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A technique using liquid crystals whose dielectric anisotropy is an alternating function of 
frequency has been proposed for determination of liquid-crystal director pretilt angles with respect 
to orienting surfaces. The pretilt angle is derived from measurements of the optical phase 
difference in electric fields with frequencies above and below the anisotropy inversion frequency. 
The measured pretilt angles range between 0 and 90°, and the measurement uncertainty is 
the lowest near the middle of this interval. O 1996 American Institute of Physics. 
[S 1063-7761 (96)02411-01 

1. INTRODUCTION liquid crystal, which are determined independently. 

The angle between the director of a nematic liquid crys- 
tal and the orienting surface, which is commonly called the 
pretilt angle, has a considerable effect on electro-optical 
characteristics (voltage-contrast, temporal, viewing angle, 
etc.) of liquid-crystal display devices. Therefore an accurate 
and reliable technique for measuring the pretilt angle is 
needed to optimize the parameters of such displays, for re- 
search and development of new orienting plates, and meth- 
ods for preparing orienting surfaces. 

There are several techniques for measuring the pretilt 
angle, the most popular of which are crystal r ~ t a t i o n ' , ~  and 
various versions of the magnetic t e ~ h n i ~ u e . ~ - ~  All of them, 
however, have their flaws. In the crystal-rotation technique, 
the tolerance on the liquid-crystal thickness is very fine, the 
range of measured angles is quite narrow (0-13" and 77- 
90°), and the procedure of computer-aided fitting of the 
phase delay versus turning angle of the liquid-crystal cell is 
complicated. In the magnetic technique, the measuring facil- 
ity is rather sophisticated and the capacitance of the liquid- 
crystal cell is an unstable parameter when the magnetic field 
is aligned with the director at the orienting surface. 

The aim of this work was to develop a new technique for 
measuring the pretilt angle of a liquid crystal at an orienting 
surface. The measured parameter is the optical phase differ- 
ence as a function of voltage at two frequencies, and the 
method exploits the property that in some liquid crystals, the 
dielectric anisotropy is an alternating function of frequency. 
In such liquid ~ r ~ s t a l s , 6 . ~  the dielectric constant s, measured 
along the director at low frequency is larger than the dielec- 
tric constant E ,  with respect to the electric field perpendicu- 
lar to the director, and the dielectric anisotropy 
A s  = sP- sn is positive. At a certain frequency fo, the di- 
electric constants are equal and A s  = 0; at frequencies higher 
than fo, the dielectric constant along the director, s,, , is 
lower than E,, , and the dielectric anisotropy A s  is negative. 
In order to calculate the pretilt angle, one must determine the 
phase difference in the initial state of the liquid crystal with 
its pretilt angle, and the total phase delay in the layer with 
the planar alignment at zero tilt angle. Additional parameters 
needed for the calculation are the refractive indices of the 

2. THEORETICAL BACKGROUND OF THE TECHNIQUE 

An oriented layer of a liquid crystal between two plates, 
on which the directors are parallel, is a uniaxial crystal with 
the optical axis directed with respect to the plates at the same 
angle as the liquid-crystal director (Fig. la). In a low- 
frequency electric field with fLF< fO, where f o  is the fre- 
quency at which the sign of A s  is inverted, the Frederics 
effect takes place if 0S0,<90°.  As a result, the liquid- 
crystal director and, consequently, its optical axis are aligned 
with the electric field, i.e. perpendicular to the orienting sur- 
faces, except in thin layers near the surfaces (Fig. I b), where 
the director has its initial alignment. When a high-frequency 
voltage (fF+fo and As<O) is fed to the cell, and 
0 < 8,s 90°, the director is aligned due to the Frederics effect 
perpendicular to the electric field, i.e. parallel to the cell 
surfaces, also except in the layers near the cell walls (Fig. 
lc). 

Given the liquid-crystal parameters, one can easily esti- 
mate the thickness of the wall layers in which the director 
has its initial alignment in a high-frequency electric field. 
Assuming that their thickness equals the electric coherence 
length SE we have 

where L is the thickness of the liquid-crystal layer, U, is the 
threshold voltage of the Frederics effect, Urn is the voltage 
applied to the cell, and K 3 3  is the elasticity coefficient. Sub- 
stituting the threshold U,=2.5 V and operating voltages into 
Eq. ( I ) ,  we find that at Urn = 50 V the wall layers occupy less 
than 3% of the liquid-crystal volume. Hence, if a sufficiently 
stong high-frequency field is applied to the cell, the resulting 
structure can be considered planar (with zero tilt angle, 
8,=0),  and the error in the maximum phase difference 
a,,, will be less than 3%. The error in @,, is maximum at 
large initial tilt angles, 0,+90°, because the real orientation 
of the director in the wall layer is not known. 

If the polarization vector of light incident on the nematic 
liquid-crystal cell makes a certain angle +o f 0,90° with the 
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I I I FIG. 1. Director orientation distribution in a liquid-crystal cell 

(a) with the pretilt angle in the initial state, (b) in a low- 

9 'Y, frequency and (c) high-frequency field: d) director of the liquid - crystal; 8,) pretilt angle of liquid-crystal molecules at the ori- 

71. - A0 
enting surfaces of the cell; A,) optical axis; 17,) threshold volt- 
age of the Frederics effect; P) transmitted polarization axis of 

I - - 
d the polarizer; I,) light propagation direction. 

xz-plane in which the liquid-crystal director lies (Fig. la), 
the light transmitted through the cell will generally be ellip- 
tically polarized. The phase difference @ between the ordi- 
nary and extraordinary components is uniquely related to the 
effective extraordinary refractive index n,(z) as a function 
of z due to the realignment of the director by the electric 
field. In monochromatic light at wavelength A ,  the phase 
difference @ is9 

and the effective extraordinary refractive index n,(z) is 

n on, (3) 
ne(z)= [n: c,-,s2 ~ ( ~ ) + n :  sin2 e(z)1lt2' 

where no and n, are the ordinary and extraordinary refractive 
indices of the liquid crystal, and O(z) is the angle between 
the x-axis and director at a point with coordinate z. 

If the analyzer downstream of the cell has a transmitted 
light polarization vector perpendicular to that of the polarizer 
upstream of the cell, the change in the intensity I of trans- 
mitted light can be recorded as a function of the phase dif- 
ference @: 

I =lo sin2(24,)sin2(@/2), (4) 

where lo is the intensity of the incident linearly polarized 
light. 

The external electric field changes the distribution of the 
director over the cell thickness, I)(z), so it also changes the 
distributions of An and (D. As the phase difference varies, 
the transmittance of the liquid-crystal cell between the 
crossed polarizers oscillates. The maximum amplitude of the 
light intensity oscillations corresponds to the angle 
+o= 45", and the maximum number of oscillations recorded 
in a transition from the planar orientation with O,=O to the 
homeotropic state is approximately (n , . -  no) LI A .  

The phase difference in a liquid-crystal cell with the ini- 
tial director alignment at angle 0, (Fig. la) is 

At 8,=0, Eq. (5) yields an expression for the phase differ- 
ence in a planar liquid crystal cell (maximum phase differ- 
ence @,,): 

2wLn0 n, 2 ITL (< - 1 )  = T(n,- 

which equals the phase difference in a cell in the maximum 
high-frequency field (Fig. lc). The phase difference @, in a 
cell with unknown tilt angle can be measured experimentally 
by applying a low-frequency voltage to it. The final liquid- 
crystal orientation in this case is homeotropic (Fig. Ib). One 
can easily derive from Eqs. (5) and (6) an expression for the 
pretilt angle in terms of the phase difference @, in the liquid- 
crystal cell at zero voltage and the maximum phase differ- 
ence @,, : 

n, 4k(2n0+ k ~ n )  
COS e,=- 

n,+kAn ' (7) ?'&=c 
where k= @,I@,, , and An = ne- no is the optical anisot- 
ropy of the liquid crystal. 

3. EXPERIMENTAL RESULTS 

In our experiments, we used nematic liquid crystals in 
which the frequency of the dielectric anisotropy inversion at 
room temperature was f o = 8  kHz, the low- and high- 
frequency dielectric anisotropies were A& ,,= 5.1 (f = 200 
Hz) and - 4.2 (f=50 kHz). Different pretilt angles 
of the director were realized by rubbing thin polyimide 
films" doped with surface-active substances, through light- 
induced optical anisotropy in polyimide films doped with 
dichroic dyes, and in polyvinyln~ethoxycinnamate films." 
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I,  rel. units 

I I FIG. 2. (a) Typical oscillating curve of light intensity transmitted 

'HF o "LF 
U across a planar cell between two crossed polarizers and (b) optical 

phase difference as a function of voltage. @,) is the phase differ- 
ence in the initial state (el= -20"; is the @,,,) phase difference in 
the planar configuration at the maximum high-frequency voltage 

o/n 

I 
(equivalent to 8,=0); n,= 1.77, no= 1.54, 8,=20°, L= 11.8ym, 
X = 632.8 nm. 

10 

Liquid-crystal cells were manufactured from glass plates 
with conducting I T 0  layers; the liquid-crystal layer thickness 
was defined by 10-20-pm Teflon films. 

Figure 2a shows a typical oscillating curve of the optical 
transmission of a liquid-crystal cell with an initial tilt angle 
6,= 20" placed between two polaroids with an angle 
+0=450 between them. The voltage scale is nonlinear for 
better demonstration of the curve at low voltages. The right 
side shows the signal versus low-frequency voltage and il- 
lustrates the crystal realignment to the homeotropic structure, 
the left side shows the signal versus high-frequency voltage 
and its realignment to the planar structure. The phase differ- 
ence versus low- and high-frequency voltage derived from 
these measurements is given in Fig. 2b. Under a high low- 
frequency voltage (uLF>50  V), when the crystal alignment 
is homeotropic, the phase difference is approximately zero. 
Under a lower voltage, the director returns to its initial ori- 
entation and the phase difference increases. The initial phase 
difference @, with the tilted director orientation is given by 
as the increment of the phase difference as the low-frequency 
voltage decreases from the maximum corresponding to the 
homeotropic structure to zero. The maximum (total) phase 
difference a,, corresponds to the planar orientation of the 
liquid crystal, and is the sum of the initial phase difference 

light intensity versus voltage (Fig. 2a) using the formula 

where Ii is the transmitted light intensity at the point where 
the phase difference is determined, I, is the maximum trans- 
mitted light intensity, usually observed at the first transmis- 
sion maximum corresponding to a phase difference of T ,  

Ni is the number of extrema in the transmission curve be- 
tween the first maximum and the point where the phase dif- 
ference is determined. 

Table 1 lists measurements of 6, in liquid-crystal cells 
with different tilt angles. In order to compare and assess the 
applicability of the technique, measurements of the same 
cells using the rotating-crystal method are also given. 

One can see in Table 1 that the agreement between the 
two techniques is the best in the range of tilt angles between 
2.6 and 12.6". It can be shown that the accuracy of the op- 

TABLE 1. Measurements of 8, (deg). 

Cell number 3 1 4 2 5 6 7  

@, and the added phase difference owing to the high- nlethod 1.1 2.6 3.2 3.4 8.3 12.6 81.7 
frequency voltage U H I Z ~ ~ ~  V. The phase differences @ t  and Crvstal-rotation mcthod 0.5 2.5 3.4 3.4 8.2 12.5 83.5 
@,,,,, were derived from oscillating curves of the transmitted 
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tical phase difference technique is highest at a tilt angle of 
about 45", and deteriorates at the edges of the interval 
[0°,900]. 

4. CONCLUSION 

The proposed technique for measuring the tilt angle of 
liquid crystals with respect to orienting surfaces based on 
measurements of the phase difference at electric field fre- 
quencies corresponding to opposite signs of dielectric anisot- 
ropy does not require sophisticated experimental equipment 
or cumbersome calculations and has high accuracy over the 
range of tilt angles between -0 and -90". Note that the 
technique is capable of measuring angles in the range 30- 
60°, which is not accessible to the rotating-crystal method. 
The limitation of our technique is that the crystal should 
have special dielectric properties, namely inversion of the 
dielectric anisotropy sign with frequency. The method may 
be useful in studying new orienting plates and developing 
techniques of surface processing. An important advantage of 
the method is the possibility of determining absolute values 
of initial tilt angles in liquid-crystal layers with different tilt 
angles on the two surfaces (after the appropriate modification 
of formulas), which is not possible when using either 
rotated-crystal or magnetic techniques. 
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