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Broadband Wide-View LCDs With Small Color Shift

Meizi Jiao, Zhibing Ge, and Shin-Tson Wu, Fellow, IEEE

Abstract—We proposed a broadband wide-view liquid crystal
display (LCD) with two biaxial films. Based on different dispersion
properties of these two films, we optimized their in-plane phase re-
tardation values to minimize the light leakage and color shift over
the whole viewing cone. The broadband wide view and low color
shift properties will further lead to high contrast ratio and good
color quality, especially for low gray level images.

Index Terms—Biaxial film, color shift, liquid crystal display
(LCD), wide view.

1. INTRODUCTION

IDE view and small color shift are very important re-

quirements for high-end liquid crystal displays (LCDs).
In-plane switching (IPS) [1] and fringe-field switching (FFS)
[2], [3] exhibit a comparable viewing angle, but much weaker
color shift on the bright-state images than the multi-domain ver-
tical alignment (MVA) [4] LCDs. However, their color shift for
dark images remains a challenge. Different approaches using
uniaxial plates [5], [6] or biaxial films [7], [8] have been pro-
posed to enlarge viewing angles. The 100:1 isocontrast con-
tour at an optimized wavelength (usually A ~ 550 nm) can
cover the entire viewing cone, however, the light leakage at other
wavelengths, say red and blue, are still quite severe. As a re-
sult, the contrast ratio and color saturation are significantly de-
graded under white light illumination. Several approaches are
proposed to reduce the dark state light leakage of a broadband
light source [9], [10], but the color shift remains problematic for
dark images.

In this paper, we propose a new compensation configuration
for IPS/FFS LCDs using two biaxial films to reduce the dark
state light leakage and color shift at off-axis viewing angles. The
two films have different dispersion properties so that they can
compensate each other to achieve desired effective phase retar-
dation at all the visible wavelengths. To demonstrate the oper-
ation principles, we use the dispersion curves of polyvinyl al-
cohol (PVA) and polysulfone (PS) as examples, and the retarda-
tion values are optimized with the help of Poincaré sphere [11].
With our compensation scheme, both light leakage and color
shift at off-axis viewing angles are reduced significantly. We
also compare our results with three prior approaches: the one
without any compensation film, the one with one biaxial film,

Manuscript received April 25, 2009; revised May 28, 2009. Current version
published July 29, 2009. This work was supported by Chi-Mei Optoelectronics
Corporation (Taiwan).

The authors are with the College of Optics and Photonics, University of Cen-
tral Florida, Orlando, FL 32816, USA (e-mail: mjiao @mail.ucf.edu, zge @creol.
ucf.edu, swu@mail.ucf.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JDT.2009.2025608

analyzer
absorption axis:-45°

2nd bjaxial film:-45°

[~/
[~/
E 15t biaxial film:45°
[—/
L)

LC:45°

polarizer
absorption axis:45°
(a)

S3

(b)

Fig. 1. (a) Compensation configuration with two biaxial films. (b) Poincaré
sphere representation of the broadband wide view compensation principle.

and the one with two biaxial plates [9], and find that our de-
vice configuration shows evident advantages, especially in color
shift.

II. CONFIGURATION

Fig. 1 shows (a) the compensation configuration and (b) the
compensation principles represented by Poincaré sphere. The
LC cell works under a set of crossed linear polarizer system.
Fig. 1(a) shows the absorption axes of the polarizer and analyzer
at 45° and —45°, respectively. The optic axis of LC layer is
parallel to the absorption axis of the bottom polarizer so that
it will not change the polarization state after the polarizer no
matter for normal or oblique viewing angles. The two biaxial
films are parallel and perpendicular to the absorption axis of the
polarizer so that the normal viewing angle image will not be
disturbed by the compensation films. The N, factor, which is
defined as (n, — ny)/(ny —ny), is 0.5 for both films. The phase
retardation difference between the first and the second biaxial
films should be approximately a half-wave plate.

Under the above-mentioned conditions, the compensation
principles are illustrated with Poincaré sphere in Fig. 1(b). The
maximum light leakage of a crossed linear polarizer system
with a LC cell occurs when viewed from the bisector direction.
If the light leakage at all bisectors can be suppressed, then the
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viewing angle of the LCD can be significantly enhanced. There-
fore, we optimized the compensation films by suppressing the
light leakage at § = 70° and ¢ = 270°, where 6 is polar angle
and ) is azimuthal angle. At this angle, the transmission axis
of polarizer and absorption axis of analyzer are deviated from
each other, represented by point T and point A on the Poincaré
sphere. Point P&LC represent the optic axis of the polarizer
and the LC layer. It is located on the extension line of OT, so
the polarization state stays at point T after LC layer. Let us take
A = 550 nm green light as an example, on Poincaré sphere,
the polarization state is rotated from point T to point G after
the first biaxial film and then moved back to point A by the
second biaxial film. As the N, factors of both films are 0.5, the
rotation axes are the same which is OD. The rotation directions
however are opposite to each other due to different orientations
of their optic axes. In this way, these two biaxial films can
together change the polarization state from point T to point A,
which is the absorption axis of analyzer. Therefore the light
leakage is minimized at this viewing angle. Here we used two
biaxial films in order to get a wide view for other wavelengths
as well. For instance, for the blue light A = 450 nm, the phase
retardation values of both films are larger than that of green
light for two reasons: 1) the shorter wavelength, and 2) the
normal dispersion properties of the films. The second biaxial
film has a larger dispersion than the first one. By adjusting the
phase retardations of these two films, we can find a solution
ensuring that the combination of these two films also works
for blue light to change the polarization state from point T to
point A, with a rotation path from point T to point B and then
to point A on Poincaré sphere. Repeating the same procedure
for red light (A = 650 nm) and balancing the performance for
all wavelengths, we are able to suppress the light leakage at
oblique angles for the entire visible spectrum.

III. RESULTS

In our calculation, the LC distribution is calculated by the fi-
nite element method and the optical properties are calculated
based on extended 2 x 2 Jones matrix methods for both uniaxial
and biaxial films [12]-[14]. The LC is homogenously aligned
with cell gap d = 4 pum. The LC parameters are listed as fol-
lows: K11 =96 pN, K22 =53 pN, K33 =11.6 pN, bire-
fringence An = 0.0987 at A = 550 nm, dielectric anisotropy
Ae = 8.2, and rotational viscosity y; = 84 mPa - s. We use the
birefringence dispersion model [15] to include the wavelength
effect A2y

An =G 2o w2 (1
where G is a proportionality constant and A* is the mean res-
onance wavelength. For the LC compounds or polymer films
consisting of a single phenyl ring, their A* is around 210 nm.

For the biaxial films considered here, we assume the mean
resonance wavelength A* is the same for both in-plane (nx —ny)
and out-of-plane birefringence (n, — ny). Consequently they
should follow the same dispersion curve. That also explains why
the N, factor keeps almost the same over the entire visible spec-
trum.

We fitted the birefringence of PVA and PS based on (1), as
shown in Fig. 2. The first biaxial film in our configuration has
a very weak dispersion, so we chose PVA as an example, as
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Fig. 2. Dispersion properties of the two biaxial films used in the calculations,

the red solid line is the fitting curve based on data of PS (triangle dots) and the
blue dashed lines are the fitting curves based on data of PVA (square dots).
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Fig. 3. Maximum light leakage over the entire viewing cone of different
IPS/FFS display configurations: (1) without any compensation films (black
curve); (2) with one biaxial plate (blue curve); (3) with two biaxial films
proposed in [9] (red curve); and (4) ours with two biaxial films (green curve).

the blue dashed lines show. While the second biaxial film has a
strong dispersion and we chose polysulfone (the solid red line)
as an example. The squares and triangles represent the mea-
sured data of these two materials. [16], [17] In this example, the
optimized in-plane phase retardations for the two biaxial films
are 740 nm and 460 nm for the first and second biaxial films at
A = 550 nm.

To show the compensation performance, in Fig. 3 we plotted
the maximum light leakage over the whole viewing cone within
the visible spectrum. The results are compared with three prior
approaches. Curve 1 represents the dark state light leakage of
an IPS or FFS display without any compensation film. There
is strong off-axis light leakage at any wavelength. With one bi-
axial film compensated, as curve 2 shows, the light leakage is
significantly reduced at the optimized wavelength but still re-
mains relatively severe at other wavelengths. This will further
degrade the contrast and the color uniformity. Curve 3 shows
the light leakage of compensation configuration with two biaxial
films proposed in [9]. In this configuration, each biaxial film
contributes to half of the phase needed. We used the dispersion
curve of PVA in Fig. 2 to get an optimized result of their config-
uration. Curve 4 is for our compensation configuration with two
biaxial films. Both configurations with two films can reduce the
light leakage significantly over the entire visible spectrum. This
will result in high contrast over the whole viewing cone under
white light. Moreover, the broadband weak light leakage will
help to reduce the color shift of low gray level images.

Dark state colors at oblique viewing angles can vary from
that at normal viewing angle, depending on the ratio of the light
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Fig. 4. Dark state color shift at the varied viewing angles from 0° to 60° of
different display configurations: (a) without any compensation film; (b) with
one biaxial plate; (c) with two biaxial films proposed in [9]; and (d) ours with
two biaxial films. Red spot represent the color at normal viewing angle.

leakage at different wavelengths. Fig. 4 compares the dark state
color shift of four IPS/FFS configurations. The CIE 1976 uni-
form chromaticity scale diagram is used here to give a direct
view of the color difference. The red dots are the (u’, v') coordi-
nates at normal viewing angle and those black dots correspond
to the (u’,v’) values at viewing angles with # varied from 0°
to 60° and ¢ from 0° to 360°. The deviation between the red
dots and black dots represent the color shift between normal and
oblique viewing angles, as described in

A/ ':\/(u’g—u’1)2+(v’2—v’1)2. 2)
where (uf,v}) is the coordinate at normal viewing angle and
(uf,v}) is that at an oblique viewing angle.

The maximum color shift Au’v’ is 0.051 for the configu-
ration without compensation film, as Fig. 4(a) shows. As in
Fig. 4(b), it increases to 0.206 in the configuration with one bi-
axial plate, due to the strong blue shift resulting from the strong
light leakage at shorter wavelengths compared with longer
wavelengths. The two biaxial films configuration proposed in
[9] improves the color uniformity to a level similar to crossed
polarizers, with a maximum color shift Au’v’ = 0.052. For
comparison, the dark state color shift of our configuration is
reduced significantly to Au’v’ = 0.033, as shown in Fig. 4(d).
With better material engineering of the two biaxial films, the
color shift can be even further reduced in our configuration.

IV. CONCLUSION

We have proposed a new compensation configuration for
LCDs with homogenous alignment using two biaxial films. The
proposed configuration can achieve achromatic dark state and
good color uniformity at different viewing angles. The greatly
suppressed light leakage over the entire visible spectrum can
further help to reduce the color shift of low gray level images
of IPS/FFS LCDs.
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