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INVITED ARTICLE

Advanced wide viewing angle technology in liquid crystal display modes

Seung-Hoon Ji and Gi-Dong Lee*

Department of Electronics Engineering, Dong-A University, Pusan 604-714, Korea

(Received 31 December 2008; accepted 16 January 2009)

This paper reviews the advanced optical configurations for in-plane switching (IPS) and vertical alignment (VA)
liquid crystal (LC) cells with wide viewing angle in a visible wavelength range. Optical compensation and
optimisation to eliminate off-axis light leakage in the dark state is performed on a Poincare� sphere using the
trigonometric and the Muller matrix method. By optimising the wavelength dispersion of used optical retardation
films, we could achieve wide-view characteristics for both the IPS and VA LC cells. In addition, we show the
advanced wide-view technology for a reflective LC mode.

Keywords: liquid crystal; optical configuration; wide viewing angle; Poincare� sphere

1. Introduction

Transmissive liquid crystal displays (LCDs) are being

widely used due to their high resolution, wide viewing

angle and fast response time. Reflective LCDs can be

applied to mobile display devices because of their

lower power consumption and light weight. To meet
the optical requirements, horizontal switching LC

modes including in-plane switching (IPS) (1) and

fringe-field switching (FFS) (2), and vertical switch-

ing LC modes such as patterned vertical alignment

(PVA) (3) and multi-domain vertical alignment

(MVA) (4) have been developed. In spite of these

efforts, LCD image quality is still insufficient for

large-screen products when applying the LC mode
alone, because of the narrow viewing angle compared

with the emissive display device. A single-polariser

mode is considered a suitable structure for reflective

LC cells as it shows greater brightness than the

double-polariser mode such as the transmissive LCDs

(5, 6). However, the LC modes have a common

problem of lower contrast due to the off-axis light

leakage in the dark state as the optical performance of
the LCD is strongly affected by optical films such as

polarisers and retardation films (7).

Recently, the property of a wide viewing angle has

become an important requirement for high image quality

LCDs such as televisions and large-screen desktop moni-

tors, and also mobile display devices. In this paper, we

introduce the advanced transmissive and reflective IPS

and VA LC modes, which can optically show wide view-
ing angle characteristics by compensating for off-axis light

leakage in the dark state in the visible wavelength range.

2. Off-axis light leakage in the dark state

There are several reasons for light leakage of the LC

mode in the diagonal direction with oblique incidence.

An important reason for light leakage is the movement

of the polarisation axis of the crossed polarisers, which

increases with the polar angle of the observation angle
in the diagonal direction. Thus, the effective principle

axis of the optical components deviates from the prin-

ciple axis in the normal incidence by angle �. In terms

of the polarisers, if we apply the very small birefrin-

gence approximation (ne � no), the deviation of the

azimuth angle � from �o can be described as (8):

sinð� � �oÞ ¼ � sin 2�c sin2ð�o=2Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðsin�c sin �oÞ2

q ; ð1Þ

where �c is the azimuth angle of the polarisation axis

of the polariser, and �o is the polar angle of the inci-

dent light in the LC layer. ne and no represent the

extraordinary and the ordinary refractive index of

the polariser and retardation film, respectively. �o

represents the angle between the polarisation axis of

the polariser and the x-axis at normal direction. From

Equation (1), the deviation angle �� (= � - �o) is
maximised in the diagonal direction (� = 45�).
Regarding the optical axis of the optical film, the

effective angle of the optical axis of the retarder in

the oblique incidence is changed as a function of the

observation angle. The effective optical axis of the A-

plate is also derived through Equation (1). Thus, the

optical axis of the A-plate moves as much as the
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deviation angle �� from the optical axis in the normal

incidence. In the case of the C-plate and VA LC cell,

the effective fast or slow axis moves to 90� with respect

to the projected angle of the incident k vector.

The second factor is a change in the retardation

value of the compensation film in the oblique

incidence. The effective retardation of the A-plate,
C-plate and VA LC cell in the oblique incident angle

can be described as (8–10):

�A ¼
2�

�
d ne 1 � sin2 � sin2�

ne
2

 
� sin2 � cos2�

no
2

!1=2
2
4

� no 1 � sin2 �

no
2

 !1=2
3
5 ; ð2Þ

�C ¼
2�

�
nod

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin2 �

n2
e

s
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin2 �

n2
o

s0
@

1
A; ð3Þ

where �A and �C represent the phase retardation of

the A-plate and the C-plate at the oblique incidence,

respectively. � represents the polar angle of the inci-

dent light in free space and � is the azimuth angle of

the incident angle. d represents the thickness of the film,

and � represents the wavelength of the incident light.

The last issue is the dispersion of the refractive

index of the optical components along the wavelength
(11). In general, dispersion is also dependent on mate-

rial property. The polarisation states of the three pri-

mary colours (R, G, and B) usually differ from each

other after passing through the LC cell and the retar-

dation films because of the different material and

wavelength dispersion properties. Therefore, to mini-

mise light leakage at the oblique incidence in the dark

state, the phase dispersion in the entire visible wave-
length should be eliminated.

3. Transmissive in-plane switching liquid crystal mode

3.1 Polarisation states for the conventional
transmissive IPS LC cell

The conventional IPS cell consists of a homogeneous

LC cell and two tri-acetyl-cellulose (TAC) films on

upper and lower polarisers as shown in Figure 1(a)

(12). Figure 1(b) shows the polarisation state of the

light obliquely passing through the cell in the diagonal

direction on the Poincare� sphere (12–15). Oblique

incident light in the diagonal direction will have a
deviated polarisation angle � compared with normal

incident light, so that the polarisation position of the

polariser will deviate with 2� from S1, which is the

polarisation state of the polariser in a normal

direction. Therefore, the start position of the oblique

incident light is position A. Then polarisation of the

light will move to position D by experiencing two TAC

films and a LC cell. The circle path L1, L2 and L3

represents the polarisation paths when the light passes

through each optical component, that is, a lower TAC

film, an LC cell and an upper TAC film, in turn. Here,

polarisation position D is quite different from polar-
isation position G, which is the perfect opponent posi-

tion of the polarisation axis of the analyser in the

oblique incidence. We can assume that the deviation

between D and G will cause serious light leakage in the

dark state (12).

Figure 1(c) represents the calculated polarisation

of the R (633 nm), G (546 nm) and B (436 nm) wave-

lengths of light in front of the output polariser at
� = 45�, � = 70�, and the symbols �, &, ^ represent

the polarisation state of the light with the red, green,

and blue wavelengths, respectively.

Figure 1(d) represents the measured iso-contrast of

the conventional LC cell, which exhibits a very narrow

viewing angle, especially, in the diagonal direction (12).

3.2 Advanced optical configuration using two A-plates
and one C-plate for the transmissive IPS LC cell

Figure 2(a) shows the advanced optical configuration

for the horizontal-switching cell, which has TAC films

with retardation (12). The optical configuration of the

advanced LC cell consists of two A-plates, a +C plate

and a horizontal-switching cell. The optical axis of

lower A-plate and horizontal-switching cell is aligned
parallel with the absorption axis of the incident polari-

ser. The optical axis of the upper A-plate is aligned

along that of the absorption axis of the analyser. The

polarisation path of the advanced LC cell is described

on the Poincare� sphere as shown in Figure 2(b) (12).

Optimisation of the optical configuration has been

performed at the diagonal direction, because the light

leakage in the dark state is maximised at � = 45�.
The optical principle of the optical compensation

for wide viewing angle is as follows. The polarisation

state in front of the output polariser can be coincided

with the absorption axis of the output polariser

through five paths (L1 to L5). The polarisation of

light passing through the lower A-plate and the hor-

izontal-switching cell moves to position D along the

circle path L1 and L2. The polarisation of the light
approaches the position G along the circle path L3,

which is centred at point J because the optical axis of

the upper A-plate is aligned parallel with the absorp-

tion axis of the analyser. The polarisation state of the

light will rotate to H along path L4 on the circle j by

passing through the +C-plate, and, finally, the polar-

isation state will reverse-rotate to J along path L5 on
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the circle j because the TAC film exhibits negative

birefringence. Finally, position J is exactly matched

with the opposite position of the polarisation state of

the analyser E. The process of advanced optical con-

figuration effectively moves to the polarisation posi-
tion of the output polarisers in the oblique incident

direction, so that it clearly provides blocking of light

leakage in the dark state.

However, for the best dark state we should

consider phase dispersion of the LC cell, because

the advanced configuration should satisfy the

above principle along the range of the entire wave-

length so that we need to optimise the retardation
value of the two A-plates and a single +C-plate.

Elimination of phase dispersion represents the coin-

cidence of the polarisation state between R, G, B

wavelengths on the Poincare� sphere in front of the

output polariser.

Figure 2(c) shows the optical principle of the

advanced horizontal-switching cell to remove the

phase dispersion through the wavelengths R, G and

B on the Poincare� sphere (12). In order to gather the

polarisation positions on the entire wavelength to
position J, we have to satisfy two conditions as

below. The first is that the polarisation positions of

the each wavelength passing through the upper

A-plate should be on the circle j as shown in positions

Gb, Gg and Gr in Figure 2(c). The subscript of the letter

for each position represents the position of each R, G

and B wavelength. The aligned polarisations of the

entire wavelength on the circle j can be gathered by
adjusting the retardation of the upper +C-plate. The

second condition to optimise is to control the retarda-

tion of the +C-plate to the same phase dispersion of

the TAC film before the light passes the TAC film.

Optical calculations for satisfying the two conditions

(a) (b)

(c) (d)

Figure 1. (Colour online). Conventional transmissive IPS LC cell: (a) optical structure; (b) polarisation path on the Poincare�
sphere; (c) calculated polarisation states of the light for the red, green and blue wavelengths; (d) measured iso-contrast.
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can be geometrically calculated on the Poincare� sphere

(12, 15). Figure 2(d) represents the calculated polar-

isation state of the R, G, B wavelengths when the light
passes through the optical components in the

advanced LC cell. Figure 2(e) represents the measured

iso-contrast contour of the advanced LC cell, which
can show a wider viewing angle compared with the

conventional LC cell (12).

(a) (b)

(c) (d)

(e)

Figure 2. (Colour online). Advanced transmissive IPS LC cell with two A-plates and one C-plate: (a) optical structure; (b)
polarisation path on the Poincare� sphere; (c) polarisation path for the red, green and blue wavelengths; (d) calculated
polarisation states of the light for the red, green and blue wavelengths; (e) measured iso-contrast.
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3.3 Advanced optical configuration using one A-plate
and two C-plates for the transmissive IPS LC cell

The optical configuration of the advanced LC cell

consists of a horizontal-switching LC cell with half-
wave retardation, two C-plates, an A-plate and

crossed polarisers coated with TAC film that has no

retardation, as shown in Figure 3(a) (16). In this con-

figuration, the A-plate is aligned perpendicular to the

absorption axis of the input polariser between the LC

cell and the upper C-plate. The polarisation path of

the advanced LC cell for the dark state can be also

described on the Poincare� sphere as shown in

Figure 3(b) (16). From the start position A in the

oblique incidence, the polarisation of the light passing

through the lower C-plate moves to position Bi along

circle path L1, which is centred at position F. The

subscript i represents the wavelengths R, G, and B.

Then, the polarisation of the light approaches position

Ci along circle path L2 by the LC cell, which is centred
at position P. Next, the polarisation state rotates to Di

on circle e along path L3 by passing through the upper

A-plate, which is centred at position A. Finally, the

polarisation state will rotate to position E along path

L4 on the circle e by passing through the upper

(a) (b)

(c) (d)

Figure 3. (Colour online). Advanced transmissive IPS LC cell with one A-plate and two C-plates: (a) optical structure; (b)
polarisation path on the Poincare� sphere; (c) calculated polarisation states of the light for the red, green and blue wavelengths;
(d) calculated iso-contrast.
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C-plate. Position E is adjusted to exactly the opposite

position of polarisation position A, which is the posi-

tion of the output polariser. Therefore, it can block

light leakage in the dark state.

In order to get an excellent dark state, polarisa-

tion of the entire wavelength should gather at point E

in the same way as shown in Figure 3(b) (16). In
particular, gathering the polarisation positions

along all wavelengths to position E can be performed

by optimising the phase dispersion of the lower C-

plate and the A-plate so that the polarisation state of

all wavelengths are on circle e, as shown in Figure

3(b). Finally, gathering the light’s polarisation states

at position E is done by optimising the upper C-

plate’s phase dispersion. The process for optimising
the phase dispersion of the retarders to get an excel-

lent dark state can be also calculated by the trigono-

metric method on a Poincare� sphere (15, 16). Figure

3(c) represents the calculated polarisation path of the

R, G, B wavelengths in the advanced LC cell. Figure

3(d) represents the calculated iso-contrast contour of

the advanced LC cell, which can also show a wide

viewing angle compared with the conventional LC
cell (16).

4. Transmissive vertical alignment liquid crystal mode

4.1 Polarisation states for the conventional
transmissive VA LC cell

The conventional vertical alignment LCD consists of a

VA LC cell and two TAC films on the crossed polari-
sers, as shown in Figure 4(a) (17). Figure 4(b) shows

the polarisation state of the light obliquely passing

through the cell in the diagonal direction on the

Poincare� sphere (17). Like the conventional IPS LC

cell, the start position in the oblique incidence (� = 70�

and � = 45�) on the Poincare� sphere is position A,

deviated by 2� from S1, when the light passes through

the polariser. The polarisation state passing through
the lower TAC film with slow axis OF has polarisation

position B along the circle path L1. Next, the polarisa-

tion state of the light will move to position C along the

circle path L2 by experiencing the vertically aligned LC

cell. Finally, the upper TAC film will move the polar-

isation state to position D from the position C with

path L3. From Figure 4(b) we can observe that the

polarisation position is quite different from the polar-
isation position D in front of the output polariser H, so

that the deviation between position D and position H

will cause serious light leakage in the dark state.

Figure 4(c) represents the calculated polarisation

path of the R, G, and B wavelength light on the

Poincare� sphere in front of the output polariser at

� = 45�, � = 70�. Figure 4(d) represents the calculated

iso-contrast of the conventional VA LC cell, which

exhibits a very narrow viewing angle (18).

4.2 Advanced optical configuration using two A-plates
and two C-plates for the transmissive VA LC cell

Figure 5(a) shows the advanced optical configuration of
the VA LC cell, which can improve the viewing angle in

all directions (17). The optical configuration of the

advanced LC cell is composed of two A-plates, two C-

plates, and a vertical alignment LC cell. We have

assumed that the optical axis of the VA LC layer in the

absence of an electric field is the same as the optical axis

of C-plate. The optical axis of the lower A-plate is aligned

with the transmission axis of the incident polariser, and
the optical axis of the upper A-plate is aligned along that

of transmission axis of the analyser. An improved optical

polarisation path of the advanced LC cell is described on

the Poincare� sphere as shown in Figure 5(b) (17).

By using the optical configuration, the polarisation

state in front of the output polariser can be coincided

with the absorption axis of the analyser through seven

optical paths (L1 to L7) by each optical component. The
polarisation of the light passing through the lower TAC

film and positive C-plate moves to position C along the

circle path L1 and L2, which is centred at the same point

Q. The polarisation of the light approaches position D

along the circle path L3 after passing through the lower

positive A-plate with the optical axis OA. Then the

polarisation of the light passing through the upper A-

plate moves to position E along the circle path L4

because the optical axis of the upper A-plate is aligned

parallel with the absorption axis of the analyser. The

next polarisation state of the light after passing through

the VA LC cell with fast axis OQ will rotate to position F

along path L5. Finally, the polarisation state passing

through the negative C-plate and upper TAC film rever-

sely rotates to proceed to the position H by way of the

position G along path L6 and L7. Position H is exactly
matched with the opposite position K of the polarisation

state of analyser. The process of the advanced optical

configuration effectively moves the polarisation posi-

tions to the polarisation position of the analyser for

the oblique incident direction, so that it clearly elimi-

nates the off-axis light leakage in the dark state.

The phase dispersion of the LC cell is the next step

to be considered because the advanced configuration
should satisfy the above principle along the range of

the entire visible wavelength. Elimination of the phase

dispersion represents the coincidence of the polarisa-

tion states among R, G, and B wavelengths on the

Poincare� sphere in front of the output polariser.

Optical calculations for the optimisation of the used

retardation films were calculated on the Poincare�
sphere by using the Stokes vector and Muller matrix
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method (17). Figure 5(c) represents the calculated

polarisation state of the R, G, B wavelengths when

the light passes through the optical components in

the advanced LC cell. Figure 5(d) represents the cal-

culated iso-contrast contour of the advanced LC cell,

which can show a wider viewing angle compared to the

conventional VA LC cell.

4.3 Advanced optical configuration using one A-plate
and two C-plates for the transmissive VA LC cell

Figure 6(a) shows another optical configuration of

the advanced LC cell with a combination of a positive

A-plate, a positive C-plate and a negative C-plate (18).

The optical axis of the A-plate is aligned with the absorp-

tion axis of the incident polariser. An improved polar-

isation path of the advanced LC cell can be described on

the Poincare� sphere, as shown in figure 6(b) (18).

The polarisation state of the light passing through

the positive C-plate moves to position B along the
circle path L1, centred at the point F. The polarisation

position of the light moves to position C along the

circle path L2 passing through the positive A-plate,

which has a position K for the optical axis. Then,

polarisation of the light passing through the VA LC

layer moves to position D along circle path L3 with a

(a)

(c)

(b)

 (d)

Figure 4. (Colour online). Conventional transmissive VA LC cell: (a) optical structure; (b) polarisation path on the Poincare�
sphere; (c) calculated polarisation states of the light for the red, green and blue wavelengths; (d) calculated iso-contrast.
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centred position F. Finally, the polarisation state of

the light passing through the negative C-plate rever-

sely rotates to proceed to position H along path L4.

The position H in front of the analyser is exactly

matched to the opponent position K of the analyser.

Therefore, the process of the advanced optical config-

uration can effectively move the polarisation position

of the light passing through the cell to the desired
position, which should be the opponent position of

the polarisation axis of the analyser in the oblique

incidence so that it can clearly eliminate the off-axis

light leakage in the dark state.

For the perfect achromatic black state, we opti-

mised the retardation value of the compensation films

to gather the polarisation positions of the entire visible

wavelength to position H (18). Figure 6(c) represents

the calculated polarisation state of the R, G, B wave-
lengths when the light passes through the optical

(a) (b)

(c) (d)

Figure 5. (Colour online). Advanced transmissive VA LC cell with two A-plates and two C-plates: (a) optical structure; (b)
polarisation path on the Poincare� sphere; (c) calculated polarisation states of the light for the red, green and blue wavelengths;
(d) calculated iso-contrast.
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components in the advanced LC cell. Figure 6(d)

represents the calculated iso-contrast contour of the

advanced LC cell, which can show wider viewing angle

compared to the conventional LC cell (18).

5. Reflective in-plane switching liquid crystal mode

5.1 Polarisation states for the conventional reflective
IPS LC cell

The conventional reflective IPS LC cell is sequentially

stacked by a polariser, a half-wave retarder and a

quarter-wave LC cell and a reflector, which has been

presented in the previous paper, as shown in figure

7(a) (19). Figure 7(b) and (c) explains the light leakage

in the dark state on the Poincare� sphere. Figure 7(b)

shows the principle of the compensation of the phase

retardation for the wideband property in the normal

direction (19). Polarisation paths L1 by the half-wave
retarder and L2 by the quarter-wave LC layer effec-

tively compensate for the phase dispersion along the

full visual wavelength range, so that all the polarisa-

tion positions of all the wavelengths proceed to posi-

tion S3 in front of the mirror. Positions A, B and C in

Figure 7(b) represent the polarisation position of the

polariser, the half-wave retarder and the quarter-wave

LC cell, respectively.

(a) (b)

(c) (d)

Figure 6. (Colour online). Advanced transmissive VA LC cell with one A-plate and two C-plates: (a) optical structure; (b)
polarisation path on the Poincare� sphere; (c) calculated polarisation states of the light for the red, green and blue wavelengths;
(d) calculated iso-contrast.
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On the contrary, the polarisation path of all the

wavelengths in the oblique direction in the oblique

direction may not proceed to S3, as shown in

Figure 7(c) (19). In the oblique incidence, the polarisa-

tion axis of the polariser and the optical axis of each

optical film have the deviation angle � from the normal
direction. In Figure 7(c), �1, �2 and �3 represent the

deviation angle of the polariser, the half-wave retarder

and the quarter-wave LC layer, respectively. As a

result, positions A, B and C move to the deviated posi-

tions A’ (= -2�1), B’ (= 30� - �2) and C’ (= 150� + �3),

respectively. And path lengths L1 and L2 are also chan-

ged to L1’ and L2’ by the changed retardation of the

each retardation layers. In the oblique direction, the

polarisation of the light passing through the polarisa-

tion proceeds to A’ with deviation angle �1. By passing

through the half-wave retarder, the polarisation state of

the light proceeds to position D with circle path L1’,

which has centring position B’. The polarisation of the

light passing through the quarter-wave LC layer pro-
ceeds to E with circle path L2’, which is centred at

position C’. As a result, the polarisation of the light in

front of the mirror obviously deviates to E from the

desired destination S3.

Figure 7(d) represents the measured iso-luminance

for the conventional reflective IPS LC cell in the dark

state, which shows a narrow viewing angle character-

istic in the diagonal direction (19).

(a) (b)

(c) (d)

Figure 7. (Colouronline).Conventional reflectiveIPSLCcell: (a)optical structure; (b)polarisationpath in thenormaldirectiononthe
Poincare� sphere; (c) polarisation path in the diagonal direction on the Poincare� sphere; (d) calculated iso-luminance in the dark state.
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5.2 Advanced optical configuration using one C-plate
and one l/2 biaxial film for the reflective IPS LC cell

The optical configuration of the advanced LC cell

consists of a positive C-plate, a quarter-wave LC
layer and a half-wave biaxial film instead of the half-

wave A-plate, as shown in Figure 8(a) (20). An

improved optical polarisation path of the advanced

LC cell is described on the Poincare� sphere, which

can place the polarisation position of the light in

front of the mirror on the S3 position in the oblique

incidence, as shown in Figure 8(b) (20). First is that

polarisation of the light passing through the biaxial
film and the LC layer should be on the circle path L3,

which is centred at position F of the slow axis of the

C-plate. Then, the optimised retardation of the posi-

tive C-plate can make the polarisation state of the

light E proceed to S3 with circle length l4. The optical

configuration is optimised in the diagonal and hor-

izontal directions (� = 45�, 0�) with polar angle � =

70� at wavelength � = 550 nm. In order to satisfy the

first condition, we calculated the polarisation posi-
tion of the light as a function of parameter Nz (= (nx -

nz)/ (nx - ny)) after the light passes through the half-

wave biaxial film and the quarter-wave LC cell.

Figure 8(c) represents the measured iso-luminance

contour of the advanced reflective LC cell, which can

show wider viewing angle compared with the conven-

tional LC cell (20).

(a) (b)

(c) 

Figure 8. (Colour online). Advanced reflective IPS LC cell: (a) optical structure; (b) polarisation path on the Poincare� sphere;
(c) calculated iso-luminance in the dark state.
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6. Conclusions

We have introduced the advanced optical configura-

tions with improved viewing angle and contrast ratio

for the transmissive and reflective LCDs. The trace of
the polarisation changes was demonstrated on the

Poincare� sphere in a visible wavelength range.

Optical compensation to eliminate the off-axis light

leakage in the dark state was performed on the

Poincare� sphere by using the trigonometric and the

Muller matrix method. By optimising the wavelength

dispersion of used optical retardation films, we could

control the wide-view characteristics for the IPS and
VA LC mode in the transmissive and reflective LCDs.
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