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FNVENTI ON- This invention relates to a polarization optical elenent,
and nore particularly, is suitable for a polarizer and a polarization beam
splitter which-use wire grids. DESCRI PTI N OF THE -RELATED ART For
conventional wre grid polarizers, it hgas been believed that the grid
period "d" nmust be 1/5 or |ess the wavel ength of light striking them
(Reference 1: J. P. Auton, "Infrared Transm ssion Polarizer by

Phot ol i t hogr aphy”, Applied Optics, Vol. 6, 1023, 1967). Thus, wire grid
pol ari zers recei'ving light in -

POLARIZATION OPTICAL ELEMENT

BACKGROUND OF THE INVENTION

FIELD OF THEYINVENTION

This invention relates to a polarization optical element,
and more particularly, is suitable for a polarizer and a

" polarization beam splitter which use wire grids.

DESCRIPTION OF THE RELATED ART

For conventional wire grid polarizers, it has been believed
thaf the grid peribd "d" must be 1/5‘or less the wavelength of
.light striking them (Reference 1: J. P.'Autbn, "Infrared
Transmission Polarizer by Photolithography"”, Applied Optics, Vol.
6, 1023, 1967). Thus, wire grid polariiers receiving light in
the visible and the near-infrared region require so short a grid
period "d" of 160 nm or less when the light wavelength is 800 nm
that they have ﬁeen-difficult to fabriéate._

In metal grids that a grid period "d4d" is under the
wavelength of light fo be used, a feport has been made on a
theoretical analysis which has taken into account the thickness ;
of metal "h", width "b", and cross-sectional shape
characteristics, i.e., fhe angle "s" between their base and leg
(Reference 2: Hans Lochbihlér and Peter Predehl,

"Characterization of X-Ray Transmission Gratings", Abplied

Py



the vi'si bke and-the near-infrared region require so short a grid period
~*d" of 160 nmor |ess when the |ight wavel ength is 800 nm t hat they have
been difficult to fabricate. In metal grids that a grid period "d" is
under the wavelength of Iight to be used, a report has been nmade on a
theoretical analysis which has taken i neo account the thickness of netal

“h", width "b", ~and cross-sectional shape characteristics, i.e., the angle
"s" between their base and Ieg (Ref erence 2: Hans Lochbi hl er and Peter
Pr edehl "Characterization of X-Ray Transm ssion Gatings", Applied,
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period satisfying a condition wavelength/2 < d < wavelength if
prpper values are selected for the thickness "h", the width "b",
and the angie "s". This phenomenon is referred to as resonance.

A report has alsb been made on variations in the P'
polarization transmittance (Tp) with the thickness "h", width
"b", angle "s", and wavelength, which transmittance is related to
such polarization that the direction of eleétric field vibration
is at fiéht angles to-that of the'waQe vector of a grid (Hans
Lochbihler and Ricardo A. Depine, "Characterization of Highly
Conducting Wire Gratings Using an Electromagnetic Theory qf..
Diffraction", Optics Communications 100, 231, 1§93). From these
réports, if the cross-sectional parameters of a metal grid are
optimized, a wire grid polarizer, which caﬁses minimum loss (the
S polarization transmittance Ts is large) and has a satisfactory
extinction ratio (Ts/Tp) of 30 or more, for example, can be
fabricated even at a comparatively large grid period "d" meeting
the condition wavelength/2 < d < wavelength. For’insténce, it is
preéumed that indepeﬁhent type Au grids in air describéd in the
above reference can be used for the light of wavelength > 1000
nm. ‘
However, the reports, describing the theoretical analysis as

an effective méans for using metal grids for X-ray spectroscopy,

do not mention the technical feasibility of a polarizer or a



pro’pe'r val ues are selected for the thickness "h", the width "b", and the
angle "s". This phenonenon is referred to as resonance. A report has
al so been nmade on variations in the P polarization transmttance (Tp) with
the thickness "h", width "b", angle "s", and wavel ength, which
transmittance is related to such pol adization that the direction of
electric field vibration is at right angles to that of the wave vector of -
a grid (Hans Lochbihler and Ricardo A Depine, "Characterization of Hi ghly
Conducting Wre Gratings Using an El ectromagnetic Theory of Diffraction”,
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refractive index n; (> 1). B |
The reports do not indicate the effectiveness of resonance

at light wavelengths less than 1000 nm, nor do they study in |
terms of calculation or experiments the behavior of reflected
light as exhibited when resonance occurs, and thus the
feasibility of a polarization beam splitter cannot be known from
the reports. The répdrts do not describe fhe effect of the angle

of incidence on metal grids, either.

SUMMARY OF THE INVENTION

In view of the foregoing, an object of this invention is to
provide a polariiation optical element which causes minimum loss
and provides light in the visible and near-infrared regions with
practically satisfactory polarization contrast at a long grid
period cdmpared to wavelength.

The foregoing object and othér objects of fhe invention have
been achieved by the provision of a polarizatiop optical'element
which polarizes light in the visible and near-infrared regions,
ranging in wavelength from 400 to 2000 nm, in which metal grids

formed on a substrate with a refractive index nj satisfies



tbmévér, the reports, describing the theoretical analysis as an effective

ﬁeans.for using nmetal grids for X-ray spectroscopy, do not nention the
technical feasibility of a polarizer or a
3 pol ari zation beamsplitter at all. The theoretical analysis and

experinments reported were perforned only at |ight wavel engths of

or nore with independent type Au grids in air (refractive index n = 1),
and the reports show no effective neans for causing S polarization
resonance using grids forned on a substrate wt
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splitter

nown
0.5h away from, and in parallel with, the base of the cross

section; "d" is the grid ﬁeriod: and "s" is the angle between the
base and a leg of the cross section.

Further, a polarization optical element oflthe present
invention is also adapted so that the grid period "d“ satisfies a
éondition wavelength/(2n;) < 4 < wavelengtﬁ/(l.lnl). Moreover,
according to this invention, the refractive index n, of a

substance betwgen'the metal grids and the refractive index ng of

‘a substance over the metal grids satisfy conditiOQ§ Iny - n1|'<

0.2 and |ngz - nll < 0.2, such polarized light that the direction

- of electric field vibration is parallel with the wave vector of

the ﬁetal.grids ié'effectively resonafed, and the refréctive
index for the polarized light is reduced to about 1%. A
poiafization optical element of the present invéntioﬁ'is still
further adapted to adjust the resonance wavelength bj adaptively
selecting the angle of incidence.

According td the present invéntion, satisfying conditions
0.2 < h/d < 0.9, 0.5 < b/d < 0.9, and 70° < s < 110°, where "h"
is the thickhess_of a cross section of metal grids formed on a
substrate with a refractive index ny; "b" is the width of the
Cross éectiqn, measured aiong a line passing 0.5h away from, and

in parallel with, the base of the cross section; "d" is the grid

1000 nm



ghe¢reports. The reports do hot describe the effect of the angle of

i ncidence on netal grids, either. SUWWARY OF THE | NVENTI ON I'n view
of the foregoing, an object of this invention is to provide a polarization

optical elenment which causes mninumloss and provides light in the
visible and near-infrared regions with spractically satisfactory

pol ari zation contrast at a long grid period conpared to wavel ength.

The foregoing object and other objects of the invention have been

achi eved by the provision of a polarization optical elenent whi ch

pol ari zepdright; iand Me"viisi the andlecbetwedn sihed hamg @amsl a legngifnghen
wavel ength from 400 to 2000 nm in which nmetal grids formed on a ‘
subst r at ecngssh seqtdionacengblesddightelin] theitvissi and near-infrared

4 regions, ranging in wavelength from 400 to 2000 nm, to be

polarized.

The nature, principle -and utility of_the invention will
become apparent from the following detailed description when read
in conjunction with the accompanying drawings in which like parts

are designated by like reference numerals or characters.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

Fig. 1 is a schematic cross-sectional view showing a ‘wire
grid polarizer of the present invention;

Figs. 2A and 2B are schematic diagram explaining the angle
of incidence on the wire grid polarizer of Fig. 1;

Fig. 3 is a schematic cross-sectional view showing a sample
of wire grid polarizer according to an embodiment;

Fig. 4 is a characteristic distribution curve showing the
relationship between wavelength and the S polarization
reflectance;

Fig. 5 is a characteristic distribution curve showing the
relationship between the resonance wavelength Areg and the ratio
h/4d;

Fig. 6 is a characteristic distribution curve showing the -

relationships between Tg ,og and grid metal materials;



conditions 0.2 < h/d <0.9, 0.5 <b/d<0.9, and 70[err] < s < 110, where
*"h" is the thickness of a cross section of grids; "b" is the wdth of the
cross section, neasured along a |line passing 0.5h away from and in
parallel with, the base of the cross sgction; "d" is the grid period; and
"s" is the angle between the base and a |eg. of the cross section.

Further, a polarization optical elenent of the present invention is also
adapted so that the grid period "d" satisfies a condition

wavel ength/ (Zp{grri)is 4 C%Mﬂ%l/c( azxé@[:ﬂ:ﬁl:}.on QREGRY BhowiAg COAL] -”9 to

this inverition, the refractive 1 ndex n2 subst ance between The netal
grids anﬂelaeiéﬁémf@tbmeétdeeh@[ﬁﬂﬂadéf 1a§e§5‘bﬁaéﬂ$[§yé¥'ehvéhégé’et al grids
satisfy conditions [err] 0.2 and [err] < 0.2, such polarized |ight

that therdflectance atdergciidic field vibration i s paral-lel with the wave
vector of the netal grids'is effectively resonated, and the refractive

i ndex for ther@+aﬁl%%daI¢Qﬁwa¢terx&ﬂﬁnyﬂ1SGréb9@@OD%FUAvep§haW#Egttbﬁ
optical el enment of the resent._ invention is st|II further adapted to

adj ust t RELPEIOASHiR Babtesengthe mAtiRdvid ang TP(@hreg)?

Figs. 9A and 9B are characteristic distribution curves
showing the dependence on wavelength of Ts and Tp;

Fig. 10 is a characteristic distribution curve expléining
the-changes in Rs with wavelength; |

Fig. 11 is a characteristic distribution curve explaining
the dependence on the angle of incidence «; and

Fig. 12 is a characteristic distribution curve explaining

the'dependence on wavelength of Rs.

DETAILED DESCRIPTION OF THE EMBODIMENTS

Preferred embodiments of this invention will be described
with reference to the accompanying drawings:
(1) Wire grid polarizer of the present invention

This invention effectively utilizes S polarization resonance
to embody by.use of metal grids formed on a substrate with a
refractive index n; a reflection fype wire grid polarizer with a
large Rp (P polarization reflectance) and a high éafio of Rp to
Rs (S polarization reflectance), a transmittance type wire grid
polarizer with a large Ts (S polarization transmittance) and a

high ratio of Ts to Tp (P polarization transmittance), or a



4,

selécting t he angl e of i-ncidence. ' According to the present
i nvention, satisfying conditions 0.2 <h/d<0.9 0.5<Db/d<0.9, and
70[err] < s < 110[err], where "h" is the thickness of a cross section of
metal gri-ds formed on a substrate with a refractive i'ndex n[err]; "b" is
the width of the cross section, neasur&d along a |ine passing 0.5h away
from and in parallel with, the base of the cross section; "d" is the
grid 5 period; and "s" is the
angl e between the base and a_l.eg of the . cross section, enables light in
the visi HE3RTFIELR | rsa&it?«sgi BHER 2 ARFIR) T W & JRARI® RPoARP00 t o
2000 nm ,t0..be | ar| . The_nat ur principle and utility of the
i nventi onhi\(/)a_t} e %@or?e{%%p&?eﬁp FPgnFPhtoffgﬂ &M%f%_é‘{q'&ﬁ%(?l’ S pti on
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extinction ratio of 30 or more, fof example, for light in the
visible and near-infrared regions, ranging in wavelength from 400
to 2000 nm.
Fig. 1 shows a resonance type wire grid polarizer, which can-
be used as a polarization beam splitter, according'to this-
invention. Nuﬁeral 1 designafes a metal grid, formed from a

metal with a high reflectance, such as Au or Al, or a combination

of these. The grids are designed to satisfy the following

equation:

e (1)

0.2 < h/d < 0.9 _
0.5 < b/d < 0.9 o ' eee (2)

70° < s/d < 110° . ee. (3)
Ing - ng|, |ng - ni| < 0.2 ce. (4)

where "h" is the.thickness of the grid; "b" is the.widfh of the
cross section, measured along a.line passing 0.5h away from, and
in parallel with, the base of the cross section; "s" is the angle
which is made by the base and a leg of the grid when a trapezoid
is used to approximate the cross section of the grid; "d" is the
grid period, “ny" is the refractive index of a substrate 2; "ny"

is the refractive index of a substance between grids; and "ng" is



are designated by like reference nunerals or characters. BRI EF
DESCRI PTI ON OF THE DRAW NGS In the acconpanyi ng draw ngs: Fig.

1 is a schematic cross-sectional view showing a wire grid polarizer of the
present invention; Figs. 2A and 2B are schematic di agram expl ai ni ng
the angle of incidence on the wire gri ®polarizer of Fig. 1; Fig. 3.
IS a schematic cross-sectional view showng a sanple of wire grid '
pol ari zer according to an enbodi nent; Fig. 4 is a characteristic

di stribution curve showing the relationship between wavel ength and the S

pol ar i zat¥h TeteREdvVe dodex of a FPB.StBn?§p%V%’ﬁa‘Fha"ct%‘Fjr%§1 c distribution
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showi ng tfifey drd HdUISHRS RANEENALS shbwn 2D Biddl. A AndBE! @ 'angle
of incidence on a wire grid polarizer is a when measured from the
normal for the incidence surface of wire grid polarizer toward
the direction V; of the wave vector of a grid and_ié 6 when
neasured from the normal toward the vertical direction V, to the

wave vector of the grid.

(2) First embodiment
In a first embodiment of this invention, a laser direct
lithography system is used to form a resist pattern of a 550-nm
~grid period "d" on a glass substrate with a refractive index n;
of 1.50. Following this, Al is first deposited on the substrate
to a thickness of about 2 nm, and then Au is deposited to a
thickness of about 136 nm using an electron beam deéositor to
form grids composed of an .Al layer (2 nm thick) and an Au layer
(136 nm thick) by the lift-off method (the grids are hereinafter
called Au grids). The cross section of a grid, when observed
under a scanning electron microscope, is found to be of a
trapezoidal shape approximating to a rectangle wherein s - 80°,
b/d - 0.6, and h/d - 0.25.
As shown in Fig. 3, the substrate, to both sides of which is
matching oil 3 is applied, is sandwiched between wedge glass

plétes 4 (wedge angle: 1°) with a refractive index "n" of 1.50 to
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6 Fig. 7 is a characteristic distribution curve show ng the

rel ati onshi p between thé surface | ayer/underl ayer average reflectance and
Tlerr]; Fig. 8 is a characteristic distribution curve showi ng the

rel ationship between the ratio h/d and Tp(@err]res); Figs. 9A and 9B
are characteristic distribution curves show ng the dependence on

~wavel ength of Ts and Tp; Fig. 10 is a characteristic distribution
curve explaining the changes in Rs with wavel engt h; Fig. 11 is a

Char act ef bithen U SLERDH L Ol Ve Rl Bl pbbE-dEaENgENeEGONs L angl e

of incidence a; an Is a characteristic distribDution curve

expl ai ni naqui P81 ERpeEs etrSt WE VPPl enGiHer@f nfS= ng DEAN LED, $&SCRud | ON OF
THE ENMBCDI MENTS
wedge glass plates 4 are used to accurately measure light
reflected from a grid and transmitted light.’ Surfaces 5 and 6
may be covered with coating which reflects no light.

Fig. 4 shows a curve (A) obtained by plotting S polarization
reflectance Rs data measured in a wavelength rangg'from 840 to
980 nm. The angle of incidencé on the sample is 0 = 3°. 1In this
case, the S polarization reflectance Rs has a minimum value of.1%

- or iess at a wavelength of 950 nm. This S éolarization resonance
is expecféd to be the first-to be observed for feflected light
from an Au grid in a medium with a refractive index of 1.50.

The P polarization reflectance is Rp -.60%, indicating that
a resonance type wire grid polarizer is embodied for reflected
light 950 ﬁm in wavelength when the P polarization reflectance Rp
- 60%, and Rp/Rs > 60. The polarizer obtained shows good
characteristics when the grid period "d" is large, at 550 nm [=
950 nm/(1.50 x 1;15)]_, that is, d = 'wavelength/(-l.lsnl).

Referring now to an example for comparison, how essential
the selection of n; and ng values and "s" valﬁe control are for
the first embodiment is described below. The curve (B) of Fig. 4
shows the results of measurements which are made in the same way

- aé in the case of the curve (A) when a substrate is covered with
the matching oil 3 having a refractive index "n" of 1.50 and the

wedge glass plate 4, with Au grids of the same shape as in the



Preferred enbodi ments of this invention will be described wth reference

{o the acconpanying drawings: (1) Wre grid polarizer of the present :

~invention This invention effectively utilizes S polarization
resonance to enbody by use of netal grigg forned on a substrate with a
refractive index n[err] a reflection type wire grid polarizer with a large

Rp (P polarization reflectance) and a high ratio of Rp to Rs (S

pol ari zation refl ectance), a transmttance type wire grid polarizer with a

| arge Ts éﬁé@'é@iﬂ&ﬁﬁde%’%cgo%%rﬁi %hi*QCS)l e Back | G 4 s &ats (RdbP o

pol ari zation transmttance) _ _
7 pol s IR e FPeS Rld! tedrmdlat Rnatharl S8rd6 abdinari®r, Rhandr Rirgh

ratios of Ts to Tp and Rp to Rs, any of which optical elenments causes

m ni mum | €iss fak haside praehichl byidst apéatdérmed in the first
embodiment). This arrangement is gquivalent to the case where n,
= ng = 1.0 in Fig. 1. Unlike the curve (A) obtained from the
first embodiment, the curve (B) shows that the S polarization
reflectance Rs'is almost constant, at about 70% and that
resonance does not occur.

The results show that, without nearly'equalizing the
refractive indexes n;, ny, and ng with each other (n, -'ng - ng),
grids formed on the substrate 2 with a refractive index nj cannot
be prompted to markedly resonate so that the S polarizatioﬁ
reflectance has a minimum value of 2% or less, for example.
Specifically, the refractive indexes must satisfy the conditions
.|n2 - ny| < 0.2 and |ng - ny| < 0.2, and they are preferably
equal to each other as in the first embodiment. |

When refractive index ny = nz = n; (= 1.50 = n), metal grids
1 with a'triangular cross section and an "s" value of
approximately 45°, made of Au, Qere not found to resonate as
shown by the curve (A) in Fig. 4. Experiments with the metal
grids 1 made of Au show that, in activating fesonance{ it is
essential for the cross section of the grids_tq'be of a
rectangular shape or a trapezoidal shape approximating to the
rectangular shape.' It is desired thatlthe value of "s" be more.

than 70° and less that 110°.



extinction ratio of 30 or nore, for exanple, for light inthe visible and
near-infrared regions, ranging in wavel ength from400 to 2000 nm

Fig. 1 shows a resonance type wire grid polarizer, which can be used as a
pol ari zati on beamsplitter, according to,fhis invention. Nuneral 1
designates a netal grid, fornmed froma ™'netal wth a high reflectance, such
as Au or Al, or a conbination of these. The grids are designed to satisfy -

the followi ng equation: 0.2 <h/d<0.9

.. (D 0.5 < b/d <0.9 .. (2 :
70[err] < s/d < 110[err] (3) [err] - [err] [err]
- [err] 9 2second embodiment: (4) where "h" is the thickness of the

grid; "b" is the width of the cross section, nmeasured along a |ine passing
0.5h away fromn andedondpambbltnent] hthé heedmtssmas wdvelangth degli oat "s"
Is the angle which is made by the base and a leg of the grid when a
trapezcn(which Rs has a minimum value, is shown to vary with the thickness
"h" and the width "b" of the grid 1 when ny = ng = n; = (5 1.50 =
n) and the 6ross section of the grid 1 is sgbstantially
rectangular (70° < s < 90°). Fig. 5 shows the relationship
between the resonance wavelength lres and ratio h/d, which
relationship was obtained when the grid period d'= 550 nm. and b/d
- 0.6. The angle of incidence a on a sample was about 10°. The
relationship between the resonance wavelength lres and the ratio
h/d or that between Ares.and b/d can be obtained by applying the
theoretical analysis techniques described in Reference 2
mentioned above to the case where n = 1.50. The results of
experiments, shown in Fig. 5, generally agree with those of the
theoreticai analysis.
Fig. 5 shows tﬂat the ratio h/d must be adjusted to
fabricate a resonance type wire grid polarizer which can be used
for light with a sbecifié w&vélength. As the ratio b/d
increases, the resonance wa&elength Areé shifts to longer
waveléngths, and thus the ratio b/d needs to be adjusted. The
grid period "d" is selected so that A/2(ny) < d < A/n;. This is
because the grid period "4" is increésed to facilitate grid
fabrication. It is concluded by theoretical analysis that h/d <

0.9 in the case.



is hséd to approximate the cross section of the grid; "d" is the grid-

periad, "n[err]" is the refractive index of a substrate 2; "n[err]" is the
refractive index of a substance between grids; and "n[err]" is
8 the refractive index of a substance:over the grids. Referring to

the results of experinents with embodi nekts, they are descrjbed bel ow. As
shown in Figs. 2A and 2B, the angle of incidence on a wire grid polarizer
is a when nmeasured fromthe normal for the incidence surface of wire grid

| ari .d he _di ion V| f..th f g d
Corr] when  nEACEPCHOPPBRRERCSIOTHED ARAERAYS A5 SHPEECHEni® MERo02 (o -

the Wav%éﬁ5?hoﬁmsﬁdﬁagngr% en h{ézl o{?[- qé“@%%ﬁéﬂﬁP h/d is him3tbl’ &b

enbodi ment of thi's 1nvention, a 1aser direc .
the range from 0.2 to 0.9 exclusive (0.2 < h/d < 0.9). The
minimum value of Rs was 2% or less for all data in Fig. 5,
causing marked resonance to occur. On the other hand, the wvalue
"of Rp was increased with increasing value of b/d. To satisfy a
condition Rp > 60%, the value of b/d had to be larger than 0.5.
Because of difficulty in grid fabrication, the value of b/d is

less than 0.9, and thus the ratio b/d is limited so that it

ranges from 0.5 to 0.9 exclusive (0.5 < b/d < 0.9).

(4) Third embodiment

In a third embodiment, the S polarization reflectance Rs had

a minimum value less thah 2% at a resonance wavelength A,oq Of

about 1000 to 1100 nm, that is, marked resonance was exhibited
when refractive index ny, = ng =n; (= 1.50 = n), the cross
section of the metal grid 1 was almost rectangular (s - 80°), the
grid period "d" had a constant value of 550 nm, h/d = 0.28 to
0.35, and b/d - 0.6. The S polarization transmittance Ts reached
a peak at a wavelehgth a little longer than-the resonance .
wavelength xres' Thaf wavelength is represented by the symbol
Ts,res+ The relationships between Tg rog and metal materials for
grids are shown in Fig. 6. |

As shown in Fig. 6, the'value of Ts,res is low, at 50% for

coppef. It is also about 59% for an aluminum layer and about 57%



Ilthography systemis used to forma resist pattern of a 550-nm grid
-period "d" on a gl ass substrate with a refractive index n[err] of 1.50.
Following this, Al is first deposited on the substrate to a thickness of
about 2 nm and then Ay is deposited tq3a thickness of about 136 nm using
an el ectron beam depositor to formgrids conposed of an Al layer (2 nm
thick) and an Au layer (136 nmthick) by the lift-off method (the grids
are hereinafter called Au grids). The cross section of a grid, when

observedsopnggrag sy dtiéd Beid GRH @ Q&Qaﬁﬁum' safe¥nd hR 'Q‘i‘z.éli a For
trapezoi dal shape approximating to a rectangle wherein s - 80, b/d - 0.6,

and h/d th@.R5.layer udesiwid witH-ithe dlumkAumubayes] ethéovabid of des of
which is matching oil 3 is applied, is sandwi ched between wedge gl ass

pl ates 4TEwpdgewangincrdgsed tfram r6fy aot iAL& todE%%"as theltBickmess of

° the aluminum layer is reduced fraﬁ 5 nm to 2 nm to 1 nm.

As shown in Fig. 7, these results dan be plotted againét
surface layer/underlayer average reflectance R (average of the
reflectance of a sgrface layer and that of an underlayer). Fig.
7 shows that the reflectance of both the surface layer and the
underlayer must be high to increase the vaiue of Ts,res+ An Au
layer is underlaid with an undérlayer because deposited Au
coating itself is, in general, Qeak in adhesion and thus tends to

peel.

(5) Fourth embodiment

In a fourth embodiment, how the P polarization transmittance
[TP(@1£es)] at a resonance wavelength A,.5 depends on the ratios
h/d and b/d was.examined when nyp = ng = n; (= 1.50 = n), the
cross section of the metal grid 1 was almost rectangular (s -
80°), an Au layer underlaid with an aluminum layer 2 nm t@ick was
used as grid material, and the grid period "d" had a constant
value of 550 nm. The results in Fig. 8 show that both ratios h/d
and b/d must be increased to reduce the value of Tp(@\peg): A

Tp(@Areg) Value of 5% or less assumes b/d >0.6 and h/d > 0.38.

(6) Fifth embodiment



obtain a sanple. Thus the wire grid polarizer of Fig. 3 is equivalent to
that of Firg. 1 where n[err].= n[err] = n[err] = 1.50. The wedge gl ass
plates 4 are used to accurately nmeasure light reflected froma grid and
transmtted light. Surfaces 5 and 6 may e covered with coating which

reflects no light.. Fig. 4 shows a 'curve (A) obtained by plotting S
pol arization reflectance Rs data neasured in a wavel ength range from 840
to 980 nm The angle of incidence on the sanple is [err] = 3. In this

case, the S Palall AN hRbheRLARCeAR G hAR: b4l TR W B/a B B/d oS

at a wavel engt zation resonance 1s expected to be

the firstyled P50 veds! Og:e%g‘éhﬁ%sﬂy' | ghd £dBrBAted baidd dh theredi um

with a refractive | ndex of The P polarization reflectance is Rp
- 60% ipghidld RE ldiplerimentsOnaARBEe thE PLoiti tie @b et imdret i zefhe sreavlani ed
for reflected Ilight 950 nmin wavel ength when the P polarization
reflect ane® the det@d¥insicioRpbRs the66ep@hdence i Zeavelrng tHe S Hdws Syood
characteristics when the grid period "d" is large,_at 550 nm[= 950
nm (1. 50 polanimgtiqm sransmittange fseagfnthe Bopplarization’ " pReferring
now to antfggg ié%gégé(¥¥n§¥25§ﬂ$wnpgg %ﬁ%%@éi?i) and (B) in Figs. 9A and
9B. At a wavelength of 1300 nm, a Ts value of approximately 70%
and a Tp value of approximately 2% are obtained, resulting in a
wire grid polarizer for transmitted light for which the value of
Ts/Tp is approximately 35. The wire grid polarizer exbibited
satisfactory characteristics at a grid périod d of 550 nm [= 1300
nm / (1.5 x 1;58)] 1ongér than a grid period "d" of nearly 260 nm
(d < 260 nm) required by conventional wire grid'polarizers{

When the dependence on wavelength of the S polarization
refléctance Rs and the P polarization reflectance Rp was
investigated, the S polarization reflectance Rs was found to have
a minimum value less than 2% at a wavelength of approximately
1300 nm, thus leading to marked fesonance. The P polarization
reflectance was about 70%. Thus, the fifth embodiment was found
to offer polarization performance for reflected light for which
Rp/Rs- > 35, and a resonancé.type polarizétion beam splitter is
ascertained to operate satisfactorily.

»

(7) Sixth embodiment

In a sixth embodiment, changes in the ] polarizafion



the selection of n[err] and n[err]. values and "s" value control are for

the first enbodinent is described below The curve (B) of Fig. 4 shows the
results of neasurenents which are made in the sanme way as in the case of
the curve (A) when a substrate is cover with the matching oil 3 having a

refractive index "n" of 1.50 and the wedge glass plate 4, with Au grids of
the sanme shape as in the 10

first embodiment formed only on the'back of a sUbstrate (side on which
01105, 21 € APl ELAEE 14 A1 A SIAICMIR honlfed boflatPErdie dalse
Co b it eRa o S A bt Fite g LY e 181 v ()
pol ari zat jop gpef | et ageLa Rsedfod! TSI L G5B AR, , halh abouke70snhans/d hat

0.6. The results are shown in Fig. 10. As the angle of

incidence 6 is increased from 3° to 20° to 28°, the wavelength

A es @t which Rs has a minimum value changed from 930 nm to 890

nnm to 840 nm. | |

Using Al grids wherein h/d - 0.26 and b/d - 0.5, the
depéndence on a of the S polarization reflectance was measured.
The results are shown in Fig. 11. As the angle of incidence a is
iﬁcreaséd from 3° to 7° to 10°, the wavelength Areg at which Rs
has a minimum value changed from 920 nm to 950 nm to 990 nm.

The above-described reéults show that the angles of
incidence & and a can propérly be selected to adjust the
resonance wavelength Ares ©of a sample over a considerably wide
range. In partigular, increasing the angle of incidence 6 allows
the  resonance wavelength A, og to shift to shorter wavelengths.
This-in_turn means that setting the angle of incidence 6 larger
allows a longer grid period.in favor of wire grid polarizer |

fabrication when the wavelength of light to be used is

determined.

(8) Seventh embodiment
In a seventh embodiment of the present invention, a laser

direct lithography system is used in the same way as in the first



resonance does not occur. The results show that, w thout nearly
equalizing the refractive indexes n[ferr], n[err], and n[err] with each
other (n[err] - n[err] - n[err]), grids formed on the substrate 2' with a
refractive index n[err] cannot be pronpjgd to markedly resonate so that
the S polarization reflectance has a m ninmum val ue of 2% or |ess, for
exanple. Specifically, the refractive i ndexes nust satisfy the conditions
.[err] - [err] <0.2 and [err] - [err] < 0.2, and they are preferably equal

t h ot i,n . the first .enbodi o § Bf ' j
nlorr] = SREent i ol i85 8% {"horap perdflf™ AT (dhiigied Mo
cross secf| of, ANd b v tAlIKC aRld aAPRAOXAPBECRY Al @hidk, NBKG Quaitsz Were

not found to resonate as shown by the curve (A) in Fig. 4. Experinents
with the spbstrats ivisthl dradEreictAves Aadekha] , of Nl ag6 j vix i wigicle spmiddxcéh/d t

Is essential for the cross section of the grids to be of a rectangular
shape or a 0rHpazd dalo hapndaEpr=080tat i Ag in Fhgs. rdktandgu?Bs aegkching | s
desired that the value of "s" be nore than 70[err] and |l ess that 110,
oil with an refractive index "n" of 1.46 is applied to the grids,
and they are sandwiched between wedge quartz substrates to obtain
a sample. Fig. 12 shows the results of measurements of the
dependence'on wavelength of the S polarizatioﬁ reflectance Rs by
use of the sample. Thé angle 6f incidence 6 was'approximately
3°.

The S polarization reflectance Rs had.a minimum value of 1%
or less near a wavelength of 840 nm. This and the results
obtained from the sixth embodiment have shown that resonance is
found to occur not only at specific wavelengths more than 1000 nm
but at those around 800 nm. In the seventh embodiment in which

_the P polarization reflectance is approximately 70%, a resonance
type wire grid polarizer is embodied fof sétisfactory'reflected
light. The grid period "d" is longer, ;t 400 nm [= 840 nm /
(1.46 x 1.44)], that is, d = wavelength/(1.44n,), compared.with

conventional wire grid polérizer$.

(9) Eighth embodiment
In an eighth embodiment, a grating composed of Al only is
fabricated, wherein the grid period d = 400 nm, h/d = 0.5, b/d =

0.5, and s = 80°. Marked resonance was'agéin observed at a



(3) Second enbodi nent In a second enbodi nent, the resonance
-wavelength [err] at which Rs has a m ninmumvalue, 'is shown to vary with
the thickness "h" and the width "b" of the grid 1 when [err] = [err] =
[err] = (= 1.50 = n) and the cross section of the grid 1 is substantially
rectangul ar (70[err] < s < 90[err]). Fid7?7 5 shows the relationship

bet ween the resonance wavelength [err] and ratio h/d, which relationship
was obt ai ned when the grid period d = 550 nmand b/d - 0.6. The angl e of

| NCT deNC G, ARy RO sbw?%ag 8Uhm 10l AL 15 cHX rirz%]tg?r\g%@lgctaﬁk%eﬁst he

resonance wavel ength [err the ratio or the etween [err] and b/d
can be oMzl RecikMmaRPhALBE bRe1gt BLO1E44 CalsAiny iumilrRa MagUuas hdghcr i bed
in Reference 2 nentioned above to the case where n = 1.50. The reSults of
experi nedefletdtance atFishork, wgeakeagtls agf etheVidriidm e 400 i setting

. the grid period *d" to approximately 400 nm / (1.44n;) allows

resonance to be utilized even at a wavelength of 400 nm.

(10) Other embodiments

| To fabricate the above-described wire grid polarizers
(polarization beam splitters) in the embodiments, a resist
pattern is first formed using a laser direct lithography system
or an electron-'beam direct lithography system, then an Au coéting
or an Al coating is deposited on the pattern using an electroh
beam depositor, and finally, the resist and metal fhereon are
- removed by immersing the resist in resist stripper, that is, by
the "lift-off method." Other methods can be used instead of the
lift-off method.

Alternatively, for example, a metal coating is first
deposited on the entire surface of a substrate by the evaporation
method or by the spattering ﬁethod, then a resist pattern .is
formed on the substrate, and finally, reactive ion etching'(RIE)
or Ar ion trimming is done to form metal grids. . Mask exposure
using an ultravioiet source, such as an excimer laser, and the
two-light beaﬁ interference method are effeétive in forming a
resist pattern. |

While there has been described in connection with the



theoretical analysis. Fig. 5 shows that the ratio h/d nust be
adjusted to fabricate a resonance type wire grid polarizer which can be
used for light with a specific wavelength. As the ratio b/d increases,
the resonance wavel ength [err] shifts todonger wavelengths, and thus the
ratio b/d needs to be adjusted. The grid period "d" is selected so that
[err]/2(n[err]) < d < [err]/n[err]. This is because the grid period "d" is
increased to facilitate grid.- fabrication. It is concluded by theoretical -
anal ysi spybBabrPbd smbOdfndicd Noe CARE invention, it will be obvious to
12 Si nce resonance becones inactive in- experinents with the second
embodi neghovbeskided On2thet&Et vElare airioid ichahigest eddt modffidcathgesfrom
0.2 to 0.9 exclusive (0.2 < h/d <0.9). The

may be aimed, therefore, to cover in the appended claims all such

changes and modifiéations‘as_fall within the true spirit and

scope of the invention.



m ni rum val ue of Rs was 2% or less for all data in Fig. 5, cau5|ng mar ked
resonance to—occur. On the other hand, the value of Rp was |ncre§§gL_4_
i ncreasi ng va / |sfy a condition Rp > GQ¥%—tke—vd] E@thld
had to be Iar “H l Hmi“m ause of dibficulty in gr q‘HiSaS‘r‘EF s
val ue of b/d | ©ess thans0.9, and thus the ratio b/d |IJEES£,W =

It ranges fron10.5 to 0.9 exclusive (0.5 < b/d <0.9). '

enbodi nment . In a third enbodi nent, the S polarization reflectance Rs
had a mJ/j t.han 2% at a resonance wavel ength [err] of about
1000 to e Tt I’ rked resonance was exhi bited when refractive
index nferr]. -Afl{celrdﬂizaﬂﬂow bbt&cai Bfefet, wWHeredmss section of the
metal grid 1 was al nbost rectangular (s - 80ferr]), the grid period "d" had
a constant valgmeids conpozad k'fd a=pQu28lity @faﬁr@mbttﬁld paxtss arghfogmed
pol arization transmttance Ts reached a peak at a wavelength a little

| onger t hem a reubstxaterca@andvavel ength [err]. That wavel ength is

represented by the synbol err The rel ati onshi ps_bet wee rr d
nefal naterlaﬁ%a#Qng%al griﬁs Jatlsfy the conditfbnrhf 63¥W2rh}é3<]0f31

0.5 < b/d < 0.9, and 70° < s < 100°, where "h" is the thickness
of cross section of respective wire parts; "b" is the width of
the cross section, measured aiong a line passing 0.5h away from,
ahd in parallel with; "d" is the grid périod; and "s" is the

angle between the base and a leg of the cross section.

2. The.polarization optical elemént according to claim)l,
wherein

séid grid period "d" satisfies the condition of A/(2n;) < 4
< A/(l.lnl), where n; is the refractive index of said substrate;

and "A" is the wavelength of optical beam which incides to said

grid parts.

3. The polarization optical element acgording to Claim 1,

ﬁherein

said grids are formed with Au and/or Al.

4. A polarization'optical element, comprising:
grid parts composed of a plurality of wire metal parts;

a first and second light transmittance layers which sandwich

\ .
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gr.i(;js are shown in Fig. 6. As shown in Fig. 6, the val ue of [err] is
Jow, at 50% for copper. is al so about 59% for an al uninum-tay er—crFF

about 57% for an Au |l ayer un'em‘ggq;hgwlrnﬂmsaBEEN
titanium | ayer IJ"}““HI" Ill""luturl"rt he Au | aygr underlaid i t h tneplamﬁﬂ num
| ayer, the val ue* of¢ TFsr8s #as*increased from67%to 71%ts

thi ckness of the alum numlayer is reduced from5 nmto.2 nmto 1 nm .
As shown in Fig. 7, these results can be plotted against surface
Iayer/unq,q,‘ldabgrlda‘bg&@ge kafl ectance R (average of the reflectance of a
surface | ayer and that of an underlayer). Fig. 7 shows that the

refl ectance ofa ldighti keasishiateancayparandhidte isindsadesy detwestn [Emild gh to
i ncrease the value of [err]. An Au layer is underlaid with an underl ayer
because dmmpEcEyeAwineometead pegdsi wberéingeneral, weak in adhesi on and

thus tends to . :
the condition of |ng - ny| < 0.2, [n3z - ny| < 0.2 are

satisfied, when the refractive indices of said first and second
light transmittance layers are ny, n3z, and a refractive index of

said light transmittance part is ng4.

5. The polarization optical element according to Claim 4,
wherein
said light transmittance layer is glass, and said grids are

formed with Au and/or Al.

_____*____————————'—‘
eet Has Been RTlaced
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peel . (5) Fourth enbodi nent In a fourth enbodi nent, how the P

pol ari zation transmttance [err] at a resonance wavel ength [err] depends
on the ratios h/d and b/d was exam ned when n[err] = n[err] = n[err] (=
1.50 = n), the cross section of the netgl; grid 1 was al nost rectangular (s
- 80[err]), an Au layer underlaid wth an alum numlayer 2 nmthick was
used as grid material, and the grid period "d" had a constant value of 550
nm The POLARIZATTION QPTECALABLENENT both ratios h/d and b/d nust be

i ncreased to reduce the value of Tp[err]. A TP(@err]) value of 5%or |ess

assunes b/d >0.6 and h/d > 0. 38. (6). Fifth enbodi nent
14 ABSTRACT OF THE DISCLOSURE :

A polarization optical element causes minimum loss and -
provides light in the visible and near-infrafed regions with
practically satisfactory polarization contrast even when the grid
petiod is comparatively long. Metal grids 1 are formed on a
substrate 2 with a refractiQe index n; to satisfy conditions 0.2

< h/d < 0.9, 0.5 < b/d < 0.9, and 70° < s < 110°, where "h" is
the thickness of a cross section of the grids; "b" is the width
of the cross section, measured along a line passing 0.5h away
from, and in paraliel with, the base of the cross section; "d" is

the grid period; and "s" is the angle between the base and a leg

of the cross section.

Figure 1



In a fifth enbodi nent, Au grids whose values of b/d and h/d are 0.65 and

0.45, respectively, are fabricated based on the results of experinents

with the fourth.enbodiment. The results of the determination of the

dependence on wavel ength of the S polarization transmttance Ts and the P

pol ari zation transmttance Tp are showy-as curves (A) and (B) in Figs. 9A

and 9B. At a wavel engthﬁ)f 1300 nm a Ts erI_ue of approxi mately 7(]:%:j and
: : I

a Tp val ue of apprg« A g in a e d
v
O

an= Opare ohtained [] /\l

i 4 Z 2 25447, KA L
pol ari zer for tr(illn ?/"}/,/4/}/'.1 forthe_v V//%
approxi mately 35 j///}%//r:///; polexnm %/7;//. //}/,//,////
characteristics at Ya apdkod_d B m | #0 4/,///////: 3
| onger than a grid pertsgEFd“To early 260 gjm 60 n req
conventional wire grid:gol ardzers. When t he dependence on el ength

of the S polarization reflectance Rs and the P polarization reflectance Rp
was investigated, the S polarizationr L ctagce Rs was found to have a
m ni nrum val ue | ess than 2% at a wavel eng f dpproximately 1300 nm thus
| eading to marked resonance. The P polarization reflectance was about 70%
Thus, the fifth enbodi nent was found

a
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'//A -
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to offer polarization perfornance'for reflected light for which Rp/Rs >

35, and a resonance

operate satisfactorily.
enbodi ment ,

15

type pol arization beamsplitter is

changes in the S polarization

i nci dence [err],

n),
0. 6.

s - 80[err],
The results are shown in Fig.
is i.ncreased from3[err] to 20[err] to 28[err], the wavel ength
whi ch Rs has a m ni mum val ue changed from 930 nmto 890

(7) Sixth enbodi nent

nferr]

ascertained to
In a sixth

nferr] (= 1.50

refl ectance Rs with wavel ength wezgzmeasured for different angels
using Al grids wherein n[err]

the grid period "d" is 550 nm h/d - 0.29, and b/d -
As the angl e of

10.

Using Al grids wherein h/d - 0.26 and b/d - 0.5, the

Rs %

i nci dence [err]

[err] at

nmto 840 nm
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dependence on .a of the S polarization reflectance was neasured. The
results are shown in Fig. 11. As the angle of incidence a is increased
from3 to 7 to 10, the wavelength [err] at which Rs has a m ni num val ue
changed from 920 nmto 950 nmto 990 nm The above-described results
show that the angles of incidence [errjsand [err] can properly be selected
to adjust the resonance.-wavelength [err] of a sanple over a considerably
wi de range. In part gag1 A increasing the angle of incidence [err] allows,

t he resonance wavel ‘ 0 [ Shor ngtfs. This in
turn neans that settingfthe angle of incidence [errL |®rger qallows a
| onger grid period j30@pvor of wire grid polarizer “fabrication when the
wavel ength of light to pe used is deterni ned. (8) Seventf enbodi nent
In a seventh enbodi -of the present invention, a |aser irect
| i t hography system sed in the same way as intge @ rst
| 1200F
1150;' o o o
. .’o °
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- °
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1000-1|1L'||11|||11||L||l|l_|1|1||

" 0.2 0.25 0.3 0.35 0.4 045 05 hd
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16 enbodi rent to formgrids of a 400-nm period "d", conposed of an Au
layer 180 nmthick and an Al layer 20 nmthick, on a quartz substrate with
a refractive index n[err] of 1.46, in which grids'h/d = 0.5, b/d = 0.6,
and s = 80. As in Figs. 2A and 2B, a matching oil with an refractive ‘i ndex
"n" of 1.46 is applied to the grids, ay7they are sandw ched between wedge
quartz substrates to] ' - of '
measurenents of the dependence on wavelength of the S polarizatqon
reflectance Rs by use pf the sanple. The angle of incidence [erq] was
approximately 3[err]. The S polarization reflectance Rs h@d a

m ni mum val ue of 1% 80l ess near a wavel ength of 840 nm This d the
results obtained from}he sixth enbodi ment have shown that $esomance is

found to occur not onlyfat specific wavel engths nore than beO n but at
t hose around 800 nm [the seventh enbodi nent in which he P p®l ari zati on
reflectance is ap OX¥ fitely 70% a resonance ’g' 7]
' £ X ' i
& | s )
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type wire grid polarizer is enbodied for satisfactory reflected |ight. The
grid period "d" is longer, at 400 nm[= 840 nm/ (1.46 x 1.44)], that is,
d = wavel ength/(1.44n[err]), conpared with conventional wire grid '

pol ari zers. (9) Eighth enbodi nment In an ei ghth enbodi nent, a
grating conposed of A only is fabri cggped, wherein the grid period d =
400 nm h/d = 0.5, b/d 0.5, and s = 80[err]. Marked resonance was again
observed at a -100 , : 17 wavel engt h of
about 800 nm The S polarization reflectance Rs had a m ni mumval ue of 1%
or less. Since alum npumhas a high reflectance at short wavel engths of the
order of 400 nm settfing the grid period "d" to approximtely 400 nm/

(1.44n[err]) allows |resonance to be utilized even at a wavel ength of 400
nm . .

FIG. 9A
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(10) O her enbodi nments To fabricate the above-described wire grid ~
pol ari zers (polarization beamsplitters) in the enbodi nents, a resist
pattern is first fornmed using a |laser direct |ithography system or an

el ectron beamdirect |ithography system then an Au coating or an Al
coating is deposited on the pattern using-an electroh beam depositor, and
finally, the resist and netal thereon are renoved by i mersing the resist
in resist stripperlOQprat—i-sr i - met hods can
be used instead of thfe lift-off method. Alternatively,q4for exanple,
a netal coating is fifrst deposited on the entire surface of f substrate by
t he evaporation ngﬁﬁbd or by the spattering nethod, then a resist pattern
is forned on the Strate, and finally, reactive ion etchimg (RIE) or Ar
ion trinmring is doneljto formnetal grids. Mask exposure usinpg an
ultravi ol et source, quch as an excinmer |laser, and the two-lipht beam

interference nethoggire effe@&3f" ip formng a resist patter].
- ° _
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Whi |l e there has been described in connection with the

18 preferred enbodi nents of the invention, it will be obvious to those
skilled in the art that various changes and nodifications my be ained,

. therefore, to cover in the appended clains all such changes and

nodi fications as fall within the true spihit and scope of the invention.

WHAT IS CLAIMED .| S: 1. A polarizatién optical elenment for polarizing
an optical beam wherein

10
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grids conposed of a plurality of wire netal -parts are forned on a

subgtrat e; saidnetal grids satisfy theconditiongfe.Q.2<h/d<0-9. 0.
<b/ <G..9 and 70_< s < 100['3”], where "h" is the thic @MEN([‘SSHEET
secti on of respectlve W re

Log "b" is the width of CTUSS™SECTT
nmeas d along a B lﬁ“‘ m avvay from and in par S
the grid period; I mi q | Ie b vveen t he basela d@hﬁggtﬁwth

cross section; and : the wavel engt of t he opti cal ~errl].
satisfies the condition of O.4[err]nx[err]<l.0[err]m 2. = The

pol ari zati on [ cal cording to claim1l1, wheretm —~sard
grid period "d i@ﬁ@gﬁa al?o‘ndltlon of [err]/(2n[err]) <d <
[err](1.1n[err]), - where n[err] is the refractive index of said substrate;

and "[err]" is the wavel ength of optlcal beam err] g@lch inci'des to said
grid parts. B A‘HMU@HP element; for pplagied opY| B aim1,

wherein oﬁ“fs %ﬂqn&séf ?rp n%%i‘fé s pafis Qré)fqrékd on a4substrat€'

pol ari zati on rrsin parts conposed of
plurality of wire ngiidimefabgtids satisfy the conditioniof 0. 2a=nli/ds@0"9nd S<pd<0.9,

condi t1on-of  [&K170 292‘%'1%&?%?%“ B3 in e bkl Frosisetin of Tt ve
nlerr].  and avpeerity ) ds RGN of cSbeokd RRAGH, hORERIMIB AR MAET 1 ).
0.5h away from, and in parallel with; "d" is the grid period; and "s" is the
angle between the base and a leg of the cross section; and
the wavelength of the optical beam "\" satisfies the condltlon of
- 0.4pm<A<1.0pm.

2. The polarization optical element according to claim 1,
wherein ' ' _

said grid period "d" satisfies the condition of N/(2n) <d <A/(1.1ny),
where n, is the refractive index of said substrate; and "\" is the wavelength
of optical beam "\" which incides to said grid parts.

3. - The polarization optical element according to claim 1,
wherein
said grids are formed with Au and or Al.

4. A polarization optical' element, comprising:

grid parts composed of plurality of wire metal parts;

a first and second light transmittance layers which sandwich said grid
parts, wherein

the condition of |n&n,| <0.2,|n;-n,| <0.2 are satisfied, when the
refractive indices if said first and second light transmittance layers are n,, n,,
and a refractive index of said light transmittance part is n,;
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wd of the cross section of respective wire parts; "d"
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said metal grids satisfy the condition of 0.6 <b/d <0.9 where "b" is the width
of the cross section of respective wire parts; "d" is the grid period;

and
said light transmittance layer is glass.

5. The polarization optical element according to claim 4, wherein said

gﬁds are formed with Au and /or Al.




