40, no. 1
243D45328, 2014.

X. Sheng, cC. A. Bower , S. Bonafede, J. W.
Wang, L. Shen, anée ahs.e drR.a sBsaennkbsj,y nioFf ri-i gnat ai dnogu

81



[1P

[1B

[1 4

1P

1P

[1¥

[ &
19
[ 20
[ 21
[ 22

[2 B

[2 #

terminal mi croscale sotledrficelehsNWamoda he $
mat erviodl.s,13, H£08,620ag. 593

N. Wojtas, L. R¢t hemann, W Gl atz, fand C.
mi cro thermoelectric gener atReme wladil ei mmreo
vol . 60753,p.207143%.

S. P. Beeby, R. Todames M. T.Tu@QoDonel IG] y@n
AA micro electromagnetircgyg ehnaerrdastaotrn atho o f \
Mi cromechanics awaolmi drfgemgi.né€er iprpg, 1257,
B. Yang, C. Lee, W. Xi ang, J . Xi e, J . H.
AEl ectromagnetic energy har vensctiiénsgu ofnradm v
of Micromechani cs vand Mi9c r oneon g i3n e erpi.n g0,3 5 (
N . E. Dutoit, . Ki mWaridlees, gandco8salder at
piezoelectric mechanicdlinteighratidowelemerdy
71, no. -16,0,pR.00521

J-Q. L#iBu, FHa:-¥g, XtH,. MaG6, Khen, D. Ch€n, H.

Cai , AAbavEEMIS pi ezoelectric power gener at
harveMiicngebect rvom3i9c shplpB.0-20&0 0 8

M. Renaud, K. Karakaya, T. Sterken, P. Fic
model |l ing and characterization dofenMBMS pi
and Actuatowvel A: 1BBB8Spp2lOR8BO

S. Saadon, and O. SidakedANMEMBvpewzotl ¢
harveshergyoconversiovaobanio. pp®886mhant ,

S. Roundy, and P. K. Wr i ght, ARA piezoel ec
dectrdmarcts, Materi avelanio #thr32l@@ 4 r e s,

B. Priya, a/mnderDyy Jh.arlvnensatni Sigr itregehrn,o | 220G %.s
A. Erturk, ®neézDel &ctt nmaelhechmgyWihlaagyw e& t3 on
KWang, fAPiezoelechanvcestnogeambia¢ or smecha
nanomet eNra nsoc aEMeelrag f,0 . p R.4201 2

B. KumawW. &Kndn, SfiEnergy harvesting based ¢
ZnO nanosihanmEnteuwrgals., o .pp-253012

Y. Jeon,-HR. Jeoo@d, ®BiNnm, SAMEMS power gener a
mode thinSénbmr®zZand Actwamlt.orlss2 2A,: -2rPd.y sl c :
2005.

82



[ 25D. Shke.n,Par. kri &Y. Hhiotesa H. C-J.WiKklme I ilTlhe am
fabrication and evaluation of a MEMS PZT
for vibration Jeonuerrngayl hoafr vMisdrionnge hani cs a
vol . 18, no20®8. pp. 055017,

[2P S. Roundy, P. K. Wr i ght, and J. Rabaey, f
source for wir@dmpst sencommihmnid@®t oo-mws , 11,
1144, 2003.

[2F S-G. Kim, S. Priya, and Ir &Kmaemg@y MRS eaotell
bul lveatli.n,37, n40501, 2pp2.1039

[2B S. M. -G@h,Kavg, H. Do Young, C. Y. Kang, S.
ofemlL t hi ckness | ead zirconviiuny ltpiytrarnoaltied ofn €
s egle | meTtrhaonds,acct i ons on El ectrvalalolahid, rEl ¢
pp. 2252 2011.

2P S. Mancha, AChemi cal Fdrcrha enlgeodtfr itd@d,n Hh ol n
13137, 1992.

3D J. Mar shal |l , Q. Zhang, and R. What mor e,
oriented |l ead zir ddhnat Sotviotla Frdtilehst mion fLi5],
4684, 2008.

3L I. Kanno, H. Kotera, and K. Wasa, fAMeasur
of PZT t&8emsbéi$ mand Actvwd 0,6rhso AF 4POY3 i c al

[ 327 . RGcotLecl er c, D. Chateigner, P. Ramo s,

piezoelectric properties of oFaremdelde dPtZrTi

vol . 335, -In09, 120 Q6.. 191
[ 33YV. Nagarajan, A. StaniTshévskyJ.LMeChgm, | T
R. Rames h, J. Finder, and Z. Yu, AReali

submicron I ead zirconApgrl ited amlwozi.c 8 dlge tintto
22, ppt2l4212002.

[ 34K. Lef kDor mans G.iMeasurement of piezoel ec
thin Jodmsalo of appfi Bad.pPEYIEELIOD 4

[3p B. Jaffe, W R. Cook, andlHz1l Jaff e, nPi ez

[ 36 5G-T. Palr.k ,ChJo.iH. JranRFuamKd mH. iMeasur ement o
coefficients of | ead zi-macrmintadrei g t@ameau raatt
met hAdpbi ed phwosBi0c 4 dl. @tpteET 0280 0 2

83



[ 37

[38

39

[4D

[4 1

[4 P

[4 B

[4 #

[ 45

[4 P

[4¥

H. Jansen, H. Gra,y dMd.ni Elrwe n Mp o elle, Bared J. F
the reactive i on etchidgouofmadiloifconciommic
mi croengvyumle.erd@,ngno. 1, pp. 14, 1996.

E. E. Akt akka, Al ntegration o$ydtud rks ,pd ekl
University of Mi chi gan, 201 2.

M. Def osseux, M. Al |l ai n, E. Def ay, and S
mi cro harvester for l ow | evel of acceler
procB8essors and AcjivwdB8rgepa09;20Plh2y si c all

H. Dur ou, -R5adrAi.g Aaz,i | A. Ramond, X. Dol | at
Mi cromachined bul k pzt piezoelectric vi

=]

over | ow amplitude anRIr dddewe gfsr ePoouweenpcpyM EVIM Sb r
22, 2010.

R EIl frink, M. Renaud, T. Kamel , C. De Nc
Hohl feld, S. Mat ov a, V. hPagkaged pieZladl
vi bration energy harvesteoemomyddmpi mg wd o retl
systkauronal of Micromechawalc.s 2a0n,d nvo .c r1o0e,n ¢
2010.

H-:B. Fa@.g, L KYu, X4, L. Dong, -C. Wang, abd Ggh
AFabrication and {pearsfe daeapaeeczer i cf pMEVMS ge
vi bration enkirgyoédlae vt swallings30d,0untn2a84 1, p
2006 .

A. Haj atG., KdamdwiSdgl tbraandwi dt h pi ezoel ectr |
Applied Physesicsoo@®@B8Bd053, 2@0A.1.

T H. Hi rdsawan, YP. TK. Wri ght, A. P. Pi s
fabrication of piezoelectric aluminum ni
Proceedi ngs, PppRelr&VIEINRS 10 .

A. Lei, R. Xu,CA. SThgyssem, L. ChMalsltara,nse
E. V. Thomsen, andb&sedirkietckntdi | MMEKSE v i
harvestel28. pp. 125

K. Morimoto, | . Kanno, -eK.f iWaisean c ya npdi eHz. o eKl o¢
harest erasx-osfi ect ed epitaxial PZT fil ms tr
canti ISewesrog ,so and Actvwd®6,3riso A p8BRYPEDcal,
P. Mur al t M. Mar zencki , B. Bel gacem, F.

84



[4 B

[4P

5D

harsting with FZTocmiddraovGhleviitsg rayd 194, pp.
2009.

J. C. Par k, -R.. LYee,PaffrMgdalnidngr.and GCharact
Mode MEMS EnerNiyc rHae Iveecsttreaomedc hanivadll 9Sy st ¢
no. 5, -1®R.2,12105 0.

R. Xu, A. -Pledier s@.n,D&Khl Hansen, M. Guizzett
and O. Hansen, AFabr i cat iboans eadn dP ZcTh aPrZaTc tbeir

t hick film vi brati dmurennadri ¢w D nheacr hvaensit cesr s
Mi croengvamleer2a,g,no. 9, pp. 094007, 201 2.
| . Kanno, T. Il chi da, K. Adachi , H - Kot er

generati on pe rffroerenNagn)iKNelpQoefz oleé &fditirm c e nt enri gny
harveSeeaswd 68Aat uat orvsolA,9 PHBRFd clad ,

85



5. Chapter 5: Broadband Du a | Phase Energy

Vi bration and Magnetic field

5.1. Introduction

In the pastlecadeenergy harvesting technology has been extensively investigated to realize
selfpowered low power consuming devices such t@seivers sensorsand MEMS
component$l-4] There are several mechanisms for converting ambient energy into electricity
including photovoltaid$], themoelectric§6], magnetethermoelectrif7, 8],
electromagetics[9, 10], magnetemechaneelectric (MME) convesion, andvarious types of
mechanical eneggharvester§l1-15] Mechanical energy harvesters utilize many different
energy conversion phenomena and materials including piezoelectric, magnetic, elegtrostati
electrets, triboelectric, dielectric elastomer, ionic polymer, etc. Among this large number of
candidatespiezoelectric energy harvesting has been extensively studied as it can provide high
electromechanicaénergyconversion efficiency, energy densignd high voltag4, 16-19]
Mechanical energy is attractidere toits availablity in avariety of scenarios such as vehicles,
aircrafss, industrial machines, household appliances, and human motion. In some scenarios,
mechanical energy igarasiticallysupplemented by the stray magnetic field generated from
surrounding power cord glectronic deviceandtransmission cableSimultaneous dual phase
energy harvesting of mechanical and magnetic energy provides an attractive opportunity to
amplify the powe density and thereby strengthen the argument fompselered deviceR20-

22]

Traditionaly, electromagnetigeneators have been utilized for harvesting magnetic energy,

but they are bulky in size and difficult to be intdgda with low force i low frequency

oscillationg[9, 20, 23, 24 An example of constant oscillation frequency source wouktrag
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magnetic field generated from A/C power cords on electronic devides electricpower
transmission cables can generate low magneticsfleltl mT = 10 Gat a distance of 10 mm

from 50 A cabl@ at fixed frequency of 50/60 Hzlepending upon the geographical region)

The available stray magnetic fields can be higher in the vicinity of electric equipment/machines.
Recently, amagnetemechaneelectric (MME) erergy conversion mechanismas been
proposed thaullows the combinaion of piezoelectric energy harvester and magnets to
simultaneously harvest this magnetic energy and mechanical ¢26+88] In contrast to
magnetic fields, vibration frequency is seldoonstant rather it varies over a band depending
upon the mass and operating environment. Thus, the challenge lies in capturing this wide range
of vibrations while also optimizing the power production at specific frequencies.

In order b maximize the genated electrical power fronmechanicalvibrations, the
piezoelectricenergy harvester should be operated at resonance freqa@n@p] However,
piezoelectric structures exhibit narrowband resonance frequency and thus it is difficult to
couple with broadbad vibrations. In particular, it is more difficult to harvest a sufficient power
from continuously varying frequency conditions such as automobile and airplane engine
vibrations. In order to fully capture the energy from vibrations, ideally piezoeleatnesters
should have a broadband response or ability to automatically tune the resonance frequency in
accordance with an ambient vibration so&®33] One of the simpler methodstroduced
in prior literature for achieving the broadband response isyiag piezoelectric
bimorph/unimorph type energy harvesters with different lengths. However, in this case, the
energy density dramatically decreases because only one of the energy harvester generate
electric power at a specifiesonancdrequency. In addssing this problem of low power
density in broadband energy harvester arrays, we demonstrate a magnetically coupled
piezoelectric energy harvester array (MaCoPEHA) that couples each harvester in the array

through the interaction of magnetic proof mas#esne of the harvesters in the MaCoPEHA
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is vibrating at resonance, the next neighbor harvester will be excited to aeg@snce state
through the magnetic interaction. Thus, in varying vibration conditions, the generated power
and bandwidth willincrease significantly in comparison with a normal (roagnetically
coupled) harvester arrayheMaCoPEHA shown in Figur®.1 (a) uses the MME mechanism,
whereby piezoelectric bimorph cantilevers are mounted with magnetic proof masses such that
they canalsofunctionas a magnetic field energy harvestdilesmaintainng the broadband
nature. The MaCoPEHA can respond to both mechanical vibrations and magnetic fields
throughthe oscillation of the cantilever directly through bending streesa@sdirectly thraigh

the coupling of magnetic proof mass displacements in neighboring beams. Vibrations from
rotary pump, automobile engine and stray magnetic field surrounding the power cord of an
electric kettle were successfully harvested using the MaCoPEHA and oatpeit gensities
corresponding to the vibration and the magnetic field im@refound to be243sW/cnmPA? at

78 Hz and36.5 e W/cnP¢€ at 79.5 Hz, respectively.

5.2. Experimental

5.2.1. Fabrication of MaCoPEHA

The cantilevetypeenergy harvester was fatmtedwith 2-2 compositestructure comprising
of stainless steel () shims(SUS304H, JINEI Corp.and piezoelectric ceramicshe SIS
shims and piezoelectric ceranptateswith 5 mm x 50 mm dimensiowere fabricatedby
dicing larger size plateJhreelayers of IS shims andwo layers of piezoelectric ceramics
were stackedlternatelyand bondedisinghigh strainepoxy PP-460, 3M as shown in Figre
5.1 (b) and cured at 8G for 6 hours under pressure. Different lengths (30 mm, 27.5 mm, 25
mm, 22.5 mmand 20 mm) of cantilever beam were arrayed with 5mm interval using a 3D

printed jig. TheNdFeBmagnetic proof massegith 144.18 mm (6.35mm x 3.18 mm x 7.14
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mm, densi t y)vplumewerz attacheyl /atahe free end of each beam. All attached
magneic proof masses on the cantilever beam arrays had the same polarity and applied

repulsive force on each other.

5.2.2. Measurement of vibration and magnetic field characteristics

The vibration characteristics of the MaCoPEMAs investigated using a vilbien shaker
(K2007E01, The modal shop, Inc.) and scanning Bseplervibrometer (Polyted®SV 500.

The cantilever beam arrays were clamped using a fmade jig. The energy harvester was
excited by 1 g acceleration which was constantly monitored wmingccelerometer. The
resonance frequency and transfer function of the energy harvester were measured by laser
vibrometer and Polytec data management system (DMS) by applying burst chirp vibrations
and discrete sine sweep (manually stepping through freg#nThe generated output voltage

of the energy harvester arrays was measured usingclaanhel digital oscilloscope
(DSO1014A, Keysight). The actuation mode shapes of each cantilever beam were also
measured simultaneously using the wimensional scanng laser vibrometer (PolyteBSV

500). The magnetic field response of the MaCoPEHA was tested using a honidéehatieltz

coil. The Helmholtz coil vasdriven by abipolaramplifier and function generator to generate
500¢eT magnetic f d emagletic fidldh evas gremtered a usiega
Teslameter/gaussmet@viodel 6010, Laboratorio Electtofisico / Walker LDJ Scientifemd
maintaineda constant value with variation of frequency.

For characterizatioof generated power froithe MaCoPEHA the generatedoltage was
measuredicrossconnected load resistanaeing a variable resistor (IET Labs, Q60 RTD
simulator)int er nal | mpedance (wasMap3ideretbr calciiationotkec i | | os
total connected load resistance. The generatedagepower from the MaCoPEHAwas

calculated using the formula P 2/R, where V is theectified RMS voltage. The impedance
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matching point was determinéal be thampedancezalue wherenaximumin outputpoweris
obtained The internal impedance of the energy harvester was also directly measurezhusing
impedance analyze(Agilent, 4990 A), and compared with thexperimentally found

impedance matching point.

5.3. Results and Discussion

5.3.1. MaCoPEHA Device Design and Operation

The design of the MaCoPEHA is depicted in k@5.1 (a) and (b), where the use of
magnetic poof masses on arrayed energy harvesters allows couglimgeb them and a
subsequent broadband resporiSigure 5.1 (c) illustrates of the expected output voltage
generated from an individual energy harvester in the MaCoPEHA showruirebify (d), with
an assumtion that the arrayed harvesters are couplethgiaetic force of attraction/repulsion.

As shown in Figre5.1 (c), each harvester in the array can have multiple resonance frequencies
because the harvester is not only responds at its own fundamental frequency but also at the
coupled frequencies corresmbng to the response of other harvesters in the array. The
maximum output voltage is obtained at the fundamental resonance frequency and dasreases
the frequency varieswhile still maintairing a significant magnitude over the wide range
correspondingd fiong T fshor, Wherefiongandfshortarethe fundamental resonance frequesof
thelongest beam anithe shortest beam in the array, respectively.

Figure5.1 (d) shows the schematiconfigurationof each piezoelectric energy harvester in
the MaCoPEI comprised of a bimorph structure with the piezoelectric ceraRr$¢FA4E,

Piezo System, Inc.) and stainless steel (STS) {8id5304H, JINEI Corp.Jayers. The
piezoelectric ceramics layers were combined with an opposite poling direction in ordedto avo

the output power cancelation due to phase misméatabrder tomaximize the output power
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from the bimorph cantilever, the configuration of each layer should be decided to maximize

the value of thestiffness coupling parametéra ) e x p[B4dgssed as

I (5.1)

wherecs, andc, areelastic moduliof the STS shim layemal the piezoelectric ceramic layer,
respectively, ant, andtp are thehicknesses aheSTS shim layer and th@ezoelectridayer,

respectivelyThe optimunis,/t, valuecan becalculated s:

0 G G
5 e WL P P o P
W W >
w o
_Q _Q
W ol p p W ~ p."‘. p
> ® 8
w r

(5.2)

The optimumts,/t, value was found to be 0.6 usinglastic moduliof the STS and the
piezoelectric cerami@5] Using this value,the thicknesses ofthe STS shim and the
piezoelectridayer were determined to be 80mand 125 mrespectively. The piezoelectric
ceramics and the STS shims were precisely sliced by a dicing saw and combined together using
epoxy adhesiveOP-460, 3M with a high strain rate according to configuration shown in
Figure5.1 (b). The total thickness of each cantilever beam was approximateb/ B&@er
bonding. 5 cantilever energy harvesters of the same size were fabricated and clamped at

different length.
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For broadband operation, the energy harvesters possessing different resonance frequencies
were arrayed to respond to varying ambient vibratidiee first natural frequency othe

cantileverbeamstructure can bexgressed apl]:

1 — (5.3

0 — (5.4)

wheremeqis the equivalent maskyqis the equivalent spring comasit, L is the length obeam,

E is elastic modulus ofhe beam]| is moment of inertia of the beam cressction M, is the
mass per unit beam lengi¥d, is the weight ofa proof mass, anldlandd are the breadth and
depth of the beam cros&ction From equation 6.3), the natural frequency of a cantilever
energy harvester is proportional to the elastic modiyarid the moment of inerti&) ( while
inversely proportional to the length of bean) &nd weight of a proof masklf). To engineer

the naturafrequency, we can control the length of beam and weight of a proof[th23ds.

this work,we gradually modulated the length of bedmht0 adjust the natural frequency of
each harvester in the array instead of changing the weidgie pfoof mass so thatl energy
harvesters havasimilar magnetic force dheinteraction with each other. The lengths of the
beans werevariedfrom 20 mm to 3Gnm at anincrementof 2.5 mm as shown in Rige 5.1

(b). The fabricated harvester beams were fixednatrbequidstant intervals inhe 3-D printed
plastic jig which was tightly clamped by a metal claagpshown in picture of Fige 5.1 (e).

For coupling of arrayed energy harvestersfrpanent NEeB magnet proofmasgs with the
same polarity were attached at the eh@ach beam. The same weight magnets were placed
on each beam equally spaced with respect to each other for homogeneous interaction between

the harvesters. As shown in the front view of harvester inr€fg1l (e), the magnetic masses
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were alternatelyshifted up and down in order to provide a magnetic force equilibrium. The

longer beams deflected more than the shorter beams because of their lower stiffness.

(a) (b)

_~ Magnetic field

Vibration "

(c)
Cantilever #1 Cantilever #2 Cantilever #3 Cantilever #4 Cantilever #5
>
)
o
o
=
O
>

Frequency(Hz) Frequency(Hz) Frequency(Hz) Frequency(Hz) Frequency(Hz)
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(d)

Stainless steel shim (e)

Piezoelectric layer
Beam #4 Beam #2

Stainless steel shim Beam #5 Beam #3 Beam #1

™~ Piezoelectric layer
\ Stainless steel shim &= g & =

Repulsion each other

Figure 5.1. (a) Schematic description of vibration and stray magnetic field dual phasg ene
harvester. (b) Schematic layout of the MaCoPEHA. The picture shows fabricated cantilever
energy harvester array. (c) Expected output voltage of the MaCoPEHA with respect to
cantilever beam positions. (d) Schematic diagram of the cantilever energgteaocamsisting
of 2-2 composite structure of metal shims and piezoelectric ceramic layers in order to improve
the strength and output power. (e) Configuration of coupled magnetic proof masses that have

same polarity and repulsive force.
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5.3.2.Vibrati on and MagneticEnergy Harvesting Performance

CompUter B AccelefBmeter

& =Y.
Clamp

Data management | i i
Vibration
system isolation table

Figure 5.2. Testing setup for vibration characteristics of energy harvesters with two

dimensional laser vibrometer

Usingthe vibration testing setuphown in Figire 52, frequency response spectrum for the
MaCoPEHA was measured by applyinguast chirp frequency sweep (50%9m 35 to 100
Hz at different acceleration conditions from a shaker. @it output voltage signal of
each beam in the MaCoPEHA was recorded simultaneouslyasiodii-channebligital signal
processor.Figure 5.3 (a), (b) and (c)show theburst chirpfrequency spectrums fahe
MaCoPEHA output voltage &.01V, 0.02V, and0.03V excitation voltage applied to the
shaker 1o yield different acceleration conditions), respectivéipr comparison, the output
voltage was normalized by acceleration (g)s apparent fronthe frequency spectrums that

the MaCoPEHA provides broadband operation characteristibansfer function for the
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individual beam is provided in Rige 5.3 (a), (b)and (c), which indicates that there are five
resonance peaks the MaCoPEHAwhich originate from the respective natural frequency of
each beam without magnetic interference. Besides the mechanical resonance, each beam has
coupled modes generated by thagmetic field interaction from neighboring beams. As shown

in Figure5.3, the higher order modes for each beam comply with the fundamental resonance
frequency of the adjacent beams, which confirms that the magnetic interaction results in elastic
coupling.With decrease of beam length (from beam #1 to beam #5), bandwidth of individual
beam tends to broaden of low acceleration conditions, as presentedrebi3da).This could

be attributed tothe fact that thdonger beamdead higherbending deflectiortausedoy the
magnetic repulsion andwer nonrlinear interaction(magnetic force varies ndmearly with
distance) with neighboringarvestebeans as showin the front view othe MaCoPEHAIN

Figure 5.1 (e).Additionally, s shown inFigure 5.3 (a), ( and (c),beam#5 has thewidest
bandwidth whichs due tawo adjacent resonant modes meggwith each otheiWith increag

of acceleration, thérequency offundamentamodeswasslightly shifted andhose of higher

order modesncreased due taugmengd interactionbetweenadjacent beamas shown in
Figure5.3 (a), (B, and €). This resulted in an increase of total bardth of the MaCoPEHA

with increasing acceleratioftventhough the broadband behavior tbe MaCoPEHAwas
achieved at low acceleratipthe norinear stiffening effect by the magnetic field interaction

was not sufficientFrom the above results, is worth noting thain orderto improvethe
bandwidth and output power of our MaCoPEHA, the magnetic interaction between energy
harvestersieeds to be increased and bending deflection of the cantilever beam needs to be

reduced.
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Figure 5.3. Frequency spectrums of opeincuit output voltage of individual harvesters in
the MaCoPEHA at (a) 0.01 V, (b) 0.02 V, and (c) 0,03 V tcingp signals applied to shaker.
The output voltages were normalized by applied acceleration (g). The MaCoPEHA has
multiple-resonance frequencies and a broadband frequency spectrum. With increase of the
applied voltage to the shaker (acceleration, ¢, ihndwidths increase, and the resonance
frequencies of each harvester slightly shift due to the augmented magnetic interaction between
adjacent beams.

To quantify themagnetic coupling between bearisg phase deviation of generated voltage
signal and th coupled mode shape of each beam at different frequencies were investigated.
The phase deviatioim generated power is a very critical factor when combining electrical
energy from various beams as any difference could lead to cancellation of electiapote

Figure5.4 shows the generateditputvoltages and coupled mode shape ofM&CoPEHA
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under 1g acceleration. In order to examine the mode shape of the first bending mode of each
beam, all beams in thHdaCoPEHAwerescannedisinga scanning lasevibrometer(Polyteg

PSV 500 under a constant adeeation and frequency. Figured5a) shows the output voltage

and mode shape of the beam #1 at 52.5 Hz which generated the highest output voltage but has
9(® phase deviation with respect to the other bedfiggire5.4 (b) and (c) display the time
domain output voltages and phase characteristics oMén@oPEHA at the fundamental
resonance frequencies of beam #2 and beam #3, respeciedyto complexmagnetic
interactionof all beams, the generated outpaltages have different phases as shown iaréig

5.4 (b) and (c). On the other hand, it is interesting to note that all beams have almost
synchronizeghaseat thefrequencyof 78 Hz as shown in Figre5.4 (d). At 78 Hz, all beams

are near resonance ahe actuation of each beam does not affect the movement of neighboring
beams due to strong couplingghen we consider the amplitude of generated output voltage
and the actuation mode shape of adjacent beams, the coupling amorsgBeédn and#5

seems tdoe stronger than tr@upling between beam #1 and #2.
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