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ABSTRACT

A new type of tunable Fresnel deflector and lens composed of liquid crystal was developed. Combined structure of
multiple interdigitated electrodes and the high-resistivity (HR) layer implements the saw-tooth distribution of electrical
potential with only the planar surfaces of the transparent substrates. According to the numerical calculation and design,
experimental devices were manufactured with the liquid crystal (LC) material sealed into the sandwiched flat glass plates
of 0.7 mm thickness with rubbed alignment layers set to an anti-parallel configuration. Fabricated beam deflector with no
moving parts shows the maximum tilt angle of +1.3 deg which can apply for optical image stabilizer (OIS) of micro
camera. We also discussed and verified their lens characteristics to be extended more advanced applications. Transparent
interdigitated electrodes were concentrically aligned on the lens aperture with the insulator gaps under their boundary
area. The diameter of the lens aperture was 30 mm and the total number of Fresnel zone was 100. Phase retardation of
the beam wavefront irradiated from the LC lens device can be evaluated by polarizing microscope images with a
monochromatic filter. Radial positions of each observed fringe are plotted and fitted with 2" degree polynomial
approximation. The number of appeared fringes is over 600 in whole lens aperture area and the correlation coefficients
of all approximations are over 0.993 that seems enough ideal optical wavefront. The obtained maximum lens powers
from the approximations are about £4 m'! which was satisfied both convex and concave lens characteristics; and their
practical use for the tunable lens grade eyeglasses became more prospective.

Keywords: Liquid-Crystal devices, Fresnel, Electro-Optical devices, deflector, tunable

1. INTRODUCTION

Liquid crystal (LC) lenses '] and deflectors are actively studied in prospect of developing smart optical devices with
tunability. In particular, LC lenses enable tuning of the lens power and polarity, and LC deflectors can change the
deflection angle with both directions. However, the tunable range of the conventional devices were not so large that their
applications were rather limited. Therefore, we have applied the Fresnel structure to expand the aperture of the lens and
also the deflection angle with current thickness of the LC layer. Combined structure of multiple interdigitated electrodes
and a high-resistivity (HR) layer induces a saw-tooth distribution of electrical potential under the planar transparent
substrates (6. The optimal frequency of the driving voltage was found to depend on the resistivity of the HR layer, the
pitch of the interdigitated electrode and the structure of the thin films. The deflection angle of the beam incident
normally on the device increased continuously with an increase in the applied voltage. Because of the Fresnel structure
in which the wavefront is made periodic in small segments, a larger maximum deflection angle was achieved compared
to the device without the Fresnel structure. However, when the segment pitch becomes smaller, the influence of
diffraction light gets larger and they sometimes mixed with the deflected main beams. Therefore two kinds of incident
beams were compared with the deflected light image on the screen. Captured image through the LC deflector and micro
camera was also observed. When the different voltage was applied on the interdigitated electrodes of the LC device,
ISO12233 test pattern image through the camera was vibrated and that can be apply for the OIS without any actuators.
The haze of the image was found to be appeared when the irradiated light was deflected. What makes the images to be
hazy and how to suppress the haze was also discussed.

We also prepared LC lens samples with a larger diameter of 30 mm. Extraction electrodes arranged to cross over the
circular interdigitated electrodes was patterned on the same surface. When we place the insulator gap structure around
them, obtained interference fringes had less distortion and found to be contributed to decrease the manufacturing cost.
Lens power defined by the reciprocal of the focal length was estimated from the obtained interference fringes. Calculated
maximum lens powers were +3.97 ~ -2.25 m’! that shows difference with the polarity of the lens. During the
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of the fringes in the outside zone was 8~7 as shown in Fig.7 (f) ; a little smaller than that in the inside zone, 11~10 as
shown in Fig.7 (a),(b). This reduction of fringes in the outer area is more remarkable in the case of concave lens. That’s
why the obtained negative lens power was not enough while positive one is enough, as shown in Fig.8. This mismatch of
the number was found to be occurred from the different optimal frequency of voltage application with each width of
segment pitch. We would like to discuss about the matter in the next section.
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Figure 8. Phase retardations calculated from interference fringes.

4.3 Dependence of optimal frequency on segment pitch

When the LC lens is driven by alternative current voltage application, applied frequency is also important factor to
control the lens characteristics [ In this study, when the interdigitated electrode was placed, there found to be a strong
relationship between a segment pitch and an applied frequency. In particular, segment pitch of the LC lens decreases
from the inner to the outer area, therefore we have to consider the optimal driving frequency on the all area of the lens
radius. Then we have discussed the potential level obtained from the concentric interdigitated segment with a finite
element analysis software (COMSOL Inc., COMSOL Multiphysics) 1€,

Figure 9 shows the calculated potential distributions from the inner to the outer area of the LC lens aperture with the
same manner as described in Fig.1 (b). Used model was assumed an intersection of circular LC lens, so segment pitch is
decreased from the inner to the outer area. Therefore, be careful to the X-axis which indicates the radial position of the
lens described with the different scale. Figure 9 (a) ~ (c) show the calculation result of potential distribution driving
with the same frequency of 200 Hz. In this condition, amplitude of the obtained potential shows shrink with the segment
pitch. Figure 9 (d) ~ (f) show the potential distribution driving with the variant frequency as indicated. This condition,
we can obtain the sufficient amplitude of the potential both the inner and the outer area. According to the results,
amplitude of the potential in the LC material was found to be shrunk with the decreasing of segment pitch. On the other
hand, voltage application with higher frequency seems to recover the shrunk amplitude to be larger. That’s why we had
to change the frequency of applied voltage to be higher on the outer lens area than inner area to obtain the sufficient lens
power, we supposed. According to our further discussions, this difference of the optimal frequency was found to be
caused by the higher impedance of the insulator layer of vertical direction. Therefore, our next challenge is to reduce the
difference of the optimal frequency between the inner and the outer area, otherwise, we have to prepare the voltage
source of multi frequencies which causes the increasing of the driving cost. When we develop an advanced LC lens with
larger aperture, this problem must be overcome as well as increasing the lens performance. One solution is to improve
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