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Optical Retarders and Methods of Making the Same

N
poi}
s

LD

BACKGROUND
Oiptical dovices and optical systems are commonly used where manipuiation
of Hight s desived. Examples of optival devices include lenses, polarizers, optical
filtors, antireflection films, retarders {e.g., quarter-waveplates), and beam spiitters

olarizing and non-polarizing beam sphitters).

SUMMARY

In geneval, in a first aspect, the invention features an article that meludes & Hirst

fayer including spaced-apart rosws of a first material, snd & second layer supported by

the first laver, the second laver inclunding spaced-apart rows of a seeond m aterial,

whare the rows of the first layer extend along a first divechion and the rows of the

second faver exiend along s second divection non-parallel with the first divection, and
each laver is independently birefringent for light of a wavelength & propagating abng
an axie that indersects the first and second layers, where & i8 in a range from about 158

nm to about 5,000 nm.

Frmbodiments of the article may inchade one or more of the following teatures
andfor featwres of other aspects,

The first and second materials may be ditferent.

At loast ene of the first and second materisls may be o dielevinic material, and
the diclectric material may he selected from g group consisting of 816G
AL, ZrOs, TaaOs, TH0:, HIO;, Wba(s, and Mgl

At least one of the first and second materials may be a nanolaminate matenial,

and way include one or wore materials selected from a group consisting of 510y

SiN 8, ALy, #FrOy, TaaOs, TiOy, HIO:, Ninds, and Mgl
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b

The article may further tnclude o third layer supparted by the second fayer and
tncluding spaced-apart rows of & third material extending slong a third direction that
is nos-paratiel with al least one of the fivst and second directions, where the third
layer is birefvingent for light of wavelength X propagating along an axis thal imerseots
the first, second, and thivd layers. For example, the third divection of the rows o' the
ihird material may be paraliel with one of the first and second divections, or the thid
direction of the rows of the third material may be non-paraliel with both ot the first

B

and second divections. At least one of the firsst, second, and thixd matertals may

nclade o dislectric masterial selected from a group consisting of $i0:, BiN,, 81, Algh,
Fre, TaaOd, T, HEQy, NhyOs, and MgF,. Further, each of the first, second, and

third matorials may be a nanolaminate material independently selected from the group

consisting of 510y, SN, 81, ALy, 200y, TaxOs, TiOy, HEO,, NbOy, and Mgl

ez
ot
&
it
g
e
oo
prr ey
e
4 w

The frst laver may include rows of a thind material alternating wi
spaced-apart tows of the first material and extending along the first divection, the third

material being different from the first material. The third material may define g

the substrate, and the Sret material may be disposed within the trenches. The

third materials may be dicleetrie materials, Por example, the fivst material may be

selected from the sroup consisting of $105, SNy, 8§, AlLGy, Zr0y, Tanls, 110, HIOs,

g, The first material may further be a nanolaminate aaterial, &

i

swerisl may be disposed between the rows of the first layer and the rows
of the socond Taver. The layer of the first material may be contiguous with the rows
£ the first material of the first laver. Anantireflection flm may be disposed between
the laver of the first material and the rows of the sevond material of the second layer.
The second layer may include rows of a fourth matesial slternating with the
spaced-apart vows of the second material and extending along the secoud di;‘ectim‘;,

The fourth material may

"

thie fourth material being different from the second material.
define u suhstrate, the rows of the fourth muterial may be defined by walls « of trenuhes
within the substrate, and the second material may be disposed within the

The second and fourth materials may be dielectric materfals. The first matertal and
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second materials may tnchude one or more materials selected from the group
consisting of S0y, SN, 81, ALOy, Zr0s, TaaOs, TI0;, HIO;, Nhall, and Mgk,

oo a2

An augle betweey the first and second divections may be gt least gboat 1Y
For example, the angle may be at least about 207 The angle may be abouat 397 or less,

~

For example, the angle may be about 707 or less.

An anele between the first and second directions may be about SU7 or less,
For example, the angle may be about 70° or less.

The first fayer may be a monclithie layer. The Brst muaterial of the first layer
may b 2 nanolaminate material, The second layer may bo a monolithic layer.

An antireflection flm may be disposed between the first and second layers.

The st and second layers may sach independently have an optical

~

retardation of at leust about 1 run for Heht of the wavelength A, For example, the st
anid acoond lavers may each independently have an optical retardation of at feast abuy
the wavelongth A, or the first and second layers may each
‘mq‘cmimii fave an optical retardation of at Teast about 10 nm for Hght of the
waselenuth &, or the first and second layers each independently have ag op stigud
setardating of at feast about 50 nm for Eght of the wavelength A

The wavelength & may be between about 400 nm and about 704 nm.

The wavelength A may be between shout 1,200 nim and about 1,600 nm.

ru.A

{ine of the first and second fayers may have an oplical retardation that i8

siardation of the other laver, and & difference between the

Foews

proglor than the optical

o

optical retardations of the first and second layers may be at least about 1 nm 1 for light

of the wavelongih &, The wavelength A may be between about 400 nm and about T0U
n.

One of the fiest and second lavers may have an optical retardation that 1s
greatey than the optival retardation of the other Tayer, and a difference between the
optical retardations of the first and second layers may be at least ahout S am for light

¥

# the wavelangilt A

A porabined thickness of the fivst and second layers may be abons ¥ microns oy
fess. For sxample, the combined thickness may be abotst & microns or less, o about 3

microns or leas. The first and second layers may each independently hay

(S}
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of about & microns of less. For example, the first and second layvers may each
independently have a thickness of about 1 micron or less, or shout 300 nm or ess,
Centers of sncoessive rows of the first layer may be spaced apart by abowt 400

o

um or less, For example, centers of suceessive rows of the first layer miay be spaced

spart by abowt 200 nm or fess.

The first laver may retard incident radiation at wavelength & by an amaumt Ty,

bish
e
o)
4
2
p-a
fot
s
=
fprrg
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the second fever may retard nvident radiation at wavelength A by an &

4 - £ RS

Uy and Py may each be af least about o/, For example, at least one of Pyand Uy omay
Bt least aboot /2. As another example, one of [y and Py may be aboat wid arud the
gther of Ty and Uy may bo about n/2. A third layer may be supporied by the second
er ansd may include spaced-apart rows of a third material extending aloug a third
i“»‘\'f"\*'\ §i~-i 5 W~ i i ‘i E: t w{} {“\rwt; -i 3¢ -i.-i g AR Ei &>
ction that % non-parallel with at least one of the first and second directions, the

or wyay be hiveftingent for light of wavelength & propagating aleng an axis

ot
oo
o
=
[
o
P
14-
!”v

Trat, sceond, and third layers, and the third Javer muy retard

f

incident radiation at wavelength & by an amowst [y that is at least about wis. For

\ T

examprle, al least one of U, Ty, and T may be s it least about w2, The third divection

may be non-paraliel with both of the first and second directions. The ar ritcle may

retard incident radiation at wavelengths A, and s by respective a wonate 1 and Bs,

-

s X i H I Yy Y ¥ B . 20
where { &y ~ 4 }may be al feast about 15 nnn, and Dy and s mav be substantially

,
o

The article may retard incident radiation at wavelengths 3y and %2 by

rospoctive amonnis Uy and Ty, wh m‘c] Ao A i may be at least about 15 am. by amd s

may be sabstantially equal. and both .y and As may be in 4 range from about 15380 nm

p

£

to ahout 5,000 mm. For example, [A %o | may be at least about 30 nm, oy at least
shout 75 rwn, or at feast about 100 nm, or at least aboet 200 nm.

-

vetardance exprossed by E 1~ | may be about 0.03% or less, for example, such as

ahont 0.027 or less, or about 0.01x or less. A system that includes the article may also

include o polarizer, where the mticle and polarizer are configan xd o that during
operation the polarizer substantially polarizes radiation of wavelengths &, and & prior

to the radistion heing received by the article. The article may transmit radiation

received by the asticle and the systems may further include a seonnd polarizer

A
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configured so that during operation the second polarizer receives radiation after the

radiation is ransmitied by the article.

vsier that includes the article may alse inclode  polarizer, where the

article and polarizer are configured so that during operstion the polarizer subsantially
polartzes radiation of a wavelength & prior to the radiation being received by the

article. The article may fransmit radiation received by the article and the system may

further {nclude g second polarizer configured so that during operation the second

5% 1
e

sedarizer reoeives radistion after the radiation is transmitted by the article.

v 3

he myvention features an article that includes g first layer
o

$

iy another aspest,

s

including spaced-apart vows of & first material, the centers of adjacent rows of the firat

materia! being spaced apart by about 400 nm or less, and a second laysr supposted by

T X

the first layer, the second layer comprising spaced-apart rows of a second material,

(,',»

the conters of adincent rows of the sceond malerial being spaced apart by abowt 400

arm o less, where the rows of the first laver extend along a fivst direction and the rows

of the seeond layer extend along & second direction non-paraiiel with the fiest

divestion,

Bahodiments of the article may include one or more of the following features
- et

~

and/or features of other aspects. The article may retard incident ra

o3

shation gt

wavelengthe Ay and Xy by respective amounts I'y and Ty, w im:: Phy—As i may boat

least abont 18 nm, U and T2 may be substantially cquai and hoth Ay and 3o may be

1 “

hetwoen about §50 mm and about 5,000 nm. For example, {h¢ 22| may be at feagt
ahowg 30 nny. Al least one of the first and second materials may mchude at keast one
diclontric material selected from & group consisting of $10;, SiNy, 81, ALy, LG

T, Ti0:, HEG,, NinQs, and Mgl

¥

At least one of the first and second materials may be 8 nanclaminate material.

o et B c .2 o
NG

In another aspeet, the inventon fratures an article that mcludes a fivst layer

comprising spaved-apart rows of a first material, aud & second layer support ted by the

X

)

first taver, the second layer comprising spaced-apart rows of a second m aterial, where

the rows of the first laver extend along s first divection and the rows of the second

i
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and s, where 5 Ay A2 1 at least about 13 nm, Uy and s are substantialiy equal, and
both 3y and X ave in a range from abont 150 mum to about 5,000 nm.
FEmbodiments of the article may include one or more of the fbliowing festwes

andior features of other aspects. At Teast one of the fivst and second materials way be a

nanolaminaie material, At least one of the first and second materials may include &t
feast one distectric material selected from a group consisting of $10;, SiN,, 81, Ak,

TG, Tan Oy, 10y, HED:, NbnQs, and My

tn snother aspect, the invention features an article that includes o form
birefringent grating oriented along a first divection, and & second gre ating supported by

the form hirefringent grating and oriented along a second direction non-paraliel with

sloneth A neident

Ped

the frst Birection, whers the article is birefringent for light of a wavs

the article, where A 18 in a range from about 130 nm to about 5,000 nw.

i
Lot

e

Oft
Frbodiments of the article may include one or more of the following foatures
and/or features of other aspects. The form birefringent grating can include rows

formed of g dielzctric material and extending along the first direction. The rows may

3.

e separated by trenches, and the trenches may be filled with a nanclaminate material,

The seeond grating may be a form birefringent grating.

& = Ly

-

‘The form birefringent grating and the second grating may be spaced apat by

-

about 2 ndorons or less,
in another aspect, the fnvention fealures an ¢ wicle that includes a first layer

ncluding spaced-apart rows of a nunclaminate m mterial, the rows of nanolaminate

material extonding along a first divection, and & second layer supported By the first
taver, the seeond layer including spaced-apart rows of a second material extonding

I

along a second direction non-paratlel with the first divection. Embodiments of the

article may include one or more of the features of other aspects,

$o

tn another aspect, the invention features a method that inchudes disp QRIRG 3
fivst fayer over a second layer, the st layer including spaced-apart rows ol a frst

material and the second layer including spaced-apart rows of a socond material, sach
tayer being independently birefringent for ght of'a wavelength & propagating along

i

ke

an axis fhat intersects that faver, where disposing the first layer over the second fayer

5

inctudes disposing the rows of the first layer along & first divection and disposing the
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rows of the second laver along a second direction nop-parallel with the first divection,
and where & 18 o a range from about 150 nm to about 5,000 nm,
Embodiments of the method may melude one or more of the following
featores and/or features of other aspects. The method may further include forming the
spaced-apart rows of the second material. Forming the spaced-apart rows of the
second material may include depositing the second material within each of mulliple
spaced-apart trenches disposed within a substrate. The second matenal may be

N %

deposited using atomic layer deposition, Alematively, depositing the seconsd material
nay include forming the second material as 1 nanolaminate within the spaced-apart
renches,

The method may further inctude forming the spaced-apart rows of the fiest

material, The subsirate may be a sccond substrate and forming the spaced-apart rows

of the first material may inclode depositing the first material within each of multiple

spaced-apart trenches disposed within a first substrate, where the trenehes of the first
substrate extend along the first direction and the trenches of the second sebstrale
extond along the second direction. The first material may be deposited {n the trenches
using atomic layer deposition. Alternatively, depositing the st material may inchuie
forming the Sirst material as a napclaminate within the spaced-apart frevchies of the
first substrate. Disposing the first layer over the second layer may include depositing

the frst cubatrate over the second fayer,

=

Loin

The method may forther include forming a second muaterial laver of the seeon
material prior o disposing the first laver over the second layer, the second mateniad
Laver being formed over the spaced-apart rows of the sceond material within the
oy B A3 i o -3 S . . o RSN O h ey - . T B N LT g >
trenches, and where disposing the first laver over the sccond layer includes slisposing
the first fayer over the second material layer,

The method may further include forming an antireflection Hiim on ol leadt one
of the first and second layers, where disposing the first layer over the second tayer

X

includes disposing the first laver over the second layer so that the antive

e
L

~ction fayer
is heyween the first and sceond layers.
in another aspect, the invention featares a method that includes Raming # first

chuding spaced-apart rows of a first material using atomic layer deposition, the
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- . S

roees of the frst material extending along a first divection, and disposing a second

iiL,

Ezzys::r over frst layer, the second laver including spaced-apart rows of a secon
ong » second direction non-paralie! with the first divection.

Embodiments of the method may include one or more of the llowing
foatures andfor features of nther aspects. The first materis! may be a nanclaminate
material.

Farming the spaced-apart rows of the first material may include depositing the
first material within each of multiple spaced-apart trenches, the trenches extending
afong the first divection. Forming the spaced-apart rows of the first material may
further include depositing o layer of the first material that extends over at feast som

of the spaced-apart rows of the first material. Disposing the seoond layer over the

rows of firsl material may include forming the spaced-apart rows of the seoond

material over the first laver, and may further include forming an antiveflection film
pver the finst layer prior to forming the spaced-apart rows of the second waterial.

Fonming the s;3sss:c:&§~apm‘i rews of the second material may inclade depositing the

5

second material within sach of mudtiple spaced-apart trenches that extend along the

second dircotion. The second material may be a nanolaminate material.

o~

tn annther agpect, the invention features an article that inclades a first grating

W

that is form bireftingent for light having a wavelength & less than about 2000 nm, and

a sevond grating positioned adjacent the first grating, the second grating also being

-

form birefrinzent for light having a wavelength &, whore the arficle is an schromatic

setarder for Hght in a range of wavelengths less than 28 O nm incident on the anicle

along a path that intersects both the fivst and second gratings.
Fmbodimenis of the ariicle may nchade one or more of the following features

sndior features of other aspeets.
In another aspect, the invention foatures an article that includes & first layer
including spaced-apart rows of a fivst material, and a nuabtilayer film adigcent the st

taver, where the first fayer and the multilayer film are each mndepen dently birefringend

for Heht of a wavelength A propagating along an axis that infersects the first layer and

the mubtilayer film, snd & s o a range from about 150 nm to about 3,000 nm,

P
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Fbodiments of the article may include one or more of the following features

anddor features of nther aspects. The article may further include o substrate supporting

r and the muliilayer film. The first layer and the multilayer im may be

disposed on oppostie sides of the substrate. Alternatively, the Hrat layer and the
5 muditlayer $hm may be disposed on the sume side of the substrate. The asticle may

further include a second mulilayer fim disposed on an opposite side of the substrate

~

to the first nwitilaver filin, the second multilayer film being birefringent for hght of

wavelength X propagating along the axis that interseets the Hest layer and the

3

awltlaver Bim. The structures of the first and second muoltilayer fms may be

The first laver may be sapported by the nwitilayer Blm.

The multilayer film may be supported by the first layer.

A second laver may be disposed between the first taver and the multilayer
film.
15 Rows of the first faver may define a first plane and the layers of the multilayer

film may cach define a vespective plane puraliel to and offset from the first plane.

The multitaver fim may include alternating layers formed of second and thied

materials. At least one of the second and third materials may be s nanolaminate

material, The first material and at least one of the second and third materials may be
20 materials independently selected from a group consisting of 8i0s, SiN 8, ARG,

FrChs, Tals, Ti0:, HED,, NbOs, and Mgk,
The first laver may further include rows of @ second material alternating with
the spaced-apart rows of the first material. The second material may define a

satrate, the rows of the second material may be defined by walls of trenches within

foe
=
0

25 the substrate, and the first material may be disposed within the trenches,

faver may further include a fayer of the first material disposed between the rows of the

The multilaver film may include a total of at feast about 18 layers of each of

second and thivd different materials. For example, the muliifayer film may taclude o

3.

au  total of at least about 35 lavers of each of the second and third matenals.

tilaver film may sach be shout 100 wn thick or less.

,....
..‘

The tayers of the ol
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The article may further inclade a seeond layer that includes spaced-apart rows

o

of a seeond material, and the second layer may be independently Wrefringent for tight

Fmes

of & wavelengih & propagating along an axis that intersects the first and second layens

and the maitilayer film. The rows of the first material may extend along & frst
direetion and the rows of the second ayer may extend along a second diveciion non-
narsiiel with the first direction. The first and second Tayers may be disposed on g
common aide of the multifaver film, Altermatively, the firstand sevond layers may be
disposed vn oppusite sides of the muoltilayer il An angle between the Hrst and

secord dircrtions may be aboot 807 or less. For example, the angle may be about 709

or less. The angle between the frst and second directions may be about 197 or more.
For example, the angle may be about 20% or more. The first and second layers
together may retard incident radiation at wavelengths Ry and Xy by respective amounts

Uy and s, where § Xy~ Ra | may be at least aboot 1S am, Ty and T may be

substantially equal, and

both &y and 22 may be in a range Som shont 150 o to about

§,000 nm. For example, | Ay - 2o | may be at feast about 30 nm, such as at Jeast abou

-

ps

N {4 N

73 am, or ai least about 100 nm, or at least about 200 nm. The retardation difterence

¥

¥y - T | may be about 0.03% or fess, such as about 8,02 or foss, oF

N

fx
s
3
p
by
s &
w2

ahout (1.01r or lesy, The article may further include an antirellection film disposed
hetween the multilayer film and the first and second layers. A cowbined thickness of
the first and second favers and the maltilaver film may e about 10 microns or less. A
total thickness of the muliffaver film may be about 2 microns or jess.

waltilaver fim may inclode a plurality of lavers where alternating layers

ae

have di

bote,

ferent refractive indexes at 2 and cach of the plarahty of fayers inthe

multiiaver fim has g thickness 1o a range from about 2 nim to abowt SO0 o,
In another aspoct, the invertion features an optical retarder for Bght having o

Ed

wavelenath of about 5,000 nm or less, the optical retarder including a form
birefringent a-plate for radiation at & wavelength 2, and a form breetringent e-plate for
radiation ai &, where 2 is about 5,000 mmn or less,

Hathodiments of the optical retarder may nclude ong or more of the following

features mndior features of ather agpects,
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In another aspect, the invention features a method that includes w

o7

ing atomie

P
L

"t
¢

or deposition 1o deposit & multifayer film on a sorface of a substrate, where the
smahilaver flm i a form birefringent c-plate for light having a wavelength 4 and A ¥s

i & rangs o ghont 150 nm o about 3,000 nm,

5 Bmbadiments of the method may include one or more of the following
features andior features of other aspects. The substrate may inclode a form birefringent
a-plate, where the g-plate is birefringent for Hght having wavelength A

The methed may further include forming & form birefringent a-plate on the
muitifaver fhm, where the a-plate is birefringent for light of wavelength A

10 Embodimeonty of the articles may include one or more of the following
advantages. For example, embodiments may includes optical retarders that ave
formed entively from non-organic materials (e.g, non-organic dielectric materials),

{on~-organic Opn\,ai retarders may be more durable than optical retarders that inchude
organic materials, such as organic polymers. For example, non-organie materials are

15 less suseeptible to degradation when exposed to radiation for extended periods {e.g.,
iy intense andfor high energy radiation, such as ultraviole of vadiation). As avesuly
applications that uiilize the optical retarders may display better long Lerms poy rfonmance
than apphications that utilize organic optical retarders. As ap exampie, ong application
that typivally uses an optical retarder is o lght modulators {e.2., Liquad orvstal

s displays) in a projection display system. Moreover, such fight modulators are
typically exposed 1o interse broadband upticai radighion & pmif:mged. pericds {e.g.,
about 10,000 hours over the Hfetime of the system). Where non-organie relavders are
used in such a projection system, the system can exhibit more consistent performance
aver its Hifetime than @ system using an organde retarder,

25 Mon-orpanic optical retarders may also be less susceptible to envivommental

heazasds than comparable retarders that include organic materials. For example, many
organic polymerie materials ave susceptible to moisture andfor organic solvents, while
certain dicleotric non-organic materials are not. Accordingty, optical retarders formed
exclusively from non-urganic materials may be less susceptible fo moisture andfor

3¢ organic solvents than optical retarders formed from orgamic materials.

pa—
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3

In smbodiments, optical retarders can be used in high energy regions of the

cloctromagnetic spectrom. For example, due to the high stability of the matertals

when exposed to bigh energy radintion, and thelr versatility of the manufacturing

&3
N

process, nptical retarders can be made for operation in the uliraviolet purties of the

&  spectrum {eg., Fom about 150 nm to gboul 400 nm}. an gxample, optical retarders
can be made for use in photolithography tools which utilize radiation ai, o.g., about

193 nm.

Quitical retarders can include exclusively monolithic form birefringent layers

{e.g., Iavers with optical but not physical nanostructure). Monolithic layers may be

N

16 more mechanivally robust than phyvsically structured lavers, and bance less susceptible

-

ot

o defosts that adversely impact thelr optical performance, such as suratches,
Embodiments include optical retarders that are operative ever exiended

¢

wavelength ranges {e.g., about 100 nwm o more, ahout 200 mw or more, about 300 nm

or more, abont 00 nm or more). For example, some optical reterders may be
15 operative over substantially the entire visible portion of the electromagnetic spestrum.

hi some embodiments, optical retarders can have a substantially constant retardation

soress the extended waveleneth range {o.o., about guariey wave refardation across the
& t‘; facl

extended wavelength range).
Rrbodiments of optival retarders may be designed and fabricated for

20 operation at cue or more wavelengths within a broad wavelength ranges In particniar
thye versatility of the manufacturing processes used to fabricate the optical retarders i
adédition o the number of structural parameters of the optical retarders that can be
varied allow structures to be optimized for ¢ wavelength or wavelength band in the

ultravialet, visible, or infrared portion of the cleciromagnetic spectrum.  For example,

Tz
411

the thickuess, grating period, and grating duty cycle of a form-birefringent e-plate
retardation layer can be easily varied in the fabrication process, providing substantial

(exibility for forming optical retarders with specific birefiingence andior retardation

,

at a chosen wavelength of operation. Furthermore, a varjety of different materials oan
e used to form optical retarders, including nanolaminate materials, which allews
30 aubstantially Bexibdity in the refractive index of different porions {e.g., rows or

laverst of optical retarders.
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LS

vith relatively low mechanical stross can also be formed. For

£
-

Struchure

i

sxample. form birefringent e-plate retardation fiims can be formed on opposing sides

X

of o substrate, rather than on a single side, providing a more symmeiric structure that

hay Jower mechanical siress than an optical retarder with comparable optival

5 properties where the o-plate retardation film 18 formaed on one side of the substrat
Layers can be simultancously deposited on opposing sides of & substrate asing, for
xampie, atomic layer deposifion.

Cptical retarders may be relatively thin conpared o other types of optical

revarders with comparable optical properties {e.g., polymer or crystailine oplieal
10 rvotarders). Por example, the bivefringent retardation layers in un optical retarder can
Bave o totsl thickness of about 10 microns or less {e.g, about five microns or less,

abeut baeo mdorons or less)
Optical retardation lavers van be readily integrated with other components in

an optical svstem. For example, form-birefringent retardation layers cun be nrmed

15 on substntes that are subsequently integrated into, for example, a lguid crystal
display or a laser. As a vesult, the optical retarders can be used in optical devices with

relatively small form factors,

Optical retarders may be zero-order optical retarders. Zero-order opticat
rotarders can have larper ranges of incident operating angles andfor reduce
26 wavelength sensitivity relative to non-zero-order optical retarders
Optieal retarders can exhibit relatively small optical changes as @ fanction of
femperature over an operating temperature range. For example, optical retarders can
he formed fom material pairings that have complementary thermal properties. In
other words, material paivings can be selected so that variations in the optical

25 properties of one material due fo temperatuse changes can be offset by the variations

ey

s

in the optical properties of the other material.
The details of one o more embodiments are set forth in the accompanying
dravings and the deseription below. Other features and advastages will be apparent

3

fromy the desoription and drawings, and from the clams,
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DESCRIPTION OF DRAWINGS
FIG 1 As o cross-sectional view of an embodiment of an optical retarden
FIG. 1R is o perspective view of retardation layers in the optical retarder
shown m FIG TAL
FI3 2A s a plan view of g retardution layer in the optical retarder shown
FIG 1A,

e

FHA 2B is a plan view of a second retardation layer in the optical retarder

g

shurwn in FIGL LA

FIG 3 s cross-sectional view of another embodinont of an optica! refarder
FIG 4 is a oross-sectional view of a further embodiment of an optical vetarder,
FI(L 5 i a cross~sechional view of an cmboediment of a retardation fhw with iy

¢ axis ariented paraliel to the z-axis.
FIG: & {s a cross-sectional view of anothér embodiment of an optival retarder.

FICL T4 5 oross-soctional view of a further embodiment of an optical

pary
3
o
e

P
)
&%
RS
P

o
%
2

TH s g cross-sectional view of another embodiment of an optd
FICH 8A-8) are schomatic diagrams showing various steps i a process foy
fabricating retardation layers in an optical refarder.
P O i a schematic view of an apparatug for atomic layer deposition.
PG 10 1y & fow chart showing steps in an implementation of atomue layer
deposition.

X

FIG 11 i 8 crossesectional view of an embodinment of g ciroular polarizer that

X

is g schematic dagram of an embodiment of an optical pickup that

inclades an optical retarder

Fre
<
poma

FIG 1318 a cross-sectional achematic dagram of an embodiment of a Haguid

vy that includes a pair of optical retarders,

Like reference symbols in the vanous drawings indicate Hke glenents,
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DETAILED DESCRIPTION

Referving to FIG 1A, an optical retarder 100 incindes g first retardation layer
P10 angd @ second retardation laver 120, Both retardation favers 110 and 130 are
birefringent for incident radiation at a wavelength A, In general, A can be in e
wiraviolet {e.g., from aboat 100 mn to about 400 am}, optical {e.g., from abowt 400
nin to about 700 am), or mfrared portions {e.g.. from about 700 nm to about 20,00
mm) of the electromagnetio speetrum. A subsirate 130 supports first and secomd
retardation lavers 110 and 1200 & Cartesian co-ordinate system is provided for
reference and optical retarder 100 extends in the x-v plane,

Referring also to FEG 1B, FIG 24, and FIG 2B, first retardation laver 11
fcludes a series of spaced-apart vows 111 of a first material separated by a series of
spaced-apart rows 112 of 2 material different from the first material. Rows 11 and
112 hoth extend substantiaily paraiiel to the p-direction. Second retardation fayer 120
also inchudes 2 veries of spaced-apart rows 121 of a sceond material separaied by a
spaced apart-rows 122 of a material different from the second material. Rows 121
and 1272 hoth extend alony a direction al an angle ¢ with respeat to the y-direction, and

form & geating that is periodic in a direction that is at angle ¢ with respoct tu the x-
divevtion,

Rows 111 amd 112 have widths Ay and Ay in the x-direction, respectively.
Rows 111 aud 112 form aperindic grating in layer 110, The grating in layer HO has a
srating peried A g, which is equal to &+ A Rimilarly rows 121 and 122 have

2
H

widths Ay and Ave, respectively, forming a periodic grating w layer 1200 The

erating v layer 120 has g period Ay which s equal o Ao+ A Layer 100 and

Fayer 120 have thicknesses o and ¢ 1o the s-direction, respectively,
Lavers 110 and 120 are form birefringent for radiation having wavelengths
N A PR N B X . . . % e g .3 s 3 b O 3
greater than Ane. [0 other words, even though the materials composing fayers HO
and 120 ave optically isotropic at &, the structure of the layers {e.g., the alternating
spaced-apart rows} resalt in each layer being birefringent for radiation at &,
Accordingly, different polarization states of radiation having wavelength A propagate

e

throwugh lavers 110 and 120 with different phase shifts. For cach layer, the phase shift

i5
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between the erihogonal polarization states depend on the thickness of

&,

L o for laver 110 and o for layer 120, the index of refraction st A ol each

/”‘\

baver

C’S:’

3

portion in the hiyer, the grating peried in each Iayer and the grating’s duty cycle,
Acveordingly, for sach layer, these parameters can be selected to provide & desired

\

amoeunt of retandation of oplical retarder 100 to pmdnmi Light at a wavelength &

4 .

Fach retardation Jayer can be thought of as an effective uniaxial optical

('

matertal having a birefringence, AnfA), at wavelength A, which corresponds to i, -

s1.l. where 1, and a1, are the effective extracrdinary and effective ordinary indexes of

f

refraction, respectively, for that retardation laver. The effective extraordinary oo

corresponds to the refractive index of the fayer for radiation polarized paraliel to the

‘\
o

optival axis of the effective uniaxial optival material. In retardation layer 110, for

N 5

example, the optical axis of the laver is parallel to the y-axis. Accordingly, for this

< '

tayer, the effsctive ordinary index of refraction Is the index of refraction experienced

By radiation having s oleciric field polavized parallel o the x-axis, whilg the effectiy

" Py

xiraordinary index is the index of refraction experienced by radiation having its
eloctric polarized paraliel to the y-axis. In retardation layer 120, the optical was is ot

an angle ¢ with respect 1o the y-axis, parallel to portions 121 and 122, Reterdation

fayers 1EG and 120 are examples of so called g-plates, having their optical axes in the

plane of the respective layers, the x-y plane.

{n general, the values of #, and 7, depend on the ndexes s of refraction of the

portions in gach layer, the width of each portion in the layer, and on the radiation
wavelength, A, Without wishing to be bound by theory, the ovdinary and

extraordinary index for sach refardation layer can be determined secording to the

cruations;

>
2 4 i3 ¢ .
.f‘E{ .*3,1 3 L { i
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where o and J respectively correspond fo Ay and Ay for laver 110 and to Ay and

Ayyy for laver 1200 ay and mp corrospond to 1y amd nyg, respectively, for layer HO
and wyon, respectively, Tor layer 1200

i svme onvbodiments, Anypp andfor Ay are relatively targe {eg, sbout §.1
or mare, ahout .15 or more, abont §.2 or more, about .3 or more, sbout (.4 or more,
ahout 8.5 of more, about 9.6 or more, about 0.7 or more, about 0.8 or more, about 0.8
or more, ahout 1.0 or more). A refatively large birefringence can be desirable
embodiments where a high retardation andfor phase retardation are desired {see
elowl, or where a relatively thin refardation layer 1s destred. In certain

embodiments, Anye andior Anyy wre relatively small {e.g., sboot 8.05 or less, abowt

¥
by

(.04 or loss, ahout 0,03 or less, about (.02 or less, about 0.01 or less, about 0.005 or

.,,
et
&
A
o

foss, about Q.002 or less, 0.001 or less). A rafatively small birefringence may be
desvrable in ombodiments where g low retardation or phase retardation are desired,
andfer where relatively low sensitivity of the retardation and/or phase retardation to

variations in 1he thickness of retardation laver 110 38 desired. Ssyyp andior Aipp can
also be between about (.03 and about 0.1 {e.g., about 0.06, about .07, about 0.08,
about (.69,

In general, the ratio of Anyg to Amge can vary, In some enhodiments, S 18

approxinutely equal t© Anpe. For example, the ratio Arpyg’ &gy can be in s range
from about 1.5 o about two {e.g., ahoat .75 to about 1.5, such as about one}. In

<

certain embodiments, howaver, Anne can be relatively targe, while Angn can be
relatively stoall, For example, the ratio Anyne! &g can be more than about two {o.g,
shout three or more, about four or more, about five or more, about s or more, abowt
gight or wmore, sbout 10 or more). Alternatively, Anpg ot be relatively small, while

5

Aeryze i relatively large. Por example, the ralio Snwd A can be lexs than about 6.8

<

o

{e.g., about (1.4 or less, about 0.3 or less, about 0.2 or less, about §.1 or leas, abowt

The retardation of each retardation laver at A is the product of the layer’s

pe

thickness and s birefringence at . By selecting appropriate values for Sxge and

“

the o and/or Asgag and & the retardation of layers 110 and 120, respectivedy, can vary

17
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as desired. Insome embodinents, the refardation of refardation lavers 110 andfor

N

.

faver 120 iz aboot 30 am or more {e.g., gbout 75 nm or more, about HI0 s or more,

T £

about 125 nm ov more, about 1530 nm or more, about 200 nm of more, abou! 280

ar more, shout 300 nm or more, abont 400 mm o more, about SO0 am or move, about

[

1000 or more, such as aboat 2,000 am). In certain embodiments, the retardation of
favers 11O anddor 120 15 about 40 mwm or less (e.g., about 30 nm or fess, about 20 n oy
Foss, about 10 nm or Togs, abowt 3 nnnor less, about 2 rum or less)

In general, the relative retardation of layers 110 and 120 can vary. In some

smbodimenty, the retardation of Taver 11 can be about the sanie as the retardation of

10 layer 1360 ai A, For example, the ratio {Anne{d)d &R | can in & range from

P -

about 0.5 to abowt 1.8 (o, from about 0.75 to about 1.2S, suuh as

’1‘4
&2
@
A
=
s
o
ot
&
eupie’

However, in cortain embodiments, the retardation of layer 110 can be relatively large

compared to the refardation of fayer 120, For example, the ratio Anyalhd Nl AR

1

can be move than about 1.5 {e.g., about three or more, about four or more, about five

15 or more, abont six or more, about eight or more, about 18 or more). Alternatively, the
retardation of laver 110 can be relatively small compared to the refardation of fayer
120, For example. the ratio Aope{Ried Ane(A)d can be less than about .8 {e.g.,
abowut 0.4 or lesy, about 0.3 or less, about 0.2 or less, about 0.1 or less, about .03 or
foss)
20 0 some erahodiments, the rotardation of layver 11 andfor layer 120
corvesponds 1o A4 or A2
Retardation lavers 110 and 120 also have respective phase retardations, Vg
and P at wavelongth 2, which can be determined according to the equabion:
AAY- £, {2}
where £ 18 o for lver 110 and & for layer 120,
Cruarter wave phase retardation is given, for example, by T /2, while haif
wave phase rotardation is given by I = In general, phase retardation for & layer
3 may vary s desived, and is generally selected based on the desired end use

18
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application of optical retarder 100, 1o some embodiments, phase retavdation for fayers
110 anddor 120 may be sbout 2xor less {e.g., about ror less, shout 8.8 or less, about

8.7 ror less, about .67 or tess, sbout .57 or less, gbont 8.dror less, abowt Sz or

Y

1.

,.,.

fess, 0.2 mor loss, about 0.1 or Jess, about 0.05or loss, 0.0 ror less). In cortain
embodiments, phase refardation of refardation favers 110 andéor 126 can be more than
ZTafeq, about 3aor more, ghont 4 or more, sbout S or more}.

in some embodiments, one of the retardation lavers 110 and 120 hag halfwave
retardution at &, while the other retardation laver has guarer-wave retardation at A,

In general, the dispersion of retardation layer 110 can be the same or different
as the dispersion of retardation 1200 Dispersion of # layer refers 1o the dependence of
ne and 51, on wavelengih, The dispersion of each retardation layer depends on the
dispersion of the materials used to form the layers (e, the materials used to form
193 angd 1

rows 111 and 112 Indayer 110, and the materials ased to formy 121 and 122w layer

1200 and on the dimensions of the structures forming the lavers.

In general, the dispersion of an optical retarder can b measured using

methads known i the art. For example, a Mueller Matrix SpectroPolanmeter {e.8,
from Axometries e, 315 Sparkman Dy, Humsville, AL, 35816} that inclades dm are
tamp Helt sowree and a scanning monochromator can be used o messure a complete

\
i

set of polarization properties for a selected sample in @ spectral range from about 450
am to ahoat 300 mm. The dispersion or retwrdance for an optical retarder can, Tor
example, be messered for any wavelength in the shove range, vielding o retardance
dispersion surve for the retarder. Alternatively, or additionally, the dispersion or
retardance for eavh material used in the optival retarder can separately be measured
for any wavelength in the above range t yield separate retardance dispersion curves
for cuch of the materials. The retardance dispersion curves for the materials can then
e used, together with knowledge of the structieal parameters of the optical retander,

s

to cateutate the optical retarder’s dispersion according to effective medinm theory,

ey

\3

5

example. In some cases, both of these methods are used concurrently and the results
are comparcd,

Alternatively, or additionally, dispersion of an eptical retarder and/or
retardation layer can be determined using theoretical models to caleulate the

§0
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T

hirefringence of the oplical retarder andfor retardation fayer at different wavelengths.
For such calouiations, the values of the optical constants of the materials st different
wavelangths can be found, for example, 1 the Handbook of Optical Constants of
Solids, 1st edition, edited by Edward D, Palik, Academic Press, {1997}

v and duty

Wiglths RN ;’\;;’31 A 131s and 'A‘x‘ and ;.,hiﬁﬁL l‘}'.;i‘k}(a% \ o Ang g FLRE
eyules are selected based on the desired optical characteristics of retardation layers

5

110 and 126, respectively, Typically, periods Ajpg and Ayzg are less than A, so that

X z*s%;

('4;

retardation lavers 110 and 120 are form birefringent for radiation at &, Forg

Ao andéor Ay van be about 4.8 or teys {e.g., about (A or less, ghou
about G.44 or less, about .32 or Tess, about 023 or less, about 814 or less).
i some emhodiments, Ay and/or Azp 1 in a range from abouat 20 nm to
about 500 mm, For example, where optical retarder 100 s designed to operate in the
visible andior ultraviole! portions of the clectromagnetiz spectromy, Agg antfor Ay
may be in this range. Qo can be, for example, about 40 nm or more {eg., about 3
ran or more, about 75 nm or more, about 100 mm or more, about 123 nm oy morg,
ahoat 130 nm or more, about 175 nm or more, about 200 nny o move). Ay andior
Apag can be about 450 nm or less {e.g., aboat 425 nm or tess, about 400 wm or Juss,
about 375 ame or less, about 350 nm or fess, about 325 nm or less, aboot 300 ne or
less, about 278 mn or less, about 250 nm or lesy, about 225 nm or less). In certain

embodiments, Ay andior Ao can larger than 500 nm. A andfor A can beina

rangs from about 604 nm to about 2,000 nm when, for example, optical refarder 13
designed to operate in the infrared portion of electromagnetic spectruzn. For example,
Ay andior Apze can be about 800 nm or more {e.g., sbout 1,000 nm or more, about

1100 ran or move, about 1,200 nm or more). Ay andior Agp cint be aboul TR nm

A

o less {ep., about 1,600 nm or loss, about 1,500 mm o loss, about 1,400 mm or foay,
about 13 nm o less, shout 1,200 nm or less),
The period of the grating i layer 120, A, can be the same or ditferent as the

seriod of the grating in layer 110, Ane. In cortain embodiments, A 18

k3

approximately squal to Ayge. For example, the ratio Ave/Age can be in a range from

&

ghout 0.9 o about 1.1 {e.g., from ahout 0.95 fo sbout 105, such as sbout one}. In

A
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some embodiments, A is larger than Ayg. For example, Aae'Ane catt be about 1
or more {ig., about 1.2 or more, about 1.3 or muore, showt 14 ormore, showt 1.5 or

o, shout 1.8 or more, about two armore). Alternaiively, in cerfain embodiments,

s’

FSREY,
i X

o
{!C

Asag 1 smalior than Apg. For example, Ayae/dan can be less than abowt 0%

Ao

&£

about 0.8 or less, showt 0.7 or less, about 0.6 or less, abowt .5 or loss, abont 4 o

oy

fess, about 0.3 or less, about 1.2 or lesy, about §.1 or less)

sespeetively, in general, the duty eyele of the grating i layers 110 and 120 may vary
as desired. In some esnbodiments, the duty eyveles of the gratings in layers 110 andior

¥ o

120 are in a rangs from about 0.2 to sbout 0.8 {e.g., abont 0.3 or more, about .48 or

more, shout 1.5 or morg, or about §.7 or less, about 0.6 or less),

The duty eyele of the grating io laver 120 can be the same oy different as the

duty cyele of the prating in layer 11U, For example, the ratio of the duty cyvele of the
grating in laver 110 can be about 0.1 or more {e.2., about .2 or more, abowt 8.3 or
mare, about 0.4 or more, about 0.5 or more, about 0.6 or more, about (17 or more,
ghout 8.8 ar more, about .9 or more, sbout one or more, about 1.1 or more, about 1.2
ar maore, abwaat 1.3 ar more, about 4 or more, about 1.5 or more, shout LB of wuwe,
about two ar more, about three or more, about four or more, abowt five or more, about

six or more, about eight or more, about 10 or more} tmes the duty oyele of the grating

s general, thickness of can be the same or difforent as thickness 7 d andior &
can be less tan or greater than A. For example, & andéor ¢ "can be sbaut 8.1 X or
maore {o.¢., about 0.2 & or more, sbout 0.3 & or more, about .5 & or miore, about {8 %
or mnre, ahont A ormore, about 1.5 4 or more, sach as shout 2 A or more}. In cortam
crbodintents, ¢ can he ahout 30 nm or more (e.g., about 75 mm or more, about 100

fum of more, about 123 nm or more, ahout 150 mm or more, about 200 nm or more,

about 25{ nm or more, ahout 300 mm or move, about 400 am or more, about 360 nm
or more, shout 730 nm or more, such as about 1,000 nm). In some embodiments, ¢ e
can e ahont 30 nm or more (8.8, about 73 mm or more, about 100 am or more, abow

1

125 e o more, shout |50 mn or more, about 200 o or more, about 250 wn o

Sl
o)
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maore, about 300 nm or more, gbout 400 nm or more, about 300 nm or mwore, about

T30 nm or mwe, such as about 1000 nm).

el

Iri general, the relative thickness of layer 120 to layer 118 can vary as desired.

L.\’ 2
t"i
[
A-\n\\
2
o
Z
.
..(
L5

In some embodiments, lavers 110 and 120 have approximately the s

wy

For esample, &'d" can be I a range from abowt (1.5 to about 1.5 {e.g., frons abowt .75

!

o abont 1,25, such as about one). In certain emabodiments, laver 11O s nutably

I3

thicker than Iayver 120, For example, /¢ can greater than about 1.5 {e.g.. shoot 173

or more, ahout two or more, dhout three of more, abont four or more, ghoot five ov
more, abowt eight or move, about 10 or more). Alternatively, in some embodinents,

can be Jogs than abowt

I3

o’

tfayer 110 is notably thinmer than dayer 120, For example, dfd
0.5 {e.g, about 0.4 or less, sbout 8.3 or less, about 0.2 or less, about 8.1 or less),
n some embodintents, the combined thickness of retardation layors 118 and

v

120 can vary as desired. Generally, the combined thickuness of the retardation layers

5
3

refors to the thickoess of the retardation favers along the z-axis from the lower surface

15 of the lowest retardation laver to the upper surfuce of the top-most retardation layer,
For optical retarder 100, the combined thickoess of the retardation 'iaysm is equalto d
+ . o certain embodiments, the combined thickness of the retardation layers in an
optieal retarder can be relatively small. For example, the combised thickaess can bo
abont fve microns or fess {e.g., ahout four microns or fess, about three mitcrons or

30 less, abowt two niorons or less, about one micron or fess, about (.5 nderous o toss),
A refatively small combined thickness may be sdvartageous because H can provide
optical retarders with relatively compact form factors,

The aspect ratio of retardation ayer gratings can be relatively high. Aspect
ratio refers to the thickness of the respective layer (g,  for retardation Iaver 110 and

25 for laver 120) o the width ot one of the portions in the layer {e.g., A m
retardation laver 110 and Ay in retardation layer 1205, For example, &g sndfer
Ay can e about 201 or more {e.g., about 3:1 or more, shont &1 or maove, about 511
or more, shout 81 or more, about 10:1 or more}.

Relative orientation angle ¢ may vary. ¢ is typically sclected based on the

o2
3
i
et
7z
o
=
o
a

sived optical characteristics of optical retarder 106, ¢ can be detennined asing

theoreticed mudels {see discussion infra) andior by ompirical studies. In corlain
3
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eraboditnents, ¢ is relatively small. For example, ¢ can be about 20% or less {e.g.,

] o

aboat 18 o less, about 15 or less, about 12% or lesg, about 10° or less, about 8% or

o

teng, ahout 8% or fess, about 3° or less, shout 47 or less, gbout 3° or less, abowt 3% or

»

For example,

G

less), Allernatively, in some embodiments, {can be larger than 207,

can be about 25° or more, gbout 30° or more, about 357 or move, about 40° or morg,
ahout 457 or more, shout 50% or more, about 353° or more, about 6U7 or morg, abowt
65% v more, abont 707 ur more, about 73° or more). In cortain embodiments, the
rows in retardation laver 120 can be close to perpendicular to the rows in retardation
laver 110, For example, ¢ can be about 80° or more {e.1., about 85° or more, such ay
about 905,

i embodiments, the orientation angle & is selected based on the retardation of

rtardation lovers 110 and 120 at one or more wavelengths so that the retardation of

optical relavder ot those wavelengihs s at or close to & desired value, For example, m

some embodiments, ¢ Uy and T2 can be selected so that optical retarder 106 hag g
retardation Ve, that is substantially squal at two different wavelengths, Ry and R,
H B P I e ':" TRy e § g
i other words, 4t Ay, optical retarder 100 has 3 phase retardation Uy, while at
B, optical retavder 100 hag o phase retardation g, where Iy ~ e Fave example, in

some enthodiments, 17 - s is about 8.057 or fesy, about .03% o less, aboat $.03x
or less, about §.81x or less, about 0.008% or less, (.00 or less. In cerlain
gmbodiments, Uy and I vary by about 10% or less {e.g., about 8% or less, shout §%
or foss, shout 4% or fess, about 3% or less, about 2% or luss, about 1% or less),

Muoreover, values of P for wavelengths in a ronge of wavelengths AR are

sastant, For example, D for any wavelength &' in the range 83 can
pie, gy 3

perd

substantially

N ,,

wey from Uy by about 0,05 or less, about 003w or less, abowt G.02n or gy, abowt

o

0.0 or Tess, sbont G005y or less, 0.001x or fess. In some embodimen

ahout 10% or loss over the range AR {e.g., by about 8% or less, by about 5% or less,

X

by about 4% or less, by about 3% or less, by about 2% or lusy, by about 196 or less)
o b K = E
for o range of wavelengths that is about 20 nm or more {o.g., about 30 mr or more,
ahont 40 am oy more, sbout 50 nm or more, about 60 nm or more, about T8 nmy oy

more, about 180 mm or more, about 200 nun or more, about 300 mm or move, about

P
i
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00 nm or more, shoot 1,000 nm or more). Optical retarders where P s

&

substantially constant over a relatively large range of wavelengths {e.g., about 1) nm
or more’ 18 referred 10 as an achromatic retarder.

The location of &4 1n the cleclromagnetic spectrum can be destgnated by a

central wavelength, A, wlach 18 given by W(A + 220 I gonersd, 2. oan vaty 88

desired, and s typically selected based on the end use applivation of optical retarder
HH) For example, in telecommuntcation applications that use infrared radiation, X,

can be botween sbout SO0 nm and about 2,000 nm (c.g., between about 900 nm and

about 1000 pa, or from abowt 1300 nm and about 1,600 nm}. As another example,

whers optical retarder 100 i3 nsed in an eptical memory device {e.g., & compact dise

{CDY or digital versatile disc {DVD) device), A can be o the vistble portion oy near-

infrared portion of the alectromagnetic spectrum {e.g.. from about 400 nm to sbout
R0 mvnL As another example, where optical retarder 100 13 used a8 a component in g
lithography exposure apparatus, &, 1s typically in the sliraviolet portion of the
spentrum (.., o about 1530 nm to about 400 nmy},

Various metries can be used to characterize the phase retardation spectrum of
an opticad votarder, including, for example, the speetral flatness and integrated spetral
flatness of the specinum, and the dispersion slope of the phase retardation spectrum.

Speciral Hataess, A, of a retarder is given by:

x 1%, {4}

and i3 related to the vanation of & retarder’s phase retardation at Ay and Az Insome
crnbodiments, A can be relatively small. For example, A can be shout 10% or less
{e.2., about 8% or less, about 5% or less, about 3% or less, about 2% or less) for 4y

o) of abosnt 20 am or more (e, about 50 am or more, about 100 am or more, abowt

0 oF mOTelL

Integrated spuctral Batness, ol is given by

favy
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it
(5)
where
. &
¥ “ 3 & Ay £ o
I Hiid) g4 {0}
d e d ¥ S
Few Ao
Integrated spectral Hainess is related to the vanation of an optical retarder’s phase

retardation over the range of wavelengths from Ay to Sy In cortain ebodiments, o
can be refatively small. For example, o can be aboot 10% or less {e.g., about 8% or
toxs, about 5% or less, about 3% or fess, about 2% or less) for {4 — Ao of sbout 20 nm
or more {e.g., about 50 nm or more, abont 100 am or more, about 200 rwn or more}.

Another parameter that can be used to characterize an optical retarder from ity

5

phase refavdation spectrum is the dispersion slope, Ly, which is related to a Inear
compenent of the retardst’s phase retardstion spectrum over a spectral range defined
by & and Aa. #&p van be determined as a {it parameter 8 for o minfmum value of

given hy the equation

.“!
CE B AT A Y| T
IR Sy e \ §£7)
Rac
1
where
A A, .
A L& {8}
« ~ ,

7o
]
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X

and C i another fifling parameter. A small value of £y can be mdicalive ol g high

R

degree of achwonaticity in the retarder’s performance over the spectral range from Ay

P

oo
ad
[
owwa,
o
o
w

nearity of an optical retarder’s phase retardation spectruny 33 related o &
when ois minimized. A value of & close to unity indicates a substantially Hnear
phase refardation over the range A; to 4y, while & value of < glose to zero indicates
substantial non-linearity. I some embodiments, ¢ can be about .8 or more {&.g.
about .9 or more, sbout 0.9% or more, about (1.97 or more, about §.98 or more, abowt

.99 ar more) for WAy — &l of about 20 nm or more {e.g., about 58 wm or more, about

OO am or more, abowd 200 mm or R?Ht{}‘

lavers {10 and 120, and oriontation angle ¢ are selected to provide desived retardation
over wavelength range for one or move wavelengths in the range AR, The value o1
gach of these parameters can be determined wsing computer modeling technigues, For

example, in some embodimoents, the structure of retardation layers 1O andior 120 van

b

be determined using a computer-implemented algorithn that varies one or more of the

&

crating parameters unti] the prating design provides the desired retardation values at

;/,

P

4

%

the wavelengths of mterest. One model that can be used i referred o as

ii{l YEOUE

coupled-wave analysis” (RUWAY, which solves the governing Maxwell equations of

’ry:

the gratings. RUWA can be traplemented in a nomber of ways. For example, one

may use cemmercial software, such as G8olver, from Grating Development Uempany

s
S
o
u
7,
La
”..é
fi

X3, to evaluate and the grating strocture for fransmmissions and
reflections. Alternatively, or additionally, RCWA can be implomented to caloudate the
relative phase shift among different polarization states. Oue or more optimization
tecimiques sueh as, for example, direet-binary search i\i}i SY, simulated annealing
{3A), constrained global optimiration (CGOY, shuplox/multiplex, may be wed i
combination with the ROWA to determine the structure of retardation tayers 110 and
1248 that will provide desired optical performance for zach laver and for optical
retarder 100, Optimization techniques are described, for example, i Chapter 10 of

5 -

4. Press etal,,

1Ty

Recipes in (O the Art of Scientific Computing,” by W |
26
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3

University of Cambridge Press, 27 B4 (1992}, Examples of implementations of
ROWA gre described by L. L in “Muoltilaver modal method for diffraction gratings of

arbitrary profie, depth, and permittivity,” 1 Opt. Soc, A AL Vol 1 Nou 12, p 2581

3

1. G Moharam in “Analysis and applications of

Vol 73, No. S (1

193y and by 1L KL Gavlord and M

p—

optical diffraction gratings,” Proc. IBEEE,

Alternatively, or additdonally, effective media theory (EMTY can be used to
dovermine the approximate phase of radiation at vanious wavelengths that traverses
vetardation lovers 110 and 120 for ditferent values of parameters associated with the
strecture of retardation layers 110 and 120, Implementations of EMT are desoribed,
for example, by H, Kikada ot al., in “Achromatic quarter-wave plates using the

3

dispersion of form birefringence,” Applied COptics, Vol 36, Wo. 7, pp. 1566-1872

{19973, by W, Haggans ot al., in “Effective-mediun theory of zeroth order lameliar

gm.i'is'}gs i conioul n‘zf)‘uniingsﬁ’ § Opt. Sec A A, Vol 10, pp 2317-2228 (1993}, and
By H. Kikuta ot al., in “Abtlity and lmitations of effective mediom theory for

subwavelength gratings)” Opt. Rev, Vol. 2, pp. 92-99 {1995}

&2 R

I general, the materials used o form the spaced-apart rows in each
retardation laver can vary, Materials gre usually selected based on their refractive
index at the wavelength{s) of interest. Typically, the material forming rows 111 will

have a different refractive index from the material forming rows 112 at one or more

~

wavelengtls of interest. Stmilarly, the material forming rows 121 will typically have

a different refractive index from the material forming rows 122 gt one or more

In some embodiments, materials with a relatively high refractive index are
used to form one or more of the spaced-apart rows.  For example, malenials can have a
refractive index of about 1.¥ or more {e.g., abowt 1.9 or move, about 2.8 or more,
abont 2.1 ov more, about 2.2 or more, about 2.3 or more), Examples of materials with

o

y velatively high refractive index include TiO,, which has a refractive mdex of about

338 3t 632 a, o Tw0s, which bas a refractive index of 2,15 at 632 mn.
Alternatively, or additionaily, rows can be formed from waternals with g
refatively Jow refiactive tndex {e.g., about 1.7 orless, about 1.6 or less, sbowt 1.3 or

feas). BExamples of low indeyx materials include MgFa, Si0r and ALQOs, which have
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¥

refractive indexes of about '§..3’?, 1.4% and 1.65 at 632 nmy, rospectively, Varous

polvmers can also have relatively low refractive index {e.g., from about 1.4 w0 about
%)
in sewne embodiments, the material(s) used o form the rows have arefatively

s low ahsorption at wavelengihs of interest, so that retardation layer 110 andfor

3
retardation laver 120 has a relatively low absorption at these wavelengths, For

&

layer 110 anddor retardation layer 120 can absort about 5% or

~

esa, about 2% or less, about 1% or less, about 0.5% or less,

5 in th

T

a1 0.1% or Tess) of incident vadiation at wavelength

1 range A propagating pavatlel 1o the z-axis.

In general, the materials forming rows TH, 112, 121, sndior 123 can g hade
inorganic andfor organic materials. Examples of Inorganic matenals melude metals,
semiconductors, and inorganic diclectric materials (g.g., glass, 8iN, ). Examples of
organte muterials mclude organtc polymers.

2

18 Iy ernbodiments, rows 111, 112, 121, andfor 122 are formed from one or more

diclectric materials, such ax dielectric oxides (e.g., metal oxades), fluorides {e.g.,

metal Suorides), sulphides, and/or nirides {o.g., metal nitrides). Examples of oxides
suclude 810+, ALy, NbQs, THO:, 20y, HQ:, 51, a0, Erly, Seall, angd T,

Examples of Suorides include MgFs. Other examples include Zn8, SilNg, Sl
20 AN, TN, and HIN
Rows T1H 112,121, anddor 122 can be formed from a single material or from

1 3

multiple different materials (o2, composite matenials, such asn WAGCOMpPOsie

Rows 111, 112, 121, andior 122 can include crystaliing, semi-crystatiing,

25 anddor smorphous portions. Typically, an amorphous material is optically isotropic
and may tansmit Hght better than portions that are partially or mostly crystailine. As
ars example, in some embodiments, rows 111 and 112 ave formed from amorphous
saterials, such as amorphous dielectric materials {e.g., amorphous Tilkh o NS
rospectively). Alternatively, 1o certain embodiments, rows 1H are formed from a

30 ervstalline or somd-crystailine material {o.g., crystalline or semi-erystaliine 5i), while
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ayers 112 are formed from an amorphous matertal {e.2., an amorphous ¢

&

I

material, sueh asx T or S102)

2

o coriain embodiments, the materials used to form rows T and 113 are

clecied so that retardation laver 110 has a certain bivefringence at L. Similuly

i3

some cmbodiments, the materials used o formrows 121 and 122 are selecied so that
retardation Iaver 120 has a cortain birefringence at & In general, where a relattvely
favge birefringence for a retardation layer is obtained by using materials in adjacent
rows having substantiolly different refractive indexes. As an example, adjacent rows
can he formed using SI0; and MgF,, which have refragtive indexes of 1.45 and 1.1

at 632 vy, respectively. Conversely, where a retardation layer having o relatively
stall birefringence s desired, adjacent rows can be formed nsing materials having
similar refmotive ndexes. As an example, adjacent rows can be formed using 51y
and Tih, which has a refractive index of 2.35 at 632 nm. Posaible values for
birefringence of retardation layers 110 and 120 are presented supra

Ruforring now to other layers in optica retarder 100, in general, substrate 138
provides mechanica! support to optical retarder 100, In certain embodiments,
substrate 13 is transparent to Hght at wavelength Ay and Xq, transmitting substantially
all Helt foopinging thereon at wavelengths Ay and X (e.g., abont 9096 or more, abowt

08% or more, about 87% or more, about B9% or more, about 99.5% or morel.

In perwral, substrate 130 can be formed from any material compatib!
manufacturing processes used o produce refarder 100 that can support the other

lavers. In certain embodiments, substrate 130 15 formed from a glass, such as BKY

o

{available from Abrisa Corporation), boresilicate glass {e.g., pyrex available from

hes

A

Corning}, sluminositicate glass {e.g., C1737 available from Comning), or quartzfused
silics. In some embodiments, substrate 120 can be formed from a erystaliine material,

such as @ non-Hnear optical crystal (e, LINBO; or ¢ magnote-optical rotator, such ag

garnett) of a orysialline (or semicrystailine) sericondustor (6.8, S, 0P, or Gadsh
Substrate 130 can also be formed from an fnorganic material, such as a polvioer {C.g.

a plastic), Subsirates can also be a metal or metal-coated substrate.
I some embodiments, one of the retardation lavers can be formed in & swrlace

of the substrate. For example, referring to FIG. 3, an optical retarder 308 inchudes a

28
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retardation layver 320, where the form-birefuingent structure m the retardation kever i3
formed in a swiace 331 of a substrate 330, In particuniar, surface 331 includes &
number of trenches 321 (three of the trenches are iabeled in FIG 3) filled with a
material with a different refractive index from subsirate 330, Retardation laver 320
has a thickness in the wdirection of &, corresponding to the depth of trenches 321
Retardation layer 11 s formed on top of retardation layer 320,

Embodiments of optical retarders can include one or more additional layers,
For exampie, embodiments of optical retarders can include more than two retardation
layers {e.g., thres retardation layers, four retardation layers, five retardation layers or
more). In geveral, the relative orientation between the rows in cach adjacent lsyer can
vary and can he optimized so that the optical retarder provides desired optical

characteristics for one or more wavelengths, As an example, an oplics] retarder can

~

%

include a retardation layer having halfowave retardation at X disposed between twn

guarter-wave retardation layers. The quarter-wave retardation layers include spaced-

apart rows extending paraliel to the y-axis, while the halfowave layer has rows
extonding at angle ¢ with respeet to the y-axis, ¢ is selected so that the throe loyers
furiction a8 an schromatic quarter-wave retarder for a vange of wavelenaths, as
tescribed by S, Pancharatnam in “Achromatic Combinations of Birefringent Plates”
Proc, Indian Acad, Sei, 41, pp. 136-144 (19535}, for example.
in embodiments, optical retarders can includs one or more layers on a

substrate in addition to the retardation layers. For example, referring to FIG 4, in
addition first retardation laver 11, second retardation layer 120, and substrate 130, an
optical retarder 400 includes an etch stop layer 410, cap fayers 420 and 444, and

antircflection films 430, 430, and 460,

Freh stop laver 41048 formed from a material rosistant o ctehing procosses

yaed o eteh the material{s) from which rows 112 are formed (see discussin
The material{s} forming ctch stop layer 410 should also be compatible with substeate
£30 and with the materisls forming retardation layer 110, Examples of materials that

cun form eich stop layer 416 include HEO,, Si0:, ALOs, Tap(s, Tildy, 81l or metals

et
=
<
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The thivkness of etch stop layer 410 in the s-direction can vary as desived.
Typieatly eteh stop layver 410 is sufficiently thiek to prevent significant etehing of

;Y

substrate 130, but shoudd not be so thick as o adversely impact the optical
performance of optical retarder 400, In some embodiments, eteh stop faver i3 about
00 nm or less thick {e.g., about 250 mm or less, abowt 100 nm or less, abowt 75 mm or

ghout 30 am or less, about 40 num or less, about 30 wn or less, showt 20 nm or

7

Cap fayers 428 and 440 cover layers 120 and 110, respectively, and provide

smooth surfhess 421 and 44 tonto which antireflection films 430 and 450 can
respectively deposited, In general, the thickness along the s-divection and
composion of cap Iavers 420 and 440 can vary as destred, and are typically selected

s that the layers provide thelr mechanical fonction without substantially adversely
affecting the optical performance of retarder 400, In zome embodiments, cap Iayer
426 andfor cap layer 440 are about 30 nm or more thick {g.g., sbout 70 nm «r more

1 LY g

thick, about 13 nm or more thick, about 130 nne or more thick, aboot 300 nm oor

w/

£

move thick), Cap favers can be formed from dicloctiic matertals, such as diclecinic

oxides {e.g., metal oxides), fuorides {e.g, metal fuorides), sulphides, andfor nitrides
{e.g., metal nitrides}, such as those Hsted above.

In aptical retarder 400, retardation layer 110 and retardation layver 128 are
separated by & distance s, In general, v can vary, and depends on the thickness layers
faposed between the retardation lavers (e.g., cap laver 420 and efch stop laver 430 18
pptical retarder 4003, Typically, » ts abount 10 nm or more {e.g., about 20 nm or more,
ahout 50 nm or more, about 100 am or more, about 200 am or more), scanbe
reiativei} small {.4., about 1,000 ran or less, about 800 om or less, aboal 6 om oy

Y om or less),
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As avesult, the combined thickness, £, of retardation lavers 110 and 120 i

optical retarder 400 can be relatively small {e g, aboot 18 microns or less, sbout eight

" -

pHerons or less, abowl sy ndorons or less, sbout five microns or less, about four

microns or less, about three microns or less, about two microns or oss).
Mareover, the combined thickness, 7, of the all the layers on the ssde of the

he retardation lavers are disposed can be relatively small For example,
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T can be sbout 15 microns or less, about 12 microus or less {e.g., about 10 microns or

feoxs, abowt uw microns or less, about six microns or less, about five microns or lass,

Antiveflection films 430, 430, and 460 can reduce the rellectance of radiation
at one or more wavelengths of inferest impinging on aud exiting optical retarder 400

Antiretlection {ilms generally include onw or more favers of different refractive index.

46

)
ot
s
-../
v
o
pas]
o
(.

LAY

f?.,

Ax an example, one or more of antircflection films 430, 450, anc

from four alternating el and low index lavers. The high index layors can be formed

w

from Ti0z or TapOs and the low index layers can be formed from Siﬂg or Mgly The

P b

antirefRection films can be broadband antiveflection films or narrowhand sotivefiection

in some embodiments, optical retarders, such as optical retarder 400, have a

reflectancs of about §% or less of gl impinging thereon at wavelength A andior As

aF

1

{e.¢., ahout 3% or less, abowt 2% or less, sbout 1% or less, about 0.5% or less, sbowt
(2% o less). Farthermore, optical retarder 400 can have high transmission of light
&0

of wavelength &y anddor Ay, For example, optical retarder can transwmit abowt 85% o

mpinging thereon at wavels ength &, andior 24 {e.g.. about 30% or more,

jpoces

P.t
=
ply
et
ok

morg-af g
about 7% or more, abowt %% or more, about 99% or more, about 99.5% o more}.
Margerver, while the gratings forming the retardation layers in the foregoing

embodiments have a rectangular profile, o general, the graﬁing can have other

)
profiles, For example, the grating may have a sinusoidal, twiangular, trapesoidal {e.g.,

3

tapered), or sawiooth profife.

While the foregoing optical refarders include vetardation fayers that are have

properties carresponding to effective nndaxial aptical materials with the opticat axis

ariented i the plane of the retarder (Le., e-plates), embodiments can inclnde other
types of retardation laver. Por example, embodiments can inclade form birefringent

e-plates, which are form birefringent media having an optical axis substantially
perpendicatar o the plane of the retarder. Ar example of a form burefringent e-plate

is retardation film 500 shown in FIG. 5. Retardation film 300 inclodes alternating

fayers 510 and 320 having ditforent refractive indexes at A

[
1o
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Because the optical axds is orented substantially parallel to the z-axis,
adiation invident on retarder 300 along this direction propagates as ordinary rays

regardiess of the radiation’s poimzaxmn state. However, for radiation woident af a

non-norne angle, € the layers

on the polarization state of the incident radiation.
Lavers 10 and 520 have thicknesses day and dag, rospectively. Iu general,

“i

. are selected go that retardation film 500 has g desired biveftingence, dae

and dagg are approximately the same. For example, i some ewbodiments, the ratio

i a tange from about 0.8 1o sbowt 1.2 {e.g., in a range from abowt 0.9 to

Lon

ahout 1.1, such as gbout one). In cerlain embodiments, day is larger than dagg. For
example, the ratio dae'dsy can be more than about 1.2 {e.g., about 1.3 or more,
1.4 or mere, about 1.3 or more, about 1.8 or more, about two or more, abowt 1.5 o
nore, about three or more, showt four or more, about five or more}. In certan
ernbodiments, day andior dye 18 about S anyor more {e.g., about 10 nnt or mure,
ahout 15 mum or more, about 20 ron or more, about 30 nm or more, showt 40
more, ahout 30 nm oy more, about 60 nm or more, about 78 nm or more, about 88 nm
or more, about %0 nm or more, about 1 wn or more).

Lavers 310 and 320 are formed from materials having refractive mdexes nspy

and ng & A, respectively. Tn general, nspe is different from nge. The matertal and

refractive index of layers 510 and 520 can be the same as those listed with respect

11
i

rows 111 T2, 121, and 122 described supro with regpect to optical retarder 100, In
some smbodiments, one or both of layvers 510 and 520 are formed from a
nannigminaie material,

The effootive ordinary and extraosdinary indexes of refraction are given by kg,

{1ay and (3B}, respectively. @ and §i correspond fo dsip and o

ay vorrespond te Rap and Do, rospectively,

L B T some

£

Retardation {Tlm 300 has a birefringence Mnsgn =
erbodiments, Msee is relatively larpe {e.g., about §.1 or more, abowt 813 wrmorg,
shout .2 or more, about 9.3 or more, about 8.4 or more, about .3 or more, abopt 0.6
ar more, shont (1.7 or more, about 0.8 or more, about 0.9 or more, about 1.8 or mowe},
A velatively large birefringence can be desirable in embodiments where a fugh

S
3.2



5

%
En

1o
N

WO 2007/117323 PCT/US2006/062104

retardation andfor phase retardation ave destred, andfor where a relatively thin
retardation laver {5 desired. In certain emboduments, Amsag 18 relatively small {e.g.,
ahout 8.05 or less, about §.04 or less, abowt 0.03 or less, about 8.02 or less, abeut 8.1
o loss, shout 0,005 or less, about G.002 or less, 0.007 or less). A relatively soaall
birefringence may be desirable in embodiments where a low retardation or phase
retardation are desired, andior where relatively low sensitivity of the retardation
andfor phase veterdation to variations in the thickness of retardation film 3308
destred. Aisg can also be between about 8.05 and gbowt 0.1 {e.g., about (.06, showt
(.07, about QLOR, aboat $.09),

In corlain embodiments, Anseg is negative. For example, dtsep camt B ahount
negative with [Ang| being about G005 or more {e.g., about (.01 or more, about 8.42
ar more, about .03 or mere, about 0.04 or more, about (.03 or more, sbout (.07 or
miare, about 0.1 or more, about (112 or more, about 0.15 or more, about .2 or mors,
about 1.3 or more, about 0.4 or maore, about 0.5 or more). As i example, oplical
returder SO0 can tnclude alternating Jayvers of $102 gnd TIO2 with layer thickness of
about 20 nm esch. Por visible Heht, the refractive index of SI0; is about 1.53 while
the refractive index of THO, 18 about 2.13. Thus, based on equations {1a) apd {19}

¥

supra, i this case daggg i about 01

133

Film SO0 has thickness J° 1o general, & is selected so that retardation Blim

retards radintion ot 2 incident &t @by a destred amownt. In some embodiments, " can

be relasively thin, For example, & van be about five microns ov fess {o.g., about fowr
microns or lesy, aboot three microns or less, about two microns or eas, about one
micron or less, shout 0.8 microns or less, ahout 0.6 microns or fess, about 0.5 microns
v less, about 0.4 microns or less, about 8.3 microns or less, shoot 0.2 nucrons or lags,
shout 6.1 microns of fess) thack.

While retardation ik 500 iz shown as including nine Javers, 1o general, 8

: .

sumber of favers in @ form birefringent e-plates can vary as desired, Typicatly, form
bivefringent c-plates include about 10 to about 200 layers {e.g., abowt 15 or more
tavers, ahout 28 or move layers, about 30 or more layers, about 40 or more layers,

ghoat 58 or more lavers, about 60 or more layers, about 70 or more layers} {e.g., about
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N

1RO o fower lavers, about 130 or fower layers, about 120 or fower lavers, abowt 100
or fewer layers, about B0 or fower lavers, about 80 or fewer layvers)

Moreover, retardation film 300 can include ong or more mlditions! layers
having thicknesses different from dag and dyy andior layers formed from matenials
with refractive indexes different from nsie and neae. In genersl, the strovture of

retardation fili 300 can be based on theoretical models, and can be optimised to

provide & desived amount of retardation at one or more wavelengths based on the

Fxamples of form bivefringent c-plates are deseribed by M. Kitagawa and M,
Tateds tn “Form birefiingence of $10y T 05 periodic muolttdayers,” Appl. Opt,, Vol

24, Noo 24, pp. 3358-3363 (1983

k3

An example of an optical retarder that includes both o-plate retardation layers
and o-plate retardation layers is shown in FIG 6. The structure of optical yetarder 60(
corresponds to the structure of optical retarder 400, except that a c-plate retardation
filmz 620, rather than antireflection Bim 430 is disposed on top of cap layer 44HL An
antireflection film 620 ix disposed on retardation film 610,

The combined thickness £ of optical retardation layers 110 and 120 and optical
vetardation film 610 can be relatively small. For example, ¢ can be about 15 microns

A

o tess, about 12 microns or less (e, about 10 microns or less, abe

In peneral, the respective location of the retardation layers in optical retarder

a

G060 can vary as desired. For example, while both a-plate retardation layer 120 and o

pde ¥
e
W

plate retardation layer 110 are both positioned between o-plate retardation i
and substrate 130, in some embodiments, a o-plate returdation filny can be positioned
between two e-plate retardation lavers or between the substrate and the s-plate
retardation layers. Moreover, optical retarders can, in general, include more or fewer
a-plate rotardation layers or more e-plate retardation films

The forepoing retarders include period arrangements of different materals,
However, wove generally, optical retarders (e, o-plate optical retarders, o-plate

optical retarders) can inclade non-pericdic arranpements of different materials

1,2
Lh



it
oo

oe

b

NI
e

2

a2
oy

WO 2007/117323 PCT/US2006/062104

additional, or as alternative to, periodic arrangements. For example, e-plate optical

N

retarders can include regions of periodicity vasiation {e.g., chirped grating structures),

g

Ontical retarders of o-plate type can also inclade norepeviodic arrangoments of
differont materials, As on example, a e-plate optical retarder can be fabricated having
alternating lavers of s high index material and 8 low index mutertal (referred fo a3
Bilayers), the high index lavers having thicknesses of sbouat 1) nm and the low index
favers having thicknesses of about 15 . A stack of about 80 bilayers can be

produced. Atop the stack, an alternating sequence of high and low index layers can be

deposited, the high and low index fayers having variable thicknesses to provide & momne

periodic portion of the oversll structuwre. For exarnaple, the thicknesses of the layers
can he selectad to vary in a regular manner 1o provide a chivped variation in ndex of

refraction

While the foregoing optics! retarders inchude retardation layers on one side of
& suhsirate, embodiments can include retardation layers on opposite sides of s
substrate. Por example, veferring to FIG 74, and optical retarder
retarddation fim 720 and & second retardation film 730 on opposing sides of a
substrate 718, Retardation film 720 andfor 730 can include one or mere refardation
Tavers {e.g., a-plate retardation layers or layers forming a o-plate optical retardation

In some embodiments, relardation lavers andfor retardation lms can be

pixeilated, Is other words, the retardation luyers andfor retardation films cun inciy

~

fe

1

portions with structure that differs from other portions. The portions gre reforred 10 as

pixels. For example, a pixellated a-plate can inclde portions with where the spaced

3

apart rows of material are oriented along ditferent directions. The spaced apart Tows

~

of different portions can be, for example, oriented at about 43° or at aboet B with
respect to cach other. Alternatively, or additionally, 8 pixeilated a-plate can mehude

pixets with different grating periods.

eplute retardation films can also be pixellated. For example, a pixetlated -
alate can include pixels with differing layer structure, providing differing retardation

woperiies.

vemn
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Refarring to FIG 7B, an example of a pixellated optical retarder 7000 15

g+

showsn, Optical retarder includes a substrate 7001, and two pi\&iami retardation

(20, Retardation layer 7010 includes pixels 7011, 7018, T3,
014, and 7018, while retardation laver 7020 includes piaels TO21, TO22, 7O23, T4,

5 aned TOS. Puisels 7011, 7012, 7013, 7014, and 7018 are registored with pixels 7021,
FORD, TOZR, F024, and 7025, vespectively, Although layers 7010 and 7020 are
depicted as including only five pixels each, more generally, the number of pixels in
each laver can vary as desired. In some embodiments, for example, layers can include

thousands o mitHons of pixels,

eih

& i peneral, pixels can be arranged in a one-dimensional array or a two-

dimensional arvay, The pixel size, namber and density can be selected 1o correspond

1o the pined size, number, and density of a pixellated device, such us a delector array
{e.g., for a digital camera} or a display device (e.g., v liquid crystal display devicey

While the pixels in retardation layers 7010 and 7020 are the same ares (in the

15

x-v plane), in some embodiments, pixels in different layers can have different are

.y
n

i cortain embodiments, the pixel arga Ut one layer can oo wrespomd to an infeger

[

sumber of pixels (e.g., two pixels, three pixels, four pixels, five or more pixels} in
another layer. In certain embodiments, one of retardation lavers con be pixeliated,
while the other Taver is not pixellated. A non pixeliated layer is referved t gw asingle

sixed layer.

n>
ko]

in general, aptical retarders con be fabricated using a variety of methods,
Omtical retarders can be formed using methods commonly used to fabricate

microeloctronic components, including a variety of deposition gnd Hithogy ;mhic

prty
(L
o
”“*,
p=d

safterning tectitigues. Flis 8A - &) show different phases of an exampl

)

preparation process. Inftially, a substrate 840 is provided, as shown I FIGL 28A. A

el
i

surfiice 841 of substrate 840 can be polished and/or cleaned (g, by exposing the
substrate 1o one or more solvents, acids, andfor baking the substrate},
Referring to FIG. SB, an etch stop layer 830 is deposited on swrface 841 of

substrate 840, The material forming eteh stop layer $30 can be formed using ong of g

(%
pess

variety of technigues, ncluding sputtering (e.g., radio fregqueney sputtering},

evaporating {e.g., electron beam evaporation, fon assisted deposition (A1) slectron

Do

tad
%
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beam evaporation}, or chemical vapor deposttion {CVD) such g plasma enhaneed
CVD (PECVD), ALD, or by oxidization. As an example, a layer of HIO; can be
tepoaited on substrate 140 by {AD ¢lectron bearn evaporation,
Reforring to FIG. 8C, an intermediate layer 801 is then deposited on a swrlace
831 of eich stop layer 830, Portions 812 are etched from txtermediate lnyer 818, so

intermediation layer 801 15 formed from the material used tor portions 812, The

material forming mtermediaie laver 801 can be deposited using one of a vagiety of
techniques, including sputtering {o.g, radio frequency sputtering), evaporaton {e.g.,

election beam svaporationy, or chemical vapor deposition (CVD) {e.g., plasma
enhanced YD)
in certain embodiments intermediate laver 807 iy formed from a dielectric,

such as 510y, Diclectric lavers can be formed by using, for example, vapor deposition

methods, {o.g, CVD, such as plasma enhanced CVDY), evaporation muwthods {e.g,

electron beam or thermal evaporation methods), sputtering, or atomic layer deposition
{ALDY

i3

In general, the thickness of intermediate layer 801 ts selected based on the
desired thickness of the retardation layer that will be formed from infermediate layer
801,

Infermadiate laver 801 s processed to provide portions 812 of a subseguent
retardation laver using Hthographic techaigues, For example, pottions 812 can be
formed from intermediste laver 801 using electron bear Hithography or
photolithography {2, using a pholomask or using holographic techmgues),

in some cmbodiments, portions 812 are formed using nano-unprint
ii‘«tfm:>§§r{1p_uy. zgumg fo FIG. 8D, nano-tmprint lithography includes forming @ layer

%11 of intermediate fayer 801, The resist can be

o
e
s,
N’
w
.
Je
5
s
PN
o
A4S
o
prord
post
1o
o
2
e,
(.z

~

polvmethyimethacrylate (PMMAY or polystyrene (PR}, for example. Reformog to
FIG. 8B, o pattern is nmpressed into resist 12.}.«:, 820 using a mold. The patterned
resist laver 820 includes thin portions 821 and thick portions 822, Palterned resist

faver $20 iy then etched (o.g., by oxygen reactive lon etehing (RIE}, removing thin

ff’»:

porsions 821 to expose portions 824 of surface 811 of intermediate layer 801, ax



WO 2007/117323 PCT/US2006/062104

v”x

shown in FIG RF. Thick portions 822 are also etched, but are nol completely

\ v . \

rempoved. Accordingly, portions 823 of resist remain on surface 811 after etching,

Reterring to FIG. 8G, the exposed portions of intermediate layer 801 are

subseguentily eiched, forming frenches §12 i intermediate layver 801, The unetched

5 porttons of intenmediate laver 801 correspond to portions S12 of retardation lgyer 818
Intermedigte layer 801 can be etched using, for example, reactive ton etehing, fon

beam etehing, sputtering siching, chemical assisted fon beam etching {CAIBE), or wet
eteching. The exposed portions of imtermediate layver 801 are etched down to eteh stop
faver 830, which is formed from a material resistant to the etching method,

$13 formed by ciching is ¢t the thickness

3

/‘
oo
o

1 Accordimgly, the depth of trenches

7]
»

& SAi /8

e

'}

of portions 812, After ctching trenches 813, residual resist 823 is removed from
povtions 812, Resist can be removed by rinsing the article in a solvent (e, an
prpanic solvent, such as acetone or aleohol), by Gy plasima sshing, O, RiE, or ozone

cleaning.

sl
Pl

Etching can be performed using commercially-gvaitable egnipment, such as a
CPY 0s800DRM (available from Lam Research, Frement, CA).

Morse than oge efeh step can be used. For example, in some embodiments, &

two-step eich 18 used. An example of a two step etching process is as follows. A

substrate soch as & blank fused silica substrate, or & glass substrate having 2 laver of
20 SiOh of thickness about 1000 nm deposited thereon, is cleaned and prepared for

deposition. An aluminum laver of thickness approximately 150 nm 18 deposited

therepn using & high vacuum electron-heam deposition process. Atop the alurinum

taver, & thin laver of $10; having a thickness of about 30 nm is deposited using an

A

joneassisted deposition electron-beam deposition process. Subsequently, a process of

25 nanotmprint Hthography is initiated. Firstly, a resist layer of thickness about 156 nm

is apphed atop the 810; layer by a spin coating process, Secondly, a mold having a

thickness of depth of about 120 wm and a period of ahout 200 nim or about 1530 nm,
pressed into the resist layer and then separated thereftom o form a pattem profife, An
axygon reactive jon siching provess is then used to eteh the residual {recessed) restst

pose the 810, uver underneath. Next, a reactive ion eiching process gsing

e
&
5
2.
1%
=
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CHF, 15 used to eteh the 30 nm S10; layer using the remaining restst as @ mask.
Following thiz procesy, the remaining resist is removed by an oxygen ashing process,

e

In o subseguent step, the 810; layer is used as a mask to referentislly etch the
130 en ghaminum layer using a chemical etching progess based on Cla. Folfowing
5 this provess of aluminum removal, 310 is deop-otehed using the remaiuing aluminum

as a mask. 1t iy possible to eteh o a depth of up to abont 800 nm in $10; using the

136 alwvdoum mask. In s fnal step, the alumiman mask 13 removed using cither g

dry {Th) or wet chemical process

oferring to FIG. 8L, affer removing residual resist, material s depostied onto

e
3

the article, filling trenches 813 and forming cap layer 828, The filled tronches
arvespond to portions 814 of retardation layer 81 Material can be deposited onto

3

the article in a variety of ways, including sputtering, clectron beum evaporation, CVD

{e.¢., bigh density TV or atomic layer deposition {ALDY. Note that where csp layer

b

8241 is formed and tronches $13 are filled during the seme deposiiion step, portions
15 B13 and cap laver 820 are formed from a continuous portion of materiah,

Finally, additional layers 150 and 160, such as antireflection {tms ave

depostied onto surface 421 of cap laver 820 and surface 842 of substrate 848,
respectively, Additional lavers may be formed on layers 150 andior 160, For

cxample, the process desoribed above for fabricating retardation layer 810 may be

repoating to fabricate & second retardation layer ou a surface of the article.

N
3
i~y

Alternatively, or additionally, a o-plate retardation film can be formed on one of e

\ e

surfaces of the article. Materials forming the additional lavers can be deposited onto
the article by sputtering, clectron beam evaporation, or ALD, for example
Additional fabrication steps can be used at various points during the deseribed

25 process. For example, surfaces can be plasarized anddor layers can be reduced in

thickness by polishing {e.g., chemical mechanical polishing} or milling {e.g., using an
o beaml, for example. It some embodiments, multiple optical retarders can be
prepared simulianeously by forming & relatively large retardation laver on & single

substeate, which is then diced into individual units. For example, a retardation fayver

can be formed on a substrate that has a single-side surface avce about 10 square inche

[

o

or more {e.g., a four inch, six inch, or eight inch dlameter substrate). Afer forming

44
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the grating laver, the substrate can be diced into multiple nnits of smaller size {e.g.,
having a single-side surface area of about one square inch or less).
As discussed previously, inosome embodiments, holographic Bthography

%
¥

fechniques can be used o form o pattern in a layer of resist matenial on intermediate

faver 801, In these technigues, a photosensitive resist laver s exposed © an
iterference pattem fornted by overlapping two or more coherence beams of radiation,
usually derived from a laser Hght source. The varying light imtensity of the
interference pattern is transfirred to the resist material, which can be developed after
exposure o provide a patferned resist laver,

Holographie lithography can be used to generate @ period intensity pattemn by

f,ﬁ(a

interforing two coherent beams of similar infensity. The technigee s particularly
virsatile ax the period of the intensity pattern ean be varied by varying the angle at
which the two beams interfere,

Thenrctically, the period of the intensity pattern, 1, is given by the equation:

ot

LHS \n 11 ‘?
where 4, is the wavelength of the interforing radintion, » is the refractive index of the
medium in which the beams interfere, and pix half the angle sublended by the

interfering boams. Since T is proportional to 4y, fnterference patterus having

elatively short periods {e.g., sbout 300 nm or fess) can be formed by selecting a fight

sowrce with a relatively short wavelength {e.g., an argon laser ’hz:v:ing; output at 351
nm). Furthermore, the interference pattern pertod can be reduced by interfering the
two beams at relatively larse angles {e.p., @ aboul 43 degrees or more). For example,

fag

I

o

reeist can be exposed to two 351 nm beams with @ at about 61 degrees W provide

2

a grating having a peried of abowt 200 nm.

In somne smboediments, holographic Hthography can be performed w

ey

immersing the substrate and resist in a medin having a refractive index higher than

ihe refractive index of air. For example, the resist surface van be immersed in a Hguid

41
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such as water {which has a refractive index of about 133} or an organic gy

glveerin, which hag g refractive index of about 1.5)

Pacy

As menttoned previcusly, in some embodiments, layvers of opiical vetardery

~

can be prepared using atomic laver deposition {ALD). For example, refarring 1o FIG
5 9, an ALLD system 900 15 used to il trenches 912 of an intermediate article 801 {e.g.,
gomposed of o sobstrate, & cap layer, and a layer of @ series of spaced-apant rows) with

g nanolaminate maliilaver flm. Deposition of the nanolaminate maltilayer film

aecurs moenolaver by monclayer, providing substantial control over the composition

o~

and thickness of the films, During deposttion of 8 monolayer, vapors of a preécursoy
t  are infroduced into the chamber and are adsorbed outo exposed surfaves of porticns

812, the exposed surface of the etch stop laver or previcusly deposited monolayers

adiacent these surthees. Subsequently, & reactant ts infroduced into the chamber that

reacts chernically with the adsorbed precursor, forming a nwonolayer of a desired

The self-limiting nature of the chemical reaction on the surface can provide

A "

 of film thickness and large-area pniformuty of the deposited laver.
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Moreover, the non-directional adsorption of precursor onto gach exposed surface
provides for uniform deposition of material onto the exposed suwrfaves, regardless of

the orientation of the surface relative to chamber 910, Accordingly, the lavers of the

nanolaminate o conform to the shape of the trenches of intermediate article B01.
20 ALD system 900 includes a reaction chamber 910, which s comnected to

souroes 950, 860, 070, 680, and 990 via a manifold 930, Spurces 934, S04, 974, U8,

and 990 are connected to mantfold 930 via supply lnes 831, 961, 971, 981, and 991,

respectively. Valves 953, 962, 972, 982, and 992 regulate the flow of gases from

:

¥ contain &

L

sources U546, 960, 970, 984G, and W90, respectively. Sources 930 and 280

3 iy

”

h
(o]

first and second precurser, respectively, while sources 960 and 990 include & first

is

jE
e

reagent and second reagent, vespectively. Source W70 contains a carrier gay, whish
constantly Howed through chamber 910 during the deposttion process transporting
wrecursors and reagenis to article 901, while transporting resction byproducts away
from the substrate. Precursors and reagents are introduced into chamber 810 by

3% mixing with the carrier eay in manifold 930, Gases are exhausied frooy chamber 816

=2 5
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via an exit port 9458, A pump 940 exhausts gases from chamber 910 via an exit pord

ferperature of chamber 910, During depositif,m,, temperatare controbier 993 elovates

5t

the tempergture of article 901 above room tomperature. In zeneral, the temperature
should be suffiviently high to factlitate a rapid resction between precursors and

shonld not damnage the substrate. In some embodinments, the femperature

G

of article 901 can be sbout S06°C or less (o.g., about 400°C or less, sbout 300°C or

]

fess, abont 200°C or less, sbout 15070 or less, about 125°C or losy, about HEFO o

,M
o
[
')
it

Typicaily, the temperature should not vary significantly between differang

¥

portions of article 901, Large lemperature vanations cai cause vasiations mw the

$ 2

reaction rate hetween the precursors and reagents at different portions of the subsirate,
$

which can cause variations in the thickness andfor morphology of the deposited

favers, In some embodiments, the tomperature between different portions of the

deposition surfaces can vary by about $0°C or less {e.g., about 3070 or lesy, about

%

A o fegs, about 10°C or less, about 37 or less),

s

Deposition process parameters are controfled and synchronized by an

electronic controller 999, Blecironic controlier 999 is in conununication with
o femperatore controlier 995 pump 940; and valves US2, 962, 971, 982, and B2

Bleotronic controller 999 alse includes a user inferface, from which an operator can

set deposition process pargmeters, monitor the deposition process, and otherwise

nteract with systom 900,
Referring to FIG. 10, the ALD process 15 stavted {1005) when system 900
28 introduces the Hrst precursor from source 9501 into chamber 810 by mixing it with
carrier gas from sowres 970 (1010}, A monolayer of the first precursor is adsorbed
anio exposed surfaces of article 901, and residual precursor is purged from chamber
Q10 by the continuous fow of carrier gas through the chamber (1015} Next, the

o

svetem introdunes a frst reagent from sowree 960 into charaber 910 via mangfold 230

AN
e

30 (1020} The fivst roagens reacts with the monolayer of the first precursor, forming a
monclaver of the frst material. As for the first precursor, the How of carrier gay

7.
A
Lad
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\‘\

porges regideal reagent Fom the chamber (1025). Steps 1010 through 1034 are
vepeated unttl the laver of the first material reaches a desired thickness {1030%

In embodiments where the films are a single faver of material, the process
ceases once the laver of first material reaches the desived thickness (10333 However,

for a nanolaminate Hlm, the system introduces a scoond precursor inte chanther 910

through manifold 930 (1040}, A wonolayer of the second precursor is adsorbed onto
the exposed surfaces of the deposited layver of first material and carvier gas purges the

charnber of restdual precursor {1045). The system then introduces the second reagent
from source 18480 into chamber 1003 via mamibold 1013, The second reagent reucts

Los

1 the monotayer of the second precursor, Torming a monelayer of the seeond

material {1050}, Flow of carnier gas through the chamber purges residual reagemt

{1055). Steps 1040 throogh 1055 are repeated until the fayer of the second materiat
reaches a destred thickness (1060},

Additional layers of the first and second materials are deposited by repeating

steps 1060 through 1085, Onee the destred mumber of layers are formed {e.g., the

renches are filled andior cap laver has a desired thickness), the process ferminates
{170), and the coated articly 18 romoved from chamber 916,

Although the precursor is introduced into the chamber betore the reagent
during cach wyele in the process deseribed above, in other examples the reagent can
be introduced before the precursor, The order in which the precursor and reagent are
introduced van be selected based on their interactions with the exposed surfaces, Yor

example, where the bonding energy between the precursor and the surface i3 higher

s s

than the bonding energy between the reagent and the surtace, the precurser can be
introduced before the reagent. Allernatively, if the binding energy of the reagent is
higher, the reagent can be introduced before the precursor,

The thickness of cach monolayer generally depends on a number of factors.
For example, the thickness of each mowsolayer can depend an the type of matertal
heing deposited, Materials composed of larger molecules may result in thicker
monolavers compared to materials composed of smalier molecules.

The temperature of the article can alse affect the monolayer thickness, Fox

example, for some precursors, & higher temperate can reduce adsorption of a precursor

4
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onto a surface during a deposition cyele, resulting in a thinner monoelayer than would

be formed if the substrate lomperatore were lower,

+ precursor and tvpe of reagent, as well as fhe precarsor and reggent

dosing can alse affect monotayer thickuess. In some embodiments, monolayers of g
material can be deposited with a particular precursor, but with ditferent reagents,
resulting in different monolayer thickness for each combination, Similarly,
monolayers of a material formed from diffevent precursors can result in different
monolayer thickness for the different precursors.

Examples of other factors which may affect monolaver thickness include
purge duration, residence time of the precursor at the coated surface, pressure in the
reactor, physical geometry of the reactor, and possible effects from the byprodocts on

%

the deposited material. An wrample of where the byproducts affect the il thickn

are where g byproduct erches the deposited material. For example, HCL is a bypradact

when depositing Ti0: using & TiCly precursor and water as g reagent. HOT can oich

gy
oo
sy
e
L3

the deposited TH0, before it 18 exhausted. Hiching will reduce the thivkness o
deposited monolayer, and can result in » varying monolayer thickness across the
subsstrate if certain portions of the substrate are exposed to HO Jonger than other
portions {o.g., portions of the substrate closer to the exhaust may be exposed to

byproducts longer than portions of the subsirate farther from the exhaust).

Tepically, monolaver thickness is between about .1 nm and about five nm.
For sxampic, the thickness of one or more of the deposited monolayers can be about
0.7 saw or more {e.g., about 4.3 nm or more, about (.5 wm or more). In some
ertbodinents, the thickness of one or more of the deposited monclayers can be abowt
throe mn or loss (e, abowt two nm, about one nm or fess, about (L8 na or less, abowt
0.5 nn o less)

The average depusited monolayer thickness may be detenmined by depositing
a proset nusuber of monolayers on a substrate W provide 3 Jayer of g matenial.
Subsequently, the thicksess of the deposited layer is measured {e.g., by ellipsometry,
slectron milcroscopy, or some other method). The average deposited monclayer

thickness can then be determined as the measured layer thickness divided by the

womber of deposition eyeles, The average deposited menalayer thickiess may

4
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correspond 1o a theoretical monolayer thickness. The theoretical monolayer thickness

refers to a characteristic dimension of a molecule composing the monolayer, which

can b calenlated From the material’s bulk density and the molecoles molecunlar
weight. For example, an estimate of the monelayer thickness for SiGy 15~ 3037 nm,

I

5 The thivkness i estimated as the cube root of a formula unit of smorphous Sk with

'{J

density of 2.8 grams per cublic centimeter.

In zome embodinents, average deposited mimoia}-'er thickness can corrospend

tor & fraction of a theoretical monolayer thickness {e.g., about 0.2 of the thearetical
monclayver thickness, shout 0.3 of the theoretical monolayer thickness, about 6.4 of

X

10 the theoretieal monclaver thickness, gbout (1.5 of the theoretical monolayer thickness,

about 0.0 of the theoretical monolayer thickness, about 0.7 of the theeretical

menolayer thickness, about 0.8 of the theoretical monolayer thickness, about .8 of
the theoretion! monolayver thickness). Alternatively, the average deposited monalayer

thickness can correspond to more than one theoretival monolayer thickuess up o

about 30 times the theoretival menolaver thickness {e.g., about twice or move than the

e
n

theoretical monolaver thickness, about three time ov more than the theoretical
mannlaver thickness, aboot five times or more than the theoretieal monolayer
thickuess, about eight times or more than the theoretica! monolayer thickness, abowt

16 times or more than the theoretical monolayer thickness, about 20 times or more

N
%
E

than the theoretical monolaver thickness}.

Seer

Churing the depostiion process, the pressure in chamber 910 can be maintaine

at substantially constant pressure, or cap vary. Controlling the How rate of carrier gag

shrough the chamber generally controls the pressure, In general, the pressure should
he safficientty high to sblow the precursor {o saturate the surface with chemisorbed

a8 species, the reagent to react completely with the surface species left by the precursor

5

and leave belind reactive sites for the next eycle of the precursor. 1 the chamber

b 3

pressurs is oo low, which may ecour if the dosing of precursor and/or reagent 18 tos

rpes

low, anddor if the paump rate i3 too high, the surfaces may not be saturated by the
precursors and the reactions may not be seif limited, This can result In an tneven
3¢ thickness in the depostied lavers. Furthermore, the chambar pressure should not b so

s,
;1»

high as o hinder the romoval of the reaction products generated by the reaction of the

]
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<

precursor and reagent. Residual byproducts way interfore with the satwration of the
susface when the pext dose of precursor 18 infroduced into the chamber, In some

embadiments, the chamber pressure is maintained bebween about 0.01 Torr and abowt

N

100 Forr (.., between about (.1 Torr and about 20 Torr, between about 0.5 Torr and

.

& 10 Torr, such asghont 1 Torr

Cenerally, the amount of precursor and/or reagont introduced during each
gvele can e selected sccording to the size of the chamber, the ares of the exposed

subsirgte surfaces, andfor the chamber pressure. The amount of precussor andior

resgent inttoduced during each oyele can be determined empincally.

Py
)

The amuount of precursor andior reagent introduced during sach cyele can be
controlled by the timing of the opening and closing of valves 952, ¥6Z, OR2, and 992,
The smount of preaursor oy reagent introduced corresponds to the amount of ime
gach valve s open cach oyele. The valves should open for sufficiently long to
introduce enough precursor fo provide adequate monolayer coverage of the substrate

3

v, the amount of reagent introduced during sach oyele should be

ey

4
«7 £

yrigees. Simiboh

sufficient to react with substantially all precursor deposited on the exposed surfaces.
ttroducing more precursor andior reagent than I8 necessary can extend the eycle time
andfor waste presursor andfor reagent. [n some embodiments, the precursor dose
porresponds 0 opening the appropriate valve for between about (.1 seconds and abowt

3

so five seconds each ovele (g, about 0.2 seconds or more, about .3 seconds or more,
ahout 0.4 seconds or more, about 0.5 seconds or more, gbout 4.6 seconds or more,
about 0.8 seconds or more, about one second or move). Similarly, the reagem dose

ond o opening the appropriate valve for between about (11 seconds and

Fa)
&
=
o5
P
Crast
: 4
“’"J

ahout five seponds cach oyele (2.8, about 0.2 seconds or more, shout G.3 seconds or
2% more, about (1.4 seconds or more, about (1.3 seconds or more, sbout (.6 seconds or
hout 18 seconds or more, about one second or mare).
¢ hobween precarsor and reagent doses corvesponds to the purge. The
duration of each purge should be sufficiently long to remove risidual precursor or
reagent from the chamber, but i it is longer than this it can increase the cycele time

without henefit. The duration of different purges in each oycle van be the same or can

L
<o

vary. In some smbodiments, the duration of a purge is about 8.1 seconds or more

4F
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{e.g., abowt 0.2 seconds or more, about 8.3 seconds or more, about 0.4 seennds or
more, about .5 seconds or more, about 8.6 scconds or more, sbout 0.8 seconds or

more, abont one second or more, abowt 1.5 seconds or more, abogt twao secends or

more). Generally, the duration of & purge is about 10 secouds or less {e.g., abont eight
5 seconds or loss, about five seconds or fess, about four seconds or less, shout three

The time between introducing suocessive doses of precursor corresponds to
the eyele tme. The eycle Hme can be the same or different for eycles depositing
monolavers of different materials, Moreover, the eycle time can be the same or

J

10 different foroveles dep{)sit‘ing monelayers of the same material, but using different

i

"

about 20 seconds or less {e.g., abont 13 seconds or Jess, about 12 seconds or less,

3

abont 16 seconds or less, about § seconds or less, abowt 7 seconds or fess, about &
seconds or less, about § seconds or less, about 4 seconds or less, abont 3 seconds or

~

fess). Reducing the oyele time can reduce the time of the deposition process,

Eﬂ.‘

and 1o provide the desired deposition materials upon reaction with a reagent. In
addition, the precursors and materials should be compatible with the materis
which they ave deposited {e.g., with the substrate matertal or the material forming te
20 previously deposited ii&}’ﬁf}; Examnples of precursoss inchude ehlorides {e.g, metal
chiorides), such as TICL, SiCL, SiHCh, TaCly, HECH, (aCh and AlCY, Insome
ernbodiments, orgaic s;temgﬁmmds can be used as a precursor (e, Thethalgide, Ta-
ethaCxide, Kbh-othaOxide). Another example of an organic compound procursor i
{CHyRAL For S0y deposition, for example, sultable precursors inclade

butoxy), Tris(iert-pentoxy) silanol, or tetraethexysilane {THOS).

N
<

The reagents ave also generally selected 1o be conpatible with the ALD

process, and are selected based on the chemistry of the precursor and $ matertal, Por

ks

example, where the material is an oxide, the reagent can be an oxidizing agent.

gents include water, hydrogen peroxide, oxygen,

o,

Examples of swtable oxidiming a

'

prone, {CH AL and various aleohels (e.g., Bthyl sleokol CHROH) Water, for

&

Py
(]

example, 1y @ suitable reagent for oxidizing precursors such as TICl to obtaia TiGy,

pe

48
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AlCH to obtatn ALO:, and Ta-ethaoxide to obtain Tay(Os, Nb-ethaoxide o obtain
Nb O, HEC to obtain HIQ:, ZeCly to obtain Zr(, and InCh o obtain IO, I esch
cage, HOHis produced as a byproduet. In some embodiments, {CHi Al can be ased o
gxidize stlanol w provide $104.

o some embodiments, an optical retarder can be combined with a Hngar
polarizing film to provide a polarizer that delivers light of a certain non-hinear
volarization {e.g. cirenlarly polarized light or a specific eliiptical polarieation state}.

An t’:}:aﬁ'}}.}iﬁ of such g deviee is polarizer 1100, shown in FiG 11 Polaser 1108

ncindes polay 1110 {e.g., an absorptive polarizing Bhm, such as wodine-
stained jgfmfz}m‘iny}. aic{'}h{,ﬁ, or a reflective polarizer) and optical vetarder 1120, Film

1110 linearly polavizes ncident isotropic light propagating along axis 1114
Subseguently, optival retarder 620 retards the polarized Hght exiting polarizing film
{110, resulting in polarized Hght having a specific ellipticity and orientation of the

eclhiptical aves. Aliernatively, optical retarder 1120 can be designed o rotate the
sleciric field direction of the linearly polarized Hight exiting filmy 1110, Polarizer 1100
can be included in & vardety of optical systems, such as, for examuple, 8 hqud orystal
display (LUDY {o.g., a Ligeid Crystal on Sihicon (LCoS) LCDS

As another example, referring to FIG 12, in some embodiments, an optival

retarder 12190 can be included in an optical pickup 1201 used for reading andfor
writing o an optical storage medium 1220 {eg, 2 CD or BVDYL In addition to optical

retarder 1210, optical pickup 1201 also includes a light source 12380 {e.g., one ormore
Jaser diodes), a polarizing beam sphitter 1240, and a detector 1230, In some
emboediments, optical retarder has goarter wave retardation at wavelengths &5 and &g
{.g., about 860 nim and about 783 nm, respectively). Alternatively, or sdditionally, in
certain smbodiments, optical retarder can also have guarier-wave retardation at other
wavelengihs, such as about 405 nm for example. During operation, hight source 1230
laminates a surfhce of mediwn 1220 with incarty polarized radiation at Ay andfor A
g5 the medium spins (indicated by arrow 1321} The polarized radiation passes
through polarizing beam splifter (PBS) 1240, Optical retarder 1210 retards the
polarized radiation, changing it from lnearly polarized radiation to substantially

givcutarty polarized radiation. The cirenlarly polarized radiation changes handedness
B ¥y

49
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apon reflection from medinm 1220, and is converted back to fnearly polavized
radiation upon its second pass through optical retarder 1210, At bewn splifser 12440,
the reflected radiation is polarized orthogonally relative to the original polanzation
¢ radiation emitted From Hght source 12300 Accordingly fmim #ing beam
5  sphitier reflects the radiation returning from mediam 1224, directed 1 o detecior

1230, The retarder can be integrated with the PBS in this device, The PBS can be a

mietal wirg-grid polarizer.

Gt

in some enthodiments, optical retarders can be used as componenis in a Hgud

oryvstal display {(LCD). For example, optical retarders can be used to improve the

10 viewing sngle chavacteristics of LCDs. The transmission proporties of an LOB

ey

generaily depends on the angle of viewing for many modes of operation hased on a

P
ki,
P

i of Houid ervstal materiad, including, for example, twisted nematic {TH)
2 -~ k Loen]

Jomai,

fan f
LODs, verticalty-aligned (VA LUDs, bend aligned (BA)Y LD, and super-twisted-

nematic (3TN) LOCDs. Optical returders can be ysed o improve the viewing angle

15 characteristios of LODs by, for example, introducing compensatory retardation of off
anis Huht relative to on-axis fight,
As an oxample, referring FIG 13, an LOD 1300 inchudes, among other
components, an LO film 1310, optical retarders 1320 and 1330, a polariver 1340 and
an anabyrer 1342, Optical refarder 1320 inchudes an e-plate retardation fayer 1321
20 and a o-plate retardation film 13220 Optical retarder 1330 inclades an e pia‘k?

retardation layer 1331 and g e-plate retardation film 1332
The substrate surfaces (ot shown in FIG 13) of adiacent LC laver 1310 are

ated 5o that the LO molecules align substantially pa;aimi 1o the x-axis and yaxis

,,,,,
o4
(47
S
s

adiacent retardation layers 1330 and 1332, respectively. The optical axis of a-plate

25 retardation lover 1330 is substantially paratiel to the r-axis and the opticat axis of -
plate retardation layer 1332 is substantially parallel to the y-axis. The polarizer and
snalvzer are configured so that the display appears bright when no voltage is applied
across the LC film (e, the display ts normally white},

The a-plate retardation layers are employed to reduce the phase retardation

A dueto the LT reglons near the surfaces of the LO il The optic axes of the a-plates

are ahigned substantially parailel to the rubbing divections of the adjucent surtaces,
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The o-plate retardation

~d
]

the z-axis, The e-plate retardation films compensate for the effect of homeotropic LU

molecuies in the middle of the LOC flm when a voltage is applied to the film. In

general, the retardation of the cach of the retardation films and retardation fayers are

solected based on the retardation of the LC film. The retardation of sach Himdaver

cant be determsingd from theoretical modeting and/or empincally,

<
A

£ira

Viewing angle compensation of LODs 18 discussed further by B Yeh and €L Gu

in Optics of Liguid Crystal Displays,” John Wiley & Sons, Inc, New York (1999,
for example. Compensators are also described in Yeh et

5,196,953,

o

al, in LS. Patent No.

Furthermare, while the fureguing oxamples of LCD compensators ave in
relation to transmissive LCDs, more generally, optical retarders can also be used to

compensate other types of LCD. For example, optical retgrders can be wsed o
compensate reflective LODs, such as Baguid crystal on stitcon (LCOS) LU

Ty certain embodiments, optical retarders can be used in applications that
utilize aliraviolet radiation. Optical retarders may be relatively stable when exposed

to UV radiation, for example, when they do pot include any organic materials.

that

o

Accordingly, nptical retarders can be used as retarders 1 UV lasers and sysio

N a g e)
pae LI%

asers, such ag Hthography tools,

Oher ombodiments are iy the claims,

w5
—

films ave aligned with their optic axes subsigntially paraliel to

>
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WHAT IS CLAIMED IS

1. Agyarticle, comprising:

a fiest laver comprising spaced-apart rows of & Srst material, and

a accond layer supported by the first laver, the second layer comprising
spaced-apart rows of & second matertal,

wherein the rows of the first fayver extend along a first divection and the rows
of the second laver extend along a second divection non-paraliel with the fivst

<

direction and cach layer is independently bivefringent for light of a wavelongth &

propagating along an axis thal interseets the first and second layers, where X isina

wige from about 130 nm to about 5,000 nn

reg

2. The article of claim 1, wherein the first and second materials are different,
3. The article of claim 1, wherein at least one of the Hirst aud second materials is

4
3

a diclootyie waterial,

4, The article of claim 1, wherein at least one of the first and sevond materials &8

15
e
¥
v
-
‘»’”A
he
,’”‘ "
"bf
g
o
S,
e~
St
I

g dieclectric material selected from a group consisting of R0, BN,

Tap O, Ti00, HED, NB:Oy, and Mg

5. The article of claim 1, wherein st least one of the first and socond materials is
a nanciamingte material,
8. The article of claim 5, wherein at least one of the first and second materials 1

a nunolamingte material comprising one or more materialy selzeted from a group

conaisting of S0, SN, St ALQ:, 10y, Ta:0s, Ti0:, Oy, NuaQy, and Mgl

s

- L)

ok

he article of claim 1, further comprising a third laver supported by the second

>

laver and comprising spaced-apart rows of a thind material extending along a thind

~:)\

divestion that is ;103‘1«;331*;1’&1{:3 with at least one of the first and second directions and

whereln the thivd laver is birefringent for Hght of wavelength & propagating along au
axis that intersects the first, second, and third lavers.
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)

N, The article of glaim 7, wherein the thivd direction of the rows of the third

muaterial is puralle] with one of the first and second directions.

,.,,

G, The article of ¢labm 7, wherein the third direction of the rows of the third

material is non-paralisd with both of the first and second divections.

5 i The article of claim 7, wherein at least one of the first, second, and thind
materials comprises a dielectric material selected from a group consisting ot 5iQk,

SiNy, 81, ALGs, 00y, TaaOs, Ti0s, HED,, NbaQy, and MgFa.

i. x> arbicle of claim 10, whersin each of the first, second, and third materials i

i
;

h

s

3 nanolmninate moterial independently selected from the group consisting of 810y,

10 SiNg, B ALGH, ZrQy, Ty, TiOs, HEO,, NbOs, and Mgl

it The article of claim 1, whegein the first laver further comprises rows of a third

material alternating with the spaced-apart rows of the first materisl and extending

el <

along the first direction, the third material being difforent from the Hr$t material.

el

b

The ardole of claim 12, wherein the third material defines a substrate, the rows

L

»

F o . . . 3
H

of the third material are defined by walls of trenches within the substrade, aad the fust

oy
B

material iy disposed within the frenches.
14, The article of claim 12, wherein the first and third matesials are diclectio
matenals,

o

rom the group

’:2.,5
i

15, The articie of claim 13, wherein the first material i3 sclected

s conststing of SiCh, SiNgG S, AL, Zr0q, TaxOs, TiO,, HiD,, Nba(l, and Mgl

& WE & 3 Jts

14, The article of olatm 15, wherein the first material is a manolaminate material

17, Thearticle of claim 13, forther comprising a layer of the first matenal
disposed between the rows of the frst taver and the rews of the second layer,

P
g

1o artivle of claim 17, wherein the layer of the first material s contigaous

P
v
et

a~ o

28 with the rows of the first material of the first layer.

17
1l
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19, Thearticle of claim 18, further comprising an antiveflection film disposed

by

hetween the laver of the first material and the rows of the second material afithe

2, The article of claim 13, wherein the seeond layer further comprises rows of a
fourth material alternating with the spaced-apart vows of the second material and

exicnding along the second divection, the fourth material being diff

from the

F-‘?
=
ey

second material,

The article of claim 20, wherein the fourth material defines g substraie, the

o

rows of the fourth material are defined by walls of trenches within the substeate, and

the second material s disposed within the tronches

.

iole of elaim 20, wherein the second and fourth materials are disleciric

materiais

33 The article of claim 21, wherein the st material and second material

>

comprise one or more materiads selected from the group consisting of 810y, 81N, 8L

AbdTh, ¥x0n, Tax U, Ti0;, HIQ,, Nhalls, and MgF:.

24, The article of claim 1, wherein an angle between the Srst and second
directions 13 at feast about 187,

25 Fhe article of claim 24, wharein the angle is at least about 20°.

26 The article of clain 24, wherein the angle is about SO° or less,

2% The article of claim 24, wherein the angle s sbout 70° or less.

2%, The article of claim 1, whereln an angle between the first and second

e

it BO™ or less.

divections is gha
26, The aricle of claim 28, wherein the angle 18 about 70° or lesg
3¢, The article of claim 1, wherein the first faver i3 & monohithic layer

54
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31, Thearticle of clatm 3, wherein the first material of the frstlayerfsa

ramoiaminate material,
32 The asticle of cladm 30, wherein the second layer 18 a monohithic laver,

33 Theacticle of claim §, further comprising ap antireflection {ilm disposed

batween the first and second layers.

«z..

34. The article of claim 1, wherein the first and second Tayers cach independently

have an optical retardation of at least about 1 nm for Hght of the wavelength &

3%, The article of claim 34, wherein the first and second lavers cach tndependently
have an optical retardation of at least about 5 nm for Hght of the wavelengih X

36 The article of claim 1, whereln & Is between about 400 nm and abeut 780 nm,
e s

37 The article of claim 1, wherein & i3 between about 1,200 mn and about 1600

38, The article of claim 34, wherein the first and second layers cach independently

have an eptical retardation of at least about 10 nm for hight of the wavelenpth.

39, The article of claim 34, wherein the first and second lavers each independently

have an opiical retardation of af feast about 30 nm for Hight of the wavelength

,..‘4

40, the wiicle of elaim 1, wherein one of the first and second layers has an optical

retavdation that is greater than the optical retardation of the other layer, o difterence

betoveen the optical retardations of the first and sccond layers is at least about § nm

for Haht of the wavelength A
41, The article of claim 40, whersin X is between about 400 nm and about 700 nm

43 The aricle of claim 1, wherein one of the first and second layers hay an optical

retardation that is greater than the optical retardation of the other fayer, & i

b=

hotween the optical retardations of the first and second layers &8 at least about 5 nm

for Hght of the wavelength &
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43, The artivle of claim 1, wherein a combined thickness of the first and second
favers is about 9 microns or less.

44, The article of claim 43, wherem the combined thickness iy about ¢ nucrons oy
less

43, The article of claim 44, wherein the combined thickness 1s about 3 microns or
44, The article of claim 43, wherein the first and second layers each indupendantly
have a thickness of about $ microns or les

47, The aticle of claim 46, wherein the first and second tayers each independently
have o thickness of about § micron or less,

48, Thearticle of claim 47, wherein the first and second layers each independently

44, The article of claim 1, wherein centers of successive rows of the firg i

43
o

Y Are

spaced apart by about 400 nm or fess.

-

& Thearticle of claim 49, wherein contery of successive rows of the first fayer

are spaced apart by about 200 v or less.

St The artcle of claim 1, wherein the fivst laver retards incident radiation at
wavelength A by an amount Uy, the second fayer retards incident radiation at

wavelength & by an amount Uy, Ty and Uy are cach at feast abowt w/4,

53, The article of claim 51, wherein at Jeast one of Ty and T s o feast abowt o'l
53 The grticle of olaim 32, wherein one of 17 and s 1s about w/'d and the other of

\ .

54, The article of claim 51, further comprising a third fayer supported by the

seoond laver and comprising spaced-apart rows of & third matertal extending along 8

pedd

third divection that is non-parallel with at least one of the first and second directions,
36
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the third laver is birefringent for ight of wavelength & propagating along an axis that

imtersects the first, second, and third lavers, and the third layer retands moident

vachation al wavelength & by an amount Uy that is at least abont w4,

o~

S5, The article of elairm 54, wherein at Jeast one of Ty, To, and Ty 05 at fsast abong

S8, The article of olaim 34, wherein the third direction is non-parvaliel with both of

I :
i

the fivst and second divections.

57. The article of vlaim 54, wherein the article refards incident radiation at

15 at fesgst

wavelenaths Ay and Ay by respective amounts Iy and [y, where i Ay dg

15 about 15 rum, and ) and I are snbstantially equal.

SE. The article of claim 1, wherein the article retards incident radiation at

wavelengths Ay and Ap by respective amounts 1y and Z!"gﬁ whore ] L i i at least

about 13 nm, [y and Ty ave substantially equal, and both &y and & are i a range from

about 150 s 1o about 5,000 nm.

b
£5

LAy
K]

The article of claim 38, wherein i P g,s at Feast aboat 3 om.

LA

), The article of claim 38, wherein ! Ry ha i i gt least about 75 nm.
61, The article of claim 58, wherein | Ay — 72 | ix at least about 100 nw,
&2, The article of clatm 58, wherein | Ay — 4 [ isat loast about 200 wn,

a3, The article of oisim 38, wherein i i1 i ix about $.03x or loss,

20 64 The aticle of claim 38§, \_-R;'harem{ Iy 15 i ts ghoot §.02% oy fess.

&5 The article of claum 38, wherein ] Uy 1 E is ahout 001w or less.
66, A system, Compnsing

thie ardele of olatsn 38, and

a polarizer,

-l

h



WO 2007/117323 PCT/US2006/062104

3

wherein the article and polarizer are configured so that during operation the
polarizer substantially polarizes radistion of wavelengths Xy and 2, prior to the

vadiation being receivad by the article.

&7 The system of claim 66, whersin the article transmils radialion rsc
the wticle and the system further comprises a second polarizer configured

during aperation the second polarizer receives radiation after the radiation

S g oy ¥ N
rransmitted by the avticke.
o Y osyston, compasing

wherein the article and polarizer are configured so that dunng operation the

Pt

3.

Trzes radiation of @ wavelength & prioy 1o the radiation

polarizet

betog recsived by the article.

~ o

69, The system of claim 68, wherein the article transmils radiation reecived by the

article and the system forther comprises a second polarizer configured so that duning

operation the second polarizer receives radiation alter the radiation i3 tranamitiod by

the articla.

a fivst faver comprising spaced-apart rows of a first materiad, conters of

adiacont rows of the fivst material being spaced apart by about 400 no o less, and
g seeond layver supporied by the first laver, the second laver comprising
spaced-apart sows of @ second material, centers of adjacent rows of the second
waterial baing spaced apart Ty about 400 nm or less;
wherein the rows of the first laver extend along a Jrst direction and the rows

of this second laver extend along a second direction non-paraliel with the first

T The ardicle of claim 70, wheredn the article returds incident radigtion at

» by respective amounts I and s, wherem E LI ’ i at least

>4

LA
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3 ¥

L and I are substantially equal, snd both Ay and &y are bebween about

i

1538 and abont 5,000 am

T2 The article of clairn 71, whereln | A - »E ix at least about 30 mn.
T3, The grticle of olajve 71, whereln at least one of the first and second materials
8 ananclaminate material,
74 The srticle of claim 72, wherein at least one of the frst and second materials
ymiprises at least one dielectrio material selected from a group consistt
i, TaaOs, TiO:, HEO:, NbQs, and MgFy
73 An article, comprising:
10 a firet laver comprising spaced-apart rows of a first matenial, and
a xecond laver supported by the first layer, the second layer comprising
spaced-apart vows of 8 second material,
wherein the rows of the first laver extend along o Hrst direction and the rows
of the second fayer exiend along a seeond divestion non-parallel with the fst
15 direction, and the article rotards incident radiation ot wavelengths A and kg by

respective amoumts and Fa, w hmzi = Az i is al feast ghowt 15 am, T and Ty are

substantially squal, and both & and &s ave in a range from gbout 130 nm 0 abowt

5,000 nn.
78, The article of clatm 75, wherein at loast one of the first and seeond madenials s

a nancdaminats material,

N
Loscs

e

7. The article of claim 76, wherein at least one of the first and second materials

comprises al least one dislectric material selected from a group consisting of $10;,

RiMN,, 8, ALTh, 2004, Tas(y, TiO;, HIO:, ROy, and Mghs.
TR X ) T TR “¥ W
et AT AT, SpTIsing
75 s form birefringent grating oriented along a fivst direction, and

a second grating supported by the form birefringent grating and oriented along

a second divection non-paratiel with the first direction,

3G
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wherein the article is birefringent for Hght of a wavelength % inculent on the

article, where & 15 in g range from about 130 nm to about 5,000 nn

sy oy

The article of olaim 78, whereln the form birelrin

.{}

gont prafing comprises rows

formed of a diclectric material and extending along the first direction

& &G The article of clatm 79, wherein the rows are soparated by tronches, and the

tronches ars fHed with a nanclaminate material,

st

The ariicie of clatm 78, wherein the form birefringent grating sud the second

grating ave spaced apart by about 2 microns or less,

&2 The article of claim 79, wherein the second grating s a form birefringent
a4 grating

8% Anarticle, comprising:

3

a first fayer comprising spaced-apart rows of & nanolaminate mate

rowvs of nanclaminste material extending along a first divection, and
u second laver supported by the first layer, the second layer comprising

wed-apan rows of & second material extending along a second direction nop-

(o5
S
3

@

%

parallel with the first divection.

g4, A method, comprising

Loy
[

Iy

disposing a first laver over a second layer, the first layer comprising spaced-

i

apart vows of o first material and the second layer comprising spaced-upart rows of s

3

1, each layer being independently bivefringent for Hght of s waveiength

i second materis

% propagating along an axis that interseets that laye

whergin disposing the first layer over the second layer comprises disposing the

rows of the frst laver along a first direction and disposing the rows of the second
faver along a second dirsction non-paratiel with the first divection, and

35 whersin A 13 in 8 range from about 150 mm to about 5,000 nm.

¥

85, Themothod of claim 84, further comprizing forming the spaced-apay

?»
e
-
3
o
et
e
o
Py
2]
oy

6}
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W

86, Themethod of claim 85, wherein forming the spaced-apart rows of the second
material comprises depositing the second material within cach of multiple spyced-

apart tronohes disposed within a substrate,

87, The method of claim 86, wherein the second naaterial s deposited using

EY

Sa

5 atomic laver deposttion,

8% The method of claim 86, whereln depositing the second material comprises

formsing the second material as a nanolaminate within the spaced-apart trenches.

7~

89, The method of claim 86, further comprising forming the spaced-apart rows of

the st materiall

w9 The 8§86, wherein the substrate 13 3 second subsirate and
forming the spaced-apart rows of the first matenial comprises depositing the first

material within each of multiple spaced-apart trenches disposed within a first
suhstraie, wherein the trenches of the first substraie extend aloag the st divection

«f the sceond suhstrate extend along the second divection

16 91, The method of claim 90, wherein the first material is deposited in the trenubes

wsing atomic layer deposition.

02, The method of claim 90, wherein depositing the Hrst material comprises

£

forming the first material as a nanolaminate within the spaced-gpart frenches of the

26 9% The methoed of claim 90, wherein disposing the first layer over the second

Yo i

faver comprises slepositing the first substrate over the seeond layer.

04, The method of claim 86, further comprising forming a sceond matenal layer

05

of the second material prior to disposing the first laver over the Se00n¢
second material Taver heing formed over the space dnaymi rows of the sccond waterial

3

within the trenches, and wherein disposing the first layer over the secound layer

]
(]

'y

comprises disposing the first layer over the second material tayer.

&1
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5. Themothed of claim 34, forther comprising forming an antirefiection file on
at least one of the first and second lavers and disposing the fivst faver over the seoon

laver compnises disposing the frst layer over the secound fayer so that the

antivefection tayver 1s between the first and second layers.
R A mothod, comprising:
forming a fivst layer comprising spaced-apart rows of a first material using

A
Toin
o
4
Es4
ot
foris
o

o
boed
:

atomic laver deposition, the rows of the first material extending along a first
and
disposing a second layer over first layer, the second laver comprising spaced-

1w apart rows of a second material extending along a second divection non-paratlel with

Q7. The method of claims 96, wherein the first material s 2 panclaminate material.

'?

9%, The method of claint 26, wherein forming the spaced-apart rows of the first

musterial comprises depositing the first material within each of multiple spsced-apart

4

5 irenches, the trenches extending slong the first direction.

99, The method of claim 98, whereln forming the spaced-apart rows of the first

matorial fusther comprises depositing a ayer of the first material that extonds over at

Nvfn

toast some of the spaced-apart rows of the fivst material,

fm O, wheredn disposing the second layer over the rows of

]

spaced-apart rows of the second material over the

g
[~

101, The method of claim 100, further comprising forming an antireflection film

over the frst laver prior o forming the spaced-apart rows of the second mat erial.
102, The method of claim 98, wherein forming the spaced-apart rows of the second

2% material comprises depositing the second matertal within each of multiple spsoed-

e 2

gpart trenvhes thit extend along the second direction,
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-

I3 The methed of claim 102, wherein the second material is 2 ninolammate

,,.;

materiall

ML An article, \;mnprismg:

& first grating that ia form birefringent for light having a wavelength A less
5 than about 2000 nnvy; andd
a second grating positioned adjacent the first grating, the second grating aiso
being form bivefringent for hight having a wavelength 4
wherein the article 1% an achromatic retarder for E_igmt uy a range of
wavelengths loss than 2000 nm incident on the article along & path that intersects both
10 the first and seeond gratings.
05, An antiole, compristng:
2 first layer comprising spaced-apart rows of g first material, and
a multilayver flm adjacont the first layer,
wheretn the first laver and the multilayer film are vach independently
15 birefringens for Haht of @ wavelength & propagating along an axis that intersects the

first laver and the mudtilayer film, and 3 i in o range from aboot 138 s io abowt

X i
+3

106, The article of claim 108, further comprising a substrate sapporting the first

fayver and the multifayer film.

20 YT Thearticle of clann 108, wheremn the frst tayer and the multiayer Ghn are

108, The aticle of claim 106, wherein the first layer and the maitilayer finy are

digposed on the same side of the substrate.

106, The article of claim 106, further comprising & second multtlayer film disposed

£

25 on an opposite side of the substrate to the first multilayer fibm, the second mullilayer

hivefringent for Hght of wavelength . propagating along the axis that

o
jong’

5

il being

X

intersects the first layver and the mubtilayer Rl

&3
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10, The article of claim 109, whereln the structores of the first and second

mltilaver Shms are identical.

$11. The article of olaim 108, wherein the fiest layer is supported by the muitilayer

5 112, Theaticle of claim 103, wherein the multilaver film is supported by the first
Favan
“claim 108, further comprising a second layer disposed betwesn
nnihtilayer film,
114, The artiele of claim 105, wherein rows of the first layer define g first plane and
16 the lavers of the multtlaver film each define a respuctive plane paralied o and ofizet

from the first plane,

o,

The article of claim 105, wherein the multilaver film comprises sltemading

>4 of second and third materials.

,."L
-’C
L4
g
s
sowice
T
o
ot
997
».1
(,
i

116, Thearticle of claim 115, wherein at feast one of the second and thinl materials

X 3

1% isananolsmingts mgtenal,

{17, Thearticle of claim 116, wherein the first material and at least one of the
secnnd and thivd materials are materials independently selected from a groap

consisting of R0=, BiN,, 81, A0 Zr0s, Tas(s, TiO,, HIO, NbaOyg, and Mgl

118, The srticle of claim 105, wherein the first laver hether comprises rows of a

2 second material altornating with the spaced-apart rows of the frst material,

s

£, The article of claim 118, wherein the second material defines & substrate, the
rows of the second material are defined by walls of trenches within the substrate, and

the first material s dispesed within the trenches.

129, The article of clgim

25 the firg material disposed between the rows of the first layer and

6
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138, The article of claim 105, wherein the maltilayer flm comprises a totl of @

feast about §5 lavers of cach of second and third difterent materials.

s

total of at

P
ok
]
l”w;
o
£
5

= article of elaim 121, wherein the multilaver film comprises a

2 oMY o o~

least aboot 35 lavers of each of the second and third muterials,

5 173, Theaicle of claim 103, whereln the lavers of the nuitdayer filns are each

- Xt

124, The wrticle of glaim 108, whereln the article further comprises a seoond tyey

x

comprising spaced-apart rows of a second matertal, and the second layer is

H 'y

independently birefringent for light of a wavelengih X propagating along an axis thal

10 intersects the first and second layers and the mulilayer film
135, The article of claim 124, wherem the rows of the Hrst materal extend along a

{irst direction angd the rows of the second laver extend aong & second direction nop-
pavatiel with the first diwection,

&
1

o of ¢laim 124, wherein the frst and second layers are disposed on 8

126, Thearch

15 gommon side of the malttlaver fibn.

127, The wticle of clatm 124, wherein an angle botween the first and second

diroctions about BO% or less,

-

. wherein the angle is about 70° or less,

&

olatm 12

[0
]
N
P
-1
1
Ead
"L
o
&
b
2
]
e
f)

129, The article of claim 124, wherein the angle between the firat and second

20 directions is about 107 or wore:

130, The article of claim 129, wherein the angle i3 about 20° or more

3

131, The artivle of claim 124, wherein the first and second layers together retard

incident radiation at wavelengths &y and Ao by respective amounis Ty and by,

<
s

ts at leust about 18 nm. Ty and Iy are substamtially eqoal, and both &y

@5 and hs are i g range from abowt 130 nm to sbout 5,000 nm

63
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132 Theartcle of olams 131, wherein i XA

£33, Theatcle of elatm 131, wherem i hy — A
The grticle of oot 131, wherein i LR T i 18 ab teast ghouwt 100 nm.

18 atb feast about 200 om.

£35,  Thesticle of glaim 131, wherein ! Ry — Az

136, Thearticle of claim 13, wheram | Ty - i\Eia about .03 or less,
137, The article of claam 131, wherein [ Pyl Ea about £.02x or less.

abowt B.01x or ke

The articie of claim 131, wherein { 1

w,,,
td
pres

139, The artcle of claim 126, comprising an antiveflection film dispused between

e mdtilayver film and the first and second lavers.

3

146, The ariicle of claim 126, wherein a combined thickness of the first and second

o

tavers and the nudtifayer 8hm is about 10 microns or less,

141, The article of claim 10, wherein a tolal thickness of the malitayser filvn i

shout 2 nderons or less,

142, The article of claim 105, wherein the muliifayer film comprises & plurality of
fayers where alternating lavers have different refractive indexes at J. and cach of the
plurality of layers in the muliilayer film has a thickness in g range from about 2 an

s

ahoat 33 am,

N $

1e article of olaim 124, wherein the first and second layers are disposed on

rew,
e

143,

opposite shiles of the multiayer film.

144, Asn optical retarder, for light having a wavelength of about 3000w or less,
comprising:

a form Wrefringent e-plate for radiation at a wavelength A5 and

a fur bivefringent o-plate for vadiation st A,

wheretn & 18 about 5,008 nm or less,

6
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145, A method, comprising:

using atomic laver deposition to deposit a multilayer Sl on g swiace ofa

\

wherein the multtfaver ilm {8 a form birelringent o-plate for Hight having o

5 wavelength & and A is in g range from sbout 159 nm to about 5,000 .
146, The method of claim 145, wherein the substrate comprises & forn biretnngent

a-plate, where the g-plate is birefringent for light having wavelength A

ki
§

147, The methed of claim 145, further comprising forming o form hirefringent -
plate on the multilayer film, where the a-plate is birefnngent for light oD wavelength

0 A
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