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We propose an optical configuration for a transflective mode with a circular polarizer for the vertical
alignment liquid crystal cell, which can show the wideband property of high contrast in oblique incidence.
The proposed configuration consists of a biaxial film and two uniaxial films for satisfying both the trans-
missive and the reflective modes. Optimization of the optical configuration of the circular polarizer has
been performed on the Poincaré sphere in the entire visible wavelength range using the Stokes vector and
the Mueller matrix method. We also verify the excellent optical characteristics of the proposed config-
uration by comparing the viewing angle and contrast ratio in the oblique direction with a conventional
optical configuration in calculation. © 2010 Optical Society of America

OCIS codes:  220.0220, 230.3720.

1. Introduction

Recently, many studies have been performed with a
view to improving the optical properties in the liquid
crystal display (LCD) industry [1-4]. In particular,
the rapid growth of the market for mobile devices,
such as cell phones and personal digital assistants,
has resulted in research that aims to produce high
contrast ratios, high brightness, and a wide viewing
angle. In this vein, the transflective mode could be an
important display mode that can integrate the fea-
tures of the transmissive mode and the reflective
mode. In particular, the current transflective liquid
crystal (LC) mode emphasizes higher brightness in
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addition to a wide viewing angle and high contrast
ratio because the high resolution of the display can
deteriorate the brightness of the cell. Therefore, this
research will apply a circular polarizer, rather than a
linear polarizer, to the current outdoor display be-
cause of its high brightness. To demonstrate the good
electro-optical characteristics of the transflective
mode using a circular polarizer, several pieces of re-
search have been studied that looked at improving
the optical configuration of the LC cell. For example,
Ko et al. showed an optical configuration using a
biaxial film and a C-plate for the reflective mode
in order to improve optical characteristics [5]. A com-
bination of an A-plate and a C-plate was proposed by
Chen et al. [6], and a combination of two A-plates, a
C-plate, and a biaxial film was proposed by Ge et al.
[7]. Hong et al. [8] proposed an optical configuration
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consisting of two C-plates and two A-plates in order
to reduce the off-axis light leakage in the dark state.
However, these researchers considered the optimiza-
tion of the cell at only a single wavelength, so they
did not discuss the wideband property.

Another optical configuration, proposed by Pan-
charatnam [9], conceptually applied the wideband
property by using the combination of a uniaxial
1/2 plate and a uniaxial /4 plate [10], so that it could
expect an excellent dark state in the normal direc-
tion. However, the proposed optical configuration
did not consider optical performance in an oblique
direction, so that it could not show a good viewing
angle property.

To satisfy the both the wideband and wide viewing
angle requirements for the transflective mode, there-
fore, in this paper we propose an optical configura-
tion that can provide a good optical property for the
wideband and a wide viewing angle for a vertical
alignment (VA) LCD. We expect that the wideband
property will be attained using a wideband 1/4 plate
that consists of a /2 biaxial film and a uniaxial 1/4
plate. Moreover, we also expect a wide viewing angle
property owing to the A/2 biaxial film and an
additional negative C-plate. The optimization of the
optical films used has been performed on the Poin-
caré sphere in the entire visible wavelength using
the Stokes vector and the Mueller matrix method.
We compared the optical characteristics of the pro-
posed optical configuration with the conventional
mode, which uses a combination of a 1/2 uniaxial film
and a uniaxial 1/4 plate for the wideband property in
the normal direction, in calculations for the verifica-
tion of the proposed configuration.

2. Off-Axis Light Leakage of the Conventional Circular
Polarizer in the Dark State

A. Off-Axis Light Leakage in the Dark State

In general, there are several reasons for the light
leakage of an LCD in an oblique direction. One can
be the shift of the polarization axis of the polarizer
and the optical axis in each optical film. This causes
a change in the effective principle axis of the optical
films as a function of the observation direction (the
polar angle 6 and the azimuth angle ¢) by the devia-
tion angle 6 [11]. The second reason is the change in
the retardation value of the compensation film in the
oblique incidence. The change of retardation value I
in each optical film as functions of the polar 6 and the
azimuth angle ¢ of the incident light can be easily
calculated using the extended 2 x 2 Jones matrix
method [12-14]. The last factor is the dispersion of
the refractive index of the optical films along the wa-
velength [15,16]. The polarization states of the three
primary colors (red, green, and blue) commonly differ
from one another after passing through the LC cell
and the compensation films, due to their dissimilar
material and wavelength dispersion properties.
Thus, in order to achieve an excellent dark state
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at the oblique incidence, the phase dispersion in
the entire visible wavelength should be removed.

B. Polarization States in the Reflective Mode

The conventional configuration of the transflective
circular polarizer comprises two linear polarizers,
four positive A-plates and the VA LC cell, as shown
in Fig. 1(a). In this paper, we assume that the optical
axis of the VA LC cell in the absence of an electric
field can be the same as the optical axis of the posi-
tive C-plate. Figure 1(b) represents the polarization
states for the reflective mode on the Poincaré sphere
when the light passes through the cell in the normal
direction. The symbols 4, m, and ® separately express
the polarization state of the light with blue (b =
450 nm), green (g = 550 nm), and red wavelengths
(r = 630 nm). The starting position is at position
T, where the ambient light passes normally through
the upper linear polarizer. Then, after passing
through the two upper positive A-plates and the
VA LC cell, the polarization states of the light move
to positions C,, C,, and C,. The position C, which has
a circular polarization, is converted to position A
after passing through the reflector surface, VA LC
layer, and two upper positive A-plates. This means
that the conventional circular polarizer shows a per-
fect dark state at normal incidence. However, the re-
flective mode of the conventional circular polarizer
exhibits a large amount of off-axis light leakage.
Figure 1(c) illustrates the change in the polarization
state for an oblique incident light inside the conven-
tional circular polarizer for the diagonal direction. In
the dark state, the oblique incident light is affected
by the deviated angle 5 compared to the normal in-
cidence, when it passes the upper linear polarizer.
Thus, the polarization position of the transmission
axis of the upper linear polarizer deviates by 25 from
S; on the Poincaré sphere. Therefore, the starting po-
larization position at the oblique incidence is position
T. The polarization positions of the light after pas-
sing through the upper 1/2 and 1/4 positive A-plates
move to position C owing to the off-axis phase retar-
dation of the two positive A-plates. Then, the polar-
ization positions D,, D,, and D,, after the light passes
through the 1/4 VA-cell with a fast axis @ is fairly
different from position —S5;. Here, we can see that
the large difference between positions D,, D,, and
D, and position =S5 will induce serious off-axis light
leakage in the dark state.

C. Polarization States in the Transmissive Mode

Figure 1(d) depicts the polarization state on the Poin-
caré sphere when light passes through the transmis-
sive mode from the lower linear polarizer in a normal
direction. On the Poincaré sphere, the transmission
axis of the lower linear polarizer is represented by
the position 7', while position A represents the ab-
sorption axis of the upper linear polarizer. Positions
A and T correspond with each other when the upper
and lower linear polarizers are crossed. The start po-
sition in the normal incidence is position 7' when the
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Fig. 1.

(Color online) Optical configuration and polarization states of the conventional configuration: (a) optical structure; (b) polarization

path on the Poincaré sphere for R-mode in the normal direction and (c¢) in the diagonal direction; (d) polarization path on the Poincaré
sphere for T-mode in the normal direction and (e) in the diagonal direction.

light passes through the lower linear polarizer. Then,
the polarization states of the light after passing
through the lower 1/2 positive A-plate are positions
B,, Bg, and Dy,. The polarization positions of the light
change from B,, B, and B, to C,, C,, and C,, after
passing through the lower A/4 positive A-plate. In
the same way, position C, which has a circular polar-
ization, will be converted to position A after passing
through the upper 1/4 and 1/2 positive A-plates.
Thus, an excellent dark state can be obtained in the
normal incidence. However, the conventional circular
polarizer for the transmissive mode also exhibits
light leakage in the oblique incidence. Figure 1(e)
shows the polarization state when the light obliquely
passes through the cell in a diagonal direction
(0 = 70° and ¢ = 45°). The start position on the Poin-
caré sphere is position 7" when the light obliquely
passes through the lower linear polarizer. Then,
the polarization positions C,, C,, and C, after pas-
sing through the lower 1/2 and 1/4 positive A-plates
deviate from circle S;—S5 due to the accumulation of
off-axis phase retardation from the lower positive A-
plates. Thus, we can observe that light leakage oc-
curs in the oblique incidence because the final polar-
ization position of the light passing through the
optical components in front of the final polarizer
can be quite different from the polarization position
of the absorption axis of the upper linear polarizer.

3. Advanced Optical Configuration Using the 1/2
Biaxial Film and the Negative C-Plate for the
Transflective Circular Polarizer

A. Polarization States and Optimization of Optical Films in
the Reflective Mode

To minimize light leakage at the oblique incidence,
we propose to use 1/2 biaxial film instead of uniaxial
2/2 film and a negative C-plate, as shown in Fig. 2(a).
Figure 2(b) represents the change of the polarization
state for the reflective mode on the Poincaré sphere
when the light passes through the proposed config-
uration in the diagonal direction. The start position
is position 7', when the light passes obliquely through
the upper linear polarizer. Then, the polarization po-
sition of the light changes from T to B after passing
through the upper 4/2 biaxial film. The polarization
position B moves to position D after passing through
the upper 1/4 positive A-plate and the upper nega-
tive C-plate. Then, the polarization position of the
light moves to position E in front of the reflector after
passing through the 1/4 VA-cell. Finally, after pas-
sing through the reflector, the polarization position of
the light is converted to position A, having passed
through the 1/4 VA cell, the upper negative C-plate,
the upper 1/4 positive A-plate, and the upper 1/2
biaxial film. Thus, a perfect dark state can be ob-
tained in the oblique incidence. To change the
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(Color online) Optical configuration and polarization states of the proposed configuration: (a) optical structure, (b) polarization

path on the Poincaré sphere for R-mode in the diagonal direction, and (c) polarization path on the Poincaré sphere for T-mode in the

diagonal direction.

polarization position of the light in front of the reflec-
tor at the —S3 position in the oblique incidence, the
following two conditions for the polarization state of
the light in Fig. 2(b) should be satisfied. The first con-
dition is that, after passing through the upper 1/2
biaxial film and the upper 1/4 positive A-plate, the
polarization positions of the r, g, and b wavelengths
should be on the circle S;-S3, as shown in Fig. 2(b).
For the calculation, we assume that the upper 1/4 po-
sitive A-plate has a normal wavelength dispersion, in
which retardation decreases in proportion to an in-
crease in wavelength. The optical configuration is op-
timized in the diagonal direction (0 = 70° and ¢ =
45°) because the off-axis light leakage can be maxi-
mized under this condition [9]. To satisfy the first
condition, we calculate the polarization position
of the light as a function of parameter N,[=

(@)

(ny —n;)/(n, —n,)] after the light passes through
the upper 1/2 biaxial film and the upper 1/4 positive
A-plate. When the N, factor of the upper 1/2 biaxial
film changes from 0 to 0.8, the polarization position
of the light changes after passing through the upper
/2 biaxial film and the upper 1/4 positive A-plate, as
shown in Fig. 3(a). Here, the arc length is dependent
on its in-plane phase retardation value d(n, -n,),
where d is the thickness and (n, - n,) is the in-plane
birefringence of the upper 1/2 biaxial film. These
parameters should be considered to ensure that
the polarization position moves to circle S;—S5. From
the calculated result, we confirmed that the first con-
dition for compensating for the oblique incidence can
be satisfied with an upper 1/2 biaxial film with N, =
0.36. The second condition is the determination of
the retardation value of the upper negative C-plate.

(b)

Fig. 3. Polarization distribution of the light after passing through the 1/2 biaxial film and the 1/4 positive A-plate as a function of N,

factor: (a) for R-mode and (b) for T-mode.
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Table 1. Calculated Optimized Dispersion Properties of the Optical
Anisotropy of the Optical Uniaxial Films
An/An (550 nm) And (nm)
450 nm 630 nm 550 nm

Upper positive A-plate 1.016 0.978 128
Upper negative C-plate 1.132 0.992 -231
Lower positive A-plate 1.005 0.978 128
Lower negative C-plate 1.021 0.948 -295

Here, we can easily calculate the retardation value of
the negative C-plate by using the Mueller matrix and
the Stokes vector [17,18]. The four Stokes param-
eters can usually be written as

S:(S07SI7SQaS3)T' (1)

The Stokes parameters for the three primary
wavelengths of light that have passed through the
upper negative C-plate can be described as follows:

B. Polarization States and Optimization of Optical Films in
the Transmissive Mode

Figure 2(c) depicts the change in the polarization
state for the transmissive mode on the Poincaré
sphere when the light passes through the proposed
configuration in the diagonal direction. The starting
position is at position 7" when the light passes obli-
quely through the lower linear polarizer. Then, the
polarization position of the light changes from T to
B after passing through the lower 1/2 biaxial film.
The polarization position moves to position D after
passing through the lower 1/4 positive A-plate and
the lower negative C-plate. Then, the polarization
position of the light moves to position F' after passing
through the 1/2 VA-cell and the upper negative C-
plate. Finally, the polarization position is converted
to position A due to the upper 1/4 positive A-plate
and the upper 1/2 biaxial film (N, = 0.36). Therefore,
the off-axis light leakage is eliminated in the oblique
incidence because position A overlaps the absorption
axis orientation of the upper linear polarizer, as

S' = R(-20) - M(T') - R(20) - S(A+)

1 0 0 0 Soas Sy’

| 0 cos?20 + cosT'sin?20 (1 -cosI')sin20cos20 sinI'sin26 S | | SY 9
0 (1-cosI)sin20cos20 sin?20 + cos['cos?20 —sinl"cos20 || Soar |~ | So’ | (2)
0 sin I sin 20 sinI cos 20 cosI’ Sszay Y

where R(20) and R(-20) are the rotating matrix and
reverse rotating matrix to the principal axis. M(I)
depicts the Mueller matrix for rotated polarizing
components with phase retardation I'. S(A+) is
the Stokes vector of the incident light after passing
through the upper 1/4 positive A-plate, and S’ repre-
sents the Stokes vector of the output light. S,
S1as, Soar, and Ssa, are the Stokes polarization
parameters of the Stokes vector S(A+).

To move the polarization position of the light after
it has passed through the 1/4 VA-cell to the position
-S3, the polarization position of light that has passed
through the upper negative C-plate, for the three pri-
mary wavelengths, should be located in the position
D, as shown in Fig. 2(b). Here, the Stokes vector of
position D is (1,-0.99239,-0.00224,0.123066)7, so
we can obtain the retardation value of the negative
C-plate by using Eq. (2).

Table 2. Calculated Optimized Dispersion Properties
of the Optical Anisotropy of the Optical Biaxial Films

An/An (550 nm) And (nm)
(An =n,-n,-n, -n,) An =n,-n,)
450 nm 630 nm 550 nm
Two biaxial films 1.004 0.996 256

shown in Fig. 2(c). Here, we need to satisfy two con-
ditions to gather the polarization positions of the
entire visible wavelength to position A. Like the re-
flective mode, the first condition is that, after passing
through the lower 1/2 biaxial film and the lower 1/4
positive A-plate, the polarization positions for the r,
g, and b wavelengths should be on the circle S;-S3,
as shown in Fig. 2(c). For the calculation, we assume
that the lower 1/4 positive A-plate has normal wave-
length dispersion. To satisfy the first condition, we
calculate the polarization position of the light as a
function of parameter N, after light passes through
the lower 1/2 biaxial film and the lower 1/4 positive
A-plate. When the N, factor of the lower 1/2 biaxial
film changes from 0.3 to 1.1, the polarization position
of the light after passing through the lower 1/2 biax-
ial film and the lower 1/4 positive A-plate changes, as
shown in Fig. 3(b). From the calculated result, we
confirmed that the first condition for compensation
for the oblique incidence can be satisfied with a lower
2/2 biaxial film with N, = 0.7. The second condition
for optimization is to determine the retardation val-
ue of the lower negative C-plate. To move the final
polarization position to position A, the polarization
position of the light after passing through the lower
negative C-plate in the entire visible wavelength
should coincide with position D, as shown in Fig. 2(c).
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Fig. 4. (Color online) Comparison of the optical transmittance be-
tween the conventional and the proposed configuration as a func-
tion of the polar angle at ¢ = 45° in the dark state.
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Here, the Stokes vector of position D is
(1,-0.98986,-0.00114,0.14201)7, so we can easily
calculate the retardation value of the lower negative
C-plate by using Eq. (2).

Tables 1 and 2 show the calculated optimized re-
tardation values of the compensation films used
for the r, g, and b wavelengths. In this calculation,
we set the dispersion property of the VA LC as
An(2 =450 nm)/An(A =550 nm) = 104 and An(1 =
630 nm)/An(A =550 nm) = 0.98. The cell gap d was
set to 3.8 and 7.6 um for the calculation. With respect
to the material dispersion, we can see that both the
/2 biaxial film and the negative C-plate should have
a normal dispersion property to gain an achromatic
dark state. We compared the optical transmittance of
the proposed circular polarizer with that of the con-
ventional circular polarizer for the dark state, as
shown in Fig. 4. We can observe that the proposed
configuration effectively removes the off-axis light
leakage in the dark state. We verified the improved
viewing angle of the proposed configuration by using
the commercial LLC software TechWiz LCD provided

Luminance
Unit : cd/m~2

Luminance ] .
Unit : cd/m~2 o015

(d)

Fig. 5. Calculated luminance in the dark state: (a) the conventional configuration for R-mode and (b) the proposed configuration for R-
mode, and (c) the conventional configuration for T-mode and (d) the proposed configuration for 7-mode.
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(Color online) Calculated isocontrast contour: (a) the conventional configuration for R-mode and (b) the proposed configuration for

R-mode, and (c) the conventional configuration for 7-mode and (d) the proposed configuration for 7-mode.

by the Sanayi System Co. in Korea instead of
performing experiments, because each optimized
film takes a very long time to be supported. Figure 5
shows the comparison of the luminance of the pro-
posed configuration with that of the conventional
configuration in the dark state. Figure 6 compares
the normalized isocontrast contour of the conven-
tional configuration with that of the proposed config-
uration in the visible wavelength range. From the
calculated results in Figs. 5 and 6, we proved that
the proposed configuration has a higher contrast
ratio than the conventional configuration, as it re-
duces the off-axis light leakage in the dark state.

4. Conclusions

In this study, we demonstrated a high contrast
ratio circular polarizer with wideband and wide

viewing angle properties using a 1/2 biaxial film
and negative C-plate. To eliminate off-axis light
leakage in the dark state and to obtain an excellent
dark state, we augmented the compensation films
used for phase dispersion of the entire visible wave-
length range using the Stokes vector and the Mueller
matrix on the Poincaré sphere. From numerical
calculations, the proposed configuration is shown
to have wide viewing angle and high contrast ratio
characteristics due to compensating for light
leakage in the diagonal direction. Thus, we believe
that the proposed circular polarizer will suffice for
mobile display applications in transflective LCD
technologies.

This work was supported by Samsung Mobile
Display.
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