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We report a rapid nano-imprinting technique to pattern the
liquid crystal alignment of a Pancharatnam–Berry phase mi-
crolens array. Through implementing a single-side aligned
cell, we demonstrate a switchable microlens array with fast
response time and low operation voltage. Further investiga-
tion of focusing property as well as imaging capability ensure
the good quality of the microlens array. Besides planar struc-
tures, this method is also promising for patterning liquid
crystal alignment on curvilinear surfaces. © 2018 Optical
Society of America
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An active liquid crystal (LC) microlens array is an essential electro-
optical device for many applications, including image processing
[1–5], beam steering [6,7], wavefront correction [8], and switch-
able 2D/3D displays [9–11]. Compared to the refraction-type ac-
tive LC microlens arrays, the diffractive ones are more compact,
and the response time is usually faster due to the thinner cell gap.
Therefore, for applications which require only on/off switches, the
diffractive-type microlens array has its merits.

Recent advances in the development of Pancharatnam–
Berry (PB) phase optical elements draw great attention to cre-
ating new diffractive optical components [12,13]. Unlike the
traditional dynamic phase produced via optical path difference,
PB phase corresponds to the phase shift introduced by the
changes in other light wave parameters [14,15]. A well-known
method for creating PB phase is by patterning half-wave plates
in a space-variant manner. If the optical axis is denoted as
φ�x, y� and the common phase term is ignored, with a circu-
larly polarized input light, the output light can be calculated by
the Jones matrix as [16]
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Equation (1) indicates that the angle of the local optical axis
φ�x, y� will impart a 2φ�x, y� phase delay to the input light.
This unique property of PB phase is useful for generating
arbitrary wavefronts, such as PB lenses. Typically, to fabricate
a LC PB lens, several approaches can be applied to introduce
the desired alignment with photoalignment materials, such as
interference exposure [17,18], direct scanning [19], and projec-
tion lithography [20]. But for a microlens array with a relatively
short focal distance, few studies have been reported. The inter-
ference exposure method is limited by the bulkiness of the
beamsplitter and the exposure accuracy. The direct scanning
method is mainly restricted by the laser beam size and the total
patterning size, while the projection lithography approach is the
most promising method, which is mostly subjected to the pixel
size of the spatial light modulators. Another interesting phe-
nomenon is that the LC alignment of a PB lens can be recorded
through another PB lens with linearly polarized input light.
A noteworthy property of this technique is the doubled spatial
frequency of the recorded alignment compared to the applied
template [21]. Assisted with a 2D mechanical stage, a lens array
can be achieved [22]. The major shortcomings of this method
include the slow processing speed due to the series of exposure,
a high precision mechanical stage needed especially for small-
size lens arrays, and multiple reflections in the substrate and
between different substrates which distort the recorded align-
ment. Therefore, a new fabrication technique is needed for
achieving switchable PB microlens arrays.

In this Letter, we propose a rapid method to pattern LC
alignment of a PB microlens array by nanoimprint lithography
(NIL) [23]. Previously, NIL has been used to fabricate uniform
homogeneous, homeotropic, and degenerate LC alignments
[24,25]. Here instead, NIL is applied to pattern space-variant
homogeneous LC alignment. The alignment pattern contains
a group of submicrometer period gratings whose orientation
rotates in-plane, according to the design requirement. By im-
plementing a single-side aligned LC cell, we demonstrate a
fast-switching PB microlens array. The focusing property
and the imaging capability are investigated. This new technique
is promising for a rapid replication of arbitrary planar
alignment.
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Figure 1 illustrates the schematic of our device design. From
Fig. 1(a), the LC cell only has single-side alignment on the bot-
tom substrate. The periodicity of alignment, P, is 148 μm, and
the fill fraction is approximately 100%. The ideal pattern of the
LC directors for a single microlens is depicted in Fig. 1(b),
which can be described as

φ�x, y� � −
π

λ

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where λ and f are the designed wavelength and focal length,
respectively. Translating the LC director distribution to grating
alignment is simple, because the grating offers homogeneous
alignment along the grooves [26–28]. Therefore, the direction
of grooves is essentially the same as the LC director distribu-
tion. In our case, NIL is utilized to generate the 2D planar
alignment pattern. But in general, this method can be applied
to create alignment on other curvilinear surfaces [29] by casting
stamps accordingly.

To generate the LC molecular alignment pattern, a polymer
dimethylsiloxane (PDMS; Dow Corning Sylgard) stamp was
first cast from a master which was made by two-photon polym-
erization based direct-laser writing (NanoScribe GmbH). To
fulfil NIL, a thin film of SU-8 2000.5 (MicroChem) was spun
upon an ITO-coated glass substrate at 500 rpm for 5 s followed
by 3000 rpm for 30 s, and then prebaked at 95°C for 1 min.
This film was then imprinted with the polymer stamp on a
hotplate at 95°C for 20 s. After removing the substrate with
the stamp from the hotplate and letting it cool down for
30 s, the stamp was gently delaminated from the substrate.
Last, the substrate was UV cured for 5 min and postexposure
baked at 95°C for 5 min. To finish the cell, a single-side ITO-
coated glass superstrate without alignment was adhered to the
bottom substrate using NOA 81, with sparsely distributed silica
spacers to control the cell gap (1.6 μm). Once UV cured, the
cell was then filled with a LC mixture MLC-14200 (Merck),

which has Δn � 0.17 at λ � 633 nm, Δϵ � 30.4 at 1 kHz
driving frequency, γ1∕K 11 � 27.77 ms∕μm2 at room temper-
ature (γ1 is the rotational viscosity and K 11 is the splay elastic
constant). It is worth mentioning that the single-side alignment
works when the anchoring force is strong and the cell gap
is thin.

Figure 2(a) shows the designed phase profile for a circularly
polarized light along the a axis as Fig. 1(b) depicts. The align-
ment pattern was designed in a discrete sense that there are at
least five zones within 180° rotation of the alignment direction.
For each zone, the LC alignment is uniformly oriented at a
direction, determined by the ideal phase profile at that zone
center. The corners of the microlens array are also utilized, re-
sulting in a nearly 100% fill factor. The intensity profile of the
focal point by this digitization is calculated as Fig. 2(b) shows,
where it is plotted along the x axis in the focal plane. To clarify,
the calculation is based on a single microlens with Fresnel and
thin-lens approximations, and the target wavelength is 532 nm.
By this digitization, the peak intensity dropped by 10.4%, as
compared to the continuous case.

Figures 3(a)–3(c) show the morphology of the imprinted
alignment pattern, which was observed under scanning electron
microscopy (SEM) (Zeiss ULTRA-55 FEG SEM). As noted in
Fig. 3(b), unlike a perfect digitization, some empty spaces
between different zones were also designed to let LC molecules
freely rotate in between. The detail of the grooves is demon-
strated in Fig. 3(c). The groove alignment has 600-nm period
and around 100-nm groove depth, which can provide anchor-
ing energy at the level of several μJ∕m2. After the finish of the
cell, we used polarized optical microscopy (POM) with a 546-
nm interference color filter to evaluate the molecular alignment
quality. As noted in Fig. 3(d), it turns out that the single-side

Fig. 1. (a) Schematic of the single-side aligned PB microlens array
where P denotes the periodicity of the microlens array. (b) Ideal dis-
tribution of the LC directors for a single microlens.

Fig. 2. (a) Phase profile along a axis for both the continuous case
and the digitized case. (b) Calculated intensity profile along x axis in
the focal plane for both cases.
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alignment cell is capable of aligning LC molecules while some
defects still exist. The defects arise from several factors, includ-
ing the misalignment caused by using only single-side align-
ment, some defects of the imprinted alignment pattern itself
during the transfer, and the formation of some random LC
domains.

We further extracted the phase profile of a single microlens
for one circular polarization, as plotted in Fig. 4, where
λ � 546 nm. As Fig. 4(b) indicates, our fabricated microlens
shows a discrete profile and the phase at corners deviates
severely from the ideal phase profile, which means the anchor-
ing energy at the corners is not strong enough.

Next, we used an optical microscope (OLYMPUS BX51) to
measure the focal length of the PB microlens array. Through
the stage height adjustment from the substrate to the clear focal
points, the focal length can be directly read out from the scale
of the microscope. In experiment, we utilized three different
interference color filters (R � 633 nm, G � 546 nm, and
B � 450 nm) to measure the dispersion of the focal length.
The measured focal length is around �2.49 mm for B,
�2.84 mm for G, and �3.40 mm for R, respectively, where
the error of measurement is�0.15 mm due to the finite depth
of focus. The two focal points on different sides of the cell

correspond to two orthogonal circular polarizations of light.
The focus of the PB microlens array disappears totally when
the applied voltage reaches 8 Vrms.

One merit of the PB microlens array, in comparison with
traditional refractive LC microlens array, is its relatively fast re-
sponse time due to the thinner cell gap. When releasing the
applied voltage at 8 Vrms, the decay time (100% to 10% trans-
mittance change) is measured as 3.57 ms.

The focusing property of the PB microlens array at three
specified wavelengths is illustrated in Fig. 5. For all three wave-
lengths, the designed PB microlens array can generate well-
defined focal points. Without the circular polarizer, the image
consists of converged focal points and diverged background sig-
nals, corresponding to the different behaviors of the two
orthogonal circular polarizations. In the presence of a circular
polarizer, the contrast is readily improved. The optical effi-
ciency, defined as the ratio of the optical power of the focused
beam to that of the circularly polarized incident beam, at
voltage-off stage is 47.2% for 633 nm, 57.6% for 546 nm,
and 52.2% for 450 nm. As can be seen, the background signal
still exists even with a circular polarizer, due to multiple factors,
such as digitized phase profile, diffraction introduced by the
array, and random line defects of LC molecules.

Another important aspect of microlenses is the imaging
capability. Figure 6 summarizes the white-light (yellowish hal-
ogen light source) imaging quality and the switching ability of
the PB microlens array without the circular polarizer. The tar-
gets were 5.5 mm away from the substrate of the cell, and the
images were collected using the abovementioned optical micro-
scope with a 5× objective and an Infinity 2-2 camera. As men-
tioned, the PB microlens has two focal points, corresponding to
two circular polarizations. Here we only characterized the im-
aging capability of the concave microlens, which corresponds to
the one with negative focal length. In experiment, three imag-
ing targets, including “UCF” letters [Fig. 6(a)], the four-dot
target [Fig. 6(b)], and the three-bar target [Fig. 6(c)], were
used. At voltage-off state, the three-bar target with 40.3 lp/mm
resolution can be clearly resolved. The four-dot target can also
be separated well, and the shape of the dots remained. To
clarify, the inset red dashed rectangle in Fig. 6(b) denotes one
image of the four-dot target. “UCF” letters were applied to
demonstrate the imaging of a noncentrosymmetric pattern,
and the letters can be recognized well. As noticed, there are

Fig. 3. (a) SEM image of the imprinted alignment of a 20 × 20 mi-
crolens array where each microlens is 148 μm × 148 μm. (b) Details at
the boundary between microlenses. (c) Details of the grooves where
the line period is 600 nm, and the depth of the grooves is around
100 nm. (d) POM image of the 20 × 20 microlens array cell. Scale
bar: 20 μm (a), 2 μm (b), 1 μm (c), and 100 μm (d).

Fig. 4. (a) Extracted phase profile of the fabricated single microlens,
where λ � 546 nm. (b) Difference between the ideal phase profile and
the extracted phase profile.

Fig. 5. Focusing property of the fabricated PB microlens array at
three specified wavelengths. From top to bottom: with a circular polar-
izer and without the circular polarizer. Scale bar: 20 μm for all.
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some background noises on the image plane. This is due to the
disturbance of the other circularly polarized light as well as the
reasons discussed above in Fig. 5. To illustrate the switching
ability, we applied 8 Vrms to the cell. As shown in Fig. 6, all
the images at voltage-on state were almost indiscernible.

In conclusion, we demonstrate a rapid method to pattern
the LC alignment for a PB microlens array. This NIL based
grating alignment can provide anchoring force to LC mole-
cules, validated through SEM and POM characterization. By
implementing a single-side aligned cell, we demonstrate that
the switching time is 3.57 ms and the working voltage is
8 Vrms. Further investigations of the focusing property and
the imaging capability ensure good quality of the PB microlens
array. The NIL-based method is not only suitable for 2D planar
alignment patterning but also promising for patterning LC
alignment on other curvilinear surfaces.
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