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Optical Design for Reflective Liquid Crystal Displays

GYU JIN CHOI AND JIN SEOG GWAG*

Department of Physics, Yeungnam University, Gyeongsan, Republic of Korea

An optical design for a reflective LCD with a thicker cell gap that can have relatively
higher productivity was examined theoretically. The proposed LCD was characterized
by the optical axes of a half-wave retardation film, quarter-wave retardation film, and
LC layer, which are 15°, —15° and 75° with the transmission axis of the polarizer,
respectively. The LCs at the dark state lie down on the surface to produce half-wave
retardation, whereas they rise up to produce quarter-wave retardation under an electric
field in the white state. The proposed optical structure for the reflective LCD shows good
dispersion characteristics at both the dark and white states.

Keywords Liquid Crystal Display; Reflective LC mode; Wider band; Dispersion
Characteristics

Introduction

Various types of reflective liquid crystal display (LCD) modes have been proposed for
use in laptop computers, tablet personal computers, smart phones, and digital cameras
[1-23]. Reflective type LCDs can exhibit excellent electro-optical properties in outdoor
environments, even in bright sunlight. Therefore, they have has advantages, such as low
power consumption, light weight and better outdoor readability. On the other hand, this type
of LCD has not been applied to industry because of the lower productivity caused by the low
cell thickness and relatively low contrast ratio compared to transmissive type LCD modes.
Currently, the optical axes of the optical film and LC layer in most proposed reflective
LCDs are 15° and 75° with respect to the transmission axis of the polarizer, respectively
[5]. In this optical structure, a very thin cell gap of approximately 1.5 wm should be used to
satisfy the quarter-wave retardation when used with a half-wave retardation film. The thin
cell gap can produce optically inferior goods in the fabrication process, which reduces the
production rate.

This paper presents the theoretical optical structure of a reflective LCD that can be
applied to a thicker cell gap with relatively higher productivity. In this optical configuration,
a half-wave retardation film and a quarter-wave retardation film are used to satisfy simul-
taneously the good dispersion characteristics through a wide band and the condition of
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higher cell thickness (approximately 3 pm). The proposed optical structure for a reflective
LC mode exhibits good dispersion characteristics at both the dark and white states, despite
having a higher cell thickness.

Optical Design for Reflective LC Cell

The proposed cell structure was characterized by a half-wave retardation film, a quarter-
wave retardation film, an LC cell, reflector, and a polarizer. In this optical configuration,
the polarization of incident light in the optical components was examined. The linearly
polarized light from the polarizer will become a rotated linearly polarized light after
passing through the half-wave retardation film. The light must exhibit circular polariza-
tion at the reflector as it passes through the quarter-wave retardation film because the
incident linearly polarized light must be rotated by 90° in front of the polarizer to ob-
tain a dark state in the single polarizer. To obtain the circular polarization at the re-
flector, the angle, Oy, between the optic axis of the half-wave retardation film and the
transmission axis of the polarizer, the angle, 6, between the optic axis of the quarter-
wave retardation film and the transmission axis of the polarizer, and the angle, 6,,
between the optic axis of the LC layer and the transmission axis of the polarizer are
needed.

Therefore, to determine the angles, the Mueller matrices were used for the LC layer
and the retardation films, and the Stokes vector was used to express the polarization states.
Generally, a 4 x 4 Mueller matrix that ties up the Stokes parameter in the optical layers
can be expressed as

S5 Mmoo Mop Moz M3 So

Si| | mo mu mp ms S 1)
S| | me ma mp mo S|

S5 m3y M3z M3zn M3z S3

where S; and S; are the Stokes parameter of the outcoming and incoming light, respectively,
and my; is the directional components of a retardation layer. m;; components of the Mueller
matrix in the parallel aligned molecular retardation layers can be expressed as

1 0 0 0

0 cos?26 + cosI'sin?20 (1 — cosI") sin20cos26  sinI'sin26
0 (1 — cosI')sin20cos20 sin*20 + cos'cos*260 —sinI"cos26
0 —sinI"sin26 sinl"cos26 cosI’

M@, T = 2)

where I' = 2w And/A (An and d are the birefringence and the thickness of the optical
component, respectively, and A is the wavelength of incident light) is the retardation of
an optical birefringent material, and 6 is the angle between the optic axis of the op-
tical birefringent layer and the transmission axis of the input polarizer. Therefore, the
Mueller expression of the half-wave retardation film whose retardation I' is 7 can be
expressed as

0 0 0
cos49 sindd 0
sindd  —cos40 0

0 0 -1

M@, 7) = (3)

S oo~
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by inserting I" is & into Eq. (2). In addition, the Mueller expression of the quarter-wave
retardation film whose retardation I is 77/2 can be described as

1 0 0 0
b4 0 cos220 sin20cos20  sin26
M (9’ 3) T 0 sin20cos26 sin%20 —cos20 |’ )
0 —sin260 cos26 0

by letting I' = 7/2 in Eq. (2). When the polarizer, half-wave retardation film, quarter-wave
retardation film, and half-wave LC layer in order are adopted in a reflective LCD, the Stokes
vectors can be expressed as

T
So = My (1. 7) Mo (0. 5 ) Mi (0. 7) Si.. 5)

where My, M, and My are the Mueller matrices of the LC layer, the quarter-wave retardation
film, and the half-wave retardation, respectively. Here S;is (1 1 0 0)T because the incident
light has linear polarization to the 0° direction and Sp must be expressed as (1 0 0 =1)T
because as mentioned previously, the light at the reflector must be circular polarization
to obtain the dark state from a linear polarization rotated by 90° in front of the polarizer.
Therefore, by inputting S;, So, Eq. (3), and Eq. (4) into Eq. (5), Eq. (5) can be rewritten as

1 0 0 0 1
0 cosdby sindfy 0 1 ©)
0 sindfy —cosdby O 0
0 0 0 -1 0
By calculating and rearranging Eq. (6), a simplified form can be obtained as follows:

! 1

3 {cos4 (O, — On) + cos4 (6, — Op + 0u)} 0

L {sind (0, — Opy) + sind (0, — 0o + 0)} 0| )

+1

—sin2 (265 — 6p)
From the condition of —sin2(26y—0¢) = %1 in Eq. (7), the following can be induced
40y —260p= —90°0r 90°. ®)

Based on this condition, a wider band concept is applied to Eq. (5) to determine
the relative optimized angles for the optic axes of each optical component. By applying
the wider wavelengths, A = Ag+AAr = Ao(146) (here, § = AA/Ag), instead of a single
wavelength [3, 5], the retardation of the half-wave film, quarter-wave film, and half-wave
LC layer are I'y = w(1+4), I'g = 7 (146)/2, and I';, = 7 (1+4-6), respectively. Eq. (6) can
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be rewritten as

1 0 0 0

0 cos46;, sindf;  —d8msin26;
0 sind6;, —cos40;,  dmcos20;,
0 émsin20;  —é8mcos26; —1

1 0 0 0
0 cos®20p — Zsin®20p (14 %) sin20pcos20y sin26,

0 (1+42F)sin20gpcos20p sin®20p — Zcos’0p —cos20g ©
0

s

—sin20 cos20¢ -4

1 0 0 0 1
0 cos40y sindfy  —38msin20y 1
0 sindfy  —cosdfy  Smcos20y 0
0 Smsin260y —8mcos20y -1 0

By calculating and rearranging Eq. (9), a simplified form can be obtained as follows:

1
— 178 {sin2 (26, — 6p) (2sin20y F 1) F 2sin26, }

178 {cos2 (20, — 6p) (2sin20y F 1) F 2c0s26, }
%7‘[282 (2sin260y F 1) cos (29L — 29Q) +1

(10)

H o o —
—_

Here, a small band approximation (§ <<1) for § was used. From the fourth row of
Eq. (10), the angle of the optic axis of the half-wave film, 6y = £15°, can be obtained. By
inserting this value into Eq. (8), the angle of the optic axis of the quarter-wave film, 61, =
4 15°, can also be obtained. Continuously, from these values, the angle of the optic axis
of the half-wave LC layer can also be determined by Eq. (7) or Eq. (10) to be 6, = £75°.
Under this condition, the incident light with 0° linear polarization by the polarizer will be
almost 90° linear polarization through a wider wavelength range after the double pass of
each optical component and be blocked by the polarizer through a wider band. Therefore,
although the cell thickness is double that of the conventional reflective modes, this reflective
type LC mode under this condition can generate an excellent dark state, which enhances
the contrast ratio, one of most important optical factors in a display.

Under the condition of the bright state, the angles of the optic axes of the each optical
component are fixed to g = £15°, 6, = F 15°, and 6, = £75°, which is similar to the
condition of the dark state. The retardation of the half-wave LC layer is changed only by
the vertical electric field and maximum bright state occurs when it is /2 (A/4).

Simulation Results

Figure 1 shows the optical structure of the reflective LC cell showing schematically the
calculated results.

Based on Fig. 1, the reflectance of the wavelength of 560 nm and the LC director profile
at the bulk region according to applied voltages were simulated, as shown in Fig. 2. When
LC directors lie down under 0 V, the reflectance is in a perfectly dark state. The reflective
LC cell in 2 V does not show the maximum reflectance even though the LC directors of
the bulk increase approximately 50° from the surface, which might be enough to become
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Figure 1. Schematic diagram of the optical structure of the proposed reflective LCD.

the retardation of /2, which is the condition for maximum reflectance. This is caused by
surface LC directors that do not move up by the electric field. Therefore, the retardation of
the LC layer including the surface falls short of /2, and the cell cannot show the maximum
reflectance in 2 V. On the other hand, although the upward tilting of the bulk LC directors at
2.5 V is quite high at approximately 75°, which shows a very small retardation, it exhibits
the maximum reflectance due to the surface LC directors, which contribute entirely to the
generation of retardation. As a result of this simulation, the proposed reflective LC cell can
have very low operation voltage, ~ 2.5 V.

To determine a more detailed result for the dispersion characteristics of the proposed
LC cell, the reflectance was calculated according to wavelengths at each voltage. Figure 3
presents the reflectance as a function of the wavelength at various voltages, showing
excellent dispersion characteristics at all voltages. In particular, the dark state shows a
wider band property except for a portion of the visible region. Consequently, the proposed

Reflectance

oV 2.0V 2.5V

Figure 2. Reflectance and LC director profile according to the voltages.
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Figure 3. Calculated reflectance according to the wavelengths at various voltages.

reflective LC mode can apply a thicker cell gap with higher productivity and has excellent
electro-optic characteristics. Therefore, this can be adopted in industries as a good reflective
LC mode.

Conclusion

The optical structure for a reflective LCD with thicker cell gap, which can have relatively
higher productivity, was presented and examined theoretically. The LCD was characterized
by two retardation films and an LC cell, and the optical axes of the half-wave retardation
film, the quarter-wave retardation film, and the LC layer were 15°, —15°, and 75° with
the transmission axis of the polarizer, respectively. The LCs at the dark state lie down
on the surface of the LC alignment layer (homogenous polyimide) to produce half-wave
retardation, whereas they rise up to produce quarter-wave retardation under an electric
field in the white state. The proposed optical structure for a reflective LC mode shows
good dispersion characteristics in both the dark and white states despite the greater cell
thickness. Consequently, the proposed reflective LCD mode exhibits excellent electro-
optical properties.
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