Pl EZOELECTRI C VI BRATI ONAL ENERGY HARVESTI NG SYSTEMS
| NCORPORATI NG PARAMETRI C BENDI NG MODE ENERGY
HARVESTI NG RELATED APPLI CATI ON DATA [0001] Thi s
application clains the benefit of priority of U S
Provi sional Patent Application Serial No. 60/896, 077,
filed on March 21, 2007, and titled "MEMS- Based
PIEXOBI BCTRIGEV IHOMNEIONE R ERIEREY, HARVESTING §YSTEMOMNEE@RPORATING

r ef er enc @ ARGINGE TRICBENBING MOPE ENERGY BARVBITENG
I NVENTI ON [ 0002] The present invention generally

relates to the field of vibrational energy scavengi ng.
RELATEIPAPPLIOANTION DA®Apresent invention is directed to
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At the same tinme, there has been a correspondi ng
FIELB ORTHE DVENTHM ease in the feature size of 1Cs. For
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partic@iaf, €hel fEespiit@sentidryis diredtdito picdodleddic vibrarionahmtkrgysharvesting systems

ected to . be 18 nmin 2 This is less than 1/500
mcor&qﬁaéfnmpaﬁaﬂlew bﬁn‘}}’ﬁﬁrlﬁ‘ﬂd%%’iefqu'laffe%ﬁponent s have not only

dramatically reduced in size, but have al so reduced in
BACIp@ReUNDDnsun'pti on. I1Cs are typically made using CIVDS
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of 1nt€gr£té‘dl¢1fch}>€s (IQEDS TS Jahhe ﬁnie?&&re&@%enhhaﬂes@bﬁdﬁﬂg‘ sx@ﬂﬁ@lnydecrease in
the epreaizg A6 I \%é’F RET %Vﬁlﬁﬁtogf% oS eids Spigondilor iela-
effect 1@ §8br) BhE |1d fr8deAly &the order of 45 nm and is projected to be 18 nm in 2010. This
is less than 1/500 the width of a human hair. IC components have not only dramatically reduced in
size, but have also reduced in power consumption. ICs are typically made using CMOS
(complementary metal-oxide semiconductor) circuitry, which is made of dual n-FET and p-FET
devices. CMOS circuitry consumes much less power than either purely nMOS or purely pMOS

circuitry.

[0004] Reduction in both size and power consumption of ICs has led to the recent proliferation
of wireless IC technology, which was not available just a decade ago. Today, there is a diversity of
devices using low-power wireless circuits, including laptop computers, cell phones, MP3 players,
smart phones, telephony headsets, headphones, routers, gaming controllers, mobile Internet adaptors,
and spy cameras, to name just a few. Of course, each of these devices requires some sort of
standalone power supply to work. Typically power supplies for these devices are electrical batteries,

often replaceable batteries.

[0005] A wireless technology field of significant current interest, and that is the target for much
research, is the field of wireless sensor networks. Indeed, researchers envision the future to include

a widespread adoption of wireless sensor networks (WSNs). In WSNs, wireless sensors will be
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will be many instances when % he anbi ent environment
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[ 0009] A particular type of vibrational energy
harvester utilizes resonant beans that incorporate a
pi ezoel ectric material that generates el ectrica
charge when strained during resonance of the beans 2
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BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0013] For the
purpose of illustrating the invention, the draw ngs
show aspects of one or nore enbodi nents of the

i nvention. However, it should be understood that the
present invention is not limted to the precise

prier GBI B DA BINES £ L S onmtri e view of an
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PVEH beam nmade i n accordance with concepts of the

FIG. 6 |y @saidrgeli Ipagioglimabross$eCGonad MicR afracbimompbriME PHMEH beam made in

di agranms illustratin s of a fabrication process
accord?‘??&tw‘ nbeé’t%%f[éée PrGS‘%’éa‘éags%nonDr ph PVE PVEH beam
rein each of FIGS. 9A-P cont a_| ongi t udi nal
FIG. 7&%grgsss@&lq)@hmew\ﬁsgﬁfegﬁ@ng ling r?a‘?fg:ﬁg’e 6ross-secti onal
view relative to the finished beam

FIG. 8 is a transverse cross-sectional view of a monomorph PME PVEH beam made in accordance

with concepts of the present disclosure;

FIGS. 9A-P are a series of diagrams illustrating steps of a fabrication process that can be used to
make a monomorph PME PVEH beam, wherein each of FIGS. 9A-P contains a longitudinal cross-

sectional view and a transverse cross-sectional view relative to the finished beam;

FIGS. 10A-B are a series of diagrams illustrating alternative steps that can be used to make a
monomorph PME PVEH beam, wherein each of FIGS. 10A-B contains a longitudinal cross-

sectional view and a transverse cross-sectional view relative to the finished beam;



FIGS. 10A-B are a series of diagrans illustrating

alternative steps that can be used to make a nononor ph

PME PVEH beam wherein each of FIGS. 10A-B contains a

| ongi t udi nal cross-sectional view and a transverse

cross-sectional viewrelative to the finished beam

FIG 11 is a schematic/diagrammatic view of a wirel ess

f 8@bncepts of
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a5 o raggpReRleizy e WAe Fbpeade g tey BTt be e fb£Pr°9 y those
skille Yt aff! nBEca@xgeOof tﬁé”s‘?z%eof %%érﬁﬂlﬁ? PVEH {1t BO! thbSéeJ skilled in the art will
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W I connection w th
FIGS194PBind[10845] PVEH uni ts nade in accor dance wi t h

concepts of the present di scl osure, such as PVEH unit
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all of@fie dpEcAaPRS iheBdah OBSfit frain itplnaetefbroadf coocapismf emeesentrigsclosure.

broad concepts of the present 9|sclosure hgmgﬁeni for this
HowgYeROEICR IS o6 0 AR P @it K e LB s Apgficion for
techrdolBR9! tha PlesdnbiB@bsudPdntfritek HplEOSf 1ﬁlble&eh@£§”tﬁ&|e Q@iteptt irea wireless
present disclosure contai ns exanpl es of

sensqrifad & TAYE PERY Tl CoRA PRfUER 4 Sl TH S%%SQ‘E?% cﬂgﬂed in the art

CARLR iRt sSabrAetiofi&la RAASHE the DABLpoSablE application
w111&ﬁ4§1§’¥p§1(e éd tr ﬁ trsre artr \?\n IOI rgeq%,l |y appreci gtpe thatp
forthmhredde@sawmsnh@bsrrbhe\mnks are by no neans the only

possi bl e application for the broad concepts disclosed
[0018}e rei W’lth E%&ﬁlnﬁ'r&@reﬁ&% P Nend 86 ENG A, At £hi lel'el BWEH unit 100
, at a high l'evel, PVEIT uni t
of thtsrﬂxsmelﬁ arppides $inetrURIVEH snogulse HOMVRIPIFo k. II}GQHAC ﬁ‘)“(co feshown in
of which, nodule 104C, is shomn in



detail in FIG 2A), Mdul es 104A-P share the sane

general construction, which includes a plurality of

groups of |ike PVEH beans, wherein all of the beans

with a group are tuned the sane and the tuning of the

beans differs anong the groups. This is illustrated in

FIG 2A by nodul e 104C havi ng six groups 200A-F each
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harveStpigl etlec&ic@rdnléﬁg@ércmome @&fzﬁelctcmaiﬁaemal Iaf}ﬁpémdlkywonhguﬂet far harvesting
0171 As wil |
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cnerg o BT P24 BRSO ey Aol L bipEn) gl eieeroce
concePtatidseritd balowi ihlde@ill y i nfinite nunber of
configurations of a PVEH nodul e that can be
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Parameter Mn. Max. units Volune 0.22 1.17 cnB Voltage
0.5 5.5 Volts

individual PVEH modules in the exemplary set (corresponding to ones of PVEH modules 104A-P) is
a 7.5 mm x 7.5 mm square die having a thickness of 675 pum, which is a typical thickness of a

150 mm diameter silicon wafer. Of course, other wafer thicknesses can be used, but a 675 pum thick
wafer provides ample thickness for creating the two-sided cavities 212 illustrated in FIGS. 2B-C.
The end modules (corresponding to end modules 108A-B of FIG. 1) in this example are made from
the same wafer(s) as used to make the PVEH modules and, therefore, have the same thickness. Each
of the dies corresponding to the PVEH modules includes bimorph, split-electrode PME PVEH
beams made using the processing techniques described below in connection with FIGS. 9A-P and
10A-B. In this example, each PVEH module (chip) contained eight like-tuned groups each having
twelve PME PVEH beams electrically connected together in series and produces 0.2 V and 100 pW
of power. In this example, all of the PVEH beam in each PVEH module are electrically connected
in series so as to maximize the voltage across the respective output nodes. Consequently, 10 dice
stacked electrically in series, after rectification (assume a 0.5 V loss), will achieve 1.5 Vand 1 mW
of power. This will be a 7.425 mm tall stack, including a cap chip. Similarly, a 4.05 mm tall stack
will produce 0.5 V and 0.5 mW of power, a 10.8 mm stack will produce 2.5 V and 1.5 mW of
power, a 20.925 mm high stack will produce 5.5 V and 3 mW of power, etc.

[0024] Of course, the values in the following table are specific to this example and similar
values for other PVEH units made in accordance with the broad concepts disclosed herein will have
other values depending on their scale and construction. For example, while minimum and maximum
operating frequencies in the Table are indicated as 50 Hz and 1500 Hz, respectively, PVEH units and
modules made in accordance with the broad principles disclosed herein can be made to have other
operating frequencies. That said and generally speaking, many applications for PVEH units and
modules made in accordance with the present disclosure will likely require operating frequencies

(bands) in a range of 50 Hz to 250 Hz.

TABLE
Parameter Min. Max. units
Volume 0.22 1.17 om’

Voltage 0.5 5.5 Volts
Power 0.5 3.0 mWatts
Power Density 227 2.72 mW/em®

Acceleration lg lg -
Frequency 50 1500 Hertz

Bandwidth 2 10 Hertz
Note: All values estimated :



Power 0.5 3.0 nmatts Power Density 2.27 2.72 mWcnB
Acceleration Ig Ig

[0025] FIGS. 3-5 are presented to highlight differences between PME PVEH technology of the
present disclosure and conventional PVEH technology, as well as to explain concepts attendant the
exploitation of parametric mode excitation. FIG. 3 is a frequency spectrum 300 for a conventional
rectangular-cross-sectioned cantilever PVEH beam having a width that is much greater than its
thickness. For example, the width of such a conventional PVEH beam would be on the order of 50
times the thickness of the beam. FIG. 3 also shows schematically a cantilever beam 304 and the
coordinate system 308 used in connection with FIGS. 3-5 (and also FIGS. 6-8). In a conventional
PVEH beam having a width much greater than its thickness, parametric mode excitation is
essentially nonexistent. Consequently, and considering only the first harmonic, frequency spectrum
300 has only a fundamental resonance frequency peak 300A, here at 120 Hz +2Hz, due to first
bending mode excitation in the ZX-plane and a first harmonic frequency peak 300B, here at 751.2
Hz +2Hz, due to second mode excitation also in the ZX plane, each due to a driving vibration in the

ZX-plane.

[0026] FIG. 4 reproduces frequency spectrum 300 of FIG. 3, and its fundamental and first
harmonic peaks 300A-B, respectively and also contains six additional peaks 400, 402, 404, 406, 408,
410 resulting from beam bending in the YZ plane due to parametric mode excitation at differing
width:thickness ratios much smaller than the ratio (>50) of FIG. 3. Again, the parametric mode
excitation causes bending in a plane, here the YX-plane) perpendicular to the plane of driving
vibration, here the ZX-plane. It is noted that frequency spectrum 300 is equally applicable to the
much narrower beams that provide parametric-mode peaks 400, 402, 404, 406, 408, 410 because,
generally, for a beam of a particular Z-direction thickness the frequency response spectrum does not

change with changing Y-direction widths.

[0027] As seen from FIG. 4, parametric-mode peaks 400, 402, 404, 406, 408, 410 correspond,
respectively, to width:thickness ratios of 1.5, 2, 3,4, 5 and 7, with the heights of these peaks
decreasing as the ratio increases. While any of these, or other similarly valued width:thickness
ratios, can be exploited for parametric mode vibrational energy harvesting, ratios of 1 to around 1.5
are of particular note since the corresponding response peaks (illustrated by peak 400) in this range
overlap with fundamental resonance peak 300A. Generally, a width:thickness ratio puts the
frequency of the parametric mode excitation within about 5 Hz of the fundamental resonance
frequency. Consequently, implementing width:thickness ratios in this regime in conjunction with
circuitry that exploits the attendant parametric mode excitation can be used to broaden the useful

bandwidth of a PVEH device, such as PVEH unit 100 of FIG. 1. It is noted that at a width:thickness
10



Frequency 50 1500 Hertz Bandwidth 2 10 Hertz Note: All
val ues esti mat ed

ratio of 1, the parametric mode peak (not shown) would coincide with fundamental resonance peak
300A. Consequently, use of appropriate circuitry that fully exploits both fundamental resonance
excitation and parametric mode excitation could essentially double the output of a PME PVEH

device relative to the same device that exploits only the fundamental resonance excitation.

[0028] While tuning a PME PVEH beam so that the parametric mode excitation frequency is
close to the fundamental resonance frequency of the beam is very useful in broadening the
bandwidth of the frequency response of that beam, those skilled in the art will readily appreciate that
other parametric mode tunings may also be useful. Generally, but without necessarily being
limiting, it is presently envisioned that tunings (for rectangular cross-sectioned beams) that may find
useful application vary from a width:thickness ratio of 1:1 to 8:1. For example, there may be
environments containing two specific fixed vibration frequencies that are more than 5 Hz apart
(width:thickness ratio > 1.5). In such a case, the fundamental resonance frequency of a PME PVEH
beam could be tuned to one of the frequencies and the parametric mode frequency could be tuned to
the other, say, for example, by making the width:thickness ratio of the beam somewhere from 2:1 to
8:1, as required. As another example, the width:thickness ratio could be 6.26:1. This would double
the output voltage and power of the second bending resonance mode (see first harmonic peak 300A

and peaks 408, 410 corresponding to width:thickness ratios 5:1 and 7:1, respectively).

[0029] With FIG. 4 illustrating the concept of bandwidth broadening by exploiting parametric
mode excitation, FIG. 5 illustrates how the effective bandwidth of a PVEH device of the present
disclosure, such as PVEH unit of FIG. 1, can be further broadened by providing PME beams having
slightly different fundamental resonance frequency tunings. FIG. 5 shows a frequency response
spectrum 500 for a system (not shown) of PME PVEH beams that includes: 1) one or more beams
each tuned to the same fundamental resonance frequency in the ZX-plane (see FIG. 3) as the beam in
FIG. 3, i.e., 122 Hz (peak 500A); 2) one or more beams each tuned to have a fundamental frequency
in the ZX-plane of 114 Hz (peak 500B); and 3) one or more beams each tuned to have a fundamental
frequency in the ZX-plane of 130 Hz (peak 500C). Second bending mode (first harmonic)

peaks 500D-F corresponding respectively to fundamental mode peaks 500A-C, are shown for
context but are typically negligible in designing such a system. In addition to these differing
fundamental resonance tunings in the ZX-plane, each of the differently tuned beams is provided with
a width:thickness ratio of about 1.5 (again, thickness is in the Z-direction and width is in the Y-
direction), which produces parametric mode excitation peaks 500G-I that correspond respectively, to

fundamental resonance peaks S00A-C. As can be readily seen, adding the effects of both providing
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aranetric node excitation within about 5

t he
[003f]u nda¥reesteen i8dBHah deam Pl sprsjderaddn be chien fﬂh because It has two
d1st1ﬂcpg{de§gg gtla Qzé‘@l%h}fb 15{1@r§%@)e$§4 %‘c’hoﬁe lehtéJUn%p'b@Qde RRled 6 the neutral

circurtry that exploits the attendant
axis fzvabawlmgm dlerit?élel an theteeret @w—omande tyéth ee¥-axis 78% ebthe alopg]goordinate
eful. ba

syste Ag ]gho %lef 11;1 Fl}e Irtsv@irl]lo%{EgJ: tg éz%gl’ectﬁy tlﬁ%ﬁ’ ygfﬁggg"tawd on
ratio of!, the paranetric node peak (not shown) woul d
coincide with fundamental rebnance peak 300A.
Consequently, use of appropriate circuitry that fully
exploits both fundanental resonance excitation and
paranetri c node excitation could essentially double
the out put of a PVME PVEH device relative to the sane
device that exploits only the fundanmental resonance
excitation. [0028] Wile tuning a PME PVEH beam so t hat



[0029]Wth FIG 4 illustrating the concept of

bandwi dt h broadeni ng by exploiting paranetric node

excitation, FIG 5 illustrates how the effective

bandw dt h of a PVEH device of the present disclosure,

such as PVEH unit of FIG 1, can be further broadened

by. providing P havi ng sl i.ght di ff ren
opposit idRm e ES DR Pt e ey Pl BeBlinghygeach laveris
either p%sﬂctl(/& e ﬂg% tiV 615 BENR& RBES AUl ﬁﬂ&nimeca@yataega ((aﬁ@illatmn in the

shown VEH beans that includes: 1) one or
plezoelb@aqma@a@hth@wwd Pestt Heh sinie oy errrafiaad He riewsd)daiicd! either of

L £R dlﬁn}g?z)x find B&REARpbiion of that
p“ZOdE%§?ﬁ§&%WObnﬂh%@ﬁéﬁéyépea oﬁ{ ong gr nn?gﬁggangn
layer weammawmpobltme staineand ahutﬂndlapmmrawoﬁldélqu@muggawﬁ stragn, with the

of 114 ea 00B); and 3) one or nore

resulta‘ﬁéﬁgﬁg'cé gﬁrqeaﬁ%qf}_%qé‘ﬁg\ﬁ Og‘ “fundanental frequency in

the ZX-plane of 130 Hz (peak 500C). Second bendi ng .
[0033] nodén {Hid E&xeinphesabruf G:Bes@ agkts iSQliDinfo tar petEod0AgB, 704A-B, with

. respective to fund 500
portons i 04 BUIRESROTBORE BF BergBr KRy egrres BrgiiFere. for
convenﬁjé:r‘l%é Qé?'td"&m%l@é"wﬁh ESA-880 717) aAd Poitions 7068, 17088 Q‘allmg on the other side
fering fundanental resonance tunings in the
of neutzaXapns 4m2, Tearshsonffor spdittinermezoelselriy 1aygrel@Opdifnip thig manner is to Pfevem
r
e S ol S 8085 L e s o
across hcfutxtahexlé(? tﬂ rm:islreml)ly sedni io IFI@rbqbﬁnzeslegeic pontions ’60%6@4/\ 704B,

itati 500G |, that corresp p
7008 GG BF GsREtA o SSBHER’ Ppdranh G g BRRTHLY B Heuwra
axes 708 3@2 | i 18R %Bnne@ﬁéﬂ Wds hbed @fat eatls thefpakeidiiqmnoyd lﬁbnﬂ@g occurs in the
mil'tiple slightly offset fundanental resonance t uni
YZ-planagempripion]ei ta ghqo%n%mnﬁal QB HEnRE Plons (ZovR It . {h@ctual motion of the

free eng off{) Plfl {)é/anf (fgfa@l'gﬁnfﬂ{eﬂ(\!é g{eassu?ﬁcgé}{tfdhgﬁgtwﬂ?@t%% diréular in
roa S exanpl e, the over al oadened

nature. b@ﬁﬁb&qaﬁnﬁypthaqemeﬂlmm dfpezbkleétsic pbitighs 200AHB, 704A-B provides an
[ 0030] Bandwi th br o

et BI R P ER g Mo et PR gt R dfor eRlmpte, when

the beﬂdﬁﬁé 3 bith8fphIRYMB0E iFurdl® ﬁl@tt@fZ)@ﬁL&ﬂé (iet, )élb&ft Y-&ﬁs 00&), piezoelectric
For  exanpl'e, for PVEH devices that nust operate ove

a.
portionsgigA-Bvill berprelly siraised with pemanotica abRRIaAtnang H'W{ecmc
portlot}sh7%4gel¥ kzvgﬁz gg g(i‘lﬁﬂ? g{rﬁhgd ?Hl g?@e(é%@a §{r tﬁé@ g&ﬁééﬁ@ E§l§r18/V &Vhen the
bendm(ghﬁbgncrrgh b&m}o 60@ispueely ithai¥ot-plene ex:anfbdw 7-axipT ]@a,deqrz@glectrlc

nor.e ffect ve.in envi
porionpe i, P SREDE e P BT Bl i o R PRE e
portiofiEM0BEF0AH Al BY Qb steHiRAGIth bitl RbMBE &t th@opposne polarity. When the
nanufacturlng variation and can al so provid

bendingred direerp hease 69 iiie 8 plane rofaled abat Hy % R vile & ) elegtveen the
YX- #‘éif{ lan@Y Rt ;ﬁ gfé&'hc EBARRs 9604, RABRA SleSSelehc 5&@5@700}3 704A
roadene andw dt evi ces can be used in place
will have tieamyximanr zweninbewrd wppliskte gebaiityedrainer depergingen thgdegation of that
range of frequencies. These and ot her benefits of
plane.yandwi dt h broadeni ng that can be achi eved using
concepts di sclosed herein will be readily understood
[0034)2nd SifIpregiiag &AFIY 71 hioeptsteail 600 includdsehrae tlectrode layers 720, 724, 728

0031].FIGS. 6 d 7 ill PVE
o e o TSR0 R BB U VL B
harves'ﬁﬂggl” Qﬁét&éa@cﬁgrgg kiin c%rreﬁﬁ)nﬁﬁ‘l%%ﬂp}éct%%eé F JidAseleburic portlons 700A-B,

eam 6 is a cantil ever beam fixed at one en
704A-Bn dmerfm theat elebieodstlingrs 7200 724738 escappt @to lmdwﬂup}ﬁlﬁfér@ﬁﬁfs 720A-B,
600 is a mcroscale structure, forned on a silicon
waf er 604 using fabrication eps simlar to the steps
illustrated below in connection with FIGS. 9A-P and |
OA-B. Wiile the explanati on of binorph beam 600 is to
be understood in this context, those skilled in the
art will readily understand that the basic structure
of this binorph beamcould alternatively be executed
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opposite sides of neutral axis 708 so that during
bending in the ZX-plane the entirety of each layer is
either positively or negatively strained so as to
avoid internal electrical charge cancellation in the
pi ezoel ectric material that mould occur if a single
er straddl ed the neut. %I axj
t—e ?

| a f
7240858 BP0 FEn OO Pidp BB HBLUPMERVEH beams of

the pres%gtsdlgdl'&ul:%a@flgﬁhﬁ'i‘ﬁ‘pehff@ghéiﬁbe & Dbl eut e térhatsplidyledtrode” is not,
have a positive strain and another portion woul d

howevdudveltezd tnagéivatics véherein A singletlpyer e largestlpatinde issplitduringabsequent
fabrlcatcl;(pnar S %ﬁl@? %lllﬁ% {8 Qéb?it-%fégttr ’ als%gggl‘l’)’éyt@ S&Jﬁi'u%nse%%méheseparately
% flﬂ ese Tayers'is split in two portions
formed‘é%ﬁoc&s ardgrbvided vh biqusme !;1d®srr£f nE@l@EA axis 042, ira¢thq:rng0rd$1 the “split
e side o t he ut
clectro i SpRSePr BiP B IER FEHLR BRI DS AEES TR hBogrogs g spaced

from orYela%))tlﬁF‘Qatﬁ&rthdtrptB%oKQQ% aré@édhelial | i ng on the other side
of neutral axis 712 he reason for splitting

iezoelectric layers 700, 704 ijn this n IS
[0035] pr eMaie parHgul é‘ﬂ)&F%%‘VEé‘hg\?I fpngtiopigeio % ﬂﬁﬁ?%ﬁ? ?‘% %@‘@“B 728A-B,
electro@e%%bﬂ%ﬂﬁaﬁre YWoiledn QQIQ/Hsrtm'gfchSl%@ $9n ;ﬁ&’ﬁfe&cw@rp%rtlon 700A in

cont I nuous across neutral axis 712. i's readllé seen
quadraitrQ Kle@ctrgdes T2 ¢4 08184 care pefivsdn hardﬁ%mz@baxge frommpiezpglegric portlon 704A

t
GO AL BRESy Byl RS i o
704B i §@adrdnd Q3hng ega@t‘m&efsg[l@]ﬂ 7248 drs actoe éa harﬁwmlg)hharge frbwm piezoelectric
par a tric mode nal occurs | t - ane .
O A T T T T

thereb>( %wﬁlr@riﬁé sepﬁﬁﬁo@@f é@ﬁeslﬁﬂhmr@r}eﬂfectﬁ\féﬁa1ézro€l@ctﬁ6 oftfons 700A-B, 704A-B
bi mor pit beam 600 under the influence of a sufficient

from nelitialixig 712 thatcbwis in thegvpidancgroficharga eancellatiop 3 depgebrd gpove
Referru?%ioAﬁlg?%; gl\%oa S{)égﬁp6® m@\% &5@"3{/1%8& (ngﬁ ﬁg%&eté Bhs 6?9%‘6 %orrespondmg
respectbledy @esectbdenayére §20,9an 1 T28rfor cpmdmamtmlgthdacgeanollecredrfrom

pesocgip g i TSP ERERRE. B BTRE: BERRR O9Rch iy o
Shownplezoelectrlc portions 700A-B will be equally strained

Wi th one another at one polarity and plezoelectrlc
portions 704A-B will be equally stral ed w

[0036] anotSdrroteringtie Fégpod thas %me AR bl 0 ﬁ@rO&f mass 620
( f

ocaeEYRERINERAELRG b B o b2 Ky Dhaase (g i

bimorphi Hehmi®0agdialsb yo mtreasertbelpawertoutmie obihebeam. b otherembodiments, a

oot B B R S e PR bl bt s

may b@godided Yor JMARIDIE, Bedibens lgatiihs blonp tiibilemnbeAA. iAs thaseakilled in the
ane rotated about the X-axis 716 to an aqgle bet ween b
art wilt igedilpeppegetntcz Rimperahbeam 604 sy beppeddu) WBEYIPg RMeqr gige of a number
of para%%@és é&“’% tHE cﬁk@g&gbl’?ﬁgﬁd € opﬂfetﬂe%scrzgos%cu(ﬂaﬂ&rﬁ%hbns of the
e maxi num and m ni n1opp03|te pol arit
beam, ﬂterlenguls pf me beavd (erxgmphlrx théckinessed)i tba maks efithe pl]ﬁ’pgﬁléss(es) if any, the

referrl 7,
locatiGh P e rqq A ED e b} 45T ety Bga REBIRERP b
into individual electrodes 720A-B, 724A-B, 728A—B to
[0037]f aciAd inaﬁt&)ntehl abcqmabinamh Isan0eds arntle hsing sht(vrmg{afelf 604 as a substrate.
el ectrjcal e fromcorre ndin resp one
Duringgfhe e G RTg PHGTRT GG VOO 18orr G B Cerirede G 720, 724, 728
and pléﬁéfect%ﬂe%lefsoﬂf@ hawge %e% fled diR%tchéd Bc@i@ng B kdownntéhniques. To
i ndi vi dudl el ectrodes 720A-B, 13 724A-B, 728A-B gives
rise to the term"split- elec%éode used to describe
t he PME PVEH beans of the preésent disclosure having
this type of structure. It is noted that the term
"split-electrode” is not, however, limted to a
situation wherein a single layer or large electrode is
split during subsequent fabrication steps. Rather, the
term"split-el ectrode"” also applies to situations in

o



el ectrodes 720A, 724A are active in harvesting charge
from piezoelectric portion 700A in quadrant Q,
el ectrodes 724A, 728A are active in harvesting charge
from pi ezoel ectric portion 704A in quadrant @,
el ectrodes 724B, 728B are active in harvesting charge
fron1piezoe|ectric portion 704B in quadrant B and
createetlre% ehﬁ ddceaﬁtl bl&%éﬁ bRhfi 66@“(513 Bt ihd f;h)%'f:é/tﬁﬁtst QmQQIQEQ&chmg away
ezoe rtion I n quadr ant
a portroeaxﬂ sﬂhyors'eﬁm; 60é| te ciento degwmAan@ﬁtthe beappang| te cigalg tth%‘leparatlon
betweg% ?Ifyeagilagzﬁn n%gregéezfe)ng : \}gkﬂgglatzegzg c clgn?]i)hl%gn gf the wafer. Again,
examﬁl@@oﬁ quncZMﬁst@sfth‘ao nam:eulsccaio neaki bllﬁl’ﬁh b@a‘[ GQOGiSQJ‘ﬂelSSY itied below in

f charge cancell ation as descri bed
conneﬁﬁ‘ﬂ\/@t Eﬁ%?’?.lﬁa‘dﬁ@w@ 6, bi norph beam 600 nay be

provided with contacts 608, 612, 616 correspondi ng
[0038] es pﬁeﬁemngltg Fi@ 7e hlebalsoad EIG a(yeﬁler Iap@s inglpded m@gmﬁrch beam 600 of

oSG BHERS B8 435, LSRR RS i Ao S2pht

electrﬁ&ﬂ llaﬁﬁ‘ﬂh@ﬁhdm sreechhdtmgnlz(tmgtayshm)%ase[ 1@&36]38& prdvided for use in forming
errln

coviog G AL 5160 LEroBDD D bLATRG. e OdRt NRR dEOHR ol sice-

electrbde Ta}xe 7b@ arprod?didaofslcrmﬁ@nﬁwaya 7po Gf/pxdelded s pactevaed drdeetched to

t uni ng of bj nor ea 00 and also to incre
oo s o AR B G RS R S arescng. 1
prov1@€d092fch JRIS Sl RERK TA0A TP EctPilRH dhefbe plateddila, capd&ﬁtlne whereynefirst insulating

t her enbodi nents, nore than one Eroof mass 2 O4A-B
layer ﬁ%wﬁedhe felecis ahiBr Eagiforand Piss PhGCTIIEARE GREIC (DB 7
act as tﬂ@otﬂ %Q Pg%a@ptxéﬁaltsﬁg%ﬁcé&iels h&sh - D' e Adde otk sultable

read | eci ate, binorph beam 600 can be tune y

condumwg/mn@nalnyacb ﬁgarmonﬁ@f the @atqlaﬁmpn%ifabﬁ‘éﬁ ighiygtoglectrode

I as a stress
ert T8 ISR 0Reb S PRSI o by
compehsatielaper (e xenpinsate/for Miraskes égBiess)in binaplnbeng @0 bylpgher layers during
fab %ﬁoof mass(es), if any, the location(s) of the proof
NEHY (es) on the beam and the materials used to nake

the beam [0037]As nentioned above, binorph beam 600
[0039]s rdnle spesifiegllssithiicobutiaie megulimiing, exeippler the wariopy fayerg of

blmogﬁl%ﬁgrggb&%c At a(rgig g IhF gvﬁvég%gtgg%%gg[ﬂgggﬁﬁﬁg falcRnesses: base

layer[TB2 tsaeth@aial d))ddd af\iee silichQyafét @04 hnenglethickinese df QA chre elobteale

e S TR SRR Bl R S0

alumﬁﬁlﬁnﬁtride VRINY @5/e kL gNOhRIEs 6 POuint elactokle tiybi T iis aViedayer
to create a cavi

624 bepeath b t
CAUECRE IR TN R T

electp)@@[E(yéth@ s 81118 rlay’eﬁﬁaﬁz[r%'a\l MicReHs A6 pofitst @Rulafngtiher 736 is a
waf efr. Again, exanples of fabrication steﬁs t hat

PECHD axsledaonarities BINBpA bLAT 180G i aelerpisayas 3ty an Mo layer

e SBRASH o TR b R R G S PTG D e

thickhesy of &8s | Qfchstirse.rin bthﬁmrp‘wdtfe%ﬁ BoaimensionimsyBmn iis connection,
it is Irorge% tHggxg?l%%& Anﬁ)éﬁhe %ﬁ s Fb% e 'ﬂ strgti\fescthd l:zﬁ‘lsﬂél 11?&«‘:2@81 or

an op tional ect e layer 740 and
decr@mdo Fdr emmllemncregsmggh@ rvolmm of l&‘é@H gyteqf thegresgent dlsclosure such as

in formn v
PV BE P b o3 st ELE b Bl tad B s oliage depends only
on thickn@s @id Bagthiof the @idzoﬂedtrlsllaykﬁése)L gat fiff dode corapedy the4Gonace frequency
provi ded. Side-electrode |ayer 740, if provided, is
patterned and etched to provf%e optional side
el ectrodes 740A-D that may be used in paranetric node
charge harvesting. |If provided, each side el ectrode
740A-D acts like a charge plate of a capacitor
wherein first insulating |ayer 736 acts as the
dielectric of the capacitor and ones of piezoelectric
portlons 700A—B 704A—B act as the other charge pl at e.
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[0039]In a specific illustrative, but by no neans
limting, exanple, the various |ayers of binorph beam
600 are made of the followi ng materials and have the
foll owi ng thicknesses: base layer 732 is a therma

oxi de of the silicon wafer 604 having a thickness of
0.5 pm electrode Iayer 728 i s a nol ybdenum (M) | ayer

hi cknes m l&

coul rgmgwqxgaweﬁiu%bﬁl ere dlf %fsAIieﬁD Alcgévgl%clg avlﬁ%ljéés?n%tﬁé@ilurgg 6f a PVEH
unit 10 thalfeQepibdidéstbips earebd ﬁ&mateﬂ?xfbm gsiagle Mafdr,aylmmctraasmgghgcost per

t hi ckness of 0.5 pm piezoelectric layer 700 is an AIN
die. | ayer having a thickness of 1.0 pm electrode |ayer

720 is an Mo layer having a thickness of 0.2 um first
[0040]nsu |Iﬁlfs klag nbtay that (A8 B)catmnaaf IEEWDamx 7 thecandry edjuﬂad/umgldaiown (relative
to FI‘%}Z}J@ aixslgn]%hﬁ: ngesrﬁfg\?f vgni)lh AP Selrr]sg glg 1%'0 8 gg ?or cﬁ%%that the
angleﬂ%ﬁi@ﬁtﬁlld df&‘pllﬂza&lbd’ﬁ@c ﬂ)(ﬁy@fs T08A-B,9 O@A-IEE(ﬁ\iBubchmtly dg{wslted layers is

haV|n I ckness o copl

mere ﬁ‘éﬂf g1 efql}glgd?cﬁgﬂg?sdﬁg%owp% sﬁlit-eﬁectroctle Slucture. In other

embddRAERE tHeSangldd sidewhitd @ bt Biadhinalell by bileddoe Sﬁa@m‘bnate fabrication
di mensi on used herein are illustrative

techigeh G5 SHLG FIREY SIS POREHBE Y0 14T i a}ﬁﬁ afd ke overhangs

756, Y68 thAR.rOf1sRarlMEH o8 ﬂie?aﬂiﬁ:ul’hhﬁblﬁ’&aﬁﬁﬁ Pocékk asddosur e, such
as PVEH unit 100 of FIG 1, will increase the output

wer__and vol tage Ithough vol t a e
rooafiny CiavBe e T gD S RBbBa & RERFEY UGBt P pvEH
beanY&J0, FIG. @GR GRS k ﬁﬁ)hbﬁrior‘pﬁ QerkiO8 GOABLRCH ki B N&Yseddin FIG. 8, when
coul d remai n unch ang or be altered |f deS|@h @
moneinesih heen $Q) i MaARiedPnERmetBICTsTal It MAdepiyEg same;fgbrication
procdsBita fbﬁn\f@?h PRAE R EGPS 287, Rendmdiph Géhﬁgbofrﬁ@rﬁc&:omtmcted very
si ng F thus increasing the cost per di
s1mllpﬂﬁ)!t0]1mprnh§>e@h§60 nideweyer, fizgtea ﬁéhqveftgarwwwze@e%%kamf 700,
704 @;f(l}s-])) agt% th?&rkl&ﬁoﬁedﬂaﬁg ﬁ}%n 4P, 398l n%%oﬁﬂh@e%%\')@ of I B Gas only a

esses of the various |ayers,
single lp1elz$el@:|ttmiamt8% arfdor pagt crelectyodeHaters $08, S?cpaedivishiag e pjegoelectric
zoel ect.r | tLo % , FIG. 8
oye SR LSRRGSRy 08 08 TACTBAMy (elagye @RIG. 9 50
as totﬂii@um tﬁhlrﬁtglohﬁqihrdhﬁ]nge genfsaeds Bio, 1820 nlmtgcztllyeiecoupled from one another

for t}éenrﬁysgas ?%lté Se&é‘lﬁt%iggtg er }{,%?]Vﬁg{ugcef{f C arge f%om tpattaﬁietricqggd% excitation
of bARPIORP 1A ﬁtﬁseexﬁ@prel faddntntal &@Bl{alnéﬁ.l@@xtatﬁﬁi oeam inhike ZX-plane, and
relatively w.de sp aC|}$ bet ween t

paramggic Rt EVAISE PRI EHGS P30 PIPE0 At WAL 18 PanaIp fd fthr g, 6 ana 7

Wltlptfhe Eﬁlﬁtl ftléy%i;kl @ﬁ ff(ﬁbg 120 &ﬁél@iﬂ 6ROAGHS §1ek@e%imc poruon 804A and
er eas 7 illustrate an exanp

corr@pmrmkscgpdqs 08 ek 1206 énq:wvekﬁ%@%@m%’slwﬁﬁ rign Sbaifane
h version 800 of such a beam As
Conésgl)dﬁ%ﬁ%é%:%dé mghogggéﬁononor ph beam 800 i s made to the
same rnicroscale and is made using the

sa
[0042hbr i E@@Y%cl]@rgﬁccéé@aétloawmlwwleﬁ%ﬁ?%6%4“@& eeding in the ZX-
plan@ e ?uckf]&gé%%? E&Waﬁ&ﬁ%y%@s%f%ﬁo%rﬁ%%%@@ h@EhYRh Yo that the entirety
S|m bi nor ph beam 600. However, instead, of
of thamzn@eqtmmlamré@@em past sidecor |thpyasihes of the nem@hbf(rxﬂrr@awy heaw which the
tr 7 738
slotybl ¥ ST & e P e Jr s Sffer S ing PR PHRC BRAPERIR cnirety of
piez8E&tianidya 8P4 wstnafne@bldrct p@@te'elyayeapgmém 3811121r to blmOTPh beam 600 of
sandw chi ng the piezoel ectric Iayer t her ebet ween. Each
of these layers 804, 808, 812 is "split" horizontally
(relative to FIG 8) so as to provide two nononor ph
charge generators 816, 820 elléctrically decoupl ed from
one another for the reasons di scussed above rel ating
to the harvesting of charge from paranetric node
excitation of beam 800. In this exanple, fundanental
resonance excitation occurs in the ZX-plane, and
parametric node excitation occurs in the YZ-plane, as
|t d|d in blnDrph bean1600 of FI GS. 6 and 7. VVth t he
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pl ane, the thicknesses of the various |ayers of
nmononor ph beam 800 are chosen so that the entirety of
the piezoelectric layer |lies on one side or the other
of the neutral bending axis, here to which the gl oba
Y-axis 824 is set for convenience. In this manner,
durlng ZX—pIane bendi ng, the entirety of piezoelectric
FIGSS$l ﬁﬁu{ %"r%é %an%{aghﬁlﬁghiﬁlpg%ggled?&cglé é(%@h ¥ aQ&dQ@gy?‘%:ﬁhgt?lgg)élayers 804,
808, @mehdt atélars 16j $20ilia opioppsat sdtsraf thel nayiesl astszihqrégla%flo?éeﬁ 826.
by spllttlng | ayers 804, 808, 812 so that stacks 816,
20 1y HBE R b @her@¥|Shd tﬁheﬂ“)&d end of
100470 8k, BBBR T by B il PP g g erel i o
moncelluep}t bdaoed00y(sceifdd. G, wvhinheramhoded ito ey ‘tahélchPf)@@’éﬁ%‘ﬁ%mn of
REAT.R 8 fi¥Rah 800'3&H be provided
mOH%OﬁQ‘TaE’: %Oﬁp &5 04N (re?/(%? §1§26\ni3 ?gTalg% %E&E # mononor ph floe provide
with bleafca Gﬁl)tactga(s;otmlywe] ieatmadesiBildAe Sectiited nontmﬁ}%oé% 616 (FIG. 6)
bea 800 &gy be provided with electrical contacts (not
of birgy manner similar to electrical contacts 608,
612, 616 (FIG 6) of binorph beam 600. [0044]As with
[004at]| norppmlﬂelamoﬁmaqeamtﬁﬁ@nmrpmom@(ﬁoo YRRy h[hlm/@rlvg?liaw%m addition
ers in egt C Bal 1 Tud
o iRy e Tetipa Bikrs S0 RO RFL B e SLACLUAORY lyep include
base ﬁa@yﬁi{% dtrﬂﬁitlbﬁkﬂ fiast raaatih@ipeder 8828 oqmom;a[bmri@n]attr(fdp layer 836 and a

i nsul.atin e optio de-el ec
e ek RUE 8 B 300 30 SR LT EEh PSR omort
bean} $0034Rd PFdvided & biniedry bhre f@rseeRsS 6USHU Hist ﬁlmﬂzmngﬂmrr&ﬁph provided if

opt1cgggr1rc]1e§q1$c§rggq ],s}g{f%\élﬁ ?ﬁi%oxﬁg%;lg :Sg%%eqtrgﬁeg}ag%ri%aé,d? gli,kO%Ide(iL is patterned and
etché?ﬂ% gﬂﬂlﬁie o?hgt?ai SHeGE RS d3BNED 11B8tal Be Peeavh ﬁeﬁﬁ’metnc mode charge

rode | ayer 836, if provided, is pa rned
harvesnag el oreitled eaph 50¢ dlectisde B asfsdike aicBues Bteof tRcir. wherein

AREL thE cAPAitorGRALRSR o ple¥Rsdciritg .
{hmI$9$u§§¥ggg3y§gg%t@?ggkelectroggﬁs éA—D acfspllke a
ponlowé Phettae thofother clapgechlator Optignat ddgeleqtiodes §364cP #ay g made of any
QEla@to electrod
sultag%ycondl*cgvel: rg%t%é gsiltcltrx Psgangl oor%%: ?g{}]lé 'rrfséte?falstnl&‘ﬁtlgﬁfgggét)\tﬁe gt he? electrode
layes1720 g7a4p’128toé bin@pph loraal 609icd EF1E@S.écnd Gd Sscdd druptinglpyge40 is
T e
in blﬁ{ogi te@@es0b ay ethsr 13?&5 duiig, fa&‘ﬂ:ﬁtum‘f Ih ItkHDC)phip[re first &@0sednd insulating

and Sec nsul 840 | V|
layegs 832, %p&feeqﬁlqe\s éorrngg By pg a&c S hgxégca V(%lprp st?uo% (PE@@D).
| ayer to conpensate for stresses i nduced i n binorph
[0048Bam ﬁ%pb&ﬁetllmeﬂradva,yﬁxt By tlaimeang Liveitng, caamindcn the] varipgs lgyers of

mongglgrnggl)g%gg § e 8§ %ﬁ?gr;lg) | r?éﬁlﬁtgﬁ%g d }h ee%[h% é@?o%lr&%éi%kncsses base
layeFI §’J§Boi§ h&ﬂe@rﬁal(o?ﬁ@\é@he 0&1@9145&11hdd)n&va$¢)¢&bfﬂl@$ id dndStandtitoompanying text)

no nmeans limtin he various .| aye
havigg & HESIORBOB R OL B ABIOIIRIET SR 2D1e HESTBT b A RGeSt 1.0 p
pxezgﬁ&ﬁﬁé ﬁg«% 8@@@ zﬁ%ﬁ hi® hh@hg ledkﬁeés lBF ¢ RNEE SRSirodeas@r 808 is an Mo
layer hernal oxide of the ori \ﬁé Sl|h qﬁ
layephdving § @@énqss efs) 2 gy fight Ms@lAnElaYs fph 1%&1 Q¥ifle faxgrfgying 2
thlc?netsb&fqﬁ?@ﬂssu?g elg%xgdg 618332% {08 leiy@b’ﬁivn%:laahicﬁneﬁﬁoﬂ\@l pm; and

pi ezoel ectric
secdndym%nlaﬂﬁ)gﬂab’g &4 i P\Eq:‘é?év(mé&b’ieﬁ@avﬁlgtﬁh@k‘?f@%%f o3 iy, @f course, in

othele n}n(tlz clrljlglgrtltg ? %m‘%}{s%n 1%?? vzir | nSM?ed Y 8hri e ﬁﬁ aﬁgled sidewalls of

ating |ayer is a
PECVD oxi de | ayer havi ng a t hi ckness of 0.2 pm

side-el ectrode | ayer 836 is ad M | ayer having a

thi ckness of 0.1 p.m and second insul ating |ayer 840
is a PECVD oxide | ayer having a thickness of 1.3 pm
O course, in other enbodi nents, the dinension may

vary. It is noted for clarity that the angl ed
si dewal | s of



pi ezoel ectric portions 804A-B and subsequently
deposited layers is nerely an artifact of the etching
techni ques used in formng the split-el ectrode
structure. In other enbodi nents, these angled
sidewal | s can be elimnated by sel ection of
appropriate fabrication techniques, as can the

p1ezoege§:|6r?ct a;% ¥ ?(%n% SM&I % B%ﬁﬁs@%lfg&§ g@%g‘itetdh%/egs"i@ né?e@;cﬁargﬂa@t of the etching

e over an S hat” are al so artifacts
techmqﬁestubcai ip aantmmgmha splftﬁmcirmsuoﬁulpr dretber ahediments, these angled
046] Tho | ,
s RIS RS 3 L000: TRRATAERL B 00 Gl
wide dphﬂﬁg Behwb@ﬂh& Gﬂfbta@ks FIGS0 Hdaholoverhangs Hds848attatare also artifacts of

P I n, addi ti on, nononor ph beam 800 may be tuned
“mfmﬁHWaf RESHOAPEIC P dsShance response using any one or

nore of the techni ques nentioned above relative to
[0046Di NOTdugh @arsh6@ . ménwntongy heatnt$0 pry arrdudeiope ppgere proof masses ina

S A R P S

monorhorphfbet @00 ﬁﬁgrbé amsdifar ﬂgldamsruhist@nancalrdsyonse osiaganyl aae or more of

the te%{g?ﬂsﬁxé%glg%#ngé] %’j\ﬁ)vg reg%lv)ﬁ tgﬁlﬁmﬂi‘ 63512 lagt?réqer e %aramelmc mode

respoft@d$ loH6hb1PR bedm BUIN@ADE Plhed B tvdidyﬁa‘g elic e of tBé)@ldth W' of the beam to
descri bed above, upward curllpf t he beam ?

the thigknesg & qf thy beamr(@ssAmingd e RYPRIALLY Pl BE P ‘8?13 SYPPEHE

descriBERBRY i REQEbE Gith IFEG | A8 kheBREmpihRi Iﬁlcﬁdﬂédkt ags@ation ef
controlled to be within tolerable limts

monogoprhotaniilares bease PR dnyeiebed pbovesURTET G EH Tt Rl ¢ ‘Eﬁﬁ‘?‘b‘??%‘é &y result of
stramqﬁcglcgj mFﬁ% eBp@tish of theSealnsSid AREANE Yayé B0 'Iins @uﬁmg Qan be
e presen @ ? pi ezoel ectri'c | ayers 750 704
contralfeg 0 be. witksin delerablf limies being PRI Painicgs. Jt rﬁ@sted that bimorph beam
b pibfdate GPRkB8USERYEO700, 704
00 SRATLEREP bbb ien b G Secuhetyuo o, 104
oppodieatdes sifXbaslitpantr80Qisol08FI G 8, and |ndeed an entire
m croscal e PVEH nodul e, such as any one of nodul es

[0047§O4AF?G§) f Ff’ ?ﬁ! rgte gtggs tﬁat A béﬁ%@ t@@tgnéa@ LnicPAbale Bantilever

ilicon’su 'S provi ['1con substrate
monddhzpHTBly EFPAiGH bmlyn swohsts hbang B@Qatvftl%lﬁl nmémée%dﬁn qyéfs‘amcroscale PVEH
pe.and do t e
ool BB ug G RO A Pt s Mond 2Py PP o1 2Bl o
substla®y®0? 19 Povided.r Sitipabstiace WAsway layenrsy (3@&1 ofierfeqt@n aad any dopant

e BEERSEL sy Hen PR s TETHALSE, FRBY B R L3RgBfe bsmen

Base {56P06%brre Pt th BYRMa RAB 2SI FIE, 8, fe@lﬁecﬁxamahé, as hjentioned above, are
grown thermal silicon_ dioxi

|
used pioifeipriersdar @eating hecantioyn gt gfd*&lp@& (Pl 7 BBesgr a9 can e, fo
a (FEGHRKEH] 2) a6 e Qﬁ £rRinfRal
exa ye Sﬁgffmatﬂ&% %)r\{\/\{/-&sntd:ess )égllézl) cicgn (ﬁv %h gn| % ride ( g&;rl\b/
depoéfu&q @.PCY 1 of plasiBRSEhan 8T VB QPECHD) HiteddragidedBiDy, X Lok or a low-
des of silicon substrate 902 to balance thin-film
stres§§1ﬁ@ﬁl&1ch[nﬁlﬁéﬁIS&Nﬁt)ép 3908 HFB@sc 18Ry 0@ candearovidpdde bah gides of

is deposited via s ering or evaporation on one side
Sﬂw%ﬁ“@ﬁﬁ%ﬁF@?%b§@§eﬂ%ﬁhgp er 910 corresponds to

el ectrode |l ayer 812 of nononorph beam 800 of FIG 8.
[0048Y St@tp;te@D@S (BIGRDEY, Q&h@ﬂﬂiylct:Qlan é¢poSiled viisspuBEoO®R) dr eghporition on
one s?(?eeof\cé{llgjs?rat% 90% uBl%ta ﬁlyer 918 corresponds to electrode layer 812 of monomorph
beam 800 of FIG. 8. Atstep 912, a plezoelectnc layer 914 is deposited on one side of substrate 902.
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The piezoelectric material used for this |ayer 914 may
be, for exanple, any of AIN (deposited by sputtering),
| ead zirconate titanate (PZT) (deposited via a Sol ge
process or sputtering), polyvinylidene fluoride (PVDF)
(deposited via a Sol gel process) and zinc oxide (ZnO
(deposited via sputtering). At step 916 (FIG 9E), a

The p eéoe?ecgrgggz}tgﬂal lJ?eYl%r tﬁ& ﬁayexc@lrélrrﬁ fyr Elgantqﬁe %h? 6t ARH@eposited by

beam 800
SputtedEQOEBd gidovita tw;lput (lbiﬂl") idepo $1teéwwo$<ﬂ1g¢1mﬁocefwcﬁ9‘}‘ﬁfm%)t ep
! t eposite
pOl}IV][lléSl'ldeég bﬁ%nge (%h/sﬁg&g«ﬁsu? 1? { hS'oP%/e? ghq%gsg) Jm?l A Jxﬁfer@g@) (deposited

I C pat terni ng
via sph@eihg). qAtessep HGAFIChER), atsemedi mgs\il hagerdd lﬁectorlemhdl@g tajelgetrode

reactive |o step 922
layer %98&61&118’6]{)? é)e'fuggg %}J-i:lﬁ} | 1s d%p0ﬁ1 eél vlﬁ% sp%g éré%g O%Q)la or t1on
dry RIE. If AINis used for piezoelectric Iayer 914
[0049%nd Nbstes9205E 5 fo5, saemd imekad jayerd 18 iopatemngd, far ggemple, using

photoﬁﬁx}:)grsagl'&ggz‘l th ¥rﬁ1régo Iﬁglt?% s gg |1% gh)ela R %%Eﬁ\\ﬁ%%t r@%ﬁ:&? ﬁtg/ redeflve ion etch
(RIE)P &AL kP BEMGIGf oGt @Bzc&%trlcslawt 914a|s echglusorg atwr:ttets;é og@dp RIE. If AIN
etch_and t

s wsof R RS AR Rt WY Rl oy onOrRe S5 B
hydrogcf@l@ Rod! pebc¥i IchiSbduisgi| inghik eghe) tat plidtaresittgnae ahxiwn)ffroﬁi @Spatterning

of step g2@géﬁ’@aquj§1¥q§éo gle\]é}lf Et€924dot§1 b’f\cyof ﬁ}%l 1qyﬁrs%|ljig % is us%(} Qs a hard

mask e?&mlcﬁesl Aberd)aéBd i 1n NOHUSEFoikithe 43R4 At highkghtQ@P6lative to each of
(F a first ger dielectric 9

FIGS bk pbmv’@s At fep PRAEIG Dy metehigyeray s e Bt NGRS dry RIE-

gtfokg MustSriieposi ted. Dielectric 928 can
Inthe%@g%“or exanpl e, algep03|ted LPCVD or PECVD silicon

oxide (SiOx) or silicon nitride, ( o
[00504et alAs stgp 820 GG - aiTHBtaPRST digRelis ?%@r 'Y}glﬁ}é %‘%/ngcfr% ﬁéferg insulating
G} WL g0tsRBposhE® dbRLeS ric ORS 6% be, for example, a
mﬁ“ﬁgégﬁm fﬁﬂigﬁhggmébne |fsa ggdlcated EéCVD systemis
depogitee LPEND drRECYED silicomedxider(§iGoionsiligan tirigh (SikNe)- npipichilyy metals are
paoi nt of tungsten and M are high .a
not i {ptan P CYE eGP fp mefa) ok €Oy

Howle£ li€Gh bt Gord4Ba H&dich@RaFC VD! s;&fbnb@ﬁalﬁbd&lnd (e rﬁ)eftal&nﬂb&tgmte is high
902 to balance thin-filmstress. S

30
(he Dding PainIGY curgpeh T Mp @B HCAGRE Tling BBk 65 dﬁ@ log kg i
exam?fecﬁrsptgpﬁlgele&gg 934 fsfdeﬁdsﬂé‘d &l Bk sioskess ’bulfs&ﬁté 0P @ hiange thin-film

ectrodes 840A-D of nononor ph beam 800, of
stress| AR, st 93P €Fle Pﬁgﬁqgtwm@eiect@ﬁf%lﬁ swh%ﬂk ‘éﬁlggis"?etffﬁf‘ @r R
can be performed. In step 932, a netal layer 934 is

[oosge Poﬁﬁ&ﬁéﬂele&&ﬁe@&@ PRb&Hdingi (8 si8P bledtRIde NP0 DY ammabnpn Beam 800 of
atterned and etched to formsjide electr

FIG. $38: befirfg }Ep‘déede Pﬁtmnﬁbiﬂ@s%@églchr%) FRt beegngdg In %‘?H‘e‘% gmetal
layer%g 1S d %Qﬁ{eii %16 §%6v1a %é}gte% %or&%n dnd gtlﬁen I\Eattemed and etched to

réspective teps
formrseiemkactwdbe I9§/8 Iéslée electmdqa%%are mes I ifadgsteri2rand figher sigps 926, 930

of Flgiﬁzéll('ﬂ_%égé %1504%% 94 o ofH1Ys. & it R/P?esgécgvé&'a% elfrhated.

‘ar e or me , a second
Folld:l\ﬁﬁlg?ﬁle dorelaged of @degaﬂeﬂ;troddﬂl%&, itoyg 95;;5(94@ €FIiGo 95k 86N dFIG. OM) are

i ns tin ayer 840 of h b f
perfqrglea %bg? 9994{(9 X Eicgﬁl%l&pﬁ‘ %1”]8%&@ \x%nc%%&gs%gn(% to Fécg;hd ﬁsulatmg
layer384© o@ﬁlgh&lﬁoﬂjiﬂﬂ)&fm gd;(‘,goﬂTiHGt 8, gm@oatmdv Didledtit 94\4@% be, ffmregample any
er dielectric n,t exa
A Y
902 to bal ance thin- f|In1stress At step 942 (FIG

9M, second upper dielectric 1944 is etched usi ng a wet
etch or RIE

g)gtv»t} Seltrtpirorc]igcts’ films.




[ 0052] At step 946 (FIG 9N), electrical contacts 948,
950 and interconnecting wiring (not shown) are

provi ded. Typically, though not necessarily,

el ectrical contacts 948, 950 will be alum numwth
about 2% silicon to inhibit electro-mgration due to
el ectrical current flow Contacts 948, 950 and wiring

upper g%}/egp tﬁ% gs (J(eg ngtEd bRbof é;ﬁg?(l)fesubggﬁéte@@ ReBa1fhcP th% aIkab. At

oration of f process or
step 9@@@1 NP Recped aper diclcomic At isspbed vringyyvetatd C\Né%iEet ch
or RIE. At step 952 (FIG 90), a proof nmass 954 is

[()OSZI:3 gst%f’éﬁQFﬂ} D) ¢ r&a%&@g 946236 hAd inYerconnectmg w1r1ng (not

ating i's t st nethod for achievi
shownYBteqiroviéqdo Sliypicels thquglu het np@mg@lsofeleat@édtcoqt@ctﬁ%?g 9%@389{ fbe

orat i
alum"ﬂ‘ﬁ% Hﬁ’tg‘%%‘éi% silicon F(gxél:ggz]\t £ e'ar %ﬁg%g 60t {Uﬁﬁé Ql@%t%@zﬁ c%n?e;rﬁ flow.
Contapts ©¢811950 and ®1rmg rmtaylbe\pmw@éaﬁw @@Slpiles by eitheans gh{otf) mstpl deposition
902 to formth
o B3R HE B LIRS, GOl e, o
step 952(#1@39@}1 gtplfdolﬂ waksase 1$)ﬁ>hhef wHinpR smtabletmﬂnpth thtmraﬂ}'gﬂecthlatmg is
on n i [st d e 944, . 928
the bepRGPL RGO P B B B Nl 3 el £ PR 100 i
Evapdrtiughimfebetthioks 20 sé at fiwuthder si de of the
frontsi de base | ayer. [0054]FI GS. 10A—B illustrate two

| ternati s. of rele S|n
oosef ; ot e SRt predis Thedflc Barkh P38 bicknga fom
subst@te®ID R fokh @t dah@lefrerrom thisi edemplé dahtﬂembemﬂwg& is tf(atrhé using a
than fromthe backsid SCr,

backque@leajp methed [ﬁp@n@b{g\s paétegﬁnigl aélgﬁt ﬁgxgt 1}f8bgq1 secé(%n X %rstt

dleleoQ&rsfﬁﬂ g ahd 048ktiBEbAsE RYer W6dad efen p€oratisenddey RIEODRIE) through
forma cavity 1004 beneath cantil ever beam 1008. For
subsn@;@aﬂ%n@thegn@qrg@?cpfﬁbe ontede BSE YR , such as gaseous
xenon fluoride (XeF2) or sulfur Hexaf | uori de ( SF6) ,

[00s4jhat prEghes s ilvsea thSﬂIe[‘rﬁﬂV@ﬁibdhydsmﬂrelét@&@ t]mqirecairstoastkucture to the
ot her material my used, In thjs

cantilgyey begm, botvinyelying Fﬁ‘ﬁ“t“g fromahef fa'&\mer?ébé F‘%B'f fatﬂ}?é qr“P trgm the

backs?&dﬁ i&qt §ap BédQMgﬁvetl@ 40 P08y FlGIt10ANE siGédH ibtroplc¢dhde performed
tlon or wafer-scal e packag |n8 and a bottom sto

from theeltont side dfgheizsserobly |1ﬂ093t|0efv@h% FaYHY U@ beppash papglever beam' 1008. For

ove - st r ni n of t b t
I it A
chaﬂh&iﬁer{g& tﬁ% eEc@l@QﬁhQn 1%2@511 ut B&% nbf fRcleBHerGhaterial may be used.
|'ever beam 1008. IG 10B illustrates

In thlaﬂﬁkh)e mefhod, rdasnt;d H)szmdyddmoﬁp -arel-drprgl moyveniset gitlecfigesnd of eantilever
beam 1%%8 Cb%lg Ehle cav1ty prov1des isolation for wafer-scale packaging and a bottom stop that can be
useful in preventing over-flexing (over-straining) of the beam. In this case, some upward curl due to
asymmetric may be desirable for “tuning” the range of motion of the free end of cantilever

beam 1008.

[0055] FIG. 10B illustrates another frontside method of releasing the precursor to the cantilever
beam 1012. In this method, instead of substrate 902 (FIG. 9A) being a conventional non-silicon-on-
insulator (non-SOI) substrate, an SOI substrate 1016 having a buried oxide (BOX) layer 1020 can be
used. In this method, BOX layer 1020 acts as an etch stop to precisely control the depth of the
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beam 1012. In this nmethod, instead of substrate 902
(FIG 9A) being a conventional non-silicon-oninsul ator
(non-S01) substrate, an SO substrate 1016 having a
buried oxide (BOX) |ayer 1020 can be used. In this

nmet hod, BOX | ayer 1020 acts as an etch stop to
precisely control the depth of the <cavity 1024 forned

cav1ty§t(}%é€o?ng(§ a4 opéo%r %c%tl:{hﬁ:% ﬁ JnPk b ﬁtdg1 e%tS@'s%tr% 16fd. As with the

e net of FIG 10A, a
metholilo8 1G;. ﬂQAbQﬁ%@tlﬁer&qhaﬁtumh asggyass o, XeHR, tat eBHgs silicon
that etches silicon isotropically but does not atﬂﬁch
curl due to

isotropitfyrbuprgges mpgqttaﬂgvhgénqggr@é ma)qgf, gsedt Blsre @Snsémﬁzmla
asymxﬁ«ﬁﬁk #ge HQia5Y BB i Rkl o @kibRbf e fred endtofRhrmigever

ge of ‘notion of the free end of cantilever beam
beam 10I2. [ 0056] Whil e the fabrication techni ques of FIGS.
9A-P and 10A-B are directed to nmaki ng nononor ph beans

[0056 58 \Xé1 A0%e tAQi2tiof REELESNMGRLUES-PGAD 10-- H ﬁﬁdlrl:qted to making
ed for 8ﬁ8dUC|ng bi not ph beans sim ?
monomoqmrqgmnb%&nl 192, thegedechgiqupgicap be F‘B‘F%S’(’ﬁﬁ‘iﬂeé or pradygipe

blmorpﬁ 30, R h L Q&o@@pbe%hcd@br&g FRES @neld TeFal exlaﬂ)éﬁr ra%&;han patterning
rnc

|ezoe ect er 914 and first netal
and et@ﬂl@g a¢coscl epel 82O 918205t pezaclesiclogs 914 pod frst ]na%‘{ laxﬁft%ﬁ) at

steps %gf gf %g? LRI glggf ggt e’ %Qie t1tﬁJn of %%Eco"fm ek Pay SR step 916

I 'nst sSeco zoe ectric ayer not
(FIG. SEpWisteal utsecad p@eqmm@inﬂgyetr énq!J sleoyoe beteorespondipg:io pPrygelggiric

t.hj

layer Eﬁ(} (Pfelglboﬂoqnﬁ 6 t]?l&d ¥er éaléqa%/og é}}o(w%_ g& c?ﬁ%lpﬁm%boce?gtrode
layer A EPSSFIGET) @R be h@osmadmmdhmaﬂd thetgldnyeln b¢foree>00@mlrlm\mﬂhéle
depoq\;mtlxgngifté"gset g\g%ep t | Orb2g,g_asflrl1_tﬁt§é] 9&16? (ﬁ%&(e}?éclﬁ }Iﬁ%ﬁ € et&%‘%ﬂﬁtﬁﬁ with the
third FR& fabradd é’éds B@\V@ lfo alﬁtdlnblﬁlgéfeﬁﬂgun&QMydrﬁ}O .aRgking this process, it

i ncl udes, rst neta yer . | | roce
e e R GBS LM SR P SRS BBy iRy to balanee
stressgé gl &ohhbicangAs d&%8d anckcbagg. | ayer 906 to ba| ance

stresses and control curling as desired or necessary
057] As mentioned abov a PVEH un
[00543ccor13esan@@owdml?0@oﬁ8é@§ww g eSOt pngpts igglpsed above

may Bepus@ﬁ‘}h Ay o2 a V&idegbiappfic PR, ieRidingnGireldss @dn@cﬂh applications. FIG. 11
W rel ess’sensor applications. FIG 11 |IIustrates

illustenasrap leagnyplowy mareless scaatid PO HEOOMPRAES AR PEROVETE Supply 1104 that
1nclu§e(1%§§k?ﬁgp§it PG hatSY Eeéug é@&nﬁlﬁ%nétﬂ@h&d@&)@ff’hﬁﬂommfm 1.

|1 S genera simlar construction to
That umPVEmltdﬂomr@uda_s a HThlatltY of grampEmopiiopn) afgEME Hewo(é%t S&OW“)

Alth@}gg \Rﬁg dho %(P’t &Og:r o MPSay, %ﬁ!ne@ﬁ‘ﬁmc&éanﬁl\@ {hRRBsi kN8t to groups 200A-E

not’’s the groups may, but need
of FIGORAnad eshaf tHe)PMEbd:aquanUIe for prkdnzple, signilgr @dp@og)@@p@rE6OO shown in

2A and
FIGSEQ&‘H‘E (‘}gr mQP‘?Pﬂ‘P‘BE %?aén (§ xg/gi(? ga hggﬁe)g\z}ﬁﬁe Pt\@EH unit élOS has
PMEXm¢ h@find MR A qRihg manrgssm&dsrhmmammﬂab@nb@i auome te&ntlge to FIGS. 4

and 5;‘%5&" SW@‘Q/“E § %g%“i’ %‘ﬁ”@gwfdﬁ}??tﬁmn her' g es gérﬂlggltr%}; By In

FIG.N18! @b 1i¥&1ined FafBB-ardidanHied as 9B st 011, oagtond tenel16 and a third
t bandw dt h of the PVEH d
e e e e G SRR R
Bl,l (]jgg nﬁltB:g farll(? gorraegpo%dlfng respec fe df'ffle;llag pﬁarﬁgtﬁg %dé ﬁreqlgeﬁ&@s 9}';]de9, Vpa.
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set 1120, and the sets have correspondi ng respective

differing fundanental resonance frequencies VB2, VB2

and correspondi ng respective differing paranetric node

frequencies Vpi, Vp, VP2 [0058]To optim ze the

performance of power supply 1104, sets 1112, 1116,

1120 of Iike tuned beans are electrically isol ated

ro ano [ a [ [ tuned

o058, [0t Sinfgr b RETARLRL LAY TN 8 [0 b o ik
beamsfaikd J:ledlﬁd:aﬂilgésoﬁmit frdm encsanbh2rysingl@fabla @letl‘éﬂ’l‘éfcéltr}’d sushas, for

rec S
exam@eetct)xércjsp?xgis Ibg respggt&vgﬁa%flﬁée recgrﬂ'{eerén%l?él g]!u ;2? ?123% FH%F@S/ HloU€ rectifiers as
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006§Th g r cﬁ{iof}fﬁlﬁ& %%retlésg %@&‘ n‘éﬁ%ﬂl 1% mAhReRlesk tlﬂukaﬂhdy bfikensor

erstan hat each transducer 1
nodeil 204dcCrand @ch:rmal statiph 1268. anleré pneere9desy 204y in this example includes

a starec{;fg %g)}ée/ﬁ{/ é)g'\% @Bgl&%ééés hah r@cc’lgé( Erﬁrgxg{llgt% angbrbg?l}ls@fl 00 of

FIG.[10060hFsleamAlZ, Sehdomsbdeaﬂé@/’aFvwayeble@9®1®eqd§@rnmﬁém@ﬁsk‘”hefeas sensor
1 t hat incl pydes luralit o : ;
nodeeﬁggg max be Ic%rrsugfegt And Tf&gte fn ﬁ%ggﬁé%?@%ﬁ%gé%gééa‘ge@eraﬂy only
colledtd @4 Awpstred dtS arRMadPhids it [Eéllhdﬁ&loﬂlesn(ﬂh(ﬂaﬂcb aeinfeiEedAEH
power supply (not shown) and is simlar to wireless
sensor 1100 of FIG tl. In thts exanpl e, sensor nodes
1204A-F may be considered term nal nodes, whereas
sensor node 1204G nmay be considered an internediate
node. In this context, a termnal node generally only
collects its own sensed data and transmts it to
ei t her anot her node (such as internediate 22



sensor 1204G) or central station 1208. Dependi ng on

whet her the network is of a push type or a pull type

(and/or for other reasons) a term nal node may al so

receive information, such as a pull request, from

central station 1208 or anot her node, such as

i nternedi ate sensor 12040. Internedi ate sensor 12040,

0 9 ' ol h a Padh@ype or a pull
sensof 040 Fo e <LRBF IR SR Wt D R s fbype ora
type (aeliirifed otmr adaba@ny) a@@@mal'ﬁh)ds |ay Risp Feseive infermation, suchi s IﬂL pull request,
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sensot nzouﬁe og dn:tcehdr hafd ib h@ltmeailsmosll roddsg Hatwihery fRVESRY@ERodes 1204D-

F, andes[em Eﬁ; ﬁ%:ﬁ %OQC%H fsaﬁ f’]ﬂjgf 8 ossoegse 3led E)notgg %t]é g él?@{i %%nderstaad how to

configufe deRgor A668MRAIY-Gpd derdml stgson 1208 frl profeeopenadiwnsit e dougyxt of the
t hose ski | t hat v i.ous changes,
sensogs podesihg W§g%ﬁﬂ3ggﬁﬁﬂWB%%g¢ﬁ®m%@t A¥%% that which is

specifically disclosed herein without departing from '
[00611] he Epém;i»lt\ryanﬂo&mpte ha)\fe liehmedipdesé mbovierané Aiviswated in@retaccompanying

rati rvester..c C1 ST NG
a2 g AT o T RLRY YA S SR s
additibhnay B mleQp it whish isaspédifidilgantiabedhestmaniomt ficpadgingricyn the
in a first bendin dlrectlon that is a function of
SP““§%1%”??§H@%@?§%t@? Dsectional flexural properties
and a paranetric node frequency in a second bendi ng
di rection perpendicular to said first bending
direction, wherein said paranmetric node frequency is a
function of said transverse cross-sectional flexura
properties and said transverse cross-sectiona
flexural properties are selected to tune said
fundanment al resonance frequency to a first desired
frequency and to tune said paranetric node frequency
to a second desired frequency, said resonant beam
i ncl udi ng piezoelectric material for generating
el ectrical energy in response to bending of said
resonator beamin each of said first and second
bendi ng directions when said resonator beamis
vibrating at said first desired frequency and said
second desired frequency. 2. A vibrational energy
harvester according to claim1, wherein said resonator
beam has a | ength and said piezoelectric material is
di sposed along said length in a manner that said
pi ezoel ectric material contributes to said transverse
cross-sectional flexural properties.
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3. A vibrational energy harvester according to claim
2, wherein said resonator beam has a first bending
axis for said first bending direction and a second
bendi ng axis for said second bending direction, said
first and second bendi ng axes defining first, second,
third and fourth quadrants such that said first and
second quadrants are opposite one another on opposite
sides of said first bendl(ﬂ,t I s and said second and
third quadrants are oppos ‘% e anot her on opposite
si des of said second bending axis, said resonator beam
1. Af vibiakienal ieneytamestdri cabprisecond, t hi rd and fourth

S e T B S R R

t hie§haRdtbrdq@biidyln @ URsibamdifg ddectibn iddisad fuactiin d:f R&it @yinsverse
harvester according to cIa|n13 mhereln a firs
poressoctimak AparalipEonseies kg # pAABEEICiPagde; fEeapereiing second
beﬁe‘f’(ﬁﬁlﬁ dﬁ?&t?ortf ﬂgtﬁé&dﬁﬂgr %%MS%&H&&Q{%&KQPGM&C&%W d
porti o pi ezoel ectric material [ ocat ed
bepansretris aiode fieiveacrisc fuoctiontofehid ctltarlweﬂg CFOSS-SGCAOHal flexural
wh@r%%tf gsn%d &arjtd%ag%(veg%gc\{(gsé-tgg%a)%glcf?etxﬂral gro%?rtfég erg%lde‘cted to tune
pi @fdfheghéntsl ré@h&ide Meqadney scpaﬁsd désimmﬁ(aqmmyl amdt'&rtumersald
opposite sides of said first ben % axi s.

vi BHAPERAI0dE HEARICH I Y isPRe dSHEGHETHRCY 6a‘é|r%ﬁ°ﬂ’i“t§ beam

f Ut R@In g%@&ﬁélb&h@ Shatdriafl fotﬂ g@r@atﬁx'g’@lé&trﬁ!a?&tef@qﬁﬁeslpeﬁs@tt@ dending
on opposSing sides of said first portion of said

pi efsesl resnaior beann by ¢agh ofsadd Best ind seerddeeniling|diseetions when said

d f d i
o1 iR OURERRER, FURRAAR Red RARREMA MaBBng gesird

seffeq@ngQrti on of sald pi ezoel ectric material and each
| ocated in both of said third and fourth quadrants 7.

br atj onal ener harvest e
2. KitbrdfoRersdeimy SR eafaeepbiE o ShiBia b ikRa e R hes
18A SIS Eﬂ@ﬁﬁﬁ%bzﬁ)efﬁcﬂé@ﬁﬁ&@h%%o‘i@d Qoh{ﬁ@d fength s @inthnner that said
resonat or beamin a manner that each of said flrf
rieroeleetric niterial omiripuses tolsaid tapsesgaEoseBeRtions) fleguraf properties.
sai d transverse cross-sectional flexural properties.
3. /gwdf%at}/dngl éﬂét NalveSRELRYrdR ¥ REHA, ARERIMHaRbrebdhal BdM has a
urt nprrsrng a fitth electrode | ocated
fixst wading aamdotsqaabf@dt Yandimg dirgétipnfand atseennd bsedibgaxis for said

SR A ] PRl LR AR TR i D R i

andffbiiret qurarantsaclothasaidifipt ﬁii@ebcﬁmtc[uladramtamombsne&me another on
| ocat ed. bet ween s id flrstg%nd fifth el ect

cxBeaIRcH 5o o I Pekl P Garieerand ARG dfediets Bre opposite
rﬁ%ﬂhﬁgr W&%ﬁﬁ'ﬂe s?@éSQ)f Gy Eédan@[iéhcﬁﬁg(é)@s 84i8 6dsbRA&Sbeam further

ird porti sai d piezoelectric material is
mbémgd‘nrstjmevxm theali atidffmfrth"ﬁlmﬁ@d%ﬁtpéwﬁl fedne eng aoeher apdlogated in
fourth ort i 0 0
e kSR RionBEb ol FRQ 5B b o BRLEH B tpuddPangs.
vi brational energy harvester accordlng to claima8,
4. Mreﬂldnasaiedgyfhar%teaacbogﬁn:gmcblqjmr& wdesiaa Erss partiew of sedth
one anot her a ai hird and.fourth rtions ar
Spselarroran e Bruthbihve SaLET e L RalldsoTs AT a second
partish oPNAHiBHeRSirR- makhial A 1EDERBIRBE saRNAITEYnd BB STcetrodes.
according to claim9, further conpr|5|ng sevent h and
ei ghth el ectrodes | ocated on opposing sides of said
first and second portions of said piezoelectric
mat eri al and each | ocat ed i@4both of said first and
second quadrants; and
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ninth and tenth el ectrodes | ocated on opposing sides
of said third and fourth portions of said

pi ezoel ectric material and each located in both of
said third and fourth quadrants. 11. A vibrationa
energy harvester according to claim8, wherein each of
said fifth and sixth electrodes straddles said first
bendi ng axis. 12. A vibrational energy harvester

according to claima8, further.including hatvestin
5. A gibrioneleperey hendaet ssarmagmslim dap e e HinCiy sgrond
post@difd of kdi8 biez6@6RIEmatehblrale sfa0etl frbm ohk bhdiharnad dppudite sides of
el ectrodes and configured for harvesting said
saigl firet hondige a¥lter gy from each of said first, second
third and fourth quadrants independently of one

6. AMNRLDRGE entiy HArdEsRE ARG toRMEMGY fliteY esthgisige cor di ng
to claim8,“wherein each of said fifth and sixth
6ftb ond sidelictrodésdpestesoratnpaging sides ¢lesaigh firstgrortéqn of said
resonator. . ' ; i | .
o MHOSFae? REfleT o B MRk Ao BE i fick Bhdhe b il
cramg-sectional flexural properties. 14. A vibrationa

Focofpd e bl oas Betd PeBe R as e R ogsid

enefieRbeldai¥ afdt&ial REFEucH 1di8tel 0n BdtRioMsald thiddiednd ifsurthajuddrants.
fundanment al resonance frequency is in a range of 30

liz to 1500 Hz. 16. A vjbratian ner, arvest.er
7. Agdstiiahgnerey st aecordipiosH VTR ROR S T, second,
thi@%ﬂﬂwﬁ‘@ I BIUENE YishSsell Blofg 5AD UM of3RidEsohRoBntih.a
. vibrational energy harvester according to claim
mafer W eahrof said d‘lrstmdméﬁmél angd deytheptectroflescepnBibeies fte said
100 Hz 10 Hz . 1 A vi . Qnal energy harvester
UHSYEPUR &s'iesﬁ%l?agiﬂre%%%l, PR gﬁ%i n sai d fundanment al
resonance frequency is 120 Hz 10 Hz. 19. A vibrationa
8. /enibrgipnilanvgythervesiecacaiding to olaoh & further aeherising adiihoelectrode

QG REDGF BBs T F o e T Bt 8b Tt Qe Barharihtectrode
1J¥RAE between, and spaced from said third and fourth electrodes, wherein a first portion
of said piezoelectric material is located between said first and fifth electrodes, a second
portion of said piezoelectric material is located between said fourth and sixth electrodes, a
third portion of said piezoelectric material is located between said fifth and second
electrodes and a fourth portion of said piezoelectric material is located between said sixth

and third electrodes.

9. A vibrational energy harvester according to claim 8, wherein said first and second
portions are spaced from one another and said third and fourth portions are spaced from

one another on opposite sides of said first bending axis.

10. A vibrational energy harvester according to claim 9, further comprising:
seventh and eighth electrodes located on opposing sides of said first and second portions
of said piezoelectric material and each located in both of said first and second

quadrants; and
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11.

12.

13.

14.

15.

16.

17.

18.

19.

frequency falls in a range of said fundanent al
resonance frequency and 8 tines said fundanent al
resonance frequency. 20. A vibrational energy
harvester according to claim19, wherein said
transverse cross-sectional properties of said
resonat or beam are selected so that said paranetric
node frequency falls in a range of greater than said

fundanent al resonance frequency .and | ess, .t ha . .
DINSNGEH el ITARY RO LRy 8 fSufh portions of
Vi gt 1i053R]ec 81 8 @okidD Bhd @h BScaRd GR bethIdg sdi tatdaind f@yrth
wherei'n said transverse cross-sectional properties
i ncdugdients. wi dth in a direction parallel to said first
bendi ng direction and a thickness in a direction
Adh iloﬁeg eh&g§ fhdestECRBSIRGRS bR i WR&GEInQ@Ach M@Tdefifth and sixth
sald wdth i's in a range of said thickness to 8 tines
elsatiades stiacldlve said fip beding d¥iaat i onal energy harvester
according to claim 21, wherein said width is in a
AlAOR o erilﬁré)phe??vés'téffﬁécoﬁﬂhg tdf (hiGKE §8Rher Zludthg harvestinff’ circuitry
vi'brational~energy harvester, conprising: a group of
inpAecariel cormmomidetiennaith exth EPME) fipit,szowidetird; fourth, fifth and sixth

vi brati opal .ener. harvestin PVE .
AR L e OO ee e e p B TP mbed et frst
sdcuidl aRRNARI foanll gRalkaEhatmendads of eseaaiierf r equenci es.

24. A vibrational energy harvester according to claim

23, wherein each of said PVE PV eans has . .
AN PRSTHG BEVBRRAF i B T4 bt IR T g i and sixth

ellfei:t'i&fes %m@@&fmgn%’éaﬁf-@ﬁ R OF §di (RbRASTHRAR i hakiBer that each of
ocated on opposi sides of said paranmetric node

sdié fifthragd sistit elegtrodsd epntritmites 40 gaidh fransveisa rrogyageggnal flexural
haryvester according to claim 24, wherein said first
pgw%%%%lectric/electrode stack includes a first
plurality of electrodes and said second )
Apvibmdeha ehergy haivest¢rraocieding se klainn2) witkeein said esongfor beam is a
lyraljty of electrodes spaced fromsaid first
C%Fﬁ?ﬁrb?%tof el ectrodes across said parametric node
bendi ng neutral axis. 26. A vibrational energy
AEbMESHA en@g ) BaEENE decordingitereiadn 2ywhikrein said foddaofengbredonance
PME PVEH beans is a binor g pi ezoel ectric beam 27. A
ﬁ@ﬂﬁﬂﬁYﬁUﬁéﬁ”&WéﬁéQ}HéPJé9$ % according to clai m 23,
conprising a plurality of groups of PME PVEH beans

AGEEnA Qﬁér?y? RRNEitBhcE&aRRas tMBn dF f\liRdiéingaitl fiidagental resonance
wherein said differing tunings include different

fifequetaprismingl rangesd FAAELo2584lzenci es and di fferent

paranetric node frequencies. 28. A vibrational energy

g f b8 dcforRlRiItIcRIm 19NGEELR sRBgSndameR@l #sonance
1%?¢¥§§éﬁfngggggﬁgﬁtéﬁ'?eé%nancénfrbqueﬁcfes differ by
ftegsancy aH)029z H0 Heom any i medi at el y adj acent one of

said different fundanental resonance frequencies.

A vibrational energy harvester according to claim 15, wherein said fundamental resonance

frequency is 120 Hz 10 Hz.

A vibrational energy harvester according to claim 2, wherein said transverse cross-

sectional properties of said resonator beam are selected so that said parametric mode

26



20.

21.

22.

23.

24.

25.

26.

29. A vibrational energy harvester according to claim
28, wherein ones of said different paranetric node
frequencies differ by less than 25 Hz from
correspondi ng respective ones of said different
fundanment al resonance frequencies. 30. A vibrationa
energy harvester according to claim23, wherein each
of said plurality of PME PVEH beans has a fundanenta

resonangce, frequency. and, a anetric.nmode freguency. .
froqUeRR S i raREe h TR e eE BT 1 TR
fuRdaméhidl ir&oRdce Mabu®gr gy harvester, conprising: a

plurality of differing groups of parametric node

enabl ed (PME) piezoel eciric Lbr%;i nal ener
Ayihrgtéona] engrayPaLYgstep aceRrdIngoe Ay s&’?*aretﬁ Sr%‘ﬁ?%lj“@%ﬁﬁé

se@fiénal gﬂ‘%&gi% 52l PreBHaM? Blark hRGE b ko fRARSHEpArh@Biic mode
correspondi ng resgectlve differing sets of fundanental

frequeénqafiaHsrat  jang eaterglavesaid fupdameniad iresenargp freguency and less
vi br,at i onal, ener ding to claim31,

mﬁ%i@éFﬁwgaggﬁ%emg%Fgg%éﬁééﬁgﬁﬁgﬁaiesonance frequenci es
in said differing sets differ by less than 25 Hz from

Asalbratidraheteengntza estee sovadicg tof dl@ o vdgrdimsaagh{ransverse cross-

I fmedi at el y adj acent. .one of said differi LS4 .33
semrLp oL Binkigy aPUse Al Rubartiel st BTepfaigg dredhon
aethikRes9Mes dREctRaipdraflalrta REit Kednibelihg dieteeon,ivaserdin said width
~said differing sets differ by |Iess than 25 Hz from
isdp A ranee OheAit frckasssde Sitirees spiddhisknessi d di f f er ent
fundanent al resonance frequencies in said differing

ASEbStionabbnerdy NArDEsAl la8bRdin £ REEIS DR FINRFRiPSai RAI RiiAg rirge of 1
claim 31, wherein each of said plurality of PME PVEL-1
topkamss $aadthickhessdanent al resonance frequency and a

paranetri c node frequency within 25 Hz of said

ARHagQ&EEEﬂﬁggﬁéggggggmgﬁg&%gncy. 35. A vibrationa

energy harv cording to claim23, wherein each
a gfoup aif gareivEt \Ebd drmabisd (FAIE ppipzoetastriorvibrationié cisgidi ng

neutral axi d includes first an econ .
pssaiet VL Pdeant F T sl e B BERRA s o specinic
S| filR@nthta$ ahdpdtahafietnidde résoaat hegetino@s.neut ral  axi s.

36. A vibrational energy harvester according to claim

24, wherein said first piezoelectric/electrode.
A Yibratigad caerey h%rffes@?r@fe%ﬂrﬁw Qi b ste Cagha! Se GV PVEH
béﬁﬁ&!ﬁ@_a@ami@&wé Gl Gl RsaxataAa kndliieh Beke Sndscsepnd
plurality

of el ectrodes spaced fromsaid first. )
piekzorledtiit/glegfodelstacks lodued eicorpssitesides g arid petapicicypere bending
bqgﬁin? neutral axis. 37. A system conprising: a
"B &F'Pty of plate-Iike piezoelectric vibrationa
energy harvesting (PVEl-1) nodul es each:
A vibrational energy harvester according to claim 24, wherein said first

piezoelectric/electrode stack includes a first plurality of electrodes and said second
piezoelectric/electrode stack includes a second plurality of electrodes spaced from said

first plurality of electrodes across said parametric mode bending neutral axis.

A vibrational energy harvester according to claim 24, wherein each of said PME PVEH

beams is a bimorph piezoelectric beam.
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27.

28.

29.

30.

31.

32.

33.

havi ng a peripheral edge and a pair of prom nent faces
spaced from one another; and including a plurality of
paranetri c node enabled (PEM PVEH beans, each of said
plurality of PEM PVEH beans: having a length and a

pi ezoel ectric material disposed along said | ength; and
bei ng configured to harvest electrical charge
generated along said | ength fromeach of fundanent al

resonance excjtation an rgnetric nmde exci i Qp;
AiBrao sary e anE Bl 9B HEe BoRnf FBLALL Shrgups o
PMEPNYH bt haQ g BReipdediny ire\’iﬁa:tﬁ'b difkiring tadneehéreinfsaidm
PVEH st ack of a PVEH unit, erei n ones of . sai

difemg thaies fghds dgferend jﬁg@é@pmawégon@pcesféqo&elbqlgta@g|diif‘§eéent
J&ﬁghggggggglkgggsone anot her in said PVEH stack. 38.
PeK syste ordi ng

m acc Ing to claim 37, wherein said plurality
of plate-like PVEH nodul es are bonded to one_anot her
Aijvibratidngl ¢EgY hanvester a@ording ©ydaimm7awberiet angs posadd diffgrent

3 wher ei n_sai ' trerd n i
roprmg g P By R el e U sl 28 B B oty Bty
adjdc@ntedé caitl diftenent dinulamentatiesdnanceolpsjugn@el acent each

sai d peripheral edge so as to create a hernetic sea

bet ween said exterior and said i i I.o0.
ASJaramrkan Ry 1o ol B, BheRln d9 5P Ko
pRMEEiERebde E%qadiRics e bly ¢eb than Q6 Hiefedre dotrespomtingirespdugve ones

via sai d stacking schene. 41. A systemaccording to
ofcsai diffagnt tyAdaasnial SeroRansyBIgAYNSeR has a stacki ng axi s

al ong which said plurality of plate-Iike PVEH nodul es

AR GraBsBE Kty Bt chid? WEdr Gh @ eKclAiRtd Y Whe@ir ¢dck bf edidlplurality of
second ends spaced from one another, said PVEH unit

frlgaugep%wﬁﬁfndﬁay rs?dlai?]lhd el ?és@vz&%é fefiiblcpodul €

€s Ci'Tcuil el ectrical communication with
said PVEH stack. 42. A system according to claim 37,

Antiemgonal sxirgly RPAEStarndéompristigudes el ectronic circuitry
I ntegra t.hereinto.for harvesting,t | s wihrat]
(. t. I
oSS SO UEE B G PR POk BV goions
S ain@rgh IhdFvabtidgy( PYE D Ibai8s, vHeeiPsdmtdiffaciug @oups are configured to
harvest electrical charge from corresponding respective differing sets of fundamental

and parametric mode resonant frequencies.

A vibrational energy harvester according to claim 31, wherein ones of said fundamental
resonance frequencies in said differing sets differ by less than 25 Hz from said

fundamental resonance frequency in any immediately adjacent one of said differing sets.

A vibrational energy harvester according to claim 32, wherein ones of said parametric
mode frequencies in said differing sets differ by less than 25 Hz from corresponding

respective ones of said different fundamental resonance frequencies in said differing sets.
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43. A system according to claim42, wherein said

el ectronic circuitry includes power rectifying and
regul ating el ectronics operatively configured to
rectify and regul ate power fromthe el ectrical charge
harvested fromsaid plurality of PME PVEH beans. 44. A
power supply, conprising: a plurality of plate-like

pi ezoel ectric vibrational energy harvesting (PVElI)
nmpdu| es, each:, havi n
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beans, each of said plurality of PME PVEH beans:

fresmgnaygvishin & gizref seid fwdamé%blrewaﬂ?ecfr%%% al di sposed
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35. A% lﬁ%‘({n%lpé'}!erég%ﬁga@tegﬁé%ﬁﬁﬁﬁt@ RiRNg, §abdinl @B9bMald PE PVEH

eac fundament al resonance ex0|tat|on and
bepaus hnet piremawidanasiediending oentral axipymHnglaies fsiasdisesong

pls%?gijegﬁlgzj ro&é’ stgcks ﬁ’%c%{e oln'olﬁg f\é'?HeEfo’ (f%r%{)/%ﬁg %d@’b&mmg

eV 3YAs H st ack,
nédher&isd ones of said prom nent faces of adjacent ones
of said plate-like PVEH nodul es face one another in

PVEH d I fyi
s6. Adfegisna el i tesPhrea | B LR pbibeth R G

pnvidete@tg@/dlelswbué M?&l@lnalﬂgesraﬁl@@i ,ama?g/ @emnmmans said second
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|ng to c further conprising at |east one
el ectrical energy storage device operatively coupled
37. A syseal, domptisiagie rectifying and regul ating el ectronics.

a plurality of plate-like piezoelectric vibrational energy harvesting (PVEH) modules
each:
having a peripheral edge and a pair of prominent faces spaced from one another;
and
including a plurality of parametric mode enabled (PEM) PVEH beams, each of
said plurality of PEM PVEH beams:
having a length and a piezoelectric material disposed along said length; and
being configured to harvest electrical charge generated along said length
from each of fundamental resonance excitation and parametric mode
excitation;
wherein said plurality of plate-like PVEH modules are stacked with one another via a
stacking scheme to form PVEH stack of a PVEH unit, wherein ones of said
prominent faces of adjacent ones of said plate-like PVEH modules face one another

in said PVEH stack.

38. A system according to claim 37, wherein said plurality of plate-like PVEH modules are
bonded to one another in said PVEH unit.
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39.

40.

41.

43.

44,

46. A power supply according to claim45, wherein said
at |l east one electrical energy storage device includes
a supercapacitor. 47. A power supply according to

clai m44, wherein said voltage rectifying and

regul ating electronics include a plurality of
full-bridge voltage rectifiers. 48. A power supply
according to claima47, wherein said plurality of PEM

PVEH beans conpr.ise differin each_cont ai ni ng PME.
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second pi ezoel ectric/electrode stacks | ocated on
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wirel ess sensor node according to claim49, wherein
A J% By VEHpRoner supply includes a plurality of
ﬁ%iufégﬁggch Havﬁ%g a plurality of resonant beans and
orderably of plate-pkapiatdeleptristvibretonal eergnlaivesting d \EH) modules
plurakjty of nodules lie along a conmon plane and sai d
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P and
including a plurality of parametric mode enabled (PME) PVEH beams, each of
said plurality of PME PVEH beams:
having a length and a piezoelectric material disposed along said length; and
being configured to harvest electrical charge generated along said length
from each of fundamental resonance excitation and parametric mode

excitation;

30



45.

46.

47.

48.

49.

54. A wireless sensor node according to claim 49,
wherein said PVME PVEH power supply includes a
plurality of resonant beans provided in a plurality of
sets having correspondi ng respective differing

tuni ngs, wherein said differing tunings include

di fferent fundanental resonance frequencies and

di fferent paranetric node frequencies. 55. A wireless

sensor node accordjng to clajm 54 rein ones, of .
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fundanment al resonance frequency. 58. A wirel ess sensor

AW Elppl yCRABY i tB Gladin BY Ufudthéd donipkisis laBle@S né elbadital energy
nodes according to cl ai m 49.
storage device operatively coupled to said voltage rectifying and regulating electronics.

A power supply according to claim 45, wherein said at least one electrical energy storage

device includes a supercapacitor.

A power supply according to claim 44, wherein said voltage rectifying and regulating

electronics include a plurality of full-bridge voltage rectifiers.

A power supply according to claim 47, wherein said plurality of PEM PVEH beams
comprise differing sets each containing PME PVEH beams of like fundamental resonance
and parametric mode frequencies, and said plurality of full-bridge voltage rectifiers

corresponding respectively to said differing sets.

A wireless sensor node, comprising:

a transducer for collecting data;

a wireless transmitter for transmitting the data to a receiver spaced from the wireless
sensor; and

a parametric mode enabled (PME) piezoelectric vibrational energy harvesting (PVEH)
power supply electrically communicating with each of said transducer and said
wireless sensor, said PME PVEH power supply configured to scavenge vibrational
energy in an environment ambient to the wireless sensor when in use so as to generate
electrical power for use in powering said transducer and said wireless transmitter

during use.
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50. A wireless sensor node according to claim 49, wherein said PME PVEH power supply
includes a plurality of resonant beams each having a parametric mode bending neutral axis
and including first and second piezoelectric/electrode stacks located on opposite sides of

said parametric mode bending neutral axis.

51. A wireless sensor node according to claim 49, wherein said first piezoelectric/electrode
stack includes a first plurality of electrodes and said second piezoelectric/electrode stack
includes a second plurality of electrodes spaced from said first plurality of electrodes

across said parametric mode bending neutral axis.

52. A wireless sensor node according to claim 49, wherein each of said plurality of beams is a

bimorph piezoelectric beam.

53. A wireless sensor node according to claim 49, wherein said PME PVEH power supply
includes a plurality of modules each having a plurality of resonant beams and ones of said
plurality of beams of each of said plurality of modules lie along a common plane and said
plurality of modules are securely stacked with one another in a direction perpendicular to

said common plane.

54. A wireless sensor node according to claim 49, wherein said PME PVEH power supply
includes a plurality of resonant beams provided in a plurality of sets having corresponding
respective differing tunings, wherein said differing tunings include different fundamental

resonance frequencies and different parametric mode frequencies.

55. A wireless sensor node according to claim 54, wherein ones of said different fundamental
resonance frequencies differ by less than 25 Hz from any immediately adjacent one of

said different fundamental resonance frequencies.

56. A wireless sensor node according to claim 55, wherein ones of said different parametric
mode frequencies differ by less than 25 Hz from corresponding respective ones of said

different fundamental resonance frequencies.
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57. A wireless sensor node according to claim 49, wherein said PME PVEH power supply
includes a plurality of resonant beams each having a fundamental resonance frequency

and a parametric mode frequency within 25 Hz of said fundamental resonance frequency.

58. A wireless sensor network, comprising a plurality of wireless sensor nodes according to

claim 49.
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