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1

H,I.UVIINATION APPARATUS

RLSLATLiD APPLICATIONS

This Application is a Natimial Phase of P('T Patent Apph-
cation No. P('T/IL200(i/000667 having international Filing
Date of 3un. 7. 2006, wluch claims the beneiit ol U.S. Prov&-

sional Patent Applicatiou No. 60/687.g65 filed on .Iuo. 7,

2005 The contents of tlm above Applications arc all incorpo-
i(1

rated herein bv reference.

FIFI.D AND BA( K(lROUNIT OF THI',

INVENTION

The present invention relates to utiiicial illumination arid.
more particularly, but not exclusively to an illumination appa-
ratus capable of providing fight at any intensity profile and
any color profile, including, uithout linutation. uaiform
w ill to 1 1 glib

Artificial light can bc gencmted in niany ivays. including.
electroluminescent illumination (e.g., liJtt emitting diodes),
incandescent illumination (e.g,, conventional incandescent
lampu thermal hght sources) and gas discharge illuminatiim
(L.g., fluorescmit lamps, xenon lamps, hollow cathode
lanips). I,ight can also be emitted via direct chemical radia-
tion discharge of a photoluminescent (e.g., chemolununes-
ccnco, flilolLscelice. pllosplliifcsccllcL)

A light emitting diode (I,FD) is essentially a p-n junction
semiconducuir diode that emits a monocluomatic light v;hen
operated in a forward biased direction. In the diode, current
ilou s mrs sly from the p-side to the n-side but not in the reverse
direction When two comp lenmntmy cluirge-carriers (an

elect-

ronn and a "hole') collide, the electron-hole system experi-
ences a tninsition to a km er energy level and emits a photon.
Thc wavelength of thc bght emit(ail de)sends on the dei'erence
bctws cn the tivo cncrgy levels, which in turn depends on thc
band gap energy of the materials forming the p-n junction.

LEDs are used in ianous applications. includuig. uiffic «,
signal I uupw large-sized full-color outdoor displays. i arious
lamps for mitomobi les, solid-state lighting dcviccs, tlat panel
displays and the like. The basic stnicnire of a LL'D consists of
the bght emitting semiconductor material, also knoivn as the
bare dm. and numerous additional components deigned f'or ss
improving the perfomiance of the LIID. These components
uiclude a ffgt reflecting cup mounted beloiv the bare die. a

tmnsparent encapsulation, typically silicone, surrounding
and protecting tbe bare die tmd the light refluoting cup. Snd
bonders. Iiir supplying the electrical current to the bare die. o

The bare die and the additional components are etyiciently
packed in a I,ED package

Nowudays. the LL'D has won remarkable attention as a
next-generatiim smail-sized light mnitting source The I,I',D

has heretofiire had advmitages such as a small size, high s

resistance mid long life, but has mainly been used as indicator
ilhmiiuation for i arious mctwsuring nwtcrs or a cmifirmation
lamp in a control state because of restnctimis on a hght
emitting efficiency mid light emitting output. Howcwcr. in
recent years. tlm light mnitting clTimcncy has nspidly been «i
improved, and it is said to be a matter of time that the liJstt
clnlttlllg i'.fficleflci'xcecils tlitit of a lilgll-pi'cssuli'. ntelcuty
lamp or a fluorescent lamp of a discharge type which has
heretofore been assumed to have a hivjt efficiency. Due to the
appcaimice of the high-efficiency high-luminance I.Fib a (
iugh-output bght enutting source usuig the LL'D has rapidly
assiuned a pmcticability. In rsecent years, a blue LED has been

bmught into a practical use stage in addition to conventional
red and green LEDS, and this has also accelerated tlm appli-
cation of the LL'D.

The appbcation oi'he high-elTiciency high-luminance
I,FD iras been considered as a promising smail-sized light
emitting source of an illuminating umt wliich is requested to
have a light condensuig capabibty. The LED originally has
charactensucs supenor to those of anoiher bght emittin
source, such as lifrx durability, lighting speed, mid lighting
driving circuit. Furthermore, above all. blue is added, and
tluee pnmary colors are all used in a self-light emittinvg

soutoe, and this has enlarged an application range of a fiifl-

color image displays
Luminescence is a phenomenon in wliich energy is

absorbed by a substance. commonly called a lununescent,
and emitted in tile fiillrl i)I'lighk Thc absorbed cnetgy can be
in a fiimi of light (photons). clecrricai field or colliding par-
ticles (e.g.. electrons). The wavelength of the eniitted light
dil'fera I'rom the charactenstic wavelength of the absorbed
energy (ihe characteristic is avelength equals hc/Fi. where h is

the I'Imuds constant, c is the speed of light mid E is the energy
absorbed by the huiunescent).

The lmninescence is a widely occurring phenomenon
which cmi be classified according to thc excitation micha-
msm as ivell as accorduig to the emission mechanism.
Lxamp les of such classifications include photo luminescence,
electroluniinescence. Euorescence and plmsphorescence.
Sunilarly. luminescent matenals are classified into photolu-
minesccnts nratcrials, clcctrohmiinesccnt material~. fluores-
cent materials and phosphorescent matenals. respectively.

A photoluminescent is a matenal wluch absorbs energv is
in thi: I'onn of lighk mi electro luminescent is a material which
absorbs energy is m the fonu ol'electncal held, a fluorescent
material is a material which emits light upon return to the base
state Iroin a singlet exciiation, and a phosphorescent ma(cri-
sis is a matenal wluch emits light upon return to the base state
from a triplet excitation.

In fluorcscmit materials. or fluorophores, the electron de-
excitation occurs alnuist spontaneously. and tlie emission
ceases wlmn the source which provides the exciting cneru~ to
the fluorophore is removed.

In phosphor materials, or phosphors, the excitation state
involves a change of spin stats which decays only slowly In
phosphorescence. light emitted by an atom or molecule per-
sists after the exciting source is removed

I.umuiescent materials are selected accorduig to their
absorption and enussion charactenstics and are ividely used
in cathixle ray tubes. Euorescent lamps, X-ray scrcena neu-
tron detectors, particle scintillators, ultraviolet (LV) lamps,
flat panel displays and the like.

Liunincscent matcnals, parucularly phosphors, arc also
used for altenng the color of LliDs. Since blue hght bas a
short v avclcngth (compared, c.g, to green or real light). Snd

smce the light emiued by the phosphor has a kmger ivave-
lenbrth than the absorbsxI light, blue light generated by a blue
I.FD can bc rcadilv converted ki produce visible light having
a longer wavelength. For example. a blue I,I',D coated by a
suitable yelloiv phosphor cmi emit white light. The phosphor
absorbs the light I'rom thc blui. I.FD and emits in a broad
spectnim. with a peak in the yellow region. The photons
mnitted by tbe phosphor and the non-absorbed photons emit-
ted of the LED are perceived together by the hunmn eye as
white light. I'he first conunerciaffy available phospluir based
white led was produced by Nicbia ('o. The white liED con-
sisted of a gallium indium nitnde (InCraN) blue LL'D coated
by a yelloii phosphor.
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In order to get sufficient brightness, a high intensity I,I'J& is
needed to excite the plxisphor to emit the desired color. As
commonly known lvhite light is composed of various colors
ofthewholemngeofvisibleelectroniagncticspectnnn Inthc
case of LL(Ds. only the nppropnate mixture of complemen-
tary monochromatic colors can cast white light. I'lfis is
achieved by having at least two complementary light sources
in the proper polver rano. A "fuller" hght (sinular to sunlight)
can bc achieved by adding morc colors Plxlsplmra are usually
niade of zuic sulfide or yttnum oxides doped with certaui
transition metals (Ag, Mn, Zn. etc.) or rare cauli metals (Ce,
Fu, Tb, etc ) to obtain the desired colors

In a similar mechanism. wlute LEDs can also be manufac-
tured using thiorcscent semiconductor material instead of a

phosphor. Thc fluorescent senuconductor niatenal serves rws a
secondary emitting layer, which absorbs the libdtt created by
the light mnitting smniconductor and rcemits yellow light
Tile fluorcscent semiconductor material, typimdly an ahuni-
num calliiun indiiun phosphide (Al(ialnP), is bonded to the
printery source wal'cr

Another type of light emitting device is an organic it/it
emitting diode (OLI-:D) which makes use of thin organic
films. An OLL'D device typically uicludes an uiode layer, a

cathode layer, and an organic light emitting layer containuig
an organic compound that provides lumincscencc when an
electric field is applied. OLPD devices are genemlly (but not
ahvays) intended to emit light tluough at least one of the
electnxles, and may include one or more trmisparent elec-
trodes.

Combination of I,FJ&w OI.EDs and luminescence is

widely used in the Iield of electronic display devices.
Many efforts have been made to research and develop

various clecimnic display devices Electronic display dcwces
may be categorized into active display devices and passive
display devices. 'I he active display devices include the cath-
ode ray tube (C'RT), the pl(nona displilv'allcl (PDP) rind thc
electroluminescent display (ELD). lite passive display
devices include liquid crystal display (I('D)( the electro-
chemical display (FCD) and the electrophorctic image dis-

play (Fl'ID).
In active display dcvicew each pixel radiates light indepen-

dently. Passne display devices, on the other lmnd, do not
produce light within the pixel and the pixel is only able to
block light. In I C:D dcvicex fiir example, an electric Iield is

apphed to liquid crystal molecules, and an ahgnment of the
liquid crystal molecule is changed depending on the electric
iield, to thereby change optical properties of the liquid crys-
tal. such as double refraction. optical mtatory power, dichro-
ism. hght scattering. etc Since I (.D are passive, they display
images by reflecting external light transnutted tluough an
LCD panel or by using the light emitted from a licit source,
e.g.. a backlight rwssernbly, disposed below the I.CD panel.

An LCD includes a LCD ptmel and backli ht assembly.
Tlm I CD panel includes an arrangement ol'pixels, which arc

typically formed of thur film transistors fabricated on a trans-
parent substrate coated by a liquid crystal tilm. The pixels
includetlummilorliltcrs, which trmismitoncthirdol'the light
produced by each pixel. Thun each I.C:D pixels is composed
of tluee sub-pixels.

firn

thin film transistors are addressed by
gate Imcs to per form display operation by way of the signals
apphed thereto through display signal lines. The signals
charge the liquid crystal film in the vicinity ol'the respective

5
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thin lilm tmnsistors to effect a local change in optical pmp-
erties of tile liquid crystal film.

T&pical backlight assembly of I C'D includes an array of r
wlute LL'Ds for emitting wlute light. a light guiduig plate for
guiding tile light toward the L('D panel, a reflector. disposed

under rim light guidinc plate to rellect the lights leaked from
thc light guidmg plate toward tfm ligfit guiding plate. nnd
optical slmets fiir enhancing brightncss of the light exited
I'rom the light guiding plate. Backlight assembly arc designed
to achieve many goals, including high brightness, large nrea
covcragc, uniform lumnrancc througluiut the ifluminatcd
area controlled viewing migle, small thickness, low weight,
lo'll'olvcl collsulnption and low cosh

In operation, thc backlight nsscmbly produces white illu-
muiation dircctcdi toward the I,('D pixels The optimil prop-
erties of the liquid crystal film are locally modulated by the
tlnn film transistors to crcatc a hght intensity modulation
across thc akim of the display The color tiltcrs colorizc tlm
intensity-mo(hdated liglx emitted by thc pixels to produce a
color output By selective opacity modulation ofneighboring
pixe Is o I'he three color componmi(w sclm teel intmis ilies oI'he

three component colors are blendcd togcthcr to selectively
control color light output Selecuve the blending ol'hrew
primary colors such as red, green, and blue (RCiB) can gen-
erally produce a full range ofcolors suitable for color display
purposes.

LCD devices are currently employed in many applicauons
(cellular phones. personal acceptance devices. desktop moni-
tors, portable computers, television displays, etc ), and tlmre
is a yowuig attention to devise backhght high-quahty assem-
blies for improving the image quality inn tliese applications.

Since the back hght nnist pass tluough the color filters it

therefore must include the wave leo th at w luch the respective
filter is transparent However, thc usc of white IBD com-

posed of a blue 1.11D rmiated by a yello~ phosplxir. is not
eihcient for backlighting because. although such dichromatic
light appears as v hite hght fiir the birnam cyk. it mmimt

efliciently pass tluough the RCrB color lilters Another
approach is to use red green and blue LI')Ds which match the
cmntral wavelength ol'each color tilter. This approach signifi-
cantly complicates the manufacturing process because the
red, green and blue I H&s have to be accurately aligned in a

multichip appnlach Ail addittoilal appnlacli is to gclmliltc
white light using a UY LED and three different phosphors
each eniitting light at a diffi:rent wavelength (rcd, green nnd
blue). The efficiency of tlus configumtion, holvever, is very
low because high amount ofheat is released due to the Stokes
shiA. Otlmr configurations include, two I I',Ds and n phosphor
(e.g., a blue LED a red LFD and a green phosphor) tluee
LH&s and a phosphor (e g.. a blue LED, a red I+D, a cyan
LED and a green phosphor), two LPDs and nvo plmsphors
(e.g., a blue LED, a red LED, a cyan phosplxir and a green
phosphor), mid lhe hke Although these conligurations show

uuprovement ui the performances. the results are far from
being optimal.

Presently kmmn I ED brwsed backlight devices are linuted
by the size, price and performance of the LEDs. To date. the
performnnce of the I LD arc controlled by its trnnsparent
encapsulntion wluch provides tlm necesuiry light smitter, the
phosphor or tluorescent semiconductor material which is

rcsponsibh: for color conversion, and the lead I'ramc which
allo~a for heat evacuation. all ofwluch significantly in(zcilsc
the size and cost of the LI D. Since the perfonnance, cost and

size of thc I,FD are conflicting Ihaturcw smne cmnpromises
are inevitable.

There is thus a widely recognized need for, and it lvould be
higldy advants eous to have a diode-based illumination
appamnis, devoid of the above limitations.

SUM)rLXRY OF THE INVENTION

The background alt does not teach or suggest illumination
appamtus capable ofgenemting light while. at the same time,
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5
propagating, diffusing and emitting the light through its sur-

face arcs or a portion tlmreof. The background art also does
not teach or suggest such & I luminat&on apparatus lmving supe-
rior optical and/or gcometncal propert&am including. v'ithout
limitation. a thic4mss of a tv& centimeters or less, and high
light quality in tern&s of brightness. intensity and/or color
profiles. The back round a&t also does not teach such ilium&-

nat&on apparatus that is useful flir a vanety ol diferent apph-
cations, cg, pnssive displnys, which can be&mfit frwn its

1(1
supenor propert&es.

The present embodiments overcome these detic&encies lif
the background a&1 by providing m»lluminatiw& apparatus,
which generates and diffuses light. The illumination appam-
tus comprises one or more light emitting sources embedded in „
a waveguide matenal, 11&e waveguide matenal &s capable of
propagating light ga&crated by thc light anitting source(s),
such that nt least a portion ol'the light is diffused within thc
wal eguide material and exits through at least a portion of its
surface In venous exemplary embodunents of the u&vention c

thc light emitting source(s) comprise bare dilly

ll&e appamtus of the present embodiments can be incorpo-
rated in a passive display dev&ce or &t can serve for prov&dkn

signage or for providing &llununauon at various decorative

patterns

of signiticant acsdhetic interest. In various exemplary "

embodiments of the invenhon the apparatus serves as a com-
ponent &n a liquid crystal display device.

Acvordmg to mx&ther aspect ol lhe present inventnm there
&s provided a method of pn&vidhhhg &11uminat&on. composing
applvin I'orward bias on one or n&ore light emiiting sources &o

embedded nl a v d'1'ega&de malenal to effect amiss&on oft&/&h
from the l&ght emittu&g source(s). The wavegu&de mntenal is
capable o I'propagating the light such that at least a portiw&ol'he

light is difiused witlun the wave u&de material and exits
&I&rough at least a portion of its surface. thereby pmviding the "»

&linn&&la&lou

Accordu&g to yet another aspect of the present u&vention

there is pmvided a liquid crystal display device, comprising a

liquid en stat panel and a backliglu unit, i&hick pret'crnbly
comprises the illumination apparatus descnbed l&ere&n. sr&

The prcscnt embodiments tonier comprise a portable
computer system compnsu&g the liqu&d crystal display
device. a computer monitor comprising the liquid crystal
display device, a personal digital assistant system comprising
the liquid crystal displuy device, a cellular commuiucat&on ss
system comprising the liquid crystal display device. and a

televis&on system compos&ng the hquid crystal dispit&y

device.
Thepresentembodiments I'urthercompnseasignagepanel

for pmduc&ng a s&y&age under electron&c contml. 11&e s&rg&age u

panel comprises a pov. er source connected to the illumination
app uatus described hereu&

Accord&ng to further features u& preferred embodunents of
the invention described beloiv, the wacenuidc mnterial is flex-

ible. :&

According to still further features in the described pre-
I'crrcd cmbodimcnts the light cmiuing sourcc(s) comprises at
least one bare die and electrical contacts connected thereto.

According to still fu&ther features in the described pre-
I'errcd embodiments the light emitting, source(s) is cncapsu- a&

lated by a transparent thermal &solat&ng encapsulation.
According to still fu&tlmr fi:aturcs in tlm described pre-

ferred embodm&ants the fhvpht em&tting source(s) is embedded
&&war the second surface of the waveguide material.

According to still furtlmr fi:aturcs in thc described pre- r
ferred embodiments the fight enutting source(s) is embedded
near the second surface in a manner such tlmt elecuical con-

tacts of tlm light emitting source(s) rauain ourside the
waveguide matenal at the second surface.

According to still further features in the described pre-
fi:rrcd aubodiments the illumination apparatus further com-
prises a pru&ted circu&t board electrically connected to the
electrical contacts.

According to still I'urther Ihatures &n the descnbed pre-
ferred embodunents the pr&nted circuit board is capable of
evacuating hart away I'rwn the light cmiuing source(s)

According to still further features &n the descnbed pre-
ferred embodiments the I& ght emitt&ng source(s j &s embedded
in tlm bulk of the wavcguidc material

According to still further features &n the described pre-
ferred embodinwnts dw. illumination apparatus further com-
prises m& arrangement of ellwtncal lines extending I'rom the
light emitting source(sl to at least one end of the v, aveguide
n&atcrinl

According to still fwther Ice&urea &n the described pre-
ferred anbodiments the light emitting source(s) comprises at
least oiw, source cw&figured to cn&it light at a first color. and at

least one source confi ared to enut light at a second color.
According to still further features in the dcscribext pre-

ferred embodiments the liqu&d crystal panel comprises an
an angement ofcolor filters operating at a plurality ot'd&st&nct

colors. and thc li jv&t emitting source(s) comprises, for each
color of the plurality of d&stinct colors. at least one source
co&&figure to emit light at tl&e color.

According to still further features m the describcxt pre-
ferred embodiments the illumination apparatus further com-
prises a rellccting surface embedded in or attached to thc
wavlguide matenal &n a m uu&er such tlu&t emissmn of hglu
tlu ough the second surface is prevented and enu

as &on

of light
through the tirst curlace &s cnhanccd

According to slill lurther feahims &n the described pre-
ferred aubodiments the illumination apparatus furtlmr com-

prises at least one photoluminescent layer coating at least the
portion of the first surface

According to still further fi:atures in the dcscribcxf pre-
ferred embodiments the at laist one photoluminescent layer
and the 1&ght emitting source(sj are selected sucl& the illumi-
nation apparatus provides substantially white light

Accordu& to still further features in the described pre-
ferred embodiments the liquid crystal panel comprises an
arrangcmcnt ofcolor filters operating at a plwality ofdistinct
colors. wherein the at least one photoluminescent layer and
the light emitting source(s) are selected such the illumination
apparatus provides light at least at the a plural&ty of d&st&nct

colors.
According, io still I'urther I'eah&res in the describcxf pre-

ferred embodiments the at least one photolununescent layer
comprises a plum 1ity of photo luminescent layers, each being
charactenxed by a difl'erent absorpt&on spectrun&, nnd the
1&J&t enntt&n source(s) comprises. for each absorption spec-
&tool, at least one light en&itting source charactcrixcxf by m&

emiss&on spectrum overlapping the nbsorption spa:trum.
According to still further features in the describled pre-

fi.'rred embixlimcnts thc illumination apparatus furtlmr com-
prises a stn&ctured film deposited on or embedded &n the
waveguide material.

According hl still further features in tlm describal pre-
ferred embodiments the illumination apparatus fwther com-

prises nt least one optical element embedded in tlm w aveguidc
matenal for enhancing d&fii&s&on of light w&tlun the
waveguide material.

According to still further fi:atures in thc described pre-
ferred embodiments the at least one opt&cal element &s embed-
dixf in the waveguide material near the first surface m&d con-
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tigurixt to rellect light striking tlm at lenst one optical element
at a prcdctcrmintxt mange of angles, and tmnsmit light striking
the at least one opt&cal element at other angles.

According to still I'urther features in tile descnbcd pre-
I'orred cmbodinwnLs the at in&st one optical clement com-

prises at least one micmlens.
Accordu&g to still further features &n the descnbed pre-

ferred embodiments the tvavegu&de materu&l cmnpnses a

polymeric material
Accord&ng to still further features in the described pre-

ferred embod&ments the waveguide material comprises a rub-

bery material
According to still further features in the described pre-

ferred embodiments the lvavegu&de material is formed by
d&p-moldin in a d&pping medium.

According to still further fi.atures in the described pre-
ferred embodinwnts tlm dipping medium comprises a hydro-
carbon solvent in which a n&bbery material is d&ssolved or
d&spersed

According to still I'urther li:anires in the described pre-
ferred embodiments the dipping medium comprises additives
selected from the group cons&st&ng of cure accelerators, sen-
sitizers, activators, emulsifying agents. cross-linking agents,
plasticizcrs, antioxidants and reinforcing agents

Accordu&g to st&ll further features &n the descnbed pre-
ferred embodiments the wavegt&ide material composes a

d&electric mateo el. uld uhereu& a reflecuon coeflicima of the

d&electric matenal is selected so as to allow propagation of
polarized light through tlm uavcguide material and emission
of the polanzed lighi tluough the tirst surface

Accord&ng to still fiuther features in the descnbed pre-
I'crred embodiments the waveguidi. material comprises a

metall&c matenal, and u.herein a reflect&on coetiic&ent of the
metallic nmterial is sclectixl so as to allow propagation ot
polarizid light throu h llm waveguide material and emission
of the polanzed 1&ght through the first surface

According to still f&usher features in the described pre-
I'erred embtxlimenis the tvavcguidc nlaterial &s a multilayered
material.

According to still furtlmr fi'.atures in tlm dcscribcd pre-
ferred embod&ments the u:avegu&de material comprises a first
layer having a first refmctive index. and a siecond layer being
in contact with tho tirst lnycr and having a second refractive
index be&ng larger that the first refractive index.

According to still further features in the described pre-
ferred embod&ments the second layer comprises poly&so-

prene.
According ui still further leanires in ihc tlt:scribed pre-

ferred embod&ments the tirst layer compnses sil&cone

According to st&ll fu&ther tbatures &n the descnbed pre-
I'erred embod&ments thc uaveguide material further com-
prises a tlurd layer bein in contact u ith the second lever and
having a third refractive index being smaller than tlm second
refract&ve index.

Accordinv to still further features in the described pre-
I'crrcd cmbodinmnts thc third rcl'ractive index cquats thc tirst
refract&ve u&dex.

According to still fu&ther features in the described pre-
I'errcd cmbodiulcuLs 'n least tait: lave& ol wavcgilidc material
comprises at least one additional component des&m&ed m&d

contigurixt such as to aflow the emission of the light thmugh
the at least a portion of the surface.

According to still fu&ther features in the descnbed pre-
ferred embodiments tlm at Inst one additi(alai component is
capable of producing d&fl'Creat optical responses to d&fferent

spectm of the light.
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According to still further fi:atures in tlm describcxt pre-
ferred embodiments the different optical responses comprise
d&fterent enuss&on angles.

According tti still further fi:atures in the dcscribtd pre-
fi.'rred cmbodimenLs the d&l'll:rent optical responses comprisv.
diffbrent emission spectra.

Accord&n to still huther features &n the descnbed pre-
ferred embod&ments the at least one add&tional con&poneni

comprises at least one impurity capable of emitting at lcrust the
portion of the light tlu ough the first surface.

According to still further features in the described pre-
I'erred embodimenLs the at twist onc nnpurity comprises a

plurality of particles capable of scattering the ligv&t.

According to still further features in the describicd pre-
ferred embod&ments a size ol the plurality of part&cles is

sclecmd so as to selectively smitter a prcdetom&incd spectrum
ofrhe light

I'he present invention successfully addresses the short-

conun 6 of ihe presently knovn contigurai&ons by providing
an &llu&mnation apparatus and various uses thereol:

Unless otherwise dctincd. all teclu&ical m&d scientitlc terms
used here&n have the same meaning as commonly understood
by one of ord&nary atoll u& the art to wluch tlus ulvent&on

belongs. Although methods and materials similar or eqmva-
lent to those descnbed herein cnn bc used ul the practice or
testing of the present invent&on, siutable methods m&d mate-
rials are described below In case of conflict, tlm patent spcci-
licat&on. u&eluding definitions. u&ll conirol. In addition. the
mateoals. methods, and examples are i llustrative only and not
intended to bc limiting

BRIFF DFSCRIPTION OF THF, DRAWINCiS

The invention is herein dcscribixt, by way ofexample only,
tvith relbrcnce to thc acconlpanying drawings With spec&fic

reference nou to the drawings u& deta&1. &t is stressed that the
particulars shown are by way of example and for purposes of
illustrutive discuss&m& ol'he pret'erred mnbodin&cuts of thc
present imention only, and are presented in the ciulsc of
providing wlhat is believed to be dw. most usseful and readily
understood description of the princ&plea and conceptual
aspects of the invention. In this regard, no attempt is made to
sht&w stniciuml dctnils of the invention in morc detail than is
necessary for a fiu&damental understand&ng of the invention.
the description taken lvith the dmwings making apparent to
those skilled in the art hou the several forms of the invent&on

may be embodied &n practice.
In the dratvings
FICiS. lu-b are schemat&c &llusuat&ons ot a perspective

view (FIO. Ia) ands section v&ew (FILL Ib) ofan illumination
apparatus, aciordulg to vnrious exemplary embodinlenLs of
the present invent&on;

FIC). le is a schematic illustratiim of a pcrspivtivc vie&v of
the apparatus in a pret):rred embodiment in wh&ch the appa-
mtus comprises a non-planar waveguide materiak

FIC)S 2(&-b are schematic fragmentary views of thc appa-
natus &n a preferred embod&ment in tv loch n source or sources
embedded in tlm bulk of the waveguide material (FIC). I(&),

and in another prcfi rrcd cmbodimcnt in which thi. source or
sources are embedded near the surface of the v,aveguide
matcrinl (I'It.i. 1b);

O'ICi. 3 is a schemat&c illustration of a sect&on v&ev, of the
apparams, in a preferred embodiment in which the apparatus
comprises a structured film,

I'ICi. 4 &s a schemat&c illustmt&on of a fragmentary v&ev; of
the apparatus in a preferred embodiment in which the appa-
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rat&Is colnpflses ol'Ic ol &&hole clnbeddcd optical elenmnts for
enhancing the diffusion of light;

FIG. 5 hs a block dkayam schematically illustrat&hhg a liquid
crystal display device, according to various exemplary
emb&xliments of the present uivention:

FIG. 6o is a schematic illustration of the uavegiude mate-
rial in a preferred cmbodimcnt in v hich two layers nre

employed:
FIGS. 66-& are schematic illustrations of the waveguhde

material in prelerred cnibodimen(s in which tlucm layers are
employed;

FI(i. 7&h is a schematic iflustration of the wavcguide mnte-
rial in a preferred embodiment in u hick at least onc inipunty
is us&xi for scattering light;

FIG 76 is a schematic illustration of thc waveguide mnte-
nal ui a preferred embodiment in &vhich the uupunty com-
prises a plurality of particles having a gradually increasing
concentration;

VI(i. 7c is a schenmtic illustmtion of the waveguide nmte-
rial in a preferred embodiment in which one layer thersxhf is
formed with one or more diffractive optical elenients for at
least partially diffracting the light; and

FIG. 7d is a sclmmatic illustration of the waveguide mate-
nal ui a preferred embodunent in wluch one or more re iona
have diiferehht indices of refraction so as to prevent the 1& J&ht

i rom being reflcxted.

DBSGRIPTION OF TI Ffi PREFFRRl:.D
L'MBODIML&NTS

The present mnbodunents comprise an appnratus. device
and system wluch can be used for providing illumination or

displaying images Specifically, thc embodiments can bc used
to provide light at any intensity pmlile and any color prohle.
The present embodiments are usefiil in many areas in which
illumination is required. including. without limitation, dis-

play. sigh&age and decoration apphcathons
The principles mid operation of mh npparatus, device and

system according to the present invention may be better
understood with reference to the drawings and accompanying
&Inscript&oils

Before explaining at least one embodiment ofthe uivent ion

in detail, it is to be understood that the invention is not limited
in its application to the details of constniction mid the
armngement of the components set forth in the following
description or illustrated in the dmwings. The invention is
capable ofother embodiments or ofbeuig preenced or cerned
out in vmious ways. Also, ht is to be understood that the
phraseology mhd terminology employed lmrem is for the pur-
pose of descnption and should not be regarded as lunhthng.

Whet& a ray of fight moves whtlun a transparent substrate
and strikes onc ol'ts internal surliwes at a cenaui angle, thc
ray of li ht can be either reflected front the surface or
rcfracncd out of the surface into the open air in contact with tlic
substrate The condition according to which the light hs

reflected or refracted is determined by Snail's law, &vhich is a

mathclna(ical relation bctwccn thc impinging angle. thc
refracting nngle (ui case in case of re Inaction) and the refrnc-
tive indices of both the substrate and the air Broadly speak-
uig. depending on ihc wavelength of the lighk fiir a sufli-
ciently large impinging angle (also known as the critical
migle) no refracti&m can ocmhr and the energy of the light is

tmpped uh&I&in the substrate. In other words, the light hs

reflected from the intenial surface as if from a mirror. Under
these conditions, total intcmal rcflection is said to take place

Many optical systems operate accorduig to the total uiter-
nal reflection phenomenon. One such optical system is the

optical fiber. Optical fibers arc transparent flexible rods of
glass or plastic, basically composed of a core and cladding.
The core is the inner part of the fiber, through which light is

guided, while the cladding surrounds it coniplctely The
1 refractive index of the core is Ingher than tlmt of the cladding,

so that fib&&ht in the core impinging the boundary ivith the
cladduig at a critical angle is conlined in the core by total
uiternal reflection.

As statixi, total intenuil refl&x:tion occurs only lihr light rays
io 1&apl&1 ing the internal surface of the optical tiber with an

angle which hs larger than the critical angle. Thus, a calcula-
tion pe&tora&ed according to gcxh&uetrical optics may provide
the largest angle wluch hs allov;ed for total internal reflection
to mkc place An important paranwtcr of every optical fiber
(or miy other light transmit&in optical system) is known as
the "niunerical apernire,*'lfich is defined as the sine of the
largest incident light ray angle that is successfully transmitted
through the optical liber, multiplied by the index of re I&action

of the medium from which the light ray enters the optical
so (lb&'r

Another optical system designed for guiding light is the
gmded-index optical fiber, in wlfich the light ray is guidsxi by
refraction mther than by total internal reflection. In this opti-
cal fiber, the refractive index decreases gradually from the
center outwmds along the radial direction, and finally drops to
the smne value as the cladding at the edge of the cure. As the
refractive uidex does not change abruptly at the boundary
be&u can the core and the cladduig. tlmre &s no total intemnl
retlection. Iiov;ever, although no total internal reflection

sc takes place. the refraction bends thc guided light rays back
into the center ol the core while the hght passes thmugh layers
with lower refmcthve uidexes.

Optical libera nre available in vari&ms lengths imd corc-
duimeters For large core diameters. glass optical fibers are

"» known to be more brittle mid fragile than plastic optical fiber.
Anoihcr type ol'optical systmn is based on photmiic lu;lte:

nels. &vhere the light ray hs confined whtlun a band gap mate-
rial surrounding the light ray. In this type of optical system,
also knmvn as a pbotomc matcnul wavcguide, tlm 11 ht is

so confined hn the vicinity of low-index region. One example of
aphotonic material wmeguide is asilica fiber hnvinganamiy
of small mr holes tluoughout its length. This configumthon is
capable ofproviding lossless light transmitting, e.g., in either
cylindrical or planar type wavcguides.

The above description holds both for polarized and unpo-
larized light. When polarized light is usixI, an additional
electrom &goethe phenomenon. inih&ences the reflection of the
light. Cs luther explained hereinbelow.

Pi&la&Ized light &s produced uhen tlm direction of the elec-
u tromagnetic tields ui the plane perpendicular to the direction

of propagation are constrained in some fashion. 1&or the pur-
pose ofproviding n sin&pic explanation, only the electric field
is discussed herein. A complementary explanation. regarding
the magnetic field, can be easily obtained by onc ordinarily

s skilled in the art by considenng the magna«c iield as being
perpendicular to both the direction of propagation and the
electric iield

The light hs mud to be ellhpucally polanzed when two
perpendicular components of the electric fiel have a consmnt

ni phase diffcrc&hcc, and the tip of the electric field vecior traces
out an ellipse in the plane perpendicular to the direction of
propagation. I. i&war ly polarize&1 light is a special case ofel lip-
ncally polanzed light, where the two components osmllate hn

plmse and the electric vector traces out a strmght line.
('irculnrly polarized light is nlso a special case of ellipti-

cally polarized light in which the tv, o components have a90'hasedifference and the electric Iield vector traces out a circle
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in the plane perpendicular to the direction of propagation.
When viewed looking towards the source. a n ht circularly
polarized beam at a fixed position as a function of time lms a

iield vector that describes a cloclavisc circle, while lefi cir-
cularly polarized light has a field vector that descnbes a 1

coluiter-clockwise circle.
Wqten a polarwed light stoke a surface betu ceo tuo di ITer-

ent matena la, it is useful to define the po1anzation of the light
relatiim to tlm surface, lypicafly horizontal and vertical polar-
izations. ivith respect to the surface. When the hght stokes a ui

material havuig associated values ofpermeability. pennittiv-
ity and conductivity. a portion oi'he energy carried by the
li ht is lost due non-ideal conductivity of the matenal. The
relative portion of tlm energy which is lost is defined as the
reflectioncoeflicient ofthe material. Thereflective coeflicient
varies according to the angle of incidmice, the polarization of
the incoming wave, its frcxiucncy and thc characteristics of
the surfiice. I'or honzontal polanwitmns the coeflicient nray
be generalized to a constant vahie, whereas for vertical polal-
izatioiw howcvcr, thc coclTicimlt varies betwccn 0 mid i. za

Whcll tile rctlcc tlvc cccfficiciit value goes tci zclo, tile 1 1 gilt
Is llo t rctlcctcci froln thc sllfface. 1 his pllcllcilllclloll is kllcuvll
as the Breivster elTect, and the angle at which there is not
reflection(fora particularpolanzntton) is calledtheBrewster
angle This angk often referred to as thc polarizing angle, "

since an unpolanzed v,ave incident on an interface at tlus
angle is reflected as a polarized wave with its electric vector
being perpenihcufar to the plane of mmiicnce

The present emboduuents successfully provide illununa-
tion apparatus which provides suri'acc illumination at any la
bfigttness. intensity and color proiile As lhrther detailed
hereinunder, there is an additional physical phenomenon
which nuiy be exploited bv the illuminati&m apparaius of thc
present embodiments. This phenomenon is known as 11 ht
scattering.

IJnlike thc above mention reliection. where raciiation is
detiectixl from the surface in one direction. some particles and
molccules, also known as scatterers, have thc ability to scatter
radiation in more than oni: direction M my types of scat terers
are known. Broadly speaking, scatterers may be categorized sa
into two groups: (i) selective scattercrs. ivhich arc more effec-
tive at scattering a particular wavelength (i.e., color). or a

narrow rmige of wavelengths, of the liglit; and (ii) non-selec-
tive scattcrcrs arc capable ofsent tc ring light in a wide nmge of
wavelengths. s.

Referring now to the drawings, FIGS. 1a-6 illustrate a

perspective view (I'IG. Ia) and a section view along inc A-A
(FIGr. 16) of an illununation apparatus 10. according to van-
ous exemplary embodiments ol'the present invention

Appanstus 10 comprises one or more light emittuig sources o

12 embedded in a waveguide material 14 having a first surlhce
16 alai a second surface 18 Waveguide material 14 is capable
ofpropagatin hght genemted by light source 12. such that at
least a portion of the light is dilTuscd widiin waveguide mate-
rial 14 and exits through at least a portion oflirst surface 16 1

lite terms "light source*'r "light emittillg source, tmc

used herein imerchangcably and rel'cr to any self light emit-
ting element, ulcluding, without lani tation. an inorg uuc bght
emitting diode, an organic light emitting diode or any other
1:li:cfnihillliimsccllt elcmcni The tcmi "light source" as used ai
herein refers to one or more light sources.

As used herein, the tenn "organic*'ncludes polymeric
materials as v,ell as small molecule orgmuc matenals tlmt

may be used to fabricate organic opto-electronic devices.
"Smail molecule*'refers to any organic niatcrial that is not a r

polymer, and "small molecules" may actually be quite large.
Smail molecules may include repeat units in some circum-

stances For example. using a long chnin alkyl group as a

substituent does not remove a molecule from the "small mol-
ecule" class. Small molecules may also be incorpomted into
polymers. tilr example as a pendent group on a polymer
backbone or as a part of the backbone. Small molecules may
also serve as the core moiety ofa dendrimer, which consists of
a senes ofchemical shells built on the core moiety. The core
moiety of a dendrimer may be a iiuorescent or phosphores-
cent small nxilcmile cmittcr. A dendrimer may be a "small
molecule." and it is believed that all dendrimers currently
used in the field of OLL'Ds are small molecules.

Organic light mnitling diodes suitable fiir tlm pri:sent
embodiments can be bottom enutting OLDS. top emittin
OI,FDs and side emitting OI.IJDS. having one or two trans-

parem electrodes.
As used herein, "top'* refers to furthest away from surface

18, while "bonom" refers to closest to surface 18

Tile wave uide matenal according to embodiments of the
present invention may be similar to, mid/or be based on, the
teachings of IJ S. patenl npplication Si:r Nos 11/157.190,
60/S80.705 and 60/687.865, all assigned to the conunon
assignee of the present invmition and fully incorporated
herein by reference. Alternauvely, the wave uide matenal
according to some embodiments of the present invention may
also imvc otlmr conti gu rat iona and/or otimr methods of opera-
tion as further detaded hereiminder.

Waveguide material 14 can be translucent or clear as
destrcxi. In any event, since is aveguide nuiterial 14 propagates
and emits the liJtt emitted by I tgt source 12, it is transparent
at least to the characteristic emission spcctnun ofliaht source
12. The char wtensuc emission spceetnim ol'the light source is
also referred to herein as "the color" of the light source. Thus.
Ibr example, a light emitting source characicnzcd by a spec-
mun having ail apex at a wavelength of from about 420 to
about 500 nm, is referred to as a "blue Iiagtt source*', a light
emit tin source characterized by a spectrum having an apex al

a wavelength of from about 520 to about 580 run„ is referred
to as a "green light source". a ligatt emitting source chanc-
tcrized by a spcctmm having an upex at a wuvelengih ol about
620-680 nm. is referred to as a "red light source", and so on
for other colors. This terminology is well-knuivn tu those
skilled in the art of optics.

As used herein the tenn "about" refers to +1076

Wavcguidc material 14 is optionally and preferably tiex-
ible, and may also have a certain degree of elasticity. Thus.
material 14 can bc, for example, an elastomer. It is to be
understood th n although u.aveguide material appears to be
flat in FIGS. la-6. this need not necessarily be the case smce
fiir some applications it nuiy not be necessary iior thc iflumi-
nation apparatus to be fiat. FIG. Ir schematically dlusu ates a

perspective view of apparatus 10 in a preferred embodiment
in wluch uaveguide material 14 is non-pl uiar Further,
although apparatus 10 is shown as opaque from one direction,
this is imly for the clarity of presentation and need not ncw-

essarily be the case: the surfaces ol'pparatus 10 are not
ncecessarily opaque.

According to a pre fcrrcd em boih m cut o I'1 lie present invcn-

uon app tnltus 10 cmnpnses a reflecting surlace 32 ivlnch
prevents emission of liapt through surface 18 and thercfiire
cliiialiccs i:lnission of light through. surface. 16 Surface 32 cml
be made of any light reflecting nmterial, and can be either
mnbcdded in or attached to wnveguide materinl 14 Apparatus
10 can huther compose a prulted circuit board (not shov;n,
see reference numenll 26 in FIGr. 26) wlfich supplies the
forward bias to tim mnbedded light source

There are several advantages for embedduig the light
source within the u aveguide nmterial. One advantage is tint
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all tlm light emitted from the liaht sourceeventuafly arrives at
the waveguide material. When the light source &s externally
coupled to the waveguide material. some of tl&e light scatters
at wide angle nnd does not in&pinge thc waveguidc material
Thus, the embedding of light source 12 in wavegu&de mater&al

14 allow s to eScientfy collect the nnitted fight.
Another advantage & s the optical co upi u&g between the 1&ght

source and the wavep&ide ma tenal &n particular when the 1&J&t

source is a light emitting diode When the d«lde is externally
coupled to the wavegu&de mater«11, the light emitted from the
p-njunction should be transmitted out of the d&ode inal the air,
m&d subsequ&.ntly lrom the air uito the v,aveguidc material
The nusmatch of unpedances &n each such tr u&sition

signific-

antlyy reduces the coupling elTicicncy due to unavoidable
reflectious when the l&ght passies from one med&um to the
other. On the other hand, when the diode is embedded in
wavcguide material, there is a direct transition of liglu from
the d&ode to the w Bvegui de matensf w ith higher overall tran&-

Buss&on cocfllcicnt. Io further huprovi'. tl'Ic coUplhlg cS-
ciency, tlm waveguide materinl ii preferably Smlected with a

refraction index wluch &s close to the refmct&on index of the
diode. I'ypical difference in refraction indices is from about
1.5 to about 1.6.

Ligait source 12 can be B LED. which includes the bare die
and all the additioiral components packed in the Ll'ID pack-
B e, or. more prelemlbly. 1&ght source 12 can include the bare
die. excluding one or more of the other components fe.g..
reflectn&g cup. sihcon, I.ED package and the like).

As used herein "bare d&e" refers to a p-n junction of a
semiconductor material Wlmn n filrward biased is applied to
the p-n I unct &on through electrical contacts connected to the p
side Bnd the n s&de of the p-n junct&on. the p-n iunction emits
light at a characicristic spectrum

Thus, in venous exemplary embodiments of the u&vent&on

light source 12 includes only tlm semiconductor p-n junction
Bud the electrical contaciw Also contcmplatcd are cmliigura-
Uons in w.hich seveml light sources are LEDs, m&d several
liagt sources otlmr are bare dies with electrical contacts con-
nected thereto

'll&e advantage ofusing a bare die mther than a LED is tint
son&e of tlm components in the i,l',D package including thc
LED package absorb part oi the light emined from the p-n
junction Bnd therefore reduce the light yield.

Another advantage is that Ilm nse of bare die reduces the
amoiu&t of heat generuted dunng light emiss«m. This is
because heat is generated due to absorption of light by the
I.ED package and reflect&ng cup The consequent increase &n

tempenlture of the p-n tune«on causes them&al imbalance
wh&ch is S«lwn to rc«luce the hght yield Since the bare die
does not include the LED packa e and reflect&ng cup. the
embeddu&g ofa bare die in the waveguide material reduces the
overall mnmu&t of heat and increases the hght yield Thc
el&mit«&tion of the LL&D package pemuts the use of mtu&y

small bnre dies instead of each large paclmged I I'.D. Such
configunition allows opcl'Btlilg Pack bare die in low power
while still producing sutTicient overall amount of light,
tlmreby «1 improving the p-n junction clTicacy

An «ldit&onal advantage &s light ddflis&on withul the
waveguide material. 11&c minimiration of rcxlundant compo-
nents in thc vicu&ity of the p-n junc&&on results in almost
isotropic emission of light from the p-n junct&on which
improves thc diflhsion of light. To further impmve the cou-
plingeflic&ency,thev ave uidematenalispreferablyselected
w&th a refraction index «lich is close to the refmct&on index
of the p-n junction

L&P& source 12 can be embedded u& the bulk ofwavegui de
material 14 or near surface 18. 1111. Za is a fmL»&Cata&y viev;

5
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schemnticnlfy illustrating the embodiment in which light
source 12 &s embedded in the bulk ofmatenal 14 m&d IIIEi. 26
is flugluentary v&L«v schematically illustratu&g the embodi-
nwnt in which light source 12 is embedded near surface 18. It

&s to be understood tint I IGS. 2a-6 dlustrate a s&ngle hght
source 1Z for clarity of presentation and it is not intended to
Inn&t ihe scope of the present invention to such c oui iguration.
As stated. Bpparan&s 10 can compnse one or more 1&ght emit-
lnlg si&urccs

Referring to FIG. 2a, when list source 12 &s embedded u&

the bulk of the waveguide matenal, the electrical contacts 20
rmnain w&th matenal 14 In tlus embixlimenk the forward bimi

can be supplied to hght source 12 by electncal lu&es 22. such
as iflexiblc conductive wires, which arc also embedded in

materinl 14. Thus, lines 22 extend from contncts 20 to one or
more ends 28 of waveguide material 14. Light source 1Z

including the electrical lines 22 can be embedded in materinl
14 during the manulactunng process of the w&&veguide mate-
rial. When a plurality of light sources are embeddL«I in the
wave«U&idc ma teria I, tiny can be connected to mi ammgem nit
of electrical lines as known in the art and the entire of li ht
sources and arrangement of electrical lines can be embedded
u& the material dunn the manufactunng process of the
waveguide material.

In various exemplary embodiments of the invention light
source 12 &s opemted w ith low power and therefore does not
produce large amount of heat. Tlus &s due to the relatively
large l&ght y&eld of the embedded light source and the lugh
opt&cal coupling eSciency between the figt source and the
wavcguide matcrinl In pnrticular, wlmn light source 12 is a

bare d&e. its l&ght yield is siguif&c u&tly high &vlule the pro-
duced heat &s relatively low. Light source 12 can also be
opcratcd using pulscxl electrical currnu which further reduces
the amount of produced heat.

prefn ably, but not obligatorily. light source 12 is encnpsu-
lated by a transparent thermal isolating cncapsulauml 24.
Encapsulat&on 24 serves for thermally isolating the light
SCUrce fronl n&atcrial 14 This nnbodiment is pnrticularly
usel'ul when light source 12 is a bare d&c. in which case thc
bare die md&ate heat which may change the optical properties
ofmaterial 14. A I&amati&mly or additionally, waveguide n&atc-

rial 14 can be made with h&gh specific heat capacity to allow
material 14 to receive heat from light source 1Z with minimal
or no undesired honting etTi.cts

Referring to FIG. 2b. when light source 12 is embedded
near surface 18 of material 14, electrical contacts 20 can
rema&n outs&de matenal 14 at surlace 18 and can therefore be
accessed w&thout embedding electncal lines &n material 14.
The electrical contacts cm& be applied wiih iiorward b&as usmg
external electrical lines or d&rectly from a printed circu&t

board 26. In tlfls embodiment, board 26 can be made, at least
in part, of heat conducting materinl so as to flicilitate evacu-
Bt&on of heat away from light source 12. When the heat evacu-
Btlou bv boarcl 26 Ls sUfflclL&'It, llghl soUrcL 12 cau be culbcd-
dnl without thermal isolating ennapsulat&on 24

As stated, waveguide material 14 is capable of propagating
and diNning tlm light until it exits tlmugh surface 16 or a

portion thereof It will be apprec&ated that this ab&hty of the
waveguide material. combined with the high light yield and
cfficin&t optical coupling bet«can the nnbcddcd liglu
sources and the wavepnde material, provide apparatus 10
with properties suitable filr many applications.

As &s funher deta&led hereunu&der. there are mm&y altema-
t&ves to construct the waveguide material. wh&ch provide flex-
ibility in its design. In particular the waveguidc material can
be ta&lored accord&ng to the des&red opucal properties of the
waveveuide. 'Iluls. the distribution of light sources &vithin the
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waveguidc material m&(i'or the optical pmperties of the
w a( egu&de matenal can be selected to provide the most suit-
able illumination for the specific application for wlfich appa-
n&tus 10 is uscxl Morc spcccifically apparatus 10 can provide
illumination at a predetermined light profile, wluch is maiu- s

fested by a predetemiined intensity profile, predetermined
brightness pro iile and predetemiuied color pmlile. Such illu-
mination apparatus can therefore provide lug bvp&t quality in
terms ol'rightness, intensity and/or color profiles.

For ex uuple. figt sources emittmg &bfferent colors of light u)

(i.e., light sources having different characteristic emission
spcctm, which nu&y or nray not have spectral overlaps ther-
ebenveen). say tv o. tluee or more different colors. can be
distributed in the wnveguide such that surl'ace 16 emits light at
a predetennmcd bght profile. Additionally. &be optical prop-
erties of the w avegu ide material can be made local and v, ave-
length-dependent according to tlm prcdemrmincd light pro-
lilc. More spccilicafly, according to thc presently preferred
embodiment of the invention. different regions in the
waveguide material have a difli:raut respmise 6) ditTi:rent light ".c

spectra.
In various exemplary embodiments of the invention appa-

ratus 10 composes one or more photolununescent layers 30
coating surface 16 or a portion thereof. I'lx)toluminescent
layer 30 comprises a photoluminescent material ishich em) be "

a phosplior or a fluorophore
'lite term "photoluminescent layer*'s conunonly used

herein to descnbe one photolwn&nescent layer or n plurabty
of plx)tofumuiescent layers. Addit&onafly. a photolununes-
cLC1 lavcf car& con&pllsL o(1c or Inorc tvpLV of pin&oh&lain(w- ia
ceo& molecules. In any event, a photolumiaescent layer &s

cliamcterized by an absorption spectrum (i.e., a range of
wavelcn ths of light which can be absorbed by thc photolu-
nunescent molecules to effect quannun transition 1o a lugher
cncrgy level) and mi emission spectnun (i.e., a range of wave- "»

Icngihs ol'ght which arc emitted by the photolumincscent
molecules as a result ofquantum transition to a lower energy
level) The mnission spectrum of thc photolumincscem layer
is lypically wider and sbifled relatn e to its absorption spcx-
trum. The difference in wavelengtli between the apex of the sa
absorption and emission spectra of thc photoluminescent
layer & s referred to as the Stokes sluft of the photo lumuies cent
layer

Thc absorption spcctn&m of photoluminescent layer 30
preferably overlaps the emission spectnun of at least one of ss
fivJ&t sources 12. More preferably, for each clmracteristic
enussion spectrum oi mi embedded light source. there &s at
least one photolumuiescent layer lmvin an absorption spec-
uum overlapping &he emission sp(w&nun tlm light source
According to apreierred embodiment ofthe present uivent&on u

the apex of the light source's emission spectnun bes in the
spectrum of tbe plxitolumuiesccnt layer, and/or theapexol'he

photoluminescent layer's absorption spectrum lies &n the
spectrum of tlm light source

Photoluminesuent layer 30 serves for '*converung" the s

wavelength of a portion of the figv&t emitted by light sources
12 Morc spccilically, I'or each photon which is successfully
absorbed by layer 30. a new phoion is enut ted. Depending on
the type ofphotoluminescent, the emitted photon can have a

wavelength which is longer or shorter than i be wav& lough ol')
the absorbed photon. Photons which do not interact with layer
30 propagate thercthrough. The combination of converted
hg&t and non converted light forms the light profile of appa-
ratus 10.

Phosphors arc widely used for m)sting individual I.FI&s. (

typically ui the wlute LL&Ds industry. Ilowever, photolunu-
nescent layers covering an Ilia&nb)sting surface of a

waveguide material such rws the wa(mguide material of the
present embodiments have not been employed. The advan-
tage ofusing layer 30 over waveguide material 14, as opposed
to on each individunl light emitting source 12, is fl&at

waveguide matenal 14 first d&fl'uses the liJ)t and thereafter
emits it tluouvgh surface 16. 11nis. instead of collecting light
from a pouit light source (e.g.. a LRD). layer 30 collects light
ibom a surface li J)t source having a predetermined area (sur-
I)acc 16 or a portion thereof). Tlus conli urn&ion allows a

better control on the figt proiile provided by appamtus 10.

Many types of pliosphorescent and tluorescent substance
are contemplated Representative examples incbide, without
1&nutation the phosphors disclosed in U.S. Pat. Nos. 5.813,
752. 5,813,753. 5,847,507, 5,959316. 6,155,699, 6.351.069,
6,501,100. 6,501.102. 6,522,065, 6,614,179. 6.621.211,
(i,635,363, 6,635.987. 6,680,004, 6,765,237. 6.853.131,
6,890,234. 6,917.057, 6.939,481, 6,982,522. 7.015,510,
7,026,756 and 7,045.826 and 7.005,086.

fhe various possible light protile options make the appa-
ratus of thc prcscnt mnbodimm&ts suitable for pro& idin illu-
mination &n many applications. Ifepresentat&ve examples of
uses ofappamtus 10, including, without limitation, architec-
tural h&ghlight&n . decorative hght&ng, medical hp«ng. sig-
nage for displaying commercial or decorative expressions,
visual guidance (c.g, landing strips, aisles). display, exhibit
I& J&tu&g, madway li hung. m&tomotive hght&ng and the like.
The flex&bility of the waveguide nmterial makes apparams 10
auachable to m my surfaces, utcluding, v &tluiut limitation,
wsfls of a building (either external or uitemal), wmdows,
boxes (e.g, jewelry boxes). &ovs «(1d tlm like.

Although appnratus I 0 can be designed to provide any hglu
pn)file, for many applications &t &s desired to construct appa-
mtus 10 to provide substantially uniform illumnmtion. Thc
apparatus of the present embodiments c m provide &llumuia-

tion characterized by a uniformity of at least 70%. &morc

prel'crably at least 80%, cvcil nlorc pl'Lfcl"ablv at Icas& 90%.
Tlus &s particularly useful when apparatus 10 is uicorporated
in a backlight unit of a passive display device.

Whit lighl illunnuutimi can bc provided in more tlum mic
way. In one embodiment, the waveguide material is embed-
ded with red light sources, green light sourceg blue light
sources mid opnonally bght sources of other colors (e.g.,
omnge. yelloiv. green-yellow, cyan, amber, blue-violet)
which are distributod such that the conibination of red light,
green light, blue light and optionally light ui the other colors
appears as a substantially iuiifonn white light across the area
of surface 16 or a portion thereof.

In another embodunent, layer 30 serves for complementing
the light emitted by light sources 12 &o a white light. e.g .

using dichromatic. toehromatic, tetraclu omat&c or mu it iclu o-

matic approach.
For example. a blue-)nil&in dichr(miatic npproimh & m be

employed. &n wluch case blue light sources (e.g.. bare dies of
ln(iaN with a peak emission wavclcngth at about 460 nm),
c m be distnbuted m waveguide mateo el 14, and layer 30 can
be made of phosphor molecufes (Lith absorption spectrum in
the blim ange mid cn&ission spcetnmi ex&andi n to the yellow
mange (e.g., cenum activated y1&num aluminum garnet, or
strontium silicate europium). Since the scattering angle of
hght slu&rply dcpm&(LV on thc I'rcqucncy of tlm bght (Ii)unh
po(ver dependence for Rayle&gd& scattering, or second power
dependmice li)r Mie scattering), the blue light generated by
the blue light sources is efficiently difl'used &n the w aveguide
material and exits, substantially uniformly, tluo)ugh surface
16 into layer 30. Layer 30 which has no prcfnrcd direction-
ality. emits light &n &ts emission spectrum and complements
the blue light ivhich is not absorbed to white light.
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In another dichromatic mnfigumtions, ultraviolet light

sources (e.g., bare dies of C(aN. AICiaN an(1'or ICOaN with a

peak emission wavelength between 360 nm and 420 nm), can
bc distributed in wavcvuidc material 14. I,ight of such ultra-
violet light sources is efliciently diffused in the u.aveguide s

material and exits, substantially unifomily, through surface
16. To provide substantially wlute hght, two photolummes-
cent layers are preferably deposited on surface 16. One layer
can be characterised by an absorption spcctnnn in thc ultra-
violet mage and emission spectrum in the or uige range (with ni

peak emission wavelength from about 670 iun to about 620
nm), and another layer characterised by an absorption spec-
trum in the ultraviolet ms(age and emission spectrum in the
blue-green range (with peak en( is sion wavelength from about
480 nm to nbout 500 nni). The orange light and blue-green i.

light emitted by the two plxitoluminescent layers blend to
appear ms (shits light to a lniman observer Since thc light
ennued by the ultraviolet fi ht sources is abo(e or close to the
cnd ofvisual range it is not seen by the luunan observer. The
1(vo photolumincsccnt layers are pret'crably deposited mic (m io

top of the other such as to improve the uniformity. Alterna-
tively, a single layer having tvvo types of photoluminescent
with the above emission spectra can be deposited.

In another embodinient a trichmmatic approach is

employed. I'or exmnple, blue light sources cmi be distributed "

ui the wave uide matenal as descnbed above. (vith tuo ph(u
toluminescent layers deposited on surface 16. A first photo-
luminescent layer man be made oi'phosphor molecules with
absorption spectrum in the blue mange and anus sion spec tnun
extending to thc yellow r:mgc as dcscribcd above, and a so

second photohuninescent layer absorption spectrum in the
blue mange and emission spectrum extending to the red range
(c g, ceriunl activated y(1riuni alumi(1iini ganu t doped with a

trivalent ion of praseodymium. or europium activated stmn-
tium sulplfide). I'Im unabsorbed blue light, tlm yellmv light "»

and the rixI light blend io appear ms white light fo a hunts(1
observer.

Also conmmplatcd is a configuration is which light sources
wnh different emission spectra arc distributed and se(eral
photohuninescent layers are deposited, such that the absorp- so

ti on sp ecto( m
o I'each photo luminescent layer overlaps ol1c of

the emission spectra of the 1(CJ(t sources, and afl the enutted
colors (of the ligvtt sources and the pliotoluminescent layers)
blend to appear as white light. The advantage of such multi-
cltromatic configuration is that it provides high quality white ss
balm(ca because it allo(vs better control on thc various spec-
tral components of the hght ui a local m amer across the
surface of the illumination appamtus.

The color coinposiie of'he (vhitc output light depends on
the uitensities and spectral distributions of the emanating u

light emissions. These depend on the spectral charactenstics
and spatial distribuuon of the light sourcea and, ui thc
embodunents ui uluch one or more photolununescent layers
are employcxI, on tlm spectral characteristics of the photolu-
minescent layer(s) and the amount of uimbsorbed list The 1

amount of light that is unabsorbed by the photoluminescent
layer(s) is in turn a I(unction ol'hc thickness of thc photolu-
nunescein layer(s). the density of photolumuiescent
material(s) and the lil e. By judiciously selecting the emission
spectra of light emitting source 12 and optioimlly thc tluck- 01

ness. density, and spectral characteristics (absorption mid
mnission spectra) of layer 30, apparatus 10 cmi be made to
serve as an illumuiation surface (either planar or non planar,
either stiff of flexible) which provides substantially uniform
white light. 6

In any of the above embodunents. the "vvluteness" of the
livJ(t can be tailored according to the specific application for

which apparatus 10 is used. For example, when apparatus 10

is uicorpomsted for backlight of an LCD de~ice, the spectml
components of the light provided by apparatus 10 can be
selected in accordance u ith tlm spectral characteristics of the
color filters of the liqiud crystal panel. In other words, suice a

typical liquid crystal panel comprises an armngement ofcolor
lilters operating at a plunility ot'distinct colors, the u hne light
provided by apparatus 10 includes at least at the distinct
colors of the liltcrs This conliguration sigmficantly improves
the optical efliciency as u ell is the image quality provided by
the LCD device. because the optical losses due to nnsmatch
bc(wc%a thc speci( il con1pollcl115 of thc bncklight unit and the
color tilters of the liquid crystal panel ue reduced or elum-
Ilauxl.

Tlnis. in the embodiiuent in (shich the white light is
achieved by libdtt sources emitting different colors of light
(e g, red light, creen light and blue light), the emission spec-
tra of the hght sources are preferably selected to sub atm(tinily
overlap the characteristic spectra of the color filters of the
I,C'D panol In thc embodiment in which apparatus 10 is

supplemented by one or more photolununescent layers the
emission spectra of the photoluminescent layers and option-
ally the emissioti spectrum or spectra of the fight sources are
preferably selected to overlap the clmracteristic spectra of the
color filmrs of the I ('.D panel. Typicafly the overlap between
a charactenstic enussion spectrum and a charactenstic filter
spectnim is about 70%v spectral overlap. more preferably
about S0% spectral overlap, e( cn nuire pref(:rably about 90%.

Reference is now made to I IO. 3 which is a section view
along liim A-4 of FI(i Ia. according to a prcferrcd cmbodi-
mmit in which apparatus 10 composes a stnictured film 34.
Structured film 34 can be. for exmnple, a brightness enhance-
ment lilm aml it can be deposited on or embedded in
waveg(tide materuil 14. I'ilm 34 coll(mates the light emitted
from light sources 12 thereby increasing tlm brightness of the
iflumination pmvidcdi by apparatus 10 This embodiment is
particularly useliil when apparatus 10 is used for backlight of
an L( D device Tlm increased brightncss miables a sharper
imnge hi be pmduccd by the liquid crystal pmml md alhius
opemting the light sources at lov; pou er to produce a selected
brightness. I'he structured tihn ctm operate according to prin-
ciples and operatuin of pnsms. Tluis, light mys arnvuig the
stnicmred iilm at small angles relative to the normal to the
stnicturcd film arc rcflccted. ulule other light rays are
refracted. flic reflected Itvptt rays continue to propagate and
diffuse in the waveguide material until they arrive at the
structured film at a sufficiently large angle. In the embodi-
ment in wluch apparatus 10 comprises the retlecting surface
32 it prevents the light which is reflecmd from lilni 34 to exit
tlu ough surface 18. Structured films are knou n in the art and
are found in the literature, see. e.g.. International Patent
Apphcation Publication No. WO (96!023649

Reference is nov; made to I'ICi. 4 wluch is a frag(Century
view scheniatically illustrating an cmbodimmit in which
apparatus 10 comprises one or more optical elements 36
embedded waveguide material 14 for enhancing the diffusion
of hgiit Onc skiflcd in ihe an (vifl rccog(tire that several
componeots of apparatus 10 have been omitted lrom I ICI. 4

for clarity of presentation Element 36 can be embedded in
material 14 near surface 16 or at any other location. The
embedding of element near surface 16 is more and

In various cxeniplary embodiments of the invmition ele-
ment 36 opemtes as an angle-sefecnve light transnussive
element. Specifically, element 36 is preferably configured to
reflect light striking clement 36 at a prcdeterniined range of
angles (say, 10'rom the normal to surface 16), and transnut
light striking element 36 at other angles. Flement 36 can be a
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mini prism, a strucmred surfncc similar to surface 34 above, a

microlens and the like. Llement 36 can be embedded in mate-
rial 14 during the manufacniring process of material 14 in
parallel to thc embedding of light source 12 or any otlmr
component. Tire size of element 36 is selected to allow the s

collection of ligvtt rays at the predetermined range of angles
and therei'ore depends on the distmice betv een surihce 16 and
light source 12. Tints, ui the embodiments in which light
source 12 is i:llibcdiilcxl near surfiice 18. elmnent 36 has larger
size compared to its size ia the embodnnents in ivhich it@it «i

source 12 is embedded in the bulk of matenal 14.
Refermicc is now mnde «i FICi 5 wluch is a block diagrmu

schematically illustratin a liquid crystal display device 40,
according to various exemplary embodiments of the present
uivention. Device 40 composes a liquid crystal panel 42 and
a backlight unit 44. Backlight unit 44 can be or it can comprise
comprises illumination apparatus 10 as further detailed herc-
uiabovc Several components ol'appanitus 10 have been onnt-
ted fmm FICr 5 for clarity ofpresentation. but one ofordinary
skill in tfic art, providcdi witfi tlm details dcscribcd herein «

would knov; how to construct apparatus 10 according to the
various exemplary embodiments dcscribcd above.

Panel 42 compnses a matnx of thur tilni transistors 46
fabricated on a substmte 48 of glass or another transparent
material. A liquid crystal tiim 50 is disposr«I over substram 48 "

and transistors 46. A polanzer 56 is disposed on a backside of
substrate 48. Transistors 16 can be addressed by gate lines
(not shown) deposited on the substrate 48 dunng the fabnca-
tion of tmnsistors 16 as is well known in the art. Liach par-
ticular tr uisisnir appliid by voltage conducts clcctrical cur- i«

rent mid char cs lilin 50 in us vicuiity. The eh«igni of the
liquid crystal film alters the opacity of the film. and effects a
local change in light tmnsmissmn of the liquid crystal fihn 20
lienee, transistors 16 define display cells 52 (e.g, pixels) in
liquid crystal tilm 50 Typically, tlm opacity of each display "»

cells is charged to mic of several discrete opucity leimls to
unplement an uitensity gniy scale. Thus. the display cells
scrim« as a gray scale picture clemcnts. However, pixel opac-
ity also can bc controlled ui a contuiuous analog )rush«m or u

digital (on/oflj fashion. st I

I olor-selective filten, 54 are distribuwd on cells 52 across
the display area of panel 42 to pmduce a color display. Typi-

callyy.

but not obligatorily, there are tlu ee types ofcolor filters
(desigirated in FICi 5 by 54«, 54)i and 54ct wlmre each filter
allows trmisnussion of one of the three pnmary additive col- ss
ors red, green and blue. The schematic block diagram of FIC).

5 illustrates a suigle tltiee-component cell vduch uicludes a

first component color (e.g., red output by cell 52 covered by
filter 54«), a second mnnponent color (e.g, green output by
cell 52 covered by filter 54ii). and a third component color u

(e.g.. blue output by the cell 52 covered by the filter 54c) tlmt
are selectively combuied or blended to uncrate a selected
color.

In operation, backlight unit 44 produces a substantially
uniform white illumuiation as det «led above. and polanzer s

56 optimizes the light polarization ivitli respect to polariza-
lion properties ol'iquid cuyst«I lilm 20 The opacity of thc
cells 52 is modulated using transistors 46 as detmled ahorse to
create a transmitted light intensity modulation across the area
ol'device 40 C'olor filters 54 colon zc the intensity-mixlulated ai
light enutted by the pixels «i produce a color output. By
selective opaciry modulation of neighboring display cells 52
ofthe tlu ee color component« selected intensities of the tlu ee
colors are blended together to selectn ely control color light
output. As is knoivn in tlm art. selective blending of three
primary colors such as red, yean, and blue can genemlly
produce a full range of colors suitable for color display pur-

poses Spatial dithering is optionally and prefembly used ro

pmvide further color blending across neighboring color pix-
els

Display device 40 can bc incorporated in may applications.
Representative examples include, without limitations a por-
table computer system (e.g, a laptop), a computer monitor, a

personal digital assistant system. a cellular cnimmumcauon
system (e... a mobile telephone), a portable navigation sys-
tem. a television system and the like

Additional oblects. advantages and features of the present
embodunents will beconie apparent to one ordinanly skilled
in thc art upon cxnmination ol'fie fiillov,ing examples liir
constructin v, aveguide mate«el 14, which are not intended
to be limiting. According to a prefi:rred embodiment of the
present inivntion iiaveguide material 14 compnses a polv-
meric material. The polymeric material may optioiully com-
prise a rubbery or rubber-like material. According to a pre-
ferred embodunent of the present invention material 14 is
fermi«I by dip-molding in a dipping medimn. for example. a

hydrocarbon solvent in which a nibbery nmtcrial is dissolved
or dispersed. The polymeric matenal optionally and prefer-
ably has a predetermined level of cross-linking, wlfich is
preferably benveen particular linuts. The cross-linking may
optionally be physical cross-ludcing, cheniical cmss-linking,
ore combination tlmrcof A non-limiting illustmtive exmnple
of a chemically cross-linked polymer composes cross-linked

p el yisoprene rubber. A non-I uniting illustrative example elf ai

physimilly cross-liuke«I polymer composes cross-linked
compnses block co-polymers or segtuented co-polymers,
w hie h may bc cross-linked due to micriwphasc separation for
ex unple. Mate«el 14 is optionally cross-lmked through
application of a radiation. such as. but not lunited to. electron
beam radiation and clcctromagimtic radiation

Although not linuted to rubber itself, the material option-
ally mid prcfi:mbly has tlm physical characmristics of mbber,
such as panimcicrs relating to tensile sncngth mid elasticity.
which are well knov'n in the art. For example, matenal 14 is
preferably characterized by a tensile set value which is below
fiww Tlm tcnsilc sei value generally depends on thc degree oI'ross-linkingand is a measure of the ability of flexible mate-
rial 14, afier bavin« been stretched either by inflation or by mi

externally applied force, to return to its original dimensions
upon detlation or removal of the applied force.

The tensile sct value can be detcrmincd, for example, by
placing nvo reference marks on a stnp of matenal 14 and
noting the distance between them along the strip, stretching
the strip to a certain degree. for example. by increasuig its
elonevation to 90"/v of its expected ultunate cion ation, hold-
ing the stretch iiir a certain period ol'ime e g., mie ininute.
then releasing the stop and allowing it to return to its relaxed
length, and re-measuring the distance benveen the two refer-
ence marks. The tensile set value is then detenuined by com-

punng the measurements belore and after the stretch, sub-
tractin«one from tlm other, and dividing tlm diffi:rence by tlm

measurement taken beliire the stretch In a pre li:rred embodi-
mmit. using a stretch of 90"/v of its expected ultimate elonga-
tion and a l«tiding time o I'mic minute. flw. preferred ten sile sot

value is less than 5 "/o Also contemplated are materials havuig
about 30'/6 plastic elongation and less then 5 "/6 elastic clon-
gailiili

I'he pmpaget ion and diffusion of light fltiough nuteria1 14
can be done in anv way kmiwn in the art, such as, but not
limited to, total internal reflection, ~vaded refmctive index
and band gap optics. Additionally. polanzed light may be
used. in which case the propagation of the light can be facili-
tated by virtue of the retlective coeihcient ofmateo el 14. Iior

example. a portion of materi«114 can be made of a dielectric
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mnterial having a sufticient retlective coefficien, so as to trap
the light witlun at least a predetermined re &on.

In any event, material 14 ls preferably designed and con-
structed such that at least a portion of the light propagatcs
therethrough at a plurality of directions, so as to allolv the s

diffusion of the RPC& in nmterial 14 and the emission of the
li ht through more thun one poult ux surlhce 16.

Reference is nov; made to FI(iS. 6a-/I, uluch illustmtes
material 14 in im emb&xliment in 1&hich total mlemal rctl&w-

tlon &s employed, hi tlus embodiment matenal 14 composes ul

a first layer 62 and a second layer 64. Prefenxbly, the refractive
iiulcx of layer 66, d&wsignatcd in FIGS. 6a-6 by ni Is a&nailer

than the refractive uxdex, ns, of layer 64. In such contiguna-
tion, when the light, shou:n generally at 50. impinges on
uxternalsurface65oflayer64atanimp&ngm angle.fi.which i.

is lager than the critical angle. 0==sin '(n,/na). the hg»t
cncrgy is trapped within lnyer 64, and the light propagatcs
therethrough in a predelermioed propagiition angle. &I FIG&S,

66-c. schematically ill us nate embodiments in wlfich material
14 luis three layers, 62. 64 and 66, v herc layer 64 is intcrpixscd o

between layer 62 and layer 66. In this embodiment. the refrac-
tive index of layers 62 and 64 is smaller than the rcfmctive
index of layer 64 As shown. light source 12 can be embedded
&n layer 64 (see FIG. 66) or it can be embedded in a manner
such that it extends over two layers (c.g., layers 62 and 64 see "

FIG. 6&).

'llie light may also propagate tluough &vaveguide material
14 when the impm ing an le is smaller than the critical angle.
ln which case one portion of the light &s enutted and the other
portion tlmrcol'continue to propagate. This is thc case when xo

material 14 comprisvs dielectnc or metallic matenals. where
the retlective coefficient depends on the impinging anJoe, 0.

The props ation angle. Cb is appmximatcly (z/2-0), in
radians a depends on the rauo between the indices ofretrac-
tion of the layers. Spccitically, when nx is much larger tlbanno "»

&1 Is large, u helens u bc&i thc ratio nc!Il& is close to„but above.
unity, &x &s small Accoirduxg to a prelerred embodiment of tile
prcscnt invention the thickncws of the layers of material 14

and Ilm indices ol'refracti&m are sale&sad such that the bght
propagates ux a predetermined propagation mxgle. A typical so

thickness of each layer is from about 10 pm ro about 3 mm,
more preferably from about 50 iun to about SOO iun, most
preferably from about 100 pm to about 200 mn. The overall
thickness ofmaterial 14 depends on the height of light source
12. I'or example. when light source 12 Is a LLID device of size s.

06 mm (including the I k D package). the height of material
14 is preferablyfrom about 0.65 mm to about O.g mm. When
lisght source 12 &s a bare die of size O.l nun, the height of
material 14 &s prefi:rably I'r&ml about 0 15 mm to about 0 2

nun. u

'Ilxe difference between the indices of refraction of the
layers is preferably selected in nccordauce uith the desired
propagation iuxgle of the light. Accord&n to a preferred
mnbod iment of tlm present im enti on, tlm indices of re frnct i on

are selected such ihat pmpagation angle is from nbout 2 1

degrees to about 15 degrees. For example. layer 64 may be
made o I'poly(cia-isoprene). having a refractive index o I'about

I 52, and layers 62 uxd 66 may be made of Poly(dunethyf
siloxmxe) having a refractive index of about 1.45, so tlxat

An=n,-n, 0 07 and nx/n, 0 953 corresponding lo a props- so

gat&on angle of about 19 degrees.
Tlm emission of tlm light from surface 16 of material 14

may be achieved &amore than one way. I)madly spealong. one
or more of the layers of waveguide matenal 14 preferably
comprises at least one additional component 71 (not shown. &

see FIGS. 7a-d) designed and configured so as to allow the
enussion of the light through the surface. I'ollowing are scv-

eral exmnples for thc implementation of component 71,
which are not intended to be hmituxg.

Referring to FIG. 7a, in one embodiment. component 71 is
implcmcnted as at least one impurity 70, present in second
layer 64 and capable of enutting light, so as to change the
propagation angle of the light. Impurity 70 may serve as a

scatterer, &&luch, as stated, cau scatter radiation ux more thmx

one direction. Wlien the light is scattered by impurity 70 &n

such a direction that the impinging angle, 0, u hich is below
the aforementioned cntical mxgle. 0,, no total uxternal refiec-
tlon occurs and the scattered light is emitted through surface
16 Accordmg to a prcferrcd embodiment of &hc present
uxvent&on the concentmst&on and distnbution of impurity 70 is
sclecmd such that the scattered light is emitted fronx a prcdc-
tennuicd region ol'surface 16 More specilicafly, in regions of
waveguide material 14 where larger portion of the propagated
light is lo be emitted lhrough the surface, tlm conccmration of
inxpunty 70 is preferably large, while ui regions u here a small
portion of the light is to be emittsed the concentration of
impurity 70 is pret'ernbly smaller

As will be appreciated by one ordinarily skilled in the art,
the energy trapped in waveguide material 14 decreases each
time a light ray is enutted tluough surface 16. On the other
hand, it is often desired to use material 14 to provide a uni-
form surface illumination. 'Ilms, as tlm overall amount of
cllcley dccfeascs with s'Icll cllllssloil. a uiu for&&I su&face Illil-

nunation can be achieved by gradually increasing the ratio
betu can the emitted liglu uxd the propugated 1ioht. Accordulg
to a preferred embo&hment of the present invention, the
increasing emitted/propagated ratio is aclucvcd by ml appro-
pnnte selection of the disuibution of impunty 70 ui lnyer 64.
More specifically, the concentration of impurity 70 Is prefer-
ably an ulcrcasing function of the optical distance which thc
pmpsgated hJxt tn&vels.

Optionally, impurity 71) ouiy comprise nny object that scat-
tcw light and which is &ncorporated into thc material, includ-
uxg but not limited to, beads. air bubbles. glass beads or other
cora&ale pa&ticics, nibber pa&ticlcs, silica particles and so
forth, my oi'v hich nlay opuonally bc fluorescent particles or
biological particles, such as, but not limited to, Lipids.

FI(i. 7/I further details the presently prefcrrcd embodiment
of the invention. In FIG. 7/I. Impunty 70 &s optionally and
preferably implemented as a plurality ofparticles 42, distrib-
uted in an increasing concentration so as to pmvide a light
gmdient. Particles 42 are preferably orga&xized so as to cause
light to be tmnsmitted u:ith substantially lowered losses
tlu ough ac at ten ng of the light. Particles 42 may optionally be
implemented as a plumlity of bubbles in a solid plastic por-
tion, such as a tube I'or example According to a prelhrred
embodiment of the present uxvention the si ze of particles 42 is
selected so as to selectively scatter a predetermined range of
wavelengths ol the hghb Mom specifically small pnrticles
scatter snu&ll wavelengths and large particles scatter both
small and large wavelengths

Paruc les 42 may also optionally act as Iillers. I'or example
for Iiltering out particular wavelengths of light. Preferably,
dilTcrent t)pes o I'particles 42 are uscst at difi'crcnt locatimxs in
u aveguide ma&coal 14 I'or ex unple. particles 42 u.hich are
specific to scattering of a particular spectrum may preferably
bc uss di within uaveguide material 14, at locations where
such particular &vavelength is to be emitted from v, aveguide
matcrinl 14 to provide illumination.

Accorduxg to a preferred embodiment of the present uiven-
tloll impurity 70 is capable of producing different optical
responses to different wnvclcngths of the light The diffi rance
opucal responses can be real ized as ddTerent emi as & on angles.
different emission wavelengtlw and the like. I'or example,
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different emission wavelaigths may be achieved by iniple-
mentmg impunty 70 as beads each having predeternuned
combination of color-components, e.g., a predetertnined
combination of tluorophorc molecules

When a fiuorophore molecule embedded ui a bead absorbs
light, electrons are boosted to a higher enerb)) shell of an
unstable excited state. Durtng the hfetime of excited state
(typically 1-10 nanoseconds) the tluorochrome molecule
undergoes conformational changes mid is akso subjcvt to a

niultitude ofpossible uttemactions with its ntolecular environ-
ment. Theenergyofexcitedstateispartiallydissipated,yield-
ing a relaxed singlet excited state I'roin uhich the excited
electmns fall back to their stable ground state. enuttuig light
of a specific wavelenvth. The emission spectnun is shit)ted
k)uards a longer wuvelength than Its nbsorption spectrum.
The difference in wavelaigth benveen the apex of the absorp-
tion and aniasion spectra of a fiuorochrome (also rcferrcd to
as the Stokes slufi). is typically snrall.

Titus, in tlfis embodiment, the wavelength (color) of the
omitted li bt is controlled by the typo(s) of fiuorophore mol-
ecules embedded in the beads. Other oblects having similar or
other light emission properties may be also be used. Repre-
sentative exunples include. without limitauon, lluoro-
chiomes, chromogenes, quantum dots, nanocrystals, llallo-
prisms. nanobarcodes, scattering metallic objcvts, resonance
li ht scatteruig oblects and solid prisms.

Referring to FIC). 7c, in another embodiment. component
71 is uup lament al as one or more diffractive op nail elements
72 formed with layer 64, for at least partially difiractuig the
liglu. Tints, the propagated light reaches optical elcmcnt 72
where a portion of the h ht energy is coupled out ofmaterial
14. Ivlule the renuiunt energy is redirected through un angle,
which causes it u) cmitinuc ia propagation thlollgh itiycr 64

Optical element 70 may be realized in mmiy ways. Including,
widiout limitation. Oon-smooth surfaces of layer 64, a mini-
pri am or grating li)rmedi on internal surliacm 65 and/or external
surface 67 of layer 64. Diffraction Ciratings are known to
allow both rixfircction and transmission of light The angle ot
redircvtmn is determined by an appropriate choice of thc
period of the diifmction grating often called "the gmting
function '* Furthcrtnorc, t 1m diffmcti on efficiency controls thc
ener y fraction that is tminsmitted at each strtke of livght on the
grating. Hence, the diffraction efficiency may be predeter-
mined so as to achicim an output hming prcdcfincxI light
intensities: in particular, the ditfmiction efficiency may vary
locally for providing substantially uniform light intensities.
Optical element 70 may also be selected such that the scat-
tered light has a predetermined v;avelength. 1)or example. in
Ihc embodunent in which optical element 70 is a diffraction
rating, the grating I unction may be selected to allo~ difirac-

tion of a predetertnined mnge of wavelengths.
Rcferrtng to FIG 74, in ui addiuonal embodiment, one or

more regions 74 of layer 62 and/or 66 may have different
indices uf rcl'rection so as to prevent the light fmm being
refiected I'rom mtemal surl'ace 65 of second layer 64. For
example, denoting the index of refraction of region 74 by n.„
a skilledi mtisan woukl apprcciatc that wlmn ns) ns, no total
urterual reliection can take place, because the critical angle,
0,, is only defined when the ratio n,/na docs not exceed the
value L)f I The advtilltagc of thu Lmbildimellt Is tll'it the
emission of the light tlu ough surface 16 is independent on the
wavelength of the light.

As stated. fiexible material 14 preferably comprtses poly-
meric material. The polymeric material may optionally com-

prise natural nibber, a syntlmtic rtibber or a combination
thereof. Hxamples of synthetic rubbers, particularly those
wluch are suitable for medical articles and devices, are taught

6

IO

"o

:)

6O

6

in II S. Fat No. 6329,444, hereby incorporated by rcl'erence
us if fully set Ii)rth herein with regard to such illustmstive,
non-limiting examples. The synthetic rubber in this patent is

prepared from c is-1,4-poly isoprene, although ofcourse other
synthetic rubbers could optionally be used. Natuml rubber
may optionally be obtained from Heveua bras//icasis or any
other suitable species.

Other exemplary nmtertals. which may optionally be used
alone or ui combination 111th cack other, or with onc or more
of the above rubber matertafs. utclude but are not lumted to„

crosslinked polymers such us: polyolefins, including but not
lnnitcd to, polyisoprenc, polybutadienc. cthylcnc-propylene
copolymers. chlortnated oleiins such as polychforoprene
(neoprene) block copolymerm including dibkick-, triblock-,
multiblock- or star-block-, such as: styrene-but aliene-stv-
rene copolymers. Or styrene-isoprene-styrene copolymers
(preferably with styrene content front about 1% to about
37%), seginentcd copolymers such as polyurethanes, poly-
ether-uretlmnes, segmentcxI polyether copolymers. silicone
polynicrw including copolyumrs, and fiuoriimtal polymers
and copolymers.

For example, optioimlly mid preferably, thc second layer
comprtses polyisoprene. v,bile the tirst layer optionally und
preferably comprises silicone. Ifa third layer is present. it also
optionally and preferably comprises silicone.

According to an optional embodiment of the present inven-
tion, the flexible material is formed by dip-molding in a

dipping malium Optionally, the dipping medium comprtses
a hydmcarbon solvent in wluch a rubbery material is dis-
solvcxt or dispersed Also optionally, the dipping medium
mav comprise one or more addi uves sela:ted from the roup
consisting of cure accelerators. sensitizers, activators, ennil-
sifying agents, cross-linkingagcnts,plasticizcra„mtioxidants
and reinlorcing agents.

It is expected tliat during the life of this patait many rel-
evant v avc guidmg tcvhniques will be deimlopcd and thc

scope of the term ivaveguide material is uitended to include
all such ncw technologies a priori.

It is appreciated tint certnui features of'hc uivauion,
wliich are, for clarity, described in the context of sepamste

cllibodiluL)rtm luay also be provided in conibination in a
sinJC embothment. Conversely. vartous features of the
invention, which are, for brevity, described in the context of a

single embodiment may also bc provided separemiy or in any
suitable subcombination.

Although the invention has been described in conjunction
u'Ith specific embodimetits thereoi: it Is evident that many
alternatives, modifications and variations will be apparent to
those skillal in the art. Acmordingly, it is intended to embrace
all such altertmtives. modifications and vartauons that fall
witlfin the spirit and broad scope of the appended claims. All
publications. patents uid patent npphcahons mentioned ui
tlus specification are herein Incorpomsted in their entirety by
rcli.rance into the spccificatioli, to tlte same extent as if each
individual publication. patent or patent apphcation was spe-
cifically and individually indicated to be incorporated herein
by ref).rcnce. In addition. citation or identilication ol'ny
reference in this application shall not be construed as;ut
admission that such reference is available as prior art to the
prCSCIlt illvLlltx)11.

What is claimed is:

I An illumination apparatus coniprising:
a substantially planar tiexible waveguide: and
at least one fioJtt source embedded u ithin the waveguide,
wlmrein the wavcguidc (i) has a planar top surface above

the at least one embedded light source, (ii) retuuis
therein substantially all light emitted by the at least one
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embedded light source, and (iii) cmiscs the light to
propagam and diffuse within the waveguide until the

light is caused to exit from an exit region of a surface
thereof

2 The illmnination apparatus ol'claim 1, wherein tlm exit
rey'on compnses a lateral end of the isaveguide.

3. The illununation appanitus of claim 1. ~herein the exit
rey'on comprises a portion of a top surf'ace o I'he waveguide
displaced from the at least one light source.

4. The illumination app aran& a ofclaim 1. wherein each said
at least one ffvjtt source is a bure die Li:D.

5 Tb&.'llumination apparatus ofclaim 1. wherein ench said
at least one light source is a packaged I,k;D.

6ylheilluminationapparatus ofclaim 1. wherein each soid

at least one fioat source is an org uuc LED,
7 An illumination apparatns comprising.
a subsmntially planar wavcguide: and

at least one light source embedded within the ii aveguide.
i&harem a refraction index of the iiave uide and a refrac-

tion uidex of the at least one hght source dilli:r by nbout
1.5 to about 1 t&, and the waveguidc (i) lms a planar top
surface above the at least otic embedded flvp&t source. (u)
retains therein substanually all hght emitted by the at
icnst onc embedded light source, and (iii) causes thc
l is ht to propagate and di tl'use w i thin the 1& avcgui de iuiti 1

the light is caused to exit t'rom an exit region of a su rife e

thereof,
0 The illuminauon apparatus ofclaim I, furtlier compris-

ing an electrical line, at fmsst a portion of which is embedded
within the am eguide, connecting the at least one light source
to an external power source.

9 Thc illumnmtion apparatus of claim 1, wherein the at

least one light source comprises an electrical contact extend-

ing outside the waveguide.
lb. The illununation apparauis of claim 9, v.herein the

electricnl contact is connected to a printed circuir hoard
11. The illuniination apparatus of claim 10, wlmrcin the

printed circuit board is in thermal contact with the at least one

light smirce, such tlult heat generamd by the at lmist one hght
source &hlring operation is c&mduc&kxf tluough the printed
circuit board.

12 Theilluminationapparauisofclnim I.ivlmrcin(i) theat
least one light source comprises at least two light sources,
each emitting light of a different wavelength, (ii) the light
fram the at leasi two light sources nnxes witlun the
was eguide, and (iii) fight exiting the exit region is substan-
tially wlute

13. The illumine uon apparatus ofclauu 1, iiirther co mprts-
ing. disposed in the ivnveguide, at least one photoluminescent
material 1'or convertuig a wnvelcngth of a portion of Ihc bgbt
enutted by the at least one light source.

14 Tlm illumination apparatus of claim 13, wherein
unconverted light from the at least one light source mixes with
light convertkxf by the at least one photoluminescent material
lo pro&hmc substantially white light.

15. An illumination apparatus compnsing:
a substantially planar waveguide;
at least &mc lighi source en&bkxfdhd within th&. w avcguidc.
wherein the waveguide (1) has a planar top surface above

the at least one en&bedded light suurkm, (ii) retains
therein substmitialfy all liest emitted by the at least one
embedded light source, and (iii) cmises the lfvgtt to
propagam and diffuse within thc wavcguidc until tbe
ffgt is caused to exit from an exit region of a surface
thereof; and

so

disposed over the exit rcvion of the waveguidc.. at lens& one
photoluminescent material for converting a wavelength
of a portioti of the light emitted by the at least one light
soume

16 The illumi&mtion apparatus of claim 15, whermn
unconvertkxf light from the at least one light source mixes with
light co&tverted by the at least one photoluminescent matertal
to produce substantially wlnte light.

17 An ilhunination appilrÃt&L& cofuprL&ing:
ln

a substantially planar waveguide,
at least one ffgtt source embedded within the waveguide,
whcreui tbc am cguide (i) has a planiu. h&p surf'ac&. above

the at least one embedded light source, (ii) retains
therein substantially all light emitted by the at least one
embedded light source. uid (irt) causes the light to

props atc and diffuse v ithin the waveguidc until the
figftt is caused to exit from an exit region of a surf'acc

thereof: and

o a plurahty of unpunties disposkxf within the ivaveguide
proximate the exit region

10. 11&e illumination apparatus of claim 17, lvherein a

concentration of the uupunties vanes along at least one
duuension of the wavegiude.

19 The illumination appamtus of'claim 17, ivhcrcin at l&:ast

a portion of tlm plurality of impurities mc tluoresccnt
20. An illumuiation apparatus comprising:
a substantuilly planar waveguide: and
at least one liptt source e&ubeddkxf within thc ivaveguule,

"o
wherein the waveguide (i) has a planar top surface above

the at least one embedded light source, (ii) retuuis
therein substantially all fixit enutted by the at least one
cmbcdded light source. (iii) causes the li ht h& propagate
and diffii se within the is avegu ide until the light is caused
to exit from an exit region of a surface thereof. and (iv)
comprtses a plurality of layers. and the at least one light
source is en&bedded at feast partially within a first layer
lmav ing n refractive index larger than a rcfracti&m index of
a second layer disposed above the hrst layer.

21 The illuminatiml apparatus of claun 20. further coni-

prising m optical element, d&sposkxf within thc,second layer„

for redirecting ot least a portion of the light mnitted by the ot

least one light source out of the first layer.
ss 22. The illumination apparatus of rlaim 21, v,herein the

optical clement rkxffrects liglu based on a ivtumlcngth of the

light.
23. The illumination apparatus of clara 21, wherein the

opt imil clan&eat rkedf&rccts light based on an mgfe of incidence
-'" of the fight

24. fhe illumination apparatus of claim 21, wherein the
opucal element redirects fixit based on a polarization of the
hgbt,

25 An illumination appnfatlls co&lip&ising
:&

a substantially planar waveguide: and
at least one light source embedded within the waveguide,
wherein the i&aveguide (i) has a planar top surf&ace above

Cie at least one embcddcd fight source, (ii) retains
therein substmltially all light emitted by the at least one
embedded flpv&t source. (&ii) causes the hght to propagate
and dilTusv within thc waveguidc until Ihc light is caused
to exit from an exit rcgimi el'a surface thereof. mid (iv)
comprises a material having a specifi heat capacity
sufficiently high enough to substantially prix ent lmating
of the v,aveguide durtng openltion of the at least one
ffvgt source
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26. An illumination apparatus comprising:
a substantially plaimr waveguide:
at least one ligvtt source embedded witlun the waveguide;

and

a thermal-isolatin micapsulatmn material disposed
around the at least one light source.

wherem the waveguide (i) has a planar top surface above
the at feast one embedded hght source. (u) retains
therein substantially all light emitted by thc at least onc
embedded light source, and (iii) cmises the light to
propagate and diffiise witldn the waveguide until the
liJvtt is caused to exit I'rom an exit region ol'a surface
thereof.

27. An illumination apparatus comprising:
a substantially planar waveguide:
at least one light source cnibeddcd it ithin thc wavcguide,

aflil

a structured film embedded v;ithin the w aveguide.
li lier'pill the w avegtdde (i) has a planar top surface abiive

the at least one embedded list source. (ii) retains
therein substantially all light emitted by the at least one
embedded light source, and (iii) causes the it@it to
propagate and diffuse within the waveguide until the
hyatt is cmised to exit from an exit region of a surface
thereof.

20. An i litt lrlillatliitl appare ttl 5 Ciitllpll sillg:
a substantially planar v aveguide: mid

at least one light source embedded witlnn the ivaveguide.
wherein the waivguidc (i) bas a planar top surliacc above

the at Iwist one embedded hght source. (u) retains
therein substantially all light emined by the at least one
cmbcdded light source, and (iii) causes thc light to

propagate and difhise witlun the waveguide until the
light is caused to exit from an exit region of a surface
thcreol: and light exiting, the exit region Iras a imil'enmity

of at least 70%.
29. A niethod of illumination, the nwthod comprising
providui a substantially planar wavcguidc having at lraist

one light source embedded therewithin; and

applying a pulsed electrical current to the at lwist one light
source. thereby causuig the at least one light source to
emit light

wherein thc cmittcd light propagates within the waveguidc
until the light is caused to exit from an exit region of a

surface therexif. and the waveguide (i) has a planar top
surface above the at least one embedded light source,
and (ii) retains therein substantially all light emitted by
the at lwist one embedded hght smuce

30. The method oi claim 29, ~herein each said at least one
light source is a bare die LL'D.

31 The method ofclaim 29, wherein mich snid at least oiw.

light source is a packaged LL'D.

32 Thc method ofclaim 29, wherein each snid at least imc

light source is all olgailm I,L'D.

33. The mennid of claim 29. wherein a temperature of the
wavcvuidc rcnuiins substnntiallv constmit during application
of the pulsed elec iricnl current to the at least one light source

34. The method of claim 29. wherein the at least one light
source comprises an electrical contact extending outside the
waveguide and connected to a printed circuit board, and at
least a portion of thc heat generatctl by the at least one light
source is conducted away from the waveguide by the prutted
circuit board.

35 A method of illumination, the nwthod comprising
providing a substantially planar waveguide having at least

one light source embedded therewithin; and

applying a pulsed electrical current to the at least one light
source. tlmreby causing tlm at least onc light smuce to
emit lighk

whcrcui (i) thc emitted light propa ates within thc
wnveguidc until the light is caused to exit fmm an exit
region ol'a surface thereof, uid (ii) a thermal-isolatmg
encapsulation matcrinl is disposed around tlm at least
one light source.

36 The nwthod ofclaini 35, whcrcin ench said nt least one
bght source is a bare die I FD

i(1
37 I'he method ofclaim 35. wlmrein each said at least one

light source is a packagi.d I.I:,D
30 Thc nwthod ol'claini 35. wlmrein each said at least (ilm

hght source is an organw. I I',D.

39 Tho method ofclaini 35, w:horein a tempcmture of the
" v, svcguidc rwnains substantmlly constant during applicatmn

o!'tlm pulsed electrical current to the at least one light source.
40 The methoil o I'claini 35, wherein the wavegmde (i) luis

a plmiar top surface above tlm at )cast onc cmbcdded light
smirce, and (ii) retains therein substantially all bght emitted

a by thc at least onc cmbeddcd light source
41 The method ol'claim 35. wherein the at least one light

source comprises an electrical contact extending outside the
wavcguide and connected to a printed mrcuit birard, and nt

least a portion of thc lmat mmratcd by tlm ai least onc liglli
„- source is conducted away from the sieve uide by the punted

circuit birard
42 The illuminauon npparatus of clauu 15, ~herein the

exit region comprises a laieral end of the wai cguidc
43. The illmninauon apparatus of clauu 15, v herein the

exit region comprises a ponion of a top surliacc of the
"(1

wave uide displaced from the at least mte light source
44 The illumination apparatus of claim 15. wherein each

said at least one light source is a bare die LTD.
45 The illumiiuuion appwatiw iil clailii 15. wherein each

said at least one hght source is a packaged I.I.D.
46 Tbi: illumination apparatus o I'claim 15. wherein each

s ud at least one hght source is an organic LED.
47 Thc illumination apparatus ol'claiin 15. I'urtlmr com-

pnsnig a plurabty ol'mpunties disposed witlun the
wavcguidc proximate thc exit region

an 40. The illumination apparatus of claim 47, wherein a

concentration of the impurities varies along at least mw.

dunension of the waveguide.
49. The ilhunination appnratus of claim 15, wherein the

waveguide is flcxiblc
50. The ilhunination appamstus of claun 15, v;herein the

waveguide comprises a plurality of layers. mid the at least one
light source is embedded at least partially v itlun a first layer
having a refractive index larger than a refractive index iif ai

second layer disposed above tire first layer
u 51 The illumination apparatus of claim 50. Iurther com-

prising an optical element, disposed w ithin the second layer,
for rcxiirecting nt least a portion of die hght emitted by the nt

least one light source out of the first layer.
52 Tlm illumination apparatus of clnim 51, wherein tlm

s optical element rexiirects light based on a ivavelength of the
light.

53 Thi: illuminatiwi apparauis of claim 51, wlmrcin the
optiwil elenient rcxlirects light based on an. utgle o I'incidence
of tlm light.

ai 54 Thi: illumination apparatus of clauu 51, whcrcin the
optical element redirects light based on a polarization of the
light

55. The illwmnation appamstus of claim 15, vsheretn the
waveguide comprises a matenal having a specific heat capac-
ity sufliciently high enough to substantially present lmating
of the waveguide during operation of the at least one light
source.
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56. Thc illumination apparntus of clnim 15. furtlmr com-

prising a thermal-isolating wicapsulatinn material disposed
around the at feast one hght source.

57. The illum&nauon apparatus of claim 15. I'urtber com-
prising n structured film embedded svithin the u aveguide.

58 Tlm illumination apparatus of claim 28, wfmrcin tbe
exit region compnses n later)1 end of the waveguide.

59. 1he illumination apparan&s of claim 28. wherein the
exit region comprises a portion ol' top surface ol'he
was eguide displaced from the at least one if+st source.

60. The illumination apparatus of claim 28. )vherein each
said at least one light source Is a bare die I,IID

61. Tlie Illuminanon apparatus of claim 28. wherem each
said nt least one light source is a packaged I,IID

62. The Illumuiation apparatus of claim 28, «herein each Is

said at least one light source Is an organic Lk.'D.

63. The illumination apparatus ol'lain& 28, «herein a

refracnon Index of the wave uide and a refraction Index of the
at least one light source ditfi:r by about 1.5 to about I 6.

64. The illumination apparatus of claim 28, further corn- so

prising tm e lect rica I fine. at least a portion ofu hie h is cn&bcxl-

ded witlfin the waveguide. connecting the at least one light
sourco to an cxtcrnal power source

65. The illuminatinn apparatus ofclaim 28, ivherein the at
least onc light somce con&prises an clcctrical contact extend-
ing outside the wnveguide.

66 11&a illun&ination apparatus of claim 65, whcrcin the
electrical contact is connected to a printed circuit board.

67 Thc illwnina&iw& apparatus of claim 66. u fwrein the
printisf circuit board is in thermal contact with the at lenst one „,"o
light source, such that heat gencratcd by the nt lwist one light
source during operation is conducted through thc printed
circuit biwrd

68. Tlm illumination apparatus of clnim 28, «herein (i) the
at least one light source nmiprises at lais& two light sourccsa
each emitting light of a difti:rent envclcngth, (ii) the light
I'rom Ihe nt least &eo light sources mixes within the
waveguidc, and (iii) hght exiting tlm exit rccion is substan-
tially «hite

69 The illumination apparatus of claim 28. further com-
prisin, disposcdl in the uaveguidc. at lwist onc photolum&- do

nwcent material for converting n wavelencth of n piution of
0)c light emitted by tlm at least one light source

70 Thc ilhimination apparatus of claim 69, wherein
uncontwrtcdl ligh& from the at lads t one hght siiurcc mixes with
light converuxl by the at la&st one photoluminesccnt material
to produce substantially white lighL

71 The illun&ination apparatus of claim 28. further com-
prisin, disposed over the exit region of'he waveguide, at
least out'. photolumincscent nmterial Ior converting a wave-
length of'a poruwi o I'the light emitted by theat least one hght

(I
s(i&lice

72 The illuminauon apparntus of clain& 71, «herein
unctu&vcrtcd light from theat lcnst one light source mixes with
light convertesf by the nt least onc photolumincscent material
to produce substantially white lighL

73. Thc ilhunu&auw& apparatus of clnim 28. further com- "
prisin a plurality of impurities disposvd tiithin thc
wave uide proximate the exit region

74 Thc ilhunina&hu1 dppafiit&LS t)f claim 73, wherein n

concenuati(m of the uupurtties varies along, a& Icas! o&m

duucnsmnol'theuaveguidc 01

75. Thc &

if(urn&at «1n

&Ippd1'abls of cia& a'I 73, «hei'In& Bt le&&st

a portion ol'the plurality ol'unpurttics arc Iluoresccm
76. The &Iluminat&on apparatus of claun 28. «herein the

eaveguide is Ilexible.

77. I'he illumi&wtion npparatus of claim 28, wherein the
waveguide comprises a plurality of layers. and the at least one
hght source is cmbcddcd at least pmtially u itin n a lirst layer
having a rcfractivc index larder than n rcl'ractivc index of a
second layer disposed above the first layer.

78 Thc illumination appartitus of clmm 77. furtlmr com-
prising an optical elemwit, disposed within thc second layer,
for red&rectut at least a portion of the hght emitted by the at
least onc light source out ol'the fir."t layer.

79 I'he illumination npparatus of claim 78, ivherein the
optiwil elcinent resfirevts hght based on a ivaimlcngth of the
light

80 Thi: &IIUOIul&it&on appaldt&LS of clam& 78, «herein the
optical element redirects light basvd on an wig lc uf incidcncc
ofthe light

81 Tlm illuniination apparatus of claim 78, «herein thc
opt&ad element redirects 8 bt based on a polariration of'the
light

82 The &lluniinat&on apparauis of clauu 28, i)herein the
u Bvcgufdc comprises n material having a sp& cific heat capac-
ity sulliciently high enough to substantially prevent baiting
of thc 'eave inde dulll&g tipt:I'dt&(lu tll &ht.'t icas& ouc hght
St)iii'LC.

83 Thc &lluminat&on apparatus of clain& 28. f'urther com-
prisu&g a thernral-isolatu&g enwipsulat&on matertnl disposed
Brt)laid tf&c dt It.'dst ouc light source.

84 The illumuiat&on apparatus of claun 28. further com-
prising a structurcsf film embedded within thc eavcguide

85 The dluminatmn apparatus of cl nn& I comprisuig a
plurality of impurities disposed within the u ai eguide proxi-
mate the exit region.

86 The dluminat&on apparauis of claim 85, wfwrein a
concentration of the unpurtt&es vartes ahmg at leas1 one
dimension of the tvaveguidc

87 The &llumuiat&on apparatus of claim 15. f'urther com-
prising an electrical line. at lwist a portion of'which is embed-
ded ertfun the uaveguide. corn&ecting the at least one hght
s(mrce to an extcmal pou er source.

88. The &Ilumination apparauis of claim 15, wherem the at
least o&m light source comprises an electrical contact extend-
Ing outside the v,aveguide.

89 Tlm illunii&xit&on npparatus of clnuu 88, i(herein tbe
electncal contact Is connectwf to a pruited circuit board.

90 The Illuniinat&on apparauis of clauu 89, i)herein the
prtnted circuit board Is in thermal contact with the at least one
light source, such tluit heat generated by the at least one light
source durtng operation Is conducted through the pnnted
circuit board.

9l. The illumination apparatus ofclaim 15, eherein (&) the
at least one light source compnses at least two light sources,
each emitung light of a different wavelength, (u) the hght
fbom the at least nvo hght sources mixes uitlun the
uave uide, and (Iii) hgvht exitin the exit re@on Is substan-
tially wlute.

92. The Illumination apparatus of claim 15. further com-
prising. disposed in the « avegnide. at least one photolumi-
nescent matertal for convertu&g a eavelen th of a portion of
the light emitted by the at least one live&& source.

93. The method of claim 29. u herein the eavegu&de com-
prises a matenal lmvuig a specific heat capacity sufficiently
h&ghenou htosubstantiallypreventheatingofthessave u&de

during operation of the at least one lisgt source.
94. The method of clmm 35, svherein the unveguide com-

prises a matenal having a specific heat capacity sufficiently
high enough to substantially prevent heating ofthe v avegu&de

during operation of the at least one light source.
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