


ground electrode substrate contains a uniform conductive indium-tin-oxide (ITQ)
layer and the patterned electrodes are fabricated by photolithographic processing.
For higher diffraction efficiency and ease of control, the patterned electrodes
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Fig. 1 LC lens with patterned electrodes. (a) Flat lens structure; (b) Top view of one-layer electrode
pattern; (c) Cross section of the two-layer electrode pattern, where odd- and even-numbered
electrodes are interleaved into two layers.

have a ring shape defined by diffractive optics. The center wavelength is the
peak of the human photopic response, 555 nm. The initial orientation of the
molecules is paralle] to the polarization of the incident beam, which is an
extraordinary beam and its effective refractive index can be changed in the range
from n, to n, due to the reorientation of the LC molecule when a voltage is
applied. The material has a positive dielectric anisotropy (>0.2), which provides
enough phase modulation for the visible wavelength with a 5 um-thick cell. If
all the ring electrodes for tailoring the refractive index are patterned in one layer,
there must be gaps between neighboring electrodes (Fig. 1(b)). In order to
eliminate the gaps between the electrodes, the odd- and even-numbered
electrodes can be interleaved into two layers which are separated by a SiO,
insulator layer (Fig. 1(c)). The effects of the gaps between the ring electrodes
and the fringing field on the lens performance have been analyzed. Here, we just
show an example. Assume the focal length is 1m, and the diameter of the lens is
10mm. Figure 2 (a) depicts the normalized intensity distribution around the main
focal point for no gap and gaps of various values. When the aperture of the lens
is large, the gaps distort the phase profile and hence reduce the diffraction
efficiency. The gaps should be kept small. Figure 2 (b) illustrates. the deviation
of the phase profile of one zone from the ideal case caused by the fringing field
effect. Type B transition reduces the diffraction efficiency too.
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Fig. 2 Effects of the gaps between the neighboring ring electrodes and the fringing field. (a) Intensity
distribution at the focal plane for no gap and gaps of various values. (b) Hlustration of the phase
profile caused by the fringing field. Dashed line, the ideal phase profile.

Lenses with three different designs have been demonstrated:

(1) All the ring electrodes for modulating the multi-level phase profile are
patterned in one layer with a 1pm gap between the neighboring electrodes’.
Over the patterned ITO, an electrically insulating layer of SiO, is sputtered and
into which small via openings (conducting holes for vertical interconnections)
were etched. An electrically conductive layer of ITO is subsequently sputtered
over the insulating layer to fill the vias and contact the electrodes and patterned
to form independent electrical bus bars. Lenses with eight phase levels, 10 mm
diameters and focal lengths of 1 m and 0.5 m (+1.0 diopter and +2 diopter of add
power, respectively) have been demonstrated. '

(2) In order to avoid the lateral gaps between the electrodes and allow high
diffraction efficiency, the odd- and even-numbered ring electrodes are separated



in two layers®. A preliminary experiment with interleaved electrode pattern has
been performed for a 4-level, 15 mm-aperture, 2-diopter lens with the expected
performance.

(3) A robust design is given with three-layer electrode pattern and two-layer
via structures for - flexible interconnection and no-gap pattern’. The
microfabricated transparent concentric ring electrodes are distributed in two
layers and different voltages are applied to each electrode through bus lines in
another layer. Connection between the electrodes and the bus lines is achieved
by vias in the third dimension. This design makes it easier to fabricate lenses
with higher-level phase steps and larger aperture and overcome the shorts
between the electrodes. This method can be used for design of LC lens of any
phase levels. It should be noted that, unlike the conventional binary optics, in
this design the increase of the phase levels (e.g., to 16 levels) in each zone does
not increase the fabrication steps.

For vision correction of presbyopic eyes, polarization insensitive switchable
lenses are needed. As homogeneously aligned nematic LC is polarization
sensitive, two lenses with orthogonal buffing directions were integrated as a
single polarization insensitive lens. A method for active alignment of the two
lenses has been described’. To test the imaging properties of the lens, a model
human eye was constructed and a double lens element was placed in front of the
model eye to provide near vision correction. For demonstration, a lens is first
tuned with a focal length of 50 c¢m (2-diopter add power), 4-level phase
modulation, diffraction efficiency of 78% and then reconfigured to operate as a
1-diopter 8-level lens with a diffraction efficiency of above 91%. The lens
operates with low voltages (< 2 Vgpyg), fast response (~130 ms), small
aberrations (the RMS value of the higher-order aberrations is about 0.0391), and
a power-failure-safe configuration. Figure 3 shows correction of a model eye
using the switchable lens. The object is initially in the reading distance. When
the LC lens is off, the model eye has insufficient power to form a sharp image
(Fig. 3(a)). But by switching on the diffractive lens with 2-diopter add power,
the image is brought into focus with excellent contrast (Fig. 3(b)). Figure 3(c)
illustrates the number of the phase steps of the lens is tuned from 4-level to §-
level and correspondingly the focal length is adjusted from f to 2f. In this case,
the object is moved to a farther distance. Dependence of the diffraction
efficiency on the incidence angle is related to the field of view effect for normal
use of the spectacle lenses. The diffraction efficiency decreases monotonically
as the increase of the incidence angle. It drops about 4% when the lens is tilted
20° and it is acceptable for real application. This decrease results from the
change of the phase profile for normal incidence light compared with light
coming at an oblique angle. Such a lens provides the capability of correction for
near-, intermediate-, and distance-vision.
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Fig. 3 Hybrid imaging using the vari-focal LC lens for demonstration of vision correction. The LC
lens is (a) OFF and (b) activated with 2-diopter power. (¢) The lens is reconfigured from 4-level 1-
diopter to 8-level 1-diopter case. (d) Hybrid imaging with the 1-diopter power.

3. Discussions and conclusions

The approach demonstrated here can be extended to the design of lenses with
multiple digital focal lengths while keeping the same diffraction efficiency. This
provides more powerful ability in accommodating near-, intermediate-, and
distance-vision. Individually addressable electrodes (subzones) would allow this
capability. The focal length can be adjusted by controlling the zone period using
individually addressed ring pattern. Assume the geometry of the electrode
pattern is designed for an elementary focal length f with L-level phase

modulation in each zone. If the zone period rl2 is increased to 2 r,2 by grouping
every two neighboring subzones into one, i.e., applying the same voltage to the
two neighboring electrodes, the focal length is changed to 2f with the same L-
level phase modulation. Similarly, with the fixed electrode pattern, the focal

length can be varied to kf (k is an integer) by increasing the zone period to k 712 .

This technique may also be applied to provide the capability of quasi-
continuously changing the focal length, allowing correction for all the subjects
with different accommodation requirements by using individually addressed ring
pattern. For each desired focal length, a number of rings are grouped together to
form each subzone. With current fabrication technology, the array of ring
electrodes with a small feature size (less than 5 pm) can be made. For a lens of
15mm in diameter, the focal length can be continuously changed from 30 cm to



infinity. The proposed structure is easier to control than the spatial light
modulator.

The diffractive lens has opposite chromatic aberration as to the human eye,
so they can cancel each other to some extent. The chromatic aberration of the
diffractive lens can be reduced by using the concept of multi-order diffractive
lens, where the phase jump at the zone boundaries is p2xn (p>1, integer) for the
design wa.velength5 . Assuming the brain is adapted to a certain degree of
chromatic aberration, balancing the dispersion of the diffractive lens and the eye
is less desirable. On the other hand, the brain can handle both balanced and
imbalanced chromatic aberrations.

Negative focusing powers can also be achieved with the same lenses by
changing ‘the sign of the slope of the applied voltages. Usually correction of
presbyopia needs an add power less than 3 diopters. With the state-of-the-art
facilities, it is feasible to make such lenses. For correcting a residual refractive
error for myopia or hyperopia, a curved substrate can be used or the lens can be
used together with a contact lens for eyes that need minor correction for distance
vision. The other concern is the temperature dependence of the lens
performance. The refractive indices of the LC change due to the temperature
variation (n, has a larger change than n,). A temperature sensor and a variable
voltage circuit are needed for compensation.

These results represent significant advance in the state-of-the-art in liquid
crystal diffractive lenses for vision care and other applications. They have the
potential of revolutionizing the field of presbyopia correction when it is
combined with autofocus function.
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