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ANTI-REFLECTION COATINGS AND COATED ARTICLES

BACKGROUND OF THE INVENTION

The present invention generally relates to improving
the transmission of light through optical materials, siuch as
spectacle lenses and, at the same timé, reducing reflection
of stray light that leads to glare from optical materials.
The invention further relates to contro.lling the perceived
color of 1light reflected <£rom the sgsurface of optical
materials,

All uncoated, opticaily transparent materials reflect
a portion of incident light. The amount of reflection varles
with the wavelength, polarization, and angle of incidence of
the light as well as the wavelength-dependent refractive
index, n, of the material. This Fresnel reflection is
described by Maxwell’s equations for eleétromagnetic
radiation, as known to those practiced in the art of optics
and ‘described, for example, by M. Born and E. Wolf in
Principles of Optics, New York, Pergammon Press (1980). It
is also knaown that layers of transmissive materials with
refractive indices different from that of the substrate can
réduca the amount of reflection. The amount of chis
reduction depends on the wavelength-dependent refractive
index of the coat:.ng materials and their thickness as well
as the wavelength, polarization, and angle of incidence of
the 1light. The ‘design apd wmanufacture of these anti-
reflection (AR) coatings is thoroughly described in Chapters
3 and 9 of H.A. Mcieod, Thin Film Optical Filters, New York,
McGraw-Hill (1989).

The gensitivity of the human wvisual system also
varies with the wavelength of'light and the angle with which
it enters the eye, as described, for example, in -Color
Science: Concepts and Methods, Quantitative Data and
Formulae by Gunter Wyszecki and W.S. Stilés‘(New York:Wiley)
(1982) and Visual 'Perception by Nicholas Wade and Michael
Swanston (London:Routledge)(1991)._A problem therefore is to
choose the coating thickness and 'compoéitién so that the



Abstract: Coated optical substrates and a nethod of coating optical
substrates with anti-reflective (AR) coatings are described. The
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more specified wavelengths. A problem therefore is to choose
a set of layer thicknesses that minimize or significantly
reduce the amount of refiected light that can be perceived
by the human visual system over all relevant angles and
wavelengths. ' . ) |
As described above, the amount of reflectance from a
‘coated article varies with angle and wavelength. When
uncoated spectacle lenges are worn, a person locking at the
wearer pe;:ceivea a reflection of light from the environment,
i.e., "glare." The color of this reflection is, for uncoated
lenses; typically ‘that of the ambient light source(s)
-because the variation of reflection with wavelength from au
uncoated spectacle is quite small. This result is generally
true for mildly dispersive optical mwaterials such as glass,
. polycarbonate, polymethylmethacrylate, aﬁ_d other spectacle



Sci ence : Concepts and Methods, Quantitative Data and Formul ae by Gunter
Wszecki and WS. Stiles (New York:Wley) (1982) and Visual' Perception by
Ni chol as Wade and M chael SWanston (London: Rout| edge) ( 1980)Mandarp20b4 em
therefore is to choose the coating thickness and conposition so that the
-1 30 January 2004 angul ar and wavel ength variation of Fresnel reflection
from the -coated article as perceived by the human visual systemis

m ni m zed. L&m@wnna‘t@xqqqtsl nga U§P0t9n€bi0r dmrewtahemehgwrs AHd ldi@ﬂ@anl c

oxi des, m%rlde h déo ach d reductign in- refkg

Cormon t hi ATFFY %F&F aﬁ%"e °If6’r“c§’ ﬁA%@%%%t’r% %P 188EFr b d in
chapter 9 and Ap/Sedi amount ofofMiebiectadl | Adghtle fsdmlesnof AR ccBitedBe, Bi,
Ce, Hf, Lartidhe NehriRa mke %‘raml@ica_ll THien, wﬁ@léfgthwqrﬁ)%le,

tmﬁb”'NZt ' OnaSRRake ?Fségscfe'&%g&'m%fipﬁh.%ésthanaogataht%smaxN?aﬁ%ear

t abul at i onf¥em fiehrkd i theblld.oltl EOUACPaghs 178iof colnd contifuavdasi Ithper

Syst ens (S@esrfetlfu&aamt ndeA. V. sEéEE'Q@Ié‘VQ\énsEd'éﬁ&nétﬁéﬁ?ntdﬁtrl%ilef .sur
France, .1992) yers and their__“conpositions

Yvette X -
are generaf &flsﬁﬂﬂ?&n bé§e(’js Hh%tﬁ%chei'al‘{?s’*&'ﬁhg?rET’n’f'%‘g‘t‘?t%l’iﬁ:ﬁ]ﬁ&tH&'Pdness or
scratch reghstmnmmamtroddihegi one whramiverdt yoleasef ofe Herasid ldghtcost, and

ot her factors f 0.t ho cti rt I

coati ngs, %?%2%“‘- A i R %faﬁusﬁ‘t‘a‘m

m ni ni ze t@%@ﬁ Pri SHHHASTE dent RREPRT T Hat OF| g:r,a@ﬂ SEEBH (G98FEct ance)
-at nor nal artﬁmldaendea\an@ ore cperqmrvedspemftlleetiawaael engtdesinAdpr dlgl em

therefore ?—ﬁé&e@ﬁ‘m@)@dld@ Sein® ek skli ClNeSIRBbILRAL o £ @é@&:‘in@;
signifi cant reduce %he anoun ref |'ect %d | i"ght that can he perceived:
by the hurg cg:d‘étn st eftrRRer :}EP r eFBIantISHRG eSCandlatRwelBhgths. As

descri bed peardgsulishe prepatring aefaeciclwevitiorome @oateae drlyeske ofaries
W th angl erﬁéﬂtéh%ve'c%g%ﬁ WP oinC qgfed tﬁﬁgfi}xé{vé&' %vlﬁ.tc%f watg, a

person | oo he "wearer perceives a re I-on o romthe
envi r onnerfel ected such that the resulting coated art:.c e hag a

min:.mlzed perceived reflectance. The reference does not
address the desirability of simultaneously controlling iayer
thickness (e.s) to control the color of the coated article.

U.§. Patent No. §,852,513, entitled “television
filter”, discusses the problem of reducing glare and
reflection and improving contrast in visual display screens.
In paxticular, the reference describes a two-layer coating
said to provide white, or close-to-white, reflected color
and low reflectance. The reference does not address the
- problem of minimizing perceived reflectance, which is a
function of both human sensitivity. to ligl'tt at different
wavelengths and angles, and p- and s-polarized reflectancea
SUMMARY OF THE INVENTION _

In accordance with the present invention, an anti-
reflection' (AR) coating is designed using the wavelength and
angle depenc_iertt refra_ctive properties of one or 'more thin
layers on an optical substrate. The number and ordering of -
the layers is determined by nomn- opt:.cal constraints such as

© . adhesion, durability, 'cost, ease of depos:.tlon, and the
like. A perceived reflectance, F, which weights the angle-
and. wavelength-dependent Fresnel reflectance by the angle
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SUMVARY OF
perceived reflectance otherwise obtainable.

In one embodiment of the invention, the layer or
layers (also referred to as “coatings” or *films”) are formed
by plasmarenhancéd chemical +wvapor deposition (PECVD} of .
volatile precursors, non-limiting examples of which include
organic and organometallié compounds . Alternatively, one or
moxre layers are formed by sputtering or evaporation, using
techniques and materials well known in the art. The McLeod
refarence prov1dea a good description of such techniques and
materials. The resulting layers wmay be optically
dispersive (i.e., have a wvariation of refractive index with
wavelength) . Alternatively, the resulting layer(s) may not

be opticgily . dispexrsive. The layers have refractive
. properties that depend on the precursor, the deposition
conditions, and the film thickness. Both sgingle and

multiple layer AR coatings are prepared in this manner.

A further aspect of the present invention is the
control of the percelved color of light reflected by the
coated article For each set of film thicknesses the color
perceived by reflection of standard illuminants, (e.g.
daylight, .fluorescenp,' inc¢andescent, or arc lamps) is



in accordance with the present invention, an anti--reflecti=(AR) coating is
desi gned using the wavel ength and angle dependent refractive properties of
one or nore thin layers on an optical substrat e.' The nGfAlbenuan@004 deri ng
of the layers is determined by non-optical constraints such as adhesion,
durability, .cost, ease of deposition, and the 1|ike- A perceived
refl.ectance, F, V\/m ch wei ghts the angl e.- and. wavel engt h- dependent_ Fresnel
ref | ect ansenpntadhaising es @B arniargineFesd.cams thade| e%‘&?h peIFSivedi ty of
the human,gd gualacy sty ganae&reﬂt egitar éﬁﬁ;cm Naicd Yseday el
0

t hi cknesses I n one t he val ue F is cal cul at.ed ¢ (abt ain a
M ni num m&t@-m@ewl%l% h&hGoMRTRRTGE oF e ances uhet F&f’&“ﬁ'ﬁ | ayers
of coat edrim epirakesbor 1€ads speci 4 embatied agtmlcmdthannsexmbm a
alternative odi ment e o] Q. | f f

mat or 1l SR P ol eEEAARE o 08 MR IRAL Y RIABLE 1
not conpbtrinindmi el siesized F@lérese to, and pref erable within 25% of
the m ninumvalue of F, for the specified viewwng conditions. The

advant age of this approach is that one obtains a coated substrate having
the absolute h &@rﬁingq/?é'tﬁ? g?ésérﬂriﬁ%mﬁﬂw,rtﬁé}eerst Rl 8 trarfspzrageoof
wavel engt hs and andl es a given geonetry of view ng conditions-

Al t er nat irgeslycenticoated bstidieiteornpriging:zat i on i s not required, perceived
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to 1lie within a specified volume element of .color space
defined by the cglor’s CIE chromaticity coordinates, and
(ii), a percelved reflactance F=llg (X, Q)R (A, 0)drds
that is less than or ecual to 1.25Fmn,, wherein Ais
wavelength, ©is incident angle, S{(A,8) is the human
gensitivity function as a function of wavelength and
incident angle, R(A,0) is an average of p- and s-
polarized reflectances, and Fuy is perceived reflectance
minimized within the constraints imposed by said
chromaticity coordinates. C

According to the present invention, there is also provided a transparent

or translucent coated article, comprising:
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and Fia rs.perceived reflectance .mnimzed within the constraints inposed

by said chromaticity coordinates. According to the present invention,

there is al so,Rrovhga et pRRERRTRENtion, there is further provided a method

for making a transparent or translucent coated article in which an optical
substrate is coated with one or more layers of anti-reflection material,
comprising:
. initiating deposition of one or wore 1ayeré of anti-
reflect_ion material on the substrate; and '
terminating deposition when said one or wore
layers reach a thickness selected so that the article
simultanecusly has (i) a color, when viewed at a
specified angle or angles, under a specified

illumination, that is perceived to lie within a specified
volume element of color space defined by the'color’s CIE
chromaticity  coordinates, and (ii), a  perceived
reflectance F=[ls(A,8)R()\,0)3\a8 that is less than or
equal to 1.25.Fmi.na . wherein Ais wavelength, Bis incident
angle, S{A,8) is the human sensitivity function as =z
function of wavelength and incident angle, R{A,0) iz an
average of p- and s-polarized reflectances, and Fpig is
perceived reflectance minimized within the constraints
imposed by said chromaticity coordinates.
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or translucent coated article, conprising: 30 January 2004 an opti cal
substrate and; ore or nore layers of anti-reflection material coated on at
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refl ectances, and E’OJ Ais perceived reflectance mnimzed wthin the -

constraints iSfosédBy iz RIS i The 2Bt Faeatisy 8§ FRRGary 2004
BRI EF DRoGCRrEd| gotbrétepbRAYY BaS a human eye taken from Wandell,

op.cit., FIG. 3.1b, PAGE 46. The photopic (cone) response
is responsible for color vision and is active at moderate to
bright illumination Jlevels. Scotopic' vision is 8ominated by
rod photoreceptors and is active only at low light levels

(night +wvision). These facléors are combined with the
geometry of the viewing situation to yield the angular part
of 8(A0).

FIc. 2{(b) is a schematic view of the geometry for
viewing through spectacle lens. The 8 dioptre planc lens is
12 mm from the surface of the cornea. Rays that travel from
left to right impinge on the cornea at 0 (blue), 10 degrees
(green) and 20 degrees (resd) are shown propagating through a
3 mm diameter pupil and onto the retina. Note that 20

'degree rays normally impinge on regions of the retina for .
which the cone. sensitivity ié low. The eye therefore
rotates in its orbit by +/- 25 degrees horizontally and
vertiéally_ in order to image .this angular range with high
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These and other features and advantages of the present invention will be
better understood by reference to the followi ng detail ed description when
considered in conjunction with the acconpanyi ng draw ngs 30whanay 20041 G 1
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and is active. Bty Jatid awplioghiofl enel BumbRi 88EpdhSd OfInctgses ,@g} ors are
conbi nedsMi.t bt t .Of viewing sityation to yield the angul ar
part of f%(%)%ﬁ%@gﬁ(c{)%% t&%@ﬁgﬁﬁ?i %E\?i% iR oligSP A6 ‘

vi ewi ng BhifdRGHiope @facyeewing . amabe 8 agidoppte. qiilanwatebendgish. 12 7H® from t he
surface whvéhen, erldans : . L0 tya, right . npinge on the
cor nea a}e@ié#%’g%o degr tg%%%(l;i?gﬁ %%d%%éﬁjé%?e& '%%CBMz;gr%éﬂ%hovm
propagat Thg tht oligRPanSS mVE’r} &ne plgriaEndepsigense riti mat Kot e that
20 degrerctadis myamidvenienpi ngd oher egirdasich ¢heceds i dendsy wilkinch the
cone . SAgilaidehd:ueioW rIBR BYRCLOPTEIG dotates (10 1Ls orbit by +f-
25 ' degrees ho#ir?gnt al JJ% and_ vertically. " 1Tn order to inage this angul ar
range with .hig 30 YhrRaPyoBou2LtPaERNEY SHOMhe fohees substhateye '

execut esseatiasi saettddi ca nohires t hayesngenefirafykesish Wesak ihibghtgstrikes
the s : LES cti ower. _and. “orienfatign with
PSS hed dlfé]vx/}:’ak M%ﬁ%{’g g ggsgr&a&ﬁWB‘FﬁéFdl(F“‘&oﬂguter from

S are

respect fo the eye socket Tn- T
geonet r i’"F¥ptREE?2H GEB34| g of offi8f (um2 Metan amdpanse functi MYFS (X, 9)
(n=1.38}). The perceived reflectance of this design is 141,

or 24.5% of that for the uncoated glass substrate.

FIG. 5 is a plot of Fresnel reflectance from a
single, uncoated glaas surface {n(A)=1.50) as a function of.
wavelength and angle computed by ‘solution of equation 1.
Although independent of wavelength, the amount of reflecticﬁ
increases from 4% at normal incidence to 9% at 60 .degreed.

FiG.6{a) is a plot of reflectance R(A0) for the
PrO:Ti0:MgF coated glass article with minimal peréeived
reflectance using the response function shown in figure 3.

FIG.6(b) is a c:ompa,risqnfof R{(A,0=0) for the articles
qﬁ Figures 4 (o) and 6(a) (x). The photopic response curve
is also shown. ‘ .

' FIG. 7 is an illustration of the geometry for
consider;ng'the color of light reflected from a speatacle
lens at an angle ¢ and perceived by an observer, the child.
The ‘' perceived coloy is computed using the wavelength
dependent intensity of the source (sunlight filtered by
window}, the reflectance of the physician’s coated spectacle
lens (R(A,9)), and the color response of the child cbserver.

_ FIG. 8 is a plot. of CIE color trajectories for the
¢oatings shown in FIG. 2 (“x*) and FIG. 4 (“o“) from 0 to 60

- -6-



for an observer |ooking through a set of spectacle |lenses as a function of
vi ewi ng angl e and optical wavel ength. The wavel ength dependent sensitivity
i s governed by the photopic retinal response, while the &fgahaary@8péndence
is set by saccadic eye novenent and the variation of cone density with
angul ar_ separation fromcentral fixation. FIG 4 is a plot reflectance from
a gl asslesizessr ai® Todeayeqi tincranemde | pyesunbng r efdcsttriaddycofilamg as

descri lﬁﬁ@za%aﬁage;lll]tﬂnﬁfat%he%ch Tas4 f?”g%?ig% ar_ﬁfxen%n 4P5192),

68. 4 n[:*[.&H qﬂ , and 100 nm e perceived
ref | ect@fi®e of Tehi ¥ HE% FRing i Sh‘éifn 2@'5% stiamend f nd hdowheaRt ed gl ass
subst raﬁeelEh@thE b8cashbwi Af ﬂ{éaimﬁ.inda@:fyl ot @ﬁ@ep\ir:em aToS!: ®te Uncoat ed

gl ass fag a_functi Qn, f vel e th an e conput ed
by SO?&%I on #}(aetqg a'f]qaégiéi gﬁ}l& PRSUGH SR epeﬁwgﬂtn ﬁﬁ?}el ﬁhltf"ﬁe anmount
of ref POeREOENTGHHE aShe FP@W&WatC%rmrﬁm%nce ttdleg%iatm@@-wegrees
FYG 5The) pbsnt pFointérseaidiest arcenB ezsm%aﬁ@rwawh@lefgéﬁ Ti O IVQF coated

| ass article erc |ved refl ectance u t he onse
Tuaoti o hoan TEC, b B Ps PR 880K 87 LeEtaln S e aL et rof FERES 1 o
t he artypLesl ofllBhgaPEECaS(o) addyGighy (R Theaphdteomlc résiponsen curve

i s al senshAMRgc&EAE tihdst G 114 ati f Vs £0r r eyCONSi deri ng
t he col gr of Ecgg% t?erf1 fCt ed frdrEJ(J)fr(]g SP félgt gcfig&fens 1aarﬁggn(*l)e ~ and
5

percei ved by an e h PEBFYet-XoFB8PXReIREH UL ed
PV ?@c%qtdomyfca-s FieHt e

usi ng fthe \nheelcmagield JerieddeniEx i ensable of Ebe sevhcH Sthd | gited i | tered

by w r e he, p SI an ed . spect | ens

CR(% §§ hinbee %*‘%2%%%‘2%%9% enePa Rt P PR ftee,

" pl ot - CE?‘Ee’&Wor tprjéi t&ingr i selrdrs twrwq%g@sﬁmiﬁhtﬂa@u gea (" x"

and Fl Gevdl ("do) ,fran 0 {cditHedait Jamtags/te’&oo41 reqs)in ndegree

I ncre speatrally flat, broadband "illum nation such as is
provi ggg&gf/g%gxenoﬁgy c(eﬁl ‘anmp. The whi t e point is shovvn by a di anond, and

domi nant  wavel BHgt h$lade ghamhetat of h&IBourkiractefryt htompl Ueflé'rcj:mpute
from each of the 18 AR coatings for which F<140 at angles of

incidence from 0 to 60 degrees. (COating thicknesaes shown in
Table I). |

FIG. 12 is a plot of S{(A0)for a video display screen
with light reflected by overhead illumination.

FIG. 13 is a plot of reflectance from the minimal Fa
design of a three-layer PrO:TiO:MgF AR coating on a glass
video display termimal.

FIG. 14 is a plot of CIE chromatically coordinates
for the wvideo display with minimal Fa from 0 degrees to 60
degrees in § degree lncrements

DESCRIPTION OF THE PREFERRED EMBODIMENTS 7
Thé‘ present invent.ioﬁ ' provides new, single- and
multilayer AR coatings on optical substrates. As used
herein, the terms *optical matetials,“ "optical substrates,"
and “optical articles” refer to normally transparent or
translucent materials s_uc:h,-as glass and plastic, and.
- articles made of . such materiais. Nonlimiting examples of
such Iarticles include. lenzsesg, windows, telesvision and
éompuger_monitor acreens, and automotive windshields.



t he dom nate wavel ength one extends a line fromthe white po:.nt through
the conmputed CIE coordinate to the boundary. The point of intersection is
t he dom nant wavel ength. FIG 9(a) is a plot of spectral i30rladuampme64 of
three typical l|ightsources: daylight at sea level (0), an incandescent
tungsten lanmp (+), andafluorescent lanp (*). FIG 9(b) is a plot of CE

Chromaticity cofdidalese ¥ e GRALSML Y el d Barknd Y & by each of

the three illumnants at a jl s from egrees 1n ree

i ncrenent8flerrd | PYrEyABolat cdigBSporid t E¥afhpghintansidy ngéilhe( 0), an
|ncandesgﬁaidém%ﬁaféllag@m(ﬁ)[ and a fluorescent lanp (*). FIG 11 is a
plot of CIT trajectory for reflectl on fromeach of the 18 AR coatings for
whi ch F<140 at angles of incidence fromO to 60 degrees. (Coating

t hi cknesses shown in TaELe 1) Flﬁi 12 is a plot of S (h,9) for a video

di spl ay screen wigh,6.M»g ppef: ,d by over{l ad illumnation. FIG 13 is a
pl ot of reflectance tromft he , Fa des Zn of a three-| ayer

PrO Ti O MgJF AR coating on a gI ass VI deo display term.nal. FIG 14 is a

pl ot of CIE chromatically coordinates fox the video display with m ninal

Fa. fr 0%@8&%&%&{”ﬁ a4 e@ith”tﬁed%%%ﬁehaﬁhe%%mﬁ%ﬁs%'t% | ON OF .

THE PREF e present iInvention-provid singl e- and

nul til ay®RahR ‘éga%Pﬁb@eWopQ:l@ﬂ dpstighte s B%lat}'ééd‘tlﬁélr@ hItt H@ terns
"opti caledqmierial she popiucal oBUbBETN EEeSnél asflé @@iom C@tbeﬁf_idl@lrﬁﬁ r ef er

to normally apspar cept erlals
pl asti c, l’ dllui é? ‘?eél& C&Eﬁ“iééj ht'e er| at s° I ng’gpexarrﬁl es of
such artt@l eermpcpldeptientesdnurrdoors fer eVhei enbammﬁt%dng@mm Yoni t or

SCreens, aadt: et HidideHt \WMeadshi ¢ SThe ol clANWdy t2884eReEl ectance, R i's
the ratio of. the intensity of the reflected portion of light, Ix, to..

the intensity of the incident probe |ight, |i:
y=2.6544x 1077 (n-ik) = (¢! B) )]

where n ig the real part of the refractive index, k is the
absorptive (imaginary) part of the refractive index, and the
constant is a conversion factor for SI units. The optical
admittance when one or more thin layers is é.ddéd te a

substrate whose admittance ist, becomes |y=(C/B)| where C and
B are computed by solving the matrix equation (3)

8 g i '
4o cf:s 6‘,'-{.1.sin-5r)/nr 1 3)
cl\ £l i sind, cosa, n,

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

8, = 2n(n-ik)d cos(® /A, (4)



PP's =l-y4 y,12 Ntyll, (1) The reflectance varies with the wavel ength of
light, ],the angle of incidence, $,and the light's polarization P. It is
equal to the product of the Fresnel. reflection coefficied0Jandgry 2804 its
conpl ex conjugate p', which can. also be expressed in terns of optical
admttances for the substrate mediumyQ and the incident nmediumyi. The

opt:cal agmiddreaqe i #&mt c&S%%'lpk&hénEaﬁimtfgh@é Bl (@Q(e Waghe PokS thf f
real par Jdefractiv is.the _absorpfive (imagin part o
t he refr%‘n?(f vpeqah 425180 Ae o%%tgﬂglﬁ 8% oﬁ*%‘%n&‘? fHE of P ﬁa'}% :
units. Tﬁéleopl-mmem'adwveanwm&woonpolﬁrm@.m,n payand iss asdd to a

substr at gowhass ggﬂé%a%@léael lzaddetamRsy =(C B} where C and a are

conput ed by -sol ving the ‘matrix equation 53) = AJcos Cy4 (x 51i 11 ) /17r
] (3) Cz i 1?2 3i17 t5r COSO, 27. 81( it 1) in equation (3) the argunent
of the trigonorretrr Jmm11@P&§-,£qrc@ gnh layer r whose physical thickness

Is dx is Sr = -n(n ;1k) ] 30 J&)jyuary 2004 At normal incidence,
(0--.0), the adm tt n?:e@}iis 'épk &#l)er) any polarization. At other angles

of incidence one splits the incident wave into two pol arizations, p and s,
and defines tilted optical admttances Ti =2.6544x10-3(n _ik) / cos(O

, =2. 654884003 ( ntd k)ganm]( O)r¢Bedteadieng R, 0 geresalissébhecTancand®,
transm Sgbhebr tl&&‘dA s AHY | di4ea the fornulae: andC TOB-C --) -
T)oB+C t1~B+ C 41j ORe(Tj ~ (TI'OB+C) (90H+C)' A_ 4r ORe(BC - -Tq" )

e ng3-Cj [ n,B-C}’
1]0}3+C ‘naBi-C
7'._ 4’|0R3(Tl}u)

- MeB+C)@,B+O)

"'ﬂaRﬁ(BC' _nm)
(B + OB + O

(6)

A...

where the subscripts 0 and m refer to the incident medium
 and substrate, respectively. The derivation of these
equations is described in chapter 1 by H.A. McLeod, op.cit.

The sensitivity of human vision varies both with
optical wavelength and angle of incidence as discusgsed, for
example in Color Scilence: Céﬁcepts and Methods, Quantitative
Data and Formulae by Gunter Wyszecki and W.S. Stiles (New
York:Wiley) (1982) and Visual Perception by Nicholas Wade
and Michael Swanston (London:Routledge)(1991). It is not,
 however, sensitive to polarization. _ '

The ~wvariation of human visual sensitivity with
wavelength, S(A), is graphically presented in FIG. 1, which
shows the "sensitivity for each cone - pigment (nominaliy red,
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
physiological and optica.l constraints imposed by the human.



(r0B+Qg08+C)' (6) where the subscripts 0 and mrefer to the.incident

medi um and substrate, respectively. The derivation of these equations is
described in chapter 1 by H AL MLeod, op.cit. The sensi ti30iJaguary 2004ran
vision varies both with optical wavel ength and angl e of incidence as

di scussed, for exanple in coI or Science: Concepts and Mt hods,

Quant i t alehe WE@havﬁéﬂl m@;@ettaeﬂev\!x@ag@@ oﬂadcx\ﬁsco%t (New
York: W1 ey) &&ngﬁ%% sual ercetlon i hiichol as wade and chael
Swanst on & %‘L R H‘FCFé‘aﬂeﬁ t PFC?‘é“%tfoﬁo'ﬁ\E9eﬁls§§%‘F‘H% to

pol ar i zaviforcoriBnep Acpudreitd oxns oﬁrehhrraa Hioatall senrsdddid taye mbvem@yie) ength, s

(k) , |ng@apQ|(%qll oq,rge er% |51f Fla L r‘@g. CE% %)qgﬁsgﬁg?ﬁasléghdlty for

each cone pignment (nom gr éen, e sum of
t he conerPE8pbREeshe iFHménsamers Fbﬁecp@GStérasheﬁ*élbﬁot:@pcantmmse The

vari ati oanofa vislibd aﬁgman&ff W éds aﬂﬂlaﬁ depeagise @é‘. thﬁ;ﬂﬁ@*ﬁ&éﬁnﬂ the

Vi ewi ng uat | on.as wel s on the siolo and i cal const raints
i nposed % [} n. X aslgl. JERYSTy %O%tréygog%\ﬁgn R eW‘ '

spect acl & P@hse§50ned6£91rﬁEt$onsfrmt centzaful £dixhadoni onls( 6$a¢¢ml1caccount S

for the gbebnéhusi %eﬁfvfamﬁagfl HTBRE Be A8y ¥WBhthe aéné‘?éém' r3eCLAdi L ey e
novenent shows a ot .of the a reagl density_of cones and rods

for the ﬁﬁﬁﬁﬁ%@% cgI']ne TofedSF e I"1§aV|tI°y JoHEERERat RPEG n BOYINERE angl e of
| ess t haAagcaddye evsvedrntimallawiihe vegion, ot‘hmaaymhal bhovwescegrdard S socket

at angl egeup; Loy; ADOUNZS L i O G 1P”séflfc§a§r;§1dél 51 ogi cal

novenents. when view ng at nore extrene an Hat Ur
r esponse®PsPBEF nfit wa@@rhsaag%vénéasles S‘dé'é%‘ﬂ‘é lﬁ%@n@%T%m%ﬂq oVFhe he
regi on ofowaxi npaspbaser aﬁ&ptg@bcaaﬁﬁshblt\ibhy arihe:Hedy egomviticeh widH ends a

orel | solhg ks 40 ieled o dfanitad’ 204 25 peiha, bea roverent

geonet ri Q8| Gt kS &ken mcim?eeléﬁs tfrqor oehrle SPE¥sRL8KaY Ashaian be

seen in &ngefre 2the f AIPi9ACRhelBl | £8 @rddiHonding locations and
anglea at both the retina and the surfaces of the ophthalmic
leng.  'The angles with which light strikes the coated
‘article and is subsequently imaged on the fovea over the
range of saccadic eyeball motions is directly converted to
the angular variation of S-(l,e).

The wvisual respc;nse function sS{A8) shown in FIG. 3

combines the human resgponse functions foxr wavelength and
angle appropriate to vliewing through a spectacle lens. The
pari:icular form of S(A€8) may vary in a manner consistent
with the viewing conditions. - For example, the rod
photoréceptors-are primarily active in low light conditionsg,
resulting in an angular sensitivity that is dramatically
,'diff-erent than for photopic viaion, as can be inferred from
the rod inhctci—eceptor densi_i:y. shown in FIG. 2. The
chromatic {wavelength-dependent} rxesponse of the rods iz
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. ¢.3.2. - Another e:ﬁample for use of
different S(A0) is obtained for humans with partial color
blindness or retinal damage such as is caused by macular
degeneration. ‘ ' | |
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enters the pupil there are. corresponding | ocations and angles at both the
retina and the surfaces of the ophthalmc Ilens. The angles with which
light strikes the coated article and is subsequently i nmagedannary2004ovea
over the range of saccadic eyeball notions is directly converted to the
angul ar variation of S (X 0) . The visual response function s(l 0) shown in

FIG 3 combingRe ! BRglYERN JoRzlABse dinckipps faqs?wﬂl%wl fdcpgnol e

appropriate to view N9 t 0@%& a_spectac ens. The particu rm of
§

SOLO) naySSRARSFaYh SEnahter Adt ertewifg h cordivien: ndﬂwhdmlﬁmgs For

exanpl e, tdwldndonphefd eCept AbAiaoe PEIe@EidYy AWPaR ddld awnki gBin
ular_ sensitivi sdramatlclly

conditio ul_tin 0 oa t t
di ff erent hanq‘_fSh eg‘”t opi’ CE%}I S?gguigg %%51%1:619%]@4:1]% a‘iepreg.gp PRe MG
phot or ec RIS | F‘?la‘s;h@mhim mieGwern Thbe chboemvex, the coated

(wavel engiseiaRsn eerl )th‘ae%@ﬂ&‘foﬁf of h@né Oﬂfludtﬁnaﬁoﬁp s@ufzfc@r e%thgﬂvi ng a.
maxi mum a‘j_t 507 n maxi mum of nm,as_descri bed

m full-w dt al f
more ful I'Y §§§ck?%seﬁvef5§ I'—Ef"ifcatij’:’:? 2%Ye Nﬁ?fﬁﬁ@?téxar?ﬂ% B5-Yuse of
differ enttt@( Xaﬁyularobiepmeiérfcmr_ b mersft Medthi gpar Exrai caniorautbhlbadﬂess or

retinal TTROS: h S d ulsdig e anuary
2004 Thed‘gi ul ;%ligorr‘ggln%n?gg?ﬁ& Yl ?ggl sdg vagggsrﬁr e fégg%gt%y of- t he.

optical i%d% A% dtd anste \PWerF(f\ﬂ SHans Urfefql”@cﬁlk‘}@w@ﬁ-fleof thengkor
s](c:rgeg orcie so@@tmc_l; ema€Bsi WDED nﬁﬁb&mtéﬁﬁr IE?EQQH alnide @fbl%!rl-ﬁ{ Vafl at ion
0 epg onmetric nshi et.we observer,

coat ed ar cI e, %S’d '?%engtom t |351n eof e |r1 Cuni®E ﬁllgﬁggBﬂ?Ce s?gt har than
on the ob@éﬁﬁé‘rl'eédsaéﬁédl% areatmrdeentienssi nthar |3ayen h&highyekbaes

dependen@r@utraaflmxtnﬁﬂnirﬁﬂmpa a&t:eﬁaihgetowwhiﬂéhwdd ﬁ&pegg on its.
di st ance g river d Its angle in. the trame of the
u

aut onobi | R Fﬁgﬁc%%?fnﬁa Trials, nunber of layers, and ordering
of Iayers nay Bo texampdre q‘fortlta/\ostahpﬁimatt@nshesa‘greanem/i edshiébdsand a

spect acl Qzéﬁ@swa%@.eh%iﬁﬁﬁ bELFEDESESE kP Py Gfh ToRla WnBhER! yFacacgerding to
€ tnven elgorréesrmglor a glasa substrate coated Wlth 72 num of Proz 68

am of TiO,, and 100 nm of. MgF ig shown in FIG. 4. This
arrangement of layers and thicknesses is described as an
anti-reflection (AR) coating in Mcleod, op.cit., p. 110. The
plot in FIG. 4 shows the average of a- and p- polarized

.reflectance, which is appropriate for human visual
performance ~since human visioh does not sense optical
polarization, Changes to the substrate, the refractive
properties of layers, or the order in which they are coated
onto the substrate lead to complex but calculable changes in
the reflectance R(A,B,P). : ’

According to the present invention, the design of an
AR coating is based on perceived reflectance. The perceived
xeflectance, F, of light from a surface by a human observer
is defined as the integral of the product "of the
xeflectance, R(A,%), with the human sensitivity function,
S{A,8):

F=[/SLORA8MD . (7)

-



different for each application. An exanple of the solution to the Fresnel
equations .using wavel engths between 390 and 710 nm and angles up to 60
degrees for a glass substrate coated with '72 nmof PrO2 &8 Jaaoargf2004 Ox,
and 100 nmof_ MJF is shown in FIG 4. This arrangement of |ayers and
thi cknesses is described as an anti-reflection (AR) coating in MLeod,
op-cit., plhPlo. Fhe theot AAYREE HEshdiks t I~ avandge sof @olamizpd

pol ar i zedreflRdiagicaRCeanthi T iseRPPREPS] Hdtdd¥e NYARN Hiddi2! viRghor mnce
a

-since human visjon does not sense optical polarization nges to the
subst rat €Y% ek FRAS L p |Eé’s,136fizla§}8Ps (8 epEeocdsesinikhi ch
they are iGpatenvenhent t be salfetr atoe dmdpéﬁ:@:wa:& eiéebl@c‘@éii@é” 8pl anchanges

0 the rellecanee RiCIeQR) pyir. OB 480,49 Ao Bresenidveniion, the

design of an AR coating_is base on per cel Ve
ref | ect arftfe, 3P, ARt cppEfd ﬁﬁbﬁf»ﬁa%rﬁﬁceﬁby éThﬁnﬁﬁt§§¥eﬂ-\$6I90m€$ldleﬁl ned as

. the InL&gTe]?ire@f ttloe rarsoduyz Aof(')ma.;e f@%hgegtg)gncg 7'3(9. 4nd® , oW t%O%ZeR?XnE;]
sensitivi anuary

is the - \ng/(’éa}%gt%f'g?ﬁ' séngnﬁegrg% #aﬁﬂ%’&? r°é"§ Efﬁ%’éé:r&ﬁ& PEdysed"
here becd@¥ert ﬁ\?dharmnnvtbaathlsl}m@m o5 bl Isoresid,i wadt @lpel ani eh&i on. (In
Some cas@sgullbr |sa,9§)nvqubg§]g ghrefdeegehaeh e Qﬁrsqglved?éﬁéérg{é ange of an

uncoat edaiartlc e as Funcoate and percel ved ctance™ of an
AR coat e§eSGEIPFS 8P9¥S  Fnai . (The latter is sonetimes referred to as The
val ue of F dependsthe theleamzaved:a“eg,th gependent deafdatidave 1@di geg.of the
substrat @34 aakA%gr | gknesg. of  the Layers |.so on the
angul ar an vvgse?)esﬁgtsﬁgﬂ gilen ent @\?Pégé?&rés né%l%% 17descr| a§85e I n

t he |deal"h@a§é’ easmw belye ©F SF (Aipplolt:@dt |Ebn=)SeﬁqnalaNelven

08/ 990, Oaﬂac:&quafl eaaﬁngss@x\/eﬂajréws bHe aabgabgﬁﬁaﬂé ni waw val yeveh F
(denot ed for |ven sta f coat S or yers an,a substrate,
CEChE rhe

for a given ge macfry o1 " View no it ondPETIFE ults i Wi uEofor  the
parti cul &hec@aitdanilen ecmmh;@m@sm iand ofomRdigjiens off AR layers or

© coatings, the physical thickness of which are such that
F=Fmin. In an alternate embodiment, equation 7 is solved for
a range of values close to, but not necessarily equal to,
Fmin. That is, good resultas are obtained when the value of F
ig small, but not necessarily an absolute minimum. In one
such -embodiment, the value of F for the coated substrate is
within 25% of Fmn, i.e., F < to 1.25 Fmia. For =some.
applications, where ext,remely‘ low amounts of perceived
::ef]:ectance are desired, equation 7 is solved for values of
F within 20%, 15%, or even 10% of Fmin, i.e., F < 1.20 Fuin, F
5 1.15 Fmin, Or F ¢ 1.10 Fmin. In each case, the solution to
F enables one to identify the combination of physical
thicknesses of layers . of anti-reflection coatings that
‘satisfy the desired range or value of F. _

The following noni-limiting exaniples are illustrative
of the invention. Starting with the McLeod three—laﬁfer AR
“coating (FIG. 4) applied to a spectacle lens, one uses the
response function shown in FIG. 3 and computes a baseline
value of perceived reflectance F=141. The value of
perceived reflectance from an uncoated glass lens (FIG. 5)
has .a value of 575 fox the same 8(19) . and the McLeod desigm
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coatings, the physical thickness of which are such that =Fmn. In an
al ternate enbodi nent, equation 7 is solved for a range of values cl ose
to,' but not necessarily equal to, rain. That is, good r&88uhngarn2e04

obt ai ned when the value of F is snmall, but not necessarily an absol ute

_m' ni mm I n one such enbodi nent, the val ue of F for the- coat _ed s_ubstrate
i s ‘Mth'trQ 38a48 Of pEm defrad Frari€edsg? B8 MsdObeS Yhae agek!f‘@ﬁ ons,
where exirenely | ow of percelve ref ectance are desired,

equatlonulFC@@t%‘éll/@eFfor vaI ues of F within 20% Is!s, or even 10% of
Fmn, i.e., FF<1.20 Fmin, F 1.15 Fmn, or F < 1.10 F. In each case, the

sol uti onto ena Iei one to identify the conbination of physical
t hi cknesses o of anti-reflection coatings that satisfy the

desired r angeAacovdimg- ofo F.tifhe fhoddenti ndnrentibnpmi tthe exempdicsedhre
i1l ust ra}éffec néé‘e ang_gt | Qnpudled 14 Wi ihobheiNekeodst kireerdyaner AR

coati ng (FI G applied to a spect acl e | ens, one es tg'F response
function gh%\ﬁe?‘ﬁesﬁ @nd3 Ehﬁ Efiputtds §hbgkressRe “BerEeidied
refl ect angpididdd . i s hee Majua .of Be@emﬁengedlthf thetgmaesfpmnmoumgﬂ)at ed

glass le SYASRY | %ﬁ)}g McLeod
desi gn -%gsggﬂnS;gﬁggflg%gogb(\f‘g%mceﬂgf %%15@(@3};3@3 %E%I 3§etl on to 2 of that
for 'thethandbaivgn| E%ce%m%f]iecw dintrg (RS HeRreadhnd &iftion, the
per cei veglo4 ef kRetANGR, T8% | GhaONPHE! athd Oindddt kDb vpéi®nanaf aJ B

thlcknesse nd_th t e | Sy 1, NLy | Z

sel ect edr eg?ln?ﬁ&n r&ﬁ 'ﬁ}??%eég gil%' E’%’?ﬁé% V\%%&%y{te %i%cérﬂggogﬁﬂa ove,

this cal Dbhimm vavkse plaﬁfnmm@d-\?&dd refReckpnaraukepevi eln B¢ efflecihce Fmin,
was cal cghated hcdfiaBs Odcombbsbonds 180 t hette Of fdTBoWEPat Sy ddlcl e and a

3-9% reductlonfromt t of book_.cqatin "T|s te mninmm
val ue- of MR R SRRE T eflthogjé}“h thoé/h n{,OF| '&'66)%‘% & terials -
corresponds to the follow ng phy5| cal thicknesses:. 100nm of PrQ, 25nm oE

TiO and 87nmegbmpiEs EXggPles 2-19

" Using the approach of the present invention, and

solving equation 7 by altering the magnitude of physical
thicknesses of the three layers in 10nm increments, yielded
over 16,000 combinations. Of these, eighteen were found to
have perceived rxeflectances less than that of the textbook
goating, in addition to the case where F=Fmin (EX. 1).
Twelve examples (plus Ex. 1) satisfy the desired parameter
that F. < 1.25Fuin. The results are pregented in the
following table: |
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usi ng the approach of the present invention, and solving equation 7 by
altering the magni tude of physical thicknesses of the three layers in | onm
increments, yielded over 16, 000 conbi nations. of. these30ckhgtREeitdere
found to have perceived reflectances |ess than that of the textbook
coatlng, in addition to the case where P=Fadn (Ex~ 1) Twelve exanples

rosuits are pl bR REREeE Gt flnspudf Srooaan BePg 2004 Tabl < 1

" Cont.-od aoudd Lo Cracot

Per cei ved RgH-ectange efpe—Urepated-—-Spect ses Thi ckness
(nn)%lrrproverrent/\‘i—(—hfhﬁ'%mﬂggPrOTl Oé Eﬂ? M UhEBM éd' 2 Frnin
Uncoat'ed0 O {BeatB®og iR TeliPhoode 4a 'Tnmzmsngmm kmi_(Ed) 100 25
67104453%0% Eco2?d 30 9019141894 % BX5390{0%0 901114189836 Ex {4110 10
9014404%.0%|Bxtt®9i00 |18 8018865396%%02%| 8. 6531176 9011635@5’&2% -710 10
130119383%1 488 EE-Q1 Q020 BD120879%1 8% Ex146%9 40 80120%79%1%% Ex. 1060 60
8012237194 7Qé42 Ex. 1186 106b 8018836 T918% @184230 90 90%26356921% Ex. 1340 80
80127353922 d 90 #0135@26%30M0 Ex{41620 0 140138326%p0% Ex. L610 110
90135326930 aEx. [k88% 100- 8Q18%320982% Ex. 190 20
140137320934845 ' Uscoajleste= (F,,, .12 F { 1)100 2%
Wt hin Fni ! 50 1) 180 Thao t hiltlenesgs®Nbi nat | ong%repdrted in Table |
do not Ex.7 10 10 130 {119 [383% 14% '

Ex.B 100 20 ao 120 379% 15%

Ex.8 80 49 B0 120 I7T9% . 16%

Ex.10 60 60 80 122 371% 17% .

Ex.11 25 100 80 123 367% 18%

Ex.12 30 90 20 126 356% 21%

Ex.13 40 80 80 127 353% - 122%

Ex.14 50 90 90 135 326% 0%

Ex.15 20 0 140 |43s 326% 30%

Ex.16 10 110 80 139 326% 30%

Ex17 70 70 0 136 323% - 3%

Ex.18 20 160 80 137 320% 32%

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

' % tmprovement Over Uncoated = (F st/ F = 1)100
2 % Within gy = (F/F - 1)100

The thickness combinations reported in Table I de not
preclude other combinations for which the wvalue of F is.
“within 25% (or some other desirably low percentage) of its
minimum wvalue of 104. However, of the 16000+ permut.a‘.tiéné.
that were examined, only Examples 1-13 were found to meet

~thig criterion.

One skilled in the art will appreciate that equation 7
can be solved .(for F, PFmm, 1,25Fmn, or any other desired
value oxr range of F) using linear algebra and calculus. As
an alternative to manual computation, linear algebra
software "can be used, Non-limiting examples of such
software include Mathematica (Wolfram Research, Champaign- -
Urbana, IL), Matlab (The MathWorks, Inc., Natick, MA),
Macsyma {(Macsyma Inc., Arlingtoen, MA) and Maple {Waterloo

- . Maple, .Inc.'., Waterloo, Ontario, Canada). - Computational
analysis of F is also possible using spreadsheet software,
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precl ude ot her conbinations for which the value of Fis. wthin 25% (or
sone other desirably |ow percentage)- of its mninumvalue of 104.
However, of the 16000+ pernutations that were exam ned, &AlJpnéxrz2p04s
1-13- were found to neet this criterion. One skilled in the art wll
appreci ate that equation 7- can be solved (for F, Fmn, |.25Fm n, or any
ot her deﬁbreéxamgllaemceﬁar(ghoa'bsﬁ)itusiRlegmbhdeaMAal gaht al.emds calz+d us. As

an al terr@ﬁgh\fg 6&%@“,@“ t le L kRe jal gebra software can be used.

Non-limting exanple vvare nc ude Mat hematica (Wl fram
Resear ch, Chadpaivgdl hertfamﬁrmt) fnem 1 TableTHe WrathV@iseretecvalyesick,

:VA) VN\*;?EYFﬁlél\zﬁééﬁéa h@%g séubba%g%otrl\/ltéhchalrl% ; :ﬁ (a«(&ee?fiFélo ni\/:apl e,

nc. erl oo ario nada), . u onal, "ana is al so
possi bl eCB@P%bl%%aéﬁ@tY'sgf%F&tggYﬂi‘ - JaHHSr 9'”2%% 8r°%‘>?é’i"r$‘l e Excel
(M cr osofhooRedaodilf Lavgnanihntertal 1- 518 exdmptlies Shaw,el rpmergtaCor pln '
Canbrldg?eﬁ/&allt | shg1#PPaGste A 18Pl end thaludll o Che yavdes  of

t hi cknes3es were sel ecte ac ayer of materi uting F

(namel y, 130%Mm F ieRYREFaD . CRRIENRRA o Eherefddtfts on %o%%mauwrgﬁpf‘éﬁbm
i nterval offErwekhﬂ@l@oShm s@ah] , eand Frwidenefodn s sbehin depardfires in

th | f | o _
e A5 o 5 0 1 MRy e T, o
Frain. FoRIGSaamIas ' t fOrval BEO sFi%NGh r eSfondttg t $Uhe Phfer B¥HRcknesses

fTo[)I Pr |O) ‘ufe%é@ixféhﬁo%liomandaﬁomg id eﬁd}ﬂﬁé I{)el 2 Th&4§%1§{§5€:f ]%olnn
abl e e value o cor ondi t hi sses a tn,
respecti V%ﬁ,esp?% W tQsthEC ]'frhee""[)%/eoﬁ Ut f of° % Q@’% M ahg® gﬁﬁﬁ*g%'em When

t he t hi ck®ekdes c'asreleﬂochEBoralawd feamm 4P, bééorresd 808m gystemch Weare, the

val ue F iBeWchhbRnd5%eef okal %o Howveandwa%m thﬁ bhiskassses . areset to
40, 80, and 78nm the val es to 136, which .1s 31% hi_gher t'han

Fmin., A F3r2ne?Saspbit %‘T‘fuefh% iﬁe‘gé i n%%t?%ns’%nce?ﬁ'ﬁev%‘éhs Y& nts on
t he percehwethtokmessad dreghtet efd ettt edBdr camd t henmoatee waluele@f RAs an

exanpl e pisddlito HW AWML We 31% higher than Fuin.
- A further aspect of. the - present invention concerns
constraints on the perceived color of light reflected from
the coa_ted- article. As an example of this embodiment we
consider the AR coatings summarized in Table I £rom the
point of view of an cbserver locking at a person wearing the
spectacle lens. Light from overhead lamps, windows, or other
' gources 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
1lluminant {(sunlight filltered by the window), the wavelength
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
"Visiqh, Sinauer Associates:Sunderland MA, 1995, or Wyszecki
and Stiles op cit. 7

' . The percelved color of an object is gquantitatively
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 Wyszacki and Stiles in
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consider the AR coatings summarized in Table | fromthe point of view of
an observer | ooking at a person wearing the spectacle lens, 'Light from
over head | anps, wi ndows, or other sources of illum nati ol0sknuig 2004

surface of the lens and are reflected into the eye of an observer at an

angle (0O hgwn hepat j.cal | y.,in FIL.G 7. Th th| reflectlon
depends 2%1@?)%8?\/\3%[5&%9,[ Ca ehp?é'}nsdecn S | FH |Ct'°°]t')°}elq ﬁel Osunl i ght
filteredipy tthfe GiBidd831 wepreaeskehivh famd téraglreclam;ﬁndentbmdtlaﬁt ance of

t he Coat@QOaTEbCng(Eaﬁtlnﬁoégeg %BﬁEE@She keQﬁéleaQ3E2H§éBR¥ﬁ59L8§y of

col or vision escri bed,; for_exanple, atrons o
Vi sion, S¥ndteFeReRoBFSt LMES, kTP aﬁﬁom 11’99%1%'( Py @xreciihe afalsti | es op.

cit. The cperrdenueelscoddynomfedan“cdbj eclEorS gh@NY(Fha) i vied i madef t:laedlhg

coordi na ol C e 931 o1 1964 .col or tric
coor di na%)ggpé?e hePI{iJnS:Tpcgcroﬁn: I’—_":EJI 913* BIFAsn o 1BVl ALE - deg Fibed in
Wszecki taratSen| aarked- by aodlamgadycgﬁﬁasptha@set03tht€, ghahows, t he

col or coggdi fiéi‘@éi(r@&noé@fbr"x"'])he' N duiSiaricE %«%%Ll%%@&ﬁse%ﬂ}bﬁn fgr the
McLeod tg %bgg% A EPrOTO I\/H oagg\| gl f?l a funct}rl %

T o nafEBRTSS, A8 BROT=APLERaRE_ SR SH1ERofn TEROEREPTEE AF6 SEREOLRE or

coor di napegd(ldeaottm "gane f pertbivédEnapl om, niiml fomatﬁl g tmaena'rgedai n
accor dangn i EPoﬁ‘ahEhEr@ﬁﬁEé bay&et (8Ramd &) ésc Berﬂmgsﬁbaffa fik. anond

correspongds to_ white, i S ercei ved nant
wavel engPﬂ EwhRERUSR tél%f‘??i@i‘t&dt RiaTe rﬁ’ﬁ’t’-l‘i‘tat F@Ki eMeEPABnoBREBMat i ¢ _
sti nmul usther textbsokhecatibgpeaitced velleRbhgr anglel @ Pydédbeésgand | i ne

(rom hecal g ama ammidh {6 o alsticet e B ohtegien the

conput ed E co poi Nt .- or ex
vi ewi ng aﬁg@&@ethooéegﬁct@@; af80 mive -whatl nds, Fidive-goaeing Nat Oablbgr ees

have a dpmlaaE@t Jl.ﬂ\/a\(ﬂliﬁn&toho%f gpaeé 1480 Ny td}ﬁ\{lna%»t bl.vlel@-eﬁléﬁﬁ’é‘h Not- al |
o nant MOBCEFEng Py SHTIGEE quarELaeabe  Fapeikn | p mpeﬁz?etmpar e
vari ous halksl Wheh pdriodi werl aomiparreofvalriight heébected fromthe
The perxceived color of 1light reflected from the
surface of an AR coated article varies with both the angle
of incidence and the source of illumination. FIG 9{a) shows
the gpectra of three standard illuminats: daylight at sgea
level, an incandescent tungsten iamp, and a fluorescent
lamp. The color coordinates for reflection of these lights
' from a coated article cor'responding to Ex. 1 (table 1,
F=Fuin) accordlng 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 angler
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 to others. Furthermora, the
variation of hue with viewpoint is a factor in the cosmetic
acceptance of a-spectacle lens product. It is alse clear
from FIG. 1 that the absolute visual sensitivity for the
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surface of an AR coated article varies with both the angle of incidence
and the source of illumnation. FIG 9(a) shows the spectra of three
standard illum nate: daylight at sea |evel, an incandescé&ftanuarg@peh | anp,
and a fluorescent |anp. The col or coordinates for reflection of these
lights froma coated article corresponding to Ex. '1 (table 1, F-Frain)
accor di ngefbeetrd pheagantis mewm i arnts Haowona wglemis f (ﬁa}arﬁﬁQes fromoO

to 60 deﬁrae%’ é J iRl ¢ Sr O 1ipe ga;esafcef% J;hedé@g%a/e@w'&ﬁ

quanti fi ed CI E chraomati ci oordinates,” is a nction of bot h the
angle aft ‘E %4*{%%%& ofpbi PRESSBEUATVFBELST ohS AHERT HEE VAFIGHS on of
ClE colwaiainifoaidonodi tﬂhaangbelecea@ée Phaticietebd Mher astspestddlee desi gn

of AR co e t t hos r i . in't

optorretrfér?% "?éécfe(ilt (isen colt(%lr%'s %ggﬁ%gusl é’geﬁ@og‘? J['jjreley'sﬁf‘or re}%er a%ﬁle to

ot hers. ¢ hepRbFRliing tharicaliosn of ﬁﬁ§1W¥¥Pn$/|§ﬂE6FhFeﬁisba’ faktor in
t he cosn@kterniC cHeaves C('i:hé gpetgagheri@ns?product . ls al so clear

fromPIG 1t th abs lute yisual_sensitivity . faor t nuary
2004 refl ect eg & M8 acute fperrc?d'rr?d\/va\félé’ﬁgt “%jt?‘]h

(green) t@éhscfuﬁd tﬂnsmn (ezasm of) the- Eetaaplesd%zsoswmyarim 1meathﬂea

advant agﬁsapfnaﬁ@alprgﬁ%fenc%venw OEhleSaEQS'LlE bbe@bé \Aéhenlﬂ\%%@n of the .

refl ectance perc a spectacle S wearer, physician | -n

FIG 7) $e ARd( RESEIVET tisplROFRIMY nE;h?:Fl% &8l cﬂ' ﬁthEf Iié‘cttrl'bef'ns

pﬁr cei vepie:txyemd exdlermals cﬂlﬁﬂrrvh ein (Fh@. C:tttj,l Owherd-| €he 7¢h¥ﬁhﬁléﬂ@ shO\évs19
t he perc r r a es
Sung“ ché xlecﬂirﬁaoéb trfai}ec%‘é%eg EFe ﬁibg&&& ih Eiﬁ &Q%Q% Slfween% :

i 11 um nakoOm Pef® 6Hd9BHFERSer | BN SRt AERRANAe P a\?@hlﬁ”é‘eﬁ‘?ﬂf& he

per cei verhesitiiords SHEYE k:alEh@atéa oMlere t4wee chseqaRtii (&)dnnéogig.{&h nat e
rom to

1 one. SHITHI TR G (Fe FHRe oL I B~ oo 2k e I o ar o
used in Mehas oningunah pes“neuwedorr'adﬂlwtauobomwrllet grdinttapipgmgluece an
article pid@drifas Rdidml Ppoeeikarpiefl | ¢t 3Rt diil R BNt gl M Bz&
the appearance of the reflection one might match the hue to
that of the wearer’'s gskin ceolor. Alternativeiy, one might
vonstrain the c¢olor to within a range of hues that are
minimally perceptible based on their proximity to the white
point or the photopic sensitivity toward blue or red hues
amplied by figure- 1. In a third embodiment color control
one might elect the AR coating that has the smallest change
in hue as it 12 tipped through a predetermined angular range
under a predetermined source of illlumination. This range
can be quantified by cowputing the 1length of fthe curves
shéwn in figure 11 after the coordinates are. transformed
from the 1931 CIE color space to the 1976  CIE uniform
- {L*,u*, v*) color space.

-According to one aspect ©f the invention, - the:
empirically determined average <values of S(A0) (see
Wyszecki, Ch.53) are used to determine the preferred response
factor to be used in designing ‘an AR cecating. However,
construction of individual profiles for individuals with
peculiaxr constraints on s(8), such as would occur, for
example, in individuals that ‘are biind in one eye or that
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predefined color. For exanple, -if one desires to mnimze the appearance
of the reflection one mght match the hue to that of the wearer's skin
color. Alternatively, one mght constrain the color to w30Ranuary28bde of
hues that are mnimally perceptible based on their proximty to the white
poi nt or the photopic sensitivity toward blue or red hues inplied by
figure-1lsuffex tihioml wabolaredegenkrattoniralre cilaon ghtompecied hByAR
coating that ; @%nEansnallest change in hue as it is tipped through a
predet er m ned an range under a predeterm ned source of illlum nation.
Thi s. range canT B quesrssierf by reddsatanget he Fengtis of numerdgedds - shown

in figureviivatkar fbﬂeoﬁéok’:)i‘l ﬂ@&és 1aherst banghoopRd chi 0gLLEReat834sC E
ace Accor di,n 0 one aspect to the 1976 .

col or spac col or

S E uni F & FeskeiRe PRy Ehe| BRI RS o $TRAH 4 5 et P RSy SPaYBL6H ues of
S M) (s§beYM#sEe©bﬁtEGh05)t@ﬁeE@Q@dracedeﬂhanunmpbhétpoafendedrdesponse
factor !fabe waed donsdestaBinongn BBnERAl ier HRYCYEheue ONSLLHCL LON Of

i ndi vi dual Ero i i ndividuals wth peculrar constraints on s(0),
such as @OBF§: 8Ecur S‘F%#aceexar?ﬁieéfgy'n i ABPVieRhI s ¥t E| | n8EFR one eye
or that A@Eo%ﬁmﬂgnuaryh20®¢esehteunhennuﬁacuthe gegérerat ehicknesal so

enoonpasaed it I et oty The cBEESRLVELLL! S6LANGG ol Sy g cal 1y

eval uate one “or noreé on an o substratée as 2tion of
t he t hi ck’ﬁ’é‘sﬁ‘én cBRposPEi ohts an%lbféj?Jd@-?el AR, t §a8]8cE c 68t efheaet he
substr at eongheatnppoesi tion and order nay be constralned by other materi al

| ssues such as dhesion,. su ce_energy._chem cal si ance, etc
According to th%él é&ﬁﬁ ?%vé%% ﬁes?ﬂg bPE?%E}%% t ﬁgégﬁn%?stﬂg
| ayer (s)tha &ﬁYARfébamaﬂga@ﬂpn@g chastahipedf bf tbe wpﬁbrnpgsaﬁ&vedts
absol ut esgkni gyAE §H§1@€Eec§0f£<§}ﬁstﬁ1e ARSI B $AEeOEHNAyke LReapr esent
|nvent|on the thlc ess of
ob is auxiliary optical constraint yields an AR
coated article that is at once minimally reflectlve while

having cosmetlcally de51rable appearance.

FExamples 20-30
A second embodiment of an AR coated article according

to the present invention is a computer monitor or video
gcreen that has a glass surface. Anti-reflection coatings
for these articles are desirable because overhead or window
illumination causes reflected images that impair the
visibility of the images projected onto the display screen.

The photopic response, S(A), for the human obsgerver is as
shown in FIG. 1. However, the angular compbnent of 8(),9) is
subgstantially different than for the spectacle lens.

Presuming overhead illumination 4n a typical workplace
environment, and- using simple geometry, a sample S(A8) is
shown in FIG. 12.  The perceived reflectance of the uncoated
‘screen ig 717, while that found for the textbook PrO:TiO:MgF
coating is 258, or 36% of that for the uncoated display.

Uging the method described above, the layer thicknesses that
reduce F to 121, its minimal value (26.6% -that of the'
uncoated display}, are found to be 60 nm PrO, 80 nm TiO, and
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the |l ayer(s) may al so be constrained by the color perceived for I|ight
reflected fromthe article and into the eyes of an observer. This
-auxiliary optical constraint yields an AR coated articl 80taatary 2084 once
mnimally reflective while having cosnetically desirabl e appearance. Exam
.les 20-30 A second enbodi nent of an AR coated article according to the

present yoyenld og.ts a ﬁo?a.%ersmr&g)rmrn VileOorh$6T effbddiflenbasia gl ass
surface. Anti-reftfection Coatings "for these articles are desirable because
over headPBes@RERd W iF3%nildat i on causes reflected' inmages that inpair the

visibility of the wilHgas pfirddiedednthathehdsspbalpinat en. off hbaydot opi c
response 2. for .t he_human _gbserver IS h I 07 FIG ver,
t he angquf‘g]E%%%%%nFoBft ?5?9}1?171'56 gﬁﬁ?ﬂ"éﬁ??ali?y%ggﬂf flgéea& éc#anm%\? the
spect acl epeenacle Plesani flyimgertiendhimimnicagpeoaei Augctypnc AoMori®l ace

envi r onmgPLe 20tk USi &Y S| FPLE. 9Bt IYadd S@P!& SrdTae8)oiS rshoan in FIG
12. The perceived reflectance of the uncpated _screen is, 717, while that
found foPUPRERRERIHO6IETHASSH (S%WFEVE’BaFF‘ﬁgt??E%%J,( 288 of that for the

uncoat ed .di spl ahe Usimmgnatthiezinst hesbedeldarnitbed fbovethihe RByecoatedknesses
that = re t Inalt8rd 8LERL V&l Y8 26.L%AhAefird hea HBEDES €d
di spl ay) ,gygﬁ}é§¥ogﬁﬂd.rﬁt o":ljf)ealég1 nmPrQ, 80 nmTi O gnd c -sr ‘ a' R

" of computations 1is undertaken and yiel s va Be§aﬁﬁwr’20%4 L20 nm

MyF A pl aésshed perbannager dfhi shenbadimamt veluepresem edl ien FIEH%13. it
wll be ; ecpale h S | I - L ' e QF these
three mafBEe, AP chub'8F ,Elp° 7ERTRERRN STGRE 1Y BlpakLEKD aBFRuLo |

r esponsefeungeilenantr angd ess psdingc|tdie | epkorimetry) fouayaq o aAiERte of

F=252, gybstapihg! kwed rﬁ?&&ﬁaﬁi@%xev@ﬁbi&éﬁg bepk caeai | dgsigthein

FG 14, Tablacidne, Phe o R gt SBorty B oRe] SRR heR ARa yP e e
val ues wreflactancesiosed per miltenyedf baned nign ngeswpakie ofr Fyigual 25k,
while the hue; 8f tRedtehbligelked - Fhghtexdrpiteparat @he comges edisplay
background is a prasét color it is desirable to make the
reflected hue blend with this background color to further
reduce the reflections' visual impacta. It will be seen to
those practiced in the art of wvision science that the
salection of particular hues for articles with F<1.25 Fmin
will vary with illumination, th'e'geomet:ric optics of the
display, and the color background of the environment in
which the AR coated article is to be employed. Table II
presents a partial set of the solutions to equatidn 7 for
‘this AR coated display terminal, wheire‘ computations were
carried out by varying the magnitude of physicai thicknesses
of the layers in the 10om increments, yiéldiﬁg over 16,000
combinations. . of these, - 165 had wvalues of perceived
reflectance within 30% of Fmin, and approximately 125 had
-values of perceived feflectance within 25% of Faia. The
' results for the uncoated lens, the texthook (McLeod)
coating, Ex. 20 (Famin), and Ex. 21-30 are presented below.
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for relevant angles using the colorinmetry fornul-ae. After evaluating the
chromaticity coordi nates of each design in Table Il, the cobm nation of
hue and minimally perceived reflectance can be sel ected Bfsladuay2004nmetic
or visual function constraints. For exanple, if the video display

background is a preset color it is desirable to make the reflected hue
bl end with t hi $PBdeRYFBEAReBRsIN6Fe i orisd ARebncoptedVides RisptaySsteeett i ons' vi sual

i npacts. It wll—be—soen to—t hose practiced-dnthe art of vjsion science
that the seléction of s for| Himpeyesment %WVfthcﬂl 25 Fmin wll'
vary with il (¢aafeg j off*Ot hel@eor¥alt i ¢ dpt iicoveiuntdaed' Fgbl ay, and the col or

background of |WUrteatehvitr onment i wh{Zh t He%AR coated|zmst cle is to be
enpl oyed. Tablexbbok p[@senté8 a pacti @saset|1mds t he sol yi4ns o equation 7
for this AR ¢(bc0dBLfitapl ayeot er mzaal |1epherigragonput at | werge carried-out
by varying thggmgni t (yge- ofzgphyspgal [{gh! cHeesses ~of e Tayers in the
10rm incremefx@z Yielsdi ng gaver 136, 0BQs cdadbpati ons. se, - 165 had
val ues of per (mizged (sof | ecfpanceayi t Bigp 30%@f Fmin, a&n oximately 125
had val ues ofexxar cei {4od ' efol ECtapCeldgh { Nilps7ab Y0  OF results for
t he uncoat ed ‘|Bes, th@ot extdpook 1GhcLpad) (e84 1 ng, in),. and Ex.
21--30 are prpgxet ed el owgp30 Japualzy4 20( er Uncoated =
(F" "c, at ad/ Flex.2¥) 100f13@ %{W t hijagF, |2Ag =
to those pracjex@ed i njsgohe auot ofjapcolsdsi Ny
depends quant |Exagi vel jpo an f4fle spect [zab di|sdoed buti on ¢ 5% he j Il um nant, as
shown in Fl.dBx38(A od (Bh. | Reandkagent|igokd uor esceldse, andi arc | anps
nave different "/snfpﬁi;érﬁéntmdérmm&&tédhqﬁun&ﬂwﬁ ighde Furthernore, the spectral
content of sumbj ghli, ¥ard @ W fylpet | Me of day and . Weat her conditions. The
present invention can mco‘r'"“po ate the illum .n.ant's spectral features
into the conput &ti ¥Aléf bepeppeirest teof kbosanpractipedcenvelecakbroby

i ncl udi ngotibe i mewayekeagt fwée&f'é&%&w danteensg lrtxa he é&gft% gxRkhGi tly in
t he corrput attgﬁen of ﬁ%r%é &?t ski Ifl gg &henart Eg%aeclgate t hat
the detai’f’s et r&EPﬁﬁPQdO a Fadé B'F‘lPB?FrB §ﬁoﬁ eXBppl i ed’
will, of Fé&8rs@ (AMaked (B). Incandescent, fluorescent, and arc lamps -
aave different spectral outputs than sunlight. Furthermore,
the spectral content of sunlight varies with time of day and

weather conditions. The present invention can incorporate
the illuminant’s spéctral features into the computation of
perceived reflectance or perc'aived color by including the
wavelength dependent intensity of the source expiicitly in
the computation of S(A,8). 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
ig to be employed. '

The invention provides unigue articles of ma'nufacture,_
characterized by .low reflectance. Generally, the articles
are transparent, for example, ophthalmic lenses, window's.,
windshields, telev:.slon ~and computer screens, etc.
‘Transparent articles have no absorption of 11ght over the
region of the spectrum sensed by the human visual system,
that is. between about 350 and about 750 nm. In' soine
enbodiments, however, the article may be translucent.
Translucent _artic:les transmit light at some  visible
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into account the view ng conditions under which the article is to be

enpl oyed. The invention provides unique articles of manufacture,
characterized by |ow reflectance. Generally, the articles30adaguary208par ent,
for exanple, ophthal mc |enses, wndows, wndshields, television . and
conputer screens, etc. Transparent ar'ticle' s have no absorption of I|ight
over thewaveDewstind bhiie apeocibudomeenrsedhlly dihethanhbghtsaal wigstem that

is. bet abo and nm i.ne enbqdi ts, ver
the artic ge rrang%%%??%ml U%gg%ngﬁ?%hsl_u%%]tﬁgﬁﬂﬁﬁ es %%ga‘{r@%st_ Iirbg t at -
sone vi stpreshugsnt | artiebegeipcduies tdotadc andorstesiatkedsurslagrafmt ed Vi deo

Di splay $ei8608-JIHLKAGSRIdNS YuhRDEQUE IR, Yo ik fdTudoat i ngPro Ti 0 MyFFOver
Uncoat ed' FnLR! hcoat ed0, O 07170%&73@6Textbook73 68 1002581/8%84% Ex. 20

(F,,r")60 80 1B0183873609°R ™SR 78 1569899958R%s x50 b 90827204 %
Ex. 2350 86t 1S02 0 2B Hels; xadd 1dbiik i3all 2680Da P56 % dnd 259 46r 1 MH 257% %
Ex. 2680 99 130214 240%40%Ex. 27130 10 1302202269%45% EX. 2850 100 .
140234212%0% Ex, 2920 140 130240199%25% Ex. 30100 50 120240199%25% -20 30
January 2004 RavefEhlgt B¢ bheadbtor Fregaeisredl LGt  Aew i grElegtinme or
nor e vi sabt Eohew eheniidismoNenlthant itwg esgse o Hf materits] udepbsrdd cl es

i nclude tj la i - S, W i nted

i ndsht oP ot | RIS bt i SR AL e BRE B8Py ILRER Ehe Webdd 01 €
conpri se’f Ao @resants ynmenti®nand one or nore layers of AR material. It

will be readi tpeappreshei®d i ' bhew reéd@eiian it peb€srbadi nghdore than
two layeéﬁerﬁglég eérﬁbacldi%?&%sé,t %%t iz not limited theret.o. A variety
of modifications, modes of operations and embodiments, all
within the ability and skill of those skilled in the art,
can be made without departing from the pregent invention.
For example, the AR coatings and methods of designing and
applying them can be used on a variety of optical substrates
sn addition to ophthalmic lenses. Even 1.arge articles, like
automotive windshields, can be given an AR coating if a
suitably large reactor is built. _ |
211 references herein are incorporated by reference
as if set forth herein in thelr entirety. In both the text
ancl the claims, use of .the word “about” in relation to a. range
of numbers is intended to modify both the high and low wvalues
stated.
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on an underlying optical substrate are also within the scope of the
present invention. The invention has been described in preferred and

exenpl ary enbodi nents, but is not limted thereto. A vari &)yanddry 2004

nodi fications, nodes of operations and enbodi nents, all wthin the ability
and skill of those skilled in the art, can be nmade w thout departing from
the present invention. For exanple, the AR coatings and net hods of

desi gni n§PAAdISapBR AR t hem can be used on.a variety of optical substrates
in addition to ophthalmc | enses. Even large articles, like autonotive

wi ndshi el ds, can bg gi.nen AR, coatj ng,| it ab ge reactor is
built. Al re éren%es 5?§§§r3£% L%%%rpg %?%H“%#h%efé¥%% §g%ﬂ%&§ét forth
herein i scopsigisgtirety. In both the text and the clains, use of the word
“about” in rel'ati ogntondcall aNGeerQfenUshers is intended to nodify both the
hi gh and | ow val ues__stated. 30 j_anuary 2904 T | Al VED: Jﬁ A 1
transparent or tranefuc®nt TR ed el & 8%%%%?% - 14 o) ) i ot { i ,
substrate; andocahedopnmite Jsnasdr sa opoahion r ef| sbei owtisedr i;dbstgeseed on at

| east a portigniQf che daptheydl BuPStd ah@ving ah drAREKREsSVLR] Layes SRavi ng a
t hi ckness sel eﬁtgd SO th.at‘L t he aép cle siéémﬂ'taneousl y has (i) a color,
when vi eved at 2t spRRidt el ton §rESFARaRYT 05 *afhder a specifi ed

illum nation, that i¥) parcelesd whenl iwemethiat aa sppetifeed vahghe okenent

of color spacgngdefi negidy 4 hgealmless iPLEnEREOIBH | GiHak GePihaleaq and
(i1), a percei veg:{,reflect,ance F f-f,é (.0 Oé R (71., O% dxde _that is |ess
than or equal *¢olieospthin,ge spEgifded, yod s rhement sof nCPASRt SRAGPe,
S(?.,0) is théehimad bgarts tdolokysf QDEL ¢cluronas ixityncbopdindtewmy elrengt h and

incident angle, R(?¢£)) s an,aveLpdes o-1.808ns: RAIRI(HZ6fR (£fd)eal@Nnces,
and F,,,tais EEI’CEJ veq refleéctance mnim ze \i\ll% ]|?n the constraigtss .

i nposed by saFRREhrbhatteft yERFbr fhafeual to min, wherein
wavelength, 8is incident angle, S(A,8) is the human

gensitivity function as a function of wavelength and
incident angle, R{A,0) is an average of p- and s-
polarized reflectaénces, and Fun, i¥ perceived reflectance
minimized within the constraints imposed by said
chromaticity coordinates. L

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

portion of one or both lems surfaces and/or its edge.

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

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

&. A coated article as recited in claim 1, whefein at least

one layer of anti-reflection material comprises a fluorocarbon

Eilm.
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2. An article as recited in claiml1, wherein the optical substrate is an
ophthalmc lens. 3. An article as recited in claim2, wherein the
ophthalmic lens is coated with the anti-reflection nateri381Javers20Péast a
portion of one or both Iens surfaces and/or its edge. 4. An article as
recited in claim1, wherein the optical substrate is a window 5: An
article as recited in claim1, wherein the optlcal substrate is a

tel evi g on r onput.er r ted arti re ed in’
claiml S} z%e QE’?I‘fgeast 3}, nel%oé%féar ofP%nt g?‘l ect’i on‘%118 %Jrs'l al %:t:jtgrrprl ses
a fl uorﬂi&mﬁwarbléuﬂ mEilap2is 3@ Jphsmme Z@E@OEJJ:Annar predactasofecat ed in

claim ? m%qjgl@latggeorggi@éog&ﬁmcfl Imis a plasra deposition' product of
a perfluorinated organic conpound. B. An article as recited in claim7,’

wherein the perfluorinated .organic conpound is a perfluoroaliphatic or
perfl u@.ocyeanoal aphtie caﬁpowf&i:lt&d Ani@rt ktheémas T,eci wkdréincl ahe 8,

wherei n_t rf ri or t he oup
consi st ntjgﬁo g‘er gor o§/l O%U%%ﬂ %uﬁ‘exa %Juor oé?%g%g&ggle{élg% u‘gr 8%[ hyl ene,
per f | uReoPlogERcycland irhRELE egomrEbf . 10. An article as - recited in

claim®6, wherein the fluorocarbon-fil m conprises polytetrafl uoroethyl ene.

11.- A _coat art. ¢ as recited | | a rein at o] Iayer of
ant i -rec"f | ection %‘i}e‘ﬁ%l éﬁnprqec@st éiﬁ *ﬁlanF%Wg% odr1-3a‘r’{{3§?§§'%on ?’i Im 12.
A coat gerdilvogiiaagedr epigatid ncomppand is waele¢credt freast thengroupl ayer of
anti - r el @Gk 9RMaL efjeal CQER&U%B§oéyEiéﬁﬂ@an§”aancﬁéké%EﬂBfBQtﬁé%ﬁpr

deposi tion product of " one”or precursors sel ected fromth group

consi sthishgadt uggeeﬂgyégneHgJ?r{@%yogyopeq%l PR MLXERGRINtREERREne, Ti.
(OCZHS) 4, - Ti (OC3H7) a Ti. (N(C2l- 5) 2) 4, and perfluorinated organic

corrpouerﬁ)sécég%n D, éi&' e,as. If teeqiln | ai, ?t V\:f‘bEI’EI th?ﬁgﬁl a)(__br of

anti-r erl al as a yS|caI hIC ness %reater out 5nrn
and | edd ucrerazbeom £41 ngp@grlses polytetrafluoroet ylene

11.- A coated article as recited in claim 1, whexein at least
one layer of anti-reflection material comprises an organic or
orjanosilicon £ilm. ’

12. A coated article as recited‘ in ¢laim 1, wherein at least
~one of layer of anti-reflection material comprises a plasma-
enaanced chemical vapor deposi‘tion product of one or meore
Pracursoxs -selected from the group consisting of §i(CHi),,
HS1(CH3)3, - thiophene, furan, benzene, Ti(0CHs)s, Ti(OCsH:)q,
Ti(N(éﬁﬁ)zla. and perfluorinated organic compounds.

13. An article as recited in claim 1, wherein each layer of
anti-reflection material has a physical thickness greater than
about 5nm and less than about 1 micron.

14. BAn article as recited in claim 1,; further comprising an
op:ically'thih metal layer deposited on the optical substrate

ani/or on a layer of anti-reflection material. .

15. -An article as recited in claim ‘1, further conprising a
layer of hydrophobic material:
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14. An article as recited in claiml1,- further conprising an optically
thin netal |ayer deposited on the optical substrate ani/or on a | ayer of

anti-reflection material. . 15. -An article as recited in?3@Japyary 2004ir t her
conprising. a |layer of hydrophobic material. -23 30 January 2004 16 . An
article as recited in claiml1, wherein the illumnation is selected from

normal or spectrally filtered daylight, tungsten |anmps, fluorescent |anps,
and arc lanps. 17. An article as recited in claim1, where the vol une

el ement ig de%ne%&xc%m ral e{g t%(al usltp 1 fgqltleri:d %&1/3 t/ 3) in

1931 Cl E ol or Eace e as Teci I'n clai er e The
vol une. {-BRERE ?-%nséﬁe@teé&cf-@drréff@m @%ﬁ@kg@unﬁpwnﬂlla’hdfﬂfm@y

decr ease dalr@ighs| btdndsceaf 1asbhectBibids@ithe 19upd) RN TR 9RkpsOr

transl ucent coated article, conprising: an optical substrate and; one or
nore |ayers of antl-reflectlon material coated on at |east a portion- of
the opti¢dl sHBstFi€lesafd XL nit e Alaydr sthawibeFea £heckidawmesel ect ed
(a) to nelavenn ighiefatedbyyacodtdlaasPscrnnsabnedeshtdras .l ung gl ement

desti ned4by) aiﬁlig:j e rcg%gsdga;le centered at (1/3, 1/3) in_ 1931 C E
col or space, and .(b) to provi a perceived reflectance F=f f

S(A. ,9)R(k.,OdAdO that is |less than or equal to 1.25 Fur., wherein | is
vavel ength, ORams drdicdentaangteeit8dX, Q) iclsike 1) MBReNshei Wdladeuncti an

as a TungibRénof 14auehengbd- 280 maklhl dPadlilfinaRdh oS A A4ELAGE Of P--

and s-pol.arized reflectances, i zed per ceive
ref | ect afBETRASe e V3IHO41 aFfl‘éerfeEé@Cthrré%%‘a for. making a transparent

or translucent coated article in which an optlcal substrate is coated with

cne or nore |pyers, of Lapti- £PJA@CtFQ” r@tagl ?F% go E&le@lg ][q:tlr}atl ng

deposi tion of one or more Payers of anti- i On At er | ]
subst r at EO"BRHB1™ i nati ng deposi ti on Wnen said one or nore |ayers réach a
t hi ckness sel ect echrs @pthiehlt Bebatfdted @nd; -

one or more layers of anti-reflection material
coated on at least a portlon of the optical substrate, said
one oxr more layers hav:Lng a thickness selected (a) to maintain
pilromaticity coordinates c¢ontained with a volume element
defined by a circle or radius 0.1 centered at (1/3, 1/3) in
1331 CIE color space, and .{(b) to provide a perceived
reflectance F={[S(A,6)R(A,0)dAd6 that is less than or equal to 1.25
Fusn, wherein A is wavelength, 6 is incident angle, S(A8)is the
haman sensitivity function as a function of wavelength _and
incident angle, R{AB) is an average of p- and s-polarized
reflectances, ‘and Fris 15 'the minimized perceived reflectance of
the coated article. '

20. A method for making a transparent or translucent
coated ;irticle in which an optical substrate is coated with
cne or more layers of anti-reflection material, comprising:

. initiating deposition of one or more layers of. anti-
reflectlon mat:er:.al on the substrate, and

terminat:.ng deposition when said one or more

layers reach a thicknass selected so that the article

simultaneously has (1) a color, when viewed at a

gspecified 'angle or angles,’ under a specified_



si mul taneously has (1) a color, when viewed at a specified angle or

angl es', under a specified. -24 30 January 2004 illumnation, that is
perceived to lie within a specified volume el ement of col38raspay@084fi ned
by the color's CIE chromaticity coordinates, and (ii), a- perceived
reflectance F=jJS (1, O R (% 0) dXdOthat is less than or equal to 1. 2
5F.i,,, . wherein ) is wavelength, 9 is incident angle, S(% O ‘is the
human sensi t i ¥iiyminadcidmon tdeta isf pareebredftaaied evidititamd sbeciiféed angl e,

R(A. . €) 1S aNye@e agferiint® o NhizP Ypalce? ad £h AELCELARRES codBd: FMURE | S
percei ved refl.ectance mnimzed within the constraints inposed-b ai d
chromaticity CREPHRRLEHY 2 FOOKIABRRSEr as i te{f‘ i'n cl &m ?’GFCW%‘? in the

said one or mefkettaymrs &eHs deis(hef) ydd| astmaentianckdss hatianal ox vapor

deposi ti on. équal to 1.25Fﬁ;,.wherein Lis wavelength, 0is incident
angle, $(A,8) is the human sensitivity function as a
function of wavelength and incident angle, R{A,0) is an
avexage of p- and s-polarized reflectances, and Fuin is
perceived reflectance minimized within the constraints

imposed by sald chromaticity coordinates.

21. A method as recited in claim 20, wherein the said
one or more layers are deposited by plasma-enhanced chemical

vapor deposition.
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