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BACKGROUND

Many electronic devices use backlights to provide illumination for displays and
other components. Backlights commonly use a lightguide that transmits light from a light
source along an extent of the backlight. It is desirable for the backlight to provide
substantially uniform brightness in the viewing areas with few observable defects. To
soften or mask non-uniformities in brightness and other defects, a light scattering element,
such as a diffuser, may be used. However, such scattering elements typically direct light
away from a preferred viewing axis and require higher power output to achieve the same
level of brightness.

The efficient use of light to illuminate keypads and displays is particularly
important in battery powered portable devices because illumination of the device
consumes a relatively large percentage of the device power budget. Light extractors have
been used to extract light from lightguides and to enhance the uniformity of the lightguide
brightness.

There is a need for lightguides that can enhance illumination, reduce observable
defects, and/or reduce power requirements of a variety of devices. The present invention

fulfills these and other needs, and offers other advantages over the prior art.

SUMMARY
Embodiments of the invention are directed to lightguides, backlights and devices
incorporating lightguides, and processes for making lightguides. One embodiment of the
invention is directed to a lightguide having light extractors arranged in a pattern on a
surface of the lightguide. The pattern of light extractors is configured to enhance

uniformity of light output across a surface of the lightguide and to decrease observable
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second r g@ttemmson alhieface ghthe lightguide. The light extractors are configured to enhance
uniformity in light output of the lightguide in the first and second regions. The light
extractors have greater areal density and lower light extraction efficiency in the first region
than the second region.

A further embodiment is directed to a process for making a lightguide. The

process involves forming a lightguide master by providing a photoreactive composition.
The photoreactive composition includes at least one reactive species that is capable of
undergoing an acid- or radical-initiated chemical reaction, and at least one multiphoton
photoinitiator system. At least a portion of the composition is imagewise exposed to light
sufficient to cause simultaneous absorption of at least two photons, thereby inducing at
least one acid- or radical-initiated chemical reaction where said composition is exposed to
the light, said imagewise exposing being carried out in a pattern that is effective to define
at least the surface of a pattern of light extraction structures, each light extraction structure
having at least one shape factor, and the pattern of light extraction structures having a
distribution that is uniform or non-uniform. The lightguide master is used to form a
lightguide. At least one first region of the lightguide is configured to be located relatively
nearer a light source and at least one second region of the lightguide is configured to be
located relatively farther from the light source. The light extractors are arranged on a

surface of the lightguide in a pattern that is configured to enhance uniformity in light
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embodiments of the invention;

Figure 2G is a scanning electron micrograph of a light extractor array on a
lightguide in accordance with an embodiment of the invention.

Figures 3A and 3B illustrate shape features that may be used to control the
efficiency of light extraction in accordance with embodiments of the invention;

Figure 4A is a top view of a lightguide having a pattern of light extractors with
substantially uniform spacing across the surface of the lightguide in accordance with an
embodiment of the invention;

Figure 4B illustrates a lightguide configuration having a pattern of light extractors
that generally have decreasing areal density and increasing extraction efficiency across the
lightguide surface in accordance with an embodiment of the invention;

Figure 4C illustrates yet another lightguide configuration having a pattern of light
extractors with decreasing areal density and increasing extraction efficiency as a function
of illumination across the surface of the lightguide in accordance with an embodiment of

the invention;
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While the invention is amenable to various modifications and alternative forms,
specifics thereof have been shown by way of example in the drawings and will be
described in detail. It is to be understood, however, that the intention is not to limit the
invention to the particular embodiments described. On the contrary, the intention is to
cover all modifications, equivalents, and alternatives falling within the scope of the

invention as defined by the appended claims.

DETAILED DESCRIPTION

In the following description of the illustrated embodiments, references are made to
the accompanying drawings forming a part hereof, and in which are shown by way of
illustration, various embodiments by which the invention may be practiced. It is to be
understood that other embodiments may be utilized, and structural and functional changes
may be made without departing from the scope of the present invention.

Lightguides are frequently used in backlights that illuminate displays, such as
liquid crystal displays (LCDs). In display applications, it is usually desirable to maintain a
uniform light output from the lightguide over the continuous display surface. Lightguides
may also be used to illuminate keypads, such as the keypad of a cellphone or other
portable device. In keypad applications, it is desirable for the light output to occur
primarily in the regions below the keys because light output from other areas is wasted or
provides less efficient illumination of the keypad. It is also desirable that the illumination
of the keypad be uniform from key to key (no key visibly brighter than another) and

within each key region.
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propagates away from the source toward a far edge of the lightguide.
Light extraction structures extract light from the lightguide and can be configured
to enhance uniformity in light output across the surface of the lightguide. Without some
process of controlling light extraction from the lightguide, regions of the lightguide nearer
to the light source appear brighter than regions farther from the light source. Light
extraction features are arranged to provide less light extraction nearer the light source and
to provide more light extraction farther from the light source. In implementations that use
discrete light extraction features, the light extractor pattern may be non-uniform with
respect to areal density, where areal density may be determined by the number of
extractors within a unit area or the size of extractors within a unit area.
Light scattering near the light source is minimal and increases as light propagates
down the lightguide. The use of smaller extractors and/or a less dense pattern of
extractors nearer to the light source in the regions of minimal scattering can result in
observable defects in the backlight. These defects arise when the areal density of light
extractors is low and the viewer is able to resolve and detect the individual extractors. A
diffuser may be used to provide additional scattering that masks these observable defects,
however, the use of a diffuser is undesirable because of the associated decrease in
efficiency. In battery powered devices, the efficiency of the backlight is particularly
important.
In lightguides in accordance with embodiments of the invention, the areal density
of the light extractors may be constant across the lightguide, may decrease along the
direction of propagation of the light from the light source, and/or may decrease in regions

of higher illumination such as nearer the light source or within an intersecting cone of light

propagating from multiple sources. These configurations are possible because variation in
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propagation, such as regions 131, 132, 139, and 140, will suffer from decreased light
output even though these regions are relatively close to the light source 110. It is
beneficial to use controlled efficiency for light extraction across the output surface 150 of
the lightguide 120 to compensate for variable light input, thereby enhancing uniformity of

light output across the output surface 150.
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B 161, 162 .is.coupled into the_lightguide 120 at the recejving edge 121 of
the i ghtliflys wislgn the %‘HEC%‘thﬁétOfP%’ﬁgart‘é?ﬁﬁ%%lil@lh SiES L0 bRT I one 163

of 1ight QrapARYALHER sﬁﬂfég{olﬂel 74@ith RULRHA tﬁe{j s%@%ldzdgdaﬂfe Bod Be: R ;ﬂ{BE-'t?r:é‘fSco%es econd

cone 164 of light propagation. The |ightguide of Figure al so

i |1 ustratlés; subgémors 1 1BWhith 3s withinheth caies ¢63.dé4partdoubregionf BdeviiBldist hat nay
be arranged.rel ati to a keypad to jllumnate the keys. of the keypad. In
sore. enbatisreh of Mo GiF TR Tk o UeRh bt R isitb < oneor nor e
of the | afsicd8larrahfed WaM cBSstHt aRAL &chsAY walldBRE podicé tnif&aPESit obi§ut he

recei ving edge 121 of the lightguide 120 to better distribute the |ight and
achi eve e thisrdeaymdueltokhd veriatien in laght dganudeo the garious subregfong jlghtl 7éxitriact or s
of the same extraction efficiency are arranged in a pattern with constant
areal density on the surface, then the light output of the |ightguide 120
within a region, e.g., region 135, that is closest to at | east one of the

| anps 161, 162 and within the intersection 165 of the first and second
cones 163, 164 woul d be expected to havk highest Iight output. Light out put
in regions that are positioned farther fromthe | anps, such as regions 134,
138, and 143, or in regions that fall partially or fully outside the
intersection 165 of the first and second cones 163, 164, such as regions
131, 132, 139, and 140, would be expected to have a | ower |ight output.
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The light output may also vary within a region, as illustrated by the close
up view of region 132 in Figure 1C. Figure 1Cillustrates that region 132
may be diwode@/i3zt16 subregi ons 171-174 accordi ng to thePCirgistoosopioisto t he
subregions which is propagated fromthe |ight source 160 to region 132. The
subregions 171-174 include subregion 172 which is within the first cone 163
of propagation fromthe |ight source 160, but not the second cone 164;

subr egi orflesirablod rravids contidiicd lighecdwebemitocmhancegwifgym light outpret ffam st cone

163; subregi i S, Wt t . » and subregion 171
which is r%%to %s??%%vz%%k]gﬁhkﬁté%%%%@a%iSglﬁl%g’gsﬁlég ;I%%?O%%Z{f Li ght extractors
havi ng t he sanegkithides Bndyg hghtargadomiii hccvedant anith @andadihemsd dfithswoul d not
produce uniformlight output fromthis region due to the variation in |ight
i nput  t o PHAUPRMAYRS UsebiejPBide e&bap-cqcium?qr{nﬂi‘/so%aew%lﬂ|aérqs%thﬁrsarfﬁ%feof
controll ] : (Welant i RN j ons
navi ng. unc e g B PR A FRIBAET HENERETL SbcB o LHATE AR

Li ght gui desht betvacigs Hesghbedexdreiaabayrtse formet conglanodti-phéthn ehiwotihoerpbicof t he

i nvention may be. used ta ovi de enhance niformpity of light o t across
oot T eats OFict SF Pt Rog End it Reses e Boe i b copfrapud gt 1P
|i ght gui %ovi%ﬁ&l%ﬁpliéﬁ% § @17 669, %léohﬁl.a ilg,hZOO%X&/hféﬁtiﬁn@o@%ﬁa%d l%ﬁ,d herein

may be formed using a nulti-photon photolithographic process which is
descri bedefsedngy and as described nore fiffly in coomonly owned U.S.

Pr ovi si onal | i.cation /N 60, 747,609, filed 18, . 2006, which is

i ncorporated b erlhg%g%tﬁacc d.rs glescnbe(#%ééelfli%ar%bee@frp%@%oar‘édr]c? s %lzfaeéd herei n may
be for medycometicwhbp@t IndfurBicd poiil@eRORIdIngs forRapaple, BotH pedtiddageanar of i | es,

i ncluding, for exanple, both protruding and recessed structures. The |ight
ext r act or'scayesy Wactuggspddredight erdractpay may pefrrmed e thag yatatipndn ghigpd opact or

h . o ‘ I . Cracti e ¢
the || ant e peBPaneh agheipn ARPoF i S0y Rl 1 fkLEF LIBREY b REPDSY ©
princi pl dighxestragfort eight bf aetertradtooimtidieciglentong thd plilgplexkikactinr base to

the center of the extractor top. Tilt angle is the angle between th
pri nci pal SxXgRter Ham t?%@%%{sOé the extractOEL@wttO&&qeaEfe @eieﬁt%%tpaaﬁ@éa ?? h

embodi meng ﬁleqafngfe%t\iv&\ﬁqtaéhﬁﬁbi Yixflang iidgssame base footprint on a
| i ght gui de but "have varying amounts of extraction efficiency dependi ng on

t he shape f actlaplt exWactgrsng atdvedsica pethfcadiodirserttooLthnimehtief mag hevctheof | i ght
extraction allo i ght extractor tterns that provi de enhanced uniformty
of 1ot auepue Bkt hed Sh g P Riveriarring Bgputs SLr REST FORIgEY de, and

al so pr OVdeﬁ&lcﬁﬁ@&mﬂ@ghﬂ%fa&brshmﬂwﬂ tﬁd“sh‘é@éh FRIEs 10 @RtrgLi e capPodigRNt S t hat

provi de enhanced uniformty and/or defect hiding, the areal density of the
| i ght extexteettmsaliosvsdightexteactos patirns thiehpresidefenhancedonidermitpdightoutbave a
fill faCtoorelr J sfit auet 1r2810 in PeidlRiof ¢ erl(lefh?r\?l\‘gel ¥ g‘lsf | {rol i(ieaec Mee fde e%PUt 33%
Bel ow t hi% ChiTSiSHITATC GriifHin Kegius of i TRRTAING ad §lsp proyideoiihanged dSfREt ~and

observe tiiging Nth Virfbualighiefite ceiodREdn@y that pHoViEB chifandbdl@s fdraity@nd/or defect! N
| i ght gui des, I n_accordance w th enbodi nents of the invention, the areal

density ragdingehe areat dansitnet bs ightrtiarigtigabens, » rtaayind@akiah &stor) wish t he

di rection,Qf o é)ﬁffg@cltéroﬂiag %ﬁjﬁie/i),:oir aife Inre?&hﬁlg,gahhﬁ 9&&0&?&58&’33%%@%\)&1@3/

decrease I n regions o um nation s as nearer the sour ce
or W t hi nthaminimhiel 8k 4dctorgthe oievad imdyi lghebl ptoopsvdat dndrobkeroentheLihdivipluel ghtr ces.
These configurations arc p.OSﬁi bl e because variation in one or nore shape

factors OFURHES WaIhiiyuRdesEsitactors is used to control the Iight

extraction ef fI-th-gﬁfé%Ydes in accordance with embodiments of the invention, the areal density
may be constant across the lightguide, or may decrease along the direction of propagation
of the light from the light source, and/or may decrease in regions of higher illumination
such as nearer the light source or within an intersecting cone of light propagation from
multiple sources. These configurations are possible because variation in one or more

shape factors of the individual extractors is used to control the light extraction efficiency
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of the extractors. As discussed above, extractor patterns in |ightguide
designs are constrained by the mninumfill factor required to preclude the
vi ewer s' Wwbi2bowos2416 resol ve and observe i ndividual extraCrarsg0os/Hnmis

| i ght gui de enbodi nrents descri bed herein allow for higher extractor areal
densities in regions close to the |ight source or in high illum nation
areas to enhance defect hidin These configurations are possi bl e because a
shape faciéhe dragiont. r/ds flisenssest ahosvi cairagierpaiiessdn dighieaticsiesiens #r6i ency i n
these ar e; ' Q f re
shape 1 aceayEediane ol SNTEH Ao A ARV M AR R
above t hentiobkerugringistidad totractark | Thakiglapuide embodiencaasdebstitad hicrsirabiley for

Li ght extr ion structures fabricated usi the nmulti-photaon process
advant ag éts@sr FXEIAHEN OB N AR OSE O erélaht S CeKtip élt&hdﬂgntreﬂse

i ncrease t a t ons
near ot TR BB B e RO Ao ETLM R i felep

out put arudntrekih;bfoipwwidé d@in@ﬂed/azbtaetodeffe:admymemeset dread. i Bphtorslixmpethe The
rrultr-phot?caigro ess allo t extractors h con rolled eftlfhrciency
through V& e e oReREMOTE S TS OAnatafﬁw de mast er

may be f%rxrrﬁetoyaleatmehttﬁest YWRVR ttetrﬁﬁllrﬁﬁa%aﬁﬁctbaﬂn m&t@frar@ﬁro@é/ea@,ﬂ l'i ght
extractor structures which nay be protruding or recessed structures of

hei ght s (a_@hledé:ﬂ@hs in the case of recessed structur es) in the range of

about 5 mcro bgtutnsi My ;fr]gr Gla it ﬁbt Ht 200 m crons, or
about 75 to a 'R %ﬁ%él CSaRd/ Fe rﬁf Y 918 PENEREFEr maxi mum wi dt hs
in the radagalt@geoaﬂwtlo& the sle@nientiey GaetighQRtateFab be irdbedtd Srcimirabout 300
m crons, or about 100 to about 300 mcrons. A w de raée of fill factors

(up to 100nHaRtcaadEpoyRic Bunimum étléacwtﬂerregramn%‘@t thed bwrceftp IProvigeet or s of
bout 1
abou Eo%?}l%%tgltaacs ‘ezrflﬁﬁfatt{glté?@h oﬁﬁﬁt arllcf’fe of\%bEe% Qaef‘eét Ltg%ﬁgpt

per cent ors are ove ab

precl ude seueer observation of the i ndi vi duaI ext ract ors. A rmnol ithic
|'i ghtgui de bearing the |ight extractor pattern of the may be
fabricated frobRetRutisRhgfquyprocess aﬁows lightjeytpgtom adth Wnﬁpgtarf%fg C@szﬂﬂrmtglre

i ght eXtJaﬁ%&{ SF dn n?réé‘tﬁr%%éjt%%eco‘ﬁ@thﬁtéﬁa% ﬁgﬁtéﬁfa@%sfé? Ma$ B rl@MRing th

asymmetrical or sy al  geonetric configurations, such as cones ?Fr gure
24 or aspher@®tqnpirgessehEhg an achyuoli lght psirabolsiroct(fés gurieh @€Y boprdigpdargbol i ¢

structures, tru ted co Fi gure 2B) or trupcated a e Fi gure 2F),
el udh ng T RACRH i 26 Orieh’ (P SorE T Bh Ry BerDel eRaErst tiesdiEeang
conbi nat i gmsodtehReéns kb HB&QB@Q nfieMdhs, %6@&50%%8&%0%%&@ dassut2bdoand a
truncation that can forma planar top surface 220 as illustrated in Figure

2B. The cbnfi Hdrmaicramsandzor maxinompeesthy rmvoréxmtlel wislthsoh thavgngeefrent s of

mul tiple srn snI oShiucture stacke tlon of an
Raphere. e Bisidn o SOR DOT G YGHESES Bhut B ASRSEG RIDLAR) °Fe

arranged #bBu@E300ahicedhsas\ wtdeuaﬁgeadfenl taytomep 36 A0Mp&iger?) BAY boachitwdogoaph of
Figure 2Ctlnany applications, fill factors of about 1 percent to about 100 percent, or about 5 percent
to about 75 percent can be useful. Preferably, fill factors are above about 28 % to preclude
viewer observation of the individual extractors. A monolithic lightguide bearing the light
extractor pattern of the master may be fabricated from the master.
As illustrated in Figures 2A-2F, the light extractors in accordance with various
embodiments may have asymmetrical or symmetrical geometric configurations, such as
cones (Figure 2A), or aspheres (Figure 2E), including parabolic (Figure 2C) or hyperbolic
structures, truncated cones (Figure 2B) or truncated aspheres (Figure 2F), including

truncated parabolic (Figure 2D) or hyperbolic structures, and combinations thereof.

Truncated configurations have both a base 210 and a truncation that can form a planar top
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As illustrated in Figure 3A, geonetric configurations of the |ight
extractors may conprise such elenents as a base 310, one or nore faces 330,
for exanpwe,2oedasesiBorm a si dewal k and a top 320, whi ch may/useooa/opioasar
surface formed by truncation, or may be a point, for exanple. The el enents
of the light extractors may take on essentially any shape. For exanpl e,
bases, faces, and tops can be circular, elliptical, polygonal (regular or

i rregul arspriagnP O 4sallpsbratadiip Aiguse dBwdihe sorfzgiriseons san be eapplee fopgxampler t i cal
Cross sectiQn . e ' - b [ lic,

hyper bol i?ﬁ’lrﬂ?lﬁég%?&él?s %@@ﬂ%ﬁ%&?ﬁ%ﬁﬁ%%@?&S@?‘@%}%@gﬁﬁ% CgQ‘gi de wall is
not per pesodibénitian of an hiphekeasd adfont bea piraudd U rldghtreatracamnlagy siidpe nsdydewal | s
may have vertical tangent anglgi at the base of about 10 Qegrees t o about
80 degr ecdrangad B agariay ap ylugirateq Sy de scepping plgpronmiragenh of Hgwe 20-pri nci pl e
axi s 340 connegti : I AOf : : C top
320. The 1111 aney ey Crrb IrRORIRIAR IR RRE Rt bIE 7C (e
angl e betosemnist hechprlémaitphsen base S 1 B4Gcan dhard &acbadd), Bdkxampke, that formrgl e 350

may be up.to about 80 rees dependi,ng upan the desired bright ness and
T 5% of NiAco St & AIEOLRER s R Br SRR G STRY Ehibebon SIS IR e of
the extr HolfR! for @Qarﬁplle.i _Q‘Hé O RBtsD 'fﬁeal?ffht @ﬁﬁ‘ac‘?&_s ﬂ%%! the d@ésb&fﬂiall? aﬁ;fr)%}{ab@.'

g e

brightness and uniformty. For exanple, the |ight extractors can

ar r anged Hom eaampplict ases, $acs.lvad terisese bs kapdat, adiptead, pilygdmel (regiHar aext r act or s
vary accordi to the distance of the extractor,fromthe |ight source, or
necor di ngre e e HERESHE Ry il bR EHR L TRyt e g e

source. TheN pédpaiidionlanb thdBass NAREs E@ﬁb@lﬁ@ hiyptbbiee, lined, 610 gindisiigna desi red
unifornitg in light output across the entire surface of the |ightguide or

wi t hi n spberef Prefsgbbnthic stdetvredl is nghpegpendécularfie thedhapephihe strugtegist Fekt r act or s
may be re . I ity or
oy have Sang: B st ANARE G ity R PR e Rn AR L It R OB FRerSRE' 1Y o)
exanpl e. about 80 ddggses € AdArivdoalst dipcusseiwvtieflight btteotaguhde Adrthchay bxig340 pat t ern
405 of light extractors with substantially uniform.spacing acrQqs e
surface 4PINGHIngfke qqn@ﬁ@ﬁ”@h@@@%tﬂ tot %qutf‘gm_tflﬂ@xtpp éé@-oifge Hg@@glgf)i}é@ Pgﬂﬁ ally
the same &idQoRAfskACY BY Fighi AR iDL aRgBLMILE RNARRINIGLOB40 THY e
configuration represents a light extractor pattern that has constant areal
density deso3H).tHe tdtuadiged5®may be up itghbauiBAdeputs ¢mpondinig spamthf desiietly  of

| i ght output despit he closer proximty of sonme regions of the
Iightguidﬁu%gm?%guwﬁﬁipfgﬁﬁ?ce. The |ight extractor pattern 405 provides

constant ar ealTidangpd fcRid cigNHeRAB Aot A8, lo® hetixbiasloRNiYa BEhthlige | | ght
extractors as a function of distance fromthe |ight source 490. The

ext ract i ourfe¢d ingy beopy b veried 10 aphtroklvighgease prd wrilorolyr Eas examnléy the light

P11 um nateix A tO}‘S ctaQ ee%(rgrrlae tior pBReSrinti nattgﬁl sé Qr?a | if %r So?’[”eqle h?'%gtfactors The

| i ght extFactors e ﬁlgd% AAPErE" A0 cat ed €5 ar %at 1 east* oive shape
factor, sueha@drdii @hhe @istanté bf ABGk@actaMkdih tiOtht b cd, e ook diag td 1o
efficiency of the light extractors, varies with distance fromthe |ight
sour ce 4gbupmatipp ghthgxiresionpositipa by thatigkisapice. e spdivaolthieshapd fornmity of

the |ight T ' - %ghﬁ - r 11ght source
490 are Ifgés)[tshtse %}1 1t():el en ’toa l%g%ér %@%Sllr%hﬂ g t{yfslgl f:)h%ﬂ% ﬁle@tﬂlﬁt?‘g%&tsgttjl%gutténan t he

| i ght extsugfatosfthd 4ghthaikit bestthfor petifioecdioghif tholigltguid@0Thd patteuagbf idhe
control of light extractor efficiency via the shape f%ctor, hre.various

| i ght gui FSTRERTSITBH 2 Fe8her ereerdepethdiagyehaye aanersily FBIOMhEHHAPIP y of

l'i ght OUtrﬂ%ﬁ hdvR al iopSuri AR a?é%@Hénsﬁ%'tﬂaQ%creases with T¢mina 868, 94 Q{%ﬂﬁ)@é’f Iguration
of Figure 4B illustrates a patterh 455 of |ight extractors that generally
have decr easi fggacdal isdeoysiviey aradightgndasinpveng o patteirof0edfflight exteactaas a
result of varyi shape fact.or acraoss the |ightquide surface 455 |n this
Cont i gur &Y LD REAL, MR HERGT T 2GPoN Ho S¥TGRc | LT Ptd e S Pea08diehh t he

di rect i onx@hctBFsaR@8 aitstmtiAMy tHQamb 3Bt bhicOBbipaat 42 DMt aSARiREsHEPO facldle
extraction efficiency of the |ight extractors increases as a function of

di st ance Thiseanfigaratiog liepressursaeigm axtewstoraaties thaf has tenstant atgalofenpigoaqsessnt
size in thi L8N For, ex , 11 ght .extractor 99.farther from
the 11 ghitre SuPEe ShATI el v EF ARG B f e TERESRP I B UGRE et on

ef ficiency when conpared to light extractors 45 | that have a base
footprint 475 and which are closer to the |light source 490. The higher

areal density of the light extractors -¢0oser to the light source provides
enhanced defect hiding where it is generally nost needed.



Figure 4C illustrates yet another |ightguide configuration 460 having a
pattern 465 of |light extractors with decreasing area density above the

m ni mal fwbl206%6e818 and i ncreasi ng extraction ef fici encycagisaooBonots on of
illum nation across the surface 461 of the lightguide 460. In this
configuration, each of the light extractors has substantially the sane base
footprint 485 on the surface 461 of the |ightguide 460. The areal density
of the | ingpeimetyraf seme regionscafdasbghtawdatof thadghowuet. dihedightextiagieppeftern
illum naty ' - e N f:

confi gur az{olggj ﬁé)%gésshcﬁfl%ﬂﬁlg{h&%a? §§£ sﬁtﬁ; alﬁlgg%crrga%ﬁjé &aﬁgﬁ% %fﬁglelil‘%y?@r@%ggﬁﬁ on of the

| i ght gui cbatré&?rslth)s a}lfaﬁctidﬁgiﬂdimnlaé gendm rliga$mrc&l4l®ng rTlhbfextﬁlzitd’cieﬁteifﬁmenmfy of
propagati on_ o ight, the areal density of t i ght extractors may

decr ease tAhHehtFsraKPTSABEY HieTePe W&hé‘iw%@p@ ?é’é%aétoo{IP@ﬁ]&OF&iéé th lﬁ@éu on of
pr opagat isg?rcgf@bj ght. The light extractors arc fabricated so that at | east
one shape factor, such as height or tilt angle varies with illum nation by
t he |ight sourlde light extrictart ofkignactA e febridacidesoalyattad loestiomn skarteHfectoni f ormi ty

of the light output. . evi ousl i scussed, t hi gher  ar.eal density of
the. oxtr abtbpatapiesiablenshinaninds Tratrinn doscemanbelaerdaton o ng.
Li ght gui d@sied RHAIRAARE ideh ¥ UACIRFR JoBRS iihdhReti ol b PHE Mefifeccibt h

enbodi nents of the invention are particularly useful in’illumnating keys
of a keypabanctiike wifhmityof thecight suipah Daisube dighoexdwntorsotOltdescr iagtht out put
bet ween g

cross seabbrar AR IS HETRER GBRERE Mikiell A b Ry Bl begift ThyP™

keypad 5Q@traftetsudi®Fadhdst Gbin thOUSRG00RE 4a0.d Thioahh eél @atrb0a 1imht Bxthdcgiit
extractors 503 |l ocated in_regions 506 bel ow the keys 505. The entire
surface offi¢ipecyay thesbape fBetopdhe yaipys dightghideiceyigwationsdggerhed bpreihganat ed by
the Iightguj . m] Lguration, Kk s 505 are identified by
nunbers, ﬁ%éi{f?@%l ggglg?ﬂn{(}%yﬁer ﬁgﬁ%{lugtgtlﬁstgl%&gragg |E/h e/z.' A matrix 510 of

sw t ches al i grieitt lightduidd@nikigyusitib of Fipuroibilkdirans apptdrnésiotiigiaui t boar d
512. The swi tch [;ratri X a%g iegfl udes el ectri cal Jgﬁ conductive swtch contacts
515 di spdSEACET PHECPFANY 84V qCEdrpe Bisat density andhigcpane FYEAIPY CHYHAGE L | ve
domed conkach§ ks A FRAYEck RS RMIELLIGORLAEL 35D 1 midhen a key 505

i s depressed, the af o?%ggigl?igteransfecrred th%o%}lgljﬁ t he %i ghtguil@%\g 502 to the
donmed comatigudidh, tinderaltdeesikeof. thdhghtlexghdttgusidderchss @n theidrectpdragfar st ruct ure
made of a material.that, is sufficientl i ble to wit.hstand. nuneyous key
dopr essi QHEPURRba b Fiatidford heckif: Sire? A eF o dropGon HREREGR: BETGE whi of
provi de suthéteisaRéreddes¥d Prlnctivn 8f GisRS&CHoRSMEE light sbhirce BEPYdcPda83s aPat ent
Application S/'N 60/747,609 whi ch has been previously incorporated herein.
The donedusdivnadtfo@printsizedeshis empadiecat. elcarreixemplechatlight cxifactors 499 farther
correspondin wi,.tch contact 5 n .t:h rinted.cincuit board.bl2.

i gur o s e T SO EORGRR Ry Bite "CGuPhc e aR B Myre Bt SrESs o

Fi gure 5Avhdnl desipaddito Gighhextiae@ias thQGavsabisd foeqiRdd Edmawhioe akedleseb05.

The keys 505, which arc not shown in Figure 5B, are primarily illum nated

by |ight tetrqlightsewps #HsEhalighenecabdesityiefigie light pxrageoss ﬁl_aﬁﬂféo the ligki mi ze
| i ght OUtSBche:gPos;i@e% eég%nc{eﬁgtbi%gtzhiﬁ%g vk ft?st %@nlgilla%%ﬁost H@ed!s{i].ght output in the

surroundi ng regl ons serve m nate the keys. Further,
it is desirabllEgandCtitugrass ydeanmhdrdightgulideoonfigtiiaton 460 bssngaphttdeey6s egi on
506 and forf(flrng{ gx%ria(c):t%rst wit %gci:r(e)g]siégi érgél’deIlsrigIna}blésg tlfe%ﬁ%?n%a)ll'ﬁll factor and
increasing extraction efficiency as a function of illumination across the surface 461 of the
lightguide 460. In this configuration, each of the light extractors has substantially the same
base footprint 485 on the surface 461 of the lightguide 460. The areal density of the light
extractors decreases as a function of distance from or illumination by the light source 490.
For example, in lightguide configurations as illustrated in Figure 4C, where the

illumination of the lightguide 460 by the light source decreases along the direction of
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The regions 506 of the Iightguide 502 of Figure 5B include groups of I|ight
extractors 507 that that have uniformarea density in each of the regions
506. Eachwofoadms2818ght extractors has substantial ly thePsams2@snesohase
footprint 525. This configuration represents a |light extractor pattern that
has constant areal density in each of the regions 506 but provides
uniformty of l|ight output despite the closer proximty of sone regions 506
of the mgﬁtta@atl@teoisl@t,tfge figal dangiy oktbe light GoactorHaay flefiigaserngd et or pattern

oxt ract ] GRUERRr e B AP RRAREBAL o GRS bERIE ThE B o

di st ance efxtr@ditbeh'ET fabgbtm@ &Mflﬁﬁatﬂﬁ%t loﬂ_é'[ﬁlaﬁé fdcairesuely a@ﬁelgltteareﬁft] eﬁl@fd\@ﬁ‘&s varies
i nverse | unlna t he | t source The

ext r act o?/‘%lwbt”h upyiggfios %L%tféhtfsabtcpé%&e%f% §xifgesien 5?*9 1qighg¥ o %@ngwélﬁe fact or,
such as NRligRhitbr tih hﬁ&% rsho s@yhfs%s%e& @fertggrtéraa%a A sl o fceney of

the Iight extractors arie di stancé t source 504 or
i I I um nataxonctbys ddser toi thhtightoonce p&@ddets&nhmttaddefebﬁedmgl for m ty of the light
out put. Thus, the light extractors that. are cl.oser to the |ight. source 504
o hre more | IEHEHIPRIReBpOrREE R B0 Sl teaiedan Sgiordntes akbIROGIRRYe) ar ¢

l'ess ef fiigé BREn@In £ phd@ichlaNg ubdfahin 1flurﬁfﬂahﬂ§kéysgufftagdé%ﬁ&i SAR 1idhaBxtkdetord | ght

extractors that are Parther fromthe |ight source 504 (Ii ght extractors
507d or 587Dy used tarcenlrelstbe ilghwmfoefdvebly andyer withintthg mgm@ ass(omagﬁdtwnh

07 Th ffi th
e e P RObRe kSR 0 £ s lonilte 866 BRS-A sob el BiuRins. "
desi gns tmtkebpa/d%O(Thﬁﬂ@aéﬁﬁh@ft@adtrc@wét acd RghtSans 50y with 0igt dxt@clokg4U3 sour ce

whi ch advan eously gr ovi des enhanced defect hidi n% The | i ght gui de
conf i gur desasel Bregipiuy QO bW thejeyp 402 sThe entgnpsylacde Qmem&\?%g)rpe@toaﬁs

526a- 526 I s y h of the
regi ons gwagl%%/g%l nC%ﬂﬁﬁlubﬁ%ﬁ{;@@(&%&%ﬁ@?&é@aﬁg8&7\-&& sggl tl Ve y. The

l'i ght extiege 505 sre5@haifiod By ngmbersalettyrshaneehdaadieasha grelighadd. de nsittiy 5 Bnd

i ncr easi n ext Oa,tlitl on efgl Ci enc across the surfa e. of |ght(I:1U| dzl 520. In
this confd @mta gnedwit ﬂ%e@ré ?tsynefntt ‘é‘ltP’@WF SUEYibhe £278e5271
decr easesJifdy i s [ @ el s & t?gﬁea tte%tmtctt% tﬂa&tﬂslé aegtstett%nltheg ht
source 524. The extraction efficl ncy o t extractors increases as
a functi qmmrfd dicgitdoee Slamndtetaetriqaghbomblunwdcaneﬂ detaceasldsaraagad fhovet | on of

from t he 1 GHECTS st e YH TGk SO0 FRRTorG esoirera e i e Bise.

foot pri nthg'ﬁi’g%l&éﬂsbzhbgtteaorﬁee Jcﬁl%c't o1y eﬁc{elr ﬁie%‘}y ThB#BhighRicli§ §bfin, Pddadct or S
closer to the light source 504, \‘%@ t extractors 527e. As

previ ousl s;mdtuswmg@ﬁef@f 2 whtetiakthattis pe teetlb%exublqtmm&tsta@d nflm@muts ey | i ght

source res t Lon n gual i ze the
| i ght out&éﬁtemg}tlsm ﬁgoaut\rgne alﬂléll% §ult a’terl r%?nglreelb%hg r |p rOVK&\H gure 1C
illustr ats@&tcﬁexﬁlﬂtemtlttplaremteewoea 1ﬁQQS CPTOVlSloﬁ@ltPalﬂd’ﬂt nt:atldnlsl/urﬂommn&mby a

| i ght source. This non-uniformty in illumnation fromthe Ilght source may
be conpe ﬁ@laﬁléhasrbﬁenﬂ)mvmw inpepoitedderant The geped tcnléqct ARV Bexesdp ks pondi ng,

| nver se ‘P&tﬂﬂ&'t E@ﬁ&'&t%th T S@&@t@;&gﬁ{cﬁ'&hﬁ&%’ls on th%grlfﬂ%& 1%&%0%& ractors

in accor ance W Invent1on ma use 0 enhance
uni form t5120f the |ight output within a region that illumnates a key by

controlllngthe extraction efficiency of the ex ctars e region. For
exanpl e, | i ght"8%er&cE 81 WaYiHdhe %&bé&urété&b?@%@ﬂﬁﬁg}e BQ? bff)@gtte d where
the ill Urﬂlﬂﬁ%a'nﬁ tﬁer ﬂeg‘ohb%da' K] lo%%ﬁ%%lo'\x?thﬁ GRESHs. TH&SE 56 AGIHi A are

ef ficiency of ht extractors within a region may vary according to
t he anountot @tiowﬂ inLFrrgmatSiBo areeprpmrtle nlbemnbtyd b élghi @hputefr(tnn tesoregions 506. A

replicatign tool K ma sed e li descrlbd her ei n.
The. repl i deBBTOIS RN s D RGP o Foy e Bb AT SIRBE RS T ¢ bl
mat eri al igheFRHLSIAIhE hﬁrdﬁﬁgﬁg lré/gao&fsdmﬁatl doTdk St/ El 8 ﬂll@ﬁﬁﬁb&@ﬁm'k@?ﬂ. udi ng the
protruded or recessed |ight extractors. The netal replication tool may be

made fr orfustheadtie dewipblsl andtte otﬂvatel wigfosm iblaietion atraisregch key regical 506gudh as

ni ckel , afgoanllnestoégre IRSTE er 1% k%ut%slee uient ly removing the master. A silicone
repllcatlo {5 Be rlng'a silicone resin against the master

and subsequently renDV|ng the naster
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The masters may be fornmed using a nmulti-photon photolithographic process
which is described in conmmonly owned U. S. Provisional Application

60/ 747, 6080 208w sk81Bas been i ncorporated by reference. TireTruskaosopieas on

phot ol i t hographi ¢ process involves i nagew se exposing at |east a portion of
a photoreactive conposition to light sufficient to cause sinultaneous
absorption of at |east two Ehotons t hereby inducing at |east one acid-or

radlcal-lnltléﬂéUEEMEﬁ§@%@ft@h%@%@ﬁeﬁﬁ%PéFﬁmé3ﬂ%ﬁﬁb&k@ﬁ@@sp§héwposed to the
l'i ght, I t
effectlvggyhagegﬁﬁzﬁgt §§%$&%ﬁ$hnga§§8%h %gﬁVﬁ?% 6%3%&$b? EE‘?mﬂtractlon
st ruct ur dight Beatdry RasSpestiagitally the samd%&ﬁ&basvéocspamses ﬁlhlstc@bﬁgufhﬁdin use in

t he photoreactlve conposi tions include both cuLabIe and E&g curabl e

speci es. TeRfesite? %@E@?@%ﬁ%&@ﬁ@%@mﬁ%ﬁ%éan gengiy 10 sreh Qg e regiPnexanypl e,
addi ti on-gl (*%% R abl e
polynersiﬁgJ%ﬂE% ?ggﬁgﬂglCaﬂﬁ@@%%P@#%gﬁgiﬁégﬁggqgggggpaﬁssggéabbﬂ¥

et hyl eni cdilof thinlsgttgiridd 80P toghebglgsoume S04 b liflnrexexaoppatermimrtd steams

nmet hacrylates, .and certain vinyl ¢ ounds such.as styrene S wel | as
Cat i ont Satb TP B o TRt SR enS SThe gt
cati oni cahticteFsO5vThis0eRl LruROE BT @stAn iffoin BRERESouREES (U0 Sithe COMATBNEY Yo f

acid-initiated and which include, for exanple, epoxies, vinyl ethers,
cyanat e dbt extsactass garjes imvedsclhwithilkeminatien by sh@drgéssqun@rfe%f Sui t abl e

St ey LR bRk E g BT A St ERRHIRINE d LR s SR o e 5

line 26, sapidad MELnQR tilRAGk, wﬂich,coﬁtm@lsmwaémetﬁdﬁ éfieznaner thetifciirhabes (fOr
exanple, nmethyl acrylate, nethyl nethacrylate, ethyl acrylate, iso

net hacr yl5é)t7eVarWS ﬁﬁshﬂlstaw’ﬂaﬁ de ﬁhéawpe g (4 p@inagipn py ﬂz?clﬂght spwce So@cer ol
di acryl at at I

di et hyl r;[g ge yco? ﬁ{gﬁodar‘léftroy rh%g ﬁit engﬂll%lg tM? Héht%'x?r%tx}s&ﬁlﬁ are closer to

di met hacrtii¢ Hglet,sdbuiBe [504)pﬁﬁledn®?rb 1ldilrmmt¢tialyehe lighdspurop advedight extiareirha@Teyl at e,

trinethyl ol ne triacrylate, 2, 4- butanetriol t hacryl at e,
1, 4-cycl dfe Shedicnt #fi cxEpdfing light é@m% Hghtgpide 502 ﬁlﬁn&E? 5@ %ﬁeétractors that
pent aer YL k@b fr sﬁlrtﬁ@ﬁgc BhRe s@@@&g’:}%x&m %@bh? @Ho’vmﬁ‘&r%@&re}g RlufhinaQf bi tol

hexacryl ate, bis] ryl oxy)]-p-ethoxyphenyl di met’h ane,
bi s[ 1- ( 3-lgcthy hglxt;soarchy(dhlghquaemm HPeanp heww ﬂfhemhnhgyl mnhmiehe efficiency

trishydroxyeth I-iso ur at.e trJnE hac acr | at es .and

bi 5. et et oA L e S A ey vk et o fre T dSuRFETA SReRiBle. 200-

500, copaiay8hickeak] ﬁeme&ﬁuétslsd&fsnﬁéwé ﬁ%@féhﬂ%ﬂ%ﬁmcl@ u&&aneageéﬁgse of U S

Patent No. 4,652,274, and acrylated oligonmers such as those of U S. Patent

No. 4, 6420w26%mh@m$éﬂhﬁatb@ﬂﬁm1des (for exanple nethylene bi s-acryl ani de,

nmet hyl ene bis hexamnet ne_hi s dlethylene
nﬁ1 )ﬁ% aé'{ﬁ con gu%ltl{)n OF K lﬁlrsntel'\ratgse 2 H§ﬁtg§{1d€ L&@r y

triamne tris-acr e an Hacry a%e) vi nyl

conpoundsreibAg 5B6a500 EonfRluydded e 1@ba@ddl bé'lovp nteh@kﬁbﬁa k&lipdd NEhcisofE nat ¢,
divinyl adipatc, and divinyl phthalate); and the |ike; and m xtures thereof

Sui t abl e TEEABY Pie- 1ol rebidss Jiglht crtractpe) %5§7wetsae%ﬁldaﬁfthe(h@ét PIERETOPY at e
gr oups, 5%%%&9 élr@rlballlggl\é{ée?@ecfréa%mgjaféa?d@&?ﬁ? {i@n X ar D365 o%te?%&&?cl&los per

pol ymer chain suc nmers mati c ac
(et h) acragtat enchratfhcestt lathtgedd 520. duclns asnfiardren, thesiread davsay lo&iHedight om
401, 402, 404, er useful

Sart f b 40
r 2;c? .”Sre %H%}H%@% éﬁ%bcfalrf%gexwg]&@ 1Ecgiien pf MRBgaSPR 9 ﬁﬁﬂ} gomh%% lebtm YITEr S
that hav esoarcmséa 0?% Qyt!racaaﬁ %ﬁm B@'tﬁ%‘?@?@@itra‘é%% 1n<é€eagésode RSuitiol of

free-radically pol yneri zabl unc ionality attached thereto, such as those
descri bectilstano@ fem Petleht sd\lmce Hd2B6rea s a@AIfuncmDna)If 11)um1mtxcmh}e®e bght wo or

mor e nononers, Ol i | rs can b ed if desired.
Pref or £ oqOB Ry BRI A EEN G AL ARG et ndte HERE sSuSES & high? Eirdclort
527h have a smaller base footprint 529 and higher extraction efficiency than the light

extractors closer to the light source 504, e.g., light extractors 527¢.
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i nclude acryl ates, aromatic acid (neth)acrylate half ester resins, and

pol yners that have a hydrocarbyl backbone and pendant peptide groups with
free-radiwal2bgp/pedigneri zabl e functionality attached theretrais2008/07501$6ui t abl e
cationically-reactive species are described, for exanple, by Oxman et al.
in US. Patent Nos. 5,998,495 and 6, 025, 406 and i ncl ude epoxy resins. Such
materials, broadly called epoxides, include nononeric epoxy conpounds and

epoxi des of t Has prsviprely idiscusppd dibiercetdavadleobilluphiation from theyight souregrmmat i c,

ggl Srer; re|r Qo%é%geﬁt wimﬁ%ereg%}lgré%ﬁh% t%gﬁfa{b?% oyegper abtpé’ﬂg t?)%]t e\afgflf?l ?& f' gaztn dl
m)lr e pr efaﬁrwmll a8, fromh rdgamlsﬁo ragionlt Fidure Ilthﬁ%@ﬁwsresmfatﬁpwgckeisragngﬂ 1|s|dett |hl nea][
pol ymers havin erm nal. epoxy groups or exanple, . iglycidyl ether of a
pol yoxyawﬁogﬁgf B}lmtf)d praoh%é%rCﬁa@hﬁ goapaHermity whdiflpapation fiom (e or
oroupe (A et ARSI R I A iamaR e, SPoly
epoxides(manqﬁmdpgrEwcmnpommdﬂbmeUmmxb@ﬁmmxﬁﬁma&wof conpounds cont ai ni ng

(r)rgte eri aI S canrlﬁ‘;l&g%g?’é%atc? ijrﬁacfﬁréiaﬁ%‘ﬁﬁgu%géqlﬁlgfel%eoéﬁg%ﬂ}éﬂ@%g&g&y%?o%??t uent

groups. heknedRERhBorntilfoMRCPARR AN PfcofiMhitiREmBRLs2URS byt uent groups
t hereon can be any group that does not substantlally interfere’with

cat i oni ¢ contrelliag thaoeaciéomeffiaicneeof the xtsactaers m/@eaﬁgl@ermrsesﬁamp@ bgligst i t uent

groups ing rou et her sul si | oxane
gr oups, nﬁbﬁgoaﬂgvg%qogﬁ%gﬁﬁgFgg éxmgﬁﬂﬁfﬁgmﬁi eﬂ %£5%1§r wei ght
of the epphysaied @ihiihag. mﬂl%%&tr@dtﬁ‘anc‘eaﬂcw’tﬁfy)bfftﬂi@lnglﬁQ%ict&@ withiiaheipionl 00, 000
or nore. O her epoxy-containing materials that are useful

i ncl ude gngevaly peeordiag thidisgmoust offillumination gtircaicpreqddoHbe light exapptprs. o
where R is al

gl ycidyl et herzg%(?fh{agtlcﬁ“ﬁhld& %Héeeﬁg{;?aﬂr%%%?%elég&@@gsa%sfljrr?g%%arﬂg %)eo yﬁydrl c
phenol vurblbhcano@me,%hloﬁ nﬁy@hin@ﬁ@fhmdﬁ’al I’Sllﬁ:bﬁjbr%h@pundﬂle)lh@feyldl’slcﬂmﬁ)f‘l@dfs

exanpl e, the diglyci et her_ of 2, 2-
epoxypr oﬁEW‘iﬂﬁ‘é‘ﬁ%P hs?fl(gb fe%aw ] lilg é‘?é’ﬁ‘b‘ﬂé@dBf resptkil Heht tragtarss t ype

are desc rTﬂ%‘?ﬁ'ethl '\E (,%’[IOE B 'fﬁ flay b H&?ecﬁl&n %%ste@ '139 ele'vavtrlag?fzp%%geé%tro%ﬁfg

Resins, Lee and Book .
the metal, such as nlckel against the master and subsequently removing the master. A

silicone replication tool can be made by curing a silicone resin against the master and
subsequently removing the master.

The masters may be formed using a multi-photon photolithographic process which
is described in commonly owned U.S. Provisional Application 60/747,609, which has
been incorporated by reference. The multi-photon photolithographic process involves
imagewise exposing at least a portion of a photoreactive composition to light sufficient to
cause simultanecous absorption of at least two photons, thereby inducing at least one acid-
or radical-initiated chemical reaction where the composition is exposed to the light, the
imagewise exposing being carried out in a pattern that is effective to define at least the
surface of a plurality of light extraction structures.

Reactive Species

Reactive species suitable for use in the photoreactive compositions include both
curable and non-curable species. Curable species are generally preferred and include, for
example, addition-polymerizable monomers and oligomers and addition-crosslinkable

polymers (such as free-radically polymerizable or crosslinkable ethylenically-unsaturated
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A nunber of commercially avail abl e epoxy nononers or resins can be used.
Epoxi des that are readily avail able include, but are not limted to,

oct adecylwoeooisgs3 epi chl orohydrin; styrene oxide; vinpCtyusbaismzmne oxi de;
glycidol; glycidyl nethacrylate; diglycidyl ethers of bi sphenol A (for
exanpl e, t hose avai | abl e under the trade desi gnati ons "EPON 815C', "EPON
813", "EPON 828", "EPON 1004F", and "EPON 1001F" from Hexi on SpeC| alty
Cheni cal $pedipincludingyfasgsamii) acrﬂh@s,dn@}hwlaw, aadeertaipfvinil spmeewids F (for

exanpl e, I JE.Gr28 from
OO MO R BYALD AR ST OB 0B ONALATS RN Y20
862I 1; r omﬁhbmcﬂty &peshm&hﬂlyp&:yﬁrg]rs:(a\]}clﬁch dﬁl?/]mea aréh@cksemramﬁmdcm mmtmt@d #relsi ns

i nclude the SU-8 resins avail able from M croChem Cor Ne

O her exéﬁ&ip%w? o‘s%g; %W@Xﬁeﬁml@d@tﬂﬁ%wa@gﬁc@%ﬁ%%n)e @M i héfé a(néiva. | abl e
from SPI rﬁi?ll? %ﬁe yeést Chester, PA); 4-vinyl-1-cyl cohexene di epoxide

(avai |l abl e 8r| ch Chem cal Co., M| waukee, W);

3, 4- epoxycycl cﬂm&bﬂemﬂtﬁh&yﬂeﬁ]y@nsﬁpmxmtmhmeinmrﬂ)ad tfoxyiaarﬂpée (bfyor exarrpl e,

one avai I}%EJZZO %Iea;i r}tétbeﬁﬂé dngl\% gag%‘ﬂ@%{‘ coh?nrn% 11|$eE6 hroug colurnn%n]l

Chem cal

net hyl CY'ZEOB@d%bHﬁE ko3 .d;, SREYNy SeFBIEYArdaHé AN RY €fop @J&Q%l}é'rﬁétﬁyl
epoxycycl ohexyl-5, 5-spiro- 3, 4 epoxy) cycl ohexane- net adi oxanc; bi s{3, 4-
epoxycyclashdxy] rnethwmetha@wm eth&f wylescamppl@pyldn@thawlateab’rl@xulrﬂste}rlattehe trade

de5|gnat| | .Co.)... bis(3,4-epoxy-6-

rec ol o yRRBHERDT Herhy ! J i agkets Feagi Tl bl boxyl at e

and di penfigdglatdl @Xttgencglycol diacrylate, tridtiylldnclyBElr digs @by aity, 1 8RR%Yankidl NS

i nclude e OX|d|zed pon%utadlene (for exanple, one avail abl e under the

trade desc{3 fep b3 TPERACHD! BBt Saimeghne Dropane frigerylateydy b PA) epoxy

sil anes ( EROX

3 gl yci do%%lre%féé‘i%?%ﬁ%% R YR UL IR GLARRSIRE ch

ChenlcalIﬁnm£QNMMMhmkeawa%)pmﬁ&ﬁﬁﬁnkﬁ&ﬁmﬁﬁﬂmc@mnawoﬂnmbh@ﬁ@qﬂﬁ@ﬂngXanpIe
er the trad bronlnated bi sphenol

? SSeaZSL'X@b' eﬁ@igg}pmm)qné g i%%‘%&hﬁsl&ﬁ 3-agpylox dxyamy M) :
1, 4-but ar}ﬁ"%@(k diﬁfe%%!m@chﬁf‘er tr(sié? ro& peCI a ﬁﬂtﬁaﬁ%ﬂhﬂeﬂﬁh&léﬂ@(iﬁéblghe trade

desi gnation 1TE from Chem cal s); hydrogenat ed
bi sphenolacAdgps mtd lmsm’myldicrydatbsasiémblwhydynmgimm}eoﬁm()feomlar wxghpdhem 20tk

avai |l abl e ldnder the. trade deS| ation, " EPONEX 1 fro X ecialty
Chon cal 908 fRopmb i e Hencs mOBRBREILF PSS HOVEREk (1 or

exanmpl e, pg, 2317‘4%1'1@58 atéﬁ@ﬂ’go&@@ shél@@kethgﬁsdﬂmst P&bnt I‘EEEN‘ 63211263'10' ' DEN- 438"
from Dow Chenical Co.): oxi di zed vegetable oils such ‘as epOX| di zed

| i nseed amaatgmﬁﬁe@md@ﬁ Gf@r faéamp m@ﬂm@s—ﬂmlamldm@qﬂ@%@{ah ons "VI KOLOX"
and "VI KOFLEX' fro tof i na Phi ,

Addi ti onarpétgw (ie’n @1068@(6{,‘ W t%s'ira%l el%hsé armA’ 8 Lgﬁle3}lce:|t arfangtt Se'aflcsryla mw%r cially
avai | abl emarb@mﬁfema@maﬁﬁ@@dt@lhwmmt@ﬁlv&lyl b@ﬁpodtﬁ@(f@%k@npl@'i)tyt’dﬁkder t he
trade designatl on "HELOXY". Exenpl ary nononers include "HELOXY MODFI ER 7"

(a C8- crolighiyphialag, éwm%tswau}ate dHEE@WH@GDPFEI diRinyl phthalate); andAhelikg;|

Vb ek SV eley [EapT S AGPREHED  Pol Rty Bt A Blddant PELOTY

(p-tert- t(uteyﬂ)mgmd grghpsc f(d)elxalﬁpl&eh?)vmg Fribrn (DS alkiﬁ]ﬂl%eﬁi?)acr@mtcggmupsjpdr et her
of 1, 4- bl@?edl % " HEL OXY 68 i gl yci y et her of. ne ent ¥c

" HELOXY TreEreNa 157 EXeRpifs\pE Pesfy PolyRgr | PBRSEG AT %fF %al HELOXY
MOD1FER ZEzételr fdsflsERENY ﬁrb&pﬁqgﬁn§ zWa%M@ 5% SEtdMRIr) for oKk %YSW A3, 48"
(trimethylol propane triglycidyl ether), "HELOXY MODI FER 84" (pol ygl yci dyl
et her of 4, 402, ghdtand 466). y@lh)er usziid ré&d&&Qa(Mytvm FEERISBY ft(epmdy@ll yloephistry
di epoxi de O her i.ns, .conpri,se co ner s of acrylic
e 4 est dbduds g Rgtahrs (B v e et B S an DEadi GRS prouBs v
et hacr yl fadeehdihlyp& ﬁieﬁﬁaﬂﬂ@f&cﬁ&ﬁqlwmrché’@ﬂ%&td/ IsHOH asGRGRALEGHbed ExanP| es of
such copol ynmers are tyrene-glycidyl met hacrylate and | : | nethyl
met hacr y|Ratent @lw éﬂé?plééf?sly btaale) hees afgep@r H@@Wnﬁ@QiSn@h@f@erWWORnom
and contaipn.s XI dcs r ri al k for
exanpl e, TBEI]"C(%IE)])%I/ z osx ca ‘:l%e us Cffdg%le dg XI%%(% ed lefbglen calt gatur('i#e(a %ec(lar‘rpl
but adi ene oxi de) and gl yci dyI esters (for exarrpl e, et hyl gl ycidate).

-15-



Useful epoxy-functional polyners include epoxy-functional silicones such as
those described in U S. Patent No. 4,279,717 (Eckberg et al.), which arc
comer ci avbyoavmsesiabl e from t he General El ectric ConpaneCT/iise@s/ 0230es

pol ydi met hyl si | oxanes in which 1-20 nole % of the silicon atonms have been
substituted with epoxyal kyl groups (preferably, epoxy cycl ohexylethyl, as
described in U S. Patent No. 5,753,346 (Leir et al.). Bl ends of

vari ous dpeige eanetes mragahnted (aeth)acanatahsld ceer igsing.iand dolysigshthet kavés can

conpri se [ ght - | ar L aht: . i ' L.ons of

cpony- conb SRRl TBAELUE Ao R RO i NEL M HbRARRS 00)

i nt er medifah@iomaligcithéeticdwrirgiot (about 200 to 1000), and hi gher nol ecul ar

wei ght (above about 1000)). Alternatively or additionally, the epoxy resin

can contain a Smlf@hl&_Cahoré@%ﬁyyrﬁeﬁmeép?ﬁlwrﬁé@%rlgsfsférhea@mbe; by CPERBIR ab hern cal

natures (jycy faa%elﬁlE%@h@,%&4@§&f§,moécandqﬁcm%5dxg@@g-ﬁst_'gﬁﬁhmm s pol ar
I a ol ymers (

and non-pol ar). er cationicall'y-reactive p such as vinyl ethers
and t he ltrkally caledagdkitdeonallide rhendnmeergpoxyata@dpotinis ded epoxades of the

Preferred oxies include aromtic.glycidyl epoxjies (faqr anpl e, the EPON
Feai o, aVETTREICPY Bif PGP B R U E it BB 0k heiEioeyclin d TSl r es no
avai | abl gyche@my Nuid, BERRMVERIE; at NG B8y mMAralilO6pdAYi AR KadVBR1 050
strippable SU8), and the |iKe, and mxtvures thereof. Mrre preferred are the
SU- 8 r esi(nesferadlynitieast dwut héraadf more preferadly, nhlshss abauti2ondht polyeweiti ve

speci es al so.di ncl el.vi nyl 184 heg1 rmnﬁrrers ol.i om::rs(f and reactig)éle. “i’l yners
(for exanPPeIeHBERYF DPHPOLIRHE PaviRg MG FRAXY SR U &FemRGy 1 Fh‘{}ﬁ
ether, i s@iubyh pﬁityﬂ)dfalﬁj‘zlbﬁﬁ glytdl), o @ORAlINE Nel Ha\bixityhe @lilqfor(RARFRCURE
DVE-3, available fromInternational Specialty Products, Wayne, NJ),

trimet hyl PObiCPP¥IgE), anheglymarsdiay e PORENOMPIR YR QTR ForeRp@pler s ns

ol
a010,  VECHIEA o ETR0RN B etbolbe . e PR Fes ARG PRy e 1 om
ot her manuihde mikers)of compduidsxbhtating hiey, 0, dBinesre spdxynzraums et adsculeon) of

one or more vinyl ether resins and/or one or re epoxy.resins can al so be
uti | i zed. THS8t GXIrORIMHH B Sk Capyper §ratly lpéﬂ%@% Ot%ﬁbféreba&%gm d, for

exanpl e, dBstithit chﬁlEp?nFoMaméieg% R drah s 8K bf &t ttﬁge did ﬁﬁ)@tit%kﬁt%rﬁlg%ser Cal's

utilized in conbination wth epoxy-and/or vinyl r-functional

Non- cur abhereepem Esanyrgrdowpdthat dags nexaubpthetiallygatet ficxcew o Eatromrcscund alseom
solubility can be increased upan.acid- or radical -jnduced reaction. Such
eact ! ve MOPYRERS [HEFTRE ! POmSY G sl EBUE nE L HEPEeBory i Sibear | ng
ester gr QuRss, kHR6n£aProlEs, SRGAE LRAPIMIRE StRPS oI @6lsh, hd AQUREUS

sol ubl e acid groups (for exanple, poly(4-tertbutoxycarbonyl oxystyrene).

Non- cur ablhe meleeilasveibkiofithceneds-coheiniemiatsaklsycan vplyi ffore b S8 de akoudt s

describedllglay §.Or%)ioré6\||en, G M Willraff, W D. H nsberg, and L. L. Sinpson
in "H gh erOTO romancé Acrylic Polymers for Chemically Amplified Photoresist

Applications,” J. \@@er Soky-cdpaingt malrial tBaare (stA9 IcludenBycidyl ether
chem cally-anplified photorcsist concept is now w dely used for mcrochip

manuf act W?Wer%gﬁ@éif%mu}amth sub-0.5 mcron (or even sub-0.2 m cron)
features. In such photoresist systens, catalytic

R’(OCH,—CH —CH),),

N/

0

where R’ is alkyl or aryl and n is an integer of 1 to 8. Examples are glycidyl ethers
of polyhydric phenols obtained by reacting a polyhydric phenol with an excess of a
chlorohydrin such as epichlorohydrin (for example, the diglycidyl ether of 2,2-bis-(2,3-
epoxypropoxyphenol)-propane). Additional examples of epoxides of this type are
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species (typically hydrogen ions) can be generated by irradiation, which

i nduces a cascade of chem cal reactions. This cascade occurs when hydrogen
i ons i ni twateowmsa818i ons t hat generate nore hydrogen i on®Coruseals@rsoati di c
species, thereby anmplifying reaction rate. Exanples of typical

aci d-catal yzed chem cally-anplified photoresist systens include

deprotection_(for exanple, t-butoxycarbonyl oxystyrene resists as descri bed
in US. F@b?ﬁ@mede-Sa,Pwp,tst}ﬂﬂ%%%wydm@év_@m@tllﬁp_m@e&am Jeated based

mat eri al i | a hose described in U S. Patent
No. 3, 77??%@%@g)y$ﬁlng€ﬂ§§¢y g Z‘i"@lﬁéﬁ?}ﬁ* terials such as those descri bed
by R D Al en &humber dffttoRmeecialbPhizildBB&psxmoh8abis,or ag¥thstdas bk uke). ;

depol yneri zatjon (for exanpl e, polyphthal al dehyde-based naterial s); and
rearr anthdeéf a@%ﬁ%bea,vaﬁ%l:tl%w@dg, Y Qe e toyi %aaéswl?%wi%genem s).
| f desired; i S i r Qach| S i tilized
i1 the pROLOR LS R s er ol BRI BRS e e B T PR g mE oD

f r ee- r adidglytigyrabat bfeisplprol agfardample] thnscalallyble @addrithetrafpatesesataorms al so

mt 1 phot SRCnBL A EP QR wRan sa¢ r EeBRCkRP e hPROR RRTR bRan e
pol ymer i za&iianspRids GRAfitNEdnOr Chiuibhe DR b igh REA)N ciiRELPRsSHenal f ocused

beam of |ight. Such"a systempreferably is a two-" or three-conponent system
t hat congfirsagmple, thessavadaele mniler thhvadmdosiznriosrsndiRALZRITE Gy 28¢afpmone

o1 actr on hare Sl Fheik P PiBfRE by e SRR DR e FROREREL A0S

sensi t i VildkioreSgdldlfya HRAAEQE, 8AE .| Othet SobRtieth@Giesing mchuds gy $1©r8 i od of
time and ther eb%/r reduci ng the Iikelihood of problens due to novenent of the
e

sanpl e arfdAdbleHemdYlicieflene 6PN 9NoMA-he exposure system

Preferably, the multj J L . i chemcally
ef fective anmounts o@ﬂlgg%eg{blﬂgggé&%éhﬁ%ﬁg f‘%ﬁ%“fegy@%g@é@ﬁeg? p ?g}ea(r% that is
capabl e ahvaiabitl fr@n8BUShyplRbSWeELiCigsiat, AADastvityhad -ghathexsealichokhiat |

optionally hut preferably, has a two-photon _absorption cross-sectjon
gr eat er t(ﬁ‘éml%aﬁrfor{sﬁls? hof hemmigal 0. (MjWapkaco M 34 -cpexycygehexyfacthylad 1 on

g , . ast=on N
onor coirgr@gy%g{cﬂ;h&&%wbom% @f}g@égﬁrﬁgf&) Wé&ﬂaﬁl@%@é@ﬁ@ﬂr&dfﬁggﬁ%xpapa e

of donat el ectron to an nic excited state of
phot 0sensiGYR&CTURMAVReH 114t froeaBDowotleenpbdt(@i. nViidlatdy MIh:he4-cpexye@pabl e of

el ng PhoL oSSl S, ESSRLL1G a0, 8L cetfon, {romen, el acton © exci ted

free radigaky@obhetylacs-piro-3,4-epoxy) cyclohexane-metadioxane; bis(3,4-
epoxycyclohexylmethyl) adipate (for example, one available under the trade designation
“CYRACURE UVR-6128” from Dow Chemical Co.); bis(3,4-epoxy-6-
methylclyclohexylmethyl)adipate; 3,4-epoxy-6-methylcyclohexane carboxylate; and
dipentene dioxide.

Still other exemplary epoxy resins include epoxidized polybutadiene (for

example, one available under the trade designation “POLY BD 605E”from Sartomer Co.,
Inc., Exton, PA); epoxy silanes (for example, 3,4-epoxycylclohexylethyltrimethoxysilane
and 3-glycidoxypropyltrimethoxysilane, commercially available from Aldrich Chemical
Co., Milwaukee, WI); flame retardant epoxy monomers (for example, one available under
the trade designation "DER-542", a brominated bisphenol type epoxy monomer available
from Dow Chemical Co., Midland, MI); 1,4-butanediol diglycidyl ether (for example, one
available under the trade designation "ARALDITE RD-2" from Ciba Specialty
Chemicals); hydrogenated bisphenol A-epichlorohydrin based epoxy monomers (for
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Al ternatively, the nultiphoton photoinitiator system can be a one-conponent
systemthat conprises at | east one photoinitiator. Photoinitiators usefu

as one- conpan@vi32sml ti - phot on photoinitiator systens i necuas2@asyrsophosphi ne
oxi des (for exanple, those sold by G ba under the trade nane |rgacureTM
819, as well as 2,4,6 trinethyl benzoyl ethoxyphenyl phosphine oxide sold
by BASF Corporation under the trade nane Lucirini'mTPO- L) and stil bene
deri vat i v&8mples pncoipsplatungerdhe wadredpsinpfion| ERNEY| 15 1 fpEeinddexiennr exanpl e,

those desgyled C%gnﬁ@a}%pl%%%lyglh,gitdgf‘et%ﬂ e I8t 3y ARy (F heT

conventi ona travio I nirtiators suc enzi can al so
be utili zgdmpkl dbhoargliablb@nderithid tradeodesicaatighENAI3 ! aid UDENe3S!' fiovi Does W | |
general ly _be rel ativel tip&gton phot o ensitiéers, el ectron

. | oy, )
donors, drifFTHFBLSHhARY Sicot Zf(dovegéﬁaég?qﬂéﬁu FePooReRd fsardan AOYRE0 Othd
t hree- Corpangitt uii AR AR BRAIAS VIKBL P SYAt IR GHLEXISRGH! Reinpel ow. (1)

Mul ti phot on Phot osensiti zers phot on photosensitizers suitable
for use iCheannealsr{RhilagdiphionP4hot oi niti ator system of the photoreactive

conpositions are th .that . capabl e of si t.aneousl y absor bi ng..at
onnt v phot ons. viatiem Bt SRS fessestbed HkHE R et Enr e R
phot osensivhilafé foRAN&ién Sﬁ&iﬂw&%@i}é%&t@@lﬁnﬁfu@?@g? ﬁﬁ%dr% @feat er than

that of fluorescein (that is, ‘greater than that o
di hydr oxydspignatians dbelQ 8 Uir &empRE) mogomersgpdlnden tHEl@XIHODIEERET AR IGE; t he

D reasurte By RS Bheftob HELEAR, SO B R A RRaCw AT by IR Qo “soc,
Am B, 13HHEKIXYIMOBIF(EK6Ch(busyl e8fcaiyeBees, mEmMM@DEER%rwc&@§1aI. in

I nternational Publication No. WO 98/ 21521 at pagae]gBS, lines 18-22).

Mor e pr ef@y@dylyethorh eHERS XN M @RIEHS 67 per-H-tuitypkenyb ebycighl efhen hdELOXY
phot osensy 4y 1S Qhi: bo| i f . f Lne (or,
aIternatﬁggﬁﬁstgfzégggg%ﬁgk&§%§H$L£§h§&%§0@’ sé%?%ﬁ%?éﬁ?hggkﬁéggtggd by
t he abovecoptigdlycoty EHEOXEY M@DHTEIDN Q7 dighpdiéyl ctieanf about tw ce that of
fl uorescein | ternativel reater than abou

or, ) ] 100 x eo cng

sec/ phot g lpﬁw&m@&a@f) b|%EEBXSKMDIF%‘?%HW@wpg%thﬁr}er%&gfyﬂ?aﬂ of
f 1 uor esceign.{ ORI A ENIBDIMEIRY48 ALEALR] 1ol ROPUly AR cthe OHENB XY
sec/ phot on) ;d’and opt 1 M?I y, gr ea?(er t hgr? g%@ﬂt f gJ’rcgttg’i@?reggi hat of
f 1 uor esceVIOIBER &’ (eolpgycidel gthergrf @ahbphatiagolyaboend AOOLOXY MORIRER 327
sec/ phot oné. Ldi Pr(%gerabl y, the photosensitizer is soluble in the
reactive (_B yelvse (_tl?ﬁoxf " reactive species is liquid) or is conpatible with
the reactive sp@ei &%ﬁﬁ_@?@w fefin@ BYmPHiRARHSIyhRSs sraReylichet Kelowd ol fiabl arc
included in the conposition. Mst prefer abl%, the photosensitizer is also
capabl e dpuchemsilydidyl ngryRaterpnchgly cidylompthaqrylaten W idranewsr yary cepolyherziahls under
cont | nuous, |1 adi 8140 L i A URYELRAGLD T ANGe | LhaL QYS)ORE Ll Siol €
phot on ab<Sor pPl on spectru 51 the P 8]tyosen5| tize s r?'g} g Ipnno on absor ption
condi ti onsy,1: Unkethg] indthat§$dte-plye st idrelatte SOtheb@dfiil BpdkySesif@bre vINOI kndwh29, 313.

and contain such epoxides as epichlorohydrins, alkylene oxides (for example, propylene

oxide), styrene oxide, alkenyl oxides (for example, butadiene oxide), and glycidyl esters

(for example, ethyl glycidate).

Useful epoxy-functional polymers include epoxy-functional silicones such as those

described in U.S. Patent No. 4,279,717 (Eckberg et al.), which are commercially available

from the General Electric Company. These are polydimethylsiloxanes in which 1-20 mole

% of the silicon atoms have been substituted with epoxyalkyl groups (preferably, epoxy

cyclohexylethyl, as described in U.S. Patent No. 5,753,346 (Leir et al.).

Blends of various epoxy-containing materials can also be utilized. Such blends can

comprise two or more weight average molecular weight distributions of epoxy-containing
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Preferably, a photosensitizer can also be selected based in part upon shelf
stability considerations. Accordingly, selection of a particular

phot osenswoi2a@vosesain depend to some extent upon the partipculisrooseasois ve
species utilized (as well as upon the choices of electron donor conpound
and/ or photoinitiator). Particularly preferred nultiphoton

phot osensitizers include those exhibiting | arge nultiphoton absorption

cr oss- secompeyndsyyeth ardowrmenlegrlaevaslit(helowi2H0), Natgrmpezliate molecular weight

chi or i Ho B0y (R BN ARRE kot KR VB bie LASRTEMNE; RURSMIRENEE ' S
descr i bedddftionhaléy almpexy Dysidvband@intadm ol bRad by cgixyadontdifing Alagdriadt haoiig Pat ent
B A B T e e G 1
onnea: ed o TR o el e e R B PEICG W e

one or nome addlidobalyrbeaccepoiateg, grdesipsl, (c) nol ecul es in which two acceptors

are connected to a copnjugated it i)-el ectron, bridge; .and (d | ecul es in
o o e e dent o SralbeTanae alb e b et e br TS 55l IR br e

whi ch i s pubgtedinkt 84ilidié FoRNBe:3bn BPESaIB EkdniieN s, daNaht Ak YU RURSIn Wher e
"bridge" means a nol ecul ar fragnment that connects two or nore chenica

groups, “ayerahi¢ fromavcre(nhem Gormor NgwoopMdY, intletisg WPtRMER Ha0istiipzblei SAhr

ialgth be .bonded ' d,i L)Ll e br.i dge, d
P accopt or® HEANE TR 8 BRRGRS b3 SROLIBRLTY b ARV TSR ART R )

t hat can thgebonded to a conjugated it (pi)-electron bridge). The four
above-descri bed cl asses of photosensitizers can be B%Qpared by reacting
al dehydes wi t PYtaplgeationndlyrreagtiya dpgcies\wotingludoriayt ¢theranesonys, @bigpgcishe

McMurray I L et-al {.n ' I : b] l.cati . WO
081 2152 10 1e0et OEpp el or ol oL 5! LR UV RAR e Loty VglC:
exanpl e, dtierUs&utPatigytctiNogricthy b6 diviny8 2the2 BRAPBROWRE, DVE-F,3hildde havi ng
| arge mul ti photon absqrption cross-_ sections, although these

cross- sedfi® %@%P@laigpwﬁyfm%radw&é’v fgich bid): Simethy lolpgpapans i vigekehspa above.

FLE‘; g:)][ )eflh@’@@tqmﬁktdi@iﬁﬁrﬁeth&%éiﬂsefr&ﬁl%&?ﬂek91\%.r,‘ Sr&ORIYNIE (FRRDarfthist ur es
VECTOMER 1312, VECTOMER 4010, VECTOMER 4051, and VECTOMER 4060 and
their equivalents available from other manufacturers)), and mixtures thercof. Blends (in
any proportion) of one or more vinyl ether resins and/or one or more epoxy resins can also
be utilized. Polyhydroxy-functional materials (such as those described, for example, in
U.S. Patent No. 5,856,373 (Kaisaki et al.)) can also be utilized in combination with epoxy-
and/or vinyl ether-functional materials.

Non-curable species include, for example, reactive polymers whose solubility can
be increased upon acid- or radical-induced reaction. Such reactive polymers include, for
example, aqueous insoluble polymers bearing ester groups that can be converted by
photogenerated acid to aqueous soluble acid groups (for example, poly(4-tert-
butoxycarbonyloxystyrene). Non-curable species also include the chemically-amplified
photoresists described by R. D. Allen, G. M. Wallraff, W. D. Hinsberg, and L. L. Simpson
in “High Performance Acrylic Polymers for Chemically Amplified Photoresist
Applications,” J. Vac. Sci. Technol. B, 9, 3357 (1991). The chemically-amplified
photoresist concept is now widely used for microchip manufacturing, especially with sub-

0.5 micron (or even sub-0.2 micron) features. In such photoresist systems, catalytic
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species (typically hydrogen ions) can be generated by irradiation, which induces a cascade
of chemical reactions. This cascade occurs when hydrogen ions initiate reactions that
generate more hydrogen ions or other acidic species, thereby amplifying reaction rate.
Examples of typical acid-catalyzed chemically-amplified photoresist systems include
deprotection (for example, t-butoxycarbonyloxystyrene resists as described in U.S. Patent
No. 4,491,628, tetrahydropyran (THP) methacrylate-based materials, THP-phenolic
materials such as those described in U.S. Patent No. 3,779,778, t-butyl methacrylate-based
materials such as those described by R. D Allen et al. in Proc. SPIE 2438, 474 (1995), and
the like); depolymerization (for example, polyphthalaldehyde-based materials); and
rearrangement (for example, materials based on the pinacol rearrangements).

If desired, mixtures of different types of reactive species can be utilized in
the photoreactive compositions. For example, mixtures of free-radically-reactive species

and cationically-reactive species are also useful.

Photoinitiator System

The photoinitiator system is a multiphoton photoinitiator system, as the use of such
a system enables polymerization to be confined or limited to the focal region of a focused
beam of light. Such a system preferably is a two- or three-component system that
comprises at least one multiphoton photosensitizer, at least one photoinitiator (or electron
acceptor), and, optionally, at least one electron donor. Such multi-component systems can
provide enhanced sensitivity, enabling photoreaction to be effected in a shorter period of
time and thereby reducing the likelihood of problems due to movement of the sample
and/or one or more components of the exposure system.

Preferably, the multiphoton photoinitiator system comprises photochemically
effective amounts of (a) at least one multiphoton photosensitizer that is capable of
simultaneously absorbing at least two photons and that, optionally but preferably, has a
two-photon absorption cross-section greater than that of fluorescein; (b) optionally, at least
one electron donor compound different from the multiphoton photosensitizer and capable
of donating an electron to an electronic excited state of the photosensitizer; and (c) at least
one photoinitiator that is capable of being photosensitized by accepting an electron from
an electronic excited state of the photosensitizer, resulting in the formation of at least one

free radical and/or acid.
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(2) Electron Donor Conpounds El ectron donor conmpounds useful in the
mul ti phot on photoinitiator system of the photoreactive conpositions are

t hose compounas3gsaisher than the photosensitizer itself) pchat2aso7vapabl e of
donating an electron to an electronic excited state of the photosensitizer.
Such conpounds may be used, optionally, to increase the nultiphoton

phot osensitivity of the photoinitiator system thereby reducing the

exposur e requitléanatyycbt thecnulynbeton phetoindiater systsa gRACEH @EOMpENeEposi t i on.

The el ect or TROYR y. ha L OX | ' i hat is
greater (AR R Qo R R BBl Ao b o A O b PR E b Bberh

Pr ef er ablmltitphetaxpidedinointop ofsedrhd akluids abgtpheghimhmidesQfod caneplt, thosd vs. a
standard sg{t urated cal onel el ectrode (S ectron donor

.C.E™") .Th
conpound X B Shagindetaha Brde wong gacura 1. sseuell a%“éﬁ%me@g?gwovls sel ect ed
based in H&gm Ichid i NS I bove) .
Sui t abl e %Xgps rgﬁ%giﬁlfélre 2%‘?{% S(b:lzgp blﬁgggf&?é](%%ﬂéam r%%ﬁt egﬁggggﬁg%}l Ql(?%r e) or
t he i magelRghgiahy stitberee dehniotovasadith ayalbotipegadhed sultppamm exlpomaties (far | i ght  of

t he desired vel engt h.. en r ki Wi cationically-reactive

speci es, etxﬁ%m@’ Y eégﬁrlp?ﬁ“%‘év'ﬁm?u V\ﬁl mr%%%ﬁ%—?—% ﬁhgﬁﬂﬁé 'é?{tgﬁliron donor

compound coblerfonl Ak fibIEANTV P Gihiioré ARNAYKEH:ABLYal A 886 bb DAIIEALT oni C
e

reaction. éSee, for exanple, e discussion in U S Patent No. 6,025,406
(Oxman etaltapugh their soilinpho®n phpteeniGation: snstigitics willigencgallyl berrelatigely low. I n

general , el ecty.on. donor, conpounds sui.table for e wth particular

Bhot osens: t 1 2 a SO RBE GRS St et i But i RSl EFENh e

oxi dat i orcadiors pehdall il fvdQlng Mireélcemedndnb grul tiyhe enashRAME oS sysddngiascr i bed,
for exanple, in U S Patent No. 4,859,572 (Farid et al.)). Such potentials
can be neksuthsd belgyeri mentally (for exanple, by the methods described by R
J. Cox, Photographic Sensitivity, Chapter 15, Academ c Press (1973)) or can
be obtained fromreferences such as N. L. Winburg, Ed., Techni que of

El ect r oomani ¢ (ByMuldphstoRPPhiotdsknsidedrsi ques of Chenmistry Vol . V (1975), and

C. K Mnn and K . K. Barnes, ectrocheni cal . Reactions in Nonagueous
Syst ems ( 1970)Mufpﬁgoton photosens%zers sultabqe Egr use in the mult?pqloton photor}m%ator

system of the photoreactive compositions are those that are capable of simultaneously

absorbing at least two photons when exposed to sufficient light. Preferably, the
photosensitizers have a two-photon absorption cross-section greater than that of
fluorescein (that is, greater than that of 3°, 6’- dihydroxyspiro[isobenzofuran-1(3H), 9°-
[9H]xanthen]3-one). Generally, the preferred cross-section can be greater than about 50 x
10~ cm” sec/photon, as measured by the method described by C. Xu and W. W. Webb in
J. Opt. Soc. Am. B, 13, 481 (1996) (which is referenced by Marder and Perry et al. in
International Publication No. WO 98/21521 at page 85, lines 18-22).

More preferably, the two-photon absorption cross-section of the photosensitizer is
greater than about 1.5 times that of fluorescein (or, alternatively, greater than about 75 x
107° em* sec/photon, as measured by the above method); even more preferably, greater
than about twice that of fluorescein (or, alternatively, greater than about 100 x 10~ cm*
sec/photon); most preferably, greater than about three times that of fluorescein (or,
alternatively, greater than about 150 x 10™° cm” sec/photon); and optimally, greater than
4

about four times that of fluorescein (or, alternatively, greater than about 200 x 10~° cm

sec/photon).
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potentials reflect relative energy relationships and can be used to guide
el ectron donor conpound sel ecti on. Sui tabl e el ectron donor conpounds
i ncl ude, wonoexsesiBe, those described by D. F. Eaton i nPprAtas2@s®750ms

Phot ochem stry edited by B. Voman et al., Volune 13, pp. 427-488, John

Wl ey and Sons, New York (1986); by Oxman et al. in U S. Patent No.

6, 025,406 at colum 7, lines 42-61; and by Pal azzotto eta], in U S. Patent
No. 5, 545, 676 rafcrabdy. @hrmplwwﬂen%zems sohetde ghihe avagive Secich (i thegeactiyeh

el ect 1 on 000 SATMIUIASLAELIISAThORRCLOSUSL 0g) L shbBRALATLOe

hydra2|ne ane, am ne
tri phenyld&hﬁﬂﬂﬁlbﬂb\x@mhhﬂafd ipbledyd arthe a@mpms@ﬂmgsl\)iostmfbmalyd&i@ydes and
am nosi |l anes), am des (including phosphora

t hi oet herlplosghsifizer fsiakya Ganpblg of ?ﬁ%ﬁ?&@s%‘me%ﬁﬁa%) 1&“%31 &Eng i )lréﬁgiagmgm ts,
salts of Jna&rfb% ﬂc}lgelrra@iﬁﬁ&{ﬂ'acw 1&%@6%@@@&& s ek @é;@{o#?&ﬁ“ ¢ acid and

its salts xant hat es ene dlam ne tetraacetic aci d,
sal ts of ababrktibr) Seatryin)afivior pitoﬂatsse(mtlzer mlggldph()tbetabmpﬂqu amdsnsusag the

preferred vari ous, organo C ngs such as SnR4 conpounds (where
each R .ééiaagﬁ@HHQﬁFF@eé n@éﬁ %ﬁ%gggﬁg glkyl aral kyl (particularly,
benzyl), aw , medrdiKa gbm@é&&tp&) odif B0 BXRTTHR) bSUER Iﬁ?tfﬂf)% RAS &8bility

n- C3H7Sn(C}B)3 (al 1yosSn(CH3) 3, and (benzyl)Sn(n-CMr)3), ferrocene, and t he

| i ke, andonpideratiens. t/’m@prsbmgly rseleetl@cofa)pard@d@trpf@mmwmr@andmndltmm| tut ed
or can be stit |nt ferln bstit

ot oub ST Rt B Bt PP tnsiey Sl T ATioltne ditis it e Romonor

at om ( sucfdnasScan Jﬁmhﬂqg@@rpmxy@ﬁﬁﬂnphosphorus or sulfur atom and an
abstractabl e ]y en atom bonded to a carbaon or _silicon atomal pha to the

el ectron donorPagtigwrly preferrepnuréphosen phietersneiiess ingHndgdhrse cEbRPBENYSEci ncl ude

al kyl -, apyl; Bhotgql F@sr%tlonat{g% ;a/ﬁe@t A%l SRLE ?R&Jﬁﬁam Lyl am ne,

ethylanlnc ropyfamnc amnc, triethano am ne,
hexyl amni I‘tﬁrbo%yﬁhdﬂﬂyf)ﬁﬁ (i taylaming; SPExsﬁrthhm‘E-tyh&d:I&I]HN bﬁh?],etlﬁnammuaﬁdhlonde

RN o s e R <o o e . o L
N N di etﬂwaﬂdeﬁa&{] QA ARREmatb ] PHEE PG 2SNV D 9%721'59ﬂ‘aﬁk?wo

-di nethy1-1, 6- hexdnedi am ne, piperazinc, 4,4- trinethylenedi piperidine,
4 4 - et h}ﬂ%‘fﬁ@éﬁpﬂ"befow|ctassespam\|b£\|dchcnb¢dlgd folowso ) enelchdeoin veimdh two

-N-di | b tril | dehyd f le, .
BN, Nl MY o DA PR LRI gy e G St e ibich two
car boxal dgfyey. AN TR PGYLARRERER] ROV 0T AT AR R0 e

exanple, trine |ne I met erl

bi s(di rretdiryﬂlcaabmﬁr&t wbeptyﬂgsgrbam (c)&ﬁ(bl&ﬁ(ld:sﬁﬁbﬂﬂ&lﬁﬂ%d&):ﬁ@bﬁ)ﬁk@Cdn@lﬁed to
N, N-di et hyl am not ri met hyl si | rls(dlnethglanlno) henyl si | ane,
tris( et Hgosiuepsdm d; eleqﬁog(tmd@@mw(é} my@ameﬁ@ whyic ew AEICh %@rleyeam ne,

N, N- bi s(di net Si | hen I|ne and

NN i retTeeR s alen g Ehr o et B S Rl b P §er ot
al kyl am r&@troﬁ@bhatﬁigl A6 (t;dh@ﬁee‘bhagé N@eHs al rﬁ@l%&ul%ag%&i@ﬁfa%bﬂﬂe&t@%@w ng
group on the aromatic ring, have been found to provide especially good

shel f st ainqre ghendsalderatps) dasiog binpansyantagem af gub @é atosistveithe h)valsﬂnrzgtlam nes
REREGE AR NIRRT R
an atom or group of atoms with a high electron affinity that can be bonded to a conjugated
7 (pi)-electron bridge).
The four above-described classes of photosensitizers can be prepared by reacting
aldehydes with ylides under standard Wittig conditions or by using the McMurray
reaction, as detailed in International Patent Publication No. WO 98/21521.
Other compounds are described by Reinhardt et al. (for example, in U.S. Patent
Nos. 6,100,405, 5,859,251, and 5,770,737) as having large multiphoton absorption cross-
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Preferred am de el ectron donor conpounds include N, N-di nethyl acetamn de,

N, Ndi et hyl acet am de, N-nethyl-N- phenyl acet am de, hexanet hyl phosphor am de,
hexaet hylwbasphoesanr de, hexapropyl phosphoram de, tri nor poolisaagioo®phi ne

oxi de, tripiperidi nophosphi ne oxide, and m xtures thereof. Preferred

al kyl aryl boratc salts include Ar3B (n- C4AHON (CZH5)4 Ar113- (n CAHO) N (CH3) 4

Ar 313- (n- C4H9) N(h C4H9) 4 Ar3B (n-CAH9) Li + Ar313-(n- C4AH9 $106H13)4
sections, although these cross-sections were determined by a method other than that

described above.

Preferred photosensitizers include the following compounds (and mixtures

thereof):

X~ where X = CI, PRy, SbFy, AsFy, BF-, CF,SO;
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Ar 3B - (CAH9) N H( CH3) 3( CH2) 2002( CH2) 2CH3 Ar 313 - ( CAHO) N

H( CH3) 3( CH2) 20C0( CH2) 2CH3 ™ Ar 3B - ( sec- CAH9) NE( CH3) 3( CH2) 2CCR( CH2) 2CH3

Ar 113- - ( SEO2GMHBINB ( CoH13) 4 Ar 113- - (CAHO) N H( C4417) 4 Ar BLBAUISC@8H230M8 H( CH3) 4
( P- CH3O C6H4) 3B (n- CAH9) N ( n- CAHO) 4

(2) Electron Donor Compounds

Electron donor compounds useful in the multiphoton photoinitiator system of the
photoreactive compositions are those compounds (other than the photosensitizer itself)
that are capable of donating an electron to an electronic excited state of the
photosensitizer. Such compounds may be used, optionally, to increase the multiphoton
photosensitivity of the photoinitiator system, thereby reducing the exposure required to
effect photoreaction of the photoreactive composition. The electron donor compounds
preferably have an oxidation potential that is greater than zero and less than or equal to
that of p-dimethoxybenzene. Preferably, the oxidation potential is between about 0.3 and
1 volt vs. a standard saturated calomel electrode ("S.C.E.").

The electron donor compound is also preferably soluble in the reactive species and
is selected based in part upon shelf stability considerations (as described above). Suitable
donors are generally capable of increasing the speed of cure or the image density of a
photoreactive composition upon exposure to light of the desired wavelength.

When working with cationically-reactive species, those skilled in the art will
recognize that the electron donor compound, if of significant basicity, can adversely affect
the cationic reaction. (See, for example, the discussion in U.S. Patent No. 6,025,406
(Oxman et al.) at column 7, line 62, through column 8, line 49.)

In general, electron donor compounds suitable for use with particular
photosensitizers and photoinitiators can be selected by comparing the oxidation and
reduction potentials of the three components (as described, for example, in U.S. Patent No.
4,859,572 (Farid et al.)). Such potentials can be measured experimentally (for example,

by the methods described by R. J. Cox, Photographic Sensitivity, Chapter 15, Academic

Press (1973)) or can be obtained from references such as N. L. Weinburg, Ed., Technique
of Electroorganic Synthesis Part Il Techniques of Chemistry, Vol. V (1975), and C. K.

Mann and K. K. Barnes, Electrochemical Reactions in Nonaqueous Systems (1970). The
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Ar 113- - (C4H9) NI ( CH3) 3( CH2) 20H Ar 13- (n- C4H9) 3N (CH3) 4 Ar 13- (C2H5) 1N ( CH 04
Ar 2B (n- CAHO) 2N#+(CH3) 4 Ar113- (CAFI 9) N (C41-104 Ar 413N+( CAHO) 4
WO 2009/032813 PCT/US2008/075018

potentials reflect relative energy relationships and can be used to guide electron donor
compound selection.

Suitable electron donor compounds include, for example, those described by D. F.
Eaton in Advances in Photochemistry, edited by B. Voman et al., Volume 13, pp. 427-488,
John Wiley and Sons, New York (1986); by Oxman et al. in U.S. Patent No. 6,025,406 at
column 7, lines 42-61; and by Palazzotto et al. in U.S. Patent No. 5, 545,676 at column 4,

line 14 through column 5, line 18. Such electron donor compounds include amines
(including triethanolamine, hydrazine, 1,4-diazabicyclo[2.2.2]octane, triphenylamine (and
its triphenylphosphine and triphenylarsine analogs), aminoaldehydes, and aminosilanes),
amides (including phosphoramides), ethers (including thioethers), ureas (including
thioureas), sulfinic acids and their salts, salts of ferrocyanide, ascorbic acid and its salts,
dithiocarbamic acid and its salts, salts of xanthates, salts of ethylene diamine tetraacetic
acid, salts of (alkyl),(aryl)mborates (n + m = 4) (tetraalkylammonium salts preferred),
various organometallic compounds such as SnR4 compounds (where each R is
independently chosen from among alkyl, aralkyl (particularly, benzyl), aryl, and alkaryl
groups) (for example, such compounds as n-C;H;Sn(CH3;);, (allyl)Sn(CHjs)s, and
(benzyl)Sn(n-CsHy)s), ferrocene, and the like, and mixtures thereof. The electron donor
compound can be unsubstituted or can be substituted with one or more non-interfering
substituents. Particularly preferred electron donor compounds contain an electron donor
atom (such as a nitrogen, oxygen, phosphorus, or sulfur atom) and an abstractable
hydrogen atom bonded to a carbon or silicon atom alpha to the electron donor atom.
Preferred amine electron donor compounds include alkyl-, aryl-, alkaryl- and
aralkyl-amines (for example, methylamine, ethylamine, propylamine, butylamine,
triecthanolamine, amylamine, hexylamine, 2,4-dimethylaniline, 2,3-dimethylaniline, o-, m-
and p-toluidine, benzylamine, aminopyridine, N,N'-dimethylethylenediamine, N,N'-
diethylethylenediamine, N,N'-dibenzylethylenediamine, N,N'-diethyl-1,3-propanediamine,
N,N'-diethyl-2-butene-1,4-diamine, N,N'-dimethyl-1,6-hexanediamine, piperazine, 4,4'-
trimethylenedipiperidine, 4,4'-ethylenedipiperidine, p-N,N-dimethyl-aminophenethanol
and p-N-dimethylaminobenzonitrile); aminoaldehydes (for example, p-N,N-
dimethylaminobenzaldehyde, p-N,N-diethylaminobenzaldehyde, 9-julolidine

carboxaldehyde, and 4-morpholinobenzaldehyde); and aminosilanes (for example,
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Arl13-(CH3)3NI (CH3)4 (n-C4H9) 4B N+(CH3)4 Ar3B (C41-19) P+(C4H9) 4

(where Ar is phenyl, naphthyl, substituted (preferably, fluoro-substituted)
phenyl , swbgbidasesad napht hyl, and |i ke groups havi ng gr eardars2evsniens of
fused aromatic rings), as well as tetranethylamoni um

n- butyl tri phenyl borate and tetrabutyl amoni um

n- hexyl tris(3-fl uorophenyeborate, and m xtures thereof. Sui t abl e

et her el demetyldahaerpbelifse tiraehylaidylniperiding big(divegthdsgabiopdiahgaylsilane,

tri met hoxy - t - e li ke, and m xtures
t her eof . )%g(iﬁpgﬁpgarﬁl#eﬁméhggsglrg%{i%ﬁ%&%@%@ﬁﬁﬁgt@%@%%e N, N - di net hyl ur ea,
N, N- di met hyl urtag(dif:thi laghighetionl Lsiless, tiginetyBilhyhhepuis@imethylsilyl)amine,
tetraet hyl thiourea, tetra-n-butylthjourea, N, N-din-butyl]thiourea,. .

N, N1- di - ﬁlﬂ&t@ﬂ@yﬁ;lbﬁk@g@,% ,N_—tﬁi;(éﬁg(ﬁ ylf;qlﬁl)ﬁy}lglg? N-phenyl-NY 1methyiJsﬂylan1hne,

NN -d pglﬁaw,NMiMemé@-NlMﬁﬁé?ﬂrfyg%lﬁﬁfgin?E9n§1 Hﬁxéu}éﬁzheggcf}?i%ﬁgémmer eof .

Preferred el ectron donor co ree radi reactions
i ncl ude atkylasinchahrteohilyithoerhevmg arteag gnaletdcirdniwithdrasvieg gesip on the

al kyl aryl borate.salts,, and. saJts of. aromatjc su]fini ci ds, However, for

Sueh Tt BRe T gedt iR aRR R e Srmuly st delTAREnRipdsi Y T estt ed

(for exanpliflityth@s LIBP b BB SIS arifn@Pitlat ir¥ sOfidst 1 @odth RinR¥@RGll \(Rood

conposition of to nodify resolution, contrast, and reciproci t@. 1Pr eferred
ny

el ect r on photsensgtdvifydun dserf elrtaiged dsing duosd thag eerttiiowse onolodialoli
4- di net hyl & 'inobenzoi c acid, ethyl 4- dinethylam nobenzoate,
3-di net hyqﬂ% Hobenzoi ¢ acid, 4-dinet hyl am nobenzoi n, 4-

di net hyl ani notresakdehydieslcdrodidabMyondiBuneDBOkEs N, Kidi@ethylacetamide, N,N-
4-di net hyl am nophenet hyl al cohol, and 1,2, 4-trimet hoxybenzene. (3)
Phot oi ni tdigthplrectamide, N-nggthylaNiphen agetamide. hexamsthy lphagphosamide.ect r on accept or

Thove. t na iy RS oA R PRl kIR AL PRI FARBERI 007 5n°

from an eatipperidinbghspkint edids} aideniafurtéterruf.t i phot on phot osensi ti zer,
resulting in the formation of at |east one free radical and/or acid. Such
phot oi ni ti at orPsrefeFTéiigﬁ‘é(imgH%rﬁF%ﬂt%&} et or exanple, diaryliodoniumsalts),
sul foni um sal t g gipric,examat 1)L riaryl sul foniumsalts optionally substituted
with al kyl

Ar;B'(n-C;Ho)N'(CH3)4

Ar;B (n-C4Ho)N (n-C4Ho),

Ar;B (n-C4Ho)Li"

Ar;B (n-C4Ho)N(CsH)3)4
Ar;B-(C4Ho)N(CH3)3(CH,),CO,(CH,),CH;
Ar;B-(C4Ho)N(CH3)3(CH,),OCO(CH,),CH;
Ar;B-(sec-C4Ho)N'(CH3)3(CH,),CO,(CH,),CH;
Ar;B-(sec-C4Ho)N'(CsH12)4
Ar;B-(C4Ho)N(CsH7)4
Ar;B«(C4Ho)N'(CH3),
(p-CH30-CgHy)3B (n-C4Ho)N ' (n-C4Ho)4
Ar;B-(C4Ho)N(CH3)3(CH;),OH

ArB (n-C4Ho);N"(CH3),
ArB(C;H;s):N"(CHa)4

Ar,B (n-C4Ho),N(CHz),

Ar;B(C4Ho)N (C4Ho),
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al koxy groups, and optionally having 2,2" oxy groups bridging adjacent aryl
noi eties), and the |ike, and m xtures thereof The photoinitiator is
pr ef er ablwogodusks3i n t he reactive species and i s pref eprablug2e8erfoist abl e
(that is, does not spontaneously pronote reaction of the reactive species
when dissolved therein in the presence of the photosensitizer and the

el ectron donor co_gpound&l6 Accordingly, selection of a particular

phot oi ni ti at orAkR to some extent upon the particular reactive

speci es, phot nd el ectron donor conpound chosen, as descri bed
above. If the‘%@gg?&gﬁgg %les i s capabl e of undergoing an aC|d initiated
chem cal reacKndﬂ}prQﬁTCH@pphot0|nltlator is an oniumsalt (for exanple,
an i odoni um or sul foni um salt Sui t abl e i odonium salts include those
descri bed by #?%%igéﬂ@%(gﬂﬂﬁi in U S Patent No. 5,545,676 at colum 2,

i nes 28 through 46. Suitable iodoniumsalts are also described in U S.
Patent Nos. 3,729,313, 3,741,769, 3,808,006, 4,250,053 and 4, 394, 403. The
iodoniun1sa|t(ﬁémmb@rmphmqnlﬁmhﬁWtsﬁb@Mme&QHﬂkgmbcﬁmbaimmmgu&ﬂ)pmﬁqh such
as d -, netal co X for exa

ontai ni MyPiEES Rl R erpu e e e TS B R B A RS CH. o
AsF6-). Nt é:bﬁ@@arﬁéth&l@ﬂ%n‘ﬁfﬁl %%L&yﬂtrﬁﬁl@nﬁgoﬂd&eﬂld't@tréiﬁ%}lz'irﬁfﬁomumn heftanpl es
of useful aromatic iodonium conplex salt photoinitiators include
d|phenylMud@ﬁ%um@MEmYﬁWHm@r%hbnamées@mﬁﬂfnethyIphenyl)lodonlum

tetrafl uoroborate th hen n { robo at£;

di (4-heptyl ph ‘@ eg ﬁﬁltﬁy?%?]5¥ E%?%%%& gu&ﬂy%éF ?Péﬂ% ﬁ ;'8§%hium

hexaf | uo rtﬁﬁ{@mgga&hﬁened i1(244,5 Q&f&ﬁdﬂiﬂi@ﬁ&ﬂz)ah@ daaihsneexaf hiaiephrspiiat e;

dl(naphtg¥<%|odon|un1tetrafluoroborate 4 trifluoroneth 1 phenyei odoni um
W

tetraflu bleawes clegtionalopps eentiugds Wékl&fs Dréiprdspras.eY,N-dimethylurea,

di (4- et r )

nexcar | or Sa SOnar L LR R L ACHACLE R BRI G PR LR, -ai

pheny 1- 2-nt-bitghlyibined okjN}di-nebuafithiarrep Naspdiphaylthiourea, N,N'- dlphenyl-N,N'

3, 5-di net razolyl 4- phenyl | odoni um hexaf | uor ophosphat e,
diphenylﬁgﬁhﬂﬂHWPﬁ%%ﬁﬁl%bmﬁhﬁ% PeHugcs th e?xg - di phenyl i odoni um

tetraf! uor oborgat e bicird iRl GrABARAYLY ﬁ&d[gafcmmnhee%afrbmaﬁﬁﬁeﬁﬁ@at €;

di (4- bronmophenyThodoni um hexaf rophosphate 4- met hoxyphenyl )i odoni um
hexaf | uoramphemtbhlatoetalrdome?aeraambQulybﬂmamymy)leuds; lalkutarjrib&mtd sats,.cpdesiphett e; di ( 3-
nmet hoxycar bon pi.qdoni um hexaf | yor ophosphat e;

ot hosy o B SHERY Py oM EH R T SPReS Bpcieiron dofor compound can

di (4- acetaqy whanhiegy | if bagen '(fé)mexahﬁﬁl@ftb URAHRRE ASPIRIRability of the photoreactive

di (2- benzothlenyl)lodonlun1hexaf uorophosphate and di phenyl'i odoni um

hexaf | uorcoampobitionat &, madiﬁy tda@lutlbmeéon@m andxeaipresity h dtrefofredelsntsen oriosdoni um
conpl ex sal ts [« e COLres ondln tic

" odon um iRl faBiERRHE Gt TR AN In S BRUIRERONIE BRI T e ) i

accor danqﬁmmhtytarﬁlh@oeh@m@lsngmequleﬁmﬁlbwﬁmce&ldah dlméthyﬁmm(@lmmm Spc. 81, 342
(1959). Preferred iodonium salts_ include dlphenyllodonlun1salts (such

as di pherf&lmptbakaﬁnmhe@mlé@hyaé 4-dinsilsrdgmninelerontiilseksimetby spinepbaeateyl and
di phenyl i@ %B ggé%h{%ﬁﬁ%%&%g?gﬁg%g) dlaryl|odon|un1hexafluoroant|nnnate

(for exanple avai |l abl e from Sartoner Conpany), and
m Xt ures thereof

(3) Photoinitiators

Suitable photoinitiators (that is, electron acceptor compounds) for the reactive
species of the photoreactive compositions are those that are capable of being
photosensitized by accepting an electron from an electronic excited state of the
multiphoton photosensitizer, resulting in the formation of at least one free radical and/or
acid. Such photoinitiators include iodonium salts (for example, diaryliodonium salts),

sulfonium salts (for example, triarylsulfonium salts optionally substituted with alkyl or
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Useful sulfoniumsalts include those described in U S Patent No. 4,250,053
(Smth) at colum 1, line 66, through colum 4, line 2, which can be

repr esentwo 2bgo/w3bsa3f or nul as: O wherein R, R2pCani$20d8/0230¢8 each

i ndependent|ly selected fromaromatic groups having from about 4 to about 20
carbon atons (for exanple, substituted or unsubstituted phenyl, naphthyl,
thienyl, and furanyl, where substitution can be with such groups as al koxy,
al kyl t hi clkexyaremisoanditiogelhy, hae 26 ¢or graypsbitdcandgsdiaggpoupbmpwlirngatd om 1

t o about .car . used here, the term "al kyl" includes
substitufﬁ%hg’f@?ﬂ?g%ggg%gégie, substituted with such groups as hal ogen,
hydr oxy, al koxXphe phiotcautiyibior isAirefeedit soduitde of thRisactle sproids Ba3d isprefeabht i ¢, and,
preferably, ea i s independently aromatic. Z is selected.fromthe group
consi st ﬁée]éﬁtagpecg&ﬁéﬁe PCSH9hH él?oné%&?@_ / POMqtg Feactiagy 0—%5@ reactiyy spggies when

- (0-) S(- QissotvedMbraiNiRe preSMI&! 8t e f())l?otg{e}ﬂkiti,(:&fanalﬁgé’éleé otnclioaglowm nﬁf.‘r bons,
such as phenyl), acyl (of about 2 to about 20 carbons, such as acetyl,
benzoyl , Awdrdogllowtdelion af € parbionlat ghat@nbatorioamdepend to sqrirlexdt@(t-uRbh the, wher e

R4 and R5 are.independently selected fr t he group consi sting of hydrogen,
Al Kyl gr QUBLURITAEGVF iticr: RIS TCERNZH A0drlisHORABRRY COTRAULT KIRGH: 431 oups

BZYB \r/lvg f reReRAubove. 1P tiRROM:IvA sFRIRQY caHaBIFof utfderkSindAnaBidARitiag¥ descri bed
chemical reaction, then the photoinitiator is an onium salt (for example, an iodonium or
sulfonium salt).

Suitable iodonium salts include those described by Palazzotto et al. in U.S. Patent
No. 5,545,676 at column 2, lines 28 through 46. Suitable iodonium salts are also
described in U.S. Patent Nos. 3,729,313, 3,741,769, 3,808,006, 4,250,053 and 4,394,403.
The iodonium salt can be a simple salt (for example, containing an anion such as Cl', Br',
I' or C4Hs SO3") or a metal complex salt (for example, containing SbFs", PFs’, BF4,
tetrakis(perfluorophenyl)borate, SbFs OH™ or AsFg’). Mixtures of iodonium salts can be
used if desired.

Examples of useful aromatic iodonium complex salt photoinitiators include
diphenyliodonium tetrafluoroborate; di(4-methylphenyl)iodonium tetrafluoroborate;
phenyl-4-methylphenyliodonium tetrafluoroborate; di(4-heptylphenyl)iodonium
tetrafluoroborate; di(3-nitrophenyl)iodonium hexafluorophosphate; di(4-
chlorophenyl)iodonium hexafluorophosphate; di(naphthyl)iodonium tetrafluoroborate;
di(4-trifluoromethylphenyl)iodonium tetrafluoroborate; diphenyliodonium
hexafluorophosphate; di(4-methylphenyl)iodonium hexafluorophosphate;
diphenyliodonium hexafluoroarsenate; di(4-phenoxyphenyl)iodonium tetrafluoroborate;
phenyl-2-thienyliodonium hexafluorophosphate; 3,5-dimethylpyrazolyl-4-phenyliodonium
hexafluorophosphate; diphenyliodonium hexafluoroantimonate; 2,2’-diphenyliodonium
tetrafluoroborate; di(2,4-dichlorophenyl)iodonium hexafluorophosphate; di(4-
bromophenyl)iodonium hexafluorophosphate; di(4-methoxyphenyl)iodonium
hexafluorophosphate; di(3-carboxyphenyl)iodonium hexafluorophosphate; di(3-
methoxycarbonylphenyl)iodonium hexafluorophosphate; di(3-

methoxysulfonylphenyl)iodonium hexafluorophosphate; di(4-acetamidophenyl)iodonium
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Suitabl e anions, X-, for the sulfoniumsalts (and for any of the other
types of photoinitiators) include a variety of anion types such as, for
exanpl e, woi2d@®/03ps8hi de, boron-cent ered, phosphorous- ceRrCeENSA)08/075018
anti nony-centered, arsenic-centered, and al um num centered ani ons.
[llustrative, but not limting, exanples of suitable imde and nethide
ani ons include (C2F5S02) 2N-, (C4F9S02)2N-, (C8F17S02)3C, (CF3S02)3C,
( CF3502) drxaflyanapmspipa di(2-feopabeny biodamggorxaluoropirssiuy: (aad F9S02) N- |

(5.5 br o Loy et eI AP G DR mirss R0t (YEPA™® ant ¢ e

| i ke. Preabéonied camprsald cdnbesprépeaped bnoktadesishod serresppndiag piodthtioy t he
formula (12f S02) 1C- , wherein is a perfluoroal kyl radical having froml
to about 193%'%61%“%!? SHHES. (Such as, qrwwlﬁ‘af{lp%l,y{la n%tblquﬁjﬁie? Iy codRBsfnl es of

i t abl : 005 ing! - sod 81 530l §6653) CBHB) 4B- ,
ooy 45 T ARAGEIGE S BETANS JNT NACCRER: sod BB G0 e) 30 aie) B
( CBE5) 3( n- CAHDrBerred [>dOHRO6 s BDBRSiBheny [ QFB)B BEks (s4@6H5) 3( CBF5) B- |

CH3) 2( p- CE3C6}4) 2B- C6FE5 n- C18H370) B-, nd the.ljke., Preferred
o o e <R B A B Bo RGP BOSh S B Subst| § ot 6d
ar omat i ¢ ORI FARIGAIboALY GRSl BANRR NI hihdHALI MR RED. L he

most preferred halogen. Illustrative,” but not limting, exanples of the
pr ef er r edag@iaton SRi WJ R adteilabls BomiSHiagoORBY 0BIH) YBand GRS thgreof.

(C6F5) 3(n-C4 B- F5) 3FB- d . (CBED) 3. o i e ani ons
Cont ot mi ng o Rer b Eh 5 tne S B IRPL ST LY S Ratepvo et

(3, 5- bi s((SM3hCRIERN AL, 1id <&, Birddidir col (el BEDNiwd A RvhicK &F%) sentdtOddthe

(C6F5) F5Sb-, F6Sb-, (HO F5Sb-, and F6As-. The foregoing |lists are not

i nt ended fPEMYas:exhausti ve, as other useful boron-centered nonnuci cophi lic
salts, as well as other useful anions containing other netals or
nmetalloids, will be readily apparent (fromthe foregoing general fornulas)
to those skilled in the art. Preferably, the anion, X-, is selected
fromtetrafl uoroborate, hexafl uorophosphate, hexafl uoroarsenate,
hexaf | uor oafity_ nonat e, and hydr oxypent af | uor oamtthpgnate (for exanple, for
use with c t%ﬁ?ﬁ%ally-reactive speci es such as epdXy resins). Exanples of
sui t abl e sulMonfum salt photoinitiators includegy t&iphenyl sul fonium
tetrafl uoroborate

or

wherein R1, R2, and R3 are each independently selected from aromatic groups
having from about 4 to about 20 carbon atoms (for example, substituted or unsubstituted
phenyl, naphthyl, thienyl, and furanyl, where substitution can be with such groups as
alkoxy, alkylthio, arylthio, halogen, and so forth) and alkyl groups having from 1 to about
20 carbon atoms. As used here, the term "alkyl" includes substituted alkyl (for example,
substituted with such groups as halogen, hydroxy, alkoxy, or aryl). At least one of R1, R2,
and R3 is aromatic, and, preferably, each is independently aromatic. Z is selected from the
group consisting of a covalent bond, oxygen, sulfur, -S(=0)- , -C(=0)- , -(0=)S(=0)-, and
-N(R)-, where R is aryl (of about 6 to about 20 carbons, such as phenyl), acyl (of about 2
to about 20 carbons, such as acetyl, benzoyl, and so forth), a carbon-to-carbon bond, or —
(R4-)C(-R5)- , where R4 and R5 are independently selected from the group consisting of
hydrogen, alkyl groups having from 1 to about 4 carbon atoms, and alkenyl groups having

from about 2 to about 4 carbon atoms. X- is an anion, as described below.
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met hyl di phenyl sul foni um tetrafl uoroborate di nethyl phenyl sul foni um

hexaf | uor ophosphate tri phenyl sul f oni um hexaf | uor ophosphat e

tri phenylwol2zbevizesmshexaf | uor oant i nonat e di phenyl napht hylPsuitseoisonios

hexaf | uor oarsenate tritol ysul foni um hexaf| uorophosphate

ani syl di phenyl sul f oni um hexaf| uor oanti nonat e 4-but oxyphen yl di phenyl sul f oni
umtetrafl uoroborate 4-chlorophenyl di phenyl sul foni um hexaf | uoro1phosphat e
tri (4- phenoxyphetahleyaigns.oni fmthesdionivor sptdaphier any of the other types o

O e RO T L WGSBS, i, i,
boron-centered, phosphorous-centered, antimony-centered, arsenic-centered, and
aluminum-centered anions.

[lustrative, but not limiting, examples of suitable imide and methide anions
include (C2F5S02)2N-, (C4F9S02)2N-, (C8F17S502)3C-, (CF3S02)3C-, (CF3S0O2)2N-,
(C4F9S02)3C-, (CF3502)2(C4F9S02)C-, (CF3S02)(C4F9SO2)N-,
((CF3)2NC2F4502);N-, (CF3)2NC2F4S02C-(S02 CF3)2, (3,5-bis(CF3)C6H3)SO2N-
SO2CF3, C6H5S02C-(SO2CF3)2, C6H5SO2N-SO2CF3, and the like. Preferred anions
of this type include those represented by the formula (ReSO,);C™ , wherein Reis a
perfluoroalkyl radical having from 1 to about 4 carbon atoms.

[lustrative, but not limiting, examples of suitable boron-centered anions include
F4B', (3,5-bis(CF3)C6H3)4B-, (C6F5)4B-, (p-CF3C6H4)4B-, (m-CF3C6 H4)4B-, (p-
FC6H4)4B-, (C6F5)3(CH3)B-, (C6F5)3(n-C4H9)B-, (p-CH3C6H4)3(C6F5)B-,
(C6F5)3FB-, (C6HS)3(C6F5)B-, (CH3)2(p-CF3C6H4)2B-, (C6F5)3(n-C18H370)B-, and
the like. Preferred boron-centered anions generally contain 3 or more halogen-substituted
aromatic hydrocarbon radicals attached to boron, with fluorine being the most preferred
halogen. Illustrative, but not limiting, examples of the preferred anions include (3,5-
bis(CF3)C6H3)4B-, (C6F5)4B-, (C6F5)3(n-C4H9)B-, (C6F5)3FB-, and (C6F5)3(CH3)B-.

Suitable anions containing other metal or metalloid centers include, for example,
(3,5-bis(CF3)C6H3)4Al-, (C6F5)4Al-, (C6F5)2F4P-, (C6F5)F5P-, F6P", (C6FS5)F5Sb,
F6Sb™, (HO)F5Sb', and F6As™. The foregoing lists are not intended to be exhaustive, as
other useful boron-centered nonnucleophilic salts, as well as other useful anions
containing other metals or metalloids, will be readily apparent (from the foregoing general
formulas) to those skilled in the art.

Preferably, the anion, X, is selected from tetrafluoroborate, hexafluorophosphate,
hexafluoroarsenate, hexafluoroantimonate, and hydroxypentafluoroantimonate (for
example, for use with cationically-reactive species such as epoxy resins).

Examples of suitable sulfonium salt photoinitiators include:

triphenylsulfonium tetrafluoroborate

methyldiphenylsulfonium tetrafluoroborate

dimethylphenylsulfonium hexafluorophosphate
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4-t hi omet hoxyphenyl di phenyl sul f oni um hexaf | uor ophosphat e

di (et hoxysul f onyl phenyl ) net hyl sul f oni um hexaf | uor oanti nonat e

di (ni t ropwerzydyg3bsanyl sul f oni um hexaf | uoroanti nonate di @ecaniseonsionmis yph
enyl )m ethyl sulfoni um hex afl uorophosphate

4- acet am dophenyl di phenyl sul foni um tetrafl uoroborate

di et hyl napht hyl sul f oni um hexaf | uor ophosphat e

trifl uor omet hytrighgsyésalfpaiyns s {inerepkasahateor obor at e

p- (phenyl t hi ORﬂﬁ?%'ﬁsﬂh%ﬁﬁyﬂ&?bﬁ(ﬁ?%%ﬁﬁ%s%ﬁé af| uoroantinon ate

10- et hyl phenoX "I Nl um hexa ate 5-net hyl t hi ant hreni um
hexaf | uor ophosjiptaingInkphtphlenlydni®Om heaflmirdursdnlicoxant heni um hex af |
uor ophosphat e 10- phenyl- 9- oxqQt hi oxant heni um tetrafl uoroborate

5- met hy1- 10- o%ﬁqus&ﬁtgﬂlﬂlghlil HEOPIPOYFoborat e 5-methyl - 1

0, 10- di oxot hi aﬁ”‘ﬁ?&ﬁ@@?gﬂﬁﬁméhﬁ%&mﬁMﬁaw Preferred sulfoniumsalts

i nclude triary te alts such as triarylsulfoni um
hexaf | uor oant i4vbuwtaxghehyldiphraytpl fonivba taBatliddoBBRa@10 avai |l abl e from Sart oner

Company) L SO el ercRhonEha, ([or exarml e sarCat 17 m SR
hexaf | uor ophosphapgnok @fhcf¥BsioRiunchREeaLINMp Kb PRadvai | abl e from Sartoner
company) . di(4-ethoxyphenyl)methylsulfonium hexafluoroarsenate
4-acetonylphenyldiphenylsulfonium tetrafluoroborate
4-thiomethoxyphenyldiphenylsulfonium hexafluorophosphate
di(methoxysulfonylphenyl)methylsulfonium hexafluoroantimonate
di(nitrophenyl)phenylsulfonium hexafluoroantimonate
di(carbomethoxyphenyl)methylsulfonium hexafluorophosphate
4-acetamidophenyldiphenylsulfonium tetrafluoroborate
dimethylnaphthylsulfonium hexafluorophosphate
trifluoromethyldiphenylsulfonium tetrafluoroborate
p-(phenylthiophenyl)diphenylsulfonium hexafluoroantimonate
10-methylphenoxathiinium hexafluorophosphate
5-methylthianthrenium hexafluorophosphate
10-phenyl-9,9-dimethylthioxanthenium hexafluorophosphate
10-phenyl-9-oxothioxanthenium tetrafluoroborate
5-methyl-10-oxothianthrenium tetrafluoroborate
5-methyl-10,10-dioxothianthrenium hexafluorophosphate
Preferred sulfonium salts include triaryl-substituted salts such as triarylsulfonium
hexafluoroantimonate (for example, SarCat™™ SR1010 available from Sartomer
Company), triarylsulfonium hexafluorophosphate (for example, SarCat™ SR 1011
available from Sartomer Company), and triarylsulfonium hexafluorophosphate (for
example, SarCat™ KI85 available from Sartomer Company).
Preferred photoinitiators include iodonium salts (more preferably, aryliodonium
salts), sulfonium salts, and mixtures thereof. More preferred are aryliodonium salts and

mixtures thereof.
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Preferred photoinitiators include iodoni umsalts (nore preferably,
aryliodoni umsalts), sulfoniumsalts, and m xtures thereof. Mre preferred
arc aryl iwdandumesal ts and m xtures thereof Preparati orCofUSB¥OSOIRBCE | Ve
Conposi tion The reactive species, multiphoton photosensitizers,

el ectron donor conpounds, and photoinitiators can be prepared by the

nmet hods descri bed above or by other nethods known in the art, and nany are
comercially avail abl e. These four conponents can be conbi ned under "safe
i ght" condi tim a%.o'ﬁ% tSVed&kveAR Jef-1s of conbi nation (optionally,

W th stirring-m%-l?hMmuM sonetinmes preferable (froma
?heljf :ci fe andrltheheaidﬁ&b spdcadyi hliﬁltiphsfoaqﬂpﬁiséﬁslitlizfe@, aldgkrctrh&}rmho?mbmﬂdis,adndr | ast
and after any heating step that is optionally used t cilitate

di ssol ut iRIBRItIBOREGN D8 METIE: &) the g%ﬂthpéiﬁtde%we%bqywa,%w%ahea&qt@@a, provi ded

that the salyeRtnd £, Gh@SEN %% c%ﬁnﬁ&cfbaﬁg aga’glﬁaﬁe. aﬂf%@ﬁ}uﬁ‘%ﬁﬂp(‘{“e&lﬂ &hR%e

conponents of the conposit Suita vents 1 nclude, tor exanple,
acet one, winbimcdrumdet fsafedjghéihcbndaminensing aheordEhend wawter vEcapkioatem i t sel f can
al so sonetines, serve as. a solvent f t he ot her .conponents. he t hree
c omponent P ek sfanaior pfions plbatstis 8 BBR DA DHe beRamhell Ty

ef f ecti vajfaaRyMHetmilasatilal isDadpARYYEIdd t@@?ﬁét@iﬂiﬂatort B& (SPRS lah{ A8atmH@n
contain at |east about 5% (preferably, at |east about 10% nore preferably,

at | east sa&ipahet i9opgonafy tuscdatodaciling: dissytionef ethebbgmpensntsd Sdluent c9BdE nor e

pr ef er abl up,to about. 809 ight ,of one or re reacti S i es; at
Peast ancibe-oPatdel peviarEihy B sPLET pRhgB B0 AT Feiel ERfIE BBRP"S:

| east abainpdndif oﬂﬂhefcﬁrngbﬁﬁ@n. 190abRy ivehaghyudd) Bort Xadipy hedddfie, NOT €
preferably, up to about 2% by wei ght of one or nore photosensitizers;

opt i onal |dichleggmethanpund acgropitinle o flBE ssicliye tscicd itsphbean atsy sopPtigss §¥C8f one
or nore ea'.s%‘f&e'h?f%r‘?l%@&ﬁercc%%%y&ﬂ? (preferably, at |east about 0.1% nore
0. 1%

preferably, from abou 0 about 5% ; and from about 0.1%to about 10%
by wei ght of OFte thice RbDmPosdneCH i the plstcftiaddr sgaumains ks ieplstadieynicdliyom
about 0.19%tq about 5% based upon the total weight of solids (that is, the
total wei %?etlmare%%@éﬁ?én%%?@we : (agneedyyBRcpmposition can Gngan Jp3sht y of

adj uvant %bﬁ%‘ﬂg%%ﬂ'sefe‘e%ﬂég,%@ légFteéngt_ Rﬁ)@}ﬁ&&?}ﬁ&tj&’aﬁl ,Q{T%é%ia%ﬁ@?ip/?)gﬁ%%&ﬁg upon

the desired en ita adj uvants inclu sol vents, nts, resins,
bi nde{:I s, %9:(’&9'&? (mefeeabdy, upit?a’emttﬁﬁ%jme pierﬁ?alganilzctocalbomr@é/h)@weiightfofro?]lieng ord
extendin illers.(at preferred.a of .about 10% t.o 90% by wei ght base
on the ¢ QUAIOTETEHLS Webiehat SHRGHERT Bk CroTRON 6t SuO< o el cat or <.

i nhi bi t orpyefefdbBPiat leéﬁ%ﬁ@ut'—di‘%ﬁﬁé@wﬁbuﬁmﬂm%f&ablﬁ  thRBolti}E-mdlde anmount s
and types of such adjuvants and their manner of addition to the

conposi t irsefsraltyl, lup beathan2Vi)dy waghtiedac gkinbieephotqscndiiézcay; optionally, up to

about 10% (preferably, up to about 5%) by weight of one or more electron donor
compounds (preferably, at least about 0.1%; more preferably, from about 0.1% to about
5%); and from about 0.1% to about 10% by weight of one or more electron acceptor
compounds (preferably, from about 0.1% to about 5%) based upon the total weight of
solids (that is, the total weight of components other than solvent).

A wide variety of adjuvants can be included in the photoreactive compositions,
depending upon the desired end use. Suitable adjuvants include solvents, diluents, resins,
binders, plasticizers, pigments, dyes, inorganic or organic reinforcing or extending fillers
(at preferred amounts of about 10% to 90% by weight based on the total weight of the
composition), thixotropic agents, indicators, inhibitors, stabilizers, ultraviolet absorbers,
and the like. The amounts and types of such adjuvants and their manner of addition to the

compositions will be familiar to those skilled in the art.
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It is within the scope of this invention to include nonreactive polyneric
bi nders in the conpositions in order, for exanple, to control viscosity and
to provi deof2néwn3tgasni ng properties. Such pol ynmeric bi ndecs/usassgesves al | y be
chosen to be conpatible with the reactive species. For exanple, polyneric
bi nders that are soluble in the sane solvent that is used for the reactive
species, and that are free of functional groups that can adversely affect
the course of If Bawithistheofcophel thisdetdntien &pdeluds norgpctiys pebingricddndess Wder s
can be of - d ' ' | ' Fidiom i.Ng
propertiégggn (ggﬁﬁgf%ﬁﬁ%ﬁgé %§y5?$%$“gﬁﬁﬁgﬁégmﬁéﬁg?%?@9“§E?§$%§5EI ween
about 5, GR6patick. Sudb Po BB riDdlindeAscanpcairelabt yhdseh welbdcanyeitibl 0@ and
500, 000 Dal tons; nore preferably, between about 15, 000 and 250, 000

Dal t ons) .[CXEVE ARTEsp oy FEMRIC iohgegT l?lﬂ@% tare splubledphcesamsoolisnl thahe,
pol y( et hy|, JibPAc, YA | HGShARORYE SPROARIN] OBl inhe ose
acetate b%?@rate,géﬁé %ﬁéx?ﬁﬁé.g aé%%?or tgﬁgxpgggﬁi, t%@i@géﬁgying
phot or eactffeeethe ooes of icactonadthdeactoatspacion can balslizedt Bindefs dedierofd, by any

of a variety of caatin hods known to those skilled in the. art

(i net v rgobe g EREhRE TR i TS aeHHy (AFRCR BBRET Ry PHEiBubst rat e can
be chosennhédiom) EoMé:dgnpt@mdttanl R fwdigttiBetwdBEScut 50 aRA D00, DO DARSSs;
(including siTicon wafers and gl ass pl ates), dependi ng upon the particul ar

appl i cat insefceabty bdtecereatioot! 1 @P0RxpbH @0t Ralipasumotcipzefdrably, bétarcerdbaubst r at es

! (AN filat. bl e the pr. ' foal f
oot or eace 00 EehashODFBstend, Shihde P RsRr bR RuRBELS el o2 Tone
wher e cogolygyrtise, belstme@si hath&ylatd) pdfelyaiRacs i(MeylonitReR icki@bse Leofate

alternatively be exposed in bulk form Exposure Systemand Its Use
I n carryitgyraigt andise fkdcess of the invention, a photoreactive conposition

can be expose i r [ el or ption
occurs, theregvkgéi%%%%mgpggé?%ﬁﬂgﬁ%gﬁg23?2% T &%% u6%+??§6%ﬂ%§ggteristics
(for exampbgratd, eBdsBiredibygng af e vasetl wbcbdting mah@dspabivindo tiase sidllyeintthe as

conpared to . the photoreactiye conposition prior to exposure. Such exposure
can be a&émﬂlﬁld;ﬁ%&owaan@e, &Hé&ﬁowgﬁgd SRIpSBrE s The Ailsipts 28 BF ChRSeBnt

i ntensi tyg0h o th8e Vg of films, shd€afkSHB ﬁ?ﬁécéd(ﬂfchﬂﬁn@iﬁ&&%&#&%tana g€ used
is shown In Figure 6." Referring to Figure 1, fabrication system 10 1 ncl udes
| i ght souraes)ld&pending opdn Sy phgoules appmatios ambtha nidtinal ofeppowad todheement 15

(optionally. includin | vo-mrrors and_a.tel e ontrol .bea

i Ver goncislizrbrefstl sl dueb e g iy T R Gubl B Piebomect8lR, o
nor e typijggloy phétbreasivll dMRipokRioR havidP 8 tuhaben ABcRWI RS a@@icsﬁiaﬂ@wﬁ&_e has a

| ayer 20 of photoreactive conposition 24 thereon. Light beam 26 originating
from | i ghroaegiisdess Hgsipphbs dy nhietaserghive permpeditienssre pltdrmatayedy beexpescd inr ough
final opqhﬁ?h)elenent 15 which focuses it to a point P within |ayer 20,

t her eby con r5VHing t he three-di nensional spatial distribution of Iight
intensity within the conposition and causing at |east a portion of

phot oreacti ve conposition 24 in the vicinity of point P to becone nore, or
| ess, sol ubl e Exposurq $vséem and ItsdUseont than it was i mrediately prior to
exposure to i W - ' i.ng |ight
beam 26 (f or uanny a2 ubthe procgss of e IRREhh, SpRGRrckfyClonlosioh2eh bl

t el escopexposedao hibhtnaideoconditions swah ther ronléiphstomabsrgioanents, thercbpt i cal

system 14, the focal int P cap be scanned or translated in a
t hr ee- di rﬁéﬁ%%ﬁaffg%?f @Fﬁrwﬁatw@@#ﬁ@g YAcisIstss &goa s&m@a’ lesssier eregier

resul tingo@any 6da %}ﬁi@ﬁ‘l@% sdtldnY) 4sQRER-IRG itd ﬁﬁt@@aoﬁ*&%%ﬁé‘&ﬁ&ﬁ’ﬁri&qmog tion

24 then creates a r ee- di mensi onal structure of the desired s ape. For
exanpl e, dxposursi Sigphexpasse tdrebesaechmpkshed bf iahp kieen nespocnpiblg of actactihg ckness

of about ope .volunme.pi xel or voxel) of one or nore light extraction
Mgt sl i g

structuréed i maged, which upon devel opnent can formthe
surface of the)st &alpre tidk-of system that can be used is shown in Figure 6. Referring to

Figure 1, fabrication system 10 includes light source 12, optical system 14 comprising a

final optical element 15 (optionally including galvo-mirrors and a telescope to control
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The i magew se exposing of the surface profile can be carried out by
scanning at least the perineter of a planar slice of a desired

t hr ee- di rwo=0@ovaksist ruct ure and t hen scanni ng a pl urali rgTafS2@mseienabl y
parallel, planar slices to conplete the structure. Slice thickness can be
controlled to achieve a sufficiently low | evel of surface roughness to
provide optical quality light extraction structures. For exanple, smaller
sl i ce t hitermehvagencgh apdmgasiiaphee 1 Ptags bnis ragvegblean enc. et WPES t aper to
aidin a h t I r cknesses can
be utili g[%allhpghreé &%G%E?H?e%gb%ts%{re tcjl%td&é%ﬁ Gtz}%esrtél%?e Hseﬁaésa 1%‘??%,&)%? ai ni ng usef ul
fabri cat Ip:hbtdrd:afCBSe ccbmpdsdﬂncm Mamereansurg‘hab&nﬁ Qaghgmaﬁng frem lighasourbel Bl i ce

t hi ckness (prefer bly, Lﬁ;s t han out one- h If of thf slice thickness;
more pr eﬂeﬁ%ﬂyoug Yyicp ﬁteabb‘h%n eVedG%FPP%‘? gl opHeal glemeat { hvdighess) can be
achi eved | ( g r of

St uct ur ag Fapri @ 2P buplifR R0, B LB e OB QR TR

conposi t idistribstionoztiptit oenaity wh)ﬂaﬁrtﬁb eomba‘htl(m(émdnamsmg at:lbgﬂt(aepotﬂon of

non- pl anar i that is of . ater si ze magni tude, as vo

hei ght , Holairachse gRBpoiiTot 3 T 2 £oF P o REenmBIa LRy ;30%16&%. d
optical | vt | @&t dHRY%SIveR thin ﬁ%{fae%méala%w Pﬁ&%e& oslid ® 160 L&A agconpl i shed by
| ocating (for exanple, using a confoca |nter ace | ocator system

i nterferonetryBy mpvmg@mgeééewdef dirpceng hglet He@m%dforwemeke) mokimgpdsseri on of

t he |nterface be % grate nd thﬁ gortl F t he photoreactlve
conposi t | Sﬁn‘tlﬁ%ﬂg% VQHES“‘E%“%S% B Ledgeo c‘jnf%% AYUE Hb“%“r%eoﬁe SCAYBn of the

optical sy&h@m dfopieplr IPcmatekhe fHoealfpatitP dah Polch@adbRBadlatédia 4 thier f ace.
(Such a procedure is described in detail in a co- pendlng and co-filed

pat ent appmpedenadpatisn thah goragsperdsdy apseiksk shppe. Brasgilnpracted er padelly pt i on
of which f A dure
can'be. f PSS bR R BE R R BB IR cleol s B BBt S PIBRE
in an ar refyhd desired ghiapt e Fabéyampid, ih eaisfleqass l(hldfsultﬁceq)teﬁly (t(ﬁ‘fbspdsmﬁﬁg to a
preferablgd for ? ch structure. in the @rra ght source 12 can be
any | i ghtthishifse & appst ops vRlus Pxel pF Yot onp @hmor%lﬂe%mr@cﬂpa SHftus

mul 1 photan vBRALEH bPfinagSH! | filh BpSPUNGCR rﬂeﬂ?%&hdi%rmft&rs&fémffﬁe fent osecond
near-infrared titani um sapphire SCI ors (for exanple, those avail able
from Cohetrenture(8ant a d ar a, Callfornla under the trade designation "M RA
OPTI MA 900-F") ed b an ar ion.l aser. (for, exa t hose. avail abl e
r om Coher ent IRIBRECHRY £ s edt Srmake S RO IR L TR O 3SR eper at i ng
at 76 MHzeashae éﬁrlﬁi&&%fﬁ“p%ﬁr Qfce Ioeﬁaeglﬁ@nm%gfml@m&ﬁmﬁ&%e ah$tHeHnabl e
between 700 and 980 nm and has average power up to 1.4 Watts. Anot her
useful | sseminga alpsdlitabfl erefqr@hh' sprabels plapnsdicessto cmtﬁtethn SWetwre &dicef orni a,
a range of

d h de d m
lnder 1 e[{ncf(%eggc ege n[? o'll g to ac %eﬁ;é_APufft c1en?1gpe\f1| VeYva%/ sur aueo&l%lnesP

from 750 nano ers tin

megahert Zproaaelopudwh@eﬂltwlgmtrbxqﬁctmmtw& frertomee, r!ﬂ&lléﬂ-sqﬂe@-tﬂ-@kr&@@)s with
an average power level up to 1 Watt. However , ht source (for
exanpl e, &N a§e$15abiewatregwwfc%at@wmp%%ﬁaper tﬁtaéhlgla@blewgémg FUCHAI? t | phot on
absorpti t used in
he. phot arisaoy Byl S ARt AR Bl Bl b e 4 R AR A 28 hid
general | Mnlmumtmmtﬂgmseﬁ]rh@&)rmﬁtmbtmmw 3AQahik ma&b@nﬁrfab%@;ghnesspessfﬂ&mabé ylicef rom
about 400, t ut 0 nm_nore prefer o] bout 600 to out 900
nm nore B#CEIF ZIHF@“& Y G BBy Bere B L e eagreby Fﬁsm ly,
the lightyf] %ﬂ@@né—é@aﬁ’te‘?ﬁﬁfﬁg liBee ﬂﬂﬁ‘?{heésﬂeﬁ% atc)heggd @11‘5951'1‘[%@&11*1@11?@ ry is
greater than about 106 WcnR2. The upper imt on the light fluence is
gener al | abiicatian epkeld \(thrdrezhab (Hmumbet bf stlshbirds ﬁabrld;ah@i phondtiesdt | ve

conposition. E exa Ie, t che a er l e, those
AP ORPNIRE it R R R R s AU T A
PRO"), w@nehq)la&@ﬁgl BROk Bf HheBamBSebiealeh Size BMAARIR asWBQ@l%e?h@'l{ ahle from
Spectra- Physi cs under the trade designation "SI RAH" punpe by a Q sw t ched

Nd: YAG | aiseiralile mosmsatefqphlyesm@splhmﬂtmg) aveed olpta@élydersphgﬁl&@hbodefecw@t a- Ray
PRO') ., grugu W tT%E‘sec%n %gg%rﬁﬁein? la\éﬁo&gtlg é};oéxa p?%ﬁ&a Rtso%alavfaerflagbl €

fron1Spectra- yS|cs Und eS| ion can a
utilized.
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Preferred |ight sources arc near infrared pul sed | asers having a pul se

| ength | ess than about 10-8 second (nore preferably, |ess than about 10-9
second; mwetoprstsaBabl y, | ess than about 10-11 second). pCrhmseoosor®aes | engt hs
can be used as long as the peak intensity and ablation threshold criteria
above are net. Pul sed radiation can, for exanple, have a pul se frequency of
from about one kilohertz up to about 50 negahertz, or even nore. Continuous
wave | asdpeateraiystams giterécro@etdy, or ﬂuoresqmi: @H@ffwd@@mfﬁﬂst@@hthem@ﬁ%é of ther
exarrpl €, 1{11%{[ l%été(fgenotﬂ s&t?sltra%l a?lg% e%é rt f t%)é zﬂg o?eac 136{' go?ﬁpog{tlo%ﬁa{t% %ns
arrays), f'ective optical ‘elensn rorerlectors or
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Thus, i n momded by@ %wetplaﬁckﬂ&& 4G biser BomSppetet-Phynigsdiaving thetrgdener al |y
preferable to use a light dose that is |ess than about 10 tines the
threshol d dose, preferably |less than about 4 tines the threshold dose, and
nore preferably less than about 3 tinmes the threshold dose. In order to
obtain voxels of |ow aspect ratio, the radial intensity profile of |ight
beam 26 is preferably Gaussi an. -35-



Through nul ti photon absorption, |ight beam 26 i nduces a reaction in the
phot oreacti ve conposition that produces a volune region of material having
sol ubi | i twochavmsesieri stics different fromthose of the eoeAsees®75018

phot oreactive conposition. The resulting pattern of differential solubility
can then be realized by a conventional devel opnment process, for exanple, by

renovi ng either exposed or unexposed regions. The exposed

phot or ea(ﬁeﬁlxgéatwd'ﬁg@mai'%w B%Q”)@én@@veémtfgé@l dioflg puapedsses (foy cpinaplp.ibosehe
exposed . o . todi Cons.
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aromatics (for exanple, toluene), hal ocarbons (for exanple, nethylene

chloride and dpteebsystan) |4 eantintlude, forf evanptangiastiveopticehelemene)forest ers (for

(For exargrahclaimgl ERS A Ve ar G e Sk s R o exanple,
N- et hyl pyfrsefiedener foaRtlgtnlierokd) kiffrafide Gptidatielemehi@fop @kample, gratid)y, opt i onal
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prior to Mgseaatksgngdiolgarens), pelanzipg onded glentests (Eypsamplst bresa pelaviecrs

conposi ti . . -1 eact | o) W TSI Lcal
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reaction of the remaining unreacted photoreactive coPrpOS| tion. Such a
noni magewesecanped by ehasankilee frethalalty Foel optical edneut 1 hganusclnde,doone- phot on
process. Corr(FI ex th%eé.- di nensi onal /I i(&%%lpextr Ctan structures and
i ght extTARPICoMSreRIFEENFayIcens: /g BILeRYe SRiEhFISmRRn bt one
Desi gn Ofen?oddirﬁé‘dt%ﬂ SiFedtiRE sBehPA! Tdr ekhmple HBYICEE AR dh bsuch as a
keypad, may be achi eved using simulations to determ ne optinmal val ues for
| i ght extacaremenslytabtainds ke camges¢iplesgurasy suchals, onckammityart Beiss, Ngiith out put .
Figure 7 s _a flow diagram ik} | ustrati rocess, . far Lgnin | i ght
e act or* Hefie TOPEIERE REY pieat IR R 0BT Reh@hy i ShGs G | ocat i on
of the Kkeybridasiofley®emil0ean HRudelatschmifietifodangdcrbécopd Ofor bxgiile,ngosef t he
keys or ful]l area backlight is required. If spot lighting is required, the
mi ni mum sivaidatdg ff?WeB@XR\%ngeQ@Faéoﬁl% Bsrenlareyalifeginpnie thetradaqasieatron 0. An
initializqf i -at | Qn: 4 r } [ i ctors
(const ant TIRERE Y SR ik 8 0P shPloFEH st TARD obfEEle BBt ke ot or
shape ancxdepki thps¢ svaslabledtosa ChoZeisheNomls Anfouiva ihddr thestradeaksighatidni@0Xean of
simlar FLUAR").
It can often be desirable to use optics with relatively large numerical aperture to
provide highly-focused light. However, any combination of optical elements that provides
a desired intensity profile (and spatial placement thereof) can be utilized.
Exposure times generally depend upon the type of exposure system used to cause
reaction of the reactive species in the photoreactive composition (and its accompanying

variables such as numerical aperture, geometry of light intensity spatial distribution, the
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previ ous nodels. Based on design requirenents, the best |lanp |ocation and

| anp orientation is determ ned 715. Ray-tracing is perforned 720 to

i denti fy woghte/megizdar k out put areas. Based on the ray- cadisSagssrsous at i on,
the extractor regions, extractor shapes and initial extractor densities arc
redesi gned 725. The uniformty of flux is optimzed 730 section by section
for each section in the |ightguide begjnning with the section closest to

t he |i ghtpegbligtanignsitpdusoedbe l%gertmhw@r( igheategsiet ansnshofter pisesdurdtiaim t he

i ght sour - [ Q. Nt al timzation. If
the extr 28081 szl o BRR B PR EE R R P BB Mo Ebe B8 " e it a
opti m zatghotorcatin@vornpositical. Gdetally, highiclyeaklight iatedsityhia thptdgiong af fans r e- r un.
If the initial optimzation yields flux uniformty that is clgse tog the

r equi r emeiOY's SR FEPRES H1Hes, eHey Pinaalbe bog %{glwﬁl}le%ln@g@a& BBt r act or s
are adju 011 GarShd ol | 0eFhi R GANAe HBldruRlb luukys Jhave
out put ffshggdvsm eﬁ}n gg%c]?e:‘%ﬂcogt?%?@é 1 q}ﬁge orggg]fgng gé?}:lr%!egﬁ(doﬁ 8 t he
vari ous embodi(entld dfecond (fonsentrilonbbasl 00&enl B esemtipand dout he tpuPposes of

illustration and description, |t ig.not kegjon i ntended to be exhaustive or
Lo | ¢ RS PrSHOTEHOR g Pl pho 106 5F ARbPLR G8@HD Ny mod 11 cat | one
and vari ati ongn@kder ROERIRA® sbNehtl @HEIoPhehtIE tROQYBsddeRHolirBtivet 1S | ntended
that the scope of the invention be limted not by this detailed

descr i pt icompobkition pad hetringyfabtieated bghtexapgiondtdcthey etlocsholl dosvef light
(that is, threshold dose) can be utilized. This threshold dose is typically process specific,
and can depend on variables such as, for example, the wavelength, pulse frequency,
intensity of the light, the specific photoreactive composition, the specific structure being
fabricated, or the process used for solvent development. Thus, each set of process
parameters can typically be characterized by a threshold dose. Higher doses of light than
the threshold can be used, and can be beneficial, but higher doses (once above the
threshold dose) can typically be used with a slower writing speed and/or higher light
intensity.

Increasing the dose of light tends to increase the volume and aspect ratio of voxels
generated by the process. Thus, in order to obtain voxels of low aspect ratio, it is
generally preferable to use a light dose that is less than about 10 times the threshold dose,
preferably less than about 4 times the threshold dose, and more preferably less than about
3 times the threshold dose. In order to obtain voxels of low aspect ratio, the radial
intensity profile of light beam 26 is preferably Gaussian.

Through multiphoton absorption, light beam 26 induces a reaction in the
photoreactive composition that produces a volume region of material having solubility
characteristics different from those of the unexposed photoreactive composition. The
resulting pattern of differential solubility can then be realized by a conventional
development process, for example, by removing either exposed or unexposed regions.

The exposed photoreactive composition can be developed, for example, by placing
the exposed photoreactive composition into solvent to dissolve regions of higher solvent
solubility, by rinsing with solvent, by evaporation, by oxygen plasma etching, by other

known methods, and by combinations thereof. Solvents that can be used for developing
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What is claimed is: 51. Alightguide, conprising |light extractors arranged
in a pattern on a surface of the |ightguide, the pattern configured to
enhance uwDf009m3e8130f | i ght output across a surface of trhe/uscgivgwigle and
wherein an areal density of the light extractors is substantially constant
or varies inversely with extraction efficiency of the |light extractors.
102. A backllght conprising: a light source configured to enerate l'ight;
and theyexfoged phitersactvswpripesirien Inchide agneaus selyerss élﬂcrhaﬁfig%ﬁ ckgmplepat t er n

on a sur f»@a(,igr éri %(E?‘poﬂﬁ%?éjh gﬁl n ar}gn f%fg onl' 1§ % e lrﬁgﬂ%)f% i V¢ Sater

uniformty of across a ceo wherei n an
ar eal densgitli yreaiictsbiechts gk emthplaqhahsml,salsanbgtpmpahal hycten) S(Eea(b’ttltrﬂtf
Lo e Ry formatnide, N ety byl dona and the [t and sixtu thersoh: had

organic solvents. Exemplary useful organic solvents include alcohols (for example,

methanol, ethanol, and propanol), ketones (for example, acetone, cyclopentanone, and

methyl ethyl ketone), aromatics (for example, toluene), halocarbons (for example,

methylene chloride and chloroform), nitriles (for example, acetonitrile), esters (for

example, ethyl acetate and propylene glycol methyl ether acetate), ethers (for example,

diethyl ether and tetrahydrofuran), amides (for example, N-methylpyrrolidone), and the

like, and mixtures thereof.

An optional bake after exposure to light under multiphoton absorption conditions,
but prior to solvent development, can be useful for some photoreactive compositions such
as, for example, epoxy-type reactive species. Typical bake conditions include
temperatures in a range of from about 40 °C to about 200 °C, for times in a range of from
about 0.5 minutes to about 20 minutes.

Optionally, after exposure of only the surface profile of a light extraction structure
array, preferably followed by solvent development, a nonimagewise exposure using
actinic radiation can be carried out to effect reaction of the remaining unreacted
photoreactive composition. Such a nonimagewise exposure can preferably be carried out
by using a one-photon process.

Complex three-dimensional light extraction structures and light extraction structure
arrays can be prepared in this manner.

Design of a lightguide for a particular device configuration, such as a keypad, may
be achieved using simulations to determine optimal values for light extractors to achieve a
desired level of uniformity for light output. Figure 7 is a flow diagram illustrating a
process for designing a light extractor pattern for a keypad. The outline of the lightguide
and location of the keys is determined 705. It is determined if spot lighting of the keys or
full area backlight is required. If spot lighting is required, the minimum size of the
extractors in each key region is determined 710. An initialization simulation is performed
712 using identical extractors (constant areal density and shape factor) in all regions. An

extractor shape and density is selected for the test run that is close to the mean of similar
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3. A device, conprising: keys; a swtch matrix arranged in
relation to the keys and configured to conplete an 20el ectrical circuit
when one wo 20ws2818 t he keys are activated; a |ight soulrcEjusasnd/oaso1s

| i ghtguide arranged in relation to the |light source, the |ightguide

conpri si ng: a first region of the lightguide configured to illum nate
a first key located relatively nearer a |light source; 25a second region of
t he | i ghtigevides woddls. glrsed onglesipn tafiuaments, tg@b@ﬁ darpgelpcation and lamp

orientation is determined 715.

Ray-tracing is performed 720 to identify light and dark output areas. Based on the
ray-tracing simulation, the extractor regions, extractor shapes and initial extractor densities
are redesigned 725. The uniformity of flux is optimized 730 section by section for each
section in the lightguide beginning with the section closest to the light source and
proceeding towards the sections farthest from the light source.

The above process provides an initial optimization. If the extractor shape, size,
and/or density was poorly chosen in the initial optimization, a new initial choice may be
made and the optimization re-run. If the initial optimization yields flux uniformity that is
close to the requirements, parameters for individual extractors, or groups of extractors are
adjusted, running simulations after each change, until all keys have output flux within
specifications.

The foregoing description of the various embodiments of the invention has been
presented for the purposes of illustration and description. It is not region intended to be
exhaustive or to limit the invention to the precise form disclosed. Many modifications and
variations are possible in light of the above teaching. It is intended that the scope of the
invention be limited not by this detailed description, but rather by the claims appended

hereto.
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| ocated relatively farther fromthe |ight source; and l'i ght
extractors arranged in a pattern on a surface of the |ightg-uide, the
| i ght extractors configured to enhance uniformty in |ight output of
the lightguide in the first and second regi ons, wherein the |ight
extractors have greater areal density in 30the first region than the
second region. 4.The device of clai®8Mgherein: the |ightguide
conprises: a first coner;

What is claimed is:

5 1. A lightguide, comprising light extractors arranged in a pattern on a surface of the
lightguide, the pattern configured to enhance uniformity of light output across a surface of
the lightguide and wherein an areal density of the light extractors is substantially constant

or varies inversely with extraction efficiency of the light extractors.

10 2. A backlight, comprising:
a light source configured to generate light; and
a lightguide, comprising light extractors arranged in a pattern on a surface of the
lightguide, the pattern configured to enhance uniformity of light output across a surface of

the lightguide, wherein an areal density of the light extractors is substantially constant or

15 decreases as a function of illumination from the light source.
3. A device, comprising:
keys;

a switch matrix arranged in relation to the keys and configured to complete an
20 electrical circuit when one or more of the keys are activated;
a light source; and
a lightguide arranged in relation to the light source, the lightguide comprising:
a first region of the lightguide configured to illuminate a first key located
relatively nearer a light source;
25 a second region of the lightguide configured to illuminate a second key
located relatively farther from the light source; and
light extractors arranged in a pattern on a surface of the lightguide, the light
extractors configured to enhance uniformity in light output of the lightguide in the
first and second regions, wherein the light extractors have greater areal density in

30 the first region than the second region.
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a second coner; and 5an edge extendi ng between the first and second
coners; and the light source conprises: one or nore | anps
arranged between the first and second coners at an angle wth respect
to the edge.

4, The device of claim 3, wherein:
the lightguide comprises:
a first corner;
a second corner; and
5 an edge extending between the first and second corners; and
the light source comprises:
one or more lamps arranged between the first and second corners at an

angle with respect to the edge.
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