TUNABLE ELECTRO OPTI C LI QUI D CRYSTAL LENSES AND METHODS FOR FORM NG THE
LENSES CROSS REFERENCE [ 0001] This Application clains the benefit of
priority woadero/@%ew. S. C. 119 of U. S. Provisional Appli eariuseoiBeoizal No.
61/269,1 10, filed on June 19, 2009, herein fully incorporated by
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circumstances, to reqMEEHORS FQRMORMNE THELENSES ot hers on reasonabl e
terms as provided for by terns of contract nunber FA 7014-07-C- 0013

awarded by the U S. Air Force~ E ENTI ON [ 0003] The present
GRGES RITKERENGE

I nvention relates to el ectro- uding liquid crystals,

wher ei obHf] POMRIs ApplidiRionedlamss &7 beRefPef prttyindatds ¢aSiONg of1 gasf
electric fi'eld. I'n one enbodinment, the liquid crystal-based | enses include

ring elld& Psewsional Apglicatians SetialNobpil 99,1 Yt ftled opetunseh9 2200 dirrein

el ect rqdgs, ' d enbodi nent, input connections for several
el ect r38® %T‘Fﬁﬂf’g‘”éféé’a%%e?%gé’{? ‘the lens. In a further enbodinment, |iquid
crystal - based | enses are%ovi ded that can increase optical power through

the use of phase resSTATEMENT QFi GOMERNMENT WREREST ens i ncl udes ring

cryet atogazr " TR GRS ovehiert i B AR IR I e ERuGhs A1 e ©
el ect r qigs, inhivhited | citinistanedste rirpirgethec patent @atergiooligerse others rardes t o

be the sane and al so be matched with respect to a previous %u‘ﬁ@
BACKGROSREP@blg Hermmnasvpreyided don oytespis, ot ggnfragt nuathetsFARR 1410716~ e

bi refridtgl?n%]wélidéﬂi %%eynl?j@lAi}po%é.er their optical power are known. They

have t he i nherent age over conventional glass or plastic optical

| enses of being able to alter their_optical power by the judicious
application of an electric E'iEé{Qj%Fdﬁ@%dlrr‘ggﬁﬂﬁpwf existing liquid crystal

el ectro-optic lenses is that the nunber of optical powers a single | ens can
gener at[0003] pr dbenptesent rinventidn0oglslesOle dieciraoptic enses ibtluding tiquidpt i ¢
liquid ccr{/éltgfs?lwt%eerglsne%ei SboENhe?tofotfhealetngieg can be modified by application of an
electric field. In one embodiment, the liquid crystal-based lenses include ring
electrodes having a resistive bridge located between adjacent electrodes, and in a
preferred embodiment, input connections for several electrode rings are spaced
on the lens. In a further embodiment, liquid crystal-based lenses are provided that
can increase optical power through the use of phase resets, wherein in one
embodiment, a lens includes ring electrodes on surfaces of the substrates on
opposite sides of the liquid crystal cell such that a fixed phase term can be added
to each set of electrodes that allows for phase change across each group of

electrodes to be the same and also be matched with respect to a previous group.
BACKGROUND OF THE INVENTION

[0004] Electro-optical lenses that utilize birefringent liquid crystal to alter their
optical power are known. They have the inherent advantage over conventional
glass or plastic optical lenses of being able to alter their optical power by the
judicious application of an electric field. One drawback of existing liquid crystal
electro-optic lenses is that the number of optical powers a single lens can

generate is presently limited.



| ayer of liquid crystal sandw ched between two transparent substrates. Onto
the inner surfaces of each substrate, a transparent netallic el ectrode
struct ur ewo0foonesd. An al i gnment | ayer is forned on topcofusthe/oei7eTt r ode

| ayers to establish a specific orientation of the liquid crystal nolecul es
when there is no electric field present, '
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el ectrode structures to generate several optical powers with a single |ens.

[ 0007] preeemtasiAn wlectdcufieldois estapliehed eacressdheoliqyidi erystalayec whaml | ens
is that of a circular ,ring electrode desiagn, re.th [ r
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i nsul atisweeAthadleésrddes eifahbasieBlodé REtictUre ay ipterelss, gigfadibnt regre | enses
are restrictive in the sense that the ring el ectrode w dths and spaci ng

of tme)n digld increated dhatpgivesrispdnea gsadientin hesindeyefviefractien f\tee Jiquig ge
f | ' d .
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gener at\eskalges sarg lettioetistic lERE@3h Keofubiritatedig t hat the optical phase change
bet ween each adj acent el ectrode should be | ess than about 1/8 of a wave and

that t al e ge. ) ' S es, it
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for continuous tuning. This is not an acceptable solution, however, since
t he phd?BF-ithogr aphy needed to create such an el ectrode structure would be
daunting. Mreover, fabricating the buss structure to connect and

el ectrifogolry adteasssiestroctiredf rosishevindl éldotraaoptiy Bquidedrystad léressis thatl make
the .resulting device extrenel Z ,cor‘rm ex aRd
of a circular ring electrode design, where the transparent electrodes on one or
both substrates consist of toric rings, electrically insulated from adjacent
neighboring rings. Previous designs of these lenses are restrictive in the sense
that the ring electrode widths and spacing often determine the optical power of the
lens. However, if a very large number of very narrow electrodes could be
fabricated and addressed individually, theoretically, a very large number of optical

powers could be generated by such a lens.

[0008] Considering that the optical phase change between each adjacent
electrode should be less than about 1/8 of a wave and that the total phase change
across a lens might be as high as 100 waves, it first appears that an electrode
structure consisting of hundreds of rings addressed by hundreds of input
connections to the device might be required for continuous tuning. This is not an
acceptable solution, however, since the photolithography needed to create such
an electrode structure would be daunting. Moreover, fabricating the buss
structure to connect and electrically address each electrode would be an
overwhelming task and make the resulting device extremely complex and

unwieldy.



unw el dy. [ 0009] The use of phase-w apping can help mtigate the probl em of
fabricating hundreds of input connections to the lens. It has been

previ ouslwoshovm7éen " Li qui d Crystal Based El ectro- Opti c PDrfuiSe@ondver

Spect acl e Lenses and Low Operating Voltage Nematic Liquid Crystals" by

Joshua Naanman Haddock, a Dissertation submtted to the Faculty of the
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conductive layer between the liquid crystal layer and the inward-facing surface of
the second transparent substrate, wherein the conductive layer and resistive
patterned electrode set are electrically connected, and wherein said resistive
patterned electrode set comprises one or more electrically-separated electrodes,
wherein the desired voltage drop is applied across each electrode to provide the

desired phase retardation profile.
SUMMARY OF THE INVENTION

[0011] It is an object of the invention to provide a tunable liquid crystal-based

lens, wherein the number of input connections for its ring electrodes are reduced.

[0012] Yet another-object of the present invention is to provide a tunable liquid-

crystal-based lens that is free of resets or phase wrapping.

[0013] Another object of the invention is to provide a lens having ring

electrodes, wherein input connections are spaced, preferably evenly, on the lens,



rings. [0014] A further object of the invention is to provide a |ens
conprising ring electrodes, wherein at |least two, and preferably all
adj acent wDeotwad@s are connected by a resistor. [0015] pYetusanoihs7 obj ect
of the invention is to provide a lens with a transparent resistive bridge

bet ween el ectrode rings, wherein the resistive hridge,is for froma
conductSHFD B0t IMEVals GiealSiinan oA A And PoSIErRDlY AO0NE Yro 4D PRSI 01 6]
Still q,i,{gérther object of the invention is to provide a |l ens wherein the

ring electrodes and resistive bridges are forned utilizing the sane
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as well as the resistive bri [ 0018] Yet another "object of the present
i nvent iaomnestacdbypagesistora t unabl e |i qui dcrystal - based | ens that includes
resets and utilizes phase wapping. [0019] A further object of the present

| nventi@pEp t YeR" aNbHRr 2objRRe &1aYhATintERAGH AsCo | BRAGE AMIeABPYIH G Si des

of a liquid crystal [layer, ‘wherein both substrates include patterned
el ect r ddasparénEsistivetirilgeobggervélectrodemngs; ivherein the fasistivecbridgainabl e

| ens including,t transpayent substrates with patierned el ectrode | ayers
| ocat edsofpr LfPs & a(fcg‘,d"\ﬁﬂ)é? ePﬂag'P}g’elpé%ﬁgrr%agcﬂ({)‘éml i Ui B y £t €

mat er i admbsadinfst ed between the substrates wherein one of the patterned
el ectrode | ayers provides fine control over the optical phase retardance

and th r layer ovi des .carse control ,of th ver. r of at
o0 GBTB” IS WRRE oi SEhS P 18bad il BBRS WRER R, o
t he presepfroddy 8Ad irédistivie bAdFePHidIRdrmeduitaizing thensanié eigteflarn el ect rode of
one substrate |ayer overlaps at |east tw el ectrodes of an el ectrode | ayer

of a s su r at wher ei.n 1 d. over.| 1,S | di_r i f e, pl anes
of tho LRALI 7 arl foiost SRickt i s rERtR oD pibuBishe’ RESLRImER PUR
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pi ston phase termis added to each set of electrodes in one section by a

bl azed rngsculilizing photolithogsapmato patterncthe rings as well as the resistive bridge.

[0018] Yet another object of the present invention is to provide a tunable liquid-

crystal-based lens that includes resets and utilizes phase wrapping.

[0019] A further object of the present invention is to provide a lens having
substrates located on opposite sides of a liquid crystal layer, wherein both
substrates include patterned electrodes.

[0020] Another object of the invention is to provide a tunable lens including two
transparent substrates with patterned electrode layers located on each substrate,
wherein an electro-active liquid crystal material is located between the substrates
wherein one of the patterned electrode layers provides fine control over the optical
phase retardance and the other layer provides coarse control of the phase over a

group of at least two of the fine control electrodes.

[0021]  Still a further object of the present invention is to provide a tunable lens
wherein an electrode of one substrate layer overlaps at least two electrodes of an
electrode layer of a second substrate, wherein said overlap is in a direction of the

planes of the substrates.



for phase change across each group of electrodes to be the sane, and al so
to be phase matched with respect to a previous group. [0023] In one aspect
of the inwenbiomjéea tunabl e el ectro-optic | ens device i eciitsediopets?
conprising at |east two substantially transparent substrates, a

substantially transparent conductive el ectrode | ayer operatively connected
to eachl00221i r Anotheheatiest Af theysPresedt oinveption| i1t dEoYidee Pattegned

pat ter “@I@cﬁageé B! thdesy ik tiitd sBtakYs Whérﬁﬂ? Sl 6@flﬁ§ﬁtt1¥‘§1§ Eé‘rh’i‘isaéd&é‘@St one

ring electrode i's electrically connecte 0 an adj ace ring electrode by a
resi st itoeedh siefeof edectrodesr iai oneasecticechy a-tlaréd eldcirgdedtmichaedhataliaws al

I i bet the at | bstantjally t t
et R BB Sha SRt S5 bt e ToRR b B st SREBR e
prepar i pRade FMGHEEWRh 8845kt Wl srelV RIS giBupce, conprising the steps of

providing a substantially transparent substrate formng at |east two
conduct | | egtrode rings the sybstrate; gnd a resistive bridge.l ocated
bet veoniO0Zdl | 4o 1S 25PHEk oh R R VMR i dRRE GRlECTS-pEC 1E0B S VIgk i$ |

anot her 4iagpgel, Oéorhbﬁsih Vet it ! fwé %UB@@n‘ﬁaﬂ’} efhh8paeht Cslisstratesyi &€,
conprising a first substantially transparent substrate having a

sEbst anstuwalytialtyatm;mx(?eﬁlnt mndmgtive eleairasts Iaugeopggaﬁiweb'mma ;ol eacme;:t ed
: ; ; : . .
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subst anplugdlity dff ARG PAEERbdESNAMeteineat!Iesdtr 6A€ vy leSthedartis Vélbytrieampect ed
thereto, said second el ectrode |ayer being patterned and having a plurality

of ri ngcemasteddesan adipcant dingcelastrage by a irgsistive byidogl angt wheegin| ayer
present w_ BivE ey did " > t J A | S t bgt r at es,
wher ei nea? tr ensy &olﬁqu'#ian’gStgrg%%glggq%iéi’? easﬁgeéc:eg’lrt\dy %‘WE@F ra eggcg\a/%ér{sﬁ%\ a

pl anar ¢liystanfially tedndpzaeiit Substratey) el ectrodes of the first substrate.

[ 0026] Yet another aspect of the invention is a tunable electro-optic |ens

devi ce, r sy Hpasr{t t jakl I t
subst an[my ﬁﬁ??a?éﬁ?éi‘&mﬁ%?i ve € e!:s?%oygkfe%zreﬁgﬁ%%@ﬁéugﬁﬁ?e, and
an el ectlectreaiptice trissrdeddice]i spompedingettheestdpse afuprividings awisabstantiatig

el ectrode | ayers org each sub,strate[\ are patterned and conprise a plurality
of ringiraNeRArepysubsiate fprnipgnat least two conductive electrode rings on the

substrate; and a resistive bridge located between and electrically connecting said

electrode rings.

[0025] Still another aspect of the invention is a tunable electro-optic lens
device, comprising a first substantially transparent substrate having a substantially
transparent conductive electrode layer operatively connected thereto, said
electrode layer being patterned and having a plurality of ring electrodes; a second
substantially transparent substrate having a substantially transparent conductive
electrode layer operatively connected thereto, said second electrode layer being
patterned and having a plurality of ring electrodes; and an electro-active liquid
crystal material layer present between the first and second substantially
transparent substrates, wherein at least one ring electrode on the second
substrate covers in a planar direction at least two ring electrodes of the first
substrate.

[0026] Yet another aspect of the invention is a tunable electro-optic lens
device, comprising at least two substantially transparent substrates, substantially

transparent conductive electrode layer on each substrate, and an electro-active



the patterned el ectrode of one l|layer provide fine control over the optical
phase retardants and the el ectrodes of the other |ayer provide a coarse
control ovothw/phase over the group of at | east two of wrhe/USeme/ewnt rol

el ectrodes. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0027] The invention will be
better understood and other features and advantages w l| becone aé)q%%{ ent by

r eadi ngnatedabdisposed hatweengheosubstrates wherein thehelackiods layges: ARy h the
drawi n 9 P = [ Vi b thhd forma
1 qui d upstRs] Sl pafefitana'hribdha nEIR) of i EERbACY and ierth

adj acerthe glattierned edectraziec ofi neet lagebyprowde sinev eomtroldgess; theéi gptieal phase

i1l ust I - t ' f ti f . th tt b t
11 ust ralaEeTte #Gng Slegiiasipeng! e AUEriayah plrvids 2 Phaisel Gaavdl Phies ©
resist 'ﬁé%sl%rd\/ég?ﬁe §raw8f§ué§sﬁv¢d3@rfﬁbefmé)éorﬂﬂﬂ iddipstigent of a buss line

connect to aring electrode through a via in the insulator; Figure 4 is a
cross-sectional view ' L AUl st al based tunabl e

| ens of the present %ﬁﬁ&ﬁ%@%?ﬁlﬁﬁ b%\&“\g of a further

enbodi ment of an alternate structure for a resistive bridge | ocated between
ri ng el[@027pdeFheFiimuentiof ivell abe opetteewnderstaod:nduudli otlver tfataresut@sid at e

ot GRS WihDE SRATORT By Beednd e BRI BSEiPEET o © 7

el ect I qgeritigo WkEAoYthdrwiththd dreMliAge wheledir € 8 is a bottom view of one
enbodi nent of an oppOsing substrate containing a plurality of el ectrode

rings thereqn; Figure IS a cross-secti-onal view of a.two-layered design
For Chnput 11U e foBnlefot 3 Subeiat Chfzed by aJauf enlSiitne

| nvent i glicaPieAE HmtAinikg firfg 8leefroass SwhRbiIN AdjadenteRictRdedr dracionperd ment
of a liquid crystal-based tunable Iens of the present invention. DETAILED
DESCRI o refsistive i geslVENTI ON [ 0028] The el ectro-optic devi ces of the
present invention are |enses that are

Figure 2 illustrates a close-up top view of a portion of the patterned

substrate illustrated in FIG. 1 including area 2-2, particularly illustrating a resistive

bridge;

Figure 3 is a top view of one embodiment of a buss line connected to a ring

electrode through a via in the insulator;

Figure 4 is a cross-sectional view of one embodiment of a liquid crystal-

based tunable lens of the present invention;

Figure 5 is a top view of a further embodiment of an alternate structure for

a resistive bridge located between ring electrodes;

Figure 6 is a top view of one embodiment of a substrate including an

electrode layer comprising ring electrodes thereon;

Figure 7 is a top view of one embodiment of a buss line connected to a ring

electrode through a via in the insulator;

Figure 8 is a bottom view of one embodiment of an opposing substrate

containing a plurality of electrode rings thereon;

Figure 9 is a cross-sectional view of a two-layered design for input line

connections for a portion of a device of the present invention; and
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electrically tunable and conprise a liquid crystal |ayer |ocated between
transparent substrates, wherein the liquid crystal material is realignable
i n the prweenmel4odé4an el ectric field. Wien voltage i s applritsdoiaoooss t he
cell containing the liquid crystal material, the axis of orientation of the

liquid crystal material is changed, wherein the use of a patt .
el ect rode stFEUNB igr 3 Arass-seghenaleHew ﬁ% t‘%gu"meél %""E’F?gimg?foa @eﬁq%l'd

gradi e h ffind iquid crystal layer. The focal
| eng thr&‘(}fgt@h gﬁf‘een{s]uq'%élé)%rqég;f tﬁéycrijeét]%st |"?lg(-'h‘€i dg applied electric field. [0029]

Tunabl e Lens Wthout Phas to the draw ngs,
Figure 4 illustrat eéEJ%Féglﬁégmgﬁi&m%vﬁgé?&V%m’ of one enbodi nent
of an electro-optical device 10 of the present invention. Device 10

i ncl udgeo28Jai ﬂ'hefelectho—bpat:e:iev%bs 22 thepeéserthbinyepliamare denses $ipatsane

parallel tqo each other one enbodi ne The strates aye, nai ntained at
a desi reiRfFtacaltyartepablp s?ﬁﬂ:e?@mpﬁ'é? @rm(}]ﬁ'}" Tﬁ’éygﬁlbclﬁwar 'é’ﬁ@{.@dc PeWEE  and

in Onetﬁjﬁggglrémné Bs?rJtéQE%/ﬂQ%Iﬁ tﬁgof?%lﬂg %lkslé@%me?irq) reé{’gr?étﬁétlhoﬂlfé layer

30 is present on ower substrate ectro aer IS present on
upper guesence of a8 electrib fichd IWhen walitageris cappliegieacrass |tlh¢ tsbell rcmnéainmg a

tt d el ect h d..h I 50 i
e e R R0, raer 5 B BHESEPS e R T ot 35 °
32. A 'dh%HdeCM‘néFé}h th@YRE &Oapanefr%%p@r@cheawmme &uheds’ #gpadiéRt in22 and
I n cont act Ignnment |layers 50. As utilized herein, theterm'l|ayer"

does ndhe rfmmltlnat arqduceerangradlenhméhanadewpérre&acm@hgfdhedhwtmrystal

pur pos degiodd foad! BRBREEl 1eders P uitid 17 etiho R eBpIRe Iy iChERETC,

provi de desired optical transm ssion and preferably are transparent. The
subst r §0829P0, Tanabler-ens Bitheut PbasedMrappingir ved. Various materials can be
utilized as known in the art, such as glass, quartz or a polynmer, wth

gl ass apse) Pr Riepsrring- anetosmterngssmgﬁ@ ablinstate@ abbroekdartional
mat eri al, or allrgned or conpensated to mninmze the effect of their

bi r ef r iviep9f @ PIIOB I onecerpbadimentuaf as el@ptr@dmtncayéewcgdo ebthepresent

Cenos e EAIRRLS dindl h AP TR Rte TS5 BRapiCb i ho

el ect r dfispdsaderparallelr tal eacn dthepniyr iomer gmbediment. The substrates are
maintained at a desired distance by spacers, not shown. The spacing range can
vary, and in one embodiment is from about 5 to about 100 microns. An electrode
layer 30 is present on lower substrate 20 and an electrode layer 32 is present on
upper substrate 22, with the lower electrode layer 30 illustrated as a patterned
electrode, as further explained herein. An alignment layer 50 is present on the
substrates 20, 22, preferably on the electrode layers 30, 32. A liquid crystal layer -
60 is present between the substrates 20, 22 and in contact with alignment layers
50. As utilized herein, the term "layer" does not require a uniform thickness and
imperfections or uneven thicknesses can be present so long as the layer performs
its intended purpose.

[0031] As the device 10 is a lens, the substrates 20, 22 must provide desired
optical transmission and preferably are transparent. The substrates 20, 22 can be
planar or can be curved. Various materials can be utilized as known in the art,

such as glass, quartz or a polymer, with glass being preferred. The substrate is



substantially transparent conductive material. Exanples of suitable
materials include netal oxides such as indium oxide, tin oxide and indium
tin oxi dewoant/prefierably is indiumtin oxide. The thicleoedas2ab/ovire7
conductive el ectrode | ayer is generally fromabout 100 to about 2,000

angstronms, The el ectrode | ayer nmust be sufficiently thick to provide

desi r edPreterakly@ Qpp-pirefingeritinateyiabon alignesrRiueampensateditpdpimiaeethe s
gener al : about 1,000 ohns/sq and is preferably from about
10 to a%&&g{%ﬁg@%@&%@%ﬁ/sq. [ 0033] The alignnment |ayer 50 is used to

i nduce a _particular directional orientation in the liquid crystal when no
vol tage[°p§2hppITh8d3°f‘9UPWée glestrodelayersa3q. cidCam Srqeiﬂog't@giqna ISHgFE?teuse as

align j hag! g t: g £

pol yi mode R SREROITEGR TTbicherab RiderhB] Attt Be s RImedbikihg 2 5o
shoul d phetslitfogeaphic procesparthe keteadexier Eyedimaterinbeah lbe iaeyt Borgemico t he
liquid crystal terial, such,as.about, 100 to about 1,000 strons, As
nown SYOETRSURHY T4TRpasenG RRBHECHE dvateBal s EURDIP 6] BB Ebime
embodi kAl de tiefalRAidess it dsaimidiith! oo A XIS aifal MR Ol arion Lo
the liquid crystal materital prior to an electrical field being applied to

t he nmatprefesdbly[i9 OBtivmGin@xide. y Theythickness of the tcanduative eldctrodet lapas isan

orientatian rder, t n_be C olled int resence, of an electric
frera danepay FomranaitNof Riarty ZRhbRnor®. o Pie e igee BufitE phace
form n%dfﬂidilé’rhtg/ eHigie ttal provide l@}é's}féﬁ_r@@rﬁm?dtnit?.g Riegistiditg rofsthel SoRdGEtIRS
polymer liquid crystals, polynmer dispersed liquid crystals or polyner

st abi | ieleetradeydayerc isy genesaldrami abputulld ter geeut J.G0Q qhrasisar @ndi i$ one
enbodi . | I | Shi by suitable liquid crystal
naterigﬁ§k¥%%$3ﬁgﬁgh§uggﬁﬁ?%@gpgﬁgp?%ﬁﬁﬁﬁgﬁﬁgggid crystal w thout nuch
difficulty, rapid switching tine, and a | ow voltage threshold. [0035

Fi gure [0035] s That aligmentriewen Bohtis otised dabindugeo ap patgulag direcioaat r ode

| ayer . : r I 0,..Si e hRcl udes
a plur gqqlet%ﬁg)?pgq té@%r'gcggds %—rggﬁ??avgﬁ%'ﬁlorﬁé) O?éggé)ego?béli'%tsd)gt%%sgrerwoagng?hg
aring ivardie heaterials suitabierfor ubes kas3alignmentilayerd) ameknownm s, thandrtt he
i nnermpst. ring, 34 and the disk 35 are electrically separ t_eg fro ach
ot her HYclyding; bt peEhmited itaspelyinmidg apdhpalyviny algo S?l:eﬁﬁ% ICKRESE PESISt i ve
br | dge afignfifer B/ IdtPehda WRESUMERAL B infbér 1S HbSTEairgeorif drierfdtictPen
space | oCat ed between adj acent

to the liquid crystal material, such as about 100 to about 1,000 angstroms. As

known in the art, the alignment layer 50 is treated by rubbing in some
embodiments to impart a substantially homogenous molecular orientation to the
liquid crystal material prior to an electrical field being applied to the material.

[0034] Generally any liquid crystal material that has an orientational order that
can be controlled in the presence of an electric field can be utilized, including any
nematic, smectic or cholesteric phase forming liquid crystals, or polymer-
containing liquid crystals such as polymer liquid crystals, polymer dispersed liquid
crystals or polymer stabilized liquid crystals. Nematic liquid crystals are preferred
in one embodiment. Desirable characteristics possessed by suitable liquid crystal
materials include the ability to align the liquid crystal without much difficulty, rapid

switching time, and a low voltage threshold.

[0035] Figure 1 illustrates one embodiment of a substrate 22 having an
electrode layer 30 present thereon. The electrode layer 30 is patterned and

includes a plurality of electrodes such as in the shape of rings 34 surrounding a



el ectrodes or can be a non-conducting insulating material such as silicon
di oxide. In one preferred enbodi nent, the gap 36 is said open space. The

ri ngs 34 woeopref@nabl y substantially annul ar and concemCriuso@iootidsugh t hey
may not all be fornmed as a perfect geonetric shape due to the material and
processjing techniques utiljzed. That said, the term"ripg" as utilijzed

her ei n f@ﬁdBﬁ@%i@'@% PE? cgbtral Q@Et%twah%’@'nr?qiag?’i‘tﬁ&gse agd tggl"i“b?ri"('h%ﬁt MMBngs.
Litkewt 50 afld e Hisk 35P4RS BleRRqally Siidttiedfirbin BaER WtAér bfUn EbtiAtaly be

ring-1i he el ectrodes can e sane plane or in"different planes
separ atirslldyncgaigapn36) alithr exedptiorbio teh eesistives bridge b38 dige descrird dudiemect

| ectrodes, in.diff t pl .0036] The wi dth of. t i i t
Char 1 Merainy e dnedating a6, i (i ansl sipge cotatad BehuadR +dapgin®r) .,
appr OXieﬂ@&thdésJérﬁ%éWBé d Rof en@ﬁ%@ﬁ]matir{ haféridiuchuad elliceh debxagér odes

present on the substrate, 1I. rings 34 and central disk 35, can

vary. lln aneeprefieoed resnbodigentr thel gap dfhisasridtopem spacshodhex(ing® 34nare

preferably from about,. tQ ou 00 .t el.ac d r rese a
subst r H@%rT@Mﬁ%SX%E@& ﬁanﬁprté{éd’zpcroggghﬁlc, n%)ﬁ}ﬂ&{gg‘nﬁe&? rrIﬁ‘\ae‘gsnfi)stognﬂe b%?oup of
el ectr gg@fied | a$-a pEfedtl geBhtAt eshdpslegue atad tis einateridly aalll processing
substantially all of the el ectrodes present are part of a resistive divider

net wor kechiiiaues adilizedie Ehatusaidy dhe defmsirifge P otitizag hgreipr greorppasses

ol ect r quuEhirks hEP Bls TBNEES £ 8, BIBTERT AHGL JikqlieBs BE BT Beitanly
prof i | eubethntiay ciroulaersutalan alsd beusngHikepThe.eldtteodesean bedn dhe sdete

network conprises a resistive bridge 38 having a desired resistance that
connectRangipaicdifergrt plangrseparglegay @n insylate], whesshy %Tgsﬁ',"eglf@eas
shown i WeTiNg &&g : | t he design of the device, the
resi st id\?e\ﬁglg@i @rn]e& %Lri 8%8\4,'3%??3%2939%8} esi stance generally from about

100 to about 2,000 ohnms and preferably from about 800 to about. 1, 200 ohns.
Resi st i[pA36} i da—BeB‘S'déBrﬁfr‘i@eE"SS r et sthdkaty %wﬂéipﬁessnd@frl%%fm cal ly

Cond“CtBe‘f\‘vaEﬁt Eﬂi??]:gnt PEIBEFEARS YisP9é rtﬁgnbﬁgﬁrm‘éﬂﬂ UgJg Rav&t i igHe Or an

area free fromc uctrve materiral that ai In creating the desired
resi st a@mbodintemten each adj acent el ectrode 34, 35. [0039] The conductive
material of the electrode bridge can be any material as

[0037] The number of electrodes present on the substrate, i.e., both rings 34
and central disk 35, can vary. In one embodiment, generally from about 20 to
about 2,000 and preferably from about 50 to about 200 total electrodes are

present on a substrate.

[0038] According to the present invention, at least one group of electrodes, i.e.,
two or more electrodes, and preferably all or substantially all of the electrodes
present are part of a resistive divider network. The electrode structure is designed
so that a series of substantially linear changes in phase retardation between
adjacent electrodes can be established that will yield the parabolic r? phase profile
required to generate a focusing optic. The resistive divider network comprises a
resistive bridge 38 having a desired resistance that connects adjacent electrode
rings 34 or a ring 34 and disk 35, such as shown in Figures 1, 2 and 5.
Depending on the design of the device, the resistive divider or bridge 38 can have
a resistance generally from about 100 to about 2,000 ohms and preferably from
about 800 to about 1,200 ohms. Resistive bridge 38 comprises a resistance path

comprising an electrically conductive material, preferably bordered by a non-



defined for the conductive electrode |layer 30. The material of the
conductive electrode |ayer 30 can be different fromthe conductive nateri al
of the resDapivE7dsni dge, but preferably is the same mat eciraiS2olbnouse
enbodi ment, indiumtin oxide is the preferred conductive material of the
resistive bridge. As an inportant benefit of the present invention, the
met hod GANAUCHYE rafefiabar antareadiag flom epedyetiveamelsrial that aklsinisAlng

phot ol i RousHRAesisartid bt CadH S@BehGIebRbIETA, 85, cach resistive

bri dge , patterned el ectrode Tayer and resistive bridges are
created utilizing photo-|ithography. in I ngl e. process step. Thus, no
2dd ¢ | DP9 dMebandbictive BatuEL ok the slectiodg fridi £8n B AT MAPES! T ve
Net wWor kye i fir tHé eﬁﬁﬂﬁét%’ eldctiotie! BiyEPBCasthd hitefiieof it 'dﬂ)nﬁhﬁg\yé"
phase change wth voltage is also linear, than a continuously tunable |ens
can be élebirodatiagendd lcannbg differeint from dbereeriductiee roateriat of ke irasistive st

ing, i.e,, disk 35, d ti terpost el ectrode r.ing,
{ hor ebyb T RILTREr R 17488 SAETS AtERY dntols SREaeTh BTGk I8 e | s
especi k| el prdfatredNESn AItednidiBlidl _eprtrgé %8‘3‘2‘1? hsridgeni | AS! &n RhpseRtapange

of the liquid crystal device is utilized. | I n "an enbodi ment wherein
t he vol bengfit\wf thepeasent évention, tie miethad ylilizeddpyaseate thewdesiredseleetiedeler ed

e oRYEE A0, 7 el bBPinddtBphY, Ryl B FrdpRh B SOeSEeRtEe Sane
then pr@gistifeabriddeo ®8. COTHIRS (pterhed sleviesde I18yerchn@desistingshidga yarépaced

on the lens. In one enbodinent, an input connection is_connected every nth
el ect r oereatecthytilizipg pkoto-lithagraply inng singleheregessestepn bhads.cnpaddifianal it is

desirab LOY| | F&Fﬂ% ' : i nnernost ring or
di sk 35%§5%’%6$88}6@%15§ﬁt%‘2€gr%pu 'cc?trlﬂr?g?{rﬁgﬁg?%%gﬁé’d@h%w}ﬁg' nunber of rings,
for exanple, fromabout 10 to about 100 el ectrode rings and preferably from
about 1[9048] abdutaduitien.ciétt isuthe icags. thab theligkist srystal phasarshangenvitiher e

ol cot 1 oS 2ied feat Mior bRl o nAEent cBh e iiEafa R g3,

50, 60, twtdinpdi® coffectitths] OBeaateheimverdaskt winghi.enpigk 85 nared bnerconnéctisn i n

o o ot blecHace i 1SSy Caimatr hacoree e ol P
oo GE0TTE MBS LRSI Babl] ot NP i B 8 hne! Y. I
available phase change of the liquid crystal device is utilized.
[0041] In an embodiment wherein the voltage vs. phase relation of the liquid
crystal device is considered linear over a small portion of the total possible
parabolic phase change, it is preferable to connect each electrode by a fixed
resistive bridge and then provide an input connection for several electrode rings
evenly spaced on the lens. In one embodiment, an input connection is connected
every n'" electrode ring, wherein n is 2 or more. Therefore, in one embodiment, it
is desirable to provide an input connection connected at the innermost ring or disk
35 and provide further input connections based on the number of rings, for
example, from about 10 to about 100 electrode rings and preferably from about 10
to about 20 electrode rings. For example, in an embodiment where the substrate
22 includes 100 ring electrodes, wherein one of the ring electrodes is an
innermost disk electrode, electrodes 1, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100
are provided with input connections. Thus, in this embodiment, it is only required

that the phase vs. voltage relation for the liquid crystal material is linear over 1/10
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Is only required over 1/20 of the full range, or every fifth el ectrode.
Figure 1 illustrates an input connection 70 each connected to the first

el ect r odeweandiwtagsetient h el ectrode of el ectrode | ayer 30PCrQB4®p/0Tt7687 i nput
connections 70 to the desired el ectrodes can be placed on the side of the
el ectrode, cl osest .to the substrate or the opposite side of the e|ectrode,
away fratherangedithansevions anpseRch yhiesein rgﬁge%{?févephagg(?%meyefl&wﬁ@e- by
deposi tg; | d¥fim eRbi AhELGOHS sl}é)érrﬁ;%' Wearikyhe

el ect ro%fﬁg?gg’eﬂrnniﬁgﬁ%e [ %ﬁ?’”ﬁ'ﬂﬁ%ﬁﬁach | nput con ec){él%én i%s“h}‘I
connectisdrly reqeireg mvepr1/20 eofethec fulb dangdyrarughery fifth electrode.i nisigues dr, such

as sho in Figure 3. In an.e di nent wherein anp i t_,connection,is

[ ocat edlateER 20} MPUbCORRSEIRRE 0ogECARAMPRER 1ohthe AR SI6EE0ds rmod i
connectibfh Sabro8e bRBIdcEBHEday®r SBPOsiting a thin layer of insulator over
the el ectrode layer, and then growi ng an input connection |ine over the

i | i f. h i i .. 0431 | |
ermour oAz 3 he fauf 25tnedtants, 2801 Slsirad 8ctnonRs Tant B Haked @V st
18349 auai digh! &F fHo@dIidde clodeshdo ankhs@idirie & D dppodite NEHMI bf tHE ve an

optical power of about 0.5 diopters for a |lens dianmeter of approximately 1
cm Mralectpde @wayftom thensuesteatai elhelinput caoneetionsgatenpraferly farmed al

| ayer thicknes but. ewvent ual Iy .non- Li LY §:0.; f.iel i 1l _,deqgrade
t e ot Bitingtstid Basrial Rieh B Hilcoh diBBbdmEeindieot . o e
povers |4yél adbisthd nep@asenmédtion. i dBaeh ahpat @onhbttikimas sconwistitéd apatheppt i cal
power can al so be achieved bé stacking multiple electro-optic devices 10.

[ 0044] amprepiategiceifeds HiroHgh a Wadpphe npulajof. (raichels slaown in frighiey3.t Ke

| ect J t. ' A ' . t f
o S Bl Hme, A SO BSOS ol e eliahe o
]gr OtJnd.avTé‘wfmni tisg substratepthednput ¢drmedtivh aanlbe Habrchted by depbsitingfa

actors

including, but not limted to, the liquid crystal .material
i 1 2 ol RyaTneT dhsdiiassover Reclackiita gt Schirer  GDWHg @b rinput

el ect r odfechiGh liREDVEEE f#\%u%rtmghagévﬂfdr %at:nﬁ%an;c&n%cﬁ&w rolling the

vol tage applied to the el ectrod or exanp circurt, a processor or
m cro processor. [0045] Tunable Lens Wth Phase W appjng[0046] A further
oo HORASh? TihehBr GXBMPIA GEROCHRETEI 2 dGUID SVEHRAIET. Tor example

comprising liquid crystal 18349 available from Merck, having a thickness of about

25 pm will give an optical power of about 0.5 diopters for a lens diameter of
approximately 1 cm. More optical power can be achieved by increasing the liquid
crystal layer thickness, but eventually non-linearity in the fields will degrade the
optical performance; the switching relaxation time between the various powers will
also increase with liquid crystal thickness. Additional optical power can also be

achieved by stacking multiple electro-optic devices 10.

[0044] An appropriate voltage is applied to the device 10, namely the electrode
layer 30 through the input connections 70 as known to those of ordinary skill in the
art. The unpatterned electrode layer 32 serves as a ground. The voltage is
applied to the device 10 based on a number of factors, including, but not limited
to, the liquid crystal material utilized and the thickness of the liquid crystal material
between electrodes. Various methods are known in the art for controlling the
voltage applied to the electrode, for example, a circuit, a processor or micro-

processor.

[0045] Tunable Lens With Phase Wrapping
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el ectro-optic device that utilizes phase w apping. The device has the
advant age of achieving hi gher optical power through the use of phase
resets. [WO04@io/4meaontrast to the phase w appi ng net hodprdedmseeto@oi7sn t he
Background, the enbodi nent of the present invention does not require each
el ectrode ring to have an individual outgut connection, but at the same

i hiffabie

time al [Q948]f oA dunhas embadiment ofsthe, Lresent; |yepiien TERIes to A

enbodi ek ; ided i ces,
on of ¢ nEPCoRPHEIEc FIATHIAEEpIBR WIpHingll TR B e atage e
phase t ef achieving dighidaxptical pawer feough the ase of gbase nesate. secti on of the
bl azed el ectrode structure. This allows for the phase change across each

group °f0t0?|7?0t NASRtaSt @th%[}?a‘%&%@fﬁ]ﬁg{ﬁﬁ%oﬁ'd&cﬁﬁea% P BRcRBicUmRd Wi th

respect he previous gro gure 10 illustrates a )
cr oss- sthet embalimertwofotheoprespat irvemtioh does pabratiuieneadh elactwdectingtopt i cal

device 110 of the.present jnvention. vi.ce 110 ineclud a pal f
subst r af'@¥® f@o',nlai\‘fg“'qjeqi‘gp‘ad F9”'E5%?tl9'b£[®?teﬁ?‘et63’882?{“&??1 'S 1A é}}:ﬁs&f t he
subst r afyespdEYIchS tRABIBAInaIE/ Oor curved, etc. An electrode layer 130 is
present on | ower substrate 120 and an el ectrode |ayer 132 is present on

te 122. with h.el de | bei . | des,
P L e iy i obdhdieny,” st offiorest st BEMGEA T Spr xgh; e
subst r afgpdirdle stifaceB! BheditHtrysi@a dff‘tﬁeellqg.gd rcmsgaﬂ medérall3Ad thae afided

di sposed adjacent liquid crystal l|layer 1 rein the materials,

speci f i tpistophphane tewnicaglreraddad tocach srisefrelpeiiodrs i pasSestiepofdhen of

t he respecti,v 0 re herein i [ ]

i gur o Beze S elee S0GEE, Tl Bfola Of Hisf Bhabe endfiof HsEbRiEaon g03M

i ncl udi BperRchbdegltd be the sAmet anddisen afhtdbeiphase matbedtwitte résyedt to
connection 170. Electrodes generally conprise a ring-like circular or disk
el ect r ofte RrEYIQUSOTRUBl ural ity of ring el ectrodes 134, such as described
herein. In a preferred enbodi nent, the el ectrode |ayer 130 conpri ses

adj acenfoodgjct rrigese dilspilssteates ali drossaseictiphalneiaw sefe oRieg poetich fafr oreanpl e.
I nsul at | gg) material 140 separates the djfferent planes of. th%ri_ neg
el ect r ogBPOdiMentrplean glastroceptinat devicee] K of tigopiesggt invention. Device 110

includes a pair of substrates 120, 122 generally both parallel to each other. That
said, the substrates may be planar and/or curved, etc. An electrode layer 130 is
present on lower substrate 120 and an electrode layer 132 is present on upper
substrate 122, with both electrode layers being patterned electrodes, as further
explained herein. An alignment layer 150 is present on each substrate 120, 122,
preferably on the electrode layers 130, 132 and disposed adjacent liquid crystal
layer 160, wherein the materials, specifications and configurations, etc. described
hereinabove for each of the respective components are herein incorporated by

reference.

[0050] Figure 6 illustrates a top view of one embodiment of substrate 120
including a plurality of electrodes, each having a respective input connection 170.
Electrodes generally comprise a ring-like circular or disk electrode 135 and a
plurality of ring electrodes 134, such as described herein. In a preferred
embodiment, the electrode layer 130 comprises adjacent electrodes disposed in
different planes, see Figure 9 for example. Insulating material 140 separates the
different planes of the ring electrodes 134. The input connection/electrode ring

connection is formed through a via, such as shown in Figure 7.
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connection is fornmed through a via, such as shown in Figure 7.[0051] Figure

8 illustrates one enbodi nent of substrate 122, adapted to be di sposed on an
opposi ng wWpae10of47éche | i quid crystal |ayer 160 as conpar @dTius2&0lst7sat e 120
as illustrated in Figure 10, including an el ectrode |layer 132, in this case

a counter _el ectrode | aye i ncl udi n lurality of elecgtrode 13
surroud@PBYl a EigweH "i/ ﬁﬁ’@lﬁ l@é‘%??&ﬁ%ﬁge@ﬁ et subakats; 1§§ ﬁdépffé ch(si’@ 135.
Accor di t | ' | t unt er
oh oot r Ciepdsed BR 2 GHidsiiy fic ofIhE il el SHyer 1B01AE ofbaree &0 S
the | owibstratest2@tas ilastrated indviguse 40, Motudinganaelecade layer H32uUp tbis two or

Th d at de f de
0T oot 1G58 Ao ouftet “pRElPUS c Ayer amaiiaile: 5 PRiay °Bl (leetade s ©
gener a'édr&ﬁ'&i@@ﬁ'c@ﬁh@! rlﬁé Ilﬂerdﬁ%hlércbléét‘?ocﬂ% B3Pk elebffodd PS5 aA@chﬂﬁfge t he

particul ar el rodes are disposed. In particular, Figure 8 illustrates the
desi gn tbdhe anverntione acsmgleemnggbedtsimtwctta;aeontthatcoyntm electrode: Igyest1332 i ke

Bl oot r 0B 7 1y88" ongrRte Lo P sfiotions! 117 b Ik B BSf s 208 Geg
for eacdbvets tdre Refaps Odedeaét O Weap of awo e ma@kerings2. TRES3teas

illustrated in Figure 10, a liquid crystal material 160 I's | ocated between

sEbst r determipgtion 25 made dorelactiodes ispersedodiractly. acss Ihedinsie caygipk of
|
i tn prBSEAR yst Horf R OB} Ginerdfy oRfatidiclal BE diphdlyd el BRitebct 200

it is ahewubdtrbteaivharalths particalaresedtestidshate dispoped.c v barttouulwercgmee& a

range of 1.5 diopters in 0.25 diopter steps or less. To achieve this
t unabl dllesteates @Jﬂ%sfewsmfeﬁ@ CORI$e ﬁeumeﬁ@'%ﬁmﬂ,et laver thatnepyideadag pisian: in

this eﬁ%@égﬁ&?ﬁﬁﬁgé (ﬁ)e?csté’vgpﬁs%ﬂokl)ogré’ﬁpﬁ fhe4ing Q%%tr()geg 13€bEGSWede ring

n has ge has rin AZcounter-€lectrode ring structure is
pr esentelectrodes IayéIe1305Ldmssula$teatwh1?2@ elalpht ebanectioies ri70garef ptdwided dort er

el ectrode  r C der ar cove one group of rings of the
opposi rﬁ?cé\ %fgﬁﬁﬁi"e‘:tqum or}sz?l%’@efle ro JAEE ﬁ%r in a direction
substantially perpendicular or normal to the plane of the substrate. Figure
8 illuj00&2ks Aseildstated fiorFighes ct!hraeliqlddncwstalemat@'iai 169 €s located

provi des .t he pi st | i S e over se groups of 4 fine-ring
el ectr e?ﬁa?t“?’éﬁ tqslﬁep:, &%t%’b&?ﬁ?cl% oggriaves 1Iaﬁieal\ﬁzde rings, m are
[0053] One example of the approach of the embodiment of the invention

including a tunable lens with phase wrapping is as follows.

[0054] As an example of the technique, it is assured that a device is desired
that is optically tunable over a range of 1.5 diopters in 0.25 diopter steps or less.
To achieve this tunable electro-optic lens, a fine-ring structure is fabricated that, in
this example, has all electrodes in groups of 4 rings (i.e., electrode ring n has the
same voltage has ring n+4). A counter-electrode ring structure is present on the
other substrate where each electrode ring of the counter electrode ring has a
much wider area and covers one group of rings of the opposing electrode, i.e. 4
fine rings, generally in a direction substantially perpendicular or normal to the
plane of the substrate. Figure 8 illustrates the design for the coarse counter-
electrode layer that provides the piston-like phase change over several groups of
4 fine-ring electrodes that are illustrated in Figure 6. The wide rings, m, are
grouped into 12 rings (ring m has the same voltage as ring m+12). Thus, there

are 16 input connections needed to electrically drive the lens: 12 for the wide rings
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grouped into 12 rings (ring mhas the sanme voltage as ring mtl12). Thus,
there are 16 i nput connections needed to electrically drive the lens: 12
for the woeorvngmef the counter-el ectrode and 4 for thecfriuseowionys7 of the
first electrode. Wth this design, one is able to sel ect how many groups of

fine el ectrod t t |
Lhar ¢ 198 T qoRDistRIgiEsae ead g dor e Bie mas oh YL st clsurata it hEoe for®
an aCCla %@%6%?@ dOE S8 !Bc"i‘tHoW‘rﬂa%ﬁgroﬂb%r&fﬁ?{éaele%ﬂ%déé%réEﬂs‘é@ttot@ethaVe 2

groups of 4 fine el'eCtrode rings per wave of phase
r et ar dam ione, wawe bf pBasg oetpsdation, Tealizing diatrtbeanm\anuunnyMIeduoﬁgnehmggr eat est

ef ficiency put snal tical and 2 er _wav el. t he
east OfVoadesy PRLwelrdalion Wayt THE an, dturatfo BESSe PaPaHiatdL s 87 | ne
range (Tfhetf@féré esHe £8H sl es h'a$e]2 3,4 @benz,gréop@lovarﬂr@é@ctr@aé rirggt has a
power range from-0.75 to +0.75 diopters is needed. the choice of how

the el wtrrwm&ohpba@e oetpedatiary, withe 18igyREBS Pesvewaye Q H@taféﬁﬁoﬂé’éQiG'nQo be

+0. 75 opt er,s en th oups of
el ectr 'a%&f‘%ﬁ'tﬁﬁt B&C'eﬂﬁy?}’éﬂ s‘_ﬁ%ll\ga%‘ bn(%lat%ﬁw?bﬁ ? gr?}‘?bfzée 8%% ﬁJ'éecgluse
the devhé eadteficigndybilitifeatspopticalgdsedr i cal polarity, it will also

generate the identical negatlve optical powers, as well. [0056] Thus, this

nbod f

opt 1 caltoest, . PEFRs i, Reabhg ring i8duldy bhAde %e?“ia'oéé%rgﬁ%@?ffied
power |\@ﬁ§ble|:lérns€théﬂ’ﬁh§,a poweprangds froni Fe7686awi«®75 rdlédStErsélsaneé@dib@ye W th
a -2.25 diopter conventional |ens, one can tune fr di opters

in 11 sth@rfé"OlQﬁ obhew theselectindesoatsi aroupad; ifithe héghﬁsi PP;W% %fpth@r fens
conventr{e%lra? l}gtbfeg?% @@oé@l?% LHBR thé %%\Nerjonh q’en+52 h9 PUeHSor {%BQJJ\PSTO nhor e

clearlyi 'ages a ed to the electrodes, ice is
needgad offedectrddes willdse ¥RTAr da15| 80.375,a-0.2h @ar+(f tﬁﬁdlamexsf Beeausa thege
and rat her, than speci one eac I eﬁt rode

appl i ed t
R i A elestdes! iy Bl Alka Srnersin e
center %%g’ﬁca[ %k é\étv\l;éphat definition, for the case of a negative

| ens, ges app to the four fine electrodes I n each group are:
Fine eI[(e)(c);[.:'»é]OCIeThus thlsoerilb%%m%r?tcé pﬂwase-wrappeclO e/ec{ronfc Iéns is tunable over
11 levels of optical power. Of course, this power range can be offset by adding a
fixed power lens. For example, by combining the device in the example above
with a -2.25 diopter conventional lens, one can tune from -1.5 to -3.0 diopters in
11 steps. Alternatively, by combining it with a +1.75 diopter conventional lens,

one can tune from +1.0 to +2.5 diopters.

[0057] To more clearly illustrate the voltages applied to the electrodes, a LC
device is needed where the phase retardation is a linear function of the voltage
applied, and rather than specify voltages, one can say that each electrode has a

voltage that yields particular phase retardation relative to the center electrode.

[0058]  With that definition, for the case of a negative lens, the voltages applied
to the four fine electrodes in each group are:

Fine electrode #1 =0

Fine electrode #2 = 2 1 / (4%))

Fine electrode #3 = 4 1w / (4%))
Fine electrode #4 = 6 1 / (47%))
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Fine electrode #3 = 4 p / (4*]) Fine electrode #4 =6 p / (4*] )where | in
this exanple is 2, 3, 4, 6 or 12, corresponding to the relative |ens
powers. [WO20jo/ilies4vol t ages for the counter-el ectrodes iPOTIUSRGI0@NERD] €
woul d correspond to the phases: Phase (radi ans ) =0, 2_p, 2% 2_rr, 3*2jrr
(i-1)*2 pj J J J [0060] As a particular exanp con 1 der thunln s lens
(L0720, e kROl Ao Rat Loud o coxaml o Sos) Ber butiieleh
correspmmeltso a phase of: 1. 0 ( by definition) 2. 2 p * (1/12) 3. 2 tt *
(2/12) 4 . * (3/12) [0061] The voltage applied 1 1. O (by definition )
2 . p[0’059]./ 3)Th% \Zbltatgeé (far 3thet countér-eectrodées ( I 33his exarmnlé ey 7. 0
8. 2ttt * (1/3) Wi‘t * (2/3) 10. 011. 2 p* M3 12. 2 p * (2/3) [0062]
Then co‘EFPff‘?er?”ldrtBr%hF 38Rt er el ectrode and goi ng out, the rel ative phase
at the location of each fine ring will be: 1. 0 =02 . 2 p (1/12) =2 p
*(1/12) Phase (radians )= 0, 21, 2*2mw, 3"2T1...... G-1)2m

j j j ]

[0060] As a particular example, consider tuning this lens to be -0.5 diopters

(j=3). The voltage applied to the fine electrodes will correspond to a phase of.

1. 0 ( by definition)
2. 2TT*(112)
3. 2mw*(2112)
4. 2m*(312)

[0061] The voltage applied to the counter electrodes will give a phase of:

0 (by definition )
21 *(1/3)
2™ (2/3)
0
2T*(1/3)
21 *(2/3)
0
2m*(1/3)
21 *(2/3)
10. O

11. 2w*(1/3)
12. 21w*(2/3)

©CONOORARWN =

[0062] Then counting from the center electrode and going out, the relative

phase at the location of each fine ring will be:

1. 0 =0

2. 21 (112) =2 11 *(1/12)
3. 2m*(2/12) =2 11 *(2/12)
4. 2m*(312) =2 1 *(3/12)
5. 0+2 1 *(1/3) =2 1 *(4/12)
6. 2T *(1/12) +2 7 *(1/3) =2 1 *(5/12)
7. 2m*(2M12) +2 7w *(1/3) =2 1 *(6/12)
8. 21*(3M12) +2 w *(1/3) =2 11 *(7/12)
9. 0+2 T *(2/3) =2 11 *(8/12)
10. 2 * (1/12) +2 T *(2/3) =2 11 *(9/12)
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3. 2 p* (2/12) -Op *(2/12) 4 . 2 p * (3/12) =2 p *(3/12) 5. 0+2 tt *
(1/3) =2 p *(4/12) 6 . 2 p * (1/12) +2 p * (1/3) =2 p *(5/12) 7. 2 p *
(2/12) +2wp 20101143964=2 p *(6/12) 8. 2 p * (3/12) +2 p * eera)s20aB/0m75(7/ 12)
9. 0+2 p *(2/3) =2 p *(8/12) 10. 2 p * (1/12) +2 p *(2/3) =2 p *(9/12)11.
2 p* (2/12) +2 p *(2[3),.z2 R *(10/12) 12. 2 p * (3/12) +2 p *(2/3) =2

*(1 1/12) 13. d'=02Mm’ (é“?i +BT(:£L(/21% =2 p *fglﬁlé}lélig). )2 tt v ((2/ 12% =2 B
*(2/12) 16. 2 tR.*2@Bf M2+ w[@/32) 17. AT (WHI1219. 20. [0063] The

vol t ages addresis$edOto the fine el ectrodes @ counter el ectrodes,
correspondi ng tiad.edah* ¢f/1Rhe optical power sZaw *(1MA¥trat ed above, can be
stored in a nem® y2aht MRt communi cat es w2 iy *@2m@yer supply and the |ens.
The chip is prog apied(@mzprovide the requizzef *pgppyal power on demand.

[ 0064] Tunabl e 47engtgdevi ces for exanple devices 10, 110 illustrated in the
drawi ngs, of thg present invention can be utilized in numerous different
applications, i ry':l uding, but not limted to, |lenses, for exanple gl asses or
spect acl es, car%fa's‘; various displays, tel escopes, zoom | enses, wavefront
correctors and “equi'pment used to diagnose inperfections in the human eye.
The tunable | enses of the invention can be utilized wherever conventi onal

| enses and optics are utilized. [0065] Wiile in accordance with the patent
st at ut e[063¢ beldie voltrgemadaiessed rtedheninalelestiodes\andeennteseledrades, t he

scope OI:ortrQsepénraYr%]M 890“\ of Bed optical powers as illustrated above, can be stored in

a memory chip that communicates with a power supply and the lens. The chip is
programmed to provide the required optical power on demand.

[0064] Tunable lens devices for example devices 10, 110 illustrated in the
drawings, of the present invention can be utilized in numerous different
applications, including, but not limited to, lenses, for example glasses or
spectacles, cameras, various displays, telescopes, zoom lenses, wavefront
correctors and equipment used to diagnose imperfections in the human eye. The
tunable lenses of the invention can be utilized wherever conventional lenses and

optics are utilized.

[0065] While in accordance with the patent statutes the best mode and
preferred embodiment have been set forth, the scope of the invention is not
limited thereto, but rather by the scope of the attached claims.
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limted thereto, but rather by the scope of the attached clains. WHAT | S
CLAIMED |I'S: 1. A tunable electro-optic | ens device, conprising: at |east
two substwotosli4yectir anspar ent substrates, a substanti al IPgTIUS2019par768Nt
conductive el ectrode | ayer operatively connected to each substrate, wherein
at least one of the electrode layers is patterned and includes a pluralit
of ri né’VHNcllSrGHééME\Dn@ei n at | gast onepri ng el ectrode is el ectr!ocal |y Y
connected to an adjacent ring electrode by a resistive bridge, and wherein
an el ectro-agcti veA turtible etscpet-aptiorensrdendicd, @pmprisingir esent bet ween t he at

| t t bstantially t t bst . 2 . The t bl e devi
e e s AR S S 3 e S D EAABE oc
to at 'ec%fﬁahcmbe feﬁatctltd?)‘ae Hy@glcf'de‘?ﬁfi\ié??ec%nnéﬁféd"’f@ BRlch $SsttRES wiRYéiRCal S

t unabl roma first optical 'power to a second optical power when a first
vol t agdeast applofethet eladimdei layees ds tpattéened randyhineludes rppurabitynettringn. 3.
The tunabl.e device according to cl.aim,1l erein the resisti i dge
conpr i é%CtEPq%ési%tﬂ%rﬁHb aﬁgFﬂgtcBHﬁr fig rﬁt]eﬁtﬁg% é%te???:tgf:? ! @85‘88%%%&6 %} eri al
havi ng a%'é&ﬂé%k@é@otr%éw A rbbBti¢o bidgkl ¥Ad Widkirmhntslaprsiastivddiqari acent
ring el e(!tro es.” 4. The tunabl e device according to claim3, wherein the
conductdrystahmaaterialllaysr is present kativpenthedjdeastdwe substantiallydranspaiedt 100
to about 2. 000 ohns, and wherein the conductive material is bordered by a
non- cortt?SHPR® material or an area free from conductive material. 5. The

tunabl e device according to claim4, wherein the resistance of the

conductive material of the resistive bridge is fromabout 800 to about
1,200 ohms. % . THee ttunable devicee ageewhrg ntp tatn ailm Whegdiar &M PRt

el ectro I : [ fiak3di pdepi g i i

“nds umiennegen & YRy WApREGIIS o leadton P thitring dectiofts, 05 .
i ndepenmmiry%heaﬁ;mt ?éﬂeetiﬁ tarbahlj & fx?orﬁO? fiestomticaipowar dovdn eeeond tdpdical
resistivity of the el ectrode ] ayer i rom about, 10 to about 000 ohns/ sq,
and whe?Q¥el Y"I"n‘@”c@n@f&&t‘ﬁquégﬁaiseépaﬁ'e‘iftottﬁ‘@ F'BSi%'?FV@d%rﬁ%G%‘égrbg;%r'f‘QH one
or nor eco‘?'nfnew@n.i ndi um oxi de, tin oxide and indium

3. The tunable device according to claim 1, wherein the resistive bridge
comprises a resistance path comprising an electrically conductive material having
a resistance, wherein the conductive material connects the adjacent ring

electrodes.

4. The tunable device according to claim 3, wherein the conductive
material of the resistive bridge has a resistance of about 100 to about 2,000 ohms,
and wherein the conductive material is bordered by a non-conductive material or

an area free from conductive material.

5. The tunable device according to claim 4, wherein the resistance of
the conductive material of the resistive bridge is from about 800 to about 1,200

ohms.

6. The tunable device according to claim 3, wherein the electrode layer

comprises one or more of indium oxide, tin oxide, and indium tin oxide, wherein
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tin oxide. 7 . The tunable device according to claim1, wherein an
alignnent |ayer is present on each el ectrode |ayer, and wherein the

subst r at esOan®/aedont ai ned at a di stance of about 5 to alpeutus:@0/0mi78T ons. 8.
The tunabl e device according to claim1l, wherein the substrates conprise a

or 2 caRBIthIEkneRs GReragh of $he SIRC iR I/ee b o dRoeRaNTG aBow d0m e,
wher ei %b‘oﬁf’z d saggﬁo@he%aqﬂﬁ?ﬂeﬁme COLTBYVi rédfiir{eoareaheué :agem fibrut

2,000 electrodes. € tunable device acc ng to clarm wherei n an

i nput abooectl ton absubpcd@d iohmhs/sqoandcwhdrein the conductivet material off thee
patterned el ectrode | ayer and an input_gonnection.is .additionally,.provided
Por cadRSiBiveBUHEC FoMRISasoaRe PhANeiRot NSUBTM Ade T gKidecaid IHTY ot i ve
bri dge tinsogd®Vvi ded between each adjacent pair of ring electrodes. 11. A
process for preparing a tunable electro-optic | ens device, conprising the
steps of: providing a substantially transparent substrate; formng at | east

two conductiwe electrode,ri,ngs _on the substr.ate; and.form i sfive
br' dge. | ocatled bbb g B cERing R HAIRL T St Ao BvResda el e
12. Thegs prexemt dnasecdr slebBod® Ifjer] ahd wherdinrthe Bubbaiisesrel memtainedatand
resistive brld?e are formed utilizing photolithography.13. The process

accor didigjanee of abautsd tavabeel 100 BYEFONS- t he resistive bridge conprises
providing a resistive path conprising an electrically conductive materi al
bordered by a non-conductive material or an area free from conductive

material tha. cremiesunalilesdéevies cicdondingcioealaim 4, wissreimitioe subistratss t he
el ectrode rings. 14. The process accordi n%@t o claim13, wherein the

conductcompPriag & nan-kireftingentematenale 3 aligeedamatenalsiQt ancempensaigd about
100 to phaut %{%O(Qorﬂg tiomIherdcfunabl e el ectro-optic |ens device,
i Su

conprising: a rst stantrally transparent substrate having a first
substantial ly

9. The tunable device according to claim 3, wherein the patterned

electrode layer comprises from about 20 to about 2,000 electrodes.

Q1O. The tunable device according to claim 9, wherein an input
connection is operatively connected to an innermost ring of the patterned
electrode layer and an input connection is additionally provided for each of about
10 to about 100 electrode rings, and wherein a resistive bridge is provided

between each adjacent pair of ring electrodes.

11. A process for preparing a tunable electro-optic lens device, comprising
the steps of:

providing a substantially transparent substrate;

forming at least two conductive electrode rings on the substrate; and

forming a resistive bridge located between and electrically connecting said

electrode rings.

12. The process according to cIaim'3, wherein the electrode rings and

resistive bridge are formed utilizing photolithography.
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transparent conductive el ectrode |ayer operatively connected thereto, said
first electrode | ayer being patterned and having a plurality of ring

el ectrodesp 2a18@e@nd substantially transparent substrat @ecmawseog/oai7second
substantial ly transparent conductive electrode | ayer operatively connected

t hereto, said second el ectrode I er Lanr% atterned _and hayi ng Ql urality
of ring el ect3-odethe RHgcess eﬁcé?@f Qctq \Zd %m"l’f‘%ﬁ%tﬂarm'ﬁﬂtg}q PSP

presenty, f %o% t at es,
wher ei n }gf&%’\g tp hgﬁse drr{ﬁlaIr@lngcrtérgi(?)’g{e)@cf’catll I?he seﬁcs(’i)kblédﬁgu%lg? ?gt@gﬁc%g)\?gggﬁ\?él a

pl anar miateria ibondered| b;asat nomondngti\fe auateddesr af area frée ftorsdonduatiee 16.

The tunabl e el ectro-optic |l.ens device according,to claim1l erein
adj acen"tn F%ft?g thatreplsgeR reﬁlstlangegg%cr&a ?dﬁﬁ'g gcb%yvegﬁsthgm%t[r%d%f t he
first ,egg rode | ayer and the second el ectrode | ayer are di sposed in

d|fferent pl anes and wherein each ring el ectrode includes an input
connection. 17. The tunable electro-optic |ens device according to claim

16, wherein e | east one ri e tro C

provi des a p i;t oﬂjrt‘?ll’é%%%%%"%?{ﬁﬂ@e é‘ dig’(l&ﬁaqrggt%%pg&gqlf#'gédhgfei@trodes
of the éf thetreeuls,ﬁ@é bAdge Ihaes resldtand@eof frafhbeute! B0-to abewtt2,000 @henglevi ce
according to claim15, wherein an alignnent |ayer is present on each

el ectrode | ayer, and wherein the first and second substrates are maintai ned

at a distanc corgqﬁ%?% élg ? c%ege\?iwnﬁorﬁérisi Q_e tunabl e el ectro-optic

| ens deV|ce reint evite has a phase

retardation hfisti substbntiew ttamqiarent afubstrate tkaengpapl ifiest ehbsmmau;zo The
tunabl e el ectro-optic | ens device accordln to claim geéiq gfreln Fx
el ect r olianspasent @en%@te/ec Rlactipdey lpyes qpgra Y,‘%]Ya(?o'}ﬂ?& tRereiapignmist| ati ve

to a Ceé‘lte roﬁe ct B %Paﬁéﬁéo‘;’ané PG rfgré Rig) Scﬁqmbdel%b?r%é@dé’see&ﬁ(ﬂs 2

1. A tuna e eI devi ce, npri Si ng: | east
subst anewbﬁtbmlallyatmpaparﬁntssnhi.ﬁtraieelaawags absecond aSlJb,stamtangHaeaparent

conductive, el ectrode | ayer on ea h substrate Iectro acti,v rial
di sposefPHBGHHEF! ?ﬁtéo%kxerra?%%ra V\e]lgrcar}peﬂtped éheefe 9. 5xfid | seeend %ﬁgﬁg
subst ratagﬁarbelrtgagéﬁém and ﬁéxnﬁgIaseuﬂantyuafilnhgye|ettr6dé§4 ShE S erks$ro-and
wherein e patterned el ectrodes” of one l'ayer provide fine control over
opt i cal agives diquid acryatete matedrial layer present between the first and second
substantially transparent substrates, wherein at least one ring electrode on the
second substrate covers in a planar direction at least two ring electrodes of the

first substrate.

16.  The tunable electro-optic lens device according to claim 15, wherein
adjacent ring electrodes of the same electrode layer of one or more of the first
electrode layer and the second electrode layer are disposed in different planes

and wherein each ring electrode includes an input tonnection.

17.  The tunable electro-optic lens device according to claim 16, wherein
the at least one ring electrode on the second substrate provides a piston-like

phase change over several groups of ring electrodes of the first electrode layer.

18. The tunable electro-optic lens device according to claim 15, wherein
an alignment layer is present on each electrode layer, and wherein the first and

second substrates are maintained at a distance of about 5 to about 100 microns.
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el ectrodes of the other |layer provide a coarse control of the phase over a
group of at least two of the fine control electrodes. 22. A tunable

el ectr o- opoi2010/B®N4devi ce according to claim2 1, wher eiPOTiUseo10loessT odes of
the other |ayer provide a coarse control of the phase over a group of at

| east four of the fine control electrodes. 23. A tunable electro-optic |ens
device according to claim22, wherein the device has a phase retardation

that is a |iqgart ﬁé‘ﬂﬁﬁtﬁé‘ éPéct?b%E{léq&?s @BPiclechéd?Bfn%tfb clafn 1818wherein

t unabl e-el ectro-optic I ens device according t 3, Wherein each electrode
has a vibiet depce heas giphade retargiationuhat |qoaalmarefuact:m oba veltage apptied a
center ﬁkﬁ&%rode of each of the first and second el ectrode | ayers.

20. The tunable electro-optic lens device according to claim 19, wherein
each electrode has a voltage that yields a particular phase retardation relative to a
center electrode of each of the first and second electrode layers.

21. A tunable electro-optic lens device, comprising:

at least two substantially transparent substrates, a substantially transparent
conductive electrode layer on each substrate, an electro-active material disposed
between the substrates, wherein the electrode layers on each substrate are
patterned and comprise a plurality of ring electrodes, and wherein the patterned
electrodes of one layer provide fine control over optical phase retardance and
electrodes of the other layer provide a coarse control of the phase over a group of

at least two of the fine control electrodes.

22. A tunable electro-optic lens device according to claim 21, wherein
the electrodes of the other layer provide a coarse control of the phase over a
group of at least four of the fine control electrodes.

23. A tunable electro-optic lens device according to claim 22, wherein
the device has a phase retardation that is a linear function of a voltage applied
thereto.

24. The tunable-electro-optic lens device according to 23, wherein each

electrode has a voltage that yields a particular phase retardation relative to a
center electrode of each of the first and second electrode layers.
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