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Abstract We propose an adjustable-focus lens composed of a liquid crystal and a Fresnel lens fabricated from

a liquid-crystalline polymer. Using vertically aligned liquid-crystalline polymers and fabricating Fresnel lenses

by the imprinting method, we achieved uniform, vertically aligned liquid crystals on a Fresnel lens. The results

demonstrate that a high-quality, adjustable-focus liquid-crystal lens that does not exhibit light scattering caused

by the surface structure of the Fresnel lens can be realized.

Keywords: Adjustable-focus lens, Liquid crystal lens, Fresnel lens, Liquid-crystalline polymer, Imprinting process.

1. Introduction

The world's population is aging. A potential
countermeasure is the realization of an ageless society in
which all people, regardless of age, can play an active
role. One of the important issues in realizing such a
society is to support the elderly through science and
technology ¥, and the development of bifocal glasses that
provide a natural field of vision is becoming increasingly
important. Because the focal length of bifocal glasses
changes depending on the position of the lens, such
glasses allow the wearer to focus on both near and far
objects by shifting their direction of sight. However, a
problem arises in that achieving natural vision in the
entire range of the visual field is difficult. Therefore, the
development of an adjustable-focus single lens whose
focal length can be controlled is desirable.

To address this issue, researchers have proposed
adjustable-focus liquid-crystal lenses 27 among which
the liquid crystal lenses consisting of a liquid crystal and
a Fresnel lens have the advantage of simple structure &
100, In the absence of an applied voltage, the refractive
indices of the liquid crystal and Fresnel lens are
designed to be equal, light is not focused by the Fresnel
lens and is transmitted straight ahead. As a result, light
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is refracted by the glass lens and focused on a distant
object. However, when a voltage is applied, the
alignment of the liquid crystal changes, and a difference
in refractive index is generated between the liquid
crystal and the Fresnel lens. As a result, light is focused
by the Fresnel lens onto a nearby object. In this way, the
focal length of the lens is controlled by the liquid crystal
Fresnel lens combination and by control of the refractive
index. However, in this structure, the uneven structure
of the Fresnel lens surface reduces the uniformity of the
liquid crystal alignment, which results in a decrease in
the transmittance of the lens because of light scattering.
Considering the above discussion, the objective of the
present study was to realize a high-quality adjustable-
focus liquid crystal lens with suppressed light scattering
by uniformly controlling the alignment of the liquid

crystal molecules on the surface of the Fresnel lens.

2. Fresnel lenses using liquid-crystalline
polymers

Figure 1 shows the mechanism of light scattering in
conventional liquid-crystal lenses. In general, an
alignment film is coated onto the surface of a Fresnel
lens to control the alignment direction of the liquid-
crystal molecules (Fig. 1(a)). Because the liquid crystal is
oriented along the shape of the lens, the alignment of the
liquid-crystal molecules is nonuniform in the uneven
areas of the lens surface, resulting in light scattering. To
solve this problem, a method to uniformly control the
liquid crystal alignment irrespective of the shape of the

lens is needed.
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Fig. 1 Alignment control of liquid-crystal on the surface of Fresnel
lens by using (a) alignment film and (b) LC-polymer.

We here propose a Fresnel lens based on a liquid-
crystalline polymer (Fig. 1(b)) 114, Using vertically
aligned liquid-crystalline polymers to fabricate Fresnel
lenses, we can uniformly orient the liquid-crystal
molecules in the alignment direction of the liquid-
crystalline polymer without using an alignment film. As
a result, light scattering at the liquid crystal-Fresnel

lens interface can be suppressed.

3. Fabrication of Fresnel lens using
liquid-crystalline polymer

3.1. Control of surface figuration of liquid-
crystalline polymer film

The fabrication method for Fresnel lens using liquid-
crystalline polymer is shown in Fig. 2. First,
polydimethylsiloxane (PDMS, Dow Corning Toray) was
coated onto the surface of a Fresnel lens (Nippon
Tokushu Kogaku Jushi, CF30-0.05, Lens pitch: 50 pm);
after the glass substrate was stacked, the mold of the
Fresnel lens was heated at 80 °C for 60 min. CYTOP
(CTL-809A, AGC) was then coated onto the mold surface
to improve mold release, and the mold was heated at 200
°C for 60 min (Fig. 2(a)). A liquid-crystalline monomer
material (UCL-011-AC1, DIC), whose viscosity was
optimized by the addition of a solvent (propylene glycol
methyl ether acetate (PGMEA): 10 wt%),
subsequently coated onto the mold surface (Fig. 2(b)) and

was

drawn into the grooves of the lens by vacuum drawing
(Fig. 2(c)). A substrate coated with a vertical alignment
film (SE-4811, Nissan Chemical) was then stacked (Fig.
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Fig. 2 Fabrication method for Fresnel lens by imprinting process

using liquid-crystalline monomers.

2(d))and a vacuum was again applied to remove air
bubbles (Fig. 2(e)). The assembly was irradiated with UV
light (40 mW/cm2, 60 s) to photopolymerize the
monomers (Fig. 2(f)). The Fresnel lens was obtained by
peeling off the substrate (Fig. 2(g)) 15-18),

3.2. Alignment control of liquid-crystal

molecules

In the Fresnel lens fabrication method shown in Fig. 2,
the shape of a mold with CYTOP coated onto its surface is
transferred onto a liquid-crystalline polymer film.

The bulk alignment state of the liquid-crystalline
polymer film thus depends on the alignment state at the
CYTOP interface. We therefore first evaluated the
alignment state of the liquid-crystalline polymer film
sandwiched between CYTOP and the vertical alignment
film and then the alignment state of the liquid crystal
molecules on the liquid-crystalline polymer film.

We prepared liquid-crystalline polymer films
according to the method shown in Fig. 3. A liquid-crystal
monomer material was dropped onto a substrate coated
with a vertical alignment film (Fig. 3(a)), and a
substrate coated with CYTOP was stacked on top (Fig.
3(b)). We removed the air bubbles by using a desiccator
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and heated the sample at 50 °C, and then cooled it to
room temperature to achieve a uniform vertical
alignment of liquid-crystal monomers. The sample was
then subjected to UV irradiation (40 mW/cm?2, 60 s) (Fig.
3(c)), and the substrate was peeled off (Fig. 3(d)).

Next, we fabricated the liquid-crystal cell shown in
Fig. 4 to evaluate the alignment state of the liquid
crystal on the liquid-crystalline polymer film. First, 1
wt% of an additive-type alignment agent (D2-6PC5, Toyo
and Yamagata University) 19 was added to the liquid-
crystalline monomer material (UCL-011-AC1, DIC) and
the mixture was stirred at 50 °C.

This mixture was then spin-coated onto a cleaned glass
substrate. The resultant film was irradiated with UV
light at 40 mW/cm? for 60 s under a N, atmosphere to
form a vertically aligned liquid-crystalline polymer film. A
spacer film and the substrate with a vertical alignment
film (SE4811, Nissan Chemical) were then applied to the
liquid-crystalline polymer film, and the empty cell was
fabricated. The liquid-crystal cell was fabricated by
injecting the liquid-crystal material (E-7, LCC).

We evaluated the alignment state of the liquid-
crystalline polymer film and the liquid crystal by

comparing experimental and theoretical values of the

Light source

/
LC-polymer film SBSIESTE

q

Detector

20

Fig. 5 Definition of the angle of incidence in the angle-phase

retardation properties measured by the ellipsometer.

angle-phase retardation properties. We measured the
angle-phase retardation properties of the samples
fabricated in Figs. 3 and 4 by using a spectroscopic
ellipsometer (M-2000, J. A. Woolam) and derived the
phase retardation of the liquid crystals from the
difference in the properties of these samples. The
direction perpendicular to the substrate is defined as 0°,
as shown in Fig. 5.

The theoretical formula for the phase retardation 6 (6)
for vertically aligned liquid-crystal molecules is

expressed as:

n
§50)=d (n—"\/ni — sin20 — \/nﬁ - sinze) 1)

L

where n, and n, represent the refractive indices for
polarization parallel and perpendicular to the long axis
of the liquid crystal molecules, respectively, 0 represents
the angle of incident light and d represents the film
thickness 20,

Figure 6 shows agreement between the experimental
and theoretical values for the liquid-crystalline polymer

film and the liquid crystal, confirming that the liquid-

1000
-E- @ Measurement
c 800 ¢ —— Simulation
c
.%600 - LC
=
% 400 LC-polymer
= 200
L )
0
-40 -20 0 20 40
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Fig. 6 Comparison of experimental and theoretical values of the
angle-phase retardation properties of liquid-crystalline

polymer films and liquid crystals.
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crystalline polymer was vertically aligned to the CYTOP
interface and the liquid-crystal molecules on the liquid-
crystalline polymer film are also vertically aligned to the
polymer film.

3.3. Fabrication and characterization of liquid-
crystalline polymer films with controlled
surface shape

We fabricated Fresnel lenses by controlling the

surface shape of the liquid-crystalline polymer film and
subsequently characterized the lenses. The structure of
the fabricated Fresnel lens was evaluated using an
interference microscope (Contour GT, Bruker), and its
shape was compared with that of the original Fresnel
lens. The results confirmed that the Fresnel lens
fabricated using the liquid-crystalline polymer had the
same lens structure as the original lens (Fig. 7). The lens
function of the fabricated Fresnel lens was also
confirmed. The observations show that the fabricated
Fresnel lens has no light scattering and the object
printed on paper was magnified, confirming that the
fabricated crystalline polymer film functions as a lens
(Fig. 8). Here, a white cloudiness on the periphery of the

lens is due to the reflection of ambient light.

& g
2 - Fresnel lens
= 1 - LC-polymer
o //M i \1\\H
.%9 ’\
T -1 - ‘f L
2 f -w
-3[; - 0j5 - 1

X-axis [mm]

Fig. 7 Comparison of shape between a Fresnel lens fabricated with

a liquid-crystalline polymer and the original Fresnel lens.

TOHOKU

Fig. 8 Observation result for Fresnel lens fabricated with liquid-
crystalline polymer film.

(a) (b)

Fig. 9 Polarizing microscope images of Fresnel lens using liquid-

crystalline polymer under orthogonal polarizer, where
polarization directions are (a) Up/down and left/right and
(b) 45-degree angle.

Figure 9 shows the polarizing microscope images of
the fabricated Fresnel lens center observed under an
orthogonal polarizer. The liquid-crystalline polymer film
appears dark irrespective of the direction of incident
polarization. We also confirmed that the film appeared
dark over the entire sample and had a Fresnel lens

shape and a uniform vertical alignment.

4. Evaluation of liquid crystal lenses
using Fresnel lenses fabricated with
liquid-crystalline polymer

Liquid-crystal lenses were fabricated using the Fresnel
lenses described in Section 3 and were evaluated from two
perspectives: liquid-crystal alignment and lens function.

4.1. Evaluation of liquid-crystal lenses

Using Fresnel lenses fabricated with liquid-crystalline
polymer, we fabricated liquid-crystal lenses according to
the procedure shown in Fig. 2; we subsequently
evaluated the alignment of the liquid crystal and the
lens function. A negative liquid crystal (MLC-2037,
Merck) was used as the liquid-crystal material. The
fabricated liquid-crystal lens was placed between
orthogonal polarizers for observation; the observation
results are shown in Fig. 10.

From Fig. 10(a), we can see that the fabricated liquid
crystal lens has a cross-shaped dark state along the

absorption axis of the polarizer. When we observed the

() ®)

Fig. 10 Observations of the fabricated liquid-crystal lens under

orthogonal polarizer; (a) normal observation and (b)

oblique observation.
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(a) ®)

Fig. 11 Polarizing microscope images of liquid-crystal lens under
orthogonal polarizer, where polarization directions are (a)
Up/down and left/right and (b) 45-degree angle.
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Fig. 12 Fabricated liquid crystal lens under voltage-off condition.

sample from the oblique direction, the sample
transmitted light over the entire surface because of the
birefringence of the liquid crystal (Fig. 10(b)). These
results indicate that the liquid crystal is almost
perpendicular to the substrate, as the inclination of the
surface of the Fresnel lens is less than 1 degree. Here,
the light leakage at an orientation 45° off the axis of the
polarizer in Fig. 10(a) is due to the birefringence of the
liquid crystal caused by the change in the apparent
angle of the polarization axis. From the results, we
confirmed that the liquid crystal on the Fresnel lens
fabricated with the liquid-crystalline polymer was
almost vertically aligned to the substrate.

The results of observations of the liquid-crystal lens
under orthogonal polarization using a polarizing
microscope are shown in Fig. 11. We found that the
alignment direction of liquid crystal slightly changes by
the steps in the structure of the Fresnel lens, however, no
light scattering is caused by the shape of the Fresnel lens.

The observation results for the fabricated liquid-
crystal lens are shown in Fig. 12. In the voltage-off state,
the device was confirmed to not have a lens function
because the alignment of the liquid-crystalline polymer
and the liquid crystal were vertically aligned, and the
refractive indices of the liquid crystal and Fresnel lens
matched. We also confirmed that light scattering caused
by the Fresnel lens shape did not occur and that the

fabricated device exhibited a high transmittance.
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4.2, Alignment control of liquid crystal under an
applied voltage

The proposed liquid-crystal lens uses a liquid-
crystalline polymer and a vertically aligned film coated
onto the opposite substrate to control the alignment of
the liquid-crystal molecules. In general, the alignment
direction of liquid crystal molecules under an applied
voltage is controlled by applying an alignment treatment
(e.g., rubbing) to both substrates. However, in the
proposed lens, the alignment direction of liquid crystal
on the liquid-crystalline polymer cannot be controlled.
Therefore, in the present study, we controlled the
direction of liquid-crystal alignment under an applied
voltage by applying a rubbing treatment only to the
opposite substrate. In general, the rubbing strength RS

27Trn)
60v

where [ is the pile contact length (mm), r is the roller

is expressed as

RS:N(li @

radius (mm), N is the number of rubbings, v is the
movement speed of the stage (rpm), and n is the roller
revolution speed (mm/s) 2129, We fabricated the LC cell
shown in Fig. 13 and varied the pile contact length. We
then evaluated the alignment state of the liquid crystal
molecules when a voltage was applied.

The observation results for the fabricated LC cells
under the orthogonal polarizer are shown in Fig. 14.
From the results, we confirmed that, when the pile
contact length was 0.3 mm, the alignment direction of
the liquid crystal was not uniform, whereas when the
pile contact length was 0.6 mm or more, the alignment
direction of the liquid crystal could be uniformly
controlled under an applied voltage.

The polarizing microscope observations of the liquid-
crystal lens fabricated under the condition of a 0.6 mm
pile contact length are shown in Fig. 15. Here, the
oblique lines seen in Fig. 15(b) are due to the low light
transmission caused by the steps in the structure of the

Fresnel lens.

Alignment film  Rubbing treatment
(SE4811) /
|

/

IJIlIl

! Substrate with

Liquid crystal | d
(MLC-2037) transparent electrode

Fig. 13 Structure of the liquid-crystal device used for evaluation.
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Fig. 14 Observations of liquid-crystal cells fabricated by changing
rubbing strength for opposite substrate, where pile contact
length is (a) 0.3 mm, (b) 0.6 mm.
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Fig. 15 Polarizing microscope observations of liquid crystal lenses

fabricated under the condition of a 0.6 mm pile contact
length for the opposite substrate, where polarization
direction to the rubbing directions are (a) 0 degrees and (b)
45 degrees.

When the direction of incident polarization matched
the orientation direction of the liquid-crystal molecules
in the voltage-on state, the device was dark (Fig. 15(a));
when the incident polarization direction was 45 degrees
from the orientation direction of the liquid-crystal, the
device was bright because of the birefringence of the
liquid crystal (Fig. 15(b)). Light transmission is uniform
over the entire surface of the sample, and these results
confirm that the liquid crystals on the Fresnel lens have

a uniform orientation under an applied voltage.

5. Conclusion

In this study, we investigated the fabrication of
Fresnel lenses using liquid-crystalline polymers and
demonstrated control of the uniform alignment of liquid-
crystal molecules on the lenses to realize high-quality
variable-focus liquid-crystal lenses for bifocal glasses.

The results showed that a vertically aligned Fresnel
lens could be fabricated by coating the liquid-crystalline

polymer onto the mold surface and stacking a substrate

216

coated with a vertical alignment film. The results also
showed that the liquid-crystal molecules on the
fabricated Fresnel lenses aligned almost vertically to the
substrate without light scattering due to the surface
structure of the Fresnel lens.

The fabricated liquid-crystal lenses exhibited high
transmittance without light scattering in a voltage-off
state, and we also confirmed that the alignment of the
liquid crystals could be uniformly controlled when a
voltage was applied. The above results demonstrate that

high-performance liquid-crystal lenses can be realized.
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