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Abstract—The uniaxial-film-compensated wide-view liquid
crystal displays, with initially homogeneous alignment and ver-
tical alignment, are analyzed. For each compensation scheme,
the analytical solutions with the illustration of Poincaré sphere
representation are derived. Based on the analytical solutions, the
100:1 iso-contrast contours at any viewing angle can be easily
achieved for most of the compensation schemes.

Index Terms—Analytical solutions, film compensation, fringe-
field switching (FFS), in-plane switching (IPS), liquid crystal dis-
play (LCD), multi-domain vertical alignment (MVA), patterned
vertical alignment (PVA), wide viewing angle (WVA).

I. INTRODUCTION

IDE VIEWING angle (WVA) is a critical requirement

for high-end liquid crystal displays (LCDs), such as high
definition televisions and large-screen desktop monitors. The
conventional twisted-nematic (TN) LCD [1] exhibits a narrow
and asymmetric viewing cone because the liquid crystal (LC)
directors are tilted up under applied voltage so that the incident
light experiences different effective birefringence when viewed
from different oblique angles. To achieve WVA, a good dark
state within a large viewing cone has to be maintained. So far,
two types of LC alignments have been commonly used for this
purpose: homogeneous alignment and vertical alignment.

The popular display modes with initially homogeneous
alignment are in-plane switching (IPS) [2], [3] and fringe-field
switching (FFS) [4]. In these modes, the LC layer is homoge-
neously aligned between two holding substrates and switched
within the plane parallel to the substrates by the interdig-
ital electrodes. Because of the in-plane reorientation of LC
molecules, the effective birefringence viewed from opposite
oblique angles is the same. As a result, the viewing angle
is wide and symmetric. In the category of initially vertical
alignment, multi-domain vertical alignment (MVA) [5] and
patterned vertical alignment PVA) [6] are two representative
examples. In both MVA and PVA modes, an LC layer with
negative dielectric anisotropy (Ae < 0) is aligned vertically
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between two supporting substrates and switched to form mul-
tiple domains by the fringe electric field which is generated by
either electrode protrusions or patterned electrodes, rendering
symmetric viewing characteristics.

A common feature of IPS, FFS, MVA, and PVA modes is that
the LC cell is sandwiched between two crossed linear polarizers.
At normal incidence, the LC layer in the voltage-off state does
not modulate the polarization state of the incident linearly po-
larized light from the entrance polarizer. As a result, a good dark
state is achieved since this linearly polarized light is completely
absorbed by the crossed analyzer. However, at oblique angles
the incident light leaks through the crossed polarizers, especially
at the bisectors. This light leakage stems from two factors. First,
the absorption axes of the crossed polarizers are no longer or-
thogonal to each other under off-axis oblique view. As a result,
the extinction ratio of these two crossed polarizers decreases and
light leakage occurs. Second, in some cases, due to the effec-
tive birefringence effect of the LC layer the obliquely incident
linearly polarized light is modulated and it becomes elliptically
polarized after traversing through the LC layer. Consequently,
the analyzer can not completely absorb the elliptically polar-
ized light leading to light leakage at off-axis. This light leakage
in the dark state deteriorates the contrast ratio and thereby de-
grades the viewing angle performance.

To suppress the light leakage at oblique angles and further
widen the viewing angle, several phase compensation schemes
using uniaxial films [7]-[9] and biaxial films [ 10]-[12] have been
proposed. Computer simulation and experimental results have
been reported, but the rigorous analytical solutions have not been
published. The objective of this paper is to provide comprehen-
sive analytical solutions for the mainstream uniaxial-film-com-
pensated WVA LCDs. With the analytical solutions, the inter-de-
pendency between LC cell and film parameters can be clearly
revealed. More importantly, analytical solutions provide a clear
physical description about the compensation mechanisms.

In the following sections, we first analyze the phase com-
pensation principles using Poincaré sphere representation [13].
Then, we systematically derive the analytical solutions for some
commonly employed IPS and MVA modes.

II. PRINCIPLES OF UNIAXIAL FILM COMPENSATION

Before we begin the detailed film compensation scheme for
each mainstream WVA LCD, let us review some underlying
theoretical bases for better understanding the principles of film
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Refractive index ellipsoid of a uniaxial medium.

Fig. 1.

TABLE 1
REFRACTIVE INDEX RELATIONSHIP OF UNIAXIAL FILMS

Film type Refractive index relationship

Positive a-film
Negative a-film
Positive c-film
Negative c-film

He = N> Ny= N =N,
Ne =Ny <Ny=HN="N,
Ne=ny=ny<n;=n,
No =Ny =Ny> N;=Ne

compensation. These theories include: 1) uniaxial film classifi-
cation; 2) phase retardation of uniaxial media at oblique inci-
dence; 3) Poincaré sphere representation; and 4) cause of light
leakage of crossed polarizers under oblique view.

A. Uniaxial Film Classification

Uniaxial film is an anisotropic birefringent film with only one
optical axis. For simplicity, we limit our discussions to those
nonabsorption uniaxial films only. Fig. 1 shows the refractive
index ellipsoid of a uniaxial film. The shadow plane represents
the film’s surface plane, which is parallel to the z-y plane. From
the viewpoint of optical axis orientation, uniaxial films can be
classified into : 1) a-film and 2) c-film. An a-film’s optical axis
is parallel to the film surface, while a c-film’s optical axis is
perpendicular to the film surface.

Both the a-film and c-film can be further divided into positive
or negative films depending on the relative values of the extra-
ordinary refractive index n. and the ordinary refractive index
n,. Table I lists all four uniaxial films and their refractive index
relationships. As a general rule, a positive uniaxial film means
ne > n,, otherwise, n. < n, for a negative uniaxial film.

B. Phase Retardation of Uniaxial Media at Oblique Incidence

Both the uniaxial compensation film and nematic LC layer
can be treated as uniaxial media. When a light propagates into
a uniaxial film, generally two forward eigenwaves (one ordi-
nary wave and one extraordinary wave) are evoked within the
medium. After the light passing through the uniaxial medium,
phase retardation occurs between these two eigenwaves. Fig. 2
shows an arbitrary oblique incident light with an incident angle
6o propagates in a uniaxial medium. Here, the z-y plane is

transmitted light

optical axis
uniaxial medium
layer (n,, n,)

~

g@
%
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Fig. 2. Schematic view of an arbitrary light impinging on a uniaxial medium.
chosen to be parallel to the medium layer surface and z-axis
is along the surface normal. In the chosen coordinates system,
the incident plane forms an angle ¢ with respect to the x-axis.
The optical axis of the uniaxial medium is oriented at tilt angle
6., and azimuthal angle ¢,,, and the extraordinary and ordinary
refractive indices of the uniaxial medium are n. and n,, respec-
tively.

In general, the phase retardation of a uniaxial medium at
oblique incidence can be expressed as [14]

ko,)d ey

where d is the layer thickness of the uniaxial medium, k. . and
ko . are the z-axis components of wavevectors of extraordi-
nary and ordinary waves, respectively. From Maxwell’s equa-
tions, these two z-axis components of wavevectors k. . and k,
can be solved and given as (2) and (3) shown at the bottom of
the page [15], with e,. = (n? — n2)sin#6, cos 6, cos(¢, —
¢o) and e.. = n2 + (n? —n?2)sin?#6,. From (1) to (3), one
can easily obtain the phase retardation I' of a general uniaxial
medium at an arbitrary incident angle, as shown in (4) at the
bottom of the page. From (4), the phase retardation I' is, in gen-
eral, dependent on the optical axes orientation 6,, and ¢,, as well
as the beam incident direction fy and ¢y.

In the uniaxial-film-compensated LCDs, both a- and c- films
are commonly used. In these two special cases, (4) can be further
simplified.

1) Phase Retardation of A-Film: For an a-film, its optical
axis lies in the plane parallel to the film surface, i.e., §,, = 0°
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Fig. 3. Schematic diagram of Poincaré sphere representation and the effect of
uniaxial medium on the polarization state change of a polarized incident light.

Consequently, the phase retardation of the a-film at an arbitrary
incident angle is given by (5), shown at the bottom of the page
[14].

2) Phase Retardation of C-Film: In a c-film, its optical axis
is perpendicular to the film surface, i.e., #,, = 90°. In this case,
the phase retardation of the c-film at any oblique incidence is

2T sin? 6, sin? 6,
FC_TnOd \/1— nZ —\/1— nZ . (6)

From (6), I'.. is independent of the azimuthal angle ¢ of the in-
cident light. This is because the c-film’s optical axis is perpen-
dicular to its surface. Hence the optical properties of a c-film are
axially symmetric around its optical axis.

C. Poincaré Sphere Representation

Poincaré sphere representation is an elegant geometrical
means for solving problems involving the propagation of po-
larized light through birefringent and optically active media
[13]. For an elliptically polarized light with long axis azimuthal
angle « and ellipticity angle f3, its polarization state can be
represented by a point P on the Poincaré sphere with longitude
2« and latitude 2/, as is shown in Fig. 3. The radius of the
sphere is one unit length. Here the long axis azimuthal angle
of the elliptically polarized light is with respect to the z-axis.
For a uniaxial film with its optical axis oriented at angle -y from
the z-axis, it can be represented by point A, which is located
at longitude 2y on the equator. Suppose the abovementioned
elliptically polarized light (point P) passes through the uniaxial
film (point A), the overall effect on Poincaré sphere is equiv-
alent to rotate AO axis from point P to point Q by an angle
T", which is determined by the phase retardation of the uniaxial
film as expressed in (4). From spherical triangle definition,
the spherical angle PAQ is equal to the rotation angle I'. It
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wave plane
incident plane ,.E’"\

Fig. 4. Schematic view of the effective polarizer angle ¢ of two sheet
polarizers on the wave plane of an oblique incident light.

should be pointed out that if the uniaxial film has a positive
birefringence (An = n. — n, > 0), then the abovementioned
rotation from point P to point Q is clockwise; otherwise, the
rotation is counterclockwise if the uniaxial layer has a negative
birefringence (An < 0).

For an a-film, its optical axis lies in the plane parallel to the
film surface. When an observer views the LCD panel from dif-
ferent azimuthal and polar angles, the effective optical axis on
the wave plane will change with the viewing direction. As a
result, its position on the equator of Poincaré sphere will also
change accordingly. On the other hand, a c-film’s optical axis is
perpendicular to the film surface. When an observer views the
panel from different azimuthal and polar angles, the effective
optical axis on the wave plane always forms 90° with respect
to the horizontal reference. Therefore, its position on Poincaré
sphere is always the intersection of equator and negative S axis,
which is denoted as point C in Fig. 3.

D. Light Leakage of Crossed Polarizers at Oblique View

Considering a pair of crossed sheet polarizers with their ab-
sorption axes perpendicular to each other, the effective angle
between their respective absorption axes varies with different
viewing directions. Fig. 4 shows the case when an oblique light
traverses through two sheet polarizers. The polarizer’s absorp-
tion axis OM makes an angle ¢; with respect to the z-axis in
the z-y plane while the analyzer’s absorption axis ON is ori-
ented at angle ¢». The shadow triangle OAB in Fig. 4 denotes
the plane of incidence. The light beam, denoted by the wave
vector OK, propagates at azimuthal angle ¢ and polar angle
0} inside the sheet polarizer.

1) Effective Polarizer Angle on the Wave Plane: Although
these two linear polarizers form an angle (2 — ¢1) in the z-y
plane, their projections on the wave plane, however, form an-
other angle /M K N, as Fig. 4 plots. We call this angle /M KN
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as the effective polarizer angle on the wave plane, which is ex-
pressed as ¢ hereafter. The extinction ratio of the crossed po-
larizers depends on this effective polarizer angle ¢ on the wave
plane, rather than the absorption axes angle in the z-y plane.

Based on the dot product of vectors, the effective polarizer
angle ¢ can be expressed as shown in (7) at the bottom of
the page, where ¢y = ¢o and 6 = sin~*(sinfy/n,). Here
ny(~ 1.5) is the average real refractive index of the sheet po-
larizer, and ¢ and 6 are the azimuthal and incident angles of
the incident light measured in air, respectively. In WVA LCDs,
the absorption axes of polarizer and analyzer are usually per-
pendicular to each other. If we set ¢p; = 45° and ¢ = —45°,
then the effective polarizer angle ¢ can be rewritten as shown
in (8) at the bottom of the page. As a quick verification, under
normal view (0 = 0°), the effective polarizer angle ¢ equals
to 90°, which is identical to the absorption axes angle in the z-y
plane, i.e., o — 1 = 90°.

To find the tendency of ¢ when the azimuthal angle ¢ (= ¢y, )
changes, we take the first-order derivative of ¢ with respect to
¢ and obtain

dy sin? @, cos 6}, sin 2¢y,

Oy, ~ T cos? 0 + % sin® 0, cos? 2y,

©)

Apparently, when ¢, = ¢o = 0°, 90°, 180°, and 270°, the
effective polarizer angle ¢ reaches extrema. The second-order
derivative

9% _
oy

2sin? 0}, cos B cos 201

cos? @, + i sin 0, cos? 24y,

sin® 0y, cos 0}, sin? 2¢y, cOS 20y, (10)
(cos? 0 + 1 sin* 6, cos? 2¢k)2

further reveals that ¢ reaches maxima at ¢, = ¢ = 0° and
180° and minima at ¢y, = ¢9 = 90° and 270°. By substituting
¢r = ¢o = 270° into (8), we derive the effective polarizer angle
 at the lower bisector viewing position [16]:

sin® 6,
3
_ -1 np
P = €o8 92— sin2 @y
7
P

(11)

where 6 is the incident angle measured in air and n,, is the
average real refractive index of the sheet polarizer. This equation
will be frequently referred in Sections IIT and I'V.

Fig. 5(a) plots the dependence of effective polarizer angle ¢
on viewing the polar angle 6y and azimuthal angle ¢ as cal-
culated from (8). During calculations, the average real refrac-

(b)

270

Fig. 5. Dependence of (a) effective polarizer angle ¢ and (b) dark state light
leakage of crossed sheet polarizers on the viewing azimuthal angle ¢, and polar
angle 6. The absorption axes of the crossed sheet polarizers are set at 45° and
—45°, respectively, and the wavelength of incident light is A = 550 nm.

tive index of the sheet polarizer is taken to be n, = 1.5. From
Fig. 5(a), at off-axis viewing directions, the effective polarizer
angle ¢ deviates from 90°. Especially in all the bisector viewing
directions, i.e., ¢g = 0°, 90°, 180°, and 270°, the effective po-
larizer angle ¢ deviates the farthest from 90° and reaches either

| cos(¢a — ¢1) — sin® Ok cos(p1 — pi) cos(p2 — )

p = cos™

(N

\/1 — sin? 6, cos?(¢py — gbk)\/l — sin? 6, cos2(¢ha — 1)

. —sin? 0, cos (T — i) cos (X + ¢u)

© = Cos

®)

\/1 — sin? , cos? (% —

¢k)\/1 — sin® Oy cos? (Z + ¢y



maxima or minima. By contrast, in all on-axis viewing direc-
tions, i.e., ¢pg = 45°, 135°, 225°, and 315°, the effective polar-
izer angle ¢ equals to 90°, same as the normal view.

The effective polarizer angle deviating from 90° at off-axis
viewing directions causes dark-state light leakage which, in
turn, degrades the device contrast ratio. As a typical example,
Fig. 5(b) shows the dark-state light leakage of crossed polar-
izers calculated by the extended Jones matrix method [15],
[17]. In the calculation, both sheet polarizers are treated as
anisotropic uniaxial media with complex refractive indices
ne = 1.5 + 70.0022 and n, = 1.5 + 50.000 032. As Fig. 5(b)
shows, the light leakage reaches maxima at the bisector viewing
directions, i.e., g = 0°, 90°, 180°, and 270°.

2) Crossed Polarizers on Poincaré Sphere: The dark state
light leakage of crossed polarizers can also be well explained
on the Poincaré sphere, as shown in Fig. 6(a) and (b). To facili-
tate the representation on Poincaré sphere, we still set ¢p; = 45°
and ¢ = —45°, keeping the absorption axes of these two
sheet polarizers perpendicular to each other in the z-y plane.
Fig. 6(a) represents the viewing from normal direction, while
Fig. 6(b) stands for an oblique view from the lower bisector, i.e.,
¢o = 270°. In both figures, points P and A represent the effec-
tive absorption axis positions of polarizer and analyzer on the
wave plane, respectively. The polarization state of the linearly
polarized light after the polarizer, which is denoted by point T,
is always orthogonal to the absorption axis direction of the po-
larizer on the wave plane. Therefore, on the Poincaré sphere,
point T and point P are always located at the opposite sides
along the diameter of the sphere.

As shown in Fig. 6(a), under normal view the absorption axes
of polarizer (point P) and analyzer (point A) are located at 90°
and —90° on the equator of Poincaré sphere, respectively. Point
T, the polarization state of the linearly polarized light after the
polarizer, overlaps exactly with point A, the absorption axis of
the analyzer, resulting in complete light absorption and no light
leakage from normal viewing direction.

However, under oblique view from the lower bisector direc-
tion ¢g = 270°, the effective absorption axis positions of both
polarizer and analyzer move toward the horizontal reference.
Accordingly, from the lower bisector viewing direction ¢g =
270°, the effective polarizer angle ¢ becomes less than 90° as
illustrated in Fig. 5(a). As aresult, on the Poincaré sphere, points
P and A are no longer located on the S, axis. Instead, point P
is located between S; and S, axes, while point A is located be-
tween S; and negative Sy axes, as Fig. 6(b) shows. Moreover,
point P is symmetric to point A about S; axis, and angle /PO A
is twice the effective polarizer angle ¢, i.e., ZPOA = 2.
Meanwhile, point T, representing the polarization state of light
after the polarizer, is on the other end of the diameter passing
through point P. Therefore, point T also deviates from the nega-
tive So axis and is located symmetrically to point A with respect
to the negative S» axis. Because point T no longer overlaps with
point A, light leakage occurs from the bisector viewing direc-
tion of the crossed polarizers.

It is easy to figure out the relationship ZTOA = w — 2y from
Fig. 6(b). The larger the angle ZT'OA is, the more severe the
light leakage becomes. Since the effective polarizer angle ¢ de-
viates the farthest from 90° at all bisector viewing positions, the
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(b)

Fig. 6. Demonstration of crossed polarizers on Poincaré sphere under (a)
normal view and (b) oblique view at the lower bisector position ¢, = 270°.
Here the absorption axes of polarizer and analyzer are set at ¢; = 45° and
¢ = —45°, respectively.

light leakage at bisectors is the severest, as depicted in Fig. 5(b).
If we can suppress the light leakage for all the bisector positions,
the viewing angle of the LCD will be significantly enhanced.
Thus, the goal of WVA LCDs, which incorporate compensation
films into the panel design, is to move point T to point A for
minimizing the light leakage from the analyzer. The introduced
compensation film should improve the off-axis viewing perfor-
mance but not affect the on-axis viewing performance.

In Sections III and IV, we will analyze the compensation
schemes of various uniaxial-film-compensated WVA LCDs and
derive analytical solutions for each scheme.

III. COMPENSATION SCHEMES FOR LCD WITH INITIALLY
HOMOGENEOUS ALIGNMENT

In the WVA LCDs with initially homogeneous alignment,
such as IPS and FFS modes, let us assume the stripe electrodes
are in the bottom substrate and the electric fields are in the hor-
izontal direction. As the applied voltage exceeds the threshold
voltage, i.e., V > Vy, the LC directors are gradually twisted
from the anchored bottom boundary layer to the middle and then
twisted back from the middle to the top (unaffected) boundary
layer. Although FFS mode can achieve a higher optical effi-
ciency than IPS, their viewing angle performances are quite
similar. For benchmarking, Fig. 7 plots the calculated iso-con-
trast contours of an uncompensated IPS-LCD. In the calculation
throughout this section, unless otherwise specified, we assume
that at bright-state the middle layer LC directors are twisted
65° with respect to both boundary layers. Other parameters em-
ployed in simulations are listed in Table II.

From Fig. 7, without compensation films the IPS viewing
angle at bisectors ¢g = 0°, 90°, 180°, and 270° are relatively
poor. At bisectors, the 10:1 contrast ratio only extends to ~ 70°
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Fig. 7. Iso-contrast contour of an uncompensated IPS-LCD at A = 550 nm.
TABLE 1I
PARAMETERS USED IN SIMULATING THE IPS-LCD VIEWING
ANGLE PERFORMANCE
Parameters ~ Description Values
dic Cell gap 4 um
Opretitt Surface tilt angle 1°
Rice n, of LC material 1.5649
Arco n, of LC material 1.4793
e n, of sheet polarizer (complex) 1.5+0.0022
Tpo n, of sheet polarizer (complex) 1.5+70.000032
Rete n, of positive c-film 1.5110
Aeto n, of positive c-film 1.5095
Ne-e n, of negative c-film 1.5095
Ry n, of negative c-film 1.5110
Ngte n, of positive a-film 1.5110
Ha+,0 n, of positive a-film 1.5095
Hge n, of negative a-film 1.5095
Ha-o n, of negative a-film 1.5110
& Absorption axis of polarizer 45°
& Absorption axis of analyzer —45° (or 135°)
A Wavelength of incident light 550 nm

polar angle. This is due to the large dark-state light leakage at
these bisector positions, as depicted in Fig. 5(b).

In the following, we use IPS-LCD as an example to demon-
strate three compensation schemes and provide each scheme
a comprehensive analytical solution. These compensation
schemes are equally applicable to FFS-LCDs.

A. One Positive A-Film and One Positive C-Film

Fig. 8(a) shows the device configuration of an IPS-LCD
using one positive a-film and one positive c-film for phase
compensation. This compensation scheme was first proposed
by Chen [7] and later confirmed by Anderson [8]. As shown in
Fig. 8(a), a positive c-film and a positive a-film are sandwiched
between the analyzer and the homogeneous LC layer. More
specifically, the positive a-film, whose optical axis is oriented
parallel to the absorption axis of the polarizer, is adjacent to
the analyzer. Fig. 8(b) explains the compensation principle on

analyzer
absorption axis: —45°

positive a-film
optical axis: 45°

positive c-film

homogeneous LC layer
rubbing direction: 45°
polarizer
absorption axis: 45°

(a) |backlight

(b) 2

Fig. 8. (a) Device structure and (b) compensation principle of an IPS-LCD
with compensation of a positive a-film and a positive c-film.

Poincaré sphere when the observer views the panel from an
oblique angle at the lower bisector position ¢y = 270°.

The detailed compensation mechanism is explained as
Fig. 8(b) shows. When the unpolarized light from backlight
unit traverses the polarizer (point P), it becomes linearly
polarized, and its polarization state is located at point T, which
deviates from the absorption axis of the analyzer (point A).
When such a linearly polarized light (point T') passes through
the homogenous LC layer, whose position on the Poincaré
sphere overlaps with point P, the linear polarization state still
keeps the same (point T). Then, the linearly polarized light
(point T') successively passes through the positive c-film and
the positive a-film, whose effective optical axis positions on the
Poincaré sphere are point C and point P, respectively. When
the linearly polarized light (point T') passes through the positive
c-film, its polarization state is rotated from point T to point E
clockwise around the CO axis. This intermediate polarization
state (point E), in general, is elliptical. By properly choosing
the phase retardation values of the positive a- and c- films,
we can always fulfill the following goal: when the elliptically
polarized light (point E) passes through the positive a-film, the
polarization state can be rotated clockwise around the PO axis
so that point E is moved to point A. As a result, at V' = 0 the
light is completely absorbed by the analyzer (point A), leading
to a good dark state even viewed from an oblique angle at the
bisectors.

To reach the abovementioned goal, we can easily determine
from Fig. 8(b) that the following two requirements must be sat-
isfied: (1) the arc TE should equal to the arc T'A, and (2) the
arc TC should equal to the arc EC. Besides, from Fig. 8(b)
we can also obtain /POB = /AOB = ¢, TA = 7 — 2,




and TC = . Based on spherical trigonometry, we can find the
following relationships from the spherical triangles CT'E and
TEA:

LTCE =2sin""(ctgy), (12a)
/CTE = cos™*(ctg?p), (12b)
/ATE =7 — /CTE (12¢)

where @, determined by (11), is the effective polarizer angle on
the wave plane from the lower bisector viewing position ¢g =
270°.

Since the required positive c-film’s phase retardation I'.4
equals to the spherical angle /T'CFE, thus from (6) and (12a)
the required positive c-film’s thickness d. can be derived as:

sin™! (ctgp)

T . (13)

= 70 n? 9
__ sin“bp __ __ S1n- bg
Tret o0 (\/1 n§+.e \/1 anr.o )

On the other hand, the required positive a-film’s phase re-
tardation I, equals to the spherical angle /AT E. Thus from
(5), (12b) and (12c) we can derive the required positive a-film’s
thickness d, 4 as:

des

1 cosfl(ctgzzp)

day = A —2__n ——
ate at o ato
(14
In the derivation of (14), we substitute ¢, = 45° and ¢g = 270°
into (5) because the positive a-film’s optical axis is oriented at
45° direction, as Fig. 8(a) shows, and the viewing direction is at
¢o = 270° azimuthal angle.

As we can see from (11), (13), and (14), the required film
thickness depends on the incident angle 6, film’s refractive
indices N4 es Net 05 Nast,e> ald 14 o, and polarizer’s average
real refractive index n,,. Therefore, once we know both films’
and polarizer’s refractive indices, and the intended viewing
angle (i.e., incident angle), we can determine the required
film thickness from (11), (13), and (14). For instance, if we
set g = 70° as the intended viewing angle where we would
like to optimize our LCD designs, and use the parameters
listed in Table II, then we can calculate the required film
thicknesses from (13) and (14). Results are d.4 = 60.09 pm
and d,4 = 92.59 pm. Based on these film thicknesses, Fig. 9
depicts the calculated iso-contrast contour of an IPS-LCD with
one positive a-film and one positive c-film for phase compen-
sation. Comparing Fig. 9 with Fig. 7, we can clearly see that
the viewing angle performance at off-axis viewing directions,
especially the bisector positions ¢y = 0°, 90°, 180°, and 270°,
is dramatically improved. Meanwhile, the contrast ratios at
on-axis viewing directions ¢9 = 45°, 135°, 225°, and 315°
remain unchanged.

This compensation scheme can also be modified by ex-
changing the positions of the positive c-film and a-film, as
shown in Fig. 10(a). Different from Fig. 8(a), now the positive
a-film is adjacent to the LC layer and its optical axis is par-
allel to the absorption axis of the analyzer. The compensation
principle is demonstrated in Fig. 10(b). When the linearly
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Fig. 9. Iso-contrast contour of an IPS-LCD with a positive a-film (d, =
92.59 pm) and a positive c-film (d.; = 60.09 pm) under A = 550 nm.

polarized light (point T') passes through the positive a-film, the
polarization state is rotated clockwise around the AO axis so
that point T is moved to point E. Now the intermediate state
(point E) is located on the upper hemisphere. The role of the
positive c-film is to rotate point E to point A clockwise around
the CO axis. Although the process of polarization state change
is different, the required film thickness values, however, are
still identical to those of the previous case as determined by
(13) and (14). Its viewing angle is similar to Fig. 9. To avoid
redundancy, the iso-contrast contour plot is not shown here.

Actually, this compensation scheme can be further modified
by replacing both positive a-film and positive c-film with a neg-
ative a-film and a negative c-film. In addition, the positions of
the negative a-film and c-film are also exchangeable, just like
the configurations shown in Figs. 8(a) and 10(a). Still, the com-
pensation mechanisms are similar to those with positive a- and
c- films as Figs. 8(b) and 10(b) depict. Howeyver, the rotation on
the Poincaré sphere becomes counterclockwise in the case of
negative uniaxial films. The required film thickness can still be
determined by (13) and (14) except: (1) substituting A with —\
due to negative phase retardation of the negative uniaxial films,
and (2) replacing the positive films’ refractive indices ncy e,
Net,00 Nat e and nq4 , With the corresponding negative films’
refractive indices 1¢— ¢, Me— o, Na—,e, and 1, ,. The resultant
viewing angle performance is still similar to Fig. 9, which is not
repeated here to avoid redundancy. In summary, the compensa-
tion schemes with a- and c- films have four different configura-
tions.

Although the contrast ratio of this compensation scheme ex-
ceeds 100:1 at any viewing directions, we still notice from Fig. 9
that the viewing angle is not very symmetric. This is because the
intermediate state (point E) is not located on the great circle
passing through Ss and Ss axes, as shown in Figs. 8(b) and
10(b). To get a more symmetric viewing angle, we need to make
the intermediate state located on the great circle which passes
through S» and S3 axes and bisects the arc TA, as will be dis-
cussed in Sections III-B and C.
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analyzer
absorption axis: —45°

positive c-film

positive a-film
optical axis: —45°

homogeneous LC layer
rubbing direction: 45°

polarizer
absorption axis: 45°

(a) Ll backlight

Fig. 10. (a) Device structure and (b) compensation principle of another
IPS-LCD using one positive a-film and one positive c-film.

B. One Positive A-Film and One Negative A-Film

Fig. 11(a) shows the device configuration of an IPS-LCD with
one positive a-film and one negative a-film compensation. This
mode was previously reported by our group [18], [19]. As shown
in the figure, a positive a-film and a negative a-film are sand-
wiched between the LC layer and the analyzer, with the positive
a-film adjacent to the LC layer. More specifically, the optical
axis of the positive a-film is parallel to the absorption axis of the
analyzer, while the optical axis of the negative a-film is parallel
to the absorption axis of the polarizer. Fig. 11(b) explains the
compensation principle on Poincaré sphere when the observer
views the panel from an oblique angle at the lower bisector po-
sition, i.e., ¢pg = 270°.

The detailed compensation mechanism is explained as
Fig. 11(b) demonstrates. When the unpolarized light from
backlight penetrates the polarizer (point P), it becomes linearly
polarized and its polarization state is located at point T, which
deviates from the absorption axis of the analyzer (point A).
When such a linearly polarized light (point T') passes through
the homogenous LC layer, whose position on the Poincaré
sphere overlaps with point P, the linear polarization state
remains the same (point T'). Then, the linearly polarized light
(point T') successively passes through the positive a-film and
the negative a-film, whose positions on the Poincaré sphere
are point A and point P, respectively. When the linearly
polarized light (point T') passes through the positive a-film, its
polarization state is rotated clockwise from point T to point E
around the A O axis. This intermediate polarization state (point
E), in general, is an elliptical polarization state. By properly
choosing the phase retardation values of both positive a-film
and negative a-film, we should be able to rotate point E to

analyzer
absorption axis: —45°

negative a-film
optical axis: 45°

positive a-film
optical axis: —45°

homogeneous LC layer
rubbing direction: 45°

polarizer
absorption axis: 45°

(b)

Fig. 11. (a) Device structure and (b) compensation principle of an IPS-LCD
with compensation of one positive a-film and one negative a-film.

point A counterclockwise around the PO axis. As a result,
in the voltage-off state the light is completely absorbed by the
analyzer (point A) and a very good dark state is achieved even
viewed from an oblique angle at the bisector positions.

To reach this goal, we can easily determine from Fig. 11(b)
that the following two requirements must be satisfied: (1) the
arc EA should equal to the arc TA; and (2) the arc T'A should
equal to the arc TE. In other words, the spherical triangle ET A
should be an equilateral spherical triangle. In addition, we can
also obtain /POB = /AOB = p and TA = 7 — 2¢ from
the Poincaré sphere. Based on the spherical trigonometry, we
derive the following relationship from the equilateral spherical
triangle ET A:

LETA = (EAT = cos ! (—ctgy - ctg2y) (15)

?

where ¢, determined by (11), is the effective polarizer angle on
the wave plane from the lower bisector viewing position, i.e.,
¢po = 270°.

Since the required positive a-film’s phase retardation I', 4
equals to the spherical angle / E AT, thus from (5) and (15) the
required positive a-film’s thickness d, 4 can be expressed as:

cos ™' (—ctgp-ctg2yp)

da,—i- =A > -2ZT T2 .
n 1 — sin? Oo _ sin?fg _ n __ sin? 6,
a+,e 2n2+ 2713Jr a+,0 n§+‘n
(16)
In the derivation of (16), we substitute ¢, = —45° and ¢g =

270° into (5) because the positive a-film’s optical axis is ori-
ented at —45° direction, as Fig. 11(a) shows, and the viewing
direction is from ¢9 = 270° azimuthal angle.

Similarly, the negative a-film’s phase retardation I', _ is equal
to the negative spherical angle /ETA, i.e.,I',_ = —/ETA.



Here the minus sign denotes that the phase retardation of the
negative a-film is negative and the rotation around P O axis from
point E to point A is counterclockwise. Thus from (5) and (15)
we can obtain the negative a-film’s thickness d,_ as:

do— = =
cos ™! (—ctgp-ctg2¢p)
X — 27 —. (7
Mam ey [1 = 50 — 50 — g, 1 - 50

a—,o

In the derivation of (17), we substitute ¢, = 45° and ¢g = 270°
into (5) because the negative a-film’s optical axis is oriented at
45° direction, as Fig. 11(a) shows, and the viewing direction is
from ¢y = 270° azimuthal angle.

From (11), (16), and (17), the required film thicknesses de-
pend on the incident angle 6, film’s refractive indices 144 e,
Ngt,05 Ta—,e, and n,_ ,, and polarizer’s average real refrac-
tive index n,,. Therefore, once we know both films’ and polar-
izer’s refractive indices as well as the intended viewing angle for
LCD optimization, we can determine the required film thick-
ness from (11), (16), and (17). By using the parameters listed
in Table II and choosing #y = 70°, the required film thick-
nesses as calculated from (16) and (17) are d,+ = 61.38 ym and
dq— = 61.37 um. Based on these film thicknesses, Fig. 12 plots
the calculated iso-contrast contour of the IPS-LCD with one
positive a-film and one negative a-film. Comparing Fig. 12 with
Fig. 7, we see clearly that the viewing characteristic at off-axis
directions, especially the bisector positions ¢y = 0°, 90°, 180°,
and 270°, is dramatically improved. In the mean time, the con-
trast ratios along the horizontal and vertical axes (¢9 = 45°,
135°, 225°, and 315°) remain unchanged.

It deserves a special mention that in the design shown in
Fig. 11(a), the positions of the positive a-film and the negative
a-film are exchangeable. We have gone through the simulation
and found that the required film thicknesses remain the same.
The Poincaré representation is still similar except that the inter-
mediate polarization state (point E) is on the lower hemisphere.
The required film thickness d, + and d,,_ are still the same as ob-
tained in (16) and (17). Finally, the viewing angle performance
is almost identical to those shown in Fig. 12.

As shown in Fig. 12, the contrast ratio exceeds 200:1 from all
viewing directions. This viewing angle is more symmetric than
that shown in Fig. 9 using one positive a-film and one positive
c-film for compensation. This is due to the fact that in this com-
pensation scheme the intermediate state (point E) is located on
the great circle which passes through S5 and S3 axes and bi-
sects the arc T'A. Another beauty of this compensation scheme
is that it does not require any c-film or biaxial film; only uniaxial
a-films are required. Since a-film has a lower cost than c-film
and biaxial film, this compensation scheme has potentially low
cost while keeping excellent viewing characteristics.

C. Two Positive A-Films and One Positive C-Film

Fig. 13(a) shows the device configuration of the IPS-LCD
with two positive a-films and one positive c-film. As shown in
the figure, the positive c-film is sandwiched between two pos-
itive a-films, and all of these three uniaxial films are further
laminated between the homogeneous LC layer and the analyzer.
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Fig. 12. Iso-contrast contour of the IPS-LCD with a positive a-film (d, =
61.38 pm) and a negative a-film (d,— = 61.37 pm) under A = 550 nm.
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positive a-film
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Fig. 13. (a) Structure and (b) compensation principle of IPS-LCD with
compensation of two positive a-films and one positive c-film.

More specifically, the optical axis of the bottom positive a-film
is parallel to the absorption axis of the analyzer, while the optical
axis of the top positive a-film is parallel to the absorption axis
of the polarizer. Fig. 13(b) explains the compensation principle
on Poincaré sphere when the observer views the panel from an
oblique angle at the lower bisector position ¢y = 270°.

The detailed compensation mechanism is explained as
Fig. 13(b) depicts. When the unpolarized light from backlight
unit penetrates the polarizer (point P), it becomes linearly
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polarized, and its polarization state is located at point T, which
deviates from the absorption axis of the analyzer (point A).
When such a linearly polarized light (point T') passes through
the homogenous LC layer, whose position on the Poincaré
sphere overlaps with point P, the linear polarization state is
kept the same (point T'). Then, the linearly polarized light (point
T) successively passes through the bottom positive a-film, the
positive c-film, and the top positive a-film, whose positions
on the Poincaré sphere are points A, C, and P, respectively.
When the linearly polarized light (point T') passes through
the bottom positive a-film, its polarization state is clockwise
rotated from point T to point E around the AQO axis. This
first intermediate polarization state (point E), in general, is
elliptical. When this elliptically polarized light traverses the
positive c-film, its polarization state is clockwise rotated from
point E to point F around the CO axis. This is the second
intermediate polarization state. Again, the second intermediate
state is also elliptical. As mentioned in Section III-A, to get a
symmetric viewing characteristic, it is preferable to have the
intermediate states (points E and F') located on the great circle
passing through S5 and S5 axes. In addition, it is also preferable
to keep points E and F symmetric about the equator plane.

By properly choosing the phase retardation values of these
two positive a-films and the positive c-film, we can always rotate
point F to A clockwise around the PO axis. As a result, in the
voltage-off state the light is completely absorbed by the analyzer
(point A) and a good dark state is achieved even viewed from
an oblique angle at the bisector positions.

To derive the required film thicknesses, from Fig. 13(b) we
find that the following three requirements must be satisfied: 1)
the arcs EA, ET, TA, TF, and AF all should be equal to each
other; (2) the arc CE should be equal to the arc CF’; and 3) the
arc EKF should be perpendicular to the equator. Therefore, both
spherical triangles ET'A and F'T A should be equilateral spher-
ical triangles. Besides, we also obtain /POB = /AOB = ¢
and TA = m — 2¢ on the Poincaré sphere. Based on spherical
trigonometry, we can derive the following relationships from
the spherical angle CEF and the equilateral spherical triangles
ETA and FTA:

/EAT = /ATF = cos™'(—ctgy - ctg2p)  (18a)
o ~cos2
ED=FD = cos™" <7C,°S “”) (18b)
sin ¢
—cos 2
/ECF =2ED = 2cos~ <ﬂ> (18¢)
sin ¢

where @, determined by (11), is the effective polarizer angle on
the wave plane from the lower bisector viewing position ¢y =
270°.

Since the spherical angle /FEAT is equal to the spherical
angle ZATF, the required phase retardation values for both
bottom and top positive a-films also should be equal to each
other. Thus from (5) and (18a), the required thickness d, for
both positive a-films can be expressed as

cos ™! (—ctgp-ctg2yp)

day = A — =
1 sin? Ay sin? 4y
na+,e - 2n2+ - 2n2+ - na+ o

In the derivation of the above equation, we substitute ¢,, =
+45° and ¢9 = 270° into (5) because the positive a-films’
optical axes are oriented at ¢,, = —45° and ¢, = 45°, re-
spectively, as Fig. 13(a) shows, and the viewing direction is at
¢o = 270° azimuthal angle.

On the other hand, the required positive c-film’s phase retar-
dation I'.; equals to the spherical angle ZECF'. Thus from (5)
and (18c) we derive the positive c-film’s thickness d. as

cos™ !t ( —cos2¢ )
sin o

— s
ey = )\n (\/1 ~ om0, \/1 — s’ 90) - 0
ctso "f+.e n§+.o

From (11), (19), and (20), we find the required film thick-
nesses depend on the incident angle 6y, film’s refractive indices
Nat,e> Nat,05 Mot e, and Ney o, and polarizer’s average real re-
fractive index n,. Thus, once we know the films’ and polar-
izer’s refractive indices as well as the intended viewing angle
for optimization, we can determine the required film thickness
from (11), (19), and (20). By using the parameters listed in
Table II and choosing 6y = 70°, the required film thicknesses,
as calculated from (19) and (20), are d,4 = 61.38 pm and
det = 101.92 pm. Based on these film thicknesses, Fig. 14
plots the calculated iso-contrast contour of the IPS-LCD with
two identical positive a-films and one positive c-film compen-
sation. Comparing Fig. 14 with Fig. 7, we can see clearly that
the viewing angle at off-axis, especially from the bisector posi-
tions ¢9 = 0°, 90°, 180°, and 270°, is dramatically improved.
Meanwhile, the contrast ratios at on-axis, i.e., ¢g = 45°, 135°,
225°, and 315° remains unchanged.

In fact, this compensation scheme can be modified by
replacing those two positive a-films and one positive c-film
with two negative a-films and one negative c-film, as shown
in Fig. 15(a). Still, the compensation mechanism, as shown in
Fig. 15(b), is similar to that with two positive a-films and one
positive c-film except now the rotation on Poincaré sphere be-
comes counterclockwise. The required film thickness can still
be determined by (19) and (20) except: (1) substituting A with
— ) due to the negative phase retardation of negative uniaxial
film; and (2) substituting those positive films’ refractive indices
Nat,e> Mat,00 Tet,e, and ey , with the corresponding nega-
tive films’ refractive indices nq— ¢, Ma— 0, Ne— e, and Ne_ o,
respectively. Its viewing angle performance, which is almost
identical to Fig. 14, is not shown here to avoid redundancy.

From Fig. 14, the overall contrast ratio almost exceeds 300:1
from all viewing directions. The viewing angle performance is
more symmetric than the case with one positive a-film and one
positive c-film compensation, as shown in Fig. 9. This is again
due to the fact that the intermediate states (points E and F)
both are not only located on the great circle passing through So
and S3 axes and bisecting the arc T'A, but also symmetrically
positioned with each other about the equator plane on Poincaré
sphere.

IV. COMPENSATION SCHEMES FOR LCD WITH INITIALLY
VERTICAL ALIGNMENT

In the WVA LCDs with initially vertical alignment, such as
MVA and PVA modes, a negative dielectric anisotropic nematic
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Fig. 14. Iso-contrast contour of an IPS-LCD with two identical positive a-films
(day = 61.38 pm) and a positive c-film (d.. = 101.92 ym) under A =
550 nm.
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Fig. 15. (a) Device structure and (b) compensation principle of an IPS-LCD
using two negative a-films and one negative c-film.

LC layer is homeotropically aligned and sandwiched between
two substrates. As V' > Vi, the LC directors are tilted by the
longitudinal electric field to be parallel to the substrate surface.
Basically, both PVA and MVA modes can achieve similar di-
rector distribution; therefore, their viewing angle behaviors are
quite similar. In this section, we use MVA as an example to illu-
minate three uniaxial-film compensation schemes and to derive
their corresponding analytical solutions.

Let us assume that in each pixel the LC directors form a four-
domain orientation profile, as Fig. 16(a) shows. Fig. 16(b) depicts
the calculated voltage dependent transmittance curve of a typical
MVA mode LCD using MLC-6608 LC material (from Merck).
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Fig. 16. (a) Schematic top-view of the four-domain LC director distribution

in the voltage-on state, and (b) the voltage dependent transmittance curve of a
MVA-LCD.
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Fig. 17. Simulated iso-contrast contour of a typical four-domain MVA-LCD
under A = 550 nm.

Throughout this section, unless otherwise specified we use the
parameterslistedin Table [ITforall the calculations. Therefractive
indices of the uniaxial films and polarizers are still the same as
listedin TableII. Fig. 17 shows the calculated iso-contrast contour
of the four-domain MVA-LCD without film compensation. In the
contrast ratio calculation, we first use continuum theory [20] to
calculate the LC director distributionatV,,, = 5V, ,cand V g =
0, respectively, and then use the extended Jones matrix [15], [17]
to calculate the optical transmittance for each domain and finally
average all four domains up.

From Fig. 17, without compensation films the viewing angle
at the bisector positions ¢9 = 0°, 90°, 180°, and 270° are
very poor. At these bisector viewing positions, the 10:1 contrast
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TABLE III
PARAMETERS USED IN SIMULATING THE MVA-LCD VIEWING
ANGLE PERFORMANCE

Parameters ~ Description Values

dic Cell gap 4.6 pm

Bprerite Surface tilt angle 89°

Nice n, of LC material MLC—-6608 1.5606

nrco n, of LC material MLC—6608 1.4770

& Absorption axis of polarizer 45°

& Absorption axis of analyzer —45° (or 135°)
A Wavelength of incident light 550 nm

ratio can only extend to ~ 30° polar angle. Two factors con-
tribute to the narrow viewing angle. First, the absorption axes
of the crossed polarizers are no longer perpendicular to each
other at off-axis oblique viewing directions. Second, the ver-
tically aligned LC layer behaves as a c-film, which imposes a
phase retardation on the obliquely incoming linearly polarized
light and modulates its polarization state. The phase retardation
I"Lc, which is induced by the vertically aligned LC layer at an
oblique incident light, can be easily obtained from (6) as

2m sin? § sin? 6
Fre = TnLC’,odLC 1- 52— J1- 52,
nLC,e nLC,o

1)
From (21), 'y depends on the incident angle 6, LC’s refrac-
tive indices nrc.. and nrc,,, and the LC layer’s thickness dr.c.
As an example, at incident angle #y = 70° the corresponding
I'Lc, calculated from the parameters listed in Table III, is
0.6647 rad. Equation (21) will be frequently referred in this
section.

In the following, we use the four-domain MVA-LCD as an
example to demonstrate several uniaxial-film compensation
schemes and provide each scheme a comprehensive analytical
solution. All of these compensation schemes are equally appli-
cable to PVA mode LCDs.

A. One Positive A-Film and One Negative C-Film

Fig. 18(a) shows the schematic device configuration of a
MVA-LCD with one positive a-film and one negative c-film,
which was first proposed by Chen [7]. As shown in the figure,
the positive a-film and the negative c-film are sandwiched be-
tween the polarizer and the MVA LC layer. More specifically,
the optical axis of the positive a-film is parallel to the absorp-
tion axis of the analyzer. Fig. 18(b) explains the compensation
principle on Poincaré sphere when the observer views the panel
from an oblique angle at the lower bisector position ¢g = 270°.

The detail compensation mechanism is explained as follows,
as demonstrated in Fig. 18(b). When the unpolarized light from
backlight source passes the polarizer (point P), it becomes lin-
early polarized and its polarization state is located at point T,
which deviates from the absorption axis of the analyzer (point
A). Then, such a linearly polarized light (point T') successively
passes through the positive a-film and the negative c-film, whose
positions on the Poincaré sphere are point A and point C, re-
spectively. When the linearly polarized light (point T') passes
through the positive a-film, its polarization state is clockwise
rotated from point T to point E around the A O axis. Point E is

analyzer
absorption axis: —45°

MVA LC layer
¢ (four-domain)

negative c-film

i
U

positive a-film
optical axis: —45°
polarizer
absorption axis: 45°

(a) |lbacklight

(b)

Fig. 18. (a) Device structure and (b) compensation principle of a MVA-LCD
with one positive a-film and one negative c-film.

the first intermediate polarization state which, in general, is el-
liptical. When this elliptically polarized light traverses the neg-
ative c-film, its polarization state is counterclockwise rotated
from point E to point F' around the CO axis. Point F is the
second intermediate polarization state, which is also elliptical.
Then, this second intermediate elliptically polarized light passes
through the unactivated MVA LC layer, whose position on the
Poincaré sphere overlaps with point C. Let us assume we can
find the proper phase retardations of the positive a-film and neg-
ative c-film such that when the second intermediate elliptically
polarized light passes through the unactivated MVA LC layer
its polarization state would be rotated clockwise from point F
to point A around the CO axis. Consequently, at V' = 0 the
light is completely absorbed by the analyzer (point A) and a
good dark state is achieved even viewed from the oblique angle
at the bisector positions.

To reach the abovementioned goal, we can readily determine
from Fig. 18(b) that the following three requirements must be
satisfied: 1) the arc EA should be equal to the arc TA; 2) the
arcs AC, EC, and FC all should be equal to each other; and
3) the spherical angle Z ACF is the sum of the spherical angles
/ACE and /ECF. Besides, from Fig. 18(b), we also find that
/POB = /AOB = ¢, TA = 1—2¢,and AC = 7 —¢. Based
on the spherical trigonometry, we can derive the following rela-
tionships from the spherical triangles CAFE and CAF

LEAC = cos™ ! (—ctg?yp)
LACE =2sin™*(ctgy)

(22a)
(22b)

where ¢, determined by (11),is the effective polarizer angle onthe
wave plane from the lower bisector viewing position ¢y = 270°.



Since the required positive a-film’s phase retardation I', 4
equals to the spherical angle /EAT(= /EAC), thus from (5)
and (22a) the positive a-film’s thickness d, is found to be:

cos™! (—ctg2 ®)

da+ =A - .27\' — .
n 1_ sin?§y _ sin®6g n 1 _ sin? g
at.e 2"i+,e 2”2-{-.0 at,o ”i+.o
(23)
In the derivation of (23), we substitute ¢,, = —45° and ¢y =

270° into (5) because the positive a-film’s optical axis is ori-
ented at —45° direction, as Fig. 18(a) shows, and the viewing
direction is from ¢y = 270° azimuthal angle.

On the other hand, the required negative c-film’s phase retar-
dation I'._ equals to the negative spherical angle /ECF, i.e.,
I'.. = —/ECF = /ACE — /ACF. The spherical angle
LACF is equal to the unactivated MVA-LC layer’s phase retar-
dation I'p ¢ as in (21). This is because the function of the un-
activated MVA LC layer is to clockwise rotate around the CO
axis from point F' to point A. Thus from (6) and (22b) we can
obtain the required negative c-film’s thickness d._ as

2sin” ! (ctgp)—T'Lo

A 27
where I'¢ is given by (21).

As we can see from (11), (21), (23), and (24), for a given
MVA LC cell, the required film thicknesses depend on the inci-
dent angle 6, film’s refractive indices n¢_ ¢, e 0, N+ ,e, and
Na+,0, and polarizer’s average real refractive index n,,. There-
fore, once we know both the films’ and polarizer’s refractive
indices as well as the intended viewing angle or incident angle,
we can determine the compensation films’ thickness from (11),
(21), (23), and (24). For example, if we want to optimize the
LCD viewing angle at §y = 70°, then we can plug in the param-
eters listed in Tables II and Il into (23) and (24) and find d,+ =
92.59 pm and d._ = 186.08 pm. Based on the obtained film
thicknesses, Fig. 19 depicts the calculated iso-contrast contour
of an MVA-LCD compensated by one positive a-film and one
negative c-film. Comparing Fig. 19 with Fig. 17, we can clearly
see that the viewing angle performance at off-axis viewing di-
rections, especially the bisector positions ¢g = 0°, 90°, 180°,
and 270°, is dramatically improved. In the mean time, the con-
trast ratios at on-axis viewing directions (¢9 = 45°, 135°,225°,
and 315°) remain the same.

This compensation scheme can be modified by exchanging
the positions of the negative c-film and the MVA LC layer. In
other words, the incident light passes through the MVA LC layer
first before it enters the negative c-film. In this case, the re-
quired film thickness can still be determined by (23) and (24),
and the resultant viewing angle performance is nearly identical
to Fig. 19.

In addition, this compensation scheme can be further modi-
fied by placing the positive a-film and negative c-film between
the MVA LC layer and the analyzer, as Fig. 20(a) shows. Dif-
ferent from Fig. 18(a), now the positive a-film is adjacent to the
analyzer and its optical axis is perpendicular to the absorption
axis of the analyzer. Fig. 20(b) shows the compensation prin-
ciple of the modified device. Following the same procedures,

de— = (24)
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Fig. 19. Simulated iso-contrast contour of an MVA-LCD with a positive a-film
(day = 92.59 pm) and a negative c-film (d.— = 186.08 pm) under A =
550 nm.

we can readily determine from Fig. 20(b) that the required film
thicknesses are identical to (23) and (24). The resultant viewing
angle is almost the same as Fig. 19.

As shown in Fig. 19, with film compensation the 100:1 con-
trast ratio barely exceeds ~ 75° polar angle. This viewing angle
performance is not as good as compared to the results obtained
for IPS-LCDs as described in Section III. This is due to the fact
that the intermediate states, points E and F, are not located on
the great circle which passes through S, and S5 axes. In Sec-
tions IV-B and C, we will describe two compensation schemes
in which the intermediate states are located on the great circle
passing through S, and S3 axes and bisecting the arc T'A.

B. One Positive A-Film, One Negative A-Film, and One
Negative C-Film

Fig. 21(a) shows the schematic device configuration of a
MVA-LCD with one positive a-film, one negative a-film, and
one negative c-film. As shown in the figure, the positive a-film
is located between the polarizer and the MVA LC layer, while
the negative a-film and negative c-film are sandwiched between
the MVA LC layer and the analyzer. More specifically, the
optical axis of the positive a-film is parallel to the absorption
axis of the analyzer, and the optical axis of the negative a-film
is parallel to the absorption axes of the polarizer. Fig. 21(b)
explains the compensation principle on Poincaré sphere when
the observer views the LCD panel from an oblique angle at the
lower bisector position ¢ = 270°.

The detailed compensation mechanism is explained based on
Fig. 21(b). When the unpolarized light from backlight passes
through the polarizer (point P), it becomes linearly polarized
and its polarization state is located at point T, which deviates
from the absorption axis of the analyzer (point A). Afterwards,
the linearly polarized light (point T) traverses the positive
a-film, whose position on the Poincaré sphere overlaps with
point A, and its polarization state is rotated clockwise from
point T to point E around the AO axis. Point E is the first
intermediate elliptical polarization state.

To obtain a symmetric viewing angle, we intentionally let the
point E locate on the great circle passing through Ss and S5 axes
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Fig. 20. (a) An alternative device structure and (b) compensation principle of
the MVA-LCD using a negative c-film and a positive a-film.

analyzer

absorption axis: —45°
negative a-film
optical axis: 45°

negative c-film

MVA-LC layer
(four-domain)
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optical axis: —45°
polarizer
absorption axis: 45°

(a) |l backlight

(b) F

Fig. 21. (a) Device structure and (b) compensation principle of an MVA-LCD
with one positive a-film, one negative a-film, and one negative c-film.

and bisecting the arc T'A. Then this elliptically polarized light
successively enters the unactivated MVA LC layer and the neg-
ative c-film, whose positions on the Poincaré sphere are both at

point C. When the elliptically polarized light passes through the
unactivated MVA LC layer, its polarization state is clockwise ro-
tated around the CO axis from point E to point F'. Point F is the
second intermediate elliptical polarization state, which is also
located on the same great circle passing through Ss and S5 axes.
Then this second intermediate elliptically polarized light hits the
negative c-film. If the phase retardation of the negative c-film
is such designed that when the second intermediate elliptically
polarized light passes through the negative c-film its polariza-
tion state will be rotated counterclockwise around the CO axis
from point F back to point E. Now point E represents the third
intermediate elliptical polarization state. After that, this third
elliptically polarized light passes through the negative a-film,
whose position on the Poincaré sphere overlaps with point P. If
the phase retardation of the negative a-film is properly chosen
such that when the third intermediate elliptically polarized light
(point E) passes through the negative a-film its polarization state
can be rotated counterclockwise around the PO axis from point
E to point A.. Consequently, the light is completely absorbed by
the analyzer (point A) and a good dark state is achieved even if
it is viewed from the bisector directions.

To determine each film’s thickness, from Fig. 21(b) we find
that the following two requirements must be satisfied: 1) the arcs
of EA, ET, and TA should be all equal and 2) the arc EF is
located on the great circle passing through S, and S; axes and
bisecting the arc TA. That implies the spherical triangle ET'A
is an equilateral spherical triangle. Besides, from Fig. 21(b), we
also obtain /POB = /AOB = ¢ and TA = © — 2¢. Based
on the spherical trigonometry, we derive the following relation-
ships from the equilateral spherical triangle ET' A:

LEAT = [ETA = cos™ }(—ctgy - ctg2p) (25)
where ¢, determined by (11), is the effective polarizer angle
on the wave plane as viewing from the lower bisector direction
(do = 270°).

Since the required positive a-film’s phase retardation I', 4
equals to the spherical angle Z/ E AT, thus from (5) and (25) the
required positive a-film’s thickness d, 4 can be expressed as:

cos™ ' (—ctgp-ctg2yp)

2
d‘H‘ =A 2 ;T 2
n l_sm_@g_sm_@g_n 1_51;100
at.e 2”:)1,+ 2ni+ at+,0 ni+,n
(26)
In the process of deriving (26), we substitute ¢, = —45° and

¢o = 270° into (5) because the positive a-film’s optical axis is
oriented at —45° direction, as Fig. 21(a) shows, and the viewing
direction is from ¢9 = 270° azimuthal angle.

Similarly, the required negative a-film’s phase retardation
I'4— is equal to the negative spherical angle /ETA, i.e.,
I'n. = —/ETA. Thus, from (5) and (25) we derive the
negative a-film’s thickness d,_ as

cos™ ' (—ctgp-ctg2ep)
da, = —\ 27

sin? g sin? 0g sinZ 6y
na—,E\/l_ ﬁ 9,2 MNa—0 1—2>—=

‘27
Here we substitute ¢,, = 45° and ¢y = 270° into (5) because
the negative a-film’s optical axis is oriented at 45° direction, as
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Fig. 22. Iso-contrast contour of an MVA-LCD with one positive a-film
(do+ = 61.38 pm), one negative a-film (d,— = 61.37 pm), and one negative
c-film (d._ = 246.11 pm) under A = 550 nm.

Fig. 21(a) shows, and the viewing direction is from ¢¢ = 270°
azimuthal angle.

To obtain the negative c-film’s thickness, we need to find its
phase retardation I'._ first. From the compensation mechanism,
it is easy to find that I'._ = —I'r¢ since the unactivated MVA
LC layer’s role it is to rotate clockwise around the CO axis
from point E to point F. On the other hand, the negative c-film’s
function is to counterclockwise rotate around the CO axis from
point F back to point E. Therefore, from (6) we derive the re-
quired negative c-film’s thickness d._ as

A 27
Ne— 0 (\/ 1- WZIJ -
’ no_ e

where ' ¢ is determined by (21).

From (11), (21), and (26)—(28), we find that for a given MVA
LC cell the required film thicknesses depend on the incident
angle 6y, film’s refractive indices nq+ ¢, Nat,05 Na—,es Na—,0s
Ne—,e, and n._ ,, and polarizer’s average real refractive index
n,,. Therefore, once we know the films’ and polarizer’s refrac-
tive indices and the intended viewing angle (6 ) for optimizing
the LCD panel, we can determine the compensation films’ thick-
ness from (11), (21), and (26)—(28). For instance, if we choose
6o = 70° and use the parameters listed in Tables II and III, then
we can calculate the required film thicknesses from (26)—(28).
Results are d,+ = 61.38 ym, d,— = 61.37um, and d._ =
246.11 pm. Based on these film thicknesses, Fig. 22 plots the
simulated iso-contrast contour for an MVA-LCD with one pos-
itive a-film, one negative a-film, and one negative c-film. Com-
paring Fig. 22 with Fig. 17, we can clearly see that the viewing
angle at off-axis viewing directions, especially the bisector po-
sitions (g = 0°, {\rm 90}°, {\rm 180}°, and {\rm 270}°),
is dramatically improved. At the same time, the contrast ratios
at on-axis, i.e., ¢9 = 45°, {\rm 135}°, {\rm 225}°, and {\rm
315}°, remain unchanged.

This compensation scheme can be modified by exchanging
the positions of the negative c-film and the MVA LC layer while

Crc

de = — (28)
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Fig. 23. (a) An alternative device structure and (b) compensation principle of
an MVA-LCD with one positive a-film, one negative a-film, and one negative
c-film.

keeping both positive and negative a-films unchanged. In other
words, the incident light passes through the negative c-film first
before it enters the MVA LC layer. Under such a circumstance,
the required film thickness can still be found from (26)—(28), and
the resultant iso-contrast contour is nearly identical to Fig. 22.

Another alternative is to exchange the positions of both posi-
tive a-film and negative a-film, as shown in Fig. 23(a).Different
from the device configuration sketched in Fig. 21(a), now the
positive a-film is adjacent to the analyzer while the negative
a-film is adjacent to the polarizer. The corresponding compensa-
tion mechanism is illustrated in Fig. 23(b). Following the same
analysis as above, we can readily determine from Fig. 23(b) that
the required film thicknesses are identical to (26)—(28). The re-
sultant iso-contrast contour is almost the same as Fig. 22 and is,
thus, not shown here to avoid redundancy.

From Fig. 22, the 100:1 iso-contrast contours barely exceed
~T75° polar angle. Although the two intermediate polarization
states, points E and F, are located on the great circle which
passes through S5 and S5 axes, these two intermediate states are
not symmetrically located with respect to the equator plane. In
Section IV-C, we will describe a compensation scheme in which
the intermediate states are not only located on the great circle
passing through S, and S3 axes and bisecting the arc T'A, but
also symmetrically located to with respect to the equator plane.

C. Two Positive A-Films and Two Negative C-Films

Fig. 24(a) shows the schematic device configuration of an
MVA-LCD with two positive a-films and two negative c-films,
which was first proposed by Hong et al. [9]. As shown in the
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Fig. 24. (a) Device structure and (b) compensation principle of an MVA-LCD
with two positive a-films and two negative c-films.

figure, on each side of the MVA LC layer, there is one pair of
positive a-film and negative c-film. Both negative c-films are ad-
jacent to the MVA LC layer. More specifically, the optical axis
of the bottom positive a-film is parallel to the absorption axis
of the analyzer, while the optical axis of the top positive a-film
is parallel to the absorption axis of the polarizer. Fig. 24(b) ex-
plains the compensation principle on Poincaré sphere when the
observer views the panel from an oblique angle at the lower bi-
sector position, i.e., ¢pg = 270°.

The detailed compensation mechanism is explained as fol-
lows based on Fig. 24(b). When the unpolarized light from back-
light passes the polarizer (point P), it becomes linearly polar-
ized, and its polarization state is located at point T which de-
viates from the absorption axis of the analyzer (point A). Suc-
cessively, such a linearly polarized light (point T') goes through
the bottom positive a-film and the bottom negative c-film, whose
positions on the Poincaré sphere are point A and point C, re-
spectively. When the linearly polarized light (point T') traverses
the bottom positive a-film, its polarization state is rotated clock-
wise around the A O axis and changed from point T to point E.
Point E is the first intermediate polarization state. More specifi-
cally, it is an elliptical polarization state. To obtain a symmetric
viewing angle, we intentionally let the point E be located on
the great circle passing through S and S3 axes and bisecting
the arc T A. When this elliptically polarized light penetrates the
bottom negative c-film, its polarization state is counterclock-
wise rotated around the CO axis changing point E to point F'.
Point F is the second intermediate elliptical polarization state,

which is also located on the same great circle as point E does.
Afterwards, this second intermediate elliptically polarized light
passes through the unactivated MVA LC layer, whose position
on the Poincaré sphere overlaps with point C. Thus its polar-
ization state is clockwise rotated around the CO axis moving
point F' to point G. Point G is the third intermediate ellip-
tical polarization state, which again is located on the same great
circle as points E and F do. Now this third intermediate ellipti-
cally polarized light (point G) successively passes through the
top negative c-film and the top positive a-film, whose positions
on the Poincaré sphere are point C and point P, respectively.
When the third intermediate polarized light passes through the
top negative c-film, its polarization state is rotated counterclock-
wise around the CO axis changing point G to point H. Point H
is the fourth intermediate elliptical polarization state, which is
once again located on the same great circle as points E, F, and
G do. When the fourth intermediate elliptically polarized light
passes through the top positive a-film, its polarization state can
be rotated clockwise around the PO axis moving point H to
point A, provided that we properly design the phase retardation
values of all four uniaxial films. As a result, at the voltage-off
state the light is completely absorbed by the analyzer (point A)
resulting in a good dark state even if it is viewed from the bi-
sector directions.

As mentioned above, to keep symmetric viewing angle all the
four intermediate polarization states must be located on the great
circle passing through S5 and S3 axes and bisecting the arc TA.
Moreover, the first (point E) and the fourth (point H) interme-
diate polarization states should be symmetric to each other with
respect to the equator plane, and the second (point F') and the
third (point G) intermediate polarization states should also be
symmetric to each other with respect to the equator plane. From
the Poincaré sphere, we find that the arcs ET, EA, TA, HT,
and HA should all be equal to each other. In other words, both
spherical triangles ET'A and HT A are equilateral spherical tri-
angles. In addition, we can also obtain CF =CE = CD =
CH=CG =1/2,/POB = /AOB = p,and TA = 1 — 2¢
from Fig. 23(b).

Based on spherical trigonometry, we can derive the following
relationships from the isosceles spherical triangle CDE and
CDH, as well as the equilateral spherical triangles ET' A and
HTA:

LEAT = /ATH = cos }(—ctgy - ctg2¢)  (29a)
— 082

/ECD = /HCD = cos! (M) (29b)
sin @

where @, determined by (11), is the effective polarizer angle on
the wave plane from the lower bisector viewing position, i.e.,
o = 270°. Moreover, from the abovementioned compensation
principle and the symmetry feature of points F and G with re-
spect to the equator plane, we have

T're

LFCD = /GCD = 5 (29¢)

where ['1¢ is the phase retardation introduced by the unacti-
vated MVA LC layer at an oblique incident light, as expressed
in (21).



To calculate the thickness of each compensation film, the fol-
lowing information is useful. The bottom positive a-film’s phase
retardation is equal to the spherical angle / E AT, while the top
positive a-film’s phase retardation is equal to the spherical angle
/ATH. Thus, the required film thicknesses for both positive
a-films should be equal to each other, as indicated by (29a).
From (5) and (29a), the required film thickness d, for both
positive a-films is expressed as

cos™?! (—ctgep-ctg2e)
da+ = 27

In the derivation of (30), we substitute ¢,, = £45° and ¢y =
270° into (5) because the positive a-films’ optical axes are ori-
ented at either 45° or —45° directions, as Fig. 24(a) shows, and
the viewing direction is from ¢y = 270° azimuthal angle.

To obtain the required negative c-film’s thickness, we need
to determine its phase retardation first. From Fig. 24(b), the re-
quired bottom negative c-film’s phase retardation equals to the
negative spherical angle /ECF, while the required top neg-
ative c-film’s phase retardation equals to the negative spher-
ical angle ZHCG. As a result, the required film thickness for
both negative c-films should equal to each other, as indicated
by (29b) and (29c). Accordingly, the required phase retardation
for both negative c-filmsis ['.. = —/ECF = —/HCG =
(ECD — (FCD= ({HCD — /GCD. Thus from (6), (29b),
and (29c¢), the required film thickness d._ for both negative
c-films has the following expression:

— — r
cos 1(—9052"’)——LC
Sing ]

27
o (fiomn s fimm) O
where I'f¢ is given by (21).

As seen from (11), (21), (30), and (31), for a given MVA LC
cell, the required film thicknesses depend on the incident angle
(6o), film’s refractive indices na+ e, Nat 0, Mo e, a0 Te_ o,
and polarizer’s average real refractive index n,,. Therefore, once
we know both films’ and polarizer’s refractive indices as well as
the intended viewing angle for optimizing the LCD panel, we
can determine the required compensation films’ thickness from
(11), (21), (30), and (31). For instance, if we set g = 70° and
use the parameters listed in Tables II and III, we could calculate
the required film thicknesses from (30) and (31). Results are
found to be d,+ = 61.38 pm and d._ = 72.14 pm. Using
these film thicknesses, we can calculate the iso-contrast contour
for the MVA-LCD using two positive a-films and two negative
c-films. Results are plotted in Fig. 25. Comparing Fig. 25 with
Fig. 17, we can clearly see that the viewing angle performance
at off-axis viewing directions, especially the bisector positions
(o = 0°,90°, 180°, and 270°), is dramatically improved. In
the mean time, the contrast ratios at on-axis viewing directions
(¢po = 45°, 135°, 225°, and 315°) remain the same.

This compensation scheme can be modified by replacing both
positive a-films with negative a-films while keeping their op-
tical axis directions unchanged. The schematic device configu-
ration is shown in Fig. 26(a) and the corresponding compensa-
tion principle is illustrated in Fig. 26(b). Now the bottom neg-

de =
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Fig. 25. Contrast ratio contour plot of an MVA-LCD with two identical
positive a-films (d,y = 61.38 pum) and two identical negative c-film
(de— = 72.14 pm) under A = 550 nm.

ative a-film’s function is to counterclockwise rotate around the
A O axis and move point T to point E, while the bottom neg-
ative c-film’s function is to counterclockwise rotate around the
CO axis and moving point E to point F. Next, the unactivated
MVA LC layer clockwise rotates around the CO axis moving
point F to point G, and the top negative c-film counterclockwise
rotates around the CO axis which moves point G to point H.
Finally, the top negative a-film counterclockwise rotates around
the PO axis moving point H to point A, which is the absorp-
tion direction of the analyzer.

Following the same analysis, we can obtain the required neg-
ative a-film’s thickness d,_ as

cos ™! (—ctgp-ctg2yp)

da—:_)\ 2T

Mo e (\/ - )y, o
(32)
and the required negative c-film’s thickness d._ as
cos (SR FE)+ A4S
dee = =X 2r (33)

n(,,_,(,\/l — il _ \/1 _sin?fy

By using the parameters listed in Tables II and III and set
6o = 70° as the intended viewing cone for optimization, the
required film thicknesses as calculated from (32) and (33) are
de— = 61.37 pum and d.— = 173.96 pm, respectively. The
resultant iso-contrast contour is quite similar to Fig. 25 and is
not shown here to avoid redundancy.

As shown in Fig. 25, in this compensation scheme, the off-
axis viewing angle is better than the on-axis one. This is due to
the facts that (1) all four intermediate polarization states are lo-
cated on the same great circle passing through S5 and S3 axes
and bisecting the arc TA, and (2) the first and the fourth inter-
mediate states are symmetrical to each other with respect to the
equator plane, and so are the second and the third intermediate
states.

c—,0
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Fig. 26. (a) Device configuration and (b) compensation principle of an
MVA-LCD incorporating two negative a-films and two negative c-films for
phase compensation.

V. DISCUSSION

A. General Compensation Rules

Although we have described several compensation schemes
for both IPS- and MVA- LCDs, it is still possible to modify the
polarization state change routes on the Poincaré sphere and de-
velop different compensation methods. However, some general
guidelines should be observed in order to obtain good viewing
characteristics.

First, it is advisable to keep all the intermediate polarization
states located on the great circle passing through S, and S5 axes
to ensure a more symmetric viewing characteristic. Second, to
avoid degrading the on-axis viewing angle, the optical axis of
the a-films should be either parallel or perpendicular to the ab-
sorption axes of the polarizer and the analyzer. Third, if the uni-
axial a-film, either positive or negative, is placed adjacent to
the polarizer or the analyzer, the uniaxial a-film’s optical axis
should be perpendicular to the absorption axis of the adjacent
polarizer or analyzer. Otherwise, the uniaxial film cannot per-
form its compensation role. Fourth, in the IPS and FFS modes,
the homogenously aligned LC layer is preferred to be adjacent
to the entrance polarizer and its rubbing direction should be par-
allel to the absorption axis of the entrance polarizer. Under such
a circumstance, the homogeneously aligned LC layer does not
modulate the polarization state of the obliquely incident light
(even from off-axis viewing directions). Consequently, the re-
quired compensation film’s thickness is insensitive to the LC
cell gap variation.

B. Wavelength Dependence

The derived film thickness is dependent on the incident
light wavelength. Throughout our discussions, we only use
550 nm monochromatic light as an example to demonstrate
the design principles. In a full-color display, red, green, and
blue colors are present. The required film thickness is slightly
different for each color. However, since human eye’s photopic
response is most sensitive to green light, the example of using
550 nm monochromatic light is still of practical significance.
Of course, under white light illumination the resultant viewing
angle will be slightly worse than those results calculated using
A = 550 nm.

C. Other Effects

In the actual LCD device, both sides of the sheet polarizer
are protected by triacetate cellulose (TAC) films. Such a TAC
film renders a negative c-film effect. Therefore, in the actual
LCD device, there is a built-in effective negative c-film (dAn ~
40 nm) on the inner side of the polarizer and the analyzer. These
two built-in negative c-films may change the polarization state
of the obliquely incident light. Consequently, the required film
thickness might not be exactly the same as we obtained from the
analytical solutions. However, one can always follow the same
analysis procedures to find solutions. The analytical solutions,
although have increased complexity, are still obtainable based
on the spherical trigonometry.

VI. CONCLUSION

The uniaxial-film-compensated WVA LCDs with initially ho-
mogeneous and vertical alignments are analyzed with the il-
lustration of Poincaré sphere representation. For each compen-
sation scheme, a detailed compensation principle is explained
based on the polarization state change on the Poincaré sphere.
From spherical trigonometry, we derive the analytical solutions
for each scheme. These analytical solutions not only shed light
for understanding the underlying phase compensation principles
but also represent straightforward methods for optimizing the
uniaxial-film compensated WVA LCDs.
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