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In this Letter, a method of stacking two opposite-handed
cholesteric liquid crystals (CLCs) with the same pitches
and the same surface azimuthal angles to generate vector
beams from homogeneous linear polarization is proposed.
By this means, vector beams with arbitrary orders can be
generated based on point-to-point photo-alignment tech-
nology. In our experiment, radially polarized, azimuthally
polarized, and high-order vector beams with high efficiency
have been generated. The device operates light polarization
within the Bragg reflection polychromatic bandgap. Our
proposal also provides the possibility to generate reflective
hybrid-order Poincaré beams if these two CLC layers
are impressed with different topological charges. It has
great potential for reflective photonics applications in
high-resolution imaging, focusing, and information
processing.  © 2019 Optical Society of America
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Vector beams, such as radially or azimuthally polarized light,
known as having the space-variant polarizations in the trans-
verse plane have attracted much attention in recent years, be-
cause they have many potential uses in optical communication
and information technologies. Many applications based on the
generation and manipulation of vector beams can be developed,
including high-numerical aperture focusing, high-resolution
imaging, nanoparticle manipulation, laser machining, remote
sensing, and quantum information processing [1-3].

Various generation methods for obtaining vector beams
have been reported and can be distinguished into two types.
One type generates the vector beams in a direct way via laser
intracavity devices; nevertheless, most of the devices require
rigorous alignment or special fabrication techniques [4].
Other methods for generating beams were proposed in a passive
way via converting the homogeneously polarized beams into
desired inhomogeneous polarizations outside the laser cavity,
including liquid crystal (LC) devices, subwavelength gratings,
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and plasmonics or dielectric metasurfaces [5-15]. Among
them, LC devices are more popular, since they have the advan-
tages in fabrication, efficiency, price, convenience, and tuning
by electric, temperature, light, or other external stimuli. To
date, twist nematic LC cells, LC g-plates, as well as spatial light
modulators based on nematic LC materials, are used to generate
vector beams [5-8]. Today, with the development of nano-
scaled point-to-point photo-alignment and nanoimprinting
technology, spatial-variant retardation axis arrangements for
quarter-wave plates or half-wave plates can realize the transfor-
mation from circular or linear polarization to complex polari-
zation distribution, respectively [9,10]. Unfortunately, the
approaches mentioned above can only operate the light at a
specific single wavelength. Although twist nematic LC cells
can realize the broadband light polarization transformation at
the Mauguin condition, the cell gap is thick which is not
advantageous to electrical driving [5,10].

Cholesteric liquid crystals (CLCs), as anisotropic and strati-
fied media, have the selectivity of circularly polarized light in a
Bragg reflective region, when the wavelength at normal inci-
dence satisfies the condition: 7#,p < 1 < n,p, where n, and
n, are the extraordinary and ordinary refractive indices of LC
material, and the pitch p is the distance over which the director
twists 27z. Based on the above remarkable phenomena, many
applications were developed, including filters, circular polarizers,
displays, and lasers [16-19]. Recently, the reflective Bragg-Berry
phase elements, such as vortex beam generators, flat lenses, and
beam splitters, were disclosed, since the geometric phase effect
was acquired from the light reflected by the periodic structure of
the anisotropic medium [20-25]. However, flipping the inci-
dent circular polarization state does not imply the Berry phase
reversal. The fundamental limitation prevents the generation of
vector beams from homogeneous linear polarization based on a
CLC device with monotonous chirality.

In this Letter, we overcome the limitation and propose that
CLC:s can be also used to realize the polarization conversion in a
robust and direct way. It is demonstrated that light beams with
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homogenous linear polarization can be transformed into inho-
mogeneous polarization distribution via reflecting off the two
opposite-handed CLC stacking layers. It is benefited from the
polarization selection feature of the CLC. Moreover, the three-
dimensional self-assemble superstructure can be reconfigurable
by point through a digital micro-mirror device (DMD) to align
the polarization-sensitive alignment agent.

A ¢ handed circularly polarization state propagating along
the z-axis can be expressed as ¢, = (¥ + 64y)/~+/2, where 6 =
+1 implies the sign of photon spin angular momentum pro-
jection to the positive direction of z-axis. On the one hand,
circularly polarized light of the same handedness as the helix
of CLC is reflected for propagating towards the helix axis in
Bragg bandgap. The reflected light conserves its polarization,
and a Berry phase ®3 = 266, is obtained, where ¢ is the
handedness of input circular polarization, and 6, is the orien-
tation angle of LC molecules with the x-axis in the front
surface. As for circularly polarized input light expressed as

-

E;, = Ege, exp i(kz - wt), the reflected light can be formu-
lated into £, = Eye_, exp(i®g) exp i(-wt - kz). On the other
hand, the circularly polarized light with opposite handedness
is transmitted through the CLC medium, and the transmit-
ted light conserves its polarization and cannot lead to the
Berry phase.

Here we use two CLC layers with opposite handedness to
generate vector beams. The LC molecules were designed as seen
in Fig. 1(a). The blue and cyan parts represent right-handed
CLC (RCLC) and left-handed CLC (LCLC), respectively.
There is a physical space made by the glass between the two
layers. In the fixed reference coordinate system (x,y,z), the
directors at the front and end surfaces of the two layers are
orientated at an angle 6, with the x-axis, and the directors
at the surface can be anchored together in the experiment.
The two CLC layers have the same pitches p and equal thick-
ness 4. The thickness of each layer is 7 x p, where 7 is an integer
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Fig. 1. (a) Right and left helix LC molecular arrays with orientation
angle 0, on the boundary surfaces. Schematic representation of the
molecular orientation (b) in the bulk and (c) at the surfaces of the
designed vector beam generation device with ¢ = 1 and 6, = 0.
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or half-integer. In general, 7 is larger than 10, so that the Bragg
reflection tends to show theoretical 100% efficiency. Input light
propagates along the positive direction of the z-axis, first
interacting with RCLC and then LCLC media. As for right-
handed circularly polarized (RCP) incident light expressed as
E,, = Eo([1,-17 /N/2) exp i(kz - wt), it is totally reflected
by RCLC and the reflected light can be expressed as
E, = Eo([1,47 /v/2) exp(-2i6,) exp i(-kz - wr). As for left-
handed circularly polarized (LCP) light, that is, E, =
Eo((1,4]" /~/2) exp i(kz - wr), the light passes through the
RCLC layer and then was reflected by LCLC media. The
reflected light can be formulated into E, = E([1,-i]" /+/2)
exp(i26;) exp(iA@) exp i(-kz - wt). Here the reflected light
is still LCP, so that it can transmit through the RCLC layer.
Note that Ag implies the dynamical phase difference caused
by not only the optical path difference between the two
orthogonal circularly polarized components, but also the phase
of the reflection coefficient of the cholesteric layers. Because the
difference between the distances they travelled is small, as com-
pared with a Rayleigh diffraction length, the minor mismatch
in beam sizes between RCP and LCP can be neglected, so that
we can only consider the evolution of polarization and phase.

Based on two orthogonal circularly polarized states, the
incident polarization along the x-direction can be expressed
as £y, = (1,47 +[1, -1]7) /2. According to the above analysis
to the light interacting with anisotropic media shown in
Fig. 1(a), the reflected light should be given by E, =
(1,47 exp(2i6,) exp(iAg) + 1,17 exp(-2i60,))/2. It can
be further simplified into E, = ([cos(26, + Ag/2),
sin(20, + Ap/2)]7) exp i(Ap/2). More generally, for inci-
dent linear polarization with E i = [cos a, sin a]” illuminat-
ing the device, the polarization direction of the output light
field is described by Eou‘ = [cos(26, + Ap/2 - @), sin(20,+
A@/2 - a)]”. The device behaves like a half-wave plate with
a slow axis at an angle 0, + Ap/4 [5].

If the optical axis on the surface is defined as 8, = g¢ + 6,
where ¢ is a constant specifying the topological charge, ¢ shows
the azimuthal angle, and 6, is a constant indicating the initial
orientation on the x-axis, a reflective space-variant polarization-
vortex beam would be generated via input light with homo-
geneous polarization interacting with the device. Based on the
theory mentioned above, the polarization order is P = 2¢,
where P denotes the topological charge of the polarized light
field. Moreover, A and 0, influence the initial polarization
direction. Figure 1(b) shows one of the cases of the three-
dimensional space-variant molecular array with ¢ =1,
0y = 0. Its optical axis on the surface is demonstrated in
Fig. 1(c).

Figure 2 illustrates the optical process of generating the ra-
dially polarized beams from homogeneous linear polarization.
The structure of the device, including photo-alignment layers,
glass substrates, and RCLC and LCLC layers, can also be seen
in this illustration.

First, RCLC/LCLC materials were prepared. They were
mixed by nematic LC6200 and chiral agent R811/S811 at a
ratio of 77:23 to ensure a central wavelength of 633 nm.
Then we fabricated an empty cell with a dual gap and
10 pm spacers were used to define these two gaps. On each
inner substrate surface, the photo-alignment materials SD1
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Fig. 2. Radially polarized beam generation process illustration.
When the input light with homogeneous linear polarization first in-
teracts with RCLC and LCLC layers with the topological charge
q = 1/2. The reflected radially polarized light can be generated at
a proper sample orientation.

(from Dainippon Ink and Chemicals Inc.) deposition was
about 75 nm thick. Then the cell was exposed to DMD to
reorient their absorption oscillators perpendicular to the ultra-
violet light polarization. The excellent image output capability
of the technique allows surface LC molecules to be orientated
arbitrarily with the guide of SD1 molecules. After that, RCLC
and LCLC materials were filled into the two empty gaps. Next,
we used a spectrometer to analyze the reflectance corresponding
to each wavelength from 500 to 800 nm which can be seen in
Fig. 3. The black dotted line shows reflection spectrum of lin-
early polarized (LP) light source illuminating the device from
the front side. The pink and green dotted lines show the re-
flection spectra of the RCP light source illuminating the device
from the front side and back side, respectively. The blue and red
dotted lines show the reflection spectra of LCP light source
illuminating the device from the front side and back side, re-
spectively. The front and back sides are close to the RCLC and
LCLC layers, respectively. From the measured spectra, it can be
seen that the Bragg reflection region ranges from 600 to
670 nm, and the reflectivity was nearly 100% efficiency for
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Fig. 3. Reflection spectra of a device at normal incidence when the
LP source illuminates the device from the front side (black dotted
line), RCP from the front side (pink dotted line) and back side (blue
dotted line), and LCP from the front side (green dotted line) and back
side (red dotted line).
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Fig. 4. (2) and (b) Measured interference profiles of the generated
vortex beam with a plane wave and a spherical wave when RCP illu-
minated the device. (c) and (d) Measured interference patterns of the
generated vortex beam with a plane wave and a spherical wave when
LCP illuminated the device.

LP, RCP, and LCP sources. The central wavelength of
the bandgap is 635 nm, and its width is about 70 nm. This
indicates that RCLC and LCLC have remarkable circular
polarization selectivity. In addition, the reflectivity for light
illuminating from both sides is uniform. Here the substrates
do not have any antireflection coating. The ~25% transmission
loss is due to the reflections of the glass substrates.

With regard to the device with ¢ = 1/2, when we use RCP
light to illuminate the device, the process of spin-orbital angular
momentum conversion is conducted by RCLC layer, and the
topological charge of the orbital angular momentum is / = -1.
The interference images of the reflective vortex beam with a
plane wave and a spherical wave are measured, corresponding
to Figs. 4(a) and 4(b). When LCP light is used as source,
the process of spin-orbital angular momentum conversion is
conducted by LCLC layer and the topological charge of the
orbital angular momentum is / = 1. The corresponding inter-
ference images of reflective vortex beams with a plane wave
and a spherical wave are represented in Figs. 4(c) and 4(d),
respectively.

In our experiment, we control the ideal phase difference
A@ = 2mr at 633 nm, and we use linearly polarized light
in the x-direction to illuminate the device, where  is an in-
teger. When ¢ = 1/2, 8y = 0, the reflective beam should be
radially polarized. The polarized beams without analyzers
exhibit ring-like intensity distribution profiles with dark cen-
ters, which can be seen in Fig. 5(a). Figures 5(b)-5(c) show
the intensity pattern after the beams passing through the linear
polarization analyzer with different orientations symbolized by
white arrows. This reveals that the local polarization orientation
is parallel to the corresponding axial direction. When ¢ = 1/2,
0, = 45°, the reflective beam should be azimuthally polarized.
Similarly, Fig. 5(f) indicates the image of reflective vector beam.
The polarization state of the beam can be checked with an

Fig. 5. Intensity distributions of (a)—(e) radially and (f)—(j) azimu-
thally polarized light recorded by a CCD camera. The white arrows
represent the orientation of the linear analyzer.
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Fig. 6. Experimental intensity distributions of high-order vector
beams with (a=b) P = 2, (c—d) P = 3, and (e—f) P = 4. The white

arrows represent the orientation of the linear analyzer.

analyzer by the methods described above. The reflected beam
profiles after passing through the analyzer can be seen in
Figs. 5(g)—5(j). This reveals that the local polarization orienta-
tion is perpendicular to the corresponding axial direction. In
fact, arbitrary cylindrical vector beams with 2 =1 can be
generated by changing the initial direction angle 6.

Further, we fabricated the devices with ¢ = 1, 1.5, 2. The or-
der number of the reflective vector beams should be P = 2, 3, 4.
The reflected vector beams with 2 = 2 can be seen in Figs. 6(a)
and 6(b). The reflected vector beams with 2 = 3 can be seen in
Figs. 6(c) and 6(d). The reflected vector beams with P = 4 can
be seen in Figs. 6(e) and 6(f). Figures 6(a), 6(c), and 6(e) are
directly recorded by CCD cameras, and the corresponding beam
images after passing through polarization analyzer are exhibited
in Figs. 6(b), 6(d), and 6(f), respectively.

In summary, we theoretically and experimentally demon-
strated that reflective vector beams can be generated via input
light with homogeneous linear polarization interacting with
two combined CLC layers with opposite handedness. In the
experiment, traditional azimuthally and radially polarized
beams, as well as high-order vector beams, are generated based
on Bragg reflection. In this way, it also overcomes the limitation
of CLC reflectivity [18,19]. The efficiency is nearly 100%
in the polychromatic Bragg region. In addition, if the RCLC
and LCLC were impressed with different topological charges,
the reflective structured light beams on the hybrid-order
Poincaré sphere will be generated. If we fill the opposite-
handed CLC materials into the two gaps with different pitches,
the dual-band spin-orbital angular momentum conversion
device will be obtained. Therefore, the method provides more
freedom on tuning reflectivity and bandgaps with regard to
mirror-backed manner proposed in Ref. [26]. Moreover,
RCLC and LCLC layers can be fabricated on a single glass
substrate by polymer-stabilized or film-stacking technology
[16,19] for reducing the volume of optical system and scatter-
ing. Furthermore, LC devices based on the point-to-point
photo-alignment technology exhibit greater potential flexibility
than rubbing alignment technology; hence, arbitrary-order and
even multiple-order alternate polarization beams [10], can be
generated with same fabrication process.
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