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The performance of broadband polarizing beam splitters (PBSs) is sensitive to the incident angle. By taking account of the
spectrum of the laser source and using the needle optimization method, a large acceptance angle PBS for laser-based
displaysis designed. The average degrees of polarization in transmission and reflection can reach 0.989 and 0.980 for an
acceptance angle of 13.6° in air using two materials, while better results of 0.993 and 0.989 for an acceptance angle of 14.8°
in air are attained when three common materias are used. Both designs consist of 40 layers.
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Recently, developmentsin compact and efficient visible la-
sers are expected to give momentum to the devel opment of
laser-based displaysfor the consumer market*4. Polarizing
beam olitters (PBSs) play an important role in display sys-
temsfor the modulation of polarizedlight. The PBShasstrong
angular dependency, which decreases the contrast for low f-
number illumination®.,

Lit® proposed a method for the design of broadband and
wide angle PBS, and the Brewster angle condition was till
necessary. After that Li" designed a new PBS with awide
acceptance angle and high extinction, but the PBSishard to
be fabricated. Mouchart® and Baumei ster'® designed alarge
acceptance angle PBSsfor asingle laser wavelength. In this
[etter, the gpectrum of the monochromatic light sourceistaken
into account for the design, and amore powerful optimiza-
tion technology isintroduced into the design process. A PBS
operatingin alarge angular field for RGB lasersisdesigned.
Two material s satisfying Brewster angle condition are enough
to achieve the purpose, and three common materials which
don’ t satisfy the Brewster angle condition can obtain a better
result. These PBSsaremore suitablefor laser-based displays.

A typical device of MacNeille PBS* consists of multi-
layer of two different coating materials embedded between
two prisms. The two diagonal faces are cemented together,
and the light isincident upon the hypotenuse. It is known
that for oblique incidence, calculations of a multilayer opti-
cal film, p-polarized waves and s-polarized waves can be

treated quite independently. A tilted optical admittance h
should beinvolved instead of that for normal incidence:

m,= n/cos @ (for p-waves), 1)

n=ncos @ (fors-waves), 2)
where @in different materials is given by Snell’s law:

n,sin,=n sinf =n_sind , , 3)

where H, L and sub represent high refractive index material,
low refractive index material, and substrate material,
respectively.

It is possible to find an angle of incidence and proper
materials so that the Brewster condition for an interface be-
tween two materials with different refractive indices is
satisfied:

n,,/cos8, = n, /cosé . )]

At this time, the reflectance for the p-polarized wave vanishes.
In display applications, the condition €, ,=45° is often met.
Combining Eq.(3) and Eq.(4), we obtain!!!

nl, =2nin; (nj+n) . )

Toincrease thereflectance of s-polarized waves, the two ma
terialsshould bemadeinto amultilayer stack. Thelayer thick-
ness should be quarter-wave optical thickness at the angle of
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incidence, so the multilayer stack acts as amultilayer high-
reflectance mirror for s-polarized waves. For s-polarized
waves, the width of the reflective zone is afunction of the
tilted optical admittance ratio between thetwo materials, and
the zone can be extended by placing a quarter-wave stack for
one wavelength on top of another for adifferent wavelength,
or using achirped multilayer structure. To evaluate the per-
formance of a PBS, the degree of polarization in transmis-
sionisgiven by

P =(T,~T)NT,*t Ty , ©6)
and that in reflection by
P.=(R,-R)/(R*R) , ™

where Tp, T are the transmittances and RP, R are the refle-
ctances for p- and s-polarized waves, respectively.
Compared with polarizers made on plane of glasses'
MacNeille PBS has a much wider spectral range. Uhfo-
rtunately, it does suffer from a limited angular field. It is
simply because when the angle of incidence moves away from
the designed angle, Eq.(4) is no longer satisfied, and the
multilayer structure acts as a stack with different materials
for p-polarized waves. Thus the multilayer stack is approxi-
mately equivalent to a reflective coating composite of mate-
rials which have small refractive index difference. Therefore,
a residual reflectance peak for p-polarized waves gradually
appears in the center ofthe range as the incidence angle moves

12,13]
’

away.

Fig.1 shows the calculated performance of a MacNeille
PBS designed at an incident angle of 45°®. This kind of PBS
has a wide spectral range which is not necessary for laser-
based displays. The residual reflectance of p-polarized waves
greatly reduces the degree of polarization in reflection, and
thus limits the performance.
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Fig.1 Theoretical performance of a typical MacNeille PBS

designed at an incident angle of 45°

For laser-based display systems, theillumination sources
are often composed of red, green and blue lasers. Only the
spectral characteristics near certain wavelengths have real
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influence on the performance because of the monochroma-
ticity of lasers. Thusmoredegree of freedom can be obtained
inthe design of thethin film devicesfor laser-based displays.
To solve the problem of limited angular acceptance angle,
the gpectrum of theillumination sourceistaken into account.
On the other hand, targets specified simultaneoudy for both
s and p-polari sed waves set high requirements for optimiza-
tion method, and classical optimization methodswhich have
local convergence can hardly provide an efficient result. A
more powerful optimization technol ogy should beintroduced
into the design process.

Three laser wavel engths are chosen to make a compro-
mise between color gamut and luminous efficiency: 450 nm
for blue, 532 nm for green and 635 nm for red. We get the
gtarting design from an optimized multilayer coating con-
siging of two materials. The sequence of the staring design
isset to Sub/(HL)"13H/Sub. Sub represents the substrate of
glass, and H or L denotesa quarter-wave layer of the mate-
rial with high or low refractive index, respectively.

The method to solve our problem isbased on anonlocal
synthesisdesigntechnique, i.e., the needle optimizationtech-
nique*%¥, For amultilayer optical coating, the spectral per-
formance can be obtai ned from cal culating the characterigtic
matrix. The difference between the actual and desired spec-
tral characteristics of the design is measured by the merit
function (MF). Thus the design problem of optical coating
can be taken as an optimization problem. For our problem,
the merit functionis specifiedto be 7.=100% and 7= 0, 435
465 nm, 517-547 nm, and 620-650 nm for five anglesof 41°,
43°,45°,47°, and 51° . Thetoleranceisset to be 1%, and 50
spectral points logarithmically distributed are introduced in
every band.

The merit function can be decreased by inserting new
thin layersinto the existing multilayer stack. The variations
of the refractive-index profiles caused by such insertionsare
called as needle variations. Consider a single needle varia-
tion of the refractive-index profile after insertion at a phys-
cal thickness z indde the existing multilayer structure. The
variation of the merit function dMF can be represented asa
serieswith respect to the thickness of anew layer

dMF = P(n, z)d + o(d) , (8)
where d and n denote the thickness and the refractive index
of anew layer, and o(d) denotesall termswith an order of d?
and higher. If P(n, z) is negative, dMF will be a so negative,
indicating that the merit function can be decreased after the
needle variation of specific material at a specific position.
P(n, z) is derived by means of variational analysisand is
referred as P-function. The P-function isused toidentify the
most appropriate position to insert new layers. The best de-
creasing of the merit function correspondsto the lowest nega-
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tive value of P-function.
The schematic diagram of the optimization procedureis

showninFig.2.

Optimization by second |
order Newtonmethod |

The decrease of merit
unction is too small?

Insertion of
new layers

!

I Calculation ofP-function]

Is P-function
nonnegative?

I Removal of very thin layers—l

Final design

Fig-2 Scheme of the procedure based on the needle op-
timization technique

An efficient design can be obtained after the previous
cycle processisfinished. However, this designed coating
often containsarelatively great number of thinlayers. To get
apreferable design, very thin layers (thickness<10 nm) are
removed and the structureis reoptimized by the same local
optimization al gorithm. Generally, the merit function will
increase dightly after removing very thinlayers, but the num-
ber of layers may decrease dramatically and thefinal design
ismore suitable to be fabricated.

Firgt, two coating materials are used to design the PBS.
The substrate is chosen asaglass with refractive index of 1.7,
and the indices of the materials are 1.45 (n) and 2.2 (n, ),
respectively. Therefractiveindicessatisfy the Brewster angle
condition at q_, =45° . Fig.3(a) isthe calculated transmittance
for p- and s-polarized waves from 400 nm to 700 nm for
anglesof incidenceof g=45°, 45+2°, and 4544°, respectively.
The angular behavior at the lasing wavelength is shown in
Fig.3(b). Thetotal physical thickness of the design is about
3.9 mm. Angle g is measured in the glass prism. For a glass
prism with index of 1.7, this corresponds to an angular field
of 13.6° in air. The value of the merit function is 1.18. Be-
cause the merit function is specified in three bands, the re-
sidual reflectance of p-polarized light is obvious at other
wavelengths. However, thisresidual reflectance has nothing
to do with the performanceif the PBS isused for laser-based
displays.

Tab.1 showsthe average degrees of polarization intrans-
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Fig.3 Large acceptance angle polarizing beam splitter
for laser-based displays, using two coating materials:
(a) Variation of the spectral properties with angle; (b) Tp
and T_ as a function of the incident angle in glass for
three wavelengths

Eq.(6) and Eq.(7). The average degrees of polarization in
transmission and reflection for three bands with different
anglesshown in Fig.3(a) are calculated to be 0.989 and 0.980,
respectively.

Tab.1 Average degrees of polarization in transmission
(T) and reflection(R) for the design using two materials

Incident angle Blue (435-465nm) Green (517-547 nm) Red (620-650 nm)

inglass(°) T R T R T R
41 0.999 0978 0971 0.985 0.987 0.976
43 0.996 0.983  0.989 0.981 0.971 0.973
45 0.992 0.993  0.997 0.992 0.995 0.974
47 0.982 0971  0.994 0.965 0.981 0.975
49 0.988 0.979  0.996 0.981 0.994 0.989

In practi ce, the material swhich satisfy the Brewster angle
condition are not easy to find, and the optical constants of
the materials have relation with the deposition conditions.
So asystem which involves more than two common coating
materialsisrequired. Another system isdesigned with three
materias. The indices of the materialsare: n =1.45, n ,=1.67
and n,=2.3. They are chosen to be close to the refractive
indicesof SO,, ALLO,, and Nb,O,, respectively. Higher re-

273 275



LIU et al

fractive index prisms (ZF7 glass, n_,=1.85) are used asthe
substrate to get alarger angular field in air. In order to com-
pare with the characteristics of the previousdesign using two
proper materials, thisdesign is adjusted to have 40 layers,
too. The cal culated performance and the refractiveindex pro-
fileof theresulting design areshown in Fig.4. Thetotal thick-
nessisabout 3 nm, whichis 77% of the previousdesign. The
value of merit functionis further reduced to 0.66, which is
56% of the previous design.
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Fig.4 Large acceptance angle polarizing beam splitter
for laser-based displays using three common coating
materials: (a) Variation of the spectral properties with
angle; (b) Tp and T_ as a function of the incident angle in
glass for three wavelengths

Tab.2 showsthe average degrees of polarizationin trans-
mission and reflection for different colors. Compared with
the previous design, the degree of polarization for both di-

Tab.2 Average degrees of polarization in transmission
(7) and reflection(R) for the design using three materials

Incident angle Blue (435-465 nm) Green (517-547 nm) Red (620-650 nm)

inglass(°) T R T R T R
41 0.999 0.984  0.988 0.991 0.974 0.984
43 0.999 0.985  0.990 0.990 0.992 0.992
45 0.998 0.992  0.994 0.991 0.998 0.989
47 0.996 0.994  0.992 0.987 0.995 0.992
49 0.999 0.985  0.994 0.989 0.986 0.989
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rectionsisimproved. The average degrees of polarizationin
transmission and reflection for three bands with different
angles are calcul ated to be 0.993 and 0.989, respectively. In
thissystem, +4° variation in angle of incidence corresponds
toan angular field of 14.8° in air.

In conclusion, polarizing beam splittersfor laser-based
displays are designed. Thiskind of PBS has much better an-
gular performance since the monochromaticity of lasersis
considered. The design method is based on the spectrum of
the laser source and the needl e optimizati on technique which
aims to achieve anonlocal convergence. Large acceptance
angle and high degree of polarization for both the reflection
and transmission are obtained using only two or three
materials. The average degrees of polarization in tranamis-
sion and reflection for an acceptance angle of 13.6° inair are
calculated to be 0.989 and 0.980, respectively, using two ma-
terialswhich satisfy the Brewster angle condition. Better re-
sults of 0.993 and 0.989 are attained when three common
materials which don’ t have to satisfy the Brewster angle
condition are valid, and the acceptance angle is extended to
14.8° inair. The same ideacan be applied in desgn of other
thin-film all-diel ectric componentsfor laser-based displays.
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