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Extraordinarily high-contrast and wide-view liquid-crystal displays
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A computer simulation model based on oblique-angle Jones matrix and Poincaré sphere is
developed for optimizing the design of film-compensated multidomain vertical-alignment liquid
crystal display(VA-LCD). According to this design, a contrast ratio higher than 10 000:1 is
predicted over the entire £85° viewing cone for the four-domain VA-LCD. Potential application for
liquid-crystal display television is emphasized. @005 American Institute of Physics
[DOI: 10.1063/1.1887815

High-contrast ratio and wide-viewing angle are critical [ E,
requirements for liquid-crystalLC) televisions. Presently, E
the view angle of a liquid-crystal displd}.CD) is defined at *
isocontrast ratio greater than 10:1. A low contrast ratio im-whereJ, is the Jones matrix of theith layer andJe is the
plies a poor color rendering. Vertical alignmefA) LCD correction matrix considering reflections on the air-polarizer
exhibits an excellent contrast ratio at the normal viewinginterface. Approximating the propagating light inside the
direction, weak color dispersion, and fast response lithe, LCD by the plane wave, at the V!eWIng_anng%nd azi-
however, its dark state light leakage at oblique angles is reldnuthal angle of incident plang, J, is obtained as

tively large. Several analyses indicate that the dark state light [ oI (2IN)(@/cos i, 0 ]
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leakage is determined by the polarization state of the outgo- J,=R(¥)-

. . - —j(2m/\)(d/cos fyn;
ing beam before reaching the analﬁéﬂ To reduce dark CR

state light leakage, different LC operation modes and com- ‘R(- ),

pensation films have been proposed. For examples, the in- @)
plane-switching and optically compensated bend mode could cosV -sinWw

exhibit a 300:1 contrast ratio over the +80° viewing cdfie. R(y) = Lin‘l’ cos } :

However, for VA mode, the reported100: 1 isocontrast ra-

tio is limited to the £50° viewing con® This is insufficient  where\ is the wavelengthd is the thickness of thenth

for TV applications. There is an urgent need to extend thdayer, 6, is the angle of light inside thetth layer, anch; and

high-contrast ratio to a wider-viewing cone. n, are the refractive indices of theth layer media on the
In this letter, we optimize the design for a four-domain wave plane:**As shown in Fig. 20’L denotes the projec-

VA-LCD which shows an extraordinarily high-contrast ratio tion of the optical axis of thenth layer (OL) on the wave

over the entire +85° viewing cone. We begin with analyzingplane and¥ is the angle betwee, andO’L, which is found

the polarization states inside the VA-LCD, and then optimiz-to be

ing the compensation films using the oblique-angle Jones

matrix, and minimizing the dark state light leakage. Finally, ¥ = sigr<sin bhe—

we are able to obtain a VA-LCD with isocontrast ratio higher

than 10 000:1 over the +85° viewing cone. X{arcsir( COS e SiN(¢p — d)ne))}

Cos ﬁne COS(¢ B ¢n& )

tan 6y,
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Figure 1 depicts the device configuration of a four- sin®
domain VA-LCD with A-plate and C-plate compensation . . . . C
films. The absorption axes of polarizer and analyzer are in Q¥/N€re sigi) is the sign function to distinguish angles
and 90°, respectively. Two A-plate films with equal thick-

nesses are laminated on the inner side of the crossed polar- k E”E
izers with their slow axes perpendicular to the absorption b
axes of the corresponding polarizers. Two equal thickness Analyzer —+
C-plate films are inserted between A-plate films and glass 2 Acplte fim — e ”
substrates. In the bright state, four domains are formed at 2“‘C-plateﬁ1m——g
45°, 135°, 225° and 315°. We use the finite difference Glmsubsme—'g
method to simulate the bright state LC director VA LC layer —» 't
distributions**?The entire LCD is treated as multilayer de- Glass substrate —»
vice with each layer approximated by uniaxial anisotropic l,lc_plmmm_*g
media™® Assuming that the reflections between internal lay- 14 Acplte film —» e
ers are negligible, the transmitted wave aftertfib layer is Polmw_*g
related to the incident wave s z
FIG. 1. Structure of VA-LCD for optimized design. The slow axis of each
dElectronic mail: swu@mail.ucf.edu A-plate film is perpendicular to the absorption axis of the adjacent polarizer.
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Zt Wave plane
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FIG. 4. Angle between the maximum transmission direction of the polarizer
@po,) and the maximum absorption direction of the analy@fL,,,).
O'Qpg is perpendicular to the maximum absorption direction of the polar-
izer (O'Lpg)-

greater than 90°, anf,. and ¢, are the tilt and twist angles

of OL, respectively. In Fig. 20 is the angle betweedL and  greqter than zero and increases with viewing angle for a lin-

wave vector(k), which can be obtained from the dot product early polarized input light. If there is no anisotropic media
of OL andk. between the LC layer and analyz&,equalsD. Next, we
The state of polarization can be represented by Stoke&odel linear polarizer as lossy uniaxial anisotropic media.
parameters and plotted on Poincaré sphere, as shown in Fi§s Fig. 4 shows, on the wave plane, the maximum absorp-
3, after E, and E, are solved? Coordinates of Poincaré tion direction of analyzer is alon@’L,n,and the maximum
sphere are standard Stokes parameSgrs,, andS;. Due to  transmission direction of polarizer is alor@ Q. There-
the symmetry of VA-LCD in the dark state, we only investi- fore, the difference betwee®) of P andS, of A depends on
gate the states of polarization when€%<90°. Results are the angle betwee®'Q,, and O'L,,, Which is related to
applicable to 90% ¢ = 360°. With the knowrE, andE , the ~ viewing angled and azimuthal angle as
bright and dark state transmittance can be obtalfiezbn- .
trast ratio is defined as the ratio of bright state transmittance 4, _ arctar( cos¢ ) + arcta r( sin ¢ )
over dark state light leakage. Sin ¢ COS by COS¢ COS g
In Fig. 3, A denotes the state of polarization absorbed by _g0° 5)
the analyzerB denotes the state of polarization in front of '
the analyzerD denotes the state of polarization emergingTaking the derivative ofb with respect tog reveals thatb
from the VA LC layer,G denotes the state of polarization reaches maximum ap=45°. Next, taking the derivative of
emerging behind the first A-plate film, arféll denotes the & with respect tof,, at ¢=45° shows tha® increases with
state of polarization passing through the polarizer. viewing angled. Therefore, the maximum of the difference
To analyze the effects of viewing angle on the states obetweenS, of A and S; of P occurs at maximal viewing
polarization inside VA-LCD, we first obtain the Jones matrix angle wheng=45°. For a conventional VA-LCDS, of P is
of VA LC layer from Eq.(2) as not changed before the light reaches analyzer. Therefore, the
S, of B equals the5,; of P.
For a conventional VA-LCD, the difference betweBn

FIG. 2. The principal optical axis of thath Iayer(ﬁ) and its projection on
the wave plangO’L).

J= e—j(w/)\)(d/cos OLo)(ngHny)

g i(mN)(dlcos fc)(ng=ng) 0 andA increases with viewing angle. B andA are equal at
X _ ., |.(4) alarge oblique viewing angle wheh=45°, then the dark
0 gl (N (deos b c)(Ng=no) state light leakage would be greatly reduced at other viewing

angles as well. Due to the symmetry of the device configu-
Cration shown in Fig. 1, th&,; of G should satisfy the follow-
ing condition

As Eq.(4) shows, there is no coupling betweEnandE, so
that S; is not changed when light passes through the L
layer. However, the phase & leads the phase &, for a
positive LC(n.>n,) and the difference increases with view- -

ing angled. Therefore, at oblique viewing angl&; of D is Sie=(Spt SLaf2. ©
Figure 3 illustrates the above relationship.

To design an A-plate film, we first fin&,_g andE, ¢
(after the first A-plate filmin terms of the A-plate film thick-
ness(da-piate) Using Eq.(1), provided that the polarizer thick-
ness, refractive index, and the A-plate refractive index are
known. Next, afterS, of A andS; of P are solved, Eq(6)
can be expressed as

_ (|Ecl?-1E. P _ (SLp+SLa)
(|Ecl?+]EL 2 .

Simplification of Eq.(7) results in
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FIG. 3. States of polarization inside VA-LCD with optimal compensation

films at #=70°, ¢=45°, and\=550 nm.P, G, D, B, andA denote the state H; - cosK; - dA-pIatQ -L1=(SLp+SL a2, (8)

of polarization passing through polarizer, emerging from the first A-plate .
film, emerging from the VA LC layer, in front of the analyzer, and absorbed Where constantdd;, K;, and L, depend on the polarizer

by the analyzer, respectively. thickness and the refractive indices of the polarizer and the
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FIG. 5. Isocontrast ratio plot of the four-domain VA LCD with optimal

. X . .Em)rsindAn,%
compensation films optimized &=70° and¢=45°.

FIG. 6. Tolerance in the errors of atin of an A-plate film, C-plate film,
and LC cell when the compensation films are optimized=a?0° and ¢

A-plate film. Finally, from Eq.(8) we ObtaindA—pIate in the =45°. The optimabAn value of each A-plate film is 93.17 nm, -75.39 nm
form of for each C-plate film, and 310.8 nm for the LC cell.

(SLp+Sa/2+L, Design tolerance is an important concern for display
dA_p|ate:K— . arccoé H ) 9 manufacturing. Figure 6 plots the minimum contrast ratio
1 1 over the entire +85° viewing cone if trik\n of A-plate film,

To design the C-plate film, we first note that for the C-plate film, and LC cell varies by +5% assuming that the
optimum designB satisfies conditionsS; g=S; » and S; 3~ compensation films are optimized @=70° and ¢=45°.
=S; a. Similarly, we can findg g andE, g (after the second From Fig. 6, the proposed VA-LCD is less sensitive to the
A-plate film) in terms of the C-plate thicknes&lc .  dAN variation of the C-plate but more sensitive to tthén

Next, applyingS; g=S; 4 yields variation of the LC cell. In the least favorable cdse., the
) ) LC dAn is 5% higher than the optimal valyeghe minimum
(Esl*~|E 8l _ s (10)  contrast ratio is still higher than 100:1.
=S A

(Esl?+|E. 8 In conclusion, we demonstrate a wide-view VA LCD
with a superb contrast ratio. We use the Poincaré sphere
method to obtain the optimal compensation film parameters
and then use % 4 matrix method to calculate and plot the
i ) . i i - isocontrast contours. In the proposed design, a contrast ratio

Hz - 08Kz - do.piad * Lz - SINKz - epaid =Sar - (11 higher than 10 000:1 is obtained over the entire +85° view-
where constantsi,, K,, andL, depend on the thickness of ing cone for the film-compensated four-domain VA LCD.
polarizer, A-plate film, LC cell gap, and the refractive indices The tolerance of the design is also investigated. Within +5%
of polarizer, A-plate film, C-plate film, and LC material. Fi- manufacturing margin, the contrast ratio maintains higher
nally, from Eq. (11), we can find the thickness of each than 100:1.
C-plate filmdc_pjate _ _ .
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After simplifying Eq. (10), we derive the following expres-
sion
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