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Adaptive liquid crystal microlens array
enabled by two-photon polymerization
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Abstract: A tunable-focus liquid crystal microlens array is demonstrated and characterized.
Using two-photon polymerization based direct-laser writing, a polymerized microlens array is
fabricated on one substrate. Such a microlens array creates inhomogeneous electric field
distribution and homogeneous-like liquid-crystal alignment, simultaneously. The phase
profile and thus the focal length can be tuned dynamically by the applied voltage. We also
further investigate the focusing property and the imaging capability of the fabricated sample.
Using the adaptive microlens array as an example, we demonstrate that directly forming a
curvilinear surface with liquid-crystal alignment is feasible. In addition to adaptive lens, this
direct-laser writing method is also a powerful tool for making other tunable photonic devices.
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

Tunable-focus liquid crystal (LC) microlens array has become an essential optical component
for image processing [1-12], beam steering [13—-15], wavefront correction [16] and
switchable 2D/3D displays [17—19]. A key to tune the focal length is to create parabolic phase
profile by spatially controlling the LC director reorientations, such as introducing
inhomogeneous electric field distribution or creating gradient pretilt angle alignment [20,21].
To do so, several approaches have been developed, including curved electrodes [22],
patterned electrodes [23], polymer-stabilization [24], composite alignment [25], and
composite lenses [26], just to name a few. As for the composite lenses, a reliable way of
generating LC alignment on the polymer microlens array is crucial. Other than the traditional
rubbing [26] and photoalignment methods [27], here we propose a new fabrication method to
fulfil this goal with recently developed two-photon polymerization based direct-laser writing.
By utilizing the two-photon absorption property of certain photoresist, sub-micrometer
sized pattern can be easily achieved through direct-laser writing [28,29]. This technique offers
a new way for generating complex 2D/3D LC alignment to enable tunable photonic devices
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[30-32] that are otherwise difficult to fabricate with conventional mechanical buffing
methods.

In this paper, we apply direct-laser writing technique to polymerize a parabolic-shape
microlens array on an indium tin oxide (ITO)-coated planar substrate. Such a parabolic-shape
polymer surface not only generates the desired inhomogeneous electric field for a lens but
also serves as LC alignment layer. By filling a LC mixture into the homogeneous alignment-
like cell, the focal length of the microlens array is tunable by the applied voltage. In
experiment, a 16 x 16 microlens array with individual microlens size of 120 x 120 um? is
fabricated. The voltage dependent focal length at different wavelengths is measured. The
fabricated sample exhibits a conformal pretilt-angle, as evidenced by characterizing the phase
profiles under different voltages. The focusing property at different wavelengths and the
white-light imaging capability of the microlens array are also investigated. Through this
work, it is evident that the direct-laser writing is a viable approach for simultaneously
forming curvilinear-surface structure and patterning LC alignment on such a surface. It offers
a new option for making other tunable LC photonic devices.

2. Methods
2.1 Two-photon polymerization based patterning

The polymerized microlens array with LC molecular alignment was fabricated using a
commercial femtosecond laser lithography system (NanoScribe GmbH). A 63 x , 1.4
numerical aperture oil immersion objective (Zeiss) and IP-Dip (NanoScribe GmbH)
photoresist, were used in dip-in mode. After dropping IP-Dip on a single-side ITO-coated
glass substrate, the objective was directly immersed into the IP-Dip. A 2D galvanometer
scanner was utilized to steer the focal point of a 780-nm pulsed laser in plane to expose the
photoresist line-by-line. Grooves with 700-nm periodicity were established to provide
anchoring force to LC molecules, where the anchoring energy is about 5 uJ/m” [33]. After the
writing, the sample was gently immersed into 1,2-Propanediol monomethyl ether acetate
(PGMEA) solution for 20 min to remove the unexposed photoresist, and then it was placed in
isopropyl alcohol for 5 min to remove PGMEA. Last, to evaporate the isopropyl alcohol, the
sample was held at 20 cm above a 200 °C hot plate until all the droplets were completely
evaporated.

2.2 LC cell formation

A single-side ITO-coated glass superstrate with rubbed alignment parallel to the direction of
the polymerized nano-groove was adhered to the bottom substrate using NOA 81, together
with sparsely distributed silica spacers to control the total cell gap (17.2 um). Once UV cured,
the test cell was filled with a well-studied LC mixture E7 (Merck), whose refractive indices n,
= 1.52 and n, = 1.74 at A = 633 nm, dielectric constants £, = 5.1 and g = 19.5 at 1 kHz

driving frequency, and visco-elastic constant y,/K;, = 21.4 ms/um’ at room temperature. By
contrast, the photoresist IP-DIP has n = 1.52 and & =4 at 1-kHz driving frequency.

2.3 Characterization

The morphology of the structure was investigated by scanning electron microscopy (SEM)
(Zeiss ULTRA-55 FEG SEM) at an accelerating voltage of 3.5 kV. The focal lengths were
measured directly on an optical microscope (OLYMPUS BX51), and the images were
collected using the same microscope with 5 X objective and an Infinity 2-2 camera. The test
cell was driven with 1 kHz AC sine wave to reduce ion migration. All the reported voltages
are root mean square values.
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3. Results and discussion

Figure 1(a) depicts the schematic of the proposed tunable microlens array. The parabolic-
shape microlens array is directly formed by two-photon polymerization to create
inhomogeneous electric field distribution and homogeneous-like LC alignment,
simultaneously. The laser-writing system divides the microlens array into many writing
fields, with only one microlens in each writing field. Within one writing field, the microlens
is divided into many layers and the photoresist is polymerized layer by layer. Each layer
consists of 700-nm periodic grooves, exposed by the raster scan of the laser in the horizontal
direction. After the exposure of one layer, the piezo-stage lifts the laser so that the laser can
keep scanning in upper layers, until the individual microlens is finished. It is worth
mentioning that between the microlenses and the substrate, there is a 500-nm thick uniform
groove alignment covering the whole unit. This additional layer ensures that the area between
the microlenses also has the groove alignment in the same direction, as depicted by the red
arrow in Fig. 1(b). This layer is also generated by direct-laser writing, and it serves to
minimize the random scattering out of the microlens area. However, it will shield the electric
field and slightly increase the threshold voltage and the working voltage. Figure 2 illustrates
the step-by-step fabrication process within one writing field, i.e. polymerization of a single
microlens. In experiment, a 16 x 16 microlens array is fabricated. The height of each
parabolic-shape microlens is designed to be 5 um. Moreover, the periodicity of the microlens
array is kept at 120 ym and the diameter of each individual lens is 120 um as well, resulting
in a fill factor of 78.5%. Another important aspect related to fabrication is the writing time.
The laser lithography system took 20 seconds to polymerize a single microlens. Thus, it took
about 90 minutes to finish the writing process for the 16 x 16 microlens array sample.

(a)
ITO-glass
superstrate

Rubbed
polyimide

Lens-array
alignment

ITO-glass
substrate

Fig. 1. (a) Schematic of the proposed structure, and (b-d) SEM images of a 16 X 16 microlens
array sample where each microlens is 120 X 120 um’. The series illustrate that the nano-
groove directions at different parts, as highlighted by the red arrows, are the same. Scale bars:
10 ym (b), 2 um (c), and 2 um (d).
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Fig. 2. Step-by-step fabrication process of a single microlens. After dropping IP-DIP
photoresist on the ITO-coated substrate, a laser lithography system is applied to expose the
photoresist line-by-line. (a) Line-by-line exposure to form a 500-nm thick uniform groove
alignment covering the whole unit. The arrow shows the scanning direction. (b) Finish of the
bottom uniform alignment layer. (c) Line-by-line exposure to form the very bottom layer of the
microlens. The arrow depicts the scanning direction (d) Finish of the very bottom layer of the
microlens. (e) After the exposure of the bottom layer of the microlens, the laser lithography
system starts to expose the upper layer of the microlens in a layer-by-layer manner. (f) Finish
of the single microlens. After the finish this writing field, the laser system will move to the
next writing field and keep scanning until the whole structure is accomplished.

Figures 1(b)-1(d) show a portion of the surface profile of the exposed microlens array
under SEM. As noticed, the polymerized microlenses are digitized, both in vertical direction
and in the horizontal plane. The digitization in horizontal plane is required by the groove
period and it can be diminished by reducing the groove period. On the other hand, the
digitization in vertical direction is crucial for providing strong-enough anchoring force to the
LC molecules. Compared to the digitization in the horizontal plane, the discreteness in
vertical direction makes a higher impact to the microlens performance, because of the
relatively large difference between the scales (120-um radius versus 5-um height) but with
similar digitization step in these two dimensions. In our design, the step in vertical direction is
approximately 200 nm. Figure 3 shows the detail of the digitized surface profile in a cross-
section view. We further studied the effect of introducing the discreteness into the
microlenses by comparing the focal spot of the digitized microlens to that of an ideal
microlens. To specify, here only a single microlens is considered rather than an array, and
thin-lens approximation and Fresnel approximation are applied in our calculations for
simplicity. Figure 4 depicts the cross-section of the intensity profiles at the focal plane in air.
A slight (7.7%) decrease of the peak intensity, in comparison with the ideal case, is found at A
=633 nm.
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Fig. 3. Cross-section view of the microlens profiles. The black line denotes the ideal parabolic
surface profile and the red line depicts the digitized surface profile.
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Fig. 4. Calculated cross-section of the focal spot for the two cases. The black line denotes the
result of the ideal parabolic surface profile and the red line depicts the results of the digitized
surface profile. A = 633 nm.

As mentioned earlier, the microlens array itself provides alignment along one direction.
This can be seen from Figs. 1(b)-1(d), where different parts of the microlens have nano-
grooves along the same direction. An important parameter here is the depth of the grooves,
which turns out to be less than 100 nm. This ensures that even the period of the grooves is
larger than the wavelength, diffraction effect arising from the grooves remains negligible. To
further finish the cell, another top superstrate with rubbed homogeneous alignment along the
direction of the nano-grooves is adhered to the bottom substrate. After filling with LC
materials, the LC cell in total is akin to a homogeneous alignment cell, resulting in a bifocal
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microlens array. We also inspected the haze of the assembled microlens array cell, and it is
quite clear visually.

To measure the focal length of the microlens array under different voltages, we used an
optical microscope with linearly polarized input light. After aligning the direction of the
nano-grooves to the polarization of the input light, we measured the focal length through
adjusting the height of the stage from a clear focal point to the bottom substrate. The focal
length was directly read out from the scale of the microscope. Figure 5 depicts the voltage
dependent focal length of the fabricated microlens array at three specified wavelengths. It is
worth mentioning that the depth of focus of the microlens array is around 0.3 mm, leading to
variations when measuring focal lengths. Our designed microlens is essentially a composite
lens, consisting of a convex polymer lens and a concave LC lens. Without voltage, the
composite microlens is concave since the extraordinary refractive index (n. = 1.74) of the LC
material is larger than the refractive index of the photoresist (n = 1.52). Above the threshold
voltage (Vy, =1.5 V), the focal length of the concave LC lens starts to increase, and the
composite microlens finally becomes convex at around 1.8 V. For our test cell in the convex
tuning range, a well-defined focus can be found from 1.8 V to 4.5 V, and the focal length has
a minimum at around 2.6 V. This trend of focal length tuning is similar to that reported in
[26] because of the similar lens configuration.
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Fig. 5. Measured voltage dependent focal length of our fabricated microlens array at three
specified wavelengths: R = 633 nm, G = 546 nm, and B = 450 nm.

Figure 6 shows the extracted phase profiles along x and y directions, as a function of
applied voltages. To extract the phase profile of a single microlens in both x and y directions,
polarized optical microscopy (POM) is applied where the direction of the nano-groove is at
45° to the crossed polarizers. All the phase profiles are directly extracted from the inset POM
images, where a green interference color filter (A =546 nm) is utilized to generate narrow-
band light source. It can be seen that at 2 V, there is a plateau in the central part, along x
direction. This is due to the increased voltage shielding as the polymer thickness increases. At
this voltage, the central part of the LC molecules is still not responding to the applied field,
leading to the plateau in the phase profile. Another noteworthy phenomenon of this microlens
array can also be seen from Fig. 6. Without voltage, the phase profile of the microlens is
perfectly centrosymmetric. In the presence of voltage, the sample has astigmatism-like
aberration below 3.6 V, where the characteristic of the aberration resembles that in [26]. This
phenomenon indicates that the polymer microlens produce a conformal pretilt angle. The
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pretilt direction on the bottom substrate is parallel to that on the top superstrate on one side of
the microlens, but anti-parallel to that on the top superstrate on the other side of the
microlens. The asymmetry of the pretilt angle causes strong asymmetry of the LC
morphology when the applied voltage is slightly above V. However, the asymmetry of the
LC directors diminishes after further increasing the applied voltage. At 3.6 V, the
astigmatism-like aberration is almost indiscernible. In our previous work [30,32], when using
two-photon polymerization direct-laser writing technique to create planar alignment, no
pretilt-angle effect was observed. Here we experimentally demonstrate that the pretilt angle
can be generated by this technique, on curvillinear surfaces. Further studies may apply this
technique to engineer the pretilt angles.
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Fig. 6. Extracted phase profiles along x and y directions as a function of applied voltage. Inset

is the polarized optical microscopy image of a single microlens. The blue and red dashed lines
indicate the x and y directions, respectively.

Figure 7 summarizes the focusing property of the microlens array at different wavelengths
as a function of applied voltage. For each color, the intensity of the light source is the same.
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As the applied voltage increases, a noticeable drop of focusing power can be seen. But for all
the cases in Fig. 7, the designed microlens array can generate well-defined focal points, even
though astigmatism-like aberration exists in some cases. As can be noticed, the background is
not completely dark. This is caused by several factors, such as the not 100% fill factor, the
deviation from ideal phase profile of the microlens, and the diffraction effect of the array.

(a) (b) (c) (d)

Wavelength (nm)
546 633
1 1

450
1

2.4
Voltage (V)

Fig. 7. The focusing property of the fabricated sample at different wavelengths as a function of
applied voltages, which are 0 V for (a), 2.4 V for (b), 3.2 V for (c) and 4 V for (d). The images
are captured under the microscope where different color filters are selected to choose the
desired wavelength of the incident light. Scale bar: 20 ym for all.

As a microlens, imaging capability is another important aspect. Figure 8 shows the white-
light (halogen) microscopic images of the imaging targets and the images formed by the
microlens array under different applied voltages where the targets are 4.4 mm away from the
bottom substrate of the sample. For different applied voltages, the distance between the cell
and the camera is adjusted such that the images are captured at the image plane. As noticed in
Fig. 8, without voltage, the images are virtual and erect in that the microlens array is concave.
On the other hand, the images are real and inverted in the other cases since the microlens
array is convex. In our experiment, three-bar target and four-dot target are chosen to test the
resolving ability of the microlens array. It turns out that the three-bar target with 57.0 Ip/mm
resolution can be resolved and the four-dot target can also be separated well. We also employ
the ‘UCF’ letters to demonstrate the imaging of a non-centrosymmetric pattern, which shows
clear images in both concave and convex cases.

From the above characterizations, the composite-lens adaptive microlens array is turned
out to be well-functioning. By using the microlens array as an example, we show that the use
of two-photon polymerization direct-laser writing to create curvilinear-surface structure with
LC alignment is feasible. Furthermore, by exposing the photoresist and forming the groove in
different directions in space, arbitrary patterning on curvilinear surfaces is possible.



Vol. 26, No. 16 | 6 Aug 2018 | OPTICS EXPRESS 21193

Optics EXPRESS

2N 49N

Target 0 2.4 3.2
Voltage (V)

Fig. 8. White-light imaging capability for different targets as a function of applied voltage.
From top to bottom: ‘UCF” letters, four-dot target and three-bar target. Scale bar: 20 um for
all.

4. Conclusion

A LC-based tunable 16X 16 microlens array with individual microlens size 120X 120 pm? is
fabricated and characterized. The key parabolic-shape structure, for creating inhomogeneous
electric field distribution and homogeneous-like LC alignment, is directly formed through
two-photon polymerization direct-laser writing. After finishing the test cell, the focal lengths
at different wavelengths as a function of voltage are measured. The fabricated sample shows
pretilt-angle effect on LC directors, which has not been discovered in our previous work. We
also evaluate the focusing property at different wavelengths and the white-light imaging
capability of the sample. Using the microlens array as an example, we show that the use of
two-photon polymerization direct-laser writing to create curvilinear-surface structure with LC
alignment is feasible. It opens a new door for arbitrary patterning on curvilinear surfaces. In
addition to adaptive lenses, the direct-laser writing method will enable other practical tunable
photonic devices.
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