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esign and fabrication of an integrated polarized
ight guide for liquid-crystal-display illumination

o-Wei Chien and Han-Ping D. Shieh

An integrated polarized light guide was designed and fabricated for use as a liquid-crystal backlight with
emphasis on uniformity of the light and conversion of p-polarized to s-polarized light. Two different
micro-optical structures were fabricated both on the top and the bottom surfaces of the light guide. On
the top surface, a subwavelength grating separates s-polarized and p-polarized light to achieve a
polarization-conversion efficiency of 69%. A 1.7 gain factor of polarization efficiency was obtained to
increase the utility of light for liquid-crystal illumination. © 2004 Optical Society of America
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. Introduction

s applications for thin-film transistor liquid-
rystal devices increase, bright and uniform back-
ight modules become essential. The optical
fficiency of conventional backlight modules is low
ecause there is no conversion of p-polarized to
-polarized light. In addition, the complex require-
ents for assembling optical films such as bright-

ess enhancement films and dual brightness
nhancement films and diffusers are usually not
onducive to compact packaging. Many methods to
eparate s- and p-polarized light to produce singly
olarized light to enhance polarization-conversion ef-
ciency have been reported.1 The wire grid polar-

zer is the simplest device that produces polarized
ight: An unpolarized electromagnetic wave im-
inges upon a grid of parallel conducting wires. The
lectric field can be decomposed into two orthogonal
omponents, one of which is parallel and the other
erpendicular to the wires. The field parallel to the
ires drives the electrons along each wire and

hereby heats the wires, thus transferring energy
rom the field to the grid. In contrast, the electrons
re not free to move in the orthogonal direction, and
he corresponding field is then propagated through
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he grid. However, more than 50% of incident light
s absorbed by the grid of wires. Therefore a con-
entional wire grid polarizer is not efficient. A po-
arized light guide based on selective total internal
eflection �TIR� at microgrooves for polarization con-
ersion has also been proposed.2 Anisotropic foil
ith diamond-turned microgrooves is filled with an

sotropic index-matching layer that is attached to the
ight guide’s substrate. The extraordinary optical
xis is parallel to the groove direction. Therefore,
nly the field parallel to the groove direction is cou-
led out by TIR at the microstructure interface. The
rthogonal field is not coupled out because the corre-
ponding critical angle is sufficiently small and TIR
s not present at the interface. Theoretically, the
ain factor of polarization efficiency can be as high
s 2. The approach of using the TIR that occurs in
icrogrooved anisotropic foil achieves a gain factor

f polarization efficiency of 1.7.2 However, the
moothness requirements of microgroove surfaces
or reducing scattered light are stringent. Plastic
articles are easily attached to microgroove surfaces
uring diamond turning. Thus, difficulty in fabrica-
ion of microgrooves hinders application of a polar-
zed backlight module. Utilization of the Brewster
ngle of incidence to separate polarized rays was also
roposed.3 For unpolarized incident light, only the
eld perpendicular to the incident plane �s-polarized

ight� is reflected. However, polarization-separation
fficiency decreases rapidly when the incident angle
iffers from the Brewster angle. The incident angle
s critically limited. Use of the Brewster angle re-
uces the gain factor to only �1 because p-polarized
ight is not recycled or converted to s-polarized light.

A novel integrated light guide for backlight mod-
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les was designed to achieve polarization conversion
nd compactness for liquid-crystal device illumina-
ion, as shown in Fig. 1.4 When unpolarized light
as coupled to the light guide, slot structures on the
ottom surface coupled light out of the guide. Light
as then reflected by a reflective sheet. When the

ubwavelength grating impinged on the top surface,
nly p-polarized light was transmitted while
-polarized light was reflected. s-polarized light was
hen converted into p-polarized light by passing twice
hrough a quarter-wave plate. The subwavelength
rating is not critically dependent on incident angle.
he 75% efficiency of the subwavelength grating de-
raded to 10% if the incident angle varied by �20°.
herefore, outcoupled light was singly polarized, as
as required for LCD illumination.5

. Method of Operation

he light guide model �8.8 cm wide and 7.1 cm long�
as built by use of an optical simulation program to

ptimize the pattern design. Slot structures and a
ubwavelength grating were fabricated on the bottom
nd the top surfaces, respectively, of the light guide.
n the bottom surface the slot structures were spaced
ith a greater gradient density in the region far away

rom the light source and less density close to the
ight source. As shown in Fig. 2, when the light
ource was coupled into the light guide by the slanted
urface, obliquely incident guided rays were coupled
ut by the sidewalls of the slot structures. The slot
tructures determined the amount of outcoupled
ight, and therefore the density of slot structures con-
rolled the uniformity of the outcoupling plane. A
rightness profile of the outcoupling plane was ob-

ig. 1. Schematic of an integrated light guide. P-polarized light
s transmitted and s-polarized light is reflected. S-polarized light
s then converted into p-polarized light by passing through a
uarter-wave plate twice.

ig. 2. Light source coupled into the light guide by a slanted
urface. The oblique-incidence guided rays were coupled out by
he sidewalls of the slot structures. The density of slot structures
ontrolled the illuminance uniformity of the outcoupling plane.
ained by ray tracing, as shown in Fig. 3. With a
50-lm white-light source, the maximum and mini-
um values of illuminance were 43,000 and 34,000

ux, respectively. The luminous efficiency increased
rom an average value of 18% to 31%. Uniformity of
lluminance on the outcoupling plane can be as much
s 80%, which is greater than the 70% uniformity
equired for a commercial light guide.

Moreover, the operation of a subwavelength grat-
ng is based on the combined effects of form birefrin-
ence and the multilayer structure. If period � of
he grating is sufficiently small compared with the
avelength, the whole structure behaves as if it were
omogenous and uniaxially anisotropic, which are
he attributes of form birefringence.6 Orthogonally
olarized light encounters different effective refrac-
ive indices because of the asymmetric grating struc-
ure. One polarization is parallel to the grating
s-polarized light� and the other is perpendicular to
he grating �p-polarized light�. Consider a one-
imensional grating composed of two materials of
efractive indices n1 and n2 with duty cycle f; the
ffective indices are given by7

n� � � fn1
2 � �1 � f �n2

2�1�2, (1)

n� � n1 n2� fn2
2 � �1 � f �n1

2��1�2. (2)

Similarly to the operational principles of a wire
rid polarizer, unpolarized light was incident upon a
etallic grating. The first diffracted order, which
as linearly polarized in the direction perpendicular

o the grating bar �p-polarized light�, was designed to
ransmit through the subwavelength grating. In
ontrast, the zeroth diffracted order, which was lin-
arly polarized in the direction parallel to the grating
ar �s-polarized light� was reflected.8 The subwave-

ig. 3. Illuminance profile of the integrated light guide. The
aximum and minimum values of illuminance were 43,025 and

4,000 lux, respectively. Consequently, 80% of uniformity was
chieved.
20 March 2004 � Vol. 43, No. 9 � APPLIED OPTICS 1831
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ength grating was designed to operate in visible
ight. The diffraction efficiency was generally high
n the red- and green-light wavelength spectra. For
he blue-light spectrum the diffraction efficiency de-
reased rapidly at resonance wavelength 	, as deter-
ined by

	 � p�ns � sin 
��m, (3)

here p is the period of the grating, ns is the refrac-
ive index of the structure, and 
 and m are the inci-
ent angle and the diffraction order, respectively.
ow efficiency in the blue-light wavelength results in
narrowband spectrum that accompanies obvious

olor changes of the image for LCD applications.
he limitation was overcome by the designed multi-

ayer structure. The effective refractive index of a
ultilayer structure is an average value of refractive

ndices of dielectric layer and air spacing, which is
ower than the refractive index of the substrate.
hus the effective refractive index of a multilayer
tructure is lower than that of a single layer. A
ower effective refractive index shifts the resonance
avelength toward a shorter wavelength. The the-
retical efficiency of the diffracted orders of the mul-
ilayer structures was calculated with the
ommercial software Grating Solver,9 which uses rig-
rous coupled-wave analysis to yield the diffraction
fficiencies and allows the complex refractive indices
f the materials to be input.
The subwavelength grating was simulated for

ransmission of p-polarized light and reflection of
-polarized light. However, the transmission spec-
rum decreased abruptly at shorter wavelengths. A
ultilayer structure was then proposed to reduce the

ffective index of the structure, thereby lowering the
esonance wavelength. Various materials for an ad-
itional dielectric layer �shown in Fig. 4�, duty cycle
shown in Fig. 5�, and thickness were simulated. Al
100 nm thick� and SiO �200 nm thick� with a 0.2-�m

ig. 4. Transmission efficiency of p-polarized light as a function of
he wavelength of incident light for various materials of an addi-
ional dielectric layer. The period of the Al grating �100 nm thick�
as 0.2 �m, with a 50% duty cycle.
2

832 APPLIED OPTICS � Vol. 43, No. 9 � 20 March 2004
eriod 50% duty cycle were eventually chosen for
ecause of their ease of use and high efficiency. Al
nd SiO2 were easily etched and lifted off. Al-
hough other highly reflective metals, such as Ag,
an substitute for Al without degrading polarization
fficiency, they are more expensive. In terms of
orm-birefringence effects, p-polarized light exhibits
igh transmission, similar to a dielectric layer. In
ontrast, s-polarized light exhibits high reflection,
imilar to a metal layer. The simulated properties
f the subwavelength grating are shown in Fig. 6 for
wo cases: for an Al layer only, shown by dashed
urves, and for an Al–SiO2 layer, shown by solid
urves. The transmission of the p-polarized light
hown by the dashed curve decreases rapidly at
horter wavelengths. The efficiency was further im-
roved by the multilayer structure. As shown by a
olid curve, the transmission of p-polarized light is

ig. 5. Transmission efficiency of p-polarized light as a function of
avelength at various duty cycles �dc� of the multilayer grating.
he period of an Al–SiO2 grating was 0.2 �m. The thicknesses of

he Al and the SiO2 layers were 100 and 200 nm, respectively.

ig. 6. p-polarized light transmission and s-polarized light reflec-
ion efficiencies of the subwavelength grating as functions of wave-
ength. The subwavelength grating retains high reflection
fficiency for s-polarized light and high transmission efficiency for
-polarized light in the entire visible spectrum.
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80% over the entire visible spectrum, whereas the
eflection of s-polarized light is greater than 95%.

. Fabrication

wo different structures, subwavelength grating and
icroslots, were fabricated individually on the top

nd bottom planes of the light guide. First, for mi-
roslot structures the slot patterns were fabricated by
hotolithography. A subwavelength grating was
hen fabricated as shown in Fig. 7.10,11 First,
.3-�m poly�methyl methacrylate� �PMMA�, 0.03-�m
e, and 0.3 �m PMMA were spin coated and sput-

ered in that order onto a quartz substrate to form a
hadow mask and a conducting layer. E-beam li-
hography was then used to define a high-resolution
rating with a period of 0.2 �m and a duty cycle of
0% over an 80 �m � 80 �m area, limited by the E
eam used. After development, 0.2 and 0.1 �m of
iO2 and Al were deposited sequentially. Finally,
he PMMA pattern was lifted off in acetone to yield
he subwavelength grating shown in Fig. 8. Electro-
lating and stamp molding were then applied to du-
licate integrated light guides upon a plastic
ubstrate.

. Measurement

he transmission and reflection of the fabricated
ubwavelength grating were measured with a white-
ight source filtered with red �630-nm�, green �532-
m�, and blue �437-nm� primary wavelength color
lters. The beam was focused onto the fabricated

ig. 7. Fabrication of the subwavelength grating. E-beam li-
hography and a lift-off method were used to fabricate the multi-
ayered subwavelength grating.

ig. 8. Scanning-electron microscope photograph of the subwave-
ength grating with a period of 0.2 �m and a duty cycle of 50%.
ubwavelength grating �80 �m � 80 �m�, and its
nput polarization was controlled by a polarization
otator. Two photodetectors were then used to mea-
ure the transmission and the reflection simulta-
eously. The measured and simulated reflection
fficiencies are shown versus wavelength in Fig. 9.
n such an arrangement the measured reflection ef-
ciencies at 	  437, 532, and 630 nm were 70%, 76%,
nd 85% for s-polarized light; transmission efficien-
ies for p-polarized light were 68%, 65%, and 70%,
espectively.

. Discussion

heoretically, a polarization-efficiency gain factor of
can be achieved. In the simulation the transmit-

ed p-polarized light was Ptrans � �s convert to
�trans  80% � 0.5 � 95% � 0.5 � 0.9�quarter-wave
late conversion factor� � 80%  75%. For conven-
ional polarizers the transmitted p-polarized light is
40%. Therefore the polarization-efficiency gain

actor was 1.87. The difference in gain factor be-
ween theoretical and simulated values was attrib-
ted to differences in absorption of the materials.
rom the simulated results shown in Fig. 5 we found
hat the gain factor can be closer to the theoretical
alue of 2 if the linewidth of the subwavelength grat-
ng can be further reduced. In our measurement the
ransmitted p-polarized light was 85% � 0.5 � 70% �
.5 � 0.9�quarter-wave plate conversion factor� �
5%  69%. The measured results demonstrated
hat the gain factor of 1.7 was retained. Degrada-
ion of the gain factor was caused by several factors,
escribed as follows: A Gaussian distribution of the

beam yielded a nonrectangular grating structure
nstead of a binary shape, lowering the efficiency of
he total transmitted p-polarized light. A uniform
eam profile could be obtained by use of electromag-
etic lenses and smaller apertures to correct the
aussian beam profile. Grating structures with

ig. 9. Comparison of experimental and simulated results from
he subwavelength grating. For measurements at 	  437, 532,
30 nm the reflection efficiencies were 70%, 76%, and 85% for
-polarized light and 32%, 35%, and 30% for p-polarized light,
espectively.
20 March 2004 � Vol. 43, No. 9 � APPLIED OPTICS 1833
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igh aspect ratios could also reduce the effects of a
onrectangular shape. Moreover, the polarization
fficiency was affected by the shape, linewidth, and
ayer thickness of the grating.8 From measurement
ith an atomic-force microscope, the lateral and ver-

ical errors of the subwavelength grating were 5%
nd 9%, respectively. We expect that more-precise
ift-off and etching techniques will further improve
he efficiency. Additionally, depolarization arose
nder conditions of mixed polarized states. With a
.1-�m linewidth, the extinction ratio of s-polarized
o p-polarized light exceeded 10. Although the ex-
inction ratio was not so high, energy absorption was
uch reduced while the polarized light guide was

lluminated on the liquid-crystal display panel.
heoretically, an extinction ratio of better than 25
ould be achieved if the linewidth were further re-
uced. In the future a subwavelength grating of
arge area should be achievable by tiling of small-
rea grating arrays or use of nanoimprinting tech-
ology.12

. Conclusions

n integrated light guide for liquid-crystal display
llumination was developed with p-to-s polarization
onversion and improved uniformity. This novel el-
ment combines microslot structures and a subwave-
ength grating on both surfaces of the light guide.
n integrated polarized light guide was fabricated
nd evaluated for its functionality; we achieved 80%
rightness uniformity and 69% polarization effi-
iency. Thus a gain factor of 1.7 in polarization ef-
ciency was achieved. In addition, the extinction
atio of s-polarized to p-polarized light exceeded 10.
onsequently, an integrated lightguide of high polar-

zation conversion efficiency will provide a high-
fficiency backlight module in compact form for LCD
llumination.
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