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Photonic Crystals 11111111111111 ~f LI If , 1111 The present invention

rel at es (@ ¢iAakissi dal photonic crystals, to a method of mmg,mbust | ar ge
area colloidal crystals and devices pr oduced t her eby. .5 For—the -pur peses
of this patent, a photonic crystal shall be defi ned as an obj ect whose
optical properties are spatially perioddic. It has Wmoimetﬁe@rBeswla drre

t hat col | oi dal suspensions can be nade to crystall | se

conditions to produce col | oi GalloidabRhotenicGryetlsexhi bit | u !I Imlrcal
properties. Such photonic colloidal crystals are capable 1fying t
propagation of light due to the fact that the crystal structure is

peri odi ¢ orhetpiesestinventign reiates to-sallpidalphatopic crysialz, to a methadof grawing v

col | oi dal raﬂ@tw?g&areamtoﬁiaﬁcr? taﬂaaallehséstprmeuihe?ewarl ety of optical

devi ces_incl udi ng opti cal ters and limters. The reflective properties
of col 19®idal photonic crystals can also be controlled offering further

oppor t uni tF&%éMm&éE'oﬂhisadaké?ﬁ d phofdtid 6rpdtal s@kﬁﬂ/b@eainea@s BHlokjetEwRdses of such
crystals are however usually pol ycrystalline and conprise nany hundreds of

crystal s owtical @ropeqies apy spatidliyRedipdifs i n si ze which are randonly oriented.
The crystals may al so possess a variety of crystalline structures including
face centred-cubic (fcc), hexagonall éod ose- packed (hcp), and

i
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cryst akpi niief cdritih ENGItI6Rd toGiadLRE cBildidel brystaiwhichexhibf irtéréstindloptitsl neke the

crystal unsuitable for materials applications. An inproved nmethod for
growi ng cRTPRRHER photonic crystals has been proposed by P. N Pusey and
B. Ackerson in patent GB 2 260 714. The irrproved met hod reduces the

i nperfections in the crystal mel ting an ing the crys into a
p;ne)f erred %@WW@” %ﬁ@’é‘aﬁy%rﬁlcﬁ’flab'?g?ﬁ q‘l@'f'ﬂg?? ’?'8?‘%&3@8" P%/J b t 4 pensi on
of | Imo nos I Ztedh@fabvmmrthe 6®Et|agétﬂ:%gxr§ ﬁbﬁh&?c ?ndnetcsearéltoi e Wévelbhgiﬁmf nghtt he

col | oi red- qubic cr a rycture ing a
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01/ 18283 Hﬁ&%&?ﬁ@ gptidareiers and limiters. The reflective properties of colloidal photonic

crystals can aiso be controlied offering further opportunities for exploitation in optical
devices.

20 Bulk samples of such crystals are however usually polycrystalline and comprise many
hundreds of crystals of the order of 100 microns in size which are randomly oriented.
The crystals may also possess a variety of crystalline structures including face-
centred-cubic (fcc), hexagonally-close-packed (hep), and random-close-packed (rcp).
These and other imperfections within the crystal impair the optical characteristics of
25 the crystal and make the crystal unsuitable for materials applications.

An improved method for growing colloidal photonic crystals has been proposed by
P.N. Pusey and B. Ackerson in patent GB 2 260 714. The improved method reduces
the imperfections in the crystal by meiting and aligning the crystal into a preferred

30 structure. Specifically, this method relates to a suspension of monosized polymer
calloidal spheres and consists of aligning the colloid into a face-centred-cubic crystal
structure by applying a rectilinear shearing force usually by inducing flow in the liquid.



-2 The photonic crystals fornmed by this nmethod are essentially perfect
face-centred- cubic structures. The nethod enables singlé crystals to be
grown overwdyeiagssarger than lcnR. 5 At the end of the WW%S,
after sufficient shearing force has been applied to establish a
substantially single crystal structure, the structure nmay be sealed to
retain the carrier liquid. Al ternativgl'y, sone formof gelling agent may

be added to the carrier liquid to i rrgrove the stability of the structure
or the car rihePhplogigicrystals fomaedby hissetbed are gegantiallyerfactfate-cantred-

sel f - suppordybiRYtridtlnds ! tHem@thod Shdoisditlgidtdydtdis Ik grafin gbg:z{r%&a pduces two |

types of single face-centred-cubic structure, one typ roduced on
the forwar dh@mi@®®, the second type being produced on the reverse shear
When the shearing is stopped the colloid relaxes into a tw nned
face-centred- cubic structure. In the case of the tw nned arrangenment both

forns ofSf £d&heendof die grawth pipeessafige sufficient shearing fafge hasrbeena@peliegdeal , one on
top of the &aidbfdha Wﬂs{a?&ialfyf%ﬁ\gié’\érfﬁtiﬂ@trﬁ& - th8 Bri@treThidY e sdaldddb Witsin€x i bi ts

useful optical characteristics, e single face-centred-cubic arrangement
provi des i ¥ eArder ligg; Altamativelpsomedermy gigeliing agent giaydie added tathe epirier t he
singl e facggGiaw mirovethe %Sﬁitgl&iﬂérsﬁuﬁﬁﬁ%%{é Gt ligild i) bR \dewerd it Oni ¢

band- gap properties and can _be optimsed to be reflective for a |arge
range of arfypRayatsfto alrRave 8 felf-syppofinasitrustie 9f selloidabBartieles-angl es (for i nci dent
radiatigm within a [imted wavel ength range); see for exanpl e Yabl onovitch
et al, "Three-dinensional photonic band structure", [Yablonovitch, E.,

Gnitter, T.Shearingpragiices fwaivpesefsingle facecentrrghsplic studture, enediprbeing D, |

Joannopoul Qeduéedon the FowaRd sheaf! ithesstbRd§hbe %ﬁ%?%ﬁcéw&ﬁhéi'é\)éﬁeur e", Opt. &
Qu. Elect., 24, S273, 19921 an references therein., The single

d
f ace- cent r Sedy¥yhen e sheplingis stopped the collpid relaxesinfy a.tyfipned facareantreds 1 or hi gh

qual ity optdubiglstrdetieCRhd bdsell fHedvinhed BRalRgeent uth M ofBé-camtr™- | | near
sheari ng_ net hod because .of ,thhe tendencx of tp)?m(ér stal to relax into the

twi nned?® f FURIC SEHGtHTE FoBY|Hvithin the, crvstal onesep fep h&fritati ons of current

col | oi dal photonic crystals relate to the physi cal
Whilst the twinned face-centred-cubic structure exhibits useful optical characteristics,
the single face-centred-cubic arrangement provides improved optical properties over
the former. For example, the single face-centred-cubic structure demonstrates

20 improved photonic band-gap properties and can be optimised to be reflective for a
large range of angles of incident radiation and polarisation angles (for incident
radiation within a limited wavelength range); see for example Yablonovitch et al,
“Three-dimensional photonic band structure”, [Yablonovitch, E., Gmitter, T.J., Leung,
K.M., Meade, R.D., Rappe, A.M., Brommer, K.D., Joannhopoulos, J.D., “Three-

25 dimensional photonic band structure”, Opt. & Qu. Elect., 24, §273, 1992] and
references therein. The single face-centred-cubic structure therefore offers a greater
potential for high quality optical devices but cannot be made by the aforementioned
linear shearing method because of the tendency of the crystal to relax into the twinned
face-centred cubic structure.

30
Further limitations of current colloidal photonic crystals relate to the physical
properties of the crystals. Current colloidal photonic crystals are relatively fragile and
lack permanence, largely due to the fact that the crystalline layers are merely held in
place between rigid paralle! plates. With reference to configurations in which the



properties of the crystals. Current colloidal photonic crystals are
relatively fragile and |ack permanence, largely due to the fact that the

crystall iggol/f4gys are nerely held in place between ri %fg.é@m“,?l pl at es.

Wth reference to configurations in which the irr W 01

‘PCT/ GB00/ 03405 -3 carrier fluidis retained wthin the colloidal crystal,
the sealing can becone conproni sed aBFow ng unwanted evaporation of
carrier liquid leading to degradation of the crystalline structure.
Further, tdagiepfiyid iscrataingdivithisi the sollgidat ¢rystal thetseblingrcandecome el at i vel y snal |
precl udi n ] ' [ . b S L0 optical 5
applicati %ﬁﬁpﬁﬁgﬁggﬁ%ﬁ i%g% L?ib%tk?ﬁeoggéﬁngf%@%%@ @%‘%@ﬂ'@e an

i mproved mfthextystallinestaidiucs. rgrtherothe physical dimensions otthe civetals rpmeinoni ¢
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essential 'y per onrc crys I'ti'ng a e

f ace- ceht rapplicationss st ructure conprises the steps of : preparing a
suspensi on of nonosi zed col | oi dal spheres having a volunme 15 concentration
t hat produces spontaneous |ocal crystallisation in a suitable dispersion
medi um i ritis@niobjgct dfdhe preseit iventinndp pravideran impeoved methaddenpseducingo

subst ant i ar'ol:ﬁfstﬁ?%é%ﬂeslco @g&f&g&?ﬁc&g}aéybj ecting the surfaces to relative

oscillating no n para ei'r surfaces and, subjecting the surfaces
to a series of small linear displacenments relative to each other, the

di spl aggne ' t hej p&@ yam | J'ensi ons,
conpri glsng%#*ﬁéagéﬁ%ﬁéﬂéﬂ(‘)’?ﬁ@ab?ae?]hé’%;gflt‘;l ne &glgssslgﬁtéélcl elﬁézc?fo one of the
surf aces walipidalpbpiopic arystal exhibiting 2 single faceccentredubic stucture comprisesi on i n

whi ch t he thEEEQEofi.j—Sp' acenent is applied to the surface by substantially
120 degrees 1nh a single constant direction and applying a further linear
di spl acenent to the surface, the sequence being repeated until the

col | oi dal &E&lrﬂn iacsuﬁfaé/rﬁd?a' ofgrﬁv%ogfﬁ‘coﬂ&ﬁélfépﬁ&e'h Rbfingta $bilMES

face-centred-cubic structure. .
: 15 concentration that produces spontaneous local crystallisation in a suitable dispersion

medium,

inserting the colloidal suspension into a gap between two substantially parallel
surfaces,

20
subjecting the surfaces to relative oscillating motion parallel to their surfaces and,

subjecting the surfaces to a series of small linear displacements relative to each other,
the displacements being parallel to their surfaces and in two dimensions, comprising
25 the sequence of applying a linear displacement to one of the surfaces with respect to
the other surface, rotating the direction in which the linear displacement is applied to
the surface by substantially 120 degrees in a single constant direction and applying a
further linear displacement to the surface, the sequence being repeated until the
colloidal photonic crystal has been purified into a single face-centred-cubic structure.
30
Preferably the dispersion medium is one that can be changed from a liquid phase to a
solid phase in order to fix the colloidal crystalline structure.

The direction of rotation may be either clockwise or anticlockwise.



30 Preferably the dispersion nmediumis one that can be changed from a

| i quid phase to a solid phase in order to fix the colloidal crystalline
structure. whwenghss ection of rotation may be either clocky H0b/03408

anticl ockwi se. WO 01/18283 PCT/ GB00/ 03405 -4 In an another -arrangenent,
the nethod of growi ng an essentially perfect colloidal photonic crystal
exhibiting a single face-centred-cubi t4structure conprises the steps of 5
preparing a suspension of nonosized col |l oi dal spheres having a vol une
concent r at i Ip @nEaRathepArANgementshe metinsol grawing:an esspafially pedect collvidal n a

di sper si on ﬁfgnibﬁ]ryétil%f(?igi@a?gin@rgﬁl%gﬁépﬂé&&ﬂb?c Sthiithdcdiangs kit o) | @ phase.

in order to-fiIx e co I ne structure 10 1nserting the

col | oi dal S¥$pension into a gap between two substantially parallel

surfaces, and subjecting the surfaces to relative oscillating notion
parallel to their surfaces. 15 In particular, the magnitude of the snmall

| i near df s AreRasng Asysransion siimpncsized callpidal srheres havingiasvolume al |y equal to the

product of &h&rﬁiaamg{%rgaud‘eeeggﬁédepwrahan%ﬂ}afapﬁamgﬁ é&speréwnt%aatuﬁie

crystalline layers in crys n one preferred arrangenen

surf aces artbatsas peghangedifiom 3 iasitphase & 2.80lF phasa:in order telix the cellpidal at er al
triangle. ‘@ﬁrﬁm,{éigﬁuaﬁﬁ@l ume fraction of nonosized colloidal spheres is
advant ageously 0.49 and preferably the radius of the nonosized coll oi dal
spheres is in the range 0.01 pmto 100pm 25 Preferably the radius of the

monosi zgg GRderitigdRe calRIMET fBpérisidn/intb 3GabdeeeR 1o BiBstatiallyaranell Ne col | oi dal
spheres may conprise at |east one of a polyner, a non-linear material, a

30 magneti SUfAseS AN | a netal, a seniconductor, glass doped with an active
dye, polymer doped with an active dye, and silica. In particular the

col | oi dal spheres may be . L . .
subjecting the surfaces to relative oscillating motion parallel to their surfaces.

15 In particular, the magnitude of the smali linear displacements applied to the surfaces
is substantially equal to the product of the diameter of the colloidal spheres and the
number of crystalline layers in the crystal.

In one preferred arrangement the surfaces are displaced with respect to each other in
20 an equilateral triangle.

The minimum volume fraction of monosized colloidal spheres is advantageously 0.49
and preferably the radius of the monosized colloidal spheres is in the range 0.01um to
100pm.

25
Preferably the radius of the monosized colloidal spheres is in the range 0.05um fo
10um.

The colloidal spheres may comprise at least one of a polymer, a non-linear material, a

30 magnetic material, a metal, a semiconductor, glass doped with an active dye, polymer
doped with an active dye, and silica. In particular the colloidal spheres may be
polymethyimethacrylate.



pol ymet hyl met hacryl ate. wo 01/ 18283 PCT/ GBOO' 03405 -5 The material used
for the dispersion nediumis preferably at | east one of an adhesive, a

pol ymer, wologsé8s @ non-linear optical material, an act ily 19 tical
material, octanol. In a preferred enbodi nent the:active o(reﬁ’ (3408t er i al

used for the dispersion nmedium 5 is a liquid crystal material. In one
arrangement the di spersion medi umis-8obsequently renoved fromthe

col | oi dal photonic crystal to | eave a structure conprising coll oi dal
spheres s Jﬁemﬁq@! usgsl fopthedispersionmestium isgprefatablyxat ddast/ anedef . an/adhesied, i t ut e

mat eri al I I ' Lnterconnecting matrix
of voids gjﬁ?‘@ﬁ?@?%@ﬁ?%%ﬁ%%@%‘ é‘%%g%gg" %&Ef'%é’gg%g)gﬁ?ﬁﬁgcﬂ?'eri al may be
at |east one of a netal, a sem conductor, a non-linear optical material,

an active ' i . . ' { . .col | gi dal spheres
may be sul;ggtc%ée_fnt {/@?g&%@é& tl#%@hv@%@ﬂct% L@S{éﬂ fs[{g ?&t@n%{%‘%ﬁé’f me ""B‘r oduce an
i nver se? sii$a fiquig grystatmateriald- cubi ¢ structure. In a further preferred

enbodi ment the active optical material used for the substitute material is
aliquid crystal material. 20 Were the dispersion nmediumor the substitute

mat eri al ilBoge prangement the dispersiop anedivny is subgaruentiyremoved frarhithe field to the
liquid cr i .ol | pi.dal otonic.crystal. In
a pref err?ghogan%gﬂ? tﬁ@ht% !’ys{éﬂ%l [ Sﬁ@%&?ﬁ@%&ﬁ@f&f%ﬁé%&% §|ggquﬁd%é]d t he

met hod 2PY@N igleropnnreting matsixof voids. IAsubetititecvateris! sy delsubsesuentiyc cr yst al
exhi bi §g n bl 5 - ' 8 rises the
subs eqman'?n tgdggélg#ﬁctﬁ?iﬁ\?}‘ercxtﬁﬁghingg?éé}b?gﬁo@g rs%ﬁgﬁiaﬁﬁftgé %ﬁﬁé"?ﬁ%@é&i ng matrix
bet ween t HbesyPstityta materighmpy. be atiinast ope ofa metab cesemigondbigtoralnpnilinearudes  at

| east one dpticdt Hierial, an'attivel dphitdi figHagt i ¢ 30 radiation, exposure to
ultraviolet radiation, chemcal reaction, elevation of tenperature. At

| east one of the substantially parallel surfaces may conprise a

subst ant i gh b¥prdfbiped &hﬁ‘odiﬁ@rﬁ*ﬂﬁ@é@oid%héﬂe@ﬂa?%/ s%%ugﬁﬁ'qgmoved from

15  the substitute material to produce an inverse single face-centred-cubic structure.

In a further preferred embodiment the active optical material used for the substitute
material is a liquid crystal material.

20 Where the dispersion medium or the substitute material is a liquid crystal, means for

applying an electric field to the liquid crystal material may be added to the colloidal
photonic crystal.

In a preferred embodiment, the dispersion medium is an epoxy resin and the method

25 of growing an essentially perfect colloidal photonic crystal exhibiting a single face-
centred-cubic structure further comprises the subsequent step of curing the resin to
form a solid interconnecting matrix between the colloidal spheres.

The curing process preferably includes at least one of exposure to electromagnetic
30 radiation, exposure to ultraviolet radiation, chemical reaction, elevation of
temperature.

At least one of the substantially parallel surfaces may comprise a substantially flexible
membrane.



-6 In a preferred enbodi nent bul k col | oi dal photonic crystal filmmay be
produced by applying the linear displacenents to the parallel surfaces by
rol l'ing mggy In a further preferred enbodi ment the E.B%g her

i ncl udes thea}nnstlésear nmedi ate step of applying a detachabl reTF ?'gdr%?sto t he
internal face of at |east one of the paraIIeI surfaces prior to

i ntroducing the colloidal suspension.-&he internal surface of at |east one
of the parallel surfaces nay be textured to 10 pronote the growth of

multiple crystal domains. The refractive index of the dispersion nmedi um may:

be subst antﬁ?ﬁtérferpéc{]én%o% enit AR chiid IEﬁJt&ﬁ&Eh%tﬁl M6y H¥f prbdiced 8 fjm y! oi dal

spheres. Fur e refractive In ratr o"between’'the col dal spheres
and the di spplyingthe lingat mlmwegtséatf@rparmhswmes lysrolling BYeensr ef er r ed
arrangenent, the method conprises the subsequent step of renoving the

col l oidal spheres fromthe solidified dispersion mediumto produce _an
i nverse i nga@mcmmmgmntthgmﬂmqﬁéhewlmﬁ 1'3’28"3“1#4?9‘@8‘99 PH3405 -

In a furt h%{grgfnsfa ffeflati 5@%%@}5 e VRteFri 228 of étriéé%%né?@ﬂh&'{:érﬁﬂélt he

subsequent I ntroducin substitute material into the voids
created in S!Jffécesstﬂﬂpdoﬂm&du@m@ﬂ\?r@ﬂwl SHEReNSiA-by t he renoval of the
col | oi dal spheres, thereby producing a substituted single

face-centred-cubic structure. The substitute nmateri al e a non-linear 5
opti cal natTdeiinternakayriaee ?f\Pé|Q9§t¢'@eﬂffhﬂa@%ﬁ"leh"fof@Fe%m%B%FexéW ton a preferred

arrangeggnt ttmp% ﬁﬁ'ﬁ WG Gsthi¥ohfaimi N the col | oi dal suspension may
be concgﬁtrlr&nﬁf rP d‘f;il cap &gs I'n a second aspect of the invention there
is provided a colloidal crystal growmm according to the above nethod. In

one preferrggd r@ﬁé&w@ﬁaan& tw&sﬁéﬂsnbﬁ Hiaiunprhwb@éuﬁs&rnﬂmyarﬁm fromlthe1ot ch

filter wherelin oi dal sphere radius and refractive index of the
di sper si on fﬁ%@ﬁ“&?ﬂ"&?’@@h@ E@’P@é' spheresoFurtnep the refractivg index ratiobetweendts ;e
speci fic wafhigd 9pierédshd the LiisPESIBh medine maygieate? fiEnltvo.
15
in one preferred arrangement, the method comprises the subsequent step of
removing the colloidal spheres from the solidified dispersion medium to produce an

inverse single face-centred-cubic structure.



ST

In a further preferred arrangenent the colloidal crystal is incorporated in
an optical device which further conprises a liquid crystal nmaterial and
means forgyyhydssd an 20 electric field to the liquid cr mat eri al ,
wherein a var}i]gilgfle vol tage nay be applied to the liqui dy@%?oéw‘“ﬁat erial
to change the refractive index contrast between the liquid crystal

material and the colloi dal spheres. WJ-01/18283 PCT/ GB00/ 03405 -8 The
invention will now be described, by exanple only,. with reference to the
acconpanyi Inga fiirther prefsrred anirigementthg metholl furtien sbmpiises thésubisequent biepnal

chear i ng S RE84Ra SRybRhiE maiel) fe SPUE r8pee ) oe Solffestdnsibrar nor o,

Fi gure 2 shedismebydhe pnzovabdf théreollaidalzaphener,therebe protiocindia salsstititécse t he

structure ' oo al .10 Figure 3 shows schenatic
repr esent a%‘lﬁ%lﬁgbgfcgﬁ Jﬁéedz{:%r%eset%?ewrg r?f'é%'ﬁ? F‘é&%’\abﬂagg? F@Pﬂ%ne% r oduced

duri ng Sheogficalmaterialcareadtive Sptival rhaterialloy a ldsegdyecs 3a and 3b illustrate the
diffraction patterns produced by the two fornms of single face-centred-cubic
crystals respectively, whilst Figure 3c shows the diffraction pattern

fornmed at Inreeprefemet acrhngdment hegwo stiffiaces asexste rétin the collsidansu$pension
face-centr&gggg%&ceﬁ%&wh%cg’n, Figure 4 shows graphs of intensity of
Ia sus

diffracted r ion ve angl e of incidence (0) for the various
crystalline structures produced during the gromh process, 20 Figure 5a

illustrg@te i . i cqlloidal photonic crystals
by apalayi ﬁgé %b%g%@ngéﬁéﬁ%tﬁ,{'ﬁ%ﬂlﬁéﬁ'{sﬁr%%gﬁg%%@gaﬁ@g'd%@%proaynda| crystal,
Fi gure 5b #a¢cording tattkssabdve metipodoved et hod for produci ng col | oi dal photonic
crystals by applying a conposite two di nensi onal shear to the coll oi dal
crystal in a cylindrical 25 geonmetry, Figure 6a illustrates the iterative

st eps wi t hinrenelprefeegparsargementthe icoipidat crystalforavscan dpticaldiotehdilteowiterkin Whi ch
successi vey A L 30 Eigure. 6b illustrates the
specific cgg E:S %czarl gﬁﬁgp%édﬁpog%cgﬁeeéég’éé@%ee ! p?r%'o'gﬁ‘e lum are selected

15  to co-operate to reflect at least one specific wavelength and to transmit other

wavelengths.

In a further preferred arrangement the colloidal crystal is incorporated in an optical
device which further comprises a liquid crystal material and means for applying an

20 electric field to the liquid crystal material, wherein a variable voltage may be appiied to
the liquid crystal material to change the refractive index contrast between the liquid
crystal material and the cofloidal spheres.



equi lateral triangle, WO 01/18283 PCT/ GB00/ 03405 -14 Laser dyes may be

al so be incorporated to enhance this effect and to nmake the coll oi dal
phot oni ¢ ?ngfenSi tive to specific wavelengths. In th | aser
dye is df@é?f/\/e into the liquid crystal. An incident bgg%n{ 0/5'335’5

wavel ength which lies within 5 the absorption band of the dye, absorbs
energy fromthe beamgiving rise to |o8al heating as before, but now the
transfer of energy fromthe incident beamto the crystal 1is significantly
| ar ger due The inventiomwillmawde deberired; byoexampiEseiys adthireferenée tolthe | aser dye. The
dye coul d al so be incorpor .Lnto the colloidal spheres. 10 A non-Ilinear
dye may al S%ccggpwg@,é??\gﬁg%‘{r(\m#hé one that has a significantly different
refractive index in its excited state conpared to the ground state. This

al so induces._a_.r.efractive ind [ AT g i econd
met hod of n%ﬂﬁ"ﬂ’i 'ﬁﬁ{ 3%%?"%%'%%9%%@5}%%& n@rﬁ'l s',:%) ,'Jl'&nglrpﬁ(guggﬁyglgggysphot oni c
15 cryst 8l applyirg slineay sheariog forde to acuspension of mehosizedrpetymer gelldidaljui d cryst al
mat eri al | nipthhﬁeé col | oi dal photonic crystal. In this configuration the

a

gl ass plate psul ating the colloidal photonic crystal are coated with
a layer of transparent conductor, for exanple indiumtin oxide (I1TO, thus

allow ng anFi§||r|r%%§é\ioﬁls A a?z-l&%rﬁ s {ﬂg laf'rgné%g'r&éa'{? Biddd cﬂ%ré&@ﬁset thg strﬁété(rl%;ﬁ' . The

orientation fqura crys no es can varied sinp by varying
20 t he vol t thgeolividabpisototiecrystal,, t hus changing the refractive index contrast
and henclﬁ altering the diffractive and transm ssive properties of the
col | oi dal” photonic crystal. The transm ssion or the intensity of any
di ffract ed Piganes shawsischantaiio gentesentations ofithe thoee ditferentdiffrpetionpgttemact ri ¢

field. 25 T | ol '&Egg j, € i i Liathal crystal
mat eri al rragl%ﬁgév%g &E{gﬁ"."% g:‘}g I n '?ﬁ%aﬁég*'gﬂ’%ﬁéﬁd@é@ﬁ%%ﬁ?i c devices
f rom bot h hdifftactiorcpattemspoesinced by thertwp farms of single fageweptedelpicgsgdalbe used as

alimter, i ilsfFi ' btfin fohhed 8 th sirgptfeeam or the
vari abl e el geg?%'%&?'i@f'la?%%g??géhﬁstﬁﬁgnﬁﬁt’g‘i‘g téﬂ??/st_al to change the

directi o (grouih processiydhextwininet faperasntred-ensig configlpliRflc a | ow i ntensity probe
30 beam which may be nodulated to carry digital information. An alternative

met hod of incorporating the liquid crystal material into the coll 85 dal
Figure 4 shows graphs of intensity of diffracted radiation versus angle of incidence (

for the various crystalline structures produced during the growth process,

20 Figure 5a illustrates the improved method for producing colloidal photonic crystals by
applying a composite two dimensional shear to the colloidal crystal,

Figure 5b illustrates the improved method for producing colioidal photonic crystals by
applying a composite two dimensional shear to the colloidal crystal in a cylindrical

25 geometry,

Figure 6a illustrates the iterative steps within the composite shearing process and the
directions in which successive shears are applied to the crystal,

30 Figure 6b illustrates the specific case where the composite shear process is an

equilateral triangle,



photonic crystal would be to elimnate the internedi ate dispersion medi um
(octanol) and utilise a liquid crystal dispersion nmediumduring the
initial owowiAs2gy ocess. WO 01/ 18283 PGI/ GB00/ 03405 - 13 ptlpgspotrbRaes al s used
to fill the interconnecting matrix of voids typically include netals or

sem conductors, for exanple silicon, ,germaniumor gallium arsenide. 5
Alternatively the interconnecting matrix of voids produced by the renoval

of the dispersion nmediumfromthe photonic colloidal crystal nay be filled
with an active material such a liquid crystal material. A nematic liquid -
crystal malagérdyks may béwsbcbahdempdmewmhah@ thig eﬁed:tiailditdinﬁke’ﬁiea| material in
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t he col | oiTheldye jebgid alo dedncotpofted Ml 8 edlioidatisgherescr ystal i s substantially

transparent. |If the glass plates containing the colloidal photonic crystal

are anti-reflection coated, transm ssion 20 through the device may exceed
90% | nor etaad;mmehhwetmy)ﬂwbemgedofortsbaimd:l'e ghie thathassa sibniﬁmtlyaai'ffa‘encauses t he
liquid crys nt ate . and t he uid cr al_ ol ecu change

froma nerfﬁ{" %'V%W&%'"t' eéﬂé%?gqt? B?JT‘ea'ﬁ‘F.EPs‘g? gwggfages lJ FF?IH%" ?ﬁcr ease in
t he refr aefradtice indeezontrast unast illlirinatomn the |iquid crystal material and the
col | oi dal spheres. Thus the colloidal photonic crystal now operates as a

diffraction grating and 25 transm ssion through the device decreases. |If
t he wavel eﬁ@tdecmfd mettiodidf mm:iymitnhamfractive indes contrdsbindhé coiloiiblphiotonir yst al

the. tr ARoriref i SEnPY Sk il Saetie Bod Aeiest B8 e BRmBREHAIA LV 5 Lt oot
the i qui cboﬂm;laimabtomat:anstahlln thg/cdnﬁgurauonettie piassplates egcapisulating thet he 30 bul k
CEy et Ao L kN 16kt of PR o i
i nt ensi ty ipdilmpdin okide ((iﬂ'ﬁo i tours ailbwirigean electric f eld to be to be applied across the

crystal. The orientation of the liquid crystal molecules can be varied simply by varying

20 the voltage across the cell, thus changing the refractive index contrast and hence

altering the diffractive and transmissive properties of the colloidal photonic crystal.

The transmission or the intensity of any diffracted beams can be changed as a

function of the applied electric field.

25 The colloidal photonic crystals incorporating a liquid crystal material may have
applications in the protection of electro-optic devices from both high and low power
laser pulses. The device may also be used as a limiter, a switch or a router by using a
high intensity pump beam or the variable electric field applied to the liquid crystal to
change the direction (redirect into a diffracted order) or block a low intensity probe

30 beam which may be modulated to carry digital information.

An alterative method of incorporating the fiquid crystal material into the colloidat
photonic crystal would be to eliminate the intermediate dispersion medium (octanol)
and utilise a liquid crystal dispersion medium during the initial growth process.



hi gh intensity pulse by the colloidal photonic crystal (both by the
col | oi dal spheres and the and the liquid crystal nmaterial) giving rise to
| ocal heatbﬂg g he liquid crystal material. WO 01/18283 PCT/ GBOO 03405
-12 | ayers &l en sheared into a single face-centred- cEGTVEBWBHSE: ur e.
The crystalline structure can be confirmed by illumnating the sanple with
a |l aser beamand neasuring the intensng8y of the diffracted Bragg spots as
a function of the angle of the incident beam (Figure 2 refers). 5
Typically, the path described by the top plate (2) during the conposite
shear process is an equilateral triangle as shown in Fi%ure 6b.
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the_ CoNpOosi indteribMduch aNigia ceBaal m%féﬁalfhﬁ'ﬂnfaﬁé_ id%fystélrnﬁ’éiéﬂiéiﬁa?gyﬂiéﬂﬂymd in an
oscillatory manneg’si%ég) the x-axis whilst continuipg to apply the
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conbi ne to pHbteHi€cillbRiainja ehables the W dtliveMEaESoNtrEst tefipsdhhdEdliomap! i ed to
the crystal 20 by substantiall ees. The colloid is forced into

ant i 120 degr ]
ei ther e FHNEES 351 tae HigPRISIoR ety topadoatoligd dherebX providing amesliover cr yst al
dependi ng upRifirictive ahe Bardgap pfopefied bf 188 pRbtohiberystalear force between
successive shears. The single face-centred-cubic crystalline structure

produced by the enhanced 25 conposite shearing technique, using either
| 'inear or cyhe rftattielindeRk@bBtkdst iithe PROtoMIE crybtdl maebe Moaified by daryifg tedi fy t he

P D s bt B play gl o apbiing & Qi B8 Rl s
: 15 the liquid crystal material in the photonic crystal.

Under low intensity illumination the nematic liquid crystai and the colloidal spheres are
index matched and the crystal is substantially transparent. If the glass plates
containing the colloidal photonic crystal are anti-reflection coated, transmission

20 through the device may exceed 90%. Increasing the temperature of the quhid crystal
material causes the liquid crystal to re-orientate and the liquid crystal molecules
change from a nematic phase to an isotropic phase. This results in an increase in the
refractive index contrast between the liquid crystal material and the colloidal spheres.
Thus the colloidal photonic crystal now operates as a diffraction grating and

25 transmission through the device decreases. if the wavelength of radiation incident on
the colloidal photonic crystal corresponds to the position of the band gap in the
photonic crystal then the transmission through the device is greatly reduced.

The temperature of the liquid crystal material may be varied by heating directly the

30 bulk colloidal photonic crystal. Alternatively local heating of the fiquid crystal material
may be brought about by illumination with a high intensity pulse. Absorption of the
high intensity pulse by the colloidal photonic crystal (both by the colloidal spheres and
the and the liquid crystal material) giving rise to local heating of the liquid crystal

material.



colloidal crystal structure to leave a self supporting structure of
col | oi dal spheres 30 surrounded by an interconnecting matri x of voids. For
the pur powo afisisai s specification the termvoid shall ngdrEggolebdtst €d to
cavities or spaces containing a vacuum but shall "include cavities or
spaces contai ni ng any conbi nati on of y gases, including air. The

i nterconnecting matrix of voids may be“Subsequently filled with other

mat eri al SV\EV m)dl fy the optical properties of the photonic coll oidal
crystal . oE/he RRPATEA P 8 3ingls facerqentrad-gubic laurture. Thecaryatalines pace
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obt ai ned co risi oriente ystals. The sanple is now

sheared by™&pH" S’/‘F:}ge 'Hﬁnﬂycﬂf?n%ﬂ'ﬁ’ﬁﬁeﬁj PFﬂQ&rsPPtétaéraefP"@PB pf theanglgofi®) 5 to the

top plate inpdiHentibeBmr (PRDRCE refes)t he | ower plate (3). The linear lateral
oscillations are confined to a single direction, denoted in Figure 5 as

the x-di*rection. The linear |ateral oscillations may typically be of an

anpl i t ude Typicdiy,the p&th d&ktﬂ‘ﬁ&d ﬁfhe@@ﬁ’ wi‘tﬁﬁmg edofipokife slﬁﬁflf:&%éss This

melts the cr stal .and aligns the cql s into hexagonal 'y close packed

| ayers. Eauilateipiiriang! %?F%B"E@F%GQO a conposite shear (6) by

appl yi ng a sequential set of shearl ng forces to the sanple. The sequenti al
set of she ri orces .causes eto | at e to undergo a series of

l'i near, 'E\%ﬂeﬁlgP?JH%FPeﬂiﬂebF'aeB FFE‘&%EP‘E’“PE@B%E‘E’"PQF“W%P"ﬂl ate (3).

The cr ymt abldan@s biegua i figire b ReherifgABFgure 5t ahd %&mmms&a forces with

conponents_i.n_bot lLrections, forcj olloid into a single

f ace- cent rB‘HY'Bﬁfb‘Pﬂo'é?'rsBE?%? &)éﬁéa‘lgﬁs’ﬁf”ﬁ?@ W'H\Qg‘é?' RHF%(ZPb%’Lﬂ ©d2Ped- cubi ¢
structure waxchmwnaerﬂﬁdThésﬂh Eﬁmﬁe"afédﬂﬁpﬂﬁn@%%sﬁlg& Gg@ﬁf ed- gubl c
structure. ustrated in Figure 6a
Speci fi cal F\?E"rf %g%gﬁ?) ég %2 %fs(%:%g‘g %ﬁf&?‘&ﬁ tae gpystal,and 3liggs E"ﬁe di rection
i n whi ch t tallokls drde héxagonally Slose packed idyerst he crystal by substantially +120
degrees(angl e 0) between successive shears in the plane of the substrate.

This produces the first formof the single face-centred-cubic crystalline-
struct ur e. TiSsampleisthén sublestedith thecbonpobite) twa-timehsical shearing #6rte bpr ce s

applied t Otrérmt:“atlﬁ& Yhsetr%rh |nI asn 5sOtllgtory manner (24) along the x-axis whilst continuing to
apply the oscillating rotary motion (22) about axis A (23), such that the two motions
combine to rotate the direction in which successive shears are applied to the crystal
20 by substantially 120 degrees. The colloid is forced into either the first or second form
of the single face-centred-cubic crystal depending upon the direction of rotation of the
shear force between successive shears.

The single face-centred-cubic crystalline structure produced by the enhanced
25 composite shearing technique, using either linear or cyiindrical geometries, may be
further processed to modify the properties of the structure.

At the end of the growth process the dispersion medium may be removed from the
colloidal crystal structure to leave a self supporting structure of colioidal spheres

30 surrounded by an interconnecting matrix of voids. For the purpose of this specification
the term void shall not be limited to cavities or spaces containing a vacuum but shall
include cavities or spaces containing any combination of any gases, including air. The
interconnecting matrix of voids may be subsequently filled with other materials to
modify the optical properties of the photonic colloidal crystal.



by substantially -120 degrees (angle 0) between successive shears in the
pl ane of the substrate. The alternative formof the single

face-centr, bﬁﬂﬁﬁp crystalline structure is produced w thi yst al
30 The successive linear displacenents do not have to be equg% magni t ude,
al though a threshold exists above which the crystal structure nmelts and
the colloids realign into hexagonalrﬂ cl ose packed | ayers. The nmagnitude
of each linear displacenent is typically equal to the product of the

di anet er ofs aphliedcsol thati the space lvetween thedplates iseoniplately ﬁuechmlyanystiameel ayers in
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greater th T (-t ned and
10 micron g%tacZ#%\ga(é (ﬁ;')"g'gsethgﬁ ead ont %nr% opm&% I.feglt&gus“]aﬁyl'ﬂ1)é;'gcoI | oi d
suspensi onpéck)ediaye;ﬂ aced on one plate and the other plate placed on top and
pressurg is applied so that the space between the plates is conpletely

filled. At this point the sanple is polycrystalline conprising randomy
oriented sithé sarople is then subjgsterio axeomplosite sheat(§) by applviag BFeqysstialisatofan

oscillatin th
respect t og't‘#nﬂg ?mr/ceérsatb %%a"?df Pﬂh‘% &?Hﬁﬁaelgasri ) ?fa%hg?gﬂﬁggg? cmast% |§ gqnegt 8'}'ar \ém
confined t plate @) t@gmdetmraeeﬁniee af lingan, byedimensional displgeeraents with espedlite ect i on,
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pl ates (2) crystal and aligns the colloids into

hexagont | ;orvaasorgﬁr qemrieaents inkath x angdy #Wlsmrens the gollejd inte @ sieglepy | i near
osci | | ati opgeQbntfedfibid Stfucti®hnd érilringthk ingR fh€&centred-cubic structure is

maintained in preference to the twinned face-centred-cubic structure.

The composite shearing process is illustrated in Figure 6a. Specifically, the composite
20 process consists of rotating the direction in which the shear force is applied to the

crystal by substantially +120 degrees (angle 2) between successive shears in the

plane of the substrate. This produces the first form of the single face-centred-cubic

crystalline structure.

25 Alternatively, the direction in which the shear force is applied to the crystal is rotated
by substantially -120 degrees (angle @) between successive shears in the plane of the
substrate. The alternative form of the single face-centred-cubic crystalline structure is

produced within the crystal.

30 The successive linear displacements do not have to be equal magnitude, although a
threshold exists above which the crystal structure melts and the colioids realign into
hexagonally close packed layers. The magnitude of each linear displacement is
typically equal to the product of the diameter of the colloidal spheres and the number
of crystalline layers in the crystal. The process is repeated until all the crystalline



colloids into a face-centred cubic structure. The anplitude of the
oscillations is typically equal to the product of the dianeter of the

col | oi dal wohu48288 and t he nunber of crystalline | ayers pax/é&bovesdogst al .

I mportantly one face-centred cubic structure is 25 produced on the forward
Shear stroke and anot her face-centred cubic structure is favoured on the
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crystalline structures produced during the shearlng process. The intensity

di ffra ted bea

d b
ggr a?rgf]' te5|r glrtf%g%ééll Utoﬁvo%ﬁafeﬁgyapﬁﬁpglaﬁ"ﬁ‘é' ating 'ﬁ%ﬂr[ﬁﬁmgﬁﬁ" ortg{%l npact on
t he per f or teethe topepigte () tvéthtresdectipithe lnlvedpiate8). The linear lateral oscillations are

confined to a single direction, denoted in the figure as the x-direction, and have an
amplitude approximately equal to ten times the gap between plates (2) and (3). This
melts the crystal and aligns the colloids into hexagonally close packed layers.

20
The sample is then sheared by linear oscillations of a smaller amplitude to force the
colloids into a face-centred cubic structure. The amplitude of the oscillations is
typically equal to the product of the diameter of the colloidal spheres and the number
of crystalline layers in the crystal. Importantly one face-centred cubic structure is

25 produced on the forward shear stroke and another face-centred cubic structure is
favoured on the backward stroke. If the shearing is stopped the colloid relaxes into a
twinned face-centred cubic structure, both forms of face-centred cubic structure
coexisting one on top of the other.

30 Referring to Figure 2, the optical properties of the colloidai crystal depend on the
crystal structure and this phenomenon can be used to characterise the structure of
the colloidal crystai produced. The sample crystal (10} is illuminated with a laser beam
(11) and the intensity of the diffracted spots (12) is measured as a function of the
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I ncorporating the colloidal photonic crystal. Figure 4a illustrates the
response fromthe random close pack structure prior to applying any
shearing fwooe/18283t he sanple. Figure 4b shows the responga/dreomisade
hexagonal cl ose packed crystal. Figures 4c 20 and 4d show graphs of
intensity versus incident angle for the two single face-centred- cubic
structures respectively. The tendency ot the colloidal crystal to rel ax

into a tw nned f.ace-centred- [.C Structure may be el ipgi nated by using an
enhanced s h%ﬂ??q ?TS“‘-HP‘EJ@%’& ge?:{g %iLiF‘I*’)uBW@tt ﬁswqqnn@ggqﬁt@g@eég%gﬁgﬁgag%n _
Ref erri ng tpatterrgjs peodieed byheach ohthedws types biasihgtd faps-oehiidrubizistrgttare.
face-centred-cubic crystals utilises a suspension of nonosized pol yner

col | oi dal spheres (1) placed between two glass plates (2,3). The colloid
consi sts ofOBerforwacd sheat stydkethdfiret sirighd facSertiedaubis studpepledlice®aoct anol  at

I ti t hat. . d { tallisati t
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spacer beads Figlye 3a. ©rsthe esvdrsershearctrekefhetsbeondsirigissfaceFbenteaidubicd suspensi on
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PCT/ GB0OO/ 03at(A120 degreed apdrt) as skowrein friguen3b. ipop saraevihgdbe limeat sheagiper es are
ded i ' ' { i.al  at | trati t hat

ot oduces. spaie-ite el Hkgs e 2 Bl RoprdrRi ke AR otk bdeg

conpri sé48 Gpdtsarpukiplecadshowtin&iguyd 3t e spheres suspended in K15 nematic

liquid crystal at a volune concentration greater than 49% by volune. 5 The

col | oi dal suspension is placed between two gl ass plates and the sanple is
shear ed usiReferrihg toeffipure dethegoapghs oF intensityeef diffnartédoradiatiopueersiessanglexsfd

previously,. . i Mol . |3 . - ed- | C
Bt ruct ur e, OGEE L huetite ot eclidl doitinuch iRk BF ReRBROL I | | o
t endency ofstubtgresgirodiiced Huringthe shesaring prooesse Fiasxintensity and: spiatial distribution
face-cepgr '&ﬂﬁ{f o ' t .1 he di spersion
medi um ??\ Sﬂ |t C '%géé %P?rhlé’é% “l“é;%'tﬁ%rt gg%ﬁ%”%ﬁ?g%@@g{g tlrﬁgry? tgfrllnaéency of the -
crystal to striuctire ane have apinpact an theqrerfomnance dny patentiaboptigakdevisenay be
OVEr COMe  DYincorporating the colloidal photonic crystal. Figure 4a illustrates the response from the

random close pack structure prior to applying any shearing force to the sample.

Figure 4b shows the response from the hexagonal close packed crystal. Figures 4c

20 and 4d show graphs of intensity versus incident angle for the two single face-centred-
cubic structures respectively.

The tendency of the colloidal crystal to relax into a twinned face-centred-cubic
structure may be eliminated by using an enhanced shearing process as illustrated in
25 Figures 5a and 5b.

Referring to Figure 5a, the enhanced method of producing singte face-centred-cubic
crystals utilises a suspension of monosized polymer colloidal spheres (1) placed
between two glass plates (2,3). The colloid consists of 800nm polymethylmethacrylate
30 spheres suspended in octanol at a volume concentration that produces spontaneous
crystallisation (greater than 49% by volume). The two glass plates (2,3) are cleaned
and 10 micron spacer beads (4) are spread onto one of the plates. The colloid
suspension (1) is placed on one plate and the other piate placed on top and pressure

This Sheet Has Been Replaced

- [AMARTA M




replacing the traditional octanol dispersion mediumw th a dispersion

medi um capabl e of undergoing a controll abl e phase change froma liquid
phase to wosmhgmaphase. 15 Accordingly, the phase of t hep@ise /03&63“ medi um
can be changed fromliquid to solid upon dermand, enabling t e crystal to
be fixed into a single face-centred cubic structure at the appropriate
stage in the crystal growh. Suitabl a1 Fspersion mediums include

adhesi ves, poI ynmers, and resins. Epoxy-resin that..can be cured by exposure
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permmanent. Furthernore, the nethod lends itself to mass production
applications. The colloidal crystal is prepared by dispersing nonosized

pol ymer cof\ gltemative,and camplementafy matheg of diminating the teadensi ofthe eoliridsl by

exposuri@ t erystaftb alaRins a Mnﬁl@d fade/d¥infrad- l:bené Qeuchie s to'Rfehty h@Zp fesep! aced
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consi sts off tieeises 'BPWWH“M‘FHE 9‘]”%9!"@ sphReesace syspgndes Thetenderant r at i on

that produefre a@elatmeiaw&u&a Woihdd fh€eaédnftBd-cOni6 infdturk ey KEBfeR¥medhyu ™) . The
suspensi on | |ne bet ween two gl ass plates (2,3) and pressure is

applied s Orqp tﬁ?g@@m@?’?‘%mﬁﬁ'ﬂ'ﬂ‘é@m 3 ‘EEﬁﬁ!P'ét"@F’V"’f ¢apRklg. 10
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Accordingly, the phase of the dlsperswn medium can be changed from liquid to solid

upon demand, enabling the crystal to be fixed into a single face-centred cubic

structure at the appropriate stage in the crystal growth. Suitable dispersion mediums

include adhesives, polymers, and resins. Epoxy-resin that can be cured by exposure

to ultraviolet light is of specific interest as a suitable dispersion medium. Alternatively,

20 epoxy-resins which are curable by chemical reaction, temperature or exposure to

radiation may be used.

This technique can be used in conjunction with the conventional one-dimensional
shear alignment process or with the composite two-dimensional shear alignment
25 process shown in Figures 5a or 5b.

The use of a dispersion medium which is capable of undergoing a controlled phase
change from a liquid phase to a solid phase provides an inexpensive means of
producing large area, robust single face-centred-cubic crystals. Crystals produced by
30 the method exhibit improved longevity and the crystal structure is essentially
permanent. Furthermore, the method lends itself to mass production applications.

The colloidal crystal is prepared by dispersing monosized polymer colloidal spheres
in an epoxy resin that can be hardened by exposure to ultraviolet light. Typically the
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conposite two-di nensional shear is applied to align the crystal into a
single face- centred-cubic structure. The viscosity of the epoxy resin

i ncreases @P%lli@gxation time of the crystal conpared 19&-@1,&5)& 5
conventional octanol dispersion nediumand it is possible to aréoen t he
resin whilst maintaining the single face-centred-cubic structure by
exposing the sanple to wultraviolet rd@i-ation. After exposure to the
ultraviolet radiation, the epoxy resin fornms a strong interconnecting
mat ri x bet wettoid toresistsodfla6Duoa [polymiethyiavetivackilate spiresescatyacvolime eoncertatioR r obust

and_essent itﬁ%tl%o@%%ﬁ%ﬁeo&éﬁr@ﬁlﬁsgﬁé Sater'thn 499 bylvoilthéy gRENecting matri x

facilitates on-of’iInverse-race- centred-cubic structures which
exhi bi t | arsyspensionh isxtanfined betvesrdwggiass plates (3.3hand presaureeis appliegdasrthato| | oi dal

T, SR e i AP s e of | T

mat erial or actrve mater suc ye may be i1ntroduced to
fill the52Gogtagithd sdpardtipn df the glass. gcantreliesidineas angrdimensianaksheanor provi des a

route for pr | ' A [ ' ;  sirfgh 3 . be nmade
directly bf°§'g’§§§?ﬁ9’f’6ﬁﬂ€"s@? ﬁsggéeléta%%da@gl@?ﬁ%é@%@i '@B?uss'pensie%n medi um

al so enabl eentrérecutics$teustuganl properties of the supporting outer parallel
plates to be nodified since the colloidal crystal produced by 25 this

met hod may be made to be self-supporting. For exanple, the thickness of the
paral | el plEtecdscosityc therapoxy regintincreasea the relsxation|tims of the 6ryHig) comparedy st al

gr oWt RRASG s Bvblioh S BUEREh cidpRraid miedidi Snd i SERGIBRMS RialdeR iRNBLHI s of the
solid dispersion fedi um cont ribute Lo the overall strength of the

struct ure. @iistahaiptaining the single facgecentserhpikic StRickire by meﬁmag?ﬁaarpée tul d be

appl i ed 10 (SidIEEARN ARMIELBREDD 1 AralioBGbilaft, iHeeoBAy Rbhiomalat o5

prior to the'in C . lord. After t e,créstal has been grown
and the di ssionginterconnerting marix betweenithecatioiga pefieres majing e crystdl| d be renoved

to reveal ast{uggtg;obhérgnagggé;l,ﬁﬂgldeg{,g@m_photoni c crystal film The film or
e |

menbr ane coul elther rig or flexible, allowi ng the |am nated
col | oi d4p crystal WO 01/18283 PCT/ GB0O0/ 03405 -17 filmto be applied to a

second sur f agmernsle ARE BblidNAtefcbnidtifPMbfik Tadiltatédithe Jabricaton of (velsedade-t 0 t he
solidified suspension medi um exhi biting _suitabl eb chaancaI
centred-cubic structures which exhibit large full photonic band-gaps. For example, the
polymer colloidal spheres may be removed by dissoiving in a suitable solvent. A non-
linear material or an active material such as a laser dye may be introduced to fill the
20 gaps left by dissolving the colloidal spheres. This provides a route for producing

photonic crystals in materials that cannot be made directly by conventional methods.

The use of a solid suspension medium also enables the mechanical properties of the
supporting outer parallel plates to be madified since the colloidal crystal produced by

25 this method may be made to be self-supporting. For example, the thickness of the
parallel plates which are used to retain the colloid during the crystal growth phase
may be reduced. In this case the mechanical properties of the solid dispersion
medium contribute to the overall strength of the structure.

30 Alternatively, a detachable thin film or membrane could be applied to the internal
surface of one or both of the parallel plates prior to the introduction of the colloid. After
the crystal has been grown and the dispersion medium solidified, the parallel plates
could be removed to reveal a robust laminated colloidal photonic crystal film. The film
or membrane could be either rigid or flexible, aliowing the iaminated colloidal crystal



properties). In a further configurati-on the parallel plates could be _
renoved conpletely after the suspension nmedi um had been solidified. This

may be faeyddiasdd by applying a 5 rel ease agent directl | nt er nal
surface of (%)?lle or both of the parallel plates. Homever,)éFk&?to% od woul d

require the suspension nediumto provide all the mechanical strength for
the structure since the outer parall el ates woul d have been elin nated.
10 M ndful of the potential:requirenent to producg;colloidal photonic
crystal s offilnatd be gpplied toea sgcond serfanersind eaébling étue tariform fortHeistfacal pr oduct i on
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of the aforenentioned neans as the colloidal crystal emerges from the
rollers. For exanple, where the dispersion nediumis an ultraviolet curable
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I ncl udi ng non-11 near opt |.caF materials, — magnetic nater s, netals,
seni cond@icteompositesiear aprlied betiveen ollars{B& 31)svhich arm subjectid to tanslatiopmant )
doped pol yngs) ifritessuteBiarh diHeR Irndrafsiblions (53)%ppRRAB e Rildls (F1,31)5% VO
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. substantially perpendicular to the direction in which the colloid is admitted to the

rollers. The flexible film membranes may be provided on reels (34,35) to facilitate

continuous production of colloidal photonic crystal film (37). The dispersion medium is

20 solidified by any of the aforementioned means as the colloidal crystal emerges from
the rollers. For example, where the dispersion medium is an ultraviolet curable epoxy-

resin, an ultraviolet source (36) may be used.

In an alternative arrangement, separate shearing and rolling means may be provided
25 to respectively apply the translation and to feed the colloid through the process. The
shearing means may be configured as non-rotary components.

The examples in the foregoing discussion have concentrated on colloidal photonic
crystals incorporating monosized polymer colioidal spheres. However, alternative

30 materials may be used for the colloidal spheres inciuding non-linear optical materials,
magnetic materials, metals, semiconductors, doped glass (for example using an
active dye dopant), doped polymer (for example using an active dye dopant) and
silica.



Additionally, essentially permanent coll oidal photonic crystals and inverse
face- centred cubic structures may be fabricated using the conposite

t wo- di nensy hear process w thout the need to chang g€ of the
di sper si om |8112?n§from a |iquid phase to a solid phase. ‘”rg‘r@r exarrpl e, the
use of nonosized silica colloidal spheres enables the colloidal photonic
crystal to be fixed into a single facel8centred cubic structure at the
appropriate stage in the crystal growh. The colloidal crystal is prepared
by di sper siAugitionallypsssentiblly péimanectsolicidal ahotenit: ervetalsiandinverssfaeesi on nmedi um

whi ch can bc%g(r%é@ﬁﬁcdsé&&u@strﬁ y M\@b% é’&&%m%fthé]@&nb"&tté mléj-é‘ih\eggaﬁﬁm ¢ crystal.

Typically t CcConsi s spheres suspended 1 n octanol at a
vol une concsheanrprocesa withetit the nekdde shange thecphase of the dispersionimegdiuny fiomd@r eat er

than 49% b T ension is confined between two gl ass plates
(2,3) and ﬁ'ﬁggs"ﬁ?@‘%“%ﬁ% “”3'50 that the space between the plates is

conpleteby filled. Spacer beads are used to control the separation of the

glass. A1l t el | ' the crystal
Mo a o ngiel SPAe: fie WS hRADLAOts IR shierd ekl thEodibidl | 10, ©
process t hephdtonjearysital to heﬁkednmto @ mwawmmmume strustyrgatthe  cryst al
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spheres si ntering | ca spheres forma self
supporting monqsaedsﬁica)collcdalls@he'as inspdisparsiors wediy i whieh ¢ap heremaved connect i ng

MatriX Qf Ve ?ﬂrerg-mﬁth of fl‘lte%ﬁd?&m 'ﬁﬁ&tgﬁlg cﬁ@lﬁf W‘pléglly’tﬂé' coidRYndiits stdpraquent Iy

filled wmth o naterials to e optical properties of the
phot oni ¢ coiphetedsuspansed @|omannbatm@m&eqonw@athrbthﬂ FPrPdu"FﬁéPQRS?'!Pé’“ﬁay be any

of a high i Al &?(dré’%%er tﬁam%‘b vélumg)] é’&%ﬁﬁﬁén igrcoﬁﬂ’hea%%n%ﬁo

mat eri al . I ca spheres may e subsequently renoved, for exanple by
et chi ng, toglassmiatea ﬁé)lmdoregeumasc@pb%w@attbespicedquRﬁ"dﬁ%PW?Pd% exhibits a

w der phot ofjng, I%égﬂlleogé. c{sm?e G%\&S%Mfwﬁk s‘ébér'dﬁér%ﬂhe gilisd. Ae above
process for produ sentl a per manent col al phaotgnic crystals 30

and invabs @M“@Wﬁ'@ﬂ"w %heé‘f !st?é’P'lﬁdég alignthe §Wﬁ?b'8t°s‘1ﬁ|%9‘%§acﬁhy be

repl aced bycengrbg-gtibiébtrturgBt eri al s. For exanple pol yner spheres may be
fused toget%er with simlar effect. As before, the interconnecting matrix

of voids may be filled with other
At the end of the growth process the dispersion medium is removed from the colloidal

crystal structure and the silica colloidal spheres sintered (heated) so that the spheres

20 fuse together. After sintering the silica spheres form a self supporting structure of
colioidal spheres surrounded by an interconnecting matrix of voids. The
interconnecting matrix of voids may be subsequently filied with other materials to
modify the optical properties of the photonic colloidal crystal. The material used to fill
the voids may be any of a high index material, a metal, a semiconductor or an active

25 material. The silica spheres may be subsequently removed, for example by etching, to
form the inverse face-centred cubic structure which exhibits a wider photonic band
gap than the conventional structure.

In the above process for producing essentially permanent colloidal photonic crystals

30 and inverse face-centred cubic structures, the silica spheres may be replaced by
alternative materials. For example polymer spheres may be fused together with
similar effect. As before, the interconnecting matrix of voids may be filled with other
materials and the polymer spheres may be subsequently removed to form the inverse
face-centred cubic structure.



materials and the pol yner spheres may be subsequently renoved to formthe
inverse face-centred cubic structure. :1i WO 01/18283 PCT/ GB00/ 03405 -18
Further i goegiasdssng optical effects may be achi eved by eﬁgﬂﬂé@ﬁgqﬁ t he
controlled growh of multiple |arge area colloidal crys S.

Adj acent crystal doneins may be tailogred to exhibit different optical
characteristics. 5 The conposite two~ dPmensi onal shear process is retained
and the internal surface of . one or both of the parallel plates is textured
to pronote the gromh of multiple crystal domains. The textured surface

may exhi bi furthet RRSredting oeﬁéafn effébté ma pakLE éﬁlehhfy &Eme%angihe doffolfel Y St @

domains into a preferred confi ura I on. texture tern may be 10
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and enbos%fﬂerei'?&eiﬁﬁlﬂ?ﬁb?eﬂ ficdl Bealisigieg) O produce single

face-centred-cubic colloidal photonic <crystals may be applied to the
productﬁon of a variety of optical devices including 15 optical filters and

limters. Thecdriidshé iwa/@maﬁgman Eﬁe“a? Ra‘ceém rﬁhma &nd fheSntefAal éu@@c&HP' ¢

col | oi dal photonic crystals al so furt portunities
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essenti al Iéﬁperfect col | oi dal photonic crystal exhibiting a~ single

f ace- cent r B§-cR(3iAl domaipg inte,a Bfﬁfﬁﬂﬁs*r‘i%f%atﬂﬁe'f@‘t texture,er patternmayt kehar i ng a
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concentrati ogo#t hat produces spontaneous |ocal crys [1Sation in a
sing.

The methods described herein to produce single face-centred-cubic colloidal photonic
crystals may be applied to the production of a variety of optical devices including

15 optical filters and limiters. The reflective properties of the single face-centred-cubic
colloidal photonic crystals aiso offer further opportunities for exploitation in optical
devices.

20



sui tabl e dispersion nedium 10 ii. inserting the colloidal suspension into

a gap between two substantially parallel surfaces (2,3), iii. subjecting
the surfacggef/sg£! ative oscillating motion (5) parall el pbgdplfdases SUr f aces
and, 15 iv. subjecting the surfaces to a series.of..small_[1near

to their surfaces and in two di rrensi'ogr?s', conpris
applying a linear displacenent to one of the sur
ot her surf £J@ims20 rotating the direction in which the linear &ispl acenent
Is applied to the surface by substantially 120 degrees in a single
constant direction and applying a further |inear displacenent to the
surface, the Adepibosef grwingjan eeseatiallk petient collojdabphatanicrrystel exhBiRGAC cryst al
has been pur'sﬁ ib M de-RnfédiEitic sthidfife Esthrisig thid &tbgs & ucture. 25 2. A net hod
accordi ng to cC %I m 1 wherein the dispersion nediumis changeable from a

| iquid ppase to a solid phase in order to fix the colloidal crystalline
structure. 111; 111%;1&,15- i thénosizkd cofgidailéph@r® 31 ChdvinflaS *

PCT/ GB0O/ 03405'1 -21- 3?’3%3%%%"#25'“89 growi ng an esspg“%ti;lillﬁ1 é‘glrfect

col | oi dal phot dni c velupsteancenimation thatRioduces ﬁ%"@@&'&%‘-"‘é@ﬁﬂﬁéﬂ-ﬁm'ﬁast ructure
conprising the stepgistie dispdréisiPmedilg, @ suspensi on of nonosized coll oi dal
spheres (1) having a 5 volune concentration that produces spontaneous | ocal
crystallisation, in a dispersion nediumthat is changeable froma liquid
phase tgga sol jid phagfingitie &SiBRE suSpdnsiontinte agab bemdeh twd sismstiintiailye struct ure
ii. inserting the collordal suspension into a gap between two substantially
10 paral | el surfacegraliel sufaces{d.3)i i  subjecting the surfaces to relative
oscillating notion parallel to their

di spl acenents (6) relative to each other, the di ﬂﬁ&:em&\nts being parall el

iii. subjecting the surfaces to relative oscillating motion (5) parallel to their
surfaces and,

15
iv.  subjecting the surfaces to a series of small linear dispiacements (6)

relative to each other, the displacements being parallel to their surfaces
and in two dimensions, comprising the sequence of applying a linear
displacement to one of the surfaces with respect to the other surface,

20 rotating the direction in which the linear displacement is applied to the
surface by substantially 120 degrees in a single constant direction and
applying a further linear disptacement to the surface, the sequence béing
repeated until the colioidal photonic crystal has been purified into a single
face-centred-cubic structure.

25

2. A method according to claim 1 wherein the dispersion medium is changeable from
a liquid phase to a solid phase in order to fix the colloidal crystalline structure.

H] SR . |



surfaces (5). 15 4. A net hod to any of the precedi ng cl ai ns
wherei n the nmagnitude of the Ej‘iﬂy l @H pI acenents applied to the
surfaces Wéo giantially eq t of the é:)@é t he

col | oi dal E/uﬁes and the nunber of crystal line layers in the crystal. 20

5. A net hod accord| ng to claim1 or 2 wherein the surfaces are displaced
with respect to each other in an eq'u31|'ateral triangle. 6. A nethod
according to any of the preceding clains wherein:the m ni mum vol une
fraction o Ameodzemrmmemesaenuqiu@edectngllqndahghtzchrystah@thimmgaaccor ding to

any of the p e nonosi zed col | oi dal
spheres is |%1lﬁ gérangbé%a%i %)'ﬂ%" rﬁghé'ieﬁet 'od accor di ng to any of

t he preceding clains vvherel n the radl us of the 30 nonosized coll oi dal
spheres is in;the i to any of the
precedi ng cl a| s %Q ﬁ%%rra'%”gfﬁg ﬁBumsz% cﬁ Qﬁ% ?0| W spheres is at
| east ofe of a polvyhme copcenyation thatprosduces spmtane&umm%almgx 9293 |
LELLTEL ~rent i ic{isgé}sidnirhed&ﬁm 'tHahis c@aﬁ’%&fsm Qﬁé@é has%?toré?’oﬁé bfdse @ metal,

a sem conduct or, an active dye, yrrer oped wth an
active dye, sili caﬂ orger to, xrﬂmnyetdatomtajhnegtmetur;q a| m 9 wherein the coll oi dal
spheres are 5 pol ynethyl nethacrylate. 11. A nethod according to claim!|l
wherein the material used for the dispersion nmediumis at |east one of an
adhesi ve, a p#l yndnsertingrtee colloidgl su@nens%me@tp aggpibebweenrtwe subsiantialh active

opti caljgmateerial , aeh@NQkfa nd method according to claim 11l wherein
the active opti cal materl afésﬁsed'%or the dispersion nediumis a liquid
crystal material. 13. A nmethod according to claiml| wherein the dispersion

medi um i s subggequeiibletting the surfaces to relative oscillating motion parallel to their
surfaces (5).

16 4. A method according to any of the preceding claims wherein the magnitude of the
small linear displacements applied to the surfaces is substantially equal to the
product of the diameter of the colloidal spheres and the number of crystaliine
layers in the crystal.

20 5. A method according to claim 1 or 2 wherein the surfaces are displaced with
respect to each other in an equilateral triangle.

6. A method according to any of the preceding claims wherein the minimum volume
fraction of monosized colioidal spheres is 0.49

25
7. A method according to any of the preceding claims wherein the radius of the
monosized colloidal spheres is in the range 0.01um to 100um.
8. A method according to any of the preceding claims wherein the radius of the
30 monosized colloidal spheres is in the range 0.05um to 10um.

9. A method according to any of the preceding claims wherein the material used for
the colloidal spheres is at least one of a polymer, a non-linear material, a magnetic



15 renoved fromthe colloidal photonic crystal to | eave a structure
conprising coll oidal SHN'E@"FH'&MM by an interconnecting nmatrix of
voi ds. 14. d acc 3 and further co LSi e
subsequent v@?gﬁg‘t’%@ i ntroduci nLg a substitute material i n?%é’f{/ﬁ%&%shg

I nterconnecting matrix of voids 20 surrounding the colloidal spheres. 15. A.
met hod according to claim 14 wherein tRBé-substitute material is at |east
one of a netal, a sem conductor, a non-linear optical material, an active
opti cal nat er irsaterial Zbmetl, asemixohduttercgliossidapgd with @h active kyeydolyngérn t he
substitute actj ' . M is a liquid crystal material. 17. A
nmet hod accordidr?g&%@%%ﬁ?énqvgg&gnégﬁ%'urther conprising the subsequent step of
renoving the colloidal spheres fromthe substitute material. 30 | 1111111
11111111111 : iR r&i 05 -23- 18. A

met hod acco?g'i])%é%é&% ﬁmrhngo%érﬂ"w arﬁ%n%ersﬁﬁgg{élgéﬁn%ggéng the step of

addi ng t @ t he polymethviraethagdnylateni ¢ crystal neans for applying an electric
field to the liquid crystal material. 5 19. A nmethod according to any of
claims 2 - 10 wherein the material used for the dispersion nediumis at

| east one oft1.dnmaiiind aceosdingitoaidimifiewherein thesmaterial isechfonthetdispersiator di ng t o
claim1 or 19:1‘(@:‘?1[ ' | WALk i ' ; . ' nd further
conprising the su nggahl}l%?:t ﬁezdg%é%h@%r'ﬁg p%iﬂ}er-'ef,g??ﬁﬁ,%ﬁ%ol}n%ﬁgddgio id 10

i nt er connect i mepteral.amactive optical reaterialsictapobial  spheres. 21. A net hod
according to claim20 wherein the curing process includes at |east one of
exposure to el ectromagnetic radiation, exposure to ultraviolet radiation,

chemi cal re32h Bathod pecasding e agimld wherein theeactivesoptisal material ueed factber di ng to
claim2 or 3 wasbRidh rﬁédiﬁrﬁ%%flid&i‘beﬁﬂtaltrﬁﬁerﬁi‘bﬁ antially parallel surfaces
rall'y f

(2,3) conprises a substant exl bl e menbrane. 23. A nethod according

toclaim?2, 3 or 22 wherein the series of small |inear
13. A method according to claim 1 wherein the dispersion medium is subsequently
15 removed from the colloidal photonic crystal to leave a structure comprising

colloidal spheres surrounded by an interconnecting matrix of voids.

14. A method according to claim 13 and further comprising the subsequent step of
introducing a substitute material into the interconnecting matrix of voids
20 surrounding the colloidal spheres. -

15. A method according to claim 14 wherein the substitute material is at least one of a
metal, a semiconductor, a non-linear optical material, an active optical material.

25 16. A method according to claim 15 wherein the substitute active optical material is a
liquid crystal material.

17. A method according to claim 15 and further comprising the subsequent step of
removing the colloidal spheres from the substitute material.
30



20 di spl acenents (6) is aEﬁlll “to the surfaces by rolling means (30,31) to

produce bul k col | oi dal l Wgﬂ”ﬂ,l I m (37). 24. A nmethod according
to claim nd furth intermedi ate step of applying a
oftingal i ce*of at |east oneP%?JBPW@”ﬁ’ér al i el

det achabl e ne rane to the |nter
25 surfaces prior to introducing the col | oi dal suspension. 25. A nethod
according to any of the preceding clak8s wherein the internal surface of
at | east one of the parallel surfaces is textured to pronote the growth of

nultiple ©8.yshelhodacsordisg tokhima2 oMBEhHlﬂﬁthaﬂé‘dhﬁpiisihﬁ thedstap ¥f Addirde
e dIS ersion nmediumis

preceding cl e the refractive index o
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spheres. WO @iysfdafteral. | 11 1111 THITT TIT1] [111 PCT/GB00/03405 11l C
L MS -24- 27. A nethod according to claim 26 wherel n the refractive index
rati o between the colloidal spheres and the dispersion nediumis greater

than tws. mAuﬁetmdbecbrm@waiiyrwclhmscd aiamﬁereaht& maténswsbbwrtﬁé)rmri sing the
spheres fromthe solidified
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22. A method according to claim 2 or 3 wherein at least one of the substantially
parallel surfaces (2,3) comprises a substantially flexible membrane.

23. A method according to claim 2, 3 or 22 wherein the series of small linear
20 displacements (6) is applied to the surfaces by rolling means (30,31) to produce
bulk colloidal photonic crystal film (37).

24. A method according to claim 2 or 3 and further comprising the intermediate step of
applying a detachable membrane to the intemnal face of at least one of the parallel
25 surfaces prior to introducing the colloidal suspension.

25. A method according to any of the preceding claims wherein the internal surface of

at least one of the parallel surfaces is textured to promote the growth of multiple
crystal domains.
30

26. A method according to any of the preceding claims wherein the refractive index of

the dispersion medium is substantially different from the refractive index of the
colloidal spheres.
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27. A method according to claim 26 wherein the refractive index ratio between the
colloidal spheres and the dispersion medium is greater than two.

28. A method according to claim 2 or 3 and further comprising the subsequent step of
removing the colioidal spheres from the solidified dispersion medium.

29. A method according to claim 28 and further comprising the subsequent step of

introducing a substitute material into the voids in the solidified dispersion medium.

30. A method according to claim 29 wherein the substitute material is at least one of a
non-linear optical material, an active optical material or a laser dye.

31. A method according to claim 1, 2, or 3 wherein the two surfaces are cdncentrically
cylindrical (20,21).

32. An essentially perfect, single face-centred-cubic colloidal photonic crystal
produced by the method of any of the preceding claims.

33. An optical notch filter having a colloidal crystal according to claim 32 wherein the
colioidal sphere radius and refractive index of the dispersion medium are selected
to co-operate to reflect at least one specific wavelength and to transmit other
wavelengths.

34. An optical device having a colloidal crystal according to claim 32 and further
comprising

a liquid crystal material, and
means for applying an electric field to the liquid crystal material
wherein a variable voltage is applied to the liquid crystal material to change the

refractive index contrast between the liquid crystal material and the cotloidal

spheres.
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