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Nematic Deformation in 
Homeotropically-Aligned Liquid Crystal 

Microlens and its Optical Properties 

ALEXEY GVOZDAREV, WAN YUDIN and GALINA NEVSKAYA* 

NSTU, K.  Marx prosp. 20, 630092, Novosibirsk. Russia 

The experirnental and theoretical investigations of the director deformation of honicotropi- 
cally aligned nematic in axially - symmetrical electrical field of an asymmetrical liquid crys- 
tal microlens (LCM) were carried out. The calculation reaults of microlenses phase profiles 
and focal distance are in satisfactory accordancc with experimental values. 

K e y ~ w d ~ :  liquid crystal microlens; focal distance 

INTRODUCTION 

The effect of nematic molecules realignment in an axially symmetri- 
cal electrical field created by special geometry of electrodes is used 
for control the light wave phase in liquid crystal (LC) microlenses. 
The experimental investigations results of some optical properties LC- 
microlenses with homeotropically aligned nematic are represented in 
[l]. The calculation of the director deformation in the axially sym- 
metrical electrical field was carried out earlier only for small nematic 
deformation angles [2, 31. The purpose of the present papers is the 
research of the homeotropically aligned nematic deformation in axially 
symmetrical electrical fields at large angles of a deformation. 

EXPERIMENTAL RESULTS 

Asymmetrical LC-microlens was described first in paper [4]. It r e p  
resents a cell, upper glass substrate of which is coated by layer of 
indium oxide, and lower one is coated by thin opaque layer of chrome. 
In lower layer were created holes by means of photolithography. In our 

* E-mail: nevskaya@ref.nstu.ru 
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ALEXEY GVOZDARbV ef d. 

I i>scarch t hr did m c  of krolys ( L )  VKIC ( y i ~ ~ i l  to 180; 380; 600 ant1 
T80 rriicrons. .2 thi  ss of d L(’-layer (d) is 50 microns. The nct~tatic 
rcprescnts a rriixtiire of MHHA and IBBA (Ac = 
i t ,  = 1,521. Horneotropical alignment was reached by thc  voliirnctri( 
addition of lecithin (0,l 5%). The al ternatr  voltage of frequency 2 kII/  
was given. 7‘he observations of an interference pattern were carried 
out with the help of polarizing microscope ( A  = 0,637 p r n ) ;  t h e  ford  
d i \ i m w  was measured by means of micIoscope [I]. At srnall voltagrhs 
in a LC-cell t hr rtdignnient of molecules is heginning from the cdgc- 
of  ttie Iiolr. I’he iriterferential rings being t h e  corisiq~icwcc~ of l h c x  in- 
terference’ of ordinary arid extraordinary wdvc:, (Figure 1 a) arc’ vi.;ihk 
in this area i n  t h e  polarizing microscope. The  deformation rrgioii in 
creases and step by step reaches the center of fhe holc with iricredswi 
xoltages (Figiirc 1 1)) .  

0, 

I ’hc  intericrograirts uwd for cl (on\trrictioii of a 1’1 
at c l i t f r te r i t  ~ o l t a g c ~  7’hcr; &re shown on il k‘igiirc 
of dianrc,lcr i80 rriicions at 5 ,  7 ,  10. 14. I8 voltdgc valucs. I’he ex 
i)erinit~nis hclcc shown that the o f  t i c ~ i i h f i (  rtdignmrnt 111 L(’  
rrtic-rolcns passes through five s ith diffc>rent shapes of a ph&w 
profile. 4t  viral1 vo1tage:es ncar to a tenter of the I io l t :  the profile of a 
phase delay 
ngcs l ’ t i c .  siie of the plateau decrehst t increased I -. The prohle of 

a plateau. which one decrcascs with increased of volt 
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NEMATIC DEFORMATION IN LC-MICROLENS 

the phase delay becomes parabolic and the microlens becomes spher- 
ical (stage two) at certain voltage Up (which is different for various 
microlenses). The voltage Up is increased with growth of a size of a 
lens and in our experiments varies from 7 to 18 volts. The deformation 
in LCM passes through following three stages: conic, with disclination 
in a center, spiralized (with a quasilinear dependence of a phase from 
a profile) at further increase of voltage. 

The measurements of focal distances of microlenses are carried out. 
It is revealed that the focal distance is negative, i.e. the microlenses 
with homeotropical alignment possess of defocusing properties. From 
the begining the focal distance decreases 

FIGURE 3 The scheme of 
a LC-cell. 

P,rUn 

FIGURE 2 Profiles of the phase delay with homeotropical align of 
diametrs 380 microns at 5, 7, 10, 12, 15 voltage values. 

reaching the minimum value at voltage Up, and then increases at in- 
creased voltages 111. LC-microlens possesses the best optical properties 
at voltage Up. The deviation of phase profile of the LC-microlenses 
with Lld  5 7 from a parabola does not exceed ,414, i.e. the optical 
properties LC-microlens are in conformity with the criterion of Ray- 
ligh. 

THE THEORY AND CALCULATION 

The calculation of the director distribution in an inhomogeneous elec- 
trical field in the assumption of small angles of deformation was consid- 
ered in papers [2,3]. The analitical solution of the Laplace equation for 
an electrostatic potential and Euler-Lagrange equation for a deforma- 
tion angle 6 were obtained also just there. The method of obtaining of 
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ALbXEY GVOZDARCV c’t ti1 

analytical solutions of two-dimensional nematic deformation in Carte- 
sian coordinate system (2, y) was developed in [ 5 ] .  However, similar 
task in axially symmetrical electrical field at large deformation angles 
doesn’t have an analitical solut,ion now. Therefore it was resolved nu- 
merically. Let’s consider equations system describing an electrical field 
E ( p ,  z )  and the nematic director distribution 2 ( p ,  z ) .  The config- 
uration of electrodes and coordinate system are illustrated in Figure 
3. The symmetry of the task allows to consider a two-dimensional 
distribution of vectors 2 and E. The vector E is determined by the 
components in a cylindrical coordinatc: system ( p ,  p, z )  : 

+ 

+ -i 

The dielectric anisotropy is small for a LC material used in our experi- 
ments: 6 =-= 0,09, where q, €1 - the components of dielectric 
tensor. In this case it is possible to write electrostatic equations as 
the twc-dimensional Laplace equation for an electrostatic potential 

t - E l  

q + E l  

l a  a a2 
--(p-u) + --u = 0. Pap ap a22 

The boundary conditions for this equation are the next: 

0- 
d u ( z ,  M) = - 2 .  (2 )  u(p , t l )  = 11, 

Function cp(p) giving values of a potential in an hole of the lowrr elec- 
trode of a lens is determined from a solution of more general boundary 
(exterior relatively LC area) task. The boundary conditions for which 
was defined proceed from the most common suppositions: u, = 0. A 
polarized charge appears on the glass surface as the result of differ- 
ence of dielectric pcnetrability both glass ( ~ ~ 1 )  and nematic ( ~ 1 ~ ) .  I t  
was takrn into account at calculation of function cp(p). The coupling 
conditions for electrical potential on the border of two mcdiums arc 
a5 follows: 

aurc a-ug1  

dz g l  dz 
&lc- = &  

Let’s consider now the equation describing the nematic behaviour 
in an electrical field. In homeotropical LC-microlens the electrical 
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NEMATIC DEFORMATION IN LC-MICKOLENS [3877]/109 

field is axially symmetrical. Therefore there is no twist-deformation. 
Distribution of nematic director is described by the equation: 

-+ -+ -++ - + + +  
n ~ [ ( K I I  - K33) V (on) + K33V2 +AEEO E ( n .  E)] = 0, (3) 

where Kll, Km - Francs elastic constant, As - dielectric anisotropy 
of nematic, €0 

Let's assume an onkconstant approximation Kll = K33 = K .  
Then equation of the Euler - Lagrange (3) is performed to more sim- 
ple form. The director 2 has components in a cylindrical coordinate 
system: n= (np, n,, n,) = (sint?, 0, cost?), t? = t?(p, z) ,  where 0 ~ 

the angle between a vector of the director and axes z. Then equation 
(3) is presented as the follows: 

- dielectric constant. 

-+ 

KV20 - A ~ ~ ~ E ~ s i n 2 ( 0  - $) = 0, (4) 
Numerical d u e s  of elastic constants are known less precisely than 

their ratio and threshold voltage, Uo = 7r [e]"', which may he 
measured with necessary precision in homogenious electrical field by 
means of experiment. Therefore for a numerical solution the equation 
(4) is reduced to  next 

This equation is solved in rectangular area (0 5 z 5 d ,  0 5 p < m) with 
boundary conditions taking into consideration homeotropical align- 
ment of liquid crystal molecules on glaSS, substrates (@ = 0") and 
rotational symmetry of a lens: 

The set of equations (1) and (5) with boundary conditions (2) and (6) 
form a mixed boundary task. The last one was solved numerically by 
means of a difference method. 

THE ANALYSIS OF A N  OBTAINED SOLUTION 

All parameters values were taken conforming experimental at a solv- 
ing given task. Equipotentials of electrical field in LC-microlens of 
diameter 600 pm at voltage U = 14 V are shown on a Figure 4. 
Equipotentials have been traced both in LC area and in glass area. A 
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AlEXEY GVOZDAREV e t ( i I .  

jog of equipotential lines caused by different dielectrical constants of 
liquid crystal and glass is visible on the border between them. Then 
one can see the field near the edge of the lower electrode has maximal 
inhornogenei ty. 

FIGURE 4 The equipotential lines and electrical field are traced into 
and out of the limits of LC under working voltage 14 V. 

FIGURE 5 Nematic director distribution in LCM of diameter 600 p m  
at Up = 14 V .  

Distribution of nematic director obtained from equation ( 5 )  is il- 
lustrated in Figure 5 .  It’s clear that distribution is inhomogeneous. 
Homeotropical alignment (0 = 0) is observed on the microlens axis. 
Deformation is increasing at displacing to the edge. Distribution of 
the director becomes homogeneous out of the limits LCM. 
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NEMATIC DEFORMATION IN LC-MICROLENS [3879]/111 

COMPARING RESULTS OF CALCULATION 
AND EXPERIMENT 

Profiles of phase delay and focal distances of microlens under different 
voltage are magnitudes measured experimentally. They were calcu- 
lated numerically from distribution of nematic director and then were 
compared with experimentally measured data. The profiles of phase 
delay A@(p) were calculated from the next equations: 

where n, - is the index of refraction of extraordinary wave. 
Phase profiles for microlens of diameter 6OOprn under voltage 10, 14 
and 16 V are shown on the Figure 6. The experimental values of 
phase delay profiles have been obtained earlier [l] and are shown by 
the points just here. As one can see from figure nematic deformation 
is increasing at increased voltages and deformation area is displacing 
near to the center of the microlens. Profiles of phase delay in microlens 
have close to quadratic dependence from radial coordinate in this volt- 
age range. The microlens posseses defocusing properties. Deformation 
is beginning in the center of hole and just here defect forms at further 
increased voltages and phase profile looses quadratic character. 

The calculated curves have cer- 
tain accordance with experi- 
mental data in the center and 
near the edge of LCM at 15 V 
voltage and higher. The cal- 
culation gives less values than 
experimental data in the rest 
part of microlens. Calcula- 
tions in this voltage range don’t 
have practical imwrtance in 
the given investigation of the 
electrical optical properties of 
LCM. 

FIGURE 6 Profiles of phase delay for LCM of diameter 600 pm: 
experimental and calculation. 
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TABLE 1 ‘I‘hc microlenses focal distances. 
The phase profilc is de- 
scribed by parabola at volt- 

Focal distances f of LC- 
microlenses were calculated proceed from this equation. The rrsiilts 
of focal distances calculation and comparing them with experimental 
data are represented in the next table. One can see, that satisfactor) 
accordance of calculation results with experiments is observed. 

CONCLUSION 

The process of nematic realignment in inhomogericous field of LCM 
at increased U passes five stages with different. kinds of phase profile 
- with plateau in center (Ti < U p ) ;  parabolic dcfocusing at U = ( J P :  
conical; with disclination in center; spiralized. The calculation nc- 
matic deformation in axially symmetrical field o f  LCM was carried 
out at large deformation angles. It allowed to describe first two stages 
theoretically. The numerical agreement of calculation results with ex- 
periment was obtained. The focal distances under different voltages 
are calculated for various microlenses. A comparison of calculated 
values with experime~ital results has revealed satisfactory quantitivr 
agreement for three microlenses at voltage Up.  The obtained results 
may be used at construction of optical deviws based LCM (in fiber 
optics, as tritnsformer of light polarization, in spatial systems). 
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