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Abstract: Electrically tunable focusing microlens arrays based on
polarization independent optical phase of nano liquid crystal droplets
dispersed in polymer matrix are demonstrated. Such an optical medium is
optically isotropic which is so-called an optically isotropic liquid crystals
(OILC). We not only discuss the optical theory of OILC, but also
demonstrate polarization independent optical phase modulation based on
the OILC. The experimental results and analytical discussion show that the
optical phase of OILC microlens arrays results from mainly orientational
birefringence which is much larger than the -electric-field—induced
birefringence (or Kerr effect). The response time of OILC microlens arrays
is fast~5.3ms and the tunable focal length ranges from 3.4 mm to 3.8 mm.
The potential applications are light field imaging systems, 3D integrating
imaging systems and devices for augment reality.
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1. Introduction

Augmented reality (AR) is a technology to make people directly see the real-world
environment augmented by computer-generated sensory information. Many companies and
researchers are developing optical elements, sensors or systems for realizing wearable devices
or head-mounted devices of AR [1,2]. The main structure of AR wearable devices consists of
liquid crystal display (LCD) panel, projection lens modules and light guides. However, all the
optical systems have internal aberrations due to manufacture and everyone has different eye
conditions. In addition, the projected images from LCD panel have disadvantages of the color
shift and degradation of gray level due to the dispersion of light guide or optical elements. As
a result, it is required to develop electrically adaptive optical element to compensate the
problems in order to tailor the AR systems to individual needs, such as tunable focusing liquid
crystal (LC) lenses, LC lens arrays, liquid lenses/lens arrays, and spatial light modulators [3—
7]. Liquid crystal (LC) lens arrays whose focal lengths are electrically tunable by spatial
orientations of LC molecules under external electrical fields have advantages of light weight,
simple optical designs, operations, and fabrications. Many structures of LC lenses have been
proposed and so do the applications, such as integrating systems for 3D image, endoscopy,
projection systems, and ophthalmic lenses [8—16]. The phase profile of the LC lens arrays can
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be manipulated by designing distribution of external electric fields. However, many demerits
of LC lens arrays are still needed to be improved, such as slow response time (~from few tens
of ms to seconds) and low optical efficiency (<50%) due to the requirement of a polarizer, a
small viewing angle limited by the polarizer, and low tolerance of thickness variation or low
stiffness, which are not suitable for applications in touchscreens of portable devices. To
overcome the obstacles, many researchers proposed polarizer-free LC lenses based on
polarization independent LC phase modulations, such as double layered-type [5—7], residual
phase types [17-22], and the type of blue phase liquid crystals (BPLC) based on Kerr effect
[4]. T o solve the drawbacks of typical LC lens arrays, polymer dispersed liquid crystal
(PDLC) consisting of LC droplets dispersed in polymer matrix is a good candidate among
polarization independent LC phase modulations. The typical operating mechanism of PDLC
is based on the switching of the orientations of LC molecules inside the LC droplet in order to
manipulate match or mismatch between the refractive index of LC droplets and of polymer
matrix [17-28]. When the droplet size is around the wavelength of incident light, Rayleigh
scattering is strong. Thereafter, the polarization independent optical phase exists only when
the LC molecules tilts up near parallel to the applied electric fields with random orientations
[17]. When the droplet size is smaller than the wavelength of incident light, PDLC is a
polarization independent phase modulators due to elimination of Rayleigh scattering [17, 20].
The polymer matrix supporting the LC droplets not only helps speeding response time, but
also enlarges the cell gap tolerance under external finger touches. In addition, the optical
phase shift of PDLC is polarization independent which also means polarizer-free [17-28]. The
optical phase of PDLC, in general, belongs to one of an optically isotropic liquid crystal
(OILC) phase modulations as long as PDLC is operated in the pure optical phase region as the
voltage is larger than certain bias voltage (V,). Recently, Niziol reported the Kerr effect of
PDLC which means the birefringence of PDLC can be induced under external electric fields,
not just orientational birefringence [29]. Therefore, an interest arises from studying the optical
phase of PDLC, especially when the droplet size is smaller than wavelength of incident light.
In this paper, a study of polarization independent and electrically tunable optical phase of
nano liquid crystal droplets dispersed in polymer matrix is investigated. Such an optical
medium is optically isotropic and it is so-called an optically isotropic liquid crystals (OILC).
We not only discuss the optical theory of the polarization independent phase modulation of
OILC, but also demonstrate polarization independent microlens arrays based on the OILC.
The experimental results and analytical discussion show that the polarization independent
optical phase of OILC microlens arrays results from mainly orientational birefringence which
is much larger than the electric-field—induced birefringence (or Kerr effect). The impact of
this study can help to design polarization independent LC phase modulations for the
applications of light field imaging systems, 3D integrating imaging systems and devices for
augment reality.

2. Operating principle and sample preparation

Figures 1(a), 1(b) and 1(c) illustrate the structure and operating principle of OILC phase
modulation and OILC microlens arrays. The nano size of droplets is smaller than the
wavelength of light. The unpolarized light propagating along + z-direction (1;“,) can be
expressed as:

~ ~

E‘,:Av-x+A'-y, (1

where A, and A, are complex numbers. x and » are unit vectors along x and y axes. Assume

n, and n, are the ordinary refractive index and the extraordinary refractive index of LC host,
respectively. At V = 0, the LC droplets are randomly oriented and the refractive index of the
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OILC is ng,(V = 0) equals to (2n, + n.)/3 for unpolarized light, as shown in Fig. 1(a). The
light propagates out of OILC (1;“ (V' =0))is:

EM (V _ 0) _ E,’ _em d-F-(2n, +n,) 3’ (2)

where k is the wave number, d is the thickness of OILC layer, and F is the filling factor which
is the ratio of the droplet volume to the total OILC volume. In Fig. 1(b), when the applied
voltage exceeds the threshold voltage (Vy,), the LC molecules inside the droplet are reoriented
by the electric fields because the electric energy is large enough to overcome the anchoring
energy of the droplet boundary and internal elastic free energy of LC molecules. The incident
light sees an average refractive index of n,.(V). The light propagates out of OILC

Eu(VZV)=E """, 3)

Under high voltage, the LC molecules inside LC droplet are perpendicular to the glass
substrate in Fig. 1(b) and the refractive index for the incident light is n,,.(V)~n,. From Eq. (2)
and (3), the optical phase of OILC is polarization independent and total optical phase shift d¢
between a high voltage and V = 0 is up to k-d-F-(n, —n)/3. When an inhomogeneous
electric field is applied to the OILC using a hole-patterned electrode (Fig. 1(c)), light
propagates through OILC and experiences polarization-independent optical phase with a
spatial distribution. When such a spatial distribution of optical phase is parabolic, the focal
length (f) of the OILC microlens arrays in Fig. 1(c) is [3]:

zr

A8

! 4)
where 1 is radius of the aperture of each sublens and Ad is the phase difference between the
rim and the center of the aperture. The maximum AS equals to 8¢ = k-d - F-(n —n)/3.

To prepare the sample of the microlens with OILC in Fig. 1(c), we chose the two
substrates where the top substrate was only coated with aluminum (Al) metal and the bottom
substrate had a planar ITO (indium tin oxide) electrode on the inner side. The Al top substrate
was etched with holes. The cell gap and the diameter of holes were 50um and 100um,
respectively. We then mixed nematic LC (Merck, MLC-2053, An = 0.235), NOA65 (a UV
curable prepolymer, Norland) and photo-initiator (Irgacure 66) at a weight percent ratio of
44.55:54.46:0.99 at 25 °C. The mixture was filled between substrates and then the cell was
exposed to UV light at 26 °C with an intensity of 200mW/cm” for 1 minute. After photo-
polymerization, the cell was maintained at 26 °C for another 40 minutes for stabilization. To
measure the optical phase for discussion, we also prepared an OILC sample in Fig. 1(a) under
the identical fabrication process, but the materials are sandwiched between two planar
electrodes with the cell gap of 20 pm.

3. Experiment results and discussion

Figure 2(a) shows the SEM (Scanning Electron Microscopy) image of the OILC sample after
we removed LC away using hexane. From Fig. 2(a), OILC sample is indeed made up LC
droplets dispersed in polymer matrix. The average LC droplet size is ~250 nm. We calculate
the filling factor from SEM image by using software called Image J which is a Java-based
image processing program developed at the National Institutes of Health. The average filling
factor is around 18.3% which indicates area of LC droplets is~18.3% of OILC sample. To
measure the transmittance as a function of applied voltage, an unpolarized laser diode (A =
633nm) was used as a light source, and a photo detector was placed 25 cm behind the OILC
sample with planar electrodes to record the light intensity at the different applied
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Fig. 1. Schematic diagrams of OILC at (a) voltage-off state and (b) voltage—on state. (c) The
structure of OILC microlens arrays. White dotted lines stand for the electric fields.

voltages. The result is shown in Fig. 2(b). To calibrate the transmittance, a cell with the same
cell configuration was also prepared which filled with LC (Merck, MLC-2053) only. In Fig.
2(b), the transmittance increases with the applied voltage ranging from 0.73 to 1 as the
applied voltage exceeds threshold voltage (Vy,) of 18 V. This is because the small size of
randomly oriented LC droplets (~250 nm) results in small scattering and a small mismatch of
refractive indices between LC molecules and polymer matrix at V = 0. At a higher voltage,
LC droplets are reoriented by the applied electric fields. Such a mismatch of refractive indices
between LC molecules and polymer matrix reduces and then transmittance increases up to 1.
Compared to the result reported by J. Qi et. al. [28], the threshold electric field of H-PDLC
was approximately ~20 V,,/um, which is higher than ours ~0.9 V,,/um. This is because the
droplet size of our sample is approximately 250 nm which is larger than the results reported
by J. Qi et. al.(~100 nm). For smaller LC droplets, the LC inside droplets are more unlikely to
re-orientate due to the confinement of polymer network or matrix.
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Fig. 2. (a) SEM image of OILC sample. The droplet size is ~0.25 micron. (b) Voltage-
dependent transmittance of the OILC sample whose configuration is depicted in Fig. 1(a).

In order to further investigate the phase shift of the same OILC sample, we adopted a
Mach-Zehnder interferometer for the measurement of optical phase shifts. An unpolarized
He-Ne laser (JDSU, Model 1122, A = 633 nm) was split into two arms by a beam splitter, and
then two beams re-combined again by another beam splitter. The interference fringes were
observed when two beams were overlapped. The sample was put in one arm of the
interferometer. The fringes were recorded by a digital camera (SONY, DCR-HC40). Figure
3(a) shows the interference fringes at V =0 and 90 V.. The visibility is defined as a ratio of
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(Inax-Imin) t0 (Inax + Imin), Where I.x and L, are the maximum and minimum irradiances of
the fringes. In Fig. 3(a), the visibility is 0.74 at V = 0 and 0.78 at V = 90 V.. High visibility
(~0.8) of the interference patterns means the scattering of OILC sample is small. Figure 3(b)
also plotted visibility as a function of voltage. The visibilities of OILC sample are ~0.8 at
different voltages. This means the sample has small scattering and almost pure optical phase.
The reason why the visibility is less than 1 is because of the coherent properties of laser. In
addition, we observed the displacement of fringes. By recording the shifted fringes of the
OILC sample as the voltage was on and off, we converted the displacement of the fringes to
the optical phase shift. Figure 3(b) also plotted the phase shift as a function of applied voltage.
From Fig. 3(b), the phase shift increases from 0 to 0.96 © radians as 18 V ;s <V< 65 V. The
phase shift saturates ~0.96 m radians after V> 65 V.. This is mainly because the LC
molecules inside the droplets are almost reoriented perpendicularly to the glass substrates as
V> 65 Vi In Fig. 2(b), the optical phase of the OILC sample is indeed polarization
independent under the unpolarized light. In the conventional PDLC, it only has optical phase
till the tilt angles of LC droplets are high enough to suppress the scattering as well as all
droplets have same tilt angle dispersed along random orientations. As a result, optical phase
exists when the voltage exceeds certain high bias voltage (V,>>Vy,) [17]. On the contrary, the
OILC sample has optical phase shift up to ~n radians as long as V> Vy, not V.. We attribute
the large optical phase of OILC to the usage of all the re-orientations of LC molecules, despite
of the small droplet size of OILC.
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Fig. 3. Interference fringes of OILC sample at (a) V =0 and V = 90 V,,,s. (b) Visibility (red
dots) and measured phase shift (blue diamonds) of the OILC at different voltages. The cell gap
was 20 pm.

In order to demonstrate that the polarization independent optical phase of OILC sample is
useful, we fabricated the OILC microlens arrays and characterize the focal length of the
sample. To measure the focal length of the OILC microlens arrays, the unpolarized laser
(5mW, A = 633nm) was used as a light source. The laser beam was first collimated by a
spatial filter and a solid lens for adjusting the image size. Then the OILC microlens arrays
were placed between the spatial filter and the solid lens. A charge-coupled device (CCD) was
used to capture the images after the solid lens. We adjusted the location of the sample till we
saw the clear aperture image of the sample and then recoded the location. Thereafter, we
readjusted the location of the sample while we applied an AC voltage to the sample (square-
wave and frequency: 1 kHz) till the sharpest focusing spots were observed at CCD and then
recorded the new location. The distance between those two locations was the focal length of
the sample at a voltage. Figure 4 depicted the measured focal length as a function of applied
voltage. When V> 50V, the focal length increases gradually and then decreases with an
increase of the applied voltage. The focal length is polarization independent and ranges from
3.4 to 3.8 mm. The bars in Fig. 4 indicate the depth of focus (or DOF) at different voltages.
The depth of focus of the OILC lens arrays can help integrate 3D images in integrating image
system which is especially important for augment reality [2, 16]. In Fig. 4, DOF is larger as
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V<120V, (i.e. electric field is 2.4V ,,/um) and is smaller as V>120V ;. This might be small
scattering and imperfect phase profiles of the microlens arrays as V<120V, that results in
the broaden focal spots and then affects the DOF. Response time of the OILC microlens
arrays is around 5.3 ms, which is a summation of the rise time of 0.9 ms and the decay time of
4.4 ms at room temperature. To characterize the focusing properties, the images at CCD were
recorded when OILC microlens arrays was placed at 2.95mm away from the position where
clear aperture image was acquired. The recorded images at V = 0 V,,c and V = 90 V,,,,; are
shown in Fig. 5(a) and 5(b). At V = 0 V, no focus was observed. At V = 90 V,,, OILC
microlens arrays show clear focal spots. Without applied voltage, the low transmittance of the
light was contributed by Fresnel diffraction by the small aperture size. With an applied
voltage, the OILC microlens arrays show focusing effect. In AR application, the power
consumption is key consideration rather than operating voltage. The power consumption of
OILC lens array is low due to low electric current that flows through the OILC lens array
(~pnA) [13]. As to another application of 3D integral imaging system, the large tunable depth
of field (DOF) is attractive for reconstructed better images by recording more information at
different object planes. To improve the power consumption, lower the driving voltage is way
to go by adopting better materials. To enlarge range of tunable DOF, the optical phase of the
OILC lens array should be enlarged [15, 16].
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Fig. 4. The focal length of the OILC microlens arrays as a function of an applied voltages
under an unpolarized light. (A = 0.633nm)

(a) OV, (b) 90V,

Fig. 5. Measured CCD images of 2D microlens arrays at (a) 0 Vs and (b) 90 V.

From the experimental results in Figs. 2 and 3, the maximum phase shift is 0.96 n radians.
We can calculate the maximum phase shift by the relation of 6¢p = k-d-F-(n —n)/3. The

calculated 6¢ should be 0.917 radians after putting the parameters: A = 0.633um, d = 20um,
and F = 0.183. The experimental result is smaller than theoretical result. The possible reason
is that the LC molecules are not fully reoriented due to strong anchoring energy from interface
between LC and polymer matrix. Another possible reason is that the small deformation of LC
droplet due to the strong electric fields results in elongated optical path. As a result, the
optical phase in experiment is larger than the theoretical one. According to Eq. (4), the
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calculated phase shift from the deduction of focal length (~3.6 mm in average) is around
1.097 = radians. We further calculate (n,..(V)-(2n, + n.)/3) ~0.113 from Eq. (2) and Eq. (3).
This indicates the distribution of electric fields is not good enough to reach the birefringence
of LC host to obtain maximum phase shift (i.e. Ad << 3¢ in Eq. (4)). To enlarge the phase of
the OILC microlens arrays, we can increase the droplet size or filling factor, and optimize the
aperture size. Owing to the transverse electric fields around the edge of the aperture in Fig.
1(c), Kerr effect can also contribute the optical phase to the OILC microlens arrays [29, 30].
The Kerr effect of PDLC has been reported in a literature [29]. Assume the birefringence of
Kerr effect is Ang., which satisfies the relation: An_ =1-K-E’, where K is Kerr constant and

E is electric field. We then measured Kerr constant by tilting the sample 5, 10, and 15 degree
with respect to the incident light [31]. The measured Kerr constant is around 4.78x10™'mV
as the electric field is 3V/um. As a result, the electric-field induced birefringence Ange, is
around 0.027 which is much smaller than 0.113 resulting from the change of LC orientations
of refractive index. Therefore, the optical phase of the OILC microlens arrays mainly
originates from LC orientation inside the droplets.

4. Conclusion

We discussed polarization independent and electrically tunable optical phase of nano liquid
crystal droplets dispersed in polymer matrix which is optically isotropic. We also demonstrate
polarizer-free and fast response microlens array based on optical phase modulation of OILC.
The focal length of the OILC microlens arrays is about 3.4 mm at 90V ;s and response time is
about 5.3 ms. The polarization independent optical phase of the OILC microlens arrays results
from mainly orientational birefringence which is much larger than the electric-field-induced
birefringence (or Kerr effect). The tunable phase shift and the transparency are higher than
published microlens arrays using PDLC [17]. In AR application, polarization independent
lens arrays with fast response time and tunable focal length could be used as extra phase
compensation elements to compensate internal aberrations due to manufacture of the systems
or to add extra optical phase for adapting eye conditions of users. The potential applications
are light field imaging systems, 3D integrating imaging systems and augment reality.
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