WD 01/ 09647 PCT/ US00120410 ANTI - REFLECTI ON COATI NGS AND COATED ARTI CLES
BACKGROUND OF THE | NVENTI ON The present invention generally relates to .
improving 5 the transmi ssion of |ight through optical. materials, such as
spect acl e WRAK®$4Tand, at the sane time, reducing.reflect PET/USOH20410r ay |ight
that leads to glare from optical naterials. The invention further relates
to controlling 'the perceived color of light reflected fromthe surface of
optical 10 nat eANIELSREFIECTIONO SOATINGH ANDAICORTEDAARPECEES Mmateri al s
reflect a portion of incident [ight. The amount of reflection varies wth
t he wavel arj ngl e of incidence of the [ight as well
as the mWﬁe@% ,n&%‘r&’&%rggﬁl ve 15 index, n, of the material. This
Fresnel reflecti &hei BresruycrirhmsaicipnVarnerally explrtieansd ampdoedhsomagnet i c

radi &t i on,cias dedewhi boidhere mgaet tﬁ@&hgm éﬁ&%caitmaée%ws uac@,\legescrl bed,
for exanple S w Yor Kk,

and in Princip Opt'i ¢
Per gamrmon reg:xs/a TQEETseﬁta% %"‘V\%hS'o SRMGwH*PRat r?‘i‘ifé’r’? Jreflestderssi ve
mat eri al s @f t#f—r%ﬂrl@@!:l rharndpads tef taent Lfomnepthiatalofmaterisdbst rate can
reduce therheAMntfdnt@bnr eﬁkez&&tOBeléF&”@s ai@%ﬁn&foltlhhg thedyddddgpends on
the wavel engt - d%;genge%ﬁ rg,frf_a,_ {:vg ndex gl t he 1goatl ng. mater.ials and
their_thi ckness a5 wel¥ 25 T Shgth® pBraricht | BrdCahgl e of
i nci ®ence w¥tenigds)j ght . The deS| gn and manuf act ure of .t hese anti -.

reflection (AR) AbAtumgsatied,t bptocgily ms;@pabeﬂtirﬁhmﬂr &erieaed 9 of
H A MLeaqd \Po';}ylgPFbtnir&B tdend! 1K gﬁ%er,ﬁ_‘% Ig%vguYg Ke ré\%e %I;l{ e Fgé%g). 30

The sensitl umen vis syst em al so.
wavel engt Figh Itll‘ﬁhf’a‘é?l]c?w'aﬁﬁ arigatiaghi énd argbstef sindideage, ofis

descri bed,tHeor 1 iglamnphe, memlodsorthécwaﬁélaengf&m@e@_b&daﬁd WelrRadgive
Quangsi t at i \ﬁ\iel;pta anq> F “@%é}é aunt ey w%g%é%anlde%&lgy | es (New
syal Pe

York: Wl ey % rception by olas and chael
Swanst on ( ?ﬁ?d"& Yedd@"("‘?é 18, APREHPBHM t FeFef FHleqtyromgonekbese t he

coating t hiaskimésenands clonpositic ¢hose phattidesl T theheet UEsoBeeds Repl aced
RN _and described, for example, by M. Born' and E. Wolf in
Principles of Optics, New York, Pergammon Press (1980). It

20 is also known that layers of transmissive materials with
refractive indices different from that of the substrate can
reduce the - amount of refleczion. The amount of this
reduction depends on the wavelength-dependent reZractive
index of the coating materials and their thickness as well

25  as the wavelength, polarization, and angle of incidence of.
the 1light. The design and manufacture of these anci-
reflection (AR) coatings is thoroughly described ir Chapters
3 and 9 of H.A. McLeod, Thin Film Optical Filters, New York,
McGraw-Hill (1989). |

30 .~ The sensitivity of the human visual system also.

varies with the wavelengéh of light and the angle with which
it enters the eye, as described, for example, :n Color

Science: Concepts and Methods, Quantitative Data and
Formuiae by Gunter Wyszecki and W.S. Stiles (New York:Wiley)
35 (1982) and Visual Perception by Nicholas Wade and Michael
Swanston (London:Routledge) (1991). A problem therefore is tc
choose the coating thickness and composition so :that tke
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WO 01/ 09647 PGI/ US00120410 angul ar and. wavel ength variation of Fresnel
Teflection from the coated article as perceived by the human vi sual system
is minimzed. Known AR coatings use one or nore thin layers of 5 inorganic
oxi des, ni WO®®8647or fluorides to achieve a reduction i nPCEPFRMIY,
Common thin-filmmaterials usq%_&‘ for, suych AR coatings are described in
chapter 9 ARFuABBeABAxWaYelgnIh SRFigd°PneFy é'eﬁQgge’ée%fecﬁl,mS T8Be, B,
Ce, Hf, LaheMroased RrtiSte &, pEaceifved Thy the amamaZy vidlladodEYsStem

t abul ati on 'aéT%ﬁniiR% es fluorides of Bi, Ca, Ce, Al, La, Na, Pb, Li, M,
Nd, Na, an h, as well as a few sul phides and selenjides. A simlar
tabulation is foufBCYH BRpGULPIS,HES, (2NS 78705 | B¢ LRYUFFT | Qfer

Syst e ( Shinckgahienmpoxidesl Anitridkhonrewofluediidesnst®r oathieavss: @ f - sur

Yvette 15 Gedfia iBhanee rJf%%kiohNe nedieRin Ofnim¥anm anddMalk used

conpositions are generally chosen hased, on, auxilliar constyraint
i ncl udi ng &8 BF g%?%’t’tﬁ‘? AES; pgftibed a?d'hé:&agﬁ,e dﬁrﬁ%?l#ﬁ ,ndztgse of
deposi tion, I coftMchewtl cinrerindlacteoracifigni loifalt, o Sbho$fe . piict iGed HEn t he art

of optical g0 cgatiggs. pHowsyersiherhayer, thheknesses ane ganeredd s
adjusted to mnim.ze the pr,opgrtlon 8{‘ in |den#m*alght__ th?:t I‘\jvar flected
(ref | 8t anceIPHRHEPNL 5PN dPGFEHEEE aAd U BREITF CToPh spBei Fred MavéfPangt hs. A
probl em t heN&f ofle, iIsl,t MochdidseNaa sed Bh, | agevelhiaknesEew spkrhidesi ni ze or
si gni fi cant jyq 29e1afides .t ha aRunbrotapefderdedid i ®hiind had tleba .per cei ved
by the humBd, Vb3l 17y SLofiels s 1ifledyapLs 380k Eond b VY.Ll RAGRRS. A5

descri bed abo t he anount™ of refl ectance coated article varies
with angl e and \BaVel chjthenrayen, FAinicnst cBrepaares:EifcAyEs WartRorn, a
persoms | ookpageR! (F@neRAr eIogIAr CeiTHES Aukibdd €@ ONagbrki glid f ramitche
T
variation oforeffaiqtison iHciNdiagel BAGERCTS onPRN SSTHHRDat EBSIP kel e i s
qui te smal | adiédé fod eSdiltalid iggnelealsky oft rdepdsitioh| dicpsdi, s pewrsiosheapt i cal
ToLer 21 S SHRRe R AR U UM B RTINS hcatnd ot e
coatings. However the layer thicknesses are generally
adjusted to minimize the proportion of incident light that
is reflected (reflectance) at normal incidence and one or
more specified wavelengths. A problem therefore is to choose
a set of layer thicknesses that minimize or significantly
25 reduce the amount of reflected light that can be perceived
by the human visual system over all relevant angles and
wavelengths.
As described above, the amount cf reflectance from a
coated article varies with angle and wavelength. When
30 uncoated spectacle lenses are worn, a person locking at the
wearer perceives a reflection cf light from the environment,
i.e., "glare.” The color of this reflection is, for uncoated
lenses, typically that of the ambient 1light source(s)
because the variation of reflection with wavelength from an

L
(9]

uncoated spectacle is quite small. This result is generally
true for mildly dispersive optical materials such as glass,
polycarbonate, polymethylmethacrylate, and other spectacle
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[TITH i1l f WO 01/09647 PCT/ US0O0/ 20410 lens materials. A plot of
t he wavel ength and angl e dependent reflect.ance for glass is shown in-FIG
1. The anmount of reflected light froman AR coated article varies nore

dramat i cal WO Mavel ength and angle, 5 so that the pePCRASHD4ED] Or oOf

the reflection ma H'@Elfer fromthat of the |ight source. As this color
i nfl uences~&R® RA% Piofhg wRkelengtd apds anghe dependesst i cal
substrat esrefleqt}ambeﬁerogbassjem shbwe im PEElude reflection while

control 1 ng the pekooksihioober Alrieetlactobl OBkon LA-SUMAREPEATHE
I NVENTI ON |n accordance with 'F%es |nvent|on1 an anti - Iectlon
(AR) coati Af*t edé’ﬁrdﬁédeE?né ’\ﬁé& YeWdth Yayelepgfih ﬂ@pé‘ﬁg Rt
refragti vespr tpbatt itbe perosived golerthinthe Immfdectdonamagptdicier
substrate. rfff sHUOYE 3R Qigﬁf'é%&fe wge thqaxeealbf detRldH-agd cRY

non-optical constrai nt]Is such: adhesi durability, cost, ease of
deposi t i onSOEMF FheTHiiE @ p@r FHRAERS Ef | kRS B FOLRAT c(PBREFBAt s t he
angl e- andsma@ﬁagbh dewd@me!pesnedesmdké@t &ncretiyce heefdegkéo0 and

vavel engt hygENsiddntirbY1 Dhg tdiR PeRBA; Vdd 1oy SEeResi ScrdPRYhed for each
combi pation of layer thicknesses. In one enbodinment, the value of Fis

cal c& ated to obtain a mninum value unique to the conbl nati on of optical
substrat e SWNMARYaPEr SHBf INVGRNTd@Nmaterial ,. for any specified view ng 25
condiltions I'n alitnch%bEahh&@ aﬁbpdtﬁentprebaﬁttgh%ﬂeﬁ&fs a®f ahbf-one 0[ .
nore | ayers eri are .su ercei ve ect ance e coate
subst ra%/e | sﬂ]eoﬁm%on E#) nn1%n| i 76t ggb Y=dng g@% 1 gﬁ’gtgr%’? rably
within 253%8%¥e t¢rran rﬁeﬁéfﬁaél‘fﬂ Fropesnt iese afpeend | @ WOTSI PO

condil§ i onsmﬁé&s afty i afptiehlt Bubstfiienacthd sminbak ARG o2hédims &F coat ed

substrate bay! fie® ;8038 UGS eallge o, PesesluadcLeflaptapee over a

range of vvavel ths_an
condi ti onsad %J’P@r N ‘F"{Pé’r‘ﬁlt%er‘-'é’%bso?%ﬂ% ﬁfnlqﬁPP&tltéﬁnr s 3Gt th{uired, 35
percei ved likd ectrmnercesveddretikdranee! hFn Whiclorwdiggrsothet AAghe-ni mum

val ue - Stéllx& L%ei%h-hgﬁgnaaﬁ: Vﬂré’&xé:if reflectance by the angle
20 and wavelength sensitivity of the human visual system, is
computed for each combination of layer thicknesses. In one
embodiment, the value of F is calculated to obtain a minimum

value unigque to the combination of optical substrate and

layers of coated -material, for any specified viewing
25 conditions. In an alternative embodiment, the thicknesses
of the one or more layers of material are such that
perceived reflectance of the coated substrate is not
completely minimized, but is close to, and preferably within
25% of the minimum wvalue of F, for the specified viewing
30 conditions. The advantage of this approach is that one
obtains a coated substrate having the absolute lowest value
of perceived reflectance over a range of wavelengths and
angles for a given geometry of viewing conditions.
Alternatively, where absolute minimization is not required,
perceived reflectance is reduced to within 25% or less of

LI
¥ [

the minimum value - still far lower than the value of

perceived reflectance otherwise obtainable.

-
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percei ved refl ectance otherw se obtainable. - This Sheet Has Been Replaced 't
IRRRN IIIIIIIII LErrrrr~ ~ 117 WO 01/ 09647 PCT/ US00120410 In one
enbodi nment I"Fﬁf 4 nvention, the layer or layers (also refpghrRobdofi02S
"coati ngs"” ne") are- for med by pl asma- enhanced chem cal vapor

deposi tion (PEC\/DInOfoneVOéxﬁdeﬁ'leWtECcNﬂ' sehs, imvenkidthii Nthexaapérsoef which

el ude S OLaANLe @1doOL0AATE U] g SRS oA 1903l VElY cgnegor  Tore

| ayers are Spu evapora Ion, "using tec ues and
materials Vi | Pkﬁﬁ%‘?‘ﬂ‘%‘??@dar Fhe“H‘f%a]Nbl‘_’éBar r F&&Tpr 6% a®§ood
descri pt | orvalfatilehpirechnsopte,s ot 1imat éngabsamples refS uwhiidly :lra:y.alaa may be
opticy er.sisVv Vs on v d wth
wavel engt h)@r%nt%%r r?gl'%ll \%géhn&“%%@e%u%t :ﬁﬁehﬁgéer P‘%efﬂ{ﬂgl be gp??cal |y

di spersi ve. ™l 1aReEes al¥&vef°|r§‘ﬁia9¥| peut ‘FE’p‘H t‘i”ése‘t'?%ﬁr%d USAnghe
precursor, tdvhriepesi ahdmnmatcanicills ovedl Radwh hin fthen 41t Ckiss McLBotlh si ngl e

and 15 ”“'x% 4RV L o@ﬁiéé’aatﬁ hScP{ On%rne%f' Eu&ﬁe s Anfurther

aspect of the presen I nventi o trol perce ved %0l or of
light refl SPA&FIYSthe codted életsP&Fé‘.‘g Fol2¥aksh 8y of efl | PRt iFad kifesses
the ctdor qismeisied li}.ecf |kate an wiristdndaotl réfoactiand sindex gitRO

daylight, flaqnesgeny. | ﬁié@ﬁﬁé@ﬁ}&y,o'&:h@r Ee!s&i‘Pfﬂg 'fayé@@“ﬁr%? WatEng
standard co] ori matrlai%g_et gods The perce color and 1ts variation with

angl e are then WSE ﬁg?‘?’é?’n‘f%’ whi [T et héaﬁﬁﬁel BRYe ¢ ST ACKAYE i s
m ni m zed. pHdpexrtgjescestat eddpend ®ncostedpaetiucser t hdheexdegustision25

m ni num per eeAdRd ongf, | egh@NGehd OleiamVat WEckMda. N 25Ko0h | £58851e0f affini mum
of desired co]or EI EF CRI PTI ON OF THE DRAW NGS These and ot her

feat ufds anBHARhT AG¥ST X (9RR L1895 PES FHERATEEN P oRYF I Ta e et t er
under st ood by ref &refiogher aspedwro| ¢Dwithg detemiensd desartiipmn ohs whbe

consi dered &dnen] MNCERONPBLELI e SSXHPENY 1L fighelr 2uEDNEStedNBY et e
coated article. For each set of f£ilm thicknesses the color
perceived by reflection of standard' illuminants, (e.g.
20 daylight, fluorescent, incandescent, or arc lamps) is
computed using standard colorimetric methods. The perceived
color and its variation with angle are then used as
constraints while the perceived reflectance is minimized.
This process leads to a coated article that exhibits a
25 minimum perceived reflectance (or a value within 25% or less

of minimum) of desired color.

BRIEF DESCRIPTION OF THE DRAWINGS
These and other features and advantages of the
30 present invention will be better understood by reference to
the following detailed description when considered in
conjunction with the accompanying drawings, wherein:
FIG. 1 is a plot of the human photopic response
showing the total sensitivity as well as the response for
35 sets of cone cells with red, green, and blue photoreceptors,
after Wyszecki and Stiles, Table 3.1.1. The scotopic (rod-
photoreceptor) response curve has its maximum 49 nm to the
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FIG 1 is a plot of the human photopic response show ng the total
sensitivity as well as the response for 35.sets of cone cells with red,
green, and bl ue photoreceptors, after Wszecki and Stiles, Table 3.1.1. The
scot opi ¢ (rW&-"”ﬂ’ﬁﬂ oreceptor) response curve has its naxi REFUSY2040t o t he

-4- Thi's Shgfle Hgﬁﬁ,ﬁ%?go%&m dadl I sdr1 Wilae)d 'a\LIcM_ g‘{a}]%f\;\ﬁ%%f@%& 100

PCT/ US00/ 20410 ue 7 nm and has a full. - maxi mum of 100
nm FIG 218 is a plot of the angul ar variation of cone and rod
phot or ecept or s i nFaGhubm el & ghlet ofomh@Andgular axjatticn ofFkone 3. 1b,

PACE. 46. Thg PRY &&%%5}:0555_@Qnﬁe.ﬂuﬁahe%n%a]@eﬁ T ¥ont HaWgeYh S ON and
is active af npder a {o, %l gp}\G%l-Jbé'm ngél on (I)eve. S., ScotoplCc vision is
doni nat ed byP" Fod *phidCor 8c&Pt of SCANC1 s ARTi VRCYTRAF al SIS I5S5FRP PEvel s
(ni ght vi si bn)respofisébie f Gt @cd oar eisborbiarel iw kbtive df) mgelerateytof the
view ng sit elol : i de | ar : 0L S . ) J'}ngt ( s a
schemati c v%d%f ;?ggﬁiglg%%eﬁdrqgegg?y vi%%%ltchﬁéglﬁgi})%cﬁogg [2) F’éng} The 8
di optre pi | RAREQrECEREORT PR BhBCEHYE aBRIB 3t hdOWorlAGRE R&YELE hat
travel fromrifghtef vigbom) ght Mhpeagefactddse eoenecombimed biwieh, fRe degrees

(greeq) andgefhneieyr 8€Sché ) ey SHOWREREAPAIN NG HL UGS ax 3papr di anet er
pupi | and Qn%o &Bﬁ retina. Note that 20 degree rays normally ihplnge on
regi ons of ¢ & fna for which the cone sensitivity is |ow. The eye
therefore 20 rot aF&e. ih(kt sinrbi tsppmatic2Fidegrodesthmr geomtaty yfand
vertically yieimdetnkoudiragrcitBcse angnd ar thangeqybpdrdlidifanof hdglijy on the
fovea. As t{uf Lye exe Héessu}tjgicse sacg.rzliediccor no iOR t he .range _of .apgl es at
CIFERend B i ¥ T e PXELI h DHower and

t
which |ight™stri KES™t hd spect acPe. “fen én
25 or lent at1eft ot righspémrings e theecosb@tat 0 wilidiet hatllOadegrees
strai ght f or yitedny aAEP2IO Bdedriced geedrtdde shpihCirofddatihg Shaopywta of the
human espogsg,f W1ahbo0: SER?) aha" ARONSEI VEL 10K ngotlr Quah a,pet of
spectacle l'enses as a FuRc 1'on o, view ng angl € arnd opti cal wavelength.
The 30 wavedeFifeh 1y Fe MOERELE¥NdTPIRGS OB STYBRNRE bhe heehis offc

which the cone sensitivity is low. The eye theresfore
20 rotates in ‘its orbit by +/- 25 degrees horizontally and
vertically in order to image this angular range with high
fidelity on the fovea. As the eye executes this saccadic
motion - the range c¢f angles at which light strikes the
spectacle. lens depend on its refracting power and
25 orientation with respect to the eye socket in ways that are
straightforwardly computer from geometric cptics.
FIG. 3 is a plot of the human response function S(A0)
for an observer looking zhrough a set of spectacle lensss as
a function of viewing angle and cptical wavelength. The
30 wavelength deperndent sensitivity is governed by the photopic
retinal response, ‘while the angular - cependence 1is set bv
saccadic eye movement and the variation of cone densitv with
angular separation from central fixation.
FIG. 4 is & plot reflectance from a glass substrate
35 coated with a three 1layer antireflection. coating as
described on page 110 of MclLeod : 72.4 nanomemters (nm) of
PrO0 (n=192), 68.4 nm of Ti0 (n=2.C6), and 100 nm of MgF

-
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retinal response, while the angul ar dependence is se- by saccadic eye
novenment and the variation of cone density with angular separation from

central | a1 G 4 is a plot reflectance froma gla

coated with a éﬁ“ee | ayer ‘antirefl ection. coating as desgﬁ@%ﬁ%ﬁpage 110
OfdeBSOd t(nzz . $ananopmdTt gy zsscﬁa(lﬁ»t@h Hg&afé@&ﬁéb—%?hm@ d‘ésr;l@no TllQlfl 0?)
an nut__o ee s Bee c ~ ~ ~~
LT til F~9F tr"*'\@{o"%m‘r% $E7 0P oRIEPaser) @ggﬁoﬁ‘i tHdke 38) The

percei ved refl ectBiee 8f ihi & dpitdynofs Fuesnebr x2£18ecahce hairdmor at he
uncoat ed 9|sa$z§1§ubﬁﬁé@dtﬁad FJ1@ssb sugface! @ﬁ(p)f 1Fr5?>$n%| eifREkaBRCEr OMm a

si ngl uncQaLe Iass urfa e A unc on of .5 wavel ength
and ag’gl e (?Igve e s‘gl Gt ‘CLﬁ Qf""@&%ﬁ% g’ﬁ() 1S° g‘hé i gD E‘l%nil of

wavel engt h ALt eualrmmﬁewdeef-l eftvawelengtineasbs amwnm%fatrerﬁilemhon nci dence
tP oO9°TA)gt Nggn@eeée% frdu G ﬁt(lii‘c)rmél aneiatned f@fégegta%eaggfé?? 0) for the
r i coat arfic erceiv efl ect ance
using the response c?unc |on£shovﬁﬂ“h i gufgaf tance 6%&)911 coFrB%rl son of
R(A. , 8=0) f GO BOMaF clcested FIlpssesaztiole anith( apitidal Tiperphovei c
respagse clefeectancd Sﬁl&blo‘ﬂﬂe Pé@on%el $uﬁ8ti$rﬁ Uil 1ane9futdes ,georrFt ry
for 15 consideri t calor_ o | ght re pect ac ens at
an angle $ and pef%teli\}e& EL an o“ller\/lé"ron ({Z&F(? foﬁ'hgh ePEEFGE® col or s
conput ed usqfné’lﬁﬁéeﬁva‘%/ef%ng%w d@perdint ifh@emtqplcﬁ rteh@oggar cerysunl i ght
filtered byis wiiBdoshquwri.ne refl ectance of the physician's coated spectacle

20 lens (R (X 8))pr o(Tand +hegcolor ef}ﬁ% r}%% L thg t'hel dsg%%%eq:\#gr 'ﬂ!':l G 8

S a%lot of CLE color tra Pectori coatin Fr 2 ("x")
and PPG 4 Engifleringn g IS d%ﬁrééghF nrgfbl%@?% ¥R efreFPSCHROIUM Ng
spectral | y lfenat at bnoangkendy ianlduperatived Shiharsobserveeyi dhd byiBdxenon arc
25 |anp. T"I‘ﬁevm'prefceﬂl'sm 'c%l%'}ov‘”lsbycgm @5@”%51‘}@(’ 4R NALe1 YRYE| enat hs
are shown %te enger?our;.%%EeX51éy rc]:oe"\f ptl.}?é sogrgg (sunllg 2t filtered b
Yy
window), the reflectance of the physician’s coated spectacle

20 lens (R{A9), and the color response of the child observer.

FIG. 8 is a plot of CIE color trajectories for the
coatings shown in FIG. 2 (“x”) and FIG. 4 (“o”) from 0 to 60
degrees in 5 degree increments presuming' spectrally flat,
broadband illumination such as is provided by a =xenon arc

25 lanp. Tre wnite point is shown by a diamond, and dominant
wavelengths are shown at the boundary of the plet. To compute
the dominate waveiength one extends a line from the white
point through the computed CIE coordinate to the boundary.

The point of intersection is the dominant wavelength.

30 FIG. 9(a) is a plot of spectral irradiances of three
typical 1lightsources: daylight at sea level (o), an
incandescent tungsten lamp (+), and a fluorescent lamp (*).

FIG. 9(b) is a plot of CIE Chromaticity coordinates
for the coated article (Ex 1, table I for each of the three

35 illuminants at angles from 0 to 60 degrees in 5 degree
increments. Plotting symbols correspond to daylight at sea
level (o), an incandescent =tungsten lamp (+), and a
fluorescent _amp {*).
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t he dom nate wavel ength one extends a line fromthe white point through

the conputed ClE coordinate to the boundary. The point of intersection is

t he dom nant wavel ength. 30 FIG 9(a) is a plot of spectral irradiances of
three typWa1/0Pe4ght sour ces: daylight at sea level (o), FETUSHR2MWescent
tungsten lanp (+), and_a fluorescent an;? sz*% Fl G ggb} isJ: l.ot of CIE
Chromaticity coorfdnatlds i # PHRC cBht EHT aFFRIPEEYEY 197 t BRFEP9E4P8r each of
the thr e€ro@beadh Usd neg sléatARanmpagsingsoficd whidd Beltlkeat iand.edegifee

| nor ement g BLAI i£9ns bl o CAIGRIAONM E0adiand | icidbssed sielin(0), an
mcandescen tungst (+), and a | uorescent lanp (*). -6 This sheet
Has BeenTReHE abled, . I I I I ilrrraziacrr © Y WO 01/09647 PGT/ USOO 20410 FI G
11 issa plot of GIG.tAaj ést ar plébrof oF (AeDtfican af vddecadhspiay RCrE@NAR

t NGird Ot 60 d
(Goat | ng "t o cKIEC ZETAEL 80 B A LR PLalagh Su(A O

for a video di splEf-sdredf a\APfLﬂtI ?gh’fg?&ﬁt&’FSd%ﬁy o7a% heacf'm%IlI umm nati on.
FIG 13 idesagpl of ozf tbf¢ectayere FroMiOhMaFi ARetoFwndde@? gA ¢flags

t hr ee- Ia)(,%egrg grﬁ&gpatl ng on a glass video display termnal. 10
FIG 14 is a plot o chroma |caII nat r di spl ay
with i ni mal Fa f§%n 01 7 eBs PL8T 667 &@g g’ ﬁgzcaif eé@?xf]&élrng%s

DESCRI PTIf6M (ﬂEeTHEdBElEIaiEEEE)Y ENBODI mxmr@llsFarhéryﬁegeﬁ@grﬁeénfpoﬁopr ovi des

new, si ngllegrggg i delya¥er if¥raealtsNgs on optical substrat es. As used
her ei n, the terms "optical materials,” "optical substrates, and "optical

articles" refer to normally transparent or transl ucent materi al s such as
gl ass and PESSRIBTIQN @®F2FHEr PREFERRER, BUBGPINENTS materials.. Nonlimting
exanplses Of _suchri t igde@®nt NCliHoend S e provti ddswsnew gl evirgilen and

conput er screens t ofmt i d Lds 5ef I egg au&ggd R is
the ratio 5‘?‘1 %ﬁi YR ensi t?/oa{(}fc'ilr%% &P %g%eté\%i(; l@&r&,ﬁ onteg & ., L0 the
intensity dferehn, the terms "optical materlals optical sub rates :

and “optical articles” refer to normally transparent or
translucent materials such as glass -and plastic, and
20 articles made of such materials. Nonlimiting examples of
. such articles include lenses, windows, television and
computer monitor screens, and automotive windshields.
Reflectance, R, is the ratio of the intensity of the
reflected portion of light, I, to the intensity of the
incident probe light, I.:
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25 incident probe light, I.: 12 YO Y This Sheet Has Been Repl aced
1111111111111 M LLL LT 7. ~t~C WD 01109647 PCT/ USOO’ 20410 The

refl ectance varies with the wavel ength of light, .,the | e of | nC| dence,
A and the IWQRBY99€47,0| arization P. It is 5 equal to the prB

Fresnel reflection coefficient, p, and its conpl ex conjugate p , V\:hl ch can
al so be expressed in terns of optical admttances for the substrate nedi um
yo and the incident nediumy_ . The optical admttance is y=2. 6544x10-

(n-1K) _ (@hB) rbf)edfandtervaridss wilth nerl wdidlepbthherr afigheti xethadex, k
I's the ab%%gme' Yy iﬁgf&@g ¥k, Qﬁ&tcﬂé 1D & Al IGakDdgXp, apd fhe

constant is conver si on t of units. pti cal adm ftance when
one opb nor@quhilntbayb? spi'%dlm‘}dé’cf tté?eal"r%%%lra?%lm anatfighenti sil .

becones y 3 CiRi Wher Gofprdid cohJuBase ep’; OwELLIE (bl a3@IoV bRy eidpeesBéd i X
equation (3) RelhsCa? §pt:(éals'a{'&n§.:)ca419eslf$§) thécswéérarbe HidBum GFB 17m I n
equation ( r he tri %onometrl ngtions for each | ayer r
whose physiad tf‘ﬁlb‘g‘h’&”ﬁ ?eﬂluml%- 51he RI-CHATESEEBFi A . (4) 20 At
normal incidence, (0=0), the admttance is the sarre for any poI ari zation.
At other angles of {psighangaoong-sp)ites)the (b ci dent wave into two

pol ari zations, p and s, and defines tilted optical -admttances TIP =
2.6544x10- 3(n-i k) I cos(h) ris =2.6544x10"3(n-i k) x cos(0) (~) 25 This

Sheet RGP C‘Eﬁ ?e&lllﬂéijﬁl Jfﬁ'el:.lééli Lbellhd 1499{9143

PCT/ L}éﬁal 25&%8 F‘ eto enera ref ect anceack erans‘r#?sigon f:

absor pt i on %QS\?FE‘:H% f ZY) 7B3§F QF Fheprsfrgctive index, and he |
constant is a conversion factor for SI units. The optical
admittance when one or more thin layers is added to a
substrate whose admittance is7m, becomes |y=(C/B){ where C and

15 B are computed by solving the matrix equation (3)

B cosJ (isinS,)/n,
c r- in sind_cosd,

In equation (3) the argument of the trigonometric functions
-for each layer r whose physical thickness is d, is

0, =2mn-ik)d cos(6,)/4 @

20 At normal incidence, (06=0), the admittance is the same for
any polarization. At other angles of incidence one splits
the incident wave into two polarizations, p and s, and
defines tilted optical admittances

1, =2.6544x107(n-ik) / cos(B) i
n, =26544x10"Xn-ik) x cos(®)

88}
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R 0B+C 0 B#C T- 4j10Re(7,) (6) (nOB +C)(nOB +C). 4i7,Re(BC - (n0OB +CX, ~~

+C)- 5 where the subscripts 0 and mrefer t-o the incident nedium and”
substrate, res ectlvely The derivation of these equatiops | ribed in
chapt er Pf 64T\t Leod, op.cit. 10 The sensitivity of Hﬁﬁ@hﬁgg %n varies
both with optlcal mavelength and angl e of incidence as discussed, for
exanpl e in Col or Science: Concepts and Methods, Quantitative Data and
For nul ae byleaﬁhn@r toly gepekal angefleStagee| eB. ( Nawgnsmivsikn\W T ey)angdl982) and

Vi sual Pergggg CQyAquaphaé ¥éemiike.and M chael Swanston (London: Rout
| edge) (1991) is not, '.however, sensitive to polarization. The

vari ation of hunan i sual s nS|t|V|ty with wavelength, S(X), is

graphi cal ly prese oﬂn ich .shows the sensitivity for each
cone pignent (nom een, and blue), as well as the sumof the
cone responses. Th| *ef red to as the photopic response. The
variation of visual responﬁgmwyth angl e depends on the geonetry of the

view ng situation a =we++—-as-52?fhe (@hysi ol ogi cal and optical constraints
i nposed by the human ﬁ@r'vg(oﬁﬁ ﬁ view ng. through spectacle | enses one can
construct an angul ar func n S(8) that accounts for the distribution of
cone pignents as wel _‘__EﬁéiﬁﬁLgégccadlc eye novenent. FIG 2 (a) shows a
pl ot of the a real engzzquﬁ gagpes and rods for the human eye. The cones
are heavily concentrated 30 |n a solid angle of less than 5 degrees. During

normald vision, the eyeball noves in its socket at angles up to -9 This
Sheet Has Been Replaced 11111111 1111112121 111 1111 WO 01/:09647

PCTNS00/ 20410 .. abgut ;23 deee s Tan@mmcenieral EhXahk0Rnk lasAC GRlitm
novenent s. en view ng at nore extrene angles, the natural
and substrate, . ‘respectively. The derivation of these

equations is described in chapter . by H.A. McLeod, op.cit.
10 The sensitivity of human vision varies both with

optical wavelength and angle of incidence as discussed, for
example in Color Science: Concepts and Methods, Quantitative

Data and Formulae 'by Gunter Wyszecki and W.S. Stil_es (New
York:Wiley) (1982) and Visual Perception by Nicholas Wade

15 and Michael Swanston (London: Routledge) (1991). It is not,
_however, sensitive to polarlzatlon -

| The variation of human visual sensitivity wich

wavelength, S(A), is graphically presented in FIG. I, which

shows the sensitivity for each cone pigment (nominaily red,

20 green, and blue), as well as the sum of the cone responses.
This sum is referred to as the photopic response. '

The variation of visual response with angle depends on

the geometry of the viewing situation as well as on the

physiologicél and optical constraints imposed by the human

25 eye. When viewing through spectacle lenses one can construict

an angular function S(8) chat accounts for the distribution

of cone pigments as well as normal saccadic eye movement.

FIG. 2(a) shows a plot of the a real denéit:y of cones and

rods for the human eye. The cones are heavily concentrated

30 in a so.id angle of less than 5 degrees. During normal

vision, the eyeball moves in its socket at angles up to

-0-
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physi ol ogi-cal response. is to initiate head novenent. Saccadic novenents
‘al l ow t he regi on of maxi mum phot-oreceptor 5 sensitivity, the fovea, which
subtends a shall solid angle, to cover a wder range of agRglSse41bNOUL

head rmvem?ﬁ?omfﬁ‘z foveal: response and saccadi c -notion are then conbi ned

wth the {lﬁ”'zga' ALes Offramsp%%?@egf '%@§a£9m9r09!ace sdcadle AS can

be seen inTtigure m each tica that 10 enters th pupll t here
are corr esFOYEMARLS o M9 15 ¥R AT éﬁgf“@§e FXB’E)?‘PF tHEISSi FRea ﬁ‘&tf“ﬁé surf aces
of the ophighgsiblogledls. ddepomsgl edsni tdo whirdtilatght hetadi ke vielmentoat ed

article an Sll*lﬂétn! oWea ARGep
saccadi c e%gﬁ:%ﬁﬁyﬁnsrtﬁl ons |t)sé h??g‘gﬁlg@c%%ghé mQXﬁﬁuﬁa}:i‘:é gulgare%arl ation
I

of S X, 9) seprdtivitad YhafQyss f WhdthoRuRf a89leqnhi nes
t he human resperee &uwidennsarfge qm\amlgéagt hlandut drglde rapemepti. albet o

view ng t hrauaa S8echac! fnd Cocedlie .mrltoh%r%r cRhMcRbFka Ok ERY vary

in a manner consi ste g Vi ew n itions. exa e, the rod
phot or ecepties 98PBERF 5 |q1§F1&‘c"tP e?i FP% c| Fnﬁoﬁ‘al?¥% e S@Utting in
an angul ar mensad | bet gethatini il@ma&atZBcalf:;pm deddler epticdianrdyr tphbt opi c

visiof as &&% ge {pd ergy 1fr£mré h%raodcapfggo%% or; densidns Shaun in
FIG 2. The chromatlc wavel th@ge en ent) res$ nse of .the rods S
t

al so di f f erdiitesnabi Aot thei® ﬁﬁf’ﬁ’ syrdagesy QU PhTRAIREF ¢
naxi mum of Hedd.nm dthedessgléed withe whidly LaghVystadkes pth@58oRE&d 4. 3. 2.

Anot her exaéwl%léoradaselsof suﬁjéefdclﬁn%'l}r Smaged) dns &mafmfsvebueﬁ@s with
partial color |~_ﬁcg§s or

t % e 1 sc%auggﬂg (Ry macul ar
degener at i off™® g“laneo a 1Eofm¥oR2m BY J§"( 11% sc(‘): YarPBLEhF R FRe
geonelt¥y oftheh@ngplhearamiagiiongo€ oh th.8)-on. V\hen viewing reflections off of
a roni t or scr eeny almctaéé@;rls@wfwtmo%ﬁ by, @Nokhewn pamsone t he angul ar

variation of erl__clfn n the eorretr at on§h| p Q@Efl\enr\:ﬁ hgngbserver
the coated lln@g ‘I“Plaél p5 PRI ofu??"l SS9 uhThal’ Ton Sour ce T at her
than on t heansiserapmropriate atld cveseing maval, aSiamecarFye 1¥AFs Theet Has
Been Repl acggkdildulbk! Igbkchl I0£l Id (@) 1thdy VP 110964 tmalENS@Ind@4tent t he
angul % dep&ﬂqmenct%e()f vrl%%%&t i 88:1&{19{3:%” aut q;g;l ! \égcample, the 1rod
photoreceptors are primarily active in low light conditions,
resulting in an angular sensitivity that is dramatically
different than for photopic vision, as can be inferred from
the rod photoreceptor density shown in FIG. 2. The
25 chromatic (wavelength-dependent) response of the rods is
also different, having a maximum at 507 nm and a full-width
at half maximum of 100 nm as described more fully in
Wyszecki, p. 258 FIG. 4.3.2. Another example Zfor use of
different S(A,0) is obtained for humans with partial color
30 blindness or retizal damage such as is caused by macular
degeneration.
The angular component of S(A,8) also varies with the
geometry of the optical viewing condition. When viewing
reflections off of a monitor screen or a spectacle lens worn

(V3]
(v}

by another person, the angular variation of S depends cn the
geometric relationship between the observer, the coated
article, and the position of the illumination source, rather
than on the cbserver's saccadic eye movements. Similarly,

R
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wi ndshield wll depend on its distance fromthe driver's head and its
angle in the frame of the autonobile. Although the coating materials/
nunber of layers, and ordering of 5 layers may be the sane for two

appl i cati om0 08¢47a wi ndshi el d and. a spectacl e | ens, tRCI/ES5/p0410

t hi cknesses conputed for mninal Fa according to the invention may be

di fferent ftde edrInladpl Aererdanceanctx FRFlecsiorhdExad uap o RUEMPREVET esnel
equat i ons wlitdehiiafd waiel erigbbadbenweiars 3@0stdrtbe/ 16rdsnn 8hd drgies sip to 60
degrees folhdds0La3sieLbahsnl énc?lfee%r%ahoptﬂéng&t&ﬁog%]l@ AREhig ! O and

100 nm hown 1n arr angenent ayers a

t hi cknesse§ s GRALATEL SHREET 1A o MUMPRES I%ct*%r(sAR)a‘%a?ﬁfW%nﬁ Nef eod,

op. Cits., p.layk@s Tihay1Sbel othe nsém& #foshowsot hepplieazdensf ssaynda p-

pol ari zed WiBHERELAIC Gnd'NaC e e%t%P:REOPi+:?§e ek, NYERG: Vi le ELd of mance

si nce human Vi'si on does not nse ogtlca arlza anges 0 the
substrat e, QOHPUERR, £OF; PaPiBRbpERt '§°¥ﬂ“fgay"é? stheyr IRYRRGte Mavh Bfhich t hey

are coat ed ddEfenent t frer ssleht appkidaaicbri.o conpl ex but cal cul abl e changes in
the refl ectance PAﬁ)exéB\ﬁ) 0 GGY Ud1%cion! RS Qﬁq%s%%s BY e REh A ord dé‘e desi gn

of an AR coating Is ercel ved ref | ect ance, percei ve
ref | el& anc&sipg U?V?Jr‘?ﬂ'ﬂt?ﬁ gﬁge%r% %0 @ngy 740 h’EfPrﬂ?f‘%@é’@ﬁ\?éruESt‘? £Yef i ned
as .the intd=graksoforhe pilagsicsubdtuate aqoaetkedcwanbe?2RafM, $f, Pubdi le& he hunman

sensi L Vi tyyf Wtﬂ)@ a%dal&) fim = ok iR SRk AR Fis. 30 Rinds 1S the
average of the p- q_él ari zedﬂ %J\?gct ances .and, i s uge her e because
Si

t he human A*EER em%’i‘l"stgﬁn Yhbe & DEFSEDI AP FRECEAPSR ASs e cases,

it is coneatiiemeflectifrer(ARd corting doi Vgherd! |ericitce Df 3h0 3% hencoat ed

articjse as "1%¢n019ﬁtleﬂé' 0& shews @anéd aeéﬁagaedfr af-l %ﬁi@qse paia:.agn:e’eﬁ coated

substrate as Fﬁ%‘:é l?atter LS sQmet referre he val ue
11-

of F depencfsef&ﬁc AFe sh8et JHREC géﬁtﬁeplfgged 11“]%1 1111

il rnil performance since human vision does not sense opt::.cal

polarization. Changes to the substrate, the refractive
properties of layers, or the order in which they are coated
20 " onto the substrate lead to complex but calculable changes in
the reflectance R(A,0,P).
According to the present invention, the design of an
AR coating is based on perceived reflectance. The perceived
reflectance, F, of light from a surface by a human observer
25 is defined as the integral of the product of the
reflectance, R(A,¢), with the human sensitivity function,
S(A,9): '

F =[/S(A,QR(A 6)did0 Q)

R(A,&) is the average of <the p- and s- polarized
reflectances and is used here because the humar visual
system is not sensitive to polarization. (In some cases, it
is convenient to refer to the perceived reflectance of an

Gym W

uncoated article as “Funcoated” Or “Fo’, and perceived reflectance

(P )
wh

of an AR coated substrate as “Far”. (The latter is sometimes
referred to as “T.) The value of F depends on the

I ———
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11 Eli. WO 01/09647 PCT/ USOQO 20410 wavel engt h- dependent refractive
‘indices of the substrate and |ayer nedia, on the thickness of the |ayers,
and al so on the angular and wavel ength dependent visual response as
descri bed a¥@90%9%4 | n the ideal case, and as descri:bed inrgﬂﬁw’@ on.
Serial No. 08/990,003, equation 7 is solved for the absolute mni rrum val ue
of F (denomayekenayhidependsnieresractivs indaserngs e |suRstsasp and
substrate, ifzgeramgaven cgemt tmefmes/s em Itgnecmagiei-spréhd Ei@or eauthei s

uni que for ati'rn‘ %19 rtig yl at"ﬁ gghna cogg 11 otgelgzﬁonbg% | aygrs or

coatings, t ysi cal of are suc t ha Fmn.' In an
alternate éiﬁ%‘d‘i’-ﬁéﬁta ‘?Xﬁ:atlon 7 is sol ved for a range of values close to,
but nat necessarid ytieslualleaDd, cheken. ahdatas i desgpiised esnl tappdiieachodai ned

phen the Vadiga9ins. '&{fé%ﬁ'o’oaﬁ L 1t wqgega@oéayf a%;%%?u&”' mum

I n one such e valu for t coate trate 1s wthin
25% of Fni minimgm value oof F5 fdgnptedy, Fephe foxppri GdvednStaffer ef
extrenely Icmatamgunbﬁ méyeﬁ; cen Ve dsubsfdtaaet, afor ar gyides gedmeesyadfon 7 is

sol ved for %%w‘iﬁ% %n%_ﬂ:ﬁ:ﬁ@ t hkgggg/g‘bﬂi%?s %Fﬁﬁgnf %o d:a'PtEcu%?ut | oF <

1.20 Fmn, each case, ;the s nto
F enalfl es orbigatdent ppg FH@PEEW%t‘P%nA%f 1AKOLF c9F COREIRFRssERE of
| ayers of athysircell ettiicknessabiftngéilchataresasuct ythae #eFwikhed rEngsnor val ue

of F. 25 Thg fqlloui @anﬁaf'rﬂéﬁtf” té&&ﬁ&w efs aé@wéd UﬁSfaé' ¥ F?&fofhe

I nvention. Startin % hr ee- | coat |n‘g
appl i ed to PUFECIHOSE tons, “Snémﬁsé’?cﬁﬁﬁar’r p%‘ﬁ‘é%l et PO shoMtin FI G
3 and conpuiss goddasekuhes axcs uebtefingdr gben ethe efdlost afc& Esléthallhe val ue

of 30;9er cehyednpef |r?&5e%@ﬁ§1i§<0rarﬁnaﬂg€ﬂ%é3dm§lh§ﬁ§m| eHSIAFI&e Skuchas a
n reduces the

EZ‘LE?. ved (ST ; FARSTGIIS haE Hor 0T né Hen CORSF | ENREL A i ne 1
Accordi ng tweithie p2esef | Fvent ileR, . t e perteei 1ed5 rRald.ect fivge, sfmej s
conput ed f ogpllilcae@BhkNatiie Obxka¥Rély low amounts of perceived

- ' reflectance are desired, equation 7 is solved for values of

20 F within 20%, 15%, or even 10% of Fmin, i.e., F < 1.20 Fmin, F
< 1.15 Fmin, or F £ 1.10 PFmin. In each case, the solution to
F enables one to identify the combination of physical
thicknesses of 1layers of anti-reflection coatings that
satisfy the desired range or value of F.

25 The following non-limiting examples are illustrative
of the invention. Starting with the McLeod three-layer AR
coating (FIG. 4) applied to a spectadle lens, one uses the
response function shown in FIG. 2 and computes a baseline
value of perceived reflectance F=141. The +value of

30 perceived reflectance from an uncoated glass lens (FIG. 5)

' has a value of 575 for the same S(A0), and the McLeod
design reduces the perceived reflection to 25% of that for

the uncoated lens.

35 Example 1
According to the present invention, the perceived
reflectance, F, is computed for all combinations of layer
thicknesses and the set of thicknesses for which F is

-
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t hi cknesses and the set of thicknesses for which Fis -12 This Sheet Has
Been Replaced ““III liflhlli 121111 hl 11~1 W91/ 09647 PCT/ US00/ 20410
mnimzed is selected. Beginning with the glass:PrOTi G MgJF system

descri bed aWOW¥I9%¢hi s cal cul ati on was perforned and the PEFUSODA4YEr cei ved
refl ectance Fmn, was calculated to be 104, which is 18%that of the
uncoat ed amifdmézeddis SEHRFSeded BeTidmingonith athefoliass : PeRt BodiMaFoat i ng.

Thi s absol wysteiii gestribel Usbdfe pamiei \cad cueht 861 anse peHEMINdd G 6) for

these mat erdal §4 555%%; | R, pPhysic jcknesses: 100nm
of PrQ 25r‘1:|rlr]1 oﬁuﬁﬁ%ﬁﬁan 8 r%ao%gﬁ/& &AfgygExr%g?nﬁl glégzg&bcﬁgét?\e&ﬁ‘?e%aeppr oach
of the pred@fr MH$ERt i8n 183ndhasolofi ridiee incesRA7 3B igleerifg at BRS¥mgni t ude
of physi calredubt émnefrses tifatt bE the eeekthriks doatinagh i TRienEHESLuty el ded
over 16, 00Q;59mh "1 Ss BE i ug 15 .hagv
per cei ved ré‘?’?ec?ancéfsé_nl esg f{%an t ﬁngbgﬁtgc%\gxt °B’8’kmc%§?i nsd, _ain% addi tion
to the cas&h®ABr e™rESNiad 8 EEOrTFSPONdR| \FO exlfpl £91LpViRT Exphysicadt i sfy t he
desired parthaiekressdshat 160mmloR5hr0,n25%hect emid,t andr 87faheSEMg¥d i n the
followi ng table: This Sheet Has Been Replaced II1LILELETETEEEET THELETT]
- Fa WO 01/ 096@7 Pglésugo_%zolo Tabl e 1: Perceived Reflectance for Coated
and Rcoat ed Sp s Thickness (nm % | nprovenent % Wthin
Coati ng PrO Ti OubtjrgF theer appeoatied'ofF, nha2 pidsemat edndefit 1boib,75 af&o 453%
Text book 73,68; 100140 341 % 38% dtekiLEWRhe 1GRoAT-B4e 104 403%:0% EX. 2 70
50 90 111 4;‘:80/?1%2 eééa 50 30 g)o i filg% 7% 9% © reical
thicknesses of the three layers in 10nm increments, yieided .
over 16,000 combinations. Of these, eighteen were found to

15 have perceived reflectances less than that of the textbook

‘coating, in addition to the case where F=Fmin {Ex. 1).
Twelve examples (plus Ex. 1) satisfy the desired parameter
that F < 1.25Fmin. The results are presented in the
following table:

This Sheet Has Been Rep|

T
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Ex.4 110 10 90 114 404% 10% Ex.5 120 0 80 116 396% 12% Ex.6 50 70 90 116
"396%12% Ex.7 10 10 130 119 383% 14% Ex.8 100 20 80 120 379% 15% Ex.9 80
40 80 120 379% 15% Ex.10 60 60 80 122 371% 17% Ex. 11 23@8&%@3 367%
18% Ex. 12WQ0486430 126 356% 21% Ex. 13 40 80 80 127 353¢ 4 50 90
90 135 326% 30% Ex.15 20 0 140 135 326% 30% Ex.16 10 110 90 135 326% 30%
Ex. 17 70 70 90 Til&l: BacEed Réfiecténce fof Cadledl=n0 UBate@Ipes@084.8B86 E . 19 0 20 140
137 320% 32% _'__% |l noprovenent Quer coated = (F._ea/F - 1)100 2 % Wthin
F,,,, = (F/F |-1)100 [Ihelhiclieskinmks ronbi ga%ilmevemerp i \&ithin h Table | do not
precl ude ot he[Costingbi &t onBOf orMakhi £h Rk hd @k usostbd'HFinéd Wt hi n 25% (or
sone ot her definegddy |bow per cerd age)s7of ij6% m ni munpWszmt ue| of 104. However,
of the 16000+|Testbovit &3 onsesH t b wewe exaattned, onl [gskExanpl es 1-13 were
found to neet |Extil{F.s) dned er2son. &ne pioal | @463tn the arjoww | | | appreci ate that
equation 7 cfex2be so‘ﬁyed §Fr g0, N, Jq48%Fm n, orjyany of her desired

I

val ue or rangfex@f F) leei ngad | negyr aligebr g4mmd cal cul jgg. As| 10 an

al ternative t(x@nual l4eonpwt at igon,  |imearlsgabgebr a  slab%swar ¢ can be used.
Non-limiting teanpl esjizd seich &oft jraee ifseshude Mat hagegtich (VoI fram
Research, Cha Bbbanm | L90, Mpmtieab |8sBe Mat hWopik%s, | hc., Natick, M),
Macsyma (Macs m&__am_‘qumm_e_udmu_g_) 15 Maple, Inc.,
20nall379%nal ysi s [05%F i § al so possible
Qar e40 - 180 TIfi28 Shaet Has BeetS®Repl pced

Wat erl oo, Ont«
usi ng spreadshixé& sof

1111111111111 84101 11/60) | |60 \AD 801/ 0PIRA7 DATIPA ISOY 204117 f of exanpl e Excel
(Mcrosoft, Réddnd, ) atf® Lo¥us P22-3 3q7Pot us Devj@%pnent Corp.,
Canbri dge Ma) [Ex.12 30° 90 90 [126  [356% 21%
. Ex.13 40 80 80 127 |353% 22%

Ex.14 50 90 90 [135  |[326% 30%

Ex15 |20 0 140 135  |326% 30%

Ex.16 10 110 90  |135 _ |326% 30%

Ex17 70 70 90 [136  [323% 31%

Ex.18 20 100 80 137 320% 32%

Ex 19 0 20 140 (137 |320% 32%

' % Improvement Over Uncoated = (Fyncosted/F - 1)100
2 o Within Fse = (F/Fin - 1)100

The thickness combinations reported in Table I do not
preclude other combinations for which the value of F is
within 25% (or some other desirably low percentage) of its
minimum value oI 104. However, of the 16000+ permutations

w

that were examined, only Examples 1-13 were found to meet
this criterion.

One skilled in the art will appreciate that equation 7
can be solved (for F, Fmia, 1.25Fmin, Or any other desired
value or range of F) using linear algebra and calculus. As
10 an alternative to manual computation, linear algebra

software can be used. Non-limiting examples of such

software include Mathematica (Wolfram Research, Chawmpaign-

Urbana, 1IL), Matiab (The MathWorks, Inc., Natick, Ma),

Macsyma (Macsyma Inc., Arlington, MA), and Maple ({(Waterloo
15 Maple, Inc., Waterloo, Ontario, Canada). Computational
analysis of F is also possible using spreadsheet software,
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It will be apparent from Table | that discrete values of thicknesses were
-selected for each layer of material in 5 conputing F (nanely, | Owm

i nterval s) of course, choose.a different interval_  for exanple
5nm 2nm 'etwglul(“ﬁaygeneral for small departures in the vé’é’é’s %1’;1' gi ven

| ayer's phy, t t.h o] ed a ue rr{:) W|IIaIso
be smal |, écfcéxw%}%:lg é‘%ll Rgl‘\%%ﬁe}&t'z&? Yorto ni\‘i' 'é’i% %3 the

val ue of F detuesPevelorrans CREPL ayeambridgekMdlses for PrOTi O l\/gF of 40,
80, and 80nm rmsSpRAEQL wel wpphed® 7ffdw.Table T TRke d\iscIE@eVﬁéLtﬁeé)f F

correspondi S 4 n tiye 121, as is
t he val ue f%krg é}ﬂzi%t{ ggé‘& a?%o%%eg&se? e%og\clﬁen 122{2%% ﬁ "%%%%@s Dare 40,
80, ard szmmmtbeaoﬁeélamlezlz' Fﬂnmmrcfaéé) t Hene, awddr PE gpurden 25% of
Fnin. Home\mfopsmandlfﬁeréﬂu QJﬁtes-sa:s afer Stanipl e48nmB02nandetnmzd he val ue

of F rise\g}aeg,l[%r;% CQméf é‘ggkgﬂféstliﬂ” tl_:kg%]evﬁ\ugurgpeg o?R?Ct of the

present in I ON" concer ns rarnts Ceived ¢ of | i ght
reflected fyag®r ehebysiged fd’rlﬂkepés phe #f ok sme the cRmBuesd ot we
consi der the ARwdQat abgs Iselnsmalilz ednd nF Tadl ke dfa‘dmmlbheltnm ndswiofvi ew of

an ObﬁﬁrverkanOC’kaE é’:Eanﬂ:l%er%Hﬁ %“é?f}gé 14 E‘@oré?&gﬂ y from

over head | am w ndows sources o um nat | on Is_llt e the
surface of ttl'ﬁékpéﬁ%e%mdfoare By TdOe M i nPS t D ey eBBf aﬁnébse&QMh at an
angl e (~) asspehboiwebeheimtizal (Bx.i n3Flia Tabléha)col arheofvalhies ofefd ecti on

depends on é&%egeaﬁéﬂgft& d&ﬁ%‘i&ﬂ‘é@&eé ruzenseot yﬂfaf Bto?ﬁ\ EEE#@%MI sunl i ght

filtered by the_w ndo en e'd dent f'l ectance
of the coat'®dladtti?f & (he Vﬁga e‘ltf’rs éPac? aé?fg% Ef)?1:%“'ph§"§‘ieEJ‘l ogy of

col _orlS\n Si e Ehicddsessdedarée o#0ex@fpl endi a2ﬂtandEI IbecEmelsndazi ons Iaf

Vi tSI 025 ‘Sl'lh BN céééog&l@é ﬁ&lu@?WQé' gﬂ&i\%za&g%& p@{n :/Wﬁa?é&vd ];%mngtlbl es op
cit. erceived color o obj ect antitative efin y
coordi nate hlgn gi‘)f“]&’ %Effe?c@rfuc?ﬁ 134 JHZ’ fgél%ﬁ?‘ 1589 ‘é)“i"(?rl ﬁe?ri c

coor di nat exisest he 138 oivicho¥s I}Ehlebea-'uﬂ?_mﬁmml or space described in
Wszecki and Stia esutther 18sgéuts SbteheH%&'e%%@il& Repleit8@n concerns

1111%1111]&]6%1%%%%&&1 r.lni\l the perceived color of light reflected from

- the coated article. As an example of this embodiment we

consider the AR coatings summarized in Table I £from the
point of view of an observer looking at a person wearing the
spectacle lens. Light from overhead lamps, windows, or other
25 - pources of illumination strike the surface of the lens and
are reflected into the eye of an observer at an angle (¢) as
shown schematically in FIG. 7. The color of this reflection
depends on the wavelength-dependent intensity of the
illuminant (sunlight filtered by the window), the wavelength
30 and angle dependent reflectance of the coated article (the

coated spectacle lens), and the physiology of color vision
as described, for example, in Wandell, Foundations of

Vision, Sinauer Associates:Sunderland MA, 1995, or Wyszecki
and Stiles op cit.

35 The perceived color of an object is quantitatively
defined by coordinates in color space such as the CIE 1931
or 1964 colorimetric coordinates or the uniform 1976 CIE
{L*,u*,v*) color space described in Wyszecki and Stiles in

_ -15-
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WD 01/09647 PCT/US00/ 20410 chapter 3. FIG 8 shows the col or coordinates
(denoted ="x") in the CIE 1931 representation for the MLeod textbook AR

PrOT|O|\/gFﬁ 9'69)9 as a function of angle for |IIumnat|9&m’Q%ma‘ enon arc
| anp. Also shown In FIG 8 are the color 5 coordinates (denote ) for

the (Fnin) . H‘hgtga 3 COpfd Ny ﬁ{og%ar&% g%l@;%cgfag%fﬁat‘.’\éé hg&%}f‘o:%m tsgpt)that is)

i nventi on. Tocation nar i-arond cor r espond
no percei véd (’:‘6‘?orCIETH'e93&orﬁeﬁ’§ﬁFe%%"e’r%gF%r tWhe cMcheod jsexheeriasAR he
vavel engt h PaD: Thd MR quatdolr asbhi Custt o USE Iéhglreo ditee s lhaminadEomer cei ved

color, is O?U%d Rhdr afd191 dinp "ﬂfsér&%&ﬁ‘e Eﬁm p%‘ i d dLANORgY Lo the

peri phery Iot hr ou i he co cal or p0|nt For exanple
bot h Q t he F@?FBbﬁ? Ftﬁ)at(ﬁ% %ﬁ%a Q/?evvl ar‘? fe Hmiso BERIBRRL SAAtIRGe
m ni mal Fnemepaned ngnat acc@s@ﬁmxs Ravk ahdonprasent5 ivexesitdogth THe about

. 480 nm t hakatSon b:héﬁcél{ wla u%maha cOPEdUsords CloF waakar §§Q€ei$1,ave a

dom nant wavel en Bﬁ % nant “‘wavel engt pI’OVI es a
t

‘qualitativ@ | aﬁg@’vbﬁ N3k QWRVERREth, THBigR! ks ved
col or of | dglitnedfazcthal favediengeh 20 shidlce winathréRataat edimilu<! e

varigp Wt h n n d e C f tion.
vl a9 SErBQﬁ@eé €nh@nghfie gterbegwae e8182! &Q FRRUEC G0 %fé#ﬂl htr?at "

QWS st andar d um nats.
level , an i ﬁrESnE’é%’Eeﬁf t“h}‘@?t 8ﬁ1P5 d"%f?ﬁf‘cg ftl%&tht?se?gﬁllp ?Eﬁpﬁﬂﬁe col or
coor di nat e®1pbr thesugh thencomputrd CIE ghior2BointmEor exaeglear thatle

correspondithg texEKook €Eéabirmy lat f-F{‘éWh)ng?‘%l@ r&tﬁot Hé‘sseemd

I nvention | eS 9 for es, fro to 60 rees I N
intervals & hlgx(lﬁe]l'#agesb c(a‘te?:)rlcgl V%EI gdol 9r8§Sqdé$‘ﬁf ed B?ufar’fﬁ: ClE
chronati ci eréeﬁi@ﬂha?ésab%t a4$9nm,ort1'x§m: bist,h bhee -grgiea . :thanadll he

i 'l um nant poBats tiie agckuatolscakpase anﬁ@eava&dnﬁ’iﬁé?ﬁ Ofralb Fen

| ocati on re ti cal r.est he _desi AR coat ed

articles. %%ueggg % 8%%1'(;1{5%1—& r aet %%I&F } pfﬁ‘é"ﬁ?? i Sﬂ?gh'é?rr’;yet hat
certain col@pel Wdtfhd%cﬁr E°3‘5°WFENF€&PP§ presferabl e tc others.

Furthernore, theahevapéestéiredf cblerwi éf ViRyMOi HefilecRedaCtfdm i tHeNE

cos e € %ﬁ%ﬁgéé‘”é}f’ 8 AR SRELAE iR DLOGUS yidh b&d! Bf Al oM

FIG 1 that the absol ut sens
y of incidence and the source of :Lllumlnatlon FIG 9(a) shows

the spectra of three standard illuminats: daylight at sea

level, an incandescent tungsten lamp, and a fluorescent

lamp. The color coordinates for reflection of these lights
25 from a coated article corresponding to Ex. 1 (table 1,

F=Fmin) according to the present invention is shown in Fig.

9(b) for angles from 0 to 60 degrees in intervals of 5§

degrees. The perceived color, as quantified by the CIE

chromaticity coordinates, is a function of both the angle
30 and the illuminant.

Both the actual location and the variation of CIE
color location with angle are of practical interest for the
design of AR coated articles. It is known to those practiced
in the art of optometry that certain colors and hues are
cosmetically preferable - tc o:hers. Furthermore, the
variation of hue with wviewpoint is a factor in the cosmetic
acceptance of a spectacle lens product. It is also clear
from FIG. 1 that the absolute visual sensitivity fcr the

I
W
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.16 This Sheet Has Been Replaced 111111111110 1111111 IN WO 01/ 09647
PCT/ US0000410 reflected inmage is nore acute for sone wavel engths, say 550
nm (green) than for blue (450 nm) or deep red (750 anm) . One of the
advant ages &foﬂlnaﬂbr esent invention is that it allows mni MCKUSSI08I® of the

refl ectance perceives a spectacle 5 |Lens wearer (e.g. the physician in
FIG 7) whigef &Ft?‘i’lel'g%ﬁ%e ig imare; SFEFB| FPRGSIMR WA n@FhFef FaYt Pohs

percei ved mm agreen} et fdrsdrlver (¢5benmhidyl deegFlréd A)750Fh@ . 16neshows t he

perceived oyl Qii;abgévmqe%hbf Eﬁé'ﬁfﬁ&spe‘iﬁtf aa%ﬁe%h% téiﬁ‘atE{@”Q%f&v@ 19

summari zed 1n nor ncl dence | e between the
i || uni nant MipdRd zatinp oBger %&FBS@ed’erFﬁé}’édl ?Ya %hFPFCF‘?’FJthe
per ceisved daalnrsr wasraholen g. ntEterhﬁé:,cidneue Fhe. chr mmihecatythemm nat e

{raj ect or i esr &ohlkobiothd Nchb Veofien' 82 LBPLUBIGhs IO 4 dagrees. I

one enbodi nent of rese ntion ese ca colors are
used in COWPB?‘I ’We(,rors}ﬁ@tel Eh’gardectnhgﬂzccdbr criteria to produce an
article that h&¥6ni niiful shewsei vhel rpétadivadce cnfibke farnt aunl ighta

predefined hQbe e IO ri FMRE of | éh@'ﬁ%{a%ilaée§ i9 éqlrrl?rla@l%@d ihergpRear ance
of th%reflectlonoem ht rratcht hue&hé "‘?’thi wearer's skin
col or10 Al t & @kt POER ATeGht eré'f"ﬁ £ 1"c"b'i’fe‘t?r Wt P3P %ange of
hues t hat alrwS.manidrmJlblsyrpercépt iilmlcseba@@l. obhexre ks proxahiifty ino tthee Whl te

poi nt or theeReles E&éhos_era% téh‘b‘whYJ.homd D UeHRirel @fleNBSomb b8 b
figure 1. in a_ thir nmhodi_nment col or ht . e] ect_.t he AR

coating t haﬁ°%&én?1ﬁ% t:S":rﬂlel ESF1ERatie pJTOEQﬁﬁeuésgI‘fe %fgfgﬁpé?j ?]ﬁ’ra&fgh a

pr edet er mi rfagmafgut@r 69 adgereedder Ia mned@nbodiment s ofr céefp¥esantni nat i on.

This rsange iRt PEn JUBREEE | 61 HY1 A Wd1RE st hﬁ-el aiHd) D EBEndadives . shown
in figure 11 §fter the c%plgqgh%q_t %818‘{- #1 rgeg gguct_,romt gtlc%_Sl ClE
(

col or space’t uni f or Space. Accordi ng to
one aspect tiatt hasi m@hmﬁbnPGF%%WQ"f’rﬁerﬁl@SFP«W%ieV@H nNBRABRASNEHE Ral ues of

SO, 9) (see préezeskd, célod) aFsr useshple, deEebienaesiitePr € anieihizesponse 35

factor zo Qg used L desianig 3AeAR-CAM IS ofGHEVSLech the hue to

20 that of the wearer's skin color. Alternatively, one might

" constrain the color to within a range of hues that are

minimally perceptible baed on their proximity to the white

point or the photopic sensitivity toward blue or red hues

" implied by figure 1.  1In a third embodiment color control

25 one might elect the AR coating that has the smallest change

in hue as it is tipped through a predetermined angular range

under a predetermined source of illlumination. This range

can be quantified by computing the length of the curves

shown in figure 11 after the coordinates are transformed

30 from the 1931 CIE color space to the 1976 CIE uniform
(L*,u*,v*) color space.

According to one aspect of the invention, the

empirically determined average values of S(40) (see

Wyszecki, Ch.S) are used to determine the preferred response

factor zo be used in designing an AR coating. However,

(9% )
W

construczion of individual precfiles for individuals with
' peculiar constraints on S(0), such as would occur, for
example, in individua.s that are blird in one eye or that

I
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construction of individual profiles for individuals with peculiar
“constraints on S(9), such as would occur, for exanple, in individuals that

are blind in one eye or that 17" laced This Sheet Has Beﬁ?l‘(&%ﬂ/?& 41l 11110
IN 1111111 WORPAT (1) E i§- WO 01/ 09647 PCT/ US00120410 su rom macul ar

degeneratlo are_al so_en he I_nyenty on.

refl ect anc® fl—e Fs MUnBP TS glg? vzi‘"’ll?‘)émt1 f(?rreonrgelsg’r m)req%ayers% an

opti cal sublse rm\@n&sOHS a funct ion of the thickness, conposition, and order
ibn which they ar Q‘h@oatﬁd\:‘é&lv@&e Sﬂ@ﬁlédﬁahceghe EQNPGS ti ﬁﬁmefmbacnrlcier may
e constrain r| S [ ener gy,
cheni cal rgg?e]g‘f%cdo fhert 8ne l%dé éf}stsﬁ% a?‘esgﬁqg?%vgﬁbfgﬁgé@% »
prefedred ahfetetion of §hetwc;l‘aw@ﬁ(s)=omoehtmlc@m RY BFlﬁgs""lﬂf@ val ue of
Fto W thiRepS9%dfcddtedanokubesibstrags. THe &ompbeitbes cand osdemai nt s.

According to th%?lpres srg:algggntb n, Oc}&g‘w%%%ﬁ ogss{l%%cte (8)g My al so

be const ralfiéd e col o perc rom t he
article anddhegirn.he syefaes aﬁnéﬁsiér verchemdcal auxﬁﬁ’ér"—?nﬁﬁtl cdtitonst rai nt
yields an ARcof@iifadArdheClprebbat ifvaitivise theniprefeyreef teitknesahi | e

havi ng cospgt | gal Q\ﬁy g.ép gﬂgr%&%@%@gﬁ% E@@a@hes&quéod% eqnd

enbodi nent “Of "an I cl'e accordl ng resent inventionis a
conput er nWAFhER AS¥Wi @fo 1iSer cARPEREE hﬁéném%ﬂ"assg”?GFFEcet"An'ikPe%f | ection
coatings tensthemeaqarticles are desirable because overhead or w ndow 25

11 um nation causgsdriih§ets traﬁgféséﬁtatlﬂ\;m 1bnt Nene VERL Dihdde/ d?ff the

i mmges projected ontg t

screen resp onse
for the hufBf SBE¥RY (®r may é‘é‘“SﬁSV\ﬁc’Pﬁtﬁ’@edl%Ypl-ﬁ%@vEP oF h@ %‘feéir
conpdfent d&brS{PghtOrdfiecsaBsteot itdle prditlerant imtanthereyée shestacle

lens. 30 Prpguplog. ovehigaduih i Epashoitdin cordsttiagat YWaehBkaces ar
coated article that is at once minimally reflective while
having cosmetically desirable appearance.

20 Examples 20-30
A second embodiment of an AR coated article according
to the present invention is a computer monitor or video
screen that has a glass surface. Anti-reflection coatings
for these articles are desirable because overhead or window
25 illumirnation causes reflected images that impair the
visibility of the images projected onto the display screen.
The photopic response, S(A), for the human observer is as
shown in FIG. 1. However, the angular component of S(A8) is
substantially different than for the spectacle lens.
30 Presuming overhead illumination in a typical workplace
environment, and using simple geometrry, a sample S(A0) is
shown in FIG. 12. The perceived reflectance of the uncoated
screen is 717, while that found for the textbook PrO:TiO:MgF
coating is 258, or 36% of that for the uncoated display.
35 Using the method described above, the layer thicknesses that
reduce F to 191, its minimal wvalue (26.6% that oI the
uncoated display), are found to ke 60 nm PrO, 80 nm TiO, and

-
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envi ronment, and using sinple geonetry, a sanple S(h,O is shown in FIG
12. The perceived reflectance of the uncoated screen is 717., while t‘hat
found for the textbook PrOTi O MJF coating is 258, or 36% of that for the
uncoat ed di WRNUPI4B5 Using t he net hod descri bed above, th@CHAHY20410
thi cknesses that reduce F to 191, its mnimal value (26.6%that of the
uncoat ed di'g} §%, MgFe f RinBLeh BBOWERG MFRrO Loz Hid e enbadimenth is Sheet
Has Been Raplemeadedlin IBIG.I IRB. 1111111 1111111 W81/ 09647 PCT/ U300/ 20410
120 nm MyF. A pl o show R ERbPel P4rddicha8MRRYL " IS e REESEN in FIG
13. It will be aggreci ted it Egtetﬁéls co ainatlgoggtg)‘%bjf%ytéllrg’rn tgﬁi%gﬁ%fsses for
these thr e HEHBEFEPE +F nHresIdHTsCoMatRELIassS shacPat| adedhsEostRR) t he
hunan 5 espereethuhet lensf oUsihg shechamar kessongd| fund)idreaftsr teéhe val ue
of 7-=252, goaidhabanti fddy OFaRler 3) Nafegyen ddie 4 exthaak geatings, The
chromaticity coordinates for this AR coatgd dlégl‘@/ termnal are shown in
FIG 14. WhEFaPELa L% SHeRLeT 1BR ETphSL PRI Ged&ifdken and vyi el ds
values within a d8ssrethrpeaténitge arordieatesi nftow vadhie OARF, cdated 25%
while the Ryie 9byt berhaldecde0 JHAR! ihsS FyaPaRat ehy pappHbeds foridse! evant
angl es, usi ngf Phe col or.i nmet r,g fu%inul aﬁ Aftgr ,e\c//lgl uat | n% the ¢chromaticity
coor dithat eSTof TGP n 1Bn WEeFEAkEn | ARd; yded8niiRItESn Wittile @and
mni mal |y glesdeedeperrentags antetbanmisivehevatde baged, onl sosneas%; or _
visual fuRgliigneRENEL& 3bHtthe FRE1IRXEER! Bight! w%-e\ﬁa%eeﬂ%sebﬁﬁmwwgr ound
Is a preset_ col OEL i t Ls deﬁlrabl.e tQ.make.the reflecte ue blend with
this backgr&and=¢8V8Pt ¢ 3% ?ﬁrﬂﬁ%ﬁ%)ﬁh§d65@°FﬁQeF5¥l 21T " Vi ¥ i npacts.
It will beeyednatdngt hbeechromaticidy rraadrdinatesf ofi sagh dsdigncdnt hat t he
sle: ctison _OfTaMEL i19y| afheUeShriitatabhi ?E%&é-t&frﬂaiﬁﬁfmf‘hpé\f&%iﬁé@ry wi th
i1lum natiQn,e,t 0 i ¢ op S t.he [ , t col or
backgr ound =Stie ﬁgalgcge\/rﬁéﬁn%ﬁt %#}fefg%&hi%%?%{egﬁR%éggg?gg? ar t% i cl ¥R 10 be
enpl oyed. TABCELPR CPRESEMINLSy paFPFale*x3Bpler dfe W@ (tidass dsrdgdation 7
for this ARckgpbedd dispkaypreses ralorwier &s GwHlbblEORS Walke the
reflected hue blend with this background color to further
20 reduce the reflections' visual impacts. : :It will be seen to
those practiced in the art of vision science that the
selction of particular hues for articles with F<1.25 Fmin
will wvary with- illumination_, the geometric optics of the
display, and the color background of the environment in
25 which the AR coated article is to be employed. Table II
presents a partial set of the solutions to equation 7 for
this AR coated display terminal, where computations were
carried out by varying the magnitude of physical thicknesses

of the layers in ‘the 10nm increments, yielding over 16,000

30 combinations.. ' Of these, 165 had values of perceived
reflectance within 30% of Fuin, and approximately 125 had
values of perceived reflectance within 25% of Fmnin. The

results for the uncoated 1lens, the textbook (McLeod)
coating, Ex. 20 (Fmia), and Ex. 21-30 are presented below.

-
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carried out by varying the magnitude of physical thicknesses of the layers
in the 10nmincrenents, yielding over 16,000 30 comnbinations. O these, 165
had val ues _of rceived reflectance within 30% of Fni n, and approxi mately
125 had varf8 Q”S? percei ved reflectance within 25% of Fm’ﬁ”"?% MiPesul ts

for the uncoat efipleqercelviRrdrstineOBEC el afPGncoatePRldotSisplal Screer (FMi n) and
Ex. 21-30 are S%g’gent ed below. 35 Th| S SheetmT—las Bgen Isggf'gced

1111111 111111 TTTTIT T iiidkhe 9647 [P inblotimest 64 Within 40! € I I
Per cei ved Reflqg*ga@,@ce I Comy e M@ﬂ Uneodt gib VhasRaDIs ay | Screens
Thi ckness (nm [FacLdd O 5 17 | 37! Over Uncoat ed’

%
FrnnZ Uncoat e 337 0% 273%0 Tdagebodkretd 68 100[AB8 118% 34% Ex. 20
(Fnvn) 60 80 1 Zbga 2lg% 0% Exgh 704940 13 %193 272%ch, % Ex22 50 90 120
193 272% 1 % Ix 0 B 126

P [l o W2 i aWal

S OU;§U T35 LU 25715 J/Uz 24—+66 N 12 201 257% 5%
Ex. 25 90 40 12 11 25 50/% Ex. 60,.90 1 11 240°/c1 %vﬂfx. 27 130 10
.130 220 226% ] _23 Ex. 50,400 0 2 21% 0% Ex.§ 20 140 130 240 199%
25% Ex. 30 100 4120 Koy 13§70 2 2040 1 IV ETTETTL O poat ed =
(F,,,,,d/F - 1)g08 2% Mot hi qoF, , 430, » 501 ( F/lbdve . - 1)1£ﬁlt w || be apparent

to those practijges i n [¢he akh Of 139COlHKI MHblgy, t hat t hfeper cgi ved col or
depends quanti §@&{z7vel y[13@N 4HE SpRCT 1p di|53ekq DULT ON Pyt ne|i | | um nant, as
shown in FIGS|e&BA) apd (Bhoo | ne@ndempent]a12bd uor escefpy, and arc | anps 5
have different |[smctrajzoout pag s tdpan |monl ijgdeb, Furt hefagmre, | the spectral
content of sunlExdet valbes woth tdone jmb dgygeand weat Jrge, compdi tions. The
present i nvent i ‘0 ingRsverneht Oved Uhabied = (Funous/F - 1)100

% % Within Frin = (F/Frin - 1)100

It will be apparent to those practiced in the art of

colorimetry that the perceived color depends quantitatively
on the spectral distribution of the illuminant, as shown in
FIGS. 9(A) and (B). Incandescent, fluoreséent, and arc lamps
5 have different spectral outputs than sunlight. Furthermore,
the spectral content of sunlight varies with time of day ahd
weather conditions. The present invention can incorporaﬁe
the illuminant's spectral features into the computation of
perceived reflectance or perceived color by including the
10 wavelength dependent intensity of the source expliéitly in
the computation of S(A0). One sgkilled in the art will
appreciate that the details of which form or weighted
average of forms should be applied will, of course, take
into account the viewing conditions under which the article
15 is to be employed.

The invention provides unique articles of manufacture,
characterized by low reflectance. Generally, the articles
are transparent, for example, ophthalmic lenses, windows,
windshields, television and computer screens, etc.

20 Transparent articles have no absorption of light over the
region of the spectrum sensed by the human visual system,
that is between about 330 and about 750 nm. In some
embodiments, however, the article may be translucent.
Translucent articles transmit light at some visible
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the illumnant's spectral features into the conputation of perceived
refl ectance or perceived color by including the 10 wavel ength dependent

i ntensity of urce explicitly in the conputation of _S(% .. One
skilled in %%552'19?% Il appreciate that the details of vwﬁ‘%r‘ﬁsg%"m“or
wei ght ed fQr hoyl dshe | ] | . cqurse, take into
account thgya\‘?’ireg\%ﬁﬂgﬂ%o%éﬁ?%ns u'gs er \?ﬁgﬁp c%ﬁ?h%! a‘lf S ﬁ%zg% T %% B

enpl oyed. TREFS nv&RELBHE pr olARIENGEPHue aNeRkimidis8 nasypraplese, of
char act er i aadnayutent r eft friieancinclGeeedntyd bhe ahhdebesunalesiésnsparent,

for exanpl & QRRLNA IS Jioas6s, Lhddltfes Wildslidgls, television and -
conputer screens, ®tc. 20 Iransparent articles ve no absorption of |ight
over the regi offof °Pfe EPRRAINFR3enSed LEPREPRF SRAN LPWs uXEE493EE9R  t hat
i s bet ween axtdele3xbmprdsaboutn 76ptival | Bubstratenandi nemd S orhovsdeer, t he
article m r ( ..Jranslucent articles transmt |ight at sone
vi si bl e -?@%ﬁ%séfslﬁéﬂéﬁ'%gggl%gén Replaced 1 111 IUIJITE LITIT TITITL |
WD 01/ 09647 PCT/AUso®iba?e mmadef¥nqiprepiptaps&hpt s SREAeFtiM ( he
light at oretdclesvhavingiruee vicheel engt Hsmyelsnbifnategiak adpbesiméd

t ransl'oucemoga[ah' Eﬁ&érlﬁ?!g“_@!ﬁlz_%bé‘i %@E@a&@agnﬁg d{i‘&&kﬂ%ﬁ?ﬁ’ thel didpd- gl ass

w ndows, an nted wndshields. 5 1n one e ment, a transparént, |ow

refl ecti on OfaFPPCPECRE A P¥ER L P upt i cal substrate and one or nore |ayers
of AR naterial. The wipverid onealas y beppr edestrddbetihain | pwefefiredt izomd

tter ) o1y SCHBLERS e ko] e 30hotnl Bidcla daRRsELen M)
i nvent iyon%J #ﬁé“‘ﬁ%ﬁgéﬁﬁjo%‘ﬁ‘fasf“% n °§Zs°c?re'rr5'§a°ﬁ1 ﬁ?‘gf 5‘8‘?%%”&%5!&%& | ary

enbodiSnent withdn kbenability taet tdlekldt of Ahens athiZlefd rimdithec #rvtons, modes

of operati s dad ndROIiFRBLE, debhrting from the present invention.

For example, the AR coatings and methods of designing and

applying them can be used on a variety of optical substrates

in addition to ophthalmic lenses. Even large articles, like

20 automotive windshields, can be given an AR coating if a
suitably large reactor is built. _

All references herein are incorporated by reference
as if set forth herein in their entirety. In both the text
and the claims, use of the word “about” in relation to a range

25 of numbers is intended to modify both the high and low values
stated.
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15 within the ability and skill—ef—these skilled in the art, can be made
w t hout departing fromthe prese ' | For exanple, the AR coatings
and met hodwedi@asi gni ng and ap$"ﬂ'gﬂaﬁmﬂ’ﬁﬂmue used OpIUSOseees Y Of

optical substrates in addition te O ses. Even large articles,
i ke 20 wionmt ictaimepgshi el ds, can be given an AR coating if a suitably

| arge reactor is built. Al references herein are incorporated by reference
as if set forth hereinin their entirety. In both the text and the clains,
use of the wdyHranaRAFENt| nOF el WHANGAUCENE r aPrfeeD5 agttifghAbehaving i @ ended to
modi fy both tdexceigbdansfleawaviabups wisdmdied. This Sheet Has Been Repl aced
0 T T I T O O o IO ner}{l PCT/ uS804 410 WD 01/09647

LEITTOhIIT LT Onl f FI=UYS(HAREOAEF Al VED: WHAT 1S CL 1. A transparent or
transt ucent c(‘@aetrgd article having a perceived reflectance F, wherein F =/
] S(d.” di R(2 dO 5 where h is wavelength, 0 is incident angle, S(?,0) is
hunan sensiti W tiy Fawelswtthas a function of the wavel ength and the

i nci dent angl @ igndnd{dditAang@lej s an average of p- and s-polarized

refl ect ances,q ,t rricle. rgsing. an_optical. subst e; and one
or nore Iayerss(AéP?a%?_?ﬁ‘rﬁ%ffes&nigéﬁn?rg{%r#'gr}&%c?gt§ gnfé c“’r"e%s‘%{ gtthﬁortion of
t he optivayelanssty apd thejidcddentranmhe and | ayers of anti-reflection

mat ed® al havimg.,8) t bs cdheseragehof hat arnke sppotet vl reffheet aness,0f the
coat ed ag}tlécédeat!e% e8$c %%gr%i‘? pal to 1.25Fmin, where Fminis a
e

mnimz percei ve reflectance of the coated article.
an optical substrate; and

one or more layers of anti-reflection material coated on at
least a portion of the optical substrate, said one or more

15 layers of anti-reflection material having a thickness such
that the perceived reflectance of the coated article is less
than. or equal to 1.25Fgin, Where Fpin is a minimized perceived
reflectance of the coated article.

20 2. An article as recited in claim 1, wherein the optical
substrate is an ophthalmic lens. '

3. An article as recited in claim 2, wherein the ophthalmic
lens is coated with the anti-reflection material on at least a
25 portion of one or both lens surfaces and/or its edge.

4. An article as recited in claim 1, wherein the optical
substrate is a window.

30 s. An article as recited in claim 1, wherein the optical
substrate is a television screen or computer monitor.

6. A coated article as recited in claim 1, wherein at least
one layer of anti-reflection material comprises a flucrocarbon
35 film.
[
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20 2. An article as recited in claim1, wherein the optical substrate is
an ophthalmc lens. 3. An article as recited in claim2, wherein the

opht hal m ¢ +,8ns is coated with the anti-reflection nmaterial on at |east a
25 portion o C8HEEr both Iens surfaces and/or its edge. 4#CTASUHIL| e as
recited ig clayml, g\{@{ln he I ubsiraie i.s a ndow. 5. An
article aa recjlu'gned il m% rggégg% til'uﬁ %lagél 6§ubs rate | |s%gl

tel evisio EEF%%?FW c ipBt erSnofi t Biasm NQR?&tléa°ﬂrtPE‘P@C&'s _fci Bed in
claiml, peefluorixiatiedastrganie danpeundf anti-reflection material conprises
a fluorocarbon 35 film This Sheet Has Been Replaced | 111 111l -22 11111
Ml ~ 1111111 ~ WO 01[ 09647 PCT/ USP0120410 7. An article as recited in
claim®, &herdh tAEEIG4qi0rdRar BBRLFSd m I8 aChRrA@na Tdepddiearan ptdguct of a
per f | uor i perftumrigatied corgrouind. compbundn B t iacl perSlucdialéghati€! aem 7,
wher ei n tggrfg%ggdﬁqbgggﬁﬁia@{cg% oipgpound is a perfluoroaliphatic or
per fluorocycloal i phatic conmpound . An article as recited in claimS8,
wherein the 10 perfluorinated organl c conmpound is selected fromthe group
consi sti n§-of Aerféaxoialeycl adut aeejtdbxain uocdaihans, twheraihuorhet hyl ene,

per f | yor ogepPRisrimdaMordants tdpReha | C S Ci i n cI a| m
wher ei g t he 1_5l fl uor?car bon {Jl il mco rﬁ%gessﬁb&rédﬁt #%ﬁugirige gtr%qg

6,

A coated SPEFHIE™5 reffted PRFTIEER-YCighdan E48 u?i‘l’ﬂ?tl Sr of
anti-refl egtr@ﬂmthnlen@nmarsfégompmma,c apd mixgaressithereoaffilm 20
12. A coated article as recited in claiml, wherein at |east one of |ayer

of anti-refle ion ri aI rises, a plas enhgnced, chem cal ., vapor
depomhoﬁpr%‘uct 0 c(;e‘Lne of noreecnerdec %orgfi’e ecPed PPSATHAe §P5up

consi 32 i n§leprasgrbas) 4ilp rqumrises yol'yqemr@ﬁﬁéﬁgoeﬂwleﬁne benzene, Ti
(OGC,HS) .,, Ti (OC3H,) 4, Ti (N (CAS) 2Z2) 4, and perfluorinated organic
Conpounds 11. A coated article as recited in claim 1, wherein at least
one layer of anti- reflectlon material comprlses an organic or
organosilicon £ilm. '
20 ’
12. A_coated artiqle as recited in claim 1, wherein at least
one of layer of anti-reflection material comprises a plasma-
enhanced chemical vapor deposition product of one or more
precursors selected from the group consisting of 8Si(CH,),,
HSi(CH,),, thiophene, furan, benzene, Ti(OCH,),, Ti(OGH,),,
Ti (N(CH,),},, and perfluorinated organic compounds.

[ R
wn

i3. An article as recited in claim 1, wherein each layer of
anti-reflection materia. has a physical thickness greater than
30 about 5nm ard less than about 1 micron.

14. An article as recited in claim 1, further comprising an
optically thin metal layer deposited on the'optical substrate
and/or on a layer of anti-reflecticn material.

15. An article as recited in claim 1, further comprising a
layer of hvdrophobic material.
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.13. An article as recited in 1, wherein each layer of anti-reflection

mat eri al has a physical thickness greater than 30 about 5nm and | ess than

about 1 m G@presdssy An article as recited in claiml, furphgisdR 7ising an
optically thin nmetal |ayer deposited on the optical substrate and/or on a

:caye[] of 1gnt iAﬁ?ifﬁf&Iﬂé)rhMéifiit&Ha i%5ﬁ1§imé\n1@r hh@%i.ﬁg_?_ﬁ_ esgﬁf,edwﬂﬁih cIBai m1,
urt her S1_ng . \ Qpnaop_¢ terial. IS eet een
Repl acedg_’-ggg‘ig?l ;1%1%%%&8‘% F‘“?E'Ji 1°ﬂ1i&§§iiilfi’fﬁlﬂlfpﬁc?\if§ (11
nai er| WSl eRdOSUWOrRCTEREOOL80AerceigedArtaqr Lie| difdhinecd t edecifiddins 1,
havi ng avetume, elatentVicivedobdr aspresi idedd nafgl iy Ok hanFHor 'eNAerE a
specigie%hrgk%&q%{gyiégardgggﬁe;s perceived to lie within a specified

0} 0}

vol une el enen |'or "space defined by the color's CIE 5 chromaticity
coordinates. 17. An article as recited in class 16, wherein the
i |l um natizon As seretdlsl faom pesigdd orimspestdsd | yidj | t @heebirdawHaght ,

tungsten. resc S | anps. 18,. An ticle as
recited ﬁ%ggﬁg?%1%%? ﬁie%gi?ie vofﬂ%ﬂdne éﬁ%n igp%gFF%%ﬁybgl "5t e of
radi us 09evdigher dngster dampa, Hluogesgent hamoe. amd arei tampss recited in
cl ai m016, where the volune elenment is selected to match a background col or

and ther gy faClgR3gilnea/! ploiddd Vigl Aglikeded Lhghl- 42 adgansearent
or translucent coated article, conmprising:_ 20 an cptical Subs e; and
one or nSHEMPRY et dRFizgd; by et | @%Gien ofaFadivg tdatcantemedagt | B, a
portion aff3théropmixcal substrate, said one or nore |ayers having a

t hi ckness selected to maintain chromaticity coordinates contained with a
vol u el.ement defined by a 25 circle or radius 0.1 centered at (1/3, 1/3)
'n 1931 GPE PoRrifite 25217 A TR holl 1FP iRk} by HPEFEnSHE eholupe

transl ucedementt éd selectéd to mhtcih anbepkgraindubsient end sthewdad Wi t h
ON€é Or  decrease the visibility of reflected light.

20. A transparent or translucent coated article, comprising:

20 an cptical substrate; and
one or more layers of anti-reflection material coated on

at least a portion of the optical substrate, said one or more

layers having a thickness selected to maintain chromaticity

coordinates contained with & volume element defined by a
25 circle or radius 0.1 centered at (1/3, 1/3) in 1931 CIE color

space.

21. A method for making a transparent or translucent coated
article in wnich an optical substrate is coated with one or

30 more layers of anti-reflecticn material, said coated article
having a perceived reflectance T, wherein

F=//S(4, QR(A. §d1dO

whe

1%
(']

}. is wavelength,
0 is incidernt angle,

W
W

S(A,B8) is human sensitivity function as =z function of the
wavelength anc the incident angie, and

2 RN LA
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30 nore |layers of anti-reflection material, said coated article having a
perceived reflectance ?, wherein F=fJS(d,t3R(20d idO where i_is '
wavel ength, O is incider.z angle, 35 S(n.,9) is human sensitiri:. :
function as ¥PHM% i on of the wavel ength and the inci dentPCEW&i’%,"“gnd - 24-

rrirrrrrrrrrpldidd o 1IN Thi e Has en_ 3 lu H
LI~ I~I11 WD 890@61‘? F%r/.%(sf@ﬁgog%o’ R(’E‘,ae)g %P%%C%\%eﬁfgfé%%%iéééé '
s- pol ari zedher @prhed FRMPF1SiPge net hod conprising: initiating deposition c=
one or nore |aypisidfinmnt depseifdient i @n oaterdml more t haysubstgmt exzpnd 5
term nati %ﬁ%ggg%&éi%e\%g@ Sgi g]crog%]b L.O0pLe dpyers reach a desired

a re

t hi ckness 'suc f 1€ percel ve( I'ectance of the coated article is
| ess tKHan or e§BEMLRAFINIGRRPALITIPR RSP §aid oBe MHIiMARR PEYe&svERach

refl ectance defsirbe €Ridie@dsar suchethdd he pEreeivéd otk fifecthake 3£, thderein

T T sl REPLERY, Y et AR R GG (R 2ok BE PnGRO R B e

11 IN 2% minimum perceived reflectance of the coated article.

10 22. The method of claim 21, wherein the layer is
deposited by plasma-enhanced chemical vapor deposition.
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