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ABSTRACT

Large aperture and polarizer-free liquid crystal lenses (LC lenses) based on a double-layered structure for
ophthalmic applications are demonstrated. The polarizer-free LC lens functions as both of a positive lens and a negative
lens with large aperture size of 10mm. The lens power is electrically and continuously tunable ranging from -1.32
Diopter to 1.83 Diopter. To demonstrate the polarization independency, the wavefronts of the LC lenses under different
polarized light were measured and discussed. The detail operations of the applied voltage and frequency are also
discussed. The imaging performance of the LC lens is also evaluated. This study provide a detail understanding of the

polarizer-free LC lenses based on a double-layered structure.
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1. INTRODUCTION

Liquid crystal(LC) lenses electrically modulate phases of the incident light and distort the incident wavefront. Many
applications of LC lenses are developed, such as solar concentrators and optical trapping systems, pico projection,
endoscopes, camera modules, and ophthalmic applications.[1-12] The main challenges of the LC lenses are:
polarizer-free, large aperture size, large tunable lens power, and good imaging quality. In 2013, we demonstrated a
polarizer-free LC lens based on double-layered structure to enlarge both of the phase and the aperture.[13] The proposed
polarizer-free lens provides a continuously tunable lens power ranging from positive to negative lens powers. The optical
mechanism to apply a LC lens to a human eye system for presbyopia and myopia is also introduced. However, the
driving voltages are too high (up to 160Vms) and the aperture size are still limit ~6mm. In addition, the phase distribution
of the double-layered type LC lens has not been reported yet. In this paper, we demonstrate the polarizer-free LC lens
based on double-layered structure with an aperture size of 10mm and the operating voltage of 50Vms. The wavefronts of

the LC lenses at different polarization states of incident light are measured and discussed. The detail operations of the
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applied voltage and frequency are also discussed. The imaging performance is also evaluated. The polarizer-free LC lens

can not only be applied to ophthalmic lenses but also imaging systems, projection systems, and endoscopes.

2.  STRUCTURE AND OPERATING PRINCIPLES
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Fig. 1 The structure of the polarizer-free double layered LC lens.
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The structure of the polarizer-free double layered LC lens is depicted in Fig. 1. The structure of the LC lens
consists of an insulating layer of polymer NOAS81 (Norland), a high resistive layer (HRL), three glass substrates coated
with Indium Tin Oxide (ITO) layers as electrodes, alignment layers of polyimide (PI), two LC layers and a polymeric
layer as a separator to separate two LC layers. The thicknesses of the insulating layer, LC layers, and polymeric layers
are 35 um, 50 um, and 50 pum, respectively. The material of the LC layer is LCM1790 (An=0.42 @ 589nm, from LC
MATTER CORP.). The material of the HRL is Zinc Oxide (ZnO) with a sheet resistance larger than 10M/sq. The
polymeric layer is also optically isotropic or polarization independent for the normally incident light. The transmittance
of the polymeric layer is comparable to the transmittance of glass substrate (>97% for red light and neglecting the
reflections). When the applied voltages Vi=V,=0, the LC directors are all aligned parallel to the glass substrates, as
shown in Fig. 1. As a result, the spatial distributions of refractive indices of the LC layers are uniform and the LC lens
has no lensing effect. When V> Vi, the LC directors around the rim of the aperture are more parallel to the glass
substrates and the LC directors in the center of the aperture are more perpendicular to the glass substrates. The LC lens is
a negative lens because of the gradient refractive index distribution of the LC directors. Similarly, the LC lens is a
positive lens when V,< Vi. By changing the magnitude of the voltages of V; and V,, the lens power of the LC lens is
electrically switchable. Besides, the function of HRL is to assist the electric field distributing all over the aperture and
thus to lower the driving voltage.[14-15] The potential distribution (U) across the aperture of a simple hole-patterned
structure can be expressed as: V’U =2x R x(G,. —ixwxC,.)xU , where Ry is the sheet resistance of the resistive
layer, w is the angular frequency of the signal, Crc is the surface capacitance of the LC layer, Gic is the surface

conductance of the LC layer, and i is the imaginary unit. Considering the frequency dependent impedance of the LC

layer Zic (ie.,Z, . = 1/(GLC —ixwxC,.)) and the capacitance of the LC, the potential distribution (U) changed at
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different frequencies of the electric field.[4,16] As a result, the voltages Vi, V,, and frequency affect the distribution of
the phase profile. Therefore, we are able to find the appropriate applied voltages and frequency to obtain maximum

tunable lens power which is demonstrated and discussed more in next section.

3. EXPERIMENT AND RESULTS

To measure the lens power, a Shack-Hartmann wavefront sensor (Thorlab, WFS-150-7AR) was used to measure the
optical phase difference (OPD) of the wavefront after light passed through the LC lens. An unpolarized He-Ne laser (A =
633 nm) was coupled into a fiber and then the light out of the fiber was incident to a lens to generate a collimated light.
The collimated light was impinged on the LC lens, relay lenses for adjustment of the beam size, and the wavefront sensor,
accordingly. The spatial OPDs were recorded by the wavefront sensor. The lens power of the LC lens was calculated by
the standard software provided by Thorlab version 3.5. To measure the polarization dependency, the polarizer was
placed near the LC lens and was rotated to change the polarization state of the incident light. To obtain the maximum
positive lens power, the measured lens power as a function of V; at different frequencies (f) at V,=0 was shown in Fig.
2(a). In Fig. 2(a) at /=15kHz, the lens power increases with V| and then decreases after reaching the maximum lens
power. As we can see from Fig. 2(a), the maximum lens power is 1.66D at the applied voltage pair of (Vi, V2)=(50Vms,
OVims) at f=15kHz. Local minimums of the lens powers at the applied voltage pair of (Vi, V2)=(40Vims, 0Vims) at
f=15kHz and (30Vms, 0Vims) at f=10kHz was also observed in Fig. 2(a) which is because of poor phase distribution
resulting the error of the wavefront measurement. Similarly, we can obtain the maximum negative lens power by
measuring the lens power as a function of V»at different frequencies (f) at V1=0, as shown in Fig. 2(b). In Fig. 2(b), the
optimal condition for minimum negative lens power of -1.32 D can be obtained at the applied voltage pair of (Vi,
V2)=( OVims, 50Vms) at f= 2 kHz. From Figs. 2(a) and 2(b), maximum and minimum lens power of the LC lens (i.e.
1.66D and -1.32D) can be obtained by fine adjustment of the frequencies, Vi, and V,.
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Fig. 2 (a)The lens power as a function of V| at different frequencies. V2= 0 Vims. (b) The lens power as a function of V> at

different frequencies. Vi=0 Vims.

In the previous paragraph, we obtain V| (i.e., 50Vys) at the corresponding frequency (i.e., 15 kHz) for maximum
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positive lens power, and V> (i.e., 50Vmns) at the corresponding frequency (i.e., 2 kHz) for minimum negative lens power.
We further test the polarization dependency and continuously tunable lens power. The measured lens power as a function
of V2 at V=50V at /= 15 kHz under different polarization states is shown in Fig. 3(a). The lens power under different
polarization conditions are matched quite well. This indicates the LC lens is polarization independent when the LC lens
is operated as a positive lens at different V> at V1=50 Vs and at /= 15 kHz. As one can see, the maximum lens power in
Fig. 3(a) is 1.88D at (Vi, V2)=( 50 Vims, 10 Vims) at /= 15 kHz. This is because proper V:at fixed Vi=50 Vs helps to
obtain more parabolic phase profile and then improve the average lens power slightly. The lens power can be switched
between 1.83D to 0.11D for unpolarized light in Fig. 3(a). Fig. 3(b) shows the lens power as a function of Viat V, =
50Vms at /= 2 kHz under different polarization states of incident light. The negative lens power in Fig. 3(b) is also
polarization independent and continuously tunable from 0.09D to -1.32D. Therefore, the double-layered LC lens which

can be operated as a positive lens and a negative lens is not only electrically tunable, but also polarization independent.
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Fig. 3 The lens power of the LC lens as a function of an applied voltage under an unpolarized light (diamonds), x-linearly
polarized light (triangles), and y-linearly polarized light (rectangles) under (a) positive lens operation and (b) negative lens operation.
“Positive” represents the positive lens power by changing V2 at Vi= 50 Vms at frequency =15 kHz. “Negative” represents the negative

lens power by changing V1 at V2= 50 Vs at frequency =2 kHz.

The lens power is also related to the frequency because of the frequency-dependent impedance of the LC layer and
the HRL which affect the effective voltage applied to the LC layer. To demonstrate the frequency-dependent impedance
of the LC layer, an LCR meter (Agilent 4284A, Hewlett Packard) was used to measure the impedance of the LC material
(LCM-1790). We adopted a standard test cell with cell gap of 15um. The measured frequency-dependent impedance of
the test cell under different applied voltage is shown in Fig. 4. In Fig. 4, the impedance of the test cell decreases with an
increase of frequency and also with an increase of applied voltage. As a result, the spatial voltage distribution of the LC

layer resulting in spatial phase distribution is able to be manipulated by adjustment of frequency and voltage.
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Fig. 4 The impedance |Z| of LC materials (LCM1790) as a function of frequency under different applied voltages. The cell gap of the

test cell is 15 pm.

From Fig, 4, the spatial phase distribution of the proposed LC lens should depend on the frequency. We then
measured the positive lens power and negative lens power as a function of frequency of the proposed LC lens, as shown
in Figs. 5(a) and 5(b). From the maximal and minimal lens powers (i.e., 1.83D and -1.32D) we obtained in 3(a), and 3(b),
(Vi, V2) of the positive LC lens is chosen as (50Vims, 10Vims) and (Vi, V) of the negative lens is chosen as (Vi,
V2)=(0Vms, 50Vmys). In Fig. 5(a), the positive lens power basically increases with frequency, but with a local minimum at
=12 kHz. This is because the impedance of the LC layers is higher at lower frequency and then the effective voltage at
the LC layer is higher. Higher effective voltage of LC layers, larger reorientations of the LC directors. As a result, higher
frequency, larger spatial phase distribution and then bigger LC lens power. As to the local minimum of the lens power at
=12 kHz, we observed that the LC directors in the center of the LC lens started to reorient as f>12 kHz at a fixed voltage
of (Vi, V2) =(50Vims, 10Vms) and did not reorient as /<12 kHz. Thus, we observed local minimum of the lens power at
f>12 kHz. Similarly, we also measured the negative lens power at (Vi, V2) of (0Vims, 50Vms) as a function of frequency,
as shown in Fig. 5(b). For the unpolarized light, the lens power first decreases with frequency, reaches local minimum at
frequency of 2 kHz, and then the lens power increases with frequency again. We also test the frequency response at
different polarization states. In Figs. 5(a) and 5(b), the tunable lens power at different frequency is nearly polarization

independent.
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Fig. 5 The lens power of the LC lens as a function of frequency under an unpolarized light (diamonds), x-linearly polarized light
(rectangles), and y-linearly polarized light (triangles). (a) is the positive lens and (b) is the negative lens. “Positive” represents the
positive lens power by changing frequencies with voltages (Vi, V2) of (50Vims, 10Vms). “Negative” represents the positive lens power

by changing frequencies with voltages (V1, V2) of (0Vims, 50Vims).

To investigate the phase distribution of the LC lens under different polarization states, OPDs of reconstructed wavefronts of the
LC lens are analyzed on a basis of the Zernike coefficients.[4,17] The spatially distributed OPDs of reconstructed wavefronts under
different polarization states are shown in Figs. 6(a)-6(i) as the LC lens is at voltage-off state, a positive lens, and a negative lens.
Figures 6(a), 6(b), and 6(c) indicate that the LC lens under an unpolarized light at (Vi, V2)=(0Vms, 0 Vims), (0 Vims, 50 Vims), and
(0 Vims, 50 Vi), respectively. The operating frequency for the positive lens is 15 kHz, while for the negative lens is 2 kHz. Figure
6(a) shows slightly non-uniform phase difference across the aperture with a low spatial variation (<5 um). Figure 6(b) shows a
negative OPD with total phase difference of ~ 20um and Fig. 6(c) shows a positive OPD with total phase difference of ~ 20um.
Figures 6(a), 6(b), and 6(c) also indicate that the LC lens shows no lensing effect, a negative lens, and a positive lens, respectively. To
compare the polarization dependence of the wavefront, Figs. 6(d)-6(f) show the wavefronts under x-linearly polarized light and Figs.
6(g)-6(i) show the wavefronts under y-linearly polarized light. Similar to the cases under unpolarized light, OPD in Fig. 6(d) has low
OPD variation. Figures 5(e) and 5(h) show wavefronts of negative lenses, and Figs. 6(f) and 6(i) show wavefronts of positive lenses.
From Fig. 6(c), Fig. 6(f) and Fig. 6(i), the wavefronts are similar, which means the OPD of the positive lens is polarization
independent as a viewpoint of spatial OPD. On the contrary, the discrepancy of the negative lens in Figs. 6(b), 6(¢), and 6(h) means
anisotropic focusing properties of the LC lens at different polarization states, which could affect image quality. In addition, the OPDs
of the LC lens in Fig. 5 are asymmetric because of three main reasons: the thickness variations of the LC layers, the thickness

variations of polymeric layers, and non-uniform resistivity of high resistive layer.
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Fig. 6 (a), (b), (c) are the reconstructed wavefronts of the LC lens under an unpolarized light at (V1, V2)=(0, 0), (0, 50), and (50, 10),
respectively. (b) is a negative lens and (c) is a positive lens. (d), (e), () are the corresponding wavefronts in (a), (b), (¢) under x-linearly
polarized light. (g), (h),(i) are the corresponding wavefronts in (a), (b), (¢) under y-linearly polarized light. The frequency was 15 kHz for the

positive lens and 2 kHz for the negative lens. Color bar indicates the OPD in a unit of micron.
To test the imaging performance of the polarizer-free LC lens, the image performance was shown in Fig. 7. The image
performance was taken by a camera (Canon 500D) with a attached LC lens attached. Figures 7(a) and 7(b) are the experiment results

at voltage off and voltage on states, respectively. The image quality is clear as (V1, Va, f) = (50Vims, 40Vims, 5 kHz). The image is

blurred without the applied voltage.

(a)

NCTU

Fig. 7 The imaging performance (a) at (V1, V2, f) = (0Vims, 0Vims, 0) and at (b) (V1, V2, f) = (50Vims, 40Vims, 5 kHz).
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4. CONCLUSION

We demonstrated a large aperture and polarizer-free LC lens for ophthalmic applications. The tunable lens power

can be electrically controlled from -1.32D to 1.83D with the operating voltage of 50Vims. The operation mechanism and

the simple driving methods of the polarizer-free lens are introduced. To demonstrate the polarization independency, the

phase distribution and OPDs of the LC lenses under different incident polarized light were analyzed. The detail

discussion on the operation of the voltage and frequency driving method are demonstrated. We believe the polarizer free

LC lens paves a broad way for ophthalmic lens and other adaptive optics applications.
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