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Abstract: A hole-patterned electrode liquid crystal (LC) lens with electrically switching coaxial
bi-focus and single focus modes of tuning is demonstrated. The proposed LC lens mainly consists of
a two LC layer (TLCL) structure with different thicknesses to achieve higher focusing power than the
conventional hole-patterned electrode LC lens with the same aperture size. In the TLCL structure,
one LC layer, doped with 3 wt % RM257, was photopolymerized to achieve a fixed focusing power
of 18.5 Diopter. Due to polarization dependence in TLCL lenses, an additional 90° twisted nematic
(TN) cell was used to change the incident polarization in order to switch lens functions on or off. As
a result, a fixed focusing power of 18.5 Diopter was achieved when voltages of 10 Vs were applied
to the 90° TN cell. In addition, the switching capabilities of the bi-focus and single focus modes were
achieved when operating individually with applied voltages from 20 Vs to 90 Vs, and higher
voltages of over 90 Vs, respectively. The maximum focusing power in the fabricated TLCL lens is
30.9 Diopter.

Keywords: coaxial bi-focus; liquid crystal; liquid crystal lens

1. Introduction

Owing to the key characteristics of optical birefringence and dielectric anisotropy, liquid crystals
(LCs) are usually used to fabricate numerous electro-optical devices such as tunable LC lenses, displays,
phase modulators, and optical gratings, among others [1-4]. Particularly, studies on tunable LC lenses
have gained much attention recently given their suitability for several emerging applications, such
as 3D display techniques, wearable displays, and augmented reality (AR). The operation principle
of tunable LC lenses is mostly electrically driven in order to reorient LC molecules to achieve ideal
gradient refractive index distributions, so that incident light passing through them modifies its wave
front to focus or defocus. Until now, numerous types of LC lenses have been developed, such as the
diffractive LC lens [5,6], LC lenses with a curved electrode or a multi-ring electrode [7-9], smectic
LC lenses [10], cholesteric LC lenses [11], and circular hole-patterned LC lenses [12-14]. Among
these types of LC lens, the hole-patterned electrode LC lens possesses the features of tunable focus, a
wide lens aperture size range, and easy fabrication. Therefore, the hole-patterned electrode LC lens
has been widely investigated and developed in numerous fields including imaging systems [15-17],
3D displays [18-20], and biological applications [21,22]. However, numerous issues also exist and
must be resolved for this type of LC lens. For example, the disclination line is a common issue, owing
to discontinuous LC orientation induced by the fringe electric field [23]. Several approaches have
been implemented to prevent this issue including polymer-stabilized LCs on substrate surfaces [24],
applying an additional electric field in cells [25,26], and adding an insulator layer between the LC
layer and the electrode in cells [12,27].
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Generally, LC lenses with large phase retardation in the radial directions are considered
high-focusing power lenses and are very beneficial for practical applications, such as head-mounted
displays and integral image systems [28,29]. When combined with glass lenses, a larger range of
focusing power is available to achieve shorter focal lengths, but larger spaces are also needed [30-32].
Previously, Lin et al. used a built-in polymer-LC composed film to effectively achieve shorter focal
length [33], but maintaining the ideal uniformity of polymer-LC composed films is a challenging
fabrication process. In the present study, we demonstrate that a hole-patterned electrode LC lens is
capable of electrically tuning focuses and switching between single and bi-focal modes. Particularly,
higher focusing power in the single focal mode is available for this proposed LC lens compared with
the conventional hole-patterned electrode with the same aperture size. The proposed LC lens is mainly
composed of two LC layers (TLCL) sandwiched by three conductive indium tin oxide (ITO) glass
substrates, the middle layer of which has a hole-patterned ITO electrode. After determining the
suitable thickness of the two LC layers, this TLCL LC lens is characterized by a free disclination line
and high focusing power.

2. Simulation Design and Fabrication of the Proposed LC Lens

2.1. Simulation Design

Figure 1a depicts the schematic cross-section of the proposed LC lens with electrical operation.
The TLCL structure comprised a layer with a thickness of 25 um (named LCL-1) and another with a
thickness of 75 pm (named LCL-2). During electrical operation, an AC voltage with a 1 kHz square
waveform is applied to the conductive glass substrates, one terminal of which is connected to the
hole-patterned electrode on the top surface of the middle glass substrate, while another terminal
is simultaneously connected to both ITO electrodes on the top and bottom glass substrates. For
simulation and comparison, the proposed LC lens with a TLCL structure can be decomposed and
segmented into two major parts, as shown in Figure 1b,c. Figure 1c depicts the conventional similarities
of a hole-pattern electrode LC lens with a 75 pm thickness of LC layer, on which a 1.1 mm-thick glass
substrate is used as an insulator layer in order for non-uniform electric fields to penetrate the central
electrode [12], and the achievement of smooth fringe-electric field distribution in the LC layer in order
to prevent the occurrence of a disclination line [27]. Figure 1b shows the other conventional similarities
between a hole-pattern electrode LC lens with a 25 um-thick LC layer and another without an insulator
layer. In this study, we simulated and compared the characteristics of the TLCL lenses with individual
hole-patterned electrode LC lenses, as shown in Figure 1b and c. Using the commercial software LCD
master (Shintech, Yamagushi, Japan), we simulated and analyzed the distribution of equipotential lines
and LC molecular orientation in order to verify and compare the characteristics of TLCL LC lenses in
experiments. The simulation conditions of the TLCL structure are as follows: glass dielectric constant,
7.6; thickness of the ITO conductive film, 100 nm; thickness of the LC alignment layer with strong
anchoring force, 200 nm; and LC pretilt angle, 3°. The director model was used for the simulation
studies. In addition, the E7 LCs possess the following physical parameters: elastic constants (Ky; = 12
PN, K22 = 6.5 pN, and K33 = 19.5 pN); optical birefringence (An), 0.221; dielectric anisotropy (Ae), 14.1;
and rotational viscosity (1), 39 mPas.
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Figure 1. Schematic cross-section of the proposed LC lens and two major decomposed parts for the
purpose of simulation design: (a) The proposed structure of the TLCL LC lens; (b) Decomposed part
one (LCL-1); (c) Decomposed part two (LCL-2).

2.2. LC Lens Fabrication

The major fabrication processes of the TLCL lenses are shown in Figure 2. The thickness of
the ITO glass substrates (Chipset Technology, Miaoli, Taiwan) is 1.1 mm. In Figure 1a, the middle
ITO conductive glass substrate was processed with normal photolithography to generate a circular
hole-pattern with a diameter of 3 mm. Then, the photocurable monomer of NOA65 (n = 1.524, Norland
Products, Cranbury, NJ, USA) was deposited via a spinning coater on the hole-patterned ITO electrode
of about 15 pm film thickness, and exposed to a UV light (A = 365 nm, Mightex, Pleasanton, CA, USA)
with a power intensity of 20 mW/cm? for 2 min. The completely exposed NOAG65 film functions as
an insulation layer that slightly modulates the distribution of the electric equipotential lines in cells.
Finally, the middle glass substrate was processed with dip coating in a solution of polyvinyl alcohol
(PVA, Sigma-Aldrich, St. Louis, MO, USA) and mechanically rubbed to achieve homogeneous LC
alignments. Both the top and bottom glass substrates were coated with homogeneous polyimide (PI,
SE-7492, Nisson Chemical, Tokyo, Japan) on their ITO electrodes via spin coating and mechanically
rubbed. Figure 2a shows the orderly stacking of the three finished glass substrates with suitable Mylar
spacers, which schematically shows a completed TLCL lens before filling LCs. Two LC layers with a
thickness of 25 um and 75 pm were controlled by Mylar spacers. The capillarity effect was employed to
fill the 75 um empty gap with a LC mixture composed of the following ingredients: 96.5 wt % nematic
LCs (E7, Daily Polymer, Kaohsiung, Taiwan), 3 wt % reactive mesogen (RM257, HCCH, Yangzhong,
China), and 0.5 wt % photo-initiator (Irgacure-651, TCI Chemical, Tokyo, Japan). The RM257, which
possesses the LC building block structure, was photopolymerized to form polymer networks to provide
constraints on the LC molecules. Simultaneously, a voltage of 40 Vs was applied to the TLCL lens
and exposed to UV light with a power intensity of 30 mW /cm? for 30 min, as shown in Figure 2b.
The choice of applied voltages during UV exposure was based on the available shortest focal length
of the LC lens during electrical operation. After the UV exposure processes, the low-RM257 polymer
networks that existed in LCL-2 will fix the LC molecular orientation, as shown in Figure 2c. Similarly,
the empty 25 um gap was filled with E7 LCs without more processes to complete the TLCL lens. The
two homogeneous LC layers had parallel rubbing directions.
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Figure 2. Scheme of the major fabrication process of the TLCL LC lens: (a) Structure of the TLCL lens;
(b) Processing of the LC mixture filled in the LCL-2 layer via UV exposure and applying voltages to
fix the LC molecular orientation via RM257 polymer networks; (c) Filling E7 LCs into the 25 um gap
(LCL-1) to achieve LC lens fabrication.

2.3. Electric Operation Versus Switching Focal Modes in Proposed LC Lenses

With the exception of the main part of the TLCL lens itself, adding a 90° twisted nematic (TN) LC
cell during electric operation achieves the on or off lens function. The electrical operation of the TLCL
lens is schematically depicted in Figure 3. Figure 3a shows the TLCL lens in the off state. An incident
light with p-polarization is passed through the 90° TN cell in the off state to change p-polarization into
s-polarization, which further enters the TLCL lens in order that its wave front not to be modulated,
given that there is no spatial phase retardation. For the TLCL lens in the on state, the TLCL lens
and the TN cell were simultaneously connected by an amplified AC electrical signal with a 1 kHz
square waveform via a function generator (33220A, Agilent, Santa Clara, CA, USA) and an amplifier
(F10A, FLC Electronics, Partille, Sweden), as shown in Figure 3b,c. The red and black lines denote the
electrical connecting lines from the beginning of the two terminals of the electrical amplifier. The red
line shares electrical signals with the top electrode of the TN cell and the hole-patterned electrode of
the middle substrate of the TLCL lens. Similarly, the black line shares electrical signals with the bottom
electrode of the TN cell and the electrodes of the top and bottom substrates of the TLCL lens. As shown
in Figure 3b, the TLCL lens is operated in a coaxial bi-focus mode via electrical operation, with various
voltages V' over the threshold voltage of the TN cell. An incident light beam with p-polarization
passing through the TN cell in its on state will maintain its p-polarization, and then enter the TLCL
lens through the LCL-1 and LCL-2 layers. When lower voltages of V; in the range of 20-90 Vipys
are applied, an interference of the concentric circular patterns was observed in the LCL-1 layer, in
areas close to the boundaries of the lens aperture and not in the central areas, thus the tunable coaxial
bi-focal modes are available when combined with the fixed interference of the concentric circular
patterns that were observed in the LCL-2 layer. When applying higher voltages of V, over 90 Vs,
the completed interference patterns fully distribute across the whole lens aperture in the LCL-1 layer.
Therefore, higher focusing power with shorter focal length is achieved with the abovementioned lens
combinations. To identify the focal length of the LC lens, a collimated and expanded He-Ne laser beam
(A =632.8 nm) was passed through an LC lens that operated at focused status. A charge-coupled device
(CCD) camera was used to observe the focal point at which the maximum intensity distribution can be
recorded. The focal length defined the distance between the LC lens and the focal point. We observed
two focal points at different positions while the TLCL LC lens operated in the coaxial bi-focus mode.
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Figure 3. Scheme of the electric operation of the TCLC lens: (a) Lens operation in the off-state; (b) Lens
operation in the on-state with tunable coaxial bi-focus characteristics; (c) Lens operation in the on-state
with tunable single focus, which yields a higher focusing power and shorter focal lengths. One applied
voltage of V1 was in the range between 20 and 90 Vs and the other applied voltage of V, was over
90 Vims.-

3. Experimental Results

3.1. Comparisons Between the TLCL Lenses and Conventional LC Lenses

To identify the radial distribution of the phase retardation of the hole-patterned electrode LC
lenses, an experimental setup with a collimated and expanded He-Ne laser beam (A = 632.8 nm)
was used. This experiment measured and recorded the interference patterns that occurred in the LC
lenses [24]. The completed LC lens was located between a pair of crossed polarizers. The LC rubbing
direction was +45° with respect to the optical polarizations of both polarizers. A CCD camera was
used to record the interference patterns as digital images. First, comparisons of lens performance
were made between the TLCL lens and the conventional LC lens with the same 75 um LC thickness,
and a hole-patterned electrode with an aperture size of 3 mm in diameter. For the purpose of the
quantitative evaluations between the proposed and conventional hole-patterned electrode LC lenses,
the LCL-1 layer in the TLCL lens was temporarily emptied, and the LC mixture filled in the LCL-2
layer was without photopolymerization. The electrical operations are shown in Figure 1a. Figure 4
shows the interference patterns in three types of LC lenses with applied voltages of 20, 40, and 100 Vyms.
In Figure 4a—c, the conventional LC lens does not have an insulator layer between the hole-patterned
ITO electrode and the LC layer. As a result, the LC molecular reorientation to the opposite direction via
fringe electric fields resulted in the occurrence of a disclination line. By contrast, the conventional LC
lens that has an insulator layer of 1.1 mm glass substrate shows a free disclination line in Figure 4d{.
Finally, more concentric circles of interference patterns were available for the TLCL lens compared
with the focuses of the conventional LC lens, as shown in Figure 4g—i. Therefore, shorter focal lengths
are available in the TLCL lens than in the focuses of conventional LC lenses.



Crystals 2017, 7, 209 6 of 12

Figure 4. Quantitative comparisons of the interference patterns in LC lenses with different conditions:
Conventional LC lens without an insulator layer at a voltage of (a) 20 Vims (b) 40 Vims, and (c) 100 Vims.
Conventional LC lens with an insulator of 1.1 mm glass substrate at a voltage of (d) 20 Vims () 40 Vims,
and (f) 100 Vims. TLCL lens at a voltage of (g) 20 Vims (h) 40 Vims, and (i) 100 Vims. The double-head
arrows indicate the rubbing direction of the LC alignments indicated by R; the polarization directions
of a pair of crossed polarizers are indicated by A and P.

To analyze the results, we simulated and calculated the equipotential line distributions and
LC molecular orientations with respect to the individual LC layers (i.e., LCL-1 and LCL-2) using
a commercial software (LCD master), as shown in Figure 5. The white curved lines indicate the
distribution of electrical equipotential lines in LC cells. With the conventional LC lens, with an
insulator of 1.1 mm glass substrate, more vertical components of electrical field distributions forced the
LC molecules to be more vertically aligned in the central area of the hole-patterned electrode [27,34].
As a result, smaller phase retardation occurred in the radial direction. By contrast, Figure 5a shows a
comparison of the electrical equipotential line distributions via simulations only considering LCs filled
in the LCL-2 layer, which is steeper in the TLCL lens than that in conventional LC lenses. That is, more
horizontal components of the electrical field occurred in the central area to increase phase retardation
in the radial direction. Likewise, Figure 5b shows a comparison of the electrical equipotential line
distributions via simulations, only considering LCs filled in the LCL-1 layer. If there is no insulator
layer between the hole-patterned ITO electrode and the LC layer (LCL-1), the simulation results show
that LC molecular reorientation in the opposite direction occurred near the hole-pattern electrode,
which means that a disclination line occurred in LCL-1. The equipotential line distribution is steeper in
the TLCL lens than that in conventional LC lenses. Overall, the TLCL LC lens possesses larger phase
retardation in the radial direction than that of conventional LC lenses.

Figure 6a—c show the interference patterns with disclination lines in conventional LC lenses
without an additional insulator layer during electrical operations. In the TLCL lens, an additional
NOAG65 layer was coated on the hole-patterned ITO electrode. However, this layer did not prevent the
occurrence of the disclination line in the LCL-1 layer, as the thickness of the NOA®65 film was insufficient.
Another efficient way to prevent the occurrence of a disclination line is a special electrical operation;
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that is, applying the appropriate voltage when connecting to both ITO electrodes individually on the
top and bottom glass substrates. Simultaneously, the electrode on the top glass substrate also connects
to the hole-patterned electrode on the middle glass substrate. Therefore, a vertical electric field occurs
in the cell to force the LCs with the same orientation to prevent the occurrence of a disclination line.
The results are shown in Figure 6d—f. When operating LC lenses at 100 Vs, consistent results were
found because of the steeper equipotential line distribution that occurred in TLCL lens. In addition,
the result shows more interference patterns in the LCL-1 layer of TCLC lenses than the results in
conventional LC lenses.
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Figure 5. Comparison of the electrical equipotential line distribution in TLCL and conventional lenses
via simulation at the same voltages: (a) Only considering LCs filled in the LCL-2 layer with a thickness
of 75 um; (b) Only considering LCs filled in the LCL-1 layer with a thickness of 25 um. The areas
marked with closed red curves indicate the occurrence of disclination lines.

rms

100V

Figure 6. Comparisons of the interference patterns between the conventional LC lens and the TLCL
lens. The interference patterns in (a—c) belong to the conventional LC lens without an insulator layer.
The occurrence of a disclination line can be observed in the results. By contrast, the interference patterns
in (d—f) belong to the TLCL lens when specially applying voltages, which show no disclination lines.
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3.2. Optical Characteristics of TLCL Lenses

When a normal incident plane wave passes through a focusing LC lens, the wave front of the
incident wave will be modulated to become a converging spherical wave front. Equation (1) shows the

- -
relationship between the incident light (E;,,(r)) and the output light (E (7)), where k = 27t/A is the
wave number, f is the focal length of the LC lens, and r is the radial position of the LC lens. The phase
retardation distribution (¢, unit: 277) in the LC lens is satisfied with ¢(r) = r2/2\f.

— I

Eou(r) =e 7 - Ein(1) 1
According to the results of the interference patterns in TLCL lenses, we deduced the profiles of the
radial phase retardation that was individually generated in the LCL-1 and LCL-2 layers with respect to
various applied voltages, as shown in Figure 7. The solid symbol and dash lines denote the measured
results and quadratic curve fitting. In addition, the quadratic curve fitting equation (y = —ar? + b) is
shown in figures, where a = 1/2Af and b is maximum phase retardation. The theoretical value of focal
length is obtained from a quadratic curve fitting equation [23]. Optimal results were observed when
applying 40 Vins in the LCL-2 layer, with which the shortest focal length was achieved. The focal
length observed was consistent between the measured value of 5.41 cm and the theoretical value of
5.64 cm.
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Figure 7. The radial phase retardation profiles of the TLCL lens with respect to various applied voltages:
(a) Radial phase retardation in the LCL-2 layer is the same as the interference patterns in Figure 4g—i;
(b) Radial phase retardation in the LCL-1 layer is same as the interference patterns in Figure 5d-f.

Finally, the LCL-2 layer of the TCLC lens was filled with an LC mixture with 3 wt % RM257.
This layer was further processed with UV photo exposure at applied voltages of 40 Vs to generate
polymer networks in order to fix interference patterns. Then, the E7 LCs were filled into the LCL-1
layer to complete the TLCL lens. The images in the top row of Figure 8 show interference patterns in
the TLCL lens with UV exposure process when 10, 50, and 100 Vs were applied. Simultaneously,
photos of an object labeled “NCKU” were taken using a CCD camera to demonstrate the imaging
performance of the completed TCLC lens, as shown in the bottom row images. A linear polarizer was
placed between the TLCL lens and CCD camera to ensure that only the light polarization parallel to
the rubbing alignment of the LC lens could be recorded [35]. After applying 10 Vs, the 90° TN cell
turned, but the LC molecules in the LCL-1 layer did not reorient, given that 10 Vs was below the
threshold operating voltages. Therefore, all radial phase retardation was observed only from the fixed
LC orientation in the LCL-2 layer. A magnified image of “NCKU” with a focal length of 5.41 cm is
shown in Figure 8a.

After applying voltages of 50 Vyns, Figure 8b shows the reoriented LCs in the LCL-1 layer and the
contributed radial phase retardation near the boundary of the lens aperture. Thus, the total interference
patterns from reoriented LCs in the LCL-1 and LCL-2 layers generated two obvious domains that
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corresponded to the coaxial bi-focus. The radial phase retardation profiles of the two individual
domains are shown in Figure 9a. Using quadratic curve fitting, the theoretical focal lengths from the
boundary and the central domains of the TLCL lens were 3.95 cm and 5.64 cm, respectively. In contrast,
the measured focal lengths for the two domains were 4.22 cm and 5.41 cm, as shown in Figure 10.
In conclusion, two different degrees of blurring of the images of the “NCKU” object were observed, as
shown in Figure 8b, given that the TLCL lens operated in the coaxial bi-focus mode.

Figure 8. Interference patterns and imaging performance of the TLCL lens with electrically switching
modes of coaxial bi-focus and single focus: individually operating at voltages of: (a) 10 Vims; (b) 50 Vims;
(b) 100 Vyms. The black dash circles indicate the boundary of the lens aperture.
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Figure 9. The radial phase retardation profiles of the TLCL lens with various operating voltages:
(@) 50 Vimg; (b) 100 Vims. The dash curves denote the quadratic curve fitting.
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Figure 10. The measurements of the electrically tunable focal lengths in the TLCL lens with switching
coaxial bi-focus and single focus modes; the blue solid triangles denote the fixed focal length from the
LCs in the LCL-2 layer; the green solid circles denote the electrically tunable focal lengths from the
LCs in the LCL-1 layer; and the black solid circles denote the electrically tunable focal lengths in single
focus mode at higher voltages.

As shown in Figure 9b, the interference patterns from the LCs in the LCL-1 and LCL-2 layers were
fully distributed over the entire lens aperture after 100 Vs were applied to achieve the single-focus
mode of the TLCL lens. As a result, the radial phase retardation profile increased. Here, the TLCL
lens possessed a shorter focal length to obtain a single blurred image in the entire lens aperture, as
shown in Figure 8c. The theoretical and measured focal lengths were 3.76 and 3.51 cm, respectively.
The measurements of the electrically tunable focal lengths of the TLCL lens are listed in Figure 10.
The electrical operation for the coaxial bi-focus mode ranged from 20 to 90 Vs, This setting was
achieved by combining a lens with one fixed focal length (5.41 cm) and another with electrically
tunable focal lengths. The TLCL lens shows the shortest focal length of 3.24 cm at 120 V.

4. Conclusions

We demonstrated a hole-patterned electrode LC lens called the TLCL lens that is capable of
switching between tuning coaxial bi-focus and single-focus modes. The TLCL lens possesses larger
focusing power compared with conventional hole-patterned electrode LC lenses. As a result, the lens
can achieve a focal length of 5.41 cm, that is, 18.5 Diopter of focusing power, with operating voltages
of 10 Vims on the TN cell in order to turn on lens function. When increasing the applied voltages,
the LC lens can be operated in coaxial bi-focus mode, an optical property which has a high potential
for applications in 2D-3D switchable integral imaging systems with improved depth of field [36,37].
In addition, a short focal length of 3.24 cm (30.9 Diopter) was achieved at 120 Vs, which is also
suitable for AR applications [27]. However, applying higher voltages and radial phase retardation
profiles to the TCLC lenses will be needed in future improvements. Some experiments are underway,
including the usage of LCs with a larger dielectric anisotropy, optimal cell gaps in both LCL-1 and
LCL-2 layers, and electrical operation with two independent voltage schemes [23].
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