1 ANTENNA DEVI CE The present invention relates to an antenna device
constructed from pi ezoelectric materials for use in wreless

t el econmmwOeativiemsappl i cations. 5 Traditionally, antenma3/dBwivisosshess

t el econmuni cati on have been nmade from conductive wires and connected to
transceivers to transmt and receive radi,o waves. Resonance of the
conductive wire, so a half wave or quarté‘r wave spreads along it, gives
efficient electromagnetic radiati omm%n at that wavel ength and at
ot her harmonics of it. 10A signifi ith current antenna
construction is that the dinensions of the antenna nust be conparable to
t he wavel engt h of J.t}?'ge el ectromaﬁ;neti c.waves that are bei ng receiq\;ae? or
transmitted by th REEERl YYERTON dglaiasclP dneftPBRRFHNGe: CORRIESISH {RMs mal |
wavel engt hs theodrRirRf mhRlidRdoc@isihrwiFdi el Brhrilimt fRhrdgpicatRhsenabl ed
provision of relatively small 15 antenna conponents. However, for |ower

frequenci s and | dredtionalyepaliegpas for wiklgsmialecommenispijorihaye bapn mage

produce ant e?ﬂ&ﬁ?.c\ﬁﬁ&&é(ﬁv@r\ﬁir&é):gﬁécé el @Nfraiciiats écp%ra%isﬁl"rll Aid Yo for
certain applications (particula p
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riy ere signals need to penetrate dee
under gr ound radio waves. Raserancetod the ngnductife mire, anteemibiwavakeguarter wave
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reduce the waxekRngtrharaf aicsthenmaroainicsrofaind accept that transm ssion of the
wavel engta may be i npaired b%Bﬁlarri ers such as buildin nmount ai ns . etc.

| di ngs,
There hatl besn s QURGELRBREN oVl RUTeRt ANMPTa: SORETUGHOBCLS AhetaHie

consi der al t efriahdiyr®s of xhel estbhh& ahusoBst Estaparabld & tREt RAVASHgtRUSH tiRs 25
pi ezoel ectric resonators. However, such antennas have had intrinsic
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provi de an antenna for wi reless tel econfruni cation, the antenna conpri ses:
the wavelength of communication and accept that transmission of the
wavelength may be impaired by barriers such as buildings, mountains etc.
There have been some suggestions to move in a different direction and
consider alternatives to electrical construction for antennas, such as
25 piezoelectric resonators. However, such antennas have had intrinsic difficulties
in terms of their connection to other components of the transceiver systems to
which they may be connected. When piezoelectric resonators are reduced in
size (micro-nano) in order to obtain GHz operating frequencies, this coupling
problem arises because the supporting electrodes which the piezoelectric
30 material is connected to tend to damp phonons and electrons such that the radio
energy fails to reach the receiver.
Accordingly, connection through traditional electrical components
provides extremely ineffective coupling, as the components damp the vibrational
energy of phonons to the extent that radio energy either fails to reach the



a piezoelectric material |ayer, the piezoelectric material |ayer bei ng
formed such that when an el ectronagnetic wave is applied thereto, the
10first pwezodlesissi c nmaterial |ayer is excited at the fPceqBntyosef3ot he

el ectromagneti c wave; an acoustic cavity layer arranged to coll ect
the acoustic energy received fromthe first piezoelectric layer; and first
and second el ectrode | ayers positioned oif either side of the acoustic

15cavity layer, .the electro ers .bej apge er el ectrical
enorty 1o andriish Bolh e AR pE Tl b P kucd ARt RRVLESIL 7 e
cavity | ayer antenna. TReefresaitl iviverition eekzoel @crcorme maésy aad dilagreprobems
arranged to iovr}ec[)i at | east part of the acoustic cavity layer and part of
the first el &4M%98dN¢ RYratpreferably, the acoustic cavity |ayer al so
conprises piezoelectric material. 20 Preferably, the piezoelectric

material |ayer conprises a |ayer of nanow res di sposed perpendicularly with
respect t® the seddAtishiesQue problemeg assogiatechyyih thepprigrarh s prespat

Pisefzng'migt [):c EnVERLIEH i_ﬁrbvi'glé éﬁrmgnﬁé o r\ﬁir&éé?%le&{%nﬂﬁ iBiLC tﬁ@vzir{té(nd%yer
quartz;” and 25the tirst and second electrode layers are forned
of gold. Prefcempbbgs: t he acoustic cavity |ayer conprises: a round thick
support |ayer; an% piezoelectric material layer, the piezoelectric material layer
being formed such that when an electromagnetic wave is applied thereto, the

10  first piezoelectric material layer is excited at the frequency of the electromagnetic

wave;

an acoustic cavity layer arranged to collect the acoustic energy received
from the first piezoelectric layer; and

first and second electrode layers positioned on either side of the acoustic

15 cavity layer, the electrode layers being arranged to transfer electrical energy to

and from both the piezoelectric material layer and the acoustic cavity layer.
Preferably, the piezoelectric material layer is arranged to cover at least
part of the acoustic cavity layer and part of the first electrode layer.
Preferably, the acoustic cavity layer also comprises piezoelectric material.

20 Preferably, the piezoelectric material layer comprises a layer of
nanowires disposed perpendicularly with respect to the second piezoelectric
material layer.

Preferably, the piezoelectric material is formed of zinc oxide;
the acoustic cavity layer is formed of quartz; and
25 the first and second electrode layers are formed of gold.
Preferably, the acoustic cavity layer comprises:
a round thick support layer; and
a co-centric round thin mesa region disposed in the centre of the round
thick support layer.

30 Preferably, the mesa region comprises a first and a second surface, and
the first and second electrode layers are arranged to cover at least a portion of
the first and second surfaces of the mesa region.

Preferably, a further piezoelectric material layer is provided on the second
electrode layer.



a co-centric round thin nesa region disposed in the centre of the round
thi ck support |ayer. 30Preferably, the nesa region conprises a first and a
second suwbaoen/1353%d the first and second el ectrode | ayePsTarB20HVOSE83ged t O
cover at least a portion of the first and second surfaces of the nesa

regi on. Preferably, a further piezqgelectric material layer is

provi ded on the second el ectrode | ayer. Preferably, the further

pi ezoel ectric mateyjal_,lay i s for of . zi i.d ] . Preferably,
the antenna furth rréf%(rﬁ.%,itﬁéggrﬁéqreoé%%éeqqcﬁn%?eé%ﬁLq,ygf %ﬁ@%@@?ﬁ’i ZP&OX'&
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10The present invention also conprises a transceiver for wrel ess
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invention provides several advantage ve e prior art. For exanple,
traditional dm diteciscurzard eléctidndielshis widet Hortuse the resonsat ditgiqeeney phéhe
wavel engt h of &Fﬁ el ectromagneti c waves that are being received or

. an a; , . . houlh .
transmtted Dy eém By using the present invention however, it is possible
to produce a sel f-contained radi ofrequency chip which nerges sen conductors
wi th nan g\n re array ant ennas. The%rﬁresent invention is Reref.ore usef ul

g

20 t
in a widélrange of NEpHIeeElti SIS cHISGs CRIISehpfi UANPSHET aldl MEFIPES

phones. The psles@hinuhygid, ARe WahbcdigareatRhiprittndd an tantaHrar inyadesedamce vith
applications which require relatively | ow frequency conmuni cation in order

to pass arouddY RhHhaREEeRRI R PEers.  Such applications include G obal
Positioning System (GPS) in buildings, mners' radios, divers' radios,
submari ne radi os,

As will be appreciated, the present invention provides several advantages

15  over the prior art. For example, traditional antennas have dimensions which
must be comparable to the wavelength of the electromagnetic waves that are
being received or transmitted by them. By using the present invention however,
it is possible to produce a self-contained radiofrequency chip which merges
semiconductors with nanowire array antennas. The present invention is

20 therefore useful in a wide range of applications, such as WiFi applications and
mobiles phones. The present invention will however be particularly useful in
applications which require relatively low frequency communication in order to
pass around and through barriers. Such applications include Global Positioning
System (GPS) in buildings, miners’ radios, divers’ radios, submarine radios,

25 hybrid antenna and transceiver chips and miniaturised Radio Frequency
Identification (RFID) chips.

Moreover, prior art nanowire antennas have not been able to efficiently
collect electromagnetic signals at their acoustic resonance frequency, as their
supporting electrodes damp phonons and electrons such that the radio energy

30 fails to reach the receiver. The present invention solves this problem by
extracting the vibrational energy of the nanowires with a second piezoelectric
element before passing the signal to the receiver.



25hybrid antenna and transcei ver chips and mniaturised Radi o Frequency

| dentification (RFID) chips. Mor eover, prior art nanow re antennas
have not weenizlsbaset o efficiently coll ect el ectronmagnet PCTAIBINAEISOSED t hei r
acoustic resonance frequency, as their supporting electrodes danp phonons
and el ectrons such that the radio energy , 30 fails to reach the receiver.
The present invention solves this probl e by extracting the vibrational

energy of the nan t p C f SS|ng
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will now be d@madmedwpanyuhgroﬁeéwmgeae wildchi:he acconpanyi ng dr awi ngs in

whi ch: ﬁe l1is a sq@g&%tlé dlﬁ? €n1of a transceiver %ccordance
with one enbodl meht9We 1t ife B 'RYERL P ﬂtra@ﬁF%]We'”?qcer ”E%P"f'

schemati c di 2eidiraERvf Mgk plRBefORGEAtdRE I on of an oscill ator cont ai ned in
the oscillator carrier of the transceiver of Figure 1; igure 3 is a

partial sehematic FiiRr%ath 3 RN GCARGRHE diaraR Foving t'&%ﬁ@ﬂﬂﬂdﬁt'%rpf@n an
osci |l ator %g&ﬂétﬁﬁgor'ltﬁmteﬁ‘?n ﬂﬁa%ééll $ S cafdr i Bhe ﬁén% ReP¥RERUR ¢f Figure 1]

and 10Fi gure IS a graph show ng e e ctrlca aracterrstics of an
antenna in accor dfrrgleevﬁ tih aopertlehisotlemem difgrame sipoweise mndtherevievonf the
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enbodi nent of e presen inven ranscel ver conpri sés an an?enna 9
in 15 accordﬁnﬁe1man@ t he present |nvent|on mhlch |tself conprises an
oscil | at carrier qq an osci || at or The E% s connected.t

i

processor”7, by vvgﬁué? dS FHeP Y"l“ﬂﬁ@? ehecér '%ﬁ%frarSantreHn%r”Her to

ef fect uat e r egefrdbnce wfth@néle@rﬁ@dumamcbfbwemeafmaerﬁfmul ator 3 and a | ow
noi se anplifier 2, in order to effectuate transmssion of a signal. As wll

be appreciated, Figure 1 shows an 20 exenplary transceiver in accordance

with the present igygal @Bres ?s é‘é‘la{d ﬁrg SrefShsciVer 1URARELEIAREe WiR orfd1®

pr esent invention can be use r transmtters, receivers or
transcei vers emho@rmemwf|tthm$enmeemtlome'a'haﬂrerc¢1mf qontyises kovantennary fure 1.

15  accordance with the present invention, which itself comprises an oscillator
carrier 6 and an oscillator 8. The antenna 9 is connected to a processor 7, by
way of a power amplifier 4 and a demodulator 5, in order to effectuate reception
of a signal, and by way of a modulator 3 and a low noise amplifier 2, in order to
effectuate transmission of a signal. As will be appreciated, Figure 1 shows an

20 exemplary transceiver in accordance with the present invention. The skilled
reader will understand that the present invention can be used with other
transmitters, receivers or transceivers which may include other features than
those shown in Figure 1.

Figure 2 shows a circular oscillator 8 in accordance with the present

25 invention. As can be seen, oscillator 8 comprises a thick supporting region of
piezoelectric material, as well as a co-centric ultra-thin piezoelectric region. The
oscillator 8 also comprises an upper electrode and a lower electrode situated on
either side of oscillator 8. The upper and lower electrodes extended from the
centre of the ultra-thin piezoelectric region to the edge of the thick supporting

30 region, where electrical contacts are located to connect the antenna to the rest
of the transceiver.

An array of nanowires (not shown) is provided on at least the upper
surface of the upper electrode. Because the signal strength of the antenna will

be proportional to the number of nanowires on the surfaces of the crystal, it is



Figure 2 shows a circular oscillator 8 in accordance with the present 25

i nvention. As can be seen, oscillator 8 conprises a thick supporting region
of piezoewecdriydsisaterial, as well as a co-centric ultr&crkdBropiesassel ectric
region. The oscillator 8 also conprises an upper electrode and a | ower

el ectrode situated on either side of oscidlator 8. The upper and | ower

el ectrodes extended fromthe centre of the ultra-thin piezoelectric region

to the edge t n Oreqi gn caI contacts are
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pl atform or Co r’ng acousti ¢ ener rom
di stributing eaplaumdlbelmergy to the nanow res) for t he acoustl c energy of

the 20 nanow re. cco‘;[ tﬁﬁ'\é thF ge ection grlterla or i ustic
cavity layer are {15t Ute- R, BIEFOsIeCBl BT 1RCht e AP é%qusgcagavy erft ed

pi ezoel ect ri plnAOWdresoligtting deid tstorigt labastict AeRfye b RS haamodaescoupl i ng
coefficient of the piezoelectric, be able toagrow de significant acoustic

energy to th&SYRIREr dLUsYC rehery iR hedappyirasofdy t@ﬁeﬁ“‘é’#‘sﬁ‘b RV Bt
where theg ”a'h(a%\fv@é ﬁé&r@ﬁﬁ@gsihfe%ledtlﬂn aGetrfd BPthis aéodéﬁb%a(/@ﬂ!a%r glophd be

as small as possible such difference in the thicknesSs and mass of
t he acoust i c itcsheutdyallony arovdin @f vericalzgrawis rsientegapiezaclentic npRewlires in orden n a

preferred emhodeiile RNSKELbERBALAB Go Ny ToBloRhy RS IRETTERM IR

(coll ectively kfiown as 1nver mesa t to acquiTe resporisive
able to provide significant acoustic energy to the nanowires by focusing the

vibratory energy to the region where the nanowires are deposited. In addition,
25 this region should be as small as possible such that the difference in the
thickness and mass of the acoustic cavity layer and the nanowire layer is
minimised.
In a preferred embodiment, photolithographic and etching processes are
used (collectively known as inverted mesa technology), to acquire responsive
30 AT-cut quartz substrates as thin as 15um. The ZnO nanowires are grown to
lengths that significantly perturb the frequency of the quartz crystal oscillator and
elicit identifiable frequency islands within the acoustic cavity layer's natural
resonance spectrum. Using this structure the energy of the nanowire layer is
coupled to that of the acoustic cavity layer.



30 AT-cut quartz substrates as thin as 15p. m The ZnO nanow res are grown
to lengths that significantly perturb the frequency of the quartz crystal
osci |l | at owoand/Bb356it i dentifiable frequency islands w PRIGR2hE/@@S30St | C
cavity layer's natural resonance spectrum Using this structure the energy
of the nanowire layer is coupled to that of the acoustic cavity layer. 6
The most common net hods that have been ufed for ZnO nanowire synthesis in

the prior art incluyde v r-119quids: i S it . . chemic vapour
deposi tion (VD) @‘gl @‘é’%f)%@é{ﬂg@%f‘&%oﬁﬁit%ﬁg LeEh LB [9le iR ﬁé’}‘m" @sis.
The pref er r edyntabigdinuthedprior aaciciiaioceapuur-fiqtibesofid @A) epiagnt clogmical i s
hydr ot her mal synt h%si S...The LN aqvanta e of this thod is the re ui red
gt ovit h t enpeabiTe CRASIERN | I oal300SMSEPOSHOR hib LilodBE] BYHBYIERE whi ch

can be advanispgipesis! Yhe pesterbd mdthed REES AN hcddiMaRid Rith & pRentipsbsiigd to
wi t hstand tenperatures higher than 350C. Heating these devices to

t enper at uPes NYdSHErEaAl aHY0EsIEof hamaR tasyaRi@opefi By Bethadne tbarfeaess t in
10 serious gg?@ﬂtﬁ tbﬁ]g%r'ﬁﬁt%, %Yér?%sb%lwrﬁwer Mot Shtﬁee%sﬂ& %9??9%@1150
al pr the

change t he teri operties o devi ce conmponents that affect the
el ectrical prcapere iadsaniadealsly waealwith e peedeot rvendionfare heotddedigred to
Because the pr. i | rell r QW T i
dovi cos, 1t PUPSEDY, BPRIASRs  HiaRd, P 35027 AR Rt BEEH B
device 15 caoemppeanires dd 3H0CCadrt &sov@ufor reg extendaa wehog rod diess can result in

Hydr ot herpal growth al so ovi des. scope for changi ng the paraneters that
affect tHE nsHAoWT SNaeF ICLCFERENCER TETeRyPy MILEmPeraed Grale st t ant
as a nethod it angeridapesbarid of e PH&GENconPupdhisOthati Afedtothepkidiirkal t he
grow h parameters _ in order to achieve the re&g: red nanow re di mensi ons.

20Zn0O nanow PEPHAMEHIRAR thePefiarmange of g1 4evis gned, singl e
crystalline structiy88saib PaseniintbRtEA F@iteﬁ(\érﬁgromﬁggﬁaﬁé\ﬁiﬁ’@é’ bhegodtfc @l so

inportant as any defects or inpurities in the nanowire crystals can
i nfluence thekericesbitaisi espeatawed lenagreatwlisthe cmbistial insepertierof Hbe ngewece when

conpar ed, Ozgﬁn@ngﬁt&%‘mt%%'eaurfffbﬁtﬁ%ﬁﬁ{bﬁbg%m hesis is environnental |y

beni gn an nexpensi ve. ermal grow h nethods are
al so substrat e i ndbpertdemal agrdwiir atbocerokiidgh sgopé ifoy chamging riee paraystecn

surfaces suc s AT | ass, . gol d apphire, .quartz,_titaniumfojl and

ol yer - sor { ddtertedid Rt Tetieal RS dhBheE a2 b HRA AR B h one
enbodi ment  3fbtRdd ihecpsreartsd withvidet preBemt inlermton Sitmseipbpiimied. the ngroWen

met hod in accordance with one epbodi ment of the present invention, the

growth of naRSIATPRIE™S RIS ACBIGVR IR reaIed ianamre CBRRRHENSY t h ext er nal

tenperatygpes up t gnapphiRgwiiise! tedd8d ChydrothermBl Olafe | ell OdHGAH) Shgydauart z
substrate into the aqueous solution, it is deposited with a uniform’ ayer
of single crgsisilinenstrapiores €6d kiaen MHRIMURR deéeals. These properties are also

important as any defects or impurities in the nanowire crystals can influence their

vibration as well as acoustic behaviour. Furthermore, when compared to other

methodologies, hydrothermal synthesis is environmentally benign and
25 inexpensive.

Finally, hydrothermal growth methods are also substrate independent and
produce high quality nanowire arrays on surfaces such as ITO glass, gold,
sapphire, quartz, titanium foil and polymer surfaces.

The growth method of the nanowires in accordance with one embodiment

30 of the present invention will now be explained. In the method in accordance with
one embodiment of the present invention, the growth of nanowires takes place in
an aqueous environment with external temperatures up to approximately 100 °C.

Before introducing the quartz substrate into the aqueous solution, it is
deposited with a uniform layer of single crystalline ZnO also known as the seed



| ayer. This |ayer provides an active site for nucleation of ZnO that |eads
to the formati on of ZnO nanowi res during the growh process. The seed | ayer
can be depo2ntiedsydst her by using a spin coating nmethod, POT/ABROEIMIOE3R T
coating nethod. Using a spin coating nethod, a seed solution is created by
di ssolving zinc 5 acetate dehydrate (C4HL1006Zn, Mwn=219.5g) in 1-propanol.
The ratio is 10.98 ng of zinc acetate to's nl of 1-propanol (0.01M

sol ution). The ltr.a i d S I

conpl et e di siEt TR ToreThElged e ActpE age 18t RO ERRORAE0 bt BRI e 1
obt a: nedl, thﬁomtdtuuplmmannanmﬁéedumg Cheaglﬁivdth m@ubﬁh?gbgg(l)%@rmntme cover
conpletely the surfac he substrate is t un at

ceconds | o coppilacEiifier BV pPOA e ACoRITa BTGl BuSOHIeE CRANETEI B 150 C
for 1 mnute tO r@%a@ﬁﬁ%%tuﬁ@ﬁ&ﬁﬁd ansberlestiutRdnyis e B HREEIVRRIANC] es
to the surface. {)I cal %35 e spin procedure is repeated three tines

so as to ©bt &cptate dehyka &b MW=819-R9)ziMmt-PErRanat: el e @ifp® @9t
237C. Becausen iy %lhgea‘c%%té't S Mf of ﬁ‘%r@@iﬁo?]gdnﬁ ti?ﬁut%‘fﬁ?ﬂl’?@%ééd QBlution is

tenperature i s un much l'ess t erature of

t he hot pl at eltesedichtad amhmknengo beametercosilets d@oiuhlon@éﬁmzmmmat@Soc
the tenperature i f i 11 h i.S

zinc acetate to ta??sclé % CFG’!a?%W'OH 'g%b aq{%%ﬁﬁ%%@ﬁ@?hﬁggbfp%ﬁehc&e@e Eﬁé eads
to the fornatsubstraié, go as tox:Ioder ccﬂﬁplsmiyomwslrwoe (rheesd%trataZQ tHSCHIEWO R P +
702 2Zn0O,+ 8 + 6H20 Prefer oses of the enbodi

descri bed?i n%g rp%HF% @s@?ﬁong] %Iao%'P oaéer gu éd'é’tsl Ayeakhsn 4 0 sed
For this, theifeutteo °gqa't ﬁﬁmh@teﬁ@mdvél@)ﬁﬁbésoscﬂlfén@\dn&%eél apsin@adetafte base
pressure adjusted to 7x104 nbar by punping 15 sccmof argon into the

chanber . partigips t§6h‘?§\éﬁf@‘?ﬂg is performed with an a.c. source with a peak
vol tage of 125 V W?IC@II@%@%% Socda®eMs réﬁeac'@erfh@e grvgeld afdo HdisReN of
argon are 30 used'to create the sputter plasma. The target 1s pure zinc

netal and i sdgnee &yer véseeds. cBullazmppﬁwi@tﬁwte@DmeSﬁ auees hdlapagserp s ng
e a8 i sielof e R R a8ldnatiidn BRI LER AL AflG AP BN TIbace and

all ow reacti on wit HSE oxXygen suc orfed on
t he target wharhthiarf the ter&pemmmmfelde bot miatehesedafmpbaneéﬂpgtkieeweergsplhens
proceeded at n%rer:gs:[e% t(c))fZO%ng%i, Fﬁ%t t%wpe:;’atﬁrenigsrf}ff%iently high for decomposition of
the dispersed zinc acetate to take place.
Decomposition of zinc acetate leads to the formation of zinc oxide

20  nanoclusters (seeds):
2Zn (CH3CO0)2 + 702 _2Zn0O + 8C0O2 + 6H20

Preferably, and for the purposes of the embodiment described in the
25 present disclosure, a sputter coating method is used. For this, the sputter coater
is pumped down to below 10 mbar and the base pressure adjusted to 2.7x10™

mbar by pumping 15 sccm of argon into the chamber.
The sputtering is performed with an a.c. source with a peak voltage of
125 V and a dc bias of 250 V; 10 sccm of oxygen and 20 sccm of argon are
30 used to create the sputter plasma. The target is pure zinc metal and is pre-
sputtered for a approximately 5 minutes before exposing the sample. This is to
sputter off any impurities on the target surface and allow reaction with the
oxygen such that a thin layer of ZnO is formed on the target which can be



Once the substrate has been coated, it is then placed in the aqueous
solution in order to begin grow ng the nanowires on the seed |ayer. To do
this, 5 wo?2eguisasbar (0. 06M solution of zinc nitrate RguGHR2011/G20830
(N®3) 2. 6(H20), nolar mass 297 g] and hexanet hyl enetetram ne [ HMTA, C6H12N4,
nmol ar mass 140.186 g] in D water is pre%gred. Typically, 200 mM flasks are
utilised. Shaking and sone ul trasonicati is utilised to ensure

di | ut f T 2C.
Lossoe oraSehdBe P AR, B0 e BaoR Bk BRI SRS
nanow res. TI3el hiiinacts as a pH buffer to regul ate the pH val ue

imately 6) of th t] d th I Th
be. expl ai ned by | FCIBCRHRal<caEs GAN CRaREsle 4 2d) PIRCABIRUT] FUSSLS 1200
(aqg) + 4NHA+soRMidn tn HRdEr tbasklin growmd'lﬂfé %‘hovvlﬁb,%céﬁ thd 58ed dybr .t o BRI Zi NC

hydroxi de [Zn(OH) 2] species. The hen transforms into ZnO crystals:

7o+ Bi ansaioy 4008K) selatience) 2ing auaiehyzieie d7n (NGOA e dbed
ayer a0t Atndue! 08YS of Ol WSEAIC RGN Ram PR (AHAR T BLABN, 25ndigs Shbdet OT o)

are placed in the sol ution sideways at an arger particles of zinc
oxi de that fddmhlisadpe bdevatéryisgoepared.cbydicatly, ataonﬂéasmar@c@lhsecﬂt%na@g)vwh

the sanpl es atg LAIPHRLfRMATR LM IOBnal kIS ohyOhe Y eH AL | od

wi th nitrogen. erence 1 gure he ‘e ro-aco
i nteracti ons HMTAEERE gﬂmwt@(ﬁnmmuméi%m@nnect ed nanowire | ayer, electrode

| ayer ang_acoustic, cavity |aye ow be described. . | nter | ng

nanovi 1 6206r “hanoZibe A Al Bl idsRagna: PES daoRLed SO huising o Ui 2

el ectronic ChangWﬁesf%eewrpAeact@t Pl GM  HufRAUEN ClegBlates athBopHaMidIbes

act as antennas due to the resonant el ectron nodes that result for
(approximately 6) of the solution and the slow supply of OH’ions. This can be

explained by the following reaction:
15 CeH12N4 (2q) + 10H.0 (1) — 6H.CO (aq) + 4NH," (aq) + 40H" (aq)

The OH  reacts with Zn?* to form zinc hydroxide [Zn(OH),] species. The
Zn(OH), then transforms into ZnO crystals:

20 Zn* + OH — Zn(OH), (aq)

A
Zn(OH), (agq) — ZnO(s) + HO(l)

The seed layer acts as a focus for crystallisation. The substrates
25  (oscillators) are placed in the solution sideways, such that any larger particles of
zinc oxide that form independently do not collect on the surface. After growth,
the samples are removed from the solution, rinsed with DI water and dried with
nitrogen.
With reference to Figure 3, the electro-acoustic interactions between the
30 atomically connected nanowire layer, electrode layer and acoustic cavity layer
will now be described.
Interacting nanowires or nanotubes with electromagnetic waves is known
to lead to electronic changes; for example, at optical frequencies, carbon
nanotubes act as antennas due to the resonant electron modes that result for



9 exposure to the electromagnetic field. Simlarly, nanowires can al so

operate as antennas, though these have the advantage of working in the GHz
frequencywoangeé3sssonal |y reserved for all fornms of w relP€SgGBR20MMINE30at | on.
This is because their resonant el ectro-acoustic nodes are several orders of

magni tude 5 shorter so they can vibrate jn the m crowave region of the
spectrum Evidence for m crowave coupli ngql relates to the zinc oxide

fheir ant enndXPPRES SIS Ao TaRbERE el SHEISYS nRARIS: 8T slPcondfids
si ngl e nanowan&ndas athoaigkahessl @avehihe idedrstad e @favarkinglin the GiHel ddoasnan
acoustic cavit%je[ as shown in Fi e appreci at ed, ag_ﬂevi.ce in

gﬁe ﬁ As will b

accordance w9 HE"HA dRBeVRd Y | 3h QM Aokspiess omEupieRtion. dfishis
nanow res gr ggba@e thee ré_@&%fnt%'I@@rbf%@sti@&dé%b|aréi%e9eﬁap_h3@fer§bﬁﬁiaﬁﬁﬁ%e
beneath the acoustic cavity, which acoustic cavity consists of the thick

quartz suppoSiOEeIdse H@Yl@%}éiﬁﬁtﬁii@&hmEOWéw GPAIBRAMING SPEFEHIT eEYidends n
order to aCh'f@rVr‘ﬁiclr%\Fé‘@JL&Mn%?él%tésqﬁalh?gﬂ{? Wh%t?édét%%ﬁgmfﬁ@n Ve Of
e shou to vi

water, all nanowres int rray e arrange rate wth either
t or si onal or stronginiaiwask absdexdion Emds dug th drauariennalike bébadowt dissipate

| ongi t udi nal le}ﬁe?d lh%l@i onal ly vibrating nanowi re expands and contracts in
the direction ot RE Poad exerted by the surrounding nmedium This is
simlar to shear lIrgure3shbws 20 sihgkphacesentonodn @lapadez whichsélaktrode is

m cr obal apce which allowif to operate_in |iquid wthout excessive
et g, 0ht SrHaRer G U S Ao s B0 I deairga g biloe, ORECRTBa | on
of the | oad @evickhe acasiante WittxHeHresdlavdrEidH Wil compriesRICaBaPBREUMRY €S
i n high danmpi ng nedi uns, which causes attenuation. Therefore, |ongitudinal

or torsional NANBWESS GV ONHR UPRRAE elesodtas Wb asIaPwes eherlise deneath
efficiently iy BEURIERAMGrACRRIBERRY consists SANBIAIEK ghanASiRCatdiese

modes, it is inportant to grow the nanowres to precisely the right
di mensi ons. [the 4@Aemathickimesa ok shewti ip Figuréeéen | ongi t udi nal node

frequency-and the - LI -
f ol ﬂgw néSequati or|1+ 8\6{%5?%8@'%\2&&0%&?%@3}5’%?@ aﬁgdﬁgﬁ‘ﬁg‘ﬁgﬁ%%ﬁﬁ%ﬁf Lis
t he 30l engt h cofwatbre allamavawiess iBzthei arrdayhehMddrige arrbbgled ts vidrateheitimasitbes re, p

is the mass densit f the.nanow re_and ositive . integer) is th

har rroni ¢ nangeonaleTongty o Adsg TR s Bt Ae he Firtafi BPE dnlsfify o
torsional or tbrei@aly dioRing\idiolineos@anas eheoheaciees thdeiractnsdiithetGad ty, a
lattice match is used to allow the phonons_to pass easily fromthe

nanowi res t o XABCGACBUSTIPC SLEQUIGING FEERRNGNS, 1$ nSIHE" alfo FeR#nthasReeHal
ng{ flr Lﬁgo gw&&mant 3f BB &Y sthhinfdros@hsed [QOM) UBRn tANBwat RTbSerate
in liquid without excessive damping. This vibration of the nanowire surface
parallel to the direction of the load (in the case of flexural mode) results in
compressional waves in high damping mediums, which causes attenuation.
Therefore, longitudinal or torsional vibration is important for the nanowires to

25  operate efficiently in high damping environments.

In order to achieve these modes, it is important to grow the nanowires to
precisely the right dimensions. In general, the relationship between longitudinal
mode frequency and the length of the nanowire can be represented by the
following equation, where F is the frequency of the longitudinal mode, L is the

30 length of the nanowire, Ezz is the Young’s Modulus of the nanowire, p is the

mass density of the nanowire and n (positive integer) is the harmonic number.
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5 the zinc oxide with the quartz substrate such that phonon transfer from
the nanowires to the acoustic cavity at high (GHz) frequencies is possible.
In this ewbadivesiss it is also preferable to make t he MPSI/GH29EIEEDS30

t hi ckness within an order of magnitude of the nanowire | ength, such that
energy fromthe nanow res conpares favourably with that of the quartz
substrate. 10Accordingly, the acoustic cé@ity captures the phonon energy

Further mor o, becaddo hiE b P BRI iEaManBlasbBal t R f (kS e
anplifies theacensticgavity cardtiiee matubvwesrused td lallswitse phomre togshsardaae frofn t he
present I nve

tion. As wll be appreciated, whilst the above expl anati pn
Telates o t M MPEOMEEEHRI B0 GPOBTIECER Utadib PETRIGed) (06 GRgVEERLIoNed
i nvention caprgbied RenbsdRfento atmanBEidtdr-tBlcR HolPRORREE ¢havarpsic pbsitibheofase
of transm ssion, the nanowi res receive ggonon energy fromthe acoustic

cavity, whi chhe gincupqde ndith die Qluarz rabstae: pech dxinRien; HarHer FAaRbe es.
This recipro i did : t Ay ] egh

r eader. ZBM%%Q%\?F%M agg\eegfétlgn@g?eﬁft’%ﬂielé%gp'rqgg%ﬁ?%%é%Ist g&eﬂgn@ems
acousti c coughbogirbenttwids aldoeprietarablierte make theamesa sysialdbicknesscwithinyan ayer
Is to reduce i St i Lt bl an
order of magfeda o TR SRR fanddl e FRBHE S SR bR e nih ol o
For exanpl e, coimparddhfavpurablyrwith imaeot themuiasz isapsteatent ed usi ng an i nverted

nesa etched acoust, c 5. 0scillator. compri si an AT-cut quartz,100
fundanentdl oscl | AECEITAY RS el AR SpPBies e GBPHORIKEIPoHEM Hibkness
623nm nesa thAh6knes sankb P89N the UipRyratetintigkaress 1h8. AREvand Fatretnisde

di aneter 762pm the resulting antenna exhibits the electrical

characteri st ib€§?lé9r?om @W$Fi§&ﬁé'tﬂﬁc$h@ amiwcagitsgrihﬁl_seb%raplﬁ@a the gt e 4
can only be a6 Meahndiils 3PSO HS ﬁvahﬁ%e%t?gﬁ(@p@saﬁﬂﬁbé’rﬂioﬂf ofile are

grown on the Au+Quartz oscillator. I'n this enbodinent, the paraneters used
are as follows: Téspailhtogr @opreciatedowbigl heTiabokaePlatatiosetblatageio ihe (AC

sputteredy on.thgoh b oid Aonflndtlc Wave8Y e dr88Ht invention can also be used to

transmit electromagnetic waves. In the case of transmission, the nanowires
receive phonon energy from the acoustic cavity, which in turn induces
electroacoustic resonance in the nanowires. This reciprocal phenomenon will be
readily understood by the skilled reader.

20 As mentioned above, one of the key requirement to enhance acoustic
coupling between the nanowire layer and the acoustic cavity layer is to reduce
the size and mass of the acoustic cavity layer to within an order of magnitude of
that predicted by the nanowire density and length. For example, when the
present invention is implemented using an inverted mesa etched acoustic

25  oscillator comprising an AT-cut quartz 100MHz fundamental oscillator with a
mesa diameter 3mm, a gold electrode thickness 623nm, mesa thickness
15.569um, support thickness 68.6um and electrode diameter 762um, the
resulting antenna exhibits the electrical characteristics shown in Figure 4.

The output signal obtained in Figure 4 can only be achieved when

30 nanowires of the above dimension profile are grown on the Au+Quartz oscillator.

In this embodiment, the parameters used are as follows:

Temperature: 871090 Deg C
Thickness of seed layer



Vol une of the flask:200m G owh tine:2 hours 5 By using these
paraneters, it is possible to achieve the dinmension profile which provides
t he out puwo=pgmas3sshown in Figure 4. This is because no®CTEB20HASNEBAOW r €S
(80% of this dinension profile have their frequency of fundanental

| ongi tudi nal node either at or close 1.5 ﬁ+&. 10It is also possible to
change the above paraneters in order to ¢ ange the dinension of the

nanowi res. This w in r hange the fundanental frequency of different
nodes (Iongitudinékb5¥mp%¥??8ﬁgﬁ$. D fferent enbodi nents of the
present invention (W 1)brigtedirddagkrf f er dmhmant ennas based on el ectro-acoustic
resonance. Each of, ﬁhese ntE$Pas wi | éS conprise a second lattice

mat ched acoustic CAHTSOf Bed@skect vi BP9 onal energy from the nanowires.
Mor eover, each of g/hgtrivhennas wil |l reqyyre frequency tuning of the

nanowi res to produce torsional and | ongitudi nal resonance nodes. In
many ways®the el ectro-acoustic antenna of the present invention is simlar
to a conventional ' ' I als ' ' s 20
quart or vave acrold THD HesebArdmelie, M RepHble lo e RE, e BT B Bl o
present i nventhignmpriovigesdhe ogtpuhaignahshamireint riggi® 4.conip énleeausé nodat of the

el ect ronmagnet i bt d e . i T

el ectri cal chﬁ%%%%%e%%q%)t Egh{el% gg?&o%hghreﬁ g%ﬁ%g%réﬁseq%ﬁ@a&?%g yacggﬁgg%rﬂgr\}\tlg{/es
are forced t dongitudinebgetibeithersatmneloskbr.@@H., t he acoustic wave

ignifi tl | ter. he 25. behagvi f the whol t , th it
per for e 10s & far MRS KLrIABRING ABBUT Py FT9B 0N Gare (8 ARgRI e

smal | er) thanlirh&esiéh 8€tHd BalowMese TRIGULIN & @ith .change theéMididagTentd isatliasey of
the present invention is that it is possible to produce a small change (in

the order of Chpfeesntmadesylopgiiudinakddosianainess of the 30 nanowires or the
acoustic cavity bygxBRSIHhddRERst & &k @Féféﬁ?aihv%gﬁﬂl QAL Trvidid &ifferchf \PIIM I

be appreciated, the intensity of the DC field wl e proportional to the
change in stightaneas, based erwleatroocausiic resenancehdagh ointhelse apennas wiibl

Ly caency of chheres £ notenge i DA SUEN % I AUEAIRAL B
t he ant enna. fro}mz thNo rdmobiresaMoredveer eath exft iheeasieheasatill \reguive Ifleqoescy t o
the skilled '?L?nrir?é)gf thletnavr\wliol/vlires to produce torsional and longitudinal resonance modes.
In many ways the electro-acoustic antenna of the present invention is
similar to a conventional antenna, as it will work with either a half wave or
20 quarter wave across the nanowire. What distinguishes the antenna of the
present invention however is that the electrical component of the
electromagnetic waves is unified with the acoustic waves. Thus, the electrical
component of the electromagnetic waves and the acoustic waves are forced to
move together as one. Moreover, the acoustic wave significantly alters the
25 behaviour of the whole antenna, so that it performs as a far more compact
element (roughly five orders of magnitude smaller) than the electrical wire
equivalent.
Another advantage of the present invention is that it is possible to
produce a small change (in the order of approximately 1%) in the stiffness of the
30 nanowires or the acoustic cavity by exposing these to an external DC electric
field. As will be appreciated, the intensity of the DC field will be proportional to
the change in stiffness, the result of which is a change in the operational
frequency of the antenna. Accordingly, by exposing the antenna to a DC electric

field, it is possible to fine tune to the operating frequency of the antenna.



be understood that the invention is not Iimted to the descri bed

enbodi nents and enconpasses nodifications apparent to those skilled in the
art |yi ngvei2oti/13sishe Sspirit and scope of the clains appemdmohiersesso. 13
CLAIMS 1. An antenna for wreless tel ecormunication, the antenna
conprising: a piezoelectric material | ayié, the piezoelectric materi al

| ayer being 5 forned such that when an ectromagnetic wave is applied
thereto, the first piezoelectric material layer is excited at the frequency
of the el ectromagnetic wave; an acoustic cavity layer arranged to

col l ect the atwdmlkjtcma&mwtggr sftative attefnatives Wel ddcusto mie@kﬂleblqmtrgdrc k ayler ;
and 10first and second rode | ayers 05| ed on . ei |de Ofrgi he
Rousti ¢ cavBEEgrod it e Busisaes ndy BRtedia e deprimstambediicRing

el ectrical erateMphssaanN@obifieaidHat dpgdientPbaness arilied om Qﬁ'lﬁhg lv@ed tind the
acoustic cavity layer. 2. An antenna in accordance with claim1, wherein

t he pi ezoel e@PF"[én@éﬁ@?Q all the sjaiis a0PeNdad Beigi to cover at | east part of
the acoustic cavity layer and part of the first el ectrode |ayer.



3. An antenna in accordance with any of the preceding clains, wherein the
acoustic cavity layer also conprises piezoelectric material. 20 4. An

ant enna iwoaeoetoBg®ace with any of the precedi ng cl ai ns, PailaB2d /ASHE30

pi ezoel ectric material |ayer conprises a |ayer of nanow res di sposed
perpendicularly with respect to the secon pi ezoel ectric material |ayer.
255. An antenna in accordance with any of 'the preceding clainms, wherein: the
pi ezoel ectric material is forned of ZiEEA Lhde; the acoustic cavity |ayer
is formed of quartz; and the first and—se@g§d el ectrode | ayers are forned
of gold. 306. An antenna in accordance with any of the preceding cl ains,

wherein the acoustic cavity |layer conprises. a ropnd thick support |ayer;
and 'a do- cerit Al iR Wikless tEEOPBEisRIEN SPESEINTR CORPTER r e of { he
round thick supportpibassidctric Athterial laf8r,aRé BlRABeleBiridGRABHANSRr Weiry Cl ai m 6,
wherein the nmesa region conprises a first and a second surface, and the

first anddseddecepieh thalewhey anselgeompgprlifewave is ArPlieditheeiatthg skt i on
of the first n fqmé;_%?f ' A n
accordance w't g%}%ﬁ%f ﬁl]g alrarlrs 2 tlg e%?hﬁém%f%%%ﬁ@hgi ﬁwpei ézﬁggptn%pﬁ%éd
materi al | ayaraves provi ded on the second el ectrode | ayer.

an acoustic cavity layer arranged to collect the acoustic energy received
from the first piezoelectric layer; and
10 first and second electrode layers positioned on either side of the acoustic
cavity layer, the electrode layers being arranged to transfer electrical energy to
and from both the piezoelectric material layer and the acoustic cavity layer.

2. An antenna in accordance with claim 1, wherein the piezoelectric material
15 layer is arranged to cover at least part of the acoustic cavity layer and part of the
first electrode layer.

3. An antenna in accordance with any of the preceding claims, wherein the

acoustic cavity layer also comprises piezoelectric material.

20
4. An antenna in accordance with any of the preceding claims, wherein the
piezoelectric material layer comprises a layer of nanowires disposed
perpendicularly with respect to the second piezoelectric material layer.
25 5. An antenna in accordance with any of the preceding claims, wherein:
the piezoelectric material is formed of zinc oxide;
the acoustic cavity layer is formed of quartz; and
the first and second electrode layers are formed of gold.
30 6. An antenna in accordance with any of the preceding claims, wherein the

acoustic cavity layer comprises:

a round thick support layer; and

a co-centric round thin mesa region disposed in the centre of the round
thick support layer.



109. An antenna in accordance with claim8, wherein the further
pi ezoel ectric material layer is fornmed of zinc oxide nanowires. 10. An
ant enna iwoaotionBa®ace with any of the precedi ng cl ai nms, pam@B2IN/SKEB0aNt enna
further conprises: 15electric field generating nmeans for generating a
direct current electric field around at Ifast one of the piezoelectric
| ayer and the acoustic cavity | ayer, 14 the electric field generati ng
nmeans being arranged to vary the intensity of the direct current electric
field in order to tune the resonant frequency of the antenna. 20 11. A
transcei ver ffor waArelagsshniaeire cogoidaincat with Sclaihes, t wapsiei tier mesaprdgiorng an
antenna in accordance wth ang of the 8recedihng. cl ai ns.

comprises a first and a second surface, and the Tirst and second electrode layers

are arranged to cover at least a portion of the first and second surfaces of the

5 mesa region.

8. An antenna in accordance with any of claims 2 to 7, wherein a further
piezoelectric material layer is provided on the second electrode layer.

10 9. An antenna in accordance with claim 8, wherein the further piezoelectric

material layer is formed of zinc oxide nanowires.

10.  An antenna in accordance with any of the preceding claims, wherein the
antenna further comprises:

15 electric field generating means for generating a direct current electric field
around at least one of the piezoelectric layer and the acoustic cavity layer,

the electric field generating means being arranged to vary the intensity of

the direct current electric field in order to tune the resonant frequency of the
antenna.

20
11. A transceiver for wireless telecommunications, the transceiver comprising

an antenna in accordance with any of the preceding claims.



