wxe3denPj $(6TPI O4v AN OPTI CAL SW TCH DEVI CE AND METHOD FOR FORM NG AN
"OPTICAL SWTCH DEVICE Field of the invention The present | | at es
to an optical switch device, and a nethod for formng suchﬂlﬁm%m%wm@' n
particular, the present invention relates to an optical s for
use in optical systens. Background of the invention There are*®ispari ety of
conventional optical switches currently in use, such as el ectro-optical

(EO) switches, acousto-optical (AO swtcthes, therno-opti calguwmmmmmﬁu"}"mmes
and MEMS mirror switches. Conventional EO sw tches include

swi tches, Mach-Zehnder interferoneter sw tches, and directional cowpl er
switches. EO crystal sw tches general |y have a fast switching speed but
they typically ANQPTICA GVIGE AN METHORFOR FORMING &Nt ens of
volts. Conventi onal AO SWi tche ei.l R r perating voltages. O her

conventional EO switches tend ue to their |ong
coupling length. Conventional TO switches and MEMS switches are essentially

| ow swi t chi IRleld efthitwertionces, and it is difficult to achieve a high
swi tching frequency such as 50 kHz which is desirable in nunerous
applicati onsl_ In view of the foregoing problenms with conventional processes

and devi ces, Th¢ ReasgntinvantionJelaias ¢o @n: apticali switehagevies: and af giet b &RICi ng
an optical I [ ol t age
a0 OB Loa! | i e danes 1 paficth e oA bntn AIBPE B ohfc

per f or mance.switchzlestigentor ysefin bptcdlrsystenmisin | n general terns, the invention
conprises an optical swtch device conprising a wavegui de and aliquid

crystal cel lBa 'Crp)u'nd oPt?\aetl?\(\j/e% 0SS t he wavegui de.

There are a variety of conventional optical switches currently in use, such as
electro-optical (EQ) switches, acousto-optical (AO) switches, thermo-optical
(TO) switches and MEMS mirror switches. Conventional EO switches include
EO crystal switches, Mach-Zehnder interferometer switches, and directional
coupler switches. EO crystal switches generally have a fast switching speed
but they typically require an operating voltage of greater than several tens of
volts. Conventional AO switches also require high operating voltages. Other
conventional EO switches tend to be large in size due to their long coupling
length.

Conventional TO switches and MEMS switches are essentially low switching
frequency devices, and it is difficult to achieve a high switching frequency
such as 50 kHz which is desirable in numerous applications.

In view of the foregoing problems with conventional processes and devices, a
need exists for an optical switch and method for producing an optical switch
which has a fast switching speed, a low operating voltage and a small size,
without reducing production yield or compromising performance.



The refractive index of the liquid crystal cell may be changed by an
‘applied electric field which causes a total reflection at the boundary
surface between the waveguide and the liquid crystal cell. The opti cal
switch devices according to an enbodi nent of the invention aimto have a

| ow operating voltage, a high switching speed and a conpact size. Such

devi ces thereby enable systens in which éhey are used to be snmaller in size
and have a | ower power consunption and a“faster sw tching response than
conventional systenms. According to a first aspect of the present invention
there is provided an optical switch device conprising: a wavegui de core
having a longitudinally extending axis; a cladding | ayer surrounding said

wavegui de ¢ i @ Inventiah cell nounted in said wavegui de core, said
liquid crystal cell being positioned across said wavegui de core and

oai d vaweguBoeBerd tefhe B Ve BN Rtk SHRRE obfied Rty diits BaRs b o oo
above sai d Id whi€gwit¥sindla FQlid cArstaltdel vihibBis Rleafdd 86t8sé thes@bded@te. bei ng

| ocated below said liquid crystal cell. 3 Preferably, said liquid crystal
cell conprises a mer - di sFer sed liquid crystal, or a polynmer-stabilized

ol .
l'i quid crystile ref C&ﬁ?tlnw 8f the figvidnerystal sall may berchangedely ancapnligdi d
crystal. Th AN I i i i.ng to
o Lacond assietEIE T s a B refofip o e bBnGa iHacd et
conpri si ng &heavaveguide andthepiquidibrystalicell. devi ces defined above. According
to a third aspect of the present invention there is provided a device

conprising a.tree.structure,. said tree structyre,conprjsing (2" - .1
Pt cal owi (e GaiAL BTG ciiS? aeeoidita fan SHFEIMaREUNR eriop i bye
i nteger, saihveey oW Giserafihg vothg82ahigh sWtchiPspedd ahtf hdbrisadiCize Navi ng
one inlet and two outlets.
Such devices thereby enable systems in which they are used to be smaller in
size and have a lower power consumption and a faster switching response

than conventional systems.

According to a first aspect of the present invention there is provided an optical
switch device comprising:

a waveguide core having a longitudinally extending axis;
a cladding layer surrounding said waveguide core;

a liquid crystal cell mounted in said waveguide core, said liquid crystal
cell being positioned across said waveguide core and extending in a plane at

a predetermined angle to said longitudinal axis of said waveguide core; and

a pair of electrodes, one electrode being located above said liquid
crystal cell and the other electrode in said pair being located below said liquid
crystal cell.



According to a fourth aspect of the present invention there is provided a
‘device conprising an array of optical switch devices of the type defined
above, said wavegui de cores of each of said optical switch devices having M
inlets and N outlets, each of said optical switch devices conprising L
liquid crystal cells, each of said liquid crystal cells being positioned
across said inlets and said outlets of said wavegui de cores and extendi ng
in a plane at a predeternined angle to sdid |ongitudinal axes of said
wavegui de cores; said device further conprising L pairs of electrodes, one
el ectrode in each of said pairs being | ocated above said liquid crystal
cells and the other electrode in said pairs being |ocated below said liquid
crystal cel |IPreferablye daid Miquid &yatat pelbidonvsrisest eggolyragddispesseddiiglidt o (M
+ N or smaller fhan M+ N), Agcordiqg to a fifth aspect of the present

i nvention t HEYHal O & RRIVEes stabiizeddinuié cryséalnimpariculgh @i RelVmermstatilizedyi ce
conpri si ng Weﬁoék%ﬁgl Lmjgﬁggﬁiting a first cladding | ayer on a substrate;
4 form ng a wavegui de corel'ayer on said cladding | ayer, said wavegui de
core having a longitudinally extending axis; mounting a |liquid crystal cel
in sai d wavekhe littuid orystalaopiracts as @ dwitphing eleysnd! cel | bei ng positi oned
across said wavegui de core layer and extending in a plane at a

G For i ng Aedfng b arBPry e Uiy desial lnyBRliga REE0S Blaifida, ™ "
bei ng | ocat mkmmpnéidglainoaﬁ@y 6f thetapticaPswitcHdevibes 8éfiidd abewd.r ode in

said pair being |ocated below said liquid crystal cell. Brief description
of the draw hgs Preferrg‘? features of the invention will now be descri bed,

for the sakd\@ordingded WirdAspsst 9f thei nreseet isvertian there iepfayidasia igvidegur es
T g b UMY B O S O

crystal switch ng to an enbodl nent 0 eln Fig
schemati c crewtchsdevicesaf the tipevdefinddhaloorgh) wierear ys hgdositivel integdr, Baigure 1

a; Figure 2 is a schematic, diggramijllustrati.n fabrication process
accor di ng td”%‘f?%’l‘gﬁ)aﬂ?é‘n?f %?g?ﬂgs?w{qabﬁ‘,’v'tﬁ ices having opgdhigtjand
cross-secti q@otdutegh a 1 x 2 optical swtch according to an enbodi nent of

the invention; Figure 4 is a schematic cross-section through a crystal

switch according to an enbodi nent of the present invention and show ng the
two states diCaoRdingi tgurdfosirthisagpeatoefnthey presendvinvention tiere is provided a

device comprising an array of optical switch devices of the type defined
above, said waveguide cores of each of said optical switch devices having M
inlets and N outlets, each of said optical switch devices comprising L liquid
crystal cells, each of said liquid crystal cells being positioned across said
inlets and said outlets of said waveguide cores and extending in a plane at a
predetermined angle to said longitudinal axes of said waveguide cores; said
device further comprising L pairs of electrodes, one electrode in each of said
pairs being located above said liquid crystal cells and the other electrode in
said pairs being located below said liquid crystal cells, where L, M and N are
positive integers and L is equal to (M + N) or smaller than (M + N).

According to a fifth aspect of the present invention there is provided a method
for forming an optical switch device comprising the steps of:

depositing a first cladding layer on a substrate;



Figure 5 is a schematic cross-section through an alternative crystal swtch
"according to an enbodi nent of the present invention and show ng the two
states of the liquid crystal formng the switch; Figure 6 is a schenmatic

di agram showi ng a conbination of 1 x 2 optical switches formng a 1 X 2"
optical switch configuration according to an enbodi nent of the invention;
and Figure 7 is a schematic diagramof a,nulti-way switch according to an
enbodi ment of the invention form ng an Mx N switch confi guration. Detailed

Description of Preferred Enbodi nents The nmethod and device which illustrate
enbodi nents of the present invention will be explained with reference to
Figures 1 to 7. The elenents of the optical switch structure illustrated in

any one of the Fifgiiniag awayeguidecose dayer oxesaid gladding ayentsaid wavieguide
structures [, .t r_Fi . .allotted the sane reference
nuner al s. Fﬂéﬁ%gb@gé}g’ﬁghq&ba&gweﬁggge%'gveI y a top view and a side view

of an optical switch according to an enbodi nent of the present invention.
The optical switahogmsting adiemicoryersli ool inveaie guivéguityy eork IBYEF, sl aguidy
cladding or "clad' 2. A liquid crystal cell 3 is nmounted in the core 1 so
that it cutSrstabeall baipgRasitiones: agrass waldyaveauida gese laysr andeextepding 4 i s
enbedded in;th diypg, 2 : r bel ol | Lqusi d
crystal cel I"‘;| SEaﬁi(?ﬂtghg?o? hg?&%&ﬁlﬁ%%e%?ngd p é@e@ﬁggﬁj@a&;’%@&%ﬁfq{u%gﬂ
crystal cel lwaeglide edredayeriaad4 and the liquid crystal cell 3 are tilted
agai nst the |ongitudinal direction of the waveguide core 1 at a

predeterm ned an .. The wav i de care 1. .l ower refractive {ndex than
the cladding 2. @an %BE‘rtoﬁ%gecg'ioé’@?r'Péaf4q§]fagg\§§qﬁ¥e%ﬁﬁ'ﬁi ac%%f%\bﬁwgt he

el ectrodes 4ocdtBe abeleaaid Nquid RARtaldellt AR tHebther Bletibak i 8hld Sai Befgual to
t hat of waveguide core 1, nanely n0O. Under this condition, the incidéent

li ght 5 whi dpcated pelayw said liavid pyst@leeliui de 6 core 1 can be propagated
through the liquid crystal cell 3 and to a point "a". A light 6 whose

inci dent angd ot des &idEon b ie \Qi. al so propagated through the liquid
crystal cell T 3 s may be regarded as the "on" state
of the switch. When a negative electric field En is applied between the

el ectrodes AHrefarecd déataras o€ thexdeventiont will hogubd descsibal, ded theS siakendf,
which is smg}l er .than, the.refractivye. ndex n0 of the waveguide core 1. If
nlis suffi dll@ﬁ@tpn%qv‘g}h Eeﬁ%rﬁnﬁejfomﬁ gﬁlowmgaFWéﬂIreﬁ E‘fWB‘@Bi on takes place

at the boundary surface between the liquid crystal cell 3 and the waveguide
core 1. Incifigive 18)§ & sehematit "fos988tLtioHa tep viewsthiduda ¥RergWWlgncore 1
and the incident rays 6 at an angle to this axis are retlectéd towards the
poi nts "b" &fgording ia apeanhasliment 9f therinyentioset ween t he wavegui de core 1 and
the liquid crystal cell 3. This corresponds to the "Of' state of the

switch. In thge"y , Vi A : ical i Jhe.

fabrication p orcessli% Sacﬁgg}oéti ?cdarﬁgg%?ﬂﬁ‘a‘z%&ﬁ\é@%{r{fgu%ﬁmeéngg’&tarlrgm'tcgf t he
i nvention i offligwe 1ay Figure 2. In the first stage, a first cladding |ayer
2 is deposited on a substrate using, for exanple, a spin-coating technique.

he | I ' £ or ned he,. f i | addi I by, f
exarpl 6. spUiQUE #> a3shaRep AT’ DSERi A et Pies S Arediall one.
cl addi ng | aygrebodintentiditie Ineafioef cl adding material 2 is deposited on

the el ectrode and, if necessary, a planarization treatnment is perforned on

the surface of the further cladding |ayer 2. A core layer 1 is forned on
the further FOWER ifya sehamatic grepscsretioprtbroughea 11x 2 opigak switrluaceardinga

phot ol i t hogr, [ N T | ayer 1 is then etched according to
the applied tg%[ﬁtégpﬁs&%%@wgqec ?ﬁg%’g further cladding |ayer 2 (not shown

in Figure 2) may be deposited on the etched core layer 1 so as to surround
t he core | aydgure 4ista schematie ssassysediiopl throughza tiystaltswitchrastordiag to an

embodiment of the present invention and showing the two states of the liquid
crystal forming the switch;



7 perfornmed on the surface of this further cladding layer 2 until the top
*of the core layer 1 is exposed. A pit for containing the liquid crystal of
the core 1 is then etched into the core layer 1. Thus, the waveguide core 1
and the pit for the liquid crystal cell are fabricated on the cladding

| ayer 2. The pit is then filled with liquid crystal material, such as

pol ynmer-di spersed liquid crystal or a pojsyrrer-stabi lized liquid crystal
conmpound, and a filler, and the material“and filler are then pol ynerized.
After the pit is filled with the conpound of polymnerized liquid crystal
material and filler, a further cladding |layer is deposited over the surface
of the device and the upper electrode is forned thereon. The upper

el ectrode i FigurenScisvarschemiatic crogs+seotien tioloaghi am altermativel ciyistal edwitch
conpleting the fabricatian ,prpcess. kigure 3 shows di ment,, of the

i nvention i r‘?ctcﬂeaarf‘%rtﬂt%? e&ﬂfﬁocﬁm EBf -tt&%prgeﬁr}tdﬂveqtm and showing the von one
inlet | and griestheliquid erpstdl f@ﬁmnﬂlﬂeWﬁtﬁU' de for the switch consists of
a Y-shaped branch having the one inl'et | and the two outlets, 01 and 02.
Two liquid crystal cells LClL and LC2 are |ocated at the junction of the
Y-shaped br drigwes8 igsat schamatic dingtamn shewingeascembinationofofl x e optisalaped

br anch. The I L t ts
The inci dent |ghg fdrrrom haecfn*s% %jpit"s"l'“gé‘é@g@ ?t?nffe@{]ﬁ%ti#ﬂ %&Pgﬁng rﬁ
dependi ng orerhbediatemt ef thef inveetidn;@mdd crystal cells LCl, LC2.

Pol ymer - stabi | i zed Ferroelectric Liquid Crystal (PSFLC) is an exanple of a

sui tabl e mat rlal for formn ui S cells LC1 in this
embodi nent d49Y€ Zrbﬁnadégmtfﬁgt' @Fg?g“ g\ﬁ ﬁ’l‘h@“@ﬁeé\‘ﬂtcw %Sst"t iafe
electric fi edibédinent 8PfHd iRdehtiorPitPniiig éHWI k'hﬂﬂhﬂcl‘?&bﬁﬁ @lraﬁ@h' s, for
exanple, LC2 (that is the liquid crystal cell in the branc haV| ng the
outlet 02), the refractive i ndex of the liquid crystal cell LC2 becones nO,
whi ch is equletailediDescription of Prefetred Embodimentse material of the

wavegui de. As the refractive |nd| ces for the liquid crystal cell LC2 and
the wavegui [ r in

wavegui de Cgﬁtegmeﬁééﬂgé@tdgggﬁ \ﬁ?"éﬁ%h&?‘%ge eh‘g) dl"hg% tﬁgt ?&eﬁﬂllhve_@%

wi t hout r ef Iveitt thieoexpldined hattsaafermlceﬁo nguresnleuﬁﬂ Vke eleméntsofftheloptical 1 s

applied to the | i qyi stal cel that is the liquid crystal
cel | in the %Y%ﬁ‘éﬁ?&‘éfﬁﬂﬁ“ﬁqlﬁ?ée (R PBY °5¢ 9f tig ﬂfééwes vinich Garespeld gxagtive
liquid cr yStté'el@rﬁbhtsHﬂhé@%Eﬁﬁe# Qh&ﬂdn it thé) dtHe? F%hrfe's(‘drg%tllbﬁ % fnel Nan
n0, all of the light fromthe In propagating” t owar et 01|s

refl ected orfeferentmouoeraissur f ace bet ween the wavegui de and the liquid
crystal cell LCl. Thus, all of the light fromthe inlet |I proceeds to the

liquid cryst I n r . in the out t Thi s, stat
regarded as %ﬁu{e‘é i %Eé @ %g&%ﬁ@%&#‘ ?pn\élsgt aeﬁ'i%t’ 'ﬁ“&ot ?@Ioﬂ%ﬁﬂlsi S
applied to mwitchf atdwrdingats éncesbodiment bf thd ge@tﬂﬁhhéntldrﬁz Tﬁeh%ptlcal
refractive index of the liquid crystal cell changes to nl. If nlis

suf fi ci ent | YPVEieRI FRMPIIAGS ato optical” wavegide; epre 1 rsyfraundednbytcladdingpigat i ng
towards t he « | gt r e
wavegus de andiirs: (T Aqul CstaPErPd ipind el e chie e et ARUS BBdt"y &,
i's then appltheobare 1hrf tbehwavdagtqded Ar pait adf @IebﬂrodéglA ishembeddedfinothet he

i nl et |1 h th | d t al | d h h th
out tet 01 FRIIRY PhionEoRlestiRes bENomIaced hus Hhe IR Gustal e Sranchifes
equal to nO AREr bledittbdé %eﬁt? Bl‘éﬁgd %I&ﬁ%ﬁe il&u@‘kﬁgstrahEengl I ThelBledtroliad @ 1 S o

regarded as 01 is on and Is of gure hemat rc view of th
crystal s in and theuiiquid roygstal ceJeBIaredrltwdagﬁlnﬂethleolehgrtmdlnal diregtion 6F thet al

(FLC) and t | i the crystals with positive and
negative apg'??‘y%"(fg‘% {;(2%1 Qgﬁpﬁ%%@g@@gﬁ%s an electric polarization.
Therefore, the orientation of the nol ecul e changes according to an applied
electric fielb wavegladetcbﬁe dihascd Imr%fréﬂ&dﬁh@eﬁﬂhaﬁﬂﬂe&léd&h CZ r'When

pol ari zation bec aral lel to that of applied electrlcfle éﬂge Fi gure
4). The Iiqd 80%@ ctie field: Bp 13, applied betwesn therelectrefes e the setsastive
invention i t €40 her
liquid crystsl?a Tfﬂgshclﬁggtﬁ?yétﬁfo@légé GQﬁfoe%?ﬁ%r@@uﬁé? eel hvrtenrﬁg nis
Nematic Li quild lo)tqeltthis corfilitjoxi, he invidentilight 5 evinich is parglieldo 3he Waveguide
orientation of the NLC nol ecul e changes, for exanple, between parallel to
the el ectrodes whilst no electric field is applied and perpendicular to the
el ectrodes whilst an electric field is applied, as shown in Figure 5.




Pol ymer Stabilized Ferroelectric Liquid Crystal (PSFLC) or Pol ynmer

*Di spersion Liquid Crystal (PDLC) are also suitable for use in an enbodi nent
of the present invention, fromthe viewoint of fabrication. After the pit
has been filled with the conmpound consisting of liquid crystal and filler
materi al nade of a polyner, a polynerization process follows. An
appropriate polynerization process is chgsen according to the filler
material, for exanple, exposing the matefial to a LV | i ght source or
heating the material. If necessary, an electric field is applied during the
pol yneri zation process in order to align the initial orientation of the
liquid crystal nolecule. The material disclosed in Japanese Patent

appl i cat i onsongirtbeare tie ropagatéd4bmugrethel iBnsd eéystal2e003 btidifoca pointJapanese
Pat ent No. 794 i.s applicaple ta this invention. OQher types.of |iquid
crystal  mat & TR & iisREReLEGhaRaleds nlaRr SEE 2t B aist dropgdled afroueh ™yl oo
sui tabl e forhesiguidicrpsel eell @dardvipdigsaitte”.0f ThiBenay Basabatdbeeas kigd “on”

Swi tches of the type described above and illustrated in"Figures 1 a, 1 b
and 3, may éatedfitheswited. form arrays in which the outlets of the switches
are connected to the inlets of further 1 x 2 switches to form for exanple,

al x 2" opt) i | N I C switch
is shown i n@ﬁ%ri%&gﬁ%%tﬁ%glg@r@ Ighgé\ﬁ%ﬁ]bﬁ%ueﬁﬁﬂggﬁe&?\é d%l{l’i %Iee

Y- shaped wavefyactiles ifdexnofthealiquidecrybtalicelir & .is By, sghiek tis rgmalleraghahotpel at e
set of svvitcth .the inci deﬂt}wlight can be Bﬁi‘ged to %n desired outl et of
the wavegui deTagtive IndeX G of thecwayeqyide core @il rig muftigientiyesmaliarthan

i nvention, t i i Y ical
sui tches, uii coR) EngmEPeRSRPRRAS pAC B Me BBLANARIS Piod bitutehiter®
inlets and Nquid ctystalucdled afd dbe |waeguidewoee 71. sHooidenh raysaSpalengfthé x 2

Thl ets and doRSRIT s HEWAIRGIRE S trend B GHent TeYe Bt Ander e
wavegui de cQqpethisSiakisPaRS ¢&fledted | tBWatds thé t oinee s ah@l:g” Lﬁthé%unwheL%

and LC6 which |ie so as to cut across the inlets and the outlets o
wavegui de csusfagadbetveepathes walveglidet corged andtthehliowid amstah celi 3.l dhist ed

sbove and, DL SRR A A sy A L e b e

i nvention i sasodn bpticadsdatehof 5 V or | ess and such switches have a switching
speed of around 5 m croseconds when a Ferroelectric Liquid Crystal (FLO is
used in the_Liquid crystal cell LC1, LC2, LC3, LCA, LC5 and LC6. As the
swi t ches enb_cnfyrarpé'cf“{i_é” iPROGRRS: Bﬁgﬁr@t'ﬁﬁtﬁwg‘?’n@c@?rq'ﬁg &8 ?@QPFWQ‘O‘P&M ed
wi th conventihghleribhii§ 8howhiih Hire 2.hf ﬁfezf?rspétagé}’éf?#ét dIaGdiHG 18\ fh
switches can be extrenely small.” Thus the optical switches enbodying the

i nventi on haepositedwnopesudisirate usingader, examplgh & spinetoatingsteebdiqaed The

corpect <t ot BPRUETE RS FTRSD IR AR BBk 6B SRR

exanpl e, in sputteAhd Rl étehinBABISXtFdLRN AfatéNallddposed WPl theddlad@HpSaydr i n
any other optical equipnent such as communi cation, network or diSplay

systems. The&-devi ces embodying the invention enable such systems to have a
| ower power consunption than conventional devices, to be faster in response

and smal |l er 4 1 ry g | 9n e j e,
present i nvél??@ﬁéﬁgggfiogg?daﬁgerﬁértl%ﬁ%l)g %a%%pa"ﬁ—%rd gﬁgﬁ%{%,gétz?ﬁgerahﬁﬁfferi al s
and net hod stespssargnalpdareatitationtreatrnent isyierfbrinet dritheesuatzvecsf the tigrther

al t hough theli rgéljﬁieyon has been descri bed above using particul ar

enbodi nent s,© € Ztions are possi bl e 11 within the scope of the
claims, as will be clear to the skilled reader, w thout departing fromthe

spirit and gcesr Riet s forif brPthe furthér cladding layer 2 and the core layer 1 is
patterned using a photolithographic technique. The core layer 1 is then etched
according to the applied pattern. After etching, a further cladding layer 2 (not
shown in Figure 2) may be deposited on the etched core layer 1 so as to

surround the core layer 1 and, if necessary, a planarization treatment is



Claims 1. An optical switch device conprising: a wavegui de core having a
"longitudinally extending axis; a cladding |ayer surroundi ng said wavegui de
core; a liquid crystal cell mounted in said wavegui de core, said |iquid
crystal cell being positioned across said wavegui de core and extending in a
pl ane at a predeterm ned angle to said |longitudinal axis of said wavegui de
core; and a pair of electrodes, one electrode being | ocated above said
liquid crystal cell and the other el ectrbde in said pair being | ocated
bel ow said liquid crystal cell. 2. An optical switch device according to
claim1l1, wherein said liquid crystal cell conprises a conpound of polyner
and liquid crystal. 3. An optical switch device according to claim1,

wher ei n sai ¢drioquied an yise slrfaet lof thispiurthes claddmg)lay&d 2 tntilothgntep @fmﬂme

ferroelectrlc I| opt i cal eV|ce ordin

claim 1, \m ke d'd'sl ’Eﬂﬂsﬁdcr@/&tgwg tﬁ'mﬁﬂﬁ Aot ¢ g‘&qufﬁ Jisd
crystal. tﬁen@mhéaaihtcﬁwe&quyém m@fﬂi@ﬁaV mhéld&?’u AR it 3¢ d
liquid crystal cel ri ses yrerized f erroe ctric liquid crystal. 6.
An optical dhetiguiddrysta ngc%lbar@r abrigated anl thersladdingdayer2. sai d pair of

el ectrodes is enbedded in the cladding layer. 7. An optical sw tch device

"ndex than Bt dhehdfed My Rt By el geF Rl 5 afa abiRSraPSiRS! ! ng
to claiml, liyoRrl eiystasdra wyms%|mdenq1m1@w§ﬁ5c@naowm SFfSC angavi ng

one or nore inlets and one or nore outlets. . An optical switch device

accor di ng Fdhelfﬁatﬂ”@' a@@nﬂ}qrsafﬁgth@ﬂop@ym%'iédl i ffien h‘ﬁ@gt igl fillesl with the. ﬁ\n
optical Swi ldgtRiiLet pslgmfwzea IR Rl Inatihed 8hl ARY.Ja YudhEPefdiane

has a junction, Crys berng T ocate j un on of
said Y- shapddyérrlarrtdrpczsded cmerttbe curfase rafthe shevicenard dhe rapper @lédtride is
formed thereon. The upper electrode is then covered with additional cladding

material thereby completing the fabrication process.

Figure 3 shows an embodiment of the invention in the form of a 1 x 2 optical
switch, that is a switch with one inlet | and two outlets O1 and 02. The
waveguide for the switch consists of a Y-shaped branch having the one inlet |
and the two outlets, O1 and O2. Two liquid crystal cells LC1 and LC2 are
located at the junction of the Y-shaped branch so as to cut across the outlets
O1 and O2 of the Y-shaped branch. The liquid crystal cells LC1, LC2 act as
the switching elements. The incident light from the inlet | is passed to either
outlet O1 or O2, depending on the states of the liquid crystal cells LC1, LC2.

Polymer-stabilized Ferroelectric Liquid Crystal (PSFLC) is an example of a
suitable material for forming the liquid crystal cells LC1, LC2 in this
embodiment as it provides the desired switching speed.

When a positive electric field Ep is applied to one of the liquid crystal cells, for
example, LC2 (that is the liquid crystal cell in the branch having the outlet 02),
the refractive index of the liquid crystal cell LC2 becomes n0, which is equal to
the refractive index of the core material of the waveguide. As the refractive
indices for the liquid crystal cell LC2 and the waveguide core material are the
same, the light propagated in the waveguide can be transmitted through the



11. An optical switch device according to claim1, wherein said |liquid
‘crystal cell acts as a swtching elenent. 12. An optical switch device
according to claim1l, wherein said wavegui de core is Y-shaped and conpri ses
one or nore inlets and two or nore outlets, said device further conprising:
a pair of liquid crystal cells positioned across said wavegui de core, said
wavegui de core having a junction, said liquid crystal cells being
positioned at said junction; and two or $ore pairs of el ectrodes, one

el ectrode in each pair being | ocated above said liquid crystal cells and
the other electrode in said pairs being |ocated below said |liquid crystal
cells. 13. A device conprising an array of optical switch devices according
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N are positive integers and L is equal to (M+ N) or snmaller than (M + N).

é6 A net hocWPen d negathe abctrm field| Ersvé bpplietbto Oﬂe](citﬁfméIllaulmcntybt%llij*egQs of :

t t trat
ayer on sai Bl EXaHAl e reteRte aderl B |GG ChRA oo Adhghanges to
| ongi t udi nal tion gﬁm q C Rt 9
wavegui de codrﬁé lqu,g‘rqg %@%ﬁa’w Fbgﬁgﬁ '1'0 F" qgl %%SB stl ?ﬁ)ﬂné @r oss said
wavegui de ccprepagqtmg donlarelst él'mjlm.glet 02 sl eeﬂecbed aomitee dvaundang dswafagee t o

sai d | ongi tydinal is of sa vegui de, cor r.~and fornmng air of
el ectrodes iAPYEPQ ﬁ?mer%‘ 4%9\,\8 tﬁ%ﬂ'@”@ 8’&'13‘%5 a&%gqfﬁo%ﬂséta’eaﬁ&ﬁ"csai d
liquid crystigid € is thef édﬁieattbeme%tﬁéﬁ rcswle drystﬁlab@h ReH’ tI*i@'IlgHt Hr8fPirfed
bel ow said liquid crystal accordi ng 16, wherein
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The refractive index of the liquid crystal cell LC1 becomes equal to n0 and

light is allowed to pass through the cell. This state is regarded as O1 is on and

02 is off.

Figure 4 shows a schematic view of the crystals in a liquid crystal cell formed
of Ferroelectric Liquid Crystal (FLC) and the variation in alignment of the
crystals with positive and negative applied voltage. An FLC molecule has an
electric polarization. Therefore, the orientation of the molecule changes
according to an applied electric field so that the direction of the FLC
molecule’s electric polarization becomes parallel to that of applied electric
field (see Figure 4).

The liquid crystal cell for use in an embodiment of the present invention is not
limited to being formed of FLC and an example of another liquid crystal cell

suitable for use in an embodiment of the invention is Nematic Liquid Crystal



formng a first electrode on said first cladding |ayer; 15 depositing a
*second | ayer of cladding material on said first electrode; form ng said
wavegui de core |ayer on said second cladding |ayer; patterning said
wavegui de core |ayer to apply a pattern on said wavegui de core | ayer;
depositing a third layer of cladding material so as to surround the core

| ayer; etching a pit for containing said_liquid crystal into said wavegui de
core layer; filling said pit with |iquid¥crystal material; depositing a
third cladding | ayer over said device; formng a second el ectrode on said
third cladding | ayer; and covering said second el ectrode with additional
cladding material. 18. A nethod according to claim 16, wherein the step of
deposi ting NLE)fwhich isl sliewngnl Bigere Gonpihies esiedtatiosi of the M@mrr]aﬁeulwsihng
a spin-coatip hpi que. 19. A net hod rding to claim16 erejin the
st eB of for rﬁh%gbgg’l Eor??)fagp&gr e p@ﬁg]ge;ﬁﬂ%ﬁrgl?%?%%i"ﬁblst é‘?e?'re_@t;f?pri ses
form ng sai digid liss bppliet ahddserpendigular 16 thé &flédtebdeCWRilstUsh @nsktdd fiBids t he
el ectrode material deposited on the first cladding | ayer. 20. A nethod
accor di ng t ARpligAnaa ghownin Rigure Srpri si ng appl yi ng a pl anari zati on
treatnment on the surface of the further cladding |layer prior to formng

said core. polymer Stabilized Ferroelectric Liquid Crystal (PSFLC) or Polymer
Dispersion Liquid Crystal (PDLC) are also suitable for use in an embodiment
of the present invention, from the viewpoint of fabrication. After the pit has
been filled with the compound consisting of liquid crystal and filler material
made of a polymer, a polymerization process follows. An appropriate
polymerization process is chosen according to the filler material, for example,
exposing the material to a UV light source or heating the material. If
necessary, an electric field is applied during the polymerization process in
order to align the initial orientation of the liquid crystal molecule. The material
disclosed in Japanese Patent applications numbered P1993-247465, P2001-
316666, P2000-147476A or Japanese Patent No. 2863794 is applicable to
this invention. Other types of liquid crystal material such as Polymerized
ferroelectric liquid crystal are also suitable for use in preferred embodiments
of the present invention.

Switches of the type described above and illustrated in Figures 1a, 1b and 3,
may be combined to form arrays in which the outlets of the switches are
connected to the inlets of further 1 x 2 switches to form, for example, a 1 x 2"
optical switch, where n is an integer. An example of such a switch is shown in
Figure 6. _

The arrangement shown in Figure 6 shows multiple Y-shaped waveguides
forming a tree structure. By selecting an appropriate set of switches, the

incident light can be passed to any desired outlet of the waveguide tree.

In a further preferred embodiment of the present invention, the device can be
expanded to include arrays of M x N optical switches, where M and N are



16 21. A nethod according to claim 16, further conprising applying a
“planari zation treatnment on the surface of the third cladding |layer prior to
formng said pit. 22. A nethod according to claim 17, wherein the step of
filling said pit with liquid crystal material conprises filling said pit

wi th pol ynmer-dispersed liquid crystal material. 23. A nethod according to
claim17) wherein the step of filling sal id pit wwth liquid crystal materi al
conprises filling said pit with polyner- Ot abi I i zed liquid crystal material.
24. A nmethod according to claim17, wherein the step of filling said pit
with liquid crystal materi al corrprises filling said pit with

pol ynmer-stabilized ferroelectric liquid crystal material. 25. A nethod
accor di ng t positierintegersvand M is theenumbeer offinjeds and N iScheaiLdnbengmittﬁs core
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liqui d crystldie eperating vpitage of trmc@pthagswacmes:embodylngahel gresfmtnmermbnsal d
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wherein the step of form air. of electrodes conprises forn ng two
or nore pai e @I?t eépgtyt%glggﬂ?\gﬁéhg optical switches embodylngrt)he invention hav%

a low operating voltage, a high switching speed and a compact size.

The systems and methods according to the present invention may be
particularly useful in the production of devices for use, for example, in an
optical telephone exchange switch, an optical router or in any other optical
equipment such as communication, network or display systems. The devices
embodying the invention enable such systems to have a lower power
consumption than conventional devices, to be faster in response and smaller
in size.

Various modifications to the embodiments of the present invention described
above may be made. For example, other materials and method steps can be
added or substituted for those above. Thus, although the invention has been

described above using particular embodiments, many variations are possible



el ectrode in each pair being | ocated above said liquid crystal cells and
“the other electrode in said pairs being |ocated below said liquid crystal
cells. 34. A device conprising an array of optical switch devices forned
according to the nmethod of claim16. 35. A nethod for form ng a device
conprising a tree structure, said tree structure conprising (2" - 1)
optical switch devices forned according to the nethod of claim 16, where n
is a positive integer, said wavegui de cdies of each of said optical swtch
devi ces having one inlet and two or nore outlets. 36. A nmethod for formng
a device conprising an array of optical switch devices forned according to
the nmethod of claim 16, conprising formng said 18 wavegqui de cores of
each of sai avithin itloelscope tof thel edlaimss asi witl Bé cldaette the dkilledutdaetes,, without
form ng each, of saiP ophical,smﬁtch devices with L liquid crystal cells,
posi ti oni ng 9eRAAING fram; the spyitiandscpee Af the NventieRoss said iniets and said
outlets of said waveguide cores so that said cells extend in a plane at a
predeterm ned angle to said |Iongitudinal axes of said wavegui de cores;
formng L pairs of electrodes, one electrode in each of said pairs being

| ocat ed above said liquid crystal cells and the other electrode in said
pairs being | ocated below said liquid crystal cells, where L, Mand N are
positive integers and L is equal to (M+ N) or smaller than (M + N).
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10 O-a O- a cladc(:h)ng ayer surro(u)ndmg said waveguide core;
a liquid crystal cell mounted in said waveguide core, said liquid
crystal cell being positioned across said waveguide core and extending in a
plane at a predetermined angle to said longitudinal axis of said waveguide
core; and

a pair of electrodes, one electrode being located above said
liquid crystal cell and the other electrode in said pair being located below said
liquid crystal cell.

2. An optical switch device according to claim 1, wherein said liquid
crystal cell comprises a compound of polymer and liquid crystal.

3. An optical switch device according to claim 1, wherein said liquid
crystal cell comprises a compound of polymer and ferroelectric liquid crystal.

4. An optical switch device according to claim 1, wherein said liquid
crystal cell comprises polymerized liquid crystal.

5. An optical switch device according to claim 1, wherein said liquid

crystal cell comprises polymerized ferroelectric liquid crystal.

6. An optical switch device according to claim 1, wherein said pair of
electrodes is embedded in the cladding layer.

7. An optical switch device according to claim 1, wherein said waveguide

core has a higher refractive index than said cladding layer.
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8. An optical switch device according to claim 1, wherein said waveguide
core comprises a Y-shaped branch having one or more inlets and one or
more outlets.

9. An optical switch device according to claim 1, comprising two or more
liquid crystal cells.

10.  An optical switch device according to claim 8, wherein said Y-shaped
branch has a junction, said liquid crystal cell being located at said junction of
said Y-shaped branch such as to cut across said one or more outlets.

11.  An optical switch device according to claim 1, wherein said liquid
crystal cell acts as a switching element.

12.  An optical switch device according to claim 1, wherein said waveguide
core is Y-shaped and comprises one or more inlets and two or more outlets,
said device further comprising:

a pair of liquid crystal cells positioned across said waveguide core, said
waveguide core having a junction, said liquid crystal cells being positioned at
said junction; and

two or more pairs of electrodes, one electrode in each pair being
located above said liquid crystal cells and the other electrode in said pairs
being located below said liquid crystal cells.

13. A device comprising an array of optical switch devices according to
claim 1.

14. A device comprising a tree structure, said tree structure comprising (2"
— 1) optical switch devices according to claim 1, where n is a positive integer,
said waveguide cores of each of said optical switch devices having one inlet
and two outlets.
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device comprising an array of optical switch devices according to

claim 1, said waveguide cores of each of said optical switch devices
having M inlets and N outlets, each of said optical switch devices
comprising L liquid crystal cells, each of said liquid crystal cells being
positioned across said inlets and said outlets of said waveguide cores
and extending in a plane at a predetermined angle to said longitudinal
axes of said waveguide cores; said device further comprising L pairs of
electrodes, one electrode in each of said pairs being located above
said liquid crystal cells and the other electrode in said pairs being
located below said liquid crystal cells, where L, M and N are positive
integers and L is equal to (M + N) or smaller than (M + N).

16. A method for forming an optical switch device comprising the steps of:
depositing a first cladding layer on a substrate;

forming a waveguide core layer on said cladding layer, said
waveguide core layer having a longitudinally extending axis;

mounting a liquid crystal cell in said waveguide core layer, said
liquid crystal cell being positioned across said waveguide core layer and
extending in a plane at a predetermined angle to said longitudinal axis of said

waveguide core layer; and

forming a pair of electrodes in said cladding layer, one electrode being
located above said liquid crystal cell and the other electrode in said pair being
located below said liquid crystal cell.

17. A method according to claim 16, wherein the step of forming a pair of
electrodes comprises:

forming a first electrode on said first cladding layer;
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depositing a second layer of cladding material on said first

electrode;

forming said waveguide core layer on séid second cladding

layer;

patterning said waveguide core layer to apply a pattern on said

waveguide core layer;

depositing a third layer of cladding material so as to surround
the core layer;

etching a pit for containing said liquid crystal into said

waveguide core layer;
filling said pit with liquid crystal material;
depositing a third cladding layer over said device;
forming a second electrode on said third cladding layer; and
covering said second electrode with additional cladding material.

18. A method according to claim 16, wherein the step of depositing said
first cladding layer comprises depositing said layer using a spin-coating
technique.

19. A method according to claim 16, wherein the step of forming said first
electrode on said first cladding layer comprises forming said first electrode
using a sputtering technique and etching the electrode material deposited on
the first cladding layer.

20. A method according to claim 16, further comprising applying a
planarization treatment on the surface of the further cladding layer prior to

forming said core.
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21. A method according to claim 16, further comprising applying a
planarization treatment on the surface of the third cladding layer prior to
forming said pit.

22. A method according to claim 17, wherein the step of filling said pit with
liquid crystal material comprises filling said pit with polymer-dispersed liquid
crystal material.

23. A method according to claim 17, wherein the step of filling said pit with
liquid crystal material comprises filling said pit with polymer-stabilized liquid
crystal material.

24. A method according to claim 17, wherein the step of filling said pit with
liquid crystal material comprises filing said pit with polymer-stabilized
ferroelectric liquid crystal material.

25. A method according to claim 17, wherein the step of patterning said
waveguide core layer comprises applying said pattern using a

photolithographic technique.

26. A method according to claim 16, wherein the step of forming said pair

of electrodes comprises embedding said electrodes in said cladding layer.

27. A method according to claim 16, wherein the step of forming said
waveguide core layer comprises forming said waveguide core layer of a
material having a higher refractive index than said cladding layer.

28. A method according to claim 16, wherein the step of forming said
waveguide core layer comprises forming said waveguide core layer of a Y-
shaped branch having one or more inlets and one or more outlets.
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29. A method according to claim 16, wherein the step of mounting said
liquid crystal cell comprises mounting two or more liquid crystal cells across
said waveguide core layer.

30. A method according to claim 28, wherein said Y-shaped branch has a
junction, and wherein the step of mounting said liquid crystal cell comprises
locating said cell at said junction of said Y-shaped branch such as to cut
across said one or more outlets.

31. A method according to claim 16, wherein the step of forming said
waveguide core layer comprises forming said waveguide core layer of a Y-

shaped branch having one or more inlets and two or more outlets.

32. A method according to claim 31, wherein the step of mounting said
liquid crystal cell comprises positioning a pair of liquid crystal cells across said
waveguide core, said waveguide core having a junction, said liquid crystal
cells being positioned at said junction.

33. A method according to claim 32, wherein the step of forming said pair
of electrodes comprises forming two or more pairs of electrodes, one
electrode in each pair being located above said liquid crystal cells and the
other electrode in said pairs being located below said liquid crystal cells.

34. A device comprising an array of optical switch devices formed
according to the method of claim 16.

35. A method for forming a device comprising a tree structure, said tree
structure comprising (2" — 1) optical switch devices formed according to the
method of claim 16, where n is a positive integer, said waveguide cores of

each of said optical switch devices having one inlet and two or more outlets.

36. A method for forming a device comprising an array of optical switch

devices formed according to the method of claim 16, comprising forming said
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"HPUR' () *+, wa\/@.m}aﬂmlmgof each of said optical switch devices with M inlets and N

<= >O@\BCDEFG_"tI‘¢]e¥(s I\él\rl]gD%? rming eacg[ \f said o gaeI]c gNhljtéhkldg\r)l(c): Eh [ liquid crystal
cells, positioning each of said liquid crystal cells across said inlets and said
outlets of said waveguide cores so that said cells extend in a plane at a
predetermined angle to said longitudinal axes of said waveguide cores;
forming L pairs of electrodes, one electrode in each of said pairs being
located above said liquid crystal cells and the other electrode in said pairs
being located below said liquid crystal cells, where L, M and N are positive
integers and L is equal to (M + N) or smaller than (M + N).



