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Optical Parameters of an Optimized TN Display 
for Large- Area Application 

JERZY ZIELrrjSKI and MAREK OLIFIERCZUK 

Institute of Applied Physics, Military University of Technology, 
Kaliskiego 2 St., 00-908 Warsaw, Poland 

The aim of the present paper is to show the optical parameters of liquid crystals display 
(LCD) for large-area applications. The mathematical and numerical model of light propaga- 
tion through the display is given. The experimental verification of theoretical results has been 
done. The contrast ratio vs. polarization coefficient and dichroic property of the LC layer has 
been obtained. 

Keywords: large-area systems; optimization of optical parameters; numerical modelling 

INTRODUCTION 

Large-size LC displays are applied widely in construction of advertising 
and information posters. A big advantage about them is a possibility to 
construct modular boards of any dimensions. Small power-consumption 
and a passive regime of their operation are another very important 
factors. TN displays technology and a wide variety of liquid crystalline 
materials used in it seem to be one of the most prospective for large- 
size displaying. Requirements imposed for a large-area display are 
listed in Table 1. 
Asterisked parameter “luminance in on-state” is related to passive 
displays first of all, working in negative mode (light symbols on the 
dark background). 
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8504 3638) JERZY ZIELIkKI and MAREK OLIFlERCZUK 

TABLE 1 Requirements for large-area display[l,2] 

1 Requirements I Parameter I Typical requirements 1 

Optimization of optical properties of a large-size TN display is a 
problem to be solved. TN effect in the negative mode (only this mode 
makes it possible to get colourd imagery) does not give satisfactory 
values of contrast ratio and luminance of light state in the same time. 
Additionally in reflection state contrast ratios are low (commonly lower 
then 1:15). An optimization oriented towards improving the above 
mentioned relation between optical contrast ratio and luminance of light 
state of negative TN mode is presented and discussed in this paper. 

THEORITICAL ASSUMPTION 

To optimize TN display we have applied GOA[3,4,5,6,7,8,9,10] 
(Geometrical Optics Approximation) method, enriched with the 
following elements: 

taking into account the whole visible range, human eye’s sensitivity 
and the source of light spectral characteristics; 
inclusion of r e b t i v e  indexes dispersion of glass plates, conductive 
layers and polarizers; 
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OPTICAL PARAMETERS OF AN OPTIMIZED TN.. . [3639]185 1 

taking into account dispersion of absorption characteristics of 

discussion of light interference; 
modelling for two independent light sources (external and 

polarizers and conductive layers; 

internal)considering TN layer as a linearly dichroic medium. 
The GOA method is put in the following coordinates (Fig. 1). 

P 

“in 

A 

X 
FIGURE 1 Coordinates system for analysis of light 
transmission through a layer of twisted LC nematics. 

An initial point for our calculations was introduction of another x’y’ 
coordinates system connected with an inicatrix axis of layer’s refiactive 
indexes projection on a plane parallel to it’s boundary. At the border of 
the layer fiom the input polarizer’s side the system x’y’ overlaps with 
the xy system. Transmission coefficients for electric field intensity of 
electromagnetic (light) wave oriented in parallel and perpendicularly to 
the polarizer’s axis can be calculated using the system of equations: 

x. (1 - R ,  . [Tj (II)+ T i  (+)]= T L  

T,(II)- Tp (+). (1 - R, = T A  (2) 

(1) 

where %p is refraction index at the polarizer’s foil and the air 
boundary: 
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and T,,(II) and T,,(+) are transmission coefficients for light polarized 
linearly in arallel and perpendicularly to polarizer’s axes, respectively, 
while T> and Tpm’ are experimentally obtained transmission 
coefficients for two polarizing films oriented in parallel and 
perpendicularly with regard to the polarizing axes. np is the refractive 
index of polarizer. 
Using this method we are able to get spectral transmission 
characteristics for the whole visual wavelength using a simple 
spectrophotometric analysis. 
When the vector of electric field intensity of the projecting light is 
given E = A . e*(M-’.zo) where: 
o - periodicity (fiequency) of the light’s wave; 
K - light’s wave vector in the air; 
z., - optical distance covered by the wave along z axis (Fig. 1) and z.,=O; 
at standarized amplitude value A=l then in the LC layer we obtain 
(along the parallel and perpendicular orientation of the polarizer, 
respectively) the following value of E: 

where index p characterizes the light state after passing through “input 
layers” i.e. a polarizer and other display’s layers located between the 
source of light and the LC and before crossing the conductive layer-LC 
border, then th is the value of vector’s E amplitude transmission 
through the input layers’ border, +h is the phase shift value resulting 
fiom covering the thickness of the input layers ( 4,n = K, . I, where 

Ki is wave vector in medium i and zi is thickness of the medium i). dmO 
is thickness of the conductive layer and -0 - its absorption coefficient. 
Those vectors should be considered separately, because they have 
different phase properties in the case of scattered light, in other words - 
we are not in position to determine their values explicitly. 
The values of vectors (4) and ( 5 )  at any point of LC describe precisely 
polarization of the light penetrating a display. Further description of the 
path of the light across the transducer will be done for the real part of 
the E-vector with a coordinate system x’y’ rotating according to the 
changes director’s n of the LC layer. It is indispensable for simplifying 
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of vector E mathematical form determining it's amplitude at any point 
while passing through indefinite number of LC layers. 
If the thickness of LC layer is 6z and director's angle of rotation 60, the 
intensity E in x'y' coordinates will take the form[l 11: 

EO(x') = EO(x). cosm f EO(y). sinm 
Eo@) = - E O ( ~ ) * ~ i n i B + E ~ ( y ) . c o ~ m  (7) 

(6) 

and after passing the LC layer, under assumption bt3 + Oand due to 
difference between ordinary and extraordinary rays' velocities: 

E'(x') = (Eo(x) .  ms&+ Eo(y) .  sin@).cos(ut -6e) (8) 
&I@)= (-Eo(x).sin~+Eo(y).cos~).cos(wt-6,) (9) 

(10) 

(1 1) 

where Ampx' and Ampy' are amplitudes of vector E in x' and y' 
direction, 6, and 6, represent phase shift due to covering 6z distance in 
LC for extraordinary and ordinary rays and can be define as follows: 

- 2moB , S, is phase shift resulting fiom coordinate 6. =- a 
system's rotation, index 1 is put for intensity of the vectors after passing 
the first layer. 
Analysing vectors @)-(I 1) and taking into account dichroic properties 
of the layer we get the following representation of amplitudes' values in 
consecutive points of a TN layer: 

and at the same time: 

E'(x') = Ampx'.cos(wS + 6,) 
E'b ' )  = f Ampy'*cos(ot + 90' + 6, ) 

2me@ ad 
1 
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where absorption coefficient all and a+ express absorptions of a 
dichroic layer for the light polaryzed linearly alongside n projection (in 
other words - also the indicatrix of refiactive indexes) on x’y’ plane - 
as well as in perpendicular direction. For a dye of p-type this means that 
a11 in absorption coefficient alongside the long axes of ellipsoid of 
absorption coefficient projected on x’y’ plane, while for a n-type dye 
this represent perpendicular direction. The same can be said about the 
a+ coeEcient. 
These create a possibility to determine polarization of the light at any 
point of a layer in x’y’ coordinates dividing it into particular sublayers. 
Consequently, we are able to determine qualitatively vectors before and 
after passing the analyzer. Application of the Fresnel formula creates a 
possibility of settling the shape of vectors reflected fiom each phase 
borders and transpose them towards an observer. 
The presented configuration of vector E penetrating a layer as a 
recurrence formula seems to be very simple to put to numerical 
analysis. Basing on mathematical analysis of the problem there has 
been made a programme for modelling an operation of a LC display 
(e.g. TN) named NAOP LCD (Numerical Analysis of Optical 
Parameters of LCD). The course of light beams discussed while 
determining optimum parameters a reflective TN display is presented in 
Fig. 2. 

L I  I _, - analyzer 
FIGURE 2 Path of a beam of light in reflection display. For the 
reflected beams (11 - 14) reaching on observer one should take 
into account the values of transmission through individual phase 
boundaries while the way back. 
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OITICAL PARAMETERS OF AN OPTIMIZED TN.. . [3643]/855 

This approach made it possible to carry out a numerical optimization of 
TN display operation in negative mode and reflection system. To 
determine the value of luminance L and contrast ratio CR there have 
been employed the following formulae[l2]: 

p ( A )  * V(A)  -T(An,d,A)dA 
L(And) = 380 and C R = h  (16) 

TH(n). v(a)da L*m 
380 

where H(h) is a spectral distribution b c t i o n  of the incident light and 
V(X) - the curve of spectral sensitivity of a human eye. 

NUMERICAL OPTIMIZATION 

Within the framework of a reflective TN display there has been 
analyzed an influence of polarizer films’ qualities, then the light 
reflection from phase boundaries as well as dichroic properties of a TN 
layer with regard to the values of contrast ratio and coefficient 
luminance for light state of operation. There has been shown, that CR 
values in TN, reflective system depend only on the value of a layer 
dichroism given by formula: d(hll-L)=3Sh,cd (where d - thickness of a 
layer, hrr, L, and h, - absorption coefficients for extraordinary, ordinary 
rays and for an isotropic layer, respectively, S - order parameter for 
directions characterized by transmissions of a dye in a layer, c - weight 
concentration of a day in LC) as well as a polariziig coefficient value 
of the employed films. 
As one can see in Fig. 3 there appear some optimum positions of 
CR=q3Sh,cd) function, location of witch shift towards higher values of 
it’s argument, while polarition coefficient of the film decreases. 
Recognisable is the &t, that within the range of the second 
transmission minimum advisable is to employ layers of higher 
dichroism to increase CR ratio. 
Similarly, decrease in polarkability of the film may be recompensed by 
a dye application, to maintain a given level of CR, However, the 
presented scheme shows an ideal situation, i.e. there are not taken into 
account any reflections from phase boundaries as well as interference 
phenomena. It is well know fact, that elimination of the former as well 
as the latter &tors is crucial. Fig. 4 shown a role of antireflective layer 
positioned on the fiontal side of reflection display. In this simulation 
polariz.ers with flat spectrum and having absorption coefficient listed in 
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Nr 

1 

2 

3 

4 

5 

6 

Table 2 have been used. Properties of the IT0 layer and sodium glass 
are typical. 

Transmission Transmission Polarization coefficient 
T(II) T(+) PC 
["/.I ["/.I r"?] 
100 0,0001 99,9998 

80 0,Ol 99,975 

85 091 99,765 

90 1 97,802 

92,5 2 95,767 

973 4 92,118 

CR 
1 2 m  

loo00 

8000 

6OOo 

4000 

WWW,~~BBB (I mimmum) -+- WWW.gBBB (I minunurn) 
+WWW.BgB (I minimum) 
0 w w W , W  (I minimum) 
i WWP=O 88888 (I1 mlnlmum 

- &- WWP-0 6908 (I1 minimum) 
+ WWP.0 geS (I1 minimum) 
+WWP-0.W (I1 minimum) 

FIGURE 3 Dependence CR ratio for TN layer operating in 
negative mode and in reflective system on dichroic properties of 
LC. Singular curves represent a variety of polarization 
coefficients of applied films for both I and I1 minimum of 
transmission. 

TABLE 2 Properties of polarizers applied in simulation of 
optical characteristics of TN display 
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a) 

0.0 0.2 0,4 0,6 0.8 1.0 1.2 1.4 1.6 

0.0 0 2  0 4  0 8  08 10  12 14 1,8 

FIGURE 4 
display working in reflection mode under real conditions. 
a) lack of an antireflective layer; 
b) antireflective interference layer of 55Onm has been applied. 

Contrast ratio C%bs observed by a user for a TN 

Fig. 4 shows clearly the negative influence of harmful reflection kom 
phase borders and necessity of their elimination. To take fill advantage 
of positive properties of dichroic layer maximum limitation of these 
reflections is required. As it appears from Fig. 3 there is a direct link 
between dichroic properties of a layer and contrast ratio of employed 
polarizers. Consequently, there exists a possibility to determine 
correlation between luminance of the light mode of a display and 
contrast ratio CR for an ‘‘only’’ birefiingence layer and a dichroic one. 
To get so an optimization of polarizers choice should be carried out. 
Review of catalogues of obtainable allows to draw a conclusion, that in 
general terms there are two types of polarhers: so called standard 
polarizers with ordering of a dye in the film at the level of 0,88-0,9 and 
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high contrast ones at the level of 0,92-0,94. Assuming these values of 
order we can determine mutual relations of contrast ratio and luminance 
of light state for a TN layer having both dichroic and nondichroic 
properties. Thus, we can determine explicitly an influence of applied 
dye suspended in the bulk of LC on optical properties of a LC display. 
Those relations are presented in Fig. 5 .  

CR 

loo00 

loo0 

100 

10 I 4 

A WWP.0.989 (I minimum) 
o WWP.0.699 (Ii mmimum) 
A WWP.O 99 (I minhum) 

WWP.0.69 (11 mlnimum) 
b WWP;o,9(I minimum) 

_c 

I 
4 

50 45 40 35 30 25 

CR 

1M)oo 

1000 
b) 

l W  

10 L 

-+S.0.@ (I minimum) 
--bS=O.B 111 minimum) 

100 

10 
45 40 35 30 25 20 15 10 45 40 35 30 25 20 15 10 

FIGURE 5 Dependence of contrast ratio CR on luminance LON 
of light state for TN layer operating in negative mode and in 
reflective system at I and I1 minimum of transmission for: 
a) polarizers of high contrast type (S=0,94); 
b) polarizers of standard type (S=0,9). 
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Extra curves represent contrast ratio coefficient and luminance of light 
state when chosen polarizers containing black dichroic dye (S=0,8) 
were applied. 

The results presented above enable us to determine an approach to 
improve optical properties of a layer by a proper choice of polarizing 
films and black dichroic dye admixture. In reflective system there are 
the following regularities. For films of “high contrast” type obtaining a 
luminance value b+30% is possible for PC (polarization coefficient) 
c.a. 0,9992. Black dichroic dye enables substantial increase of contrast 
ratio, especially within the range of the second minimum of 
transmission for any possible value of PC. There is, however, some 
range of PC values (0,99-0,994) where only at the second minimum 
black dichroic dye improves optical parameters of a layer than a change 
in PC. Within the range of first minimum changes caused by dye 
admixture and film properties are approximately the same. 
For system employing standard polarizers the upper limit of PC value 
(under condition L0~>30%) reaches 0,97. Let us notice, that in this very 
case using a black dichroic dye results in considerable improvement of 
mutual relation between CR and luminance of light state of a layer for 
all the range of coefficient PC. 

EXPERIMENTAL VERIFICATION OF RESULTS 

Black dichroic dye (mixture of commercially obtainable dyes KD-8, 
KD-9, KD-10 and KD-184 which we got fiom NIOPIK Company, 
Moscow[l3]) and LC mixture W-1173 prepared by scientific team led 
by Prof. Dqbrowski, Institute of Chemistry, MUT have been 
investigated. This composition is hlly miscible and is designed for 
working within the 2nd minimum of transmission. LC cells has been 
made applying technology worked out in Liquid and Solid Crystals 
Department, MUT, based on spacer of 6pm Additionally there has 
been used LC compositions by MERCK Ltd.: MLC-13200-100, MLC- 
6657-100 and MLC-6694-000. Compositions MLC-13200-100 and 
MLC-6694-000 are designed for operating within the 1st minimum 
(layer thickness approximately 6 pm), while composition MLC-6657- 
100 within 2nd minimum. 
Dye’s miscibility in LC in working compositions amounts to 2,5% for 
basic mixture W-1173 (at 2OOC) and 1% for all substances delivered by 
MERCK Ltd.. Measurement cells were constructed using sodium glass 
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made using “float” method, covered with conductive IT0 layer. 
Spacer’s thickness 6 prn. PolarizerS THN-42 type were employed. 
Two-beam BECKMAN spectrophotometer, model UV5270 has been 
used to determine optical parameters of LC cells. This apparatus made 
it possible for us to determine layer’s absorption, luminance, CR and 
chromatic coordinates at morn temperature according to the 
requirements discussed earlier in this paper. 
The specification of obtained experimental data for different dye 
concentration (Table 3) as well as data given by simulation numerical 
method are compared in Table 4. 

TABLE 3 Measurement cells to determine optical 
parameters 
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11E 

12E 

13E 

TABLE 4 Results of calculations and experimental 
measurements of chosen optical parameters 

2,092 2,081 33,68 33,51 16,l 16,l 0,5 0,5 0,O 
1,750 1,761 32,14 31,87 18,4 18,l 0,6 0,8 1,7 

1,564 1,564 30,83 30,02 19,7 19,2 0,O 2,7 2,6 

The obtained results of contrast ratio and luminance measurements 
enable us to draw a conclusion, that the theory presented in this paper, 
concerning light propagation through a LC display has been verified 
experimentally with good results. Additionally, there is a possibility to 
make numerical simulation of operation of LC display under conditions 
different from those of spectrophotometer (outer illumination, change 
from transmission to reflection mode, application of an antireflection 
layer, glass parameters change as well as conductive layer, use of 
different types polarhers ect.) using numerical NAOP LCD 
programme. D
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CONCLUSIONS 

The numerical modelling of LC display’s operation we have made 
using NAOP LCD programme enable us to make on analysis of 
1. Influence of transparency and polarizability of polarizing films on 

contrast ratio of TN layer. 
2. Finding of universal relations of contrast ratio TN layer with 

dichroic properties of LC. 
3. Correlation of polarizer’s qualities and values of dichroism to 

determine mutual dependencies of contrast ratio and luminance of 
light state of TN layer working in negative mode. 

4. Getting information about quantitative and qualitative influence of 
each component of LC display on the value of effective contrast 
ratio while operating in real conditions. 

The results we have obtaiied using computer modelliig as well as 
experimental results lead us to formulation the following conclusions: 
1. There exists a possibility of improving optical parameters of TN 

layer by means of black dichroic dye. 
2. It is possible to determine changes of contrast ratio CR for a TN 

layer in relation to percentage of black dichroic dye at a given point 
of optical matching for any value of LC layer’s thickness. 

3. Relation between luminance of light in the light state of negative 
mode of TN layer and contrast ratio for different combinations of 
polarizing films and dichroic properties of used LC is possible to 
determine in explicit way. 

4. To take advantage of TN layer dichroism there is necessary to use 
(in real constructions) antireflection layers as well as proper 
matching of conductive layer. 

5 .  Numerical modelling we’re carried out is a good approximation of 
operation LC display in real conditions for negative mode. This 
supports correctness of the model we’re assumed for performing 
credible simulations. 

6. Changes in contrast ratio are much higher in the range of 2nd 
transmission minimum than in the 1st minimum. In real 
constructions they can range h m  several per cent (for high values 
of polarization coefficient of used films) up to more then 50% for 
transparent polariis. 

The investigations we’re made supported the idea, that there is possible 
to improve optical parameters of TN displays and their application as 
large-area displays, even for special purposes. 
There have been determined an approach to changing optical properties 
of a display according to technological requirements (construction of a 
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display, properties of components). It shows, that this relatively simple 
effect supported technologically can be applied in construction of 
large-area displays. 
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