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We have fabricated a vertically aligned 4-domain nematic liquid crystal display cell with thin film
transistor. Unlike the conventional method constructing 4-domain, i.e., protrusion and surrounding
electrode which needs additional processes, in this study the pixel design forming 4-domain with
interdigital electrodes is suggested. In the device, one pixel is divided into two parts. One part has
a horizontal electric field in the vertical direction and the other part has a horizontal one in the
horizontal direction. Such fields in the horizontal and vertical direction drive the liquid crystal
director to tilt down in four directions. In this article, the electro-optic characteristics of cells with

2 and 4 domain have been studied. The device with 4 domain shows faster response time than
normal twisted-nematic and in-plane switching cells, wide viewing angle with optical compensation
film, and more stable color characteristics than 2-domain vertical alignment cell with similar
structure. ©2000 American Institute of Physids$§0021-897€00)01412-2

I. INTRODUCTION plying a wedge shape of electrodeslowever, this did not

mention in detail the configuration of LC director in a real
Nowadays liquid-crystal display$LCDs) are mainly thin film transistor(TFT)—LCD.

used in various fields such as notebook, monitor, handphone, In this article, we will show how to fan a 4 domain

etc. The twisted nemati€TN) mode is still dominant in  with interdigital electrodes in TFT—LCD and its electro-optic

LCDs owing to its strong stability in structure and wide pro- characteristics are studied and compared between 2- and

cess margin. However, it has an intrinsic problem in viewing4-domain VA modes.

angle and the response time. Many different display modes

are suggested to improve the image quality of displaysiI SWITCHING PRINCIPLE OF A VA MODE DRIVEN

over TN mode. Among them are TN with optical-film _;

. . 2 . BY IN-PLANE FIELD

compensation,optically compensated ber{d®CB),? vertical

alignment(VA) with protrusion® patterned indium tin oxide As studied in the previous workthe normalized trans-

(ITO),*% in-plane field® 2 in-plane switching(IPS),*®> and  mission of light of the cell filled with birefringence medium

fringe-field switching(FFS.1* The IPS and FFS modes show under crossed polarizers is

a wide viewing apgle bgt response timg is rat'her ;Iow, about T/To=sir?(2W)sin? 7dAn(6,d,\)/\],

50 ms. The multidomain VA modes with optical film com-

pensation also show a wide viewing angle and are known t¥§/here¥ is an angle between the crossed polarizers and the

exhibit a relatively faster response time than those of TN andfauid crystal directorAn is the birefringence of liquid crys-

IPS modes. Owing to two characteristics, the VA modes ard® medium, and\ is the wavelength of the incident light.

of importance to display a high quality image and movingThe traqsmlttgnge depends on the phase re’Far(Ijatmn_of the

picture. Among VA modes, the approach with protrusion and-C cell i.e., viewing angle, and wavelength_of incident I_|ght.

patterned ITO needs an additional process compared wit hgrefore, the viewing angle depgndency n t_he .LCD Is the

that of the TN cell. However, VA mode driven by in-plane intrinsic problem. In order .to minimize the'V|eW|'ng gngle

field does not require an additional process and even an ele _e_pendency,' the s.ymmej[nc director configuration !N the

trode of ITO on bottom and top substrates is unnecessary. | right state is required V.V'th complete dark state. Figure 1

addition, the device utilizes LC with positive dielectric an- shows the cell structure in the off and on states. In the VA

. : . . : mode, the LC molecules are vertically aligned so that the
isotropy unlike conventional VA modes using LC with nega- o . . ’

. . ) . . olarization state of linearly polarized light passed through a
tive dielectric anisotropy. Previously we have suggested du

domainlike VA mode driven by in-plane field and studied olarizer does not change while propagating through the cell,

lect tic ch teristics of7*9The dual d VA and thus the light is blocked by an analyzer. Therefore, in the
elecltro-optic characteristics ofit. € dual domain voltage-off state, thel is zero at normal direction and the

mode does not show a symmetric viewing angle, especiallyg, appears to be black. However, the light leakage at off-
in gray scale in horizontal and vertical directions. Another,,ma dgirection occurs due to imperfect light control of po-
study suggested in-plane driven 4-domain VDVA) ap- |arizers and this can be suppressed by insertion of a negative-
birefringent film between the cell and the polarizer. With
dElectronic mail: Ish1@hei.co.kr bias voltage larger than Freedericksz transition threshold,
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FIG. 2. (a) The array structure of the 4-domain VA cell with electric field
Off-state On-state lines, (b) cross-section view of one pixel, ar(d) top view of molecular
director configuration of the midplane in the on state.
FIG. 1. The cell structures of the off and on states driven by in-plane field.

Vth, the paraboliclike field lines are formed by interdigital Figure 2c) indicates molecular director configuration of the
electrodes existing on bottom substrates. Consequently, tH&=S in the midplane describing that the LC molecules filt
LC molecules tilt down to the left and right along the field down vertically and horizontally except for the center be-
direction when a liquid crystal with positive dielectric anisot- tWeen electrodes. . _

ropy is present in the cell, giving rise to transmission of the [N @ view point of manufacturing process of in-plane
incident light. When the tilting direction of the LC director is driven FDVA cell, it is greatly advantageous over the con-
45° with respect to the optic axes of polarizers given theventional TN, IPS, and \{A cells because .|t does not require
birefringence, the transmission is maximal. The LC mol-transparent electrodes like ITO and rubbing process on top

ecules existing at the center area do not tilt down due t@nd bottom substrates.

symmetric force from left and right so that the dark line ~ For a cell fabrication, the width of electrode wag.tn
exists between electrodes. and the distance between electrodes wasn8 The liquid

crystal obtained from Merck Korea had a birefringerce
=0.0784 at 550 nm20°C) and dielectric anisotropy e
=12.3(1 kHz,20 °C). The four kinds of cells were made as
cell gap is varied, that is, 5, 6.3, 8.3, and &th. The result-
With only in-plane field in horizontal direction, two do- ant phase retardationddAn) of four cells are 0.39, 0.49,
mains are formed in one pixel so that the asymmetric view0.65, and 0.94um, respectively. The polarizer and analyzer
ing angle characteristics between vertical and horizontal dierossed each other with transmission axes diagonally.
rections occur. Therefore, the formation of 4 domain is  For measurements of the electro-optic characteristics of
necessary in order for the VA modes to exhibit symmetricthe cell, the used light source was the halogen lamp, and the
brightness in gray ones as well as white level. Here we prowave form of the applied voltage was the square wave. Then
pose one pixel design with TFT where the vertically alignedthe signal was detected to the photomultiplier tube.
LCs can be tilted down in four directions stably. Figuf@)2 Figure 3 shows a photo of the 4-domain device with
shows schematic drawing of one pixel design of new strucdAn=0.49um in the gray and bright states. Between pixel
ture with electric field directions. The MoW metal with and common electrodes, the electric field was produced with
thickness of 3000 A for gate and common line and Mo/the symmetric distribution, so the LC molecules tilt down in
Al/Mo metal with thickness of 2800 A for data, and source four directions, giving rise to transmittance. However, the
and drain lines were patterned with TFT which was used irdisclination lines that result from the vertical alignment of
order to switch liquid crystal in active manner. In the onethe LC though the voltage is applied was generated in the
pixel, the patterned electrodes consisted of two parts. The topenter of them and kept stably though high voltage of 20 V is
part had the electrodes of horizontal direction, so the resultapplied. This is an intrinsic problem of the device, which
ing field direction was irx-z plane, whereas the bottom part lowers the transmittance slightly. One can also observe split-
had the electrodes of vertical direction, resulting in field inted disclination lines near the edge of electrodes, which re-
y-z plane. Figure th) shows the cross-section view of one sults from complex field, i.e.E=E(X,y,z) unlike center
pixel with fringe field lines. The passivation layer exists be-parts.
tween different metals to block short between them. As the Figure 4 shows the voltage-dependent transmittance
result, the fringe field drives the top part of liquid crystal to curves as thelAn is varied. As thedAn is increasing much
tilt down to upper and lower directions, whereas the bottorarger than\/2, the driving voltage at which the transmit-
part of liquid crystal to tilt down to left and right directions. tance of the cell becomes maximum is decreasing whereas

Ill. FORMATION OF 4-DOMAIN VA AND ITS
ELECTRO-OPTIC CHARACTERISTICS
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FIG. 5. Comparison oflAn-dependent transmission between vertical-field

FIG. 3. A photo of one pixel witia) low and (b) high-applied voltages in ~ driven single domain and in-plane driven VA cells.

the 4-domain VA cell. P and A represent polarizer and analyzer, respec-
tively.

voltage to the cells becomes higher. As the result, it is below

12 ms till the cell gap is as high as Jdm. However, the

the total transmittance is decreasing. The cell with phas‘aecay time is proportional to the square of cell gap. There-
retardation of 0.49«um has maximum transmittance. In order fore, it is increasing from 10 to 59 ms as the cell gap is

to compare the dependepce of phage retar.dation of the cell Hcreasing from 4 to 1um. The total response time of the
trewsrr;;]ttan_ce tl)e;(_wee_n sm%e dorgal;n and |_n-ple;ne d_nven v ell with a cell gap of 6um is 25 ms which is much faster
ce’s, INe simuiation 15 pertormed by vary!mky OF GIVEN  than those of the TN and IPS cells.

cell gap, as shown in Fig. 5. In the conventional vertical-field We have studied viewing angle characteristics of the

driven single domain of VA cell, the transmittance becomes-\/a cell with dAn=0 49um, comparing with 2-domain
maximum when the phase retardation is a little aboiZas VA (DDVA) one. Figure 6 shows uniformity in brightness of

indicated in the equation of transmission and then saturat&Sn\/a and EDVA cells in a fully bright state. In the DDVA
with further increasing of phase retardation. However, in In'ceII, relative intensity(RI) to that at normal direction shows

plane driven VA cell, the high value of phase retardation ISasymmetry in horizontal and vertical directions originating

required to get maximum transmﬂtange. This is due to XISt om anisotropy in phase retardation of vertical and horizon-
tence of vertical alignment of the LC director at the center of,

lectrod hich blocks tilt-d def i tthe LC di tal ones. However, in the FDVA cell, Rl almost does not
electrodes which blocks tiit-down detormation ot the. - depend on azimuthdlp) directions owing to the same value
rector near them. This behavior is also well described b

. . : o Yof phase retardation in vertical and horizontal directions. The
previous simulational resdft and the results are similar to

X o polar (6) angle dependence of RI still exists, which is intrin-
each _oth.er although the director def_ormat!on in actual TFT_sic problem in LCDs. Figure 7 shows the isocontrast curves
LCD is little different from that of simulation due to com-

lex field at th t vixel electrodes. We also h of FDVA cell without and with optical compensation film.
piex Tield at the corner of pixel electrodes. VVe also Navgypan there is no compensation film inserted, it shows four-

measured the response time of four cells. The rise and decqgld symmetric viewing angle but the region in which the

. ) ) 0
time was measured W'th.a.l trar?sm|ttan.ce change of 80% Fontrast ratio greater than 10 vertically and horizontally is
shown in Table I. The rising time mainly depends on the

lied volt When th I . ller. th i (fbout 30° due to incomplete dark state at off-normal direc-
applied voltage. en the cell gap 1S smaller, In€ applieGions. In general, the higher the phase retardation of the VA

cell, the lower the viewing angle due to increasing light leak-
age in the dark state at off-normal direction not coincident

4 0900000, with the polarization axis of crossed polarizers. In this point
yed ooy of view, the FDVA cell is disadvantageous to the conven-
—_3 = T pachedbaad tional VA cell driven by vertical field. However, the light
3 g leakage at the dark state can be compressed with the help of
E ™ negative birefringent film. We attached the optical compen-
é RO S5um
|l [/d FN |- o 6.3um
g —m— 8.3um TABLE I. Response time dependence of the FDVA cells on cell gap.
-
d (um) Trise (MS) Tdecay (mg)
T 5 9 10
15 20 25 6.3 9 16
Voltage (V) 8.3 12 28
11 41 59

FIG. 4. The voltage dependent transmittance curves for several cells.
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FIG. 6. The dependence of brightness(@f 2- and(b) 4-domain VA cells
in the white state on viewing angle.

sation films ofd(ny,—n,)=0.43um to the upper plate of
cell, andd(n,—n,)=0.16um to the lower plate of one, re-

spectively. As a result, the light leakage at the dark state ig,,q polar directions, 30° and 60°.

Hong et al.
o = 30°
0.42
0.4
0.38
>.0 36 —"‘f —o— 4 - domain
0.34 —&— 2 - domain
0.32 - '
0.28 0.32 « 0.36 0.4
o = 60°
0.42
0.4
0.38 » A
>
0.36 &f/ —e— 4 - domain
0.34 —— 2 - domain
0.32 ‘ : )
0.32 0.36 0.4 0.44
X

FIG. 8. The dependence of white color chromaticity at two fixed polar
angles, 30° and 60° on viewing angle.

than 10 extends to almost over 60° in all directions. This is
much superior to that of the conventional TN cell.

The color characteristics between the DDVA and FDVA
cells have also been compared. Figure 8 shows a color shift
of the fully bright state as the viewing direction changes in
Owing to fully self-

compressed so the region in which the contrast ratio great%’ompensation effects in the FDVA cell, the dependency of

FIG. 7. The isocontrast curi@) without and(b) with optical compensation
film.

white color chromaticity on azimuthal viewing directions is
less for the FDVA cell than for the DDVA one. Since the LC
director tilts down in four directions making 45° with respect
to polarization axes of crossed polarizers in this device, the
azimuthal angle dependency of phase retardation is mini-
mized.

Comparing the DDVA cell to the FDVA one in image
quality and light transmission, only if we measure a contrast
ratio, that is, luminancéwhite)/luminance(black), the dif-
ference between 2 and 4 domains is not much different be-
cause the contrast ratio mainly depends on luminance of
black state. However, in the FDVA cell, owing to less de-
pendent phase retardation on viewing angle, the uniformity
in brightness is slightly improved and the color shift is re-
duced compared to DDVA as shown in Figs. 6 and 8. Actu-
ally, making a 4-domain cell in VA mode is a final goal for
high image quality comparable to cathode ray tube display.
In light transmission, in TFT—LCD the transmission mainly
depends on aperture ratio, that is, light transmitted area. Gen-
erally, in TN mode, it is about 60% in 12.1 in. with super
video graphic array(SVGA) (800x 3x600) resolution.
However in a 2-domain device, it is decreased to 30% be-
cause the opagque common and data lines block light trans-
mission and in addition the light does not transmit at the
center between electrodes. In a 4-domain device, it is de-
creased to about 26% due to blocking lines at center of one
pixel, which is major demerit of the device. This could be
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