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THE EFFECT OF MATERIAL PARAMETERS ON THE HYSTERESIS OF 
BISTABLE STN DISPLAYS 

JIANLIN LI, CHARLES D. HOKE AND PHILIP J. BOS 
Liquid Crystal Institute, Kent State University, Kent, Ohio 44242, USA 

Abstract We have investigated the hysteretic electro-optic behavior of 
super-twisted nematic (STN) displays with the twist angies larger than 270'. A 
pair of Lagrange's equations based on the continuum theory were solved 
numerically. The Gibbs energy and elastic energy of the nematic liquid crystal 
medium under the influence of external electric field were calculated. The 
director configurations at an applied field may be significantly different depending 
on the initial conditions. The elastic energy of the liquid crystal medium is used 
to describe its bistability. The total Gibbs energy, which represents the stability 
of the system, is discussed with each bistable state. The effects of cell twist 
angle, elastic constants, thickness to pitch ratio, dielectric parameter, and surface 
pretilt angle are presented. 

INTRODUCTION 

The hysteresis of electro-optic curves of nematic liquid crystals with twist angles larger 

than 270' was discovered in early 1 9 8 0 ~ . ' * ~ ~  When the twist angle is increased, the 

voltage applied to the cell required to deform the planar state increases due to the higher 

elastic distortion. At the same time, the voltage required to hold the system to 

'homeotropic' state is independent of the twist angle. When the twist angle is larger than 

270', in which case the two voltages are almost the same, the deforming voltage for 

planar state becomes larger than the holding voltage for homeotropic state.4 In other 

words, the hysteresis appears in the region between these two voltages when the twist 

angle is larger than 270'. A study trying to better understand the physics of bistability 

would be very helpfkl for the design of a device, which utilizes the hysteresis of 

highly-twisted nematic and has the advantages of low-driving voltage, fast switching 

characteristics and disclination-fiee It would also be very usefkl for the 
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design of state-of-the-art STN displays (260" to 270" twist) for choosing the right device 

and material parameters to minimize the possible hysteresis, which would destroy the 

high multiplexity of a STN LCD. The mechanism for the bistability of this type of device 

is different from the textural changes of cholesteric liquid crystal displays.*" A 

qualitative explanation of the switching mechanism for a 360' twist cell was given by 

using the mid-plane tilt angle's 'up' and 'down' states." Our theoretical model, used for 

determining the complete director configuration and energy densities of a TN, STN, or 

Cholesteric display, is based on the continuum theory. The Lagrange's equations are 

solved by using a numerical relaxation technique. With the results from this technique, 

we discuss the elastic energy and the total Gibbs energy of the system and their 

respective implication of bistability and stability. Depending on the initial conditions, the 

elastic energies for the same applied voltage in the hysteresis region could be completely 

different due to the different director configurations. The effects of different display and 

material parameters on the bistability and driving voltages are calculated and discussed. 

THEORETICAL MODEL 

From the contnuum theory, the free energy density in a liquid crystal medium (neglecting 

the surface divergence terms for K,, and I<?A) has the form: 

where K,, & and I(3 are splay, twist and bend elastic constants, respectively; n is the 

director; a, 5 B and H are the electric displacement, the electric field, the magnetic 

induction and the magnetic field, resptively; q, is the wave vector which is equal to 

2xlp and P is the nature pitch. The positive and negative values of qo correspond to the 

left and right handed helix, respectively. 

For a system with the director g = (Si0cos$, sinesinr$, cos$), where 8 is the 

polar angle and 4 is the azimuthal angle (see Figure I), if the liquid crystal layer is 

enclosed between two parallel glass plates, 8 and t$ would only be a knction of z. 
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THE EFFECT OF MATERIAL PARAMETERS ON STN HYSTERESIS [1993]/115 

z t  

FIGURE 1 Coordinates for liquid crystal director g 

The free energy density can be written as, 

Assuming the electric field is applied along the z axis and the magnetic field is absent, the 

z component of Q is a constant as 

i.e. Equation (1') yields 

F = $(Kl(sin20) +K2[(sin48) ($I)' + 2qo(sin20) (4') + qi]  

In order to obtain how the director is configured under the influence of an 

electric field, one needs to minimize the energy density using Lagrange's equations for 8 

and 4, which are the bulk torque balances between elastic energy and external field 

energy at equilibrium 
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It would be very difficult to obtain any analytical results for these two equations 

without making some kinds of assumptions about the mid-plane director and the general 

shape of the director configuration. We solve this problem by treating a pair of dynamic 

equations of liquid crystal" 

6 F -  XI 
- 68 - -"z 

where v is the viscosity coefficient, to find the director configuration numerically. 

Substituting terms obtained fiom Equation (2), Equations (3) and (4) can be 

written as 

The coupled Equations ( 5 )  and (6) are solved numerically by letting e(z) and 4(z) relax 

to equilibrium 
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RESULTS AND DISCUSSIONS 

The hysteresis behavior of the system was simulated by sweeping the applied voltage 

from 0 V to 5 V and then back to 0 V. The material constants for liquid crystal 

ZLI-1694 were used for the studies. The surface condition was assumed as hard 

anchoring, as commonly used in display modeling programs. The twist mg!e and the 

pretilt angle of the cell were 360" and So, respectively. The thickness to pitch ratio was 

0.88. In this process, the director configurations, the system free energy and the elastic 

energy were obtained as a function of applied voltage with the increment of 0.1 V. 

In Figure 2(a) and 2@), where the obtained director configurations are plotted, 

two different director configurations exist for the same voltage in the region between 2.1 

V to 2.9 V. When the applied voltage is increased from 0 V to less than 2.9 V, the 

director configurations are almost identical with the mid-cell tilt angle parallel to the 

surface; when the applied voltage reaches 3.0 V, the effect of applied electric field causes 

the director configuration to have a significant different shape than that of 2.9 V, with 

the mid-cell tilt angle almost perpendicular to the substrate surface. On the other hand, 

when the applied field is decreased from 5.0 V, the mid-plane tilt angle stays 

perpendicular to the surface until the applied voltage drops down to 2.0 V. During the 

process, the magnitude of the polar angle gradient has the largest value at the surface 

and becomes smaller gradually to mid-cell. At 2.1 V, the gradient throughout the cell 

has the same magnitude except at the mid-cell, where it is still zero. The optical effect of 

the different director configurations is that the display could be bright or dark in between 

a pair of crossed polarizers depending on initial voltages. 

In Figure 3(a), 8 plot of elastic energy and Gibbs fiee energy, defined as the 

elastic energy density minus the electrostatic energy density in the liquid crystal, is shown 

as a function of applied voltage. The hysteretic characteristics are also seen in both of 

these energy curves from 2.1 V to 2.9 V, with the elastic energy demonstrating a much 

more profound effect and making it a better quantity to describe the hysteresis of a 

highly twisted nematic. The total Gibbs free energy, which represents the stability of the 

system, has a cross at the. high-voltage end of the hysteresis loop. This means that the 

system considered favors the mid-cell director parallel to the surface, if a holding voltage 
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is applied to realize the bistability. This was observed experimentally.' One can obtain a 

crossover voltage inside the hysteresis loop by varying the device and/or material 

parameters as illustrated in Figure 3 (b). If the holding voltage is tuned to this crossover 
voltage, the system would be in such a balance that it does not favor either bistable state. 

20- :- 

0 d 

2.0 volb 

0 d 

FIGURE 2 Director configurations (polar angle) showing the hysteresis of a 360' 

twist nematic cell (liquid crystal material ZLI-1694). (a) Applied voltage 

increases from 0 V to 5 V; (b) Applied voltage decreases from 5 V to 0 V. 

w B 

FIGURE 3 

(b) Total Gibbs energy of a cell with 35" pretilt, as a hnction of applied voltage. 

(a) Elastic and total Gibbs energies of the cell with 5' pretilt; 
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In Figure *a), the azimuthal angle distribution of the director configuration at 

2.1 V with high field initial condition is shown along with the polar angle distribution. 

The rate of the twist decreases fiom the surfaces to about one-quarter into the cell and 
then increases with the most of the change occurs at mid-cell. How far into the cell fiom 

the surface this rate demeases depends on the percentage of chid additive and the 

bendsplay elastic constant ratio. 

0 d 

FIGURE 4 (a) Director configuration and @) elastic and Gibbs energies 
at 2.1 V applied voltage, with the high-field initial condition. 

A hrther investigation of elastic energy distribution inside a cell explains that the 

center director prefers to be perpendicular to the surface with the high-field initial 

condition. When the applied voltage is high, e.g. 5 V, the elastic energy density 

distribution is parabolic with the lowest energy density at the center. The general shape 

of the elastic energy distribution stays about the same when the applied voltage is 

decreased from 5 V, while a energy well at the center forms. A plot demonstrating the 

energy well is shown in Fig. 4(b), where the Gibbs energy is also plotted. This energy 

well at the center of the cell shows that the director at mid-cell prefers to be 

perpendicular to the surfaces and is stable. There is a Bat elastic energy distribution at 
the same applied voltage of 2.1 V with the zero field initial condition. We believe that 

methods of inducing the mid-plane director to align perpendicular to the surface will 

increase the width of hysteresis curves. 
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The stability of this energy well with respect to the asymmetrical condition is 

studied with a cell of different surface pretilts (5* at one surface and 10" at another 

surface). The hysteresis is compared with the result of cells with the same pretilt angles 

(So for one and 10' for another) on both surfaces, shown in Figure 5 .  Except for the 

minor shift of drive voltages and very slight increase of the hysteresis, there is no 

significant difference between the three curves. The tninor change is due to the 

differences in pretilt angle magnitudes. This is also evident in the Gibbs energy curves. 

1 

FIGURE 5 Comparison of hysteresis for 360" twist devices with same and different 

pretilt angles at two surfaces: (a) elastic energies and (b) Gibbs energies. 

Besides the device parameter twist angle, changing other material parameters 

such as surface pretilt angle, bendsplay elastic constant ratio (k3k,) ,  twisthplay elastic 

constant ratio (yk,) and dielectric parameter as well as the devicdmaterial parameter 

thickness to pitch ratio (d/p), will have an effect on the electro-optic curves. We will 

summarize the results from our study, which systematically varies these parameters from 

the standard reference values. The standard reference condition for making comparisons 

is a cell with twist angle of 360", surface pretilt of 5", d/p ratio of 0.88, contains liquid 

crystal material ZLI-1694 fiom E. Merck, with material constants of k,/k,=1.31, 
k#,=0.47 and y= 1 6 7 .  
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When the twist angles are larger than 270°, infinite steepness is the common 

property for electro-optic  curve^.^ Figure 6(a) illustrates the effect of twist angle on the 

hysteresis and drive voltage, which is defined as the minimum voltage that induces 

noticeable change in the director configuration with zero field initial condition. 

Increasing the twist angle causes the increase of drive voltage and hysteresis., It also 

pushes the crossover point inward inside the hysteresis loop, as shown in Figure 7(a). 

Pretilt angle: With the increase of the surface pretilt, the drive voltage decreases 

as the normal STN and hysteresis increases. The hysteresis curves for pretilt angles of 

5", 10" and 20" are shown in Figure 6(b). Increasing the pretilt also decreases the 

stability of the system if a holding voltage is applied at the middle of the hysteresis loop, 

as shown in Figure 7(b). 

Thickness to pitch ratio dp: The lower d p  ratio produces lower drive voltage 

and wider hysteresis curve. The curves for d p  of 0.75, 0.88 and 1.00 (360" twist) are 

plotted in the Figure qc). Lowering this ratio will push the crossover point inward very 

slightly, as shown in Figure 7(a). 

As shown in Figure qd), increasing the bendsplay elastic constant ratio k,k, 
(while keeping yk, constant) will not only increases the drive voltage, but also 

decreases the fdl-off voltage, hence increasing the hysteresis of the device. Increasing 

this ratio will decrease the stability of the bistable state if a holding voltage of the same 

value is applied since the energy differences between the two states increases as shown in 

Figure 7(d). 

The twisthplay elastic constant ratio yk, (while keeping k,k, constant) effect 

on bistability was studied for a range between 0.4 to 0.6. Curves of elastic energy as a 

hnction of applied voltage are plotted on Figure 6(e). Decreasing this ratio increases 

the hysteresis by decreasing the fdl-off voltage, but does not change the drive voltage. 

It also moves the crossover voltage inward, as shown in Figure 7(e). 

The effect of dielectric parameter on bistability is that decreasing y increases the 

hysteresis and decreases the drive voltage of the device as shown in the Figure 6(Q. 

Decreasing y also decreases the crossover voltage fiom the high-voltage end of the 

hysteresis loop, as shown in Figure 7(f). 
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r i  4&,. , , , { 
0 

0 0  1 0  2 0  3 0  4 0  5 0  

AppldV-M 

10  1 0  3 0  4 0  I 0  

ApplidVdtpgeM 

I i i l  I 
w I 0.41 ! I  I I i 

1 
1 0  1 0  $ 0  4 0  5 0  

00 
0 0  

1.4 

1 1  

7 = 1.0 i 0.I 

w 0.4 

f 0.1 
W 

0.2 

0.0 
0.0 1.0 2.0 3.0 4.0 6.0 

* p p l ~ V o h P M  

FIGURE 6 Effect of device and material parameters on the shape of the electro-optic 

curve. In each set of curves, one parameter is varied: (a) twist angle; (b) pretilt 

angle; (c) thickness to pitch ratio; (d) bendsplay elastic constant ratio; 

(e) twistfsplay elastic constant ratio; (0 dielectric parameter y. The standard 

condition curve, common to all figures, refers to the parameter set twist=360°, 

pretilt=5", dp4 .88 ,  k/k,=1.31, k/k,=O.47 and ~ 1 . 6 7 .  
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05  .... . i -._., 
b , '. . ... 

1 .o 1 0  1.0 '., \\ 4.0 

A 

1.0 1 0  Lo 1.0 1 0  Lo 

FIGURE 7 Effect of device and material parameters on the stability of the bistable 

states. The conditions are the same as in Figure 6. 
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CONCLUSIONS 

A numerical relaxation technique that minimizes the liquid crystal system free 

energy was presented in detail. The elastic energy is found to be most suitable for 

describing the bistabidity of highly twisted nematics. The stability of mid-cell director 

having a direction perpendicular to the surface is found to control the hysteresis loop 

width. The device and material parameters, such as surface pretilt angle, bendlsplay 

elastic constant ratio (k3kl), twidsplay elastic constant ratio (w,) and the dielectric 

parameter as well as the thickness-to-pitch ratio (dp), exhibit impacts on the drive 

voltage, hysteresis width and stability of bistable states. Based upon the results of this 

study, various techniques that might stabilize the mid-cell director are being studied. 

Research supported by NSF ALCOM Center under the grant # 89-20147 
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