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, 110, filed on June 19, 2009, herein fully incorporated by reference.
STATEMENT OF GOVERNMENT | NTEREST [0002] The U. S._Governgent has a paid-u

" cense 1t hd ONABKE| HECIRP-QRTHS biUIL FRYSTRL A ENSE S AR Bces to ¥
require the patent owMETHEODS E&REGRMING DHELENSESI e terns as provi ded
for by terns of contract nunber FA 7014-07-C0013 awarded by the U S. Air

Force. FIELD OF THE | NVENTI lok t invention relates to

el ectro-optic |enses, incl U%B%?Q%Lﬁ%?%%ﬁs wherein the power of the
| enses [pap1pPe TRE Applitdtioncdlaims dhié denefit aﬂpﬁbm?tmnd‘erfsleds.¢.n§om of
enbodi ment,” the liquid crystal-based | enses include ring el ectrodes having

a resi 4.5y Erovisiggal PpplicatiprheetieeNoabil 26811 Ified padhme 29d2000.heiEi¥ er r ed
enbodi t. n ' for several electrode rings are spaced on the
| ens. Fﬁﬁyamfjﬁfhoﬁé?e%‘e)%bgeg%%%; liquid crystal -based | enses are provided
that can increase optical power through the use of phase resets, wherein in

one enbodi nent, a | eRIATHRIMEMNISOFi GQVERNMENTEINGRRESFaces of the

substr n i i ‘ e_l . aui a I xed
ohase 10pA7Ean THE St caSyé it Al agpith b, Bl R myB0ns Y fiece
change rit onsliited drcuvistahced, atot reeire the patehh@vamsretoalickrades othess raat ched
Wi th respect to a previous group. BACKGROUND OF THE | NVENTI QN '

[ 0004] FRasenaRle JeMpg| as @ﬁ@\@ge@ rfgf byt termse obicratrach gembar i (Ot1-P4tet to
alter tdtﬁi3r \ngtdie%y ﬁ‘%"@rs AP FS . They have the inherent advantage over
conventional. glass or plastic optical |enses of being able to alter their
optical power by the judicious application of an electric field. One
drawback of existing |iqui cf'&'—;@&% T@%e'@&%NEHNC | enses is that the nunber

of optical powers a single lens can generate is presently limted.
[0003] The present invention relates to electro-optic lenses, including liquid

crystals, wherein the power of the lenses 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.



WO 2010/ 147664PCT/ US2010/ 001757 [ 0005] One basic structure of electro-optic
liquid crystal lenses is that of a thin layer of liquid crystal sandw ched
bet ween two 20r0am33q@ar ent substrates. Onto the inner surfa&ceasedioparrhy
substrate, a transparent netallic electrode structure is forned. An
allgnrrent layer_is formed on top of the el ectrode ersto est?tli_‘sha
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structure i atterned, a gradi ent in ield is atedtha ives rise
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el ectro-optic lens can I cat ed. éOOOG ]Electro-optic liquid crystal

| enses prasentoedn (Bieq:tgneﬁieldnts eatablishe daczrhas th@l liquid eryetal rlayer stharct ur es

St et weliage &' 8ped 86 O BRE0Ts ot Bl A Poclr poiattl o et

circul 36etWeBE thbeqéctpstiesie i BB, elebRbGe ts'fr%ctdré% I@)%ltl%lﬁﬁe@' @@w&énsmm@ne or
both substrates consist of toric rin el ectri calmfy i nsulated from

adj acerfielthds graated toat givgs rispriova @J%gléf@blf‘gH@ tdexfsrefrastiar £f dhe liquid
t th t I ft
ot o B A VIR B i e R st e 3% FERGRRET o

very najditages! &6 eleatiesoptivlensvan e fdbriiated.and addressed i nd| vi dual |y,
theoretically, a very large nunber of optical powers couI d be generated by

2 DRGR| 40 Y PR A ok el e o, o

total phas etiifeaegetradeosttuctutesnto gegbtatbeseverdli giticat pbieraawitts a singfe r st
appears that an el ectrode structure consisting of hundreds of rings
address’@ﬂsby hundreds of input connections to the device mght be required
for continuous tuning. This is not an acceptable solution, however, since
t he phdiogo7] hoJheptesiostrdetiré of @ sphierical eeatro- epmthmda:rystlalulﬂnsrls tvatil d be
dauntin Mor eover, fabricating the buss structure to c?nnect and

el ect r i @faR |1GreHlATG; elagtipdss desiopdhase thepkanspasert GIRoliodRs PROPSRE nake
th |
2010/ 14100 BRRFRESST SPESE 0 VisHRoTIRS. DEeHRap Meulatth from adigcent,

mti gatrwghbomng)hhgm dPreivimtusi demgng didhesedensels areprastictivecint thensense t he

| ens. | S been revi ou sh wn _in ui st al B sed Electrg-Optic
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of the College of Optical iences in partial” fulfillnment of

t he
Requi r efabricatedcandchadeigpssed andividealy, heoreticatiy.opNgry rarge.@uea%r@t@t@gl | ege
of the Universi f hat el ectrodes can be grouped in
such a 9\%‘9’8 hcaf’[uwﬁggpﬁ? ét%@?Pa‘)n%é&bgi?n%ne group i s approxi mately one wave.
Thus, the nunber of input connections is limted to the nunber of rings in

eﬁch gr [9998] Hokonsidering shalc thereordivia) phase ¢benge ghewesn:ieaeby agfacept phase
vave. HEE053 SRGHINS R T gBBLL PG A DA BN bR o BB Ehieid B angec

in a coagroBs Gl RenBimiHt, berag Hﬁ?haasf 490! wavdd)at flm%mmgtthbeanmlécmw5| y
tuned to multiple powers. L 0] U.S. Publication . 2008/ 021299?7 reI ates
to an eStaustuie sonsistingyiofe %’dﬁf&ﬂﬁspﬁgf"égf’rl%ﬂﬁ@s%@@sr%l W&‘}’ SpOf weeNt a pai r
of oppo S r et
posi 1 coiifbstipREda e By RUAIdHE HESreqRiredor bbltfndils R Thicls fkan ™ .
of the acceptabble asviptiore oveeles| sice; thenplh@tohtbmgmnhweeédgértohﬂemeuchne

liquid crystal |ayer and the inyard-faci rface of the s
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el ect r ogfifife AbC BhREL lahdl lele GRBAR IR flire 80 le 1P’ leBirade AwbBR] e Vén
patterned e ectro e set conprises o or nore ectrically-separated

el ect r ooemrwheteingi taskheantbsinakd e t mege ltihgo devicea ppitierdely c cosplex cand

el ectrode I?d)})row de the desired phase retardation profile. SUMVARY OF THE
| NVENTI ¢\



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

crystal -based | ens, wherein the nunber of input connections for its ring
el ect rodesOoan®/me@uced. [ 0012] Yet anot her object of thePpramseo/odITgEnt i on
is to provide a tunable |iquid- crystal-based |lens that is free of resets
or phase_wapping. [0013] Anot her object of the jinyenti IS _to provide a
lens hdQ99%] ri EBgélséc‘?fr -WIRRRIRY FAN AR %‘Bﬂﬂ'@c%?cﬁf?ggﬁ’@ oép;%tc‘,'g?ﬁc{'"g

Pr ef er gl ' ARetioh ot 2 hak dedintinedlctist SROWA in Nagurvery 5
and pr g@ergﬁssa*a gﬂfegveryol Stgl“&%trode ri %gﬂggn?%OM] ,2% urther| objaléct of

t he i nGystabrBased Elpctre-Qpetica Diffrastive nPpéestanty Lengee| and rlcaesQpearating n at

| east , ferably .al |, adj | d ed by
Fea; st HotagBoRervlic” L i Sivatser BY olosiia” NApBIHT SHRdstRo % LURTRIAtsn ens
Wi th a dubaiited s Mhe FRRURY gvg@ﬁdnagebﬂftoﬁmm%&@ﬁéésdm pérmifaﬁfulﬂmﬁéﬁu‘ &f t he

resistive bridge is forne roma conductive coating, preferably indiumtin
oxi de ithe Reguinemehitsdon a Degras pEDdctorofiRhitasephylip e Goaduate Col obn is

L. PO M D Hofald aF SIS A B RLBBN SRy ©

i nvent itpat tHe bRabé VHahgedolemené airdg BYapproximately one wave. Thus, the
number of input connections is limited to the number of rings in each group.
However, this scheme only provides high efficiency if the phase change across
each group of electrodes is very close to a multiple of one wave. Thus, the phase
change across each electrode group cannot be changed in a continuous manner,

and as a result, the lens cannot be continuously tuned to multiple powers.

[0010] U.S. Publication No. 2008/0212007 relates to an electro-optic device
comprising a liquid crystal layer between a pair of opposing transparent
substrates; a resistive patterned electrode set positioned between the liquid
crystal layer and the inward-facing surface of the first transparent substrate; and a
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,



process conprising the step of formng a resistive bridge between two

el ectrode rings utilizing photolithography to pattern the rings as well as
t he resi swovelluiage. [ 0018] Yet anot her object of the pPesarsRo0OUVEsTion is
to provide a tunable |iquid- crystal-based |ens that includes resets and

utilizes phase wapping. [0019] A further object of th resent inveption is
Yo pr odusD 55 AbIGoNBlR Giplem bty 1,85y S Brkyaoat sveRaid e ciods o o
crystalri,{o({;)yer, wherein both substrates include patterned el ectrodes.

[ 0020] Anct her obj ect of the invention is to provide a tunable |ens

I ncl udi t trangparent substrates wth patterned el ectrode.l.

| ocat ed0BA%hacr BT Ghect Rhahe RV & 85 Graueeya TS o aigiad ding

mat er i a%leétfoc’l&c,a&/ﬁ@ré?ﬁt &‘F@t?béthﬁlvé,u%ﬁr %?é%rdﬁ?ﬁrﬂ adiacert! elderopakt graned
el ectrode | ayers provides tine control over the optrcal phase retardance

and t hecamnieeted by arrepistori des coarse control of the phase over a group of at
| east two of the fine control electrodes. [0021]Still a further object of

the prgg@ﬁsll NweRt LRGP bBjeBf O d8e AinvERAGH Cis! eFSpRIET & RPseMAR rpde of
one substrale | ayer overlaps at |east two el ectrodes of an el ectrode |ayer
of a secanspasemtsiesistive hridgecbetvwasrdelectrodepings, iwheteun thectasistivef bridge pl anes
of the .suﬁqst r%{/efs. WO 2010/ 47664PtCT/ usS20.10/ OlzriqZ r%|0322] Anot her obj ect of
the prédSetfM&H hPTorf i MY CﬁY%vPH@ NG PEFIFLAPN Ry dl K9G (M 1 at e

sur f acesmpb8inedit. @ fi xed piston phase termis added to each set of
el ectrodes in one section by a blazed el ectrode structure that allows for

phase a ss.each aroup.of electrodes to be t also to be
Phase rODARE." St rEBEE oBict ™ e Buieilionaf do bPovide 23605 WieeRtiei: ' Che
I nvent i §lactrédéd/8AG rEsiSRCbidgePhicfdried @iRitingttheSsathe phateadl. conpri sing at
| east two substantially transparent substrates, a substantially transparent

d ' I d . i vel i
ot 1 easkob7E oRtiaehBl BhigR e BeotBRE dbre i el oo By Aol ¢y
of ringprRkess coRRTisingHeebtepbf fratiig ANRsidtive IR betltedrs b aslédtrodd | y
connected to _an ad‘.lacent ring el ectrode by a resistive bri dg‘zq, and wherein

an el echings uidizingeprheiglithegcanhy ta paderartha rings as well agrtbesasistive REdaet he at
| east two substantially transparent substrates.
[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.



[ 0024] Anot her aspect of the invention is a process for preparing a tunable
el ectro-optic |lens device, conprising the steps of providing a

subst ant iabI2g10t4ageg par ent substrate form ng at | east tweCTarsduondve?

el ectrode rings on the substrate; and a resistive bridge |ocated between

and electrically connecting said el ectrode rings. [0025]Still another
aspect 9022}e i'%‘i&h?ﬁ RPiget” oft M?%bp(@S&nécmv@nB%ﬂi is |lonPravdeceatiesmnsd i sing

a first ' AT |
Fr anspat Sarodas onio!s dgtap SLAake S WAHER) B MR Pltch BHAS MM Raded i 4
el ect r ofbecdcly set dfaslectrqrest iaronedsectibrnby artdazedeleckbdesticturerthatakbaws odes;

bstantially t t bst r at ' bst ant i al |
{1 anspalERNSGE AAEOP AT ERF bR OLPRGUEIEE 10 0 e Abe: @i e O B sai d
second ehecd FRAHELNAR rESHE t@_@tér@wﬁg_%aqphavi ng a plurality of ring

el ectrodes; and an electro-active liquid crystal material |ayer present

at 1 oastOUL 1 IR s GPraaB §3F nterioc s RlR GG GoplP ok dearr

directi G’i@c@%eh,ea&imﬁﬁgnéi M RREL WYeSubStanbigily | frahsSarent M Slsstrdt89264 Yet

anot her aspect of the invention is a tunable €lectro-optic |ens device,
conpr i ssuRstantiallydsansparentutnnductivaelgctiadeniayar eperativelyt cannestedttheaemt i al | y

transparent conductive el ectrod ayer .on, each substrat .

el ot § o SRR WHEtel Brfedit ShBLT ah b ReS b ottbBu iR iuftfhssee

el ect r oglgraldy esfSring &lachioded)Sivharsinaae 19adtt 6hé th@ EleSPEaY iis eeléctpicangl ity
of ring electrodes, and wherein the patterned el ectrode of one |ayer

provi deconnesctedtoran agiagent Hingo plactridephy s resistivel Hiidgea @id: wheegiBcan odes

2t | oastePT AE IS CGar FARRRF LAY 5kt ARRRERIBTRLPAR B

DRAW NGSulh18atd|IHtearngpaeent substiatés.be better understood and ot her features

and advantages will becone apparent by reading the detail ed description of
the inv 49N, | & d | 0 | elis
atop v%@f é& "g&t}ﬁg'i traggg&huﬁf F%té@\'e%rg%fn Ogs?nwa&?)?aa%ﬂc%é?%ﬁqu)gsé@ opti cal

| ens coeslegtrotopgicr lengs eledide, odemprishey e¢he sthpac it prividingodesubstantiafipect ed
by resistive bri (;EIES' Fi guri 2 illustrates a close-up.top view of a
por ti onlr8RSRAEN, FUPstrAted fammag at deast e reandychive relectrade ingriiafy 18 ea
2-2, PaglpRHie! avd ol fedilive !t BRIPbbRE 49 Blectrically EorfHiicRing datd 2 t oP
vi ew of one enbodi nent of a ss I ne connected to a ring electrode through
a vi a i electredemisgbsat or ;
[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



Figure 4 is a cross-sectional view of one enbodinent of a liquid

crystal -based tunable I ens of the present invention; Figure 5is a
top vi ewwD 2a1004rdcher enbodi nent of an alternate struct RCe/USRe10@0Y78%1 St i ve
bri dge | ocated between ring el ectrodes; Figure 6 is a top view of

one enbodi nent of a substrate including an e] ectrode |ayer conprising ring

el ect r doRieriphgispesed betweenghg substrates é{VhQSﬁ"\/t'@/\PlﬁCt@ﬂé '@M%'Eitl RegAchor a
buss | 'ég%s&a@ggét ?Qttéﬂ'le"i‘i 5h¢%gﬁﬁe&§rgbggﬁumw%?hgﬁ dledtrbled NEnd WHlrainor ;

Figure 8 Ts a om Vi ew 0 ment” o opposi ng substrate
cont ai thagaitephed @leédtyode o loeet lagee provide fireecentnol over the Bpticalepltases a

crose: SERHLENE ol s LAl LS ShSSRAT ol P gl oINS 1
2010/ 14FRRARIT) YS2QARIPEIEast two oFhBHiTe dhtid) edigtss: sect i onal view of a

further enbodi ment “of 'a liquid crystal -based tunable |ens of the present

i nvention. DETAILED H ] The el ectro-optic
devi ces of the pr ese%@vsﬁa%ﬁ%;@&gﬁggh%\&&gégl ectrically tunable
and conprise a liquid crystal |ayer |ocated between transparent substrates,
wher ei {0027] | i Gbed inverdibal witht bei bettes uedéristparbl @nd nothiee featgrascandt an

lectric field. W | ¢ ' i ed the .cef | taini ng, th
(i qui o avpefages b hesore RprateRl By 5radiiboihe, ermie, deRRTRer i

mat er i hydrtiorh MR ttogelifirSiith eedrétiingd, nérdid:er ned el ectrode structure
creates a gradient in the field that produces a gradient in the index of

f ti . the liqujd 4t al | ‘The f I th.of the | [
{ined by adjtigeTy it Aeckpiehen 8issBofrle fied 4t P RS B R « hout
Phase YAl |%as[&9%£hﬁgfrﬂ{g’ bRGtroaws | WheRsn ddpdend eledtidtiésaaré ddnnéstddt es a
cross-sectional view of a portion of one enbodi nent of an el ectro-optical

devi ce byoresistivadriggesent i nvention. Device 10 includes a pair of substrates
20, 22, preferably planar and di sposed parallel to each other in one

embodi ment . Figgres Wsiluskabss A &io8d-Opatdpedia &F AepbrtRsh &f sthenpattBiheddacer s,
not shown. Theé spacing range can vary, and in one enbodi nent is from about -
5 to absibstratoillustratedsin AG. €l ncluding areg er2,3vartisulgrly diystrading a iesistiMeost r at e
20 and e}@&%l_ ectrode |l ayer 32 is present on upper substrate 22, with the

| ower et? rode layer 30 illustrated as a patterned el ectrode, as further
expl ai ned herein. An alignnment |ayer 50 is present on the substrates 20,

22, pref er affiguen3d isha tep yiaw efiene gebedigent o a buss ling eornsadedto piNg 60

is pres%g&r%éﬁﬁ?pﬁlégé’iiﬂpﬁ‘gﬁgﬁﬁt&o’ 22 and in contact with alignment

| ayers erein, e term"layer"” .does not require a uniform
t hi ckness and inperfections or_uneven thicknesses can be present so |long as
the | ayer pdriggiand ist@ cressheetipnaliriyeof 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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[0031] As the device 10 is a lens, the substrates 20, 22 nust provide
desired optical transm ssion and preferably are transparent. The substrates
20, 22 cawmobkweilopi4agsar or can be curved. Various materi al cras2@e/out7st i zed as
known in the art, such as glass, quartz or a polyner, with glass bei ng
preferred. The substrate is pref erabl%a non- bi refri ngent ma}erlal

e

al i gned or &dghendAiisqa (Sons-seRtional HeW.pf & further; ﬁ’éﬁbP%HT‘?%'ﬁ‘ of Ry dquid
[0032] . ng% n‘éBIﬁe‘ﬁ%tdfgﬁ@Blr EftSnwhtiop2 can be deposited on a
y any re

substra nown met ho erably, patterned el ectrode 30 is forned

utilizing a photo-Ijitho r yer material can be

any i norganic, subs@kﬂ-ﬁglaésgﬁéﬁ&%%ﬁém6E§H§%3N|§‘f\ﬁ‘ﬂﬁg rial. Exanples of

suitable materials include netal oxides such as indiumoxide, tin oxide and

i ndi um[0028Joxi The eledr@mptuerdémqes' of ithelipreséntninvantien afédenses kimatsareof t he
[0028]o

d i | de | [ 1 f, 00 2,000
Zngst r GRSTTall cggbleoRhd o a9efm Fae, Ihelauif ! oAt | laven bpafl Hheieam
desireq, 3P dHgt! %ﬁﬁs\fra{%@f é«htt}sfog%ﬁ.agmewuﬁafev@ 4 %sng}v@ouéaﬁefhe S

gener al I y rom about out /'sq.and 1s preferably from about
10 to giresenc206f an eléﬂrlorfmid sQNh{aGO&ikt]agbesaapp@aderSstym cel dontaiping t o
I nduce ,a partjcul

v 1 agdh Jabish st el ol a1 of Oyntelie’ dingriad v e iatal i, "o

al i gnneplanhay eWﬁe?élﬁ tKEQMB dffa Faﬁeﬁ’féd el'eBﬁ*bHé's!ﬁ%ct&é%réQies' 4 @lrédiénf o
pol yi m de and' pol yvinyl al coho hi ckness of the alignnent |ayer 50

shoul d the field tthat EfﬂdLlC@SI anma@leﬂhen dbe iindex of rretracmrmof dhe diquid icoystab t he

nown. 1898l {52=Fb8tn RS, SRRy AohBrad RS aRpRot SRR R o

enbodi ments to_inpart a substantially honbgenous nol ecul ar orientation to
t he |i 0028k y$unablediens Without Bhase Virapgir@trical fiel d being applied to
the material. [0034]CGenerally any liquid crystal material that has an

ori ent gbp3op! Rﬁa‘f’@flnghﬁéwcﬁﬁtﬁ@ dFaWirgy, | Eguie 4t NiesRaR®eaCErosk-suttiohart ric
field can be utilize i ncl udi ng any nematic, smectic or chol esteric phase

f or ni ngnewmaopwtlyetoéme embpdnmrof@shel@pﬂpr@tncahdeuce r\sehihe presants

|
S ani 10wt iorg PVEROA indStd B ot A RS el o URIBI BRI AR |
enbodi rmgﬁoséaeqjarralltélet@ hedicit t sthes tinC Dneo TeviScdirhey. suTrh@bd;lﬁ)slttalels dar yst al

materials include the abiljty to align the liquid crystal w thout nuch
di f fi cunaiptaipggiad asdesicad ﬂtjtqf?oﬁeby &ﬁacarﬁ, ot §BPW&geT'ﬂ€PNSB§ﬁ'69d anggf) Fi gure

o eoen T BPRAITRI & (Gt UBlf S16 B8, O G A iR er 0
pl ur al ilayerc30 & pEtseaties leweh sabsiratet 2@ anldagre etdctrodeday8r 32 us poesehtron a
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



ring in the formof a central disk 35, wherein adjacent rings, and the
innernost ring 34 and the disk 35 are electrically separated from each
ot her by wp2elogatdecal |y i nsul ati ng gap 36, w th except iPom/use01a/00Es7 stive
bridge 38 as described further herein. The insulating gap 36 is an open

space | ocated between adjacent el ectrodes or can be a non-conducting
i nsul atAreferakly & nan-birgflingantdnatesigh < dJigngd o corprensated dpramivsthenent |

the ga j i ﬁ@gce. The rings 34 are preferably substantially
annulagﬁgﬁabﬁgﬁggﬂggﬁﬁgea though they may not all be forned as a perfect
geonetric shape due to the materi al anqﬂgrocessing techniques utilized.

That sdP832k ne Theconduchiye electiode layeig o34 canhesiapesied 2 sUPEIRaE t hat
are ringrLj i ptg i i 1 i 35¢ r efef bl
ubst ) A fnofirdmethod f Ricferabli35atorh bR IS frody 3 Sl HIRIRES e 11
t he sarphoto-tithgoaphio piotéss.ernthe letettrodee [ayeatreatebial @ani be @nyt imorgavier eby

th istjve, id 38 | d t el.ectrod i diff t pl.anes.
[ 0036] SHostantialih NSRS AgadHtNE Maigriahas CXREPIER Ph AT BRI SRR ence
bet weennhadi@GRbial YxRids” Q&S dsSindfin 6188, AR RHId ERUCING Uk &inVdXRId, arfne

enbodi ment. [0037] The nunmber of el ectrodes present on the substrate, i.e.,
bot h riprgteraalyasdndignt tinloxities k The, thickmesarof .the copductiveh ettiatiode, layenis al | y

from about 0_about 0_an er ab from about, 5 0 about, ,200
otal - diaderadmimenty, ALt a8 2 DBbAbme. oFh8Rietotn el BRI  esent
B S K O ety o R R e ot ate. par!
of a redectfqdes layern irergangraly Hronmhabevtctd daeakeoutydiQRQ® ohmsisdi gAddisso t hat
a seri f i i i se retardation between
adjaceﬁﬁe§¥@® ?gﬁggbggkh éég%?gggﬁgggg&®ﬁgﬁn§§ﬁl yield the parabolic r2

phase profile required to qenerate_a focusing optic. The resistive divider
net wor {0033br i b aligrevest ilaxenhSlide Bsehdei Mpused@sipasticylasjdjtegtionat hat
connect s. adi.acer ect od j.n 4 Q0.3 - LSk 30...,sUchnras
shown ioz'e%?égtﬁor%egji fﬁézﬁ%@ ‘?Vg%'eg’z*r‘\%’.‘ n'g(; c}% It? hg 'SeéP@h%og bttﬁg ggvlﬁge?ot he
resi st iVarialisv neterials Suitatge 38 s dxaatigameeasilayerscaregdmenal liry theoartabout
100 to .about 2,000 ohns andegreferaeg{ fron]aFout 800_t o about 1,€qgaohns.
Resi st iiDeUBinggBut Bet ipHed e crolyimide; and:nelyvisyt alcebabr T8¢ tickRess eEthe cal I y
conductd jeitl f b det e jal or
an ar oot BRIEH R 50 BNGUIRLRURNERS Ffoct tfe, B8Sred BRECHEIIoMRAin 2,

r esi st dnctbedisuick ernystalctnadeijialc snch elscabootd #0840 ainut[ 1Y0G0]artystroomsiuds ve

materi gl of the electrqde bridge n be gny. material, as fined for the
Conduc TR 1Bttty J05r SSRE AYPe ) SofreplR RJUEBINE 81 SBTbae
llayer 3mbeadinmetsitd igpant a fqudStdrtRilg HBHE§ENGuSTRicIEE@br Ofiehtiftiont® &id Ve
bridge, but preferably is the same material. |In one enbodinent, indiumtin
oxi de ilguicheryptatmatedal printdoar electrinadfield being applied 0 the materaldge. As an
inportant benefit of the present invention, the nethod utilized to create
the deqobsd] el exdnepally ARy A§uidlcrySeil nex@ial thakMakodn bheafAiA4l otderthit | zed

to create the pattern of” each résistive bridge 38. Thqs,cﬁatterned
el ect r i bexgentralird irethiespregsenpe iof geselgctricdialdcan he Ltilized,gncluding any

photo-1ithoqra i.n a singl I 0 S . Thys . ng (i terials
or pro eﬁ%’e%’é}}é&#'g séqéﬁﬁsgte?'é? &)g}sa%et ﬁ@%'ggi ﬁﬁ?\%c rk.8p[a%?ig€}el‘?n

addi ti %ntéiﬁirigtlii@d thsstaig stichhas pblyenér Ijuid! cﬁ/sl/a*s@bol?h@&jimséé liquich
voltage is also linear, than a continuously tunable [ens can be fabricated
wi t h orfirystalsoon peiymnet stakiizedbliguid sitgstals. t Nematiediavid crystalg are preferegdsk 35,
and on L O Ll . (Mg Lpg the
necd 1 op G FiEpaFhdtt, ecishRe ERBtadiofids st b WiBle el
onl y a raatdrialspimciudenthef ability tavalignathiecliquid seystalawigleowtt mubk diffiquity]l rapidst al
device is utilized. [[0041]1n an enbodi nent wherein the voltage vs. phase
rel ati cHVItONIRGLEME; al]&(? @@@ag%ﬁwwlgg consi dered |inear over a small
portion of the total possible parabolic phase change, it is preferable to
connect[0038h eFanireodeillogtrates xone rEeashadiment bofi dgeubstiateh@? ravinglearan

i nput caonnection for several ,electro ri eveply spaced on the leps. In
one e_rrtfﬁﬁ?tﬁ‘?éiﬁ ?a%ﬁ{ éQpQIFSEBLH?e%’?PBn. ﬂ&%@%@@@q%ér@érﬁ !Paé‘eéﬂf ring,
uher el NnButids & BlurdRY f lEAFEHLY Such BsARNBTUHAEBNings 4l SufGimndiag!L t 0
provi de an I nput conhection connected at the 1nnernost ring or disk 35 and
provi de further input connections based on the nunber of rings, for
exanpl e, from.about 10 to about 100 eBectrode rings and preferably from
about 10 to about 20 electrode rings. For exanple, in an enbodi nent where

the substrate 22 includes 100 ring el ectrodes, wherein one of the ring
el ectrodes is an i nnernpst disk eleptrodez electrodes 1, 1Q, 20, 30, 4Q,

. ~ N — ~ N ~ ~ Ll oA NN o -



of the range of the previous approach wherein no resistive bridges were
utilized. Simlarly, in an enbodi nent wherein 20 i nput connections are
enpl oyed,wbi2n®aidey i s only required over 1/20 of the fwCii/usang®p176T every
fifth electrode. Figure 1 illustrates an input connection 70 each connected
to the first electrode and the tenth e| ectrode of el ect bode | ayer. 30.
[ 0042] ringdnithe frrme ghasentrahdisk B, yvhateinRAipsert iNgs:, Anddas IRREMRStiINgced on
the si r fRe het B SPRRsdtiiGalf de of
t he el g’?’t ?é%gﬁgaﬁgﬁgﬁr%%e?gg su Ii’tér téé.gé'ﬁgeﬁlggéﬁcdgn%ec?i ons areI ¥
pr ef er dhgulating wap B§, withoexceptiprato iansesistivenpridgeeds as, described feithércon
di oxi de betwe t he el ectrode yer_and the input connection. Each input
ponnec?\eé?l'ni se@%d%%lﬁéwq @Q%éib%r%rqpft"e Sgﬁggt Ip&a@ec{ﬁe%\ﬁaﬂﬁaa Fﬁ?'i"tn t he
| nsul algotratésoRSars Bevwnbﬁ-c'ahagbﬁn?’»inéumtmb RIHOGRIRIEh 4418NliebR didkideput

e

connection is located on the si of an electrode away fromthe substrate,
t he i npotoneoprefenredenchodiment.athe gap &6 isysaidmpan space tlifienrings d afe

i nsul ator, over the . .electrode | aye en ow ng i t GO tion
| oerrersiay syliabialy AfuaPyand <dehitit, ARl i, Rk AN e,
exanpl gopRé@dagreat ?eﬂeéti ?ébﬁ"létﬁdséﬁ’épé agiee , tof @he epvakgrial aadpPpradesging qui d
crystal 18349 available_from Merck, having a thickness of about 25 pmwill
gi ve arfedpriaees ytitzed. ofhatbsaid, dhe t@Mppt@gs asobtibzad RETeiNAREUPPBFSES

appr oxi_pat tical bg : j iac I t he
o o Cge the0er ThB L8 YGRS T RENISE) B s, SReReRlY, | 7
w || degibatmtialg cirptlac butpainf alsodbecdng-like  Tvetaldctngdestanx beiinithe samebet ween
the_ vari ous powers will also increase with |iqui (g@gétéaal t hi.ckness.

Addi t i giame 8pin éla‘_ﬁr%mn%ﬁe%ﬁ@éecggmmﬂév'@&o by heyreRiativeridge

el ectr %ﬁbkgn%&y\ﬂ%%ﬁé,&%dgg%@}ﬁeﬁpﬂgggg| ate voltage is applied to the

devi ce e el ectrode yer through the input connections 70

as known to those of ordinary skill in the art. The unpatterned el ectrode
| ayer 4903@) veghﬁswﬁjt'@r%uw& }/"Tﬂ% i§ otatagp that I"’i‘@ﬂmtuﬂP tp&@sﬁes'%@ée’lc@ based

on a n f Selel | R0.1eWItthaAt dpbfodiRatdl9 1id1awhiauid gH/st al
materi a u'%le i?g%%%ﬁg ?Iﬁgﬂﬂ!n ckfr%eslesggjofthtaﬂealrorqu%ld crystal material between
el ect r aabodiemtous net hods are known in the art for controlling the

voltage applied to the electrode, for exanple, a circuit, a processor or

m cr opr or: Sprét bRBRite%i.e \\Both i 34

2010/ 1098850 Ué%%gﬁggﬁooﬁé] (bt BRARE qliameral.c Vb0 he present

i nvent iamd cehtraledisk 3% ¢camabhe ¢h ene ermfypdinedtvgeneratiyafrom iaboué2Ghtmse

W appi ng. vice has t dvant.a achi evj hj gher, opti cal _power

t hr ougr?qqor'l’lhﬁgg ﬁ"‘ir&@%’?@i@ﬁ‘ [%R?g‘?] ?‘i teoﬂb?‘éts?gpo{qqﬂlgelﬂ’f‘g@g%% gg%i ng
met hod (esent died subsirBfe. Background, the enbodi ment of the present invention
does not require each electrode ring to have an individual output

connectg but, at the sanme tine allo for,a ph -Wra that is
¢ unabi d003BbasfeRodng & A aranEnt ustfbe: AeRsP e Bl BEFRCBHRF IS on
bot h sufgt bRhforeUéleafiBaes, 0an@ i prefirabiydsll @ surRtantidlydalr of thel elsetredésl , and
thus a fixed "piston" phase termcan be added to each set of electrodes in

one seduresentaretpast pf azesistivedivideraaiwetct The elegtiodesstrustare isrdesignethase
Change 4 MRS s SR BuR BRI e AhO, If R rerdiichBoblash L0 be
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-



[0049] Figure 10 illustrates a cross-sectional view of one portion of one

enbodi nent of an el ectro-optical device 110 of the present invention.

Devi ce 1MWoin/d@s a pair of substrates 120, 122 gener aCiryushabloopar al | el

to each other. That said, the substrates nay be planar and/or curved, etc.
An el ectrode |ayer 130 is present on | ower substr?te 1&0 and an el ectrode

| ayer 1epndugtive daalgfiabar apreadies frem eongyctivg mateyial that ads ipfreptifer s

D50 P s PRELEIRA EsREREIwERT At AaoBiPBLinde B8 35T, e el Sctrode -
a o1 0038k pading cond s dnarionsr g slasgiede tridae pen Be Bt mPERCESOve
[ Oos0y Heftied f6, 125 BEdnctR e ERRRER. fy8F SO0CTHA mAIERAPE! She Landubfle! oo

i ncl udi elgctroghe dayeri 3¢ cah bé daifferedé Sronedbé domdiustiven matepiat of the iragistive

ol et r B RIS e Sagte Falgrier it o Emepsnenldnaie’ Hadeidbed
her ei n.jsl fhed ppefRfrRHT E6hAIRRE! FRAErall BE thE aebistde by, 1A8 &@Wﬁff;ﬂo’i@?nt
adj acent el ectrodes disposed in different planes, see Figure 9 for exanple.

| nsul at bengfitef #he present invgntiont the miethatl ttilzedrio gieaiectheddesined elpaljode

Chr ougn ey o, T eremBRE hogRTTdpgil o i Gt oBaeg BB R0 01757
[ 0051] FHiegistiveSbiidde! I8! atBfusy ratRifhedi éledtrodd |aydisanatresiklive Inidgdsdréo be

di sposed on an opposing side of the liquid crystal |ayer 160 as conpared to
subst r agreaterd utikizing |phete-dithagraphyrigy @ single profassdstap: ahhds.cee @sddiana)er

152, |l RGP BigheR QLS oFd RIS B Rine FSLHVE lgndbrRl Ul Tty o

el ectrode Tin urroun ring crrcular el ectrode or
di sk el ectrode 135. According to the invention, a single ring or disk

struct ul0948h t e additiery,if di iscthe gasedpat thediqnik ceysialdehass chapgeevithr ea

|t han a”vcﬁlagét iEQeﬁ&? ihdSr, War Q%dn‘?if‘(ﬁﬁﬁ&%ﬁhé@ﬁeﬁeﬁ%%aﬁ% £ Rate PWitRVSHI 2Ps at
east one group of two'or nore rings. e area determnation 1s nade’ for

el ect r ogesinpius ponsectiatis; eatlat the irmrsesrmidst ringgied disky35 ahndrenerdomnectiger from

each other, generally, perpendi cular or normal. to the plane of the substrate
wher ot R eRaPHRETPS: S0 tag. MrreBy <pRaTating hgareed [PE MURP[R IS

il ustrigdas Hgs 4eabSMinjett i@ EGHIRYC 048 rwﬁéremmesh@fﬁgombﬁ oP'tRyi des
the piston-1like phase change over several groups €.g. 4 fihe-ring

el ect r oaheailableipbése ohange béthe liglad Icaystal ddlcais wilizedr at e 120. | nput
connections 170 are provided for each of the el ectrodes of the upper

el ectro fggyennla%?en{bg%%ﬁ% wHeréipt fiid ﬁgltédiézg%.ggggsé%laﬁohicﬁ“tih@ m[uf@t al

materi a is located between substrates 22 and el ectrode | ayers
130, 13@ysfalodsicexie eonmigdredolingdre oxppraammalbfportien afothd detal pefssibie

i i on_in¢l udi bl.e | i.th,.ph NG i fol | Qus,
[ 0054) ABRaolic diA%e Ehansi tdsiRERl 16 et Palh: dertiglf ey @ g
desi r edrdslistivel tsricjtt bRa!th¥ntprodideca® igputocdrit@tiofffod sevéiat igdtFode riigg5

di opter steps or less. To achieve this tunable electro-optic lens, a
fi ne-ri @enly speced enitberlans.i dmoaa ambediment: an input sepnectionis epnnegtedt r odes

in grou fwd (] [ £ ctrode. ri n e. ag ring
n+4) . Agi%rgrﬂte?'{egﬂg@?%]@ewqe%ﬁsé r'%gtourrljggﬂas' E)-Bgéeééut '(')'?ﬁﬁﬁeé/rﬁtjh@?ﬁesﬁbgt rate
wher e egcdesiladld toop@videngn dhpltiodneeidtios icohhectedattahe iimgeivdsst ainguehdisk der

area and _covers one group of rings of the opposi ng@e}l ectrode, i.e. 4 fine

rings, dendidiRrovidg Burtheretnpubcannestianskased 98r fishwnbel ob ringsnfr to
th I I i tk |

count e S5 Bl A5t BSLE 7 fo abblt {0 Bidotial i Sand Breferanigfranp anbliF 16207 o
sever al togaboyts2®&lettrodeeingsigF et exampiis 9n tameembodiméntusherd ek subdtiajer e 6.

The wide_rjngs, m, _.are gro dinto 12 rings (r,i m has the sane voltage
25 11 ngPwinsiiienn 108’ Findr eldatiodes. R Atk i Bk L GHBCTRIEH gt Aol |y
drive tfagelaBst dikk diébtrddee aéf{?odémmoio,tm 40 WY, &0, §loegor 9deartndog f or
the fine rings of the first electrode. Wth this désign, oné is able to

sel ect amwprovidedywithpsput cdnnestiohectThusesn thie embmtimengat is onlyrrequised of
phase rgtardation, real/lzing that t 1 ni.mum nunber of .fi.ne rings

Vol t ageliapde phase o volrdmaten for Redidld PBistalTogter B s bifarov g/l o
Therefore, one can select to have 2, 3, 4, 6 or 12 groups of 4 fine

el ectrode rings per wave of phase retardation, wth 12 groups per 1 wave of
retardation yielding the greatest efffl@i ency but smallest optical power,

and 2 groups per wave yielding the |east efficiency but greatest optical
power .



[ 0055] For this exanple, the range of the required change is 1.5 diopters,
so a variable lens that has a power range from-0.75 to +0.75 diopters is
needed. Byothw/wah@itce of how the el ectrodes are groupedpCirfuseée/onizghest
pomer of the | ens needs to be +0.75 diopters, then the pomer of the | ens
W th 4, 6 or groups of electrodes w | +0., 375,

+0. 25 cnf tbe range mfab% mv'o 2 @R WheseinRe \R‘Eﬁ'ﬁ%V%Pf'ﬂg?Mvedﬁd&E'F%

el ectri r [ i cal
pover s, Sl i a0 Srsidauieht wherginc2g ik bohBclichbie Snphadl, KRS, 72
|l ens i sstani;ahequmdarovetﬂlizev@‘l theofulbpangss| orpev&elry fifth electrade. tRigsrgpdner
range ¢ of f set fixed power

y addi Far .exanple, b onbi ni n
{ he “qevildiraes ane nowd fonaesiin 20, parh enpestedili e rst ioerre Al fghe. one
can tUrt@nftfél@btrédéo\‘@le‘c@ro@e%%ﬂﬁs in 11 steps. Alternatively, by
conbining it wmth a +1.75 di opter conventional lens, one can tune from+1.0

t 2 | . t h I | i ed
the oi doD#8fice The hedhEbRectans, 2Bk deareth 6 RisTotas e birpeRl e 2¢ °
l'inear thangtie 0sF fHe eltticle! 2Re8PR6 | tBE, s@dstrartetdswthé lppoSREcdifly otHeages,
one can say that each electrode has a voltage that yields particular phase

r et ar dagledrodes|laway, forothensubksirater Bieinpub gennectiwssang preferaily fermed ti on,

of cct r qederorng AR il Gl Sfel 3, HEh 8805 Herh@eh Mg s °-
TT / (4dyer-ang teeahp@tdeorfectioh. Tr Each 4mhpufFicopnetimi ri@deoritected tasr tHe (41)
WO 2010/ 147664PCT/ US2010/ 001757 where j in this exanple.is 3, 4, 6

or 12, appreedyerieeisodethraugh & waiigdhe é?%llqiem/eﬁt@h as shown in Figure 3‘ In
an embodiment wherein an input connection is located on the side of an electrode

away from the substrate, the input connection can be fabricated by depositing a
thin layer of insulator over the electrode layer, and then growing an input

connection line over the insulating layer for each input connection.

[0043] In an example embodiment, a liquid crystal layer, for 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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[ 0059] The voltages for the counter-electrodes in this exanple would
correspond to the phases: Phase (radians) ) =0, 2u, 2*2 -rr, 3*2 Tr
(j-1)*2 -w0 2pjy14746@060] As a particul ar exanpl e, consi dePCTarseog/ovt7ss | ens
to be -0.5 diopters 0=3). The voltage applied to the fine el ectrodes w |

correspond t h f: 1. 0 by definiti 2, 2 Tr * (1/12) 3. ,2 Tr *
(21 12 "E0bag) . A Raftaen Syrnastimential 1o wigeetto SveBtof gelales CBLA: bisble |

'el'lr eftEggg)ﬁtrﬁiddéic%é&ﬁc@tﬂl%ﬁizgé phaseQvidppinls§ Thel déice has theTadvaritdgs) 3. 2

of achieving higher optical power through the use of phase resets.

[0047] In contrast to the phase wrapping method described in the Background,
the embodiment of the present invention does not require each electrode ring to
have an individual output connection, but at the same time allows for a phase-
wrapped lens that is tunable.

[0048] In this embodiment, patterned electrodes are provided on both
substrate surfaces, on either side of the liquid crystal material, and thus a fixed
"piston" phase term can be added to each set of electrodes in one section of the
blazed electrode structure. This allows for the phase change across each group
of electrodes to be the same, and then also to be phase matched with respect to

the previous group.

[0049] Figure 10 illustrates a cross-sectional view of one portion of one
embodiment of an electro-optical device 110 of the present 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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5. 2 Tr * (1/3) 6. 2 Tr * (2/3) 7. 08. 2 Tr * (1/3) 9. 2 n* (2/3) 10. O
112. 2 Tr * (1/3) 12. 2 Tr * (2/3) [0062] Then counting fromthe center

el ect r odeweandiogiarésg out, the relative phase at the | ocarcomnsediomachyfine
ring will be: 1. 0 =0 2. 2 Tr* (1/12)

[0051] Figure 8 illustrates one embodiment of substrate 122, adapted to be
disposed on an opposing side of the liquid crystal layer 160 as compared to
substrate 120 as illustrated in Figure 10, including an electrode layer 132, in this
case a counter electrode layer, including a plurality of electrode rings 134
surrounding a central ring-like circular electrode or disk electrode 135. According
to the invention, a single ring or disk structure on the counter electrode layer 132
has a wider or greater area than an electrode ring of the lower substrate 120 and
covers or overlaps at least one group of two or more rings. The area
determination is made for electrodes dispersed directly across the liquid crystal
material layer from each other, generally perpendicular or normal to the plane of
the substrate where the particular electrodes are disposed. In particular, Figure 8
illustrates the design for a coarse counter electrode layer that provides the piston-
like phase change over several groups e.g. 4 fine-ring electrodes 134 of lower
electrode layer 130 on substrate 120. Input connections 170 are provided for
each of the electrodes of the upper electrode layer 132.

[0052] As illustrated in Figure 10, a liquid crystal material 160 is located
between substrates 120, 122 and electrode layers 130, 132.

[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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=2 Tr *(1/12) 3. 2 Tr * (2/12) =2 Tr *(2/12) 4. 2 Tr * (3/12) =2 Tr
*(3/12) 5. 0+2 Tr *(1/3)
WO 2010/147664 PCT/US2010/001757

of the counter-electrode and 4 for the fine rings of the first electrode. With this
design, one is able to select how many groups of fine electrodes are used to get
to one wave of phase retardation, realizing that the minimum number of fine rings
or voltages per retardation wave for an accurate phase representation is 8.
Therefore, one can select to have 2, 3, 4, 6 or 12 groups of 4 fine electrode rings
per wave of phase retardation, with 12 groups per 1 wave of retardation yielding
the greatest efficiency but smallest optical power, and 2 groups per wave yielding
the least efficiency but greatest optical power.

[0055] For this example, the range of the required change is 1.5 diopters, so a
variable lens that has a power range from -0.75 to +0.75 diopters is needed. By
the choice of how the electrodes are grouped, if the highest power of the lens
needs to be +0.75 diopters, then the power of the lens with 2, 3, 4, 6 or 12 groups
of electrodes will be: +0.75, +0.5, +0.375, ‘+O.25 or +0.125 diopters. Because the
device works with the opposite electrical polarity, it will also generate the identical

negative optical powers, as well.

[0056] Thus, this embodiment of phase-wrapped electronic lens 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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=2 -rr *(4/12) 6. 2 Tr * (1/12) +2 Tr *(1/3) =2 Tr *(5/12) 7. 2 Tr *

(2/12) +2 Tr

*(1/3) =2 Tr *(6/12) 8. 2 Tr * (3/12)
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where j in this example is 2, 3, 4, 6 or 12, corresponding‘ to the relative lens

powers.

[0059]

The voltages for the counter-electrodes in this example would

correspond to the phases:

[0060]

Phase (radians )= 0, 21, 2*2mw, 3"2T1...... G-1)2m
j j j J

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.

[0061]

[0062]
phase

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

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 =

Then counting from the center electrode and going out, the relative
at the location of each fine ring will be:

1. O =0

2. 21w (112) =2 mw*(1/12)
3. 2mw*(2/112) =2 T *(2/12)
4. 2mw*(3/12) =2 T *(3/12)
5 0+21*(1/3) =2 1 *(4/12)
6. 2m*(1/12) +2 w*(1/3) =2 mw *(5/12)
7. 2w*(2112) +2 w *(1/3) =2 m *(6/12)
8. 2*(3/12) +2 T *(1/3) =2 w*(7/12)
9. 0+2 1 *(2/3) =2 1 *(8/12)
10. 2w * (1/12) +2 w *(2/3) =2 1 *(9/12)
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+2 Tr *(1/3) =2 -rr *(7/12) 9. 0+2 n *(2/3) =2 Tr *(8/12) 10. 2 Tr *
(1/12) +2 -rr *(2/3) =2 Tr *(9/12) WD 2010/ 147664PCT/ US2010/ 001757
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11. 2w *(2/12) +2 1w *(2/3) =2 w *(10/12)
12. 2w *(3/12) +2 w *(2/3) =2 1w *(11/12)
13. 0 =0
14, 21w * (1/12) =2 1w *(1/12)
15. 2w * (2/12) =2 W *(2/12)
16. 2w * (3/12) =2 1w *(3/12)
17. .etc.

18. ...
19. ...
20. ...

[0063] The voltages addressed to the fine electrodes and counter electrodes,
corresponding to each of the 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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11. 2 Tr * (2/12) +2 Tr *(2/3)=2 Tr 110/12) 12. 2 -rr * (3/12) +2 -rr
*(2/3)=2 Tr *(11/12) 13.0=0 14. 2 Tr * (1/12)=2 TT *(1/12) 15. 2 Tr *
(2/12) =2 WO 20(02¥4268% 16. 2 Tr * (3/12)=2 Tr *(3/12) 17. Pprewais2@8/001730. 20.
[ 0063] Thedvol tages addressed to the fine el ectrodes and counter el ectrodes,
corresponding to each of the optical powers as illustrated above, can be
st or ed WHAd | WER bc':t hat conmuni cates with a power supply and the | ens.
The chip is progranmmed to provide the required optical power on denand.

[ 0064] Tunablie | enfstulmble etedto-opticiensaelins, cempt®ing:10 il lustrated in the

drawi ngs, of the present inventi b I lized i ; di ff
appl i cati ondt |¢‘?ﬁ§ﬁW&iW,St%ﬂéw(S'Iiac'){ép;ﬁ:‘?‘?n@c?%tb%?rgieéﬁge%‘?bnsftgbjtr@&?%@aé?ﬁgggts or

spect agl B chATBId rod? [dyRF Sptiraflely Soonn@LRR fP BachZWBtHRES MherdiVa( r ont
n to d

correctors and equil pnent “use | agnose | nperfections in the human eye.
The t uneddteohe rcfetheokladimdeniayers ds patterbed wand iinelddes & glwealityon? &ing onal

| ! el Lo .
St at ut EISGREESe SENSHSLY 24 iBSt Ber R0 WRBE i AarEa LR ToRb e I e T e
scope gg&i&%t'r{h‘geélbbﬁadéf‘of'ﬁtreéiisfﬂ/é eridgBe bRl hdrein hatdlestréactite ligarpe of

t he at ed cl ai ns.
crystal material layer is present between the at least two substantially transparent
substrates.
2. The tunable device according to claim 1, wherein an input

connection is operatively connected to at least one of the ring electrodes, and
wherein the lens device is tunable from a first optical power to a second optical
power when a first voltage is applied to the ring electrode through the input

connection.

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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VWHAT IS CLAI MED | S: 1. A tunable electro-optic |ens device,

conpri si ng: at least two substantially transparent substrates, a

subst ant iaDI2g1tHagsg par ent conducti ve el ectrode | ayer opecatise@byporshnect ed

to each substrate, wherein at | east one of the electrode |layers is

patterned and includes a pluralit f ring el ectrodes, wherein b | east one
oE 4he Flectods dop

ring elttehicheess of eaqfy prahe ele Qayers '&n"‘!ﬁ’(ﬂ_p%eﬁf‘ﬂy'i Agow r't?gje by a
rest Stiapeub) GPangetlonae BRI Whbieh B résisflity V6t treflleltretivabger $éf a!

| ayer i's present ween' the at |east two substantially tranSparent

subst r @best 10 to abolt TTDEO tahmad’bq, dedi whemin dhdi candustiveamatelrjalvafethel n an

i nput connectian is operatively connecfed to.at |east.one. of the r.ing

el bt r GRBSUNE RHOAR COBTRTISEReON € RO Gk e NAIR NG B PYiR 20 e
power @ &igecond optical power when a first voltage is applied to the ring

el ectrode through the input connection. 3. The tunabl e device
according to claiml1l, wherein the resistive bridge conprises a resistance

path conpri sj ng electrically conductive, material having. i,stance,
wher ei n thesicondaljlq {}-@a&&ﬁ gﬂ_"&f\é %0885@8_%%%% j‘%{_ﬁg?ﬁ' ﬁnn%'gz\"i%ftr%yé@. _
4. The i§ Bradeing ofldcheelaskedéd idy@r! and Whieiein, thulkebsiratdshareanashitginedeatnt er i al
of the resistive bridge has a resistance of about 100 to about 2,000 ohns,

and whetistance pkabounldd e pbeuh @@ mielonss bor dered by a non-conducti ve
material or an area free from conductive materi al . 5. The tunabl e
device according to claim4, wherein the resistance of the conductive

materi al of g he ras stnasiebdévige accordiag @beldim890 wherainotiie subgfratdsns.
6. The tunabl e device according tq claim 3, ;g/nerei n the el ectrode | %éer
e

conpr | SENRYIRE &r neBriresfingent; matsliakican (3ligngq materigly nd eﬁmensata :
wher ei ?Bakpigl,%?ﬁ%g@ﬁ@gggnqﬁggo@f the el ectrodes | ayers is, independently,

about to angstrons, and wherein the resistivity of the
el ectrode | ayer is fromabout 10 to about 1,000 ohns/sq, and wherein the
conductive nateri

I (%f the resistive ari dge (iom)rd' seﬁ one or rmhe of , t he
i ndi um oxi dek ti n'RkitHBARIRIIPHEP LACTAHING fyLlaim 3, whereinpihe, pRURIMEdeyi ce
accordi tfcsaé:ia%rrbémpwgswo% aBoat 29RBBbul 2080 diSctRogssent on each
el ectrode | ayer, and wherein the substrates are maintained at a di stance of

about 5 to about 100 m crons. 8. The tunabl e device according to
claiml1, wheyein the substrates conpri on-hirefrin . er.| an

al i gned mat eﬁ?al ﬁ?ﬁ @"@%’%eﬂ%ﬂ?édgﬁﬁ?@jﬁ'il Po 0?1255 c%nb)"’ﬁ%?%'gme'bggrf .

9. The donnaktien digvioperathedy didihected ! tai @n3 inNdaiadt Nrihgeopahkepatdrddect r ode
| ayer conprises from about 20 to about 2,000 el ectrodes. 10. The

t unabl e€lgeiiodeclayet @ndi &y inpyt Goangetion ihadditianally prpided demeash ehapeut
oper at i yel e d e i of _the: ter el | ayer
and an [t SRR 1007 s kBrte ANE CREY, WhaRi; o gSicBTe BAASE € SRS | 5
about H¥iwekadachdrljacergpairasfcingeleetrodasr esi stive bridge is provided

bet ween each adjacent pair of ring el ectrodes.
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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11. A process for preparing a tunable electro-optic | ens device, conprising
the steps of: providing a substantially transparent substrate; form ng
at | east waaonondisst i ve el ectrode rings on the substrat ecTarsdovootrsng a
resistive bridge |ocated between and el ectrically connecting said el ectrode
rings. 12. _The process according, to ¢laim 3, \(/gmer,ei n,the el ectrode
rings and reb¥sti URe ROGEESs ALOrYngel? Haim 3 WIRH LPimiRggthe, fesistNg

2010/ 1 L7 ‘ot [ W m 3,
aher ei TORRPARPRgs Proliea ipsistive bath ComBIHREEh, SeeaiSorauet e
conpr i sinaterah beréeredi byld goncoddatiivee matesal at abarearfeeke fiora aonductiveluct i ve

material or. rea free fromconductive material that creates a resistance
That | crBalaial halesBalen & ETRRER e EreEtes ¢ RS kg tweeh the gidetrdd,

pr ocessriﬁé‘%or ding to claim 13, wherein the conductive material of the
resistive bridge has a resistance of fromabout 100 to about 2,000 ohns.

15. A tunable electro-optic |ens device, conprising: a first

substantially,tr arent substrate, havin f b Lall :

t ransparent i‘bndﬂfﬁ%}’é%?séc??%%g'ﬂgag?e aBBglrge’;‘thd/éé'gtT @‘%nﬁ%’i‘w&%@%ﬁr@] sai d
first ebfmbrresietil@vatgh®iasth pafistanss of foeh ABYUDGtcPAlbG@ 2,080 Ghntis.ng

el ectrodes; a second Substantially transparent substrate having a second

substantially transparent conductive el ectrode | ayer operatively connected

t hereto, sai ??sechgg%%@géAéé?e_o ﬁX?é’%éogéﬂ??’gﬁ‘?’ﬁﬁfigﬁgi and having a plurality

of ring el ectYodes; ctroactive crystal material |ayer

present bet wgefirgt hsubstantialiy dravespairdnts ulubistiate ahaving r ansipstr eobstantistly at es,
wherein at | east one ring electrode on the second subsirate covers..i

ol anar WARSRATEBH CARAYEE: elaryoden(aver RaTBivaly oRsted thereteb s titst
16. Th £ 0-.00L | ' ' Hay i
Celeuftgdd ﬁ‘?fe'r i@ gagyrﬁges.gg #geﬁggg lpggggwf%rgt §|fee{reuas,ﬂé selbRd ein

adj acen‘te ring electr | aye one or nore of the
first ebendtantimlyl npesparehtt substeatenHaehgcar sdeondysubstardially s trapsparemt

F onnect repducive ‘ei0edd i onslahuel chrtneciesh el R cpeRBd Aote <o
clai m 16y e vpeiif) Egpieﬁneég ah8agdviRg @ plutali! smihgld@e@vaoaé@ S6¢ Gidefidhotr at e

provi des’a pi sto phase change over "several groups of ring el ectrodes
of the activet liguictt erygtal| myaderial layer presemhdatwren! éhe| fiestr andpseeon@ns

devi ce accqrdi Q claimil5 rei n. al | n yer i S n each
el \élct r ot ﬁqw@% %ﬂﬁsi\)/\ﬂép iSHbFﬁ%FqS' Irvgr}ﬂéa}gﬁh atg‘g%ﬁcfg %%E@r g{eé%rBége&%p%t ai ned
at a di b s@bstidteldovers on aPpldnat Yrettien GitSeast two ringldecifbges whahee

el ectro-optic | ens device according to claim15, wherein the device has a

phase rBisipubstiate. that is a |inear function of a voltage applied thereto.

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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20. The tunable electro-optic | ens device according to claim19, wherein
each el ectrode has a voltage that yields a particular phase retardation

rel ati ve woa1cenicer el ectrode of each of the first andpseasadoshEst rode

| ayers. 21. A tunable electro-optic | ens device, conprising:

at least two substantially transparent substrates, a substantially
transparent conductive el ectrode |ayer on each substrate, an el ectro-active

material di spgsefhdeiygne él&ﬁgoﬁgl%ﬁé rléﬁ@%evk‘.’@e%&id?ﬁfn@etoelf-lﬁ%r@!%héﬂé‘?ﬁ5 on

each substrate are patterned conprise a pluralify of ring el ectrodes,
and whethei devite hast @ phase retandatioddbabis anlindamyfanctivroof devoltage apptiedl over
optical ,phase retardance and el ectrodes of the other |ayer provide a coarse
cont r ol t&fePhe phase over a group of at |least two of the fine control

el ectrodes. 22. A tunable electro-optic |ens device according to
claim 21, wherein the electrodes of the other |ayer provide a coarse
control of tR@ pHwsséunahle elegiraaptiofens dewipe: ageardingr to plaimi H wheareid|

ol ai m 2950, plectiprie 8 3, 8oRe0e el vEP R HLBsrRBAF phBRS SBIARTRIAE 806" ©
funct i ogertbr alectlota? eaphldfeide fikgra@idosecond elecfféde Hyers.unabl e- el ectro-optic
| ens device according to 23, wherein each el ectrode has a vol tage that

yields a particul ar phase retardation relative to a center el ectrode of

each of the birst A30fa58%BGE PHE 1O JEGEE! Somprising:
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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