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(57) Abstract: Coated optical substrates and a method of coating optical substrates with anti-reflective (AR) coatings are described.
The composition of the coating is determined by material constraints such as adhesion, durability, ease of manufacture, and cost. The
thickress of one or more layers of AR material is determined by minimizing the product of the Fresnel reflection coefficients for the
coated article with the angle- and wavelength-dependent sensifivity of the human visual system. Preferred designs have a value of
perceived reflectance, F, less than or equal to 1.25 Fry, is the minimized perceived reflectance for the coated article. Coatings which
kave minimal perceived reflection while maintaining reflections with desired visuaily perceived colors are also described.



Abstract: Coated.optical substrates and a nethod of coating optical
substrates with anti-reflective (AR) coatings are described. The
conposition of the coating is determned by material cons@oalantay>004 as
adhesion, durability, ease of manufacture, and cost. The thickness of one
or nore layers of AR material is determned by mnimzing the product of
the Fresnel reflection coefficients for the coated article with the angle-
and wavel engt h-dependent sensitivity of the human visual system Preferred

desi gns have a vam.gT~ ﬁ%ﬁ’%@a§?§é§cﬁﬁ5‘%1a =D bﬁﬁcfdggn or equal to

1.25 F[err][err][err e mnimzed perceive ectance for the coated
article. 'Coating which have m ni mal perceived ref | ection while maintaining
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epen e

wavel engt he Tt refractive index, n, of the material. Th| s Fresnel
reflection is d&sdr |mamydwamncatlzemnmemr mekertadbanyattect
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escri be or._exa ri_ngi i cs,
e vor k. B B Fop B LAPL SAF Loty S, AOheL Gt PaYErRCOOE
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reduction he wavel-engt h-dependent refracti
coati ng gﬁg q% ?hell‘?a’f"fﬁ fes sSHATIANS ’fhee\\jﬁﬁ’EF@ﬂ@thc
pol ari zat i Dﬂdi%mdora,ng:tsa lgiowmcncde:meobrat:hecédghn t‘f[eeaﬂ\esmgnolamhs .
manuf act ur gn@f ddirsaraal, | ‘félef |e%&:b98 (/@ foatgdigs h{T«)rO%Eky descri bed
in Chapt er.ﬁr:mc;pfies ozf.‘ Opt:.zcs, Lﬁew Y::rr n Eé:':g”; énl. Cgrestl. Elegesd) New York,
iz also known that layers of transmissive materials with
refractive indices different from that of the substrate can
reduca 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. McLeod, 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 -CoJ.or
Science: Concepts and Methods, Quantitative Data and
Fomulae_ by Gunter Wyszecki and W.S. Stiles (New York:Wiley)
(1982) and Visual "Perception by Nicholas Wade and Michael
Swanston (London:Routledg_e) (1991) . A problem therefore is ‘to
choose the coating thickness and 'compoéitién so that the
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varies wth the wavel ength of light and the angle with which it enters the
eye, as described, for exanple, in Color Science : ConcepOsammnty&B0hods,
Quantitative Data and Fornul ae by Gunter Wszecki and WS. Stiles (New
York: Wley) (1982) and Visual' Perception by Ni cholas Wade and M chael

coarTron, Erandan: B LRGESLAGER e LuPIBP| ST AIRNEROT 43 1@50395313”} ne

coating thickneSs and i'on so )
and wavel &gt fFC\ﬁé‘-ﬁdatamCéﬁ Ialﬁemcenﬁf&ﬁebm Ghef homant vd suadatsygtamt i cl e as
per cei ved iy odibemhyean VI sual syst emis mnimzed. Knovvn AR coatings use -
one or nore thin_la er I nor anlc oxi des, nitride or, fluorides to

achi eve a reductd® re‘fcfaet(f‘tni UL itBR 9% nTPEFm r1aerssed  for
such AR cd&cragsiar eomz@%su bed.tmid@lsapt er Ofhwekidppendik athiefreMckeod and

i ncl ude OXie@@8t9bnAlin SefiBRLiBL. Cecotifion Eﬁmﬁ@ilrh\'dma?érlﬁs §laedTa Ti,
Th Y an%ng blI\/I[;l od's  tfabul ation al sgel ncl udes- fluorid of Ca, Ce,

REREIES NFe SeFcrhbedsipetirontes, § é’vY}ds d‘lpﬁ’ﬁpﬂé§ and
sel enl des I misiMtlend taill btdlonid oficiend df R1abl$o 4. Be, OBipage, 1¥8, of

oRt: o5 of LM g a%ed, Sy§t e@@ (§b 'i\abeﬂxfr&%r ancg %%92? k'rll'%%&%é%gr of

Editions- Fra.B il eres: 8
| ayers an&2PHERFL°%o 88| PF‘SHE S’Fef&&ﬁﬁﬁ?? yOEhEen Bas e anPhuxPRri ary
const rai nt&,i ®bl, udiing Mgar dides Magr asdr ahchaseseilaneen fasihesilphides
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practiced -in the art of Q;th jcal _coatin er- | ayer "t hi cknesses
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constraints including hardness or scratch resistance,
adhesion, durability, -ease of deposition, cost, and other
factors familiar to those practiéed 4in the art of optical
coatings. However the layer thicknesses are generally
adjusted to wminimize the proportion of incident light that
is reflected (reflectance) -at normal incidence and oné or
more specified wavelengths. A problem therefore is to choose
a set of layer thi;:knesses'that minimize or significantly
reduce the amount of reflected light that can be perceived
by the human visual system over all relevant angles and
wavelengths. ' o . |
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, and other spectacle



by the human visual systemover all relevant angles and wavel engths. As
descri bed above, the anmount of reflectance froma coated article varies
with angl e and wavel ength. When uncoated spectacl e | ensesSOanauam2004a
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selected such that the resulting 'coated article has a
- minimized perceived reflectance. The reference does not
address the desirability of simultaneously controlling iayer

thickness (es) to control the color of the coated article.

U.S. Patent No. 5,852,513, 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 ligﬁt 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_ieﬁt 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:r.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



reflection and i nproving contrast in visual display screens. In
particul ar, the reerence describes a two-layer coating said to provide
white, or close-to-white, reflected color and | ow refl ect38riapuaryl2604
reference does not address the problemof mnimzing perceived

refl ectance, which is a function of both human sensitivity. to |ight at
different wavel engths and angles, and p- and s-polarized refl ectances.
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the |ikesahepar cevedosebd cchatieal, WHich ) Ofice élrfeieangwem -
wavel engt h ﬁgndent Fresnel reflnﬁ&ance %é the ang %8 nuar 2004
and mavelgﬁag SBIR1 ¢ Pt PR HRERIRE W Sgﬁm§9§te & NG EFE for
each conbpfat the ofnd aper threknbspasy iof omateen@bdlamﬁn auche vhatie of F

i's cal cul 3edelPe@bt AL SdHUdUME Valiee lHHa%ﬁ t @ublae-Geabi pati ggeof
opti cal substiate and | ayers of cgate material , for any ig ecifred view ng
f

condi ti on§OTPASERLRI TS BNGodEnERPoet FRr (AR IBRRISFSb1Y WikBIBne or
mor e | ayees%ofofiatles i minamen suahu¢ hat ﬂxﬂfmrveﬂerebbe¢faadevdéwthg coat ed
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obtainablehe minimum value - still far lower than the wvalue 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 organometallic 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 opticeily . 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, .fluorescene,' inc¢andescent, or arc lamps) is



In one enbodi nent of the invention, the layer or l|ayers (also referred to
as .coatings" or "filnms) are forned by plasnma-enhanced chem cal vapor
deposition (PECK) of volatile precursors, non-limting ed@dphesy@d0fhi ch
i nclude organic and organonetallic conpounds. Alternatively, one or nore
layers are formed by sputtering or evaporation, using techniques and
materials well known.in the art. The McLeod reference provides a good
descri pt i commit el ks trey hati apdssy da b Larimstizdics methedees fhei REUCAHELE may be
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aspect of ™ invention 1s t ntr of the perceived col or of
| i ght refd)éc'ﬂe'dlmyn)t e desdred §PLPEle. For each set of filmthicknesses
the color perceived by reflection of standard illum nants, (e.qg.

daylight, fluorescent, incandescent, or arc lanps) is -4 30 January 2004

conput ed usi ”ﬂcé&rﬁp‘g;aw ! éééfﬁtlh\rénﬁfﬁ{ hR€fe isTPRVRRICC]| tratbparentoor and its
variation with ang are t en used as constraints while the perceived

r ef | ect atngmslucemii cuated adicle, dorsprigingess | eads to a coated article that
exhibits a, mninmum perceived reflectance (or a value within 25 or less of
m ni mum of desir eghtdaiadr suBstveténgand t he present invention, there is

provided a trangpar et q,[oretrq_r&%g@enbfcog_hgg géﬁ]_é.‘d@mrponﬁu@m an
opti cal substrate and qne or nore ers_of .antj - reflecédb%m erial

coated on R2FRhsPP 2 3For 56 ot Pﬁﬁtb i 85/ tBEL SRR RS or nore
| ayer s hawaitl achéi cknesxeselactsd Bavitdas thacknese| eedestedarmsous| y has

(U a col orppnhanifadial samiReshbbes e or
' (i} a color, when viewed at a specified angle or
angles, under a specified illumination, that is perceived
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:



angl es, under a specified illumnation, that is perceived tolie wthin a
specified volune el enent of color space defined by the cglor's CIE
chromaticity coordinates, and (ii) , a perceived reflectanoaahddry200X 0) R
(?., 0) & de that is less than or equal to 2.25F" , wherein .is

wavel ength, a is incident angle, S(X 9) is the human sensitivity function
as a-function of wavelength and incident angle, R (X, 9) is an average of
p- and s- polarized reflectances, and Fia is perceived reflectance

.mnimzed withip %ﬁ\ﬁ&ﬂn%ﬁkQEEe' BRgsed by said chromaticity
coordi nates. According to the esent | ven %‘BF?‘QE foﬁs S99 %rlow ded a
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present 1 nvention e |§ urt her provi dedf\‘i\lh fOF E'%J?
t r ansphfeiiensr ePghet ud At S aft FET‘% i P Ichh an cal su strate is

coat edrgEldrtaneen, radeFlayior $hef manimiped| prrseivadhraiilactanggn®ti sing:

|n|t|a%h%1gc&q._pé?§|g|q_@ 1@f one or nore layers of anti- reflectlon material on
the su rate; termnating deposition when said one or nore |ayers

reach a thickness selected so that the article sinultaneously has (i) a
color, when VAcec\ﬁ@&nattoathe present invention, 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 1ayers of ant:L-
reflection material on the substrate; and

terminating deposition when said one or more

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=.US(}\. 8)R(A,0)dAa8 that is less than or
8qual to 1.25Fnyn, . wherein Ais wavelength, Ois 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.

ha



specified angle or angles, under a specified. illumnation, that is
perceived to lie within a specified volune elenent of col or space defined
by the'color's CIE chromaticity coordinates, and (i.), a30panesiy 2004
reflectance F4JS (A, e) R (7<., 0) d7td9 that is less than or equal to

1. 25Fin, wherein A is wavelength, Gis incident angle, s (A, 8) is the
human sensitivity function as a function of Wavel ength and i nci dent angl e,
R (a., 0) is an average of p- and s--polarized reflectances, and F.jA is
perceived reflectance mnimzed within the constraints inposed by said

Chro”atc%\oﬂﬁ?’rﬁ.%@h iP%bﬁSOF5§H§ODWg 2004 BRI EF DESCRI PTI ON OF THE

DRAW N ese and ot her teatures and advantcﬂges of the present invention
will be bettefhgfger 8P8odoblherer 8RRHEERS 0 20%he FHANGRERG dOFai FBE
descri giredenithemvemtdiotenad l e denjueErc hirderaicbbdt by aecerpacyi ag dr awi ngs,

wher ei n;, Fl |.s: 8. plot, of the : opi es w pg the total
- sensi '[h'%ert &%%_lé/%r% as&)ef%%lregs]podr‘]%%&gggq%éeﬁ 2&18?’ c%%gl?ggﬁigaw ? red,
green, AT WIArdoshyisheEBpt BFIONPARYHRY \Gupmisigs aBereines, Table 3.1.1.
The scotopic @red- Phatracepie¥ ) JrEeSPRASs aniisny ephdtopls E@ég@blﬁla49 nmto

t he bI%ﬁﬁBO? nhn% gnd gas a fgll.pﬂdth at .hal f i mumof 100_. nm FIG 2
(a) is BT oF0% hEChAYUPEPSTELVAFY 0 RS0 CPone™® ahd® r 58°BRBPSr &8%ptors in a
human esetg akiercdneomeddisdedith red.cgreenf| @d vy PRGEHAGerThssphot opi C

(cone) dAMAOMREzdc SIRPIELDIR [ Ofarfid o, vhsi OyANG ol ugcal moderate
to bright 1l1'umnation |evels. ScotorPlc vi sion | s Nom nated b{ rod

phot or PreCeRtPR)s TEIRAREE FHY DS ghexh e 42 i §Rt SPesi on) .
These frior $sat enmprandetias th fklel gbdtiet ay balfheaviewnngfsiloation to
yield the angular part of s (7J). FIG 2 (b) is a schematic view of the

geonetry Tor view n(g t hrough spectacle lens.. The 8 digptre piano lens is
FIG. 2(a) is & plot of the angular variation of cone

and rod photoreceptors in 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

5b



12 mmfromthe surface of the cornea. Rays that travel from left to right
I npi nge on the cornea at 0 (blue), 10 degrees (green) and 20 degrees (red)
are shown propagating through a 3 mmdianeter pupil and Gotlantdre 2084i na.
Not e that 20 degree rays normally inpinge on regions of the retina for
which the cone ."'sensitivity is low The eye therefore rotates 'inits

orbit by£t+8el12by' dagrees fwrdazont akl thén%&veéﬁé&?éfﬁ/.?@ﬁoﬁggﬁémﬁo | magis

this ang W|th hi gh 5b 3Q January

the eye Q&g%u es"g%n $GEcadt ¢ 2t 3Fhe? l%’a‘?llbe lomngsEgikeswiiheh | ght
strikes BRECtapbet adleas| er&m&a‘p:endonn it rei‘eﬁﬁacmm@o\/\@bwé@d ;g{d entation
with respestnteibg & yva‘%ﬁ t hat styal ght f orvvard conput er
from geongtric ogtlcs:m'%Isfc)a&gﬁ:ié Ef%t%’qﬁ ‘gas‘fﬁ) ion S
(X, 9) f8Frahdb %‘F‘\'Pé’rd]iYocﬂaﬂwglteﬁr éaem geapetnic sqemvtcaﬁ:-l e Ienses as a
function of vienNdg AnNg e andtopiE eak wamghegggﬁgbng@efmy@e/ejren@bbgﬁependent

t t { res
ngul ar | ebend doderl el RISLEB s Beh OB aRECENAS menkas 28 on of
cone den8i tfﬂz’“ﬁl fRn é#gu‘ifhf#wmaﬂaﬂen sndompiaindalal wavebhenorh. Fl Ghed IS a
pl ot refwees baegei rdaﬁﬁcﬂn%s%e%'é'?.%%%? 1@%&@%&4 %L%kg%epey@@@ ‘

antiref 'F&Ei coati n %}gcrl bfe%
nanonent r § l'?nr’r) T6PPO % (1= ﬂnﬂﬁ}aﬁf dependgrgeos)s &mtl G0 nm of
MF  (n482@8)diThypecvemeat aefil ehtangeisfidhi St mgrtiér%ﬂ;fdylmtw 24.5%

Of cinat dmulde saaacadnokash BUREHIR! Ludi Bn ® 15 a Pl ol of Fresnel
reflectance fr singl e, uncoated glass surface n(?,)=1.50). as a
function of. er%gt a%dpéﬁ@ é‘ESéﬁ‘p‘Eeee%ﬁroeolautg sofsupiaticen 1.
Nthougmomemﬂ oa wahigkengtiayethe a&rmuretflet:t&sﬁl e%fola(ean i ngzeases
from4%fds Cr}_qr 0_9% EYG a plot of
refl ect nce R Cﬁé %%1% ggt’%d”ﬁ‘%@?‘“&?%?cl (@i €& i ni mal
per cei v re‘F‘FE%? ncéauél ﬁ@‘t‘ﬁ@ Ad8po fOfict i Ipd sSROGN nm 6F gty 3.
(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 comparisqnfof R{(A,0=0) for the articles
eﬁ Figures 4 (o) and 6(a) (x). The photopic response curve
is also shown. ‘ .

' FIG. 7 is an illustration of the geometry for
considering'the color of light reflected from a spectacle
lens at an angle ¢ and perceived by an observer, the child.
The ‘' perceived coloy is computed uslng the wavelength
dependent intensity of the source (sunlight filtered by
window}, the reflectance of the physician’s coated spectacle
lens (R(A8)), and the color response of the child observer.

FIG. 8 is .a plot. of CIE color trajectorles for the

matings shown in FIG. 2 (“x*) and FIG. 4 (“o“) from 0 to 60



FIG 6 (b) is a conparison of R (k,$=0) f or the articles of Figures 4 (0)
and G (a) (x) The photopic response curve is also shown, FIG 7 is an
illustration of the geonetry for considering the col or of30lJagtary26ditect ed
froma spectacle lens at an angle ~ and perceived by an observer, the
child. . The - perceived color is conputed using the wavel ength dependent

i nt enside@ETERSt het sdur degrsanl ingnendrtser prebyning ndEpdct naid yr efl&tl ance. of

the physieudang Cﬂ@mr&e@eha%&nl 88s 4R fdilaedn byl N8 SRR, Tepponse of

t he chil d observer 8.1S a aj ectories or t he
Coat i ng&"®hownT i lﬂhéatez'Poenﬁ" )ISan"éhqﬂﬁe by e fihamgrein (and domigamp January

2004 degredenythb degr Slkoum CAte MR DR BF eaeCF!LaU y iba&emp@f@adband

il1lu ti '%Hﬁ% V|ded by Xenon_ar.g white point is
shovmmlto:?}%a %ﬁn b aaﬁgé%ign%nanfmewave Gt h8 drde shggﬂmatt%tan w%i)'ﬂ%dary of
the pl 8P>n¥o Hipiahe thee coppihate %e?@@@ﬂ#ﬂm &2t értls  houndery r om t he
white The: Dﬂﬁ-nthOﬁUmﬂtéi‘E‘ecﬁﬁIﬂwtﬁdtﬁlaEdéthﬂdhﬂ&I:@véPeﬁéﬁ boundary. = The

oint of inters i o t he wave| engt a S a ot of
I[s)pect ral irradi g%esgf)‘?’stﬁea P?‘?E 241 SPRGhte u?E’é@é"ﬁ%E/é?)gﬁ# thr l"E"'ea | evel
(o), akypifghnddsebheouurgsten | daplight amtl asauorieswdnt {a@inp (d). FIG

9(b) i Bl SmatdLl tyyco I pa t article (Ex
1, tablﬂs;lelé“le1 fg%cgﬁft ﬁél%flég}{le tﬁarn?e (XI)| I 8%18n§n%f§%ré§%er?@qé n%qg to 60
e

degrees in S d SiRtr dRedt 198 o?#.%Eswﬁeweteemésseﬁad%a%%u i ght at

?e? | €vel the) ccmtendnc&eatdeﬂeen(tEx Lun,gstaa:ﬁu.é]; anp £6r) eadhd of ftfﬁéJOtEl@ﬁé‘é?n]E | ﬁrfp
Fk t T ecf on, r 0] 0] of the

(9 ar cohyindsed POl BbaEh] FEG S DG 06 [SLofld On LEOTMERAL

degr eeéncf%%%ﬁ?‘ﬁg trﬁlrﬂ&?éé’g W |%°rn%iﬂ@€&)t°Fﬁeylithsa§ er of S

(h,9) levead vi{d¢q dizmpl aynsoidaivent t hodngdder ef Lggp ed (Ry, ovemdeads -
Illun\?fﬁb?&scent lamp (*} .

FIG. 11 is a plot of CIT trajectory for reflection
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.



FIG 13 is a plot of reflectance fromthe m-nimal Fa design of a
three-layer PrOTi O MgJF AR coating on a glass video display termnal. FIG
14 is a plot of CIE chromatically coordinates fox the vi @8daduapl2894wi th
mnimal Fa. fromO degrees to 60 degrees in 5 degree increnents.

DESCRI PTI ON OF THE PREFERRED EMBCODI MENTS The pr esent i nvention provides

new, single- ang.¢ rggtta{rj /ey Aliscglaﬁé ,'l%?ti(?ﬁ SPtiea subst s es§'t' ar@% used

her ei n, theterms "opt i cal mdterl opti cal opt - i cal
articl esfef@‘éﬁe@opﬁé‘ltﬁfﬁpl \O& r AAgBEr erfic, 0rto t EhAs| At@nsLtyat efi &he such as

gl ass angnpid@sht Cprad . Lightl,i g es made of such materials. Nonlimting
exanpl es of . such articles include. |enses, w ndows, television and

conput er .nmonitor screens, and autonotive w ndshi el ds. -7 30 January 2004
Refl ectance, R is the r;;ltio o[ Ihe intensity of the reflected portion of

light, Ix, to.. tImAjepedsippy mmdep?} probe light, li: PP's =|-y4
y, 12 Neyll, (1) The refIéntancFrmﬁles with the wavel ength of light, ],the
angl e of incidence, $,and the light's polarization P. .It is equal to the
product of the Fresnel. reflection coefficient, 1), and its corrpl ex

CONJ U0t 0’ e bEbafal. Bk o0, DELEKPEASS Clvel B nggmfofh% cal g ttances

for the substrate Lrumy e 1 nci dent ti.cal

admi t t amea}e 9£21n‘65@§}%3510 %Wzﬁ@)a =L kg ‘B F(Ozl)a%rtém iFa tIIF‘)Fe ifeal part
of f the redquelrttyechadpxodict Sot heheabgospél Vﬁeflé@gic?kﬁrd&e@?dldﬂ_lt_: [t he
refractiye n i a,conversio actor _for nits.
The opti };al adm‘f'ta%“c‘éfrg %ﬁ\!ﬁ%‘.{re rﬁ)’re qlhrh a eﬁ‘ss 9 gbadecf%r % du

subst r at en whesws adfi epEAcali sdnithaconesigr =X B?ulmer@t@ m@lilan aYce

conput edamy 16 Vil ddift RidEun §qUath®bid)cal admittance is

y=2,6544x10 (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)



= AfJcos CY4 (x 51 11 ) /17r ,j (3) Cz i.!? 3il7 tbr COSO, 27. 81( it 1)
I n equation (3) the argunent of the trigononetric functions for each |ayer
r whose physical thickness is dx is Sr = -n(n -!k)drCOS(O3pMNAnGYy 2604
January 2004 At normal incidence, (0--.0), the admttance is the sanme for
any pol ari zation. At other angles of incidence one splits the incident

wgvset It nt et W@Mlagigr%“tdle@ﬂ&ﬁo v p(eafoi, }Sthén(ég.)nﬂ@.ftiaﬁég tii5§421ﬁ%00%¥%rﬁé§for (o)
adm ttan | .= x10-3(n _ik) /_co n.,=2. x10- 3( n- X C€OS
(5) |ead%§1§’ E’&ng%"nié’*ra APt | tct%’&%r R?"‘?ié sf?ifssii”o‘#d%“%a‘m%b%ig%? on A via
t he for mihige: ingUEMOBwWEVe- - into TreB+PolrBizal UtisORepTj and TieQB+&4 90H+C) '
A_ 4r ORgEBGChaas-d9itdd &OREQ Orancfy Where the subscripts 0 and m

refer to the incident nedium and substrate, respectively. The derivation
of these wequations is described in chapter 1 by H A MLeod, op.cit. The

sensitivity of humeg agj,mmoqu,fiigy ajgta) with optical wavel ength and angle

of incidence as di s’gu : of, . I n €9l or Science: Concepts and
Met hods, Quantitati é§%%£1xéba”d' g‘fgn% @e by Gunter Wszecki and WS. Stiles

(New York:WIley) (1982) and Visual Perception by ihiicholas wade and
M chael Swanston (London! Rout |edge) (1991). It is not, however, sensitive
to pol arilgading. The geméxal orafldubmncevi &yal tsensmibgity Wt h and

wavel engbBsospt Kdn a1 -$i HraRhiHnd) soresented in FIG 1, which

! pd 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 optical constraints imposed by the human.

- -g-



shows the sensitivity for each cone pignent (nomnally red, .green, and
blue), as well as the sumof the cone responses. This sumis referred to
as the photopic response. The variation of visual responsa&owahbarga2qd4e
depends on the geonetry of the viewing situation as well as on the
physi ol ogi cal and optical constraints inposed by the human. -9 30 January

2004 eyeeyMheRnehewh 8gihdr ShEbySP eﬂﬁ:'a%l'eeﬂ%ﬁ%e@ngnﬁaeaﬁ%?ﬁé&'ﬂct an
angul ar funct [ ?fgﬁlg( 3%‘858?'[ ac unt s for the distribution cone pignents

as well &8 798 Ene§ )rm?r}éﬁ’én?-ccc"lﬂi“@ 505 CBRoAASEEPPGELIRR the a
real densitt }carfe cmiwgserared ag osisll onst hmﬁmaaammdlﬁeeﬁ@nﬁevazﬁ@theaw |y

concentr g E@d 2l(g asg,lq,lwl d aarkglc?t Og‘, |E§§ Eh%aﬁ Qfegx %@’ C!%Ja r%%

vi si on, ¥eball noves in 1ts sockét at angles degrees
from cenFPQF PXafhenbprasaeradi cThRp¢eneht gremh@ﬁvwmpngcantm@ extrenme

angl es, the nasoldd aphyei POUIEsE ERSAOTESEdegrdds | Ni thdtihdegch-Heyenent .
Saccadl C ngverrent $ al | ow 't.he regl on _of, maxi rruipe?ho oreceptor sensitivity,

the foved Swhrth ot Shret SHRYES sdi i BhgFaEReE o Ao BPILes #8r $Ange of
angl es wabRvlit RSad dmamsmsnt . fHdre Eeweablr edgonséoand isaccaaiccadit i on are

t hen conﬁbﬂeﬂemah whle GEONE | 481 moRd | £ Al m@d@hée}&\&% gproduce S

(7~, 1seen in fi from each. optical ra enters
t he’ pup| PhYﬂé?g"%’r%a cof?ﬁg‘b%?\% SS| ol i HELHRFe aifas a‘E‘OW?F‘%-he retina
and the Sartadbs wdvedmsnopliawiithe Izegsi_pnTbé aagtimamv\phhwbe@épﬂmght
strikes o d ;195@93{3 Y. a over

t he ransgﬁggegg%dla%ﬁ% ke %{' rr%%%s 'S |r£lecatl conv“gg]f %&?e

angul ar ¥8r FQYFEnaof"léeFXrB?‘He TRe209183 W?-'é%‘b%s%eﬁ n@@?@ﬁﬁ%"{ 1,He shovvn in
FIG 3 eowmbahegebpenssmandr eapeddgct umtlbﬁn%zfeortn&yeé@ﬂﬁﬂb@r\dit@ngl e

SEPLoPT #he LEMEN D A o AT TangTUE pRLLELEL oo o
exarrpl e, A'f*‘hé’afﬂodbe pEeedr dceptyarenr @Bpr |ﬁmm_|9acdet PpEirall awyl ighmt
conditioBfiters the pupil there are corresponding 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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resulting in an angul ar sensitivity that is dramatically different than
for photopic'vision, as can be inferred from the rod photoreceptor
density. shown in FIG 2. The chromatic (wavel engt h- depesdaatjary@sponse of
the rods. is also different, having a nmaxi numat 507 nmand a full-w dth
at half maxi mum of 100 nm as described nore fully in Wszecki, p. 258 FIG

4.3.2. - Anot heke eéﬁaapsrf Uriitfedt o (EELON SNt oL OTLOr

humans with parti al or ness_or reti nal e such as is caused by
macul ar %%@%#éﬂrat PSn hgo °:P(§i§éﬁua'¥’5ye‘2m FﬁédéﬁéHPar WnthoNdsHisg S(), .6)
al so_ var i st MidtfLdfze offe@ifetr Moni tbhesopéds abr \i eWdrd seqrd llrehanwoifhen

Vi ew ng f t.i ons of f of moni_t screen or ec acl | ens
anot her efs%)l}loct Re PEng G ar tgﬁr?ﬁ?ﬁf‘gﬂro‘f' @%‘b’ﬁéh(?sfs% dt eBHEFﬁg
rel ati onsﬂ‘ﬁqj“%éftlxﬂeeﬁ‘eﬂh‘éi@bsblmerbettmrtoahed chserede, a-m t keapedi ti on of

the illurdnatdia) SO ¢Be @atsme&ont 88Nt RE {PAuRPRRANE! sHuidesadhengy-e
novement st Siml ar ul ar dependence of reflection from an

aut oot i V&3 hi s ﬁ#’\él cPl?/ﬁEIIIVE&'egenﬁa%?F‘ ¥, 89P s PONEBeRF B m SABLARRY¥r ' s head
and its dnyl eangulahe demneicice hofautefihitdien Afrbnugin Eheomoatirag ‘

mat eri al %JﬂHH?H%rldOfwi?J}’eﬁéﬁgﬂﬁd o dBf & n%lQEanE@y%rx%MthdEQ9e§agE for

two applicatjons, say.a W and a spect acl

t hi cknesd&& @6’(#()@1:':@(1 L & 1. rﬁhe ngaﬁ@(:(ﬂ’fdltﬁ@ taéltﬂﬁ@bllﬂ@enﬂl(éhouﬁﬁy be

differ enttHeJrc@at:ih@pﬁ\hté@EﬁDQ, /fsmmmarrg%p Qg bbg S Qlridt :j@fﬁé]?!.ﬂd]eogr esggl
equati on in 1S wee and 710.0m angl es up_ to
degrees f%'o % gnsagﬁ %bstg-'a e (l:%(;% :;:t WP r‘_i*PP(]jf" B n%s g of 2Ti Ok,
and 100 ﬁfﬁf&%hlﬁéﬂ i 8n8hown 5912@6@2164 lehiss ke ankpyresnt tfickapesesand

t hi Cknesmma@e%ﬁ brﬁﬂnﬁﬁalanr’a aﬁbbb&ﬁihéchbort}@@n@?éld?g thé‘y MsLeod,

op-cit frfl % gh hows the average of e- and p-

pol ari zeé10 EFCRE AREeS %ﬂp 'prl ate for hunan visual performance

-si nce human vi énore:@o@éen@tf S!Ehﬁ;escobntnm to the Fresnel egquations
-uging wavelengths between 390 and 710 nm and angles up to §0
degrees for a glams substrate coated with ‘72 nm of Pr0O, 68
am of TiO.,, and 100 nm of_ MgF is 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)
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pol ari zati on. Changes to the substrate, the, refractive properties of

| ayers, or the order in which they are coated onto the substrate lead to
conpl ex but cal cul abl e changes in the reflectance R (% Q RBp January2004r di ng
to the present invention, the design of an AR coating is based on perceived
refl ectance. The percei ved reflectance, P, of light froma surface by a
human obsethdt | %8 defhfed ayeragehe ofnt ddisal of thedpr@ductpaifaxﬁ.lmed

reflect arwﬁléﬁ(%ce@,aﬂﬁt hid h%s@dﬂaﬁe:?snsdéda\ﬂsfey EHACt L @Ran FSrisual
j FS(A. . 0) 1 $)ds¥ (74 30 January 2004 R(A Is the - average of the

p- and a-® g s |i§a|§§~§6 héf@ SeRguSaSERe RAtiman
vi sual systemvmimtt seasickifee tt@ mﬂarpéﬁéﬁfhd(iﬁfﬁ@é&m%f ah IS

conveni eniy, I hggpgrcel ved refl d article as
"Funcoat ed’ é&rte'('acF% tE%l% Eer cel vecTQr e?l aénrg&lecfege%veﬁ?r aGBstrate
as "Fnai .Of THe PRt Fepted §Bﬁ§§?—’ﬁ’é§ aﬁef%‘ﬁr edThe asttaw sl w@mltlﬁleetepends

ondt he \wafareegt h:@ep@@deﬁp“ nef et i V;@_llugdl l@,gs @f rd@,gegugst bﬁt etﬁgd | ayer
medi a, ess e &l Sve M9, Al SO ngul_ar -
wavel engt‘"iﬁ%epe%&gl vr su ’é?tﬁ%gre Vg inficss ﬁeﬂ %‘50\%’% rTaFﬁeaPE}eal

case, and-3gerdesdipheni hh@ Bhickpess cef i the Sayeals Nand@/1880pA08heequat i on
1S S0l veduar té}@dab%abamn Al MYBLaLUG: Of xﬁs&ggnotfé*%{oﬁgé) Lar a

gi ven st Lﬁ(s) s or layers an“a substrate ven geonetry of
vi ewi ng &'Ftl & ‘result is uni-que for the particular conbination

and conpositi dm of tna | dyiesad. orcammat i agd, bbe pwsdided hi tinegssof. which
are such gl PQQEcaE%H SEQLQT ﬁloterolgzgso H@g)dl %tlgrguqt &ggsolved gl ved fpr

a range of "val ues cl 0Se t0 eceésa ual rarn.°That is,
good resfH %%l%%ﬂvﬁw vaf ug dﬂeFOtlesl ﬂml)l ,Edutangtiven

necessar ekygcn @bsebitengknicRin ayerHNen SsLJCBuBQEﬁﬂtéTEntfoﬁ he yalug of F
Fmn, i Fato1._25 Fmn.

- i 0
1;:8; gg(rareg%%p%fe“gzaﬁ ohéfé‘g%ne‘? e"%“?t‘{]“e 2%/5'/? S&P?nﬁiﬁﬁ“}t 1 Heppimyegfor
the part:.cular combination and compogition of 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 useg 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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.reflectance are desired, equation 7 is solved for values of F within 20%
| s's, or even 10% of Fmn, i.e., F<1.20 Fmn, F 1.15 Fmn, or F < 1.10 F.
In each case, the solution to F enables one to identify ©SRdasearhicdddi on of
physi cal thicknesses of layers . of anti-reflection coatings that satisfy
the desired range or value of F. The follow ng nozi-limting exanples are
illustrat)] f e i {1 0ON. I i-{h Leggih -l r AR
coati ng %‘Hﬁgce%% tgl%plé‘geyﬁ%}éawsggg?%% E&F\émﬁts’, %;%i E{(sfes the Erggspt";c)ﬁnége

functi onuasesked nlgNsG 3 and computes a baseline value of perceived

refl ectance F=141. The val ue of perceived reflectance from an uncoated
glass lens (FLLG 5 }Eas,a val ue of 575 for the same S(?0, and the MLeod
design -12 305&&&3%—. 2004 reduces the perceived reflection to 25% of that
for "the uncaareddings.tdxarpt e Hrestrtor divgntdonhe phesegrrdenssd i on, the
percei vedogeldegladicey Figl St ded0ra el | -coBRhARILABS o&f 1AM

t hi cknesses and t he set ofg "thicknesses for which Eis ,njmzed iz

sel ect ed' NEEERERFFH Wch ERe oFelss 9B oEhiermEsedy f¥m HE%EIF‘i bEd *bove,

t hi s cal auhahi oed wos pidaratied @rdiinbheagnivit iushpeygtesy eprd efi@®aigihce Fni n,

was cal c . 0 i chyls t Hjbqqﬁ%%g riigcle and a-
3-9% reg%%%gn?g?g%?%%t ég?%hegp%%(t %%&fhggg%gﬁg%%T I's a soldﬁt%add:n‘i ni mum
val ue- of ther senieyn r eerertvel T SIRANRNGE Ay, 6985 G2l P HSA @I ekl s
corresponds, t ahtiBE fi@d | TwE nghabysiccalne tiheknassesttidOnanaf aPrig% 25nm oE

Ti O, and_87nm of . MyF I - 19 i h ac t ent

i nventi oﬁ?g‘é%%lé%g?ﬁ?%g‘g @%a??oﬁh% %%:%%ﬂ?%l% |c§%aq‘l%ﬁ{ rrahlrlll]?i%d%@ %&‘ﬁf}eysi cal

t hi cknesoésimimtvwelud rak Herosiyed) nedasctanre mbanewn yie| BHE@- ©veronle, 000
conbi nat {RASe O ed e € §®UNghd 0 £HRVSW IR Cepivpstical
refl ect a%%esef e@gt%ﬁgﬁ% hadt:ggff t he ngt bogk,r.goat Ic?gyﬂ,?:iﬁ%j %gpﬁu TFJ o%a to-the
case mheF%1§5¥$EﬁF?ka1%Snm of Pr r nm o 14, an nm © g_. oo

Examples 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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Twel ve exanpl es (plus Ex.

1- 25Fm n.

follow n

1) satisfy the desired paraneter
The results are presented in the
2004 Table I;

g-tabl e;
O

that. F. <
30 January

Percei ved Refl ectance for Coated and Uncoat 88 JgSpeary 2004
Lenses Thi ckness (nm % | nprovenment % Wthin CoatingPrO T i

MyFFOver

Uncoated' 2 Frnin UncoatedO 0 05750%153% Text book73 68 100140311%85% Ex. 1

10"so14soaod oV SRRl 4 Wbt ot b

90111418% % Ex. 4110
Y888 206 Ex- 710 10

130119383% 4% .81C“ 20—301-2037994-5%-Ex986—40—804-20379945% Ex. 1060 60
80122371%47G/ 4 Ex. 11 104.8% Exo TPy R o106 Ex. 1340 80
80127353922 Pr %200 | OverUmostent) 115@826080% Ex. L610 110
90135326%30 31 70 9@136323%8ﬂ$@EX.P&20 100- 80#&B820982% Ex. 190 20
140137320%33Vextbogk | oveffent OPer |WcoaBdthe= (F,,, |3 F § 1) 100 2%
Wthin Fni' 4EXF{ml 111001) 1280 Th& t hijtdnes@#53%nbi nati % repgrted in Table |
do not predExuzle ot 2‘&1 costhi nagd ond1for {wheeh the vapue of [F is. within
25% (or somgExnd her desirald y |@wv peraent RHaek- i t slzeem ni rum val ue of 104.
However, - of jehe 16000t8 petayut add ong114f haldcsmer e examni new, le y ‘Exanpl es
1- 13- were fisuhd to |taget 0 80 116 {396% {12%

EX.6 50 70 80 116 {396% 12%

Ex.7 10 10 130 1119 }383% 14%

Ex.B 100 20 ao 120 379% 15%

Ex.8 80 49 B0 120 I7T9% 16%

Ex.10 60 60 80 122 1371% 17%

Ex.11 25 100 80 123 {367% 18%

Ex.12 30 90 90 126 ]356% 21%

Ex.13 40 80 80 127 1353% 22%

Ex.14 50 90 90 135  |326% 0%

Ex.15 20 0 140 |[135  |326% 30%

Ex.16 10 110 80 139 326% 30%

Ex17 70 70 0 136 323% 3%

Ex.18 20 100 80 137 |320% 32%

|Ex19 0 20 140 1437 |320% 32%

' % tmprovement Over Uncoated = (F st/ F = 1)100
2 9% Within Fryy = (F/Fain - 1)100

minimum wvalue of 104.
that were examined,

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

~thig criterion.

an
goft

software include Mathematica
‘Matlab
(Macsyma Inc.,

lirba

Macsyma

- . Mapl

However,

of the 16000+ permutations

only Examples 1-13 were found to meet

One skilled in the art will appreciate that equation 7
can be solved

alternative

ware

na,

e,

L),

Inc.

tan be

f

(for F,

to
uged.

Watexrloo,

Fmin :

manual

Non-limiting

Arlington,
Ontario,

1,25Fuin,
value - oxr range of F) using linear algebra and calculus.
computation,

(Wolfram Research,
{The MathWorks,

Inc.,
MA) ,
Canada) .

examples

linear

Na_tick .

- Comput

or any other desired

As

algebra
of
Champaign- -

such

MA) ,

and Maple {(Waterloo

ational

analysis of F is also possible using spreadsheet software,
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this criterion. One skilled in the art will appreciate-that equation 7- can

be solved (for F, Fmin, |.25Fm n, or any other desired value-or range of
F) using linear algebra and calculus. As an alternative 130 Jrauargl2004
conputation, |linear algebra software can be used. Non-limting exanpl es of

such software include Mathematica (Wl fram Research, Chanpaign ;rrbana,
1L), WMatl€ab eiilaaapll/at Ewdeke, (Mlmpsoﬂilar,i EledmbAdl, WRACsya Idhcsynez4nc. ,

Arlingto W (éléq%e pc., Waterl oo, Ontari o,
Canada) , re%5orrput at1on ana %?mE | sgal S0 possi bl e using spreadsheet
sof tware, -14180viddudiey W%r foeanlad e del thalt cdbserete Reahwrs,” WA
and Lot U@f1t?n§knéb§éé'3w9§¥eb@@@”@ﬁédc@bﬁ eacdniividge M) matdxiddl | J.rbe

apparent fronq;TabI { t di scret e val ui of _thi cknesses_were sel ected
for each*PYyeridy fm %EF? Yii 0T dREEENGLE) ¢ nalBRyCO46fAm Pht EPVEFR) . One
coul d, ofhcosk s&, dlﬁf\ensret amlté:fm]e,ntfomte:ax@lle fsonm exdanpl eetsmm Zmm etc.
I ' t al ay :

n geneﬁéﬁeriPr §$§r &@Oﬁét%&ééqeznvagﬁé Qs;alaueg' %Envml ﬁfso be

physi cal 7t hi ckness ect e conput ed val ue

smal |, aﬁﬂY?rvﬁlPhb?’c%#l‘P}élW?ﬁ% Pz, e Leqty £ tlr%rcwam V¥ val ue of
F correspﬁnﬁimglloal!ae baysmall hi skdesseslt os £ T1 dthnd 205 &0, and

B0nm - £especkiy elyamh 1804 B3 oon T ol ebbon e vab end' 1 e

correspon |ng to thic nedses 4 espectivel y, as is

t he val ueb}¢fnessgs 85°randPJE§@]1'H4%5}@%m ofihentOt he 9(% ckBBEsesB &I 40, 80,

ikr)\d 82nm.~s_\;\ipém§ hlﬂgk 127 (e’chigase Ta%ié/a%pe th%swdl%n 015%; of F][ng
wever en t hic n ss s are se to an n e val ue o
ri ses toc‘iﬁ%esfe/&ﬁ%’ﬂ Al an% ?B’P‘PheFeﬁé%EEr V&R t he

present isvEhti oas cmdé‘raqsralcm@torralanﬁg,oﬁzt. hangeB@uinvedstehor WeHn | i ght

refl ect eghdr eny ckhgsseat adeardd cl @0 Aandh s2XaliPIe Récbhbs gpBOdi nENt we
|nTaIeI fromthe 0|nt%V|ewof

consi der tq§ AR c unmmar'i
an obser ¥2f I%%%?hgt%?gﬁ % ?s%nlﬁeﬁi?PiPt?ﬁﬁ of Fumin. However,
the thicknesses are set to 40, 80, and 78nm, the value of F
rises to 136, which is 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 1831
 or. 1964 colorimetric coordinates or the uniform 1976 CIE
{L*,u*,v*) color space described in Wyszacki and Stiles in
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spectacle lens, 'Light fromoverhead | anps, w ndows, or other sources of
illumnation strike the surface of the lens and are reflected into the eye
of an observer at an angle (0) as shown schematically i n3BlJ@uary 2004 col or
of this reflection depends on the mevelength dependent intensity of the

Il Tumn nki g i gt ened by ndow e . wave ar.]d,,angle
dependen'?:%Lf-‘:f%"lg!élc'It‘:'anI(%LfaI 5t & r%log()satcec? a?c%,iocli e C%c%ﬂéemat@gat {edce?rg’ﬁggt &Fd | ens),
and the phydihsl 0GHE oL 92bl srpresephat asndéecr ithed, Mélsrodk xbeptizgok nARANdel | |
memmmmﬂmwmmﬁswmmwmwmm

S
and Stiles op cit. The perCelved, col or ?ano ect Is quantitatively
def i ned oFERPRAL BES| - aTH -orALPRAcENSHRN 18 ¥ CﬁEaS"BQCﬂ.he ofelenes

col or i netbbedinat di nafdemotied e Uni f gomM 1S QrRia) (Ldinkmaly’ £bacohgr space’
descri be zecki an |Ies n..15.30 January 2004 cha ter FIG 8

shows th rbgf\%aco%lrfdl%aﬁders a(n(fenok"el&h tﬁ? PIETHE crEvEgst Peprégﬁnt ation
for the WPEcabécrerepbef PR aPRiamyedMgBrreapindgs aboawhihet i thaof iapgle. for

i |1 uni nagibon eb&eﬁvé&noéb?éﬁ Iafme RS rshewn da%eEEQPtﬁ ar @h&éﬁ ngor
coor di nat gf not e

9 hﬁ %Fnaﬂ%r g1 ni mal ]e
accor dang ?ﬁe ?e NE+PRAFER: PEnYIFAE & EPRPF RORE P(Edsﬁ m444¥# anond
corresponngdugeahltm 23dmee pesrceiveperodbyred icol ﬁound’hbydamar&ntg a

wavel engy neWhL6h the dRLEDeHo2AL! NE; MRYEAPNGL N ﬁ%f%@h@rgg pechpgmat i ¢

stinmul us &ces %ésarre er ce| ve a |ine
from t hoPR ForaR rpmlyltof th’eexafﬁsﬂ-em 8Edh the
conput ethe:Etex.tbbohgldmta,tlﬁgr aetxaanJsrh Qewimg hanghe TcﬁXtEhDO&egﬁééé n@rdnﬂt a

Vi ewi ng &n ee ai oat i_ng Q0_degrees
have a dgir%ngnant m\%/ai/eﬁg’ﬁ“gt E:ooﬁqggouﬁtm 0 CE%} q}a% bfaue Sr e%?intNot al |
poi nt s |Ha@Ee%¢1@r ofpaoutavesd goni rithat wasel @igﬁwgrename\lﬁrt CY Y

doni nant psexes engi h aIEoVicdesxa anbét aﬁw@ d ateramwah*& wWhkeB1LAgERNPAr @
various &Seve Ahe ﬁ?rceao\r/n?.%a%% Otcvavelel g@h r;,:Jrcwic es arog]u%t.l].(latatlve
label with which to compare various hues,

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
an the art of optometry that certain colors and hues are
cosmetically preferable to others. Furthermdre, 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}arﬁﬁfbs fromoO

to 60 deﬁrae%’ é J iRl ¢ Sr O 1ipe ga;esafcef% J;hedéegs%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‘gog‘? J['jjreley'sﬁf‘or re}%er a%ﬁle to

ot hers. ¢ hepRbFRliing tharicaliosn of ﬁﬁ§1W¥¥Pn$/|§ﬂE6FhFe@sz faktor in
t he cosn@kterniC cHeaves qfthe 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\/\e\féle’ﬁgt “%jt?‘]h

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

advant agﬁsapfnaﬁ@alprgﬁqfafencevenw OEhleSaEQS'LlE bbe@bé V‘@henli‘iﬁﬂl_%@n of the .

refl ectance perc a spectacle S wearer, physician | -n
FIG 7) $re aRdt RESELIET tiselROFRIWT i nEhERR 6l (ﬂ 6F1F%f Iié‘cttrl?ﬁ'ls

pﬁr cei vegeaneiared exdlermals cﬂlﬁﬂrrvh ein (F1@. C:tttj,l Owhenrd-| €e 7¢hrd§hﬁléﬂ@ shO\évs19
the perc r r a t es
pjdilio Zc_gé xlecﬂirﬁaoéb trfai}ec%‘é%eg %Fe ﬁibg&&& ih 95.0{% &Q%Q% Slfween% _

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

per cei vetheeiwilorgs cheye k:alEh@atéa cWlere taee ChEeaRtiL] EY¥nnedOish nat e
trajector] : are Iotted |nf|v reetllntervals romQ to 60]gegrees.
In one €t € tHe %ﬁ%%%n‘?" vbe“"rl'lt T2 TR THCU R F LT s are

used in Mehasomnimal perceived reflectance while maintaining a
- predefined colox. For example, if one desires to minimize

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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Wi th cosmetic or other color criteria to produce an article that-has

m ni mal perceived refl ectance while nmaintaining a predefined color. For
exanple, if one desires to minimze the appearance of th&0rleflimgRlDdh one
m ght match the hue to that of the wearer's skin color. Alternatively, one
m ght constrain the color to within a range of hues that are mninmally
per cept i Ish€ figasefiran thenlapr deigeneyatbohhe anei tal spobntompasdrel phet opi c
sensitiv ue or red hues inplied by figure-1. In athird
enbodlneﬁ?ﬁbgﬁgghgéﬁ#rol one mght elect the AR coating that has the
smal | est changeThen Heeresivad | s meifdgedanheoughta pristet eumenddadayul ar

range uradauuataae@aﬁ:ebﬁen@é &@%cga?tatrtsl th%n@btgealTQhﬁsfeeeaeé a%"]i-n ]?f
e curves shown i n g arter
ch

guantified uti.ng. the | t

t he coor%’ﬁ % S nBe k ggﬁs?%?%ké%??tnﬁOTqﬁf?ﬁiﬁf CPBY: OFGRT ﬁ&c@

(L*., u*, &hPYc@E@rC@paed onc thedisugetratre dbpectmposthéon9Zsd. o€8EruNi f or m
of the ipy tin@n, c‘oﬁ%t%@h&acabby Q%h@&m asee?ysiaggsgeggess%?s YD (see

Wszecki , % are use detérm ne the preferred response actor to be
used in 888F§APRg ar® Qﬁﬁulrﬂ?erQEMevthem%%%%trtRﬂﬁ%ﬂ?%ﬂcﬁ ndi ®F8ual .
profilesAbcprdmdgvtduahs wiriesenpeduvient ioansthai preferre@Orhiskabdsas woul d
occur, a f%rl lyid a n &Y, hat -17
30 January 28%4nﬂoal (é%r{ﬁL%%cﬂﬁaroéggé e%% Q g,qare1£ﬂ§b é%%onp gsed by
the i nveltFBAR TR&8%pepEei Y8 r%b%ﬂ%ﬁncéﬂirnmqns ngwelecal | §o evheaated for
one or nebAstedeatson an optlcal substrate as a functlon of t he thickness,
conposition, ang . order in the re_coat ed on rate The
conposi tion andg% e 1ngm§p gﬁ%oﬁg??éFﬁeanﬁﬁn%f%%f H% %@ﬁegfsuch as
adhesi onthsudryes (shemgy, adRenbeakonssksiandebyetbe cA&oarﬁamgeﬁuedhe :
present. tBi‘emigﬁﬂ rbBCePEEi F F S HHY GIM83B e and into the eyes of an

observer. This 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

-18-



of the layer(s) in an AR coating brings the value of Fto wthin 25% of
Its absolute mninmum subject to these constraints. According to the
present invention, the thickness of the layer(s) may al sé0pendx#PP4i ned
by the col or percei ved for light reflected fromthe article and into the
eyes of an observer. This -auxiliary optical constraint yields an AR
coated arthcly s at e | v & ef tE dikavkn )
cosmatlcg% g‘esﬁ%bl e %p %r%an%?é&igz%mﬁmnesﬁ%g 3%§SAWSHe“g%nd e%o%snent of
an AR COEFGGEI&EWCVE BE&orld:ng to the present invention is a conputer

monitor or videp: wiclleah td’ﬁﬁré&ﬁ.&t&é@t&&& ﬁuﬁéaeenﬂomatmﬂfd:éclam coat i ngs

Couscy. s EpTEkeEeses e ERnEE" ERpHS; RARE-SHTRVE ) IR i ot on

proj ect edpeatacideldnspl dlpingr dawe h‘h@alphﬁﬁeppasﬁesfy sdonsEpy) | th%r the

human obSgE¥ELeis afenshoyprdn RG leadbvewsr.atl heapagul 88 Ccospoment of
S(?,9) is _substant] al lxﬁa di fferent than e spectacl e I ens.  Presuni ng

over headSHPEAR AT BA 9

of the u [ 1 [ trad  fiQun t ext
PrOTi O %gﬁi&‘gaﬁé%ﬁfﬁé‘l Zérg épo\‘)@%lng F!t’tﬁiat 119 or:;igsif{%%t e%i Qggjé?%y

Usi ng thé nﬂqﬁwtﬁééﬂﬁbeﬁ aMBIBTERKE | Apch e¥8duCPnftt e F to
191, itsdesniedl peakuncads. @ t tias mﬂntLhtam wedaet edf diFspl Byg., akg%found to

be 60 nm,. n

.......... ;'Pi'a.ége H’gg ?angggy 5382‘:58 kL %Fli segﬁrgtg\%\ﬁynsogﬁ‘ute?or this
enbodi mefieri relpraseneadles mMsdnglihg tc 1}'1“!‘%:rétbp$%?‘a]t% t hBFEeRi s
conbi nat ,R1 Rt iRy ekhet mm&&s&.ﬁt&orc&méﬁgs?eoﬂafe@bhm &ediggmoini deal

Lo 11, gRBES 35, LE0SicokBle e, ML SRR S5y et 19" sh9Go e
reflectance can be selected based on cosmetic or visual
function constraints. For example, if the video display
background is a prasét color it 1s 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.

-19-
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substantially greater than even the textbook coating. The chromaticity
coordinates for this AR coated display termnal are shown in FIG 14. As
before, a series of conputations is undertaken and yi el dSOahuay 28D4hi n a

desired percentage of the m ninumvalue of F, |I.e., 25k, while the hue of
the reflected -1i ht- I S seg)arately conmputed for relevant angles using the
colorimetry fo?% laBerceied Setiectanen fcitaeieg aphencoprdWieq Risnlay Sstrsndi nat es of
each desi gn i p—FableH-—the—cobm.nation of—hue and nininml]y perceived
refl ectance c]En be se.-eclﬁsﬂ.kﬂwm cos gt Mdmefovamentigfe Wihigngt i on
constraints. H i@, i FOt heMah deo Mi spb@gun&mﬂdqr&md ik a preset

color it is dgdicomed €jdt 0o neke the rgfMPectied hue bl endersed h | his background
col or to furt Wextbosked{iBe t 168 r efloect |35as’ |wissmal inpadisw It will be seen
to those pra¢®i2@db.) (60t he gart obavi flieen deiwpce that |gdhe skl ection of
particul ar hugsdior alfgl cl es W tpgFClygg> R, WTT ™ YREY W h
i 11um nation, | geofsat ri gggoopti@g O 19§he 2fspl ay, amg,the fcol or’
background of [gx¥8_envisgonmept | nagWhigh tHeseR coated[gajticle is to be
enpl oyed. TablmMl - pl1esenisd a pR6TI flos SE€Tja@k, T hE SOT JF,ONS 0 equation 7
for this AR [mxa@sed dlsepl awgt er nigal {zgnher|gszepnput ati e were carri ed-out
by varying t hgExmagni t isde- ofggphysiggal |4hi cHpgsses fig, | ayers in the
10rmi i ncremelExx7 yi el1@bNg 1QVer 136, O[¥o ccmufpatlons {J, these, - 165 had
val ues of perfExi2ged [oef| ecqoanceswi t pPpam 303420f Fmin roxi mtely 125

had val ues ofEﬁqmrcei pad 1 afth ectiapce|pt hijngggn % ' The results for
t he uncoat ed t hiob extsdoook 16dcLag) [¢m@d8d i ng, - Exizsd) (Hmin),. and Ex.

21--30 are préS/e wipRderhet OVer UABoatariRy, mzﬁﬂﬂmlnprovenent er Uncoated =
(F' "c, atad/ Fay, j; é,},,pp _Z(F}’,é)W{} ¢ Fo.h, = (F/Fnt -1)100 It will be apparent

to those practice ™t he 4ft colorimetry that; the perceived col or

depends quanti t &ti vl banapberspéctpalthdsst prboticedoint hbei bktunbfant’, as
shown: i N aokbS3me?iA) rand Rk glél%%&@%%{c%btlmf |dé%r ePRGE Huar@NE 281 G §TPS
nave diffgrenl spechial AERYGEERAR S¥nkhanty LUt ER8I™Le: hown in
FIGS. 9(A) and (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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the spectral content of sunlight varies wwth time of day and Wat her
conditions. The present invention can incorporate the illum.n.ant's
spectral features into the conputation of perceived refl 8@tJangary @004
per cei ved color by including the .wavel ength dependent intensity of the
source explicitly in the conputation of S (71,,6) . One skilled in the art
¥M | aﬁp&%l?tgtﬁdlaﬁug hebgetBi lss:mef owhiaill fef ntiee wegght ed carerage of
ornms s e rse, t he vj.ew ng
condi ti O%Lgnderi‘gﬁ&i% tn\%glé? &%’ IS Né ,{}{0%0/ 1| n&J'\:entdltgn :
provi destuangliecent i arssches rr&ﬁGi-H@@ urténteéham@ct@ﬁ@@ YnIAEIeH | ect ance.

Gener al | ¥raihea agidgd %ncﬁ:ﬁfe ”a?a'&sﬁilh@% wi:@&sl@i@[ﬁ& e, ophthal mc |enses,
Wi ndovvs wi ndshi el ds, Vi sion . ut er, scr ens Jranspar ent

ar'ticle's havd n8n§b55’ P oReBE - |I5ht tB@’é ?T’l"én 'reg W oFe %Jrf'ec%ﬁ%’ctrum
sensed beyrtileldnumrnp\ms@al syStamicalhaBubstrhet weend alomet 350 manck about
750 nm {Q..seide aerpdinent s, however, the article may be translucent.

Transl ucent articles transmt | ight at sone visible Table Il., Perceived
Ref| ect ance f&F Ct‘)’étjedb&ndr%‘ébjaYe&PPir&ééabﬁéplW%cnlé’é’nsrﬂ%ck%’é%% nr n%
| npr ovenznt 260¢ hhavGoat meger @hain0 thMpFAQyersUneh abeitl FdiR! défreniieati0 O

ex. 2170 % %%%S%%%%1é%é%%%géz%8@&@%*?%%%%@%%%@?‘3%%

X. 24100 29 G0 RRSSSTHELIRETEESMm-40 120201257%% Ex. 2680 90 130211 240%0%
Ex. 27130 10 13032022684 506EX r2360b40R 1423402 Q% Ex%xd826rdd0 ang

1302401929800 42 SU 22 I RA T mited thereto. A variety
of modific:ations, modes of operations and ewmbodiments, 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 bullt .
211 references herein are incorporated by reference
as 1if set forth herein in thelr entirety. In both the text
anct 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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30 January 2004 wavel engt hs but absorb sone or all of the light at one or
nore visible wavel engths. Nonlimting exanples of translucent articles
include tinted and shaded sungl asses, stained-glass w ndowd Jaauay 2064 ed
wi ndshields. In one enbodi nent, a transparent, low reflection article

conprises an optical substrate and one or nore |ayers of AR material. It
w il be readiléﬁaggreci ated that' low reflectiron articles having nore than
two | ayeM8Adf IgatBhIMED deposited on an underlying optical substrate are

also within the scope of the present invention. The invention has been
described in prefegre nd_exenpl ary. e i bug, I ot |jmted
thereto. A varEret yﬂ o&%&éPgFéﬁ?i or%: %g%%éﬁg%%erag?%ﬁ &an IJ(;,:r:‘f’g:])'ai'ments,
all  wtkcmprheiagil ity and skill of those skilled in the art, can be nade
wi t hout departing ffampdhaipreseriatavesidon. For exanple, the AR coatings
and net hods of designing and applying them can, be ed .on.a variety of
optical substrat esog? n %’adirﬁ%ﬁ gﬁx{ﬁﬁﬁt h&f mi ﬁngﬁh’é%’glse%l‘éw I Wg&ré{#i cles,

| i ke autonot feetefndshizsl dssastana bpogtvem afi ARecomtiicgli fsuwbstgakeabl y

| arge react or gh$abuinkt .o\ thordeel BLLNELSHARHRL Na AkBiLREOEPOLRYL L DY EBf erence
as i f set for%ﬂ Qe{)el'n i.n their eghl ret%/‘.ll ‘both the text and the clains,
use of the word®*abBut®*HiFLee P SHAPEORELY Mifge of numbers is intended to
nmodi fy both the highlland lcowoval when stimwed. 230 JampacytoD4avgd bS8

CLAI MED: 1. %ﬁ?ﬁ@ép%ﬁ&’ércﬁ éﬂe’éﬂ%‘i‘éﬁeﬂtllﬁﬁ.@ﬁﬁgi&{,“&{a% 1&%&%_@&: an
optical substrate; and one or nore |ayers_of anti-reflectiog materi al

coated on at FRast®a“gbPifoR SPCAELEH: vOARTeuBLEPERE, O1s£P4OBNEPEF DY e
| ayer s havi ngdafthed Kneshes eldotred 6DE thnadmdtheiayt cobedsnaned arms| y has

(i1}, a perceived reflactance F=f[S(L,0)R(A,0)drd0
that is 1lesas than or equal to 1.25F,,, wherein Ais
wavelength, 0is incident angle, S(A,08) 4is 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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(i) a color, when viewed-at a specified angle or angles, under a specified
illumnation, that is perceived to lie within a specified volune el enent
of color space defined by the color's CIE chromaticity c&8nranvrly@804and
(ii), a perceived reflectance F ffS (., O R (71., O dXde that is |less
than or equal to 1.25F" , wherein is wavelength, Ois incident angle,
S(?.,0) is the human sensitivity function as a function of wavel ength and

i nci de angl e, ? ds_an e of , p- d,s- | arj fl ances, ’
and F,‘?%'ta ' pe%fé}?%% rg‘gl e?leé!&%%% mjhlfl)rri ?@8% tﬁs?'n t égg%%rgt rglatﬁts
i nposed pmmaiagbolw ofdilinci tiy ceor ¢ilesmas. da2poantapni chgoduckecPfedai n claim

1, \Aheggrnﬂtu@%i%ﬁzggabrgﬁi@été@&ﬁodrﬁi_an ophthalmclens. 3. An article as
recited in claim2, whefein the ophthalmc l|ens is coated with the

anti-reflection material on at |least a portion of one or both | ens
surfaces. anmor aisiclge. ad. Areditleidc| eis egeaimed 7,n cWhepein whereein the

optical,, Sybstiale ks -y POW'c.o%igoﬁ%ldar}éC!ae 8%r%f85£8911€;’§n&3& Mok
wher ei Fthe optical -~ substrate 15 a tel evisiontscreen or DUt er “oni t or .
6. A ceamrddugrocyrécadipbatiedcemeyd-m 1, wherein at |least one |ayer of

anti-reflection material conprises a fluorocarbon Film .-22-. 30 January
2004 7., An articl.e recited_ i | Ai , ereinthe_,f[ ocakhon film
is a plgasma epogﬁjrcglrs]e p?ﬁducﬁe“{)}ft%ga g%'?flgg?ﬁﬁat ead_ orgg%%ggéon%éﬁnd. B.
An art ipellasrieeitedd drgatial me@mpowhdr gisn sabecped f Ifyor nbked gronganic
conpoung =5 <2 1pgf f | ugrroal i PRAtE GoRbeyRESEUROCY Cl Ogbiphaldodtempeund. 9.

An article as récited_in clfaim8, wherein the _perfluorinated O{Qani C

conpourk® tK& tEPEORERY £ RBRY t PR Gl URRPPIBIRCat ARG BRXHBFRFUBREESRE nbut ane,
hexaf | uor oet hane, tetrafluoroethylene, perfluoropropexie, and m xtures
thereofl.o_ An article as - recited in <claim 6, wherein the

fluorocarbon. £ilm comprises polytetraflucoroethylene.

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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10. An article as - recited in claim6, wherein the fluorocarbon-film
conpri ses polytetrafluoroethylene. 11.- A coated article as recited in
claim1, wherein at |east one layer of anti-reflection n@0eengary@8hfri ses
an organic or or-3anosilicon film 12. A coated article as recited in '
claim1l1, wherein at |least one of |layer of anti-reflection materi al

conpri ses ‘a plasnma- enaanced chem cal vapor deposition product of" one or
nore precursor’s selected fromthe group consisting of Si(CH3)11, HS i

(CH3) 3, t hi pphey ra b - Ti H7) 12 Ti .
(N(C21 - %‘h hﬁ % lfégfl tr%‘orl nate or an| c%ﬁun%é ﬁm Bar 1 c?l e as
recited i} 'Bmanﬁ?&onmgra%esaeﬁ IEzpay r@grmaéntqn regeetedidy n%xlémra:ld has a

physi cal dalylchesstgtsaietr 1bhas, shatediang ageps £Snd hat abagk. 1 micron.
14. An article as recited in claiml1,- further conprising an optically
thin nmetal |ayer dep05|ted on the optlcal substrate ani/or on a |ayer of
anti -ref Rt Gl . as ppeilgd aini @lails eciwheéde ntheaivalimef urt her

conpri si ry2ment | by edehifnddy hyophobielavs £ rialius- 331 30edeated Yar20Q4316 . An
article @y;;efﬁt%i rtfﬂ] @5%%,5%@ nthe illumnation is selected from
ayl'i

normal or spectrall tere | ght, tungsten | anps, fluorescent |anps,
and arc | anps. 17. An article as recited in claiml1, where the vol une
el ement i8.dedmnetkthiyla casclmadftedadins dlalmcemermreat thd/ Syolukle*3) in

1931 Cl Ectahdhic S@Qc%ellzgte&‘n t@r trrla.q:lcﬁ ES %&c}%r%ﬂnhn A g eéreeéi[}/ge

vol une. eI ement 1S sel ect round coI or and er
decr easeERESRFR | Hhe |‘T13?1‘6’F-1F‘éfl‘é%t%#34ch’jﬁ€1 119htA transparent. or

transl ucent coated article, conprising: an optical substrate and; one or

nmore | ayers 0{9 antd -refLgg %Ap&grat gL altrﬁgl%%gg_n n at J.east % ot on- of

the opti cal bstrate sal one or nore Tayers having a Hes ‘sel ect ed
(a) to nﬁ?ﬁ&"

an optical substrate and; -

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_



chromaticity coordinates contained with a-volune el enent destined by a
circle or radius 0.1 centered at (1/3, 1/3) in 1931 CE col or space, and
.(b) to provide a perceived reflectance F=f f S(A.,9) R(k3odﬁﬁm2pﬂét is
| ess than or equal to 1.25 Fur., wherein | is vavel ength, 0 is incident
angle, S(X, O is.the hinman sensitivity function as a function of

wavel engt h-and incident angle, RQB) is anh average of p- and s-polarized
ref| ect ances, ihhumiziatian, e tiiisi pezediyped dw Vdee nafthdet anspecifiede

coated articl g, &Qe &L ri@doﬁ %old%a@ﬁﬂeadbﬁiﬁéﬁab?(g%h@rtc:biégﬁééugfﬁ'ﬁm .
W

coat ed articlein e tic substrate is
| ayers of antf* F‘é’?‘i‘@cﬁ’r% rré’t%&rfig?a CRdnpr i ¥hg: &T‘?St'l at Bng BEPGELYERn of
one or nore | agelscodnant Faiiseimmtm 6hdkdft er i glhaton ishelssabstuhate; oand
termnating d tkQn sa r e

ing Egﬁ&i k8 1""%‘%? 'dm%?&ﬁ x{ﬁ’ ew#é‘i)’eei{ﬁ“tt{ 3{95‘5 15\%85%55

sel ected so t t he arti gin taneo en vi ewed
at a specifi@89hdgl & (& Chngisestheyjwwang §?}%~W ‘é’d:Y §Hn9§)1%m§&r y22004
i |'lum nation, £thétids @er@awbdngish I medV\mdaide:a: spegld) eR (A V@) ue ehenent

v e Eﬁfﬁér%e%éé‘eg izﬁ’*ﬁmi"%"ii%'?f@d BB GG S eae
than or equaPe¥geived 5PfFeCtanc%m§‘il§FW1)"e F‘en@*t’% pns§rahatdent
angl e, S(% O impoédr® By rmildsehzbinkvi¢ty WeRirdanaassa function of

wavel ength and incident angle, R(A.,e) is an average of p- and s-polari zed
refl ect ances,' and Fnxn . is. perceived reflectance g}lg mze within the
n

constraints fhposedihidd CRFOREY | 1T t5-3dBbrdir Teinqthe saddhog as

recited bﬂecbal 28, L AL iarel BEpEaithd AE asiB-enhaNess aidnidenosi ted by

pl asma- enhanceq chemi cal vapor deposition.
vapor deposition.
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