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Molecular Orientation Effects in the LC Cell 
Utilizing the Nonuniform Electric Field by the 

Extra Controlling Electrode 
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"Department oJE1ectrvnic.s und Informution Systems, Akita Prefectural, 
Universiy, Honjyo 015-0055 JAPAN und bDepartment ($Electrical and 

Electronic Engineering, Akita Universiy 01 0-8502, JAPAN 

A new precise control scheme of the liquid crystal (LC) molecular orientation state in the 
nonuniform electric field is discussed. An extra controlling electrode is introduced outside of 
the convcntional driving electrode in the LC cylinder lens and LC microlens, and the molecu- 
lar orientation effects and related optical properties are investigated for various experimental 
conditions. The behavior of disclination lines is vcry important in this case as is in other LC 
cells which are utilizing the nonuniform electric field for the niolecular orientation, and it 
strongly depends upon the tubbing dircction and the driving condition. The degradation of 
lens properties, which is usually followed by a variable action such as variable focusing 
and/or beam steering, becomes very slow because the reduction of thc effective lens apcrture 
is restricted. Consequently, the variable range can be extended by the extra controlling elec- 
trode structure. 

Keywords: nonunifom electric field; LC microlens; LC cylinder lens; disclination line 

INTRODUCTION 

Graded index type liquid crystal (LC) lenses are obtained by utilizing a 
molecular orientation effects in the nonuniform electric filed which is 
produced by the slit-patterned and/or circular hole-patterned electrode 
structure [ 1-51. The LC cylinder lens and LC microlens have a potential 
application to the novel optical controlling devices with variable focusing 
and beam steering [6]. However, the spatially distributed molecular 
orientation state is closely related with a creation of disclination lines which 
sometimes show a unique behavior but usually deteriorate the optical 
properties in the LC devices [7]. The investigation of the disclination line 
behavior is always indispensable in the LC devices which is utilizing the 
molecular orientation effects in the nonuniform electric filed. 

[39991/23 I 
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In the conventional type LC microlens, excellent lens properties of 
which focusing spot size is close to the diffraction limit can be obtained 
under optimum conditions [3]. The beam steering properties can also be 
obtained by introducing the divided electrode structure [6] .  However, the 
lens quality tends to decrease sharply as the various parameters of the LC 
cell and/or driving conditions are deviated from the optimum conditions. 
These phenomena become conspicuous if we intend to utilize their light 
wave controlling functions as active optical devices. 

In  this work, an extra controlling electrode is introduced to the 
conventional LC cylinder lens and LC microlens outside of the driving 
electrode in a planar structure. The molecular orientation properties with 
and without a disclination line are observed under various driving 
conditions and rubbing directions, and their refractive index distribution 
properties obtained with the new electrode structure are investigated. Their 
variable focusing and beam steering properties are compared with the 
conventional electrode structure, and a possibility as a novel precise control 
scheme of the LC molecular orientation in the nonuniform electric field is 
discussed. 

EXPERIMENTAL 

Fig.1 (a) and (b) show the electrode structures of the LC cylinder lens and 
LC microlens which have the extra controlling electrode structure used in 

(a) LC cylinder lens (b) LC microlens. 

Fig. 1 Structures of the the LC cell with an extra controlling electrode 
structure. (a) LC cylinder lens and (b) LC microlens. 
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this work. respectively. Two narrow slit patterns d are fabricated on both 
sides of the driving electrode s in the LC cylinder lens, where the widths 
and d are 100 u m. The lens aperture is varied from 200 ,u m to 400 ,u m 
and the thickness of  the cell is 100 LL m. Two exactly same electrode 
patterns are assembled precisely. and both surfaces of the electrodes are 
treated with PVA coating and rubbing to give a homogeneous alignment. 
The rubbing direction is set along the direction parallel or perpendicular to 
the slit pattern. 

In the LC microlens. 4 separated extra controlling electrodes are 
fabricated on the LC cell and are driven by 4 different voltages for the 
arbitrary directional beam steering functions. Diameter of the lens aperture 
is 30011 m and the cell thickness is 1 0 0 ~  m. '1-he ring shaped driving 
electrode has a 4 long arms for contacting outer driving source considering 
with the symmetrq: of the electric field distribution. The rubbing direction 
is basically set to be 45 degrees from the elongated arms to eliminate the 
appearance ofthe disclination line in the outer narrow slit patterned region 
where the rubbing direction is perpendicular to the slit direction. 

LC CYLINDER LENS 

Fig.2 shows the interference fringe patterns observed in the LC cylinder 
lens of which rubbing direction is perpendicular to the slit pattern. where 
the voltage is applied only to the inner driving electrode and the voltage of 
both extra controlling electrodes are fixed to  OV. In this case. since the 
molecular tilt directions of upper and lower regions within the lens aperture 
are conflicted. a disclination line appears in the middle of the slit pattern at 
higher applied voltage. 

The optical path difference distribution: that is. the refractive index 

Fig 2 Interference fringe patterns observed in the LC cylinder lens of \*hich rubbing 
direction IS perpendicular to the slit pattern (w-200 / t  rn) 
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distribution profiles are plotted from the interference fringe data as shown 
in Fig.3 (a). It is seen that the distribution properties are almost linear and 
symmetrical between left and right regions The slope of the disclination is 
almost constant in any applying voltages; that is, the distribution profile is 
very different from that of the lens properties, and the prism like optical 
properties are obtained as observed previously in the LC cylinder lens with 
the asymmetric electrode structure [2]. 

When the voltage is applied to both extra controlling electrodes and 
inner driving electrodes, no disclination lines appear and the cylinder lens 
properties which have ideal quadratic distribution properties are obtained as 
shown in Fig.3 (b). A constant voltage of 3V is  applied to the extra 
controlling electrode and the inner electrode is driven by the voltage from 

I vs= 

'I 3.1V 
- 0 3.4v 

3 . w  
3 4 3 v  
* 5 l V  

5 9v 

VS - 

12 ov 

1 
c 50 I O C  i w  m o  2 5 0  inc 

Position ( rn) 

* 5" 100 I30 ?ou 
Pusition ( u m) 

(a) (b) 
Fig 3 Voltage dependence of the relardailon propenes in the LC cyllnder lens for 

kanous dnkmg codtiom (a) VI=VZ=OV and @)VI=V2=3V 

3V to 12 V In this case, the refractive index distribution properties 
decrease greatly by increasing the applying voltages, however, the 
curvature of the distribution profiles do not change so much. That means 
the focal length of the LC cylinder lens doesn't change widely by the 
driving voltage of Vs It is also seen that the center of the refractive index 
distribution tends to shift to the left side as the applied voltage increases It 
is interesting that we can select two molecular orientation states with or 
without the disclination line by changing the driving method, however, the 
excellent lens quality may not be expected in the LC cylinder lens of which 
rubbing direction is perpendicular to the slit pattern 

When the rubbing direction is parallel to the slit pattern in the LC 
cylinder lens, any disclination lines don't appear and the number of the 
fringes tends to decrease with increasing the voltage unlike with the case in 
Fig.2 The refractive index distribution properties are plotted as shown in 
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MOLECULAR ORIENTATION EFFECTS IN [4003]/235 

v1=v2= 

0 2.6V 
V 5.0V 
v 7.4v 

IO.0V 
3 12.6V 

a 0.ov 

a 50 iM ,,I) 100 

Position ( u m) 
Fig.4 Retardation distribution projxrties for various applying voltage on the 

extra controlling electrodes. 

Fig.4, where the inner driving voltage is fixed to the optimum value where 
the excellent lens properties can be obtained without voltage on the extra 
controlling electrodes, and then they are driven by the various voltages. In 
any applied voltage levels, ideal refractive index distribution properties 
which are almost on the quadratic curves; that is, the high quality of lens 
properties can be obtained. The decrease of the lens aperture depending 
upon the driving voltage is one of the principal factors of degradation of 
lens quality related with the variable focusing actions in the conventional 
LC lens [ 11. However, it is seen that the effective lens width doesn't change 
with increasing the voltage. The center of the distribution doesn't change 
either for any applying voltage in this case. 

Beam steering properties are investigated by applying the different 
voltages on the extra driving electrodes as shown in Fig.5, where the 
voltage on the driving electrode Vs is fixed to be 3.66V and VI is changed 
from OV to 20V. The shifting distance of the focusing line from the initial 
position and the peak light intensity are plotted by closed and open circles 
in this figure, respectively. The focal position gradually moves to the lower 
applying voltage side as observed in the conventional type lenses [6]. 
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Ilowe\-er. th1. degradation of  the light intensit; relatcd with the nio\igig 
action is \ w y  mild with increasing the applying voltage C'onsequcntlq the 
actual  bean- s teer ing  range  c a n  be  ex tended  cclinparing Lvith rhc 
convcntional type ones. In this case. the high lens quality is niairitained u p  
to I Q V  Cur both shifting directions and the shifting distance about 5 i! m 
for either side can be obtained without an> wrjoiis degradation o !  l u n s  
q u a l i ~ >  

kig.6 sho\vs the interference fringe patterns appearing i n  the I ,(' microlcns 
\\it11 the extra coritrolling electrodes. When the voltage is applied only to 
the inner dri\.ing electrode (Fig.h(a)) and the voltage of extra controlling 
clcctrodcs V through V.I is OV, it is seen that a disclination line tends to 
appear in the middle of the lens aperture similarly o b s c n d  in Fig.?. If the 
w t r a  and the inner electrodes are driven at the same time. there seems 10 
exist no disclination lines for any driving conditions in !he leiis aperture a i  
.;ho\vn i n  Fig.6 (b) .  It is  seen that concentrically circular and perfect 
refkcrive index distribution properties can be obtained, m d  rhere is no lens 
center deviation from the electrode pattcm. 

( i l )  0,) 

1:ig.h Iritrrtirencc kinge patterns in the I .C' iiticrolen~ for various driv:n@ 
r iethods. 

('liangc of tli: local length and the focusing spot ligiit ;ntc.nsit? pi-opertic, 
,ire slio\.\n in J'ig.7 as ii  function o f t h c  applying \(>Itage o i i  the extr,i 
conrrolling electrodes. The Ibcal lcngth increases gradiially with increasing 
tiit applying i oltnge as observed in the ccmentional I,(-' microlens. and the 
light intensit! tends to decrease with the change o f the  focal length froni thc 
!r i i t i i t l  \aI i ic  

'I'hc refrai t i \  e index distrihurion properties for  \ arious apply ins wlqw 
lilr eytra d r i l  itig electrode arc sho\%ln in f.ig.8. .r\here tfic \oltagc o t ' l ' i  is 
l i \ d  to 4 5 1  IXfecrivc lcns apcrturc is almost coristmt lor consider;ihl> 
lo\\er applying voltage region similarl> with the 1.c' cylinder lens. I t  
WLW t!iat the aperillre tends to incrcase unilei high Loltage application. i ind  
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8 Focal Length 
o Intensity 

8 

0 
o I 4 6 a N L Z M  

v,=v*=v3=v4 (V) 
Fig.7 Focal length and focusing spot light intensity properties in the 

LC microlens with the extm controlling electrodes. 

I -1. vs=4.5v I 

Fig.8 Retardation distribution properties for various applying voltages 
on the extra controlling electrodes. 

a disclination line is observed outside of the aperture which influences to 
the lens quality. Consequently, the variable range of the focal length is 
comparable with the conventional ones. However, there are some 
remaining experimental conditions which should be optimized for the better 
performance. 

Fig9 (a) and (b) show the interference fringe patterns before and after 
the beam steering action. In the initial state (a), the fringe patterns are 
concentrically circular and the excellent lens properties can be obtained. 
When the voltage on the extra controlling electrode is changed from the 
symmetric condition, we can see the shift of the refractive index 
distribution properties as shown in Fig.9 (b). In this case, the distribution 
profile is still on the ideal one and the degradation of the peak light 
intensity at the focusing spot is within 10% from the initial state. More 
than IS u m shift of the focal point can be obtained and the value is 
improved comparing with the conventional type of LC microlens [ 6 ] .  The 
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'KI\ m t q e  o the molecular orientation effects by L I W I ~  the eutrd cfrlbing 

electrode he :onies more clear under the cuperiniental condition deb iated 
l i o r r i  the optiniuni one5 

ai nioleciilar oricntations and their optical properties art" 
investigated using the 1.C cylinder lens and I ,C microlens Lvhich have an 
extra coritro ling electrode structure outside of the conventional driving 
electrode. A disclination line appears under some conditions related with 
the directions between the rubbing treatnient and electrode pattern. but the 
disclinatron free state can be obtained by proper driving method. The I (' 

cylinder lens of which rubbing direction is parallel to the slit pattern shows 
cxcellcnt leris properties and the variable range can be improved by the 
effects oi'thc extra controlling electrode. I n  the case of the 1.C microlens. 
although %he improving effects is not so large comparing with the cylinder 
lens. i t  is obvious that the variable range is extended especially in the 
deikted stat(: from the optimum condition. 
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