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Topological lightwave technologies are expected to be applied in a wide range of emerging optical fields such as
q-plates, one of the most attractive devices in this research area, prepared by controlling the high-resolution
alignment patterning of liquid crystals. Here, we present a simple and direct fabrication technique of a g-plate
that is able to oscillate a vector beam, by employing our newly developed photoalignment concept termed scan-
ning wave photopolymerization (SWaP). SWaP generates precise arbitrary molecular alignment patterns concur-
rent with irradiated light patterns, successfully fabricating a polymer film with a radial molecular alignment
arranged in an array pattern in a single step. This array patterned alignment structure was able to simultaneously
generate a vector beam, indicating that SWaP can be utilized for producing such topological lightwave

applications.  © 2019 Optical Society of America
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1. INTRODUCTION

Manipulation of polarization, intensity, and shape of a laser
beam is a key technology for various optical device applications.
In recent years, the availability of topological lightwaves with an
orbital angular momentum has gained prominence in various
fields such as nano-materials fabrication and biomedical optical
devices in the life sciences [1,2]. Topological lightwaves can be
classified as an optical vortex of a helically phased beam and a
vector beam with a spatial distribution of polarization, created
by the precise control of topological structures of the phase
fronts and polarization. By applying the specific properties
of these optical vortex and vector beams, many applications
have been proposed, such as material processing with laser
irradiation [3], optical tweezers [4], super-resolution microsco-
pies [5-7], and free-space communication [8]. From the first
discovery of orbital angular momentum control of the topologi-
cal waves reported in 1992 [9], research into topological
lightwaves has developed dramatically [10]. In particular, a
waveplate with a specific optical function to convert a phase
polarization state of a laser beam into optical axis symmetry
is now one of the most desired and useful devices in this field
[11,12]. Q-plates function as optical devices that can generate
light beams with orbital angular momentum of light, from a
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beam with well-defined spin angular momentum of light, based
on spin-orbit momentum coupling that may occur in a
medium that is both anisotropic and inhomogeneous, with a
sign controlled by the input polarization. Practically, a g-plate
can be fabricated simply as a birefringent waveplate with a two-
dimensional (2D) patterned distribution of the optical axis in
the transverse plane, and “4” denotes a semi-integer topological
charge defined as the degree of optical axis distribution. For
example, it is known that a film having a 7 rotated optical axis
of the retardation rotated on a laser optical axis works as a
g = 1 g-plate. The result is a radial vector beam or an optical
vortex obtained when linearly polarized light or circularly
polarized light is introduced to the film, respectively.

Liquid crystals (LCs) are now attractive as a powerful
material to prepare these g-plates [13-15]. For example, a
LC can show large anisotropy in a refractive index due to its
shape anisotropy. In addition, molecular motion and alignment
states of LCs can propagate over long distances by cooperative
molecular effects; thus, a spatial optical axis could be defined by
external stimuli [16]. For controlling the alignment behavior of
LCs, various photoalignment methods have been developed
[17-20]. In these photoalignment processes, molecular align-
ment is generated by the exposure of linearly polarized light to
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LC materials containing photoresponsive dye molecules such as
azobenzene or cinnamic acid derivatives [21]. Thus, arbitrary
2D alignment patterns have been achieved by inducing a spatial
distribution of polarization states using a spatial light modula-
tor (SLM) or an interference irradiation of polarized light
[22-25]. In particular, photoirradiation using a SLM can realize
the complex alignment patterns with high spatial resolution
[26-28]. However, an irradiation pattern with light divided
into a large number of pixels is required to form complex align-
ment patterns such as radial alignment, in order to obtain a film
performing as a g-plate, because the molecular alignment can
be generated in just one direction at each time exposure.
Therefore, it was previously impossible to fabricate a film with
minute structures approaching the diffraction limit of the light
used, over the multiple processes required. Moreover, enor-
mous time and cost would be needed to form complicated
and macroscopically aligned structures such as an array pattern.

Recently, we reported the development of a new concept in
photoalignment processes, based on scanning wave photopoly-
merization (SWaP), which enables one to generate microscopic
alignment array patterns easily and cheaply over large areas
[29-31]. With SWaP, the spatiotemporal control of the irra-
diated light during photopolymerization generates arbitral
alignment patterns in the LC, because molecular alignment
is induced by a mass flow arising from the difference in chemi-
cal potential at the propagating reaction wavefront. Thus, this
new process has some great advantages in terms of processabil-
ity of array patterns having alignment with a resolution that
reaches the diffraction limit in a single step, so it is an ideal
candidate process for g-plate inscription. In this present work,
we report the successful generation of vector beams from an
inscribed g-plate with a radial alignment array pattern over a
large area fabricated by SWaP. The processing times for the
array patterns was several minutes, but the resolution of the
resultant aligned structures achievable was significantly im-
proved over those prepared by conventional photoalignment
processes, and the number of the possible arrays produced
was also drastically increased. Furthermore, analysis revealed
that a linearly polarized light beam was successfully converted
to a vector beam by the g-plate fabricated, optimized by the
retardation of the film. The large area g-plate arrays potentially
patternable with microscale patterned structures formed by
SWaP can be reasonably expected to significantly expand
the range of potential applications of vector beams.

2. DESIGN AND FABRICATION

To fabricate a ¢-plate with fine molecular alignment patterns,
SWalP was conducted using a digital light processor (DLP),
which can precisely control the shape and movement of the
irradiation light. The DLP is equipped with a digital micromir-
ror device (DMD) with a 1280 x 720 array of mirrors, and
UV-LED (4., = 372 nm) was used as the UV light source,
and this device was combined with a polarized optical micro-
scope (POM). The size of each pixel was determined by obser-
vation with a beam profiler and was found to be 3.45 pm with a
x4 objective lens. The irradiation light pattern was designed
using software (Adobe Illustrator). The 3 pm thick glass cells
used for the photopolymerization process were handmade by
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adhering cleaned glass substrates, which were 25 mm x 25 mm
glass and a 18 mm x 18 mm microscope coverslip glass,
with glue separated by 2—5 pm thick silica bead spacers. A
photopolymerizable sample mixture was composed of 6-(4-
cyano-4’biphenyloxy) hexyl acrylate (A6CB), hexanediol dime-
thacrylate (HDDMA, Waco Chemical) and a photoinitiator
Irgacure 651 (Ciba Specialty Chemicals), with a composition
ratio for this sample the same as described in a previous paper
[30]. The sample was injected into a prepared glass cell by capil-
lary force at 150°C, the isotropic temperature of this sample.
After cooling the glass cell to 100°C, photopolymerization with
patterned light at an intensity of 1.2 mW /cm? was carried
out. Following the photoirradiation of the whole area with
5.0 mW /cm? intensity UV light for fixing the generated
molecular alignment, the sample cell was rapidly cooled down
below its glass transition temperature with liquid nitrogen.

3. RESULTS AND DISCUSSION

Photopolymerization patterning was conducted with an optical
image of a hexagonal lattice with a size of 300 pm x 300 pm
and an irradiated region width of 31 pm to generate a large area
alignment array pattern [Fig. 1(a)]. The exposure time was
4 min to complete photopolymerization. As shown in Fig. 1(b),
observation with a POM of the fabricated film revealed that a
periodic pattern of optical anisotropy was induced over the
whole area, with the periodicity of the contrast depending
on the irradiated hexagonal pattern. Note that the center of
the lattice remained dark, independent of the rotation angle
of the film. Figure 1(c) shows the POM image with a test plate
with a retardation of 137 nm. An additive effect was observed
only in the lower left and upper right regions of the hexagonal
pattern. Moreover, the size of each alignment structure was
294 pm x 294 pm, which is almost the same period as the hex-
agonal lattice of the irradiated pattern. These results indicate
that radial molecular alignment with a topological defect of
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Fig. 1. (a) Optical pattern of a hexagonal lattice. White lines re-
present the irradiated regions. (b)—(d) Polarized optical micrographs
of the resultant polymer film under crossed polarizers (b), (c) without
a test plate and (d) with a test plate having a retardation of 137 nm,
respectively. (€) Schematic illustration of the resultant molecular align-
ment pattern generated from the photoirradiation with the optical
pattern. Blue lines define the irradiated region, and orange ellipses
indicate the long axis direction of molecules.
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g = +1 was generated in each hexagonal lattice pattern, as
illustrated in Fig. 1(d), and that the alignment structures were
arranged into an array pattern coincident with the pattern of
the incident light. In SWaP, the driving force for generating
molecular alignment during photopolymerization is molecular
diffusion along a light intensity gradient; thus, the irradiation of
the hexagonal array pattern leads to the induction of the radial
alignment. The resultant film has approximately 200 patterns
of radial alignment in the irradiated region, with a size of
300 pm. This suggests that SWaP is more advantageous than
conventional photoalignment techniques in terms of the num-
ber and the size of array patterns achievable. Furthermore, the
net processing time was drastically reduced because the com-
plex array patterns can be generated in a single step via SWaP.

To investigate whether the polymer film with radial align-
ment patterns formed by SWaP could perform effectively as a
g-plate, we examined the optical functionality of the film using
a He—Ne laser with a wavelength of 633 nm. For a g-plate, it is
important to optimize the retardation to the half-waveplate
condition at the wavelength of an incident beam, to function
as a vector—vortex waveplate. Thus, retardation of the photo-
polymerized film with a radial molecular alignment pattern was
observed with a Berek compensator. The value was found to be
326 nm, which is almost the same as the half-wavelength of the
633 nm input beam. We used a laser beam equipped with a
polarizer as an incident light beam, detected with a beam pro-
filer, and it was confirmed that the light had a Gaussian
distribution profile with a beam diameter of 160 um [Fig. 2(a)].
When a He-Ne laser beam with vertical polarization was
incident on the resultant film with a retardation of 326 nm,
the transmitted light was transformed to a doughnut beam,
as shown in Fig. 2(b). We performed analysis of the light in-
tensity distribution of the transmitted light by using image
analysis software (Image ]). As a result, the light intensity at
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Fig. 2. (a) Schematic illustration of the optical setup for evaluation
of optical properties where a linearly polarized He—Ne laser beam
propagated. The inset shows the 2D intensity profile of an incident
He—Ne laser beam with a Gaussian distribution. (b) Beam profile
and (c) one-dimensional (1D) intensity profiles of a He—Ne laser beam
that propagated through the resultant polymer film with radial align-
ment. In 1D profiles, red and black broken lines depict the 1D profile
of the transmitted, and of incident laser beams, respectively. The scale
bar = 100 pm.
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Fig. 3. Polarized optical micrographs of a film with (a),
(c) R =196 nm, and (b), (d) R = 400 nm. Polarized optical micro-
graphs of resultant polymer films under crossed polarizers either with-
out (a), (b), or with (c), (d) a test plate with a retardation of 530 nm.
White arrows show the direction of polarizers. Yellow arrows indicate
the optical axis of the test plate.

the center of the transmitted light decreased to ~3% of its
original intensity, as shown in Fig. 2(c).

Next, we examined the effect of retardation of the film fab-
ricated by SWaP on the generation of a vector beam. Based on
the consideration that retardation depends on the birefringence
and film thickness, and that the birefringence of the polymer
film prepared by SWaP is in the range of 0.08-0.15 according
to the previous study [30], SWaP was performed in glass cells
with different cell thicknesses. Investigation of the film with a
POM indicated that periodic changes of molecular alignment
were generated in the films, as shown in Figs. 3(a) and 3(b). As
described above, POM observation with a test plate showed
that the alignment direction was radially rotated along the hex-
agonal pattern, as shown in Figs. 3(c) and 3(d). Therefore, it
was confirmed that the radial molecular alignment accumulated
into the array formed was also induced by the irradiation of an
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Fig. 4. (a), (b) Measured beam shape through a film with R =

196 nm and R = 400 nm, respectively. Scale bar = 100 pm. (c),

(d) One-dimensional intensity profiles of the incident laser beam

(black broken line), and transmitted light through a film with

R =196 nm and R = 400 nm, respectively (red line).
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Fig. 5. (a) Beam profile of a film with R = 326 nm observed through an analyzer. (b) Optical axis distribution of the doughnut beam detected.

Scale bar = 100 pm.

optical pattern with a hexagonal array despite a difference in cell
thickness. Retardation values of these films were determined
with a Berek compensator to be 196 nm and 400 nm, respec-
tively. Figure 4 shows the beam profile of the light through the
resultant polymer films when a vertically polarized He—Ne laser
beam was incident on the films. These photographs indicate
that both transmitted beams were not transformed into
doughnut-like beams, although the films had a radial molecular
alignment pattern. To make the films function as a generation
device of a vector beam, it is essential that the retardation meets
half-waveplate conditions for the input beam in order to con-
vert the linearly polarized light with different directions for in-
duction of interference of laser beams. When linearly polarized
light was input to the film with retardation values of 196 nm or
400 nm, which do not match the half-waveplate condition for
633 nm, the transmitted light beam profile was converted to an
elliptical polarization. Therefore, the beam profile became a
distorted shape. SWaP thus enables one to produce a g-plate
that can perform with various wavelengths simply by control-
ling the cell thickness.

A beam propagated through the film with radial alignment
retardation of 326 nm was analyzed by observing the transmit-
ted light using a polarizer inserted in front of the beam profiler
to investigate whether the beam was converted to a vector
beam. By introducing an analyzer, the polarization distribution
of the doughnut beam emerging from the polymer film was
examined. Figure 5(a) reveals that the doughnut ring was di-
vided into four separated beams. As the analyzer was rotated,
the 2D intensity profile of the output beam was rotated, keep-
ing four symmetrical bright spots. This observation suggests
that the polarization direction of the doughnut profile was
rotated relative to the radially molecular alignment direction,
as shown in Fig. 5(b). When the polarization direction was par-
allel to the molecular alignment direction, the polarization state
remained unchanged, but when the angle 8 formed was non-
zero, the resultant polarization was rotated by 26. Therefore, it
was clear that the propagated doughnut beam passing through a
film with a radial alignment pattern fabricated by SWaP was
converted to the polarized vector beam with a rotating polari-
zation vector of 47 around the defect. It is reasonable to assume
that the vector beam, with the polarization vector rotated by the

Fig. 6. (a) Beam profile of the incident light and (b) transmitted
light through the polymer film with array patterns. Scale bar =
500 pm.

double period of the g-plate, was produced because the align-
ment direction of LC molecules was rotated by 27 in the radial
alignment pattern, and linearly polarized light was converted
symmetrically on the optical axis by a half-waveplate condition.
On the other hand, in the case of the films that do not meet the
half-waveplate condition for 633 nm, the transmitted compo-
nent through the analyzer was detected, and the beam shape
was observed to be distorted.

Simultaneous generation of the vector beams was explored
using a film having a retardation of 326 nm, which meets the
half-waveplate condition, by introducing an incident He—Ne
laser beam, expanded to 4 mm as shown in Fig. 6(a). As a result,
the light propagating through the polymer film with periodic
radial alignment patterns showed that doughnut patterns were
arranged in an array [Fig. 6(b)], with more than 50 such dough-
nut rings detected in the irradiated region simultaneously,
proving that a polymer film that can simultaneously generate
vector beams has been successfully fabricated over large areas in
a single step.

4. CONCLUSION

In conclusion, we have demonstrated that a newly developed
single-step photoalignment patterning technology (SWaP) en-
abled a highly efficient fabrication of a g-plate. By controlling
the spatial parameters of irradiation light, such as the shape and
the spatial movement, radial molecular alignment patterns
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periodically arranged in an array could be generated over large
areas in a single step, a demonstration difficult to achieve via
conventional photoalignment methods. The resultant film with
a radial molecular alignment pattern functioned successfully as
a g-plate, generating a vector beam when the half-waveplate
condition was met, based on control of retardation of the
polymer film. SWaP thus has a great potential for fabricating
g-plates and various other similar optical elements. Moreover,
the fabricated g-plate film could be electrically switchable sim-
ply by adding a small amount of regular LCs. SWaP thus
provides a new and powerful pathway for the simple creation
of a variety of high-performance optical devices from displays to
optical communication and super-resolution microscopy.
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