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(57) ABSTRACT 

The achromatic quarter-wave film of this invention has a 
laminated twisted nematic liquid crystal film sandwiched 
between two uniaxial polymer films to provide a optical 
component which converts linearly polarized light into 
circularly polarized radiation which upon reflection back 
through said optical component is blocked from outward 
radiation by the polarizer for the initial incident wide 
spectrum light thus realizing wider broadband width for full 
color fiat panel displays. 
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ACHROMATIC QUARTER-WAVE FILMS 

This invention claims the benefit of priority to U.S. 
Provisional patent application 60/459,409 filed Apr. 1, 2003. 

FIELD OF THE INVENTION 

5 

2 
DESCRIPTION OF THE FIGURES 

FIG. lA shows the sketch of the conventional broadband 
quarter-wave film. 

FIG. lB shows the sketch of another conventional broad
band quarter-wave film. 

FIG. 2 shows the configuration of the novel achromatic 
quarter-wave retardation film. 

FIG. 3 shows the optimal simulation results with the 
optimal algorithm method. 

This invention relates to a broadband quarter-wave film, 
and in particular to the combination of a twisted nematic 10 

liquid crystal (TN-LC) film sandwiched between two 
uniaxial polymeric films to provide an achromatic quarter
wave film. 

FIG. 4 shows the comparisons of the normalized reflec
tance achromatic retardation film of the invention with that 
of the conventional broadband quarter-wave film of FIG. 

15 lB. BACKGROUND AND PRIOR ART 

Reflective and transfiective liquid crystal displays (LCDs) 
have been extensively used in personal information display 
because of their many advantages including low power 

20 
consumption and light weight. In most reflective and trans
fiective direct-view devices, however, an achromatic quar
ter-wave retardation film is required to provide a good dark 
state and high contrast ratio. 

The combination of a chromatic half-wave film and a 25 

chromatic quarter-wave film at a specific angle has been 
commonly used for broadband quarter-wave film applica
tions. See for example, S. Pancharatnam, Proceedings of the 
Indian Academy of Science, Section A, Vol. 41, 130 (1955); 
and T. H Yoon, G.D. Lee and J. C. Kim, Opt. Lett., Vol. 25, 30 

1547 (2000). This combination fabrication method is rather 
simple, but the spectral bandwidth is insufficient for a full 
color display. Recently, Zhu et al filed a U.S. provisional 
patent application (60/419,181) on this approach in which a 

35 
broadband quarter-wave film is realized with the combina-
tion of a half-wave film and a TN-LC film in a specific 
configuration. The result is a spectral bandwidth has been 
largely improved, but is still inadequate, especially in the 
blue and red regions. 

It remains necessary to provide a quarter-wave film with 
much wider bandwidth for useful full color fiat panel 
displays. 

SUMMARY OF THE INVENTION 

A first objective of this invention is to design a quarter
wave film with markedly increased bandwidth. 

40 

45 

FIG. SA shows the cell gap tolerance of the twisted 
nematic liquid crystal film. 

FIG. SB shows the twist angle (cp) tolerance of the twisted 
nematic liquid crystal film. 

FIG. 6A shows the thickness (d1) tolerance of film-1. 

FIG. 6B shows the thickness (d2) tolerance of film-2. 

FIG. 7A shows the optical axis angle (a1 ) tolerance of 
film-1. 

FIG. 7B shows the optical axis angle (a2 ) tolerance of 
film-2. 

FIG. 8 shows the polarization direction tolerance of the 
incident polarized light. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Before explaining the disclosed embodiments of the 
present invention in detail it is to be understood that the 
invention is not limited in its application to the details of the 
particular arrangements shown since the invention is capable 
of other embodiments. Also, the terminology used herein is 
for the purpose of description and not of limitation. 

This invention provides a new device functioning as a 
broadband quarter-wave film. The prior art known devices 
are shown in FIGS. lA and lB. A novel device embodying 
the achromatic quarter-wave films of the present invention is 
shown in FIG. 2. 

The novelty is to use an optimal algorithm method to 
design a device featuring a laminated optical component, 
which has the property of exhibiting a much wider band
width than the devices of the prior art. To achieve a 
broadband quarter-wave plate, a twisted nematic liquid A second objective of the invention is to provide a device 

functioning as a broadband quarter-wave film with the 
combination of a twisted nematic liquid crystal (TN-LC) and 
two uniaxial polymeric films. 

A third objective of the invention is to provide a new 
method for optimizing the design of a broadband quarter-

50 crystal (TN-LC) polymeric film is sandwiched between two 
uniaxial polymeric films in a specific configuration to 
modify the incident light polarization according to the 
invention as set forth hereafter. The polarizer is used to 

wave film. 55 

choose a linearly polarized light at a specific direction from 
the unpolarized incident light. When these optical compo
nents are properly organized, the linearly polarized light in 

A fourth objective of the invention is to provide a broad
band quarter-wave film with the use of TN-LC and two 
uniaxial polymeric films for reflective and transfiective 
liquid crystal display over the whole visible range. 

A fifth objective is to provide a quarter-wave film with 
much wider spectral bandwidth by optimizing the device 
configuration with an optimal algorithm method. 

Further objects and advantages of this invention will be 
apparent from the following detailed description of a pres
ently preferred embodiment, which is illustrated schemati
cally in the accompanying drawings. 

a wide spectral range becomes circularly polarized after 
passing through the two uniaxial compensate films and the 
TN-LC layer. Upon reflection by the reflector, the circularly 

60 polarized light passes through the TN-LC film and the two 
uniaxial films one more time and finally become linearly 
polarized. At this time, however, the axis of the outgoing 
linearly polarized light is orthogonal to the polarizer. There
fore, the light is blocked, i.e. retarded by the polarizer 

65 leading to a dark state. In this situation, the lamination of the 
two films and the TN-LC film functions as a quarter-wave 
film. 
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According to the configuration shown in FIG. 2, one can 
obtain the normalized reflectance R using the following 
Jones matrix method: 

MLc = [cos¢ -sin¢ l 
sm¢ cos¢ 

where 

[
cosX-i(r/2)(sinX/X) ¢(sinX/X) l 

-¢(sin X / X) cos X + i(r /2)(sinX / X) 

[ 

exp(-in:d1

0

t::.nfibn / /..) 0 l 
exp(in:d1!::.nfitm/A) 

[ 
cos a1 sina1 l 
-sin a1 cos a1 

[

exp(-in:d2

0

t::.nfibn//..) 0 l 
exp(in:d2!::.nfitm / /..) 

[ 
cos a2 sina2 l 
-sina2 cos a2 

(1) 

Here, I'=2itdlln/A0 , X=Vcjl2 +(r/2)2
, cjJ is the twisted angle 

of the TN-LC film, ~is the angle between the rear rubbing 
direction of the TN-LC film and the polarization direction of 
the incident linearly polarized light, a 1 and a 2 are the angles 
between the rear rubbing direction of the TN-LC film and 
the optical axes of the two uniaxial polymeric films, respec
tively, and d, d1 and d2 are the LC cell gap and the thickness 
of the two films, respectively. 

In this invention, the liquid crystal (LC) and polymer 
material dispersions as described in Eq. (2) have been taken 
into consideration: 

(2) 

4 
To make the combined films and TN-LC layer in FIG. 2 

function as a broadband quarter-wave film, the two films, the 
TN-LC layer and the polarizer should be in a proper con
figuration. In this invention, one uses the optimal algorithm 

5 method to design and optimize the configuration of the 
device. To get an optimal configuration, one takes a cost 
function to be: 

10 L
700nm 

Cost= T(/..) 111A 
400nm 

(3) 

Then, one minimizes the cost function by searching the 

15 values of cp, ~, a 1 , a 2 , d, d1 and d2 . 

Using this method, one can always find a group of 
parameters (cp, ~, a 1 , a 2 , d, d1 and d2) for the TN-LC film 
and the uniaxial films to get excellent results over the entire 
range of visible light, as shown in FIG. 3. In this configu-

20 ration, the twist angle of the TN cell is found to be 77.5°. The 
incident wave is linearly polarized at ~=18.8° and the angles 
a 1 and a 2 for the compensation Film-1 and Film-2 are 91.2° 
and -50.1°, respectively. The thickness of the TN cell, 
Film-1 and Film-2 are 4.9, 3.3, and 2.48 µm, respectively. 

25 Compared with the prior art structures, the system of this 
invention has a much wider bandwidth, as shown in FIG. 4. 
In FIG. 4, the solid line is the simulation results of the 
present invention. The five lines with dashes, dots and other 
patterns correspond to the calculated results of the broad-

30 band quarter-wave film shown in FIG. lB when 48-~=-90°, 
-60°, -30°, -10° and 0°, respectively. FIG. 4 graphically 
illustrates that our optimal design can provide wider band
width than the prior art devices for reflective and transflec
tive liquid crystal display over the whole visible range 

35 between approximately 400 nanometers (nm) to approxi
mately 700 nanometers (nm). 

The tolerance of the films thickness and configuration 
angles is an important factor for manufacturing yield. One 
must investigate the tolerance of all the parameters in detail, 

40 including the thickness and twist angle tolerance of the 
TN-LC film, the thickness and optical axis angle tolerance 
of the polymeric films, to obtain the desired configuration. 

FIG. SA shows the cell gap tolerance of the twisted 
nematic liquid crystal film to be in a range from approxi-

45 mately 5.07 µm to approximately 5.27 µm and FIG. SB 
shows the twist angle tolerance of the twisted nematic liquid 
crystal film is between approximately 75° and approxi
mately 77°. FIG. 6Ashows the thickness tolerance of film-1 
is from approximately 3.25 µm to approximately 3.45 µm. 

50 FIG. 6B shows the thickness tolerance of film-2 is from 
approximately 2.6 µm to approximately 2.8 µm. FIG. 7A 
shows the optical axis angle tolerance of film-1 to be in a 
range from approximately 89.7° to approximately 91.7° and 
FIG. 7B shows the optical axis angle tolerance of film-2 to 

In Eq. (2), G is a proportionality constant and A* is a mean 
resonant wavelength. It should be noted that it is very 
important to choose LC and polymeric films with similar 
molecular structures to ensure a better phase matching 
between them [Wu and Yang, "Reflective Liquid Crystal 
Displays", (Wiley, Chichester, 2001)] since the mean reso
nant wavelengths A* are usually different for materials with 
different molecular structure, which induces phase mis
matching in a spectral range between them. A similar 
molecular structure leads to a similar A* so that the wave
length dispersion effect is compensated. In this invention, 
one uses an LC and polymer containing a phenyl ring as an 
example of similar molecular structures. Their A* is in the 
vicinity of 210 nm. Here, one can assume that the films 
employed have lln-0.1 at A=550 nm for liquid crystal and 
0.033 for the polymer films. Therefore, G-1.937xl0-6 nm-2 65 

and 0.639xl0-6 nm - 2 for the LC and polymer films, respec
tively. 

55 be in a range from approximately -50.3° to approximately 
-52.3°. FIG. 8 shows the polarization direction tolerance of 
the incident polarized light in a range from approximately 
17.4° to approximately 19.4°. From the above figures, it is 
found that the laminated TN-LC film and two uniaxial 

60 polymeric films perform as a wonderful broadband quarter
wave film when the parameters have a small variation 
around their optimal values; that means the device has a 
relatively large manufacturing tolerance. 

A method for manufacturing an achromatic quarter-wave 
film comprises a first step of laminating a twisted nematic
liquid crystal (TN-LC polymeric film between two uniaxial 
polymeric films as a sandwich to provide an optical com-
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ponent. Next, a polarizer means is provided to receive 
incident unpolarized light of a wide spectral bandwidth and 
convert said incident unpolarized light into linearly polar
ized light. The TN-LC polymeric film and two uniaxial 
polymeric film components of the optical component are 5 

organized so that the linearly polarized light become circu
larly polarized after passing through the two uniaxial poly
meric films and the TN-LC film. Then the circularly polar
ized light is reflected so that it passes back through the 
TN-LC film and the two uniaxial polymeric films one more 10 

time and finally becomes linearly polarized and orthogonal 
to the polarizer. The final step is to use the polarizer to block 
the outgoing linearly polarized light, causing a dark state, 
whereby the lamination of the two films and the TN-LC film 
functions as a quarter-wave film. 15 

While the invention has been described, disclosed, illus
trated and shown in various terms of certain embodiments or 
modifications which it has presumed in practice, the scope 
of the invention is not intended to be, nor should it be 
deemed to be, limited thereby and such other modifications 20 

or embodiments as may be suggested by the teachings herein 
are particularly reserved especially as they fall within the 
breadth and scope of the claims here appended. 

We claim: 
1. A quarter-wave plate device comprising: 25 

(a) a first and a second uniaxial polymeric films; and 
(b) a twisted nematic-liquid crystal (TN-LC) polymeric 

film sandwiched between the first and second uniaxial 
polymeric films to form the quarter-wave plate device 
with a broadband spectrum. 30 

2. The quarter-wave plate device of claim 1, further 
comprising: 

( c) a linear polarizer laminated on an exterior surface of 
one of said first and second unaxial polymeric films, 
wherein said linear polarizer receives incident unpo- 35 

larized light of a wide spectral bandwidth and converts 
said incident unpolarized light into a linearly polarized 
light, wherein the linearly polarized light passes 
through said quarter-wave film and produces a circu-
larly polarized light in a wide spectral bandwidth. 40 

3. The quarter-wave plate device of claim 2, wherein the 
TN-LC film includes: 

a twist angle of TN-LC film of approximately 77.5 
degrees, wherein the incident wave is linearly polarized 
at approximately ~=18.8°. 45 

4. The quarter-wave plate device of claim 3, wherein the 
first and second unaxial polymeric film includes: 

an angle al approximately 91.2° and for one of the first 
and second unaxial polymeric film; and 

an angle a2 of approximately minus 50.1 for the other one 50 

of the first and second unaxial polymeric film. 

6 
5. The quarter-wave plate device of claim 2, wherein the 

TN-LC film includes: 
one of a left handedness and a right handedness twist 

sense. 
6. The quarter-wave plate device of claim 2, wherein the 

TN-LC film includes: 
a TN-LC film having a thickness of approximately 4.9 µm 

and a corresponding retardation of approximately 
0.891A., wherein A=550 nm. 

7. The quarter-wave plate device of claim 2, wherein the 
first and second unaxial polymeric films includes: 

a first unaxial polymeric film thickness of approximately 
3.3 µm and a corresponding retardation of approxi
mately 0.198A.; and 

a second unaxial polymeric film thickness of approxi
mately 2.48 µm and a corresponding retardation of 
approximately O.l 49A.. 

8. A broadband circular polarizer comprising: 
a first and second uniaxial polymeric film; 
a twisted nematic-liquid crystal (TN-LC) polymeric film 

sandwiched between said first and second uniaxial 
polymeric film; and 

a linear polarizer laminated on an exterior surface of one 
of the first and the second uniaxial polymeric films to 
form said broadband circular polarizer. 

9. The broadband circular polarizer of claim 8, wherein 
the TN-LC film includes: 

a twist angle of TN-LC film of approximately 77.5 
degrees, wherein the incident wave is linearly polarized 
at approximately ~=18.8°. 

10. The broadband circular polarizer of claim 8, wherein 
the first and second unaxial polymeric film includes: 

an angle al approximately 91.2° and for one of the first 
and second unaxial polymeric film; and 

an angle a2 of approximately minus 50.1 for the other one 
of the first and second unaxial polymeric film. 

11. The broadband circular polarizer of claim 8, wherein 
the TN-LC film includes: 

one of a left handedness and a right handedness twist 
sense. 

12. The broadband circular polarizer of claim 8, wherein 
the first and second unaxial polymeric films includes: 

a first unaxial polymeric film thickness of approximately 
3.3 µm and a corresponding retardation of approxi
mately 0.198A.; and 

a second unaxial polymeric film thickness of approxi
mately 2.48 µm and a corresponding retardation of 
approximately O.l 49A.. 

* * * * * 
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