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Wide-View Vertical Field Switching Blue-Phase LCD

Hui-Chuan Cheng, Jin Yan, Takahiro Ishinabe, Ching-Huan Lin, Kang-Hung Liu, and Shin-Tson Wu, Fellow, IEEE

Abstract—We report three major approaches for improving the
contrast ratio and viewing angle of a vertical field switching (VFS)
blue-phase liquid crystal display (BPLCD). The first approach in-
volves compensation films, the second one uses wire-grid polarizer,
and the third one employs an E-type analyzer. Our simulation re-
sults show that a contrast ratio over 1000:1 can be achieved. For
wide-view applications, we could use a diffuser or curved turning
film to steer the high contrast images to different viewing angles.

Index Terms—Blue phase liquid crystal (BPLC), vertical field
switching (VFS), wide-viewing angle.

I. INTRODUCTION

OLYMER-STABILIZED blue-phase liquid crystal
P (PS-BPLC) [1]-[3] is emerging as next-generation dis-
play technology because of its fast gray-to-gray response time
[4], [5], isotropic dark state, and no need for alignment layer.
In particular, the fast response time of BPLC enables color
sequential displays using RGB LEDs, which in turn eliminates
the spatial color filters. Consequentially, the optical efficiency
and resolution density are all tripled. The elimination of color
filters and tripled optical efficiency will make BPLCD a greener
technology, while the tripled resolution density is critically
important for 3D and 4 K-by-2 K high resolution displays.

So far, most BPLC devices utilize in-plane switching (IPS)
[6], [7] or protruded electrodes [8]—-[11]. IPS BPLCD is simple
and has wide view, but its operating voltage is high and
hysteresis is fairly large because the lateral field is spatially
nonuniform and the peak electric field near electrode edges is
high [12]. Protruded electrodes lower the operation voltage,
but the tradeoff is increased fabrication complexity. To over-
come the fabrication problem, vertical field switching (VFS)
has been proposed recently [13], [14]. With this novel VFS
mode, the operating voltage is greatly reduced and hysteresis
is completely suppressed. However, how to achieve wide view
remains a challenge.

In this paper, we present three approaches for improving the
contrast ratio (CR) and viewing angle of a VFS BPLCD. We
also analyze the pros and cons of each approach.
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Fig. 1. Device structure of the proposed VFS BPLCD.
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Fig. 2. Polar coordinate of VFS-BPLCD.

II. DEVICE STRUCTURE AND LIGHT LEAKAGE

Fig. 1 depicts the structure of a VFS BPLCD [13], [14]. A di-
rectional backlight [15], [16] with oblique output is adopted. A
larger incident angle results in a larger phase retardation which
helps to lower the operating voltage. Typically, the directional
backlight has a divergence angle (full width at half maximum
FWHM) smaller than 20°. The bottom coupling film is designed
to couple the oblique light into the BPLC cell and keep the light
with a large incident angle. The top coupling film is to couple
the oblique light out of the cell instead of being trapped by total
internal reflection (TIR). A turning film is to steer the oblique
light to the viewer’s direction by TIR.

The polar coordinate in our device and simulation is defined
in Fig. 2. Because the backlight passes the polarizer and ana-
lyzer obliquely (6 ~ 70°, ¢ ~ 270°), there is light leakage at
the dark state if the polarizer and analyzer are set at ¢ = 45°
and —45° as a conventional LCD [17], [18]. To minimize light
leakage, we can rotate the absorption axes of polarizer and ana-
lyzer along ¢ = 71.12° and —71.12°, respectively, as shown in
Fig. 3(a), in which the polarizer and the analyzer are crossed at
the backlight angle (6 = 70°, ¢ = 270°) as shown by Fig. 3(b).

We used commercial software, LCD Master (Shintech), and
Nitto Denko’s polarizer and analyzer (SEG1425DU) in our sim-
ulations. We assumed the BPLC composite is optically isotropic
with n; = 1.55 at A = 550 nm at the voltage-off state. As the
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Fig. 3. Change in the effective angle between the polarizer and the analyzer:
(a) normal observation (¢ = 0°); (b) oblique observation (6§ = 70°); and (c)
simulated isocontrast contours.

voltage increases, Kerr effect-induced birefringence An gradu-
ally increases. When An = 0.03 and cell gap = 4.74 um, the
phase retardation 6 = 7 at 70° incident angle of our VFS cell.
We can assume the induced n, ~ 1.54 and n, ~ 1.57 [19].
Fig. 3(c) shows the simulated isocontrast contours of Fig. 3(b)
after the incident oblique backlight is steered to the normal di-
rection by a turning film. Although the polarizer and analyzer
are crossed at (f = 70°, ¢ = 270°), the intrinsic CR is much
lower than that of the crossed polarizers at normal incidence.
Because the extinction ratio of the analyzer decreases drasti-
cally as the polar angle # increases, in which the smaller effec-
tive absorption coefficient causes light leakage in the dark state.
Therefore, how to enhance the intrinsic CR and widen the iso-
contrast contours becomes an urgent task for VFS BPLCD.

IITI. FILM COMPENSATION PRINCIPLE

As plotted in Fig. 3(c), the polarizer and analyzer at
¢ = 71.12° and —71.12° leads to a fairly poor contrast ratio
and narrow viewing angle. We could design retardation films
to widen the isocontrast contours. However, the maximum CR
(or the intrinsic CR) is not improved. On the other hand, we
could reduce the azimuthal angle ¢ to enhance the effective
absorption coefficient and improve the intrinsic CR. In this
case, the polarizer and analyzer are not mutually perpendicular
at the viewing angle of § = 70° and ¢ = 270°. It would be even
harder to design the phase compensation films to widen the
isocontrast contour for a small ¢. According to our experience,
we should find a balance between high CR and wide isocontrast
contour by choosing a proper ¢ between the polarizer and the
analyzer.

Fig. 4(a) shows our first proposed optical configuration for
VES BPLCD. The absorption axes of polarizer and analyzer
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Fig. 4. Biaxial film-compensated VFS BPLCD: (a) device configuration, (b)
compensation principle on Poincare sphere, and simulated isocontrast contours
at incident angle 8 = 70° (c) and § = 60° (d). A = 550 nm.

are along ¢ = 45° and —45° respectively. Because the effec-
tive angles between polarizer and analyzer become 12.88° and
—12.88° rather than mutually perpendicular at oblique incident
angle (6 = 70°, ¢ = 270°), the noticeable light leakage de-
grades the CR dramatically. We add two identical biaxial films
set at ¢ = 38.5° and —38.5° to reduce the light leakage. The
N, factor, which is defined as (n, — n.)/( n. — ny), is 0.54
for both biaxial films, and d(n, — n,) = 256 nm, here d is the
biaxial film thickness.

Fig. 4(b) shows the compensation process for the dark state
on the Poincaré sphere. At normal incidence, i.e., § = 0°, the
polarization state after polarizer Py is the same as the absorp-
tion axis of analyzer Ag. However, the effective angle between
the polarizer and the analyzer changes as the incident backlight
tilts away from normal (e.g., § = 70°, ¢ = 270°). Therefore,
the transmittance state P; deviates from analyzer A; and the
light leakage happens. We add two biaxial films to compensate
the separation of P; from A;. Biaxial film 1 shifts the polariza-
tion state from P; to Fp, and subsequently biaxial film 2 moves
the polarization state from Py to A;. As a result, light leakage
is suppressed substantially. Fig. 4(c) shows the simulated CR
and isocontrast contours optimized at incident angle (f = 70°,
¢ = 270°) for A\ = 550 nm. From Fig. 4(c), CR > 1000 : 1
covers ~ 10° viewing cone which is sufficient for the employed
directional backlight (FWHM < 20°) in our VFS BPLCD.
In order to widen the viewing angle, a front diffuser [20] or a
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Fig. 5. Simulated isocontrast contours of biaxial film-compensated VFS
BPLCD: (a) ¢ = 40° and —40° and (b) ¢ = 30° and —30°.

curve-shaped turning film [14] can be applied to spread the di-
rectional backlight to the observer for achieving wide view.

Fig. 4(d) shows the simulated isocontrast contours and optical
configuration which is optimized for a smaller incident polar
angle § = 60°, ¢ = 270°. The polarizer and analyzer are still
set at ¢ = 45° and —45°. Two identical biaxial films (/V, =
0.63, d(n, — n,) = 260 nm) are set at ¢ = 42° and —42°.
Under a smaller polar angle 6, Fig. 4(d) shows wider isocon-
trast contours as compared to Fig. 4(c). However, a smaller in-
cident angle # corresponds to a lower induced birefringence of a
VFS BPLC which leads to a higher operating voltage. Recently,
Merck reported a high Kerr-constant BPLC material [21]. If we
use this material, we can choose a smaller incident angle to ob-
tain 17 phase retardation. A smaller incident angle helps to en-
large the isocontrast contours.

Let us return to the backlight angle (6 = 70°, ¢ = 270°) but
varying the polarizer/analyzer angle. Fig. 5(a) shows the isocon-
trast contours at a smaller angle (¢ = 40° and —40°) between
the polarizer and the analyzer. Two biaxial films (N, = 0.506,
d(ns —ny) = 259 nm) are set at ¢ = 36° and —36°. Fig. 5(b)
shows the isocontrast contours when the polarizer and the an-
alyzer are further reduced to ¢ = 30° and —30°. The incident
angle of backlight is still at (§ = 70°, ¢ = 270°). Two biaxial
films (N, = 0.44, d(n. — n,) = 264 nm) are set at ¢ = 31°
and —31°. Comparing Figs. 4(c), 5(a), and (b), we find the con-
tour size for CR = 1000 : 1 is similar but the contour shape
changes as the absorption angle ¢ between the polarizer and an-
alyzer varies. For practical applications, we should also consider
the output profile of the directional backlight in order to choose
an appropriate ¢ and the matched contour shape.

Fig. 6(a) shows another example of four biaxial films. The
polarizer and analyzer are set at ¢ = 45° and —45°. The biaxial
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Fig. 6. Optical configuration of a VFS BPLCD with 4 biaxial films: (a) film
configuration, (b) compensation principle, and simulated isocontrast contours
at® = 70° (¢c) and & = 60° (d).

films 1 and 4 (N, = 0.575, d(n, — n,) = 256 nm) are set at
¢ = 40° and —40°. The biaxial films 2 and 3 (N, = 0.5, d(n,—
ny) = 137 nm) are set at ¢ = 90° and ¢ = 0°, respectively.
From the Poincaré sphere in Fig. 6(b), biaxial film 1 shifts the
polarization state from P; to Py. Biaxial film 2 shifts the linear
polarization state P to circular polarization C'y, and then biaxial
film 3 changes the circular polarization C; back to linear Py.
Finally the biaxial film 4 rotates the transmission state Py to
align with the absorption axis of analyzer A;. Here, Py and A
are for the normal incident # = 0°. P; and A; deviate from P
and A due to the oblique incidence (§ = 70°, ¢ = 270°) of the
directional backlight.

Because the circularly polarized light C; is independent of
the azimuthal angle ¢ in the BPLC material, it helps to improve
the brightness state of the VFES BPLCD. Actually, we also tried
to use one biaxial film to shift the polarization state from P;
to C directly and another biaxial film to shift the polarization
state from C; to A;. However, this simpler configuration is very
sensitive to the polar angle # and our results are not promising.
Fig. 6(c) shows the isocontrast contours when the directional
backlight is at (§ = 70°, ¢ = 270°). Fig. 6(d) shows the iso-
contrast contours optimized for the incident angle (§ = 60°,
¢ = 270°) of the directional backlight. The polarizer and the
analyzer are set along ¢ = 45° and —45°. The biaxial films
1 and 4 (N. = 0.63 and d(n, — n,) = 260 nm) are set at
¢ = 42° and —42°. The biaxial films 2 and 3 (N, = 0.5 and
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Fig. 7. Biaxial and A/C-films compensated VFS BPLCD: (a) film configura-
tion, (b) compensation principle, and (c) simulated isocontrast contours.

d(ng — ny) = 137 nm) are set at ¢ = 90° and 0°, respectively.
Fig. 6(d) exhibits wider isocontrast contours than Fig. 6(c) be-
cause of the smaller incident angle.

In all the above examples, the backlight passes the analyzer
obliquely. If the coupling film and turning film are laminated be-
tween the analyzer and the BPLC cell, the light would pass the
analyzer at normal angle and the analyzer would exhibit a good
extinction ratio. Moreover, better image quality can be obtained
if the coupling film and turning film are closer to the image plane
(i.e., pixels of the LCD panel). Similarly, if we can place the
polarizer outside the bottom coupling film [Fig. 7(a)], the direc-
tional backlight travels inside the polarizer at a smaller angle
according to Snell’s law. Hence, the extinction ratio of the po-
larizers and the device CR are all improved. A tradeoff is that
the backlight might be depolarized by the turning films and the
coupling film. As a result, we need additional retardation films
to compensate for the depolarization effect.

Fig. 7(a) shows the schematic view of our approach. The po-
larizer and analyzer are at ¢ = 0° and 90°, respectively. A bi-
axial film 1 (N, = 0.756, d(n, —n,) = 254 nm) is set ¢ = 0°.
The biaxial films 2 and 3 (N, = 0.501, d(n,—n,) = 137.5nm)
are set ¢ = —45° and 45°. A C-film (n, = 1.5095, n, =
1.511, and thickness d = 48 pm) and an A-film (n, = 1.5095,
n. = 1.511, thickness d = 70 pm, and optical axis ¢ = 0°) are
laminated between the biaxial film 2 and the top coupling film.
Fig. 7(b) shows the compensation process of the dark state on
Poincaré sphere. For an oblique incidence (f = 70°, ¢ = 270°),
the transmission state Py is on the absorption axis of the ana-
lyzer Ag and we get good dark state. However, when the az-
imuthal angle changes, such as ¢p = 315°, the polarization state
P; and the absorption axis A; deviates from Py and Ag. Biaxial
film 1 does not change the polarization state Py at ¢ = 270° but
can shift the polarization from P; to Py at ¢ = 315°. Biaxial
film 2 changes the linear polarization P to circular C; and bi-
axial film 3 would change the circular light from C; to linear
Py. The C-film and A-film are designed to shift Py to Az via
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Fig. 8. Film-compensated VFS BPLCD with bottom coupling film laminated
to the polarizer: (a) film configuration; (b) compensation principle; and (c) sim-
ulated isocontrast contours.

Aj. Finally, the top coupling film and turning film would de-
polarize the light A3 and move A3 to A;; the absorption axis
of the analyzer. Fig. 7(c) is a plot of the simulated isocontrast
contours. The contours are improved noticeably because the po-
larizer and the analyzer exhibit larger extinction ratio at a small
incident angle.

Fig. 8 shows another example by laminating bottom cou-
pling film on the polarizer. The absorption axis of the polar-
izer and the analyzer are at ¢ = 0° and 90°, respectively.
Biaxial film 1 (N. = 0.568, d(n, — n,) = 209.6 nm) is
set at ¢ = 0°. Identical biaxial films 2 and 3 (/V, = 0.501,
d(ns — ny) = 137.5 nm) are set at ¢ = —45° and 45°. A
C-film (n, = 1.5095, n. = 1.511, and thickness d = 40 pm)
and an A-film (n, = 1.5095, n, = 1.511, thicknessd = 60 pm,
and optical axis ¢ = 0°) are laminated between the biaxial film
3 and the top coupling film. Fig. 8(b) shows the compensation
process on Poincaré sphere for the dark state, which is the same
as Fig. 7(b). Fig. 8(c) is a plot of the simulated isocontrast con-
tours. Because the backlight’s incident angle inside the polar-
izer is larger in Fig. 8 (§ ~ 70°) than that in Fig. 7 (8 ~ 39°),
Fig. 8(c) shows smaller isocontrast contours than Fig. 7(c).

IV. WIRE-GRID POLARIZER

We also explore the compensation method using wire-grid
polarizers (WGPs) [22] instead of conventional dichroic sheet
polarizer. Actually, WGP can substitute conventional polarizer
in all above discussed examples. Because WGP retains a good
extinction ratio at large incident angle (e.g., § = 70°), it helps
to improve the CR. However, one shortcoming of WGP is that it
reflects up to 50% of the ambient light which would degrade the
CR. Thus, it is better to use WGP as the inner polarizer while
keeping a sheet polarizer as the outer polarizer [23].

In Fig. 9(a), we show a special case by setting the absorp-
tion axis of a WGP at ¢ = 90° and a dichroic sheet analyzer
at ¢ = 0°. Usually, we do not set the dichroic polarizer at ¢ =
90° because of its poor extinction ratio at an oblique incidence
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Fig. 9. Optical configuration of the proposed VFS-BPLCD, (a) film configura-
tion, (b) compensation principle, and (c) simulated isocontrast contours.

(6 = 70°, ¢ = 270°). The biaxial films 1 and 2 (IV, = 0.81,
d(ngy — ny) = 317.35 nm) are set at ¢ = 0° and 90°, and bi-
axial films 3 and 4 (N, = 0.5 and d(n, —n,) = 137 nm) are at
¢ = 45° and —45°, respectively. Fig. 9(b) shows the compen-
sation process of dark state by biaxial films on Poincaré sphere.
When the oblique directional backlight ( = 70°, ¢ = 270°)
passes through WGP, it becomes linearly polarized F. Biaxial
film 1 does not change the polarization state at ¢p = 270°, but bi-
axial film 2 would shift the linear light from P, to circular Cj.
Biaxial film 3 would shift the circular light from C; to linear
which is parallel to the absorption axis of the analyzer Ay and
biaxial film 4 does not change the polarization state. Therefore,
we can get a good dark state at (8 = 70°, ¢ = 270°). How-
ever, as the azimuthal incident angle changes (e.g., § = 70°,
¢ = 300°), the polarization state P; deviates from Py and the
absorption axis A; deviates from A . Biaxial film 1 can move
P back to Py at different azimuthal angle (e.g., from ¢ = 225°
to ¢ = 315°). Next, biaxial films 2 and 3 shift the polarization
state from Py to P, via C;. Finally, biaxial film 4 reorients the
linearly polarized light P, to be parallel to the absorption axis
of the analyzer A;. As a result, the light leakage is suppressed
substantially. From the isocontrast contours shown in Fig. 9(c),
the WGP is insensitive to the polar angle 6 along ¢ = 90°/270°
and provides wide isocontrast contours along its absorption axis.
This special characteristic allows us to adopt 2D light-distribu-
tion backlight and front diffusor [24].

V. E-TYPE ANALYZER

The conventional LCDs adopt O-type analyzer in which or-
dinary ray is transmitted and extraordinary ray is strongly ab-
sorbed. For an O-type polarizer [Fig. 10(a)], the extinction ratio
for E-wave attenuates gradually as the incident plane is parallel
to the c-axis and the polar angle increases. While in Fig. 10(b),
the E-type polarizer [25] can preserve a large extinction ratio for
O-wave at different polar angles as the incident plane is perpen-
dicular to the c-axis. Therefore, the polarization purity remains
reasonably good at large incident angles for E-type polarizer.
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Fig. 10. Schematic drawing of an (a) O-type polarizer and (b) E-type polarizer.
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Fig. 11. Proposed VFS BPLCD using an O-type polarizer and an E-type ana-
lyzer: (a) film configuration; (b) compensation principle; and (c) simulated iso-
contrast contours.

Here, we propose a new design by using E-type analyzer
instead of O-type for VFS BPLCD. As shown in Fig. 11(a),
the absorption axis of a conventional O-type polarizer is along
¢ = 0°. The c-axis (i.e., transmission axis) of an E-type ana-
lyzer is along ¢ = 0°. Two biaxial films 1 and 2 (N, = 0.5,
d(ngy — ny) = 137.5 nm) are set at ¢ = —45° and 45°.

Fig. 11(b) shows the compensation process on Poincaré
sphere for achieving dark state. The polarization state is always
at Py for different polar angles while the oblique backlight
(¢ = 270°) passing through the polarizer. The transmitted light
Py is polarized along the absorption axis of the E-type analyzer
and a good dark state is obtained. For an E-type analyzer, all
the light polarized perpendicular to the c-axis will be absorbed.
Therefore, the absorption axis can be represented by the red
circle in Fig. 11(b). For any incident light with azimuthal angle
¢ deviated from 270°, the transmitted state would shift from
Py to another state, such as P, and is still on the red circle
(i.e., absorption axis). Therefore, our configuration shows a
good dark state which is insensitive to § and ¢. No additional
retardation film is needed to compensate the light leakage at
dark state for different polar and azimuthal angles. In order to
improve the bright state at different viewing angles, we add
biaxial film 1 to shift the linear polarization P; to circular
C1. Biaxial film 2 shifts the circularly polarized light C; back
to Ap; the absorption axis of analyzer. Fig. 11(c) shows the
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TABLE 1
COMPARISON OF DIFFERENT COMPENSATION METHODS.

Contrast | Contour Range
Methods Ratio (V/H)* &
without compensation 10:1 +8°/=10°
2 biaxial films 1000:1 +8°/+10°
S retardation films 1000:1 +20°/+£40°
WGP + 4 biaxial films 1000:1 +30°/£10°
E-type analyzer + 2 biaxial films | 5000:1 +30°/£90°

*V/H: Vertical (¢=90°, 270°) / Horizontal (¢=0°, 180°)

simulated isocontrast contours optimized at incident angle
(6 = 70°, ¢ = 270°). The E-type analyzer provides very wide
isocontrast contours because it retains good extinction ratio for
different 6 and ¢.

VI. DISCUSSION

We have proposed several device structures for improving the
viewing angle of VFS BPLCD. With phase compensation films,
we are able to enhance the intrinsic CR at normal direction and
enlarge the isocontrast contours. Since VES BPLCD uses a di-
rectional backlight (FWHM < 20°), the high contrast con-
tours should be larger than +10° viewing cone. If the oblique
backlight is more collimated (e.g., FWHM < 10°), we could
choose the simplest configuration with two biaxial films. Oth-
erwise, we need more retardation films to obtain wider isocon-
trast contours. The comparison of each compensation methods
at incident angle § = 70° is shown in Table I. Reducing the
incident angle of a directional backlight can also enlarge the
isocontrast contours. However, we need BPLC material with
a higher Kerr-constant or we should apply a higher operating
voltage. The E-type analyzer shows the best performance for
VES BPLCD. However, the E-type analyzer is presently not
available commercially. To achieve wide view, a front diffusor
or curved turning film can also be considered. The high contrast
images are steered or diffused to different viewing angle. This
kind of surface-diffusion LCD [20] helps to eliminate color shift
and gray level inversion at different viewing angle.

VII. CONCLUSION

The VFS BPLCD offers superior performances to IPS in
operating voltage, transmittance, hysteresis, residual birefrin-
gence, and response time. Its cell structure is very simple, but it
requires sophisticated phase compensation scheme to achieve
wide view. Combined with the directional backlight and front
diffuser, a CR > 1000 : 1 can be achieved.
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