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ABSTRACT

Liquid crystal based lenses with concentric electrodes are
needed for applications where high optical quality is required.
To achieve that quality , the sources of performance
degradation and methods to overcome them are presented.

1. Introduction

Several papers have been written that describe the basics of the
performance of liquid crystal based lenses. [1-8] However, a
review of all factors of LC lens design and their contributions to
the final performance have not been fully reviewed. In this paper,
therefore, we start by introducing the LC simulations and lens
modeling methods used, introduce main electro-optic lens
design factors, and analytically and quantitatively analyze their
effects on the lens performance in terms of particular metrics.

The basic design of the lens approach discussed in this paper is
shown in Figure 1. for a small diameter lens. The design consists
of concentric ITO electrodes that are interconnected with
resistors to minimize the number of external driving voltages
supplied by bus lines .

(@)

Figure 1. (a) Inter-ring resistor design; (b) Lens design diagram
showing relative locations of resistors and bus lines; (c) Close-
up at enclosed area.

2. LC Lens evaluation metrics.

Ideally, a collimated light beam parallel to the optical axis with
plane wave is focused by a perfectly aspheric positive lens to
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form the airy disk pattern, containing most of the light intensity
in the center lobe at the focal plane. Therefore, by comparing the
intensity peak for LC lens to the ideal lens (same power) case
(i.e. strehl ratio), its focusing ability can be determined, from
which its imaging performance can be predicted as well. Thus,
strehl ratio is the first primary metric to evaluate the quality of
the LC lens.

The second metric used in this paper is Modulation Transfer
Function (MTF), which is one of the most important specs for
lens evaluation. The MTF curve shows the spatial frequencies
of the image, and their corresponding contrast ratio,
intrinsically determined by the lens. For example, with low
frequencies, images can be well resolved with high contrast,
and beyond the cutoff frequency, the images are blurred.
Generally speaking, therefore, MTF demonstrates the
relationship of lens resolution and image contrast.

3. LC calculations and lens modeling

The LC director field calculation takes the electrode pattern,
applied voltages, cell thickness, and the liquid crystal properties
as input, numerically calculates the 2D director profile
throughout the cell. Then, the Optical Path Difference (OPD) or
phase profile of the lens can be calculated by integrating the
effective refractive index across the cell thickness for each point
on the lens surface [3].

With a given lens OPD calculated, the light distribution at the
focal plane is calculated using the Rayleigh-Sommerfeld
diffraction equation. [9-10]

4. LC Lens Design factors

4.1 Phase steps

Analytically, given the diameter and focal length, the ideal
parabolic phase profile for a positive lens across its aperture can
be obtained:

2

OPD(r)z—;—f (1

Here, r is the lens radius, and f is the desired focal length.
Outwards from the center, the width of each electrode is
determined by its phase step within each electrode region being
equally small as a fraction of A (Green light A = 543.5 nm), which
tends to minimize quantization phase aberration caused by the
discrete nature of electrode patterns [11]. In principle, the
diffraction efficiency is proportional to the number of phase steps
per wavelength of the light:

n o (sin(z/q)/(z/q))’ @

Here, q is the number of steps per wavelength. In addition, this
expression assumes no smoothness between adjacent stair steps.
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Numerically, we can discretize the ideal continuous parabolic
OPD to different phase steps per wave, and simulate the strehl
ratio (Table.1). It’s considered here that more than 8 phase
steps/wave is required for acceptable lens performance.

6 8 10
steps/wave | steps/wave | steps/wave
Analytical efficiency 91% 95% 97%
Numerical strehl ratio 93% 97% 98%
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Table 1. Analytical diffraction efficiency and numerically
calculated strehl ratio for different phase sampling rate

4.2 Gaps between electrodes

Gaps are needed to separate the electrodes in order to apply
different voltages on different electrodes and tune the LC lens
refractive power. In order to minimize the index aberration
within the interstitial space, the gap between electrodes should
be small, compared to thickness of the cell [12]. Both analytically
and numerically, we analyze the lens efficiency for different
electrode gap widths with the following example of a lens with
diameter of 2.4mm, focal length of 400mm, 10 phase steps/wave,
and 33 ring electrodes.

Analytically, the diffraction efficiency for different gap widths

can be expressed as:
A 2
| 1-—£
" ( A j
(3)

Here, A is the total width of the lens (diameter); Ar is the width
of electrode gap areas (sum of gaps along diameter).
Furthermore, in this expression, it assumes the gap areas are
completely bad without phase smoothness between adjacent
phase steps, and contribute nothing to the efficiency.
Numerically, we can determine the location and width of
electrodes by assuming 10 phase steps/wave. With different gap
width and perfect voltage profile, we can calculate the electric
field distribution, LC 2D director profile, and LC lens OPD,
which can be used to calculate the strehl ratio compared to the
ideal lens for different gap widths. In addition, as the fringing
field exists, the phase is smoother than the analytical case in the
gap areas, therefore, a better efficiency is expected.

From the calculation results, it is found that the strehl ratio drops
significantly as the gap width increases to 3 or 4pm (Table.2

lpum
2um ga 3um gaj 4um ga
o um gap | 3umgap | 4um gap
Analytical | o) G0/ | 99306 | 842% | 79.2%
efficiency
Numerical | o ¢, 93% 86.5% | 81.5%
strehl ratio

Table 2. Analytical diffraction efficiency and numerically
calculated strehl ratio for different gap widths

In this example, the calculated MTF of LC lens with electrode
gaps demonstrates a sharp contrast drop at low frequencies
representing the uniformly scattered light. The cutoff frequency
of LC lens is the same as ideal lens representing the same
focusing ability as well (Fig. 2).
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Figure 2. Calculated MTF for LC lens of 10 phase steps/wave,
3.5um gaps

4.3 Floating electrodes and the effect of

associated fringe fields.

To control the effect of haze associated with the electrode gaps,
“floating electrodes” can be fabricated that cover the gaps in
the driven electrodes . The modified device is shown in figure

T
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Figure 3 a) side view for the structure of the LC lens with
‘floating’ electrodes. In the picture the lower set of light blue
electrodes viewed end on are the driven electrodes, and the
upper set of light blue electrodes viewed end on are the floating
electrodes. b) Microscope picture of the structure of the lens.
The color is shown to add to the visualization of the structure.
The driven and floating electrodes are transparent.

The effect of adding the floating electrodes is to significantly
reduce the haze, with the resulting MFT curve being close to



the ideal lens performance in figure 2.

While the floating electrodes provide substantially reduced
haze, they create a smaller second source of haze. As shown
in figure 4 below, there is a phase variation at the edges of the
floating electrodes caused by a fringing electric field due to the
potential difference of the floating electrodes and the
underlying driven electrodes. ~ We have found this cause of
phase distortion can be eliminated through the addition of the
thick insulator over the top of the floating electrodes. ( not
shown in figure 3)
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Fig. 4: Retardation change pictures resulting in a color change
of the built cells under cross polarizer. a) before the addition of
a thick insulator over the top of the floating electrodes . White
and black double arrows are representing floating electrodes
and exposed part of driven electrodes, respectively. Yellow
single arrow sign is indicating the dark and bright edge of the
floating electrodes. b) Picture showing smooth phase variation
after addition of insulator layer .

4.4 The effect of phase resets

If a large diameter lens is required, the OPD given in equation
1 can be large, and for the case of a continuous phase profile
result in a liquid crystal device thickness that causes the
response time to be unacceptable. To solve that problem,
phase resets can be used where the phase discontinuity is
ideally an integer multiple of the wavelength of light. A section
of a lens showing two phase discontinuities of 7 waves is
shown in figure 5. Also shown in figure 5 is the distorted
director profile at the phase discontinuity.
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Figure 5. (top) A section of an example lens showing a
segmented phase profile. The color scale is radians . (bottom)
Director profile in the region of the phase discontinuity.

The distorted director field , causes light to be directed away
from the desired deflection direction as shown in figure 6. The
light scattered by this distortion is a source of haze that is
undesirable, and can be minimzed by placing a light blocking
layer over the region of phase distortion. Figure 7 shows a
microscope picture that shows the region of phase distortion,
and with a “black matrix™ light blocking layer

N———————
Phase reset zone 19th—————\S———————Phase reset zone 20th

Figure 6. and FDTD picture showing the wavefront of light
incident to a lens region that contains a phase reset at the
bottom of the figure and exiting at the top. The red arrow
shows the propagating of direction of light from the region of
discontinuity.

IDW 22 59



60

Without BM With BM

Inner zone(Zones)

3
=
s
<
i
£

Without BM With BM

Figure 7. (top) shows microscope pictures of the phase
distortion at a phase reset and the extent of the light blocking
layer over that region. (bottom) shows the images of a
resolution chart taken though lenses with and without the light
blocking layer present.

Also shown in figure 7 is a picture taken though an example
lens showing the reduction in haze that can result from the
addition of the light blocking layer.

8. Conclusions

We have systematically studied the effects of different design
factors on liquid crystal based electro-optic lens performance
with modeling, and have shown approaches toward mitigating
image degradation.
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